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Abstract A numerical model of a three-dimensional transient
weld pool was conducted to analyze the hump formation
mechanism in high-speed single-wire gas metal arc welding
(GMAW) and the hump suppression in triple-wire GMAW.
The effect of heat convection, radiation, and vaporization on
temperature field and the impact of arc pressure, surface ten-
sion, Lorentz force, buoyancy force, and droplet impinging
force on the fluid flow field were considered during simula-
tions. In good agreement with the experimental beads and
images recorded by high-speed camera, the simulated results
are shown: during the hump formation in single-wire GMAW,
the liquid channel was formed, elongated, pinched, and solid-
ified due to the strong backward molten metal flow and the
normal surface tension. However, in the same line energy,
humps were suppressed in triple-wire GMAW. The “pull-
push” flow in the triple-wire GMAWweld pool could dramat-
ically slow down the backward trend, which reduced the so-
lidification rate. Consequently, the liquid channel disappears
and the humps could not be formed any more.
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1 Introduction

The rapid development of modern manufacturing calls for
higher welding efficiency, which can be improved by increas-
ing welding speed. However, weld bead defects like hump,
undercut, and other defects occur when the welding speed
reaches a certain limit in single-wire gas metal arc welding
(GMAW) [1–4]. As the hump defect severely restricts the
improvement of welding efficiency, a lot of researchers have
sought to better understand the process and mechanism of
hump formation [5–7]. Bradstreet et al. [5] proposed a capil-
lary instability model with the effect of surface tension, and
the instability of liquid metal was the main factor in hump
formation. This model was simplified as a free liquid cylinder,
and other forces such as Lorentz force and arc pressure were
ignored without any explanation when surface tension was
identified as the main factor. Nguyen et al. [6, 7] found that
the high-speed backward flow in the weld pool, which
brought large amount of molten metal to the pool tail, was
mainly responsible for the hump formation. He then designed
uphill and downhill welding experiments to verify it with
qualitative explanation. Cho et al. [8] studied the mechanism
of hump formation through both simulations and experiments.
He identified the pinching and early solidification of the nar-
row molten metal bead as the main factor of hump formation.
Chen et al. [9, 10] established a numerical model for hump
formation. The simulation results, which were in good agree-
ment with experiments though Lorentz force was not consid-
ered, characterized the important role of backward flow of
molten metal as well.

Other researches focused on the suppression of hump
have proved that triple-wire GMAW can prevent hump
formation and sequentially improve welding speed. In
high-speed multi-wire GMAW, arc pressures are dispersed
in the long weld pool, improving the stability of the pool,
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thus reducing the tendency of undercut and hump defects.
Hiroshi et al. [11] developed a triple-wire pulse welding
controlled by current phase, which could reach 2.0 m/min
in joint welding. During welding, the arcs were burning in
turns of three wires and the energy distribution changed
through adjusting the position of the three wires and in-
clination angle. Hang et al. [12] studied the effects of
welding speed and welding current on the bead parame-
ters in triple-electrode high-speed CO2-shielded fillet
welding, in which the max speed could reach 1.8 m/min.
The length range of fillet leg is predicted when welding
speed and triple electrode current combination change.

Although there are several researches on the hump forma-
tion, its mechanism has not reached a consensus. Few scholars
pay attention to the hump suppression mechanism of triple-
wire welding, and no one has ever analyzed it by simulation.
In this study, using the finite element software FLOW-3D, a
numerical model of a three-dimensional transient weld pool is
established to study the hump formation mechanism in high-
speed single-wire GMAW and the hump suppression mecha-
nism in triple-wire GMAW.

2 Experimental procedure

As a guide and contrast of the simulations, experiments are
conducted in the following conditions. Eight-millimeter-thick
ASTM A36 steel is used as the workpiece of bead-on-plate
welding, which material properties are listed in Table 1. The

power supply is Panasonic YD-500GR3 welding power
source and the welding wire is JM53 with the diameter of
1.2 mm. Ninety percent Argon+10 % CO2 is employed as
the shielding gas, flowed at 20 L/min. The welding torch is
kept perpendicular to the workpiece with a distance of 15 mm.

