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Investigation of the Effects of Receptors on the
Lightning Strike Protection of Wind Turbine Blades

Yeqing Wang and Weifei Hu

Abstract—Receptor plays an essential role in determining the ef-
ficiency of lightning strike protection (LSP) on wind turbine blades.
To investigate the effects of receptors with different shapes and sizes
on the LSP, we apply five different receptor configurations to the
blade of a high-fidelity wind turbine model. The static electric field
strength on the blade surfaces due to a lightning stepped leader
is predicted through the development of a numerical model with
finite element analysis. The interception efficiency is evaluated by
comparing the predicted maximum electric field strength in the
vicinity of the receptors. In addition, the locations of the predicted
lightning strike attachment points match well with those obtained
by experimental measurements, which validate the current numer-
ical approach.

Index Terms—TFinite element analysis (FEA), interception effi-
ciency, lightning strike protection (LSP), receptor, wind turbine.

I. INTRODUCTION

IGHTNING strike damage accounts for 23.4% of the wind
L turbine failure according to the 2012 US wind energy in-
surance claim report [1]. The repair of the lightning damage is
often expensive and can lead to a significant amount of down-
time. For example, 85% of the downtime is lightning related for
a startup commercial wind farm at southwest of the USA, and
the total lightning-related cost exceeded $250 000 [2]. Light-
ning damage occurs to blades, generator, controller, control
cables, etc. Among those, the blades are the most vulnerable
components, which show the highest frequency (approximately
75%), highest repair cost, and longest downtime (approximately
ten days per lightning incident) [3]. In addition, the increasing
size of wind turbines in the recent years also poses significant
challenges for the development of lightning strike protection
(LSP) systems since the number of lightning strikes grows with
the increase of structure height [4].

The most commonly used LSP system is to embed conduc-
tive (e.g., special tungsten alloy) receptors on the surfaces of
wind turbine blades. These receptors are connected to down
conductors (e.g., unshielded high-voltage cables), which are in-
stalled inside the blade shell extending from the root to the tip
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of the blade. The receptors are designed to intercept the light-
ning strokes and safely conduct the lightning current through
the down conductors to the earth. The efficiency of LSP is
expressed as a product of interception efficiency and sizing ef-
ficiency, where the interception efficiency refers to the ability
of the receptors to intercept a lightning stroke, and the sizing
efficiency refers to the ability of the LSP system to conduct
the lightning current [5]. The sizing efficiency can be increased
by increasing the diameter of the down conductors. However,
the interception efficiency is strongly dependent on the shape,
size, quantity, and spacing of the receptors [5] and, therefore,
requires a thorough investigation. Although, one receptor on
each side of the blade tip is considered an adequate solution of
LSP for blades shorter than 20 m [5], experiences have shown
that lightning damages are still not avoidable [3]. Meanwhile,
the shape and size of the receptors which play essential roles
in determining the interception efficiency are not suggested in
the current lightning protection standards [5] due to the lack
of common practice of evaluating interception efficiency. Up to
date, very few attempts have been undertaken to investigate the
effects of shape and size of the receptors on the interception
efficiency [6]. In particular, simulation studies related to this
topic have rarely been reported. To come up with solutions to
evaluate interception efficiency, a predictive model is proposed
in this paper, and is applied to study the effects of the shape and
size of the receptors on the interception efficiency.

In this paper, we apply receptors with different shapes and
sizes on the blade tip to a high-fidelity wind turbine model. The
static electric field strengths on the surfaces of the wind turbine
blades due to a lightning stepped leader are obtained through
the development of a numerical model with finite element anal-
ysis (FEA) that accounts for nonuniform charge density of the
lightning stepped leader. The predicted location of the lightning
strike attachment point on the blade surface is taken to be the
location where the magnitude of electric field strength is the
largest. In addition, the interception efficiency of the receptor
is evaluated by comparing the corresponding maximum magni-
tudes of electric field strength on receptors with different shape
and size configurations. In this paper, it is considered that the
larger the electric field strength on the receptor, the higher pos-
sibility that the receptor intercepts the lightning stepped leader.
In other words, the receptors with larger electric field strength
provide better interception efficiency. The numerical approach
is validated by qualitatively comparing the predicted light-
ning attachment locations on the blade surfaces with those ob-
tained by experimental observations [6]. The results are of great
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importance in the future design and development of receptors
for LSP systems on wind turbines.

