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THERMODYNAMIC PROPERTIES OF FLUID n-D, IN THE
75 TO 300 K AND 2 TO 20-kbair RANGE

by

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

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 o-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 aP, heat capacity at constant pressure Cp, isothermal
compressibility XT, 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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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 megao.v 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 use 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 relationship between pressure, P, volume, V, and absolute
temperature, T, is known in only a limited pressure and temperature region. Solid deuterium
measurement* at low temperature have been made up to 25 kbar,1'1 but most studies of the gas
have been restricted to <3 kbar. Measurements by Michels et a].' 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 Laboratory 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,'1' 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
baBed 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 ands 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 tester.
Temperatures were computed from two external thermocouples previously calibrated against an
in situ thermocouple 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.

Errors 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 at 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

v. = APn , (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
v. • V « constant, as was determined for hydrogen.' Figures 1-18 show the quality of these power-
law fits for six isotherms over the full 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.



III. 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- '")?-1" + (D + ET)P-»" + (F + GT + HT" l /1 + JT" l)P"1 , (2)

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.

CPo(T) = 0.13637T - 5.3300TI/2 + 90.56 - 85.579T-"2 - 956.11T-' . (J/mole-K). (3)

These results are used in the relation for the heat capacity,

( |=3) dP , (4)

and, in turn, in the relation for the sound velocity,

1/2

(5)

The experimental 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.' ho 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 CPo(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 = 3.28433 H = -158.294
D =-25.0897 J =720.003
E = 0.00639169



The values in Table I 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 Eq. (2) with derived values of Michels et al.' and adjusted Eq. (3) for
CPO(T) to give the best fit to both Cv and CP. The resulting fit in Table I also gave the smallest
average percentage volume and sound velocity deviations between the EOS and the data sets of
± 0.22 and ± 0.53, respectively. These P-V-T and v, measurements have provided an EOS for a
previously unexplored region of the P,T plane with an accuracy comparable to that of the data.

The direct measurement of the derivative of the EOS, v, = V/Ml/J[-(8V/8P).] 1/3 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.

Isobaric thermal expansion coefficient: ap = — [•fi.) ' @)

Isothermal compressibility: Xj s ~ 77 l a p / '

Ratio of heat capacities: y = -p? = . \°)

_ l /oV\ 1 ,Q.
Adiabatic compressibility.- y = - TTlapJ ~ 2 • < - a '

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

S(PO,T) - S(P,T) = / ( ^ ) dp , (10)
po NtM/P

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

SP .2 - S(PO,T) = - 9S.830 + 31.715 in (T-10). (J/mole-K) (11)

for fluid Dj in the 75 < T < 300 K region. The assumption was made that rotating molecules in
the seJid 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 for the quantities
V, v», aP) CP, 7, x»> 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 Cv 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 EOS with values measured by Michels et
al.1 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.1 No other sound velocity measurements are
available for comparison.

An EOS was obtained for deuterium by Ashurst1* 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, the 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 Bound
velocities scale within approximately 2% according to kinetic theory, that is, VH,/VD, =
(MDJ/MH,)1 '1 • At low pressures and temperatures, 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.1* No explanation for this isotopic effect has been suggested.

Kerley14 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 II

CALCULATED THERMODYNAMIC PROPERTIES OF n-D2

CALCULATES VALUES FWH E 0 S F H 0(2) AT 75 .0 K.

PtESS. VOU V(S) ALPHA C(P) 6AWA CMKS) EWR0PT

XBM

2.00
2.50
3.00

4!oo
4.50

CC/MX.E

17.952
17.044
16.341
'5.7V0
(5.291
14.879

KH/S

2.090
2.277
2.434
2.571
2.693
2.803

/X

1.9216-03
1.624E-03
1.415E-03
1.259E-03
1.138E-03
1.O40E-O3

J/iWLE-K

32.375
30.596
29.126
27.869
26.769
25.790

1.150
1.135
1.123
1.114
1.106
1.100

/KBM

1.02OE-O1
B.157E-O2
6.843E-O2
5.92OE-O2
5.233E-O2
4.69et-02

33.56
32.02
30.76
29.69
28.76
27.94

CALCULATED VALUES FRO* E 0 S FOR »<2> AT 100.0 K.

PRESS.

KBM

2.00
2.50
3.00
3.50
4.00
4.50
5.00
5.50
6.00
6.50
7.00
7.50

VOL.

