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Saturation States of-Heavy Water 

P. G. Hill and R. D. Chris M,QcMillan 
Department of Mechanical Engineering, University of British Columbia, Vancouver, Canada V6T lW5 

A study has heen made of the saturation properties of D20 from the triple point 
temperature to 325 °C, in the light of information on the saturation properties of 
H20. Saturated liquid volumes have been determined by extrapolation to saturation 
pressure of relatively abundant liquid phase data (corrected to 100% D20). Saturated 
liquid enthalpy has been determined by extrapolation of liquid phase specific heat 
data, and integration along the saturation line, allowing for the compressibility efIect. 
Saturated vapor volumes have been determined l)y use of an extended virial equation 
formulated for H20 and corrected for D20. Saturated vapor enthalpies hkve been 
determined by use of the Clapeyron equation, and compared to vapor enthalpies cal
culated from the extended virial equation. Saturated liquid and vapor volumes have 
been extrapolated to the critical temperature to allow an inference of the critical density. 

Key words: Enthalpy of water; heavy water; PvT; saturation states; thermodynamic properties of 
water; vapor pressure; virial coefficients; water. 
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1. Introduction 
The main problem in establishing saturation states for' 

D20 is the absence of heat of vaporization or other calorific 
measurements and the scarcity of vapor volume measure· 
ments for nearly.saturated states. However, data on liquid 
volumes are relatively abundant and virial coefficients are 
available, as well as saturation vapour pressures and zero 
pressure specific heats. 

The feasibility of using these data to establish saturation 
::;LaLes for D20 has been tested by using the same proce
dure with corresponding data on H20 for which the sat· 
uration states are now quite well known. 

The first step was the extrapolation of liquid volumes to 
saturation vapor pressure, both for H20 and D20. Volume 

, data for the latter must be corrected for isotopic effects. 
This process provides saturation liquid volumes l1p to 

about 340, °e. 
© 1980 by the U.S. Secretary of Commerce on behalf of the United 
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The second step was determination of the saturation liquid 
enthalpy by extrapolating corrected specific heats to sat
uration states and integrating along the saturation line, 
after allowing for compressibility effects. Again this process 
was followed for both H20 and D20 and proved to be 
feasible for temperatures from the triple point value up to 
about 325°C. 

Next the saturation vapor volumes were estimated from 
virial coefficient information. For H20 it appears that only· 
the second virial coefficicnt is neccssary up to 100 oC, hut 

third and fourth virial coefficients . are needed to match 
saturation volumes from 200 to 300°C. For D20, correla
tions of the experimentally determined second and third 
virial coefficients have been used, and the effective fourth 
virial coefficient has been assumed the same as for H20 with 
respect to molar volumes. With this procedure it appears 
feasible to determine saturation vapor volumes to about 
300 0 C. A few saturation vapor volumes at higher tempera
ture were obtained by extrapolation along experimental 
isotherms. 

J. Phys. Chem. Ref. Data, Vol. 9, No.3, 1980 
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The next stage of the process was to determine saturation 
vapor enthalpies, employing both the Clapeyron equation 
and previously determined saturation quantities for one set 
of results, and the virial coefficients, zero pressure specific 
heats, and the vapor pressure equation for another. The 
agreement of these two sets of results for both H20 and D20 
was within 4 Jig up to 300°C. 

By these methods a set of saturation quantities consistent 
with the Clapeyron equation and estimates of uncertainties 
was obtained. 

It is assumed that the absolute temperature scale may be 
satisfactorily represented by 

T /K == t( °C, IPTS-68) + 273.15. 

2. Saturated Liquid Volumes 

2.1. light Water 
Saluraled liquid volumes were obtained for H 20 and 

D20 using simple extrapolation' formulae for each isotherm 
in the form 

4 

In v == L aiPi. 
-£=0 

(1) 

For H20, extrapolations were performed with the liquid 
phase PVT data of Kell and Whalley [IP for the range 
o to 150°C, and Kell, McLauxin and Whalley [2] for the 
range 175 to 350°C. The saturation pressure was calculated 
from the formula provided by Wagner [3], which is as ' 
follows: 

In [ J. J = i [n,T + n,T1.5 + n.r"·5 + n4T6.5 + n5T7.,] 

with 

Tc == 647.25 K(IPTS 68) 

Pc = 22.093 MPa 

T =[1.- fJ 
nl: -7.863889 

n2; 1.898527 

ng: -2.364891 

n4: -9.911414 

n5: 9.982952 

(2) 

A discussion of the uncertainties introduced by the proc
ess of extrapolation is provided in Appendix A.1. 

The results of those extrapolations are shown in table I 
along 'with the saturation liquid volumes given by Ken [4] 
and Osborne, Stimson and Ginnings [5] (adjusted to the 
IPTS-68). 

The close agreement of these determinations indicates 
little difficulty in finding liquid saturation volumes by 
the above extrapolation formulae, for temperatures up to 
325°C. In view of these results it was decided to determine 
Vf for D20 by the same technique, for the same temperature 
range. The subscripts f and g are used to denote saturated 
liquid and vapor phases, respectively. 

