
A
c

D
a

b

a

A
R
R
A
A

K
S
C
N
D
A
M

1

i
d
u
c
c
m
t
e
l
s
u
e
t
f
w
i
s

i
w

0
h

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

Contents lists available at SciVerse ScienceDirect

Journal  of  Materials  Processing  Technology

jou rn al h om epage : www.elsev ier .com/ locate / jmatprotec

nalysis  of  submerged  arc  welding  process  by  three-dimensional
omputational  fluid  dynamics  simulations

ae-Won  Choa, Woo-Hyun  Songb, Min-Hyun  Chob, Suck-Joo  Naa,∗

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

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 12 April 2013
eceived in revised form 19 June 2013
ccepted 22 June 2013
vailable online xxx

a  b  s  t  r  a  c  t

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
eywords:
ubmerged arc welding
omputational fluid dynamics
umerical simulation
irect current
lternating current

weld  beads.  The  simulated  weld  pool  profiles  are  validated  with  corresponding  experimental  results  and
found  to  be in  good  agreement.

© 2013 Elsevier B.V. All rights reserved.
olten slag

. Introduction

Submerged arc welding (SAW) is a very complex process that
ncludes physical and chemical reactions. Moreover, it is very
ifficult to investigate the whole SAW process using numerical sim-
lations. However, the molten zone and heat-affected zone (HAZ)
ould be estimated using the finite element method (FEM) and
onsidering just the conduction heat transfer. Wen  et al. (2001)
odeled multi-wire SAW of thick-wall line pipe and calculated the

hermal distributions under various welding conditions. Mahapatra
t al. (2006) predicted the temperature distributions and angu-
ar distortions in single-pass butt joints using three-dimensional
imulations. Sharma et al. (2009) suggested and validated a vol-
metric heat source model of twin-wire SAW by using different
lectrode diameters and polarities. Kiran et al. (2010) simulated a
hree-dimensional heat transfer of a V-groove tandem SAW process
or various welding conditions using FEM. However, these studies
ith FEM only considered the heat conduction transfer in the weld-

ng process, which is insufficient to explain the curve weld bead
uch as fingertip penetration.
To overcome these disadvantages, computational fluid dynam-
cs (CFD) is widely used to investigate molten pool flows and final

eld beads because it makes it possible to approach the welding

∗ Corresponding author. Tel.: +82 42 350 3216; fax: +82 42 350 3256.
E-mail address: sjoona@kaist.ac.kr (S.-J. Na).

924-0136/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jmatprotec.2013.06.017
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

dx.doi.org/10.1016/j.jmatprotec.2013.06.017
http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.jmatprotec.2013.06.017&domain=pdf
mailto:sjoona@kaist.ac.kr
dx.doi.org/10.1016/j.jmatprotec.2013.06.017
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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. 1. Schema

ore complex welding process can also be calculated by VOF. Cho
nd Na (2006) conducted a laser welding simulation that included
he multiple reflection and keyhole formation. Moreover, Cho and
a (2009) conducted the three-dimensional laser-GMA hybrid
elding, which adopted the laser welding and GMAW.  Han et al.

2013) compared the driving forces for the weld pool dynamics in
TAW and laser welding. The VOF method could also be applied

o describe the alloying element distributions and pore generation
n the laser-GMA hybrid welding process (Cho et al., 2010, 2012).
his paper considers the heat transfer by molten slag as a heat
nput and suggests a new way to describe the molten pool flows
n a single-electrode SAW process using CFD.

. Characteristics of SAW

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

Although it is very difficult to observe the metal transfer of
AW, some previous studies succeeded in capturing the motion of

 droplet in SAW. Franz (1965) and Van Adrichem (1966) observed
he metal transfer through a ceramic tube using a X-ray cinematog-
aphy and found that drops travel in free flight to the weld pool, or
hey may  project sideways to collide with the molten flux wall.
his metal transfer in SAW is the so-called flux-wall guided (FWG)
ransfer, as shown in Fig. 2.

During the SAW process, a small portion of the flux is melted
nd consumed. Chandel (1998) found that the flux consumption
elies upon three sources: (a) conduction from the molten metal,
b) radiation from arc and (c) resistance heating of the slag. How-
ver, their individual contributions to flux consumption are still
nclear. In any case, the total flux consumption can be calculated by
easuring the mass of the flux used. Renwick and Patchett (1976)

nalyzed the relations between welding parameters and the flux
onsumption and found that flux consumption initially increased
ith increasing current, reached a maximum, and then decreased.
handel (1998) also measured the flux consumption of SAW with

arious welding parameters and showed that the flux consumption
eached a peak value at 500 A and decreased at higher currents, as
hown in Fig. 3(a). This decrease at a high current is a result of the
ncreasing current causing the droplet size to decrease. Therefore,
gram of SAW.

