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Metal transfer is analyzed to determine optimum waveform 

for spatter free welding 
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ABSTRACT. The metal transfer in pulsed 
GMA welding with mild steel electrode 
was investigated and the effect of the 
pulsed current on the transfer is dis
cussed. The profile of the pendant drop
let at the electrode tip was calculated by 
taking into account surface tension, grav
ity, and electromagnetic force, and was 
in good agreement with the image 
obtained by a high-speed movie camera. 
Also, the average heat content of drop
lets was obtained by calorimetry. As a 
result, the optimum pulse current form 
was clarified for spray transfer mode 
without spatter. With the pulse over a 
critical current, the electrode is heated to 
melt into a pendant droplet during the 
initial one third or two thirds of the pulse 
duration and remains as it is, despite the 
electromagnetic force. During the residu
al part of the duration, the pendant 
droplet is detached, being naturally 
superheated to 2100 °C (3812°F). When 
the pulse duration is too long beyond the 
optimum value, the molten electrode tip 
is prolonged, resulting in much spatter 
due to contact with the base metal. 

Introduction 

In GMA welding with Argon based 
shielding gas, the pendant droplet at the 
electrode tip is covered by the arc and 
becomes very small when the welding 
current is above a critical current. This 
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transfer mode is called spray transfer, in 
which the droplet falls to the base metal 
without spattering and the arc behavior is 
well stabilized. 

The object of pulsed GMA welding 
process is to realize the spray transfer 
mode at an average welding current 
below a critical value. The waveform 
should be made optimum to provide an 
equal-sized droplet from the electrode 
tip regularly per every pulse. It is difficult 
to control the waveform with conven
tional thyristors. Therefore, the optimum 
waveforms were produced by means of 
transistors capable of the fine control 
needed for the development of spatter-
free, high quality welding. 

In this paper, the metal transfer in 
pulsed GMA welding with mild steel elec
trode was studied: first, the variations 
of the transfer modes with various wave
forms were observed by a high-speed 
movie camera; secondly, the profile of 

the pendant droplet at the electrode tip 
was calculated by assuming a static bal
ance of forces on the droplet and com
pared with the experimental results; and 
finally, the significance of the optimum 
current waveform on the metal transfer 
was discussed in detail. 

Experimental Procedure 

Pulsed current supply 

Figure 1 shows a schematic diagram of 
the pulsed current supply. The current is 
pulsated by the switching action of pow
er transistors. The pulse parameters are 
shown in Fig. 2, where lp denotes peak 
current, T pulse duration and f pulse 
frequency. With this current supply, lp, r 
and f can be varied over a range of 
300 -v 550 A, 1 - 10 ms, and 30 ^ 500 
Hz, respectively. The background current 
is about 50 A. The rising and falling rates 
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Fig. 2-Pulse parameters: lp is the peak current, r is the pulse duration, and I/I is one period 

of the pulsed current are about 400 A/ms 
and 250 A/ms, respectively. The ripple 
current at the peak (lr shown in Fig. 1) is 
about 80 A. 

Materials 

The electrode used was mild steel wire 
(AWS ER70S-G) with a diameter of 1.2 
mm (0.047 in.). The base metal was mild 
steel plate of various dimensions. The 
shielding gas was composed of Ar (80%) 
and C 0 2 (20%). 

High-speed motion picture 

Motion pictures of the welding arc and 
the droplet were taken by a high-speed 
movie camera (HYCAM 100, REDLAKE 
Co., Ltd.) at a speed of 3000 frames per 
second. The current waveform was also 
taken synchronously on the correspond
ing frame. 

modes with various current waveforms 
by means of the high-speed movie cam
era and classified them in terms of lp and 
T. The results are shown in Fig. 4 for an 
electrode feeding rate of 5 m/min (197 

Base metal 
(Mild steel) 

in./min) and an electrode extension of 15 
mm (0.591 in.). 

