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Abstract—Transient heat transfer, fluid flow and phase change in a weldpool with a deformed free surface

are modelled using a two-dimensional coordinate transformation. The theoretical approach makes it

possible to accurately model high Marangoni number flows even when the free surface is not horizontal.

The method is used to examine the role of surface deformation and surface tension forces in controlling

weld penetration during cathode spot welding of steel and aluminum. The calculated flow fields, temperature

distributions and weldpool shapes are consistent with experimental findings, and are in reasonable agree-
ment with previously published modelling efforts.

INTRODUCTION

IN RECENT vears, there has been an increased effort to
develop mathematical models to describe the phenom-
ena occurring during GTA welding, laser welding and
electron beam welding, the ultimate goal of these
investigations being to determine how the process par-
ameters affect weldment quality.

Most welding operations have the common feature
that a heat source is applied to the top surface of a
metal block, which heats up, eventually forming a
liquid pool. The subsequent solidification of this pool
causes the desired joining process. Among the major
practical issues are the rate of heat transfer and the
time-dependent shape of the weldpool during both its
growth and its collapse. The weldpool geometry and
the transient evolution of the temperature profiles will
play a major role in determining the solid structure.

The earlier models of welding processes, which
involved conductive heat transfer only, are now being
superseded by more appropriate models in which
allowance is made for convective effects, as driven by
the combination of surface tension, buoyancy, and
electromagnetic forces.

However, even these models have involved a degree
of idealization, in postulating quasi-steady conditions,
predetermined weldpool shapes and, with few excep-
tions, a flat weldpool top surface.

It is an established fact that in many welding appli-
cations, significant free surface deformation will
occur, at times producing craters of comparable
dimension to the weldpool itself. The effect of these
depressions has yet to be fully explored.

The purpose of this work is to develop a
mathematical model which accurately predicts heat
transfer and fluid flow phenomena in weldpools
with depressed free surfaces.

T Present address: Division 6233, Sandia National Lab-
oratories, Sandia, NM 87185, U.S.A.

MATHEMATICAL FORMULATION OF THE
PROBLEM

Figure 1 is a schematic diagram of the idealized
weldpool and workpiece to be considered. The plasma
arc or laser supplies thermal energy to the surface
of the workpiece, producing a molten region. The
incoming heat flux is assumed to be Gaussian in form
(1, 2], and is balanced by vaporization and radiative
and convective losses at the free surface, as well as by
convection within the molten pool. The temperature
gradient along the free surface induces Marangoni
convection, while thermal gradients within the pool
result in buoyancy-driven motion. In addition, the
balance between convective and conductive heat
transfer in the pool and the surrounding solid controls
the rate at which the molten region expands or con-
tracts through the workpiece.

The following assumptions have been made.

(1) The weldpool is represented as a two-dimen-
sional slice.

(2) The fluid motion is laminar and controlled by
buoyancy and surface tension forces {electromagnetic
effects excluded).

(3) The Boussinesq approximation is used.

(4) The surface tension is a function of temperature
with the surface tension coefficient assumed to be a
constant.

(5) The workpiece is stationary relative to the heat
Source.

(6) Radiation and vaporization effects are excluded
from the energy balance at the free surface.

(7) The temperature at the free surface is not
allowed to exceed the vaporization temperature.

Although electromagnetic forces have been
neglected, this is not likely to produce serious errors,
as under many conditions the velocity field will be
governed primarily by the surface tension forces
[3-5].

Since the convective motion in the pool will be
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F1G. 1. Schematic diagram of the weldpool and coordinate system.

coupled to the free surface and internal heat transfer
processes, the transient velocity and thermal fields
must be calculated simultaneously. The dimensionless
form of the momentum equations are written in Car-
tesian coordinates in terms of the stream function ()
and vorticity (@) as (variables defined in Table 1,
dimensionless parameters in Table 3

0w’ ., 00 0w’ 00
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The thermal energy within the molten region is
described by

66 &9 , 08 20 , 9%
while that within the solid workpiece is given by
a6 %0 , 6%

The boundary conditions for the momentum equa-
tions express the ‘no-slip’ condition at the solid sur-
faces

Veng=V-1,=0

where V' is the velocity vector and ny, ¢ are the unit
vectors normal and tangential to the phase boundary.
Along the solid boundary (x = f(y, t)) and at the free
surface (x = b( y, 1)), the stream function is a constant

