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The results of new experimental pressure-volume-temperature measurements on oxygen are
presented. The data range in temperature from 54 to 300 K and in pressure from 0.1 to about 33 MN/m?.
The following properties are tabulated for selected isobars: molar volume, (3P p)r, @PWOT),, in-
ternal energy, enthalpy, entropy, specific heats at constant volume and at constant pressure, and the
velocity of sound. Additional tables present the above properties for saturated liquid and vapor, the
freezing liquid P-V-T relationship, and the derived Joule-Thomson inversion curve. New values for
the critical density and triple point density are presented, and the second and third virial coefficients
are tabulated.
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List of Symbols and Units T, = boiling point temperature, 90.18 K
(90.188 K on the IPTS 1968 scale).
p = density, mol/ecm?=1/V.
The symbols and units used here are listed below. Pe = critical density, 0.01363 = .00002
Values of fixed points and other quantities used here mol/cm?,
are given where applicable. P =liquid triple point density, 0.04083

+.00004 mol/cm?.

R =gas constant; 8.3147 N-m/mol-K (Note: pear. = saturated liquid density
this value differs by less than 1/20000 p““: = enminie vabor density.
~ . oy sat & s
frolm the currently accepted best Pmerr. =density of the liquid along the liquid-
. e ue.) MN/m? solid boundary.
» :pressure, [m?2. P =a selected density in the compressed
Ps;ll o Vali?_;grsrss:;‘l’; liquid, 0.028687 mol/cm3.
melt === ITLCALL € ) A = generalized coeflicients in - approxi-
P. = critical pressure, 5.043 +.002 MN/mZ. : mating equations; numerical values
P, =triple point pressure, 152 +6 N/m?2 given inteblsE. -
V =molar volume, cm?*mol. . B(T) =second virial coefficient, cm?/mol.
T =absolute temperature, Kelvins Inter- C(T) = third virial coefficient, (cm?®/mol)2.

national Practical Temperature Scale
of 1948 where the triple point of water
is 273.16 K; below the oxygen boiling

C.(T, p) =heat capacity at constant volume, J/mol
K C?(T) heat capacity of the ideal gas.
C,(T, p) =heat capacity at constant pressure,

point the NBS 1955 temperature scale 1K
is used J/mol K. . .
T.  =—critical temperature, 154.576+.010 K.  Co  =heat capacity of the saturated liquid,

J/mol K.
= entropy, J/mol K.
H(T, p) = enthalpy, J/mol.
U(T, p) =internal energy, J/mol.
W =velocity of sound, m/s.

11 =triple point temperature, 54.3507
' ~+.0010K. S(T. p)

*This work was carried out at NBS under the sponsorship of the National Aeronautics M()lecular
and Space Administration Headquarters Fund Transfer No. R-06-006-046. o i
**(ryogenics Division, National Bureau of Standards, Boulder, Colo. 80302. Welght = 319988 [
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1. Introduction

The importance of oxygen in the U.S. space program
and the lack of comprehensive and accurate data
for many of its physical properties have led to an
extensive research program at the NBS Institute
for Basic Standards. The results of part of that pro-
gram are presented here in the form of extensive tables
of P-V-T data and derived thermodynamic properties.

Prior to 1960 there were relatively few measurements
of the P-V—T properties of oxygen at low tempera-
tures. This condition was especially true for the com-
pressed liquid. In 1960 and 1961 Timrot and
Borisoglebskii [1, 2]! and Van Itterbeek and Verbeke
[3, 4] published new P=V-T results for the liquid.
However, these results were limited in scope and
there was disagreement in the region in which they
overlapped.

The results of the present investigation consist of
approximately 1500 P-V-T points at 111 different
densities varying from 0.0047 to 3 times the critical
density. This constitutes approximately two-thirds of
all the P-V—T data published for oxygen.

The data range from the triple point temperature
to 300 K for the high densities and from 85 K to 300 K
for the low (subcritical) density points. The data range
in pressure up to about 33 MN/m?2.

The highest and lowest density data were repre-
sented by two analytic surfaces while the intermediate
densities were fitted to a large number of isotherm
polynomials. Second and third virial coeflicients were
extracted from the low density data.

This representation of the P=V-T surface together
with the specific heat of the ideal gas [5] allowed the
calculation of thermodynamic properties of the gas
at temperatures below critical and of all densities at
temperatures above critical. Thermodynamic calcula-
tions for the compressed liquid at subcritical tempera-
tures made use of additional data in the form of new
experimental determinations of the heat capacity at
constant volume [6] and heat capacity of the saturated
liquid [7] from this laboratory.

The properties calculated using this smoothed sur-
face are compared with some of the P-V-T and
thermodynamic property data from the literature.

Due to limitations of space only skeleton tables of
thermodynamic properties are presented here. A
more complete set of tables will be issued as NBS
Tech. Note 384.

2. Experimental P-V-T Measurements

2.1. Apparatus

The cryostat designed and described by Goodwin
[8] was used with minor modifications. These modifica-
tions are listed below in terms of the nomenclature
used in reference [8]. Early vapor pressure measure-
ments yielded results which were lower than published
values by 4000 to 6000 N/m?, indicating the presence

! Figures in brackets indicate the literature references at the end of this paper.
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of a cold spot in the stainless steel transition capillary
which connects the sample holder to the top of the
cryostat. Jacketing the capillary with & in OD copper
tubing removed this difficulty. For the high tempera-
ture (7>150 K) portion of the measurements the
shield, shown in figure 2 of reference [8], was replaced
with one that completely surrounded the sample holder
thereby reducing heat losses to the cold wall. For
measurements above 200 K the only refrigerant used
was the liquid nitrogen in the open dewar surrounding
the cryostat. The oil operated dead-weight gage pres-
sure measuring system was modified, as shown in
ficure 1 here, for safety. Two null pressure detectors
were used. The first separated the oil in the gage from
an intermediate nitrogen gas system. The second
separated the nitrogen from the oxygen sample. Thus
in the event of a diaphragm failure there was no chance
of high pressure oxygen coming in contact with the oil.

With practice the two-diaphragm system could be
operated with as much sensitivity as the one diaphragm
system in reference [8]. All external capillary lines,
valves, and gages were cleaned by flushing with liquid
Freon. Repairs to several of the glass flasks in the
gasometer system necessitated recalibration of these
volumes. The l-liter flask, which was the primary
standard of volume, was calibrated by weighing with
water and agreed with the original calibration by Good-
win [8] to within 0.02 percent. The 2- and 6-liter flasks
were calibrated by both water weighing and by gas
expansion from the 1-liter flask. These two independent
determinations agreed to better than one part in ten
thousand in each case. The 21-liter flask was calibrated
by gas expansion only, with an estimated uncertainty
of 0.04 percent. The volume of the sample holder was
recalibrated by gas expansion into the 1- and 2-liter
flasks. The volume obtained was 25.852+0.015 cm3
in good agreement with the earlier measurements, by
weighing with water, of reference [8].

The relationship used to calculate the elastic
stretching of the sample holder due to pressure was
modified to correspond more closely to experimental
results on similar thick walled vessels [9]. Thus,
eq (5.2-7) of reference [8] was modified to become

ViVe=14+a[14+4.35-10-4T]-P, 1)
with a=2.3 X 107> m?/MN. This modification changed
the calculated densities by 0.04 percent at 30 MN/m?2.
A quartz bourdon gage with a sensitivity of 7 N/m?
was used to measure the pressure in the gasometer
flasks for the density determinations.

The estimated relative error in the measured pres-
sures is 0.01 percent, increasing somewhat at the lower
pressures. Corrections were made for the hydrostatic
pressure of the oxygen in the capillaries, which often
amounted to several thousandths of a MN/m2 Tem-
perature readings may deviate from the thermometer
calibration by 2 millidegrees at 50 K, increasing to
28 millidegrees at 300 K, due to the speciflcations of
the potentiometer used. The uncertainty of the calibra-
tion itself is probably less than 0.002 K. To this must
be added the deviations of the International Practical
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FIGURE 1.

Temperature Scale (1948) from the thermodynamic
temperature scale, perhaps as much as 0.04 K. With
this apparatus, however, temperatures are repro-
ducible to within 1 millidegree. Uncertainty in the
density determinations is estimated at 0.1 percent
for low pressures, increasing to 0.14 percent at the
highest pressures. A precision of the order of 0.025
percent in density has been realized.

The samples used came from commercially available
cylinders of ultra pure oxygen with a nominal purity
of 99.99 percent and were passed through a molecular
sieve trap at 76 K to remove water.

2.2 The Data

The measuring technique used here is the modified
Reichsanstalt method described by Goodwin [8].
The data were taken along experimental pseudo-
isochores, hereafter referred to as runs. Due to the
precisely reproducible nature of the temperature
control system, data on the various runs were meas-
ured at the same temperatures and therefore, could
be rearranged into isotherms at the conclusion of the
experimental work. Data were taken at integral tem-
peratures with 2 K spacing from 56 K to 160 K, 5 K
spacing from 160 K to 200 K, and 10 K spacing from
200 K to 300 K. In the low density gas phase a 5 K
spacing was used between 85 K and 150 K.

For convenience the data may be divided chrono-

M=Micrometer Needle Valve
R=Relief Valve, 660 psi

logically into four series. Table 1 shows the distribution -

of the data between the series. Between Series [
and II certain changes were made in the apparatus
which necessitated recalibration of some of the
volumes external to the cryostat. Between Series Il
and III the apparatus was moved to a new building
and most of the external volumes were rebuilt. Series
IV differed from the others by the way in which the
density and pressure were determined.

The data were checked for systematic deviations
between Series I, II, and III in the following way. Iso-
therm polynomials were fitted to the data in the regions
where the data of different series overlapped. The
deviations of all points in a series, expressed as percent
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TABLE 1. Four series of experimental runs
Series No. of 1 Run No.
data points
I 239 Sl
II 922 53-108
11T 275 109-137
v 67 138-145

error in density, were averaged. The results showed
that the internal precision within each series was good
(0.015 to 0.025 percent). However, while Series I and
IIT were in agreement, the data of Series Il differed
systematically by an average of 0.066 percent in den-
sity. The origin of this difference is not clear. However,
since the smoothness of the P-V-T surface is of ut-
most importance in the calculation of thermodynamic
properties, the densities of the data of Series II were
arbitrarily multiplied by 1.00066. This difference falls
within the estimated overall uncertainty of the data.

Series IV consisted of data in the very low density
(0.0047 < p/p. = 0.14) gas phase between 85 K and 150
K. Pressures were measured with a quartz bourdon
gage. Densities were too low for the use of the gasom-
eter and were extracted from the measured pressure
at 160 K, using virial coefficients obtained from the
data of Series II and III.

The single-phase experimental P—V-T data are
presented in table 2. The column labeled “IDENT”
contains the identification number of each point. The
first two or three digits are the number of the run or
experimental isochore and the last two are the number
of the point. The entries in runs 132 and 133 which
contain no value for the density are pressures meas-
ured on the melting curve. In addition some pressures
were measured along the vapor pressure curve. They
are given in table 3 and were used mainly as a check
on the vapor pressure curve taken from the literature.
Because of the rather large vertical dimensions of the
apparatus no attempt was made to take data in close
proximity to the critical point.



TABLE 2. Temperature-pressure-density observations on oxygen.

T 12 Density Ident T P Density Ident
K MN/m* mol/cm? K MN/m* mol/em?

85.0 0.0444 0.0000644 14501 120.0 0.8598 0.0009979 13901
90.0 0.0472 0.0000644 14502 125.0 0.9060 0.0009972 13902
95.0 0.0500 0.0000643 14503 130.0 0.9515 0.0009966 13903
100.0 0.0527 0.0000643 14504 135.0 0.9970 0.0009959 13904
140.0 1.0417 0.0009953 13905
145.0 1.0865 0.0009947 13906
85.0 0.0506 0.0000733 1440; 150.0 1.1308 0.0009940 13907
90.0 0.0540 0.0000739 L 152.0 1.1484 0.0009938 13908
<0 Goly e DEoRotIE: 14403 156.0 1.1837 0.0009933 13910
100.0 0.0603 0.0000738 14404 e L o 0. 0009930 e

105.0 0.0634 0.0000737 14405

110.0 0.0665 0.0000737 14406
115.0 0.0696 0.0000736 14407 e e S GREEe e
135.0 1.5375 0.0016657 13802
85.0 0.0566 0.0000895 14301 140.0 1.6176 0.0016646 13803
90.0 0.0652 0.0000894 14302 145.0 1.6966 0.0016635 13804
95.0 0.0691 0.0000893 14303 150.0 1.7748 0.0016624 13805
100.0 0.0729 0.0000893 14304 152.0 1.8059 0.0016619 13806

105.0 0.0766 0.0000892 14305

110.0 0.0804 0.0000892 14306
115.0 0.0840 0.0000891 14307 160.0 2.2294 0.0019671 12201
120.0 0.0877 0.0000891 14308 165.0 2.3220 0.0019658 12202
125.0 0.0914 0.0000890 14309 170.0 2.4140 0.0019644 12203
175.0 2.5054 0.0019630 12204
95.0 0 1253 0.0001787 14201 180.0 2.5964 0.0019617 12205
100.0 0. 1431 0. 0001786 14205 185.0 2.6867 0.0019603 12206
‘ ' ' ’ 190.0 2.7767 0.0019589 12207

105.0 0.1507 0.0001785 14203
195.0 2.8663 0.0019576 12208

110.0 0.1583 0.0001784 14204
200.0 2.9554 0.0019562 12209

115.0 0.1658 0.0001783 14205
210.0 3.1328 0.0019534 12210

120.0 0.1733 0.0001782 14206
220.0 3.3086 0.0019507 12211

125.0 0.1807 0.0001781 14207
230.0 3.4832 0.0019479 12912

130.0 0.1882 0.0001780 14208
240.0 3.6571 0.0019452 12213

135.0 0.1956 0.0001778 14209
250.0 3.8298 0.0019423 12214

140.0 0.2030 0.0001777 14210
260.0 4.0014 0.0019395 12215

145.0 0.2104 0.0001776 14211
154.0 0.2236 0.0001774 14212 270.0 4.1723 0.0019366 12216
280.0 4.3423 0.0019337 12217
290.0 4.5115 0.0019308 12218
100.0 0.2112 0.0002684 14101 300.0 4.6800 0.0019279 12219

105.0 0.2229 0.0002683 14102

110.0 0.2344 0.0002681 14103
115.0 0.2458 0.0002679 14104 160 .0 2 1798 0.0030701 10701
120.0 0.2572 0.0002678 14105 165 .0 3. 3268 0.0030660 10702
= 0.2685 0.0002676 14106 170.0 3.4788 0.0030619 10703
Ll 0.2799 0.0002675 14107 175.0 3.6296 0.0030579 10704
L ol DRoDLe o e 180.0 3.7787 0.0030538 10705
SAOno OhrCen (B Lo 185.0 3.9267 0.0030498 10706
145.0 0.3135 0.0002670 14110 190 .0 1.0735 0. 0030457 10707
195.0 4.2193 0.0030417 10708
105.0 0.3435 0.0004259 14001 200.0 | 4.3642 0.0030377 10709
110.0 0.3623 0.0004256 14002 210.0 4.6508 0.0030298 10710
115.0 0.3811 0.0004254 14003 220.0 4.9342 0.0030219 10711
120.0 0.3996 0.0004251 14004 230.0 5.2143 0.0030140 10712
125.0 0.4179 0.0004249 14005 240 .0 5.4914 0.0030061 10713
130.0 0.4363 0.0004246 14006 250.0 5.7663 0.0029982 10714
135.0 0.4543 0.0004243 14007 260.0 6.0384 0.0029903 10715
140.0 0.4723 0.0004241 14008 270.0 6.3082 0.0029824 10716
145.0 0.4904 0.0004238 14009 280.0 6.5757 0.0029745 10717
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TABLE 2. Temperature-pressure-density observations on oxygen.— Continued
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T /& Density Ident T B
K MN/m* mol/em? K MN/m?*
290.0 6.8411 0.0029667 10718 280.0 8.5202
300.0 7.1046 0.0029590 10719 290.0 8.8839
300.0 9.2427
140.0 2.6702 0.0033734 12101
142.0 2.7450 0.0033723 12102 146.0 3.4249
144.0 2.8190 0.0033713 12103 148.0 3.5322
146.0 2.8924 0.0033703 12104 150.0 3.6353
148.0 2.9652 0.0033692 12105 152.0 3.7403
150.0 3.0373 0.0033681 12106 154.0 3.8443
5 2M0 3.1087 0.0033672 12107 156.0 3.9471
154 .0 3.1799 0.0033661 12108 158.0 4.0491
156.0 3.2505 0.0033651 12109 160.0 4.1507
158.0 3.3208 0.0033641 12110 165.0 4.4004
160.0 3.3908 0.0033631 12111 170.0 4.6470
165.0 3.5635 0.0033606 12112 175.0 4.8898
170.0 3.7358 0.0033581 12113 180.0 5.1302
175.0 3.9057 0.0033556 12114 185.0 5.3678
180.0 4.0742 0.0033530 12115 190.0 5.6034
185.0 4.2415 0.0033505 12116 195.0 5.8366
190.0 4.4076 0.0033481 12117 200.0 6.0683
195.0 4.5727 0.0033454 12118 210.0 6.5252
200.0 4.7368 0.0033430 12119 220.0 6.9767
210.0 5.0624 0.0033378 12120 230.0 7.4220
220.0 5.3852 0.0033329 12121 240.0 7.8623
230.0 5.7048 0.0033278 12122 250.0 8.2968
240.0 6.0220 0.0033227 12123 260.0 & ETE)
250.0 6.3369 0.0033176 12124 270.0 9.1541
260.0 6.6496 0.0033123 12125 280.0 OMEIRG2
270.0 6.9606 0.0033072 12126 290.0 9.9958
280.0 T.2697 0.0033019 12127 300.0 10.4111
290.0 7.5765 0.0032967 12128
300.0 7.8823 0.0032914 12129 148.0 3.7532
150.0 3.8810
142.0 3.0360 0.0040880 10601 152.0 4.0068
144.0 3.1304 0.0040841 10602 154.0 4.1312
146.0 3.2226 0.0040803 10603 156.0 4.2543
148.0 3.3134 0.0040765 10604 158.0 4.3761
150.0 3.4031 0.0040728 10605 160.0 4.4971
152.0 3.4918 0.0040691 10606 165.0 4.7947
154.0 3.5765 0.0040376 10607 170.0 5.0875
156.0 3.6646 0.0040353 10608 175.0 5.3761
158.0 3.7519 0.0040329 10609 180.0 5.6612
160.0 3.8385 0.0040306 10610 185.0 5.9432
165.0 4.0528 0.0040248 10611 190.0 6.2223
170.0 4.2643 0.0040192 10612 195.0 6.4989
175.0 4.4730 0.0040134 10613 200.0 6.7727
180.0 4.6796 0.0040079 10614 210.0 7.3142
185.0 4.8842 0.0040022 10615 220.0 7.8480
190.0 5.0869 0.0039967 10616 230.0 8.3747
195.0 5) o (L3N] 0.0039911 10617 240.0 8.8948
200.0 5.4875 0.0039857 10618 250.0 9.4093
210.0 5.8823 0.0039748 10619 260.0 9.9184
220.0 6.2716 0.0039639 10620 270.0 10.4217
230.0 6.6563 0.0039531 10621 280.0 10.9169
240.0 7.0367 0.0039424 10622 290.0 11.4114
250.0 7.4130 0.0039316 10623 300.0 11.9005
260.0 7.7856 0.0039209 10624
270.0 8.1550 0.0039103 10625 150.0 3.9962

[eNeoNe)

CICICICICICICICICICICICICICICICICIOICICOICOICICOICOICONE),

(@) (@ (@) (@ @ @ @ @ @) @] (@ @ (o @ (e @ (e @ (@ @ @ @) @ (@

o

Density
mol/cm?

