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Symbol

A [A·m−2·K−2] : Richardson-Dushman constant

Ax,y,z [T·m] : Vector potential (subscript indicating direction)

Bx,y,z [T] : Magnetic flux density (subscript indicating direction)

C [%] : Contaminate proportion of metal vapor

Cp [J·kg−1·K−1] : Constant pressure specific heat

D [m2·s−1] : Diffusion coefficient

e [C] : Elementary charge

Ex,y,z [V·m−1] : Electric field (subscript indicating direction)

EAir [eV] : Ionization energy of air

Eeh [J] : Energy exchange between the electrons and heavy particles

F [V·m−1] : Electric field applied on the electrode surface

g [m·s−2] : Gravitational acceleration

h [J·kg] : Enthalpy

harc [W·m−2·K−1] : Heat transfer coefficient

hP [J·s] : Planck constant

I [A] : Arc current

jx,y,z [A·m−2] : Current density (subscript indicating direction)

JF [A·m−2] : Current density derived from the field emission

JT [A·m−2] : Current density derived from the thermal emission

k [J·K−1] : Boltzmann constant

L [m] : Arc length

Lvol [m] : Thickness of the control volume of the gas on the electrode surface

mCu [kg] : Generated mass of Cu

me [kg] : Weight of an electron

mh [kg] : Mass of a heavy particles

M [kg·mol−1]] : Atomic weight

Mair [kg·mol−1] : Molecular weights of air

MCu [kg·mol−1] : Molecular weights of Cu

nA : Vertical direction of anode surface

nC : Vertical direction of cathode surface

nCu [kg·m−3·s−1] : Condensation rate of Cu

ne [m−3] : Density of electrons

nh [m−3] : Number density of heavy particles
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P [Pa] : Pressure

Patm [Pa] : Atmospheric pressure

Pv [Pa] : Saturation vapor pressure

qA [W·m−2] : Enthalpy flux on anode surface

qC [W·m−2] : Enthalpy flux on cathode surface

QCu [J·kg−1] : Heat of the phase change for Cu

Qrad [W·m−3] : Radiation power

R [Ω] : Arc resistance

RC [kg·m−3·s−1·K−1] : Coefficient of the condensation rate

S [m2] : Arc cross-sectional area

S [W·m−3] : Energy source term of vaporization and condensation on the electrode surface

t [s] : Time

T [K] : Temperature

TA [K] : Temperature of anode surface

TC [K] : Temperature of cathode surface

TCu [K] : Boiling point of Cu

Te [K] : Electron temperature

Th [K] : Heavy particles temperature

Tvol1 [K] : Temperature of vol1

u [m·s] : Flow velocity of X direction

U [V] : Arc voltage

Us [V] : Electrode fall voltage

Varc [V/m·s] : Increment rate of the arc voltage per unit length

v [m·s] : Flow velocity of Y direction

vCu [kg·m−3·s−1] : Vaporization rate of Cu

vol1 [m3] : Volume of the control volume of the gas on the electrode surface

vol2 [m3] : Volume of the control volume of the electrode on the electrode surface

w [m·s] : Flow velocity of Z direction

y [m] : Location of Y direction

x [m] : Location of X direction

z [m] : Location of Z direction

α[W·m−2·K−4] : Stefan-Boltzmann constant

βair : Dimensionless constants of air

βCu : Dimensionless constants of Cu

∆t [s] : Time step

∆y [m] : Sheath thickness

∆ϕ [eV] : Schottky effect

ε0 [F·m−1] : Permittivity of free space

εA : Surface emissivity of the anode

εC : Surface emissivity of the cathode

ηair : Viscosity coefficients of air

ηCu : Viscosity coefficients of Cu

κ [W·m−1·k−1] : Thermal conductivity

λD [m] : Debye length

µ [H·m−1] : Magnetic permeability
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ρ0 [kg·m−3] : Mass density at 300 K

ρair [kg·m−3] : Mass density of air

ρCu [kg·m−3] : Mass density of Cu

ρ [kg·m−3] : Mass density

σ [S·m−1] : Electrical conductivity

σarc [S] : Arc electrical conductivity

σeff [S·m−1] : Effective electrical conductivity

ϕ [V] : Potential

ϕA [eV] : Work function of anode

ϕC [eV] : Work function of cathode

ϕCe [eV] : Effective work function of cathode

ϕS [V] : Electric potential of the sheath edge

ϕW [V] : Electric potential of the electrode surface

πΩeh [m2] : cross-section between the electrons and the heavy particles
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Chapter1 Introduction

1.1 Conception diagram of Society 6.0

Following the hunting society (Society 1.0), agricultural society (Society 2.0), industrial so-

ciety (Society 3.0), and information society (Society 4.0), it was proposed to construct the

current society (Society 5.0) by highly integrating cyber space and physical space, which final

goal is to solve social problems while ensuring economic development [1]. However, what will

the future society (Society 6.0) be like after the solve problems were solved and the economy

was developed? It should be a society full of opportunity and excitement supported by sustain-

able infrastructure. Then, it will lead to another question, what is a sustainable infrastructure?

The sustainable infrastructure should be constructed by the next-generation products accord-

ing to IoT technology [2] and M2M technology [3], which can able to provide a sufficient and

unlimited environment for us to enjoy our life. Naturally, it will get to the question of how

to create the next-generation product? Throughout the past and present, great products have

always been created by the fusing of knowledge from different fields. Obtaining knowledge of

a specific field requires someone to dive into the fundamental phenomenon and fully utilize

existing technology, then become an expert. Based on the above discussion, the conception

diagram of Society 6.0 can be expressed as Fig. 1.

To be more specific, the construction of Society 6.0 should be started by different individuals,

who locate their interested field and try to become an expert in that field. Then, the next-

generation products can be generated through the cooperation and inspiration of knowledge

from different fields. Those next-generation products will connect and constitute a sustainable

infrastructure, which can provide a sufficient and unlimited environment for us to enjoy a life

full of opportunity and excitement. This process will form a positive circle to create Society

6.0.

In this study, the development of the next-generation direct current circuit breaker (DCCB)

was focused on. This study was divided into three phases, the first phase was developing

the numerical simulation based on the experimental data and figures, which implemented the

transformation from the physical space to the cyber space. The second phase was analyzing

the arc plasma movement and its physical properties variation under various circumstances in

cyber space. The third phase was constricting the AI models to improve the data analysis

efficiency and reduce the cost. Moreover, the concept of a cyber-physical system for developing

the next-generation DCCB was proposed based on the obtained research achievements.
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1.2 Application instances of DCCB and problems

As the fourth state of matter, the research and application of plasma status have a long

history and mainly focused on two fields, which are stable control (such as arc welding [4], arc

plasma torch [5], arc therapy [6], and so on) and rapidly extinguish (such as circuit breaker

[7][8][9]).

This study focuses on the direct current circuit breaker (DCCB) which is primarily used in

electric railway systems [10][11][12], electric vehicle [13][14][15][16], solar photovoltaic system

[17][18], and so forth. In the case of fault, the moving contact departs from the fixed contact

and an arc will be generated between them. Under the influence of its magnetic field, the arc

shifts from the contacts to the arc runner and moves toward the splitter plates. Because of the

electrode voltage drop and arc length increment, the total voltage of the arc will increase and

lead to arc quenching. The most priority object of the DCCB is to extinguish the arc as rapidly

as possible, which means that the behavior of the arc plasma is the fundamental key factor

in determining the performance of the DCCB. Much research about the arc plasma movement

and its physical property variation was reported [19][20][21][22][23][24][25].

In general, there are three phases of the arc plasma during the interruption process of DCCB,

which are arc generation, arc motion, and arc re-strike as shown in Fig. 2. When the failure

current is detected, the connected cathode and anode electrode depart and a molten metal

bridge forms between them [26][27]. The temperature of the molten metal bridge and the

electrode surface increase because of the Joule heating, and the molten metal bridge explodes

along with the arc plasma generates in this area [28][29][30]. Those phenomena occur during the

electrode opening process and are defined as the arc generation phase in this study as shown in

Fig. 2(a). After the arc plasma generation, it stagnates in the inter-electrode area and causes

serious damage to the electrode while remaining the flow of the failure current. For interrupting

the failure current, it had been proposed to apply an external magnetic field to drive the arc

plasma into the extinguished chamber [31][32][33][34]. These processes are defined as the arc

motion phase in this study as shown in Fig. 2(b). However, the arc plasma sometimes re-strikes

back to the inter-electrode area, because of the residue of metal vapor and high-temperature

gas as shown in Fig. 2(c-1). Sometimes, the arc plasma reignites after its extinguished, because

of the existence of electrical potential differences between electrodes as shown in Fig. 2(c-2).

These phenomena are defined as the arc re-strike phase in this study as shown in Fig. 2(c).

The improvement of DCCB technology is focusing on four aspects. The first is to decrease the

interrupt time which is the rapidity characteristic. The second is to prevent the occurrence of a

re-strike phenomenon which is the reliability characteristic. The third is to interrupt the large

failure current which is the high capacity characteristic. Forth is to implement the interruption

process in a small space which is the miniaturization characteristic. However, the above four

characteristics are difficult to simultaneously satisfied.

In the application of DCCB in the electric railway system, the consideration of miniaturization

characteristics is usually neglected, because it is set at a specified location. DCCB for electric

railway systems usually interrupts the failure current at kilo amperes level which satisfies the

7



high capacity characteristic. However, it usually needs to interrupt the arc plasma several times

in one single interruption, because the arc reignites after its extinguish due to the residue of

high-temperature gas and metal vapor at the ignition location, which leads to the satisfaction

of rapidity and reliability characteristics become its priority.

The miniaturization characteristic is the most important factor of DCCB when it is applied

in an electric vehicle because the serval DCCBs are assembled. For achieving the fast charging

technology to reduce the charging time, it is crucially to develop a DCCB able to interrupt large

charging current when a failure occurred. However, the arc plasma tends to stagnate in the

inter-electrode area at the large current situation, because of space insufficient for stretching

the arc plasma. Hence, the satisfaction of high capacity characteristics is its priority, and the

focus on rapidity and reliability characteristics becomes second.

Based on the above explanation and the problems of the current DCCB, it is essential to

develop a next-generation DCCB that simultaneously satisfies the rapidity, reliability, minia-

turization, and high-capacity characteristics of various application scenarios.
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1.3 Expected performances and modern manufacturing method of

next-generation DCCB

Recently, there has rapid advancement in the development process of digital transformation

for shortening the manufacturing cycle and promoting the product iteration in smart man-

ufacturing [35] as shown in Fig. 3. The efficiency of design and prototyping, as the most

time-consuming parts of the manufacturing cycle, needs to be significantly improved with the

assistance of big data [36] and digital twin technology [37].

For the fabrication of a next-generation DCCB, four characteristics need to be achieved: ra-

pidity, reliability, high capacity, and miniaturization. It is necessary to elucidate the mechanism

of arc plasma movement and the variation in its physical properties variation in a DCCB for

constructing an accurate virtual model using the digital twin technology, which can provide

guidelines for production design. For achieving the construction of a digital twin technology

for developing the next-generation DCCB, firstly, the elucidation of fundamental arc plasma

movement (cathode spot, anode spot, and arc column) and its physical property variation are

essential. Hence, a three-dimensional electromagnetic thermal fluid simulation program was

developed, and movements of arc plasma in parallel electrodes with different intensities of ex-

ternal magnetic field applications were simulated. Secondly, the interruption process of arc

plasma based on the actual product was implemented under various conditions.

After elucidating the fundamental arc plasma movement and its physical property variation,

it is necessary to establish a database of various DCCB interruption circumstances. Because of

the large amount of analytical work, an artificial intelligence (AI) model was constructed for

differentiating the interruption results to improve the analysis efficiency. Further, another AI

model was constructed to predicate the interruption result based on the preliminary stage of

the simulation result, which can decrease the requirement of calculation consuming time and

power.
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1.4 Atmospheric arc plasma movement in parallel electeodes

1.4.1 Basic movement and schematic of arc plasma with applying external mag-

netic field

As the most commonly used method of controlling or extinguishing the arc plasma, arc plasma

movement by applying an external magnetic field is well analyzed and reported [38][39][40][41].

In the most simplified condition, arc plasma is generated between a pair of parallel electrodes

and advances under the influence of its self-electromagnetic field and applied external magnetic

field. However, the arc does not move smoothly between the electrodes, the anode spot stag-

nates on the ignited point when the arc column and cathode spot move forward [42]. Because

of this arc movement characteristic, a large amount of metal vapor generates from the anode

and causes the re-ignite phenomenon to occur on the cathode side as shown in Fig. 4(a) [43].

Even the cathode spot sometimes moves backward, it mostly advances continuously as shown

in Fig. 4(b) [43]. On the other hand, the movement of the anode spot is intermittently and

well-known as the re-strike phenomenon and the process has been described as follows. Firstly,

the arc column bends and extends under the influence of electromagnetic force derived from

the electrodes and the arc itself. Secondly, the cathode spot is drawn by the arc column and

jumps continuously and uniformly in a small step. In the meantime, the arc column keeps

extending and the anode spot stagnates on the anode. Thirdly, the arc column contacts with

the anode surface and heats this area which leads to the new anode spot appearing along with

the original anode spot disappearing. The above processes are shown in Fig. 5 [38].
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1.4.2 Hypothesis models and schematic of cathode and anode spots movement

It is assumed that the cathode spot movement is dominated by self and external magnetic

forces, and the hypothesis models of cathode spot advancement in different conditions are

proposed in Fig. 6 [44]. There are three models presented, model (a) is the case without an

external magnetic field applied, the cathode spot does not move because the self-electromagnetic

forces derived from the arc plasma form an electromagnetic force balance on the cathode spot

area. Model (b) is applying a weak external magnetic field density to the arc plasma, the

charged particles are transported by the external magnetic field and lead to the current density

on the center point and advanced side (which is the right side in this study) becoming stronger.

However, the self-electromagnetic force is still stronger than the external magnetic force on the

advanced side, which leads to the direction of total electromagnetic force still pointing backward

and the cathode spot remaining stagnation. Model (c) is applying a strong external magnetic

field density to the arc plasma, the current density on the advanced side significantly increases

and the external magnetic force is stronger than the self-electromagnetic force on the advanced

side, which leads to the direction of total electromagnetic force points forward and lead to the

cathode spot advance. It should be noted that the cathode spot movement in this chapter

is based on the electrical conductivity distribution near the cathode surface as explained in

Chapter 2.6.2.

In this study, the electrode material is copper; therefore, electron emission from the cathode

is not only derived from thermal emission but also field emission [45][46]. Thus, is necessary to

consider both thermal and field emissions to accurately simulate the cathode spot movement.

Fig. 7 [47] shows a schematic of cathode spot advancement where the cathode spot advances

toward the right and the time increases from Fig. 7 (a) [44] to Fig. 7 (c) [44]. It is assumed

that the charged particles advance under the influence of the electromagnetic force derived

from the self or external magnetic field, which causes the current density of the field emission

on the advanced side to increase. Because of the increment in the current density, the Joule

heating on the advanced side also increases, and the cathode spot advances in a macro view.

In this study, the Richardson–Shottky formula [45] and the Fowler–Nordheim formula [48][49]

are used for considering the thermal field emission, and the details about the specific setting

are narrated in Chapter 2.5.

Regarding the anode side, the arc column bends toward the anode under the influence of the

electrode jet or the electromagnetic force, which causes the re-strike phenomenon, as shown in

Fig. 8 [47]. It assumes that the new anode spot is located where its electrical conductivity

is higher than that at its periphery, and the cause of this electrical conductivity increment is

important for elucidating the re-strike phenomenon occurrence. In this study, a thermal non-

equilibrium model [50][51] was used to analyze the electron and heavy particles (ions and neutral

particles) temperature distributions immediately before the re-strike phenomenon occurrence.

Moreover, the electrical conductivity was calculated based on the electron or heavy particles

(ions and neutral particles) temperature, to determine the triggering factor of the electrical

conductivity increment.
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1.5 Atmospheric arc plasma movement during interruption process

of DCCB

An arc is generated during the DC switching process, and the rapid extinguishing of the arc is

essential to protect the electrical circuits of EVs. However, the installation environment limits

the DCCs from extinguishing the arc in a small, closed space. It has been reported that the

metal vapor generated from the electrodes can significantly influence the arc movement in such

a space, thus confining the arc from stretching toward the extinguishing chamber.

The contamination of metal vapor in the arc plasma can significantly increase the gas’s

electrical conductivity [52][53][54] because the metal vapor (Cu atom) is generated from the

electrodes, and its lower ionization voltage causes an increase in electron-number density [55].

Therefore, it is hypothesized that the arc stretches into the extinguishing chamber under the

effect of an external magnetic field; however, the metal vapor (atom and ion) remains on the

electrode surface and the area between them owing to the residual temperature of the electrode

surface, even after the arc column moves forward. The gas electrical conductivity of these areas

remains high, which causes the probability of the reattachment phenomenon (anode spot moves

from the outer corner to the inner corner) occurring to increase, and elongates the stretching

time of the arc into the extinguishing chamber. A schematic of the arc movement with and

without consideration of the metal vapor is shown in Fig. 9 [56].

The increment rate of the arc voltage per unit length (Varc [V/m·s]) is used as an important

index of the DCCB performance. The arc voltage can be described by Eq. 1. In this equation,

U [V], I [A], R [Ω], L [m], S [m2], and σarc [S] are the voltage, current, resistance, length,

cross-sectional area, and electrical conductivity of the arc, respectively. The arc current was

fixed in the calculation programs in this study, which means that the increment rate of the

arc voltage per unit length was determined by the change in length, cross-sectional area, and

electrical conductivity of the arc.

· General equation of arc voltage

U = IR = IL
1

Sσarc

(1)

Based on the discussion above, electrode-opening-velocity-dependence models of the incre-

ment rate of the arc voltage per unit length without an external magnetic field are established

and shown in Fig. 10 [57]. Compared to the case of the standard electrode opening velocity,

the increment rate of the arc length becomes more rapid when the electrode opening velocity is

high. In addition, the cross-sectional area of the arc decreases because the current path should

be concentrated to maintain the arc stability, which results in a high gas temperature of the

arc center and a high electrical conductivity of the arc. As a result, the arc voltage increment

rate increases along with the electrode opening velocity increment because the increment of the

arc length is dominant in this circumstance. In contrast, the increment rate of the arc length

becomes smoother when the electrode opening velocity is low. The cross-sectional area of the

arc increases because there is sufficient time for it to expand, which leads to the current density
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dispersion and electrical conductivity reduction. However, the difference in the arc voltage

increment rate at different electrode opening velocities decreases when an external magnetic

field is applied because the increment rate of the arc length significantly increases.
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Fig. 9 Schematic of arc movement comparison without and with metal vapor [56].
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Fig. 10: Hypothetical models of the arc form change for different electrode opening velocities without

external magnetic field application [57].
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1.6 Object, task, and goal of study

Fig. 11 presents the flow of this study. Firstly, the application and problem of current DCCB

were searched and summarized four characteristics (rapidity, reliability, miniaturization, and

high capacity) of DCCB. Based on the searched problem and demand, it gets to the conclusion

of the need for next-generation DCCB is simultaneously satisfying four characteristics.

Therefore, the object of this study is to propose a design for next-generation DCCB that

simultaneously satisfies four characteristics. The tasks for achieving the about object include:

elucidating the movement and physical property variation of the magnetic driven arc, construct-

ing the numerical simulation for simulating the interruption process of DCCB, and developing

an AI model for differentiating and predicting the interruption result.

