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This article analyzes the transient complex heat transfer and fluid flow in molten metal
and arc plasma during the gas metal arc welding process. The model predicts the for-
mation, growth, detachment, and transfer of droplets from the tip of a continuously fed
electrode under the influences of several competing forces including gravity, electromag-
netic force, arc pressure, plasma shear stress, and surface tension. Simulations were
conducted for five different current levels to study the effects of current on the distribu-
tions of temperature, velocity, pressure, and current density in the droplet and/or the arc
plasma. Agreement between the simulated results and published experimental data was
obtained. �DOI: 10.1115/1.2724847�
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Introduction
Gas metal arc welding �GMAW� is an arc welding process that

ses a plasma arc between a continuous, consumable filler-metal
lectrode and the weld pool, as shown in Fig. 1. The high tem-
erature plasma arc melts the electrode and forms a droplet at the
lectrode tip. The droplet is detached and transferred in the arc to
he workpiece. A weld pool forms under the influences of the arc
lasma and the periodical impingement of droplets. In gas metal
rc welding, metal transfer describes the process of the molten
etal’s movement from the electrode tip to the workpiece, which

ncludes droplet formation, detachment, and transfer in the arc.
he transport of droplets into the weld pool is largely responsible

or the finger penetration commonly observed in the fusion zone
1�. A better understanding of the metal transfer process is impor-
ant for improvements in the quality and productivity of welding.
he influence of droplet impingement on the weld pool varies
ith the droplet size, the impingement frequency, and the im-
ingement velocity. The welding voltage, current, arc length,
hielding gas, and wire feed rate can all affect the metal transfer
rocess �2�. Among them, current is most often studied for its
nfluence on the droplet size, frequency, and acceleration in the
rc. There are various modes of metal transfer including short-
ircuit, globular, spray, and streaming. Globular transfer occurs at
ow currents with the droplet diameter being larger than the elec-
rode diameter. Spray transfer occurs at higher current with the
roplet diameter being smaller than the electrode diameter and the
roplet generation being more frequent. Experimental results
2–6� have shown that a sharp transition in the droplet detachment
requency and size occurs when the mode changes between the
lobular and spray transfer modes in argon shielded environment.
his paper will focus on the study of the transport phenomena of
lobular transfer to avoid numerical error that may be caused by
imulating small droplets in the spray transfer mode.

Droplet formation �6–28� has been widely investigated to ob-
ain the droplet size and frequency under different current levels.
owever, many of these models �6–12� neglected the complex
uid flow and thermal phenomena during droplet formation.
hese models include the static force balance theory �SFBT�

7–10�, magnetic pinch instability theory �PIT� �10�, and the dy-
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namic models calculating the dynamic growth of the droplet with
force balance �6,11,12�. The SFBT considers the balance between
gravity, axial electromagnetic force, plasma shear stress, and sur-
face tension. The PIT considers perturbation due to the radial
magnetic force acting on an infinite column of liquid metal. Re-
cently, several numerical models have been developed to predict
droplet formation and detachment by calculating the fluid flow
only �13–18�, heat transfer only �19�, or both the fluid flow and
heat transfer �20–28� in the electrode. However, the current den-
sity and heat flux distributions were assumed at the electrode sur-
face and the arc was not included in most of the models �13–21�.
Haider and Lowke �22�, Haider �23–26�, Zhu et al. �27�, and Fan
and Kovacevic �28� have included the arc in their models to pre-
dict droplet formation. However, the droplet shapes �22–27� or arc
plasma distribution �27,28� obtained in those models matched ex-
perimental results �6� poorly. Droplet detachment and further ac-
celeration in the arc were not addressed in Refs. �22–26�.

Droplet acceleration in the arc has been calculated by many
authors �1,21,28–31� using the empirical formulation presented by
Lancaster �10�. To calculate the plasma drag force exerted on the
droplet using this formulation, the droplet was assumed to have a
spherical shape and was accelerated to the workpiece with a con-
stant acceleration. The physical properties of the arc plasma, the
drag coefficient, and the plasma velocity also had to be assumed.
Given the range of temperature found in a welding arc, the appro-
priate value of the arc plasma properties is difficult to determine.
There is also much uncertainty in the drag coefficient and the
plasma flow velocity changes dramatically during the welding
process. Furthermore, the shape of the droplet changes along the
way as it is transported to the workpiece �32�. An effective
method is needed to simulate droplet acceleration without assum-
ing the droplet shape, the plasma properties, the drag coefficient,
and the plasma velocity.

To accurately model the dynamic metal transfer process, the
fluid flow and heat transfer in both the electrode and arc and the
interaction of the droplet with the arc have to be considered. In
this paper, a transient unified model, which includes the electrode,
droplet, weld pool, arc, and their interactions, is developed to
model the metal transfer process. The dynamic growth of the
droplet at the electrode tip is simulated by integrating the heat
transfer and the fluid flow in the electrode with the momentum
and heat transfer from the arc. The heat flux from the arc plasma
and current density distribution in the droplet are calculated in the
unified model, thus no assumption of these terms need to be made
as in the previous models. The changes of droplet shape and tem-

perature, and droplet acceleration in the arc are also modeled by
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imulating the fluid flow and heat transfer inside the droplet. The
eat exchange between the arc and droplet and the momentum
ransfer from the arc to the droplet are obtained through the direct
esults obtained in the arc calculation at each time step. No as-
umptions of the arc plasma temperature, properties and velocity
nd the drag coefficient are needed. The simulated results are then
ompared with published experimental data and reasonable agree-
ent is found.

