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Thermodynamic Properties of D,0 in the Critical Region

B. Kamgar-Parsi

Institute for Physical Science and Technology, University of Maryland, College Park, Maryland 20742

J. M. H. Levelt Sengers

Thermophysics Division, National Bureau of Standards, Washington, DC 20234

and

J. V. Sengers

Institute for Physical Science and Technology, University of Maryland, College Park, Maryland 20742 and Thermophysics Division, National
Bureau of Standards, Washington, DC 20234

An analysis is presented of the thermodysanic propertics of D,O in the critical region.
It is shown that the data can be represented by the same revised and extended scaled
fundamental equation formulated earlier for the thermodynamic properties of H,O in
critical region. The equation is valid in the range 220-465 kg/m” in density and 638-683 K
in temperature. Tabulated values of the thermodynamic properties of D,O in the critical
region are presented. A comparison with a comprehensive analytic fundamental equation,
recently formulated by Hill and co-workers, is included in the paper.

Key words: critical parameters; critical region; energy; enthalpy; entropy; equation of state; heavy
steam; heavy water; sound velocity; specific heat; thermodynamic properties; critically evaluated
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1. Introduction

The modern theory of critical phenomena predicts that
the singular behavior of the thermodynamic properties of
fluids in the vicinity of the critical point satisfies scaling laws
with universal critical exponents and scaling functions.™ A
revised and extended scaled fundamental equation that in-
corporates the theoretical predictions for the asymptotic
critical behavior was earlier formulated and shown to repre-
sent the thermodynamic properties of H,O in the critical
region 3 In this paper weuse the same fundamental aquation
to analyze and represent the available experimental informa-
tion for D,Q in the critical region. We present detailed com-
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parisons of the scaled fundamental equation with the experi-
mental data and give tabulated values, derived from our
fundamental equation, for the pressure, energy, enthalpy,
entropy, specific heats at constant pressure and at constant
volume, and velocity of sound.

A global fundamental equation for the thermodynamic
properties of D,0, which is analytic at the critical point, was
recently formulated by Hill, MacMillan, and Lee.* We in-
clude also a comparison between our nonanalytic fundamen-
tal equation and the analytic fandamental equation of Hill et
al.

2. Fundamental Equation

Our fundamental equation involves a relationship
between the intensive thermodynamic variables pressure P,
chemical potential 41, and temperature 7. Specifically we

J. Phys. Chem. Ref. Data, Vol. 12, No. 3, 1983
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consider the reduced variables

~ T, T, ~ T,
P=Lf. e gL P Fo_—=
T P, T P T
where P, is the critical pressure, T, the critical temperature,
and p, the critical density. The fundamental equation yields
the thermodynamic potential P as a function of /2 i and Tand

has the form

P=DByT)+ 4Aji + P,,AaAT + AP, 2)
with

A:T; E_? +1, 3).

Afi =i — oT). @)

-Here Py(T') and jio(T ) are analytic functions of A7, while AP
contains the singular, i.e., nonanalytic, contributions to the
potential P. The equations for these functions are fully speci-
fied in Appendix A. The analytic functions are represented
by truncated power series in terms of A7, while the singular
part APis related to Az and AT with the aid of two auxiliary
(parametric) variables 7 and 6. '

The fundamental equation contains the following con-
stants: Three critical parameters P_, T, p. which specify the
reduced variables defined in Eq. (2.1), three critical expo-
nents B, 8, 4,, and five parameters a, ko, &y, C, b? in the
singular contribution AP, four background parameters B,

P, P,, P, that specify the analytic contributions to Pasa

function of AT and AjZ, and four background parameters /.,
f1s L2 f15 that specify the analytic contributions to the ca-
loric properties as a function of temperature. The critical
exponents 3, 8, 4, and the parameter b ? in APare universal,
i.e., independent of the nature of the fluid; hence, for D,O
they have the samc valucs as previously adopted for H,O. 3
The coefficients a, ko, k,, and ¢ in the equations for AP are
adjustable amplitudes that depend in principle on the nature
of the fluid; however we find that for D,O these coefficients
have, within currently available experimental accuracy, the
. same values as found for H,O. Hence the only constants for
D,0 that differ from those for H,O are the critical param-
eters P, T;, p. and the analytic background parameters B,
P,, P, P, and fi_, fi,, ii,, i for the pressure and the caloric
properties.

The valucs of the constants in this fundamental cqua-
tion for D,0 are listed in Appendix B. The equation is valid
in a range of temperatures and densities bounded by

638 K<T<G683 K,

o ‘ )

220 kg/m3<p<465 kg/m’.

In terms of reduced variables this range is identical to the
range over which our revised and extended fundamental
equation was found to be valid for H,0.* All temperatures
quoted in this paper correspond to the International Practi-

cal Temperature Scale of 1968 (IPTS-68).°

3. Data Sources

A survey of the available literature concerning the ther-
modynamic properties of D,0 is included in the article of
Hill et al. in this journal.* A list of data sources, that contain
relevant experimental information in the range of densities
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and temperatures considered here, is given in Table 1. Most
of the experimental information in this range originates from
research groups in the Soviet Union: In particular PV'T data
have been reported by Rivkin and Akhundov,® Tsederberg et
al.’ and Aleksandrov et al.,!! C, data by Rivkin and
Egorov’ and C, data by Amirkhanov et al.’® The PV'T data
and C, data of Rivkin and co-workers®’ represent the major
source of information for determining the thermodynamic
surface of D,Q in the vicinity of the critical point, while the
PVT data of Tsederberg et al.® and of Aleksandroy et al.'!
give valuable supplementary information. An experimental
determination-of the critical-temperature-and-pressure-was
made by Blank in the Federal Republic of Germany.? A set
of high-quality PV'T" data was recently obtained by Kell at
the National Research Council in Canada'?; most of these
data are outside the critical region but a few points at 673.15
K are inside the region considered here. The temperatures
T,s on IPTS-48 in Refs. 6-10 were converted to tempera-
tures Tz on IPTS-68. At temperatures near the critical tem-
perature the correction amounts to’

Tes = Tys + 0.077 K. (6)

The experimental PVT data of Rivkin and Akhundov®
refer to a sample with 0.13% mole fraction of H,O. We
therefore applied an impurity correction to the data using
the method described by Hastings ez al.'® The pseudocritical

-parameters-of - the-gas-with-impurity-are-assumed-to-vary

linearly with the mole fraction x of the impurity
T (x) =T, (O)[1 +fx],
P(x) =P, (0)[1+gx], (7
Velx)=V.(O)[1 + (f—gx].

From an interpolation between the critical parameters of
H,0 and D,0 we estimate

F=000489, g=0.01697. . (8)

The correction can either be entered as a correction 8P to the
observed pressure P, at constant mass density p and con-
stant temperature 7,

P pure =P, obs + 5P . (93)
with
oP Myo
of [ - HO
Al e 280 )t (-8 55 o
T { oP
. ( 2] (o)

Table 1. Data sources.

Property First author Ref.  Year
PYT Rivkin 6 1962-1963
C, Rivkin 7 1962-1963
P.T. Riank ] 1968
PYT Tsederberg 9 1973
C, Amirkhanov 10 1973
PYT Aleksandrov 11 1976
PyT Kell 12 1982
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or as a correction 8p to the observed density p., at constant
pressure P and constant temperature T,

ppure =p0bs + 6p
with
%
P

(10a)

= —sf(1-22 ) (g

Mp,o

+onle=r3(57), 1]

Here K. = p~'(dp/3P); is the isothermal compressibility,
while my , and my, , represent the molar mass of H,O and

(10b)
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2 T [ T | T -

653.227K
| 648.217K’

D,0, respectively. The same method for treating the impuri-
1y corrections was adopted by Hill and co-workers.*

The corrections 5P.and 6p, thus calculated with the aid
of a preliminary fit to the uncorrected data, are shown in
Figs. 1 and 2. We verified that the final equation of state
parameters were the same regardless of whether we applied
the corrections to the pressure or the density. In practice, we
found it most convenient to correct the pressures at given
densities rather than the densities at given pressures. From
Fig. 1 we see that the corrections 8P are small.