.0038995
.0038880
.0038783

.0046103
.0046058
.0045729
.0045701
.0045674
.0045647
.0045623
.0045596
.0045529
.0045463
.0045397
.0045333
.0045269
.0045204
.0045140
.0045077
.0044948
.0044822
.0044695
.0044571
.0044445
.0044321
.0044196
.0044073
.0043949
.0043827

.0052554
.0052520
.0052487
.0052454
.0052423
.0052392
.0052361
.0052282
.0052204
.0052126
.0052049
.0051971
.0051896
.0051822
.0051745
.0051597
.0051448
.0051300
.0051153
.0051008
.0050864
.0050719
.0050571
.0050426
.0050281

.0056510

Ident

10626
10627
10628

10502
10503
10504
10505
10506
10507
10508
10509
10510
10511
10512
10513
10514
10515
10516
10517
10518
10519
10520
10521
10522
10523
10524
10525
10526
10527

10402
10403
10404
10405
10406
10407
10408
10409
10410
10411
10412
10413
10414
10415
10416
10417
10418
10419
10420
10421
10422
10423
10424
10425
10426

10301



TABLE 2. Temperature-pressure-density observations on oxygen.— Continued
T P Density Ident T 2 Density Ident
K MN/m? mol/cm? K WIN/m? mol/ecm?®
152.0 4.1356 0.0056473 10302 190.0 7.5556 0.0067993 10110
154.0 4.2729 0.0056436 10303 195.0 7.9437 0.0067883 10111
156.0 4.4080 0.0056401 10304 200.0 8.3285 0.0067782 10112
158.0 4.5419 0.0056367 10305 210.0 9.0876 0.0067571 10113
160.0 4.6747 0.0056330 10306 220.0 9.8356 0.0067362 10114
165.0 5.0014 0.0056242 10307 230.0 10.5727 0.0067158 10115
170.0 5.3224 0.0056156 10308 240.0 11.3005 0.0066948 10116
175.0 5.6383 0.0056070 10309 250.0 12.0189 0.0066750 10117
180.0 5.9505 0.0055985 10310 260.0 12.7291 0.0066550 10118
185.0 6.2594 0.0055901 10311 270.0 13.4311 0.0066350 10119
190.0 6.5649 0.0055817 10312 280.0 14.1273 0.0066158 10120
195.0 6.8673 0.0055734 10313 290.0 14.8133 0.0065950 10121
200.0 7.1671 0.0055651 10314 300.0 15.4953 0.0065748 10122
210.0 7.7596 0.0055486 10315
220.0 8.3425 0.0055323 10316 169.0 o gendegels izl
. S iee e e 165.0 5.5484 0.0068550 12302
LG S s hces e 170.0 5.9640 0.0068490 12303
250.0 | 10.0481 0.0054840 10319 ioah osics L el Leons
260.0 | 10.6040 0.0054681 10320 SS0E0 Sl Do Lzee
270.0 | 11.1528 0.0054529 10321 ~55:0 Lalinod pR0ees e Lt
280.0 | 11.6973 0.0054364 10322 190.0 LT Bt ey
290.0 | 12.2359 0.0054208 10323 2990 e e Lonioe
300.0 | 12.7691 0.0054051 10324 ORI e, LR al 12309
210.0 9.1370 0.0068018 12310
150.0 4.1753 0.0064527 10201 =200 2ol el ol
e A e ey o 230.0 10.6600 0.0067784 12312
154.0 4.5061 0.0064441 10203 £ROLURE L] a00d Slolelhle fieia Ll
156.0 4.6673 0.0064399 10204 OO L AL
158.0 e e s 260.0 12.8904 0.0067433 12315
Y00 A  riea o 270.0 13.6219 0.0067316 12316
165.0 5.3714 0.0064212 10207 SO R dna Y s L
1700 & 7e1d N e 290.0 15.0693 0.0067082 12318
175.0 6.1252 0.0064010 10209 SOOECI e Ll 12319
180.0 6.4955 0.0063909 10210 o AV o G o
185.0 6.8595 0.0063810 10211
156.0 5.0735 0.0084681 10002
190.0 7.2201 0.0063710 10212 = = 2014 0’ 0084620 10003
%gg'g Z'gggg 8‘88232?2 18212 160.0 5.5259 0.0084560 10004
P g 0 00esany e 165.0 6.0777 0.0084410 10005
550 0 S Soon 0 ooesees 1oz 170.0 6.6172 0.0084263 10006
0TI | dmem | N | mo | oug | otewe|
240.0 10.6695 0.0062755 10218 185 0 8 1922 0. 0083834 10009
250.0 L, &2 0.0062568 10219 190.0 8.7060 0.0083693 10010
260.0 11.9871 0.0062380 10220 195 .0 9.2140 0.0083555 10011
270.0 12.6345 0.0062194 10221 200.0 9.7185 0.0083415 10012
280.0 L& 27l 0.0062009 10222 210.0 10.7147 0.0083141 10013
290.0 13.9096 0.0061825 10223 220.0 11.6953 0.0082872 10014
300.0 | 14.5392 0.0061644 10224 230.0 12.6624 0.0082605 10015
240.0 13.6170 0.0082344 10016
154 .0 4.6059 0.0068794 10101 250.0 14.5610 0.0082088 10017
156.0 4.7815 0.0068747 10102 260.0 15.4914 0.0081834 10018
158.0 4.9549 0.0068702 10103 270.0 16.4137 0.0081580 10019
160.0 5.1265 0.0068653 10104 280.0 17.3251 0.0081334 10020
165.0 B, B2 0.0068540 10105 290.0 18.2257 0.0081089 10021
i;g~8 2~§222 8-8822;?3 igigg 300.0 19.1188 0.0080843 10022
180.0 6.7682 0.0068210 10108 154.0 4.9185 0.0097086 9901
185.0 7.1637 0.0068100 10109 156.0 5.1960 0.0097003 9902
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TABLE 2. Temperature-pressure-density observations on oxygen.— Continued
/¢ Density Ident T 2 Density
mol/cm? K MN/[m* mol/em?
. 4669 0.0096936 9903 250.0 19.9644 0.0113263
.7333 0.0096862 9904 260.0 21.4189 0.0112897
. 3882 0.0096689 9905 270.0 22.8569 0.0112531
.0310 0.0096510 9906 280.0 24.2'784 0.0112171
.6648 0.0096342 9907 290.0 25.6871 0.0111835
. 2922 0.0096172 9908 300.0 27.0831 0.0111495
.9127 0.0096003 9909
.5269 0.0095835 9910 156.0 5.2986 0.0121578
1359 0.0095668 SSHNlk 15810 5.6505 0.0121487
.7398 0.0095504 Erenlz) 160.0 6.0001 0.0121393
5352 0.0095175 SIILES 165.0 6.8698 0.0121155
1084 0.0094853 9914 170.0 7.7308 0.0120922
2678 0.0094534 SO 175.0 85813 0.0120690
.4065 0.0094199 9916 180.0 9.4375 0.0120455
5349 0.0093888 Srenly 185.0 10.2825 0.0120225
6497 0.0093582 9918 190.0 11.1205 (EOISESS S Ex
530 0.0093291 SIShiE) 195.0 11.9535 0.0119773
8415 0.0092984 9920 200.0 12.7799 0.0119549
92350 0.0092706 9921 210.0 14.4167 0.0119107
.9884 0.0092422 9922 220.0 16.0293 0.0118674
230.0 17.6212 0.0118240
. 2598 0.0108709 9801 240.0 18), ez 0.0117824
.5700 0.0108625 9802 250.0 20.7463 0.0117418
.8766 0.0108537 9803 260.0 2202189 0.0117037
.6321 0.0108333 9804 270.0 248, TEIT) 0.0116668
. 3766 0.0108131 9805 280.0 25M2921 0.0116298
.1125 ORONOHMS 2] 9806 290.0 26.7829 0.0115936
.8432 0.0107729 9807 300.0 28.2536 0.0115602
.5654 0.0107538 9808
.2823 0.0107343 9809 156.0 5. 3093 OMONS2E 5
.9936 0.0107149 9810 158.0 5.6813 0.0127459
699 0.0106963 9811 160.0 6.0514 0.0127360
0945 0.0106578 9812 165.0 6.9743 0.0127115
.4703 0.0106220 9813 170.0 7.8956 0.0126866
8269 0.0105837 9814 175.0 8.8084 0.0126620
1698 0.0105373 9815 180.0 9.7181 0.0126374
.4871 0.0105121 9816 185.0 10.6227 0.0126131
7940 0.0104786 9817 190.0 11.5216 0.0125891
0829 0.0104432 o818 195.0 12.4146 0.0125652
. 3607 0.0104101 9819 200.0 13.3026 0.0125416
.6247 0.0103788 9820 210.0 II5R0596 0.01249549
.8740 0.0103471 9821 220.0 16.7936 0.0124496
230.0 18.5030 0.0124050
.2876 0.0117217 9701 240.0 20.1940 0.0123615
.6258 0.0117126 9702 250.0 21.8609 0.0123194
.9613 0.0117035 o703 260.0 23M5012 0.0122786
."7902 0.0116814 9704 270.0 25.1341 0.0122388
.6122 0.0116591 SMOS 280.0 26.7459 0.0122002
.4263 0.0116365 9706 290.0 28.3407 0.0121635
.2345 0.0116151 9707 300.0 29.9184 0.0121274
.0364 0.0115927 9708
.8326 ONOINISH2S 9709 156.0 5.3268 0.0136248
6231 0.0115504 9710 158.0 5.7260 0.0136142
.4078 OROINMI5 292 9711 160.0 6.1269 0.0136036
.9600 0.0114876 S 165.0 7 o AL 0.0135765
.4907 0.0114454 9713 170.0 8.1371 0.0135494
0017 0.0114047 9714 175.0 9.1405 OROIS5222
.4909 0.0113652 SIS 180.0 10.1405 0.0134950
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TABLE 2. Temperature-pressure-density observations on oxygen.— Continued

100

T B Density Ident 2 Density Ident
K MN|m?* mol/cm? K MN|m? mol/cm?

185.0 LI, NEETSS 0.0134680 9308 175.0 10.6217 0.0165974 9207
190.0 12.1252 0.0134417 9309 180.0 12.0026 0.0165600 9208
195 .0 13.1093 0.0134148 9310 185.0 13.3800 0.0165235 9209
200.0 14.0870 0.0133885 9311 190.0 14.7508 0.0164880 9210
210.0 16.0226 0.0133369 9312 195.0 16.1152 0.0164514 9211
220.0 17 .9342 0.0132865 9313 200.0 17.4706 0.0164161 9212
230.0 19.8171 0.0132386 9314 210.0 20.1560 0.0163477 9213
240.0 21.6805 0.0131899 9315 220.0 22.8057 0.0162839 9214
250.0 23 5231 0.0131476 9316 230.0 25 . AZET 0.0162217 9215
260.0 25.3416 0.0131025 9317 240.0 28.0091 0.0161638 9216
270.0 27.1349 0.0130590 9318 250.0 30.5648 0.0161100 9217

. .9 0.0130177 9319
Sgg 8 gg eégg 0. 0129802 9320 156.0 5.5827 0.0180496 6304
: : ' 158.0 6.1910 0.0180333 6305
156.0 5.3444 0.0145565 9501 160.0 6.8069 0.0180167 6306
165.0 8.3678 0.0179745 6307

158.0 5.7755 0.0145455 9502
170.0 9.9452 0.0179319 6308

160.0 6.2112 0.0145337 9503
175.0 11.5215 0.0178896 6309

165.0 7.3110 0.0145036 9504
i o 0. 0144737 9505 180.0 13.0983 0.0178475 6310
: : . 185.0 14.6689 0.0178061 6311

175.0 9.5206 0.0144438 9506
190.0 16.2316 0.0177653 6312

180.0 10.6244 0.0144140 9507
195.0 17.7871 0.0177252 6313

185.0 11.7237 0.0143843 9508
200.0 19.3307 0.0176860 6314

190.0 12.8167 0.0143549 9509
210.0 22.3876 0.0176104 6315

195.0 13.9051 0.0143257 9510
220.0 25.4037 0.0175391 6316
200.0 14.9866 0.0142970 9511 e B s i

. 210.0 17.1296 0.0142405 9512 : : c

220.0 19.2423 0.0141857 9513 154 .0 5 1333 00190870 9101
230.0 21.3305 0.0141316 9514 1560 5 8032 0. 0190691 9102
240.0 | 23.3315 0.0140813 9515 158.0 6.4840 0.0190507 9103
250.0 25.4265 0.0140321 9516 160 .0 7 1717 0. 0190325 9104
260.0 27.4425 0.0139864 9517 165.0 8 9088 0 0189849 9105
270.0 | 29.4323 0.0139423 Sl 170.0 | 10.6555 0.0189387 9106
280.0 | 31.4036 0.0138997 9519 175.0 | 12.4031 0.0188922 9107
180.0 14.1455 0.0188457 9108
158.0 5.8544 0.0156782 9402 190.0 17 6046 0. 0187559 9110
160.0 6.3383 0.0156648 9403 195.0 19.3175 0.0187133 9111
165.0 7.5656 0.0156315 9404 500.0 51 0180 0. 0186698 9112
170.0 8.8044 0.0155983 9405 510.0 54 3878 0. 0185888 9113
175.0 10.0455 0.0155649 9406 550 .0 57 7085 0 0185138 9114
180.0 11.2866 0.0155316 9407 530 0 20 9821 0. 0184442 9115
185.0 12.5248 0.0154978 9408 240.0 34.2235 0.0183832 9116

