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By combining a mathematical model of the welding arc and of the weld pool, calculations are 
presented to describe the free surface temperature of weld pools for spot welding operations. 
The novel aspects of the treatment include the calculation of the heat and current fluxes falling 
on the free weld pool surface from first principles, a realistic allowance for heat losses due to 
vaporization, and a realistic allowance for the temperature dependence of the surface tension. 
The most important finding reported in this article is that the free surface temperature of weld 
pools appears to be limited by Marangoni convection, rather than heat losses due to vaporiza- 
tion. Furthermore, it was found that once thermocapillary flow can produce high enough surface 
velocities (>25 cm/s) ,  the precise nature of the relationship between temperature and surface 
tension will become less important. 

I. INTRODUCTION 

IN Part I tn we presented computed results describing 
the velocity and the temperature fields in welding arcs, 
together with the heat and current flux that fails on the 
weld pool surface. Indeed, the calculation of this heat 
and current flux was the principal objective of this work. 

In Part II, we shall examine the behavior of the weld 
pool, which receives the energy and current flux from 
the welding arc, which has been described in Part I. III 
This treatment is thought to be more satisfactory than 
that described in earlier publications by the authors t21 and 
others, t3-71 because in the present case, we can represent 
the interaction between the welding arc and the weld pool, 
rather than specifying the boundary conditions for the 
energy and the current flux independently, as has been 
done in the past. 

As a result of previous weld pool modeling ef- 
forts, t2-7] it has been established that weld pool circula- 
tion, and hence, heat transfer in weld pools, is governed 
by electromagnetic forces, by buoyancy forces, by arc 
drag, and also by thermocapillary forces--the latter being 
dominant in most cases. Since thermocapillary motion 
is essentially driven by the temperature gradients at the 
free surface of the weld pool, the precise knowledge of 
this temperature profile is critical. In the calculations to 
be presented in the following, we shall be able to address 
this problem meaningfully, by carefully calculating both 
the heat flux falling on the free surface (through the so- 
lution of the previously developed arc equations) and the 
heat loss by vaporization. Furthermore, in computing the 
thermocapillary forces, use will be made of the most re- 
cently developed relationships. 
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In Section II, we shall present the mathematical 
formulation, while the computed results will be pre- 
sented in Section III; these latter will include a critical 
comparison with measurements. The discussion is con- 
tained in Section IV. 

II.  M A T H E M A T I C A L  
F O R M U L A T I O N  OF T H E  W E L D  P O O L  

The gas tungsten arc welding (GTAW) process is shown 
schematically in Figure 1. The arc is struck between the 
electrode (cathode) and the workpiece (anode); thus, 
thermal energy is transferred to the anode, which will 
raise the temperature of the surface, and a molten pool 
develops. This pool will grow until the heat input equals 
the heat loss by radiation, convection, conduction, and 
vaporization. The recirculating flow field in the pool is 
driven by a combination of buoyancy, Lorentz (J • B), 
and surface tension forces. The complex transport phe- 
nomena that occur in the system are summarized in 
Figure 1. 

The mathematical representation of this problem has 
to include the following physical processes that govern 
the weld pool behavior: 

(1) fluid flow in the weld pool; 
(2) heat transfer in the weld pool; 
(3) melting and solidification phenomena; 
(4) transient heat conduction into the workpiece; and 
(5) heat-transfer phenomena at the free surface. 

In the statement of the problem, the following major as- 
sumptions are made: 

(1) the system is axisymmetric; 
(2) the property values are independent of temperature 
(except for the temperature-dependent surface tension); 
(3) transient behavior is considered; and 
(4) melt circulation is driven by the combination 
of thermocapillary, buoyancy, and electromagnetic 
forces. 
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Fig. 1 - -Schemat ic  representation of  combined gas tungsten arc and 
weld pool phenomena. The left portion indicates the various physical 
phenomena occuring within the workpiece, while the right portion 
shows the computational domain. The origin for the weld pool is at 
point e, while the origin for the welding arc is at point E. 

A. Governing Equations 

Then the governing equations take the following form: 

Conservation o f  mass 
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Conservation o f  thermal energy 
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(transient) + (convective) = (diffusive) + (latent heat) 

B. Source Terms and Auxiliary 
Phenomenological  Equations 

1. Melting and solidification modeling 
The temperature-dependent drag term which repre- 

sents fluid flow in the mushy zone is incorporated into 
the momentum equation via - K u  and - K w  where 

0 T > Tliq 
K = gma x (Zli q - Z ) / ( Z l i  q - Tsol) Tso I <-- T ---< Tli q [5] 

oc T < Tsol 

The latent heat term is added to the energy equation via 
- (AHL OfL/Cp Ot) where 

1 T > Tl,q 

f s  = ( T  - Z s o l ) / ( T l i  q - Tsol) Zso I --< T --< Tliq [6] 
0 T < T~ol 

The term fL, defined as the fraction of liquid, has been 
linearized for simplicity. It can be used to simulate true 
volume fraction liquid if the phase diagram of the alloy 
is known. This model is being used in the commercial 
fluid flow and heat-transfer package FLOW-3D (Flow 
Science of Los Atamos). [81 

2. Electromagnetic source terms 
The continuity equation for electric charge and current 

is given by Gauss' law as 

Opc 
~7. J + - -  =_ 0 [7] 

- Ot 

where Pc is the charge density. If the electric field is 
assumed to be quasi-steady state, then the continuity 
equation becomes 

~7. J = 0 [8] 

From Ohm's law (assuming the magnetic Reynolds 
number is much less than unity[gl), 

J = or e _EE [9]  

and since the scalar electric potential, qS, is defined as 
_E_E = -V~b, Eqs. [8] and [9] can be combined to give 

= - - -  r + - - = 0  [101 
r Or OZ 2 

assuming that the electrical conductivity is constant for 
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steel. This is the standard Laplace equation for electrical 
charge continuity. 

