
PROCEEDINGS OF THE 2003 INTERNATIONAL SYMPOSIUM ON LIQUID METALS

J O U R N A L O F M A T E R I A L S S C I E N C E 3 9 (2 0 0 4 ) 7145 – 7152

Modelling of the arc plasma behaviour

in the VAR process

P. CHAPELLE, H. EL MIR, J. P. BELLOT, A. JARDY, D. ABLITZER
Laboratoire de Science et Génie des Matériaux et de Métallurgie (UMR 7584),
Ecole des Mines, Parc de Saurupt, 54042 Nancy Cedex, France
E-mail: chapelle@mines.inpl-nancy.fr

D. LASALMONIE
Centre de Recherches de la Compagnie Européenne du Zirconium CEZUS,
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As part of a complete theoretical description of the behaviour of the electric arc in the
vacuum arc remelting process, a model has been developed for the column of plasma
generated by a single cluster of cathode spots. The model combines a kinetic approach,
taking into account the formation of the plasma in the cathodic region, and a hydrodynamic
approach, describing the expansion of the plasma in the vacuum between the electrodes.
The kinetic model is based on a system of Boltzmann-Vlasov-Poisson equations and uses a
particle-type simulation procedure, combining the PIC (Particle In Cell) and FPM (Finite
Point Set Method) methods. In the two-dimensional hydrodynamic model, the plasma is
represented as a mixture of two continuous fluids (the electrons and the ions), each
described by a system of coupled transport equations. Finally, a simplified method has
been defined for calculating the electric current density and the energy flux density
transmitted by the plasma to the anode. In order to achieve complete modelling of the
electric arc in the VAR furnace, the movement of all the clusters on the cathode surface has
been simulated, based on a detailed experimental study performed on industrial plant. The
results of the numerical simulation presented are consistent with a certain number of
experimental results available in the literature. In particular, the model predicts a
percentage of the electric power of the arc transmitted to the anode (25%) in good
agreement with the value indicated in the literature. C© 2004 Kluwer Academic Publishers

1. Introduction
Among the secondary steelmaking techniques, the VAR
(Vacuum Arc Remelting) process consists of remelting
a consumable electrode with the aid of an electric arc.
This operation ensures both the purification of the metal
as it is gradually melted, and controlled solidification of
the ingot in terms of structure and chemical homogene-
ity. The VAR process is employed for the manufactur-
ing of reactive metals (titanium and zirconium), and for
the production of nickel-base alloys, special steels, and
refractory metals.

An electric arc, which provides the energy neces-
sary to melt the alloy, is maintained between the tip
of the consumable electrode (cathode) and, at the start
of the operation, the bottom of the water-cooled cop-
per mould, and later, the top of the secondary ingot
(anode), which is gradually built up in the mould
(Fig. 1). The ingot solidifies in contact with the mould
walls. The electric arc plays a predominant role in the
VAR process. In particular, by affecting the distribu-
tion of energy and electric current at the surface of the
melt pool, the behaviour of the arc influences the ingot

solidification conditions, and therefore the quality of
the final product.

Knowledge of the electric arc in the VAR process
is based on experimental studies performed by Zanner
and co-workers (e.g. [1, 2]) in the 1980s on remelting
of nickel- and iron-based alloy electrodes. Similar ex-
periments have been carried out more recently by the
present authors, in collaboration with the CEZUS com-
pany, on zirconium alloy electrodes [3]. The main con-
clusions from these observations are that the behaviour
of the electric arc in the VAR process is similar to the
diffuse mode of a vacuum arc created between cold
solid electrodes for the same range of current densities.
The arc consists of several dispersed clusters of cathode
spots moving erratically over the whole surface of the
cathode. Each spot is a highly luminous region, which
produces a plasma jet expanding under vacuum in the
electrode gap. A diffuse glow fills the interelectrode
gap and the anode remains non luminous.

The only attempts to model the electric arc in the
VAR process are global models, which do not de-
scribe the complex processes governing the arc plasma
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Figure 1 Schematic principle of the VAR process.

behaviour. Zanner et al. [4] and Jardy et al. [5] have
used global energy balances of the remelting operation
to study the distribution of the arc power in the furnace.
Williamson et al. [6] have treated the arc as a collec-
tion of independent clusters and represented the plasma
column emitted by each cluster as an ohmic conductor,
whose behaviour is governed by Ohm’s law.

