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Abstract

- Pierre Spiteri? - Mouloud Aissani' - Younes Benkheda®

The present paper deals with the numerical simulation of weld pool development in Tungsten Inert Gas (TIG) process. A
mathematical model is developed in order to solve the Navier—Stokes equations expressed in the stream—vorticity formula-
tion coupled with heat equation taking into account the liquid solid phase change. Using the stream—vorticity formulation
in incompressible fluid flow, the same problem is solved with reducing the number of transport equations. Therefore, only
one transport equation (vorticity) and one Poisson equation (stream) are considered in this model. The FORTRAN pro-
gramming and the numerical simulation are then achieved using appropriate discretization that ensures the convergence of
the numerical methods to solve a large and sparse linear algebraic systems. Furthermore, to solve the radiation phenomena
during welding described by the Stefen law, another method is proposed. The obtained numerical results are discussed and

validate with experimental.

Keywords Thermal and fluid modeling - TIG welding - Stream vorticity - 304L steel - Numerical simulation

1 Introduction

The TIG welding is an assembly process by an electric arc.
During welding, several physical phenomena occur, such as
heat transfer, hydrodynamics, metallurgical transformation
and electromagnetic phenomena; these ones have great effect
on the microstructure and the morphology of the weld pool
zone which affect the weld quality. Indeed, during the TIG
welding, the weld pool is the location of a strong thermal
gradient where temperature variation is very large; this vari-
ation ranges between the melting temperature of the metal
on the edges of the weld pool and under the vaporization
temperature of the metal in the center of the weld pool. This
creates weldability problems such as: cracking solidification,
appearance of porosity and the effect of residual stresses [1,
2] due to the occurrence of risk zones, denoted the fusion
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zone (FZ) and the heat affected zone (HAZ), respectively.
Lant et al. [1] indicated that the development of appropri-
ate procedures is still an interest in weld repair, in order to
extend the lifecycle of defective welded components beyond
the temporary repair policies. Peng et al. [3] used a new
image processing method to calculate and estimate the crack
growth of an aluminum alloy weld. Therefore, through the
development and improvement of technologies in order to
solve welding problems, several tracks are followed; among
them are predicted by mathematics and simulation.

Unfortunately, the mathematical models describing the
physical phenomena are very hard to solve by an analytical
way; consequently, it is the reason why numerical simulation
have been used. Several research works as Varghese et al. [4]
highlighted an increasing interest on numerical computation
as a technique giving more knowledge and understanding of
the welding processes and related the effects of the physical
phenomena.

Thus, the simulation of the heat transfer and fluid flow
in the weld pool has been the subject of various research
works. In this work simulation results are compared with
the ones presented below. Atthey [5] was one of the first
to study the flow patterns in a hemispherical weld pool
to determine the heat transfer during TIG welding pro-
cess; by considering the electromagnetic force as the main
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entrainment force in the weld pool. Numerical simulation
of welding of which objective the effect of fluid flow on the
weld penetration considering three driving forces in the weld
pool: the buoyancy, electromagnetic and surface tension has
been the subject of various studies [6]. The use of a surface
tension coefficient dependent on both the concentration of
surfactant components (sulfur) and the temperature is intro-
duced into a numerical study of TIG and laser welding by
Zacharia et al. [7]; their purpose was to understand the heat
flux and the influence of the flux of molten metal on the
transient development of the weld pool. Goodarzi et al. [8]
developed a 2D mathematical model for the weld pool in
order to study the point angle effect of the electrode on the
weld pool properties. Fan et al. [9] developed a numerical
model to describe the weld pool partially or totally pen-
etrated during TIG welding operation. The irregular shape
of the weld pool and the solid liquid interface displacement
are treated by boundary-fitted-coordinates technique. The
physical domain represented by this system should be trans-
formed into a rectangular domain before a standard finite
difference method can be applied to solve the system. The
complete models coupling the physics of the arc and weld
pool were developed in two-dimensional axisymmetric TIG
welding process [10-12]. In addition, a three-dimensional
model of heat transfer and fluid flow to examine tempera-
ture profiles, velocity fields, the shape, the weld pool size
and the solidified surface profile during gas metal arc fillet
welding (GMAW) process was developed by Zhang et al.
[13]. Recently Wang al [14] used an external magnetic field
to control the flow and heat transfer in the melt to elimi-
nate bump formation during GMAW welding. Kempf [15]
offered an approximate analytical solution using a Green
function approach to calculate the temperature field for a
pulsed arc welding process. It described an explicit equation
for temperature distribution, where only temporal integration
must be resolved approximately. He compared these analyti-
cal results with that calculated by the finite elements method
using the FEniCS computational code.

