Journal of Materials Processing Technology 213 (2013) 2278-2291

JOURNAL OF MATERIALS

Contents lists available at SciVerse ScienceDirect

PROCESSING TECHNOLOGY.

Journal of Materials Processing Technology

journal homepage: www.elsevier.com/locate/jmatprotec

Analysis of submerged arc welding process by three-dimensional
computational fluid dynamics simulations

CrossMark

Dae-Won Cho?, Woo-Hyun SongP®, Min-Hyun ChoP, Suck-Joo Na#*

a Department of Mechanical Engineering, KAIST, 291 Daehak-ro, Yuseong-gu, Daejeon 305-701, Republic of Korea
b Technical Research Laboratories, POSCO, Pohang, Gyeongsangbuk-Do 790-300, Republic of Korea

ARTICLE INFO ABSTRACT

Article history:

Received 12 April 2013

Received in revised form 19 June 2013
Accepted 22 June 2013

Available online xxx

The effect of torch angle and current polarities on the convection heat transfer in single wire submerged
arc welding is analyzed. To develop arc models such as arc heat flux, arc pressure and electromagnetic
force, this study adopts the Abel inversion method with CCD camera images for direct and alternating
current polarities. The heat transfer by molten slag from the flux consumption is considered as an addi-
tional boundary heat source in the numerical simulation. The variation of arc forces, the direction of
droplet flight with polarity and the torch angle significantly affect the molten pool flow and the resultant
weld beads. The simulated weld pool profiles are validated with corresponding experimental results and
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1. Introduction

Submerged arc welding (SAW) is a very complex process that
includes physical and chemical reactions. Moreover, it is very
difficult to investigate the whole SAW process using numerical sim-
ulations. However, the molten zone and heat-affected zone (HAZ)
could be estimated using the finite element method (FEM) and
considering just the conduction heat transfer. Wen et al. (2001)
modeled multi-wire SAW of thick-wall line pipe and calculated the
thermal distributions under various welding conditions. Mahapatra
et al. (2006) predicted the temperature distributions and angu-
lar distortions in single-pass butt joints using three-dimensional
simulations. Sharma et al. (2009) suggested and validated a vol-
umetric heat source model of twin-wire SAW by using different
electrode diameters and polarities. Kiran et al. (2010) simulated a
three-dimensional heat transfer of a V-groove tandem SAW process
for various welding conditions using FEM. However, these studies
with FEM only considered the heat conduction transfer in the weld-
ing process, which is insufficient to explain the curve weld bead
such as fingertip penetration.

To overcome these disadvantages, computational fluid dynam-
ics (CFD) is widely used to investigate molten pool flows and final
weld beads because it makes it possible to approach the welding
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process more realistically (Kim and Na, 1994). Considering the
importance of weld pool convection in the welding process,
numerous researchers have attempted to analyze the heat transfer
and fluid flow. Kim et al. (2003) calculated the convective heat
transfer and resultant temperature distributions for a filet gas
metal arc welding (GMAW) process. Kim et al. (1997) obtained
the thermal data and analyzed the molten pool flows for various
driving forces in stationary gas tungsten arc welding (GTAW).
However, these studies assumed that the welding process was in
a quasi-steady-state. Thus it was very difficult to approximate the
droplet impingent and arc variation with alternating current (AC).

Therefore, it is necessary to apply a transient analysis to the
welding simulation because it can detect the free surface variation
during the simulation time. One transient analysis method is the
volume of fluid (VOF) method, which can track the molten pool
surface; therefore, the variable models from arc plasma could
be implemented in the simulations. Cho et al. (2013a) calculated
the electromagnetic force (EMF) with mapping coordinates in
V-groove GTAW and GMAW, and then applied it to the numerical
simulation to obtain the dynamic molten pool behavior and final
weld bead using the commercial software, Flow-3D. With the
advantage of VOF transient simulation, Cho et al. (2013c) could
calculate unstable molten pool flow patterns such as humping and
overflow in V-groove positional GMAW. Cho et al. (2013b) obtained
the heat flux distribution of the arc plasma in gas hollow tungsten
arc welding (GHTAW) using the Abel inversion method and applied
it to the VOF model to predict the molten zone area. Additionally, a
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Fig. 1. Schematic diagram of SAW.

more complex welding process can also be calculated by VOF. Cho
and Na (2006) conducted a laser welding simulation that included
the multiple reflection and keyhole formation. Moreover, Cho and
Na (2009) conducted the three-dimensional laser-GMA hybrid
welding, which adopted the laser welding and GMAW. Han et al.
(2013) compared the driving forces for the weld pool dynamics in
GTAW and laser welding. The VOF method could also be applied
to describe the alloying element distributions and pore generation
in the laser-GMA hybrid welding process (Cho et al., 2010, 2012).
This paper considers the heat transfer by molten slag as a heat
input and suggests a new way to describe the molten pool flows
in a single-electrode SAW process using CFD.

