
RESEARCH PAPER

Numerical simulation of the plasma–MIG process—interactions
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Abstract The plasma–metal inert gas (MIG) process is char-
acterized by a variety of process parameters. Numerical sim-
ulation can be used to investigate the influence of these
process parameters and thus helps to improve the properties
of the weld. In this paper we discuss a procedure to describe
the plasma–MIG process by coupling numerical models of the
arc and the droplet detachment with a three-dimensional mod-
el for the plasma–MIG weld pool. Using the magnetohydro-
dynamic (MHD) arc model, the effects of process parameters
on the arc pressure profile and the energy input profile on the
workpiece can be analyzed. The volume-of-fluid (VoF)–MHD
model of the droplet detachment describes the properties of
the resulting droplet in terms of its size, temperature and
speed. In the three-dimensional VoF model of the weld pool,
the influences of the arc and the droplet are simplified by
source terms in the mass, momentum and energy equations.
Due to these simplifications in the physical complexity, the
process and the seam shape can be described with reasonable
computational effort.
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1 Introduction

The plasma–metal inert gas (MIG) process is a combination of
a MIG and a plasma arc process. In the hybrid process, both
arcs are established between a welding torch and a common
weld pool at a workpiece. Two different configurations are

known, the inline configuration with a leading plasma tung-
sten arc and a trailing MIG arc and the concentric configura-
tion with a central MIG process surrounded by a plasma arc.
The second configuration offers many advantages concerning
the welding speed, the process reliability and the ability to
determine the size of the weld pool and penetration [1].
However, the process is also quite complex, since a huge
number of process parameters and design features influence
the weld properties.

In order to get a better understanding of the cause and
effect, chains and their sensitivity numerical simulation be-
come more and more important. Besides visualization and
characterization, the modelling is aimed to enable predictions
of the process stability as well as reliable predictions of the
properties of the weld and the heat distribution in the work-
piece as a function of the parameters of the process. Due to the
model complexity and the associated computational effort,
there is still no uniform model of the plasma–MIG or at least
the MIG process in which the properties of the weld seam
could be calculated physically self-consistently as a function
of the process parameters. Instead, it is common practice in
modelling to focus on a part of the process, such as the weld
pool, the droplet transfer or the arc. Many models of the gas
metal arc welding (GMAW) weld pool do not include the
wire, the plasma and the droplet transfer in the weld pool.
Instead, these influences are approximated by source terms
(e.g. [2, 3]). Models of the droplet transfer include the wire
and the arc plasma, but either uses a two-dimensional axisym-
metric geometry and is therefore not suitable to calculate the
seam shape (e.g. [4]) or uses a three-dimensional geometry but
neglects the energy flow in the wire [5]. In arc models of the
GMAW process, the arc properties at the surface of the work-
piece could be described as a function of the process param-
eters, but in the models, the electrodes are assumed to be not
molten and therefore considered as solids with a given shape
constant in time (e.g. [6]) or as a function of time (e.g. [7]). In
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all these models, insufficient simplifications or assumptions
which must be verified by experiments have been used.

In this work we present a procedure based on the simulation
software ANSYS CFX, in which the benefits of the individual
models are combined.With the combinedmodel, the properties
of the joint could be calculated with respect to the process
parameters but without having to use experimental investiga-
tions in a wide range of parameters (Fig. 1).With the arc model,
we calculate the arc pressure and the heat flux profile at the
surface of the workpiece. The shape, velocity and temperature
of the detached droplet are calculated with the droplet transfer
model. The data of the arc and the droplet transfer model is then
used in the weld pool model. In the following chapters, these
models will be discussed more in detail.

2 Arc model

The plasma–MIG arc model is used to investigate the physical
processes in the arc. Of particular interest are the properties of
the arc at the workpiece, especially in dependence of process

parameters. The droplet transfer is neglected and the work-
piece is assumed to be flat. In the model, the electrodes and the
components of the welding torch are considered as solids. To
take into account the influence of welding speed, we use a
mirror-symmetric geometry (Fig. 2a).

