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ABSTRACT

This paper simulates the acceleration of the droplet in the
arc during gas metal arc welding process. After a droplet is
detached from the electrode, it is accelerated in the high
temperature and high velocity arc to the workpiece. The
droplet is subjected to several forces, such as the arc plasma
shear stress, arc pressure force, surface tension force, gravity
force, and electromagnetic force. A comprehensive model is
used to simulate the changes of droplet shape, temperature, and
velocity during the acceleration in the arc. The transient
interaction of droplet and arc plasma is through coupled
boundary conditions, thus, no assumptions are needed to
simulate the droplet acceleration. The simulated results were
compared with the published experimental data and an
agreement was found.

I. INTRODUCTION
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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).

Gas metal arc welding (GMAW) is an arc welding
process that uses a plasma arc between a continuous,
consumable 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. After a
droplet is detached from the electrode, it is heated up and
accelerated in the high temperature and high velocity arc.
The accelerated high temperature droplet impinges onto the
workpiece and a weld pool forms under the influences of the
arc plasma and the periodical impingement of droplets. The
influence of droplet impingement on the weld pool varies
with the droplet temperature and size, the impingement
frequency, and the impingement velocity. The transport of
droplets into the weld pool is found largely responsible for
the finger penetration commonly observed in the fusion zone
[1]. A better understanding of the metal transfer process is

important for improvements in the quality and productivity
of welding.
Many researchers [2-8] have investigated the droplet
impingement and weld pool dynamics. In their models, the
droplet is often assumed to be spherical; the droplet size,
temperature and impingement frequency are set to be a
constant, the droplet acceleration is either not calculated [23] or calculated by applying a plasma drag force [4-7]. Tsao
et al. directly assumed the droplet impingement velocity [2]
in their model, thus, the droplet acceleration was not
calculated. Fan and Kovacevic [3] calculated the droplet
impingement velocity, but the droplet acceleration is not
calculated, which was set to an experimentally measured
value. Fan and Kovacevic [4,5] and Wang and Tsai [6,7]
calculated the droplet acceleration by applying an arc plasma
drag force on the droplet. As the arc model is not included,
the acceleration of the droplet is calculated by applying an
arc plasma drag force on the droplet.
The arc plasma drag force Fd is calculated from an
empirical formation [8] for a sphere immersed in a fluid
stream of uniform velocity by
π
2
2
(1)
Fd = Veff ρ p Rd C d
2
where Veff is the mean effective arc plasma axial velocity,
which is taken as half of the arc plasma axial velocity, ρp is
the arc plasma density, Rd is the droplet radius, Cd is the drag
coefficient. The drag coefficient Cd depends on the Reynolds
number and can be calculated from empirical formulas.
Assuming the droplet have a spherical shape and is
accelerated to the workpiece with a constant acceleration, the
droplet acceleration due to the plasma drag force can be
calculated as,
2
3 Veff ρ p C d
(2)
a=
8 Rd ρ m
where a is the acceleration of droplet due to plasma drag
force, ρm is the droplet density.
To calculate the plasma drag force exerted on the droplet
using these formulations [4-8], it is required to assume the
droplet has a spherical shape and is accelerated to the
workpiece with a constant acceleration. The physical
properties of the arc plasma, the drag coefficient, and the
plasma velocity also have to be assumed. Given the range of
temperature found in a welding arc, the appropriate 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 [9]. An effective
method is needed to simulate droplet acceleration without
assuming the droplet shape, the plasma properties, the drag
coefficient, and the plasma velocity.
To accurately model the acceleration of droplet in the arc,
the transient interaction of the droplet with the arc has to be
considered. In this paper, a comprehensive model [10-11] is
used to simulate the gas metal arc welding as an integrated
system which includes both the metal domain and the arc
domain. The electrode melting, droplet formation and
transfer in the arc, droplet impingement onto the workpiece
and weld pool dynamics are simulated in the metal domain.
The heat transfer and fluid flow in the arc plasma and its
surrounding gas environment are simulated in the arc
domain. The transient interaction of the gas domain and
metal domain are coupled through the energy, momentum,
and current boundary conditions at each time step. The
changes of droplet shape and temperature during droplet
growth when it is still attached to the electrode and during
the acceleration in the arc are modeled by simulating the
fluid flow and heat transfer inside the droplet. The heat
exchange between the arc and droplet and the momentum
transfer from the arc to the droplet are obtained directly from
the arc plasma calculation at each time step. Thus, no
assumptions of the arc plasma temperature, properties and
velocity and the drag coefficient, and droplet size and droplet
shape are needed.
The direct and accurate measurement of droplet velocity
and acceleration is difficult to conduct due to the complicated
welding process of high speed and high temperature arc
plasma. Jones et al. [12] have taken video images of droplets
from the moment they were detached to the time they
contacted the workpiece. Taken from the video images, the
center positions of the droplets were then drawn with time as
the flight trajectories. It was found that the flight trajectories
could be fitted with quadratic curves within error limits. The
first derivatives of these fitted curves were taken as the
droplet velocities and the second derivatives were taken as
the droplet accelerations. The simulated results are then
compared with the published experimental data [12] and a
reasonable agreement is found.
II. MATHEMATICAL MODLELS
Figure 1 is a schematic representation of a twodimensional axisymmetric GMAW system, with the
computational domain marked by ABCDEFGA. There are
three phases inside the computational domain: a solid phase,
a liquid phase and a gas phase. The solid phase includes the
unmelted electrode and part of the workpiece, while the
liquid phase includes the melted electrode, falling droplet,
and the weld pool on the workpiece. The gas phase includes
the partially ionized arc plasma and shielding gas. Between
the liquid zone and solid zone, there is a small zone called
mushy zone where the solid and liquid metal coexist. A

