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Metal transfer has been analyzed using both the static force balance method and the pinch 
instability theory. The influences of arc pressure as well as electromagnetic pressure 
in the development of instability in the cylindrical molten metal were considered. Using 
perturbation theory, the dispersion equation was obtained in terms of the arc current density, 
and the drop diameters were then calculated. The drop diameters, which were determined 
by considering the arc effect, were found to be greater than those drop diameters that were 
obtained without the arc effect. The transition current- was obtained on the assumption 
that necking starts when the arc covers an entire drop, at which point spray transfer occurs 
as the molten droplet becomes cylindrical in shape. This explains why spray transfer 
or transition does not appear with carbon dioxide or helium shielding gas since the arc then 
exists only at the lower half of the droplet. 

. . 

I. INTRODUCTION 

The phenomenon of liquid column instability was ap- 
parently first investigated by Rayleigh’ when he postulated 
that instability began when the wavelength was greater 
than the circumferential length. Dattner, Lehnert, and 
Lundquist’ observed the instability experimentally in a col- 
umn of current-carrying mercury, and Mt.&y3 developed 
the theory of the pinch instability phenomenon in an axial 
electric current field. The pinch instability theory was first 
applied to welding metal transfer by Lancaster.” Allurn 
then further investigated the pinch instability of the molten 
metal transfer and determined the drop diameters and their 
initial velocities. However, the influence of the arc pressure 
on the transfer mechanism has thus far not been investi- 
gated. 

In gas-metal arc welding (GMAW), a molten drop is 
transferred from the electrode tip to the weld pool by the 
forces acting on the droplet. The transfer can be either 
globular or spray. Transition between globular transfer and 
spray transfer was first observed in gas-metal arc welding 
using argon as the shielding gas by Lesnewich.6 The metal 
transfer mechanism has been studied by the static force 
balance method, which is based on the concept that a drop 
detaches when the total detaching forces acting on the 
droplet exceed the surface tension force, which is the re- 
taining force.’ Greene8 determined the electromagnetic 
force assuming a spherical molten drop and further assum- 
ing that the active area was occupied by the anode spot, 
and Amson’ extended this to any axisymmetric molten 
drop. Needham, Cooksey, and Milner” postulated that the 
gas drag was significant in the dynamics of the molten 
drop. The electromagnetic pressure was analyzed by 
Alov” considering current flow along a cylindrical con- 
ductor. Waszink and Graat” have determined the acting 
forces in the range of 100-200 A in plasma GMAW. 

Lesnewich6 measured the drop frequency and observed 
an abrupt increase in the critical current region, which he 
called transition. Various criteria have since been devel- 
oped for identifying the transition region. Ma and Appst3 

postulated that an arc did not exist in the neck above the 
droplet since that portion was plastically deformed. Ear- 
lier, Waszink and Van Den Heuvel14 had suggested that 
the transition to spray transfer occurred when the sum of 
the electromagnetic force and the force exerted by the in- 
coming liquid exceeded the surface tension force. Their 
criterion was based on fluid llow in a pipe and served as a 
good basis for validating the experimental results of 
Lesnewich.6 However, metal transfer in GMAW involves 
melting and thus is a vastly different mechanism from liq- 
uid flow within a pipe. Their criterion, for example, cannot 
explain the fact that transition does not occur in carbon 
dioxide or helium even at high currents. 

Previous research on the pinch instability theory as 
applied to welding does not consider the effect of arc pres- 
sure. In this paper, the work of Murty,3 Lancaster,” and 
Allurn’ is extended to incorporate the effect of arc pressure 
on the mechanics of spray transfer using the pinch insta- 
bility theory. The forces acting on the molten drop and the 
drop diameters are also determined using the static force 
balance method. Finally, a model is proposed and used in 
determining the transition between globular and spray 
transfer. First, the works of Murty and Lancaster are 
briefly reviewed. This is followed by an analysis that con- 
siders the arc pressure effect. The point at which transition 
from globular to spray transfer occurs is then analyzed. A 
brief outline of the experimental procedure used to verify 
the analyses is then presented, followed by a discussion of 
the results. 