The mathematical model described in the present ar-
ticle aims to precisely calculate the distributions of ther-
mal energy and electric current transferred to the sur-
face of the melt pool (anode). A complete description of
the column of plasma generated by a unique cluster of
cathode spots is presented. It combines two approaches,
one kinetic and the other hydrodynamic, which account
for the emission and ionization of metallic vapour par-
ticles at the cathode and their expansion in the electrode
gap. In order to achieve complete modelling of the elec-
tric arc in the VAR process, the motion of all the clusters
on the cathode surface is then modelled, based on a de-
tailed experimental study of cluster displacement in an
industrial VAR furnace.

Figure 2 Schematic description of the plasma column emitted by a cluster.

2. Methodology
The experimental observations [3] completed by data
available in the literature [7, 8] reveal in the electron
emission zones a complex self-similar structure includ-
ing three length scales. A cathode spot has a radius of
about 200 µm and is composed on average of about
ten distinct emissive sites called “micro-spots,” whose
radius is of the order of 10 µm. In turn, groups of about
ten spots form “clusters” with a radius of the order of
1.5 mm. The basic assumption employed was there-
fore that the arc can be represented as a collection of
identical independent clusters, each composed of one
hundred micro-spots. Neglecting the interactions be-
tween individual clusters seems reasonable, since ac-
cording to video observations [3], for most of the time,
the clusters (with a radius of the order of 1.5 mm) are
scattered over the whole surface of the cathode (whose
radius is of the order of ten centimetres). Of course,
although the hydrodynamic interactions are ignored,
the electromagnetic interactions between clusters will
be handled. This representation of the arc enables the
study to be initially limited to the behaviour of a single
cluster considered to be motionless. Indeed each micro-
spot, and therefore the complete cluster, can be studied
in the quasi-stationary regime, since the velocity of the
plasma jet (∼104 m/s [7]) is much greater than the dis-
placement speed of the emissive sites (∼1–10 m/s). The
model of a single cluster is then combined with a model
of the motion of all the clusters at the cathode surface
in order to obtain a complete description of the electric
arc behaviour in the VAR process.

The modelling of the plasma column generated by a
single cluster combines two models, as shown in Fig. 2.

– The first model describes the cathodic region ad-
jacent to each micro-spot, including the cathodic space
charge sheath and the ionization zone. In this region
(whose length is of the order of 1–10 µm [7]) the parti-
cle density and temperature gradients are so large that
a kinetic model is necessary.

– The second model treats the plasma expansion
region using a hydrodynamic approach. In this region,
the low particle densities (the jet expands under
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vacuum) and the relatively low energy of the electrons
(which have become thermal) justify the assumption
that ionization and recombination phenomena can be
neglected.

Finally, the modelling of the region of mixing (assumed
to be very thin) weakly couples the kinetic and hydro-
dynamic models. It defines the characteristic parame-
ters of the plasma in the entry section of the expansion
region, based on the characteristic parameters of the
plasma jets emitted by all of the micro-spots.

The following sections outline the main characteris-
tic of each model. A detailed presentation of the kinetic
and hydrodynamic models and the associated numeri-
cal solution techniques can be found in [9].

3. Kinetic model
The plasma is composed of several types of particles,
including neutral species (o), ions (i) with different de-
grees of ionization, and electrons (e). The modelling of
the plasma behaviour is based on a system of kinetic
Equations 1, which combines the Vlasov’s equation
describing the transport of the charged particles under
the effect of a self-consistent electric field, the Poisson’s
equation defining the electric field, and the Boltzmann
operator, which accounts for the interactions between
particles:

∂ fs

∂t
+ �v ∂ fs

∂ �x + qs

ms

�E ∂ fs

∂�v =
∑

r

Qr,s + J I,R
s

(1)
∂

∂ �x
�E = e

ε0
(ni − ne)

where fs( �x, �v, t) is the velocity distribution function
for the particles of species s, �E is the electric field and
ns is the density of particles of species s.

