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Abstract The rotor blade is the key component of a wind turbine generator (WTG)
and converts the energy of the wind into a mechanically useful form of energy. It
represents a significant cost factor in the overall context of the turbine and at the
same time has an enormous impact on the yield of the turbine. This chapter deals
first with the normative requirements for the development and the verification of the
serviceability and operational reliability of rotor blade structures. It then considers the
loads acting on the rotor blade and the properties of the materials used. Furthermore,
it addresses structural models for the analysis of blades and moreover discusses the
design criteria for the topology and conventional manufacturing processes as well
as deviations which occur. In addition, it considers the costs as part of the design
process and their impact on the form of the blade structure, since the minimisation of
the Levelised Cost of Energy is the main optimisation target when designing WTGs.
Finally, it discusses blade materials from a sustainable development point of view.
The chapter aims to provide a well-founded overview of a range of topics which are
of relevance for the engineer working with the blade.

1 Introduction

The rotor blade is the key component of awind turbine generator (WTG) and converts
the energy of the wind into a mechanically useful form of energy. It represents a
significant cost factor in the overall context of the turbine and at the same time has
an enormous impact on the yield of the turbine.
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Designing a rotor blade is a complex, iterative process which presents the design
engineer with several challenges because of the overall structural concept of the
rotor blade. For the development process to be successful, it is essential that the
design engineer has sufficient understanding of the system, and hence the inclusion
of the rotor blade chapter in this book is extraordinarily helpful. Starting from the
system under consideration, it is possible to introduce simplifications which facilitate
a mathematical-physical understanding and description of the problem, thus making
the design problem amenable to a solution.

The main consideration in this chapter is the rotor blade structure for WTGs with
horizontal axis (HAWT). This allows the rotor blade to be viewed as a cantilever beam
which is fixed to the rotor hub via the blade bearing, also called pitch bearing. Here,
it is subjected to aerodynamic loads on the one hand and to mass-induced loads, on
the other. The second set of loads in particular means that strengthening the structure
is generally accompanied by an increase in the mass and hence the load. Lightweight
construction is thus necessary to counteract this so-called snowball effect.

To present a suitable approach to this problematic aspect, this chapter deals first
with the normative requirements for the development and the verification of the
serviceability and operational reliability of rotor blade structures. It then considers the
loads acting on the rotor blade and the properties of thematerials used. Furthermore, it
addresses structural models for the analysis of rotor blades and moreover discusses
the design criteria for the topology and conventional manufacturing processes as
well as deviations which occur. In addition, it considers the costs as part of the
design process and their impact on the form of the rotor blade structure, since the
minimisation of the Levelised Cost of Energy (LCoE) is the main optimisation target
when designing WTGs. Last but not least, it discusses rotor blade materials from a
sustainable development point of view.

The chapter aims to provide a well-founded overview of a range of topics which
are of relevance for the engineer working with the rotor blade. Those seeking more
detailed information are referred to the literature referenced.

2 Normative Requirements

For construction approval, the release of the investment loan and the insurance of a
WTG or a wind farm, the end customer/operator must have a type certificate. Section
2.1 begins by describing the route to the certificate for the key component, the rotor
blade. Certification schemes relate to the standards and guidelines, which are based
on a safety concept. Particular emphasis is placed on the Limit-State-Design concept,
which is discussed in Sect. 2.2. Finally, an overview of the development cycle of a
rotor blade is given in Sect. 2.3.
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2.1 Certification

A type certificate confirms that a product (WTG) and its components (e.g. rotor blade
or tower) have been assessed as being compliant with defined requirements regarding
design and manufacture, for example. In Germany, the German accreditation body
(DAkkS) qualifies accredited companies to issue these certificates in accordancewith
specific certification schemes, and technical standards and guidelines [64]. Examples
of certification authorities, called IECRE Certification Bodies (RECBs) according
to the IEC System for Certification to Standards Relating to Equipment for Use in
Renewable Energy Applications (IECRE System), which hold an accreditation for
schemes, standards and guidelines which are used for the certification of WTGs,
especially for the rotor blade component [18], are: Det Norske Veritas (DNV) (oper-
ated separately until 2012 as DNV and Germanischer Lloyd (GL) and until 2021
combined as DNV GL), TÜV Nord, TÜV Süd, TÜV Rheinland, DEWI- OCC

as part of Underwriters Laboratories (UL) and Bureau Veritas.
The WTG manufacturer decides for one of the following certification schemes,

each of which represents a consistent system of guidelines and technical standards,
either according to the preference of the end customer or the economic aspects:

• GL 2010: “Guideline for the Certification of Wind Turbines” [42].
• DNVGL-SE-0441: “Type and component certification of wind turbines” [27] in
conjunction with DNVGL-ST-0376 “Rotor blades for wind turbines” [26].

• IEC 61400-22: “Conformity testing and certification” [55] in conjunction with
recognised standards andguidelines such as [26, 42, 60]. This schemewas replaced
by IECRE System in 2018.

• IECRE OD-501: “IECRE System—Type and Component Certification Scheme”
[57] in conjunction with OD-501-1 “Conformity assessment and certification of
Blade by RECB” [58] and IEC 61400-5 “Wind energy generation systems—Part
5: Wind turbine blades” [60].

National requirements must also be fulfilled, if applicable. In Germany, for example,
a WTG is deemed to be a building and must undergo type testing according to the
guidelines of the German Center of Competence in Civil Engineering (DIBt) [24],
see Chap.7 of this book. This also includes an expert report for the rotor blade.

Depending on the scheme, the requirements for the design and manufacture
of rotor blades are defined by one of the following standards and guidelines:
GL 2010 [42], DNVGL-ST-0376 [26] or IEC 61400-5 [60]. What these fundamen-
tally have in common is that they are based on the Limit-State-Design concept, see
Sect. 2.2. The older GL 2010 differs from the latter two in the composition of the
partial safety factors (PSFs), among other things. The latter two allow the PSFs to be
reduced when detailed structural analyses or comprehensive validation tests on the
full-scale blade test level of the testing pyramid (Fig. 1) or a level between coupon
tests and full-scale blade tests are carried out.

Finally, a full-scale blade test is required for the component certificate of the
rotor blade. This serves to validate the design assumptions on the one hand and to

http://dx.doi.org/10.1007/978-3-031-20332-9_7
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Fig. 1 Testing pyramid; based on [60]. Copyright © 2020 IEC Geneva, Switzerland. www.iec.ch

identify relevant failure modes or critical manufacturing details on the other [26]. In
the full-scale blade test, the rotor blade is subjected to a testing program comprising
static and cyclic tests, if applicable [56]. Test institutions which are accredited to
test rotor blades in accordance with the IECRE System, so-called IECRE Test Lab-
oratories (RETLs), include the following independent test institutes [61]: Fraun-
hofer Institute for Wind Energy Systems IWES, Blade Test Centre

(Blæst), Offshore Renewable Energy (ORE) Catapult, Massachusetts

Clean Energy Center WTTC and SGS.

2.2 Safety Concept

In engineering, three concepts exist to verify that a structure is safe against technical
failure [92]: (i) the deterministic safety concept, also called Permissible StressDesign
(PSD) or Allowable Stress Design (ASD), which is used in mechanical engineering;
(ii) the semi-probabilistic safety concept widely used in construction engineering,
also called Limit State Design (LSD) or Load and Resistance Factor Design (LRFD)
and (iii) the probabilistic safety concept. In PSD, the resistance, i.e. the material
limit value or the strength, is simply reduced by means of a global safety factor
and compared to the internal load, i.e. the stress or strain present [143]. In LSD, in
contrast, PSFs are applied to each action/load (external force or moment) or their
effects and the resistance. An effect can be an existing load, deformation or stress
resultant (internal force or moment), for example. A resistance can be a tolerable
load, strength, deformation or stress resultant. The structural safety, also called failure
probability, which is often expressed by the reliability index, plays a key role here.
Probabilistic methods are frequently used to calibrate the PSFs to a target reliability
index for a standard or guideline [63]. With LSD, it ultimately has to be shown that
none of the crucial Limit State (LS) is exceeded in all relevant design situations [13].

www.iec.ch


Rotor Blade Structure 179

Fig. 2 Probability density functions of effect and resistance; based on [60]. Copyright © 2020
IEC Geneva, Switzerland. www.iec.ch

The standards and guidelines listed in Sect. 2.1 are based on the LSD. They state
that for the rotor blade of a WTG in the ultimate limit states (ULS), the verifications
must be provided for:

• strength failure,
• stability failure and
• fatigue failure.

In the serviceability limit states (SLS), the following must be provided:

• verification of the deformation limit.

For every limit state, a limit state equation can be formulated such that the resulting
design value of the resistance Rd, for example a strength, is greater than or equal to
the actual design value of the effect Sd, for example an existing stress, as a function
of an action/load Fd [59]:

γn · Sd (Fd) ≤ Rd (1)

Here, S and R are not quantities which can be measured directly, but variables which
are subject to variance. Figure 2 shows the corresponding probability density function
fS and fR about the average Save and Rave. The characteristic values of the probable
effect are therefore determined as a function of the characteristic action Sk (Fk) as
well as the expected resistance Rk of the rotor blade with the aid of methods based
on probability theory, e.g. by considering the 95% quantile of the effect and the 5%
quantile of the resistance. The corresponding design values Rd and Sd result from
the application of PSFs to the characteristic values [23].

The PSF for the action/load γf , also called load factor [26], takes account of
possible unfavourable deviations and uncertainties of the load as well as inaccuracies
of the computational model [59]. Multiplying γf by the characteristic value of the
action Fk gives the design value:

www.iec.ch
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Fd = γf · Fk. (2)

The PSF for the resistance γm, also called the reduction factor [26], can take
account of unfavourable deviations caused by adverse environmental conditions,
temperature effects, manufacturing effects, the accuracy of calculation and validation
methods as well as the resolution and combination of applied loads [60]. Dividing
the characteristic resistance Rk by γm gives the design value:

Rd = Rk

γm
. (3)

Furthermore, a PSF γn is defined to take account of the severity of the conse-
quences of a potential failure. Here, the components are classified into component
classes 1–3, and different values for γn are specified for each of them [59]:

(1) Fail-safe structural componentswhose failure does not lead to a failure of another
mainWTG component and does not adversely affect the safety of the system as a
whole. This requires a design with alternative load paths, so-called redundancy.
Such a WTG component can be a replaceable main bearing, for example.

(2) Structural componentswith a safe lifewhose failure leads to the failure of another
main component. The structure is designed such that no failure occurs during its
service life. Thismeans that the structures have a tendency to be heavier andmust
be replaced at the end of their service life. This WTG component class includes
the rotor blade. The rotor blade may also be designed to be damage tolerant,
however [60]. This concept allows damage to occur on components or structures
that can be inspectedwell so that it is possible to notice the damage. The growth of
cracks or damage is included in the calculation and the intention is for operation
to continue from the point in time at which the damage occurs until the damage
has reached a magnitude where it can be detected during an inspection. Critical
growth of the crack which leads to a static fracture or excessive deformation,
for example, does not happen during this phase between two inspections and the
operational safety of the structure is maintained.

(3) Mechanical components with safe life which connect the actuators and brakes
with main structural components for the purpose of non-redundant safety sys-
tems.

