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ABSTRACT. Experiments were carried 
out in a welding arc having a consumable 
wire as the positive electrode. The drop 
mass was measured as a function of the 
gas flow rate and the electric current. The 
electrode was surrounded by a hot plas
ma, so that measurements at zero elec
trode current could also be made. The 
various forces acting on a drop at the 
point of detachment were derived from 
the measured data. 

The following forces were considered: 
gravity force, the drag force exerted by 
the flowing gas, electromagnetic force, 
and the retaining force by the surface 
tension. The model which was used in 
the derivation of these forces is based on 
older work on drop transfer from capil
lary tubes. The Lorentz force due to the 
divergence of the electric current within 
the drop accounts for the electromag
netic force as derived from the measured 
data. 

Introduction 

The flow of heat and mass from a 
consumable electrode to the weld pool 
governs for a large part the quality of the 
weld, and the speed of the welding 
process. The corresponding flow rates 
are described by the melting rate and the 
temperature of the transferred liquid 
metal (Ref. 1-4). Another area of interest 
is the frequency of drop transfer or, 
alternatively, the drop mass. Its impor
tance lies in the fact that irregularities in 
drop transfer lead to irregularities in the 
weld. Moreover, the momentum of the 
drops which enter the weld pool affects 
the depth of penetration (Ref. 5-7). 
Therefore, it is of interest to investigate 
how a drop is detached from the wire. 

An earlier investigation (Ref. 8) of an 
overhead welding process showed that 
drop detachment is influenced by elec
tromagnetic forces. Furthermore, it was 
found (Ref. 1-9) that the drop mass 
decreases with increase in the electric 
current; this also suggests that some elec
tromagnetic effect plays a role. There is a 

considerable amount of literature dealing 
with the theory of the mechanism which 
causes a drop to fall off. A review has 
been given by Lancaster (Ref. 10). Fur
thermore, the acceleration of drops after 
detachment has been measured (Ref. 5, 
11). 

The literature dealing with the physics 
of the detachment process can be di
vided into two main categories according 
to the basic assumptions made. The mod
el developed by Lancaster (Ref. 12, 13) is 
based on the assumption that drop 
detachment is the result of a pinch insta
bility in the liquid wire tip. This model 
yields the velocity, the acceleration, and 
the length of a droplet at detachment. A 
different approach is to assume that a 
pendent drop becomes unstable and falls 
off as soon as the downward force on it 
exceeds the sustaining force due to the 
surface tension (Ref. 8, 14-16). Although 
this subject has thus been investigated 
theoretically, there is, to the authors' 
knowledge, no direct experimental evi
dence on the mechanism of drop detach
ment. 

The present paper gives the results 
of an experimental investigation of the 
forces which act on a pendent drop, at 
the moment of detachment (Ref. 17). The 
mass of the falling drops, M, was mea
sured as a function of the electric current 
through the electrode, lw , and the gas 
flow rate, V, the electrode being at 
positive polarity. The measurements 
were made in a plasma-GMA torch, 
where the consumable electrode is sur
rounded by a hot plasma. The apparatus 
allows drop transfer at zero electrode 
current, so that the effects of the gas 
flow and the electric current could be 
separated easily. The work is limited to 
globular transfer, i.e., Iw < 200 A. 

Analysis of the data was based on the 
assumption that a drop falls off when the 
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detaching force begins to exceed the 
retaining force. Furthermore, it was 
assumed that the following forces are 
acting on the pendent drop: 

1. The gravitational force. 
2. The drag force exerted by the flow

ing gas, Fd. 
3. A force of electromagnetic origin, 

tern-
4. The retaining force by the surface 

tension. 
The force exerted by the fluid which 

enters the drop was not considered. It is 
of importance at the upper end of the 
current range only as discussed below. 
The experiments were carried out with 
the workpiece in a horizontal plane. The 
electrode was perpendicular to and 
above the workpiece (flat welding). The 
detachment force is then the sum of 
above forces 1-3. 

Treatment of the force due to the 
surface tension is somewhat different 
from the treatment given in a previous 
report (Ref. 17). The difference has only a 
slight effect on the values of the forces 
derived. 

Experiment 

The experiments were carried out with 
a plasma-GMA torch (Ref. 18) shown 
schematically in Fig. 1. Here, the arc 
between the consumable electrode 
("wire" in Fig. 1) and the workpiece is 
surrounded by an outer arc having a 
carbon ring as its upper electrode. The 
electrode and the carbon ring were at 

i \ \ \ \ \ \ \ \ \ \ \ U \ \ \ \ \ U \ \ \ t - > 

Fig. 7 - Welding torch schematic 
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Fig. 2 — Drop mass as a function of gas flow rate at zero electrode current. Gas flow rates measured 
at room temperature; plasma current — 100 amperes. A - mild steel, calculation for y = 1.0 Nm~ '; 
B — Cr-Ni steel, calculation for y = 1.1 Nm~'. Legend as follows: x — expt., h = 12 mm, dw = 1.6 
mm; o — expt., h = 5 mm, dw = 7.6 mm; V—expt., h = 5 mm, dw = 1.2 mm; solid line 
( ) - calculation for Ten as indicated (I in. = 25.4 mm) 

Condit ions fo r the detachment of a d r o p , 
wh ich is subjected to the gravitational 
force only, are discussed be low . 

