
Power Inputs in Gas Metal Arc Welding 
of Aluminum —Part 1 

Four different calorimetric and temperature measurements 
were carried out to determine the droplet heat content 

ABSTRACT. In order to better understand 
the thermal phenomena during gas metal 
arc welding (GMAW) of aluminum, 
experiments were carried out to measure 
the heat content of the filler metal drop
lets. A total of four experimental setups 
were used: two calorimetric-measure-
ment-type setups, one for globular trans
fer and the other for spray transfer; and 
two temperature-measurement-type set
ups, also one for globular transfer and the 
other for spray transfer. Type 4043 alumi
num filler wire of 1.6-mm diameter was 
used and the welding conditions were 
chosen from the range of practical 
GMAW of aluminum. The effects of the 
droplet transfer mode and the welding 
current on the droplet heat content and 
temperature were observed. 

Introduction 

Gas metal arc welding (GMAW) differs 
from gas tungsten arc welding (GTAW) 
mainly in that the electrode is a consum
able filler metal wire in the former, while 
it is a nonconsumable tungsten or tung
sten-alloy electrode in the latter. Due to 
the melting of the filler metal wire during 
welding, a significant portion of the total 
power input in GMAW is always due to 
the heat content of the filler-metal drop
lets transferred to the workpiece. There
fore, to better understand the thermal 
phenomena in GMAW, the droplet heat 
content must be determined. 

Surprisingly, little work has so far been 
done to determine the droplet heat con
tent in GMAW of aluminum. Ozawa, ef 
al. (Ref. 1), measured droplet heat con
tents in GMAW of aluminum using 1.6-, 
2.3- and 4.0-mm (%e-, %*-, and %e-\n.) 
diameter filler wires, and Ando, ef al. 
(Ref. 2), 1.6-mm-diameter filler wire. 
Kiyohara, ef al. (Ref. 3), measured droplet 
heat contents in GMAW of aluminum 
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using a 1.6-mm-diameter filler wire and a 
constant-current-type power source. 
Calorimeters were used in all the mea
surements mentioned above. 

The range of practical GMAW of alu
minum using 1.6-mm-diameter filler wires 
(Ref. 4) is shown in Fig. 1. As shown, the 
welding conditions of both Ozawa, ef al. 
(Ref. 1), and Ando, ef al. (Ref. 2), are 
outside this range. 

Experimental Procedure 

A constant-voltage-type GMAW pow
er source was employed for welding. 
The machine had a digital readout device 
for the welding voltage, the welding 
current, and the speed of the filler metal 
wire. Direct current electrode positive 
(reverse polarity) was used, with a com
mercial 4043 aluminum (essentially AI-5Si) 
filler metal wire of 1.6-mm-diameter, a 
shielding gas of pure argon at 23.6 L/min 
(50 ft3/h), and a contact tube-to-cathode 
distance of 19 mm (3/i in.). 

In order to provide useful information, 
the voltages and currents selected in the 
present study were within the range of 
practical GMAW of aluminum, as shown 
in Fig. 1. This figure also includes the 
welding conditions for 1.6-mm-diameter 
5356 aluminum filler wire in Part 2 of this 
study (Ref. 5) to be published in the 
Welding Journal at a later date. 

Two different types of experiments 
were carried out to measure the heat 
content of filler metal droplets in GMAW, 
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i.e., calorimetric measurements and tem
perature measurements, as described 
below. 

Calorimetric Measurements 

Two distinct modes of filler metal 
transfer are commonly observed in nor
mal (i.e., not short circuited or pulsed) 
GMAW, i.e., the globular and spray trans
fer modes. The former occurs at relative
ly low welding currents, where the elec
tromagnetic force to pinch off droplets 
from the filler wire tip is small, and is 
characterized by the relatively large vol
ume and low frequency of droplets. The 
latter, on the other hand, occurs at rela
tively high welding currents, and is char
acterized by the relatively small volume 
and high frequency of droplets. Due to 
the differences in the characteristics of 
droplets, different setups were used in 
experiments involving different modes of 
droplet transfer. 