1 Figures in brackets indicate literature references at the end of 
this paper. 

TABLE 1. Saturated liquid volumes of H20. Comparison of Extrapo
lated values with the determinations of Kell [4] and 
Osborne, Stimson and Ginnings [5] 

Vf 

t DC OSG[5]& Vf Vi 

(lPTS-68) cm3/g Kell [4] Extrapolated 

O. 1.00021 1.0002117 1.000211 
10. 1.00035 1.0003483 1.000343 
20. 1.00184 1.0018446 1.001842 
30. 1.00442 1.0044154 1.004413 

50. 1.0121 1.0121483 1.012148 
70. 1.0228 1.022768 1.022769 
80. 1.0290 1.029046 1.029047 

100. 1.0435 1.043445 1.043442 
110. 1.0515 1.051561 1.051559 
120, 1NiO~ 1.0fi029R 1.060289 
130. 1.0697 1.069675 1.069669 

150. 1.0906 1.090463 1.090456 
175. 1.1208 1.120672 

200. 1.1564 1.156470 
225. 1.1991 1.199309 

250. 1.2511 1.251572 
Z75. LH()() 1.317277 

300. 1.4033 1.403971 
325. 1.5284 1.527736 
350. 1.740 1.722171 

a Adjusted to IPTS-68. 

2.2. Heavy Water 

Saturation 'liquid volumes of D20 have been cited by 
Whalley [6] Hebert, MacDuffie and Secoy [7] and 
Grossman-Doerth [8] [9]. However these values differ by as 
much as 0.5%, for temperatures above 200°C, and do not 
constitute an adequate base for establishing the liquid satu
~ation line. The redetermination of saturated liquid volumes 
reported here utilizes the compressed liquid data of Emmet 
and Millero [10], Tsederberg et al. [II] [12] and Rivkin 
and Akhllndov [13]_ 

All of these volume data were corrected to 100% D20 
using stated impurities, and calculation of the H20 volumes 
from Keenan, Keyes, Hill and Moore [14]. For the Emmet 
and Millero [10] data the impurity level (taken as H20) 
was unstated, and was inferred from a comparison of these 
data with the one-atmosphere volumes of Steckel and 
Szapiro [15] corrected to 100% D20. This implied that the 
Emmet and Millero [10] data pertained to 99.8% D20. 

Figure 1 shows the degree of consistency between the 
corrected Emmet and Millero [10] and Tsederberg [II] 
data, and the on~-atmosphere specific volumes correlated by 
Kell [16] for D20. The agreement is within a part in 104 up 
to 50°, and 3 X 104 at 100°C. 

The extrapolation to saturation pressure was performed 
using, for each isotherm, a least squares fit of the data to 
(1) and the D20 saturation vapour pressure equation of 
Hill and MacMillan [17], which is as follows: 

In [J.J =i [n,T + n2T1.9 + n4r" + nUT'" + n20T'O] 

. (3) 
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FIGURE 1. Specific volumes of DllO at one atmosphere. Comparison of interpolated data with fonnulation 
of Kell [16]. 

in which 

T [1 J.] 
643.89 K (IPTS·G8) 

21.66MPa 

-7.81583 (±0.00168) 

n2 - 17.6012 (±0.0700) 

n4 == -18.1747 (±0.0736) 

nll == -3.92488 (±0.0420) 

n20 == 4.19174 (±O.291) 

The critical parameters Tc and Pc are from Blank [18]. The 
number in parenthesis with each coefficient is the estimate 
of standard error. . 

Table 12 contains the extrapolated liquid volumes ob
tained. The uncertainties due to extrapolation are discussed 
in Appendix A.I. Figure 2 shows the relative consistency 
of the saturation liquid volumes obtained by extrapolation. 
The ratio VfD20/ VfH20 has been plotted to demonstrate 
smoothness to within 10-4 in relative volume. (Again the 
equation of Keenan, Keyes, Hill and Moore [14] has been 
used to obtain VfH20') 

3. Saturated Liquid Enthalpy 
3.1. Light Water 

For H20 the specific heat values of Sirota [19] along each 
of 9 isotherms were extrapolated to saturation vapor pres-
sure by means of the formula . 

(4) 

These extrapolated values are shown in table 2 and were 
fitted to the following formula 

(5) 

in which, for 25 < t °C < 150 

Po == 5.844 kJ /kg' K 

f3i == -.0101 

/32 == .0000153 

and, for 150 ~ t °C ~ 300 

f30 ==- 17.515 kJ/kg' K 

Pi == -.0611 

{32 ==- .0000708 

The uncertainties due to extrapolation to saturation are 
discussed in Appendix A.2 for both H20 and D20. 

TABLE 2. Specific heat of saturated liquid H20. Extrapolations from 
data of Sirota, Belyakov and Shrago [19] 

50. 
100. 
ISO. 
200. 
250. 
300. 
310. 
320. 
330. 

4.1822 
4.2149 
4.3124 
4.4980 
4.8656 
5.7594 
6.0648 
6.5091 
7.1223 

J. Phys. Chem. Ref. Data. Vol 9, No.3, 1980 



738 P. G. HILL AND R. D. C. MacMILLAN 

0.918 

0.916 

0.914 

0.912 

~ 0.910 
:t 

~N 
>0 0.908 

0.906 

o Grossman-Doerth (1955) 

8. Herbert, McDuffie and Secoy (1957) 

EJ Whatley (1957) 

Extrapolations 

)( Emmott :.nd Milloro (1076) 

VJ Tsederberg et al (1973) 

<) Rivkin and Ahkundov (1962) 

0.904 ~ 

0.902 

0.900 o~_--&,_-~~-..;L.----=~---I--.....L--3"'OO 

e OC 

FIGURE 2. Saturation liquid volumes. 

