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Abstract: In this paper, upward leader initiation and the probability of lightning flashes on different
air terminal were analyzed in detail. With the growing global warming, lightning flash density has
increased abruptly, especially in tropical countries. Upward leaders are the critical elements to be
considered for defining comprehensive protective measures against lightning during thunderstorms.
This article presents the lightning flashover phenomenon on scaled buildings with installed lightning
rods. Moreover, the electric field and initialization of upward leaders from Lightning Air Terminals
(LATs) were analyzed in detail using Ansys Maxwell as a simulation tool. For the experimental work,
a high-voltage impulse generator was used. The air gap between the lightning rods and the top
electrode was kept constant in all scaled structures. The purpose of using an identical air gap was
to study the upward leader and its electric field for all structures. The effects of the upward leaders
on the electric field plots are explained in detail and allowed the determination of the electric field’s
intensity around each air terminal for the provided air gap between the tip of the rod and the top
electrode. A low-cost lightning protection system was taken into account, as the economic crisis is
worsening with time. A Franklin rod was used as the primary protection device for the initiation
of the upward streamer. The experimental results were obtained in Malaysian weather conditions
based on standard values of temperature and pressure. The study presented in this article shows that
based on the experimental work, field plots were obtained for both the air insulation scenario and the
condition when the upward leader was incepted. The simulation results showed a firm agreement
with the measured values. Similarly, by upward leader inception, the strikes could be predicted
accurately on every installed air terminal.

Keywords: Franklin rod; lightning strikes; lightning impulse; lightning protection

1. Introduction

It is not easy to accurately recognize lightning origination and its direct effects because
they are always hidden in clouds having lightning stroke. Thus, various researchers
have worked extremely hard to understand the direct lightning effects, electric field and
initialization of upward leaders [1]. Although continuous efforts are taking place to know
more about the process of lightning reaching grounded structures, still this process is only
partly understood [2]. Franklin and his colleagues brought the first breakthrough about
the lightning concept, showing that lightning is static electricity and moves form clouds
to ground with electrostatic charges [3]. Many researchers studied the same phenomena
of charges developed by the subsequent leaders and streamers produced by lightning
flashes. Geometry of lightning rods, electric field propagation and streamer potential
were also studied in detail. A lightning protection system works on the principle that a
lightning stroke can hit anything on earth while traveling form the clouds toward ground
structures. When lightning hits anything on the ground, it may affect them with its direct or
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indirect effect in the form of induced effect. Thus, to protect all grounded objects, Lightning
Protection Systems (LPS) have been designed [4–10].

Lightning has four common types, e.g., (1) Cloud to Cloud, (2) Cloud to Air, (3) Intra
Cloud, and (4) Cloud to Ground. Among them, Cloud to Ground lightning reaches the
ground with the charged with negative charges. Since the ground provides positive charges,
a very bright luminosity takes place, known as the real lightning stroke that is further
divided into positive and negative lightning [11,12]. The lightning flash, initiating in Cloud
to Ground lightning, consists of one or more strokes or subsequent leaders including the
return stroke [13,14].

2. Upward Leader Initiation

Due to climate changes, building protection has become a vital issue to be addressed by
researcher according to new technological approaches, based, e.g., on lightning mechanism,
lightning detection systems and the development of lightning leaders. The Franklin rod
is an element of great attention in LPS. It is installed on a geometrical structure provided
with earth wire and a ground electrode. The Franklin rod receives the lightning flashes
directly or indirectly by induced effect and it discharges them to the ground so the building
is safe [15–17].

The upward leader initiation takes place in reverse direction, as it travels form the
ground level upwards to the approaching flashes. A study about the upward leaders
concept was published, and the upward leader propagation from the ground to upcoming
leaders has been discussed in [18,19]. The nature of electric field changes is related to
negative atmospheric lightning and to spreading of the lightning leader in reverse direction,
i.e., from the ground to the atmosphere. Furthermore, lightning upward leaders for tall
structures have been analytically modeled in [20] in five different models. The upward
leaders have been initiated, and it was found that structures more than 168 m tall are less
model-dependent; an electric filed has been produced in all models by the upward leaders.