II. ANALYSIS 

There are two complementary theories for studying the 
metal transfer mechanism. One is the pinch instability 
method and the other is the static force balance method. 
The latter is appropriate for transfer at relatively low cur- 
rents, while the former is more suitable for analyzing trans- 
fer after transition, i.e., at high currents. This study pre- 
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sents extensions to the pinch instability theory as applied to 
welding by considering the influence of arc pressure on 
metal transfer. 

A. Pinch instability theory 
1. Background -. 

The equations governing flow of an inviscid current- 
carrying incompressible fluid are given by the momentum, 
continuity, and Maxwell equations, 

dv 
pz=-VP+JxB (la) 

or 

av 
pz+pv*Vv= -VP+ JxB, 

and 

v*v=o, (2) 

where Y is the velocity, p the density of the molten elec- 
trode, P the pressure in the molten cylindrical droplet at 
the electrode tip, J the current density, B the magnetic-flux 
density, and t the time. 

When current flows along the conductor, the proper- 
ties of the resulting electric and magnetic fields are as fol- 
lows: 

poJ=VX& (3) 

dB 
dt -t VxE=O, (4) 

J=a(E + YxB), (5) 

V*J=O, (6) 

V.B=O, (7) 

VxJ=O, (8) 

where p. is the permeability in free space, E the electric- 
field intensity, and cr the electrical conductivity. The cur- 
rent density is expressed as a predefined scalar function @, 

J=Joez + EV$, (9) 

where e, is a unit vector in the axial direction, Jo is the 
average current density in the axial direction, and E is a 
perturbation parameter. Taking the divergence of each side 
of Eq. (9) gives 

vq6=0. (10) 

The solution of this Laplace equation for a cylindrical 
coordinate system is the modified Bessel function 

11/=cI&r)sin(kz), (11) 

where c is a constant, k a wave number, IO the modified 
Bessel function of the first kind of order zero, and r and z 
represent the radial and axial coordinates of a cylindrical 
coordinate system. Since the component of current normal 
to the perturbed boundary is negligible, we have 

(J.n)h=O, (12) 
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where the subscript b denotes the boundary, and n is the 
normal to the boundary. The three components of current 
and magnetic-flux densities in the radial r, circumferential 
0, and axial z directions are then given by 

J,.= - &Jo[ll(kr)/ll(kR)]sin(kz), (13) 

J,=O, (14) 

JZ=Jo - &JOIIO(kr)/ll(kR)]cos(kz), (15) 

B,=B,=O, (16) 

Be= - E~gJo[ll(krj/ll(kR)lcos(kz) + (1~~ Jo i-m, 
(171 

where It is the modified Bessel function of the first kind of 
order one, R is equilibrium radius of the molten metal, and 
~0 is permeability. The liquid boundary radius R, is per- 
turbed about a fixed radius R with the perturbation param- 
eter 6, 

R,=R + E cos(kz)=R + eocos(wt)cos(kz), (18) 

where w is angular frequency and e. is the amplitude of the 
perturbation parameter. 

2. Model extension 
To determine the pressure distribution, it is necessary 

to know the pressure at the perturbed boundary. The total 
pressure at the boundary Pb, is determined by the surface 
tension of the liquid and the arc pressure outside the 
boundary, 

pt,=pl + 4 + p,, (19) 
where P, and P2 are the pressures due to surface tension 
attributed to the cylindrical radius and the radius of cur- 
vature of the liquid wave, respectively, and P, is the pres- 
sure of the outer arc, neglecting the effect of plasma flow. 
These are given by 

1 - ; cos(wt)cos(kz) , 

P2=y/R2=~ok2ycos(~t)cos(kz), (21) 

Pa= (,uo J;/4) [R; - R2 - 2~9 cos(ot)cos(kz)], 
(22) 

where R1 and R2 are the cylindrical radius and radius of 
curvature for the surface wave, respectively, J, and R, are 
the arc current density and radius, respectively, and y is 
surface tension. Substituting Eqs. (20), (21), and (22) 
into ( 19), the total pressure on the boundary is obtained as 

pb=; + ‘$ (R; - R2) + 9 

k2R2- 1 -‘+ cos(wt>cos(kz). (23) 

The schematic of liquid flow and the arc is shown in 
Fig. 1. Defining a as the ratio of arc to the liquid current 
density, and /3 as the ratio of arc to liquid radius, i.e., 
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FIG. 1. Schematic of molten metal flow and the arc. 

