
Dynamic Simulation of Metal Transfer in GMAW, 
Part 1: Globular and Spray Transfer Modes 

Dynamic characteristics of globular and spray transfer are simulated 
numerically to analyze effects of welding conditions on 

drop detachment mechanism 

ABSTRACT. The dynamic characteristics 
of the globular and spray metal transfer 
modes are simulated by adopting the 
Volume of Fluid (VOF) method. The elec- 
tromagnetic force due to the welding cur- 
rent is included in the formulation of the 
VOF algorithm. The effect of the welding 
arc is considered under the assumptions 
of a uniform and linear current density on 
the pendant drop surface. The free sur- 
face profiles, pressure and velocity distri- 
butions within the drop are calculated 
numerically. It is found that axial flow 
and radial pinch force promote drop de- 
tachment, and the taper of the elongated 
molten drop in the spray mode is main- 
tained by the electromagnetic force. The 
current density distribution on the drop 
surface has significant effects on the 
molten drop profile, detaching drop vol- 
ume and taper formation at the molten 
tip. Predicted results are in reasonably 
good agreement with the experimental 
data. 

Introduction 

Metal transfer in gas metal arc weld- 
ing (GMAW) includes molten drop de- 
tachment from the consumable 
electrode. It is known that the metal 
transfer mode depends upon various 
welding parameters such as the welding 
current, voltage and shielding gas com- 
position (Ref. 1). Among various metal 
transfer modes, the globular and spray 
transfer modes are of interest in many in- 
vestigations. In the globular mode, the di- 
ameter of the detached molten drop is 
larger than the electrode diameter, and 
the drop transfer frequency is relatively 
low. When the welding current is in- 
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creased, the metal transfer mode changes 
from the globular to spray mode. The 
spray mode can be subdivided into pro- 
jected and streaming modes. In the pro- 
jected mode, the drop diameter becomes 
comparable to the electrode diameter. 
When the current is increased further 
from the projected mode, the electrode 
tip becomes tapered, and the streaming 
mode results. In-so-far as the metal trans- 
fer affects the weld quality and produc- 
tivity, extensive efforts have been made 
to explore the mechanism of drop de- 
tachment and its relationship to welding 
conditions (Reg. 2-6). 

Among several theoretical models 
proposed to analyze metal transfer, the 
static force balance model and the pinch 
instability theory are of particular rele- 
vance (Refs. 1-4). These models provide 
simple closed-form equations for the 
conditions of the metal transfer. The force 
balance model calculates the attaching 
and detaching forces exerted on the 
molten drop due to the surface tension, 
gravity, electromagnetic and drag forces 
(Refs. 1,2). The drop detaching condition 
is obtained by comparing the attaching 
and detaching forces. Since only the 
force balance in the axial direction is 
used, the effect of the radial pinch force 
on drop detachment has not been con- 
sidered. Also, the molten drop is gener- 
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ally assumed to be spherical. The pinch 
instability theory utilizes the instability 
conditions for the current conducting liq- 
uid column to calculate the critical wave 
length of the column for breakup (Refs. 1, 
3, 4). The major shortcoming of this the- 
ory stems from the assumption that the 
liquid cylinder is of an infinite length and 
a constant diameter. 

Because molten drop geometry is one 
of the important features when discussing 
metal transfer, attempts have been made 
to predict the profile and volume of the 
pendant drop (Refs. 5, 6). Nemchinsky 
(Ref. 5) calculated the shape and volume 
of the pendant drop numerically by con- 
sidering the surface tension and electro- 
magnetic force. Joo (Ref. 6) determined 
the molten drop geometry in the globular 
and spray modes by minimizing the en- 
ergy of the pendant drop due to the sur- 
face tension, gravity and electromagnetic 
force. These models, however, are basic- 
ally static approaches, and are unable to 
predict the dynamic variations of the 
drop profile during metal transfer. The 
solutions tend to diverge as soon as the 
instability occurs. A model that includes 
the dynamic behavior of the drop growth 
over time would provide more detailed 
information on metal transfer in GMAW. 
As to the dynamic analysis, Maruo (Ref. 
7) attempted to simulate the variations of 
the free surface profile of the molten 
bridge in the short-circuit mode utilizing 
the Marker and Cell (MAC) method 
(Ref. 8). Velocity and pressure distribu- 
tions within the molten bridge were com- 
puted numerically. The calculated results 
were in broad agreement with the exper- 
imental data. Recently, the metal transfer 
phenomena were analyzed using the 
Volume of Fluid (VOF) method (Ref. 9), 
which showed possibility for dynamic 
analysis for globular and spray transfer 
(Ref. 10). 