Interactivity is often associated with technologies that
enable human—machine exchanges. The calculation and
design steps are sometimes quite long. The aim of an inter-
active method is to best approach the preferences of the
decision maker [16]: it is therefore in the interest of multi-
plying the exchange of information between the operational
researcher and the decision-maker, i.e. shortening the steps
of the procedure by limiting the calculations and the cost.

In an interactive approach, Madridet al. [17]; propose the
welding capability assessment method (WCAM) to identify
and evaluate geometric design parameters that affect welding
results, thereby compromising the quality and cost of prod-
uct. The aim is to provide designers with a reliable database
of welding capabilities when exploring and analyzing the
design space of a number of product geometries.
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The scope of this work is to provide a coupled model
(heat equation and Navier—Stokes equation) leading to a
numerical simulation in the design and geometry of the weld
bead as well as the distribution of temperature during TIG
welding of the 304L stainless steel sheet. The interactive
approach consists of bringing back information about the
welding parameters such us: welding current, gas flue, the
heat input and the materials to be weld, introducing them
into the virtual calculation code using Fortran program,
in order to recover information about the temperature dis-
tribution, the field velocity in the weld pool, the size and
the geometry of the weld bead and the HAZ. These given
information can serve as database for the designers in the
welding field.

The aim of the present study is to obtain a mathematical
model using this formulation in order to predict the tempera-
ture and the velocity field in the weld pool during TIG weld-
ing. The mathematical model considered takes into account
and combines the effect of the different driving forces in
morphology and the size of the weld pool, particularly the
surface tension force, the electromagnetic force and the
natural convection force. Such model is obtained by cou-
pling the heat equation with the Navier—Stokes equations.
Due to the nonlinear formulation of these last equations,
the stream—vorticity formulation of equations governing the
fluid flow in the weld pool was developed and applied. Then,
the diffusion equations coupled with convection—diffusion
equations equipped with appropriate boundary conditions
describing the physical process was solved. The nonlinearity
being hard to be solved, the mathematical model developed
to solve it is well described in this work. In order to carry out
the numerical simulations, Fortran program is developed. In
addition, Matlab software was used to display the graphical
outputs. The results and discussions of numerical simula-
tions are finally validated and presented; particularly the
temperature profiles, velocity fields and the weld pool size.

2 Mathematical model

The schematic diagram of a cross section of the TIG weld-
ing process is shown in Fig. 1. The mathematical model
describing the welding of the stainless steel 304L sheets is
well described by the following coupled boundary values
problems. The first equation describes the heat equation;
the second equation describes the continuity equation and
the behavior of the fluid is described by the Navier—Stokes
equations. More precisely, the governing equations of heat
transfer and fluid flow are coupled to the continuity equation
taking into account the assumptions described below:

e two-dimensional symmetric heat transfer process with
Oz being the axis of symmetry,
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Fig. 1 Schematic diagram of welding cross section

e the physical properties are chosen to be constants, except

the surface tension continuously dependent on the tem-

perature,

the sheet surface with no surface deformations,

the liquid metal is an incompressible Newtonian fluid,

the flow is laminar,

the spatially-distributed heat and current fluxes falling on

the free area have Gaussian characteristics,

e the Boussinesq approximation can be employed in our
case in order to take into account the variation of density,

e approximate change of latent heat of melting for materi-
als as linear.

Then the mathematical models are given below.
2.1 Heat equation
Taking into account the presence of a change in solid—liquid

phase, the heat equation in cylindrical coordinates (r, z) is
expressed as:
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where u and w are the velocity components, C,, is the spe-

cific heat capacity, k is the conductivity, p is the density, T is

the temperature, and AH is the latent heat of fusion.
Moreover the liquid fraction g, is defined by
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where T; and T respectively are the liquidus and solidus
temperatures.

Because of the symmetry with respect to the centerline
(weld) in this problem; our calculations were done only for
one sheet (one side) to be weld as schemed in Fig. 1.

Because of the symmetry with respect to the centerline
(weld) in this problem; our calculations were done only for
one sheet (one side) to be weld as schemed in Fig. 1.

