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A novel three-dimensional two-step numerical model was developed and analyzed for a tandem process
with a reverse-polarity hot wire. Magneto-hydrodynamic analysis was conducted and the free surface of
the molten pool was tracked to investigate the arc and molten pool behaviors of the proposed process,
respectively. The results indicated that a change in electromagnetic force by the hot wire reduced arc

deflection, which increased the arc velocity in the co-axial direction of electrodes, thereby increasing
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the arc pressure and arc shear force acting on the molten pool. Consequently, the molten pool in the novel

tandem process was wider and deeper than that in the conventional tandem process.

© 2022 The Authors. Published by Elsevier B.V. on behalf of the National Institute of Oceanography and
Fisheries This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

The tandem arc welding process is typically used in heavy
industries, such as shipbuilding and construction industries,
because of its high productivity, deposition rate, and welding
speed [1-3]. To increase the effectiveness of welding in these
industries, methods involving the application of a higher current
or the use of more electrodes have been considered. However,
the weld quality of such methods is inferior because the molten
pool becomes unstable because of arc interaction caused by high
current and multiple electrodes.

Numerous processes have been proposed to address this molten
pool stability problem caused by arc interaction [4-6,21]. Arita
et al. [4] first proposed the H-tandem process in which a reverse-
polarity hot wire was added between two electrodes in the tandem
MAG fillet welding conducted using a zinc coated steel plate. They
reported that compared with the conventional tandem process, the
addition of reverse-polarity hot wire reduced arc interaction
between tandem electrodes and increased the viscosity of the mol-
ten pool because of the reduction in temperature. Yokota et al. [5]
revealed that weldments with sound bead appearance and low
porosity can be obtained at a high welding speed of 2.0 m/min in
the H-tandem process because of the higher molten pool stability
and arc interaction resistance. Lee et al. [6,21] investigated process
parameter optimization and obtained a high welding quality in the
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H-tandem MAG welding process of the AH36 plate. They optimized
parameters, such as the current and voltage of each electrode, hot
wire feed rate, and interwire distance (IWD), and proposed a com-
bination of process parameters, such as the leg length, penetration,
and convexity, for the optimal welding quality by assigning
weights to indicate welding quality. Furthermore, they reported
that the leading current and voltage and the hot wire current con-
siderably influence welding quality.

In the aforementioned H-tandem process, a numerical model
for the conventional tandem process is required to identify mech-
anisms for changes in arc and molten pool behavior that are caused
by hot wire. Magneto-hydrodynamic (MHD) analysis is required to
analyze arc and molten pool behavior in the tandem process. Wu
et al. [7] developed an MHD-based numerical model for high-
speed tandem TIG welding, in which a pure titanium thin plate is
used to investigate arc and molten pool behavior. They revealed
that the molten pool flowed downwards and backwards under
the leading electrode and downwards and forwards under the
trailing electrode. They revealed that the pull-push flow pattern,
defined as the backward molten pool flow after the leading elec-
trode and forward molten pool before the training electrode,
occurs because of the Marangoni effect and arc shear stress. Ogino
et al. [8] developed a MHD-based numerical model for the tandem
TIG welding process, in which SUS304 was used to investigate arc
plasma, molten pool behavior, and flow of the molten pool under
the influence of electromagnetic force, arc force, and the Maran-
goni effect. They determined that the molten pool is elliptical
because of arc interaction, and the flow rate in the width direction
of the molten pool is slower and the penetration depth is higher in
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Nomenclature

Density (kg/m?)

Time (s)

Pressure (Pa)

Reference pressure (Pa)

Dynamic viscosity (Pa/s)

Dynamic viscosity of argon (Pa/s)
Gravitational acceleration vector (m/s?)
Welding speed (m/s)

Constant

Constant

Volume fraction of the liquid phase
Body force term (N/m?3)

SLD Solid force term (N/m3)

EM Electromagnetic force term (N/m?3)
Electrical conductivity (S/m)
Electrical potential (V)

Magnetic potential (Wb/m)
Current density (Pa)

Magnetic flux density (T)

Heat source by joule heating (m/s)
Temperature (K)

Reference temperature (K)

Liquidus temperature (K)

Solidus temperature (K)

Specific heat capacity at constant pressure (J/(kg - K))
Thermal conductivity (W/(m - K))
Heat source term (W/m?3)
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q Heat flux (W/m?)