2. Characteristics of SAW

Fig. 1 shows a schematic diagram of SAW to allow the following
characteristics to be understood: (a) flux and molten slag cover the
overall weld bead, and (b) the fabricated flux wall protects the flux
cavity.

Although it is very difficult to observe the metal transfer of
SAW, some previous studies succeeded in capturing the motion of
adroplet in SAW. Franz (1965) and Van Adrichem (1966) observed
the metal transfer through a ceramic tube using a X-ray cinematog-
raphy and found that drops travel in free flight to the weld pool, or
they may project sideways to collide with the molten flux wall.
This metal transfer in SAW is the so-called flux-wall guided (FWG)
transfer, as shown in Fig. 2.

During the SAW process, a small portion of the flux is melted
and consumed. Chandel (1998) found that the flux consumption
relies upon three sources: (a) conduction from the molten metal,
(b) radiation from arc and (c) resistance heating of the slag. How-
ever, their individual contributions to flux consumption are still
unclear. In any case, the total flux consumption can be calculated by
measuring the mass of the flux used. Renwick and Patchett (1976)
analyzed the relations between welding parameters and the flux
consumption and found that flux consumption initially increased
with increasing current, reached a maximum, and then decreased.
Chandel (1998) also measured the flux consumption of SAW with
various welding parameters and showed that the flux consumption
reached a peak value at 500 A and decreased at higher currents, as
shown in Fig. 3(a). This decrease at a high current is a result of the
increasing current causing the droplet size to decrease. Therefore,

the contact area between the droplet and the flux-wall could be
decreased, as shown in Fig. 3(b). In short, FWG transfer is difficult
to observe at high current and the spray mode of transfer can be
expected to be considered in high current SAW (Pokhodnya and
Kostenko, 1965).

3. Mathematical formulations

To accurately describe the volume of a droplet, previous stud-
ies have used at least 4 meshes for the droplet diameter (Cho and
Farson, 2007 and Cho et al., 2013c). Thus, this paper used a mesh
density of as 0.4 mm/mesh to sufficiently describe the droplet vol-
ume and molten pool flow. In the simulations, welding started at
1.5 cm in x-direction.

3.1. Governing equations

The governing equations in the CFD simulations of a weld pool
involve the mass conservation equation, momentum conserva-
tion equation (Navier-Stokes equations), and energy conservation
equation. The commercial package Flow-3D was used for the sim-
ulation with a VOF equation. The material properties and variables
are given in Table 2.

Fig. 2. FWG transfer in SAW (Lancaster, 1986).
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between current and metal transfer.
- Momentum equation:

v - >
pop + P>V VIV = —Vp+ V2V +f,
- Continuity equation:

V.v=0

- Energy equation:

oh - 1
o +(V-V)h= 5V -(kVT), whereh =
Table 1

Welding conditions used in simulations.

(2)

GoT +f(T)Ly (3)

0 (T<Ts)
T -T.
T — S
() T, (Ts <T<T)
1 (T, <T)
- VOF equation:
dF  OF -

(4)

(5)

Cur (A) Vol (V) Torch angle (direction) Wire feed rate (m/min) Welding speed (cm/min) Heat input (kJ/cm)
Case 1 DC 1000 32 —20° (rear) 2.24 140 13.7
Case 2 DC 1000 32 +20° (front) 2.24 140 13.7
Case 3 AC 900 35 —20° (rear) 3.24 140 13.5
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Fig. 4. Heat transfer from arc plasma, droplet and molten slag to material surface.
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Fig. 6. Arc heat flux modeling by Abel inversion in SAW.
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3.2. Boundary conditions

There is no heat loss from the convection, radiation, and evap-
oration on the molten pool surface because flux and slag cover the
overall weld bead, as shown in Fig. 1. In SAW, the heat is input
from the slag to the molten pool and lost from the molten pool to
the slag However, the summation of the heat input and heat loss
canbe regarded as the slag heat transfer (qs) and used for the energy
boundary condition in Eq. (6).

