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Abstract: In this paper, we present the optimized air space of the lightning protection rod (SK-
AOR380) with the function of a charge transfer system (CTS). For evaluation of CTS in the laboratory
setting, some studies have focused on the modification of the structure and shape of the CTS; the
air space is designed (>2 mm) as an empirical design without quantitative data. However, in this
paper, we have focused on the air space between the ionizer conductor and current collector to
control the inception and occurrence position of corona discharge in air insulation. This is because
the performance, such as the initial corona discharge inception of CTS, is determined by the air space.
The simulation analysis was performed in a narrow, micro-sized air space as a first step, where the air
space was reduced to the extent possible for simulation. To evaluate the performance of SK-AOR380
according to the narrow air space, we considered the numerical analysis method. The fundamental
equations consist of Poisson’s equation and the charge continuity equation. Poisson’s equation for
electric fields is a fully coupled numerical model based on the charge continuity equations for a
positively charged ion, negatively charged ion, and free electron. Fowler–Nordheim electron emission
was employed for the boundary condition at the surface of the ionizer conductor. To simulate the
corona discharge behavior under standard lightning impulse voltage, we used a source of lightning
voltage with 1.2/50 µs based on a double exponential equation; the corona discharge behaviors
(electric field distribution, free electron density, positive and negative ion density) were investigated
dependent on each time step (0.5, 1 and 1.2 µs) until 3.5 µs. The results revealed that the characteristics
graph of free electron density, positive and negative ion density showed similar trends, with lightning
impulse voltage increasing with increasing time steps until 1.2 µs and each density resulted in a
decreasing trend from 1.2 µs to 3.5 µs. The SK-AOR380 is improved with a decreasing air space in
terms of electric field distribution, electron, and ion density. In other words, the 0.0005 mm air space
created a non-uniform electric field distribution with a large field enhancement, causing ionization
to initiate corona discharge. In addition, in the case of a 0.0005 mm air space, the electric field and
electron density are increased by 1.3 and 1.9 times, respectively, than that of 0.001 mm. However,
there was no longer a significant difference under 0.0005 mm in the simulation results. To improve
the CTS, we suggest the air space between the ionizer conductor and current collector should be less
than 2 mm than that of conventional CTS from our research work.

Keywords: numerical analysis; three charge carrier; partial discharge; lightning rod; SK-AOR380;
corona discharge; discharge behavior; impulse voltage; air space

1. Introduction

The main purpose and role of the lightning protection rod is preventing indirect or
direct lightning strike near the substation, facility, telecommunication line etc. Recently,
cases of harm caused by lightning strike with high voltage and current flow is increasing
with the increasing global average temperature due to global warming.
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The conventional Franklin rod is for the safe discharge of lightning strikes caused by
thunderstorm clouds on a facility and skyscrapers, and it has been the most widely used
air terminal. In other words, the basic role of the Franklin rod is inducing lightning strikes
as receptors with low impedance paths, and then attracting the lightning stroke and the
lightning current flow using a sharp tip to ground the system. The Franklin rod has been
validated in many studies conducted around the globe over a span of many decades, from
indirect and direct lightning surges. However, the Franklin rod for inducing lightning
surges to specific spots is not perfect at preventing facilities from being struck by lightning
strike. Even if the Franklin rod induces a high current by lightning strike from the rod tip to
ground the system, the high lightning current impulse may still affect the communication
facilities, computers, and weak electrical devices of the building.

For the above reason, recently, new different kinds of lightning protection rods have been
introduced. One is the charge transfer system (CTS) and another is early streamer emission
(ESE). Many researchers have suggested that the CTS and ESE lightning rods will have a
larger protection area than that of a Franklin lightning rod of similar dimensions [1–3].

Recently, some studies have focused on CTS for preventing indirect and direct light-
ning strikes [4–6]. They suggest a new type of CTS, consisting of cylindrical CTS, many
brushes, and a floating conductor. The floating conductor is located near the brushes.
However, studies have only focused on the modification of the structure and shape of the
CTS as well as the effectiveness of CTS according to the presence or absence of the floating
electrode; the optimized air space between the floating conductor and brushes has not
been suggested, in spite of the performance of CTS depending on the air space (air space
is >2 mm, based on empirical study). In addition, currently the CTS is being used without
quantitative data about the air space [5,6].

