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Consistent with the latest experimental data and the recent internationally recommend
ed values for the critical parameters, we have developed compact and accurate representa
tive equations for the following properties on the saturation line of ordinary (light) water 
substance: vapor pressure, density, enthalpy and entropy of both the saturated liquid and 
the saturated vapor. These equations form the basis of a "Supplementary Release on 
Saturation Properties of Ordinary Water Substance" issued by the International Associ
ation for the Properties of Steam (lAPS). 
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1. Introduction 
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For many technical and scientific applications the 
know ledge of the state variables of ordinary water substance 
in the saturated vapor and liquid states is of essential impor
tance. In spite of this, it is remarkable that accurate but sim
ple correlation equations which allow the easy calculation of 
all thermodynamic saturation properties are not available. 
Each of the existing equations 1-7 has at least one of the fol
lowing disadvantages: (a) they are not accurate enough over 
the whole temperature range especially in the critical region, 
(b) they have a large number of coefficients, (c) their struc
ture is rather complicated, (d) they are not based on the 
original eAperiulI:::utal data, (e) they do 110t agree with the 
recommended critical parameters, or (f) they do not corre
spond to the current international practical temperature 
scale (lPTS-68). 

Of course, the saturation properties can be calculated 
from equations of state by fulfilling the condition of the va
por-liquid equilibrium, e.g., from the new lAPS Formula
tion 19848 developed·by Haar, Gallagher and Kell,Y or the 
Pollak equation. lO However, for those applications which 
only require the state variables on the vapor-liquid curve, it 
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is much easier and quicker to use special correlation equa
tions. In any case, therecalculation of the equilibrium prop
erties from an equation of state would consume much less 
computer time if special equations for the properties on the 
saturation line delivered the initial values. 

During the last one and a half decades new "state of the 
art measurements" fo:r the property values UIl the (';oeAis
tence line of water substance have been reported. 11-14 On the 
other hand, the development of functional structures for the 
properties on the saturation curve progressed, too. In addi
tion to a new form for a vapor-pressure equation applied 

f b 15-20 t successfully to a large number 0 su stances accura e 
formulations for the orthobaric densities have been devel
oped.21

,22 Furthermore, new methods in order to optimize 
functional structures23

-
27 facilitated the development of im

proved correlating equations. 
The purpose of this paper is to present equations for the 

following properties of ordinary water substance: vapor 
pressure, density, enthalpy, and entropy for both the satu
rated liquid and the saturated vapor. Consistent with the 
latest experimental data and the recently internationally rec
ommended critical parameters28 (Tc = 647.14 K, Pc 

893 

= 22.064 MPa, Pc = 322 kg/m3) the equations cover the 
entire range of the coexistence curve vapor-liquid from the 
triple point to the critical point. 

The structure and number of coefficients in these equa
tions has been optimized with the aid of the evolutionary 
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894 A. SAUL AND W. WAGNER 

optimization method (EOM) developed by Ewers and Wag
ner.26

•
27 The new equations represent all selected data in

cluding those in the critical region within the experimental 
uncertainty without any systematic deviations or oscilla
tions. In constructing the equations for the caloric properties 
we have ~tarted from original experimental data-which are 
diiferences between two temperatures-rather than from 
the mean values used by previous authors. 

The equations are of importance for technical as well as 
for scientific applications. Hence, the equations have been 
used to generate the table for the thermodynamic properties 
of the saturation state of the new International Skeleton Ta
bles 1984.29 Furthermore, the equations are the basis of the 
"Supplementary Release on the Saturation Properties of Or
dinary Water Substance," recently issued by lAPS. A verba
tim copy of this release is presented in the Appendix. 

2. Thermal Properties 
In an earlier paper,30 we have pl-esellted aCCUl'ate equa

tions for the vapor pressure Ps and the densities of the satu-
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rated liquid p' and the saturated vapor p", respectively. 
These equations are based on data sets which have been eval
uated very carefully to represent the thermal properties on 
the saturation line of ordinary water substance. These equa
tions are an important prerequisite in order to establish 
equations. for the caloric properties on the saturation curve. 
Therefore, the equation for the vapor pressure p s 

In(ps/pc) = (Tc/T) (al'i + a2r1.5 + a 3,f3 

+ a4~·5 + as1"4 + a6r7.5), (2.1) 

and the density of the saturated vapor p" 