Globular Transfer 

The experimental setup for calorimet
ric measurements of droplets with globu
lar transfer, i.e., Setup 1, is shown sche
matically in Fig. 2. The cathode was a 
4.0-mm-diameter tungsten electrode of a 
gas tungsten arc welding torch. To pre
vent droplets from touching the tip of the 
tungsten electrode, the GMAW torch 
was inclined at 30 deg from the vertical 
position and the GTAW torch at 60 deg; 
the distance between the contact tube of 
the GMAW torch and the tip of the 
tungsten electrode of the GTAW torch 
being about 19 mm (3A in.). 

The arrangement of the GMAW torch 
and the cathode in Setup 1 is similar to 
those of Ando, etal. (Ref. 2), and Kiyoha
ra, ef al. (Ref. 3), but the design of the 
calorimeter is different. First, in the 
present study, the copper basin for 
receiving filler metal droplets was sur
rounded by water only on the sidewall 
but not at the bottom wall, in order to 
avoid vaporizing water underneath the 
bottom wall. Second, in the present 
study, dual high-precision thermistors 
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Fig. 2 - Experimental Setup 1 for heat content measurements of droplets 
with globular transfer 

(Omega 44201), rather than a single ther
m o m e t e r o r t he rmocoup le , w e r e used 
fo r measuring the average tempera ture 
rise o f the wa te r in the calor imeter. It was 
observed in the early stage of the investi
gat ion that the deposi t ion of filler metal in 
the copper basin was not always sym
metrical w i th respect to its axis, and as a 
result the wa te r tempera tu re in the cop 
per basin was not always symmetr ical , 
either. It was f ound that the use o f dual 
thermistors he lped avoid errors caused 
by this p rob lem. 

The copper basin was 38 m m (1.5 in.) 
in d iameter and 51 m m (2 in.) high w i t h a 
wal l thickness o f 0.8 m m (0.03 in.). The 
spacing b e t w e e n the copper basin and 
the outer coppe r wal l was abou t 19 m m 
(3A in.). The coppe r basin and the outer 
coppe r wal l w e r e thermally insulated 
f r o m the surroundings and t w o baff les, 
each w i t h a 25 -mm (1-in.) d iameter hole, 
w e r e used to prevent arc radiat ion f r o m 
above . 

The calor imeter was cal ibrated using 
l iquid tin of k n o w n heat contents. The 
tempera ture rise o f the wa te r in the 
calor imeter was p lo t ted against the heat 
contents o f the l iquid tin pou red into the 

copper basin, as s h o w n in Fig. 3. Al terna
t ively, f r o m the weights o f the copper 
and wate r in the calor imeter and their 
specific heats, a second cal ibrat ion curve 
can also be const ructed, as also shown in 
Fig. 3. The average of these t w o calibra
t ion curves was used. 

W h e n measuring the drop le t heat con 
tent , the calor imeter was posi t ioned so 

that the b o t t o m of the coppe r basin was 
about 150 m m (6 in.) b e l o w the t w o 
electrodes. The t w o thermistors w e r e 
placed oppos i te to each o ther in the 
calor imeter water , and w e r e h o o k e d up 
to a strip chart recorder . A b o u t 10 s after 
the arc was established, f i l ler-metal d r o p 
lets w e r e a l lowed to fall into the copper 
basin fo r about 15 to 25 s, dur ing wh ich 
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an amount of usually 4 to 7 g of filler 
metal was col lected. 

Af ter we ld ing was comp le ted , the 
solidif ied filler metal was r e m o v e d f r o m 
the copper basin and we ighed by an 
analytical balance. 

Spray Transfer 

The exper imental setup for calor imet
ric measurements of droplets w i t h g lobu
lar transfer, i.e., Setup 1 in Fig. 2, was 
f ound unsatisfactory w i t h spray transfer. 
Due to their small size and high veloci ty, 
the droplets t end to spatter and thus 
b e c o m e diff icult t o col lect in the copper 
basin of the calor imeter. In o rder to help 
guide filler metal droplets into the copper 
basin, a wate r -coo led copper plate was 
used as the ca thode, w i t h a hole at the 
center t o a l low droplets t o pass th rough 
and descend in the copper basin. This 
wate r -coo led copper cathode is similar to 
that in the investigation of )elmorini, ef al. 
(Ref. 6), o n drop le t tempera ture mea
surements, in wh ich a the rmocoup le was 
placed under the hole in the copper 
cathode to directly catch filler metal 
droplets and measure their tempera ture , 
as wil l be ment ioned again. 

