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THERMODYNAMIC PROPERTIES OF FLUID n-D: IN THE
75 TO 300 K AND Z TO 20-kbar RANGE

by

D. H. Liebenberg, R. L. Mills, and J. C. Bronson

ABSTRACT

The hydrogen isotope deuterium is an important material for use in
various energy technologies. This report is a summary of new pressure,
volume, temperature, and sound velocity measurements of fluid p-D, in the
75 to 300 K and 2- to 20-kbar range. An equation of state (EOS) was fit to
these data. The thermodynamic quantities, volume V, sound velocity. v,,
thermal expansivity op, heat capacity at constant pressure Cr, isothermal
compressibility xr, and molar entropy S, are given at 25 K and 0.5-kbar in-
crements over the range of measurements. Computer-drawn graphs of the
isothermal pressure variation of these quantities are shown. Characteristics
of the EOS at high temperature and pressure are determined and compared

with theoretical and phenomenological equations of state.
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1. INTRODUCTION

The hydrogen isotopes are important materials for use in various energy technologies. To
produce the high densities and temperatures in deuterium that are needed for controlled nuclear
fusion, a basic understanding of the properties of deuterium is required. This knowledge is es-
pecially important in laser-fusion schemes because lasers of only marginal power are now
available to drive the compression,

Deuterium is expected to become a metal at pressures in the mega.r region and possibly re-
main metallic when the pressure is reduced. Generation of metal deuterium is a challenge to our
present technology, and a clear demonstration of its existence would contribute to our basic un-
derstanding of matter. The possibilities for usc of the metal as a high-density fuel and perhaps as
a high-temperature superconductor have kindled new interest in studies of this material.

There are fewer measurements available for deuterium than for hydrogen; in particular, the
equation of state (EOS), the reiationship between pressure, P, volume, V, and absolute
temperature, T, is known in only a limited pressure and temperature region. Solid deuterium
measurements at low temperature have been made up to 25 kbar,'? but most studies of the gas
have been restricted to <3 kbar. Measurements by Michels et al.* near room temperature extend
to 2.2 kbar. An important reason for this experimental limit is the deleterious effect that
deuterium has on many high-strength steels, especially at higher temperatures.
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At the Loe Alamos Scientific Laboratorv we have developed a facility to make P-V-T studies at
pressures >3 kbar on various light molecules including the hydrogen isotopes. An apparatus and
technique were used for studies up to 21 kbar in the 25 to 320 K range. Earlier measurements of
argon,* nitrogen,™® and hydrogen”* have been reported. We recently completed® P-V-T and
simultaneous sound velocity, v, measurements on fluid normal deuterium in the 75 to 300 K and
2- to 20-kbar range. In this report we will review these measurements and the EOS development
based on our use of P-V-T and v, data in a double-process least-squares fitting program that used
all 1340 sets of data points. From the EOS other thermodynamic properties are derived and are
presented in more detail here than was possible in Ref. 9. Although comparisons with some
theoretical calculations were made in Ref. 9, additional comparisons are given in this report.

II. EXPERIMENTAL

We used a thermostated piston-cylinder apparatus, described in Ref. 4, with modifications
described in Ref. 9, The ¢nds of the supported tungsten-carbide cylinder were closed with
Bridgman unsupported-area seals. Volumes were determined from the piston displacement, as
measured with an external dial gauge. Pressures were calculated from the ram-to-cell area ratio
and from the force generated in the hydraulic press with a rotating-piston dead-weight iester,
Temperatures were coraputed from two external thermocouples previously calibrated against an
in situ thermoceuple at lower pressures. The unsupported area of the lower fixed seal was used to
mount an ultrasonic transducer in the low-pressure environment. Pulses with either 30- or 10-
MHz modulation were propagated through the plug, which served as a buffer rod, into the sample
in a fixed-path cell, and were reflected out again. Velocities were computed from the pulse
propagation times,

Errora in these measurements are given in Ref. 9. The corrected pressures are considered ac-
curate to a few tenths of 1% at the lowest pressures and to about 0.5% at the highest pressures.
Errors in volume average about 0.4%, becoming larger at pressures and temperatures farther
from the normalizing point of 2 kbar and 295 K. Temperatures st ambient and 75 K are known to
within + 0.02 K, but at intermediate temperatures the accuracy is estimated to be + 0.5 K.
Sound velocities were found to scatter from a power-law fit by £+ 0.5%, although uncertainties in
the timing accuracy and cell length measurement were calculated to be + 0.4%.

