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Thermal Processes in Covered Electrodes 

Melting rate is found to be controlled by electromagnetically 

induced fluid flow in the electrode tip 

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

ABSTRACT. The decreasing length and 
the temperature of the covered elec
trode core were measured as a function 
of time during welding. Mild steel basic 
and rutile-type electrodes were used. 
The results yielded the rate of heat flow 
from the anode or cathode surface on 
the liquid tip, through the liquid metal, to 
the solid wire. 

It was found that this process provides 
the major part of the heat which causes 
the metal to melt. The corresponding 
power was found to be proportional to 
the electric current, and to increase, in 
general, with increase in electrode diam
eter. 

A physical model, which ascribes the 
heat transfer to electromagnetically 
induced fluid flow, accounts for the 
dependence on the electric current. 
Thermal processes in a typical electrode 
were determined experimentally. 

Introduction 

This paper reports on an investigation 
of the physical processes that control the 
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melting rate of covered electrodes used 
for shielded metal arc (SMA) welding. The 
major part of previous work concerned 
with this type of electrode dealt with the 
influence of the flux and operating condi
tions on the properties of the weld met
al. 

Previous work has been surveyed by 
Boniszewski (Ref. 1). Furthermore, the 
transfer of metal from the electrode tip 
has been investigated (Refs. 2-6). Exami
nation of the effect of numerous param
eters on the melting rate (Refs. 4,7,8) 
showed an influence exerted by elec
trode diameter, composition, covering 
thickness, and polarity. On the other 
hand, no treatment has yet been given, 
to the authors' knowledge, to the melting 
rate in terms of the heat generation and 
heat transfer processes occurring in an 
electrode. The work described here was 
done in order to identify these pro
cesses. 

Joule Heating and Some Related 
Effects 

The heat required to melt a consum
able electrode is, in general, provided by 
cathode or anode processes occurring at 
the surface of the liquid tip, and by Joule 
heating (Ref. 9). Joule heating causes a 
gradual increase in the temperature of 
the metal core and the covering, because 
the latter is heated by conductive heat 

flow from the core. The covering at the 
upper end of the electrode must not melt 
or decompose before the electrode has 
been melted back completely. There
fore, the electric current has to be cho
sen such that the temperature remains 
below a given maximum usually far 
below the melting point of the metal. 

It follows that only a minor part of the 
thermal energy required to heat and melt 
the electrode is provided by Joule heat
ing; the major part must be provided by 
processes occurring at the liquid tip 
where the electrode is in contact with the 
arc plasma. The power generated there is 
equal to IV0 (Fig. 1), where I is the electric 
current and Vn is a constant which, in 
general, depends on polarity, on the 
composition of the metal at the tip sur
face and on the properties of the plasma. 
A part of this power is lost by radiation 
and by evaporation of material from the 
surface. The remainder is absorbed by 
the liquid metal; this, in turn, gives off a 
thermal power <J? to the solid metal. This 
heat flow <t> leads to the heating and 
subsequent melting of the metal core. 

The net power absorbed by the liquid 
metal is given by ft cpi (Tdr — Tm);* the 
power balance equation for the liquid tip 
now reads: 

I V0 = * + n Cpi (Tdr - Tmp) + * L (1) 

where $L is the power loss by radiation 
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Table 1—Definitions of Symbols'3' 

® 

liquid 
Fig. 7 - Illustration of thermal processes in 
covered electrodes: A—electrode; B —detail 
of liquid tip 

and evaporation from the tip surface. 
Figure 2 shows the distribution of the 

temperature of the solid metal core along 
the electrode. The profile is flat along 
practically the whole length. However, T 
decreases towards the holder and in
creases rapidly towards the melting front, 
so that axial heat flow will occur only in 
these transition regions. The temperature 
in the flat portion, Tw, increases with 
time. 

Simple estimates based on the litera
ture (Refs. 10, 11) showed that the transi
tion region adjacent to the holder has a 
length of a few cm and the transition 
region near the melting front, Az, has a 
length of about 1 mm (0.04 in.) In the 

*Definitions of the symbols used throughout 
the paper are given in Table 7. 

a 
CP 
d f 

d w 

H 
•Imp 

Le 
j 

T 

l o 
Tdr 

I mp 
Tw 

t 
Ue 

Vo 
z 
X 

M 
v 

P 

PR 
* 
* f 
* w 
Subscripts. 
dr 
e 
f 
I 
mp 

Thermal diffusivity, X/p cp, m2 s 1 

Specific heat capacity, J kg " 1 ("C)"1 (= 0.239 X 1CT3 Btu l b - 1 ("F)-1) 
Outer diameter of coating, m (= 39.37 in.) 
Electrode diameter, m 

0.431 Btu lb - 1) Heat content (see text), I kg " 
Melting energy (see text), J k g - 1 

Electric current, A 
Length of electrode, m 
Current density in solid wire, A m - 2 

Cross-sectional area of wire, m2 

Temperature, °C (T (°F) = 1.8 X T (°C) + 32) 
Room temperature, °C 
Average temperature of pendent drop, °C 
Melting point, °C 
Temperature in main body of solid wire, °C 
Time, s 
Linear velocity of electrode, m s - 1 (= 2362 in. m i n -

Anode (cathode) power per ampere, V 
Axial coordinate, m 
Thermal conductivity, W rrT1 (°C)_ 1 (= 0.803 X 10" 
Wire mass melted per unit time, kg s 1 (= 132 lb min 1) 
Kinematic viscosity, m2 s_ 1 

Mass density, kg m" 3 (= 3.61 X 105 lb in. -3) 
Resistivity, fi m 
Heat flow rate through tip, W (= 3.41 Btu h"1) 
Rate of heat f low to flux near fusion boundary, W 
Net rate of heat f low to wire, W 

Pendent drop 
Electrode, electron 
Flux 
Liquid metal 
Melting point 
Solid wire material 

Btu m i n - 1 in . " 1 (°F)_1) 

(a) Only symbols which are used in more than one rjortion of the PaPer are given Symbols used only once are defined in text. 

latter region, the core is much hotter than 
the surrounding flux. As a result, there is 
an appreciable radial heat flow from the 
core into the flux in this narrow region. 
The corresponding thermal power will be 
denoted by 3>f. The thermal power $ is 
used to heat up the metal from Tw to 
Tmp, to melt it, and to provide the power 

* f . 

Experiments that were conducted con
sisted of measurements of the electrode 
length and Tw as a function of time in 
wide ranges of I and d w . The following 
covered electrodes were used (Table 
2): 

thickly coated rutile electrode 

A 

A 

thinly coated rutile electrode 

high-recovery rutile electrode 

normal low-hydrogen electrode 

1. 
(R1). 