In the region (1), where lp is smaller 
than 380 A which is the critical pulsed 
current with the mild steel electrode used 
in this experiment, the pendant droplet 
swells into a large globe independent of 
the pulse duration and the arc behavior 
becomes unstable accompanied by much 
spatter, since the electromagnetic force 
applied to the molten electrode tip is not 
directed to the base metal. In the region 
(2), where lp g 380 A and r < rmin, the 
pulse energy is too small to make a 
droplet transfer in one pulse and the 
pendant droplet swells into a large globe 
during several pulses. On the other hand, 
in the region (3), where lp =£ 380 A and 
Tmin ^ T ^ rmax, one droplet with a 
diameter close to that of the electrode 
transfers regularly and reliably per every 
pulse; in this region, the arc behavior is 
extremely stabilized. Even if the arc 
length is shortened to the length twice 
the electrode diameter, the electrode 
seldom touches the base metal, so that 
spattering can be eliminated and high 
speed welding carried out. The pulsed 
current should be set in this optimum 
region (3). In the region (4), where 

Torch 

Electrode 

Molten droplet 

Average heat content 

The experimental apparatus to mea
sure the average heat content of droplets 
is shown in Fig. 3. The base metal was 
placed vertically and the electrode was 
positioned obliquely to it. The droplets 
fall through the slits into the copper basin 
of the calorimeter, resulting in the tem
perature rise of the surrounding water. 
The average heat content of droplets 
was calculated from the temperature rise 
and the weight of droplets collected in 
the copper basin. The error of measure
ment caused by the heat loss from the 
surrounding water was estimated to be 
within 7%. 

Results 

Optimum waveform of pulsed current 

We observed the metal transfer 

Basin (Copper) 

Inside case 
(Copper) 

Cover case 

Thermocouple 
Water Heat insulator 

Fig. 3 — Experimental equipment for measuring the heat content of droplets 
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mode is apparently the spray type. How
ever, the molten electrode tip is pro
longed and touches the base metal caus
ing much spatter. Furthermore, as T in
creases in this region, f decreases at a 
constant feeding rate of electrode, result
ing in incessant fluctuations of the arc 
length. 

Comparison of spray mode between steady 
direct current and pulsed current 

Figure 5 shows the time variations of 
the metal transfer observed with steady 
direct current above the critical steady 
current and Fig. 6, those observed with 
the pulsed current in the region (3). In the 
case of the steady direct current, a large 
amount of arc energy is continuously put 
into the electrode. Thus, the molten elec
trode tip tends to be prolonged, and the 
droplets transfer continuously, like 
streaming. On the other hand, in the case 
of the pulsed current, the droplets trans
fer intermittently like projectiles: the pen
dant droplet at the electrode tip is almost 
stationary and its shape is round until t-|, 
about 2.6 ms after the current rise. Then, 
the pendant droplet at the electrode tip is 
constricted, starts to fall and finally is 
detached from the electrode at tz, about 
2 ms after t i . The remaining part of the 
pendant droplet restores the spherical 
shape during the background period 
after t2. 

Figure 7 shows the critical currents 
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- H 
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Ar/COa = 8 / 2 

15mm 
Fig. 5-Metal transfer with direct current 
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(pulsed and steady) as a function of the 
electrode diameter in both cases. It 
should be noted that higher currents are 
necessary with the pulsed current to 
realize the spray transfer. With the pulsed 
current, the pendant droplet is stationary 
at the end of the background period, so 
the additional current is required to over
come the drop inertia unlike the spray 
mode with the steady direct current 
which is in constant streaming motion 
once it is initiated. 

Heat content of droplets 

Figure 8 shows the average heat con
tent, H0 in cal/g, of droplets measured at 
a wire feed rate of 5 m/min (197 in./min), 
and f of 125 Hz. When lp is 380A, HQ is 
about 430 cal/g (1.95 X 105 cal/lb). 

H0 is composed of the heat input both 
by the Joule heating, Hj, and arc heating, 
HA. The mean value of the heat input by 
the arc, EA in Watt, can be assumed to be 
proportional to the mean value of the 
welding current, I in A; 
EA = <t> • L 
where <j> is the equivalent melting voltage 
in V. I is defined as 

500 

Electrode : mild steel 
Shielding gas: Ar/COz=8/2 
Extension : 20mm 

-\-

% 500 

450 

_ 4 0 0 

TJ„ one cycle 
i(t) dt, 

0.9 12 16 

Electrode diameter (mm) 

Fig. 7—Critical currents for direct and pulsed 

current 

where T is one period and is equal to 1/f, 
and i(t) is an instantaneous value of weld
ing current. 