ka? = qa + Gsiag_input — 9slag_loss = qa + s (6)

Christensen et al. (1965) found that the thermal efficiency of
SAW is located between 0.90 and 0.99, and many studies have used
athermal efficiency of 0.95 in numerical simulations (Shome, 2007;
Moeinifar et al., 2011). This paper also adopts a total thermal effi-
ciency of 0.95 and considers the heat transfer from the arc plasma,
droplets and molten slag to the weld pool in Eq. (7) and Fig. 4.
nsaw = 3L~ 0.95 o)

For the pressure boundary conditions, Eq. (8) is used at the free
surface.

p=pA+R1C, (8)

3.2.1. Droplet model

The droplet efficiency depends on the wire feed rate and can
be calculated using Eqgs. (9)-(11). In case 1 and case 2, the droplet
efficiency is approximately 0.19, while this efficiency is 0.26 in case
3.

3r2 WEFR
fa= 2Tl (9
Ta
4 5
qda = §T[Td,0[C5(T57To)+C1(Td7T5)+h51]fd, (10)
g = %, (11)

3.2.2. Arc heat source model

The actual arc plasma shape of SAW is very difficult to deter-
mine. Therefore, this paper assumes some conditions to obtain the
arc heat flux distributions.

(a) The shape of the arc plasma inside the flux (A) is very similar
to the arc plasma outside the flux (B) that just escaped (within
50 ms).

(b) The metal vapor in the arc plasma root is neglected.

After obtaining the arc plasma image as shown in Fig. 5, it is
possible to induce the arc heat flux model using the Abel inver-
sion method. Cho and Na (2005) proposed a fast and accurate Abel
inversion method with an area matrix which adopted the axisym-
metric and elliptically symmetric arc plasma model. Cho et al.
(2013b) modeled the arc heat flux using a CCD camera and the

Welding direction
—_—

(a) -20 degree

(b) 20 degree

Fig. 7. Arc plasma shapes along the torch angles in single DC (a) —20° and (b) 20°.

Abel inversion method, and then validated this model by apply-
ing CFD simulations of the GHTAW process. Similarly, this study
applied the Abel inversion method with a high speed CCD cam-
era and obtained the arc heat models as shown in Fig. 6. In steps
(a)-(e), the arc characteristic modeling process is described briefly
as follows:

(a) Capture a side image of the arc plasma using a CCD camera.

(b) Acquire the light intensity of the arc plasma at 0.1 mm above
the material surface.

(c) Calculate the irradiance of the arc plasma using the Abel inver-
sion method.

(d) Obtain the temperature distribution of the arc plasma at 0.1 mm
above the material using the Fowler-Milne method.

(e) Model the asymmetric Gaussian distributed arc heat source
with the effective radii of the arc plasma.

ifx > xg then, k4q(x,y) = 2””

Vi
oy

i Vi X — X, 2 2
ifx <xothen, gq(x,y)= 2'771"0 Sexp (_( = Loz) _ 2}(; 2) ’
4 q q

OgL + Ogr

whereog = 3

(12)

(x-x0)? y2 )
2 9

204r? 204
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Fig. 8. Variation of current and arc shapes within one cycle in case 3 (a) and current (b) arc shapes.

This paper utilizes an arc heat model with a Gaussian asymmetric
distribution that assumes different temperature distributions for
the left and right parts. Therefore, two different effective radii for
the arc plasma are used for the arc heat modeling in Eq. (12).

3.2.2.1. Single direct current (DC). Different torch angles induce dif-
ferent arc plasma shapes as shown in Fig. 7. Therefore, the arc
heat models that contain the effective radii of the arc plasma and

dropletimpingent vectors should be changed according to the torch
angle.

3.2.2.2. Single AC. In an AC welding model, the movement of the
electric charge changes reversibly, so that the welding signals (cur-
rent, voltage) measured by hall sensors and the resultant arc plasma
fluctuate as shown in Fig. 8(b). For the arc heat source modeling, the
negative signals have to be changed to positive signals because the

2283
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Fig. 9. AC current and voltage data from experiment in case 3 (a) current and (b)
voltage.

arc plasma from the negative signals could transfer energy to the
material surface in experiments while the negative signals barely
transfer any energy to the material surface in simulations. Because
the difference in the voltage of peaks is larger than those for the
current in Fig. 9, it is possible to expect that the arc size is more
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354 * Observed|
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R e Pl mmmmmm - >

Effective radius of arc (mm)

T T T T

0.000 0.004 0.008 0012 0016
Time (s)

Fig. 10. Variable effective radius of arc along the welding time in case 3.
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Fig. 11. Heat input on material surface from (a) slag heat acting region (case 1) and
(b) arc heat +slag heat (case 1).

sensitive to voltage than current. Moreover, the negative signals
could form a larger arc as shown in Fig. 10. Egs. (13)-(16) express
the voltage, current and effective radii of the arc that were used in
the simulations.

