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Abstract

For the twin-electrode TIG arc heat source, based on an established unified
three-dimensional mathematical model of the twin-electrode arc-weld pool, sim-
ulations were performed using SUS304 stainless steel as the base material to
obtain the distributions of temperature, velocity, current density, magnetic flux
density, and electromagnetic force in both the twin-electrode TIG arc and the
weld pool. The simulation results show good agreement with existing experi-
mental results. The buoyancy force, electromagnetic force, plasma flow drag,
Marangoni shear stress, and turbulence effects acting on the weld pool were
considered, the distribution of heat input to the weld pool and the variation of
shear stress on the pool surface were analyzed, and the weld pool flow and heat
transfer under the individual action of each force were compared respectively.
Simultaneously, the relative strengths of heat conduction and heat convection in
the weld pool were compared using the dimensionless Peclet number (Pe). The
results indicate that the non-axisymmetric characteristics of the twin-electrode
arc lead to non-axisymmetric distributions of current density, heat flux density,
plasma flow drag, and Marangoni shear stress on the weld pool surface, ulti-
mately forming a non-axisymmetric weld pool geometry, while the development
and evolution of the weld pool have no significant effect on arc behavior. Com-
pared with the TIG arc, the plasma flow drag of the twin-electrode TIG arc is
significantly reduced. Marangoni shear stress determines the flow state of the
stainless steel weld pool, and convective heat transfer dominates the heat trans-
fer in the stainless steel weld pool. The combined action of these two factors
determines the heat transfer process in the weld pool and is the fundamental
cause for the formation of different weld pool geometries.
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Abstract

Based on a developed unified three-dimensional (3D) mathematical model that
includes both the double tungsten electrodes arc and weld pool for a double elec-
trode TIG arc heat source, the temperature, velocity, current density, magnetic
flux density, and electromagnetic force distributions of the double electrode
TIG arc and weld pool were obtained for SUS304 stainless steel. The simu-
lated results show fair agreement with available experimental data. The model
accounts for buoyancy, electromagnetic force, plasma drag force, Marangoni
shear stress, and turbulent effects to formulate weld pool behavior, and the
influence of each force on weld pool flow was studied individually. The heat
flux and shear stress distributions at the weld pool surface were also analyzed.
A dimensionless number Pe was employed to compare the relative importance
of convective versus conductive heat transfer in the weld pool. The results
demonstrate that the non-axisymmetric characteristics of the double electrode
arc lead to non-axisymmetric distributions of current density, heat flux, plasma
drag force, and Marangoni shear stress at the weld pool surface, ultimately pro-
ducing non-axisymmetric weld pool profiles. The evolution of the weld pool
has minimal effect on arc behavior. The plasma drag force of the double tung-
sten electrode TIG arc decreases significantly compared with conventional TIG
arcs. Marangoni shear stress determines the flow pattern in the stainless steel
weld pool, and convective heat transfer dominates the heat transfer process.
The combined effect of these two factors governs the heat transfer in the weld
pool and represents the fundamental mechanism responsible for the formation
of different weld pool geometries.

KEY WORDS double electrode, numerical simulation, heat transfer, non-
axisymmetric, dimensionless number
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Tungsten inert gas (TIG) welding is widely used in industrial applications, but
its current-carrying capacity is limited, resulting in shallow penetration per pass
and consequently low welding efficiency. In contrast, double electrode TIG arcs
can carry larger currents under the same tungsten electrode current capacity,
thereby increasing welding heat input and improving efficiency. As a novel
heat source, double electrode TIG arcs have received limited research attention.
Kobayashi et al. [1] implemented double TIG welding in the fabrication of large
natural gas storage tanks. In arc-assisted active TIG welding (AA-TIG), a cou-
pled arc with a small amount of O, mixed into the shielding gas alters the
temperature coefficient of surface tension in the weld pool, significantly increas-
ing penetration while mitigating defects such as humping and undercutting that
occur during high-current, high-speed welding [2,3]. Leng et al. [4] and Huang
et al. [5] experimentally investigated the effects of process parameters on arc
pressure. Zhang et al. [6,7] measured the temperature distribution of coupled
arcs using water-cooled copper as the anode, finding that the distribution was
no longer rotationally symmetric and that temperatures were lower than those
of conventional TIG arcs under equivalent conditions.