continuum formulation [13] was used to handle the metal
domain consisting of the solid phase, liquid phase and mushy
zone. Latent heat during melting and solidification was
considered using the enthalpy method. As the properties of
gas are far different from those of metal, two computational
domains are used for computational robustness and
efficiency. One computational domain is used to calculate
the heat transfer and fluid flow in the gas phase and another
is used for metal, which includes both solid phase and liquid
phase.
The heat transfer and fluid flow in both
computational domains are coupled with the electromagnetic
field.
The differential equations governing the conservation of
mass, momentum, and energy based on the continuum
formulation given by Chiang and Tsai [13] are employed in
the present study, and the current continuity equation is used
to calculate the current density distribution. The equations
are given below:
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In Eqs. (3)-(6), u and v are the velocities in the r and z
directions, respectively. Vr = Vl – Vs is the relative velocity
vector between 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. p is the pressure; T is the temperature; h is the
enthalpy; φ is the electrical potential; ρ is the density; μ is
the viscosity; k is the thermal conductivity; g is the
gravitational acceleration; βT is the thermal expansion

coefficient; c is the specific heat; σ e is the electrical
conductivity; Jr and Jz are current densities, in the respective r
and z directions; Bθ is the self-induced electromagnetic field;
S R is the radiation heat loss; μ0 is the magnetic 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.
(4) and (5) 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. (4) and (5) represents an
interaction between the solid and the liquid phases. The
second term on the right-hand side of Eq. (6) 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. (4)-(6) 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 by
those of the arc plasma.
The second-to-last term on the right-hand side of Eq. (5) is
the thermal expansion term. The last term of Eq. (4) and Eq.
(5) is the electromagnetic force term. The last three terms in
Eq. (6) are Ohmic heating, radiation loss, and electron
enthalpy flow, respectively.
The coupling of the metal domain and the arc domain are
through boundary conditions. For the arc domain, the metal
domain was treated as inner obstacles, while the arc plasma
temperature, velocity, and pressure distributions were
calculated. For the metal domain, a volume-of-fluid (VOF)
method [13] was used to handle the free surfaces for the
droplet and the surface of the weld pool. Additional body
force source terms are added to the momentum transport
equations at the metal free surface to consider the effects of
surface tension, Marangoni shear stress, arc plasma shear
stress and arc pressure. Additional source terms [10] are
added to the energy equation for the special treatment of heat
transfer near the anode sheath and the cathode sheath.
At the metal surface, surface tension pressure normal to
the free surface can be expressed as [15]
(10)
ps = γκ
where γ is the surface tension coefficient and κ is the free
surface curvature given by
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where n is a vector normal to the local free surface which
equals the gradient of the VOF function
r
(12)
n = ∇F
The temperature-dependent Marangoni shear stress at
the free surface in a direction tangential to the local free
surface is given by [4]
∂γ ∂ T
(13)
τ Ms =
r
∂T ∂ s
r
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
∂V
(14)
τ ps = μ r
∂s
where μ 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
equations according to the CSF (continuum surface force)
model [15,16]. 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.
Only half of the entire physical domain is calculated due
to the cylindrical symmetry along the centerline AG. The
wire feed rate is incorporated through a boundary condition
on axial velocity along AB. The imposed shielding gas flow
is set through a boundary condition on axial velocity along
BC. A constant mass flow boundary condition is used for the
open boundaries 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. The voltage is set to
zero at the bottom of the workpiece FG.
The current distribution is greatly influenced by the
temperature in the arc column and the shape of the metal
domain, but it is only 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, including p, u, v, and T, are calculated
separately in the metal domain and the 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 coupling between the two domains.
For the metal domain, the method developed by Torrey et
al. [14] was used to solve p, u, v, and T. This method is
Eulerian and allows for an arbitrary number of segments of
free surface with any reasonable shape. The basic procedure
for advancing the solution through one time step, Δt, consists
of three steps. First, at the beginning of the time step,
explicit approximations to the momentum equations (4) and
(5) 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 satisfy
Eq. (3) 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 [17] is applied to
solve the momentum and continuity equations to obtain the
velocity field. At each time step, the current continuity
equation is solved first, based on the updated parameters.
Current density and electromagnetic force are then calculated
for the momentum and energy equations. The momentum
equations and the continuity equation are then solved in the
iteration process to obtain the new pressure and velocity.
With the new pressure and velocity distributions, the energy
equation is solved to get the new temperature distribution.
Next, the temperature-dependent parameters are updated, and
the program 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.
III. RESULTS AND DISCUSSION

