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PROPERTIES OF WATER. PART V.
PRESSURE-VOLUME-TEMPERATURE RELATIONS
OF WATER IN THE RANGE 400-1000 C
AND 100-1400 BARS*

WILLIAM T. HOLSER and GEORGE C. KENNEDY

Institute of Geophysics, University of California, Los Angeles, California

ABSTRACT. New measurements of specific volume of water along 11 isotherms in the
range 400-900 C were correlated and extrapolated to form a smooth table of specific
volumes extending to 1000 C and 1400 bars.

INTRODUCTION

Prior to 1950 the specific volume of water had been measured in only a
small part of this range, to 460 C and 350 bars (Keyes, Smith, and Gerry
(1936) ). The measurements of Kennedy (1950) extended to 1400 bars below
600 C and to lower pressures at higher temperatures, and were extrapolated to
2500 bars and 1000 C. Subsequently it was pointed out by Hilsenrath and
others (1955, p. 437) that Kennedy’s data were inconsistent at higher pres-
sures and unreliable at lower pressures. The range 1-100 bars has since been
remeasured by Kennedy (1957), using CuO to remove the hydrogen generated
by reaction of water with the bomb wall. In the meantime new measurements
of Kirillin, Rumiantsev, and Zubarev (1956) have appeared for temperatures
to 650 C and to pressures of 500 or 900 bars.

In this paper we present the results of measurements made in 1956-1957,
extending to about 1400 bars and 750 C, and to lower pressures at higher
temperatures (1300 bars at 810 C, 700 bars at 865 C, and 400 bars at 905 C).
The data are correlated and extrapolated to 1400 bars and 1000 C.

METHOD

The apparatus used in these measurements has been described in detail
in previous papers of this series (Holser and Kennedy, 1958).

Most of the measurements were made on isotherms, The method is the
same as that previously described, except that in many runs the measurements
were carried down to about 40 bars, so that the rate of removal of water with
change of pressure could be extrapolated to zero pressure. Such measurements
were therefore independent of any other values except the specific volume of
water at the temperature and pressure used (usually 200 bars, 200 C) in de-
termining the volume of the bomb. Particularly in the lower part of the tem-
perature range, the data were not sufficiently numerous or precise to make this
extrapolation, and the previous low pressure measurements of Kennedy (1957)
were used to establish the mass of water in the bomb at the lowest pressure on
the isotherm.

* Publication no. 115, Institute of Geophysics, University of California, Los Angeles, Cali-
fornia.
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A total of 25 isotherms were run at the following temperatures: 420, 460,
500, 550, 620, 700, 750, 800, 810, 865, 905, and 950. A number of these
covered the pressure range incompletely. The effect of hydrogen evolution
became evident at 900 C, and necessitated the rejection of all the data for
950 C. At the latter temperature the presence of the CuO in the bomb was not
sufficiently effective in reducing the hydrogen concentration during the length
of time required for this type of run, although Kennedy’s (1957) isometric
runs at low pressures were apparently successful because they were in this re-
gion for only a brief time. Some other single measurements were also rejected
on the basis of inconsistency or known operational errors.

In order to check the trend of isometric lines in the p-T plane, particularly
for the purpose of extrapolation, other runs were made at approximately con-
stant volumes of 4.71, 6.70, and 14.8 cc/g. A very long time would have been
required to stabilize each temperature closely enough for measurements with
the piston gauge. This would have increased the danger of errors due to slight
leakage, or to creep of the bomb material near the upper limit of the runs.
Therefore the pressures were read with the precision Heise Bourdon gauge.

REDUCTION AND CORRELATION OF DATA

The mass of water in the bomb at the low pressure end of an isothermal
measurement was determined by the following method of extrapolation. The
ratio Am/Ap for various pressure intervals from say, 500 bars, down to the
lowest pressure of about 40 bars, was plotted against pressure. A smooth curve
drawn through these points could then be extrapolated to find Am/Ap for the
interval from zero pressure to the lowest measured pressure. These data could
also be checked against the measurements of bomb volume in the following
way. Assume that the ratio of differences is approximately equal to the deriva-
tive, dm/dp. Then near zero pressure the last bit of water in the bomb should
be extracted under ideal gas conditions, for which

dm/dp = V/R'T (1)

where V7 is the measured volume of the bomb, and R’ is the gas constant in-
cluding the molecular weight of water. Strictly speaking, T is the absolute
thermodynamic temperature. Preliminary calculations suggested that our data
were probably not sufficiently precise to detect any differences (Keyes, 1949,
p. 927) between the thermodynamic and International scales of temperatures,
therefore International temperatures were used in all calculations and reduction
of data. In other words, where the extrapolation of our measurements did not
intersect p = O at the values of dm/dp calculated from equation (1) and the
International temperature, the difference could usually be attributed to errors
of measurement. Otherwise the difference might have been attributed to the
fact that the extrapolation depended on a thermodynamic temperature while
equation (1) was calculated with an International temperature. Most of the
differences were small and showed no general trend.