190.0 13.7562 0.0154657 9409
195.0 14.9816 0.0154330 9410 154.0 5.3612 0.0199362 9001
200.0 16.2004 0.0154011 9411 156.0 6.1026 0.0199167 9002
210.0 18.6148 0.0153388 9412 158.0 6.8525 0.0198965 9003
220.0 21.0010 0.0152805 9413 160.0 7.6077 0.0198760 9004
230.0 23.3507 0.0152212 9414 165.0 9.5075 0.0198249 9005
240.0 25.6751 0.0151658 9415 170.0 11.4133 0.0197742 9006
250.0 27.9759 0.0151156 9416 175.0 13.3163 0.0197246 9007
260.0 30.2501 0.0150694 9417 180.0 15.2115 0.0196751 9008
270.0 32.4981 0.0150249 9418 185.0 17.0956 0.0196266 9009
190.0 18.9669 0.0195792 9010
156.0 5.4346 0.0167364 9202 195.0 20.8269 0.0195317 9011
158.0 5.9624 0.0167225 9203 200.0 22.6685 0.0194883 9012
160.0 6.4993 0.0167081 9204 210.0 26.3129 0.0194036 9013
165.0 7.8629 0.0166713 9205 220.0 29.9058 0.0193259 9014
170.0 9.2396 0.0166348 9206 230.0 33.4607 0.0192574 9015
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TABLE 2. Temperature-pressure-density observations on oxygen.— Continued
/2 Density Ident T [? Density Ident
MN/m* mol/cm? K MN/[m? mol/cm?
88922 0.0207491 8901 170.0 16.2685 0.0229021 8610
.e977 0.0207282 8902 175.0 18.8486 0.0228383 8611
.5111 0.0207064 8903 180.0 21.4030 0.0227773 8612
.3309 0.0206843 8904 185.0 23.9358 0.0227180 8613
. 1540 0.0206626 8905 190.0 26.4455 0.0226621 8614
.2182 0.0206074 8906 195.0 28.9325 0.0226094 8615
. 2836 0.0205531 8907 200.0 31.4012 0.0225604 8616
.3415 0.0204994 8908
.3874 0.0204470 8909 144 .0 3.4424 0.0241115 5901
. 4256 0.0203979 8910 146.0 4.6016 0.0240796 5902
. 4446 0.0203481 8911 148.0 5.7616 0.0240495 5903
.4490 0.0203003 8912 150.0 6.9230 0.0240173 5904
. 4409 0.0202543 8913 152.0 8.0797 0.0239864 5905
L3778 0.0201695 8914 154.0 9.2364 0.0239558 5906
. 2607 0.0200932 8915 156.0 10.3883 0.0239253 5907
158.0 11.5364 0.0238951 5908
.4935 0.0216871 8801 160.0 12.6804 0.0238651 5909
. 3844 0.0216635 8802 165.0 15.5240 0.0237922 5910
.2821 0.0216398 8803 170.0 18.3300 0.0237212 5911
.1852 0.0216154 8804 175.0 21.1062 0.0236531 5912
.0910 0.0215911 8805 180.0 23.8578 0.0235882 5913
.9981 0.0215670 8806 185.0 26.5823 0.0235273 5914
. 2654 0.0215073 8807 190.0 29.2880 0.0234701 OIS
.5244 0.0214480 8808 195.0 31.9645 0.0234173 5916
TT711 0.0213901 8809
.0013 0.0213343 8010 144.0 4.0468 0.0245557 8502
.2159 0.0212800 8811 146.0 5.2654 0.0245240 8503
.4139 0.0212267 8812 148.0 6.4826 0.0244899 8504
.5897 0.0211771 8813 150.0 7.6966 0.0244579 8505
.7526 0.0211299 8814 152.0 8.9074 0.0244256 8506
.0295 0.0210424 8815 154.0 10.1149 0.0243937 8507
156.0 11.3177 0.0243627 8508
.0774 0.0225087 8701 158.0 12005132 0.0243309 8509
.0499 0.0224821 8702 160.0 13.7050 0.0242999 8510
.0286 0.0224568 8703 165.0 16.6622 0.0242242 8511
.0117 0.0224301 8704 170.0 19.5864 0.0241525 8512
.9954 0.0224035 8705 175.0 22.4752 0.0240836 8513
.9804 0.0223775 8706 180.0 25.3386 0.0240185 8514
.9644 0.0223511 8707 185.0 28.1758 0.0239570 8515
.4179 0.0222870 8708 190.0 30.9888 0.0239022 8516
.8570 0.0222231 8709 195.0 33.7711 0.0238486 8517
.2765 0.0221614 8710
.6'783 0.0221040 8711 142.0 3.6026 0.0250985 8201
MO 53k 0.0220468 8712 144 .0 4.8902 0.0250632 8202
.4119 0.0219923 8713 146.0 6.1763 0.0250283 8203
.7541 0.0219405 8714 148.0 7.4576 0.0249944 8204
.0778 ©0.0218914 8715 150.0 8.7342 0.0249604 8205
.6683 0.0218061 8716 152.0 10.0046 0.0249267 8206
154.0 11.2713 0.0248936 8207
.6426 0.0232356 8601 156.0 12.5293 0.0248604 8208
.6947 0.0232067 8602 158.0 13.7817 0.0248277 8209
.7514 0.0231796 8603 160.0 15.0311 0.0247958 8210
.8101 0.0231506 8604 165.0 18.1219 0.0247183 8211
.8704 0.0231220 8605 170.0 21.1793 0.0246445 8212
.9296 0.0230937 8606 175.0 24 .1977 0.0245747 8213
.9869 0.0230657 8607 180.0 27.1899 0.0245091 8214
.0426 0.0230377 8608 I8HM0 30.1612 0.0244499 8215
.6660 0.0229691 8609 190.0 33.1017 0.0243940 8216
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TABLE 2. Temperature-pressure-density observations on oxygen.— Continued

T P Density Ident T P Density Ident
K MN[m? mol/em? K MN/[m? mol/cm?
140.0 2.9844 0.0255208 6401 152.0 15.3345 0.0266345 6209
142.0 4.3289 0.0254839 6402 154.0 16.8057 0.0265973 6210
144 .0 5.6699 0.0254472 6403 156.0 18.2678 0.0265608 6211
146.0 7.0069 0.0254118 6404 158.0 19, 21L& 0.0265251 6212
148.0 813315 0.0253768 6405 160.0 21.1703 0.0264904 6213
150.0 9.6613 0.0253417 6406 165.0 24 .7576 0.0264076 6214
152.0 10.9798 0.0253070 6407 170.0 28.3036 0.0263312 6215
154.0 12.2914 0.0252727 6408 175.0 31.8143 0.0262620 6216
156.0 13.5268 0.0252405 6409
158.0 14.8935 0.0252054 6410 134.0 2.4353 0.0272899 6501
160.0 16.1822 0.0251726 6411 136.0 4.0412 0.0272455 . 6502
165.0 19.3802 0.0250928 6412 138.0 5.6349 0.0272020 6503
170.0 22.5416 0.0250173 6413 140.0 7.2192 0.0271604 6504
1715 . © 25.6668 0.0249463 6414 142 .0 8.7920 0.0271189 6505
180.0 28.7565 0.0248806 6415 144.0 LOMS512 0.02707TT 6506
185.0 31.8246 0.0248202 6416 146.0 11.9004 0.0270372 6507
148.0 13.4382 0.0269972 6508
140.0 &, BSILE 0.0258049 8401 150.0 14.9657 0.0269580 6509
142.0 4.9176 0.0257671 8402 152.0 16.4808 0.0269236 6510
144 .0 6.2966 0.0257298 8403 154.0 YIRS 9 S 0.0268821 6511
146.0 7.6697 0.0256933 8404 156.0 19.4930 0.0268456 6512
148.0 9.0394 0.0256518 8405 158.0 20.9821 0.0268099 6513
150.0 10.3966 0.0256218 8406 160.0 22 .4666 0.0267753 6514
152.0 11.7472 0.0255864 8407 165.0 26.1395 0.0266927 6515
154.0 13.0917 0.0255515 8408 170.0 29.7724 0.0266173 6516
156.0 14.4295 0.0255170 8409 175.0 33.3743 0.0265493 6517
158.0 15.7605 0.0254835 8410
165.0 20.3576 0.0253692 8412 134.0 3.6213 0.0276729 8101
170.0 2SMB 952 0.0252943 8413 136.0 5.2856 0.0276273 8102
175.0 26.7970 0.0252237 8414 138.0 GMOS3I 0.0275841 8103
180.0 29.9705 0.0251597 8415 140.0 8.5697 0.0275414 8104
185.0 33.1131 0.0251002 8416 142.0 10.1897 0.0274986 8105
144.0 11.8000 0.0274564 8106
138.0 3.2401 0.0263501 8301 146 .0 SIS Ciral! 0.0274152 8107
140.0 4.7034 0.0263104 8302 148.0 14 .9791 0.0273744 8108
142 .0 6.1593 0.0262711 8303 150.0 16.5533 0.0273338 8109
144 .0 7.6076 0.0262331 8304 152.0 18.1184 0.0272988 8110
146.0 9.0479 0.0261951 8305 154 .0 19.6721 0.0272580 8111
148.0 10.4778 0.0261578 8306 156.0 21.2147 0.0272206 8112
150.0 11.8976 0.0261198 8307 158.0 22 .7532 0.0271849 8113
152.0 13.3104 0.0260824 8308 160.0 24 .2849 0.0271500 8114
154.0 14.7130 0.0260463 8309 165.0 28.0785 0.0270686 8115
156.0 16.1089 0.0260120 8310 170.0 31.8365 0.0269965 8116
158.0 17.4975 0.0259772 8311
160.0 18.8815 0.0259431 8312 132.0 2.5 0.0279362 6101
165.0 22.3006 0.0258609 8313 134.0 4.4246 0.0278891 6102
170.0 25.6842 0.0257848 8314 136.0 6.1187 0.0278436 6103
INE5H0 29.0322 0.0257147 8315 138.0 7.7995 0.0277991 6104
180.0 32.3448 0.0256520 8316 140.0 9.4641 0.0277550 6105
142.0 11.1144 0.0277114 6106
136.0 3.1979 0.0269549 6201 144 .0 12.7511 0.0276687 6107
138.0 4.7513 0.0269125 6202 146.0 14.3767 0.0276270 6108
140.0 6.2944 0.0268710 6203 148.0 15.9898 0.0275859 6109
142 .0 7.8278 0.0268306 6204 150.0 17.5914 0.0275456 6110
144.0 9.3501 0.0267903 6205 152.0 19.1801 0.0275097 6111
146.0 10.8599 0.0267504 6206 154.0 20.7647 0.0274681 6112
148.0 12.3609 0.0267111 6207 156.0 22 .3354 0.0274309 6113
150.0 13.8523 0.0266724 6208 158.0 23.9003 0.0273929 6114
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TABLE 2. Temperature-pressure-density observations on oxygen.— Continued
B Density Ident T P Density Ident
MN/m* mol/cm® K MN[m? mol/em?
25 .4595 0.0273601 6115 124.0 2.1104 0.0297581 3401
29 .3210 0.0272787 6116 126.0 4.1084 0.0297011 3402
33.1481 0.0272056 6117 128.0 6.0901 0.0296468 3403
130.0 8.0454 0.0295931 3404
1.9644 0.0282691 8001 132.0 9.9760 0.0295401 3405
3.7305 0.0282200 8002 134.0 11.8876 0.0294884 3406
5.4786 0.0281728 8003 136.0 13.7784 0.0294378 3407
7.2122 0.0281273 8004 138.0 15.6572 0.0293882 3408
8.9282 0.0280815 8005 140.0 17.5120 0.0293401 3409
10.6303 0.0280366 8006 142.0 IS, S ON0292935 3410
12.3164 0.0279926 8007 144.0 21.2096 0.0292481 3411
L& Skl 0.0279501 8008 146.0 23.0408 0.0292039 3412
15.6477 0.0279070 8009 148.0 24 .8835 0.0291617 3413
17 .2999 0.0278657 8010 150.0 26.7045 0.0291210 3414
18.9348 0.0278252 8011 152.0 28.5164 0.0290824 3415
20.5621 0.0277892 8012 154.0 30.3258 0.0290454 3416
292 1841 0.0277479 8013 156.0 32.1204 0.0290107 3417
23.7927 0.0277109 8014 158.0 33.9185 0.0289777 3418
25.4000 0.0276764 8015
26.9994 0.0276436 8016 124.0 2.4906 0.0298327 3902
30.9550 0.0275640 8017 126.0 4.5012 0.0297757 3903
128.0 6.4903 0.0297215 3904
2.3713 0.0288775 6702 130.0 8.4523 0.0296674 3905
4.2335 0.0288261 6703 132.0 10.3898 0.0296143 3906
6.0769 0.0287770 6704 134.0 12.3076 0.0295626 3907
7.8983 0.0287287 6705 136.0 14.2138 0.0295122 3908
9.7048 0.0286808 6706 138.0 16.1014 0.0294627 3308
11.4930 0.0286337 6707
13.2662 0.0285875 6708 140.0 17.9733 0.0294142 3910
15.0161 0.0285426 6709 142 .0 19.8321 0.0293674 3911
16.7645 0.0284985 6710 144 .0 21.6795 0.0293219 afeily?
18.4948 0.0284554 6711 146 .0 2SM522S 0.0292780 3313
20.2117 0.0284137 6712 148.0 2583595 0.0292355 3914
21.9178 0.0283731 6713 150.0 27.1780 0.0291949 3315
23.6195 0.0283339 6714 152.0 2889959 0.0291564 3916
25, HLilE 0.0282959 6715 154 .0 30.8030 0.0291195 sfealr
26.9952 0.0282594 6716 156.0 32.5978 0.0290848 3918
28.6739 0.0282246 6717
30.3434 0.0281913 6718 122.0 1.5045 0.0300885 5801
34.4943 0.0281153 6719 124.0 BSE5858 0.0300301 5802
126.0 5.6416 0.0299753 5803
2.8771 0.0294561 7501 128.0 7.6720 0.0299216 5804
4.8428 0.0294031 7502 130.0 9.6778 0.0298684 5805
6.7841 0.0293525 7503 132.0 11.6604 0.0298166 5806
8.7049 0.0293020 7504 134.0 13.6259 0.0297660 5807
10.6061 0.0292524 7505 136.0 ISM5T6S 0.0297171 5808
12.4883 0.0292043 7506 138.0 17.5050 0.0296696 5809
14.3534 0.0291570 7507 140.0 19.4202 0.0296221 5810
16.2006 0.0291100 7508 142.0 21.3249 0.0295768 5811
18.0375 0.0290651 7509 144.0 23.2160 0.0295330 5812
19.8600 0.0290217 7510 146.0 25MI035 0.0294909 5813
21.6706 0.0289789 7511 148.0 26.9727 0.0294508 5814
23.4713 0.0289381 712 150.0 28.8442 0.0294124 5815
25.2612 0.0288996 TBILE 152.0 30.7008 0.0293759 5816
2'7.0409 0.0288613 7514 154.0 32.5574 0.0293415 5817
28.8206 0.0288239 {515
3015910 0.0287899 7516 122.0 3.0971 0.0303754 7601
3283536 0.0287579 Il 124.0 5. 27E 0.0303187 7602
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TABLE 2. Temperature-pressure-density observations on oxygen.— Continued
T P Density Ident I B Density Ident
K MN|m?* mol/cm? K MN/m?* mol/cm3
126.0 73153 0.0302640 7603 136.0 24.2720 0.0308888 4312
128.0 9.3831 0.0302089 7604 138.0 26.3720 0.0308414 4313
130.0 11.4278 0.0301557 7605 140.0 28.4675 0.0307964 4314
132.0 13.4542 0.0301041 7606 142.0 30.5548 0.0307539 4315
134.0 15.4565 0.0300530 7607 144 .0 32.6389 0.0307139 4316
136.0 17.4427 0.0300036 7608
138.0 19.4169 0.0299566 7609 114.0 1.1925 0.0316910 7801
140.0 21.3819 0.0299100 7610 116.0 SM5I82 0.0316243 7802
142.0 23.3248 0.0298649 7611 118.0 5.9272 0.0315631 7803
144 .0 25.1294 0.0298245 7612 120.0 8.2441 0.0315011 7804
146.0 27.2006 0.0297814 7613 122.0 10.5249 0.0314415 7805
148.0 29.1284 0.0297431 7614 124.0 12.7809 0.0313840 7806
150.0 31.0539 0.0297066 7615 126.0 15.0139 0.0313277 7807
152.0 32.9587 0.0296710 7616 128.0 17.2189 0.0312723 7808
130.0 19.4118 0.0312187 7809
120.0 1.8317 0.0305760 3505 132.0 21.5882 0.0311671 7810
122.0 3.9817 0.0305144 3504 134.0 28, 8/ 0.0311175 7811
124.0 6.1040 0.0304567 3505 136.0 25.9088 0.0310703 7812
126.0 8.1901 0.0303990 3506 138.0 28.0581 0.0310268 7813
2 3M0 10.2555 0.0303427 3507 140.0 30.1939 0.0309830 7814
130.0 12.2974 0.0302881 3508 142.0 32.3228 0.0309431 S
132.0 14.3198 0.0302342 3509
134.0 16.3141 0.0301819 3510 114.0 1.6723 0.0317542 3601
136.0 18.2971 0.0301309 il 116.0 4.0458 0.0316862 3602
138.0 20.2666 0.0300820 SO 118.0 6.3776 0.0316230 3603
140.0 22.2342 0.0300334 3513 120.0 8.6721 0.0315592 3604
142.0 24.1917 0.0299871 3514 122.0 10.9361 0.0314980 3605
144.0 26.1323 0.0299431 BOIE 124.0 13.1733 0.0314380 3606
146.0 28.0750 0.0299007 3516 126.0 15.3804 0.0313799 3607
148.0 29.9939 0.0298608 3517 128.0 17.5761 OR031L3231 3608
150.0 31.9298 0.0298226 3518 130.0 19.7850 0.0312682 3609
152.0 33.8303 0.0297873 HHE) 132.0 21.9571 0.0312151 3610
134.0 24.1236 0.0311642 3611
120.0 4.6411 0.0310159 5601 136.0 26.2706 0.0311158 3612
122.0 6.8570 0.0309577 5602 138.0 28.4258 0.0310694 3613
124.0 ). (016377 0.0308992 5603 140.0 30.5788 0.0310259 3614
126.0 L JiEE)s 0.0308427 5604 142 .0 32.7111 0.0309851 3615
128.0 13.3215 0.0307876 5605
130.0 15.4214 0.0307340 5606 114.0 SWIS28 0.0319426 6001
132.0 17.5178 0.0306813 5607 116.0 5.6146 0.0318793 6002
134.0 19.5936 0.0306304 5608 118.0 7.9924 0.0318148 6003
136.0 21.6614 0.0305812 5609 120.0 10.3328 0.0317539 6004
138.0 23.7302 0.0305343 5610 122.0 12.6486 0.0316940 6005
140.0 25.7819 0.0304892 5611 124.0 14.9309 0.0316357 6006
142 .0 27.8251 0.0304458 5612 126.0 W7, LNty 0.0315791 6007
144 .0 29.8568 0.0304050 5613 128.0 19.4386 0.0315240 6008
146.0 31.8845 0.0303665 5614 130.0 21.6625 0.0314713 6009
116.0 2.4087 0.0314615 4302 114.0 3.4335 0.0319827 4401
118.0 4.7189 0.0313964 4303 116.0 5.8265 0.0319178 4402
120.0 6.9894 0.0313346 4304 118.0 8.1737 0.0318519 4403
122.0 9.2248 0.0312732 4305 120.0 10.4832 0.0317892 4404
124.0 11.4280 OMOSASH 4306 122.0 12.7639 0.0317278 4405
126.0 13.6026 OMO3E55 4307 124 .0 15.0271 0.0316680 4406
128.0 S RT6 218 0.0310987 4308 126.0 17.2542 0.0316097 4407
130.0 17.9023 0.0310434 4309 128.0 19.4810 OMO3NE532 4408
132.0 20.0292 0.0309899 4310 130.0 21.6969 0.0314984 4409
134.0 22.1447 0.0309381 4311 132.0 23.9049 0.0314459 4410
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TABLE 2. Temperature-pressure-density observations on oxygen.— Continued
T R Density Ident T 12 Density Ident
K MN|m?* mol/cm?® K MN|m? mol/em?
134.0 26.1218 0.0313961 4411 118.0 19.0577 0.0329835 7908
136.0 28.3244 0.0313487 4412 120.0 21.5622 0.0329196 7909
138.0 30.5134 0.0313039 4413 122.0 24.0594 0.0328629 7910
140.0 32.7007 0.0312620 4414 124.0 26.5419 0.0328092 7911
126.0 29.0289 0.0327583 7912
110 .0 1.2810 00324614 3301 128.0 31.5034 0.0327109 7913
112.0 3.8894 0.0323894 3302
114.0 6.3591 0.0323218 3303 igg-g g~zggz 8'8222225 288;
116.0 8.7833 0.0322556 3304 : : |
118.0 11.1786 0. 0321914 2305 108.0 8.1584 0.0334933 4003
122 0 15 8805 0. 0320677 3307 112.0 13.3821 0.0333534 4005
124 0 18 2001 0. 0320083 2308 114.0 15.9470 0.0332863 4006
126 0 20 5350 0.0319516 2309 116.0 18.4948 0.0332212 4007
128.0 22 8186 0.0318968 3310 118.0 21.0292 0.0331584 4008
130.0 55 1045 0. 0318442 2311 120.0 23.6101 0.0331000 4009
132.0 27 . 3950 0.0317940 3312 122.0 6.1304 0.0330430 4010
134.0 29 .6685 0.0317468 3313 124.0 28.6680 0.0329889 4011
138.0 34.1856 0.0316615 3315
102.0 2.4536 0.0339664 5301
104.0 5.2772 0.0338885 5302
igg-g i~1?i? 8'8223332 Zggé 106.0 8.0304 0.0338166 5303
0 e W il 108.0 10.7372 0.0337455 5304
iii'o 9.5060 0.0326645 s 110.0 | 13.4307 0.0336756 5305
: : : 112.0 16.0496 0.0336088 5306
116.0 12.0031 0.0326001 7705 112.0 160483 0. 0336092 5306
118.0 14.4653 0.0325375 7706 114.0 18, 6581 0. 0335444 5207
120.0 16.9084 0.0324767 7707 116.0 51 o794 0. 0334816 5208
122.0 19.3194 0.0324183 7708 118.0 | 23.8799 0.0334216 5309
124.0 | 1.7076 0.0323618 7709 120.0 | 26.4646 0.0333652 5310
126.0 | 24.1061 0.0323079 7710 122.0 | 29.0434 0.0333119 5311
128.0 | 26.4967 0.0322573 7711 124.0 | 31.6233 0.0332627 5312
130.0 28.8700 0.0322077 7712
132.0 31.2479 0.0321626 7713 100.0 0.7417 00341475 5401
134.0 33.6213 0.0321216 7714 1020 2 6253 0. 0340649 5402
104.0 6.4406 0.0339892 5403
108.0 3.1007 0.0330134 4101 106.0 9.1978 0.0339171 5404
110.0 5.7025 0.0329415 4102 108.0 11.9114 0.0338463 5405
2.0 8.2546 0.0328722 4103 110.0 14.5967 0.0337775 5406
114 .0 10.7654 0.0328050 4104 112.0 17.2500 0.0337109 5407
116.0 13.2418 0.0327392 4105 114.0 19.8976 0.0336463 5408
118.0 15.7200 0.0326761 4106 114.0 19.9333 0.0336478 5408
120.0 ISMISHTS 0.0326184 4107 116.0 22 5629 0.0335864 5409
122.0 20.5679 0.0325543 4108 118.0 25.1980 0.0335279 5410
124.0 22 .9783 0.0324967 4109 120.0 27 .8054 0.0334726 5411
126 .0 25.3676 0.0324421 4110 122.0 30.4268 0.0334209 5412
128.0 27 .7500 0.0323901 4111 124.0 33.0483 0.0333729 5413
130.0 30.1463 0.0323410 4112
132.0 32.5168 0.0322954 4113 99.0 1.6534 0.0343798 5500
100.0 3.1209 0.0343387 5501
104.0 0.6819 0.0334558 7901 102.0 6.0143 0.0342606 5502
106.0 3.4351 0.0333777 7902 104.0 8.8357 0.0341871 5503
108.0 6.1367 0.0333056 7903 106.0 11.6386 0.0341151 5504
110.0 8.7923 0.0332370 7904 108.0 14.3917 0.0340449 5505
112.0 11.4019 0.0331694 7905 110.0 17.1172 0.0339769 5506
114.0 13.9827 0.0331042 7906 112.0 19.8187 0.0339113 5507
116.0 16.5276 0.0330397 7907 114.0 22.5087 0.0338491 5508
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TABLE 2.