To be specific, the behavior of atmospheric arc plasma between parallel electrodes with ex-

ternal magnetic field application was discussed in Chapter 3. The behavior of atmospheric arc

plasma inside DCCB with external magnetic field application was discussed in Chapter 4. The

development of AI models for shorting the DCCB manufacturing cycle and the construction of

a cyber-physical system for next-generation DCCB was discussed in Chapter 5.
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Chapter 3: Behavior of atmospheric arc plasma between parallel electrodes

  with external magnetic field application
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・ Miniaturization
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Need
Next-generation DCCB simultaneously satisfies four characteristics

                                                Task
・ Elucidate the movement and physical property variation of magnetic driven arc

・ Construct the numerical simulation for simulating interruption process of DCCB

・ Develop AI model for differentiating and predicting the interruption result

Goal
Construct a cyber-physical system for proposing next-generation DCCB design

Social background

Research background

Approach and achievement

Society 6.0 Sustainable infrastructure Next-generation product

Fig. 11 Flow of this research.
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1.7 Structure of thesis

Fig. 12 presents the structure of this thesis, and the detail is explained as follows.

In Chapter 1, the application and problem of the current DCCB were presented, the hypoth-

esis models of magnetic driven arc were constructed, and the object, task, and goal of this

study were declared.

In Chapter 2, the basic information about the numerical simulation used in this study was

explained. Specifically, the treatment of the gas-electrode interface and the setting of the

preliminary stage of the interruption process.

In Chapter 3, the simulation result of magnetic driven arc movement in parallel electrodes

was analyzed. The experimental data elucidated and verified the mechanism of electrode spot

movement.

In Chapter 4, the simulation result of the interruption process of DCCB was analyzed. The

arc plasma movement, interruption circumstances, and physical properties variation inside the

DCCB were elucidated.

In Chapter 5, the AI model for differentiating and predicting the interruption result of DCCB

was developed. A cyber-physical system for designing the next-generation DCCB was con-

structed.

In summary, the object, task, and goal of this study were reviewed and the obtained main

results were summarized.
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Elucidate arc plasma movement and physical property variation

during DCCB interruption process

Develop AI models and CPS for shorting DCCB manufacturing cycle

Fig. 12 Structure of this thesis.
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Chapter2 Calculation method

2.1 Basic assumption and governing equation

In this study, the Local Thermodynamic Equilibrium (LTE) is assumed to be satisfied with

setting the gas pressure to 0.1 MPa as uncompressed gas for the following reasons. Firstly, the

temperature of arc plasma is usually considered to be in the order of 15,000–20,000 K, and the

electron and ion number densities are in the order of 1023 m−3 [58]. Secondly, a strong collision

coupling for the energy exchange between the electrons and heavy particles, including chemical

reactions such as ionization and recombination [59][60]. The environmental gas is air and the

air arc plasma is always assumed to be a laminar flow because the Reynolds number of air arc

is normally thought to be small.

Moreover, the particle compositions (N2, N
+
2 , N, N

+, O2, O
+
2 , O

−, O, O+, NO, NO+, Cu, Cu+)

from 300 K to 30,000 K (every 100 K) at different metal vapor mixture rates (0, 0.01, 0.1, 1, 3,

5, 10, 20, 40, 70, and 100 mol%) at 0.1 MPa were calculated. The plasma properties, such as

electron density, the number density of neutral particles, mass density, enthalpy, specific heat,

electrical conductivity, thermal conductivity, viscosity, and radiative emission coefficient were

calculated based on the particle composition using the Chapman-Enskog theory [61]. Because

the gas temperature and metal vapor mixture rate were discontinuous, the plasma properties

between the determinate values were calculated using a linear approximation[62]. The interval

values of the physical properties of the electrode (copper in this study), such as mass density,

enthalpy, specific heat, electrical conductivity, and thermal conductivity, were also calculated

using a linear approximation based on the temperature variation.

The governing equations are mass conservation, momentum conservation, energy conserva-

tion, current continuity, Maxwell, and metal vapor conservation equation. These equations are

solved across the entire calculation area including the arc plasma and the electrodes [63]. Over

the entire calculation area, the aforementioned equations were discretized by the finite volume

method and calculated by the tridiagonal matrix algorithm method [64][50][51]. The semi-

implicit method was used to analyze the pressure and velocity fields for the revised pressure-

linked equations [65][66]. The details of the governing equations are as follows:

· Mass conservation equation

∂ρ

∂t
+

∂

∂x
(ρu) +

∂

∂y
(ρv) +

∂

∂z
(ρw) = 0 (2)

Where ρ [kg·m−3] is the mass density, t [s] is the time, x, y, z [m] are the locations of each
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direction, u, v, w [m·s] are the flow velocities of each direction.

· Momentum conservation equation (x direction)

∂ρu

∂t
+

∂

∂x
(ρu2) +

∂

∂y
(ρuv) +

∂

∂z
(ρuw)

= −∂P

∂x
+ jyBz − jzBy +

(
∂

∂x
(η
∂u

∂x
)

)
+

(
∂

∂y
(η
∂u

∂y
)

)
+

(
∂

∂z
(η
∂u

∂z
)

)
(3)

· Momentum conservation equation (y direction)

∂ρv

∂t
+

∂

∂x
(ρuv) +

∂

∂y
(ρv2) +

∂

∂z
(ρvw)

= −∂P

∂y
+ jzBx − jxBz +

(
∂

∂x
(η

∂v

∂x
)

)
+

(
∂

∂y
(η

∂v

∂y
)

)
+

(
∂

∂z
(η
∂v

∂z
)

)
(4)

· Momentum conservation equation (z direction)

∂ρw

∂t
+

∂

∂x
(ρuw) +

∂

∂y
(ρvw) +

∂

∂z
(ρw2)

= −∂P

∂z
+ jyBx − jxBy +

(
∂

∂x
(η
∂w

∂x
)

)
+

(
∂

∂y
(η
∂w

∂y
)

)
+

(
∂

∂z
(η
∂w

∂z
)

)
+ (ρ0 − ρ)g (5)

Where P [Pa] is the pressure, j [A·m−2] is the current density and the subscript indicating

direction, B [T] is the magnetic flux density vector and the subscript indicating direction, ρ0

[kg·m−3] is the mass density at 300 K, g [m·s−2] is the gravitational acceleration.

· Energy conservation equation

∂ρh

∂t
+

∂

∂x
(ρuh) +

∂

∂y
(ρvh) +

∂

∂z
(ρwh)

=
∂

∂x

(
κ

Cp

∂h

∂x

)
+

∂

∂y

(
κ

Cp

∂h

∂y

)
+

∂

∂z

(
κ

Cp

∂h

∂z

)
+ jxEx + jyEy + jzEz −Qrad (6)

Where h [J·kg] is the enthalpy, κ [W·m−1·k−1] is the thermal conductivity, Cp [J·kg−1·K−1]

is the constant pressure specific heat, E [V·m−1] is the electric field and subscript means direc-

tion. The radiation is calculated [59][67][120][69] based on the particle composition, partition

function, collision cross-section, and properties (wavelength, transition probability, statistical

weight, and energy) of each particle from the database [70]. The absorption is calculated only

within the control volume and depends on the temperature and the radial dimension of the

control volume (the absorption length is set as 0.25 mm according to the size of the control
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volume) based on Ref. [67]. Subsequently, the radiative emission coefficient can be obtained

from the calculated radiation and absorption. This coefficient reflects the energy balance, as

shown in Eq. 6 as Qrad [W·m−3].

· Current continuity equation

∂

∂x
(jx) +

∂

∂y
(jy) +

∂

∂z
(jz) = 0 (7)

· Current density

jx = σEx, jy = σEy, jz = σEz (8)

Where σ [S·m−1] is the electrical conductivity.

· Electric field

Ex = −∂ϕ

∂x
,Ey = −∂ϕ

∂y
,Ez = −∂ϕ

∂z
(9)

Where ϕ [V] is the potential.

· Maxwell-Amphale equation (x direction)

∂2Ax

∂x2
+

∂2Ax

∂y2
+

∂2Ax

∂z2
= −µjx (10)

· Maxwell-Amphale equation (y direction)

∂2Ay

∂x2
+

∂2Ay

∂y2
+

∂2Ay

∂z2
= −µjy (11)

· Maxwell-Amphale equation (z direction)

∂2Az

∂x2
+

∂2Az

∂y2
+

∂2Az

∂z2
= −µjz (12)

Where A [T·m] is the vector potential and the subscript indicating direction, µ [H·m−1] is

the magnetic permeability.

· Magnetic flux density

Bx =
∂Az

∂y
− ∂Ay

∂z
,By =

∂Ax

∂z
− ∂Az

∂x
,Bz =

∂Ay

∂x
− ∂Ax

∂y
(13)

· Metal vapor conservation equation

∂ρC

∂t
+

∂

∂x
(ρuC) +

∂

∂y
(ρvC) +

∂

∂z
(ρwC)

=
∂

∂x
(D

∂ρC

∂x
) +

∂

∂y
(D

∂ρC

∂y
) +

∂

∂z
(D

∂ρC

∂z
) (14)

· Diffusion coefficient

D =
2
√
2(1/Mair + 1/MCu)

0.5

((ρ2air/β
2
airη

2
airMair)0.25 + (ρ2Cu/β

2
Cuη

2
CuMCu)0.25)

2 (15)
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Here, C [%] is the contaminate proportion of Cu vapor on the electrode surface which will be

discussed in detail at Chapter 2.3, D [m2·s−1] is the diffusion coefficient, Mair [kg·mol−1] and

MCu [kg·mol−1] are the molecular weights of air and Cu, respectively, ρair [kg·m−3] and ρCu

[kg·m−3] are the mass density of air and Cu, respectively, βair and βCu are the dimensionless

constants defined by βi = (Dρi)/ηi where i indicates the atomic species, which theoretically

range between 1.2 and 1.543, βair = βCu = 1.385 is assumed based on the mean value of the

experimental data [71]. ηair and ηCu are the viscosity coefficients of air and Cu, respectively.

30



2.2 Flow chart, calculation area and conditions

Fig. 13 shows the calculation flow chart. The cathode, arc plasma, and anode are integrated

as one, and the interactions between them are considered and calculated by a three-dimensional

electromagnetic thermal fluid simulation. At every advancement of the time step, the physical

properties (temperature, flow velocity, pressure, electric potential, and vector potential) of the

previous time step will be used as the initial values and implement the iterative calculation.

The variable rates of enthalpy, electric potential, flow velocity, and mass will be decreased

along with the calculation times, and the program will be defined as convergence when the

above variation rates are smaller than 10−4, or calculation times of this time step exceeds a set

value.

For elucidating the cathode spot, anode spot, and arc plasma movements, a simple calculation

area of the parallel electrode was constructed [43][44][47] based on the actual experimental

equipment, which is a three-dimensional rectangular coordinate system, and the length of x,

y, and z are both 25 mm. The shape of the electrodes is triangular and the inter-electrode

distance is 5 mm. Arc current is set to 10, 30, 50, 100, or 150 A and the initial position of

the arc is 10 mm in the Y direction. The applied external magnetic field density is 0, 0.05, 1,

2, or 3 mT, which points toward the － X direction. The schematic of the parallel electrode

calculation area is shown in Fig. 14 [44] along with its mesh distribution, which is non-uniform

and has sparse distribution at the periphery (control volume is a 0.5 mm cube), and dense

distribution at the center (control volume is a 0.25 mm cube). Table 1 [44] shows the detail of

the boundary setting, which is a Neumann boundary.

For elucidating the interruption process of the DCCB, a symmetrical three-dimensional cal-

culation area based on the actual product [13] was constructed [56][57][72] for simplicity and

rapid calculation. It is a three-dimensional rectangular coordinate system with the x, y, and

z dimensions being 20, 20, and 27 mm, respectively. The electrode had a protruding surface

to imitate the actual shape of the DCCB, and the arc current was set to 135 A based on

Ref. [13]. To mimic the interruption process as faithful to the actual process as possible, the

vapor generates from the molten metal bridge, electrode opening process, and the application

of recovery voltage was taken into consideration in this study, which is exhaustively explained

in Chapter 2.8.1 and 2.8.2. Meanwhile, the arc plasma movement in the case of applying 0-10

mT external magnetic field towards the -X direction was implemented. The calculation area is

shown in Fig. 15 [57] and its boundary conditions are shown in Table 2 [56].
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Table 1 Boundary conditions of parallel electrode calculation area [44].

Plane T ϕS ϕR u v w Pr Ax Ay Az C

abcd ∂T
∂z

= 0 ∂ϕ
∂z

= 0
∂ϕ
∂z

= 0
(σ = 0)

0 0 0 0 ∂Ax
∂z

= 0
∂Ay

∂z
= 0 ∂Az

∂z
= 0 0

AadD/
bBCc

∂T
∂z

= 0 ∂ϕ
∂z

= 0 ∂ϕ
∂z

= 0 ∂u
∂z

= 0 ∂v
∂z

= 0 ∂ρw
∂z

= 0 ∂Pr
∂z

= 0 ∂Ax
∂z

= 0
∂Ay

∂z
= 0 ∂Az

∂z
= 0 ∂C

∂z
= 0

efgh ∂T
∂z

= 0 ϕ = 0
∂ϕ
∂z

= 0
(σ = 0)

0 0 0 0 ∂Ax
∂z

= 0
∂Ay

∂z
= 0 ∂Az

∂z
= 0 0

EehH/
fFGg

∂T
∂z

= 0 ∂ϕ
∂z

= 0 ∂ϕ
∂z

= 0 ∂u
∂z

= 0 ∂v
∂z

= 0 ∂ρw
∂z

= 0 ∂Pr
∂z

= 0 ∂Ax
∂z

= 0
∂Ay

∂z
= 0 ∂Az

∂z
= 0 ∂C

∂z
= 0

abJKI ∂T
∂y

= 0 ∂ϕ
∂y

= 0 ∂ϕ
∂y

= 0 0 0 0 0 ∂Ax
∂y

= 0
∂Ay

∂y
= 0 ∂Az

∂y
= 0 0

AaIKJbB
FfjkieE

∂T
∂y

= 0 ∂ϕ
∂y

= 0 ∂ϕ
∂y

= 0 ∂u
∂y

= 0 ∂ρv
∂y

= 0 ∂w
∂y

= 0 ∂Pr
∂y

= 0 ∂Ax
∂y

= 0
∂Ay

∂y
= 0 ∂Az

∂y
= 0 ∂C

∂y
= 0

eikjf ∂T
∂y

= 0 ∂ϕ
∂y

= 0 ϕ = 0 0 0 0 0 ∂Ax
∂y

= 0
∂Ay

∂y
= 0 ∂Az

∂y
= 0 0

dcLNM ∂T
∂y

= 0 ∂ϕ
∂y

= 0
∂ϕ
∂y

= 0

(σ = 0)
0 0 0 0 ∂Ax

∂y
= 0

∂Ay

∂y
= 0 ∂Az

∂y
= 0 0

DdMNL
cCGgl
nmhH

∂T
∂y

= 0 ∂ϕ
∂y

= 0 ∂ϕ
∂y

= 0 ∂u
∂y

= 0 ∂ρv
∂y

= 0 ∂w
∂y

= 0 ∂Pr
∂y

= 0 ∂Ax
∂y

= 0
∂Ay

∂y
= 0 ∂Az

∂y
= 0 ∂C

∂y
= 0

hmnlg ∂T
∂y

= 0 ∂ϕ
∂y

= 0
∂ϕ
∂y

= 0

(σ = 0)
0 0 0 0 ∂Ax

∂y
= 0

∂Ay

∂y
= 0 ∂Az

∂y
= 0 0

ADHE ∂T
∂x

= 0 ∂ϕ
∂x

= 0 ∂ϕ
∂x

= 0 ∂ρu
∂x

= 0 ∂v
∂x

= 0 ∂w
∂x

= 0 ∂Pr
∂x

= 0 ∂Ax
∂x

= 0
∂Ay

∂x
= 0 ∂Az

∂x
= 0 ∂C

∂x
= 0

BCGF ∂T
∂x

= 0 ∂ϕ
∂x

= 0 ∂ϕ
∂x

= 0 ∂ρu
∂x

= 0 ∂v
∂x

= 0 ∂w
∂x

= 0 ∂Pr
∂x

= 0 ∂Ax
∂x

= 0
∂Ay

∂x
= 0 ∂Az

∂x
= 0 ∂C

∂x
= 0

Table 2 Boundary conditions of opposite electrode calculation area [56].

Plane T ϕ u, v, w Pr Ax Ay Az C

ABCD 300 ∂ϕ
∂z

= 0 0 0 ∂Ax
∂z

= 0
∂Ay

∂z
= 0 ∂Az

∂z
= 0 0

EFHG ∂T
∂z

= 0 ∂ϕ
∂z

= 0 0 0 ∂Ax
∂z

= 0
∂Ay

∂z
= 0 ∂Az

∂z
= 0 0

abcd 300 ∂ϕ
∂z

= 0 0 0 ∂Ax
∂z

= 0
∂Ay

∂z
= 0 ∂Az

∂z
= 0 0

efgh ∂T
∂z

= 0 ϕ = 0 0 0 ∂Ax
∂z

= 0
∂Ay

∂z
= 0 ∂Az

∂z
= 0 0

AadD 300 ∂ϕ
∂y

= 0 0 0 ∂Ax
∂y

= 0
∂Ay

∂y
= 0 ∂Az

∂y
= 0 0

BbcC 300 ∂ϕ
∂y

= 0 0 0 ∂Ax
∂y

= 0
∂Ay

∂y
= 0 ∂Az

∂y
= 0 0

ABba 300 ∂ϕ
∂x

= 0 0 0 ∂Ax
∂x

= 0
∂Ay

∂x
= 0 ∂Az

∂x
= 0 0

DCcd 300 ∂ϕ
∂x

= 0 0 0 ∂Ax
∂x

= 0
∂Ay

∂x
= 0 ∂Az

∂x
= 0 0
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Fig. 13 Calculation flow chart.
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2.3 Metal vapor generation and energy balance of gas-electrode in-

terface

2.3.1 Saturation vapor pressure model and vaporization rate model

In this study, two calculation methods for calculating the generation of metal vapor from the

electrode were used, which are the saturation vapor pressure model and the vaporization rate

model.

Firstly, the saturation vapor pressure model will be introduced. In this model, the quantity

of the metal vapor is calculated from the concentration of metal vapor in the molten pool on

the electrode, and the mass density of the arc which is contaminated by the metal vapor. At

every time step, the saturation vapor pressure is calculated based on the molten pool surface

temperature. This saturation vapor pressure and the surrounding pressure are used to calculate

the concentration of metal vapor on the molten pool surface. Using this concentration of metal

vapor as the initial value along with the flow diffusion equation, the concentration distribution

of metal vapor can be obtained [73][74]. Fig. 16 is the calculation method of metal vapor

generation. The equations used to calculate the initial metal vapor concentration are shown as

follows.

· Contaminate proportion of metal vapor on the electrode surface (saturation vapor pressure

model)

Cpressure =
ρCuMCu

ρCuMCu + (Patm − Pv)Mair

(16)

Here, Patm [Pa] is the atmospheric pressure, and Pv [Pa] is the saturation vapor pressure of

Cu.

Secondly, the vaporization rate model will be introduced. In this model, the metal vapor

concentration on the electrode surface is calculated based on the temperature difference between

the arc plasma and the electrode. For better understanding, the schematic about the control

volume on electrode surface is shown in Fig. 17 [56].

· Contaminate proportion of metal vapor on the electrode surface (vaporization rate model)

Crate =
mCu + ρCuvol1
mCu + ρvol1

(17)

Here, mCu [kg] is the generated mass of Cu and vol1 [m
3] is the volume of the control volume

of the gas on the electrode surface.

