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Coupled arc and droplet model of GMAW

T. P. Quinn*1, M. Szanto2, I. Gilad2 and I. Shai2

A model of gas metal arc welding was developed that solves the magnetohydrodynamic equations

for the flow and temperature fields of themolten electrode and plasma simultaneously, to form a fully

coupled model. A commercial finite-element code was extended to include the effects of radiation,

Lorentz forces, Joule heating and thermo-electric effects. The model predicts the shape of the free

surfaces of the molten metal as the droplets form, detach, and merge with the weld pool. It also

predicts the flow, temperature, and electric field. Material properties and the welding parameters

are the input variables in the model. The geometry of the numerical model was constructed to fit an

experimental apparatus using an aluminium electrode and an argon shielding gas. Droplet

frequency measurements were used to verify the model’s predictions. For a typical arc, the

temperature of the plasma can range up to 20 000 K, where there is more uncertainty in the

thermophysical properties of the plasma, and the properties in this range are highly non-linear. For

this range, the material properties of the model were adjusted to obtain a better fit between the

numerical and the experimental results. The model and experimental results were comparable.

Keywords: GMAW, Finite element finite volume model, Magnetohydrodynamics, Droplet frequency, Material property approximation

Introduction
Over 150 million pounds of electrode are welded by gas
metal arc welding (GMAW) each year in the United
States1 but in many ways, GMAW remains an art form.
In GMAW, an arc is created between the continuously
fed, consumable electrode (the anode) and the work-
piece. The electrode is fed through a copper tube (the
contact tube) at the end of a torch where a large current
(100–600 A) is applied. The melted electrode forms
droplets that are projected through the arc to act as filler
metal in the weld. A shielding gas is directed around the
electrode and weld pool. The designer of the weld must
select the proper filler material and the process
parameters – the electrode feedrate, the current or
voltage, and the distance between the contact tube and
the workpiece. The designer must ensure that the weld
has the proper profile (reinforcement shape, depth of
penetration, etc.) and is free of defects. Because of the
large thermal excursions and phase transformation of
the material in the weld joint, residual stresses and
structural distortion result. They can be minimised by
making the welds in a particular order and by proper
selection of the process parameters. However, the
process variables are usually determined through experi-
ence or extensive experiments.2–4 Practical models of the
process will reduce the costs of the experiments and
ensure the quality of the welds.

Models of GMAW have concentrated on the weld
pool,5–7 the arc,8 and the anode9–13 (for a complete review,

see Ref. 14). There is a need for coupled models of the
entire system. When Choo et al. coupled the arc model with
a calculation of the free surface of the weld pool in
GTAW,15 they found that the flow within the arc and weld
pool was much different as a result of the deformation of
the weld pool surface. Recently, two-dimensional models
have appeared that couple the arc with the anode;16–22

Haidar17–20 performed the most comprehensive computa-
tion on mild steel electrodes. None of these has concen-
trated on welding of aluminium and most use unique
numerical codes that are often difficult for others to use.

The objective of the research presented here was to
develop a coupled model of an electrode and the
surrounding plasma using a commercial finite-element
program. The model will serve as a part of the
overall coupled electrode–plasma–weld pool model.
Specifically, the model was developed for an aluminium
electrode with an argon plasma. However, the model can
be extended to other materials as well. In the present
computation, the authors have focused on the droplet
formation, its frequency, and its influence on the plasma
after detachment and travel toward the weld pool.

Measurements and computational results indicate
that at the hottest spots in the plasma, the temperature
usually exceeds 20 000 K.14,16,18 At that temperature,
the material property data are uncertain. In addition,
the temperature dependence of some properties is highly
non-linear. This non-linearity increases the numerical
effort, forcing very small time steps, and causing
numerical difficulties in the convergence of the solution.
Consequently, modified material properties were used so
that the experimental results would compare with the
model. The modified material properties also account
for the physics that was not considered in the model
such as heat of evaporation.
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The principal result of the present work is the ability
to predict the frequency of the metal transferred from
the electrode, an important energy source for the
welding pool in GMAW.