Temperature-pressure-density observations on oxygen.— Continued

T 2 Density Ident T 1P Density Ident
K MN/[m? mol/cm? K VIN/m* mol/cm?
112.0 | 28.6413 0.0345593 6910
Moo | mam | gowe | e | HEg) ey pomem | i
98.0 1.8866 0.0345541 7001 Y Sl SRR, oo
100.0 4.8696 0.0344737 7002 o o S~Z$§Z 8~8§g§ggg 428;
182'8 lg'ggﬁg 8'821?223 Zggi 100.0 | 12.7369 0.0350779 4204
T o e 7005 102.0 | 15.6649 0.0350015 4205
108.0 | 16.2612 0.0341824 7006 LR oot o i e
110.0 | 19.0241 0.0341152 7007 LS AL UlEaes <
112.0 | 21.7870 0.0340507 7008 L O Do e e
114.0 | 24.5320 0.0339893 7009 LD e e e
A st 7010 112.0 | 30.1416 0.0346662 4210
Tew | Gaone e o 114.0 | 33.0409 0.0346116 4211
120.0 | 32.7273 0.0338276 7012 50 o o 5790 o 0357255 4601
98.0 2.3008 0.0345829 11001 20 T RS ooz
100.0 5.6357 0.0345341 11002 96 0 o AP s s
102.0 8.9409 0.0344906 11003 950 | 13 004 0 Ososnoe 3005
104.0 | 12.2000 0.0344479 11004 1000 | 15 opas 0 0523080 1e00
106.0 | 15.3871 0.0344073 11005 los 0 | 18 ooos 0 03mr308 4607
108.0 | 18.5961 0.0343677 11006 loao | 21 ovos 0 0Rore0s 4e08
110.0 | 21.7798 0.0343303 11007 s 0 0520914 1005
108.0 | 27.7800 0.0350264 4610
98.0 e e T 6801 110.0 | 30.7253 0.0349663 4611
100.0 7.6506 0.0346931 6802
102.0 | 10.5760 0.0346172 6803
1020 | 195 | Oosdein | eas || 20| zasss ) oossesr | 7ol
106.0 | 16.2991 0.0344715 6805 i e S e e
108.0 | 19.1240 e Sl 96.0 | 11.7449 0.0355756 7104
110.0 | 21.9346 0.0343363 6807 ol T N e
112.0 | 24.7305 (e S 100.0 | 17.8893 0.0354226 7106
114.0 | 27.5177 0.0342143 6809 o e R s
116.0 | 30.3147 0.0341590 6810 e e e, pipel
118.0 | 33.1174 e L S 106.0 | 27.0073 0.0352176 7109
108.0 | 30.0554 0.0351578 7110
98.0 6.5819 0.0349220 7202
100.0 9.5691 0.0348452 7203 88.0 1.1986 0.0360762 4801
102.0 | 12.4989 0.0347704 7204 90.0 4 4953 0. 0359820 4802
104.0 5. 55 0.0346975 7205 92.0 7 .6900 0.0358952 4803
106.0 | 18.2560 0.0346272 7206 94 0 | 10 8170 0. 0358109 4804
108.0 | 21.0983 0.0345598 7207 960 | 13 8938 0. 0357292 4805
110.0 | 23.9336 0.0344954 7208 98.0 | 16 9363 0. 0356499 4806
112.0 | 26.7622 0.0344345 7209 100.0 | 19.9936 0.0355740 4807
114.0 | 29.5901 0.0343775 7210 102.0 | 23.0452 0.0355010 4808
116.0 | 32.4298 0.0343246 7211 104.0 | 26.0566 0.0354331 4809
106.0 | 29.0753 0.0353689 4810
94.0 2.0325 0.0352031 6901 108.0 | 32.1434 0.0353088 4811
96.0 5.1647 0.0351187 6902
98.0 8.2265 0.0350409 6903 88.0 3.7829 0.0362485 3801
100.0 11.2273 0.0349642 6904 90.0 7.0649 0.0361587 3802
102.0 14.1864 0.0348896 6905 92.0 10.2597 0.0360721 3803
104.0 | 17.1083 0.0348172 6906 94.0 | 13.3723 0.0359887 3804
106.0 | 20.0017 0.0347479 6907 96.0 | 16.4770 0.0359072 3805
108.0 | 22.8816 0.0346816 6908 98.0 | 19.5564 0.0358288 3806
110.0 | 25.7600 0.0346187 6909 100.0 | 22.6519 0.0357533 3807
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TABLE 2. Temperature-pressure-density observations on oxygen.— Continued

N~

102.
104.
106.

86.
88.
90.
G2R
94 .
96
98.
98.
100.
102.
104.

86.

€10).
92.
94.
96.
98.
100.
102.
104.

100.
102.
104.

(=ielisleolialelelalolsNs) SISISIOIOIOIOICHOIO @) (ef (@) = =@ (@) (@) =) (@) (=) (2 (@ (&) (& (@) @] =) (@) o) (@) (2] @) (@ @] (@ (@ (@) @) (e

() (=] (@)

P Density Ident T 2 Density Ident
MN[m? mol/em? K MN/|m? mol/em?
25 .7577 0.0356832 3808 84.0 3.5900 0.0368114 5701
28.8557 0.0356166 3809 86.0 7.0633 0.0367205 5702
31.9572 0.0355554 3810 88.0 10.4638 0.0366324 5703
90.0 13.7910 0.0365473 5704
2 .5495 0.0364373 5101 92.0 17.0873 0.0364644 5705
5.9034 0.0363448 5102 94.0 20.3732 0.0363856 5706
9.1630 0.0362568 5103 96.0 23.6500 0.0363098 5707
12.3548 0.0361711 5104 98.0 26.9280 0.0362393 5708
15.5098 0.0360881 5105 100.0 | 30.2151 0.0361737 5709
18.6580 0.0360082 5106 102.0 | 33.5198 0.0361140 5710
21.7512 0.0359313 5107
21.7694 0.0359315 5107 84.0 3.8384 0.0368285 4901
24 .9373 0.0358575 5108 86.0 7.2501 0.0367359 4902
28.0181 0.0357899 5109 88.0 10.5740 0.0366462 4903
31.2240 0.0357250 5110 90.0 13.8416 0.0365592 4904
92.0 17.0941 0.0364749 4905
2.1952 0.0364340 7401 94.0 20.3134 0.0363949 4906
5.6350 0.0363425 7402 96.0 23.5705 0.0363178 4907
8.9713 0.0362567 7403 98.0 | 26.8186 0.0362451 4908
12.2324 0.0361731 7404 100.0 30.0772 0.0361775 4909
15.4555 0.0360921 7405 102.0 | 33.3393 0.0361160 4910
18.6461 0.0360142 7406
21.8211 0.0359598 fany 84.0 3.8882 0.0368308 7301
SRR gR0cao o s 86.0 7.3692 0.0367405 7302
e Lt i Je 8l 88.0 | 10.7646 0.0366530 7303
B Ol B e 90.0 | 14.1014 0.0365684 7304
92.0 17.3952 0.0364875 7305
g:gggg 8:8;2;;;1 228; 94.0 20.6605 0.0364088 7306
e 0. 0365913 e 96.0 23.9280 0.0363345 7307
O SDsco0oE 4504 98.0 27.1992 0.0362646 7308
T N e 100.0 | 30.4830 0.0361999 7309
e 0. 0360455 e 102.0 | 33.7693 0.0361410 7310
iiissgf 8:82228?3 jggg 82.0 2.8589 0.0370683 3701
N O e e 84.0 6.3331 0.0369734 3702
86.0 9.7564 0.0368824 3703
4 0717 0.0365538 11601 88.0 13.0916 0.0367940 3704
4.0742 0.0365538 11601 90.0 16.4016 0.0367082 3705
8.0270 0.0365007 11602 92M0 19.6937 0.0366255 3706
11.9176 0.0364498 11603 94.0 22.9780 0.0365468 3707
15.7524 0.0364013 11604 9680 26.2652 0.0364725 3708
19 .5665 0.0363550 11605 98.0 29.5698 0.0364032 3709
23 3657 0.0363112 11606 100.0 32.8893 0.0363398 3710
27 .1523 0.0362700 11607
20 .9404 0.0362326 11608 84.0 7.7004 0.0370189 5001
34 7284 0.0361989 11609 86.0 11.0964 0.0369277 5002
88.0 14.4374 0.0368397 5003
1.1839 0.0366764 6601 90.0 17.7589 0.0367543 5004
4.6859 0.0365818 6602 92.0 21.0792 0.0366723 5005
8.1053 0.0364940 6603 94.0 24.3975 0.0365946 5006
11.4530 0.0364085 6604 96.0 27.7112 0.0365219 5007
14.7392 0.0363259 6605 98.0 31.0432 0.0364546 5008
17 .9906 0.0362463 6606 100.0 | 34.3986 0.0363933 5009
21.2208 0.0361700 6607
244510 0.0360977 6608 80.0 2.9120 0.0373729 4701
27 . 6686 0.0360301 6609 82.0 6.4557 0.0372762 4702
30.9163 0.0359673 6610 84.0 9.9139 0.0371829 4703
34.1576 0.0359101 6611 86.0 13.3193 0.0370923 4704

107



TABLE 2. Temperature-pressure-density observations on oxygen.— Continued

T B Density Ident T 12 Density Ident
K MN/m? mol/cm? K MN|m? mol/em?
88.0 16.6838 0.0370047 4705 86.0 20.0777 0.0374369 12005
90.0 20.0421 0.0369203 4706 88.0 24.2731 0.0373892 12006
90.0 20.0658 0.0369214 4706 90.0 28.4721 0.0373447 12007
92.0 23.4213 0.0368414 4707 92.0 32.6712 0.0373049 12008
94.0 26.8034 0.0367658 4708
96.0 30.1975 0.0366956 4709 76.0 2.4072 0.0379133 12501
98.0 33.6100 0.0366321 4710 78.0 6.8711 0.0378520 12502
80.0 11.2315 0.0377948 12503
82.0 3.6237 0.0371162 11101 82.0 15.5493 0.0377403 12504
84.0 7.8486 0.0370596 11102 84.0 19.8582 0.0376882 12505
86.0 11.9380 0.0370062 11103 86.0 24.1591 0.0376391 12506
88.0 15.9849 0.0369553 11104 88.0 28.4717 0.0375940 12507
90.0 20.0043 0.0369079 11105 90.0 32.7823 0.0375534 12508
92.0 24.0034 0.0368617 11106
94.0 28.0024 0.0368196 11107 76.0 4.0138 0.0379820 11801
96.0 31.9946 0.0367814 11108 78.0 8.4856 0.0379228 11802
80.0 12.8759 0.0378659 11803
80.0 2.5494 0.0373439 11301 82.0 17.2191 0.0378119 11804
82.0 6.8412 0.0372846 11302 84.0 21.5454 0.0377607 11805
84.0 11.0122 0.0372297 11303 86.0 25.8751 0.0377125 11806
86.0 15.1259 0.0371773 11304 88.0 30.2153 0.0376688 11807
88.0 19.2156 0.0371273 11305 90.0 34.5593 0.0376299 11808
90.0 23.3042 0.0370801 11306
92.0 27.3871 0.0370368 11307 74.0 3.3886 0.0382372 11201
94.0 31.4658 0.0369970 11308 76.0 7.9765 0.0381756 11202
78.0 12.4678 0.0381172 11203
80.0 4.7682 0.0374570 11401 80.0 16.9121 0.0380619 11204
82.0 9.0390 0.0374008 11402 82.0 21.3359 0.0380093 11205
84.0 13.2375 0.0373466 11403 84.0 25.7713 0.0379602 11206
86.0 17.4016 0.0372953 11404 86.0 30.2058 0.0379156 11207
88.0 21.5532 0.0372464 11405 88.0 34.6623 0.0378759 11208
90.0 25.6953 0.0372011 11406
92.0 29.8415 0.0371593 11407 74.0 3.9031 0.0382532 11901
94.0 33.9782 0.0371218 11408 76.0 8.5252 0.0381918 11902
78.0 13.0201 0.0381335 11903
79.0 3.0352 0.0375170 10901 80.0 17.4597 0.0380783 11904
80.0 5.2592 0.0374867 10902 82.0 21.8961 0.0380259 11905
82.0 9.5525 0.0374315 10903 84.0 26.3326 0.0379773 11906
84.0 13.7847 0.0373783 10904 86.0 30.7832 0.0379331 11907
86.0 17.9590 0.0373281 10905 88.0 35.2581 0.0378937 11908
88.0 22.1268 0.0372804 10906
90.0 26.2913 0.0372360 10907 72.0 2.5060 0.0384810 12401
92.0 30.4444 0.0371957 10908 74.0 7.1914 0.0384173 12402
94.0 34.6000 0.0371595 10909 76.0 11.7895 0.0383572 12403
78.0 16.3164 0.0383004 12404
78.0 1.6179 0.0375849 11701 80.0 20.8216 0.0382466 12405
80.0 6.0004 0.0375223 11702 82.0 25.3408 0.0381963 12406
82.0 10.2597 0.0374663 11703 84.0 29.8739 0.0381504 12407
84.0 14 .4605 0.0374126 11704 86.0 34.4176 0.0381095 12408
86.0 18.6351 0.0373613 11705
88.0 22.8052 0.0373124 11706 70.0 1.9433 0.0387405 12601
90.0 26.9628 0.0372679 11707 72.0 6.7402 0.0386743 12602
92.0 31.1310 0.0372269 11708 74.0 11.4313 0.0386129 12603
76.0 16.0558 0.0385548 12604
78.0 3.0283 0.0376563 12001 78.0 20.6678 0.0384996 12605
80.0 7.3749 0.0375973 12002 80.0 25.2822 0.0384482 12606
82.0 11.6562 0.0375411 12003 82.0 29.9312 0.0384011 12607
84.0 15.8755 0.0374877 12004 84.0 34 .5863 0.0383594 12608
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TABLE 2.

