





the container was allowed to come to a constant
temperature, which was observed by the copper
resistance thermometer. This cycle was re-
peated about 20 times, using electric power of
one-fourth watt over a total heating period of 90
min. It was therefore possible to observe the
relation between the temperature of the sodium
and the fraction that had melted.

The temperature and fraction of the sample
melted were consistent with Raoult’s law within
the precision of the measurements, and indicated
the triple point of the sample to be 97.792° C and
that of pure sodium to be 97.80°. This triple-
point lowering corresponds to a liquid-soluble,
solid-insoluble impurity of 0.000016 mole/gram-
atom of sodium. The freezing point of pure
sodium at l-atm pressure is calculated to be
97.81° C.

VI. Effect of Mechanical State of the
Solid

E. Griffiths [9] claimed that he found reproduc-
ible changes in the heat capacity of crystalline
sodium amounting to as much as 1.5 percent,
depending on whether in its previous heat treat-
ment, the sample had been “quenched” or
“annealed”. Similar tests were made by the
authors on the two sodium samples reported here,
and with conditions of quenching and annealing
somewhat more extreme than employed by
Griffiths. The furnace temperatures used were
chosen to cover the temperature range where he
found the greatest difference. The results are
summarized in chronological order in table 3.

The first set of experiments (Set 1) was made
after freezing slowly over an interval of 1 hr and
then cooling at the rate of about 5 deg/hr. Pre-
ceding the experiments in Set 2 and on the same
day, the molten sample was quenched by putting
its container into a tube immersed in ice. The
treatments before Sets 3 and 4 were respectively
similar, except that the annealing carried out on
the day preceding Set 3 involved freezing the
sample over a period of 3 hr and then cooling
the solid to room temperature at a rate varying
from 3 to 5 deg/hr. Before observing Set 5, the
sample was remelted and requenched by immersing
its container directly into a dry ice-acetone bath
(—78° C). It was then kept at this temperature
overnight until just before the experiments.
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Experiments to determine the reproducibility of
the mechanical state of solid sodium

TABLE 3.

Measured heat
(Na and con-
tainer)
Tem- | Mass of S
Prior heat treatment

%eot perature| Na in
No. ¢

sample Indi-
vidual | Mean of
experi- set
ment
\ " . B I
%G | g abs j abs j
860. 7
- . 861.7 N
1 59. 00 5.3404 | Annealed _______________ 863, 4 862.0
i 862. 2
864. 5
2 59. 00 5.3404 | Quenched_______________ 862.7 863. 5

863.2 |

| 615.8
3 | 39.90 | 6.0207 | Annealed _______________ 616.0
| 616.7
617.9
616.3

39. 90 6.0297 | Quenched________ { 616.8
616.0

39. 90 6.0297 | Requenched rapidly by J 614.4
5 ‘ dryiee....__._________ 616. 2

[ I 615.2
[ | 616.5

|
|
|
|
|
|

The results tabulated in table 3 indicate that the
quenching and annealing treatments did not
change the heat capacity of the sodium by more
than 0.2 percent and that these changes seem to
be accidental and within the precision of the
measurements.

VII. Reliability

An index to the reproducibility, or “precision”,
of the enthalpy measurements is afforded by the
deviations from the mean, as shown by the results
of the individual measurements shown in table 1.
Another index is provided by the deviations (also
listed in table 1) from the smoothed values given
by the empirical equations adopted. All the
results for liquid sodium lead to a probable error
of the mean of from 0.01 to 0.03 percent on
enthalpy (depending on the temperature), and as
much as 0.3 percent on the derived heat capacity
values, with a somewhat increased uncertainty be-
low 200° and above 800° C because of the difficulty
of determining the derivative of an empirical
function accurately near its ends. For solid
sodium, the relative uncertainties become con-
siderably greater at the low temperatures, owing
to the inability to determine heats by the ice
calorimeter with a precision of better than 0.4 j.
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In addition, all factors suspected of contributing
appreciable systematic errors were analyzed to
determine their likely contributions. Direct com-
parisons between the platinum resistance ther-
mometer and the platinum-rhodium thermocouple
up to 600° indicated differences in temperature of
from 0.0 to 0.2 deg. Calculations indicated that
errors due to the very small temperature gradients
inside the silver cylinder in the furnace were
entirely negligible. As far as uncertainties in
measuring the temperatures on the International
Temperature Scale are involved, the resulting
probable error ? in the enthalpy is thought to be
only about 0.02 percent between 100° and 600°,
and perhaps three times this much at 900°, where
it was necessary to resort to measurement using a
thermocouple. As a consequence, the probable
error in the heat capacity due to uncertainty in
temperature measurement may be considered to
lie within 0.03 percent from 100° to 600°, but may
reach 0.2 percent at 900° C.

