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When the contacts of a medium-voltage DC air circuit breaker (DCCB) are separated, the energy distribution of
the arc is determined by the formation process of the near-electrode sheath. Therefore, the voltage drop through the
near-electrode sheath is an important means to build up the arc voltage, which directly determines the current-limiting
performance of the DCCB. A numerical model to describe the near-electrode sheath formation process can provide insight
into the physical mechanism of the arc formation, and thus provide a method for arc energy regulation. In this work, we
establish a two-dimensional axisymmetric time-varying model of a medium-voltage DCCB arc when interrupted by high
current based on a fluid-chemical model involving 16 kinds of species and 46 collision reactions. The transient distributions
of electron number density, positive and negative ion number density, net space charge density, axial electric field, axial
potential between electrodes, and near-cathode sheath are obtained from the numerical model. The computational results
show that the electron density in the arc column increases, then decreases, and then stabilizes during the near-cathode
sheath formation process, and the arc column’s diameter gradually becomes wider. The 11.14 V-12.33 V drops along the
17 um space charge layer away from the cathode (65.5 kV/m—-72.5 kV/m) when the current varies from 20 kA-80 kA.
The homogeneous external magnetic field has little effect on the distribution of particles in the near-cathode sheath core,
but the electron number density at the near-cathode sheath periphery can increase as the magnetic field increases and the
homogeneous external magnetic field will lead to arc diffusion. The validity of the numerical model can be proven by
comparison with the experiment.

Keywords: near-cathode sheath, atmospheric pressure air arc, fluid-chemical model, high current, DC air

circuit breaker (DCCB)
PACS: 52.80.Mg, 52.40.Hf, 52.65 K]

1. Introduction

An atmospheric air arc is a high-density plasma that is
generated when a DC air circuit breaker (DCCB) interrupts
the current.''l DCCB is now developing towards extinguish-
ing the arc more effectively and rapidly, so the arc needs to be
stretched rapidly when generated in the DCCB.[?! Metal split-
ter plates are usually used in a DCCB to extinguish the arc,
whose principle is to cut the arc into series of sub-arcs through
the splitter plates. The voltage drop of the near-electrode
sheath formed by the sub-arcs can increase the arc voltage
to the supply voltage, so that the arc is extinguished.’! The
near-electrode sheath can affect arc behavior and make the arc
root hop, which affects the process of arc stretch.[*! In addi-
tion, the near-electrode sheath is the connection between the
arc column and the electrode, and the heat and current trans-
fer between the arc and the electrode is completed through
the near-electrode sheath. The formation of the near-electrode
sheath is an important problem for almost all plasmas, and
it is one of the problems that has not been fully recognized.
Therefore, an in-depth understanding of the arc sheath forma-
tion process can provide a method for energy regulation at the
preliminary stage of the arc in DCCB. It can also be used as a
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prerequisite for studying the arc splitting and arc voltage rais-
ing process in DCCB, which provides theoretical guidance for
rapidly interrupting DCCB.

As part of the connection components between the arc
column and the electrode, the sheath significantly affects arc
behavior.>-%! The current is transferred through the sheath to
the arc column to maintain arc combustion, which affects the
energy distribution in the arc. The arc energy is transferred
to the electrode through the sheath, which increases the elec-
trode’s surface temperature and alters the electron emission
law of the cathode.[”™®! At present, there are two main mi-
croscopic mathematical descriptions of the sheath in high-
pressure arc discharge. The first is a unified description. In
this method, the arc column and sheath are described by the
same governing equations, and the heat and current transfer
between the arc and the electrode is considered. This method
requires a large amount of computing resources and when a
unified model is used it is usually necessary to modify some
governing equations to get better agreement with experimental

[10-151 T the second, the arc column and sheath are de-

results.
scribed separately, that is, different governing equations for lo-

cal thermal equilibrium (LTE) arc column and non-local ther-
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mal equilibrium (non-LTE) sheath are used, which requires
elaborate mesh division and large computing resources, SO
the requirement of solving accuracy is relatively high.[¢-19]
With these two modeling methods, researchers have obtained
significant parameters of voltage drop, electron number den-
sity and voltage—current characteristics,?"! electron and ion
number density,?"-??! and electron temperature!>!-?3 of the
sheath. Benilov ef al. established a model to describe the arc-
sheath-electrode heat transfer. The attachment modes of two
kinds of arc roots on the electrode were found (i.e., defuse

24-28] and the differences between the

mode and spot mode),!
one temperature model and the two-temperature model were
compared.'?°! Cejas et al. simulated the transition from at-
mospheric air glow discharge to arc discharge by a fluid
model.?”) Baeva et al. simulated a low current arc discharge
with argon gas with an improved one-dimensional unified fluid
model.!" Up to now, although numerical research can well
predict the heat transfer and voltage drop of arc sheath, the
models that are used are mostly steady state, so our under-
standing of the transient process of sheath formation and the
complex chemical reaction kinetics in the sheath formation
process is still insufficient. The chemical reaction kinetics and
particle behavior between electrodes at the moment of arc gen-
eration can be analyzed by simulation, which can provide a
theoretical basis for further study of arc stagnation on elec-
trode and electrode ablation in the preliminary arc.

Due to the small dimensions of the sheath space, an inner
sheath with a large physical field gradient, and the highly tran-
sient formation process of the sheath, it is difficult to measure

(15397 In partic-

sheath parameters directly in the experiment.
ular, the high current arc has a high luminescence intensity,
and hence the frequently-used plasma detection methods such
as absorption spectrum and laser-induced fluorescence are no
longer suitable for the detection of arc plasma. At present, the

experiments on plasmas, including spectral diagnosis,?!-3!

[33

Langmuir probe*3 and high-speed imaging,*** and so on

are mostly focused on low density plasmas. The forma-
tion process of high current arc sheath lasts only tens of
microseconds, and it is also difficult to observe the emis-
sion spectrum due to the limitation of the sampling rate of
the spectrometer. The fluid-chemical model can solve the
transient equations that describe the convection and diffu-
sion of plasma particles/energy, which provides a new method
to solve the above problems.[*%! In recent years, dielectric

e, [39:40] glow

[41

barrier discharge (DBD),?”38 corona discharg
discharge, ' partial discharge of insulating materials,*!! and
plasma surface modification!*?! have been studied with the
fluid-chemical model, all of which are low density plasmas.
The fluid model was established to study argon arcs at low
or atmospheric pressures by Baeva and Benilov et al., which

are all steady-state models.[*->743] For the transient arc sheath

formation process, by assuming that the sheath is a nonlin-
ear resistance, the arc extinguishing performance of DCCB is
studied in Ref. [44]. Although this hypothesis truly reflected
the properties of the sheath voltage drop, the process of sheath
formation, which is determined by the motion of the parti-
cles and the space charge distribution, was not analyzed in the
model. As the capacity of the distribution network has ex-
panded in recent years, the capacity of DCCB has gradually
expanded and the voltage has risen to the medium-voltage.
When the high current arc is interrupted in medium-voltage
DCCB, the arc energy is high, and therefore dissipating the
arc energy quickly, and realizing fast and effective current-
limiting interruption becomes harder. During the arc forma-
tion process, electron impact ionization is the main ionization
mode between the electrodes. The cathode, as the emitter of
electrons, has a more crucial role than the anode in the arc
formation process. Therefore, an in-depth investigation of the
formation process of the cathode sheath of the high-current
arc can provide theoretical support for the initial energy reg-
ulation of the arc when medium-voltage DCCB interrupts the
high current and the arc energy generated at the preliminary
stage can be reduced effectively, which can lay a good foun-
Given that the
high-current air arc in DCCB is a high-density plasma, par-

dation for effective and rapid interruption.

ticle collisions are intense in the early arc formation process,
which is a highly transient process. In addition, many species
are involved in air arc discharge, which makes reactions com-
plex, and so the model needs elaborate mesh generation, which
makes modeling difficult. Therefore, there are hardly any sim-
ulation studies involving the transient fluid-chemical model of
an air arc.