Y o= 0.
In addition, at the axis of symmetry (» = 0)
v =0

Table 1. Table of symbols (primes denote dimensionless
quantities, and asterisks denote transformed variable)

g tical dinat
= v— 8] (>
X 77 verticat coordinate
, ¥ . .
y = I horizontal coordinate
, 1
F(y, f (y ) phase boundary
~3
B(y, i(}. ) free surface
H
e »P_‘ ( »t) transformed vertical coor-
~ B(y,—F(y, 0 dinates
. transformed horizontal
S coordinate
Kt .
=t = E time
H . .
v = v? horizontal velocity
L vertical velocit:
W=—
KH y
W = L vorticit
T kL Y
,_YH .
=— stream function
xL

temperature in liquid

temperature in solid

L scale for length
H scale for height
A

= 1420 reference temperature drop
= 1723 liquidus temperature
TIi =298 ambient temperature

superheat
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and
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Finally, at the free surface, the relationship between
the shear stress and the temperature gradient is ex-

pressed as
dv 1 6
(é-gn,,) = —= L, V0)

where n, and ¢, are the unit vectors normal and tan-
gential to the free surface, and dy/éT is the surface
tension coefficient.
The thermal boundary condition at the free surface

is
g(»L

AT
The function g(y) represents the (Gaussian) heat flux
from the source of the form

3 3y?
a0 =2 [exp (— al)] = Alexp (— By?)]

where Q is the power inputin W, 4in Wm~?and a
is the effective radius of the power distribution. At the
axis of symmetry

—ki{n, V8 =

00 00
ayf - ayl -

The temperature at the phase boundary is assumed to
be a constant equal to the melt temperature of the
material

=0

Furthermore, the base and the outermost boundaries
are assumed to be at ambient temperature

= 1.0.

6=0=0

In addition, at the solid—liquid interface, the tem-
perature gradients in the solid and liquid phases must
satisfy the Stefan condition

(n* VO —K(n, V0) = St V,
where V,, the normal velocity of the phase boundary
Lf(y, D], is defined in terms of the unit normal to the
phase boundary (/) as

V,=v-n.

To represent the irregular boundaries, a coordinate
transformation due to Landau [6-14] has been
adopted.

The independent variable in transformed space (x*)
is related to the vertical coordinate in physical space
{x") according to

. X—F(30
~ BG.)—F(3.0]

where F(y, t) and B(y, t) are dimensionless functions
which define the locations of the solid and free sur-
faces of the weldpool, respectively. The trans-
formation maps the irregularly-shaped liquid and
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solid regions into rectangular computational domains
in which the two curvilinear surfaces are stationary
during any given time interval, and are defined by

x*=0 and 1.0

Using equation (5), the conservation equations in
the liquid region can be rewritten as follows:

G Gwoxt L dw ool
ar  ox* or ¥ ox* v v ay’
,fw’ Ox* 08 ox o6
A o ey = [R A(a' 6y’3_x*)

ox*Y ' 0% ox* o’
+<6x ) o T 6y’2]+P 4 [26—)/ ox* 3y’

6x* el
+ ax*2
for the vorticity, while the stream function is given as

o = (a_xj)zazty' PRt &

*x* duw’

o7 o ©)

x ] ox’? ay’*
oxt W ix* oW
g ¢t L ex or
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The temperature of the liquid in transformed co-
ordinates is given as

A - . .

or = ox* or Y ox* ox v oy Vo oy
ax*\ 0%’ 000 oxt 3
(6x> T +4 ay’? 1+ 26—y’ dx* 8y’

+ 8°x* 00’ [ox* V¢ o q

7o T\ o] ®

where the derivatives in the above equations are
defined as
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In the solid phase, the transformed energy equation
is written as
00

or  Ox* or

00 ox*

éx*Y 0*0 A202®

=¥ \ax 8x*2+ ay’?
ox* 00 o x* 00 + ox* ’ 0%0
+ Oy’? dx*  \0y?/) ox*?