In the high-speed single-wire GMAW experiment, the
welding current is 350 A, the welding voltage is 32 V, and
the welding speed is 1.5 m/min. The images of the weld pool
during hump formation are captured by a high-speed CCD
camera (Fastcam-Super10KC, Photon) system with an optical
band pass filter (808±10 nm) and two polarizers. The fre-
quency is set 300 frames/s.

In the triple-wire GMAW experiment, three wires are
equally distributed in the distance of 20 mm along the
welding direction. All the welding parameters are en-
sured in the same line energy with the single-wire
GMAW. The leading/middle/trailing currents are set
300 A/240 A/240 A, the welding voltages are set
29 V/24 V/24 V, and the welding speed is set 2.7 m/
min.

3 Mathematical model and numerical simulation

The schematic models of single-wire GMAW and triple-wire
GMAW are shown in Fig. 1.

To simplify the mathematical model, the following as-
sumptions are made in this paper:

1. The molten metal is a Newtonian fluid and the flow is
laminar and incompressible.Table 1 Thermo-physical material properties of A36 steel

Nomenclature Value

Density(s) 7800 (kg/m3)

Density (l) 6900 (kg/m3)

Viscosity 5.9 × 10−3 (kg/m s)

Thermal conductivity(s) 32.3 (W/m K)

Thermal conductivity (l) 26.9 (W/m K)

Specific heat(s) 686 (J/kg K)

Specific heat (l) 866 (J/kg K)

Latent heat of fusion 2.77× 105 (J/kg)

Latent heat of vaporization 7.34× 106 (J/kg)

Liquidus temperature 1798 (K)

Solidus temperature 1768 (K)

Vaporized temperature 2900 (K)

Heat transfer coefficient 100 (W/m2 K)

Emissivity 0.5

Magnetic permeability 1.26× 10−6 (H/m)

Coefficient of thermal expansion 10−4 (K−1)

Surface tension 1.2 (N/m)

Surface tension gradient −0.0003 (N/m K)
Fig. 1 a Single-wire GMAW. b Triple-wire GMAW
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2. The material properties of A36 steel are assumed to be
constant, except the surface tension which is temperature
dependent.

3. The arcs are assumed to be stable during welding process,
which means the interference between arcs is neglected in
triple-wire GMAW.

3.1 Governing equations

In this paper, the dynamic behaviors of the weld pool are
simulated by solving governing equations such as mass con-
tinuity equation, momentum equation, energy equation, and
volume of fluid (VOF) method equation, which can track free
surface of fluid.

Mass continuity equation:
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Considering the solid-liquid changes, the enthalpy-
temperature relationship can be described as following forma-
tions:
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VOF method equation:
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where V
*
is the molten metal velocity, ρ is liquid density, RSOR

is a mass source term, ν is kinematic viscosity, t is time, P is

hydrodynamic pressure, F
*

b is body force, K is the drag coef-
ficient for a porous media model,U is internal energy per unit
mass, T is a local temperature, k is thermal conductivity, USOR

is an energy source term, h is enthalpy, C is specific heat, L is
the latent heat of fusion for phase change between liquid and

solid, Ts and Tl are solidus and liquidus temperatures of the
base metal, and F is a volume fraction of a fluid.

The body force F
*

b consists of Lorentz force and buoyancy
force:

F
*

b ¼ ∑ J
*

� B
*

−ρβg T−T0ð Þ: ð7Þ

The Lorentz force of each arc can be obtained from the

analytical solution [13], where J
*
is the current density vector

of each wire, B
*
is the magnetic induction vector of each wire,

β is the thermal expansion coefficient, and T0 is ambient
temperature.

3.2 Boundary conditions

The boundary conditions of top surface and other surfaces are
different. On the top-free surface of the workpiece, the shear
stress balance is described as follows:

μ
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where u and v are the velocity components in the x- and y-
directions, μ is the dynamic viscosity, and γ is the surface
tension.

The pressure boundary condition on the top surface is
expressed as follows:

−pþ 2μ
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where p is the liquid pressure in normal direction, v*n is the
normal velocity vector, and R1 and R2 are the principal radii of
surface curvature. The arc pressure parc, which is generated by
each wire, can be expressed as below:

parc ¼
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where I is the welding current,μ0 is the magnetic permeability,
and σx and σx are the double elliptical distribution parameter.