2. 
(R2). 

3. 
(R3). 

4. 
(B1). 

5. A low-hydrogen electrode having a 
coating which consisted of two layers of 
different chemical composition (B2). 

Measurements with bare electrodes 
were also made. The material was mild 
steel (0.06-0.10% C, 0.45-0.60% Mn); its 
composition was the same for all the 
electrodes used. 

Arc length was always chosen such 

that no short circuits occurred between 
electrode tip and weld pool. This was 
done in order to keep the system as 
simple as possible, the aim of this work 
being the investigation of physical pro
cesses. Also measured were the thermal 
properties of the flux material. Further
more, high-speed x-ray films of the elec
trode tip were made in order to verify 
whether a sizeable heat transfer from the 
pendent drop to the conical cup in the 
surrounding covering is likely to occur. 

Experiments 

All experiments were carried out in the 
flat welding position, at direct current, 
with a current-controlled power source 
(ripple less than 1A). The arc length was 
chosen such that the electrode tip did not 
touch the weld pool. In the first series of 
experiments, a number of electrodes 
from the same batch was welded at fixed 
polarity and current, while the welding 
time was varied. The length of the elec
trodes was measured before and after 
welding. This experiment yielded Le at a 
number of time points for given I and 
d w —Fig. 3. 

An automatic electrode feeder was 
used in the second series of experiments. 
This device fed the electrode at a velocity 
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Table 2—Covered Electrodes Investigated—Core Diameters Between 13A and 6 mm 

Designation d f / d w AWS A5.1 ISO 2560 

T„ l t2 l 

T„lt,l 

holder 

Fig. 2 — Temperature distribution in core along 
axis of electrode at different times —12 > tj 

such that the arc length remained con
stant. This velocity was measured by a 
tachogenerator, and the data were inte
grated by a data processor. The curve of 
Le vs. t was thus obtained with a single 
electrode. As a check, the length was 
measured before and after welding. 

The temperature Tw (Fig. 2) was 
derived from the (strongly temperature-
dependent) resistivity, PR, of the steel, 
which was measured as a function of 
time. For this purpose, an electrode from 
the same batch was mounted between 
two contacts, and two probes were 
placed on the metal core through small 
holes in the covering. The same current 
used in the welding experiment was 
applied, and the voltage between the 
probes recorded as a function of time. 
The probes were always located in the 
flat part of the temperature profile (see 
Fig. 2). 

The curve of resistivity vs. temperature 
was obtained in the following way. A thin 
bare electrode (dw = 1.6 mm = 0.063 in.) 
was heated quickly by a current pulse 
(460 A, 0.2 s), while I and the voltage V, 
across it, were measured as a function of 
time. The energy suppplied to the elec
trode in the interval between t = o and 
t = T is given by: 

E(r) = Jl I (t)V(t)dt. 
Heat losses to the surroundings are 

negligible in this short t ime. Consequent-

ly, 

H { T ( T ) } = E(r)/(pwSwLe) 

w h e r e H is the heat content and: 

R1 
R2 
R3 
B1 
B2 

1.7-1.8 
1.4-1.5 
1.8-2.1 
1.6-1.9 
1.5-1.7 

E6013 
E 6013 
E 7024 
E7016 
E 7016 

E51 3RR 32 
E51 3R 15 
E51 4RR 160 35 
E51 4B 24 (H) 
E51 5B 24 (H) 

The curve of H vs. T for pure i ron (Ref. 
12) was used. This exper iment yields pr<(t) 
and E(t) and, hence, the curve o f PR vs T. 
The procedure descr ibed here is similar 
t o that descr ibed by Halm0y (Ref. 30). 
Figure 3 shows a typical curve o f T w as a 
funct ion o f t ime. 

The thermal conduct iv i ty o f the flux 
material and the p roduc t pfCPf w e r e mea
sured by a transient m e t h o d . A th in 
e lect rode ( d w = 2.5 m m = 0.098 in.) was 
m o u n t e d b e t w e e n t w o contacts, a short 
(200 ms) high-current (1000 A) pulse was 
appl ied, and the tempera ture o f the core 
w i re was determined as a funct ion of 
t ime in the manner descr ibed above . The 
use of p robes is not necessary in this 
exper iment because the transit ion 
regions at the ends remain short. 

The w i re heated quickly and coo led 
down by radial heat f low into the coat
ing — Fig. 4. Axial heat flow was negligible. 
A plane boundary was assumed between 
core and covering. Furthermore, the core 

300 

Fig. 4 - Determination of thermal properties of 
flux material. T = temperature of core. Elec
trode R1; dw = 2.47 mm (0.097 in.); d, = 4.3 
mm (0.17 in.); t = 0 at end of pulse; pulse 
duration — 0.2 s; pulse current - 945 A 

600 

1 w 

400 

200 

H(T) = jJQCpw(T')dT' 

t ime (s) 
Fig. 3 — Typical curves of molten length and electrode temperature; Le0 is the electrode length at 
t = 0. Melting rate increases from 0.34 gs'1 (0.045 lb min' V at t = 0 to 0.39 gs'1(0.052 lb min~ y 
at t = 47 s due to joule heating. Dashes indicate hypothetical curve of Leo — Le for zero ohmic 
power; the slope of this curve is proportional to 4>w 
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Tw to Tn the heat o f fus ion, and the 
p o w e r <i>f wh i ch is t ransferred to the 
coat ing in the region adjacent t o the 
melt ing f ron t . It thus fo l lows that: 

#(t) = p. (t) {Hmp - H [Tw(t)]} + *f(t) (3) 

w h e r e H m p is the energy requi red to 
conver t 1 kg (2.2 lb) o f steel at T0 into 1 
kg of mo l ten steel at T m p . The values o f 
Tm p / H m p , and H for pure i ron (Ref. 12) 
w e r e used (T m p = 1536°C = 2797°F and 
H m p = 1.3 X 106 

The 
kg" 1 ) -

heat f l o w rate $ w = * — * f is 
related to the measured quantit ies Le and 
T w by equat ion (3) and the relation 

-0.2 

to 

0.2 

t i m e ( s ) 

OX 0.6 M = - p w Sw d L e / d t (4) 

Fig. 5 —Plot used in determination of thermal properties of covering materials. Data from same 
experiment as those in Fig. 4. In this experiment H(t0) = 0.31 X 10* j kg~1 

was assumed to heat instantaneously t o a 
homogeneous tempera ture T 1 ; at t = to, 
and that the coat ing was at T0 , at that 
instant. It then f o l l owed f r o m the rela
t ions given in Ref. 10 and Append ix A 
that 

(AH)2 = (2) 

64 (TT - T0)2 (t - t0) 
-V2\2 •K dw

2 pw
2{(Xw Pw c p w ) " h + (Xf pf cpf) 

w h e r e A H = H(t) - H(t0). 
The heat con ten t of the core material, 

H, f o l l owed f r o m the measured tempera
ture, whi le H(to), i.e., the heat content 
that corresponds to T-|, was equal to the 
energy suppl ied per unit core mass dur
ing the pulse. The initial slope o f a plot as 
given in Fig. 5, then yielded the p roduc t Xf 
Pf cPf. As there was heat f l o w be fo re the 
end of the pulse (t = 0), it was f ound that 
t 0 < 0 - F i g . 5. 

