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Abstract: This paper presents a three-dimensional model to describe the transient heat and
fluid flow in gas tungsten arc welding (GTAW) with a filler metal. Using the volume of fluid
(VOF) method, the melt depth and the surface profile of the weld are predicted. The GTAW
experiments show that the predictions of the weld pool shape based on the model are in
good agreement with the measured values.
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1 INTRODUCTION

Gas tungsten arc welding (GTAW) is an arc welding
process that uses an arc between a non-consumable
tungsten electrode and the weld pool. The metal to
be welded is melted by the intense heat of the arc
and fuses together either with (Fig. 1) or without a
filler metal. Once the arc and weld pool are estab-
lished, the torch is moved along the joint line. The
arc progressively melts the base metal and, if it is
used, the filler metal. The GTAW process produces
a superior quality weld with almost all metals and
allows precise control, thus it is widely used. In
order to achieve a certain weld quality, a list of suita-
ble welding parameters and their combinations
must be chosen. The most influential welding
parameters include the welding current, arc length,
wire feeding rate, and welding speed [1]. The weld-
ing current corresponds to the amount of heat
applied to the part. Welding current also affects the
voltage, with the voltage (at a fixed arc length)
increasing with the current. Arc length is important
because it also affects the width of the weld pool.
Wire feeding speed determines the amount of filler
deposited per unit length of weld. Decreasing wire
feeding speed will increase penetration and flatten
the bead contour. Welding speed affects both the
width and penetration. A lower welding speed means

more heat input per unit length of weld. A numerical
model provides the capability to select suitable
welding parameters and predict the weld shape.
The model also makes clear the complicated arc
welding phenomena.

In view of the significant effect of the weld pool
convection on the microstructure and properties of
the resultant weld, numerous investigators have
attempted to calculate the heat transfer and fluid
flow in the weld pool, especially in GTAW [2–5]. For
GTAW, convection in the weld pool is driven by a
combination of forces, which include surface ten-
sion force, buoyancy force, electromagnetic force,
and arc drag force. Kim et al. [6] investigated the
effect of various driving forces on heat and mass
transfer in gas tungsten arc (GTA) weld pool. In
most cases, the fluid flow and heat transfer in the
weld pool are controlled by the surface tension force
[7]. Choo and Szekely [8] first considered turbulence
in the simulation of the fluid flow in GTA weld pools
and showed it can affect the pool depth. The surface
active element was proved to affect the flow pattern
in the weld pool and was used to increase the depth
of penetration [9]. Fan and Tsai [10] simulated the
dynamic movement of the molten pool from partial
until full penetration.

The arc movement introduces three-dimensional-
ity in the weld pool. Such effects were first addressed
by Kou and Wang [11]. Zacharia et al. [12] consid-
ered the same configuration but included a number
of additional effects, such as the curvature of the
weld pool free surface and a turbulence model.
Dutta et al. [13] considered the non-axisymmetric
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boundary conditions in the calculation of
Lorentz forces for moving GTAW. Reddy et al. [14]
used the finite element method to simulate three-
dimensional heat transfer in pulsed GTAW; the fluid
flow in the weld pool was not included in the model.
In 1998, Cao et al. [15] incorporated full penetra-
tion and free top and bottom surfaces in a three-
dimensional model with a moving GTAW heat
source. Using boundary-fitted coordinates, Kim and
Na [16] presented a three-dimensional quasi-steady
model for the moving bead-on-plate gas metal arc
welding (GMAW) process. The size and profile of
the weld pool were predicted, but the dynamic inter-
action between the droplet and the weld pool free
surface was not considered. Ushio and Wu [17]
approximated the effect of the droplets on the weld
pool as a constant force acting on the weld pool
free surface, although the impingement process is
not a continuous process. Recently, the transient
development and diminution of the weld pool at
two periods after the arc ignites and extinguishes
have been analysed quantitatively by Wu and Yan
[18]; the time for the weld pool shape to reach the
quasi-steady state and the time for the weld pool to
solidify completely are predicted. The model by Wu
and Yan assumes the surface of the molten pool to
be flat. Wang and Tsai [19] used the volume of fluid
(VOF) algorithm to simulate the impingement of
droplets in three-dimensional moving GMAW; the
size of the droplets is predetermined, and the distri-
bution of heat and current density on the top surface
are assumed.