The safety reserve with respect to the target failure probability of the rotor blade
in a limit state can then be expressed as the ratio of the design values, given by [25]:

Safety Reserve Factor (SRF) = Rd

γnSd
. (4)

If the SRF ≥ 1, the verification was successful.
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Fig. 3 Design process for WTG rotor blades; based on [60]. Copyright © 2020 IEC Geneva,
Switzerland. www.iec.ch

2.3 Development Cycle of the Rotor Blade

The design process of a rotor blade from specification to completion is shown in
Fig. 3. Fundamentally, twomain development lines can be identified: (i) aerodynamic
design and (ii) structural design. The two lines are conditional on each other and form
a cycle, which is repeated several times. The objective is to optimise the rotor blade
as the component and the WTG as the complete system so as to achieve maximum
energy yield with minimum material usage and thereby realise the lowest possible
LCoE. The mutual conditionality is discussed in detail in the sections below.

3 Loads

When a WTG is operating, different types of load act on its rotor blades and these
are discussed in Sect. 3.1. Furthermore, the possible ways of calculating loads are
illustrated in Sect. 3.2. Section 3.3 then goes on to describe the design load cases
which are relevant for the verification. Finally, the effect of the dimensional scaling
of blades is explained in Sect. 3.4.

www.iec.ch
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3.1 Types of Load

The loads on a rotor blade of a WTG are subdivided into external and internal
actions. The external actions/loads include the gravitational load, the aerodynamic
loads induced by the wind and the rotation, and the inertial loads generated by
the rotational acceleration and rotation. The internal actions/loads include residual
stresses caused by a change in temperature.

Figure 4a depicts a schematic of the wind field acting on the WTG. This wind
field can be split up into a deterministic component, which is generated by wind
shear and is described as a function of the height v (h), and a stochastic component
v (t), which arises as a result of (i) the turbulence as a consequence of the ground
unevenness at the site and also the wake of other WTGs in a wind farm situation,
which is characterised by the effective turbulence intensity [59]; (ii) changes in wind
direction or (iii) gusts, see Chap.3 of this book. It becomes clear that the rotor blade
is exposed to a different wind load situation depending on the azimuth angle position
of the rotor.

The gravitational force Fg acts on the centre of mass, which is at around 1/3 of
the blade length (Fig. 4b), and causes an alternating bending moment in the sweep
direction (lead-lag) Mx (Fig. 4d) as a consequence of the rotation.

Fig. 4 Loads acting on the rotor blade: wind field (a), gravitational load and temperature change
(b), aerodynamic load component, flapwise bendingmoment and twistingmoment (c), aerodynamic
load component and inertial force and lead-lag bending moment and rotor acceleration as well as
centrifugal force (d); based on [103]. Copyright © 2013 Malo Rosemeier

http://dx.doi.org/10.1007/978-3-031-20332-9_3
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In the speed-controlled partial load regime, the aerodynamic load acts on the
aerodynamic centre, which is at around 2/3 of the blade length. It is generated by lift
and drag on the airfoil (see Fig. 11 in Chap. 4 of this book), which can be split up into
a drive component in the sweep direction Fay (Fig. 4c) and a thrust component in the
flap direction Fax (Fig. 4d). These force components then correspondingly cause a
lead-lag bendingmomentMx and a flapwise bendingmomentMy (Fig. 4c). In the full
load regime, the power of the WTG is controlled with the blade pitch angle, which
reduces the aerodynamic load. If the blade pitch angles of the three rotor blades are
not synchronised with each other, for example, because they are installed incorrectly,
this situation leads to an aerodynamic imbalance, whose impact for the non-rotating
components, such as the tower, can be crucial [112]. Conventional practice is to
mount the rotor blades in a cone angle with respect to the rotor plane to increase the
tower clearance. When the blade is thought of as a rigid body, the aerodynamic load
would generate a twisting moment Mz (Fig. 4c) at the blade root because of the cone
angle and also because of the geometric flapwise pre-bend of the blade. In reality,
however, the blade is flexible so that, especially in rated operation, the aerodynamic
load component Fax bends the blade back into the direction of the rotor plane, which
in turn reduces the twisting moment Mz at the blade root. A pre-bend of the blade
in the sweep direction, particularly in the direction of the blade trailing edge, has a
similar effect. Here, the aerodynamic load generates a twisting moment Mz , which
twists the blade at the tip and thus leads to a locally smaller blade pitch angle, which
in turn reduces the aerodynamic load and thus the bending moment at the blade root
[9]. Aerodynamic instabilities such as flutter can occur in an overspeed situation,
in which aerodynamic forces couple the torsional resonance mode with a flapping
resonance mode [47]. The flutter resonance thereby produced results in a twisting
moment Mz and a flapwise bending moment My .

Inertial forces Ft (Fig. 4d) arise when the rotor is accelerated or decelerated
(ω (t)), and result in a lead-lag bending moment Mx . In the idling or stationary
situation with lateral inflow, the rotor blade can be excited in its resonance mode
in the sweep direction when the excitation frequency resulting from vortex-induced
lateral vibrations and the resonance frequency of the blade couple in resonance [51].
The vibration generates an inertial force Ft which acts on the centre of mass and then
causes a lead-lag bending moment Mx .

Furthermore, the rotation generates a centrifugal force Fz in the rotor plane (Fig.
4d). This can induce an aerodynamic and mass imbalance when the blade masses are
not balanced, as can occur as a result of ice accretion, for example. With the rigid
blade, the cone angle would cause a portion of Fz to produce a bendingmoment in the
flap direction My . As described above, this is reduced again by the actual flexibility
of the blade in rated operation. The centrifugal force has a stiffening effect with
increasing rotor speed and thus has an impact on the blade resonance frequencies
[39].

A temperature change to the blade structure produces intrinsic mechanical loads.
These build up during the cooling process of the rotor blade after the materials
have cured because the materials have very different thermal expansion coefficients.

http://dx.doi.org/10.1007/978-3-031-20332-9_4
http://dx.doi.org/10.1007/978-3-031-20332-9_4
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Depending on the operating temperature of the WTG, significant residual stresses
can be generated, for example in the adhesive joints [108].

3.2 Load Calculation

For the aero-servo-elastic simulation of the loads, the aerodynamics are modelled
with the aid of Blade Element Momentum Theory (BEM), Vortex Methods or Com-
putational Fluid Dynamics (CFD). They are coupled to the WTG structure, which
is either discretised by spring-mass damper systems, finite element (FE) systems or
modally modified beams. The WTG states are adjusted by a speed and blade pitch
angle controller. The structural model of the WTG is thereby subjected to so-called
Design Load Cases (DLCs). These not only consider situations which occur in oper-
ation, but also extreme situations such as gusts, emergency stops and grid loss [59].
Commonly used simulation environments for the time as well as for the frequency
domain include HAWC2/HAWCStab2 [20], OpenFAST [87], Bladed [22], MoWiT
[36], Adams/AdWiMo [84], Flex [90], ADCoS [1], Cp-Lambda [95], alaska/Wind
[62] and Simpack [21]. A comparison of different simulation environments can be
found in [66, 96], for example.

In particular, the mass-load-induced fatigue load spectrum as the crucial load in
the blade root region can already be estimated with little simulation effort [110]. To
this end, the number of rotations during the total life and the static mass moment,
which results from the product of the total mass and the lever arm between blade
root and centre of mass (Fig. 4b), is considered.

3.3 Design Load Cases

The mechanical loads from the simulations are summarised in the design load cases
for the rotor blade, which are explained below. These design loads can be specified
either for an individual type of WTG or as a broad design load envelope for several
versions of a WTG type [59].

3.3.1 Load Case of Minimum Tower Clearance

For this load case, the simulation time series are examined for the minimum distance
between tower surface and blade tip. The load state along the blade, particularly
flapwise, dimensions the maximum permissible blade tip deflection.
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3.3.2 Extreme Load Envelope

This load case involves a load envelope, and means that the simulation time series
are examined for their maximum and minimum values for every cross section along
the rotor blade. In general, the load vector components of an envelope do not occur
at one and the same time. The extreme loads, which are extracted as point clouds,
are therefore enveloped and projected into the four main directions, for example, and
also in more than four sectors. At least 12 sectors are required for the blade root, for
example, [60]. A projection method is illustrated in [26].

3.3.3 Fatigue Load Spectra

For this load case, the simulation time series are processed with the aid of load
cycle counting methods, for example, Rainflow Counting [77], see Fig. 4 in Chap.
7 of this book. This results in load spectra, also called Markov matrices or range-
mean matrices. A collective consists of a number of cycles ni , a mean stress Smi

and a stress amplitude Sai . The usual procedure is to add the total damage of all
collectives together using the linear damage accumulation hypothesis according to
Palmgren [91] and Miner [82]. The use of load spectra for the structural analysis can
become relatively computationally intensivewhen high sectoral resolution is desired.
For this reason, load spectra of force or moment time series are also used, and then
Damage Equivalent Loads (DELs) for a reference number of cycles to failure nref
and a material-specific negative inverse exponent of the fatigue life curve m [52] are
derived therefrom, see Fig. 5 in Chap. 7 of this book. One disadvantage of using
DELs is that it is almost impossible to take the influence of the cycle means into
account. This appears to be critical since the matrix materials of fibre-reinforced
polymer (FRP), in particular, are extremely sensitive to mean stress [122]. However,
when the DELs have high sectoral resolution within a blade cross section, it does
seem possible to take mean stress effects into account nevertheless [97].

3.3.4 Loads from Changes in Temperature

This load case results from the boundary conditions of the rotor blade manufacturing
process. In the simplest case, the temperature difference �T between curing and
operating temperature can be used here, cf. [3, 108, 109]. Internal loads caused by
stresses from temperature changes and the different thermal expansion coefficients
of the individual materials can be added to the extreme loads and taken into account
in the fatigue load spectra as a static average [74].

http://dx.doi.org/10.1007/978-3-031-20332-9_7
http://dx.doi.org/10.1007/978-3-031-20332-9_7
http://dx.doi.org/10.1007/978-3-031-20332-9_7
http://dx.doi.org/10.1007/978-3-031-20332-9_7
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3.4 Effects of Scaling

Galileo’s square-cube law [38] applies to the scaling ofWTG rotor blades as it does
to all other three-dimensional (3D) bodies, and is referred to below as the scaling
law. It states that for the linear scaling of a body, its surface area increases as the
square of its length and its volume increases as the cube of its length. Consider a
cube with edge length L1 as shown in Fig. 5. If the cube is scaled such that the edge
length doubles to L2, then the base area A1 in the figure scales by a factor 4 to the
base area of the scaled cube A2. In this process, the volume of V1 increases by a
factor of eight to the value V2. This means that when the length of the rotor blade is
doubled, its mass increases eightfold according to the scaling law.

A selection of different structural concepts for rotor blades is plotted in Fig. 6 and
shows rotor blade mass as a function of the rotor diameter. The selection includes
all wind classes, material combinations and generations of the last 30 or so years.
The regression took account of all blades made from glass fibre (GF) in epoxy resin
(EP) and this results in an exponent of approx. 2.2. When the regression is carried
out separately for different structural concepts for rotor blades, the exponents lie
between 1.9 and 2.8 [72]. Hence, the structural masses of rotor blades do not in fact
increase proportional to the third power, as expected according to the scaling law,
but roughly proportional to the 2.4th power of the rotor blade length.