The tempera ture of e lect rode and flux 
became equal and attained a steady 
value after a f e w seconds —Fig. 4. The 
p roduc t pfCpf was der ived f r o m this 
steady value, w i t h the masses of elec
t r ode and flux and E(t) de te rmined as 
described above . 

Table 3—Temperature-Averaged Values for 
Thermal Properties of Flux 

Xf, Pf cp 
Electrode 

R1 
R2 
R3 
B1 
B2 

W n r r 

0.9 
0.7 
0.9 
0.9 
1.0 

1 per1 

± 0.1 

106 J m" 3 (°C)-1 

2.1 ± 0.2 
2.4 
1.9 
2.0 
2.0 

Since Le is measured at discrete points o f 
t ime, it is appropr ia te t o in t roduce the 
average value o f _ $ w in the interval 
b e t w e e n t i and t2, "fcw (ti,t2). Equations (3) 
and (4) g ive: 

This m e t h o d a l lowed the determina
t ion o f Xf and the p roduc t pfCpf f r o m a 
single exper iment . M o r e o v e r , an actual 
e lect rode can be used, a l though it has to 
be thin in o rder t o keep the current 
wi th in reasonable limits. Table 3 gives the 
results. 

High-speed x-ray films of the e lect rode 
tip w e r e made at posit ive and negative 
polari ty for each t ype of e lect rode used 
(1000 p ic tures/s , d w = 3 ' / i m m (0.13 in.), 
I = 125-160 A). The films w e r e made by 
E. Oster (RWTH, Aachen). Figure 6 shows 
a typical sequence. 

D e r i v a t i o n o f H e a t F l o w T h r o u g h 

Liquid T ip 

Thermal p o w e r $ prov ides the heat to 
raise the tempera tu re o f the metal f r o m 

*w( t i , t 2 ) = 

pwSw{Le (t2) - Le (t-i)}/ f 2 -
J, H 

•» dt 

t, mP 
H(t) 

The average $ w wi l l vary w i t h t if <}>w 

does, and 3>w = $ w if * w is constant. It 
was f ound that w i th in the exper imental 
error ( « 5 % ) $ w is independent of t for all 
the e lectrodes except fo r those o f t ype 
R2, w h e r e <£w decreased by about 15% 
dur ing the we ld ing t ime. The values to be 
given for this e lect rode refer t o t = 0 
(start o f current f low) . 

Figure 3 shows the hypothet ical curve 
of length mel ted as a funct ion o f t ime in 
the absence of Joule heat ing (T w = T 0 at 

Fig. 6 — Sequence from high-speed x-ray film of electrode tip. Framing rate 1000 s ', electrode R1, 
positive polarity, dw = 3.25 mm, df = 5.60 mm, I = 141 A 
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any time). The slope of this curve is 
proportional to $ w ; it is, therefore, inde
pendent of time for the electrode con
cerned. On the other hand, the slope of 
the measured curve increases gradually 
with time as a result of Joule heating. 

Since the slope of the latter curve is 
proportional to the melting rate, it fol
lows from Fig. 3 that the melting rate 
increases as a result of Joule heating of 
the solid metal. The difference between 
the two curves of length vs. time in Fig. 3 
is due to Joule heating. These curves are 
typical for manual electrodes under nor
mal welding conditions. Consequently, it 
is seen that Joule heating provides a 
minor but not entirely negligible part of 
the total thermal power supplied to the 
electrode. 

The power $f was calculated, as a rule, 
from: 

* , = it d w Xf (Tmp - T0) (aw/a f)
l /2 (5) 

Equation (5) is derived in Appendix B. It 
is applicable when the depth of penetra
tion of the heat into the covering is small 
with respect to the thickness of the 
coating, as was usually the case. When 
this condition was not fulfilled, then a 
different relation was used. This relation 
is also discussed in Appendix B. The 
diffusivity aw was taken to be: 

Table A—Experimental Results—Electrode R1 

Polanty #f, W * , W * / l , V 

1% 
2»/2 
3W 
VA 
VA 
3V4 
VA 
4 
4 
5 
5 
5 
5 
5 
5 
5 
6 
6 
1% 
21/2 
VA 
VA 
VA 
4 
4 
5 
5 
5 
6 
6 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
-
-
-
-
-
-
-
-
-
-
-
-

39 
82 
30 
40 
60 
81 
152 
153 
183 
52 
103 
164 
220 
250 
285 
345 
258 
334 
40 
82 
83 
120 
155 
153 
183 
220 
251 
286 
258 
335 

24 
42 
33 
35 
43 
43 
55 
68 
68 
54 
84 
84 
84 
84 
84 
84 
101 
101 
24 
42 
44 
55 
55 
68 
68 
84 
84 
84 
101 
101 

133 
259 
125 
165 
236 
293 
518 
553 
648 
283 
516 
661 
833 
911 
1055 
1224 
1050 
1251 
130 
250 
259 
358 
481 
529 
620 
796 
903 
1002 
874 
1196 

3.4 
3.2 
4.2 
4.1 
3.9 
3.6 
3.4 
3.6 
3.5 
5.4 
5.0 
4.0 
3.8 
3.6 
3.7 
3.6 
4.1 
3.8 
3.2 
3.0 
3.1 
3.0 
3.1 
3.5 
3.4 
3.6 
3.6 
3.5 
3.4 
3.6 

Table 5—Experimental Results—Electrode R2 

Polarity I, A * f , W #, W * / l , V 

which follows from: 
pw = 7870 kg nrr3 

andjhe temperature averages: 
T w = 40 W m _ 1 (0C)"1 and cp 

700 J k g - 1 (0C)"1 (Refs. 12-14). 
' -fDW 

The full set of experimental results is 
given in Tables 4-9. Positive polarity 
means electrode positive with respect to 
workpiece. Figures 7 and 8 show $ as a 
function of I. It is seen that $ varies 
approximately linearly with I. The slope of 
the curves for the R1 and B1 electrodes is 
not very different. This suggests that the 
physical processes that control the heat 
flow in the liquid tip are basically the 
same in the whole range of parameters 
investigated. Nevertheless, inspection of 
Tables 4-9 shows that the effects of 
composition, polarity and diameter on $ 
are still large enough to be of practical 
interest. 