From the view point of the above reason, the scientific aim of our research work is
investigating the optimized air space for performance improvement of SK-AOR380 with
various previous research as a basis for the work, using the numerical analysis method. The
subject of the research was to obtain an optimized air space between the ionizer conductor
and current collector. To investigate the optimized air space, a simple method is adopted;
the air space is reduced with decreasing µm units in terms of electric field distribution
and electron density, which is coupled with the charge continuity equation for a positively
charged ion, negatively charged ion, and free electron, based on Poisson’s equation. This
study extends the existing research in CTS type lightning rods, and these simulation results
are expected to bring useful information to decide the optimized air space between the
ionizer conductor and current collector.

In this paper, Section 2 presents a modeling method and detailed description of the
analysis approach for numerical analysis, Section 3 describes the results of simulation
work, Section 4 is a discussion, indicating the limitations, practical application, and future
directions of research in this field. Section 5 presents the final conclusions of the research.

2. Modeling for Numerical Analysis

The behaviors of the free electron (ρe), positively charged ion (ρ+), and negatively
charged ion (ρ−) can be expressed by using the continuity equation. These continuity
equations are expressed as [7,8].

∂ρ+
∂t

+∇·(ρ+µ+

→
E) = −I(|E|) + D(|E|) + ρ+ρ−ρ+,−

q
+

ρ+ρeρ+, e

q
(1)

∂ρ−
∂t

+∇·(ρ−µ−
→
E) = −D(|E|)− ρ+ρ−R+,−

q
+

ρe

τa
(2)

∂ρe

∂t
+∇·(−De∇ρeρeµe

→
E) = −I(|E|)− ρ+ρ−R+, e

q
− ρe

τa
(3)

where ρ+, ρ− and ρe denote the positively charged ion, negatively charged ion, and free
electron, respectively, and I, D, and R are the ionization, dissociation, and recombination
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(ion-ion and ion-free electron) coefficients, respectively. τa is the free electron attachment
time, µ−, µ+, and µe denote the mobility of the free electron and positively and negatively
charged ions.

The continuity equation is coupled with Poisson’s equation and employed in air
insulation. The current density within insulation air is as follows:

−∇·(εr∇V) = ρ+ + ρ− + ρe (4)

→
J = (σ + ε0εr

∂

∂t
)E + Je (5)

where εr is the relative permittivity of air insulation.
→
E and

→
J are electric field and current

density within air insulation.
To consider the electron emission for the surface of SK-AOR380, the charge generation

on the surface of SK-AOR380 is assumed to have been given by a dominant process among
candidates of field emission from the SK-AOR380 to insulation air, expressed in equations
as follows:

JFE =
e3|
→
E |2

8πh∅D
exp(−8π

√
2m∅D

3
2

3he|
→
E |

) (6)

Where JFE is the emitted current density due to the influence of the applied electric

field, h is Planck’s constant, e is the magnitude of electronic charge
(
1.602× 10−9 C

)
, |
→
E | is

the local electric field, ∅D = ∅w − χ is effective barrier height. ∅w is the work function and
χ is the electron affinity of the air insulation, respectively. Note that the effective barrier
height of aluminum is 4~5 eV [9].

The following Table 1 describes the significance of various abbreviations and acronyms
used throughout the paper.

Table 1. Abbreviations and acronyms used in this paper.

Symbol Meaning

ρ+, ρ−, ρe Positive ion, negative ion and free electron

I Ionization term

D Dissociation term

R Recombination term

τa Electron attachment

µ−, µ+, µe Mobility of positive, negative ion and free electron
→
E Electric field
→
J Current density

JFE Current density by field emission

h Planck’s constant

e Magnitude of electronic charge

∅w Work function

χ Electron affinity

Simulation Model Geometry

Figure 1 shows computer-aided numerical model geometry in COMSOL Multiphysics.
The air space between the ionizer and current collector are 0.0005 mm, 0.001 mm. and
0.0025 mm. The air space is 0.5 mm and an applied voltage of 0.5 kV (standard lightning
impulse voltage) is applied until 3.5 µs. To investigate the optimized air space of SK-
AOR380, the air space is reduced with decreasing µm unit as the basic research work. The
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materials of each part for the simulation model are shown in Table 2. Each material in the
simulation model was supplied from the COMSOL Multiphysics library.
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Figure 1. Computer-aided design representation of the numerical model geometry.