2.2 Continuity equation

The continuity equation is given by
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2.3 Momentum equation

The radial expression of Navier—Stokes equation is presented
as follows:
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The axial expression of Navier—Stokes equation is given
by:
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where p is the pressure, u is the dynamic viscosity, f is the
coefficient of thermal expansion, g is the gravity, J is the
welding current density, B is the magnetic induction, T, is
the reference temperature and in Eq. (4) F, is the electro-
magnetic force in the radial R directions, and in (6) F is the
sum of the buoyancy and electromagnetic forces in the axial
Z direction given by (7).

3 Vorticity and stream formulation
of the fluid flow equations

3.1 The transformed equations

In the present problem, the boundary value equations are
defined in the two dimensional case. Moreover, the non-
linearity in the corresponding model makes the resolution
of the Navier—Stokes equations very difficult. Nevertheless
consideration of only two dimensional case, the solution



of Navier—Stokes equations can be simplified when the
vorticity and stream function formulation are used.
In such formulation the vorticity is defined by
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Furthermore, the stream function y is expressed by
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Using the vorticity and stream functions, the governing
equations of fluid dynamic can be written easily
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In the Eq. (11) appears an electromagnetic force which
can be computed by the solution of the Maxwell equations
in coordinate system (1, z); this force is given by the fol-
lowing Eq. (13) [18].
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where d is the length scale factor, / is the welding current,
Hy is the magnetic permeability, o; is the current distribution
parameter and e is the thickness of workpiece. The values of
the physical coefficients are defined in Table 1.

3.2 Associated Boundary conditions

For the problem modeling of heat transfer and fluid flow
behavior during TIG welding of stainless steel 304 L
sheets, it is necessary to describe the boundary conditions
in order to give a complete description of the phenomena.

3.2.1 Boundary conditions for the heat equation

On the borders of the work pieces the flux is imposed:

Table 1 Physical coefficients of 304L stainless steel

Physical parameters Symbol Value Unit

Specific heat capacity C, 602 J/(kg K)
Gravity acceleration g 9.81 m/s?
Latent heat of fusion AH 272 kl/kg
Coefficient of thermal expansion p 1074 1/°K
Surface tension gradient g_; -10™* N/(m K)
Liquidus temperature T, 1723 K
Solidus temperature T 1673 K
Thermal conductivity of molten k; 20 W/(m K)
metal
Thermal conductivity of solid metal &, 24 W/(m K)
Density of molten metal 1z 6350 kg/m?
Density of solid metal Py 7500 kg/m?
Welding current 1 120 A
Welding arc voltage Vv 14 v
Heat input efficiency n 0.7 %
Magnetic permeability of vacuum 1.26 107°% H/m
Convective heat exchange coef- h 15 W/(m? K)
ficient
Stephan—Boltzman constant o 5.67107%  W/(m? K%
Emissivity of body surface € 0.82 -

e at the top surface OA, the heat source as Gaussian form
[19] along R, is applied.
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where # is the heat input efficiency, I is the welding current,
V is the welding arc voltage and Ry is the heat flux distribu-
tion radius parameter (m),

e on the right surface AB, there is an exchange by convection
and radiation with ambient temperature,
oT
k<

=h(T —T,) + ope(T* = T) (15)
Z |AB

where o, is the Stefan-Boltzmann constant, € is the emissiv-
ity of body surface,

e on the bottom surface (BC), there is an exchange by
adapted convection only (replaces conduction mode under
sheet to be weld),

oT
~k—| =h(T-T,) (16)
I |Bc

e A symmetry condition is on the OC surface.
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3.2.2 Boundary conditions for the fluid equation

Starting from the classical momentum equation, the associated
boundary conditions and their transformation according to the
vorticity and stream formulation will be specified.