The R1 electrode was investigated 
down to very low current densities. Fig
ure 9 shows the ratio <J?/I. It was seen that 
<J?/I decreases with increase in I, and 
becomes constant at high currents. The 
measurements with the other electrodes 
were made in the range of higher cur
rents where electrodes are normally 
used. The results in Tables 4-9 show a 

2'/2 
2'/2 

VA 
VA 
VA 
5 
5 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

71 
87 
88 
123 
153 
205 
246 

34 
34 
44 
55 
55 
66 
84 

286 
327 
355 
470 
561 
804 
963 

4.0 
3.8 
4.0 
3.8 
3.7 
3.9 
3.9 

Table 6—Experimental Results—Electrode R3 

dw, mm Polarity I, A * f , W *, W * / l , V 

2'/2 
2'/2 

VA 
5 
VA 
VA 
5 
5 

tendency 
increase in 

for 
I. 

*/l 

+ 
+ 
+ 
+ 
-
-
-
-

to 

102 
123 
164 
229 
129 
165 
231 
332 

decrease with 

42 
42 
55 
84 
55 
55 
84 
84 

326 3.2 
350 2.8 
492 3.0 
787 3.4 
403 3.1 
474 2.9 
765 3.3 
1056 3.2 

so that one expects a strong dependence 
of V 0 and, consequently, of <J>, on polari-

Temperature of Surface of Pendent 
Drop 

Particularly surprising is the small effect 
of polarity on $. The processes occurring 
at a cathode and those occurring at an 
anode are essentially different (Ref. 15), 

ty, contrary to the experimental results. 
Therefore, a discussion of the heating of 
the tip surface is required. 

The temperature of the tip surface will 
adjust itself such that the incoming power 
is carried away by radiation, evaporation, 
and by convection and thermal conduc
tion in the liquid metal. For the purpose 
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Table 7—Experimental Results—Electrode B1 

Polarity I, A * f , W 

Table 8—Experimental Results—Electrode B2 

d w . mm Polarity I, A * f , W 

Table 9—Experimental Results—Bare Electrodes 

* , W 

<j>, W 

I, A * , W 

2'/2 
VA 
VA 
5 
5 
2 
2 
VA 
VA 
5 
5 

(a) Shielding gas either Ar (18-

51 
77 
51 
102 
128 
230 
255 
52 
75 
103 
143 
205 
253 

L/min) or Ar/C02 (Ar-

220 
342 
199 
398 
523 
961 
1099 
250 
339 
473 
620 
1006 
1120 

-10 L/min, 

<J?/I, V 

4.3 
4.4 
3.9 
3.9 
4.1 
4.2 
4.3 
4.8 
4.5 
4.6 
4.3 
4.9 
4.4 

# / l , V 

2'/2 

2'/2 

VA 
VA 
4 
4 
5 
VA 
VA 
4 
4 
4 
5 
5 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
-
-
-
-
-
— 
-

87 
102 
95 
124 
122 
183 
228 
93 
125 
114 
150 
186 
192 
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42 
42 
55 
55 
68 
68 
84 
55 
55 
68 
68 
68 
84 
84 

305 
337 
350 
409 
462 
587 
782 
367 
399 
456 
509 
633 
770 
952 

3.5 
3.3 
3.7 
3.3 
3.8 
3.2 
3.4 
3.9 
3.2 
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3.4 
4.0 
4.1 
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5 

+ 
+ 
+ 
+ 
+ 
+ 

71 
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87 
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204 
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42 
42 
55 
55 
84 
84 

287 
362 
361 
492 
791 
960 

4.0 
3.6 
4.1 
3.7 
3.9 
3.9 

Gas<a> 

Ar 
Ar 
Ar 
Ar 
Ar 
Ar 
Ar 
Ar/C0 2 

A r / C 0 2 

A r / C 0 2 

A r / C 0 2 

A r / C 0 2 

Ar /CQ 2 

of obtain ing orders of magni tude of the 
terms in equat ion (1) w e may neglect 
Joule heating and the te rm <t>f in (3), wh i ch 
yields p = $ / H m p . It then fo l lows f r o m 
equat ion (1) that 

% 
1 , M T V JmpA 

(6) 

10 L/min, CO2— 1 Vz L/min); Dositive polarity. 

Anode (Cathode) Power V0 

Consider that the arc is at tached t o the 
anode o n an S M A W elect rode in the 
anode jet domina ted m o d e , as descr ibed 
by Sanders and Pfender (Ref. 16). Their 
w o r k shows that the anode is then heat
ed mainly by electron absorpt ion, wh i le 
there are smaller contr ibut ions by thermal 
conduct ion and radiat ion f r o m the plas
ma. They also give expressions for the 
electron heat flux at the anode fo r posi
t ive and fo r negative anode falls. 

The anode wil l be negative w i t h 
respect t o the adjacent plasma if the 
random elect ron current density, j r = VA 
n e v e e, at the edge of the space charge 
sheath, is less than the current density at 
the anode surface (Ref. 17) w h e r e n e is 
the e lect ron number density, v e = (8k 
T e / i r /T7e)

,/2 the mean thermal veloci ty o f 
the electrons, Te is the e lect ron tempera
ture, and e and me are the e lect ron 
charge and mass, respectively. 

There are, t o the authors ' know ledge , 
no measured data available on Te and n e 

in S M A W arcs, but results (Te = 7000 K, 
n e = 102 2 m~3) for the metal vapor plas
ma in a p lasma-CMA arc (Ref. 33), may 
be used t o obta in orders of magni tude. 
An analysis based on these data (Ref. 18) 
shows that j r s=» 4 0 A / m m 2 , whi le the cur
rent density at the anode surface, j A , is 
about 20 A / m m 2 . There fore , the anode 
fall may be assumed t o be negative. 
Consider ing the electron heat flux only, 
w e have f r o m the literature (Ref. 16): 
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Fig. 7— Thermal power transferred through liquid tip. Rutile elec
trode; dw from 13A to 6 mm (0.07 to 0.24 in.). X—electrode 
positive; O — electrode negative 
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V0 = 3.2 k Te /e + q> 

where q> is the work function (4.4V) for 
iron (Ref. 13). We thus obtain V0 « 6 V. 
Analysis of GMA experiments yielded 5.5 
V (Refs. 19-20) and 6.0 ± 0.5 V (Ref. 9). 

