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THE HEAT CONTENT, SFECIFIC HEAT AND ENTROPY OF

Lag03, Prg011 AND Ndp03 BETWEEN 30° AND 900 °G

CHAPTER T

INTRODUCTION

Possibly the most useful single concept in the field of
thermodynamics is that of heat capacity. Uith a knowledge of the
variation of the heat capacity of a substance with temperature,
variations in other of its thermodynamic properties such as heat
content, entropy and free energy can be calculated. Also, heat ca-
pacity measurements frequently serve as a useful tool in the study
of the structure of solids.

The rare earth metals and their compounds are a group of
substances for which relatively little heat capacity data are avail-
able. This is due, in large measure, to the difficulty involved in
separating the rare earths from one another in sufficiently pure
forﬁ to warrant such measurements. Until recently, these separations
were most often carried out by the laborious process of fractional
crystallization. The ecrystallization procedure has today been largely
superseded by a more rapid, less arduous, technique employing ion

(1)

exchange columns to effect these separations.

(1)Symposium: "The Separation of Rare Earth, Fission Product
and other Metal Ions and Anions by Adsorption on Ion-Exchange Resins,"
Jo Am. Chem. Soc. 69, 2769-2881 (19L7).




Samples of 10 to 15 grams each of Prg0,, and N6203 had been ob-
tained in a state of very high purity in the Low Temperature Laboratory
of the CGeorgia Institute of Technology using the ion exchange method.
These samples had been prepared primarily for use later in low tempera-
ture experiments. Also, a sample of very pure La203 had been obtained
commercially from Adam Hilger, Ltd. for use in the Low Temperature
Laboratory. A search of the literature revealed that of these three

(2)

oxides, heat capacity data were available only for La203 and this
was a single measurement of the mean heat capacity between 100° and
0 °C made many years ago on a sample of La203 of questionable purity.

Thus, the objective of this problem was the measurement of the
high temperature heat capacities of these three compounds from room
temperature to approximately 900 %,

Most high temperature heat capacity measurements have been
carried out using calorimeters whose principle of operation lies in a
general category known as the method of mixtures. This principle con-
sists of placing the sample of material of unknown heat capacity in
contact with another body whose thermal properties are known. The heat
capacity of the test specimen can be calculated from measurements of
the resultant changes in the other body as thermal equilibrium between

(3)

the two is attained. Bunsen's ice calorimeter was the first to

embody the prineiple which later became known as the method of mixtures.

(d)L. F, Nilson and O. Pettersson, Ber. deut. chem. Ces. 13,

1,59 (1880).

(B)R. Bunsen, Ann. Physik. 141, 1 (1870).




Since that time this method has found wide application in the measure-
ment of both high and low temperature heat capacities of solids, 1lig-—
uids and gases. In these applications some means (usually a furnace)
is provided for adjusting the test sample to a predetermined tempera-
ture before transferring it to the calorimeter. The heat interchanged
between the sample and calorimetric sustance may manifest itself by a
measurable change in the volume of the calorimetric fluid as in the

ice calorimeter, by a fluctuation in the vapor pressure of a liguified
gas as in the nitrogen wvaporization calorimeter of Simon and Ruhema:u£h)
or by a rise or fall in the temperature of the calorimeter. When tem-
perature changes are measured, the receiving calorimeter may he either
a stirred liquid or an aneroid (metal block) type and the heat capacity
of this calorimetric system is most often determined by electrical
calibration.

(5)

Ginnings and Corruccini have described an improved ice cal-
orimeter in use at the Ilational Bureau of Standards for measurement
of high temperature heat content. They reported the heat content of
Al03 from 0° to 900 °C with an estimated accuracy of 0.2 per cent.
(6)

The calorimeter of Pitzer and Westrum is a good example of
the stirred liquid type. This calorimeter consisted of a pint dewar

vessel and employed water as the calorimetric fluid. Samples sealed

(h)F. Simon and M. Ruhemann, Z. physik. Chem. 129, 321 (1927).

(S)D. C. Ginnings and R. J. Corruccini, J. lesearch Nat'l.
Bur. Standards 38, 583 and 593 (1947).

(6)E. F. Westrum and K. S. Pitzer, J. Am. Chem. Soc. 71,
1940 (19L9).



in torpedo-shaped, silver capsules were heated in a massive copper fur-
nace before being dropped into the water in the dewar flask. Thermal
gradients within the water were minimized by mechanical stirring and

the temperature rise of the water was measured by a copper resistance
thermometer immersed in the water and serving as one arm of a \theatstone
bridge. The heat capacity of the calorimeter with the water was deter-
mined by electrical calibration using a 100-ohm manganin heater. Pitzer
and Westrum used this calorimeter to measure the heat capacities of
several solid fluorides from room temperature to 350 OC and claimed

an accuracy of 0.2 per cent. Other investigators have successfully

{7 (8)

used kerosene and mercury as calorimetric fluids for heat capac=-
ity measurements of less precision in the moderate temperature range.
The earliest work with the aneroid calorimeter was done by
lNernst and co~workers.(9) They used a hollowed copper block in a vacuum
tube, itself sunk into a second copper block. This entire apparatus
was immersed in a bath of ice or solid carbon dioxide. The substance
under investigation, sealed in a silver capsule, was dropped into the
hollowed block and the difference in temverature between the two blocks
determined by thermocouples embedded in each. This calorimeter was

calibrated using substances of known specific heat and used to measure

neat capacities of solids down to liguid air temperatures with a pur-

(7)3. H. Andrews, G. Lynn, and J. Johnston, J. Am. Chem. Soc.
L8, 1274 (1926).

(8]

(u)E. W. Nelson and R. F. Newton, J. Am. Chem. Soc. 63, 2178
(1941). -

( 9 )1;‘: - I

lernst, F. Koref, and F. A. Lindemann, Sitzber. kgl.
preuss. Akad. Wiss., 2L7 (1910).




ported accuracy of 0.5 per cent.