Although preliminary experimental studies on double tungsten electrode TIG
arcs exist, the small dimensions of welding arcs and weld pools pose significant
challenges for experimental investigation. Moreover, experimental results pro-
vide limited real-time information about the welding process, making it difficult
to understand the underlying physical mechanisms. Numerical simulation offers
an effective approach to address these challenges [8]. However, traditional weld-
ing simulations have focused either solely on the weld pool by assuming certain
distributions for heat flux, current density, and arc pressure at the weld pool
surface [9-13], or primarily on the arc itself [14-16] with assumptions about cath-
ode current density distribution [15,16] that are only applicable to axisymmetric
cases.

In reality, the arc and weld pool constitute a mutually influential unified system.
Choo et al. [17,18] developed a coupled arc-weld pool model where the weld pool’
s current density and heat input were derived from arc solutions. Since the arc
and weld pool were calculated separately, the weld pool computation could
not account for plasma drag force effects, nor could it consider the influence
of the weld pool on arc behavior. With continuous theoretical improvements
and rapid advances in computational technology, research on coupled arc-weld
pool numerical simulations has gradually increased. Tanaka et al. [19] and
Murphy et al. [20] employed 2D axisymmetric models to investigate TIG arc-
weld pool interactions, including treatment of the electrode sheath regions and
the effects of metal vapor on arc behavior. Lei et al. [21] and Lu et al. [22]
focused on the free surface of the weld pool, while Lu et al. [23] used an approach
similar to Choo et al. [17,18] to study the effects of active elements on weld pool
flow and geometry. Yin et al. [24] utilized a 3D model to investigate arc and
weld pool behavior under axial magnetic fields. Mougenot et al. [25] examined

chinarxiv.org/items/chinaxiv-202303.00501 Machine Translation


https://chinarxiv.org/items/chinaxiv-202303.00501

ChinaRxiv [$X]

the 3D interaction between TIG arcs and the anode. For multi-electrode arc
welding, Ogino et al. [26] established a 3D model of double TIG arcs to study
the characteristics of the double arc heat source but did not consider weld
pool formation. Ding et al. [27] developed a 2D model to numerically analyze
double TIG arc characteristics without considering the effects on the base metal.
Kanemaru et al. [28] created a 3D model for TIG-MIG hybrid welding that
included both the arc and base metal, focusing primarily on hybrid arc behavior.

Building upon previous research [29,30], this work further investigates the heat
transfer and flow behavior in double tungsten electrode TIG arc-weld pools.
Using the CFD software FLUENT, we calculated the temperature, velocity,
current density, magnetic flux density, and electromagnetic force distributions
in both the double tungsten electrode arc and weld pool. For AA-TIG welding
of stainless steel, we studied the individual effects of buoyancy, electromagnetic
force, plasma drag force, and Marangoni shear stress on the weld pool. The
influence of weld pool behavior on arc characteristics was considered. By com-
paring the shear stress distributions and heat input at the weld pool surface
under Ar shielding and Ar+0O, shielding, and analyzing changes in weld pool
flow and heat transfer patterns, we reveal the mechanisms responsible for weld
pool geometry formation in double electrode TIG and AA-TIG welding.

1 Mathematical Model

For coupled arc AA-TIG welding, based on the research of Jonsson et al. [31],
the effect of small amounts of O, (4% by volume) mixed into the shielding
gas on the welding arc can be neglected. Experiments show that although
slight tungsten electrode erosion occurs due to oxygen, it has no significant
effect on the welding process. To simplify the model, only the influence of
O, on weld pool surface tension is considered here. The mathematical model is
simplified with the following assumptions: (1) The arc is a continuous medium in
local thermodynamic equilibrium (LTE); (2) The arc is optically thin, meaning
reabsorption of plasma radiation is negligible compared to radiation losses across
all wavelengths; (3) The arc is a steady-state argon arc at atmospheric pressure;
(4) Heat losses due to arc viscosity effects and gravitational effects are neglected;
(5) The Boussinesq approximation is used for buoyancy in the weld pool; (6) The
weld pool free surface is planar, and metal vapor effects are neglected.