Via Boltzmann operators, the Qr,s terms express the
individual effects due to binary elastic collisions. This
approach is rigorous for the short range interactions
between neutral particles and for the interactions be-
tween neutral and charged particles. However, the same
formalism has been conserved to describe the longer
range interactions between charged particles, by using
appropriately adapted effective collision cross sections
[10, 11]. In order to model ionization and recombi-
nation processes (J I,R

s ), the Boltzmann operator was
generalized using the formalism of Kuscer [12] to in-
clude multiple inelastic collisions. Only the phenomena
involving ionization by electron impact are modelled,
since the electrons are much more mobile than the neu-
tral species and ions. The ionization and recombination
reactions considered can be written respectively:

MZ+ + e− −→ M(Z+1)+ + 2e− (2)

M(Z+1)+ + 2e− −→ MZ+ + e− (3)

The Boltzmann-Vlasov-Poisson system requires the
definition of boundary conditions at the beginning of
the expansion region (Fig. 2). Since the two models are

not coupled, there is in principle no data of the hydro-
dynamic simulation of the expansion region that can be
used to define these boundary conditions. Conditions
were therefore chosen corresponding to an imaginary
anode, thus defining the electrical potential and the ve-
locity distribution functions for each particle species.
Only two-way coupling at the common boundary be-
tween the kinetic and hydrodynamic models will en-
able these boundary conditions to be avoided in the
future. Neutral particles at the cathode are considered
to be emitted by an evaporation process. The absence
of emission and reflection of ions is assumed at the
electrodes, all the ions being created by ionization
within the plasma. In the cathode spot, the distribution
of the emitted electrons is given by a semi-Maxwell
function.

A particle method is used for the numerical simula-
tion of the system of Equations 1. The system is dissoci-
ated into a Vlasov-Poisson system and a homogeneous
system of Boltzmann equations.
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∂
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s (6)

For each time interval, the Vlasov-Poisson system
(Equations 4 and 5) is simulated using the PIC (Parti-
cle In Cell) method, and the Boltzmann Equations 6 are
then simulated by the FPM (Finite Point Set Method)
method. When an established flow regime is attained,
the macroscopic parameters (density, velocity and tem-
perature) relative to each species can be calculated in
each mesh cell by averaging the appropriate micro-
scopic parameters.

4. Hydrodynamic model
The hydrodynamic model of the axisymmetric plasma
expansion is based on the following assumptions, which
have been formulated from the results of the kinetic
model at the exit of the cathodic region. The plasma
treated as totally ionized and electrically neutral is rep-
resented as a mixture of two continuous fluids: the
electrons and the ions characterized by a mean posi-
tive charge (Z i). The plasma composition remains un-
changed during its expansion, since collisions involving
ionization or recombination are relatively improbable
and can therefore be neglected. Radiative phenomena
are disregarded [13]. It can be readily verified that the
terms representing viscous forces and heat conduction
in the transport equations for the ions and those corre-
sponding to viscous and inertial forces in the transport
equations for the electrons are negligible [14]. More-
over, it is also reasonable to neglect the conduction
term in the energy transport equation for the electrons
[15].

Hence, the two systems of conservation equations
describing the flows of ions and electrons reduce to:
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Ions:

∇ · (ni�ui) = 0 (7)

∇ · (mini�ui�ui) = −Z ieni �∇φ − �∇(nikTi) + �Rie (8)

∇ ·
(

3

2
ni�uikTi

)
= −nikTi∇ · �ui − �Rie · �ui + Qie (9)

Electrons:

0 = ene �∇φ − �∇(nekTe) + �Rei (10)

∇ ·
(

3

2
ne�uekTe

)
= −nekTe∇ · �ue − �Rei · �ue + Qei

(11)

Furthermore, the electrical potential must obey
Poisson’s equation:

∇2φ = 0 (12)

In the Equations 8–11, the terms �Rei and �Rie (respec-
tively Qei and Qie) describe the exchanges of momen-
tum (respectively energy) during electron-ion collisions
[16].