The mass of a pendent d r o p , M p , is 
given by the relation (Ref. 21): 

M p g = 2ir Rw7 

(1) 

where g is the gravity constant, y is the 
surface tension, Rw is the tube radius, <j> is 
the contact angle be tween a horizontal 
plane and the surface of the l iquid, Ri and 
R2 are the radii of curvature of the 
surface; and 4>, R-i, and R2 are t o be taken 
in the plane w h e r e the liquid is in contact 
w i th the solid t ip. As a d r o p grows, it 
reaches a critical mass M p c and becomes 
unstable. A part of the liquid wil l then fall 
off . Calculations by Lohnstein (Ref. 19) 
s h o w e d that the mass of a falling d rop , 
M , can be wr i t t en as: 

posit ive polar i ty. 
D r o p detachment took place in a cylin

drical channel in the outer gas cup. The 
height of this channel, h, was 12 m m 
(0.47 in.) and its diameter 10 m m (0.39 
in.). This arrangement was chosen in 
order to obta in a wel l -def ined gas f l o w 
around the d rop . The outer arc was 
practically cylindrical d o w n to the w o r k -
piece, its d iameter being equal to the 
diameter of the channel in the gas cup. 

The current th rough the carbon ring 
(called the plasma current, lp) was 100 ± 
5 A in all the exper iments. The e lect rode 
current was var ied f r o m 0 to 200 A. The 
shielding gas was argon. The gas cup 
descr ibed above a l lowed stable opera
t ion at gas f l o w rates d o w n to 15 L/min 
(31.8 cfh). Addi t ional measurements at 
lower f l o w rates w e r e made w i th a 
similar cup, in w h i c h h was 5 m m (0.2 
in.). 

The results o f these measurements 
w e r e used to obta in M for zero gas f l o w 
rate. The mass of the falling drops was 

obta ined f r o m the length of w i re used in 
a given t ime interval, and the number of 
d rops t ransferred in that t ime interval. 
The drops w e r e detec ted w i th the aid of 
a laser beam and a pho tode tec to r . 

Results 

Mi ld steel and Cr-Ni steel electrodes 
w e r e used. Their diameter, d w , was 1.6 
m m (0.06 in.). The compos i t ion of the 
e lect rode material is given in Append ix A. 
Figure 2 shows M as a funct ion of V, for 
l w = 0. Figure 3 shows M as a funct ion of 
L . for di f ferent values o f V. 

Forces Acting on a Pendent Drop 

Relation Between Drop Weight and 
Detachment Force 

Gravitational Force Only. The process 
of d rop detachment f r o m capillary tubes 
has been investigated extensively (Ref. 
19-22). The analysis of the data given in 
Figs. 2 and 3 is based on this w o r k . 

M g = 2 TT Rw 7 f (Rw/a) (2) 

where a is the capillary constant, a 
s (2y/p g ) 1 / 2 , and p the mass density. 
The factor f accounts for the expression 
b e t w e e n brackets in equat ion (1), and for 
the fact that a part o f the l iquid remains 
on the t ip after detachment . This factor is 
a funct ion of the ratio R w / a { = (Rw

3 p g / 2 
7 Rw)1/2}, wh ich is a measure of the 
detaching gravitational fo rce and the 
retaining force by the surface tension. 
Equation (2) can also be wr i t t en as: 

M g = 2 ir Rw7iA ( M / p Rw
3), (3) 

where i / ^M/p Rw
3) is a funct ion equal to f 

(Rw /a) . The funct ion f was calculated by 
Lohnstein (Ref. 19), and \p was measured 
by Harkins and B rown (Ref. 2). Their 
results are in g o o d agreement for 0 < 
R w / a ;$ 2.0 (Ref. 21). 

Both f and \p are available in tabulated 
f o r m . Equation (3) al lows direct calcula
t ion o f 7 f r o m the measured d rop 
weight . 
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Experiments by Calverley (Ref. 23) 
showed that equation (3) is also applica
ble if drops are detached from a melting 
wire. The tube radius must then be 
replaced by the wire radius, and Rw now 
denotes the latter quantity. 

Force Not Purely Gravitational. The 
detachment force of a drop of weld 
metal is the sum of the force due to 
gravity, the force due to drag by the gas, 
and a force due to electromagnetic 
effects. Consequently, the force per unit 
volume is larger than in the purely gravi
tational force field. 

Equations (1) to (3) can be retained 
formally if Rw/a is replaced by a larger 
effective value, (Rw/a)eff. The smallest 
drop size measured in the experiments 
described here was about 30 mg. It then 
follows from equation (2) and a table of f 
(Rw/a) values that (Rw/a)eff is 0.5 or less. 

The results obtained by Hartland and 
Srinivasan (Ref. 21) show that sin <j> is then 
the major term between the brackets in 
equation (1), and that sin <j> ss 1. Their 
work is only a rough guide to the process 
of drop detachment in welding, because 
the shape of the drop surface depends 
on the spatial distribution of the force 
field within the drop. 

As an approximation it is assumed that 
sin <f> = 1; the curvature terms in equation 
(1) are neglected, thus giving: 

2 TT Rw 7 « M p c 4- Fd + Fem (4) 

and, 

M = Mp c i (M/p Rw
3). (5) 

Furthermore, a table of \p (Ref. 24) for a 
purely gravitational force was used. 