J,=aJo and R,=#3R, 

gives 

I 
JO= arR2($ - 1) + rR’ 

and 

aI 
Ja=- arR ($- 1) +rR” 

(24) 

(25) 

where I is the current. 
Taking the divergence of the momentum equation ( 1) , 

and combining with the continuity equation (2), results in 
the following equation:. 

V2P= -p,, J; + 2ek,u0 J;[I,,(kr)/I,(kR)]cos(kz). (26) 

Solving this equation with the perturbed boundary 
conditions (23 ) obtained above, the pressure distribution P 
is obtained as 

2 PO J; P=;+‘+(R:-R2) f4 (R2 - 2) 

+E~($!$[$+~R’--~-~~). 

PO JiR 11 W -- 2 1 +/-LO J3 II I cos(Ncos(kz). 

(27) 

Substituting Eq. (18) into the momentum equation 
( 1) for the boundary, gives 

-pw2ecos(kz)= -$+ (JxB), (28) 

Using Eqs. (13)-( 17), (27), and (28), the following 
eigenvalue equation is obtained: 

I ( 
II(X) h)(x) 

x 2+x --- 
lo(x) II(X) )I ’ (29) 

where x is the dimensionless wave number and is defined 
by 

x=2?rR/A=kR, (30) 

where A is the wavelength of the perturbed boundary. To 
gain physical insight into the pinch instability of a liquid 
column, Eq. ( 18) can be expressed in a more general form 
as 

R,-R + eoRe(eim’)cos(kz), (31) 

where R, is the liquid surface radius. When w from iZq. 
(29) is real, i.e., 5; then 

R,=R + ~~cos(~t)cos(kz), (32) 

and in this case, since the perturbed function is periodic, 
the system is stable. When w is imaginary, i.e., ic, then 

R,=R + eoe-%os(kz). (33) 

In this case the perturbed function increases or decreases 
exponentially with time, and hence this system is unstable. 
At a critical value of x for stability, ti2 is equal to zero, i.e., 

CD”=0 at x=x c (34) 

where x, is the dimensionless wave number at which the 
angular frequency is zero. 

To determine the value of x corresponding to the max- 
imum value of c?, the derivative of w2 with respect to x is 
set to zero: 

- ( x2+l?3&~]-~k?$[ -2; 

I2 G 
+x g-7 ( )I 1 10 

=0 at x=x,, (35) 

where x, is the dimensionless wave number at which the 
square of the angular frequency is maximum. This equa- 
tion is a function of x, and x, is between 0 and x, (Fig. 2). 
Using a computational half-interval iteration method, the 
dimensionless wave numbers corresponding to the w values 
at which the droplets form are calculated. 

The total volume moved along the liquid cylinder per 
wavelength is assumed to be equal to the drop volume 
which is given by 

&n-R2 = ( ?r/6,d3, (36) 
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FIG. 2. Current effect on dimensionless wave number with parameters of 
Table I and cz = 0. 

where d, is the wavelength corresponding to the dimen- 
sionless wave number for maximum values of w2, and d is 
the drop diameter. The drop diameter can thus be ex- 
pressed in terms of the dimensionless wave number based 
on the maximum value of w2, 

d= ( 12?rR3/x,) 1’3. (37) 

B. Transition current 

As the welding current is increased, a point is reached 
when a transition occurs from globular transfer to spray 
transfer.6 Waszink and Van Den Heuvel14 analyzed the 
transition current using the capillary tube effect and hence 
indicated that spray transfer occurred when the liquid flow 
velocity exceeded a critical velocity. However, this theory 
cannot explain the fact that transition does not occur when 
using carbon dioxide or helium shielding gases, even at 
very high currents. Allum’s analysis5 is based on the pinch 
instability theory, and the resulting expression for the tran- 
sition current essentially reduces to a proportionality with 
the square root of the surface tension force. In the follow- 
ing paragraph, we present a new criterion that results in 
better correlation with experimental results and also ao 
counts for the effects of other shielding gases. 