To facilitate the solution of the equation system (7)–
(12), it is useful to add together the corresponding mem-
bers of Equations 8 and 10. Taking into account the
electrical neutrality of the plasma (ne = Z ini) and the
property �Rei = − �Rie, this gives the equation:

∇ · (mini�ui�ui) = −�∇(nikTi + nekTe) (13)

Furthermore, it is assumed that the ratio between the
electronic and ionic currents remains constant at any
points in the plasma. Because of the electrical neutral-
ity, the velocities of the electrons and ions are then
related by an equation of the type: �ue = β �ui, where β

is a proportionality coefficient determined from the re-
sults of the kinetic calculation. This rough assumption,
which avoids the need to solve the momentum transport
equation for the electrons, gives acceptable results for
a first approximation, as demonstrated in Section 6.

Finally, the set of equations describing the plasma
can be reduced to Equations 7, 9, 11, 12 and 13, which
form a perfectly determined system with 5 unknowns:
ni, �ui, Ti, Te and φ. A finite volume method has been
employed to solve this system numerically.

The coupling of the kinetic and hydrodynamic mod-
els in the entry section of the expansion region con-
siders that the intermediate mixing region is very thin
and that there is no effect of mixing on the charac-
teristic parameters of the plasma emitted by each of
the micro-spots. The characteristic parameters of the
plasma formed by combination of the plasma jets emit-
ted by the 100 micro-spots are assumed to be uniform
throughout the entry section of the expansion zone and
are related to the characteristic parameters of the plasma
emitted by a micro-spot by the following equations:

ni,2 = 100 (S1/S2) ni,1, �ui,2 = �ui,1,

Ti,2 = Ti,1, Te,2 = Te,1, φ2 = φ1 (14)

where the indices 1 and 2 refer respectively to the exit
section of the cathodic region and the entry section of
the expansion region. Si is the surface area of the section
of index i . As regards the ion density, it is considered
that the densities due to the 100 plasma jets simply
add together. The joining procedure defined in this way
ensures the continuity of the different fluxes of matter,
momentum and energy.

The potential drop in the anode region is evaluated
from the condition of continuity of the electronic cur-
rent density at the boundary between the expansion and
the anodic regions [17]. For the axial component, this
condition can be written:

Je = (Jd,e + Jth,e)exp

(
eUa

kTe

)
(15)

where Ua is the drop in anodic potential. On the right
hand side, the density of the electronic current col-
lected at the anode surface is the sum (weighted by
exp(eUa/kTe)) of a macroscopic current density (Jd,e)
and a current density due to the thermal agitation of the
electrons (Jth,e), defined respectively by the relations:

Jd,e = −eneue and Jth,e = −1

4
ene

(
8kTe

π me

)1/2

(16)

The energy flux density transmitted to the anode by
the electrons and the ions can be expressed in the form:

Pα = (Jα/qα) Wα (α = e, i) (17)

where qα and Wα are respectively the charge and the
mean total energy for a particle of species α.

The mean energy transported by an electron is given
by:

We = 5

2
kTe + 1

2
meu2

e + eUa + eUs (18)

The right hand side terms represent respectively the
enthalpy of the electron, its kinetic energy, the kinetic
energy lost in the anodic potential drop and the energy
of extraction from the metal (Us), ceded to the anode
during capture of the electron.

The mean energy transported by an ion is given by:

Wi = 5

2
kTi + 1

2
miu

2
i + Z ieUa + Ur + Lv (19)

The right hand side terms represent respectively the
enthalpy of the ion, its kinetic energy, the kinetic en-
ergy received in the anodic potential drop, the en-
ergy of recombination of the ion at the anode surface
(Ur = ∑

Z=1,2... fZUZ − Z ieUs, where UZ is the ioniza-
tion energy of ions of charge Z ) and the latent heat of
condensation of the ion (Lv).
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Figure 3 Schematic motion of the clusters without or with external mag-
netic field.