The exper imental setup fo r calor imet
ric measurements of droplets w i th spray 
transfer, i.e., Setup 2, is s h o w n schemati
cally in Fig. 4. The copper cathode had a 
thickness o f 13 m m (!/2 in.) and a ho le o f 
11 m m C/\e in.) in diameter. The calor ime
ter is the same as that previously s h o w n 
in Setup 1, Fig. 2. 

Calorimeter 

It should be po in ted out that Setup 2, 
though satisfactory for spray transfer, 
was f o u n d unsatisfactory fo r globular 
transfer. It was observed that, due to the 
relatively large size of the droplets in 
globular transfer and their relatively long 
residence t ime at the filler w i re t ip, they 
had a tendency t o touch and solidify o n t o 
the wa te r -coo led copper plate. 

Temperature Measurements 

Globular Transfer 

The exper imental setup for direct t em
perature measurements o f droplets w i t h 
globular transfer, i.e., Setup 3, is s h o w n in 
Fig. 5. The arrangement o f the G M A W 
torch and the cathode was the same as 
that in the setup for calorimetric mea
surements of droplets w i t h globular 
transfer, i.e., Setup 1 in Fig. 2. 

Since w i t h globular transfer filler metal 
droplets are relatively large in vo lume 
and fo l l ow a fairly stable downhi l l path , 
they are relatively easy to catch. A ther
mocoup le was prepared by butt jo in ing 
the tips o f t w o the rmocoup le wires 
through capacitor-discharge we ld ing , 
fo rming a line shape junct ion w i thou t a 
visible bead , as s h o w n in Fig. 5. These 
the rmocoup le wires w e r e W-5%Re and 
W-26%Re, and w e r e 0.13 m m (0.005 in.) 
in diameter. A high-speed data-acquisi
t ion system (PDP 11 /73) was used t o 
record the ou tpu t vo l tage f r o m the ther
mocoup le . The the rmocoup le was cali
brated against pure a luminum and cop 

per, and was f ound to have an error o f 
less than 5 ° C (9°F). Since the t h e r m o c o u 
ple was very f ine and was bead f ree, it 
responded instantaneously upon contact 
w i t h filler metal droplets. For the same 
reason, the accumulat ion or piling up o f 
the filler metal on the the rmocoup le , 
wh ich cou ld reduce its sensitivity, was 
retarded. The sheaths o f t he rmocoup le 
we re ret racted about 10 m m (0.4 in.) 
f r o m the junct ion to avo id acting as heat 
sinks. The the rmocoup le junct ion was 
posi t ioned at about 76 m m (3 in.) b e l o w 
the t ip o f the tungsten e lect rode. A 
posi t ion of 152 m m (6 in.) b e l o w was also 
t r ied, and no significant tempera ture 
drops due to the lower posi t ion of the 
the rmocoup le junct ion w e r e de tec ted . 

Spray Transfer 

The exper imental setup fo r direct t e m 
perature measurements o f droplets w i t h 
spray transfer, i.e., Setup 4, is s h o w n 
schematically in Fig. 6. The arrangement 
o f the G M A W to rch and the ca thode 
was the same as that in the setup fo r 
calorimetr ic measurements o f droplets 
w i t h spray transfer, i.e., Setup 2 in Fig. 4. 
The design o f the the rmocoup le , on the 
other hand, was the same as that in the 
setup for direct tempera ture measure
ments o f droplets w i t h globular transfer, 
i.e., Setup 3 in Fig. 5, and the same 
data-acquisit ion system was used. 

As wil l be discussed later, this exper i 
mental setup is unsatisfactory fo r direct 
tempera ture measurements of droplets 
w i th spray transfer. It is w o r t h ment ion ing 
that in the study of Jelmorini, ef al. (Ref. 
6), o n drop le t tempera tu re measure
ments, t w o the rmocoup le wires of 0.5-
m m (0.02-in.) d iameter crossed each o t h 
er at an angle of 120 deg to f o r m an 
intersection to help catch descending 
filler metal droplets. The droplet temper
ature was deduced f r o m that of a small 
g r o w i n g pile o f filler metal accumulated 
at the the rmocoup le junct ion, using an 
energy balance formula . This technique 
was not a d o p t e d in the present study 
because it was felt that the tempera tu re 
measurement might not be accurate. 