(10)

Shortly thereafter, Magnus used a large copper block to de-—
termine the mean specific heats of some solids at temperatures as high
as 700 °C with a precision of 0.5 per cent. Improvements in this type

of calorimeter were made later principally by lMagnus and Danz(ll) and

(12) Jaeger, using an aluminum block calibrated in terms

Jaeger et al.
of its water equivalent, reported heat capacities accurate to 0.3 per
cent at temperatures in the neighborhood of 1000 G

A notable example of the aneroid calorimeter is the instrument
First described by Southard(13) and later in more detail by Lhylor(lh)
which has been in use at the Pacific Experiment Station of the Federal
Bureau of Mines for several years. The sample, sealed in a capsule of
platinum-rhodium or silica glass was suspended by a fine platinum-
rhodium wire within a furnace constructed with a platinum-rhodium heat-
ing element and its temperature was determined by a noble-metal thermo-
couple situated just above it in the furnace tube. The calorimeter

proper was a gold-plated, cylindrical copper block, supvorted by three

bakelite knife-edges in a gold-plated brass case. The brass case was

(IO)A. Magnus, Physik. Z. 1, 5-11 (1913).

(1)1, Magnus and H. Danz, Ann. Physik. 81, LO7 (1926).

(T2UF, ¥. Jasger soa B. Gosstbonn, Heg. tvav. snin. Ji7, 513
(1928), and Jaeger, Rosenbohm, and J. A. Eottema, ibid. 52, 61 (1933).

(133, €. Scuthard; J. Am. Chem. Soc, 63, 3112 (T41).

(1h)K. K. Kelley, B. F. Naylor, and C. II. Shomate, Bur. Mines
Tech. Paper 686, 12 rf. (19L6).




immersed in a thermostated oil bath and was connected diresctly to the
furnace by means of a brass tube through which the capsule fell when
its suspension wire was released above the furnace. The receiving well
was in a removable, tapered plug bearing a2 100-ohm manganin heater which
was used in the electrical calibration of the caloriméter. The receiv-
ing well was closed by a circular copper gate except for the brief inter-
val during transfer of the capsule. This copper gate was operated in
conjunction with a water-cooled zate immediately under the furnace by
means of a shaft connecting the two. The water-cooled zate virtually
eliminated heat exchange between the furnace and calorimeter. The cal-
orimeter thermometer was a transposed bridge arrangement of two copper
and two manganin resistances wound on the cylindrical surface of the
block. Southard and his colleagues have measured heat contents from
room temperature to 1500 °C with this instrument with an accuracy better
than 1 per cent.

Recently, a calorimeter patterned after that of Southard was
constructed for high temperature heat content measurements of sclids

(15) Meas~

at thie Tennessee Valley Authority's Wilson Dam Laboratories.
urements of silica and A1203 with this calorimeter agreed with previous
determinations obtained with the Southard instrument te within 0.3 per
cent.

It was desired that the calorimeter to be built for the purposes

of this investigation be an instrument of high precision, as rugged as

(15)g. P. Bgan, Jr., T. Z. Wakefield, and K. L. Elmore, J. Am.
Chem. Soc. 72, 2418 (1950).



possible and yet not so complicated in construction and operation that
it could not be built in a reasonable length of time and operated by

a single worker of moderate ability. The Southard calorimeter seemed

to meet these requirements and accordingly a calorimeter similar to it
was constructed for this work. A copper blocic about three-fifths as
large as that used in the Southard calorimeter was employed and a single
copper resistance thermometer was used rather than a transposed bridge
type. The winding of the present furnace was made of Nichrome resis-
tance wire as compared with the platinum-rhodium winding used by Southard.
The lNichrome-wound furnace limited the calorimeter to measurements be-
low 1000 °C.

In subsequent chaptefs, the construction of the calorimeter, the
calibration of the block resistance thermometer and the operating char-
acteristics of the furnace are discussed. Other chapters deal with the
determination of the block heat loss, electrical calibration and the
procedure used in the operation of the calorimeter. The final chapter
is devoted to the resultis.

A rather large quantity of material is included in the appen-
dices. References are made to this information at appropriate points

in the text.



CHAPTER IT

CONSTRUCTION OF CALORIMETER

The calorimeter, construction details of which ars shown in the
drawings in Appendix A, was patterned after the one described by South-
(1)

ard. Migure 1 is a schematic diagram of the instrument, designed
to measure heat contents from room temperature to approximately 1,000 0
using the "drop" technigque. This involved heating a sanple in a cap-
sule, C, of known heat content, to a predetermined temperature in a
furnace, F, and dropping it into a copper block, B, whose heat capacity
had previously been determined. From the resulting rise in the tempera-
ture of the block, the heat content of the sample between the tempera-
tures of the furnace and block could be calculated.

The furnace (about 10 in. diameter by 16 in. high) was mounted
in a permanent position about one foot above the calorimeter and had a
heating element of No. 19 B. & S. gage Nichrome V wire wound on an
Alundum tube (1 in. inside diameter and 1l; in. long) concentric with
the center line of the furnace. The furnace winding was insulated with
a thin coat of Alundum cement RA 162 which was followed by a one-inch
layer of Refrasil insulation, donated by the II. I. Thompson Company of
Los Angeles, California. Approximately three inches of Armstrong in-
sulating firebrick A-23 completed the furnace insulation. Except for
the ends of the furnace tube, the furnace was completely enclosed by

a water jacket for the purpose of producing a more nearly constant

(g, c. Southard, J. Am. Chem. Soc. 63, 31L2 (1941).
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environment.

The top of the furnace tube was closed with a refractory plug,
R, 2 in. long, made of fireclay and fired through the courtesy of Mr.
Wysong of the School of Ceramic Engineering. The bottom end of the
furnace tube was closed by a water-cooled gate, G, which rotated on a
Bakelite shaft eccentric with the center line of the furnace. This
gate could hbe opened to permit passage of the capsule during a drop
and, when closed, prevented heat exchange between the furnace and cal-
orimeter.

4 single-junction platinum, platinum—1C per cent rhodium thermo-
couple was used to measure the temperature of the capsule in the furnace.
It was led into the top of the furnace through a 1/8-in. hole in the
refractory plug and was placed within 1 mm. of the top surface of the
capsule. A detailed discussion of the performance of the furnace and
this thermocouple are given in Chapter IV.