In this work, an attempt is made to 
conduct a dynamic analysis of metal 
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transfer in the globular and spray modes 
by adopting the VOF method (Ref. 9). 
The electromagnetic force was properly 
included in the VOF algorithm with ap- 
propriate initial and boundary conditions 
to take into account the effects of the arc. 
The effects of the welding current and its 
distribution on the drop size and drop 
profiles were simulated. The calculated 
results were compared with those of the 
force balance model and pinch instabil- 
ity theory, as well as the available exper- 
imental data (Ref. 11 ). 

Formulation of Metal Transfer 
Using VOF Method 

The VOF and MAC methods were de- 
veloped to simulate fluid motion with a 
free surface. The VOF method was se- 
lected to analyze metal transfer in this 
work because this technique has advan- 
tages of numerical stability and effi- 
ciency in the algorithm. As the welding 
current generates the electromagnetic 
force exerted on the pendant drop, it is 
essential to include the effects of the cur- 
rent in the VOF algorithm with suitable 
initial and boundary conditions. The for- 
mulation of metal transfer using the VOF 
procedure is explained with the initial 
and boundary conditions of the globular 
and spray modes. 

When the pendant drop is assumed to 
be axisymmetric, and the material prop- 
erties are assumed to be constant, the 
motion of an incompressible fluid within 
the drop is governed by the continuity 
and momentum equations: 

avr + avz +~c.=0 (1) 
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where p, vand fdenote the mass density, 
kinematic viscosity and body force, re- 
spectively. The body force includes the 
electromagnetic force, as well as gravity. 

In the VOF method, the domain to be 
solved is composed of the cells, and the 
function F is defined for each cell as the 
volume ratio. The function F takes the 
value of 1 for the cell filled with the fluid, 
and becomes 0 for the empty cell. If the 
cell is located on the free surface, the 
function F has a value between 0 and 1. 
The surface gradient of a free surface cell 

is determined by computing the direction 
of maximum gradient from the F values 
of the neighboring cells adjacent to the 
surface cell. As the free surface cells and 
their surface gradients are estimated 
using the function F, an additional equa- 
tion needs to be solved: 

aF aF aF 
a--~ + Vr -~r + V z -~z : O (3) 

When the curvature of the drop sur- 
face is calculated using the free surface 
cell and its surface gradient, the pressure 
on the free surface is determined by the 
surface tension and radius of curvature 
as: 

Ps = 7(1/ R1+1/ R2) (4) 

where 7is the surface tension coefficient, 
R 1 and R 2 the principal radii of curvature 
on the free surface. The pressure of the 
free surface cell is calculated by interpo- 
lating the pressures on the free surface 
and neighboring cell within the fluid. 
[For more information about the VOF 
method in detail, refer to Hirt (Ref. 9).] 

The effect of the welding current in- 
cludes the electromagnetic force which 
is included in the body force terms of 
Equation 2. The electromagnetic force 
generated by the welding current and 
self-induced magnetic field is expressed 
as :  

F m = J x B  (5) 

where J and B represent the vectors of the 
current density and of the magnetic flux 
density, respectively. As the magnetic 
field is generated by the welding current 
in the z direction, the magnetic flux den- 
sity is described as: 

r 

0 

(6) 

The current density is derived as the 
derivative of the voltage: 

av  
Jr = - (~  ar (7) 

a v  
Jz = - ~  az (8) 

where o" is the electrical conductivity of 
the molten metal. The voltage within the 
drop satisfies the Laplace equation for the 
case of a constant electrical conductivity: 

1 a l_ l~raV]+ a2v 
0 - - =  

r ar~, a t )  az 2 
(9) 

The above equations are converted into 
corresponding difference forms for nu- 
merical computation. 

Initial and boundary conditions are 
imposed to simulate the globular and 
spray modes as displayed in Fig. 1. The 
conditions include the initial shape of the 
pendant drop, velocity within the molten 
drop and current density distribution on 
the drop surface. The initial drop shape is 
a hemisphere to ensure numerical stabil- 
ity, and the free slip condition is enforced 
along the z axis. The initial velocity within 
the drop is assumed to be the same as the 
wire feed rate which is determined by the 
location of the solid-liquid interface. 