Qeony Convective heat flux (W/m?)

Qrad Radiative heat flux (W/m?)

h¢ Convective heat coefficient (W/(m? - K))

os Stefan-Boltzmann constant (W/(m?2 - K*))

€ Emissivity

Q; Heat input (W)

Taof Characteristic radius of flux distribution in the front x
direction (m)

Tar Characteristic radius of flux distribution in the rear x
direction (m)

T Characteristic radius of flux distribution in the y direc-
tion (m)

Tc Characteristic radius of flux distribution in the z direc-
tion (m)

fr Fraction of the heat deposited in the front quadrants

fr Fraction of the heat deposited in the rear quadrants

l Lag factor (m)

T Shear stress (Pa)

Y Surface tension coefficient (N/m)

¢ Level-set variable

Vis Reinitialization parameter (m/s)

€5 Parameter controlling interface thickness (m)

K Curvature (1/m)

n Normal vector component

the tandem welding process than those in the single TIG welding
process because the shear stress caused by plasma is low.

Because the electromagnetic force, arc pressure, and surface
shear force calculated through the MHD analysis function as driv-
ing forces on the molten pool flow, considering changes in the free
surface of the molten pool is critical for the accurate analysis of the
molten pool behavior mechanism [9,10]. The following studies per-
formed MHD analysis with the free surface tracking analysis of the
molten pool. Wang et al. [9] developed an analysis model in which
the MHD analysis with the level-set method was used for tracking
the free surface of the molten pool in pulsed-GTAW process by
using SUS304 steel. Their model is suitable for analyzing the mech-
anism of the GTAW process, and pulsed current are used for pre-
dicting the geometry of the molten pool. Cadiou et al. [10]
implemented the geometry of the molten pool in the wire arc addi-
tive manufacturing process of STS304 by combining the three-
dimensional MHD analysis with the level-set method. Their model
can simulate the growth of the molten pool and the evolution of
the temperature and velocity fields of the molten pool during the
deposition process. A numerical model that combines MHD analy-
sis with tracking of the free surface of the molten pool is required
to analyze the mechanism of molten pool behavior. However, in
numerical models, combining MHD with free surface tracking of
the molten pool is difficult in processes, such as the tandem and
H-tandem processes, with multiple electrodes because consider-
able computing resources and calculation times are required.

In this study, a novel three-dimensional (3D) numerical MHD
analysis model with free surface tracking analysis of the molten
pool was developed to analyze the novel H-tandem process with
a reverse-polarity electrode. The reverse-polarity hot wire was
added to the two electrodes in the tandem process for the reduc-
tion of arc interaction. The developed model is a two-step process
in which arc behavior and the forces acting at the surface of the
base metal are calculated through MHD analysis, and the free sur-

face of the molten pool is tracked through the level-set method.
Furthermore, the molten pool behavior is implemented consider-
ing the forces acting on the free surface. This model was used to
analyze the forces acting on the arc and molten pool and the mech-
anisms for changes in molten pool behavior under such forces in
the tandem and H-tandem processes. The developed two-step
model significantly reduced the computation time and effectively
analyzed the mechanisms of arc and molten pool behavior com-
pared to the model that considers all physics simultaneously. The
results of each process were validated by comparing them with
the weld cross-sections obtained using the welding experiments
under the same process conditions.

2. Mathematical models

In the first step of the two-step model, the MHD system was
used for analyses under the moving base metal and fixed elec-
trodes (leading and trailing electrodes and hot wire). In step 2,
the behavior of the molten pool on applying the heat source and
forces was observed, as displayed in Fig. 1. In step 1, MHD analysis
was performed to calculate the electromagnetic force resulting
from the current applied to each electrode, the heat by Joule heat-
ing, and the pressure and surface shear force acting at the surface
of the base metal. In step 2, the free surface of the molten pool was
tracked through the level-set method, and the behavior of the mol-
ten pool were calculated using the analysis results from step 1. To
simulate 2 s of the process, computation time was expected to take
months on 32 cores and 192 GB RAM when the MHD and free sur-
face tracking analysis are considered simultaneously. However, the
computation time was shortened to about 10 days using the devel-
oped two-step model. COMSOL 5.5, a commercial software, was
used for the numerical analysis of the tandem and H-tandem
processes.
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Fig. 1. Computational domain in the numerical model for H-tandem welding simulation.