The reason for the exponent in the scaling must be sought in the type of loading
of the rotor blade. As has been described above, rotor blades are mainly exposed
to two types of loads: gravitational loads from their own mass on the one hand and
loads from the aerodynamic action on the other.

The mass loads of a rotor blade depend directly on its mass and thus its volume,
while the aerodynamic loads are determined by the aerodynamic surface of the blade.
Like the surface area of the rotor blade and thus the aerodynamic loads, the cross-
sectional areas of the rotor blade increase as the square of its length. These cross-
sectional areas form the resistances against the loads. This means the aerodynamic
loads do not lead to a disproportionate increase in mass. As shown, the volume and
therefore the mass loads increase as the third power of the length, however, which
means that the cross-sectional areas have to increase disproportionately. This explains
first of all why the mass of the rotor blade structure which has to withstand these
loads increases by a value which lies between the two powers 2 and 3, i.e. around
2.4.

Fig. 5 Scaling using the
example of a cube; based on
[73]. Copyright © 2017
Alexander Krimmer
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Fig. 6 Masses of various structural concepts for rotor blades: Glass fibre (GF)-reinforced unsatu-
rated polyester resin (UP) (GF-UP); GF-reinforced skin laminate and carbon fibre (CF)-reinforced
spar cap with unsaturated polyester resin (UP) (GF-CF-UP); GF-reinforced epoxy resin (EP) (GF-
EP); GF-reinforced epoxy resin (EP) (GF-EP); GF-reinforced skin laminate and CF-reinforced spar
cap with epoxy resin (EP) (GF-CF-EP); based on [72]. Copyright © 2014 Alexander Krimmer

Furthermore, the aerodynamic loads of a rotor blade in the lee direction, the
downwind direction, cause a more quasi-static deformation, while the rotation of
the rotor leads to a cyclically changing bending load of the rotor blade with each
revolution resulting from its own mass. It thus becomes clear that it is primarily the
service loads which increase disproportionally when scaling rotor blades and greater
consideration will have to be given to these loads in the future.

4 Materials

The rotor blades ofWTGs are composed of a large number of different materials. The
main components are fibre-reinforced polymer (FRP),whose composition, properties
and processing are discussed in Sect. 4.1. Core materials are also used to guarantee
stability in the thin-walled rotor blade structures, and their properties and modes of
action are presented in Sect. 4.5. Furthermore, rotor blades usually contain structural
adhesives, whose properties and tasks are documented in Sect. 4.6. A frequently
underestimated task concerns the coating materials, which can be found in Sect. 4.7.
Moreover, various metals are used in the lightning protection system, at the blade
connection and at a segmented-blade joint. They are presented in Sect. 4.8.
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4.1 Fibre-Reinforced Polymers

FRPs have largely become established as themain structural material in themanufac-
ture of rotor blades. Blades manufactured nowadays consist primarily of glass fibres
(GFs) in an epoxy resin (EP) matrix. A smaller number are likewise constructed
from GF, but embedded in unsaturated polyester resin (UP). Furthermore, there is an
increasing tendency to strengthen the main reinforcing elements of rotor blades with
carbon fibres (CFs). For the main spar caps, the use of pultruded unidirectional (UD)
plates has become established. These are alsomanufacturedwith CFs in various resin
matrices such as EP, UP and vinylester (VE).

There are a variety of reasons for using FRPs, the most important ones being:

• high strength,
• high stiffness,
• low density,
• advantageous fatigue strength properties,
• ease of manufacture and
• simple production of the components in freeform surfaces.

Figure 7 shows the structural principle of FRPs with their important components.
The laminate (Fig. 7a) is composed of laminae or plies, as they are shown in Fig.
7b with information on the fibre orientation, for example, when one of the plies is a
UD fibre-reinforced single ply. Furthermore, core materials in a sandwich laminate
or adhesive layers between two substrate laminates, which are the bonded elements,
can also be considered as single ply. The fibre-reinforced UD single ply, as shown
in Fig. 7c, is composed of

• fibre,
• sizing and
• resin matrix.

The fibre itself, as illustrated in Fig. 7d, is usually surface coated with sizing,
which bonds chemically with the resin matrix.

The question is why fibres in particular have such excellentmechanical properties.
The observations by Griffith [44] are the simplest way to explain this. Figure 8
shows the results of his experiments. It is clearly evident that the strength of the
GF considered increases disproportionally when their diameter is decreased. This is
because the probability of damage becomes lowerwith decreasing fibre cross section,
an effect which is known as the fibre paradox.

To make these properties available for use in structural mechanics, the fibres are
embedded in a so-called matrix. In the case of rotor blades, this nowadays con-
sists of polymers such as EP and UP, but researchers are also experimenting with
polyurethane (PU) and polymers with thermoplastic properties [85] as well. The
task of the matrix is to transfer the forces acting on the structure into the fibres.
These forces are primarily transferred via shear. Furthermore, the matrix provides
the dimensional stability of the basic textile framework and guarantees that the fibres
are protected from external influences.
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Fig. 7 Layup stacking with various laminates (a); fibre-reinforced polymer (FRP) laminate (b);
lamina (c); fibre and sizing (d); based on [111]. Copyright © 2020 Malo Rosemeier

Fig. 8 Tensile strength of glass fibre (GF); data from [44]. Copyright © 2021 Alexander Krimmer
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Table 1 Conventional mechanical properties of materials

Property E-glass HT carbon EP matrix

Young’s modulus longitudinal/transverse in GPa 80 240/15 3.00

Shear modulus transverse/longitudinal in GPa 32 45 1.07

Poisson’s ratio transverse-longitudinal 0.25 0.3 0.4

Tensile strength in MPa 2000 4000 70

Strain at fracture linearised in % 2.5 1.67 2.3

Negative inverse stress-life curve exponent 10 14 10

Density in kg/m3 2600 1800 1150

Coefficient of thermal expansion long./trans. in 10−6/K 5.3 -0.6/20 60

Price in e/kg (in 2021) 1.00 15.00 4.00

Themost important mechanical properties for the most important materials which
form the FRP are given in Table 1. The properties for orthotropic high-tenacity (HT)
CF are stated in the fibre direction (longitudinal) as well as orthogonal to it. The
mass-related prices given must be understood as rounded guide values, while the
actual prices are naturally subject to market fluctuations.

Other materials such as R-GFs are also suitable for use in rotor blades. They have
a modulus of elasticity (Young’s modulus) which is 10% higher than that of E-GFs.
Since only an introduction to the topic is provided here, the selection is limited to
the materials most frequently used.

4.2 Semi-Finished Textile Products

The FRP used in the rotor blade structures is usually non-crimped fabrics (NCFs)
in the form of semi-finished textile products. These fabrics are characterised by the
fact that several fibre plies in the form of GF rovings are laid one on top of the other
with different orientations by machine before being stitched together. This increases
the number of raw materials involved by the stitching thread, which usually consists
of polyethersulfon (PES). A tri-axial (TX) NCF is depicted in Fig. 9.

Woven fabrics can also be used for the manufacture, for example. Their disad-
vantage is that the waviness or undulation of the fibres is greater because the plies
are interwoven, and it is thus not possible to exploit the mechanical properties of the
fibres to the same extent. Further details can be found in [116].

The text below is therefore based on NCFs for the manufacture of WTG rotor
blades. A so-called non-crimped fabric composite (NCFC) is thus produced in the
manufacturing process, which then requires that different NCFs have to be charac-
terised in the composite. The types of NCFs usually used in rotor blades are UD,
bi-axial (BX) and TX NCFs.
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Fig. 9 Schematic diagram of tri-axial non-crimped fabric [72]. Copyright © 2014 Alexander
Krimmer

4.3 Materials Testing

To now make rotor blade structures predictable, the mechanical properties of the
materials and of the FRP in particular must be known. These can be determined
by means of materials testing on the coupon level of the testing pyramid (Fig. 1).
Corresponding normative stipulations for this are given in [60]. Materials testing can
be carried out at different levels of the testing pyramid involving different amounts
of effort and with varying levels of validity. The main challenge consists in the fact
that the properties of the rotor blade materials evolve only during the manufacturing
process of the rotor blade structure. They are affected significantly by the process
parameters during rotor blade manufacture and also by the properties of the semi-
finished fibre material and the matrix. The most important ones are

• manufacturing methods (hand layup (HL), vacuum infusion (VI) or others);
• accuracy during layup of the material;
• process pressure;
• consequential compaction and fibre volume fraction (FVF) and
• temperature profile during processing and curing.

To be able to determine the properties accordingly, these process parameters have
also to be set as best as possible during the production of the material samples. This
naturally means that the same semi-finished products and resins as in the rotor blade
must be used for the testing.

Since FRPs are orthotropic materials, i.e. materials with anisotropic properties, at
least three tests must be carried out on each semi-finished product to characterise the
elastic properties. These are tensile tests in the main reinforcement direction and at
right angles to it, as well as a test to determine the shear properties. It is thus possible
to determine the required tensile and shear strengths. If it is additionally desired to
determine the required compressive strengths as well, then compression tests in the
main reinforcement direction and at right angles to it are also required.



192 M. Rosemeier and A. Krimmer

More tests or fewer tests have to be carried out on the different NCFs used depend-
ing on the complexity of the material model used. Materials testing is usually asso-
ciated with high costs, which have to be kept low. An effective way of keeping the
number of tests as small as possible is to use Extended Inverse Laminate Theory
(EILT) [72]. This allows a generic material model to be parametrised right down to
the elastic and strength properties of fibre and matrix.

4.4 Elasticities of the Unidirectional Single Ply

EILT is based on the inverse execution of classical laminated plate theory (CLPT)
[101, 135]. It is an established and effective tool for predicting the properties of
layered FRPs.

To carry out CLPT, all that is required is the two-dimensional (2D) compliance
matrix which describes the planar stress state. If the intention is also to determine
the elastic properties of a laminate expressed in three dimensions (3D), then it is
necessary to already establish the properties of the single ply in 3D. Inverting the
matrices leads in each case to the elasticitymatrices of the single ply. For the 2D case,
all further steps are described in [101, 135]. For the 3D expression of the laminate
properties, reference is made to the work of Chou [16]. He formulates a suitable
method to calculate them.

Starting from the expression of the compliances and stiffnesses of the individual
ply, an inverse calculation right down to the properties of the individual components,
fibre and matrix, is performed using micromechanical rules of mixture as part of
EILT. If these properties are known, the micromechanical rule of mixtures can again
be used to predict the properties of UD single plies.

Software is available from different institutions and with different capabilities
which can rapidly and simply generate predictions for mechanical properties of
FRPs. Mention is made here of two of them, which are available for free and provide
a simple introduction to the topic.