+a4? |:2 —=
cy

where the transformed coordinate (x*) in the solid

phase is related to the vertical coordinate in the solid

(x") according to

ox* 3y’

’

X
xF =
O F(y,1)

and the corresponding derivatives (subscripts omit-
ted) are defined as follows:

ox*  x*OF

or — Far

ox* _ 1

éx’  F

dx* x* dF

dy’ Fdy
*x*  x*3’F  2x* (OF 2 ©
o't Foy T FP\gy/)’

When the movement of the melt-solid interface is
slow relative to the magnitude of the melt velocity,
terms involving 0F/0t may be neglected. This con-
dition is generally applicable for Stefan numbers of
~11[7,9, 10, 13], and therefore applies to the weld
penetration stage for most welding applications. If
the free surface profile is moderately smooth and the
depression is small relative to the horizontal dimen-
sion, terms which involve the derivatives dB/dy and
¢*BJdy* may also be neglected. For the purpose of the
calculations to be discussed below, the free surface
has been assigned an initial position which remains
fixed throughout the time interval examined, so that
terms involving dB/dt vanish from the transformed
equations.

The system of governing equations and boundary
conditions in transformed dimensionless space is writ-
ten in finite difference form using forward-time and
centered-space differencing for the diffusive terms,
and upwind differencing for the convective terms. The
convective terms are handled using the second upwind
differencing method [15], a method which avoids arti-
ficial diffusion errors and returns something of the
second-order accuracy of centered space derivatives.
The parabolic vorticity and energy equations are
solved in an iteractive fashion using the standard alter-
nating direction implicit (ADI) technique [16], while
the elliptic stream function equation is solved using
the method of successive over-relaxation [15]. Ateach
time step the movement of the solid-liquid interface
is determined explicitly in accordance with the Stefan
condition.
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The computations utilize a non-uniform grid spac-
ing in the direction perpendicular to the irregular sur-
faces. This makes it possible to concentrate a large
number of grid points in the critical regions just
beneath the free surface (the Marangoni boundary
layer) and just adjacent to the solid-liquid boundary.
The order of magnitude of the depth of the Marangoni
surface layer is given according to

Sp o M3 (10)

where M is the Marangoni number as defined in Table
3[17]. In the systems considered, the Marangoni num-
ber is of the order of 1 x 10*-5 x 10, which implies a
dimensionless velocity boundary layer thickness of
0.03-0.05. For each calculation the grid is chosen so
as to maintain at least six grid points within the depth
of this layer.

RESULTS

Validation of the mathematical model

A number of cases have been computed to test
the validity of the coordinate transformation model;
these assume a weldpool with a flat free surface so that
the results can be compared with previous modelling
efforts.

The steady-state calculations of Kou and Sun [4]
for the stationary arc welding of aluminum predict a
molten pool 1.9 mm deep with a radius of 3 mm, and
find maximum velocities of the order of 10 mm s~ '
for buoyancy forces alone, as compared with 2000
mm s~ for surface tension forces alone.

For the same input parameters (150 A, 15V, 80%
efficiency), the coordinate transformation method
predicts a radius and depth of 2.85 and 1.9 mm,
respectively, with maximum melt velocities reaching
15 mm s~ ' for buoyancy-driven flow and 2100 mm
s~ ! for surface tension-driven flow. The penetration
profile, flow and thermal fields calculated for surface
tension flow, shown in Fig. 2, are in reasonable agree-
ment with those of ref. [4].

As a further test we calculated the transient flow
and temperature fields in steel for the same power
input (1000 W m 2, spot radius of 0.35 mm), the same
weldpool shape and size (radius of 0.7 mm, depth at
the axis of 0.3 mm) and the same boundary condi-
tions as reported by Russo et al. [17]. The calculation
indicates peak surface velocities of 1265 mm s~
after 0.06 ms, in good agreement with the value of
1300 mm s~ ' reported in ref. [17] at 0.08 ms. The flow
patterns and temperature distributions computed
using the coordinate transformation model are also
in good agreement with their results at 0.08 ms.

Calculations for cathode spot welding of steel

The majority of the results to be presented in this
section have been computed using the physical proper-
ties of steel given in Table 2 for a Gaussian heat
flux distribution appropriate for cathode spot welding
(A4 =6.135x 107, B = 1 x 10°). The parameters varied
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F1G. 2. Computed flow field and temperature distribution in an aluminum weldpool. Flow field shows a
clockwise circulation with a maximum value of the stream function of —1.02.

are the central surface depression, the surface tension
coefficient (parameter o) and the buoyancy force. All
calculations start with an initial state in which a thin
layer of melt of uniform depth (0.5 mm) at the liquidus
temperature resides in a 25 mm thick piece of steel at
ambient temperature. The width of the computational
domain extends 12 mm from the central axis with the
basal and outer surfaces of the workpiece held at
ambient temperature throughout the calculation.