Mathematical Model

2.1 Governing Equations. Figure 1 is a schematic sketch of
stationary axisymmetric GMAW system. In this system, a con-

tant current is applied to the electrode through the contact tube at
he top of the computational domain. An arc plasma is struck
etween the electrode and the workpiece. The electrode is con-
inuously fed downward and then melted at the tip by the high
emperature arc. Droplets are formed at the molten electrode tip,
nd are then detached and transferred to the workpiece. A weld
ool is formed by the continuous impingement of droplets and
ynamic interaction with the high temperature and high pressure
rc plasma at the workpiece. Inert shielding gas is provided
hrough the shielding gas nozzle to prevent the molten metal from
xidation.

The computational domain has an anode region, an arc region
nd a cathode region. For GMAW, the anode region is the elec-
rode, and the cathode region is the workpiece. The differential
quations governing the arc, the electrode, and the workpiece can
e included in a single set. The differential equations governing
he conservation of mass, momentum, and energy based on the
ontinuum formulation given by Chiang and Tsai �33� are em-
loyed in the present study, and the current continuity equation is
sed to calculate the current density distribution. The equations
re given below

ass continuity

� · ��V� = 0 �1�

ig. 1 A schematic representation of a GMAW system includ-
ng the electrode, the arc, and the weld pool „not to scale…
omentum
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Current continuity
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�2�

�z2 = 0 �5�

Ohm’s law

Jr = − �e

��

�r
Jz = − �e

��

�z
�6�

Maxwell’s equation

B� =
�0

r 
0

r

Jzrdr �7�

In Eqs. �1�–�4�, u and v are the velocities in the r and z direc-
tions, respectively. Vr=Vl−Vs is the relative velocity vector be-
tween the liquid phase and the solid phase in the mushy zone. The
subscripts s and l 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; T is the temperature; h is
the enthalpy; 	 is the electrical potential; � is the density; � is the
viscosity; k is the thermal conductivity; g is the gravitational ac-
celeration; �T is the thermal expansion coefficient; c is the specific
heat; �e is the electrical conductivity; Jr and Jz are current densi-
ties, in the respective r and z directions; B� is the self-induced
electromagnetic field; SR is the radiation heat loss; �0 is the mag-
netic permeability; kb is the Stefan-Boltzmann constant; and e is
the electronic charge.

The third and fourth terms on the right-hand side of Eqs. �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 Eqs. �2� and �3� represents an interaction between the solid
and the liquid phases. The second term on the right-hand side of
Eq. �4� represents the net Fourier diffusion flux. While 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 Eqs. �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 GMAW, as the arc is concentrated, the resulting
weld pool is small and the solidification time is short �relative to,

for example a casting process�, the solid phase velocity is as-
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umed to be zero in the present study.
The second-to-last term on the right-hand side of Eq. �3� is the

hermal expansion term. The last term of Eq. �2� and Eq. �3� is the
lectromagnetic force term. The last three terms in Eq. �4� are
hmic heating, radiation loss, and electron enthalpy flow,

espectively.
Continuum density, specific heat, thermal conductivity, solid
ass fraction, liquid mass fraction, velocity, and enthalpy are de-
ned as follows:

� = gs�s + gl�lc = fscs + f lclk = gsks + glkl

fs =
gs�s

�
f l =

gl�l

�

V = fsVs + f lVl h = hsfs + hlf l �8�
Assuming constant phase specific heats, the phase enthalpy for

he solid and liquid can be expressed as

hs = csT hl = clT + �cs − cl�Ts + H �9�

here H is the latent heat of fusion for the alloy.
The assumption of permeability function in the mushy zone

equires consideration of the growth morphology specific to the
lloy under study. In the present study, the permeability function
nalogous to fluid flow in porous media is assumed, employing
he Carman-Kozeny equation �34,35�

K =
gl

3

c1�1 − gl�2 c1 =
180

d2 �10�

here d is proportional to the dendrite dimension, which is as-
umed to be a constant and is on the order of 10−2 cm. The inertial
oefficient, C, can be calculated from �36�

C = 0.13gl
−3/2 �11�

2.2 Arc Region. In the arc region, the plasma is assumed to
e in local thermodynamic equilibrium �LTE� �37�, implying the
lectron and the heavy particle temperatures are equal. On this
asis, the plasma properties, including enthalpy, specific heat,
ensity, viscosity, thermal conductivity, and electrical conductiv-
ty, are determined from an equilibrium composition calculation
37�. Note the metal vaporized from the metal surface may influ-
nce plasma material properties, but this effect is omitted in the
resent study. It is also assumed that the plasma is optically thin,
hus the radiation may be modeled in an approximate manner by
efining a radiation heat loss per unit volume �37�.