The following MHD equation system is used to calculate
the properties of the arc:

∂ρ
∂t

þ ∇⋅ ρ u!
� �

¼ 0 ð2:1Þ

∂ ρ u!
� �
∂t

þ ∇⋅ ρ u!⊗ u!
� �

¼ −∇pþ ∇⋅τ þ j
!� B

! ð2:2Þ

∂ ρhg
� �
∂t

þ ∇⋅ ρ u!hg
� �

¼ ∂p
∂t

þ ∇⋅ λ∇Tg

� �þ j2

σ
þ QRAD ð2:3Þ

∂ ρhmð Þ
∂t

þ ∇⋅ ρ u!weldhm
� �

¼ ∇⋅ λ∇Tmð Þ þ j2

σ
ð2:4Þ

Fig. 1 Calculation of the joint
properties in dependence of the
plasma–MIG process parameter
due to the coupling of an arc
model and a droplet transfer
model with a weld pool model
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∇⋅ σ∇ϕð Þ ¼ 0 ð2:5Þ

ΔA
!¼ −μ0⋅ j

! ð2:6Þ

In Eqs. 2.1–2.6, ρ is the density, t is the time, u is the
velocity vector, p is the pressure, τ is the stress tensor, j is the
electrical current density, B is the magnetic field, hg is the
enthalpy of the shielding gas, λ is the thermal conductivity, Tg

is the temperature of the shielding gas, σ is the electrical
conductivity, QRAD is the net emission coefficient, hm is the
enthalpy of the workpiece (metal), Tm is the temperature of
the workpiece, φ is the electric potential, A is the magnetic
vector potential and μ0 is the magnetic permeability.

To save costs, we resign the calculation of temperature
distribution within the plasma torch and the interactions in
the sheath regions. Instead, we define a heat loss term on
the gas side of the gas–solid interfaces of the wire and
plasma electrodes to estimate the convective heat transfer
of heavy particles from plasma to solid surfaces (Eq. 2.7).
The formulation is based on an integral conductivity [7]
and an assumed length for the anodic sheath region of
0.1 mm [8]. To consider the effect of welding speed on
the arc properties, we use a simplified formulation for the
energy balance in the workpiece, which includes the ad-
vection term (second term on the left-hand side of
Eq. 2.4). At the solid side of the gas–solid interface, we
include a heat flux to display the effect of the non-
thermionic sheath region, according to the formulation of
Lowke and Tanaka [9].

ḃq gas side ¼
Z
Tsolid

Tgas

λ Tð ÞdT=0:1 mm ð2:7Þ

ḃq workpiece ¼ j
!� n!
��� ���⋅ 15:8 V−4:5 Vð Þ ð2:8Þ

The material properties and net emission coefficient of
argon from Murphy [10] and Menart and Malik [11] are used
for the shielding gas. The influence of metal vapour is
neglected in this study. The components of the welding torch

are made of copper. For the wire electrode and the workpiece,
we use the material properties of stellite 6 [1].

By sensitivity studies, the influence of process pa-
rameters on the arc properties was examined. Main
influential variables are the MIG, plasma and shielding
gas flow rates (V indicates the volume flow rate)
(Fig. 2b) and the current of the MIG and plasma pro-
cess. The flow rates have only a minor influence on the
arc properties at the workpiece (Fig. 4, left) but a high
influence on the stability of the process.

At MIG flow rates of 5 l/min and a plasma current of 140
A, the model predicts a spot attachment of the arc at the
plasma electrode (Fig. 3b). At MIG flow rates over 5 l/min,
the gas flow is not ionized uniformly over the circumference
and the process gets unstable. This fact is consistent with
experiences from experimental studies [1].

In contrast to the flow rate, the MIG and plasma
current have a large influence on the arc pressure and
the heat flux profile at the surface of the workpiece
(Fig. 4). The arc pressure is shown as a relative pres-
sure related to the atmospheric pressure. The heat flux
profile at the workpiece includes both the convective
heat transfer from the arc and the sheath heating at the
cathodic workpiece.

A rise in the MIG current leads mainly to an increase of the
profiles. The increase of the plasma current results in a broad-
ening of the profiles. In a good approximation, the profiles
could be considered as rotationally symmetrical.

3 Droplet transfer model

The droplet transfer model is used to investigate the
physical processes during the detachment of the droplet
taking into account the influence of the arc. The model is
based on the volume-of-fluid method, described by Hirt
and Nichols [12]. The electrodes and the gas are consid-
ered as an immiscible two-phase mixture, which are sep-
arated from each other by a phase boundary (the surface
of the electrodes). The components of the welding torch
are considered as solids (Fig. 5). To reduce computational
time, we assume rotational symmetry.

Fig. 2 Computational domain of
the mirror-symmetric arc model
(a) and components of the plasma
welding torch from Alaluss et al.
[1] (b)
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Fundamental is the transport equation for the volume frac-
tion Fm of the liquid phase and the volume fraction Fg of the
gaseous phase.

∂Fm

∂t
þ ∇⋅ Fm u!

� �
¼ 0; Fg ¼ 1−Fm ð3:1Þ

The density, viscosity and electrical conductivity of the
multiphase mixture are calculated as a function of the volume
fractions of the phases.

