
I. INTRODUCTION

METAL transfer describes the process of the molten
metal movement from the electrode tip to the workpiece in
gas metal arc welding (GMAW). A better understanding of
the metal transfer process is important for improvements in
the quality and productivity of welding. While several dis-
tinct modes of the metal transfer have been classified,[1] the
globular and spray transfer modes have received attention
from many investigations.[1–16] In the globular transfer, the
diameter of the drop is much greater than that of the elec-
trode. Spray transfer can be further classified as drop (pro-
jected) spray or streaming spray, depending on the diameter
of the drop in relation to that of the electrode: approximately
the same in drop spray or much smaller in streaming spray.
It is found experimentally that a sharp transition in the drop
detachment frequency and size occurs when the mode
changes between the globular and spray transfer modes. A
bifurcation in the drop detachment frequency and the drop
size has been observed in the middle of the transition current
range.[2,3,4]

A theoretical description of droplet formation in GMAW
is complicated by the following effects: the dynamic nature
of droplet growth, thermal phenomena in the wire, and heat
transfer from the arc. Because of the complexities associated
with these effects, models in the literature for prediction of
metal transfer in GMAW are typically based on simplified
descriptions of the effects influencing the process of droplet
formation. The two most well-known models of metal trans-
fer are the static force balance theory (SFBT)[5,6] and the
magnetic pinch instability theory (PIT).[7,8] The SFBT con-
siders the balance between gravity, electromagnetic force,
plasma drag force, and surface tension. The PIT considers
perturbation due to the radial magnetic force acting on an
infinite cylindrical column of liquid metal. Nemchinsky[9]
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developed a steady-state model to describe the equilibrium
shape of a pendant droplet with a simple approximation for
the current density distribution in the droplet. The preceding
models[5–10] are basically static approaches and unable to
predict the dynamic behavior of the drop growth during
metal transfer. Simpson and Zhu[11] developed a one-
dimensional model, which considered the forces acting on
the droplet. The model makes the first predictions of droplet
shape as a function of time.

Recently, several time-dependent, two-dimensional mod-
els have been developed to predict metal transfer. Haider and
Lowke[12,13] developed a model for the prediction of droplet
formation that included the arc. This model can predict the
transition current from the globular to the spray transfer
mode in fair agreement with experimental data. In the transi-
tion zone between the two modes, the model predicted the
presence of both small and large drops. However, the droplet
detachment was not addressed and the inclusion of the arc
complicated the calculation. The accuracy of computational
results is influenced by discontinuity assumptions on the free
surface, such as a surface pressure boundary condition. In a
recent study by Fan and Kovacevic,[14] the droplet forma-
tion, detachment, and transport phenomena are considered
together with the weld pool. An approximation was used to
get the current density distribution in the droplet by assum-
ing uniform axial current density distribution over horizon-
tal cross section of the droplet. The calculation was carried
out only for the globular transfer. Further, Chio et al.[15,16]

considered the effect of the welding arc under the assump-
tions of a uniform and linear current density on the droplet
surface. The predicted results are in reasonably good agree-
ment with the experimental data, although the transition cur-
rent is not determined accurately.

Previous models for the prediction of metal transfer have
been unable to make accurate predictions of the transition
between the globular and spray transfer modes. In this
work, a new transient two-dimensional model is developed
based on RIPPLE[17] to simulate the droplet formation, de-
tachment, and transport in the globular and spray modes.
Wang et al.[18,19,20] have successfully conducted numerical
analysis for the fluid flow and heat and mass transfer in
the weld pool for GMAW by using ripple-based modeling
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formulation. The transient shape of the droplet is calculated
using the fractional volume of fluid (VOF) method,[21]

which is shown to be more flexible and efficient than other
methods for treating complicated freeboundary configura-
tions. Gravitational force, surface tension force, and elec-
tromagnetic force play fundamental roles in the process of
droplet growth and detachment. The continuum surface
force (CSF) model[22] used in this study eliminates the need
for interface reconstruction, simplifies the calculation of
surface tension, and enables accurate modeling of fluid
flows driven by surface forces. As the welding current gen-
erates the electromagnetic force exerted on the pendant
drop, it is essential to include the effects of the current with
suitable boundary conditions.