We obtained a total of 1340 data sets along 33 isotherms in fluid n-D; in the 75 to 300 K and 2-
to 20-kbar range. These data are available in Ref. 10 for use as a data base in further EOS
development. Other separate sets of V(P,T) and v,(P,T) were obtained and used as checks and to
determine a power-law fit with a least-squares method. To fit these data, we used

ve = AP?, (1)

where A and n are constants. A similar equation is found to represent the V vs P data, where A
and n are different constants and n is negative. The magnitude of n is =~ 0.34 in each case so that
vs - V = constant, as was determined for hydrogen.® Figures 1-18 show the quality of these power-
law fits for six isotherms over the fuli temperature range. Percentage deviations of the measured
sound velocities from the fitted Eq. (1) are shown. The power-law dependence for volumes is also
shown for the six isotherms. The deviations of sound velocity from a fit to Eq. (1) are plotted in
Fig. 19 for nine isotherms in the 294.5 to 296.1 K range.



IIT. EQUATION-OF-STATE DEVELOPMENT

We followed the procedure discussed in Refs. 7 and 8 to obtain a Benedict!! type of EOS of the
form,

V= (A + BT + CT-")P~* + (D + ET)P-** + (F + GT + HT-** + JT-)P~!, @)

where A-H and J are constants to be determined from the double-process least-squares fit.*
Knowledge of the heat capacity Cp over the full temperature range at our normalization pressure
of 2 kbar is required to relate the sound velocity data to the EOS of Eq. (2). For deuterium there
are few data available, so we have used derived values of Cp from Michels et al.,* as extrapolated
to 2 kbar. A polynomial equation is used to describe these values.

Ce (T) = 0.13637T — 5.3300T"/* + 90.56 — 85.579T- 2 — 956.11T~' . (J/mole-K). 3)

These results are used in the relation for the heat capacity,
P /a2
S fatV
=C, (T~ 'rf (—-5) de 4)
G Po 2, oT P

and, in turn, in the relation for the sound velocity,
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The experimentsl data sets of 1340 points were augmented by 49 data sets, obtained by slight
extrapolations to 2 and 20 kbar at some of the temperatures, and by 15 sets of V and v, points
from Michels et al.! to fill in the lower pressure region. The resulting fit of the total 1404 data sets
is shown in Table I. Minor changes in the extrapolation for Cg, (T) change the sign of some of the
constants and although the quality of the fit is affected only slightly, the extrapolations to high
pressure and temperature show significant differences.

TABLEI

CONSTANTS OF EQ. (2) DETERMINED BY A DOUBLE-PROCESS
LEAST-SQUARES FIT TO THE 1404 DATA SETS

A = 35,2826 F = 13.6504
B = 0.000947034 G = 0.0695631
C =3.28443 H = -158.294
D = -25.0897 Jd =720.003

E = 0.00639169



The values in Table 1 are determined with a weighting on the points that emphasizes the higher
pressures. During the fitting process, we compared the computed values of the heat capacity at
constant volume from Fq. (2} with derived values of Michels et al.® and adjusted Eq. (3) for
Ce(T) to give the best fit to both Cy and C;. The resulting fit in Table 1 also gave the smallest
average percentage volume and sound velocity deviations between the EOS and the data sets of
x 0.22 and + 0.53, respectively. These P-V-T and v, measurements have provided an EOS for a
previously unexgplored region f the P,T plane with an accuracy comparable to that of the data.

The direct measurement of the derivative of the EOS, v, = V/M!2[—-(8V/0P),] -'/* provides ad-
ditional accuracy of the fit. This improvement was apparent from the fitting of hydrogen data to
Eq. (2) without use of sound velocity data. In that case the computed values of v, differed by a
few per cent from the measured values.

The data sets and the computed values from the EOS were compared in Ref. 9; the average
deviations were within the estimated accuracy of the data points.

IV. DERIVED THERMODYNAMIC VALUES

As described in Ref. 8, the volume-explicit EOS of Eq. (2) is convenient for the derivation of
other thermodynamic quantities. These are summarized below.