In(p'' /Pc) = Cl~/6 + C2'i
4 / 6 + C31"8/6 

+ "41'18/6 + CS~7/6 + C61"71/6 (2.2) 

are once again given here, where 1" = 1 - T /Tc and c refers 
to the corresponding property at the critical point. The nu
merical values of the coefficients aj and cj are given in the 
Appendix. Details .of data processing and evaluation of the 
stl-ucture of the equations were given in the earlier publica
tion.30 
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FIG. 1. Percentage deviation l1y = (yexp - Ycalc )/Yexp; (Y = pIt ,Ps) of the selected experimental 
data from Eqs. (2.1) and (2.2), respectively. 
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In Fig. 1 the quality of the two equations is illustrated 
by comparing the values calculated from them with the ex
perimental data. Besides this comparison, values calculated 
from the lAPS Formulation 1984 are also included in the 
figure. The latter fundamental equation was not approved 
for use within an excluded range bounded by 1 T - 647.2 
KI<1 K and Ip/(317.763 kg m-,3) - 11<0.3 near the criti
cal point. When this region is approached, the orthobaric 
densities calculated from the lAPS Formulation 19848 de
viate systematically from the experimental data. 

Figure 1 shows that all selected experimental data of the 
vapor pressure and the saturated vapor density are repre
sented by the corresponding equation within the experimen
tal uncertainty without any systematic deviations. This 
statement is also valid for the critical region, cf. the deviation 
diagram for the vapor pressure at the bottom of Fig. 1. As a 
consequence the usage of equations designed especially to 
represent the vapor pressure in the critical region (e.g., Ref. 
31) is not necessary. 

We have also developed30 a correlation equation for the 
density of the saturated liquid p'. For T> 423 i<. this five
coefficient equation represents the experimental data within 
the experimental uncertainty. }i'or 1':::::340 K the calculated 
densities deviate from the data of Ken11 by 22 ppm which is, 
however, about twice the uncertainty of these special high
quality data. The reasons for further improving this equation 
are discussed as follows. 

A lot of scientific and technical equipment for thermo
dynamic measurements are calibrated with water substance 
as a reference fluid. Therefore, the thermodynamic proper
ties of water substance in the compressed liquid at atmo-

spheric pressure (Po = 0.101 325 MPa) belong to the best 
known properties of any fluid. As the density along the satu
ration line in the region 273.16 K< T < 423.15 K is very close 
to the density Po at atmospheric pressure, p' is known in this 
region within the same accuracy asp a (cf. Ke1l11 

). The accu
racy of Pais about 4 ppm at the density maximum 
(T= 277.15 K) and deteriorates to about 14 ppm at 423.15 
K. Since (a) the "old" p' equation30 is slightly outside this 
tight tolerance and (b) it was our intention to determine the 
p' values of the Skeleton Tables 198529 with such ap' equa
tion, and (c) the equations should serve for the lAPS Sup
plementary Release on "The Saturation Properties of Ordi
nary Water Substance," the authors decided to develop a 
new correlation equation for p' that predicts values within 
the experimental uncertainty of the most reliable experimen
tal data. 

If proceeding in exactly the same way as it was de
scribed by Wagner and Saul,30 the new equation for the satu
rated liquid density has the following form: 

p'/Pc = 1 + b{r1/3 + b2-,.2/3 + b3r/3 + b4T16/3 

+ bsT43/3 + b6Tll0/3, (2.3) 

where T = I - T fTc and c refers t6 the corresponding value 
at the critical point. The numerical values of the coefficients 
bi are given in the Appendix. 

A comparison between the selected experimental p' 
data and values calculated from Eq. (2.3) is presented in 
Fig. 2. For temperatures above 423 K Eq. (2.3) does not 
yield any significant difference in comparison with the "old" 
p' equation; all selected experimental data are represented 
within their uncertainty. 
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FIG. 2. Percentage deviation Ap' = (p;xp - P~lc )j P;xp ofthe selected experimental data from Eq. 
(2.3). 
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The lower diagram of Fig. 2, having an enlarged scale, 
shows that the experimental data of Kell!l are represented 
by Eq. (2.3) within 3 ppm. This should be adequate for the 
estimated uncertainty of these data which are plotted for 
convenience in this figure, too. The locus of the maximum of 
p' calculated from Eq. (2.3) is T(p:Oax) = 277.153 K, where 
p:Oax ofEq. (2.3) is 999.9232 kg/m3. The value ofT(P:Oax) is 
exactly the temperature where the isobaric density line 

. crosses the saturation line (cf. Kell tt ). Besides the compari
son with the experimental data, this figure also shows the 
plot of p' . values calculated from the lAPS-Formulation 
19848

; the reason for the deviation in the critical region was 
already given when we discussed Fig. 1. 