According to Halmoy (Ref. 1), Hj is a 
function of (lrms/S)2 l/v, where S is the 
cross section of electrode, I the electrode 
extension, v the electrode feeding rate, 
and lrms the effective current defined as 

Electrode did : 1.2mm 
Electrode feeding rote: 5m/min 
Pulse frequency: 125Hz 
Extension I l 5 -20mm • -

25 - 3 0 mm x-

0. 
0 350 400 450 500 

Peak current, lp (A) 

Fig. 8 — Heat content of molten droplets 

WL i2(t)dt 
one cycle 

Figure 9 shows the relation between Hj 
and (lrms/S)2l/v for the mild steel elec
trode used in this study. 

Once the values of H0, I and lrms are 
measured for given values of S, I and v, Hj 
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Fig. 6 — Metal transfer with proper pulsed current 
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can be obtained from the relation in Fig. 
9. And HA can be obtained, since HA is 
equal to H0-Hj. The value of 4> can also be 
calculated as follows, 

4>--r 

4.2 HA Pt v S 
(1) 

where p{ is the density of electrode, 7.8 
g/cm3 , and px vS expresses the weight of 
the electrode melted per second in g/s. 

Now, we evaluate 4> in order to discuss 
later the physical meaning of the pulsed 
current waveform. For example, when 
I = 15 mm = 1.5 cm, v = 5 m/ 
min = 8.33 cm/s, I = 167 A, lrms = 208 A 
and H0 = 430 cal/g, 

(lrms/S)2l/v = 6.22 X 107 A2 • s/cm4. 

From Fig. 9, Hj can be estimated to be 
117 cal/g. Thus, HA = 313 cal/g 

Drople 

\ z° 

0 

. 

/ t 

V Profile 

r0 r 

Fig. 10 — Definition of axes: The point 0 is tip of 
the droplet, z is the center axis, pt is the density 
of the droplet, and (r0, Zg) is the location of a 
point on the profile 

(1.42 X 105 cal/lb) and 4> can be calcu
lated to be 5.8 V. 

Discussion 

The optimum waveform of the pulsed 
current has been shown by the region (3) 
of Fig. 4. At a constant wire feed speed, a 
large value of f is preferable for practical 
use, because the frequency of metal 
transfer increases and the weld bead 
becomes uniform, the fluctuation of arc 
length caused by the metal transfer 
becomes little if any, and the arc length 
can be set so short without spatter that 
the welding speed can be increased. 
Therefore, we will study the physical 
meaning of the minimum pulse duration, 
Tm,n, of the region (3). We will calculate 
the maximum weight of the pendant 
droplet and compare it with the experi
mental value at t i (Fig. 6), and we will 
discuss the time relation between the 
current waveform and the metal transfer 
phenomena. 

Profile of pendant droplet 

In the metal transfer by the pulsed 
current, it can be pointed out that the 
electrode melts gently, as shown in Fig. 6. 
We calculated the profile and the weight 
of the pendant droplet by using the 
equation of static balance of pressure. 
The definition of axes is shown in Fig. 10. 
Assuming that the density of the shielding 
gas is negligible compared with that of 
the pendant droplet and that the pendant 
droplet is a sphere at Z = 0 with a radius 
of b, the equation for the balance of 
pressure at z = z0 can be written as 
follows (Ref. 2): 

r(2 + 2 ) = - -
VRi R2/ b 

• PtgZo (2) 

where T is the surface tension, RT the 
radius of inscribed sphere, R2 the radius 
of curvature in the profile plane and g the 
gravitational acceleration. The solutions 
of equation (2) are illustrated in Fig. 11. 
The profile of the pendant droplet can be 

Normalized radius of pendant droplet, -r 
Fig. 11 —Solutions of equation (2) 
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obtained by solving equation (2) on the 
assumption that r = R (R; radius of elec
trode) at the electrode tip and that the 
profile at the start of falling-off is equal to 
that enclosing the maximum volume. 

Surface tension of pendant droplet 

In order to estimate the surface tension 
of pendant droplets, we heated the elec
trode gently with a tungsten arc using a 
shielding gas of 80Ar/20CO2 as shown in 
Fig. 12. The electrode melts into a molten 
globe which, increasing its volume, falls 
off finally. The observed profile at the 
instant of falling off agreed well with the 
calculated one for a surface tension of 
1200 dyn/cm (6.89 X 10"3 lb-force/in), 
as shown in Fig. 12. This value will be 
used below in the estimation of the 
volume of pendant droplet. 

