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ABSTRACT
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Numerical Modelling of Lightning Strikes to Wind Turbine Blades: Analysis
of Equipotential Bonding for CFRP Spars

Antonio Andrea Maria Laudani

Modern wind turbine blades are equipped with a lightning protection system to
intercept the lightning and conduct its current, preventing the direct attachment
to internal conductors. In such conditions, resin thermal degradation develops
at the equipotential bonding (EB) connections between down conductors (DCs)
and carbon fibre reinforced polymer (CFRP) spars. This problem was investigated
in this work by combining experimental studies and finite element method (FEM)

simulations.

The experimental work focused on the characterisation of the input material
properties to be used in the FEM models. An experimental-numerical procedure
was established to determine the electrical contact resistivity of EB joints.
Besides, the thermal degradation of a commercial epoxy was studied to

determine its reaction kinetics.

The developed FEM models solve a weakly coupled formulation of the
electromagnetic-thermal problem to predict lightning current paths and thermal
damage at the bonding interfaces. The validation of the models against
conducted current test data showed that they can assist in the design of EB

joints. High current densities and temperatures were predicted at the sparking



locations found during the test, which allowed a qualitative prediction of
potential thermal degradation areas upon the solution of the Arrhenius equation.
In addition, such models can be used to assess the potential risk of flashover

between the blade conductors due to high electric fields.

Finally, typical EB materials were compared using the developed FEM models to
provide guidelines and suggestions for the implementation of EB joints. It was
seen that materials with high in-plane electrical conductivities, such as ECF and
BIAX CFRP, can reduce the electric field below the insulation breakdown strength
and prevent flashovers. Besides, hot spots at the bonding interfaces can be
controlled by changing the arrangement of the EB layers, or by using a material

with low contact resistivity and high thermal diffusivity like ECF.
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Chapter 1

Introduction

1.1 Overview

Over the last two decades, the electrical energy developed by the wind energy
sector has experienced a significant increment from 23,900 to ~650,000 MW
(see Figure 1.1). This growth is not only due to an increase in wind farm
installations but also to a larger power capacity generated by each wind turbine,
which can arrive up to 14 MW [1]. The increasing demand for higher rated power
outputs led to larger wind turbines, which can reach up to 220 m in rotor
diameter and 250 m in overall height in the case of GE Haliade-X [1]. In such a
scenario, wind turbines become particularly sensitive to lightning strikes, with
rotor blades as a component with the highest likelihood of being struck and
damaged by lightning (see Figure 1.2). Considering that rotor blades account for
15-20% of the total wind turbine cost [2], [3], and that each year ~6% of the
worldwide wind turbines report lightning damage to rotor blades [4], the losses
incurred by wind farms owners may become significant [5]-[8]. For instance, it
was shown that for 1.5-6 MW wind turbines, the average cost to repair a
damaged blade is 12,000-15,000 €, i.e., 2-4% of the annual maintenance cost.

Furthermore, this amount needs to be summed to the revenue loss caused by
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Global cumulative installed wind power capacity from 2001 to 2019 (in megawatts)
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Figure 1.1 - Global cumulative wind capacity [9].

Figure 1.2 - Wind turbine damaged by a lightning strike [10].

the downtime, in which the wind turbine is not operative and productive. On the
one hand, the average downtime for an onshore wind turbine is around 30 hours,
but it can reach up to 10 days for the most critical damages. On the other hand,

downtime periods longer than two weeks can be required for offshore wind
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turbines. In fact, special transportation equipment needs to be employed to
access the remote location, as well as repair operations are carried out with
suitable weather conditions only. Indicatively, the downtime loss ranges from

0.06 to 0.11% of the yearly revenue [11].

Wind turbine blades are equipped with a lightning protection system (LPS) to
avoid lightning damage. It is composed of metal receptors placed over the blade
surface near the tip, and metal down conductor (DC) cables or braids located
within the blade. The former are aimed to intercept the lightning leaders in such
a way as to avoid the direct attachment to internal conductors. The latter are
intended to conduct the lightning current from the attachment point to the

grounding system [12].

1.2 Research Motivation

With rotor blades exceeding 100 m in length [1], it has become essential to
reduce their weight without affecting the structural integrity. For this reason,
carbon fibre reinforced polymer (CFRP) materials have been introduced in the
rotor blade structure, which ensure high specific strength and stiffness [13]-
[16]. They are mainly employed for the manufacturing of spar caps (see Figure
1.3), which support bending loads due to the wind pressure. CFRP spars allow a
weight reduction of 25-30% compared with more traditional glass fibre
reinforced polymer (GFRP) ones, although the total blade cost increases by up to
25% [3], [17].

Balsa / PVC Foam

Leading

Trailing
edge

edge

Z

Down conductor

Shear web

Figure 1.3 - Typical wind turbine blade cross-section [14].
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The incorporation of CFRPs introduces additional challenges for the protection
of the blade against lightning strikes [5], [18]-[23]. In fact, despite the low
electrical conductivity (between 3 and 5 orders of magnitude lower than metals),
such materials can be subjected to direct lightning attachment, which causes
shell puncturing and severe structural damage [24]. Although multi-receptor LPS
solutions can prevent direct attachment to the CFRP components, rotor blades
can still experience severe structural damage via high voltage (HV) breakdown
of the blade insulating material. Internal flashovers are induced by a high electric
field between the DC and a floating conducting element such as the CFRP spar
[12], [25], [26]. A solution to prevent internal arcs would be to bond electrically
the DC to the spar such that to split the lightning current between the two
elements and obtain the same electric potential. However, the conduction of
lightning current through the CFRP spar might result in overheating and thermal
damage because of the following two reasons. The first one is the large electrical
contact resistance observed at the equipotential bonding (EB) connections
between the DC and spar. Such interface resistances generate elevated
temperatures at the jointed surfaces, which lead to the thermal degradation of
some of the resin used for the bonding. The produced gas filled voids separate
the rotor blade conductors carrying the lightning current and trigger sparks (see
Figure 1.4) once the contact is open [27], [28]. The second one is the spreading
resistance of the spar due to the strong anisotropic nature of CFRP materials (up
to 4 orders of magnitude variation between longitudinal and through-thickness
electrical conductivities). In fact, non-uniform current density distributions can
be experienced by the spar if the current is not injected adequately, which lead
to the overheating of the spar surface layers [29]. In order to reduce the
spreading effect, recent studies have presented different methods to improve
the bulk properties of CFRP materials in the transverse and through-thickness
directions [30]-[35], e.g., by the dispersion of conducting nanofillers within the
matrix [36]-[39]. Thus, it is essential to minimise both contact and spreading
effects to prevent thermal damage. This is done by a correct arrangement,

dimensioning, and material choice of EB connections.
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Spar EB
Figure 1.4 - Sparks (circled in red) occurring at the EB region.

Although previous publications [12], [40]-[43] have pointed out the need of EB
connections between the DC and spar, no work has so far investigated the
damage at the EB interfaces and how to design such connections to avoid it. For
this reason, two key questions on the design of wind turbine blade EB
connections have remained unanswered for more than a decade: (1) can CFRP
spars and EB joints withstand lightning currents without experiencing thermal

damage? (2) how should equipotential connections be designed? [18].

1.3 Research Aim and Objectives

The aim of this PhD project is to investigate the response under lightning strikes

of wind turbine blades equipped with EB connections. A combination of

experimental studies and numerical simulations is carried out to accomplish the
following objectives:

e To determine the causes and mechanisms of resin thermal degradation

in rotor blade EB joints and propose techniques to quantify the triggering

factors of this process.
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To develop finite element method (FEM) models capable of assisting in
the design of EB connections by predicting voltage, current, and
temperature distributions along the blade.

To explore, through the developed numerical models, different EB
concepts and materials to provide suggestions and guidelines for the

implementation of such complex joints.

1.4 Thesis Contribution to the Research Field

This thesis makes significant contributions to the field of lightning protection of

wind turbine blades by the following achievements:

It presents an experimental procedure capable of estimating the electrical
contact of EB joints. In addition, it investigates the mechanisms
responsible for resin thermal degradation and sparks in EB joints and their
reaction kinetics. Both electrical contact and thermal degradation can be
modelled in FEM simulations to develop more reliable EB solutions.

It studies the response of wind turbine blades under lightning strikes by
3D, time-domain FEM simulations. The advantage of the FEM over other
approaches, such as equivalent circuits using the lumped-element model,
is the capability of computing spatial current density distributions in the
rotor blade cross-section. This would allow the identification of high
current density and temperature areas at the EB interfaces, which might
lead to resin thermal degradation and sparks. Besides, numerical
modelling would allow to reduce the testing cost, which can be in excess
of 100,000 €/test including material and manufacturing of testing
samples. Once validated, the models can be re-employed several times
during the design stage at little extra cost [12], [43], [44]. Finally, such
models can be customised to predict the response under lightning strikes
of other systems, such as wind turbine nacelle and hub components or

aerospace composite joints.
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e It provides guidelines and suggestions on the design of equipotential
connections by the procedures and models outlined in the previous two
points, to answer the two open questions of this research topic. That is,
whether CFRP spars and EB joints can withstand lightning currents
without experiencing thermal damage and how to design equipotential

connections.

1.5 Thesis Outline

This PhD thesis is structured as follows.

Chapter 2 revises the state of the art for the field of lightning protection of wind
turbine blades. The core of this review is dedicated to the numerical
methodologies, and the required input material properties, for the simulation of

lightning strikes to rotor blades.

Chapter 3 is aimed to characterise the electrical contact resistivity of wind
turbine blade EB joints. Such values need to be implemented in the FEM models
to predict accurate current density and temperature distributions and investigate

the thermal damage experienced at the bonding interfaces.

Chapter 4 investigates the thermal degradation process of a commercial epoxy
resin, to determine the degradation mechanisms responsible for voids formation

and sparks in EB joints and their reaction kinetics.

Chapter 5 presents the numerical methodologies developed in this research
project to simulate lightning strikes to wind turbine blades. A procedure is
proposed to inject the lightning current by imposing a voltage boundary
condition. The latter improves the convergence of the solution, reducing the

computational time.

Chapter 6 is meant to assess whether the developed numerical methodologies

can replicate the reality and thus assist in the design phase of EB systems. To
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do so, the current and temperature distributions predicted by the FEM models
are compared against conducted current test data performed according to the
international electrotechnical commission (IEC) 61400-24:2019 standard

procedures.

Chapter 7 investigates, by the developed FEM models, the electromagnetic-
thermal response of a 50 m rotor blade under different lightning impulses, to
propose guidelines and suggestions for the implementation of EB connections.
The blade is first subjected to the subsequent short stroke current to predict the
electric field distribution and verify the potential occurrence of internal
flashovers between the DC and spar. Then, the blade is subjected to the first
positive short stroke current to investigate the high-current performance of

different EB concepts.

In the final chapter, conclusions are drawn to summarise the main points and
finding of this thesis, as well as potential future investigations are briefly

discussed.



Chapter 2

Literature Review

This chapter reviews the engineering challenges related to lightning protection
of wind turbine blades and the previous attempts to solve them, in order to place
this research within the context of existing literature. To this end, the first half
introduces the foundations of the problem, such as fundamentals on wind
turbine blades (components, materials, and manufacturing), lightning damage
to rotor blades, and the protection system and practises to prevent damage.
After that, the core of the review is focused on the numerical methodologies
used in past studies to investigate lightning strikes to rotor blades. In addition,
an overview is given on the input material properties required to simulate these
phenomena and the procedures to characterise them. Finally, the chapter is
concluded by reviewing the different lightning impulses used for the design of
wind turbine blade LPSs and the IEC 61400-24:2019 standard lightning current.

2.1 Wind Turbine Blades: Components, Materials, and

Manufacturing

Rotor blades are the wind turbine components aimed to convert the wind energy
into shaft torque. As depicted in Figure 2.1, they comprise two aerodynamic

shells, i.e., the pressure side (PS) and the suction side (SS), bonded together at
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both leading edge (LE) and trailing edge (TE). The shells are reinforced by
primary and secondary spars, which are the structural components aimed to
support the operating loads [13]-[16].
The main loads (see Figure 2.2) that drive the structural design of a wind turbine
are [13], [14], [16]:

e Wind pressure loads, which produce flapwise and edgewise bending.

e Gravitational loads, which generate edgewise bending.

e Torsional loads, which are created by the flapwise and edgewise bending

that are not applied at the shear centre of the blade.

The most employed manufacturing route of wind turbine blades is vacuum
assisted resin transfer moulding (VARTM) or variations of this process. It
requires to place fabric layers of dry fibres (aligned along the blade length
direction) into a mould. As the blade is thicker at the root but becomes
progressively thinner towards the tip, not all the fabric layers run for the entire
blade length. The fabrics are then covered and sealed by a vacuum bag and low-
viscosity resin is infused under vacuum. Finally, after the infusion process is
completed, the resin is cured at 70-80 ‘C [13]-[16]. An alternative method to the
standard VARTM process has been adapted from the aircraft industry and is
based on prepreg technology. It consists of fibres pre-impregnated with resin
which bonds them together. This process results in superior and less variable

material properties than VARTM, but it is more expensive [13]-[16].

Sandwich panel
Adhesive layer
4 | Face Flange
Core —~ ((load-carrying
1 .| laminate-compression)

Suction side

Toward tip (

,/ Adhesive join / _
Leading edge Web ' ( Adhesive Adhesive
. joint
Pressure side (sandwich) layer
Flange
Main spar (load-carrying laminate-tension)

Figure 2.1 - Design details and components of a typical wind turbine blade section [13].
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Figure 2.2 - Principal loads acting on a wind turbine blade [13].

The primary functions, materials, and manufacturing routes of each rotor blade

component are outlined in the following subsections.

2.1.1 Primary Spar

There are two main configurations of primary spar [13]-[16]: the main spar (box
spar) configuration, composed of two main spar flanges and two main spar webs
(see Figure 2.3a); and the I-beam configuration, which consists of two spar caps
integrated (encapsulated) into the GFRP shells and either one or two shear webs
(see Figure 2.3b).

The primary function of the spar caps (or the main spar flanges in the box spar
configuration) is to support the flapwise bending moments. For this reason, it
presents unidirectional (UD) reinforcement fibres aligned along the blade
longitudinal direction. In addition, biaxial (BIAX) CFRP layers (+45° orientation
with respect to the blade longitudinal direction) might be utilised to improve the
buckling resistance [13]-[16]. Typically, for blades shorter than 40 m the spar
caps are made of GFRP materials, while longer blades are manufactured from
CFRP or from hybrid CFRP/GFRP materials. CFRP materials are preferred over
GFRPs as they allow 25-30% weight reduction and thus a higher blade efficiency,
although they increase the total cost of the blade by up to 25% [3], [17]. The
main manufacturing processes of the spar caps are resin infusion, pultrusion, or

prepreg technology, and can be either encapsulated within or bonded through
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Figure 2.3 - Different rotor blade concepts [13]: (@) design with main spar (box spar) and (b) design

with spar caps and shear webs.

structural adhesives to the shells [13]-[16]. On the other hand, the shear webs
(or the main spar webs in the box spar configuration) withstand the flapwise
shear loads. They are sandwich structures typically composed of two BIAX GFRP

layers and a polymeric or balsa wood core [13]-[16].

2.1.2 Secondary Spar

Secondary spars are usually positioned on the TE side and, alike primary spars,
they are composed of spar caps to support the flapwise bending moments and
shear webs to withstand the flapwise shear loads. Secondary spar caps are
typically manufactured out of CFRP, hybrid CFRP/GFRP, or GFRP materials,

whereas secondary shear webs are sandwich structures [13], [45].

2.1.3 Reinforcements

Reinforcement components are located at both LE and TE where the two shells
are bonded together, and they are made of either CFRPs or GFRPs. Their principal

function is to carry the edgewise bending moments and shear loads [13], [45].
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2.1.4 Shell

The purpose of the shells is to provide the aerodynamic aerofoil shape that
converts the wind flow pressure into aerodynamic forces responsible for the
rotation of the blades [13]-[16]. In addition, the shells also transfer the edgewise
shear loads from the primary spar to the secondary spar [45]. Figure 2.4 shows
that the shells are sandwich structures composed of a core material
encapsulated within two layers of GFRP. Typically, the core material can be balsa
wood, polyvinyl chloride (PVC) foam, polyethylene terephthalate (PET) foam,

bismaleimide (BMI) foam, or a combination of them [13]-[16], [46].

Rotor blades are the most expensive components of the wind turbine since they

are made of polymer matrix composite materials. Although market costs of rotor
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Figure 2.4 - Detailed view of the blade shells [15].
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blade materials are not easily accessible, some studies attempted to predict and
compare the cost of different rotor blade solutions. For instance, [47]-[49]
compared the costs of several manufacturing processes, such as hand lay-up,
vacuum infusion, and prepreg. [50] estimated the costs of both thermoplastic
and thermoset blades, while the costs of CFRP and GFRP spar caps were analysed
in [3]. Of particular interest is the study conducted by Griffith and Johanns [51],
as it presented the manufacturing cost of the entire blade, including the shells,
core material, primary spars, and secondary spars. Blade lengths between 40
and 100 m were considered, and the following costs were taken into account:

materials; capital equipment; and labour (see Table 2.1).

2.2 Lightning Direct Attachment to Wind Turbine Blades

During thunderstorms, tall structures such as wind turbines experience a
significant electric field enhancement which leads to streamers formation from
all the conductive elements of the blade, such as electronic wires and CFRP spars
[52]. In addition, streamers might also develop from the insulating blade shells
because of the deposition of charged rain droplets [53]. Streamers tend to
propagate more easily along the inner and outer surfaces of the blade shell (see
Figure 2.5a) where a smaller electric field is required [54]-[57], rather than
through the air, especially if the surfaces are wet and polluted [12]. When the
ambient electric field is sufficiently high, the streamer may develop into either
an answering leader (downward lightning) or an upward leader (upward
lightning), intercepting the lightning leader. This causes a direct puncture of the

lightning to the blade shell (see Figure 2.5b) and severe structural damage [40].

Table 2.1 - Blade Cost breakdown of a GFRP spar cap blade and a CFRP spar cap blade [51].

Overall blade cost 40 m all GFRP blade 100 m all GFRP blade 100 m CFRP spar blade
Materials 52.0% 72.0% 75.0%
Capital equipment 41.0% 13.5% 12.0%
Labour 7.0% 14.5% 13.0%

TOTAL COST [$] 57,843 631,793 704,692
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Figure 2.5 - Direct attachment mechanism [22]: (a) streamers propagation from blade conductive

components and (b) shell puncture.

A study carried out in the USA [22] analysed the lightning strike incidence on

wind turbine blades, i.e., which part is more sensitive to lightning shell

puncturing. It was found out that 60% of the damage was located at the last

meter of the blade, whilst 90% of the damage was localised within the last 4 m

of the blade (see Figure 2.6). The following damage modes were observed in

[22]:

Delamination, when the shell plies separate from one another due to the
large heating generation at the striking point (see Figure 2.7). It is the
most common damage mode and can occur in any location of the blade.
Debonding, which is the localised detachment of the two shell halves (see
Figure 2.8). It usually occurs at the tip, at the LE, and at the TE, while the
lightning strike point is usually located within the last six meters of the
blade.

Shell detachment, i.e., the total separation of the two shell halves for
several meters (see Figure 2.9). It is usually preceded by debonding,
which then evolves into shell detachment because of the blade rotation
and of the large force applied by the wind during a thunderstorm. This
damage mode is very rare, and the lightning strike point is located at the

last meter of the blade.
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Figure 2.6 - Lightning strike incidence along the length of the blade [22].

Figure 2.7 - Delamination of the shell plies [22].

Figure 2.8 - Debonding of the two shell halves [22].
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Uncovered spar due to shell detachment

Y

Figure 2.9 - Shell detachment [22].

Once the lightning punctures the blade shell, its current flows through the
component that has initiated either the answering leader or the upward leader.
If the conductive component is the CFRP spar, then severe structural damage
may occur, such as matrix pyrolysis, matrix cracks, delamination, and carbon

fibre and matrix pyrolysis residue sublimation [58].

2.3 LPSs of Wind Turbine Blades

In order to avoid the lightning direct attachment to the blade shell and the
consequent damage described in the previous section, modern rotor blades are
equipped with an LPS. It is composed of three parts: the air termination system,
which intercepts the lightning leader; the transmission system, i.e., the DC,
which conducts the lightning current from the attachment point to the blade
root; and the EB system, which prevents flashovers between the blade
conductors. As depicted in Figure 2.10, different LPS solutions have been
implemented over the years by the main wind turbine blade manufacturers.
Configuration A is used on blades equipped with a tip brake system. The
lightning attaches at the air termination system, and its current is conducted by
a steel wire controlling the tip brake, which acts as a DC. Configuration B is the
most employed one, which is composed of an air termination system and a
dedicated transmission system. Configuration C is a variant of solution B as it
presents two DCs, one located at the LE and one at the TE. Finally, configuration
D is mainly employed in the aerospace sector and has been extended to rotor
blades. It requires the use of metal meshes placed over the blade surface, which

act as both air termination system and transmission system [12].
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Figure 2.10 - Different LPS configurations. Configuration A employs the tip brake steel wire as a
DC. Configuration B presents a dedicated DC cable or braid. Configuration C has two dedicated
DC cables or braids, one located at the LE and one at the TE. Configuration D uses a metal mesh

placed over the blade surface [12].

2.3.1 Air Termination System

The aim of the air termination system is to enhance the electric field and either
to emit answering leaders that intercept the downward-approaching lightning
leaders or to trigger upward lightning leaders. It is composed of one or more
receptors, which can be either metal tips (see Figure 2.11a) or metal
disks/screws (see Figure 2.11b). Receptors are mounted on the blade tip since
this is the area with the highest probability of being struck by a lightning [8],
[59]-[61], as seen in Section 2.2. In addition, the air termination system
capturing efficiency also depends on the size and number of receptors, as
investigated in [53], [62]-[65]. The IEC 61400-24:2019 standard [12] reports the
procedures for a correct design of the air termination system, such as materials,

nominal cross-section areas, geometries, implementation, and maintenance. For
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Figure 2.11 - Air termination system configurations [53]: (a) tip shape and (b) disk/screw shape.

instance, it is required to insulate all the conductive parts of the blade in such a
way as to delay the formation of streamers from these components and favour
the lightning attachment to the receptors [40] [12]. In practice, this is done by
encapsulating the blade conductors within layers of GFRP material, which
presents a breakdown strength of ~20 MV/m [66]. If the IEC guidelines are
implemented, most of the lightning energy is conducted through the receptor
and transferred to the transmission system, avoiding damage (however, it might
still be required to replace the receptors after several strikes because of erosion
at lightning arc roots). If they are not followed, the air termination system might
be subjected to severe damage, such as [19], [21], [67], [68]:
receptor melting and evaporation, due to the development of Joule
heating while the lightning current is conducted through the air

[ ]
termination system (see Figure 2.12a).
e receptor loss, when it is blown off from the blade. This is usually due to
the high air pressure inside the blade cavity (see Figure 2.12b).
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(@ (b)

Figure 2.12 - Air termination system damage: (a) receptor ablation [19] and (b) receptor loss [21].