The radiation loss at temperatures 
close to the boiling point amounts to 
about 5 W / m m 2 ; this corresponds to 0.2 
V with j A as given above and is neglected 
here. The evaporation loss is controlled 
by the diffusion of metal vapor through 
the boundary layer in front of the drop 
surface. 

An estimate of this term would require 
an analysis of the boundary layer, which 
is outside the scope of this paper. 
Neglecting this loss term for the moment, 
we can make an estimate of Tdr. Equation 
(6) with $L = 0, V0 as above, and $ / 
I = 3.5 V, a typical value_obtained from 
the experiments, gives Tdr « 2700 °C 
(4900 °F), i.e., close to the boiling point, 
Tb = 2862 °C = 5184 °F (Ref. 12). 

The temperature of the anode surface 
is bound to be well above Tdr. Conse
quently, the hypothesis of zero evapora
tion loss must be incorrect. Although the 
value of this loss is not known, it is clear 
that it will increase with increase in sur
face temperature. We hypothesize that 
the temperature of the anode surface, 
which might still be close to Tb, is stabi
lized by the evaporation of metal (Ref. 
21). Therefore, this temperature is insen
sitive to the exact value of V0, as long as 
V0 is above a certain minimum value, i.e., 
about 5.5 V in the system discussed 
here. 

The mechanism of heat generation at a 
cathode surface is extremely complicated 
(Ref. 15), and no data on V0 for this 
process have been found in the litera
ture. On the other hand, the argument 
on the stabilization of the surface tem
perature, as given above, remains the 
same. Consequently, the assumption that 
V0 is above 5.5 V for positive and nega
tive polarity explains the absence of a 
major influence of polarity on $. 

As an approximation, the difference 
between the temperature of the anode 
(cathode) surface and the melting point 
will be taken as 1000 °C (1800 °F). 

It must be noted that the effect of 
polarity on the melting rate in flux-
shielded processes is not always as small 
as was observed in the experiments 
described here. Investigations of the sub
merged arc welding (SAW) process (Ref. 
22) showed that polarity can have a 
distinct effect, depending on flux compo
sition and current strength. 

Mechanism of Heat Flow through 
Liquid Tip 

The experiments show that a large part 
of the heat generated at the tip surface is 

8 r 

0 /1 

(V) 

0 

Electrode R1 

d w = 5 mm 

<t>w/I, d w = 5mm 

300 /.OO 100 200 

Electr ic cu r ren t (Al 

Fig. 9—Thermal power per ampere as a function of current. Also shown is a curve of 
$w/l = (0 — $f)/l in order to show effect of heat flow into covering 

transferred through the drop to the solid 
metal. This heat transfer is due to thermal 
conduction, or to fluid f low, or to both. 
These processes are now discussed in 
order to explain the experimental results, 
in particular the linear dependence of $ 
on I. 

Possible causes of fluid flow are elec
tromagnetic forces, the buoyancy force, 
and the force due to a gradient in the 
surface tension, y. 

The electromagnetic (Lorentz) force is 
due to the interaction of the electric 
current with its own magnetic field. It will 
generate fluid flow if the electric current 
diverges or converges within the pen
dent drop (Refs. 9, 15, 23, 24). The order 
of magnitude of the force on the drop is 
given by FL *=» p.ol2/4ir, where po is the 
permeability of vacuum. 

The buoyancy force, Fb, is due to 
heating of the metal at the bottom of the 
drop. Its order of magnitude is Fb ~ L3 pi 
g a ATS (Ref. 25), where L is a typical 
length, g the gravity constant, a the 
expansion coefficient, and ATS the differ
ence between the temperature of the 
anode (cathode) surface and the melting 
point. 

A gradient in y will be caused by the 
segregation of oxygen, which is strongly 
surface-active in iron, while the degree of 
segregation is temperature-dependent 
(Refs. 26, 27). The addition of 0.1% of 
oxygen to pure iron lowers y from 1.9 to 
1.3 Nm" 1 at 1650 °C (3000 °F) (Ref. 26). 
Furthermore, the surface tension of any 
pure metal is temperature-dependent. 
The force on the surface per unit area is 
equal to grad y and the force on the drop 
as a whole 

L2 grad L A7 

where A7 is the difference in 7 between 
top and bottom, estimated to be the 
order of 0.1 Nm - 1 . 

The relative importance of the three 
forces discussed was estimated with the 
average properties given in Table 10, 
with L and I in the ranges usual for manual 
electrodes. It was found that FL will be the 
dominant force, but that FT and Fb can 
attain values of up to 30% of FL. 

Discussion of the model below consid
ers heat transfer by conduction, and by 
convection due to the electromagnetic 
force. The treatment of this force is only 
approximate, so that it would be mean
ingless to include the other, smaller, 
forces as well. 

The electromagnetically induced fluid 
flow will be in the direction of decreasing 
current density, i.e., in the direction of 
widening path of the electric current. The 
current density in the electrode is around 
15 A m m - 2 (104 A/in.2). It is expected to 
have roughly the same value on the 
anode surface and to be higher in a 

Table 10—Values Used for the Properties of 
Liquid Iron (Ref. 13) 

Property Value 

p 
CP 
X 
a 
V 

a 
PR 

6500 kg m"3 

800 J kg"1 PC)"1 

40 W rrr1 (°C)-1 

1.3 X 10_ 4(°Cr1 

0.6 X 10~6 m2 s_1 

8 X 10"5 m2 s_1 

1.4 x 10"6 a m 
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cathode spot (Ref. 15). Consequently, the 
direction of the flow is uncertain at posi
tive polarity. 

At negative polarity, the flow in the 
region which carries the electric current 
will be directed from the cathode surface 
to the solid metal. The electromagnetical
ly induced flow velocity, uL, is propor
tional to I if the Reynolds number, 
Re = UL L/CI, is large (Re » 1), and pro
portional to I2 if Re « 1 (Ref. 9). In the 
treatment given below, the fluid flow at 
both polarities is assumed to be as for 
negative polarity. The essential features 
of the model remain the same if the flow 
direction is reversed. Further assumptions 
are (see Fig. 10): 

1. The height, h, of the pendent drop 
is constant, and it is a few mm. We thus 
consider either a drop of average size, or 
a situation where there is a continuous 
outflow of small drops from the pendent 
drop. 

