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Abstract.
We present a three-dimensional (3D) Magneto Hydrodynamic Model (MHD) at two temperatures

(electronic and ionic) of inter-electrodes plasma, simulated with Ansys Fluent coupled with specific
developments in C language. The stationary model describes a subsonic arc in vacuum at 15 kA
between copper contacts, submitted to an Axial Magnetic Field (AMF). Due to high temperatures,
losses by radiation need to be considered. Even if departures from Local Thermal Equilibrium (LTE)
exist, currently due to lack of appropriate data, net emission coefficient data calculated under LTE are
used and attributed exclusively to electron energy equation. Two cases are investigated in this study,
with or without considering the radiation in the electrons energy equation. The study highlights the
importance of better characterizing radiative losses in order to improve the reliability of numerical
models.
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1. Introduction
The study of high voltage circuit breakers using vac-
uum as a breaking medium has gained renewed interest
in recent years [1]. With increasing demands to reduce
greenhouse gas emission, these technologies are the
focus of new research, particularly for high voltage
and high current applications (beyond 1 kV, several
tens of kA). In a vacuum circuit breaker, we find
the vacuum tube in which the arc is created by the
contact separation during the switching-off process
[2]. Understanding the behavior of the vacuum arc
remains a challenge, especially under initial pressure
(about 10−5 Pa) and high current conditions. In these
conditions, experimental measurements are limited
and do not allow access to arc behavior [3]. When the
contacts open an electric arc is established contain-
ing vapors from the erosion of the electrodes (mainly
cathode). This arc can operate in diffuse supersonic
mode (at low intensity) or concentrated mode (at
high intensity) [4]. To avoid plasma contraction and
contact overheating, an axial magnetic field (AMF)
can be applied [5]. Specific contact designs allow a
distribution of the current path more homogeneously.
Three other arc modes exist by applying an AMF:
multiple arc, subsonic diffuse arc and diffuse columnar
[4]. This study focuses on the subsonic mode of the
electric arc. In the literature, the main presented
models [6–8] do not take radiation losses into account.
When these losses are taken into account, as for ex-
ample in E. Schade [4], the author do not specify how

these data are used. In this context, we present a 3D
model based on a MHD approach of an inter-electrode
plasma at two temperatures (electronic and ionic).
We will explain how radiation energy losses have been
taken into account in our model and how they affect
stationary simulation results in literature conditions
[4].

2. Two-temperature electric arc model
in vacuum

We present the chosen approach inspired by the litera-
ture to represent the vacuum electric arc completed by
energy losses by radiation. We use Ansys Fluent with
developments (in C language) containing UDFs (User
Defined Functions) and UDSs (User Defined Scalars)
to describe the physics of the electric arc [9].

2.1. Configuration
Due to the use of an AMF, the electrodes have complex
geometries [2, 10]. However in numerical models, sim-
plified geometries are considered [4, 6, 7], namely flat
electrodes to facilitate calculations in a first approach.
The geometry of arc domain classically studied in the
literature is a cylinder, and the model based on the
equations presented by Braginskii [11]. In our study,
we consider two flat parallel copper electrodes, with
a diameter equal to 50 mm and separated by 10 mm
(Figure 1). The anode (top), the cathode (bottom) are
not modeled but are taken into account via specific

208

http://dx.doi.org/10.14311/ppt.2025.3.208


vol. 12 no. 3/2025 Influence of radiation energy loss

boundary conditions (BC). An AMF denoted B⃗AMF

is applied in the inter-electrode space .

Figure 1. Geometry studied.

2.2. Hypotheses
We consider a 3D laminar [4] model in stationary state.
The plasma is a fully ionized mixture of electrons
and copper ions (Cu+, Cu2+, Cu3+) of respective
masses me and mi, with an average charge fixed at
Z = 1.9 [12, 13]. It is assumed quasi-neutral, with an
electron density ne = Zni. Neutral particles are not
considered. The mean free path of charged particles
λ (ions-ions λii = 10−5 m, electrons-electrons λee =
10−7 m) remains small compared to the characteristic
dimensions [14]. Under these conditions, considering
L = 1 cm the characteristic length of the system,
the Knudsen number K = λ

L ≪ 1 for electrons and
ions, corresponding to a continuous medium, which
justifies the use of the fluid model. The latter are
assumed to behave like ideal gases. The plasma is
not in thermal equilibrium: ions and electrons each
have their own temperature (Ti, Te) and follow a
Maxwellian distribution. An uniform AMF is imposed,
with a value typically used in the literature of 5 mT/kA
[4]. For example, for a current of 15 kA, the field
reaches 75 mT. Anisotropic electronic conductivity,
due to the presence of an AMF, is also taken into
account [4].

