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eSS Study domain and objectives

[

Study domain
arc + anode (with weld pool) + cathode

Objectives

o Predict fluid flow and heat transfer in the
arc plasma and in the weld pool

TIG process
o Predict the weld pool shape in accordance

with the workpiece proprerties

o Quantify the influence of each force acting
in the weld pool on the weld pool shape, the
arc drag force and the heat flux transferred
to the workpiece
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¢S Assumptions -1-

Plasma is a fluid in Local Thermodynamic Equilibrium

©

o Magnetic convection is negligeable (small magnetic Reynolds
number Re, << 1)

©

Laminar (small Reynolds number R, < 2000)

o Quasi-incompressibility (low Mach number : M, < 0.3)

= Physical properties depend on the local temperature
Rem = V*I*0*110* ~ 0.01 R. = PML ~ 250

s\ /*2
M, = \/ 2235 ~ 0.09

with : V* =250m.s™! 4* =1.4, T* = 15000 K, p* =2.10"> kg.m™3,
P* =101325Pa, u* =1.10"*kg.m t.s7, I* =0.005m, o* =8.10°S.m™*,
po* = 4r107" H.m™*
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=0 Assumptions -2-

Gas and materials used
o Pure tungsten cathode
o Pure argon plasma at atmospheric pressure

o Anode in 304L steel
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=0 Assumptions -2-

Gas and materials used
o Pure tungsten cathode
o Pure argon plasma at atmospheric pressure
o Anode in 304L steel

Conclusions and perspectives

Geometry and system
o Two-dimensional axi-symmetric coordinates
o Material surfaces undeformable

o Steady state is assumed to exist
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Q Mathematical and numerical model
o Governing equations
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eSd For the plasma

Conclusions and perspectives

Conservation equations
Mass : V-(pu) = 0
Momentum : puWu+VP-V.5 = F
Energy : pCu-VT =V -(AVT) = S
g = 2 =
with : 7= p {(Vu) + (Vu)" — 3 (V-u) I]
Physical properties are taken from tables [1]
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eSd For the plasma

Conservation equations

Mass : V(pu) = 0
Momentum : puVu+VP—-V-7 = F
Energy : pCu-VT —V-(AVT) = §

with : 7 =p {(Vu) +(Vu)" — % (V-u)l

Physical properties are taken from tables [1]

Conclusions and perspectives

Source terms (with electromagnetic variables)
F = FLorentz =JxB

J 2
S = Sioule — Sradiation + Selec = % — 47e,

The net emission coefficient £, depends on the temperature [6]
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CE0 For the weld pool (Boussinesq approximation)

Conservation equations

Mass : V-(u) = 0
Momentum : puWu+VP-V-F = F
Energy : pCu-VT =V -(AVT) = S

with : ¥ =p {(Vu) + (Vu)"

Physical properties are taken from tables [3]

Source terms (with electromagnetic variables)

F = FLorentz + Fbuoyancy + Fresistance =JxB-— prefﬂ (T - Tref) g oty Ku
J 2
S = Siuk = M

a
The net emission coefficient £, depends on the temperature [6]
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€SP For the solid parts of electrodes

Conservation equations
V(
puVu+VP -V .7 =
Energy : —V-(AVT)

I
»wmo

Physical properties are taken from Metals Handbook

Source terms (with electromagnetic variables)

2
s _ 14l

a
The net emission coefficient &, depends on the temperature [6]
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=0 Electromagnetic equations

Current density J calculation

Faraday's law : VXxE = 0 =E=-V¢
Ohm's law J = oE =J1=-0Vo¢
Charge conservation equation : V-l =0 =
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=0 Electromagnetic equations

Current density J calculation

Faraday's law : VXxE = 0 =E=-V¢
Ohm's law J = oE =J1=-0Vo¢
Charge conservation equation : V-l = 0 =V (Vp)=0
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=0 Electromagnetic equations

