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ABSTRACT

In this paper, the electric fields in the wind turbine blades due to the lightning stepped leader are studied, and the dielec-
tric breakdown is assessed. The developed finite element analysis (FEA) includes the full length of the leader and
enables one to incorporate various uniform and non-uniform charge density models. The lightning striking distance is
calculated using the rolling sphere method. The electric field in a horizontal axis wind turbine with three blades
representing Sandia 100 m All-glass Baseline Wind Turbine Blades (SNL 100-00) at three different lightning protection
levels (LPL) is computed and compared to the dielectric breakdown strength of the blades. The dielectric breakdown
strength of the blades is evaluated based on the experimental data. The results show that the tip region of the blade
is the most vulnerable to the dielectric breakdown with the safety factor as low as 1.32 at LPL 1. Copyright © 2016
John Wiley & Sons, Ltd.
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1. INTRODUCTION

Lightning strike poses a serious safety hazard for ground structures. The direct effects often include rapid temperature rise,
melting or burning on the lightning attachment points, and mechanical damage due to the magnetic force and acoustic
shock wave, etc.' In addition, dielectric breakdown is of concern in non-conductive structural components. Dielectric
breakdown occurs when the strength of the electric field due to the lightning strike exceeds the dielectric breakdown
strength of the structure. Dielectric breakdown is accompanied by both direct heat injection and Joule heating produced
in the newly conductive structure that may lead to severe structural damage. Extensive use of the polymer matrix composite
materials, which possess relatively low thermal conductivity, in the advanced light-weight structures makes these structures
particularly vulnerable to the lightning strike. For instance, wind turbine blade damage accounts for the greatest number of
losses, while lightning strikes are among the top two most frequently reported causes of loss in wind energy insurance
claims in the United States.? Lightning protection of wind turbines has also been discussed in the literature.”* The majority
of the modern wind turbine blades are made of glass fiber polymer matrix composites’ that are non-conductive. In addition,
glass fiber polymer matrix composites possess relatively low thermal conductivity and are particularly vulnerable to the
lightning strike. Therefore, careful analysis of the lightning-induced electric and thermal fields is critical for development
of damage tolerant designs. The goal of this paper is to develop a computational procedure for calculation of the electric
fields in wind turbine blades towards assessment of the probability of the dielectric breakdown.
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A typical lightning consists of multiple return strokes, which are essentially electric current pulses. Prior to the first
luminous return stroke, a leader, which is a conductive plasma channel, propagates from the cloud towards the ground.
The function of the leader is to create a conducting path for the negative charge transfer from the cloud to a grounded
structure. When the lightning leader tip arrives within a certain distance (lightning striking distance) of the grounded
structure, the answering leader emitted from the grounded structure due to the electric field attempts to capture the
approaching lightning leader. Once they are connected, the first lightning return stroke occurs. The leader prior to the first
return stroke is called a stepped leader and is different from the subsequent strokes as it develops in virgin air. The first
return-stroke current has a pulsed profile with a peak reaching up to hundreds kiloamperes. The electric current return-
stroke wave heats and pressurizes the stroke channel leading to the rapid channel expansion, optical radiation and shock
wave propagation in the outward direction. A short-duration pulsed current in a return stroke is typically followed by a
continuous current, whose magnitude is about two orders of magnitude lower and three orders of magnitude longer than
that of the initial pulsed current.

The overwhelming majority (90% and more) of cloud-to-ground lightning is the so-called downward negative lightning
discharge, where negative charge is transported from the cloud to the ground.®” As opposed to downward lightning
discharge, the upward lightning discharge extends from the ground to cloud. As a structure height increases, the fraction
of upward lightning discharges increases. Structures with heights ranging from 100 m to 500 m experience both upward
and downward lightning discharges. It is reported® that upward lightning discharges constitute 50% in the 200m tall
structures and 80% in the 300 m tall structures. Therefore, both upward and downward lightning discharges are quite
common in tall structures and are worth of consideration.

In the present study, a 250 m horizontal axis wind turbine with three blades representing Sandia 100 m All-glass Baseline
Wind Turbine Blades (SNL 100-00) is considered and electric fields due to the lightning stepped leader of downward
initiated lightning are studied.