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
Fig. 2. FWG  transfer in SAW (Lancaster, 1986).
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ig. 3. Effect of welding current on the flux consumption and metal transfer mode.
etween current and metal transfer.

 Momentum equation:

�
∂ �V
∂t

+ �(→ V · ∇) �V = −∇p + ∇2 �V + fb (1)

 Continuity equation:

∇ · �V = 0 (2)
 Energy equation:

∂h

∂t
+ ( �V · ∇)h = 1

�
∇ · (k∇T), where h = CpT + f (T)Lf (3)

able 1
elding conditions used in simulations.

Cur (A) Vol (V) Torch angle (direction) W

Case 1 DC 1000 32 −20◦ (rear) 2.
Case  2 DC 1000 32 +20◦ (front) 2.
Case  3 AC 900 35 −20◦ (rear) 3.
rrent vs. flux consumtpion rate in single DC with 32 V (Chandel, 1998). (b) Relation

f (T) =

⎡
⎢⎢⎣

0 (T ≤ Ts)

T − Ts

Tl − Ts
(Ts < T < Tl)

1 (Tl ≤ T)

(4)

- VOF equation:
dF

dt
= ∂F

∂t
+ ( �V · ∇)F = 0 (5)

ire feed rate (m/min) Welding speed (cm/min) Heat input (kJ/cm)

24 140 13.7
24 140 13.7
24 140 13.5
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Fig. 4. Heat transfer from arc plasma, droplet and molten slag to material surface.

Fig. 5. Process acquiring the arc plasma images.

Fig. 6. Arc heat flux modeling by Abel inversion in SAW.
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.2. Boundary conditions

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

∂T

∂−→n = qa + qslag input − qslag loss = qa + qs (6)

Christensen et al. (1965) found that the thermal efficiency of
AW is located between 0.90 and 0.99, and many studies have used

 thermal efficiency of 0.95 in numerical simulations (Shome, 2007;
oeinifar et al., 2011). This paper also adopts a total thermal effi-

iency of 0.95 and considers the heat transfer from the arc plasma,
roplets and molten slag to the weld pool in Eq. (7) and Fig. 4.

SAW = qa + qd + qs

VI
≈ 0.95 (7)

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

 = pA + �

Rc
, (8)

.2.1. Droplet model
The droplet efficiency depends on the wire feed rate and can

e calculated using Eqs. (9)–(11). In case 1 and case 2, the droplet
fficiency is approximately 0.19, while this efficiency is 0.26 in case
.

d = 3r2
wWFR

4r3
d

, (9)

d = 4
3

�r3
d � [Cs(Ts − To) + Cl(Td − Ts) + hsl] fd, (10)

d = qd

VI
,  (11)

.2.2. Arc heat source model
The actual arc plasma shape of SAW is very difficult to deter-

ine. Therefore, this paper assumes some conditions to obtain the
rc 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
ossible to induce the arc heat flux model using the Abel inver-
ion method. Cho and Na (2005) proposed a fast and accurate Abel

nversion method with an area matrix which adopted the axisym-

etric and elliptically symmetric arc plasma model. Cho et al.
2013b) modeled the arc heat flux using a CCD camera and the

if x ≤ x0 then, q(x, y) = �aVI

2��q
2

if x > x0 then, k4q(x, y) = �aVI

2��q
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.

exp

(
− (x − x0)2

2�qL
2

− y2

2�q
2

)
,

where �q = �qL + �qR

2

2
exp

(
− (x − x0)2

2�qR
2

− y2

2�q
2

)
,

(12)
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Fig. 8. Variation of current and arc shapes with

his paper utilizes an arc heat model with a Gaussian asymmetric
istribution that assumes different temperature distributions for
he left and right parts. Therefore, two different effective radii for
he arc plasma are used for the arc heat modeling in Eq. (12).
.2.2.1. Single direct current (DC). Different torch angles induce dif-
erent arc plasma shapes as shown in Fig. 7. Therefore, the arc
eat models that contain the effective radii of the arc plasma and
e cycle in case 3 (a) and current (b) arc shapes.

droplet impingent 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
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ig. 9. AC current and voltage data from experiment in case 3 (a) current and (b)
oltage.

rc plasma from the negative signals could transfer energy to the
aterial surface in experiments while the negative signals barely
ransfer any energy to the material surface in simulations. Because
he difference in the voltage of peaks is larger than those for the
urrent in Fig. 9, it is possible to expect that the arc size is more

Fig. 10. Variable effective radius of arc along the welding time in case 3.
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. Eqs. (13)–(16) express
the voltage, current and effective radii of the arc that were used in
the simulations.