2.1. Step 1: Arc model

In step 1, the diameter of the leading and trailing electrodes and
the hot wire were 1.4 and 1.2 mm, respectively. IWD for the leading
and trailing electrodes was 25 mm, and hot wire was in the center
between the two electrodes. The travel angles of the leading and
trailing electrodes and hot wire were 10°, —10°, and 0° with respect
to the yz-plane. The currents applied to the leading and trailing
electrodes, 280 A and 250 A, respectively, were the same for both
tandem and H-tandem processes. In the H-tandem process, the
hot wire with a reverse polarity was added, and the applied current
was —100 A. Because this study analyzed the change in electro-
magnetic force caused by the hot wire, droplet transfers were
not considered. All gas regions were assumed to be Ar regions,
which was used as the shielding gas. The contact tip to work dis-
tance (CTWD) of the leading and trailing electrodes were 18 mm
and 21 mm respectively. The flow rate of the shielding gas at the
nozzle end was 18 L/min for the two electrodes. Therefore, due
to the difference of the CTWD between the electrodes, the flow rate
of the shielding gas entering the control volume was set to 7.8
L/min and 1.45 L/min for each leading and trailing region, respec-
tively. These values were derived in previous simulations. The
vaporization of the molten metal was neglected, and the thermal
effect at the anode and cathode plasma interface because of the
decrease in the voltage was also neglected. Considerable computa-
tion load and time are required to detail the movement of elec-
trodes or the solid base metal. Therefore, the base metal was
assumed to be a liquid phase and set to flow in at a speed of 1.0
m/min in front of the leading electrode and flow out behind the
trailing electrode [10]. No deformation was assumed to occur at
the interface between gas and liquid, which was the surface of
the base metal. The gas and liquid were laminar flows and assumed
to be immiscible and incompressible Newtonian fluids.

The element size was 0.3 mm at the interfaces between the gas
and each electrode and at the gas-liquid interface. The element in
the remaining regions was set to gradually become coarse from
these interfaces. Previously reported thermal conductivity, electri-
cal conductivity, and dynamic viscosity of Ar [11,12], which are
dependent on the temperature, were used. Table 1 lists the mate-
rial properties of the base metal. The ground condition was set on
the AGLF surface, and the slip condition was set on the AGLF, ABHG
and EKLF surfaces. Furthermore, the base metal flowed in through
the ABEF surface and flowed out through the GHKL surface. For the
remaining interfaces, the outflow condition was set. Table 2 is the
boundary conditions of step 1 model.

The governing equations of step 1, mass, momentum, and
energy conservation equations are as follows:

ap _
E#—V‘(pu)fo (1)

Table 1
Material properties of AH36 steel.
Nomenclature Value Nomenclature Value
Density (kg/m?) 7200  Latent heat of fusion 247
J/kg)
Dynamic viscosity (Pa - s) 0.006 Liquidus temperature (K) 1800
Specific heat (liquid) 866 Solidus temperature (K) 1750
J/(kg - K))
Specific heat (solid) 686 Coefficient of thermal 1 x
J/(kg - K)) expansion (K1) 10
Thermal conductivity (liquid) 26.0 Electrical conductivity 7.7 x
(W/(m-K)) (S/m) 10°
Thermal conductivity (solid)  32.3
(W/(m-K))
Table 2
Boundary conditions of step 1 model for H-tandem model.
Area Electromagnetic Flow Heat
transfer
AGLF V=0,nxA=0 u-n=0 T=To
ABHG, EKLF n-J=0nxA=0 u-n=0 T=Tp
ABEF n-J=0nxA=0 u=Vgy T=Ty
BCDE, COMD, OPNM, n-J=0nxA=0 d(pu)/ox =0 n-q=0
PIJN, HIJK,
DMN]JKE, BCOPIH A(pv)/dy =0
a(pw)/0z =0
GHKL n-J=0,nxA=0 u= Vg n-q=0

pa_‘t‘er(u.v)u =V [-pl+p(Vu+ (V) )| +F+pg  (2)