. . - S § Q_Y) 6)
Isobaric thermal expansion coefficient: &, = (BT (
1 {aV

Isothermal compressibility: xp = — v (EE)T . (7
C Xt

Ratio of heat capacities: vy = L 8)
G X%

Adisbati ibility: ¥ = __1_(_81') -— ©)

| iabatic compressibility: ¥ = - T7\3p i

The heat capacities are determined from Egs. (3), (4), and (8). The molar entropy is found from
the thermodynamic relation

ST ~ ST = f ’ (g—‘T’) P (10)
° (3

and a relation for the entropy at the normalizing pressure of 2 kbar, Few determinations of
entropy are available for deuterium, and as discussed in Ref. 9, the resulting relation was

Spaz — S(P,,T) = --98.830 + 31.715 £n (T-10). (J/mole-K) 11

for fluid Iy in the 75 < T < 300 K region. The assumption was made that rotating molecules in
the sclid at T = 0 K have zero entropy.

A FORTRAN program, described in Ref. 8, was modified to give a listing (Table II) of
deuterium properties. Table II was prepared at 25 K and 0.5-kbar increments tor the quantities
V, vs, atp, Cp, 7, Xs, and S. These values, as a function of pressure along an isotherm, are shown in
Figs. 20-27, produced by a computer program. Values for C, are shown in Fig. 24. The special font
was selected to indicate that these curves all refer to values calculated from our EOS.



V. COMPARISONS

A comparison of calculated molar volumes from our ECS with values measured by Michels et
al.! at low pressures, as discussed in Ref. 9, shows agreement of & 0.4% between 1 to 3 kbar near
room temperature. A power-law fit of our measured sound velocities extrapolates smoothly to the
calculated low-pressure values of Michels et al.* No other sound velocity measurements are
available for comparison.

An EOS was obtained for deuterium by Ashurst!? using a modified Lennard-Jones potential.
Comparison with our EOS values shows that significant departures occur at higher pressures;
at 275 K and 20 kbar, tke variations are 7.8% in volume and 17.7% in sound velocity. Throughout
the P-T range, the differences are larger than our estimated accuracy.

We compared the hydrogen and deuterium properties and found that over the P-T plane the
molar volumes determined for deuterium are a few per cent lower than for hydrogen. The sound
velocities scale within approximately 2% according to kinetic theory, that is, Vu /Vp, =
(Mp,/Mu,}'/* . At low pressures and tempsratures, the departures from this scaling law are larger.
This scaling is in contrast to solid behavior where the ratio of velocities is reduced. This ratio in-
creases with pressure but does not reach the kinetic-theory value up to the maximum measured
pressure of 200 bar along the melting curve.!® In the liquid phase along the melting curve, the
ratio of velocities is greater than the kinetic value and it decreases with increasing pressure
toward the kinetic value.!® No explanation for this isotopic effect has been suggested.

Kerley™ has derived properties of high-density fluid deuterium from a hard sphere model com-
bined with a cell model for the molecular solid. We compared densities and sound velocities as a
function of pressure along several isotherms, as shown in Figs. 28 and 29. There are deviations of
about 2% at our highest pressures between our EOS densities and those derived by Kerley. The
agreement between our EOS sound velocities and those calculated by Kerley is better than 1.5%
for all temperatures and pressures within our range of measurements. We consider this agree-
ment good, although the maximum errors are outside the estimated experimental accuracy.
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TABLE 11

CALCULATED THERMODYNAMIC PROPERTIES OF n-D,

CALCULATED VALUES FROMW € 0 S FOR  0(2) AT 75.0 K,

PRESS. VoL,  W(S) ALPHA C(P)  GNWA  CHICS) ENTROPY
XBAR CC/MOLE  RW/S < JIMOLEK KB S/POLEX
2.00 17.952 2.090  1.921-03 32.375 1.1
- R ol ¢ <4 1.6156-03 %232 V133 6.8ek-0s 3.Te
380 T Zsn lasen grse 1

"

£.00 (5.2 2.693 1. 138603  26.769
4.50 4.879  2.803 1.000E03  25.790

CALCURATED VALUES FROW € 0 S FOR D(2) AT 100.0 K.

PRESS. VOL. v($) ALPHA (442} GAMA  CHI(S) DNTROPY
KBAR CC/MOLE /S 113 JIMAEX M J/MOLEK

2.00 13,926 2.080 33.154 1.257 1.008E-01 43.88
2.30 2.206 32.490 1227 B.618i-(2 A2.00
3.00 16.993 2.423 31,947 1.203 7.186E-02 40.47
3.50 16.333  2.559 3476 1.135 6.WB2E-R .17
4.00 15.786  2.68) n.057 1.149 5.4498-02 38.03
4.50 15.319 2.792 30,583  1.157 4,.8786-02 37.03
$.00 14.91% 2.893 30.344 1,166 4.423¢-02 36.13

£2
LEadiihd

W 0 b b b od b d b D

5.50 14,559 2.y47 07 2E 30.032 1.138  4.030€-02 35.%9
6.00 14.24 3.075 W?3-03 29.743 1.130 3.739€-02

6.50 13.955 3.157 J05E-CA  29.474 1.123 3.475€-02 33.87
7.00 13,495 3.235 Glee-06  29.222 1,117 3.268€-02 33.26
7.50  13.457 3.3 S76E-0n 20,983 1.112  3.050e-02 .64

CALQILATED VALUES FROM € 0 S FOR D(2) AT 125.0 K.

