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PVT PROPERTIES OF GASES TO 10,000 BARS AND 400° C

CHAPTER 1

INTRODUCTION

Of the three common states of matter; solid, liquid and gas,
the liquid or dense fluid state is perhaps the least studied and is
certainly the least understood. The dense fluid state encompasses
the middle range of molecular interactions - between the ideal gas
and the solid - and it is precisely this feature which makes a
theoretical description extremely difficult. As yet the inter-
molecular potential functions are only poorly represented and even
if they were in fact known one can imagine the difficulty in devel-
oping a theory which must on one extreme give the randomness of a
dilute gas and on the other, the regularity of a solid lattice.
Statistical mechanics may now be developed to an extent which is
sophisticated enough to handle the description of the dense fluid
state, however, this remains to be seen. The advent of high-speed
digital computers has permitted solution of theoretical equations
which use assumed representations of intermolecular potentizls, but
unfortunately there is a paucity of reliable experimental data for

comparison in the high-density region.
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The experimental results given within this report should al-
leviate in part the lack of accurate data for pressures above 2000
bars and hopefully they will lead to better theory; better repre-
sentation of intermolecular potentials, or both.

PVT measurements to 3000 bars have been made and with claims
of very high accuracy for several gases at the van der Waals labora-
tory. ) Beyond this pressure the experiments have been few in
number and sometimes of questionable accuracy. Benedict ) has
studied nitrogen to 5500 bars following Bridgnan's(s) earlier meas-
urements on the same gas. Bassett and Dupinay 1) have given a few
isolated points to 5000 bars for nitrogen and hydrogen and Blake,
et al (5) have investigated mixtures of nitrogen and methane to 5000
bars. The measurements of Bridgman cover a slightly larger pressure
range than those reported herein but suffer from an apparent system-
atic error. Since the inception of the present work Tsiklis (6 has
published results for nitrogen and argon which cover both the same
pressure and temperature ranges as the present work. Comparisons
between the results reported within this thesis and those obtained
by other workers will be given.

The basic method of the present experiment consists of meas-
uring isothermal volume changes in a fixed mass of gas between an
initial pressure and a series of higher pressures. Fiducial densities
below 3000 bars corresponding to some of the measured pressures are

then used to determine both the initial volume of the piezometer and
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the mass of enclosed gas. The reliance upon fiducial densities is
occasioned by the presence of a freeze valve which is used to sep-
arate the piezometer from the gas loading system which cannot with-
stand pressures greater than about 4000 bars. Although the volume
of frozen gas which plugs the capillary is small it is by no means
negligible in comparison with the rest of the sample. The changes
in volume of frozen gas between 2000 and 10,000 bars are, fortunately,
negligible thus permitting the use of this type valve for change of
volume measurements. This point will be discussed in a succeeding
chapter. The bulk of the volume of the piezometer is enclosed in a
purely hydrostatic environment which thereby minimizes the corrections
for compression of its parts and completely eliminates the possibility
of plastic distortion. Finally, the apparatus pemits continuous

readings rather than the discrete Burnett or Amagat-type measurements.



CHAPTER 11
APPARATUS

Pressure

The design of -the experiment described heréin has been largely
dictated by a desire for accuracy of 0.1 per cent or better for the
experimental measurements of pressure, volume, and temperature. The
greatest concession to convenience consists of the use of manganin re-
sistance gauges for the pressure measurements. Previous studies &) of
these gauges aﬂd the author's own experience indicate that the gauges
become inaccurate on the order of 0.1 per cent at pressures below 2000
bars due to calibration errors although the internal precision of the
measurements is seemingly limited only by the Leeds-Northrup G-2
Mueller bridge used for the resistance measurement. The least sub-
division of the bridge is 0.0001 ohms and the pressure jneasurenents
are internally consistent to a corresponding accuracy which is about
0.4 bars for the gauges used.

For reasons of accuracy, then, most of 'the measurements pre-
sented within this thesis were taken at -pressures above 2000 bars.
The measurements above 2000 bars, however, on_ly-add to the range of
experimental knowledge of the gases which have been studied since rea-
sonably accurate data to 3000 bars is available for most of them.

4



S

The availability of this fiducial data has permitted this
experiment to take advantage of the bellows technique(s) for measure-
ments of gas volume changes rather than absolute volumes. The small
spring constants of the bellows used has in turn permitted pressure
measurements to be made in the pressure transmittihg medium which
surrounds the piezometer. The difference in pressure bet;éen the in-
side of the piezometér and the exterior is in all cases less than 0.3

bars and hence within the accuracy of the measurements.

Volumes

The piezometer which is shown schematiéally inside the pres-
sure vessel in Fig. 1 consists of a constant volume chamber (excepting
thermal expansion, etc.) of about 10.2 cc volume connected by a 60 cm
long capillary tube of about 0.33 cc volume to a nickel bellows which
has a volume which can be varied between approximately 2 cc and 6 cc.
These parts of the piezometer account for about 99.4 per cent of the
total piezometer volume and are completely enclosed within the pressure
vessel thus insuring that the bulk of the piezometer is subject only to
hydrostatic stress. The presence of purely hydrostatic stresses both
simplifies and lends accuracy to the small corrections which must be
applied to volume measurements. With these corrections applied the gas
volume changes which occur in the piezometer can be determined to

better than 0.1 per cent with an internal precision of about 0.0007 cc.
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A stainless steel capillary tube of 0.0508 cm I.D. leads from
the bellows through the closure of the pressure vessel into a U-shaped
freeze valve ®) which is used to isolate the piezometer from the gas
loading compressors. The bottom of the U is dipped into liquid nitro-
gen and if necessary sufficient pressure is applied to the gas to
freeze it and plug the capillary. A large temperature gradient exists
over a length of about two or three inches between the liquid nitrogen
level and the foam rubber cap of the dewar flask. About fourteen
additional inches of capillary tube at room temperature are required
to reach the pressure vessel. The volume of the capillary between its
frozen plug and the bellows is about 0.1 cc. Addition of the volumes
of the various parts of the piezometer yields a total volume which is
variable between approximately 17 cc and 13 cc. The bellows which
are manufactured by the Servometer Corporation are of electrodeposited
nickel, 0.750 inches 0.D. x 0.570 inches I.D. x 0.0015 inch walls with
28 convolutions. The fragility of.the bellows and the difficulty of
calibrations dictates the necessity for keeping the bellows portion of
the piezometer relatively cool; thus it was separated from the constant
volume chamber which is heated to temperatures as high as 400° .

The most critical part of the apparatus is the electrical
system which is used to measure the bellows volume changes. The
method of measurement .is potentiometric since sliding electrical con-
tacts are part of the sche-e The heart of .thg electrical system is

a Mheatstone bridge which is encased (along with the bellows) in a
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brass frame and suspended directly inside the pressure vessel. The
bridge and bellows are shown schematically in Fig. 2. The bellows
has two stainless steel end plugs which are soft-soldered to the
bellows. One plug protrudes into the bellows interior to reduce the

enclosed volume and to act as travel limiters while both plugs serve

- -7 '——as convenient bosses for attachment to the bridge. One end of the

bellows and the electrical wires of the bridge are rigidly attached
to the brass case. The ''free" end of the bellows is attached to the
carriage for the sliding contacts of the bridge. The bridge wires
are all of nichrome 1.6 inches long and with individual resistances
of approximately 0.88 ohms. The wires are set in tension by set
screws outside the brass case and are electrically insulated from
the case by means of teflon washers.

Referring to Fig. 2; the leads B and C are connected through
a current-limiting resistor to a battery and the potential across
the leads A and D is balanced against an external potentiometer. Fig.
2 shows that the central pair of wires of the bridge conduct currents
in opposite directions. Thus these two wires from the arms of a
Wheatstone bridge and mechanical motion of the bellows produces- a
voltage change which is double that which could be obtained from a
single wire carrying the same current as one of the bridge arms. The
hardened steel sliding electrical contact is epoxied to the carriage
which attaches to the bellows and moves paraliel to the axis of sym-

metry of the bellows. The bridge wires are‘ pressed by spring-loaded



Figure 2. Wheatstone Bridge and Bellows
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bakelite pads against the sliding contact. The construction is such
that the taut bridge wires are not deflected by motion of the bellows.
ne other important feature of the bridge arrangement is the equality
of the resistances from points E and F to the ends of the slidewires.
This construction keeps the null position of the bridge at the same
point on the current leads when the bridge is under pressure which
causes the wire resistance to change. The external potentiometer cir-
cuit consists of a Leeds-Northrup Kohlrausch slidewire, which is suit-
ably shunted. The slidewire resistance of 7.13 ohms is apportioned
into 1000 equal length divisions and the resistance of the wire is
linear in thé scale divisions to about one part in 8000. The slidewire
can be interpolated to 0.1 divisions and systematic departures from
linearity have a s value of 0.15 divisions. The useful stroke of
the bellows is displayed on about 1500 divisions of the slidewire by
reversing the polarity of the Wheatstone bridge output when its sliding
contact reaches the null position.

The equivalent circuits of the bellows Wheatstone bridge and
external potentiometer are shown in Fig. 3 with the equivalent points
A, B, C and D of Fig. 2 appropriately labeled. The dashed line marked
"0" represents the null position of the Wheatstone bridge. The oper-
ating procedure requires the standardization of the current ratio be-
tween Nheatstone bridge and Kohlrausch slidewire. The resistor R, is
used to standardize the current ratio. The constancy of R, is criti-

cal for the experiment thus it is specially made of manganin and



Figure 3. Bridge and Potentiometer Circuit
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thermally insulated. The variable resistors Rg and R6 are used for
the adjustment of the current ratio between Wheatstone bridge and the
Kohlrausch slideware. The resistor R, is a shunt designed to keep
both batteries producing the same current and their discharge rates
the same so that the current ratio once balanced doesn't drift rapidly
in time. In practice the current ratio is adjusted before each
reading of the slidewire position. In addition the switches S, and S4
are double-pole, double-throw switches which permit readings to be
taken with both normal and reversed current directions. Averaging the
resulting pair of readings then eliminates the effect of all thermal

emfs which do not vary during the time of observation.