where p is the density, t is the time, u is the velocity component, p
is the pressure, 1 is the dynamic viscosity, and g is the gravitational
acceleration. Furthermore, C, is the specific heat, T is the tempera-
ture, k is the thermal conductivity, F in Eq. (2) is a body forces term,
which includes electromagnetic force and solid force. Here, Fgy,
which is the electromagnetic force generated by the current applied
to the electrodes, is calculated as J x B, where J is the current den-
sity and expressed as J = —oVV. Moreover, ¢ is the electrical con-
ductivity, V is the electric potential, and B is the magnetic field
and expressed as B = V x A, where A is the magnetic vector poten-
tial. Q in Eq. (3) is a heat source term which is caused by joule heat-
ing, convection, and radiation. Joule heating W is caused by current
density and electrical resistance and expressed as W = |J|*/c.
Because the region with a temperature lower than the melting point
in the metal assumed to be liquid must be treated as the solid
phase, all behavior should be constrained, with the exception of
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the flow in the welding direction. The solid force to express a metal
assumed to be liquid, Fsp [10,13,14], is as follows:

c(1-a)

(03 +7) (U — Vi) (4)

Fsip = —

where Cis set as 1 x 10 to suppress the velocity in the solid region,

and 2 is set as 1 x 107> to avoid division by zero, respectively. Here,
Vsup is the velocity in the welding direction of the metal in the liq-
uid and solid phases, o is a variable that represents solid-liquid
phase transformation to distinguish the liquid and solid phases of
the metal and is expressed as follows:

,lfT>TL
=S 1, f [s<T<T, (5)
0, if T<Ts

where T; and Ts are the liquidus and solidus temperatures of the
metal. The material properties change linearly by the o value which
is dependent on the temperature.

In the step 1 model, the governing equations of electromag-
netic, heat transfer, and fluid flow are then consecutively and iter-
atively solved by PARDISO direct solver. Time-dependent study is
conducted in this step, and the implicit time-stepping based on
the backward differentiation formulas is applied.

2.2. Step 2: Molten pool model

As displayed in Fig. 1(b), the pressure, surface shear force, elec-
tromagnetic force, and heat source acting on the base metal calcu-
lated in step 1 were applied to the step 2 model. The pressure and
surface shear force were applied to the free surface of the molten
pool tracked using the level-set method in step 2 as boundary con-
ditions, and the electromagnetic force was applied as the volume
force of the molten pool region. A relatively large value of viscosity
was applied to suppress the velocity in the solid region. The anal-
ysis domain was a symmetric model with respect to the xz-plane.

The minimum element size of the numerical model was 0.3 mm
at the gas-liquid interface, and it was set to become gradually
coarse from this interface for the remaining regions. Convection
and radiation conditions to the outside were considered for the
boundaries A;BE>F>, GoHLIKGL,, EsKLLFy and A;B,H,>Go, whereas
the open boundary condition was applied to the remaining bound-
aries to set free fluid flow inside and outside the domain. Table 3 is
the boundary conditions of step 2 model.

The heat source was modelled as a double-ellipsoidal shape in
the step 2 model and applied to the metal. These heat sources were
modelled according to Goldak’s model, in which the heat input to
the base metal surface is calculated through MHD analysis in con-
sideration of Joule heating in step 1 and used as heat sources in
step 2. The Goldak’s double ellipsoidal model is expressed as fol-
lows [15]:

Q003 2,6) = 2 vty a7 -3 6)
FToT e/
t 6\/_er1 =3V (1= /12, ,—3y2 /r2 -322/r? 7
q(x.y,z,t) = e (7)
rarrbrcn\/_—
Table 3

Boundary conditions of step 2 model for H-tandem model.

Area Flow

A2B2E>Fy, GoHLKGL,
E>KoLoF, AsBoH,Go

Heat transfer

u=0,v=0,w=0 qgpn, = —he(T—Top)

Graa = —05(T* = To*)
B2CoD2Es, HaloJ2Ka, DoJokKGE,, n-q=0
B,Col:H,

P=DPo
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where 1, Tar, Tp, T are the characteristic radius of flux distribution
in X, —X, y, z direction each. These parameters were determined
from the effective region of the double-ellipsoidal heat source for
each electrode. The position of the maximum heat flux g, of each
region calculated from the surface of the base metal in the step 1
model was defined as the center of the double-ellipsoidal heat
source. The region at which the heat flux was greater than the heat
flux of q,,;, was defined as an effective region of the double-
ellipsoidal heat source, where g, = 0.01 x g, f; and f, are frac-
tion of the heat deposited in the front and rear quadrants which
were determined by the characteristic radius of the heat source
[16]. Q; is the heat input calculated from the step 1 model by inte-
grating the heat flux distributed in the double-ellipsoidal heat
source over the area. [ is the lag factor.

