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ABSTRACT

In this study the heat transfer and fluid flow of the molten pool in stationary gas tungsten arc welding
using argon shielding gas were investigated. Transporting phenomena from the welding arc to the base
material surface, such as current density, heat flux, arc pressure and shear stress acting on the weld pool
surface, were taken from the simulation results of the corresponding welding arc.

Various driving forces for the weld pool convection were considered, self-induced electromagnetic,
surface tension, buoyancy, and impinging plasma arc forces. Furthermore, the effect of surface
depression due to the arc pressure acting on the molten pool surface was considered.

Because fusion boundary has a curved and unknown shape during welding, a boundary-fitted
coordinate system was adopted to precisely describe the boundary for the momentum equation. The
numerical model was applied to AISI 304 stainless steel and compared with the experimental results.

KEYWORDS
Boundary-fitted coordinate system, Buoyancy force, DCSP, Electromagnetic force, Gas drag force, GTA
welding, Impinging plasma arc force, Latent heat, Molten pool, Navier-Stokes equation, Numerical
model, Surface-active element, Surface depression, Surface tension
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NOMENCLATURE
Activity of species 1 in solution
(Weight %)
Constant in surface tension gradient
(N/m -°K)
O - directional self-induced magnetic flux
density (Wb/m?)
Specific heat at constant pressure
(J/kg)
Electrode diameter (m)
Fraction of molten metal
Latent heat of fusion (J/kg)
Standard heat of adsorption
(J/’kg - mole)
Combined heat transfer coefficient at
body surface (W/m? - °K )
Welding current (A)
(jr.j=), Current density vector (A/m°)
Current density distribution at surface
(A/m’)
Anode current flux of the r-direction
(A/m?)
r-directional current density
component (A/m?)
z-directional current density
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component (A/m?)

Thermal conductivity (W/m -°K)
Constant related to entropy of
segregation (3.18 X 107)

Arc length (m)

Length for non-dimensional stream
function (m)

Total number of iteration

Normal direction to surface

Pressure (Pa)

Arc pressure acting on base plate (Pa)
Inflow rate of shielding gas (I/min)
Anode heat flux of the r-direction
(W/m?)

Radius of molten pool surface (m)
Gas constant (J/kg + mole)
Tangential direction along surface (m)
Temperature (°K)

Liquidus temperature (°K)

Reference temperature (°K)

Solidus temperature (°K)
Surrounding temperature (°K)
r-directional velocity component (m/sec)
Tangential velocity along electrode
surface (m/sec) '



w z-directional velocity component
(m/sec)

Greek symbols
oy Thermal diffusivity, kip - G, (sec/m?)
B Coefficient of thermal expansion (°K™)
Y Surface tension (N/m)
¥m Surface tension at melting point (N/m)
dy/dT Surface tension gradient (N/m - °K)
I Surface excess at saturation

(J/kg - mole - m?)
T General diffusion coefficient
£ Emissivity of body surface
0. Electrode angle (deg.)
AL Largrange multiplier

H Dynamic viscosity (kg/m - sec)

Ho Magnetic permeability of vacuum (H/m)
£, Transformed coordinate system

p  Density (kg/m’)

o Electrical conductivity (1/Q2 - m)

T Shear stress acting on base plate (N/mm?®)
1)) Electrical potential (V)

v Normalized stream function
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Table 1 Boundary conditions for weld pool model

u w T ¢
AB 0 g\_v_ =0 ﬂ =0 5_4)_ =0
or or or
BC 0 0 I _o X _o
or or
ar %
CD 0 0 helT - Too ) = ~k — =L =0
o(T-Teo) = -k — o2
' oT
DE 0 0 he(T - Too) = & 2 gl -0
EF 0 0 qn(r)=_kﬂ jn(r)z_c@
on
Vv, dy oT ar . o
FA _ 98 _ 1, L 0 (r)=-k— (r)=-c—
P on T ar - on.
Table 2. Material properties for AISI 304
Nomenclature Symbol Unit Value
Activity of sulfur a Wt-% 0.001
Coefficient of thermal expansion B °K?! 10*
Constant in surface tension gradient Ay N/m - °K 43%10"
Density p kg/m3 7200.0
Effective viscosity p kg/m - S 0.05
Electrical conductivity G _Q"m'l TIX 105
Emissivity of body surface € 0.9
Gas constant R, kg - mole 8314.3
Latent heat of fusion JH J/kg 247X 105
Liquidus temperature Ty, °K 1723
Magnetic permeability of vacuum Mo H/m 1.26 X 10'6
Solidus temperature Ts °K 1673
Specific heat Cp Jkg - °K Fig.5
Standard heat of adsorption JHo Jkg - Mole .1.88 X 108
Surface excess at saturation I's Jkg - Mole - mz 1.3 X 10'8
Surface tension at pure metal ¥m N/m 1.943
Thermal conductivity k W/m - °K Fig.5
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Table 3 Welding parameters used

Welding parameter Notation Value used

Arc length, mm L, 20

Arc voltage, V Vv 14.0
Electrode angle, deg 0. 60
Electrode diameter, mm d. 32
Electrode tip diameter, mm te 0.4
Electrode type 2% thoriated tungsten
Nozzle diameter, mm 12.7
Shielding gas(A,), I/min Q 10.0
Welding current, A I 120

Convection and
radiation

\\

Impinging plasma
arc force

v

I Buoyancy force

W

Convection and
radiation

Fig. 1 Schematic representation of stationary GTAW pool with DCSP
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Fig. 2 Surface tension and its gradient as a

function of temperature for 10 ppm sulfur Fig. 3 Finite-difference grid representation
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Fig. 4 Solution domain for analyzing weld pool and mesh generation with
boundary-fitted coordinates
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Fig. 6 Arc characteristics on molten pool surface
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Fig. 7 Comparison of the calculated and
experimentally observed weld fusion zone
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Fig. 8 Computed weld pool depth, half width and aspect ratio
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A) Resultant force

B) No convection force
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C) Buoyancy force

Fig. 9 Weld pool profile due to different driving
forces
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Fig. 9 Weld pool profile due to different driving
forces
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Fig.10 Surface velocity as a function of radial positic
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Fig.11 Surface temperature as a function of radial
position
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