The Drag Force 

The force exerted on a spherical body 
in a flowing gas, in the direction of the 
flow, can be written as (Ref. 25): 

Fd - C j 
p v^ 

(6) 

where v is the flow velocity, R the radius 
of the sphere, and Cd the drag coeffi
cient; the latter quantity is a function of 
the Reynolds number, Re = 2 R p v/?j, 
where ?? is the viscosity. 

The relation between Cd and Re is well 
established for spherical bodies. A pen
dent drop is, however, partly screened 
by the electrode. As an approximation, 
we have used the values of Cd for a 
sphere, Cds (Ref. 25), multiplied by a 
factor 1 - Rw

2/2 R2, where R is the drop 
radius. This correction was also used by 
Needham, et al. (Ref. 11) and is discussed 
in their paper. The expression for Fd thus 
becomes: 

Fig. 4 — Illustration for discussion ot j X B 
force 

The Electromagnetic Force. 

The diameter of the anode spot, 
where the current leaves the drop, is in 
general not equal to the electrode diam
eter. Consequently, the current diverges 
or converges _within the drop and a 
force f|_ = T x B (the Lorentz force), is 
exerted on a unit volume of liquid metal 
(Ref._8, 14, 16);~fis the current density, 
and B the magnetic induction. Its radial 
and axial components in cylindrical (r, 9, 
z) coordinates (Fig. 4) are: 

<A)r = - jz 

(fL)z = + jr 

(8) 

(9) 

where cylindrical symmetry has been 
assumed. 

The force on a drop, FL, is the integral 
of (f|J2 over the drop volume. For a 
spherical drop, and a spatially homoge
neous distribution of j z it is given by (Ref. 
14, 16): 

EL = — X (a, P) 
4 TV 

(10) 

where 

(sin a \ 1 ~ ^ ) - 7 . + 

sin B I 4 
l 

+ 

sin B I 4 
2 

1 — cos a (1 — cos a)2 

\ 1 + cos a / 

(11) 

Fd = Q s ( 1 - R w
2 / 2 R 2 ) y T R 2 (7) 

go is the permeability of vacuum, and the 
angles a and 8 are given in Fig. 4. The 
electromagnetic force induced by fluid 
flow is negligible, because the parameter 
K = po3/2 o \vj/p'/2, introduced by Sher-
cliff (Ref. 26) is small, K « 10"3 (a is the 
electrical conductivity of the liquid met
al). 

A Lorentz force will also be exerted on 
the plasma, causing an increase in pres
sure and thus an upward force on the 

drop. This point will be discussed 
below. 

Physical Properties of the 
Arc-Electrode System 

There are two points which require 
examination: 

1. An estimate must be made of the 
static pressure below the drop. 

2. The relation between the measured 
wire current, lw , and the current through 
the drop must be established; these cur
rents are not necessarily equal, because 
electrons may enter the electrode above 
the drop. 

The plasma below the electrode tip is 
divided into two regions having different 
physical properties (Ref. 27, 28). First, 
there is a narrow cylinder around the 
axis, whose diameter is about 2 mm (0.08 
in.) where the plasma contains metal 
vapor (Fe, Mn). The temperature, T, is 
about 7000 K (7000°C, 12000°F) there, 
and the electron density, ne, about 1022 

m - 3 (Ref. 27). The outer region of the 
plasma contains argon only, and both T 
and ne are much higher (13000 K es 
13000°C as 23000°F and 
respectively —Ref. 27). 

1023 
m 

Pressure in the Plasma Below the Drop 

The electrode and plasma currents, Iw 

and lp respectively, are of comparable 
magnitude. Therefore, the current densi
ty will be much higher within the elec
trode ( = 75 A/mm2) than in the sur
rounding plasma («s 1 A/mm2). This will 
still be so at the surface of the electrode 
tip where the electrode current enters 
the plasma. 

On the other hand, it was shown by 
Ton (Ref. 27) that the colder metal plasma 
carries only a small part of the total arc 
current. It then follows that the current lw 

must diverge strongly after entering the 
plasma. Consequently, the arc current in 
the plasma below the wire tip is the sum 
of the current lp which has a broad spatial 
distribution, independent of the vertical 
coordinate, and a diverging current lw . 
The corresponding current densities will 
be denoted by j p and j w , respectively. 

The Lorentz force, as given by equa
tions (8) and (9), also acts on the plasma, 
and its radial component causes an 
increase in pressure at the axis. If the 
plasma were stationary, then this excess 
pressure would be proportional to the 
product I ( jw + jp), and it would practical
ly compensate the downward electro
magnetic force on the drop. Since, how
ever, j w decreases with increase in z 
(coordinates as in Fig. 4), it follows that 
the excess pressure decreases with 
increase in z. As a result, there will be a 
gas flow (Ref. 29) which reduces the 
static pressure. 

An estimate given in Appendix B indi
cates that this pressure will be small when 
the flow velocity is about 100 m/s. Exper-
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iments by Wienecke (Ref. 30) yielded 
velocities of this order of magnitude. 
Therefore, we may neglect the static 
pressure. 

Current Drawn by the Electrode 

The lower half of the electrode is in 
contact with the argon plasma (Fig. 1), 
except for the tip which is in contact with 
the colder metal plasma. Each part of the 
electrode surface will draw a current 
from the plasma, whose direction and 
magnitude depend on the local differ
ence between the electrode potential 
Vw , and the plasma potential Vp. 