In the level-set method used in step 2, the criterion for distin-
guishing the liquid and gaseous phases is defined as level-set vari-
able ¢, where ¢ is zero for the gaseous state and 1 for the liquid
state. Here, ¢ continuously changes between zero and 1 in the
transition layer at the gas-liquid interface. In this instance, the
sum of the gas and liquid fractions is always 1. Therefore, the prop-
erties of the transition layer at the gas-liquid interface linearly
changes according to the value of ¢ between the properties of
gas and liquid. The relationship between the fluid flow and moving
interface is expressed as follows [9]:

7] v
SV ow) =,V (V- o1 - 9) ) )

where 7y, is the reinitialization speed and ¢ is the interface thick-
ness controlling parameter.

The pressure applied to the free surface of the molten pool in
step 2 is calculated by dividing the pressure acting on the base
metal surface of the step 1 model by the grid size in the z-
direction [17]. The shear force 7 [18] and the surface tension Fsr
are calculated as follows:

=1, o1 )
Fsr = (nk + (I—n-n")Vy)d(¢) (10)

where ft, is the dynamic viscosity of argon, u; is the velocity com-
ponent in the x or y direction, x is the curvature, and 7 is the surface
tension coefficient, which is a function of temperature. Previously
reported surface tension coefficient of the Fe-S system considering
the effect of the surface active components was applied [19].

In the step 2 model, the governing equations of the level-set
method were initialized to set the initial location of the level-set
function ¢, which varies smoothly across the initial liquid-gas
interface [20]. For solving the governing equations of the step 2
model, i.e. heat transfer, fluid flow and level-set method, the same
solver as in step 1 model is applied.

3. Experimental setup

To verify the simulation model, tandem and H-tandem arc
welding experiments were performed using a high-speed camera
to capture images of the arc behavior of each process. Fig. 2 dis-
plays the schematic of the H-tandem arc welding experiment.
Nanomatic 650 (Rexwell, Korea) and Wavematic 500 (Hyundai
Welding, Korea) welding machines were used in the leading and
trailing parts, respectively. The tigSpeed wire feeder (EWM AG,
Germany) with the reverse-polarity was used for hot wire feeding.
E71T-1C flux-cored wires (KISWEL, Korea) were used as leading
and trailing electrodes, and the ER70S-3 solid wire (KISWEL, Korea)
was used as the hot wire. The size of the AH36 base metal used was
200 x 80 x 15 mm. Argon was used as the shielding gas for the
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Leading
electrode

(L)

Hot-wire
(H)

Welding
direction

Trailing
electrode

(T)

Fig. 2. Schematic of the welding experiment of the H-tandem process.

leading and trailing nozzles, and its flow rate was 18 L/min. Phan-
tom Miro LC 310 (Vision Research, USA), a high-speed camera, was
used to observe arc geometry. The amount of light coming into the
camera sensor was adjusted and noise was controlled using an 810
nm bandpass filter, a neutral density filter, and an ultraviolet filter.
The welding experiment was performed under the same process
conditions as the simulation model, and the experimental results
were compared with those of numerical analysis using the cross-
section macro images of the weldments.

4. Result and discussion
4.1. Electromagnetic forces

Fig. 3 displays a comparison of the electromagnetic force (green
arrow) and plasma arc temperature (contour) in step 1 between
the (a) tandem and (b) H-tandem processes. The leading arc is
deflected in the opposite welding direction, and the trailing arc is

(a) Tandem
Fp=522x105F;p =2.82x105 Fy; =1.81x10% Frg = 4.62 x 10°
(N/m3) (N/m3) (N/m3) (N/m?)