· Generated mass of metal vapor

mCu = vCuvol2∆t (18)

In the equation above, vCu [kg·m−3·s−1] is the vaporization rate of Cu, vol2 [m
3] is the volume

of the control volume of the electrode on the electrode surface, and ∆t [s] is the time step.
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· Vaporization rate of Cu

vCu =
harc(T − TCu)

QCuLvol

(19)

Here, harc [W·m−2·K−1] is the heat transfer coefficient, which is assumed to be 105 according

to Ref. [75]; however, the heat transfer coefficient between the arc plasma and electrode was

calculated using the membrane temperature theory [76], which deduced the heat transfer coef-

ficient according to the thermal conductivity of atmospheric gas. T [K] is the temperature; TCu

[K] is the boiling point of Cu, which is 2,835 K; QCu [J·kg−1] is the heat of the phase change for

Cu, which equals to the heat of melting sums heat of vaporization, which is 4,936 according to

Ref. [75]; and Lvol [m] is the thickness of the control volume of the gas on the electrode surface.
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2.3.2 Energy exchange on electrode surface

The energy conservation equation presented as Eq. 6 shows the general calculation of energy

during the whole calculation area. The energy exchange between the arc plasma and electrode

surface is considered and feedback to the energy equation as generation term during the cal-

culation. The following equations show the heat conduction from arc plasma, ion heating (at

the cathode side), electron cooling (at the cathode side), electron condensation heating (at the

anode side), radiation emission, and vaporization and condensation on the electrode surface.

· Energy exchange on the cathode surface

qC = κ
∂T

∂nC

+ ji(EAir − ϕCe)− jeϕC − εCαTC
4 + S (20)

· Energy exchange on the anode surface

qA = κ
∂T

∂nA

+ jϕA − εAαTA
4 + S (21)

· Current density of electron

je = AT 2exp(−eϕCe

∂kT
) (22)

· Current density of ion

ji = j − je (23)

Where the qC and qA [W·m−2] are the enthalpy flux on the cathode and anode surface,

respectively. It will divide the length of control volume before feedback to the energy equation

as a generic term, to maintain the consistency of the unit. nC and nA are the vertical direction

of the cathode and anode surface, respectively. EAir [eV] is the ionization energy of air, ϕCe [eV]

is the effective work function of cathode, ϕC and ϕA [eV] are the work function of cathode and

anode, respectively. εC and εA are the surface emissivity of the cathode and anode, respectively.

α[W·m−2·K−4] is the Stefan-Boltzmann constant, and TC and TA [K] is the temperature of

cathode and anode surface, respectively. S [W·m−3] is the energy source term of vaporization

and condensation on the electrode surface, which will explain in detail at Eq. 25. A [A·m−2·K−2]

is the Richardson-Dushman constant, e [C] is the elementary charge, and k [J·K−1] is the

Boltzmann constant.

The condensation of metal vapor is assumed to occur on the electrode surface when its

temperature is less than the boiling point, as shown below.

· Condensation rate of metal vapor

nCu = CRC(Tvol1 − TCu) (24)

Here, nCu [kg·m−3·s−1] is the condensation rate of Cu; RC [kg·m−3·s−1·K−1] is the coefficient

of the condensation rate, which is assumed to be 1.0 according to Ref. [75]; and Tvol1 [K] is the

temperature of vol1 as shown in Fig. 17 [56]. To consider the vaporization and condensation
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on the electrode surface, the vaporization and condensation rates of Cu were used to calculate

the energy source term.

· Energy source of metal vapor vaporization and condensation

S = −(vCu + nCu)QCu (25)

The minus sign represents the energy loss of the electrode. The energy source term corre-

sponds to Eq. 20 and Eq. 21.
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2.4 Arc root model for simulating non-local thermal equilibrium

effect on electrode surface

For considering the non-local thermal equilibrium effect on electrode surfaces, the effective

electrical conductivity of a thin-layer element was adopted to calculate the electrical conductiv-

ity between the arc column and the electrode [77][78], which is described from Eq. 26 to Eq. 28.

Moreover, the effective electrical conductivity was integrated with the electrical conductivity of

control volume on the electrode surface for reflecting the effect of electrode fall voltage, because

the sheath thickness (around 10−7 m) is smaller than the control volume length (2.5×10−4 m),

which Fig. 18 [47] shows the diagram of this treatment.

· Effective electrical conductivity

σeff = J
∆y

Us

(26)

where σeff [S·m−1] is the effective electrical conductivity, Us [V] is the electrode fall voltage,

and ∆y [m] is the sheath thickness, which can be calculated using the Debye length as follow

[79][80]:

· Sheath thickness

∆y =

√
2

3
exp(

1

4
)(ln

eM

2πme

)
3
4λD (27)

where M [kg·mol−1]] is the atomic weight, me [kg] is the weight of an electron, and λD [m] is

the Debye length.

· Debye length

λD =

√
ε0kTe

nee2
(28)

where ε0 [F·m−1] is the permittivity of free space, Te [K] is the electron temperature, and ne

[m−3] is the density of electrons.

The electrode fall voltage can be calculated using the electric potential difference between

the sheath edge and the electrode surface as follows [80]:

· Electrode fall voltage

Us = ϕW − ϕS = (
kTe

2e
)(ln(

0.43M

me

)− 1) (29)

where ϕW [V] is the electric potential of the electrode surface and ϕS [V] is the electric

potential of the sheath edge.

Based on the above equations, the effective electrical conductivity is determined by the atomic

weight, the density of electrons, and electron temperature. The first two physical properties

can be obtained at each calculation cycle. However, accurate calculation or measurement of

the electron temperature on an electrode surface is difficult; therefore, a simple treatment

of the electron temperatures on the cathode and anode surfaces was adopted. Specifically,

the electrode fall voltages of the cathode and anode side are approximately 15 V and 5 V

[81][82][83][84], respectively. Based on that research results, the electron temperatures on the
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cathode and anode surfaces were set as 6,000 K and 2,000 K, respectively, for obtaining the

above electrode fall voltages using Eq. 29. Under these settings in a stationary calculation, the

electrode fall voltages of the cathode and the anode were 16.7 V and 5.56 V, respectively.
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2.5 Thermal field theory application and current density setting on

cathode surface

The current density contributions from the thermal and field emission are calculated sepa-

rately and subsequently integrated. The thermal emission from the cathode surface is expressed

as follows [45]:

· Richardson-Schottky formula

JT =
4πmee(kBT )

2

h3
P

exp
−e(ϕC −∆ϕ)

kT
(30)

where JT [A·m−2] is the current density derived from the thermal emission, hP [J·s] is the

Planck constant, and ∆ϕ [eV] is the Schottky effect, which is described as follows:

· Schottky effect

∆ϕ = (
eF

4πε0
)
1
2 (31)

where F [V·m−1] is the electric field applied on the electrode surface, which is determined by

dividing the electrode fall voltage by the sheath thickness, as presented in Chapter. 2.4.

The current density component from the field emission, can be calculated using the following

equation [48][49]:

· Fowler–Nordheim formula

JF =
e3F 2

8πhPϕt(y)2
exp(

−8
√
3meϕ

3
2v(y)

3hP eF
) (32)

where JF [A/m2] is the current density derived from the field emission, and t(y) and v(y) are

distinct tabulated functions of the work function of the electrode and the electric field applied

on the electrode surface, respectively, which are correspondingly set as 1.110721 and 0.
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2.6 Calculation setting for simulating cathode spot movement

2.6.1 Current density distribution setting on cathode surface

Except for the non-local thermal equilibrium effect on the cathode surface, it is also necessary

to implement a special treatment on the cathode surface for the cathode spot size. There were

two different methods were implemented in this study.

Firstly, the cathode spot size was decided by the electrical conductivity distribution on the

cathode surface as shown in Fig. 19 [44]. To be specific, the control volume which has the

highest electrical conductivity on the electrode surface is located in every calculation cycle and

the electrical conductivity of other control volumes is set to 0. Then the current density of this

located control volume (J0) is calculated and compares to the standard value (JT = 1010 A/m2

[85]). If this current density is higher than the standard value, the electrical conductivity of

the surrounding control volumes is removed, and their current densities are calculated base on

their electrical conductivities and compare to the standard value as well. When the current

density of the control volume is lower than the standard value, the size of the electrode spot is

set.

Secondly, the cathode spot size was decided by the calculated current density based on

thermal field emission theory as shown in Fig. 20 [47] (the schematic is a two-dimensional model

for good understanding, whereas the used calculation model is a three-dimensional model).

First, the current of the control volume that has the highest total current density based on the

thermal field emission theory is calculated. Second, if this current is larger than the set current,

then the current density of the control volume is calculated using the setting arc current and

its cross-sectional area; otherwise, the currents of its peripheral control volumes are calculated.

Third, the summarized current of these control volumes is compared with the setting arc current,

and if the former is larger than the latter, the current density of the peripheral control volumes

is calculated using the current difference and its area. Based on the above procedure, the size

of the cathode spot is automatically adjusted in different conditions.

As for the anode side, the anode spot size was decided by the electrical conductivity distri-

bution on the anode surface which is similar to Fig. 19 [44]. Except from the standard value

of current density was set as JT = 106 A/m2 instead of JT = 1010 A/m2.
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2.6.2 Cathode spot advancement method

Because the calculation setting of the cathode spot size was based on two different methods,

it has two different advancement methods as well.

In the case of cathode spot size was decided by the electrical conductivity distribution on

the cathode surface, the cathode spot movement was assumed to be decided by the electrical

conductivity distribution of the arc plasma area which near around the cathode surface as

shown in Fig. 21. To be specific, the electrical conductivity of the control volume where two

layers away from the cathode surface were compared, and the control volume which has the

highest electrical conductivity was located. Then, the new center point of the cathode spot

on the cathode will be set to have the same horizontal location based on the aforementioned

control volume. The reason for this calculation setting is based on the mechanism of magnetic

driven arc between two parallel electrodes [86]. By the above setting, the cathode spot based

on the charged particle movement of arc plasma can be simulated.

In the case of cathode spot size was decided by the thermal field emission theory, the cathode

spot movement was assumed to be triggered by the increment of field emission current density

because of the charged particles’ transport. To this end, a method of comparing the current

density derived from the field emission to a threshold was proposed and shown in Fig. 22

[47]. To be specific, the field emission current density of control volume on the cathode surface

is calculated and located in the center control volume which has the highest field emission

current density. Then, the center control volume shifts to the control volume for which the

current density derived from the field emission is larger than the threshold and the closest to

the original center control volume on the advanced side. In this study, the threshold is set

as 25%, 50%, or 75% of the current density derived from the field emission in the stationary

calculation, which is 1.25 × 1013, 2.5 × 1013, or 3.75 × 1013 A/m2, respectively, in the case of

arc current was set as 50 A. The cathode spot keeps advancing by repeating the above steps.

The reason for selecting 25%, 50%, or 75% as the current density threshold for cathode spot

movement, is because the charged particles are transported forward under the influence of the

electrical field derived from the self and external magnetic field. The transport of charged

particles leads to the current density derived from the field emission keep increasing. However,

the timing of the occurrence of cathode spot movement remains un-clarified, three thresholds

were set in this study to simulate the cathode spot movement for finding out the feasibility and

application scope of this calculation method.
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2.7 Calculation setting for simulating re-strike phenomenon occur-

rence on anode side

2.7.1 Mimicking re-strike occurrence based on experiment figures

To simulate the re-strike phenomenon as similar as possible to the experimental result, the

experimental figure of arc form right before the re-strike phenomenon occurrence is used as a

sample to ignite the arc by setting a virtual arc as an initial value of the stationary calculation.

To be specific, the thinning process has been performed on this figure by the photo processing

software known as Popimaging and ImageJ. Based on the thinning process result, the control

volumes are selected and their temperature is set to 15,000 K for creating a current path to

generate the arc. The above process are shown in Fig. 23. To control the arc stagnates on the

original anode spot, the electrical conductivity of the control volume on the anode surface is

controlled after igniting the arc, and this process is shown in Fig. 24.

As for simulating the re-strike phenomenon, the calculation results of the stationary cal-

culation are used as the initial values to run the transient calculation. Also, the electrical

conductivity of the control volume at the anode surface is restricted to 0 S/m except for the

original anode spot after the arc is ignited. After a given period, the restriction of the re-strike

point area electrical conductivity is removed and the original anode spot area electrical con-

ductivity is set to 0 S/m. The location of the re-strike point is set at y = 15.10 mm (in the

case of without external magnetic field) and 8.75 mm (in the case of 3 mT external magnetic

field applied) according to the experimental figures. To simulate the Cu vapor generated from

the new anode spot after the re-strike phenomenon occurrence, the temperature distribution of

the anode electrode in the stationary calculation is extracted and assigned to the new anode

spot area after the re-strike phenomenon occurred (the cathode side has the same calculation

setting as well). Fig. 25 shows the model of above setting process.
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2.7.2 Re-strike phenomenon based on electrical conductivity distribution

Moreover, the electrical conductivity distribution on the anode surface will be influenced

by the charged particles’ movement which is feedback as the effective electrical conductivity.

Therefore, the re-strike phenomenon occurrence based on the electrical conductivity variation

on the anode surface was simulated as well. To be specific, the electrical conductivity of the

control volume on the anode surface was calculated, and locate the center control volume which

has the highest electrical conductivity. Then, the center control volume shifts to the control

volume that has the maximum electrical conductivity on the anode surface, while being closest

to the original center control volume, as illustrated in Fig. 26 [47].
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2.7.3 Thermal non-equilibrium model for analyzing physical property variation

before re-strike occurrence

For analyzing the triggering factor of the increment in the electrical conductivity and caus-

ing the re-strike phenomenon, the simulation results (local thermal equilibrium model) at the

time immediately before the re-strike phenomenon occurrence are used as the initial values to

implement the thermal non-equilibrium model. The time step is set as 10 µs for capturing the

temperature variation. Specifically, the electron and heavy particles (ions and neutral parti-

cles) temperatures are calculated using different energy conservations, as expressed as follows

[50][51][87][88][89][90][91].

· Energy conservation equation of electrons

∂(nev
5
2
kBTe)

∂t
+▽ · (nev

5

2
kBTe)

= −▽ ·(−κ▽ Te)− Eeh −Qrad + σE2 (33)

where Eeh [J] is the energy exchange between the electrons and heavy particles (ions and

neutral particles), which can be described as follows:

· Energy exchange between electrons and heavy particles

Eeh =
∑
j ̸=e

3

2
kB(Te − Th)

2memh

(me +mh)2

×nenhπΩeh

√
8kBTe(me +mh)

πmemh

(34)

where Th [K] is the heavy particles (ions and neutral particles) temperature, mh [kg] is the

mass of a heavy particles (ions and neutral particles), and nh [m−3] is the number density of

heavy particles (ions and neutral particles), πΩeh [m2] is the cross-section between the electrons

and the heavy particles (ions and neutral particles).

· Energy conservation equation of heavy particles

∂ρh

∂t
+▽ · (ρvh) = −▽ ·(− κ

Cp

▽ h) + Eeh (35)
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2.8 Calculation method and setting for mimicking DCCB interrup-

tion process

2.8.1 Preliminary stage of DCCB interruption process

For simulating the metal vapor generated from the molten metal bridge, two transient pro-

grams with different time steps are used. To be specific, the first transient program has a

one-time step which was 6.94 s to mimic the temperature increases from 300 K to 2,835 K,

which is the boiling point of electrode material in this study (copper). The diagram of this

phase was presented in Fig. 27, and the temperature distribution of the electrodes right be-

fore the breaking of the molten metal bridge can be obtained as the simulation result of this

transient program.

As for the second transient program, its time step was set as 6.25, 8.00, 12.5, or 25.0 µs for

catching the swift variation of the arc plasma phenomenon and its physical property variation.

In this transient program, the cathode moves upward 1 control volume (which is a 0.25 mm

cube) from the second to ninth time step to mimic the electrode opening process as shown in

Fig. 28, in which the electrode opening velocity was 40, 30, 20, or 10 m/s based on the setting

time step. To maintain the continuance of the physical properties on the cathode surface

after each movement, the physical properties of control volumes on the cathode surface were

calculated using the values of its previous location as initial values, such as A base on a, B base

on a, and C base on b as presented in Fig. 28(b).
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Fig. 28: Diagram of simulation setting for mimicking electrode opening process. (a) First time step.

(b) Second time step. (c) Ninth time step.
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2.8.2 Application of recovery voltage during DCCB interruption process

For simulating the effect of recovery voltage (RV) on the arc plasma extinguish process, the

current of the cathode section was 2.5 mm away from the cathode convex was referenced to

decide whether to apply the RV or not. The arc plasma tends to re-strike or reignite between

the electrodes in the inter-electrode area which has a high residue temperature even after the

arc plasma is stretched into the extinguishing chamber. To be specific, the total resistance of

the inter-electrode area was calculated, and the instantaneous recovery current caused by the

application of recovery voltage can be obtained. Then, the current density distribution of the

inter-electrode area was decided based on the instantaneous recovery current and the electrical

conductivity of each control volume in this area, as shown in Fig. 29.
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Fig. 29 Diagram of calculation method of recovery voltage application.
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Chapter3 Behavior of atmospheric arc plasma

between parallel electrodes with

external magnetic field application

3.1 Cathode spot movement of atmospheric arc plasma after igni-

tion

3.1.1 Stagnation of cathode spot in the case of without or with a weak external

magnetic field applied

For verifying the hypothesis model (a) and (b) of Chapter 1.4.2, the current density and

electromagnetic force of the cathode spot area were analyzed in the case of inter-electrode

distance is 5 mm and arc current is 10 A in a straight current path model. Fig. 30 [44] shows

the temperature distribution with applying 0 or 0.05 mT external magnetic field. The cathode

spot did not move in both circumstances, and the current density and electromagnetic force

of the cathode spot area were shown in Fig. 31 [44] and Fig. 32 [44]. It can see that the

current densities of the two side control volumes were approximately equal in the case without

an external magnetic field applied, and the difference in the current density between these two

side control volumes increased when a 0.05 mT external magnetic field was applied, because the

charged particles are transported by the external magnetic field and moved forward. Also, the

electromagnetic force on the right side control volume became weaker when a 0.05 mT external

magnetic field was applied, however, its direction still pointed against the advanced direction,

which prevents the cathode spot from advancing. As a result, the directions of electromagnetic

force on the two sides of the cathode spot were opposite, which forms an electromagnetic force

balance and leads to the cathode spot remaining in stagnation.
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(a) Without external magnetic field applied

(b) With a 0.05 mT external magnetic field applied

t = 0 ms t = 3 ms

Fig. 30: Temperature distributions with different applied external magnetic field density [44].

(Current path model: straight, arc current: 10 A, applied external magnetic field density: 0/0.05 mT)
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Fig. 31: Current densities of cathode spot area with different applied external magnetic field density

[44].

(Current path model: straight, arc current: 10 A, applied external magnetic field density: 0/0.05 mT)
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Fig. 32: Electromagnetic forces of cathode spot area with different applied external magnetic field

density [44].

(Current path model: straight, arc current: 10 A, applied external magnetic field density: 0/0.05 mT)
　

　

61



3.1.2 Movement of cathode spot in the case of with strong external magnetic field

applied

As for verifying the hypothesis model (c) of Chapter 1.4.2, the temperature and current

density distribution of the cathode spot area in the case of inter-electrode distance is 5 mm

and arc current is 30 A in a straight current path model with applied 1 mT external magnetic

field density were presented in Fig. 33 [44], it can see that the cathode spot advanced. Fig. 34

[44] shows the electromagnetic force of the cathode spot area during the cathode spot advance

process. It can see that the cathode spot first step (C.S.F.S.) occurred when the direction of

electromagnetic force on the right side control volume points forward.

62



　 　

t = 0 ms t = 3 ms

Fig. 33: Temperature and current density distributions in the case of applying 1 mT external magnetic

field density [44].

(Current path model: straight, arc current: 30 A, applied external magnetic field density: 1 mT)
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C.S.F.S.

Fig. 34: Electromagnetic forces of cathode spot area in the case of applying 1 mT external magnetic

field density [44].

(Current path model: straight, arc current: 30 A, applied external magnetic field density: 1 mT)
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3.1.3 Dominating factor of cathode spot movement

For finding out the change of electromagnetic forces of the cathode spot area which causes

the cathode spot advancement, the self and external electromagnetic force of the cathode spot

area in the case of 0.05 mT (10 A) or 1 mT (30 A) applied at straight current path model were

analyzed and shown in Fig. 35 [44] and Fig. 36 [44]. According to Fig. 35 [44] and Fig. 36

[44], it can see that the self electromagnetic force is in domination on the cathode spot area no

matter the cathode spot advanced or not. Therefore, the effect of the external electromagnetic

force is to transport the charged particles forward and broke the electromagnetic force balance

which is formed by the self electromagnetic force derived from the arc plasma itself. As a result,

the cathode spot’s first step occurred when the direction of total electromagnetic force on the

right side of the cathode spot pointed forward.