We note that this method for treating impurity correc-
tions assumes that the properties of the fluid with a given
amount of impurity are related to those of the pure fluid by a
law of corresponding states. This assumption is in disagree-
ment with the theory of Griffiths and Wheeler which asserts
that the asymptotic critical behavior of a mixture is-analo-
gous to that of a pure fluid only if an intensive variable is kept
constant.!® Hence, our method of correcting for the H,0
impurity cannot be strictly correct close to the critical point.
However, since the impurity corrections are small we expect
our method of estimating the magnitude of the corrections to
be adequate in most of the range.

The PVT data of Tsederberg et al.® were similarly cor-
rected for the presence of 0.2% mole fractions of H,0. For

the PVT data of Aleksandrov ef al.'! we used the corrected
tables provided to us by Hill er al.* The PV'T data provided’

| T I T I T

: ‘ IV
T eaaleTK
0

L~

O
T
X
- _
[£¢]
683.225K
_2 |
-3 1 i ! 1 ; | |
200 300 A 400 485
Density, kg/m3

FIGURE 1. Correction 5P to the pressure at constant density and tempera-
ture due to 0.13% mole fractions of H,O.

644.16 7K™

] |
300 A, 400
Density, kg/ m3

FIGURE 2. Correction 8p to the density at constant pressure and tempera-
ture due to 0.13% mole fractions of H,O.

485

by Kell'? correspond to pure D,0. No attempt was made to

ties.

We do not have reliable vapor-pressure data for D,0
near the critical temperature. The only data corresponding
to the temperature range considered here are the data report-
ed by Oliver and Grisard.'> However, the investigators had
difficulties in maintaining equilibrium near the critical tem-
perature. Their data appear to yield an infinite slope of the
vapor-pressure curve at the critical temperature in disagree-
ment with the well-established principle of continuity of the
slopes of the vapor-pressure curve and the critical iso-
chore.'® The vapor-pressure data of Oliver and Grisard were
also omitted by Hill and MacMillan in their attempt to for-
mulate a vapor-pressure equation for D,0."’

4. Critical-Point Parameters

The problems associated with an accurate determina-
tion of the critical-point parameters for H,O and D,O will be
discussed in a separate report.!® A direct experimental ob-
servation of the critical temperature and pressure of D,O has
been reported by Blank® who finds 7, = (643.89 4- 0.03) K

‘and P, = (21.659 4 0.003) MPa and these are the values

adopted by Hill et al.* With the same apparatus Blank mea-
sured also the critical temperature and pressure of H,O. A
problem arises because the critical point of H,O as reported
by Blank is inconsistent with the critical point deduced in-
directly from latent heat and PVT data as discussed in our
previous paper, while it also differs from a recent direct ex-
perimental determination of the critical point reported by

J. Phys. Chem. Ref. Data, Vol. 12, No. 3, 1983
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Scheffler and co-workers'®. As long as we do not know the
origin of these discrepancies, we cannot decide whether the
critical-point parameters reported by Blank for D,O should
be modified or not.

Asan alternative one can attemnpt to deduce the critical-
point parameters indirectly from an analysis of the PV'T" data
in termos of a scaled equation of state, leaving the critical
parameters as adjustable constants. However, while PV'T
data do allow us to determine the relation between pressure
and temperature at the phase boundary or along the critical
isochore, they do not provide a sensitive criterion for locat-
ing the critical temperature on this curve.?

As also-noted by_Hill et al., the critical-point-param-—

eters of Blank are reasonably consistent with the PVT data
for D,0. Hence in the absence of other information we adopt
the critical temperature of Blank but assign to it an error
estimate of + 0.1 K:

T, =643.89K. (11)
Given this value of 7, we then determine the critical pres-
sure P, and the critical density p. from a fit of our scaled

equation of state to the experimental PVT data as further
discussed in Sec. 5. We thus obtain for P,,

P, =21.671 MPa (12)

with an intrinsic uncertainty of + 0.005 MPa and an addi-
tional uncertainty propagated from the uncertainty 7. in

‘he critical temperature amounting to {0.266 67,) MPa if

and fitted the equation of state to the experimental PV'T data
to determine the optimum values of the critical pressure and
density and of the pressure background parameters P, B,
P,, P,,. In determining P,, we actually treated the slope of
the coexistence curve diameter at a temperature slightly be-
low the critical temperature as an adjustable parameter and
converted this slope into the corresponding value of ;. The
values of all constants are given in Appendix B. In fitting the
equation of state to the experimental PV'T data we assigned
absolute weights to these data by propagation of error on the
basis of the error estimates presented in Table 2. With these
error estimates the equation fits the experimental PV'T data

-Table 2. Error estimates assigned to PV'T data.

First anthor Ref. o, or a,

Rivkin 6  0.001MPa 0.02K 0.05%
Tsederberg 9 - 005% 003K 0.06%
.Aleksandrov 11 005% 003K 0.06%
Kell 12 0.001 MPa 002K 0.01%

with a statistic chi-square of 1.99 in the range specified by
Eq. (5).

A comparison between the experimental PVT data and
the values calculated from our equation is presented in Figs.

6T, is expressed in K. We note that with 7, chosen at
Blank’s value (11) the critical pressure deduced from the
PVT data of Rivkin and Akhundov is 0.01 MPa larger than
the critical pressure reported by Blank. (A similar discrepan-
cy between Blank’s P, value and the critical isochore of Riv-
kin’s data was noted for H,0.%) Our fit to the PV'T data yields
forp,

p. = 356.2 kg/m’ (13)

with an estimated uncertainty of + 2.5 kg/m".

5. Equation of State

The critical exponents 5, §, 4, and the constant b2 are
expected to be universal, i.e., independent of the nature of
‘the fluid. We therefore fixed these constants at the same val-
ues as used in the representation of the thermodynamic
properties of H,O in the critical region. As discussed in the
previous paper, these values are in good agreement with the
current theoretical predictions.”?

On the other hand, the parameters a, k,, &, ¢ in the
scaled contributions depend in principle on the system. To-
gether with the critical parameters P,, p. and the pressure
background parameters P,, P,, P,, P,,, they can be deter-
mined by fitting the equation of state to the experimental
PVT data. From this procedure the parameters a, k,, k4, ¢
were found to be within error the same as those previously
obtained for H,O. This result indicates that the singular con-
tributions to the thermodynamic properties of H,0 and D,0
in the critical region satisfy a corresponding-states principle
to within currently available experimental precision. In our
final procedure we therefore fixed all constants in the scaled
contributions at the samc valucs as carlicr adopted for H,O

J. Phys. Chem. Ref. Data, Vol. 12, No. 3, 1983

3-and-4-in-the-form-of pressure-deviations-as-a-function-of
density along various isotherms. The total estimated errors
in the pressure propagated from the error estimates in Table
2 are indicated by vertical bars. We conclude that the equa-
tion yields a satisfactory representation of the experimental
PVT data.

T T T T T
Rivkin & Akhundov

008~ pe38.187K -
0643.I77K
006l A643.257TK =
oo
| x 644, -
004~ 644.717K
=]
o 002+ —=<]
= o O+ O: ’,O;""\
5 o 0 ulo L )g 2ot TQ"
= - pvd TR X T
oS x T¥ +0 x L sl X
1, 002~ 32 .
3 -==:;—:: \ il et al. 644.167 K
& -004 Hill el ol 644.717 K N
-006+ -
-0.08f 1
1 | L i vl 1
210 300 . 400 475

DENSITY, kg/m>

FIGURE 3. Deviations of the experimental pressure data from the calculated
values in the temperature range 638.187 K<7<644.717 K. The
dashed curves indicate the values calculated from the equation of
il ef al. (Ref, 4).
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T l - T ] T
Rivkin ‘Tsederberg  Alexandrov  Kell
008 8 Akhundov et al. et al |
' 0648.217K 4 653.227K Y 683.225K * 673.15K
0 653.227K X 673.226K _
006 a 663.256K
+ 673.226K
004 ,/’—\\—
o e - N
-
S ooe- e AN a
- Y
L 0 iA{HD a Déyg/égogc' v ¥
D
a® 4 ) Y 7 -4 \
i \\ + 1 // 4 S O i
2 -0021- N / ,/ + o -
a® \ N
=004p~. N L2l S
S -7 Vi Hill et al. 648.2I7TK
- - N 4 Hill et al. 673.226 K
0.06] \\\§—’/‘/ —
-008+ —
. 1 | :E |
210 300 L 400 475

DENSITY, kg/m®

FIGURE 4. Deviations of the experimental pressure data from the calculated
values in the temperature range 648.217 K< 7<683.225 K. The
dashed curves indicate the values calculated from the equation of
Hill et al. (Ref. 4).