5. Model of the cluster motion
on the cathode surface

A detailed study of the literature [18–20] and many tri-
als of observation using an industrial VAR furnace have
highlighted the main behaviour of the cathodic clusters
in terms of trajectories, velocities and life time. Without
any external magnetic field, the clusters move prefer-
entially towards the periphery of the electrode follow-
ing a radial displacement (see Fig. 3). In a magnetic
field parallel to the cathode surface, cathode clusters
in a vacuum arc move opposite to the Lorentz force
vector ( �j ∧ �B, i.e., the motion is retrograde). In that
case, the two motions combine and the trajectories are
curved as it is shown on the Fig. 3. The parameters
such as the mean dwell time and the mean velocity
have also been evaluated from high speed video camera
recording as a function of the operating arc parameters
[21].

We have developed a statistical numerical model of
displacement of clusters. From a random initial loca-
tion of the cluster, it describes the radial movement (if
�j ∧ �B = �0) or the combined radial and orthoradial
movement (if �j ∧ �B �= �0). An example of trajectories
of ten clusters is given in Fig. 4.

Figure 4 Example of trajectories simulated.

TABLE I Input parameters of the simulations

Parameter Value Reference

Distance cathode-anode 1.5 cm
Arc voltage 27 V


 [14]

Current emitted by a cluster 380 A
Number of micro-spots in a cluster 100
Diameter of a cluster 2R0 = 3 mm


Diameter of a micro-spot 20 µm

Mean ion charge in the expansion region (Z i) 1.87
Ratio between the electronic and ionic 20.04


currents in the expansion region (β)

Due to a lack of available data relative to the parameters of zirconium
vacuum arcs in the literature, we have used the values reported for cath-
odes of titanium, whose properties are similar to those of zirconium.

6. Numerical results—Discussions
The simulation input parameters, which are given in Ta-
ble I, combine experimental measurements, performed
during the vacuum arc remelting of a zirconium alloy
[14], and general data describing a cluster taken from
the literature concerning arcs struck under vacuum be-
tween two cold solid electrodes [8].

6.1. Cathodic region adjacent
to a micro-spot

An “imaginary” anode was placed at a distance of
4 µm from the cathode. Since the distance between
the cathode and the “imaginary” anode is smaller than
the micro-spot diameter, the simulation is performed
in a one dimensional geometry. Fig. 5 shows the ax-
ial variations of the electrical potential and the space
charge in the electrode gap. The variations in electri-
cal potential and space charge are confined within two
thin regions (∼0.15 µm) immediately adjacent to the
two electrodes, whereas, in the central region occupy-
ing most the electrode gap, the potential is essentially
constant and the plasma is electrically neutral. The po-
tential drop in the cathodic region (∼47 V) is much
higher than the total potential drop between the elec-
trodes (∼27 V). This is in qualitative agreement with
several numerical results of the literature [22], showing
the existence of a maximum electrical potential in the
vicinity of the cathode (∼5–15 V with respect to the
anode potential).

Figure 5 Electric potential and space charge, calculated by the kinetic
model, as a function of the axial distance from the cathode. A fictitious
anode has been set at a distance of 4 µm from the cathode.
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Figure 6 (a) Calculated plasma composition as a function of the axial
distance from the cathode. (b) Electron axial velocity distribution func-
tion, calculated by the kinetic model, at two distances from the cathode.
The broken curve corresponds to the Maxwell distribution function for
the electron temperature (Te = 73886 K).

The variations of the plasma composition with the
axial distance from the cathode surface are presented
in Fig. 6a. The atoms of zirconium emitted at the cath-
ode are rapidly ionized near the cathode surface. The
plasma is completely ionized beyond a distance of about
0.4 µm from the cathode. This result is in good agree-
ment with the very strongly ionized nature of vacuum
arc plasmas reported in the literature [23]. The mean
ion charge of the plasma increases up to a distance
from the cathode of about 2.5 µm, then maintains a
constant value of approximately 1.87. It can therefore
be considered that the composition of the plasma is no
longer modified beyond 2.5 µm. The ionization of zir-
conium particles is associated with the relaxation of the
flux of electrons emitted at the cathode and accelerated
through the cathodic potential drop. The relaxation of
the electrons is illustrated in Fig. 6b, which shows the
transition of the electron velocity distribution function
from a function characterizing a beam of iso-energy
particles in the acceleration region (z = 0.035 µm) to
a Maxwell equilibrium function at a distance of 0.8 µm
from the cathode.