So far, no open literature has been found to pre-
sent a dynamic model describing the GTAW with a
feeding wire. The problem is very complicated by
the following physical phenomena: the heat source

is moving; the wire moves in the feeding direction
and moves with the heat source; the feeding wire
interacts with the free surface of weld pool; and
volume of the weld pool is increased owing to the
addition of molten metal droplets. In the current
paper, a three-dimensional model has been devel-
oped to describe the transient heat and fluid flow
in GTAW with a feeding wire. The melt depth and
the surface profile are predicted. The GTAW experi-
ment shows that the predictions of the weld pool
shape based on the model are in good agreement
with the measured values.

2 MATHEMATICAL MODEL

2.1 Governing equations

The following assumptions have been adopted for
simplification.

1. The flow is Newtonian, incompressible, and
laminar since the size of the pool is small [6, 15,
18, 20].

2. Since the changes of material properties with
temperature are not significant and the results
are not sensitive to these changes [15, 20], to
simplify the problem, the physical properties of
mild steel listed in Table 1 are assumed to be
constant.

3. The wire is assumed to be always in touch with
the substrate. In the actual GTAW after arc igni-
tion, the wire and the substrate are both pre-
heated by the arc plasma before the wire
touches the substrate. Thus, it is reasonable to
assume that they are in touch and are heated
together even in the early phase of welding.

Fig. 1 Schematic diagram of GTAW torch and process
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The governing equations for the fluid flow and
heat transfer that occur in the weld pool are defined
as follows.

Mass conservation

@ rð Þ
@t

þr � ðruÞ ¼ 0 ð1Þ

Momentum conservation

@

@t
ðruÞ þ r � ðruuÞ ¼ �rpþ mr2u� Ku

þ J ·B þ rgbðT � TrÞz ð2Þ

The Lorentz force J · B, buoyancy force
rgb(T�Tr)z and temperature-dependent drag term
Ku that represents the fluid flow in the mushy zone
are incorporated into the momentum equation
where

K ¼
0 T > Tl

KmaxðTl � T Þ=ðTl � TsÞ Ts 6 T 6 Tl

1 T < Ts

8<
: ð3Þ

The effects of Lorentz force and buoyancy force are
detailed in reference [6]. The drag term will
obviously slow down the fluid velocity in the
mushy zone.

Energy conservation

@

@t
ðrhÞ þ r � ðruhÞ ¼ r � k

Cp
rh

� �
� DH

@fL
@t

ð4Þ

The latent heat will be absorbed or released when
phase change, melting, or solidifying occurs. The
latent heat of fusion DH is included by employing
the liquid fraction fL, which is defined as follows

fL ¼
1 T > Tl

ðT � TsÞ=ðTl � TsÞ Ts 6 T 6 Tl

0 T < Ts

8<
: ð5Þ

where Tl and Ts are the liquidus and solidus
temperature, respectively.

Conservation of electrical charge The electro-
magnetic force terms in equation (2) can be
obtained by solving a steady state version of

Maxwell’s equations in the domain of the
workpiece. The electric potential � is calculated by
solving the equation for current continuity

r2� ¼ 0 ð6Þ

and current density is calculated from Ohm’s law

J ¼ �sr� ð7Þ

The magnetic flux density B is then obtained from

r · B ¼ m0J ð8Þ

Tracking of free surfaces

@F

@t
þr � ðuFÞ ¼ 0 ð9Þ

The moving free surface is tracked using a volume of
fluid function, F, which represents the volume of
fluid in the computational cell. The function F
takes the value of 1 for the cell filled with the fluid
and becomes 0 for the empty cell. If the cell is
located on the free surface, the function F has a
value between 0 and 1.

In addition, there are some numerical techniques
to handle the free surface such as surface pressure
due to curvature. These are discussed in detail by
Nichols et al. [21] and will not be reiterated here.

2.2 Boundary conditions

At the symmetrical y ¼ 0 plane, the following bound-
ary conditions are used: a zero y direction velocity (v)
at the plane and zero gradients of all other variable
conditions normal to the plane. The velocities at all
the surfaces except the top surface are set to 0. At
the top surface, the temperature-dependent Maran-
goni force [20] in a direction tangential to the local
free surface is given by

ts ¼ m
@Vs

@n
¼ dg

dT

@T

@s
ð10Þ

where ts is the flow stress tensor, n and s are normal
and tangential direction along the liquid metal
surface, and g is the temperature-dependent
surface tension.