AlfaLam Advanced Layerwise Failure Analysis of Laminates (AlfaLam) is a
program based on CLPT which is made available by the Leichtbau und Bauweisen
(KLuB) Institute at the TU Darmstadt. It can be found on the KluB download page
[125]. The program versions deposited there date from 2009, however.

eLamX2 is likewise based on CLPT and is made available by the Institute of
Aerospace Engineering at the TU Dresden [50]. eLamX2 likewise provides a user
forum and is regularly updated. Moreover, an impressive overview of the capabilities
and possibilities of the software is provided at [50].

eLamX2 also includes micromechanical rules of mixture, but their forecasting
accuracy is limited. To achieve better results, attention is drawn toHashin andRosen
[49], whose procedure is likewise used in [135] as well as the micromechanical
equations in [74]. The latter were used to provide an overview of the mechanical
behaviour of a GF-EP-UD single ply as a function of the FVF in Fig. 10.
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Fig. 10 Mechanical properties of a glass fibre-epoxy resin unidirectional (GF-EP-UD) single ply.
Copyright © 2021 Alexander Krimmer

If a more detailed examination of the topic of FRPs is to be conducted, it is
recommended that you program the CLPT yourself in accordance with [101, 135],
for example. A good introduction is provided by the Python implementation
compmech [12].

4.5 Core Materials

Rotor blades for WTGs are thin-walled structures in the best sense of the word. Such
structures are usually prone to buckling, which is a stability failure phenomenon of
planar load-bearing structures. Under in-plane compressive loading, the load-bearing
structures giveway from the load direction and consequently do not absorb additional
forces [141]. In the rotor blade, this applies to the skin laminate sections of the rotor
blade structure. They are the easily recognisable sandwich sections in Fig. 16.

To prevent this stability failure, the skin sections of the rotor blade are built as
sandwich structures. In the rotor blade, they consist of the outer and inner skin lami-
nates or skins, which are kept apart by a core to increase the parallel-axis component
of the area moment of inertia and thus the bending stiffness of the sandwich cross
section. This core is usually flexible and has comparatively high shearing rigidity. In
order not to significantly increase the structural mass of the rotor blade at the same
time, materials are used which comply with this requirement and have a low density.
In the rotor blade, these are predominantly:
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• polyvinyl chloride (PVC) foam,
• polyethylene terephthalate (PET) foam,
• PU foam and
• end-grain Balsa wood.

The core materials are usually supplied as sheets. If they are orthotropic materials,
as is the case with PET foam and end-grain Balsa wood, the directions of the highest
elastic modulus are oriented in the thickness direction of the plates. This explains
why end-grain Balsa wood is used, for example, which is characterised by the fact
that its direction of growth points into the thickness direction of the plate.

The core materials mentioned here are not flexible enough to follow the contours
when they are laid into the rotor blade mould, however. Therefore, if a curvature has
to be introduced into the core material plates, a fabric is bonded on one side and slots
are made in the other side of the plate with a saw or a knife. This process allows the
plates to be draped along the contours. Furthermore, the plates are partially perforated
to ensure that the resin flows through the thickness of the plate. A perforated and
slotted PVC foam plate is depicted in Fig. 11a.

The fact that resin of very low viscosity is used in the VI process has a disad-
vantageous effect. It fills the cavities which are present in the dry stack-up, and thus
the perforations and slots described above are filled with resin, for example. Fur-
thermore, open cells at the surface of the core material fill as well. The resulting
resin intake of the core is described in [88, 107] and made amenable to a calculation.
This is absolutely essential for a reliable prediction of the mass for the rotor blade
structure.

Figure 11b shows cross sections through corresponding sandwich plates.

Fig. 11 Top view (a) of a PVC foam plate with a density of 60kg/m3, slotted and perforated,
and sectional view (b) of sandwich plates with different thicknesses with GF-EP skins and PVC
core; top 10mm, bottom 15mm thickness with partially filled slots; Copyright © 2021 Alexander
Krimmer
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4.6 Adhesives

The majority of the rotor blades manufactured nowadays are produced as two skin
laminates. This means that the aerodynamic suction-side skin laminate and the aero-
dynamic pressure-side skin laminate are prefabricated separately. The shear webs
which are needed are glued into one of the skin laminates and then the two skins are
bonded together. The dimensions of the bonding partners mean that the bonding gaps
which have to be bridged with an adhesive are large. In today’s rotor blades, they are
nominally specified to be around 5mm, but can reach thicknesses of up to 30mm.
If they are to become structurally effective, the adhesive joints must not exceed a
thickness of 10mm. The adhesive exudes into empty spaces with thicknesses of up
to the stated 30mm in the region of so-called blind bonded joints as well.

Since the adhesives are usually exothermic-reaction resin materials, there is a
risk of a significant local temperature increase, which can ultimately lead to the
surrounding structure being damaged. Hence, the adhesive must also be kept as thin
as possible even in regions which have no structural effect.

To be able to bridge thick bonding gaps as well, however, fillers are added to
the adhesives. This increases the viscosity of the adhesives significantly. Depend-
ing on the type of filler selected, e.g. GF in the form of short fibres, the adhesive
additionally becomes more or less abrasive during delivery and when mixing resin
and curing agent. Finally, to simplify the workability during the process, thixotropic
additives are admixed to the adhesives. Thixotropy describes the so-called shear-
thinning behaviour. Shearing of the substance leads to a decrease in viscosity here.
After a rest period, the viscosity increases again, however. This is important so that
the adhesive does not slide off vertical surfaces again once it has been applied. One
example for a thixotropic agent is pyrogenic silicon dioxide, also called pyrogenic
silicic acid.

Further detailed information on adhesives and bonds can be found in [45].

4.7 Coating

A surface coating is applied to the rotor blade to protect its surface structure against
weathering phenomena such as rain, ultraviolet (UV) light, sand storms, snowand ice.
This coating usually consists of many different layers and can include the following:

• gel coat,
• putty,
• pore filler,
• finishing coat and
• erosion protection.

The gel coat is usually applied to the negative mould (see Sect. 8) of the rotor
blade. The rotor blade structure is then stacked up inside this mould and bonds with
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the gel coat layer during the manufacturing process. This provides the basis for the
further surface processing of the rotor blade after it has been removed from themould
on the one hand; on the other, the gel coat forms a protection for the mould. Since
the resin matrix has very low viscosity as a rule, it will also fill small depressions,
defects and holes in the surface of the mould during the VI. After the curing, the resin
is adhesively and mechanically bonded to the surface. Demoulding the rotor blade
will then cause further damage to the surface of the mould. These mould surfaces
must then be repaired on a regular basis. If the first layer in the mould is a gel coat,
this bonding does not take place as just described and the mould surface is protected
and accordingly has a longer life.

After the rotor blade has been demoulded, the surface is sanded to remove residues
of the mould release agent from the production process and activate the surface for
the application of the surface coating. Afterwards, any depressions are evened out
with the putty and surface finished by sanding. The surface is then skimmed with
the filler to fill the remaining pores. Lastly, the finishing coat is applied. The number
of coating layers depends on the coating system used and the layer thickness to be
achieved. The next step is to apply the erosion protection for the leading edge of the
rotor blade. This can be an adhesive film or also a coating. Finally, aerodynamic aids
such as vortex generators and trailing edge serrations are bonded to the surface.

Conventional gel coats consist of PU or EP. In general, PU in liquid form or
in the form of a paste is used for the subsequent coating components, since it is
characterised by good UV light resistance.

4.8 Metals

Metals are used in rotor blades for the lightning protection system, for the connection
of the rotor blade root to the blade bearing of the rotor hub, and also at segmented-
blade connections.

For the lightning protection system, a distinction is usually made according to
the material used for the main reinforcements or spar caps of the rotor blade. GF
composites act as a dielectric and therefore do not have to be protected separately.
In these blades, the lightning protection system is limited to inserting contacted
lightning receptors in the vicinity of the blade tip. The tip is especially endangered
by potential lightning strikes because of its exposed position. The receptors to be
inserted and the connecting lightningprotection cable aremadeof aluminiumbecause
of its low specific mass. Since aluminium has comparatively poor fatigue strength,
the aim is to lay the lightning protection cable along the lines of the elastic centres
of the blade cross sections as far as possible (see Fig. 13).

If CF is used in the main spar caps (see Fig. 16a), solving the lightning protec-
tion problem becomes more difficult. The conductivity of the spar caps and their
flammability means they have to be protected against lightning strikes in particular.
Aluminium should not be used for this purpose, however, because contact corrosion
can occur between CF and aluminium. Copper is therefore preferred here.
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Furthermore, the lightning protection system is connected to the rotor hub via a
slipring in some cases. This is then usually manufactured from stainless steel, for
example, V4A.

Finally, high-strength tempered steels are used for the rotor blade connection
to the blade bearing. The materials used for the expansion bolts achieve strength
values in the region of 1000MPa. Examples are 30CrNiMo8, 34CrNiMo6, 42CrMo4,
42CrMoS4 or 32CrB4.

5 Structural Models

Structure and substructure models of the rotor blade with various degrees of detail
are used on the one hand to compute cross-sectional properties which are then used
to parametrise beams for the load simulation, and on the other to carry out structural
analyses with the computed loads. Since the design process and the optimisation are
done iteratively, the computational efficiency of the models is particularly important.
In a subsequent development stage, models which are more complex and hence more
computationally intensive are relevant for detailed analyses.

The computationally efficient models include analytically based descriptions, and
also semi-analytical descriptions with a relatively small number of variables to be
determined. The computationally intensive models include detailed representations
of the structure as shell and solid models, discretised with the aid of FE.

5.1 Geometry and Structure

The external geometry of the rotor blade, also called planform, results from aero-
dynamic and also structural requirements. Airfoils which are relatively thin have
better aerodynamic properties than relatively thick airfoils. On the other hand, rel-
atively thick airfoils allow more economical use of material, since the parallel-axis
component in the geometric moment of inertia comes into play here. A challenge
with the structural design is the transition from the airfoil of relatively long chord
lengths to the cylindrical blade root at the connection. This is down to the large
three-dimensional change of the rotor blade surface which leads to effects which
cannot be described sufficiently well with first-order approaches. The changes in the
cross sections along the longitudinal axis lead to so-called “pumping” or “breathing”,
where the cross section deforms and it can no longer be assumed that the planarity
of the cross section is maintained.

The rotor blade planform can be described by a family of airfoils, a chord length
distribution, an aerodynamic twist distribution, a thickness distribution and a thread
point distribution (Fig. 12). The airfoils are then usually characterised with respect
to their aerodynamic lift and drag factors as a function of the angle of attack, see
Fig. 3 in Chap. 4 of this book. Panel codes such as XFOIL [28] and its extension

http://dx.doi.org/10.1007/978-3-031-20332-9_4
http://dx.doi.org/10.1007/978-3-031-20332-9_4
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Fig. 12 Planform of a modern rotor blade of an onshore WTG: View onto the suction side (a), the
trailing edge (b) and from the root into the inside of the blade (without pre-bend) (c); z-axis of the
coordinate system marks the pitch axis; dash-dot line shows a chord of an airfoil close to the blade
root and to the blade tip. Copyright © 2021 TPI Composites Inc.

RFOIL [10] or CFD codes such as OpenFOAM [30] or EllipSys [19] are used for
this purpose. The aerodynamic performance is then analysed with the aid of BEM
codes such as CCBlade [86, 89], QBlade [124] or FOCUS6 [145].

Load-bearing spar caps and webs are positioned within this geometric shell. Panel
sections are built in sandwich construction, see Fig. 16. The manufacturing process
is taken into account here.