Temperature-pressure-density observations on oxygen.— Continued

T B Density Ident T B
K MN/m? mol/cm? K MN|m?*
68.0 2.0696 0.0390250 12701 60.0 13.7153
70.0 6.9852 0.0389576 12702 62.0 19.2048
72.0 11.7921 0.0388945 12703 64.0 24.7113
74.0 16.5223 0.0388352 12704 66.0 30.2676
76.0 21.2456 0.0387790 12705 68.0 35.8689
78.0 25.9818 0.0387267 12706
80.0 30.7343 0.0386793 12707 56.0 7 9532
82.0 &15) , BILALE 0.0386375 12708 58.0 13.5708
60.0 19.1563
66.0 1.8168 0.0392920 12801 62.0 24 7914
68.0 6.8449 0.0392227 12802 64.0 30.4853
70.0 11.7582 0.0391582 12803 66.0 36.2267
72.0 16.6110 0.0390975 12804
74.0 21 .4597 0.0390399 12805
76.0 | 26.3164 0.0389866 12806 56.0 10-4923
78.0 | 31.1907 0.0389391 12807 22'8 éf-égzg
80.0 36.0790 0.0388971 12808 g 7 eai
64.0 2. 2554 0.0395872 12901 64.0 | 33.2989
66.0 7.4132 0.0395174 12902
68.0 12.4516 0.0394518 12903 54.5 1.3028
70.0 17 .4275 0.0393900 12904 55.0 5.6750
72.0 22.4034 0.0393318 12905 55.5 10.0802
74.0 27 .3975 0.0392782 12906 56.0 14.3361
76.0 32.4068 0.0392303 12907 58.0 20.0847
60.0 25.8750
62.0 1.4944 0.0398369 13001 62.0 31.7297
64.0 6.7815 0.0397637 13002
66.0 11.9273 0.0396963 13003 54.5 1.2974
68.0 17.0229 0.0396332 13004 54.6 2.1701
70.0 22.0984 0.0395735 13005 54.7 3.0519
72.0 27.1927 0.0395188 13006 54.8 3.9222
74.0 32.3081 0.0394700 13007 54.9 4.7926
55.0 5.6718
60.0 2.2489 0.0401416 13101 55.1 6.5512
62.0 7 .6364 0.0400686 13102 55.2 7.4260
64.0 12.8871 0.0400007 13103 55.3 8.3066
66.0 18.1156 0.0399367 13104 55.4 9.1872
68.0 23.3568 0.0398767 13105 55.5 10.0759
70.0 28.6098 0.0398218 13106 55.6 10.9541
72, @ 33.9010 0.0397732 13107 55 .7 11.8427
55.8 12.7347
58.0 3.3328 0.0404544 13401 55.9 13.6302
60.0 8.8263 0.0403815 13402 56.0 14.5154
62.0 14.2016 0.0403132 13403 56.1 15.4029
64.0 19 .5644 0.0402476 13404 56.2 16.2890
66.0 24.9459 0.0401870 13405 56.3 16.5715
68.0 30.3712 0.0401322 13406 56.4 16.8619
70.0 35.8335 0.0400846 13407 57.0 18.5956
58.0 21.4877
56.0 2.6086 0.0407032 13501 60.0 27.3250
58.0 8.2297 0.0406280 13502 62.0 33.2259

Density
mol/em?

0.0405578
0.0404909
0.0404287
0.0403725
0.0403239

0.0408851
0.0408129
0.0407448
0.0406812
0.0406240
0.0405746

0.0409650
0.0408944
0.0408273
0.0407659
0.0407117

.0410947
.0410255
.0409613
.0409040

[eNeoNeoNe]

.0411341
.0411309
.0411097
.0410759
.0410127
.0409570

[eNeoNoNoNoNe

Ident

13503
13504
13505
13506
13507

13601
13602
13603
13604
13605
13606

13701
13702
13703
13704
13705

13201
13202
13203
13204
13205
13206
13207

13302
13303
13304
13305
13306
13307
13308
13309
13310
13311
13312
13313
13314
13315
13316
13317
13318
13319
13320
13321
13322
13323
13324
13325
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TABLE 3. Comparison of vapor pressure data with equation (7)
Temp Pexp Pexp_Peq(7)
K MN|m? MN|m?
114.0 0.7088 0.0000
116.0 .8039 .0000
118.0 .9082 .0001
122.0 1.1451 .0001
126.0 1.4234 —.0002
138.0 2.5500 —.0003
139.0 2.6669 .0003
139.1 2.6787 .0003
139.2 2.6906 .0003
139.3 2.7026 .0004
139.4 2.7146 .0005
140.0 2.7863 —.0002
142.0 3.0380 —.0003
142.0 3.0386 .0003
146.0 3.5910 —.0008
154.0 4.9321 .0001
154.0 4.9320 .0000
154.1 4.9504 —.0006
154.2 4.9697 —.0005
154.3 4.9885 —.0008

2.3. Representation of the Data
a. Representation of Experimental Data

The purpose of the present calculations is the
determination of the derived properties in the best
possible way. Therefore no attempt was made to fit
all the data with one wide-range equation of state.
Instead the data were divided into three regions and
the data in each region were smoothed and interpo-
lated by the means which seemed most appropriate.
These regions are illustrated in figure 2 and are
considered separately below.

2 [P=—====

// REGION III

0 50 | 150] zoo
54.35 128 160

T, K

F1GURE 2. Temperature—density phase diagram showing regions
for thermodynamic computations.

In all of the curve fitting the data were weighted
in a manner appropriate to the expected uncertainties
in the variables involved. In some cases curves were
constrained to pass through a given point or to have
a particular value of a derivative at a given point.
For details of this technique see Hust and McCarty [12].

Low Density Gas.— At densities of 0.006709 mol/cm?
and less (Region III in fig. 2) the data were represented
with a virial surface,

P=RT[p+B(T)p*+C(T)p*]. (2)

The second and third virial coefficients were expressed
as a function of temperature of the form

B(T)=3, A,T-04 3a)
J=1
6
C(T)=3 A, 00z, (3b)
J=1

The parameters used in eqs (3a) and (3b) are given in
table 4. In addition to 296 P-V-T data points, 14
experimental C, data points [6] between 150 K and
300 K, were included as data in fitting the surface.
The average deviation of the calculated heat capaci-
ties is 1.36 percent, approximately equivalent to the
uncertainties in the experimental points. Between
150 K and 300 K the standard deviation of the P-V-T
points is 0.048 percent in density. At temperatures
below 150 K the data of Series IV show an average
deviation of 0.12 percent in density which is systematic
and which becomes worse with decreasing tempera-
ture. These data carried relatively low weighting, and
it is expected that eqs (2, 3a, 3b) represent the best
approximation to the P=V—T surface at low tempera-
tures. One possible explanation for this discrepancy
would be physical adsorption on the walls of the
sample holder. It is more likely, however, that we
are seeing small systematic errors in the pressure
measurements. The virial coefficients, calculated by
means of eqs (3a) and (3b) are tabulated in table 5
The columns labeled “ISOTHERM” contain the
results obtained by fitting equation (2) to the data
along individual isotherms.

High Density Liquid.—The high density com-
pressed liquid, (Region I, fig. 2), bounded by the
melting curve, vapor pressure curve, 33 MN/m?
isobar, and the 128 K isotherm, was represented by
a 12 parameter empirical surface given by eq (4):

P=RTp+ (A + A>T+ AsT?) + (As+ AsT
+A¢,T2+A7T3)p+ (A8+A9T+A1()T2)pl
-+ (All +A12T)p3. (4)

The values of the parameters are given in table 4.
The surface was constrained to a value of 0.02869
mol/cm? for the density of the saturated liquid at
128 K. The 557 experimental points in this region
exhibited a standard deviation from the surface of
0.024 percent in density.
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TABLE 4. Parameter values for the various equations

Eq (3a) Eq (3b) Eq (4) Eq (7) Eq (13) Eq (14) Eq 9) Eq (11)
A, | —1.5226420059 | 3.3711154314 | —1.641561252 | — 64.8861406 2.105614214 —3.222372953 0.01363 1.81187
X 108 x 105 X 103 x 102 X101
A, | 27768311172 | —2.5369852041 | 1.147287363 2.47450429 3.741590387 1.727532883 6.02582799 | 2.77986
X 104 x 107 X 101 X 10! X 102 x 10-5 X 101
As | —1.8606884996 | 7.6407469222 | —1.893991658 | —4.68973315 | —8.007073541 | —2.255944223 | 1.00932845 |—7.60653
X 105 x 108 X 10-2 X 102 X 10-2 X 10* X 107 X 10-1
Ay | 5.5834774260 | —1.1480733696 | 1.855069328 5.48202337 —2.742842302 | 1.171338217
X 10 X 1010 x 103 X 10-4 X104 X 108
As | —6.5056457930 | 8.6044663037 | —1.163758279 | —4.09349868
x 105 X 1010 X 103 X 10-6
As --2.5679270159 | 1.470658133 1.91471914
x 1011 X 10-8
Az 5.082303291 —5.13113688
X104 X 1011
As —6.905607063 | 6.02656934
X 108 X 1014
Ay 3.696268789
X 104
Ao —3.493447874
% 10!
Al 7.817570089
X 107
A —2.981428648
X 10

Intermediate Densities.—The data in Region II
of figure 2 were approximated by 35 isotherm poly-
nomials of the form

N
P=RTp+Y 4,09, ()
J=1

A1=A2:0f0r T>T(-.

The number of coefficients used varied from four at
128 K and at 300 K to a maximum of fourteen for
the 156 K isotherm. The standard deviations of the
650 data points averaged about 0.02 percent in density
for the various isotherms.

Melting Curve.—Experimental runs #132 and
#133 included 21 values of the melting pressure at
0.1 K intervals. The measured pressures varied from
1.2 to 16 MN/m2 These data were fitted with the

Simon melting equation in the form
P:P1+ Po [(T/Tt)c - 1]7 (6)

with ¢ and T'; being varied to obtain the best fit. The
first row of table 6 gives the set of parameters ob-

tained with o being the standard deviation of the
fit in MN/m2 The value obtained for T, 54.3507

+0.0010 K, will be used here as the best value for
the triple point temperature.

The second row of table 6 shows the fit of eq (6),
with the value of 7', obtained above, to the data of
Mills and Grilly [13]. These data are less precise but
extend in pressure from 36 to 350 MN/m?2 The third
row of table 6 gives the parameters obtained by fitting
eq (6) to both sets of data, using a relative weighting
equal to 1/o2 Table 7 illustrates this last fit.

b. Additional Data Used

Certain data from other sources were used as
supplemental information for these calculations.
Vapor pressures used here are based on the data of
Hoge [10]. These were published in analytical form
by Stewart [11], whose equation is reproduced here
for convenience.

In P(MN/mZ) =4 1 ‘+‘AzT*‘/43TZ +A4T3
+ AT+ AeT5+ AT+ AT". (7)
Values of the coefficients for eq (7) are given in table 4.
The critical temperature, 154.576 +0.01 K on the

IPTS 1948, is taken from [14]. Densities of saturated
liquid and vapor in the critical region are difficult
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TABLE 5. The second and third virial coefficients.

Units are (cm*/mol) and (cm?®/mol)? respectively. The quantities 8B and 8C are the estimated
uncertainties.

TABLE 7. Fit of the Simon equation to melting curve data

Data in lower part are from [13].

Second virial Third virial
Temp 8B 8C
. |
Eq (3) Isotherm Eq (3) Isotherm

85 | —267.78 30. — 21462 15000

90 | —240.67 — 12764

95 | —217.51 +— 7058
100 | —197.54 15. — 3326 4000
105 | —180.20 —904
110 | —165.05 644
s || =157l 1609
120 | —139.91 5 2187 1000
125 | —129.41 2507
130 | —120.02 2659
135 | —111.59 2702
140 | —103.98 1. 2677 100
145 | —97.08 2611
150 | —90.81 | —90.81 0.25 2522 2515 40
155 | —85.09 2423
160 | —79.84 | —79.85 0.25 2320 2322 30
165 | —75.02 | —74.99 2219 2213
170 —70.58 | —70.50 2122 2107
175 | —66.48 | —66.38 2031 2014
180 | —62.67 | —62.58 1948 1932
185 | —59.14 | —59.03 1871 1853
190 | —55.85 | —55.74 1801 1784
195 | —52.77 | —52.67 1738 1722
200 | —49.89 | —49.80 0.30 1680 1666 30
205 | —47.20 1628
210 | —44.66 | —44.59 1580 1570
215 | —42.27 1537
220 | —40.02 | —39.98 1498 1490
225 —37.90 1461
230 | —35.89 | —35.87 1428 1424
235 | —33.98 1397
240 = 328178 IN=132518 1368 1369
245 —30.45 1342
250 | —28.81 | —28.85 1317 1322
255 SR 225 1294
260 —25.77 | —25.81 1273 1280
265 | —24.34 1253
270 | —22.98 | —23.04 1234 1243
275 —21.68 1217
280 | —20.44 | —20.51 1201 1213
285 | —19.24 1186
290 —18.09 | —18.13 1172 1179
295 | —16.98 1160
300 | —15.92 | —16.01 0.30 1149 1162 30

TABLE 6. Parameters for the Simon melting equation for oxygen

Data used P() C T{ @ry
MN/m?2
This data only................. 266.27 1.775 | 54.3507 .| 0.0041
Data of Mills and Grilly
1) bococonconsanmossoconscooass 270.1 1.754 | 54.3507 .51
Both sets of data............. 267.21 1.769 | 54.3507

to derive from PVT data and were also taken from [14].
These densities appear in the center section of
table 8. The critical pressure, P., was calculated from
(7) at the critical temperature. The thermodynamic
properties calculations are based on the thermo-

T Pexp Pcalc Diff
K MN/m? MN/m? MN/m?
54.50 1.303 1.300 —0.003
54.50 1.297 1.300 .003
54.60 2.170 291672 .002
54.70 3.052 3.045 —.007
54.80 3.922 3.920 002
54.90 4.793 4.796 .003
55.00 5.675 5.673 —.002
55.00 5.672 5.673 .001
55.10 6.551 6.551 .000
55.20 7.426 7.431 .005
55.30 8.307 8.311 .004
55.40 9.187 9.193 .006
55.50 10.080 10.076 —.004
55.50 10.076 10.076 .000
55.60 10.954 10.961 .007
55.70 11.843 11.847 .004
55.80 12.735 12.733 —.002
55.90 13.630 13.621 —.009
56.00 14.515 14.511 —.004
56.10 15.403 15.401 —.002
56.20 16.289 16.293 .004
58.57 37.399 37.783 .384
59.79 49.386 49.111 = B
61.92 70.036 69.317 =,/
63.93 88.781 88.881 .100
65.79 106.938 107.413 475
67.85 128.956 128.411 —.545
69.92 150.964 150.012 952
71.96 172.212 171.786 —.426
74.40 199.033 198.459 —.574
76.54 223.067 222.414 —.653
77.06 227.971 228.313 .342
79.03 250.303 250.942 .639
81.04 274.814 274.481 —.333
83.39 301.594 302.576 .982
85.33 325.963 326.233 .270
87.31 351.162 350.809 —.353

dynamic functions of the ideal gas calculated by

Woolley [5].
c. Derived Data

The representations of the experimental data, in
the previous section, allow us to derive other useful
properties.

Isochores. —In the calculation of most of the thermo-
dynamic properties the quantities (dP/dT), and
@2%P[3 T?), are needed. In Regions I and III of figure 2
these quantities are calculated from the analytic
surfaces. In Region II the isotherm polynomials were
used to calculate pressures at even increments of
density. The pressure-temperature pairs (true iso-
chores) thus obtained were fitted using functions
of the form

N
P=2

J=1

A, TG-29, 8)

A density increment of 0.0005 mol/cm?® was used.
The number of terms used in eq (8) varied between 6
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at the lowest densities and 3 at the highest. Between
the densities 0.0290 and 0.0330 mol/cm? the isochores
were constrained to have their second derivatives,
©2P[0T?),, match those calculated by the liquid
surface, eq (4), at 128 K.

Two-Phase Boundaries. —Derived ‘‘experimental”
densities of the saturated liquid and saturated vapor
may be found from the intersections of the experi-
mental isochores with the vapor pressure curve eq (7).
The first several points of an experimental run are
fitted with a low order polynomial, P=P(T), either
a quadratic or cubic. The expected uncertainty in
this temperature of intersection may be calculated
from the estimated uncertainty in the vapor pressure,
the slopes of the two curves, quality of the fit of the
polynomial, the temperature range over which the
fit was made, and the length of the extrapolation
to the intersection temperature. This procedure
was applied to the experimental runs, and the calcu-
lated uncertainties varied from 1 millidegree in the
best cases to 100 millidegrees near the critical point
where the isochores and the vapor pressure curve
are almost colinear.

The densities of the saturated liquid were found
in this way, between 120 K and 150 K, and were
smoothed and interpolated by means of a 7-term
polynomial. For the saturated vapor over the same
temperature range the number of experimental runs
proved to be too small for this technique to be applied
with good results. Therefore, the vapor densities
were found from the intersection of the virial surface,

eq (2), with the vapor pressure curve. The saturation
densities thus obtained were computed at 1 K intervals
and averaged to obtain the rectilinear diameter,

PRD :%(Psm L+ Psat )

The resulting rectilinear diameter was fitted by means
of a function of the form,

pro=A1+As(Te—T) +A3(Tc—T)* )

with an average deviation of 2 X 10~ mol/cm?3. From
eq (9), a value of 0.01363 mol/cm?® was obtained for
the critical density, 4,. Values of the other parameters
are given in table 4.