2.3.2 Transmission System

The transmission system, i.e., the DC, is intended to transfer the lightning
current from the air termination system to the grounding system (see Figure
2.13). It can be either a braid encapsulated within the blade shell, or a cylindrical
cable installed in the blade cavity, usually made of copper or aluminium. In order
to avoid any structural damage, DCs should be designed in such a way as to
resist electrical and thermal loads due to the lightning current. In the event of a
lightning strike, DCs can present melting at imperfect connection points where

the contact resistance is large [19], [68], [69].

Answering
leader

—

g\,f / ¥
Spar cap Down conductor ’

Equipotential bonding Receptor

Figure 2.13 - LPS of a wind turbine blade.
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2.3.3 EB System

As said, after the lightning attaches at the receptor, all the current flows through
the receptor and is transferred to the DC, which then conducts the current to
the blade root. In such conditions, HV breakdown of the blade insulating material
between the DC and a floating conducting element of the blade might develop
(according to the blade design and the position of the DC, the insulation can be
air, GFRP, core material, or a combination of them). Such events occur when the
applied electric field across the two electrodes is larger than the insulation
breakdown strength. In such conditions, a conductive channel composed of
positive ions and electrons develops in the insulating system which bridges the
two conductors and allows the flow of electric current [70]. For wind turbine
blades, critical flashovers are those between the DC and CFRP spars since the
latter would experience severe damage, which would compromise the structural
integrity of the rotor blade [12], [25], [26]. A solution to prevent HV breakdown
events would be to bond electrically the DC to the spar such that to split the
lightning current between the two elements and maintain the same electric
potential. However, additional challenges and design considerations are
introduced once the lightning current is allowed to flow within the blade
structure. In fact, LPS equipotential connections of wind turbine blades are
adhesive joints as the EB layers are glued to the DC and spar by resin during the
infusion process of the blade (on the other hand, bolts are not employed for
such connections since holes are generally avoided in CFRP structural elements).
As a result, large temperatures are often observed because of the large contact
resistance, which decompose some of the resin around the bonding points. The
produced gas filled voids separate the rotor blade conductors carrying the
lightning current and trigger sparks once the contact is open [27], [28]. Although
EB connections between the DC and CFRP spars are key components of modern
LPSs, the literature does not present any work on their design, nor the causes of

resin thermal degradation at the bonding interfaces and how to prevent it.
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Typically, two different EB configurations can be employed: the continuous-
bonding configuration, which presents one strip only that connects the two
conductors throughout the blade length (see Figure 2.14a); and the bonding-
patches configuration, which consists of several strips implemented in strategic
positions along the blade (see Figure 2.14b). The bonding-patches
configuration, compared with the continuous-bonding one, would allow to save
material, thus reducing the blade weight and cost.
EB materials should fulfil the following criteria and technical requirements:
e Electrical conductivity of at least 10* S/m in the in-plane directions to
obtain the same electric potential on both DC and spar.
e Good fatigue strength to avoid failure and the consequent loss of the
connection between the conductors.
e Low weight, to preserve the performance of the blade [71].
e Low cost, to maintain the price of the blade competitive [71].
e Desirable to select them from the materials already implemented in the
rotor blade structure, to facilitate the manufacturing process [72].
Based on the criteria and requirements outlined above, the following materials
are typically used for rotor blade EB applications [72]:
e Expanded copper foil (ECF), which is a copper sheet presenting several
diamond shape openings of the same size (see Figure 2.15a). In order to

manufacture expanded metal foils, the original solid sheet is

-
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Figure 2.14 - EB configurations: (a) continuous-bonding and (b) bonding-patches.
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Figure 2.15 - Selected EB materials: (a) ECF [73], (b) BIAX CFRP [72], and (c) UD CFRP [72].

simultaneously slit and stretched through cutting tools which define the

shape and number of the holes [74]. The choice of copper is justified by

its excellent electrical and thermal conductivities equal to 5.91 x 10’ S/m

and 391 W/mK, respectively, as well as it presents a good fatigue limit of

115 MPa. Although aluminium is also an excellent electrical and thermal

conductor, it is characterised by a poor fatigue life and its use as an EB

material is usually avoided [75], [76].

e BIAX CFRP fabric, which presents fibres at +45° and -45° with respect to

the blade longitudinal direction (see Figure 2.15b). This fibre architecture

is typically chosen for EB applications as it results in quasi-isotropic (in-

plane isotropic) material properties [77]. Compared with metals, CFRP

materials are poor electrical and thermal conductors (from 3 to 5 orders

of magnitude smaller conductivities). However, CFRPs present higher

specific strength and stiffness, as well as a better fatigue limit (although

it cannot accurately be determined because of the different damage

modes CFRPs can experience [78]-[80]).
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e UD CFRP fabric, which has all the fibres oriented along one direction (see
Figure 2.15¢). UD CFRP presents a relatively good electrical conductivity
along the fibre direction, while it decreases by 3 orders of magnitude
along the transverse direction and by 4 orders of magnitude along the
through-thickness direction. In order to support the rotor blade operating
loads, the UD fibres are aligned along the blade longitudinal direction,

i.e., parallel to the spar fibres.

2.4 Modelling Methodology of Lightning Strikes

2.4.1 Electric Potential and Current Distributions

The simulation of lightning strikes to wind turbine blades has mainly relied on
the lumped-element model [40], [42], [43], in which the spatially distributed
blade is represented by a series of equivalent lumped-element circuits connected
by perfectly conducting wires. More specifically, the blade is divided into
sections of equal length (see Figure 2.16), and the conductors of each blade
section are represented by lumped elements, i.e., resistance per unit length, R’
[Q2/m], self-inductance per unit length, L’ [H/m], mutual inductance per unit
length, M’ [H/m], and capacitance per unit length, C’ [F/m]. By applying the
classical circuit theory, this method allows to compute lightning current splits
between the DC and spars, as well as potential differences to verify the risk of
flashover. The lumped-element model can be used when transmission line
effects are negligible, which is a safe assumption in the case of lightning strikes
to rotor blades [40], [43]. This approach has also been employed by the
aerospace industry to predict lightning current splits between metal and CFRP
components of fastened joints [81]-[84]. Although this method is not
computationally demanding, it presents some limitations that reduce its
applicability to study lightning strikes to wind turbine blades. The first limitation

is due to the procedure to determine the lumped elements of the blade
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Figure 2.16 - Wind turbine blade representation by lumped-element circuits [40], [43].

conductors, which is usually done by 2D FEM simulations. For instance,
resistances, self-inductances, and mutual inductances are calculated at a
reference frequency only (i.e., 25 kHz for first positive short strokes and 1 MHz
for subsequent short strokes), neglecting the remaining frequency content of
the lightning current. Furthermore, EB connections are modelled as ideal short
circuits, that is, both the impedance of the EB joints and the current crowding
around the EB interfaces caused by the CFRP anisotropy are disregarded [40],
[43]. This procedure only allows a rough estimation of the electrical parameters,
which in turn reduces the accuracy of the solution. The second drawback is
related to the assumptions made when using this method, which are not always
realistic. For instance, the risk of flashover between the blade conductors can
only be verified upon the definition of an average electric field, given by the

electric potential difference divided by the distance, which is then compared to
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the breakdown strength of the blade insulation. In other words, it is assumed
that wind turbine blades are subjected to uniform electric field conditions under
lightning strikes. However, this is not the case since the blade conductors
present sharp corners where the electric field is magnified, which might
potentially lead to HV breakdown of the insulation. Such areas cannot be
predicted by the lumped-element model as it returns electric potential
distributions rather than electric field distributions. Thus, the definition of the
average electric field only is not a sufficient information to evaluate the potential
risk of flashover within the blade. In addition, this method computes the net
lightning current split between the DC and spar, while it is not capable of
predicting spatial current density distributions in the EB joint cross-section. This
information is fundamental to identify critical areas that might lead to thermal
damage within the joint. Therefore, this method is not suitable for the purpose

of this research project.

Spatial current density and electric field distributions across the blade can be
predicted by the electromagnetic field diffusion problem. That is, by solving for
both the Ampeére-Maxwell equation and the current conservation law while
considering both potential and induced electric fields [85], [86]. In this research
project the equations mentioned above are solved by the FEM [87] (see Chapter
5). Despite the accuracy and the widespread availability in commercial software
packages, the use of the FEM for rotor blade lightning strike studies has been
limited to frequency-domain analyses [25] or to simplified geometry and model
formulation [88]. More specifically, the work presented in [88] did not consider
key features of modern blade geometries, such as CFRP spars and equipotential
connections, disregarding the current split between the DC and spar.
Consequently, it solved for the potential electric field only, neglecting the
induced electric field due to the time-varying magnetic field. However, the
induced electric field cannot be discounted since it is the main contributor of
the voltage drop across the rotor blade, as well as it drives the current split
between the blade conductors [26], [40], [42].



Literature Review 27

2.4.2 HV Breakdown in Non-Uniform Electric Field Conditions

When assessing the occurrence of HV breakdown of solid insulating materials in
non-uniform electric field conditions (such as those experienced by wind turbine
blades), it is necessary to identify a failure criterion. In uniform electric field
conditions, the HV breakdown occurs when [70], [89]

AV
Eapplied = 7 = Ebd_unif

(2.1)
where E,,i.. [V/m] is the applied uniform electric field, AV [V] is the potential
difference between the two electrodes, d [m] is the distance between the two
electrodes, and E,,,..[V/m] is the breakdown strength of the insulating medium
in uniform electric field conditions.

In non-uniform electric field conditions, the concept of field utilization factor is
introduced, which expresses the degree of non-uniformity of the electric field
due to the electrode size, geometry, and arrangement [70], [89]-[92]:

Emean _ AV/d

Em ax Em ax

(2.2)
where n is the field utilization factor, E,.., [V/m] is the average electric field, and
E,.. [V/m] is the maximum electric field.

The following electric field non-uniformities are identified (see Figure 2.17):

e 0.8<n <1 very weakly non-uniform electric field conditions
For very weakly non-uniform electric fields, it is still assumed that the
breakdown occurs when Equation (2.1) is satisfied [89].

e 0.2<n <0.8 weakly non-uniform electric field conditions
For weakly non-uniform electric fields, the breakdown voltage decreases
and can analytically be determined according to the following expression
[70]:

Viva = Epa_unir d n
(2.3)
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Figure 2.17 - Different degrees of electric field non-uniformity [89].

where V,, [V] is the breakdown voltage.
However, experimental measurements [70] typically show different values
of V,, than those obtained using Equation (2.3), which suggests that the
breakdown strength also varies as a function of n, and more specifically
it increases [70], [89], [93]. The new value of breakdown strength in non-
uniform electric field conditions, E,, ...y [V/m], can be determined by
experimental measurements of the breakdown voltage [70], [93]. In
weakly non-uniform electric field conditions, the streamer formation leads
directly to the breakdown (i.e., no pre-discharge is observed) when [89]
Emax = Epd_non-unif

(2.4)
0<n <0.2 strongly non-uniform electric field conditions
For strongly non-uniform electric fields generated by slow impulses, pre-
discharges occur which cause the accumulation of space charge in front
of the high-field electrode. In such conditions, the breakdown voltage is
larger than the inception voltage of partial discharges, V;[V], (see Figure

2.17) as the space charge cloud shields the high-field electrode and
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reduces its sharp radius of curvature [70], [89], [94]. Pre-discharges
develop at the location of maximum electric field only and the inception
criterion is given by [70], [89]
Emax = Ei = Epd_non-unif,max

(2.5)
where E; [V/m] is the inception electric field and E,, ,onuntmex [V/M] is the
maximum breakdown strength in non-uniform electric field conditions.
The pre-discharge becomes a streamer discharge and starts to propagate
in the low-field region if the electric field at the opposite electrode is
larger than a threshold limit, E...., [V/m], while it fades away if it is lower.
However, for strongly non-uniform electric fields generated by very rapid
voltage impulses like lightning ones, there is not enough time to form a
space charge in front of the high-field electrode, and what has been
discussed above does not hold anymore. In this case even the first
electron avalanche causes the complete breakdown once the inception

criterion is satisfied (Epax = Epd_non-unif.max) 1891, [95], [96].

2.4.3 Temperature Distributions and Thermal Damage

No previous study has investigated the thermal damage at the EB interfaces due
to the conduction of lightning current within the blade after the attachment to
the receptor. On the other hand, extensive research has been conducted to
predict the thermal damage due to lightning direct attachment to CFRP
structures of either wind turbine blades [97]-[99] or aircraft [100]-[107], which
is a completely different problem. Some of these studies employed a strongly
coupled formulation of the electromagnetic-thermal problem, in which
temperature dependent electrical conductivity tensors were considered. In fact,
it is known that the electrical conductivity of CFRPs grows with an increase in
temperature due to the activation of electrons from valence to conduction bands.
Significant increases are observed when the temperature is larger than ~400 "C

[100], [103], [105]-[108]. However, a weakly coupled formulation of the
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electromagnetic-thermal problem, i.e., no dependence of the electrical
conductivity on temperature, should allow a realistic description of the lightning
thermal damage at the EB interface of wind turbine blades. In fact, for the
problem under consideration, the source term in the heat transfer equation
[109], [110] is the Joule heat generated by the flow of lightning current through
the blade. Several studies, such as [21], [40], [42], [111], have shown that CFRP
spars only conduct a small share of the total lightning current, and low

temperatures are observed in the bulk CFRP.

In order to solve the electromagnetic field diffusion problem by the FEM, it is
required to know some input material properties of the LPS conductors, which
are the electrical conductivity tensor, o [S/m], the electrical contact resistivity, pc
[2-m?], the relative permittivity, &, and the relative permeability, x4, Similarly, to
solve the heat transfer problem, the following material properties are needed:
the density, p [kg/m®]; the specific heat capacity at constant pressure, G,
U/(kg-K)]; and the thermal conductivity tensor, k [W/(m-K)]. The next section
outlines the procedures to determine these properties and their typical values in

the case of CFRP materials.

2.5 Properties of CFRP Materials for Lightning Strike

Analysis

A composite material, like CFRPs, is made of two distinct materials with
significantly different physical and chemical properties called constituents,
which result in a material with enhanced properties once combined [112]-[114].
CFRP materials have found several fields of application, such as aerospace, wind
energy, and automotive, thanks to the following advantages over conventional
materials: high specific strength and stiffness; high fatigue resistance; high
corrosion resistance; high level of design flexibility; and high optimisation
degrees [115]. The first constituent material is the reinforcement, which usually

is in the form of long fibres, short fibres, or particles. The reinforcement phase
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is aimed to support the applied mechanical, electrical, and/or thermal loads. The
second constituent material is the matrix, which usually is a thermoset or a
thermoplastic resin. The objective of the matrix material is to transfer the load
to the fibres, as well as to protect them from environmental abrasion and
contamination. It is possible to have two main configurations of CFRP plates: the
lamina, which is an individual layer (also called ply) of carbon fibres bonded
together through the polymer matrix; and the laminate, which is the stacking
and bonding of individual laminas [112]-[114].
CFRP materials are characterised by anisotropic material properties because of
the anisotropy of carbon fibres. It is therefore essential to define a local
coordinate system within each lamina to identify the material symmetry
directions (see Figure 2.18), called principal-axis coordinate system (1,2,3):

e Longitudinal direction, parallel to the fibres.

e Transverse direction, perpendicular to the fibres.

e Through-thickness direction, perpendicular to the layer plane.
On the other hand, the global-axis coordinate system (x,y,z) specifies the
reference directions of the CFRP laminate or structure, which might not coincide
with the laminas principal directions [116], [117], as shown in Figure 2.18.
The properties of CFRP materials are determined using the homogenisation
anisotropic approach [112], [118]-[121], which considers the complex bi-phase
structure of a piece of CFRP as a homogeneous block having bulk properties (see
Figure 2.19). This macroscopic method can be employed if the following two
conditions are met [120]: the thickness of the CFRP block is much larger than
the carbon fibres diameter (~1-10 um [122]); and the carbon fibres are uniformly
distributed throughout the matrix resin. Special CFRP arrangements, such as UD
and BIAX, are orthotropic as they present three orthogonal planes of material
symmetry, i.e., the material matrices do not vary when reflected around such
planes. As a result, material properties like electrical and thermal conductivities

can be represented by diagonal tensors.
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Figure 2.18 - Principal-axis (1,2,3) and global-axis (x,y,z) coordinate systems [114].

@ (b)

Figure 2.19 - CFRP lamina schematic: (@) micromechanical approach and (b) macromechanical

(homogeneous) approach [30].

The next subsections review the experimental techniques, analytical models,
and approximations to determine the CFRP material properties identified in
Section 2.4. As said, these properties are needed by the FEM models to predict
lightning current density and temperature distributions across the blade.
Therefore, they play a key role in the overall accuracy of the numerical

predictions.

2.5.1 Electrical Properties of CFRP

In order to predict realistic lightning current flow patterns in CFRP structures, it
is essential to have an accurate representation of the bulk electrical conductivity
tensor. From room temperature to ~400 °C, the CFRP electrical conductivity
typically ranges from 20,000 to 45,000 S/m along the fibre direction, whilst it

drops by up to 3 and 4 orders of magnitude along the transverse and through-
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thickness directions, respectively [30], [31], [33], [100], [103], [105]-[108],
[123]. Several studies have presented experimental procedures to characterise
the orthotropic electrical conductivity tensor of CFRP materials, such as [30]-
[33], [124]. The first step when performing resistance measurements on CFRP
samples is to prepare reliable ohmic contacts (measuring electrodes) for the
injection and extraction of the electric current [125]. In order to measure the
real electrical conductivity of the bulk CFRP, sanding operations are first required
to remove the thin resin film from the external surfaces of the sample. Uhlig
[123] conducted an experiment in which he observed an increase of 1 order of
magnitude in through-thickness electrical conductivity when the thin polymer
layer was removed. After that, conducting materials are applied on the exposed
carbon fibres to obtain the desired ohmic contacts. Conductive silver paint is the
most employed material thanks to its ease of use and effectiveness [30]-[33],
[126]. The paste is first spread with a brush on the sanded surfaces of the CFRP
and then let to cure for 30 min at ambient temperature. Measuring electrodes
can alternatively be realised by copper electroplating processes [72] or by
fasteners inserted into holes coated with conductive paint (widely employed in
the aerospace sector) [127], [128]. The second step requires to inject a direct
current and measure the total resistance of the sample. This can be done by
either the four-probe method [30], [124] or the two-probe method [31]-[33]. The
former utilises four electrodes: two for the injection/extraction of the current;
and two for the measurement of the voltage drop across the specimen (see
Figure 2.20a). The latter makes use of two probes only for both the
injection/extraction of the current and the measurement of the voltage drop (see
Figure 2.20b). The measuring electrodes are placed sufficiently far away from
the current injection point to allow the spreading of the current through the
sample cross-section and obtain accurate readings. In fact, since the through-
thickness electrical conductivity is 4 orders of magnitude smaller than the one
along the fibres, the injected current might be confined in the first layers of the
specimen (see Figure 2.21). This would overestimate the sample resistance and

would not reflect the real electrical conductivity of the CFRP [129].
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Figure 2.20 - Circuit schematics for CFRP resistance measurements: (a) four-probe method [30]

and (b) two-probe method [33].
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Figure 2.21 - Current distribution in the sample cross-section [129]: (a) insufficient penetration

and (b) complete penetration.

As said in Section 2.4.3, no dependence of the electrical conductivity on the
temperature should be considered in this project as only a small share of the
total lightning current is conducted by the spars, and temperatures lower than
400 °C are found in the bulk CFRP. In addition, the variation of the CFRP electrical

conductivity with electric field is disregarded, as well as its dependence on
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frequency since the largest lightning frequency is ~13 MHz in the case of the

subsequent short stroke [26].

Another important material property for accurate FEM predictions of current
density and temperature distributions is the contact resistivity at the EB
interfaces. In fact, such joints are realised by resin, which generates steep
electric potential differences (see Figure 2.22) because of the high contact
resistance and dissipates part of the lightning energy in the form of Joule
heating. Only a few studies, like [42], [130], have provided values of contact
resistance for metal-CFRP interfaces, although the authors have not clarified how
these values were obtained. Therefore, one of the objectives of this research
project is to develop an effective methodology capable of estimating the
electrical contact of composite joints to fill this gap in the knowledge. To this
end, it would be beneficial to review the experimental procedures designed to
characterise the contact resistance in other applications, such as metal-
semiconductor contacts [131]-[137]. These studies employed the transfer length
method (TLM), which consists of measuring the total resistance of the sample,
i.e., conductor bulk resistance + semiconductor bulk resistance + contact
resistance, at different lengths. After that, to isolate the sought contact
resistance from the bulk ones, the linear relationship between the measured
total resistance and sample length is exploited. This is done by linearly
interpolating the experimental measurements, and the y-axis intercept is twice
the sought value of contact resistance (see Figure 2.23). However, typical EB
configurations are much more complex than the systems analysed in [131]-
[137], and the TLM alone is not capable of isolating the contact resistance from
the bulk resistances by taking the y-axis intercept. More precisely, some of the
bulk resistances of the jointed parts (DC, EB layers, and spar) are contained in
the y-axis intercept (see Section 3.1.3). Thus, it is somehow required to estimate
these bulk resistances to isolate the contact resistance. On the one hand, this

might be straightforward for isotropic parts like the DC made of copper, in which
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Figure 2.23 - TLM interpolation schematic.

the effective area occupied by the current is the entire cross-section and the
Ohm’s law can be used to estimate its resistance. On the other hand, the strong
anisotropy of CFRPs causes a non-uniform current distribution in the cross-
section of the spar, which behaves as a spreading resistance [138], [139].
Therefore, a suitable method needs to be identified to compute the spreading
resistance in CFRP parts and isolate the contact resistance term from the y-axis

intercept.