The magneto-hydro-dynamic (MHD) model was used in
Ref. [45], which is a kind of macroscopic model. The MHD
model can describe the arc’s morphology through temperature
field distribution but ignores the arc’s generation process. The
fluid-chemical model adopted in this work is a kind of micro-
scopic model, whose purpose is to simulate the arc generation
process (cathode-sheath formation process) which cannot be
considered sufficiently in the MHD model. To study the arc
formation process further, in this work the medium-voltage
DCCB (whose structure and working principle have been in-
troduced in Ref. [45]) is taken as the research object and a
fluid-chemical model considering the main reactions during
the arc generation process is established. In contrast to the
previous steady-state model, a transient solution is adopted in
the fluid-chemical model used in this work and the electron
emission boundary of the cathode is treated carefully, so that
the model can simulate atmospheric pressure air arc discharge
accurately. Using this model, the transient changes of elec-
trons, ions, and electric fields during the formation process
of the cathode sheath when medium-voltage DCCB interrupts

015204-2
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different high currents are focused on in this work. The effects
of different homogeneous external magnetic fields on the near-
cathode sheath are also investigated. In this work, the physi-
cal model and mathematical description of the arc formation
process are introduced in Section 2 and model verification is
given in Section 3. The physical process of arc formation, in-
cluding the formation process of the sheath and the evolution
law of arc plasma between electrodes by taking 20 kA current
interrupting as an example, are studied in Subsection 4.1. The
variation law of plasma parameters between sheath and elec-
trode when different high currents are interrupted is studied in
Subsection 4.2. The influence of different homogeneous ex-
ternal magnetic fields on the near-cathode sheath is studied in
Subsection 4.3. Finally, Section 5 gives the conclusions and
outlook for future work.

2. Models
2.1. Physical model

When the contacts separate in a DCCB, the cathode emits
electrons into the electrode gap under the action of the strong
electric field. The electrons then move towards the anode un-
der the action of the electric field and continuously impact with
the neutral particles, ionizing to give positive ions and new
electrons. After the electrons arrive at the anode and are ab-
sorbed by the anode, positive ions arrive at the cathode surface
and the cathode sheath begins to form.

Figure 1 shows the structure of the arc and the near-
cathode sheath during the arc discharge. The arc can be di-
vided into three parts: the near-cathode sheath, the arc col-
umn, and the near-anode sheath. Usually, quasi-neutral condi-
tions are used to define the edges of the space charge layer and
the pre-sheath layer. In our numerical simulation, according
to the theory proposed by Tonks and Langmuir, [*®! combined
with the criteria given by Franklin,*"] the sheath location with
(ne +ny)/np = 0.99 is considered to be the boundary between
the space charge layer and the pre-sheath layer. n; > n. in the
space charge layer, and 0.99 < (ne +ny)/np, < 1.01 in the pre-
sheath layer. Where n., n, and n, are the electron number
density, positive ion number density, and negative ion num-
ber density, respectively. There is a voltage drop in the near-
cathode and anode sheath, and the voltage drop of the arc col-
umn in the short-length arc is very small compared with that
in the sheath. In the early arc formation process, the cathode
sheath has an important effect on electron emission and elec-
tron impact ionization is the main ionization mechanism in the
early arc formation process. Therefore, the cathode’s activity
has a significant influence on the energy distribution during
the process of arc formation. Starting from the cathode’s sur-
face, the cathode sheath can be divided into three parts: the
space charge layer, the ionization layer, and the thermal non-
equilibrium layer. Most importantly, electron emission from

the cathode surface plays a crucial role in these layers. In
Fig. 1, the thickness of the space charge layer, closest to the
cathode, is about a few micrometers. In this layer, the quasi-
neutral condition is no longer applicable and the voltage drop
near the cathode is formed in this layer. Due to the accelera-
tion of the strong electric field in this layer, the electrons enter
the ionization layer after getting enough electron energy. In
the ionization layer, high-speed electrons and neutral particles
collide and ionize, generating positive ions and new electrons.
The number density of positive ions multiplies and the electron
density increases accordingly. This layer maintains the conti-
nuity of arc current and the thickness of the ionization layer is
generally about tens of micrometers. Electrons pass through
the ionization layer under the action of electric field and come
to the thermal non-equilibrium layer, which is the closest to
the arc column. The thermal conductivity of electrons is not
equal to that of heavy ions, and the temperature of the elec-
trons is still higher than that of the heavy ions. This layer
maintains the continuity of arc heat transfer, and its thickness
is tens to hundreds of nanometers. The electron enters the arc
column through the thermal non-equilibrium layer. The center
of the arc column (arc core) satisfies the condition of LTE but
the edge of the arc column (arc periphery and arc plume) still

n.*8] This work focuses on the

deviates from the LTE conditio
physical process of the near-cathode sheath. In the simulation
and analysis, the near-cathode sheath is divided into the space
charge layer and the pre-sheath layer. A more detailed clas-
sification of the pre-sheath layer, i.e., the subdivision of the
ionization layer and the thermal non-equilibrium layer, will be

considered in our future research.

Sheath periphery. Arc periphery Arc plume Sheath periphery

Near cathode sheath Near anode sheath

4 3
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8 5 Sl &
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Fig. 1. The structure of the arc and near-cathode sheath in atmospheric
air arc discharge.

2.2. Mathematical model

2.2.1. Geometric model and basic assumptions

The two-dimensional axisymmetric model established in
this work is shown in Fig. 2, and the radius (BC and AD) of
the contact is 10 mm. Due to the presence of Ny, O, and
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noble gases in the air, complex physical and chemical pro-
cesses occur between the electrodes in the process of air arc
discharge.*’! Considering that an air arc discharge will pro-
duce a trace amount of O3, which will corrode the shell of the
circuit breaker and according to Ref. [50], the air is simplified
as a mixture that consists of 78% Nj, 21% O, and 1% O3 in
this work and 16 kinds of species, 46 gas reactions, and eight
surface reactions were introduced. As the movement of elec-
trons and ions in the electric field forms the arc current at the
initial moment of arc formation, the arc current is in a quasi-
steady state.l>!] Therefore, the current applied in this simula-
tion does not change with time. Since the electrodes are in the
dynamic process of small separation distance, the contact dis-
placement within the simulation duration time (10000 ns) is
very short. To avoid huge computation, the movement of the
contact is ignored in this work and we assume that the con-
tact separation has reached a fixed length. The effect of the
arc self-generated magnetic field is also ignored. Because the
near-cathode sheath formation process is very short, the effect
of arc heating on the electrode and Joule heating generated by
the current in the electrode are not considered here.

|
(@) @\®

accumulation area

Anode |

AN
©
56" © o

Near cathode sheath

:> Anode
B E C
(®)|axis
G H
A F Cathode (Gronded) D

Fig. 2. (a) The physical process between electrodes in the early arc for-
mation process; (b) the geometric model of the simulation.