There is extensive literature on elec
trical probes in plasma (Ref. 31). Howev
er, to the authors' knowledge, there is no 
treatment available which directly yields 
the current density at the electrode sur
face as a function of the vertical distance 
along the wire. 

Appendix C gives an approximate 
treatment which is based on the physical 
model developed by Waymouth (Ref. 
32) for a spherical probe. This treatment 
leads to the following results: 

1. The difference AV = Vw - Vp is 
close to zero at the anode spot on the 
drop. 

2. There is a potential difference 
between the metal vapor plasma in the 
center, below the wire tip, and the sur
rounding arc plasma, the latter having the 
higher potential. This difference is caused 
by ambipolar diffusion of ions and elec
trons from the outer plasma, where ne 

as1023 m - 3 , to the inner plasma, where 
ne «10 2 2 m - 3 . 

3. Both Vp and Vw increase in the 
direction upwards from the wire tip, the 
increase in Vp being faster. 

The sum of these contributions reveals 
that AV becomes negative along the 
whole length of the electrode. The elec
tron current which enters the electrode 
above the drop is estimated to be about 
5 A. It is partly compensated by the ion 
current (about 4 A) which enters in the 
upper part of the wire. Consequently, 
the current which bypasses the drop is 
small, and it will be assumed in the 
analysis given below that the current 
through the drop is equal to lw. 

Analysis of Experimental Data 

This section deals with the derivation 
of the forces Fd and Fem from the experi
mental data with equations (4), (5) and 
(7). The procedure is to determine y from 
data for Fd = 0 (V = 0) and Fem = 0 
(lw = 0). Next, the force Fd is obtained 
from experiments with V =£0, and 
lw = 0. Finally, the force Fem is obtained 
from the experiments with V =£ 0, lw ¥= 
0. 

The drop mass for zero gas flow and 
zero wire current was determined by 
extrapolation of the curve of M vs V, 
obtained with the shorter nozzle —Fig. 2. 

Equations (4) and (5) then yield y. It was 
found that y = 1.0 ± 0.05 N m " 1 for the 
mild steel, and y = 1.1 ± 0.05 Nm" 1 for 
the Cr-Ni steel. The main constituents of 
the wire material are Fe, Cr, Ni, and Mn. 
The surface tensions of the pure liquid 
metals at their melting points are 1.83, 
1.70, 1.75, and 1.10, respectively (Ref. 
33). The results thus suggest that Mn is 
the dominant constituent at the drop 
surface. 

In discussing experiments conducted 
with nonzero gas flow and zero elec
trode current, the first question is wheth
er Fd can be represented by equation (7). 
Furthermore, the quantities p and rj, 
which depend on the temperature, must 
be determined. There is, however, a 
steep temperature gradient in the bound
ary layer around the electrode, so that an 
effective temperature Teft will be used. 
The relation between v and V follows 
from the equality of the masses passing 
through the flow meter and the channel 
in the outer gas cup: 

S v p (Trff) = V p (To) (12) 

where S is the cross sectional area of the 
channel, and T0 the temperature at which 
V was measured (295 K = 22°C = 
72°F). 

The parameters y (Ref. 34) and p are to 
be taken at Tetl. The drop radius, R, was 
determined on the assumption that the 
drop is a truncated sphere, so that M and 
R are related by: 

M = pm 

/ ^ R 3 - ^ X ( 3 R w
2 + x 2 ) \ , <13> 

where x = R - (R2 - Rw
2)1/2. (14) 

Equations (4), (5), (7), (12)-(14), and 
the relationship between Cds and Re now 
yield M as a function of V, for Fem = 0, 
and with Tef, as a parameter. The density 
p was taken to be 7000 kg • m~3, i.e., the 
value at the melting point. The resulting 
curve for M vs. V was fitted to the 
experimental curves, by adjustment of 
I eft-

Figure 2 shows that a good fit is 
obtained. The corresponding value of 
Teff is 2900 ± 200 K (2600°C, 4700°F, 
v = 1.18 X 10"4 kg • m - 1 s_1, p = 0.17 
kg • m~3). This temperature is well below 
the plasma temperature, as determined 
spectroscopically (Ref. 27). The cause of 
this difference is most likely that v and the 
gas temperature are not independent of 
the radial position as was implied by the 
use of the drag coefficient. 

Both the thermal and the velocity 
boundary layer (Ref. 35) are rather thick 
(1-2 mm, i.e., 0.04-0.08 in.), and the 
value obtained for Teff suggests that the 
drag on the drop is determined by the 
flow speed in this layer. On the other 
hand, the good agreement between the 
calculated and the measured curves of M 

vs. V indicates that equation (7) gives an 
adequate description of the drag force 
on the drop. The values obtained for Fd 

are applicable only to the arc system 
discussed here. This is because the diam
eter of the nozzle channel and the gas 
temperature inside it determine the rela
tion between v and V. 

It is to be noted that Fd will be lower in 
a GMA system than in a plasma-GMA 
system, as was used here. The difference 
is due to the fact that the gas which 
impinges on the drop is practically at 
room temperature in a GMA process, 
while it is around 10000 K (ss 10000°C 
sa 18000°F) in a plasma-GMA process. 
Consequently, the gas velocity and the 
drag force will be higher in the latter 
system. 