CC/MOLE

18.926
17.825
16.995
16.333
15.784
15.319
14.914
14.559
14.241
13.955
13.695
13.457

V(S>

KH/S

2.080
2.266
2.423
2.559
2.681
2.792
2.895

3lO7S
3.157
3.235
3.309

ALPHA

/K

2.210E-O3

il657£-03
1.484E-O3
1.34BE-03
1.2ICS-O3
1.148E-C3
1.072E-33
K007S-03
9.5O5S-C4
9.012E-04
8.576E-O*

C(P>

J/IM.E-K

33.154
32.496
31.947
31.474
31.057
30.483
30.344
30.032
29.743
29.474
29.222
28.983

GAWA

1.257
1.227
1.203
1.185
1.169
1.15?
1.146
1.138
1.130
1.123
1.117
1.112

QU<S> EDTROPT

/KtM

1.0B6E-01
8.618E-C2

6« 1ft7£*4)2
5.449E-O2
4.878E-C2
4.423E-O2
4.050€-O2
3.739E-O2
3.475E-02
3.248E-02
3.0S0C-O2

amu
43.8*
42.01
40.47
39,17
38.03
37.03
36.13
35.11
34.S6
33.87
33.24
32.64

CALCULATED VALUES FRW E 0 S FOR 0(2) AT 125.0 K.

PRESS. VOL.

KBM CC/HOLE

2.00 20.003
2.50 18.692
3.00 ^7.721
3.50 16.958
4,00 16.334
4.50 15.808
5.00 15.357
S.50 14.962
6.00 14.612
6.50 14.298
7.00 14.014
7.50 13.756
8.00 13.518
8.50 13.299
9.00 13.096
9.S0 12.907

10.00 12.730
10.50 12.543
11.00 12.407
11.50 12.259

V<S)

nt/s

2.043
2.228
2.386
2.524
2.647
2.759
2.862
2.957
3.046
3.130
3.201
3.283
3.3S5
3.423
3.486
3.351
3.612
3.670
3.727
3.782

ALPHA

/K

2.195E-03
1.891E-03
1.671E-O3
1.5OSE-O3
1.373E-O3
1.266E-03
1 .V7E-03
1.102E-O3
1.038E-O3
9.818E-O4
9.328E-O4
6.894E-04
8.506E-O4
8.157EKH
7.8426-04
7.555E-O4
7.292E-O4
7.051E-04
6.829E-01
6.624E-04

C(P> 6MWA CHKS) ENTMPT

/WLEHC

33.088
32.860
32.665
32.494
32.341
32.202
32.074
31.954
31.842
31.737
31.637
31.541
31.450
31.363
31.279
31.198 1
31.120
31.044
30.971
30.899

1.306
1.272
1.245
1.224
1.206
1.191
1.778
1.167
1.158
1.150
1.143
.136

1.130
1.125
.121

1.116
1.112
.109

1.105
l.-!02

/KftM

1.190E-01
9.343E-O2
7.724E-O2
6.605E-02
5.783E-O2
S.1S3E-O2
4.6S3E-O2
4.246E-C2
3.908E-02
3.623E-02
3.379E-02
3.167E-O2
2.981E-G2
2.817E-O2
Z.671EHK
2.54CE-Q2
2.421E-O2
2.314E-O2
2.217E-O2
2.127E-O2

J/IWLEHt

$1.6*
49.69
48.07
46.70
4S.S1
44.4S
43.50
42.63
41.84
41.11
40,4*
39.81
39.21
38.65
38.13
37.63
37.15
36.70
36.26
35.85



CALCULATE* VALUES FMH E C S fOK 0 (2) AT 150.0 K.

MESS. VOL. V(S) ALPHA 6AWU CHI(S) ENTMfT

KBM

2.00
2.50

2:84.00
4.50

6.00
6.50

7! 50
8.00
8.50
9.00
9.50

10.00
10. SO
11.00
11.50
12.00
12.50
13.00
13.50
14.00
14.50
15.C0
15.50
16.00

CC/HOLE

21.108
19.583
18.467
17.601
16.899
16.313
15.613
15.378
14.995
14.653
14.344
14.065
13.809
13.573
13.356
13.153
12.964
12.768
12.621
12.465
12.317
12.176
12.0*3
11.916
11.795
11.680
11.569
11.464
11.36?

KM/S

2.008
2.192
2.350
2.489
2.614
2.727
2.831
2.927
3.017
3.102
3.182
3.258
3.330
3.399
3.466
3.529
3.591
3.650
3.707
3.762
3.816
3.666
3.919
3.9M
4.oir
4.064
4.109
4.154
4.198

IK

2.1O3E-Q1
1.626E-03
1.624E-O3
1.469E-03
1.345E-O3
1.244E-03
1.160E-G3
1.089E-03
1.02'E-03
9.7J95-0*
9.2i9£-04
8.851E-04
8.477E-4M
8.140E-0*
7.834E-0*
7.556E-O*
7.302E-04
7.0685-0*
6.852E-O4
6.6S1E-0*
6.465E-0*
6.292E-0*
6.1306-04
5.978E-O*
5.8I5E-O*
5.701E-O4
5.S74E-04
5.454E-04
5.341E-O4

J/WLE-K

32.7M
32.714
32.677
32.642
32.607
32.573
32.539
32.507

32^*43
32.412
32.382
32.352
32.323
32.294
32.26S
32.237
J2.2OV
32.182
32.155
32.128
32.101
32.075
32.0*9
32.033
31.998
31.973
31.946
31.923

