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Abstract

A unified comprehensive model was developed to simulate the transport phenomena occurring during the gas metal arc welding pro-
cess. An interactive coupling between arc plasma; melting of the electrode; droplet formation, detachment, transfer, and impingement
onto the workpiece; and weld pool dynamics all were considered. Based on the unified model, a thorough investigation of the plasma
arc characteristics during the gas metal arc welding process was conducted. It was found that the droplet transfer and the deformed weld
pool surface have significant effects on the transient distributions of current density, arc temperature and arc pressure, which were nor-

mally assumed to be constant Gaussian profiles.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Gas metal arc welding (GMAW) is an arc welding pro-
cess that uses a plasma arc between a continuous, consum-
able filler-metal electrode and the weld pool, as shown in
Fig. 1. The high temperature plasma arc melts the electrode
and forms a droplet at the electrode tip. The droplet is
detached and transferred in the arc to the workpiece. A
weld pool forms under the influences of the arc plasma
and the periodical impingement of droplets. The formation
of droplet, the transfer of droplet in the arc, and the
dynamics of weld pool are governed by the balance of
forces and the heat transfer inside the droplet or within
the weld pool and the heat transferred from the arc plasma.
The forces include gravity, surface tension, electromagnetic
force, arc pressure, and plasma shear stress. The balance of
the forces at the droplet determines the shape, volume, and
frequency of the droplet detachment and the droplet accel-
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eration after the detachment. The weld pool dynamics are
not only influenced by the balance of forces acting on it,
but are also affected by droplet impingement. The heat
transfer within the droplet and weld pool includes Ohmic
heating, conduction, and convection. The heat transferred
from the arc plasma includes conduction and heat through
thermal effect at the surface of the anode and cathode.
Most of these forces and heat flux terms change as a func-
tion of time. They depend on the instantaneous electrode
and weld pool configurations; the droplet position; the cur-
rent density distribution within the arc, the electrode, and
the weld pool; the thermophysical properties and the fluid
flow of the plasma; and the energy balance of the plasma,
the electrode, and the workpiece.

Modeling the heat transfer and fluid flow in the arc
plasma for GTAW [1-18] has been well documented, but
very few research articles can be found for GMAW. Mck-
elliget and Szekely [1], Choo et al. [2] and Goodarzi et al.
[3] have simulated the arc column by assuming the current
density distribution at the cathode surface in GTAW. Fan
et al. [4,5] used fixed temperature boundary conditions at
the cathode tip to calculate the arc column in GTAW.
Zhu et al. [6] developed a unified model to simulate the
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Nomenclature

A, constant, defined in Eq. (19)

By self-induced azimuthal magnetic field

c specific heat

C coefficient, defined in Eq. (11)

1 permeability coefficient, defined in Eq. (10)

d dendrite arm spacing

e electronic charge

F volume of fluid function

f mass fraction

g volume fraction or gravitational acceleration

h enthalpy

H latent heat of fusion

H,, latent heat of vaporization

I welding current

Ja anode current density

Jr radial current density

J, axial current density

k thermal conductivity

K permeability, defined in Eq. (10)

ky, Stefan—Boltzmann constant

Kegr effective thermal conductivity at arc-metal inter-
face

7] vector normal to the local free surface

p pressure

P,m  atmospheric pressure

Ps surface tension pressure

0 shielding gas flow rate

Gev evaporation mass rate of metal vapor

3
ty

cylindrical coordinate system

gas constant

internal radius of the shielding gas nozzle
radius of the electrode

vector tangential to the local free surface
anode sheath energy heat flux for the metal
anode sheath energy heat flux for the arc plasma
cathode sheath energy heat flux for the metal
cathode sheath energy heat flux for the arc plas-
ma

radiation heat loss
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time

T temperature

Tare arc plasma temperature close to the anode and
cathode

anode, cathode surface temperature
liquidus temperature

solidus temperature

ambient temperature

velocity in r-direction

velocity in z-direction

velocity vector

relative velocity vector (V) — V)
wire feed rate

melt evaporation rate

~

T, T,
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Greek symbols

P thermal expansion coefficient

Y surface tension coefficient

0y/0T surface tension temperature gradient
& surface radiation emissivity

K free surface curvature

W dynamic viscosity

Uo magnetic permeability

¢ electric potential

Ow work function of the anode material
Oc electrical conductivity

0 density

Tps plasma shear stress

TMs Marangoni shear stress

0 length of the anode or cathode sheath
At time interval

Subscripts

0 initial value

/ liquid phase

r relative to solid phase velocity

s solid phase

w wire

arc column, the cathode and the cathode sheath in GTAW.
Lowke et al. [7,8] simplified the unified model to treat the
electrode in a special way at the cathode surface to account
for electrode effects [7] or omit the electrode sheath [8]. The
simplified models [7,8] reduced the computation time to 1%
of the original unified model and gave fair results in agree-
ment with experimental data when 0.005-0.01 cm mesh size
around the cathode tip was chosen. These simplified mod-
els have been used and further developed by many
researchers [9-18] to calculate the heat transfer and fluid
flow in the arc column.

