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of modeling the GMAW process 
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ABSTRACT. Heat and fluid flow in the 
electrode during gas metal arc welding are 
considered approximately, experimen
tally, analytically and numerically for ranges 
of electrodes and materials of practical 
importance. Estimation of the governing 
nondimensional parameters and pertinent 
time scales provides insight into droplet 
formation and detachment while demon
strating that the behavior of the solid 
electrode may be considered to be quasi-
steady. The time scale estimates show that 
a steady-state, spherical flow calculation 
for the droplet would be inappropriate 
and possibly misleading. Experimental ob
servations of the formation of a tapering 
tip, forming as electrical current is in
creased in steel electrodes shielded by ar
gon gas, are found quantitatively consis
tent with numerical simulations based on 
the hypothesis that additional thermal en
ergy is evolved along the cylindrical side 
surface of the electrode due to electron 
condensation. 

Introduction 

Cas metal arc (CMA) welding is the 
most common method for arc welding 
steels and aluminum alloys. About 40% of 
the production welding in this country is 
accomplished by this process in which the 
thermal phenomena and melting of the 
solid electrode are coupled to the plasma 
arc and the weld pool. Thus, the thermo-
fluid behavior of the electrode and de
taching drops can have significant effects 
on the subsequent weld quality and pro
duction rate. 

While a number of qualitative hypoth
eses concerning metal transfer have been 
suggested and in some instances accepted, 
quantitative proof of their validity is still 

K-S. KIM is a.Research Associate, Materials Sci
ence and Engineering, University of Florida, 
Gainesville, Fla. D. M. McELIGOT is with West
inghouse Naval Systems Division, Cleveland, 
Ohio. T. W. EAGAR is a Professor, Materials 
Science and Engineering, Massachusetts Insti
tute of Technology, Cambridge, Mass. 

lacking (Ref. 1). The purpose of the present 
paper is to provide quantitative analyses, 
concentrating on the thermal behavior of 
the electrode, to aid in the fundamental 
understanding of the process. Main em
phasis is on the commercially important 
application of spray transfer (Refs. 2, 3) 
from steel electrodes with argon shielding. 
In particular, it is shown that simple energy 
balances are inadequate to explain the 
observed melting phenomena. Instead, 
heat transfer between the arc and the 
electrode involves a number of coupled 
processes. This paper outlines which heat 
transfer mechanisms predominate and in 
which regimes each is important. 

For a general review of recent work on 
metal transfer, the reader is referred to 
Lancaster's chapter in the text by Study 
Croup 212 of the International Institute of 
Welding (Ref. 4). The pioneering study of 
metal transfer by Lesnewich (Refs. 2, 3) 
has been recently summarized by him in a 
letter (Ref. 5). Cooksey and Miller (Ref. 6) 
described six modes, and Needham and 
Carter (Ref. 7) defined the ranges of metal 
transfer. The axial spray transfer mode is 
often preferred to ensure maximum arc 
stability and minimum spatter. 

Analyses and experiments have been 
conducted by Greene (Ref. 8), Halmoy 
(Ref. 9), Woods (Ref. 10), Ueguri, Hara and 
Komura(Ref. 11), Allum (Refs. 12, 13) and 
by Waszink and coworkers (Refs. 14-17). 
These studies have predominantly ad-

KEY W O R D S 

Gas Metal Arc Welding 
Electrode Heat 
Heat Transfer 
Electron Condensation 
Numerical Simulation 
Time-Scale Estimates 
Tapering Tip 
Thermocapillary Flow 
Thermal Energy Flow 
Nondimension Bond No. 

dressed steady or static conditions, al
though Lancaster and Allum did consider 
transient instabilities for possible explana
tions of the final stage of the droplet de
tachment process. 

Possible thermal processes that may in
teract with the forces on the droplet to 
cause detachment are described sche
matically in Fig. 1 for an idealized droplet. 
The process is transient, proceeding from 
detachment of one droplet through melt
ing, formation and detachment of the 
next, so there is change in the thermal en
ergy storage, S. Heating is caused by elec
trical a resistance heating G and by inter
action with the plasma qp . Heat losses oc
cur via conduction in the solid rod qi<, 
radiation exchange with the environment 
q r , convection to the shielding gas qc and 
evaporation at the surface qv . Internal cir
culation qn c may be induced by electro
magnetic, surface tension, gravity and/or 
shear forces. 

The governing thermal energy equation 
for the wire and droplet can be written in 
cylindrical coordinates as (Ref. 18). 

dpi . d» 
^ + p u - + pv dr 

:aKkr£) 
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kr 4- qc' (') 

where the dependent variables are the 
enthalpy (H) and the specific internal ther
mal energy (I). For steady motion of the 
solid wire, the radial velocity (v) disap
pears and the axial velocity (u) is uniform 
at the wire feed speed Vw. The volumet
ric thermal energy generation rate (qc"') is 
a consequence of resistive (or Joulean) 
heating. If the boundary conditions and 
other quantities can also be idealized as 
steady in time, then the first term (repre
senting transient thermal energy storage) 
also disappears. 

For the droplet, these idealizations are 
not valid. The velocity field must be 
determined from the solution of the con
tinuity and momentum equations after 
solving Maxwell's electromagnetic field 
equations to obtain body force terms. The 
droplet grows so the process is nonsteady 
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and the transient terms must be retained 
(as they might be for the solid wire, since 
the melting interface also must be affected 
by the transient droplet). Boundary con
ditions for the momentum equations in
clude treatment of the surface tension 
forces that can be dominant. Solution for 
the droplet fields is thus much more diffi
cult than analysis of the thermal behavior 
of the solid wire and is beyond the scope 
of the present work. 

The present study examines the thermal 
processes occurring in moving electrodes 
for GMAW with the objectives of 1) de
termining which phenomena are impor
tant in controlling the melting rate and 2) 
explaining the formation of a tapering tip 
observed for some combinations of elec
trode materials and shielding gases. 

Nondimensional Parameters and 
Time Scales 

Determination of the nondimensional 
parameters and relative time scales helps 
to quantify which thermofluid effects are 
important for which transfer mode. It fur
ther provides part of the nondimensional 
description, which will help generalize the 
ultimate solution and, thereby, reduce the 
total number of calculations that will be 
necessary to describe the overall behav
ior. 

To quantify the typical orders of mag
nitude included, the approximate proper
ties and welding parameters for steel are 
employed. In applications for steel, typical 
wire diameters are in the range 0.8 to 2 
mm (0.03 to 0.09 in.) and wire speeds are 
of the order 0.04 to 0.2 m/s (100 to 400 
in./min). The wire extension beyond the 
electrical contact tip is about 10 to 30 mm 
(V2 to 1 in.). Typical thermofluid properties 
of steel (or iron) in solid and liquid phases 
have been given by Greene (Ref. 8) and 
Waszink and Piena (Ref. 16) and others. 

The Prandtl number of the liquid metal, 
Pr = Cp^/k, is a measure of the rate at 
which viscous effects propagate across 
the fluid relative to thermal conduction 
(Ref. 18), or the rate at which the flow field 
approaches steady state compared to the 
temperature fiejd. For steel and most liq
uid metals Pr < 0.1, so the thermal field 
adjusts to the flow field more quickly than 
the flow adjusts to its disturbances. 