Results and Discussion 

Calorimetric Measurements 

Globular Transfer 

The exper imental results are s h o w n in 
the co lumn under Experiment 1, Table 1. 
A total of eight runs was made to mea
sure calorimetrically the drop le t heat c o n 
tent using exper imental Setup 1. The 
average we ld ing current was 74 A, wh ich 
co r responded to a w i re feeding speed of 
42.3 m m / s (100 ipm), and the average 
vol tage was 18.7 V. 

Figure 7 shows an example of the 
wa te r tempera tu re in the calor imeter as a 
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Fig. 6 — Experimental Setup 4 for temperature measurements of droplets 
with spray transfer 

function of time. The average of the two 
curves produced by the two thermistors 
in the calorimeter was used to represent 
the water temperature, and the water 
temperature rise of calorimeter, AT, was 
determined in the way described in the 
appendix. 

With the help of the calibration curve 
shown in Fig. 3, the water temperature 
rise, AT, was used to determine the total 
heat content of the filler metal collected 
in the calorimeter, and hence the droplet 
heat content, i.e., the heat content per 
unit mass of droplet. The droplet heat 
content was 1692 ± 44 J/g. 

The experimental results shown in the 
column under Experiment 2, Table 1, 
were also obtained using experimental 

Setup 1. A total of nine runs was made to 
measure calorimetrically the droplet heat 
content. The average welding current 
was 111 A, which corresponded to a 
wire feed speed of 51.2 mm/s (121 ipm), 
and the average voltage was 22.8 V. 
Under this welding condition, the droplet 
transfer mode was a mixed globular/ 
spray transfer. The average droplet heat 
content was 2133 ± 204 J/g. The degree 
of deviation in the droplet heat content 
here is greater than that in Experiment 1. 
This is mainly due to the greater fluctua
tions in the welding current and voltage 
associated with the unstable mixed mode 
of droplet transfer, rather than due to the 
reproducibility problem of the experi
mental technique. 

Spray Transfer 

The experimental results are shown in 
the columns under Experiments 3-5. 
Moreover, these results were obtained 
using experimental Setup 2. The average 
welding currents were 174, 233 and 244 
A, which corresponded respectively to 
the wire feed speeds of 67.7, 90.9 and 
97.3 mm/s (160, 215 and 230 ipm), and 
the average voltages were 28.7, 28.5 and 
28.1 V. 

Figure 8 shows an example of the 
water temperature in the calorimeter as a 
function of time. The water temperature 
increased significantly more rapidly than 
that in the case of globular transfer, i.e.. 
Fig. 7, mainly due to the higher power 
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Table 1—Droplet Heat Contents in GMAW with 4043 Aluminum Filler Wire 

Experiment 
Setup 
Current 

(A) 
Wire speed 

(mm/s) 
Voltage 

(V) 
Electrode 

extension 
(mm) 

Transfer mode 

1 
1, 3 
74 

42.3 

18.7 

8-10 

2 
1 

111 

51.2 

22.8 

8-10 

3 
2, 4 
174 

67.7 

28.7 

8 

4 
2 

233 

90.9 

28.5 

8 

5 
2 

244 

97.3 

28.1 

8 

Globular Mixed Spray Spray Spray 

No. 
of 

Calorimeter 
Thermocouple 

Droplet 
heat Calorimeter 1692 

content Thermocouple'3' 1705 
(J/g) 

44 2133 
30 

204 2816 
2644 

59 3036 
108 

122 3116 ± 110 

" Calorimeter'6' 
, 0 J : ' Thermocouple 

1191 ± 38 1565 
1202 ± 26 

174 2146 
2000 

50 
92 

2333 ± 104 2401 93 

(a) Converted from measured droplet temperatures. 
(b) Converted f rom measured droplet heat contents. 

input associated with spray transfer. 
The droplet heat contents were 

2816 ± 59, 3036 ± 122, and 3116 ± 
110 J/g for Experiments 3, 4 and 5, 
respectively. 

Temperature Measurements 

Globular Transfer 

The results are shown in the column 
under Experiment 1, Table 1. A total of 
three runs was made to measure the 
droplet temperature using experimental 
Setup 3. 

Figure 9 shows an example of the 
thermocouple output as a function of 
time. Each peak of the thermocouple 
output represents a contact between the 
thermocouple and a filler metal droplet. 
The four highest peaks were selected 
and the droplet temperature for this run 

was 1202° ± 26°C(2196° ± 47°F). The 
lower peaks were not used since they 
represent situations where droplets hit 
the thermocouple at a point away from 
the thermocouple junction or where 
droplets merely touched the thermocou
ple. 