Model
There are three phases present in the system: (i) the solid
of the electrode and workpiece, (ii) the liquid of the
droplets, weld pool, and melt at the end of the electrode,
and (iii) the plasma of the arc. The plasma was modelled
as a single, magnetohydrodynamic fluid in local
thermodynamic equilibrium. In the anode fall and
cathode fall regions, special interface conditions were
used to accommodate the heat transfer in these non-
thermodynamic equilibrium regions.

The governing equations are as follows:

Conservation of momentum

r
Lui

Lt
zujui,j

� �
~sij,jzrfi (1)

where u is the velocity, r is the density, and t is time. The
stress s and body force f are given by

sij~{pdijzm(ui,jzuj,i){2=3m uk,kdij (2)

fi~gizeijk jjBk (3)

where p is pressure, m is viscosity, g is gravity, j is the
current density and B is the magnetic field. The model
considers all flow to be laminar.

Conservation of mass

uj,j~0 (4)

Conservation of energy

rcp
LT
Lt

zuiTi

� �
~(kTi)i{pui,iz

ji ji

s
{SR

z
5

2

kb

e
(Ti ji) (5)

where cp is the specific heat, T is temperature, k is the
thermal conductivity, kb is the Boltzmann constant, e is
the electron charge, and SR is the radiant heat loss. The
last term in the equation is the thermoelectric
(Thompson) effect. Here it is assumed that the plasma
is optically thin – the radiant energy lost from one part
of the plasma is not absorbed by some other part of the
plasma. The thermophysical properties m, cp and k are
allowed to vary with temperature. The density r is held
constant with temperature.

Maxwell’s equations

Bi,i~0 (6)

eijkBk,j~e
Lw,i

Lt
zm0 ji (7)

eijkw,kj~{
LBi

Lt
(8)

where m0 is the permeability of free space, e is the
dielectric permittivity of free space, and w is the electric
potential. If arc initiation is not being studied, the

dynamics of the electromagnetics are relatively unim-
portant, and the transient terms in equations (6)–(8) can
be neglected, as was done in Refs. 17–19. This gives

ji,i~0 (9)

eijkBk, j~m0 ji (10)

jj~{sw,j (11)

where s is the electrical conductivity. In equation (11)
(Ohm’s law), the terms eijkujBk will be neglected as small
compared to swj, as was done in Refs. 17–20, 23.

Equations (1)–(5) and equations (9)–(11) form a
complete set of 21 equations with 21 unknowns.
Although implicitly written above in rectilinear coordi-
nates, the equations have been solved in cylindrical
coordinates. To reduce the computational effort, the
model is axisymmetric which implies no translation of
the torch relative to the workpiece. This model therefore
corresponds to GMAW spot welding.

For the axisymmetric model, the self induced mag-
netic field Bh is

Bh~
m0

r

ðr

0

jrrdr (12)

The boundary conditions on the system are straightfor-
ward; the interface conditions are more complex. The
inflow velocity of the shielding gas on boundaries B–B9
and C–C9 (Fig. 1), through the gas cup, was matched to
the volumetric gas inflow rate. The velocity profile
across B–B9 (C–C9) was taken as parabolic; the
temperature of the incoming gas was set to T0. For
0,r,r0

W~V

ui~(0,0,vz)

T~T0 (13)

where V is the potential from the power source, r0 is the
electrode radius, vz is the electrode feed speed or, more
commonly, the wire feed speed (WFS), and the triple
corresponds to components of u in the r, h, z directions.
M–N–O–P is the workpiece and will be modelled as

1 Simplified geometry of GMAW system used for

describing boundary conditions

Quinn et al. Coupled arc and droplet model of GMAW
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having T5T0, and no velocity. The region I–J (30 mm
diameter here) is modelled as having a zero potential,
effectively making it the cathode spot. For comparison,
the model was also run with M–N–O–P as having zero
potential.