2.1. Lightning Rods and Building Structures

As the technology develops and building protection becomes smarter, the buildings’
traditional protection systems change. To ensure safety, the position of the air terminal is
the most significant [21].

2.2. Lightning Strike Probability

The ability of lightning rods to receive lightning flashes has been discussed for a very
long time. It has been proved that blunt rods are more effective in receiving lightning flashes.
Moreover, sharp rods produce a corona around them, reducing their lightning receiving
ability [22,23]. Monte Carlo techniques have proven that the probability of lightning striking
is higher at the corners and the edges [24]. During lightning rod installation, lightning rods,
smaller in size at the corners, have more probability of lightning attraction than bigger rods
installed in the center of a building [25–27].

3. Methodology of the Proposed Work

The overall experimental work was carried out based on the number of lightning
flashes in two consecutive years, considering that in tropical regions, the number of strikes
in a single year is 15 strikes per square kilometer. The experimental work was conducted
using a high-voltage and low-current impulse generator. An air gap of 3 cm was maintained
between the top electrode and the LATs. It was identical for all shapes, while the height of
the LATs was 1 cm, with a proportion of 1:10 with respect to the height of the structure. The
schematic diagram of the high-voltage and low-current generator is presented in Figure 1.
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Figure 1. Schematic diagram of the experimental work.

Similarly, the ANSYS/MAXWELL was used as a simulation tool for the upward leader
inception in pre-breakdown scenarios. The simulation of upward leader inception was
performed based on the number of strikes on every air terminal during the H.V. laboratory’s
experimental work.

The building structures used for experiments and simulation were scaled down and
were tested in Malaysian ambient weather conditions. The Lightning Air Terminals (LATs)
were installed on selected shapes according to American standard NFPA 780 [15]. Scaling
of the building structures was performed according to [28–31]. The equation used to scale
different geometrical structures is

MeasureScale (Mi) =
Mp (prototype)

Mm (Modeltype)
(1)

Note that Mp is the characteristic height in the real-world prototype, and MM is the
corresponding height in the model. If the scale factor is 1:30, from the given Equation (1),
the height of a single-story building is 10 cm.

During the experimental work, the top electrode represented the cloud, while every
shape was triggered with 30 flashes representing the number of strikes in two consecutive
years. This means that in tropical areas, e.g., Malaysia, Indonesia and Singapore, the
lightning flash density per year, per square kilometer of area is 15. The air gap between the
top electrode and the tip of the rod was 3 cm, for 3 m.

Similarly, the height of the lightning rod was kept at 1 cm throughout the experiments.
The environmental conditions were average STP conditions. In the experimental work,
for an impulse voltage of 86.5 kV, the average parameters of the weather conditions were
such that temperature was selected as 30.70 ◦C, pressure was 1.025 Pa, and humidity level
was 70.7%.

4. Results

This section presents the experimental and simulation results related to lightning
flash distribution, electric field simulation, and upward leader inception based on electric
field plots. During the indoor experimental process in the High-Voltage (H.V.) laboratory,
different scaled models were tested, having different rooftops and a different number of
installed Lightning Air Terminals (LATs). Similarly, for the simulation process for the
given specifications (100 kV) of the H.V. impulse generator, a short air gap and the same
atmospheric condition were selected [32].

I =
I0ead

1 − γ
(
ead − 1

) (2)
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Equation (2) represents the initial current development before a breakdown occurs.
When the voltage grows further, α and γ also increase and become equal to 1, therefore, I
become infinity at the breakdown point. Hence, (2) becomes

I − γ
(

ead − 1
)
= 0 (3)

I = γ
(

ead − 1
)

(4)

As the electric field is the ratio between voltage and gap distance [32]:

E =
V
d

(5)

Similarly, α and γ are the electric field’s functions and the pressure of gas P. Therefore

α = F1
E
p

(6)

γ = F2
E
D

(7)

Keeping in consideration this, (4) becomes

F2
E
p [ exp(pdF1, V

pd )− 1 = 1

F2
v
pd [ exp(pdF1, V

pd )− 1 = 1
(8)