It is interesting to note from the result 
shown in Fig. 9 that the sensitivity of the 
thermocouple eventually decreased as a 
result of the gradual piling up or accumu
lation of filler metal on the thermocou
ple. 

The droplet temperature measured 
under the condition of Experiment 1 was 
1202° ± 26°C. The reproducibility of 
the temperature measurement was very 
good. The corresponding droplet heat 
content Hd was determined as follows: 

Hd=J^Cp(s) dT+AH4- JT^Cp(£) dT(1) 

where Tm = liquidus temperature, TL, as 
an approximation, considering that in 
most aluminum alloys the fraction of 
liquid is very small and rises sharply as TL 
is approached, T0 = room temperature, 
Cp(s) = specific heat of solid filler metal, 
AH = heat of fusion of filler metal, 
Cp(£) = specific heat of liquid filler metal, 
and Ta = droplet temperature. Unfortu
nately, the thermodynamic data needed 
for 4043 aluminum are not available (Ref. 
7), except that TL = 630°C (1166°F) (Ref. 
8). For this reason, the thermodynamic 
data for pure aluminum (Ref. 9) were 
used as an approximation and Equation 1 
becomes: 

Hd(in J/g) = 1032 4-1.177 (Td - 630) (2) 

The average droplet temperature 
1202 ± 26°C in Experiment 1, Table 1, 
was converted, with the help of Equation 
2, to 1705 ± 30 J/g. This compares 
favorably with 1692 ± 44 J/g, which was 
measured calorimetrically. The droplet 
heat contents measured calorimetrically 
in Experiments 1 through 5 were also 
converted to temperatures using Equa
tion 2 and are included in Table 1 for 
comparison. 

Spray Transfer 

The experimental results are shown in 
the column under Experiment 3, Table 1. 
A total of three runs was made to mea
sure the droplet temperature using 
experimental Setup 4. 

Figure 10 shows an example of the 
thermocouple output as a function of 
time. As shown, the thermocouple out
put fluctuated wildly and the thermocou
ple failed during the experiment. Since 
with spray transfer filler metal droplets 
are smaller in size and less consistent in 
the direction of flight, they missed the 
thermocouple junction most of the time. 
Consequently, the thermocouple junc
tion was too "co ld" to be instantaneously 
brought up to the temperature of a 

Run 2 
Experiment 1 
Setup 3 

1,78-c .««<: 

Filler metal started piling up 
on thermocouple 

Fig. 9 —Result of droplet temperature measurement using experimental 
Setup 3 

Fig. 10 — Result of droplet temperature measurement using experimen
tal Setup 4 
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drop le t hi t t ing it. The measured drop le t 
tempera ture in Experiment 3 is 2000° ± 
9 2 ° C ( 3 6 3 2 ° ± 166°F). This corresponds 
to a drop le t heat content o f 2644 ± 108 
J/g, wh i ch is significantly l owe r than the 
value of 2816 ± 59 J/g measured calori
metrically using exper imental Setup 2. 

The measured droplet heat contents 
and temperatures are shown respectively 
in Figs. 11 and 12 as a funct ion o f we ld ing 
current or current times vol tage. As 
s h o w n , the drop le t heat content and 
tempera ture increase uni formly w i t h the 
current th roughou t the range b e t w e e n 
globular and spray transfer. U p o n enter
ing the spray transfer area, the drop le t 
heat content and tempera ture increase 
less rapidly. The transit ion f r o m globular 
to spray transfer occurs a round a we ld ing 
current of 130 A. This value o f the 
transition current is consistent w i t h that 
of 125 A observed in an a luminum filler 
w i re o f the same diameter (1.6 mm) by 
Needham (Ref. 10). 

It is interesting to note f r o m Fig. 12 that 
at high we ld ing currents the drop le t t em
perature approaches 2400°C (4352°F), 
wh ich is not far f r o m the boi l ing point o f 
pure a luminum (2520°C/4568°F) , thus 
suggesting that evapora t ion of high-
vapor-pressure alloying elements (e.g., 
M g in 5000 series a luminum alloys) f r o m 

droplets can occur in the arc co lumn 
dur ing G M A weld ing. 