Finally, it is necessary to specify the relative permittivity to solve electric current
problems. When a conductor is connected to a current source, an electric current
flows within it. According to the Ohm’s law an electric field needs to exist inside
the conductor to have a current density. The relative permittivity of good
electrical conductors is assumed equal to 1 when solving electric current
problems since polarisation is overshadowed by conduction [140]. That is, the

displacement current is negligible compared with the conduction current since
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o> wep g, Where o [rad/s] is the angular frequency and &, is the vacuum
permittivity. Polarisation effects are also negligible in continuous fibre CFRP
materials, despite relative permittivity values in the range of 10" and 10% [141]-
[143]. In fact, CFRP laminates used in engineering applications present a fibre
volume fraction of 50-70%, which is significantly larger than the percolation
threshold of ~40 vol% [29]. This produces several electrical contact points
between the carbon fibres that allow conduction along both transverse and
through-thickness directions [29]. Therefore, it is common practice in numerical
simulation studies, e.g., [31], [108], [144], to assume a relative permittivity of 1

for CFRPs, which results in accurate electric field and current density predictions.

2.5.2 Magnetic Properties of CFRP

In order to predict the induced electric field due to the Maxwell-Faraday
equation, and thus the induced current, it is required to know the relative
permeability of the different wind turbine blade components. Previous research
[145]-[148] has shown that CFRPs exhibit a weak diamagnetic behaviour and a
negligible anisotropy at frequencies lower than 1 GHz. Considering that the
maximum lightning frequency is ~13 MHz in the case of the subsequent short

stroke, the relative permeability of CFRPs can be assumed equal to 1.

2.5.3 Thermal Properties of CFRP

The density and the specific heat capacity at constant pressure of CFRP materials
are usually determined through the parallel rule of mixture [149], [150]. For
typical wind turbine blade CFRP materials, the density is between 1,300 and
1,600 Kg/m? [112], [151], while the specific heat capacity at constant pressure
is in the range of 1,100 and 1,400 J/(kg-K) [108], [152]-[154].

The last CFRP property required to solve the heat transfer problem is the thermal
conductivity tensor. From room temperature to ~400 °C, typical thermal

conductivity values along the fibre direction are between 2.4 and 2.6 W/(m-K),
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whereas transverse and through-thickness thermal conductivities range from 0.5
to 0.9 W/(m-K) [33], [100], [103], [105]-[108], [123], [155]. The longitudinal
thermal conductivity is typically determined through the parallel rule of mixture
[149], [150]. On the other hand, transverse and through-thickness thermal
conductivities are usually estimated experimentally through the guarded hot
plate method [33]. This steady-state technique requires to expose the assessed
CFRP samples (disk shape specimens) to a 1D heat flow generated by two metal
plates (see Figure 2.24): the hot plate, which is in contact with a heat source;
and the cold plate, which is in contact with a cooling block. To avoid lateral heat
losses, the apparatus is embedded into insulating foam material. The
temperature is measured through a thermocouple, while the applied heat flux
and voltage are measured by a sensor and a voltmeter, respectively. Finally, to
reduce the thermal contact resistance and to mitigate surface roughness and air
gaps, a paste is spread at the interfaces between the plates and the sample.
Samples with different thickness, Ax [m], are assessed to determine the paste
thermal conductance (y-axis intercept in Figure 2.24) and remove it from the

estimated thermal conductivity (slope of the linear plot in Figure 2.24).

2.5.4 Pyrolysis in CFRP

Pyrolysis is the irreversible thermal degradation of organic (carbon-based)
materials occurring spontaneously at high temperatures and is considered the

first step of combustion [30], [149], [154]. During the pyrolysis process, 80-90%
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sample = G . - Flux sensor
Hot plate =+ 211 Slope=1/k
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Heating element @ v | Z Intercept= 1/h
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Figure 2.24 - Transverse and through-thickness thermal conductivities test setup schematic [33].
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of the polymer mass decomposes into gases (H,O, CO, and CO,), while the
remaining into porous char consisting of carbon (85-98 wt%) [154], [156].
Polymer thermal degradation is often investigated by thermogravimetric analysis
(TGA). It measures the variation of the polymer mass as a function of time and
temperature while it is exposed to a controlled environment. There are two main
types of TGAs: isothermal TGA, in which the sample weight is measured while
subjected to a constant temperature; dynamic TGA, in which the sample weight
is measured at different temperatures under a constant heating rate.
Temperatures assessed by commercial TGA apparatuses range from ambient to
1,000 °C, while typical heating rates are between 0.1 and 200 ‘C/min [157]-
[159]. The heating rate affects the pyrolysis process by scaling the reaction rate,
and thus the degradation temperature, up and down [30], [102], [149], [160].
Previous studies have characterised the thermal degradation process of epoxy
resins and epoxy resin based CFRPs assuming that the degradation develops
into an apparent single reaction [161]-[165]. However, it has been shown that
the pyrolysis process of cured epoxy resins develops into multiple different
mechanisms [159], [166], [167]. More specifically, epoxies display an initial
degradation process between 100 "C and 250 'C, which involves release of water
[159], [168]. This initiation mechanism has been identified as a dehydration
reaction between the hydroxyl groups formed during the curing process [36]
and hydrogens originally found on the molecular main chain [168], [169]. The
latter process causes the formation of chemical groups that are weaker and less
thermally stable than the original ones [166], which in turn result in a
degradation mechanism occasionally mentioned as “head-to-head” degradation
mechanism in the related literature [159]. Eventually, another mechanism occurs
via “random scission” processes of C-C bonds [166]. The two latter mechanisms
take place between 200 and 800 °C. They exhibit similar activation energies and
at sufficiently high heating rates they might overlap and even invert their
sequence [159]. Finally, note that prior to any of the three described
mechanisms, water molecules in the form of absorbed moisture might be

released (not to be confused with the described dehydration process) [167],
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[170]. In this thesis the epoxy pyrolysis process is modelled by the deconvoluted
description outlined above (see Chapter 4), to account for the degradation
mechanisms occurring at low temperatures. The latter are believed to cause

thermal degradation and consequent sparking in rotor blade EB joints.

2.6 Types of Lightning Impulses

A lightning is a long electric arc generated by a type of cloud called
Cumulonimbus or Thundercloud, which develops in the atmosphere during
thunderstorms [171]-[173]. Wind turbine blades are exposed to both downward
(cloud-to-ground) and upward (ground-to-cloud) lightning strikes, which are a
combination of short and long strokes and transfer a total charge of 300 C. Short
strokes (see Figure 2.25a) last less than 2 ms and transfer 100 C, while long
strokes (see Figure 2.25b) last up to 0.5 s and transport 200 C. Lightning strokes

can be described by a set of electrical and time parameters [12]. The electrical
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Figure 2.25 - Waveforms of lightning currents: (a) short stroke and (b) long stroke [12].
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parameters are the peak current, /, [A], the transferred charge, Qsorr and Qione
[C], and the specific energy, W/R [J/Q]. In contrast, the time parameters are the
front duration, r; [s], the time to half value, 7, [s], and the duration of long
strokes, 7,0x [S]. Different lightning strokes exist according to the value of these

parameters (see Tables 2.2 and 2.3), which are outlined in the next subsections.

2.6.1 Downward Negative Lightning

A downward negative lightning develops from the cloud to the Earth’s surface
and transfers negative charge. Downward negative lightning strikes account for
the 90% of all the downward strikes and are composed of a first short stroke
followed by a combination of subsequent short and long strokes. Figure 2.26
illustrates a typical waveform of the downward negative lightning current [12].
The peak current of the first negative short stroke can achieve 100 kA with a
mean value of 30 kA, while the transferred charge is equal to 100 C. The front
duration and time to half value are 1 us and 200 ps, respectively.

Subsequent short strokes of downward negative lightning have a peak current

Table 2.2 - Waveform parameters of different downward lightning impulses [12].

Lightning Impulse Current Parameter
Peak current, /o [kA] 200
Charge, Qsrorr[C] 100
First positive short stroke Specific energy, W/R [M)/Q] 10
Front duration, z; [us] 10
Time to half value, 72 [us] 350
Peak current, /o [kA] 100
First negative short stroke Front duration, z; [us] 1
Time to half value, 72 [us] 200
Peak current, /o [kA] 50
Subsequent short stroke Front duration, z; [us] 0.25
Time to half value, 72 [us] 100
Current value [kA] 0.2-1.2
Long stroke Charge, Q:onc [C] 200

Duration, zzowc [S] 0.5
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Table 2.3 - Waveform parameters of upward lightning impulses [12].

Lightning Impulse Current Parameter
Peak current, /o [kA] 20
Total charge, C 300
Upward lightning ge, Qror|C]
Total duration, z7or[s] 0.5
Number of superimposed impulses 50

>
IEC 1841/02

Figure 2.26 - Typical waveform of a downward negative lightning [12].

of 50 kA and time parameters equal to 0.25 us (front duration) and 100 ps (time

to half value). Consequently, subsequent short strokes present the largest rate
of rise of current, j—; [A/s], equal to 200 kA/us, which generates the highest

voltage drop across the rotor blade. Therefore, such an impulse is considered to
assess the occurrence of the electrical breakdown of the insulation between the
DC and spar [12].

2.6.2 Downward Positive Lightning

A downward positive lightning develops from the cloud to the Earth’s surface
and transfers positive charge. Downward positive lightning strikes are just 10%
of all the downward strikes and are composed of one short stroke and one long
stroke, as shown in Figure 2.27. The time parameters of the first positive short
stroke are 10 ps (front duration) and 350 ps (time to half value). Moreover, its
electrical parameters are the highest in terms of peak current, transferred
charge, and specific energy, which are equal to 200 kA, 100 C, and 10 MJ/Q,
respectively. As a result of the high specific energy carried by this type of
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lightning, it generates the largest amount of Joule heating. Therefore, the first
positive short stroke is considered for the design of EB connections between the
DC and CFRP spars [12].

The long stroke (continuing current) is characterised by a transferred charge

equal to 200 C and a duration of 0.5 s.

2.6.3 Upward Lightning

Wind turbines present heights of 100 m or more and are frequently exposed to
upward lightning strikes. In fact, the electric field at this altitude is sufficiently
enhanced by the cloud charge to develop upward leaders. In addition, the
initiation of upward leaders is also favoured by the continuous rotation of the
blades [8], [18], [174], [175]. Upward lightning strikes can transfer both positive
and negative charges, although positive ground-to-cloud lightning is very rare
[12]. As depicted in Figure 2.28, a typical profile of upward discharges consists
of a superposition of long and short strokes. More specifically, it always starts
with a long stroke to which short strokes are superimposed. The maximum peak

current of the short stroke is 20 kA, while the transferred charge is 300 C [12].

R

IEC 1846102

Figure 2.27 - Typical waveform of a downward positive lightning [12].

Figure 2.28 - Typical waveform of an upward lightning [12].
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To summarize, two different waveforms are considered depending on the type
of potential damage it is desired to assess: the subsequent short stroke of
downward negative lightning, to investigate the occurrence of flashovers
between the DC and CFRP spars; and the first positive short stroke, to evaluate
the high-current performance of EB connections and the occurrence of thermal

damage at their interfaces.

2.6.4 Mathematical Approximation of Lightning Short Stroke

Waveforms: Heidler Function

A good representation of the lightning short stroke waveforms (first and
subsequent short strokes given in Table 2.2) is provided by the Heidler function
[176], [177], which is the standard lightning waveform employed for rotor blade

simulation studies [12]:

(2.6)
where i(f) [A] is the instantaneous current, t [s] is the time, k, is the correction
factor for the peak current, t, [s] is the rise time coefficient, and t, [s] is the decay
time coefficient. Table 2.4 summarises the Heidler function coefficients [44],
[176]-[178], while Figure 2.29 depicts the rise and decay fronts of the first
positive short stoke given by the Heidler function. Note that the rise and decay
time coefficients of Equation (2.6) are longer than the front duration and time to
half value given in Table 2.2. In fact, the inherent shape of the Heidler function
presents an initial offset interval, t,.. [s], in which the current is zero. This offset
time varies according to the different types of short strokes [44], [176]-[178].
One of the major challenges when simulating lightning strikes to rotor blades
by the FEM is the injection in the model of the lightning current, as it splits

among the different conductive paths of the blade. These lightning current
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Table 2.4 - Heidler function coefficients of lightning short strokes [44], [176]-[178].

Peak Current  Correction Factor  Rise Time Decay Time
Lightning Impulse o [KA] ko tr [ps] t2[us]
First positive short stroke 200 0.93 19 485
First negative short stroke 100 0.986 1.82 285
Subsequent short stroke 50 0.993 0.454 143
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Figure 2.29 - Heidler function first positive short stroke [44]: (a) rise front and (b) decay front.
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redistributions are driven by both resistive and inductive effects [40], [43], and
itis thus required to solve for both electric scalar and magnetic vector potentials.
This can be done by coupling them through an imposed integral constraint on
the total transport current, i.e., the Heidler function. However, the computational
cost to solve such a combined problem is large for fast rising currents such as
lightning ones. Therefore, a procedure is needed to solve the electromagnetic
problem in the time-domain without imposing the integral constraint on the total
transport current, in such a way as to achieve better convergence and a smaller

computational time.

2.7 Summary

This chapter was intended to revise the engineering problems related to
lightning protection of wind turbine blades and the previous attempts to solve
them. One of the main challenges in the design of modern LPSs of wind turbine
blades is the implementation of EB joints. Although several studies have pointed
out the need of EB connections to avoid flashovers between the blade
conductors, no previous research has investigated how to design such joints,
nor the causes of thermal damage at their interfaces and how to prevent it. The
core of this literature review was dedicated to the numerical methodologies, and
the required input material properties, for the simulation of lightning strikes to
rotor blades. Previous studies have mainly employed lumped-element circuits
simulations to study lightning strikes to rotor blades, although this approach
presents some limitations that reduce its accuracy and applicability. For
instance, the lumped parameters are typically determined through 2D FEM
simulations, disregarding both the impedance of the EB joints and the current
crowding around the EB interfaces due to the CFRP anisotropy. In addition, this
approach is not capable of predicting current density distributions in the EB
joint, which are fundamental to identify critical areas where thermal damage and
sparks might develop. An effective tool to predict such quantities can be the

FEM, which is widely available in commercial software packages and is employed
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in this project. The main input material properties to predict, by the FEM, realistic

lightning current paths and temperature distributions in the EB joint cross-

section are the electrical conductivity, thermal conductivity, and electrical

contact resistivity. While extensive research has been conducted on the

investigation of CFRP electrical and thermal conductivities, no study has so far

attempted to characterise the electrical contact resistivity of EB joints.

To conclude, the following lines of enquiry have been identified, which are

answered in the next chapters of this PhD thesis (given below in brackets):

The causes and mechanisms of resin thermal degradation at the EB
interfaces have not fully been investigated yet. More precisely, no
experimental method has so far been proposed to characterise the
electrical contact at the EB interfaces (Chapter 3). In addition, the polymer
thermal degradation process of commercial EB resins used in rotor blades
has not been explored to define the degradation mechanisms responsible
for voids formation and sparking (Chapter 4).

A numerical procedure is required to solve the electromagnetic problem
in the time-domain without imposing an integral constraint on the
transport current (Chapter 5).

Fundamental questions regarding the design of wind turbine blade EB
connections have remained unanswered for several years, that is, whether
CFRP spars and EB joints can withstand lightning currents without
experiencing thermal damage and how to design equipotential

connections (Chapters 6 and 7).
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Chapter 3
Electrical Contact of Lightning

Protection EB Joints

As discussed in both the Introduction and Literature Review, the lightning
current is allowed to flow within the spar through the equipotential
connections. In such conditions, it is important to study the electrical contact
behaviour between the different parts of the adhesive joint. In fact, the
physical connections between the DC and spar through the EB layers are
realised by resin during the infusion process of the blade. For instance, Figure
3.1 depicts the interface between the DC and EB layer, which exhibits resin-
rich areas. The latter result in large values of contact resistance and
temperature, which lead to the thermal degradation of some of the resin used
for the bonding. The produced gas filled voids in turn cause sparks and
delamination once the contact is open [27], [28]. For this reason, the aim of
this chapter is to present a reliable procedure that allows to characterise the
electrical contact resistivity at the bonding interfaces for a range of EB
concepts. The implementation of these values in the FEM simulations is crucial
to predict accurate current density and temperature distributions and

investigate the thermal damage experienced at these interfaces.
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Figure 3.1 - Resin rich areas and contact points at the interface between DC and EB.

3.1 Experimental Procedure

3.1.1 Materials

As a polymer matrix, a two-component epoxy system was employed during
the infusion process, which was supplied by Hexion. It comprised Hexion
RIMR0O35c epoxy resin and Hexion RIMHO37 curing agent. For the CFRP spar,
a UD non-crimp carbon fabric with an areal density of 870 g/m?, supplied by
Saertex, was utilised. Three different EB materials were employed to connect
the copper LPS DC to the CFRP spar: UD non-crimp carbon fabric (600 g/m?);
BIAX non-crimp carbon fabric (218 g/m?); and ECF 4Cu14-125. Both UD and
BIAX non-crimp carbon fabrics were supplied by Saertex, whereas the ECF was
supplied by Dexmet Corporation [74]. The latter consisted of copper Alloy
C11000 [179] and was characterised by a nominal thickness of 0.101 mm,
strand width of 0.356 mm, long way of the diamond (LWD) and short way of
the diamond (SWD) approximately equal to 3.175 mm and 1.397 mm,
respectively. Finally, the samples were encapsulated within a BIAX non-crimp

glass fabric with an areal density of 1,010 g/m?, supplied by Saertex.
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3.1.2 Sample Geometry and Manufacturing

Figure 3.2 depicts a typical arrangement of the wind turbine blade internal
components. The system was composed of a DC, a spar made of UD CFRP,
and two EB layers connecting the DC to the spar. Two main contact regions
needed to be investigated:

e the contact region between the DC and EB layers (C_DC-EB), which is
composed of two interfaces, i.e., top and bottom surfaces of the DC.

e the contact region between the EB layers and spar (C_EB-Spar), which
is composed of three interfaces, that is, side, top, and bottom surfaces
of the spar.

For a more accurate estimation of the electrical contact behaviour, it was
decided to separate the contribution of the two contact regions to the total
interface resistance, i.e., two distinct values of contact resistance were
estimated for the two contact regions. This was achieved by designing two
different types of specimens:

e the DC-EB specimen (see Figure 3.3a), which is composed of a DC and
two EB layers. It allowed to determine the contact resistance between
the DC and EB connections.

e The DC-EB-Spar specimen (see Figure 3.3b), which consists of a DC,
two EB layers, and a constant thickness CFRP spar. It enabled to
characterise the contact resistance between the EB connections and
spar after measuring the interface resistance between the DC and EB
connections. Typical spar geometries of rotor blades present chamfer
profiles for mechanical purposes. From a lightning protection point of
view, it is beneficial to place EB layers on these surfaces since the
current can directly be injected into each spar layer and thus through
the entire spar cross-section. Therefore, three additional DC-EB-Spar
samples (see Figure 3.4) were designed to investigate the effects of the

chamfer angle, y[’], on the contact resistance.
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Figure 3.2 - Typical arrangement of wind turbine blade internal components.
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The samples were manufactured by the industrial sponsor of this project,
Nordex Energy GmbH, through the VARTM process, which is the standard
manufacturing route for wind turbine blades. It is essential to employ the
same blade production strategies and materials for the experiment to be
representative, since the quality of the contact (i.e., the contact resistivity)
depends on these factors [13]-[16]. The UD CFRP spar sample was obtained
by stacking layers of dry carbon fabric (five layers for the DC-EB-Spar_1
samples, four layers for both the DC-EB-Spar_2 and DC-EB-Spar_3 samples,
and three layers for the DC-EB-Spar_4 samples) into a flat mould, whereas a
copper braid (LPS DC) with a cross-section of 50 mm? [12] was positioned in
parallel to the laminate. EB layers were then placed in the desired positions to
connect the DC to the spar, as shown in Figure 3.2. Finally, to be consistent
with the actual structure of the rotor blade, the whole system (i.e., CFRP spar,
DC, and EB) was encapsulated into GFRP fabric layers and infused at the same
time under vacuum. The samples were cured for 6 h at 70 "C following the
instructions of the resin supplier. The fibre volume fraction of the laminates
was approximately 53%. Four specimens per each configuration were
manufactured and assessed in order to account for any variation in the

contact quality caused by the manufacturing process.

3.1.3 Characterisation of Total Resistance

Before conducting the experiment, it was essential to prepare the sample
surfaces that were intended to act as electrodes. First, the top surface of the
sample was sanded down in order to remove the excess epoxy resin and
expose the carbon fibres [30], [32], [123]. The sanding process was
performed by means of 180 grit silicon carbide abrasive paper until carbon
fibres were visible, followed by 300 and 600 grit to finish the surface. Small
amount of water was also used to trap the created epoxy resin dust. Finally,
the epoxy and carbon fibre residue were removed through acetone and left to

dry for an hour. Second, measuring electrodes were obtained on the sanded
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areas by means of copper tapes. To reduce the measuring electrodes contact
resistance, the copper tapes were attached to the sample surface using
conductive silver paint with a bulk electrical conductivity of 1x10° S/m, which
was supplied by RS Components. The silver paste was left to cure for 30 min
at ambient temperature, as specified by the supplier [180].

The maximum direct current injected in both DC-EB and DC-EB-Spar samples
was limited to 50 mA to mitigate Joule heating effects and avoid any damage.
In addition, some studies have shown that both the bulk electrical resistivity
[181]1-[183] and the electrical contact resistivity [184]-[186] of CFRPs
decrease with increasing temperatures. Thus, by conducting the experiment
at ambient temperature, the electrical contact was characterised in the worst-
case scenario, i.e., the case with the highest electrical contact resistivity.
Under such conditions, the total resistance of both DC-EB and DC-EB-Spar
samples was measured through the AIM TTi BS-407 low resistance ohmmeter
using the two-probe method depicted in Figure 3.5a. It employs two wires and
two probes for both the injection of the current and the measurement of the
voltage drop across the specimen. The sample was connected to the circuit
using two crocodile clip test leads; the first wire was connected to the DC to
inject the current, whereas the second one to the measuring electrode to
ground it. The two-probe method was chosen since it includes the sought
values of contact resistance into the total measurements. A pressure equal to
20 MPa was applied through a hydraulic press on the metal electrodes during
the measurements in order to mitigate the effects of the surface roughness
and improve the ohmic contact [138]. The amount of pressure was driven by
the reduction of the experimental uncertainties, as shown in Section 3.3.1.
The hydraulic press cylinder needed to be centred over the electrode surface
in order to deliver the correct pressure. In addition, an aluminium block
insulated from the current path was placed between the sample and the press
cylinder to spread the applied force over the entire electrode surface. All
measurements were conducted at a temperature of 25 °C and with a relative

humidity of 55%.
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Figure 3.5 - Characterisation of Rc,ce: (@) electric circuit arrangement and (b) interpolation

procedure.