On the top-free surface, convection, radiation, and evapo-
ration are considered in the energy condition:

k
∂T
∂n

¼ ∑q x; y; zð Þ−qconv−qrad−qevap ð12Þ

qconv ¼ hc T−T0ð Þ ð13Þ
qrad ¼ σε T4−T0

4
� � ð14Þ

qevap ¼ meMb ð15Þ
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where q(x,y,z) is the heat source of each wire, qconv is the heat
loss of convection, qrad is the heat loss of radiation, qevap is the
heat loss of evaporation, hc is the heat transfer coefficient, σ is
Stefan-Boltzmann constant, ε is the emissivity,me is the evap-
oration rate, and Mb is the latent heat of vaporization.

In paper, double ellipsoidal power density distribution is
applied to describe the heat source of each arc [14]:
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where η is the efficiency of heat flux,U is the welding voltage,
and I is the welding current. The fractions ff and fr present the
heat deposition in the front and rear quadrants, where ff+ fr=2.
The shape of the heat source is decided by four independent
parameters ar, af, b, and c, which are shown in Fig. 2.

For other surfaces:

k
∂T
∂n

¼ −qconv−qrad ð17Þ

u ¼ v ¼ w ¼ 0 ð18Þ
where u, v, andw are the velocity components in the x-, y-, and
z-directions.

3.3 Surface tension

The surface tension of liquid metal is a complicated function
of temperature, which is adopted in Sahoo’s paper [15]. The
formation is listed as follows:
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Therefore, the surface tension gradient can be described as
follows:
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where γm is the surface tension of pure metal at the melting
point, Ar is the surface tension gradient of pure metal at melt-
ing point, R is gas constant, Γs is the surface excess at satura-
tion, kl is the enthalpy factor, as is weight percent of sulfur, and
ΔH0 is the heat of absorption.

4 Results and discussion

4.1 Studies of hump formation in single-wire GMAW

The weld simulation results of bead-on-plate shape in high-
speed single-wire GMAWare shown in Fig. 3a and the exper-
imental ones are shown in Fig. 3b, both of which are in the
same welding conditions. The simulated bead shows the same

Fig. 2 Double ellipsoidal power density distribution of each arc’s heat
source Fig. 3 a Simulated bead. b Experimental bead
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general shape as the experimental one, both of which consist
of humps and valleys.

Table 2 shows the bead parameters obtained by simulations
and experiments. Within the deviation limits, the simulated
bead parameters are close to the experimental ones. The dis-
crepancy in shapes of humped bead is due to large numbers of
assumptions and the errors in material properties and bound-
ary conditions. Based on the results above, more studies are
conducted to analyze the hump formation mechanism in this
paper.

Figure 4 demonstrates the dynamic development of the
simulated weld pool shape and flow field on longitudinal
cross section of the workpiece as well as the images obtained
by high-speed camera in four moments (t=0.7, 0.85, 1.1,
1.25 s). The weld pool is represented by red areas in simula-
tions and bright areas in high-speed camera images.

As is shown in Fig. 4, the weld pool t changes greatly with
impact of arc pressure and droplet impinging force at 0.7 s. A
large gouged region is formed below the arc, which has a thin
layer of moltenmetal in it. When themoltenmetal flow, which
has great backward momentum, goes through the middle part
of the weld pool, little metal is left because of the highwelding
speed. Then large amount of molten metal is brought to the
pool tail, where the fluid flow turns slow and calm, forming a
swelling region. Thus, a thin and narrow liquid channel
emerges between the gouged region and the pool tail.

At 0.85 s, the liquid channel is elongated while the pool tail
is still swelling. At 1.1 s, the liquid channel turns thinner and
starts pinching. At 1.25 s, the liquid channel solidifies while
the other parts of the weld pool are still above melting point.
The solidification of liquid channel divides the weld pool into
two parts, restricting the reflux of molten metal from the pool
tail, which will become the first hump after solidified. The
solidified liquid channel is called the first valley as well.
Then the front part of the weld pool will repeat the similar
process of hump formation as before.