Table 2. Each material for simulation model.

Modelling Parts Materials

Ionizer Aluminum

Main body Copper

Current collector Copper

Insulation material Epoxy resin

3. Numerical Analysis Results

Figure 2 shows the result of the numerical model to simulate the electric field in
insulation air at 0.5 kV. The maximum value of the electric field, according to the air space,
was formed at 1.2 µs, which is similar to the applied standard lightning impulse voltage
waveform. The characteristics of the electric field depend on air space between the ionizer
conductor and current collector. The results reveal that the electric field strength increases
with a decreasing air space. The electric field strength between the ionizer conductor
and current collector (0.0005 mm and 0.001 mm air space) are higher than that of the
SK-AOR380 tip part by 51% and 17%, respectively. On the other hand, as the air space
increased by more than 0.0025 mm, the electric field between the ionizer conductor and the
current collector decreased, and the electric field at the tip part of the SK-AOR380 lightning
rod was increased. The induced high electric field region due to the charged cloud was
formed between the SK-AOR380 ionizer conductor and current collector at 0.0005 mm. In
addition, the induced electric field between the ionizer conductor and the current collector
was 20.5 kV/m and tip region was 13.5 kV/m, respectively. This means that the corona
discharge occurs between the ionizer conductor and current collector, and it could be the
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starting point of the corona discharge inception. From the above results, the air space is
determined by the electric field strength and partial discharge inception voltage (PDIV).
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Figure 2. Electric field as a function of time at 0.5 kV (solid line: air space between ionizer conductor
and current collector, dash line: tip part of SK-AOR380 lightning rod).

Figure 3 shows the electron density according to the air space. The trend of electron
density is similar to electric field results as a function of time, meaning that the electron
density is concentrated where the peak of the electric field is formed. The SK-AOR380
AOR380 between the ionizer conductor and the current collector creates a non-uniform
electric field with a large electric field enhancement due to ionization caused by consecutive
electron avalanches.
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Figure 3. Electron density as a function of time steps.

Figure 4 shows negative and positive ion density distribution obtained from
Equations (1) and (2) including ionization, dissociation, and recombination. The nega-
tive ion density showed a similar trend to positive ion density; the maximum value of
negative and positive ion density according to the air space was formed at 1.34 µs and
1.32 µs with different free electron densities, respectively. The reason or the time delay
is that the free electron mobility (1× 10−4 m2s−1V−1) had a higher mobility than ions
(1× 10−9 m2s−1V−1) [10,11], and the ion charge carriers with a relatively slow mobility
remained in space and then led to the dissociation, recombination, ionization, and electron
attachment in this simulation analysis. The slope of negative (∆ρ−) and positive ion density
(∆ρ+) dramatically decreased non-linearly as a function of time with different free electron
density (∆ρe) from the peak value to 3.5 µs, as shown in Figures 3 and 4. This result is
influenced by recombination and dissociation terms from Equations (1) and (2).



Appl. Syst. Innov. 2023, 6, 10 6 of 10

Appl. Syst. Innov. 2023, 6, 10 6 of 10 
 

 

remained in space and then led to the dissociation, recombination, ionization, and electron 
attachment in this simulation analysis. The slope of negative (∆𝜌ି) and positive ion den-
sity (∆𝜌ା) dramatically decreased non-linearly as a function of time with different free 
electron density (∆𝜌) from the peak value to 3.5 𝜇𝑠, as shown in Figures 3 and 4. This 
result is influenced by recombination and dissociation terms from Equations (1) and (2). 

    
(a) (b) 

Figure 4. Negative and positive ion density as a function of time steps. 

Table 3 shows the distribution of the electric field, free electron density, and negative 
ion density. The electric field between the ionizer conductor and current collector is dis-
turbed, the peak value of the electric field is formed at the air space 0.0005 mm, and the 
free electron and negative ion density increase with increasing time step function at a high 
electric field point. It might be possible that the optimized air space between the ionizer 
conductor and the current collector improve the corona discharge inception process, 
meaning that it could start the corona discharge inception point early, before the lightning 
strike. In the case of air space 0.0025 mm, the concentration of electric field was formed at 
tip part of SK-AOR380 with a different air space of 0.0005 mm. In other words, free elec-
tron and negative ion density increases with the increasing time step function at the sharp 
tip part. From above results, we found that the corona discharge inception point is deter-
mined by the air space between the ionizer conductor and current collector. 