The experiment was first performed on the DC-EB sample depicted in Figure
3.5a, which was designed to characterise the contact resistance between the
DC and EB layers. This system is equivalent to the electric circuit shown in
Figure 3.5a when considering the contact resistance between the conductors
and the contact resistance of the measuring electrodes. The developed
procedure required to measure the total resistance at different lengths of the
specimen, which was assumed linearly distributed since the resistance of the

EB strip is directly proportional to the strip length:
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Roces_orlLs) = Roc + Re.pces + ———— + Ress(Ls) + Rc_kiectrodes
Res © Resz

(3.1)
where Ry [Q] is the total resistance of the DC-EB sample, Ls [m] is the
sample length, R, [QQ] is the resistance of the DC, R.yc[Q2] is the contact
resistance between the DC and EB layers (the value to be determined), R, [Q]
is the resistance of the EB layer at the top of the DC, R, [Q2] is the resistance
of the EB layer at the bottom of the DC, R.; [Q] is the resistance of the
horizontal EB layer, and Rc fecoses [©2] is the contact resistance of the measuring
electrodes.
By moving the measuring electrode over the surface of the EB layer we were
varying the resistance Rg;, which was zero when Ls = 0 (see Figure 3.5b). This
point corresponded to the y-axis intercept, which was determined after

interpolating the measured resistance values:

Intpc.es_exp = Roc + Re.pces + —7——7— + Re_etectrodes
Res1 * Resz

(3.2)
where Intpce g, [Q] is the experimental y-axis intercept of the DC-EB sample.
As shown in Equation (3.2), the expression of the y-axis intercept included
the contact resistance of the measuring electrodes, i.e., Rciecrowess This
resistance needed to be quantified and subtracted from the y-axis intercept
value to avoid an overestimation of the sought contact resistance, i.e., Rc pces-
This was realised by measuring the total resistance of the sample when
injecting the current in one measuring electrode and extracting it from the
following ones (see Figure 3.64). The values of total resistance measured by
this circuit were equal to

Rroi(Ls) = Reg3(Ls) + 2Rc_Electrodes
(3.3)

where Ry, [Q] is the total resistance of the system depicted in Figure 3.6a.
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Figure 3.6 - Characterisation of Rc gecross fOr the DC-EB sample: (a) electric circuit arrangement

and (b) interpolation procedure.

The values of measured resistance were interpolated and the y-axis intercept
(see Figure 3.6b) represented the contact resistance of the measuring

electrodes, which was subtracted from Equation (3.2):

1
Corr
IntpCes_exp = Roc + Repces + —4——7—

Res1 © Resz
(3.4)
where Intg%”_EB_EXp [Q] is the experimental y-axis intercept of the DC-EB sample
corrected from the contact resistance of the measuring electrodes.
The same procedure was repeated to characterise the total resistance of the

DC-EB-Spar sample (see Figure 3.7a):

Rpc.e8-spar_Tot (Ls) = Rpc + Rc_pceg + 7+ Ress + Reesspar +
[R—— + [R—
Reg1 ~ Res2
1
+ 1 + 1 + 1 + RSPW(LS) + RC_EIectrodes
Rega ~ Regs — Rese

(3.5)
where Rocesspar o [Q] is the total resistance of the DC-EB-Spar sample, Rc csspur
[Q] is the contact resistance between the EB layers and spar (the value to be

determined), R, [QA] is the resistance of the EB layer on the side of the spar,
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Res [Q] is the resistance of the EB layer at the bottom of the spar, Ry [Q] is
the resistance of the EB layer at the top of the spar, and R, [Q] is the
resistance of the spar.

The experimental y-axis intercept of the DC-EB-Spar sample was

Intpc.e-spar_exp = Roc + Rc_pces + 71 * Reg3 + Rc_eg-spar +
— + —
Regi ~ Res2

1
+ 1 T 1 + Rc_Electrodes

+ +
Regs ~ Rgge

Reg4

(3.6)

where Intpcessoar e [Q] is the experimental y-axis intercept of the DC-EB-Spar
sample.

The contact resistance of the measuring electrodes was determined as in

Figure 3.7b and subtracted from Equation (3.6):

Section N-N Il Down conductor

Reges Il Equipotential bonding
Regs

N o
RSpar
f

Measuring electrodes

REBS

Ls;

50 mA

Ls,

(@ (b)

Figure 3.7 - Electric circuit arrangement of the DC-EB-Spar sample for: (a) the characterisation

of Rces.e- and (b) the characterisation of Rc sectrodes-
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Int 57 s spar_exp = Roc + Re_pces + — 7+ Ress + Reesspar +
Resr * Resz
1
M
Rega ~ Regs — Ress

(3.7)

where /ntg‘ggg_spa,_fx,, [Q] is the experimental y-axis intercept of the DC-EB-Spar

sample corrected from the contact resistance of the measuring electrodes.

The values of interface resistance contained in Equations (3.4) and (3.7) can
be determined if the resistance of the individual conductors (Ry, Re, and Rs,.,)
are somehow estimated. This was done by numerical simulations using the

electrical conductivity of the employed materials as input parameters.

3.2 Numerical Procedure

Section 3.1.3 presented the experimental procedures employed for the
characterisation of the contact resistance of wind turbine blade EB joints. The
experimental y-axis intercepts given in Equations (3.4) and (3.7) contained
the information of the interface resistances to be determined (R¢ pces and R .
s as well as the bulk resistances of the DC, EB, and spar (Ry, Re, and Rs,,,).
The latter needed to be computed and subtracted from the y-axis intercepts
in such a way as to isolate the sought contact resistances. This was not a
trivial task since the system presented CFRP components, which behave as
spreading resistances [138], [139]. In fact, the spreading of the current within
these parts is not identical in the three principal directions because of the
strong anisotropy of CFRP materials (up to 4 orders of magnitude variation
between longitudinal and through-thickness electrical conductivities).
Spreading effects require several complex assumptions for rough analytical
estimations. On the other hand, more accurate predictions of current

distributions and spreading resistances can be obtained using the FEM [187]-



Electrical Contact of Lightning Protection EB Joints 61

[189] by specifying the materials’ electrical conductivity as input parameters.

To this end, the experiment was simulated using COMSOL Multiphysics 5.5.

3.2.1 FEM Implementation
Model Formulation

The objective of the numerical simulations was to quantify the bulk
resistances (Roe, Re, and Rs,,) and subtract them from the experimental y-axis
intercepts to determine the sought contact resistances (Rcpces and Re es.spar)-
Therefore, the electric current problem was solved when considering ideal
contact between the conductors while solving for the electric potential
assuming current conservation [190], [191]:
Ve(—0oVV) =0

(3.8)

where V « is the divergence operator, V is the gradient operator, and V [V] is

the electric scalar potential.
Geometry and Material Properties

The geometries of the specimens under testing, i.e., DC-EB and DC-EB-Spar,
were modelled in COMSOL Multiphysics 5.5 to predict the spreading
resistance. As an example, Figure 3.8a illustrates the geometry of the DC-EB-
Spar_2 model. The electrical conductivities of the spar, EB, and DC materials

are given in Appendix A.
Boundary Conditions

Electric insulation (n « J=0, where n is the outward normal and J [A/m?] is
the conduction current density) was assumed at all outer boundaries of the
model, except for the current injection and ground surfaces of the DC and
spar, respectively. As an example, the boundary conditions of the DC-EB-

Spar_2 model are shown in Figure 3.8a.
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Figure 3.8 - FEM modelling: (a) geometry and boundary conditions and (b) mesh.

Mesh

The automatic mesh refinement option was used to minimise the errors [190],
[191] and the final meshes of DC-EB and DC-EB-Spar models consisted of
37,000 and 73,000 hexahedral and boundary layer elements, respectively.
Boundary layers were employed to capture non-uniform current density
distributions around the bonding interfaces due to the anisotropy of CFRPs.

As an example, the mesh of the DC-EB-Spar_2 model is shown in Figure 3.8b.

3.2.2 Contact Resistance and Contact Resistivity

When simulating the experiment for the DC-EB sample while assuming ideal
contact, the FEM y-axis intercept was equal to (see Figure 3.9)

1
Intpc.eg_rem = Rpc + 11

Rez1  Resz
(3.9)
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where Intyce v [Q] is the FEM y-axis intercept of the DC-EB sample.
On the other hand, the FEM y-axis intercept of the DC-EB-Spar sample when
considering ideal contact was

1

Intpc.eg-spar_Fem = Rpc + ———3— + Resz + — ] ]
+ +

Reg1 * Res2 Ress ~ Res — Ress
(3.10)

where Intpcessparrew [Q] is the FEM y-axis intercept of the DC-EB-Spar sample.

By taking the difference between Equations (3.4) and (3.9), it was possible to

determine the contact resistance between the DC and EB layers:

Corr
Rc_pces = INtpces_exp — INtpces_Fem

(3.11)
Similarly, by taking the difference between Equations (3.7) and (3.10), and
subtracting the contact resistance Rc,.; found by Equation (3.11), it was

possible to determine the contact resistance between the EB layers and spar:

Corr
Rc_eB-spar = INtpC-eB-Spar_exp — NtpceB-spar_Fem — Rc_pces

(3.12)
Finally, commercial FEM packages (COMSOL Multiphysics as well as others)
model electrical contacts as homogeneous surface conditions [190], [191].
Consequently, it was required to determine the contact resistivity by

multiplying the interface resistance by the contact surface [192]-[197]:

= T T T T T T T =
®  Experimental (corrected from R¢ giecyodes)
® FEM

L]

Total Resistance [Q]
| ]

Nt pe g g

Intpc.es rem | T

Ls=0
Sample Length [m]

Figure 3.9 - Schematic of the procedure to estimate the contact resistance.
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Pc.oces = R pegg Ac.DCEB
(3.13)

and
Pc_es-spar = Rc_ £B-Spar Ac_EB-spar
(3.14)

where pc pe:[Q2'm?] is the contact resistivity between the DC and EB layers, Ac o
rs[M?] is the contact surface between the DC and EB layers, pc g0 [©Q2-m?] is the
contact resistivity between the EB layers and spar, and Ac .. [M?] is the
contact surface between the EB layers and spar.
Note that since the contact area between the DC and EB layers is the same for
both DC-EB and DC-EB-Spar_1 samples (i.e., 0.00456 m?, see Figure 3.3), Rcoc
s was directly subtracted in Equation (3.12) to isolate the term Rc s
However, this contact area is larger in the chamfered samples (see Figure 3.4),
and the contact resistance Rc -« to be subtracted in Equation (3.12) needed
to be determined from the contact resistivity o pce as in Equation (3.15):

RChamfer _ Pc_pc-eB

C_.DC-EB — AChamfer
C_DC-EB

(3.15)

where Rg'g?ffé’ [Q] is the contact resistance between the DC and EB layers for

the chamfered samples and Ag'g?g [m?] is the contact surface between the

DC and EB layers for the chamfered samples.
3.3 Results and Discussion

3.3.1 Error Analysis

The possible sources of random and systematic error of the developed
procedure were identified in order to take suitable control measures and

minimise them.
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Resistance Measurements: Random and Systematic Errors

According to the manufacturer datasheet, the AIM TTi BS-407 low resistance
ohmmeter presents 0.1% accuracy [198], which contributed to the random
error of the measurements. However, systematic errors might be introduced
by the employed ohmmeter if not calibrated. The instrument calibration was
evaluated before starting the experiment by measuring (using the same test
leads and crocodile clips) three different shunt resistances (1, 10, and 68 Q),
and the returned values were within 0.1% of the nominal ones. Four samples
per each bonding configuration were assessed to account for the
manufacturing random error introduced by geometrical variations, variability
in volume fraction of the constituent materials, etc. The sample-to-sample
differences in experimental y-axis intercept (standard deviations in Table 3.1)
were up to 0.2, 5, and 13% for UD, BIAX, and ECF EB configurations,
respectively. On the other hand, multiple measurements on the same sample
produced an uncertainty of less than 0.1%. Since the manufacturing process
was clearly the main source of random error, it was decided not to investigate

the variation of measured resistance on the same sample.

Before conducting the experiment, it was important to consider the position
of the measuring electrodes realised over the spar laminate. As the current is
injected into the spar from its side, top, and bottom surfaces through the EB
layers, it might initially remain confined in the outer layers because of the
strong anisotropy of CFRP materials (see the current density streamlines in
Figure 3.10). In such conditions, the linear relationship between the total
resistance and length assumed in Equations (3.1) and (3.5) would not be
satisfied. To avoid this, it is necessary to place the measuring electrodes at a
sufficient distance from the injection area (i.e., the EB region), in such a way
that the current can spread through the entire spar thickness. The correct
positions of the measuring electrodes were found by FEM simulations before
the experiment. The ground boundary condition (i.e., the measuring electrode

in the experimental setup) was adjusted over the spar surface and the
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variation of the total resistance as a function of the sample length was
investigated. Figure 3.10 shows, in the case of BIAX_DC-EB-Spar_1, that the
linearity between the total resistance and length is lost when the distance
between the EB layers and the ground position is smaller than 60 mm.
Consequently, it was decided to place the measuring electrodes in the last
100 mm of the spar where the current is uniformly distributed through the

spar thickness and the linearity between total resistance and length satisfied.

To prevent incorrect readings due to a poor ohmic contact with the carbon
fibres, it was required to apply pressure over the measuring electrode surface.
The systematic error due to surface roughness was reduced to around 1%
when applying 20 MPa, as shown in Figure 3.11. Note that the change in
resistance when applying 20 MPa is 2 orders of magnitude smaller than the
measured sample resistance. However, it is comparable to the contact
resistance to be determined, which would be overestimated if the application

of pressure was neglected.
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Figure 3.10 - Positions of measuring electrodes to satisfy the linear relationship between

measured resistance and length, and current streamlines within the spar.
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The contact resistance of the measuring electrodes (that is, Rc tecoses) Needed
to be deducted from the y-axis intercept to avoid inaccurate estimations of
the sought interface resistances (i.e., Rcpces and Rciss,a). The measuring
electrodes contact resistance comprises the following terms: the contact
resistance between the silver paint-copper tape and carbon fibres; the contact
resistance between the silver paint-copper tape and test leads crocodile clips;
and the contact resistance between the test leads. Highly conductive materials
were utilised to reduce the resistance of the measuring electrodes: silver paint
with an electrical conductivity of 1x10°S/m; and copper tape with an electrical
conductivity equal to 5.998x107 S/m. Such materials have effectively been
employed for CFRP resistance measurements in previous research [30]-[33],
[126]. Despite the employment of materials with high electrical conductivity,
the measuring electrodes contact resistances were still significant, e.g., up to

60% of the y-axis intercept in the ECF EB configurations (see Table 3.1).
Systematic Error Introduced by the Experimental-Numerical Approach

The main systematic error source of the developed procedure (combination
of experimental and numerical methods) was represented by the estimation
of the spreading resistance around the contacts. In fact, the prediction of this

resistance depends on the assumptions and modelling strategies
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implemented in the numerical simulations. First, the uncertainty was
introduced when assuming ideal contact condition, which was used to
calculate the combined resistance of DC, spar, and EB layers given in
Equations (3.9) and (3.10). Such a condition assumes that all the contact
points at the interface regions do not experience any resistance, which affects
the distribution of the current in the spar and thus the value of spreading
resistance. Second, commercial FEM packages model electrical contacts as
homogeneous surface conditions, that is, all the points of the interface are in
contact and experience the same contact quality. This is not the case of real
bonding interfaces as they do not experience contact at all points, nor with
the same quality. In fact, there are areas of the interface where the conducting
parts are in contact with each other and other areas where they are separated
by the resin. The homogeneous contact condition influenced the way the
current entered and distributed within the spar and thus the prediction of the

spreading and spar resistances in the simulations.

The procedure uncertainty was quantified by comparing the experimental
total resistances with the FEM ones computed with the contact resistances
included in the model. According to the results given in Figures 3.12 to 3.14
and Table 3.1, the observed discrepancies were more prominent for the ECF
and UD CFRP samples, which were ~10% of their calculated contact
resistances. On the other hand, BIAX CFRP presented uncertainties close to
5% of its contact resistances. The percentage uncertainty of the contact
resistivity was assumed equal to the percentage uncertainty of the contact
resistance since the percentage uncertainty of the contact area was negligible.
Experimental and FEM results also differed in the value of the spar resistance
(i.e., the slope of the linear fitting) since the spar spreading resistance was
affected by the modelling strategies of the numerical analysis, as outlined in
the previous paragraph. When comparing ECF and BIAX EB configurations, it

is noted that they were characterised by slightly different experimental slopes
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Figure 3.12 - ECF EB configurations: experimental and FEM total resistances. The error bars

denote the standard deviation.

and thus by different spar resistances. The small difference between the
experimental slopes of ECF and BIAX CFRP (i.e., the small increase in apparent
spar resistance in ECF EB configurations) should be due to the inherent shape
of the ECF sheets (see Figure A.1), which consists of several wires and
diamond openings. The latter reduce the contact surface between the ECF and
spar layers and increase the spreading resistance in the spar and thus the
measured spar resistance. This conclusion is supported by the fact that the
FEM slopes (i.e., the FEM spar resistances) of both ECF and BIAX CFRP were
similar. The difference between the slopes of ECF and BIAX CFRP could not
accurately be captured by the numerical simulations since the ECF layers were

modelled as uniform sheets having anisotropic (effective) electrical
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Figure 3.13 - BIAX EB configurations: experimental and FEM total resistances. The error bars

denote the standard deviation.

conductivity rather than the actual open-area structure. Higher accuracy
would be obtained if the real ECF geometry was modelled, although it would
be completely unpractical. For this reason and considering the low contact
resistances provided by ECF material, it was decided to accept the 10%
uncertainties in the calculated contact resistances. On the other hand, the
slope of the UD EB configurations was nearly ten times larger than the slopes
of both ECF and BIAX EB configurations because of a highly non-uniform
current density distribution in the spar. This was due to the low transverse
electrical conductivity of the UD CFRP material, which did not allow the current
to spread on the entire contact surfaces with the spar. This increased the spar
and total resistances of the UD EB configurations by ~1 order of magnitude.

To conclude, the assumptions and modelling strategies adopted in the
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Figure 3.14 - UD EB configurations: experimental and FEM total resistances. The error bars

denote the standard deviation.

numerical simulations (i.e., the initial ideal contact condition and the
homogeneous modelling of electrical contact) did not significantly affect the
results since the uncertainties of the procedure were approximately 1 order
of magnitude smaller than the contact resistances. Therefore, it is safe to
assume that the presented methodology (combination of experimental and
numerical techniques) is reliable and allows to characterise the electrical

contact of wind turbine blade EB joints.

3.3.2 Y-Axis Intercept, Contact Resistance, and Contact Resistivity

Y-axis intercept, contact resistance, and contact resistivity results (average

and standard deviation) are given in Table 3.1. The mean and standard
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Table 3.1 - Results of DC-EB and DC-EB-Spar samples: y-axis intercept, contact resistance, and

contact resistivity.
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deviation values were quantified by conducting the experiment on four
samples per each bonding configuration.

Both the contact region between the DC and EB layers and the contact region
between the EB layers and spar showed the same trend in terms of contact
resistivity. In fact, the best contact was assured by ECF and BIAX CFRP, which
presented contact resistivities from 1 to 2 orders of magnitude smaller than
UD CFRP. In addition, the contact resistivity on the spar surfaces was larger
than the one on the DC surfaces for all the assessed materials. This indicates

that a worse contact was obtained at the spar interfaces.

3.3.3 Final Considerations on the Assessed EB materials

Lower values of contact resistance are found on the chamfered surfaces for
all the assessed EB materials. This is due to the fact that more contact points
are obtained between the EB layers and spar carbon fabrics. In fact, while in
the non-chamfered samples (DC-EB-Spar_1) the contact occurs on the side,
top, and bottom surfaces of the spar only, in the chamfered specimens the
contact is also established with the cross-section of each spar layer. In
addition, Figure 3.15 shows that the smaller the chamfer angle is, the better
the contact becomes (i.e., lower contact resistance), which might suggest that

the number of contact points grows as the spar thickness varies gradually.

Final considerations are made on the assessed materials based on the
electrical contact results given in Table 3.1. However, no definitive conclusion
can be drawn on their performance as an EB material without verifying their
response under simulated lightning currents [12], [24] (see Chapter 7). ECF
exhibits the lowest values of contact resistivity and thus the best contact
behaviour compared with the other materials. Although the contact
resistivities provided by BIAX CFRP are ~1 order of magnitude higher than the

ECF ones, it can still be considered a good candidate for EB applications
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Figure 3.15 - Variation of Rc .. as a function of chamfer angle.

thanks to the high in-plane electrical conductivities. However, the same does
not hold for UD CFRP since it presents contact resistivities that are 2 orders
of magnitude larger than the ECF contact resistivities. One reason for the
superior contact behaviour provided by the ECF layers is the morphology of
this material. In fact, the thick and stiff ECF strands exert a higher pressure
over the spar carbon fibres during the vacuum infusion process, which
squeezes the resin into the diamond openings. In this way more contact
points are obtained between the ECF wires and the spar carbon fibres,
reducing the local contact resistance. Furthermore, the high electrical
conductivity of this material (from 3 to 7 orders of magnitude larger than the
CFRP electrical conductivities) assures lower local resistances at the physical
contact points [73], [199], [200]. On the other hand, carbon fibres are more
flexible due to their small diameter (~1-10 um [122]). As a consequence, most
of the resin concentrates in between the EB and spar layers (i.e., the contact
interfaces) and forms resin-rich interlaminar regions. In addition, the
formation of interlaminar resin areas is also favoured by fibre volume
fractions larger than 50% as carbon fibres are arranged in close proximity to
one another and impede the resin to infiltrate in between them [33], [201],
[202]. Hence, in the case of carbon fibre-based EB layers, a higher
concentration of resin at the contact areas leads to larger values of local

resistance at the contact points. In the case of UD CFRP, the contact
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performance is further diminished by the low transverse electrical
conductivity of this material, which does not allow the current to spread over
the entire interface surfaces, reducing the amount of local contact points. The
limitation in conduction capability of CFRP materials caused by both the
carbon fibres anisotropy and the presence of resin-reach interlaminar regions
is a well-known issue. Recent research has proposed various methods for
improving the electrical conductivity of CFRPs [33]-[35]. For this particular
case, the electrical contact behaviour might be improved by the dispersion of
conducting nanofillers within the epoxy matrix [36]-[39]. These particles
would reduce the local resistance at the contact points, as well as they would
enhance the transverse electrical conductivity. The latter would also facilitate
the current spreading on the spar contact surfaces in the case of UD EB.