V(t) =
{ ∣∣6.3 sin(2�ft)

∣∣ + 28.5 V, if sin(2�ft)  > 0∣∣11.9 sin(2�ft)
∣∣ + 28.5 V, if sin(2�ft)  < 0

}
(13)

I(t) =
{∣∣1270 sin(2�ft)

∣∣ + 1.3 A, if sin(2�ft)  > 0∣∣1274 sin(2�ft)
∣∣ + 1.3 A, if sin(2�ft)  < 0

}
(14)

�qL(t) =
{∣∣0.94 sin(2�ft)

∣∣ + 1.2 mm, if sin(2�ft)  > 0∣∣1.45 sin(2�ft)
∣∣ + 1.2 mm, if sin(2�ft)  < 0

}
(15)
�qR(t) =
{∣∣1.25 sin(2�ft)

∣∣ + 1.2 mm, if sin(2�ft)  > 0∣∣1.60 sin(2�ft)
∣∣ + 1.2 mm, if sin(2�ft)  < 0

}
(16)
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Fig. 12. Calculated temperature profiles and flow patterns on a longitudinal cross-
section between droplet generations in case 1 (a) 0.528 s, (b) 0.538 s and (c) 0.546 s.

Fig. 13. Calculated temperature profiles and flow patterns on a transverse cross-
section (x = 2.4 cm)  in case 1 (a) 0.598 s and (b) 0.876 s (after 0.5 s from the beginning
of  droplet impingement).
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Fig. 14. Calculated temperature profiles and flow patterns on a longitudinal cross-
section between droplet generations in case 2 (a) 0.528 s, (b) 0.538 s and (c) 0.546 s.

Fig. 15. Calculated temperature profiles and flow patterns on a transverse cross-
section (x = 2.4 cm)  in case 2 (a) 0.598 s and (b) 0.876 s (after 0.5 s from the beginning
of  droplet impingement).
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Table 2
Prosperities used in simulation.

Symbol Nomenclature Symbol N

� Density (solid: 7.8, liquid: 6.9, g/cm3) hsl L
�V Velocity vector �d D
fb Body force �a A
h  Enthalpy �qL L
F  Fraction of fluid �qR R
k  Thermal conductivity �q M
�n Normal vector to free surface x0, y0 L
qa Heat input from arc plasma V W
qslag input Heat transfer from slag to molten pool I W
qslag loss Heat transfer from molten pool to slag f F
qs Heat input from slag �s S
�SAW Thermal efficiency of SAW, 0.95 ṁf F
qd Heat input from droplet Cpf S
pA Arc pressure Tm,flux M
Rc Radius of the surface curvature Rb O
�  Surface tension Ra I
rw Wire diameter, 4 mm �0 P
rd Droplet diameter, 2.52 mm �m M
fd Droplet frequency (Hz) Jz V
Cs Specific heat of solid, 7.26 × 106 erg/g s K Jr R
Cl Specific heat of liquid, 7.32 × 106 erg/g s K B	 A
Ts Solidus temperature, 1768 K J0 F
Tl Liquidus temperature, 1798 K J1 F
Td Droplet temperature, 2400 K c T
To Room temperature, 298 K t T

Fig. 16. Comparisons of simulation results with experimen

Fig. 17. Current signal and droplet generations along the time in case 3.
g Technology 213 (2013) 2278– 2291 2287

omenclature

atent heat of fusion, 2.77 × 109 erg/g s
roplet efficiency of SAW
rc efficiency of SAW
eft-hand side effective radius in x-direction (case 1: 2.40 mm,  case 2: 2.18 mm)
ight-hand side effective radius in x-direction (case 1: 2.20 mm,  case 2: 2.41 mm)
ean value of �qL and �qR

ocation of arc center in x and y directions
elding voltage
elding current

requency of AC welding signal, 60 Hz
lag efficiency of SAW
lux consumption (g/s)
pecific heat of flux (AWS A5.17), 1.01 J/g
elting temperature of flux (AWS A5.17), 1273 K
uter boundary of slag

nner boundary of slag
ermeability of vacuum, 1.26 × 106 H/m
aterial permeability, 1.26 × 106 H/m

ertical component of the current density
adial component of the current density
ngular component of the magnetic field
irst kind of Bessel function of zero order
irst kind of Bessel function of first order
hickness of base material, 25 mm
ime

ts in single DC (a) case 1 (−20◦) and (b) case 2 (+20◦).

3.2.3. Slag heat source model
The amount of flux consumption is the same as the molten slag

produced by the welding process. Therefore, assuming that the
molten slag is generated by some portion of the arc heat energy,
and the molten slag acts as a heat source to the material surface,
the size and efficiency of this slag heat source can be calculated
using the flux consumption, specific heat and melting temperature
of the flux in Eq. (17).