T ‘

Frp=1.93%x10%F, p=1.18 x 105 Fy; =0.77 x 10° Frg = 2.06 x 10°
(N/m3) (N/m3) (N/m3) (N/m?)
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in the welding direction in the tandem process. This phenomenon
was caused by the difference in the electromagnetic force gener-
ated on the left and right sides of the electrodes. As illustrated in
Fig. 3(a), the maximum electromagnetic forces on the left and right

sides of the leading arc (F;; and F;z) were 522 x10° and

2.82 x 10° N/m3, and the maximum electromagnetic forces acting
on the left and right sides of the trailing arc (Fr; and Frg) were

1.81 x 10° and 4.62 x 10° N/m3, respectively, in the tandem pro-
cess. In the tandem process, the difference in the maximum elec-
tromagnetic force between the left and right sides of each
electrode is approximately 2.40 x 10° N/ m3 for the leading elec-
trode and 2.81 N/ m? for the trailing electrode. By contrast, in the
H-tandem process, as displayed in Fig. 3(b), the differences in max-
imum electromagnetic force were 1.08 x 10° and 0.78 x 10° N/ m?
for the leading and trailing electrodes, respectively, which were
smaller than those for the tandem process because the attraction
between the tandem electrodes was reduced by the reverse-
polarity hot wire in the H-tandem process. Because the electro-
magnetic force is the dominant driving force for the arc flow, the
arc deflection in the H-tandem process was lower than that in
the tandem process. Furthermore, the direction and magnitude of
the electromagnetic force acting on the molten pool exhibit pat-
terns similar to the behavior of the electromagnetic force under
each electrode.

Fig. 4 displays a comparison of the trailing arc deflection
observed using the high-speed camera between the tandem and
H-tandem processes. The deflection angle of the arc generated at
the trailing electrode was compared because observing the trailing
arc that acted at a higher position was easier than observing the
leading arc because of the difference in CTWD. To measure the
arc deflection angle, arc center line (black dashed line) was
obtained using two tangent lines (red dashed line) to the left and
right sides of the arc near the electrode tip with respect to the
xz-plane. The arc deflection angle was defined as the angle
between the arc center line and the line vertical to the base metal.
The observed arc deflection angles of the trailing arc were 24.74°
and 11.64° for the tandem and H-tandem processes, respectively.
These angles were similar to the arc deflection angles in the simu-
lation results.

Fig. 5 displays the flow rate of gas in the arc region in the tan-
dem and H-tandem processes. The maximum flow rates in the co-
axial direction of the leading electrode in the leading arc region, U,
were 44.75 and 53.44 m/s for the tandem (Fig. 5(a)) and H-tandem
processes (Fig. 5(b)), respectively. The maximum flow rate in the

(b) H-tandem

Fyp=5.56x105 F p = 4.48 X 105 Fp; = 2.97 x 10% Frp = 3.75 x 10°
(N/m3)

Fp =2.31x10%Fyp =2.36 X105 Fr; =1.30x 105 Frp=1.92 x 105
(N/m3) (N/m3) (N/m?) (N/m?)

Fig. 3. Electromagnetic force (green arrow) and plasma arc temperature (contour) calculated in the step 1 model: (a) tandem; (b) H-tandem process. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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(a) Tandem

(b) H-tandem

Fig. 4. Observed trailing arc deflection using a high-speed camera: (a) tandem; (b)
H-tandem process.

co-axial direction of the trailing electrode in the trailing arc region,
Ur, were 40.89 and 49.20 m/s for the tandem and H-tandem pro-
cesses, respectively. The maximum flow rate in the co-axial direc-
tion at each electrode varied depending on the electromagnetic
force generated in the tandem and H-tandem processes. As shown
in Fig. 5, in the tandem process, the strong flow headed towards
the inside from the outside of the two electrodes was generated
because of the arc deflection caused by the considerable difference
in the electromagnetic force between the left and right sides of
each electrode. However, the flow rate of gas in the co-axial direc-
tion in the H-tandem process was higher than that in the tandem
process because the arc deflection was reduced by the hot wire.
This fluid flow considerably influenced the arc pressure and surface
shear force.