2.3 Anode Sheath Region. At the plasma-electrode interface,
here exists an anode sheath region �37�. In this region, the mix-
ure of plasma and metal vapor departs from LTE, thus it no
onger complies with the model presented above. The anode
heath region has been neglected in many arc models
7,22,23,32�, which leads to a more constricted arc distribution at
he bottom of the droplet. This paper adopts the anode sheath
ormulation of Haidar �24� by including a noncollisional sheath
egion for the anode. Formulation of the noncollisional zone is
ased on the Langmuir sheath model. Heat transfer from the
lasma to the electrode is determined by charged particle fluxes
cross the sheath. These fluxes are due to the electrons and the
ons from the plasma, and also to a limited number of electrons
mitted from the anode surface due to the thermionic emission.
he corresponding current densities of these electrons and ions
ow are Je, Ji, and JR. As JR is several orders of magnitude lower

han Je and Ji, it is omitted in the calculation for simplification.
he following formulations �24� are used to calculate the anode
oltage drop across the sheath Vs
J = Je − Ji

ournal of Heat Transfer
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Je = ene,s� kbTe,s

2
me
�0.5

exp� eVs

kbTe,s
�

Ji = 1
4ene,svB

Vs � 0 �12�

where J is the total current density at the arc-anode interface cal-
culated from the current density equation �5�, Ji and Je are calcu-
lated from the electron number density as charge neutrality is
assumed valid through the transition zone; Te,s is the electron
temperature at the sheath edge, which is taken as the local plasma
temperature calculated from LTE; ne,s is the electron number den-
sity at the sheath edge, which is taken as the equilibrium electron
number density at the local plasma temperature; vB is the Bohm
velocity given by vB= �kbTe,s /mi�0.5; e is the electronic charge; kb

is the Stefan-Boltzmann constant; me is the electron mass; and mi
is the ion mass for the plasma gas.

The energy balance equation at the anode surface is modified to
include a source term, Sa, expressing the heating effects due to
conduction by neutral particles, charge transport across the sheath
through Je and Ji, and cooling effects due to evaporation and
blackbody radiation,

Sa =
keff�Te,s − Ta�

�
+ Ji�Vi − Vs +

5kb

2e
Ta� + Je��w +

5kb

2e
Te,s�

− qevHev − kbTa
4 �13�

where keff is the thermal conductivity taken at the arc plasma
temperature; Ta is the anode surface temperature; � is the mesh
size adjacent to the anode surface; Vi is the ionization energy of
the plasma gas; �w is the work function of the anode material; � is
the emissivity of the surface; qev is the evaporation mass rate of
metal vapor, and Hev is the latent heat of vaporization. For metal
such as steel, qev can be written as �38�

log�qev� = Av + log Patm − 0.5 log T �14�

log Patm = 6.121 −
18836

T
�15�

The energy balance equation for the plasma in the transition
zone is also modified to include a source term, Sap, expressing the
cooling effects due to conduction by neutral particles and charge
transport across the sheath through Je and Ji

Sap = −
keff�Te,s − Ta�

�
− Ji�Vi +

5kb

2e
Ta� − Je�5kb

2e
Te,s − Vs�

�16�

2.4 Cathode Sheath Region. Similar to the anode region,
there exists a cathode sheath region between the plasma and the
cathode. However, the physics of the cathode sheath and the en-
ergy balance at the nonthermionic cathode for GMAW are not
well understood �10,22–26�. The thermal effect due to the cathode
sheath has been omitted in many models but reasonable results
were obtained �22–26,37�. Thus, the source term of the energy
balance equation at the cathode surface will only consider conduc-
tion, radiation, and evaporation

Sc =
keff�Tarc − Tc�

�
− qevHev − kbTc

4 �17�

where keff is the effective thermal conductivity at the arc-cathode
surface taken as the thermal conductivity of the arc plasma; � is
the length of the cathode sheath region; and Tc is the cathode
surface temperature.

In additional to the heat loss by conduction, another positive
term is included in the energy source term for the plasma at the

cathode surface. This positive term is used to approximate the
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nergy used in the cathode boundary layer to ionize the plasma
39� and it can also eliminate the unreasonable cooling effect of
he electron flow term in the cathode region �37�. The energy
ource term for the plasma at the cathode surface is given by

Scp = −
keff�Tarc − Tc�

�
+

5kb�Tarc − Tc�
2e

�18�

2.5 Metal Region (Electrode, Droplet, and Workpiece). In
his model, the anode region and cathode region change their
hapes with time. Together with free droplets in the arc, they
onsist of the metal region, which is occupied by metal. The tem-
erature distribution within the metal region is at an energy bal-
nce of conduction, Ohmic heating, and convection in the metal
nd the heat transferred from the arc plasma. Considerations are
lso given to energy gains and losses due to latent heat resulting
rom melting and solidification at the solid-liquid interface.
hanges in the shape of the electrode tip and the weld pool sur-

ace result in changes in the current distribution, the heat gener-
ted due to Ohmic heating, and the heat transferred from the arc to
he metal surface.

2.6 Tracking of Solid-Liquid Interface. The solid/liquid
hase-change boundary is handled by the continuum model �33�.
he third, fourth, and fifth terms on the right-hand side of Eqs. �2�
nd �3� vanish at the solid phase because u=us=v=vs=0 and f l
0. For the liquid region, since K goes to infinity due to gl=1 in
q. �7� and fs=0, all the aforementioned terms also vanish. These

erms are only valid in the mushy zone, where 0� f l�1 and 0
fs�1. Therefore, there is no need to explicitly track the phase-

hange boundaries, and the liquid region, mushy zone, and solid
egion all are calculated by the same Eqs. �2� and �3�. During the
usion and solidification processes, the latent heat is absorbed or
eleased in the mushy zone, which is handled through the use of
nthalpy defined in Eq. �9�.