Both GTAW and GMAW have a plasma arc struck
between an electrode and a workpiece. Even though the

GTAW has an inert tungsten cathode as the electrode
and the electrode of GMAW is a melting metal and usually
set as the anode, the GTAW arc model can be adopted to
model the GMAW arc. Jonsson [19] adopted the GTAW
arc model of Mckelliget and Szekely [1] to calculate the
arc column by assuming a current density distribution at
the cathode spot. Zhu et al. [20] calculated the anode tem-
perature profile by incorporating the simplified arc model
of Lowke et al. [8] into a one-dimensional conduction
model of the moving electrode in GMAW. The heat input
to the electrode was estimated from the arc plasma, and the
‘molten’ metal was discarded when its temperature reached
the melting point. Haidar and Lowke [21] and Haidar [22]
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Fig. 1. A schematic representation of a GMAW system including the
electrode, the arc, and the weld pool (not to scale).

extended the simplified arc model of Lowke et al. [8] to sim-
ulate the droplet formation in GMAW. They were the first
to simulate the dynamic interaction of the arc plasma and
the droplet. Haidar [13,23,24] further developed this
GMAW model to take into account the sheath effect at
the anode surface. However, the droplet was eliminated
immediately when it was detached from the electrode tip.
The weld pool dynamics was also neglected and the work-
piece was treated as a flat plate. The fluid flow in the weld
pool was not calculated and only conduction was consid-
ered. Zhu et al. [25] and Fan and Kovacevic [26] have
developed models to simulate the arc column, droplet for-
mation, detachment, transfer and impingement onto the
workpiece and the weld pool dynamics. However, the sim-
ulated arc plasma distributions matched both the experi-
mental results [27-31] and the simulation results from
aforementioned arc models [1-24] poorly. From the simu-
lated fluid flow within the droplets in Ref. [25], the coupling
of the arc plasma and the droplets seemed to be poor as the
droplets showed very little sign of being subjected to the
electromagnetic force, arc pressure, and plasma shear
force. The arc plasma flow in Ref. [26] could not push
the detached droplets down and an empirical formulation
was used to calculate the plasma drag force.

In almost all of the aforementioned studies, the arc
plasma was considered to be independent of electrode melt-
ing, droplet generation and transfer, or weld pool dynam-
ics. However, in reality, the surface of the weld pool is
highly deformable, and the profile of the electrode changes
rapidly. Also, when there are droplets between the elec-
trode tip and the surface of the welding pool, the flow of
arc plasma can be dramatically distorted. In this article, a
mathematical model employing the volume of fluid
(VOF) technique and the continuum formulation is devel-
oped to simulate the coupled transport phenomena includ-

ing the generation and changes of the arc plasma; the
electrode melting; the droplet formation, detachment,
transfer, and impingement onto the workpiece; and the
dynamics of the weld pool. This paper will focus on pre-
senting the results of the plasma arc. A second paper on
the electrode melting; droplet formation, transfer, detach-
ment and impingement onto the base metal; and the
dynamics of the welding pool is presented separately.

2. Mathematical model
2.1. Governing equations

Fig. 1 is a schematic sketch of a stationary axisymmetric
GMAW system. In this system, a constant current is
applied to the electrode through the contact tube at the
top of the computational domain. An arc plasma is struck
between the electrode and the workpiece. The electrode is
continuously fed downward and then melted at the tip by
the high temperature arc. Droplets are formed at the mol-
ten electrode tip, and are then detached and transferred to
the workpiece. A weld pool is formed by the continuous
impingement of droplets and dynamic interaction with
the high temperature and high pressure arc plasma at the
workpiece. Inert shielding gas is provided through the
shielding gas nozzle to prevent the molten metal from
oxidation.

The computational domain has an anode region, an arc
region and a cathode region. For GMAW, the anode
region is the electrode, and the cathode region is the work-
piece. The anode sheath region and the cathode sheath
region have been omitted and treated as special boundary
conditions in this model for computational simplification
[7,8]. The differential equations governing the arc, the elec-
trode, and the workpiece can be put into a single set. The
differential equations governing the conservation of mass,
momentum, and energy based on the continuum formula-
tion given by Diao and Tsai [32] are employed in the pres-
ent study, and the current continuity equation is used to
calculate the current density distribution. The equations
are given below:

Mass continuity

0
5P TV (pV)=0 (1)
Momentum
0
5P + V- (pVu)
o wp
=V ,uVu) ————— U — U
( lpl or Kpl( )
Cp? lu—us|(u —us) =V - (pfefiVeur) —J, X B
- s s) . sJ1¥V rlr) — Jz 0
K'?p,

(2)
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In Eqgs. (1)~(4), u and v are the velocities in the r and z
directions, respectively. V, = V| — ¥ is the relative velocity
vector between the liquid phase and the solid phase in the
mushy zone. The subscripts s and 1 refer to the solid and
liquid phases, respectively, and the subscript 0 represents
the initial condition. f is the mass fraction of the liquid
or solid; K is the permeability function; C is the inertial
coefficient; p is the pressure; 7 is the temperature; / is the
enthalpy; @ is the electrical potential; p is the density; p
is the viscosity; k is the thermal conductivity; g is the
gravitational acceleration; ft is the thermal expansion
coefficient; ¢ is the specific heat; o. is the electrical
conductivity; J; and J, are current densities, in the respec-
tive r and z directions; By is the self-induced electromag-
netic field; Sg is the radiation heat loss; wuo is the
magnetic permeability; ky is the Stefan—Boltzmann con-
stant; and e is the electronic charge.