Equation (8) indicates the breakdown in terms of air gap d and pressure p and it
is implemented for a short air gap when the E field is maximum. Since Paschen’s law
considers a short air gap breakdown, a short air gap was considered to calculate the strikes
on different air terminals. Similarly, to calculate the lightning strikes on any air terminal, the
highest number of strikes during the experimental process was considered as a reference
point of lightning strikes. Therefore, the risk assessment for any system was considered,
which could be calculated by [33,34]

Risk Assessment = L × S (9)

where L = Likelihood, which is equal to probability, and S = Severity. By replacing risk
assessment with strike prediction and severity with number of strikes on any installed air
terminal, (9) becomes

Strike prediction = Likelihood × Number of strikes on Tn
Likelihood = (Electric Field on Tn)/(Maximum Electric Field)

Strike prediction = (Electric Field on Tn)/(Maximum Electric Field) × Number of strikes on Tn.
Similarly, the electric field was calculated using the equation.

(10)

The electric field on Tn is the electric field value on any air terminal, and Emax is the
maximum value of the electric field among all measured values. Tn represents any air
terminal. When the likelihood of lightning strikes was calculated, the electric field’s highest
value was taken as the standard value obtained from the electric field by the inception of
upward leaders. Based on the electric field value obtained by introducing an upward leader
for the pre-breakdown condition and the electric field when the condition was similar to
the air insulation breakdown, the likelihood of lightning strikes for all the installed air
terminals was calculated.

Similarly, the electric field was calculated using the equation [35]:

E = V/d (11)
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where E represents the electric field, V is the applied voltage, and “d” is the air gap between
the top electrode and the tested model.

For the electric field, the tips of the rods were selected; therefore, a homogenous field
was considered, as the edges were not directly struck by lightning flashes furthermore. We
used the equation to calculate the electric field for the given air gap of 3 cm. However, the
field distribution was different on different air terminals, because the charge distribution
was different on different air terminals.

In the experimental as well simulation set up, the upward leader initiation and electric
field due to these leaders were analyzed in detail, as shown Figures 2 and 3.

Figure 2. Electrification of grounded building structures with installed LAT during a thunderstorm;
(a) matured cumulonimbus cloud, (b) cloud-to-ground electric field concentration, (c) mirror-image
positive charges due to cloud base negative charges; the grounded structure is covered with positive
charges, (d) electric field lines linking the ground and building with electric fields connected to the cloud.

Figure 3. Electrification of grounded building structures with installed LAT during a thunderstorm
(a) Upper part of the building with distribution of positive charges, (b) upper building sectionalized
for electric field analysis, (c) electric field lines linking the ground and building with ground-to-cloud
electric fields (symmetrical consideration), with upward and downward leaders involved.
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In Figure 2, the distribution of positive and negative charges and their propagation
towards ground structures were elaborated. It can be seen how the negative and positive
charges at the top of the structures attracted each other. Similarly, in Figures 2 and 3, the
reception of lightning on the tip of the rods is presented. In Figure 3c, it can be clearly
seen that an upward leader was also initiated when the lightning flashes were attracted
by grounded objects. The field during upward leader initiation can be homogenous as
well as non-homogenous. Similarly, in Figure 2d, the positive and negative charges for a
homogenous field are shown. The field in a real scenario can also be non-homogenous. For
The scenario here presented was chosen to show how the upward leaders are initiated.

4.1. Upward Leader Inception and Probability of Lightning Strikes on Gable-Shape Building

During the experiment, all tested objects received 30 flashes using a high-voltage
impulse generator. A scaled model of the gable shape was equipped with three LATs, and
the same number of flashes was applied. During the experimental process, the lightning
flashes produced a particular lightning pattern on different air terminals. The number of
strikes on every LAT was counted. The number of strikes on LAT1 was 14, on LAT2, the
strikes were 2, and on LAT3, the strikes were 13. The lightning flashes distribution on a
gable shape is shown in Figure 4. Figure 4a shows the strikes on LAT1, while Figure 4b,c
indicates the strike distribution on LAT2 and LAT3, respectively.