The reported melt penetration times are based on a
dimensionalization scheme in which the length scale
is the thickness of the workpiece itself. The melt
velocities, on the other hand, are scaled on the
basis of the weldpool width and depth at any par-
ticular time ¢.

Figure 3 portrays the effect of the free surface
depression on the weld penetration history for pure
heat conduction (¢ = Ra = 0). The dashed curves
represent the calculated position of the melt-solid

interface for a flat free surface. The solid line is the
corresponding profile predicted at 5.0 s when the free
surface has a maximum central depression extending
1.25 mm beneath the top of the workpiece. The shape
of the free surface used in this (and all subsequent)
calculations has been based on the double vortex
structure described by Lin and Eagar [18, 19].

In reality, the situation is not one of pure heat
conduction. The temperature variations within the
weldpool produce both buoyancy and surface tension
forces, which lead to convective flow of the molten
steel. Figure 4 shows weld penetration profiles for a
flat and a depressed free surface, calculated assuming
that convection in the molten material is governed
solely by buoyancy forces. The penetration profiles at
5 s are indistinguishable from the conduction sol-
utions of Fig. 3 for the same welding time. This obser-
vation is consistent with the fact that for very low
Prandtl number fluids (in typical welding geometries)

Table 2. Physical constants

Definition Value for steel Value for aluminum
) density (kgm™%) 7.2x10° 24x10°
K thermal diffusivity (m?s~") 1x10-% 6x1073
k thermal conductivity (Wm™'K~") 15/31 100
AH latent heat of fusion (J kg™ ") 2.47 x 10° 3.93 x 10*
v kinematic viscosity (m?s~") 7.84% 107 1.17x10"¢
i thermal expansivity (K~ ') 1x107* 1x10-*
u viscosity (Nsm™?) 5.6x 1073 28x1073
&v/8T  surface tension coefficient (Nm~'K~) —0.112x 1073 ~0.35%x1073
C, heat capacity (Jkg K™% 753 1066
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FI1G. 3. Calculated weldpool shapes (based on pure conduction) for a pool with a horizontal free surface
at 2.5, 5.0 and 8.15 s and a pool with a central axis surface depression of 1.25 mm at 5.0 s (solid line).

subject to buoyancy-driven convection alone, the
thermal and velocity fields are essentially decoupled.

The effect of surface tension

The following series of calculations describes com-
bined buoyancy and surface tension-driven con-
vection in weldpools with flat and depressed free
boundaries. The magnitude of the surface ten-
sion force is represented in the model in terms of ¢
(Table 3). In the absence of surface active im-
purities, the surface tension of pure liquid metals
decreases with increasing temperature, with the sur-
face tension coefficient for liquid steel being
0.112x107* N m~' K-, and that of aluminum,
—035x10">Nm~*'K~'[4, 20-23}.

DISTANCE FROM AX!S {mm)
1.0 2.0 3.0 4.0
! !

FLAT AND DEPRESSED
FREE SURFACES

2.0+

DEPTH (mm}

3.0 BUOYANCY FORCES

Pool Boundories at 5.0s
for a flat (— —) and @
depressed {—}

Free Surface

F1G. 4. Weldpool penetration profiles predicted for buoy-
ancy-driven circulation (Ra = 1x10*) for a flat and a
depressed free surface at 5.0 s.

The addition of trace amounts of impurities such
as S, Se and O, however, can cause dy/0T and ¢ to
become positive [20-22, 24]. Experimental obser-
vations indicate that the presence of these impurities
can reverse the direction of fluid motion at the surface
of the pool.

The solid and dashed curves of Fig. 5(a) represent
melt-solid surfaces in a weld pool with a flat and a
depressed free surface, respectively, for ¢ = —1x10*
and Ra = 1x10* The model predicts a maximum
melt depth at the central axis of 3.4 mm at 5.0 s fora
pool with a flat free surface. When the free surface is
depressed by 1.25 mm at the central axis, the weld
penetration depth there is increased by approximately
the same amount. At this magnitude of o, incor-
poration of surface tension effects produces little
change in the penetration profile.