II. NUMERICAL SCHEMES

The numerical schemes employed are based on a finite-
difference solution of a coupled set of partial differential
equations governing unsteady incompressible fluid flow.[17]

The two-step projection method[23] is the basic algorithm for
solving this set of partial differential equations. Free sur-
faces are captured by the VOF method.[21] Surface tension of
free surfaces is modeled as a localized volume force derived
from the CSF model.[22]

A. Governing Equations 

In order to simplify the numerical model, the physical
process is assumed to be axisymmetric, and the material
properties are assumed to be constant. The motion of fluid
within the drop is governed by the incompressible Navier–
Stokes equations (continuity and momentum equations):

∇ · v = 0 [1]

ρ
Dv
Dt

= −∇ p + ∇ · t + Fb [2]

where ρ is the fluid density, p is the scalar pressure, τ is
the viscous stress tensor, and Fb is the body force, which
includes the gravitational force and the electromagnetic
force.

The basic scheme for the two-step projection method is to
break the computation of the governing equations for un-
steady incompressible flow [1] and [2] into two steps. Time
discretization form of governing equations is given by the
following:

Step 1:
v∗ − vn

�t
= −(vn · ∇)vn + 1

ρn
∇ · τ n + Fn

b [3]

Step 2:

vn+1 − v∗

�t
= − 1

ρn
∇ pn+1

∇ · vn+1 = 0

}
⇒

∇ ·
(

1

ρ
∇ pn+1

)
= ∇ · v∗

�t
[4]

In the first step, a velocity field is computed from viscosity,
advection, and body forces, i.e., neglecting the influence
from the pressure gradient. In the second step, the velocity
field is changed under the influence of pressure only. Since
the velocity field must satisfy the continuity equation as
well, one Poisson equation is obtained for solving the pres-
sure field.

B. Tracking the Free Surface

The transient shape of the droplet is calculated using the
VOF[21] method, which was pioneered by Hirt and Nichol.
This method has been proved to be a powerful tool when
dealing with the problem of free surfaces. A detailed discus-
sion of this method can be found in the literature. Its main
features are discussed briefly subsequently.

Free surfaces are reconstructed by means of a scalar field
F(x, t), where

F(x, t) =
{ 1

>0,<1
0

in the fluid
at the free surface

at the void
[5]

For incompressible flow, the VOF function might be re-
garded as the normalization F(x, t) = ρ(x, t)/ρ f , where ρ f
is the constant fluid density. The discontinuity in F is a
Lagrangian invariant, propagating according to

d F

dt
= ∂ F

∂t
+ (v · ∇)F = 0 [6]

The discretization form of Eq. [6] contains terms of F fluxes
through the faces of the computational cells. The VOF
method is based on the use of reconstructed free surface and
donor-acceptor differencing to compute fluxes of fluid
advected through the cell faces. The free surface is recon-
structed either horizontally or vertically in a surface cell, de-
pending upon its slope obtained from the value of F in
neighboring cells. The position of a free surface depends
upon the value of F. A donor-acceptor differencing is identi-
fied by the direction of the velocity.

C. Modeling of Surface Tension 

Surface tension at a free surface is modeled with a local-
ized volume force prescribed by the CSF model.[22] Instead
of a surface tensile force or a surface pressure boundary con-
dition applied at a discontinuity, a volume force acts on fluid
lying within finite thickness transition regions continuously.
Surface tension modeled with the continuum method elimi-
nates the need for interface reconstruction, and can be easily
calculated by applying an extra body force in the momentum
equation.