1.329
1.296
1.269
1.247
1.229
1.214
1.200
1.189
1.179
1.170
1.162
1.155
1.149
1.143
1.138
1.133
1.129
1.125
1.121
H.11S
1.115
1.112
1.109
1.106
1.104
1.101
1.099
1.097
1.095

<KV*

1.299EHJ1
1.011E-01
8.297E-02
7.050E-O2
6.139E-O2
5.445E-O2
4.898E-02
4.454E-O2
4.C88E-O2
3.779E-O2
3.S16E-O2
3.289E-O2
3.090E-O2
2.915E-O2
2.76OE-O2
2.621E-O2
2.496E-02
2.382E-O2
2.279E-O2
2.185E-O2
2.099E-02
2.O19E-O2
1.946E-02
1.878E-O2
1.814E-0Z
1.755E-O2
1.70OE-O2
T.649E-O2
1.600E-02

J/HOLE-K

57.89
55.91
54.27
52.88
S1.67
50.60
49.63
48.76
4?.95
47.21
46.52
45.88
45.28
44.71
44.17
43.66
43.18
42.71
42.27
41.85
41.44
41.05
40.67
40.31
39.94
39.62
19.30
38.98
38.67

CALCULATE* VALUES FROH E 0 S FW» 0(2) AT 175.0 K.

MESS. VOL.

KBM CC/HOLE

2.00 22.21

19.217
16.247
17.468
16.821
16.272
15.797
15.380
15.010
14.678
14.377
14.102
13.650
13.(18
13.403
13.202
13.014
12.638
12.673
12.516
12.369
12.228
12.095
11.968
11.847
11.751
11.621
11.514
1K412
11.314
11.220
11.129
11.042
10.957
10.675
10.796
10.720

VIS)

m/s
1.982
2.164
2.321
2.460
2.585
2.699
2.604
2.901
2.99?
3.178
3.158
3.335
3.308
3.378
3. US
3.510
3.571
3.631
3.689
3.745
3.799
3.652
3.903
3.953
4.002
4.0*9
4.095
4.1*1
4.185
4.228
4.270
4.312
4.353
4.392
4.432
4.*70
4.506
4.545

ALPHA

IK

1.996E-03
1.745E-C3
1.S60MU
1.417E-O3
1.3C2E-C3
1.2O8E-C3
1.129E-03
1.062E-O3
1.0O4E-O3
9.5J2S-O*
9.065E-O4
6.687E-04
6.330E-04
8.CO6E-O*
7.716E-04
7.449E-0*
7.205E-O4
6.980R-O*
6.772C-O*
6.579E-O*
6.400E-O*
6.232E-O*
6.076E-0*
5..929E-0*
5.791E-0*
5.661E-04
5.538E-O*
5.422E-O4
5.312S-04
5.207S-O4
S.106E-O4
5.01JE-O*
4.923E-C4
4.837E-O*
4.755E-O4

C(P) 6W«a CHI (5) WTHOPT
/nut J/BOLE-K

*.601E-0*
4.529E-O*

32.359
32.413
32.453
32.483
32.505
32.523
32.536
32.546
32.553
32.559
32.562
32.564
32.565
32.564
32.563
32.560
32.557
32.554
32.549
32.545
32.539
32.534
32.528
32.521
32.514
32.507

& 4 9 3
32.485
32.477
32.469
32.461
32.452
32.444
3J.435
32.426
32.O8
32.409

1.3*1
1.310
1.285
1.2(4
1.2*6
1.230
1.217
1.206
1.195
1.186
1.178
1.171
1.164
1.158
1.153
1.t*8
1.143

139
1.135
1.132
1.128
1.125
1.122
1.119
1.116
1.114
1.112
1.109
1.107
1.105
1.103
1.102
1.100
1.098
1.097
1.09S
1.C94
1.092

;,*O*E-OI
1.W5E-O1
8.8S3S-G2
7.483E-OZ
6.487E-02
5.731E-O2
5.137E-O2
4.658E-O2
4.264E-02
3.933E-C2

3.196E-O2
J.012E-O2
2.847E-O2
2.70CE-02
C.569E-C2
2.U9C-O2
2.341E-O2
2.242E-O2
2.152E-O2
2.069E-O2
1.992E-O2
1.921E-O2
1.855E-02
1.793E-O2
1.736E-O2
1.M2E-O2

.632E-02
.584E-O2
.54OE-O2
.498E-O2
•458E-O2

1.420E-02
1.335E-02
1.351E-O2
1.318E-02
1.288E-O2

63.11
61.12
59.48
58.0»
54.88
55.81

53^96

a.H
52.42
51.73
51.08
50.48
49.91
49.37
48.85
48.37
47.90
47.46
47.03
46.62
46.23
45.85
45.49
45.13
44.79
44.46
44.14
43.33
43.55
43.24
42.95
42.68
42.41
42.14
41.69
41.63
41.39



CALCULATED VALUES FftOH E 0 S F M 6(2) AT 200.0 K.

