
• 

Experimental Investigation of Drop 
Detachment and Drop Velocity in GMAW 

The drop velocity at detachment is controlled by Lorentz 
force acting after the liquid tip has become unstable 

BY ). H. WASZINK AND M. J. PIENA 

ABSTRACT. The velocity of drops 
detached from a consumable wire during 
CMA welding and the diameter of the 
drop neck during the detachment pro
cess were measured with the aid of 
high-speed photography. Wire materials 
were mild steel, AIMg5 and AISi5. Most of 
the measurements were made with a 
pulsed current; drop transfer was of the 
globular type. It was found that the 
pendent drop contracts when the pulse 
starts and that it becomes unstable when 
its diameter reaches a certain critical val
ue. The velocity at detachment from mild 
steel wire can be ascribed to electromag
netic forces acting after the drop has 
become unstable. Another additional 
mechanism must be operative when the 
wire material is one of the aluminum 
alloys. This mechanism was not identified 
with certainty. The acceleration of the 
drops in the arc after detachment can be 
ascribed to a gradient in the plasma 
pressure, also caused by electromagnetic 
effects. Analysis of the heat balance indi
cates that the drop temperature is lower 
in pulsed welding than it is in welding at a 
constant current. 

Introduction 

The processes of fluid flow and heat 
transfer in the weld pool are of great 
practical interest because they affect the 
properties of the weld bead which even
tually results. In welding processes with 
nonconsumable electrodes, the physical 
phenomena that lead to fluid flow in the 
weld pool are primarily the electromag
netic and the surface tension forces (Ref. 
1). Investigations of the gas metal arc 
(CMA) process (Refs. 2a, 2b) showed that 
the depth of the weld pool is strongly 
influenced by the impact of the drops of 
metal that are detached from the con-
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sumable wire. This means that a quantita
tive description of the heat and mass 
flow in the weld pool during GMA weld
ing will have to include as a major effect 
the force exerted by the incoming drops 
on the liquid metal in the weld pool. 
Thus, the question arises: Which variables 
control the mass and the velocity of the 
drops? The work presented here deals 
with the drop velocity. 

Previous measurements of the drop 
velocity in GMA (Refs. 3-7) and plasma-
GMA (Ref. 1) arcs lead to the following 
conclusions. Firstly, the drops already 
have an appreciable velocity at the 
moment of detachment from the wire 
tip, and this velocity depends on the 
electric current, I, and on the drop mass, 
M. Secondly, the drops are accelerated in 
the arc, and the acceleration also 
depends on I and M. Thirdly, there is no 
discontinuity in the acceleration at the 
moment of detachment (Ref. 7). 

A theoretical treatment of the physical 
mechanism which controls the velocity at 
detachment was given by Lancaster (Ref. 
8), who extended a model developed by 
Murty (Ref. 9). This treatment provides 
orders of magnitude, but experimentally 
it has been verified only to a limited 
extent. 

Consequently, it can be said that the 
physical processes that control the drop 
velocity are important because of their 
effect on weld pool penetration, but that 
they are not well understood yet. The 
aim of the work described below was to 
provide insight into the processes that 
govern the velocity at detachment. This 
velocity was measured and a simple 
model of the process of acceleration was 
developed. Some measurements were 
also made of the velocity after detach
ment, and the data collected on the 
melting rate provide information on the 
drop temperature. 

Most of the previous experiments 
(Refs. 3-6) were carried out with DC wire 
current. This means that M and I can only 
be varied independently if the extension 

length is also varied. A pulsed current was 
applied in the experiments described 
below, in order to extend the possibility 
to vary M and I independently, and also 
in order to avoid spray-type transfer at 
high currents. A pulsed current was also 
used by Jilong Ma and Apps (Ref. 7). 

The physical model for the accelera
tion of the pendent drop is based on the 
result, obtained by Maecker (Ref. 10), 
that a fluid flow is generated in, and a 
volume force is exerted on, a liquid or 
gaseous conductor if a diverging current 
passes through that conductor (see also 
Refs. 11, 12). 

Experiments 

Mild steel electrode wire (0.10% C, 
1.5% Mn, 0.9% Si; AWS A5.18, ER 70S-6; 
wire diameter d w , 1.2 mm = 0.047 in. 
and 1.6 mm = 0.063 in.), AIMg5 wire 
(4.5-5.5% Mg; ASTM B285, ER 5356; 
d w = 1.6 mm), and AISi5 wire (4.5-5.5% 
Si; ASTM B285, 4043; d „ = 1.6 mm) were 
used with pure argon shielding gas (18 
l/min —8.5 cfh) in a conventional GMA 
torch. Wire polarity was positive. The 
distance between contact tube and wire 
tip was always between 10 and 30 mm 
(0.4 and 1.2 in.), and the arc length was 
between 5 and 15 mm (0.2 and 0.6 in.). A 
transistor power source (ripple <0.5%) 
was used in the current-controlled mode, 
and square-wave current pulses were 
superimposed on a continuous back
ground current. The current waveform 
and the wire speed, vw, were chosen 
such that one drop was detached per 
current pulse, and the drop was 
detached before the end of the pulse. 
The drop mass was derived from vw and 
the pulse frequency (10 -100 Hz). 