The calorimeter proper was a copper block (L in. diameter by
7-1/2 in. high) supported by three Bakelite cones in a brass case. A
l-in. brass tube, through which the capsule passed, connected the top
of the case to the furnace. The top of the case was fastened to the
lower portion by means of a flanged joint with a lleoprene gasket.

The center of the block was bored to fit a receiving well which
was a hollowed, c¢ylindrical plug, tapered near its top so as to pro-
duce a snug fit in the block. The well extended to within 1-17/2 5.
of the bottom of the block. Provision was made for removing it by un-
screwing a brass bolt in the bloeck and tapping on the bottom of the

well with a short length of metal rod extending through the bolt-hole.
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A 100-ohm heater for electrical calibration consisting of 107
turns of Yo. 30 B. &. S. gage single-silk-enameled Advance wire was
wound on the untapered portion of the well. After winding, the heater
was treated with several ceats of diluted Bikelite lacquer. The lacquer
was allowed to dry thoroughly at room temperature and was then polymer-
ized by heating in an oven at 110 to 115 % for three days. The heater
was fitted with four No. 30 B. & S. gage single-cotton enameled copper
leads which were wrapped severzl times around the well before being
brought out from the block. The final resistance of the completed
heater was 109 ohms.

A circular copper gate about 3/l-in. thick and recessed into
the top surface of the block covered the receiving well, except for
the brief interwval required to dror the capsule. Thre purpose of this
gate was to minimize the heat losses likely to result from the rapid
convection currents preduced by the hot capsule. It was operated by
the same shaft as was the water-cooled gate.

The calorimeter resistance thermometer consisted of 395 turns
of No. 3L B. &. S. gage single-cotton enameled wire. The thermometer
was wound on the block in a lathe using a steel mandrel tapered to fit
into the same hole as the receiving well. It was fitted with four No.
30 B. & S. gage single-cotton enameled leads and treated with Bakelite
lacquer in the same manner as described for the heater. The finished
thermometer had a resistance of 103.9 ohms at 25 OC and covered about
L-3/8 in. along the lateral surface of the block. This thermometer was
calibrated as described in Chapter IIT.

The thermometer was protected by a copper can which fit around
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the bottom and side of the block. The can was held in position by a
small screw which fitted into the brass bolt in the bottom of the blocl.
The thermometer leads were wrapped three times around the block and
brought out of the can through a notch, machined in the side of the
block.

The combined weight of the block with receiving well, copper
gate, brass bolt and can was approximately 27 pounds.

The inside surface of the case, top of the block and outside of
the can were gold-plated and buffed to a bright polish by the Southern
Electroplating Company of Atlanta. The plating served both as a chem-
ically inert surface inside the calorimeter and to reduce the radiative
heat losses.

The calorimeter wés immersed to a level, W, (see Figure 1) in
water bath thermostated at 30.00 + 0.02 °C. Two inches of cork were
used to insulate the inside copper liner of the bath from the steel
sides and bottom. The bath was equipped with a 1,500-watt Lo-Lag Im-
mersion heater, a 1/20 horsepower sparkless induction motor-stirrer
(both purchased from the American Instrument Company) and a Sargent
mercurial thermoregulator. The thermorezulator was used in conjunction
with a "zero-current" relay mounted on the end of the bath.

An atmosphere of CO, was maintained in the calorimeter by passing
a slow stream of this gas (about 50 cc. per minute) into the bottom of
the case through a copper coil immersed in the thermostated bath. Cir-
culating around the block and through the furnace, the COs served the
double purpose of reducing the heat exchange rate between the block and

Jacket by virtue of its smaller thermal conductivity compared to that



1

of air and, of preventing the condensation of atmospheric moisture on
the calorimeter and furnace refractory.

(2)

The capsules, similar to those used by Southard, were made

of platinum—10 per cent rhodium alloy by the American Platinum Works.
The capsules were cylinders (3/l, in. diameter and 3/} in. high) made
with a neck which was equipped with a cap capable of being sealed in
place with gold. A loop was fastened to the top of the cap to take the
wire by which the capsule was suspended in the furnace.

The plunger mechanism for raising and dropping the capsule was
mounted on top of the furnace. It consisted of a vertical brass tube,
slotted except for the lower 6-1/2 inches of its length and containing
a stainless steel plunger, P. The plunger was fastened at the top of
the tube by a trigger, T, and was counterbalanced by an adjustable
weight attached to the end of a string which passed over a pulley
mounted above the tube. The capsule was suspended in the furnace v a
No., 32 B. & S. gage Nichrome wire which was led out of the refractory
plug and top of the furnace through small holes and attached to the
bottom of the steel plunger. 'hen the trigger was released, the plunger
and capsule fell freely until the plunger entered the nonslotted section
of the tube. From this peint the fall of the plunger was air-cushioned,
which caused the capsule to settle into the receiving well at a rela-
tively slower rate. Both the water-cooled furnace gate and the copper
gate were provided with slots that permitted the suspension wire to

pass through them when they were closed.

(2);

bid -




CHAPTER ITIT

CALIBRATION OF BLOCK RESISTANCEZ THERMOMETER

The primary requirement of the block resistance thermometer in
this calorimeter was that it be an instrument capable of indicating pre-
cisely small changes in the temperature of the block over the range,
30° to 0 °C. At the same time, its calibration in an absolute sense
was necessary for the purpose of correcting each heat content measure-
ment from the final equilibrium temperature of the block to 30 g

(1)

& 7 0 0
Maier has pointed out that even over a range of 0  to 35 C,
the assumption of a linear temperature coefficient of resistivity for
copper is not sufficiently accurate for measurements with copper ther-

(2)

mometers to 0.001° or better. Dellinger has shown that temperature-
resistance relationships over this range can be adequately expressed by
a formula of the type,

R=a+bt+ct2

provided the constants are determined experimentally for the particular
sample of wire used.

For the purpose of the present work, it was decided to calibrate
the copper wire using two precise thermometer points on the International
0 %, (3)

Temperature Scale: that of melting ice, and of the sodium sul-

(D¢, 6. Mater, J. Pays. Chem. 3k, 2860 (1930).