PRESS. VOL. v{(s) ALPRA P GAMA  (HICS) ENTROPY
KBAR CC/MOLE wm/g x JIMOLE-K XS J/MOLE-X
2.00 20.003 2.083 2.195e-03  33.088 1.306 1.1906-01  51.66
2.50  18.692 2.228 1.8M1E-03 32,880 1.272 9.343&6-(R 49.69
3.00 7. 2386 1.6718-03  32.665 1.245 2.7206-02 48,07
3.50 16,958  2.52 1.5056-03  32.494 1,286 6.605€~02
4.00 18.334  2.647 1373603  3.3%Y 1.206 5.783E-02 45.5%
4.50  15.808 2.759 1.2606-03  32.202 1191 5.1536-02 #4.45
5.00 15,357 2.842 1. 177603 32,07 1,178 4.6538-02 43.50
S.50 .98¢ 2.9 1L 1RE-03 31,954 1.167  4.248E-02 .63
. %012 . Ok 1.0588-08  31.8 1,158 3.9086-C2 41.84
é. 34.298 3.1%0 9.818e-00 MN.737 1.150 3.623€-(R 1.1
. 14.014 208 9.328e-00 31437 1.143  3.379E-02
7.50 13.756  3.233 0.894€ 3.561 1.136 3.167e-02 39.81
. 13.518  3.335 8.508€ 31,450 1.130 2.981€-(2 39.21
8.50 13.29% 423 8.157e-06 31, 1.125 2.817e-02 38.45
. 13.006 488 7.802€-04 31,279 1,121 2.671€~02 33,13
9.50 1. 3.351 7.555E-04 31,198 1.116 2. ~02 37.63
10. 12,730 3.612 7.2928~04 31,120 .12 2.41E-02 ¥7.15
C. 2.56 670 7.051E-06 31, 1.109 2. 3N4E-Q2 38.70
11.00 2. L Nrid 8.829¢-08  3C.971 1.105 2.2176-02 36.26
1,50 12.25%  3.7%2 6.6208~04 30, 1.102 2.1276~02 35.85



CALCULATED VALUES FROW E G S FOR 0(2 AT 150.0 K.

