Weld World
DOI 10.1007/s40194-012-0017-z

RESEARCH PAPER

Simulations of weld pool dynamics in V-groove GTA

and GMA welding

Dae-Won Cho - Suck-Joo Na - Min-Hyun Cho - Jong-Sub Lee

Received: 20 September 2011 /Accepted: 20 August 2012
© International Institute of Welding 2013

Abstract

Introduction Many simulation models use an axisymmetric
arc model for heat flux, arc pressure, and electromagnetic
force. In V-groove welding, however, an elliptically symmet-
ric arc model is more acceptable than an axisymmetric model.
An elliptically symmetric arc model can be established by
applying the Abel inversion method to CCD images of weld-
ing arc on V-groove.

Methods This study uses an elliptically symmetric arc model for
CFD based simulations of fluid flow behavior in weld pool of
GMA V-groove welding. It recommends a new method of calcu-
lating the electromagnetic force distribution in V-groove welding.
Conclusion A volume of fluid method is used to describe
the molten pool flow in numerical simulations.

Keywords (ITW Thesaurus) Arc welding -
Electromagnetic fields - Simulating

1 Introduction

Many pipe welding experiments and simulations have been
conducted in V-groove or fillet joint for the purpose of ana-
lyzing and optimizing the welding parameters [1, 2]. Howev-
er, optimizing the parameters in gas metal arc (GMA) welding
is complicated by the force of gravity, which causes a molten
pool to flow to the ground. Because of the need to check the
molten pool flow, a computational fluid dynamics (CFD)
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model is consequently more suitable than a normal finite
elements method model.

Many V-groove joint simulations use an axisymmetric arc
heat flux model [3, 4]. However, they generally ignore the
effect of the joint shape, which can change the arc plasma
characteristics. Cho obtained an arc heat distribution in a V-
groove gas tungsten arc welding (GTAW) with several arc
images from of CCD camera; also obtained the area matrix
Abel inversion method and found out that the arc heat distri-
bution appeared to be elliptically symmetric [5]. An elliptically
symmetric arc shape in V-groove welding affects several im-
portant models that contain an effective radius of arc plasma.
Examples include an arc heat flux model, an arc pressure model
and an electromagnetic force (EMF) model. The application of
an elliptically symmetric arc heat flux model or an arc pressure
in V-groove welding is relatively easy because both models are
used for the boundary conditions on the upper surface of a
workpiece. However, the EMF is more complicated in CFD
based simulations of weld pool behavior: the body force
appears to affect both the boundary and inner areas of the
molten region. Additionally, Fig. 1 shows that the concept of
current flow pattern in V-groove welding is very different from
the bead on plate (BOP) welding. Without a consideration of
the current flow pattern in V-groove welding, the molten pool
flow from the EMF model may not be described realistically.

For the more realistic simulation results, this study sug-
gests a new method of applying the coordinate mapping in
V-groove welding and assumes the arc model as an ellipti-
cally symmetric shape.

2 Numerical formulations
2.1 Governing equations

The governing equations in CFD simulations of a weld pool
include a continuity equation, a momentum equation and an
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Fig. 1 The concept of current
flow patterns in BOP and V-
groove welding

Top surface

Top surface

energy equation. The first two equations are called, the
Navier—Stokes equations. The commercial package Flow-
3D was used for the simulation with a VOF equations.
[6-8]. The material properties and variables are summarized
in Table 1.

2.2 Boundary conditions

The energy on the top free surface is balanced among the arc
heat flux (Qp), the heat dissipation by convection (Qcony)
and radiation (Qy.q) and heat loss due to evaporation (Qcvap)-
The energy balance on the top surface is expressed as the
following equations:

aT
k—= — Yconv T Yrad — YLevap- 1
77 Oa—0 Orad — Oevap (1)

In V-groove welding, the elliptically symmetric model is
better to use for an arc heat flux [2]. Thus, this study uses an

plasma in Eq. (2). This equation contains the average value
of voltage (V), current (/) from the welding experiments and
the arc efficiency in GMAW and GTAW.