A final mass, determined either in the above fashion or by the use of
Kennedy’s (1957) data, was the basis for the calculation of specific volumes
at each higher measured pressure.
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Each izotherm was smoothed by the method of item differences described
previously. Inasmuch as the function = = pv/RT varied less sharply with pres-
sure than did the specific volume, the function Az/Ap was plotted against p.
This turned out to be a very satisfactory method of smoothing small irregulari-
ties in the isotherm measurements, except below 400 bars and 500 C, where
Az/Ap varied sharply.

Isotherms in the unmeasured region above 750 C were determined by
extrapolating the trend of isometrics in the p-T plane. In order to determine
the trend of a given isometric accurately, it was necessary to make a precise
interpolation at that specific volume on each isotherm. Inasmuch as a precise
curve of Az/Ap (derived directly from the data) was already available for
each isotherm, it was used in the following way as an aid to interpolation. As-
suming that the variation of z with p is nearly linear, then near z,, po

. . Az )
Z=1Zo+— (p—po) (2)
Ap

and also

N LA 3. P—Po) v
~ RT  RT RT

therefore

zo — pov/RT

—iPg) = = ————— 3
(p=Ppo) v/RT - Az/Ap (3)

Using this equation one can precisely calculate the pressure p for a given v,
using known nearby values of p,, z,, and Az/Ap. A more precise calculation
may be made by assuming a quadratic form in place of equation (2), and
measuring the slope of the Az/Ap vs.p curve near z, po,. A solution for
(p—po) in this case requires a series expansion, of which the first term is
eiven by equation (3) above, but even the second term is not significant for
most interpolations.

Isometrics derived in this fashion seem nearly straight on a large scale
plot, but differencing to get Ap/AT confirms a slight concavity towards the T'
axis. Plots of this function against temperature were extrapolated and reinte-
grated to obtain values of pressure at temperatures above the range of meas-
urement. The combination of measurements along isotherms, and higher
isotherms derived by extrapolation along isometrics, gave a set of isothermal
measurements at temperatures to 1000 C. Cross-smoothing at high temperatures
was then done in an analogous fashion, using a plot of Az/AT vs. T. This same
plot could also be used to interpolate temperatures between the measured iso-
therms. At temperatures below 700 C this method could not be used because
Az/AT varied too sharply over the temperature intervals measured. Smoothing
and interpolation at these low temperatures was done on a large scale plot of
zvs. T.

The final results are tabulated in terms of specific volume in table 1.
These final values are most easily compared with the measurements of the
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original isothermal runs in terms of z'. For most runs the standard deviation
is 0.0005 — 0.0020 in z. Both runs at 420 C below 500 bars, and one of the
runs at 460 C, had standard deviations of 0.0025 — 0.0030 in z. In view of the
good agreement between Keyes and Kirillin at 420 C, their measurements were
used for table 1 below 500 bars in that region. At nearly all temperatures each
of our runs showed greater internal consistency than the deviations from the
table, indicating that the factors varying between runs (bomb volume and
temperature) are probably the major source of uncertainty in table 1. Above
620 C the deviations of the measurements from table 1 are in part a reflection
of the smoothing among isotherms, but at lower temperatures the isotherms
were not sufficiently close for such smoothing to contribute very much to the
deviations.

COMPARISON WITH THE RESULTS OF OTHER INVESTIGATORS

This series of measurements overlaps those of Keyes, Smith, and Gerry
(1936) only at 420 and 460 C, up to 360 bars. In view of the low precision
of some of our runs at these temperatures, a special series of 4 single measure-
ments were made at 460 C and 350 bars, to determine whether there was any
fundamental disagreement with the data of Keyes and the equivalent data of
Kirillin. The average difference between these experiments and Keyes-Kirillin
was 0.0005 in z, which cannot be considered significant.

The 20 isotherms of Kirillin, Rumiantsev, and Zubarev (1956) deviate
from table 1 not more than = 0.002 in z, except as shown in table 2. Thus the
greatest discrepancy between Kirillin and ourselves is at the high temperature
end of his series, above 600 C. His data at 650 C are internally inconsistent,
and therefore our measurements are probably to be preferred in this range un-
til an independent check has been made.

The earlier table by Kennedy (1950) deviates considerably from table 1.
At 1400 bars the difference in z decreases with temperature to a minimum of
—0.006 at 500-550 C, then increases through zero at 630 C to +0.020 at 800
C and +0.025 at 1000 C. Below 1000 bars the differences are substantially
less: at 500 bars the minimum is —0.002 at 500 C, zero at 560 C, a maximum
of +0.004 at 750 C, and drops to +0.001 at 1000 C. Below 300 bars the early

results are very erratic and mostly low.
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TaBLE 2

Comparison with Data of Kirillin, Rumiantsev, and Zubarev (1956)

All other differences less than #+=0.002 in z

Kirillin Pressure Difference of
isotherm range compressibility factor
deg C bars Kirillin less table 1

410.00 300 —+0.004
431.34 450-500 -+0.003 to 0.004
437.00 450 -+0.004
461.65 350-450 -0.003 to 0.006
500.00 450-500 -0.003
500.27 450-600 -0.003
501.31 350-500 —-0.003
551.45 300 -0.003
620.00 200-300 -0.004 to 0.005
650.00 150 +-0.004
650.00 250-500 -0.004 10 0.008
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