5.2 Cross-Sectional Properties

When the distribution and positioning of materials within the blade cross section and
in the longitudinal blade direction are known, the cross-sectional properties can be
determined.
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The structural properties of a cross section are described by a stiffness matrix and
a mass matrix. Typically, the cross-sectional stiffness is given as a 6 × 6 matrix in
accordance with Timoshenko beam theory [129]. For balanced laminates, this results
in the following structure of the stiffness matrix [S] in relation to a reference point
in a reference coordinate system (CoS) (see Fig. 12) within the cross section:
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where

−→
F contains the forces F and moments M acting on the cross section and −→u

the shear strain γ , strain ε, curvatures κ and twisting θ . The shear centre relative to
the reference point is given by [34]:

xs = −C26
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, where [C] = [S]−1 . (6)

The elastic centre or centroid relative to the reference point is given by [34]:
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The structural twist angle between the elastic axes and the reference CoS is given by
[40]:

ν = 1

2
tan−1

(

− 2E Ixy
E Ixx − E Iyy

)

. (8)

To populate the stiffness matrix, the axial stiffness AE , the shear stiffnesses kGA,
the bending stiffnesses E I and the torsional stiffness GJ are calculated. If structural
couplings exist, e.g. between bending and torsion, these need to be determined as
well. The fully populated stiffnessmatrix results onlywhen unbalanced laminates are
used. For the fully populated stiffness matrix, the shear centre additionally depends
on the bending torsional compliances C46 and C56 [34], for example.

To consider the simplified concept it is often sufficient to determine the 3x3 sub-
stiffness matrix comprising tension (AE) and bending components (E I ) according
to Euler-Bernoulli [31].

The populated mass matrix [M] is then:
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Fig. 13 Blade cross-sectional properties. Copyright © 2021 TPI Composites Inc.
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where
−→̈
u contains the accelerations ü and angular accelerations θ̈ . The location of

the centre of mass is given by

xm = M34
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m
and ym = C35
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m
. (10)

To populate the mass matrix, the masses are m and the moments of inertia J .
The stiffness andmassmatrix elements are computed on the basis of a 2D discreti-

sation of the cross section with arbitrary degree of detail (Fig. 13). The resulting grid
can then be analysed with the aid of analytical methods [70, 140, 147] or numerically
based methods, such as Variational Asymptotic Beam Sectional analysis (VABS)
[14], BEam Cross section Analysis Software (BECAS) [8], Sonata/ANBA4 [32],
PreComp [7] or Farob/FOCUS6 [76, 145]. The methods have different requirements
regarding the grid quality.

5.3 Beam Models

When modelled as a beam, the rotor blade allows for a computationally efficient
analysis of global properties such as resonance frequencies (also called natural fre-
quencies or eigenfrequencies) andmodes, determination of total mass and the overall
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centre ofmass aswell as the analysis of the deformation response to arbitrary external
load cases.

The classic beamaccording toEuler-Bernoulli [31] uses only the tension andbend-
ing components of the stiffnessmatrix. An implementation can be found in [48]. Such
a beam is implemented in ElastoDyn as part of OpenFAST, for example. For compu-
tationally intensive processes, the degrees of freedom of the beam are significantly
reduced by using modal correction methods. This method is clearly illustrated in
[37]. The theory according to Timoshenko [129] additionally takes account of shear
and torsion components as well. Extended beammodels take account of all structural
couplings, i.e. a full 6x6 stiffness matrix (Eq. 5) as well as geometric non-linearities.
Such a beam is implemented in Geometrically Exact Beam Theory (GEBT) [53],
BeamDyn [137–139] as part of OpenFAST or in the form of an anisotropic beam
element [69] in HAWC2, for example. The implementation of the beam in the form
of FE in environments such as Ansys APDL [2] has turned out to be beneficial for
the design of full-scale blade tests [81]. Modal correction methods can no longer be
applied to geometrically non-linear considerations.

A comparison of different degrees of detail for beam models with impact on the
WTG loads resulting from aero-servo elastic simulations can be found in [102].

5.4 Models for Thin-Walled Structures

Rotor blades are thin-walled structures, i.e. the wall thickness or skin thickness
is relatively small compared to the thickness of the rotor blade. The elongation
across the skin thickness can therefore be assumed to be constant. Simply supported
or clamped plate or sandwich models [141] are therefore suitable for the stability
analysis of parts of the cross section such as shear webs, spar caps or panel sections,
and also for the strength analysis of adhesive joints. The stiffnesses of a structural
part are described using CLPT, see Sect. 4.4. The total cross section can also be
modelled as the chain-linking of plate and sandwich elements, however, so that a
stability analysis on the cross-sectional level becomes possible. In so-called finite
strip models, a thin-walled cross section is modelled with prismatic discretisation.
A rotor-blade-specific implementation is known as FINSTRIP [133].

A comparison of different models for the stability calculation can be found in
[105].

5.5 Full-Blade and Detailed Models

Beam models based on structural properties that are uniform across a beam element
and prismatically discretised are sufficient for less detailed estimates of the structural
response, such as elongations along the blade trailing edge. When, for example,
planar elongation states are of interest, however, FE models are indispensable. This
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is particularly relevant in the tapering and geometrically twisted section inside the
blade which transitions from a circular cross section to an airfoil and whose cross-
sectional deformation can no longer be described with beam models.

FE models of the full blade are often based on shell elements which are based on
first-order shear deformation theory [101]. This makes it possible to consider shear
stiffnesses in the thickness direction and turns out to be advantageous in the stability
analysis of local effects in sandwiches [107]. Solid elements which are coupled
to the shell can be used for the analysis of adhesive joints [109]. The use of solid
elements allows normal stress components in the thickness direction to be considered
in addition. This can be helpful in the analysis of thick laminates, particularly near
the blade root. To avoid the enormous increase in computational effort [106] when
modelling the full blade as a solid model [93, 94], it is worthwhile creating detailed
substructure models. In submodelling, node displacements and rotations of the full-
blade shell or solid model are transmitted to the cutting interfaces of the submodel.

A detailed model is often used for the analysis of the blade root connection or
segmented-blade connections, to include the eccentric loading of the expansion bolt
and the laminate, for example, see Sect. 6. The same applies to adhesive joints which
are subjected to a multi-axial internal load.

6 Blade Root Connection Concepts

Two concepts have essentially been successful for the blade root connection: the
joint with bushing (or insert) and with T-bolt, see Fig. 14.

In the bushing joint, an expansion bolt clamps the inner ring of the blade bearing
to a bushing bonded to the blade root laminate. The axial longitudinal force of the
bolt is transferred from the outside of the bushing to the inner and the outer root
laminate via shear forces. The bushing is accordingly designed to be long so that
sufficient surface area is available for the shear force transfer.

With the T-bolt joint, the expansion bolt clamps the inner ring of the bearing to
the root laminate. The axial longitudinal force of the bolt is transferred from the
barrel nut to the pre-tensioned laminate through a positive mechanical and frictional
engagement. The laminate section between two adjacent barrel nuts (not shown in the
figure and subsequently referred to as the net section) then transfers the longitudinal
force to the root laminate.

The cross-sectional view leads one to suspect that the connection is subject to
eccentric loading. In the bolt in particular, this causes a bending load in addition to
an axial one. The form of this internal load in the longitudinal direction, and also
along the circumference of the root, depends on the compliance of the hub, the blade
bearing and the concept for the blade root connection [15, 113].

The use of bushings in the root tends to allow the root region to be designed
with thinner walls than for roots with T-bolt design. A motivation for the structural
preference of bushings could therefore be a lower blade mass, which would then be
reflected in a reduction of the loads in blade bearing, hub and tower. The complexity
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Fig. 14 Cross-sectional view through the blade root connection, constructed using a bushing (a)
and a T-bolt (b). Copyright © 2021 Malo Rosemeier

of the bushing connectionmeans that a computational structural analysis is associated
with a great amount of modelling and validation effort. In practice, the permissible
extraction force is often determined experimentally with an axial extraction test of a
unit cell. This has the disadvantage that a design of a bushing connection is usually
retained for each new blade design and accordingly only the root diameter and hence
the number of bushings is adjusted. When the wall thickness remains constant, the
relative wall thickness decreases, which favours cross-sectional deformations such
as the so-called “breathing”. This “breathing” can cause unfavourable internal loads
in sandwich panels and in the blade bearing.

Analytical models to assess the limit states of the T-bolt connection, such as
net section failure, bearing failure, shear-out failure and cleavage failure [26, 116]
are established, however, as is the CLPT for thick laminates in particular [16]. The
advantage here is that the T-bolt connection can be optimised in detail for every new
blade design, see also Sect. 9.4.

7 Structural Design Verifications

The ultimate and fatigue strength verifications for the structural members subjected
to the design load cases are conducted in accordance with the certification scheme
selected, i.e. the partial safety factors to be used. In addition, further verifications
which affect the serviceability of the WTG have to be conducted in relation to the
rotor blade structure.
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7.1 Strength Verifications for Fibre-Reinforced Polymers

To assess the load-bearing capacity of rotor blades for WTGs, it is first necessary
to know the strengths of FRPs. The materials testing (Sect. 4.3) usually provides
this information only for UD-NFC composites or for UD single plies, however. The
orthotropy of FRPs means that a direct assessment of the load-bearing capacity is not
possible. Hence, the use of failure criteria and failure functions has become normal
practice. For the ultimate strength verification of rotor blade structures, the procedure
according to Puck [98, 135] is now established.

The strength hypothesis according toPuck is an action-plane-based failuremodel.
It is based on the Coulomb-Mohr strength hypothesis, which was originally devel-
oped for geodetic materials and heaps of material. It produces realistic strength
predictions especially for the quasi-static compressive load transverse to the fibre
direction. To this end, the failures are first categorised into fibre-dominated (fibre
fracture (FF)) and matrix-dominated failures (inter-fibre fracture (IFF)). Further-
more, a distinction is made between the fracture modes A, B and C of the IFF.

• FF: Failure caused by a tensile or compressive stress in the fibre direction.
• IFF Mode A: Failure caused by a combined tensile and shear stress which acts in
the direction of the tensile stress perpendicular to the fibre direction.

• IFF Mode B: Failure caused by a combined compressive and shear stress which
acts in the direction of the compressive stress perpendicular to the fibre direction,
where the absolute value of the shear stress is greater than the absolute value of
the compressive stress.

• IFF Mode C: Failure caused by a combined compressive and shear stress which
acts in the direction of the compressive stress perpendicular to the fibre direction,
where the absolute value of the shear stress is less than the absolute value of the
compressive stress.

When used as part of the structural optimisation, this has the advantage that it is
possible to identify the stress or load state which was the original cause of the failure
as well as the component, fibre or matrix which failed. In addition, the expression
according to Puck is homogeneous of degree one. This means that stress exposures
can be stated in the form

e = [σ ]

[R]
. (11)

The stress exposure e is then linearly dependent on the stress vector [σ ] of the
single ply. [R] is a strength vector. An actual division onlyworks in the uni-axial case,
however, while themathematical effort is higher for complex stress states. Details are
given in [98]. The consequence of the linear dependence is that for a stress exposure
of e = 0.5, a load precisely twice as large would lead to failure.