�s =
•
mf Cpf (Tm,flux − To)

VI
(17)

In Fig. 3(a), it is possible to find the flux consumption at a high
current using the trend line. The flux consumption is about 1.73 g/s.
Therefore, the slag heat efficiency is about 0.05 in case 1 and case 2

(Chandel, 1998). Additionally, the flux consumption in case 3 can be
found to be 2.2 g/s by considering the mean value of flux consump-
tion between EN and EP. Thus, the slag heat efficiency is about 0.07.
This paper assumes that the distribution of the slag heat input to
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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.
ig. 18. Calculated temperature profiles and flow patterns on a longitudinal cross-s
ig. 17), (c) 0.552 s ([c] in Fig. 17) and (d) 0.564 s ([d] in Fig. 17).

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

if x ≤ x0

re =

√
(x − x0)2

(
�q

�qL

)2

+ (y − y0)2

if x > x
(18)
0

re =

√
(x − x0)2

(
�q

�qR

)2

+ (y − y0)2,
 between droplet generations in case 3 (a) 0.526 s ([a] in Fig. 17), (b) 0.538 s ([b] in

if  Rb < re ≤ Rb then,

qs = �sVI

�(R2
b

− R2
a)

, where Ra = 3�q, Rb = Ra + 3.0 mm
(19)
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 (pare) will follow
the distribution of the current density and the arc heat sourcemodel



D.-W. Cho et al. / Journal of Materials Processin

F
s
o

(

(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
ig. 19. Calculated temperature profiles and flow patterns on a transverse cross-
ection (x = 2.4 cm) in case 3. (a) 0.598 s and (b) 0.876 s (after 0.5 s from the beginning
f  droplet impingement)

Cho et al., 2013a).

if x ≤ x0 then, PA(x, y) = �0I2

4�2�q
2

exp

(
− (x − x0)2

2�qL
2

− y2

2�q
2

)

where �

if x > x0 then, PA(x, y) = �0I2

4�2�q
2

exp

(
− (x − x0)2

2�qR
2

− y2

2�q
2

)

g Technology 213 (2013) 2278– 2291 2289

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 slag is
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). Eqs.
(21)–(23) have the same effective arc radius as the arc heat flux
model and arc pressure model (Cho et al., 2013b).

Jz = Ia
2�

∞∫
0


J0(
r) exp

(
−
2�2

q

4d

)
sinh[
(c − z)]

sinh(
c)
d
 (21)

Jr = Ia
2�

∞∫
0


J1(
r)exp

(
−
2�2

q

4d

)
cosh[
(c − z)]

sinh(
c)
d
 (22)

B	 = �mIa
2�

∞∫
0

J1(
r)exp

(
−
2�2

q

4d

)
sinh[
(c − z)]

sinh(
c)
d
 (23)

Fz = JzB	 (24)

Fr = −JzB	 (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 2.20 mm 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
q = �qL + �qR

2
(20)
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ig. 20. Comparisons of simulation results with experiments in single AC (case 3).

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

In case 2, however, the droplet impingent direction does not
atch the molten pool direction. Therefore, the molten pool can

ow forward in the dotted-box shown in Fig. 14 while it flows
ackward in case 1. With these flow patterns, less momentum can
e transferred compared to case 1, which results in a relatively
mall molten pool circulation on a longitudinal cross-section, and
nduces a shallow penetration, as shown in Fig. 15(a). After 0.5 s
rom the beginning of droplet impingement, the molten pool does
ot penetrate the weld pool as shown in Fig. 15(b), which shows
ifferent flow patterns compared to case 1. Finally, the numerical
odels used in the simulation can be validated by comparing the

imulation results with the experimental ones, as shown in Fig. 16.

.2. Single AC

Comparing case 1 with case 3, the values of heat input per unit
ength are very similar. Therefore, it is possible to analyze the effect
f AC and DC on a molten pool, while maintaining a similar heat
nput. In DC welding, the molten pool between droplet genera-
ions in the dotted-box flows consistently backward in case 1 and
orward in case 2. In AC welding, however, the arc shape and sig-
als vary with the welding time. Therefore, it could induce more
ynamic molten pool flows than DC welding. Fig. 17 shows the
urrent waveform and droplet generation moment in AC welding.
ecause the wire feed rate is 3.24 m/min, the droplet generation

requency is about 80 Hz, which does not match the frequency of
he current and voltage welding signals (60 Hz). The arc forces such
s the arc pressure and EMF  are dependent on the welding sig-
als. Thus, a frequency mismatch between the welding signals and
roplet generation can affect the molten pool flow patterns. As a
esult, the molten pool flows backward and forward repeatedly
ith the welding time on a longitudinal cross-section, as shown

n Fig. 18. With these fluid patterns, the molten pool cannot cause
 deep penetration but has shallower and wider flow patterns on a
ransverse cross-section as shown in Fig. 19. Fig. 20 compares the

imulation results of the weld bead cross section with the experi-
ental result to verify the welding models and algorithms used in

his work.
g Technology 213 (2013) 2278– 2291

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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