The importance of axial thermal con
duction upstream in a fluid (or the solid 
electrode) relative to the motion can be 
estimated via the Peclet number, 

Vd 
Pe = — 

a 

Re • Pr 

pVCpd _ pVd CPM 
k ii k 

(2) 

For Pe < 200, the axial conduction term 
may be neglected relative to the other 
terms in the energy equation 1 (Ref. 18). 
On the other hand, a low Peclet number 
corresponds to the situation where ther-
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mal conduction is much more effective at 
transporting thermal energy axially than 
motion of the electrode, as will be seen 
later. 

A criterion for the appearance of ap
proximately isothermal conditions is given 
by the Biot number, Bi = h • Vol/(ksoiid • 
As), where h is a heat loss coefficient for 
convection and/or radiation. For the tem
perature distribution radially across a cy
lindrical section, it becomes Bi = h - d / 
(4kSO|jd). If Bi < < 1, the temperature varia
tion across the medium is much less than 
the difference between the surface and 
surroundings, i.e., isothermal. Conversely, 
a large Biot number implies that thermal 
conduction resistance in the medium dom
inates the problem establishing the tem
perature distribution. 

Thermocapillary, or "Marangoni," con
vection has been shown by a number of 
investigators (Refs. 20, 21) to have signif
icant effects on the thermofluid-mechan-
ics of weld pools. For droplet formation, 
its effects do not appear to have been 
considered in detail. Surface tension gen
erally depends on temperature, composi
tion and electrical potential. Lai, Ostrach 
and Kamotani (Ref. 22) have examined the 
role of free surface deformation in un
steady thermocapillary flow; while their 
geometries differ from liquid droplets, 
their results should provide order-of-mag-
nitude estimates for the present problem. 
Further, for short times when the motion 
is still confined to a thin region near the 
surface, the results for the dissimilar ge
ometries should approach each other, i.e., 
both cases should be effectively one-
dimensional, transient, semi-infinite situa
tions. 

Fig. 1—Possible 
thermal processes in 
an idealized vertical 
droplet and electrode. 

The importance of steady thermocapil
lary convection can be estimated from a 
number of nondimensional parameters: 
1) Static bond number 

2 hydrostatic effects 
Bd = : £ i— relative to surface 

" curvature effects on 
pressure 

2) Elevation bond number 

hydrostatic 
pgD2 

Bo = pressure 
| da/til | AT | thermocapillary 

dynamic 
pressure 

3) Dynamic bond number 

Bod 
pgD2/3 natural convection 

\tia/til\ thermocapillary 
convection 

The direction of flow due to thermo
capillary convection depends on whether 
the surface tension increases or decreases 
with temperature. In a sense, a region with 
higher a pulls fluid from regions with lower 
a. For very pure steels, da/ dl is negative 
so the flow tendency would be from 
warmer to cooler. In the vertical geome
try considered here, that would be from 
the warm liquid dropping towards the 
melting zone and thus might inhibit de
tachment. With small amounts of contam
inants, such as sulfur or oxygen, as in the 
weld pool studies of Heiple and Roper 
(Ref. 20), da/til can become positive so 
the tendency would be toward enhancing 
detachment forces. In either case, the 
thermal field near the melting interface 
would be modified to some extent. 

To estimate values of the thermocapil
lary parameters for a liquid steel droplet, 

WELDING RESEARCH SUPPLEMENT | 21-s 



Steel 
Hel ium 

A A 

~1 r 
300 

(mm) 

Fig. 2-Melting rate measurements with 1.6-mm steel electrodes. 
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Fig. 4 - Effect of electrical current on metal transfer process for steel 
electrodes with argon shielding. 
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Fig. 3 — Effect of shielding gas on droplet size, steel electrodes. 

we take the temperature range as being 
from the melting point to a maximum of 
about 500 K below the boiling point (Ref. 
23). Following Waszink and Graat (Ref. 
15), we took surface tension values of 
a at 0.9 N/m (0.005 Ibf/in.) and \tia/ 
3T| a* 0.2 X 10~3 N/mK (6 X 10"7 Ibf/ 
in. F). 

Estimated orders of magnitude and 
ranges of these thermal parameters are 
shown in Table 1. 

The Biot number refers to radial heat 
transfer (rather than axial transfer from the 
liquid droplet to the melting interface). 
The values of the Peclet number imply 
that wire motion is more significant but 
that axial thermal conduction is not en
tirely negligible. 

With the exception of Bo for globular 
transfer and Bod for spray transfer, the 
thermocapillary parameters are all of or
der one, which illustrates the complexity 
of determining heat transfer behavior 
within the liquid droplet. The value of the 
static Bond number (Bd) near unity for 
globular transfer is an indication why sim
ple gravitational force balance analyses 

give reasonable predictions for this mode 
of metal transfer. For globular transfer, 
hydrostatic pressure would be expected 
to be significantly greater than the ther
mocapillary dynamic pressure since 
Bo > > 1. And for spray-sized droplets, 
Marangoni convection would be signifi
cantly greater than natural convection 
(Bod < < 1). The value of Bd ~ 0.2 for 
spray transfer would be an indication that 
a force(s) other than gravity (such as elec
tromagnetic forces and/or so-called 
plasma jet drag) is involved in droplet de
tachment in that mode, since surface cur
vature would cause greater pressure (and 
restoring force) than the weight of the 
drop. Greene (Ref. 8) and Waszink and 
Piena (Ref. 16) have concluded from dif
ferent arguments that the additional forces 
are electromagnetic and, therefore, Max
well's equations should be included in the 
complete solution. While plasma jet drag 
can be expected to be significant as the 
free droplet passes through the arc re
gion, it is not clear that it would have an 
important effect while the droplet is still 
attached. It is anticipated that it would pri

marily act indirectly through its upstream 
influence on the shielding gas around the 
drop, partially countering the deceleration 
of the gas at the bottom of the drop (I.e., 
pressure recovery and negative drag). 
Treatment of this aspect would require a 
more complete analysis, including the 
plasma arc, that is beyond the scope of 
this paper. 

The discussion of the nondimensional 
governing parameters above applies pri
marily to steady processes. However, 
droplet formation and detachment is a 
nonsteady event, so time scales or re
sponse times of the phenomena must also 
be considered to estimate whether steady 
or quasi-steady conditions may be ap
proached during the process (Ref. 24). 

For 1.6-mm (Vi6-in.) diameter mild steel, 
Lesnewich (Ref. 3) shows droplet detach
ment frequencies to be of the order of 
15/s for currents below 240 A and 250-
300/s above 280 A. These values repre
sent globular and spray metal transfer and 
correspond to periods of about 70 ms and 
3 ms, respectively. Kim (Ref. 19) observed 
frequencies ranging from about 3 to 450/ 
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Table 1—Estimated Orders of Magnitude Table 2—Orders of Magnitude of Electrode Time Scales'*' 

Pe 

Globular 4 
Spray 40 

Bd Bo 

0.001 
0.001 

2 
0.2 

10 
1 

Bod 

0.8 
0.08 

s. For his exper iments w i th 1.1-mm (0.045-
in.) d iameter steel, Morr is (Ref. 25) reports 
typical values of 50 ms for globular and 4 
ms for spray transfer but has seen up to 
2000 d rops / s or droplet per iods as short 
as Vi ms. 

The t ime for a thermal change to ap
proach steady state (within about 5%) by 
conduct ion in the radial d i rect ion (Ref. 26), 
the thermal conduct ive t ime scale, can be 
est imated as 0 T ~ 0.6 r§ /a . 