Temperature

The bellows and its associated sensing equipment is housed in
a portion of the pressure vessel which is immersed in a well-stirred
0il bath and controlled with heaters .and a mercury in glass thermostat
at 35.00£0.01° C. The constant volume chamber's cell is housed in a
metal block thermostat which can be controlled at various temperatures
to 400° C. The cylindrical metal block thermostat completely encases
the pressure cell of the constant volume chamber. The block has
heater windings on its side and independently vcont_rollable end heaters
which are used to compensate for heat losses through the pipe which
connects the pressure vessels of the coenstant #ohﬁe chamber and
bellows. The temperature control is exercised by switching a portion

of the heater currents with relays which are actuated by photocells
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and a galvanometer light. The control element is a nickel resistance
thermometer in a Wheatstone bridge. The unbalance voltage of the
bridge is displayed on the galvanometer. Control oscillations of
about 0.02° C occur at the exterior of the pressure vessel and these

(10) . Tempera-

arve largely damped out in passage into the inner bore
ture measurements on the constant volume chamber are made using cali-
brated thermocouple placed at the outer wall of the pressure vessel.

An important feature of the construction of the pressure
vessel is the pipe which connects the cells for the bellows and con-
stant volume chamber. The piezometer is supported at only one point
on the cool end of the pipe and the electrical leads for the Wheat-
stone bridge are passed through the pipe at the same end. It is thus
possible to remove the piezometer from the pressure vessel without
dissembling the piezometer. This is especially important since it is
possible to change the pressure seals when need arises without dis-
turbing a carefully calibrated piezometer. Despite the fragile ap-
pearance of the pipe local rumors insist it will endure forever.

The remainder of the apparatus consists of the gas handling
system used for loading gas into the piezometer. A block diagram of
this apparatus is shown in Fig. 4. The loading is done in three
stages. After evacuating to about 10”2 mm-Hg, gas is fed into the
piezometer through a regulator which permits the pressure to be raised

to the full bottle pressure and pressure transmitting fluid (petroleum

ether) is pumped either alternately or simultaneously into the pressure
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vessel but exterior to the piezometer. A second stage of pumping is
accomplished using a liquid nitrogen cooled thermal compressor of 64
cc to condense the gas from the bottle and upon heating the gas pres-
sure can be raised to around 300 bars. The final stage of pumping is
done by a single stroke piston pump which has a maximum volume of ap-
proximately 170 cc. The pump has greaseless teflon and viton packing
to prevent introduction of impurities into the gas sample. Pressures
up to 4 kbar can be generated with the pump. After pumping to the de-
sired initial pressure the freeze valve is used to seal the piezometer
and the piston pump can be relieved of duty until it becomes necessary
to unload. The unloading procedure is exactly the reverse of loading
and it might be added that these are the most difficult of all manipu-
lations of the apparatus. Since the thin-walled bellows is easily
ruptured by one or two bars over-pressure care must be taken during
loading to keep the bellows motion within safe operating limits. Since
the loading system can be relieved of pressure during the time of
operation of the apparatus, it is easy to introduce new gas bottles to

hold the reclaimed samples for analyses for impurities.



CHAPTER III

CALIBRATIONS AND CORRECTIONS

Pressure

The pressure gauges used in the present experiment have been
periodically calibrated at the melting pressures of mercury at three
different temperatures which are approximately -25° C, 0° C and 20°-C.
The melting pressures at these temperatures are taken to be the same
as those previously reported(7) with the exception of the adoption of-
a more recgnt(ll) value of 7569 bars at .0° C. The temperatures are
measured and monitored by means of a platinum resistance thermometer
which was manufactured and calibrated by the Leeds-Northrup Company. .
The Hy0 triple-point resistance of the thermometer is periodically
checked within our own laboratory. No significant resistance drift
has occurred within four years.

The mercury samples are kept in a chamber which is submerged
in a well-stirred naptha bath and thermostatted to the selected
mercury freezing temperature. A 0.020 inch I.D. stainless steel
capillary tube connects the mercury chamber to a pressure vessel which
is thermostatted at 35° C and which contains the manganin pressure
gauge. The solid-liquid mercury transition is detected by a resist-

ance discontinuity technique using apparatus modeled after that of

16
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Dadson and Greig.(u) . The mercury is poured in vaguo_into a thin-
walled 0.03 inch I.D. teflon tube which is wrapped on an aluminum
heat sink. An electrical current of about one milliampere is passed
through the mercury thread and when the mercury freezes the change
in the potential drop across the thread is detected potentiometrically.
In actual practice several determinations of the resistance of the
pressure gauge at the freezing pressures are made. The results at
the lowest pressure calibration point show a scatter of about 2 bars
which is probably due to temperature control difficulties. Since the
slope of the melting curve of mercury is about 200 bars/°C, tempera-
ture instability of 0.01° C could easily produce the scatter. At
higher temperatures the temperature control. is better and the scatter
of the calibration points is considerably reduced. The calibration
results are summed up by representing the measured pressures as

follows:

P=A+BRR) + C(R-Ro)z i )

Where A, B and C are determined by least squares analysis .of the
‘calibration point;5 R, is the resistance of the pressure gauge at one
bar pressure. The value of R, drifts slowly with time possibly due
to some slow oxidation of the resistance wire. The drift in a month
time is usually about three to six parts per hundred thousand. This
effect is of no consequence for the present work. Current values of

Ro are used in Eq. (1). The constants for the pressure gauges used
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in this work are very nearly: A = 1 bar B = 4020 bars/ft and
C = 13 bars/n2. Due to the near linearity of the pressure gauge the
constant B is the most significant of the three parameters. Differ-
ent values of B result from calibrations at different times, although
the variations in value have remained within 0.1 per cent over a
three year period. This does not however mean that the pressures in-
dicated by the gauge drift by this amount since the calibration con-
stants are not independent of each other. The pressures obtained
ffon Eq. (1) for fixed values of (R-Ro) but wi_th A, B and C from
different calibrations taken several months apart differ by 2 bars at
most at each of the calibration points. These differences are neg-
ligible except at the lowest pressures.

Thus in summary it appears that pressures detemmined by the
manganin resistance gauge are accurate to about two bars which is due
to calibration uncertainty plus unknown errors in the adopted fixed
points. The precision of the measurements is about 0.4 bars as noted
previously.

There are no corrections to be included with the use of Eq. (1)
to obtain pressures from measured resistance changes, however care must
be exercised to be sure that there is no significant leakage resistance
"~ at the point where the electrical leads pass through the pressure
vessel. Leakage resistance of less than one Megohm at ,fhese 'places
could parallel the resistance gaugé and lead-to an intolerable pres-

sure uncertainty.
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Temperature

The bellows chamber is thermostatted at 35° C in an oil bath
and the only remaining temperature measurement is made at the constant
volume chamber which is housed in a metal block thermostat. This mea-
surement presents three problems: (1) Maintenance of spatial uniform-
ity, (2) Stability with time and (3) Measurement with calibrated
themmocouples.

In order to maintain spatial uniformity the metal block thermo-
stat was provided with end heaters to compensate for heat loss through
the pipe which connects constant volume chamber and bellows chamber.
A special study was made to determine the power required for the end
heaters to produce uniform temperature throughout the constant volume
chamber. Four thermocouples were used for this _stu_dy._ One was placed

within the bore of the constant volume chamber's pressure cell and

- -

three wére inserted through the insulation and metal block and placed
in coiitact with the exterior of the pressure vessel. The three ex-
terior thermocouples were placed at the top, center and bottom of the
hot cell. At each of the temperatures 35° C, 100° C, 200° C, 300° C,
and 400° C the power distribution on the side and end heaters was
varied until the interior thermocouple showed no temperature variation
as it was moved over the length of the constant volume chamber. Then
all the thermmocouple readings and heater voltage settings were re-
corded. and the thermocouples were intercompared at a single position.

During this experimentation the end of the pipe which supports the
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piezometer was water-jacketed and maintained at about 35° C in order
to duplicate the actual conditions of use. In addition to correlating
the exterior tenper'ature distribution with the temperature of the
pressure cell interior, the temperature in the pipe between the furnace
and the water jacket was determined. This last information is needed
for proper correction of the PVT data. The temperature difference be-
tween interior and exterior of the pressure vessel is quite small,
amounting to about 2° C at 400° C, and then only near the bottom heater
which compensates for most of the heat loss through the pipe. At 200° C
the maximum temperature difference is approximately 0.5° C and dimin-
ishes rapidly with decreasing temperature. In any event the difference
is considered to be a well-known function of temperature at each thermo-
couple position and only at 400° C does lack of knowledge of the differ-
ence amount to as much as 0.1° C. The construction of the furnace
helps to insure that once established, the temperature correlation re-
mains valid over a long period of time. The metal block without in-
sulation weighs 35 pounds and the insulation which surrounds it is
magnesia dispersed in a fiber matrix. The fiber prevents the insula-
tion from settling out and permitting the furnace characteristics to
change. The large mass and excellent insulation of the furnaée help
to maintain an equilibrium temperature but has the disadvantage of
long equilibration times when temperature changes are needed.

The temperature control unit which was described in the pre-
vious chapter is capable of maintaining a fixed temperature of the
furnace to within 0.02° C for periods of time up to 24 hours. The
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stability is due in part to the use of thermally insulated wire
wound resistors and a three-lead attachment for the resistance thermo-
meter of the Wheatstone bridge of the control unit.