Table 3. The electric field distribution, free electron density, and negative ion density as a function 
of time steps. 

Air Space 
[mm] 

Time 
[𝝁𝒔] 

Electric Field [V/m] Electron Density [𝒎𝒐𝒍/𝒎𝟑] Negative Ion Density [𝒎𝒐𝒍/𝒎𝟑] 

0.0005 mm 
 

0.5 𝜇𝑠 
 

   

Figure 4. Negative and positive ion density as a function of time steps.

Table 3 shows the distribution of the electric field, free electron density, and negative
ion density. The electric field between the ionizer conductor and current collector is
disturbed, the peak value of the electric field is formed at the air space 0.0005 mm, and
the free electron and negative ion density increase with increasing time step function at
a high electric field point. It might be possible that the optimized air space between the
ionizer conductor and the current collector improve the corona discharge inception process,
meaning that it could start the corona discharge inception point early, before the lightning
strike. In the case of air space 0.0025 mm, the concentration of electric field was formed at
tip part of SK-AOR380 with a different air space of 0.0005 mm. In other words, free electron
and negative ion density increases with the increasing time step function at the sharp tip
part. From above results, we found that the corona discharge inception point is determined
by the air space between the ionizer conductor and current collector.

Table 3. The electric field distribution, free electron density, and negative ion density as a function of
time steps.

Air Space [mm] Time [µs] Electric Field [V/m] Electron Density [mol/m3] Negative Ion Density [mol/m3]

0.0005 mm

0.5 µs
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4. Discussion 
The generated process of the positive and negative ion and free electron is illustrated 

in Figure 5. In the case of a low external electric field, the bonding energy between the free 
electron and positively charged ion in air insulation is larger than that of the external elec-
tric field. Therefore, many neutral molecules remain in air. However, in high external elec-
tric fields, collisions occur between neutral molecules and then free electrons are acceler-
ated in the high electric field [12]. The newly generated free electron from the surface of 
the ionizer conductor and air insulation can play a role as new electron avalanches under 
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tric field. Therefore, many neutral molecules remain in air. However, in high external elec-
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4. Discussion 
The generated process of the positive and negative ion and free electron is illustrated 

in Figure 5. In the case of a low external electric field, the bonding energy between the free 
electron and positively charged ion in air insulation is larger than that of the external elec-
tric field. Therefore, many neutral molecules remain in air. However, in high external elec-
tric fields, collisions occur between neutral molecules and then free electrons are acceler-
ated in the high electric field [12]. The newly generated free electron from the surface of 
the ionizer conductor and air insulation can play a role as new electron avalanches under 
a high electric field condition. Some of these secondary electrons will again strike the air 
insulation, producing tertiary electron [13]. The possibility of early corona discharge 
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4. Discussion 
The generated process of the positive and negative ion and free electron is illustrated 

in Figure 5. In the case of a low external electric field, the bonding energy between the free 
electron and positively charged ion in air insulation is larger than that of the external elec-
tric field. Therefore, many neutral molecules remain in air. However, in high external elec-
tric fields, collisions occur between neutral molecules and then free electrons are acceler-
ated in the high electric field [12]. The newly generated free electron from the surface of 
the ionizer conductor and air insulation can play a role as new electron avalanches under 
a high electric field condition. Some of these secondary electrons will again strike the air 
insulation, producing tertiary electron [13]. The possibility of early corona discharge 
caused by the presence of an ionizer conductor was reviewed in the viewpoint of CTS. In 
the case of a positive strike occurrence, the surface of the current collector is induced with 
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4. Discussion 
The generated process of the positive and negative ion and free electron is illustrated 

in Figure 5. In the case of a low external electric field, the bonding energy between the free 
electron and positively charged ion in air insulation is larger than that of the external elec-
tric field. Therefore, many neutral molecules remain in air. However, in high external elec-
tric fields, collisions occur between neutral molecules and then free electrons are acceler-
ated in the high electric field [12]. The newly generated free electron from the surface of 
the ionizer conductor and air insulation can play a role as new electron avalanches under 
a high electric field condition. Some of these secondary electrons will again strike the air 
insulation, producing tertiary electron [13]. The possibility of early corona discharge 
caused by the presence of an ionizer conductor was reviewed in the viewpoint of CTS. In 
the case of a positive strike occurrence, the surface of the current collector is induced with 
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4. Discussion 
The generated process of the positive and negative ion and free electron is illustrated 