The third and fourth terms on the right-hand side of Egs.
(2) and (3) represent the respective first- and second-order
drag forces for the flow in the mushy zone. The fifth term
on the right-hand side of Eqgs. (2) and (3) represents an
interaction between the solid and the liquid phases. The sec-
ond term on the right-hand side of Eq. (4) represents the net
Fourier diffusion flux. The third term represents the energy
flux associated with the relative phase motion, and the forth
term is used to consider the latent heat of fusion. All the

terms mentioned in this paragraph are zero, except in the
mushy zone. When Eqgs. (2)—(4) are used to calculate the
arc plasma, these terms associated with the mushy zone
are set to zero and all the thermal physical properties are
replaced with those of the arc plasma. In the present study,
the solid phase velocity is assumed to be zero due to a
relative small weld pool (as compared to, for example, a
casting), concentrated arc heat, and rapid solidification of
the weld pool after the arc is turned off.

The second-to-last term on the right-hand side of Eq. (3)
is the thermal expansion term. The last term of Egs. (2) and
(3) is the electromagnetic force term. The last three terms in
Eq. (4) are Ohmic heating, radiation loss, and energy trans-
fer due to electron flow, respectively [6-9]. Electron
enthalpy flow has been omitted in the energy equation
due to its strong cooling effect in the cathode region and
heating effect in the anode region [6-9,21-23].

Continuum density, specific heat, thermal conductivity,
solid mass fraction, liquid mass fraction, velocity, and
enthalpy are defined as follows:

p = 8sps +&1p1, € :f‘scs +ﬁcl7k = gsks +g1kl
&ZsPs 1P
fs= Ji=="
p p
V=fVs+ fiVi,h = hfs + hh

Assuming constant phase specific heats, the phase
enthalpy for the solid and liquid can be expressed as

hs=cT,h =T+ (¢s—a)Ts+H 9)

(®)

where H is the latent heat of fusion for the alloy.

The assumption of permeability function in the mushy
zone requires consideration of the growth morphology spe-
cific to the alloy under study. In the present study, the perme-
ability function analogous to fluid flow in porous media is
assumed, employing the Carman—Kozeny equation [33,34]

g 180

= s Cl = ———
a(l - g1)2 1 d’

where d is proportional to the dendrite dimension, which is

assumed to be a constant and is on the order of 1072 cm
The inertial coefficient, C, can be calculated from [35]

(10)

C=0.13g " (11)

2.2. Arc region

In the arc region, the plasma is assumed to be in local
thermodynamic equilibrium (LTE) [8], implying the elec-
tron and the heavy particle temperatures are equal. On this
basis, the plasma properties, including enthalpy, specific
heat, density, viscosity, thermal conductivity and electrical
conductivity, are determined from an equilibrium composi-
tion calculation [8,36]. It is noted that the metal vaporized
from the metal surface may influence plasma material
properties, but this effect is omitted in the present study.
It is also assumed that the plasma is optically thin, thus
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the radiation may be modeled in an approximate manner
by defining a radiation heat loss per unit volume as indi-
cated by Sy in Eq. (4) [8,36].

2.3. Metal region (electrode, droplet and workpiece)

In this model, the anode region and cathode region
change their shapes with time. Together with detached
droplets in the arc, they consist of the metal region, which
is occupied by metal. The temperature distribution within
the metal region is at an energy balance of conduction,
Ohmic heating, and convection in the metal and the heat
transferred from the arc plasma. Considerations are also
given to energy gains and losses due to latent heat resulting
from melting and solidification at the solid-liquid interface.
Changes in the shape of the electrode tip and the weld pool
surface result in changes in the current distribution, the
heat generated due to Ohmic heating, and the heat trans-
ferred from the arc to the metal surface.

2.4. Tracking of solid-liquid interface

The solid/liquid phase-change boundary is handled by
the continuum model [32]. The third, fourth, and fifth
terms on the right-hand-side of Egs. (2) and (3) vanish at
the solid phase because u=u;=v=0v;=0 and f;=0.
For the liquid region, since K goes to infinity due to
g =11in Eq. (7) and f; =0, all the aforementioned terms
also vanish. These terms are only valid in the mushy zone,
where 0 <f; <1 and 0 < f; < 1. Therefore, there is no need
to explicitly track the phase-change boundaries, and the
liquid region, mushy zone, and solid region are all calcu-
lated by the same Egs. (2) and (3). During the fusion and
solidification processes, the latent heat is absorbed or
released in the mushy zone, which is handled through the
use of enthalpy defined in Eq. (9).