On the OA side of molten pool:

_goul __ 9 (_Low 19| _ 9roT
”01 oA ”az roz )|, "y 072 on 9T 0rloa
10 0 0?
Wor= 2| =0 F| =oad Z¥| =0
r or |oa r loa or oA
| 1 0%y
—Wloa = ~ 55
r 072
0A
(18a)
Then
wloy = -~ 20T (18b)
OA™ 0T or

where y is the surface tension,

e on the BC and AB face there is no slip and the components
of the velocity are zero
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e on the OC face, no slip is assumed for the first component
u of velocity; moreover for the second component w, the
flux is zero. Then
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4 Numerical solution

In the following, the coupled problem describing the weld-
ing of stainless steel 304L sheets is solved. Such problem
consists in solving on the cross-section on one hand the
Navier—Stokes equations formulated by the vorticity and
stream function and on the other hand the heat equation.
Taking into account the coupled equations, an analytical
solution is very hard to obtain. Thus the Egs. (1), (11) and
(12) numerically will be resolved. For the numerical solution
of the problem, a spatial discretization using the classical
finite difference method is considered; the points are num-
bered from top to bottom and then from the left to the right
according to the increasing abscissas. Therefore, the com-
putational domain is divided into NZ + 1 intervals along the
OZ axis, each of interval length is s, = 1%“ and into NR+1
intervals according to the R axis, each of length &, = ﬁ
(Fig. 2).

The second derivative of the quantity ® with respect to r
is approximated by

0’0 0,,-20,+0,,

FE h2

+0(17)

and accordingly for the second derivative with respect to z.
Moreover, for the first derivative of © with respecttor a
decentered scheme is considered and it is defined as:

90 2222 4 O(h,) if a;> 0
aE: a<m+0(h)lfw<0
1 h’ T 1
and accordingly for the first derivative with respect to z.
Such decentered scheme allows to obtain spatial diago-
nally dominant discretization matrices even more strictly
diagonally dominant of the spatial part of the spatial discre-
tization matrices.
For the temporal discretization, a preferably
implicit time marching scheme is considered which is

1 0%y
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unconditionally stable, while an explicit time marching
scheme conditionally stable would involve to choose very
small time step At. In this case combining the spatial and
the temporal discretization lead to solve at each time step,
the following nonlinear algebraic system where the map-
ping ® — ®(0®) takes into account the convection and
radiation phenomena on the boundary AB:

(Id + AtA).0™! + O™ = ALE™! + O" (20)

where Id is the identity matrix, A is the spatial discretiza-
tion matrix, E"*! is the source term computed at step (n+ 1)
and ®(®""!) represents the condition of convection-radiation
given by

Tn+l _ Tn+l
Jj=1 J

h

z

q)-(T-) = -k — h(Tj’H'l _ To) _ 606<(Tj"+])4 _ Tg)
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For the numerical solution of Eq. (20), it is necessary to
consider a coupling of, on one hand, the Newton’s method
for the discretization points where the convection and radia-
tion phenomena occur, and on the other hand, an iterative
method (since the matrix A is very sparse) for the other
discretization points. The iterative method used in this work
is the Gauss—Seidel method. Indeed, direct methods, like the
Gauss method, are not very appropriate, due to the propa-
gation of round-off errors which can produce wrong result.
In such coupling of Newton’s method with Gauss—Seidel
method, the nonlinear equations and the linear equations
are solved separately. Note that for the discretization points
out of the boundary AB, the Gauss—Seidel method is well
adapted to our case since the matrix A is not symmetric.
Moreover the Gauss—Seidel method converges whatever be

the initial guess of the solution since the matrix is strictly
diagonal dominant.

For the discretization points belonging inside AB, NZ
algebraic equations should be solved

<I>j(0j)=0, ji=2,...., NZ+1 (22)

the Newton’s method corresponds in fact to a local lineariza-
tion of the mapping 6; — ®,(6;) around an approximation of
the solution; It is therefore necessary to implement for each
component 6; the following iterative method

c1>j(9‘! )

o7t = g7 — ’

/ T (9? )
] J

where q denotes the number of iteration of the Newton’s
method and the initial approximation 9/.0 is given, for exam-

j=2,...,NZ+1 (23)

ple, by the value obtained at the previous time step. Obvi-
ously, if the Newton’s method converges, then the corre-
sponding value obtained after convergence verify the exact
Eq. (22). In order to briefly study the convergence of the
Newton’s method, let us denote by H(0) the right hand side
of (23), then given by

Consider now the writing of the fixed point equation
6, = H,(9;). for the exact solution 6; of (22) and also for a
current iterate 9jq+1; by using the theorem of finite incre-

ments, the following simple calculation is obtained:
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where L = Sup, . |H'(t)| where 1 is the interval on which H’
is defined; then the Newton’s method converges if L < 1.
Note that for the exact 9]- value:

@, (0;)@!' (6;) B
(q’j' () )2

Since (22) is verified.
Then, since H; (Gj) is continuous, there exists a closed

H(6;) =

interval around the exact value 6, where L < 1and the New-
ton’s method is locally convergent. Concerning the asymp-
totic convergence rate, considering the Taylor’s development
limited to order two of <Gj - 6}9“ ), we obtain in a straight-

forward way

2
o (9-)
g+l _ 1" (D ] q
0= 07" = ——=——H"(G). 0;<6;<9,
Since HJ’ (Gj) = 0; the convergence of the Newton’s method
is quadratic and the implementation of such iterative method
is very efficient for the solution of (22).