(2)J. H. Dellinger, Bull. Bur. Standards 7, 71 (1911).

(B)G. K. Burgess, J. Research Nat'l Bur. Standards 1, 635 (19L8),
Ra - Po 224
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fate decahydrate transition, 32.38L OC.(h)

Three supplementary points
at 10, 20 and 10 °C were chosen to be determined with a Leeds and
Ilorthrup platinum resistance thermometer which had been calibrated by
the National Bureau of Standards and certified to be correct to 0.01 °C.

Because of the size and delicacy of the gold-plated copper
block, the resistance thermometer could not be conveniently calibrated
directly. Instead, a calibration coil was constructed of a length of
wire taken from the same 1-1b. spool as was used for the block ther-
mometer. DExperimental calibration was carried out using this coil and
the block thermometer was then compared with it as a check for similar
electrical characteristics.

The cal ibration coil was constructed from a piece of 1-1/2-in.
copper rod, 5~1/2 in. long, which was tapered at the top to fit into
the same hole in the block normally occupied by the receiving well. A
hole to contain the platinum resistance thermometer extended to within .
3/16 in. of the bottom. The coil, wound on the untapered section, was
treated with Bakelite lacquer and equipped with No. 3L B. & S. gage
leads in the same manner as prescribed in Chapter II for the resistance
thermometer and heater. A water-tight brass sheath was slipped over
the wire and soldered in place around its top edge with Wood's metal.
The finished calibration coil weighed 90, g. and had a resistance of

2.1 ohms at 25 °C.

Ch)H. C. Dickenson and E. F. Mueller, Bull. Bur. Standards 3, 655
(1907). Although the sodium sulfate transition temperature used as a
supplementary goint to define the International Temperature Scale is
given as 32.38 "C (See Footnote (3)), general usage for precise purposes
has confirmed the value of 32.38lL reported by Dickenson and lueller.
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The resistances of the calibration coil and platinum resistance
thermometer were measured directlr- in absolute ohms using a Leeds and
Northrup G-2 Mueller Bridge (Serial No. 740, 5L5). This bridge had been
supplied with a calibration by the Bureau of Standards certified to be
correct to 2 parts in 100,000. The bridge was used in conjunction with
a high-sensitivity galvanometer (L. & N. Serial No. 740, 876) and three
2=volt low-discharge lead storage batteries connected in series. The
maximum sensitivity obtained with this galvanometer and batteries was
about i mm. scale deflection per 0.0001 ohm.

The results of the calibration are summarized in Table I along
with resistances calculated for the Pt thermometer at each temperature
using the National Bureau of Standards Calibration for that instrument.
The experimental procedures involved in finding the resistance of the
calibration coil at each of the five previously-mentioned temperatures

will be taken up individually.
THE ICE POINT

In his discussion of the International Temperature Scale,

(6)

Burgess reports the ice point to be defined as the temperature of
equilibrium between ice and air-saturated water at normal atmospheric
pressure. The ice bath was prepared in a l-liter dewar vessel using
crushed, commercial ice which was selected for its transparency. The

ice was washed with water which had been distilled directly into glass

carboys and then repeatedly shaken to assure its saturation with air.

(6)

Durgess, op. cit.



TABLE T
RESULTS OF RESISTANCE THERMOKMETER CA IBRATIOK(S)

Bath Calibrat'n Coil Platinum Thermometer
T%mp., Rise, No. Ave. R., No. Ave R, Abs Ohms
°C/min. Det. Abs Ohms Det. Expt. Calc.

0 0 Iy 21.76016 L 25.53268 25.543

+0.00015

10 0.010 £ 22.69638 - - 25.5588
+0.00081

20 0.005 I 23.63159 - - 27.5716
+0.,00068

32.38, 0,003 2 2);.78918 I 28.82169 28.8218
+0.00020

Lo 0.005 2 25,5009} - - 29.5873
+0.00056

(SJA second calibration was carried out at the five
temperatures noted above using a White 100,000-microvolt
double potentiometer which had not been calibrated in an
absolute sense but was guaranteed by the manufacturer to be
correct to 0.02 per cent. The results obtained with this
potentiometer were in agreement with the wvalues reported
in Table I to within 0.02 per cent.
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When the dewar had been completely filled with ice, the interstices
were filled with distilled water, mecooled to nearly O °C with chipped
ice. It was believed that the temperature of the bath was correct to
0.001 °C. After allowing one-half hour for the bath to come to equi-
librium, a series of measurements was made alternately of the resistance
of the calibration coll and the platinum thermometer.

The resistance of the calibration coil at 0 °C was found to be
21,76016 abs. ohms. This value was the average of four measurements
made over a one-hour period. The maximum deviation of these measure-
ments from the mean was 0.00005 abs. ohms. The resistance of the plat-
inum thermometer was 26.5L267 abs. ohms, which was also an average of
four determinations with a maximum deviation of 0.00005 ohms. The re-
sistance of the platinum thermometer at the ice voint as reported by
the Bureau of Standards was 25.5):3 abs. ohms.

The error in the resistance found for the calibration coil at

the ice point may be swummarized as follows:

Mean R. of cal. coil 21.76016
Max. deviation from mgan
Uncertainty of 0.001 “C

R, of eal. coil

/|

+ 0.00005
+ 0.00010
=

0.00015 abs. ohms.

Il

i

21.76016

THT SUPPLEMENTARY POINTS: 10 °c, 20 ° amp Lo °c

For the purpose of calibration at the supplementary points of
10, 20 and LO OC, the calibration coil was suspended in a four-liter
dewar vessel which was filled with water and enclosed in a plywood

case. The dewar was equipped with 2 small motor-stirrer, a 100-watt,
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110-volt A, C., heater and a mercury-in-glass 0 - 100 °C thermometer.
The calibrated platinum resistance thermometer was placed in the hole
provided feor it in the center ol the calibration coil. The procedure
used at these three temperatures can best be described by considering
specifically that followed in obtaining the resistance of the calibra-
tion coil at hOO.