distributions are obtained by solving Eqs. (2)-(9), but only a
full set of data is drawn for the current level of 220 A in Figs.
3-8.
Table 1. Thermophysical properties of mild steel and other parameters.
Nomenclature
Symbol Value (unit)
Specific heat of solid phase
cs
700 (J kg–1 K–1)
780 (J kg–1 K–1)
Specific heat of liquid phase
cl
22 (W m–1 K–1)
Thermal conductivity of solid phase
ks
22 (W m–1 K–1)
Thermal conductivity of liquid phase
kl
ρs
7200 (kg m–3)
Density of solid phase
ρl
7200 (kg m–3)
Density of liquid phase
βT
4.95 × 10–5 (K–1)
Thermal expansion coefficient
ε
0.4
Radiation emissivity
μl
0.006 (kg m–1 s–1)
Dynamic viscosity
Latent heat of fusion
H
2.47×105 (J kg–1)
7.34×106 (J kg–1)
Latent heat of vaporization
Hev
1750 (K)
Solidus temperature
Ts
1800 (K)
Liquidus temperature
Tl
3080 (K)
Vaporization temperature
Tev
300 (K)
Ambient temperature
T∞
Surface tension coefficient
1.2 (N m-1)
γ
Surface tension temperature gradient
Electrical conductivity
Magnetic permeability
Work function
Argon ionization energy

∂γ / ∂T
σe
μ0

10-4 (N m-1 K-1)

φw

7.7×105 (Ω–1 m–1)
1.26×10–6 (H m–1)
4.3 V

Vi

15.76 (V)

Figures 3-8 show a sequence of the first droplet
formation, detachment and transfer in the arc. The
temperature and velocity distributions in the meal domain are
shown in Figs. 3 and 4, respectively. The arc plasma
temperature, velocity, and pressure distributions are shown in
Figs. 5-7 and the current density distributions are drawn in
Fig. 8.

Fig. 2. Temperature-dependant material properties of argon and the volume
radiation heat loss taken from [8].

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 shielding gas is argon and flows out
of a 1.91 cm gas nozzle at a rate of 24 l/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. Temperature-dependant material properties of argon and
the volume radiation heat loss are taken from [8] and drawn
in Fig. 2. The thermophysical properties of the solid and
liquid mild steel are taken from [4] and listed in Table 1. Five
current levels in the range of 200 A to 280 A, with 20 A
increases, are chosen to study the droplet acceleration at
different current levels. For each of the five current levels,
the temperature, velocity, arc pressure, and current density

Fig. 3. Temperature distributions in the metal domain for I = 220 A.

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 tension. At the

balance of these forces, the droplet is accelerated to the
workpiece. These forces are also responsible for the changes
of the droplet shape during the flight in the arc.

workpiece is due to the stagnation of the plasma flow
impinging onto the workpiece. After the droplet is detached
from the electrode, new arc plasma is struck between the
electrode tip and the top surface of the detached droplet.
There are two new high pressure regions, with one under the
electrode tip and the other at the top surface of the droplet.
The arc pressure difference between the top and bottom
surfaces of the detached droplet propels the droplet down to
the workpiece. The effect of the plasma shear stress is also
remarkable in bringing down the detached droplet. From the
plasma velocity distributions in Fig. 6, it can be seen that the
plasma flow around the detached droplet is significant.

Fig. 4. Velocity distributions in the metal domain for I = 220 A.
Fig. 8. Current density distributions for I = 220 A.

Fig. 5. Arc plasma temperature distributions for I = 220 A.

Fig. 6. Arc plasma velocity distributions for I = 220 A.

Fig. 7. Arc pressure distributions for I = 220 A.

