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Abstract. In this work an arc model is employed along with electric and spectroscopic measurements
to study DC electric arcs in Ar and CO2. The model is aimed at describing the arc and the electrodes.
Simulation and experimental results are shown for currents between 150A and 210A.
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1. Introduction
Experimental and simulation studies of electric arcs,
which are used in industrial applications, are impor-
tant for a deeper understanding of the arc process.
Some gases such as SF6, used in circuit breakers, have
a negative impact on the environment. Therefore,
alternatives are considered and one potential candi-
date is carbon dioxide (CO2) due to its electrical and
chemical properties.

The modelling of electric arcs, which combines the
equilibrium description of the bulk plasma and a non-
equilibrium treatment of the near-electrode regions
[1, 2], has been considered as an alternative to the fully
equilibrium approach applied over the course of many
years [3, 4] and the fully non-equilibrium approaches
suggested more recently in [5, 6]. The combined mod-
elling of the plasma bulk and the cathode boundary
layer in DC arcs with a refractory cathode allows ac-
counting for the significant amount of electric power
deposited in the thin boundary layer adjacent to the
cathode, in particular for currents below 200A, and
to reduce the discrepancy to the measured arc volt-
age, i.e. to improve the predictive capability of the
model. This modelling approach can be, in general,
more easily applied to molecular gases, which are used
in industrial devices, e.g. circuit breakers.

In this work, DC arcs in argon and CO2 were stud-
ied. A Local Thermodynamic Equilibrium (LTE) arc
model in CO2 was established while the model for ar-
gon is aimed at coupling the thermionic cathode, the
LTE bulk plasma and the anode. To assess the model
accuracy, electrical and spectroscopic measurements
in various gases were carried out.

2. Model description
The development of the combined arc model includes
two steps: the establishment of the LTE model of
the arc column and the non-equilibrium model of the
near-electrode regions. The LTE model is based on
a magneto-hydrodynamic approach which involves

the Navier-Stokes equations for conservation of mass,
momentum and energy. The electrodes are included
in the model and coupled to the plasma through a
non-equilibrium boundary layer. It is assumed that
the gas flow is laminar and the plasma behaves like a
fluid which state is characterized by LTE. A stationary
solution is sought for the equations

∇ · (ρu) = 0 (1)

ρ(u · ∇)u = ∇ · (−pÎ + τ̂) + FL (2)

ρCp(u · ∇T ) +∇ · q = QJ −Qrad (3)

where ρ is the mass density, u is the flow velocity, p
is the pressure, τ̂ is the stress tensor, Î is the identity
matrix, and FL = j × B is the Lorentz force per
unit volume. In Eq. (3), Cp is the specific heat at
constant pressure, T is the gas temperature, q =
−κ∇T is the heat flux due to thermal conduction
with κ being the thermal conductivity. The gas is
heated by Joule heating QJ = j · E, where j is the
electric current density, and cooled by radiation Qrad.
The Maxwell equations and the Ohm’s law are used
to obtain the self-induced magnetic field B and the
electric potential ϕ

∇×B = µ0j; B = ∇×A (4)

∇ · j = 0; j = σE = −σ∇ϕ (5)

The electric field E and the magnetic field B couple
the electromagnetic part of the model to the fluid
through the Lorentz force per unit volume and the
Joule heating. In Eq. (4) and (5), A is the vector
potential and σ is the electrical conductivity. The
transport properties were provided by A. B. Murphy
as calculated according to [7, 8] and applying a C-C
collision integral from [9].
The heat conduction and current continuity equa-

tions are solved in the electrodes:

∇ · (ks∇T ) + j ·E = 0 (6)
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∇ · j = 0 ; j = σsE = −σs∇ϕ (7)
The electrical conductivity σs and the thermal conduc-
tivity ks of the solid materials are taken as a function
of the temperature T . The cathode boundary layer
includes the region of space-charge adjacent to the
cathode surface (the sheath) and the ionization layer.
The energy balance in the boundary layer [10, 11]

accounts for 1) the heat flux leaving the boundary
layer and going to the cathode, 2) the electric power
density deposited in the boundary layer, 3) the power
brought by the electrons emitted from the cathode,
and 4) the heat flux entering the boundary layer from
the LTE plasma. The energy balance and the total
current density, which is the sum of the density of
the thermionic emission current (jem), the ion current
density (jion), and the current density transported by
counter-diffusing electrons (jbe), determine the heat
flux qw and the current density jw on the cathode
surface as functions of the voltage drop Utot in the
boundary layer and the surface temperature Tw:

qw(Tw, Utot) = jwUtot −
jw

e
(Aw−∆Aw+3.2kTe) (8)

jw (Tw, Utot) = jem + jion − jbe (9)
Here, Aw is the work function of the electrode material,
∆Aw is the Shottky correction, Te is the electron
temperature obtained from the boundary layer model.
The voltage drop in the near-cathode layer includes
the voltage drop in the space-charge sheath (Ud) and
that in the ionization layer (Ui), i.e. Utot=Ud + Ui.
A similar approach has been applied in [12].

Losses due to black-body radiation of the hot body
are considered as qrad = εσSBT

4
w. The resultant heat

flux qc = qw(Tw, Utot)− qrad, and the current density
jw(Tw,Utot) serve as boundary conditions of equations
(6) and (7). The cathode boundary layer is solved
prior to the arc simulation for a series of values of the
temperature on the cathode boundary Tw and the
voltage drop Utot. The results are provided as lookup
tables and are used during the iterative solution of
the combined model.
The consideration of the plasma-anode boundary

layer is simpler [13]. The expression for the heat flux
as in many LTE models [3, 4] is used. The normal
component of the energy flux to the surface qa, which
is added to the conductive one, is given by

qa = −εσSBT
4
w + |je|Aan (10)

Here, ε is the emissivity of the surface, σSB is the
Stefan-Boltzmann constant, je is the electron com-
ponent of the current density and Aan is the work
function of the anode material. The term |je|Aan
accounts for heating of the anode due to condensa-
tion of electrons. For pure tungsten, the work func-
tion and the Richardson constant are 4.55 eV and
0.602 ·106 Am−2K−2, respectively. The corresponding
values for graphite are 4.6 eV and 0.600·106 Am−2K−2.
The model is set up on the commercial computational

Figure 1. A view of the computational domain and the
OES arrangement used for investigation of the arc.

platform COMSOL Multiphysicsr using the inter-
faces Laminar flow, Electric current, Magnetic field
and Heat transfer. The computational domain in-
cludes both electrodes and the inter-electrode space
in a radial extend of 30mm. A part of this domain is
shown in Figure 1. Temperature of 300K, electric and
magnetic insulation are set on the external boundaries.
The anode is grounded. The total arc voltage drop
in the boundary layer is adjusted until the integral of
the current density along the cathode surface equals
the desired arc current.

3. Experimental setup
A view of the spectroscopic equipment and the com-
putational domain is shown in Figure 1. The setup
is tested for arcs in argon and CO2. It comprises
a spherically shaped anode, made of graphite and a
cylindrical rod with a conical shape made of pure tung-
sten as cathode. The distance between the cathode
tip and the anode is varied between 2 and 10mm.

The image of the arc is taken by a high-speed video
camera of the type IDT Motion Pro Y6. The arrange-
ment is placed inside a chamber which is filled with
gas up to the desired pressure. The latter is controlled
by a manometer. The arc is ignited making use of a
spark coil arrangement. The equipment for optical
emission spectroscopy (OES) consists of a spectro-
graph Acton SP2500 with a focal length of 0.5m and
an intensified CCD camera Princeton Instruments PI-
MAX4. Obtained images contain spectral and spatial
side-on information about the arc. The arc is imaged
by a spherical mirror on the entrance slit of the spec-
trometer with a width of 30 µm. Absolute calibration
is performed by a tungsten strip lamp placed at the
position of the arc.
The radiation of the Ar II line at 480 nm is spec-

trally resolved using a grating with 1800 lines/mm.
The radiation of the O I line at 777 nm is resolved
using a grating with 150 lines/mm. An integration
over the wavelength range is performed and Abel in-
version is done in order to get the radial dependence
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Figure 2. Two-dimensional distribution of the plasma
temperature and the temperature in the electrodes ob-
tained with the LTE model for an arc in CO2 at current
of 200A.