To determine the batuHtliUH liquid enthalpy hf, use was 
made of the following equation, whose derivation is given 
in Appendix B. 

dh f [d(VfT ) 
dT Cpf dT (~) T dPsat ] dPsat 

aP T dT dT' 
(6) 

Table 3 shows the comparison of the values of hf inte
grated from eq (6) (taking hf at 25°C as 104.98 kJ/kg) 
with the values presented by Osborne, Stimson, and Ginnings 
[5], and indicates that up to 275 vC the value of h f can be 
determined by the above equation well within 1 J / g. For 
300 0 C and 325 ° C (for which the calculated value of hf 

Wtl5 obtained by a 5epanite fit fUl Cpf ) LIle ullcel'lainly in lhe 

calculated value of hf appears to be 2 J / g. The uncertainties 
in the values of ht. due to integration of eq (6) are discussed 
in Appendix A.3. 

TABLE 3. Comparison of saturated liquid enthalpy calculated from 
eq (6) with values given by Osborne, Stimson and Ginnings 
[5] for R,O 

t °C . hi hf 
OPTS-68) OSG [5]- Equation (4) 

30. 125.74 125.87 
50. 209.34 209.63 

100. 419.11 419.25 
110. 461.32 461.46 

150. 632.12 632.35 
200. 352.20 352.28 
250. 1085.55 1084.92 
275. 1210.51 1210.72 
300. 1344.47 1346.45 

325. 1493.08 1495.2 

" Adjusted to IPTS·6S. 

J. Phys. Chem. Ref. Data, Vol. 9, No.3, 1980 

3.2. Heavy Water 

For D20, values of Cpf have been obtained by extrapola
tion of the values of Cp given by Rivkin and Egorov [20] 
and corrected to 100% D20. Table 4 shows the values of 
Cpt obtained in this way. These were used in a fit to eq (5) 
wilh the lesulLs: 

For the temperature range 25 < t DC < 150 

Po == 3.2483 kJ/kg'K 

PI == .01049 

P2 == -.3644 X 10-4 

/33 :::= .4021 X 10-7 

anrl for 150 < t DC < 300 

Po == -32.278 kJ /kg' K 

PI == .2433 

/32 -.5448 X 10-3 

.4104 X 10-6 

Table 4 also indicates the recommended values of Cpf 

provided by Rosta [21]; the two sets of values agree within 
0.0%. 

TABLE 4. Specific heat of saturated liquid D20. Comparison of ex· 
trapolatcd value::; with thosc of Roata [21] 

tee Cpt Cpf 

(IPTS·68) Jig Rosta [21] 

19.99 4.2048 4.219 
39.99 4.1990 4.198 
59.99 4.1837 4.182 
79.99 4.1816 4.172 

100.00 4.1793 4.168 
120.01 4.1828 4.174 
140.02 4.2023 4.192 
160.03 4.2235 4.224 

;180.03 4.2726 4.273 
200.04 4.3400 4.343 
220.05 4.4542 4.441 
240.06 4.5784 4.577 
260.06 4.7710 4.768 
280.07 5.0138 5.044 
300.07 5.4923 5.470 
310.07 5.7791 6.787 

320.08 6.2068 6.204 
330.08 6.8291 6.784 

E 1 . f h [J dPsat • (6) d d va uahon 0 . t e term . ---;rr- In eq procee e 

as follows. First using the data of table 12 the following 
formulation was obtained 

(7) 

so that 
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in which 

yo == .0017230 cm3/g·K 

1'1 == -.07568 (25 < t °C < 150) 

1'2 == 139.41 

yo == .0057892 

1'1 == -3.7000 

Y2 -- 945_73 

cm3/g·K 

(150 ~ t °C ~ 300) 

The term (;;) p was obtained from formulae previously 

used to extrapolate to liquid saturation volumes. The ele

ments necessary for calculation of ~? are given in table 5. 

Figure 3show3 a comparison of C r dhf and the experi-
P'dT 

mental determination of Nowak [22] [23] of ~~ .. The high 

temperature point is in good agreement with our inference 
from eq (6). At lower temperatures Nowak's experimental 
values are about 1.5 % lower than the calculation, but this 
also means that they are inconsistent to the same extent 
with the specific heat data of Cockett and Ferguson [24] 
and Rivkin and Egorov [20]. (See figure 3.) We conclude 

therefore that our determination of ~~f is about the best 

that can be done with present experimental information. 
Table 5 supplies also the values of hf integrated from the 

1 . 1 . f dhr • h h d'ff . po ynomma representatIOns 0 dT WIt tel erence m 

enthalpy values between 25°C and the triple point being set 
at 89.83 J / g. This value was estimated from ho - hg values 
at 25 and 3.8 DC, and corresponding values computed from 

5.4 

dh f = + fd(Vr T) + (av \ TdP sa~ dPsat 

dT Cpt l dT .ap7T dT J dT 
5.2 

--- Cpf Table 5 
+ + Cpf Cockett and Ferguson (1939) 

5.0 -0-
dhf 
dT Calculated 

dhf \-l \'l dT Nowak (1968,1971) 

4.8 

4.6 

4.4 

4.2 + 

4~~ ________________________ ~ ____________ ~ 

o 100 200 300 

9 th °C 

FICURE 3. Saturation liquid enthalpy derivative. 

the Clapeyron equation, as shown in section 6. Values of 
hf below 25°C are computed from hrg values from the 
Clapeyron relationship, and from ho - hg values obtained 
from the virial equation (again, see sec. 6). 