2.3. Boundary conditions
The cathode is considered to be a mass flux inlet,
with a BC of Gaussian profile of current density. This
profile is adjusted so that the intensity at the cathode
edge represents approximately 10 % of that at the
center. Plasma heavy particles originate from cathode
erosion, with an imposed mass flux [6]. According
to C. W. Kimblin [15], the copper erosion rate varies
between 35 and 40 µg/C, but a value of 50 µg/C is
used here, based on more recent studies [16]. In ac-
cordance with the work of E. Schade [4] and almost
all papers of the literature, we assume the electron
and ion temperatures equal to 3 eV.
The anode collects the plasma flux and is considered

as an outlet with a flux condition. The anode out-
let pressure, corresponding to the total pressure, is
calculated from the ion velocity, using a method de-
rived from the work of Y. Langlois’s [6]. The anode
potential is also calculated using a method inspired
by Tezenas [7], using the total current and sheath
components. At the edges of the plasma domain, we
consider a zero flux. The emission of metal vapors
is not taken into account; the anode is passive. An
anode sheath regulates the electron and ion fluxes,
and a specific potential is associated with it [6].

3. Equations and energy losses due to
radiation

The magneto hydrodynamic equations are linked with
Maxwell’s equations. The system of equations estab-
lished for two fluids at two temperatures is presented
in a previous paper [17]. We are particularly inter-
ested by the term of energy losses by radiation. The
resolution of the energy equation of electrons, like ions,
is treated as a function of the mass enthalpy. The
mass enthalpy of electrons is given by the following
relation with mi the ions mass and kB the Boltzamnn
constant:

he = 5
2 · kBZTe

mi
(1)

The electron energy equation is:

∇ · (ρiv⃗ehe) = v⃗e · ∇Pe + ∇ · (ke∇Te)

+
j2

x + j2
y

σ⊥
+ j2

z

σ∥
− Qi + Fr − R

(2)

We calculate the convective flow of electronic en-
ergy, i.e. convective enthalpy transport by electrons
through this term ∇ · (ρiv⃗ehe), with ρi the mass den-
sity of ions, v⃗e vector velocity of electrons. To solve
this equation we evaluate the source terms. Respec-
tively on the right hand side of the equation 2 we
have the convective term v⃗e · ∇Pe, which represents
the work forces applied to the electrons, with ∇Pe the
pressure gradient of the electrons, the diffusive term
∇ · (ke∇Te), with ke the thermal conductivity, the
Joule terms j2

x+j2
y

σ⊥
+ j2

z

σ∥
, it corresponds to the ohmic

heating term due to anisotropic electronic conductiv-
ity (σ⊥ and σ∥) which depends on the direction of
the AMF [11] and jx,y,z are the components of the
current density. Qi is the exchange term of energy
between electrons and ions.

The two last terms Fr [4, 11] and R correspond
respectively to the friction term and to the losses of
energy by radiation. In the literature, the energy
losses by radiation, in a two-temperature arc plasma
are not always considered. In its model, E. Schade [4]
uses a net emission coefficient with a constant value
of 1010 W/m3 assigned to the electrons. In vacuum
medium, the consideration of energy losses remains
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relatively questionable as data calculation is based
under LTE assumptions. The hypotheses established
for the Net Emission Coefficient ϵn (NEC) calculation
are described in Lowke work [18].

We present in Figure 2 the ionic and electronic
temperature profiles in black and the absolute pressure
in red. These profiles are taken at the center of the
inter-electrode space at 0.5 cm from the electrodes.
The current is 15 kA, the AMF= 75 mT, the ablation
rate is 50 µg/C and the mean charge Z = 1.9, it’s a
reference case.

Figure 2. Profiles of ionic (black diamond) and elec-
tronic (black square) temperature in eV and absolute
pressure (red diamond) as a function of radius at the
center of the domain.