In case the sample contained 0.01 percent by
weight of oxygen as sodium oxide, as discussed
earlier in this report, the error in enthalpy or heat
capacity due to its gradual deposition from solu-
tion as the temperature fell might be as much as
0.05 percent. A similar error would be present
if the liquid sodium dissolved appreciable amounts
of the steel container; but recent measurements on
the solubility of iron in liquid sodium by L. F.
Epstein [8], of the Knolls Atomic Power Labora-
tory, indicate a solubility at 900° C of 22 parts per
million, which would lead to negligible error in the
present measurements. The analysis of the dif-
ference between the heat lost, during the drop
into the calorimeter, by the sample container and
by the empty container, showed that this effect,
greatest at the highest temperatures, might lead
to errors of 0.03 percent on enthalpy and 0.1 per-
cent on heat capacity at 900°. Taking due con-
sideration of the sources of error mentioned and
other less significant ones, the authors believe
that the probable error of the enthalpy values of
sodium reported here may be considered to be
between 0.1 and 0.2 percent (except below 100°,
as mentioned above), whereas the probable error

2 “Probable error’”’ as used in the remainder of this paper includes the
authors’ estimate of certain systematic errors. To each factor subject to
error, there was assigned a figure such that it was believed that the actual
error was as likely greater as smaller than this figure. These figures were
then combined statistically to yield an over-all probable error in the given
.experimental quantity.
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of the heat capacity was similarly estimated to be
between 0.3 and 0.4 percent.

One experimental check on the over-all accuracy
of the apparatus in measuring enthalpy was made
by measuring the heat delivered to the ice calo-
rimeter by a Monel capsule containing water and
dropping from 250° C. By thus determining in
several measurements the difference in heats for
two amounts of water differing by about 6 g, a
value of 1042.05 abs j/g for of*3° of water, de-
fined elsewhere [10], was obtained. This figure
differs by only 0.02 percent from the value of
1041.85 published in the latest report [11] on the
thermal properties of water as accurately measured
earlier in this laboratory with an adiabatic
calorimeter.

The value found for the triple point is considered
to have a probable error of 0.03 deg, dependent
mostly on the uncertainty in the calibration of the
copper resistance thermometer used for the
measurements. A probable error of 0.3 percent
is assigned to the heat of fusion. This figure is
based on the estimated reliability of the enthalpy
values in the neighborhood of the triple point.
If all the impurity indicated by the measured
melting curve were actually in liquid solution at
94°, then 0.25 percent of the sample was liquid at
this temperature. In that case, the value of the
enthalpy of the solid given in table 1 would be 0.2
j/g too high due to this effect, making the cal-
culated heat of fusion 0.3 j/g too low.

VIII. Comparison with Results of Other
Investigations

A number of other investigators [9, 12, 13, 14,
15, 16, 17] have made measurements of the heat
capacity of solid and liquid sodium above 0° C,
and most of these are shown for comparison in
figure 3, where the full-line curves represent the
values of the present investigation as given by
the equations presented earlier in this paper.
Each experimental point (NBS) given for the
liquid in figure 3 was calculated from two adjacent
observed enthalpies given in table 1. Rengade’s
[12] measurements, which made use of an ice
calorimeter, extended from 15° to 100°, and
although he stated that his sample was not very
pure, his precision amounted to about 0.2 per-
cent. Griffiths [9] employed a dynamic method
and covered the range 0° to 140° claiming a
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Ficure 3.  Comparison of heat-capacity values.