The task of calibrating themmocouples is always unfinished
since the thermocouple emf at a given temperature drifts slowly with
time. The thermocouples used in this experiment are chromel-alumel,
insulated with magnesium oxide, and encased in stainless steel sheaths.
The calibration procedure consists of recording the thermocouple emf
at intervals of about 25° C between room temperature and 400° C. The
temperatures are determined by the same platinum resistance thermo-
meter used during pressure calibration. The thermocouples and platinum
resistance themometer are inserted into opposite ends of a special
calibration furnace. Their temperature sensitive elements are in
close proximity within the furnace. The calibration results are dis-
played graphically for each thermocouple in.the form of a deviation
curve. The thermocouple emf at each temperature is subtracted from
the emf given in standard tables and the difference is plotted graph-
ically versus temperature. The drift of thermocouple emf is most
pronounced at temperatures above 200° C; consequently temperature
measurements above 200° C are more uncertain than those at lower
temperatures and the uncertainty increases with the time elapsed
since the last calibration. Even though the thermocouple emf drifts
it is possible to partly compensate for the effect on any particular

PVT data run by interpolating the trend of the drift between different
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calibrations of the thermocouples; one preceding the data run and
one afterwards. The aging or drift appears to be a function of time
rather than just the time spent in use at elevated temperatures.

The accuracy which can be obtained on temperature measure-
ment with these thermocouples after all corrections are applied is
estimated to be: 0.1° C at 100° C, 0.1° C at 200° C, 0.2° C at 300° C
and 0.3° C to 0.4° C at 400° C. These estimates of accuracy corre-
spond to the accuracy with which the corrections can be determined
from the calibration graphs. The erratic nature of the deviations of
the thermocouple emfs from either algebraic expressions or standard
tables prevents any more accurate usage, however, for a few days
after calibration the results are reproducible to about 0.1° C at any

temperature up to 400° C.

Volumes
The volume measurements which are relevant to the present. ex-
periment consist of: (1) The absolute volume of the constant volume
chamber and the capillary which connects it to the bellows and (2)

Measurements of bellows volume changes.

Constant Volume Chamber and Capillary
The total volume of the constant volume chamber and capillary
(which are shown in Fig. 1) is detemmined by filling them in vacuo
with triply distilled and outgassed mercury. Precautions. are taken
to insure that no gas bubbles are trapped within the volume and that
all the mercury is removed before any gases are loaded under experi-

mental conditions.
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The volume of constant volume chamber and capillary has been
determined both before and after application of 10 kbar pressures
and temperatures to 400° C with agreement on the volume measurement
to 0.01 per cent which is about the expected accuracy of the measure-
ment. Consequently, it appears that within 0.01 per cent there is no
volume hysteresis due to the pressure and temperature cycles.

Several different constant volume chambers and capillaries
have been used in gathering the experimental data since replacements
have been made when leaks developed.

The determination of the capillary volume as a separate
quantity is done by calculation using measured values of internal di-
ameter and length of the capillary. In all cases the capill,ary-volule
is very nearly 0.33 cc and the constant volume chamber therefore ap-
proximately 10.20 cc.

The volumes of constant volume chamber and capillary must be
corrected to account for themmal expansion when they are heated and
for their compression under pressure. Literature values for the themmal

12) (13) of the stainless .

expansion coefficient and compressihility

steel are sufficient for conrection of the small volume of the capil-

lary, however, the same quantities for the correction of the larger

nickel constant volume chamber were each deteninediqspeciaily for

this experiment. |
The thermal expansion coefficient of nickel was measured

directly by mounting a sample cut from the same stock as the consti&:_t
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volume chamber in a furnace. The furnace cover was replaced with a
pyrex sheet and several thermocouples were inserted through the back
of the furnace. One thermocouple was used for temperature measure-
ment and another for the temperature control. Outside the furnace a
traveling microscope was mounted parallel to the specimen. The ex-
periment was carried out in obvious fashion with the following re-

sults:

£ = 13.82x107°(T-35) + 1.655x107°(1-35)% .
35

Where AL is. the increase in sample length, Ly the length at 35° C
and T is the temperature in degrees centigrade. Considering the limits
of accuracy of the length measurements, the thermal expansions calcu-
lated using the above expression are estimated to be accurate to about
one per cent.

The determination of the compressibility of nickel as a.func-
tion of temperature required a considerably more sophisticated experi-
mental arrangement. The measurements were made by Babb and Scott by
an ultrasonic method and the results have been previously reported(14)
but for completeness are reproduced in Table I.

The values in the table are the isothermal compressibilities
at one atmosphere pressure. In practice these values are corrected
linearly with pressure giving a compressibility decrease of two per
cent at 10,000 bars at-each temperature. The accuracy of the com-
pressibilities in the table has been estimated to be about three per

cent.
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Table I. Compressibility of Nickel

== T(° C) Isothermal compressibility x 107(bar°‘)
35° 5.38
100° 5.41
200 5.51
300 5.64
400 5.82

_  ———————_—_____ ——— ——

Bellows Volume Changes

The electrical system which is used with the bellows deter-
mines only the bellows length. The bellows calibration consists of
a determination of bellows volume change as a function of the
Kohlrausch slidewire position, which is equivalent to a change of
volume versus change of length measurement. The invariance of cir-
cuit characteristics is required at least for the time interval be-
tween calibration and procurement of PVT data. This point will be
discussed presently.

The calibration apparatus which is shown in Fig. 5 is es-

sentially inanoneter which encloses the bellows and its Wheatstone
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bridge in carefully outgassed Octoil-S. The Octoil-S transmits bellows
volume changes to a mercury column in a precision bore glass capillary
tube of 0.080277£0.000004 cm? internal cross-section. (The cross-
section area of the glass capillary was obtained by releasing weighed
increments of mercury from the column and measuring the length change
of the column. Since the density of mercury is known at the working
temperature the cross section area of the capillary can be determined
and checked for uniformity along the tube length.)

The bellows volume changes which are displaced in the glass
capillary are measured then by measuring the change in height of the
mercury column with a cathetometer. The volume changes which are
actually measured in this way are the volume changes on the exterior
of the bellows, however these differ negligibly from the volume changes
of the bellows interior due to the thin (0.0015 inch) walls of the
bellows. A small correction must be applied to the measured mercury
column height changes to compensate for the part of the bellows volume
change absorbed by the compression of the Octoil-S as the mercury
column height increases. If h is the lowest cathetometer setting,
then the correction to be added in compensation for compression at h
is:

(h-h U,
76at

*bis-diethylhexylsébacate
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Where U, is the volume of Octoil-S in the manometer, a_ is the cross
section area of the glass capillary, Xo is the compressibility of
octoil in at:-oslaheres'l and (h-h o) is measured in centimeters. The
compression of the mercury is negligible.

In order to duplicate the conditions of actual use, the en-
tire calibration apparatus is housed in a well-decorated box that re-
sembles a gutless grandfathers clock and thermostatted to 35° Cin a
stirred ;ir bath. The maintenance of a uniform 35° C temperature pre-
vents the occurrence of spurious volume changes due to thermal expan-
sion or contraction of the manometer fluids. Finally, if h repre-
sents the cathetometer setting and D the Kohlrausch slidewire position

then the calibration results can be displayed in the form:

2
h =h - E(D-D)) + F(D-D))° . 2

Where ho, E and F are constants detemined by a least squares an--
lysis of the measurements of D and h and Do is the slidewire setting
when the bellows is fully compressed against the end plugs. The point
h o is determined by least squares rather than by observation since a
small flexing of the sides of the bellows occurs if the pressure in-
side the bellows is lowered below that needed to just achieve contact
of the end plugs and the directly observed values of h, are uncertain

beyond the internal precision of the other calibration points.
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Volume changes in the bellows can be obtained directly as
functions of D-Do by multiplying Eq. (2) by a,, the cross-section
area of the glass capillary, and correcting for compression of the

Octoil-S. Letting V be the bellows volume there follows:
_ XoVo 2
V-v, = a. (1 + -76—at-) [-E(D-Do) + F(D-—Do) ]l . 3)

The internal precision of the volume changes is approximately 0.0007

cc which is well within the combined expected observation errors of

0.15 divisions in D and 0.005 cm on the cathetometer settings. Typi-

cal values of E and F are: E = 0.0443 cm/div and F = 2.0x10"’ ‘cm/div2,
'iheir-standard deviations as determined by routine statistical methods (15)

U
are about 0.04 per cent and 7 per cent respectively. The quantity ____);:ao
t

has the value 0.0016 taking x = 7x10”/atm. (16)

The smallness of the F values, and their persistent presence
caused much painstaking work to be done. It was at first thought that
the non-linearity must be due to a systematic error in the calibration
process, however, as the technique was perfected and the internal con-
sistency of the measurements became greater, the non-linearities per-
sisted and became quite well-defined. The glass capillary tube was
checked for uniformity of cross-section, the electrical circuits were
Astudi-ed in detail and the temperature distribution within the cali-
bration apparatus was mapped out. No effects appeared which could

account for the non-linear bellows behavior and finally the reproduc-

ibility of the calibration results after subjecting the bellows to
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pressure cycles to 10 kbar removed all lingering doubts about the
calibration procedure. A simple geometric interpretation of the non-
linearity is that as the bellows lengthens the convolutions open up
and slightly increase the effective cross-section area of the bellows.
Calculations based on this idea confirm the order of magnitude of the
F values. Figure 6 exhibits the calculation for a particular bellows
and shows the deviations from a linear least squares fit of h vs. D.
A fit to Eq. (2) which is quadratic removes the curved pattern from

the deviations.

