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ABSTRACT

The paper aim is to study the influence of
the current path in a metal work-piece of a
welding Tungsten Inert Gas (TIG) configura-
tion. A transient three-dimensional and magneto-
hydrodynamic model of an interaction between an
electrical arc and a metal work-piece is presented.
The model couples the plasma and the metal do-
mains and takes into account the metallic vapours
presence.

1. INTRODUCTION

Thermal plasmas are used in several industrial ap-
plications as spraying, cutting, TIG welding. For
this last application, an electric arc is established
in an inert gas between a non-fusible tungsten
electrode and the metallic work piece connected
to the power supply by a mass clip. The thermal
plasma, created by the arc, transfers its energy to
the metal leading to the creation of a melted zone
and production of metallic vapours. The process
quality (as depth-to-width ratio) depends on the
arc properties.

The arc shape is due to the convection, the mag-
netic force and the pressure gradient [1]. Several
authors studied the magnetic arc deviation. Gon-
zalez et al [2] studied the deflection due to a mag-
netic field created by the current intensity circu-
lation in a conductive wire closed to the arc. Yin
et al [3] described the deformation due to the pres-
ence of an axial magnetic field created by an excit-
ing coil placed all around the cathode. Yamamoto
et al [4] showed the impact of the coil presence all
around the work-piece. An arc deviation is also
reported when the mass clip position is asymmet-
ric [5]. However, to our knowledge, no simulation
of this phenomenon is available in the literature.

In order to quantify this phenomenon a transient
three-dimensional model of an electrical arc in in-
teraction with a metal work-piece [6] is used.

The model solves the magneto-hydrodynamics
equations to describe the plasma and the metal part
taking into account the liquid-solid phase change
and the vapour production. Four forces acts on
the liquid metal: the Marangoni force (with a
Marangoni coefficient depending on temperature),
the drag force, the electromagnetic force and the
gravity. The model was developed from the code
@Saturne [7] distributed in GPL license by EDF
and based on the finite-volume method. Several
modifications of the code were necessaries to take
into account the interfacing between the plasma
and the material as well as the resolution of the
physical phenomena in the melted zone [8].

The physical bases of the model are presented
in a first part. Next, the model is applied for a
configuration closed to a TIG welding conditions:
Arcal.37 plasma (70%mol He and 30%mol Ar)
in interaction with an AISI 304 work-piece (with
200pmm of sulphur content). The applied current
intensity is I=200 A and the arc length d=5.5 mm.
Two configurations are compared: one with a sym-
metric return current connection to the work piece
and the other with an asymmetric return current
connection.

2. MODEL DESCRIPTION

The following conditions and assumptions are
adopted:

• The weld pool surface is not deformable.

• The welding torch is stationary.

• The plasma and anode metal are solved in a
same calculation domain. The cathode domain
is not solved.



• The plasma and the weld pool are considered as
Newtonian fluids.

• The plasma is at LTE and the flow is laminar.

• The weld pool flow is assumed laminar.

The conservation laws of the magneto-
hydrodynamics are solved for the plasma and
metal parts in a same 3D cylindrical domain.

Mass conservation:
∂ρ

∂t
+∇ · (ρv) = 0 (1)

ρ is the mass density and v the velocity vector.

Momentum conservation:
∂ρv

∂t
+∇ · (ρv ⊗ v) = −∇p+∇ · τ

+ j×B+ ρg +TS (2)

p is the pressure, g is the standard acceleration of
gravity, j the current density and B the magnetic
field deduced from vector potential equations and
τ the shear stress. On weld pool surface, addi-
tional source terms TS are included to represent
the two superficial forces:

• The Marangoni force:

TSi =
∂

∂z

[
∂γ

∂T

T

∂i

]
(3)

i represents the tangent contribution of the axial
components (x and y) and T is the temperature.
The Marangoni coefficient ∂γ/∂T is taken as a
function of temperature with sulphur as active
component.

• The drag force:

TS =
∂

∂z

[
η
∂v

∂z

∣∣∣∣
p

− η ∂v
∂z

∣∣∣∣
a

]
(4)

p and a represent respectively the plasma and
anode parts.

Enthalpy conservation:
∂ρh

∂t
+∇ · (ρvh) = ∇

(
λ

cp
∇h
)
+

j · j
σ

+TS (5)

h is the static enthalpy, λ is the thermal conduc-
tivity, cp is the specific heat capacity and σ is the
electrical conductivity.

Specific terms are added for plasma: enthalpic
transport of the electron and radiation losses:

TS =
5kb
2e
∇ ·
(
h

cp
j

)
− 4πεn (6)

Fig. 1: Geometry in (y-z) section (distance in mm).

Tab. 1: Boundary conditions. (*) For the reference case.