Electromagnetic pinch force 

Greene (Ref. 3) estimated the z-com-
ponent, F in dyn, of the electromagnetic 
force by equation (3), assuming that the 
shape of the pendant droplet is a sphere 
and the arc current pours out at a uni
form density from the hatched area of 
Fig. 13. 

) + 
(3) 

r „ r l sine 1 1 
F = I2 log + 

sma v4 1-cosO 
2 2 

(1-cos9)2 ° 8 1 + cosGJ' 

where the dimension of I is e.m.u. Since 
this force is added to the gravity, pt in 
equation (2) must be replaced by ptotai, 
the effective mass reinforced by the 
pinch force. 

Figure 14 shows the relation between 
Ptotai/A and the maximum weight of the 
pendant droplet, W, which was esti
mated by integrating equation (2) for 
2R = 1.2 mm (4.73 X 10"2 in.), p, = 7.8 
g/cm3 (0.0282 lb mass/in.3), and 

T = 1200 dyn/cm (6.89 X 10~3 lb-force/ 
in.). Without the pinch force (i.e., at 
Aoia|/Pt = 1) W is 370 mg. However, with 
the help of powerful pinch force, W 
decreases below 10 mg (0.022 lb). 

When I and the current density are 
given, piotai can be estimated by equation 
(3). The relation between W and I can be 
obtained by the value of W at this ptotai in 
Fig. 14. This relation is shown in Fig. 15. 
The parameter N in Fig. 15 is defined 
by 

N = (l/A)2R3/T, 

where A is the hatched area of Fig. 13. 
The weight of the pendant droplet 
reaches the minimum, W c , when the arc 
covers the pendant droplet and 6 is equal 
to a. This is the boundary between the 
globular and the spray transfer. The mini
mum weight, W ( , and the critical current, 
lc, (i.e., the current at Wc) are expressed 
in terms of N in Fig. 16. When the current 
density increases as with C 0 2 rich shield
ing gas, lc increases remarkably, though 
W c decreases. 

In order to compare the practical 
weight of the pendant droplet with W c , 
we apply the pulsed critical current of 
380 A for 1.2 mm (0.047 in.) diameter 
electrode to the curves in Fig. 16. Thus, 
we can estimate N to be 0.18 for a 
shielding gas of 80 Ar/20 C 0 2 and an 
electrode diameter of 1.2 mm (0.047 in.), 
which leads to the average current densi
ty of 104 A /cm 2 (6.45 X 104 A/in.2), and 
W c of 7.3 mg (1.61 X 10"5 lb). It is 
concluded that, from the viewpoint of 
the static balance, the pendant droplet 
starts to fall off just when its weight 
exceeds 7.3 mg under the peak current 
of 380 A. The weight of the pendant 
droplet at the electrode tip at the time t i 
in Fig. 6 was estimated from the enlarged 
photograph of the high-speed motion 
picture to be about 8 mg. Thus, it is 
reasonable to conclude that t, is the time 

when the weight of the pendant droplet 
exceeds 7.3 mg (1.76 X 10 - 5 lb). 

As mentioned before, the transfer 
phenomena are different between the 
steady direct current and the pulsed cur
rent. With the pulsed current, the pen
dant droplet at the electrode tip is almost 
stationary until it is constricted and starts 
to fall. But with the steady direct current, 
the droplet is streaming towards the base 
metal. So, the profile and the volume of 
the pendant droplet at the electrode tip 
with the pulsed current can be calculated 
by the equation of the static pressure 
balance. The "static" pressure balance 
cannot be applied to the spray mode 
with the steady direct current. Greene 
developed his theory (Ref. 3) on the 
assumption of the static pressure bal
ance. He did not make clear in what 
current waveform the "static" condition 
held good. We made clear that the 
"static" condition did hold good in the 
droplet transfer phenomena with the 
pulsed current. 

Significance of current waveform 

After the pendant droplet is con
stricted, it falls off being covered by the 
arc. The current should be kept at the 
peak value still after t i to exercise its 
electromagnetic force over the droplet. If 
the current falls down just after t i , the 
electromagnetic pinch force decreases 
and the pendant droplet never transfers, 
which is an example of the region (2) of 
Fig. 4. 

After d , the constricted portion of the 
pendant droplet gradually becomes thin 
and the arc covers only the falling drop
let. As the current must be kept high after 
t|, the droplet is forced to be super
heated much higher than the melting 
point of 1535 °C (2795 °F) and its heat 
content, H0, increases to about 430 cal/g 
(2100 °C). 