The drop velocity was obtained from a 
curve of axial position as a function of 
time. This curve was obtained from pho
tographs made with the arrangement 
shown in Fig. 1. A He-Ne laser (wave
length 633 nm, 5 mW) was used as the 
background light source. 
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Table 1—Drop Velocity with Respect to 
Moving Wire at Detachment 

Fig. 2 —Part of photograph obtained with 
arrangement of Fig. 1. Time between succes
sive frames is 1.6 ms. Mild steel wire, dw = 1.2 
mm = 0.047 in., I = 207 A DC, M = 42 mg, 
vw = 88 mm/s = 208 ipm 

Fig. 1 — Schematic diagram of photographic arrangement. La —laser; L~, L2, L 3 —lenses (Lj and L2 
form a beam expander); A - welding arc; S — slit; P—polarizer; DS — disc shutter; F-optical filter; 
RM - rotating mirror; M — fixed mirror; EH — film holder 

The image of the arc, limited by a 
2-mm slit, was projected on the film by a 
rotating mirror, so that the image was 
swept along the film. A rotating disc 
(diameter 100 mm/3.9 in.) provided with 
16 holes (diameter 2 mm/0.08 in.) near 
the edge acted as the shutter. It was 
placed in the focal plane of the lens 
(L) — Fig. 1. A similar arrangement was 
used by Needham (Ref. 13). A narrow
band optical filter (spectral half width 1 
nm), transmitting light at the laser wave
length, rejected nearly all the light from 
the arc. Two polarizers were used to 
adjust the light intensity. The advantage 
of this arrangement above conventional 
high-speed cinematography is that an 
instant film (3000 ASA, VA X 4 in.) can 
be used, while the number of frames per 
picture is sufficient (up to 50). 

The vertical position, z, was measured 
on the images —Fig. 2. It was taken as the 
average between top and bottom of the 
drop. The velocity at detachment was 
determined graphically from plots of z vs. 
time, t —Fig. 3. Tables 1-5 give the drop 
velocity with respect to the moving wire 
at the moment of detachment, Vj, i.e., the 
velocity determined from the plots minus 
vw . These data show that V| depends on 
M and on the total current during the 
pulse, lp (pulse + background), and that 
V, is higher for the aluminum alloys than 
for the mild steel. 

Some measurements were made of 
the velocity of the falling drop after 
detachment, Vf, during DC operation 
with mild steel wire. A least squares 
parabola was then laid through five suc
cessive points on the z vs. t curve, and 
the tangent was taken at the center point 
(Ref. 14). 

It was found that Vf increased practical
ly linearly with t immediately after detach
ment—Fig. 3. The acceleration at the 
moment of detachment was determined 
graphically from the curve of Vf vs. t. The 
acceleration a, (Table 6) is the measured 
initial acceleration minus the gravity con
stant, i.e., the acceleration of the drop by 
the plasma. 

15 

zlmm) 

10 

5 

°l 
1.0 

Vf(m/s) 

0.5 

0 
c 

weld pool s u r f a c e 

X 
X 

0 

X 

X 
0 

0 

X 

0 

0 

X 

X 
0 
X 

0 

) 10 20 

0 ° °x 
0 0 x * 

0 X * 

0 X 

0 X 
X 

0 

3 

10 , 20 
time I ms) 

lavW 

(A) 

70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 

130 
130 
130 
130 
130 
130 
130 

' " I . , Is 

lp 
(A) 

200 
' 200 

200 
200 
250 
250 
250 
250 
330 
330 
330 
250 
250 
330 
330 
330 
370 
370 

the time aver 

M 
(mg) 

23.6 
15.7 
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23.6 
16.0 
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7.1 

18.0 
10.2 
9.9 

16.4 
8.6 
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16.6 
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Vw(a) 

(m/s) 

•"0:039 
0.039 
0.041 
0.044 
0.039 
0.040 
0.043 
0.047 
0.045 
0.051 
0.049 
0.082 
0.086 
0.085 
0.088 
0.095 
0.083 
0.094 

current and vw 

Vi 
(m/s) 

0.39 
0.46 
0.56 
0.73 
0.71 
0.83 
0.93 
1.05 
1.09 
1.33 
1.18 
0.58 
0.83 
1.05 
1.34 
1.55 
1.18 
1.45 

is the wire 

In order to study the detachment pro
cess, conventional high-speed films (9000 
frames per second) were made during 
pulsed operation, with the laser as the 
background light source, and the optical 
filter in front of the camera. The wire tip 
is clearly visible on these images, while 
the arc is just visible — Figs. 4 and 5. 
Following the chemical literature on drop 
detachment from capillary tubes, we will 
use the term "pendent drop" (hanging 
drop) for the liquid metal at the wire tip 
before drop detachment. 

These films show that the pendent 
drop becomes elongated after the start 
of the pulse, that a neck is formed after 
some time (Figs. 4 and 5), and that the 
radius of this neck, Rn, then rapidly 
decreases to zero. Furthermore, the 
results show that Rn

2 decreases linearly 
with time once Rn has reached some 
critical value —Figs. 4-6. The results can 
be represented by 

2 , „ . 2 

(£)-© a (t - tc) (1) 

Fig. 3 —Axial position and velocity of drop 
after detachment. Arbitrary zero for z. Plots 
are given for two drops measured successively 
at the same setting as for Fig. 2. o — a, = 41 
m/s2; x — a, = 33 m/s2 

for t > tc, where Rw is the wire radius and 
Rc the critical neck radius at the moment 
(t = tc) that Rn

2 becomes linear with t, and 
a is a constant; the start of the current 
pulse is taken as t = 0. Table 7 gives Rc 

and a as determined from plots as given 
in Figs. 4-6. 

There was a considerable spatter dur
ing the experiments with AIMg5 wire, 
drops often exploding before detach
ment, as was also observed by Woods 
(Ref. 15). Nevertheless, the curves of Rn

2 

vs. t for this alloy were very smooth — 
Fig. 6. 