The dynamic actions of liquid channel are the significant
factor of hump formation. It has four stages: formation, elon-
gation, pinching, and solidification.

As is shown in Fig. 5, the liquid channel begins forming as
molten metal accumulates in this region at 0.7 s. In this paper,
cross-sectional view at x=20 mm is taken into study. It is

found that the molten metal flows upward and outward with
the effect of Marangoni force. During 0.7 to 0.85 s, the liquid
channel is constantly elongated and the cross section of the
weld pool gradually swells because of the high welding speed.
At this time, the fluid flow direction does not changemuch but
the outward component becomes smaller than the initial stage.
According to the capillary instability theory [16], when the

Table 2 Bead parameters by simulation and experiment

Reference (mm) Predicted Measured

Hump width 6.70 7.62

Valley width 5.40 6.97

Penetration 2.21 2.46

Hump height 5.69 4.94

Valley eight 1.33 1.56

Fig. 4 The longitudinal cross-section view of simulated weld pool shape
and the flow field and the images obtained by high-speed camera

Fig. 5 0.7–1.25 s top view of the simulated weld pool and the cross-
sectional view at x= 20 mm
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internal contact angle is less than π/2, the weld pool is con-
sidered in a stable state. Otherwise, the weld pool is more
likely to collapse due to the stronger oscillation. Therefore,
the weld pool is stable at 0.85 s as the contact angle is 66°.
As time goes on, the contact angle increases from 66° to 98°
during 0.85 to 1.0 s, because of which the weld pool turns into
unstable state from the initial stable state. The normal vector
of surface tension, which plays significant role in maintaining
the weld pool’s stability, is proportion to the cross section
curvature and it approximately points to the curvature center
of the cross section. At 1.0 s, the normal surface tension is
strong due to the great cross section curvature, leading to the
pinching of the cross section of the weld pool. With the impact
of the normal surface tension, the molten metal flows to the
center of the cross section from 1.0 to 1.1 s. The contact angle
of the cross section gradually decreases until it is less π/2 and
the weld pool returns stable again. Comparing to the cross
section of weld pool at 0.85 s, it is obviously narrower and
has a smaller curvature. Thus, the normal surface tension be-
comes small as well. Because of the force balance in the cross
section of weld pool, rarely strong oscillations occur
afterward.

At 1.25 s, the liquid channel starts solidification at
x=20 mm, dividing the weld pool into two parts. The reasons
responsible for the liquid channel’s early solidification can be
listed below:

1. There is less molten per unit length in liquid channel re-
gion due to the pinching of the weld pool’s cross section,
which means the liquid channel contains less heat enthal-
py per unit length.

2. The liquid channel is elongated by the high welding
speed, which is kept far away from the heat input region
and unable to directly obtain the heat of the arc. Thus, it
turns to be the relatively low temperature region and has
the highest cooling rate, which leads to its solidification in
advance.

The formation, elongation, pinching, and early solidifica-
tion are the four significant stages in hump formation, which
can be observed both by simulations and high-speed camera.
Based on the analyses above, the strong backward molten
metal flow and the impact of the normal surface tension are
concluded as the major factor of the dynamic actions of the
liquid channel. Thus, reducing the backward momentum of
molten metal flow is considered as one of the effective
methods to suppress hump formation.

4.2 Studies of hump suppression in triple-wire GMAW

The simulation results of bead-on-plate shape in high-speed
triple-wire GMAWare shown in Fig. 6a and the experimental
ones are shown in Fig. 6b. Table 3 shows the bead parameters

obtained by simulations and experiments. It indicates that the
simulated bead is similar to the experimental one. Within the
deviation limits, the simulated bead parameters are in good
agreement with the experimental ones. Besides the reasons
mentioned in Section 4.1, ignoring the interference between
arcs in multi-wire welding is another factor in the discrepancy,
which is to be studied in the future work.

Different from the hump bead formed in single-wire
GMAW, a sound bead is formed without humps and valleys
in triple-wire GMAW. The triple-wire GMAW has a higher
welding speed (2.7 m/min) under the same line energy with
the single-wire GMAW, which proves the possibility of hump
suppression by triple-wire GMAW.