In the present work, a regular distribution of nodes in the
radial direction in conjunction with uniform distribution in
the Z direction is used. The domain is meshed by 100 * 50
cells. The convergence criterion was set at a maximum rela-
tive error for all dependent variables (y, o, T) to be less than
107% and corresponds to the satisfaction of the following
inequality (23):

NR+2 NZ+2

i=1 Zj—l

new __ @old
01 - @

m( g (24)

®max

where @ is the updated value of ® and ®°/ is the previ-
ous value of ©.

Then all remaining variables as u, w, g; ...etc. can be
deduced.

5 Results and discussion

The numerical model of heat transfer coupled with the one
describing the fluid flow is used to compute the tempera-
ture fields, the velocity fields, the liquid fraction, the weld
pool size and the morphology (FZ) as well as the size of the
heat-affected zone (HAZ) during a TIG welding operation of
stainless steel 304 L sheets. The weld is performed in a butt
joint configuration without a filler metal in case of a negative

surface tension gradient g—; < 0. The welding characteristics
used for the calculations are given in Table 1.

Figure 3a, b represent the predicted temperature in the
weld pool and in the base metal at both instants t=1 s and
t=2 s as well as the maximum temperature located at the
top corresponding to the point O of Fig. 2. This maximum
value is about 2000 K it is greater than the melting tem-
perature of 304L stainless steel which equals 1723 K. It can
be observed that the temperatures vary in regard to the time
with the maximum value of the order of 2800 K reached at
t=2 s. This value is considerably greater than the melting
temperature of this stainless steel. The evolution over time
of the temperature distribution during the welding process
leads to the appearance of a moved liquid zone under heat
source whose size increases; it can be seen also the cool-
ing rates towards the edges of the sheet to be welded, this
induces a change in their microstructure [20].

The isothermal curves and the fraction of liquid calcu-
lated at instants 2 s are shown in Figs. 4 and 5 respectively.
The isothermal curves are very close to one another at the
point of maximum temperature and more disperse by mov-
ing away from this point. The different zones correspond-
ing to different states of the material are predicted by the
values of the isothermal curves, in particular the liquid zone
(ZF) and the heat affected zone (HAZ) (see Fig. 4); The
liquid zone ZF is delimited by the isotherms which give
the maximum temperature and the melting temperature of
1723 K; on the other hand, the zone HAZ is delimited also
by the isotherms of the melting temperature and those give
the eutectoid temperature set at 996 K [20].

Recall that the eutectoid temperature is a characteristic
temperature indicating the starting of variations in micro-
structure which occur due to the change in solubility of the
various species in the steel. According to the Iron-Carbon
phase diagram, the eutectoid temperature is used as a crite-
rion to determine the transition between the base metal and
the zone affected by heat [20].

At t=2 s, the size of the weld pool increased to have
a depth of Lp=1.7 mm and a width of Lw=6.6 mm (see
Fig. 5), so in this case the ratio is L2 — 0.26. These results
obtained by our methodology andwtechnique are in good
agreement with those found in the Ref. [21, 22]. In this
period the heat affected area (HAZ) increased also consid-
erably to a depth of 3 mm, and a width of 3.40 mm on the
upper side and 7.67 mm on the underside of the sheet.