There have been a number of studies on the lightning stepped leaders conducted in the past. Larigaldie et al.,® and
Larigaldie’ experimentally studied the propagation and electric current intensity of a typical lightning stepped leader.
Larigaldie et al.'® performed experimental and numerical investigation of the mechanisms of high-current pulses in light-
ning and long spark stepped leaders. Golde'"'? developed a vertical lightning stepped leader model and was the first to
introduce the non-uniform charge density of the leader into the analysis. Recently, Cooray et al.'* derived a different
non-uniform charge density distribution along the lightning stepped leader using the charge simulation method. The distri-
bution has been validated using measurements of the in-field lightning incidents and was used to obtain a new expression
for calculating the lightning striking distance (see equation (2) in Section 2.1 below), which was also found in better agree-
ment with the physical measurements than the expression previously proposed by Uman'* (see equation (1) in Section 2.1
below). All these leader models are for downward lightning flashes; the upward leader models have barely been reported.'
The models developed by Uman'* and Cooray ef al.'* are commonly used in the literature for the estimation of the electric
fields due to the lightning stepped leaders. For instance, the Cooray et al.'*> model was used by Becerra'® for calculation of
the electric field distributions in complex ground structures. Lewke ef al.'” used the same model to determine the electric
field in a wind turbine tower. Both studies'®!” were performed using finite element analysis (FEA). One of the limitations
of the aforementioned studies is that a computational domain in FEA were limited to the bottom part of the lightning
stepped leader (close to the ground structure) and the upper part (close to the cloud) was not taking into account. Such
choice of the computational domain leads to underestimation of the electric field, and therefore, to underprediction of
the dielectric breakdown. The FEA conducted in the present study takes into account the full length of the lightning stepped
leader (i.e. both the bottom and the upper parts), which enables accurate estimation of the electric field and occurrence of
the dielectric breakdown.

The rest of the paper is organized as follows. In Section 2, an overview of the lightning stepped leader models is given.
In Section 3, electric fields in the glass fiber reinforced polymer matrix wind turbine blades due to the lightning stepped
leader are studied and compared to the dielectric breakdown.

2. OVERVIEW OF THE EXISTING LIGHTNING STEPPED LEADER MODELS
2.1. Lightning striking distance

Prior to the first lightning return stroke, a lightning stepped leader originates from the cloud and travels through the air
towards the ground. When the lightning stepped leader approaches the ground, the ground structure emits answering
leaders (streamers) due to the intensified electric field. The answering leader propagates to meet the lightning stepped leader
and forms the first lightning return stroke.®'® The distance between the tip of the lightning stepped leader and the ground
structure prior to the connection with the answering leader is called the lightning striking distance.

According to the IEC 61400-24 standard,'® in the wind turbine blades longer than 20 m, the lightning striking distance
can be defined using the rolling sphere method, where the radius of the rolling sphere attached to the ground structure is
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considered to be equal to the lightning striking distance (see Figure 1). The radius is a function of the peak current of the
lightning return stroke and is traditionally expressed as'
0.65
R =10-I 5, (1)
where I, is the peak current of the lightning return stroke (in kA); R is the radius of the rolling sphere (in m).
More recently, Cooray et al.'* suggested another expression for the radius of the rolling sphere, which agrees better with
the recorded physical measurement data on the lightning striking distances:
0.90
R =191 . 2)
where R is the rolling sphere radius (in m) and I, is the peak current (in kA).

Table I shows the lightning striking distance calculated using equations (1) and (2) for three lightning protection levels
(LPLs). The LPLs represent three different lightning severity levels as identified by the IEC 61400-24."° Peak current
Ipea =200 kA of the first short-duration stroke corresponds to LPL 1, and /jeac = 150 kA and /jeac = 100 kA correspond to
LPL II and LPL III, respectively. It can be seen in Table I that the striking distances calculated by equation (1) are around
1.5 times larger than those calculated by equation (2). Therefore, using equation (1) in a lightning stepped leader model will
result in weaker electric field predictions at a ground structure compared to the predictions obtained when equation (2) is
used. Because a more conservative estimate of the dielectric breakdown is obtained when a larger electric field is consid-
ered, equation (2) is used in this work to calculate the lightning striking distances.

It is worth mentioning that the lightning striking distance in conjunction with the rolling sphere method has been used in
the previous studies of wind turbine blades.'”'® As a side note, below we discuss the difference between the striking
distance and the attractive radius, which is also widely used in the modeling of lightning attachment to the structures.

The attractive radius can be calculated as**~2;

Ry = 0.84-1073 O, ?3)
where R, is the attractive radius (in m), I,y is the peak current (in kA) and 4, is the structure height (in m). There is a
significant difference between lightning strike distance, R, as defined by equations (1) and (2), and lightning attractive
radius, R,, as defined by equation (3). The first depends on the charge of the downward conductor only, whereas the later
takes into account also the size of the structure. Figure 2 shows the ratio R/R, as a function of the structure height 4, for

Iea = 100kA. Depending on the height of the structure, the striking distance magnitude can be larger or smaller than
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Figure 1. Lightning striking distance from stepped leader tip to a ground structure characterized using rolling sphere method.

Table I. Lightning striking distance for the lightning stepped leader.