One of the important boundary con- 
ditions is the current density distribution 
on the drop surface, which determines 
the distributions of the voltage and cur- 
rent density within the drop, and thus in- 
fluences the electromagnetic force. 
Estimation of the actual current density 
on the drop surface is very difficult be- 
cause the arc is involved. For GMAW, the 
current density distribution on the drop 
surface was reported to be influenced by 
the shielding gas composition (Refs. 1, 
11 ). It is conjectured that the current den- 
sity increases along the z axis because 
the electrical resistance is reduced as the 
molten drop elongates and approaches 
the workpiece. This assertion also is rea- 
sonable because the current density is 
higher in the lower part of the drop than 
in the upper part due to the higher tem- 
perature at the center of the arc. In this 
case, the current density can be assumed 
to be linear on the drop surface along the 
z axis. In addition to the abovementioned 
linear current density, the concept of a 
uniform current density is useful as a low- 
est order approximation. This model is 
also adequate for the case of a small pen- 
dant drop, and can be utilized as a refer- 
ence case. Therefore, in the present 
work, the current density on the drop sur- 
face is assumed to be uniform and to in- 
crease linearly along the z axis. 

When the current density on the pen- 
dant drop surface is assumed to be uni- 
form, the constant current density of the 
free surface cell (i, j) is determined as: 

Js = I / ~,, Si.i (10) 
n 

where J s represents the current density on 
the free surface, I the welding current, Sif t 
the surface area of the free surface cell 
(i,j') and n the number of the free surface 
cells in the drop. As for the linear current 
density, the current density for the free 
surface cell (i, j'; is written as: 

% = Izj / Z(s, ,  zp (11) 
n 

WELDING RESEARCH SUPPLEMENT I 39-s 



Electrode 

wire feedra?e 

I T I I 
Molten J Initial 

r 

Free Slip Boundary 

PhT=I~J 
UI . I=O 
v14=v2j 
r,.l=h.f 

(A) 

P,., --Pu 
u u =0 
Vl, I----Vw 

ru--1 

Molten / 

(B) 

/ 

] 
L. 

b.  

Calculation Domain 

Fig. 1 - -  Initial and boundary conditions. A - -  Initial shape and solu- 
tion domain; B - -  Condihons for velocity and pressure. 

where zj represents the distance between 
the free surface cell (i,j) and solid-liquid in- 
terface of the electrode. Since the amount 
of current inflow from the neighboring 
cells is equal to that of current outflow to 
the neighboring cells and through the free 
surface, the condition of current balance in 
the surface cell can be expressed as: 

~,(J.  A ) +  JsS=O (12) 
neighbor 

where A is the area of the neighboring 
cell adjacent to the surface cell. 

The flow chart of 
the VOF procedure is illustrated in Fig. 2. 
The cells are generated in the solution 
domain, and the variables are initialized. 
The velocity and pressure are computed 
iteratively by using the continuity and 
momentum equations. The volume at 
fluid across the cells during a discrete 

time, St, is calculated 
using the velocity, 
and the F value of 
each cell is esti- 
mated. The free sur- 
face cell and its 
surface gradient are 
computed from the F 
values. The current 
boundary condition 
is converted into the 
voltage boundary 
condition, and the 
distributions of the 
voltage and current 
density are solved 
using Equations 7 
and 8. The electro- 
magnetic force is 
calculated from the 
current density and 
magnetic flux den- 
sity using Equations 
5 and 6. When the 
criteria for numerical 
stability are satisfied, 
the time is incre 
mented and the 
above process is re- 
peated. 

Results and 
Discussions 

Simulations are 
carried out for a steel 
electrode with 1.6 
mm diameter, and 
the material proper- 
ties used for the cal- 
culation are listed in 
Table 1. The dimen- 
sion of the solution 
domain is 3 mm and 
10 mm in the rand z 

directions respectively, and a square cell 
with 0. i mm length is used. The welding 
current varied from 150 to 350 A in order 
to cover the whole range of the globular 
and spray transfer modes, and the wire 
feed rate is fixed at 70 mm/s. As men- 
tioned in the previous section, a uniform 
or linear current density distribution is as- 
sumed on the drop surface. 

Analysis of Globular Transfer Mode 

The variations of the computed drop 
profiles are illustrated in Fig. 3 with the 
welding current of 150 A under the as- 
sumptions of uniform and linear current 
density. The profile variations of both 
cases represent the typical globular 
mode in the low current range. Detach- 
ing period and drop volume are calcu- 
lated by averaging the computed results 
obtained during 1 s of welding time. For 

uniform current density (Fig. 3A), it 
takes 220-250 ms for a drop to detach, 
and the average drop diameter is 1.9 
mm with some variations. The detach- 
ing period at the first drop i~ a little 
longer than those of the following drops 
because the initial conditions are differ- 
ent from the first drop detachment. 
When linear current density is em- 
ployed (Fig. 3B), the detaching period is 
reduced to 190 ms, and the drop diam- 
eter is decreased slightly to 1.8 mm. The 
dynamic variations of the molten drop 
profile are similar for the uniform and 
linear current density. A taper is found 
to form at the necking region just after 
breakup (Fig. 3A, 260 ms), but its profile 
changes quickly to a spherical drop. 