Wheatstone Bridge Characteristics

As mentioned previously, the reliability of the calibration
results depends on the invariance of the quantities D-D, over the time
interval taken by calibration and procurement of PVT data. One must
examine the construction of the bridge and external circuit to be as-
sured of this invariance. The operating procedure for the circuit is
shown schematically in Figs. 7A and 7B. One First manipulates the
switches (See Fig. 3) sz, 83 and S5 to obtain the configuration of 7A
and then adjusts R and/or R6 and R7 to obtain a null galvanometer.
The switches are then changed to produce the configuration of Fig. 7B
and a null is obtained by adjusting Ro. Using the notation for re-
sistances of Figs. 7 and letting i be the total current passed by
the Wheatstone bridge and ip the current through the Kohlrausch slide-

wire, then the first operation produces the equality
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i R, = iR(Rn+R3+R4) (4)

2

and the second operation yields:

iy oX = ip(R +Rg) . (5)

Where p is the resistance per unit length of the Wheatstone bridge
slidewires and X the Wheatstone bridge wiper displacement from the
Ro

null position. These equations may be solved for the ratio il-n.

with the result:

To . RetRe ox Rs ©
Ra R R TR
The Kohlrausch slidewire D setting is defined by:
Ro
D = 10001 - 5= 7
( R, )]

This equation has been experimentally verified by direct measurement
of D and measurements of Ro and R- with the G-2 Mueller bridge. As

noted previously, rms departures from the predictions of Eq. (7) and
the measured values of D amount to about 0.15 divisions. Combination

of Eqs. (6) and (7) yields:

R X R3
D = 1000f1 - (1 + y 82, . 8
[ ( R. R, ,,‘ (8)

Ry and R4 are small parasitic resistances associated with connections

to the ends of the Kohlrausch slidewire. Their presence prevents the
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external circuit from achieving a null output and this is reflected
in Eq. (8). One can see that D>1000 would be required for X = 0.
Since this is mechanically impossible there exists a region of in-
difference of width 2000 ;E-divisions in which no balance of the
Wheatstone bridge and external circuit can be achieved. This reading
discontinuity has been minimized by the use of heavy copper connec-
tions soldered to the slidewire and its value has been determined in
three different ways. The first detemmination consisted of direct
measurements of Ry and R by means of the Mueller bridge. The second
measurement was- a direct one in which the width of the region of in-
difference was measured by micrometer displacement of the sliding con-
tacts of the Wheatstone bridge. Finally a value was determined by a
trial and error choice of the number of divisions which when added-to
Eq. (8) produce continuity for experimental measurements of D vs. X

2000R
at the point X = 0. The width obtained was Ry 3. 1.0 divisions in

each case after the final modifications of the connections to the
Kohlrausch slidewire were made.
The resistances appearing in Eq. (8) have the following

values:

- -
"

Ry

.5498/inch

= .00350

©
n

R, = .3526Q
R = 7,132
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R3*Ry

The smallness of the quantity Re plus the adjustment of the cur-

rent ratio prevents any serious effects from room temperature varia-
tions of R- thus permitting the Kohlrausch slidewire to stand in the
open air with no thermostat required. Also the thermal insulation
of R2 coupled with the small temperature coefficient of resistance of
manganin insures the constancy of the resistor R2

The resistivity p of the nichrome slidewires varies only under
pressure since the bridge is thermostatted at 35° C during both
bellows calibrations and runs with gases. The quantities l)-l)o which
appear in the bellows calibration results can be expiessed in the

form:

dD
D-D, = Fx(X-X)) . 9)

Since the bellows volume changes at one atmosphere presumably always
bear the same relationship to the bellows displacements (X-X o) then
only the constancy of % is required to insure that the bellows cali-
bration in terms of the values D-Do remains accurate. The measure-
ment of %—in-by & micrometer displacc;-'ent of the bellows bridge is
easily accomplished thus affording a convenient check on bellows cali-
bration results when there are long time lapses between calibration
and use of a bellows. Measurements of %J-both before and after a run
with the bridge under pressure also insures that the bridge is unaf-

fected by the cycles under pressure. The value of g- as given by

Bgq. (8) is accurate to within the errors of measurement of the
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quantities p and R2 and the constancy of g_xn' over periods of time up
to six months has been observed. The statistical standard error of
the micrometer observations of -g—g is about two parts in ten thousand
and the variations over several months time remain well within this
margin of error. The values of %xp- are periodically changed when the
bridge is cleaned and the wires reset in tension which introduce
changes in p, the resistivity of the wires. When the bridge wires
are reset they are subjected to a pressure cycle above 5 kbar to an-
neal the strains introduced by cleaning.

Since bellows calibrations are obtained at one atmosphere
pressure, a number of small corrections must be made cn the volume
changes using Eq. (3) in order to account for the effects of pressure
on the wheatstone bridge and the piezometer. The corrections due to
the Wheatstone bridge are caused by contraction of the brass case and
slidewires and changing wire resistivity under pressure. A litera-

an suffices for the first

ture value for the compressibility of brass
of these but the pressure coefficient of resistivity of the wires was
determined experimentally and was found to receive a contribution from
a change in tension on the wires. In order to accurately determine

the necessary corrections for pressure effects on the Wheatstone bridge
it was subjected to pressure with solid samples of brass, lead, and
Amco Iron inserted in place of the bellows. To the first order of

small quantities Eq. (8) lends itself to an interpretation of the re-

sults.
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= (- bp , (@D
8D = (0-1000) 72+ (G)ax (10)

Here AD is interpreted as the change in D due to the small effects of
pressure on the Wheatstone bridge, subscript zeroes refer to the same
quantity at atmospheric pressure and AX is due to the relative motion
between bridge wires and wiper due to the contraction of the case.
Thus according to Eq. (10) when D #1000 and a brass sample is used so
that AX = 0 is expected then one should observe no shift, i.e. AD = 0.
In actual fact a shift AD = 0.3 divisions was obtained in the first
500 bars above atmosphere with no further increase to 10,000 bars.
Upon release of pressure to about 9500 bars AD feveréed to -~ 0.3 di-
visions and remained stationary until the pressure dropped below 500
bars. Finally, the initial setting was regained at one atmosphere.
The source of this anomalous shift is still unkﬁown, however its small-
ness and constancy of sign and magnitude for either monotonically in-
creasing or decreasing pressures over the working pressure range rele-
gate it to nuisance status only. The anomalous shift does appear in
the PVT data as a small hysteresis between points taken with increasing
pressure and those taken with decreasing pressure. The hysteresis
width amounts to about 0.01 per cent in the gas densities determined
in this work.

When the iron and lead samples were used instead of brass,

again with D=1000 so that contributions to AD should be due only to
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relative motion, then AX in Eq. (10) should be given by AX = LAxP;
where L is the sample length, AX the difference of linear compress-
ibilities between brass and the sample and P the pressure in bars.
Then the slope of the line AD as a function of pressure should be
(%%)oLAx. The slopes actually measured agree to one per cent with

(17,18) values

those calculated by the preceding formula when Bridgman's
for Ax were used. Finally, using a brass sample so that AX = 0 (except
for the anomalous shift) and with D-1000 a large number of divisions
then Eq. (10) becomes: AD = (D-1000)BP with %§-= BP where B is the
pressure coefficient of resistivity of nichrome. The slope of the line
AD as a function of pressure is given by (D-1000)g8. Thus the value'of
8 was found to be 8.32x10”//bar. The correction for changing wire re-
sistivity was anticipated before these measurements on solid samples
were undertaken and a value 8 = 7.05x10”/bar had been obtained by
direct resistance measurement for a sample of unstrained wire from the
same pool of lab stock. Consequently, the indirectly obtained value
of B8 = 8.32x10"//bar undermined confidence in the use of Eq. (10) to
the extent that direct measurements were made of the bridge wire re-
sistance under pressure. These ﬁeasurements yielded 8 = 8.323x10™//bar
with the wires set in tension and B = 6.98x10 //bar with tension re-
laxed. Finally, -the change of resistivity with applied stress was
measured for a sample of wire from the same spool. The tension coef-
ficient of resistance thus obtained was £ = 1.3x10-6/bar. If the ef-

fects of increasing pressure and decreasing tension were purely additive
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one would expect the combination of both effects to yield:

B(strained) = g(unstrained) + YgAy

Where Y is Young's modulus for nichrome and AX the difference of linear
compressibilities for nichrome and the brass frame over which the wires

17,19) compressibilities for AX and

are stretched. Using Birdgman's
the measured values of Y.and £ there follows; YEAX = 3.1x10'7/bar which
is about a factor of two larger than is necessary to account for the
difference between the previously given values of B.

When the bridge wires were reset in tension the first cycle
under pressure was non-reproducible to the extent that the initial
slope of resistance versus pressure curve corresponded to Ax10x10™’
(which agrees nicely with the sum of unstrained wire and tension con-
tributions to 8) but an amealinj process began in the vicinity of 2000
bars and continued with increasing pressure until the value g = 8.32x107
/bar obtained reproducibly. It should be noted that 2000 bars corres-
ponds to the yield strength of the nichrome. This curious amnealing
effect accounts for the constancy of 8 for the taut bridge wires over a
three year period. It is thus concluded that the value of B = 8.323x10" 7
/bar for the bridge wires in tension is both well-estsblished and under-
stood. |

Volupe Corrections

In order to sum up the corrections to be made on the volume

changes computed using Eq. (3) it is necessary to establish a few
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conventions. It should be clear that all corrections save the one on
the cross-section area of the bellows are to be made relative to some
starting position D on the slide wire since we are interested only in
volume changes. Accordingly, let D, be the slidewire setting at the
most expanded position of the bellows corresponding to Py which is the
lowest pressure on the isotherm. Furthemmore, D; is to be taken less
than 1000 divisions if the bellows is on the expanded side of the
Wheatstone bridge null position. According to this convention Do’ the
fully compressed position, is the largest attainable thus accounting
for the negative sign before the calibration constant E in Eq. (3).

Equation (3) can be rewritten in temms of displacements from D; in the

- —

following way:

V-V = (1.0016)a,{[E + 2F(,-D)1(®-D)) - F(>-DD?} . @)

1

Equation (11) serves as a convenient launch-pad for the discussion of

the following corrections:

(1) Decrease of bridge wire resistance

(2) Shrinkage of brass bridge case

(3) Shrinkage of bellows cross-section area

(4) Shrinkage of stainless steel end plugs enclosed
by the bellows.