Table 8 gives the experimental data 
used in the analysis of the heat balance of 
the process during welding with mild 
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Table 2-
d w = 1.2 

lav 
(A) 

70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 

130 
130 
130 
130 
130 
130 
130 
130 
130 
130 
180 
180 
180 
180 
180 
180 
180 
180 
180 

- A s Table 1 for Mi ld Steel, 
mm 

lP 

(A) 

180 • 
180 
250 
250 
250 
270 
330 
330 
330 
330 
330 
250 
250 
250 
330 
330 
330 
330 
330 
330 
370 
250 
250 
250 
330 
330 
330 
330 
330 
370 

M 
, (mg) 

24.2 
32.2 
24.2 
11.5 
8.1 

11.1 
29.7 
19.4 
14.9 
11.9 
8.7 

48.4 
24.2 
12.1 
34.3 
22.0 
15.5 
11.7 
8.4 
6.7 

12.1 
49.5 
21.6 
10.6 
46.1 
22.6 
11.6 
8.2 
6.3 

11.6 

vw 

(m/s) 

0.028 
0.028 
0.028 
0.028 
0.028 
0.026 
0.026 
0.028 
0.026 
0.027 
0.030 
0.056 
0.056 
0.056 
0.056 
0.051 
0.053 
0.054 
0.058 
0.062 
0.056 
0.080 
0.075 
0.073 
0.073 
0.078 
0.080 
0.085 
0.087 
0.080 

V| 

(m/s) 

0.32 
0.38 
0.53 
0.68 
0.87 
0.80 
0.81 
0.72 
1.20 
1.41 
1.53 
0.44 
0.48 
0.69 
0.60 
0.69 
0.88 
1.01 
1.36 
1.39 
1.19 
0.37 
0.57 
0.76 
0.64 
0.77 
1.09 
1.20 
1.61 
1.25 

Table 3—As Table 1 for Mild Steel, 
d w = 

lav 
(A) 

130 
130 
130 
130 
180 
180 
180 

180 
180 
230 
230 
230 
230 
230 
230 
230 
230 

A 

1.6 mm 

lp 
(A) 

250 
250 
330 
330 
250 
330 
330 

330 
370 
330 
330 
330 
330 
370 
370 
410 
410 

M 
(mg) 

. 22.3 
14.9 
24.0 
12.0 
32.7 
32.6 
16.3 

11.4 
12.4 
46.3 
30.9 
15.7 
10.7 
30.9 
15.4 
46.3 
15.9 

conduct ing infinite 
having a radius RH, which 
trie current l p 

a sinusoidal 
(Ref. 16). This 

as a 
o f tf 
17) 

Vw 
(m/s) 

0.029 
0.029 
0.034 
0.034 
0.042 
0.042 
0.042 
0.044 
0.048 
0.059 
0.059 
0.060 
0.061 
0.059 
0.059 
0.059 
0.061 

Yi 
(m/s) 

0.50 
0.60 
0.93 
1.18 
0.47 
0.63 
0.91 
0.97 
1.21 
0.67 
0.71 
0.95 
1.12 
0.78 
1.17 
0.92 
1.35 

l iquid cyl inder, 
carries an elec-

is unstable w i th resoect t o 
oer turbat ion of its 
t ype of instability 

sausage instability. 
e per turbat ion, X, i 

, 2 ll Kd 

A — 
1 i / ^ 'P 

surface 
s k n o w n 

he wavel i 
> given 

V/2 

by (Ref. 

(2, 

Table 4-
d w = 1.6 

lav 
(A) 

100 
150 
150 
150 
150 
150 
150 

Table 5-

L, 
•av 
(A) 

50 
50 

100 
100 
100 
100 
150 
150 
150 

- A s Table 1 for 
mm 

lP 

(A) 

250 
250 
250 
290 
330 
330 
330 

M 
(mg) 

13.7 
9.9 
6.5 
6.6 

10.2 
6.8 
4.8 

AIMg5, 

Vw 
(m/s) 

0.052 
0.075 
0.074 
0.076 
0.077 
0.077 
0.083 

-As Table 1 for AISi5, d w " 

l „ 
'P 

(A) 

200 
250 
200 
200 
290 
290 
250 
290 
330 

M 
(mg) 

4.1 
4.3 

12.1 
5.8 

13.1 
6.0 
8.2 
8.5 
8.6 

v w 

(m/s) 

0.023 
0.024 
0.047 
0.044 
0.050 
0.045 
0.062 
0.065 
0.064 

Table 6—Acceleration of Drop by 
Immediately after Detachment 

Vi 
(m/s) 

1.68 
1.65 
1.93 
2.19 
2.15 
2.52 
2.50 

= 1.6 mm 

v. 
(m s) 

1.96 
2.62 
1.32 
1.70 
1.69 
2.48 
1.84 
2.03 
2.44 

Plasma 

steel wire, viz. the melting rate n (is., the 
mass of metal melted per unit time), the 
time average of the current, lav, the 
effective current leff (i.e., the square root 
of the average of the square of the 
current), and the length of the current-
carrying part of the solid wire, Ls. The 
length Ls, i.e., the distance between the 
contact tube and the pendent drop, was 
determined from the photographs and 
the torch geometry. 

Process of Drop Detachment 

The experiments show that, after the 
start of the current pulse, the pendent 
drop is elongated and contracts until a 
neck is formed. The radius of this neck 
then decreases rapidly to zero — 
Figs. 4-6. 

The following strongly simplified mod
el will be used to describe the detach
ment process. The drop is cylindrical at 
t = 0, and the current does not diverge in 
it, so that there is no axial Lorentz force. 
There is a radial Lorentz force, which 
causes the cylinder to contract, so that 
the ratio of the length of the cylinder, Ld, 
to its radius, Rd, increases. We assume 
that the cylinder becomes unstable when 
this ratio exceeds a certain critical value. 
This hypothesis was also made by Lancas
ter (Ref. 8). It is based on the following 
argument. 

where no is the permeability of vacuum, 
and 7 the surface tension. Data on the 
magnetic susceptibility of liquid iron (Ref. 
18) show that the magnetic permeability 
is approximately equal to no 
(1 + 2 X 10~4) f» no, so that no is used in 
Equation 2. 

It is now assumed that the pendent 
cylindrical drop becomes unstable when 
the ratio Lj/X begins to exceed some 
fixed value, which is close to unity. When 
electromagnetic effects are dominant, 
then the first term in the denominator in 
Equation 2 is negligible compared with 
the second, and the condition for instabil
ity becomes 

LH t Rd'
/2 (3) 

— > const. — 
Rd lp 

Since M = TT R<j2 Ld p, w h e r e p is the mass 
density, w e may wr i te Equation 3 as 

I 
(A) 

198 
198 
207 
207 
207 
217 

M 
(mg) 

44 
61 
42 
22 
22 
17 

a,'-) 
(m/s2) 

33 
27 
37 
38 
33 

' • 'Mi ld sleel. d „ = 
several drops. 