1.2mm 

Tungsten 

Pendant 
droplet 

/ I ,' ) / J ,' / / / 11 / ) / 

Base metal 
Fig. 12 —Measurement of surface tension 

Experimental value 

Calculated value 

/ t : 7 . 8 9/cm3 

T : I200dyn /cm 

Electrode 

Droplet 

Arc area 

Fig. 13 —Approximate shape of pendant drop
let 
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We estimate the average heat content, 
H,, of the pendant droplet at i.^ from H0 

(430 cal/g), c6 and the current waveform 
from t i to t2 ( j ^ i(t) = 0.583 A • s) for the 
following conditions: 
Wire feed: 5 m/min (197 in./min) 

0 200 400 600 800 1000 1200 

Current, I (A) 
Fig. 15 — Relation between W and I 

Pulse frequency : 125 Hz 
Peak current : 380 A 

The value of <j> was estimated previ
ously to be 5.8 V. From the same deriva
tion in other conditions of lp (380 ~ 500 

7.0x10' 
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v 5.0 

1= 4.0 

cu 
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T =l200dyrVcm 

700 

600 

A), 1(10 -v 30 mm) and v (5 ^ 9 m/min), 
the mean value of <j> was estimated to be 
6.0 V. So, in the discussion hereafter, we 
will adopt 6.0 V for the value of </>. 

The electrode feed rate is 5 m/min, 
that is 735 mg/s, and the pulse frequency 
is 125 Hz. As one droplet is transferred 
per every pulse, the average mass of 
falling droplet is 

735 [mg/s] 

125 [Hz] 
= 5.88 [mg]. 

The derivation of Ht is as follows: 
The heat input to the constricted drop

let (5.88 mg) from t, to t2: 

0.583 [A • s] X 6.0 [V] X 

= 0.833 [cal] 

1 

4.2 [J/cal] 

The heat input per unit mass, AH^ 

0.833 [cal] 

5.88 [mg] 
142 [cal/g] 

-3.0 -2.0 -I .0 

l o g , 0 ( N ! 

I.O 

Fig. 76 — Relation between Wc and lc 

The average heat content of droplets 
at t i , Hi: 

Hi = H 0 - AHi = 288 [cal/g] (1.31 X 105 

[cal/lb]). 
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This value of Hi is nearly equal to 300 
cal/g which is the heat content of molten 
steel at the melting point. At t i , the 
pendant droplet has a weight of W c and 
a temperature of about melting point. 
Table 1 shows AH-| and Hi derived as 
mentioned above for several cases. 

The electrode is heated by the next 
pulse during the period from the detach
ment of a droplet to the constriction of 
the following droplet. From the current 
waveform during this period, we can 
estimate the heat input, AH2, to the 
electrode by the arc, as follows, 

0.798[A • s] X 6.0[V] X 
J L J 4.2 [J/cal] 

= 1.14 [cal/one droplet]. 

This corresponds to 194 cal/g. The pen
dant droplet receives also the heat input 
of 117 cal/g by the Joule heating at the 
15 mm extension. Thus, the whole heat 
content of the droplet at t i is 311 cal/g 
(1.41 X 105 cal/lb). This shows again that 
the temperature of pendant droplet at t! 
is nearly equal to the melting point. AH2 

and H| for several cases are also shown in 
Table 1. Figure 17 shows the time relation 
described above among the heat content 
of droplets, the current waveform, and 

Table 1 -

Peak 
current 

(A) 

380 
450 
500 
450 

-Analysis of Heat Content of Droplets 

Electrode 
extension 

(mm) 

15 
15 
15 
30 

Ho 
observed 

(cal/g) 

430 
440 
400 
4 10 

AH, 
calculated 

(cal/g) 

142 
158 
95 
91 

Hi 
= Ho-AHt 

(cal/g) 

288 
282 
305 
319 

AH2 

calculated 
(cal/g) 

194 
163 
207 
157 

Hj 
calculated 

(cal/g) 

117 
131 
119 
161 

H,+ 
AH2 

(cal/g) 

311 
294 
326 
318 

1. Electrode dia. : 1.2 mm 
2. Electrode feeding rate 5 m. min 
i. Pulse frequency : 125 H z 

the mode of metal transfer. The optimum 
pulse duration is divided at time ti into 
two parts, "the melting period" and "the 
detaching period." 