As is shown in Figs. 7 and 8, the weld pool of high-speed
triple-wire GMAW is quite different from that of single-wire
GMAW, which has three sub-weld pools: leading weld pool,
middle weld pool, and trailing weld pool. Although the three
sub-weld pools are separated by the middle arc and the trailing
arc, they are all connected with each other. Neither elongated
and narrow liquid channel nor solidification in advance of
liquid channel is observed during the triple-wire GMAW

Fig. 6 a Simulated bead. b Experimental bead

Table 3 Bead parameters by simulation and experiment

Reference (mm) Predicted Measured

Width 8.15 9.13

Penetration 1.80 1.72

Height 2.38 2.46
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process as the weld width keeps consistent along the welding
direction. The contact angles of the cross sections captured
from the three sub-weld pools are all less than π/2, which
means the three sub-weld pools are all in stable state and less
likely to collapse or pinch. According to the analysis above, it
can be proved that the weld pool keeps a stable state during
high-speed triple-wire GMAW.

Nguyen et al. [6, 7] and Hu et al.’s [17] investigations
found that any method which can reduce the momentum of
the backward molten metal flow can make a difference in
suppressing humps. The “pull-push” flow observed in the
weld pool of high-speed triple-wire GMAW is considered to
play a significant role in dramatically slowing down backward
trend of the molten metal flow.

In the front part of the leading weld pool, the molten metal
flows backward with the impact of the leading wire’s arc pres-
sure and droplet impinging force while in the tail of the lead-
ing weld pool, the molten metal flows forward with the impact
of the middle wire’s arc pressure and droplet impinging force,
restricting the backward flow from the front part of the weld

pool. In this way, a pull-push flow is formed caused by these
two flows of different directions and the molten metal accu-
mulates in the pool tail, resulting the swelling of the pool tail
and increasing the residence time of molten metal in the weld
pool.

There is similar pull-push flow in the middle weld pool.
Due to the preheating effect and additional molten metal de-
rived from the leading weld pool, the middle pool is higher
than the leading one and holds the most molten metal.

Different from the first two weld pools, there is only back-
ward flow in the trailing weld pool. However, the flow is quite
steady and the height of the trailing weld pool remains un-
changed. It is because that the pull-push flow in leading and
middle weld pools has slowed down the backward trend of the
molten metal, increased its residence time, and reduced its
solidification rate. The hump defect cannot be formed for no
conditions of liquid channel’s appearance. On the other hand,
arc pressures and droplet impinging forces are dispersed along
the weld pool, for which the weld pool has a uniform defor-
mation and the welding process maintains steady.

5 Conclusion

In this paper, a three-dimensional numerical model of tran-
sient weld pool was established using the finite element soft-
ware FLOW-3D. Analyzing the simulated temperature field
and fluid flow field in the high-speed single-wire GMAWand
the triple-wire GMAW, the following two conclusions could
be drawn:

1. The simulated bead was in good agreement with the ex-
perimental one within deviation limits in high-speed
(1.5 m/min) single-wire GMAW. The results of simula-
tions and high-speed camera images illustrated that the
formation, elongation, pinching, and early solidification
of the liquid channel were observed as the four significant
stages in hump formation. The strong backward molten
metal flow and the impact of the normal surface tension
were concluded as the major factor of the dynamic actions
of the liquid channel.

2. The simulated bead was in good agreement with the ex-
perimental one within deviation limits in high-speed
(2.7 m/min) triple-wire GMAW, which was of the same
line energywith the single-wire GMAW. The results show
that the pull-push flow in the weld pool could dramatical-
ly slow down the backward trend of the molten metal,
increased its residence time, and reduced its solidification
rate. Thus, the hump defect was suppressed for none con-
ditions of liquid channel’s appearance. It was proved that
the pull-push flow could improve the stability of welding
process.

Fig. 7 Images of the triple-wire GMAW weld pool obtained by high-
speed camera

Fig. 8 The longitudinal cross-section view of simulated weld pool shape
and the flow field and the cross-sectional views of three sub-weld pools
(t = 1.4 s)
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