Finally, the electromagnetic force was 
derived from the data for nonzero elec
trode current. There are a few points 
which require discussion concerning the 
analysis of these data: 

1. The bulk temperature of the drop 
will be higher when lw ¥= 0 than when 
lw = 0. In the arc discussed here (lw =t 0) 
it is about 2400 K (ss 2100°C ss 3800°F, 
Ref. 2 and 3). The density p was taken at 
this temperature (p = 6500 kg m"3) for 
the results for lw ¥= 0. 

2. The surface tension decreases with 
increase in temperature, so that y will 
now be lower than at zero electrode 
current. The temperature distribution 
along the drop surface was measured by 
Villeminot (Ref. 36) in a gas metal arc. His 
measurements show that the tempera
ture at the upper end of the drop, which 
is the relevant region in this analysis, lies 
between the melting point, Tm, and 
Tm + 1000 K. As an average, we take y at 
Tm + 500 K, with an uncertainty of 250 K. 
Since d 7 / dT ss - 0.2 X 103 N m" 1 KT1 

for Mn (Ref. 37), y = 0.90 ± 0.05 N m _ 1 

for the mild steel, and y = 1.00 ± 0.05 
for the Cr-Ni steel. 

3. The plasma which surrounds the 
electrode, tends to contract when lw 

increases, as observed previously. This 
effect may change the flow pattern 
around the electrode. A simple estimate 
based on equation (8), with v = 0 at the 
electrode surface, reveals that the 
increase in pressure at this surface is 
about 10~3 atm for an increase of 200 A 
in lw. Consequently, this effect is small 
and will be neglected. 

4. The surface tension changes if there 
is a surface charge, q. According to (Ref. 
38) | q | = 16715 V |, where V is the differ
ence in potential between drop and plas
ma. The drop will carry some surface 
charge, because it is surrounded by a 
space charge layer (Appendix C). The 
thickness of this layer is about 1 fim and 
the potential difference about 6 V when 
the tip is at the floating potential (lw = 0). 
The drop surface and the edge of the 
space charge layer can be considered as 
a spherical capacitor, and it follows that 
the resulting error in y is of the order of 
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10 - 3 N m~', i.e., well within the error 
limit given above. 

The force Fem was derived with equa
tions (4), (5), (7), (12)-(14), i.e., by sub
traction of the gravitational and drag 
forces from the surface tension force. 
Consequently, the relative error is large 
when Fem is small, the main source of 
error being the uncertainty in y. 

Figures 5A and 5D show the forces 
which act on a drop. A negative value of 
Fem indicates an upward force. The radii R 
lie between 1.0 and 2.5 mm (0.04 and 0.1 
in.), and v as obtained from equation (12) 
between 40 and 80 m/s. Figures 5A and 
5B show that Fem increases, in general, 
with increase in lw, except for mild steel 
at low currents, where it becomes nega
tive. 

Analysis of the Electromagnetic 
Force 

Results With Mild Steel. It now has to 
be verified whether Fem, as derived 
above, can be interpreted as the Lorentz 
force, as given by equations (10) and (11). 
Calculation of FL from these equations 
requires knowledge of the angles a and 
3-Fig. 4. 

Both angles increase with an increase in 
lw, because R then decreases and the 
diameter of the anode spot increases. 
The drop radius follows from M, and it 
was found that sin 8 (=RW/R) lies 
between 0.3 and 0.8. The angle a cannot 
be derived from the experiment. The 
function x from equation (11) is negative 
for small a. It increases with increase in a, 
becomes zero when a ss ff, and reaches 
a maximum just above a = i r /2. 

The maximum value of x is 1-4 for sin 

B = 0.3, and 0.5 for sin 8 = 0.8. A nega
tive, i.e., an upward force, will occur 
when a < B- Normally, a > B, so that x 
and FL are positive. Values of x between 
0.2 and 1.4 are thus expected. This is, in 
fact, found for mild steel at electrode 
currents above 100 A - Fig. 6. The results 
for mild steel yield negative values of Fem 

at the lower currents for V = 18 (Fig. 6A), 
23, and 33 L/min (38, 48.7, and 69.9 
cfh). 

These values are rather inaccurate as 
previously indicated. However, it is cer
tain that they are negative, because the 
raw data (Fig. 3A) show an initial increase 
in M with increase in lw-

It follows from equations (10) and (11) 
and the discussion given above that an 
upward force, if it occurs at all, will occur 
when the anode spot is small, i.e., when 
lw is low. The hypothesis that Fem is the 
Lorentz force thus accounts for the 
upward force, and for the fact that it is 
found at low currents only. The value of 
FL cannot be calculated directly from 
equations (10) and (11), because a is not 
known. Therefore, the assumption was 
made that the current density in the 
anode spot, j A , has a given constant 
value, independent of lw . The angle a. is 
then given by: 

cos a = 1 — 
)A 

(15) 

so that FL can be calculated from R and lw , 
and an assumed value of j A . 

Figure 6 shows that the curve obtained 
for j A = 15 A /mm 2 is in reasonable 
agreement with the experimental data, 
except for the upper and lower ends of 
the current range. The negative points at 

low lw indicate a very high current densi
ty. At currents close to 200 A, the model 
as used here ceases to be valid. The drop 
is then formed at the pointed electrode 
tip (Ref. 39), and the radius of the drop 
neck is no longer equal to the electrode 
radius. Moreover, a part of the electrode 
current bypasses the drop and acceler
ates the liquid metal which flows down 
the pointed tip of the solid electrode. 