The comparison of C.S.F.S. velocity (the length of control volume divides the time of C.S.F.S.

occurrence) between straight and reentry current path in the case of applied 1 mT external

magnetic field was shown in Table 3 [44]. It can see that the C.S.F.S. occurred faster in the

case of the reentry current path model, because the self electromagnetic force was increased

due to the magnetic field derived from electrodes which promote the cathode spot movement.

The comparison of self electromagnetic force of these two current path models in the case of 30

A was shown in Fig. 37 [44].

According to Table 3 [44], the rapid of C.S.F.S. significantly increased along with the arc

current increasing, because the increments of self and external electromagnetic forces benefit

the charged particles transport forward. Fig. 38 [44] and Fig. 39 [44] show the comparison of

self and external magnetic force of cathode spot area in different arc current when the current

path is straight. It can see that the increment of external electromagnetic force was slight and

the increment of self electromagnetic force was significant, which implies that the effect of the

external electromagnetic force is to break the electromagnetic force balance and the velocity of

the cathode spot is dominated by the self electromagnetic force.

Fig. 40 [44] shows the relation between flow velocity and electromagnetic force of right side

control volume before C.S.F.S. occurrence in difference arc current and current path model. It

can see that the electromagnetic force of the right side control volume before C.S.F.S. occurrence

became stronger when the arc current became higher, because the cathode jet became stronger

which obstructs the advance of charged particles. And the flow velocity was slower in the

case of the reentry current path model, because the direction of the cathode jet became more

forward-leaning.
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Table 3 Velocity of cathode spot first step in different conditions (m/s) [44].

Straight current path model Reentry current path model

10 A 0.50 0.58

30 A 3.75 4.69

50 A 4.69 7.50

100 A 6.25 9.38

150 A 9.38 18.75
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Fig. 35: Self and external electromagnetic force of cathode spot area with applied 0.05 mT external

magnetic field density [44].

(Current path model: straight, arc current: 10 A, applied external magnetic field density: 0.05 mT)
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Fig. 36: Self and external electromagnetic force of cathode spot area with applied 1 mT external

magnetic field density [44].

(Current path model: straight, arc current: 30 A, applied external magnetic field density: 1 mT)
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Fig. 37: Self electromagnetic force of cathode spot area in different current path models [44].

(Current path model: straight/reentry, arc current: 30 A, applied external magnetic field density: 1

mT)
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Fig. 38: Self electromagnetic force of cathode spot area in different arc current [44].

(Current path model: straight, arc current: 30/50 A, applied external magnetic field density: 1 mT)
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Fig. 39: External electromagnetic force of cathode spot area in different arc current [44].

(Current path model: straight, arc current: 30/50 A, applied external magnetic field density: 1 mT)
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Fig. 40: Relation between flow velocity and electromagnetic force of right side control volume before

C.S.F.S. occurrence in difference conditions [44].
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3.2 Continuous cathode spot movement with applying external mag-

netic field

Based on the hypothesis presented in Chapter 1.4.2, the cathode spot movement is assumed

to be governed by the charged particles, which are influenced by two factors in the cathode

surface area. One is the electromagnetic force derived from the self or external magnetic field,

which points to the advanced direction (right side in this study) and promotes the cathode spot

movement. Another is the initial velocity of charged particles which reflects in the simulation

result as a cathode jet, which points downward and obstructs the charged particles from moving

forward. Therefore, the cathode spot velocity should increase with the threshold decrement

because less charged particle transport is required. However, this tendency was incompatible

in the case of the 25% threshold with 0 or 1 mT external magnetic field applied, as shown in

Table 4 [47] which lists the cathode spot velocities in different scenarios.

For observing the influence of driving electromagnetic force and cathode jet to the cathode

spot velocity by applying different external magnetic field intensities. The division factor

(driving electromagnetic force divided by flow velocity of cathode jet), applied external magnetic

field intensity, and cathode spot velocity is summarized in Fig. 41 [47]. The cathode spot

velocity should be in proportion to the division factor regardless of the applied external magnetic

field intensity, and this tendency was incompatible in the case of the 25% threshold with 1 or

3 mT external magnetic field applied. The reason for the deviation in the case of the 25%

threshold was caused by the distribution of field emission current density of control volume on

the cathode surface, in which the current density derived from the field emission of the control

volume next to the center one was larger than 25% threshold (1.25 × 1013 A/m2) even before

the cathode spot movement. As a result, the calculated cathode spot velocity in the case of

the 25% threshold became inaccurate. The analyzed results of cathode spot movement implied

that the method of using field emission current density as a threshold to simulate the cathode

spot movement has a minimum standard, which was 50% in this study.
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Table 4 Cathode spot velocities in different cases [47].

Threshold 25% 50% 75%

E.M.F.I.*

[mT]
0 1 3 0 1 3 0 1 3

C.S.V.**

[m/s]
3.33 9.60 49.0 4.71 9.81 45.7 4.58 9.44 43.5

* E.M.F.I.: External magnetic field intensity

** C.S.V.: Cathode spot velocity

　 　

2.0×104

1.5×104

1.0×104

5.0×103

0

Fig. 41 Division factors between electromagnetic force and flow velocity in different cases [47].
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3.3 Re-strike phenomenon of atmospheric arc plasma during ad-

vancement

3.3.1 Simulation result of re-strike phenomenon based on experimental figures

Based on the presented calculation setting in Chapter 2.7.1, the re-strike phenomenon was

simulated based on experimental figures. According to the simulation results, a new anode

spot appears on the re-strike point when the restriction removal time is 100 or 150 µs. The

temperature distribution, electrical conductivity distribution, flow velocity distribution, and Cu

vapor concentration distribution during the re-strike phenomenon when the restriction removal

time is 100 µs are shown in Fig. 42 [43]. From the figure, it can be seen that the distribution of

temperature and electrical conductivity are similar, which means that the electrical conductivity

of the arc region is dominated by temperature. According to the flow velocity distribution,

it can be seen that a vortex is formed because of the cathode and anode jets. Under the

influence of this vortex-shaped flow velocity distribution, the high-temperature gas gets away

from the anode surface around the original anode spot area, which leads to a reduction in the

conductive area, and the current density of the original anode spot gets stronger. As a result,

the original anode spot temperature keeps increasing, and the distance between the arc column

and re-strike point becomes shorter because of the cathode jet, which increases the electric field

strength, thus making it more likely for the re-strike phenomenon to occur. It can be observed

that the flow velocity from the anode increases drastically when the new anode spot appears,

which is the result of two effects: the formation of an anode jet due to the constriction of the

new current path, and the gas expansion caused by the rapid heating of the arc column [92].

Cu vapor is generated from the electrode spots and diffuses into the arc area and its periphery

under the influence of the vortex-shaped flow velocity distribution, which increases the electrical

conductivity of those areas. The Cu vapor concentration over 1% of the area keeps expanding

around the original anode spot because of the increase in the original anode spot temperature.
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Fig. 42: Temperature distribution, electrical conductivity distribution, flow velocity distribution, and

Cu vapor concentration of the magnetically driven arc during the new current path formed in the case

where the restriction removal time is 100 µs [43].
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3.3.2 Elucidate occurrence conditions of re-strike phenomenon based on experi-

mental figures

Fig. 43 [43] presents the electrical conductivities of the spots immediately above the original

anode spot and re-strike point (z = 10.5 mm), along with the time variable in the case where

the restriction removal time is 100 µs. It can be observed that the electrical conductivity of

the original anode spot area increases before the re-strike phenomenon occurs, because of the

increase in the original anode spot temperature. The electrical conductivity of the re-strike

point area increases drastically after the new anode spot appears. However, it barely changes

before the re-strike phenomenon occurs; even the high-temperature gas and Cu vapor are

transported toward the re-strike point area under the influence of the cathode jet. Fig. 44 [43]

presents the temperature and Cu vapor concentration of the re-strike point area changes with

time, which indicates that the increase in temperature and Cu vapor concentration is minimal

and not sufficient to cause a significant increase in the electrical conductivity. In other words,

the occurrence of the re-strike phenomenon is not dominated by the change of the electrical

conductivity. Fig. 45 [43] shows that the electrical potential difference and the electric field

density between the re-strike point and the arc column (the control volume with a temperature

of 10,000 K, immediately above the re-strike point) when the arc stagnated on the original

anode spot. According to Fig. 45 [43], the electrical potential difference between these two

points remains constant as the electric field density increases, because of the decreasing distance

between the two points. The electric field density is 30.9 V/cm and the distance is 2.35mm

immediately before the re-strike phenomenon occurrence.

In case the restriction removal time is 50 µs, the same quantitative analysis can be done.

From Fig. 46 [43], it can be observed that the electrical conductivity of the original anode

spot area increased before the restriction was removed because of the increase in the original

anode spot temperature. A rapid reduction in the area′s electrical conductivity is observed

after the restriction of the re-strike point area electrical conductivity is removed and setting

the original anode spot area′s electrical conductivity to 0 S/m, since no current passes through

this area anymore. After 80 µs, the electrical conductivity remained steady because of the

residual temperature on the anode surface even after the original anode spot disappeared. The

electric field density between the re-strike point and arc column (the control volume whose

temperature is 10,000K and immediately above the re-strike point) continues to increase when

the arc stagnated on the original anode spot because the distance between those two points

decreases and hence it is affected by the cathode jet. However, the electric field density was not

strong enough (the electric field density is 24.9 V/cm and the distance is 2.75 mm) to cause

an electrical breakdown when the restriction of the re-strike point area′s electrical conductivity

is removed; therefore, a new current path cannot be formed and the current continuity is

destroyed.

Based on the analysis of the simulation results, the process of the re-strike phenomenon can

be described as follows: immediately before the re-strike phenomenon occurs, the arc form is

affected by the electrode jets. The distance between the re-strike point and the arc column

becomes short because of the cathode jet, which leads to an increase in the electric field density
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between them. When the electric field density exceeds a certain value, electrical breakdown

occurs and a new current path forms; along with this, the original anode spot disappears.
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(a)

Arc stagnates on

the original anode spot

(b)

Re-strike

occurrs

(c)

Arc stagnates on 

the re-strike point

Fig. 43: Electrical conductivities of original anode spot area and re-strike point area when the restric-

tion removal time is 100 µs [43].
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Fig. 44: Temperature and Cu vapor concentration of re-strike point area change with time when the

restriction removal time is 100 µs [43].
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Fig. 45: Electrical potential difference and electric field density between the re-strike point and arc

column when the restriction removal time is 100 µs [43].
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Fig. 46: Electrical conductivity and electrical field density change with time when the restriction

removal time is 50 µs [43].
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3.3.3 Occurrence of re-strike phenomenon based on electrical conductivity distri-

bution and particles’ temperatures variation

Fig. 47 [47] shows the temperature, metal vapor concentration, and current density variation

of two re-strike phenomenon occurrences when using 50% of the current density derived from

the field emission in the stationary calculation as the cathode spot movement threshold. This

simulation of magnetically driven arc (with 1 mT applied external magnetic field) was under

the assumption of local thermal equilibrium. A series of temperature residues existed on the

cathode surface because of the remainder of the high concentration of the metal vapor even

after the cathode spot advanced. This phenomenon did not occur on the anode side because

the advanced strides and velocities of the cathode and anode spots were different. Moreover,

the metal vapor concentration during anode spot advancement was transported toward the

re-strike point area according to Fig. 47(b) [47], and this variation was caused by the influence

of convection flow from arc plasma, which was dominated by the cathode jet as shown in Fig.

48 [47].

The simulation results show that the re-strike phenomenon can be simulated based on the

electrical conductivity change on the anode surface. It can observe that the current density

of the re-strike point area increased before the re-strike occurred as shown in the blue dotted

line circle at Fig. 47(c) [47], which is decided by electrical conductivity and electrical field

(J = σE). Moreover, the high-temperature gas and metal vapor were transported toward

the re-strike point area by a strong cathode jet according to Fig. 47(a) and (b) [47]. It

is reasonable to assume the occurrence of the re-strike phenomenon was caused by electrical

conductivity increment. For finding out the kind of charged particle for this current density

increment, the simulation results of 0.7 ms (local thermal equilibrium model) were used as

the initial values to implement the thermal non-equilibrium model as shown in Chapter 2.7.3.

In this model, the electrical conductivity was calculated from the electron or heavy particles

(ions and neutral particles) temperature. Fig. 49 [47] shows the current density distribution

variation when the electrical conductivity was calculated based on electron temperature (Fig.

49(a) [47]), or the electrical conductivity was calculated based on heavy particles (ions and

neutral particles) temperature (Fig. 49(b) [47]). The current density of the re-strike point area

became high when the electrical conductivity was based on the heavy particles (ions and neutral

particles) temperature as shown in the green dotted line circle in Fig. 49(b) [47], whereas the

current density barely changed if the electrical conductivity was determined from the electron

temperature as shown in the blue dotted line circle at Fig. 49(a) [47].

It was assumed that the current density increment is caused by the electrical conductivity

increment because of the transport of high-temperature gas and metal vapor. Therefore, Fig.

50 [47] presents the variation of electrical conductivity in the re-strike point area with time,

when it was based on the electron or heavy particles (ions and neutral particles) temperature.

The electrical conductivity of the re-strike point area did not change when it was obtained

from the electron temperature, whereas it increased when it was based on the heavy particles

(ions and neutral particles) temperature. However, the increment in the electrical conductivity

was small and insufficient to cause the occurrence of the re-strike phenomenon, which suggests

78



the reason for the current density increment of the re-strike point area was caused by the

electrical field increment (based on J = σE). Fig. 51 [47] shows the variation in the electron

and heavy particles (ions and neutral particles) temperatures when the electrical conductivity

was calculated based on the heavy particles (ions and neutral particles) temperature. The

electron temperature distribution did not change according to Fig. 51(a) [47], whereas the

heavy particles (ions and neutral particles) temperature distribution advanced along with time

variation as shown in Fig. 51(b) [47]. This variation of temperature distribution suggests that

the advance of the heavy particles (ions and neutral particles) led to the distance between

the arc column and anode surface decreasing, and increased the electric field between the arc

column and the anode surface, eventually causing the occurrence of the re-strike phenomenon.
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(a) Temperature distribution variation under assumption of local thermal equilibrium.
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(b) Metal vapor concentration distribution variation under assumption of local thermal equilibrium.

(c) Current density distribution variation under assumption of local thermal equilibrium.

Fig. 47: Temperature, metal vapor concentration and current density distribution of re-strike phe-

nomenon under assumption of local thermal equilibrium [47].
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Fig. 48 Flow velocity distribution of magnetically driven arc [47].
　

　

　 　

(a) Electrical conductivity is based on electron temperature

(b) Electrical conductivity is based on heavy particle temperature

Fig. 49: Current density distribution of electrical conductivity based on electron or heavy particles

temperature [47].
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Fig. 50: Electrical conductivity variation in re-strike point area with time-based on different temper-

atures [47].
　

　

82



　 　

(a) Temperature variation of electron

(b) Temperature variation of heavy particles
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Fig. 51: Variation of temperature distribution of electron and heavy particles when electrical conduc-

tivity based on heavy particles temperature [47].
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3.4 Comparison of simulation and experimental results

The calculation results of the temperature distribution and Cu vapor concentration distri-

bution when the new anode spot appeared to resemble the experimental figures of the arc

movement and Cu vapor movement(used a 520 nm bandpass filter), which indicates that this

calculation can simulate the re-strike phenomenon accurately. Compare between the calcula-

tion results and experimental figures in the case of without external magnetic field and with 3

mT external magnetic field applied are shown in Fig. 52 and Fig. 53, respectively.

For verifying the appropriateness of the calculation models, experiments were conducted

under the same setting conditions, and the experimental and photography conditions are shown

in Table 5 [47]. The arc voltage is measured by an oscilloscope (Digital Phosphor oscilloscope

DPO 4034 (Tektronix)). The experimental arrangement is shown in Fig. 54 [47], and the

comparison of the arc voltages in different arc plasma lengths obtained from simulation and

experiments is displayed in Fig. 55 [47]. Numbers 1-11 in Fig. 55 [47] correspond to the

experimental figures of arc plasma during its advancement that is presented in Fig. 56 [47],

where the top figures are the original figures and the bottom ones are the results of the thinning

process. Fig. 57 [47] shows the location of experimental figures on the arc voltage waveform,

and the voltage value in Fig. 57 [47] is the voltage of arc column which equals to the total arc

voltage minus the electrode fall voltage for showing the voltage fluctuates.

From the experimental results, the total electrode fall voltage of the cathode and the anode

can be calculated using the arc plasma length and its voltage, as presented in Fig. 55 [47],

and the obtained value was 23.4 V. In the simulation, the electrode fall voltages of the cathode

and the anode were obtained as 16.7 V and 5.56 V, respectively. Hence, the simulation total

electrode fall voltage of the cathode and the anode was 22.3 V, which was similar to the

experimental result.

However, the length of the re-strike stride between the original anode spot and the re-strike

point was shorter than the experimental result, which suggests that the calculation setting of

the anode spot movement based on the maximum electrical conductivity on the anode surface

is insufficient, and further consideration of the stagnation of the anode spot is required.
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Table 5 Experimental and photography conditions [47].

Experimental condition Photography conditions

Arc current DC 50 A
High speed video

camera

FASTCAM-

NOVA

S6

Environment gas Air Photography speed 40,000 fps

Inter-electrode

distance
5 mm Pixel 640×240

Length of electrode 300 mm F-value 11

Angle of electrode 90◦ Neutral density filter ND400, ND4
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Fig. 52: Compare the calculation results and experimental figures in the case without an external

magnetic field.
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Fig. 53: Compare the calculation results and experimental figures in the case of 3 mT external magnetic

field applied.
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Fig. 54 Experimental arrangement of magnetically driven arc [47].
　

　

　 　

Fig. 55: Comparison of arc voltages at different arc plasma lengths obtained from simulation and

experiments [47].
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Fig. 56 Experimental figures of arc plasma used for calculating electrode fall voltage [47].
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Fig. 57 Location of experimental figures on the arc voltage waveform [47].
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Chapter4 Behavior of atmospheric arc plasma

inside DCCB with external

magnetic field application

4.1 Analysis of adverse influence of metal vapor to arc movement

with external magnetic field applied

4.1.1 Adverse influence of metal vapor to arc plasma movement

The arc movements between electrodes without and with consideration of metal vapor were

simulated. The physical properties of the arc plasma, such as gas temperature, flow velocity, and

metal vapor concentration, are shown in Fig. 58 to Fig. 63 [56]. The electrode spots discussed

in this study are defined as the high-temperature plasma area on the electrode surface, and

their movements are dominated by changes in the physical properties of the calculation area,

especially the electrical conductivity. The electrode jets are defined as the strong flow velocity

derived from the electrode spot, and their movements are dominated by the arc form, which is

affected by the electromagnetic force. In addition, the temperature of the control volume of the

arc decreases while the arc stretches into the extinguishment chamber, especially at the center

part. As a result, the section of the current path increased and the current of each control

volume decreased. Eventually, the current of the arc section became insufficient to maintain

the current continuity condition. This calculation result is defined as arc extinguishment in

this calculation.

