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Abstract. In this work, we focus on the electrical properties of arcs of length of a few millimeters at a
current level of 2 A. The computation is based on a unified non-equilibrium model that resolves the
entire inter-electrode region, applies a deformed mesh to simulate the contact opening, and couples the
heat transfer to the electrodes. The arcs are burning in atmospheric pressure air at the presence of Cu
metal vapour. Experimental findings are used to calibrate the model.
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1. Introduction
Low-voltage, low-current arcs of short lengths that
occur in air in presence of copper metal vapour are
related to electrical switching applications. These arcs
occur mostly in the breaking operation, i.e., when the
copper contacts under current are separated. The
general understanding is that during the initial stage
of separation, the electric current is enforced to flow
through tiny protrusions while the most of the contact
surface is already separated. This leads to increase
of the current density and the Joule heating, which
results in melting and evaporation of the remaining
bridges [1, 2]. The copper metal vapour fills the dis-
charge gap. With the further increase of the discharge
gap the surrounding air mixes with the metal vapour.

The characterization of these discharges is of cur-
rent interest due to the increased demand in automo-
tive applications and other low- direct current (DC)
networks as well as for the reason of fundamental un-
derstanding. The experimental determination of the
arc properties is reported in quite limited number of
studies [3]. Modelling works can complement experi-
mental studies and contribute to the characterization
of the arcs as the spatial resolution of these small-size
objects was enabled in recent years.

In a previous work [4], we applied a unified one-
dimensional (1D) model to describe the arc plasma in
air between cold copper (Cu) electrodes. The results
indicated the occurrence of multiple reversals of the
electric field and the anode voltage drop. Another
work [5] reported on the modelling of an atmospheric
pressure microdischarge in metal vapour of copper
during the initial phase of contact opening. A small
amount of air was considered as a background gas for
gap lengths of 30 µm and 300 µm. The results showed
a significant decrease of the arc voltage in comparison
to pure air and the influence of the field enhancement
factor (FEF) and the discharge radius (Rdis) on the
discharge properties.

The present work considers modelling studies of the
arc behaviour in atmospheric pressure air in presence
of copper metal vapour. The model’s settings are as-
sumed to represent the stage of contact opening when
the surrounding air has replaced in a large amount the
metal vapour. The modelling studies are supported
by experimental findings that provide the temporal
behaviour of the arc voltage during the increase of the
gap length up to 3 mm at a DC current of 2 A. Such
studies have not be reported so far. The results of
the modelling work are therefore its most salient and
novel aspects.

2. Computational method
An almost complete description of the unified non-
equilibrium model was given in [5] and therefore, a
brief overview of the main features is given in what
follows. The model solves the fluid equations for
conservation of particles and energy of electrons and
heavy particles, and the heat transfer in the electrodes.
These equations are written as follows

∂ne

∂t
+ ∇ · Γe = Se, (1)

∂nε

∂t
+ ∇ · Γε + eE · Γe = Sε − Qh − Qrad, (2)

ρ
∂Yk

∂t
+ ∇ · Jk = Sk, (3)

ρCp
∂T

∂t
+ ∇ · q = Qh + QionJ. (4)

The heat transfer in the electrodes is written as

ρsCps
∂T

∂t
+ ∇ · qs = 0. (5)

In equations (1)–(4), ne and nε denote respectively
the electron number density and the density of elec-
tron energy, e is the elementary charge, Γe is the
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electron particle flux, and Γε is the electron energy
flux. Se and Sε are source terms accounting respec-
tively for the gain or loss of electrons and electron
energy in inelastic processes. The terms Qh and Qrad
describe respectively the loss of electron energy due to
elastic collisions with heavy particles and volumetric
radiation. ρ is the total mass density, Yk, Jk, and Sk

denote respectively, the mass fraction, the mass flux,
and the volumetric gain or loss of species of kind k.

The classical drift-diffusion approximation is ap-
plied to the electrons, so that the electron particle
flux Γe and the electron energy flux Γε in equations
(1) and (2) are expressed as containing components
due to drift in the electric field E and due to gradients
of ne and nε.

In Eqs. (4) and (5), Cp denotes the specific heat
capacity at constant pressure, q is the heat flux due
to heat conduction. The subscript s denotes the quan-
tities corresponding to the solids. Further, the term
QionJ in Eq. (4) represents the Joule heating of the
ions.