According to the two black curves (ion tempera-
ture diamond and electron temperature square), we
consider that there is a weak temperature gradient
at the center of the plasma over a radius of about
1 cm. This value Rp = 1 cm is chosen to calculate the
net emission coefficients. The relation between the
divergence of the radiative flux ∇ · q⃗r and the NEC
ϵn is as follows:

∇ · q⃗r = 4πεn (3)

To estimate ϵn(T, Rp) we use this equation:

εn(T, Rp) =
∫ ∞

0
L0

ν(T )K ′
ν(T ) exp (−K ′

ν(T )Rp) dν

(4)
with K ′

ν(T ) the mean absorption coefficient [19],
exp(−K ′

ν(T )Rp) dν the absorption term, L0
ν(T ) the

blackbody luminance (Planck function), Rp the radius
of the NEC calculation sphere and dν the spectral
interval. We use the Kurucz database [20] for the
input data because they are more complete than the
NIST [21] in Copper case at high temperatures even
if some data are theoretical ones. We then estimate
NEC by homemade soft. In Figure 3, we represent the

variation of the net emission coefficient and its compo-
nents for copper at a pressure of 0.01 bar for a radius
of 1 cm depending on the electronic temperature.

Figure 3. Net emission coefficient for copper at 0.01
bar for Rp = 1 cm depending on the temperature, nor-
malized by the maximum value of the ϵtotale

n . Con-
tinuum emission (in red) and lines (in green) by the
dotted lines.

Electrons are lighter than ions, me ≪ mi, and
the electron density is higher than the ion density,
ne = Zni. Electrons have a higher thermal veloc-
ity (which depends on their temperature), they incur
the strongest accelerations, and they have a greater
kinetic energy than ions. They cause the majority
of radiant electronic transitions. They interact most
efficiently with electromagnetic fields and are respon-
sible for the excitation of ions. For the continuum,
electrons are the main contributors to free radiation,
bremsstrahlung, and recombination, and that of ions
in a fully ionized plasma is negligible. For lines, the
electrons control the excitation of the ion energy levels,
which induces the emission of photons and therefore
energy by radiation through de-excitation. We choose
then to associate the radiation losses to the electrons
and to consider the data (Figure 3) as a function of
electronic temperature. For the pressure dependence,
the following equation is used:

εn(T, Rp) = εn(0.01) · P (mbar)
0.01 bar (5)

4. Simulation results
We now consider two cases: one with no radiation
in the energy equation (reference case, left side in
the figures), the second with radiation in the electron
energy equation (right side in the figures). The field
of the quantity considered is cut along the axis of
revolution of the domain. The input data are the
same as those of the reference case of the previous
section. In Figure 4, we observe the energy exchange
term Qi characterized by the following equation:
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Qi = 3mene

miτe
kB(Te − Ti) (6)

where τe is the relaxation time between two electron-
electron collisions [11] and kB is the Boltzmann con-
stant.

Figure 4. Fields of the Qi exchange term in W.m−3,
on the left without radiation and on the right with
radiation.

Considering radiative losses, the energy exchange
term increases in the inter-electrode space except at
the anode surface where this term decreases sharply.
This can be seen in Figure 5 with the electronic tem-
perature fields Te in a) and ionic Ti in b). These
radiative energy losses lead to a cooling of the plasma.
In order to reduce the thermal imbalance, the elec-
trons that are hotter than the ions will transfer more
energy to the latter to compensate for the losses. At
the anode surface, Qi decreases sharply when Ti is
greater than Te, the presence of the positive anode
sheath reduces the energy transfer to the slower ions
[6].

(a).

(b).

Figure 5. Electronic Te a) and ionic Ti b) temperature
fields in eV.

If the exchange term increases the difference be-
tween Te and Ti is greater. We find a higher thermal
imbalance than in case without radiative losses. Note
that the ion velocity decreases at the edges of the
domain, resulting in a decrease in Ti at this point in
Figure 5b. We can also see in Figure 6, the profiles
of the components of the anisotropic electrical con-
ductivity at 5 mm from the electrodes at the center
of domain, σ⊥ and σ∥ in S/m whose definitions come
from the work of Braginskii [11].

Figure 6. Profiles of anisotropic electrical conductivity
with the quantities, σ⊥ and σ∥, in black without radia-
tion and in red with radiation.