The current density is calculated from 

J~ = - o - ~ - -  [111 
Or 

04, 
J~ = - G  - -  [121 

Oz 

while the self-induced azimuthal magnetic field is de- 
rived from Ampere's law as 

fo r Bo = I% Jz r Or [131 
r 

The integration constant is assumed zero since Bo ~ 0 
as r--+ 0 as the integrand approaches zero. The Lorentz 
force, J_ x B, is then given by 

J x B]~ = - J ~ o  [141 

J_ x B_I z = J~Bo [151 

3. Effect o f  mass-transfer control vaporization 
As discussed in an earlier article] l~ the rate of mass 

transfer from the welding arc is controlled by the com- 
bined effect of Langmuir vaporization and mass transfer 
in the anode concentration boundary layer. Figure 2 il- 
lustrates this effect schematically whereby the rate of mass 
loss is described by an effective mass-transfer coefficient: 

mMn = hm(eff) A C  = hm(eff) [C~ln --  CMn] [16] 

where 

1 1 1 
- -  - + - -  [171  
hm(eff) hva p h . . . .  

Experimental studies by Block-Bolten and Eagar I~u 
indicated that the two dominant vapor species in the 
welding of steel are Fe and Mn. Only these two elements 
will be considered in the vaporization analysis. Iron and 
manganese are dominant because of their high vapor 
pressures. The discussion that follows will consider Mn 
as the vapor species, although it is implicit that similar 
treatment is given to Fe. 

a. Derivation o f  mass-transfer coefficient due 
to vaporization 
The Langmuir vaporization rate is given by 

MMnPMn 
m L , M n  - -  ] 1 8 ]  

~/27rMMnRT 

The value of hvap is obtained from Eq. [18] by assuming 
:c 

PMn = C~nRT and CMn = 0 in the bulk of the shielding 
gas 

R T  
hva p - [19] 
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Fig. 2 - -Vapor i za t ion  stages of  gaseous species from the weld pool 
surface. The diagram on the left shows the mechanisms by which the 
high vapor pressure species escape from the weld pool, while the dia- 
gram on the right shows the concentration profile of that vapor species 
as a function of distance from the free surface. Stage 1 : convected to 
the free surface by fluid flow circulation; stage 2: vaporized from the 
free surface: stage 3: diffused across the concentration boundary layer; 
and stage 4: transported away by the carrier gas. 

b. Derivation o f  mass-transfer coefficient due 
to diffusion 
McKelliget and Szekely l~2t employed a convection 

correlation for a stagnation point flow over a flat surface 
as given by the following equations: 

/ \0.11 

\~.7 [201 

[---~- OUe = ( Nu,,. ~ (he-  h.,) ~/P'"P" ~ r  [21] 
O ...... \ ~ . , /  Pr,,, 

Rewriting Eqs. [20] and [21] and modifying C)Ue/Or, 

/ ,o, ,  
q .... =-0"515(~'Lepe) " '--Ue ~ [To - -  T w ]  

\/&,.p../ 

[22] 

where Cp is the integral mean heat capacity given by 

- -  1 f f "  Cp = Te - T,,. Cp dT [23] 

Equation [22] can be written as q = hheat AT; thus, 

\ I.L,,.p,, / 

METALLURGICAL TRANSACTIONS B VOLUME 23B, JUNE 1992--373 



Equations [20] and [21] were originally obtained from a 
heat-transfer correlation for jet flow from a rocket nozzle 
impinging onto a flat surface, l~3,t4J Using the analogy be- 
tween mass transfer and heat transfer, the mass-transfer 
coefficient is given by 

hheat [ - S c ]  n 

hmass = p C p L p r ]  [251 

where 

Cptx 
Pr, Prandtl Number, - [26] 

k 

Prw, Prandtl Number 
at anode surface, L k J,~a 

Sc, Schmidt Number, - 
DMn-Ar 

[28] 

and n ~ 0.6 for flat surfaces. The terms at the right side 
of Eq. [25] are the integral mean quantities using an 
expression of the type given in Eq. [23]. The diffusivity 
in the Schmidt number is calculated from the Chapman- 
Enskog relationship, ttSl The Lennard-Jones parameters 
e's and ~r's are estimated using the melting point data 
for the metallic species and the boiling point data for the 
gaseous species. 

A major assumption is invoked in that the concentra- 
tion of Mn at the free surface is described by its equi- 
librium partial pressure, which is a function of 
temperature. This assumption is routinely employed in 
surface kinetics. Letting C~n ~--- PMn/RTs, PMn may be 
described by the thermodynamic relationship 

PMn 
aMn p O  [291 

o r  

log PM,(T,) = log aMn(r,) + log P~, [30] 

For a binary alloy, the activity of Mn at temperature T, 

can be calculated from the Gibbs-Helmholtz relationship 
where 

log aMn(r,) = log aMn~r,~o + - -  [31] 
4.575 

The data for aMn(T~O and AG ~ Mn are given by Hultgren 
et al./161 The binary solution is assumed to be regular 
such that AG '~ Mn = AHmix,Mn and is independent of 
temperature. This assumption is generally valid for steel. 
The heat loss by vaporization is thus given as 

qvap,tot = mFeLvap.Fe q'- MMnLvap,Mn [32]  

and the net heat flux at the liquid surface (region DE in 
Figure 1) is thus 

q~f = q~ - q~p [33] 

The radiative heat loss at the anode surface is already 
embedded into the q~ tenn. 