In the early arc formation process, the number density
of the particles is determined by convection, diffusion, and
chemical reactions.®?! Therefore, the mathematical model es-
tablished in this work includes the electron continuity equa-
tions for solving the electron number density distribution, the
electron energy conservation equations for solving the electron
energy distribution, and the heavy particle migration/diffusion
equations for solving the number density distribution of ions,
excited particles, and other neutral particles. The above equa-
tions are self-consistent by coupling the Poisson equation to
solve the electric field distribution. In addition, since pho-
toionization does not play a significant role during the arc for-
mation process, and the calculation amount is huge if pho-
toionization is considered.[>3! Therefore, photoionization is
not considered in the model and the initial electron density
of uniform spatial distribution is set to 1 x 10'> m™>. Since
the electron mean free path is much smaller than the electrode

gap, the arc and near-cathode sheath formation process can be
described by a fluid method. >

2.2.2. Electron transport equations

The electron number density conservation equation, elec-
tron energy density conservation equation, and electron mo-
mentum conservation equation are obtained by solving the
electron continuity equations 384571

d
a”: +V-To=Re— (u-V)ne, (1)
J +
3 (nemette) + V - nemeteuy
= - (V 'pe) +ene B — nemete Vin, 3)

where ng is the electron energy density; m, is the electron
mass; pe = nekpTeI is the electron pressure tensor; ¢ is the
time; w is the mass averaged fluid velocity; I is the unit ma-
trix; E is the electric field intensity; Q is the external heat
source; Qgen is the generalized heat source; R. is the elec-
tron source term; Sep is the energy loss or gain due to inelas-
tic collisions; vy, is the momentum transfer frequency; and
I¢ and I are the electron flux and electron energy flux, re-
spectively. The electron diffusion coefficient D, electron en-
ergy migration rate Ug, and electron energy dissipation rate
D¢ are calculated using Einstein’s relation, respectively. D. =
UeTe, e = (5/3) e, De = e Ty T is the electron temperature;
Ue = e/meV, is the electron mobility; and e is the elementary
charge.

Poisson’s equation is used to solve the potential distribu-
tion

V- (&0&Ve) = py, )

where € is dielectric constant in vacuum; & is the relative
permittivity; and py is the local charge density.
The drift velocity of the electrons u. are denoted as

k
Ue = — B VT, —

kgT,
5’2 Vie+ U E, )
Me Ve

NeMe Vi

where V; is the collision frequency between the electrons and
neutral particles; Ty is the gas temperature; and kg is the Boltz-
mann constant.

The electron flux and electron energy flux are given by

Fe:_(.ue'E)ne_V(Dene)7 (6)
5 5
Fg:_g(Ue'E)ne_gv'(De”s)- @)

The electron transport properties can be calculated by the
electron energy distribution function (EEDF), 8! as shown be-

(25D o

low:
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D.N, = (g) /Om GimF(s)de,, )
e L2 (e
DeN, = (%) /Ow iF(e)ds, (11)

where LN, is the reduced electron mobility; D.N, is the re-
duced electron diffusivity; ueN, is reduced electron energy
migration rate; D¢V, is the reduced electron energy diffusivity.
€ is the electron energy. oy, is the total momentum collision
cross section; Y = +/(2e/me) is a constant; and F (¢) is EEDF.
The mean electron energy & = ng /ne.

The rate coefficient calculated using the cross-section
data is a highly nonlinear function of the average electron

[58]
2 00
1@®) =2 [ eor(e)de. (12)

where o} is the cross-section of reaction k.

energy

2.2.3. Migration/diffusion equations of heavy particles

Because of the high pressure and large ionization degree
of high-current arc plasma, the influence of multi-component
diffusion on arc plasma should be considered in the simu-
lation. Therefore, the traditional Fick’s law is replaced by
the heavy particles migration/diffusion equations considering
multi-component diffusion, as shown below:

I

P a,k +p(u-V)we =V ji+Ry, (13)

. Vaoy VM,
Jk=p k< k o + N

n

- Zk.uk,mE> ;14

where k = 1,2,...,0 species, j = 1,2,...,N reactions are as-
sumed, Ry is the mass fraction of the kth heavy particles; ac-
cording to the composition of the air and the hypothesis con-
ditions in this work, the initial mass fraction of N, O,, and
O3 are set as 0.78, 0.21, and 0.01 respectively. M, is the mean
molar mass; z; is the charge number for species k; j; is the
diffusive flux vector; p is density of the gas mixture; fy p, is
the mixture averaged mobility for species k; and @y is the mass
fraction for species k.

For species k, the average diffusion coefficient Dy of the
mixture is

Dy=—F——, 5)

where Dy; is the binary diffusion coefficient between species
k and j; and x; is the mole fraction of the target species for
reaction j.

The reaction rate depends on the order of the reaction and
the molar concentration of each species. The rate expression

Ry is determined by the stoichiometric ratio of the system

N
Rk:MkZijrj, (16)
j=1
where vy is the stoichiometric matrix; r; is the reaction rate
corresponding to the reaction j; and M; is the molecular
weight.

The time interval of plasma transition from non-
equilibrium state to equilibrium state is called the relaxation
time, which is realized by particle collisions. To calculate the
collision frequency, the relation between the relative velocity
and the collision cross section should be considered, and we

e.[59

need to find the average in the velocity spac I Therefore,

within the range of usual plasma parameters, the electron—ion

4
%, where
32ymedme! “T;

InA is the Coulomb logarithm. In this work, since each gas

collision frequency is shown as Vg =

phase reaction has a different reaction rate, and the reaction
rates of some gas phase reactions are a function related to the
electron temperature, a simplified formula is adopted to deal
with the electron—ion collision frequency:

=— Y i, (17)

where c. is the electron molar concentration.

2.2.4. Boundary conditions

The boundary conditions of the electrons, ions, and ex-
cited particles are given by

1 [8ksT.
IL-n— an/ ni: —as;}/,-(l“,--n)—kaéueneE, (18)
1 [8kgT
Ln= g/ ani‘ + o uinE, (19)
1 8kp Ty
I n=— 1/ . 2
m- T 4nm Ty (20)

The electron energy boundary condition is given by

1 8k T:
Fg'nzfng Ble
2 e

— o2k T} %(Lom), (2D

where n; and ny, are ion number density and metastable num-
ber density, respectively. T; is the ion temperature; 7% is the
secondary electron emission coefficient; and I3 and Iy, are
the ion flux and metastable particle flux, respectively. ¢ and
o are the step function of the electric field E and the normal

vector n
{1, (E-n>0),
a={5 (Bnzo) e
! __ 07 (En20)7
s—{l, (E-n<0). (23
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The self-bias potential of the lateral insulation surface is

given by
—n- (D) — D) = p;, (24)
d
d€S:n~Ji+n'Je, (25)

where D and D, are the electric displacement field on two
sides of the interface; J.. and J; are the electron current density
and ion current density, respectively. ps is the surface charge
density; n - J; is the normal component of the total ion current
density on the wall and n - J, is the normal component of the
total electron current density on the wall.