1.2 mm. DC operation; aj is average over 

Rd<Rc fi (M lp)
2 

(4) 

where fi is a material constant and Rcr a 
critical radius defined by Equation 4. 
Using Equation 2 to obtain an order of 
magnitude, we find that fi is expected to 
lie between 10 - 3 and 10~2 SI units, and to 
be proportional to p~ln 7 _ 1 / 7 , where p is 
the mass density. With the data in Table 9 
we thus obtain fi^/fixm = 1-4, where /3Ai 
and fimi are the values of fi for pure 

aluminum and mild steel, respectively. 
We now identify Rcr (Equation 4) with 

Rc as defined in the previous section, and 
derive fi from the measured data — Table 
7. These results show that the order of 
magnitude of fi is as expected, that 
f̂ MMg/iSms = 1.6, and that /3Aisi/3ms = 1.5, 
in reasonable agreement with the mod
el. 

The available data do not allow the 
verification of Equation 4 by a plot of 
experimental data on Rc vs. (Ml)2/7, 
because the measured values of these 
quantities lie within very narrow ranges. 
On the other hand, it can be said that the 
available data agree with the model given 
above. 

Next, we will discuss the detachment 
process, which starts when a neck is 
formed (Rn = Rc). The first question is 
which variables affect the quantity a, 
since this is a measure of the growth rate 
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of the instability. Equation 1 gives 

2Rn dRn 

lp = 330 A, M = 9.7 mg. The time point for a frame is the 

Ra, dt 
(5) 

Analysis o f the equations that describe 
fluid f l o w in electrically conduct ing fluids 
(Ref. 19) shows that the f l o w veloci ty, u, 
scales as 

Consequent ly , it is justif ied t o assume 
that K « 1. 

Since d R n / d t is of order u, w e expect , 
o n the basis o f Equations 5 and 6, that the 
g r o w t h rate a wi l l , for geometrical ly simi
lar systems, vary as 

a = ip (7) 

lr Mo 

P 
(6) 

w h e r e L is a typical length, taken here as 
L = Rc. Relation 6 holds if the ef fect of 
the fluid f l o w on the electric current is 
negligible, i.e., if the variable K = « ) 3 / 2 c 
l p / p , as in t roduced by Shercliff (Ref. 
19), is small compared w i t h unity (cr is the 
electric conduct iv i ty) . Using the data in 
Table 9, w e f ind K s=» 1 0 - 3 fo r i ron, and 
K RS 1 0 - 2 for Al . The latter value is an 
upper limit for the Al alloys, because their 
conduct iv i ty wil l be less than that of A l . 

whe re \p is a dimensionless constant. It is, 
howeve r , doub t fu l whe ther the pendent 
d r o p on an aluminum w i re is geometr ical 
ly similar to that on a mild steel w i re , 
because a sharp conical t ip is f o r m e d on 
the solid steel w i re (Refs. 20, 21), wh i le 
such a sharp t ip has, t o the authors ' 
know ledge , not been observed on alumi
num wi re . 

Figure 7 shows the measured values of 
a (Table 1) as a funct ion o f j p ' y V 0 / p , 
whe re j p = lp/(7rRw

2). This f igure shows 
that the dependence of a on j p is as given 

Table 7—Parameters Describing Detachment Process, Determined by Measurements on 
High-Speed Films 

Material 

Mild steel 

AIMg5 

AISi5 

d w 

(mm) 

1.0 
1.0 
1.0 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 

IP 
(A) 

250 
250 
370 
330 
370 
250 
330 
250 
330 

M 
(mg) 

18.2 
8.3 
9.4 
9.7 

10.9 
10.2 
10.8 
8.4 
9.0 

Rc<
a> 

(mm) 

0.38 
0.46 
0.47 
0.47 
0.48 
0.70 
0.72 
0.59 
0.65 

„(a) 
l O V 1 

0.51 
0.41 
0.69 
0.20 
0.27 
0.42 
0.63 
0.65 
0.88 

RC/(M lp)2/7 

10 3 m.k.s. units 

1.9 
2.7 
2.4 
2.4 
2.3 
3.8 
3.6 
3.4 
3.4 

by Equation 7, but that the dependence 
o f a o n p is not , as the curves for the 
di f ferent materials d o not coincide. 

It is also of interest to consider results 
obta ined by Lev and Peregud (Ref. 22). 
They passed very high currents (up to 23 
kA) th rough 0.5-mm (0.021in.) d iameter 
copper wires and measured the t ime (tex) 
needed for break-up of the w i re f r o m the 
momen t it me l ted , i.e., f r o m the m o m e n t 
the sausage instability began to deve lop . 
A plot o f the quant i ty tex~1, wh i ch is 
comparable w i t h a, is also linear w i t h j p 

up to j p = 9 X 101 0 A / m 2 . Reference 22 
does not give this p lot , but it is readily 
p repared f r o m Table 1. Figure 7 also 
shows the extrapolat ion o f their curve 
d o w n to l o w current densities. It is seen 
to lie close to the curves for the Al 
alloys. 

The curves in Fig. 7 give i^ = 0.10 fo r 
mild steel, \p = 0.15 for AIMg5, and 
$ = 0.22 for AISi5. The di f ference 
b e t w e e n these values might be due to 
dif ferences in t ip geomet ry , as discussed 
above , but o ther possible causes have to 
be considered as wel l . 

The dif ferences in \p cannot be 
ascribed to the di f ference in a, because 
this p roper t y plays no role at l o w K. 
Neither can they be ascribed to a dif fer
ence in viscosity, as the Reynolds num
ber, Re = u -L /u , is about 2000 (v is the 
kinematic viscosity, and u « 1 m / s ss 
2400 ipm, L * * 1 m m «w 0.04 in.), so that 
viscous forces are negligible. 

