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_As part of the activities of the International Association for the Properties of Wa-
ter and Steam, all reliable sources of experimental data on the thermodynamic prop-
erties of ordinary (light) water and steam have been collected and converted to
common temperature, pressure, volume, mass and heat scales. The data are
grouped by state or phase: ideal-gas properties; sublimation and melting curves; sat-
uration properties; properties of liquid water at ambient pressure; thermodynamic
properties of the single-phase state; and those of metastable states. In each cate-
gory, a subdivision is made by property. Properties include the volume, enthalpy,
heat capacities, sound velocity, internal energy and Joule-Thomson and related co-
efficients. The total data collection contains approximately 16 000 data points and
covers a century of experimental work at temperatures from 253 to 1273 K and pres-
sures up to 1 GPa. This report characterizes the data and gives the literature refer-
ences. The actual data collection is available in computerized form.
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1. Introduction
1.1 Historical

The data taking, collecting, sifting, graphing and for-
mulating of properties of water and steam has been an
ongoing effort since steam emerged as the working fluid
in mechanical and electric power generation. In the early
part of this century, data were presented in the form of
thermodynamic tables and charts.

Traditionally, the needs of the power engineers for
property values of water and steam were met by so-called
Skeleton Tables. These are tables of values of the specific
volume and of the enthalpy of water and steam, on grid
points in pressure-temperature space, sufficiently closely
spaced that linear interpolations are adequate. The grid-
point values are obtained by interpolating in the relevant
experimental data sets; data that appear discrepant are
rejected, and a tolerance based on the scatter of the exist-
ing data sets is assigned to each grid point.

The first International Steam Table Conference was
held in London in 1929 with the purpose of obtaining in-
ternational agreement on the properties of steam. In
1934, agreement was reached on the first International
Skeleton Steam Tables (IST 34). A substantial effort to
expand and improve the experimental data base for
steam was already under way, most notably by Osborne
and coworkers at NBS, the National Bureau of Stan-
dards, presently NIST, the National Institute of Stan-
dards and Technology, in the U.S.A. A collection of data
and tables for thermodynamic properties of water and
steam was part of a comprehensive study by Dorsey in
1940'. After the second world war, the acquisition, evalu-
ation and correlation of steam properties gained new im-
petus in several countries. At the Sixth International
Conference on the Properties of Steam (ICPS) in New
York, 1963, the International Skeleton Tables of the
Thermodynamic Properties of Water Substance, 1963,
were adopted.

The Skeleton Tables do not permit the imposition of
thermodynamic consistency requirements on volume, en-
thalpy, and their derivatives. Deriving both volume and
enthalpy from an accurate thermodynamic fundamental
equation could assure such consistency, but devising such
an equation was not feasible before computational power
became widely available, in the late 1950’s. The 1963
Sixth ICPS, therefore, also established an International
Formulation Committee (IFC) which proceeded to de-
velop a formulation of the thermodynamic properties of
water and steam of the highest possible accuracy, for sci-
entific and general use, and another one suited for com-
puterized industrial calculations.

In 1968, at the Seventh ICPS in Tokyo, the 1967 IFC
Formulation (IFC 67) for Industrial Use and the 1968
IFC formulation for Scientific and General Use (IFC 68)
were formally adopted®.

The IFC 67, which is still in use, is thus a first attempt
at insuring thermodynamic consistency. It was found,
however, that a fundamental equation based on tempera-



ture and pressure as independent variables could not be
used over ranges including near- and supercritical steam.
The IFC 67 therefore consists of formulations for several
subregions, some with pressure and temperature, others
with density and temperature as independent variables;
and great effort was spent to assure smoothness of first
and second derivatives across the boundaries of these
subregions.

For applications that include near and supercritical
steam, a formulation solely in terms of density and tem-
perature as independent variables is much more suitable.
At the time that the IFC 67 was adopted, the first
Helmholtz free energy formulation of the properties of
steam appeared, the equation of Keenan et al.? In the two
decades since that prototype equation appeared, com-
puter capabilities and computer-based regression tech-
niques have increased in power by leaps and bounds. The
selected bibliography on formulations for water and
steam that accompanies this section bears witness to the
ongoing activities, mostly but not exclusively associated
with the appropriate working groups of the International
Association for the Properties of Water and Steam
(IAPWS). :

Shortly after the 1968 Conference, the International
Association for the Properties of Steam (IAPS) was es-
tablished as a standing organization for the international
cooperation on the properties of steam. IAPS began with
the task of collecting and updating the experimental data
on thermodynamic properties of ordinary (light) water
and steam. This work was taken on because many new
high-quality experimental data had been obtained in
much wider ranges of temperature and pressure since
1963, which was the termination date for the input to IFC
67 and IFC 68. Thus, IAPS was preparing for an exten-
sion to higher pressures and temperatures of the Skele-
ton Tables, and also for an eventual replacement of the
IFC 68 by a formulation that would be more accurate and
valid over a larger range. These activities culminated in
the formulation that is the basis of the 1984 NBS/NRC
Steam Tables,” presently the accepted international sci-
entific formulation of the properties of water and steam.
Since 1984, there have been several efforts to extend and
improve the formulation,*" to obtain more precise for-
mulations in more limited regions,*!° and to produce the
more accurate Skeleton Tables that are currently ac-
cepted by IAPWS.®

The bulk of the work of collecting the data base on
which all these formulations are built, fell on the shoul-
ders of the Japanese group headed by Watanabe* and of
the German group headed by Straub’. Many members of
what then was IAPS Working Group 1 were involved in
the task of ranking the data in four categories of descend-
ing reliability. In general, only the best category data
were used in further development of skeleton tables and
formulations. The lower-quality data were used only in
regions where better data were absent. The present col-
lection of data includes only that latter part of the lower-
quality data. The so-called International Input contained
roughly 9000 PV'T and 7000 other property data points.