According to the simulation results shown in Fig. 58 [56] and Fig. 59 [56], the arc requires

additional time to stretch into the extinguishing chamber to extinguish with consideration of

the metal vapor. It can also be observed that the cathode spot shifts to the inner corner on

the backward side after ignition, and then smoothly moves to the inner corner and the outer

corner on the forward side while considering the metal vapor. Conversely, the reattachment

phenomenon occurs multiple times at two corners on the anode side from 2.0-4.0 ms in consid-

eration of the metal vapor. The vector distribution in this manuscript is the integration result

of each isothermal surface (reflected as the color of the vector). According to Fig. 60 [56], it can

be observed that a downward flow velocity is formed when the cathode spot stagnates at the

inner corner on the back side while considering metal vapor, owing to the comprehensive effect

of cathode jet and electromagnetic force derived from the external magnetic field. When the

arc remains between the electrodes, the flow velocity becomes strong and prompts the arc to
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advance into the extinguishing chamber. The directions of flow velocity around the electrodes

point toward the upper right and lower right, which benefits the electrode spots shift from the

inner corner to the outer corner. Thereafter, the electrode spots both shifts to the outer corner,

and the flow velocity distribution becomes radial, thus accelerating the arc elongation and arc

extinguishment.

According to Fig. 61 [56], a diversion of current path generates on the inner corner (at 3.9

ms) before the occurrence of reattachment phenomenon. Furthermore, few strong vectors are

formed in the inter corner because the electric field intensity is strong on the electrode edge.

The magnetic field of the arc plasma area was dominated by an external magnetic field, as

shown in Fig. 62 [56]; however, the self-magnetic field derived from the arc became stronger

near the electrode, which changed the direction of magnetic flux on this area.

It can be observed in Fig. 63 [56] that high metal vapor concentration area exists around the

cathode surface on the cathode side, because the cathode spot stagnates at the inner corner

on the backward side, and the generated metal vapor is transported by the synthetic flow.

As for the anode side, a high metal vapor concentration area exists between the inner and

outer corners on the forward side, which causes the reattachment phenomenon to occur several

times. Furthermore, the metal vapor is generated from the electrodes and diffuses into the

extinguishing chamber. It rebounds toward the electrodes when it bumps into the boundary.

Based on the above analyses, the arc’s sluggish movement considering metal vapor can be

attributed to two reasons: first, the cathode spot shifted to the inner corner on the backward

side after ignition, and second, multiple occurrences of the reattachment phenomenon at the

anode side.
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(a) Arc ignition (b) Arc stretch (c) Arc extingishment

Temperature

[K]

Fig. 58 Variation of temperature distribution without metal vapor [56].
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(a) Arc ignition (b) Arc stagnates on opposite inner corner (c) Arc shifts to outer corner

(e) Arc stretch (f) Arc reattachment (g) Arc extingishment

Temperature

[K]

Fig. 59 Variation of temperature distribution with metal vapor [56].
　

　

94



　 　

(a) Right after arc igniation (b) Arc remained between electrodes (c) Arc stretched into the extinguishing chamber

30 30 30

Temperature

[K]

Fig. 60 Variation of flow velocity distribution with metal vapor [56].
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Fig. 61 Variation of current density distribution with metal vapor [56].
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Fig. 62 Variation of magnetic flux density distribution with metal vapor [56].
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Fig. 63 Variation of metal vapor distribution with metal vapor [56].
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4.1.2 Cathode spot backward movement with applying strong external magnetic

field intensity

According to Ref. [52], the electrical conductivity of air is affected by the contamination

rate of Cu vapor and gas temperature. If the gas temperature is less than 10,000 K, the

electrical conductivity of the gas is proportional to the metal vapor concentration rate when

the contamination rate is less than 10%. However, this relationship becomes inverse when the

contamination rate is greater than 10%. This is because the Cu atom has a large reaction

cross-section, which causes an increase in the number of collisions between electrons and other

particles. The mean free path of the electron decreases based on the calculation formulas for the

gas electrical conductivity in Ref. [93]. If the temperature is more than 10,000 K, the electrical

conductivity is hardly affected by the Cu vapor concentration, and it increases with an increase

in temperature. In this calculation, the gas temperature is approximately 6,500-7,500 K on the

gas surface at the cathode side, and the highest metal vapor concentration is approximately

50%. Therefore, it is assumed that the gas electrical conductivity of the inner corner on the

forward side becomes lower than that of the inner corner on the backward side. This is because

the metal vapor is transported forward by the external magnetic field, which causes a higher

metal vapor concentration at the inner corner on the forward side. Consequently, the cathode

spot stagnates on the inner corner on the back side instead of moving forward, as shown in

Fig. 64 [56]. Fig. 65 [56] shows the temperature distribution immediately after the arc ignition

with applied different external magnetic field densities. It can be observed that the cathode

spot shifts to the inner corner on the forward side when a 3 mT external magnetic field is

applied. Conversely, when a 5 mT external magnetic field is applied, the cathode spot shifts

to the inner corner on the backward side. The metal vapor concentration difference between

the inner corner on the forward and backward sides becomes smaller when a weaker external

magnetic field is applied. Moreover, the gas temperature of the inner corner on the forward

side increases because the arc column stretches forward. Therefore, even if the metal vapor

concentration of the inner corner on the forward side is higher than that on the backward side,

its gas electrical conductivity is higher because of the higher gas temperature, which causes the

cathode spot to move to the inner corner on the forward side. These cathode spot movement

differences imply that there is an optimal-applied external magnetic field density for driving

the arc into the extinguishing chamber.
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Metal vapor :          (color depth means concentration) 

Arc : 

Cathode Cathode Cathode

Fig. 64 Schematics of cathode spot retreat movement after arc ignition [56].
　

　

　 　

a) With 3 mT external magnetic field applied b) With 5 mT external magnetic field applied

Temperature

[K]

Time: 0.1 ms

Cathode

Anode

Fig. 65 Comparison of temperature distribution after arc ignition with metal vapor [56].
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4.1.3 Continuous occurrence of reattachment phenomenon on anode corner area

Another reason for the sluggish movement of arc when considering metal vapor is the continu-

ous occurrence of reattachment. This is because the metal vapor particles have a low ionization

voltage, and their existence causes high gas electrical conductivity in the corner area even after

the arc is stretched into the extinguishing chamber. Fig. 66 [56] and Fig. 67 [56] show the

variation of metal vapor concentration and gas electrical conductivity of the anode corner area.

It can be observed that the metal vapor concentration of the inner or outer corners remains

high even after the arc stop stagnating on it. The gas electrical conductivity of the anode

corner area has severe vibration because of the recurring reattachment phenomenon.

The arc voltage variations with and without consideration of the metal vapor are shown in

Fig. 68 [56]. It can be observed that the arc voltage rapidly increases and reaches 19.4 V

immediately before its extinguishment in the case without considering metal vapor. This is

because the arc movement is fast under the effect of an external magnetic field. As for the

case of considering metal vapor, the arc voltage continues increasing before 2.0 ms because

the electrode spots moved toward the outer corner on the forward side, and the arc length

continues to increase during this period. From 2.0 ms to 4.0 ms, the reattachment phenomenon

continued to occur and cause the fluctuation of the arc voltage in this period, which leads to

the arc stopping from stretching into the extinguishing chamber and remaining between the

electrodes as shown in Fig. 68 [56]. Meanwhile, the metal vapor and gas electrical conductivity

of the corner area continued to decrease, as shown in Fig. 66 [56] and Fig. 67 [56]. Finally,

the reattachment phenomenon stopped occurring and the arc stretched into the extinguishing

chamber, and its arc voltage increased to 23.2 V immediately before its extinguishment.
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Fig. 66 Variation of metal vapor concentrations of anode corner area [56].
　

　

　 　

Fig. 67 Variation of gas electrical conductivities on anode corner area [56].
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Fig. 68 Comparison of arc voltage between without and with metal vapor [56].
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4.2 Three circumstances of DCCB interruption process

4.2.1 Interruption success circumstance: arc plasma extinguished without re-

strike occurrence

Fig. 69 shows the temperature, flow velocity, and metal vapor concentration distribution

before the arc plasma extinguish when the electrode opening velocity was 10 m/s with 1 mT

external magnetic field applied. According to Fig. 69(a), it can observe that the arc plasma

first moved to the corner where the electrical field is concentrated, and then moved backward

(specifically the anode side) because the existence of wall causes the reversed flow velocity

distribution as shown as the blue vector on the peripheral of arc plasma in Fig. 69(b).

It also can see that the arc plasma remained in the inter-electrode area during the interruption

process and was extinguished while it moved around the edge of the inner corner. These

simulation results were caused by the pinch effect of arc plasma and the insufficient magnetic

force derived from the applied external magnetic field. To be specific, the density of charged

particles inside the arc plasma decreases along with the electrode opening process and leads to

the kinetic pressure decrease, which became insufficient to resist the magnetic pressure derived

from the arc plasma itself [94]. As a result, the radius of the plasma cylinder was forced inwards

and the plasma column was pinched in the inter-electrode area.

Based on Fig. 69(a) and (c), the variation of metal vapor concentration distribution could not

follow the temperature distribution and move forward, because the metal vapor in this study is

composed of ion (Cu+) and neutral (Cu) particles, which are heavier than the charged particles

(e−, N+
2 , N

+, N2+, O+
2 , O

−, O+, O2+, and NO+) of arc plasma and caused the hysteresis.
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(a)

Temperature

[K]

(b)

Concentration

[mol%] 0.05 0.1 0.5 1 5 10

(c)

Fig. 69: Simulation results of temperature, flow velocity and metal vapor concentration distribution

when electrode opening velocity was 10 m/s and with 1 mT external magnetic field applied. (a)

Temperature distribution. (b) Flow velocity distribution. (c) Metal vapor concentration.
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4.2.2 Interruption success circumstance: arc plasma extinguished with re-strike

occurrence

Fig. 70 presents the temperature distribution of arc plasma during the occurrence of the

re-strike phenomenon in different interruption conditions. It can observe that the re-strike

phenomenon occurred, in which the branch of arc plasma on the outer corner kept decreasing

and the new branch of arc plasma in the inter-electrode area kept increasing, and the arc plasma

branches were both extinguished eventually. According to the simulation results, the re-strike

phenomenon occurred at 212.5 µs when the electrode opening velocity was 20 m/s with 5 mT

external magnetic field applied, and at 152.0 µs when the electrode opening velocity was 30

m/s with 9 mT external magnetic field applied. For elucidating the reason for the re-strike

phenomenon occurrence of the above two circumstances, the variation of gas temperature,

electrical conductivity, and metal vapor concentration of the center point of the new appeared

arc plasma branch were summarized in Fig. 71.

The electrical conductivity of the re-strike location gradually increased even before the occur-

rence of the re-strike phenomenon as shown in Fig. 71 (b), which was caused by the increased

of gas temperature according to Fig. 71 (a). As for the reason for these gas temperature incre-

ments, it is because of the reversed flow velocity distribution on the peripheral of arc plasma as

discussed above. The occurred timing of the re-strike phenomenon became faster along with the

applied external magnetic field intensity increasing. Based on Fig. 71 (c), it can observe that

the metal vapor concentration first increased rapidly because of evaporation of molten metal

bridge, and the second gradually increments was because of the metal vapor generated from

the electrodes. Meanwhile, the metal vapor concentration decreased because of the diffusion

and convection effect.
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Temperature

[K]

(a)

(b)

Fig. 70: Simulation results of temperature distribution of re-strike phenomenon occurrence in different

interruption conditions. (a) Electrode opening velocity: 20 m/s, applied external magnetic field

intensity: 5 mT. (b) Electrode opening velocity: 30 m/s, applied external magnetic field intensity: 9

mT.
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(a) (b) (c)

Fig. 71: Variation of physical properties of center point of new appeared arc plasma branch during

re-strike phenomenon occurrence. (a) temperature variation. (b) Electrical conductivity variation.

(c) Metal vapor concentration variation.
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4.2.3 Interruption failure circumstance: arc plasma stagnation

Fig. 72 presented the simulation results of temperature, flow velocity, and metal vapor

concentration distribution in the case without applying an external magnetic field, when the

electrode opening velocity was 20 m/s. It can observe that the arc plasma shifted to the inner

corner and remained existing based on Fig. 72 (a), because of the lack of electromagnetic force

to drive the arc plasma into the extinguishing chamber. Moreover, the reversed flow velocity

distribution on the peripheral of arc plasma as shown in Fig. 69 (b) did not formed in this case

as presented in Fig. 72 (b). As for the metal vapor, its range and concentration were border

and higher on the cathode side than anode side, because of the strong buoyancy of high gas

temperature and the strong anode jet as shown in Fig. 72 (b).
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(b) (c)

Fig. 72: Simulation results of temperature, flow velocity, and metal vapor concentration distribution

in the case of without applying an external magnetic field. (a) Temperature distribution. (b) Flow

velocity distribution. (c) Metal vapor concentration.
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4.3 Variation of arc plasma physical properties during DCCB inter-

ruption process

4.3.1 Physical properties variation of inter-electrode area

Next, the hypothetical model (Chapter 1.5, Fig. 10 [57]) that the cross-sectional area is

broader in the case of low electrode opening velocity was verified. The temperature distri-

bution for different electrode opening velocities was obtained without external magnetic field

application. The result is presented in Fig. 73 [57], which the arc plasma shifts to the right

side of the electrode with time even without applying an external magnetic field. It is because

a virtual high temperature (15,000 K) cylinder area is constructed in the first calculation cycle

for igniting the arc plasma between electrodes after the broken molten metal bridge, which is

difficult to locate the perfect center. After all, the number of control volumes of inter-electrode

width is even (8 control volumes). Moreover, the corner of the electrode has concentrated

electrical field density, which leads to the arc plasma being drawn to the right corner with

time variation. It can be seen that the temperature distribution is broader for higher electrode

opening velocities in the high-temperature or low-temperature areas in Fig. 73 [57], which is

inconsistent with the hypotheses proposed in Chapter 1. Because the diffusion effect was not

dominant, the flow velocity distribution at different electrode opening velocities was investi-

gated without external magnetic field application for the convection effect analysis. The result

is shown in Fig. 74 [57]. It can be seen that the flow velocity was dominated by the anode

jet before the electrode opening process was complete, as shown in Fig. 74 (b) and (c) [57].

This is because the cathode kept moving upward and the cathode jet could not be formed

stably. From the comparison of Fig. 73 [57] and Fig. 74 [57], it can see that the arc form

(especially, the low-temperature part) is determined and bent forward by the synthetic flow,

which is formed by the cathode and anode jets. Hence, the increment rate of the arc voltage

per unit length can be influenced by this synthetic flow because the cross-sectional area and

the electrical conductivity both change with the arc form.

Fig. 75 [57] and Fig. 76 [57] present the current densities of the control volume with the

highest temperature on electrode surface for different electrode opening velocities without ex-

ternal magnetic field application. The control volume with the highest temperature on the

electrode surface has the lowest current density when the electrode opening velocity is 25 m/s

because in this case, the metal vapor concentration is significantly higher in the inter-electrode

area, as shown in Fig. 77 [57]. When the electrode opening velocity is 25 m/s, the metal vapor

concentration of the inter-electrode area is still dominated by the metal vapor generated from

the molten metal bridge and remains at the high-concentration level because of insufficient time

for metal vapor diffusion. As a result, the current path of the arc becomes dispersed. When

the electrode opening velocity was 5 or 2.5 m/s, the metal vapor generated from the electrodes

was dominant, which resulted in the current density increase on the electrode surface. Ac-

cording to Fig. 75 [57] and Fig. 76 [57], it can be seen that the current density of control

volume with highest temperature on electrode surface both kept increasing when the electrode

opening velocity was 2.5 or 5 m/s. This is because the electrode spots shifted to the electrode
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corners, leading to the current density increase. However, the current density of the control

volume with the highest temperature on the anode surface kept decreasing when the electrode

opening velocity was 25 m/s because the amount of metal vapor generated from the anode kept

increasing, leading to the current density dispersion at the anode surface. As for the cathode

side, the current density of the control volume with the highest temperature on the cathode

surface first decreased because of the high metal vapor concentration derived from the molten

metal bridge. Subsequently, it increased because the cathode kept moving upward, weakening

the influence of the metal vapor generated from the molten metal bridge on the cathode side.
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(a) Electrode opening velocity = 25 m/s

(b) Electrode opening velocity = 5 m/s

(c) Electrode opening velocity = 2.5 m/s

t = 0.1 ms t = 0.3 ms t = 0.5 ms
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Fig. 73: Temperature distribution for different electrode opening velocities without external magnetic

field application [57].
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(a) Electrode opening velocity = 25 m/s

(b) Electrode opening velocity = 5 m/s

(c) Electrode opening velocity = 2.5 m/s

t = 0.1 ms t = 0.3 ms t = 0.5 ms

Fig. 74: Flow velocity distribution for different electrode opening velocities without external magnetic

field application [57].
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Fig. 75: Current density of the control volume with the highest temperature on cathode surface at

different electrode opening velocities without external magnetic field application [57].
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Fig. 76: Current density of the control volume with the highest temperature on anode surface at

different electrode opening velocities without external magnetic field application [57].
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Fig. 77: Metal vapor concentration distribution at different electrode opening velocities without ex-

ternal magnetic field application at the fifth time step [57].
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4.3.2 Increment rate of arc voltage per unit length

Table 6 [57] shows a summary of the increment rates of the arc voltage per unit length in

different circumstances. From Table 6 [57], it can see that the increment rate of the arc voltage

per unit length increases with the electrode opening velocity regardless of the electrode opening

process completion. According to Eq. 1, the arc voltage is determined by its length, cross-

section area, and electrical conductivity. When the external magnetic field was not applied,

the increment rate of the arc voltage per unit length was 1.75 times faster (1.54×107 V/m·s,
as compared with 8.79×106 V/m·s) when the electrode opening velocity was increased from

5 m/s to 25 m/s. The increment rate of the arc voltage per unit length was smaller than

the increment rate of the electrode opening velocity (which was 5 times faster at 25 m/s,

as compared to that at 5 m/s) before the electrode opening process was complete. This is

because the cross-sectional area of the arc increased with increasing electrode opening velocity,

as mentioned before. Furthermore, the metal vapor concentration remained high at the inter-

electrode area immediately after the molten bridge breaking, as shown in Fig. 78 [57]. Hence,

the electrical conductivity of this area remained high. For the same reasons, the increment rate

of the arc voltage per unit length was 3.29 times faster (1.54×107 V/m·s, as compared with

4.69×106 V/m·s) when the electrode opening velocity was increased from 2.5 m/s to 25 m/s. In

comparison, it was small than the increment rate of the electrode opening velocity, which was

10 times (25 m/s, as compared with 2.5 m/s) before the electrode opening process completion.

After the electrode opening process completion, the increment rate of the arc voltage per unit

length was higher for faster electrode opening because the arc received more kinetic energy

during the electrode opening process.
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Table 6 Increment rate of the arc voltage per unit length under different circumstances [57].

E.M.F.I. E.O.V. A.V.I.R. before E.O.P. finished A.V.I.R. after E.O.P. finished

[mT] [m/s] [V/m·s] [V/m·s]

0

25 1.54×107 2.34×107

5 8.79×106 1.70×107

2.5 4.69×106 6.51×106

3

25 2.15×107 2.22×107

5 8.28×106 6.84×106

2.5 2.71×106 2.55×106

5

25 2.60×107 2.43×107

5 7.81×106 1.30×107

2.5 3.09×106 1.21×107

* E.M.F.I.: External magnetic field intensity

** E.O.V.: Electrode opening velocity

*** A.V.I.R.: Increment rate of the arc voltage per unit length

**** E.O.P.: Electrode opening process

116



　 　

Fig. 78: Metal vapor concentration at the center point of the inter-electrode area at different electrode

opening velocities without external magnetic field application [57].
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4.3.3 Increment rate of arc length

A summary of the arc length increment rate in different circumstances is presented in Table

7 [57]. It can be seen that the arc length increment rate is approximately equal to the electrode

opening velocity before the electrode opening process completion when the external magnetic

field is not applied. When an external magnetic field was applied, the difference in the arc length

increment rate at different electrode opening velocities became smaller before the electrode

opening process was completed. However, the difference in the increment rate of the arc voltage

per unit length at different electrode opening velocities became larger, as shown in Table 6

[57]. The metal vapor concentration was low and constant when the electrode opening process

was completed for all electrode opening velocities (the influence of metal vapor became more

slightly when an external magnetic field was applied), as shown in Fig. 78 [57]. This observation

indicated that the electrical conductivity was determined by the gas temperature. According to

Fig. 79 [57], the arc temperature decreased when the external magnetic field was applied, and

this decrement became more significant at slow electrode opening. It can also be seen that the

current path became more concentrated when the electrode opening velocity was 25 m/s, and it

became more dispersed when the electrode opening velocity was 5 or 2.5 m/s, as shown in Fig.