1.1 Conservation Equations

(1) Continuity Equation

op B
§+V~(pv)f0

where t is time, p is density, and v is the velocity vector.
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(2) Momentum Conservation Equation

d(pv)
ot

+V-(pvv)==-VP+jxB+pg+V-1

where P is pressure, j is current density, B is magnetic flux density, g is gravita-
tional acceleration, and 7 is the viscous stress tensor. In Cartesian coordinates:

o, N Ov; 2 6‘vk5
T.. = — | — —u—=9..
EAEs dr; O, S'LL895,C *

where (1 is dynamic viscosity, and v; and v; are velocity components in the ;
and x; directions, respectively. The enthalpy-porosity method [32] is used to
describe the base metal melting process, with an additional momentum source

term S,, to describe flow in the mushy zone:

1— 2
s, = o=,

P+ B
where C' is a relatively large constant, B is a small number to prevent division
by zero, and f; is the liquid volume fraction, assumed to vary linearly with
temperature:

0 T<T,
fi=417% T<T<T
1 T>T,

where T, and 7, are the solidus and liquidus temperatures of the weld pool,
respectively. In the arc region, S,, = 0.

(3) Energy Conservation Equation

M—I—V-(pvh) =V (th) + 5,
ot cp

where T is temperature, cp is specific heat at constant pressure, k is thermal
conductivity, and S}, is the source term in the energy conservation equation.
In the anode region, the latent heat of fusion during weld pool formation is
considered, yielding an additional heat source term:

Sh = Sh,arc + Sh,pool

where S, [, is the weld pool energy source term and L is the latent heat of
fusion for stainless steel. In the arc region, S}, is expressed as:
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2 Bkg.
Sh,arc = J; + TGBJ VT — SR

where S, . is the arc energy source term, o is electrical conductivity, kp is the
Boltzmann constant, e is the elementary charge, and Sy is the net radiation loss
per unit volume. These three terms represent Joule heating, electron enthalpy
transport, and net radiation loss, respectively.

(4) Current Continuity Equation

V- (0V®) =0

where @ is electric potential.

(5) Ohm’ s Law

j=—oVd

where E is electric field intensity.

(6) Magnetic Vector Potential Poisson Equation

VA = —p1

where A is the magnetic vector potential and p, is the permeability of free space.
The electromagnetic force j x B can be calculated from B =V x A.

(7) K- Turbulence Model Conservation Equations

Based on studies by Choo and Szekely [33], Hong et al. [34], and Goodarzi et
al. [35], turbulence in the weld pool must be considered. The standard two-
equation K- turbulence model [36] is employed here, with transport equations
for turbulent kinetic energy K and turbulent dissipation rate e:

I(pK)
ot

+ V- (pvK) =V - (1, VK) + pGy — pe

d(pe) £ g2
gr TV (pve) =V (1 Ve) ¢y 2 pGx — ap e

The turbulent kinetic energy generation rate G is given by:

2

om0 )+ ()] )+ o)+ (e
K = Ht Or oy 0z dy Oz 0z Oz 0z
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Turbulent viscosity p, is calculated as:

K2
He = cﬂp?

Turbulent thermal conductivity k, is computed from:

_ Cply
t Pr,

where Pr, is the turbulent Prandtl number. The empirical constants in equations
(13)-(16) are: ¢, = 0.09, ¢; = 1.44, c5 = 1.92, 0 = 1.0, and o, = 1.3.

1.2 Boundary Conditions

1.2.1 External Boundaries The computational domain and boundary con-
ditions are shown in [Figure 1: see original paper]. The tungsten electrode
diameter is 2.4 mm, the electrode tip angle is 60°, the top platform is 0.3 mm,
the arc length is 3 mm, the base metal thickness is 8 mm, and the compu-
tational domain diameter is 20 mm. Region A is the gas inlet with specified
velocity and temperature distributions; region B is the gas outlet; regions C and
D are the outer surfaces of the base metal with heat exchange conditions to the
surroundings:

9mix = Yconv + Grad = _hc (T - Too) - ETU(T4 - T;lo)

where ¢,,,;, is the total heat loss, q,,,, and g,,q are heat losses due to convection
and radiation, respectively, h. is the convective heat transfer coeflicient, ¢, is
emissivity, o is the Stefan-Boltzmann constant, and 7T is the ambient temper-
ature. Region E is the tungsten electrode cross-section with specified current
density and temperature. Based on temperature measurements of TIG welding
electrodes by Matsuda et al. [37], the temperature is set to 1800 K. Specific
boundary conditions are listed in .

