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ABSTRACT

This paper presents a mathematical model predicting the temperature distribution in rotating GMA welding,
The bead width increases with rotation frequency at the same rotation diameter because the molten droplets are
deflected by centrifugal force. The numerical solution is obtained by solving the transient three-dimensional heat
conduction equation considering the heat input from the welding arc, cathode heating and molten droplets.
Generally in GMA welding the heat input may be assumed as a normally distributed source, but the droplet
deflection causes some changes in the heat input distribution.

To estimate the heat flux distribution due to the molten droplet, the contact point where the droplet is
transferred on the weld pool surface is calculated from the flight trajectory of the droplets under the arc plasma
velocity field obtained from the arc plasma analysis. The numerical analysis shows a tendency of broadened
bead width and shallow penetration depth with the increase of rotating frequency. The simulation results are in
good agreement with those obtained by the experiments under various welding conditions.
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1. Introduction

The high-speed arc rotation mechanism was developed first in Japan and used for namrow gap welding and
conventional weld seams such as fillet or V- welds [1-3]. Recently a new rotation mechanism was developed by
using a hollow shaft motor designed to be installed in the electrode nozzle and the size and weight of the
mechanism can be reduced congiderably by using a sufficiently small motor [4-3]. Rotating arc welding has great
advantages in terms of improved efficiency of welding processes and a more consistent quality. The advantages
include an extensive improvement in precigion and response when welding is controlled by an arc sensor for
seam tracking and algo a large increase in welding speed. Moreover the rotating arc welding can be applied to
narrow gap welding and position welding, in which it is difficult to develop an automated process [6].

In this study, the numerical model to predict the temperature distribution in the weldment is investigated using
the conduction equation. For rotating arc welding, a flat bead surface and decreased penetration depth is
observed because the molten droplets are deflected by centrifugal force. Because the GMA welding process
utilizes the consumable electrode, the thermal energy applied to the workpiece consists of two sources : the arc
energy distribution generated at the cathode area(workpiece) and the thermal energy of the metal drops detached
from the electrode wire[7]. For temperature analysis, the molten drop flight trajectory is calculated using the
equation of motion and the contact point where the droplet is transterred on the weld pool surface is determined.
Calorimetric experiments have been camried out by many researchers to estimate the efficiency of each energy
source and the empirical efficiency from the references is adopted as the heat source for the thermal analysis of
weldment [8-9].

2. Drop deflection

The molten drop detached from a consumable wire during GMA welding is accelerated in the arc column
mainly by gravity and drag force. In rotating arc welding, the drop has an initial velocity tangent to the circle by
the centrifugal force when it detaches and is transferred to the base metal with deflection. The images taken by a
high-speed camera show that the diameter of the drops varies between 50% and 150% of the wire size, and the
molten droplets are deflected by the centrifugal force, as shown in Fig. 1 [10]. But the rotation of the tip does not

have a significant effect on the deflection of wire extension, as shown in Fig. 2.
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Fig. 2 Deflection of welding wire in rotating arc welding (D=6mm)

The initial velocity, drag force and gravity are given by the following expressions :

v, =rR2rf (2-1)
Py
F,=C,A,| L (2-2)
4
k, =§7er3pdg (2-3)

where v, is the initial velocity of the molten drop, Fjthe drag force acting on the drop, F; the gravitational force,
r, the radius of rotation, fthe rotation frequency, Cj; the drag coefficient, 4, the cross-sectional area of the drop
prthe density of the fluid, vrthe velocity of the fluid, R, the radius of the drop, g the density of the drop and g
the acceleration of gravity.

Because the drag force 1s dependent on the temperature distribution and velocity distribution of the arc plasma,
these distributions are analyzed by the mathematical model developed in an earlier study [11-12]. In the previous
study, a two-dimensional and steady-state mathematical model of the gas tungsten arc was investigated by using
a code based on a finite difference method. In this study, the arc plasma for GMAW 1s analyzed by using
modified solution domain and boundary conditions as shown in Fig. 3 and Table 1. A more detailed description
of the mathematical model and governing equations can be found in the earlier publication [12]. Fig. 4 and Fig. 5
show the velocity and temperature distribution of the arc plasma respectively for GMA welding with a 270A
welding current and an 8mm arc length condition. As shown in Fig. 4, the axial velocity is considerably high at
the axis of the electrode (z-axis) and decreased rapidly with radial distance.