2.7 Tracking of Free Surfaces. Precise tracking of the free
urface of the droplet and the welding pool are essential to cor-
ectly predicting the shape of the droplet and the weld pool as a
unction of time. The algorithm of volume-of-fluid �VOF� is used
o track the moving free surface �40,41�. The fluid configuration is
efined by a volume of fluid function, F�r ,z , t�, which tracks the
ocation of the free surface. This function represents the volume of
uid per unit volume and satisfies the following conservation
quation:

dF

dt
=

�F

�t
+ �V · ��F = 0 �19�

When averaged over the cells of a computing mesh, the average
alue of F in a cell is equal to the fractional volume of the cell
ccupied by the metal. A unit value of F corresponds to a cell full
f metal, whereas a zero value indicates the cell contains no
etal. Cells with F values between zero and one are partially
lled with metal.

2.8 Forces at the Arc Plasma and Metal Interface. The
olten part of the metal is subjected to body forces such as grav-

ty and electromagnetic force. It is also subjected to surface forces
uch as surface tension due to surface curvature, Marangoni shear
tress due to temperature difference, and arc plasma shear stress
nd arc pressure at the arc plasma and metal interface. For cells
ontaining a free surface, surface tension pressure normal to the
ree surface can be expressed as �41�

ps = �� �20�

here � is the surface tension coefficient and � is the free surface

urvature given by

028 / Vol. 129, AUGUST 2007
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� = − �� · � n

�n��� =
1

�n��� n

�n�
· ���n� − �� · n�� �21�

where n is a vector normal to the local free surface which equals
the gradient of the VOF function

n = �F �22�
The temperature-dependent Marangoni shear stress at the free

surface in a direction tangential to the local free surface is given
by �21�

�Ms =
��

�T

�T

�s
�23�

where s is a vector tangential to the local free surface.
The arc plasma shear stress is calculated at the free surface

from the velocities of arc plasma cells immediately adjacent the
metal cells

�ps = �
�V

�s
�24�

where � is the viscosity of arc plasma.
The arc pressure at the metal surface is obtained from the com-

putational result in the arc region. The surface forces are included
by adding source terms to the momentum equations according to
the CSF �continuum surface force� model �41,42�. Using F of the
VOF function as the characteristic function, the 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.

2.9 Boundary Conditions

2.9.1 External Boundary Conditions. The calculation domain,
as shown in Fig. 1, is ABCDEFGA. Only half of the entire physi-
cal domain is calculated due to the cylindrical symmetry along the
centerline AG. The corresponding external boundary conditions
for the entire domain are listed in Table 1. Symmetrical boundary
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 fol-
lowing �43�:

v�r� =
2Q




Rn
2 − r2 + �Rn

2 − Rw
2 �

ln�r/Rn�
ln�Rn/Rw��

Rn
4 − Rw

4 +
�Rn

2 − Rw
2 �2

ln�Rn/Rw� � + Vw

ln
Rn

r

ln
Rn

Rw

�25�

where Q is the inflow rate of the shielding gas, Rw is the radius of
the electrode, Rn is the internal radius of the shielding gas nozzle,
and Vw is the wire feed rate. A constant mass flow boundary
condition is used for the open boundaries CD and DE.

The temperature boundaries along AD, DE, and EG are deter-
mined by the ambient condition, which is set as room temperature
300 K. Uniform current density is specified along AB as
Jz=−�e��� /�z�= �I /
Rw

2 �. The voltage, �, is set to zero at the
bottom of the workpiece FG.

2.9.2 Internal Boundary Conditions. Within the computational
domain, the moving surface of the electrode, droplet, and weld
pool forms a moving inner boundary condition for the arc region.
VOF Eq. �19� is solved in the metal domain to track the moving
free surface with free boundary conditions set at the metal free
surface. Additional body force source terms are added to the mo-
mentum transport equations at the metal free surface to consider

the effects of surface tension, Maragoni shear stress, arc plasma
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hear stress, and arc pressure. Additional source terms described
n Eqs. �13� and �17� are added to the energy equation for the
pecial treatment of the anode sheath and the cathode sheath.

A fixed computational domain is used to solve the equations in
he arc region. The metal region is used as the inner boundary for
he arc region. As the velocity of the metal domain is much
maller than the velocity of the arc plasma, the metal region
erves as an inner obstacle in the arc domain. The temperature at
he metal free surface is considered as the temperature boundary
or the arc domain. Additional source terms described in Eqs. �16�
nd �18� are added to the energy equation for the arc near the
node and cathode.

Numerical Considerations
In the present study, the transport phenomena in the arc plasma

nd the metal are calculated separately in the corresponding metal
omain and arc domain, and the two domains are coupled through
nterfacial boundary conditions in each time step. The current dis-
ribution is greatly influenced by the temperature in the arc col-
mn and the shape of the metal domain, but it is only slightly
nfluenced by the temperature distribution in the metal domain as
he electrical conductivity of metal varies slightly with tempera-
ure. Therefore, the current continuity equation and its associated
oundary conditions are solved in the entire domain, while other
rimary variables, including p, u, v, and T, are calculated sepa-
ately in the metal domain and the arc domain. The current con-
inuity equation is iterated with the transport equations in the arc
omain to obtain the current density distribution for both the arc
omain and the metal domain. Iterations are required to assure
onvergence of each domain and then the boundary conditions are
alculated from each domain for the coupling between the two
omains.