ρ ¼ Fg ρg þ Fm ρm ð3:2Þ
η ¼ Fg ηg þ Fm ηm ð3:3Þ
σ ¼ Fg σg þ Fm σm ð3:4Þ

Assuming a uniform flow field for both phases, the
conservation equations for mass and momentum corre-
spond to those for the single-phase formulation (Eqs. 2.1
and 2.2). Two additional source terms are added to the
right-hand side of the momentum equation. FST is the
vector of the surface tension force according to the con-
tinuum surface force model of Brackbill et al. [13], and
FSLD is a source term to display the behaviour of the

solid regions in the liquid phase regarding its velocities.
The Maxwell equations for the electrical current and the
magnetic vector potential (Eqs. 2.5 and 2.6) remain
unchanged.

F
!

ST ¼ −γgm∇⋅
∇Fm

∇Fmj j
� �

∇Fm

∇Fmj j ð3:5Þ

F
!

SLD ¼ −1010
N m−3

m s−1
u!− u!solid

� �
ð3:6Þ

For both phases, separate energy conservation equations
are calculated.

∂ Fgρhg
� �

∂t
þ ∇⋅ Fgρ u!hg

� �
¼ ∇⋅ λg∇Tg

� �þ Fg
j2

σ

þ Fg QRAD−QHT

ð3:7Þ

∂ Fmρhmð Þ
∂t

þ ∇⋅ Fmρ u!hm
� �

¼ ∇⋅ λm∇Tmð Þ þ Fm
j2

σ

þ Fm QSRF þ QHT

ð3:8Þ

The source term QHT represents the energy exchange
between the phases, and QSRF displays the heat flow at

Fig. 3 Calculated arc temperature distribution (a) and current density distribution at the plasma electrode (b). Process parameters: IMIG=169 A, IPlasma
=140 A, VMIG=5 l/min, VPlasma=10 l/min, VShielding=18 l/min
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the phase boundary (metal surface), including sheath
heating, vaporization cooling and radiation. In the anodic
sheath region, we assume that the electric current is car-
ried by electrons only. Therefore, the energy input in the
sheath region equals the product of the current density

normal to the surface j
!⋅∇Fm

��� ��� and the recombination energy

of electrons of ϕSH=4.5 V.

QHT ¼ ∫
Tm

Tg

λ Tð Þ dT=0:1 mm⋅∇Fm ð3:9Þ

Fig. 5 Computational domain and boundary conditions of the axisymmetric droplet transfer model

Fig. 4 Sensitivity studies regarding the influences of the process param-
eters: plasma gas (left), MIG current (middle) and plasma current (right),
on the arc pressure profile (relative pressure) (top) and the heat flux

profile (bottom) at the surface of the workpiece. Reference process
parameters: IMIG=150 A, IPlasma=150 A, VMIG=4 l/min, VPlasma=10 l/
min, VShielding=18 l/min
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QSRF ¼ j
!⋅∇Fm

��� ���⋅8SH|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
Sheath heating

− ṁ VAP hVAP|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
Vaporization

þ 0:5 σSB T4
m− 300 Kð Þ4

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Radiation

2
64

3
75⋅ ∇Fmj j ð3:10Þ

In our calculation, we use the material properties of pure
argon for the gaseous phase and the properties of stellite 6 for
the liquid phase.

The presented model combines for the first time an arc
model with a droplet transfer model for the plasma–MIG
process. Figure 6 shows exemplarily the temperature distribu-
tion in the arc and a comparison of the calculated droplet
shapes with the experiment for a MIG current of 273 A and
a plasma current of 140 A.

A major influence on the droplet detachment during plas-
ma–MIG welding results from the current path at the wire
electrode. For the plasma–MIG process, the current densities
at the wire are lower in comparison to those for a MIG
process. The reason is the surrounding gas, which is already
ionized. This determines not only the distribution of the elec-
tromagnetic pinch force but also the distribution of the current
density and, as a result, the sheath heating. It is expected that
this will result in lower fume emissions at the wire.

The largest part of the energy input into the wire electrode
results from the recombination of electrons in the anodic
sheath region (1,200W), the pre-heating effect due to resistive
heating of the wire (450 W) and the convective heat transfer
from the arc (300 W). The cooling heat flow due to vaporiza-
tion (−50 W) and surface radiation (−20 W) is much smaller.