In the following paragraphs the derivative dpsfdT of 
the vapor-pressure equation is required in order to assign the 
various caloric properties of water ~ub~tallce. TillS del'ivative 
can be calculated with the aid of the vapor-pressure equa
tion, Eq. (2.1), from the following expression: 

dT 
-P;[ln~:) + a, + 1.5a2.,.o·s + 3a3r' 

+ 3.5a4~·5 + 4a:J.,-3 + 7.5at,r6.51, (2.4) 

where T = 1 - T fTc' The numerical values for the coeffi
cients ai are the same as for Eq. (2.1) and are listed in the 
Appendix. 

3. Enthalpy 
During the period from 1930-1939 Osborne and his co

workers32-35 carried out experiments of metrological quali
ty. Besides their vapor-pressure data33 which form the core 
of data used to establish the vapor-pressure equation, Eq. 
(2.1), they measured caloric properties as well. 

These caloric properties 

(3.1 ) 

and 

T dps 
r={7 dT (3.2) 

were used by Wagner and Saul,30 to obtain data sets for the 
density of saturated liquid p' and saturated vapor p" , respec
tively. 

Because of the difficulties in converting the units of data 
measured by earlier researchers we did not use data pub
lished before 1930. In principle Osborne et al. measured the 
internal energy in the two-phase region of water substance. 
These data for the internal energy which depend on both 
temperature and density, can be reduced to a quantity a 
which only depends on temperature. 

The internal energy data of Baehr et al.36 were compiled 
in a similar way. However, these data were found to have an 
experimental scatter of about ± 3% of the corresponding a 
value. Furthermore, the Baehr data tend to yield a values 
which are systematically 1 % too high in comparison with 
the Osborne data. To avoid inconsistencies, only the data of 
Osborne et al. were used to establish the caloric equations. 

During the a experiments mentioned above, the change 
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of a corresponding to 

ali = a(T2 ) - a(Tl ) (3.3) 

is measured between the two temperatures Tl and T2• Then 
the change of the enthalpy of the saturated liquid 

h 'Ii = h '(T2 ) - h '(Tt ) (3.4) 

can be calculated using the relation 

. h ' Ii = ali + P Ii, (3.5) 

where 

P Ii = (I... dPs
) _ (I... dPs

) • 
p' dT 2 p'dT 1 

(3.6) 

In the same way the change of the enthalpy of the saturated 
Vapor h 11 is given by 

h "Ii =ali +rlL (3.7) 

where 

12 (T dPs
) ( T dPs

) 
rl = -;;- dT 2 - {7.dT l' (3.8) 

The values of 81~ in Eq. (3.5) and of rli in Eq. (3.7) are 
known from Eqs. (2.1)-(2.4). Thus,al~ is the key value for 
the enthalpy of the saturated liquid and vapor. We shall 
show below that a is also a convenient quantity in describing 
the entropy along the saturation line. Therefore, it was de
cided to establish a correlation equation for a. 

The first step towards the development of the equation 
for a was the selection of the a I~' data. The a I ~ measure
ments can be classified by the magnitude of the temperature 
interval (T2 - T 1 ). In the following paragraph they will be 
called "small temperature interval" measurements if 
(T2 - T1 ) < 10K and "large temperature interval" measure
ments if (T2 - T1 ) > 10 K. 

The data measured in 1930,32 covering the temperature 
range from 273 K<T<543 K, were not used because they do 
not have the same accuracy as the later measurements. From 
the data published in 1937,34 which cover the temperature 
range 373 K,T,643 K, only the "Iarge mass" experiments 
in "small temperature intervals" were used (142 data 
points). The "small mass" experiments are mainly impor
tant to get the calorimetrio constants of the apparatus. Re
ferring to the "large temperature interval" measurements 
Osborne himself said that they had less accuracy. The mea
surements of 193935 were carried out in the region 273 
K<T<373 K; again the "small mass" data were not used. As 
a consequence the 256 data points of the "large mass" ex
periments were selected. From the two publications,34.3s 
only the unsmoothed original data were taken and converted 
to SI units and to the IPTS-68. 

As a second step we formulated a comprehensive 
expression forming a "bank of terms." Due to the nature of 
the data (triplets of ali, T l ,T2 ), a very special "bank of 
terms" never used before had to be established, namely 

120 [( T2 );/2 ( Tl );12] . 2: d; - - - ,1:;60, 
i= -120 Tc Tc 

(3.9) 

where a o = 1000 J/kg. 
In the third step, the most effective combination of 
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terms was selected from this "bank of terms" when the opti
mization method EOM developed by Ewers and Wagner6

,27 

was applied. The most effective combination is the follow
ing: C I) That one which yields the smallest weighted least
square sum WLS for a given number of terms after fitting to 
the data. (2)' Neither an increase in the number of terms 
would yield a significantly smaller WLS nor a decrease 
would be possible without substantial deterioration of the 
WLS. The WLS and the corresponding coefficients di result 
simultaneously from a WLS fit formulated by 