Finally, past research shows that the contact resistivity of CFRPs decreases
with increasing temperatures [184]-[186]. Furthermore, this change appears
to be inversely proportional to the change in through-thickness electrical
conductivity of the bulk CFRP. For instance, a drop in contact resistivity of
~10-20% from 20 to 150 °C roughly corresponds to an increase of ~10-20% in
bulk through-thickness electrical conductivity [181], [182], [184], [185]. On
the other hand, this study considers the ambient temperature case in order
to investigate the scenario with the highest contact resistivity. As a result, the
Joule heating at the interface regions would be overestimated when ambient
temperature values of contact resistivity are implemented in FEM models to
predict the lightning current damage in the joint. Therefore, the use of
ambient temperature contact resistivities in numerical simulations should
mainly be limited to the identification of the damage onset and location, while

no exact information can be provided on the extent of damage.

3.4 Summary

This chapter presented an alternative approach to estimate the electrical

contact behaviour of complex joints such as equipotential connections used
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for wind turbine blades lightning protection. For such assemblies, the use of
the standard two-probe method alone results to be unsuccessful because of
the spreading effects in CFRP components and of the complicated geometrical
arrangement (the samples are encapsulated within insulating GFRP layers
representing the blade shell). In order to overcome them and determine the
contact resistance, the developed procedure combines experimental
measurements with FEM simulations.

The experiment was conducted at ambient temperature to assess the
electrical contact in the worst-case scenario, i.e., the case with the highest
electrical contact resistivity. The procedure showed good accuracy when
applied to three different EB materials, i.e., UD CFRP, BIAX CFRP, and ECF. The
observed uncertainties between the experimental and numerical total
resistances were within 10%. These discrepancies were due to the
assumptions and modelling strategies made in the FEM simulations. That is,
the initial ideal contact condition (to compute the bulk resistances of the
conducting parts) and the homogeneous electrical contact condition. Both ECF
and BIAX CFRP assured better contacts than UD CFRP thanks to their high in-
plane electrical conductivities (larger than 104 S/m). For all the assessed EB
materials, the contact resistance was reduced on the chamfered surfaces and
lower values of contact resistance were found as the chamfer angle was
decreased. This trend indicated that more contact points were established
between the EB layers and the chamfered layers of the spar.

Finally, it is known that the contact resistivity decreases with increasing
temperatures. As a result, the implementation of ambient temperature values
in FEM models to predict lightning current damage would lead to an
overestimation of the Joule heating at the bonding interfaces. Thus, the use
of ambient temperature contact resistivities should mainly be limited to

estimate the damage onset and location in the joint.



Chapter 4

Thermal Degradation of Epoxy Resin

In this chapter the Hexion epoxy resin system is subjected to TGA to
determine the degradation mechanisms responsible for voids formation and
sparks in EB joints and their reaction kinetics. The latter are needed in the
FEM simulations to model the thermal degradation process due to lightning
strike induced temperature profiles and predict the locations where sparks

might develop.
4.1 Experimental Procedure

4.1.1 Sample Preparation

The epoxy resin samples were obtained by curing the Hexion epoxy system
under vacuum. First, a flat mould was treated with 2-3 layers of release agent
to facilitate the de-moulding procedure. The Hexion RIMRO35c epoxy resin
was mixed with the Hexion RIMHO037 hardener at a 100:20 ratio as suggested
by the manufacturer, and then degassed for 30 min in a vacuum chamber. A
vacuum tube connected to a pump was placed in position to remove the air

from the mould. After the completion of the degassing, the resin was poured
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into the mould while simultaneously applying vacuum. Finally, the resin was

cured for 6 h at 70 "C [36]-[39] following the instructions of the manufacturer.

4.1.2 Characterisation of Polymer Thermal Degradation by TGA

The TGA experiment was performed using a Perkin ElImer Pyris 1 TGA analyser
[203], which is composed of (see Figure 4.1): a hang-down quartz wire; a
balance connected to the hang-down wire, which quantifies the weight of the
assessed specimen; a platinum sample pan hanged on the quartz wire; a
furnace where the degradation reaction occurs; and a thermocouple to
measure the temperature. The Perkin ElImer Pyris 1 TGA analyser can heat the
assessed sample from ambient temperature to 1,000 °C at a constant heating
rate that can range from 0.1 to 200 "C/min. In addition, the pyrolysis process
can take place in either oxygen or nitrogen environment [203], [204].
The TGA analyser was calibrated by a manufacturer technician before the
experiment. The assessed samples were subjected to the following heating
procedure:
e Isothermal at 60 °C for 2 min in nitrogen environment.
e Heating from 60 to 900 ‘C at a constant heating rate in nitrogen
environment.
e Isothermal at 900 °C for 30 min in air environment, to burn residues
and avoid blocking the device vents.
e End condition, i.e., cooling from 900 to 60 "C.

He Inlet

TGA
I

Heated Transfer Line =]

N R
Cl-mMs
: L

Transfer Line
[~ Inlet

I-TGA Furnace
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<«<—t Thermocouple
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Figure 4.1 - Schematic of the Perkin EImer Pyris 1 TGA analyser internal components [204].
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The above heating method was performed for the following heating rates: 0.2,
0.5,1,2,5,10, 20, 50, 100, 150, and 200 ‘C/min.

4.2 Modelling of Thermal Degradation

4.2.1 Arrhenius Equation

Although the pyrolysis process of cured epoxy resins is usually described as
an apparent single reaction, in reality, it develops into four different
mechanisms [159], [166], [167] (see Section 2.5.4). These are, hereafter,
abbreviated as follows: mechanism 1 (release of absorbed moisture),
mechanism 2 (dehydration reaction), mechanism 3 (allylic bonds), mechanism
4 (random scission).

Previous lightning protection studies [108], [161], or similar high heating rate
applications like polymer laser processing [205], [206], have modelled the

pyrolysis process through the Arrhenius equation:

4 .
da _Ea Egi
T = Al -1 e ®e = 3" A1 —a] ¢ 7T

i=1

Apparent single Deconvoluted reactions
reaction model model

4.1)
where % [1/s] is the degradation rate or reaction rate (speed of pyrolysis), A

[1/s] is the pre-exponential factor of the apparent single reaction, o(t) is the
degree of thermal degradation of the apparent single reaction, n is the
reaction order, E, [J/mol] is the activation energy of the apparent single
reaction, R [J/(mol-K)] is the molar gas constant, T, [K] is the temperature of
the apparent single reaction, A, [1/s] is the pre-exponential factor of the i-th
degradation mechanism, «(t) is the degree of thermal degradation of the i-th
degradation mechanism, E,; [J/mol] is the activation energy of the i-th
degradation mechanism, and T, [K] is the temperature of the i-th degradation

mechanism.
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The degree of thermal degradation of each mechanism is defined as [207]

4

a(t) = el = My D Y ait)

m,(to) — my, (1)’ A

(4.2)
where m,(ty) [kg] is the initial polymer mass, m, () [kg] is the instantaneous
polymer mass of the j-th degradation mechanism, and m,, ;(t,,) [kg] is the final

polymer mass of the i-th degradation mechanism.

4.2.2 Reaction Kinetics: Kissinger Method

The parameters E,, n, and A define the pyrolysis process and are called
reaction kinetics. In this study they were computed by the TGA and DTGA
curves using the Kissinger method [208]. It is a differential method based on
the fact that, for a given heating rate, the first time derivative of the TGA curve

(i.e., the DTGA curve) reaches a maximum at a certain temperature [209]:

In<%> = const — %T]—m

(4.3)
where g [K/s] is the heating rate and T,, [K] is the temperature at maximum
degradation rate.
The activation energy is the energy required for the degradation reaction
[208], [209]. It was determined from the slope of the linear plot given in
Equation (4.3) after measuring experimental values of T,, at different 5[208].
The reaction order expresses the degree of asymmetry of the DTGA curve
[208]. It was assumed equal to 1 when considering the deconvoluted
description of the degradation process. On the other hand, it was larger than
1 for the apparent single reaction description, and it was determined from the

tangents at the inflection points of the DTGA curve [208]:
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n=1.26 |-————Hex2

t=trjex 1

(4.4)

2
where r [%] is the mass fraction of the polymer, j—tzr [%/s?] is the second time

derivative of the mass fraction of the polymer, t..,, [s] is the time at the first
inflection point, and t.,.[s] is the time at the second inflection point.
The inflection points were found where the second time derivative of the
DTGA curve is zero [208], [210], [211]:
)t
q2\dt) =~ 98 ex1s UFlex2
(4.5)

where d—r [%/s] is the first time derivative of the mass fraction of the polymer

and — [//53] is the third time derivative of the mass fraction of the polymer.

The first, second, and third time derivatives were computed from the TGA
plots using OriginLab commercial software. To remove the experimental
noise, the first time derivative plots of the low heating rate procedures were
smoothed by the standard adjacent averaging method. The inflection points
and the second time derivative values at the inflection points were found
manually using the generated third and second time derivatives plots,
respectively.

Finally, the pre-exponential factor defines the rate at which the pyrolysis

reaction occurs and was found by [208]:

EqB
Ao RTZ, i
]+(n—])2RT e RTm

(4.6)
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4.3 Results and Discussion

4.3.1 TGA and DTGA Curves - Apparent Single Reaction Model

The TGA curves describing the epoxy thermal degradation process are shown
in Figure 4.2a for the assessed heating rates. Values of degradation onset
temperature, T,... [K], can be extrapolated from the TGA curves according to
the procedure reported in the ASTM E2550-17 standard [212]. They are given
by the intersection of the baseline (horizontal line) and the tangent line after
the degradation occurs [213]-[216]. On the other hand, the first derivative of
the TGA curves (see the DTGA curves plotted in Figure 4.2b) allows to
determine the temperature at maximum degradation rate. Both T, and T,
values increase with higher heating rates [102], [149], [160], as shown in

Figure 4.2.

4.3.2 TGA and DTGA Curves - Deconvoluted Reactions Model

The experimental DTGA curves have been deconvoluted into individual curves
representing the different degradation mechanisms (see Figure 4.3); similar
approaches have been employed in previous studies [217], [218]. The Voigt

shape has resulted in a better agreement between the convolution of the
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Figure 4.2 - Thermal degradation of epoxy resin: (a) TGA curves and (b) DTGA curves.
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Figure 4.3 - Deconvoluted reactions DTGA curves at: (@) 0.2 "C/min, (b) 5 °C/min, (c) 50 °C/min,
and (d) 200 °'C/min.

individual curves (red profiles) and the experimental DTGA curves (black
profiles), compared with other shapes such as Gaussian and Lorentzian.

As expected, the results show that the degradation process starts with either
mechanism 1 or 2, depending on the heating rate. It appears that mechanism
1 is only visible at heating rates above 5 °‘C/min, where its T, appears to be
~100 °C. This mechanism does not constitute an epoxy degradation reaction
per se, and its magnitude and/or presence might be situational and largely
affected by environmental factors. In view of these considerations, it has been
decided not to consider it when investigating the thermal damage in Chapter

6. Finally, Figure 4.3 shows that the majority of the mass loss is caused by
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mechanisms 3 and 4. However, mechanism 2 cannot be ruled out as a
potential degradation mechanism, although its contribution to the total
degradation is 2-3%. This is because even such a small amount of gas is
sufficient to introduce voids that separate the rotor blade current carrying

conductors and trigger sparks (see Section 6.3.3).

4.3.3 Degradation Reaction Kinetics

The degradation reaction kinetics, calculated by the Kissinger method
outlined in Section 4.2.2, are provided in Table 4.1 for both the apparent
single reaction and the deconvoluted reactions models. Although these
parameters were computed at low heating rates using a laboratory TGA
analyser, they are employed in Chapter 6 to model the resin pyrolysis process
caused by lightning temperature profiles, as done in similar studies [108],

[161], [205], [206].

4.4 Summary

The objective of this chapter was to study the thermal degradation process of
the Hexion epoxy resin system, a commercial resin used in wind turbine blade
manufacturing, to determine its reaction kinetics. The latter are implemented
in the FEM models to predict the thermal damage due to lightning
temperature profiles computed in the simulation.

Past studies have shown that polymers decompose into different mechanismes,

Table 4.1 - Degradation reaction kinetics for both the apparent single reaction and the

deconvoluted reactions models.

Reaction Kinetics Apparent Deconvoluted Reactions

Single Reaction Mech. 1 Mech. 2 Mech. 3 Mech. 4
Al1/s] 2.20+0.47 x10"” 13.11x10° 2.00x10" 4.76x10"™ 2.19x10"
n 1.17 £ 0.09 1 1 1 1

E. [kJ/mol] 185.78 64.86 137.36 188.06 200.22
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which develop at different ranges of temperature. However, the TGA analyser
assumes that the pyrolysis process develops through an apparent single
reaction described by an asymmetric DTGA curve. Thus, to derive the
degradation mechanisms and their reaction kinetics, the experimental DTGA
curves were deconvoluted into individual curves representing the different
mechanisms. The results showed that the pyrolysis process was initiated at
temperatures lower than expected by release of water molecules formed via
a thermally activated dehydration reaction (mechanism 2). However, the
majority of the mass loss was caused by the main degradation mechanisms
related to the scission of polymer chains (mechanisms 3 and 4). Finally, it was
noted that before any of those mechanisms occurs, water molecules in the
form of absorbed moisture might be released (mechanism 1). This mechanism
does not constitute an epoxy degradation reaction per se, and its magnitude
and/or presence might be situational and largely affected by environmental
factors. For this reason, it was decided not to consider it when investigating

the thermal damage in Chapter 6.
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Chapter 5

Numerical Modelling Framework of
Lightning Strikes to Wind Turbine
Blades

One of the objectives of this research project is to develop FEM models
capable of simulating the time-domain electromagnetic-thermal response of
wind turbine blades subjected to lightning strikes. In fact, the advantage of
the FEM is the capability of computing spatial current density distributions in
the rotor blade cross-section. This would allow the identification of high
current density and temperature regions at the EB interfaces, which might
lead to resin thermal degradation and sparking within the EB joint. To this
end, this chapter provides the methodologies for the numerical simulation of
such phenomena. A procedure is presented to inject the lightning impulse in
the rotor blade without imposing an integral constraint on the transport

current.
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Numerical Modelling Framework of Lightning Strikes to Wind Turbine Blades

5.1 Assumptions of the Modelling Framework

The following assumptions were made to model, by the FEM, the

electromagnetic-thermal response of wind turbine blades subjected to

lightning strikes:

As seen in the Literature Review, the rotor blade is composed of two
shells glued together. Since the geometries of the two shells are very
similar (see Figures 2.1 to 2.4), they are characterised by comparable
impedances. In such conditions, it is reasonable to assume that one
half of the lightning current distributes in the upper shell (i.e., in the
upper DC, EB, and spar), and the other half in the lower shell (i.e., in
the lower DC, EB, and spar). Thus, only half of the blade was modelled,
and the peak value of the injected current was halved.

It was assumed that the air termination system can withstand several
lightning strikes without experiencing any damage, in such a way that
most of the lightning energy is conducted through the receptor and
transferred to the DC (see [12] for the guidelines on receptor design).
Transmission line effects are neglected, which has previously been
shown to be a reasonable assumption [40], [43].

The displacement current density term was neglected in the
electromagnetic formulation since lightning strikes are low frequency
applications [130], [219]-[221]. For instance, at 800 kHz the
displacement current density in composite materials is smaller than
the conduction current density by 11 orders of magnitude along the
fibre direction and by 7 orders of magnitude along the through-
thickness direction.

As outlined in Section 2.4.2, for strongly non-uniform electric fields
generated by rapid voltage impulses like lightning ones, there is not
enough time to form a space charge and even the first electron
avalanche causes the complete breakdown. In such conditions, the

inception criterion of HV breakdown is E,..x = Epy_non-unif max- However,



Numerical Modelling Framework of Lightning Strikes to Wind Turbine Blades 89

the breakdown strength in non-uniform electric field conditions is not
known for typical rotor blade core materials (balsa wood, PVC foam,
PET foam, etc.) and needs to be characterised experimentally. On the
other hand, the breakdown strength of these materials in uniform
electric field conditions is known from literature values. Furthermore,
it was said that the breakdown strength is lower in uniform electric
field conditions than in non-uniform electric field conditions. Thus, the
former was assumed as breakdown inception criterion, E,ax = Epg_unifs
since it is more conservative.

e The heat transfer problem was solved by imposing a weak coupling
with the electromagnetic problem, that is, no dependence of the
electrical conductivity on temperature was considered. In fact, the
studies revised in the Literature Review have shown that CFRP spars
only conduct a small share of the total lightning current [21], [40], [42],
[T11], and low temperatures are found in the bulk CFRP spars. In
addition, the modelling approach employed in this project considered
ambient temperature contact resistivities (i.e., the scenario with
highest values), although past research has proven that the contact
resistivity of CFRPs decreases with increasing temperatures [184]-
[186]. This is a conservative choice as the Joule heat released at the
bonding interfaces and thus the temperature would be overestimated.
It follows that, if resin thermal degradation at the EB interfaces is not
predicted when considering ambient temperature contact resistivities,
then this would also be the case if temperature dependent values were
implemented. In this way a strongly coupled electromagnetic-thermal
formulation is avoided, which would drastically increase the
computational cost. However, since ambient temperature contact
resistivities overrate the Joule heating, it is simply possible to identify
the damage onset and location, whereas no exact information can be

provided on the extent of damage.
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5.2 FEM Model Formulation

5.2.1 Electromagnetic Field Diffusion

The electromagnetic field diffusion problem was computed by solving the
following set of equations, either in the time-domain or frequency-domain

according to the problem under study [86]:

Time-domain Frequency-Domain
dA ,
VXxH=J=0(-VV - — VX H=J=0(-VV — jwA)
dt
Vel =0
Vel =0

(5.1)
while the following relations are known:

{B=VXA
B=pu,u H

(5.2)
where Vx is the curl operator, H[A/m] is the magnetic field strength, A [Wb/m]
is the magnetic vector potential, j is the square root of -1, B[T] is the magnetic

flux density, and x4, [H/m] is the vacuum permeability.

5.2.2 Heat Transfer

The heat transfer problem was computed by solving for the heat transfer

equation [110]:

oT
p CPE +V o Qopg = Q.
(5.3)

where p Cpaa—: [W/m?3] is the time derivative of the internal energy per unit
volume, T [K] is the temperature, q_,,, = — kVT [W/m?] is the heat flux by

conduction, and Q,, [W/m?] is the Joule heat.
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The Joule heat due to the resistance of the individual blade components (i.e.,
DC, EB, and spars), as well as due to the contact resistance at the EB interfaces,
was computed in the electromagnetic problem and applied to the heat
transfer analysis through a weak coupling [190], [222]:
Qn=J-E

(5.4)
where E [V/m] is the electric field strength.
Finally, the Arrhenius equation given in Equation (4.1) was solved in the heat
transfer problem via a weak coupling, using the degradation reaction kinetics

presented in Table 4.1 and the temperature predicted at each time step.

5.3 FEM Boundary Conditions

5.3.1 Magnetic and Electric Insulation

An insulating volume surrounding the rotor blade is required in
electromagnetic analyses, which is the computational domain within which
the Ampére-Maxwell equation is solved. The outer boundaries of the
insulating volume act as a current return path, which is needed to ensure that
the current flows in a closed loop (see Figure 5.1) respecting the current
conservation law. The current return path was defined by assuming magnetic

and electric insulation at the insulating volume outer boundaries [190]:

Figure 5.1 - Current return path for the injected lightning current.
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{n x A=0
ne J=0
(5.5)
5.3.2 Electrical Contact
Electrical contact was modelled at the EB interfaces by assuming [190]
neJy=—(Vi=V2)
ne J,= —p]—C(Vz— Vi)
(5.6)

5.3.3 Lightning Transient Voltage

As said in Section 2.6.4, one of the major challenges when simulating
lightning strikes to rotor blades by the FEM is the injection in the model of
the lightning current, as it splits among different conductive paths of the
blade. Such lightning current redistributions are driven by both resistive and
inductive effects, that is, by both potential electric field and induced electric
field generated by the time-variable magnetic field. One way of predicting
them consists of solving the electromagnetic field diffusion problem when the
electric scalar and magnetic vector potentials are coupled through an imposed
integral constraint on the total transport current (i.e., the Heidler function). A
numerical solution of such a combined problem is complex for fast rising
currents such as lightning impulses and tests on commercial software
packages indicate that multiple iterations at each time step are required to
find consistent solutions. Moreover, the computational cost of such analyses
is even larger for high aspect-ratio structures like rotor blades, which require
fine meshes for accurate predictions. On the other hand, better convergence
and a smaller computational time would be achieved by imposing a transient
voltage boundary condition across the blade DC. This allows independent
calculations of the potential component of the electric field (and of the

associated current density) in the magnetic vector potential problem.
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However, such voltage waveforms are not known from lightning observation
studies and depend on the lightning current in a non-linear manner, i.e., they
cannot simply be scaled up and down from a single reference case.
Consequently, a numerical procedure was developed to compute the voltage

which drives the sought lightning current through the assessed structure.

The first step of the developed approach is to compute the spectrum of the
lightning current. In the second step, the electromagnetic problem is solved
in the frequency-domain to determine the voltage related to each component
of the lightning current spectrum. This can easily be completed since the
problem is linear at each fixed frequency, i.e., voltage and current are directly
proportional through the impedance. In the third step, the voltage
components are transformed back to the time-domain, obtaining the sought
transient voltage profile. Finally, the electromagnetic problem is solved in the
time-domain by applying the determined lightning voltage waveform as a
boundary condition. To accomplish this algorithm, the following input data
need to be known: the expression of the transport current to compute its
spectrum; and the geometry and material properties of the structure under
study to evaluate its impedance at different frequencies. As an example, in
the following paragraphs the lightning voltage waveform is computed when
considering the first positive short stroke current, the rotor blade geometry

given in Section 7.2.1, and the material properties listed in Appendix A.
Fourier Transform

The Heidler function given in Equation (2.6) is composed of two terms with
very different time coefficients: the rise term, which is a power curve; and the
decay term, which is the exponential decay. The Fourier integral of this
function cannot be analytically calculated, and the spectrum of the standard
lightning waveform can be determined by either numerical integration or the
discrete Fourier transform (DFT) [177], [223]. The latter is the preferred

method since it is more efficient when performed using the fast Fourier
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transform (FFT) algorithm, provided that the total number of samples is an
integer power of 2 [224].