Figure 4. Lightning strike distribution on the Gable scaled model: (a) scaled gable shape (b) strike on
LAT1, (c) strike on LAT2, (d) strike on LAT3.
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T represents the LAT installed on different geometrical shapes; the strike distribution
generated an electric field on the installed air terminal. Thus, the electric field was simulated
by considering the LAT as conducting material, and the upward leader inception by
considering the LAT as a semiconductor material in the pre-breakdown condition. The
simulation was performed for both scenarios based on the number of strikes on the LATs.
Figure 5 shows the electric field generated in the case of normal conduction through the
LAT and upward leader inception.

Figure 5. Probability of lightning strikes on a gable-shape scaled model: (a) 3D scaled gable shape,
(b) electric field plot without upward leaders, (c) electric field plot with upward leaders.

The effect of electric field on the LATs of the gable shape was observed and it was
found that with upward leader inception, the electric field intensity increased. The value of
the electric field in different points is shown in Figure 6.

Based on the results obtained Figures 5 and 6 the electric field value and the number
of strikes on every LAT are reported in Table 1.

Table 1. Number of strikes and electric field on LATs of a gable shape.

Installed Air Terminals T1 T2 T3

Measured value of Lightning Strikes 14 3 13
Electric Field in normal conditions (kV/cm) 30.9 23.5 30.3

Electric Field in the presence of upward leaders (kV/cm) 36.8 30.1 35.1
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Figure 6. Electric field distribution with (a) and without upward leader inception (b).

Probability of Lightning Strikes on a Gable-Shape Building

To calculate the likelihood of a lightning strike on every LAT, a short air gap was
considered based on Paschen’s law to calculate the short air gap’s pre-breakdown electric
field. Based on the electric field value on every LAT, the likelihood of lightning strikes was
calculated using Equation (10), as shown in Table 2. Table 2 shows that when the upward
leaders were applied, the likelihood of lightning strikes on every air terminal increased,
reaching a value comparable with the measured values.

Table 2. Probability of lightning strikes on gable shape.

Installed Air Terminals T1 T2 T3

The number of Lightning Strikes 14 3 13
Electric field in normal condition (kV/cm) 30.9 23.5 30.3

Probability of strikes without upward leaders 11 2 11
Electric field in the presence of upward leaders (kV/cm) 36.8 30.1 35.1

Probability of strikes with upward leaders 14 2 12

4.2. Upward Leader Inception and Probability of Lightning Strikes on an L-Shape Building

Some building structures have an L shape. Thus, an L-shape building was considered
and scaled down, with LATs installed on the corners. The triggered flashes during the
measured process inside the laboratory produced a pattern. According to the pattern, LAT1
received 9 strikes, LAT2 received 11 strikes, and LAT3 captured 10 strikes. The lightning
flashes on the different LATs of the L-shape geometrical structure are shown in Figure 7.

The triggered flashes on the L-shape building generated an electric field on the struck
LATs. Moreover, the electric field on every LAT was simulated in normal pre-breakdown
conditions and the upward leader inception by applying the LAT tip’s semiconductor
material. The simulation for both scenarios is shown in Figures 8 and 9, indicates that the
value of the simulated electric field did not increase during the normal pre-breakdown
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conditions. However, by applying the upward leader inception, the electric field value
increased. The field plot on all points in both scenarios is shown in Figure 9.

Figure 7. Lightning strike distribution on an L-shape scaled model: (a) scaled L-shape model,
(b) strike on LAT1, (c) strike on LAT2, (d) strike on LAT3.

Figure 8. 3-D model-Shape building structure (a) Probability of lightning on an L-shape structure:
(b) field plot without upward leaders, (c) field plot with upward leaders.
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Figure 9. Electric field plot on an L-shape geometrical structure with and without upward
leaders’ inception.

Figure 9 illustrates that the electric field was distributed on all installed air terminals.
The electric field value was higher on the rods’ tip; moving away from the rods’ tip, the
intensity decreased. The electric field value and the number of strikes on every LAT shown
in Figure 9 are reported in Table 3.

Table 3. Number of strikes and electric field on the LATs of an L-shape building.

Installed Air Terminals T1 T2 T3

Number of Lightning Strikes 9 11 10
Electric field in normal conditions (kV/cm) 24.7 30.0 26.5

Electric Field in the presence of upward leaders (kV/cm) 35.5 42.2 40.2

Probability of Lightning Strikes on an L-Shape Geometrical Structure

Considering the electric field values on every LAT of the L-shape structure shown in
Table 3 and using Equation (10), the probability of lightning strikes can be calculated. The
values are shown in Table 4.