T X 2
Qi (x,y) = B °Xp(*(%> - (2y>) 2)
2
0u(r.y) = B exp(—(35) ~ (37))

This study adopted the arc efficiency (9arc Graw) in
GTAW as 0.7 because many previous studies already used
the value in GTAW [9, 10]. On the other hand, the efficiency
of the arc in GMAW is predetermined as 0.56 because the
heat input efficiency of the droplets was found to be 0.24
from Egs (3), (4), (5), and (6). Normally, the total GMAW
efficiency was set at 0.8 [7, 9].

elliptically symmetric which is based on the two different £, — M’ (3)
effective radii (0,=1.50 mm, 0,=0.90 mm) of the arc 4”31

Table 1 Prosperities used in simulation

Symbol Nomenclature Symbol Nomenclature

k Thermal conductivity Lom Material permeability, 1.26x 10°H/m

w Normal vector to free surface qa Heat input from droplet

Nare GTAW Arec efficiency in GTAW, 0.7 p Density, (solid:7.8, liquid:6.9, g/cm3)
TArc. GMAW Arc efficiency in GMAW, 0.56 Cy Specific heat of solid, 7.26 % 10° erg/gsK
v Welding voltage (average) C Specific heat of liquid, 7.32x10° erg/gsK
I Welding current (average) T, Solidus temperature, 1768 K

J Current density (I/mm?) T, Liquidus temperature, 1798 K

oy Effective radius of arc in x-direction, 1.5 mm T, Room temperature, 298 K

oy Effective radius of arc in y-direction, 0.90 mm hy Latent heat of fusion, 2.77x10° erg/gs
Ja Droplet frequency (Hz) Na Droplet efficiency in GMAW, 0.24

WFR Wire feed rate (m/min) z Vertical distance from top surface

Ty Wire diameter in GMAW, 1.2 mm Jze Vertical component of the current density
7 Droplet diameter in GMAW, 1.2 mm Jye Radial component of the current density
Lo Permeability of vacuum, 1.26x 10°H/m Bae Angular component of the magnetic field
Y Surface tension
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Fig. 2 The process of
elliptically symmetric EMF
calculation in V-groove welding

Overall process

Derivation of an elliptically symmetric
EMF modelin bead on plate welding

| Coordinate
|__Mapping

Redefinition ofthe material J

thickness from mapping

verticalforces from vectors

J = [camufarr‘onorme horizontaland }

In Eq. (8), the current density () is assumed to be linearly
proportional to the arc pressure (P,) [11]. Thus, the distribu-
tion of the arc pressure follows the distribution of the current
density. The arc plasma pressure can therefore be modeled, as
shown in Eq. (9) with an elliptically symmetric model that has
the same effective radii of arc heat flux [2].

Calculati fthe ellipticall)
WD e e roove
4 3
qda = gﬂrdp[CS(Ts - To) + CI(Td - Tv) + hsl]fda (4)
qd
— 14 5
Na V17 ( )
Nare_amaw = 0.8 — 1, (6) 2.3 EMF model

The energy balance on the bottom free surface is
expressed in a manner similar to Eq. (1) but the arc heat
flux model should be eliminated. For the pressure boundary
conditions, the following Eq. (7) is used at the free surface.

Y
P=pitg (7)

LolJ
pA::—ﬂ_a (8)

P4 (x,y) =

pol’ X »
_rot Y AT I 9
4n’o0, exp( (20x2> <20y2 ' ©)

Figure 2 shows several procedures that must be conducted
for the implementation of the elliptically symmetric EMF
model of the commercial software Flow-3D.

2.3.1 Derivation of an elliptically symmetric EMF model
in bead-on-plate welding

In BOP welding, the welding current is released from the top
surface as a Gaussian distribution. Therefore, as shown in Fig. 3,
the axisymmetric radial and vertical EMF distributions [6] can
be applied to welding simulations. Additionally, most of the
EMF distributions are clearly concentrated on the top surface.
The axisymmetric EMF model must be modified because
the arc heat flux model is elliptically symmetric in V-groove

Fig. 3 Radial and vertical of
the axisymmetric EMF
distributions. a Radial EMF
distribution (Fr). b Vertical
EMF distribution (Fz)
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Fig. 4 Elliptic shape and elliptic radius (r,)

welding. Equations (10), (11), and (12) can be used to formulate
Eq. (13), which is a simple elliptically symmetric model that
contains an effective radius of welding arc for the x-direction as
well as the elliptic radius (7,) in Fig. 4. This model modifies the
current density and electromagnetic field and ultimately deter-
mines the EMF for the x, y, and z directions (£, F), F.).