1.2.2 Internal Boundaries At the tungsten electrode-arc interface, coupled
conditions are applied for temperature and electromagnetic fields (see references
[30, 38, 39]), while a no-slip condition is used for momentum.

The anode heat flux g, is:

oT .
Qo= 7k§ + ‘jz|(1)a - grU(T4 - T;lo) =q.t4q.+q,
which consists of three components: conductive heat g. due to temperature
gradient, latent heat of condensation g, from electrons entering the anode, and
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surface radiation loss g,. Here, j, is the current density in the z direction and
®_ is the anode work function, taken as 4.65 V [14].

a

The anode momentum flux is:

. v, 0y 0T
r P oz OT Ox

v, 9y T
T, ==, = — —— ——

The first term in each equation represents plasma drag force, while the sec-
ond term denotes shear stress due to surface tension gradient (Marangoni shear
stress). For AA-TIG welding of SUS304 stainless steel [2,3], oxygen in the shield-
ing atmosphere alters surface tension. Experimental measurements of weld pool
surface tension variation with temperature yielded 9v/9T values of -0.0143 and
3.46 mN/(m - K) for pure Ar and Ar+O, shielding, respectively [40]. Nitrogen-
oxygen analysis also showed that weld oxygen content changed from 0.0036%
under pure Ar shielding to 0.016% with oxygen addition. Sahoo et al. [41] de-
rived a semi-empirical relationship for liquid Fe surface tension ~ as a function
of active element activity f and temperature T under equilibrium conditions:
v = (T, f). This relationship shows that at higher oxygen content, surface
tension in the lower temperature range decreases with increasing temperature.
The weld oxygen content was not substituted into this relationship in the cal-
culations because weld oxygen content differs from oxygen content in the weld
pool, especially at the surface. Dissolved oxygen decreases significantly during
cooling, while only surface oxygen affects surface tension. Using weld oxygen
content would likely underestimate oxygen’ s effect on surface tension. Further-
more, studies show that oxygen in the weld pool during welding accumulates at
the surface with non-uniform distribution [42], requiring consideration of surface
tension variation due to concentration gradients, i.e., (9v/dr), where r repre-
sents position, to obtain the complete differential expression for surface tension
gradient. These aspects will be explored in future research. However, for sulfur,
the situation is less complex than for oxygen, allowing weld sulfur content to
be used in calculations [10,11,20] or even determining sulfur distribution in the
weld pool [11].

1.3 Numerical Method

Structured and unstructured grids were generated using Gambit software with
hexahedral elements, with refined grids near the cathode and anode. The
model was solved using FLUENT software, with electromagnetic variables
solved through additional user-defined scalar (UDS) equations and source
terms and boundary conditions incorporated via user-defined functions (UDFs).
The SIMPLE algorithm was employed for solving the equation system, with
second-order upwind discretization to ensure computational accuracy. The
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convergence criterion for the energy equation was 107%, while 10~2 was used
for other equations.

Material properties used in the calculations were compiled from references [19,
25, 43], and physical constants are listed in .

2 Simulation Results and Discussion

The welding conditions used in the simulation were: current (100+100) A, Ar
gas flow rate 25 L/min, tungsten electrode spacing 3 mm, arc length 3 mm,
SUS304 stainless steel base metal with 8 mm thickness, and spot welding for 2 s.
Computational results for both Ar shielding (0v/0T < 0) and Ar+O, shielding
(0/0T > 0) are compared and discussed.