M caa )2 
WLS = L m -minimum 

m= 1 uiam 

C3.10) 

with 

ali i nk [(.!2..)"'k _ (IL)"'k], 
ao k= 1 Tc Tc 

where Mis the number of data points, uia
m 

is the variance of 
aam , and nk' '1k are actual coefficients and exponents, re
spectively. According to the Gaussian error propagation for
mula, the variance Dia is related to the three single variances 
cil,2' c? ,and 0} of each experimental ali . value by a 1. 2 

(
aaa)2 a2 2. + (aaa)2 02., + (aaa)2 02. .. 
aali T.,T

2 
all aTl alr,T2 I. aT2 aIT,T. 12 

(3.11 ) 

For each experimental T1• T':/.. ali point. ala was cal
culated by estimating if 12, a} , and a} from the statements a I I 2 

in the corresponding publications in connection with our 
own experience and judgment. The required derivative 
da Ii I dT was calculated from a preliminary equation. When 
we used the EOM to solve the optimization problem formu
lated above, the following simple equation for a results: 

ali lao = dlCO 2-
19 

- 0 1-
19

) + d2 C02 - 01) 

+d3 (Oi·5 -ot.5) +d4(0~ -Oi) 

+ d5(l9~4.s e~4.5), (3.12a) 

where e T ITc • The numerical values of the coefficients d; 
are listed in the Appendix. 

0.5 
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In Fig. 3 the deviations between the experimental val
ues of ali and the values calculated from Eq. (3.12a) are 
plotted at the lower temperature Tl for each data point. It 
can be seen that Eq. (3.12a) represents all selected data 
within their experimental scatter. Furthermore, Fig. 3 
shows the deviations between the values calculated from the 
lAPS Formulation 19848 and Eq. (3.12a). 

In order to calculate the enthalpy with regard to a refer
ence state it is convenient to rearrange Eq. (3.12a). Accord
ing to the lAPS agreement, the reference state is the satu
rated liquid at the triple point where the entropy and internal 
energy are considered to be zero. Taking this fact into ac
count, the enthalpy of the saturated liquid at the triple point 
is fixed by the relation h ' (Tt ) = Ps (Tt ) I pi (Tt ). The calcu
lation ofPsCTt ) from Eq. (2.1) andp'(Tt ) from Eq. (2.3) 
yields for the enthalpy at the triple temperature 

h '(Tt ) = 6.1l787X 10-4 Jig. (3.13) 

It is obvious that Tt now is the temperature Tl of Eq. 
(3.5). Thus, the value of P(T1 ) =P(Tt ) and 
a(T1 ) =.a(Tt ) were calculated. With regard toEq. (3.13) 
a reference constant da was assigned in a way that 

alao = da + dle -19 + d20 

(3.12b) 

enables us to calculate value~ for the enthalpies. namely 

h' _ a + 103 T IK (dPs ) / (MPa) 
Jig - ao p'/(kgm-3 ) dT ~ 

(3.14) 

and 

!!.:.. =.!!.. + 103 T IK (dPs
) / (MPa) (3.15) 

Jig ao p"/Ckgm-3
) dT K' 

The numerical valuesofthedi ofEq. (3.12b) are the same as 
for Eq. (3.12a) and are listed together with da in the Appen
dix. Now the computation of h ' and h " is very easy by using 
Eq. (3.12b) fora, Eq. (2.2) forp", Eq. (2.3) forp' andEq. 
(2.4) for dPsldT. The value of the enthalpy at the critical 
point resulting from Eqs. (3.14) and (3.15), respectively, is 
2086 Jig. 

Due to the very small value of h ' at the triple point [cf. 
Eq. (3.13)], da has to be given with an accuracy of13 signif-

300 400 500 600 

Temperature T/K 
!lIE Osborne et a1.. 193935 

(!) Osborne et a1.. 193734 

- - lAPS Formulation, 19848 

FIG. 3. Percentagedeviationaali = (al~ - al~ )/al~ of the selected experimental data 
from Eq. (3.12). (aali is plotted

P 

at the i~wer t;:nperature TI of the temperature 
interval T1, T2• Four data points are otfscale.) 
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icant figures to ensure that Eq. (3.14) yields a thermody
namically consistent value at the triple point. A decrease in 
the number of figures of da causes a small inconsistency with 
regard to the enthalpy of the saturated liquid h ' only very 
close to the triple point. 