The viscous t ime scale to approach 
steady state can be expected to be anal
ogous to the thermal conduc t i ve t ime 
scale, or 0 V as 0.6 rg/u = 0.6 0 T /P r . (Al
lum (Ref. 12) quotes Sozou and Pickering 
(Ref. 27) as saying that for ) X B f lows t o 
approach steady state requires 0 ~ L2 /u , 
i.e., another viscous t ime scale.) Temper
ature variat ion near the surface affects the 
surface tension and, there fore , the d rop 
let shape particularly near the neck at de
tachment . Consequent ly , one must con
sider the t ime necessary t o mod i fy the 
surface layers rather than only the ap
proach to steady state. For radial conduc
t ion in a cyl inder, a 90% change in tem
perature is p red ic ted at r / r 0 = 0.9 wi th in 
nondimensional t ime (aO/r2,) = 0 . 1 , ap
proximately. This t ime scale is about Vb o f 
that fo r full thermal penetrat ion (i.e., re
sponse "pene t ra tes " f r o m surface t o cen
terline) and w e refer to it as response of 
the surface layer. 

For their w e l d poo l simulation Kou and 
W a n g (Ref. 28) claim the characteristic 
t ime associated w i t h electrical conduc t ion 
are o f the order of 10~1 2 s. Since these 
t ime scales p robab ly have an r2 depen
dence and the w e l d poo l covers a larger 
region than the droplet , the cor respond
ing times can be expected to be negligible 
in the present p rob lem. Typically, p o w e r 
supplies show a r ipple of about 5% or 
more in the electric current (unless they 
are stabilized) at 60, 120 or 360 Hz. This 
situation implies about a 10% variat ion in 
i2 w i t h a per iod of 16, 8 or 3 ms, respec
tively. Thus, this process is usually s low 
relative t o spray de tachment but is fast 
relative t o globular detachment . Nonethe
less, in either case it could be expected to 
inf luence the detachment process upon 
w h i c h it is superposed. 

A t ime scale for the propagat ion of 
capillary waves can be f o r m e d f r o m the 
fluid proper t ies as 0 C = [8o7(pg3 ) ]1 / 4 . For 
steel it is of the order 30 ms, wh ich is s low 
compared t o the per iod for spray transfer 
and the same order or faster than the pe
r iod fo r globular transfer. These relative 

Globular Spray 

(Values in milliseconds) 

Droplet period 
Electrical conduction 
Current oscillations (60, 120, 360 Hz) 
Shielding gas residence time 
Viscous diffusion to center 
Thermal conduction to center 
Thermal surface layer (r >0.9rd) 
Capillary waves 
Surface oscillation 
Thermocapillary (Marangoni)'61 

a) Significant surface velocity increase 
b) Surface velocity approaches 

electrode feed velocity 
c) Surface fluid particle travels 

irdd/2 due to T/dx, steady 
state 

d) Surface fluid particle travels 
•rrdd/2 in flow induced during 
typical droplet period 
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Fig. 5 - Current path indications 
with argon shielding. 
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Melting 
Interface 

times explain w h y surface waves are o b 
served in the globular m o d e but f e w such 
waves are seen in spray transfer. The nat
ural f requency of the fundamenta l m o d e 
fo r surface oscil lation o f a sphere o f l iquid 
surrounded by an infinite region o f gas 
(Refs. 29, 30) can be approx imated as 
f2 = 16o-/(7r2pd3). A t ime scale to cor re
spond to a significant surface oscillation 
might be taken as about one-eighth o f the 
per iod dur ing the cycle of oscil lation. 

Lacking a transient solut ion for t he rmo
capillary f l o w in a suitable axisymmetric 
geomet ry , w e deve loped several approx
imate estimates in an e f for t t o deduce or-
ders-of-magni tude for thermocapi l lary 
t ime scales. The four approximat ions 
we re : 

1) T ime for significant veloci ty increase 
after imposing a tempera tu re d i f ference 
on a thin l iquid layer (Ref. 31), 0 ~ 0 .1©M 

as 0.1 h 2 / u . 
2) T ime f r o m imposi t ion o f temperature 

d i f ference o n thin liquid layer until induced 
surface veloc i ty becomes comparab le t o 
e lect rode feed velocity. 

3) Residence t ime for surface part icle 
(time to traverse half c i rcumference) at 
steady condi t ions based on axial temper
ature gradient. 

4) Residence t ime cor responding to 
f l o w induced dur ing a typical drop le t pe
r iod, starting f r o m rest (Ref. 22) —Fig. 4. 
Estimates are included in Table 2. Further 
details are in the repor t by McEligot and 
Uhlman (Ref. 24). These four di f ferent ap
proaches g^ve a range greater than an or
der of magni tude fo r the possible ther
mocapil lary t ime scales. 

The results of the t ime scale estimation 
for 1.6-mm (Vi6-in.) d iameter steel are 
presented in Table 2. It must be empha
sized that these are merely o rder -o f -mag-
nitude estimates for guidance. In general, 
w h e n the response fo r one p h e n o m e n o n 
is much quicker than another , the first can 
be t reated as quasi-steady relative t o the 
second. W h e n t ime scales are o f the same 

order , b o t h phenomena must be consid
ered in the transient analysis. From the 
compar ison, w e see that viscous dif fusion 
is t o o s low to be impor tant except as in
vo l ved in the thermocapi l lary surface phe
nomena. The proper t ime scale for ther
mocapi l lary convec t ion in this appl icat ion 
has not been de te rmined . Due to the 
range of values est imated, one can only 
say it may be impor tant fo r globular a n d / 
or spray transfer. For globular and spray 
modes , thermal conduc t ion at the surface 
and surface oscillations have t ime scales 
comparable to their per iods. Interaction 
w i th electric current oscillations depends 
on the p o w e r supply f requency (and 
whe the r it is stabilized effect ively). 

In summary, for the general case o f 
e lect rode melt ing and detachment , the 
order -o f -magni tude estimates of gove rn 
ing parameters and t ime scales reveal no 
significant simplif ication except that buoy 
ancy forces are likely to be negligible in the 
droplet . Further, since a number of t ime 
scales are o f the same order -o f -magni 
tude, the f luid and heat transfer prob lems 
in the l iquid drop le t should no t be consid
ered to be quasi-steady processes. A 
steady-state analysis (which might be at
t emp ted w i t h some available codes) 
w o u l d be inappropr iate and perhaps mis
leading. Ult imately, it wi l l p robab ly b e 
necessary to solve the transient, coup led 
thermof lu idmechanic equat ions for the 
drop le t and w i re in con junct ion w i th ex
per imental observat ions to obta in predic
tions w i t h reasonable detail . The present 
study begins that process, concentrat ing 
on the solid e lect rode. 

Melting Experiments 

Measurements w e r e obta ined w i t h re
search we ld ing equ ipment t o observe the 
electrode shape, arc at tachment , drop le t 
size, transfer modes and their relat ion
ships to typical we ld ing cont ro l parame
ters. These exper iments established the 
condi t ions fo r wh i ch numerical simula
tions w e r e later conduc ted . 

Apparatus 

Direct current e lectrode-posi t ive 
(DCEP) we ld ing was p e r f o r m e d in the 
constant current m o d e using an e lect rode 
feed m o t o r , wh i ch was regulated by the 
arc vo l tage signal. Current was cont ro l led 
by a 20 k W analog transistor p o w e r sup
ply designed by Kusko (Ref. 31), wh i ch 
suppl ied current w i t h less than 1 % ripple. 
In order t o cont ro l variations in resistive 
heating of the e lect rode extension, an 
alumina tube was inserted into the contact 
t ip, leaving only 5 m m (0.2 in.) for electri
cal contact rather than the customary 
contact length variat ion o f 24 m m (1 in.) in 
this commerc ia l e lect rode holder (Ref. 19). 