LPL Peak current, freak (kA) Lightning striking distance (m)

From equation (1) From equation (2)
| 200 313.09 223.71
Il 150 259.69 172.68
1 100 199.53 119.88
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Figure 2. Ratio of striking distance to the attractive radius as a function of the structures height (foeax = 100 kA).

the attractive radius magnitude. For tall structures (i.e. &, > 20 m), the striking distance magnitude is smaller. Thus, using
striking distance in a lightning stepped leader model will result in the prediction of a larger electric field at a ground
structure, and, therefore, in a more conservative estimate for the dielectric breakdown.

2.2. Total charge associated with a lightning return stroke

According to Cooray et al.,"® when a lightning stepped leader approaches the ground, the charge density of the leader
depends on both the electric field due to the charge of the cloud and the electric field enhancement due to the presence
of the ground. Figure 3 shows a simple lightning stepped leader model proposed by Cooray et al."® Here the cloud is
represented by a conductive plane at potential V, and the ground is assumed to be a perfect conductor. Figure 3(a) shows
a real leader approaching the ground with branched channels; Figure 3(b) shows an idealized vertical leader; Figure 3(c)
shows negative charge, O, along the leader before the return stroke; Figure 3(d) shows positive charge, O;, in the fully
developed return stroke channel due to the field produced by the remaining negative charges in the cloud. The total positive
charge, Q,, entering from the ground to the fully developed return stroke channel during the first 100 ps is equal to the sum
of the positive charge that neutralize the negative charge Q; and the positive charge Q;:

0100 us = 101 + O = 0.61 - Tpeu, (4)

where Oy 100 ps 18 in C, and I, is the peak current, in KA.
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Figure 3. Simplified lightning stepped leader model proposed by Cooray et al.”®
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2.3. Charge density of a lightning stepped leader

Typically, a lightning stepped leader is idealized as a vertical line charge with a non-uniform charge density.''~'*'%-17
Golde'""'? assumed that the charge density decreases exponentially along the lightning stepped leader from the tip to the
origin of the leader in the cloud:

M) = doe <, 0<y<L, )

where A(y) is the charge density distribution (in C/m) along the leader and 4, is the charge density at the tip of the leader; 7
is measured in m; ¢ is the decay height constant, £ =1000m and L is the length of the leader (in m). In addition, #=z — zo,
where z is the vertical distance from the ground (z=0 at the ground) and z is the distance from the ground to the tip of the
leader.

The total charge on the leader is obtained by integrating the charge density along the leader length. In the case of charge
distribution (5), the total charge on the leader is

o e ©)

where (O, is the total charge (in C). The relationship between the peak current, Jc.x, of the lightning return stroke and the
charge density at the tip of the leader, 4, is'"*'?

do = 4.36:10 I peui, 0

where Ipe.i is measured in kA.
Cooray et al.'® used the charge simulation method to derive a different non-uniform charge distribution along the
lightning stepped leader:

Lpear-(@ + by)
L+ cn+dn?

F(z0), 0L, zp>10, (8)

where 7 (in m) is the distance from the tip of the leader and 5 =z — z¢; A(7) is the charge density (in C/m); H is the height of
the cloud (typically H=4000 m); z is the distance from the ground to the tip of the leader (in m); /cq is the peak current of
the return stroke (in kA); G(zo)=1— (zo/H), F(z9)=0.3a+0.78, o= @=10/75 ' g1 _ (zy/H), ap=1.476-10"",
a=4.857- 1075, b=3.9097 - 1076, ¢=0.522 and d=3.73-107>. Tt is also assumed that Zo > 10m. Cooray et al.”? also
found that charge distribution (8) was in a better agreement with physical measurements than charge distribution (5)
proposed by Golde.'"'? Figure 4 shows the charge density as a function of the height z for both cases at LPL III
(Ipeak =100kA). The distance from the tip of the leader to the ground is zp=250m and the length of the leader is
L=3750m. As one can see, at the tip of the leader and at the vicinity of the cloud the charge densities calculated by
equation (5) and (8) are similar. However, this is not the case for the bottom part of the leader away from the tip, where
there is a significant discrepancy between two charge density distributions. Table II shows the total charge entering from
the ground to the lightning channel, O, 100 s, calculated using equation (4) and provided by IEC 61400-24 standard"®

5
4.5 —— Equation (8)
g 494 I\ - = =Equation (5)
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Figure 4. Charge density along the lightning stepped leader for the LPL Il (/,eax = T00 kA, zp =250 m).
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Table Il. Total charge entering from the ground to the lightning channel, Q; 100 us and total charge on the lightning stepped leader, Q,.

LPL Q; 100 us (C) Q,(C)
IEC 61400-24"° From equation (4) With non-uniform charge density (5) With non-uniform charge density (8)
| 300 183 8.51493 5.70252
Il 225 91.5 6.38619 4.27689
I 150 61 4.25746 2.85126

and the total charge on the leader, Q,, in the case of charge density distributions (5) and (8). As one can see, the charge near
the tip of the leader calculated as
lip "

i =l 0,(n) = limJya(n)an ©

n—0

is larger for distribution (8) due to the higher charge density near the tip (Figure 4). Because an electric field at a ground
structure is mainly attributed to the charge at the bottom part of the lightning stepped leader, the electric field due to charge
distribution (8) will be larger than the electric field due to charge distribution (5).