PftESS. VOL. VCS)

KBM

1:1
3.50
4.00
4.50
5.00
S.50
6.00

?*QQ
7*50
8.00
8.50
9.00
9.50

10.00
10.50
11.00
11.50
12.00
12.50
13.00
13.50
14.00
14.50

%&
16.00
16.50
17.00
17.50
19.00
18.50
19.00
19.50
20.00
20.50
21.00
21.50
22.00
22.50

CC/MOLE

23.323
21.368
19.965
18.893
18.035
17.328
16.731
16.216
15.766
15.367
15.4M
14.689
14.396
14.127
13.881
13.652
13.440
13.241
13*066
12 881
12.717
12.561
12.414
12.274
12.142
12.015
11.894
11.778
11.667
11.561
11.459
11.361
11.266
11.175
11.087
11.003
10.921
10.841
10.764
10.690
10.617
10.547

KH/5

1.964
2.143
2.299
2.437
2.562
2.676
2.781
2.879
2.971
3.057
3.139
3.216
3.290
3.360
3.428
3.493
3.555
3.615
3.674
3.730
3.785
3.838
3.890
1940
3.989
4.037
4.093
4.129
4.173
4.217
4.260
4.302
4.343
4.383
4.422
4.461
4.499
4.536
4.573
4.409
41645
4.6*0

ALPHA

/K

1.890E-03
1.664E-03
1.49SE-Q3
1.363E-03
1.2S6E-03
1.168E-O3
1.W4E-03
1.031E-03
9.7656-04
9.285E-04
8.862E-O4
J.484E-04
8.144E-Q4
7.838E-O4
7.559E-O4
7.3O4E-O4
7.070E-O4
6.854E-O4
6.655E-O4
6.470E-0*
6.297E-04
6.136E-04
5.986E-0*
5.844E-M
5.711E-O4
5.586E-04
5.467E-0*
5.355E-O4
5.248E-04
5.147E-04
5.C51E-O4
4.960E-04
4.873E-04
4.789E-04
4.709E-04
4.633E-04
4.560E-04
4.490E-04
4.422E-04
4.359E-O4
4.295E-O4
4.235E-O4

C<t>>

J/MLEHC

32.001
32.101
32.178
32.241
32.293
32.336
32.373
32.405
32.433
32.457
32.478
32.497
32.514
32.528
32.541
32.553
32.563
32.572
32.580
32.587
32.594
32.599

H:&
32.612
32.415
32.617
32.619
32.621
32.622
32.623
32.623
32.623
32.623
32.623
32.622
32.621
32.620
32.618
32.617
32.615
32.613

GAWA CMI<S> Bmton

1.347
1.319
1.296
1.276
1.258
1.244
1.231
1.219
1.209
1.200
1.192
1.185
1.178
1.172
1.166
1.161
1.156
1.152
1.148
1.144
1.140
1.137
1.134
1.131
1.128
1.126
1.123
1.121
1.119
1.116
1.114
1.112
1.111
1.109
1.107
1.106
1.104
1.102
1.101
1.100
1.098
1.097

/KIM J/NX.E-K

1.501E-01
1.155E-O1

7J
6.B1SE-02

58.48
57.68

ft?
55.6
55.
54.43
53.89
53.38
52.89
52.43
51.99
51.56
51. IS
50.76
50.38
50.02
49.66
49.32
48 99
46.67
4S.36
48.06
47.77
47.48
47.20
46.93
46.67
46.41
46.16
45.91
45.67
45.43
45.20
44.98

2.203E-O2
2.116E-02
2.O36E-O2
1.962E-O2
1.894E-02
1.830E-O2
1.770E-02
1.715E-O2
1.662E-02
1.613S-C2
1.567E-O2
1.524E-O2
1.4B3E-02
1.444E-02
1.407EHB
1.372E-O2
1.339E-O2
1.3C7E-O2
1.277E-02
1.249E-O2
1.221E-O2
1.195E-O2



CM.CUUTEO VALUES FftOH E 0 S f « 0(2) AT 225.0 K.

PRESS. VOL.