6. Specific Heat

~The-constants iy fti; fiz; 25 in-the-fundamental-equa-
tion represent noncritical contributions to the caloric prop-
erties. The constants /i, and /i, enter into the equations for
the specific heat and, hence, can be determined by fitting our
fundamental equation to the experimental specific heat data.
For this purpose we consider the extensive set of experimen-
tal C, data obtained by Rivkin and Egorov as a function of

750 T T T I
i ' o 220650 MPa |
o 23.5360 MPa
s 24.5166 MPa
600 + 25.4973 MPa |
x 26.9683MPa |
i o 29.4199 MPa |
x
g
3 400 -
o
(&)
- i
2001 -
O | 2 I - X
640 650 66 670

Temperature, K

FIGURE 5. The specific heat at constant pressure at various pressures as a
function of temperature. The data points are those of Rivkin and
Egorov (Ref.7). The curves represent the values calculated from
our equation. ‘
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temperature along various isobars.” Actually the data were
taken at enthalpy increments A H in given finite temperature
intervals AT. When our fundamental equation is fitted to the
data for AH over the experimental temperature intervals we
obtain

f,= —19.004, j,= —6.292. (14)
A comparison between the experimental and calculated C,
values is presented in Fig. 5. Again the values plotted in this
figure are the ratios AH /AT, since the temperature intervals

AT are small and smoothly varying, smooth curves can be
drawn through the calculated values of AH /AT. Figure 5.

confirms that the equation reproduces the experimental
maxima in C,.

In Fig. 6 the comparison is made with the C, values
plotted as functions of density, rather than temperature.
Omitting the data at the 22.0650 MPa isobar closest to the
critical pressure we make the comparison on an expanded
scale in Fig. 7. The plots reveal a small mismatch between
the densities calculated for the experimental data points and
those corresponding to the predicted C, values. We do not
know the origin of this small lack of consistency between the
PVT data and the C, data, but as discussed in our previous
paper,’ such effects can be explained in part by the fact that
data near the critical point become very sensitive to uncer-
tainties in the temperature scale or pressure scale. The mis-

—matchdisappears if welower the temperature scale of the C;

data with respect to that of the PVT data by 0.11 K, a shift
somewhat larger than the shift of 0.05 K found between the
temperature scales of the C, data and PV'T data for H,0.% If

750 T T T I T
0 22.0650 MPa
I~ o0 23.5360MPa 1
A 245166 MPa
. + 25.4973 MPa
6001 x 26.9683 MPa _

©29.4199MPa

200

0.

1
200 300 £ 400

Density, kg/m3

FIGURE 6. The specific heat at constant pressure at various pressures as a
function of density. The data points are those of Rivkin and
Egorov (Ref. 7) and the curves represent the values calculated
from our equation.
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150 —

0 23.5360 MPa
4 24,5166 MPa

0 23.5360 MPa
5 245166 MPa
+ 254973 MPa

T [ T

Experimental
temperature scale
scale lowered by
oMK

+ 254973 MPa
x 26.9683MPa
©29.4199MPa

kJ/kg.K

Co

50

N,

| ! ]
300 A 400
Density, kg/m3

F1GURE.7. The specific heat-at-constant pressure-at-various pressures as-a—————————-

function of density. The data points are those of Rivkin and
Egorov (Ref. 7) and the curves represent the values calculated
from our equation. )

750 T T T T T

Experimental —

o000~

~ 0220650 MPa

0 23,5360 MPa
a 245166 MPa
+ 254973 MPa
x 26,9683 MPa

temperature scale
scale lowered by
O.llK

©29.4199MPa

Cp, kd/ kg K
D
Q
7

200

e e A
” v
SN I o ST O

- i
300 % 400
Density, kg/m3

FiGURE 8. The specific heat at constant pressure at various pressures as a
function of density. The data points correspond to those of Riv-
kin and Egorov (Ref. 7) and the curves represent the values cal-
culated from our equation, if the tempcraturc scalc of the cxperi-
mental C, data is lowered by 0.11 K. C
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x 26.9683MPa
©29.4199MPa

’o\o\ ‘
- -

100

C, kd/kg K

I
300 e 400
Density, kg/m3

FIGURE 9. The specific heat at constant pressure at various pressures as a
function of density-The-data-points correspond to those-of Riv=
kin and Egorov (Ref. 7) and the curves represent the values cal-
culated from our equation if the temperature scale of the experi-
mental C, data is lowered by 0.11 K.

we accept such a shift and fit the fundamental equation again
to the data we obtain

fi, = —21.552, ji,= + 17.308. (15)

These are the values adopted in our final fundamental equa-
tion. A comparison between the C, values thus calculated
and the data is presented in Figs. 8 and 9. Figure 8 is to be
compared with Fig. 6 and Fig. 9 with Fig. 7. The quality of
the agreement is comparable to that found earlier for the C,
of H,0.> We emphasize that the coefficients /i, and ji, spe-
cify only an analytic background behavior and the calculat-
ed maxima in C, are determined by derivatives of the equa-
tion of state fitted to the PVT data. Hence, the comparison
with the C, maxima provides a stringent test of the quality of
the cquation of statc.

Experimental data for the specific heat at constant vol-
ume C, for D,0 have been reported by Amirkhanov and co-
workers.'? The data were obtained as a function of tempera-
ture at various isochores including two isochores
corresponding to p = 344.8 kg/m* and p = 303.0 kg/m’
that are within the critical region considered here. A com-
parison between the C, data of Amirkhanov ef al. and the
values calculated from our fundamental equation is present-
edin Fig. 10. In analyzing the C, data we encountered some
serious problems. In particular the C, data of Amirkhanov
imply a location of the phase boundary at temperatures sig-
nificantly higher than inferred by us from the PV'T data of
Rivkin and Akhundov. At p = 344.8 kg/m3 the discrepancy
is 0.55 K and at p = 303.0 kg/m” as large as 0.92 K. We
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25— T T T 25 T
O Arnirkhanov et al.
-~-Hil et al.
201 ~120r- -
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FIGURE 10 The specific heat at constant volumie along two different iso-
chores as a function of temperature. The data points are those
of Amirkhanov and co-workers (Ref. 10). The solid curves rep-
resent the values calculated from our equation and the dashed
curves represent values calculated from the equation of Hill ez
al. (Ref. 4).

conclude that the C, data of Amirkhanov et al. are inconsis-
tent with the high-quality PF'T data of Rivkin and Akhun-
dov. :

7. Comparison with Equation of Hill ef /.

Recently Hill, MacMillan, and Lee formulated a com-
prehensive fundamental equation for the thermodynamic
properties of D,0. Their formulation covers pressures up to
100 MPa and temperatures up to 600.°Cby.a single equation.
It represents a major advance in the characterization of the
thermodynamic properties of D,O and supersedes previous
formulations. The equation has been submitted to the Inter-
national Association for the Properties of Steam for possible
adoption as an internationally agreed upon formulation for
the thermodynamic properties of D,O.

The formulation of Hill et al. treats the Helmholtz free
energy as an analytic function of its variables. As a conse-
quence the formulation does not incorporate the nonanalytic
asymptotic scaling behavior of the thermodynamic proper-
ties near the critical point predicted by the theory. Having
completed an analysis of the behavior of the thermodynamic
properties of D,O in the critical region, we are now in a
position to investigate to what extent the formulation of Hill
et al. reproduces the observed singular thermodynamic be-
havior of D,O in the critical region. .