3. MODELING OF THE ELECTRIC FIELD IN A NON-CONDUCTIVE WIND
TURBINE BLADE DUE TO A LIGHTNING STEPPED LEADER

In this section, FEA is developed to determine electric fields in a non-conductive wind turbine blade due to a lightning
stepped leader. Electric fields are calculated for the blades representing Sandia 100 m All-glass Baseline Wind Turbine
Blades (SNL 100-00).>* Three different lightning protection levels, LPL I, LPL Il and LPL III are analyzed. The FEA re-
sults are verified by comparisons with the analytical solution derived for the case of the leader with a uniform charge den-
sity. The electric fields obtained for the case of the leader with a non-uniform charge density (8) are compared to the
dielectric breakdown strength of the blade to assess the conservativeness of the blade design. The dielectric breakdown
strength is obtained using the experimental data reported in the literature.'®

3.1. Problem formulation

We consider a horizontal axis wind turbine that is subjected to a lightning stepped leader (see Figure 5). Three blades,
which are placed at a 150 m wind tower, represent Sandia 100 m All-glass Baseline Wind Turbine Blades (SNL 100-00).%
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Figure 5. Interaction of a lightning stepped leader and a wind turbine: problem setup.
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It is assumed that the leader is a vertical line charge that is perpendicular to the turbine axis and is located in the
same plane with the blades (see Figure 5). Both uniform and non-uniform charge density distributions on the leader
are considered. The length of each blade is 100 m, the overall structure height (the length of the blade together with
the height of the tower) is 250 m, and the distance from the leader tip to the ground zo=250m. The length of the light-
ning stepped leader is 3750 m. The distance from the ground to the cloud is 4000 m. Cloud voltage is assumed to be
constant. A typical 100 m wind turbine blade is equipped with multiple receptors, which are evenly distributed at the
surface and are connected to the internal down conductor. The down conductor is installed inside the blade shell. Effects
of the receptors and the down conductors are taken into account in the FEA study of Section 3.3, where ground poten-
tial is applied at the wind turbine exterior surface. Because blades are 100 m long, the rolling sphere method is used to
obtain the lightning striking distance (denoted as d in Figure 5). It is assumed that the rolling sphere is tangentially
attached to the tip of the blade OA. The lightning striking distance between the leader and blade OA is equal to the
rolling sphere radius (2). Attachment to the tip is chosen because the tip region of the blade has the highest probability
(>98%) to emit answering leaders.'®

3.2. Electric field due to a lightning stepped leader with a uniform charge density: analytical
solution

First, we consider a lightning stepped leader with the uniform charge density and find the electric field at the blade OA
due to the leader (see Figure 6). If the ground is assumed to be at the infinity, the electric potential between a cloud and
the ground is ignored, and the effects of the wind turbine receptors and down conductors on the electric fields are
disregarded, the problem of finding the electric field along a wind turbine blade admits an analytical solution. The
solution procedure is straightforward and similar to calculations of the electric field due to a charged lines and rods (see,
e.g. Uman,'* Tipler and Mosca").

In accordance with the problem formulation described in Section 3.1, the leader is represented by a vertical line charge.
The charge density is assumed to be uniform

_9
i==. (10)

L
Here 2 is the line charge density (in C/m); the total charge Q/(57) on the leader is calculated as Q,(5) = L)/l(n)d;y, where
A(n) is non-uniform charge density (8), and L is the length of the leader (in m). The electric field due to the line charge is

z
92

S| dg=idz
A

r /// 0 # dz

~| Lightning stepped
. -| leader
o |_
4/ (
T
x Pl _‘
. W
dE o
B C

L Wind turbine

Figure 6. Electric field calculation at point p of the blade OA due to a uniformly charged lightning stepped leader.
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calculated using Coulomb’s law based on the assumption that the field due to an infinitesimal line charge element dq is the
same as the field due to a point charge. Therefore, the electric field at an arbitrary point p of the blade OA due to the charge
dg within dz is

kdg kAdz kid O

dE =44 _
72 72 d ’

1)

where r is the distance from charge dg to the point p at the blade, A=9-10° N-m*C 2 is Coulomb’s constant and
d=r-sind is the lightning striking distance, which is equal to the rolling sphere radius (2). The x- and z-components of
the electric field £ from all the charge in the leader are

%2 A A
E,. = Iel sinH% = —%(cos&z —cosb),

% kde ki (12)
E, = jgl cosf——— = —(sin@z - sin&l).

d d

The magnitude (i.e. strength) of the electric field from all the charge in the leader is

2k . 0, —0
|E|:w/E§+Ef:75m 22 L (13)

Here |E|l denotes the magnitude of the electric field (in V/m). Analytical solution (13) is essentially a distribution of the
electric field due to a charged rod in an infinite space. The assumptions that were used to obtain this solution limit its
applicability to the wind turbine blades. Nevertheless, this solution is useful as a checkpoint for the more realistic
FEA-based models discussed in Section 3.3.