The following notation will be adopted for this discussion:

a, = 8.0277x10"% £ 4x10°° cm? -- glass capillary cross-section area
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= 5.38x10” ' /bar -- cubic compressibility of nickel at 35° C

8 = 8.32x10'7/bar - pressure coefficient of resistivity of

nichrome at 35° C

Ls = 4.75 inch -- lengfh of Wheatstone bridge case

I.3 = 1.60 inch  -- length of wiper carriage of Wheatstone bridge

l.4 = 1.50 inch -- length of brass mounting post for nichrome
bridge wire

L, + L2 z 1 inch -- length of stainless steel between attachment
points and bellows

Ls = 1.10 inch -- length of end plug enclosed by bellows

Xxg = 9-18 10'7/bar -- cubic compressibility of brass at 35° C

Xg = 5.9 10'7/bar -- cubic compressibility of stainless steel at 35° C

vV, = 4.5245 cm3 -- volume of steel end plugs enclosed by bellows

%1.6 103div/inch -- Kohlrausch slide wire divisions per unit motion
of bellows.

D, = Kohlrausch slide wire setting with fully compressed bellows.

-Do>1000 by convention.
D, = slide wire setting at pressure Pl'

For the resistivity correction imagine the process of raising
the pressure to compress the bellows to a displacement D-D1 with

Dl<D<1000. Then it should be clear that the quantity D-D1 will be

larger than just the amount corresponding to bellows motion due to
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the decrease of wire resistivity. In order to correct D-D1 to the
value which corresponds only to bellows motion the following values
of D should be used: D = Dobs + (Dobs-IOOOJBP. Thus
(D-Dl)obs + (Dobs-IOOO)BP - (Dlobs-IOOO)BP1 corresponds only to bellows
motion. Now as pressure increases and D traverses the point D = 1000
the preceding expression continues to correctly express the part of the
observed differences which corresponds to motion ﬁf the bellows with
the exception that the number of divisions which correspond to the
width of the region of indifference of the external potentiometer must
be added.

Another contribution which must be included is the shrinkage
of the bridge case. An examination of the construction shown in Fig.
2 reveals that the shrinkage of the bridge case has the effect of
making the relative motion between the bridge wires and bellows too
small :egaidless of the direction of bellows motion. The correction
consists of converting the relative motion due to shrinkage to di-
visions and adding it to the difference D-Dl. The addition required

is:
dD Ly, X Xg
& O[“’s"‘s' 3§ - @)Ly IC-P)) .

The correction for shrinkage of the bellows cross-section
area must be carried out in two parts. Equation (11) must be multi-
plied by (1- %-XNPI) to account for the shrinkage of cross-section

area of the bellows to pressure Pl. In order to complete the rest
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of the correction imagine the bellows to be a cylinder of variable
length. This should be a reasonable procedure since the effective
cross-section area of the bellows is constant to about 0.1 per cent
as its length changes. At any rate it is clear at least that the
bellows will shrink in cylindrical symmetry. The volume change which
must be added in compensation for the shrinking cross-section area is
L(al-a) where L is the length of the bellows at pfessure P and a is its
effective cross-section area, a, is the effective cross-section area at
Pl. If l‘s is the length of the stainless steel plug which is encased
within the bellows then; L = L_ + (g"n)o(no-n) and (a,-a) = asax,(P-P,)
where a is the bellows cross-section area at one atmosphere pressure.

The equality of volume displacements within the bellows and in the

calibration manometer yeilds the value of ao:
dX, _ dh
ao(aﬁ)o “8 a -

Then with sufficient accuracy for this small correction
% = [E + 2F(D°-Dl)](l.0016). The completed correction for shrink-

age of the bellows cross-section is:

L(a,-a) = a,(1.0016) [E + 2F(D-D_)][L, (%);(no-n)]-g- xy(P-P,) .

Finally the correction for shrinkage of the stainless steel within
the bellows is sts(-P'-'PIJ‘ This last correction must be subtracted
from the values of V;-V since the shrinkage of stainless steel in-

creases the bellows volume.
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All the corrections can be summed up in the following form:

2

V,-V = AMa(@-D)) + e(D-D,)(P-P,) + £(P-P,)} - b(D-D,) (12)
a=(1-%xP)a s8R a3)
A = (1.0016)a [E + 2F(D_-D,)] (14)
2
Ly X X

£ = {[(LgLy- -54-) -;— - (L) ?s-] (%x-[l)o - (1000-D,)8

(16)
db 2 X svs
NIRRT 3 e o

b= (1.0016)a F . a7

Equation (12) is convenient for calculations. The coefficients A,
a, ¢, £ and b can be calculated once the initial values Pl’ Do and
D, are known and the computation of volume changes proceeds easiiy.
Equation (12) expresses bellows volume changes only. For the iso:
therm at 35° C all parts of the piezometer are at the same tempera-
ture and the total piezometer volume change can be computed by adding

the quantity to the coefficient f given by Eq. (16).
xN"t.l""‘svc
A

Vu = volume of constant volume chamber; Vc s volume of connecting

capillary tube.
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Typical values of the coefficients at 35° C are as follows:

A = 3.5x10"% cm¥/div
a = 1.0004

e = 4.7x10" /bar

£ = 2.5x10"% div/bar
b = 2x10°% cad/div2

There is one more corfection concerning bellows volume changes
which arises when the constant volume chamber is heateq to tempera-
tures above 35° C. In order to reduce the data at the higher tempera-
ture the bellows volume must be known in order to determine the mass
of gas within it using the previously determined densities from the
35° C isotherm. The problem encountered is the correction on bellows
volume at a fixed D setting when the pressure is raised due to the
heating of the upper chamber. There are competing processes involved
in the volume correction:.

(1) As the pressure increases with heating and resistivity
drops the bellows must expand to keep D constant if
D<1000 and must contract if D>1000.

(2) As the pressure increases the shrinkage of the case ma-
terials causes the null position of the bridge to creep
toward the sliding contact if D>1000 and away from it

if D<1000.
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(3) The enclosed stainless steel end plugs shrink thereby
increasing the bellows volume.

(4) The bellows cross-section area shrinks.

These corrections may be summed up as follows letting Vb be the bellows

volume:

Vp(T) - V,(35° C) = (P-P,.) [x V, + A{(1000-D)8
(18)

dp 2 Ly Xp Xs
- ["s(ﬁ)o * ”o"’] TN (“‘5"‘3‘ 7 3 - L) ?J%D)Jl

P35 is the pressure at 35° C at the same value of D, A is given by
Eq. (14) and all other symbols retain their usual meanings. Equations
(12) through (18) are the basic equations for calculation of volume
changes.

The last correction given by Eq. (18) is usually quite small,
amounting to approximately 0.001 cc or less. This is less than one

part in ten thousand of the piezometer volume.



CHAPTER IV

EXPERIMENTAL PROCEDURE

The first step in preparation to take isotherm data consists
of evacuating the piezometer and gas loading system to about lo'znn-Hg
and simultaneously heating the piezometer pressure vessel to 35° C.
After the bellows chamber oil bath is stabilized at 35° C it is used
to standardize the themmocouples for the metal block thermostat of the
constant volume chamber. This standardization removes the possibility
of 0.1° C uncertainty of the thermocouple readings and this tempera-
ture measurement therefore relies on the mercury thermostat of the oil
bath alone. Usually 12 or more hours are spent in the process of
evacuation and stabilization of the tqnperaﬁure, although the time
could be considerably.reduced if desired.

After the temperature control is established the initial setting
Do of the Kohlrausch slidewire is recorded with the bellows evacuated
and the resistance Rb at atmospheric pressure of the manganin pressure
gauge is measured. Then before admittingges to the piezometer, the gas
loading system is purged with the gas to be loaded under pressure.and
is re-evacuated. This precaution insures that any cdntaminants are re-

moved from the connsctions to the gas sample bottle. The actual

47
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loading of 10 to 12 atmospheric liters of the gas is then accomplished
as described in Chapter 11.

An important part of the experimentation with any gas con-
sists of checking its behavior in the freeze valve. Normally, during
the course of recording data the liquid nitrogen level in the freeze
valve is maintained constant, however, either before or after the data
is recorded the liquid nitrogen level is deliberately varied by as
much as six inches in the dewar flask while efforts are made to ob-
serve a bellows volume change. This is usually done at several dif-
ferent pressures. The most unfavorable of these observations occurred
on a run with argon when the pressure was raised to about 10,000 bars
and about four inches of the dewar was then filled with liquid nitro-
gen. There was no effect observed at 10,000 bars but when the pressure
was lowered to about 4,000 bars and the nitrogen deliberately boiled
off, a volume change of about 8x10™" cc appeared. Volume hysteresis in
this amount would correspond to only 0.01 per ceat in gas density and
as mentioned before, the liquid nitrogen level is maintained to avoid
the problem during the period of data accumulation. No other freeze
valve volume changes have ever been observed.

One of the side benefits of initial experimentation with the
freeze valve is that one or more cycles under pressure are accomplished
thus serving to anneal any strains which could possibly (although im-
probably) have been introduced in the Wheatstone bridge wires during

the assembly of the piezometer. As a matter of technique, the
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Wheatstone bridge is cleaned and cycled under pressure before bellows
calibrations are undertaken.

After the experiments with the freeze valve some 15 to 25
readings of the pressure gauge resistance and corresponding Kohlrausch
slidewire settings are made. The temperature is also monitored and
recorded during this period. As a general rule the temperature con-
trol is so stable that it is seldom that any adjustments of tempera-
ture are required. The measurements are spread over the useful stroke
of the bellows from 50 to 400 bars apart depending on the pressure
range and the gas which is being studied. Ten to fifteen minutes are
allowed for thermal equilibration at each point and usually the vari-
ables to be recorded have stationary values for several minutes before
their values are recorded. While themmal equilibrium is being at-
tained at each setting, the previous measurement is plotted on large
scale graph paper and checked for hysteresis or gas loss between
points taken with increasing pressure and those taken with decreasing
pressure. This also serves to eleminate gross reading errors. The
experiment is aborted any time evidence of loss.of gas appears. A
typical plot of the raw data is shown for argon in Fig. 8.