2 2

Y
St =1 (10)
h=2=2 (1)

¥y 2
eXp<_7;3_2—g§ zexp(— 20)%), (13)

sinh[A(c, — z)] a, (14)

1 r 2 2
Joe = o /UO(lre) exp(—A'oy/4d) sinh(Ac,)
0

Fig. 5 Radial and vertical EMF
directions on the slope surface.
a EMF directions of Cartesian
coordinate. b Ideal EMF
directions

Fz

o0

1 5 cosh([A (¢, —z)]
= - 4q) "\ 7))
Jre =5 / M (Ar.) exp(—A*o7 /4d)) Sinh (26,) da,
0
(15)
ol [ oy, sinh[A(e, —2)]
Bye =" / Jy(Are) exp(—2%02 /4d) (i) i,
0
(16)
Fx - *JzeBﬁer£7 (17)
F,= —JzeBgerZ, (18)
Fz = JzeBQe~ (19)

2.3.2 Coordinate mapping

Mapping is used to calculate the EMF in V-groove wel-
ding The radial and vertical direction of the EMF is the
same as the r-direction and z-direction in BOP welding.
However, both directions of the EMF must be different from
each other on the V-groove slope surface because, as shown
in Fig. 5 the welding current starts to flow into the work-
piece through the top surface.

Fr "‘5

‘QM

(a) EMF directions of Cartesian coordinate

@ Springer

(b) I1deal EMF directions



Weld World

Fig. 6 Result of coordinate
mapping

2.3.3 Mapping the coordinates for the V-groove welding

The new coordinates can be generated with the following
mapping steps:

(a) The V-groove slope surface is assumed to be a top surface.

Z(mm)

y(mm)

Fig. 7 Redefinition of material thickness (Cy)

--=> r-direction
—> z - direction

(b) The current density starts to flow perpendicular to the
V-groove slope surface.

(c) The use of a spline function forms, the coordinates
inside the workpiece.

Therefore, as shown in Fig. 6, the new coordinates could
be derived from the process of coordinate mapping.

2.3.4 Redefinition of the material thickness from mapping

The mapping coordinates confirm that the thickness of the
V-groove joint is crucial for determining the EMF value:
however, as shown in Fig. 7, the thickness is changed along
the r-direction as shown in Fig. 7. The newly calculated
thickness (C,) is applied to the EMF models in Egs. (14),
(15), and (16).

2.3.5 Calculation of the elliptically symmetric EMF
in V-groove joint

Figure 8 shows the calculation of the EMF distributions for
the radial and vertical directions in V-groove. The values
used in the calculations are the values presented in Sec-
tions 2.3.1 to 2.3.4. However, these directions are unsuitable
for use in an isotropic Cartesian coordinate system and were
consequently modified with the corresponding vectors.

2.3.6 Calculation of the horizontal and vertical forces
from vectors

EMF in V-groove GTAW The coordinate mapping enables
the EMF vectors to be determined from the neighboring
coordinates. As shown in Fig. 9, the locations of points
Pl, P2, and P3 can be automatically determine the two
neighboring angles ¢, and 6,. Figure 10 shows that it is then
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Fig. 8 EMF distributions in V-
groove. Radial EMF distribu-
tion (Fr) Vertical EMF distribu-
tion (Fz)

Z(mm)

y(mm)

possible to obtain the EMF from Eqgs. (20) and (21) for the
vertical and horizontal directions (F,,;, F.;). In Fig. 8, the
locations of the maximum absolute EMF value for the radial
and vertical components are different from each other;
therefore, the horizontal EMF component has two opposite
directions in Fig. 10. If no additional deposit metal is de-
posited on the surface, this method is acceptable for use in
simulations of GTAW processes.

Fy1 = F.cos(6;) + F,cos(6,) (20)
F.) = F.sin(6,) — F, sin(6,) (21)
T AP3
“K
6z
___________ P1 61 5/ X
A |
Fz1 | P2
Y

Fig. 9 EMF vectors
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When the material melts by arc heat, the molten pool
surface cannot maintain the inclined flat surface as before.
Thus, this study detects the deformed molten pool free
surface and redistributes the EMF values (S;;) by consider-
ing the free surface location of z-direction as shown in
Fig. 11. Therefore, the coordinate of EMF from mapping
move upward or downward along the z-direction. Finally,
the newly defined EMF values are applied in the simulation.

EMF in V-groove GMAW In GTAW, hardly any of the
tungsten electrodes melts, so the electrode deposits almost
no molten metal. In GMAW, on the other hand, molten
droplets from electrode wire impinge on the weld pool and
tend to accumulated. As shown in Fig. 12, GMAW produces
a surface that has more of a flat bead shape than the inclined
shape of a V-groove joint. Figure 13 shows that if the molten
pool surface is flat in V-groove GMAW, the deposit metal
area and the mapping coordinates can be described in terms
of the wire feed rate and welding speed. The elliptically
symmetric models and coordinate mapping in Fig. 14a show
that most of the EMF distributions are focused near the flat
surface of the molten pool region. Moreover, if the top
surface of the deposit metal is flat, the coordinate system
under the top surface is the same with Cartesian coordinate
system as shown in Fig. 13. Therefore, the results of EMF
distributions, before and after the coordinate mapping, are
almost the same each other; thus, the coordinate mapping
process is not required in GMAW simulations. The same
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Fig. 10 EMF distributions with
vectors. Horizontal EMF
distribution Vertical EMF
distribution

Fig. 11 The V-groove surface
deformation in GTAW. a Before
melting. b After melting
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Fig. 12 Flat molten pool
surfaces in GMAW

way with GTAW, the newly defined EMF values in GMAW
by considering the deformed free surface are applied in the
simulation.