2.5. Tracking of free surfaces

Precise tracking of the free surface of the droplet and the
welding pool are essential to correctly predicting the shape
of the droplet and the weld pool as a function of time. The
algorithm of volume-of-fluid (VOF) is used to track the
moving free surface [37]. The fluid configuration is defined
by a volume of fluid function,F(r,z,t), which tracks the
location of the free surface. This function represents the
volume of fluid per unit volume and satisfies the following
conservation equation
dF OF
dt—at—I—(V-V)F—O (12)

When averaged over the cells of a computing mesh, the
average value of Fin a cell is equal to the fractional volume
of the cell occupied by the metal. A unit value of F corre-
sponds to a cell full of metal, whereas a zero value indicates
the cell contains no metal. Cells with F values between zero
and one are partially filled with metal.

2.6. Forces at the arc plasma and metal interface

The molten part of the metal is subjected to body forces
such as gravity and electromagnetic force. It is also sub-
jected to surface forces such as surface tension due to sur-
face curvature, Marangoni shear stress due to temperature
difference, and arc plasma shear stress and arc pressure at
the arc plasma and metal interface.

For cells containing a free surface, surface tension pres-
sure normal to the free surface can be expressed as [38]

Py =K (13)

where 7 is the surface tension coefficient and « is the free
surface curvature given by

- B4l -] o

where 7 1s a vector normal to the local free surface which
equals the gradient of the VOF function

ii=VF (15)

The temperature-dependent Marangoni shear stress at
the free surface in a direction tangential to the local free
surface is given by [30]

oy oT

T™Ms = == ==

Yo ar oF
where 5 is a vector tangential to the local free surface.
The arc plasma shear stress is calculated at the free sur-

face from the velocities of the arc plasma cells immediately
next to the metal cells.

oV
Tos = Hae (17)

(16)

where p is the viscosity of arc plasma.

The arc pressure at the metal surface is obtained from the
computational result in the arc region. The surface forces
are included by adding source terms to the momentum equa-
tions according to the CSF (continuum surface force) model
[38-40]. Using F of the VOF function as the characteristic
function, surface tension pressure, Marangoni shear stress,
arc plasma shear stress, and arc pressure are all transformed
to the localized body forces and added to the momentum
transport equations as source terms at the boundary cells.

2.7. Energy terms at the arc plasma and metal interface

2.7.1. Plasma—anode interface

At the plasma-electrode interface, there exists an anode
sheath region [8]. In this region, the mixture of plasma and
metal vapor departs from LTE, thus it no longer complies
with the model presented above. The thickness of this region
is about 0.02 mm [8]. Since the sheath region is very thin, it is
treated as a special interface to take into account the thermal
effects on the electrode. The energy balance equation at the
surface of the anode is modified to include an additional
source term, S,, as the following [13,21] for the metal region
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keff(Tarc - Ta)
0

The first term on the right-hand side of Eq. (18) is the
contribution due to thermal conduction from the plasma
to the anode. The symbol k. represents the thermal con-
ductivity taken as the harmonic mean of the thermal con-
ductivities of the arc plasma and the anode material. o is
the length of the anode sheath region, which is taken as
0.1 mm, the maximum experimentally observed thickness
of the anode fall region [41]. T, is chosen to be the tem-
perature of the first gas plasma cell along the normal direc-
tion, and 7, to be the temperature of the first metal cell
along the normal direction at the local point. The second
term represents the electron heating associated with the
work function of the anode material. J, is the square root
of J? and J? and ¢,, is the work function of the anode
material. The third term is black body radiation loss from
the anode surface. The final term is the heat loss due to the
evaporation of electrode materials. ¢ is the emissivity of
the surface and ki, is the Stefan—Boltzmann constant. g,
is the mass rate of evaporation of metal vapor from the
droplet, and H., is the latent heat of vaporization. For
metal such as steel, ¢., can be written as [39]

Sa - +Ja¢w - 'gka: - qevHeV (18>

log(qev) =4, + 1ngalm - 0510g T (19)
18836
logpdlm =6.121 — T (20)

At the arc-anode interface, the energy equation for the
plasma only considers the cooling effects through conduc-
tion and the source term, S,p, is given

keff(Tarc - Ta)

Sap = - S

(1)

2.7.2. Plasma—cathode interface

Similar to the anode region, there exists a cathode
sheath region between the plasma and the cathode. How-
ever, the physics of the cathode sheath and the energy bal-
ance at the nonthermionic cathode for GMAW are not well
understood [19-24,36]. The thermal effect due to the cath-
ode sheath has been omitted in many models and reason-
able results were obtained [8,20-24]. Thus, the energy
balance equation at the cathode surface will only have
the conduction, radiation, and evaporation terms

keff(Tarc - Tu)
0

where kg is the effective thermal conductivity at the arc—
cathode surface taken as the harmonic mean of the thermal
conductivities of the arc plasma and the cathode material. ¢
is the length of the cathode and is taken as 0.1 mm. T, is
the cathode surface temperature. And the heat loss from
the plasma at the cathode surface is

keff(Tarc - Tc)
0

S. = — g Hev — ek, T‘C1 (22)

Sep = — (23)