For the metal domain, the method developed by Torrey et al.
40� was used to solve p, u, v, and T. This method is Eulerian and
llows for an arbitrary number of segments of free surface with
ny reasonable shape. The basic procedure for advancing the so-
ution through one time step, �t, consists of three steps. First, at
he beginning of the time step, explicit approximations to the mo-

entum equations �2� and �3� are used to find provisional values
f the new time velocities. Second, an iterative procedure is used
o solve for the advanced time pressure and velocity fields that
atisfy Eq. �1� to within a convergence criterion at the new time.
hird, the energy equation is solved.
For the arc plasma domain, a fully implicit formulation is used

or the time-dependent terms, and the combined convection/
iffusion coefficients are evaluated using an upwind scheme. The
IMPLE algorithm �44� is applied to solve the momentum and

Table 1 Boundary conditi

AB BC CD

u 0 0 0

v vw Eq. �25�
���v�

�z
= 0

h T=300 K T=300 K T=300 K

� − �
��

�z
=

I


Rc
2

��

�z
= 0

��

�z
= 0
ontinuity equations to obtain the velocity field. At each time step,
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the current continuity equation is solved first, based on the up-
dated parameters. Current density and electromagnetic force are
then calculated for the momentum and energy equations. The mo-
mentum equations and the continuity equation are then solved in
the iteration process to obtain pressure and velocity. The energy
equation is solved to get the new temperature distribution. Next,
the temperature-dependent parameters are updated, and the pro-
gram goes back to the first step to calculate the current continuity
equation. This process is repeated for each time step until the
convergence criteria are satisfied.

The governing differential equations �Eqs. �1�–�5� and Eq. �19��
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 distribution of temperature, 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, electromagnetic
force, plasma shear stress, and arc pressure are calculated,
and other associated boundary conditions are evaluated for
the metal domain.

3. Equations �1�–�4� are solved iteratively to obtain pressure,
velocity and temperature in the metal domain.

4. VOF Eq. �19� is solved to obtain the new free surface profile
for the metal domain. The physical properties of cells and
the boundary conditions within the computing domain are
updated.

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

6. Equations �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 equations, the
electrode, droplet and the workpiece are treated as fixed in-
ner obstacles.

7. Energy equation, Eq. �4�, is solved in the arc domain to get
the new temperature distribution. Thermal physical proper-
ties 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 pressure and temperature, until
convergence criteria are satisfied.

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

on the outer boundaries

DE EF FG GA

���u�
�r

= 0 0 0 0

0 0 0
�v
�r

= 0

T=300 K T=300 K T=300 K
�T

�r
= 0

��

�r
= 0 �=0 �=0

��

�r
= 0
ons
desired time is reached.
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A nonuniform grid point system is employed with finer grid
izes near both the cathode and anode regions. The mesh sizes
ear the anode and cathode center are set as 0.01 cm. Extensive
ests using different grid sizes and time step sizes have been con-
ucted to assure consistent results, and the final grid and time step
izes used can be considered the compromised between computa-
ional time and numerical accuracy. The calculation domain is half
f the cylinder of 5.0 cm radius and 3.04 cm in length. Time step
ize is set as 5�10−6 s.

Results and Discussion
The electrode is mild steel with a 0.16 cm diameter. The work-

iece is also a mild steel disk with a 3 cm diameter and a 0.5 cm
hickness. The shielding gas is argon and flows out of a 1.91 cm
as nozzle at a rate of 24 l /min. The contact tube is set flush with
he bottom of the gas nozzle and is 2.54 cm above the workpiece.
he initial arc length is set as 0.8 cm. Five cases are studied in

his paper and the current for each case is set to a constant during
he calculation. Temperature-dependant material properties of ar-
on and the volume radiation heat loss are taken from �10� and
rawn in Fig. 2. The thermophysical properties of the solid and
iquid mild steel are taken from �21�, and are listed in Table 2 with
ther parameters used in the computation.

Five current levels in the range of 200–280 A, with 20 A in-
reases, are chosen to study the effects of current on droplet for-
ation, detachment, and acceleration in the arc. Current is a very

mportant factor which influences the droplet formation time, size,
roplet impingement velocity onto the weld pool, and thus weld
ool size and penetration. Many researchers �10,21,30,31� have

ig. 2 Temperature-dependant material properties of argon
nd the volume radiation heat loss taken from †10‡
nvestigated the weld pool dynamics by assuming the droplet size,
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the impingement frequency, and velocity because there is little
understanding of the metal transfer process. The direct and accu-
rate measurement of droplet velocity and acceleration is also dif-
ficult to conduct due to the complicated welding process of high
speed and high temperature arc plasma. A unified model which
simulates the heat transfer and fluid flow in both the droplet and
arc plasma and their interaction can provide insights into how the
current influences the metal transfer process. For each of the five
current levels, the temperature, velocity, arc pressure, and current
density distributions are obtained by solving Eqs. �1�–�7�, but only
a full set of data is drawn for the current level of 200 A in Figs.
3–8. The temperature and velocity distributions in the metal do-
main are shown in Figs. 3 and 4, respectively. The arc plasma
temperature, velocity, and pressure distributions are drawn in
Figs. 5–7 and current density distributions are drawn in Fig. 9
with the results for two other current levels.