The maximum value of the temperature at the free
surface is limited to the vaporization temperature of
the liquid. Therefore, as the pool surface is heated, the
central portion under the source reaches a constant
temperature equal to the maximum allowable surface
temperature. Initially this constant temperature
region rapidly expands outward from the central axis
with the steepest temperature gradients at the free
surface occurring just beyond its outer bounds.

The calculated maximum velocities occur at the free
surface in the region where the temperature gradients
are steepest. The maximum values of the outward
surface velocity increase initially during the early
stages of melting as the surface is rapidly heated, and
reach a peak of 200 mm s~ after approximately 3.5 s.
The position of the maximum velocity moves outward
with time as the surface temperature profile is estab-
lished and the magnitude of the velocity decreases
gradually, reaching 120 mm s~ ! after S s.

Figure 5(b) compares the shape of the melt—solid
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Table 3. Dimensionless parameters

Value used in

calculation
Definition steel/aluminum
Pro v Prandtl number 0.078/0.02
Ra— gBATL? thermal Rayleigh number 1 %105 x 10*
VK
St— AH Stefan number 0.5/0.3
C,AT,
K= & —a ratio of thermal conductivities of solid and liquid 2.0/1.0
ki
(@y/0T)LAT surface tension number 0-2x10°
o= BT
Me (6y/eT)OAT Marangoni number c Pr
ux

surface at 3.4 s for a depressed free surface and a
positive surface tension coefficient of the same mag-
nitude. The positive surface tension coefficient pro-
duces a reverse circulation loop as expected. At this
relatively low value of ¢ the circulation is primarily
confined to the outer portion of the pool where the
temperature gradients are the steepest. The two weld-
pool penetration profiles in Fig. 5(b) are quite similar.
However, the reverse circulation in the case of a posi-
tive o creates steeper temperature gradients at the base
of the pool in the outer region where the circulation
is more vigorous. As a result, the pool is slightly deeper
there, and narrower at the surface when the surface
tension coefficient is positive. This pattern will be even
more apparent in calculations at higher (absolute)
values of ¢.

The calculated maximum surface velocities are
about 5% lower with a positive surface tension co-
efficient than for a negative one. This apparently
reflects the fact that buoyancy forces and surface ten-
sion forces reinforce one another for negative co-
efficients, while for positive coefficients the two forces
oppose one another. As a check on the validity of
the computed results, we can estimate the order of
magnitude of the velocity expected for pure surface
tension driven flow according to the following :

oy 2
3 <6—TAT)
A an

as derived in ref. [25]. Using the melt depth at the
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FiG. 5(a). Weldpool penetration profiles predicted for combined surface tension and buoyancy-driven
circulation (Ra = 1 x 10%, ¢ = —1 x 10*) for a flat and a depressed free surface at 5.0 s.
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central axis at any time as the length scale L(f)
(¢ = 1 x 10%), equation (11) predicts velocities of the
order of 150 and 100 mm s~ at 3.46 and § s, respec-
tively, in good agreement with those of the numerical
simulation.

Figures 6 (flat surface) and 7 (depressed surface)
illustrate the penetration profile, flow fields and tem-
perature distribution calculated for ¢ = —5x10* at
4.3 5. Increasing the magnitude of the surface tension

M. E. THompsON and J. SzZEKELY

coefficient by a factor of 5 produces little change in
the shape of the penetration profile (Fig. 5(a) vs Figs.
6(a) and 7(a)). The maximum velocities, however, are
higher, reaching ~ 1000 mm s~ "' at 2.5 s and decreas-
ing to 500 mm s~ ' by 4.3 5. Again these calculated
velocities are in reasonable agreement with order of
magnitude estimates of 600 and 350 mm s™' from
equation (11).

As the value of o is increased, the surface velocity
profile is steepened and the boundary layer becomes
narrower, The depth of the dimensionless Marangoni
velocity layer for ¢ = 10°, for example, is estimated
(from equation (10)) to be ~0.03. Calculations at
high values of ¢ therefore demand a very fine grid
spacing in the vicinity of the free surface. It becomes
increasingly difficult to compute flow fields as the
value of o increases, because the stability of the sol-
ution and the time required for convergence are
directly related to the grid spacing.

Figure 8 compares the penetration profiles for weld-
pools with flat and depressed free surfaces at 3.12 and
4.25 s (o = 1 x 10°). As with previous calculations,
depression of the free surface by 1.25 mm resultsin a
corresponding increase in melt penetration depth of
1.25 mm at the central axis.