The multi-component diffusion of species is solved
in terms of a mixture-averaged model accounting for
a full expression of diffusivity and a mixture diffusion
correction. The plasma-chemical model is based on
the 11 species reaction scheme for air [6] with atoms
and singly charged ions of copper being added up.
A special treatment is applied to obtain the rate co-
efficients for electron impact ionization and 3-body
recombination of the Cu species taking into account
the large number of excited states of Cu atoms. It is
based on the modified diffusion approach [7], in which
the ionization and recombination represent diffusion
of bound electrons over the energy levels.

A Maxwellian distribution of the electron velocity is
assumed with the electron temperature Te, while the
heavy species (atoms, molecules, ions) are considered
in equilibrium at a common temperature T .

The electric potential, V , is obtained by solving the
Poisson’s equation

∆V = −ρq

ε0
, (6)

where ρq is the space charge density, and ε0 is the
vacuum permittivity. The self-consistent electric field,
E, follows from E = −∇V .

The electric current density in the discharge j is
composed of the particle flux of electrons (Γe) and
the total of particle fluxes of ions of kind i (Γi), i.e.
j = −e(Γe − ΣiΓi). Its value is controlled by the
electric current in an external electric circuit includ-
ing a voltage source U0 and a ballast resistance Rb,
and the surface area of the electrodes S. Therefore,
an equation for the external circuit is added to equa-
tions (1)–(6)

Va = U0 − IRb, (7)

where I =
∫

S
n · jdS denotes the electric current col-

lected on S, and Va is the potential at the anode.

Boundary conditions to equations equations (1) and
(2) on the electrodes are written in terms of fluxes as
follows

n · Γe = 1
4nevth,e − γΣiΓi · n − Γtf · n, (8)

n·Γε = 1
4nevth,e ·2kBTe−γΣiϵse,iΓi ·n−ϵtfΓtf ·n. (9)

The terms included in equations (8) and (9) represent
in the order of their appearance contributions due to
thermal diffusion of electrons to the electrode, sec-
ondary and thermo-field emission of electrons. The
current density due to thermo-field electron emission
from the Cu cathode, jT F (E, Tw), and the effective
work function, W ′(E, Tw), are obtained using the
Transferred Matrix Method [8] with Tw being the wall
temperature of the cathode.

The boundary conditions to the equation for trans-
port of heavy species of kind k (equation (3)) read

n · Γk = 1
4nkvth,k + aµinkE · n. (10)

The thermal balance of the electrodes implies heat
conduction and plasma-wall interaction that can result
in melting and evaporation of the electrode material.
The boundary conditions to equations (4) and (5) em-
ploy a fixed temperature for the anode and the cathode
ends, which are not in contact with the plasma. On
the edge between the plasma and the electrodes, heat
fluxes Qc and Qa are introduced to account for con-
tributions from the plasma to the heating/cooling of
respectively the cathode and the anode. These fluxes
add up the heat fluxes due to thermal conduction and
are expressed as

Qc =
∑

i

(jion,i(Eion,i − W ) − jse,i(Eion,i − W ))

−jtfW
′ + 1

4nevth,e(2kBTe + eW ) − ϵcσSBT 4
w

−£cJvap,cmv,c, (11)

Qa =
∑

i

(jion,i(Eion,i − Wa))

+1
4nevth,e(2kBTe + eWa) − ϵaσSBT 4

w,a

−£aJvap,amv,a, (12)

The thermodynamic properties of the species are
implemented as functions of the gas temperature in
the region from 300 K up to 20000 K [9]. Data for
the radiation losses [10] are considered in the energy
balance of the electrons since the the excitation of
copper atoms is considered to originate from collisions
with electrons. The energy losses due to radiation
are then related to the thermal balance of the gas as
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well because electrons and heavy particles exchange
energy in elastic collisions.

The model is realized as one-dimensional on the
computational platform COMSOL Multiphysics®.
The differential equations are solved applying a time-
dependent direct solver PARDISO and a fully coupled
non-linear approach based on the Newton method.
This allows us to solve all dependent variables within
a single iteration. The initial time step is 1×10−13 s.
An automated increase is enabled in case the conver-
gence criteria are satisfied.