When the electrode is in the high temperature and high
electric field, thermionic emission and field emission will be
generated on the cathode’s surface.!”) The thermionic emis-
sion will occur from the micro-spots on the cathode when
the cathode surface temperature is higher than 103 K[!
and field emission will occur when the electric field near the
cathode surface is greater than 108 V/m.[%%! Murphy!®*! and
Christov!®#! provided a theoretical derivation of the relation-
ship between current density and the electron flux emitted by
the cathode. Christov and Vodenicharov provided an experi-
mental verification of the relationship between the current den-
sity and the electron flux emitted by the cathode in the high

(651 I this work, according

temperature and high electric field.
to the research of Murphy and Christov, it is assumed that elec-
trons are emitted from the cathode spots accumulation area.
According to the Richardson—Dushman equation, the electron
emission boundary conditions of the cathode spots accumula-

tion area are given as follows:

where J is the current density; M is the constant; & is the
Planck constant; T is the temperature of cathode surface; W
is the escaping work caused by an external electric field; Wy
is work function; Ej is electric field on contact surface; and f
is field enhancement factor. After the liquid metal bridge rup-
tures, the temperature of the micro-spot on the cathode surface
is between the melting point (1357.8 K) and the boiling point
(2835 K) of pure copper.!®®! The temperature of the cathode
spots accumulation area is considered to be constant due to
the extremely short time scale (microsecond) during the arc
formation process. According to Refs. [66,67], T. = 2000 K
was taken in this work. In this work, the effect of the micro-
protrusion on the breakdown at the contact surface is not con-
sidered, so the field enhancement factor f is set to 1.

In the simulation, the gas pressure is set to 1 atm (1 atm =
101.325 kPa). The boundary conditions that are used in the
model are summarized in Table 1. The 16 species (particles)
considered in the model are shown in Table 2. The gas phase
reactions and surface reactions considered in the model are
shown in Tables 3 and 4, respectively.

Table 1. Boundary conditions used in the model.

AB BC DF FA
ne  on/dr=0 Eq.(18) Eq.(18) Eq.(26)
n on/dr=0 Eq.(19) Eq.(19) Eq.(19)
Nm Onm/dr=0 Eq.(20) Eq.(20)  Eq.(20)
ne  dng/dr=0 Eq.(21) Eq. (1) Eq.(27)
¢  9¢/dr=0  coupled ¢=0V =0V

Table 2. The particles considered in the model.

J= M4nm°e T2 exp <_ W> (26) Neutral particles O,N,0,,N,,03
o T.)’ Positive ions 0*,07,0%,0} N N} ,N,0F
e Negative ions 07,05
W=Wo— Amey Efl, 27 Excited state particles 05,N%
Table 3. The gas phase reactions considered in the model.

Number Reactions Rate coefficients® Thresholds (eV) Ref.
R1 e+Ny=e+N, FiGk - [68]
R2 e+Ny=> e +N; f(@) 11.87 [68]
R3 e+N; =>2e+NJ f(® 15.6 [68]
R4 e+N;=e+N; f(® —11.87 [68]
RS e+0=¢e+0; f® - [68]
R6 e+0,=0+0" f(€) - [68]
R7 e+0; =05 f(® - [68]
RS e+0;=¢e+0; f(® 9.97 [68]
R9 e+0;=>2e+07 f(€) 12.06 [68]
R10 e+05=e+4+0; f(®) —9.97 [68]
R11 e+0=2e+0" f(® 13.618 [68]
RI2 e+03=>2e+07 f(®) 12.43 [68]
R13 e+20; = 0, +05 f(€) 0 [68]
R14 e+0" =2e+0 f(® 1.46 [68]
RI15 e+0F =20 f(®) - [68]
R16 e+0] =0, 4% 10718 [69]
R17 e+03=0+0; 1.0x 10715 [49]
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Table 3. Continued.

Number Reactions Rate coefficients® Thresholds (eV) Ref.
RIS e+03=0,+0" 1.0x 10717 [49]
R19 Ny +03=N;+0+07 1.0x 10716 [49]
R20 0,+N} =0 +2N; 2.5x 10716 [41]
R21 0, +N,0F = O] +N;, 1.0x 1071 [70]
R22 0;+0" =20,+e 3.0x 10710 [49]
R23 07 +0" =0+0, 42x10713 [42]
R24 07 +0; =30, 1.0x 10712 [70]
R25 2N, + N = Ny + N 5.0x 1074 [70]
R26 N2 +Nj +0; = Nj +0, 1.9% 1074 [41]
R27 N2+02+0= N, +03 6.2 x 10746 [41]
R28 N24+0; +0™ = N;+0;3 2.0x107% [38]
R29 N2 405 +0; =N +20; 2.0x107%7 [42]
R30 N2 +0; +0; =N, +30, 2.0x107%7 [70]
R31 2N+0; = Ny +0, 3.9%x107% [42]
R32 N+20 = N+0, 32x107% [38]
R33 20,+0=0,+0;3 6.9 x 10746 [41]
R34 20, +05 = 0,+0; 24x 1074 [41]
R35 0,+03 +0; =30, 2.0x107%7 [42]
R36 0,407 +0; =40, 2.0x107% [70]
R37 e+Ny= e+2N 1.0 x 10M7,051016/% [38]
R38 e+NJ =N+N 4.8 x 10713(7,/0.026) 70> [38]
R39 ¢+20, = 0,405 5.0x 1078 (T) ! [69]
R40 e+03=0,+0+e 1.78x10—12[%TC]—0-*'>“‘X10—%?Tc [49]
R41 e+05 =20 1.2 x 107147,707 [69]
R42 e+0; =20, 2.25x 1071837,703 [71]
R43 2¢e+NJ = e+N; 1.403 x 107207743 [71]
R44 N2 +N0F = 2N, + 05 14.67753 x 1072357/Te (701
R45 NF +0; =N+ 05 8.1x 107872 [70]
R46 N, +0,+05 = N, +0f 2.4x10737,732 [70]

The rate coefficients of the two-body reaction and the three-body reaction are in units of m® /s and m® /s. respectively. The unit of Tyand T¢ is eV.

b £(€) represents the rate coefficient obtained through the cross-section data taken from www.Ixcat.net, and then tabulated as a function of €.

Table 4. The surface reactions considered in the model.

Number Reactions %
S1 N; -+ surface = N, 0.02876
S2 05 + surface = O 0.02776
S3 NI + surface = 2N, 0.5
S4 OI + surface = 20, 0.5
S5 N,03 + surface = N, + O, 0.5
S6 O; + surface = O, 0
S7 N3 +surface = N, 0
S8 O; +surface = O 0

2.3. External circuit setup

In this work, an RC series external circuit is set to keep
the discharge current constant. The external circuit is shown
in Fig. 3, and the external circuit is connected with the arc
plasma computing domain. The capacitance Cy, is set as 0.1 pF
to make the current in the arc plasma computing domain rise
smoothly, and the numerical stability at the initial moment of
the simulation can be improved.

2.4. Meshes and convergences

The division of the mesh is of vital importance for the ac-
curate solution of the model. The mesh can be considered to

meet the requirement of solving accuracy by refining the mesh
continuously until the solution results do not change with the
mesh refinement.