The change in the weldpool shape resulting from
an increase in ¢ from 1x10* to 1 x 10° can be seen
clearly in Fig. 9 (4.25 s). Melting rates at the central
axis for ¢ = 1 x 10° are significantly increased over
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F1G. 6. Computed flow and temperature fields in a steel weldpool with a horizontal free surface under the
cathode spot mode of operation at 4.3 s (Ra = 1 x 10% 6 = —5x 10%). The flow field shows a clockwise
circulation with a maximum value of the stream function of —0.8 and a contour interval of 0.09.
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Fi1G. 7. Computed flow and temperature fields in a steel weldpool with a depressed free surface under the
cathode spot mode of operation at 4.3 s (Ra = 1 x 10*, ¢ = —5x 10*). The flow field shows a clockwise
circulation with a maximum value of the stream function of —0.78 and a contour interval of 0.09.

those observed for a value of 1 x 10* for similar time
intervals (1.5 mm s~' vs 0.5 mm s~ at about 4 s).
The width of the weldpool at the surface at any time
is approximately the same (as it is primarily governed
by the surface heat flux), but beneath the surface the
weldpool is significantly narrower and the maximum
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FiG. 8. Comparison of weld penetration profiles predicted
for flat vs depressed free surfaces at 3.12 and 4.25 s
(Ra=5x10% o =1x10%.

penetration depth larger at higher (positive) values of
o.

Figure 10 shows the difference in the weldpool
shape between melts with positive and negative sur-
face tension coefficients (¢ = +1x 10%). When o is
positive, convective transport of heat is concentrated
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Fi1G. 9. Comparison of weld penetration profiles predicted in
a pool with a depressed free surface for 6 = 1 x 10*vs 1 x 10°
at3.4s.
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Fi1G. 10. Comparison of weld penetration profiles predicted
in a pool with a depressed free surface for o = —1 x 10* vs
I1x10°at3.4s.

downward at the central axis, creating a deep pool
(4.7 x 3.5 mm). When ¢ is negative, convection is con-
centrated at the free surface near the pool bound-
ary, creating a wider melt region (5.2 vs 4.3 mm).

M. E. THomPsON and J. SZEKELY

Effect of other physical properties

It is also of interest to examine how the physical
properties of the material influence the thermal and
the velocity fields. Aluminum has a lower Prandtl
number than steel (0.02 vs 0.1) and therefore we expect
convection to have less of an effect on heat transfer
phenomena in aluminum welding applications. How-
ever, due to the lower viscosity of aluminum, the
calculated o for a given weldpool dimension will be
larger, causing the flow in the pool to be more vig-
orous.

Figure 11 illustrates the transient melting behavior
observed in a thick aluminum sheet (25 mm) supplied
with thermal energy from a 150 A, 15 V power source
(efficiency, 80%). The input parameters are similar
to those used in ref. [4], although the calculation is
transient, while theirs are steady state. The calculated
melting rates are significantly higher than those pre-
dicted for steel welding (see previous calculations),
averaging about 5 mm s~ ' during the first 0.5 s. This
is reasonable considering that the Stefan number is
smaller, the thermal conductivity of molten aluminum
is approximately five times as large, and the ratio of
liquid to solid thermal conductivities is also higher for
aluminum. Furthermore, the aluminum calculations
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FiG. 11. Computed flow and thermal fields in an aluminum weldpool with a flat surface for a value of
o = 2x10% after 1.0 s. The flow field shows a clockwise circulation with a maximum value of the stream
function of —1.92 and a contour interval of 0.08.
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use a slightly more intense power source than those
reported for steel.

It is seen that the circulation is confined to the upper
two-thirds of the pool. The shape of the weldpool
results from the combination of vertical conduction,
which is strongest at the central axis, and convective
heat transport which has a significant horizontal com-
ponent and is concentrated in the outer portions of
the pool. This explains the distinctive double-well
penetration profile frequently found in practice.

The calculated maximum velocities in the alumi-
num weldpool are in general agreement with those
estimated from equation (11) (1500 mm s~ '), and
those reported in ref. [4] of 2000 mm s~ ! for their
steady-state calculations.

These results are compatible with the findings of
Chan et al. [23], who found that the decrease in
Pr from steel to aluminum increases the maximum
surface velocity by a factor of approximately 5;
furthermore, for otherwise identical conditions the
depth of melt penetration in aluminum is 34 times
larger than for steel.