/frnfter the five or six hours necessary for the accumulation of
data at 35° C the metal block furnace for the constant volume chamber
is heated and allowed to equilibrate at successively higher tempera-
tures. When thermal equilibrium is established the accumulation of

data at each temperature proceeds exactly as at 35° C. It usually
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requires at least five hours to run each isotherm after temperature
control is established. Despite efforts to heat the furnace uni-
formly the periods of time required for the furnace to equilibrate
grow from about two hours between 35 and 100° C to about five hours
between 300 and 400° C. In view of the long time lags it is necessary
to replenish the ice bath for the cold junctions of the thermocouples.
This is usually done about one half hour before taking data on each
isotherm. As a point of technique, the thermocouples are removed from
the furnace during the heating periods to help prevent thermal aging.
Another motivation for this procedure is that the thermocouples tend to
develop shorts to their stainless steel sheaths at the places of close
proximity to the heater windings of the metal block if they are left in
place during the periods of rapid heating.

After the isotherm at 400° C is run the constant volume chamber
is cooled back to 35° C with the aid of a water coolant in the thermo-
meter wells of the furnace, and six to ten points are taken as a re-
check to insure that no gas was lost from the piezometer during the runs
at higher temperatures. If there is evidence of leakage the results of
the run are discarded, but if not the gas is unloaded and stored in
sample bottles pending analyses for impurities.

Usually at least two runs with different gas loads are necessary
for the extension of isotherms from 1500-2000 bars to 10,000 ba;s. The
first load usually begins at 1500 to 1600 bars and extends the isotherms

to 4500-5000 bars. The second load overlaps the first, starting at
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approximately 3000 bars and extending to 10,000 bars. Sometimes a
third load at 38° C is used to overlap both the low and high pressure
runs and provide better statistics for the data reduction. As a gen-
eral rule the points taken in the range of the fiducial data are closely
spaced along the isotherm in order to provide a more reliable judgement
of the agreement between measured volume changes and the fiducial den-
sity differences. In addition, at least half the available 4 cc volume
change which is permitted by the bellows is expended within the low
pressure fiducial range. In this way the random errors of observation
of the volume changes become negligible fractions of the total volume

-- change which is used to span the fiducial data range.



CHAPTER V
DATA REDUCTION

The data which is taken consists of a number of pressure gauge
resistance readings and the corresponding Kohlrausch slidewire settings
at constant temperature. The resistance measurements are converted to
pressures using Eq. (1) and the slidewire settings are converted to
volume changes by means of Eq. (12). In view of the failure to ob-
serve significant volume changes in the freeze valve and a considera-
tion of the physical processes involved which are described in the ap-
pendix, the reduction of data at 35° C proceeds upon the assumption
that a constant mass of gas undergoes changes in volume within the pie-
zometer. The equality of masses at pressures P1 and P between which

the volume change AV occurs yields the equation:

pIV1 = p(Vl—AV) . (19)

Where p. and p are the gas densities at pressures Pl and P respectively

1
and V, the piezometer volume at pressure P, .

In order to make use of Eq. (19) two fiducial densities Pe and Py
are chosen corresponding to the pressures Pf and Pl. These are usually
the highest and lowest pressures within the fiducial data range. Then

V, can be obtained as well as the mass of gas p,V; in the
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system. Usually Pf is the highest pressure on the isotherm for which
fiducial data is available. After obtaining Vl the data between P1
and P. is examined for systematic differences from the fiducial data.
Generally there are none and Eq. (19i is recast in dimensionless Amagat

units: v

n
d. 4 --‘-.-—_ - (20)
i V1 Avli

Vh is the Normal volume of gas and di the Amagat density obtained

in the present work. Using preliminary values of Vn and V1 obtained
from the preceding two point forced fit, the least squares best values
of V1 and Vn are obtained for the range of overlap with the fiducial
data by minimizing the quantity i.‘(di-pi)2 where the p; are fiducial
Amagats densities. Figure 9 depicts the residuals (di-pi) as a func-
tion of pressure for Argon at 35° C. The fiducial below 2500 bars
data was obtained from Michels, et al.(l) Points above 2500 bars
correspond to extrapolation of Michels' work. The important feature
of the figure is the statistical indistinguishability of points taken
with increasing or decreasing pressures and the recheck points which
were taken after the 400° C isotherm was run. This demonstrates the
lack of any significant hysteresis. The per cent standard deviations
of the values for V1 and Vn are usually on the order of 0.05 per cent.
This reflects only the small scatter of the experimental points. Vn
is not capabie of determination by the experimental techniques des-

cribed herein except through the use of fiducial data, however, there
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are means of determining V1 independently of the fiducial data from
the requirements of internal consistency when two or more gas loads
traverse a common pressure range. (See Appendix ) It is also re-
quired that the values of V1 determined by means of fiducial data
agree reasonably with the external estimates of the piezometer volume;
i.e., the volume obtained by addition of the estimated volumes of the
various piezometer parts.

The quality of the fit to a set of fiducial data is quite in-
dependent of the accuracy of the values of V1 and Vn as is demon-

strated below. Equation (20) can be rewritten in the form:

Dla
d =5 (21)
i
P T
where a = and X. = - , where 1 = initial points, f highest
PE Py 1 &Vpe

pressure fiducial point, and i = measured point. This shows that the
densities at 35° C calculated for this experiment in extension of ex-
isting fiducial data are expressed in terms of ratios of volume changes.
If the bellows calibration was linear the calibration constants would
drop out completely. Since the departures from linearity are small

this indicates that the densities obtained at 35° C are practically
independent of the volume calibration and depend mainly upon accurately
matching the pressure and temperature scales of the fiducial data.

Under the present experimental conditions the inequalities Oi}i:? hold
and a is épproxinately equal to 8.S.v Values of Xi less than unity

correspond to the fiducial range.
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Density Interpolation
More than one gas load is required to extend the isotherms
from 2 kbar to 10 kbar. This necessitates the use of densities deter-
mined by the low pressure load to resolve V1 and Vn for the higher
pressures once the fiducial range has been exceeded. Consequently,
some convenient means of interpolating the experimental densities is
necessary at 35° C as well as at higher temperatures. For this purpose

(20) equation has been adopted. The equa-

a modified form of the Tait
tion does not in any case fit the data within experimental precision
but does fit well enough to be used in conjunction with a deviation

curve. The form of the equation is:

d=d°+cm{:§%. (22)
Where do’ C, Po and B are constants which are determined by force-
fitting the equation to the experimental densities at three different
pressures. The éhief advantage of Eq. (22) for the present purposes
lies in its simplicity. Given the pressures for which densities are
desired the densities can be calculated quickly on a desk calculator
and corrected using the deviation curve. Figure 10 illustrates the
deviation between the predictions of Eq. (22) and the experimental .
data for Argon at 35° C. This figure shows that the equation is cap-
able of fitting the data to about 0.1 per cent and also that the basic

scatter in densities determined in this work is approximately 0.02 per
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cent at pressures above 5 kbar and considerably less at lower pres-
sures. The.¥eason for the larger scatter at high pressures is not

completely understood.

Temperatures above 35° C

The analysis of data at elevated temperatures is most con-
veniently carried out by mentally splitting the piezometer into three
parts; a constant volume chamber of volume Vu, connecting capillary
of volume V. and length L, and a bellows with Volume Vb. Then the
mass M of gas enclosed by the piezometer can be expressed in obvious

notation:

M=M +M +M . (23)

Let Pes Py and Py be the gas densities in the capillary, bellows and
constant volume chamber respectively, and Py the density of the gas
at normal conditions. Pe is a function of position along the capill-
ary due to the temperature gradient along its length. If y is the
displacement along the capillary from the tip of the bellows (which

is at 35° C) then the mass of gas in the capillary is given by:

L
M_=v [ o 9L . (24)

c o L

Also one can express Pe in the form:

Pe =Py * (o,-p) %* oNED) - (25)
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Here £(y) expresses the difference between the actual density varia-
tion along the capillary length and the linear function which pre-
cedes it in the equation. It is of course required that f(o)=£(L)=0.

Insertion of Eq. (25) into the expression (24) yields:

P P L
b u dy
MC b vc(z" + 2) + vcpN Jo f(YJ L 4 (26)
Mu
Then since P =V * Py = V" this becomes:
b

c..

L
Vv d
MORE) MO s Very [ D E L e

comparing this last equation with Eq. (23) there follows:
L
MaM(1+ +M Q1+ + Vepy I £(y) %L . (28)

Thus one obtains the mass of gas in the constant volume chamber:

o e g @

1+ =& V+==LJo
2V u 2
u M
The Amagat density d which is defined to be 5 3 is given by:
Nu
v
- -
_ Vpmdp Vp +3) Ve L dy

du = Vo - Vg £(y) T - (30)

vu * 2 vu* 2 °

As Eq. (30) stands it requires the a priori knowledge of

density as a function of temperature for the evaluation of £(y).
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Here £(y) expresses the difference between the actual density varia-
tion along the capillary length and the linear function which pre-
cedes it in the equation. It is of course required that f(o)-f(l.)-o.-
Insertion of Eq. (25) into the expression (24) yields:
®p

") L
My = Vo + 2 + Vepy, L £(y) ‘-’Ll . (26)

M
Then since Pp * ‘-,; » Py = Vi this becomes:

L
v v d
Mo MO MO s Ve [t L n

comparing this last equation with Eq. (23) there follows:
M=M (1 + + Mb(l + -TI:-) + chN Io £(y) i (28)

Thus one obtains the mass of gas in the constant volume chamber:

M-Mp(1+ L) V L
- 7 N 4
M, s~ vﬁ-L £0) T - (29)
2vu u 2 u

The Amagat density d,which is defined to be a“ur is given by:
N'u

Vv
Vn-dp (b +-3) L
D 2 Ve J £(y) &L . (30)

u’” L7 7Y
"u"z Vu*zo -~

As Eq. (30) stands it requires the a priori knowledge of

density as a function of temperature for the evaluation of £(y).
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Since this knowledge is one of the objects of the experiment an alter-
native approach is required. Limits on the value of the integral can
be established by considering the extreme cases in which the capillary
is first assumed to be at 35° C over its complete length and then as-
sumed to be at the higher temperature. Then taking e : 0.02 there

)/
Yt T

follows:

L/ ILf & 1¢0.01) (d,-d.)
Eﬁg‘__z-&m,, 01) (d,-d,) -

Thus the integral over the capillary temperature distribution is quite
small and in fact is smaller than indicated by the inequality sbove
due to the nearly symmetric temperature differences from the midpoint
of the capillary. Consiﬁering t!le smallness of the integral term it

is initially ignored. Then the use of Eq. (30) with the integral term -
neglected results in a set of densities as functions of temperature
and pressure. Gas densities for each isotherm are then interpolated

at 500 bar intervals of pressure by means of Eq. (22) and a deviation
curve similar to Fig. 10. The ihterpdlated densities are then fitted
by least squares techniques to parabolas centered near 100, 200 and
300° C. The multiple fits are necessary due to failure of the- isobars
to fit a quadratic expression. The éuadratic functions are then used:
to evaluate (-g%)p, and densities as functions of tempersture at 500
bar intervals of préssure. Thus the density variation with t;-peratu_ro
along the capillary tube is determined and the neglected integral of
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Eq. (30) is evaluated at the 500 bar intervals. The values of the in-
tegrals are then interpolated as functions of pressure and the densities
at the measured pressures are individually corrected. Similarly, the
values of C%%)P are interpolated as functions of pressure for each
isotherm and are used to correct the individual densities to correspond
to integral temperatures. This last procedure permits the comparison
of data taken on different runs with different masses of gas. The
necessity for correction to integral temperatures or at least cor-
responding temperatures is due to an inability to establish precisely .
the same stable temperature control position for different runs, al-
though the temperature differences are usually only about 0.2 to 0.3° C.
The correction for the capillary temperature distribution usually
amounts to only about 0.08 per cent on gas density at the highest
temperature and lowest pressure, however, its inclusion prevents a
systematic error.

The volumes of the constant volume chamber and capillary which
appear in Eq. (30) must be corrected for their thermal expansions and
their compressions under pressure. This in turn requires a knowledge
of the thermal expansion coefficient of nickel and also its compress-
ibility as a function of temperature. The experimental determination
of each of these quantities has been discussed. The detemmination of
the bellows volume VB which appears in Eq. (30) is obtained in the
following way: The initial volume V1 of the piezometer at the lowest

pressure on the 35° C isotherm is obtained from least squares forced
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fit to the fiducial data. Then the known volumes of constant volume
chamber and capillary are subtracted leaving the bellows volume at
the lowest pressure. The volume change to some slidewire setting D1
for which a point is taken at high temperature can be computed using
Eq. (12) and the correction (18) added to obtain the bellows volume
at D1 and temperature. Equation (12) with the coefficients evaluated
for the higher temperature can then be used to find the bellows volume
at any pressure.

The discussion thus far has assumed the existence of an iso-
therm at 35° C for the gases which have been tested. This is not al-
ways the case and indeed it has not been possible in some cases even
to construct reliable fiducial data from the literature. Fortunately,
in these instances fiducial data has been available at temperatures
above 35° C but in order to use it one must invert Eq. (30) (again
neglecting the integral in first approximation). Then if all volume
changes both at 35° C and the higher temperature are calculated rela-
tive to the same value Dl to the pressure P which is common to both
isotherms Eq. (30) takes the form:

avy (35) + VB(T’Dl) - vb(tpss) + AV, + AV, - av, (T)

d =40 - ) (31)

u
Vc
Yut T

Where AVb(SS) is the bellows volume change between D1 and pressure P

at 35° C, AVb(T) is the same quantity at temperature, VB(T’Dl)'vb(SS’Dl)
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is given by Eq. (18), and AVu and AVc are the enlargements of the
constant volume chamber and capillary which are due to the thermal
expansion and difference in compressibilities between the higher
temperature and 35° C at pressure P. The volume changes at 35° C must
be interpolated for use in Eq. (30); otherwise the introduction of
fiducial densities for du permits the straightforward calculations of
the "fiducial™ 35° C densities d . The data reduction then proceeds
along the lines previously developed.

Equation (31) reveals that densities at temperatures above
35° C depend essentially upon volume ratios which are experimentally
determined rather than on the reducing parameters V, and V_ which ap-
pear in the analysis. The volume ratio given in the equation is in-
ternally consistent to the extent that both bellows volume changes and
volumes of constant volume chamber and capillary are calibrated in
terms of the density of mercury samples which came from the same labor-

atory container in each case.

Correction for Inaccurate Fiducial Data

Equations (21) and (31) suggest a scheme for correcting the
densities given in this thesis for inaccuracies in the fiducial data.
- The integrity of these measurements can be preserved within experimental
error by preserving the values of X, of Eq. (21) and the volume ratios
given by (31). If new fiducial densities Py and P, corresponding to

pressures P, and P, are assumed at 35° C and d, and d, are tabular
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values given within these pages then the corrected values of d will

be given by:
P93

corr di(l-r) + rdl *

d (32)

Where di are the data table entries reported herein and

dz(oz-pl)

T B Jo—————.
(dz‘dl)pz

The correction at higher temperatures can then be obtained as follows:

d (r,T)

corr d!PETz
I__(F,35°C) " d(P,35° ) . (33)

Such corrections obviously should be undertaken with the largest pos-
sible value for the difference Py=Py> since the two point fit essenti-
ally establishes not only the magnitude of the densities but also the

slope of the isothemrm.



CHAPTER VI

EXPERIMENTAL RESULTS

Argon

The experimentation with argon occupied by far the largest
portion of time spent in obtaining the experimental results. The
argon runs were used in the process of de-bugging the experiment
chiefly because it was the simplest of the molecules studied and be-
cause it freezes at atmospheric pressure at a temperature above the
boiling temperature of liquid nitrogen. For nitrogen a back-pressure
must be kept on the freeze valve or it will open with spectacular re-
sults. The earliest runs with argon were made before a thorough
understanding of the bellows calibration requirements was obtained.
Needless to say, the resulting data inspired a thorough study of the
bridge corrections and several versions of the great microvolt hunt.

The fiducial data which were adopted for the argon reduction

(1 It was necessary to interxpolate these

were from Michels et al.
data to construct a 35° C isotherm. This was done in two ways: first
a multiple point Lagrangian interpolation of the original data, followed

by a least squares polynomial fit to a virial expansion; second, a
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multiple point Lagrangian interpolation of the virial coefficients
given by Michels et al. The difference between these two approaches
is negligible for the present purposes since it amounts to less than

0.01 per cent.

The virial equation which was used for the representation and

interpolation of the fiducial data can be expressed in the form:

PV = ZAkpk .

The 35° C virial coefficients which were used to provide the

fiducial data used in the present work on argon are given below:

= RT = 1.14417134 bar-amagats

o>

-0.69558047 x 10>

7
"

= 2.28813875 x 10°°
= 1.466043811 x 10~
-2.44483945 x 10~ 2

= 11.01996818 x 10~ ">

& o & T
]

= -2.6902406 x 10~'°

The most confounding of the early bad results was due to the
reliance upon the'fiducial data to a full 3000 bars. The measured
volume changes simply failed to fit over the full range. This inspired
the error analysis of the next chapter before it was realized that
Michels measurements on the nearest isotherms at 25° C and 50° C ex-

tended only to about 2300 bars. When the fiducial range was restricted
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to points below 2500 bars remarkable agreement resulted as is shown
in Fig. 9. Above 2500 bars the results deviate from the extrapolated
densities from the fiducial virial expansion. This is not due to a
fault with the fiducial data; just the extrapolation is not valid.

The earliest data exhibited about twice the random scatter —_
shown in Fig. 9 due to lack of polarity reversing switches on the
bridge circuit. Variable thermal emfs were responsible for the larger
scatter. In the face of the additional scatter, a forced fit to 3000
bars produced what appeared to be a parabolic systematic pattern in
the residuals di-pi. These features provoked the careful study of the
bellows calibration and the installment of the polarity reversal
switches. In addition, heavy busses were provided for the ends of the
Kohlrausch slidewire to minimize the region of indifference of the ex-
ternal circuit. Finally, the last three runs with argon produced data
with excellent reproducibility and acceptably small scatter. The re-
producibility at 35° C is always forced over a portion of the pressure
range due to reliance each time on fiducial data. At other temperatures
the agreement between results from different runs is not forced and
after the densities from different runs have been corrected to the
corresponding integral temperatures the complete results can be com-
pared by means of the deviations from the modified Tait equation. Re-
sults from different runs reproduce within the scatter of the points
over the common pressure range. This range of comparison is sometimes

as great as 4 to S kbar. The reproducibility is much better than could
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be expected if temperature measurements taken at different times were
as uncertain as they were estimated to be in Chapter III or if differ-
ent bellows and constant volume chamber calibrations were inconsistent
to more than 0.1 per cent.

Unfortunately, the data at 100° C does not agree quite so well
with the data of Michels et al. The divergence in densities is small;
the 100° C densities obtained in the present experiment are abou¢ 0.6
amagats larger than those of Michels et gql. It is shown in the next
chapter that this is about a factor of three beyond the expected error
of the present experiment. This small difference in densities corres-
ponds to about 1.0 per cent difference in the gas themmal expansions
as measured in this work and as measured by Michels et al. Since the
thermal expansion measurement is a direct one in the present work it
is difficult to expect even 0.3 per cent error on this determination.

Aﬁother indication of small inconsistencies between this work
and that of Michels et aql. is given by the initial piezometer volume
V1 which is resolved using the fiducial densities. It is possible by
a technique outlined in the Appendix to obtain the initial volume in-
dependently of fiducial data. The independently determined value agrees
to within 0.2 per cent of a value obtained by addition of the volumes of
the individual parts of the piezometer while both values are about 0.7
per cent larger than the value obtained using the fiducial data. The

indication in this last case is that the quantity a which appears in
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Eq. (21) is too small by perhaps 0.2-0.3 per cent. Assuming the
lowest fiducial point to be accurate, then the densities at 10,000
bars obtained in this work could be in error by 0.3--0.4 per cent
due to establishment of an erroneous slope of the isotherm in the fi-
ducial range. As a result of this uncertainty it is felt that ac-
curacy greater than 0.4 per cent on the largest densities in Tables
II, III and V cannot be claimed. The small lack of agreement with
the work of Michels et al. caused the expenditure of considerable ef-
fort to check both the internal consistency and absolute accuracy of
the present work. It is believed now that the discrepancy is due to
some physical effect rather than error of measurement. One possible
source of the disagreement is the van der Waals interaction between
the argon and the mercury used by Michels et al. to compress their gas.