To reduce the amount of calculation and ensure the ac-
curacy of the computational results, the model is divided into
two mesh subdivision regions, ABEF and CDFE, as shown
in Fig. 2(b). ABEF is the region where particles impact vio-
lently and the encrypted mesh is used in this region because
the mean free path of electrons in high-pressure arc discharge
is extremely short. Therefore, the maximum size of the free
triangle mesh adopted in the model is 0.6 pm, the minimum
size is 0.1 um, and the maximum mesh growth rate is 1.1.
CDEFE is the region where partials impact non-violently. The
maximum size of the free subdivision triangular mesh is 4 pm
and the minimum size is 0.1 um, the maximum mesh growth
rate is 1.05.

The simulation is carried out through COMSOL Multi-
physics 6.0® commercial software.”?! To ensure the calcu-
lation accuracy and improve the convergence of the model,
the PARDISO solver[! is used, and the backward difference
method is adopted for time stepping. The computational du-
ration of every simulation is less than 50 hours on the EPYC
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7713 platform with 128 GB memory.

HOPE N

Arc plasma
computing domain

Fig. 3. RC series external circuit.

3. Model validation

To verify the effectiveness of the model, a simulation
model consistent with Ref. [74] was established, as shown in
Fig. 4(a). The anode and cathode are cylindrical; the diameter
of the electrode is 1 mm; the separation of the electrode is fixed
to 3 mm; the arc medium is air with 1 atm pressure; the anode
voltage is 8 kV and the cathode is grounded; and the arc cur-
rent is 0.8 kA. The electron number densities along the radial
sampling transversals obtained by experiment and simulation
are shown in Fig. 2(a). The electron number densities of each
sampling transversal at 10000 ns measured by the experiment

are shown in Fig. 4(b). The electron number densities of each
sampling transversal at 10000 ns in the simulation model that
are consistent with Ref. [74] are shown in Fig. 4(c). It can be
seen from Figs. 4(b) and 4(c) that the simulated arc column ra-
dius is a little larger than the measured result because there is a
high-current density in the arc discharge and the self-generated
magnetic field generated by the arc current plays an important
role in arc force. The radial Lorentz force F, = — % [JOJZZr gen-
erated by the self-generated magnetic field on the arc plasma
points to the interior of the arc and tries to pinch the arc to
a smaller diameter. This phenomenon is called a Bennett
pinch. 73] Therefore, the arc column shrinks due to the arc self-
generated magnetic field. In our simulation, without consider-
ing the self-generated magnetic field, the arc column radius is
slightly larger than the measured one. The electron number
density distribution obtained by simulation presents a Gaus-
sian distribution and the simulation result of electron number
density at the axis is 4.69 x 10%* (y = 1.2 mm), 3.32 x 103
(y=0mm), 7.19 x 10> (y = —1.2 mm). While the measured
result is 4.75 x 10% (y = 1.2 mm), 3.05 x 10> (y = 0 mm),
6.70 x 10%* (y = —1.2 mm) Therefore, the simulation and ex-
perimental results have a good agreement, which proves the
validity of the simulation model.

1 - 10 — T T T
) 1 mm (®) —vy=12mm ! © ——y=12mm
—y=0mm Axis gl ——y-0mm  Axis
Anode 8 412 mm ; _ °®[—y=—12mm 1
—12mm- - - - ' ' ki
y=12mm - = g 6l l
y=0mm- - - - - - g go go
® T4 C 4t 7
y=-1l2mm------ o® & ]
o 1
Cathode._ 2 ! 2 : 1
! I
O == 1T 3 R T2

Radial distance (mm)

Radial distance (mm)

Fig. 4. Numerical model validation. (a) The geometric model, the tungsten electrode contact separation is 3 mm, the arc medium is air with
1 atmosphere pressure, the anode voltage is 8 kV and the cathode is grounded, and the arc current is 0.8 kA. (b) Experimental measurement

results. [’ (c¢) Simulation results.

4. Simulation results and analysis

4.1. The formation process of a near-cathode sheath with
20 kA arc current

In this section, a 20 kA DC short-circuit current inter-
rupted in the medium-voltage DCCB is taken as an example
to investigate the arc plasma behavior between electrodes and
the near-cathode sheath formation process.

Figure 5 shows the evolution process of electron number
density n. and ion number density n; when the 20 kA current
is interrupted. Before the arc conducting path is established,
field emission at the cathode surface is the main electron emis-

sion mechanism. After the arc conducting path is established,

thermionic emission at the cathode surface is the main elec-
tron emission mechanism. During the arc formation process
and arc combustion, electron impact ionization is the main ion-
ization mechanism and is also the main means of positive ion
generation between electrodes. It can be seen from Figs. 5(b)—
5(i) that at 1 ns, under the action of the electric field, electrons
are emitted from the cathode’s surface and move towards the
anode, and some electrons impact with the neutral particles
between the electrodes, generating positive ions and new elec-
trons. The number density of positive ions between electrodes
is multiplying, and some electrons arrive at the anode and are

absorbed by the anode. At 2.5 ns, electrons penetrate through
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the entire electrode gap and the arc column is formed. The ion
number density in the arc column reaches the same order of
magnitude as the electron number density 1072, the arc column
is almost completely ionized, while the ion number density in
the periphery of the near-cathode sheath (hereinafter referred
to as the pre-sheath layer) is higher than the electron number
density. This shows that electrons impact with neutral parti-
cles in the pre-sheath layer, and then ionize to generate posi-
tive ions and new electrons. With the increase of positive ions
generated by the electron impact ionization in the pre-sheath
layer, the internal electric field generated by positive ions is re-
versed with the external electric field, resulting in an increase
of the electric field intensity in the near-cathode sheath. Elec-
trons pass through the near-cathode sheath quickly under the
strong electric field, so the number density of electrons in the
near-cathode sheath is low. At 5.0 ns and 20 ns, the electron
and ion number density in the arc column reaches the steady
state at the order of magnitudes 10?3, At the same time, the
electron number density is larger than the ion number density

at the outermost arc column. It can be seen that the outermost
arc column is not completely ionized, which is called an arc
plume in Ref. [48]. After 20 ns, the electron number density
and ion number density begin to decrease slowly because of
the broadening of the arc column. At 500 ns, positive ions
with slow velocity compared with electrons pass through the
near-cathode sheath and reach the cathode’s surface, and posi-
tive ions on the cathode’s surface that have not been absorbed
by the cathode are still there. At the same time, positive ions
impact the cathode’s surface and the secondary electron emis-
sion is produced. When the arc reaches the steady state, the
electric field intensity on the cathode’s surface reduces, which
is not enough to maintain the field emission of electrons on the
cathode’s surface. Therefore, when the steady state of the arc
is established, the thermionic emission at the cathode surface
and the secondary electron emission generated by the positive

ions impact the cathode’s surface and maintain arc combus-

tion.
Max
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Fig. 5. Contact fixed separation 1 mm, arc current 20 kA, discharge pressure 1 atm. (a) The overall two-dimensional profile of the initial arc
between electrodes; (b)—(i) are the two-dimensional profiles of the electron number density n. and ion number density n; distribution between

the electrodes.