Using the heater at 110-v., the temperature of the watsr in the
dewar was adjusted to 39 °C as indicated by the mercury thermometer.
The heater voltage was then turned down to such a peint that the plat-
inum resistance thermometer indicated a constant rise of about 0,01 °C
per minute. The systemn was allowed to equilibrate for about one hour
under these conditions and at the end of this time, resistance measure-
ments were made alternately of the calibration coil and platinum ther-
mometer as a function of time until the temperature of the bath had
risen above hOo. The resistance-time relationships of these two ther-
mometers were then plotted on the same graph thus showing the simul-
taneous variations of each. The resistance of the platinum thermometer
at 10.00 °C was certified by the Bureau of Stundards to be 29.5873 abs.
ohms. At the instant the platinum thermometer had this resistance, the
resistance of the calibration coil was read from the curve to be
25.50100 + 0.00005 abs. ohms.

A seconua determination was made at 1,0 °c. The procedure used in
this case was the same as for the experiment just described except that
the bath was allowed to cool without the heater from above to slightly
under LOO. The value obtained in this manner for the ecalibration ceil

was 25,500@?'i 0.00010 abs. ochms.
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To cancel the effects of any thermal gradients existing between
the calibration coil and platinum thermometer, the determinations at
ecach of the other supplementary points should ideally have been carried
out as above by finding values for both heating and cooling the bath.
However, it was operationally unfeasible to take cooling data at 10°
and 20% since these temperatures were below room temperature and refrig=-
eration could only be accomplished by adding ice batch-wise to the bath.
Prom the two determinations carried out at hOCL however, 1t can be seen
that there were no gradients present at that temperature which were
larger than the experimental errors. Consequently, it was assumed that
no additional errors were introduced by using only a heating experiment
at 10° and 20° where the rate of change in the bath temperature was
kept near what it had been at L0°%

Table I gives the results of the calibration at 10° and 20 °c.
The total error estimated for the calibration at the three supplemen-

tary points was comruted as follows:

At Lo °c,

25.5009], + 0.00007
+ 0.000L9
25,5009 + 0.00056 abs. ohms.

Mean R. of eal. coil
Uncertainty of + 0.005 ¢
R. of cal. coil

i

At 20 %,

23.36159 + 0.00010
+ 0.00058
23.36159 + 0.00083 abs. ohms.

R. of cal. coil
Uncertainty of + 0.005
Re of ecal. coil

c

I n

At 10 °c,

R. of cal. coil 5 = 22.69638 + 0.0003C
Uncertainty of + 0.005 "C = + 0.00051

R. of cal. coil = 22.69638 + 0.00081 abs. ohms.
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The uncertainty of + 0.005 ®C used in the above calculations
arose from the calibration of the platinum thermometer which was known

in an absolute sense to enly 0.01 %c.
THE SODIUM SULFATE TRAWSITION POINT

Dickenson and Hueller(?) found that while the transition tem-
perature of NapS0) .10Hp0 was not affected by normal fluctuations in
atmospheric temperature and pressure, the presence of other salts in
the form of impurities lowered the transition point to the extent of
0.001° for each 0.001 per cent of impurity prresent. The analysis, as
furnished by the wvendor, of the best crade of ragsoh commercially
available indicated the presence of impurities to the extent of several
thousands of one per cent. It was evident, thercfore, that this mater-
ial required additional purification.

This purification was accomplished by recrystallizing 10 pounds
of Verck "Reagent Crade" NapS0),.10Hp0 three times as anhydrous sodium
sulfate. Four approximately 2-1/2-1b. batches were in turn put into a
round-bottom flask, dissolved in a slirht excess of hot, distilled
water, and then the flask was evacuated to about 3 cm. pressure. Re-
crystallization was effected by heating the flask in a small water
bath and condensing and collecting the resultant water vapor in a series
of traps between the vacuum pump and boiler. The process was stopped
when about half of the dissolved 1lapS0j had been recrystallized. The

mother liquor was poured off the salt as quickly as possible before it

(?)Ibid.



had cooled to 32.L °C. The products of the first recrystallizations
were combined into two separate batches which were then in turn recry-
stallized. The product of these recrystallizations were combined and
recrystallized once more. The final product weighed about 280 g.

It was found convenient to carry out the calibration at this
temperature in two steps. Step one consisted in finding experimentally
the exact resistance of the platinum thermometer at 32.38l oC, the tem-
perature of the transition. Step two consisted in using the platinum
thermometer as a transfer device to calibrate the copper coil in the
same manner as was done for the points, 4O, 20 and 10 %.

About 200 g. NapSQ), were put into a 1-1/2-in. Pyrex tube, 12-1/2
in. long, which was sealed at one end. Slightly less than the stoichio-
metric amount of water was added and the tube was warmed in hot water
until solution was complete. The platinum thermometer was placed in a
1/2-in. Pyrex tube containing mineral oil and this tube then suspended
to a depth of about seven inches in the UaQSOh solution from a cork
stopper. Two small glass rods, blunted at their lower ends, served as
stirrers for the Nap30).

As the EQESOL solution cooled to its transition temperature, it
was seeded several times with the anhydrous salt before the decahydrate
started to crystallize. 'hen crystallization had started, it was found
that the resistance of the platinum thermometer remained constant for
about one hour before any further drop in temperature was noted. Four
determinations were made over this time (both with and without stirring
the mixture) and gave a mean resistance for the platinum thermometer of

28.82169 abs. ohms. The maximum deviation from the mean was 0.00003
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ohms. The resistance calculated for the platinum thermomster =t 32.38L
(+ 0.005 °0) was 28.8218 + 0.0005 abs. ohms which agrees with the ex-
perimentally determined value to within the accuracy of the Bureau of
Standards calibration.

Using the experimental value found for the platinum thermometer,
corresponding raesistances of the calibration coil were determined by
both heating and cooling the calibration bath at this temperature.
These values were 21,.78911 + 0.00008 abs. ohms and 24.78925 + 0.00006
abs. ohms, respectively. The average of these values was 27.78918 +

C.00007 abs. ohms. The total error in this determination for the cali-

bration coil wass:

Mean R. of cal. coil = 21,.78918 + 0.00007
Error, Pt RTh determ'g. = + 0.00003
Uncertainty of 0.001 "C = 4+ 0.00010
R. of cal. coil 2. 78918 * 0.00020 abs. ohms.