3.3. Finite element analysis of the electric fields due to a lightning stepped leader

In this section, FEA of the electric field in a wind turbine blade due to a lightning stepped leader is conducted. The problem
formulated in Section 3.1 is solved using the COMSOL Multiphysics® FEA software. The FEA enables us to account for
the effects of the non-uniform charge density distribution and finite ground that were not included in the analytical model
considered in Section 3.2.

3.3.1. Implementation in COMSOL Multiphysics®.

The computational domain is a 3D parallelepiped containing a cutout in the shape of a wind turbine as shown in Figure 7.
The dimensions of the cutout are determined by the dimensions of the wind turbine. Wind turbine blades and tower are
assumed to be beams of square cross section, 2.5 m by 2.5 m. The computational domain represents the air between a cloud
and the ground. The length and width of the parallelepiped are 4000 m. The depth is L + zy, where L =3750 m is the length

" Cylindrical
m lightning stepped
5000 . _ lightning stepp
4000/}7 Air domain  |gader channel

RNERINN T

l n4 i

+ I 0 |
o [ |
0 ! / \ |
S N N
l |

I |

EURONNONN] DNROROONN J

Figure 7. Problem setup in COMSOL. [Colour figure can be viewed at wileyonlinelibrary.com]
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of the lightning stepped leader, and zo =250 m is the distance from the tip of the leader to the ground. The lightning stepped
leader is assumed to be a vertical cylindrical channel of length L =3750 m and of radius R;=5 m. The radius is chosen as
in.'” The cylindrical leader channel is centrally placed in the 3D parallelepiped. Volume charge density p, = /1/7'[R1y2 where 4
is the line charge density, is applied to the leader channel. Both uniform (10) and non-uniform (8) charge density distribu-
tions on the leader channel are considered. The lightning striking distance, d, as shown in Figure 5, is calculated using the
rolling sphere radius (2).

As for boundary conditions, cloud voltage, V, is applied to the top surface of the parallelepiped. Ground potential is ap-
plied to the bottom surface of the parallelepiped and at the part of the domain boundary corresponding to the surface of the
cutout (i.e. exterior surface of the wind turbine). In such a way, we account for the effects of multiple receptors and down
conductors in the wind turbine on the electric field outside of the wind turbine. Open boundary conditions are assumed at all
four vertical sides of the parallelepiped.

The present study is focused on estimating the static electric fields along blades OA, OB and OC induced by the lightning
stepped leader. The analysis is conducted only for the defined domain (i.e. a 3D parallelepiped containing a cutout in the
shape of a wind turbine). The domain (including the leader) is considered as an ‘air material’ defined in the COMSOL Ma-
terial Library. The domain is meshed with 815112 free tetrahedral elements. The average duration of each simulation is
128 s on a 4-core laptop PC.

3.3.2. FEA results for the case of the uniform charge density.

The lightning stepped leader with a uniform charge density is considered first. FEA is conducted for five different cases,
when the ground is set at (i) infinity (zo=), (i) 250 m below the tip of the leader (zo =250 m), which corresponds to
the real ground; and three intermediate cases: (iii) zo=650m, (iv) zo=1250 m and (v) zp=3250 m. In all cases considered
in Section 3.3.2, the effects of the wind turbine receptors and down conductors are ignored to facilitate comparisons with
the analytical model (13). The total charge on the leader is determined by integrating (8) along the leader, where
Toeak =200 kA corresponds to the lightning protection level LPL 1. The FEA results for the case where the ground is set
at infinity (zo=°°) are compared to the analytical model (13) and are used primarily for verification purposes.

Figure 8 shows the calculated magnitude of the electric field along the blade OA for five different cases. As one
can see, a good agreement exists between the analytical model and FEA results for the case when ground is set at
infinity, zg=-cc. It is also shown that in the case of the real ground, zo=250m, the magnitude of the electric field
is considerably higher than in the case when zy=. Although applicability of the results presented in Figure 8 is lim-
ited due to the imposed assumptions regarding charge density and effects of the receptors and down conductors, these
results provide some qualitative insight into the effect of the distance between the tip of the leader and the ground.
The next section considers a more realistic case, where (i) wind turbine receptors and down conductors are taken into
account by applying ground potential at the wind turbine and (ii) non-uniform charge density distribution along the
leader is considered.