C. Weld  Pool  Boundary  Conditions 

I. Boundary  conditions f o r  momentum 
The momentum boundary conditions are given by the 

second and third column in Table I; these are the stan- 
dard expressions specifying zero velocity at the solid 
surface, symmetry, and the continuity of shear stress at 
the free surface. At the free surface (region DE), 
Marangoni or surface tension-driven flow is described 
by 

(0;z) ~',, = /xliq = [34] 
liq 

The temperature-dependent surface tension is obtained 
from a semi-empirical treatment given by Sahoo et al. ~71 
as  

ay Ksegas F, AI t~  
- A - R F ,  in (1 + Ks~a,) 

OT 1 + Ksegas T 

[35] 

where 
_ A H  o 

[36] 

Table I. Boundary Conditions for Workpiece 

Region u w T 49 

aT a~b 
AB 0 0 - - = 0  o r T = 2 8 8 K  - - = 0  

Oz Oz 

OT 
BC 0 0 - - = 0  o r T =  2 8 8 K  0 

Or 

OT 049 
CD 0 0 - k - -  = - q ~  J~ = -ore - -  

Oz Oz 

DE tx Oz 0 - k -  = - q ~  + qvap Ja ~- --Ore - -  
Oz Oz 

Ow OT 049 
EF 0 - - = 0  - - = 0  - - = 0  

Or Or Or 
aT O4) 

F A  0 0 - -  = 0 - - = 0  
Or Or 
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2. Boundary conditions for thermal energy 
These are necessarily specific to the given application; 

in the present work, we shall examine two particular cases, 
namely: 

(1) reproducing the earlier computed results by Oreper 
and Szekely, tzj in order to test the internal consistency 
of the model, and 
(2) perform calculations that correspond to the experi- 
mental conditions reported by Kraus t~91 and Zacharia 
et al. ~2~ 

a. The theoretical model of  Oreper and Szekely c2J 
The primary purpose here is to provide a comparison 

with earlier work. t21 The heat flux is assumed to obey a 
Gaussian-type distribution of the form 

qa = q0 exp ( - au  ra) [37a] 

= 6.135 • 1 0 7 e x p ( - 1 0 5 r  z) [37b] 

(such as in Reference 2) while zero flux is assumed 
at the walls: 121 

OT 
- - = 0  a t z = 0  [38] 
Oz 

OT 
- - = 0  a t r = L r  [39] 
Or 

Equation [37b] is for a "cathode-spot" mode of opera- 
tion. This heat flux distribution is estimated for a 6.3-rnm 
arc at 200 A by Nestor3 ~8~* Furthermore, the maximum 

*Private communication with Dr. G.M. Oreper of  Northern Research, 
Waltham, MA. 

temperature is not allowed to exceed 2500 K. 

b. Kraus' experimental temperature results czgJ and 
Zacharia et al.'s weld pool results c2~ 
The second case is used as a test of  the current model 

against experimental results. The reader is referred to 
K r a u s  091 and Zacharia et alJ 2~ for details of  the experi- 
mental arrangement. Kraus t~gj performed the surface 
temperature measurements, while Zacharia et al. t2~ 
carried out the weld bead tests. 

The heat flux is calculated using the transport equa- 
tions described in Part I. m Comparison between calcu- 
lated and experimentally measured heat and current fluxes 
for the welding arc have been performed elsewhere ~21.22j 
and are not repeated here. The sides and the bottom of 
the plate are assumed isothermal at 288 K due to the use 
of a water-cooled copper plate. The preweld arc gap in 
Kraus'  experiments I~91 was 2.0 mm, but because of the 
liquid dome that forms due to the thermal expansion of 
the fluid which is 0 .41-mm high, the effective arc length 
employed here is 1.5 mm. 

Finally, symmetry conditions are assumed at regions 
EF and FA, as seen in Figure 1. The location of region 
DF is calculated from the energy equation using a latent 
heat source term for the phase change. This front is tran- 
sient and needs to be evaluated at each time step. 

3. Electric potential boundary conditions 
The boundary conditions (BCs) shown in column 5 of 

Table I are quite straightforward. The selection of an 
isopotential line (~b = 0) at BC is such that the right wall 

is far away from the weld pool such that J~ - 0 in this 
region. 

As in the case of the thermal boundary conditions de- 
scribed above, two types of current fluxes are employed. 
The first case corresponds to the exponential heat flux 
distribution given by Oreper and Szekely TM for a cathode 
spot operation as 

J,~ =- J0 exp ( - a i r )  = 5.11 • 10  6 exp ( - 2 3 0  r) [40] 

while the second is calculated using the transport equa- 
tions described in Part I tll in conjunction with the input 
process parameters. 

D. Material Properties for the Weld Pool 

Tables II and III list the transport properties and the 
input parameters for the weld pool calculations per- 
formed in this study. Table IV lists the composition of 
the workpiece employed by Kraus. 1~gl The size of the 
plate used by Oreper and Szekely ~21 has a radius of 
20 mm and a thickness of 12.7 ram, while that used by 
Kraus Dgl is a rectangular block (40 by 40 by 12.5 mm). 
The heat source is assumed to be located at the center 
of the plate. 