The value 89.8 J/ g is in good agreement with numerical 
integration of specific heat data of Cockett and Ferguson 
[24] which gives 6.frf from 3.8 to 25°C as 89.5 Jig. 

TABLE 5. Saturated liquid enthalpy of DzO. Integration of equation 

(6) . 

tOe 

(lPTS·68) 

25.0 
30.0 

35.0 
40.0 
49.99 

100. 
111.02 
150.02 

200.04 

250.06 
275.09 
300.10 
325.13 

d(VfT) (;; )r dPsat 

----a;- --;rr 

.8~ -.000416 .000219 

.8290 -.000412 .000282 

.8146 -.000410 .000360 

.7871 -.000409 .000567 

.6714 -.000464 .003509 
.6500 -.000489 .004835 
.5831 -.000608 .012684 

.2972 -.000921 .032771 

-.0849 -.001639 .068178 
-.2500 -.002561 .093010 
-.4005 -.004171 .123560 

-1.2306 -.aoino .161186 

4. Saturated Vapor Volumes 

4.1. Liquid Water 

h t 

89.8 
110.8 

131.8 
152.8 
194.7 

404.0 
450.1 
613.8 

828.1 

1051.9 
1171.6 
1300.4 
1441.2 

For H20, Vg values were obtained by Osborne, Stimson 
and Ginnings [5] from direct calorific determinations of the 

. T dP !'oat Th I h' bl 6 quantIty Vg --;rr--. ese Vg va ues are sown m ta e 

both as determined by Osborne and as revised by us,' using 
the vapor pressure equation of Wagner [3] and the liquid 
saturation volumes of Kell et a1. [14], [25]. Correspond
ing calorific data is not available for D20. 

Second virial eoefficient formulations for H20 have been 
provided by Keyes [26] and by Kell, McLaurin and Whalley 
[27], who also provide a formulation for the third virial 
coefficient. 

Use of the virial equation 

Pv 
RT == 1 + B/v + C/v2 + Dlv3 (8) 

with D ==·0, and the above formulations for Band C, proved 
inadequate to represent the saturation vapour volumes above 
200°C. But it was possible to achieve satisfactory agree
ment by adding a fourth-virial coefficient term, which could 
be represented, in the range 195 to 325°C, by 

10glO D == 
82.204 - 133.12r+ 71.779r2 - 12.542r3 (9) 

in which r == 1000/ (273.15 + to 4SC) and D is in 
(cm31 g) 3. 

For t < 195°C the value of D was set equal to zero. The 

J. Phys. Chern. Ref. Data, Vol. 9, No.3, 1980 
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formulation for C is taken from Kell, McLaurin and Whalley 
[27] and is 

C = [-423,960 4381.5t 16.919t2 + O.029t3 

18.615 X 10-6t4 ]/18.0162 (cms/g)2. (10) 

This formulation is based on experimental measurements 
down to 200°C. For t < 145°C the value of C is set equal 
to zero. The formulation for B is taken from Keenan, Keyes, 
Hill, and Moore [14] and is 

( 
O.100ST2 ) 

B = 2.0624 - 2.61204 7' 10 1 + O.0349T~ (cm3 / g) . 

(11) 

This H20 formulation is used for the entire temperature 
range. 

As shown in table 6, a simple virial equation with 
C.= D 0 will produce values of Vg which agree with the 
determinations of Osborne, Stimson, and Giimings [5] to 
within one part in 1000 up to 150°C. The use of formula

tions for C and D above that temperature renders good 
agreement up to 325°C. 

The values of B, C, and D are shown in table 7. 

TABLE 6. Saturated vapor volumes of H20; comparison of values 
from Osborne, Stimson and Ginnings [5] with values 
obtained from a virial equation (8). 

Vg[5] 
tOC OSG (Revised) vl'[5] til' 

(lPTS-68) emSjg OSG Equation (8) 

0.0 206233. 206288. 206058 
19.99 57836. 57819 
20.0 57796. 57793 

49.99 12045. 12046 
50.0 12037. 12040.6 

100.0 1673.S 1673.0 1674.S 
150.0 392.94 393.11 
150.02 392.57 393.91 
200.0 127.35 127.35 
200.04 127.19 127.24 
225.0 7S.467 7S.463 
225.05 7S.372 78.386 

250.0 50.115 50.112 
250.06 50.056 50.059 
275.0 32.788 32.795 
275.07 32.745 32.759. 

300.0 21.667 21.676 
300.07 21.643 21.650 
325.0 14.182 14.111 
325.07 14.Hi7 14.092 

4.2. Heavy Water 

For D20 the values of Vg were obtained from the virial 
equation, using the vapor pressure equation of Hill and 
MacMillan [17]. 