2.1 Simulation Results

[Figure 2: see original paper] shows the temperature and flow fields in the xz
and yz planes of the arc and weld pool after 2 s of spot welding. [Figure 2:
see original paper]a shows results for pure Ar shielding, while [Figure 2: see
original paper]b shows results for Ar+O, shielding. Due to the close proximity
of the two tungsten electrodes, the arcs couple into a single entity under elec-
tromagnetic forces, with a maximum arc temperature of 15645 K. Comparison
between [Figure 2: see original paper]a and b reveals that the double tungsten
electrode arc shape is no longer rotationally symmetric but expands relatively
in the yz plane, differing from conventional TIG arcs. This occurs because the
two plasma flows move toward each other under electromagnetic forces at veloc-
ities exceeding 80 m/s, mutually obstructing each other and forcing expansion
in the y-direction. This enhanced flow in the y-direction transports arc heat
along this direction, causing the arc to expand more in y than in x. [Figure
2: see original paper]a also shows plasma flows attracting each other and even
moving upward near the inner sides of the tungsten electrodes, causing upward
expansion of the arc column, which is more evident in [Figure 2: see original
paper|b. These findings are consistent with experimental studies [6,7] and other
simulation results [26].

Under Ar shielding, an outward circulation forms in the weld pool with a max-
imum velocity of approximately 0.11 m/s. As shown by the 1673 K isotherm,
the weld pool is relatively wide and shallow with a depth of about 1.2 mm, and
the maximum weld pool temperature is approximately 2303 K ([Figure 2: see
original paper]a and b). Under Ar+O, shielding ([Figure 2: see original paper]c
and d), weld pool flow is from outside to inside with a maximum velocity of
about 0.41 m/s, indicating more intense flow. Compared with Ar shielding, the
weld pool isotherms contract, the maximum surface temperature increases to
over 2400 K due to inward flow transferring arc heat to the center, and pene-
tration increases significantly to over 4 mm while the width contracts slightly.
However, these weld pool changes have minimal effect on the arc. Similar to the
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arc shape, the weld pool profile also exhibits asymmetry with slight expansion
in the yz plane.

[Figure 3: see original paper| shows the current density and electromagnetic
force distributions in the xz plane. As seen in [Figure 3: see original paper]a,
current lines concentrate near the tungsten electrode tips where current density
is maximum, producing maximum Joule heating near the cathode. However, the
high-temperature region does not simply form near the cathode tips but appears
in the arc column center, thanks to plasma flow transporting arc heat toward
the center. At the anode surface, current lines contract slightly due to decreased
electrical conductivity from lower temperatures near the anode, narrowing the
conduction channel. In the anode, however, current spreads more because of
high and relatively temperature-independent conductivity.

[Figure 3: see original paper]b shows that electromagnetic forces point inward
and downward, driving the plasma flow patterns shown in [Figure 2: see original
paper]. Electromagnetic forces are maximum at the cathode tips where current
density is highest, producing large magnetic flux density and consequently large
electromagnetic force. In contrast, electromagnetic forces in the anode are much
smaller than in the arc region due to significantly lower current density.

[Figure 4: see original paper| shows the temperature field, flow field, and mag-
netic field at 0.15 mm above the anode surface. Although this location is close
to the weld pool, its temperature is much higher than the weld pool, creating
a large temperature gradient that drives substantial arc heat into the anode.
Plasma flow velocity is small compared to the high-temperature arc column re-
gion but remains large relative to the weld pool flow (on the order of 0.1 m/s),
creating a significant velocity gradient that generates plasma drag force driving
outward weld pool flow. The arc expansion characteristic in the y-direction is
also clearly reflected. [Figure 4: see original paper]b shows that magnetic flux
density at 0.15 mm above the anode reaches the order of 1072 T, forming a
unified field that peaks near the center point.

[Figure 5: see original paper]a and b show the temperature fields at the weld
pool surface under pure Ar and Ar+0O, shielding, respectively. To more clearly
represent temperature variations, distributions in the x and y directions are
plotted in [Figure 6: see original paper]. [Figure 5: see original paper]a and b
reveal that the weld pool surface temperature field contracts significantly under
Ar+0, shielding compared to pure Ar shielding, with reduced high-temperature
regions, also evident in [Figure 6: see original paper|. [Figure 6: see origi-
nal paper| further shows that weld pool surface temperatures increase under
Ar+0, shielding, with peak temperatures approaching 2500 K. Additionally,
both shielding conditions show weld pool profiles elongated in the y-direction
(W, > W,), as indicated by the 1673 K isotherm. This is clearly visible in
[Figure 6: see original paper|, where temperature distributions in the x and y
directions do not coincide, showing slight expansion in the y-direction.
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2.2 Weld Pool Heat Transfer and Flow Analysis