V() 6.3 sil.1(2nft)‘ +28.5V, ifsig(ant) >0 (13)
|11.9 sm(2nft)| +28.5V, ifsin(2xnft) <0

) — |1270sin(27ft)| +1.3A,  ifsin(27ft) > 0 14

(€)= |1274sin(27ft)| +1.3A,  ifsin(27ft) < 0 (14)

|0.94sin(27ft)| + 1.2 mm,
UqL(t) =

ifsin(2xft) > 0 15
\1.45 sin(znft)] +1.2mm, (15)

ifsin(27ft) < 0

|1.25sin(27ft)| + 1.2 mm,
UqR(t) =

ifsin(2xzft) > 0 (16)
|1.60sin(27ft)| +1.2mm,

ifsin(2xft) <0
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Fig. 12. Calculated temperature profiles and flow patterns on a longitudinal cross-
section between droplet generations in case 1 (a) 0.528s, (b) 0.538 s and (c) 0.546s.
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Prosperities used in simulation.
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Symbol Nomenclature Symbol Nomenclature
P Density (solid: 7.8, liquid: 6.9, g/cm?) hy Latent heat of fusion, 2.77 x 10° erg/g s
Vv Velocity vector Nd Droplet efficiency of SAW
fo Body force Na Arc efficiency of SAW
h Enthalpy oqL Left-hand side effective radius in x-direction (case 1: 2.40 mm, case 2: 2.18 mm)
F Fraction of fluid Ogr Right-hand side effective radius in x-direction (case 1: 2.20 mm, case 2: 2.41 mm)
k Thermal conductivity g Mean value of g, and ogg
n Normal vector to free surface X0, Yo Location of arc center in x and y directions
qa Heat input from arc plasma Vv Welding voltage
slag.input Heat transfer from slag to molten pool I Welding current
Gslag.loss Heat transfer from molten pool to slag f Frequency of AC welding signal, 60 Hz
qs Heat input from slag s Slag efficiency of SAW
Nsaw Thermal efficiency of SAW, 0.95 Ty Flux consumption (g/s)
qd Heat input from droplet Cor Specific heat of flux (AWS A5.17), 1.01]/g
Pa Arc pressure Ton flux Melting temperature of flux (AWS A5.17), 1273 K
R: Radius of the surface curvature Ry Outer boundary of slag
1% Surface tension Rq Inner boundary of slag
Tw Wire diameter, 4 mm Lo Permeability of vacuum, 1.26 x 106 H/m
Tq Droplet diameter, 2.52 mm m Material permeability, 1.26 x 106 H/m
fa Droplet frequency (Hz) Iz Vertical component of the current density
G Specific heat of solid, 7.26 x 10° erg/g sK Jr Radial component of the current density
G Specific heat of liquid, 7.32 x 106 erg/g s K By Angular component of the magnetic field
Ts Solidus temperature, 1768 K Jo First kind of Bessel function of zero order
T Liquidus temperature, 1798 K i First kind of Bessel function of first order
Ty Droplet temperature, 2400 K c Thickness of base material, 25 mm
T, Room temperature, 298 K t Time
35
35
Z (cm) Z (cm)
0 0.0 1.0 o0 9o 0.0 1.0
y (cm) y (cm)
(a) case 1 (-20 degree) (b) case 2 (+20 degree)
Fig. 16. Comparisons of simulation results with experiments in single DC (a) case 1 (—20°) and (b) case 2 (+20°).
1400 - Droplet generation
@ J 3.2.3. Slag heat source model
1200 ’\ s A ﬂ" @\ { The amount of flux consumption is the same as the molten slag
(a j % ‘ ] i T ‘ : produced by the welding process. Therefore, assuming that the
1000 - : L H . : 3 P : molten slag is generated by some portion of the arc heat energy,
: HE @ . : and the molten slag acts as a heat source to the material surface,
= 8004 . : 4 . ’ . (A s : the size and efficiency of this slag heat source can be calculated
< Lo + - e R using the flux consumption, specific heat and melting temperature
o Lo o e Lo Lol of the flux in Eq. (17).
S 600 ¢+ A . . T . . ¢
O S . Lo o . 5 2
= L o .- . L P . ne = M Cof (T, frux — To) (17)
4004 « 2 i e o & ST Vi
- ¢ T 3 . +. ) . . . .
- T o - s In Fig. 3(a), it is possible to find the flux consumption at a high
200 . . . . . . . o
. ‘* - * . current using the trend line. The flux consumption is about 1.73 gfs.
s . pt . P Therefore, the slag heat efficiency is about 0.05 in case 1 and case 2
0 L * 1 T 1 (Chandel, 1998). Additionally, the flux consumption in case 3 can be
0.53 0.54 0.55 0.56 0.57 . .
. found to be 2.2 g/s by considering the mean value of flux consump-
times(s) tion between EN and EP. Thus, the slag heat efficiency is about 0.07.