of the emission coefficient. The number densities of
the upper level corresponding to the transition of
the Ar II 480 nm, O I 777 lines are derived assuming
LTE. The population density is related to the plasma
temperature. The temperature is obtained from a
pre-calculated equilibrium composition of argon and
carbon dioxide.

4. Results and discussion
Calculations with the LTE arc model were performed
for the arrangement shown in Figure 1 with CO2 at
atmospheric pressure as working gas. Figure 2 shows
the distribution of the temperature in the plasma and
the electrodes for an arc current of 200A. Since a
matching of the boundary layer with the LTE plasma
is not considered, the temperature in the arc seems to

Figure 3. Radial plasma temperature obtained in the
LTE model for an arc in CO2 and the plasma temper-
ature from OES for an arc current of 200A at axial
position 1mm away from the cathode tip.

Figure 4. Temperature and normal current density
along cathode surface for doped and pure tungsten
cathodes for an arc current of 150A.

be underestimated as the experimental results show
in Figure 3.

The combined model has been applied first for argon
as working gas to obtain the plasma parameters for
arc currents of 150A and 210A. Figure 4 shows the
temperature on the cathode surface and the current
density for an arc current of 150A for two cathode
configurations: a) doped tungsten cathode (Ce-W)
with a radius of 2mm, and b) pure tungsten cathode
with a radius of 1mm. The profile of the temperature
is more broadened and the arc attachment area is
larger for the thinner electrode.

Melting of the electrodes and metal vapour are not
considered in the model, which leads to temperatures
higher than the melting point of tungsten. The nor-
mal current density at the cathode tip is 10% higher
in the case of doped tungsten instead of pure tung-
sten. Figure 5 presents the components of the heat
fluxes from the boundary layer to the cathode along
the cathode surface for an arc current of 150A. The

Figure 5. Total heat flux from the plasma to the cath-
ode surface, its components and the contribution of
the black body radiation along the cathode for an arc
current of 150A.
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Figure 6. Temperature predicted by the combined model, LTE model and plasma temperature from optical emission
spectroscopy at axial position 1mm a), 2.5mm b) and 4mm c) below the cathode. Arc current is 210A.

solution shows that the dominant contribution at the
cathode tip is that of the emitted electrons qem, which
exceeds those of the back diffusion electrons qe and
ions qi contributions. From the position of 2mm on,
the main contributions are those of ions and emitted
electrons. The resulting flux qw around the cathode
tip is lower than the other components, but still ex-
ceeds the contribution of the black body radiation
qrad.

The temperature predicted by the combined model
in comparison with the LTE model and the values
obtained from OES are shown in Figure 6. The results
are presented for an arc current of 210A and an arc
length of 5 mm at three axial positions: 1mm, 2.5mm,
and 4mm away from the cathode tip. One can see
that the radial distribution obtained by means of the
combined model results in a more focused arc and
in higher plasma temperatures near the cathode tip.
This modelling approach provides a better agreement
with the data obtained by emission spectroscopy.

5. Conclusions
The LTE model of the arc plasma is coupled with a
model of the cathode boundary layer and is applied
to an atmospheric pressure arc in argon. The consid-
eration of the cathode boundary layer allows a more
realistic description of the heat and current transfer
in the electrodes and the plasma. Therefore, a simi-
lar approach has to be applied for CO2. The model
results are compared with experimental values and
reasonable agreement is obtained.
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