[Figure 7: see original paper]a and b show the current density and heat flux
distributions in the x and y directions at the weld pool surface under Ar+O,
shielding. The current density and heat flux expand more in the y-direction,
causing the weld pool expansion in y. As shown in equation (19), heat flux con-
sists of three components: ¢, ¢., and ¢,. [Figure 7: see original paper| shows
maximum current density of 7.85 x 10¢ A/m?, ¢, peak of 2.54 x 107 W/m?,
q. peak of 3.65 x 107 W/m?, and ¢, peak of 6.12 x 107 W/m?. In the anode
center region, ¢, > q., while in the edge region, ¢, < ¢., indicating that electron
absorption dominates heat transfer in the center while conduction dominates at
the edges. This occurs because arc temperature drops sharply in edge regions,
causing electrical conductivity to decrease rapidly and current density to dimin-
ish significantly, reducing g.. However, the temperature gradient between arc
and weld pool remains large, making heat conduction significant.

Integrating each heat flux component over the anode surface yields:

Qa:/qads:/qeds+/chs+/qrd5:930+653—23:1560W
0 Q Q Q

where @,, @., @., and @, represent total anode heat input, heat input due
to electron absorption, heat input due to conduction, and heat loss due to
radiation, respectively; € is the integration region (anode surface); and ds is
the differential area element. The results show that @, accounts for 58.7% of
total anode heat input @,, representing the dominant component, while @,
contributes 41.3% as a secondary component. These findings are consistent
with studies on TIG arc welding by Tanaka et al. [19], Yin et al. [24], and
Wu et al. [44]. Using the calculated voltage of 8.6 V and total current of 200
A, the arc thermal efficiency is determined to be 90.7%. This value is higher
than actual thermal efficiency because the model simplifies the electrode regions,
particularly the cathode region, neglecting cathode voltage drop and resulting
in lower calculated arc voltage and consequently higher thermal efficiency.

For pure Ar shielding (9v/0T < 0), changes in weld pool surface temperature
cause minimal variations in @), and @,., while ), remains unchanged. The heat
flux distribution is nearly identical to that under Ar+O, shielding. Similarly,
total anode heat input under pure Ar shielding is:

Q, = /qeds+/chs+/qrd5:930+624.3—46.5 — 1508.5 W
Q Q Q

Thus, anode heat input remains nearly unchanged compared to Ar+O, shield-
ing, with minor changes in @, and @, due to variations in weld pool surface
temperature.
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[Figure 8: see original paper] shows the shear stress distributions at the weld
pool surface under Ar and Ar+O, shielding, where 7, is plasma drag force and
Ty is Marangoni shear stress due to surface tension gradient. The results show
that 7, is nearly identical in both cases. Under pure Ar shielding, Marangoni
shear stress and plasma drag force have the same direction and similar magni-
tude, driving weld pool flow from inside to outside. The larger shear stress in
the y-direction explains the greater weld width in that direction ([Figure 8: see
original paper|a and b). Under Ar+0, shielding, 7, and 7, have opposite direc-
tions, but the magnitude under Ar+0O, shielding is much greater than under Ar
shielding. Consequently, the total shear stress at the weld pool surface is deter-
mined by Marangoni shear stress, as shown by 7,47, in the figure, resulting in
a direction opposite to that under pure Ar shielding ([Figure 8: see original pa-
perjc and d). This occurs because oxygen, as a surface-active element, changes
the temperature coefficient of surface tension, causing stainless steel weld pool
surface tension to increase with temperature (positive temperature coefficient)
and reversing the direction of 7,,, ultimately leading to significantly increased
penetration and slightly contracted width. Notably, the plasma drag force 7, is
much smaller than that of TIG arcs under equivalent conditions [19,20,23,25],
which benefits penetration increase. Additionally, shear stress in the y-direction
is greater than in the x-direction. Since 7,; is generated in the weld pool region,
which is elongated in the y-direction, 7,, correspondingly expands.