The virial coefficients used were the same as for H 20 (in 

terms of molar volumes) except that allowance was made 
for the differences in B for D20 and H20 given by KeIl, 
McLaurin. and Whalley [28] and Kell [29] which were 
represented by 

J. Phys. Chern. Ref. Data, Vol. 9, No.3, 1980 

TABLE 7. Virial coefficients for H20 

tOe B C D 
(lPTS·6S) cm3 /g (em3/g) 2 (Cm3/g)S 

Q -77.56 O.Q 0.0 
20 -58.76 0.0 0.0 
50 -40.69 0.0 0.0 

100 -24.48 0.0 0.0 
150 -16.20 -IS1.72 0.0 
200 -11.48 - 68.48 1177. 
225 - 9.S46 - 37.11 580.8 
250 - 8.533 - 17.33 257.8 
275 - 7.460 - 5.875 122.1 
300 - 6.572 - 0.017 67.67 
325 - 5.826 + 2.437 46.00 

Brr20 - BD20 = 
4.1.6016 38.29131' + 4.88147'3 cm3/mol (12) 

in which 7' 1000/ (273.15 + to 4SC). 

Table 8 shows the values of B, C, and D and the values of 
Vg which were calculated from the virial equation for D20. 

Table 9 shows values of Vg which were obtained by ex
trapolation to saturation pressure of the data of Rivkin and 
Ahkundov [13], on 4 isotherms. To test the consistency of 
the Rivkin and Ahkundov [13] isotherms with the virial 
coefficients of Kell, McLaurin and Whalley [28], a plot of 

vIn (~~ )vs p was made (see fig. 4) following the deriva

tion of Keyes [26] of 

B 1· I Pv Imvn RT • 
p..",O 

The resulting B coefficients are shown in figure 5 to he in 
excellent agreement with eq (11) and (12). 

Uncertainties due to extrapolation of limiteu data 011 

vapor volumes are discussed in Appendix A.4. 

TABLE 8. Virial coefficients for D20 and saturated vapor volumes 
obtained from eq (8) with the vapor pressure equation 
of Hill and MacMillan [17] 

tOe B C D Vg 

(IPTS·68) cms/g (emS /g)' (cms/g) II cm3jg 

3.S 72.69 0.0 0.0 174119. 

6.0 -70.42 0.0 0.0 149649. 

10.0 -66.57 0.0 0.0 114465. 
15.0 -62.13 0.0 0.0 82896. 
20.0 -58.08 0.0 0.0 60920. 

25.0 -54.38 0.0 0.0 45177. 

30.0 -51.00 0.0 0.0 33950. 

35.0 -47.89 0.0 0.0 25797. 

40.0 -45.04 0.0 0.0 19807. 

49.99 -39.99 0.0 0.0 12030. 

100.0 -23.67 0.0 0.0 1585.4 

111.02 -21.36 0.0 0.0 1101.8 
150.02 -15.35 -146.1)9 0.0 360.83 

200.04 -10.66 55.36 855.67 114.68 

250.06 - 7.798 13.99 187.30 44.525 

275.09 - 6.777 - 4.731 88.63 28.947 

300.10 5.944 - 0.0013 49.15 1tt~llH 
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FIGURE 4. Determination of second virial coefficient from data of Rivkin and Ahkundov [13] D20. 

- Equation 11 

G G Kcll, McLaurin and Whalley (1960) 

)(. )(. From Fig. 4 

TABLE 9. Saturated vapor volumes of D20. Values obtained by extra
polations of data of Rivkin and Ahkundov [13] 

tOe 

(lPTS-68) 

325.13 
340.10 
350.13 
360.06 

Vg 

Extrapolations 
cm3jg 

12.27183 
9.30522 
7.49275 
5.79188 

s. Saturation Vapor Enthalpies 

5.1. Light Water 

Two methods of estimating saturation vapor enthalpy 
were employed. The first uses previously determined values 
of vg, hi and saturation pressure with the Clapeyron equa
tion to obtain 

A "e~ond method utilizes the virial equation and the 

thermodynamic relationship 

(~) =(~) ap T aT p 

hg=ho+ t"["~:T)J/P (14) 
or 

-1~----~----~------------~----~----~ in which the integration proceeds along an isotherm from 
the zero pressure enthalpy ho• 

o 100 200 300 

e °c 
400 

FIGURE 5. Second virial coefficients. 

500 

From the virial equation it may shown that 
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(15) 

Table 10 shows the results of using the second method 
for calculating the value::; vf hg fV! H 20, U~iIlg Lhe values of 
B, C, and D given in table 8, and the derivatives from equa
tions (9), (10) and (11), along with ho from Keenan, 
Keyes, Hill and Moore [14]. These indicate agreement with 
the Osborne, Stimson and Ginnings (51 values within 4. J / g 
up to 300 0 C. Owing to the importance of the derivative 
terms in eq (IS) closer agreement is difficult to obtain. 

TABLE 10. Saturated liquid enthalpies of H20. Comparison of values 
of Osborne, Stimson, and Ginnings [5] with values esti
mated from eq (14). 

hg 

t °C ose (51 hg 

(IPTS-411) Jig Equation (14) 

0 2500.8 2501.3 
20 2537.6 2538.0 
50 2591.6 2592.3 

100 2675.8 2677.6 

150 2746.5 2749.1 
200 2793.0 2795.9 
225 2802.6 2805.8 
250 2801.0 2803.7 

275 2785.1 2787.4 
300 2749.1 2753.1 

5.2. Heavy Water 

For D20 table II shows the degree of agreement between 
the calculations of hg from equation (13) and those from 
equation (14). 