PRESS.  VOL. Vs ALPHA «m GNTA  (NI(S) ENTROPY
XBAR CC/MOLE Kn/s 144 J/MREX KBAR J/MOLE-K
.00 .10 -008 2103603  32.74 13299 . 5.8
2.50 19.583  2.192 «826E-03 32.714 1.296 1.011E-01 55.9%
3.00 487 . 350 1.624E-Qy  32.4877 1.2 . =02 S4.
3.50 17.600 -03 042 V.27 7. 52.58
4,00 16.899  2.4614 1. 345€-03 . 607 1.229 6.109¢-02 S51.
650 16.313 .72 1. =03 32,573  1.214 S.8A5E-(R
S.00 15.813 2.8Nn 1. 1506-03  32.539 1. -02 49.63
.50 15.378 2.927 1.089€~03 2.507 1.189 A.4S4E-Q2 48.76
6.00 14.995 3.0V? 1.087E~03  3¢.47% 1179 A.C88E-02 472.9
6.50 14.853  3.1(R D.7I9E-uk 32,443 1.170 3.779e-02 A7.21
7.00 WM. W4 1152 9.259E-04  32.412 1.182 3.516£-02 48.52
7.50 14,065 3.28 8.8518-0¢ . 1.155 3.¢289E 45.
8,00 13809 3.330 A77€-04 32,352 1,149 3.90E-02 45.28
8.50 13573 31L3IW « TA0E~04 . 1,943 2.915E-(2 4471
9.00 13.356 3.4 JAE-00 32,294 1,133 2.7606-02 44.17
9.50 13.1533  3.5&8 2.550E~04 32,265 1.133 2.621€-02 43.66
10.00 12. 3.5 7. 302604 . 1.129 2.4966-02 43.18
10.50 12. 3.650 7.068€-04 1.125 2.382-2 42.7)
11.00 12.620 3.707 6.852€-04 32,182 191 79€ 42.27
11.50 12.685 3782 8.6515-0n . 115 2.1858-02 41.85
12.00 12.317  3.81% £.565E-04 32,128 1.115  2.099E-02 41.4b
12,50 12.17% . 868 6.292€~04  32.101 1.112 2.019E-02 41.05
13.00 12.03 399 4. 130604 . 1.109 4OE-02 40.647
N 11,918 3.984 5.970€-04 32,049 1.106 1.878E~02 40.31
14,00  11.795 4.0V 9.8336~04 . 023 1,104 1814802 39.94
14.50 11.680 4,004 S.700E-08 31, 1.101  1.755e-02 39.82
15.00 1.5 4P J.OT6E-04 31,973 1.099 1.7 .30
15.50 .68 40154 5. 454804 1. 1.097 1.649€-02 38.98
16.00 11.362  4.198 5.341€-04  31.923 .95 1. n.67
CALCULATED VALUES FROM E 0 S FOR D(2) AT 175.0 K.
PRESS. VOL. vis) ALPHA e CAA  CNI(S) ENTROPY
KSAR CC/MOLE K/ 43 A0t E~K IXBAR /MO E=X
2.00 22.218 1.942 1.996€ 32.359 1.341  1.400E-0t 63.10
.50 2.164 1745608 32,413 1.310 1.085€-01 &1.12
3.00 19%.217 2.32) 1. 32.453 1.2885 8.353!:8 59.48
3.50 207 N 1.8417€-03 32, 1.264 7.4838 M.
4,00 17.458 2.585 1. 302€ 32. 1.268 8.4876-02 S54.88
4.50 6.8 . 1.208E-08  32. 1.230 S.73&-k 55.M1
3.00 ¥ i¢d 2.804 1.129€-03  32.5 1,217 S.1376-02 $A.%4
$.50 15.7%7 2.901 1.002€-03 32 1.200 4. -2 53.%
-00 . 2.992 1.004E-03 32,533 1,195 4.2648-02 53.1¢
6.50 15.00  3.(28 9.532:-04 32, 1,136 3.9338-02 5S2.42
00 14.678 . 158 9.085e-04  32. 1.178 1.651!3 51.73
7.50 W.377 o 23 8.687E-04 32, 1177 Lod3 $1.08
8.00 .102 3. 8. 330604 32,565 j.164 3.190e-02 50.48
8.50 13.850 3.373 . COBE R 1.158 LO0128-02 49.91
2.00 13.418 3,445 T.TI0E-06  32.%03 1,153 2.847¢-02 49.37
9.50 13.403 3.510 P EA9E-O8 32 1,168 2.7006-02 43.85
10.00 13.202 3.5N" 7.2056-04  32.557 1,943 & SPE-02 .37
10,50 13.004 631 6.980E-04 32, 1139 2.449¢-02 47.90
1.00 12.838 839 8.7722€-04 32, 1.135 2. Sbit:gg 47.45
11.50 12.673 o 245 8.579€-04  32. 1,132 2.242€ 47.03
12.00 12.518 799 6. =04 32.539 1.128 2.1526-02 46.62
12.50 1.3 3.85¢ 8. -0 32, 1.125 2.089€-02 44.23
13 12,228 .903 .0268-04 32, 1,122 1.9926-02 45.8%
13. 12.095 953 3.99€-04  32.51 1119 1.9216-02 45.49
14.00  11.968 . 3. 791608 32.514 1.118 1.855€-02 45.1)
14.50 1847 4.069 S.401E=Dn 8- .16 1.7936-02 s,
15.00  1L.7H oS S.528€-08 32,500  1.112 1.730€-02 44,48
550 . 41401 5.422€6-0% .493 1.109  1.5826-02 44.14
16.00 11.514 4,185 5.3128-08 1,107 1.632e-02 43.43
16.50 11,492 4228 S.207E-08  32.477 1,105  1.584E~02 43.33
7. 11,314 4,270 S.108E-04 . 1.103 1. -02 43.24
17.50 11.220 432 013604 . 401 1,102 1.498E-02 42.95
8. 1M.129 4,353 4,9236~-0% 32,452 1,100 1.458e-02 &2.
18.50 11.082 4,392 4.8376-% 2 1.098  1.4206-02 42.41
9.0 10.957 4,432 4, 755€-06 3435 1.097 1.3856-02 42.14
19.50 10.87% A L.076E-04  32.428 1.095 1.359E-N2 &1.89
20. 0.796  4.508 4001604 32,418 1.094 1.3186-02 41.43
20.50 10.720  &.545 4,.529€-06 32, 1.092 1.288E-02 4i.39



CALCURATED VALUES FROM E 0 S FOR D(2) AT 200.0 K.