For the boundary conditions pertaining to the heat
transfer problem at the top surface of the molten
pool, although the filler metal affects the symmetry,
in order to simplify the problem the heat flux from
the welding arc is still assumed to obey a Gaussian
type distribution of the form

�k
@T

@n
¼ hUI

2pr2q
exp �ðx � x0Þ2 þ y2 þ ðz � z0Þ2

2r2q

" #

� hcðT � T1Þ ð11Þ

where (x0, 0, z0) is the coordinate of the arc centre, x
of arc centre is moving at the travelling speed, y of

Table 1 Physical properties of the workpiece

Symbol Value Symbol Value

b 10�4 K�1 r 7200 kg/m3

g 1.2N/m m0 1.26 · 10�6H/m
m 0.006 kg/ms s 7.7 · 105V/m
dg/dT 10�4N/mK « 0.9
Cp 753 J/kgK DH 2.47 · 105 J/kg
Tl 1723K Ts 1523K
k 20W/mK Kmax 104 s�1
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arc centre is always 0, and z is varied according to the
free surface. hc is a combined heat loss coefficient
owing to convection and radiation, as expressed in
the following equation [2]

hc ¼ 24:1 · 10�4«T1:61 ð12Þ

The boundary conditions for the surfaces without
heat input are expressed as

�k
@T

@n
¼ hcðT � T1Þ ð13Þ

In order to solve the Maxwell equations, at the top
surface, the assumed Gaussian type current flux is
described by

�s
@�

@n
¼ I

2pr2c
exp �ðx � x0Þ2 þ y2 þ ðz � z0Þ2

2r2c

" #
ð14Þ

An iso-potential line (� ¼ 0) is set at the bottom wall.
All other surfaces are electrically insulated. In the
current authors’ calculation, the arc distribution
parameters, i.e. h, rq, and rc, have been selected
according to experimental results [22, 23].

2.3 Numerical method

The governing equations with the boundary condi-
tions are discretized using the control volume
approach. Variables of the equations are solved
iteratively using the VOF method modified to
include heat transfer and the electromagnetic force.
The numerical procedure is as follows.

1. Generate the grid, and set initial values.
2. Equation (6) is solved for the potential distribu-

tion F, and the values of Lorentz forces are
obtained using equations (7) and (8).

3. Updated values of u, v, and P are obtained by
equations (1) and (2) using the SIMPLE algorithm
[24].

4. Update F described by equation (9) and deter-
mine the free surface.

5. Updated values of temperature are obtained from
equation (4).

6. Return to step 2 and this loop is repeated until the
convergence is achieved.

Convergence is achieved when the maximum abso-
lute values of node mass residual at the end of each
iteration are less than 10�4 and the maximum abso-
lute values of the relative difference in potential
and temperature at each node between successive
iterations are less than 10�3. A non-uniform grid of
150 · 80 · 70 nodes is used for a computational
domain of 20 · 16 · 10mm. The verification of grid
and domain independence has been performed,
and the grid and domain used are found to be suita-
ble for the calculations.

3 RESULTS AND DISCUSSION

The welding was performed on a 4.8mm thick mild
steel plate with a welding current of 160A. The wire
used was a mild steel welding wire with a diameter
of 1.2mm. The shielding gas used was pure argon.
The weld centreline was at y ¼ 0mm. The arc moved
at a speed of 3.8mm/s along the x direction with a
starting point at x ¼ 5mm to avoid the end effects.
The wire fed at a speed of 13.3mm/s with an angle
of 45� to the weld surface, and the arc centre was
also the wire feeding position in the x direction.
Figure 2 shows the three-dimensional weld pool sur-
face at t ¼ 1.0 s. Only part of the y coordinate is
shown in Fig. 2. It can be seen that the weld bead is
built up in the leading and trailing portion, except
that a crater is shown in front of the wire owing to
the push of the feeding wire.

Figure 3 is the side view showing the temperature
and velocity distribution at Y ¼ 0 surface. The
highest temperatures appear on the surfaces of the
base metal and wire that are near to the arc
centre. The shapes of isotherms in the leading
part of the weld pool are much thinner than the
isotherms in the trailing part owing to the heat
accumulation in the trailing part. The solidus
temperature is drawn in the velocity distribution to
show the boundary of the weld pool. It can be seen
that the flow pattern in the side view of the weld
pool is mainly determined by the feeding wire. As
the welding time increases, both the weld pool
length and depth increase. Compared with the
change of the weld pool in the period of 1–1.5 s, the
weld pool length and depth in the period of 1.5–2 s
are increased slightly, i.e. the rate of increase in
the weld pool size decreases as the time increases,
since the pool size is closer to its quasi-steady state
condition.