3.3.3. FEA results for the case of the non-uniform charge density.
A lightning stepped leader with a non-uniform charge density distribution (8) is considered, and FEA is performed to
calculate electric fields along the wind turbine blades OA, OB and OC, as shown in Figure 7. An analysis of the problem

o
e
>

0.12 D_/_a———ﬁ/e—_—éz
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o°
=
o 1
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0.06 §
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0.04 —8—FEA, z0=250 m
’ —2—FEA, z0=650 m
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Figure 8. The magnitude of the electric field along blade OA due to a leader with a uniform charge density, LPL | (o = 200 kA): effect
of the distance between the tip of the leader and the ground.
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formulated in Section 3.1 is performed. In this case (unlike the cases described in Section 3.3.2), the effects of the wind
turbine receptors and down conductors are taken into account by applying ground potential at the wind turbine exterior
surface (i.e. tower and blade surfaces). The cloud voltage is taken as V=40 MV.16

Figure 9 shows the magnitudes of the electric fields along blades OA, OB and OC at LPL I. It can be seen that the electric
field at blade OA is generally larger than that at blades OB and OC. Figure 10 shows the magnitudes of the electric fields at
blade OA for three LPL levels. Close examination of the electric fields at LPL I and LPL II reveals that along blade OA, the
electric field at LPL 1 is higher than the electric field at LPL II except for the small region near the tip of blade OA. This can
be further seen in Table III, where the magnitudes of the electric fields at the tips of the blades are shown. In spite of the
higher peak current corresponding to LPL 1, at the tip of blade OA, the magnitude of the electric field corresponding to LPL
I is considerably lower than the magnitude of the electric field corresponding to LPL II. Some insight into this somewhat
counterintuitive result can be given by checking equation (2) for the lightning strike distance. As it can be seen, the higher
peak current is associated with the larger lightning strike distance. At the same time, the electric field strength decays with
an increase in the lightning strike distance (see, e.g. (13)). Therefore, an increase in the lightning strike distance counter-
balances an increase in the peak current. Last, Figure 11 shows a contour plot of the electric field magnitude distribution
in the vicinity of the wind turbine at LPL III.

It is obvious that wind turbine geometry will affect predictions of the electric field. To illustrate this, the FEA was
performed for a wind turbine with the blades represented by tapered beams. Figure 12 shows comparisons between electric
fields for the blades represented by beams of constant cross section and for the blades represented by tapered beams of
variable cross section. Electric fields are calculated along blade OA at LPL 1. As one can see, the electric fields are similar
for the distances up to 60 m from the root of the blade. For distances exceeding 60 m, the electric field along the tapered
blade is larger. In particular, at the blade tip, the electric field in the case of the tapered blades is about 18% larger than

12
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——0C, LPLI

©
1

Magnitude of electric field (-10% V/m)

0 20 40 60 80 100
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Figure 9. The magnitude of the electric field at blades OA, OB, OC, LPL I.
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Figure 10. The magnitude of the electric field along blade OA for different LPL levels.
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Table lll. The magnitude of the electric field at the wind turbine blade tips and at the tip of the non-uniformly charge lightning stepped
leader (zg =250 m).

LPL Peak Magnitude of the electric field (V/m)
current,
Ipeak Blade OA tip Blade OB tip Blade OC tip Lightning stepped leader tip
(kA)
[ 200 9.53-10° 2.07-10° 3.30-10° 1.99-107
I 150 1.03-10’ 1.58-10° 2.81-10° 15210’
Il 100 5.10-10° 1.30-10° 1.66-10° 1.04-10’

.Yy

A 1.0597x107
x10°
25 ________

4000 |

3500 |
3000 |
2500 |
2000 |
1500
1000

500 |

0 1000 2000 3000 4000 VO

Figure 11. Electric field magnitude distribution in the vicinity of the wind turbine at LPL Ill. [Colour figure can be viewed at
wileyonlinelibrary.com]

in the case of the constant cross-section blades. The largest discrepancy between fields (amounting to 25%) occurs at 88 m
from the root.

3.4. Dielectric breakdown assessment in a non-conductive composite blade

Madsen'® conducted an extensive experimental study to determine the dielectric breakdown strength of the glass fiber
reinforced polymer matrix composite laminates used in the wind turbine blades. Based on the analysis of the experimental

12
—e—0A, LPL |, constant cross-section beam
101 ——O0A, LPL |, tapered beam
8 1 A U

Magnitude of electric field (-10% V/m)

0 20 40 60 80 100
Distance from the root to the tip (m)

Figure 12. Effect of the geometry on the electric fields along blade OA, LPL I: tapered beam vs. constant cross-section beam. [Colour
figure can be viewed at wileyonlinelibrary.com]
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data, he suggested the empirical relationship between the dielectric breakdown strength and the thickness of the glass fiber
polymer matrix composite laminate:

1
Eh:cr;—i-Cz-TI, (14)

where £, is the average breakdown field strength of the composite laminate (in V/m), ¢ is the thickness of the laminate (in
m), ¢; and C, are constants and 77 is the tracking index, which depends on the fiber and matrix properties, fiber orientation,
surface defects and wide erosion. In addition, the values of tracking index can vary from blade to blade due to uncertainties
related to manufacturing and handling.® In this work, we assumed that the tracking index is a constant and the following
parameters for the remaining constants were used: ¢;=5.3-10% and ¢, =C, - T7=8.0- 10°. These parameter values were
chosen based on the analysis of the experimental data on glass fiber polymer matrix composite laminate specimens.'®
Figure 13 shows comparisons between experimental data'® for the specimens ranging in thickness from 2 mm to 6 mm'®
and predictions obtained using equation (14) with ¢; =5.3-10* and ¢,=8.0-10.° As one can see, a good agreement exists.

As for using equation (14) for calculating dielectric breakdown strength in wind turbine blades, caution should be
exercised as thickness of the most sections of the blade exceeds 6 mm. In the present study, dielectric breakdown strength
of the Sandia 100 m All-glass Baseline Wind Turbine Blade (SNL 100-00)> is evaluated. Planform of the blade is shown in
Figure 14. The root buildup and spar cap of the blade are made of glass fiber reinforced polymer matrix composites. The
other parts of the blade are made of sandwich panels with foam core and glass fiber polymer matrix composite facesheets.
The experimental data on the dielectric breakdown strength of the sandwich composites is not available, so only the root
buildup and spar cap sections are included in the analysis. Moreover, the blade is divided into 34 sections along the
spanwise direction. Thicknesses of the root buildup and spar cap at various sections along the spanwise direction are shown
in Table IV and Figure 15. As one can see, within 6 m from the blade tip, the thickness of the spar cap is less than 6 mm.
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Figure 13. Dielectric breakdown strength of the glass fiber reinforced composite laminate.
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Figure 14. Sandia 100 m All-glass Baseline Wind Turbine Blade (SNL 100-00) planform.?®
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Table IV. Composite laminate thickness at various sections of the wind turbine blade.?

Section Blade Overall thickness (mm)
number span

Root buildup Spar cap
1 0.000 170
2 0.005 150 1
3 0.007 130 2
4 0.009 110 3
5 0.011 90 4
6 0.013 80 10
7 0.024 73 13
8 0.026 65 13
9 0.047 50 20
10 0.068 35 30
11 0.089 25 51
12 0.114 15 68
13 0.146 94
14 0.163 11
15 0.179 119
16 0.195 136
17 0.222 136
18 0.249 136
19 0.277 128
20 0.358 119
21 0.439 11
22 0.521 102
23 0.602 85
24 0.667 68
25 0.683 64
26 0.732 47
27 0.765 34
28 0.846 17
29 0.895 9
30 0.944 5
31 0.957 5
32 0.972 5
33 0.986 5
34 1.000

Therefore, equation (14) can be applied in this region to predict dielectric breakdown strength. At the same time, according
to the results presented in Figures 9, 10 and 12, the region adjacent to the tip is also the most critical region, as the blade tip
experiences the largest electric field.

Dielectric breakdown strengths of the spar cap in the vicinity of the blade tip were calculated using equation (14) and
compared to the magnitudes of the electric fields along the tapered blade OA obtained using FEA. The corresponding safety
factors at LPL I, i.e. ratios of the dielectric breakdown strength to the magnitude of the electric field, are shown in Figure 16
. As one can see, the safety factor at the tip of blade OA is 1.32 at the most severe LPL I.

It can be shown that tip of blade OA has the highest risk of experiencing dielectric breakdown. Let us assume that the
safety factor calculated at the tip of blade OA is applied to other parts of the blade. Knowing electric field distribution along
the entire blade (see Figure 12, the case of tapered beam), the presumed dielectric breakdown strength corresponding to the
safety factor equal to 1.32 can be calculated. This results in values of the dielectric breakdown strength in the range from
0.85-10° V/m (at the root) to 7.19 - 10° V/m (at 10.5 m from the tip of the blade) that are unrealistically low. This, in turn,
means that in reality the safety factors in the regions further from the blade tip are larger and, indeed, the tip of blade OA has
the highest risk of experiencing dielectric breakdown. Recall that electric fields along blades OB and OC are weaker than
along blade OA. Overall, blade OA is the most vulnerable to dielectric breakdown.