4. Entropy 
As was mentioned in the preceding paragraph the quan

titya is also the key value for entropy calculations along the 
saturation line. Based· on the second law of thermodynamics 
it can be shown, that the change of the entropy of the satu
rated liquid between T2 and Tl is related to a by the follow
ing expression: 

'12 - iT2 1 da dT+ Pl2 s 1- -- -1' 
T. T dT T 

(4.1) 

where 

~I~ = [(d';)frl- [(d';)~l· (4.2) 

When applying the Clapeyron equation the change of the 
entropy of the saturated vapor s" is described by 

"12 - J,1 2 
1 da dT+ r 12 s 1 - -- -., 

T. T dT T 
(4.3) 

re 

~Ii = [(d';)fr" L -[(d';)ft" t . (4.4) 

Solving the integral in Eq. (4.1) and Eq. (4.3) under the 
provision that the entropy of the saturated liquid equals zero 
at the triple point, leads to the following expression: 

!t=I~ d(a/ao) d()=difJ +~dl()-20+d2In() 
tPo () d() 20 

+..2.. d
3

() 3.5 + 2.d
4
()4 + 109 dsf}S3.S, (4.5) 

7 4 107 

where () = T /Tc' 
The numerical values for the coefficients d; of Eq. (4.5) 

are the same as those for Eqs. (3.12a) and (3.12b) and are 
listed together with difJ and tPo in the Appendix. 

Now the entropy of both the saturated liquid and the 
saturated vapor ean be calculated very easily by the follow
ing expressions 

s' =.!I!... + 103 1 (dPs)1 /,( MPa) (46) 
J/(g K) ifJo p'/(kg m-3

) dT V I K • . 

J/(~K) = :0 +10' p'/(k;m-3)(d';)/(~a). 
(4.7) 

Againp", p', dPs/dT, and tP are calculated by Eqs. (2.2)
(2.4) and (4.5), respectively. The entropy at the critical 
point resulting of Eqs. (4.6) and (4.7), respectively, is 4.41 
J/(g K). 

5. Thermodynamic Consistency 
The equations for Ps' p', p", and a have been developed 

on the basis of the corresponding experimental data which 
were measured independently. An internal consistency be-

J. Phys. Chern. Ref. Data, Vol. 16, No.4, 1987 

tween these equations has been achieved by the procedure 
used to establish these expressions. However, this internal 
consistency does not exclude completely thermodynamic in
consistencies with respect to other thermodynamic proper
ties which have not been considered in this context. While 
the paper was being reviewed, such a small inconsistency 
was found by Hill39 for the heat capacity along the phase 
boundary for the saturated vapor c;' = dh " / dT in the tem
perature range below 300 K. In this region the difference 
between c;' and heat capacity of the ideal gas c~ should 
smoothly and continuously diminish towards zero as the va
por density decreases towards zero. In contrast to this ex
pected behavior an increasing divergence between c;' and c~ 
can be observed when c;' is calculated from Eq. (3.15). This 
behavior is caused by extremely small inconsistencies be
tween Ps> p" > and a in this low temperature region. These 
inconsistencies are within the experimental uncertainty and 
can hardly be avoided in this procedure used to establish 
these equations. 

6. Acknowledgments 
The authors are grateful to the nelltsche Forschungs

gemeinschaft for financial support of this project. Further
more, the authors would like to thank all the members of 
Working Group A of lAPS for fruitful discussions and help
ful hints. Especially Prof. J. V. Sengers, Prof. K. Watanabe, 
Prof. P. Hill, and L. Haar and, besides these, Dr. H. Sato 
who contributed useful ideas and suggestions for the final 
version of this work. 

7. References 
lL. B. Smith and F. G. Keyes, Proc. Am. Acad. Arts Sci. 69, 285 (1934). 
2M. R. Gibson and E. A. Bruges, J. Mech. Eng. Sci. 9, 24 (1967). 
3R. Meyer-Pittroft', H. Vesper, and U. Grigull, Brennst. Waerme Kraft 21, 
239 (1969). 

4D. Ambrose and F. J. Lawrenson, J. Chem. Thermodyn. 4, 755 (1972). 
5S. Ishimoto, M. Uematsu, and I. Tanishita, Bull. JSME 15,1278 (1972). 
6W. Wagner and R. Pollak, Proceedings of the 8th International Conference 
on the Properties of Water & Steam (Giens, France, 1974), Vol. II, p. 787. 

7J. R. Woolf, in Water and Steam, Their Properties and Current Industrial 
Applications, Proceedings of the 9th International Conference on the 
Properties of Steam (Pergamon, Oxford, England, 1980), p. 152. 