E. Solution Technique 

The numerical package PHOENICS I231 was used to solve 
the transport equations. This is a commercial finite do- 
main three-dimensional code based on the SIMPLE al- 
gorithm.t241 Uniform grids were employed in the molten 
zone. Variable grids were employed in the solid region, 
where they increased geometrically in size at no more 
than 15 pct increments. In most calculations, there were 
at least 200 nodes in the molten zone during steady state. 
The minimum radial grid was 0.15 ram, while the min- 
imum axial grid was 0.075 mm. The size of  the weld 
pool was of the order of 4 ram. The above grid config- 
uration, with uniform grids in the molten zone and vari- 
able grids in the solid zone, was selected on the basis 
of exhaustive grid sensitivity trials and computer economy. 

Grids sensitivity trials were made by first selecting a 
uniform cell size (0.50-mm radial and 0.40-ram axial) 
for the entire domain. This configuration was commonly 
used by many early modelers. Variable grids were then 
employed in the solid zone for a second grid configu- 
ration. It was found that the computed results of tem- 
perature, velocities, and electric potential at t = 5 seconds 
real time simulation were virtually identical for the two 
cases. 

Subsequently, the cell size in the molten zone was re- 
duced by 50 pct and later by 25 pct when finer grids 
(<0.15 ram) were used. In all cases, the transition from 
the uniform grids to the variable grids beyond the solid- 
liquid interface was done gradually at 10 pct increments. 
This process was repeated each time the grids in the mol- 
ten zone were reduced. Grid insensitivity was deter- 
mined when two sets of computed results for two different 
grid configurations differed by no more than 5 pct. The 
above arrangement was chosen on that basis. 

Convergence is achieved when the spot values of  tem- 
perature, pressure, and velocities at the critical location, 
which is the second node under the free surface adjacent 
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Table lI. Material Properties and Workpieee Information of AISI 304 [~'5'17'19'211 

Nomenclature Symbol Value 

Activity of sulfur 
Atomic weight (Ar) 
Atomic weight (Fe) 
Atomic weight (Mn) 
Boiling point (Ar) 
Coefficient of thermal expansion 
Constant in surface tension coefficient 
Density (steel) 
Density (Ar) 
Density (Fe) 
Density (Mn) 
Electrical conductivity (steel) 
Emissivity 
Function of entripy of segregation 
Gas constant 
Heat capacity (steel) 
Latent heat of fusion (steel) 
Latent heat of vaporization (Fe) 
Latent heat of vaporization (Mn) 
Liquidus temperature (steel) 
Melting point (Fe) 
Melting point (Mn) 
Permeability of free space 
Plate thickness 
Plate radius 
Reference temperature for Table 1II 
Solidus temperature (steel) 
Standard heat of adsorption 
Stefan-Boltzmann constant 
Surface excess at saturation 
Thermal conductivity (liquid steel) 
Thermal conductivity (solid steel) 
Viscosity 

a~ -: [S] 0.022 wt pct 
MAr 39.948 g/mole 
MFe 55.847 g/mole 
MMn 54.938 g/mole 
Tbp(Ar) 87.2 K 
fl 10 -4 K-J 
A 4.3 • 10 4 N / m . K  
p 7,200 kg/m 3 
PAr 1,400 kg/m 3 
PF~ 7,020 kg/m 3 
p•, 6,430 kg/m ~ 
o'~ 7.14 x 105 .Q-Ira-: 
e 0.4 
kl 3.18 • 10 -3 
R 8314.3 J/kg" mole 
Cp 753 J/kg" K 
AH 2.47 • 105 J/kg 
Lvap.Fe 6.091 x 106 J/kg 
Lvap.Mn 4.0135 • 10 -6 J/kg 
Tli q 1523 K 
Tmp~Fe) 1809 K 
T,,p~Mn) 1518 K 
/Zo 1.26 x 10 -6 H/m 
L: 12.5 mm 
Lr 20 mm 
Tr~ 1819 K 
T~ol 1723 K 

- 1.88 x l0 s J/kg- mole 
o'b 5.67 X 10 -8 W/m2K ~ 
F, 1.3 x 10 -8 J / (kg '  mole)" m 2 
Kliq 20 W / m '  K 
k~ol 20 W/m" K 
/x 0,006 kg /m '  s 

tO the z-axis, remain unchanged (<0.1 pct) while the 
residuals of the continuity, momentum, and energy 
equations continue to decrease. The spot value is nor- 
mally selected as the location which is the last to con- 
verge, that is, the spot of  slowest convergence. As the 
free surface is the region with the strongest driving force, 
monitoring the spot value in that location seems logical. 
In general, the residuals must decrease by at least three 
orders of magnitude with respect to the first sweep be- 
fore the run was terminated. This was because by that 
time, the field values did not change significantly 
(<0.1 pct) with each subsequent sweep. In most pro- 
duction runs, the residuals decreased by four to six 
orders of magnitude with respect to the first sweep. 

The computations were done on engineering work- 
stations (VAXSTATIONS* 3100/30 and 3100/38) and 

*VAXSTATION is a trademark of Digital Equipment Corporation, 
Maynard, MA. 

on the APOLLO DN 10000 computer. It took about 6 
hours on the Apollo for each second of real-time sim- 
ulation using a 40 • 41 irregular grid configuration. 

I I I .  C O M P U T E D  R E S U L T S  

In the following, we shall present a selection of the 
computed results, with particular emphasis on the sen- 
sitivity of  the findings to the way in which the surface 
temperature has been evaluated. 

A. Overview of Surface Temperature Effect 

In order to provide a realistic perspective regarding 
this new approach presented here, it is important to re- 
call some of the earlier work and to compare these pre- 
vious predictions with those based on the current model. 