KBM CC/HM.E

2.00 24.422
2.50 22.254
3.00 20.70*
3.50 19.534
4.00 18.600
4.50 17.833
5.00 17.187
5.50 16.633
6.00 16.150
4*50 15.723
7.00 15.342
7.50 14.999
8.00 14.6*8
8.50 14.404
9.00 14.142
9.50 13.901

10.00 13.677
10.50 13.468
11.00 13.273
11.50 13.089
12.00 12.917
12.50 12.754
13.00 12-600
13.50 12.*S4
14.00 12.315
14.50 12.183
15.00 12.056
15.50 11.936
16.00 11.820
16.50 11.710
17.00 11.604
17.50 11.502
18.00 11.404
18.50 11.30*
W.OO 11.218
19.50 11.130
20.00 11.045
20.50 10.963
21.00 10.8*3
21.50 1O.«C6
22.00 10.7H
22.50 10.659

V(S>

KH/S

1.952
2.128
2.282
2.420
2.544
2.658
2.763
2.862
2.953
3.040
3.122
3.200
3.274
3.345
3.413
3.478
3.541
3.602
3.661
3.717
3.773
3.826
3.878
3.929
3.978
4.026
4.073
4.119
4.164
4.208
4.251
4.293
4.334
4.374
4.414
4.4SJ
4.491
4.539
4.5*6
4.602
4.6J8
4.673

M.PNA

/K

1.793E-O3
1.587E-O3
1.4326-03
1.31OE-O3
1.211E-O3
1.129E-03
1.O6OE-O3
1.0O0E-O3
9.487C-04
9.03*E-04
8.632E-G*
8.273E-04
7.950E-O4
7.458E-04
7.391E-04
7.148E-04
6.924E-04
6.718E-04
6.S26E-04
6.349E-04
6.183E-04
6.028E-0*
S.883E-O4
5.747E-O4
5.619E-04
5.498E-O4
5.383E-O4
5.275E-O4
S.172E-O4
5.075E-O4
4.982E-O4
4.893E-O4
4.809E-O4
4.728E-04
4.651E-04
4.57VE-O4
4.506E-C4
4.4JSE-04
4.372E-O4
4.310E-04
4.249E-O4
4.19H-04

C(P) <

/HOLE-K

31.715
31.837 1
31.934
32.013
32.079 1
32.136
32.185 1
32.228 1
32.266 1
32.301 1
32.331 1
32.359 1
32.384 1
32.406 1
32.427 1
32.446 '
32.464 1
32.480
32.495 1
32.508 '
32.521 1
32.532 1
32.543 1
32.553 1
32.562 '
32.571 1
32.579 1
32.586
32.593
32.599 1
32.605 1
32-611 1
32.616 1
32.620 1
32.624 1
32.628 1
32.632 1
32.635
32.638 1
32.641 1
32.643 1
32.645 1

1.350
32S

1.303
.284
.268

1.254
.242
.230

1.221
1.212
.204
.196
.190
.184
.178
.173
.168
.163

1.159
.155

1.152
.148
.145
.142

1.139
.136
.134
.131
.129
.127
.125
.123
.121

1.119
.117
.115
.114
.112
.111
.109
.108
.107

0 U < » EOTftOPT

/KMft

1.591E-01
1.22GE-O*
9.869E-4K
8.281E-O2
7.132E-02
6.26*6-02
S.HSE-02
5.041E-0Z
4.595E-O2
4.222E-O2
3.W7E-O2
3.634C-O2
3.4O1E-O2
3.195E-O2
3.O13E-4J2
2.652E-02
2.707E-O2
2.5746-02
2..458E-O2
2.351E-OZ
2.2S2E-O2
2.162E-02
2.O79E-O2
2.002E-O2
1.931E-02
1.665E-02
1.804E-O2
1.746E-O2
1.692E-O2
1.641E-02
1.S94E-02
1.549E-02
1.507E-O2
1.467E-C2
1.429E-O2
1.393E-O2
1.359E-O2
1.326E-02
1.296E-02
1.Z66C-02
1.2386-02
1.211E-O2

J/MH.EHC

71.50
49.54
67.92
66.55
65.35
64.28
63.32
62.^.5
61.66
60.92
60.23
59.59
58.99
58.42
57.89
57.38
56.89
56.43
55.99
5S.S6
55.16
54.76
54.39
54.02
53.67
53.33
53.00
S2.68
52.37
52.07
51.78
51.49
51.21
50.94
50.68
50.42
50.17
49.92
49.68
49.45
49.22
48.99

10



CALCULATED VALUES FROM E 0 S F M D O Af 250.0 K.

PRESS. VOL.

KBM CC/ROLfc

25.513
23.135
21.448
20.172
19.162
18.335
17.641
17.048
16.532
16.077
15.673
15.309
14.979
14.679
14.403
14.149
13.913
13.694
13.489
13.297
13.116
12.944
12.785
12.612
12.487
12.350
12.218
12.093
11.973
11.858
11.748
11.642
11.541
11.443
11.348
11.257
11.169
11.084
11.002
10.922
10.8*5
10.?70

VCS) ALPHA CtP) 6*mA CHI(S) ENTROfT

KK/S /K J/MOLE-K /KBM J/MH.EHC

7.00
7.50
8.00
8.50
9.00
9.50

10.00
10.S0
11.00
11.50
12.00
12.50
13.00
13.50
14.00
14.50
15.00
15.50
16.00
16.50
17.00
17.50
18.00
18.50
19.00
19.50
20.00
20.50
21.00
21.50
c2.00
22.50