8J. Kestin, J. V: Sengers, New International Formulations for the Proper
ties ot" Light and Heavy Water, J. Phys. Chern. Ret: Data 15, 305 (1986). 
~. Haar, J. S. Gallagher, and G. S. Kell, Proceedings of the 8th Symposium 
on Thermophysical Properties, edited by J. V. Sengers (ASME; New York, 
1982), Vol. II, p. 298. 

lOR. Pollak, "Die thennodynamischen Eigenschaften von Wasser," Ph.D. 
thesis, Ruhr-Universitiit Bochum, 1974; English version, Report PC/f 
(CEGB), 14 (IUPAC Thermodynamic Tables Project Centre, Imperial 
College, London, 1974). 

11G. S. Kell, J. Chem. Eng. Data 20,97 (1975). 
12L. A. Guildner, D. P. Johnson, and F. E. Jones, J. Res. Natl. Bur. Stand., 

Sect. A 80,505 (1976). 
13H. Hanafusa, T. Tsuchida, K. Kawai, H. Sato, M. Uematsu, and K. Wa

tanabe, in Proceedings of the 10th International Conference of the Proper
ties of Steam, edited by V. V. Sychev and A. A. Alexandrov (Mir, Mos
cow, 1986), p. 180. 

140. S. Kell, G. E. McLaurin,and E. Whalley, Philos. Trans. R. Soc. Lon
don, Sere A 315,235 (1985). A preliminary paper was already given to the 
8th International Conference on the Properties of Steam, Giens, France, 
1974. 

ISW. Wagner, Cryogenics 13,470 (1973). 
16H. D. Baehr, H. Garnjost, and R. Pollak, J. Chem. Thermodyn. 8, 113 

(1976). 



INTERNATIONAL EQUATIONS FOR THE SATURATION PROPERTIES OF WATER 899 

17W. Wagner, J. Ewers, and W. Pentermann, J. Chern. Thermodyn. 8, 1049 
(1976). 

ISD. Ambrose, J. Chern. Thermodyn.l0, 765 (1978). 
19D. Ambrose, J. F. Counsell, and C. P. Hicks, J. Chern. Thermodyn. 10, 

771 (1978). 
20J. McGarry, Ind. Eng. Chern. Process Des. Dev. 22, 313 (1983). 
21R. B. Stewart, R. T. Jacobsen, J. H. Becker, J. C. J. Teng, and P. K. K. 

Mui, in Ref. 9, p. 97. 
22R. Schmidt and W. Wagner, Fluid Phase Equilibria 19,175 (1985). 
23W. Wagner, Fortschr. Ber. VDI-Z., Reihe 3, Nr. 39 (1974). 
24W. Wagner, Report PCIT 15 (lUPAC Thermodynamic Tables Project 

Centre, Imperial College, London, 1977). 
25K. M. de Reuck and B. Armstrong, Cryogenics 19,505 (1979). 
26J. Ewers and W. Wagner, in Ref. 9, p. 78. 
27J. Ewers and W. Wagner, VDI Forschungsh 609, 27 (1982). 
2SJ~ M. H. Levelt Sengers, J. Straub, K. Watanabe, and P. G. Hill, J. Phys. 

Chern. Ref. Data 14, 193 (1985). 
2~. Sato, M. Uernatsu, K. Watanabe, A. Saul, and W. Wagner, J. Phys .. 

Chern. Ref. Data (to be published). 
::lOW. Wagner and A. Saul, in Proceedings of the 10th International Confer

ence on the Properties of Steam, edited by V. V. Sychev and A. A. Alexan
drov (Mir, Moscow, 1986), p. 199. 

31C. W. Walton, AIChE J. 28, 837 (1982). 
32N. S. Osborne, H. F. Stimson, and E. F. Fiock, Nat!. Bur. Stand. J. Res. 5, 

411 (1930). 
33N. S. Osborne, H. F. Stimson, E. F. Fiock, and D. C. Ginnings, J. Res. 

Nat!. Bur. Stand. 10, 155 (1933). 
34N. S. Osborne. H. F. Stimson, and D. C. Ginnings, Res. Natl. Bur. Stand. 

18,389 (1937). 
35N. S. Osborne, H. F. Stimson, and D. C. Ginnings, J. Res. Natl. Bur. 

Stand. 23, 197 (1939). 
36H. D. Baehr, H. Schomacker, and S. Schulz, Forsch. Ingenieurwes 40, 1, 

15 (1974). 
37S. L. Rivkin, G. V. Troyanovskaya, and T. S. Akhundov, High Tempera-

ture 2, 194 (1964). . 
38H. F. Stimson, J. Res. Nat!. Bur. Stand. Sect. A 73, 493 (1969). 
:JOp. G. Hill and R. D. C. M"Millall, R~pmt t.o the Melllben ofWodullg 

Group A of lAPS (1987). 