In Figs. 3 and 4 we have included curves indicating the
differences between the pressures calculated from the for-
mulation of Hill et al. and the pressures calculated from our
revised and extended fundamental equation. It is seen that
the equation of state of Hill ef al. shows systematic depar-
tures well outside the accuracy of the experimental PVT
data. ‘

A comparison between the equation of Hill ef a/. and
the C, data of Amirkhanov ef al. in the one-phase region
above the critical temperature is included in Fig. 10. Since
the equation is analytic, it does not accommodate a divergent
C, at the critical point and the calculated C, remains a slow-
ly varying function of temperature in the critical region.
Since Hill et a/. did not formulate C, in the two-phase region,
we did not make a comparison of this equation with the C,
data in the two-phase region below the critical temperature.

750 : —— ] ;
| 0 22.0650 MPa Hill et al.
o 23,5360 MPa
A 24.5166 MPa
g
X . a —
600§ 29.2199MPa
. L
-g',.
3 4001 =
a
(&}
ZOO- o b
- o 000 n
Om
ﬁﬁm__
o) 1 g 1 1 %
200 300 400 485

Density, kg/m>
Fi1GURE 11. The specific heat at constant pressure at various pressures as a
function of density. The data points are those of Rivkin and
Egorov (Ref. 7) and the curves represent the values calculated
from the equation of Hill e al. (Ref. 4)

A comparison between the equation of Hill ez a/. and
the C, data of Rivkin and Egorov in the critical region is
presented in Figs. 11 and 12. It is seen that the equation does
not reproduce the experimental maxima of C, near the criti-

150 T T —T T T

0 23.5360 MPa Hill et al.
A 245166 MPa

+ 25.4973 MPa

x 26.9683 MPa

©29.4199 MPa

100~ o n

Cp +kU/kg.K

1

f
400

)|
200 300
Density, kg/m3
FIGURE 12. The specific heat at constant pressure at various pressures as a
function of density. The data points are those of Rivkin and
Egorov (Ref. 7) and the curves represent the values calculated
from the equation of Hill ez al. (Ref. 4). i
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cal point. On comparing Fig. 11 with Figs. 6 or 8 and on
comparing Fig. 12 with Figs. 7 or 9 we conclude that our
scaled fundamental equation yields a significantly improved
representation of the thermodynamic properties of D,0 in
the critical region.

8. Thermodynamic Tables

To make our fundamental equation complete we need
to adopt values for fi, and jz, which are related to the zero
points of energy and entropy. We determine these zero-point
constants by identifying the energy and entropy of our sur-

face at T=683.15 K and p = 220 kg/m’ with the energy
and entropy of the global surface of Hill and co-workers.* At
this point at the edge of our surface the pressures calculated
from our equation and from the global surface of Hill ez al.
agree within 0.02%, while the values of the specific heat at
constant pressure differ by 2.8%. The condition that the ab-
solute values of the energy and entropy coincide with those
calculated from the global surface of Hill e /. at this point
yields

fio = — 11948, fi, = —24.219. (16)

Tables of the pressure, enthalpy, entropy, energy, spe-
cific heats, and speed of sound at closely spaced densities asa
function of temperature, as well as the saturation properties
as a function of temperature and as a function of pressure,
have been constructed. These tables, derived from our fun-

damental equation, are presented in Appendix C.
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Appendix A. Definition of the Scaled
Fundamental Equation for the Critical

Region
Reduced thermodynamic variables
~ T. T. ~ T,
IT'= — C’ —=i_.p¢ C’ P=£' . (Al)
T T P T P,
Fundamental equations
AT=T+1, dp=p—pT), (A2)
P=PT)+Aii+P AGAT + AP, H{A3)-
with
BolT) =fic + ¥ 1AT), (A4)
i=1
— o~ 3 i~
E(T)=1+ Y BAT)! (a5)
=1
Critical expdnents
do =a, Bo =B’ 70 = 7’) (A6a)
ay=a—4,, f=F+4, n=r—4, (A6b)
with
2—a=B(6+1), y=816-1) (A7)
Parametric equations for singular term AP
Afi =r®a6(1 - 67, (A8)
AT =H1—b2%0% — cdji, {A9)
AP =3 7" "ak,{py; + Ppub’ + pub") (A10)
i=0 .
with
. B6— 3B, — b a;y,
B T )i —ade,
8 — 3B, — b2, (286 — 1
ng' = ___ﬂ ﬂrz a:(ZB ) R (All)
2631 — a;)e;
5 — 3
Pui=+ 262 .
o,

The resulting equations for the other derived thermodyna-
mic properties are given in Appendix A of Ref. 3.



THERMODYNAMIC PROPERTIES OF D0 IN THE CRITICAL REGION 521

Appendix B. Parameters for the Appendix C: Tables of Thermodynamic
Thermodynamic Surface of DO in the Properties of D,O in the Critical Region
Critical Region Table C1. Thermodynamic properties along lsochowc
Table B1. Parameter values.® at regular temperature increments.
Table C2. Properties of coexisting phases at regular
Critical parameters: T. =643.89K* temperature increments.

=356.238 kg/m*®
ff —=21.6713 hz,ab Table C3. Properties of coexxstmg phases at regular
° pressure increments.

Critical exponents: B =0.325¢ The uncertainty of the tables is generally a few units in
5= 4.82“": ) the last decimal given, but in special cases, such as for den-
4,=050 sity values near T, and P, and C, values in the region where

‘Parameters-in scaling this quantity varies rapidly, the uncertainty will be_much

functions: a= +23.667° larger.
ko= + 1.4403¢ :
k, = +0.2942¢
c= —0.01776*
b*= 413757
Pressure background
parameters: Pl = +6.9107°
B, = —25.2370°
Py= +86180°
P, = +0.54764"
Caloric background
parameters: B, = —11.948°
iy = —24219°
fir= —21.552
fiy = + 17.308°

“From Blank (Ref. 8).

*From fit to PVT data.

°Fixed from theory.

9Same as for H,0.

*From identification of our surface with that of Hill er al. (Ref. 4) at
T =683.15 K and p = 220 kg/m’.

fFrom fit to C, data.

2Note: The number of decimals given exceeds the number of significant
decimals so as to retain precision in complex calculations.
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Table Cl. Thermodynamic properties along isochores at regular temperature increments.