The liquid entering the drop exerts an 
appreciable force on the droplet. As the 
current is increased, the kinetic pressure 
of the incoming liquid becomes so high 
that drop formation is impossible, and a 
jet (spray transfer) is formed (Ref. 4). 
Consequently, the Lorentz force remains 
operative, but its formulation as given by 
equations (10) and (11) is not applicable 
when lw is close to 200 A. 

Lancaster (Ref. 40) used equations (10) 
and (11) to calculate FL from the size of 
the drop and the current-carrying area as 
reported by Pintard (Ref. 39, mild steel, 
Rw = 0.06 mm, GMA, argon). Figure 6A 
shows these points which lie close to the 

points for Fem-
Results With Cr-Ni Steel. Figure 7 

shows the data obtained with Cr-Ni steel, 
and V = 28 L/min (59.3 cfh). This curve 
lies close to the curves for the other gas 
flow rates. It is seen that Fem is positive 
everywhere, and that it lies well above 
the curve of go lw

2/4 7r vs. Iw (cf. equation 
(10)). The experimental points cannot be 
represented by equations (10), (11), and 
(15), and an assumed valve of j A . On the 
other hand, the experimental points lie 
close to the curve of go 'w2/4 tr vs. Iw; this 
suggests that Fem is the Lorentz force. 

There is a possible explanation for the 
discrepancy: 

(10"3N) 

100 
wire current (A) 

(10~3N) 

100 
wire current (A) 

Fig. 6-Comparison of electromagnetic force, as derived from experimentation, with calculated Lorentz force-mild steel: A — V= 18 L/min; 
B - V = 38 L/min. EJ - Fem, . . . .J. . . FL calculated from equations (10), (11) and (15) and experimental value of R, with jA = 1.5 X IO7 A m~2. V - FL 

calculated by Lancaster. equation (10) with x = 1.0. o - a as derived from equation (15) and R, with jA as above 
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Fig. 7 — Electromagnetic force derived from 
measured data for Cr-Ni steel 

1. 7 might be l ower than was 
assumed. 

2. The discrepancy might be due to 
assumptions made in the mode l , in partic
ular the omission of the curvature terms 
f r o m equat ion (1), the neglect of gradi
ents in 7, or the assumption o f a h o m o 
geneous current density. 

Summarizing this sect ion, the electro
magnet ic fo rce der ived f r o m the exper i 
mental data fo r mild steel is in g o o d 
agreement w i t h the Lorentz force as 
given above . The occurrence o f negative 
values, in particular, supports the hypo th 
esis that Fern is the Lorentz fo rce resulting 
f r o m the d ivergence of the current w i th in 
the d r o p . The slope o f the curves 
obta ined for Cr-Ni steel appears to agree 
w i t h the mode l , but the values of the 
force are t o o high, roughly by a factor 2. 
O n the other hand, realizing that the 
mode l used in the analysis is approx i 
mate, the agreement is considered to be 
reasonable. 

Substituting FL (equation (10)) for Fem, 
and equat ion (7) for Fd into equat ion (4), 
yields the relation for M as a funct ion o f 
lW / V, and Rw. 

The set of equations is comp le ted by 
equations (5) and (11)-(14). This holds for 
a given process (GMA, plasma-GMA) and 
torch geomet ry , and given e lect rode 
material and shielding gas. The set of 
equations cannot be solved analytically, 
but the numerical solution is simple. 

Conc lus ion 

The d r o p mass was measured as a 
funct ion of the electric current th rough 
the electrode and the gas f l o w rate. The 
e lect rode was at posit ive polari ty, and 
the d rop transfer was globular. The use 
o f a p lasma-GMA torch a l lowed exper i 
ments at zero e lect rode current. 

The drag fo rce exer ted by the 
imposed gas f l o w , and a fo rce of e lectro
magnetic origin we re der ived f r o m the 
measured data. Calculated values o f the 
Lorentz force are in g o o d agreement 
w i t h values of the electromagnet ic fo rce 
der ived f r o m the data fo r mild steel, 
whi le the data for Cr-Ni steel give a 

reasonable agreement. 
Some of the exper iments yielded an 

u p w a r d electromagnet ic fo rce, fur ther 
conf i rming the interpretat ion o f the elec
t romagnet ic fo rce as the Lorentz fo rce. 
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Appendix 

A. Electrode Compositions 

The following compositions were pro
vided by the manufacturer: 

Mild steel. 0.06-0.12% C; 1.30-
1.70% Mn; 0.70-0.95% Si; 0.01% max. 
Al. 

Cr-Ni steel. 0.03% max. C; 1.8% Mn; 
0.85% Si; 20.5% Cr; 9.5% Ni. 

B. Pressure in the Plasma Below the 
Electrode Tip 

It is assumed that there is a flowing, 
homogeneous, cylindrical plasma (current 
density j p , velocity v1( pressure pi) with, 
at its axis, a current carrying wire elec
trode, and, below the electrode, a coni
cal region which carries an excess current 
lw (current density jw). This excess current 
causes an increase in the plasma pressure 
just below the electrode tip. 