In its standard form, the surface tension force per unit in-
terfacial area is

Fsa(xs) = σκ(xs)n̂(xs) [7]
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It can be reformulated as a volume force by satisfying
Green’s theory:

lim
h→0

∫
�V

Fsv (x) dV =
∫
�S

Fsa(xs) dS [8]

The volume force Fsv is identified as

Fsv (x) = σκ(x)∇F(x)g(x) [9]

The free surface curvature κ follows from the expression

κ = −(∇ · n̂) = 1

|n|
[(

n
|n| · ∇

)
|n| − (∇ · n)

]
[10]

where

n = ∇F [11]

For incompressible flow, g(x) is given by

g(x) = 2F(x) [12]

With this option, better results are obtained because the
application of the volume force in Eq. [9] does not cause
expansion and compression of the transition region.[22]

D. Calculation of Electromagnetic Force

The effect of welding current on the metal transfer in-
cludes its determination for the electromagnetic force, which
is part of the body force in the momentum Eq. [2]. The elec-
tromagnetic force generated by the welding current and
self-induced magnetic field is expressed as

Fm = J × B [13]

where the self-induced magnetic field is derived from
Ampere’s law:

Bθ = u0

r

r∫
0

Jzrdr [14]

and the current density is calculated from the Ohm’s law:

Jr = −σ
∂V

∂r
, Jz = −σ

∂V

∂z
[15]

Assuming the electric field is quasi-steady-state and the
electrical conductivity is constant, the electric potential,
being the only unknown variable, can be calculated by solv-
ing current continuity equation:

1

r

∂

∂r

(
r
∂V

∂r

)
+ ∂2V

∂z2
= 0 [16]

E. Boundary Conditions 

Schematic sketches of metal transfer process in GMAW
with initial and boundary conditions are shown in Figure 1.

(1) The input velocity of molten metal is assumed to be the
same as the wire feed rate.

(2) The problem is assumed to be axisymmetric. Hence, the
calculation domain is taken as one side of centerline.

(3) Free slip at the solid boundaries.
(4) Momentum transfer from plasma to the droplet is ne-

glected; the velocities of the surrounding gas are spec-
ified by setting them to zero.

(5) The effects of pressure variations in the surrounding gas
have been neglected by setting the pressure to atmo-
spheric conditions.
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Fig. 1—Schematic sketch of metal transfer process in GMAW with initial
and boundary conditions: (a) a schematic of metal transfer process and
(b) initial and external boundary conditions.

(b)

(a)
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The boundary conditions for solving the Laplace equation
to determine the distributions of the potential and current
density within the drop, and thus, the influence of the
electromagnetic force are

(1) an isopotential line (� = 0) is set at the inlet section,
(2) there is symmetry about the centerline,
(3) the current density distribution on the drop surface cell

(i, j) is assumed as

Jsij = I · f (i, j)

/∑
n

(Si j · f (i, j)) [17]

where Jsi j represents the current density on the surface cell
(i, j), I the welding current and Si j the surface area of the
free surface cell (i, j). The distribution function f (i, j) is
difficult to determine, since there is no experimental mea-
surement of the current density on a GMAW drop surface
available in the literature due to the difficulty of making such
measurements in the free surface of a drop. The two kinds of
current density distribution assumed in the early study by
Chio et al.[15] are as follows:

Uniform current density distribution: f (i, j) = 1 [18]

Linear current density distribution: f (i, j) = zj [19]

where zj represents the distance between the free surface
cell (i, j) and solid-liquid interface of the electrode. The cal-
culated results were in broad agreement with the experimen-
tal data and suggested that the assumption of the linear cur-
rent density predicted the experimental results more
accurately than the uniform current density. But the transi-
tion current is not captured quite accurately using these two
current density distribution models.

In this work, a Gaussian current density distribution on
the drop surface is proposed:

f (i, j) = 1√
2π

exp (−ξ 2/2) [20]

ξ = X

D

where X is the arc (curve) length on the drop surface be-
tween the lowest point on the drop and the free surface cell
(i, j), and D is the diameter of the electrode. The assump-
tion is proposed based on the current density distribution
over the workpiece, on which a Gaussian distribution has
been detected by previous experiments.[1]

III. RESULTS AND DISCUSSION

Results are presented for the physical model based on
the work of Kim and Eagar.[24] Simulations are carried out
for a mild steel electrode with 1.6-mm diameter and a feed
rate of 70 mm/s. The welding current varies from 150 to
320 A, which covers the range of globular and spray metal
transfer. The material properties taken from the work of
Chio et al.[15] are listed in Table I. The calculations are

performed using different assumptions of current density
distribution over drop surface, as mentioned previously. A
uniform computational mesh with mesh spacing of 0.1 mm
in each coordinate direction is used. The time-step is ad-
justed according to the linear stability constraints. While
the mesh spacing was varied between 0.08 and 0.16 mm, it
was found that the predicted average drop sizes remain
unchanged. Although the change of mesh spacing leads to
a change on the details of predicted results in the transition
current range (between 230 and 260 A), the averaged
sizes were found to be almost the same. All calculations
are executed on a SGI-Origin-2100 workstation (Silicon
Graphics, Inc.).