80 [57]. In conclusion, the increment rate of the arc voltage per unit length increased for an

electrode opening velocity of 25 m/s when an external magnetic field was applied because the

arc temperature and the cross-sectional area decreased. In contrast, the increment rate of the

arc voltage per unit length decreased for an electrode opening velocity of 5 or 2.5 m/s when an

external magnetic field was applied. This is because the increment of the cross-sectional area

was more significant than the decrement of the arc temperature. After the electrode opening

process was completed, the variation in the arc length increment rate was dominated by the

intensity of the applied external magnetic field.
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Table 7 Arc length increment rate under different circumstances [57].

E.M.F.I. E.O.V. A.L.I.R. before E.O.P. finished A.L.I.R. after E.O.P. finished

[mT] [m/s] [m/s] [m/s]

0

25 25.0 0.5

5 5.1 2.3

2.5 2.6 1.0

3

25 25.5 15.6

5 12.7 22.0

2.5 12.1 15.2

5

25 28.5 18.9

5 18.8 19.8

2.5 16.8 18.1

* A.L.I.R.: Arc length increment rate
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(1) Without applied external magnetic field

(2) With applied 5 mT external magnetic field
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Fig. 79: Temperature distribution at different electrode opening velocities when the electrode opening

process was complete [57].
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(1) Without applied external magnetic field

(2) With applied 5 mT external magnetic field
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Fig. 80: Current density distribution at different electrode opening velocities when the electrode

opening process was complete [57].
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Chapter5 Develop of AI models and

cyber-physical system for creating

next-generation DCCB

5.1 Development of artificial intelligence program for locating arc

plasma extinguish timing

The DCCB interruption process could be simulated in virtual space as discussed in Chapter

4. Hence, the parameters that affect the performance of DCCB interruption such as electrode

opening velocity, applied external magnetic field intensity, and extinguish chamber size were

adjusted and analyzed for finding out the most optimal combination.

To improve the analysis efficiency of the simulation results, an artificial intelligence model was

established and applicated as shown in Fig. 81 [97]. The existence (150 figures) and extinguish

(150 figures) sample figures were selected based on whether the current path continuity was

satisfied or not, and applied as the training data. and then, the supervised machine learning

model (SMLM) was established by using the convolutional neural network (CNN) in MATLAB

R2022a [95][96]. The selected figure is a 2D overview of the isothermal surface which neglected

the electrode and enlarged the layout ratio based on the 3D temperature data. Next, the

simulation results of the arc plasma temperature distribution under different electrode open-

ing velocities (EOV) and applied external magnetic field intensity (AEMFI) were classified as

existing or extinguish by using this SMLM. The extinguishing timing of arc plasma in case of

a successful interruption could be identified as the time of the first figure of the extinguishing

category.

Table 8 [97] summarizes the differentiation results obtained under various interruption condi-

tions. The SMLM differentiated the extinguish timing of the arc plasma as 280.0 and 200.0 µs

in cases 5 and 6, respectively; these were different from the manual results which differentiate

the arc plasma existence if the continuous high-temperature area (higher than 8,000 K) existed.

For verifying the reliability of the differentiation result obtained using the SMLM, the current

density distribution before and at the extinguish timing in cases 5 and 6 is presented in Fig. 82

[97]. It can observe that the current density at 280.0 and 200.0 µs in cases 5 and 6 decreased sig-

nificantly from the previous timing, which means the broken current path continuity. Therefore,

the differentiated extinguish timing by SMLM in cases 5 and 6 are accurate. The misjudgment

of the manual differentiation was caused by differentiating the residual high-temperature gas

as arc plasma existence even after extinguishment.
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Moreover, the arc plasma movement was significantly affected by the application of an exter-

nal magnetic field, and the results in Table 8 [97] indicated that increasing AEMFI was more

effective than increasing EOV. However, the application of a strong AEMFI is not structurally

feasible; instead, the adjustment of the electrode structure to use its self-electromagnetism as

a driving force is recommended.
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Supervised

Machine

Learning

Model

(SMLM)

Convolutional Neural Network (CNN)

Input

Convolutional layer

(extract feature)

Pooling layer

(redue resolution for invariance)

Output

ReLU is used to

improve training efficiency
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Fig. 81: Schematic of establishment and application of supervised machine learning model used in this

study [97].

Table 8 Differentiation results obtained under various interruption conditions using SMLM [97].

EOV AEMFI Differentiated Extinguish timing Extinguish timing

Case [m/s] [mT] result [µs] (SMLM) [µs] (manual)

1 10 1 ⃝ 400.0 400

2 20 0 × - -

3 20 5 ⃝ 362.5 362.5

4 25 0 × - -

5 25 7 ⃝ 280.0 290

6 30 9 ⃝ 200.0 216

7 40 0 × - -

⃝: Interruption success

×: Interruption failure
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Fig. 82 Current density distribution at extinguish timing: (a) Case 5 and (b) Case 6 [97].
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5.2 Prediction of interruption result in different circumstances by

using artificial intelligence

The simulation program of this study can mimic the DCCB interruption process accurately,

and analyze the time variation of various physical properties qualitatively. However, the con-

suming time for obtaining the interruption result of each calculation condition is large, because

the amount of control volume is mass and the number of the time step is plenty (the time step

is short for capturing the rapid movement of arc plasma). In the current circumstance, it takes

about 136 hours to finish the interruption simulation of one calculation condition, in which the

total amount of control volume is 470,680 and the number of the time step is 50. Moreover,

the actual size of the DCCB is 2.5 times larger than this calculation model, and the number

of time steps will be larger because the arc plasma movement is more complicated, and needs

shorter time steps for analyzing it. Under the above consideration, the consumption time will

increase to more than 700 hours, which is a great problem for iterating the current DCCB to

the next generation.

The method of using AI to predicate the interruption result in different circumstances was

proposed and shown in Fig. 83. To be specific, the variation of R, G, and B values of each

pixel of the simulation result (which is temperature distribution in this study) of DCCB inter-

ruption at the preliminary stage were extracted. Then, the long short-term memory model was

constructed by using MATLAB 2022a based on the extracted R, G, or B values, and predicts

the R, G, and B values of each pixel at a specific time. Finally, the temperature distribution

figure can be configured based on the predicted R, G, and B values.

Fig. 84 shows the comparison between the simulation result of temperature distribution and

the AI prediction result at 100 dt. It can observe that the resolution of the AI prediction figure

was low, because the input figure is 228 × 256 pixels for rapidity. Although the predicted figure

did not have high resolution, it still can observe that the temperature distribution at the inter-

electrode area had similar distribution when the electrode opening velocity is 20 m/s without

applying an external magnetic field. Even the form of arc plasma remained in the predicted

figure when the electrode opening velocity is 20 m/s with applying a 5 mT external magnetic

field, there is no high-temperature area existing between the inter-electrode area which implies

the extinguish of arc plasma. Therefore, the current AI prediction model’s quality and accuracy

can be improved by increasing the resolution of the input figure and using a high-specification

Graphics Processing Unit.
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(a) (b)

(c) (d)

Fig. 84: Comparison between simulation result of temperature distribution and AI prediction result

at 100 dt. (a) Simulation result: 0 mT, 20 m/s. (b) AI prediction: 0 mT, 20 m/s. (c) Simulation

result: 5 mT, 20 m/s. (d) AI prediction: 5 mT, 20 m/s.
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5.3 Construction and application of cyber-physical system for DCCB

Fig. 85 shows the diagram of the cyber-physical system for creating next-generation DCCB

[99][100]. The first step for developing this CPS is measuring or sensing the data of the actual

product and creating its digital twin in the virtual space, which is the function of the devel-

oped three-dimensional electromagnetic thermal fluid simulation in this study. Meanwhile, the

knowledge of different fields such as material, structural, industrial design, etc. can be input

into this simulation program to improve its accuracy.

As presented in Chapter 1.3, a series of simulations of various circumstances can be simulta-

neously implemented in the virtual space which can significantly decrease the time cost of the

design phase. The dangerous experiment and tests can be implemented in the virtual space,

which can substantially improve the safety of the manufacturing phase. As for after the product

was put into use, its maintenance cost can be decreased by predicting the status of different

parts of the equipment based on time series data, which can significantly improve product

performance [98].

Moreover, this cyber-physical system does not only can be applied in the creation of next-

generation DCCB but also can be expanded into other products and fields, and provide propos-

als of the optimal solution of design and operation to shorten the development iteration period

and improve product performance.
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Fig. 85 Diagram of cyber-physical system for creating next-generation DCCB.
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Chapter6 Summary and future topics

The construction of Society 6.0 should be started by different individuals, who locate their

interested field and try to become an expert in that field. Then, the next-generation products

can be generated through the cooperation and inspiration of knowledge from different fields.

Those next-generation products will connect and constitute a sustainable infrastructure, which

can provide a sufficient and unlimited environment for us to enjoy a life full of opportunity and

excitement. This process will form a positive circle to create Society 6.0.

In this study, the application of DCCB in the electric railway system, the electric vehicle,

and the solar photovoltaic system was investigated, which can to the conclusion that the need

for next-generation DCCB is simultaneously satisfying four characteristics, which are rapid,

reliability, miniaturization, and high capacity. Along with the development of modern manu-

facturing technology, the fabrication of next-generation DCCB can be significantly improved

with the assistance of big data and digital twin technology. Hence, the fundamental arc plasma

movement and its physical property variation were analyzed by numerical simulation, and the

interruption process of DCCB was simulated in the virtual world. To be specific, the move-

ments of the cathode spot, anode spot, and arc column were focused and their mechanisms were

elucidated from the hypothesis model to simulation reproduction and experimental verification

at the end. Moreover, the complicated phenomena of the primary stage of DCCB interruption,

which includes the molten metal bridge, metal vapor generation, and electrode opening process

were considered. Then the different circumstances of arc plasma during the interruption process

were analyzed and classified into extinguish, re-strike, and stagnation. Therefore, the object of

this study is to propose a design for next-generation DCCB that simultaneously satisfies four

characteristics. Three tasks need to be accomplished: elucidate the movement and physical

property variation of magnetic driven arc, construct the numerical simulation for simulating

the interruption process of DCCB, and develop an AI model for differentiating and predicting

the interruption result. The goal of this study is to construct a digital twin for proposing a

next-generation DCCB design.

In Chapter 2, the basic assumption, governing equation, flow chart, calculation area, and

boundary condition was presented. Moreover, two different metal vapor calculation methods

were presented and the energy balance on the electrode surface due to the evaporation was

discussed. For better simulating the electrode spot movement, the arc root model for the non-

local thermal equilibrium effect on the electrode surface, and the thermal field theory application

on the cathode surface were implemented. Based on the different movement mechanisms and

characteristics of cathode and anode spots, the calculation setting of current density and the

advanced threshold was set. For mimicking the interruption process as similar as possible to the

actual phenomenon, the consideration of metal vapor generated from the molten metal bridge,
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the electrode opening process, and the application of recovery voltage was implemented.

1. A three-dimensional electromagnetic thermal fluid simulation program was developed to

simulate the magnetic driven arc movement and analyzed the variation of its physical

properties.

2. The arc root model for simulating the non-local thermal equilibrium effect on the electrode

surface was constructed, and the current density on the cathode surface was decided by

the thermal field theory.

3. Cathode and anode spots’ movements were simulated based on their different characteris-

tics in the case of parallel electrodes circumstance, and the interruption process of DCCB

was simulated from its preliminary stage to the arc plasma extinguish.

In Chapter 3, the cathode spot movement of atmospheric arc plasma after the ignition was

analyzed. It found that the movement of the cathode spot was decided by the directions of total

electromagnetic force (self and external) on the two sides of the center point of the cathode spot,

and the cathode spot advances when the direction of the electromagnetic force on the right side

control volume points forward. As for the effect of the application of an external magnetic field,

it is to break the electromagnetic force balance. As for the cathode spot movement after its

ignition, the charged particles advance under the influence of the applied external magnetic field,

which causes the increase of current density derived from field emission and leads to cathode

spot movement. In the case of analyzing the anode spot movement, the re-strike phenomenon

was mimicked based on the experiment figures and then based on the electrical conductivity

distribution. It found that the electrical conductivity of the re-strike point increased because

of the transport of heavy particles, however, the detriment factor of the re-strike phenomenon

occurrence was the increment of the electrical field between the arc column and the anode

surface. Afterward, the simulation result compares with the experiment figure and data for

verification.

1. The cathode spot’s first step occurred when the electromagnetic force balance was broken

by the application of an external magnetic field or the self-magnetic field derived from the

parallel electrodes.

2. Cathode spot velocity was in proportion to the division factor, which is calculated by the

driving electromagnetic force (points forward and promotes the cathode spot movement)

divide by the flow velocity of the cathode jet (points downward and obstructs the cathode

spot movement).

3. The current density of the re-strike point area increased before the occurrence of the

re-strike phenomenon, which was caused by the electrical conductivity and electric field

increments and the latter had a more significant influence on the re-strike occurrence.

4. The increments of electrical conductivity and electric field density of the re-strike point

area were caused by the transport of heavy particles (ions and neutral particles), which

was dominated by the cathode jet.
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In Chapter 4, the behavior of atmospheric arc plasma during the interruption process of

DCCB was analyzed. It found that the existence of high concentration metal vapor on the

electrodes’ surface causes the cathode spot to shift to the inner corner on the backward side

after ignition, and the multiple occurrences of the reattachment phenomenon at the anode

side. Those two phenomena led to the multiple occurrences of the reattachment phenomenon

at the anode side and increased the interruption time. Moreover, the interruption process of

DCCB was divided into three circumstances: extinguishing, re-strike, and stagnation. As for

the increment rate of arc voltage per unit length, it was found that the increment rate of the

arc voltage per unit length became more rapid when the electrode opening velocity was higher.

The difference in the increment rate of the arc voltage per unit length at different electrode

opening velocities became more significant with the application of an external magnetic field.

1. Metal vapor increases the interruption time because of its adverse influence on the elec-

trode spot movement, where the cathode spot shifted to the inner corner on the backward

side after ignition, and the multiple occurrences of the reattachment phenomenon at the

anode side.

2. A certain external magnetic field intensity is necessary to drive the arc plasma into the

extinguishment chamber, and the shape and position of the DCCB wall should be adjusted

to prevent the formation of a rebound flow velocity distribution.

3. The cross-sectional area of the arc became larger and the metal vapor concentration of the

inter-electrode area remained high when the electrode opening velocity was higher. There-

fore, the increment rate of the arc voltage per unit length increased less than the increment

ratio of the electrode opening velocity without external magnetic field application.

4. The difference in the arc length increment rate at different electrode opening velocities

became smaller when an external magnetic field was applied. However, the difference

in the increment rate of the arc voltage per unit length at different electrode opening

velocities became more significant.

In Chapter 5, an AI model for differentiating the condition of arc plasma during the inter-

ruption process, and locating the extinguish timing in successful interruption circumstance was

developed. It significantly increases the analysis efficiency and had better accuracy than manual

differentiation. Furthermore, another AI model was developed for predicting the interruption

result in different circumstances, which can rapidly decrease the consumption time of numerical

simulation and manufacturing cycle. The construction of cyber-physical system can become a

hotbed for the knowledge from different fields to fuse and inspire with each other, and lead to

the creation of next-generation DCCB.

1. AI models were constructed for differentiating arc plasma conditions and locating the

extinguishing timing, and predicting the interruption result in different interruption cir-

cumstances. A cyber-physical system was constructed for the creating of next-generation

DCCB.
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2. The data from physical space is transformed to cyber space by measuring or sensing, then

knowledge from different fields under various circumstances and conditions were fused

and the useful information was extracted and the optimal solution can be proposed to the

design of next-generation DCCB.

According to the above-obtained results and insights which were summarized in Fig. 86,

three tasks of this study were accomplished and a digital twin for proposing a next-generation

DCCB design was constructed. Therefore, the object of this study of proposing a design of

next-generation DCCB that simultaneously satisfies four characteristics was achieved.

Furthermore, several research topics still require further adjustment and development, which

are summarized as follows.

1. In this study, the simulation was implemented under the assumption of an uncompressed

gas situation. However, the physical properties of arc plasma change along with the

pressure variation and influence the arc plasma movement. Along with the miniaturization

of DCCB, the simulation of arc plasma movement and its physical property variation in

compressed gas situations should be considered.

2. In this study, the developed arc root model on the anode surface was based on the known

phenomenon and equation of cathode surface which was well researched. However, the

mechanism of charged particles and neutral particles on the anode surface is different

from the cathode surface, a independent arc root model for the anode surface should be

developed.

3. In this study, the method of metal vapor generated from the molten metal bridge was

implemented under the assumption of maximum generation. However, the broken of

molten metal bridge happens faster than the calculation setting. The broken timing of

the molten metal bridge and the generation volume of metal vapor in this process should

be adjusted based on the experiment data.

4. In this study, continuous cathode spot movement and intermittent anode spot movement

(re-strike phenomenon) were successfully simulated in parallel copper electrode situations,

the advanced methods of electrode spots should be applied in various electrode shapes

and materials for further generality.

5. In this study, the calculation area of DCCB is smaller that the actual product for simplicity

and rapid calculation. To better reproduce the complicit arc plasma movement inside the

actual DCCB, which has two arc plasma generated simultaneously. A larger and more

complex calculation area should be constructed.

6. In this study, numerical simulation models and AI models were respectively developed and

configured because of their different functions. For the wider application of this digital

twin technology in other product development, the numerical simulation models and AI

models should be integrated into one program to improve availability.
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Appendix 1: Physical Properties of Gas

Assumption for calculating particle composition, thermodynamic, trans-

port and radiation properties

Generally, the gas temperature in the arc is as high as 3,000 - 30,000 K. Characteristics of

this high-temperature gas are influenced by many external conditions, such as gas pressure, gas

type, current, and input power. The components are as follows.

1. Thermodynamic properties: mass density, enthalpy, specific heat at constant pressure.

2. Transport properties: electrical conductivity, thermal conductivity, viscosity.

3. Radiation properties: line spectrum, continuous spectrum (bremsstrahlung, recombina-

tion radiation).

When a hot gas is in thermal equilibrium, these properties are functions of temperature and

pressure and are called equilibrium properties [101]. The definition of thermal equilibrium is

shown below [101].

1. Particle energy has Maxwell-Boltzmann distribution.

2. Temperatures of each particle are equal to the plasma temperature (Heavy particles tem-

perature (Th) = Electron temperature (Te)).

3. Boltzmann distribution for the excited state.

4. The particle number density is the reaction equilibrium composition.

In this calculation, the high-temperature gas was assumed to be in local thermal equilibrium,

similar to the atmospheric pressure arc. The calculation temperature range was between 300

and 30,000 K, and the calculation was performed in increments of 100 K. A database of these

data for each temperature is read by the electromagnetic thermofluid simulation. The physical

property values of temperature during this period were calculated by linear interpolation.
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Partition function and particle composition of high-temperature gas

Two statistical thermodynamic methods are used to calculate the particle composition in

thermal equilibrium.

1. Gibbs free energy of the system can be obtained by minimizing the particle composition

of this system.

2. By combining Saha’s equations for ionization equilibrium of each particle based on the

equation of state to obtain the particle density.

The above two methods are under the constraint of the equation of state satisfaction and they

have equivalent relationships. To calculate the particle composition and the thermodynamic,

transport, and radiation properties in such a thermal equilibrium state, it is necessary to obtain

the partition function of each particle.

Partition function

The partition function is the sum of all Boltzmann factors (exp(−εi/(kT )) which the partition

function includes all the energy values ε0, ε1, ε2 ···) when the velocity (energy) distribution

function of each particle group can assume the Boltzmann distribution. Therefore, the partition

function is also called the sum of states, and its general expression is as follows.