It is worth mentioning that the dielectric breakdown strength of composites may deteriorate during the service lifetime of
the wind turbine blades due to the presence of moisture, defect accumulation, etc. Although experimental data specific to
the composite wind turbine blades are not available, laboratory studies of the glass reinforced composites may be useful to
assess the extent of deterioration in properties. For instance, experimental results reported in®® indicate that Cyanate

Wind Energ. 2017; 20:927-942 © 2016 John Wiley & Sons, Ltd. 939
DOI: 10.1002/we

85U8017 SUOWILLIOD BARER.D 8|qed![dde 8L Aq peusencb ae Sspie YO ‘8sN JO Sa|nJ Jo A%eiq18ulUQ AB]IM UO (SUORIPUOD-PUR-SUBIALI0D A8 1M AReIq 1 [eUl|UO//SdNL) SUORIPUOD PUe Swie 1 8y} 885 *[£20Z/0T/9T] Uo Akeiqiaulluo A8|IM ‘seLeiqi Aisieniun asndelAs Aq T202'@M/Z00T 0T/10p/w0d Ae | Az.q 1 jeujuoy/sdny wouy pepeojumod ‘G ‘LT0Z ‘vZ8T660T



Electric fields and dielectric breakdown in blades due to lightning Y. Wang and O. |. Zhupanska
180
160 4 —Root buildup
—a— Spar ca|
140 par cap
$ 120 4 10
o 8 4
=
- 100 + 6 - 5mm
@ AAAA
& 801 4
g 2
S 601
< 0 T
= 40 ) 95 100
20 - I
0 Maen| Critical
0 20 40 60 80 100 | 'egion

Distance from the root to the tip (m)

Figure 15. Composite laminate thickness distribution along the wind turbine blade. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 16. Safety factor (ratio between estimated dielectric breakdown strength and electric field) at LPL | for wind turbine blade OA
spar cap in the vicinity of the blade tip.

Ester/S2 glass composite retains 90% of its dielectric strength after six-month exposure to 99% humidity. Hong et al.”’

observed a significant reduction in the breakdown strength in the specimens with 1.5% water content (the specimens were
immersed in water until their weight increased by 1.5%). The dielectric strength measured in the specimens containing
1.5% of water was 20kV/mm compared to 60kV/mm for the dry specimens. Figure 16 shows that if the breakdown
strength is reduced three times, the safety factor at the tip region of the spar cap of blade OA (90—100 m from the blade root)
falls below one at LPL I and at LPL II. Therefore, dielectric breakdown and severe structural damage are likely to occur.
Although investigation of the deterioration effects on the dielectric breakdown strength is beyond the scope of this study,
the results obtained in this work suggest that the tip region of Sandia 100 m All-glass Baseline Wind Turbine Blade (SNL
100-00) is the most vulnerable to dielectric breakdown.

It should be mentioned that if dielectric breakdown does not occur in the composite laminated blades, lightning attach-
ments will come as a direct heat injection into the surface of the non-conductive blades. The direct heat injection can
produce a considerable damage that is manifested by thermal ablation, internal explosion, delamination, etc. For instance,
experimental studies®*° suggest that an internal explosion occurs from interlaminar pressure buildup owing to the
formation of pyrolysis gases. The pyrolysis gases are formed in the process of the interlaminar resin decomposition caused
by the direct heat injection.

As a part of damage prediction due to lightning-induced heat injection, a heat transfer problem needs to be solved.?' A
heat transfer problem formulation for non-conductive structures (prior to the dielectric breakdown) is different from the one
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for conductive structures (once the dielectric breakdown occurred). In the conductive structures, a heat transfer equation has
to be solved simultaneously with electrodynamics equations to determine the distribution of the electric current and
associated Joule heat densities. The direct heat injection into a structure from the lightning channel will still be a part of
the heat transfer problem in the case of the conductive structure. In any case, careful analysis of the lightning-induced
electric fields is essential for formulation of the physics-based thermo-mechanical damage models and is critical for
development of damage tolerant composite blade designs.

4. CONCLUSION

In this paper, the electric fields in the wind turbine blades due to lightning stepped leader were analyzed at the different
lightning protection levels and the dielectric breakdown was assessed. A horizontal axis wind turbine with three blades
representing Sandia 100 m All-glass Baseline Wind Turbine Blades (SNL 100-00) was considered. The FEA analysis
included the full length of the leader and enabled us to incorporate various uniform and non-uniform charge density
models. The FEA results were verified by comparing the calculated electric fields with those predicted by the analytical
model for the case of the uniform charge density. The dielectric breakdown strength of the blades was evaluated based
on the experimental data. Ratios (safety factors) of the dielectric breakdown strength to the electric field were calculated
along all three blades and were used to assess the conservativeness of the blade design against the dielectric breakdown.
The results show that the tip region of the blade is the most vulnerable to the dielectric breakdown with the safety factor
as low as 1.32 at LPL I. Possible deterioration in the dielectric breakdown strength of composites during the service lifetime
of the wind turbine blades due to the presence of moisture, defect accumulation, etc., will lead to even lower safety factors.
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