2. Heat is generated at the lower sur
face (z = h), where T = Tmp + ATS, and 
ATS is constant. 

3. The hot liquid is cooled to Tmp at 
the solid-liquid boundary and gives off 
the excess heat to the solid. 

4. The whole electrode is moving into 
the positive z-direction at a velocity ue, 
while the fusion boundary remains in a 
fixed position, taken as z = 0. The effects 
of Joule heating, and of the heat flow <J?f 
are neglected, so that 

ue = $/(SwpwHmp) (7) 

cf. Eq. (3). The omission of the Joule 
heating is the essential difference 
between the model developed for the 

gas metal arc (GMA) process (Ref. 9) and 
the model developed here. 

5. The spatial distribution of the tem
perature does not vary in time. 

The temperature in the center is then 
given by 

3T d2T 

- U ^ = a|az2 (8) 

where u = UL — ue is the net upward 
velocity (UL and ue are positive). Boundary 
conditions are that T = Tmp at z = 0, and 
T = Tmp + AT, at z = h. The solution to 
equation (8) is: 

1—exp (—u z/ai) 
T(z) = Tmp 4- ATS- ^ —•* 

1 —exp (—u h/ai) 
(9) 

The expression Pe = u h/ai in equation 
(9) is the Peclet number; it is frequently 
used in heat transfer calculations (Ref. 
25). This number gives, approximately, 
the ratio of the heat flux by convection (u 
pi cpi ATS) to the heat flux by conduction 
( « X, ATs/h). 

Heat transfer is primarily by conduction 
if Pe is small, and primarily by convection 
if Pe is large. Figure 11 shows the general 
shape of the temperature profile in the 
region of upward flow. The rate of heat 
flow into the solid, i.e., the power $ is 
proportional to the slope of this curve at 
z = o. It is given by: 

* = X, S* (5T/6z)z = 

X| S* Pe ATS 

o - h {1 - exp (-Pe)} (10) 

where S* is the cross-sectional area of 
the region of upward flow. 

Limiting Cases 

Heat Transfer Primarily Conduction. 
Here Pe <£ 1. Equation (10) then gives: 

$ « X, S* ATs/h. 

In order to obtain the linear depen
dence of $ on I, one would have to 
assume that S*/h oc I. There is no physi
cal basis for this assumption. 

Heat Transfer Primarily by Convection. 
Equations (7) and (10) give: 

^ _ S* uL pi cpi ATS 

~ S * p i e p | A T s _ e x p ( _ p e ) (11) 

The exponential term vanishes when 
Pe » 1, so that <S> is then proportional to 
UL. 

Agreement With Experimental Results 

In order to obtain agreement with the 
experimental results, one has to assume 
that uL is proportional to I. This implies 
that Re » 1, as was mentioned. With 
* / l = 3.5 V, ATS = 1000 °C, l/Sw = 15 
A /mm 2 (104 A in. -2) as typical values and 
assuming that S*/Sw = 0.5, we can deter
mine that UL is in the order of a few 
centimeters per second ( « 1 in./s~1). The 
Reynolds number is then between 10 and 
100; this is consistent with the assumption 
that UL is proportional to I. The magnetic 
Reynolds number, Rm = p0 L UL/PRI (Ref. 
28) is then of the order of 10"4 so that 
the back e.m.f. generated by the fluid 
flow is negligible. 

The ratio uL/l is found to lie between 
10 - 4 and 10~3 m s~1 A - 1 . GMA experi-

1000 

T-T, 
Pe = £ 

mp 

l°C) 

- z=o ,T=T , mp 500 

z = h,T = Tmp + ATs 

- — P e = 0 

Fig. 10 — Illustration of heat transfer in pendent drop 
z (mm) 

Fig. 11 — Illustration of temperature distribution in pendent drop. 
Profiles given by equation (9) are drawn forATS = 1000 °C(1800 °F), 
h = 2 mm, a =8X 1CT6 m2 s~\ with Pe = 0(u = 0), Pe = 2(u = 8 
mm s'1), and Pe = 4 (u = 16 mm s'1) 
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ments (Ref. 9) with 1.2 mm (0.047 in.) 
diameter mild steel electrodes gave uL / 
I « 10 - 3 m s_ 1 A - 1 . This ratio is expected 
to decrease with increased d w , so that 
these results compare favorably. 

Since Pe/Re = vl/a\ = 0.075, it follows 
that Pe lies between 1 and 10. Conse
quently, the exponential term in the 
denominator in equation (11) is not nec
essarily negligible. If it is not, then equa
tion (11) gives an increase in <J?/I with 
decrease in Pe, i.e., with decrease in I (Pe 
is proportional to UL — ue, and UL and ue 

are proportional to I). Figure 9 shows that 
this behavior is in fact observed. 

Equation (11) thus accounts for the 
experimental result that $ / l is constant at 
higher currents, and decreases as I is 
lowered —Fig. 9. It also follows from the 
model that * / l - • V0 («s 6V) as I — 0. 
The assumption of constant ATS has then 
to be dropped. This point further con
firms the increase in $ / l as I decreases. 

The experimental results show that $ / l 
tends to decrease slightly with increase in 
I in the range of current densities normal 
for SMA welding. Therefore, the expo
nential term in equation (11), which rep
resents the effect of thermal conduction, 
is small but not completely negligible. 
Since this decrease in $ / l is about 5 to 
10%, the Peclet number must be close to 
3, because exp(—3) = 0.05. In other 
words, at normal current densities the 
conditions for convection-dominated 
heat transfer are fulfilled, but only just. A 
decrease in Pe from 3 to 2 would imply 
an essential change in the mechanism of 
heat transfer. 

Figures 12 and 13 show $ / l as a 
function of d w . The results for the basic 
electrodes are not shown in Fig. 13. They 
lie between the curves for R2 and R3 in 
Fig. 13. The covered electrodes show, in 
general, an increase in $ / l with increase 
in d w . The model does not account for 
this result. Calculation of these curves 

requires knowledge of the dependence 
of UL on d w . This, in turn, requires knowl
edge of the dependence of the current-
carrying area on the tip surface on d w 

and I. This information is, to the authors' 
knowledge, still lacking. Furthermore, the 
effect might be due to the buoyance 
force or to surface tension streaming. 

Figure 12 contains points derived from 
results obtained by Wilson et al. in SAW 
experiments (Ref. 29). The closeness of 
these curves and those for the SMA 
process suggests that the same processes 
of heat transfer are operative in the two 
systems. 

Figure 13 also shows points obtained 
with bare electrodes at positive polarity. 
Reproducible results could not be 
obtained with negative polarity. It is seen 
that <J?/I is distinctly higher than for cov
ered electrodes, as was also observed by 
Lefring (Ref. 7). This suggests that the 
covering absorbs a sizable fraction of the 
heat supplied to the liquid metal. Howev
er, this hypothesis has to be rejected for 
the following reasons: 

1. X-ray films show that, although the 
pendent drop is constantly in motion and 
occasionally touches the surrounding 
cup, there is certainly not a good thermal 
contact; similar results were obtained by 
Becken (Ref. 2) and Klimant (Ref. 3). 