If the pulse duration lasts long beyond 
t2, the electrode is heated to melt exces
sively by the arc before the droplet falls 
away and the following droplets begin to 
transfer during the same pulse period: 
this is the case with the region (4) of Fig. 4 
and the beginning of steady current. 

Weld sample 

We have developed a transistor-con
trolled arc welding machine which utilizes 

the pulsed current having lp and T in the 
region (3) of Fig. 4. The pulse frequency is 
automatically linked to the manually-set 
electrode feed rate, and the region (3) is 
automatically attained by electronic cir
cuitry. The arc length is kept constant 
during the welding operation, indepen
dent of small fluctuations of electrode 
extension, since the arc voltage is contin
uously monitored and adjusted to the 
proper value by the control of pulse 
duration. Spatter-free stable beads can 
be obtained with this welding machine, 
as shown in Fig. 18 in which the bead is 
compared to a conventional GMA weld 
with CO? shielding gas. 

Droplet 
transfer 

Current 
waveform 

Detachment 
of Droplet 1 

1ms t, ta Time 

Constriction Detachment 
of Droplet 2 of Droplet 2 

Heat 
content 

Droplet 1 ^ H 0 

Droplet 2 ^H j -
AH2 r H 

AH, 
I_ 

(1535 °C) 

Droplet 3 
Fig. 17— Time relation among current waveform, metal transfer and heat content 

Time 

— Ho 
(2100 °C) 

— H j -

AH2 
L_ 
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(A) CONVENTIONAL GMA WELDING 
(SHIELDING GAS . COa) 

(B) PULSED GMA WELDING 
(SHIELDING GAS:Ar/C0z=8/2) 

BASE METAL :9mm(0.355in)MILD STEEL 
WELDING CUF3RENT : 2 50A 
WELDING SPEED 420mm/min 

(I65in/min ) 

Fig. 18 — Weld bead samples 

Conclusions 

In pulsed GMA welding, lp should be 
set above the critical current and r should 
be so adjusted that the electrode tip is 

melted in proper size and a droplet 
transferred reliably per every pulse to the 
base metal. 

At the time of t1; when the pendant 
droplet is constricted and starts to fall, its 
weight is nearly equal to the maximum 
weight of the pendant droplet that can 
attach to the electrode tip, and its tem
perature is nearly equal to the melting 
point. After t i , the current should be kept 
at the peak value to detach perfectly the 
pendant droplet from the electrode tip, 
so the droplet is forced to be super
heated up to about 2100 °C (3812 °F). If 
the pulse duration lasts beyond t2, the 
volume of molten electrode increases 
and the following droplets fall down. If 
the pulse duration is too short, a pendant 
droplet can not be detached in every 
pulse. 

The optimum pulse duration is divided 
at time X^ into two parts, "the melting 
period" and "the detaching period." 

The pendant droplet is gently melted 
at the electrode tip in the case of the 
spray transfer under the pulsed current. 
On the other hand, the molten electrode 
tip is prolonged and droplets fall in a 
streaming manner under the direct cur
rent. 

The critical current of the pulsed cur

rent is larger than that of the direct 
current. 

Greene assumed that the pendant 
droplet at the electrode tip was spherical 
and stood still until it started to fall and 
calculated the volume of the pendant 
droplet at the electrode tip. But he never 
made clear in what case his assumption 
was correct. We have made clear by 
experiment that his assumption is correct 
for the spray transfer mode with the 
pulsed current. 
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Correction 

In the appendix of the paper, "Adaptive Welding 
by Fiber Optic Thermographic Sensing: An Analysis of 
Thermal and Instrumental Considerations," by j . 
P. Boillot, P. Cielo, G. Begin, C. Michel, M. Lessard, P. 
Fafard, and D. Villemure, which appeared in the )uly 
1985 Welding Journal, the Greek character delta (5) 
was inadvertently substituted for the mathematical 
sign of partiality (d). The corrected equations follow: 

5T rd 2 T 52T r32T-i 
— = S\ —; + —; + —.r A-1 
at dL dx2 dy2 dz2l 

ps Cp — = - div Q 

dl 
= constant 

T5x 

da dT v 

<3T ax ~ M 8. 

_ K5T 

fi dx 

(A-3) 

(A-5) 

(A-6) 

(A-7) 
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