3

COMPARTSON OF CALIBRATION COIL WITH BLOCK THERIOMETEE

=

Sinece the block thermometer was wound from the same spool of
wire as was used for the calibration coil, 1t could be predicted that
the electrical characteristics of the two colls would probably be very

similar. If they were the same, an eguation of the form
2
R = Ro(l + at + bt" + ——-)

(where Ry = resistance at the ice point) would express the temperature-
resistance relationship of both themometers.
Using the method of least squares, the following equation was de-

rived for the ecalibration coil to fit the data of Table I:
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Ry = 21.76006 (1 + L.30L2 x 1073 t - 1.65 x 1077 tg) (1)

where R, = resistance of calibration coil, abs. ohms, and t = tempera-
o)

ture, C.
Table IT gives a comparison between values calculated using

Equation (1) and the experimental points.
TABLE II

COMPARISON OF EQUATION (1) WITH EXPERIMENTAL POINTS

Tgmp., Ealib?ated Coil, Abs. Chms. gev., Abs."Ohms.
4 Exper imental Calculated Real, - Rexp.
0 21.76016 # 0.00015 21.76006 - 0.00010
10 22.69638 + 0.00081 22.69631 - 0.00007
20 23.53159_: 0.00068 23.6317) 0.00025
32.38) 2h.?8919_i 0.00020 2L 78941 0.00023
L0 25.5009) + 0.00056 25.50075 - 0.00019

To determine indirectly the temperature of the blocl thermometer
at the ice point, it was tentatively assumed that the electrical charac-
teristics of the block thermometer and calibration coil were the same.
In other words, the temperature-resistance relationship of the block

thermometer was assumed to be expressed by
Ry =Ry (1 + 430L2 x 157 ¢ = 1.65 x 1077 t2) (2)

where Ry = resistance of block thermometer, abs. ohms, at temperature
t °C and R, = resistance of block thermometer at ice point. Dividing
Tquation (2) by Zquation (1) and rearranging,

_21,76006 (Ry)
- (Re)

(3)

o
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The receiving well was removed from the block and replaced by
the calibration coil which had been constructed to fit the tapered sides
of the hole in the block. The block was put in its case which was in
turn suspended from the furnace as usual. With the aid of the calorim-
eter water bath, the block and calibration coil were brought to equilib-
rium at four different temperatures between 20° and )0 °¢ and compara-—
tive measurements made of their resistances. The resistance of the
block thermometer at the ice point was then calculated from Equation

(3) using the measurements made at each of the equilibrium temperatures.

The results of these calculations are given in Table III.
TABLE TIT

CALCULATED VALUES OF THE BLOCK THERMOMETER ICE POINT

Equil. Dev. from Values

Temp., Rg, Abs. Ry, Abs. R, Abs. llean, Ry, from
¢ Ohms Ohms Ohms Abs. Ohms Egn. (L)

21.2h4)  23.74820 102.359) 93.7901  0.00032 102,3596

25.838 2. 17768 10l:.2107 93.79026 0.00020 10L. 2108

29.323  2L.50346 105.6155  93.7908L  0.00038 105,£€157

35.815 25.10989 108.2291  93.790L46  0.0001 108.2290

llean 93. 790l16

Substituting the mean of the calculated values of R, in Equation

(2) to obtain an equation for the block thermometer:

R, = 93.79046 (1 + L.30L2 x 107 t - 1.65 x 1077 £2)

or,

Ry = 93.970L46 + 0.L,0370 t - 1.55 x 1575 4

(L)
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As a check of the assumption of similarity bLetween coils, values
of Py were calculated using Zquation (}) at the four equilibrium tem-
peratures noted in Tuble ITI. It may be seen from this table thal the
calculated values so obtained agreed with the experimental points to
within 2 parts per 100,000.

4 second check was made by calculating an approximate value for
the average temperature coefficient of resistance between the tempera-
e e 3 = a3 O L T 4 2 b =

wd . | e \J st L Ll 2ol L . 84 = TG o sl YRR %]
tures, 29.325 and 35.815 using the corresponding experimental values
of I . Thus,

Rp o. _ 108.2291 - 105.6155
% 32.6 C T 735,015 - 29.323

= 0.1,0259 ohms/°C

Differentiating Equation (L) with respect to %,

d R )
A 5 = 0.10370 - 3.10 x 157 ¢ (5)
gtRb 32.6 % = 0.L0269 ohms/oc

The agreement between the two values calculated above was one part in
LO00 which was sufficient for the purposes of this thermometer.

It was concluded from these results that the samples of wire used
for the calibration coil and the block resistance thermometer were simi-
lar to within the precision of measurement and, therefore, th:
(L) correctly expressed the temperature-resistance relationship of the

block thermometer.
TARIATION OF TEMPIRATURE COEFFICIEIT OF RESISTANCHE

From Equation (5), it may be seen that for each degree, the value
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5

of il for the block thermometer will change 3.10 x 10 - ohms/degree. An

dt
assumption that the temperature coefficient of resistance is constant
would he correct to 0.008 per cent or 0.00008° per degree temperature
rise. Since no temperature differences in any of this work ever exceeded
10° and, in a large majority of cases were much less than this, it was
assumed that %% was constant over the range 30° to 4O °C. This greatly
simplified all calculations by allowing resistances to be used directly
without converting them into temperatures.

The sensitivity of the block thermometer between 30 and 1O 0

was taken to be 0.L026 ohms/degree which is the value of the temperature

coefTicient of resistance at 35 °C.
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CHAPTER IV

OPERATING CHARACTERISTICS OF FURNACE

The acecuracy of the heat content determinations depended directly
upon a knowledge of the trie temperature of the capsule before it was
dropped from the furnace. The accuracy with which the temperature of
the capsule hanging in the furnace could be determined using a platinum-
platinum—10 per cent rhodium thermocouple was dependent primarily on
two factors: (1) the constancy of the e.m.f.-temperature relationship
of the thermocouple and (2) the isothermality of the region containing
the capsule und thermocouple.