The isochore-vapor pressure intersection tempera-
tures were considered unreliable above about 152 K
because of the small angle of intersection. Densities
calculated from the dielectric measurements of [14].
were used in the temperature range 150 K to T'.

All of the saturation densities, pg,, both liquid
and vapor, were fitted with a function of the form

3 T(,_T (2J-1)B8
|psut_pRD|=2AJ<T—> (10)
=1 ¢

with 8=0.353. The fit of eq (10) is illustrated in table 8,
where AT is the uncertainty in the intersection

temperature, calculated as indicated above, and
AT a1 is found from |peyx,— pearcl/|dp/dT|.

TABLE 8. Fit of the derived saturation density data

Data in center section are dielectric measurements from [14]. Above the line — vapor, below —liquid.

Delta T
Temp. Density Density Diff. Relative
1D K exp cale % weight
mol/cm® mol/cm® cale? est
K K
121 138.573 0.003374 0.003376 0.07 0.013 0.005 1060
104 146.387 .005258 .005265 0.14 .023 .008 726.4
103 147.512 .005656 .005652 —.07 .011 .020 209.8
102 149.463 .006454 .006451 —.05 .007 .012 334.0
101 150.379 .006888 .006905 .25 .033 .014 217.4
100 152.695 .008478 .008505 31 .029 .021 41.10
150.000 .006716 .006709 —.10 .013 .000 474.7
153.000 .008815 .008806 —.09 .008 .000 1844
153.500 .009410 .009401 —.09 .006 .000 469.6
153.600 .009544 .009541 —.03 .002 .000 468.8
154.000 .010213 .010226 13 .006 .000 462.3
154.100 .010441 .010445 .04 .002 .000 458.8
154.101 .010444 .010447 .03 .001 .000 458.7
154.200 .010694 .010697 .02 .001 .000 453.1
154.300 .010994 .010997 .03 .001 .000 204.6
154.397 .011357 .011368 .10 .003 .000 199.9
154.490 .011885 .011882 —.02 .000 .000 356.5
154.500 .011904 .011956 44 .007 .000 29.02
154.510 .012025 .012037 .10 .001 .000 174.9
154.523 .012182 .012156 =2 .003 .000 49.42
154.540 .012338 .012344 .05 .000 .000 65.35
154.544 .012416 .012396 —.16 .001 .000 27.66
154.546 .012450 012424 —.22 .002 .000 35.10
154.560 .012591 -012664 .58 .004 .000 8.40
154.566 .012875 .012811 =) .002 .000 2.06
154.566 .012763 .012811 .38 .002 .000 2.06
113
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TABLE 8. F'it of the derived saturation density data — Continued

Data in center section are dielectric measurements from [14]. Above the line — vapor, below —liquid.

Delta T’

Temp. Density Density Diff. Relative

ID K elxp \ cale \ % calet - weight

mol/cm mol/cm K K

154.566 .014457 .014452 —.03 .000 .000 2.06
154.566 .014429 .014452 .16 .001 .000 2.06
154.560 .014551 .014600 .34 .002 .000 8.04
154.546 .014819 .014842 .15 .002 .000 35.10
154.544 .014869 .014870 .00 .000 .000 35.37
154.540 .014932 .014923 —.06 .001 .000 65.35
154.523 .015126 .015113 —.09 .001 .000 49.42
154.510 .015241 .015233 —.06 .001 .000 174.9
154.500 .015304 .015315 .07 .001 .000 29.02
154.490 .015401 .015390 —.07 .001 .000 356.5
154.397 .015926 .015915 —.06 .002 .000 199.9
154.300 .016285 .016298 .08 .004 .000 204.6
154.200 .016616 .016611 —.03 .002 .000 453.1
154.101 .016863 .016872 .05 .004 .000 458.7
154.100 .016882 .016875 —.04 .003 .000 458.8
154.000 .017094 .017106 .07 .005 .000 462.3
153.600 .017829 .017838 .05 .006 .000 468.8
153.500 .017982 .017991 .05 .006 .000 469.6
153.000 .018635 .018646 .06 .009 .000 1844
150.000 .021104 .021108 .02 .007 .000 474.7

91 152.627 .019099 .019056 —-.23 .042 .025 30.63

90 151.668 .019959 .019929 =, 115 .037 .020 76.56

89 150.539 .020764 .020760 = {1 .006 .005 734.0

88 149.012 .021699 .021691 —.04 .015 .002 1094

87 147.447 .022516 .022503 —.06 .027 .003 1055

86 145.865 .023238 023227 —.05 .025 .002 1123

59 143.692 .024116 .024111 —.02 .013 .004 1053

85 142.442 .024580 .024576 —.02 .012 .002 1136

82 140.910 .025118 025110 —.03 .023 .002 1140

64 139.642 .025527 025528 .01 .004 .002 1142

84 138.704 025829 .025825 —.01 .012 .004 1094

83 136.892 .026372 .026373 .00 .003 .001 1157

62 134.715 .026982 .026991 .03 .034 .001 1158

65 133.556 .027300 .027306 .02 .021 .001 1158

81 131.980 027719 027718 —.00 .004 .002 1151

61 130.975 .027960 .027973 .05 .050 .001 1159

80 129.729 028276 .028280 .01 .017 .001 1159

67 127.077 .028901 .028907 .02 .028 .002 1153

75 124.417 .029498 .029503 .02 .025 .002 1154

34 123.117 .029783 .029784 .00 .004 .003 1147

39 122.723 .029869 .029868 —.00 .006 .002 1155

58 121.635 .030099 .030096 = {01l .016 .001 1160

76 120.071 .030430 .030416 —.05 .068 .002 1156

 equal to |Ap|/|dp/dT|.

Then the densities of the saturated liquid and satu-
rated vapor are given by

3 T.— (2J-1)8
Psaw:PRD+J§1AJ< TCT> (11a)

and

3 T.—T\(2/-18
PsatG=Pr0= >, A,,( T ) (11b)
J=1 C

where the coefficients are given in table 4. Equation
(11a) is used to represent the liquid densities between

128 K and the critical temperature. Between the triple
point and 128 K the densities are determined by the
intersection of the liquid surface, eq (4), and the vapor
pressure curve. Equation (11b) is used to obtain the |
vapor density between 150 K and T, while the inter-
section of the virial surface and the vapor pressure
curve is used at lower temperatures. The isotherm
polynomials, eq (5), were constrained to agree with
the saturation densities calculated by equations (11a)
and (11b), where applicable.

The intersection of the liquid surface, eq (4), with
the melting curve was used to obtain the density of
the liquid in equilibrium with solid. This density

114



may be approximated either as a function of pressure
or as a function of temperature by

Pmen = pi+1.79%x 10 P(MN/m?)  (12a)

or

Pmeit .= pe+1.60X 104 (T—T,), (12b)

using a value of 0.04083 mol/cm? for p,, as given in
table 13.

Equation (6) may be combined with the heat of
fusion, 444.8=+1.3 j/mol, given by Giauque and
Johnston [15], to obtain a value of 0.94+0.01 c¢m?/mol
for the volume change upon melting at the triple point.

2.4. Comparison With Literature

The present results have been compared with some
of the data published in the literature. The following
survey is not comprehensive, but comparisons are
made with many of the more significant contributions.
Other comparisons and a critical survey of all the
literature to 1966 may be found in reference [11].

The virial coefficients, calculated from eqs (3a)
and (3b), are compared with the experimental values
of seven other investigators in table 9. The values
attributed to Michels, Schamp, and de Graaff [16]
were derived from their precise P-V=T data by the
author and are seen to agree well with the results
of this research. The older works of reference [17]
and [18] agree less well. The values of B of Nijhoff
and Keesom [19] are based on fewer data points of
lower precision, and show a systematic difference
of about 2-3 cm?/mol from the present work. The
values of B of Van Itterbeek and Van Paemel [20] and
of Van Lammeren [21] were calculated from velocity
of sound measurements and are based upon the
high temperature data of reference [19]. They are
seen to differ considerably from the present results
at the lower temperatures. The data of Cath and
Onnes [31] were derived in the course of gas ther-
mometry measurements and agree reasonably well
with this research. Estimates of the uncertainty in
the present results are given in the columns labeled
“8B”" and ““‘8C” in table 5.

Comparisons are made with the compressed liquid
P-V-T data of Van Itterbeek and Verbeke [3] in
figure 3. It may be seen that there are some systematic
differences with respect to both temperature and
pressure, and in general, the agreement is not as good
as might be expected. The densities of Timrot and
Borisoglebskii [1, 2] are systematically lower than
ours by about 0.5 percent in the compressed liquid
between 83 K and 153 K. Figure 4 shows a comparison
with the data of Michels et al. [16] near room tem-
perature.

Table 3 compares the vapor pressure measurements
with eq (7) taken from reference [11], which is based
upon the data of Hoge [10]. Tables 6 and 7 compare

the melting pressure data with the results of Mills
and Grilly [13]. In both cases the agreement is very
good. In addition, 15 determinations of the vapor
pressure were made at 0.1 K intervals between 75 K
and 76.5 K with the quartz bourdon gage. The results
fell between the curve of eq (7) and the recent curve
of Muijlwijk, Moussa, and van Dijk [22], agreeing
with each to within 34 N/m?2.
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TABLE 9. Comparison of the calculated virial coefficients with other experimental values from the literature

T Bexp Bcalc AB Cexp Ccalc AC
K cm3/mol (cm3/mol)?

273.15 —21.44 —22.16 0.72 1033.0 1223.0 —190.0 Ref. [17]
298.15 —16.76 —16.31 — .45 962.0 1153.0 —191.0
273.15 —21.67 —22.16 49 1354.0 1223.0 131.0 Ref. [18]
298.15 —16.70 —16.31 —.39 1174.0 1153.0 21.0

120.59 —134.90 —138.61 3.71

127.76 —121.80 —124.11 2.31

137.86 —104.40 —107.14 2.74

148.20 —90.42 —93.00 2.58

154.57 —82.66 —85.56 2.90

156.14 —81.39 —83.85 2.46 Ref. [19]
157.14 —79.78 —82.79 3.01

159.21 —178.26 —80.64 2.38

163.16 —173.71 —76.75 3.04

170.66 —67.51 —70.02 2.51

193.15 —51.25 —53.88 2.63
233.14 —32.99 —34.68 1.69

83.15 —289.00 —279.02 —9.98

93.15 —296.20 —225.69 —0.51

103.15 —185.90 —186.36 46

113.15 —155.70 —156.46 .76

123.15 —133.10 —133.16 .06

133.15 —114.20 —114.61 41

143.15 —99.20 —99.56 36 8
153.15 —86.20 —87.14 94

163.15 —175.30 —76.76 1.46

173.15 —65.90 —67.96 2.06

183.15 —57.80 —60.42 2.62

193.15 —51.50 —53.88 2.38
203.15 —46.40 —48.17 1.77
213.15 —41.90 —43.14 1.24
223.15 —37.40 —38.67 1.27
233.15 —33.60 —34.67 1.07
243.15 —30.90 —31.08 0.18
253.15 —27.80 —27.82 .02
263.15 —24.60 —24.86 .26
273.15 —23.10 —22.16 — .94

75.00 —278.00 —337.99 59.99

80.00 —246.00 —299.82 53.82

90.00 —208.00 —240.70 32.70
100.00 —181.00 —197.56 16.56 Ref. [20]
110.00 —157.00 —165.06 8.06
120.00 —136.00 —139.92 3.92

125.00 —126.00 —129.41 3.41

150.00 —88.00 —90.81 2.81
200.00 —47.50 —49.89 2.39

80.00 —278.00 —299.82 21.82

90.00 —9222.00 —240.70 18.70 -
100.00 —186.00 —197.56 11.56 Ref. [21]
110.00 —159.00 —165.06 6.06
273.15 —21.91 —22.16 0.25 1231.0 1223.0 8.0

298.15 —16.25 —16.31 0.06 1164.0 1153.0 11.0 Ref. [16]
323.15 —11.62 —11.49 —0.13 1143.0 1115.6 27.4

Table 10 is a comparison of the critical densities
found by various authors. It is seen that different
experimenters found widely divergent values.

No experimental values were found in the literature
for the triple point density. In table 11 a comparison
is made of various values for the triple point tempera-

ture. With the possible exception of the work of

Furukawa and McCoskey, the different authors agree

reasonably well considering the sources of errors
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in thermometry listed above. It might be mentioned,
however, that Furukawa and McCoskey were the
only workers who measured a melting curve, i.e.,



TABLE 10. Comparison of values of the critical density from the

literature
Mathias and Onnes [23].........cccceevvininnnnn.. 0.01344 mol/cm?
Timrot, et al. [1]......ccoviiiiiiiiiiiiiieennee. .0127
Hoge [10].....ooiiiiiiiieeeeee e .012
Stewart [11]......ociiiiiiiiiiiiieiieeiieeees .01333
This research...............coviiiiiiiiiiinnn... .01363 == 0.00002

TABLE 11. Comparison of values of the triple point temperature
from several sources

Hoge [10]...cuuiiiiiiiieiee e, 254,353 K

Muijlwijk, Moussa, van Dijk [22]..................... b54.349,

Furukawa and McCoskey [24]..............cocconnne. 2 54.360

L1 8 e 8 € AT C T e s 54.3507

@ Converted to NBS—1955 Temperature Scale.
»Using an NBS calibrated thermometer.

a curve of temperature vs. fraction melted. When
only about 15 percent of their sample was liquid they
found an equilibrium temperature of 54.350 K.

The calculated volume change with melting at the
triple point depends primarily on which melting pres-
sure curve is used. The results from the four published
experimental melting curves are compared in table 12.
The agreement with Mills and Grilly is surprisingly
good when it is remembered that all their data were
taken at pressures greater than 35 MN/m?% The molar
volume of the solid at the triple point, calculated here
is 23.55+0.03 cm3/mol. This value is in good agree-
ment with the value of 23.49 +0.07 measured by Tal-
kachev and Manzhelii [27] at 52.2 K, when allowance
is made for thermal expansion of the solid from 52.2
K to 53.35 K.

TABLE 12. Comparison with published values for the volume
change on melting at the triple point
Lisman and Keesom [25].........ccocoiiiiiiiiiininan. 1.01 ¢m?/mol

Mills and Grilly [13] ...|0.93
Jahnke [26]..................... ...10.918+0.02
This research...........cocooiiiiiiiiiiiiens 0.94+0.01

3. Derived Thermodynamic Properties

3.1. Calculation of the Properties
a. Additional Data Used

Calculations of the thermodynamic properties of
the compressed liquid make use of the heat capacity
of the saturated liquid, Cg, from reference [6]. The
expression used for C,, is

A,

Csatzm

+As+ AT+ AsT? (13)

with Ty=154.77 and the coefficients given in table 4.
This expression fits the data to within about 2 K of T..

Use was also made of new experimental measure-
ments, reference [7], of C, at a particular density
p1(0.028687mol/cm?) in the compressed liquid.
This isochore intersects the vapor pressure curve
at 128 K and intersects the 160 K isotherm at a pres-
sure of about 33 MN/m2. The heat capacity may be
expressed as

4
Cu(p1) =E AT, (14)
=1

with the coefficients given in table 4.
b. Methods of Calculation

A high speed digital computer was used along with
the surface representations for the three regions in
figure 2 to calculate density from a given input of tem-
perature and pressure. Once the density had been
established the thermodynamic calculations proceeded
as follows.

The following equations were used for densities less
than critical at 7< 160 K and for all densities at
T =160 K:

H(T, p) =H°(T) +§—RT+IP [5 r (‘E)p]dp,

pt p? T
0 (15)
e _ RTp ! R_1 (P
S(T, p)=S°(T) Rln<PO>+f [p 7 (al;)p]d"’
0
(16)
where £} =1 atm;
ﬂl 2P
C(T, p)=CAT)=T| — (7) dp-
(T, p) =C(T) f 5 () o a7

The values of H®, S°, and C¢ for the ideal gas at 1 atm
were obtained from Woolley [5]. All integrations in
Region 11, figure 2 were performed numerically, using
the trapezoidal rule.

For densities greater than critical and temperatures
between 128 K and 160 K the properties, calculated by
the equations above, at 160 K and density p:(p1=
0.028687 g mole/cm?®) serve as the starting point. For
this particular density values of the heat capacity at
constant volume, given by eq (14), were used to com-
pute changes in the properties with temperature:

H(T, p1)=U(160, p,)

7
+f16() Co(T, p1)dT +P(T, p1)/p1, (18)

S(T, p1) =S (160, p1) + j [Co(T, p1)/T1dT. (19)

Then computations were made along isotherms as
follows:
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H(T, p) =H(T, py) +f: [P—T@OPRT),]/p*dp

+P(T, p)lp—P(T, p1)/p1,  (20)

S(T, p)=S(T, ps) —f” [@PRT),Jp?)dp, (1)

CAT, p)=CulT p) =T [ 162PHT) 1) dp.
P 22)

For the compressed liquid at temperatures less than
128 K the properties of the saturated liquid at 128 K
(p=p1) serve as the starting point. First the changes
with temperature are computed along the saturation
line:

H(T’ psatl‘) == H(128’ psatl‘)

at(T

7 Psat(T)
[ Condr+ [ paarap, — @23)
128 Pgai(128)

T
S(T, pea) =S(128, poass) + f (CoudT)dT,

128

and

T (dpsu
Co(T, peair.) =Csai(T) + (u)

aP)

— . (25

pxa \ dT <3T n @)

Next the isothermal changes are computed using eqs

(20, 21, 22) and substituting pga.(7) in place of pi.
The internal energy and heat capacity at constant

pressure are computed from

Two other quantities have been calculated. The

velocity of sound, W, is given by the relation

W= ((C,/Cy) @Plap)r)'?, (28)

and the Joule-Thomson inversion curve may be defined
by the locus of points where

T@PPT),=p@PPp)r. (29)

3.2. Results

Tables 13 and 14 present the results of all calcula-
tions on the saturation boundary and on selected iso-
bars respectively. The terms isochore and isotherm
derivative refer to (9 P/0T), and (@ P/o p)rrespectively.