Fig. 17. Current signal and droplet generations along the time in case 3.

This paper assumes that the distribution of the slag heat input to
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Fig. 18. Calculated temperature profiles and flow patterns on a longitudinal cross-section between droplet generations in case 3 (a) 0.526s ([a] in Fig. 17), (b) 0.538 s ([b] in

Fig. 17), (¢) 0.552 s ([c] in Fig. 17) and (d) 0.564 s ([d] in Fig. 17).

the material surface is an elliptical ring. Thus, it can be expressed in
Eqgs. (18) and (19). The mean value of the solid slag thickness after
the SAW process is about 3 mm. Therefore, this paper uses the same
value as a slag ring thickness. Fig. 11 shows the slag heat and arc
heat distribution on the material surface and it is obvious that the
slag heat flux is much lower than that of the arc heat.

ifx < xq

Q

2
(x —x0)* (;"L) +(-yo)

Te =
18
ifx > xg (18)
o 2
re = (X—XO)2<O,q> +( -yl
qrR

ifRy < re < Ry then,

nsVI (19)
=——_  whereR; =30, R, =R; +3.0mm
gs n(Rﬁ—Rﬁ) a q> Ip a

3.2.4. Arc pressure model

Cho et al. (2013a) expressed the linear relation between the
arc pressure and the current density with a physical background.
Therefore, the pressure of the arc plasma can be modeled using a
Gaussian model with the same effective radius of arc heat flux in Eq.
(20) because the distribution of the arc pressure (pgre) will follow
the distribution of the current density and the arc heat sourcemodel
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Fig. 19. Calculated temperature profiles and flow patterns on a transverse cross-
section (x=2.4cm)in case 3.(a)0.598 sand (b) 0.876 s (after 0.5 s from the beginning
of droplet impingement)

(Cho et al., 2013a).

3.3. Electromagnetic force (EMF)

Current flows through the molten slag. However, it is neglected
in this paper, because the magnitude of this current inside the slagis
very tiny compared to the total current. To obtain the electromag-
netic force (EMF), the current density and self-induced magnetic
field should be used for the body force (Kou and Sun, 1985). Eqgs.
(21)-(23) have the same effective arc radius as the arc heat flux
model and arc pressure model (Cho et al., 2013b).

Iy b 2?02\ sinh[A(c — 2)]

J=5 / Ho(Ar)exp <_ ad > SinhGic) O (21

a OOA A7) A2og \ cosh[A(c ~2)] 22)
Jr=gg [ #h@nexp { ——5 sinh(kc) (

0
o tnla [, 123\ sinh{x(c - 2)] , ’s
0="o7 [J10nexp | -5 sinh(Ac) (23)
0

F; =J:By (24)
F = —JZBO (25)

3.4. Other welding models

The arc heat flux, arc pressure, and EMF models are affected by
the effective radius of the arc. However, some welding models such
as those for the buoyancy force and drag force of the arc plasma
do not always consider the effective radius of the arc. In this paper,
the same models are used for these terms as in the previous studies
(Cho and Na, 2009 and Cho et al., 2010).

4. Results and discussion
4.1. Single DC

This paper analyzes the molten pool flow patterns for the dif-
ferent torch angles in single DC. As shown in Table 2, the effective
radii of the arc plasma are 2.40 mm and 2.18 mm for left-hand side
of case 1 and case 2, respectively, and 2.20mm and 2.41 mm for
right-hand side. The droplet impingent angles are assumed to be
the same as the torch angles as shown in Table 1, and used in the
simulations. Figs. 12 and 14 describe the molten pool flow patterns
between droplet generations in the longitudinal section for various
torch angles.