1.945
2.116
2.270
2.406
2.530
2.644
2.749
2.847
2.939
3.026
3.106
3.186
3.260
3.332
3.400
3.466
3.529
3.590
3.649
3.706
3.762
3.815
3.868
3.V19
3.968
4.017
4.064
4.110
4.155
4.199
4.243
4.295
4.326
4.367
4.407
4.146
4.495
4.522
4.560
4.596
4.632
4.668

1.704E-03
1.517E-03
1.374E-03
1.261E-03
1.168E-03
1.092E-03
1.027E-03
9.706*44
9.218E-04
8.789E-04
8.406E-04
8.0666-04
7.759E-04
7.4806-04
7.225E-04
6.9926-04
6.7786-04
6.580E-04
6.3976-04
6.2266-04
6.067E-04
5.9186-04
5.778E-04
5.6476-04
5.5236-04
5.4C6E-04
S.296E-04
5.1916-04
5.Q92E-04
4.996E-04
4.908E-04
4.822E-04
4.740E-04
4.662E-04
4.587E-04
4.515E-O4
4.447E-04
4.381E-C4
4.317EH*
4.256E-O4
4.197E-04
4.K1E-04

31.517
31.649
31.754
31.841
31.915
31.978
32.033
32.GB2
32.125
32.164
32.199
32.232
32.261
32.288
32.313
32.336
32.357
32.377
32.395
32.412
32.428
32.444
32.458
52.471
32.483
32.495
32.506
32.516
32.526
32.535
32.544
32.552
32.560
32.567
32.574
32.581
32.587
32.593
32.598
32.604
32.608
32.613

1.351
1.328
1.308
1.291
1.276
1.262 <
1.250
1.240
1.230 i
1.221 -
1.2U
1.206
1.200
1.194 .
1.188 :
1.183
1.178
1.174
1.169
1.165
1.162
1.158
1.155
1.152
1.149
1.146
1.144
1.141
1.139
1.136 1
1.134 1
1.132 '
1.130 <
1.128 1
1.126 '
1.125 '
1.123
1.121
1.120 •
1.118 '
1.117
1.115

1.674E-01
1.280E-01
1.033E-O1
I.646E-02
7.429E-O2
J.510E-O2
;.794C-02
i.22«-O2
k.750EHJ2
k35SC-O2
kO27E*1K
5.743E-C2
L497E-O2
J.282E-O2
S.WJE-02
i.923EHS
J.773EHJ2
5.637E-O2
J.514E-O2
J.402EHH
J.JOOE-02
J.2O7E-O2
M21E-O2
!.041E-Oi
I.968E-O2
I.900E-O2
I.836E-O2
I.777E-02
I.721E-02
I.669E-02
I.620E-02
1.5746-02
I.53OE-O2
E.489E-O2
I.4S0E-O2
I.413E-O2
1.3786-02
I.345E-O2
I.313E-O2
I.283E-O2
I.2S4E-O2
1.2276-02

74.99
73.04
71.43
70.07
68.88
67.82
66.87
66.00
65.21
64.47
63.79
63.15
62.55
61.99
61.4*
60.95
60.47
60.00
59.56
59.14
S8.74
58.35
57.97
57.61
57.26
56.92
56.59
56.27
55.96
55.66
55.37
55.06
54.81
54.54
54.27
54.01
53.76
53.52
53.28
53.04
52.91
52.59

11



CALCULATED VALUES FROM E 0 S F M 0(2) AT 275.0 K.

MESS. VOL.

am CC/MOU

V(S>

OJ/S

19.7 _
18.934
18.093
17.460
16.912
16.430
16.001
15.617
15.269
14.953
14.663
14.396
14.148

r
13.515
13.137
12.969
12.810
12.660
12.516
12.380
12.250
12.125
12.006
11.892
11.782
11.677
11.576
11.478
11.38*
11.293
11.206
".1.121
11.059
10.959
10. M2

2.519
2.632
2.737
2.835
2.927
3.014
3.096
3.174
3.249
3.320
3.389
3.455
3.518
3.580
3.639
3.696
3.752
3.806
3.659
3.910
3.960
4.008
4.056
4.1C2
4.147
4.192
4.235
4.278
4.319
4.360
4.400
4.640
4.479
4.5»?