Table 4. Probability of lightning strikes on an L-shape building.

Installed Air Terminals T1 T2 T3

Number of lightning strikes 9 11 10
Electric Field in normal conditions (kV/cm) 24.7 30.0 26.5

Probability of strikes without upward leaders 5 8 6
Electric field with the introduction of upward leaders (kV/cm) 39.5 42.4 40.2

Probability of strikes with upward leaders 8 11 9

Table 4 suggests that by applying the upward leader’s inception condition, the likeli-
hood of lightning strikes improved. These improved results show a firm agreement with
the value of the probability of lightning strikes measured during the testing process.
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4.3. Upward Leader Inception and Probability of Lightning Strikes on a Square-Shape Building

Square-shape building structures with a flat rooftop can be found anywhere globally;
therefore, for square-shape flat roofs, the upward leader’s inception and the likelihood
of lightning strikes were determined. The square shape was provided four LATs on
each corner, and the same number of triggered flashes was applied as for the previous
shapes. The distributed lightning flashes pattern showed that LAT1 captured 10 flashes,
LAT2 received 8, and LAT3 and LAT4 received 7 and 5 flashes, respectively. The strike
distribution obtained during the experimental process is shown in Figure 10.

Figure 10. Lightning strike distribution on a square-shape model: (a) scaled square shape, (b) strike
on LAT1, (c) strike on LAT2, (d) strike on LAT3, (e) strike on LAT4.

The lightning flashover on every LAT of the square shape is evident in Figure 10. Due
to the lightning flash, an electric field was generated and simulated on every air terminal.
The field plot was simulated when all the LATs received many lightning flashes on every
LAT, and the upward leaders were incepted. The field plot for both scenarios is presented in
Figure 11. It can be seen that the electric field’s effect changed considerably at the inception
of the upward leader. Furthermore, the value was high in this scenario. Under the normal
pre-breakdown, the value on every point of the rooftop is shown in graphical form in
Figure 12.
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Figure 11. Probability of lightning on a square shape model: (a) square shape, (b) field plot without
upward leaders, (c) field plot with upward leaders.

Figure 12. Electric field plot on an Square-shape geometrical structure with upward leader (a) and
without upward leaders’ inception (b).

The field plot on every point is shown in Figure 12. It is clear that with upward leader
inception, the field intensity was higher on every point of the rooftop. Similarly, when
the LAT captured the lightning flash, the intensity was higher at the tip and lower at the
far end. Considering Figure 12, the electric field’s values on every air terminal following
several strikes are reported in Table 5.

Table 5. Number of strikes and electric field on the LATs of a square-shape building.

Installed Air Terminals T1 T2 T3 T4

Number of lightning strikes 10 8 7 5
Electric field in normal condition (kV/cm) 31.1 26.2 24.1 24.1

Electric field with the introduction of upward leaders (kV/cm) 44.4 41.3 39.6 34.6
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Probability of Lightning Strikes on a Square Shape

The likelihood of lightning strikes on every air terminal can be calculated using
Equation (10). The likelihood of lightning strikes is shown in Table 6. The table shows
that with the upward leader inception, the number of predicted strikes was in close agree-
ment with the measured values, and thus the upward leader inception improved the
strike prediction.

Table 6. Probability of lightning strikes on a square-shape building.

Installed Air Terminals T1 T2 T3 T4

Number of lightning strikes 10 8 7 5
Electric field in normal condition (kV/cm) 31.1 26.2 24.1 21.4

Probability of strikes without upward leaders 7 4 4 2
Electric field with the introduction of upward leaders (kV/cm) 44.4 41.3 39.6 34.6

Probability of strikes with upward leaders 10 7 6 4

4.4. Upward Leader Inception and Likelihood of Lightning Strikes on a Cylindrical Building

The cylindrical shape is also a standard shape used for water tanks, atomic plants,
oil refineries, and many other geometrical structures. A cylindrical model was scaled to
analyze the electric field intensity based on the field plot, and the upward leader was
incepted to improve the likelihood of lightning strikes on different points of the cylindrical
shape. The number of lightning strikes during the experimental work was eight on LAT1
and seven on LAT2. Similarly, LAT3 received nine strikes, and LAT4 captured six strikes.
The flashover breakdown on every LAT of the given shape is shown in Figue14.