The calculated velocity and pressure 
distributions within the pendant drop are 
shown In Fig. 4. For uniform current den- 
sity (Fig. 4A), the molten metal driven by 
gravity and electromagnetic force, flows 
downward in the z direction at a maxi- 
mum velocity of 0.43 m/s. As the flow 
reaches the bottom of the drop, it rotates 
in a counterclockwise direction because 
the free surface on the bottom prevents the 
molten metal from flowing in the axial di- 
rection. The pressure distribution is rather 
uniform within the drop except in the 
necking region and drop bottom where 
the highest pressure - -  up to 2500 Pa - -  
is generated. The flow pattern ~vith linear 
current density (Fig. 413) is similar to that 
of the uniform current density except that 
the maximum velocity increases to 
0.5 m/s. The pressure distribution i~ some- 
what different from that of the uniform 
current density. Higher pressures and 
pressure gradients are generated in the 
necking region with a maximum pressure 
of 3400 Pa at the center. 

Analysis of Spray Transfer Mode 

Figure 5 illustrates the calculated pro- 
files of the free surface when the welding 
current is increased to 300 A, represent- 
ing the spray mode. Detaching period 
and drop volume are calculated by aver- 
aging at least 10 drops. For uniform cur- 
rent density (Fig. 5A), the detaching 
period and drop diameter are approxi- 
mately 29 ms and 1 mm, respectively. 
The molten drop elongates in the neck- 
ing region, but the molten tip continues 
to grow. With linear current density (Fig. 
5B), the detaching period and drop di- 
ameter become approximately 7 ms and 
0.6 mm, respectively, significant reduc- 
tions compared to the results achieved 
with uniform current density. The most 
distinct feature of the linear current den- 
sity distribution is the constrained drop 
growth at the molten tip and mainte- 
nance of the molten tapered tip even after 
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Table I - -  Material Properties Used in This Work 

Mass density p 
Kinematic viscosity, l) 
Surface tension coefficient, y 
Electrical conductivity, o 
Permeability, p. 

7860 (kg/m 3) 
2.8 x 10 -7 (m2/s) 
1.2 (N/m) 
8.54 x 105 (mho/m) 
4 n x 10 -7 (H/m) 

breakup. These phenomena are quite 
similar to the experimentally observed 
results in streaming transfer (Ref. 11). It is 
interesting to note that smaller droplets 
are calculated to occur in the elongated 
necking region. Two or three droplets are 
calculated to detach from the elongated 
part. This phenomenon also was identi- 
fied experimentally by detecting a much 
higher drop transfer frequency than thai 
of the normal spray mode (Ref. 12) 
When a larger and regular drop detaches 
at the upper position of the necking re- 

gion, breakup of the smaller droplets 
does not occur. These results indicate 
that the current distribution on the drop 
surface can lead to a significant differ- 
ence in the metal transfer mode which is 
known from experiments using different 
shielding gas. 

The velocity and pressure distribu- 
tions at 300 A are illustrated i~] Fig. 6. For 
uniform current density (Fig. 6A), the ve- 
locity above the necking region is rela- 
tively small, and the ilow rotating in the 
clockwise direction is induced due to 

higher pressure near the center of the 
necking region. Axial flow in the z direc- 
tion is dominant below the necking re- 
gion with a maximum velocity of 1.7 m/s. 
The maximum pressure in the elongated 
zone is 17 kPa. With linear current den- 
sity (Fig. 6B), the flow pattern is similar to 
the case of uniform current density, but 
the pressure in the elongated zone is 
much higher than with the uniform cur- 
rent density. The maximum pressure 
reaches 50 kPa which results in an in- 
crease of the maximum velocity in the 
elongated zone to 2.9 m/s. The higher 
pressure with linear current density is 
related to the current density in the elon- 
gated zone. With uniform current den- 
sity, a significant fraction of the current 
flows out through the free surface, and 
the actual current density in the elon- 
gated zone is lower than that of the lin- 
ear current density. Therefore, the 
electromagnetic force due to the current 
decreases with uniform current density, 
resulting in lower pressure and larger 
drop size. 