The solid electrode tip is melted by the heat flux from the
surrounding high temperature arc and the melted metal forms a

Table 2 Thermophysical properties of mild steel and other
parameters

Nomenclature Symbol Value �unit�

Constant in Eq. �14� Av
2.52

Specific heat of solid phase cs 700 �J kg−1 K−1�
Specific heat of liquid phase cl 780 �J kg−1 K−1�
Thermal conductivity of solid phase ks 22 �W m−1 K−1�
Thermal conductivity of liquid phase kl 22 �W m−1 K−1�
Density of solid phase �s 7200 �kg m−3�
Density of liquid phase �l 7200 �kg m−3�
Thermal expansion coefficient �T 4.95�10−5�K−1�
Radiation emissivity � 0.4
Dynamic viscosity �l 0.006 �kg m−1 s−1�
Latent heat of fusion H 2.47�105 �J kg−1�
Latent heat of vaporization Hev 7.34�106 �J kg−1�
Solidus temperature Ts 1750 �K�
Liquidus temperature Tl 1800 �K�
Vaporization temperature Tev 3080�K�
Ambient temperature T� 300 �K�
Surface tension coefficient � 1.2 �N m−1�
Surface tension temperature gradient �� /�T 10−4 �N m−1 K−1�
Electrical conductivity �e 7.7�105 ��−1 m−1�
Magnetic permeability �0 1.26�10−6 �H m−1�
Work function �� 4.3�V�
Argon ionization energy Vi 15.76 �V�

Fig. 3 Temperature distributions in the metal domain for I

=200 A
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roplet at the electrode tip under the influence of surface tension.
he droplet is subjected to electromagnetic force, gravity, arc
ressure, plasma shear stress, and surface tension. Arc pressure at
he bottom of the droplet and surface tension are attaching forces
hich sustain the droplet at the electrode tip. The gravity and
lasma shear stress are detaching forces which separate the drop-
et from the electrode tip. The radial component of the electro-

agnetic force has a pinch effect on the droplet and thus it is a
etaching force. In argon shielded gas metal arc welding, the axial
omponent of the electromagnetic force is also a detaching force
45�. Arc plasma has been observed to cover the entire droplet for
urrent above 140 A �10�. From the arc coverage around the drop-
et, the current is hypothesized by researchers �5,10,45� to flow
utside from the entire droplet surface. The radially outward cur-
ent flow causes a downward detaching electromagnetic force in
he droplet. The model in this paper includes the heat effect of the
node sheath and predicts a wider spread of the arc root at the
roplet surface than the previous models did �22,23,32�. As seen
n Fig. 5, the high temperature arc covers almost the entire droplet

Fig. 4 Velocity distributions in the metal domain for I=200 A

ig. 5 Arc plasma temperature distributions for „a… I=200 A,

b… I=240 A, „c… I=280 A
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surface and the current flows outward. However, compared with
that of the radial component of the electromagnetic force, the
detaching effect of the axial component of the electromagnetic
force is small, as the current is almost parallel to the axis and only
flows slightly outward. At the balance of these attaching and de-
taching forces, the droplet grows bigger at the electrode tip with

Fig. 6 Arc plasma velocity distributions for „a… I=200 A, „b… I
=240 A, „c… I=280 A

Fig. 7 Arc pressure distributions for „a… I=200 A, „b… I=240 A,

„c… I=280 A
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complex flows formed inside the droplet as seen in the velocity
distributions of Fig. 4. When the droplet is growing bigger, the arc
pressure and surface tension becomes smaller. The droplet is de-
tached from the electrode tip when the sustaining forces are no
longer able to hold the increasing weight of the droplet. Assuming
a constant surface tension coefficient in this model, the surface
tension is only determined by the curvature of the droplet. There-
fore, among the forces the droplet is subjected to, the changes of
current will only affect the electromagnetic force, arc pressure,
and plasma shear stress.

A higher current induces a higher magnetic field and thus a
bigger electromagnetic force in both the metal and the arc. The
bigger electromagnetic force in the arc causes a stronger arc
plasma flow. As can be seen in Fig. 6, the velocity in the arc
plasma becomes bigger when current increases. From Fig. 7, it
can also be seen that a higher arc pressure field is formed at the
electrode tip for a higher current. The bigger arc plasma velocity
can also lead to a bigger plasma shear stress at the droplet surface.
As the arc plasma flow is mainly drawn to the bottom of the
droplet, the velocity at the arc plasma around the droplet is small.
Thus, the detaching effect of the plasma shear stress is not very
significant on the droplet, except at high current levels. The de-
taching electromagnetic force in the droplet increases faster than
the attaching arc pressure with current, thus, smaller droplets are
formed and detached from the electrode tip. As can be seen in
Figs. 5–7, the droplet size is smaller when the current increases
from 200 A to 280 A. The droplets at the moment of detachment
are also compared with the experimental results of Jones et al.
�4–6� in Fig. 8. It can be seen that the simulated droplet size and
arc distribution around the droplet are in fair agreement with the
experimental results. Only the first droplet is drawn in all the
figures. However, it still can be seen that the droplet formation
time is less for higher currents. As listed in Table 3, the droplet
frequency obtained from several droplet formation intervals in-
creases with higher currents. The temperature in the droplet is
high near the bottom surface surrounded by the arc and low at the
center where cool metal flows down from the droplet root. The
temperature of the droplet only increases slightly with the current,
which is mainly due to the metal evaporation effect considered in
the model.