II. PROBLEM FORMULATION

A. Lightning Stepped Leader Model

Large wind turbines with total height (one blade at its top ver-
tical position) greater than 100 m experience both upward and
downward lightning strikes [7]. Studies have shown that 50% of
the lightning strikes on a 200-m-tall structure are upward initi-
ated strikes [7]. Therefore, both upward and downward lightning
strikes are quite common in wind turbines and are worth of con-
sideration. However, upward lightning leader models have not
been well established. In this paper, we focus on investigating
the interaction between downward lightning strikes and wind
turbines. A typical downward lightning discharge starts with a
weakly luminous lightning stepped leader that originates from
the columbiums cloud and propagates through the air toward the
ground structures. The electric field strength in the vicinity of
the ground structures intensifies as the lightning stepped leader
approaches which transport a large amount of electric charge.
Answering leaders are emitted from the ground structures if the
electric field gradient between the tip of the lightning stepped
leader and the ground structure is sufficient to break down
the air in between. If one of the answering leaders emitted from
the ground structure arrests the lightning stepped leader, then
the first luminous lightning return stroke is formed [8].

The lightning stepped leader model proposed by Cooray et al.
[9] has been used in many recent simulation studies (e.g., [10]
and [11]) for the prediction of electric fields induced by lightning
strikes. In the model, the lightning stepped leader is idealized as
a vertical line charge with nonuniform charge density

n
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where A(n) is the charge density (in C/m); 7 (in m) is the dis-
tance from the tip of the leader and = z — zy; H is the height
of the cloud (typically H = 4000 m); 2, is the distance from
the ground to the tip of the leader (in m); Ij,c.k is the peak
current of the return stroke (in kA); G(z)) = 1 — (20/H),
F(z) = 0304+ 0.78, a = exp(—(z) — 10)/75), 8 = 1 —
(20/H), ap = 1.476 - 107°, a = 4.857-107°, b = 3.9097 -
1075, ¢ = 0.522,andd = 3.73 - 10~3. The charge density cal-
culated by (1) shows favorable agreement with physical mea-
surements as reported by Cooray et al. [9]. Thus, the lightning
stepped leader model (1) with the above parameter values is
used in this paper.

Based on the assumption that the horizontal extend of
the negative charge region in the cloud is large in compari-
son to the vertical distance between the ground and the charge
region, the cloud charge region can be replaced by a perfectly
conductive plane maintained at a given cloud voltage [9]. The
uniform background electric field between the cloud and the
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ground is reported to be 10 kV/m [10], and the distance from
the cloud to the ground is typically taken as 4000 m [9]-[11].
Therefore, the constant voltage V' = 40 MV [10] is used in this
paper. The ground is assumed as a conductive plane with zero
electric potential.

The model [9] not only shows a good representation of the
physics, but also allows to be easily incorporated into numerical
analysis (e.g., FEA) due to the explicit expression of the charge
density (1).

B. High-Fidelity Wind Turbine Models: Geometry and Setup

Traditional simulation studies related to the interaction of
lightning strikes and wind turbine blades use simplified wind
turbine geometries. For example, the wind turbine geometry in-
cluding tower and blades is simplified as either straight lines
or square beams [11]. However, a recent study [12] pointed out
that when a tapered-beam-shaped (i.e., to capture the effects of
pointer blade tip) wind turbine blade geometry is used, the elec-
tric field on the surface of the blade tip is about 18% larger than
that when a constant cross-section beam-shaped wind turbine
blade geometry is used.