In case 1, the droplet impingent direction is very similar to
the molten pool circulation. Thus, the momentum can be trans-
ferred sufficiently to the weld pool. Specifically, the molten pool
flows downward and backward in the dotted box between droplet
generations (Fig. 12(b)) just like the droplet impingent moment
(Fig. 12(a) and (c)), and thus forms a large circulation on a lon-
gitudinal cross-section. From Fig. 13(a), it is possible to observe
that these flow patterns cause a sharp and deep penetration on

i Jol? (x—x0)° _ y?
ifx <xgthen, Py(x,y)= exp | -2~~~
= A0 A( y) 47T20_q2 p < 20qL2 20_q2
whereog = at ;GqR (20)
- pol? x—x0)? )
ifx > xgthen, Py(x,y)= exp [ =22 =20 2
0 AX.Y) 412042 P ( 204r? 2042
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Fig. 20. Comparisons of simulation results with experiments in single AC (case 3).

a transverse cross-section by convection heat transfer. Moreover,
the molten flow continues to penetrate the weld pool downward
after 0.5 s from the beginning of droplet impingement as shown in
Fig. 13(b).

In case 2, however, the droplet impingent direction does not
match the molten pool direction. Therefore, the molten pool can
flow forward in the dotted-box shown in Fig. 14 while it flows
backward in case 1. With these flow patterns, less momentum can
be transferred compared to case 1, which results in a relatively
small molten pool circulation on a longitudinal cross-section, and
induces a shallow penetration, as shown in Fig. 15(a). After 0.5s
from the beginning of droplet impingement, the molten pool does
not penetrate the weld pool as shown in Fig. 15(b), which shows
different flow patterns compared to case 1. Finally, the numerical
models used in the simulation can be validated by comparing the
simulation results with the experimental ones, as shown in Fig. 16.

4.2. Single AC

Comparing case 1 with case 3, the values of heat input per unit
length are very similar. Therefore, it is possible to analyze the effect
of AC and DC on a molten pool, while maintaining a similar heat
input. In DC welding, the molten pool between droplet genera-
tions in the dotted-box flows consistently backward in case 1 and
forward in case 2. In AC welding, however, the arc shape and sig-
nals vary with the welding time. Therefore, it could induce more
dynamic molten pool flows than DC welding. Fig. 17 shows the
current waveform and droplet generation moment in AC welding.
Because the wire feed rate is 3.24 m/min, the droplet generation
frequency is about 80 Hz, which does not match the frequency of
the current and voltage welding signals (60 Hz). The arc forces such
as the arc pressure and EMF are dependent on the welding sig-
nals. Thus, a frequency mismatch between the welding signals and
droplet generation can affect the molten pool flow patterns. As a
result, the molten pool flows backward and forward repeatedly
with the welding time on a longitudinal cross-section, as shown
in Fig. 18. With these fluid patterns, the molten pool cannot cause
a deep penetration but has shallower and wider flow patterns on a
transverse cross-section as shown in Fig. 19. Fig. 20 compares the
simulation results of the weld bead cross section with the experi-
mental result to verify the welding models and algorithms used in
this work.

If similar total heat inputs are applied, it is impossible to under-
stand the effects of the torch angle and AC signal on the weld bead
shapes using FEM simulations. However, this study could analyze
the reason for the different weld bead shapes from the various
molten pool flow patterns in single-electrode SAW, even though
similar total heat inputs were used for all the cases.

5. Conclusions

This paper described the dynamic molten pool behavior using
the CFD numerical models in single-electrode SAW process. The
results of this work can be summarized as follows:

(a) The flux consumption rate was considered as the basis for the
slag heat source model.

(b) Using the Abel inversion method and a CCD camera, arc mod-
els were developed for various welding conditions and applied
to CFD simulations. The numerical models were validated by
comparison with experimental results.

(c) In single DC welding, it was found that different torch angles
and effective radii of the arc plasma could induce different weld
bead shapes based on flow patterns. A negative torch angle pro-
duced a deep penetration, while a positive torch angle produced
a shallow penetration.

(d) In single AC welding, the molten pool flow pattern under an
arc heat source changed repeatedly, and accordingly a shallow
penetration weld bead could be formed.

(e) Even though similar total heat inputs were applied in SAW with
a single electrode, the resultant bead shapes varied with the
torch angles and polarities.
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