PRESS.

2.00
.50

Voi.
CC/MOLE

003
10.921
10.881
10.766
10.6%0
10.617
10.567

v{s)

L. 295€-06
4.2356-0%
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JIMOLE~X
2. 001

. 101
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CALCULATED VALUES FROM E 0 S FOR D(D AT 225.0 K.

PRESS.

m -
CC/MOLE
26,422

. 254

v(s)

Kn/S
1.952
2.1
2.282
2.

ALPHA

§.193€E-0%

C(P)
J/MOLEX

GABA  NI(S) ENTAOPY

1.350
1.323
1

bRk

1.
1.
1.242

1.230 §

1.221

ZISIFIFSS

WA
N\-ﬂiﬂa

SINDMNYUFYELAE

ad o ) it ) i b et ol il e ) i) ) ad w ad D 2 D b 0l b b
NI EEEEEE R E R
vab il ol ) d ) d o il wd ol i wld e i ) e i D D i b

)
-t
-
w

1.116

/XBAR
1.591E~0Y

1.2116-02

J/MOLE-X
71.50
.54



CALCULATED VALUES FROM E ¢ S FOR D(D) AT 250.0 .

PRESS. WOL. v(s) ALPHA (402 GAPA  ON(S) ENTROPY
KBAR CC/mOLE /s 114 J/MOLE=X /XBAR
2.00 25.513 1.945 1.7046-03  31.517 1.331  1.6746-00
2.50 23.135 2.118 151703 31.649 .38 1. =01
3.00 21.448 2.270 1.3746-03 31,754 .38 1. -0t
3.50 20.172 2. 1.201E-03  31.841 1.291 8. -2
4.00 19.162 2,530 1168603 31.915 1.276 7.
£.50 18.335 2.644 1.0926-03 31.978 1.262 6.5106-02
5.00 17.641 2.749 1.0276-03 32.033 1.250 S.794E
5.50 17.048 2,847 9.7066=04  32.082 1.280 §.2208-02
6.00 16.532 2.939 9.218e-04 32.125 1.230 A.750E-02
6.50 16.077 3.028 8.789E-00  32.184 1.221 4. 358602
7.00 15.673  3.108 S.008E-00  32.199 1.2t (17443
7.50 - 3.18 OoeE-Db 32,232 1.200 S.7436-0R
8.00 14,979 3.260 7.7596-04  32.261 1.200 3.497¢-02
8.50 14.679 3.332 7.480E-04  32.289 1.194 282k
9.00 1. 3.400 7.2256-04  32.313 1.188 ®»
9.50 14,149 3.460 6992600  32.336  1.183 2,923%-(2
10.00 13.913 3.529 6. 773608 32.3 1.178 73E
10.50 13.694 3. 6.580€-04  32.377 1,176 2,637E-0R
11.00 13.489 3.649 . 7E-00 32.395 1.169  2.514E-02
1.50 13.297 3.7 6.2266-00  32.412 1.165  2.4028
.00 13.116  3.762 6.067E-00  32.428 1.162 2.300€
12.50 12.94%  3.815 5.910€-06  32.444 1.158  2.207€-02
3.00 12.78% 3 S.T78E-00 32.438 1,155 2.121E-02
15.50 12.632 3.919 S.OATE-DA  32.471 1.152  2.081E-0¢
$.00 12.487 3. 5.523E-0h  32.48 11689 1.968E-02
14.50 12.350 .07 3. -0 32.4 1.146  1.900E-02
15.00 12.218 4.064 3. -0 32, 1.144  1,8366-02
15.50 2. 4.110 5.191€-06  32.518 1.7 1.777€-02
16.00 N3 4,155 S.0926-06  32.526 1.139 17902
18.50 M. [ £.996€E-06 32,535 1,136 1.69€-02
17.00  11.748 4,243 4.908E-06 32.5 1.134 1, -2
17.50 1N, .85 4.8226-06  32.552 1,132 1576602
18. 11.561 « 326 4. 760806 32, 1.130  1.5306-02
18.50  11.443 4.387 6.682E-06  32.567 1.128  1.489E-02
19. . 4407 4.5826-06  32.574 1,126 1.4506-02
19.50 11,257 4,648 4.5156-04  32.5%1 1.125  1.413€-02
20 11.169 4,435 A.447E-06  32.587 1,123 1378602
20.50 11.084 4,522 4.3816-04 2. 1.121 1 34SE-O2
2. 11,002 4.560 4. 3176-06 32,598 1.120  1.313e-02
21.50  10.922 4,59 4. 256E-06 32, 1.118  1.283e-02
€. 10.845 4.632 &, 197€-06 32, 1,117 1.254E-02
¢2.50  10.770  4.468 4. 183E-06  32.613 1.115  1.227€-02