In order to predict accurate electric fields, the National Re-
newable Energy Laboratory (NREL) 5-MW reference wind tur-
bine [13] is adopted to develop the high-fidelity wind turbine
model for lightning strike analysis. The geometries of the hub,
nacelle, and tower of the wind turbine are modeled using the
dimensions in the NREL reference wind turbine (see Figs. 1
and 2). As using a realistic blade geometry produces more ac-
curate lightning-strike-induced electric fields than using simpli-
fied blade models (e.g., straight lines or square beams) [12], the
NREL'’s blade geometry with 17 airfoils is further refined by
adding additional 17 airfoils, which smooth the transition from
section to section and create more realistic blade geometry [14],
[15]. In this paper, the length of the blade, the radius of the hub,
and the hub height are 60, 1.5, and 90 m, respectively. Thus, the
maximum blade tip height when one of the blades is at its top
vertical position is 151.5 m.

To investigate the effects of receptors, five different config-
urations of receptors (see Fig. 1) are applied on the wind tur-
bine blade tip. Configuration 1 implements a raw blade with no
receptors or down conductors; Configurations 2—5 apply recep-
tors with different shapes (tip shape and disk shape) and sizes
(Iengths/radii) on blade tip as elaborated in Table I. Receptor
distance from tip is also provided in Table I. All the receptors in
configurations 2-5 are connected to the same down conductor
inside the blade shell. Configurations 2—5 are chosen since the
tip and disk shape receptors are the most widely used receptors
on modern wind turbine blades, and multiple disk receptors are
also widely used on blades longer than 20 m [5]. In addition,
the experimental observations of lightning interception using
the tip receptor, small disk receptor, and large disk receptor are
available [6], which enabled us to compare our findings with the
experimental observations.

In all cases considered in this paper, the three wind turbine
blades are resting on the tower with one of the blades sits at
its top vertical position, thus the dynamic effect of the blade
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Tip shape
receptor
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Fig. 1.
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Fig. 2. Problem setup in COMSOL Multiphysics.
TABLE I
FIVE DIFFERENT RECEPTOR CONFIGURATIONS
Configurations Receptor Characteristics

Configuration 1
Configuration 2
Configuration 3
Configuration 4
Configuration 5

No receptors or down conductors

Tip shape receptor, length 2.6 m (extend from tip)

Small disk shape receptor, radius 0.2 m, distance from tip 1.92 m
Large disk shape receptor, radius 0.3 m, distance from tip 1.92 m
Dual small disk shape receptor, radii 0.2 m, distance from tip to
the first receptor 1.92 m, distance between the two receptors
1.92m

Configuration 3
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Disk shape
receptor

Disk shape
receptor

Configuration 4 Configuration 5

Five different configurations of receptors used in the simulation study (size not to scale).

rotation is not considered in this study. In addition, the effects
of the dynamic propagation of the lightning stepped leader and
the answering leader on the predicted electric field are also not
considered. These dynamic effects lead to moving boundary
conditions to the current problem, which requires a completely
different approach of analysis. Such analysis is beyond the scope
of this paper. In this paper, we focus on evaluating the intercep-
tion efficiency of various receptors by checking the maximum
static electric field strength induced by the lightning stepped
leader at the particular moment when the leader arrives within
the lightning striking distance.

The lightning striking distance between the lightning stepped
leader and the wind turbine is calculated using the rolling sphere
method [7], [9], [16],

R=0.6-1.% )
where R is the lightning striking distance (in m) and I, e,y is the
peak current (in kA). As suggested by the lightning protection
standard [5], it is appropriate to use the rolling sphere method
for the current wind turbine model with blade length longer than
20 m. In addition, the rolling sphere is assumed to be tangentially
attached to the tip of the top-vertically-positioned blade.

According to Gamerota et al. 50% of the measured negative
first return strokes reach a peak current of 30 kA [17]. Therefore,
in this study, the peak current [,¢, used in all the simulations are
chosen as 30 kA to represent the general situation of lightning
strikes.