The interface conditions have been formulated follow-
ing the lead of Jönsson et al.8 The assumption that the
plasma is in local thermodynamic equilibrium does not
hold in the anode fall region and the cathode fall region.
Two special interface conditions were used to accom-
modate these regions. Where the j.0 on B9–E–F–G–C9,
a heat-generation term accounting for the thermoelectric
effect and radiation was added to the anode (and
subtracted from the plasma) of the form

qa~
5

2

kb

e
(T̂a ji ji){Snet (14)

where T̂a is the jump in temperature between the surface
of the anode and the plasma some small distance
(,0.05 mm, Ref. 16) away. Snet is the net radiant energy
lost. Here, the conductive and convective heat transfer
of the plasma on the anode surface will be calculated
using the thermophysical properties of the plasma
modelled as a single fluid as was done in Refs. 17–20.
The sheath effects were ignored. The electrode was

3 Droplet development and detachment in simplified model

2 Binary image used to calculate droplet frequency

Quinn et al. Coupled arc and droplet model of GMAW
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modelled as a blackbody emitter and the radiation
impinging on the electrode from the plasma was
neglected. A similar expression was used for the cathode
spot (I–J in Fig. 1).

The mass flux from the surface of the molten metal
owing to vaporisation was neglected (this can be partly

accounted for by adjusting the thermophysical proper-
ties of the plasma). The pressure pc on the surface of the
liquid metal because of surface tension was modelled as

pc~c
1

R1
z

1

R2

� �
(15)

where c is the coefficient of surface tension, and R1 and
R2 are the principal radii of curvature of the surface.
Surface tension is modelled as constant and not a
function of temperature.

The equations were solved numerically, using a hybrid
finite-element and finite-volume technique. A com-
mercial CFD code24 was extended with self-coded
subroutines that account for special effects such as
self-induced magnetic field, or radiation. The Navier–
Stokes equations were solved using the Galerkin finite
element method.

A Eulerian approach is used where the mesh is fixed as
in Ref. 16. The materials, the plasma and metal, flow
through the mesh. Each cell is filled either with a single
material or with a mixture of both materials.

The fluid volume is represented by the charact-
eristic marker concentration F which moves with the
fluid. The value of F is unity within the tracked, first
fluid (molten metal) and zero within the second fluid
(plasma). A step gradient in F marks the surface between
the two materials. The time dependence of F is governed
by

LF
Lt

zu:+F~0 (16)

A sharp gradient in F exists in elements that contain
both materials. The marker concentration is discretised

4 Velocity vector plot for simplified model

5 Temperature-dependent material properties used in the present work

Quinn et al. Coupled arc and droplet model of GMAW
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by

fi~
1

Vi

ð
FdVi, for element i (17)

where Vi is the volume of element i and fi refers to the
fractional fill state. For an element filled fully with the
first material fi50, and with the second material fi51.
For an element with partial fill of the materials, 0,fi,1.

Each material property Pi, of an element i has the
value of

Pi~Pa fizPb(1{fi) (18)

where Pa and Pb are, respectively, the properties of
material ‘a’ and ‘b’. The large differences in material
properties between the plasma and the metal can cause
an element that has a very small fi to have an inaccurate
material property because of the orders of magnitude
differences between Pa and Pb. Therefore, the mesh near
the interface needs to be relatively dense to allow for
convergence.

The location of the interface between the plasma and
the molten metal/solid is required in order to apply the
interface conditions. The location is found by evaluating
the fill state of the element and the fill state of its
neighbouring elements (the gradient of the fill state).
However, the computation of the orientation of the
interface inside the element is not accurate. This is a
source of an error that propagates throughout the

computation, especially because a typical analysis
consists of a large number of small time steps. A dense
mesh minimises such errors but increases the computa-
tional effort (time and memory).