The radial extent of the discharge is needed for
realistic values of the electric current density. Esti-
mates are obtained from high-speed imaging in the
experiments [11]. The radial extent of the discharge
(Rdis) is defined as a function of the time of motion
and is modified during the contact separation. It can
be scaled by introducing a scaling factor FRdis. The
contact separation is simulated by the deformed mesh
method. The computational grid in the discharge
gap typically has 5000–6000 mesh elements as their
size is exponentially decreasing toward the electrodes.
The discretization of the electrodes applies 200 mesh
elements as their size is linearly increased toward the
ends. The simulations are performed like the exper-
iments, i.e. the discharge is burning for 11 ms in a
gap with a length of 30 µm before the contacts are
separated within 52 ms with a constant speed so that
the gap length is increased up to 3 mm.

3. Electrical measurements
A description of the experimental methods applied to
the studies of electric arcs that are of relevance to the
present work is provided in [11]. For the sake of com-
pleteness, a summary of the electrical measurements
is given here.

To ignite the microarc, a 2 A DC pulse is sent
through two opening copper electrodes. The exper-
iment is conducted in ambient air at atmospheric
pressure. During the opening process, the microarc
voltage is measured using a digital oscilloscope (Yoko-
gawa DLM2054). A step motor is used to set one
electrode in a reproducible motion, while the position
of the second electrode is fixed. The electrical diag-
nostics are complemented by optical data providing
the radius of the discharge at different instances and
positions, a high-speed camera (Photron Fast-Cam
NOVA R3) records the arc formation in parallel with
a frame rate of up to 10000 s−1 and exposure times
down to 2 µs.

4. Results and discussion
Experimental finding obtained by means of electri-
cal measurements, high-speed imaging, and optical
emission spectroscopy [11] provide the arc voltage,
images of the discharge and indication of presence
of copper metal vapour during the contact opening.
Although experimental results can scatter due to dis-
charge instabilities and a reliable evaluation of the

copper content is not currently available, the data
are important to the settings of the model. Based on
experimental data it is assumed that the radial extent
of the discharge increases with the increase of the gap
length. This means that a cylindrical shape of the
discharge is assumed preserved in the framework of
the 1D model. In reality, the discharge radius appears
larger in the middle part of the gap.

Another important issue in the model is the treat-
ment of the electron emission from the non-refractory
copper cathode [8]. The electron emission current
density is pre-computed as a function of the electric
field (E) at the cathode surface and the temperature
(Tw) on the cathode surface. The formation of cath-
ode spots cannot be captured by the 1D model but
it can be assumed that the model considers values
of E and Tw corresponding to those of a spot. A
FEF, which multiplies the electric field obtained from
the Poisson’s equation (E · FEF ) is introduced to
account for a surface roughness and/or a presence of
protrusions that cannot be otherwise captured in the
1D model. The FEF is another model parameter that
can be adjusted in comparisons with the measured
voltage. Note that the evaluation of the electron emis-
sion current density can include effects of lowering of
the surface potential barrier for the electrons due to
the Schottky effect but also a splitting of the barrier
caused by presence of ions near the cathode surface.
The latter leads to ion-enhancement of the electron
emission and depends on the position of the ion. An
account of this effect is not included yet but will be
studied in forthcoming works.

Furthermore, a variation of the copper content in
the gas mixture has been carried out in order to show
its effect on the plasma parameters and find values
in particular of the arc voltage, which agree with the
measured one. Note that the lowering of the copper
content in the plasma is limited by the accuracy of
the multi-diffusion problem. The accuracy of the
solutions becomes critical for a mole fraction of the
copper vapour below ∼ 1 × 10−3.

Simulations are performed starting with a discharge
burning with a minimum gap length of 30 µm for
a physical time of 11 ms. The contacts are further
separated until the gap length reaches a value of 3 mm
with a time of moving 51 ms. The increase of the gap
length proceeds with a movement of the anode. These
conditions correspond to the series of experiments
carried out for a DC current of 2 A. In the simulations,
the discharge radius, the field enhancement factor, and
the mole fraction of Cu-vapour are varied in order to
match the model and the experiment. The results
obtained are presented in what follows.