2.8. Boundary conditions

2.8.1. External boundary conditions

The calculation domain, as shown in Fig. 1, is ABC-
DEFGA. Only half of the entire physical domain is calcu-
lated due to the cylindrical symmetry along the centerline
AG. The corresponding external boundary conditions for
the entire domain are listed in Table 1. Symmetrical bound-
ary conditions are used along the centerline AG. The wire
feed rate is incorporated through a boundary condition on
v along AB. The imposed shielding gas flow is set through a
boundary condition on v along BC. For the inflow of gas
from the nozzle, the radial velocity component is omitted
and the axial velocity component is determined from the
formula for pipe flow as shown in the following [42]:

2 2 Rn
(=22 {K-r+ & -Rmis} | we
v(r) =— W

R} } Inze

Rl
" {R4 T
where Q is the inflow rate of the shielding gas, R, is the ra-
dius of the electrode, R, is the internal radius of the shield-
ing gas nozzle, and V,, is the wire feed rate. A constant
mass flow boundary condition is used for the open bound-
aries CD and DE.

The temperature boundaries along AD, DE, and EG are
determined by the ambient condition, which is set as room
temperature. Uniform current density is specified along AB

% — 2. The voltage, ¢, is set to zero at the

as J, = —0. 5 =
bottom of the Workpiece FG.

(24)

2.8.2. Internal boundary conditions
Within the computational domain, the moving surface
of the electrode, droplet and weld pool forms the inner

Table 1
Boundary conditions on the outer boundaries
AB BC CD DE EF FG GA
u 0 0 0 o(pu) 0 0 0 0
or
A(pv) ov
h T=300K T=300K T=300K T=300K T=300K T=300K %—T:O
r
op I 0¢ 0¢ 0 0
e P_o Lo Z-o =0 =0 Z=o
¢ 0z nRg 0z 0z or ¢ ¢ or
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boundary for the arc region. VOF Eq. (12) is solved in the
metal domain to track the moving free surface with free
boundary conditions set at the metal free surface. Addi-
tional body force source terms are added to the momentum
transport equations at the metal free surface to consider the
effects of surface tension, Maragoni shear stress, arc
plasma shear stress and arc pressure. Additional source
terms described in Eqgs. (18) and (22) are added to the
energy equation for the special treatment of the anode
sheath and the cathode sheath.

A fixed computational domain is used to solve the equa-
tions in the arc region. The metal region is used as the inner
boundary for the arc region. As the velocity of the metal
domain is much smaller than the velocity of the arc plasma,
the metal region serves as an inner obstacle in the arc
domain. The temperature at the metal free surface is con-
sidered as the temperature boundary for the arc domain.

3. Numerical considerations

In the present study, the transport phenomena in the arc
plasma and the metal are calculated separately in the cor-
responding metal domain and arc domain, and the two
domains are coupled through interfacial boundary condi-
tions at each time step. The current distribution is greatly
influenced by the temperature distribution in the arc col-
umn and the shape of the metal domain, but it is slightly
influenced by the temperature distribution in the metal
domain as the electrical conductivity of metal varies
slightly with temperature. Therefore, the current continuity
equation and its associated boundary conditions are solved
in the entire domain, while other primary variables, includ-
ing p, u, v, and T, are calculated separately in the metal
domain and arc domain. The current continuity equation
is iterated with the transport equations in the arc domain
to obtain the current density distribution for both the arc
domain and the metal domain. Iterations are required to
assure convergence of each domain and then the boundary
conditions are calculated from each domain for the cou-
pling between the two domains.

For the metal domain, the method developed by Torrey
et al. [37] was used to solve p, u, v, and 7. This method is
Eulerian and allows for an arbitrary number of segments
of free surface with any reasonable shape. The basic proce-
dure for advancing the solution through one time step, Az,
consists of three steps. First, at the beginning of the time
step, explicit approximations to the momentum Egs. (2)
and (3) are used to find provisional values of the new time
velocities. Second, an iterative procedure is used to solve
for the advanced time pressure and velocity fields that sat-
isfy Eq. (1) to within a convergence criterion at the new
time. Third, the energy equation is solved.

For the arc plasma domain, a fully implicit formulation
is used for the time-dependent terms, and the combined
convection/diffusion coefficients are evaluated using an
upwind scheme. The SIMPLE algorithm [43] is applied to
solve the momentum and mass continuity equations to

obtain the velocity field. At each time step, the current con-
tinuity equation is solved first, based on the updated
parameters. The new distributions of current density and
electromagnetic force are then calculated for the momen-
tum and energy equations. The momentum equations
and the mass continuity equation are then solved in the
iteration process to obtain pressure and velocity. The
energy equation is solved to get the new temperature distri-
bution. Next, the temperature-dependent parameters are
updated, and the program goes back to the first step to cal-
culate the current continuity equation. This process is
repeated for each time step until the convergence criteria
are satisfied.

The governing differential equations (Egs. (1)—(5) and
(12)) and all related supplemental and boundary conditions
are solved through the following iterative scheme:

1. At t =0, the electrode is set up at an initial position and
initial temperature distribution is given to the metal
domain. Based on the initial fixed metal domain and
temperature distribution, the initial distributions of tem-
perature, velocity, pressure and current are obtained by
solving the steady state equations in the arc domain (this
procedure is similar to the steps from 5-7 for the steady
state).