Finally, it is desirable t o check the level 
o f errors in the measured drop le t heat 
contents caused by radiation and c o n 
vect ion heat losses f r o m the surface o f a 
drop le t be fo re it reaches the copper 
basin in the calor imeter. This wil l be 
demonst ra ted using Experiment 5 as an 
example, since heat losses are expec ted 
to be most significant due to the high 
drop le t tempera ture (about 2 5 0 0 ° C / 
4532 °F) in this case. The sum of heat 
losses due t o radiat ion and convec t ion , 
Qi o s s , is as fo l lows: 

Qioss = 4TTR2 [re (T3 - T£) + 

h (Td - T,)] t d (3) 

whe re R = drop le t radius (0.59 mm), 
tx = Boltzmann constant (5.67 X 10~ 8 

W / m 2 o K 4 ) , e = emissivity (0.1), 
T d = drop le t tempera tu re (2500°C), 
T 0 = r o o m tempera ture (25°C), h = heat 
transfer coeff ic ient (163 W / m 2 o C ) , T, = 

fi lm temperature I I , and td = 

flight t ime o f drop le t (0.1 sec). 
From the w i re feed speed of 100 

m m / s , the w i re diameter o f 1.6 m m , and 
the f requency of 230 d rop le ts /s 

observed in the case o f a 1.6-mm-diame
ter a luminum w i re at 250 A (Ref. 10), the 
average drop le t radius R is est imated to 
be 0.59 m m (0.02 in.). The drop le t veloc
ity is est imated to be 1.5 m / s (4.9 f t /s ) 
f r o m high-speed c inematography taken 
under a similar we ld ing condi t ion of 260 
A and 1.6-mm-diameter a luminum filler 
w i re (Ref. 11). Referring to exper imental 
Setup 2, the distance b e t w e e n the bo t 
toms of the copper plate and the copper 
basin is 150 m m (6 in.). There fore , the 
flight t ime o f a droplet , td , is about 0.1 s. 
The heat transfer coeff ic ient is est imated 
f r o m the drop le t size and veloci ty, and 
propert ies of air (Refs. 12, 13). It should 
be po in ted ou t that the drop le t surface 
temperature in Equation 3 is taken as the 
temperature o f the drop le t , T d . This is 
justif ied since the Biot number is about 
0.001 and is, there fo re , much less than 
one . The Biot number Bi is def ined as 2h 
R/k, w h e r e k is the thermal conduct iv i ty 
of the drop le t and is about 163 W / m ° C 
fo r 4043 aluminum (Ref. 14). 

From Equation 3 and the data p rov id 
ed , the value of Q i o s s turns ou t t o be 
about 0.18 J. From the heat content per 
unit mass of droplets (3116 J/g), the 
droplet radius (0.59 mm) and the droplet 
density (2.68 g / cm 3 ) , the average heat 
content of a drop le t is about 7.2 J. 
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Fig. 13 —Determining 
the water 

temperature rise in 
the calorimeter, AT 

Therefore, the error caused by heat 
losses due to radiation and convection is 
about 2.5%. 

Conclusions 

1) Three experimental setups adopted 
in the present study for measuring drop
let heat contents in GMAW of aluminum 
appear to be satisfactory. These include a 
calorimetric-measurement setup for glob
ular transfer, a calorimetric-measurement 
setup for spray transfer, and a tempera
ture-measurement setup for globular 
transfer. 

2) The heat content and temperature 
of aluminum filler wire droplets increase 
with increasing welding current, the rate 
of increase being significantly slowed 
down at higher currents where the weld
ing operation is well in the spray transfer 
region, and where the droplet tempera
ture approaches the boiling point of alu
minum. 

T D = ( T B * T F ) / 2 

AT= Temp, rise of water in calorimeter 
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Appendix 

The water temperature rise in the cal
orimeter, AT, was determined, as shown 
in Fig. 13. A vertical line is drawn through 
the curve at point D, which corresponds 
to half the total temperature increase. 
The temperature-time curves in the pre
liminary and final periods, AB and FG, 
respectively, are extrapolated to intersect 
this vertical line at points C and E. The 
temperature difference CE is then taken 
as the corrected water temperature rise 
AT (Ref.: Kubaschewski, O., and Alcock, 
C. B. 1979. Metallurgical Thermochemis
try, 5th ed., Pergamon Press, Oxford, 
England, pp. 71-74). 
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