Comparison with Other Models 
and Experimental Data 

The calculated drop sizes using the 
VOF method are compared with those of 
the force balance model and pinch insta- 
bility theory for different welding cur- 
rents as shown in Fig. 7. Since the 
computed detaching drop profile is sim- 
ilar to an elongated sphere, the diameter 
of a sphere is calculated by averaging the 
volumes of the consecutively detaching 
drops. It should be noted that the smaller 
droplets generated in the streaming 
modes are excluded in the averaging pro- 
cess. The predicted drop size decreases 
continuously with current increase, and 
a distinct transition from the globular to 
spray modes is not predicted as observed 
experimentally by other researchers 
(Refs. 5, 11). With linear current density, 
smaller drop diameters are predicted 
compared with the uniform current den- 
sity, which becomes more noticeable in 
the high current range. 

In the globular mode current range, 
the drop diameter predicted by the VOF 
method is generally smaller than that pre- 
dicted by the force balance model. In 
order to find out the causes of the dis- 
crepancy, the detached drop volumes 
using the VOF method and force balance 
model are calculated when no welding 
current flows. As the difference in the 
calculated drop volumes are negligible, 
this implies that the axial flow induced by 
the electromagnetic force promotes drop 
detachment with smaller size drops. In 
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Fig. 3 - -  Molten drop profiles for uniform and linear current density at 
150 A. A - -  Uniform current density; B - -  Linear current density. 

Fig. 4 - -  Velocity and pressure distributions at 150 A. A - -  Uniform 
current density; B - -  Linear current density. 

the spray mode current range, the VOF 
method with uniform current density pre- 
dicts a similar drop size to that of the 
pinch instability theory, but a smaller 
drop diameter is calculated with the lin- 
ear current density. 

The predicted drop size by the VOF 
method is compared with the experi- 
mentally measured data (Ref. 11) as illus- 
trated in Fig. 8. The predicted results 
show better agreement with the experi- 
mental results in the current range of the 
spray mode than in the globular mode. 
The predicted drop size is smaller than 
the experimental data in the globular 
mode. It is speculated that the reason for 
the discrepancy is that the surface ten- 
sion in the globular mode may be higher 
than the value of 1.2 N/m used in the pre- 
sent work, because the temperature of 
the drop in the globular mode should be 
lower than that in the spray mode. When 

a surface tension of 1.8 N/m is used, the 
predicted and experimental results show 
better agreement in the globular mode. 
This demonstrates that a thermal analysis 
should be incorporated in the model to 
consider variations of the material prop- 
erties, which is beyond the scope of this 
work. In the range of the spray mode, the 
VOF method using linear current density 
predicts the experimental results more 
accurately than the uniform current 
density. This suggests that the assumption 
of linear current density may describe the 
condition of the current density distribu- 
tion on the drop surface more accurately 
than a uniform current density. 

When the drop diameter is 1.6 mm, 
the predicted transition current is ap- 
proximately 270 A for the linear current 
density. As the measured transition cur- 
rent is reported to be about 275 A (Refs. 
5, 13), this demonstrates that the transi- 

tion current can be estimated with rea- 
sonable accuracy by the VOF method. 

C o n c l u s i o n s  

The globular and spray modes are 
analyzed using the VOF method, and the 
results lead to the following conclusions: 

1) Axial flow and radial pinch force 
in the pendant drop are found to be the 
important factors affecting the character- 
istics of the metal transfer. When the 
welding current is increased, the ax ia l  
flow becomes dominant and the pinch 
force within the drop increases, which 
promotes drop detachment. 

2) The current density on the drop 
surface has significant effects on the free 
surface profile and drop size, especially 
in the spray mode. Under the assumption 
of linear current density in the spray 
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Fig. 6 - -  Velocity and pressure distributions at 300 A. A - -  Uniform 
current density; B - -  Linear current density. 
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mode, drop growth at the molten tip is 
constrained and the taper is maintained. 
Breakup of small droplets is simulated in 
the streaming mode. 

3) The general trends of the predicted 
results by the VOF method are in broad 
agreement with those by the force bal- 
ance model and pinch instability theory. 
When compared with the experimental 
data, the VOF method can predict the 
drop size with reasonable accuracy. The 
transition current is also estimated quite 
accurately using the linear current den- 
sity model. 
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Nomenclature 

Alphanumeric 

A 
B 
Bo 
d 

area of neighboring cell 
magnetic f lux density 
Bond number 
diameter of electrode 

volume ratio 
body force 
current 
current density 
depth of molten pool 
dummy variable 
pressure 
radius of curvature or 
radius of molten pool 
area of surface cell 
time 
voltage 
velocity 

surface tension coefficient 
permeability of free space 
kinematic viscosity 
density 
electrical conductivity 

Superscripts & Subscripts 

dummy variable 
dummy variable 
r-coordinate 
surface 
electrode wire 
z-coordinate 
0-coordinate 
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