In this example, it has been chosen to connect the
hydrodynamic model to the kinetic model in the sec-
tion located at 2.5 µm from the cathode. Indeed, the
kinetic simulation predicts that the relaxation of each
species (ions and electrons) towards a state close to the
local thermodynamic equilibrium is complete beyond
this point. However, comparison of the ionic and elec-
tronic temperature profiles (not shown here) indicates
that the ions and electrons have not attained temper-

Figure 7 Field in r -z plane of (a) the ion Mach number and (b) the
electron Mach number.

ature equilibrium, requiring the use of a two-fluid hy-
drodynamic model. Moreover, at a distance further than
2.5 µm downstream from the cathode, the plasma is to-
tally ionized (Z i = 1.87) and electrically neutral and
its composition remains constant, justifying several of
the assumptions made in the hydrodynamic model (see
Section 4). Finally, the kinetic calculation provides a
value for the coefficient β (defined in Section 4) of
20.04, which reasonably agrees with the values (rang-
ing from 11 to 41 depending on the current and the
cathode material) reported in the literature [24, 25].

6.2. Expansion region
The hydrodynamic calculation at the entry of the expan-
sion region uses the results of the kinetic calculation ob-
tained at a distance of 2.5 µm from the cathode, taking
into account the intermediate mixing region with the
aid of the relations (14). The data necessary for the hy-
drodynamic model at the entry of the expansion region
are as follows: ni = 3.52 × 1021 m−3, ui,z = 2314 m/s,
Ti = 3360 K, Te = 72233 K, φ = 15 V, Z i = 1.87,
β = 20.04.

Distributions in the r -z plane of the Mach number
characterizing respectively the ion flow (Mai = ui/cs,i,
where cs,i = (5k(Te + Ti)/3mi)1/2 is the sound velocity
for the ion flow) and the electron flow (Mae = ue/cs,e,
where cs,e = (5kTe/3me)1/2 is the sound velocity for
the electron flow) are shown in Fig. 7. The plasma ex-
pansion is accompanied by an important acceleration of
the ion. The Mach number at the symmetry axis reaches
a value of 5, corresponding to an ion velocity greater
than 104 m/s. Note that the supersonic ion flow regime is
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in agreement with experimental results reported in the
literature [23]. From the momentum transport Equa-
tion 8, the acceleration of the ions is due to the com-
bined effects of the forces associated respectively with
the electric field, the ion pressure gradient and friction
between the electrons and the ions. The electron-ion
friction plays a predominant role and is responsible for
more than 70% of the ion acceleration. The forces due
to the electric field and the ionic pressure gradient have
a secondary influence and are responsible respectively
for 24 and 3% of the ion acceleration. Comparison of
these percentages with those calculated by Hantzsche
[26] (equal to 55, 15 and 30% respectively for the ef-
fects of electron-ion friction, the electric field and the
pressure gradient) shows good qualitative agreement as
regards the predominance of the effect of electron-ion
friction. However, Hantzsche predicts a greater effect
of the pressure gradient than that forecast by the present
simulation.

Since the density and velocity of the electrons are
assumed to be proportional to the density and velocity
of the ions respectively, like the ions, the electrons un-
dergo an expansion. This results in an increase in the
Mach number characterizing the electron flow, which
reaches a value close to 0.3 along the symmetry axis.
The electron acceleration is due to the influence of the
electron pressure gradient. The electric field (positive)
and the electron-ion friction both tend to slow down
the electrons. The electron flow regime remains sub-
sonic at all points. The order of magnitude of the Mach
numbers obtained is in agreement with values of the
literature [26].

6.3. Energy flux density transmitted
by a single cluster to the anode

The total energy flux density transmitted by a single
cluster to the anode decreases rapidly with distance
from the symmetry axis (Fig. 8). Integration of the total
power transmitted by the plasma jet to the anode gives
a value equal to 2567 W, representing a relative fraction
of the electric power of the cluster (∼10260 W) equal
to 25%. This percentage is in good agreement with the
order of magnitude of the fraction of the electric arc
power transmitted to the anode in the VAR process, es-
timated in the literature from an overall energy balance

Figure 8 Distribution at the anode surface of the energy flux density
supplied by the plasma jet emitted by a single cluster.