Temp. Pressure Density Internal Enthalpy Entropy C C Velocity Phase
’ Energy P v Region
X wPa ke/u> kI/kg KI/kg KJ/kg.K kI/kg.K n/s
438.0 20,173 220.0 2065.8 2157.5 4,48%9¢6 13.29 2
637,00 20,919 22040 2079+2 217249 4.5106 13.54 2
640.0 20.656 220.0 2091.2 2185.1 4.5293 84,4 4.91 3i8.0 1
641.0 20.844 220.0 2096.1 21%0.8 4.5369 71.9 4,77 321.5 1
642.0 21.029 220.0 2100.8 2196.4 4.5442 63.1 4,65 324.7 1
643.0 21,214 220.0 2105.4 2201.8 4,5514 56.3 4.55 327.8 1
644.,0 21.397 220.0 2109.9 2207.1% 4,5584 51.0 4.46 330.7 1
648.,0 21,580 220.,0 2114.3 2212.4 4,5653 46.7 4.38 333.5 1
650.0 22.481 220.0 2135.4 22376 4,5978 33.4 4,07 344,46 1
65570 237369 “22070 2155.1° 226173 44,6280 26,2 3.83 I58.9 i
660.0 24,246 220.0 2173.8 2284.0 4.56564 21.8 3.64 370.6 1
665,0 25.1146 220.0 2191.5 2305.7 4,6832 18.7 3.47 381.9 1
670.0 25.979 220.0 2208.5 232646 4,7086 16.5 3,32 393.0 1
675.0 26,837 220.0 . 2224.8 2346.7 4,7328 14.8 3.19 403.9 i
680.,0 27.6%1 220.0 2240.4 2366.3 A.7560 13.4 3.07 414,7 b
485.0 28.541 220.0 2285.5 2385.2 4.7701 12,3 2.97 425 .4 1
638.0 20,173 240.0 2014.4 2098.5 4.3970 12,54 2
63%9.0 20,419 240.0 2027.0 2112.1 4.41468 12,77 2
640.0 20.668 240.0 2040.0 2126.1 4.,4370 13.07 2
541.0 20.921 240.0 2053.2 2140.4 A4.4577 1X.49 2
642,0 21.144 240.0 2061.6 214%.7 4.4708 121.8 5.03 30%.0 1
643.,0 21.347 240.0 2066.5 2155.5 4.4785 98.6 4,86 313,2 1
644.0 21,548 240.0 2071.3 2161.1 4.485% 83.4 4.73 316.9 1
645.0 21.747 2400 2076.0 21646.6 4,4931 726 4,61 320,4 1
650.0 22.731 240,0 2098.0 2192.7 4.5271 44,9 4,21 335.6 1
655,0 23,700 240.0 2118.3 22172.0 4,5582 33.0 3.93 349.1 1
660.0 24,5659 240.0 2137.4 2240.1 4.5872 26.3 3.71 361,8 1
665.0 25,4609 240.,0 2155.5 2262.2 4,6146 22,0 3.53 374.0 1
670.0 26.554 240.0 2172.7 2283 .4 4,6404 18.9 3.37 385.9 1
675.0 27.494 240.0 2189.2 2303.8 4,6650 16.7 3.24 397.5 1
6800 28430 ‘24030 ~22057Y 232376 4,6884 5707 31T 9.0 1
685.0 29.363 240.,0 2220.4 2342.7 4,72107 13.6 2,99 420,2 1
638.0 20,173 260,0 1970.9 2048.5 4,3187 11.90 2
639.0 20,419 260.0 1982.9 2061.4 4.3375 12.11 2
640.0 20.468 260.0 1995.1 2074.6 4,3566 12,39 2
641.0 20.921 260.0 2007.7 2088.2 4.3762 12.77 2
642.0 21.177 260.0 2020.7 2102.2 4,3966 13.38 2
643,0 21,415 260.0 2030.1 2112.5 4.4112 :10.8 5.28 297.2 i
644,0 21,633 260.,0 2035.3 2118.5 4.,4192 152.7 5.04 302.7 1
645,0 21,849 260.0 2040.2 2124.3 4.4269 120.9 4,86 307.3 1
650.0 22.911 © 26040 2063.1 2151.2 4,4621 60.8 4,33 325.4 1
655.0 23.957 260.0 2083.9 2176.0 4.4940 41.2 4.01 340.4 1
S6040 24,993 260,90 2103,3 2177.3 4.3238 31.3 3.77 3T4.2 1
665.0 26,023 260.,0 2121.7 2221.8 4,5513 25.4 3.58 367.3 1
670.0 27,047 260.0 2139.2 2243.2 . 4.5775 21.5 3.41 380.0 1
67540 28,068 260,90 2155.9 2263.8 4,6023 18.7 3.27 392.3 1
680.0 29.085 280.0 2171.¢9 2283.7 4,6259 16,5 3.13 404.4 1
485.0 30.100 260.0 2107.2 2303.0 446485 14.9 3.01 4163 1
638.0 20,173 280.,0 1933.6 2005.7 4.2515 11.35 2
639.0 20.419 280,90 1945.1 2018.0 4.2695 11.54 2
640.0 20.668 280.0 1956.7 2030.5 4.2877 11.80 2
641,0 20.921 280.0 1968.7 2043.4° 4.3064 12.16 2
642,0 21.177 280.0 1981.1 2056.7 4.3257 12.71 2
643.0 21,437 280.,0 1994.3 2070.8 4,3463 13.83 2
644,0 21,675 280.0 2001.6 2079.0 4,3577 325.46 5.42 287.3 1
645.0 21.9064 280.0 2004.9 2085.1 4.3459 214.7 5.13 294.1 1
650.0 23,039 280.0 2030.5 2112.8 4,4023 Bi.1 4,44 316.2 1
655.0 . 24,158 280.0 2051.7 2138.0 4.,4349 50,2 4,08 332.9 1
660.0 25,269 280.0 2071.4 2161.7 4,4648 36.5 3.82 347,9 1
8650 26,373 280.0 2090.0 = 2184.2 4,4928 28.8 3.61 361.9 1
670.0 27.478 280.0 2107.8 2205.7 4.5192 23.9 3.44 375.4 1
675.0 28.578 280.0 2124,4 2226.5 ‘4,5442 20.4 3.28 388.4 1
680.0 29.676 280.,0 2140.5% 2246.5 4,5679 17.9 3.15 401.2 1
685.0 30.773 280.0 2155.9 2265.8 4,.5908 16.0 3.03 413.7 1
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Table Cl. Thermodynamic properties along isochores at regular temperature increments (continued).
Temp. Pressure Density Internal Enthalpy Entropy C C Velocity Phase
- Energy p v of sound Region
K _MPa ke/n® ky/kg ki/kg kJ/kg.X kJ/kg.K n/s

638.0 20.173 300.0 1901.3 1948.5 4.1934 10.88 2
63%9.0 20.41%9 300.0 1912.3 1980.3 4,2105 11.06 2
640.0 20.668 300.0 1923.4 1992.3 4,2280 11.29 2
641.0 20.921 300.0 1934.9 2004.6 4.2459 11.62 2
642.0 21.177 300.,0 1946.7 2017.3 4.2644 12.14 2
643.0 21.437 300.0 1959.3 2030.8 4.,2839 13.18 2
644.0 21,693 300.0 1970.3 2042.6 4,3010 860.5 5.93 269.6 1
645.0 21.936 300,0 1975.9 2049.,0 4,3097 3%92.8 5.39 281.,0 1
650.0 23.134 300.0 2000.2 2077.3 4,3472 103.7 4,51 308.3 1
655.0 24,322 300.0 2021.7 2102.7 4,3801 58.9 4.11 326.8 1
6460.0 25,504 300.0 2041.5 2126.5 4,4103 41.1 3.84 343.0 1
665.0 26,685 300,0 20460.2 2149.1 4,4385 31.7 3.463 358.0 1
670.0 27.868% 300.0 2077.8 2170.7 4.4450 25.8 3.45 372.2 1
675.0 29.043 300.0 2094.7 2191.5 4,4900 21.% 3.29 386.0 1
680.0 30.222 300.0 2110.8 2211.5 4,5138 19.0 3.15 399.4 1
485.0 31,400 300.0 2124,2 2230.9 4.5344 16.9 3.03 412.5 1
638.0 20.173 320.0 1873.0 19361 4.1424 10,46 2
639.0 20.419 320,0 1883.4 1947.4 4,1590 10.63 2
640.0 20.668 320.0 1894.3 1958.9 4,1757 10.85 2
641.0 20,921 320.0 1905.3 1970.7 4,1929 11,14 2
42,0 21.177 320.0 1914.7 1982.8 4,2106 11.64 2
643.0 21.437 320.0 1928.7 1995.7 4,2294 12,61 2
644.0 21.6%99 320.0 1941.3 2009.1 4.2489 29%94.1 6.61% 249.1 1
645.0 21,952 320.0 1947.3 2015.% 4,2582 678,35 5.60 26%.0 1
650.,0 23,208 320.0 1971.9 2044.5 4.2963 123.4 4,54 301.9 1
655.0 24,441 320,0 1993.5 2070.0 4,3294 65.4 4.12 322.3 1
660.0 25.714 320,0 2013.4 2093.7 4,3596 44,3 3.84 339.7 1
665.0 26.968 320.0 2032.0 2116.3 4.3878 33.5 3.63 355.7 1
670.0 28.223 320.0 204%.7 2137.9 4.4143 27.1 3.45 370.7 1
475.0 29.481 320.0 20646.5 2158.7 4.4393 22,8 3.29 385.2 1
480,0 20.74Q 320.0 20B82.4 2128.2 4.4430 19.2 3.15 399,2.. 1
685.0 32,001 320.0 2098.1 2198.1 4.4856 17.4 3.02 412.9 1
638.0 20,173 340.0 1848.1 1907.4 4.0975 10.10 2
63%.0 20.41% 340.0 1838.2 19168.3 4.1135 10.25 2
640.0 20.4648 340.0 1848.6 1929.4 4,1296 10.46 2
641.0 20,921 340.0 1879.2 1940.7 4.14562 10.74 2
642,0 21.177 340.0 1890.1 1952.4 4,1632 11.20 2
643.0 21.437 340,0 1901.7 1964.8 4.1813 12,11 2
644.0 21.700 340.0 1914.6 1978.4 4,2013 11182.9 7.33 228.9 1
645.0 21.962 340.0 1920.8 1985.4 4.2110 960.4 5.69 259.6 1
650.0 23.271 340,0 1945.46 2014.0 4,2492 133.3 4,53 297.6 1
655.0 24,587 340.0 1967.1 203%7.4 4,2821 67.9 4.11 319.7 1
£40.0 25.909 240.0 1984.9 2043.1 4.3123 A45.3 3.83 338.3 1
865.0 27,237 340.0 2005.4 2085.6 4,3403 34,1 3.61 355.2 1
670.0 28,570 340,0 2023.0 2107.1 4.3667 27.4 3.43 371.0 1
675.0 29.907 340.0 2039.8 2127.8 4.3%16 23.0 3.28 386.1 b
680.0 31.247 340.0 2055.8 2147.7 4.4152 19.8 3.14 400.8 1
685.0 32.5%1 340,0 2071.2 21467.0 4.4377 17.5 3.01 415.0 1
638.0 20.173 360.0 1825.9 1881.9 4.0576 ?.77 2
639.0 20.419 360,00 1835.7 1892.4 4,0730 9.92 2
440.0 20.648 “360,0 1845.7 1903.1 4.0887 10,11 2
641.0 20.921 360.0 1856.0 1914.1 4.1044 10.38 2
642.0 21.177 360,0 1866.5 1925.4 4.1211 10,81 2
643.0 21.437 360.0 1877.7 1937.3 4,13835 11.66 2
644.0 21,701 3460.0 1890.3 1950.5 4,1580 16268.4 7.41 219.0 1
6435.0 21,969 360,90 18946.4 1957.5 4,1676 ?74.1 5.62 254.4 1
6350.0 23,331 360.0 1920.9 1985.7 4,2054 12B.,7 4,48 29547 1
655.0 24,711 360,0 1942.2 2010.8 4.,2380 65.7 4,07 319.4 1
660.,0 26,104 360,0 1961.8 2034.3 4.2678 43,9 3.79 339.0 1
665.0 27,507 360.0 1980.2 203566 4,2956 33.1 3.58 356.7 1
670.0 28.919 360.0 1997.7 2078.0 4,3218 2647 3.41 373.3 1
675.0 30,337 340.0 2014.3 2098.6 4.34465 22.4 3.25 389.1 1
680.0 31,762 360.0 2030.2 2118.4 4.3700 19.4 3.12 404,.3 1
485.0 3460.0 2045.5 2137.7 4,3924 17,2 2.99 419.1 1