The D20 virial coefficients are given by eqs (9), (10), 
(II) and (12) and the values of ho were determined by 

. 6 Ci (2 - i) Ti-l 

ho == ~l IOOOi-l . 

+C7 (luT-1) +(R-1;&)T Jls (16) 

with the following values for Ci representing a fit to the ideal 
gas specific heats of Friedman and Haar [30]. The constant 
of integration was set to be consistent with zero internal 
energy at the triple point. 

Cl == 1866.86 

C2 == 4661.99 

C3== 64.6050 

C4 == -284.8833 

C5 == 100.1333 

J. Phys. Chem. Ref. Data, Vol. 9. No.3. 1980 

Cs == -13.1350 

C7== .32684 

Cs == -1211.253 

TABLE 11. Saturated vapor enthalpies of D20. Comparison of values 
calculated from the virial and Clapeyron equations. 

t °C 
(IPTS·68) 

~.S 

6.0 
10.0 
15.0 

20.0 
25.0 
30.0 
35.0 

40.0 
49.99 

100.0 
II 1.02 

150.02 
200.04 
250.06 
275.09 
300.10 

hg 

Equation (14) 

Isothermal integration 
from zero pressure 

Jig 

2?>2~.\) 

2327.7 
2334.5 
2342.9 

2351.3 
2359.7 
2363.1 
2376.4 

2384.7 
2401.2 
2480.0 

2496.1 

2546.0 
2589.1 
2596.9 
2582.5 
2551.5 

hg 

Equation (13) 
(Clausius-Clapeyron) 

2367.9 
2376.0 

2384.1 
24OQ.2. 
2478.5 

2494.8 

2545.3 
2590.2 
2599.8 
2586.8 
2554.4 

6. Saturation States of D20 

Table 12 provides the recommended values of Vr, V g , hf 

and hg , the latter being obtained using the Clapeyron equa
tion with previously quoted values of hf, Vf and V g , for the 
temperature range above 25°C. Below 25 °C (-in the pres

ence of liquid Cp data) the values of hf were obtained as 
follows: First the value of hg was obtained from equations 
(14) and (15) ; then the Clapeyron equation was used (with 
existing values of Vf and vg ) to obtain hf. The values of 
Vi, V g , hi, hg are thus thermodynamically consistent with the 
vapour pressure equation of Hill and MacMillan [17]. 

The value of hfg for 25°C from table 12 (2270 Jig) is in 
quite close agreement with the determination of Rossini, 
Knowlton and Johnston [31] ,who obtained 

hrg == 45,391 ± 36 int j/mol at 25°C 

Using 1 int j == 1.0003 l and a molecular weight value of 
20.0284, this value becomes 

hfg == 2267.0 ± 1.8 Jig, at 25°C 

which compares with 2269.9 from table 12 at the same 
temperature. 

7. C.omparison of Saturated Molar Densities of 
D20and H20 

Figures 6 and 7 show the values of, and the differences 
between, the molar densities of D20 and H20 for both 
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saturated liquid and saturated vapor. For H20 the satura
tion states have been taken from Keenan, Keyes, Hill, and 
Moore [14]. 

For the saturated liquid states of D20, values have been 
obtained from the" equation of state of Ikeda, Kageyarna, 
and Nagashima [32] for liquid D20, along with the satura
tion vapor equation of Hill and MacMillan [17]. A few 
extrapolations from unpublished data of Kell [29] are also 
shown for temperatures between 150° and 300°C. These 
are in agreement with table 12 to within 1 part in 5000. 

For the saturated vapor states, values have been obtained 
from the recent equation of state of Juza [33] (for vapor 
states below 340°C) along with the saturation vapor equa
tion of Hill and MacMillan [17]. The agreement between 
these values and those of table 12 is better than about 1 
p;nt in ?SOO, eycept at 340°C. This is one of the 4 values 

from table 9 extrapolated from the vapor state measure
ments of Rivkin and Ahkundov [13], for 325, 340, 350 and 
360°C. Also shown are extrapolations from a few unpub
lished data from Kell [29] for temperatures 150, 175, 200, 
225,250, and 275 DC. 

8. The Critical Density of 020 

Figures 8 and 9 show the values of, and the differences 
between, the mean molar saturation densities (Pf + pg) /2 of 
D20 and H20. The values for H20 have been taken from 
Keenan,Keyes, Hill, and Moore [14] except that the critical 
density for H20 has been taken as 0.324 g/ cm3, i.e., 18.0 
kmol/m3• 

For temperatures between 200°C and the critical tem
perature (as well as below 100 DC) there appear to be sig
nificant differences in mean molar density of D20 and H20, 
at the same reduced temperature. However, the absence of 
reliable saturation densities for D20 above 330 or 340 ° C 
means that one cannot conclude that the critical molar den
sity of DzO is appreciably different from that of H 2 0. Hence 

our best estimate of the critical density of D20 at this time 
is 0.361 g/cm3 == 18.0 kmol/m3• 

Figure 10 shows 2 experimental isotherms of Rivkin and 
Ahkundoy [13] for D20 in the vicinity of its critical 
point. Also shown is a linear interpolation to the 370.74 °C 
(IPTS 68) isotherm which Blank [18] concluded was the 
critical temperature. The linearly interpolated isotherm does 
not have a point of zero slope, nor does the closely sub
critical isotherm at 370.53 °C exhibit a zero slope segment 
for the 2-phase region. The difference between the pressure 
on the interpolated isotherm at the deduced critical density" 
pc == 0.361 g/cm3 and the Blank [18] determination of the 
critical pressure is about I part in 3000. 