Appendix 

The International Association for the 
Properties of Steam 

DOsseldorf, Federal Republic of Germany, 
September 1986 

Supplementary Release on Saturation 
Properties of Ordinary Water Substance 

Unrestricted publication allowed in all countries. 
Issued by the International Association for the Proper~ 

ties of Steam. 
President, Professor P. G. Hill 
Department of Mechanical Engineering 
University of British Columbia 
Vancouver, Be VGT lW5 CANADA 

Executive Secretary, Dr. H. J. White, Jr. 
Office of Standard Reference Data 
National Bureau of Standards 
Gaithersburg, MD 20899 USA 
This supplementary release has been authorized by the 

International Association for the Properties of Steam 
(lAPS) at its meeting in Dusseldorf, Federal Republic of 
Germany, 21-26 September 1986, forissue by its Secretariat. 
The members of lAPS are Canada, the Czechoslovak Social
ist Republic, the Federal RepUblic of Germany, France, Ja
pan, the Union of Soviet Socialist Kepublics, the United 

Kingdom, and the United States of America. 
lAPS has issued earlier a Release on the lAPS Formula

tion 1984 for the Thermodynamic Properties of Ordinary Wa
ter Substance for Scientific and General Use and a Release on 
the lAPS Skeleton Tables 1985 for the Thermodynamic Prop
erties of Ordinary Water Substance. Both releases yield val
ues for the saturation properties of ordinary water substance 
which are not identical but which do agree within the mutual 
tolerances quoted in the two releases. The present supple~ 
mentary release contains a set of simple equations which 
yield for ordinary water substance the vapor pressure as well 
as the density, specific enthalpy, and specific entropy of the 
saturated vapor and liquid. The values calculated from these 
equations for the vapor pressure and for the density and spe
cific enthalpy of the vapor and liquid at saturation are identi
cal to the values tabulated for these properties in the lAPS 
Skeleton Tables 1985. 

Details about the equations presented in this supple
mentary release can be found in an article "International 
Equations for the Saturation Properties of Ordinary Water 
Substance," by A. Saul and W. Wagner, to be submitted to 
the Journal of Physical and Chemical Reference Data. 

Further information about this supplementary release 
and other releases issued by lAPS can be obtained from the 
Executive Secretary of lAPS: 

Dr. Howard J. White, Jr. 
Office of Standard Reference Data 
National Bureau of Standards 
Gaithersburg, MD 20899 USA 

Equations for the Thermodynamic 
Properties of Ordinary Water Substance at 

Saturation 

1. Nomenclature 
Thermodynamic quantities: 

h = specific enthalpy 
P = vapor pressure 
s = specific entropy 
T = temperature 
u = specific internal energy 
p = density (mass divided by volume) 
a = auxiliary quantity for specific enthalpy 
¢ = auxiliary quantity for specific entropy 
B~ TITe 
T=l-O 

Subscripts: 
c means value at the critical point 
t means value at the triple point 

Superscripts: 
, means value of the saturated liquid 
" means value of the saturated vapor 
Note: T denotes absolute temperature on the Interna-

tional Practical Temperature Scale of 1968. 
2. Reference constants 

Te = 647.14K, ao= lOOOJ/kg, 

Pc = 22.064 X 106 Pa, ¢o = aoiTe' 

Pc = 322 kg/m3
• 
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Note: The numerical values for the critical parameters 
Tc' Pc, Pc are identical to those given in lAPS Statement, 
1983, of the Values of the Temperature, Pressure, and Density 
of Pure Ordinary and Heavy Water Substances at Their Re
spective Critical Points. 

with 

3. Vapor pressure 
In(P /Pc ) = Tc/T(a11" + a21"1.5 + a3r 

+ a41"3.5 + as1"4 + a61"7.5) , 

a1 = -7.85823, a4 = + 22.670 5, 

a2 = + 1.83991, as = - 15.9393, 

a3 = - 11.7811, a6 = + 1.775 16. 
4. Densities 

4.1 Density of the saturated liquid: 

(1) 

p'/P.e = 1 + bI1"1/3 + b2r /3 + b3r/3 

with 

with 

with 

+ b41"16/3 + bS1"43/3 + b61"1l0/3, (2) 

bi = + 1.99206, b4 = - 1.75263, 

b2 = + 1.101 23. bs = - 45.448 5, 

b3 = - 5.125 06X 10-1, b6 = - 6.756 15X lOS. 
4.2 Density of the saturated vapor: 

In(p'' /Pc) = c1r l6 + C21"4/6 + c3-?,/6 

+ C41"18/6 + csr7/6 + C61"71 16, (3) 

cI = - 2.029 57, c4 = - 17.3151, 

C2 = - 2.687 81, Cs = - 44.6384, 

C3 = - 5.38107, C6 = - 64.3486. 