in Figure 5. In the case of a low external electric field, the bonding energy between the free 
electron and positively charged ion in air insulation is larger than that of the external elec-
tric field. Therefore, many neutral molecules remain in air. However, in high external elec-
tric fields, collisions occur between neutral molecules and then free electrons are acceler-
ated in the high electric field [12]. The newly generated free electron from the surface of 
the ionizer conductor and air insulation can play a role as new electron avalanches under 
a high electric field condition. Some of these secondary electrons will again strike the air 
insulation, producing tertiary electron [13]. The possibility of early corona discharge 
caused by the presence of an ionizer conductor was reviewed in the viewpoint of CTS. In 
the case of a positive strike occurrence, the surface of the current collector is induced with 
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Table 3. Cont.

Air Space [mm] Time [µs] Electric Field [V/m] Electron Density [mol/m3] Negative Ion Density [mol/m3]

0.001 mm

0.5 µs
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4. Discussion 
The generated process of the positive and negative ion and free electron is illustrated 

in Figure 5. In the case of a low external electric field, the bonding energy between the free 
electron and positively charged ion in air insulation is larger than that of the external elec-
tric field. Therefore, many neutral molecules remain in air. However, in high external elec-
tric fields, collisions occur between neutral molecules and then free electrons are acceler-
ated in the high electric field [12]. The newly generated free electron from the surface of 
the ionizer conductor and air insulation can play a role as new electron avalanches under 
a high electric field condition. Some of these secondary electrons will again strike the air 
insulation, producing tertiary electron [13]. The possibility of early corona discharge 
caused by the presence of an ionizer conductor was reviewed in the viewpoint of CTS. In 
the case of a positive strike occurrence, the surface of the current collector is induced with 
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4. Discussion 
The generated process of the positive and negative ion and free electron is illustrated 

in Figure 5. In the case of a low external electric field, the bonding energy between the free 
electron and positively charged ion in air insulation is larger than that of the external elec-
tric field. Therefore, many neutral molecules remain in air. However, in high external elec-
tric fields, collisions occur between neutral molecules and then free electrons are acceler-
ated in the high electric field [12]. The newly generated free electron from the surface of 
the ionizer conductor and air insulation can play a role as new electron avalanches under 
a high electric field condition. Some of these secondary electrons will again strike the air 
insulation, producing tertiary electron [13]. The possibility of early corona discharge 
caused by the presence of an ionizer conductor was reviewed in the viewpoint of CTS. In 
the case of a positive strike occurrence, the surface of the current collector is induced with 
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4. Discussion 
The generated process of the positive and negative ion and free electron is illustrated 

in Figure 5. In the case of a low external electric field, the bonding energy between the free 
electron and positively charged ion in air insulation is larger than that of the external elec-
tric field. Therefore, many neutral molecules remain in air. However, in high external elec-
tric fields, collisions occur between neutral molecules and then free electrons are acceler-
ated in the high electric field [12]. The newly generated free electron from the surface of 
the ionizer conductor and air insulation can play a role as new electron avalanches under 
a high electric field condition. Some of these secondary electrons will again strike the air 
insulation, producing tertiary electron [13]. The possibility of early corona discharge 
caused by the presence of an ionizer conductor was reviewed in the viewpoint of CTS. In 
the case of a positive strike occurrence, the surface of the current collector is induced with 
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4. Discussion 
The generated process of the positive and negative ion and free electron is illustrated 

in Figure 5. In the case of a low external electric field, the bonding energy between the free 
electron and positively charged ion in air insulation is larger than that of the external elec-
tric field. Therefore, many neutral molecules remain in air. However, in high external elec-
tric fields, collisions occur between neutral molecules and then free electrons are acceler-
ated in the high electric field [12]. The newly generated free electron from the surface of 
the ionizer conductor and air insulation can play a role as new electron avalanches under 
a high electric field condition. Some of these secondary electrons will again strike the air 
insulation, producing tertiary electron [13]. The possibility of early corona discharge 
caused by the presence of an ionizer conductor was reviewed in the viewpoint of CTS. In 
the case of a positive strike occurrence, the surface of the current collector is induced with 
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4. Discussion 
The generated process of the positive and negative ion and free electron is illustrated 