After the droplet is detached, the temperature distribution in the
droplet becomes more uniform through the mixing of fluid flow
inside the droplet at the beginning of the separation. The detached
droplet is then heated by the surrounding high temperature arc.
The detached droplet is also subjected to the electromagnetic
force, gravity, arc pressure, plasma shear stress, and surface ten-
sion. At the balance of these forces, the droplet is accelerated to
the workpiece. These forces are also responsible for the shape
change of the droplet during the flight in the arc. The arc pressure
is higher at the top surface of the detached droplet than at its
bottom surface. The pressure difference does not cause the droplet
to be flattened, because of the effect of surface tension, which tries
to maintain a round droplet shape. The oscillation of droplet shape
from oblate to prolate is mainly the work of surface tension. How-
ever, the electromagnetic force also helps the droplet to resist

y, and acceleration at different current levelsa

Droplet frequency
�Hz�

Droplet acceleration
�m/s2�

5.5 �5.0� 20.6 �21.0�
9.2 �8.8� 25.0 �22.4�

16.8 �13.8� 30.4 �24.5�
31.5 �23.8� 38.0 �43.8�
65.0 �59.0� 52.4 �55.8�

et al. �6�. The experiment was a continuous constant current
O2. The shielding gas flow rate was 24 l /min and the inner
ted flush with the bottom of the gas nozzle and was 25.4 mm
ig. 8 Comparison of experimental results „the first row… and
omputational results „the second row… for droplets at the mo-
ent before detachment
ig. 9 Current density distributions for „a… I=200 A, „b… I
240 A, „c… I=280 A
Table 3 Comparison of the droplet size, frequenc

Current
�A�

Wire feed rate
�cm/s�

Droplet radius
�mm�

200 4.0 �3.8� 1.49 �1.47�
220 4.5 �4.3� 1.32 �1.34�
240 5.0 �4.8� 1.13 �1.17�
260 5.5 �5.3� 0.95 �0.97�
280 6.0 �5.8� 0.82 �0.81�

aThe experimental results shown in the parentheses are from Jones
welding for the 1.6 mm mild steel electrode shielded by Ar-2%
diameter of the nozzle was 19.1 mm. The contacted tube was moun
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eing flattened to oblate by the arc pressure. From the current
treamlines drawn in Figs. 9, it can be seen that current flows
round the detached droplet. Except at the place where the droplet
s close to the electrode tip, only a small amount of current flows
hrough the detached droplet. When the droplet moves farther
way from the electrode tip, less current flows through it and the
lectromagnetic force in the droplet also becomes smaller. As it is
een in Figs. 5–7, the detached droplets have a more flattened
hape near the workpiece than when they are near the electrode
ip. At higher currents of 260 A and 280 A, the higher electro-

agnetic pinch force even elongates the detached droplets when
hey are near the electrode tip.

The arc pressure difference between the top and bottom sur-
aces of the detached droplet propels the droplet down to the
orkpiece. The effect of the plasma shear stress is also remark-

ble in bringing down the detached droplet. From the plasma ve-
ocity distributions in Fig. 6, it can be seen that the plasma flow
round the detached droplet is significant. At higher currents, the
lasma flow around the droplet is stronger and the arc pressure
ifference between the top and bottom surfaces of the droplet is
reater. Therefore, a stronger acceleration of the detached droplet
s found with a higher current. As shown in Figs. 5–7, the de-
ached droplet at higher current level takes less time to reach the
orkpiece.
The acceleration of the droplet is found to be near constant by

ones et al. �6� and assumed to be constant by many authors in
heir calculations �10,21,30,31�. Jones et al. �6� have taken video
mages of droplets from the moment they were detached to the
ime they contacted the workpiece. Taken from the video images,
he center positions of the droplets were then drawn with time as
he flight trajectories. It was found that the flight trajectories could
e fitted with quadratic curves within error limits. The first deriva-
ives of these fitted curves were taken as the droplet velocities and
he second derivatives were taken as the droplet accelerations. The
roplet center positions from the computational results are com-
ared with the fitted curves of the flight trajectories of Jones et al.
6� at each current level in Fig. 10�a�. The solid lines are the fitted
urves of the droplet trajectories from Jones et al. �6� and the
ymbols are the center positions of droplets from the computation.
s can be seen, the calculated droplet center positions match the
tted curve well, except at some points near the electrode tip. The
omputational results show the droplets have a bigger acceleration
t the early stage of the flight when they are near the electrode tip.

hile this bigger acceleration could not be shown in the fitted
urve, as a constant acceleration was assumed, it was shown in the
riginal flight trajectories made from the video images �6�. The
igger acceleration can also be explained by the computational
esults. From Figs. 6 and 7, it can be seen that the plasma flow
etween the electrode tip and the droplet is stronger and the arc
ressure at the top surface of the droplet is higher when the dis-
ances between them are shorter. From the axial velocity distribu-
ions at the droplet center, which is drawn in Fig. 10�b� with only
ymbols, the trend of higher acceleration at the early stage is more
bvious. The droplet velocities calculated by taking the first de-
ivatives from both the fitted curves of the experimental and com-
utational trajectories are drawn in Fig. 10�b�. The droplet veloci-
ies calculated from the experimental trajectories are drawn with a
olid line for each current level. The droplet velocities calculated
rom the computational trajectories are drawn with a dotted line
nd the symbol for each current level. The droplet velocities cal-
ulated from the trajectories match well for each current level.
owever, the velocities at the droplet center from the computa-

ional results do not fit well with them, especially at higher current
evels. This is because the acceleration of the droplet is higher at
he early stage. The droplet size, frequency and acceleration at
ifferent current levels are summarized in Table 3 with the corre-
ponding experimental results.