Figure 3(a) shows the weld pool shape at t = 8.0 s 
using an approach adopted by Oreper and Szekely, t2j 
where an upper limit was assigned to the free surface 
temperature, 2500 K in the particular case cited. The 
grid configuration is similar to that employed by Oreper 
and Szekely t2~ to allow for direct comparison. 
Figure 3(b) shows the corresponding weld pool surface 
temperature. The velocity and penetration plot shown in 
Figure 3(a) is seen to be in good agreement with pre- 
viously published results, f21 using identical boundary 
conditions, but a rather different computational code. This 
provides proof for the internal consistency of these com- 
puted results. 

Figure 4 shows the computed temperature for the input 
conditions calculated from a 200-A arc of a 6 .3-mm arc 
length at a 4-second exposure time. In this instance, the 
material is assumed to be 2 wt pct Mn steel. Figure 4(a) 
represents the computed free surface temperature if 
Langmuir vaporization were invoked, while Figure 4(b) 
represents the effect of  imposing a "ceiling" on the free 
surface temperature. It is clear that the Langmuir va- 
porization mechanism would overestimate the rate of heat 
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Table III. Thermodynamic Properties of Mn 
and Fe Used in Calculating Surface Temperature t~6'2~1 

Mole Partial Excess 
Fraction Activity __Free Energy 

XM n aMn AG~. (cal/mole) 

0 0 1050 
0.1 0.126 851 
0.2 0.240 672 

- 14,520 
logl0 p O  (mm Hg) 3.02 lOgl0 T + 19.24 

T 

Mole Partial Excess 
Fraction Activity ___Free Energy 

XFe a v e  AG~:~ (cal/mole) 

0 0 1050 
0.1 0.126 851 
0.2 0.240 672 
0.3 0.345 515 
0.4 0.443 378 
0.5 0.537 263 
0.6 0.628 168 
0.7 0.718 95 
0.8 0.809 42 
0.9 0.902 11 
1.0 1.000 0 

-19,710 
log10 p0~ (mm Hg) - - -  1.27 logl0 T + 13.27 

T 

Table IV. Composition of AISI 3 0 4  I19] 

AISI 304 Stainless Steel (Composition in Weight Percent) 

0.1 C 8.4 Ni 
18.1 Cr 0.040 P 
0.33 Cu 0.022 S 
0.31 Mn 0.69 Si 
0.31 Mo 0.48 V - -  

69.928 Fe - -  - -  

loss from the workpiece. Thus, the actual surface tem- 
perature should be even higher than that predicted by 
Figure 4(a) if mixed control vaporization were invoked 
at the free surface. Thus, an alternative explanation is 
needed. 

B. Effect of Surface Tension Coefficient 

It is a well-established fact that thermocapillary mo- 
tion plays a key role in determining metal circulation in 
weld pools. This flow is driven by the surface tension 
gradient, which, in turn, is due to the temperature de- 
pendence of the surface tension. It follows that the pre- 
cise nature of this relationship is of major importance. 
There is a general agreement that for most steel grades 
0710T is of the order of  I0  -4 N / m -  K; ~2~ furthermore, 
it is thought that for pure iron, Oy/OT is negative, while 
the presence of impurities, such as sulfur, will result in 
a positive value for Oy/OT. 

The situation is complicated by the fact that upon rais- 
ing the temperature of a sulfur-containing melt to a high 
enough level, the bonds between sulfur and iron will 
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Fig. 3--Calculated (a) weld pool flow profile and (b) surface tem- 
perature distribution due to Oreper and Szekely's Izl boundary condi- 
tions. 

break, and hence, one may expect that 07lOT will change 
its sign with temperature. The implications of this be- 
havior on the thermocapillary flows produced is ob- 
vious, resulting in rather more complex, multicellular 
flows. 

Sabot  et al. uvl have developed a semiempirical model 
for predicting Oy/OT for binary system. This has been 
given by Eqs. [35] and [36] and is plotted in Figure 5 
for the AISI 304 described in Table IV and an FeS bi- 
nary alloy. Sahoo et al .  [17] showed that the critical pa- 
rameter that controls Oy/OT is the heat of adsorption, 
AH ~ and suggested an empirical relationship for esti- 
mating AH ~ Using this technique, AH ~ is estimated as 
- 1.66 x 108 J / k g .  mole for FeS tlTl* and - 1.88 x 108 

*FeS is considered the stable compound for the temperature range 
in arc welding operation, t251 

J / k g - m o l e  for AISI 304. ~5~ Inspection of  the OT/OT plot 
in Figure 5 shows that OT/OT is very sensitive to the A/-/~ 
value chosen. The difference in AH ~ is about 10 pct, but 
the difference in the temperature where OT/OT changes 
sign is about 300 K, as shown in Figure 5. 

Since the flow field is driven by the surface tension 
gradient, the need for the precise knowledge of the tem- 
perature profile is obvious, especially when the temper- 
atures approach the value at which OT/OT undergoes a 
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sign change. The complex velocity fields that may result 
from this change in sign of O3,/OT were first discussed 
by Zacharia and co-workers; f5,61 however, in their work 
the heat and current fluxes falling on the weld pool were 
postulated, rather than computed, from first principles, 
as is the case here. 

All the results that follow implicitly assume Oy/OT as 
given by Eq. [35] unless otherwise stated. 

C. Computed Results Pertaining to the Experiments by 
Kraus r19J and Zacharia et al. le~ 

The bulk of the computed results to be presented in 
the following are aimed at representing the conditions 
prevailing in the experiments reported by Kraus 1~9j and 
Zacharia et al. 12~ In these experiments, the actual read- 
ings were taken after a 25-second interval, at which time 
steady-state conditions were thought to have been at- 
tained; that is, the rate of heat input was exactly bal- 
anced by the rate of heat loss. 