III. NUMERICAL IMPLEMENTATION

Static electric fields in the vicinity of the wind turbines with
blade models of different receptor configurations due to the
lightning stepped leader are solved using FEA. The governing
equations of the problem and the corresponding numerical setup
and implementation are discussed in this section.
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A. Governing Equations

The electric field due to a given vertically charged lightning
stepped leader can be calculated using the equations of electro-
statics

V xE =0, 3)
V-E = p, /e, 4)
E=-V¢ ®)

where E denotes the electric field tensor, p, is the source of
electric charge, p, = A/7r?, where A is the line charge density
(1), r is the radius of the vertical cylindrical lightning stepped
leader channel, » = 1.5m, g is the permittivity of the free
space, and ¢ is the electric potential.

It should be noted that the lightning striking distance (2)
determines the relative spatial position between the lightning
stepped leader and the wind turbine geometry in the compu-
tational domain, and also determines the locations of the zero
electric potential boundary conditions that are associated with
the surfaces of the conductive receptors, hub, nacelle, and the
tower.

B. Numerical Implementation

The FEA software COMSOL Multiphysics is used to solve
the governing equations (3)—(5). The computational domain is
4000 m x 4000 m x 4000 m with a cutout of the developed
high-fidelity wind turbine model as shown in Fig. 2. The wind
turbine cutout is located on the ground. The lightning stepped
leader is located at the center of the domain extending from
the top surface to 151.5 m (i.e., the maximum blade tip height
of the wind turbine) above the ground (i.e., bottom surface of
the computational domain). The distance between the lightning
stepped leader and the wind turbine cutout is calculated by (2).

The four vertical side surfaces of the entire computational
domain are applied with open boundary condition. In addition,
the surfaces on the hub, nacelle, and tower of the wind turbine
geometry are applied with ground potential, since the materi-
als used on these components are typically steel and aluminum
[18], which are electrically conductive. To account for the effect
of receptors, a ground potential is also applied to the surfaces of
the tip receptor used in configuration 2, and the disk receptors
used in configurations 3-5. The remaining surface of the wind
turbine blade is applied with open boundary conditions since
the remaining surface of the blade is made of electrically non-
conductive materials (i.e., nonconductive laminated glass fiber
composite fabrics and nonconductive surface finish).

The computational domain and the lightning stepped leader
are assigned with “air” material as defined in the COMSOL
material library. The top surface of the domain is applied with a
cloud voltage, V' = 40 MV [10]. The computational domain is
meshed with 1 892 940 (averaged number for all the simulation
cases) free tetrahedral elements. The minimum and maximum
element sizes are 0.5 and 100 m, respectively. The maximum
element growth rate is 1.3, and the resolution of curvature and
narrow regions are 0.5 and 0.9, respectively. In order to bal-
ance computational efficiency and accuracy, the meshes nearby
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Fig. 3.

Surface mesh associated with the high-fidelity wind turbine model.

the turbine are refined and more coarse meshes are used away
from the turbine. An example of surface mesh associated with
the wind turbine is shown in Fig. 3. Although it appears that the
maximum element size, 100 m, is comparatively large to achieve
an accurate prediction of the electric field distribution. Our in-
vestigation (see Section IV) shows that the maximum element
size 100 m is sufficiently small for the current simulation study.
Meanwhile, reducing the maximum element size will lead to a
significant increase in the number of elements, which requires
substantial computational memory. Under our current compu-
tational capability using a four-core laptop with 4-GB RAM,
100 m was tested to be the smallest maximum element size for
the simulation to be successfully implemented. If a large work-
station is available, a finer mesh can be implemented to achieve
much higher accuracy. The averaged computational time for
studying each receptor configuration under current computa-
tional capability is 1200 s.

IV. RESULTS AND DISCUSSIONS

In this section, the predicted electric field strengths on
the surfaces of the blade using five receptor configurations (see
Table I) are presented. Note that only the results for the blade
at its top vertical position are discussed in this section since
the corresponding electric field strengths are much higher than
those on the surfaces of the other two blades. The locations of
the blade surfaces with higher electric field strength are con-
sidered to have higher possibility of emitting answering leaders
and arresting the lightning stepped leader.