Analysis o f the metal transfer process 
was pe r f o rmed using high-speed v ideo-
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photography at 1000 fps. In contrast to 
the conventional high-speed cinematog
raphy, which uses a light source with 
greater intensity than the arc and a strong 
neutral-density filter, a laser backlit shad-
owgraphic method (Ref. 33) was used in 
this study. This system excludes most of 
the intense arc light and transmits most of 
the laser light by placing a spatial filter at 
the focal point of the objective lens. The 
system setup and the equipment specifi
cations are detailed by Kim (Ref. 19). 

Procedures and Ranges of Variables 

Measurements emphasized mild steel 
(AWS ER70S-3) as the electrode material 
but aluminum alloys (AA1100 and AA5356) 
and titanium alloy (Ti-6AI-4V) were also 
employed to include a wider range of 
physical properties. An electrode diame
ter of Vi6 in. (1.6 mm) was used through
out. The shielding gases used were pure 
argon, pure helium, their mixtures, argon-
2% oxygen and carbon dioxide. The ranges 
of variation of welding parameters during 
this study are given in Table 3. Overall 
welding current ranged from 80 to 420 A 
and electrode extension was set at 16, 26 

-or 36 mm (0.63, 1.02 or 1.4 in.). 

Electrode extension is defined in this 
study as the distance from the end of the 
contact tip to the liquid-solid interface. 
With the video monitoring technique, it 
could be controlled within ± 1 mm (0.04 
in.) during welding. Electrical current was 
measured by an external shunt, which is 
capable of measurement within an uncer
tainty of ± 1% of full scale. 

Melting rates were measured by read
ing the output voltage of a tachometer, 
which was in contact with the moving 
electrode. The tachometer was carefully 
calibrated by indenting the surface of the 
electrode once every second with a sole

noid indenter triggered by a rotating cam. 
Afterwards, the indented sections of the 
electrode were removed and the actual 
mass of the electrode passing through the 
system per unit time was measured to an 
accuracy of 0.0005 g. In addition, the cal
ibration was performed by measuring the 
mass that passed through the indentor for 
5 s. 

Experimental Results 

Typical data for melting rates (or wire 
feed speeds Vw) with steel and a range of 
shielding gases are presented in Fig. 2. The 
same trends were seen at shorter and 
longer extensions (Ref. 19). With argon, as 
well as with A-2%C>2, there is an apparent 
slight variation in the trend of the curve, or 
a transition at intermediate currents. With 
helium and carbon dioxide as shielding 
gases, this effect was not evident; the 
slopes of the curves were continuous and 
nearly constant. 

For mixtures with an argon-rich com
position (75% A/25% He) there also is an 
apparent transition in the melting rate 
curve. However, as the helium content is 
increased (50% A/50% He), the transition 
disappears. Aluminum and titanium re
vealed slight transitions in their curves 
when shielded with pure argon. Thus, it 
seems that the transition is related to arc 
behavior with argon shielding gas. 

For the same variety of welding condi
tions, droplet sizes were determined. The 
size was measured from the still image on 
the video screen once every 10 s, then 
these ten samples were averaged. Figure 
3 compares the results for steel with 
A-2%C>2, helium and CO2 as the shielding 
gases. Again there is a substantial differ
ence in behavior depending on shielding 
gas, but no critical transition in size is ob
served. Calculations of the related droplet 

T 
(K) 

2100 — 

1500 

900 — 

300 

Steel 
Ar-2°/o02 
» = 0.25 

260 amp. 

0.5 2.5 

detachment frequencies also failed to 
show any sharp transition. However, with 
argon, much smaller droplets are evident 
at high currents. 

Visualization of the electrode and drop
let detachment provides some insight into 
the effects of argon on the metal transfer 
process. Figure 4 demonstrates the effect 
of electrical current on the size of the de
tached droplets and the shape of the solid 
electrode for steel and argon over the 
same range as Figs. 2 and 3. A continuous, 
gradual variation is seen. If one defines the 
transition to spray transfer as occurring 
when the droplet diameter is approxi
mately equal to the wire diameter, it is 
seen in the middle sub-figure for i =s 253 
A. This value agrees with the observations 
of Figs. 3. This gradual transition contra
dicts work in the 1950s, which reported a 
sharp transition (Refs. 2, 3), but is consis
tent with all follow-on studies performed 
over the past 30 years. 

At low currents, the photographs show 
large subglobular droplets and a relatively 
blunt tip to the electrode. As the current 
is increased: 1) the droplets become 
smaller, 2) the required wire speed in
creases and 3) the electrode tip acquires a 
sharpening taper. The sequence is contin
uous and gradual. 

No taper was observed with shielding 
by helium or CO2, but visualization 
showed a repelled form of detachment, 
which led to large drop sizes. With alumi
num and argon shielding, a taper formed 
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Fig. 8 —Axial temperature distribution along electrode centerline as predicted by the PHOENICS 
code. 

Fig. 9 — Predicted axial temperature distribution 
with negligible electron condensation on side 
surface (a ~ 0). 
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Fig. 10-Predicted 
effect of electron 

condensation on side 
surface of solid 

electrode. 

but was shorter (or blunter) than for steel. 
None was seen for DC operation of tita
nium electrodes to 260 A (maximum used), 
but it did occur with pulsed currents at 500 
A, so it is expected for higher DC currents 
with argon. 

Consideration of the electron current 
path yields further understanding. The 
distribution of current on the surface of 
the electrode is affected by several fac
tors, such as material, shielding gas and 
total welding current. Precise measure
ment of the distribution is not available. 
However, in Kim's study (Ref. 19), an ap
proximate method, considering the main 
current path to be related to the bright 
spots on the photographs, gave useful in
dications. These observations of anode 
spot behavior were made with a color 
video camera using the laser backlight 
system. Instead of the narrow band filter 
used with the high-speed video, a neutral-
density filter was used to adjust the light 
input to the camera. 

Figure 5 shows observed bright spots or 
indicated current paths for steel and tita
nium alloys in globular transfer and steel in 
streaming transfer, all with argon. In steel, 
there is no well-defined current path into 
the consumable electrode. Rather, the arc 
root appears to be diffuse. Therefore, it 
seems that the electrons condense not 
only on the liquid drop, but also on the 
solid side surface of the electrode. Com
parable phenomena were observed with 
aluminum. With the titanium alloy there is 
a sharp anode spot on the liquid drop, 
with a strong plasma jet emanating from 
this spot, and most of the electrons seem 
to condense on the liquid drop at this 
spot. 

With CO2 shielding, most of the elec
trons condense at the bottom of the liq
uid drop. With helium, the electron con
densation is confined to the lower bottom 
but is less concentrated than with CO2 
(Ref. 19). 

As a consequence of the above obser
vations, the following hypotheses of taper 
formation is proposed (Ref. 19): When the 

shielding gas is argon, a portion of the 
electrons condense on the cylindrical side 
surface of the,solid electrode and liberate 
heat of condensation at this location. 
When this energy generation rate is high 
enough on the surface, the electrode sur
face will melt and the liquid metal film will 
be swept downward by gravitational and/ 
or other forces. When this melting occurs 
over a sufficient length of the cylinder, a 
taper will develop at the end of the elec
trode. Whether this hypothesis is quanti
tatively consistent with the thermal phe
nomena in the solid electrode is a question 
that is examined analytically in the later 
sections. 