The flight trajectory of a molten drop 1s calculated under the assumption that the drop has an equal diameter
with the electrode wire. Fig. 6 and Fig. 7 show how the molten drop is deflected at various rotating frequencies
and the rotating diameter. Because the molten drop has a greater initial velocity and less drag force with a greater
radial distance at the higher frequencies, it is more severely deflected when transferred to the base metal, and the
drop contact position on the weld pool surface is located farther away from the center of z-axis.
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Table 1 Boundary conditions for analysis of GMA welding arc
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Fig. 3 Solution domain for analyzing GMA welding arc

(a) Velocity distribution
Fig. 4 Results of analysis (270A, 8mm arc)
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. 5 Drop flight trajectory (270A, D = 6mim)
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3. Temperature distribution

The transient temperature distribution in the base plate is analyzed by applying the heat conduction theory.
The computation is performed with the finite element program SYSWELD, which was developed for the thermal
analysis of welds[13]. Fig. 7 shows the finite-element mesh adopted for thermal analysis of the base plate and
the coordinate system.

The energy equation of the problem is:

PIIC, (1) S = VIKT)VT) (31)

Boundary conditions of heat flux at the upper surface and other surfaces are given respectively by the
following expressions.

kS =—(q,+ ) BT T+ eI - T) (32)
an—T:hQ(T—TD)JrJg(T“—TD“) (3-3)
1

As shown in Fig.8, the forced convection by the shielding gas flow and heat transfer from the heat sources -
arc and molten drop are considered at the upper surface and the natural convection is considered at other surfaces.

Each heat source is assumed as the Gaussian distribution and the heat flux from the welding arc, g, and the
heat flux from the molten drop, g, can be expressed as the following equations.

2
0,(r) =22 exp —3[2] (34)
bra s ¥

o o

2
g,0r) =22 exp —3{2] (3-5)

v, ¥,

where (2 is the total heat input into the base metal per unit of time, ¥ an effective radius of heat density
distribution and r the distance from the center of the heat source. The center of heat input from the welding arc is
determined by rotation of the electrode wire and the center of heat input from the molten droplet is located at the
drop contact position calculated in the previous section.

The total heat input, O is determined from the total energy input for GMA welding (/) and the efficiency of
each heat input(z). In this study, 54% for 7, and 17% for 5, are adopted from the experimental results of the
previous study by Essers, et «i[8].
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Fig. 7 Mesh generation for thermal analy sis Fig. 8 Boundary conditions for thermal analysis
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In the transient analysis of bead-on-plate welding, the bead width and penetration are maintained after 5
seconds from the start of welding. To investigate the influence of the rotation frequency on the weld bead shape,
the thermal analyses are carried out for 5 seconds at various rotating firequencies. The melting lines are obtained
by projecting the fusion boundary to the y-z plane and compared with the cross-sectional bead shape, as shown
in Fig. 9. Fig. 10 shows the calculated and analyzed bead width and penetration depth. The results show that the
bead width increases, and the penetration depth decreases, with the rotating frequency by the deflection of the
drop.
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Fig. 9 Influence of the rotation frequency on melting lines of workpiece
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Fig. 10 Calculated bead width and penetration depth

4. Conclusion

In this study, the weld bead characteristics for rating arc welding were analyzed by the numerical method.
Because the molten drop deflects when it is transferred to the base metal, the drop deflection under the arc
plasma was calculated by using the equation of motion and the drop contact point was used for the center of heat
input from the droplet in the analysis. The numerical model with two separate heat sources — from the welding
arc and the molten droplet — predicted increased bead width and decreased penetration depth and showed good
agreement with experimental results.
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