Another possibility is that a part of the 
current lp bypasses the neck. H o w e v e r , 
the high-speed films show that the arc 
anode jumps f r o m the lower d r o p sur
face o n t o the liquid above the neck only 
on the very last frames (0.1 t o 0.2 ms) 

Table 8—Experimental Data on Pulsed GMA 
Welding. Mild steel, d w = 1.2 mm 

n 
(g/s) 
0.70 
0.48 
0.48 
0.48 
0.49 
0.61 
0.44 
0.61 
0.43 
0.48 
0.70 
0.70 
0.48 
0.46 
0.50 
0.44 
0.75 
0.70 
0.74 
0.68 
0.64 

(a)Values of Rc and a are averages over 2—4 drops. 

lav 

(A) 

180 
130 
130 
130 
130 
130 
130 
170 
100 
130 
180 
180 
130 
130 
130 
130 
180 
180 
180 
180 
180 

'eff 

(A) 

183 
147 
143 
138 
158 
156 
150 
187 
131 
135 
183 
186 
178 
152 
180 
143 
231 
197 
219 
190 
189 

L5 
(mm) 

11 
16 
17 
9 
15 
27 
11 
13 
27 
21 
17 
16 
10 
14 
12 
12 
13 
15 
14 
14 
12 
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before rupture. Nevertheless, w e wi l l 
consider the possibility that the current 
through the neck, ln , is less than the w i re 
current l p , because fi lm images do not 
give conclusive evidence on the current 
path . Consequent ly, there are t w o possi
bilities. The first is that all the current 
passes th rough the neck and \p are dif fer
ent for the three w i re materials, having 
the values given above. The second pos
sibility is that ln < l p for the mild steel and 
fo r A IMg5, and that tp is the same for all 
the materials if l p is replaced by ln in 
Equation 7. Assuming that ln = l p for AISi5 
(i.e., the material w i th the highest tp' 
value), w e obtain q = l n / l p = 0.7 for 
AIMg5 and q = 0.45 fo r mild steel. These 
t w o possibilities wil l be considered in the 
analysis o f the veloci ty at detachment . 

Drop Velocity at Detachment 

This section deals w i th the acceleration 
o f the pendent d rop during the high-
current per iod and the resulting veloci ty 
at detachment . 

The dominant detaching fo rce is the 
Lorentz fo rce , i \ , due to the interaction o f 
the current w i th its o w n magnetic f ield 
(Refs. 10-12). It is given by 

fL = X B (8) 

where~f[ is the fo rce per unit volume,~ps 
the current density andT f is the magnetic 
induct ion. In a cylindrical l iquid conduc
tor , the radial componen t fLr (coordinates 
as in Fig. 8) is non-zero, wh i ch causes an 
excess pressure, pL, above the ambient 
pressure, p0 . If j is constant, then (Ref. 
17) 

PL (r) = 
4H2 R 2 1 R2 ' 

(9) 

w h e r e r is the radial coord inate and R is 
the cyl inder radius. As a rule, the current 
diverges w i th in the d r o p and w i th in the 
arc. The pressure PL then also varies w i t h 
the axial (z) coord inate —Fig. 8. It 
decreases towards w iden ing current 
path , and thus causes a f luid f l o w in that 
d i rect ion. Measurements of the f l o w 
veloci ty in arcs give values of 100 to 1000 
m /s (Refs. 23, 24). The kinetic pressure 
corresponding to these velocit ies is so 
high that the static pressure in the arc 
must be close to p 0 (Ref. 25). The f l o w 
veloci ty wi th in the d rop (Ref. 26) is l o w 
and the static pressure wil l be practically 
equal to po + pi. (r), if the effects o f 
surface tension are neglected. The pres
sure di f ference b e t w e e n d r o p and arc 
thus causes a d o w n w a r d fo rce on the 
d r o p , i.e., d i rected towards the arc, given 
by 

FT = J*2H r pL(r) dr Mo I2 

8H 
(10) 

10 

05 

i^it* §w £p* " *5F 
I * I I • I ii 

R„=RC 

t ime (rns) 

Fig. 5-As Fig. 4 for AISI5; dw = 1.6 mm, lp = 330 A, M = 9.0 mg 
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0.5 

0 0 0 
< x x x S 

) 

x*X0 
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\, \X 
1 * • / a 2 3 

time (ms) 
Fig. 6-Relative cross-sectional area of drop neck as a function of time, x — mild steel, dw = 1.0 
mm, lp = 370 A, M = 9.4 mg; o-AIMgS, dw= 1.6 mm, lp = 330 A, M = 10.8 mg; A-AISiS, 
dw = 1.6 mm, lp = 330 A, M = 9.0 mg 

Consequent ly , FT is the d o w n w a r d force 
o n the pendent d rop if the electric cur
rent does not d iverge in the d rop and 
does diverge in the arc. 

W h e n the current diverges wi th in the 
d r o p , the axial componen t fLz is non-zero 
as wel l . The current-carrying vo lume is 
then, approximately , a t runcated cone, 
and integration of i\_z over this vo lume 
gives a d o w n w a r d fo rce o n the d r o p 
(Ref. 10) 

Table 9—Approximate Values of Physical 
Properties of Liquid Fe and Al , Used 
for Wire Materials 

Mol2, Ri 
— In — 
4H R„ 

(11) 

Property 
and Unit 

P (kg m"3) 
0- (106 ST1 r r r1 ) 
u (10~6 m2 s"1) 
7 (I m"2) 

; e Al 

6500 2200 
0.71 4.0 
0.6 0.5 

1.0 (mild steel) 0.8 

Data from Ref. 30, except -> for mild steel (Ref. 25). 
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<r 
< 
UJ 
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Fig. 7—Plot of experimental data to verify 
model of drop detachment. Data from Table 
7. x-mild steel; o —AIMg5; A -AIS/5; broken 
line — extrapolation of curve of tex~