From the foregoing we conclude that while the value of 
the" critical density cited above could differ by 2 percent 
from the true value, it is in quite reasonable agreement with 
the critical region PvT data of Rivkin and Ahkundov [13]. 

TABLE 12. Recommended saturation values for D20 

tOe 

(IPTS- P sat Vr hf 
68) MPa cm3 /g Vg Jig hg 

3.8 .000660 . 90464 a 174119 . 0.0 2324.0 
6.0 . 000774 .90439 149649 . 9.3 2327.7 

10.0 .001026 . 90419 114465 . 26.4 2334.5 
15.0 .001442 . 90428 82896 . 47.4 2342.9 
20.0 .001999 .90472 60820. 68.6 2351.3 

25.0 .002737 .90545 45177. 89.8 2359.7 
30.0 .. 003702 .90645 33950. nO.B 2367.9 

35.0 . 004950 .90771 25797 . 131.8 2376.0 

40.0 .006549 .90918 19807. 152.8 2384.1 

49.99 . 011115 .91274 12030 . 194.7 2400.2 

100. .096252 .94057 1585.4 404.0 2478.5 
111.02 .14194 .94866 n01.8 450.1 2494.8 
150.02 .46558 .98317 360.83 613.8 2545.3 

200.04 1.5474 1.0438 "1l4.68 828.1 2590.2 
250.06 3.9994 1.1320 44.525 1051.9 2599.8 

275.09 6.0054 1.1931 28.947 1171.6 2586.8 
300.10 8.7011 1.2746 18.978 1300.4 2554.4 
325.13 12.247 1.3925 12.272 1441.2 2490.3 
340.10 14.857 1.5006 9.305 
350.13 16.845 1.6044 7.493 

a Extrapolated from Vr at higher temperatures. 

p kmol/ m 3 

60 

50 

40 

30 - H 2 O 

0 0 2 0 TABLE 12 

20 

10 

0 
0 0.1 0.2 0.3 0.4 0.5 0.6 

1 - TITe 

FIGURE 6. Densities of saturated states of D20 and H2O. 
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Appendix A. Uncertainties 

A.l. Saturated liquid Volumes 

At 0 °C the 6 H20 data used to evaluate eq (l) varied 
from 0.1 to 4.2 MPa and were fit to a standard error of 
4 X 10-7 in In v or an error of 4 X 10-5 % in v. Given that 
the error in Psat is of the order of 0.1 %, and that the 

quantity ; ~~. is of the order of 10,000 the uncertainty 

in the saturated liquid v·olume (due to the fitting process 
and the uncertainty in vapour pressure) is expected to be 
5 X 10-5 %. This uncertainty is of course additional to the 

. effect of systematic error in the data. 
At 325°C the 6 H20 data used to evaluate eq (I) varied 

from 13 to 38 MPa and were fit to a standard error of 

8 X 10-3% in v. Since at that temperature pv ap is of the av 
order of 20 and the uncertainty in Psat is of the order of 
0.1 % the uncertainty in the saturation volume introduced 
by the extrapoiation process is expected to be 13 X 10-3 % 
in v which is considerably less than the uncertainty in the 
data, if the possibility of systematic errors is allowed for. 

At 6 °C the 6 D20 data used to evaluate eq (1) ranged in 
pressure from 1 to 50 MPa and the standard error in the 
fit was 3.6 X 10-4 % in v. Given a std. error in Psat of 

0.3% (see Hill and MacMillan [17]) and that ; ~: is of 

the order of 10,000, the uncertainty introduced by the 
extrapolation process is of the order of 4 X 10-4% in v 

which is small compared to the uncertainty introduced in 
adjusting the data to correspond to 100% D20 (of the 
order of 10-2 %). 

At 340°C the 0 D20 data used to evaluate eq (1) ranged 
from 15 to 29 MPa and the standard error in the fit was 

0.11 %. Given that the value of ; ~: on the saturation 

line at that temperature was of the order of 20 and that the 
error in P sat at 340 ° C was 0.013 % [17], the error in v due 
to extrapolation is expected to be 0.11 % which may be of 
the same order as the uncertainty in the data. Rivkin [13] 
provides data for D20 to within 0.3 MPa of saturation pres
sure (275°C to 350°C) as compared to 1.0 - 4.5 l\1Pa for 
H20 data at the same temperatures. 