Preliminary Analyses for Solid 
Electrode 

As an introduction to the next section, 
and to provide further insight, this section 
provides discussion of a limiting closed 
form analysis. By treating the material 
properties as constant and the electrical 
and thermal fields as steady, one may ap
proximate the thermal behavior in the 
solid electrode by two limiting cases: 1) 
resistive heating without heat transfer 
through the side surface (i.e., one-dimen
sional), and 2) heating at the side surface 
without axial conduction. The first corre
sponds to the observations where no sig
nificant current path to the side of the 
electrode was apparent, and the second 
represents the situation hypothesized 
above as leading to taper formation. 
Closed form analyses are possible for 
both cases. 

The steady idealization implies that the 
dimensions of interest are large relative to 
the penetration depth (ie., depth to which 
the thermal oscillation is significant) for 
thermal conduction at the droplet detach
ment frequencies and/or that the predic
tions represent effective temporal aver
ages. This penetration depth can be esti
mated from the transient conduction 
solution for a cosinusoidally oscillating 
surface temperature on a semi-infinite 

solid (Ref. 34, Equation 6.12a). For the n-
th harmonic about the mean it takes the 
form 

VS 1 

(3) 

'"Tmean = T 0 exp 1 ~ I ^ p 

{2-irn i nit \ 
Vi 

The depth at which the amplitude is a 
fraction 1/u of the surface amplitude is 
then 

Ax = (fin v) • ^aP/(mr) (4) 

From the first harmonic and a 5% criterion, 
one may estimate this penetration depth 
to be about 0.1dw for spray transfer and 
0.6dw for globular transfer for steel in the 
present experiments. There may be a bit 
more variation due to the actual size of the 
drops, but it would be countered by the 
convective wire motion in the opposite 
direction to the thermal disturbance. 

The treatment of heating of the side 
surfaces by electron condensation in
volves the solution of Equation 1 as a par
tial differential equation. With suitable 
idealizations the problem may be attacked 
with superposition techniques employed 
for convection heat transfer in the en
trance of a heated tube (Ref. 18) or tran
sient conduction in a rod (Ref. 34). Appli
cation of such an analysis to the moving 
electrode problem is under development 
by Uhlman (Ref. 35), but it is considered 
beyond the scope of the present paper. 
Thus, we will concentrate on the first 
(one-dimensional) situation for prelimi
nary, closed form analysis. 

The one-dimensional idealization corre
sponds to conditions where all heating by 
electron condensation occurs at the tip, 
and there is no significant heat loss (or 
gain) at the cylindrical surface of the elec
trode. In this situation, the governing en
ergy Equation 1 may be reduced and 
nondimensionalized to an ordinary differ
ential equation. 

d2T dT _ 

d F + d f - q c (5) 

where z = L — x is measured from the 
molten tip so u = — Vw and the non-
dimensional variables are 

T = (Tm - T)/(Tm - Tr) 

z = (VwZ/a) = zPe/D 

and 

- q c ' " D 2 

q ° k(Tm - Tr)Pe2 ' 

16 i2pe 

TT2 kD2(Tm -T r)Pe2 (6) 

Appropriate boundary conditions are 

T = O at z = O 

T = 1 at z = L = LPe/D (7) 
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The solution of this mathematical problem 
with qc taken constant may be written 

T(z) = ( 1 - q G L ) N] + 
qc • z (8) 

where the first term represents the con
tribution of the thermal conduction from 
the molten interface, transported up
stream against the motion, and the second 
is the consequence of resistive heating by 
the electrical current. In a previous sec
tion, we saw that for steel electrodes we 
can expect 4 < Pe < 40 and in the exper
iments L/D was about 10 to 20 so the de
nominator is near unity, giving the approx
imation 

T(z) ~ (1 - qcL) [1 - exp -z ] + qGz 

T = 
T - T r 

Tm - T r " 

(1 - qcL) [1 

1 - qcz 

(9) 

which is unity at the molten tip and 
decreases _to zero approaching the con
tact tip at z = L. 

Equation 9 is presented for typical con
ditions in Fig. 6. The parameters employed 
in this_ calculation are L/D = 15, Pe = 10 
and qc corresponding to slightly more 
than 200 A in a 1.6-mm (Vi6-in.) diameter 
steel electrode with electrical resistivity 
evaluated at an intermediate temperature 
of about 800°C. The exponential term in 
Equation 8 or 9 (or the right-hand side of 
Fig 6) shows that the effect of thermal 
conduction from the meltinginterface 
becomes negligible beyond z > 5 or 
z /D > 5/Pe. For even the lowest Peclet 
number expected, this is only of the order 
of one diameter upstream. As V (and 
therefore Pe) increases, the distance be
comes less yet. 

The fraction of the total temperature 
rise from Tr to Tm due to conduction from 
the interface is approximated by the term 
(1 — qcL). The nondimensional quantity 
qc may be seen to_b_e the asymptotic 
slope of the curve T(z) away from the 
molten tip. For i ~ 200 A at 1000 K with 
1.6-mm steel, typical values would be of 
the order q G =s 0.5/Pe2. However, it must 
be reemphasized that these results can 
only_be_considered qualitative. The quan
tity qc(x) varies substantially since pe in
creases by a factor of about eight for steel 
between Tr and Tm so the slope of the 
contribution by resistive heating will also 
increase as Tm is approached. 

Effects of choice of other materials may 
be estimated via Equation 9. For example, 
for aluminum at the same electrode ve
locity as steel, Pe will be less by a factor of 
about six, so conduction upstream from 
the molten interface would be significant 
about six timesjurther. For the same elec
trical current, qc decreases both due to 
the increase in thermal conductivity and 

3H _ _ti_ ( Y_ dH\ }±(\<t_ 5 H \ 
' dx ~ 5 x \ c p dx) + r d r \ c p tit) + 

the decrease in electrical resistivity. There
fore, qcL is expected to be considerably 
smaller for aluminum than steel and much 
less melting would be due to resistive 
heating. 

Numerical Predictions for Solid 
Electrode 

The purpose of the numerical analyses 
is to provide means of examining whether 
the hypothesis of arc heating of the sides 
of the electrode is consistent with the 
thermal observations of the experiments. 
Thus, calculations were conducted at con
ditions corresponding to some of the 
individual experiments. 

The thermal problem was approxi
mated as steady, with time-averaged val
ues from the experiments used for bound
ary conditions where necessary. For 
steady motion of the solid electrode, the 
governing thermal energy Equation 1 may 
be reduced and rearranged to 

: ! - — I 

q c ' " (10) 
The resistive heating term can be evalu
ated as 

q c ' " = J2P = i2p/(7rr2)2 (11) 

provided the electrical current density is 
taken as uniform across the cross-section. 
Preliminary numerical solutions of the 
(electrical) potential equation demon
strated this assumption to be valid for the 
purposes of the present work. 

The temperature dependencies of the 
steel properties may be expressed as 
piecewise-continuous polynomials over 
successive temperature ranges. For exam
ple, electrical resistivity may be repre
sented as 

pe(T) = 3 l + bnT -f C1T2 

f o r T < T 1 (12) 

= a2 + b2T 4- c2T2 for TT < T < T2 

and so forth. 
Appropriate steady thermal boundary 

conditions are: 

Uniform inlet temperature, T = Tr 

at x = 0 (13) 

Gaussian surface heat flux due to electron 
condensation, 

aiuc 

7rrw 

L - x ) 2 

1 

{-*£*) 
a\/2tr 

at r = r 

exp 

(14) 

where Vc = (3kT/2e) 4- Va -E <j>. Uniform 
interface heat flux at electrode tip, 

q i " = (qtoiai - qs - qd/Tr^, 
at x = L (15) 

Radiation and convection losses from the 
heated electrode can be accounted for 
with qs or may be neglected. A measure 

of the length of the wire surface heated by 
electron condensation is given by the 
Gaussian distribution parameter, a, and a 
is the fraction that occurs on the side sur
face. The quantities Va and cp represent 
anode voltage drop and work function, 
respectively. The total energy transfer 
rate qtotai is given by 

qtotai = rfiAH + pVw TT r* AH (16) 

where AH is the enthalpy increase above 
the reference temperature required to 
melt a unit mass of the material. 