Q =
∑

exp
(
− εi
kT

)
(36)

Note that this sum is over all states, not over possible energy values. When continuous states

are involved, the discrete sum above is expressed as an integral over the continuous variable.

In the case of considering the energy εi of a molecule as an ideal gas. Molecular motion forms

include translational motion, rotational motion, and vibrational motion. These kinetic energies

are expressed as translational energy εtrans, rotational energy εrot, and vibrational energy εvib,

respectively. Along with the electron orbital energy εele, the energy εi of a molecule can be

expressed as the sum of these four energies as follows.

εi = εtrans + εrot + εvib + εele (37)

The partition function can be obtained based on a molecule’s energy εi. The partition function

obtained here is called the internal partition function (sum of internal states) because it is

represented by the sum of the states inside the molecule. As for Eq. 37, it can be redefined as

the internal partition function Qi as the accumulation of the translational partition function

qtrans, the rotational partition function qrot, the vibrational partition function qvib, and the

electronic partition function qele as shown follows [102][103].

Qi = qtrans · qrot · qvib · qele (38)

For diatomic molecules such as N2 and O2 and polyatomic molecules such as CO2 and SF6, the

internal partition function Qi can be obtained from Eq. 39. In the case of mon-atoms such as
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Ar, W, and Fe, there is no vibrational or rotational motion, so the internal partition function

Qi is the product of the translation and electronic partition function.

Qi = qtrans · qele (39)

From here on, the calculation of the translational partition function qtrans, rotational partition

function qrot, vibrational partition function qvib, and the electronic partition function qele that

make up the internal partition function will be described. Spectroscopy database [70][104] is

required for calculation.

(1) Translational partition function

The translation partition function qtrans can be expressed by the following equation.

qtrans =

(
2πmkT

h2
P

) 3
2

V (40)

where m is the mass, k is Boltzmann’s constant, hP is Planck’s constant, and V is the volume

of the system. The translational partition function depends on the mass m of a molecule, the

temperature T of the system, and the volume V of the system. In this study, the volume V ＝
1m3. Substituting V ＝ 1m3 into the formula (40) corresponds to the middle term on the right

side of Saha’s formula (50) described later.

(2) Rotation Partition Function

Rotation is a form of internal molecular motion found in diatomic and larger molecules.

When a diatomic molecule is used as a rigid rotor, the rotational energy level can be expressed

by the following equation.

εrot =
h2
P

8π2IM
J(J + 1) J = 0, 1, 2 · · · (41)

where J is the rotational quantum number and the ground state (J=0) has zero rotational

energy. IM is the moment of inertia (sum of [mass of atom]×[distance from the center of mass

to the center of the atom]2). The rotational energy level is degenerate, and the statistical weight

(=degeneracy) gJ for the quantum number J is 2J +1. Therefore, the following equation gives

the rotational partition function qrot of the diatomic molecule considering the statistical weight.

qrot =
∞∑
J=0

(2J + 1) exp

(
−J(J + 1)θγ

T

)
(42)

θγ =
h2
P

8π2IMk
(43)

where θγ has the dimension of temperature and is called the rotational characteristic temper-

ature. The rotation characteristic temperature is larger for lighter molecules and smaller for
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heavier molecules. The rotational partition function qrot of a diatomic molecule can be obtained

by the following simple formula at high temperature T ≫ θγ(T/θγ ≫ 1) can be done.

qrot =
T

σrotθγ
(44)

σrot is a symmetric number (σrot=1 for heteronuclear diatomic molecules, σrot=2 for isonuclear

diatomic molecules) be. From a comparative study of this equation (42) and (44), the region

of high temperature T ≫ θγ is estimated to be about T/θγ ≫ 100.

(3) Oscillating partition function

The vibrational energy levels of a diatomic molecule as a harmonic oscillator are given by the

following equation.

εvib =

(
vvib +

1

2

)
hPν (45)

where vvib is the vibrational quantum number, 0, 1, 2, 3· · · . vvib=0 is the ground state energy,

hν/2. A vibrational partition function qvib is given based on the vibrational energy levels.

qvib =
1

1− e−θν/T
(46)

θν =
hPν

k
(47)

where θν is the vibration characteristic temperature with the dimension of temperature. The

vibrational characteristic temperature of molecules is about θν=300∼ 6,000K, which is high

for light molecules and low for heavy molecules. In this study, the vibration characteristic

temperature is extended up to 30,000K.

(4) Electron partition function

The electron partition function is the state sum due to the orbital motion of electrons. It is

known that electrons are degenerate [102][103], and the electron partition function is expressed

by the following equation.

qele = g0 exp
(
− ε0
kT

)
+ g1 exp

(
− ε1
kT

)
+ g2 exp

(
− ε2
kT

)
+ · · ·

=
∑

gei exp

(
−Eei

kT

)
(48)

gei is the statistical weight and Eei is the electron level energy. Also, the partition function of

the electron itself is only the ground state and is determined as follows.

qe = 2 (49)
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Particle composition in thermal equilibrium

Calculation method of particle composition

In this study, the particle composition was calculated using the method of solving each particle

density by combining Saha’s equation for ionization equilibrium under the equation of state.

Specifically, by numerically solving the following nonlinear simultaneous equations consisting of

Saha’s equation (ionization equilibrium equation), gas equation of state, and charge neutrality

conservation equation. The electron densities ne [m
−3] and the particle densities of neutral

particles and ions at different temperatures were obtained. The solution method at that time

was the Newton-Raphson method[105]. · Saha’s equation

ni+1ne

ni

=
QeQi+1

Qi

(
2πmekT

h2
P

) 3
2

exp

(
−Ei+1 −∆Ei+1

kT

)
(50)

· State equation of gas

P =
(
ne +

∑
ni

)
kT (51)

· Charge neutrality conservation formula

ne =
∑

(Z− 1)ni (52)

The decrease in ionization energy ∆Ei+1 due to the Stark effect and the Debye length λD,

which are included in Saha’s equation, were calculated using the following equations.

∆Ei+1 =
(i+ 1)e2

ε0λD

(53)

λD =


ε0kT

4πe2

(
ne +

∑
i

(i+ 1)n2
i+1

)


1
2

(54)

where me is the electron mass, hP is the Planck constant, Ei+1 is the ionization energy, and EDij

is the dissociation energy. Note that i indicates the type of element. ∆Ei+1 is the ionization

energy correction term (J), e is the elementary charge, λD is the Debye length, and (i+1) is

the ion valence. , (i+1)=1, 2 is monovalent and divalent ions, respectively, (i+1)=0 represent

an atom.

In addition, Table 9 shows the ionization voltage [106] of the gas used in this simulation.

Calculation of particle composition

Figure 87 shows the particle composition of the gas used in this simulation.
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Table 9 Ionization energy of the gases [106].

N2 ⇐⇒ N + N : 9.76 eV

O2 ⇐⇒ O + O : 5.12 eV

NO ⇐⇒ N + O : 6.51 eV

N ⇐⇒ N+ + e− : 14.53 eV

O ⇐⇒ O+ + e− : 13.62 eV

N2 ⇐⇒ N2
+ + e− : 15.58 eV

O2 ⇐⇒ O2
+ + e− : 12.07 eV

NO ⇐⇒ NO+ + e− : 9.27 eV

Cu ⇐⇒ Cu+ + e− : 7.73 eV

　 　

(a) Particle composition of Air (b) Particle composition of Cu

Fig. 87 Particle composition of gases. (a) Air (b) Cu
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Collision cross-section

In addition to the particle composition, the collision cross section is necessary to determine

the transport properties of high-temperature gases. In a high-temperature gas, electrons, ions,

molecules, atoms, etc. exist in a very wide temperature range of tens of thousands of Kelvin.

Therefore, to determine the transport characteristics, in addition to the electron collision cross-

section usually used for the analysis of low-pressure plasma, the collision cross-section between

all these particles is necessary.

1. Collision cross-section between homogenous neutral particles　

2. Homogeneous neutral particle-ion collision cross-section

3. Electron-neutral collision cross-section

4. Coulomb collision cross-section

Approximate calculation [107] by the Chapman-Enskog method is used to calculate the trans-

port properties under thermal equilibrium. In this approximation, the collision cross section is

treated in the form of a collision integral, which is called the effective collision cross-section.

Therefore, it is necessary to obtain various collision cross sections based on the approximation

of the Chapman-Enskog method.

Chapman-Enskog method

The following four assumptions are important in the Chapman-Enskog method.

1. Only bimolecular collisions

2. Molecular collisions should follow classical mechanics

3. Collisions must be elastic collisions

4. The intermolecular interaction potential function is spherically symmetric

The Chapman-Enskog theory considers the intermolecular interaction in detail, and the pa-

rameter expressing the effect is expressed by the collision cross section πΩ
(l,s)

ij . This accuracy is

determined by the order (l, s) of the Sonine polynomial approximation, and the type of collision

cross section required by this order also differs. The required collision cross sections for each

order are summarized below.

First-order approximation: πΩ
(1,1)

ij , πΩ
(2,2)

ij

Second-order approximation: πΩ
(1,1)

ij , πΩ
(1,2)

ij , πΩ
(1,3)

ij , πΩ
(2,2)

ij

Third-order approximation: πΩ
(1,1)

ij , πΩ
(1,2)

ij , πΩ
(1,3)

ij , πΩ
(1,4)

ij , πΩ
(1,5)

ij , πΩ
(2,2)

ij , πΩ
(2,3)

ij , πΩ
(2,4)

ij

Here, when l=1, s=1∼ 5, the momentum transfer cross section is given and l=2, s=2∼ 4

gives the viscous cross section. In this study, the first-order approximation of the Chapman-

Enskog method was adopted, which has the smallest number of collision cross-section calcu-

lations. Therefore, the required collision cross section is the momentum transfer cross section

πΩ
(1,1)

ij [m2] and the viscous cross-section πΩ
(2,2)

ij [m2].
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Collision cross-section between homogenous neutrals

The collision cross section between homogenous neutral atoms was calculated as follows.

First, Mr. Abrahamson obtained the interaction potential between neutral atoms up to atomic

number 2∼ 105 in the following Born-Mayer type[108].

U(R) = A exp(−bRdis) (55)

where A [J], b is b×10−10 [m], Rdis is the internuclear distance and Rdis×10−10 [m]. Using these

values of A and b, Mr. Monchick defines the parameters α and ρ for obtaining the collision

cross section as follows.[109].

α = ln

(
A

kT

)
(56)

ρ =
1

b
(57)

where k is the Boltzmann constant and T is the absolute temperature. Monchick shows the

value of the correction factor I(l,s) of the collision cross section for this α [109]. From I(l,s),

obtain the momentum conversion cross section and the viscous cross section by the following

formulas [109].

σ2
RπΩ

(l,s)

ij =
8πα2ρ2I(l,s)

(s+ 1)!

(
1− 1

2

1 + (−1)l

1 + l

) (58)

where σR is an arbitrary distance parameter defined by U(R). In this study, σR=1 for all cases.

In the case of l=1, s=1, given the momentum transfer cross section πΩ
(1,1)

ij , l=2, s= In the case

of 2, it gives the viscous cross-section πΩ
(2,2)

ij .

Collision cross-section between heterogeneous neutrals

The momentum transfer cross sections πΩ
(1,1)

ij and πΩ
(2,2)

ij between heterogeneous neutrals

are calculated as follows based on Empirical Combining Laws[110].

πΩ
(1,1)

ij =
1

2

(
πΩ

(1,1)

ii + πΩ
(1,1)

jj

)
(59)

πΩ
(2,2)

ij =
1

2

(
πΩ

(2,2)

ii + πΩ
(2,2)

jj

)
(60)

Collision cross-section between homogenous neutral particles-ions

(1) Homogeneous neutral particle-singly charged ion

The momentum transfer cross section πΩ
(1,1)

ij between homogeneous neutral particles and

monovalent ions was calculated by the following equation. First, the resonance charge exchange

cross section is expressed in the following analytical form [111].

σ(v) = (K2 −K1 ln v)
2 (61)
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where v represents the relative velocity. The effective cross-section between particles i and j

was given by Gupta and Yos [112].

πΩ
(l,s)

ij =

∫ ∞

0

∫ π

0

exp(−v2)v2s+3(1− cosl x)4πσij sinxdxdv∫ ∞

0

∫ π

0

exp(−v2)v2s+3(1− cosl x) sin xdxdv

(62)

v =

√
mimj

2(mi +mj)kT
· g (63)

here, σij = σij(x, g) is the differential scattering cross-section between i-j particles, x is the
scattering angle in the center-of-gravity system, g is the relative velocity of the colliding particle,
and v is the reduced velocity. l=1, s=1 gives the momentum transfer cross section, and l=2,
s=2 gives the viscous cross-section. Substituting the formula (62) into the formula (63) and
integrating it analytically, the effective collision cross section is given by the following formula.

πΩ
(1,1)

A−A+ = (39.8K2
1 − 17.8K1K2 + 2K2

2 ) + (8.82K2
1 − 2K1K2)

[
ln

(
T

M

)]
+

1

2
K2

1

[
ln

(
T

M

)]2

(64)

where M is the molecular weight and T is the absolute temperature. Regarding the constants

K1 and K2, Rapp et al. gave a relationship diagram between the resonance charge exchange

cross section σ(v) and v with the ionization energy as a parameter. It was obtained by ex-

trapolating to the figure. In other words, with v as a parameter, draw a relationship diagram

between σ(v) and ionization energy, and read the value of σ(v) at the ionization energy of the

target particle. The values of the constants K1 and K2 were obtained by converting to the

relationship diagram of σ(v) and v again. The viscous cross-section was assumed to be equal

to the collision cross-section between neutral particles because there was no effect of charge

exchange.

(2) Homogeneous neutral particles - doubly charged ions

Momentum transfer cross section πΩ
(1,1)

ij between neutral particle and divalent ion, viscous

cross-section πΩ
(For2,2)

ij . Since the temperature range in which the two coexist is small, they

are assumed to be the same as those between neutral particles.

Collision cross-section between heterogeneous neutral particles - ions

The collision cross section between heterogeneous neutral particles and ions is a non-resonant

charge exchange collision. Therefore, these collision cross sections were assumed to be equal to

the collision cross sections between neutral particles.

Collision cross-section between electron - neutral particles

In the momentum transfer cross section πΩ
(1,1)

ij between the electron and the Ar atom. It is

necessary to consider the Ramsauer effect, in which the collision cross section becomes extremely

small at electron energies around 1 eV. The collision cross-section of this case was extrapolated
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from [113]. From [112], the momentum transfer cross section between electron and oxygen atom

πΩ
(1,1)

ij is treated as a constant hard-ball collision of 5.00×10−20m2 at any temperature.

Coulomb collision cross-section

The electron - electron, electron - ion and ion - ion collision cross sections were obtained from

the following equations regardless of the particle type.

πΩ
(l,s)

ej (T ) = aQc(T ) (65)

Qc(T ) =

(
e2

kT

)2

lnΛ (cm2) (66)

Λ =

√
9(kT )3

4πe6ne

+
16(kT )2

e4n
2
3
e

(67)

a is the correction coefficient, and ne [m
−3] is the electron density. Also here e=4.80×10−10 esu

and Qc(T ) cm
2 [112]. The collision cross section due to Coulomb scattering is for the case where

the ions are stationary, and correction is required when the particles are in motion. Therefore,

it is necessary to multiply the correction factor a for the relative velocity ratio of the particles.

Correction coefficients are shown in table 10. M in the table represents the type of particles.

　

Table 10 Correction coefficient of Coulomb collision.

e-e e-M
+

e-M
2+

e-M
3+

M
+
-M

+
M

+
-M

2+
M

+
-M

3+
M

2+
-M

2+
M

2+
-M

3+
M

3+
-M

3+

πΩi,j
(1,1)

0.800 0.800 2.700 0.708 0.800 2.700 0.708 12.80 28.04 62.65

πΩi,j
(2,2)

0.750 0.750 2.100 6.650 0.300 0.840 6.650 4.800 26.25 58.73

　

Molecular collision cross-section

In the case of N2, O2 and Air, etc., the treatment of the collision cross section becomes more

complicated because it is necessary to consider molecular collisions. Mr. Gupta has reported

an approximate calculation method that handles this easily[112]. The approximation formula

of momentum transformation cross-section πΩ
(1,1)

ij and viscous cross-section πΩ
(2,2)

ij were given

by Gupta as follows.

πΩ
(1,1)

ij =
[
exp

(
D

Ω
(1,1)
ij

)]
T

[
A

Ω
(1,1)
ij

(lnT )2+B
Ω
(1,1)
ij

lnT+C
Ω
(1,1)
ij

]
(68)

πΩ
(2,2)

ij =
[
exp

(
D

Ω
(2,2)
ij

)]
T

[
A

Ω
(2,2)
ij

(lnT )2+B
Ω
(2,2)
ij

lnT+C
Ω
(2,2)
ij

]
(69)
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where A
Ω

(1,1)
ij

, B
Ω

(1,1)
ij

, C
Ω

(1,1)
ij

, D
Ω

(1,1)
ij

, A
Ω

(2,2)
ij

, B
Ω

(2,2)
ij

, C
Ω

(2,2)
ij

, D
Ω

(2,2)
ij

is a constant given by Mr.

Gupta. In this study, the above equations were used to obtain the O2 and O+
2 related collision

cross sections.

Thermodynamics and transport properties

Thermodynamic properties of high-temperature gases include mass density, enthalpy, and

constant pressure-specific heat. The transport properties include electrical conductivity, ther-

mal conductivity, and viscosity. These properties are calculated based on the following equa-

tions [59][110][114][115][116]. Figure 88 shows the thermodynamics and transport properties of

the gas used in this simulation.

(1) Mass density

The mass density ρ [kg/m−3] at a certain temperature T [K] is the particle density ni [m
−3]

and mass mi [kg].

ρ =
∑
i

mini (70)

i represents the type of particle.

(2) Enthalpy

At constant pressure, heat applied to a substance is used to raise work and internal energy,

and the sum of both is enthalpy. The enthalpy h [J/kg] is calculated from the internal partition

function Qi of the i seed particle and the standard enthalpy of formation Ui [kJ/mol] as follows.

h =
1

ρ

∑
i

himini (71)

hi =
1

mi

(
5

2
kT + kT 2 ∂

∂T
(lnQi) + Ui

)
(72)

The standard enthalpy of formation is the heat of reaction when a compound is produced from

constituent particles in the standard state (298K, 0.1MPa). As a reference, the enthalpy of a

simple substance stable in the standard state is set to 0[106][117]. For example, the noble gases

Ar and He can exist as monatoms in the standard state, so the standard enthalpy of formation

Ui=0. For ions, the standard enthalpy of formation Ui corresponds to the ionization energy

required from the reference state to an arbitrary excited state. These values are summarized

in NIST - JANAF[118].

(3) Specific heat

Specific heat Cp [J/(kg·K)] is the energy required to raise the temperature of a gas by 1K per

unit mass under constant pressure. Since it is obtained by differentiating the enthalpy under
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Fig. 88 Thermodynamics and transport properties of gas used in this study.
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the same pressure concerning temperature, it shows a maximum value in the temperature range

where dissociation/ionization reactions occur. In this calculation, the pressure was constant at

0.1 MPa, and the following equation was used.

Cp =
∂h

∂T

∣∣∣∣
P=const

(73)

(4) Electrical conductivity

• Electrical conductivity

Electrical conductivity is proportional to electron density, and when ionization occurs, electrons

transport current and increase rapidly. The electrical conductivity σ [S/m] is given by the

following equation.

σ =
e2

kT

ne

N∑
j=1
j ̸=e

nj∆
(1)
ej

(74)

∆
(1)
ij =

8

3

(
2mimj

πkT (mi +mj)

) 1
2

πΩ
(1,1)

ij (75)

e is the elementary charge, πΩ
(1,1)

ij is the momentum transfer cross section between i - j seed

particles.