4*501
4.627
*.66J

ALPHA

/K

1.62*6-03
1.452E-03
1.320
1 .215E- . .
1.129E-03
1.057E-O3
9.9S4S-04
9.425E-O4
9.9636-04
8.S56E-O4
8.19J£-<K
7.8686-04
?.S75E-O4
7.3(386-04
7.0656-04
6.6426-04
6.636C-O4
6.4466-04
6.2706-04
6.1066-04
5.9536-04
5.8C9E-O4
5.6756-04
5.5486-04
5.4296-04
S.316E-O4
5.209F.-O4

5.0126-04
4.920E-O4
4.833E-O4
4.7S0E-04
4.671E-04
4.595E-04
4.5236-0*
4.4536-04
4.5866-04
4.J22E-0*
4.2616-04
4.20!£-04
4.1*46-0*
4.089E-0*

C<»

1/WX.Z-K
31.412
31.548
31.656
31.745
31.821
31.887
31.945
31.996
2.0*2
2.083

CAWA CHI(S> ENTKOPT

32.186
32.215
32.242
32.267
32.290
32.312

S3?
32.369
32.386
32.402
32.417
32.431
32.444
32.457
32.469
32.480H ^
32.511
32.521
32.530
32.538
32.546
32.554
32.561
32.568
32.575
32.581
32.587

1.351
1.330
U312
1.296
1.281
1.269
1.257
1.247
1.238
1.230
1.222
1.215
1.20*
1.203
1.197
1.192
1.187
1.183
1.17ft
1.174
1.171
1.167
1.164
1.161
1.158
1.155
1.152
1.150
1.147
1.145
1.143
1.141
1.139
1.137
1.135
1.133
1.131
1.130
1.128
1.127
1.125
1.124

/KBM J/HOLE-*

1.752E-O1
1.3376-01
1.077.
8.994E-
7.7126-__
6.7466-02
S.9946-02
5.391J-O2
4.S99E-02
4.4896-

3.5906-02
3.3666-02
3.168E-O2
2.9936*02
2.837E-O2
2*3966-02
2.568E-02
2.453E-O2
2.347E-O2
2.251E-O2
2.1626-02
2.08OE-O2
2.004E-02
1.933E-O2
1.868E-O2
1.8O7E-O2
1 7 9 C 21 . E C 2
1.696E-02
1.6456-02
1.598E-O2
1.S53E-02
1.511E-O2
1.471E-02
1.433E-02
1.397E-O2
1.363E-02
1.331E-02
1.3006-02
H.270E-O2
1.242E-O2

7^24
72.06
71.00
70.06
69.20
68.41
67.6*
67.00
66.37
65.77
65.21
64.68
64.17
63.69
63.23
62.79
62.37
61.97
61.58
61.20
6 a 84
60.49
60.15
59.83
59.51
59.20
58.90
58.61
58.33
58.05
57.78
57.52
S7.26
57.01
56.77
56.53
56.29
56.06
55.84

1.2



CALCULATE VALUES ffiOH E 0 S FM 0<2) AT 300.0

MESS. VOL.

ROM CC/HOU

2.00 17.672
2.50 24.878
3.00 22.912m

19.330
W.542
17.871
17.290
16.780
16.328
15.923
15.558
15.225
14.921
14.641
14.382
14.142
13.918
13.709
13.512
13.327
13.153
12.9S8
12.831
12.682
12.541
12.406
12.2.7
12.154
12.035
11.922
11.813
11.709
11.608
11.511
11.417
11.326
n.230
11.154
H.Q?2

V(S)

m/s
1.940
2.107
2.255
2.388
2.510
2.623
2.727
2.825
2.917
3.003
3.086
3.164
3.239
3.310
3.379
3.U5
3.509
3.570
3.630
3.647
3.743
3.798

us
3.952
4.001
4.048
4.095
4.140
4.185
4.228
4.271
4.313
4.354
4.394
4.434
4.473
4.511
4.549
4. $86
4.622
4.658

ALPtM

/K

1.S5U-43
1.3936-03
1.27OE-O3
1.172E-O3

0»»<J31.0»»<J3
1.024E-O3
9.661E-04
9.161E-04
8.723E-04
8.336E-O4
7.991E-04
7.680E-O4
7.400E-O4
7.U5C-O4
6.912E-O4
6.69M-04
6.501E-O4
6.318C-04
6.148C-04
5.990E-O4
S.S43E-O4
5.704E-O4
5.574E-O*
5.452E-O4
5.337E-O4
5.228E-O4
5.124E-O4
5.026E-04
4.933E-04
4.845E-04
4.761E-04
4.680E-04
4.603C-O4
4.53OE-O4
4.459E-O4
4.391C-O4
4.327E-O4
4.264C-O4
4.204E-O4

7O
4.091E-04
4.0J8E-O4

C(P)

J/HOLEHC

31.401
31.535
31.643
31.733
31.809
31.875
31.933
31.985
32.031
32.073
32.111
32.146
32.179
32.208
32.236
32.262
32.286
32.308
32.329
32.349
32.368
32.386
32.402
32.418
32.433
32.447
32.461
32.474
32.486
32.498
32.509
32.5?O
32.530
32.540
32.54*
32.55*
32.566
32.575
32.583
32.590
32.597
32.60*