33.192
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Table C1. Thermodynamic properties along isochores at regular temperature increments (continued).
Temp. Pressure Density Internal Enthalpy Entropy C C Velocity Phase
Energy P v of sound region
K MPa kg/n> KI/ke KI/ke KI/kg.K KIfkg.X /s

$30.0 20.172 380.0 1806.0 1859.1 4.0219 2,40 2
639.0 20,419 380.0 1815.6 1869.3 4.,0368 962 2
640,0 20,668 380.,0 1825.3 1879.7 4,0520 9.79 2
641,0 20.921 380.0 1835.2 1890.3 4,067% 10,05 2
642.0 21.177 380.0 1845.4 1901.2 4.0834 10,45 2
43,0 21.437 380,0 1856.,2 1912.6 4.1002 11,27 2
644.0 21,701 380.0 1848.0 1925.1 4,1185 5312.8 6465 224.1 1
545.0 21.978 380.0 1873.8 1931.7 4.1276 688.6 5.40 254.3 1
850.,0 23,395 380.¢ 1B97.6 1959.2 4,1643 111.4 4.39 296.7 1
455.0 24,843 380.C 1918.5 1983.9 4.,1964 5%9.2 4,01 321.,5 1
660.0 264,310 380.0 1937.9 2007.1 4,2258 40.5 3.75 342.1 1
665.0 27.793 380.0 195641 202%.2 4,2533 30.9 3.54 360.6 1
670.0 29.286 380.0 1973.4 2050.5 4,2792 25.2 3.37 377.8 1
675.0 30.790 380.0 1989.9 2070.9 4,3037 21.3 3.22 394.2 1
680.0 32,302 380.0 2005.7 2090.7 4.3270 18,4 3.09 409.9 1
685.0 33.822 380.0 2020.8 210%9.8 4.3492 16.5 2.97 425.2 1
638.0 20,173 400.0 1788.2 1838.6 3,9897 9.22 2
639.0 20,419 400,0 1797.5 1848.5 4.0043 9.34 2

- 640.0 20,668 400.0 1806.9 1858.6 4,01%0 9.51 2
641.0 20.721 400.0 1816430 1868.8 4.0340 P76 2
642,0 21,177 400.0 1826.4 1879.4 4,0495 10.14 2
643,0 21,437 400.0 1834.9 1890.5 4,0658 10.91 2
644.0 21.704 400.0 1847.3 1901.6 4.0819 1162.90 5.74 238.,2 1
645.0 © 21,991 400.0 1852.6 1907.6 4.0902 379.3 5.09 259.5" 1
650.0 23.473 400.0 1875.6 1934.3 4,1257 88.2 4,28 300.9 b3
655.0 24,995 400.0 1896.0 1958.5 4.,1570 50.5 3.93 326.5 1
660.0 26,542 400.0 1915.13 1981.4 4.,185% 35.7 3.69 347.9 i
665.0 28,109 400.0 1933.0 2003.3 4.2130 27.9 3.50 3467.0 1
67040 29,670 400.0 195041 20243 4,2386 23.1 3.33 384.8 1

_675.0 31,284 _400.0 19664 2044, 4,2628 19.8. 3.19 _401.2. 1.
680,0 32,888 400.0 1982.0 2064 4,2859 17.4 3.06 417.9 1
685.0 34,502 400.0 1997.0 2083.3 4.,3079 15.5 2.94 433.6 1
£38.0 20.173 420.0 1772.0 1820.1 33,9404 8.9¢ 2
639.0 20,419 420.0 1781.1 1829.7 3.9748 ?.10 2
640,0 20.668 420.0 1790.2 16839.4 3.9891 9.26 2
641,0 20,921 420.0 1799.6 1849.4 4.0038 .49 2
642.0 21,177 420.0 180%.3 1859.7 4,0188 ?.85 2
643.0 21,437 420,0 1819.4 1870.5 4.0346 10.58 2
644.0 21.716 420.0 1827.46 1879.3 4,0473 339.8 5.08 255.1 1
645.0 22,017 420.0 1832.5 1884.9 4,0549 191.9 4.76 270.0 1
650.0 T 23.976 420.0 1854.5 1910.6 4,0889 65,9 4.15 308.9 1
655.0 25.181 420.0 1874.4 1934.4 4.1194 41.3 3.84 334.8 1
660.0 26,816 420.0 1893.1 1956.9 4,1478 30.6 3.62 356.6 1
665.0 28.474 420.0 1910.7 1978.5 41745 24,5 3.45 376.2 1
670.0 30.149 420,00 1927.6 1999.3 4.19%97 20.7 3.29 394,4 1
675.0 31.840 420.0 1943.7 201%.5 4,2236 18,0 3.15 411.7 1
680.0 33.542 420.0 1959.1 2039.0 4.24464 15.9 3.03 428,3 1
685,0 35.256 420.0 1974.0 2057.9 4.,2682 14,4 2.91 AQA A 1
63840 20,173 440.0 1757.3 1803.2 3.9342 8.77 2
639.0 20,419 440,0 1766.2 1812.6 3.9480 8.88 2
640,0 20,668 440.0 1775.1 1822.1 3.9620 9.03 2
641.0 20.921 440.0 1784.2 1831.8 3.9762 9.25 2
642,0 21,177 440.0 1793.6 1841.8 3.9909 9.59 2
643.0 21.437 440.0 1803.5 1852.2 4,0063 10.29 2
644.,0 21.749 440.0 1808.5 1857.9 4,0140 136.1 4,63 274.1 1
645,90 22.06Y A440.0 1813.0 1863.2 4,0211 100.¥ q4.46 2835.1 1
650.0 23,720 440.0 1834.1 1888.0 4,0536 48,0 4,02 320.8 1
£55.0 25.420 440.0 1853.5 1911.3 4.0833 33,0 376 346.5 1
660,0 27.153 440.0 1871.8 1933.5 4.1111 25.6 3.56 36845 1
665.0 28.911 440.0 1889.1 1954,8 4.,1373 21.2 3.39 388.3 1
6709 30.687 440.0 1903.7 1973.5 4,1622 18,3 3.20 406.9 1
675.0 32.483 440.0 1921.6 1995.4 4.,1858 16.1 © 311 424.,5 1
680,00 34,291 440.,0 1936,9 2014.8 4,2083 14,5 2.99 441.3 1
685.0 36.111 440.0 1951.6 2033.6 4,229% 13,2 2.88 457.7 1
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Table Cl. Thersodynamic properties along isochores 2t regular temperature increments (continued).