It is shown below that this increase in 
pressure is small, so that the resulting 
upward force on the drop is negligible: 

The flowing gas is assumed to be 
stationary (fl/dt = 0) and inviscid. The 
Navier-Stokes equation then reads: 

p(v • V)v = - V p +fL (B1) 

where V is the gas velocity, and p the 
static pressure. Integration of equation 
(B1) along a streamline yields: 

I "P v2 + p|Xi = J(fL)xdx (B2) 

where x is the coordinate along a stream-
line^and (fL)x the tangential component 
of fL. Equation (B2) is Bernoulli's equation 
with a force term added. Just below the 
electrode tip we have that j p < < j w , so 
that the effect of j p on fL is negligible. 

Now consider a streamline close to the 
drop surface, with XT well above, and Xj 
just below the anode spot, and X2 close 
to the axis —Fig. 8. This streamline enters 
the region where j w = 0, at x = x*, so 
that the main contribution to the integral 
in equation (B2) comes from the interval 
between x* and X2. As an approximation, 

Fig. 8 —Diagram to illustrate discussion on 
pressure in the plasma. indicates 
boundary where jw # 0 

we now replace the integral from x* to X2 
by the integral in the radial direction from 
a point r2 on the boundary of the region 
where j w ¥= 0, to the axis. Since Be ss go r 
j w / 2 , it follows from equations (B2) and 
(8) that: 

1 1 

P o - P , = ~M0 jw2 r 2 2 _ 2 

P (Vo2 - V!2), 

(B3) 

where p0 and v0 are the pressure and the 
flow velocity at the axis. It follows from 
equation (B3) that the upward force on 
the drop, in the absence of any gas flow, 
is given by: 

* r22 (Po - Pi) = 
M0 I 

4 TT 

The downward Lorentz force on the 
drop (equation (10)) will be compen
sated almost completely, because x is of 
order unity. Typical values for the exper
iment discussed here are VT = 50 m/s, 
lw = 100 A, r2 = 1 mm, while p ss 0.07 
kg/mJ . It then follows that p0 — p^ = 0 
when v0 ~ 100 m/s. The difference 
Po — pa will certainly be positive, but this 
estimate shows that it is likely to be 
small. 

C. Current Drawn by the Electrode 

The lower half of the wire electrode is 
surrounded by a flowing plasma. The 
Reynolds number for the flow in the 
channel without the electrode is about 
700, and the flow is assumed to be 
laminar. A thermal and a velocity bound
ary layer (Ref 35) will then be formed, 
both having a thickness of about 2 mm 
(0.08 in.). Furthermore, the electrode 
potential is, in general, not equal to the 
plasma potential; this leads to the forma
tion of another boundary layer. 

The latter consists (Ref. 31, 32, 41) of a 
thin ( « 0.1 gm) space charge layer, 
where the ion density, n+, is different 
from ne. Outside this layer there is a 
region where ne ss n+, and where the 
potential increases or decreases towards 
the plasma potential. The electron mean 
free path is about 2 /am, and the ion mean 
free path about 0.5 gm in the plasma 
discussed here; as a result the particles 
will not suffer collisions in the space 
charge sheath. 

If the electrode is negative with 
respect to the plasma, then the density of 
the ion current to the electrode, j + , is 
given by (Ref. 31): 

n+5v+e 
(C1) 

and the density of the electron current, 
ie, by: 

j e = nf^^- exp (e ADVs /k Te) (C2) 

where n+5 and nes are the densities at the 
sheath edge, v+ and ve the thermal veloc
ities of ions and electrons, respectively, e 
the electron charge, AVS the potential of 
the wire with respect to the potential at 
the sheath edge, Te the electron temper
ature, and k Boltzmann's constant. 

The velocities v+ and ve are given by 
v+ e = (8 k T+e/7rm+e)1/2, where m + and 
me are the ion and the electron mass 
respectively, and T+ is the ion tempera
ture. The gas temperature, Tg, is equal to 
Te in the unperturbed plasma, and both 
decrease in the direction of the elec
trode. 

A recent analysis of the anode bound
ary layer of an argon arc by Dinulescu 
and Pfender (Ref. 41) showed that Te 

decreases much more slowly than Tg. 
This is also expected to be so in the 
boundary layer around the electrode. 
The ion temperature will remain equal to 

Tg-
Experiments by Essers and Jelmorini 

(Ref. 28) in a plasma-GMA arc showed 
that the electrode draws an ion current at 
large negative potentials. The part of the 
electrode surrounded by the plasma was 
about 25 mm (1 in.) long in their experi
ment, the electrode diameter was 0.9 
mm (0.04 in.), and the ion current 2 A 
independently of Vw at strongly negative 
voltages. It then follows that j+ ss 
3 X 104 A m - 2 . 

Inserting this value into equation (C1) 
with T + = 1500 K gives n+ s = 4.1 X IO20 

m~3. It is now assumed that nes has the 
equilibrium value corresponding to Te at 
the sheath edge. It follows from the Saha 
equation (Ref. 42) which relates ne and Te 

that: 
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exp 
(C3) 

where E, is the ionization potential (15.8 V 
for Ar), and the subscripts p and s refer to 
values in the unperturbed plasma and at 
the sheath edge, respectively. 

The above relation gives Tes, because 
Tep (= Tgp) are n+ s and nep and 

ep known (nep = 1.4 X 1023 m"3 , T, 
= 13000 K, Ref. 27). It is thus found that 
Tes « 6800 K. The relation between AVS 

and the potential difference AV = 
V w — Vp has not, to our knowledge, 
been derived for cylindrical probes. 

