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PRESSURE-VOLUME-TEMPERATURE RELATIONS IN CO,
AT ELEVATED TEMPERATURES AND PRESSURES*

GEORGE C. KENNEDY

ABSTRACT. Carbon dioxide is probably the second most geologically important gas.
Interpretation of hydrothermal systems and work on the stability of carbonate minerals
has been greatly hampered by a lack of information concerning properties of carbon
dioxide. Measurements are presented in this paper of the pressure-volume-temperature
relations of carbon dioxide gas to maximum temperatures of 1000°C. and pressures of
1400 bars. The technique and the equipment involved in making the measurements is
discussed.

INTRODUCTION

Among the gases of greatest interest to geologists, CO. ranks second in
importance to water. Most volcanic gases contain at least 20 percent by
weight of carbon dioxide. By analogy we may assume that similar amounts
of CO, are contained in ore-forming solutions. This CO, will probably lower
the critical temperature of the resultant solution and hence may play a role
in determining whether such a solution is gaseous or liquid.

Experimental work by John R. Miller (1952) in the writer’s laboratory
on the system CaCO;—H,0—CO, was terminated at very modest temperature
and pressure limits because of a lack of the fundamental P-V-T relations of
CO; and for lack of data on the system CO,—H,0. Experimental study of
many of the most interesting reactions involved in contact metamorphism
similarly must await the determination of the properties of CO, and CO,-H,O
mixtures. For these and other reasons, the P-V-T relations of CO, have been
determined to 1000° C. and 1400 bars, and are recorded in this paper.

A good deal of previous work has been done on CO,. Most of this has
been included in the volume Carbon Dioxide (Quinn and Jones, 1935). The
important early work is that of Amagat (1880), who measured densities and
pressures of the gas up to approximately 200° C. and 1000 bars pressure.
This work was published in 1880, and Amagat’s measurements above 150° C.
at high pressures remain the only work in this portion of the field to the
present time. McCormack and Schneider (1950) have recently published the
results of some accurate measurements to 50 bars pressure and to 600° C.

The results of some exceedingly precise measurements at temperatures
up to 150° C. and pressures to 3000 atmospheres were published by workers
at the Van der Waals Laboratory in Amsterdam (Michels and Michels, 1935).
Unfortunately, the beautifully precise methods used by the Van der Waals
Laboratory are not practical at high temperatures, since mercury. which is
used to seal the gas, boils at 375° C. at 1 atmosphere pressure. Moreover, the
pressure vessels were not designed to withstand high pressures at high tem-
peratures. The values of density reported in this paper are reproducible to 1
part in 500 where those of the Van der Waals Laboratory have a precision
of 1/10.000.

*Paper No. 135 published under the Auspices of the Committee on Experimental Geology
and Geophysics and the Division of Geological Sciences at Harvard University.
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226 George C. Kennedy—Pressure-Volume-Temperature Relations

APPARATUS AND TECHNIQUE

The general apparatus and method of measurement utilized in the present
investigation have been described in part in an earlier paper (Kennedy. 1950).
Some modifications of the method, however, have been made.

The volumometer—Two volumometers were used in the present work.
Their design is based on the volumometers described by Keyes (1933). One
of the volumometers has a 14 inch diameter piston and the other a 1/ inch
diameter piston. The lead screws of the volumometers were precision lead
screws made by the Waltham Machine Works with a maximum tolerance of
=#+0.0003 in. in total length. Several samples of water from the volumometer
were collected and weighed by advancing the lead screw over various portions
of its length. They indicated that the lead screw and piston were uniform to
within 0.00001 grams/turn.

The larger volumometer was used for measuring the volume of material
injected into a bomb and was calibrated by weighing quantities of water
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extruded at various pressures, The calibration, showing grams water expelled
per turn, is shown in figure 1. This is compared with a curve, computed from
Bridgman’s data (1935) on water compressibility, without correcting for the
pressure distortion of the volumometer. The difference between the two curves,
which amounts to approximately 0.044 percent per 1000 bars pressure rise,
is largely due to compression of the volumometer piston. Taking Young’s
modulus for steel to be 30.0 x 10° p.s.i., a correction for compression of the
piston amounts to 0.049 percent per 1000 bars; thus the agreement with
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Bridgman’s data is excellent. Further details concerning the calibration of the
volumometer will be presented in a paper now in preparation on density
measurements of water.