Electron impact ionization is the main ionization mech-
anism between electrodes during the arc formation process.
Figure 6(a) shows the evolution of the electron number den-
sity versus time along the axis. The electron number density
in the arc column increases first, then decreases, and then in-

creases until it reaches a steady state. Before 5 ns, the elec-
trons emitted from the cathode impact with neutral particles
to ionize between electrodes and the electron number den-
sity increases rapidly. At 5 ns, the electron number density
approaches the order of magnitudes 10> m~3. During 5 ns—
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500 ns, electrons move to the anode under the action of electric
field and are absorbed by the anode, and the electron number
density between electrodes decreases gradually. After 500 ns,
as positive ions arrive at the cathode, they impact the cath-
ode’s surface and produce secondary electron emission, the
cathode’s emission is enhanced, and the electron number den-
sity in the arc column increases again, reaches a steady state at
10000 ns, and a free burning arc is formed. Figures 6(b) and
6(c) show the evolution of the positive and negative ion num-
ber density, respectively. Positive ions are mainly produced by
electron impact ionization, and negative ions are mainly pro-
duced by neutral particles absorbing electrons. The positive
and negative ion number density in the arc column increases
rapidly before 5 ns, and increases slowly until it reaches its
steady state between 5 ns and 10000 ns. When the arc reaches
a steady state, the number density of positive ions in the arc
column is slightly higher than that of negative ions, indicating
that the arc column has an electropositive property, which is
consistent with the results reported in Ref. [76]. In the near-
cathode sheath, as shown in Fig. 6(a), the electron number
density is very low. This happens because a strong electric
field in the near-cathode sheath is established due to the posi-
tive space charge at the junction between the arc column and

—&— 1 ns

—e—2.5ns
—o6— 100 ns —¢— 500 ns

0 0.2 0.4 0.6
Axial distance (mm)

—~
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~
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glo |
::1014 S
1012

1010 i

0.8

8 Ll L L .
10 0.4 0.6
Axial distance (mm)

the near-cathode sheath. The electrons are accelerated by the
strong electric field and the electrons that are emitted from
the cathode rapidly leave the near-cathode sheath. Due to the
low electron number density and low collision probability in
the near-cathode sheath, this region is called a collisionless
region in Ref. [21]. Therefore, the positive and negative ion
number density in this region is low. However, the number
density of positive ions in this region is 6—8 orders of magni-
tude higher than that of negative ions. As shown in Fig. 6(d),
there is a large amount of net space charge at the junction be-
tween the arc column and the near-cathode sheath. As time
goes on, the positive space charge number density in the near-
cathode sheath also increases, which will lead to the formation
of an internal electric field at the periphery of the near-cathode
sheath. This internal electric field is opposite to the electric
field generated by the external circuit. The electric field re-
versed region is then formed. It is difficult for positive ions
to break through the electric field reversed region to enter the
near-cathode sheath and then be absorbed by the cathode. This
is the main reason for the accumulation of positive charges and
the high number density of net space charges in the periphery
of the near-cathode sheath.
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Fig. 6. Contact fixed separation 1 mm, arc current 20 kA, discharge pressure 1 atm. The x-coordinate of 0 mm represents the cathode’s surface,
and the x-coordinate of 1 mm represents the anode’s surface. (a) Electron number density along the axis; (b) positive ion number density along
the axis; (c) negative ion number density along the axis; and (d) net space charge number density along the axis.
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Figure 7 shows the electric potential and electric field in-
tensity along the axis versus time. With the development of
the arc discharge, the electric potential between electrodes de-
creases gradually until the electrode gap breaks down. A free
burning arc is then formed when the voltage drop in the arc
column is almost O and the voltage drop in the near-cathode
sheath is established. During the establishing process of the
near-cathode voltage drop, the value of this voltage drop is
1750 V at 5 ns. Meanwhile, the electrons emitted from the
cathode’s surface have already penetrated the entire electrode
gap and reached the anode surface. However, the positive
ions emitted from the anode have not reached the cathode
surface, there is a large electrical barrier in the near-cathode
sheath, and the electrode gap has not broken down. Subse-
quently, the near-cathode sheath voltage drop decreases grad-
ually. At 10000 ns, the voltage drop is 12.33 V, indicating that
the electrode gap has broken down and a stable arc discharge
is formed. In Fig. 7(b), the electric field in the near-cathode

—&8— 1ns

—e— 2.5 ns
—o— 100 ns —&— 500 ns

100

10F

Electric potential (V)

1 1 1 1 1
0 0.2 0.4 0.6

Axial distance (mm)

0.8 1.0

sheath is distorted. Before 5 ns, the electric field is distorted in
the near-cathode sheath and becomes larger and larger with the
development of arc discharge, the distortion degree of electric
field reaches its maximum at 5 ns, and the electric field inten-
sity in the near-cathode sheath reaches the order of magnitudes
107V /m. Then, the distorted electric field in the near-cathode
sheath decreases gradually and a relatively stable near-cathode
sheath voltage drop is established. The collision reaction of
particles between electrodes and the velocity difference caused
by different particle masses increases the positive charge in the
near-cathode sheath, which distorts and increases the electric
field intensity in the near-cathode sheath. Because the electron
number density at the periphery of the near-cathode sheath
(pre-sheath layer) is higher, the collision reaction of electrons
in this region is drastic, and so more positive ions are gener-
ated. Therefore, the growth rate of the electric field intensity
near the cathode is higher than that near the anode.
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Fig. 7. Contact fixed separation 1 mm, arc current 20 kA, discharge pressure 1 atm. The x-coordinate 0 mm represents the cathode surface and
the x-coordinate 1 mm represents the anode surface. (a) Electric potential along the axis; and (b) electric field strength along the axis.

Figure 8 shows the distribution of different particles be-
tween electrodes along the axis at 10000 ns, only the axial
data within 0.5 mm on the cathode surface is extracted for a
clearer observation. In Fig. 8(a), under the action of the elec-
tric field, the positive ions generated by electron impact ion-
ization in the arc column migrate to the near-cathode sheath,
those which have not been absorbed by the cathode are the
main sources of positive ions. Meanwhile, the negative ions
generated by neutral particles adsorbing electrons in the near-
cathode sheath are the main sources of negative ions in the
near-cathode sheath. Due to the fast movement and the high
energy of electrons in the near-cathode sheath, the electron im-
pact ionization happens easily and the adsorption reaction is

of low probability to happen. The positive ion number density

adjacent to the cathode is 4 orders of magnitude higher than
that of negative ions, so the near-cathode sheath is electropos-
itive, which has been referred to as a positive space charge
layer in the Ref. [20]. The positive ion number density is al-
most equal to that of negative ions in the arc column, so the
arc column is quasi-neutrality. In Fig. 8(b), N2+ and 02+ are
the dominant positive ions along the axis. The number density
of N is slightly higher than that of O] in the near-cathode
sheath and the number density of OEL is slightly higher than
that of N3 in the arc column. In the near-cathode sheath, the
number density of OgL increases significantly because the gen-
eration of 03+ is mainly due to the electron impact ionization
reaction R12 and the reaction rate of R12 increases signifi-
cantly at a high electron temperature.!>8! The O;r produced at
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the periphery of the near-cathode sheath migrates to the cath-
ode’s surface under the action of the electric field, resulting
in a higher concentration of 03+ near the cathode surface. In
Fig. 8(c), the number density of O~ is 67 orders of magni-
tude higher than that of O, because O~ mainly comes from

from the electron impact ionization reaction R20 and adsorp-
tion reaction R42. Since the reaction rate of R13 is much
higher than that of R20 and R42, the number density of O™
is much higher than that of O, . As the discharge pressure de-
creases, the difference between the number density of O™ and

the electron impact ionization reaction R13, while O; comes O decreases.!’”]
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Fig. 8. Contact fixed separation 1 mm, arc current 20 kA, and discharge pressure 1 atm. The x-coordinate of 0 mm represents the cathode
surface. (a) Electron number density ne, positive ion number density 7,, and negative ion number density n, distribution along the axis at
10000 ns; (b) dominant positive ions distribution along the axis at 10000 ns; (c) dominant negative ions distribution along the axis at 10000 ns.