CALCULATED YALUES FROM € 0 S FOR 0(2) AT 275.0 K

PRESS.  VOL. ws NPNA (<02 CAPIA  CHI(S) ENTROPY
KBAR  CC/MLE KRS K 170K /XBAR
2.00 28,59 194 1.0246-03 31.412 1.350 1.752¢
2.50 ai.00% . 111 1.4526=03 31.548  1.330 1.337E-On
3.00 22.182 »261 1.3:06-03 31.656  1.312 1.077¢-QN
3.0 20.808 . 396 1.2156-03 31,745 1.206  8.994E-0R2
.00 19,720 .319 1.19€-03  31.8% 1.281 7.712€-0r
.30 0.8 2.63¢ 1.0576-03 31,887 1.269 6.748E-02
$.00 .93 2.7%7 9.9545-04 31945  1.257 S5.994€-(R
3.50 1.0 2. 9.4256-04 1996 1,247 5. 9NER
6.00 16,912 2.9&7 3.063E-00 32.042  1.238 4.899¢-(2
6.50 16,430 B.5S4E-0b  32.083 1.230 4.489€-(2
7.00 16.000 3.096 +1936-06 3 .12? 1.222 4.1438-02
7.50 15.697 3.7 80304  32.15 1.213  3.8A7E-02
3.0 0% 3.209 7.S75E<0F 32.1884  1.209 3.5906-02
$.50 14,953 1320 W300E-00  32.215  1.203 3,3448
9.00 14,683 338 7.005€-08 32.242 1197 3.168¢-0R
9.50 14.3%6  3.455 B42E-00 32,207 1.192 2.993%
10.00 96,148 3,518 A366-00 32.290  1.187 2.837¢-OR
10.50 13.918  3.580 AMOE-O0  32.312 1,183 2.49¢£
11.00 13.704 ;um 5.2708-04 32.32 1978 < SORE-QR
11,50 13.508 696 «108E-04  32.350 1,176 2.453E-02
12.00 13.315  35.752 5.9536-040 32.39 3171 2. MU7E~02
12.50 13.13%7 L N S.A00E~-00 32,336  1.167 2.251E~0¢
13.00 12, 3.859 3.675E-04 X WA02 1164 2.1826-02
13.50 t2.80 3,910 S.5486-00  32.417 1.161  2.080€
14.00 12.680 3.980 S.49E-04  32.401 1,158 2.004€
14.50  12.51¢  A.008 «316E-08  32.404  1.755 1.9336-02
15.00 12.380 4.056 +209F=0b  32.457 1,152 1.888€
15.50 2. 4,102 5. 100504 32,489 1.150 1.807e-02
16.00 12,185 447 0126-04  32.480 VLT 1.749€-02
16.50 12, A 192 «92CE-04  32.40 1,145 1.696€
7. 11.892 4,235 4833600 32.502  1.143 1.6A5€-(R
17.50 1.782 4,278 «750E=04  32.511 1,161 1.598¢€-02
18.00 1.6727 439 4.4716-04  32.52) 1139 1.553e-02
18.50 1.576  4.340 GSTSE-OF  32.530 1.3 151162
19.00 1.478 4.400 4.5236-04 32.738 1,135 1.4716-02
19.5%0 386 4,840 CA53E-04  32.546 1,138 1.4338-02
X 11,293 4409 4o -0b  32.554 1,131 1.397€-02
.50 1. 4.51? 4 322E-0¢  32.581 1.130  1.363E-02
21.00 1.9 4,554 4. CME-OF 32,168 1128 1LIE-(R
2L N.A9 45N £.201E-06  32.575 1.127  1.3006~02
22.06  10.9%% 4,027 4.14648~00 32,58 1.125 1.2706-02
22.50  10.882 &.683 4 0B9E-OC 32,587 1.126  1.2426-02