2.4 Other welding models

In some welding models of a welding arc, such as the
buoyancy force and drag force of arc plasma, the effective
radius of the welding arc is sometimes ignored. However,
this study relies on the same axisymmetric models that were
used for these terms in other studies [6—8].

3 Result and discussion

3.1 Simulation results of GTAW in coordinate mapping of
the EMF

Another model that does not use coordinate mapping was
used to validate the coordinate mapping of the EMF. In that
model, the EMF vectors that head to the center and bottom
surface produce a counter-clockwise molten pool flow; as
shown in Fig. 15a, this type of flow produces deep penetra-
tion and leads to the formation of a narrow bead. When
coordinate mapping is used, the radial EMF vectors have
two opposite directions inward and outward; furthermore, as
shown in Fig. 10, the vertical EMF vector head exclusively
to the bottom surface. The inner radial EMF vector can be

balanced by the surface tension and drag force, as shown in
Fig. 15b, produce a tiny inward molten pool flow. In con-
trast, the outward EMF vector can be strengthened by the
surface tension and drag force, which cause a clockwise
molten pool flow; thus, in the numerical simulation, the
bead is wide, the penetration is shallow, and the reinforce-
ment is high. Figure 16 shows that the result from the
simulation with the coordinate mapping of the EMF in
GTAW is in a good agreement with the experimental results.
The parameters used in GTAW experiments are listed in
Table 2.

3.2 Simulation results of GMAW from an elliptically
symmetric EMF

Figure 17 shows that because the coordinate mapping of the
EMF is not required in V-groove GMAW, the elliptically
symmetric EMF model can be used directly in simulations.
In Fig. 18, the final bead shape obtained from the simulation
appears to be very similar to the bead shape in the experi-
ment. These results confirm the validity of the elliptically
symmetric EMF model. The parameters used in GMAW
experiments are listed in Table 3.

4 Conclusions

In V-groove welding, the arc is rather elliptically symmetric
than axisymmetric. An elliptically symmetric arc model is

f
7
7
e
g
11
14
E
£
i
%
i
7

Fig. 13 Coordinates mapping in V-groove GMAW. (WFR: 7.5 m/min, current: 255A, welding speed: 10 mm/s, ¢ 1.2 mm )
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Fig. 14 EMF distributions in . . 3
Gl\g/IAW. Radial EMF (a) Be.for(.e coordlnat(.e mappmg . dyne | mm
distribution Vertical EMF
distribution. a Before
coordinate mapping. Radial
EMF distribution Vertical EMF

distribution. b After coordinate
mapping
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therefore useful for the arc heat flux, the arc pressure and the ~ model can be used in boundary conditions; however, the
EMF distribution. An arc heat flux and an arc pressure =~ EMF model can be used for the body force, which affects
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Fig. 15 Molten pool flow
pattern in GTAW. a Before
mapping. b After mapping

(a) Before mapping (b) After mapping

the entire molten pool volume. In V-groove GMAW, the top

. ; Table 2 Welding parameters in GTAW
surface of the molten pool is almost flat; thus, coordinate

mapping is not strictly required in CFD-based process sim- ~ Current Voltage Arc length Welding Electrode
ulations. In contrast with GMAW, however, the top surface speed

of ﬂ.l? molten pool in GTAW is inclined because thereisno  ,y0a 12.6 V S mm stationary Tungsten,
additional volume to form the bead shape. This paper sug- ¢ 2.4 mm

gests and validates a new method that can effectively model

(a) Experiment (b) Simulation

Fig. 16 Comparison experiment with simulation in GTAW. a Exper-
iment. b Simulation Fig. 17 Molten pool flow pattern in GMAW
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Fig. 18 Comparison of simulation with experiment in GMAW

the EMF in V-groove GTAW; in the new method, coordinate
mapping is applied to CFD-based simulations of weld pool 7
fluid dynamics.

Table 3 Welding parameters in GMAW

Current Voltage CTWD Welding Electrode Shielding 9.
speed gas
10.
255A 25V 20 mm 10 mm/s YGWIS3, Ar80% CO,
(WFR:7.5 ¢ 12mm 20 %, 20
m/min) 1/min 11.
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