The angle 0, which is the angle between the electrode 
axis and the point at which the arc contacts the droplet, is 
generally smaller than the angle 4, which is the angle be- 
tween the electrode axis and the point of contact of the 
droplet with the electrode in the lower current range. As 
the current increases, the angle 8 also increases until it 
finally becomes equal to 4. A new criterion is thus pro- 
posed in which necking, and thus transition, is considered 
to occur when the arc entirely covers the drop surface, i.e., 
6 = 4, and the transition current is determined on this 
basis. The rationale for developing this criterion is based on 
the fact that transition does not occur even at very high 
currents, when using carbon dioxide or helium as the 
shielding gas. In argon-carbon-dioxide mixtures, the arc 
locates under the molten droplet at low currents. However, 

the arc climbs as the current increases, and the solid begins 
to neck when the arc covers the entire droplet. 

The transition current values were determined for spe- 
cific wire radii and current densities in the molten droplet 
by considering the forces acting on the droplet and by 
using the static force balance equation discussed in Appen- 
dix A. For an initial current linit, 8 and 4 were determined 
iteratively by the half-interval method using equations 
(A7) and (A8). If 8 was found to be less than 4, the 
process continued with I=1 + 1 until 8 = 4. That current 
value was then specified as the transition current. 

111. EXPERIMENTAL 

For verification of the preceding analyses, experiments 
were carried out using a gas-metal arc welding system with 
direct current reverse polarity in the flat position and with 
a constant current power source. The electrode was 1.6- 
mm-diam mild steel and the workpiece a (i-mm-thick mild 
steel plate. The welding speed was constant at 7.5 mm/s 
with a wide range of currents and voltages from 150 to 400 
A and 26-32 V, respectively. Pure argon was the main 
shielding gas used, .but carbon dioxide and helium gases 
were also used. The electrode extension was 14 mm. A 
laser optical system (helium-neon laser; 5-mW power, 
632.6-nm wavelength) was used for shadowgraphing, and 
the metal transfer was observed using a high-speed motion 
analyzer with a film speed of 60 frames/s. 

IV. RESULTS AND DISCUSSION 

A. Pinch instability 

Equation (27) shows that the pressure distribution in- 
side the perturbed liquid boundary depends on the distance 
in the radial direction, as well as the current density for the 
liquid and the arc. From the dispersion equation (29), the 
angular frequency for disturbances w also depends on the 
current densities in the arc and liquid metal, as well as the 
material properties. In the absence of arc pressure; J, is 
equal to zero and this equation then reduces to that previ- 
ously derived by Lancaster.4 When o is real valued, the 
perturbation function is periodic and stable, and w is then 
the angular frequency of the system. When w is imaginary, 
the perturbed function varies exponentially. The relation- 
ship between the square of angular frequency for distur- 
bances wL and dimensionless wave number x is shown in 
Fig. 2, where the current effect is also shown. Figure 3 
shows the arc current-density effect on the critical or max- 
imum wave number. The data used for the plots are listed 
in Table I. As x increases, the absolute value of w2 in- 
creases to a maximum value, and then decreases, as shown 
in Figs. 2 and 3. When the absolute value of o2 is maxi- 
mum, the instability grows at a maximum rate and the 
fastest growing mode becomes the dominant 0ne.l’ The 
molten cylinder then breaks up into droplets. 

The analysis also shows that the dimensionless wave 
number for the maximum angular frequency is greater for 
higher currents (Fig. 4). In other words, as the total axial 
current increases, x, also increases. That means either the 
wavelength at which the molten metal breaks up decreases 
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FIG. 3. Arc effect on dimensionless wave number with parameters of 
Table I and I=300 A. 