• Electrical conductivity of ion

Ionic conductivity increases in proportion to ion density. The ionic conductivity σi [S/m] is

given by the following equation.

σi =
1

kT

N∑
i=1
i ̸=e

qi
2ni

N∑
j=1

nj∆
(1)
i,j

(76)

where qi [C] is the charge of each particle, ni [m
−3] is the ion number density, nj [m

−3] is the

number of colliding particles density.

(5) Thermal conductivity

The definition of thermal conductivity κ [W/(m·K)] is the thermal energy passing through a

unit area per unit time, that is, the physical quantity obtained by dividing the heat flux by the

temperature gradient. If the heat flux is q and the temperature gradient is dT/dr, then the

relationship between the thermal conductivity κ is given by the following equation.

q = −κ
dT

dr
(77)
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Heat transfer mechanisms in high-temperature gases include contact (translational) kinetic en-

ergy, internal energy, and reactions such as dissociation and ionization. Therefore, the thermal

conductivity κ of high-temperature gas is calculated by the sum of these three.

κ = κtr + κint + κre (78)

where κtr is the contact thermal conductivity, κint is the internal thermal conductivity, and

κre is the reaction thermal conductivity. In the case of monatoms, since there is no change in

internal energy due to vibration or rotation, it can be obtained from the sum of the contact

thermal conductivity and the reaction thermal conductivity.

(5-1) Contact thermal conductivity

κtr = κh
tr + κe

tr (79)

κh
tr =

15

4
k

N∑
i ̸=e

ni

N∑
j

αijnj∆
(2)
ij

(80)

κe
tr =

15

4
k

N∑
i=e

ne

N∑
j

αejnj∆
(2)
ej

(81)

αij = 1 +

(
1− mi

mj

)(
0.45− 2.54

mi

mj

)
(
1 +

mi

mj

)2 (82)

∆
(2)
ij =

16

5

(
2mimj

πkT (mi +mj)

) 1
2

πΩ
(2,2)

ij (83)

(5-2) Internal thermal conductivity

κint = k

N∑
i=1

(
CpiMi

R
− 5

2

)
ni

N∑
j=1

nj∆
(1)
ij

(84)
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(5-3) Reaction thermal conductivity

κre = k
Nre∑
l=1

(
∆Hl

RT

)2

N∑
i=1

βli

ni

(
N∑
j=1

(βlinj − βljni)∆
(1)
ij

) (85)

here, κe
tr is the electron contact thermal conductivity, κh

tr is the contact thermal conductivity

of heavy particles, πΩ
(2,2)

ij is the viscous cross section between i - j particles, Cpi [J/(kg·K)] is

the constant pressure specific heat of the i particle, Mi is the molecular weight of i particle,

R [J/(k·mol)] is the gas constant (=8.31 J/(k·mol)), Nre is the type of chemical reaction, βli is

the coefficient of the i particle in the lth chemical reaction, ∆Hl [J/mol] is the reaction energy

per mol.

(6) Viscosity

Viscosity η [Pa·s] of high-temperature gas is obtained from the following equation.

η =
N∑
i=1

mini

N∑
j=1

nj∆
(2)
ij

(86)

Radiation coefficient of high-temperature gas

The radiation characteristics of thermal plasmas are determined by the behavior of electrons

in high-temperature gas, and line spectra and continuous spectra are emitted. By performing

these calculations, the radiation for the temperature and wavelength of the high-temperature

gas can be obtained. At this time, the light emitted from the high-temperature part of the

thermal plasma is again absorbed as energy by the low-temperature part of the plasma. This

phenomenon is called self-absorption, and the calculation of the absorption coefficient is es-

sential to take it into account. Particle composition and spectroscopic databases [70][104] are

required to calculate the radiation coefficient. Figure 89 shows the radiation characteristics

of the gas used in this simulation. The following section describes how to calculate the basic

spectral emission coefficient.

Line spectra

The radiation characteristics of thermal plasmas are determined by the behavior of electrons

in hot gases, and line spectra and continuous spectra are emitted. This is because electrons

in atoms and ions, which are the constituent particles in the thermal plasma, acquire energy

and are excited. There is a line spectrum generated by the de-excitation of the energy, and a
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Fig. 89 Radiation power density of gas used in this study.
　

　

continuous spectrum generated by the Coulomb force generated between the free electrons in

the gas and the ions. The following chapters describe line spectra and continuous spectra.

A line spectrum refers to a portion where the intensity of light near a certain wavelength is

stronger or weaker than that of a continuous spectrum. Depending on the energy level of the

atom or ion, each element has its electron configuration and emission spectrum. The energy

states are given at discrete values determined by different quantum numbers. Spectral lines

from atoms or ions are emitted at wavelengths specific to each element type as the electrons

are changed (transitioned) by ionization or excitation. Also, by absorbing light, it transitions

to a higher level. [59][119][120] which shows the theoretical formula of the radiation coefficient

of the line spectrum.

εlinerad =
ni

4πQi

hP c

λmi

gmiAmni exp

(
−Emi

kT

)
(87)

where i represents the particle type, and εlinerad [W/(m3·sr)] is the line spectral radiation coeffi-

cient, ni [m
−3] is the particle number density of i seed particles, Qi is the partition function

of i seed particles, hP [ J·s] is Planck’s constant, c [m/s] is the speed of light, λmi [m] is the

wavelength of the i seed particle, and gmi is the statistical weight of m level (upper level) of

i seed particle, Emi [J] is the energy of m level of i seed particle, Amni [s
−1] is the transition

probability from the m level to the n level of the i seed particle (Einstein’s A coefficient: spon-

taneous emission coefficient), λmi [m] is the wavelength of the i seed particle, k [J/K] is the

Boltzmann constant, and T [K] is the temperature.
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Continuous spectrum

Unlike line spectra, continuous spectra have a continuous intensity distribution over a wide

wavelength range and are produced by two processes, recombination radiation, and bremsstrahlung.

Ref. [69] shows the theoretical formula of each radiation coefficient below.

εfb =
∑
i

C1
neni

λ2
√
T
Zeff,i

2

[
1− exp

(
− hP c

λkT

)]
gi,1
Qi

ξfb(λ, T, i)∆λ (88)

εeiff =
∑
i

C1
neni

λ2
√
Te

Zeff,i
2 exp

(
− hP c

λkTe

)
ξff(λ, Te, i)∆λ (89)

εeaff = C2
nena

λ2

√
T 3S(Te)

[(
1 +

hP c

λkTe

)2

+ 1

]
exp

(
− hP c

λkTe

)
∆λ (90)

C1 =
1

(4πε0)
3

16πe6

3c2 (6πme
3k)

1
2

= 1.63× 10−43 Wm4K
1
2/sr (91)

C2 =
1

(4πε0)

32e6

3c2

(
k

2πme

) 3
2

= 1.026× 10−34 Wm4K
3
2/sr (92)

where εfb [W/(m3·sr)] is the radiation coefficient of recombination radiation, εeiff [W/(m3·sr)] is
the electron - ion bremsstrahlung radiation coefficient, εeaff [W/(m3·sr)] is the electron - atom

bremsstrahlung radiation coefficient, C1 is the electron - ion continuity constant, and C2 is the

electron - atom is a continuous constant of atomic density, ne [m
−3] is electron density, ni [m

−3] is

the ion density of i species, λ [m] is the wavelength, and Zeff,i is Theeffectivechargenumberofthei

seed particle, S(Te) [m
2] is the electron-neutral collision cross section [121], ∆ lambda [m] is the

wavelength step size, gi,1 is the ground state weight of the i seed particle, ξfb(λ, Te, i) is the

Biberman factor(=ξff(λ, Te, i))[122][123].

From this equation, the continuous spectrum is determined mainly by the product of electron

density and ion density and statistical weights. Also, the Biberman factor becomes smaller in

the ultraviolet and infrared regions [122][123].

Recombination radiation

Recombination radiation is the phenomenon by which charged particles recombine in space

and return to their original atoms or ions. Free electrons are slowed down by the Coulomb

force generated between them, and the electron velocity becomes zero when they recombine

with the ions. When an ion is captured at a certain level, it releases excess energy and radiates

the kinetic energy and excitation energy (de-excitation energy) at this time.

hPν = Ek + eVi (93)

where ν [Hz] is the frequency, Ek [J] is the kinetic energy of the free electron, and eVi [eV] is the

excitation energy of the i particle.
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In a high-temperature gas such as thermal plasma, particle collisions between ions and elec-

trons are depending on the recombination mechanism, there are radiative recombination, two-

electron recombination, three-body recombination, dissociative recombination, and charge ex-

change recombination.

Radiative recombination occurs when a free electron is trapped to a level in an ion. This is

the reverse process of photoionization, in which the energy difference between before and after

capture (the kinetic energy and ionization energy of electrons) is emitted as photons. Since the

kinetic energy of captured free electrons has a continuous value, the wavelength of the emission

line is also continuous.

Two-electron recombination once goes through a double exciting state in which two outer

core electrons are simultaneously excited. Furthermore, some of them emit photons and become

normal excitation or the ground state, which is the reverse process of auto-excitation. This

occurs at high electron temperatures because the special case of double excitation does not

occur unless the free electrons possess high energy.

Three-body recombination is the reverse process of electron impact ionization and is the

same as radiative recombination in that free electrons are captured by ions. It does not emit

a photon because the excess energy is received by another nearby electron or particle. The

reaction formula is shown below[124].

(1) Recombination

A+ + e− → A+ hν (94)

(2) Two-electron recombination

A+ + e− → A′′ → A+ + e− (95)

A+ + e− → A′′ → A′ + hν (96)

(3) Three-body recombination

A+ + e− +X → A+X (97)

Recombination radiation in this paper assumes radiative recombination. However, comparing

these three types of recombination, radiative recombination is generally thought to be less

likely [125]. Therefore, let us consider the thermal motion of gas molecules that causes these

phenomena.

• Maxwell distribution

Among n gas molecules, the number of particles with velocity from v to v + dv is assuming

dn pieces, this ratio is a function of velocity magnitude v and is expressed by the following

formula.

dn

n
= fM(v)dv (98)
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fM(v) is [126] generally expressed by the following equation.

fM(v) = 4π

(
m

2πkBT

)3/2

v2 exp

(
− mv2

2kBT

)
(99)

here, m [kg] is mass, kB [J/K] is Boltzmann’s constant, and T [K] is temperature.

This function fM is the Maxwellian distribution, which is used as a function representing the

particle velocity distribution and the particle energy distribution in a particle system in thermal

equilibrium. Maxwell distribution can uniquely describe velocity distribution and energy distri-

bution by defining the average temperature or average energy of the system. Expressing this fM

as a function of the energy ε, and transform fM(v)dv from ε = (1/2)mv2 and dv = (1/(mv))dε

as following.

fM(ε) =
2√
π

(
1

kBT

)3/2√
ε exp

(
− ε

kBT

)
(100)

The electron energy distribution was calculated using the (99) formula. For reactions such as

ionization to occur, electrons must have energy above a certain threshold. As the electron tem-

perature Te [K] increases, the proportion of low-energy electrons decreases, and the proportion

of high-energy electrons increases. Focusing on 15000K, the average is about 3 eV, and there

are almost no electrons with an Ar ionization energy of 15.76 eV and a He ionization energy

of 24.59 eV. Therefore, there are overwhelmingly many particles that are not ionized, and the

0∼ 3 eV side has a large effect on recombination.

• Recombination velocity coefficient

At this time, the susceptibility of these recombination events is determined by the recombination

rate coefficient αei [cm
3/s], which expresses the degree of recombination in unit volume per

unit time. The calculation formulas for the recombination rate coefficients for three-body

recombination, radiative recombination, and two-electron recombination are shown below.

α3B ≈ 5.6× 10−27kT− 9
2Ne (101)

αrad = 4.3× 10−13

(
Te

104

)−0.672

(102)

αdi = 1.9× 10−3T
− 3

2
e exp (−T0/Te)× (1 +Bdi exp (−T1/Te)) (103)

Here, α3B [cm3/s] is the recombination rate constant for three-body recombination [127], αrad [cm
3/s]

is the recombination rate coefficient of radiative recombination [128], αdi [cm
3/s] is the recom-

bination rate coefficient for two-electron recombination[128], Te [K] is electron temperature.

Considering three-body recombination, radiative recombination, and two-electron recombina-

tion, three-body recombination tends to occur at low temperatures below 0.7 eV. Two-electron

recombination is dominant in the high-temperature region above 6 eV, but radiative recombi-

nation tends to occur in the arc region of 0.7∼ 6 eV. Since neither He nor Ar has excited levels

at low energies, the recombination rate coefficient of Ar can be considered to be similar to that
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of He. Therefore, radiative recombination should be considered in this temperature range, and

recombination radiation is quite possible. At this time, the pressure like a high-pressure lamp

is not taken into account, but in this study, which aims to clarify the physics, the pressure is

assumed to be constant at 0.1 MPa. Based on the above, radiative recombination is dominant

in this temperature range, so the radiation characteristics are calculated with recombination

radiation taken into account.

Bremsstrahlung

Bremsstrahlung is generated when free electrons passing near ions are accelerated by the

Coulomb force and their trajectories are bent. This is the process of transitioning to a lower-

energy-free electronic state. Since free electrons alone cannot absorb (or supply) the energy and

momentum of photons at the same time, ions take on the excess and deficiency of momentum.

The energy values are stochastically distributed widely from zero to electron energy, forming a

continuous spectrum [129]. When the electron’s initial velocity is small, or when the electron

passes very close to the ion’s scattering center, the electron is bent significantly from its original

trajectory. In such cases, high-energy photons are emitted. If the initial velocity of the electrons

is high or the collision diameter is large, the trajectories of the electrons will be straight without

deviating from their straight trajectories. Photons with very little energy emitted in such small

angle scattering are emitted.

Figure 90 shows the transition process for the continuous spectrum. (1) and (2) in the figure

are bremsstrahlung and inverse bremsstrahlung, (3) and (4) are radiative recombination and

photoionization; (5) and (6) are spontaneous emission and photoexcitation, (7) and (8) are

three-body recombination and electron collision excitation; (9) and (10) are collisional deexci-

tation and collisional excitation. Processes (7) and (11) occur simultaneously, and deexcitation

in (12) is double electron recombination. Auto-excitation is the excitation in (14) and the

simultaneous occurrence of processes (8) and (13). Radiation-related processes are shown with

dashed lines, and collisional processes are shown with solid lines. All radiation processes have

stimulated radiation · absorption processes.

Of the phenomena taken into account in the calculation of the continuous spectrum, the

following are the phenomena (Gaunt factor, Biberman factor) that require special attention.

Continuous spectral phenomena

• Gaunt factor

The Gaunt factor is a quantum theoretical correction term that corrects the dependence on the

electron orbital quantum number. Gz (ν, Te) is called the Gaunt factor, which is written by the

classical theory as follows [130].

Gz (ν, Te) =

∫ ∞

x0

exp (−x) · gz (u0) dx (104)
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Fig. 90 Transition process.
　

　

where x = mv2/2kTe, x0 = hν/kTe, u0 = 2πνp0/v. Note that the collision coefficient

(p0 = ze2/mv2) corresponds to the deviation from 90◦. gz (u0) is expressed as a factor of u0.

At high frequency (hν/kTe ≫ 1), gz (u0) ∼= 1 and Gz (ν, Te) = exp (−hν/kTe), (88), (89), (90)

formulas hold, and in the formula becomes 1.

• Biberman factor

The Biberman factor (hereafter referred to as the ξ factor) is the parameter that determines

the shape of the continuous spectrum peculiar to the arc. The ξ factors are sometimes treated

like constants, but strictly speaking, they are functions of wavelength and temperature. This ξ

factor was calculated by Biberman and Norman of Russia in 1960 in the process of calculating

the photoionization cross section of an atom. It was first introduced as the ratio of hydrogen

to the photoionization cross-section.

Based on the fact that the quantum deviation decreases rapidly with increasing quantum

numbers, Biberman-Norman proposed to divide the entire system of complex atomic energy

levels into two groups. Group A contains levels with large quantum deviations, while Group B

consists of levels with practically zero quantum deviations. The photo-isolation cross section

for the Group B levels is equal to that for the corresponding levels of hydrogen. Therefore,

it was derived that the correction for the difference between the photoionization cross section

per atom and the cross-section of a hydrogen atom should be performed for the Group A

levels. From this result, Biberman-Norman defined the ξ factor as a correction factor for the

classical radiation theory. It was later applied in a slightly different way by Schlüter to a

simple representation of the continuous spectra of non-hydrogen-like atoms. To date, much

research has been carried out, mainly on noble gases. However, the ξ factor has an error of
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20∼ 30%, which is different for each researcher. Also, the same element has different values

depending on the valence [122]. In this paper, we extrapolate the calculation results by Mr.

L.G.D’Yachkov[123], he has ξfb(λ, Te, i) = ξff(λ, Te, i)).
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Appendix 2: Physical Properties of Electrode

Fig. 91 shows the mass density, enthalpy, specific heat, electrical conductivity, and thermal

conductivity of the copper electrode which used in this study. The interval values of these

physical properties were calculated using a linear approximation based on the temperature

variation.
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Fig. 91 Thermodynamics and transport properties of copper electrode used in this study.
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Appendix 3: Method of Coupled Analysis of

Velocity Field and Pressure Field

The SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) method, which is one of

the numerical analysis methods, is widely used in atmospheric pressure-free arc calculations.

This paper uses SIMPLER (Semi-Implicit Method for Pressure-Linked Equations Revised), an

improved version of the SIMPLE method. The advantages of the SIMPLER method are fast

convergence, light computational load, and excellent stability. If the flow field is known, a

general differential equation can be formulated concerning the dependent variable ϕ. However,

it is generally impossible to define the flow field first. Therefore, the SIMPLERmethod performs

iterative calculations and finally obtains the true velocity field. The velocity field is governed by

the momentum conservation equation, which corresponds to one case of the general differential

equation for ϕ. Therefore, we can solve the momentum conservation equation and thereby

obtain the velocity field. The specific calculation method is to give the estimated value of the

velocity field, solve the momentum conservation equation by iterative calculation, and obtain

the velocity component.

Figure 92 shows the SIMPLER method algorithm. The description of the SIMPLER method

used in past three-dimensional simulations of vacuum arcs resolved the coefficient a of the

discretization equation when solving the algorithm’s momentum conservation laws of 1 and 3.

However, the values change as the flow velocities in the directions of x, y, and z are solved in

order. Therefore, this value is used to calculate the coefficient of the discretization equation in

the next direction, so the value of the coefficient changes.

However, there is a problem that the solution diverges because the velocity field that satisfies

the law of conservation of mass cannot be calculated. In addition, the two-dimensional cylin-

drical coordinate system program, which was the mainstream in our laboratory in the past,

uses the calculated coefficient in 1 in the algorithm to solve the momentum conservation law in

3, but the array of physical quantities is shared. Therefore, when the array of a certain variable

is calculated, the values of the two variables change, making it difficult to follow the change of

the coefficient, and the program becomes unclear to others.

In this study, in the three-dimensional Cartesian coordinate system, the coefficient value

used in 1 in the algorithm was used to perform the calculation of 3. In addition, shared arrays

were abolished and new settings were made to define the coefficients of separate discretization

equations. Figure 93 shows an improved program description for the SIMPLER method that

does not use shared arrays.

As in [2] of Figure 93, substitute the coefficient apu obtained in 1 into another coefficient a′pu.

Then, when solving the momentum conservation law of 3, the discretization equation of the
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momentum conservation law is obtained by substituting a′pu for apu. By these measures, the

solution does not diverge, and the law of conservation of mass and law of momentum can be

calculated.

　 　

1: Calculate tentative velocities in three directions

    using initial values

2: Calculate the pressure from the tentative velocity

3: Using pressure to solve the law of conservation of momentum and calculate

an incomplete velocity field

4: Calculate the pressure correction value from the obtained speed

5: Correct the speed from the pressure correction value
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Fig. 92 Algorithm of semi-implicit method for pressure-linked equations revised.
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[1] All the coefficients used in 1 are set as shared array
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