Figures 2 through 4 show the metal transfer processes
under the assumption of Gaussian current density distribution
for welding currents of 160, 300, and 250 A, respectively.
These cases represent the globular transfer with large drops in
the low current range, the streaming spray transfer with very
small drops in the higher current range, and the transition
from the globular to spray transfer with nonuniform drops in
a narrow transition current range.

Figure 2(a) shows the profiles for droplet developing at a
current of 160 A. The vibration of the drop can be observed
at the beginning of the drop formation due to the influence of
electromagnetic forces. The drop grows at the tip of the elec-
trode with a classic pendant drop shape, due to gravity and
surface tension in the presence of decreasing electromag-
netic force. Drop detachment occurs after the neck shrinks.
The drop detachment period is about 320 ms. The diameter
of detached drops is about 4.4 mm with slight variations. It
took 32 hours of CPU time to simulate about 1.6 seconds of
real time process.

Figure 2(b) shows the details of calculated potential and
velocity distributions within the droplet for the selected in-
stant of time at a current of 160 A. The current density and
electromagnetic force are determined by the potential distri-
bution. The current direction (marked in the figure) is verti-
cal to the curve of potential contour and points to the low
potential. The magnitude of current density calculated from
the gradient of potential depends on the distance between
contours of potential with the same value. Different regions
with concave contour and convex contour for potential dis-
tribution are identified. The current diverges and the electro-
magnetic force with a downward component arises in the
region with concave contours of potential distribution. The
current converges and the electromagnetic force with an up-
ward component arises in the region with convex contours
of potential distribution.

There are two distinguishing regions with concave po-
tential contour upside and convex potential contour down-
side observed before the neck forms in Figure 2(b). At
t = 45 ms, the electromagnetic force dominates the drop
behavior compared to the gravitational force. The upside
flow driven down by the electromagnetic force with down-
ward component collides with the downside flow driven up
by the electromagnetic force with upward component. There
is a counterclockwise vortex and a clockwise vortex formed.
The competition between the two streams causes the ob-
served vibration of the droplet. The magnitude of the cur-
rent density decreases with the increase of pendant drop
size, according to the observation of the enlargement in
distance between contours with the same value. Hence,
the gravitational force dominates the flow instead of the
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Table I. Material Properties of the Electrode

Mass density ρ 7860 kg/m3

Kinematic viscosity ν 2.8 × 10−7 m2/s
Surface tension coefficient γ 1.2 N/m
Electrical conductivity σ 8.54 × 105 mho/m
Permeability µ 4π × 10−7 H/m
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electromagnetic force as the drop becomes larger. The up-
side flow driven downward by gravitational force and
electromagnetic force overcomes the downside flow driven
upward by electromagnetic force. Eventually, the electro-
magnetic force with an upward component can no longer
compete with the gravitational force and the flow is driven
down to hit the bottom of the drop. There is another region
with convex potential contour developed above the neck
after it forms in the drop. The flow driven up by the electro-
magnetic force with the upward component forms a clock-
wise vortex above the neck. From the distribution of the
potential, the electromagnetic force accelerates the drop de-
tachment after the neck shrinks not only as an inward pinch
force but also as a detaching force.

Figure 3(a) shows the profiles for droplet developing at a
current of 300 A. The electromagnetic force dominates the
droplet detachment process compared to the gravity. The
drops become much smaller and the drop detachment fre-
quency is much greater. The average drop detachment period
is about 3.3 ms with a drop diameter of 0.96 mm. It took
30 hours of CPU time to simulate about 0.2 seconds of real
time process.