The DFT converts a discrete time periodic signal (an array of time-domain
samples) into a sum of sinusoidal components (an array of frequency-domain
components) [224], [225]. Since the standard lightning current is a non-
periodic continuous function, it was first required to sample it. This was done
by choosing an appropriate sampling interval (time step), t.., [S], and number
of samples, N, to ensure that the sampling reflected the characteristics of the

lightning waveform. Then, the observation time, t, [s], was [224], [225]

t, = Ntstep
(5.7)
whereas the frequency points, f, [Hz], were defined as
k k
fk:t_s= Ntsy’ k=0,N—-1
(5.8)
where k is the frequency index (bin number).
The discrete spectrum of the Heidler function was given by:
N ' - o
=l €Ok = i€ 2N
m=0
(5.9)

where I [A] is the frequency-domain k-th current complex coefficient, I, [A] is
the magnitude of the k-th current complex coefficient, ¢, [rad] is the
argument of the k-th current complex coefficient, i, [A] is the time-domain m-
th current sample, and m is the time sampling index.

The total number of frequency components is equal to the number of time-
domain samples. According to the Nyquist Theorem [224], the frequency
bandwidth is half the sampling frequency, F, [Hz]. Thus, all the frequency
components larger than F,/2 are aliased when the signal is transformed back
to the time-domain. Therefore, when performing the DFT of non-periodical
signals, the sampling frequency must be chosen carefully to prevent

significant errors. In addition, special attention should be paid to [224]
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The selection of the sampling interval, which is chosen to represent the
high frequency components of the Heidler function. For this reason, at
least 20 time points need to be placed along the rising front. Such an
empirical approach allows to pass the “knee” on the current magnitude
plot given in Figure 5.2a, as well as to ensure that the magnitudes of
the aliased components are small enough to be ignored.

The number of samples, which defines t; as given in Equation (5.7) and
is chosen to capture the slow decaying tail of the Heidler function, i.e.,
the current i(t) should decay below 10 of its peak value. This is a very
conservative requirement and can be relaxed for lightning waveforms
that present shorter tails. However, such an excessive extension of the
observation time does not affect the computational time of the DFT
since it is performed using the FFT algorithm (FEM simulations are
instead stopped at 2 ms, which is the typical duration of a lightning
short stroke [12]).

An adequate representation of the first positive short stroke was achieved

when the sampling interval was 0.61 us, the number of samples was 32,768,

and the frequency bandwidth was ~800 kHz (see Figures 5.2a and 5.2b).
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Figure 5.2 - First positive short stroke current spectrum: (a) magnitude and (b) argument.
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Impedance Calculation: Frequency-Domain Electromagnetic Field

Diffusion Problem

Once the spectrum of the transport current was determined, the next step
was to predict the voltage spectrum (i.e., the voltage magnitude and phase
related to each frequency component of the current spectrum). This was done
by solving the electromagnetic field diffusion problem in the frequency-
domain using the FEM [190], [191] (see Section 5.2.1).

Selection of Frequency Components and Interpolation Strategy

As shown in the Fourier Transform paragraph, the typical spectrum of the first
positive short stroke current comprised 32,768 components. Solving the
electromagnetic problem (in order to predict the voltage components at given
frequencies) for all these components would be impractical, especially when
considering real blade geometries characterised by a high aspect-ratio.
Therefore, the electromagnetic problem was solved for a small set of
components only to reduce the computational time, while the remaining
voltage components were determined through interpolation.

The selection of the current frequency components for the electromagnetic
solution plays an important role in the overall accuracy of the procedure as it
might introduce significant errors during the interpolation process. First, the
electromagnetic problem was only solved for 133 components out of 32,768,
which were chosen in such a way as to cover the entire bandwidth of the
current spectrum (note that only a small number of components was selected
at high frequencies, see Figure 5.3). The corresponding voltage drops
predicted by the FEM were then cubic interpolated to determine the remaining
32,635 voltage components and thus the voltage spectrum (see Figure 5.4).
However, it was also required to know the phase (argument) of each voltage
component to obtain the required time-domain voltage waveform.
Consequently, a second component selection procedure was carried out to

determine the voltage phase at different frequencies. To do so, the
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approximately linear relationship between the current phase and frequency
(see Figure 5.2b) was exploited. More specifically, a set of frequencies was
chosen in such a way that they laid in all the branches of the bandwidth (see
Figure 5.5). That is, the selected components needed to be spaced by ~27
rad. In fact, if the selected points were spaced by more than 2z rad, then some
of the phase branches would be lost. After that, the electromagnetic problem
was solved for these frequencies (416 in total) and the corresponding voltage

phases are plotted in Figure 5.6 (blue points). Then, the frequencies
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at which the phase is minimum (-zrad) and maximum (z rad) were linearly
extrapolated (red crosses in Figure 5.6). The phases between the frequencies
of minima (-zrad) and maxima (zrad) were instead determined by linear
interpolation, which are given in Figure 5.7 (blue plot). As a comparison,
Figure 5.7 also shows the voltage phase obtained when solving the
electromagnetic problem in a time-domain computational analysis (red plot)

by imposing the transport current, i.e., the slow procedure. A good agreement
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was obtained between the two, with some discrepancies in the frequency
range of 250 and 600 kHz.

Time Dependent Voltage: Inverse Discrete Fourier Transform

Once all the frequency components of the driving voltage were found, the
voltage spectrum was transformed to the time-domain using the inverse

discrete Fourier transform (IDFT) [224]:

N-1 N-1
v(t,) =N ZRe (Vi &“ktm) = N ZRG[Vk eJPvk gioktm )
k=0 k=0

(5.10)

where v(t,) [V] is the time-domain voltage, t, [s] is the discrete time variable,
V, [V] is the frequency-domain k-th voltage complex coefficient, V,[V] is the
magnitude of the k-th voltage complex coefficient, and ¢, [rad] is the
argument of the k-th voltage complex coefficient.
The resulting time dependent voltage profile for the first positive short stroke
case is depicted in Figure 5.8. This was finally applied as a time dependent
boundary condition to solve the electromagnetic problem in the time-domain
(see Section 5.2.1) and compute the associated current distribution within the
blade conductors [190], [191].
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Figure 5.8 - First positive short stroke: voltage waveform.

Overall, the developed procedure was approximately two times faster than
the time-domain computations with the imposed transport current. The
expected time savings are even greater when different lightning impulses
need to be analysed, e.g., first positive short stroke, first negative short
stroke, and subsequent short stroke. In this case the expected gain for the
whole analysis would be a factor of six since the calculation of the frequency
dependent impedance, which is the most time-consuming part of the

procedure, would need to be performed only once.

5.3.4 Convective Heat Flux

Convective heat flux was assumed at the rotor blade outer boundaries in
contact with the ambient [110], [226]:
- q.,,= h(Tee —T)
(5.11)

where q... [W/m?] is the convective heat flux, h [W/(m?K)] is the heat transfer
coefficient, and T, [K] is the ambient temperature. The air heat transfer

coefficient was equal to 25 W/(m?K) [226].
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5.3.5 Thermal Radiation

Thermal radiation was assumed at the rotor blade outer boundaries in contact
with the ambient [110], [226]:

1+ g = o The— T)
(5.12)

where q,., [W/m? is the radiative heat flux, ¢ is the emissivity, and o
[W/(m?K*] is the Stefan-Boltzmann constant. The emissivity of CFRP, GFRP,
and copper surfaces were equal to 0.9 [161], [227], [228], 0.85 [227], [229],
and 0.03 [230], respectively.

5.4 FEM Implementation

The modelling framework was implemented in COMSOL Multiphysics 5.5
using the following three built-in modules: the electric currents, the magnetic
fields, and the heat transfer in solids. The backward differentiation formula
(BDF) was employed for time-stepping, while the linear algebraic equations
were solved by the MUMPS direct solver. The considered physics were
independently solved by a segregated approach, which improved the
numerical convergence and stability, reducing the computational time. The
employed desktop computer was equipped with Intel Core™ i7-6700 @ 3.4
GHz CPU, 16.0 GB RAM, and NVIDIA GeForce GTX 1050 graphics card.

To improve the convergence of the FEM solution and reduce the
computational time, it is suggested to assign a small, but non-zero, electrical
conductivity to the insulating volume [190], [191]. It is recommended that this
value is at least 2 orders of magnitude smaller than the lowest electrical
conductivity of the conductors. The electrical conductivity of the insulating
volume was varied from 1x10“ to 1x107" S/m to study its impact on the
solution accuracy when implementing the rotor blade presented in Section

7.2.1 subjected to the subsequent short stroke current. Figure 5.9 shows that
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Figure 5.9 - Maximum electric potential as a function of the insulating volume electrical

conductivity.

no significant change in maximum electric potential at the blade tip was
observed below 1x10* S/m, which was chosen as the electrical conductivity

of the insulating volume.

5.5 Summary

This chapter presented the numerical modelling framework to simulate the
behaviour of wind turbine blades under lightning strikes. The developed FEM
models solve the electromagnetic field diffusion problem since existing
literature showed that transmission line effects can be neglected for wind
turbine blade lightning strike problems. The displacement current density
term was disregarded in the Ampére-Maxwell equation as lightning strikes are
low frequency applications. To improve the convergence and reduce the
computational time, lightning currents were injected in the models by
imposing voltage boundary conditions. The latter are not known from field
observation studies and thus they were computed by a procedure that
combines Fourier transform with frequency-domain FEM simulations.

In addition, the FEM models solve both the heat transfer and Arrhenius
equations to predict temperature distributions and thermal damage in EB

joints. This was done by imposing a weak coupling between electromagnetic
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and thermal problems, i.e., no dependence of the electrical conductivity on
temperature was considered. In fact, previous studies showed that CFRP spars
only conduct a small share of the total lightning current and low temperatures

are found in the bulk CFRP.
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Chapter 6

Validation of the Numerical Modelling
Framework

The aim of this chapter is to establish whether the numerical modelling
framework presented in Chapter 5 can replicate the reality and thus support
the design phase of EB systems. To do so, the FEM models are validated
against high-current test data in terms of current and temperature
distributions. Moreover, if thermal damage and sparks are observed, it needs
to be verified that the numerical models can predict high values of current

density and temperature at the sparking areas.

6.1 Conducted Current Test

The conducted current test was performed by the industrial sponsor of this

project, Nordex Energy GmbH, according to the IEC standard procedures [12].

6.1.1 Test Sample

The geometry of the assessed blade tip sample (arrangement and dimensions)
is shown in Figure 6.1 and represents an airfoil shell section of a 70 m wind

turbine blade. It was composed of a 25 mm? copper braid (LPS DC) in parallel

105
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to a pultruded UD CFRP spar. The latter presented chamfered surfaces for
mechanical purposes (note that the dimensions of each spar pultruded
profile, i.e., width, thickness, length, and chamfer angle, are not given for
confidentiality reasons. However, the overall dimensions of the spar are
provided). The two conductors were electrically connected throughout the
sample length (continuous-bonding configuration) by two layers of BIAX CFRP.
To be consistent with the real blade structure, PET foam was placed between
the DC and spar as a core material. In addition, the whole system (i.e., spar,
DC, EB, and PET foam) was encapsulated within two layers of BIAX GFRP
representing the blade shell (one placed on the top and one on the bottom of
the sample). The sample was cured for 6 h at 75 'C following the VARTM
manufacturing procedures [13]-[16]. Finally, the test sample impedance was

not comparable to the full blade one since the specimen represented the blade

| 4000
%

800 | 350 |

Tip end Root end
3 | Section 0-0 All dimensions in mm
P 3
& S Shell inner layer [l pown conductor

1.6

[l uD CFRP primary spar
. BIAX CFRP equipotential bonding

PET foam core material
[ B1AX GFRP shell

Shell outer layer

Figure 6.1 - Wind turbine blade sample under testing (not to scale). In the top view, both the

shell inner layer and the top EB layer were intentionally omitted to show the DC and spar.
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tip only. Thus, copper bars were bolted to the sample root end to account for

the impedance of the remaining blade section that was not manufactured.

6.1.2 Test Current

The test current was the first positive short stroke (see Figure 6.2), having

time parameters t; = 10 us and t, = 350 us, and peak current /, = 125 KA.

6.1.3 Test Setup

The test setup is shown in Figure 6.3, in which it is visible the test sample,
the generator, the return cage, and the measuring apparatus. The latter
included: four Rogowski coils (indicated by red circles in Figure 6.3) and two
oscilloscopes to measure the current split between the DC and spar at
different sample locations; four cameras to collect sample pictures; and an IR
camera (with an acquisition frequency of 12.5 Hz) to record the sample
temperature. The specimen was connected to the generator and return cage

through copper bars.

6.1.4 Test Conditions

The test was conducted at a temperature of 16.6 ‘C and with a relative
humidity of 50%.
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Figure 6.2 - Conducted current test: injected current.



108 Validation of the Numerical Modelling Framework

& Return cage
Genera}tor | s
|

Crow bar |

| “ Rbgowski coils

N ¥
: o d
- 8 [ VAN

Oscilloscope B V' “

Camera 3

4450 |

3400 Y (Chord axis)

| 1800

900

PU—— )
X (Longitudinal axis)

Rogowski coil
Down conductor current 1

Rogowski coil
Down conductor current 2

Crowbar

—)

Im/eued

100

Rogowski coil Rogowski coil
Spar current 1 Spar current 2
(spar thickness = 15 mm) (spar thickness = 20 mm)

All dimensions in mm

Figure 6.3 - Test setup of the conducted current test. Both the inner and outer layers of the

shell were intentionally omitted to show the sample conductors.

6.2 FEM Modelling

6.2.1 Geometry and Material Properties

The geometry of the FEM model is shown in Figure 6.4. To facilitate the
meshing procedure, the EB layers 45° cuts at the tip and root ends were
disregarded. The return cage used in the test needed to be implemented in
the FEM model as a return path to obtain a comparable impedance and be

consistent with the test. Thus, the blade sample was placed within a
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computational domain (insulating volume) of size 0.6 x 1.8 x 4.45 m?>. Finally,

the material properties of the sample components are given in Appendix A.

6.2.2 Lightning Voltage Waveform

The test current given in Figure 6.2 was injected in the FEM model by applying
a voltage across the DC inlet (current injection end) and outlet (grounded
end), as shown in Figure 6.4. The applied lightning voltage waveform is given

in Figure 6.5 and was obtained by the procedure presented in Section 5.3.3.

6.2.3 Mesh

The FEM model was meshed by hexahedral elements, which is the suggested
finite element type for electromagnetic-thermal problems [231]-[233]. The
hexahedral elements were obtained by the mapped and swept built-in
features of COMSOL Multiphysics 5.5. In addition, boundary layers [191] were
employed to reproduce the crowding (skin) effect in the DC [234] as well as
to capture non-uniform current density distributions around the EB interfaces

due to the CFRP anisotropy. A mesh convergence study (see Figure 6.6)

EB and shell

Viightni
ghtning
N\

Figure 6.4 - FEM geometry and mesh (the insulating volume is intentionally hidden).
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Figure 6.5 - Voltage waveform used in the FEM model to inject the test current.
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Figure 6.6 - Mesh convergence study.

was conducted to ensure that the solution was mesh independent. The
minimum and maximum number of elements in the blade longitudinal
(sweep), transverse, and through thickness directions were 1 and 4, 1 and 6,
and 1 and 13, respectively. The final mesh consisted of ~97,170 hexahedral

and boundary layer elements (see Figure 6.4).

6.3 Results and Discussion

6.3.1 Lightning Current Distribution within the Blade Conductors

The FEM simulation is capable of predicting the overall lightning current split

between the blade conductors at different locations (see Figures 6.7ato 6.7e).
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The FEM currents are obtained by integrating the current density over the
conductors’ cross-section at the x-coordinates given in Figure 6.3, indicating
the locations of the Rogowski coils. The spar cross-sections at the specified
x-coordinates can be derived from the overall spar width and thicknesses
provided in Figures 6.1 and 6.3, respectively. As shown in Figures 6.7a to
6.7e, an excellent agreement is found between the test measurements and
FEM predictions, with negligible deviations in terms of peak current and
specific energy due to geometrical approximations. The results show that
during the rise front the lightning current is mainly conducted by the spar
because of its low inductance, whereas during the slow decay front the
lightning current mainly flows through the DC due to its low resistance. In
addition, Figure 6.7f illustrates how the peak current, measured by the
Rogowski coils (see locations in Figure 6.3), is redistributed along the DC and
spar. It is observed that the current leaves the spar and returns to the DC
gradually along the sample length. More specifically, the peak of the current
flowing in the middle of the spar (Spar Current 1) is 75% of the injected current
peak, while it reduces to 65% at the end of the fourth chamfer profile (Spar
Current 2). This means that 10% of the current is diverted back to the DC.
Furthermore, the peak current in the DC at the root is 47% of the total, which

means that an additional 12% leaves the spar for the DC at the root end.

High current density areas are predicted at x = 3.4 m (position of the spar
first pultruded profile) around the bonding interfaces (see Figures 6.8 and
6.9). The high current density area at the EB-Spar interface is found where the
current enters the spar first pultruded profile and might be due to the large
spar chamfer angle. The high current density region at the DC-EB interface is
instead caused by the crowding effect in the DC, which reduces the contact
area established with the EB layers required to divert the current to the spar.
These areas might lead to high temperatures and thermal damage due to
Joule heating (note that only the conduction current density is modelled, while

the displacement current density is neglected as outlined in Section 5.1).
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Figure 6.8 - FEM simulation: high current density areas with electrical contact formulation (at

x = 3.4 m and at the time instance of maximum current density).

Finally, no significant difference in terms of overall current split is observed
in Figure 6.7 when simulating the test with electrical contact resistivities
implemented at the bonding interfaces (blue curves) and without, i.e., ideal
contact is assumed (red curves). This is expected as the resulting contact

resistances are between 2 and 4 orders of magnitude smaller than the overall
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Figure 6.9 - FEM simulation: high current density areas with ideal contact formulation (at x =

3.4 m and at the time instance of maximum current density).

sample impedance. On the other hand, the implementation of the electrical
contact affects the current density distribution in the EB joint cross-section.
More precisely, the maximum value of current density increases by a factor of
2.5 at the EB-Spar interface and by a factor of 2 at the DC-EB interface when

modelling the electrical contact (see Figures 6.8 and 6.9).
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6.3.2 Temperature Distribution within the Blade Conductors

The temperature distributions within the rotor blade sample predicted by the
FEM simulation are depicted in Figures 6.10 to 6.12. The maximum
temperature within the spar is found at x = 3.4 m and does not exceed 90 °C
(see Figure 6.10). This is due to the fact that the spar conducts the lightning
current for a short interval [21], [40], [42], [111], as well as because the test
sample presents EB layers over the spar chamfered surfaces. This allows the
current to be injected through the entire spar cross-section, which reduces
the Joule heating due to the CFRP anisotropy. As the spar maximum

temperature is considerably below the temperature dependence range of
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Figure 6.10 - FEM simulation: (a) temperature distribution in the spar with electrical contact
formulation (at x = 3.4 m and at the time instance of maximum temperature) and (b) maximum

temperature as a function of time in the spar with electrical and ideal contact formulations.
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Figure 6.11 - FEM simulation: (a) temperature distribution at the EB-Spar interface with
electrical contact formulation (at x = 3.4 m and at the time instance of maximum temperature)
and (b) maximum temperature as a function of time at the EB-Spar interface with electrical and

ideal contact formulations.

CFRP electrical and thermal conductivities [100], [103], [105]-[108], the weak
coupling between the electromagnetic and heat transfer problems is a valid
approach to model lightning strikes to wind turbine blades. On the other
hand, large temperatures are achieved at the bonding interfaces in the area
around x = 3.4 m because of high current density areas, as seen in Figure 6.8.
More specifically, a peak temperature of ~1,730 °C is achieved after ~33 pus at
the EB-Spar interface (see Figure 6.11), whereas a peak value of ~3,440 "C is
observed after ~34 us at the DC-EB interface (see Figure 6.12). After 38 s, the
sample has cooled down and its temperature has approximately returned to

ambient value.



Validation of the Numerical Modelling Framework 117

Time=3.3972E-5s Surface: Temperature (degC)
x107 | ' ‘ ' ' { x10%
m
3
2.5
(12
1.5
1
0.5
0.074 0.075 0.076 0.077 0.078 0.079 m
(@)

T T T T T T
—=—DC-EB Interface Temperature - FEM
——— DC-EB Interface Temperature - FEM Ideal Contact

3000

2000 |

Temperature [°C]

1000

OF ¢ 1 1 1 1 1 .
0.000 0.001 0.002 0.003 0.004 0.005
Time [s]

Figure 6.12 - FEM simulation: (a) temperature distribution at the DC-EB interface with electrical
contact formulation (at x = 3.4 m and at the time instance of maximum temperature) and (b)
maximum temperature as a function of time at the DC-EB interface with electrical and ideal
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The temperature distribution on the external surface of the sample (i.e., the
GFRP shell inner layer) was recorded during the test through the IR camera.
The results show that the temperature peak is attenuated and delayed
through the shell compared with the temperature peak at the EB interfaces.
For instance, a maximum value of ~32 "C is achieved after 1.7 s at the shell
inner layer (see Figure 6.13). Such a long delay is due to the low diffusivity of
GFRP materials, which is equal to 2.5x107 m?/s in the through-thickness
direction. Hot areas at the shell inner layer are located between the DC and
spar and along the edge of the first pultruded profile where the lightning

current enters the spar (see Figure 6.13a). A good correlation is found with
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the FEM simulation regarding the temperature distribution in these regions of
the sample (see Figure 6.13b), although slight differences are noticed. For
instance, the size of the hot area between the DC and spar (i.e., the red area

in Figures 6.13a and 6.13b) is slightly smaller in the simulation (see Figure
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Figure 6.13 - Temperature results on the shell inner layer at the tip end: (a) temperature
distribution observed in the test, (b) temperature distribution predicted by the FEM simulation

with electrical contact formulation, and (c) maximum temperature as a function of time.
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6.13b) than in the test (see Figure 6.13a). This may be due to the sparking
events occurring in this area (see Section 6.3.3). The formation of voids and
sparks may modify the contact area, which causes the current to spread over
a larger area when it diverts towards the spar. The change in contact resistivity
due to the sparks is not known and thus not implemented in the FEM model.
In addition, the simulation predicts slightly higher temperatures in the region
between the DC and spar (see Figure 6.13¢). In fact, both the peak
temperature at 1.7 s and the temperature at 38 s are slightly overestimated
by ~1 ‘C in the FEM simulation. This is caused by two other numerical
assumptions. The first one is made when modelling the epoxy degradation
(see Section 6.3.3) since the change in system enthalpy due to the phase
change is neglected, which would dissipate part of the Joule heat. However,
the increase in the solution accuracy thanks to its implementation would not
justify the significant growth of the computational time. The second one is
represented by the employed contact resistivity values since they have been
determined by room temperature tests, while it is known that the contact
resistivity decreases with increasing temperatures [184]-[186]. Despite the
approximations and assumptions mentioned above, the overall FEM
computations of heat release and temperature are accurate as the predicted

hot regions correspond to the ones measured experimentally.