[Figure 9: see original paper| shows weld pool flow under individual driving
forces after 2 s for both Ar shielding (0v/0T < 0) and Ar+O, shielding
(0v/0T > 0). Regardless of which force acts alone, the resulting weld width
is greater in the y-direction than in the x-direction, caused by heat flux
distribution at the weld pool surface. Buoyancy, plasma drag force, and
negative surface tension temperature coefficient individually drive flow from
inside to outside, producing shallow depth and large width. Electromagnetic
force and positive surface tension temperature coefficient individually drive flow
from outside to inside, producing deep penetration and small width. [Figure
10: see original paper] shows weld pool dimensions and maximum velocities
under individual driving forces. Penetration D exceeds 3 mm under positive
surface tension temperature coefficient and electromagnetic force, but is less
than 2 mm under buoyancy, plasma drag force, and negative surface tension
temperature coefficient. The ranking of penetration under individual forces
is: positive surface tension temperature coefficient > electromagnetic force >
buoyancy > negative surface tension temperature coefficient > plasma drag
force, with width showing the opposite trend. Maximum weld pool velocities
reach 0.26 m/s under 9v/0T > 0 (strongest effect) and 0.09 m/s under
0v/0T < 0. Electromagnetic force and plasma drag force produce velocities
of 0.088 and 0.085 m/s, respectively, showing similar magnitudes but opposite
effects. Buoyancy has the weakest effect with maximum velocity of about 0.03
m/s. Notably, plasma drag force-driven flow is significantly smaller than the
0.47 m/s observed in TIG welding [19], decreasing by an order of magnitude
due to reduced plasma drag force. This suggests the ranking of weld pool
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driving forces is: surface tension > electromagnetic force > plasma drag force
> buoyancy. Nevertheless, generating flow on the order of 10? m/s in a 10
mm weld pool demonstrates that convection within the weld pool is extremely
intense.

As previously analyzed, higher weld pool velocity leads to larger weld pool
dimensions (depth D or width W). The altered flow under Ar+0O, shielding sig-
nificantly increases penetration while slightly contracting width. However, the
melting process is fundamentally thermal in nature; flow changes alone cannot
directly alter weld pool geometry—rather, heat convection induced by flow has
a direct effect. In addition to intense metal flow-driven convection, significant
heat conduction and relatively small thermal radiation also exist. Under both Ar
and Ar+O, shielding, total arc heat input remains nearly unchanged, yet weld
pool geometries differ dramatically. The increased penetration is not caused by
heat input changes, and explanation based solely on flow changes is insufficient.
Previous studies on TIG and A-TIG weld pool geometries [2,11,12,18-23,25] fo-
cused primarily on metal flow effects, rarely addressing the relative importance
of convective versus conductive heat transfer. Convective and conductive heat
transfer have fundamentally different origins: the former arises from fluid tem-
perature gradients, while the latter results from fluid motion, corresponding to
the diffusion term (V - (kVT)) and convection term (V - (pcpvT)) in equation
(6), respectively.

To determine the relative magnitudes of convective and conductive heat transfer
in the weld pool, the dimensionless Peclet number (Pe) is introduced [8,13]:

upcpAT /Ly upcpLp
kAT/L%L k

Pe =

where u is velocity, Ly is the characteristic weld pool length (taken as the upper
surface radius), and k is thermal conductivity. Based on our results, for pure
Ar shielding (9v/0T < 0), using v = 0.1 m/s, p = 7000 kg/m?, c¢p = 600
J/(kg-K), Lp = 0.004 m, and k¥ = 20 W/(m - K), we obtain Pe = 76. For
Ar+0, shielding (9v/0T > 0), using u = 0.2 m/s, p = 7000 kg/m3, cp = 600
J/(kg-K), Lp = 0.003 m, and k£ = 20 W/(m + K), we obtain Pe = 115. In
both cases, Pe » 1, indicating that convective heat transfer dominates, with
stronger convection under 9v/9T > 0. This explains the isotherm changes
shown in [Figure 2: see original paper| and [Figure 10: see original paper].
Therefore, under Ar shielding, surface tension-dominated flow drives metal from
inside to outside, creating outward convection. Due to the dominant convective
heat transfer, most arc heat is transferred to the weld pool edges, melting base
metal and forming a wide, shallow geometry. Under Ar+O, shielding, surface
tension-dominated flow creates counterclockwise convection. With convective
heat transfer dominating, most arc heat is transferred to the weld pool center,
melting base metal and forming a deep, narrow geometry.