Figure 6 represents the velocity fields in liquid metal
region due to the surface tension force exerted on the weld
pool surface. To give a clear explanation of these results,
it is recalled that the surface tension of the molten metal
increases as it moves away from the center of the weld pool,
that is to say for the higher temperatures, it gives a negative
surface tension gradient.
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Fig.3 a Temperature field distribution t=1 s. b Temperature field distribution t 2 s

In the case of a negative gradient, the velocity vectors at The penetration of the weld pool and its width are
the surface of the weld pool are directed towards the outside ~ respectively Lp=1.0 mm and Lw = 6.6 mm, so the ratio
and the flow at the surface of the weld pool is radial and f—i = 0.15 which gives a wetting weld pool, thereby con-
also directed towards the outside, which gives a centrifugal ~ firming that the surface tension force preclude the pen-
stirring [22, 23]. etration of weld pool when the surface tension gradient is
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Fig.5 Fraction of liquid calculated t=2 s
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Fig.6 Orientation of the velocity field calculated at t=2 s induced by the surface tension force

negative. Note that the maximum velocities reached in the
weld pool have a value of about 8.5 cm/s.

Figure 7 represent the fluid velocity field calculated at
t=2s; the effects observed are due to the action of an elec-
tromagnetic force only caused by the interaction between
the electric current passing through the weld pool and the
magnetic field which it generates. The velocity vectors are
directed inwards and downwards from the top center of the
weld pool. Moreover the flow of the fluid on the surface of
the weld pool is radial and directed inwards which causes
a centripetal stirring. The penetration of the weld pool is
about Lp—l 6 mm and its width Lw is 5.8 mm; thus, so
the ratlo =2 =().28, is increased by about 60% compared to
penetratlon calculated only with the surface tension force,
confirming that the electromagnetic force favors the penetra-
tion of the weld pool and has inverse effects compared to
those caused by the surface tension force. In that case, the
maximum velocity in the weld pool is 2.5 cm/s.

The velocity field due to the natural convection force
is illustrated in Fig. 8. This natural convection force, also
called the buoyancy force, is derived from the effect of den-
sity in the molten zone. Indeed, the density of the metal in

the liquid phase depends on the temperature and varies in the
molten material volume. The velocity vectors are oriented
towards the outside of the weld pool and from bottom to top;
the flow in the weld pool surface is directed outwardly from
there. The penetration of the weld pool due to the natural
convection force is approximately Lp=1.16 mm, its width
being Lw=5.60 mm. The natural convection force thus
favors a wetting weld pool which gives a weak centrifugal
stirring in comparison with the two latter forces. The maxi-
mum speed due to the natural convection force is of the order
of 0.2 cm/s; this value is very low with respect to the speed
due to the surface tension force and the electromagnetic
force. The results regarding the velocity fields calculated
by our model are in good agreement with the literature [24].

Figure 9 shows the shape and the size of the weld pool
without taking into account the convective effect, so only
conduction effect is taken into account. The penetration
and the width of the weld pool calculated with the con-
duction model gives approximately the following values
Lp=1.16 mm and Lw=5.60 mm. It should be noted that
the size of the weld pool is identical to that obtained when
the natural convection force is taken into account; so this
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Fig. 7 Orientation of the velocity field calculated at t=2 s induced by the electromagnetic force

confirms that the natural convection force is small and that
it has no great effect on the morphology and on the size of
the weld pool.

Figures 10 and 11 represent the field and the magnitude
of the fluid velocities induced by the resultant of the three
driving forces taken into account by our model such that
the surface tension gradient is negative. Note that the three
forces taken into account here are the surface tension force,
the electromagnetic force and the natural convective force.
The velocity vectors are oriented outwardly from the center,
so the flow at the weld pool surface transports the energy
delivered by the heat source to the outside, which results in
high centrifugal stirring. The penetration and the weld pool
width are respectively Lp=1.6 mm and Lw=6.6 mm with
a ratio of 22 = 0.24. The fluid has a maximum velocity on
the upper side away from the center of the heat source; the
corresponding value of the velocity is about 11 cm/s [12],
which shows that the surface tension force dominates the
driving forces in the weld pool; thus, when the surface ten-
sion gradient is negative, there will be a wetting weld pool
[23, 25]. It can be seen in Fig. 11 that the velocity magnitude

has a wave shape, due to the fact that each driving force acts
differently on the weld pool.