Finally, note that much lower temperatures are achieved at the EB interfaces
if ideal contact is assumed, e.g., up to ~465 °C at the EB-Spar interface (see
Figure 6.11b) and ~930 °C at the DC-EB interface (see Figure 6.12b). In
addition, major temperature disagreements are also found, with ideal contact,
at the shell inner layer, where the heating and cooling profiles are noticeably
different compared with the test observations (see Figure 6.13¢). These
discrepancies are expected as lower values of current density are achieved
when considering the ideal contact formulation, as seen in Section 6.3.1.
Therefore, it is essential to model the electrical contact at the EB interfaces in

order to achieve accurate current density and temperature distributions.
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6.3.3 Thermal Damage: Sparking and Delamination

Figure 6.14a depicts the test sample during the conduction of the simulated
lightning current, as well as the positions of the sample components (the
dashed lines indicate that the component is encapsulated within the GFRP
shell). As shown in the figure given above, sparks have been observed at the
sample tip end. They have developed along the DC edge on the spar side (no.
1) and along the edge of the first pultruded profile where the lightning current

Time = 34 ps Down conductor

Shell

(@

(b)

Figure 6.14 - Conducted current test: (a) sparking locations during the test and (b)
delamination, after the test, between the inner surface of the GFRP shell outer layer and the

BIAX EB layer, which is visible thanks to the transparency of GFRPs.
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enters the spar (no. 2). In addition, a delamination of ca. 26.1x8.5 mm? has
been observed in area no. 1 (see Figure 6.14b) below the sample surface. It
occurs at the interface between the BIAX EB layer and the inner surface of the
GFRP shell outer layer in the vicinity of the DC. This delamination is visible
thanks to the transparency of GFRPs, and is most likely caused by the
excessive heating at this location (see Figure 6.12) and by the thermal

expansion mismatch between copper and composite materials [235], [236].

The sparks and delamination observed in the test are located above the DC-
EB and EB-Spar interfaces in the area around x = 3.4 m. That is, where high
current densities (see Figure 6.8) and temperatures (see Figures 6.11 and
6.12) are found within the sample cross-section. By solving the Arrhenius
equation in the FEM model (see Section 5.2.2) using the thermal degradation
kinetics and the temperature predicted at each time step, the degree of
thermal degradation is computed. The results indicate the occurrence of
polymer degradation at both DC-EB (see Figure 6.15) and EB- Spar (see Figure
6.16) interfaces in the area around 3.4 m, i.e., where sparks have been
observed. More precisely, Figure 6.15 shows that sparking area no. 1
coincides with the red area (i.e., 0.9 < ¢; < 1) of both mechanisms 3 and 4. On
the other hand, polymer degradation is predicted near sparking area no. 2 for
mechanism 2 only (see Figure 6.16), as the temperature in this area is below
the onset temperatures of mechanisms 3 and 4 (note that the temperature in
area no. 2 is 800-1,000 °C, while the 1,730 °C peak is achieved on the EB
vertical layer only, see Figure 6.11). In other words, the degradation in
sparking area no. 2 would not be predicted if the apparent single reaction
approach (i.e., all mechanisms summed together) was used, which would
contradict the test observations. Considering these results, it is therefore
concluded that sparking phenomena triggered at the EB interfaces of wind
turbine blades during lightning strikes are thermally activated. That is, epoxy
degradation due to high temperatures results in formation of gas filled voids,

which separate the current carrying conductors and trigger sparks [27], [28].
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Surface: Degree of thermal degradation, Mechanism 3

Surface: Degree of thermal degradation, Mechanism 4

Figure 6.15 - FEM simulation: polymer thermal degradation at sparking area no. 1.
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Figure 6.16 - FEM simulation: polymer thermal degradation at sparking area no. 2.

The results presented in Sections 6.3.2 and 6.3.3 answer one of the two EB
design open questions identified in both the Introduction and Literature
Review. That is, the bulk CFRP spar can withstand lightning currents since it
only conducts a small share of it, whereas thermal damage can develop at the

EB interfaces because of high contact resistances.

6.4 Summary

This chapter validated the numerical modelling framework presented in
Chapter 5 against simulated lightning current tests, to evaluate its capability
of assisting in the design of rotor blade EB connections. Lightning damage to
modern wind turbine blades typically develops at the LPS EB interfaces. Such
regions present resin-rich areas that lead to high-current densities and
temperatures, with consequent resin thermal degradation and sparking

events.
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It was shown that numerical simulations are effective tools to study the
thermal damage at the considered EB interfaces. In fact, the proposed FEM
model predicted high current densities and temperatures at the sparking
locations, which allowed a qualitative estimation of potential thermal
degradation areas upon the solution of the Arrhenius equation. The
predictions of high temperature and thermal degradation at the sparking
locations indicated that the damage is thermally activated. That is, high
temperatures cause epoxy pyrolysis, leading to voids formation, separation
of the blade current carrying conductors, and inception of sparks. In addition,
the results revealed that this is true even when the amount of mass converted
into a gas fraction is as little as 2-3%, as in the case of mechanism 2. In fact,
the latter was the only degradation mechanism predicted at sparking area no.
2, which would not be captured if the apparent single reaction description
was used. On the other hand, the bulk CFRP spar could withstand the lightning
current without experiencing thermal damage. These results answered one of
the two EB design open questions identified in both the Introduction and
Literature Review, i.e., EB joints can experience thermal damage under
lightning currents, whereas the bulk CFRP spar can safely conduct them.

Finally, it was shown that the FEM formulations with and without the contact
resistivities at the bonding interfaces did not present any significant variation
in terms of lightning current split between the blade conductors. However,
major differences were found between the two formulations in terms of local
current density and temperature distributions, e.g., peak temperatures were
up to 4 times smaller in the ideal contact formulation. Therefore, it is essential
to implement the electrical contact in FEM models in order to compute
accurate current density and temperature distributions and design reliable EB

solutions.



Chapter 7

Electromagnetic-Thermal Behaviour of
a Wind Turbine Blade Equipped with EB
Joints

As said in both the Introduction and Literature Review, two crucial questions
on the design of wind turbine blade EB connections have remained
unanswered for several years, that is: whether CFRP spars and EB joints can
withstand lightning currents without experiencing thermal damage and how
equipotential connections should be designed. The first question was
answered in Chapter 6, which showed that EB joints can experience thermal
damage under lightning currents, whereas the bulk CFRP spar can safely
conduct them. On the other hand, this chapter provides guidelines and
suggestions on the implementation of EB connections to help answering the
second open question. To do so, the FEM methodology presented in Chapter
5 is employed to investigate the electromagnetic-thermal behaviour of a 50
m rotor blade when equipped with different EB materials, which are ECF, BIAX
CFRP, and UD CFRP. The blade is first subjected to the subsequent short
stroke current to predict the electric field distribution and determine the

minimum number and length of the bonding points. After that, the blade
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equipped with the EB concepts established in the previous step is subjected
to the first positive short stroke current to propose the best practises for the
control and minimisation of the temperature at the EB interfaces. Note that
this chapter is not intended to provide any final EB design to be implemented
in rotor blades as it would require high-current test validation in order to get
the IEC 61400-24:2019 standard certification [12].

7.1 EB Design Procedure

Typically, the design procedure of EB systems develops into two main steps
(see Figure 7.1). First, it is required to solve the electromagnetic problem
when the blade is subjected to the subsequent short stroke. In fact, the latter
is the impulse that presents the largest rate of rise of current (200 kA/us) and
that results in the highest electric field distribution along the blade (see
Section 2.6.1). In this step the prevention of internal flashovers dictates the
number and length of EB connections, which are gradually introduced in the

blade structure to minimise the increase in blade weight. If the computed

electric field is smaller than the insulating material breakdown strength at all

EB concepts
resulting from
flashover analysis

Introduce EB patches
gradually Solve electromagnetic-
thermal problem for first

positive short stroke

Solve electromagnetic
problem for subsequent
short stroke

|

Electric field distribution
results

Is the maximum electric
field higher than the
breakdown strength of the
insulating material?

Current density and
temperature distribution
results

Do the predicted
temperatures cause resin
thermal degradation?

Modify EB concepts and

recompute electr -
thermal problem

Figure 7.1 - Flowchart of the EB design procedure.
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the blade locations, then the EB configuration can avoid flashovers. If not, the
length and/or number of EB patches are increased and the electric field
recomputed until it is below the insulation breakdown strength.

The EB concepts resulting from the first step, i.e., the flashover risk analysis,
are then used as input designs for the second step, i.e., the current and
temperature distributions analysis. The impulse considered in this step is the
first positive short stroke as it generates the largest amount of Joule heating
because of its high specific energy (see Section 2.6.2). The arrangement,
length, and/or number of EB patches are gradually modified until the

predicted temperatures are below the degradation onset temperature.

7.2 FEM Modelling

7.2.1 Wind Turbine Blade Geometry and Material Properties

The geometry of the 50 m rotor blade shell is shown in Figure 7.2, while its

dimensions are summarised in Table 7.1. It was composed of a 40.1 m UD

X (blade longitudinal axis)
40.2 50

[l Down conductor
Y (blade chord axis)

[ Primary spar (UD CFRP)
Secondary spar (UD CFRP/GFRP)
Section P-P Il Equipotential bonding
E Core material (PET foam)
[ shell (BIAX GFRP)

Figure 7.2 - Arrangement of the blade conductors (not to scale). The shell layers and the core

material were intentionally omitted in the top view to show the DC, spars, and EB layers.
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Table 7.1 - Wind turbine blade dimensions. The width and length of the EB layers vary

according to the assessed EB solution.

Primary spar

Width [mm] 400
Thickness [mm] 0.828-27.32
Length [m] 40.1
Primary spar - DC distance [mm] 30
Secondary spar
Width [mm] 310
Thickness [mm] 0.818-28.63
Length [m] 35
Secondary spar - DC distance [mm] 62(Tip)-1,292(Root)
EB

Width [mm] Variable

UD CFRP 0.717
Thickness [mm] BIAX CFRP 0.214

ECF 0.35
Length [m] Variable

DC

Width [mm] 22.8
Thickness [mm] 2.2
Length [m] 50
Cross-section [mm?] 50

Core material

Width [mm] 113(Tip)-1,307(Root)

Thickness [mm] 29.3

Length [m] 35.75
Shell

Width [mm] 925(Tip)-2,160(Root)

Thickness [mm] 0.688

Length [m] 50.4

CFRP primary spar and a 35 m UD CFRP/GFRP secondary spar with variable
thickness, as they presented chamfer profiles (see Figure 7.3). Both the
primary and secondary spars were connected to the DC by EB layers (see
Figure 7.2), which were made of UD CFRP, BIAX CFRP, or ECF. The DC was
made of copper and its cross-section was 50mm?, as specified in the IEC
61400-24:2019 standard [12]. Finally, the material properties of the blade

components are given in Appendix A.
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Figure 7.3 - Variation of primary and secondary spars thickness as a function of the blade

position, and different contact regions.

7.2.2 Size of the Insulating Volume

The wind turbine blade structure was placed within a computational domain
(insulating volume) of size 4 x 4 x 40.2 m® The outer surfaces of the
insulating volume acted as a current return path, as defined by the boundary
conditions given in Equation (5.5). The size of the return path is a key factor
for the computation of the system total inductance, which is the main
contributor to the voltage drop across the rotor blade and is given by:

Lror = Lg ape + Lrr — 4MprapERP
(7.1)
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where L, [H] is the total (loop) self-inductance of the system composed of
the rotor blade and the return path, Lg.. [H] is the partial self-inductance of
the blade, Ly [H] is the partial self-inductance of the return path, and M;_ ez
[H] is the mutual inductance between the blade and return path.

The mutual inductance Mg, and thus L., depends on the distance
between the blade conductors and return path [237], [238]. More specifically,
if this distance grows M; ..z decreases and thus Ly, increases, and vice versa
[85], [237]-[239]. As said in Section 6.2.1, for simulations of lightning current
tests the return path needs to be as large as the return cage used in the test
to obtain a comparable impedance and consistent results. However, lightning
strikes to wind turbine blades are not characterised by a finite return path, as
the closed path for the current is cloud-wind turbine-ground-cloud. Therefore,
infinite elements were employed in the insulating volume, which stretch its
boundaries to an almost infinite distance from the blade, increasing the size
of the return path (and thus the system total inductance). For instance, an
increase of ~15% in maximum electric potential at the blade tip was observed

when using infinite elements.

7.2.3 Mesh

The main domains (the orange area and the blade structure depicted in Figure
7.4) were meshed using hexahedral and boundary layer elements. On the
other hand, infinite elements [190], [191] were placed on the outer layer of
the insulating volume (violet area in Figure 7.4), which is the infinite element
domain (IED).

A two-step mesh convergence study was conducted to ensure that the
solution was mesh independent. In the first step, the number of elements was
increased in the main domains only while keeping the number of infinite
elements along the IED thickness equal to 5 [191], until convergence was
achieved (see Figure 7.5a). The minimum and maximum number of elements

in the blade longitudinal (sweep), transverse, and through thickness
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directions were 1 and 5, 1 and 20, and 1 and 10, respectively. In the second
step, the number of infinite elements along the IED thickness was increased
from 5 to 400, while keeping the number of elements in the main domains
constant (which was determined in the previous step). Convergence was
reached when employing 20 elements along the IED thickness, as shown in
Figure 7.5b. The final mesh consisted of ~150,000 infinite, hexahedral, and

boundary layer elements (see Figure 7.6).

Insulating volume side 4

IED thickness

Figure 7.4 - Cross-section view of main and infinite element domains.
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7.3 Results and Discussion

7.3.1 Electromagnetic Problem: Flashover Risk Analysis

The results of the flashover risk analysis are given in Figures 7.7 to 7.18 for
the three assessed EB materials, i.e., ECF, BIAX CFRP, and UD CFRP (see Section
7.2.1). For each EB material, three different bonding configurations are
assessed, which differ in terms of number and length of EB patches. Such
concepts are shown in Figures 7.7, 7.11, and 7.15, together with the locations
(numbers and lines in violet, light blue, and green) where the transverse
component of the electric field, E, [V/m], is maximum. For instance, in the
case of ECF EB configuration 1, values of maximum transverse electric field,
E, o [V/M], are found at x =35 m, x=4.45 m, and x = 27.3 m. Note that this
work only considers HV breakdown of the insulating material between the
blade conductors, as it would cause severe structural damage to the blade.
On the other hand, surface flashovers in the cavity of the rotor blade are not

studied since they would cause minor or no damage at all.

The distributions of E,in the gaps between the blade conductors (i.e., along
the violet, light blue, and green lines in Figures 7.7, 7.11, and 7.15) show that
the electric field is strongly non-uniform for almost all the considered EB
configurations (see results in Subfigures ¢, d, and f). As expected, E, is
maximum near the conductors since the latter are very thin and sharp,
whereas it approximately tends to E,.., in the middle of the gap. As seen in
Section 2.4.2, for rapid voltage impulses like lightning ones even the first
electron avalanche causes the complete breakdown once the inception
criterion is satisfied [89], [95], [96]. To account for the most conservative
scenario, the inception criterion is Ep,;x = Epy_unir (s€€ Section 5.1). In contrast,
past studies that employed the lumped-element model [40], [43] assessed the

flashover risk by considering uniform electric field conditions, as outlined in
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Figure 7.7 - ECF EB configurations (not to scale): (a) configuration 1 (2 bonding patches with

p.spar and 2 bonding patches with s.spar), (b) configuration 2 (4 bonding patches with p.spar
and 2 bonding patches with s.spar), and (c) configuration 3 (4 bonding patches with p.spar and
2 bonding patches with s.spar, with a longer p.spar tip patch compared with configuration 2).

The lines and numbers in violet, light blue, and green represent the locations of E, ..
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Figure 7.8 - ECF EB configuration 1: (a) electric potential distribution along the blade, (b) E,

distribution along the DC, (c) E, between DC and p.spar at the tip, (d) E, between DC and p.spar

at the root, (e) E, distribution along the s.spar, and (f) E, between DC and s.spar at the tip.
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Figure 7.9 - ECF EB configuration 2: (a) electric potential distribution along the blade, (b) E,
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Figure 7.10 - ECF EB configuration 3: (a) electric potential distribution along the blade, (b) E,

distribution along the DC, (c) E, between DC and p.spar at the tip, (d) E, between DC and p.spar

at the root, (e) E, distribution along the s.spar, and (f) E, between DC and s.spar at the tip.
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Section 2.4.1. In fact, lumped-element circuits simulations only compute
electric potential differences between the blade conductors, which are then
divided by the conductors’ distance to define an average electric field that is
uniform in the gap. However, this assumption underestimates the electric
field, leading to an incorrect design in terms of number and length of EB
patches. For instance, even ECF EB configuration 1 leads to an average electric
field that is smaller than the PET foam breakdown strength (10 MV/m [240],
[241]), as shown in Figures 7.8c and 7.8d.

ECF EB configuration 1 presents two EB patches between the DC and primary
spar, one at the tip and one at the root of the blade. Such a concept is not
capable of preventing flashovers between the DC and primary spar in the
region where they are not bonded (i.e., 1.7 m < x < 37.5 m), with maximum
values of E, found at x = 35 m and x = 4.45 m (see Figure 7.8b). In ECF EB
configuration 2, four EB connections are used between the two conductors,
but the electric field still exceeds 10 MV/m in the area 28 m < x < 34 m (see
Figure 7.9b). Eventually, the electric field between the DC and primary spar is
reduced below the breakdown threshold throughout the blade when
increasing the length of the second tip connection by ~1 m (see Figures 7.7¢
and 7.10). On the other hand, the electric field on the secondary spar side is
below the PET breakdown strength even when employing two EB connections,
one at the tip and one at the root of the blade. This is because the distance
between the DC and secondary spar (62.2-1,300 mm) is larger than the
distance between the DC and primary spar (30 mm).

BIAX CFRP is also capable of preventing flashovers between the DC and
primary spar when employed as an EB material, thanks to the good in-plane
electrical conductivity. However, compared with ECF, BIAX CFRP requires a
higher number of connections to reduce the electric field below the PET
breakdown strength (see Figures 7.12 to 7.14) since its electrical conductivity

is smaller than the ECF one. More specifically, six bonding connections of
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Figure 7.12 - BIAX EB configuration 1: (a) electric potential distribution along the blade, (b) E,

distribution along the DC, (c) E, between DC and p.spar at the tip, (d) E, between DC and p.spar

at the root, (e) E, distribution along the s.spar, and (f) E, between DC and s.spar at the tip.
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Figure 7.13 - BIAX EB configuration 2: (a) electric potential distribution along the blade, (b) E,
distribution along the DC, (c) E, between DC and p.spar at the tip, (d) E, between DC and p.spar
at the root, (e) E, distribution along the s.spar, and (f) E, between DC and s.spar at the tip.
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Figure 7.14 - BIAX EB configuration 3: (a) electric potential distribution along the blade, (b) E,
distribution along the DC, (c) E, between DC and p.spar at the tip, (d) E, between DC and p.spar
at the root, (e) E, distribution along the s.spar, and (f) E, between DC and s.spar at the tip.
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Figure 7.15 - UD EB configurations (not to scale): (a) configuration 1 (2 bonding patches with

p.spar and 2 bonding patches with s.spar), (b) configuration 2 (4 bonding patches with p.spar
and 2 bonding patches with s.spar), and (c) configuration 3 (continuous bonding with p.spar
and 2 bonding patches with s.spar). The lines and numbers in violet, light blue, and green

represent the locations of E, ...
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Figure 7.16 - UD EB configuration 1: (a) electric potential distribution along the blade, (b) E,
distribution along the DC, (c) E, between DC and p.spar at the tip, (d) E, between DC and p.spar
at the root, (e) E, distribution along the s.spar, and (f) E, between DC and s.spar at the tip.
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Figure 7.17 - UD EB configuration 2: (a) electric potential distribution along the blade, (b) E,
distribution along the DC, (c) E, between DC and p.spar at the tip, (d) E, between DC and p.spar
at the root, (e) E, distribution along the s.spar, and (f) E, between DC and s.spar at the tip.
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Figure 7.18 - UD EB configuration 3: (a) electric potential distribution along the blade, (b) E,
distribution along the DC, (c) E, between DC and p.spar at the tip, (d) E, between DC and p.spar
at the root, (e) E, distribution along the s.spar, and (f) E, between DC and s.spar at the tip.
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various lengths, three at the tip and three at the root of the blade, are required
to minimise the risk of flashover. Similar to ECF case, HV breakdown of the
insulation between the DC and secondary spar is prevented when employing
two EB patches made of BIAX CFRP, one at the tip and one at the root of the
blade.

Finally, the results in Figures 7.16 to 7.18 show that UD CFRP prevents
flashovers between the DC and secondary spar thanks to the large distance
between the two conductors. However, no concept can prevent flashovers
between the DC and primary spar, including the continuous bonding
configuration. This is due to the combined effect of the small distance
between the two elements (30 mm) and the low transverse electrical
conductivity of UD CFRP material, which results in large voltage drops and
electric fields. In addition, the low transverse conductivity of UD CFRP does
not favour a uniform transverse distribution of the lightning current. In fact,
the latter tends to concentrate at the edge of the EB on the injection side
rather than spreading over the entire EB and spar widths, as shown in Figure
7.19. In view of these limitations, UD CFRP is not suggested as an EB material

and therefore it is not further discussed.