Comparison with experimental results on stainless steel

As a final step, we use the coordinate trans-
formation method to model the GTA spot welding
experiments described by Giedt ef al. [26] on 304 and
303S stainless steel, which involved heating 5 mm
thick disks of steel usinga 200 A, 17V (40% efficiency)
power source with an assumed radius of 5.9 mm [26].
The specimens were heated for 3.5 s; then the heat
source was disconnected, and the surface tempera-
tures measured starting at 3.7 s. For the 304 stainless
steel, which has a negative surface tension co-
efficient, the final measured pool dimensions were 2.3
mm (depth at axis) by 4.5 mm (radius), as compared
to 4.06 mm (depth) by 4.0 mm (radius) for 303S
stainless steel with a positive surface tension co-
efficient.

Using the experimental conditions described in ref.
[26], the coordinate transformation was used to
analyze the melting period (0-3.5 s). The weldpool
penetration profiles and flow patterns calculated after
3.2 s are shown in Fig. 12. The predicted weldpool
dimensions are in general agreement with those
reported in ref. [26]. The outward surface flow which
arises when o is negative creates a shallow pool with
a predicted depth at axis of 2.3 mm and a radius of
4.6 mm, while flow is inward with a positive surface
tension coefficient creating a pool 4.2 mm deep by
4.0 mm wide.

There is, however, a difference between the cal-
culated time for heating and the actual time reported
in the experiments (<0.5 s). This most likely reflects
the fact that radiation and surface convection effects
have not been incorporated into the mathematical
model. As a result, the predicted surface temperatures
exceed the actual surface temperatures, and the pre-
dicted melting rates are slightly higher than those
observed in the experiments.
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F1G. 12. Comparison of computed flow and thermal fields

for 304S, equation (12a), and 303, equation (12b), stainless

steel weldpools with a flat surface after 3.0 s. The flow field

for 304S shows a clockwise circulation with a maximum

value of the stream function of — 1.3 and a contour interval

of 0.1, while that for 303 shows a counterclockwise
circulation.

CONCLUSIONS

We have shown that the two-dimensional coor-
dinate transformation is an effective method for inves-
tigating transport phenomena in weldpools when
either a deformed free surface and/or a moving solid—
liquid interface is present. This approach not only
simplifies computation of the motion of the phase
boundary, but also provides a very accurate means
for prescribing the conditions at the free surface and
calculating the surface tension forces.

The calculations confirm previous findings [3, 4, 25,
27] concerning the relative importance of buoyancy
and surface tension forces in driving convection, and
predict velocities of the order of 10-50 mm s~ for
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buoyancy forces alone, and anywhere from 100 to
3000 mm s~ ! for combined surface tension and buoy-
ancy-driven flow. For otherwise identical input con-
ditions, the depression of the free surface causes a
change in the calculated maximum velocity at the free
surface of less than 10%. However, the presence of
the central depression in the free surface has a very
significant effect on the shape of the weld penetration
profile. This is true regardless of the magnitude and/or
the sign of the surface tension coefficient. In fact, for
the range of ¢ examined thus far, the calculations
show that the increase in the depth of the penetration
profile over that predicted for a horizontal free surface
is approximately equal to the extent to which the free
surface is depressed.

At low values of ¢, convection within the molten
region has little influence on the rate of melt
penetration. Once ¢ exceeds ~ 5 x 10%, however, con-
vective motion in the weldpool begins to have a sig-
nificant effect on the thermal field and the melting
rates. This is an important observation, as it provides
a means for determining the welding conditions under
which convection can, or cannot, be expected to
influence the characteristics of the weld. It will be
particularly useful when more accurate experimental
data concerning the variation of surface tension with
impurity content become available. For practical pur-
poses, differences in o can be expected between various
materials, for different power sources, for weldpools
of different dimensions, and for materials with differ-
ent types of surface active impurities.

At higher values of g, the shape of the weld pen-
etration profile reflects the combined effect of the free
surface depression and convective heat transfer within
the pool. When the surface tension coefficient is large
and negative, fluid at the free surface moves outward,
transporting heat from the central axis toward the
edge of the pool. The result is the formation of a
shallower, broader pool than is predicted at lower
values of ¢. Alternatively, when the surface tension
coeflicient is positive, surface flow is radially inward
and the penetration depths at the axis are much
greater.