or the corresponding radius increases. However, since the 
droplet size is observed experimentally to decrease with 
increasing current, the former is more likely to be the case, 
i.e., the wavelength at breakup decreases with increasing 
current. Incorporating the arc pressure effect modifies the 
current-density and eigenvalue equations. For a given cur- 
rent, the dimensionless wave numbers for both the maxi- 
mum and critical angular frequencies decrease as the cur- 
rent-density ratio a increases (Fig. 5). In other words, 
with an increasing proportion of the current flowing 
through the arc, the wavelength of molten metal breakup 
increases, resulting in an increasing droplet volume, which 
is again consistent with experimental observations. The 
drop diameters obtained from the wave numbers for max- 
imum angular frequency are shown in Fig. 6. The experi- 
mental results indicate that a significant portion of the cur- 
rent flows through the arc, since the drop size for a = 0.6 
correlates better with experiments than that for a = 0, i.e., 
when current flow through the arc is neglected. The drop 
diameters that would correspond to metal breakup at the 
critical (x,) rather than the maximum (x,) dimensionless 
wave number, and an a of 0.3, are also shown for compar- 
ison, and it is evident that smaller drop diameters would 
result if breakup occurred just when the molten metal be- 
came unstable, and of course, the experimental results sup- 
port the contention that breakup occurs when the instabil- 
ity grows at the maximum rate. 

TABLE I. Input data for pinch instability. 

Current 250-400 A 
density (mild steel) 7000 kg/m3 ’ 

JO 
JO 
RCZ 
R 

“Reference 20. 

O-l 
2 

O-350 A/mm’ 
440-1400 A/mm2 

0.6 mm 
0.3 mm 
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FIG. 4. Critical and maximum wave number with current values from 
Table I and Q = 0. 

The variation of drop diameters obtained by the static 
force balance method with current for different current 
densities is shown in Fig. I and indicates close agreement 
between experimental and analytical results for the lower 
current range in pure argon. It was found that the drop 
diameter was larger for high current density since the elec- 
tromagnetic force decreased due to a reduction in the arc 
conduction area. From the experimental results, it is evi- 
dent that the pinch instability theory is applicable in the 
higher current range while the static force balance method 
is more useful in the lower current range. Furthermore, 
incorporating the arc pressure effect results in better cor- 
relation of the pinch instability theory with experiment. 

The theoretical results agree reasonably well with the 
results obtained experimentally for both the spray transfer 
region where the pinch instability theory was used, and the 
globular transfer region where the force balance method 
was used (Fig. 7). The results also show that increasing 
the current reduces the drop diameter. When compared 
with the results of Lancaster, which did not incorporate 

0.4 0.6 0.8 1.0 

a 

FIG. 5. Critical and maximum dimensionless wave number with (I values 
from Table I and I=300 A. 
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FIG. 6. Drop diameters from pinch instability theory with data values 
from Table I. 

the arc pressure effect, the drop diameters obtained by the 
present analysis are larger as a result of current loss 
through the arc. It is also shown that considering the arc 
pressure effect results in better correlation with experi- 
ment. 

In this analysis, we consider that all of the molten 
metal in one wavelength is detached with each drop, while 
Allurn’ assumed that some fluid remained attached to the 
wire, and therefore used $ of a wavelength as the amount of 
fluid detached in a drop. Using the latter assumption 
would result in drop diameters 10% smaller than our pre- 
diction and a poorer correlation with experiment. 

The gravity term was neglected in Eq. ( 1) since the 
conditions under which instability occurs are such that the 
drop sizes and resulting drop weights are very small in 
comparison with the other .terms in Eq. ( 1). At the lower 
current values at which the gravity term becomes signifi- 
cant, the drop shape is globular, and the instability model 
would not apply. 

4 . 
- \ J-10Amps/mm2--- 

J=20Amps/mm* - 
J=30Amps/mm2 ---- 

a=O.O --- 
=-0,3 ________ 
a-0.6 - 

Experiment 0 

Pinch Instability Theory 

otl”“““““““” 
100 200 300 400 500 

Current (Amps) 

FIG. 7. Drop diameter variation with current, based on data from Tables FIG. 8. Forces acting on the molten droplet, based on data from Table II 
I and II. and current density of 30~ lo6 A/m*. 

TABLE II. Input data for static force balance. 

Gas temperature 
Gas density (argon) 
Gas velocity 
Surface tension, 2500 K 

aReference 2 1. 
bReference 20. 
‘Reference 10. 
dReference 16. 