Without dominant convective heat transfer, the weld pool under Ar shielding
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might not be as shallow, and under Ar+0O, shielding might not be as deep (sev-
eral times deeper). It can be inferred that for materials with higher thermal
conductivity such as aluminum alloys, convective dominance would be less pro-
nounced than for stainless steel, while conductive heat transfer would increase
and might even dominate under certain conditions, as demonstrated by Rai et
al. [45] in studies of laser keyhole welding of different materials.

[Figure 11: see original paper] shows the temporal evolution of weld pool dimen-
sions and heat input under Ar+O, shielding. [Figure 11: see original paper]a
indicates that both penetration and width increase with welding time, with
penetration increasing more rapidly as arc heat is transferred to the weld pool
center. [Figure 11: see original paper]b shows that peak heat flux and current
density at the weld pool surface decrease slightly over time: current density peak
decreases by 5.8 x 10* A/m? and heat flux peak by 4 x 10* W/m?2. As weld
pool temperature continuously increases, anode surface electrical conductivity
increases, expanding the current channel and reducing current density peak.
Meanwhile, increased weld pool surface temperature reduces the temperature
gradient between arc and weld pool, decreasing conductive heat. The combined
effect reduces heat flux. In the calculations, arc temperature decreased by only
7 K over time, with minimal effects on plasma flow velocity and arc voltage.

2.3 Experimental Validation

[Figure 12: see original paper] and [Figure 13: see original paper] compare
simulated and experimental arc shapes and weld pool geometries. [Figure 12:
see original paper| shows that the double electrode TIG arc expands relatively in
the yz plane, consistent with simulation results. [Figure 13: see original paper]
demonstrates good agreement between simulated and experimental weld pool
profiles. [Figure 14: see original paper| compares simulated and experimental
weld dimensions. Both experiments and calculations show W, > W, but this
trend is more pronounced under pure Ar shielding (0v/0T < 0). Under Ar+0,
shielding (0v/90T > 0), flow changes reduce the difference between W, and W,.
For penetration, experimental results show about 1.5 mm under Ar shielding
(0/0T < 0) versus 1.2 mm simulated, while under Ar+O, shielding (0v/0T >
0), simulated penetration is slightly less than experimental values. Experimental
results show W, is 0.8 mm smaller than W,, while simulation shows 1.1 mm
difference. Overall, simulation results accurately reflect actual conditions.

The weld pool profiles suggest that simulated anode heat input and heat flux
distribution radii are slightly smaller than experimental values, primarily due
to simplified treatment of the anode region. Only the main components of
anode heat transfer were considered. In reality, the arc cathode and anode
sheath regions deviate from LTE, and heat transfer processes [19,20,38,46] are
far more complex than described in this model. Anode metal vapor generation
also significantly affects the arc [20]. Additionally, differences between material
properties used in the model and actual materials affect results [10], and minor
deformation of the free surface influences the arc and heat transfer to the anode
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14].

It should be noted that under current welding conditions, these non-
axisymmetric characteristics all show expansion along the y-direction. However,
it can be inferred that as welding parameters change, particularly with
increased tungsten electrode spacing, the non-axisymmetry would extend along
the x-direction. These aspects will be investigated in future studies.

Conclusions

1. The non-axisymmetric characteristics of the double electrode arc lead to
non-axisymmetric distributions of current density, heat flux, plasma drag
force, and Marangoni shear stress at the weld pool surface. These distribu-
tions expand in the direction perpendicular to the electrode arrangement,
ultimately determining the non-axisymmetric weld pool geometry.

2. The primary driving force in double electrode TIG weld pools is Marangoni
shear stress. Electromagnetic force and plasma drag force have comparable
magnitudes but drive flow in opposite directions, while buoyancy has the
smallest effect. The plasma drag force is significantly smaller than in TIG
arcs.

3. Non-axisymmetric heat flux and Marangoni shear stress distributions de-
termine the non-axisymmetric weld pool geometry.

4. The reversal of Marangoni shear stress direction and the dominant role
of convective heat transfer collectively cause increased penetration and
slightly contracted width under Ar4O, shielding.

5. The continuous increase in weld pool temperature leads to slight decreases
in peak heat flux at the weld pool surface, with minimal effect on arc
behavior.
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