in Figure 5. In the case of a low external electric field, the bonding energy between the free 
electron and positively charged ion in air insulation is larger than that of the external elec-
tric field. Therefore, many neutral molecules remain in air. However, in high external elec-
tric fields, collisions occur between neutral molecules and then free electrons are acceler-
ated in the high electric field [12]. The newly generated free electron from the surface of 
the ionizer conductor and air insulation can play a role as new electron avalanches under 
a high electric field condition. Some of these secondary electrons will again strike the air 
insulation, producing tertiary electron [13]. The possibility of early corona discharge 
caused by the presence of an ionizer conductor was reviewed in the viewpoint of CTS. In 
the case of a positive strike occurrence, the surface of the current collector is induced with 
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4. Discussion 
The generated process of the positive and negative ion and free electron is illustrated 

in Figure 5. In the case of a low external electric field, the bonding energy between the free 
electron and positively charged ion in air insulation is larger than that of the external elec-
tric field. Therefore, many neutral molecules remain in air. However, in high external elec-
tric fields, collisions occur between neutral molecules and then free electrons are acceler-
ated in the high electric field [12]. The newly generated free electron from the surface of 
the ionizer conductor and air insulation can play a role as new electron avalanches under 
a high electric field condition. Some of these secondary electrons will again strike the air 
insulation, producing tertiary electron [13]. The possibility of early corona discharge 
caused by the presence of an ionizer conductor was reviewed in the viewpoint of CTS. In 
the case of a positive strike occurrence, the surface of the current collector is induced with 
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4. Discussion 
The generated process of the positive and negative ion and free electron is illustrated 

in Figure 5. In the case of a low external electric field, the bonding energy between the free 
electron and positively charged ion in air insulation is larger than that of the external elec-
tric field. Therefore, many neutral molecules remain in air. However, in high external elec-
tric fields, collisions occur between neutral molecules and then free electrons are acceler-
ated in the high electric field [12]. The newly generated free electron from the surface of 
the ionizer conductor and air insulation can play a role as new electron avalanches under 
a high electric field condition. Some of these secondary electrons will again strike the air 
insulation, producing tertiary electron [13]. The possibility of early corona discharge 
caused by the presence of an ionizer conductor was reviewed in the viewpoint of CTS. In 
the case of a positive strike occurrence, the surface of the current collector is induced with 
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4. Discussion 
The generated process of the positive and negative ion and free electron is illustrated 

in Figure 5. In the case of a low external electric field, the bonding energy between the free 
electron and positively charged ion in air insulation is larger than that of the external elec-
tric field. Therefore, many neutral molecules remain in air. However, in high external elec-
tric fields, collisions occur between neutral molecules and then free electrons are acceler-
ated in the high electric field [12]. The newly generated free electron from the surface of 
the ionizer conductor and air insulation can play a role as new electron avalanches under 
a high electric field condition. Some of these secondary electrons will again strike the air 
insulation, producing tertiary electron [13]. The possibility of early corona discharge 
caused by the presence of an ionizer conductor was reviewed in the viewpoint of CTS. In 
the case of a positive strike occurrence, the surface of the current collector is induced with 
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4. Discussion 
The generated process of the positive and negative ion and free electron is illustrated 

in Figure 5. In the case of a low external electric field, the bonding energy between the free 
electron and positively charged ion in air insulation is larger than that of the external elec-
tric field. Therefore, many neutral molecules remain in air. However, in high external elec-
tric fields, collisions occur between neutral molecules and then free electrons are acceler-
ated in the high electric field [12]. The newly generated free electron from the surface of 
the ionizer conductor and air insulation can play a role as new electron avalanches under 
a high electric field condition. Some of these secondary electrons will again strike the air 
insulation, producing tertiary electron [13]. The possibility of early corona discharge 
caused by the presence of an ionizer conductor was reviewed in the viewpoint of CTS. In 
the case of a positive strike occurrence, the surface of the current collector is induced with 
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4. Discussion 
The generated process of the positive and negative ion and free electron is illustrated 