reproducibility of better than 0.1 percent, except
for the variation of about 1.5 percent on the solid
caused by varying the heat treatment, as men-
tioned above. Eastman and Rodebush’s [13]
measurements were mostly at low temperatures,
but afford a comparison at 20° C. Titaka [14]
made determinations of the heat capacity of the
liquid between 125° and 290°, the latter being the
highest temperature attained prior to the present
investigation. He dropped his samples from a
furnace into his calorimeter and took due pre-
caution to avoid certain systematic errors, but
his precision was not better than several percent,
and it will be noted from the graph that his
values for heat capacity are considerably higher

TaBLe 4. Values for the melting point and heat of fusion
of sodium
Source Melting point Heat of fusion
°C abs j gt
This investigation__________ 97. 8140. 03 113.2
Ladenburgand Thiele [18]._| 97.8 0.1 | ______________________

Edmondson and Egerton | 97.7
[19].

TamINAnne [ S]E RS E e O78 =t e e e R Tty el
Griffiths [9] ... _______ 97. 61 115.35 (113.4, less
accurate)

Bridgman [20]. ..___________ 97.63 126.5
Rengade [12].. . _________ [ el A A R ANIEROES, b bt P TR S
Berninl [11] . 2" 97. 63 74.5

1 ¢ 0 A R S e s e 108.8
JoanmsH{l6)sir Sear s e B 20 132.6
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than those of the other investigators. Dixon
and Rodebush [15] made measurements with a
precision of about 1 percent, from 121° to 178°.
Their method consisted in measuring the adiabatic
temperature-pressure coefficient, and seems to
have been subject to experimental difficulties due
to the high thermal conductivity of the sodium.

The values reported for the melting point and
heat of fusion of sodium are given in table 4.
These melting point values in themselves are not,
of course, a reliable criterion of the relative purity
of the various samples used.

IX. Discussion of Results

The values of the heat capacity of sodium
reported herein have practical importance, inas-
much as they cover the temperature range between
0° and 300° C with greater accuracy and precision
than has been the case heretofore, and in addi-
tion extend the measurements to much higher
temperatures, where experimental values for
sodium have been entirely lacking until now. At
the same time these values should be of consider-
able theoretical interest, since the extensive
interest in the structure and properties of the
liquid state in recent years has led to the theoret-
ical calculation of the heat capacity of certain
liquids, including sodium, whereas accurate experi-
mental measurements on liquid metals have been
relatively very meager.

The accuracy of the results given in this report
is sufficient to show clearly the trends of the
heat capacity curves of sodium with temperature,
both below and above the triple point. The fall
of the liquid curve to a minimum, a phenomenon
in contrast to the steady rise with temperature
for the great majority of liquids, is by no means
unique in the case of metals, being paralleled
by the heat capacity of mercury [21]. The
entropy of fusion of sodium, 7.03 j deg™' gram-
atom™', is one of the lowest values for metals.
According to current theories, the metal does not
acquire complete randomness on melting, and
the increased heat capacity of the liquid over what

“it displays at much higher temperatures is to be

attributed to a further absorption of ¢“communal”
entropy above the melting point. Taking the
values of the present investigation and extra-
polating linearly to the melting point that part
of the curve (fig. 3) above 700°, it was calculated
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that the excess heat capacity between the triple
point and 600° is equivalent to an entropy increase
of 1.3 j deg™! gram-atom™!, a figure of the right
order of magnitude to be explained in this way.

It has been pointed out further that the increase
of heat capacity of the solid alkali metals with in-
creasing temperature is enhanced in the regions
of temperature just below the respective melting
points, and this has been attributed to an acqui-
sition of a part of the randomness, most of which
occurs in fusion. The equation which Rengade
[12] gave for the heat capacity of solid sodium
from 15° to the melting point, being linear with
temperature, does not of course show this feature.
The equation found for the solid in this investiga-
tion, however, does have the sign of curvature
just referred to, and so in this respect is at vari-
ance with an unmodified Debye function above
the characteristic temperature.