8000 K” 
0.06 kg/m3 b 

20.4 + 0.371 + 0.00Q434412= 
1.2 N/md 

B. Transition 

At relatively low currents, the drop shape obtained 
experimentally was observed to be spherical, and under 
these conditions, metal transfer was globular. The forces 
that act on the droplet under these conditions are discussed 
in Appendix A, and the values used for determining the 
forces are shown in Table II. Due to difficulties in measur- 
ing the gas properties, approximate values were used. 
Lancaster-l6 postulated that the average gas velocity was 
half the maximum velocity measured by Needham and 
co-workers.” The resulting forces required to detach the 
droplet are shown in Fig. 8. As the current increases, both 
the drag and gravitational forces decrease, while the elec- 
tromagnetic force increases. However, the surface tension 
is almost constant since the temperature of the interface 
between the electrode tip and molten drop is the melting 
temperature. 

With argon shielding, as the current increased, the size 
of the pendent drop decreased and the arc was observed to 
climb the droplet until it touched the solid tip or the in- 
terface between the electrode and the molten droplet. At 
that point, necking occurred. With pure carbon dioxide as 
the shielding gas, the arc does not cover the entire droplet 
due to the dissociation energy of carbon dioxide and like- 
wise for helium, because of its high ionization energy. The 
high energy potential causes the current density to in- 
crease. The arc is thus always limited to the lower portion 
of the drop even at high currents, and that means there is 

800 

600 

,-_..- F, 

- ---F&v . . .._.....____.._.._..--.-----.-----------...-. 
---Fe, 

_ __- F d 

150 200 250 300 

Current (Amps) 
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FIG. 9. Transition current variation with electrode diameter using values 
based on Table II. 

no change in transfer mode. The transition current for 
various shielding gas mixtures is changed by the ionization 
energy; this is discussed in Appendix B. 

The transition currents obtained using the proposed 
criterion, i.e., when the arc covers an entire droplet, are 
shown in Fig. 9 and compare well with the experimental 
results obtained by Lesnewich for mild steel in argon 
shielding gas. The transition current for the present exper- 
iment was found to be 280 A in argon shielding gas for a 
similar material of 1.6-mm-diam wire. 

V. CONCLUSIONS 

A modified form of the dispersion equation based on 
the pinch instability theory is developed by considering the 
influence of arc pressure as well as the electromagnetic 
pressure within the liquid. The dimensionless wave number 
for the maximum absolute value of angular frequency is 
found to increase with increasing current and to decrease 
as the ratio of the arc current density to the liquid current 
density increases. Hence, the drop diameter obtained by 
considering arc pressure is greater than that without arc 
pressure and correlates better with experiments. In com- 
paring the pinch instability theory with the static force 
balance method, the latter is found to be useful for globular 
transfer while the former is useful for spray transfer. 

Transition from globular to spray transfer was identi- 
fied as occurring when an arc covered the entire droplet 
and thus necking started. The transition currents so deter- 
mined agreed reasonably well with the experimental re- 
sults. 

APPENDIX A: FORCES ACTING ON THE DROPLET 

Greene’ has derived the electromagnetic force F,, ex- 
erted on a spherical molten droplet 

2 
F,.m =$ 

sin 8 
In - - 0.25 

sin I$ 

1 2 2 - 
l-cose+(l-cose)~lnl+cosO 

(Al) 

where ,uo is permeability, and 8 and 4 are the angle be- 
tween the electrode axis and the point at which the arc 
contacts the droplet and the angle between the electrode 
axis and the point of contact of the droplet with the elec- 
trode, respectively. 