in Figure 5. In the case of a low external electric field, the bonding energy between the free 
electron and positively charged ion in air insulation is larger than that of the external elec-
tric field. Therefore, many neutral molecules remain in air. However, in high external elec-
tric fields, collisions occur between neutral molecules and then free electrons are acceler-
ated in the high electric field [12]. The newly generated free electron from the surface of 
the ionizer conductor and air insulation can play a role as new electron avalanches under 
a high electric field condition. Some of these secondary electrons will again strike the air 
insulation, producing tertiary electron [13]. The possibility of early corona discharge 
caused by the presence of an ionizer conductor was reviewed in the viewpoint of CTS. In 
the case of a positive strike occurrence, the surface of the current collector is induced with 
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4. Discussion 
The generated process of the positive and negative ion and free electron is illustrated 

in Figure 5. In the case of a low external electric field, the bonding energy between the free 
electron and positively charged ion in air insulation is larger than that of the external elec-
tric field. Therefore, many neutral molecules remain in air. However, in high external elec-
tric fields, collisions occur between neutral molecules and then free electrons are acceler-
ated in the high electric field [12]. The newly generated free electron from the surface of 
the ionizer conductor and air insulation can play a role as new electron avalanches under 
a high electric field condition. Some of these secondary electrons will again strike the air 
insulation, producing tertiary electron [13]. The possibility of early corona discharge 
caused by the presence of an ionizer conductor was reviewed in the viewpoint of CTS. In 
the case of a positive strike occurrence, the surface of the current collector is induced with 
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4. Discussion 
The generated process of the positive and negative ion and free electron is illustrated 

in Figure 5. In the case of a low external electric field, the bonding energy between the free 
electron and positively charged ion in air insulation is larger than that of the external elec-
tric field. Therefore, many neutral molecules remain in air. However, in high external elec-
tric fields, collisions occur between neutral molecules and then free electrons are acceler-
ated in the high electric field [12]. The newly generated free electron from the surface of 
the ionizer conductor and air insulation can play a role as new electron avalanches under 
a high electric field condition. Some of these secondary electrons will again strike the air 
insulation, producing tertiary electron [13]. The possibility of early corona discharge 
caused by the presence of an ionizer conductor was reviewed in the viewpoint of CTS. In 
the case of a positive strike occurrence, the surface of the current collector is induced with 

4. Discussion

The generated process of the positive and negative ion and free electron is illustrated
in Figure 5. In the case of a low external electric field, the bonding energy between the free
electron and positively charged ion in air insulation is larger than that of the external electric
field. Therefore, many neutral molecules remain in air. However, in high external electric
fields, collisions occur between neutral molecules and then free electrons are accelerated
in the high electric field [12]. The newly generated free electron from the surface of the
ionizer conductor and air insulation can play a role as new electron avalanches under a
high electric field condition. Some of these secondary electrons will again strike the air
insulation, producing tertiary electron [13]. The possibility of early corona discharge caused
by the presence of an ionizer conductor was reviewed in the viewpoint of CTS. In the case
of a positive strike occurrence, the surface of the current collector is induced with a negative
charge, and the ionizer conductor is positively charged. The electric field between the
current collector and the ionizer conductor is distorted, caused by the presence of an ionizer
conductor and the ionized free electron emitted from sharp tip of the ionizer conductor
under high electric field. Thus, it might be possible that the electric field concentration
occurs at the sharp tip of ionizer conductor and it could be the starting point of early corona
discharge inception.
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Figure 5. Schematic of molecular ionization by external high electric field. 

5. Conclusions 
Some studies on the performance of CTS have focused on modification of the struc-

ture and shape of the CTS. The air space is designed (>2 mm) as an empirical design with-
out quantitative data. This paper focused on the optimized air space between the ionizer 
conductor and the ground current collector to improve the performance of the initial co-
rona discharge inception using an FEA software package. To investigate the optimal air 
space, it was reduced to the extent possible for simulation to a micro size. The electric field 
strength between the ionizer conductor and current collector increases with a decreasing 
air space until 0.0005 mm. The electric field strength of 0.0005 mm air space is increased 
by 1.3 times that of 0.001 mm. The free electron density is concentrated where the peak of 
the electric field is formed. In particular, the free electron density of 0.0005 mm air space 
is increased by 1.9 times that of 0.0001 mm. The negative ion density shows a similar trend 
with positive ion density; the maximum value of both ion densities are formed at 1.34 𝜇𝑠, 
1.32 𝜇𝑠 with different free electron densities. It might be possible that the free electron 
mobility (1 × 10ିସ𝑚ଶ𝑠ିଵ𝑉ିଵ) has a higher mobility than ions (1 × 10ିଽ𝑚ଶ𝑠ିଵ𝑉ିଵ). How-
ever, a air space of less than 2 mm was no longer a significant difference in our simulation 
results. Thus, the 0.0005 mm air space creates a non-uniform high electric field with a large 
electric field enhancement due to ionization caused by consecutive electron avalanches. 
In addition, it might be possible that the high electric field concentration occurs at 0.0005 
mm air space, and this could be the starting point of early corona discharge. The results 
in this paper have been discussed in terms of the electron mean free path. To improve the 
CTS, we suggest the air space between the ionizer conductor and current collector of less 
than 2 mm, different from conventional CTS studies. 
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Figure 5. Schematic of molecular ionization by external high electric field.