Figure 13 presents the strike distribution on every LAT of the cylindrical shape. These
strikes produced an electric field on every air terminal. The electric field on every air
terminal was simulated based on the number of strikes on each given LAT. The electric field
was simulated when the pre-breakdown condition occurred in the standard conducting
material. Similarly, when the upward leaders were incepted, the semiconductor material
was considered at the tip of the LATs in each shape. The simulation of both scenarios is
presented in Figure 14.

Figure 13. Lightning strike distribution on a cylindrical model: (a) scaled cylindrical shape, (b) strike
on LAT1, (c) strike on LAT2, (d) strike on LAT3, (e) strike on LAT4.
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Figure 14. Probability of lightning on a cylindrical model: (a) circular shape, (b) field plot without
upward leaders, (c) field plot with upward leaders.

Figure 15 shows the electric field values on different points of a cylindrical shape in
the x-axis and y-axis. From the figure, it is clear that by the inception of the upward leaders,
the electric field plot values increased; these values were used to calculate the likelihood of
lightning strikes. Based on Figure 15, the electric field intensity on every LAT is shown in
Table 7.

Figure 15. Probability of lightning strike on different points of a cylindrical structure (a) field value
for normal pre-breakdown conditions, (b) field value for upward leader inception.

Table 7. Number of strikes and electric field on the LATs of a cylindrical building.

Installed Air Terminals T1 T2 T3 T4

Number of lightning strikes 8 7 9 6
Electric field in normal conditions (kV/cm) 29.3 24.9 31.2 26.5

Electric field with the introduction of upward leaders (kV/cm) 44.4 41.3 39.6 34.6
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Probability of Lightning Strikes on a Cylindrical Shape

Based on the field plot on every air terminal, the probability of lightning strikes was
calculated using Equation (10). Using this Equation, it is clear that the determination of the
probability lightning strikes could be improved by introducing the upward leader concept.
The improvement in the likelihood of lightning strikes indicates that the measured values
of lightning strikes on every LAT during the indoor testing process in the High-Voltage
Laboratory were in firm agreement with the calculated values of lightning strikes with
upward leader inception. Therefore, it can predict the number of strikes on any LAT
installed on any geometrical shape could be predicted as shown in Table 8.

Table 8. Probability of lightning strikes on a cylindrical building.

Installed Air Terminals T1 T2 T3 T4

Number of lightning strikes 8 7 9 6
Electric field in normal condition (kV/cm) 29.3 24.9 31.2 26.5

Probability of strikes without upward leaders 6 4 7 4
Electric field with the introduction of upward leaders (kV/cm) 40.6 38.5 42.3 35.4

Probability of strikes with upward leaders 8 6 9 5

4.5. Upward Leader Inception and Probability of Lightning Strikes on a Pyramid-Shape Building

Building structures with pyramid rooftops can be seen anywhere in the world. High-
rise buildings and buildings with low height, e.g., residential houses and the bus stops, are
also provided with pyramid-shape rooftops. Considering high and low building heights,
the pyramid shape was scaled down, and strike distribution was observed. The mentioned
geometrical shape was provided with five LATs on every corner. LAT1 was in the middle
and higher position. Therefore, by applying the triggered flashes, all flashes were attracted
by LAT1. The strikes on the pyramid shape are shown in Figure 14.

Figure 16 shows that LAT1 captured all 30 triggered flashes. Similarly, as the remaining
LATs were lower in height than LAT1, they did not receive any flash. Based on the number
of strikes received by LAT1, the electric field effect was simulated on LAT1. The electric
field plot on LAT1 is shown in Figure 15. It appeared that the electric field was concentrated
on LAT1 following the flashes captured by LAT1 on the pyramid-shape structure.

Figure 16. Lightning strike distribution on a pyramid-shape model: (a) scaled pyramid shape,
(b) flashover on LAT1.