1 for Cu 
(Ref. 22) 

Fig. 8 — Illustration of discussion of forces on 
pendent drop. — • — boundary of cur
rent-carrying volume 

v.lMIp)1" 

ISI units) 
/ 

t ? / 

J_ 

1106 SI units) 

MO 

411 ( \ * & ) 
(13) 

Fig. 9 —Plot of experimental data, drawn to 
verify model of acceleration of pendent drop, 
Equation 19. Mild steel, Rc < Rw; |7 = 0.70. 
x — dw = 1.0 mm; o — dw = 1.2 mm; 
A — dw = 1.6 mm. V and + — data from Refs. 
4 and 6, respectively (wire positive). EJ— data 
from Ref. 3 (wire negative). — — — 
Equation 19 with q = 7. — • — Equation 19 
with q = 0.45 

where R| and Ru are the radii of the lower 
and upper base of the cone, respectively. 
For a more detailed treatment of spheri
cal drops, see Refs. 11 and 12. 

The total electromagnetic force on the 
drop then becomes 

Since Ra < Rw, the terms within the 
brackets have opposite signs, so that Fem 

is extremely sensitive to small variations in 
Ra. As detailed information on Ra is lack
ing, it is impossible to make any predic
tion of Fem at this stage. The experimental 
result that the drop is elongated indicates 
that Fem is positive. 

When t > tc, a neck is formed — Fig. 8. 
For the part of the drop that is going to 
be detached (below AB in Fig. 8) we now 
have Ru = Rn, R| = Ra, and I = ln. Taking 
Ra to be equal to the radius of the 
elongated drop and the latter equal to Rc, 
we obtain 

f p m 

MO In 

4U 
( . / 2 + . n | ) (14) 

The surface tension force, F7, which 
opposes detachment, is taken to be 
(Ref. 25) 

F7 = 2 TT Rn 7 (15) 

Fem = Fr -F F2 = 
MO I 

411 ( » < ) 
(12) 

When t < tc, the drop is either cylindrical 
or conical and narrowing towards the 
arc —Figs. 4 and 5. We then have Ru = 
Rw, while R| is equal to the radius of the 
anode area, Ra, and I = L, so that 

Other forces acting on the drop are the 
gravity force, M g (g is the gravity con
stant), the force exerted by the metal 
entering the drop, n Vw, and the drag 
force exerted by the gas flow. Taking as a 
typical situation lp = 300 A, M = 30 mg, 
Rw = 0.6 mm, and v w = 0.1 m/s, we find 
Fem » 9 X 10"3 N, F7 « 4 X 10"3 N, M 
g = 0.3 X 10 - 3 N, and n vw » 0.07 
X 10 - 3 N. The latter two forces are small 
and will be neglected. Note that this 
argument does not hold for DC GMA 
welding, where currents are lower and 
drop masses higher. 

The drag force was found (Ref. 25) to 

Fig. 10 - Plot to verify Equation 20. Mild steel, Rc = Rw. X - d„ = 7.0 mm; o - dw = 1.2 mm. — 
Equation 20 for q = 1.0; dw = 1.0 mm; same for dw = 1.2 mm; — • — Equation 20 
for q = 0.45 
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Fig. 11-As Fig. 9 for Al alloys. Rc <Rw, dw = 1.6 mm. x-AISi5;o-AIMg5. Equation 19 
with q = 7 and j / = 0.22 (AISi5). — • — Equation 19 with q = 1 and ip = 0.15 (AIMg5) 

be of some importance in plasma-GMA 
experiments, where drop transfer took 
place in a restricted arc channel. There is 
no surrounding plasma in the GMA dis
cussed here, and no restricted arc chan
nel, so that the drag force by the gas is 
negligible. The equation of motion for the 
detaching drop is 

dv 

which holds for tc > 0. In order to make it 
possible to compare Equation 18 with the 
experimental data, we rewrite it as 

(Vi - vo) (M I, i }i/7 = 
Hi82 

<P 
p 

Ito 

M-
dt 

= Fem (t) - F7 (t) (16) 

r ^ / l A 2 ' 7 _ Wyfi\ 
\ 411 VM/ 3 / 

(19) 

where v is the instantaneous drop veloc
ity. Equation 16 gives 

M (v, - v0) = 

tc + " 

j 
tc 

{Fem (t) - F7 (t)} dt (17) 

where v0 = v(tc), and r = Rc
2/(aRw

2), the 
time needed to reduce Rn from Rc to 
zero— Equation 1. 

Some of the experimental data give, 
with Equation 4, values of Rc that exceed 
Rw. This means that the drop immediately 
becomes unstable at the start of the 
current pulse. In that case, Equation 4 
must be replaced by Rc = Rw with 
tc = 0. 

Substitution of Equations 1, 4, 7, 14 and 
15 into Equation 17, and some lengthy 
but straightforward algebra, gives 

M (v, - Vo) = 
H/32 

MO 
(18) 

{ 
MO_CT 

4H 
M 4 / 7 411 y fi 8 Mb/7\ 

1/7 f 
p J 

Equation 19 predicts a linear variation of 
(V | - v 0 ) (M lp)1/7 with (lp

6/M)2 /7. The 
experiments give no information about 
Vo. Therefore, the quantity Vj (M lp)1/7 is 
plotted instead in Fig. 9, where v,, M and 
lp are as measured for mild steel. This 
figure also gives points measured by 
Ludwig, Caron and Pintard (Refs. 3, 4 and 
6, respectively), which agree well with 
the other points, with one exception. 

The curve for v0 = 0 was also calcu
lated from Equation 19 with fi as derived 
from the other experiment (Table 7) and 
with either q = 1 or q = 0.45 (see discus
sion, previous section). Figure 9 also gives 
these curves. The curve for q = 1 agrees 
well with the experimental data. This 
result suggests that the acceleration of 
the detaching drop in the time before 
t = tc is negligible (v0 = 0) and, further
more, that all the current passes through 
the drop practically till rupture. Equation 
19 is not applicable at low values of the 
horizontal coordinate in Fig. 9 (low cur
rent, high drop mass) because the gravity 
force was neglected. There, the experi
mental points must lie above the calcu
lated curve, as is found. 