Although these findings are not entirely new [3, 25],
the calculated shapes of the weldpools are thought to
be rather more precise and differ somewhat from those
reported earlier [3, 23, 25]. Calculations based on a
positive surface tension coefficient predict a weldpool
characterized by a very deep narrow root, which
widens close to the surface. When the surface tension
coefficient is negative, the circulation becomes pro-
gressively restricted to the outer edges of the pool with
time. As a result, melt rates are highest at the central
axis, decrease outward, and then for high-¢ melts, may
actually increase slightly at some distance between the
axis and the pool edge. Finally, a point which in
retrospect appears obvious, but is of great practical
importance, is that for all cases examined, depressing
the free surface increases the weld penetration depth
by a corresponding amount.

M. E. TaHompsoN and J. Szekery
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COMPORTEMENT VARIABLE DE BAINS DE SOUDURE AVEC UNE SURFACE LIBRE
DEFORMEE

Résumé—Le transfert thermique, I'écoulement et le changement de phase en régime variable dans un bain
du fusion, avec une surface libre déformée, sont modélisés en utilisant une transformation bidimensionnelle
de coordonnées. L'approche théorique rend possible la modélisation précise des écoulements & grand
nombre de Marangoni, méme quand la surface libre n’est pas horizontale. La méthode est utilisée pour
examiner le rdle de la déformation de la surface et des forces interfaciales dans la pénétration de la
soudure pendant le soudage cathodique de I'acier et de I’aluminium. Les champs d’écoulement calcules, les
distributions de température et les formes des bains liquides sont cohérents avec les résultats expérimentaux
et ils sont en accord raisonnable avec des modéles antérieurement publiés.

DAS TRANSIENTE VERHALTEN EINES SCHWEISSBADES MIT EINER
DEFORMIERTEN FREIEN OBERFLACHE

Zusammenfassung—Mit Hilfe einer zweidimensionalen Koordinatentransformation werden Wirme-
libergang, Stromung, Phasenwechsel in einem SchweiBbad mit einer deformierten freien Oberfliche
modelliert. Der theoretische Ansatz ermdglicht eine genaue Nachbildung von Strémungen mit hoher
Marangoni-Zahl, sogar bei nicht-horizontaler freier Oberfliche. Die Methode wird benutzt, um den
EinfluB der Oberflichendeformation und der Oberflichenspannung bei der Regelung der SchweiBtiefe beim
Kathoden-PunktschweiBlen von Stahl und Aluminium zu untersuchen. Die berechneten Strémungsfelder,
Temperaturverteilungen und Schmelzformen stimmen sowohl mit experimentellen Ergebnissen als auch
mit anderen verffentlichten Modellen Giberein.

NMEPEXOJHBIN PEXXMM B CBAPOUHBIX BAHHAX C JEGOPMHPOBAHHOH
MOBEPXHOCTBIO

AmtoTamm-—C TOMOIUBIO ABYMEPHBIX npeoGpazopaHuit XOOPAMHAT MOACIMPYIOTCH HEYCTRHOBHB-
wniics TeTUIONEpeHOC, TeHeHKe KHAKOCTH U (a30BKIi Nepexon B CPAPOUHOR BaHHe ¢ nedOPMHPOBAHHOMN
¢cBoboaHO# noBepxHOCTLIO, TeopeTHyeckuii MOAXON NMOIBOJAET NMPEIJIOKHTE TOYHYIO MOJE/L TEYCHHS
NPH BRICOKHX YHCIaX MapaHroHH Jake B clydae HeropH3oHTIbHOM cBoGommol nosepxnoctH. Merton
HCTIONL3OBAH [UIA H3YMCHHA POaM AehOPMALNH NOBEPXHOCTH H CHJI MOBEPXHOCTHOTO HATHXEHHd B NIPO-
Uecce perynupoBaHus TAyGHHB! MPONJIABJNEHHA NPH KATORHOK TOYEMHOM CBapke CTANM W AJIOMHHHA.
PacCUMTaHHBIC TOJIS TEYCHNAS, PACTIPE/E/IEHHS TEMIEPATYp H GOPMBI CBAPOYHBIX BAHH COOTBETCTBYIOT
IKCMEPHMEHTANLHEIM [AHHBIM H XOPOIIO COTNACYIOTCA ¢ DaHee NpPEMIOKCHHLIMH B JHTEpaType

MOICAAMH.