The gravitational force F, and surface tension force 
F, are obtained from geometry as 

F,==[$n-R;- +n-h2(3Rd- h)]pg, (A21 

where 

h=Rd-- CR;- R2,j112, F,=2?rR,y, L43) 

where R, and Rd are the wire and drop radii, respectively, 
g is the gravitational acceleration, p the density of the mol- 
ten electrode, and y is the surface tension. The plasma drag 
force Fd is obtained by the drag theory considering a gas- 
eous fluid” as 

Fd=0.5Cd&rRd2[ 1 - (R2d2R;)], (A4) 

where C,, is the drag coefficient for a sphere, and pP vs, 
and J are gas density, gas velocity, and current-density 
amplitude, respectively. The drag coefficient depends on 
the Reynolds number and is given” by 

6 

3T=z 
+ 0.4, for 0 <R, < 200 ooo, 

WI 

where d is drop diameter, and p is viscosity. 
The droplet is in an equilibrium state when the result- 

ant of the detachment forces is equal to that of the retain- 
ing forces, i.e., 

Ft, + Fd + Fe, - F,=O, (A7) 

where F,,, is the gravitational force, Fd is the drag force 
exerted on the drop by the plasma, F,, is the electromag- 
netic force due to current flow, and Fs is a retaining force 
due to surface tension while the droplet is attached to the 
solid electrode. From the geometry of the arc conduction 
area, 

cos 8 = 1 - (I/2rRiJ), and sin +=RdR& (A8) 

The current conduction angle, i.e., the angle 8 between the 
electrode axis and the radius to the point at which it is 
determined from Eqs. (A7) and (A8) using the drop di- 
ameter obtained by the static force balance method itera- 
tively, again using the half-interval method since Eq. (A8) 
is a function of the drop diameter. 4 was found to de- 
crease slowly while 8 increased rapidly as the current in- 
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creased. Using 0 and 4, the magnitude of each force was 
aIso determined. Figure 8 shows the influence of current on 
each term. 

APPENDIX B: TRANSITION FOR ARGON-CARBON 
DIOXIDE MIXTURES 

The influence of shielding gas mixture on the transition 
current is first elucidated by determining the current den- 
sity: 

J= aE, 031) 

where (T is the electrical conductivity and E is the electric- 
field intensity of the arc. The electrical conductivity can be 
obtainedI as 

0=2.632x 10-2(T1.5/ln Y), 032) 

Y= 1.25x 107( P/-&), n,=Sn, (B3) 

where T is the average absolute arc temperature, n, is the 
ionized electron number density, n the number of mole- 
cules per unit volume, and S is the degree of ionization. 
From Saha’s equation,16 

[ S2/( 1 - S2) ] (P/P,,) = CT2.‘e - v”/bT, (B4) 

where b is Boltzmann’s constant, Y is the ionization po- 
tential, C is a constant, and P and PO are pressure and 
standard atmospheric pressure, respectively. From known 
values of T and V, S is determined by interpolation from 
the graphical results of Lancaster:16 

6=5.6265x 1021 y- 73.2454~5.658~~“‘~~. (B5) 

The ionization potentials of argon and helium are 15.7 
and 24.6 eV, respectively. However, carbon dioxide has 
dissociation energy as well as ionization energy and thus 
the total energy is 31 eV. The total energy of an argon- 
carbon-dioxide gas mixture is obtained by interpolation, 
i.e., 

Y= 15.3h + 15.7, WI 

where h is the ratio of carbon dioxide to argon. It is very 
difficult to measure the arc temperature accurately, but it is 
generally accepted that the arc temperature and electric- 
field intensity of an arc depend linearly on the ionization 
potential.” Assuming an argon arc temperature of 8000 K 
and an electric-field intensity of 2500 V/m, the current 
density was obtained in terms of the ionization potential. 

With the current density known, the transition current 
could then be determined for a 1.6-mm-wire diam; the 
results are shown in Fig. 10. The transition current was 
taken to be the average of the current value at which the 
drop frequency abruptly increases and the current value at 
which the frequency again levels off and was generally 

-0 10 20 30 40t i 50 

% Composition of CO, 

FIG. 10. Transition current for an argon-carbon-dioxide shielding gas 
mixture with other values from Table II. 

found to increase with increasing carbon dioxide content. 
However, the 5% CO2 mixture was found to have the 
lowest transition current, and this is likely due to the re- 
duction in surface tension with surface oxidation, which 
tends to decrease the transition current. Its effect, however, 
becomes less significant with higher amounts of carbon 
dioxide with the result that the transition current then 
increases with increasing CO2 content. 
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