Zone v (m s−1) T (K) V (U) A (T m)

AB-GH ∇(ρv) · en = 0 ∇T · en = 0 ∇V · en = 0 ∇A · en = 0

BC-FG ρv = 10nl min−1 T = 300 ∇V · en = 0 ∇A · en = 0

CDEF ρv = 10nl min−1 T = 3500 ∇V · en = 0 ∇A · en = 0

HJ-MN ∇(ρv) · en = 0 ∇T · en = 0 ∇V · en = 0 A = 0

HJ-MN v = 0 T = 300 V = 0 (*) A = 0

HJ-MN v = 0 T = 300 V = 0 (*) ∇A · en = 0

e is the elementary charge, kb the Boltzmann con-
stant and εn represents the net emission coeffi-
cient.
At the interface between the plasma and the work-
piece (as an anode), the anode flux qa is equal to:

qa = qcond. + |jz|
φa
e
− Lmatφv (7)

qcond. represents the conduction flux, φa is the
electron work function (taken equal to 4.7 eV),
Lmat is the latent heat of gasification (taken equal
to 73.43·104 J.kg−1) and φv the evaporation flux
of metal vapours.

Electrical potential equation:
∇ · (σ∇V ) = 0 (8)

The electrical field E and the current density j is
deduced from the electrical potential with a simple
Ohm’s law:

j = σE = −σ∇V (9)

Vector potential equations - Magnetic field:
∇ · (∇A) = −µ0j (10)

µ0 is the vacuum permeability. Resolving this
equation yields the magnetic field:

B = ∇×A (11)

Mass fraction conservation:
∂ρYm
∂t

+∇· (ρvYm) = ∇ (ρD∇Ym)+TS (12)

Ym represents the mass fraction of metallic
vapours. We assume that the diffusion coefficient
D = η/ρ (according to the Schmidt number equal
to 1).



Fig. 2: Temperatures for the 2 cases in (y,z) section. Isotherms in kK. Distance in mm.

Based on pure properties components, the local
plasma properties are calculated with mixtures
laws [6] depending on the local vapour concentra-
tions and temperature. The vapour production is
imposed with a source term in the first cells above
the anode. On weld pool surface:

Ym =
PvMm

PvMm + (P0 − Pv)Mp
(13)

Mm and Mp are respectively the molar mass of
metal and plasma, P0 the atmospheric pressure
and Pv the pressure vapour of metal.

Fig. 1 shows the geometry and Tab. 1 presents the
boundary conditions. The current polarity is di-
rect: the tungsten electrode (CDEF) is the cathode
and the work-piece (NJKM) is the anode. Current
density is imposed below the cathode as an expo-
nential profile:

jz = jmax exp
(
−b
√
x2 + y2

)
(14)

jmax is equal to 1.2·108 A.m−2 and the parameter

b is deduced from intensity:

I = 2π

∫ Rc

0

j(r)rdr (15)

Rc is the conduction radius of the electrical arc
(taken equal to 2 mm).

3. RESULTS

The model is applied to study the arc deviation
due to the position of the return current connec-
tion. Two cases are presented in this section:
• Case A (reference case): the electrical voltage

boundary is equal to 0 for all the anode part
(Fig.1: NJKN). For this case the return current
connection is symmetric.

• Case B: the voltage anode boundary is equal to
0 only in a part of the anode (Fig.1: LM; x <5
mm and y >10 mm). For this case the return
current connection is asymmetric.



Fig. 2 presents the temperature field in a (y-
z) section after 2 s of interaction for the 2
cases (isotherms in kK). In metal part, the 1727
K isotherm corresponds to solid-liquid phase
change.

For the 3D case A (Fig. 2(a)), the results present a
natural symmetry due to the fact that the physicals
phenomena described are symmetric. Thus the
weld pool dimensions are symmetric: the width
is equal to 9.9 mm and the depth is equal to 1.9
mm. The weld pool volume is 103 mm3.

In comparison with the case A, the case B
isotherms (Fig. 2(b)) are moved towards the y
negative values: for example the isotherm 8 kK
extends from y=-7.7 mm to y=-3.3 mm as there
are located between [-5; 5] for the case A. The
weld pool width (10.3 mm) and depth (1.9 mm)
are close to the case A but it is more extended
to the y negative values and the molten volume
is reduced (89 mm3). We notice that the plasma
and the weld pool are deflected in the opposite di-
rection of the position of the current connection
(which represents the mass clip).

Fig. 3 presents the norm of current density in the
whole calculation domain. The down part of the
figure corresponds to the material as the upper part
is the plasma medium. In the left side of the fig-
ure 3 in the material domain the current density is
higher than in the anode center. The vector current
density is oriented to the right and that it is paral-
lel to the anode surface. This current circulation
in the material leads to a magnetic field equal to
20 mT which modifies the current circulation in
the vicinity of the anode-plasma interface lead-
ing to a plasma deviation. The temperature field
is so deformed and deviated breaking the natu-
ral symmetry. Changes are also observed on the
electromagnetic forces and so, on the molten zone.

Fig. 3: Current density contours (values in A.m−2) for case B in
(y-z) section. Distance in mm.

4. CONCLUSION

Based on @Saturne a 3D model describing on the
whole domain the plasma and the material was
built. The model previously validated allows para-
metric studies on several quantities and a better
understanding of the forces acting on the weld
pool.

In this paper the influence of the current path in
the material on the plasma behaviour is clearly
demonstrated showing all the importance of well
describing the current circulation for a better im-
provement of the process.
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