Some studies have investigated the early corona discharge between the floating con-
ductor and conducting brushes in terms of experimental results and computer simulation
studies according to the presence or absence of a floating conductor [5,6]. The experimental
results show that a floating conductor system can generate more electrons than without a
floating electrode, and the corona discharge can be controlled using a floating conductor [6].
In our research work, we have focused on the air space over the presence or absence of a
floating conductor to control the inception and occurrence position of corona discharge. In
the 0.0005 mm air space, the electric field and electron density are concentrated between
ionizer conductor and current collector; it could be a starting point of the corona discharge
inception. However, when the air space is increased, the electric field concentration and
high electron density occurs at the SK-AOR380 tip part. The reason for the inception and
occurrence position of the corona discharge according to the air space in the simulation
results can possibly be explained by the following empirical factor:

• The behavior of the electric field and electron density according to air space is related
with the electron mean free path (MFP)

If the air space is too far, the generated free electron could not excite another free
electron for the electron avalanche between ionizer conductor and current collector. In
other words, the first free electron cannot play a role as the seed of the secondary and
tertiary electron avalanches. E. V. Oreshkin et al. [14] have reported the dependences of the
length of exponential enhancement of the runaway electron avalanche on the electric field
strength in air insulation, calculated using the Monte Carlo method. W. Riegler et al. [15]
investigated the distance to first ionization under 30 kV/cm, ρ = 1 bar; a minimum distance
for first ionization is required for several µm. In this research work, we found the optimized
air space using a numerical analysis method while considering relational equations from
the above reference papers [14,15].

However, the above discussion is just one possibility reviewed from the simulation
results as a basic research work. The corona discharge of a narrow air space is a very com-
plicated physical process, affected by many factors. Further work is needed on experiment
results for validation from the above research work. In addition, further numerical analysis
is needed to consider the neighboring grounded objects. This is because the electric field
distribution in the close vicinity of the air terminal is certainly affected by the presence of
neighboring grounded objects, at least of the of the protected structure itself.
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5. Conclusions

Some studies on the performance of CTS have focused on modification of the structure
and shape of the CTS. The air space is designed (>2 mm) as an empirical design without
quantitative data. This paper focused on the optimized air space between the ionizer
conductor and the ground current collector to improve the performance of the initial corona
discharge inception using an FEA software package. To investigate the optimal air space, it
was reduced to the extent possible for simulation to a micro size. The electric field strength
between the ionizer conductor and current collector increases with a decreasing air space
until 0.0005 mm. The electric field strength of 0.0005 mm air space is increased by 1.3 times
that of 0.001 mm. The free electron density is concentrated where the peak of the electric
field is formed. In particular, the free electron density of 0.0005 mm air space is increased
by 1.9 times that of 0.0001 mm. The negative ion density shows a similar trend with
positive ion density; the maximum value of both ion densities are formed at 1.34 µs, 1.32 µs
with different free electron densities. It might be possible that the free electron mobility
(1× 10−4 m2s−1V−1) has a higher mobility than ions (1× 10−9 m2s−1V−1). However, a air
space of less than 2 mm was no longer a significant difference in our simulation results.
Thus, the 0.0005 mm air space creates a non-uniform high electric field with a large electric
field enhancement due to ionization caused by consecutive electron avalanches. In addition,
it might be possible that the high electric field concentration occurs at 0.0005 mm air space,
and this could be the starting point of early corona discharge. The results in this paper have
been discussed in terms of the electron mean free path. To improve the CTS, we suggest the
air space between the ionizer conductor and current collector of less than 2 mm, different
from conventional CTS studies.
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