Shielding gas flow rate is very important for the gas metal arc

elding process. The flow rate should be high enough for the

ournal of Heat Transfer
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shielding gas to protect the weld pool, but it can not be so high
that it will disturb the weld pool. A constant shielding gas flow
rate is used in the computations for all the current levels. The
effect of the current changes on the requirement of shielding gas
flow rate is demonstrated in Fig. 6. The streamlines in all the
figures start from the same point at the entrance of the shielding
gas. As can be seen clearly, the streamlines are drawn more to-
ward the center when the current increases. A higher shielding gas
flow rate is required to protect the weld pool for a higher current,
which is supported by the Welding Handbook �2�. However, the
shielding gas can still cover the weld pool for all the current levels
as the current range is not very wide in this computation.

5 Conclusions
A unified model has been used to study the droplet formation,

detachment, and transfer in the arc during a gas metal arc welding
process. Five current levels in the range of the globular transfer
mode have been used to study the current effect on the droplet
size, temperature, and acceleration. Smaller droplet size, and thus
higher frequency, was found for higher currents. The temperature
of the droplet at higher currents was found to be only slightly
higher than at lower currents. The detached droplet was further
heated by the high temperature arc during the flight in the arc. The
shape of the detached droplet changes in the arc at the balance of
electromagnetic force, arc pressure, plasma shear stress, and sur-
face tension. More flattened droplets were found near the work-

Fig. 10 Computational droplet positions and axial velocities
compared with the experimental results at different currents.
„a… Droplet flight trajectories; „b… axial droplet velocities.
piece than near the electrode tip, due to the smaller electromag-

AUGUST 2007, Vol. 129 / 1033

E license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



n
t
a
f
e
s
c
m

A

i

N

1

Downloa
etic force further away from the electrode tip. The acceleration of
he detached droplets was higher at the early stage of the flight
nd was near constant at the later stage. Higher acceleration was
ound for higher currents. The higher plasma flow driven by the
lectromagnetic force at higher current also showed that higher
hielding flow rates were required to cover the weld pool at higher
urrents. The calculated results were compared with the experi-
ental results and agreement was found.
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omenclature
Av � constant, defined in Eq. �14�
B� � self-induced azimuthal magnetic field

c � specific heat
C � coefficient, defined in Eq. �11�
c1 � 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

hc � convective heat-transfer coefficient between the
base metal and its surroundings

H � latent heat of fusion
Hev � latent heat of vaporization

I � welding current
Je � electron current density
Ji � ion current density
Jr � radial current density
JR � current density due to electron emission
Jz � axial current density
k � thermal conductivity
K � permeability, defined in Eq. �10�
kb � Stefan-Boltzmann constant

keff � effective thermal conductivity at arc-metal
interface

me � electron mass
mi � ion mass
n � vector normal to the local free surface

ne,s � electron number density at the sheath edge
p � pressure

Patm � atmospheric pressure
ps � surface tension pressure
Q � shielding gas flow rate

qev � evaporation mass rate of metal vapor
r-z � cylindrical coordinate system

R � gas constant
Rn � internal radius of the shielding gas nozzle
Rw � radius of the electrode

s � vector tangential to the local free surface
Sa � anode sheath energy heat flux for the metal

Sap � anode sheath energy heat flux for the arc
plasma

Sc � cathode sheath energy heat flux for the metal
Scp � cathode sheath energy heat flux for the arc

plasma
SR � radiation heat loss

t � time
T � temperature

Tarc � arc plasma temperature close to the anode and
cathode

Ta ,Tc � anode, cathode surface temperature

Te,s � electron temperature at the sheath edge
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Tl � liquidus temperature
Ts � solidus temperature
T� � ambient temperature

u � velocity in the r direction
v � velocity in the z direction
V � velocity vector

vB � Bohm velocity
Vi � ionization energy of plasma
Vs � anode sheath voltage drop
Vr � relative velocity vector �Vl−Vs�
Vw � wire feed rate

Greek Symbols
�T � thermal expansion coefficient
� � surface tension coefficient

�� /�T � surface tension temperature gradient
� � surface radiation emissivity
� � free surface curvature

�l � dynamic viscosity
�0 � magnetic permeability
� � electric potential

�w � work function of the anode material
�e � electrical conductivity
� � density

�ps � plasma shear stress
�Ms � Marangoni shear stress

� � mesh size near the anode or cathode sheath
surface

�t � time interval

Subscripts
0 � initial value
l � liquid phase
r � relative to solid phase velocity
s � solid phase

w � wire
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