First, the dependence of the electric field strength on the
maximum element size is investigated. Figure 4 shows the com-
parisons of the predicted electric field strength distribution at
the tip region of the blade (configuration 4) obtained when the
maximum element size in the simulation is set to 400 [see Fig.
4(a)], 300 [see Fig. 4 (b)], 200 [see Fig. 4(c)], and 100 m [see
Fig. 4(d)], respectively. As shown in Fig. 4, the predicted max-
imum electric field strengths using the four different maximum
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Effects of maximum mesh size on the predicted electric field strength distributions at the tip regions (Configuration 4): (a) maximum mesh size equals

400 m; (b) maximum mesh size equals 300 m; (¢) maximum mesh size equals 200 m; and (d) maximum mesh size equals 100 m.
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Fig. 5. Predicted electric field strength along the trailing and leading edges of
the wind turbine blade model with no receptors or down conductors.

element mesh sizes are in the same order of magnitude, while
using the maximum mesh size of 100 m produces the most con-
servative predicted electric field strength. Therefore, to achieve
a conservative prediction, all the simulation results are obtained
using a maximum element size of 100 m in the following paper.

Figure 5 shows the electric field strength along the trailing
and leading edge of the wind turbine blade with no receptors
or down conductors (configuration 1). There is no significant
difference of electric field strength along the trailing and lead-
ing edge when no receptors or down conductors are installed.
Figure 6 shows the comparison of electric field strengths along
the trailing edge in the range of 0-57 m from root for the five
different receptor configurations. It can be seen that the electric
field strengths for different receptor configurations are identical

1.6
----- No receptor
14 { ——Tip shape receptor
——— Small disk receptor
1.2 1 Large disk receptor
Dual small disk receptor

-l

Electric field strength (MV/m)

14
0.8 1
0.6
0.4
0.2

0 5 10152025303540455055
Distance from root (m)

Fig. 6. Comparison of predicted electric field strength along the trailing edge
in the range of 0-57 m from the root for different receptor configurations.

within 0-50 m from the root. However, a significant increase of
electric field strength can be observed near the blade tip regions
where receptors are installed comparing to the case in which no
receptor is installed. In order to further investigate the electric
field at the tip region, Fig. 7 shows the corresponding predicted
electric field strengths along the trailing edge at the tip regions
(i.e., 57-60 m from root) of the blade models with receptors.
Comparing Figs. 6 and 7, it can be noticed that the electric field
strength at the tip region is about two to three orders higher
than that at the inboard region for the cases in which receptors
are installed. In contrast, the electric field strength for the blade
without receptors or down conductors remains low at the tip re-
gion (see Fig. 6). The same trend can be found for the predicted
electric field strengths along the leading edge, shown in Figs. 8
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Fig. 7. Comparison of predicted electric field strength along the trailing edge
at the tip region for different receptor configurations.
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Fig. 8. Comparison of predicted electric field strength along the leading edge
in the range of 0-55 m from the root for different receptor configurations.
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Fig. 9. Comparison of predicted electric field strength along the leading edge
at the tip region for different receptor configurations.

and 9. These results indicate that the presence of these receptors
greatly enhances the electric field. Therefore, answering leaders
are more likely to be emitted from those receptors than from
the insulated area of the blade surface. In this way, lightning
current is safely conducted through the conductive receptor and
internal down conductors without producing extensive lightning
damages on the insulated areas of the wind turbine blades. In
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this paper, the lightning attachment point on the blade surface
is chosen at the location, where the magnitude of electric field
strength is largest.