Moving on to the fatigue strength analysis, it turns out that predictions are not
possible without further ado with Puck’s failure hypothesis, since a superposition
of the stress exposures from different fracture modes and fibre stress exposures is
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not covered. Hence the fatigue strength verification is frequently based on results of
fatigue strength tests on the coupon level of the testing pyramid (Fig. 1).

AWTG easily experiences load cycle numbers of around n = 108, which already
originate simply from the number of revolutions of the rotor as a consequence of rated
operation. This load cycle range is the so-called Ultrahigh-Cycle Fatigue (UHCF)
regime.

The fatigue strength properties of FRPs depend onmany parameters. The first step
is to describe their phenomenological behaviour under service loads in the different
phases.

It is observed that FRPs initially have no macroscopically visible damage under
this type of load when the loads are sufficiently small. This phase ends when the
first crack occurs in the FRP as a consequence of the load, usually in the matrix or
the fibre-matrix interface. At the same time, this point in time marks the transition
to the phase of crack density growth. In this phase, the mechanical properties of the
FRP degrade to a greater or lesser extent. The incidence of the initial damage and the
crack density growth are affected significantly by the stacking of the semi-finished
textile materials, for example, by the crossing points of fibres lying on top of each
other as well as the arrangement of the stitching threads, for example [146]. The total
failure of the composite ends this phase as well as the fatigue process overall.

Depending on the size of the load and the orientation of the reinforcing fibre in
the composite in relation to the load direction, the overall process proceeds with
different speeds [78]. It can lead to failure within only a few thousand load cycles or
last for millions of load cycles.

It is easy to understand that the sizing, whose purpose is to ensure the bonding
between fibre and matrix, has a significant effect on the point in time of, and the
stress level at damage initiation, and thus on the fatigue strength behaviour [127].
In consequence, the matrix also has a substantial influence on the damage initiation
in FRPs, especially when the load direction is arranged transverse to the fibre
direction [78].

In addition to the mechanical properties, also as a function of temperature and the
degree of curing [3, 33], the visco-elastic behaviour, such as the strain rate depen-
dence, creep behaviour and relaxation behaviour [79, 83] and the fracture toughness
[123] of the matrix also have an influence on their fatigue strength behaviour. A
matrix-based procedure therefore works quite well, at least to predict the initiation
of matrix-dominated damage [74]. In this procedure, a comparison stress is formed
on the component level, which makes the consideration independent of the reference
planes used by Puck.

The fatigue strength behaviour of polymers can be quite simply expressed
using the equation according to Basquin [4]. The results of changing tensional-
compressive loads with the load ratio of R = −1 are quite well simulated by this at
least. The load ratio is defined by

R = σl

σu
, (12)
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Fig. 15 Results of the cyclic test and regression according to Basquin-Goodman for an EP
adhesive. Copyright © 2021 Alexander Krimmer

where the index u stands for the upper and the index l for the lower stress of a
sinusoidal internal load.

Further detailed information on the fatigue strength test and the fatigue strength
in general can be found in Haibach [46] and Suresh [121]. In combination with
the equation according to Goodman [43], load conditions deviating from R = −1
can be described as well. Corresponding experimental results and regressions for the
approaches given are shown in Fig. 15 for an adhesive. The test results for R = −1
and R = 0.1 were evaluated in their entirety here. The corresponding curves shown
are based on the same parameter set with the negative inverse stress-life exponent
m = 9.48 and the strength Rt = 56.8MPa. The graphs presented can be generated
with [104]:

N =
(

2Rt

(1 − R) σu
− |1 + R|

1 − R

)m

. (13)

With some restrictions, the approaches can be transferred to FRPs as well. An
isotropic adhesive was used here to make the illustration clear and intelligible. More-
over, further approaches to the description are conceivable [104].

7.2 Stability Verifications

The stability of a structure is essentially determined by its stiffness and slenderness. If
a load-bearing structure becomes unstable, this leads to a sudden deformation, which
then usually leads to a strength failure. For rotor blades, a distinction ismade between
global and local stability failure (also called buckling failure). Global buckling takes
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place when, for example, a sandwich becomes unstable in its entirety, comprising
the skins and the core. In practice, the sandwich then behaves like a plate made from
a single laminate ply. Local buckling is when the skin becomes unstable because
of skin wrinkling, for example, or the core becomes unstable because of core shear
crimping, for example [107]. Details of various stability failure modes can be found
in [141]. Local modes can be described well with analytical models, see Sect. 5.4.
Within limits, the frequently used FE shell model with adequate element types is
used for this purpose as well, however, see Sect. 5.5.

For the verification, the solutions of a linear eigenvalue problem, i.e. the buck-
ling resistances and their buckling modes, are compared to an applied extreme load
distribution and expressed with the safety reserve factor (Eq. 4). Since rotor blades
are thin-walled on the one hand and slender, strongly deforming structures on the
other, a computationally much more complex geometric non-linear stability analysis
which takes account of geometric imperfections, i.e. the application of stress-free
pre-deformations, can be carried out, where the load vectors follow the deformation
step by step [106].

7.3 Verifications of the Adhesive Joint

Adhesive joints in rotor blade structures are subjected to both mechanical internal
loads caused by gravitational loads and aerodynamic actions as well as internal
loads caused by a change in temperature. In addition, these loads are multi-axial,
comprising linear expansion, shear and peeling. In principle, the ultimate strength
verification as well as the fatigue strength verification for the adhesive joint can be
carried out along the lines of the IFF of FRPs on the basis of stress-based methods
[109], see Sect. 7.1. For the purpose of model validation, tests can be carried out
on the coupon level, and also on the full-blade level or an intermediate level of the
testing pyramid (Fig. 1).

At first sight, the frequently observed transverse cracks in rotor blade adhesive
joints do not seem to have any effect on the integrity of the blade structure and a
damage-tolerant design could be discussed here, cf. [67]. However, since the conse-
quences of initiated transverse cracks, such as crack propagation into the load-bearing
structures [109], can lead to an increased failure probability, a safe-life design seems
to be the right approach to achieve reliable operation.

7.4 Verifications of the Sandwich Core

Relatively wide and thin-walled sandwich panels, particularly inside the blade near
the root, are exposed to the so-called “breathing”, a deformation within the cross
section. This means that bending takes place in the sandwich in addition to the axial
tension. Here, the core is subjected to a shearing load in a plane of the plate across
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the thickness and a compressive load out of the plane of the plate. The verifications
are provided with suitable plate or detailed models, see Sects. 5.4 and 5.5.

7.5 Verifications of the Expansion Bolt

The preloaded expansion bolt at the blade root connection or at a segmented-blade
joint is one of the few replaceable load-bearing structural members of the rotor blade.
The eccentric load situation at the blade root connection (see Sect. 6) causes a bending
stress of the bolt as well as the purely axial load. As a machine element, the veri-
fications for the expansion bolt are provided on the basis of recognised mechanical
engineering guidelines such as [134], for example.

7.6 Serviceability Verifications

In addition to the verification of critical deformation, i.e. the tower clearance between
blade tip and tower surface in particular, verification must be provided that the res-
onance frequencies of the rotor blade are not excited by the rotor frequency and its
harmonics which arise in operation. For this purpose, the rotor blade can no longer
be considered separately from theWTG system, since the resonance modes between
the blades occur in so-called coupled rotor modes, cf. [117]. Such a verification is
provided with the aid of a Campbell diagram, see Fig. 7 in Chap. 7 of this book. In
addition, mention is also made here of the verification of aero-elastic instabilities,
such as flutter [47] and vortex-induced vibrations of the rotor blade [51].

8 Manufacturing

Rotor blades for WTGs are usually manufactured in negative moulds for the rotor
blade skins. These moulds define the aerodynamic skin of the rotor blade for the
manufacturing process, which is then filled with the rotor blade structure during the
manufacturing process.

Most rotor blades manufactured today are produced as two skins. These blades
therefore comprise two load-bearing skins for the aerodynamic suction side and
pressure side, into which the main reinforcement is integrated. The two skins are
joined together by means of structural adhesive joints and via shear webs to form
the final rotor blade structure. A corresponding rotor blade cross section is depicted
in Fig. 16a. The adhesive joints of the leading edge, the trailing edge and the shear
webs in the aerodynamic pressure side are marked accordingly. In the aerodynamic
suction side, the connections of the shear webs were carried out as HL in this case.

http://dx.doi.org/10.1007/978-3-031-20332-9_7
http://dx.doi.org/10.1007/978-3-031-20332-9_7
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Fig. 16 Blade cross section from a rotor blade in half-shell construction with four spar cap system
and CF-reinforced spar caps (a) and from a One-Shot blade manufactured by means of integral
construction by Cartflow (b). Copyright © 2021 Alexander Krimmer

Furthermore, it is possible to identify the spar caps, which are shown in black because
of the CF reinforcement and arranged here in a four spar cap system.

Deviating from the half-shell construction, rotor blades are in some cases man-
ufactured by means of so-called integral construction. Siemens Gamesa Renewable
Energy (SGRE) in particular developed the IntegralBlade® technology [120], as it
called it, and established it even for rotor blades on large offshore WTGs. Another
manufacturer which pursues a similar approach is Cartflow. A rotor blade cross
section of a blade from this manufacturer is illustrated in Fig. 16b. Here, the lack of
a structural bond is particularly conspicuous.

In Sect. 8.1, the discussion first addresses the most important manufacturing pro-
cesses used in rotor blade manufacture. Sect. 8.2 provides an overview of possible
constructional deviations and their consequences.

8.1 Methods

For rotor blades, a fundamental distinction is made between the manufacture of rotor
blades with the HLmethod, with the method using pre-impregnated fibres (prepreg),
and the VI method. In all cases, single-sided moulds are used, which are sealed in
different ways. Essentially, these three methods differ in the way the resin matrix is
introduced.

In VI manufacture, which covers many different methods such as Vacuum-
Assisted Resin Infusion Moulding (VaRIM) and Seaman’s Compound Resin Infu-
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sion Moulding Process (SCRIMP), a vacuum bag is applied onto the dry stacked-up
semi-finished fibre material. This is then evacuated with vacuum pumps before the
low-viscosity resin matrix, which follows the largest pressure gradient, is pressed
into the component.

If the manufacturing process still uses the HLmethod, these steps are mainly lim-
ited to overlaminates, which are usually applied throughout the finishing process or
in the course of repairs if manufacturing deviations have to be corrected. However, it
is essential here that a predefined quantity of resin is applied to the semi-finished fibre
material outside the mould. This can also be done with an automated impregnating
machine.

After impregnation, the work steps in the prepreg and HL methods are nearly the
same. The work sequence for the VI method is now briefly described.

Even today, the manufacture of rotor blades for WTGs is still largely a manual
process. The layup of the non-crimped textiles and the core material is usually done
by hand. Prefabricated components are placed into the rotor blade mould with the
aid of hoists or cranes. The flow media, feed lines and suction hoses as well as the
vacuum bag are again arranged by hand. The vacuum is produced by vacuum pumps
to a differential pressure of approximately atmospheric pressure. The stacked setup
is then checked for leaks. Once this has been done, the infusion can commence.