Bomb.—The bombs used in these measurements were similar in design
to those previously described (Kennedy. 1950) with but a minor modification.
A tube of stainless steel of 0.25 in. o.d. and 0.06 in. i.d., closed at one end, was
threaded through the bottom of the bomb and welded in place. The thermo-
couple wires, coated with quartz glass, were inserted in the tube so that the
thermocouple junction rested near the center of the bomb. By this method
uncertainties concerning the temperature of the bomb contents were largely
reduced.

Bombs used in these measurements were of the order of 200 to 300 cc
capacity.

TEMPERATURE CONTROLS AND MEASUREMENT

The bomb was heated in an electrical furnace 30 inches in length with
an inside diameter of 3 inches. The ends of the furnace were stuffed with a
mixture of magnesium oxide and asbestos. Exploration of the closed bomb
cavity with a thermocouple indicated a temperature inhomogeneity of less
than +0.1° C. at 400° C.

The furnace temperature was regulated by means of an alternating cur-
rent bridge and phase-shifting thyratron circuit. Xenon-filled, tantalum anode
thyratron tubes were used, with a maximum output of approximately 6
amperes at 200 volts. Temperature regulation over most of the range was to
within #0.5° C.. though at no time in the course of the measurements was
it necessary to hold the temperature at a given value for a long time.

Temperatures were measured by determining the e.m.f. of a platinum-
platinum 109% rhodium thermocouple on a shielded, type K potentiometer.
Four thermocouples were made up from the same spools of 0.020” wire ob-
tained from Baker & Co., Newark, New Jersey. They were annealed for 50
minutes at 1400°C. and then compared with each other by placing the
junctions of the couples in four closely spaced holes drilled in a stainless steel
block. The block was then heated in the center of the 30 in. furnace, used to
heat the bomb. The couples agreed with each other to #+0.05° C. in the
region from room temperature to 1000° C, One of these couples was then
calibrated against the boiling points of water and sulfur, and the freezing
points of antimony, copper, and gold. A second thermocouple was calibrated
at the National Bureau of Standards. The Bureau of Standards certified the
eanf. of this thermocouple at the thermometric fixed points, the freezing
points of zinc. antimony, silver, and gold. The accuracy of this certification
was 2 microvolts, about 0.2° C. In addition they certified 15 corresponding
values of e.m.f. and temperature to an accuracy of +=0.3° C. in the range 0
to 1100° C. and from =+0.3° C. at 1100° C. to ==2° C. at 1450° C. The two
thermocouple calibrations agreed with each other within the limits of accuracy
of certification. The two calibrated thermocouples were then placed to one
side and only used when the four thermocouples were compared against each
other. One of the thermocouples, after over a year of use at temperatures
below 1000° C., showed a drift in calibration of less than 0.1° C,
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Pressure measurement.—Three Bourdon tube gauges, manufactured by
the Heise Bourdon Tube Co., were used in the present work. The gauges
covered the ranges 0-100 bars, 0-500 bars and 0-1400 bars. Gauge dials were
graduated in 1000, 1000 and 1400 scale divisions respectively. The gauges
were calibrated by the manufacturer against a dead weight gauge and gave
a maximum uncertainty in the readings over most of the range of approxi-
mately one scale division owing to hysteresis. At the highest pressures, 1400
bars, hysteresis became slightly greater. After a good deal of work had been
done, it became apparent that some drift of a few tenths of one percent in
the calibration of the gauges had taken place. Consequently the dead weight
piston gauge. previously described by Benedict (1939), was set up and the
gauges were thereafter checked on the dead weight tester at regular intervals.
The earlier work was then systematically re-examined and appropriate correc-
tions made.