4.2. Effect of different current levels on the near-cathode
sheath voltage drop

To understand the physical and chemical process between
electrodes and the development law of the near-cathode sheath
in the early arc formation process when different short-circuit
currents are interrupted in medium-voltage DCCB, simula-
tions with short-circuit current levels of 20 kA, 40 kA, 60 kA,
and 80 kA were carried out in this work. The electron num-
ber densities between electrodes, net space charge, and voltage
drop in the near-cathode sheath during the arc formation pro-
cess were predicted.

Figure 9 shows the electron number density distribution
along the axis with different arc currents at 10000 ns. The
electron number density in the near-cathode sheath approaches
0, which is due to the high electric field intensity in the near-
cathode sheath. The electrons are accelerated by the electric
field, and so they cannot stay in this region. At the junction of
the near-cathode sheath and the arc column, the electron num-
ber density increases rapidly. In this region, the electrons and
heavy particles have a violent impact ionization. In the arc
column, the electron number density is at the order of mag-
nitudes 10?2, and the higher the arc current is, the higher the
electron number density is. In the near-anode region, the elec-
tron number density drops sharply, which is due to the rapid
absorption of electrons by the anode. In Fig. 9, the thickness of
the near-cathode sheath is about 0.1 mm (including the space
charge layer and the pre-sheath layer), and the thickness of the
near-cathode sheath is independent of the arc current.

To further investigate the near-cathode sheath, the net
space charge distribution at 10000 ns with different currents
on the cathode surface within 0.1 mm along the axis is ex-
tracted in Fig. 10. The net space charge has a maximum value
on the cathode’s surface. Within 0.1 mm on the cathode sur-
face, the net space charge number density decreases with the
increase of axial distance, and decreases the fastest within
0.017 mm, which is called the space charge layer.[”8! In the
range of 0.017 mm-0.095 mm from the cathode surface, the
net space charge number density remains relatively stable. In
this region, the net space charge is at the order of magnitudes
10~* C/m? with arc currents 20 kA and 40 kA and at the order
of magnitudes 10~ C/m?® with arc currents 60 kA and 80 kA.
This region is usually called the pre-sheath layer. The pre-
sheath layer can maintain the continuity of the arc current. In
other words, electrons are ionized by impacting with neutral
particles in this region after being accelerated by the electric
field in the space charge layer.[””) According to this analysis,
the thickness of the space charge layer is about 0.017 mm, the
thickness of the pre-sheath layer is about 0.078 mm, and the
thickness of the two layers is independent of the arc current.

Table 5 shows the near-cathode sheath voltage drop at
10000 ns. The near-cathode sheath voltage drop is 11.14 V
at 80 kA and 12.33 V at 20 kA. Reference [80] obtained the
near-cathode sheath voltage drop with a copper electrode air
arc within the range of 10 V-12 V through experimental ob-
servation. The simulation results are in good agreement with
the experimental results. The near-cathode sheath voltage drop
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decreases with the increase of arc current, which is consistent
with the trend of the near-cathode sheath voltage drop reported
in Refs. [29,81]. Therefore, the larger the arc current is, the
weaker the current-limiting effect of the splitter plates is, and
the more difficult it will be to raise the arc voltage when the
arc is split by splitter plates.

Table 5. Near-cathode sheath voltage drop when different currents
are interrupted in DCCB.

Current (kA) 20 40 60 80
Cathode voltage drop (V) 1233 1190 1133 11.14

1}k |<—Near cathode sheath 1

0.0 0.2 0.4 0.6 0.8 1.0
Axial distance (mm)

Fig. 9. Contact fixed separation 1 mm, discharge pressure 1 atm, the elec-
tron number density distribution along the axis with different arc currents
at 10000 ns when DCCB is interrupted. The x-coordinate of 0 mm rep-
resents the cathode’s surface and the x-coordinate of 1 mm represents the
anode’s surface.
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Fig. 10. Contact fixed separation 1 mm, discharge pressure 1 atm, posi-
tive space charge distribution along the axis on the cathode surface within
0.1 mm with different arc currents at 10000 ns when DCCB is interrupted.
The x-coordinate of O mm represents the cathode’s surface.

4.3. Effect of an external magnetic field on the near-
cathode sheath
To achieve fast interruption, the external magnetic field is
usually adopted to expel the arc to move along the arc runner
in medium-voltage DCCB, which has a great influence on the

arc splitting process. The larger the external magnetic field is,

the faster the arc movement speed is. However, in the early
arc formation process, the external magnetic field has little in-
fluence on the arc motion. After the arc is generated between
two electrodes, no matter how the external magnetic field in-
creases, the arc will stagnate at the electrodes for a short time,
which is called the electrode stagnation of the initial arc.[3%83]
In the actual DCCB product, due to the addition of the mag-
netic plate, the actual magnetic field direction in the prod-
uct is perpendicular to the transverse plane of the arc cham-
ber, which is considered to be the most favorable magnetic
field direction for arc motion.*! Accordingly, in this work, the
magnetic field direction applied is perpendicular to the two-
dimensional plane in the simulation, with values of 0.01 T,
0.02 T, 0.03 T, 0.04 T, and 0.05 T, respectively. To understand
the influence of the external magnetic field on the formation
process of a near-cathode sheath from the microscopic per-
spective, the arc formation process with 20 kA current under
different homogeneous external magnetic fields is analyzed in
this section.

Figure 11(a) shows the electron number density distribu-
tion along the radial transversal GH shown in Fig. 2(b) under
different homogeneous magnetic fields. In Fig. 11(a), the elec-
tron number density in the sheath core is almost 0. When elec-
trons pass through this region, they are accelerated to a high
speed by the strong electric field in the near-cathode sheath
and pass through this region quickly. The magnetic field has
little influence on the electron number density in this region.
In the sheath periphery, the electron number density increases
with the increase of the homogeneous external magnetic field.
This happens because under the action of the homogeneous ex-
ternal magnetic field, the electron trajectory deflects towards
the periphery of the sheath, the electron impact ionization is
enhanced, and the ion adsorption electron process is weak-
ened, which leads to the increase of the electron number den-
sity in the sheath periphery. In Fig. 11(b), the electron energy
at the sheath periphery increases with the increase of the ho-
mogeneous external magnetic field and some high energy elec-
trons in the sheath core are dispersed to the sheath periphery
by the homogeneous external magnetic field, which indicates
that the homogeneous external magnetic field has the effect
of diffusing the arc sheath. The larger the magnetic field is,
the more obvious the near-cathode sheath diffusion effect is,
but the homogeneous external magnetic field has little influ-
ence on the electron number density and electron temperature
in the sheath core. The arc can be diffused by increasing the
magnetic field, but the magnetic field has no significant influ-
ence on the sheath core.