The computer calculations required a substantial amount 
of CPU time (about 6 hours of computer time on the 
APOLLO 10000 for each second of real time); for this 
reason, we carefully explored the approach to steady state 
and found that steady state has been reasonably closely 
approached after the passage of about 5 seconds, and 
hence, the bulk of the calculations was terminated after 
the lapse of 5 seconds. 

This point is illustrated in Figures 6 through 9; all of  
these results were calculated using a variable OT/OT, as 
given by Eq. [35]. Figures 6(a) and (b) show the surface 
temperature and velocity profile, respectively, while 
Figure 7 shows the evolution of the weld pool and the 
circulation pattern, and it is seen that the changes are 
relatively minor after the passage of about 4 seconds for 
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the present case. Figures 8(a) and (b) show the evolution 
of the pool radius and of the pool depth, respectively; 
these data exhibit a simi/ar trend. Finally, Figure 9 shows 
the evolution of the maximum pool temperature and of 
the maximum melt velocity with time, where it is seen 
that these attain a steady value, even for a much shorter 
time period. Figure 9(a) is of particular interest, because 
it shows that by a realistic allowance for thermocapillary 
flow, one can obtain a realistic limiting temperature for 
the free surface of the weld pool. 

D. Computed Results with Constant Surface 
Tension Coefficient 

In view of the considerable uncertainty that exists re- 
garding the precise nature of the relationship between 
surface tension and temperature, it is of interest to ex- 
plore the effect of changing the surface tension on the 
behavior of the system. Figure 10 shows computed val- 
ues of the surface temperature distribution (after the pas- 
sage of a 5-second period) with the value of Oy/OT as a 
parameter. In these calculations, we assumed a constant 
value for this term. It is seen that for positive value of 
Oy/bT, the peak surface temperatures can be brought down 
to quite reasonable values, as found in experiments, tlg] 
provided b'),/aT is greater than about 3 • 10 -4 N / m .  K. 
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r a p i d l y  a f t e r  t he  f i r s t  2 s a n d  s l o w s  t h e r e a f t e r .  

When OT/OT is negative, which should be the case for 
pure substances, the peak surface temperature will be 
significantly higher. 

Figure 11 shows a plot of the peak surface temperature 
and of the peak surface velocity against Oy/OT; these 
plots clearly indicate the close (inverse) correlation be- 
tween the peak velocity and the peak temperature. This 
is, of  course, consistent with physical reasoning, be- 
cause the recirculating flow field is responsible for 
dissipating the thermal energy within the system. 

The effect of OT/OT on the temperature and the ve- 
locity profiles is examined further in Figure 12, where 
three sets of curves are presented: one for a constant 
Oy/OT value of 5 x l 0  -4  N / m . K ,  the other for the 
"standard case" of a variable Oy/OT, as deduced from 
the relationship proposed by Sahoo et al. ,tiT] with the last 
one representing a 10 pet reduction in the AH ~ value 
from the standard case. 

In examining these plots, three points should be noted. 
One is that the temperature profiles may markedly de- 
pend on the specific form of the relationship between 3, 
and T. The other is the strong correlation between the 
velocity and the temperature fields. Finally, and perhaps 
most importantly, there appears to be a threshold veloc- 
ity (for a given size and energy input, which is about 25 
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cm/s  for the present case) beyond which the peak tem- 
perature is kept within reasonable bounds ( i .e . ,  below 
the boiling point), and the behavior of the system be- 
comes less sensitive to the precise relationship between 
surface tension and temperature. This appears to be a 
very important finding, which will be discussed 
subsequently. 

Let us now turn our attention to a critical comparison 
of the theoretical predictions and the experimental mea- 
surements of Kraus []91 and Zacharia et al. I2~ It is noted 
that in most previous work aimed at comparing mea- 
sured and predicted weld pool shapes, the energy input 
was chosen somewhat arbitrarily and thus could serve as 
an adjustable parameter. In the present case, the energy 
input was calculated from first principles. 

Figure 13 shows the experimentally measured weld pool 
profiles for the 100-A arc. The calculated pool profile 
and velocity field is given in Figure 14, and the very 
marked disparity is readily apparent. More specifically, 
the measured profile is relatively broad, while the pre- 
dicted pool shape is deep and narrow. It is difficult to 
provide a rational explanation for this discrepancy, be- 
cause the uncertainties in the temperature-surface ten- 
sion relationship could not account for this marked change 
in the pool shape, 

The one assumption that needs critical revision is the 

postulate of laminar flow; if somewhat arbitrarily, we 
assume mildly turbulent behavior and use "effective" 
viscosity and thermal conductivity, which are 30 times 
the atomic value; the resultant profiles show a marked 
change, as seen in Figure 15. Under these conditions, 
the weld pool is much broader and the penetration is re- 
duced; thus, the theoretically predicted pool profiles will 
become much closer to those found experimentally. The 
preliminary nature of these results has to be stressed. 
Nonetheless, the computed profiles given in Figure 15 
indicate the clear need to critically examine whether the 
flow in weld pools is laminar. The implications of these 
findings will be discussed subsequently. 

IV. DISCUSSION 

The laminar flow model was not able to predict the 
pool shape that was obtained experimentally. Attention 
was then drawn to employing turbulent flow via constant 
effective viscosity and thermal conductivity. It was found 
that as the effective viscosity increased from twice the 
molecular value to 50 times that value, the pool shape 
changed from one of deep penetration to a more rounded 
pool. The pool shape reported in Figure 15 (30 times 
molecular value) is one that closely resembles the ex- 
perimental result. Further refinement of the model via 
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one of  the built-in PHOENICS turbulence models will 
require some modification o f  those models,  as it is sus- 
pected that the flow conditions in the weld pool vary 
from laminar to transitional to turbulent due to the grow- 
ing pool size. 