A.2. Sp9dfie H90t of Soturot9tt Liquid 

At 50°C the 6 H20 data used to evaluate eq (5) ranged 
from 2.5 to 15 MPa and were fit with a standard error of 

8.5 X 10-3 % in Cpo Given that, at that temperature
C
P acpp 

, 11 a 
is of the ordet of 0.01 %, and that the vapor pressure uncer
twinty is le!O\!O\ than O.lo/c, the uncert::llnty in Cp due to the 

extrapolation process is expected to be 10-2 %. 
At 300°C the 6 H20 data used to evaluate eq (6) ranged 

from 10 to 22.5 MPa and were fit with a standard error of 

1.8 X 10-2% in Cpo Given that at that temperature % ~;: 
• p 
IS of the order of -0.1 and that the vapor pressure uncer-
tainty is of the order of .01%, the uncertainty in Cp due to 

the extrapolation process is expected to be 2 X 10-2 %. 
At 20°C the 6 D20 data used to evaluate eq (6) ranged 

from 4.9 to 22.1 MPa and were fit with a standard error of 

~.1 X 10-2% in Cpo Given that at that temperature ~ 0;; 

IS of the order of -10-5% and that the vapor pressure un
certainty is of the order of 0.3 %, the uncertainty In c.p due 
to the extrapolation process is expected to be 8 X 10-2 %. 

At 300°C the 6 D20 data used to evaluate eq (6) ranged 
from 9.8 to 23.5 MPa and were fit to a standard error of 

7.8 X 10-2% in Cpo Given that at that temperature -.!. ~ . C P 
is of the order of -0.1 and that the vapor pressure ~ncer
tainty is of the order of 0.013% the uncertainty in Cp due 
to the extrapolation process is 8 X 10-2 %. 

A.3. Saturated Liquid Enthalpies 

These were obtained· by the integration of eq ( 6) in 
which the first term on the right hand side was typically 
two orders of magnitude larger than the second term. Hence 
the main contribution to uncertainty in hf will be assumed 
to be due to Cpf' 

As indicated in section A.2 the uncertainties in Cpf for 
H20 due to extrapolation are small. In fitting eq (5) to 4 
H20 Cpf "data" between 50 and 200°C the absolute stand
ard error was 0.0052 kJ/kg' K. For a fit to 4 H20 Cpf data 
points in the range hetween 150°C and 300 °C the standard 
deviation is 0.077 kJ /kg· K. If one arbitrarily estimates that 
the relative error in the integral of CPf over an interval of 
300 ° is at least one order of magnitude less than the maxi
mum error in Cpf then the uncertainty in hf at high tempera
lure due lo integration of Cpf from the triple point would be 
less than 2 J / g. This value may be compared with the dis
crepancy between the Osborne, Stimson and Ginnings 
results, and the results of the use of eq (6) for H 2 0 (see 

table 3). 
As indicated in section A.2 the uncertainties in Cpf for 

D 20 were also small. In fitting eq (5) to 8 of these Cpt' 
"data" between 20 and 160°C the standard error was 0.003 
kJ/kg·K. For a fit to 9 "data" between 140 and 300°C the 
standard error was 0.031 kJ Ikg· K. Again, arbitrarily as
suming the relative error in the integral of Cpf over a range 
of 300°C is an order of magnitude less than the relative 
error in Cpf, the uncertainty in hr at 300 °C due to integra
tion of Cpf from the triple point would be of the order of 
1 Jig. 

A.4. Saturated Vapor Volumes 

The test of the method of determining the saturated vapor 
volumes by a virial equation is the agreement with the 
extrapolated experimental data of Rivkin and Ahkundov 
[13] and Kell [29]. As shown in figure 7 these values of Vg 

appear consistent with each other and with the values of 
table 12 within about 0.1 %. Even though these experimental 
data are only available over a limited temperature range 
it is assumed that the uncertainty of the Vg values in table 12 
is 0.110 over the whole range. 

J. Phys. Chem. Ref. Data, Vol. 9, No.3, 1980 
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A.S. Saturated Vapor Enthalpies 

In the absence of calorific data the uncertainty in satura
tion vapor enthalpy depends mainly on the uncertainty in 
the saturation vapor volumes. Using the Clausius-Clapeyron 
equation it may be shown that 

Sh --' T dPsat ~Vg 
g - Vg dT Vg 

Assuming Svgl Vg == 0.001 and t4e information in tables 5 
and 12 yields Shg == 2.2 Jig at.30 °C and 1.3 Jig at 300°C. 
Given also the uncertainty in the saturated liquid enthalpy, 
the uncertainty in saturation vapor enthalpy may be ex
pected to range from 2 to 4 Jig as one proc~eds from the 
triple point temperature to 300°C. 

Appendix B 

Derivation of equation (6). 

We first write 

in which 

T == liT. 

Then we write 

d (vr) == [ a (VT) ] dT + [a (VT) ] dP 
aT p ap T 

so that 

( 
d (VT)) == [a (VT) ] + [ a (VT) J. dPF.at. 

dT sat aT· p ap T dT 

Thus 

dh == CpdT + {( d (VT)) _ [a (VT) ] dPaat} dP 
dT sat aP. T dT 

= C.dT + {( d ~T) ),., (~) l' dP,,,at } dJ! 
ap T dT 

and 

(
dh) _ C + [(d (VT») + (~) T dPsatJ dPsat 
dT t- pi dT t ap T dT dT 

sa sa 

or, 

dht _ C + [( d (ViT») + (~) T dPsatJ dPsat 
dT - pi dT ap T dT dT' 
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