Before the infusion, the heater,which is usually integrated in the rotor blademould,
is brought to a predefined processing temperature. After the infusion is completed,
the temperature is increased to a material-dependent value and maintained at this
value to ensure the resin matrix is cured. During curing, the resin matrix undergoes
volumetric shrinkage. The more the viscosity of the resin material increases, the
more it is able to transfer shear forces. The shrinkage component, which can transfer
forces, is called polymer-physical shrinkage. This causes internal stresses, which are
comparable to thermal residual stresses [115].

Blades manufactured in integral construction are removed from the mould and
after curing, they are practically ready for the surface finishing and post-processing of
the blade root connection. In contrast, the two blade skin laminates and the prefabri-
cated shear webs are joined by bonding, trimmed, overlaminated and then subjected
to surface finishing as well as post-processing of the blade root connection. The
process of half-shell manufacture is nicely illustrated in a video [130].

8.2 Deviations

Within the processes described, the structural properties can naturally deviate from
the desired state. A distinction must be made according to whether these are devia-
tions which lie within the tolerances specified or outside them. When they lie within
the tolerances, then the effect of the deviation on the serviceability and operational
safety of the rotor blade structure is taken into account in its design and is acceptable.
If a deviation is outside the tolerances specified, then the serviceability and opera-
tional safety of the structure may possibly be compromised. The design engineer
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can examine this by computation. If the structure is not operationally safe and not
sufficiently load-bearing, the deviation must be remedied. In general, this means a
repair of varying degrees of complexity.

Examples of these deviations are

• air inclusions (finely dispersed air bubbles, local accumulations of air or even dry
spots in the laminate);

• undulations (angle errors, waviness or wrinkles in the laminate);
• misalignments (insufficient overlaps, gaps between plates of core material);
• cracks caused by internal (for example, temperature-related) stresses;
• uncured material (caused bymixing errors or insufficient heat input during curing)
and

• discolourations or changes to the mechanical properties caused by local overheat-
ing especially of the core material.

If a repair is not carried out, the consequences for the support structure can some-
times be disastrous. The consequences of the deviations are presented in brief here.

Air inclusions primarily affect the matrix-dominated properties of the composite.
This means the matrix-dominated moduli and strengths decrease with increasing
porosity, for example. This is particularly critical for the compressive strength in the
fibre direction, since the matrix provides less support to the fibres.

Undulations right through to waviness and wrinkles primarily affect the com-
pressive strength of the laminate in the fibre direction. A misalignment of the fibres
causes the stresses to transfer from the fibres into the matrix. The stresses which a
matrix can tolerate are much lower than those which the fibres can tolerate. Hence
undulations sometimes cause drastic decreases in the compressive strength in the
fibre direction. Undulations, especially in main reinforcement elements such as spar
caps, are generally extremely critical deviations.

Misalignments usually lead to excessive stresses at overlaps or in the adjacent
structural members. They can occur in all parts of the structure and are to be assessed
as being critical.

Cracks are not always directly critical for the operational safety. They do lead
to the formation of voids in the structure, however. These can fill with moisture, for
example, under certain weather conditions and frost can then aggravate the damage,
for example. In any case, they form the starting point for damage growth.

Uncuredmaterial is extremely critical to the operational safety of FRP structures.
The transfer of forces from fibres tomatrix and vice versa is only possible to a limited
extent. This means that the fibre-dominated and the matrix-dominated strength is
compromised.

Discolourations indicate a change in the chemical and therefore potentially the
mechanical properties. In the case of corematerials, the buckling stability of sandwich
structures may be compromised here.
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9 Topology Optimisation

Now that all the important components of the rotor blade and their mechanical prop-
erties are known, a structural optimisation is possible. For the optimisation, a quantity
needs to be specified which can be used to assess the quality of the design. This is
then minimised or maximised during the optimisation. In a lightweight construction
such as a rotor blade, the mass is an obvious optimisation target, which of course has
a crucial impact on the loads of a WTG since it is a cantilever beam structure.

The usual procedure is to carry out a load simulation with an initial model draft
of a rotor blade. In relation to the wind turbine, the rotor blade is described by its
stiffness distribution, its mass and its static moment. The objective is to demonstrate
by means of computation the load-bearing capacity and operational safety of the
rotor blade in all aforementioned verifications with the loads determined from the
load simulation.

For a WTG, costs, yield and the LCoE are assessment parameters of overrid-
ing importance. Since the rotor blades account for between 15 and 25% [99] of
the wind turbine costs, the rotor blades have a significant influence on the afore-
mentioned assessment quantities. It is difficult to optimise the WTG as an overall
system, however, since the rotor blade designer often does not have all the necessary
information about the turbine at their disposal. For simplicity, the optimisation is
therefore restricted to a rotor-blade-related optimisation.

When, in the course of the optimisation, the mass and the static moment of the
rotor blade deviate from the rotor blade model initially used for the load simulation,
a new load simulation must be carried out. According to [60], tolerances of ±3%
and ±4.5% apply to the mass and the static moment of the rotor blade, respectively.

An overview of possible optimisation targets and their interaction is given below.
Guidance is given for taking aero-elastic effects into account. Greater emphasis is
nowadays being placed on optimisation of design for manufacture in particular, since
it has a significant influence on the quality and the manufacturing cycle time.

9.1 Optimisation Targets

As already mentioned, the optimisation targets according to which the rotor blade is
optimised may differ or supplement each other. These targets can be

• energy yield,
• costs,
• mass,
• loads and
• power.

The primary objective of the design is naturally the generation of a high yield.
Hence material which is as low cost as possible should be used. Basically, the topol-
ogy of a structure is therefore optimised until it is no longer possible to achieve the
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optimisation target with the given set of materials. Only at this stage does the change
to a higher quality material take place, since this is generally accompanied by higher
costs.

To be able to constructively assess these relationships, the important structural
properties must be monitored during the optimisation. It is therefore advisable to cre-
ate a mass model and a cost model for the rotor blade structure. This should include,
for example, Capital Expenditures (CapEx) for material, production equipment and
tools, staff, transport and in the best case even Operating Expenditures (OpEx) for
maintenance and repair, for example, as well as Disposal Expenditures (DispEx)
which are incurred by the rotor blade for the whole turbine. The yield model is usu-
ally provided by the aerodynamicists. They also answer questions regarding power
and loads, cf. [65].

It is not always possible to directly assess themass and cost impacts of adjustments
on the structure. When changes are made to the structure, their consequences for the
mass (Fig. 6) and the costs should therefore always be considered.With the structural
and topological optimisation, it can be assumed that the yield initially remains the
same. The steps mentioned mainly cover the issues of yield, costs, loads, mass and
power.

Further boundary conditions may possibly also have to be taken into account in
the optimisation. These can be

• time to market,
• manufacturing cycle time,
• quality,
• number of main moulds and additional moulds,
• recyclability,
• space required in production and
• transport restrictions (bridge height, radii of road bends and rail tracks).

All these topics should be considered when designing and optimising the rotor
blade structure.

9.2 Aero-Elastic Properties

The blades become more slender with increasing rotor blade length. This can be
attributed to the tip-speed ratios (TSRs) of the turbines on the one hand. They are
sometimes simply equipped with longer blades, while the other turbine characteris-
tics remain the same. This means that the tip-speed ratio in rated operation increases,
which leads to more slender rotor blades, see Fig. 12 in Chap. 4 of this book. Further-
more, transport restrictions lead to slender blades, since the maximum chord length
and the root diameter, for example, are restricted by boundary conditions for road or
rail transport.

More slender blades are more susceptible to aero-elastic instabilities, since the
enclosed area of a cross section has a significant influence on its torsional stiffness

http://dx.doi.org/10.1007/978-3-031-20332-9_4
http://dx.doi.org/10.1007/978-3-031-20332-9_4
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and decreases from cross section to cross section in relation to the length of the
rotor blade. This relationship is described by the second Bredt-Batho formula
and is a consequence of the first Bredt-Batho formula, which assumes a constant
shear flux in the cross section caused by the torsion [141]. For cross sections with
inhomogeneous properties, the relationship ismore complex [144], but the difference
is small in the first approximation [5].

To counteract the tendency to aero-elastically unstable behaviour, it is primarily
necessary to ensure that the shear centre (Fig. 13) of the cross section is located in
the edge direction in front of the pressure point of the aerodynamic force at around
1/3 of the airfoil chord length so that the aerodynamic load causes a twisting of the
cross section towards the feathering position, i.e. towards a smaller angle of attack.
A twist towards a larger angle of attack has an unfavourable impact on the loading,
for example, through stall-induced vibrations [47].

A further issue which can affect the aero-elasticity is the changing structural
twisting angle along the rotor blade (Eq. 8). This is mainly caused by the fact that
rotor blades have an aerodynamic twist, which means that the airfoils are arranged
along the blade axis so that they always have the most favourable aerodynamic angle
of attack. In Fig. 12b, the airfoil chords of the largest and the smallest airfoils are
marked by dot-dashed lines. This makes it easy to see the different angles of attack.
In Fig. 13, the main axes of inertia are furthermore marked by dashed lines. It is
easy to imagine that the twist of the main axes of inertia roughly moves with the
twisting of the airfoil chord, naturally influenced by the position of the main spar
caps. This basically illustrates that a pure bending moment in the flapwise direction,
for example, always causes a lead-lag bending as well.

9.3 Design for Manufacturing

Optimisation of themanufacturing cycle time, quality, number ofmain and additional
moulds, space required for manufacturing and recyclability touches on the field of
Design for Manufacturing (DfM). Here, the assessment is not as easy as for the pure
structural optimisation, since the advantages and disadvantages in the manufacturing
process are often not as easy to assess. It may be the case that a specific process can
proceed faster, but that more staff need to be involved. Such a step would only
be advantageous when the cost savings resulting from the shorter processing time
overcompensate the higher staffing costs.

It is possible to formulate some rough guidelines, however. To keep the manufac-
turing cycle time short, a proven method is

• to keep the ply book simple;
• avoid local reinforcements, if possible;
• keep the number of prefabricated components low;
• keep the number of additional moulds correspondingly low and
• carry out manufacturing steps in the main mould, coordinated where possible.
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Since main spar caps are usually manufactured in additional moulds, for example,
it would therefore be favourable to decide for a two spar cap concept instead of a
four spar cap concept, since fewer components will have to be manufactured in an
additional mould. A structural comparison of the two concepts is provided by [105].
This means in practice that the main spar cap pair must be arranged where the airfoil
is thickest, where the parallel-axis contribution to the flapwise bending stiffness is
optimum.A less pronounced trailing edge spar cap pair, as shown in Fig. 13, provides
lead-lag bending stiffness.

Attention is currently also being paid to the recyclability of rotor blade structures.
To facilitate this, recyclability must already be taken into account when designing the
rotor blade structure, in the selection of the materials and manufacturing processes,
see Sect. 10.

9.4 Blade Root Connection

As has already been indicated in Sect. 6, as far as the blade root connection is con-
cerned, the optimisation of the bushing connection is often limited to the adjustment
of the diameter of the root circle and thus to the number of bushing segments over
the root circle, because of the analysis effort involved. When upscaling, the wall
thickness thus remains constant. This can lead to unfavourable cross-sectional defor-
mations and thus internal loads, which cannot be counteracted in the construction
without complex further development of the bushing connection. If the expansion
bolt is the dimensioning element of the connection, however, the bushing connection
allows a larger number of connection segments to be accommodated over the root
circle than does the T-bolt connection, thus relieving the load on the expansion bolt.