2. Surface tension, Marangoni shear stress, electromag-
netic force, plasma shear stress and arc pressure are cal-
culated, and other associated boundary conditions are
evaluated for the metal domain.

3. Egs. (1)—(4) are solved iteratively to obtain pressure,
velocity and temperature in the metal domain.

4. Eq. (12) is solved to obtain the new free surface profile
for the metal domain. The physical properties in the
mesh cells and the boundary conditions within the com-
puting domain are updated.

5. The current continuity equation (5) is solved in the
whole domain with updated parameters. Current density
and electromagnetic force are calculated.

6. Egs. (1)—(3) and the associated boundary conditions are
solved iteratively to get the velocity and pressure distri-
butions of the arc plasma. When solving these equa-
tions, the electrode, droplet and the workpiece are
treated as fixed inner obstacles.

7. Energy equation (4) is solved in the arc domain to get
the new temperature distribution. Thermal physical
properties of the arc plasma are updated. From here,
the iteration goes back to step 5 to repeat the process
for new distribution of current density, velocity, pres-
sure, and temperature, until convergence criteria are
satisfied.

8. Advance to the next time step and back to step 2 until
the desired time is reached.

A non-uniform grid point system is employed with finer
grid sizes near both the cathode and anode regions. The
mesh sizes near the anode and cathode center are set as
0.01 cm. The calculation domain is half of the cylinder of
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5.0 cm radius and 3.05 cm in length. Time step size is set as
5% 107®s. Various grid sizes and time step sizes were
employed to assure consistent computational results. The
final grid and time-step sizes used in the present study
can be considered as the compromised values between com-
putational time and accuracy.

4. Results and discussion

The electrode is mild steel with a 0.16 cm diameter. The
workpiece is also a mild steel disk with a 3 cm diameter and
a 0.5 cm thickness. The current is set to be constant at
220 A. The imposed external shielding gas flows out of a
gas nozzle with a 1.91 cm inner diameter at a rate of 24 1/
min. The contact tube is set flush with the bottom of the
gas nozzle and is 2.54 cm above the workpiece. The initial
arc length is set as 0.8 cm. The wire feed rate is 4.5 cm/s.
The welding conditions are listed in Table 2. The tempera-
ture-dependent radiation loss term (Sg) in Eq. (4) and tem-
perature-dependent material properties of argon, including
density, specific heat, viscosity, electrical conductivity, and
thermal conductivity, are taken from [36] and drawn in
Fig. 2. The thermophysical properties of the solid and
liquid mild steel are taken from [31], and are listed in Table
3 with other parameters used in the computation.

Fig. 3(a) through (c), respectively, show the distributions
of temperature, arc plasma velocity, and electrical potential
at ¢t =100 ms. The shape of the electrode and workpiece
are marked with thick lines. From the temperature con-
tours in the plasma in Fig. 3(a), it can be seen that the
arc has a bell-shaped envelope, which covers the droplet
and expands as it approaches the workpiece. This expan-
sion cools the plasma and forms a high temperature cone
underneath the droplet. The maximum temperature of
the plasma is found to be 19300 K on the axis near the bot-
tom of the droplet. The corresponding velocity distribution
in Fig. 3(b) shows a strong downward arc plasma flow
underneath the droplet. From the streamline, it can be
clearly seen that shielding gas flows down from the gas noz-
zle along the electrode surface and then is drawn to the
electrode around the electrode tip. The ionized shielding
gas around the electrode tip is pinched by the radially

Table 2
Welding conditions

Nomenclature Value (unit)

Shielding gas Argon
Shielding gas flow rate 23 (Lmin"!)
Internal diameter of shielding gas nozzle 19.1 (mm)
Welding current 220 (A)
Electrode diameter 1.6 (mm)
Contact tube to workpiece length 25.4 (mm)
Initial arc length 8.0 (mm)
Workpiece thickness 5.0 (mm)
Diameter of workpiece 30.0 (mm)
Wire feed speed 4.5 (cms™)
Welding time 1 (s)
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Fig. 2. Temperature-dependent material properties of argon and the
volume radiation heat loss taken from [36].

inward and axially downward electromagnetic force
toward the workpiece. The corresponding electromagnetic
force in the arc column is shown in Fig. 4(b). When the
plasma flow reaches the workpiece, the axial downward
momentum is changed to the radial outward momentum
and the plasma flows outward in the radial direction. The
maximum axial velocity in the arc column is found to be
230 m/s on the axis.