5. Specific enthalpy and entropy 
5.1 Auxiliary equations: 

a/ao = da + d1{J -19 + d2{J 

+ dl{J 4.5 + d4 {J s + ds{J 54.5, 

.t. = dtfJ + ~ dl} -20 + d2 1n (J +.2.. d38 3.5 
tPo 20 7 

+ ~ d e 4 + 109 d 8 53.5 

4 4 107 5 , 

(4) 

(5) 

d l = - 5.717 56X 10-8
, d2 = + 2689.81, 

d3 = + 129.889, d4 = - 137.181, 

ds = + 9.688 74X 10- 1
, 

da = - 1135.481 615 639, dtfJ = + 2318.9142. 

5.2 Specific enthalpy of the saturated liquid: 

h'=a+I... dP. (6) 
pi dT 

Equation (6) yields the specific enthalpy of the saturated 
liquid when used in conjunction with Eqs. (1), (2), and ( 4 ). 

Note: The specific internal energy and the specific en
tropy of the liquid at the triple point u; and s;, have been set 
equal to zero. As a consequence, the specific enthalpy of the 
liquid at the triple point differs from zero and assumes the 
value 

h; 0.611 787 J/kg. 

In order to reproduce this numerical value for h :, one needs 
to retain 13 figures for the constant da as quoted above. A 
decrease of the number of decimals in da affects the enthalpy 
of the saturated liquid near the triple point, but does not 
affect the values of P, pi, p", h ", s', and sIt significantly. 

5.3 Specific enthalpy of the saturated vapor: 

h " = a + ~ dP . (7) 
pIt dT 

Equation (7) yields the specific enthalpy of the saturated 
vapor when used in conjunction with Eqs. (1), (3), and (4). 

5.4 Specific entropy of the saturated liquid: 

s'=tP+~ dP. 
p' dT 

(8) 

Equation (8) yields the specific entropy of the saturated liq
uid when used in conjunction with Eqs. (1), (2), and (5). 

5.5 Specific entropy of the saturated vapor: 

sIt ~ tP + _1_ dP . 
p" dT 

(9) 

Equation (9) yields the specific entropy of the saturated va
por when used in conjunction with Eqs. (1), (3), and (5). 

6. Range of validity of the equations 
lAPS endorses the validity of the equations presented in 

TABLE 1. Thermodynamic property values calculated at three selected temperatures 

P/Pa 
(dP /dT)/(Pa K -I) 
p'/(kgm-3 ) 

p" /(kgm-3 ) 

a/Okg-I) 
h '/(Jkg- I ) 

h"/Okg- I
) 

?/(Jkg- I K- 1) 

s'1(J kg- 1 K- 1 ) 

s" 1(1 kg-I K- 1 ) 

T= 273.16 K 

611.659 
44.426617 

999.790 
0.004 853 64 

- 11.526335 
0.611 787 

2500.3 X lO3 
-0.04 

o 
9.153x 103 
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T= 373.15 K 

0.101 325 X lO6 
3.616XlO3 

958.366 
0.597462 

417.66X lQ3 
419.07X lQ3 

2675.8 X lQ3 
1.303 X 103 

1.307 X 103 

7.355xlQ3 

T=647.14K 

22.064 X 106 

267.9X 103 

322 
322 

1548X lO3 
2086X IQ3 
2086 X 103 

3.578X 103 

4.41OX lO3 
4.4lOX lQ3 
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this supplementary release for the entire range of vapor
liquid equilibrium which corresponds to 

273.16 K<T<647.14 K. (10) 

7. Estimates of uncertainty 
Values calculated from the equations for P, lip', lip", 

h " and h " together with their estimated uncertainties are 
identical to the values in Table 3 of the Release on the lAPS 
Skeleton Tables 1985 for the Thermodynamic Properties of 
Ordinary Water Substance. 

8. Computer-program verification 
To assist the user. in computer-program verification, 
Table 1 lists values for P,dP /dT,p',p" ,a, h ',h ", ¢,s', ands" 
calculated at three temperatures. The results quoted in Table 
1 were obtained with the aid of a computer having 14 signifi
cant figures and with the values of da and d", given in Sec. 
5.1. If the calculations are performed with the aid ofa com
puter with seven significant figures, the results will be within 
the estimated uncertainty of the various properties except 
for the enthalpy of the saturated liquid very close to the triple 
point. 
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