The temperature and velocity fields at the cross-
section of x ¼ 8mm are shown in Fig. 4. At t ¼ 1 s,
the arc centre is close to x ¼ 9mm. The higher tem-
perature appears on the top part. It is shown that the
molten metal on the top surface flows radially
inward and moves vertically upward near the z axis.
That movement suggests the flow pattern in the
cross-section of the weld pool is mainly determined
by the Marangoni force owing to the variation of
the surface tension coefficient with temperature.
The Marangoni force acts inward on the molten
surface with the higher temperature inside. As the
arc plasma moves away, the size of the weld pool
and the value of velocity are decreased at t ¼ 1.5 s.
The solidification front line moves towards the top
areas around the z axis gradually, suggesting the
heat loss is mainly from the solid metal. It is
seen that the cross-section is completely solidified
at t ¼ 2 s.

1110 H G Fan and R Kovacevic
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Fig. 2 Partial view of a three-dimensional weld pool surface at t ¼ 1.0 s

Fig. 3 Temperature and velocity distributions at y ¼ 0mm
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The top view of the weld at z ¼ 4.8mm is shown in
Fig. 5. The higher temperatures appear under the arc
centre. The width of the weld pool is not increased
very much after 1 s. The length of the weld pool is
continuously increased owing to the heat accumula-
tion along the x direction. Also, the increase in length
is mainly behind the arc centre, i.e. the ratio between
the leading and trailing portions of the weld pool
decreases with increase in time. In addition, it is
seen that the molten metal from the feeding wire
dominates the velocity distribution around the arc
centre.

The experimental cross-section of weld bead is
shown in Fig. 6. The bead build-up Bb, the bead
width Bw, and the depth of penetration Dp are com-
pared with the calculation results. It can be seen

from Table 2 that the predicted results are in reason-
able agreement with the experiment. The length
(80mm) of the experimental workpiece is much
longer than the computation domain. The experi-
mental cross-section of the weld bead is taken from
the middle of the whole weld bead, which is at the
quasi-steady state. Multiple experiments have been
conducted under the same welding parameters and
the results shown in Fig. 6 are very close to the aver-
age values.

4 CONCLUSIONS

A three-dimensional model has been developed to
analyse the heat and mass transfer in the GTAW

Fig. 4 Temperature and velocity distributions at x ¼ 8mm
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weld pool with filler metal. The numerical
results agree well with the experimental image.
The principal conclusions are summarized as
follows.

The rate of increase in the weld pool size decreases
as the time increases. During the growth of weld
pools, the width–length ratio of the weld pool and
the ratio between the leading and trailing portions
decrease.

The higher temperatures appear around the arc
centre; the shapes of isotherms in the leading part
are thinner than the isotherms in the trailing part.
The velocity distribution around the arc centre is
dominated by the feeding wire. The flow pattern in

Fig. 6 Cross-section of the weld bead

Table 2 Comparison of computational and experimental
results

Bw(–0.5mm) Bb (–0.5mm) Dp (–0.5mm)

Calculation (Fig. 4) 5.0 0.6 1.4
Experiment (Fig. 6) 5.7 0.5 1.3

Fig. 5 Temperature and velocity distributions at z ¼ 4.8mm
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the cross-section of the weld pool such as x ¼ 8mm
is determined by the Marangoni force.
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APPENDIX

Notation

B magnetic flux density (Wb/m2)
Bb bead build-up (m)
Bw bead width (m)
Bu azimuthal magnetic field (Wb/m2)
Cp heat capacity (J/kg K)
Dp depth of penetration (m)
fL liquid fraction
F volume of fluid
g gravitational acceleration (m/s2)
h specific enthalpy (J/kg)
hc combined heat transfer coefficient at the

surface (W/m2K)
I arc current (A)
J current density (A/m2)
k thermal conductivity (W/mK)
K drag index in source term (kg/m3 s)
Kmax maximum drag index (kg/m3 s)
n, s normal, tangential direction to surface (m)
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P pressure (Pa)
rq, rc heat, current flux distribution radius (m)
t time (s)
T temperature (K)
Tl liquidus temperature (K)
Tm melting temperature (K)
Tr reference temperature (K)
Ts solidus temperature (K)
T1 surrounding temperature (K)
u velocity (m/s)
U arc voltage (V)
Vn normal velocity component at molten pool

surface (m/s)
Vs tangential velocity component at molten

pool surface (m/s)
Vw wire feed speed (m/s)

xo x coordinate of arc centre (m)
zo z coordinate of arc centre (m)

b coefficient of thermal expansion (1/K)
g surface tension (N/m)
dg/dT temperature gradient of surface tension

(N/K m)
« emissivity of body surface
DH latent heat of fusion (J/kg)
h arc efficiency (%)
m viscosity (kg/m s)
mo permittivity of free space (H/m)
r density (kg/m3)
s electrical conductivity (1/Vm)
ts Marangoni shear stress (Pa)
� electric potential (V)
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