Fig. 3(c) shows the corresponding electrical potential
distribution at ¢ = 100 ms. There are two distinct regions
where dense electrical potential contours are observed.
One is around the electrode with upside contour and
another is near the cathode with downside contour. The
gradient of the electrical potential is the current density.
The electrical potential contours are denser, where the cur-
rent density is higher. The upside contour shape shows cur-
rent diverges from the center and the downside contour
shape shows current converges to the center. From the cor-
responding current density distribution in Fig. 4(a), it is
more clearly seen that current diverges from the electrode
tip and converges at the cathode in the workpiece. The cur-
rent flow pattern determines the inward and downward
electromagnetic force around the droplet and the inward
and upward electromagnetic force at the workpiece, as
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Table 3
Thermophysical properties of mild steel and other parameters

Nomenclature Symbol Value (unit)
Constant in Eq. (19) A, 2.52

Specific heat of solid phase s 700 Jkg 'K
Specific heat of liquid phase &) 780 J kg 'K
Thermal conductivity of solid phase ks 22 (Wm™ 'K
Thermal conductivity of liquid phase ky 22 (Wm 'K
Density of solid phase Ps 7200 (kg m~?)
Density of liquid phase 01 7200 (kg m~?)
Thermal expansion coefficient B 495 %1073 (K™
Radiation emissivity e 0.4

Dynamic viscosity 1 0.006 (kgm~'s7h
Latent heat of fusion H 247 % 10° T kg™
Latent heat of vaporization H., 7.34 % 106 (J kg™h
Solidus temperature Ts 1750 (K)

Liquidus temperature T 1800 (K)

Ambient temperature T 300 (K)
Vaporization temperature Tev 3080 (K)

Surface tension coefficient y 12(Nm™
Surface tension temperature gradient /0T 1074 (Nm K™
Work function bw 43V

Electrical conductivity Oe 7.7 x10°(Q 'm™)
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Fig. 3. Temperature, arc plasma velocity and electrical potential distributions at # = 100 ms. (a) temperature distribution; (b) velocity distribution; (c)

electrical potential distribution.

shown in Fig. 4(b). From the streamlines shown in
Fig. 4(a), it also can be seen that current is mainly confined
in the arc column and very little amount of current is flow-
ing outside the hot arc plasma column. Outside the high
temperature arc column, the temperature of the arc plasma
is low and thus the electrical conductivity is low. Note in
order to increase the readability of flow direction, only a
quarter of the grid nodes are used in Fig. 4(b).

The corresponding arc pressure contours at ¢ = 100 ms
are shown in Fig. 5(a), which shows two high pressure
regions. One is underneath the droplet with a maximum
of 800 Pa above the ambient pressure, and the other is near

the cathode with a maximum of 600 Pa above the ambient
pressure. The high pressure underneath the droplet is
caused by the pinch effect of the electromagnetic force,
which draws arc plasma flow underneath the droplet. The
pressure increase near the cathode is due to the stagnation
of the plasma flow impinging onto the workpiece. The arc
pressure and shear stress versus the radial distance from the
center of the workpiece at the workpiece surface are drawn
in Fig. 5(b). The arc pressure has a Gaussian distribution,
which only has high value in a small area near the cathode
center and then decreases dramatically when it is away
from the cathode center. Quite differently, the plasma shear
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Fig. 4. Current and electromagnetic force distributions at # = 100 ms. (a) Current distribution; (b) electromagnetic force.
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Fig. 5. Arc pressure and plasma shear stress distributions at ¢ = 100 ms.
(a) Pressure distribution in the arc plasma; (b) Arc pressure and plasma
shear stress distribution at the workpiece surface.

stress has its maximum value at a certain distance away
from the cathode center, which shows a trend to increase
first and then decrease with the increase of the radial dis-
tance from the cathode center.

After the droplet is detached from the electrode, new arc
plasma is struck between the electrode tip and the top sur-
face of the detached droplet. During the process of the
detached droplet being transferred to the workpiece, the
existence of the moving droplet greatly distorts the arc
shape. Figs. 6-9 show the distributions of temperature, cur-
rent, plasma velocity, and plasma pressure at different
instants. In order to increase the readability of flow direc-
tion, only a quarter of the grid nodes were used in Figs.
6-9. From the temperature contour and velocity distribu-
tion, it can be seen that arc plasma flows around the mov-
ing droplet. The high temperature and high velocity arc
column is limited to the region between the electrode tip
and the top of the detached droplet. The arc plasma tem-
perature underneath the moving droplet decreases continu-
ously after the droplet is detached from the electrode. The
high velocity plasma flow induced by the pinch effect of the
electromagnetic force underneath the moving droplet also
subsides and vortices form underneath the droplet when
it moves down to the workpiece. The phenomena are differ-
ent from the simulation results of Zhu et al. [25], which
reports a high temperature region undernecath both the
electrode tip and the moving droplet. However, these phe-
nomena are supported by the experimental results of Jones
et al. [26-31], which has shown that arc plasma tended to
flow around the detached droplet and no high temperature
zone underneath the detached droplet was observed.