The derived Joule-Thomson inversion curve is given
in table 15, where 6P is the uncertainty in the inversion
pressure calculated from an assumed 1 percent error
in either the isotherm or the isochore derivative.

Figure 5 illustrates the variation of C, with tempera-
ture along several isobars, and Figure 6 shows the
variation of C, with density along several isotherms.

3.3. Estimate of Uncertainties in the Derived Properties

Probably the best estimate of the uncertainties in
the derived properties is obtained through comparisons
with experimental values for these properties published
in the literature. Unfortunately, these measurements
are often either nonexistent or limited in scope.

Because of the rather roundabout process, detailed
in section 3.1, used to obtain the enthalpy of the liquid,
it is desirable to make a comparison with liquid
enthalpies obtained by other methods. This is best
done by comparing heats of vaporization from various

U(T, p)=H(T, p) —Plp, (26) sources, in table 16. Here the second column is the

and difference between the enthalpies of the vapor and

liquid states taken from table 13, while column four

C,(T, p) =C(T, p) + (T/p*) (3P[aT)%/(3P[op) 1. contains the chapge in enthalpy calculated using the

(27)  Clapeyron equation. The values from reference [11]

TABLE 13. Thermodynamic properties of oxygen on the saturation boundaries.*

T P V (ﬁ) <£) Internal Enthalpy Entropy (6 Gy Vel. of
ap ) aT/, Energy Sound
K MN/m* cm?/mol J/mol MN/m*=K J/mol J/mol J/mol-K J/mol-K J/mol-K m/s
54.3507 | 0.00015 2449 28792 3.945 | -6189.6 | -6189.6 67.00 35.65 53.27 1159
54.3507 | 0.00015 | 2974819.07 452 0.000 1120.0 1571.8 209.44 20.81 29.13 141
56 0.00025 24.63 28001 3.849 | -61C1.7 | -6101.7 68.59 35.29 53.26 1149
56 0.00025 | 1876345.27 465 0.0000 11542 1619.7 206.23 20.81 29.13 143
58 0.00043 24.80 27058 3.736 | -5995.2 | -5995.2 70.46 34.86 53.25 1136
58 0.00043 | 1111925.72 482 0.0000 1195.6 1677.6 202.60 20.81 29.14 145
60 0.00073 24.97 26134 3 624 | -5888.7 | -5888.7 7. 27 34.45 53.25 1124
60 0.00073 | 683074.11 498 0.0000 1237.0 1735.5 199.26 20.81 29.15 148
62 0.00119 25.14 25228 3.516 | -5782.2 | -5782.2 74.01 34.06 53.26 1110
62 0.00119 | 433699.56 514 0.0000 1278.2 1793 .2 196.16 20.82 29.16 150
64 0.00187 25.32 24341 3.410 | -5675.7 | -5675.6 75.70 33.67 53.27 1097
64 0.00187 | 283821.73 530 0.0000 1319.3 1850.6 193.29 20.82 29.18 152

118



TABLE 13. Thermodynamic properties of oxygen on the saturation boundaries.* —Continued

2 Vv ar (E) Internal Enthalpy Entropy C, Ch Vel. of
(ap T aT/, Energy Sound
MN/m? em?/mol J/mol MN/m>K J/mol J/mol J/mol-K J/mol-K J/mol-K m/s

66 0.00287 25.50 23471 3.306 -5569.1 -5569.0 T7.34 33.30 53.29 1083
66 0.00287 190960.14 546 0.0000 1360.2 1907.7 190.63 20.83 29.21 155
68 0.00428 25.69 22619 3.205 -5462.5 —-5462 .4 78.94 32.94 53.31 1070
68 0.00428 131788.10 562 0.0001 1400.9 1964 .5 188.16 20.84 29.25 157
70 0.00623 25.87 21784 3.106 -5355.9 —-5355.7 80.48 32.59 53.34 1056
70 0.00623 93094 .99 577 0.0001 1441.2 2020.9 185.87 20.85 2930 159
T2 0.00886 26.07 20966 3.009 -5249.2 -5248.9 81.98 32.26 53.38 1041
72 0.00886 67181.69 592 0.0001 1481.2 2076.6 183.73 20.87 29.35 161
T4 0.01236 26.26 20164 2891 -5142.4 -5142.0 83.45 31093 53.43 1027
74 0.01236 49440.13 607 0.0002 1520.8 2131.8 181.74 20.89 29.43 163
76 0.01691 26.47 19379 2.822 -5035.5 -5035.0 84.87 31.61 53.49 1012
76 0.01691 37043 .15 621 0.0002 1560.0 2186.2 179.88 20.91 29.61 165
78 0.02273 26.67 18610 2.732 -4928.5 -4927.9 86.26 31.31 53.56 99
78 0.02273 282 15N 634 0.0003 1598.5 2239.8 178.14 20.95 29.62 167
80 0.03006 26.88 17857 2.644 -4821.3 -4820.5 87.62 31.01 53.64 982
80 0.03006 21819 .46 647 0.0004 1636.5 2292.5 176.51 20.98 29.74 169
82 0.03918 27.10 17119 2.557 -4714.0 -4713.0 88.94 30.73 53.73 967
82 0.03918 17109.05 659 0.0005 1673.8 2344 .1 174.98 21.03 29.89 171
84 0.05036 2132 16397 2.473 -4606.6 —-4605.2 90.24 30.45 53.84 952
84 0.05036 13587.75 670 0.0006 1710.3 2394 .5 173.54 21.08 30.06 173
86 0.06391 27.55 15689 2.391 -4498.9 —-4497 .1 91.50 30.18 53.96 936
86 0.06391 10918.43 680 0.0008 1745.9 2443 .7 172.18 21013 30.26 174
88 0.08015 _27.78 14997 2.311 -4391.0 -4388.8 92.74 29.92 54.10 921
88 0.08015 8868 .59 690 0.0010 1780.7 2491.5 170.90 21.20 30.49 176
90 0.09943 28.02 14319 2.232 -4282.8 —-4280.1 93.96 29.67 54.26 905
90 0.09943 7275.38 698 0.0012 1814.5 2537 .9 169.68 21.28 30.74 178
92 0.12210 28.27 13655 2.156 -4174 .4 -4171.0 95.15 29.42 54 .44 889
92 0.12210 6023.11 706 0.0014 1847.2 2582.6 168.53 21.36 31.04 179
94 0.14852 28.52 13005 2.081 -4065.7 —4061 .4 96.32 29.18 54.64 872
94 0.14852 5028 .47 712 0.0017 1878.8 2625.6 167.43 21.45 31.37 180
96 0.17909 2870 12370 2.008 -3956.6 -3951.4 o7 .47 28.95 54.87 856
96 0.17909 4230.71 717 0.0021 1909.2 2666 .8 166.38 21.56 31.73 182
98 0.21420 29.06 11748 1.936 -3847.1 -3840.9 98.60 28.73 55.13 839
98 0.21420 3585.00 721 0.0024 1938.2 2706.2 165.38 21.68 32.14 183
100 0.25425 29.34 11139 1.866 -3737.2 =3729.7 QORI 28.51 55.42 823
100 0.25425 3057.86 T23 0.0029 1966.0 2743 .4 164 .42 2180/ 32.60 184
102 0.29965 29.63 10544 17O -3626.8 -3617.9 100.81 28.30 55.74 806
102 0.29965 2624 .08 724 0.0034 1992.3 2778.6 163.49 21.94 33.11 185
104 0.35083 29.93 9961 1.731 -3515.8 -3505.3 101.88 28.10 56.10 788
104 0.35083 2264 .42 724 0.0040 2017.1 2811.5 162.60 22.09 33.68 186
106 0.40822 30.24 9392 1.665 -3404.3 -3392.0 102.95 27.90 56.51 7l
106 0.40822 1964 .12 722 0.0046 2040.3 2842 .1 161.74 22.26 34.30 187
108 0.47226 30.57 8836 1.601 -3292.1 -3277.7 104.00 _7.71 56.96 753
108 0.47226 1711.70 719 0.0053 2061.8 2870.1 160.91 22.44 34.99 187
110 0.54339 30.90 8292 1.538 -3179.2 -3162.4 105.03 A2 57 .47 736
110 0.54339 1498 .21 714 0.0062 2081.5 2895 .6 160.10 22.63 35.76 188
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TABLE 13. Thermodynamic properties of oxygen on the saturation boundaries.* —Continued

T P vV (E) (E) Internal Enthalpy Entropy G2 @ Vel. of
ap /i aT/, Energy Sound
K MN/m?* cm?/mol J/mol MN/m=K J/mol J/mol J/mol-K J/mol-K J/mol-K m/s
112 0.62207 31.26 7761 1.476 -3065.5 -3046.0 106.06 27.34 58.05 718
112 0.62207 1316.57 708 0.0071 2099 .4 2918 .4 159.31 22.83 36.61 188
114 0.70876 31.63 7242 1.415 —2950.9 —-2928.5 107.08 27.16 58.70 699
114 0.70876 1161.16 700 0.0081 2115.2 2938.2 158.53 23.05 37.55 189
116 0.80391 32.02 6736 1.356 —2835.2 —2809.5 108.09 26.99 59.43 681
116 0.80391 1027 .49 690 0.0093 2129.0 2955.0 157.78 23.28 38.59 189
118 0.90801 32.42 6242 1.297 —-2718.5 -2689.1 109.09 26.83 60.25 662
118 0.90801 911.95 678 0.0106 2140.6 2968 .6 157.03 23.52 39.75 189
120 1.0215 32.85 5760 1.239 —2600.5 —2566.9 110.08 26.67 GIPLS) 643
120 1.0215 811.59 664 0.0120 2149.8 2978.8 156.30 23.78 41.04 189
122 1.1450 33.31 5292 1.182 —2481.1 —2442 .9 111.07 26.53 62.27 623
122 1.1450 724.02 649 0.0137 2156.4 2985 .4 155.57 24 .06 42 .49 189
124 1.2788 33.79 4836 1.126 —-2360.1 -2316.8 112.06 26.39 63.49 603
124 1.2788 647 .27 631 0.0155 2160.3 2988.0 154.85 24 .35 44 .13 189
126 1.4236 34.31 4394 1.070 —2237.3 —-2188.4 113.05 26.26 64.91 583
126 1.4236 579.72 612 0.0176 2161.2 2986 .4 154.12 24.65 45.99 189
128 1.5797 34.86 3965 1.015 -2112.4 —-2057.3 114.04 26.15 66.56 562
128 NSO 520.03 590 0.0199 2158.8 2980.3 153.40 24.97 48.12 188
130 1.7478 35.45 3688 0.987 -1984.8 -1922.9 115.03 26.60 69.77 550
130 1.7478 467 .05 565 0.0224 2153.0 2969 .3 152.68 25.31 50.60 188
132 1.9284 36.09 3314 0.924 -1853.9 -1784.3 116.04 26.48 70.79 526
132 1.9284 419 .84 538 0.0254 2143.1 2952.7 151.94 25.68 53.48 187
134 201219 36.79 2849 0.868 -1719.9 -1641.8 117.06 2631l 74.38 501
134 2Pi21O 377 .60 509 0.0287 2128.8 2930.0 151.19 26.06 56.90 186
136 2.3291 37 .55 2472 0.811 -1582.5 -1495.0 118.09 26.30 T77.32 477
136 2.3291 339.63 478 0.0324 2109.4 2900.5 150.42 26.47 61.03 186
138 2.5504 38.40 2100 0.752 -1441.1 -1343.2 119.14 26.30 81.14 450
138 2.5504 305.34 443 0.0368 2084.2 2862 .9 149.63 26.90 66.14 185
140 2.7866 39.35 1745 0.696 -1295.0 -1185.4 120.21 26.38 86.51 423
140 2.7866 274 .21 406 0.0418 2052.0 2816.1 148.80 27.38 T72.63 183
142 3.0383 40 .43 1419 0.640 -1143.0 -1020.1 2L &L 26.52 93MS9 396
142 3.0383 245 .75 365 0.0476 2011.3 2757 .9 147 .92 27.89 81.18 182
144 3.3064 41 .68 1124 0.589 —-983.4 -845.6 122.45 26.73 103.86 369
144 3.3064 219 .53 320 0.0545 1959.8 2685 .6 146.98 28.48 93.04 181
146 3.5918 43 .17 875 0.532 -813.9 —658.9 123.66 27.06 114.99 341
146 3.5918 195.08 270 0.0630 1894.0 2594 .7 145.95 29.14 110.71 179
148 3.8955 44 .99 613 0.476 -630.4 —-455.2 124 .95 27.54 138.37 310
148 3.8955 171.89 215 0.0737 1807.8 2477 .4 144.77 29.95 140.18 177
150 4.2190 47 .38 391 0.419 —-425.1 —225.2 126.39 28.28 7fe) . &L 278
150 4.2190 149.13 153 0.0881 1688.2 2317 .4 143 .35 31.01 200.53 176
152 4.5638 50.90 194 0.353 -179.5 52.7 128.12 29.94 283.23 240
152 4.5638 126.20 84 0.109 1512.3 2088.2 141 .52 33.36 373.23 171
154 4.9320 58.46 26 0.267 200.0 488 .4 130.84 33.30 1478.52 190
154 4.9320 97.80 17 0.149 1165.1 1647 .5 138.37 37.02 1962.81 167
154.576 5.0427 73.37 0.200 662.3 1032 .2 134.32
154.576 5.0427 73.37 0.200 662.3 1032.2 134.32

*The first entry for each temperature refers to the liquid phase.
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TABLE 14. Thermodynamic properties of oxygen.

0.101325 MN/m? (1 atm) Isobar

T v ( P ) (Q ) Internal Enthalpy Entropy Cy Gy Vel. of
ap Ir aT /, Energy Sound
K em?/mol J/mol MN/m2K J/mol J/mol J/mol-K J/mol-K J/mol-K m/s
*54.362 24 .49 28805 3.945 -6189.4 -6186.9 67.00 35.65 53.26 1160
56 24.62 28019 3.850 -6102.2 -6099.7 68.59 35.29 53.2% 1149
58 24.79 27077 3.736 -5995.7 -5993.2 70.45 34.87 53.25 1137
60 24.96 26153 3.625 -5889.2 -5886.7 72.26 34.46 53.25 1124
62 25.14 25247 3.517 -5782.7 -5780.2 74.01 34.06 53.256 bl
64 25.32 24360 3.411 -5676.2 -5673.7 75.70 33.68 53.26 1097
66 25.50 23490 3.307 -5569.7 -5567.1 T7.34 33.31 53.28 1084
68 25.68 22638 3.206 -5463 .1 -5460.5 78.93 32.95 53.30 1070
70 25.87 21803 3.107 -5356.5 -5353.9 80.47 32.60 53.34 1056
72 26.06 20984 3.010 -5249.8 -5247.2 81.98 32.26 563.37 1042
T4 26.26 20182 2.915 -5143.0 -5140.4 83.44 31.93 53.42 1027
76 26 .46 19397 2.823 -5036.1 -5033.4 84 .86 31.62 53.48 1013
78 26.67 18627 2.732 —4929.1 -4926.4 86.25 31.31 53.55 998
80 26.88 17872 2.644 -4821.9 -4819.2 87.61 31.02 53.63 983
82 27.10 17133 2.5568 -4714 .6 -4711.8 88.94 30.73 53.72 967
84 27.32 16408 2.474 -4607 .0 -4604.3 90.23 30.45 53.83 952
86 27 .55 15698 2.391 —4499 .3 -4496.5 91.50 30.18 53.96 936
88 27.78 15002 2.311 -4391.2 -4388.4 92.74 29092 54.10 921
90 28.02 14319 2.232 —4282 .9 -4280.0 93.96 29.67 54.26 905
*90.180 28.04 14258 2.225 -4273 .1 -4270.3 94 .07 29.64 54.28 903
*90.180| 7150.15 699 0.0012 1817.5 2542.0 169.58 21.28 30.77 178
92 7309 .46 716 0.0012 1857 .2 2597.9 170.19 20025 30.66 180
94 7483 .81 735 0.0011 1900.8 2659.1 170.85 21.22 30.55 182
96 7657 .47 753 0.0011 1944 .2 2720.1 171.49 21.19 30.46 184
98 7830 .51 772 0.0011 1987 .5 2780.9 172.12 21IM6 30.37 186
100 8002 .98 790 0.0011 2030.7 2841.6 172.73 21.14 30.29 188
102 8174.94 809 0.0010 2073 .7 2902.1 173.33 21.12 30.21 190
104 8346 .42 827 0.0010 2116.7 2962.4 173.92 21.10 30.15 192
106 8517 .48 845 0.0010 2159.6 3022.7 174 .49 21.08 30.09 194
108 8688.15 863 0.0010 2202 .4 3082.8 175.05 21.06 30.03 196
110 8858 .45 881 0.0010 2245 .2 3142.8 175.60 21.05 29.98 198
12 9028 .42 898 0.0009 2287.9 3202.7 176.14 21.03 29.93 200
114 9198.08 916 0.0009 2330.5 3262.5 176 .67 21.02 29.89 202
116 9367 .46 934 0.0009 2373.1 3322.3 S, 21.01 29.85 204
118 9536 .57 951 0.0009 2415.6 3381.9 177.70 21.00 29.81 205
120 9705 .43 969 0.0009 2458 .1 3441 .5 178.20 20.99 29 .77 207
122 9874 .07 987 0.0009 2500.5 3501.0 178.69 20.98 29.74 209
124 10042 .49 1004 0.0008 2542 .9 3560.5 abrde) ) 20.97 29.71 211
126 10210.71 1022 0.0008 2585.3 3619.9 179.65 20.96 29.68 213
128 10378.75 1039 0.0008 2627 .6 3679.2 180.12 20.95 29.66 214
130 10546.61 1056 0.0008 2669 .8 3738.5 180.58 20.94 29.63 216
132 10714.31 1074 0.0008 2 2ml SATASI 181.03 20.94 29.61 218
134 10881 .86 1091 0.0008 2754.3 3856.9 181 .47 20.93 29.59 220
136 11049.26 1108 0.0008 2796.5 3916.1 181.91 20.92 29.57 221
138 11216.52 1126 0.0007 2838.7 3975.2 182.34 20.92 29.55 223
140 11383.66 1143 0.0007 2880.8 4034.2 182.77 20.91 29.53 225
142 11550.68 1160 0.0007 2922.9 4093.3 183.19 2091 Al 226
144 11717.58 1177 0.0007 2965.0 4152.3 183.60 20.90 29.49 228
146 11884.38 1194 0.0007 3007.1 4211.3 184.01 20.90 29.48 229
148 12051.07 2052 0.0007 3049.1 4270.2 184.41 20.89 29.46 231
150 12217.67 1229 0.0007 3091.2 4329.1 184.80 20.89 29.45 233
152 12384.18 1246 0.0007 3133.2 4388.0 185.19 20.88 29.44 234
154 12550.61 1263 0.0007 3175.2 4446.9 185.58 20.88 29.43 236
156 12716.95 1280 0.0007 3217.2 4505.7 185.96 20.88 29.41 237
158 12883.21 1297 0.0006 3259.1 4564 .5 186.33 20.87 29.40 239
160 13049.40 1314 0.0006 3301.1 4623.3 186.70 20.87 29.39 240
165 13464.57 1357 0.0006 3405.9 4770.2 187.61 20.86 29851 244
170 13879.36 1399 0.0006 3510.7 4917.0 188.48 20.86 29.35 248
175 14293.80 1442 0.0006 3615.4 5063.7 189.33 20.85 29.33 252
180 14707.94 1484 0.0006 3720.1 5210.4 190.16 20.85 29852 255
185 15121.80 1526 0.0006 3824.7 5356.9 190.96 20.85 29.30 259
190 15535.41 1568 0.0005 3929.3 5503.4 191.74 20.85 291,29 262
195 15948 .81 1611 0.0005 4033.8 5649.8 192.50 20.85 29.28 266
200 16362.00 1653 0.0005 4138.3 5796.2 193.25 20.85 208217 269
210 17187.85 1737 0.0005 4347.3 6088.9 194.67 20.85 29.26 276
220 18013.10 1821 0.0005 4556.3 6381.5 196.04 20.85 29.26 283
230 18837.85 1905 0.0004 4765.3 6674.1 197 .34 20.86 29.26 289
240 19662.17 1989 0.0004 4974 .4 6966.7 198.58 20.88 2O 295
250 20486.13 2073 0.0004 5183.7 7259.4 199.78 20.90 29.28 301
260 21309.78 2157 0.0004 5393.1 7552.3 200.92 20.92 29.30 307
270 22133.17 2240 0.0004 5602.8 7845 .4 202.03 20.95 29.32 313
280 22956.31 2324 0.0004 5812.7 8138.8 203.10 20.99 29.35 319
290 23779.26 2408 0.0004 6023.1 8432.5 204.13 21.03 29.39 324
300 24602.02 2491 0.0003 6233.8 8726.6 205.13 21.08 29.43 330