2. Experiments with R1 and B1 elec
trodes (Table 11) show that $ is indepen
dent of the thickness of the coating for a 
given flux composition. 

We have no explanation for the 
observed difference between covered 
and bare electrodes. However, there is a 
possibility that the difference is due to the 
fact that the anode area is more steady 
on a bare electrode in argon than on a 
covered electrode where it wanders due 
to the motion of slag. Film images (Ref. 2) 
show that slag prevents arc attachment. 
An unsteady anode implies an unsteady 
pattern of fluid flow. 

Figure 13 also shows a point for mild 
steel wire in GMA welding. It is seen to lie 
within the range covered by the manual 
electrodes. 

Heat Flow Into the Covering 

The covering is heated by thermal 
conduction from the solid part of the 
wire, and cooled at its outer surface by 
radiation and natural convection. Joule 
heating by current flow through the cov
ering is negligible, because the resistivity 
of the flux material is several orders of 
magnitude higher than the resistivity of 
iron (Ref. 31). Therefore, the electric 
current in the covering is negligible. 

The temperature within the flux is giv
en by: 

— = a,V2T 
d t 

(12) 

together with appropriate boundary con
ditions. The expression V2T is of the 
order of magnitude AT/L2, where L is the 
thickness of the coating, and AT the 
temperature difference across it. Orders 
of magnitude are L = 1 mm (0.04 in.), 
af = 0.4 X 10 - 6 m V , and 3T/3t s=s 10 
°C s_1, which gives AT = 25 °C (45 °F) as 
a typical value. 

Equation (12) was also solved numeri
cally for the region where the tempera
ture profile (Fig. 2) is flat. The flux proper
ties and PR(T) were taken as measured, 
and cpw (T) as in the literature (Ref. 12). 
Radiative and convective losses to the 
surroundings (see below) were ac
counted for. The difference AT was 
found to increase with time. Table 12 
gives AT for two typical cases near the 
end of the welding time (also see Fig. 

3). 
The covering absorbs a part of the 

ohmic power, and its thickness influences 
the melting rate via Tw (Table 11). The 
effect is not, however, of major impor-

4 6 
Wire diameter |mm) 

10 

Fig. 12 — Dependence of thermal power per ampere on electrode diameter. 
Values of •f/l at the highest current used. X—Electrode R1, positive polarity; 
O — Electrode R1, negative polarity; A — derived from results of SA W experi
ments obtained by Wilson et al (Ref. 29) 
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Fig. 13—Same as Fig. 11 but with positive polarity. X—bare 
electrodes in Ar; O — bare electrodes in Ar/CC<2; A — electrode 
R2; D- electrode R3; V- GMA, mild steel in Ar,l — 0 (Ref. 9) 
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tance, because ohmic heating is not the 
dominant heat source. 

The heat flow $f from the core into the 
covering in the region adjacent to the 
melting front will raise the temperature 
by a few hundred degrees. As it is unlike
ly that there is a large heat flow from the 
liquid metal directly into the covering, it 
follows that the heat required to decom
pose and melt the covering is provided 
mainly by the arc. 

The amount of flux used is of the order 
of a few milligrams per amp per second. 
The power per unit length in the arc is 
equal to 1 E, where E is the axial electric 
field strength (~1 V m m " 1 = 25 V in. -1). 
The cup surrounds a part of the arc and 
absorbs the power generated in the plas
ma it encloses. The length of the cup is 
usually a few mm, and it follows that the 
energy absorbed per unit mass of flux 
material is of the order of 106 J k g - 1 

which is the right order of magnitude. 

Table 11—Effect of Covering Thickness on Heat Flow in Wire TipW 

Type df, mm I, A <J>, W 

R1 6.3 207 706 
R1 6.6 207 718 
R1 6.9 207 719 
B1 6.3 169 540 
Bl 6.6 169 544 
B1 6.9 169 542 

pa v / l , mg s 1 A 1 

2.84 
2.77 
2.73 
2.46 
2.42 
2.39 

(a) Positive polarity. d w = 4 mm; iiaw is the time average of fj., taken over the total welding time. 

Table 12—Temperature Difference across Covering after 45 s 

Electrode d w , mm df, mm I, A Tw (exp.), °C Tw (calc), 

R1 3.20 5.6 152 541 551 
B2 3.21 5.3 133 336 365 

°C AT (calc), °C 

74 
28 

1. The ohmic power developed in the 
solid wire: 

has the same temperature as the core, so 
that 

Survey of Thermal Processes 

Concern here is with the processes of 
heat generation and heat transfer in a 
typical electrode, i.e., B2, d w = 3'/4 mm, 
I = 133 A. 

The length Le and PR were measured as 
functions of t, and pR gives Tw. The 
following quantities were calculated from 
these results: 

100 

Pfi(t) = I2 PR(t) Le (t)/Sw 

2. The ohmic power carried away by 
the steel through the melting front: 

P U t ) = ue(t) pw Sw H(t) 

3. The ohmic power Po.f similarly car
ried away by the flux, where * f is not 
considered. It was assumed that the flux 

power 

(W) 

time (s) 
Fig. 14 — Rate of generation of joule heat in solid core, and rates of transfer of this heat through 
surface of coating and fusion boundary. Decrease in PQ, Prarj and PCOnv is caused by decrease in 
Le 

PofW = Ue (t) Pf Sf Cpf {Tw (t) - T0} 

4. The power lost by radiation (Prad), 
and that lost by convection (PCOnv) from 
the outer surface of the covering to the 
surroundings, 

Prad (t) = « d w Le (t) <T {Tw
4 (t) - T0

4} 
and: 

Pconv (t) = TT d w Le (t) /S { T w (t) - T 0 } 

where a is the Stefan-Boltzmann constant 
and /3 is the heat transfer coefficient for 
natural convection. The typical value 
$ = 10 W r r r 2 p C ) - 1 = 0.004 W in . - 2 

pF) - 1 (Ref. 32) was used. 
Figure 14 shows the powers discussed 

above. It is seen that the bare wire and 
the covering absorb roughly equal parts 
of the ohmic energy. The energy devel
oped by Joule heating during the welding 
time (T) is given by: 

Qa = = pPjiWdt 
J o 

The energies Q f i w , Qof, Qrad, and 
Qconv, defined in the same way, were 
also calculated. 