Temp. Pressure  Density Internal  Enthalpy Entropy < < Velacity Phase
Energy L2 M of sound  Region
x wa Kgia® Xi/xg xifxg X/kg.K Kifke.K ars

438,40 20,173 450.0 1743.9 17987.8 3.9100 2
637.0 20,419 480.0 17525 1796.9 3.923% 2
640.0 20.488 450.0 1761.3 1804.2 3.9372 2
a0 20,921 4éarn 172002 tessiz  aiwsit 3
2.0 21,177 4s0.0 1779.4 1mzs.e 3.vese H
643.0 21,48% 450.0 1785.3 1832.0 1
63410 2027 460.0 s7ee.y  tex.z :
1794.0 1842,2 1

1814 1866 -
18331 1889.0 3
18530 isi0.9 H
683 19323 h
iesa4  1992.5 2
190041 1972.2 1
680.0 35,188 460.0 1915.2 1991.6 1
685.0 37.100 460.0 1929.7 2010.4 3
6380 20,173 A65,0 1740,7 1784.3 2
837.0 20,419 4650 1749,3 1793.2 2
30,0 20,568 463.0 75800 1e02.5 2
caino 00921 4es.0 e asite H
$42.0 23.177 465.0 1776.0 1821.5 3.9594 2
s43.0 21.512 465.0 1780.7 1827.0 3.9668 71.6 291.8 1
6544.0 23.857 465.0 1785.0 1832,1 S%.4 301.4 1
645.0 22,208 465.0 1789.3 1837.0 S51.4 309.4 1
650.0 3,995 465.0 809.3 1860.9 32,6 341.3 1
1883, i
1905.4 h
1925.3 1
1946.9 1

1956.7— —
1506.5 1
485,0 1924.3 2004.7 1.7 2.85 477.9 1
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Table C2. Properties of coexisting phases at regular temperature increments.

vapor
Temp. Pressure Density Latent Internal Enthalpy Entropy C Cv Velocity
Heat Energy P of sound
X MPa kg/ud kJ/kg kJ/kg Ki/kg  kI/kg.K kJ/kg.K /s
63%.80 20.618 219.90 407.8 2090.5 2184.2 4,5282 87.2 4.94 317.4
640.00 20.668 222,10 400.2 2086.%9 2180.0 4.5212 ?1.6 4.96 316.2
640,20 20.719 224,38 392.3 2083.3 2175.6 4.5140 94.6 4.98 315.0
640.40 20.76% 226.75 384.2 2079.5 2171.1 4.5066 102,2 5.01 313.7
640,60 20.819 229.21 375.8 2075.5 2166.4 4.4989% 108.S5 S.04 312.3
640,80 20.870 231.78 367.1 2071.5 2161.5 4,4910 115.7 5.07 310.9
641,00 20.921 234.45- 358.1 206742 -2154.,8 -4.4828 123.5 S+10 309.3
641,20 20,972 237,26 348.8 2062.8 2151.2 4.4742 133.5 5.13 307.7
641.40 21,023 240.21 339.0 2058.1 2145.7 4.4452 144.46 S5.17 3046.0
641,60 21.074 243,33 328.8 20532 2139.9 4.,4559 157.9 5.21 304.2
641.80 21,125 246,63 318.0 2048.1 2133.7 4,4460 173.8 S5.26 302.2
642,00 21.177 250.16 306.6 2042.6 2127.2 4,4356 193.3 -5.31 300.0
442.20 21.228 253.94 294,5 2034.7 2120.3 4.4245 217.8 5.34 297.6
642,40 21,280 258,05 281.6 2030.4 2112,9 4.,4124 249.3 5.43 294,9
642,60 21.332 262,54 267,5 2023.5 2104.8 4.39%6 291.,2 5.50 291.9
442,80 21.384 267.53 252.0 2015.9 2095.8 4.3854 349.,8 5.59 288.4
643,00 21,437 273.19 234,7 2007.4 2085,.8 4.3696 4346.8 9.71 284.2
643,20 21.489 279,78 214,8 1997.5 2074 .3 4,3514 $578.7 S5.85 279.1
643,40 21,542 287.83 190.9 1985.6 2060.4 4,3295 847.9 6+05 272,3
643,60 21.5%4 298.56 159.7 1970.0 2042.4 4.3012 1533.8 6.38 262.2
$43.80 21,647 316.81 107.% 1944.4 2012.7 4.2548 §$902.7 7.20 241.4
643,890 21,6713 356,238 0 1893.7 1954.46 4,1644 «0
liquid

Temp. Pressure Density Latent Internal Enthalpy Entropy C cv Velocity
Heat Heat P of sound