It should be mentioned that although the electric field strength
of the wind turbine blade model without receptors is low com-
paring to those of the wind turbine blade models with receptors,
it does not mean that answering leaders will not be emitted from
the blade surface. In real situations, lightning strike often comes
with heavy rains. The electrically conductive rain droplets at-
tached on the blade surface may also enhance the local electric
field strength and therefore trigger answering leaders. If light-
ning strike injects directly into the blade surface, the associated
high-intensity heat flux (approximately 10° W/m?) may lead
to considerable damages, including delamination of the lami-
nated composite blade structure, debonding of shells, thermal
ablation, and even explosion [19], [20].

A close examination of results in Figs. 7 and 9 reveals that
the electric field strengths on the trailing and leading edges are
much higher when the tip shape receptor is used than those
when disk shape receptors are used. This is because the trailing
and leading edges of the blade models using disk receptors are
still nonconductive, whereas the trailing and leading edges of
the blade models using tip shape receptor is electrically con-
ductive. In addition, the maximum electric field strengths along
the trailing edge (see Fig. 7) and along the leading edge (see
Fig. 9) using the large disk shape receptor are around 1.5-2
times higher than those using the small disk shape receptor.
This is due to the closer distance between the blade edges (trail-
ing and leading edges) and the circumference of the conductive
receptors when larger diameter disk is used. Figure 9 also shows
two peaks (approximately 56.2 and 58.3 m from the root) with
high electric field strength when the dual small disk receptor
blade model is used. The peak close to the tip is higher than
the one further away from the tip, which implies that the disk
receptor close to the tip may have comparably higher chances
of emitting answering leaders. It should be noted that Figs. 7
and 9 show only the maximum electric field strength on the
trailing and leading edges of the blade. The maximum electric
field strength on the surface of the entire tip region can be found
by plotting the electric field strength distributions as shown in
Fig. 10.

The predicted electric field strength distributions on the sur-
faces of the tip regions of the wind turbine blade with receptor
configurations 2-5 are provided in Fig. 10(a)—(d), respectively.
Meanwhile, the experimental measurements of lightning strike
attachments on real 3-m partial blade models with tip shape
receptor, small disk receptor, and large disk receptors reported
by Arinaga et al. [6] are shown in Fig. 10(e)—(g), respectively.
Although the length of the blade and the size of the receptors
used in the experimental measurements are different from those
used in our simulation, the experimental results provide some
qualitative insight into the influence of shape and size of the
receptors, and therefore are used to check the effectiveness of
our numerical model.

It can be noticed that the maximum electric field strength on
the surface of the blade model with tip shape receptor is located
at the interface between the tip receptor and the rest of the blade
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Comparison of predicted electric field strength distributions at the tip regions for different receptor configurations: (a) tip shape receptor; (b) small disk

shape receptor; (c) large disk shape receptor; (d) dual small disk shape receptor; (e) experimental result for tip shape receptor [6]; (f) experimental result for small
disk shape receptor [6]; and (g) experimental result for large disk shape receptor [6].

TABLE I
MAXIMUM PREDICTED ELECTRIC FIELD STRENGTH AND LOCATIONS

Receptor Max. Electric Field — Locations of Max. Electric Field Strength

Configurations Strength (MV/m)

Configuration 2 94.65 Interface between tip receptor and blade
on the trailing edge

Configuration 3 103.20 Adjacent outer boundaries of
circumference of the disk receptor

Configuration 4 114.23 Adjacent outer boundaries of
circumference of the disk receptor

Configuration 5 114.18 Adjacent outer boundaries of

circumference of the first disk receptor

on the trailing edge [see Fig. 10(a)], which implies that the an-
swering leaders will most likely be emitted from this location.
This location finding agrees favorably well with the experimen-
tal measurement shown in Fig. 10(e), in which we can notice that
the lightning attaches to the exact same location of the blade. In
addition, Fig. 10(b)—(d) reveal that the maximum electric field
strengths are not located on the receptors themselves. Instead,
they are located at the outer boundaries adjacent to the circum-
ference of the disk receptors. And these are the most possible
locations for lightning strike attachments. These location pre-
dictions also compare well with the experimental measurements
shown in Fig. 10(f) and (g), in which it can be observed that
lightning strikes attach to the same locations as we predicted.
This finding also explains that many of real blades exhibited
little holes near the receptors after lightning strikes [3]. No ex-
perimental measurement is available for the case using the dual
small disk shape receptor.