The analysis assumes that the weld pool surface is fiat. 
This is reasonable in view of  the low arc current mod- 
eled (100 A). Massive surface depressions ( >  1 mm) are 
not expected until higher currents are employed 
( > 2 4 0  A). [26] If surface fluctuations are small ( ~  1 mm),  
on average, the assumption of a planar free surface seems 
adequate. 

Although the combined arc-weld pool model is a one- 
way coupling, it is felt that the welding arc is not sig- 
nificantly affected by the weld pool surface conditions. 
Although Part I Ill discusses the importance of  arc length, 
surface fluctuations are commonly  found in GTAW even 
in low currents. These are, however,  dynamic pulsating 
conditions. Under steady-state conditions and on aver- 
age, the arc length can be considered constant, and thus, 
the free surface can be considered planar. 

Under these conditions, the pool surface temperature 
can affect welding arc anode film temperature. In par- 
ticular, the anode heat flux is affected. There are three 
contributions to the anode heat flux: (1) electronic trans- 
fer ( ~ 8 2  pet), (2) convective transfer ( ~ 1 5  pet), and 
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Fig. 1 5 - - W e l d  pool shape and flow profile calculated based on the 
effective viscosity and thermal conductivity that are 30 times the mo- 
lecular value (100 A). 

(3) radiative transfer ( - 3  pct). Of  these three, only the 
convective and radiative transfers depend on the weld 
pool surface temperature. As the radiative contribution 
is only 3 pct, its contribution is small. The convective 
contribution requires the pool temperature so as to cal- 
culate the film temperature thermophysical and transport 
properties. The arc temperature spans between 12,000 
and 15,000 K over the pool surface. As the pool surface 

temperature spans only from 1723 K to 2500 K, the ef- 
fect of  the pool temperature on the welding arc film tem- 
perature is thus small. 

The key advantage in calculating the heat flux from 
first principles is to reduce the number of empirical con- 
stants invoked, in this case, for the heat flux (and also 
the current flux) which governs convective flow. An- 
other advantage is the determination that vaporization 
(both Langmuir and mixed control) is not the rate-limiting 
factor governing peak weld pool surface temperature. 

Although Gaussian heat flux is used frequently in 
modeling studies, one experimental study E271 has indi- 
cated that the heat flux is not truly Gaussian but is, in 
fact, somewhat sharply skewed. In the Gaussian-type 
distribution, the two main adjustable parameters are the 
current efficiency and the heat distribution parameter. 
Although there is general consensus as to the nominal 
values of these two constants, there remain some un- 
certainties as to how they vary with factors such as arc 
length, shielding gas composition, and electrode size and 
type. Calculating the heat flux from first principles can 
help overcome some of these difficulties. 

It was previously believed that vaporization was the 
limiting factor to the peak surface temperature. In many 
cases, Langmuir vaporization was invoked, and the ex- 
tent of  this vaporization was controlled by the adsorp- 
tion/desorption coefficient. This value is usually not 
known precisely. There is a further mechanism that con- 
trols the vaporization rate, and this is due to the mass 
transfer (diffusion) of the vapor species across the anode 
concentration boundary layer of the welding arc. In order 
to determine this vaporization rate, the temperature at 
the boundary layer must be known, which can be easily 
determined if the arc is solved numerically. Since the 
arc conditions could be calculated (Part I[U), it was found 
that vaporization was not the limiting factor to the weld 
pool peak surface temperature. This observation even- 
tually led to the conclusion that weld pool thermo- 
capillary convection was the principal mechanism limiting 
free surface temperature. 

V. CONCLUDING REMARKS 

In this article, we presented computed results describ- 
ing the pool profiles, the velocity fields, and the tem- 
perature fields in weld pools; a key feature of these results 
was the fact that the heat and current fluxes falling on 
the free surface of the weld pool were calculated from 
first principles, rather than assigned arbitrarily. 

Novel features of the calculation included a realistic 
allowance for vaporization and a realistic dependence of 
the surface tension on temperature. The computed re- 
sults were quite instructive, because they provided some 
new, hitherto unavailable insights into weld pool behav- 
ior. The principal findings may be summarized as follows: 

1. Vaporization from the weld pool surface is not a major 
component in the overall heat balance and in itself 
cannot account for the experimental observation that 
the maximum free surface temperature of weld pools 
usually does not exceed about 2700 K. 

2. The principal mechanism that appears to limit the free 
surface temperature is thermocapillary convection. 
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3. Thermocapillary motion is expected to depend criti- 
cally on the precise nature of the relationship between 
the temperature and surface tension. This fact would 
seem to introduce quite serious complications, be- 
cause Oy/OT will change sign at about 2400 K for the 
present case. The physicochemical explanation for this 
behavior is quite simple; below this temperature, im- 
purities such as sulfur will cause the surface tension 
to increase with increasing temperature, while above 
this threshold value and upon approaching the boiling 
point of the workpiece, the surface tension will de- 
crease with increasing temperature. 

4. From a practical standpoint, one of the most impor- 
tant findings was that once a critical surface velocity 
is exceeded (say about 25 cm/s  in the present case), 
the precise nature of the relationship between tem- 
perature and surface tension became rather less im- 
portant in determining the maximum temperature that 
may be attained by the system. In a physical sense, 
the reason for this behavior is the fact that the tem- 
perature gradients and the surface velocities are closely 
interrelated, with high velocities tending to diminish 
the temperature gradients. This may explain the ex- 
perimental observations that welding results are not 
that critically sensitive to relatively minor changes in 
the operating conditions. 