(1)

Roeser and Wensel have shown that platinum-platinum—10 per
cent rhodium thermocouples made of high gquality materials can be relied
upon to retain their calibrations to within 0.25 per cent for about a
year when in constant use in clean, oxidizing atmospheres below 1000 %¢.
The thermocouple and conditions of its use in this work met these spec-
ifications.

The furnace was designed to have a region for the thermocouple
and capsule at least one inch in length which was isothermal to 1° at
all temperatures up to 1000 °Cc. It was believed that while the length
of this zone might be somewhat greater at lower temperatures, the loca-
tion of its mid-point would remain essentially unchanged. Consequently,

provision was made for suspending the capsule and thermocouple at only

one position in the furnace. Later experiments, while confirming the

1 .
( )d. F. Roeser and H., T. Wensel, J. Research Nat'l Bur. Stan-

dards 1h, 247 (1935), R. P. 768.
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presence of such an isothermal zone, showed that its location was depen-
dent on the temperature of the furnace, The procedure used to thus lo-
cate and characterize the isothermal zone as well as that used to es-
tablish the true temperature of the capsule in the furnace will now be

described.
THERMOCQUPLES

Two platinum-platinum—I10 per cent rhodium thermocouples (L. &
N. Catalogue No. Std. 780-B; No. 2l B. & S. gage wire, 2l in. long) were
purchased for use with the furnace and were calibrated by the Bureau of
Standards according to Schedule 203.102a. The calibrations were certi-
fied to be correet to 0.5 °C over the range, 0° to 1100 °C. The resnlts
of both calibrations were the same but the identity of the individual
thermocouples were maintained and they will be referred to as thermo-
couple A and thermocouple B. Thermocouple A was chosen as the one to
be used in the calorimetric measurements; the other was retained as a
spare and used in the special furnace tests to be described shortly.

For interpolative purﬁoses the potentials observed by the Dureaun
of Standards were compared with a complete table of potentials for a
platinum-platinum—10 per cent rhodium thermocouple as suggested by
Roeser and Wensel(z) and a plot was constructed of the deviations versus
the observed e.m.f. Table XI, Appendix B, is such a comparison based

on values obtained from Leeds and Northrup's conversion tables£3) and

(2)ppga,

(B)Standard Conversion Tables for L. & N. Thermocouples, Stan-
dard 31031, Leeds and Northrup Company, Philadelphia, pp. 20-21.
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Figure 16, Appendix B, is a plot of the deviation as a function of ob-
served e.m.f. covering the range, 0 to 1036 °C.

A cold junction maintained at O %C in an ice bath was made from
No. 2l B. & S. gage thermocouple wire by fusing the ends together in an
oxygen-methane flame, By proper manipulation of a double-pole, double-
throw knife switch it could be used with either of the calibrated hot
junctions. The thermocouples were connected with No. 16 B. & S. gage
Durex leads to a Leeds and Northrup type K-2 potentiometer (Serial No.
711;,088) which was used in conjunction with a high-sensitivity galva-
nometer (L. & N. Serial No. 715,289) for the potential measurements.
While not calibrated in an absolute sense, this potentiometer was guar-
anteed by the manufacturer to be accurate to 0.02 per cent and was used
with an Epply standard cell which was periodically compared with two
other standard cells recently calibrated by the Dureau of Standards and
used only for reference. The sensitivity of the potentiometer-galvanom-
eter system was about 2 microvolts (abbreviated,r;v) per cm, scale
deflection.

The thermocouple circuits were tested by putting both calibrated
Junctions in an ice bath and observing the potentials of each circuit
when connected to the cold junction. The cold junction was then replaced
by thermocouple B and the potenﬁial noted of the circuit composed of the
two calibrated thermocouples. In all of these cases, the observed po-

tentials were within 1 mv of O.
FURNACE ELECTRICAL CIRCUIT

The temperature of the furnace was regulated by manipulating a
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variable voltage transformer (Powerstat) in series with a 1 kva General
Electric voltage stabilizer (Serial No. 9,638,8L)). The manufacturer's
specifications indicated that this stabilizer would maintain an output
of 115 volts constant to + 0.2 per cent when operated at full capacity.
Although the power requirement of the furnace was only about 300 watts
when operating at 1000 °C, it was found that the stabilizer would con-
troi the temperature of the furnace at 700 °C to within 1° for a period
of 30 to L5 minutes. In the calorimetric runs, however, the furnace

was maintained constant to within + g.2% by small manual adjustments of

the Powerstat while the capsule was being heated.
INVESTIGATION OF FURNACE GRADIENTS

Examination of the furnace tube both with and without the pres-
ence of a capsule was carried out using both thermocouples. A special
plug made of transite to the same dimensions as the refractory plug was
constructed for use in these tests. The transite plug had two, 1/8-inch
holes through it permitting both thermocouples to be used in the furnace
tube under the same thermal conditions as would normally be present dur-
ing the calorimetric measurements. When used with this plug, both ther-

mocouples were located about 1/l inch off ths axis of the tube.

l. Measurements Made with Empty "urnace Tube

lMeasurements without a capsule in the furnace were maue
under equilibrium conditions at 8200, L260 and 200 °C as determined with
thermocouple A. At 820° and 1,26 °C, both thermocouples were used.
Thermocouple A was inserted 7-1/2 in. into the furnace tube and allowed

to remain there untouched as the reference junction. This was the same
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position which this thermocouple was to occupy later during calorimetric
measurements. Thermocouple B was used as a probe by moving it up and
down the greater part of the length of the tube. The first potential
measurement was made with both couples at the same depth. The probe
couple was then lowered and measurements made at 1/2-inch increments
through the isothermal zone. ULuplicate measurcments were made as the
probe was pulled back to its original position. At 200 % only thermo-
couple A was used; a reference Jjunction was not employed and the extent
of drift in the lurnace temperature during this experiment was not
knowm. It was estimated, however, on the basis of later work that this
drift was not more than 1 °C.