An alternative approach is a Lagrangian mesh that
deforms with the boundary. In such an approach, the
interface is well defined, but because of the large
distortion of elements, a continuous re-meshing needs
to be performed. In addition, because of the distortion
of the mesh, the computation of the magnetic field
(equation (12)) is complicated.

Experimental verification
The experiments were conducted as in Ref. 9. Bead-on-
plate welds were made with a 1.19 mm ER-1100
electrode (.99% pure Al). A low-noise regulator was
used as described in Ref. 25 to maintain constant
current. To obtain measurements of the electrode
extension, arc length, and droplet frequencies, a
10 mW He–Ne laser and 632 nm bandpass filter were
used to create a shadowgraph of the electrode and base
plate.26 The shadowgraph images were recorded on a
high-speed video system. The contact tube, the elec-
trode, and the workpiece were imaged. The images were
processed digitally to extract the electrode extension and
the contact tube-to-work distance as a function of time.
By choosing an appropriate threshold value, a binary
image is created (Fig. 2). A baseline is set at the end of
the contact tube and the distance to the end of the
droplet is measured with three video lines. The average
of the three is taken as the distance from the end of the
contact tube to the end of the droplet. The resulting time
sequence can be analysed with a power-spectrum density
calculation to find the droplet frequency.

The current was measured with a Hall-effect transdu-
cer with an absolute error of 1%. The voltage between
the torch and the baseplate was measured within 0.5%
absolute error. The axial velocity of the electrode or feed
speed vz was measured as the electrode entered the wire
feeder: a pinch roller (16 mm dia.) was attached to an
optical encoder (5000 pulses rev.–1) and the resulting
pulse train was frequency converted to give a voltage
signal proportional to vz. The r.m.s. uncertainty from
calibration tests for the transducer was 2 mm s21. The
contact tube-to-work distance was set at 17 mm.

6 Geometry of experimental torch

7 Mesh discretisation of experimental set-up

8 Equipotentials; electric potential at electrode is 22.3 V,

and at workpiece, under the drop, it is 0 V

Quinn et al. Coupled arc and droplet model of GMAW
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Computational results and discussion
Preliminary computations using a simplified geometry of
the torch, following Fig. 1, were used to identify the
important parameters in the model and identify the
numerical methods necessary for efficient numerical
convergence. After the preliminary computations, the
geometry of the model was fitted to the torch of the
experimental apparatus.

The preliminary mesh as a droplet develops and
detaches in it is presented in Fig. 3. In order to
accurately calculate the droplet shape, the mesh size at
the electrode tip and at the adjacent elements of the
argon is set to 0.1 mm. To minimise numerical errors,
the maximum time step is set to 561026 s; similar
orders of magnitude were chosen by Haidar17 (cell sizes
of 0.075 mm and time steps of 2561026 s). Here, an
aluminium electrode and workpiece were used with
argon as the shielding gas. In the simplified model, the
anode has a diameter 1.2 mm, with feedrate of
100 mm s21. The average inflow shielding gas velocity
was 5000 mm s21. The overall voltage difference,
between the electrode and the workpiece, was set to
20.3 V. A complete drop development and detachment
is presented in Fig. 3. The current interacting with the
induced magnetic field causes a body force (the ‘pinch’
force27) that is pointed toward the centre of the plasma.
The velocity and streamline plot in Fig. 4 demonstrates
the result of this force on the flow of the shielding gas.

A typical computational time for the preliminary
mesh on a 1 GHz, PC-based workstation was 30 h to
simulate the first drop until its detachment (Haidar17

reported 20 h on a supercomputer).