CAJWA CHHSJ yawn

J/HOLE-K

1.3-5.9
1.330
t.3|3

U285

1.253

1.824C-01

1 .
1 . . . .
1.195
1.190
1.186
1.182
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1.175
1.172
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1.163
1.160
1.158
1.155
1.153
1.151
1.149
1.146
1.144
1.143
1.141
1.139
1.137
1.136
1.134
1.133

1.118C-01
9.325E-O2
7.964E-02
6.97

§!SSK-O2
5.044E-02

80.99
79.07
77.48
76.13
74.95
73.91
72.*6
72.11
71.32
70.60

3. 2431-02
3.062E-02
2.899E-QZ
2.753E-O2
2.622E-0?
2.SQ2E-HK
2.393E-O2
2.293E-O2
2.2O2E-4B
2.117E-O2
2.039E-02
1.967E-02
1.899E-02
1.836E-02
1.777E-02
1.722E-02
1.671E-02
1.622E-O2
1.576E-02
1.533E-02
1.4926-02
1.4S3E-O2
1.416E-O2
1.381E-O2
1.348E-O2
1.316E-02
1.286E-02
1.258E-O2

8&
66.63
66.17
65.73
65.31
64.91
64.52
64.15
63.79
63.44
63.10
62.78
62.46
62.15
61.86
61.57
61.28
61.01
60.74
60.48
60.22
59.97
59.73
59.49
59.25
59.03
58.60
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Fig. 1.
Log t>. vs log P in fluid n-Dt at T - 300 K. The
solid line is from a least-squares fit ofEq. (1) to
the data.
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Fig. 3.
Log Vvslag P in fluid n-D, at T = 300 K.
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Fig. 2.
Percentage deviations of the sound velocity
values from the least-squares fit to Eq. (I) for
data of Fig. 1.

Fig. 4.
Log v, vs log P in fluid n-Dt at T- 245 K. The
solid line is from a least-squares fit ofEq. (1) to
the data.
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Fig. 6.
Log V vs log P in fluid n-Dt at T = 245 K.
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Percentage deviations of the sound velocity
values from the least-squares fit to Eq. (I) for
data of Fig. 7.
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Fig. 11.
Percentage deviations of the sound velocity
values from the least-squares fit to Eq. (1) for
data of Fig. 10.

E

Prosur* (kbar)
20

Fig. 10.
Log VB VS log P in fluid n-Dt at T = 245 K. The
solid line is from a least-squares fit ofEq. (1) to
the data.
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Fig. 12.
Log V vs log P in fluid n-Dt at T = 145 K.
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Fig. 13.
Log v, vs log P in fluid n-Dt at T = 102 K. The
solid line is from a least-squares fit of Eq. (1) to
the data.
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Fig. 15.
Log V vs log P in fluid n-Dt at T * 102 K.
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Fig. 14.
Percentage deviations of the sound velocity
values from the least-squares fit to Eq. (1) for
data of Fig. 13.

Fig. 16.
Log v, vs log P in fluid n-Dt at 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
data of Fig. 16.
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Fig. 18.
Log V vs log P in fluid n-Di at T ^ 75 K for
three runs with symbols as in Fig. 16.
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Fig. 20.
Molar volume of fluid n-D2 vs
pressure along five isotherms
computed from Eqs. (4) and (8)
using the smoothed set of con-
stants in Table I. Solid line, 300
K; dotted line, 250 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 Q-Dt vs
pressure along five isotherms
computed from Eqs. (4), (7),
and (8). Symbols are the same
as in Fig. 20.
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Fig. 22.
Isobaric thermal expansion
coefficient of fluid n-D2 vs
pressure along five isotherms
computed from Eqs. (4), (7),
and (8). Symbols are the same
as in Fig. 20.
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Fig. 23.
Heat capacity at constant
pressure of fluid n-Dt vs
pressure along five isotherms
computed from Eqs. (4), (7),
and (8). Symbols are the same
as in Fig. 20.
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Fig. 24.
Heat capacity at constant
volume of fluid n-Dt vs pressure
along five isotherms computed
from Eqs. (4), (7), and (8).
Symbols are the same as in Fig.
20.
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Fig 25.
Specific heat ratio of fluid n-D2

vs pressure along five isotherms
computed from the EOS. Sym-
bols are the same as in Fig. 20.
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Fig. 26.
Isothermal compressibility coef-
ficient of fluid n-Di vs pressure
along five isotherms computed
from Eqs. (4), (7), and (8).
Symbols are the same as in Fig.
20.
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Fig. 27.
Molar entropy of fluid n-Dt

pressure along five isotherms
computed from the EOS. Sym-
bols are the same as in Fig. 20.
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Fig. 28
Log pressure of fluid Q-O, US density along
three isotherms, truncated at the freezing pres-
sure. The points are calculated from molar
volumes in Table II, where ;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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Fig. 29.
Sound velocity of fluid o-Dt vs pressure along
two isotherms. The points are calculated from
molar volumes in Table II, where m, 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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