CARBON DIOXIDE GAS SUPPLY

The carbon dioxide gas used in the experiment was made by New
England Alcohol Co., a subsidiary of Monsanto Chemical Co., and supplied
through the New England Gas Products Co. The CO, gas is supplied as
“bone dry” and has a purity of 99.6 percent top sample. As the gas in a
cylinder is used the purity increased to better than 99.9 percent when 50
percent of the tank has been expended. It was thus standard practice to bleed
off the top portion of the tank and use the bottom half for the gas measure-
ments. No correction was made for impurities in the gas: nitrogen is the
major impurity.

Although the gas was supplied as “water free,” small droplets of water
and oil were soon detected in the supply line extending from the carbon
dioxide cylinder to the bomb. A trap was therefore installed in the system
and the gas passed through several inches of loosely packed anhydrous mag-
nesium perchlorate before it was loaded into the apparatus. This effectively
removed traces of oil and moisture from the gas.

EXPERIMENTAL METHOD

Two different methods were used to obtain the present data. A set of
measurements at 25, 50, and 75 bars pressure and measurements at gas
densities of less than 0.10 g/cc along the 150° C. isotherm were obtained by
injecting known quantities of gas. via the capillary tubing. into the bomb.
The volumometer was maintained in an ice bath and was always read at
0°C. and 100 bars pressure before and after gas was injected into the bomb.
The schematic diagram of the apparatus is shown in figure 2. For example.
a point on the 50 bar curve is obtained in the following fashion: The system
is first flushed several times with carbon dioxide. Needle valves no. 3 and
no. 4 are then opened and the volumometer allowed to fill with gas at tank
pressure. Tank pressure, the pressure of gas over liquid CO,. ranged from
55 to 70 bars depending on room temperature. The gas condenses in the cold
volumometer, which fills rapidly, though about 14 hour usually is required
before the volumometer returns to 0°C. as considerable latent heat of con-
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densation is liberated. Next V-4 is closed, V-2 is opened, and the piston in
the volumometer is advanced until Gauge no. 1 reads the desired pressure,
50 bars. V-2 is then closed and the piston advanced until Gauge no. 2 reads
100 bars. At this point, the piston position is read. V-1 and V-2 are then
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FIG. 2 SCHEMATIC DIAGRAM OF APPARATUS

opened. allowing gas to flow into the bomb. The volumometer piston is again
advanced until Gauge no. 1 reads the desired 50 bars. About 15 minutes is
required at this point for attainment of equilibrium between the gas and the
bomb. V-2 is then closed and the piston advanced until Gauge no. 2 reads
100 bars. The final position of the piston is then read. The difference in cc
between the two piston settings, multiplied by the density of CO, gas at 0°C.
and 100 bars. 0.9690 g/cc. gives the amount of gas forced into the bomb.
No corrections are made for the amount of gas required to deflect the gauge,
fill the valve block. or fill the capillary tubing between gauge and volumometer,
for the pressures on this part of the system are the same before and after the
piston settings are read. The only correction that might be made is that for
the volume of the capillary tubing between V-1 and the bomb. The tubing
is of 0.100 in. outside diameter, 0.019 in. inside diameter, and 14 in. in
length. This volume amounts to approximately 0.06 cc and is negligible in
terms of the volume of the bombs (200 to 300 cc). Consequently these cor-
rections were not made.

The density of gas at 0°C. and 100 bars in the volumometer was de-
termined by measuring with the volumometer the quantity of gas required
to bring a bomb at 0°C., of known volume. lo a sel of pressures and corres-
ponding densities reported by Michels for 0°C. Michels gives values of
densities for 0°C. for the pressure range 16.55 bars to 33.42 bars. The results
of Michel's and others are reporled in Amagat unils, i.e. the ratio of the
density of carbon dioxide to its density at 0°C. and 1 atmosphere pressure.
In this paper, where densities are reporled in g/cc, an Amagat unit is as-
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sumed to be 0.0019767 g/cc (Quinn and Jones, 1936, p. 35). Using this
conversion factor. Amagat’s density for carbon dioxide at 0°C. and 100 bars
pressure is approximately 0.9775 g/cc. This differs sharply from the writer’s
present value of 0.9690. These grossly differing values are not as alarming
as first appears. Amagat’s value probably is somewhat in error; on the other
hand. it seems likely that the writer's volumometer. though in an ice bath,
was not exactly at 0°C. The piston of the volumometer projects from the ice
bath to a driving screw, and some heat conducted down the piston may well
hold the contents of the volumometer slightly above 0°C. The density of carbon
dioxide changes very rapidly with temperature in this region, and if the
volumometer were as much as 1°C. above 0°C. most of the difference between
the two values would be accounted for. The exact conditions of the volu-
mometer need not be precisely known, however. For the purpose of the
present work, it need only be known that steady state conditions hold and that
the CO; liquid at 100 bars pressure as it emerges from the volumometer has
a density of 0.9690 g/cc. This was amply proved by repeated checks of the
data of Michels and his co-workers.