When there is electron condensation 
on the wire surface, the electric current 
varies along the electrode, so the resistive 
heating term would not be constant even 
if the electrical resistivity were indepen
dent of temperature. The assumed Gaus
sian distribution for electron condensation 
requires the electrical current density to 
vary axially as 

JM = • exp 
(L ~ x ) 2 l 

2.2 J (17) 
\ /2ir3 rwa 

This relation must be applied with pe(T) in 
evaluating q c " ' -

If the material properties could be ap
proximated as constant with temperature, 
the energy equation would become linear 
and, conceptually, might be solved ana
lytically in closed form. As noted by Kays 
(Ref. 18), if the Peclet number is sufficiently 
high, the axial conduction term can be 
neglected and the problem would reduce 
to a convective thermal entry situation 
(i.e., growth of thermal boundary layers 
from the surface into the moving medium 
as in the entry of a heated tube). The solid 
electrode motion corresponds to a "plug 
f low" for which classical solutions are 
available (Stein, 1966), and an approxima
tion of the surface boundary condition 
can be introduced by superposition tech
niques (Ref. 35). 

Since the material properties do vary 
substantially with temperature, particu
larly across the fusion zone, an iterative 
numerical technique was applied via an 
axisymmetric version of the so-called 
PHOENICS code. This code is a general 
thermof luidmechanics computer program 
developed by CHAM, Ltd., from the ear
lier work of Patankar and Spalding (Refs. 
36, 37) to solve coupled sets of partial dif
ferential equations governing heat, mass 
and momentum transfer (Ref. 38). For the 
present work, an axisymmetric version 
was applied to solve the thermal energy 
Equation 10 alone, employing the bound
ary conditions and thermal properties de
scribed above. The velocity was taken as 
uniform at V w throughout the field, so it 
was not necessary to solve the momen
tum equations. 

Some aspects of the melting phenom
ena were simulated by employing the en
thalpy method (Refs. 39, 40). Enthalpy is 
taken as the dependent variable as in 
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Equation 10 and conversion to tempera
ture via the property relation T(H) can ac
count for the heat of fusion and phase 
transformation (e.g., y to a) in addition to 
the varying specific heat of the solid. 
However, the velocity and boundaries of 
the solution region were kept fixed so 
convection and free surface phenomena 
in the molten liquid were not treated. Fur
ther, since the main interest in the present 
study focused on the solid region, most of 
the simulations neglected the treatment of 
melting and phase transformation. The 
effect of phase transformation was tested 
with comparative calculations and was 
found negligible. 

Calculations were essentially simulations 
of individual melting experiments. Elec
trode diameter was taken as Vie in (1.6 
mm) and properties were for the material 
used, usually steel. The electrode exten
sion L, electrode feed speed V w and elec
trical current i were as measured in the 
specific experiment. The quantities qtotai 
and qs were estimated from the experi
mental measurements via Equations 16 
and 14, respectively. The resistive energy 
generation rate q G was evaluated via 
integration and Equations 11, 12 and 17 
during the iterative solution. 

A fixed numerical grid was employed. 
Twenty nodes were distributed uniformly 
in the radial direction between the cen
terline and the surface and 80 in the axial 
direction, also equidistant. The solutions 
were obtained via a transient approach to 
steady state. At each step, the enthalpy 
distribution was determined via the en
ergy equation and the local temperatures 
and other properties were then deter
mined from the property relationships. It
erations continued until they converged 
within 0.001% of the temperature at suc
cessive time steps. 

Inlet temperature at the contact tip was 
taken as the measured room temperature, 
about 300 K. An approximate calculation 
by Kim (Ref. 19) demonstrated that the 
convective and radiative heat losses from 
the electrode would be less than one per 
cent of the energy rate required for melt
ing. In other preliminary calculations, nu

merical solutions with surface heating qs 

set to zero were compared to the one-di
mensional analytic solution that applies if 
properties are constant. The axial temper
ature distribution predicted numerically 
with allowance for property variation, 
agreed reasonably. 

The effect of shielding gas was intro
duced via the parameter a, which is the 
fraction of energy received via electron 
condensation on the electrode side sur
face relative to the total electron conden
sation. Based on the experimental obser
vations of the arc and electrode, the val
ues shown in Table 4 were chosen. 
(Practical thermal field solutions presented 
later suggest a varies from 0.1 to 0.25 for 
steel with argon.) Variation of the Gaus
sian distribution parameter was examined 
(Ref. 19), but a value a = 0.35 cm (0.14 in.) 
was employed unless stipulated other
wise. This value was based on estimates of 
the radial distribution of current density in 
a welding plasma (Ref. 41). 

In the regions where predicted temper
atures exceeded the melting temperature, 
the velocity was still taken as the wire feed 
speed Vw. Thus, possible relative motion 
of the molten liquid was neglected and no 
liquid film flow was simulated along the 
tapering interface observed in some ex
periments. 

Typical predictions are demonstrated in 
Fig. 7. Steel is simulated with argon shield
ing, electrode extension of 2.6 cm (1.02 
in.), wire feed speed of 6.6 cm/s (2.6 in./s) 
and electrical current of 280 A. The non-
dimensional velocity is Pe = 14. The value 
a - 0.3 is used for the electron conden
sation parameter in this case. Selected 
isotherms are plotted across a vertical 
centerplane of the electrode via an as
sumption of symmetry. Motion is verti
cally downward as in the experiment. The 
crosshatching represents the region where 
the temperature is predicted to exceed 
the melting temperature. 

It is evident that outer surface heating 
and thermal conduction in the solid initi
ated the growth of a thermal boundary 
layer from the surface above the 600 K 
isotherm. As a consequence of the in-

Table 3—The Combination of Welding Parameters Used in Experiments 

Argon 

Mild 
steel 

Aluminium 
(1100, 
5356) 

TE6AI-4V 

Shielding 
Gas 

Helium 

X 

co2 

X 

X 

Electrode 
Extension 

(mm) 

16,26,36 

16,26,36 

16,26,36 

Arc 
Length 
(mm) 

1 4 - A r 
6 - H e 
8 - C 0 2 

1 4 - A r 

1 4 - A r 

Welding 
Current 
(amp) 

180-420 

80-220 

120-260 

(a) Welding was performed 

creased temperature near the surface, the 
electrical resistivity (and therefore qc ' " ) 
is increased there, raising the temperature 
further. This thermal boundary appears to 
have penetrated almost to the centerline 
by the second isotherm at 1000 K. For 
comparable laminar flow in tubes, fully 
established Nusselt numbers are expected 
to require a nondimensional distance 
L+ = (x/rw)/Pe = 0.1 or so without axial 
conduction (Ref. 18). For the conditions of 
this simulation that criterion corresponds 
to 0.7 diameters, but the distance for the 
temperature profile to become approxi
mately invariant would be longer. 