*Two-phase boundary.
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TABLE 14. Thermodynamic properties of oxygen.— Continued

1 MN/m? Isobar

P P Internal Enthalpy Entropy Cy (e, Vel. of
it 4 ( 5 )T ( aT )‘, Energy Sound
K cm3/mol J/mol MN/m=K J/mol J/mol J/mol-K J/mol-K J/mol-K m/s

*54.466 24.438 28917 3.946 -6187.9 -6163.4 67.03 35.65 53.23 1161
56 24.61 28182 3.857 -6106.4 -6081.8 68.51 35.32 53.22 1152
58 24.77 27241 3.744 -6000.1 -5975.3 70.38 34.90 53.21 1139
60 24.94 26319 3.633 -5893.9 -5868.9 (288 34.49 53.21 1126
62 25.12 25416 3.524 -5787.6 -5762.5 73.93 34.09 53.21 1113
64 25.29 24531 3.418 -5681 .4 -5656.1 75.62 33.71 53.21 1100
66 25.47 23663 3.315 -5575.1 -5549.6 T77.25 33.34 53.23 1087
68 25.66 22813 3.214 -5468.8 -5443.2 78.84 32.98 53.25 1073
70 25.84 21980 3.115 -5362.5 -5336.6 80.39 32.64 63.27 1059
(i 26.04 21164 3.018 -5266.1 -5230.0 81.89 32.30 53.31 1045
T4 26.23 20364 2.924 -5149.6 -5123.4 83.35 31.98 53.35 1030
76 26.43 19581 2.832 -5043.0 -5016.6 84.77 31.66 53.40 1016
8 26.63 18813 2.741 —4936 .4 -4909.7 86.16 31.36 53.46 1001
80 26.84 18062 2.654 —-4829.6 -4802.7 87.51 31.06 53.54 986
82 27.06 17325 2.568 —-4722.6 —-4695.6 88.84 30.78 53.62 971
84 27.28 16603 2.484 -4615.5 -4588.2 90.13 30.50 563.72 956
86 27.50 15896 2.402 -4508.1 -4480.6 91.40 30.23 53.84 941
88 27.74 15203 2.321 —4400.5 -4372.8 92.64 SUROY 53.97 925
90 27O 14524 2.243 -4292.7 -4264.7 93.85 29572 54.12 909
92 28.22 13858 2.166 -4184.5 -4156.3 95.04 29.47 54.29 893
94 28.47 13205 2.092 -4076.0 -4047.5 96.21 29.24 54.48 877
96 28.73 12566 2.018 -3967.1 -3938.3 97.36 29.00 54.70 861
98 29.00 11939 1.947 -3857.7 -3828.7 98.49 28.78 54.94 844
100 29828 11324 1.876 -3747.8 -3718.5 99.60 28.56 55.22 827
102 29.57 10720 1.808 -3637.3 -3607.8 100.70 28.35 55.53 810
104 29.87 10129 1.740 -3526.2 -3496.3 101.78 28.14 55.89 793
106 30.18 9548 1.674 -3414 .4 -3384.2 102.85 27.94 56.29 775
108 30.51 8977 1.609 -3301.7 -3271.1 103.91 27.74 56.74 758
110 30.85 8417 1.546 -3188.0 -3157.2 104.95 27.55 57.26 739
112 31.21 7867 1.483 -3073.3 -3042.1 105.99 27.36 57.85 21
114 31.59 7326 1.421 -2957.3 —2925.7 107.02 28 58.52 702
116 3190 6794 1.359 -2839.9 —-2807.9 108.05 27.00 59.29 683
118 32.41 6270 299 —2720.8 -2688.4 109.07 26.83 60.18 663
*119.633 32.7T7 5848 1.250 -2622.2 —-2589.4 109.90 26.70 61.01 646
*119.633 828.96 667 0.0118 2148.3 297732 156.43 23.73 40.79 189
120 833.40 672 0.0117 2158.7 22T 2} 156.56 23.68 40.59 190
122 857.19 703 0.0112 2215.0 3072.2 157522 23.43 39.53 193
124 880.39 733 0.0108 2270.0 3150.3 157.85 23.22 38.62 195
126 903.07 762 0.0105 2323.7 3226.8 158.47 23.02 37.85 198
128 925.30 790 0.0102 2376.5 3301.8 159.06 22.85 37.17 200
130 947 .14 817 0.0099 2428 .4 3375.5 159.63 22.70 36.58 203
132 968.63 843 0.0096 2479.5 3448.2 160.18 22.57 36.05 205
134 989.81 869 0.0093 2530.0 3519.8 160.72 22.45 35.59 207
136 TOTORT! 894 0.0091 2579.8 3590.6 161.25 22.34 35.17 210
138 1031.37 918 0.0089 2629.2 3660.5 161.76 22.24 34.80 212
140 1051.80 942 0.0087 2678.0 3729.8 162.25 22.15 34 .46 214
142 1072.02 966 0.0085 2726.4 3798.4 162.74 2280 34.15 216
144 1092.06 989 0.0083 2774.4 3866.4 163.22 21.99 33.88 218
146 1111°.92 1012 0.0081 2822.0 3933.9 163.68 21892 33.62 220
148 1131.63 1035 0.0079 2869.3 4000.9 164.14 21.86 33.39 222
150 1161.19 1058 0.0078 2916.3 4067.5 164.59 21.80 33.17 224
152 1170.62 1080 0.0076 2963.0 4133.6 165.02 21.75 B2ROT 226
154 1189.92 1102 0.0075 3009.4 4199.4 165.45 21.70 32.79 228
156 1209.11 1123 0.0073 3055.7 4264.8 165.87 21.65 32.62 230
158 1228.19 1145 0.0072 3101.7 4329.9 166.29 21961 32.46 232
160 1247.17 1166 0.0071 3147.5 4394.6 166.70 2185 32.31 234
165 1294.21 1218 0.0068 3261.1 | 4555.3 167.69 21.48 31.99 238
170 1340.76 1270 0.0065 3373.8 4714.6 168.64 21.41 31.71 242
175 1386.86 1320 0.0063 3485.6 4872.5 169.55 21.34 31.47 247
180 1432.59 1370 0.0061 3596.7 5029.3 170.44 21029 31.26 251
185 1477.99 1419 0.0059 3707.2 5185.2 il i) 21.24 31.08 255
190 1523.10 1468 0.0057 3817.1 5340.2 172.12 2120 30.92 259
195 1567.94 1516 0.0055 3926.5 5494 .4 172592 21.17 30.79 262
200 1612.56 1563 0.0054 4035.5 5648.0 173.70 21.13 30.66 266
210 1701.20 1657 0.0051 4252 .4 5953.6 L7599 21.09 30.46 274
220 1789.17 1750 0.0048 4468.2 6257.4 176.60 21.05 30.30 - 281
230 1876.58 1842 0.0046 4683.1 6559.7 177.94 21.03 30.17 287
240 1963.54 1932 0.0043 4897.3 6860.9 179.23 21.02 30.07 294
250 2050.11 2022 0.0042 5111.1 7161.2 180.45 21.02 Pazlfelel 300
260 2136.35 Akt 0.0040 5324.5 7460.8 181.63 21.02 29.94 307
270 2222.31 2200 0.0038 5537.7 7760.0 182.76 21.04 29890 313
280 2308.03 2288 0.0037 5750.9 8058.9 183.84 21.06 29.88 319
290 2393.53 2376 0.0035 5964.1 8357.6 184.89 21209 29.86 324
300 2478 .85 2464 0.0034 6177.4 8656.2 185.90 21.13 29.87 330

*Two-phase boundary.
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TABLE 14. Thermodynamic properties of oxygen.— Continued

5 MN/m? Isobar

aP apP Internal Enthalpy Entropy C, Go Vel. of
r 4 ( 5; )7 ( aT ),, Energy Sound
K cm?*/mol J/mol MN/mK J/mol J/mol J/mol-K J/mol-K J/mol-K m/s
*54.923 24 .43 29411 3.950 —6181%72 —-6059.0 67.15 35.68 53.07 1169
56 24.52 28901 3.888 -6124.5 -6001.8 68.18 35.45 53.06 1163
58 24.68 27968 3.775 -6019.2 -5895.7 70.04 35.03 53.04 1150
60 24.85 27054 3.665 -5913.9 -5789.7 71.84 34.63 53.03 1138
62 25.02 26159 3.557 1 -5808.7 -5683.6 73.58 34.24 53.01 1125
64 2HMLO) 25282 3.452 -5703.6 -5577.6 75.26 33.86 53.01 2
66 25.37 24424 3.349 -5598.4 -5471.6 76.90 33.50 53.00 1099
68 25.54 23583 3.249 -5493.3 -5365.6 78.48 33.15 53.00 1086
70 25.72 22759 3.151 -5388.2 -5259.6 80.01 32.81 53.01 1072
T2 25.91 21953 3.055 -5283.1 -51563.5 81.51 32.48 53.02 1058
T4 26.10 21163 2.961 —b17T7.9 -5047.4 82.96 32.16 53.05 1044
6 26.29 20390 2.870 -5072.8 -4941.3 84 .38 31.85 53.07 1030
8 26.49 19633 2.781 —4967 .6 -4835.1 85.76 31.55 563.11 1016
80 26.69 18891 2.694 -4862.3 -4728.8 87.10 31.27 53.15 1002
82 26.89 18166 2.609 —4756.9 -4622.5 88.41 30.99 563.21 987
84 27400, 17456 2.526 —4651 .5 -4516.0 89.70 30.72 563.27 973
86 27.32 16760 2.445 —4545 .9 -4409.3 90.95 30.45 53.34 958
88 27.54 16080 2.366 —4440 .2 -4302.5 92.18 30.20 53.43 943
90 Al e 15413 2.289 -4334 .4 -4195.6 93.38 29.96 53.53 928
92 28.00 14761 2.214 -4228 .4 -4088.4 94 .56 285 53.65 913
94 28.24 14123 2.140 =4122.1 -3980.9 Cla 29 .48 53.78 897
96 28.48 13498 2.068 -4015.6 -3873.2 96 .85 29.25 53.93 882
98 28.73 12886 HEo08 -3908.8 -3765.1 97.96 29.03 54.10 866
100 28.99 12287 1.930 -3801.7 -3656.7 99.06 28.81 54.30 851
102 20826 11700 1.863 -3694.2 -3547.9 100.13 28.60 54.51 835
104 29.54 11126 1.798 -3586.4 -3438.7 101.20 28.39 54.76 819
106 29.83 10564 1.734 -3478.0 -3328.9 102.24 28.19 55.03 803
108 30.12 10013 1.671 -3369.1 -3218.5 103.27 AL E) 55.34 87
110 30.43 9474 1.610 -32569.7 -3107.5 104.29 2O, 55.68 770
112 30.75 8945 1.550 -3149.5 -2995.8 105.30 27.60 56.07 754
114 31.09 8428 1.492 -3038.7 —-2883.2 106.29 27.41 56.50 737
116 31.44 7921 1.434 -2926.9 -2769.7 107.28 222 56.98 720
118 31.80 7425 ST -2814.2 -2655.2 108.26 27.04 57.53 703
120 32819 6938 1.321 -2700.4 -2639.5 109.23 26.85 58.15 685
122 32.60 6461 1.266 —2585 .4 -2422.5 110.20 26.67 58.85 667
124 33.02 5995 1212 —2469 .0 -2303.9 ST 6 26.49 59.64 649
126 33.48 5537 1.158 -2351.0 -2183.6 LI21S 26.32 60.55 631
128 33.96 5089 1.105 -2231.1 -2061.3 113.09 26.16 61.59 612
130 34.49 4674 1.056 -2107.3 -1934.9 114.07 26.66 63.52 590
132 35.05 4241 1.014 =1981%3 -1806.0 115.05 26.52 65.87 574
134 35.65 3844 0.9500 -1853.4 -1675.2 116.04 26.39 66.38 550
136 36.31 3434 0.9024 -1721.8 -1540.2 117.04 26.28 68.81 530
138 37.04 3036 0.8457 -1586.4 -1401.2 118.05 26.19 70.78 506
140 37.84 2650 0.7889 —1446 .6 -1257.3 ION09 26.14 73.23 482
142 38.76 2272 0.7341 -1300.7 -1106.9 120.15 26.16 76.74 456
144 39.81 1901 0.6775 -1147.1 -948.1 121.26 26.23 81.35 429
146 41.06 1529 0.6208 -982.8 =T7T7.5 122.44 26.39 88.43 400
148 42.59 18179/ 0.5551 -804.4 -591.5 123.70 26.65 96.78 366
150 44.60 828 0.4898 -602.3 -379.3 125.13 Cilfo2 it 113.53 329
152 47.63 478 0.4124 -353.9 =116:7 126.87 28.02 150.80 283
154 54.93 105 0.2929 63.4 338.0 129.84 31.40 412.84 207
154 .355 62.15 10 0.2481 338.2 648.9 131.85 34.74 | 3824.02 182
154 .355 89.32 7 0.1609 1017.8 1464.5 137.14 38.11 | 4780.17 162
156 125.60 161 0.1073 1634.2 2262.2 142.29 31.23 206.80 183
158 142.14 264 0.0901 1864.4 2575.1 144 .28 28.98 127.28 190
160 154.34 343 0.0799 2023.9 2795.6 145.67 27.73 98.79 195
165 177591 503 0.0655 2316.3 3205.8 148.20 25.92 70.48 207
170 196.80 632 0.0571 2541.8 3525.8 150.11 24.85 58.79 216
175 213.31 743 0.0512 2735.5 3802.0 LGN 24.13 52.24 224
180 228.36 843 0.0468 2910.2 4052.0 153.12 23.62 48.01 231
185 242 .38 935 0.0433 3072.3 4284.2 154.39 23.23 45.04 238
190 255.65 1020 0.0404 3225.4 4503.6 155.56 22.93 42.82 244
195 268.33 1101 0.0380 3371.6 4713.3 156.65 22.68 4TR1Y 250
200 280.54 1178 0.0359 3512.6 4915.3 157.68 22.48 39.74 255
210 303.87 1322 0.0325 3782.6 5301.9 159.56 22.18 37.70 265
220 326.10 1457 0.0298 4040.8 5671.3 161.28 21.95 36.25 274
230 347.50 1585 0.0276 4290.6 6028.1 162.87 L T/ 35.16 283
240 368.27 1707 0.0258 4534 .1 6375.4 164.35 21.64 34.33 291
250 388.53 1825 0.0242 4772.7 6715.3 165.73 21.53 33.68 299
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