The previously described method of measuring gas densities is a slow
and tedious one, largely because of the sharp temperature changes which take
place in both the pressure gauge and the volumometer as the CO, liquid
vaporizes and condenses under the abrupt pressure changes involved. Con-
sequently much time is spent waiting for temperature to equalize over the
various parts of the apparatus external to the furnace.
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FIG. 3 SCHEMATIC DIAGRAM OF APPARATUS

Because of these dilliculties, a second method was devised. the apparatus
of which is shown in figure 3. This apparatus is designed to measure P and T
on a constant quantity of gas under approximately constant volume condi-
tions. As temperature and pressure changes affect the volume of a bomb, it is
impossible to make measurements under precisely constant volume conditions.
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The essential difference in this apparatus from that of figure 2 is in the
use of an insulated needle connected with a neon glower to locate the surface
of mercury in a U block. V-7 in the U block is closed and the piston in volu-
mometer no. 1 is advanced until a quantity of gas, which is not measured,
is introduced in the bomb. The piston in volumometer no. 2 is then advanced
until the two pressure gauges are at approximately the same value. V-6 is
next closed, V-7 opened. and volumometer no. 2 is adjusted so that the level
of mercury is exactly at the tip of the insulated needle as indicated by the neon
glower. The bomb is slowly heated and a plot of pressure versus temperature
made. The piston in volumometer no. 2 is advanced for each reading to
restore the level of mercury in the U block to its proper position at the tip of
the insulated needle. By this method the contents of the bomb remain the
same throughout the heating cycle, and the fluid required to deflect the
pressure gauge. in this case kerosene. is supplied from the volumometer. No
correction was made for compressibility of mercury in the U block, as this
is negligible. Great care was exercised in the construction of the apparatus,
particularly in construction of the T joint, where the capillary tubing from
the bomb, the U block, and the loading apparatus meet, so that this part of
the apparatus would be of minimum volume. Total volume of the tubing and
connections between the bomb and the surface of the mercury is approxi-
mately 0.10 cc which contrasts favorably with the volume of the bomb, ap-
proximately 200 cc.

For each filling of this apparatus. the pressure measured at 150° C, can
be used to find the density in Amagat units (A.U.) of the CO, at this pressure
and 150° C. This information can be obtained from Michels’ density-pressure
data for the 150° C. isotherm. The densily of the gas in the bomb can be
then determined in g/cc by

d(g/cc) = d(A.U.) dx(g/cc)
where

dy is the gas density at N. T. P.
For CO,, dy = 0.0019767 g/cc.

For a fixed quantity of gas, the density will vary with T and P inversely
as the bomb volume varies. Hence d for any pair of values of T, and P, can
be determined from d(150°. P.) provided the thermal expansion and pressure
dilation of the bomb are known.

The major advantage of the latter method of determining P-V-T relations
is that it is unnecessary to know the volume of the bomb used in the measure-
ments or to meter the amount of gas injected into the bomb. It is necessary,
however. to have an accurate reference isotherm such as the 150° C. isotherm
supplied by Michels. Michels’ data, however, extend only to gas densities as
low as 0.03706 g/cm and reference datla al much lower densities are needed.
These low density reference data were obtained by the first described method,
that of injecting known quantities of gas into a bomb of known volume.