The major part of the heat is provided 
by anode or cathode processes at the tip, 
where a power IVo is generated. A part 
of this power is lost by evaporation ($ev), 
another part js absorbed by the liquid 
metal (p cpi (Tdr - Tmp)). The remainder, 
<i>, is transferred to the solid metal. The 
experiments give no information about 
<J?ev- Gas metal arc experiments with steel 
(Refs. 9, 19-20) gave V0 « 6V, which 
value is used as an approximation. The 
difference AT = Tdr — Tmp is estimated to 
be between 700 and 1200 °C (1260 and 
2160 °F). A part of * is transferred to the 
coating ($f). The energy absorbed by the 
solid wire is equal to Q w = $ W T 4- Qn.w. 
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Fig. 15— Thermal energies transferred in electrode during welding. Electrode B2, dw = 3.21 mm 
(0.126 in.), df = 5.3 mm (0.21 in.), I = 133 A, T = 47.2 s, length melted off-265 mm. Energies in kj 
(1 kj = 0.24 kilocalories), accuracy generally 0.1 kj 

Figure 15 surveys the various quantities 
of interest. It is to be noted that the 
values were derived from experimental 
results. Joule heating provides 6% of the 
energy supplied to the metal core in this 
case. Heat losses to the surroundings are 
small. 

Conclusions 

The dominant processes of heat gen
eration in covered electrodes are cath
ode or anode processes occurring at the 
electrode tip. A part of the heat thus 
generated is lost by evaporation, the 
liquid metal absorbing the remainder. The 
liquid metal, in turn, transfers heat to the 
solid metal, which melts as a result. 

The heat flow rate and, consequently, 
the melting rate, vary linearly with the 
electric current. Electromagnetically in
duced fluid flow broadly accounts for the 
transfer of heat through the liquid tip. 

The requirement that the coating must 
not be overheated imposes a limit on the 
electric current. As a result, SMA welding 
is carried out in the current range where 
Joule heating provides only a minor part 
of the total heat supplied. 

The temperature difference across a 
covering of normal thickness is small. 

The melting rate per ampere of a 
covered electrode is comparable with 
that of a GMA welding wire in tne limit of 
zero Joule heating, i.e., at low current 
and/or extension length. 
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Appendix 

A. Determination of Thermal Properties 

It follows from the relations given in 
Ref. 10, Sec. 2.15, that the heat current 
density, q, at the boundary, at t > to, is 
given by: 

q = (A1) 

T L - T Q 

«XW Pw cpw)-' /2 + (Xf pf cpf)-'
/2} {K (t - t0)'/2 

The heat content of the wire 
decreases according to: 

dH 

dt 
4 q (A2) 

(2). 
Equations (Al) and (A2) give equation 

B. Calculation of Heat Flow into Coating in 
Transition Region behind Melting Front 

The geometry is taken as in Fig. 16. The 
material is moving into the negative z-
direction at a velocity ue; the melting 
front remains at z = 0. Both for metal and 
flux we have: 

dT 
ue — + aV2T = 0 

dz 
(B1) 

with a = aw for the metal, and a = af for 
the coating. 

The temperature in the metal core, Tc, 
is practically independent of the radial 
coordinate because of the high thermal 
conductivity, and Tc is taken to be a 
function of z only. It then follows that: 

^w ~\v I c i U e b w p w C p w I c 

x dwq = 0 (B2) 

where q is the heat current density into 
the positive x-direction at x = 0, and the 
differentiation is with respect to z. 
Boundary conditions are that Tc = Tmp 

for z = 0, and Tc - * Tw for z —• oo. 
For q = 0 it follows that: 

Tc = Tw + AT exp( -p z) (B3) 

with p = po = ue /aw , and AT = Tmp — 
I w 

It is now assumed that the depth of 
penetration of the heat into the covering 
is small with respect to the radius of the 
core and the thickness of the coating, i.e., 
it is assumed that the boundary between 
metal and flux is a plane and that the 
coating is infinitely thick. Furthermore, we 
take Tc to be given by equation (B3), with 
p still to be determined. The temperature 
of the flux T, is then given by 

3T 
dz + * (§+8) -° <«> 

with boundary conditions that 
T(x = 0,z) = Tc(z), T — Tw for z — oo, 
and T —• Tw for x —- co. A solution to 
equation (B4) is: 

T = Tmp + AT exp(-p z) exp(-r x) 

where p and r are constants. Using aw » 
af and neglecting higher order terms, we 
obtain p s=s po, and r «s ue /(aw af)'/2. 
Since 

q = —Xf (3T/dx)x = o; it follows that: 

q - ^ f exp(-poz) (B5) 
Ww af; 

The thermal power transferred from 
the metal to the flux in cylindrical geome
try is: 

/
cc 

0 
q dz. 

Taking q as found for plane geometry 
(equation (B5)) we obtain 

$ f « i rdw Xf (aw/a f)'
/2 AT (B6) 

The difference AT was taken as 
AT = Tmp — To, i.e., the increase in Tw 

due to Joule heating was neglected. 
The assumptions of plane geometry 

and infinite coating thickness are justified 
if the heat does not penetrate deeply into 
the covering, i.e., if exp(—r Ax) < 5, 
where Ax is the thickness of the coating, 
and 5 some small number. Taking 5 = 0.1, 
we find as the condition for the applica
bility of equation (B6) that ue • 
Ax > (aw/af)'/2 |ln 0.1|. Some of the exper
iments yielded values of ue • Ax below 
this limit. The approximation to be given 
below was used when ue • Ax > (a w / 
af)'/2 [In 0.2|, and the average of the two 
approximations was used in intermediate 
cases. 

If the heat does penetrate right 
through the coating, then it is appropriate 
to introduce an average flux temperature 
Tf, this average being taken over a cross-
section perpendicular to the cylinder axis. 
The temperature distribution is again sta
tionary (3/3t = 0) and it follows that: 

i rdw q + ue Sf pf cpf Tf = 0 (B7) 

where Sf is the cross-sectional area of the 
covering, and the differentiation is with 
respect to z. Equation (B2) is retained, and 
for q we write: 

q = 2Xf (Tc - T f)/Ax (B8) 

Boundary conditions are that Tc = Tm 

at z = 0, and that Tc and Tf go to Tw at 
large z. It now follows in a straightfor
ward manner that the solution for Tc is 
given by equation (B3), where p is the 
positive root of the equation 

p2 + p po (A - 1) - A po2 (B + 1) = 0 

where A = 2ir d w aw af/(Ax Sf ue
2) 

and B = Sw Pw cpw/(S f pf cpf) 

It also follows that: 

* f = Xw Sw AT(p - po) (B9) 
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