Conductivity is proportional to the temperature of
the electrons, which decreases [6, 7]. The electrons
have lost kinetic energy at the center of the plasma,
so the conductivity decreases. The energy losses are
higher; the potential difference increases and goes
from 11 to 16 V.

As a result, the power increases leading to an aug-
mentation of electron energy. At constant volume in
the inter-electrode space, we expect an increase in the
density of electrons ne and ions ni. The electron and
ion densities increase with the inclusion of radiative
losses due to the compression of the plasma in the
center of the domain and the greater ionization phe-
nomenon. Since the collision frequency is higher due
to lower temperatures, the species densities increase,
ne is going from 6.1021 to 9.1021 m−3 in the center of
the domain. Since the density increases in the cen-
ter of the plasma, the pressure also follows this same
trend as we can see in Figure 7. According to Dal-
ton’s law:

∑
α Pα =

∑
α kBnαTα = kBneTe + kBniTi,

the pressure is a function of the density of the elec-
tronic and ionic temperatures of the plasma. We note
that taking into account radiative losses, the pressure
increases from about 40 mbar to 60 mbar in the tube.

Figure 7. Absolute pressure field in mbar, left without
radiation and right with radiation.

An increase in pressure in the domain and at the
electrodes vicinity can induce a more concentrated
and therefore more significant erosion at the anode.
At the anode surface, the increase in pressure at the
center of the domain leads to an increase in the energy
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flux of the electrons and ions. The energy flux of a)
electrons qe and b) ions qi in W/m2 (given in Figure
8) were calculated from the following equations:

qi = Φi

(
5
2kBTi + miv

2
i

2 + ZeU

)
(7)

Φi = nivi (8)

qe = Φe (2kBTe + w) (9)

Φe = ne

√
kBTe

2πme
exp

(
− eU

kBTe

)
(10)

With vi the speed of the ions, Z the average charge
of the plasma, U the arc voltage at anode sheath (ob-
tained from boundary condition as in B. Tezenas work
[7]), Φe and Φi respectively the mass flow of electrons
and ions, and w = 4.5 eV the electron work function
[22]. In these expressions, the radiative contributions,
to the anode and from the anode, are not taken into
account. Indeed, using net emission coefficient method
the radiation flux is not available on the anode surface.
In case of thermal plasma at atmospheric pressure the
electronic flux on the anode is on the same order of
magnitude than the radiative contribution. So in the
Figure 8a, in reality the energy flux of the electron
considering radiation should be higher than the one
given by the black curve. This radiative contribution
should be added to the equation 9. At the moment,
this is not the case, nevertheless in future work we
plan to use other radiative methods as the discrete or-
dinate method (DOM) [23] to not only estimated the
radiative terms but to take it into account during the
direct calculation. This method necessitates the pre-
vious calculation of the mean absorption coefficients
function of the temperature and pressure.

We can see in Figure 8a, that the electron energy
flux is 25% lower when considering radiative losses
showing the importance of the term in the transferred
flux to the anode. Similarly, in Figure 8b, the ion
energy flux is 10% lower when taking into account
radiative losses. Indeed as the electron temperature
is lower, the energy transferred by elastic collisions
to the ions is weaker. The total power deposited
by particles on the anode surface decreases with the
consideration of radiative losses, it goes from 292 kW
to 286 kW. The power deposited by the ions decreases
by about 8 kW and that of the electrons increases
slightly by 2 kW. An increase of total energy flux at
the anode surface can reduce electrode life and the
reliability of circuit breaker.

5. Conclusion
Two-temperature modeling of a subsonic vacuum arc,
based on assumptions and theory from the literature,
allowed us to obtain consistent results. However, we
did not find any radiation data for a two-temperature
plasma that allowed us to associate a contribution

(a).

(b).

Figure 8. Energy flux of a) electrons and b) ions in
W.m−2, at anode surface.

for ions and another for electrons. The alternative
chosen to estimate these losses is the net emission
coefficient of copper, calculated at equilibrium and
associated to the electrons. From this estimation, we
showed the significant impact of taking into account
radiation energy losses. In our case, this reduces the
temperature of the species and favors an increase of
pressure, arc voltage and energy flux of the particles
to the anode.
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