Current density J calculation

Faraday's law : VXxE = 0 =E=-V¢
Ohm's law J = oE =1J=-0V9¢
Charge conservation equation : V-] = 0 =V (0Ve)=0

Magnetic field B calculation

ATPEES B8 WK = first order system
Gauss's law : V-B y
— Lead to difficulties when solving by classical Galerkin method
W
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Q Mathematical and numerical model

o Magpnetic field computation
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eSd The Least Square Finite
Element Method (LSFEM) [2]

Equation to solve

[ (vxB)- (VxB*)dQ+/( .B)-(V.B*) dQ = /MOJ,mp (V x B*) dQ
W|th B* the weighting function of the trial function B

Advantages
o Divergence of B is easily included
o Can be applied for 3D problems

o Give a symmetric, positive definite system that can be solved
easily with iterative method

Michel Brochard - michel.brochard@cea.fr - Numerical modelling of TIG arc welding with anode melting
Trends in Welding Conference 2008



Physical model Mathematical and numerical model Calculated results Conclusions and perspectives
00 0000 000 OO0 @00 00 000 000

¢S Outline

Q Mathematical and numerical model

o Additional terms on the electrode surfaces
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o Additional energy terms [6]

On the cathode surface

Qa2 = Gradiation + Gemission + Gion = —OBE T4 — Jepc + JiVa
where o is the Stefan-Boltzmann constant, € the cathode surface emissivity, T the
temperature, ¢. the cathode work function, V; the ionization potential of argon, J;
the ion current density, and J. the electron current density.
=1 —=Jrif ||| —Jr>0,else J; =0
and ||| = Je + J;
—e
Jr = AT2.exp Pe
ky T
where e is the elementary charge, k;, the Boltzmann's constant, A the thermionic

emission constant , ¢ the effective cathode work function

On the anode surface

Q2 = Gradiation + GQabsorption = —OBE€ T+ ||JH¢3

where ¢, is the anode work function
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= Additional force term
on the anode surface

Surface tension gradients :
(T, a)oT

Fmarangoni - -
with a; the activity of sulfur and T the tangential vector of the weld pool surface.
The surface tension « from [5] :

’y(T, a,-) =vf — A(T — Tf) — RTTsIn |14 kia;exp (—%@IP)]
where ¢ is the surface tension of the pure metal at melting point, Ty is the melting
point of the material, A is the negative of 9v/0T for pure metal, I is the surface
excess of saturation, k; is the entropy factor, and AH? is the standard enthalpy of

adsorption. (Values are taken from [5])
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Q Mathematical and numerical model

o Boundary conditions and numerical technique
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C@ZJ Main boundary conditions and discretization

1,6
H‘emm 5,9mm T = 300K
i G| flow rate up=0m-s~"
: 15 Le-min~!
i %
o a o g !
Discretization 2| o7 !
. . A—=0W-m
o linear elements Q1 for the o T = 300K
5 b0l B , = 57!
pressure and quadratic b g = s
elements Q2 for the other T
o & : U =0ms™!
variables Bl B
e} u=0ms D
o Finite element code /b= o) -
u=0ms"
Cast3M £l |
OE : weld pool profile T =300k
- — I
o LSFEM formulation used |
I
to compute B r T = 30K E
-/ 25 mm
Geometry and boundary conditions
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O Calculated results
@ Validation
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€SP The arc part validation

Experimental " Numerical
—— 11000k 11000K -~
Get07 model heat flux M —— 12000K T 5 12000K —x-- ]
—— 13000K 13000K — %~
heat flux from litterature  + 10 Zo— 12000k ] N iy |
—=— 15000K \ 15000K —m--
5e+07 T o —e— 17000 {47 Wt 17000k —e— |
" E —e— 19000K 2 outiin 19000K -—-e-—
. s —e— 21000k FRLAEN 21000K —a--
§ dero7 £ °r s 1
3 3 L0 g4 ]
= 3 L
= 3040 2 'y
X  3et07 5 6f L 1
2 @ Vo
= H L
% £ or P 1
S 2e+07 2 i
T g af B q
s s !
1e+07 g2 3r F ]
2 b . B 1
o o
s o ]
8 10 ]
radius (mm) ol v e M
8 7 6 5 4 3 2 1 0 1 3 4 5 6 7 8

radius (mm)