K MPa kg/n® kI/kg KI/kg KI/ke kJ/kg.X KI/kg.X n/s
642,00 21,177 466,22 304,46 1775.2 1820.6 3.9580 88.5 4.50 281.,5
642,20 21,228 4462.07 2%94.%5 1779.8 - 1825.8 3,9658 100.3 4.55 277.7
642,40 21.280 457.460 281.4 1784.8 1831.3 3.9743 115.6 4.61 273.7
642,60 21,332 452,73 267.5 1790.2 1837.3 3.9834 1346.4 4,69 269.5
442.00 21,384 447,36 252.0 1796.0 1043.8 3.9934 164.0 4.77 264.0
643,00 21.437 441,31 234.7 '1802.5 1851.1 4,0045 210.9 4.88 259.7
643,20 21.489 434,32 214.8 1810.0 1859.5 4.,0173 286,3 5.03 254.0
643 .40 21.542 425,85 1%90.9 ig18.9 1869.5 4.0328 434,9 5.24 247.1
643,60 21.594 414.468 159.7 1830.6 1882.7 4,0530 834.7 5.59 238.0
643.80 21.647 395.95 107.9% 1850.2 1904.8 4.0873 3673.4 6.47 221,8
643,890 21.6713 356,238 0 1893.7 1954.6 4.1644 s 0
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Table C3. Properties of coexisting phases at regular pressure increments.
vapor
Temp . Pressure Density Latent Internal Enthalpy Entropy C Cv Velocity
Heat Energy p of sound
X MPa kg/m> KI/kg kI /kg kI/kg kI/kg.K KI/kg K n's
639.73 20,600 219.11 410.46 2091.7 2185.7 4.5307 85.6 4.93 J17.8
639,93 20,650 221.29 403.0 2088.2 2181,5 4,5238 89.9 4.95 316.6
640.13 20,700 223,53 395.2 2084.46 2177.2 4,5167 94.7 4.97 315.4
640.33 20,750 225.85 387.2 2080.9 2172.8 4.5094 100.0 5.00 314.1
640,52 20.800 228.26 379.0 2077.1 2168.2 4.5019 106.0 S5.03 3t2.8
640.72 20,850 230,75 370.6 2073.1 2163.,5 4,4%942 112.8 5.05 311.4
640.92 20.900 233,34 361.8 206%.0 2158.5 4.4862 120.4 5.09 310.0
441,11 20,950 236,05  3I52.F 2064.7  2153.5  4.4779 1292 5.12 308.4
641,31 21,000 238.88 343.,4 2060.2 2148.1 4.44693 139.4 S5¢15 306.8
641.51 21,050 241,85 333.6 2055.6 2142,6 4.,4603 151.4 5.19 305.0
641.70 21.100 244,98 323.4 2050.7 2136.8 4,4509 165.6 $.23 303.2
641.90 21,150 248,30 312,46 2045.5 2130.7 4.4411 182.7 5.28 301.1
642.09 21.200 251,83 301.3 2040.0 2124.2 4,4307 203.6 5,33 298.9
642.28 21,250 255.61 289.2 2034.1 2117.3 4.4196 22%9.9 S5.39 29645
642.48 21,300 259,71 276.3 2027.8 2109.9 4,4078 263.8 5.46 293.8
642.67 21,350 264,19 262.4 2021.0 2101.8 4.3949 309.0 953 290,7
642.86 21,400 26%9.16 247.0 2013.4 2093.0 44,3809 372.2 5463 287.2
643,05 21,450 274.78 229.9 2005.0 2083.0 4.35651 A466.4 5.74 283,0
643.24 21,500 281,33 210,2 1995.2 2071.6 4,3471 620.5 5.89 277.8
643,43 21,550 28%.32 1Bé6.6 1983.4 2057.9 4.3255 914,46 6.09 271.0
643,62 21,600 299.96 .- 185.6 1968.0 2040.0 4,2975 1672.5 6.43 260.8
643.81 21.650 318,26 103.8 $1942.4 2010.4 4.2513 6753.3 7.28 239.4
643,890 21.6713 356,238 ) 0 1893.7 1954.6 4,1644 0
liquid
Temp. Pressure Density Latent Internal Enthalpy Entropy - C Cv Velocity
Heat Energy . P of sound
K MPa kg/mz kJ/kg kJ/kg kJ/kg . kJ/kg.K kJ/kg.X n/s
641,90 21.150 468,27 312.6 1772.9 1818.0 3,9540 83.4 4,48 283.4
642,09 21.200 464,39 301,3 1777.2 1822.9 3.9614 93.4 4,52 27%.8
642.28 21.250 460,25 289.2 1781.9 1828.0 3.9693 106.1 4,58 276.1
642,48 21.300 455.80 276.3 1786.8 1833.5 3.9777 122.8 4.64 272.1
642,67 21,350 450.96 262,4 1792.1 1839.5 3.9867 145.3 4.71 2467.9
642.86 21.400 445,62 247.0 1797.9 1845.9 3.9966 177.4 4,80 263.4
643.05 21,450 439,62 .229.9 1804.3 1853.1 4,0078 226.4 4,92 258.3
© 643,24 21.500 432,69 210.2 1811.7 1861.4 4.0203 309.0 5.07 252.6
643,43 21.550 424,30 186,46 1820.46 1871.3 4.,0356 472,46 5.28 245.8
643,62 21,600 413,23 155.46 1832.1 1884,4 4,0557 918.2 S5.64 236.8
643.81 21.650 374.47 103.8 1851.7 1906, 6 4,0900 4256.3 &.57 220.3
643.890 21,6713 356.238 .0 1893.7 1954,6 4.1644 «0
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Appendix D: Computer Program for Table properties of H,O published in Appendix D of Ref. 3 except

Generation for the BLOCKDATA routine which specifies the param-
eter values of the fundamental equation and the subroutine
RANGE which checks whether the entry point lies within

The thermodynamic properties of D,0 in the critical  the range of validity of the equation. These routines for D,O
region can be calculated with the computer program for the  are given below.

BLOCKDATA

c
C THIS SUBROUTINE SUPPLIES THE PARAMETERS USED IN THE EQUATION OF STATE.

C.

DOUBLE PRECISION AsQ

COMMON /COEFS/A(20)yQ(20)5ANAMES(20) s GNAMES(20)

DATA A/-+01776247D0+8.61797D050.D05~-25:23705D056,910737D0,.,325D0
11,440299B0+0,D05,1.3757D0,23.56665900,4,82D0,294184D0y-11,948D0»
2-24,21900,-21.55221D00,17.307640054%0.D0/

DATA Q/-.006D0»-.00300,0.1t0,643.89D0,356.2382D00,21.671324D0
1+4267009-1,54369D0+12%0.D0/

DATA ANAMES/6HC s 6HCOT3 . »SHDELROC»6HCOT2  sS6HDFDT s 6HEETA
1y46HKO. s SHRELTC +6HBXB y6HA # SHDELTA »s6HK1L s 6HMUC
21 6HMUL 2 6HMU2 © s SHMUZ 1y 6HS00 »6HE20 1 6HS01 +6HS21 /

DATA QNAMES/6HPOINTA,»SHPOINTB:AHDELPC s&HTC s 6HRHOC s 6HPC
1y6HOFPCDTCY 6HSLOPDIY6HF 1 » SHALFHA » 6HFOO s 6HF20 1 6HF 40

296HDRELTAL» SHALFHAI s SHRETA Iy SHGAMMAI» 4HROL +6HP21 s6HPAL /
END

SURROUTINE RANGE(IRANGEsIOPT»T»DsP)

C THIS ROUTINE DETERMINES WHETHER THE ENTRY POINT IS WITHIN THE RANGE
€ OF VALIDITY OF THE EQUATION OF STATE (IRANGE=1), OR NOT (IRANGE=0).

c

20

10

30

IMFLICIT REALXB(A-H,0-2Z)

COMMON/SATUR/ISAT

COMMON/CRITS/TC»RHOCSFC

DATA TMIN»TMAX/638.005685,0110/ s DMIN»DIMAX/220.D0+465.D0/

IRANGE=1

IF(ISAT.NE,0) GO TO 10

IF(T.LT.TMIN .OR., T.GT.TMAX) GO TO 99
IF(IOFT.EQ.2) GO TO 20 i
IF(D.LT.DMIN .OR. D.GT.DMAX) GO TO 99
RETURN

CALL THERMO(1»T>DMIN,FMIN»R»THETA)

CALL THERMO(1:T,DMAXsPMAX:Rs»THETA)
IF(P.LT.FMIN +OR. P.GT.FPMAX) GO TO 99
RETURN A
IF(IOFT.EQ.2) 60 7O 30

IF(T.GE.TC) GO TO 99

IF(ISAT.EQ.-1 .AND. T,.LT.639.D0) GO TO 99
IF(ISAT.EQ. 1 .AND. T.LT.642.D0) GO TO 99
RETURN

IF(FP.GE.FC) GO TO 99

IF(ISAT.EQs 1 +AND., F,LT.21.15D0) GO TO 99
RETURN

IRANGE=0

WRITE(6+2)

FORMAT(2X»’TH1S FOINT IS5 OUTSIDE THE RANGE!’'/)
RETURN

END

- e = " " - - W D e T T T o P P S e . T B W U e 0 e e o e S
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Appendix E: Units and Conversion Factors

Units used in the tables

Pressure  MPa

Temperature K

Density kg/m’

Energy, enthalpy, latent heat kJ/kg
Entropy, specific heats kJ/kg-K
Sound velocity m/s

Conversion factors
Fressuice
MPa to multiply table values by
Pa 108
bLar 10
atmosphere 9.869 233
Ibf/in? 145.037 738
Density
kg/m?® to multiply table values by
mol/dm? 0.049 931 1
lbm/ft? 0.062 4280

Energy, enthalpy

kJ/kg to mulitiply table values
J/mol 20.027 6

BTU/1bm 0.429922 6

Entropy, specific heats

kJ/kgK to multiply table values by
J/mol-K 20.027 6

BTU/Ibm-R 0.238 8459

Sound velocity
-m/sto- multiply table value by-
ft/s * | 3.280 83
Temperature ) :
K to transform table value by
°C (T,°C) = (T,K) — 273.15
F TR =d(TK)—273.15] 4 32

R (T,R) = 3T,K)
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