(21)

This interaction has been discussed by Jepson and Rowlinson in some
order of magnitude calculations for relatively low pressure. They con-
clude that the effect can be large, however, the calculations are not
accurate enough to be used for correction of the experimental work and
the author is unaware of any experimental determinations of the effect.
Argon has been the subject of experimentation by other workers.

(22) studied it twice; his first work gave volume changes from

Bridgman
2 kbar to 15 kbar while his later work evaluated the density at 2
kbars from which the densities at higher pressures could be evaluated.
The densities given by Bridgman are about 6 to 7 per cent lower than

the ones reported herein. This is probably due to the argon dissolving
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in the kerosene which was used as a pressure transmitting fluid thus
resulting in volume changes for a mass of gas smaller than Bridgman
thought. Babb has corrected Bridgman's isothermal data by assuming
that the kerosene was saturated with argon at 2 kbars. Then by using
the data of Michels et al. to fit the volume change measurements new
densities were determined. The rgsults still differ by around 1.0
per cent from those of the present work presumably due to a pressure
dependent solubility of argon in kerosene.

More recently Polyakov and Tsiklis(zs) have published data
for argon over the same pressure and temperature ranges as the pre-
sent work. Their data differs from this work by 2 to 3 per cent, with
the disagreement being a slight function of pressure and nearly the
same at each temperature. Their method consisted of loading a pressure
vessel with gas measuring its volume, removing it and measuring the
volume at one atmosphere then repeating the process with a steel dis-
placing slug in the pressure vessel. The difference in volumes of
gas is the volume of gas displaced by the slug. All elastic distor-
tions of the pressure vessel are cancelled by this procedure, however,
plastic distortions such as could occur in the pressure seals could
lead to systematic error. Their pressure calibration must_be regarded
as inferior to the one in the present experiment since their manganin
gauges were calibrated at a single point despite widespread knowledge(24)
of the nonlinear behavior of manganin. In addition, their work was un-

dertaken with poor temperature control and the compressibility used for
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their displacing slug was for a material similar to, but not the same
as the actual slug. The compressibility was not corrected for the
effects of temperature.

The measurements of Lecocq(zs) of the isotherms to 950° C and
1000 bars serve to fill in part of the region not covered in the pre-
sent work although neither set of results can be extrapolated easily
enough or well enough for meaningful comparisons to be made.

By way of comparison with theory, Cure and Babb(zs) have
nunericaliy integrated the Percus-Yevick equation for the 55° C iso-
therm of argon using a modified Buckingham model intermolecular po-
tential function. They compared their results with the same calcula-

(27)

tions for a Lennard-Jones potential and also with a Monte-Carlo

(28) using the Lennard-Jones potential. In all cases the

calculation
divergences between the various calculations are small in comparison
with their disagreements with the present experiment. The disagree-
ment between theory and experiment is most pronounced at high densities
and reaches about 10 per cent. There could be many explanations for
this result, however, a clear division of the problem is presently
impossible. Briefly, it remains to be determined whether or not the
potential energy of interaction of molecules at high densities can be
assumed pairwise additive. Even if pairwise additivity is valid it
seems clear that better representations of intermolecular potentials

will be required. This is sometimes demonstrated by a lack of ability

to effect agreement between calculations and experiment for both the
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transport properties and low order virial coefficients for gases using
the same assumed intermolecular potential function. Finally, it is by
no means established that the current statistical mechanical formula-
tion of the dense fluid state is capable of describing dense fluids

and this statement applies doubly to approximate theories such as the

Percus-Yevick approximation.

Argon Data Tables

The data in the following tables has been gathered in several
runs on research grade argon obtained from the Matheson company. The
least pure of the samples showed impurity levels of less than one part
per million hence all results were averaged without regard to impur-
ities and were interpolated by means of the modified Tait equation and
deviation curves to form Tables II and III. The parameters for the
modified Tait equations which were used are given in Table IV. The
original points upon which the interpolated data were based are given
following Table 1V. They are arranged, within a given temperature, in
groups of individual runs in the order in which they were taken and
separated by lines. Individual runs are arranged chronologically and
represent runs with different bellows, thermocouple and pressure gauge
calibrations. Early data taken before the system was de-bugged are
not included and some half dozen points have been eliminated as being
bad readings. An extra decimal place has been carried on the original

data since the random scatter is about 0.1 to 0.15 amagats.
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Figures 11, 12 and 13 follow the tables of raw data and de-
pict the argon isotherms, isochores and isobars respectively.

An interesting aspect of the data in Table III is the changing
sign of (-:-,f—.) d(z = %) within the experimental temperature range. This
behavior is to be expected but has apparently not been noted by other
workers. Over the range covered here the locus of points such that

32, _ .
(a'r) d 0 is given by:

Z = 4,859 - 0.0053T (T in °C)

This is a straight line within the rather broad limits of error. The
maxima on the isochores is so broad that the locus of maxima is not
well known. Along this locus the so-called internal pressure vanishes
- i.e. the thermal pressure T[g%)d is balanced by the external pres-
sure. This locus is called either the Joule line or the Amagat line.
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Table I1I. Densities of Argon at Integral Pressures

Temperature, °C

"’;:::“ 35 100 200 300 400
Density
' Amapats@

1500 614.7

2000 671.9 - -618.0

~ z§§6 | 715.7 665.6 600, 8 547.9 503.1
3000 751.5 704.5 642.4 591.3 547.6
3500 782.0 737.3 678.0 628.3 585.7
4000 808.5 765.8 708.8 660.6 619.0
4500 832.0 791.1 736.2 689.4 648.7
5000 853.2 813.8 760.7 715.2 675.4
5500 - 872.7 834.5 783.0 738.6 699.6
6000 890.6 853.5 803.3  760.1 721.8
6500 907.2 871.0 822.1 779.8 742.2
7000 922.8 887.4 839.5 798.0 761.2
7500 937.5 902.8 855.9 815.1 779.0
8000 951.4 917.3 871.3 831.2 795.7
8500 964.5 931.1 886.0 846.5 811.5
9000 977.0 944.1 899.9 . 861.0 = 826.4
9500 988.9 956.5 913.1 874.7 - 840.6
10000 1000.2 968.4 925.6 888.0 854.1

%For this work one amagat unit of density = 4.4647 x 10~5 mole/cm?
from Ref. 1. The difference between this value and that given by
Baxter and Starkweather [Proc. Nat. Acad. Sci. 12, 699 (1926), 14,
57 (1928)] is negligible for the present purposes.
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Table IIL. Pressurcs of Argon at Intcgral Densitics

Temperature, °C

2:::::§ 354 1009 200 Przg:ure 400
Bars

500 863 1170 2468
550 ‘ 1093 14606 2523 3030
600 1394 1845 2491 3112 3707
650 1790 2323 3100 3829 4524
700 2308 "2937 3850 4700 5509
750 2976 3714 4775 5760 6700
800 3833 4690 5915 7058 8133
850 4920 5906 7317 8618 9845
900 6278 7407 9004
950 7947 9234
1000 9985

_ %The values above the line in these two columns were calcu-
lated from Michels et al.(1) Due to the inconsistency of
thermal expansion mentioned in the text the 100° column is
not smooth: the virial expansion would predict 2330 bars
at 650 amagats.
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"Table IV. Paramcters in the Modificd Tait Equation

- 38° 100° 200° 300° 400°

P, (bars) 2500 2500 2500 2500 2500
d (Amsgats) 715.64 665.62 600.82 547.90 503.12
B(bars) $55.70 346.65 244.07 246.95 279.65

C(Amagats) 229.56 234.60 246.57 258.34 268.38

. |
“(':_:::;s) 0.82 0.60 0.44 0.3 0.19

%his is the rms deviation of the equation with cited
parameters from the observed experimental points in
the range 2500 - 10,000 bars. .



P d
bars amagats

35.00°C

1191 568.32
1259 579.19
1295 585.19
1339 591.86
1409 602.11

1486  612.71
1566  ©23.45
1658  634.75
1749  645.34
1843  655.86

1944  666.27
2045 676.88
2154  686.38
2270 696.94
2406  708.24

2550 719.78
2689 730.24
2848 739.68
2969 749.67
2346 703.17
2425 709.70
2504 715.99
2590 722.47
2674 728.91

2763 735.42
2958 748.77
3158 761.63
3369 774.39
3596 787.35

3823 799.79
4074 812.16
4346 824.99
4629 837.67
4942 850.90

5245 862.94

5593 876.03
5849 885.14
6034 891.71
6243 898.64

35.00°C Contd.

35.00°C Contd.

35.00°C Contd.

6538  908.42
6782  916.04
7035  922.85
7333 932.37
7577  939.39

1537 619.59
1612 629.15
1682 637.62

1760 646.63
1851 656.62
1946 666.50
676.37
687.30

2281 697.75
2400 707.69

2558 720.67
2749 734.25
2938 747.25
3147 760.69

3375 774.39
3622 788.24

3883 801.92
4161 815.55
4439 828.33
4058 810.60
3466 7.61
3026 753.02

2665 728.21
2324 701.39
2102 681.68
1866 660.36
1718 641.83

2405 708.10

o e s wn -

1980 669 .87

- 2127 684.05

2315 700.45
2545 718.96
2760 755.05

4195 817.86
3176 762.86
3497 781.81
3865 800.66
4044 810.27

4367 825.97

. 3354 773.54

3683 792.02
4605 836.65
5106 857.48
5724 880.87

6391 903.71
7095 925.73
7767 944.76

8560 965.72 -

7257 930.09
6100 894.15
6798 916.86
8175 . 956.17

1005.6