When the surface tension gradient is negative, Fig. 12
shows the profiles of the radial velocities on the upper face
of the weld pool calculated by our model at t=2 s taking
into account each driving force alone and the resultant of the
three forces: the surface tension force, the electromagnetic
force and the natural convection force. It can be noted that
there is a notable difference between the calculated maxi-
mum velocities taking into account the different driving
forces in the weld pool and those maximum velocities are
located near the edges of the weld pool favoring the stirring
process and heat conduction toward solid regions. Further-
more, the Marangoni effect dominates the driving forces on
the upper surface of the weld pool. However the Buoyancy
force has the weakest effect due to its nature. Figure 13
shows the evolution of the penetration and the half width of
the weld pool as well as the ratio (penetration over the half
width) % calculated by our model, taking into account the
resultant of all driving forces in the weld pool as a function
of time. Penetration and half-width increase as a function of
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Fig.8 Orientation of the velocity fields computed at t=2 s induced by the convection force

time; such that the half width increases faster than penetra-
tion, reaching a value of 3.4 mm at t=2s.

.
The ratio —2—
0.5Lw

t=1.4 s, then this ratio remains practically constant to reach
an asymptotic value 02‘—% =0.5att=2s, giving a wetting
weld pool. These results are in good agreement with the
experimental results presented in [22].

The evolution of the radial temperature on the upper face
for each driving force in the weld pool and for the resultant
of forces is shown in Fig. 14. The radial temperature pro-
file on the surface of the weld pool calculated taking into
account the natural convection force is similar to that calcu-
lated by the conduction model; these profiles have a Gauss-
ian distribution with a maximum value of about 2580 K.
This confirms that the natural convection force has no influ-
ence on the profile and the calculated maximum tempera-
ture. The maximum temperature calculated by the model
taking into account the electromagnetic force has increased
to a value of about 2800 K; on the other hand the tempera-
ture has kept the same profile as that calculated by the model
with conduction alone.

increases between the initial time and

The temperature profile calculated taking into account
the surface tension force with a negative gradient is differ-
ent from that calculated using the model with conduction
alone in the part where there is the metal in the liquid phase.
The maximum temperature in this case is about 2400 K; it
slowly decreases on the upper side of the weld pool to the
liquid-solid transition zone or it will decrease rapidly. In the
solid part the temperature follows the shape of the Gauss-
ian calculated by the model with conduction alone. The
temperature profile calculated with the result of the driving
forces has practically the same shape as that calculated with
the model taking into account the surface tension force only
with a maximum temperature increase which is of the order
of 2800 K. This result confirms that the surface tension has
a major effect on the temperature profile calculated by our
model. These results are in good agreement with the litera-
ture [22].
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Fig.9 Fraction of the liquid calculated at t=2 s in conduction alone

6 Conclusion

In this work, a FORTRAN code was developed to carry out
the numerical resolution of sparse algebraic systems aris-
ing from discretization by the finite difference method of
the heat equation coupled with the Navier—Stokes equations
expressed in the stream—vorticity formulation. This model
was used to simulate the TIG welding of the 304L Stainless
steel sheet.
The following conclusions can be drawn:

e The mathematical model developed in order to solve
the heat equation coupled with the Navier—Stokes equa-
tions expressed in the stream—vorticity formulation per-
mits to simplify the formulation of the Navier—Stokes
equations by the elimination of the mass conservation
equation and the pressure field.

e The temporal evolution of the temperature distribution
during the welding process results in a widening of the
liquid zone at t=2 s with a maximum temperature of
2800 K.

e The penetration and the half-width of the weld pool
(1.6 mm, 3.4 mm, respectively) calculated from the
isotherms at t=2 s are in good agreement with the lit-
erature.

x 10

The field and the magnitude of the velocities calculated
taking into account the three driving forces taken individ-
ually, the surface tension force, the electromagnetic force
and the natural convection force, show a good agreement
with the literature.

The field and magnitude of the velocities due to the
resultant of the three driving forces when the surface
tension gradient is negative show that the surface tension
force dominates the driving forces in the weld pool and
favors a weld pool wetting.

The evolution of the radial temperature at the upper sur-
face for each driving force in the weld pool and for the
resultant forces confirms that the surface tension has a
major effect on the calculated temperature profile.

The numerical simulation results obtained by our FOR-
TRAN code can be used as a database of the weld bead
geometry and its formation conditions (i.e.: thermal
behavior and fluid mechanics) as a function of the weld-
ing process parameters. Furthermore, it allows design-
ers to create an interactive engineering platform that can
be used as a decision support tool for the benefit of the
design engineers through, for instance, TIG weld bead.
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Fig. 10 Orientation of the velocity fields calculated at t=2 s induced by the resultant of the forces
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Fig. 11 Magnitude of the velocity fields calculated at t=2 s induced by the resultant of forces
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