From the current distribution in Fig. 6, it can be seen
that current also flows around the detached droplet. Only
a small amount of current flows through the detached
droplet, except at =118 ms, when the droplet has just
been detached and the temperature underneath the droplet
is still relatively high. When the detached droplet moves
farther away from the electrode tip in the cases of
t = 123-133 ms, more current flows around the detached
droplet. The arc plasma temperature quickly decreases
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Fig. 6. Temperature distribution at different instants to show the influences of the detached droplet and the deformed weld pool on the arc plasma
distribution.
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Fig. 7. The corresponding current distributions for the cases shown in Fig. 6.

when current flow decreases underneath the detached drop- detached droplet further reduces the current flow in the
let due to the high radiation loss and low capacity of the  plasma, and hence the plasma temperature continues to
plasma. The lower plasma temperature underneath the  drop. At the surface of the workpiece, the current bypassed
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Fig. 8. The corresponding velocity distributions in the arc plasma for the cases shown in Fig. 6.
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Fig. 9. The corresponding pressure distributions in the arc plasma for the cases shown in Fig. 6.

around the detached droplet tends to converge at a place
other than the spot directly underneath the droplet. As a
cylindrical system is used in this calculation, a ring of cath-
ode spot, rather than a small continuous area, is predicted

for the instants when a detached droplet is stuck between
the electrode and the workpiece. In the practical welding
process, the current may converge to some small projected
area other than symmetrically around the workpiece. The
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Fig. 10. Arc pressure distributions along the radial direction at the
workpiece surface.

existence of the detached droplet also dramatically changes
the arc pressure distribution underneath the droplet, as
shown in Fig. 9. The arc pressure at the tip of the electrode
and at the upper surface of the droplet is mainly influenced
by the shapes of the electrode tip and the position of the
detached droplet. After the droplet is detached, a high
arc pressure forms between the electrode tip and the upper
surface of the moving droplet. The high arc pressure, which
was under the droplet before it was detached, decreases
rapidly. The stagnation pressure underneath the droplet
at the center of the workpiece also decreases rapidly. The
pressure difference between the upper and lower surfaces
of the droplet helps to push the detached droplet down
to the workpiece.

In GTAW welding, the cathode tip shape greatly influ-
ences the welding results because the cathode tip shape
determines the current flow into the cathode tip. The more
projected the cathode, the more concentrated is the current
flow and thus the more concentrated arc plasma with
higher temperature and higher arc pressure. In the same
way, the current distribution at the cathode in GMAW,
which is the weld pool, is greatly influenced by the weld
pool surface shape. The temperature, current, arc plasma
velocity and arc pressure distributions from ¢ = 136 ms to
t =400 ms in Figs. 6-9 show the influence of the weld pool
shape on the arc plasma. The current tends to converge on
the projected area at the workpiece, which may be at the
workpiece center as in the cases of both 7 =136 ms and
t =400 ms or not at the center as that of r = 150 ms. The
temperature distribution and the pressure distribution at
the deformed weld pool surface from 7= 136 ms to
t =400 ms in Figs. 6 and 9, also show a different pattern
from those at the flat weld pool surface.

In the existing models of simulating the weld pool
dynamics, the arc pressure distribution at the center of the
workpiece surface was assumed to be a Gaussian distribu-
tion with a fixed amplitude and distribution radius. How-
ever, the arc pressure distribution at the workpiece surface

changes dramatically during the welding process. Fig. 10
shows the arc pressure along the weld pool surface at differ-
ent instants. As shown in Fig. 10, the arc pressure spreads to
a wide surface with lower amplitude when there is a
detached droplet stuck between the electrode tip and the
workpiece at t = 133 ms. The deformed weld pool surface
greatly affects the arc pressure distribution at the weld pool
surface. The depressed weld pool surface at =150 ms
helps to distribute the arc pressure more uniformly at the
weld pool center and reduce the arc pressure where it is
away from the center. The arc pressure distribution is con-
centrated at the weld pool center with a projected weld pool
surface at t = 400 ms. A small weld pool is simulated with a
short simulated welding time, while much higher weld pool
deformations can be found in a large weld pool with long
welding time. The highly deformed weld pool surface will
more dramatically change the arc distribution at the weld
pool surface. Thus, it shows that the assumed Gaussian dis-
tribution of the arc pressure cannot reflect the real arc pres-
sure distribution at the weld pool surface. Similarly, the
current distribution and heat flux cannot be assumed as
Gaussian distributions with fixed amplitude and fixed distri-
bution radius. The influences of the moving droplet and the
deformed weld pool surface on the current and temperature
distributions at the weld pool surface have been explained
earlier in this section. The heat flux to the weld pool surface
is determined by the current and temperature distribution at
the weld pool surface. Thus, a unified model that simulates
the coupling of the arc and metal domain is needed to pro-
vide better boundary conditions at the metal surface for
both domains.

5. Conclusions

A unified model has been developed to simulate the
transport phenomena occurring during a gas metal arc
welding process. An interactive coupling between the arc
plasma; the melting of the electrode; the droplet genera-
tion, detachment, transfer, and impingement onto the
workpiece; and weld pool dynamics were considered. The
heat transfer and fluid flow in the arc column were studied
based on the transient distributions of current, tempera-
ture, velocity, and pressure in the arc plasma, droplet,
and weld pool calculated in the unified model. The moving
droplet stuck between the electrode tip and the workpiece
and the deformed weld pool were found to distort the arc
flow and affect the current, temperature, velocity, and pres-
sure distribution in the arc column. The assumed Gaussian
distributions of the arc pressure, current and heat flux at
the weld pool surface in the traditional models were shown
not to be representative of the real distributions in the
welding process.
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