For Rc = Rw (tc = 0), it follows from 

Equations 1, 7, 14, 15 and 17 that 

1 
M (Vi - v0) j p = 

Vlf MQlp2 411 7 R 

4H } (20) 

Figure 10 gives the plot of M v, j p as a 
function of ^0lp2/(4ir), as derived from 
the experimental results for mild steel, 
and the corresponding curve according 
to Equation 20. The curve predicted for 
q = 1 lies about 25% below the experi
mental points, but its slope is in good 
agreement. 

In view of the approximations made in 
the model, it can be said that this model 
agrees well with the experimental data 
for mild steel. 

The agreement is less impressive for 
the aluminum alloys. The experimental 
curves for the two materials (Fig. 11) 
coincide and are approximately parallel 
to the average of the curves predicted by 
Equation 19. However, the latter curves 
lie far too low. The most likely cause of 
the discrepancy is the assumption that 
v0 = 0. To obtain agreement one has to 
assume that v0 is about 1 m/s, and this 
requires an appreciable force, Fem, when 
t < tc — Equation 13. This is so if Ra « Rw. 
The results for mild steel indicate that 
Fem =s 0 for t < tc, and Equation 13 then 
gives Ra/Rw ~ 0.6. This argument thus 
leads to the assumption that the anode 
radius is larger for the aluminum alloys 
than it is for mild steel. The films (Figs. 4 
and 5) show that for t < tc, the drops are 
cylindrical for the aluminum alloys and 
conical for the mild steel, which fits in 
with this assumption. 

Acceleration of Drops in the Arc 

This section deals with the results of 
the DC experiments —Table 6. After 
detachment, the drops enter the arc and 
are accelerated in the plasma. Figure 3 
shows that the acceleration is practically 
constant, initially, and that it decreases as 
the drop approaches the weld pool. This 
acceleration is caused by the gas flow 
towards the weld pool. Small drops intro
duced into the arc will be accelerated by 
the drag force, and the model of a sphere 
in a uniform flow field (Ref. 27) is appro
priate for them. This model was used by 
Caron (Ref. 4) and Needham, et al. (Ref. 
5). However, the radius of the falling 
drop, Rf, always exceeded Rw in the 
experiments presented here. The drop 
velocity (typically 1 m/s) is much smaller 
than the gas flow velocity in this type of 
arc in the absence of drops (typically 
1 0 0 - 1000 m/s, Refs. 23 and 24). Conse
quently, the gas rlow in the arc will be 
strongly inhibited by the large drops. The 
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Fig. 12 —Illustration of discussion of accelera
tion of drops in arc 

following model is proposed for this situ
ation. 

)ust above the drop (z = z-\ in Fig. 12), 
the flow velocity is low and the static 
pressure is equal to p0 4- PL with 

Mol2 

P L « „V ; (21) 
4H2 R2

arc 

where Rarc is the arc radius, which varies 
with z. Below the drop (z > z2 in Fig. 12), 
there is a fast gas flow towards the weld 
pool and the stationary gas pressure is 
close to po, as was said above. We thus 
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Fig. 13 —Plot to verify model of drop acceleration, Equation 22. Mild steel, dw = 1.2 mm. 
x—experimental data from Table 7; A-data for I > 200 A from Ref. 6; o — same from Ref. 4. The 
slope of the broken line gives, with Equation 22, that Rarc = 2.0 mm 

find as an upper limit to the force 
exerted by the plasma on the drop 

|2 

>i 

Fpi = I R? 
MO I 

4H2 R2 (22) 

Equation 22 is expected to hold when 
Rf > Rw. Figure 13 shows a plot derived 

from the experimental data (Table 6) 
drawn in order to verify Equation 22. This 
equation predicts a straight line for 
Rf > Rw, because Fpi = M a;. This linear 
relation is indeed observed, with 
Rarc = 2.0 mm (0.08 in.), which is a rea
sonable value. Consequently, the experi
mental data agree with the model pro
posed. 
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^I (10 5 J /kg) 
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Fig. 14 — Plot of experimental data used in discussion of heat balance of pendent drop. Mild steel, 
x-pulsed GMA, dw = 1.2 mm, data from Table 8. Other points DC GMA (Ref. 26); A - dw = 1.2 
mm; V — dw = 7.6 mm. Broken line gives average for DC operation (Ref. 26) 

Drop Temperature 

The experimental data on the melting 
rate allow a comparison between the 
average drop temperature, T, in pulsed 
and in DC operation. 

The power required for melting the 
metal is provided partly by joule heating 
in the solid wire and partly by electron 
absorption at the anode on the liquid tip, 
followed by convective heat transfer in 
the pendent drop. 

The time average of the power trans
ferred to the solid metal by the latter 
process, $av , is given by (Ref. 26) 

* a v = U Uw - n cp (T - Tm) - *ev (23) 

where U w is an effective work function, 
cp the specific heat of the liquid metal, Tm 

the melting point, and $ e v the power loss 
by evaporation. The effective work func
tion is the sum of the work function and a 
term that represents the kinetic energy of 
the absorbed electrons. The first term on 
the right-hand side in Equation 23 repre
sents the power generated at the wire tip 
and the second the power absorbed by 
the liquid metal. The power $a v for 
pulsed operation was derived from the 
data in Table 8, with the procedure given 
in Ref. 26. The effective current is to be 
used in the terms referring to Joule heat
ing in this procedure, and lav in the terms 
referring to electron absorption. 