From Figure 17, it can be seen that by introducing the upward leaders inception, the
electric field intensity increased. The electric field value at every point of the pyramid
shape is shown in Figure 18.
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Figure 17. Probability of lightning on a pyramid-shape model: (a) 3D model of a pyramid shape
(b) field plot without upward leaders, (c) field plot with upward leaders.

Figure 18. Probability of lightning strike on different points in a pyramid shape (a) field value for
normal pre-breakdown conditions, (b) field value for upward leader inception.

The electric field values with and without upward leader inception are shown in
Table 9.
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Table 9. Number of strikes and electric field on a pyramid-shape building.

Installed Air Terminals T1 T2–T5

Number of lightning strikes 30.0 NIL
Electric field in normal conditions (kV/cm) 28.5

Electric field with the introduction of upward leaders (kV/cm) 44.0

Probability of Lightning Strike on a Pyramid Shape

The likelihood of a lightning strike on a pyramid shape and the electric field values
were calculated considering the presence and absence of the upward leaders. The likelihood
of a lightning is shown in Table 10 and was calculated using Equation (10).

Table 10. Probability of lightning strikes on a pyramid-shape building.

Installed Air Terminals T1 T2–T5

Number of lightning strikes 30.0 NIL
Electric Field in normal conditions (kV/cm) 28.5

Probability of strikes without upward leaders 19 NIL
Electric field with the introduction of upward leaders (kV/cm) 44.0

Probability of strikes with upward leaders 30

Table 10 indicates that by introducing the upward leaders, the likelihood of lightning
strikes increased, and was in close agreement with the measured experimental values.

5. Discussion

Building structures are commonly vulnerable to lightning flashes. When a lightning
flash takes place on a LAT or the building structure’s surface, it generates an electric field
in the surroundings. This electric field, as a result, can affect the building structure and its
electronics equipment and can cause human injuries and causalities. Thus, it is essential to
study the electromagnetic radiation due to lightning. It is very important to analyze electric
field upward leader initiation due to lightning. Therefore, in this article, scaled building
structures were used to observe lightning strike patterns using a simulation approach.
The models tested during indoor allowed determining the electric field intensity with and
without upward leader inception. The selection of the scaled models was based on standard
building structures commonly used in different parts of the world

LAT installation was different in the various models, as the number of LATs varies
with the building structures’ geometry. The pattern of lightning strikes on different LATs
was obtained, and the electric field was simulated accordingly to the number of strikes on
the air terminals. It means that for the LAT which received the highest number of strikes,
the electric field was higher, and the electric field was lower for the minimum number of
strikes. We introduced a minor increase in the height of the tip of the rod. Similarly, for
upward leader inception, the rod’s tip was elongated, and its material was a semiconductor
material. By applying a semiconductor, a pre-breakdown condition was simulated. Thus,
upward leader inception can improve and modify the likelihood of lightning strikes on the
LATs on different geometrical shapes.

6. Conclusions

In this paper, the upward leader initiation along and related electric field were ana-
lyzed in detail. The work was carried out based on experiments and simulations. It was
found that due to the upward leaders, the electric filed propagation became more intense
and its probability increased. The building structures were scaled down using analytical
equations. In order to perform the laboratory work and using simulation, a lightning flash
density of 30 flashes was selected. This number corresponds to the lightning flashes density
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per square kilometer per year. The mentioned number of flashes was tested in all selected
building structures. The chosen pattern of lightning strike was that of two convective years
in a tropical area. As lightning is an uncertain natural phenomenon, using the simulation
tool, the lightning strikes were simulated to obtain the electric field of the upward leader on
every LAT and study its probability and propagation. The upward leader was considered
the pre-breakdown scenario, and therefore one of LAT was elongated, and a semiconductor
material was assigned to the tip of the rod. This inception resulted in a higher electric field
intensity on the tip of the rod. With the upward leader, the highest value of the electric field
was been considered the standard value, and the obtained values of the electric field were
used as normalized data. The normalized data were found to be in good agreement with
the values measured in the laboratory. Thus, the upward leader inception can improve
the probability of lightning strikes on every air terminal. Considering the field plot when
the upward leader is incepted, the prediction of the number of strikes on any building
structure can be improved. Our work can contribute to improving strike prediction.
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