Figure 3(b) shows the details of the distributions of the
calculated potential and velocity within the droplet for a
selected instant of time at a current of 300 A. There
are two distinct regions with convex contour up and con-
cave contour down in the observed potential distribution.
A clockwise vortex and a counterclockwise vortex are

induced by the electromagnetic force with an upward com-
ponent and a downward component, respectively. The
current density is very high within the drop compared to the
160 A case. The electromagnetic force dominates the be-
havior of flow compared to the gravitational force. The sur-
face tension cannot compete with the electromagnetic force
before the drop grows larger. The small drop is detached by
the electromagnetic force pinching inward and pulling
apart.

Figure 4(a) shows the profiles for droplet developing at a
current of 250 A. The gravitational force and electromag-
netic force both affect the droplet detachment process in the
middle of the transition from globular to spray mode. The
electromagnetic force helps generate a series of small
drops. However, the electromagnetic force is not large
enough to detach the entire drop and excess fluid accumu-
lates on the tip of the electrode. The electromagnetic force
becomes weaker as this excess fluid drop grows. When
enough fluid accumulates at the tip of the electrode, the
electromagnetic force will not be able to detach the droplet
fluid. A large drop forms and is finally detached by the
gravitational force. Hence, a bifurcation in the drop detach-
ment frequency and the drop size is captured by the calcu-
lation. There is a large drop formed and detached between
every few small drops. The phenomena are consistent with
the experimental observation in previous studies.[2] It took
46 hours of CPU time to simulate about 1 second of real
time process.
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Fig. 2—Metal transfer process at the current of 160 A: (a) drop profiles and (b) potential and velocity distributions within the droplet.
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Figure 4(b) shows the detail of instantaneous potential
and velocity distributions within the droplet for the 250 A
case in the middle of transiting from globular to spray
mode. A small drop forms on the tip of the electrode
with the similar potential and velocity distributions as the
300 A case, while a large drop forms with the potential and
velocity distributions similar to when the current is at
160 A.

The predicted average drop sizes by using Gaussian cur-
rent density distribution over the drop surface for different
welding currents are shown in Figure 5. They are com-
pared with the experimentally measured data[24] as well as
the results calculated from assuming constant and linear
current density distributions. As seen in Figure 5, the

average measured drop size decreases with increasing
welding current. There exists a transition current range
from 230 to 260 A, over which a significant change in the
drop size occurs and the metal transfer mode changes from
the globular to spray. The images captured in early studies
also showed irregularity in droplet sizes distribution in the
transition from globular to spray mode. The predicted re-
sults by using a Gaussian current density distribution show
better agreement with the experimental data than the re-
sults obtained using a constant or linear assumption. In
particular, the transition current range and the behavior of
drop development in this zone are predicted very accu-
rately by using the Gaussian current density distribution
assumption.
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Fig. 2—(continued) Metal transfer process at the current of 160 A: (a) drop profiles and (b) potential and velocity distributions within
the droplet.

(b)
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(b)

(a)

Fig. 3—Metal transfer process at the current of 300 A: (a) drop profiles and (b) potential and velocity distributions within the droplet.
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Fig. 4—Metal transfer process at the current of 250 A: (a) drop profiles and (b) potential and velocity distributions within the droplet.

(a)
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Fig. 4—(continued) Metal transfer process at the current of 250 A: (a) drop profiles and (b) potential and velocity distributions within the droplet.

(b)

Fig. 5—Comparison of predicted average droplet sizes with experimental
results.
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IV. CONCLUSIONS

A numerical method employing advanced techniques in
CFD has been applied to simulate the dynamic process of
metal transfer in GMAW. In the current simulation, effects of
the surface tension, electromagnetic, and gravitational forces
are considered. The assumption of Gaussian current density
distribution on the droplet surface is proposed and shown to
provide a very good agreement with the experimental data.
The current study provides a good understanding of the phys-
ical mechanisms that dominate the metal transfer process
under different current ranges in GMAW. The simulation tool
will become useful in developing other novel experimental
techniques to achieve high-quality welding in GMAW.
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