Below the melting isotherm (~1900 K), 
the steel is predicted to be molten. In 
practice, the liquid motion would depend 
on gravity and electromagnetic forces 
(accelerating forces) in relation to the 
electrode feed speed (momentum). At 
low Vw, one would expect a liquid film to 
form at the surface when T(x,rw) = Tm 

and to run down the solid surface, form
ing a taper and droplet as in the spray 
transfer experiments. At high Vw (there
fore, high current) there may be insuffi
cient time for the liquid film to clear so the 
molten region may continue to move in 
"solid body motion" as some cases of 
streaming transfer appear. The present 
simulation does not discriminate between 
these two cases. Instead, it represents a 
form of average cylindrical equivalent to 
the solid-plus-liquid regions of the elec
trode with their interface falling in the in
terior. 

Figure 8 presents the axial temperature 
profile along the electrode centerline for 
approximately the same situation (here 
a = 0.25 and i = 260 A). During the first 
half of the travel, the temperature in
creases slowly due to electrical resistance 
heating, and there is a slight increase in 
slope as pe increases with temperature. 
Near x ~ 1.4 cm, the hypothesized sur
face heating begins to affect the centerline 
temperature. This observation corre
sponds to the propagation of the appar
ent thermal boundary layer as described 
above. As T approaches Tmeit, there is also 
a further increase due to thermal conduc
tion upstream from the melting interface, 
in accordance with Equation 8 or 9 eval
uated near x = L (i.e., near z = 0). The 
upstream propagation could be estimated 
to be the order of x/rw ~ 10/Pe or 0.6 
mm. The near-linear increase of T(x) to
ward the end of the electrode is likely to 
be a fortuitous consequence of counter
ing effects of thermal boundary layer 
growth, the Gaussian increase of q " s 

with x and upstream conduction. 

Discussion of Results 

As noted earlier, the temperature dis
tribution in the solid electrode is primarily 
affected by the resistive heating, heat 
transfer via the liquid drop and electron 
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Table 4—Values Assigned According to 
Experimental Observations 

Electrode 

Steel 
Steel 
Titanium 
(TE6AI-4V) 
Aluminum 

Cas 

Helium, CO2 
Argon-2%02 

Argon 

Argon 

a 

e 
Varied 0 — 1 

0 

0 

condensation on the cylindrical side of the 
electrode. Measurement of these quanti
ties is impractical, if not impossible, so in
direct methods become necessary to eval
uate them. In this section, the numerical 
technique previously discussed is applied 
to deduce quantitatively whether elec
tron condensation is a reasonable expla
nation for the tapering of steel electrodes 
in argon shielding, to estimate its rate and, 
then, to determine the relative magni
tudes of these thermal phenomena. Elec
tron condensation on the side surface is 
represented by a, the ratio at the side to 
the total condensation on the liquid drop
let plus side. In a sense, the numerical so
lution is used to calibrate a for the condi
tions of the experiments. 

Effects of Side Electron Condensation on 
Temperature Distribution 

Examination of the visual observations 
led to the conclusion that there was no 
significant electron condensation on the 
electrode side for aluminum or titanium 
alloys or for steel shielded by helium or 
carbon dioxide. Therefore, in these cases, 
a a* 0. The problem becomes one-di
mensional in space with uniform temper
atures in the radial direction. The axial 
temperature distribution could be pre
dicted by Equation 8 if the properties did 
not vary significantly with temperature. 
To account for the property variation, the 
numerical solution was obtained. 

Figure 9 presents the predicted results 
at typical experimental conditions for these 
materials and shielding gases with a = 0. A 
typical two-dimensional prediction for this 
case is included as Fig. 10A, demonstrating 
the one-dimensional isotherms or uniform 
radial temperature profiles. For aluminum, 
the low electrical resistivity yields very lit
tle resistive heating and only a slight tem
perature increase along the electrode. 
Thus, the increase to the melting point 
must be provided almost entirely by ther
mal conduction from the melting inter
face, comparable to the bracketed term in 
Equation 8. On the other hand, the elec
trical resistivity of the titanium alloy is high 
so most of the approach to melting is due 
to resistive heating — Fig. 9B. 

For steel electrodes, the thermal varia
tion of electrical resistivity is more signifi
cant, as demonstrated by the nonlinear 
temperature variation in Fig. 9C with he-

(W) 

lium shielding. With carbon dioxide shield
ing, comparable results are predicted, but 
the temperature is a bit higher at a given 
current because the electrode velocity 
(melting rate) is less. An effect of electron 
condensation on the cylindrical side can 
be seen by comparison to Fig. 8, which is 
for a = 0.25, simulating argon shielding. In 
the latter case, the induced temperature 
rise is substantial and approaches the 
melting temperature near the end of the 
electrode. 

The predicted effect of a on the inter
nal temperature of the electrode is dem
onstrated in Fig. 10 with variation from 
zero to unity (i.e., no electron condensa
tion on the side to all on the side surface). 
These simulations represent steel with ar
gon shielding with an electrical current of 
280 A. The length shown corresponds to 
the measured extension length. With 
a > 0, the temperature profile shapes are 
approximately the same, appearing like 
the results of the near analogous thermal 
entry problem for flow in a tube with a 
heated sidewall (Ref. 18). 

The plotted 1800 K isotherms are ap
proximate indications of the predicted lo
cations of the melting interface. The ex
tremes show that some electron conden
sation must occur on the side surfaces. For 
a = 0(Fig. 10A), the temperature does not 
even approach the melting point. On the 
other hand, for a = 1 (Fig. 10D) the melt
ing temperature is reached across the en
tire electrode before three-quarters of the 
measured length, i.e., the electrode would 
be much shorter than the simulation. A 
reasonable value predicting some surface 
melting, and therefore tapering, appears 
to fall in the range of 0.1 to 0.25 for a. 

Effects of Side Electron Condensation on 
Energy Balance 

For an assumed fraction of electron 
condensation occurring on the side sur
face, the required heat transfer rate to the 
liquid-solid interface may be deduced by 
an energy balance. The experimentally 
measured melting rate determines the to
tal power required. From pe(T) and the 

Fig. 11 -Predicted 
effects of electron 
condensation ratio a 
on thermal energy 
balance for steel 

1 electrodes with argon 
shielding. 

predicted T(x,r), the energy generation 
rate by resistive heating may be calcu
lated. Integration of Equation 14 for the 
specified value of a gives qjc, the total in
put due to electron condensation on the 
side surface. The difference then is the 
required heat transfer rate through the 
liquid drop to the liquid-solid interface at 
the tip, 

qL-s = m AH - q c - qEC 

where AH represents the energy per unit 
mass required to melt the electrode. Fig
ure 11 shows the predicted effects on 
these terms of varying a for an experi
ment with steel at 260 A and 2.6 cm ex
tension. 

The side surface contribution qsc in
creases directly with a, as expected. In 
addition, qc increases slightly at low values 
of a, and since the side heating increases 
the temperature locally, the electrical re
sistance and qc increase. The required 
heat transfer r a t e j o the interface q^s 
drops. And for a > 0.4 it becomes nega
tive. That is, in conjunction with q c a value 
of a ~ 0.4 provides enough heating to 
melt the electrode entirely. Any higher 
value is physically unrealistic for this case. 
Thus^ th_e value estimated previously, 
0.1 < a < 0 . 2 5 , is acceptable from the 
energy balance viewpoint presented in 
Fig. 11. 