Equation 23 can be written as 

— = — U w - cp (T - Tm) (24) 
H l~ M 

296-s I NOVEMBER 1986 



Figure 14 gives * a v / / i as a funct ion o f 
\iv/n for pulsed and DC opera t ion w i th 
mild steel w i re . The data fo r the pulsed 
process show less scatter, wh i ch indi
cates a more stable process. Further
more , it is seen that the points for the 
pulsed process lie higher. 

For a f ixed value o f I 3 V / M , Equation 24 
gives 

("f)'"("f)*"c'(T*-Tp) 
+(X0 (25) 

w h e r e the subscripts p and dc indicate 
pulsed and DC opera t ion , respectively. 
As a higher d rop temperature corre
sponds to a higher evaporat ion rate, and 
Fig. 14 shows that the left-hand side of 
Equation 25 is posit ive, it fo l lows that T is 
higher by 100° t o 200° C (180° t o 360°F) 
dur ing DC operat ion than during pulsed 
operat ion. This result was also obta ined 
by calorimetric measurements (Refs. 28, 
29). 

Conclus ions 

In pulsed-arc we ld ing, the pendent 
d r o p generally contracts at the start o f 
the current pulse and becomes unstable 
w h e n a critical radius is reached and a 
neck is f o r m e d . The square of the neck 
radius decreases linearly w i t h t ime, the 
decay t ime being inversely propor t iona l 
t o the electric current. 

The Lorentz fo rce acting after the pen 
dent d rop has become unstable accounts 
for the d r o p veloci ty at detachment , if 
the w i re material is mild steel. If the w i re 
material is an aluminum alloy, then ano th 
er mechanism is operat ive , wh i ch was 
not identi f ied w i th certainty. 

The accelerat ion of large drops after 
detachment can be ascribed to the static 
arc pressure generated by e lect romag
netic effects. 

Analysis of the heat balance of the 
pendent d r o p indicates that the d r o p 
temperature is lower in pulsed than in D C 
G M A weld ing, wh ich is in agreement 
w i t h previous w o r k . 

Appendix 

Symbols Used 

a; acceleration by plasma at 
detachment , m s - 2 

B magnetic induct ion, W b m~ 2 

cp specific heat capacity, 1 | 
k g " 1 ( ° C ) _ 1 = 0.239 X 
10~3 BTU l b " 1 ( °F) - 1 

d w w i re diameter, 1 m — 39.37 
in. 

f L electromagnet ic fo rce per 

unit vo lume, N m - 3 

Fi, F2 

rem 

Fpi 
FT 

left 
'n 

'p 
'av 

lp 
K 

L 
Ld 

Ls 

M 
Po 

PL 

q 

r 
R 
Ra 

Rare 
Rc, Rcr 
Rd 
Rf 

Rn 
Rw 
t 

tc 
T 

Tm 
u 

electromagnetic force, N 
electromagnetic force on 

pendent drop 
force by plasma 
surface tension force 
electric current, A 
effective electric current 
electric current through neck 
electric current during pulse 
average electric current 
current density, A m" 2 

current density during pulse 
magnetohydrodynamic 

parameter 
length scale, m 
drop length 
extension length, m 
drop mass, 1 kg = 2.203 Ib 
ambient pressure, 1 N 

m-2—> 1.4 X 10~4 Ib in . - ; 

pressure due to Lorentz 
force 

fraction of current passing 
through neck 

radial coordinate, m 
radius, m 
anode radius 
effective arc radius 
critical drop radius 
radius of pendent drop 
radius of drop after 

detachment 
time-dependent neck radius 
wire radius 
time, s 
moment of instability 
average drop temperature, 

°C; T(°F)= 1.8T(°C)+ 32 
melting point, °C 
fluid velocity, 1 m s " 1 

= 2.36 X 103 in. m i n - 1 

v t ime-dependent d r o p 
veloci ty, m s " 1 

v 0 d r o p veloci ty at momen t of 
instability 

Vf veloci ty of d r o p after 
de tachment 

V, d rop veloci ty w i t h respect t o 
w i re , at detachment 

v w w i re veloci ty 
U w e f fect ive w o r k funct ion, V 
z axial coord inate, m 
a exper imental parameter, s " 1 

fi parameter f o r critical d r o p 
radius, m k g _ 2 / 7 A~ 

7 surface tension, N m " 
n melt ing rate, 1 kg 

s - 1 = 132.2 Ib m i n " 1 

Mo permeabi l i ty of vacuum, H 
m - 1 

v k inematic viscosity, m 2 s " 1 

p mass density, 1 kg 
nrT3 = 3.61 X 1 0 " 5 Ib in . " 

a electric conduct iv i ty , Q _ 1 

m " 1 

r de tachment t ime, s 

<£ a v average heat f l o w rate, 1 
W = 56.9 X I O - 3 BTU 

-2/7 

-1 

4 > e v p o w e r loss by evaporat ion, 
W 

•p experimental parameter 
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By R. L. Citerley 

This report contains documentation for four computer programs used in the imperfection sensitivity 
analysis of cylindrical shells. The four programs are based upon Donnell's equation for cylindrical shells. 
The formulation of each program is worked in detail so others may make modifications. The input and 
output instructions are provided. 

Publication of this report was sponsored by the Subcommittee on Shells and Ligaments of the 
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per copy, plus $5.00 for postage and handling. Orders should be sent with payment to the Welding 
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Bolted Flanged Connections with Full Face Gaskets 
By A. E. Blach, A. Bazergui and R. Baldur 

A flange type commonly called "flat-face" flange has been used in certain classes of bolted flanged 
connections for many years, yet no code rules exist to cover this class of flanged connections. This paper 
analyzes the behavior of gaskets and flanges in such a connection and gives design formulas which follow 
the philosophy of the present code rules for bolted flanged connections. A numerical example is included 
which shows the application of the design formulas and compares results obtained with values from 
strain gage measurements on a pressure vessel of the same size. 

Publication of this report was sponsored by the Subcommittee on Bolted Flanged Connections of the 
Pressure Vessel Research Committee of the Welding Research Council. The price of WRC Bulletin 314 is 
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