Time=4.3911E-7 s Surface: Current density norm (A/m?)

xlolo

Figure 7.19 - UD EB: current density concentration at the EB edge on the injection side.
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7.3.2 Electromagnetic-Thermal Problem: Current and Temperature

Distributions Analysis

The results presented in Chapter 6 have shown that the most problematic
interface is the DC-EB one when using BIAX CFRP as an EB material. The large
values of current density (see Figure 6.8) and temperature (see Figure 6.12)
in that area are caused not only by the high contact resistance, but also by
the crowding effect in the DC and by the high anisotropy of BIAX CFRP. One
way of improving the contact at this interface is to change the implementation
of the EB layers. More precisely, by placing one layer above and one layer
below the DC (see Figure 7.2), two surfaces are provided to the lightning
current to leave the DC and flow towards the spars. When considering
configuration 3 with such an arrangement (see Figure 7.11¢), the peak
temperature at this interface is ~1,460 °C (see Figure 7.20a), i.e., more than
twice smaller than the one given by two EB layers on top of the DC (see Figure
6.12).

Note that this high temperature is found at the DC-EB interface on the primary
spar side because more current flows through it (peak current of ~70 kA) than
through the secondary spar (peak current of ~3.5 kA), as shown in Figure
7.20b. This is due to the low through-thickness electrical conductivity of the
secondary spar CFRP/GFRP material, which provides a high impedance path
(and thus less favourable) to the lightning current. Intuitively, the temperature
at the DC-EB interface on the primary spar side can be further reduced if more
current is diverted to the secondary spar and less to the primary spar. This
can be done by extending the EB layers over the entire length of the secondary
spar including the chamfer profiles, as shown in Figure 7.21a (note that the
EB layers are not extended over the DC). This allows to inject the current
through the whole secondary spar cross-section as well as a larger area is now
established to transfer the current, which minimise the effect of the low
through-thickness electrical conductivity. In this case the peak current within

the secondary spar increases to ~24 kA, while it is reduced and delayed in
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both the DC and primary spar (see Figure 7.21b). This concept results in a

peak temperature of 1,120 °C at the DC-EB interface (see Figure 7.21¢), i.e.,

~23% lower than the one found in BIAX EB configuration 3.

A better solution would be obtained if the EB material was ECF. Thanks to its

superior electrical and thermal properties, such as low contact resistivity and

high thermal conductivity and diffusivity, ECF results in more uniform current

density and temperature distributions through the EB thickness. For instance,

when considering ECF EB configuration 3 with EB layers extended over the

entire length of both primary and secondary spars (see Figure 7.22a), a
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Figure 7.20 - BIAX EB configuration 3 under the first positive short stroke: (a) temperature

distribution at the DC-EB interface (at x = 0.85 m and at the time instance of maximum

temperature) and (b) current split among the blade conductors.
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Figure 7.21 - BIAX EB configuration 3 with EB layers extended over the entire length of the
secondary spar, under the first positive short stroke: (a) EB arrangement (not to scale), (b)
current split among the blade conductors, and (c) temperature distribution at the DC-EB

interface (at x = 0.85 m and at the time instance of maximum temperature).



Electromagnetic-Thermal Behaviour of a Wind Turbine Blade Equipped with EB Joints 151

X (blade longitudinal axis)

36.4 375 40.2

B Down conductor
[l Primary spar
| Secondary spar

[ EcF

Y (blade chord axis)

(@

Time=3.7984E-5 s Surface: Temperature (degC) Time=3.7984E-5 s Surface: Temperature (degC)
m § g > g ;

%107

" 0.01 1
0.008! 21.4
21.2
21
20.8
20.6
20.4
20.2

0.006
0.004
0.002

0

-0.002

-0.004, I
DC-EB Interface 0065 007 0075 008 0085 009 0.095 “m

EB-P.Spar Interface

-0.432 -0.43 -0.428 -0.426 m

(b)

T T T T T
160 - —=— Injected Current 1
—=— Down Conductor Current
140 | —4~— P.Spar Current -
—/= Equipotential Bonding around P.Spar Current
120 L —+— S.Spar Current i
—-— Equipotential Bonding around S.Spar Current

Current [kA]

0 50 100 150 200
Time [ps]

(c)

Figure 7.22 - ECF EB configuration 3 with EB layers extended over the entire length of both
spars, under the first positive short stroke: (a) EB arrangement (not to scale), (b) temperature
distribution at the EB interfaces (at x = 36.5 m and at the time instance of maximum

temperature), and (c) current split among the blade conductors.
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maximum temperature of 21.4 °C is predicted at the EB-S.Spar interface, as
shown in Figure 7.22b. Furthermore, low current densities and temperatures
are also obtained at the DC-EB interface since ECF does not present a strong
anisotropy like CFRPs, i.e., the ECF through-thickness electrical and thermal
conductivities are comparable to the in-plane ones. In addition, the contact
resistivity at the DC-EB interface is very small (see Table A.2) since it is a metal-
to-metal contact. These results, along with the superior electrical contact
behaviour found in Chapter 3, indicate that ECF is the most performing EB
material among those investigated in this research project.

Finally, the current split between the blade conductors given in Figure 7.22c
shows that most of the lightning current flows through the ECF layers, while
low currents are conducted through the DC and spars. This is due to the low
inductance of the ECF layers, which is 2 orders of magnitude smaller than the
DC and spars inductances. These results indicate that ECF layers with such an
arrangement act as both transmission and EB systems, while the DC is not
required as it only conducts a low share of the total lightning current. In
addition, note that the two ECF layers shown in Figure 7.22a should also be
capable of withstanding lightning long strokes (continuous currents) since
their total cross-section is more than 195 mm?. However, ECF layers used as
both transmission and EB systems are not sacrificial protective meshes that
can undergo damage due to direct attachments. This means that metal
receptors are still needed to intercept the lightning leader and transfer the

lightning current safely to the ECF layers and spars.

7.4 Summary

This chapter provided guidelines and suggestions on the implementation of
EB connections to help answering the second open question of the field, i.e.,
how equipotential connections should be designed. To do so, the developed
FEM models were employed to study the electromagnetic-thermal response of

a 50 m rotor blade when equipped with different EB materials, i.e., ECF, BIAX
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CFRP, and UD CFRP. In the first part of the chapter the three materials were
compared based on their capability of preventing internal flashovers between
the DC and spars when subjected to the subsequent short stroke current. EB
connections were gradually introduced in the blade structure until the electric
field was below the PET (insulating material) breakdown strength at all the
blade locations. Both ECF and BIAX CFRP could reduce the electric field below
the breakdown threshold thanks to their high in-plane electrical
conductivities. On the other hand, UD CFRP could not reduce the potential
risk of flashover because of its low transverse electrical conductivity, which
resulted in large potential differences and electric fields. Thus, it was
concluded that UD CFRP material is not suitable for EB applications. In
addition, the results indicated that the electric field between the blade
conductors is strongly non-uniform due to its magnification at sharp corners.
This contradicted past studies that used lumped-element circuits simulations,
which assume uniform electric field conditions when assessing the flashover
risk between the blade conductors. It was seen that this assumption
underestimates the electric field, leading to an incorrect design in terms of
number and length of EB patches.

The second half of the chapter presented the best practises for the control
and minimisation of the temperature at the EB interfaces caused by the
combined effect of current crowding and contact resistance. The blade
equipped with the EB concepts determined in the flashover risk analysis was
subjected to the first positive short stroke current. In the case of BIAX EB
configuration 3, most of the lightning current flew through the primary spar,
whereas a negligible current was conducted by the hybrid secondary spar due
to its small through-thickness electrical conductivity. In such conditions, high
temperatures were achieved at the DC-EB interface on the primary spar side,
similar to the case discussed in Chapter 6. However, compared with the latter,
BIAX EB configuration 3 ensured a reduction in maximum temperature at the
DC-EB interface of a factor larger than 2, thanks to a different arrangement of

the EB layers. In fact, in this concept one EB layer was placed above and one
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below the DC, which provided two surfaces to the lightning current to leave
the DC and flow towards the primary spar. A further reduction in excess of
20% was obtained by diverting more current towards the secondary spar and
less towards the primary one. This was achieved by extending the EB layers
over the entire length of the secondary spar including the chamfer profiles,
which allowed to inject the current through its whole cross-section,
minimising the effect of the low through-thickness electrical conductivity. On
the other hand, much lower temperatures were predicted when the EB material
was ECF, thanks to its low contact resistivity and high thermal conductivity
and diffusivity. These results, along with the superior electrical contact
behaviour found in Chapter 3, indicated that ECF was the most performing EB
material among those considered in this research project. Finally, most of the
lightning current flew through the ECF layers when extending them over the
entire length of both spars, since their inductance was 2 orders of magnitude
smaller than those of DC and spars. In this configuration the ECF layers acted
as both transmission and EB systems, while the DC was not needed as it only

conducted a low share of the total lightning current.



Chapter 8

Conclusions and Future Work

8.1 Conclusions

This PhD project investigated the behaviour under lightning strikes of wind
turbine blades equipped with EB connections. The damage experienced in EB
joints due to the conduction of lightning current has not been thoroughly
considered before and represents one of the major lightning protection
challenges faced by rotor blade manufacturers. The work presented in this
thesis made significant contributions to the field of lightning protection of
wind turbine blades by a combination of experimental studies and numerical

simulations.

8.1.1 Experimental Characterisation

Experimental techniques were proposed to characterise the causes and
mechanisms of resin thermal degradation at the EB joint interfaces. The
determined material properties were implemented in FEM models to predict
areas of potential thermal damage.

An alternative approach to estimate the electrical contact behaviour of EB
joints was developed. For such assemblies, the use of the standard two-probe
method alone results to be unsuccessful because of the spreading effects in

CFRP components and of the complicated geometrical arrangement. To
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overcome these limitations and determine the contact resistance, the
developed procedure combines experimental measurements with FEM
simulations. Its application to typical EB materials such as UD CFRP, BIAX
CFRP, and ECF showed good accuracy, with uncertainties below 10%.

The thermal degradation process of a commercial epoxy resin used in wind
turbine blade manufacturing was studied to determine the degradation
mechanisms responsible for voids formation and sparks in EB joints and their
reaction kinetics. The results showed that the pyrolysis process was initiated
at temperatures lower than expected by release of water molecules formed

via a thermally activated dehydration reaction.

8.1.2 FEM Model Development

In this project the FEM was employed to predict the response of wind turbine
blades under lightning strikes. The advantage of the FEM over other
approaches, such as equivalent circuits using the lumped-element model, is
the capability of computing spatial current density distributions in the blade
cross-section. This would allow the identification of high current density and
temperature areas at the EB interfaces, which might lead to thermal damage.
The developed FEM models solve a weakly coupled formulation of the
electromagnetic-thermal problem in the time-domain when implementing
electrical contact resistivities and degradation reaction kinetics, which are
crucial to predict the thermal damage in EB joints. A procedure was developed
to inject the lightning current in the blade by imposing a voltage boundary
condition. This was accomplished by first computing the lightning current
spectrum and then calculating the blade impedance (and thus the voltage
drops across the blade) for a small set of frequencies. After that, the complete
voltage spectrum was obtained through interpolation of the predicted
voltage-frequency mapping. Finally, the voltage spectrum was transformed
back to the time-domain to determine the transient voltage waveform. The
use of voltage boundary conditions improves the convergence of the solution,

reducing the computational time by at least a factor of 2.
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8.1.3 EB Joints - Thermal Damage and Implementation Suggestions

The developed FEM models were successfully validated against conducted
current test data, which proved that they can replicate the reality and thus
support the design phase of EB joints. This would significantly reduce the
lightning testing cost since, once validated, the developed models can be re-
employed several times during the design stage at little extra cost. High
current densities and temperatures were predicted at the sparking locations
observed during the test, which allowed a qualitative prediction of potential
thermal degradation areas upon the solution of the Arrhenius equation.
Furthermore, the predictions of high temperature and thermal degradation at
the sparking locations indicated that the damage is thermally activated. That
is, high temperatures cause epoxy pyrolysis, leading to voids formation,
separation of the blade current carrying conductors, and inception of sparks.
On the other hand, the bulk CFRP spar could withstand lightning currents
without experiencing thermal damage. These results answered one of the two
EB design open questions, i.e., whether CFRP spars and EB joints can
withstand lightning currents without experiencing thermal damage. Finally,
major differences in terms of local current density and temperature
distributions were found between the FEM formulations with and without the
contact resistivities at the bonding interfaces. Therefore, it is essential to
implement the electrical contact in FEM models to compute accurate current

densities and temperatures and design reliable EB solutions.

The developed FEM models were then employed to provide guidelines and
suggestions on the implementation of EB connections to help answering the
second open question of the field, i.e., how to design EB connections. To do
so, it was assessed the electromagnetic-thermal performance of a 50 m wind
turbine blade when equipped with different EB materials, i.e., ECF, BIAX CFRP,
and UD CFRP. The three materials were compared based on their capability of
preventing internal flashovers between the DC and spars when subjected to
the subsequent short stroke current. The results showed that both ECF and

BIAX CFRP could reduce the electric field below the breakdown threshold
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thanks to their high in-plane electrical conductivities. On the other hand, UD
CFRP could not reduce the potential risk of flashover because of its low
transverse electrical conductivity, and it was concluded that it is not suitable
for EB applications. Besides, it was shown that lumped-element circuits
simulations, widely employed in previous studies, underestimate the electric
field, leading to an incorrect design in terms of number and length of EB
patches. In fact, this approach assesses the flashover risk between the blade
conductors by defining an average electric field, which is given by the electric
potential difference divided by the distance. That is, it assumes that wind
turbine blades are subjected to uniform electric field conditions under
lightning strikes. This was contradicted by the FEM results, which indicated
that the electric field between the blade conductors is strongly non-uniform
due to its magnification at sharp corners. Finally, it was shown how the FEM
can be used to optimise the current conduction capability of the spars and
the temperature at the EB interfaces. For instance, the temperature was
reduced by a factor larger than 2 when two surfaces were provided to the
lightning current to leave the DC and flow towards the spars. Further
reductions could be achieved by extending the EB layers over the entire length
of the spar including the chamfer profiles. This allows to inject the current
through the whole spar cross-section, minimising the effect of the low
through-thickness electrical conductivity of carbon fibre-based composites.
Finally, low temperatures were obtained by employing a material with low

contact resistivity and high thermal conductivity and diffusivity such as ECF.

8.2 Recommendations for Future Work

Based on the findings of Chapter 6, the numerical methodology presented in
this PhD thesis can predict the locations of thermal damage, although a
discrepancy in terms of size was identified. To improve the estimation of
damage extent, it might be beneficial to study the change in contact resistivity
due to the thermal degradation and sparking events occurring at high

temperatures. In addition, it is suggested to investigate manufacturing routes
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and/or surface preparation methods to improve the electrical contact at the

EB interfaces and minimise the thermal damage.

Possible future work might also include the investigation of experimental
techniques to measure temperature profiles at the EB interfaces (i.e., inside
the rotor blade sample) during simulated lightning current tests. This would
allow a direct correlation between test and numerical temperatures at the

bonding interfaces.

Finally, the accuracy of the numerical solution might be enhanced by the
development of multiscale FEM models. For instance, the identified high
temperature regions might be remodelled (small-scale geometry) and the
electromagnetic-thermal problem recomputed using a finer mesh. In this way
a better resolution of current density and temperature distributions would be
obtained thanks to the higher number of finite elements and to the low aspect

ratio of the small-scale model.
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Appendix A

Material Properties

The electrical properties of the blade materials considered in this thesis are
listed in Tables A.1 and A.2, while the nomenclature of electrical conductivity
axes is shown in Figure A.1. The anisotropic electrical conductivities of UD
CFRP, BIAX CFRP, and UD CFRP/GFRP were experimentally measured
according to the procedures described in [33]. The ECF electrical conductivity
was considered anisotropic as done in past research [73], [105]. The relative
permittivity was assumed equal to 1 for copper, CFRP, and CFRP/GFRP
materials [31], [108], [144], whereas it was 4 for GFRP [66] and 1.7 for PET
foam [240], [241]. On the other hand, the relative permeability was assumed
equal to 1 for all the blade materials [145]-[148]. Finally, the thermal
properties of the blade materials are given in Tables A.3 and A.4. The density,
specific heat capacity at constant pressure, and longitudinal thermal
conductivity of both CFRP and CFRP/GFRP materials were determined through
the parallel rule of mixture as done in previous research [108], [112], [120],
[122], [149], [150], [155]. On the other hand, their transverse and through-
thickness thermal conductivities were experimentally measured according to

the procedures described in [33].
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Material Properties

Table A.1 - Electrical conductivity values of the blade materials.

Materials o1, [S/m] 022 [S/m] o33 [S/m]
UD CFRP (primary spar) 36,380 17.91 3.95
UD CFRP (primary spar - pultruded) 40,365 132.90 51.70
UD CFRP/GFRP (secondary spar) 8,120 0.19 0.01
UD CFRP (EB) 33,874 26.30 11.62
BIAX CFRP (EB) 20,702 20,702 8.34
ECF (EB) [74] 2.19x107 6.04x10° 1.97x107
Copper (DC) 5.99x10’ 5.99x10’ 5.99x107
Table A.2 - Contact resistivity values at the different EB interfaces.
Materials UD CFRP (EB) BIAX CFRP (EB) ECF (EB)
Pe.oces [MOQ-M?] 0.18 0.03 0.01
Pc.espspar [MQM?] 49.01 0.68 0.20
C.£8-p.Spar_Chamfer ¢ [MQ-M?] 69.67 1.64 0.93
C.£8p.Spar_Champer o [MQ-M?] 70.05 1.52 0.95
PC_EB-P.Spar_Chamfer b [QOz] 47.79 1.25 0.53
Pc.eesspar [MQ-M?] 196.03 2.74 0.82
pC_EB—S.Spar_Chamfers d,oe g [mQ mz] 38985 8 3 1 6 1 O
C.£8:5.5par_champer  [MQ-M?] 177.24 4.47 2.09
Through-thickness « - %
direction N \
O33 / - ’//i/\\:l'hickness
Strand Width ?
Longitudinal swo
direction ¢
O
Transverse oy
direction - LWD -—
G2
(a) (b)

Figure A.1 - Nomenclature of electrical conductivity axes for: (a) CFRP and (b) ECF [73].
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Table A.3 - Density and specific heat capacity at constant pressure values of the blade

materials.

Materials plkg/m?’] G U/ (Kg-K)]
UD CFRP (primary spar) 1,335 1,200
UD CFRP (primary spar - pultruded) 1,335 1,200
UD CFRP/GFRP (secondary spar) 1,535 940
UD CFRP (EB) 1,335 1,200
BIAX CFRP (EB) 1,335 1,200
ECF (EB) [74] 8,910 393
Copper (DC) [191] 8,960 385
PET foam (core material) [242], [243] 70 2,450
BIAX GFRP (shell) [152] 1,600 850

Table A.4 - Thermal conductivity values of the blade materials.

Materials ki IW/(M-K)] koo [W/(MK)T ks [W/(m-K)]
UD CFRP (primary spar) 2.50 0.87 0.64

UD CFRP (pultruded primary spar) 2.50 0.90 0.71

UD CFRP/GFRP (secondary spar) 1.18 0.77 0.42

UD CFRP (EB) 2.50 0.87 0.64
BIAX CFRP (EB) 2.50 2.50 0.53
ECF (EB) [74] 366.94 297.06 330.20
Copper (DC) [191] 400 400 400
PET foam (core material) [243] 0.03 0.03 0.03
BIAX GFRP (shell) [244]-[248] 0.74 0.74 0.34
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Appendix B

Conducted Current Test Procedures
According to the IEC 61400-24:2019
Standard

Conducted current tests are aimed to evaluate the conducting performance
of the LPS. For instance, these tests are performed to assess the lightning
current conduction capability of the transmission and EB systems, the
occurrence of HV breakdown of the insulating material, sparks at the EB
interfaces, temperature rises and hotspots in the LPS conductors and

insulations, current carrying capability of CFRP spars, etc. [12].

The test setup is the following [12]:
e The specimen under testing is mounted on a fixed insulating support.
It can be either a full-scale blade sample or a representative sample
presenting primary features such as equipotential connections
between the DC and spar, fastened joints, bearings, etc.
e The specimen under testing is connected to the generator return path
to ensure a closed circuit and conduct the test current away from the

blade sample (see Figure B.1). The return path is typically placed at a
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distance of at least 1.5 times the minimum flashover distance specified
in the IEC 60060-1:2010 standard.

e Setup sensing and recording equipment, such as IR cameras to detect
hotspots, equipment to measure laboratory environmental conditions,
and instruments to record the test results (peak currents, waveforms,

specific energies, charges, etc.).

The lightning test currents are the subsequent short stoke of negative
lightning (see Section 2.6.1) to assess the occurrence of internal flashovers,
and the first positive short stoke (see Section 2.6.2) to assess the Joule heating
damage experienced by the LPS (e.g., at the EB interfaces). The conducted
current standard test plan requires a gradual scaling of the test current
parameters, i.e., peak current, specific energy, and transferred charge. In
other words, the test is repeated multiple times and the current parameters
are increased up to the desired level. The waveform parameters need to be
supplied within the following tolerances: +10% for the peak current;
-10/+45% for the specific energy; +20% for the transferred charge; +20% for

the front duration; and +10% for the duration of long strokes.

Current generator

~N
Coaxial return conductor
(thin aluminium plate)

Test specimen

Figure B.1 - Conducted current test schematic [12].
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The LPS of the assessed specimen has passed the test if the electro-

mechanical functionality of the sample has been maintained intact and if the

following criteria are met [12]:

No arc develops which deteriorates the LPS and sample functionalities.
The contact resistance of fixed metal connections (e.g., connection
between the generator and air termination, connection between the DC
and return path, etc.) is smaller than 1 mQ (this value increases up to
2.5 mQ if the connections are made of stainless steel).

It has been proved, by inspection, measurement, and testing, that the
functionality of the CFRP components has not been impacted.

Fixed connections, such as EB joints, do not exhibit any visible crack
or deformation.

The structural integrity of the specimen under testing is not
compromised by the injected test currents. It is the responsibility of
the blade manufacturer to verify it, and to document that the rotor

blade can remain operative until the next scheduled inspection.

According to the outlined test setup, test plan requirements, and pass-fail

criteria, the conducted current test procedure is the following [12]:

Laboratory environmental conditions are measured.

Safety procedures are reviewed and implemented.

Calibrate the generator and the instrumentation by implementing the
test on a conductive bar having material properties similar to the
specimen ones. Repeat the test until the test current parameters are
within the tolerances.

Clean the specimen under testing from contaminants which could
affect the results.

Measure the resistance of the specimen, to verify it respects the
pass/fail criteria prior to the test.

Perform the test on the specimen.

Record the results and inspect the specimen.

Repeat the last two points to fulfil the test plan.
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