As shown in Fig. 7, there are two high pressure regions
before the droplet is detached. One is underneath the droplet,
and the other is near the electrode. 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

Fig. 9. Computational droplet positions and axial velocities compared with
the experimental results at different currents. (a) Droplet flight trajectories;
(b) Axial droplet velocities. In (a), the symbols are the droplet center
positions from the computational results and the solid line is the fitted curve
of the droplet trajectories from the experimental results of Jones et al. [12].
In (b), the symbols are the axial velocities at the droplet center from the
computational results; the dashed lie is the axial velocities calculated by
taking the first derivative of the computational trajectories; and the solid line
is the velocities calculated by taking the first derivatives of the experimental
trajectories.

The arc pressure is high at the top surface of the detached
droplet. The high arc pressure does not flatten the droplet,
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. However, the electromagnetic force also helps the
droplet to resist being flattened to oblate by the arc pressure.
From the current streamlines drawn in Figs. 8, it can be seen
that current flows around the detached droplet. Except at the
place where the droplet is close to the electrode tip, only a
small amount of current flows through the detached droplet.
When the droplet moves farther away from the electrode tip,
less current flows through it and the electromagnetic force in
the droplet also becomes smaller. As can be seen in Figs. 57, the detached droplets have a more flattened shape near the
workpiece than when they are near the electrode tip.
The droplet center positions from the computational
results are compared with the fitted curves of the flight
trajectories of Jones et al. [12] in Fig. 9(a). The solid lines
are the fitted curves of the droplet trajectories from Jones et
al. [12] and the symbols are the center positions of droplets
from the computation. As can be seen, the calculated droplet
center positions match the fitted curve well, except at some
points near the electrode tip. The computational results show
the droplets have a bigger acceleration at the early stage of
the flight when they are near the electrode tip. While this
bigger acceleration could not be shown in the fitted curve, as
a constant acceleration was assumed, it was shown in the
original flight trajectories made from the video images [12].
The bigger acceleration can also be explained by the
computational results. From Figs. 6-7, it can be seen that the
plasma flow between the electrode tip and the droplet is
stronger and the arc pressure at the top surface of the droplet
is higher when the distances between them are shorter. From
the axial velocity distributions at the droplet center, which is
drawn in Fig. 9(b) with only symbols, the trend of higher
acceleration at the early stage is more obvious. The droplet
velocities calculated by taking the first derivatives from both
the fitted curves of the experimental and computational
trajectories are drawn in Fig. 9(b). The droplet velocities
calculated from the experimental trajectories are drawn with
a solid line for each current level. The droplet velocities
calculated from the computational trajectories are drawn with
a dotted line and the symbol for each current level. The
droplet velocities calculated from the trajectories match well
for each current level. However, the velocities at the droplet
center from the computational results do not fit well with
them, especially at higher current levels. This is because the
acceleration of the droplet is higher at the early stage. The
droplet size, frequency and acceleration at different current
levels are summarized in Table 2 with the corresponding
experimental results.

metal arc welding process. After a droplet is detached from
the electrode, it is further heated by the high temperature arc
during the acceleration 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 surface tension.
More flattened droplets were found near the workpiece than
near the electrode tip, due to the smaller electromagnetic
force acted on the droplet further away from the electrode tip.
The detached droplet is accelerated to the workpiece by the
pressure difference at its top and bottom surfaces and the
plasma shear stress as plasma flows pass around the droplet.
The acceleration of the detached droplets was higher at the
early stage of the flight and was near constant at the later
stage. The calculated droplet flight trajectory and droplet
velocities are compared with the experimental results and a
good agreement was found.
Table 2. Comparison of the droplet size, frequency, and acceleration at
different current levels.

Current
(A)

Wire
feed rate
(cm/s)

Droplet
radius
(mm)

Droplet
frequency
(Hz)

Droplet
acceleration
(m/s2)

200

4.0 (3.8)

1.49 (1.47)

5.5 (5.0)

20.6 (21.0)

220

4.5 (4.3)

1.32 (1.34)

9.2 (8.8)

25.0 (22.4)

240

5.0 (4.8)

1.13 (1.17)

16.8 (13.8)

30.4 (24.5)

260

5.5 (5.3)

0.95 (0.97)

31.5 (23.8)

38.0 (43.8)

280

6.0 (5.8)

0.82 (0.81)

65.0 (59.0)

52.4 (55.8)

Note: The experimental results shown in the parentheses are from Jones et
al. [12]. The experiment was continuous constant current welding for 1.6
mm mild steel electrode shielded by Ar-2% O2. The shielding gas flow rate
was 24 l/min and the inner diameter of the nozzle was 19.1 mm. The
contacted tube was mounted flush with the bottom of the gas nozzle and was
25.4 mm above the workpiece.
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