CALCULATED VALUES FROM E 0 5 FOR  0(2) AT 300.0 K.
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Rg. 1. Fig. 3.
Log v, vs log Pin fluid n-Dyat T = 300 K. The Log V vs log P in fluid n-Dy at T = 300 K.
solid line is from a least-squares fit of Eq. (1) to
the data.
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Percentage deviations of the sound velocity Log vs vs log Pin fluid n-Dyat T = 245 K. The
values from the least-squares fit to Eg. (1) for solid line is from a least-squares fit of Eq. (1) to

data of Fig. 1. the data.
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Fig. 10.
Log vavs log Pin fluid n-Daat T = 145 K. The
solid line is from a least-squares fit of Eq. (1) to
the data.
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Log v, vs log Pin fluid n-Dyat T = 102 K. The
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the data.

4
3 J
3
2'5 A

24
15

054 o

04 .2 § %es °

-0-5 H° o0
_.J

-15 °
24

-2:5 -
_s4

-35

-4 T T T T T T T 1

2 . 6 B 0 12z w % w20
Pressure (kbar)

Diff. Sound Vel. Percent

Fig. 14.
Percentage deviations of the sound velocity
values from the least-squares fit to Eq. (1) for
data of Fig. 13.

-
o
——

(cm®/mole)

Volume
s
&
S

K 20
Pressure (kbar)

Fig. 15, .
Log V vs log Pin fluid n-Dyat T = 102 K.

(km/s)

-

Sound Velocity

N

——
Pressure (kbar)

20

Fig. 16.
Log vy vs log P in fluid n-Dyat T = 75 K for
three runs: 0, T = 75.15 K on January 25, 1977;
A, T = 75.20 K on February 7, 1977; and +, T’
= 75.00 K on March 2, 1977.
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Percentage deviations of the sound velocity
values from the least-squares fit to Eq. (1) for
the nine different runs in the temperature
region 2953 + 0.8 K.
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Expansion @oeff, (i0°/%)
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28-0

Fig. 20.
Molar volume of fluid n-D); vs
pressure along five isotherms
computed from Eqs. (4) and (8)
using the smoothed set of con-
stants in Table 1. Soiid line, 300
K; dotted line, 25¢ K; dashed
line, 200 K; short-dashed line,
150 X, and dash-dot line, 100 K.
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Fig. 21. £
Sound velocity of fluid p-D, vs 5
pressure along five isotherms T
computed from Eqs. (4), (7), <
and (8). Symbols are the same =
as in Fig. 20. E
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Fig. 22.
Isobaric thermal expansion
coefficient of fluid r-D, vs
pressure along five isotherms
computed from Egs. (4), (7),
and (8). Symbols are the same
as in Fig. 20.
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Bpecific Beat O(p) (3/mole~%)

Fig. 23
Heat capacity at constant
pressure of fluid n-D; vs

ad N .
o \ pressure along five isotherms
: computed from Eqs. (4), (7),
300 \ and (8). Symbols are the same
\ as in Fig. 20.
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Heat capacity at constant Okl S
volume of fluid n-D, vs pressure S | — \4
along five isotherms computed s x4 7
from Egs. (4), (7), and (8). B A
Symbols are the same as in Fig. & i/ /
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1-300 — Fig 25.
Specific heat rutio of fluid n-D;
— s pressure atong five isotherms
computed from the EOS. Sym-
bols are the same as in Fig. 20.
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Fig. 26. .§' a0 4
Isothermal comnpressibility coef- Ne
ficient of fluid n-D, vs pressure = _~‘\
along five isotherms computed a 2\
from Egs. (4), (7}, and (8). -~ \
Symbols are the same as in Fig. - ;4N\
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55 - T — Molar entropy of fluid n-D,
e— pressure along five isotherms
T computed from the EQS. Sym-
431 bols are the same as in Fig. 20.
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Fig. 29,
Sound velocity of fluid n-D, vs pressure along
two isotherms. The points are calculated from
molar volumes in Table II, where o, T = 300 K
and a, T = 100 K. The smooth curves are by
Kerley, Ref. 14, The lower temperature
isotherm is truncated at the freezing pressure.
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Fig. 28

Log pressure of fluid n-D, vs density along
three isotherms, truncated at the freezing pres-
sure. The points are calculated from molar
volumes in Table II, wheree, T=300K,m , T
= 200 K; and &, T = 100 K. The smooth curves
are derived densities by Kerley, Ref. 14. In ad-
dition, the freezing pressure is indicated by the
horizontal lines.
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