The predicted maximum electric field strength and their cor-
responding locations on the surface of the blade model using
receptors are listed in Table II. It is found that the blade us-
ing the large disk receptor presents the highest electric field
strength, whereas the maximum electric field strength on the
blade with the tip shape receptor is the lowest among all of
the four configurations. This indicates that disk shape receptors

provide higher interception efficiency than tip shape receptors
do, and using disk shape receptors is more desirable. In addi-
tion, it is found that the maximum electric field strength of the
blade with large disk receptor is 10.69% higher than that of the
blade with small disk receptor, which indicates that increasing
the size of the disk shape receptor may lead to an increase in
the interception efficiency. Furthermore, the maximum electric
field strength of the blade model using dual small disk shape
receptor is 10.64% higher than that of the blade model using a
single small disk shape receptor. In addition, the dual small disk
shape receptor also allows more chances of emitting answering
leader thus would be more favorable for longer blades. How-
ever, increasing the size of the disk receptor and adding more
disk receptors would adversely increase weight of the blade, and
therefore may increase the cost and compromise the mechanical
performance.

The aforesaid findings could also be extendable to a different
size turbine if receptor configurations (see Table I) are propor-
tionally scaled based on the length ratio between the investigated
blade used in this paper and the blade from the different size
turbine. Under such condition, the relative location of the re-
ceptors (i.e., and therefore the zero electric potential boundary
condition) from the blade tip, leading and trailing edges are also
scaled. Therefore, given a fixed lightning current, and thus fixed
lightning striking distance and charge density [p, in (4)], the
predicted electric field on a different size turbine will also be
scaled from those predicted under the current blade and recep-
tor configurations. Although the exact values of the predicted
electric field strength on a different size turbine will be different
due to the shift of the zero electric potential boundary condi-
tions, the ratios between the predicted electric field strengths on
the different size blade using scaled five receptor configurations
are identical with those obtained under the current blade and re-
ceptor configurations. Therefore, the conclusions in the current
study about the comparisons of the interception efficiency of the
five receptor configurations still hold.
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V. CONCLUSION

In this paper, the effects of receptors on the LSP of wind
turbine blades have been investigated. The static electric field
strength on the blade surface of a high-fidelity 5-MW NREL
reference wind turbine model has been predicted through the
development of a numerical model using FEA. The nonuniform
charge density of the lightning stepped leader has been incor-
porated in the numerical model. The interception efficiency of
the receptors with different shape and size configurations has
been evaluated by comparing the predicted maximum electric
field strength on the surfaces of the tip regions. The effective-
ness of the numerical model has been validated by qualitatively
comparing the predicted lightning attachment locations with
the existing experimental observations. Our results show that
the disk shape receptor presents more favorable interception
efficiency than the tip shape receptor does. In addition, increas-
ing the size of the disk receptor and using dual disk receptors
may also increase the interception efficiency. However, the ad-
ditional weight could lead to an increase of cost and a possible
compromise of mechanical performance. Note that the results
from the current numerical model will necessarily depend on
the adopted lightning striking distance model and on the appro-
priate choice of the simulation parameters such as the minimum
and maximum mesh sizes, and the element growth rate.

The current proposed approach of evaluating the interception
efficiency of the receptors can also be adopted to facilitate the
design and development of advanced lightning receptors by op-
timizing the configurations, such as the shape, size, pattern, and
location.

It is also worth mentioning that, in addition to the receptors,
the insulation or shielding of the conductive components inside
the blades (e.g., receptor holder, down conductors) also has
a significant impact on the interception efficiency [19]. The
investigation of these effects requires a separate analysis that
is capable of capturing the electric field distributions inside the
blade structure, and is a subject of our future research.
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