Figure 1a shows the adopted discharge radii as a
function of the distance from the cathode. A curve
with a scaling factor of unity is considered as basic
along with scaling factors of 1.1, 1.2, and 1.3. Simu-
lations are performed for the various scaling factors
(FRdis) of the discharge radius. The field enhancement
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Figure 1. a) Variation of the discharge radius, b)
Measured and computed arc voltage. The simulations
are performed with FEF=140 and xCu=0.002.

factor is considered with a value of FEF=140 and the
mole fraction of Cu-vapour is xCu=0.002. The pre-
dicted arc voltage is presented in comparison with
experimental values, which are measured during the
moving of the anode. The results show that predicted
voltage increases with the increase of the discharge
radius, which means a decrease of the current density
at a constant current. The best match is obtained
with a scaling factor of 1.2. This value is kept for the
further simulations.

Figure 2 shows results obtained with a variation
of FEF, while the mole fraction of Cu-vapour is
xCu=0.002 and the scaling factor of the discharge
radius is FRdis=1.2. The FEF implicitly increases the
electric field on the cathode surface and the thermo-
field electron current density. The higher factor leads
to lower values of the arc voltage. The best match
of predicted and measured values is achieved with
FEF=140. Note that FEF controls the electron emis-
sion the cathode. The current density on the cathode
contains components due to thermo-field emission, sec-
ondary electron emission caused by ion bombardment
(plays a negligible role), back diffusion of electrons
from the plasma, and ion drift to the cathode. The
FEF value can change the ratio of the electron and
ion current components on the cathode with respect
to the total current density.

Figure 3 shows the computed and measured val-
ues of the arc voltage for various mole fractions xCu

of the Cu-vapour in the mixture for FRdis=1.2 and

Figure 2. Computed and measured arc voltage for
various FEF values. The simulations are performed
with xCu=0.002 and FRdis=1.2.

Figure 3. Computed and measured arc voltage during
the contact opening. Experimental results of four series
are shown and denoted with the numbers 1–4.

FEF=140. Here, the values from four experimental
runs are presented. The latter indicate different con-
ditions in the initial phase of the discharge with a
fixed gap length of 30 µm. It can be assumed that
in some experiments no discharge was initiated. The
best agreement of the predicted and measured voltage
is obtained for xCu=0.002. Note that the scattering
of the experimental values for a given gap length (to
given time of moving) is comparable with the change
in the discharge voltage due to variation of xCu.

Plasma parameters obtained with the factors pro-
viding the best matches in Figures 1–3, i.e., FRdis=1.2,
FEF=140, and xCu=0.002, are shown in Figures 4
and 5. Note that the curves of various colors are used
to distinguish the different gap lengths during the con-
tact opening. The spatial distribution of the electric
potential (Fig. 4a) indicates a large potential drop
in the vicinity of the cathode and the occurrence of
multiple reversals of the electric field, while a smaller
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Figure 4. Distributions of a) the electric potential,
b) the electron temperature and gas temperature for
selected gap lengths during the contact opening. Note
that different colors are used to distinguish the results
for the selected gap lengths.

voltage drop is predicted in the vicinity of the an-
ode. A well extended increase of the electric potential
from the middle of the gap distance toward the anode
can be seen for all selected gap lengths except the
initial one (30 µm). This relates to the increase of
the electron and gas temperatures (Fig. 4b) in the
bulk plasma. Note that the large voltage drop in the
cathode space-charge sheath is not resolved in this
graph. It should be further noted that the plasma
is in thermal non-equilibrium over the all discharge
gaps.

Figure 5 shows the distributions of mole fractions
of neutral species (a) and number densities of the
dominant charged species for a gap length of 3 mm.
Note that the dominant neutral species are molecular
N2 and atomic O. The initial average mole fraction of
Cu atoms (xCu=0.002) turns to an increased presence
of Cu atoms toward both electrodes. The double

Figure 5. Distributions of the mole fraction of neutral
species (a) and number densities of electrons and cop-
per ions (b) for a gap length of 3 mm.

log-scale in Figure 5b shows the spatial extent of the
cathode space charge sheath (∼ 5 µm) and underlines
the dominant role of the Cu+ ion.

5. Conclusions
This work presents a study of the electrical properties
of arcs of length of a few millimeters at a current level
of 2 A in atmospheric pressure air. The arcs are burn-
ing in the presence of Cu metal vapour. Variations
of model parameters (discharge radius, field enhance-
ment factor, mole fraction of Cu atoms) allowed us
to achieve a proper match with experimental findings.
The behaviour of the plasma parameters is obtained.

6. Data availability statement
The data that support this study are
openly available at the following URL/DOI:
www.inptdat.de/dataset/Modelling-studies-of-arcs-
of-short-length-between-copper-electrodes [12].
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