Figure 12(a) shows the distribution of electric field in-
tensity under different homogeneous external magnetic fields
along the axis. In Fig. 12(a), the electric field intensity in
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the near-cathode sheath increases gradually, while the electric
field intensity in the arc column is almost 0. With the devel-
opment of arc plasma, the collision reaction between the par-
ticles and the velocity difference caused by the particle mass
difference increases the positive space charge number density
in the near-cathode sheath, which distorts and increases the
electric field intensity in the near-cathode sheath. Because the
number density of electrons at the sheath periphery is higher,
the electron impact reaction is more intense, and more posi-
tive ions are generated, and the increase of electric field inten-
sity in the near-cathode sheath is greater than that of the near-
anode sheath. With the increase of the homogeneous external
magnetic field, the electric field intensity in the near-cathode
sheath appears to have a decreasing trend. This happens be-
cause under the action of the homogeneous external magnetic
field, the electron impact ionization in the pre-sheath layer

10 T T T T j T [ T
(@) : —o0T
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@ —— 0.03 T ]
g 6L / —0.04 T -
© Sheath core ——0.057T
o |
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Ny
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oL

0 0.5 1.0 1.5 2.0

Radial distance (mm)

is weakened, the positive ion number density is decreased,
and the electric field intensity is decreased accordingly. Fig-
ure 12(b) shows the distribution of electron temperature under
different homogeneous external magnetic fields along the axis.
With the increase of the homogeneous external magnetic field,
the electron energy in the pre-sheath layer decreases gradu-
ally, which is manifested by a decrease in electron tempera-
ture. This happens because under the action of the homoge-
neous external magnetic field, the electrons move towards the
anode and the electron energy in the near-cathode sheath is re-
duced. The homogeneous external magnetic field has little in-
fluence on the electron energy in the arc column. The decrease
of electron energy in the near-cathode sheath can weaken the
electron impact ionization process in the pre-sheath layer, and,
to a certain extent, reduce the electron and ion concentration

during arc generation.

(‘b)].o T T T T T T T I T
—0O0T —0.01T ——0.02T |
—0.03T —0.04T ——0.05T
8 L -
Sheath periphery
1.4
—~ 6} 1.2 4
% < 1.0
- > 0.05T
© =0.8
& 4t o6 |
Sheath core 0.4
oT
0.2
1.25 1.50
2 - Radial distance (mm) s
g# '
oL —.

0 0.5 1.0 1.5
Radial distance (mm)

2.0

Fig. 11. Contact fixed separation 1 mm, arc current 20 kA, discharge pressure 1 atm; data is extracted along the radial transversal GH in
Fig. 2(b). The x-coordinate of 0 mm represents the axis. (a) Radial distribution of electron number density along the transversal GH under
different homogeneous external magnetic fields at 10000 ns; and (b) radial distribution of electron temperature along the transversal GH under
different homogeneous external magnetic fields at 10000 ns.
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Fig. 12. Contact fixed separation 1 mm, arc current 20 kA, and discharge pressure 1 atm. The x-coordinate of 0 mm represents the cathode

surface. (a) Electric field intensity distribution under different homogeneous external magnetic fields along the axis at 10000 ns; (b) electron
temperature distribution under different homogeneous external magnetic field along the axis at 10000 ns.
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5. Conclusions and outlook

In this work, the fluid-chemical model was established
based on the drift-diffusion equations of gas dynamics, cou-
pled with the Poisson equation, and considering the complex
variations of the collision, recombination, drift, and diffusion
of electrons, ions, and excited particles between the electrodes
in atmospheric pressure air arc plasma. The validity of the
model is verified by comparison with the experiment. The for-
mation processes of an air arc near-cathode sheath with the
conditions of atmospheric pressure and high current, and the
influence of different currents and different homogeneous ex-
ternal magnetic fields on the formation process of the near-
cathode sheath are analyzed.

The radial distribution of electron number density ob-
tained by simulation and experiment!’#! shows a Gaussian dis-
tribution. The maximum electron number density at the axis
and the radial distribution of electron number density obtained
by simulation fitted well with the experimental results. This
numerical model can predict the behavior of microscopic par-
ticles accurately (including electrons and ions) between elec-
trodes and the parameters of the near-cathode sheath during
the air arc formation process with atmospheric pressure.

At the initial stage of arc formation, the number density
of electrons in the arc column increases at first, then decreases
and then increases until it reaches stability, and the number
density of positive and negative ions continues to increase until
it becomes stable. After arc formation, the number density of
electrons, positive, and negative ions are between 10> m—3—
10%> m—3, and the number density of positive ions near the
cathode sheath is 6-8 orders of magnitude higher than that of
negative ions. The dominant positive ions between the elec-
trodes are N2+ , 02+ , 03+ and OI, and the dominant negative ions
are O~ and O; . O;r is the most abundant positive ion, and
O~ is the most abundant negative ion. The thickness of the
near-cathode sheath is about 0.095 mm, including the space
charge layer it is about 0.017 mm, and the pre-sheath is about
0.078 mm, thus forming a voltage drop in the near-cathode
sheath. The current ranges from 20 kA to 80 kA, and the volt-
age drop in the near-cathode sheath ranges from 11.14 V to
12.45 V. The voltage drop in the near-cathode sheath decreases
with the increase of the arc current.

The influence of a homogeneous external magnetic field
is also considered in this work and the formation process of
near-cathode sheaths with 20 kA arc current under different
homogeneous external magnetic fields is analyzed. Under the
effect of the homogeneous external magnetic field, the elec-
tron number density at the sheath periphery increases, which
indicates that the homogeneous external magnetic field makes
the arc diffusion but the homogeneous external magnetic field
has little effect on the electron number density and electron
temperature in the sheath core. The larger the homogeneous

external magnetic field is, the smaller the axial electric field in-
tensity in the near-cathode sheath is, and the lower the energy
of electrons entering the pre-sheath layer is. This indicates
that increasing the homogeneous external magnetic field can
weaken the electron impact ionization in the pre-sheath layer.
It is shown that, to a certain extent, increasing the homoge-
neous external magnetic field can reduce the arc energy in the
early arc formation process.

Our understanding of development law and basic theo-
ries of air arc discharge, the most common type of all dis-
charges, are maturing. However, there is no uniform micro-
scopic method for self-consistent description of arc discharge
under all gas pressures. Current and future research should
focus on establishing self-consistent numerical models to de-
scribe known theories and make accurate predictions. The
behavior of particles between electrodes during the air arc
sheath formation process with high current is mainly inves-
tigated and analyzed in this work. In the following improved
model, the heat transfer between the arc plasma and electrode
will be taken into account. Using one set of control equa-
tions to achieve the coupling of arc-sheath-electrode with at-
mospheric pressure air arc is the goal of our future research. In
addition, in the field of engineering technology, the influence
of contact surface morphology, the circuit breaker’s contact
materials, and self-generated magnetic field from the arc on
preliminary arc behavior can be further investigated by com-
bining the fluid-chemical model established in this work with
other existing numerical methods (e.g., nonlinear surface heat-
ing method®* and MHD method[®1).
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