At 820 OC, it was found that a l-inch section of the tube lying
between 7-3/lL and 8-3/L in. from the top of the furnace was isothermal
to 1°. The gradient in the section between 7-1/2 in. and 8-1/2 in. was
about 20 v or 1.8 g,

At 126 OC, the isothermal zone was found to be a 1-1/L-inch sec-
tion lying between 8-3/} and 10 inches from the top of the Furnace. The
gradient between 7-1/2 and 8-1/2 in. was about 6l mv or 6.7 B,

At 200 OC, the isothermal zone was found to be a section 1-3/L
in. long lying between 9 and 10-3/L in. from the top. The gradient be-
tween 7-1/2 and 8-1/2 in. was L0 mv or Li.7 20,

It is apparent from these experiments that in varying the tem-
perature of the furnace from 820° to 200 °C the length of the isothermal
zone not only increased from 1 to 1-3/! in. but alsg the position of its
midpoint dropped from 8-1/1, in. to about 10 in. from the top. The size

of the thermal gradient over the section of tube normally occupied by
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the capsule and thermocouple (i. e., the section between 7-1/2 and 8-1/2
in. from the top) was appreciable at all three temperatures tested.
Migures 17, 18, and 19, Appendix B, show graphically the results of the

experiments just described.

2. Measurements Made with Capsule in Tube

To determine what effect, if any, the presence of the cap-
sule would have on the isothermal zone, two sets of experiments similar
to the ones described above were carried out at each of the three tem-
peratures with an empty capsule fastened to the probe thermocouple. The
first experiments were made with the probe thermocouple clamped to the
outside of the capsule at the point where the neck was welded to the
body. In the second set of experiments, the probe thermocouple was
wired to the inside and at approximately the center of the capsule.

Nith the probe thermocouple thus positioned in the inside, it was in
sach position of measurement 3/8 inch lower in the furnace than in the
first tests when clamped to the outside of the capsule.

Tt was found from these exneriments that the length of the res-
pective isothermal zones as well as the magnitude of the gradients was
essentially unchanged by the presence of the capsule. In each case,
the position of the 1sothermal zone was found to be about 1/l ineh higher
in the tube than i1t had been at the same temperature in the empty fur-
nace. The results of these measurements are shown graphically in Figures

17, 18, and 19, Appendix B.
CAPSULE CORRECTIQN CURVE

Having gained a picture of the gradient situation in the furnace,
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it was apparent that if the capsule and thermocouple were to be kept in
the isothermal zone at all temperatures between 100 and 900 degrees, it
would be necessary to move them over a section of tube about 3 in. long,
their exact position in that section in each case depending on the tem-
perature of the furnace. The construction of the furnace and drop mech-
anism was such as to make a procedure of this kind rather difficult.
Hence, an alternative was chosen which involved leaving the capsule and
thermocouple at one position in the tube and correcting for the differ-
ence between the observed temperature of the thermocouple and true tem-
perature of the capsule.

The position of the reference junction during the furnace grad-
ient experiments (7—1/2 in. below the top of the tube) was chosen as
the permanent position for this thermocouple in all future calorimetric
determinations. The temperature of the capsule, suspended 1/2 mm. below

it was determined with the probe thermocouple attached to the capsule
in the same two positions as was used for the furnace gradient determi~
nations. Potential measurements were made of both reference and probe
thermocouples at eight temperatures between 100 and %200 °C which were
near the temperatures used later in the calerimetric measurements.

The solid curve of Figure 2 is a plot of the observed difference
between the two thermocouples versus the temperature of the reference
Junction for the case of the probe inside the capsule. The broken curve
of Figure 2 is a similar plot for the case of the probe outside the cap-
sule. The shapes of the two curves and the diffsrence between their
magnitudes is about what could be predicted on the basis of what was

learned of the furnace gradients in this region of the tube. Table IV



is a tabulation of the points plotted in Fipure 2.

It was believed that the probe indicated a more nearly correct
value of the average temperature of the capsule when wired to the in-
side; consequently, the sclid correction curve of Figure 2 which rep-
resented these data was used to compute the true temperature of the
capsule from the temperature indicated by the reference junction. It
is believed that the temperatures thus computed were correct to about
1°. Table XIT, Appendix B, is a tabulation of the corrected thermo-

couple potentials corresponding to the eight "drop temperatures™" used

in the calorimetric measurements.
TABLE IV

CAPSULE TEMPEZRATURE CORRECTICN DATA

; o
Difference, C between Temp.
of Capsule and Ref. Junction

Temp. , Probe Inside  Probe Outside
C Capsule Capsule

110 1.9 1.4
200 3.2 1.9
1.8
16
301 3.8 L3
426 3.6 1.7
1.6
575 2.5 0.9
720 0.7 0.1
820 - 0.7 - 0.5
- 0.6
903 - 1.2 - 0.7
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GHAPTER V

A DI SCUSSI ON OF 5HE TEMPERATURE LOSS CORRECTI ON

As soon as the addition of heat raised the tenperature of the
calorimeter block above that of its environnent, the escape of heat
fromthe bl ock began. The determnation of this heat |oss was an es-
sential part of the heat content experinents. The heat |oss was de-
termined as a change in resistance in the block thernmonmeter, (AH)
corresponding to a tenperature loss resulting fromthe loss of heat by
the bl ock, assuming a linear relation bet Teen tenperature and resis-
tance. This increnent in resistance, (&R)c, was added to the observed
rise of the thermometer, (AR),, to obtain the rise, (AR),, correspon-
ding to the total measured quantity of heat in the experiment.

A though the nethods used in the literature to deternne the
tenperature loss vary sonewhat in their details, the majority of them

nake use of Newton's Law of Cooling, which may be witten,

|| = KT. - T) = KO (1)
wher e
T = tenperature of the block at tinet
T = tenperature of the jacket,
K = thermal |eadage nodul us, and
9 =thermal head =T. =T
i.sexplained In Chapter II1, the resistance of the bl ock thernoneter nay

be considered as varying linearly with tenperature over the range 30 to