The temperature range in the plasma, from ambient to
over 15 000 K, resulted in high non-linearity of the
material properties. For example, the electrical con-
ductivity of the argon has an almost exponential
dependence on temperature,27 and both the magnetic
field and the Joule heat depend on its value. This high
non-linearity increases the numerical effort by requiring
small time steps which can cause numerical difficulties in
the convergence of the solution. Moreover, at high
temperatures, there is uncertainty in the available
property data. To account for the differences in
properties of the actual shielding gas (it may include
aluminium vapour), to decrease computational effort,
and to account for some physical effects that are not
included in the model, such as heat of evaporation,
compensated material properties were introduced. The
compensated properties were found so that the model
fits the experimental results while reducing the computa-
tional effort. This approach is one of the significant
contributions of the current work, since in a relatively
simple way the computational model can be calibrated
by experiments.

Note that in the VOF method (used here as well as in
Refs. 16–20, 28), only a slight variation in the density is
allowed. Physically, this is an adequate model for the
aluminium, but in the plasma, the density variation is
high. Therefore, special care was taken when selecting a
constant value for the density of the plasma by matching
the overall results of the model to the experimental
measurements.

Properties that were taken as constant are listed in
Table 1, whereas those that were assumed dependent on
temperature are shown in Fig. 5.

Once the thermophysical property curves/constants
were identified with the simplified geometry, the actual

10 Streamline plot at arc area

Table 1 Constant material properties used in the present
work

Property Unit Aluminium Argon

Surface tension N cm21 0.009 –
Density g cm23 2.7 0.0008
Dynamic viscosity g cm–1 s–1 – 0.0025
Specific heat J g–1 K–1 – 50
Magnetic permeability H cm21 – 0.00012
Electrical conductivity (V cm)–1 250 000 –

9 Velocity vectors

11 Temperature distribution; temperature is in K

Quinn et al. Coupled arc and droplet model of GMAW
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geometry of the experimental apparatus was used
(Fig. 6). The mesh again was denser in the region where
droplets form and travel. Mesh discretisation with
representative plots of the drop propagation through
the mesh is presented in Fig. 7. The droplet frequency
was used to test the sensitivity of the model using the
preliminary mesh to changes in the assumptions of the
boundary conditions and parameters. In order to
calibrate the exact model to the experimental results,
characteristic experiments with a potential difference of
22.3 V and wire feedrate of 94 mm s21 were performed.
The average inflow shielding gas velocity was
1800 mm s21. To stay away from the initial transient
effects, the computation concluded after more than 10
drops. The frequency of the droplet was measured
experimentally to be between 100 and 120 Hz. The
droplet frequency for the model results was calculated
using the time difference between two consecutive drop
detachments. The minimum and maximum frequencies
were 95 and 115 Hz, respectively, whereas the average
was 105 Hz. Those computational results agree well with
the experiments. Note that the model predicts that the
time between drops varies and is not constant which is
also observed in experiments.

Typical electric field, velocity vector, streamline, and
temperature plots in the actual experimental model are
presented in Fig. 8 through Fig. 11, respectively. Note
that because of the model limitation that there is no
vaporisation of the molten metal, the model probably
overpredicts the temperature of the droplets in Fig. 11 at
about 104 K.

To verify the model predictions, droplet frequency
predictions (using the above identified material proper-
ties) were made from 18 to 24 V (Fig. 12). Linearly
interpolating the computational data, the r.m.s. differ-
ence between it and the experimental data is 23 Hz.
Remember that the material data are optimised using
only one data point and the resulting predictions of the
droplet frequency are comparable (Fig. 12).

Summary
A numerical model of the electrode–plasma was devel-
oped for aluminium. The model is based on a

commercial CFD code augmented with self-coded
subroutines. For a typical arc, the temperature of the
plasma can range up to 20 000 K where there is
more uncertainty in the thermophysical properties of
the plasma, and the properties in this range are highly
non-linear. For this range, the material properties of the
model were adjusted to obtain a better fit between the
numerical and the experimental results using only a
single data point. The model and experimental results
were comparable from 18 to 24 V. This approach is one
of the significant contributions of the present work,
since in a relatively simple way the computational model
can be calibrated by experiments. Once the model and
the compensated values were established, the computa-
tion simulates the process and is ready for different
working parameters.
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