Aside from any theoretical explanation of its
approximate values, the heat capacity of liquid
sodium is, as is well known, one of the determinants
of the curvature of the vapor-pressure curve.
Ladenburg and Thiele [18], in a critical evalua-
tion of numerous vapor-pressure data of sodium,
were forced to assume an average heat capacity of
the liquid. Although their calculations are based
on an approximate partition function for the
vapor which is not accurate at these temperatures,
the effect of this on the vapor pressures is probably
relatively small, and they were able to show that
for the range 100° to 500° C an average heat ca-
pacity of liquidsodiumof 1.326 j ¢!, deg™, based on
the measurements of Dixonand Rodebush [15],have
better agreement with the vapor-pressure data
and theoretically calculated “chemical constant”
than a value of 1.452, the latter being litaka’s
[14] mean value. The results of the present in-
vestigation lead to an average heat capacity of
1.310 in this temperature interval.

X. Summary

The enthalpy of sodium has been measured in
the range 0° to 900° C and with an accuracy of
0.1 to 0.2 percent over most of the range. Values
of heat capacity are derived from the enthalpy
values with an accuracy of 0.3 to 0.4 percent over
most of the range. The triple point of sodium
was shown to be 97.80°-£0.03° C, whereas the
heat of fusion is 113.24-0.4 abs j/g.

Specific Heat of Sodium

This investigation was made possible by the
splendid cooperation of the Knolls Atomic Power
Laboratory, Schenectady, N. Y., in preparing
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and sealing the samples without changing the
mass of the containers. For this assistance, the
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supervised the work; and to William A. Ruggles,
who was responsible for filling, sealing, and testing
the sample containers.

XI. References

[1] R. J. Bondley, G. E. Research Laboratory Report
No. RL-269.

[2] D. C. Ginnings and R. J. Corrucecini, J. Research
NBS 38, 583 (1947) RP 1796.

[3] D. C. Ginnings and R. J. Corruccini, J. Research
NBS 38, 593 (1947) RP 1797.

[4] D. C. Ginnings and R. J. Corruccini, J. Research
NBS 39, 309 (1947) RP 1831.

[5] H. F. Stimson, J. Research NBS 42, 209 (1949)
RP 1962.

[6] International Critical Tables 5, 234 (McGraw-Hill
Book Co., New York, N. Y., 1929).

[7] K. K. Kelley, Contributions to the data on theoretical
metallurgy. I1I. High-temperature specific-heat
equations for inorganic substances. Bureau of
Mines Bulletin 371. (U. S. Government Printing
Office, Washington 25, D. C.; 1934).

[8] Private communication.

[9] Ezer Griffiths, Proc. Roy. Soc. (London) A89, 561
(1914).

[10] N. S. Osborne, BS J. Research 4, 609 (1930) RP168.

[11] N. S. Osborne, H. F. Stimson, and D. C. Ginnings, J.
Research NBS 23, 261 (1939) RP 1229.

[12] E. Rengade, Compt. Rend. 156, 1897 (1913).

[13] E. D. Eastman and W. H. Rodebush, J. Am. Chem.
Soc. 40, 489 (1918).

[14] I. Titaka, Sci. Reports Tohoku Imp. Univ. (Sendai)
8, 99 (1919).

[15] A. L. Dixon and W. H. Rodebush, J. Am. Chem. Soc.
49, 1162 (1927).

[16] A. Joannis, Ann. Chim. Phys. [7] 12, 358 (1887).

[17] A. Bernini, Physik. Z. 7, 168 (1906).

[18] R. Ladenburg and E. Thiele, Z. physik. Chem. B7,
161 (1930).

[19] W. Edmondson and A. Egerton, Proc. Roy. Soc.
(London) A113, 521, 533 (1927).

[20] P W Bridgman, Phys. Rev. 3, 153 (1914).

[21] T. B. Douglas, Anne F. Ball, and D. C. Ginnings, J.
Research NBS (publication pending).

WasningToN, July 8, 1949.

33