Comparison of calculated heat flux (W-m~2) on the
anode surface with litterature heat flux (Lowke [4])

for a 150 A arc with copper anode Comparison of temperatue profiles (K) with litterature

experiment (Hsu [?]) for a 200 A arc with copper anode

— Results in accordance with litterature model and experiments
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3

axial distance (mm)
@
T

axial distance (mm)
T

9l sulfur content : 220 ppm N 9r sulfur content : 40 ppm N

experimental resuit of Tanaka —+— experimental result of Tanaka —+—
model resuit ---x--- model resuit ---x---

10 PRI R S L e e 10 sy, ORI

o 1 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10

radial distance (mm) radial distance (mm)

Comparison of weld pool profile (K) with litterature experiment ~ Comparison of weld pool profile (K) with litterature experiment
(Tanaka and al. [6]) for a 150 A arc with 304L steel anode with  (Tanaka and al. [6]) for a 150 A arc with 304L steel anode with
220 ppm of sulfur 40 ppm of sulfur
o Results in accordance with litterature model and experiment

o The weld pool width is slightly underestimated : can be due to
differences in the thermophysical propertie of the workpiece
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O Calculated results

o Influence of each force
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Which forces are predominants ?

0 T T T T T T T T T T
1F ] ]
o ] ]
sl ] ]
E E
E 4r 1 £ d
8 3
§ st 1 § st 1
3 3
T 6l 1 T 6 ]
El ]
s 1 7t 1
8l 4 sl 4
drag foce + surace tensin aradient (40 opm sul) —+—
9r 4 9+ s with 40 ppm sulfur —-x-—-
only drag orce —— drag force + surface lenslon gvamem (220 ppm sulfur) =
0 . . draq force ¥ nuoyancy + e\eclmmaqneuc """ 10 X L ovces th ZZUPDm sulmv B
o s a4 s s 7 8 5w oI s 4 s e 7 s 5w
radial distance (mm) radial distance (mm)
Influence of buoyancy, electromagnetic and arc drag forces on Influence of buoyancy, electromagnetic forces and surface
the weld pool shape tension gradient on the weld pool shape
X

@ Drag and surface tension gradient forces are predominants

@ The combinaison of buoyancy and electromagnetic forces tend to increase the
weld depth

@ Conclusions in accordance with litterature results
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(20 What is the influence of the weld pool shapes
on the weld pool boundary conditions ?

6e+07 T T 60 T
only drag force 7 only drag force
all forces with 40 ppm sulfur ------- all forces with 40 ppm sulfur -------
all forces with 220 ppm sulfur -~ all forces with 220 ppm sulfur -
50407 i, 1
des07 ]
E =
H B
X 3es07 4 3
< 8
g g
= &
20407 1
1e+07 1
0 . . :
o 2 a 6 8 10
Radial distance (mm) Radial distance (mm)
Heat flux (W-m_z) on the anode surface for different weld Arc drag force (N»m_z) on the anode surface for different weld
pool shapes pool shapes

@ For this configuration, no influence of the weld pool shapes on the arc drag
forces and the heat flux transferred to the workpiece
— after solving the whole problem, arc drag force and heat flux can be applied
as boundary conditions of a weld pool model
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eSD Conclusions

©

A model including arc and weld pool physics with dependance
on the sulfur activity has been developped.

o Results give a good accordance with experimantal results.

o The predominant forces are the arc drag force and the force
due to surface tension gradient that depends on the sulfur
concentration.

o Heat flux and arc drag force obtained from a complete model
can be used for solving a reduced weld pool model.
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