5. Perhaps the most intriguing, while still somewhat 
preliminary, finding of this work has been that the 
computed results could not predict the experimentally 
observed weld pool shapes. However, quite good 
qualitative agreement could be obtained between 
measurements and predictions, if one postulated tur- 
bulent behavior and enhanced both the viscosity and 
the thermal conductivity of the melt by a factor of 
about 30. Under these conditions, the weld pool shapes 
become rather more rounded, in good apparent agree- 
ment with observations. This latter aspect of the 
problem deserves a great deal of further attention. 
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qvap,tot 

r 
rq 

R 
Rew 
Sc 
& 
T 

Langmuir transfer coefficient due to 
vaporization of species i (W/m 2" K) 
mass-transfer coefficient (m/s) 
effective mass-transfer coefficient (m/s) 
effective mass-transfer coefficient of species 
i 
(m/s) 
mass-transfer coefficient due to vaporization 
(m/s) 
plasma enthalpy at the anode wall (J/kg) 
arc current (A) 
current density [vector quantity] (A/m 2) 
anode current flux (A/m z) 
cathode spot current density (A/m 2) 
current density flux at r = 0 (A/m 2) 
radial current density (A/m 2) 
axial current density (A/m 2) 
thermal conductivity ( W / m .  K) 
entropy of segregation (--)  
Boltzmann constant (J/K) 
thermal conductivity of liquid steel 
( W / m .  K) 
thermal conductivity of solid steel ( W / m .  K) 
drag coefficient in source term for phase 
change (kg/m3s) 
equilibrium constant for segregation (--) 
maximum drag coefficient in phase change 
term (kg/m3s) 
radius of plate (m) 
thickness of plate (m) 
heat of vaporization of i (J/kg) 
mass flux of species i due to Langmuir 
vaporization (kg/m 2" s) 
mass flux of Fe due to vaporization of 
species i (kg/m 2" s) 
atomic weight of i (kg/mole) 
index in Lewis number (--) 
Nusselt number at the anode wall (--)  
pressure (Pa) 
partial pressure of i (Pa) 
partial pressure of i at temperature T (Pa) 
vapor pressure of pure i (Pa) 
Prandtl number CplX/k (--) 
plasma Prandtl number at the anode wall 
temperature Cptz/k (--) 
heat flux (W/m 2) 
anode heat flux (W/m 2) 
heat loss of species i by Langmuir 
vaporization (W/m 2) 
net heat input into workpiece (W/m 2) 
heat flux at r = 0 (W/m 2) 
heat loss due to vaporization of species i 
(W/m R ) 
total heat loss from anode due to 
vaporization and mass transfer (W/m 2) 
radial direction (m) 
the direction vector from surface Si to 
volume element Vj (m) 
gas constant (J/g" mole) 
Reynolds number at the anode wall (--)  
Schmidt number, U/DMn-Ar (--) 
radiation source (W/m 3) 
temperature (K) 
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bp(Ar) 

re 

TI N 
Tmax 

Trap(i) 

L 

~ f  

Ts 

t 
u 

Ue 

Umax 
V 
w 

x 

Xi 
z 

boiling point of argon (K) 
plasma temperature at the edge of the 
boundary layer (K) 
liquidus temperature (K) 
maximum pool temperature (K) 
melting point of i (K) 
reference temperature for Boussinesq 
approximation (1523 K) 
reference temperature in activity calculations 
(K) 
surface temperature of workpiece (K) 
solidus temperature (K) 
wall temperature (K) 
time (s) 
radial velocity (m/s) 
radial velocity at the edge of the boundary 
layer (m/s) 
maximum pool velocity (m/s) 
arc voltage (V) 
axial velocity (m/s) 
fraction of power increment (--) 
mole fraction of i (--) 
axial coordinate (m) 

Greek Symbols 

a thermal diffusivity (m2/s) 
aj current distribution parameter (m-L) 
aq heat distribution parameter (m -2) 
/3 volume coefficient of thermal expansion 

(K - l )  

y surface tension (N/m) 
Fs surface excess at saturation (kg/mole. m 2) 
Oy/OT surface tension coefficient (N/m-K)  
AH~n partail excess free energy of Mn in binary 

Fe-Mn alloy (cal/mole) 
AH latent heat of fusion of steel (J/kg) 
AH ~ standard heat of adsorption (J/kg. mole) 
0 azimuthal direction (radian) 
/x dynamic viscosity (kg/m. s) 
/xb dynamic viscosity at the anode temperature 

(kg/m. s) 
/x e dynamic viscosity of shielding gas at the 

edge of the boundary layer (kg/m. s) 
~'s dynamic viscosity of liquid steel (kg/m" s) 
/x0 magnetic permeability of free space (H/m) 
/x~,. dynamic viscosity of shielding gas at the 

anode wall (kg/m. s) 
v kinematic viscosity (m2 / s )  
p density (kg/m 3) 
Pbp(Ar) density of argon at boiling point (kg/m 3) 
Pc charge density ( C / m  3) 

Pe density of shielding gas at the edge of the 
boundary layer (kg/m 3) 

p~ reference density for Boussinesq 
approximation (7200 kg/m 3) 

Pw density of shielding gas at the anode wall 
(kg/m 3) 

orb Stefan-Boltzmann constant (W/m 2. K 4) 

Ore 
%, 

electric conductivity (ohm-m)-l 
surface tension (Marangoni) shear stress (Pa) 
electric potential (V) 
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