Fig. 6 Comparison of the calculated droplet shapes with the experiment from Alaluss et al. [1]. Process parameters: IMIG=273 A, IPlasma=140 A, VMIG

=5 l/min, VPlasma=10 l/min, VShielding=18 l/min

Fig. 7 Calculated temperature distribution (colour scale ) and
melting line (black line ) in the weld seam. Process parameters:
IMIG=169 A, IPlasma=140 A, VMIG=5 l/min, VPlasma=10 l/min,
VShielding=18 l/min
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4 Weld pool model

The weld pool model is used to investigate the physical
processes during the formation of the weld seam. Based
on the calculated variables such as the temperature distri-
bution in the workpiece, conclusion about the shape and
the properties of the weld could be made. For the repre-
sentation of the process, at least a mirror-symmetrical
model with a sufficiently large length in the direction of
welding is required. This leads to a high number of mesh
elements and thus to a high computational effort. To limit
the computational time, it is common to reduce the com-
plexity of the equation system. For this purpose, the
influences of the arc and the droplet transfer model are
approximated by source terms in the mass, momentum
and energy equations [1–3]. These source terms are often
determined empirically and described only a limited de-
pendence of the process parameters.

In the presented procedure, we use the results of the arc and
the droplet transfer model to describe the variations of the
source terms with the process parameters without having to
perform experimental investigations in a wide parameter

range. The arc can be reduced to its force (arc pressure) and
its heat input on the surface of the weld pool. The calculated
variation of the arc pressure and the heat input in dependence
of the process parameters is shown in Fig. 4. The droplet
transfer could be approximated due to a mass source term,
MDR, which is defined as a function of the transfer rate and
includes the shape, velocity and temperature of the droplet in
the model. Based on the volume-of-fluid approach, the con-
servation equations for mass, momentum and energy read as
follows:

Mass
∂ρ
∂t

þ ∇⋅ ρ→uð Þ ¼ MDR|ffl{zffl}
Droplet Mass Source

ð4:1Þ

Momentum
∂ ρ→uð Þ
∂t

þ ∇⋅ ρ→u⊗→uð Þ ¼ ∇⋅τ þ ρ →g βT Tm−T0ð Þ|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
Buoyancy

F
→

ST|{z}
Surface Tension

þ F
→

SLD|ffl{zffl}
Solid Force

þ pARC x
→ð Þ ⋅ ∇Fm|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

Arc Pressure

þ MDR u
→

DR|fflfflfflfflfflffl{zfflfflfflfflfflffl}
Droplet Velocity

ð4:2Þ

Energy
∂ ρhmð Þ

∂t
þ ∇⋅ ρu→weld hmð Þ ¼ ∇⋅ λ∇Tmð Þþ

½ q̇ ARC x
→ð Þ|fflfflfflffl{zfflfflfflffl}

Arc Heat Input

−ṁVAP hVAP|fflfflfflfflfflffl{zfflfflfflfflfflffl}
Vaporization

− 0:5 σSB T4
m− 300 Kð Þ4

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Radiation
�⋅ ∇Fmj j þ MDR hDR|fflfflfflfflffl{zfflfflfflfflffl}

Droplet Enthalpy

ð4:3Þ

Figure 7 shows the calculated shape and temperature
distribution for a plasma–MIG weld pool with the given
process parameters. The point of highest temperature is
assigned to the maximum of the energy flux of the arc.
The entering of the droplet leads to a strong mixing of
the weld pool material. Therefore, the mean tempera-
tures are lower in the weld pool. The cooling effect due
to the heat flow in the workpiece itself is much greater
than the cooling effect due to the heat radiation and
vaporization at the surface of the weld pool.

The most important advantage of this procedure is that
there are no experimental studies necessary to reflect the
influence of process parameters in the weld pool model.

5 Conclusions

In this paper we discussed a numerical procedure to describe
the properties of the plasma–MIG joint as a function of the
process parameters. Due to the combination of an arc and a

droplet transfer model with a model of the weld pool, we
could combine the advantage of the models and reduce the
computational effort.

The calculations predict a high influence of the MIG flow
rate on the process stability. At MIG flow rates over 5 l/min,
the gas flow is not ionized uniformly over the circumference
and the process gets unstable. This fact is consistent with
experiences from experimental studies. The arc pressure and
the heat flux profile at the surface of the workpiece are mainly
influenced by the MIG and plasma current. Due to the sur-
rounding plasma arc, the arc attachment at the wire is less
concentrated and the current densities are lower. Therefore,
the arc pressure of the plasma–MIG process in comparison to
that of a MIG process is lower, and the profiles for the arc
pressure and heat flux are broader.

The implementation of the pressure and heat flux profiles
from the arc model and the droplet properties from the droplet
transfer model as a function of the process parameters allows
the calculation of the joint properties without having to use
experimental investigations.
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