Figure 9 Distribution of energy flux density at the top of the ingot.

[5]. It should be realized that this power of 2567 W
represents only the interaction between the plasma and
the anode surface. It obviously does not include the en-
thalpy of the metal droplets that feed the anodic melt
pool, nor the radiant heat exchanges between the sur-
faces of the anode, the cathode and the walls of the
ingot mould.

6.4. Total energy flux density transmitted
to the anode

Combining the model of cluster trajectories on the cath-
ode surface with the energy flux density transmitted by
a single cluster to the anode, the distribution of flux of
energy on the overall surface of the ingot top can be
easily calculated. An example of the results is given in
Fig. 9, where the total intensity of the arc is 21 kA and
the ingot diameter is 0.66 m. This top-hat profile is char-
acteristic of the energy power distribution provided by
the arc plasma at the top of the ingot. However we notice
a depletion of power nearby the symmetry axis due to
the radial direction of the cluster velocity. The magni-
tude of this depletion mainly depends on the life time of
the clusters and the diameter of the electrode. This en-
ergy flux density profile provides of course the bound-
ary condition for the computational software SOLAR
developed at the Ecole des Mines de Nancy [27, 28].

7. Conclusions
A complete mathematical model of the electric arc
plasma behaviour in the VAR process has been pre-
sented. It combines a model of the column of plasma
generated by a single cluster of cathode spots with a
description of the movement of all the clusters on the
cathode surface. For the modelling of a single cluster,
the formation of the plasma in the cathodic region is de-
scribed using a kinetic approach, while the expansion
of the plasma in the vacuum between the electrodes is
treated by means of a two-fluid hydrodynamic model.
A dynamic simulation of the trajectories of all the clus-
ters on the cathode surface accounts of the combined
effects of two types of motion of the clusters: a repulsive
motion and a non retrograde motion in the opposite di-
rection of the Lorentz forces. The velocity of each type
of motion has been calculated under different operating
conditions based on experimental observations.
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The results of the numerical simulation, applied to
the case of an arc created between two zirconium elec-
trodes, correctly reproduce the important phenomena
governing the formation and flow of the plasma. The
kinetic calculation show that the plasma is very rapidly
fully ionized and that its composition becomes frozen
in the immediate vicinity of the cathode. In conformity
with results published in the literature, the hydrody-
namic model predicts that friction effects between the
electrons and ions play a predominant role in the ac-
celeration of the plasma jet. The models enable the cal-
culation of the distributions of the electric current den-
sity and energy flux density transferred by the plasma
to the surface of the anodic melt pool. The presented
numerical results reveal that these distributions are ax-
isymmetric with an off-centre maximum. The predicted
percentage of the electric power of the arc transmitted to
the anode (∼25%) is in good agreement with the value
reported in the literature. In the future, the distributions
of energy and electric current obtained at the surface
of the melt pool should be implemented as boundary
conditions at the top surface of the ingot in the compu-
tational software SOLAR [27, 28] which simulates the
hydro-thermo-chemical behaviour of the ingot.
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8. P . S I E M R O T H, T . S C H ÜL K E and T . W I T K E , IEEE Trans.
Plasma Sci. 25(4) (1997) 571.

9. P . C H A P E L L E, J . P . B E L L O T, H. D U V A L, A. J A R D Y

and D. A B L I T Z E R , J. Phys. D: Appl. Phys. 35 (2002) 137.
10. Y . W E N G and M. J . K U S H N E R , Phys. Rev. A 42(10) (1990)

6192.
11. M. Y O U S F I , A . H I M O U D I and A. G A O U A R , ibid. 46(12)

(1992) 7889.
12. I . K U S N E R , Physica A 176 (1991) 542.
13. A . A N D E R S and S . A N D E R S , J. Phys. D: Appl. Phys. 24 (1991)

1986.
14. P . C H A P E L L E , Etude expérimentale et modélisation de l’arc
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