4.2. Heat transfer

Table 4 lists the geometry parameters of the double-ellipsoidal
heat sources used in the two processes. The values of the heat
input Q; which were calculated by the method mentioned in Sec-
tion 2.2, were 5,023 and 2,489 W for the leading and trailing
regions in the tandem process. The corresponding values of heat
input were 5,998 and 2,982 W in the H-tandem process. In the
H-tandem process, a heat input of 795 W was added to the hot
wire region. In the two welding processes, the difference in the
heat input between the leading and trailing regions occurred
because of the difference in the CTWD.

4.3. Surface forces

Fig. 6 displays the pressure and surface shear force acting on the
base metal surface in step 1. The maximum pressures in the lead-
ing and trailing regions (p, and p;) of the H-tandem process were
686.81 and 390.34 Pa, respectively, which were higher than those
of the tandem process (526.10 and 375.03 Pa). The maximum sur-
face shear forces in the x-axis direction at the leading and trailing
electrodes (S, and Sry) and in the y-axis direction (S., and Sr,)
were also higher in the H-tandem process than those in the tan-
dem process. These results were attributed to the flow rate in the

(a) Tandem

i —Tntensification T By s
v L\/X of the arc z’/\ T (_;,;si 40

Utm/sl - (b) H-tandem
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co-axial direction of each electrode in the H-tandem process being
higher than that used in the conventional tandem process (Fig. 5).
This phenomenon results in strong fluid flows in the vertical down-
ward and horizontal directions on the base metal surface. Further-
more, the surface shear force was balanced between the left and
right sides of each electrode in the H-tandem process because
the fluid flow in the horizontal direction headed towards the inside
from the outside of the two electrodes decreased because of the
decrease in arc deflection.

4.4. Molten pool behavior

Fig. 7 illustrates the results of applying the analysis results of
step 1 to step 2 (t = 2 s), combined with the level-set method as
the volume force and boundary conditions, in the H-tandem pro-
cess. Fig. 7(a) and Fig. 7(c) displays the enlarged views of the lead-
ing and trailing arc regions, respectively. The pressure and surface
shear force functions as boundary conditions on the base metal
surface defined by the level-set method while moving in the weld-
ing direction at the interface between gas and liquid metal, and the
electromagnetic force functions as the volume force on the entire
molten pool. At 2 s after the start of welding, the trailing electrode
passed the initial position of the leading electrode, and the molten
pool was stabilized. The constant geometry of the molten pool was
then maintained. Considerable changes in the free surface of the
molten pool occurred because of the pressures in the leading and
trailing arc regions. The deepest penetration occurred in the
Fig. 7(c) region, in which melting by the leading arc was followed
by additional melting by the trailing arc.

Fig. 8 presents a comparison of the flow of the molten pool
between the tandem and H-tandem processes. For both the tan-
dem (Fig. 8(a)) and H-tandem processes (Fig. 8(b)), the flow
between the leading and trailing electrodes was generated by the
travel angle of the two electrodes. In the molten pool of the tandem
process, in particular, deep penetration could not be generated
because of the large electromagnetic force towards the inside from
the outside of the two electrodes. In the tandem process, the deep-
est penetration occurred in the leading region where the high cur-
rent was applied, and the penetration depth gradually decreased
until the trailing region. The penetration depth increased again in
the trailing region, but it was shallower than that in the leading
region. However, in the H-tandem process, flow in the depth direc-
tion occurred in the molten pool region under the hot wire because
of the change in the direction of electromagnetic force. Accord-
ingly, for the molten pool of the H-tandem process, the deep pen-
etration in the leading region was maintained until the trailing
region, and penetration was deeper than that in the leading region
because of the pressure of the trailing region. These results can be
confirmed through the cross-sections of actual welding specimens
to be described later.

Fig. 9 displays the width and flow rate on the free surface of the
molten pool. The maximum molten pool widths in the leading arc
region, w;, were 7.38 and 7.68 mm for the tandem (Fig. 9 (a)) and
H-tandem (Fig. 9 (b)) processes, respectively. The maximum
widths of the molten pool in the trailing arc region, wr, were
6.20 and 7.94 mm for the tandem and H-tandem processes. The
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Fig. 5. Flow rate of gas in the arc region: (a) tandem; (b) H-tandem process.
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Table 4
Geometry parameters of double-ellipsoidal heat sources.
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Tandem H-tandem re fmm]
Heat flux«-—____ L
L T L H T Nz T " x
1y [mm] 4.0 8.4 7.0 6.0 9.5
re[mm] 23 1.0 25 15 1.0
Top[Mm] 9.0 15.0 9.5 3.0 15.0 <
Tqr[mm| 12.0 9.0 9.0 10.0 10.0 £
fr 0.86 1.25 1.03 0.46 1.2
fr 1.14 0.75 0.97 1.54 0.8
(a) Tandem p(Pal (b) H-tandem P [Pa]

Sy =7.42x10%Pa

Srx=6.25x10%Pa

Sy = 6.50 X 10°Pa Sry=5.12x103Pa J.