Results for spherical probes show that 
the drop in potential across the neutral 
part of the boundary layer is comparable 
in magnitude with AVS. We, therefore, 
state as an approximation, that AV5 ss 
AV/2. Equation (C2) then yields: 

j e = jes exp (e AV/2 k Te) (C4) 

where j e s = -
nesve e 

1.4 X 107 A m - 2 . 

Next, difference AV must be found. 
Equation (C2) also holds for the anode 
boundary layer. There is a metal vapor 
plasma in front of the anode spot, where 
nep ss 1022 m - 3 , and Tep « 7000 K (Ref. 
27). The decrease in Te has less effect 
than in the argon plasma, because Ej is 
lower (7.9 V for Fe, 7.4 V for Mn). 

Comparing the arc discussed here with 
the arc investigated by Dinulescu and 
Pfender (Ref. 41), we expect Tes to lie 
between 4000 and 6000 K. Equation (C3) 
yields ne 1021 m - 3 for T« = 5000 K, 
and it follows that 4 X 107 A i 

The current density at the drop surface 
is of comparable magnitude (100 A 
through several mm2). It thus follows that 
AVS will be slightly positive or negative, 
and the potential difference between the 
electrode tip and the adjacent plasma will 
be neglected. 

The difference between ne in the cen
ter of the arc and in the hotter outer zone 
leads to a potential difference between 
the two regions as shown below. There 
will be a diffusion of electrons and ions 
across the boundary from the hotter to 
the colder plasma, because of the differ
ence in ne. The current densities for 
electrons and ions must be equal in order 
to maintain a stationary state. 

The diffusion coefficient for electrons 
is much larger than that forjons. Conse
quently, an electric field E 3 is set up 
which accelerates ions and retards elec
trons. This process of ambipolar diffusion 
is described in several text books (Ref. 43) 
and is not here discussed in detail. It 
follows that: 

-+ _ k Te y ne 

;=o 

ne high 

Fig. 9 —Diagram to illustrate discussion on 
difference between electrode and plasma 
potential 

Integration in the radial direction, 
across the boundary, gives the potential 
difference, AVa, between the hotter 
(ne = neh) and the colder (ne = net) plas
ma: 

AVa = 
k Te neh 

(C6) 

Taking an average value for Te (104 K) 
we find, since neh /nec ss 10, that AVa ss 
2 V. 

The difference AV can now be given 
as a function of the vertical coordinate, 
f— Fig. 9. The argument given above 
shows that Vw ss Vp at £ = 0, and we 
take both Vp and Vw to be zero at £ = 0. 
We then have: 

Vw = 
PR lw £ 

7T Rw~ 

where pR is the resistivity of the electrode 
material (pR » 1.3 X 10 ~60 m). The plas
ma potential in the argon plasma is given 
by: 

Vp = AVa + £ Ep 

where Ep is the longitudinal electric field 
strength. It then follows that: 

AV = Vw - Vp = - AV3 -

( _ PR IW \ 
p - R w 2 / 

(C7) 

(C5) 

Insertion of the data given above, with 
lw = 200 A yields: 

AV = - 2 - f (103 - 0.13 X 103) 

where AV is in V, and £ in m. 
It is seen that AV is negative, and that 

its absolute value increases with increases 
in £. The electron current which enters 

the electrode above the coordinate is 
given by: 

le(£) S 2 7 rR w f J
c o j e ( £ ' ) d o o ' . 

Substitution of equations (C4) and (C7) 
with j e s as given above yields: 

le ( f ) = 1 5 e x p ( - 7 0 0 f ) 

when le is in A, and £ in m. 
It is to be noted that this expression 

only holds for the electrode surface 
which is in contact with the hotter argon 
plasma. It does not hold down to £ = 0, 
because the lower surface of the elec
trode tip is in contact with the metal 
plasma. The values of le for £ = 1 and 2 
mm (0.04 and 0.08 in.) are 7 and 4 A, 
respectively. 

The drop length is at least 1 mm (0.04 
in.) in all the experiments. Consequently, 
an electron current of 5 to 10 A will enter 
the electrode above the drop if the drop 
is small, i.e., if lw is high. The electrode 
potential in the electrode's upper part is 
well below Vp. Electron emission will, 
however, not occur, because the elec
trode is too cold. An ion current of about 
4 A will be drawn and will partly compen
sate the electron current. 

In summary, the current passing 
through the drop might be different from 
the electrode current by about 10 A 
when lw is high (150-200 A). 

D. List of Symbols Used in More Than One 
Section 

B 
d w 

cd 
Cds 
Fd 

•em 

TL 
TL 

T 
!P 
lw 
M 
ne 

R 
Re 
Rw 
S 
T 
Te 
Teff 
To 
V 
V 

z 
a 

0 
y 
V 

go 
p 
X 

magnetic induction 
electrode diameter 
drag coefficient for drop 
drag coefficient for sphere 
drag force 
electromagnetic force 

Lorentz force 

Lorentz force per unit volume 
current density 
plasma current 
wire current 
drop mass 
electron number density 
drop radius 
Reynolds number 
wire radius 
cross-sectional area of channel 
temperature 
electron temperature 
effective gas temperature 
room temperature 
gas flow rate 
velocity 
axial coordinate 
angle (Fig. 6) 
angle (Fig. 6) 
surface tension 
viscosity 
permeability of vacuum 
mass density 
form factor (equation (11)) 
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