Energy Balances for Differing Materials 

Energy balance analyses supplement 
the qualitative observations from examin
ing temperature distributions as in Fig. 9. 
Predictions were made for the ranges of 
experimental conditions studied. Side sur
face electron condensation was taken as 
negligible (a = 0) for each material and 
shielding gas, except for steel with argon 
(a = 0.25). Results are summarized in Fig. 
12 and generally confirm the expectations 
from the temperature results. 

For the aluminum alloy, the resistive 
heating qc is almost negligible and most of 
the required thermal energy flow is via the 
droplet to the liquid-solid interface qi_-s — 
Fig. 12A. For the titanium alloy, the situa-
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Fig. 12-Predicted 
thermal energy 

balances for various 
electrode materials. 

tion is partly reversed, with the majority of 
the required energy being provided by 
qG~^g- 12B. In both cases, the required 
value of qc shows a break in its trend at 
intermediate currents. This break corre
sponds to the transition in melting rates 
and change from globular to spray mode 
of droplet detachment. These predictions 
emphasize the importance of the droplet 
behavior in the energy rate distribution, as 
well as weld quality. 

With steel electrodes, the balance de
pends strongly on the shielding gas due to 
its effect on the electron condensation — 
Figs. 12C, D. With helium, predicted en
ergy balances are comparable to carbon 
dioxide with slight differences in the mag
nitudes (Ref. 19), and about 30% of the 
required energy would be provided by 
resistive heating and the rest via the 
liquid-solid interface. With argon, predic
tions treating a as independent of electri
cal current show qEc to be comparable in 
magnitude to qc, while the required con
tribution of qL-s is reduced. Since a may 
vary with the surface area available to the 
arc at the tip of the electrode, and there
fore with the electrical current, the mag
nitudes in this last simulation should be 
considered as illustrative rather than as an 
actual calibration. However, this compar
ison again demonstrates the importance 
of the energy contribution of electron 
condensation on the cylindrical side of the 
solid electrode, consistent with the tem
perature predictions and the visual obser
vations. 

An alternate explanation for the ob
served taper was suggested by a re
viewer: the taper may be a stream of liq
uid from the solid electrode driven by 
drag from the plasma jet and electromag
netic forces. The present conduction cal
culations coupled with the empirical ob
servations demonstrate that for the con
ditions of the experiment (moderate i and 
V) a uniform melting front at the end is not 
likely. Rather, the energy balance shows 
side heating is required and the tempera
ture distributions predict that the melting 
isotherm is two-dimensional (tapered). 
The liquid then runs down this surface. 

For very high currents and velocities, 
order-of-magnitude estimates indicate the 
possibility that the effects of tapering of 
the melting front plus high electromag
netic forces on the liquid can lead to a ta
pered liquid jet below the solid electrode. 
McEligot and Uhlman (Ref. 42) used ap
proximations to compare capillary wave 
speeds to the velocity of the liquid flow, 
and at very high currents (i.e., liquid 
velocities > capillary wave velocity), a liq
uid jet may form and then break down 
later into droplets. At the currents of the 
experiments, the capillary velocity is 
greater, so droplets form directly. 

Concluding Remarks 

Examination of typical time scales and 
governing parameters, experimental ob
servations and analyses and numerical 
simulations of thermal conduction in mov
ing electrodes for GMAW have led to 
new conclusions concerning the practical
ity of modeling the GMAW process. These 
conclusions are as follows: 

1) Thermal conduction in the solid elec
trode may be approximated as a quasi-
steady process except in the immediate 
vicinity of the molten droplet. 

2) Dimensional and time scales analyses, 
including a number of the interacting 
transient thermal phenomena involved in 
droplet formation and detachment, found 
no significant simplification to apply in an
alyzing the droplet. 

3) Given the transient nature of con
vection within the droplet, the relative 
significance of so many thermal phenom
ena and the poorly quantified boundary 
conditions from experiments, accurate 
solutions within the droplet will be very 
difficult. 

4) In order to investigate the effects of 
thermocapillary convection on droplet 
formation and detachment, one must em
ploy a transient analysis with provision for 
temporal surface deformation. A steady-
state calculation for internal flow in a 
spherical geometry (which could be at
tempted with some existing general pur
pose codes) would be inappropriate and 

possibly misleading. 
5) Axial thermal conduction is primarily 

important only for a distance of the order 
of 5D/Pe from the tip where it supplies 
the energy necessary to supplement re
sistive (Joule) heating and brings the tem
perature to the melting point. 

6) Thermal conduction simulations, for 
steel electrodes shielded by argon gas, are 
quantitatively consistent with the hypo
thesis that electron condensation of the 
cylindrical side surface provides an addi
tional energy source to form a taper at 
high electric currents for this combination. 
At 260 A, the required fraction is about 
10-25%. 

It is hoped that the approximate analy
ses presented here will provide guidance 
for others attempting to develop more 
complete models of the GMAW melting 
process. 
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Appendix 

Acs 

A s 

CP 

D,d 
e 

11 
h 

Cross-sectional area 
Surface area 
Specific heat at constant 
pressure 
Diameter 
Electron charge 
Accelerat ion o f gravity 
Unit convers ion factor 
Specific enthalpy 
Convec t i ve heat transfer 
coeff ic ient, q s ' ' / ( T w — 
Tf) 
Specific internal thermal 
energy 
electrical current 
Electrical current density, 
i/Acs 
Thermal conduct iv i ty 
Characteristic length, also 
length o f e lect rode f r o m 
contact t ip to arc-mol ten 
metal interface 
Mass f l o w rate; mel t ing 
rate 
Period 

Energy rate (power ) or 
heat transfer rate; qc , t o 
tal resistive heat ing; qr;c, 
energy absorbed on side 
surfaces due to e lectron 

qc 

t 

u 

V 

condensat ion; qL-s, re
quired f r o m liquid d rop to 
liquid-solid interface 
Electron charge 
Volumetr ic energy gener
ation rate (resistive heat
ing per unit vo lume) 
Surface heat flux 
Radial distance; r0, ou t 
side radius 
Absolute tempera tu re ; T r, 
reference or r o o m tem
perature; T 0 , 
ampl i tude o f tempera ture 
f luctuations 
Time, relative tempera
ture (e.g., °C) 
Veloci ty componen t in ax
ial d i rect ion 
Vol tage; V c , apparent 
condensat ion vol tage; Va , 
anode vol tage d r o p 
Un i fo rm or bulk veloci ty; 
V w , e lect rode (wire) f eed 
veloci ty 

Veloci ty componen t in ra
dial d i rect ion 
Axial distance 
Axial distance, measured 
f r o m mol ten t ip, L-x 

Nondimensional Parameters 

Bd, Bo 

Bod 

Pr 
Re 

Greek Letters 

Bond numbers for ther
mocapillary phenomena 
(Lai, Ostrach and Kamot
ani, 
1985 Biot number, h • 
Vol/IAs • kSOiid) Pe Peclet 
number, Pr • Re = V d / a 
Prandtl number, cp(u/k 
Reynolds number, 4rh/ 

(«o» 

M 
v 
P 
Pe 
a 

Subscripts 

Fraction of tota l e lectron 
condensat ion absorbed 
on e lect rode side surface; 
thermal diffusivity, k / p c p 

Volumetr ic coeff ic ient o f 
thermal expansion 
Time scale; dj, thermal ; v , 
viscous 
Viscosity 

Kinematic viscosity, fi/p 
Density; pg, l iquid density 
Electrical resistivity 
Surface tension; Gaussian 
distr ibut ion parameter 
W o r k funct ion of material 
(volts) 

Liquid-solid interface 
Evaluated at surface c o n 
dit ions 
W i r e (electrode) 
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