-100

Six=8.74%x103Pa

Siy=9.10 x 10*Pa Sry=7.19 x10%Pa |,

Fig. 6. Pressure (contour) and surface shear force (yellow arrow) acting on the base metal surface (xy-plane): (a) tandem; (b) H-tandem process. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. (b) Results of applying the analysis results of the step 1 model to the step 2 model, combined with the level-set method as volume force and boundary conditions, in
the H-tandem process, and the magnified view of the (a) leading arc region and (c) trailing arc region.
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Fig. 8. Flow of the molten pool: (a) tandem; (b) H-tandem process.

leading and trailing molten pool regions were narrower and
shorter in the tandem process than those in the H-tandem process
because larger surface shear force occurred in the H-tandem pro-
cess due to a reduction in arc interaction, which induced strong
outward flow. The maximum flow rates on the free surface of the
molten pool, Upgy, were 0.155 and 0.223 m/s for the tandem and
H-tandem processes. The H-tandem process exhibited higher
U because the pressure acting on the free surface of the molten
pool was larger. These results can also be confirmed through the
cross-sections of welding specimen to be described later.

Fig. 10 presents a comparison of the cross-sections obtained
from the tandem and H-tandem welding experiments with the

yz-plane results of both numerical models at 2 s. The experiment
results revealed that the penetration depth of the H-tandem pro-
cess, d, increased by approximately 0.4 mm compared to that of
the tandem process (1.440 mm), and the molten pool width, w,
increased by approximately 0.2 mm compared with 3.912 mm. Dif-
ferences between the experiment and simulation results occurred
because the mass flow by the droplet transfer and the force caused
by the droplet collision were not considered in the developed
model. However, droplet transfer in the model causes huge compu-
tational load. Therefore, droplet transfer was neglected in order to
efficiently achieve the comparison of the arc and molten pool
behaviors in the tandem and H-tandem processes which is the
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Fig. 9. Width and flow rate on the free surface of the molten pool: (a) tandem; (b) H-tandem process.
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Fig. 10. Verification of the analysis model using weld cross-sections: (a) tandem; (b) H-tandem process.

main purpose of this study. The developed model accurately simu-
lated the tandem and H-tandem molten pool geometry even
though the droplet transfer was ignored.

5. Conclusion

In this study, a numerical model of the H-tandem process, in
which reverse-polarity hot wire is added between the two elec-
trodes of the tandem process, was developed. The main results
can be summarized as follows:

(1) A 3D numerical model of the H-tandem process, in which
MHD analysis that considers electromagnetic force, heat
transfer, and fluid flow is combined with the level-set
method to calculate the free surface of the molten pool,
was developed to analyze the arc and molten pool behavior
mechanisms of the tandem and H-tandem processes. The
developed model consists of step 1, in which the forces
and heat acting on the arc and molten pool are calculated,
and step 2, in which the behavior of the molten pool is cal-
culated through the forces and heat acting on its free surface.
The newly developed two-step model helps not only explain
the arc and the molten pool behavior well but also reduce
the computation time.

(2) The arc and molten pool behavior mechanisms of the tan-
dem and H-tandem processes were analyzed using the
developed model. While two arcs were deflected toward
each other by the electromagnetic force generated from each
electrode in the tandem process, arc deflection was reduced
by reverse-polarity hot wire in the H-tandem process com-
pared to that in the tandem process. Therefore, the down-
ward flow in the co-axial direction of each electrode
became faster in the arc region, and the arc pressure, surface
shear force, and heat input acting on the molten pool
increased. This result considerably affected the depth and
width of the molten pool. The arc pressure and surface shear
force were the major forces affecting the behavior of the
molten pool, and the width and depth of the molten pool
were larger in the H-tandem process than in the tandem
process.
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