In both methods it is necessary to make corrections for thermal expan-
sion and pressure dilation of the bomb. The thermal expansion correction is
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very straightforward and, for inslance, with bombs of type 347 stainless steel,
amounts to
20° - 100°C., 0.3576%
20° - 500°C., 2.520%
20° - 1000°C., 5.703%
Only an approximation can be made for the correction due to pressure
dilation of the bomb.
Change in radius of the bomb under pressure was computed from the

following formula:

Ar = —F—5— %) {1”'#

and at 1

a?P b2
Aa —_—m{(l + H)T+ (1—,&)3}

where Ar is the change in internal radius, u is Poisson’s ratio 0.30, E =
30X10° p.s.i., P is internal pressure, a is internal radius and b is external
radius. This formula is applicable to an infinitely long tube under pressure.
In this particular case the ends of the bomb and the longitudinal stresses
present will partially restrain deformation and the actual volume change will
be somewhat less than computed. The total volume change of the bomb due
to pressure has a maximum value of 0.084 percent per 1000 atmospheres,
and as this is within the limits of error in reading the pressure gauges. further
refinements were deemed unnecessary. It was assumed that Poisson’s ratio
and Young’s modulus of the bomb metal remained approximately constant
over the operating temperature. This is a fair approximation over much of
the temperature range, but at the highest temperatures this must remain
only an assumption.

RESULTS

Curves determined by simultaneous measurements of P and T were
plotted for a large number of different d values in the bomb. In total. several
thousand measurements were made. These were smoothed and corrected for
bomb expansion to make the best isochore for each bomb filling. Isobars and
isotherms were then constructed and smoothed graphically to make the best
fit to the values taken from the isochores. Density values in g/cc were read
directly from the isobaric plots. Tables of differences between adjacent values
were then made up along the isobars and the last figure in the density value
was adjusted to give smooth differences. These final values are the ones re-
ported in the accompanying table 2 (p. 236(f.).

All the values in the accompanying table were determined, as indicated
above, from the isochore data obtained by the second method described in
this paper. However, the first and second methods described gave essentially
identical results. The smoothed values obtained by the “constant volume”
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method, expressed to four places. are shown in the following table 1. These
are compared with the direct values obtained by the volumometer.
TagLe 1
Comparison of Resulls from Constant Volume Method
with Results by Volumometer

25 bars 50 bars 75 bars
Te C. Volumom- Constant Volumom- Constant Volumom-  Constant
eter volume eter volume eter volume
200 .02881 .0288
300 02326 .0233 .04682 .0468
400 .01960 .0197 .03927 .0393 .05909 .0591
500 .01705 0171 .03390 .0340 .05089 .0509
600 01511 .0151 .03008 .0301 .04500 .0449
700 .01348 .0135 .02693 .0269 .04031 .0402
800 .01221 .0122 02442 .0244 .03666 .0364
900 01122 0112 .02234 .0223
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Fig. 4. Deviation from ideality of carbon dioxide plotted against the reduced
pressure.
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The agreement between the two sets of results is satisfactory.

Little can be said about the accuracy of these measurements. Throughout
the region where the present body of data overlaps that of Michels and of
McCormack and Schneider, the two sets of data agree to 0.0001 g/cc or 0.2
percent, whichever is the larger. At high temperatures, the lack of any body
of data for comparison and the possibility of reaction between bomb wall
and gas makes all claims to accuracy somewhat meaningless. The writer is.
furthermore, in the embarrassing position of having claimed accuracies at
high temperatures in an earlier paper on P-V-T relations of water which later
proved to be unjustifiable, largely because of reaction between the water gas
and the bomb alloy. The reproducibility of the present set of data is high, and
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the smoothed values reported in the tables differ from the experimentally
determined values by 0.4 percent or .0002 g/cc, whichever is the greater, for
the largest changes introduced by the smoothing procedure.

The present results are summarized and presented in figure 4 and figure
5. In these figures the deviation from the ideal gas law is shown. In figure 4.
the value PV/RT is plotted against the reduced pressure, P/Pc, where P is the
P observed and Pc is the critical pressure of 73.82 bars. In figure 5, the value
PV/RT is plotted against T/T. where T is the temperature, on the Kelvin
scale and Tc is the critical temperature, 304.2° K.
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George C. Kennedy—Pressure-Volume-Temperature Relations
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in CO, at Elevated Temperatures and Pressures
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