It is comparatively easy to verify the failure modes of the T-bolt connection,
in contrast. The essential parameters therefore remain available to influence the
mechanical properties. These are, for example, laminate thickness, fibre angle, barrel
nut diameter, net section fraction in the barrel nut circle, expansion bolt length, flange
separation of the barrel nut bore and others. All these parameters can and must be
optimised to guarantee the load-bearing capacity of the connection.

As already mentioned, the price is an important optimisation target. Here, the
T-bolt connection has significant advantages over the bushing connection because
the material costs are already much lower. The increased effort required to manufac-
ture the bushing connection increases this advantage further. A disadvantage in this
consideration is that the manufacture of the T-bolt connection requires a separate
workstation for the rotor blade, which is situated between the main mould area and
the area for the post-processing and the surface finishing of the rotor blade.Moreover,
the drilling machine for the T-bolt connection has higher initial capital expenditure
than the milling cutter for the milling finish of the bushing flanges once the rotor
blade has been manufactured.

Especially because of the significantly lower costs for the T-bolt connection, it is
necessary to make a well-justified decision for one or the other type of connection.
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9.5 Blade Segmentation

Blade segmentation is a topic which is discussed time and again as a way to react to
restrictions on the blade lengths to be transported. Blade segmentation means that
the rotor blade is manufactured in two segments and provided with a connection at
its separation point in a similar way and with similar versions as the root connection.
The two segments are then joined together on the WTG construction site.

Blade segmentation is rarely used, however. Segmented blades were the standard
design at Enercon for a long time, but have been replaced by one-piece manufac-
turing despite the blades increasing in length. Other manufacturers also repeatedly
experiment with the concept. If one type of rotor blade is manufactured for a large
number of WTG types or sites, it can be worthwhile to produce various blade tip
lengths which are then individually combined with a root segment to suit the require-
ment. It must be noted here that this procedure is not established practice as yet. Until
now, the segmented manufacture of rotor blades has been more frequently used to
solve logistical problems, at General Electric (GE) and SGRE, for example.

Disadvantageous is particularly the mass of the joint. It is smaller, the more the
position of the segmentation joint is shifted towards the tip, since the forces and
moments to be transferred decrease. Here they have a greater leverage with respect
to the root, however, so that themass of the joint is unfavourable for the staticmoment
of the rotor blade.

It must be stated in general that the segmented manufacture of rotor blades pri-
marily affects the logistics of the rotor blade. This normally comes before the actual
service life of the rotor blade and only takes a few weeks of the rotor blade life. The
compromise which has to be made for this has a negative impact on the structure in
the form of additional forces and moments for the remaining service life of the rotor
blade, which is between 20 and 30 years in operation. This must be counteracted
with an additional support structure, which in turn increases the masses and thus
the loads of the rotor blade. It therefore makes sense to consider whether it is not
more favourable to find the technical solution in transport technology, since logistical
solutions can be reused for many blades, while blade segmentations have to be built
into each individual rotor blade.

10 Sustainability

“…to make development sustainable [is] to ensure that it meets the needs of the
present without compromising the ability of future generations to meet their own
needs” [131]. To safeguard sustainable development in this way, 195 countries have
undertaken to limit the global temperature rise to significantly below 2 ◦C and to
strive to keep it below 1.5 ◦C [132]. This limit allows the emission of only a limited
amount of CO2. According to the “budget approach” [100], this means a complete
decarbonisation for Germany, i.e. CO2 or climate neutrality by 2035 [100]. Climate
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neutral here means that all fossil fuels have to be replaced with renewable energy
sources by then.

As engineers working with wind energy, we are frequently confronted with the
question as to whether wind energy can actually be converted with a smaller CO2

footprint than energy from other sources of energy. Reference is made first to [114],
which states that the CO2 footprint for onshore wind energy is 11gCO2eq/kWh in
the median. For offshore wind energy, the value is given as 12gCO2eq/kWh and is
thus equal to the CO2 footprint of nuclear energy. All other commercially available
technologies are at least a factor of 2 higher. It must be stated, however, that the issues
of the treatment of the waste from the nuclear energy conversion and repositories for
this waste have still not been solved, even 70 years later [11], which is not compatible
with sustainable development.

It is now possible to compare the above-mentioned values for the CO2 equivalent
of the energy sources with the CO2 footprint of the current energy mix. For 2018,
this has been given as 475gCO2eq/kWh [54]. It is clear that wind energy is currently
the most favourable source of energy as far as the CO2 footprint is concerned, and
is significantly better than the current energy mix, but it does not yet achieve CO2

neutrality.
More interesting is the consideration of the so-called ecological amortisation.

This describes how long a turbine has to operate before it has generated the energy
which is required to manufacture and operate it. The assumption for WTGs is 6
to 24 months [128] depending how high its capacity factor is. These values are
so impressive because ecological amortisation for conventional power stations is
not possible. They have to be continually fed with energy in the form of fuels, for
example, to achieve an energy yield.

The design CO2 footprint of a rotor blade is defined by the energy yield which
it could theoretically produce under design conditions. WTGs and the rotor blade
component in particular are often not subjected to the design loads during their
planned lifetime so that the blades can continue to be operated either on the WTG at
the site, or, if another component, e.g. the main shaft, limits the residual lifetime, on a
different WTG at a site which may have lower wind speeds until the design loads are
exploited, cf. [110]. The actual CO2 footprint of a rotor blade is therefore usually
larger than the design CO2 footprint. Continued operation thus reduces the CO2

footprint which then approaches the design CO2 footprint. The unplanned removal
and re-installation at a different site increases the CO2 footprint again, however,
because of the emissions from fossil fuels.

The question is therefore howWTGs can accomplish climate-neutral energy con-
version particularly in respect of the rotor blade. This means in practice that the CO2

footprint must be reduced in a first step and neutralised in a second.
The raw resources for the rotor blade materials are currently crude oil, sand, wood

and to a lesser extent metals. To ideally reduce the CO2 footprint of the materials
to zero, this especially means not emitting the bound carbon compounds, which
originate from the crude oil used as the basic resource, into the atmosphere by
burning, for example, but keeping them in circulation.
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This particularly concerns actions which take place after the end of the design
life of the rotor blade. One option for neutralisation is to reuse structural elements
of the blade, for example, in the form of support structures such as bridges. In the
European Union, around 570 Mt of rotor blade waste is expected between 2020 and
2030 [118]. It is easy to imagine that, for various reasons, this amount cannot be
used for bridges or other support structure alone.

An alternative is to deposit it in landfills, but this is already banned in some
European countries. Although this does not release the carbon compounds of the
fossilmaterials into the atmosphere, it doesmean that the other valuable rawmaterials
such as glass andwood are not returned to the cycle either. Several recyclingmethods
are available to regenerate the bound raw materials as well as the bound energy.

One possibility is pyrolysis [17, 41], whereby the raw materials such as GF and
CF as combustion residues can be reused in degraded form, i.e. as short fibres.
The problem is that the crude-oil-based carbon compounds from the resin matrix are
released in this process, because the matrix is burnt. Since the fibres cannot be reused
in the same quality and with the same functionality as for the original material, this
form of recycling corresponds to degraded recovery or downcycling.

With co-processing [119], the rotor blades are mechanically crushed and used
as fuel for the production of cement, for example. Although this adds combus-
tion residues from fossil materials to the atmosphere, the conventional fossil fuels
used in cement manufacture are saved. The GF contained replaces sand fractions
in the cement clinker. CF-reinforced EP composites are not suitable for cement
co-processing. Co-processing is currently one of the few commercially available
recycling options for rotor blade structures.

Further recycling options which are not yet commercially viable are mechanical
grinding [136], solvolysis [75] and fragmentation by means of high-voltage pulse
technology [80].

To reduce the CO2 footprint further, organic-based raw materials can also be
used as an alternative or in addition. EP resins which are produced partially on the
basis of regenerative rawmaterials, for example, are already commercially available.
Here the attempt is being made, among other things, to replace crude-oil-based raw
materials such as bisphenol A (BPA). For the CF, 95%of the total amount is currently
manufactured on the basis of crude-oil-based polyacrylonitrile (PAN) precursors
[35]. Research and development on alternatives for the crude-oil-based production
of CF is currently underway as well [35]. Natural fibres such as flax, for example,
initially have a smaller CO2 footprint than CF or GF [6]. Since the mechanical
properties of natural fibres are on the one hand worse and on the other subject to a
larger statistical variability than industrially manufactured fibres, a higher mass of
materials must accordingly be used in the blade to achieve the required stiffnesses
and strengths. Whether this reduces the CO2 footprint of the rotor blade must be
answered on an individual basis. When the materials used are based completely
on renewable raw materials, then even burning the components would be climate
neutral.

Other options to meet the challenges of recycling can be preventative measures.
For the current generation of rotor blades, use is sometimes already being made of
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special EP curing agents which have been developed for a simplified solvolysis [29].
The residues can be admixed to thermoplastic matrix materials and used again in
FRPs, while the fibre materials can be recovered. Whether these can be returned to
a full use in structural materials is a research topic which is being investigated.

Furthermore, thermoplastic matrix materials can be used instead of polymer
matrix materials. Pyrolysis is not necessary here because the composite can con-
tinue to be used, albeit it in lower quality applications of structural materials, since
the structure is mechanically fragmented and converted into a thermally workable
material. The advantage is that the carbon compounds in the matrix are not released.
It goes without saying that this recycling option must already be planned during
rotor blade development. Separating the thermoplastics matrix from the fibre mate-
rials simply by increasing the temperature is not possible without further ado since
the viscosity of the matrix in the molten state is usually comparatively high.

At present, end-grain Balsa wood in particular is becoming scarce because of the
globally increasing installed wind power [126]. The manufacturers are being forced
to change to alternative corematerials so as not to endanger supply chains.Alternative
types of wood and also non-renewable rawmaterials based on conventional materials
can be used as a fall-back here. The latter can even increase the CO2 footprint of
blades, when rotor blades are burnt or co-processed, for example. If recycled PET is
used as the alternative, for example, it is removed from closed recycling loops, for
example, for bottles [68] or in the textile industry for clothing, not simply for the
service life of the rotor blade. The bonding with EP created in the manufacturing
process, for example, means it can no longer be used in recycling, because the PET
used can no longer be recycled in the same quality and fed into the recycling loops
stated.

Finally, sustainable development also includes the fact that the natural regenerative
ability of the systems involved (mainly living beings and ecosystems) is maintained
[142]. In respect of the rotor blade, it should be mentioned that erosion can result in
matrix and fibre materials getting into the ecosystem and thus into the food chain of
organisms as well in the form of micro-particles or nano-particles. Especially when
the EP matrix is based on BPA, ingesting the materials with food can be harmful to
health [71].

This demonstrates that thematerials used in rotor blades can currently not be recy-
cled to a sufficient degree. Work is being done on promising approaches, however,
to further improve the sustainability of the wind energy conversion. At this point it
again becomes clear that the rotor blade must be considered and optimised in the
context of the WTG system, and also in the context of the resource-efficient supply
of energy for our society. As engineers, our task is to take up this challenge for the
benefit of future generations. This is the only way that an energy supply based on
equitable access to resources is possible for all humankind.
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