The present collection contains this International Input
with, in addition, all other thermodynamic property data
published since 1979. The closing date on the collection
is Dec. 31, 1987; a few data sets of exceptional quality
that were obtained after that date have been included.
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1.2 Organization of the Data

In the paper, the data sources have been grouped by
state or phase in the following categories: ideal-gas prop-
erties, Sec. 2; sublimation and melting properties, Sec. 3;
saturation properties, Sec. 4; properties of liquid water at
ambient pressure, Sec. 5; properties of the single-phase
state, Sec. 6; properties of metastable states, Sec. 7. The
actual data sets are available in computerized form. Each
reference to experimental data contains a code number
identical to the file number of the relevant computerized
file. The properties whose values we have collected in-
clude fixed points, virial coefficients, density, enthalpy,
sound velocity, specific heats at constant pressure or vol-
ume, internal energy and Joule-Thomson coefficient.
With very few exceptions which are clearly noted in the
text, the property data are measured data which are avail-
able in computerized form as explained below.

In the body of the report, we describe each data set in
a single line in a table in the appropriate subsection; this
line contains the authors’ names, the date of publication,
the file name, the reference to the data source, the au-
thors’ estimate of uncertainty (for which we take no re-
sponsibility) and one of the characters S, A or B, that
reflects our judgement of reliability. Data of proven
highest reliability are in category S. Category A is that of
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data that are of sufficient reliability to be used in formu-
lations. Category B labels data that lack assurance of suf-
ficient reliability; confirming information may be absent;
no information or uncertainty may have been given in the
source; or there may be reason to believe that the uncer-
tainty is much larger than stated. It is the ongoing activity
of formulation that provides the connection between the
various properties, and permits judgment about consis-
tency of various types of data. We have deemed it essen-
tial to provide, to the extent possible, this type of
information about internal and mutual consistency of
data sets to the reader. In addition, we have added a few
sets of correlated data of superior quality to our collec-
tion. These sets are labeled as SC.

At the end of each subsection, we list in chronological
order the complete bibliography for the material cited in
the particular subsection. By the way we have organized
the data, it is possible for a single paper to be referred to
in more than one subsection. In those cases, we have pro-
vided cross-references.

On the diskettes which are available from AIP*, the
data are listed in ASCII format. For each data set, a
seven- or eight-letter file name is used, composed of the
first letter of the property name, and the first four letters
of the first author’s family name, followed by the last two
digits of the year of publication and, if necessary, a letter
such as A, B, etc. for ordering within that year. All states
except the one-phase state are indicated by an additional
two-letter extension, separated from the file name by a
period. A data file begins with a few lines of information,
giving the file name, author names, journal reference, the
types and units of the property data and independent
variables, and the number of data points to follow. After
this the data set follows, in general consisting of three
columns (one dependent and two independent variables).
In the case of saturation data, two columns may suffice.
The explanation of the file name organization and an ex-
ample of file content are shown in Tables 1.2.1 and 1.2.2.
Instructions for locating sets of related files by property,
author, etc. are given in the “README?” file on the first
disk.

Explanation of the file name organization

TABLE 1.2.1.
DKELL75A.AT

- N
B0
B0 =
B0 N
B0 /2

A
2 2 N

C
2 TN
S 21 5 R
2 N
P
D
R N
2 (PR
T e i i i ettt ettt i e,
P
U ittt eeteteteeetenenenenenencnencacncncncnenes
W i ittt it etteeteeeeentesenensensenensans

......... data in the single phase
......... data at atmospheric pressure
......... data for supercooled water
......... data for superheated water
......... data for saturated liquid
......... data for saturated vapor

......... for ordering the same file name

......... the last two digits of the year of publication
......... first four letters of the first author’s family name
......... virial coefficients (2nd and 3rd) data
......... specific heat at constant pressure data
......... density data

......... specific heat at constant volume data
......... enthalpy data

......... Joule-Thomson coefficient data

......... vapor pressure data

......... internal energy data

......... speed of sound data
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*See AIP Document No. PAPS JPCRD-20-1023-disk for files of these
data in machine-readable form. The data are available from AIP on disk
as ASCII files, formatted by MS-DOS for IBM-compatible computers;
the files total 800 kB. When ordering, please indicate whether 3% inch
or 5% inch disks are preferred.

Order by PAPS number and journal reference from American Insti-
tute of Physics, Physics Auxiliary Publication Service, 335 East 45th
Street, New York, NY 10017. The price is $10.00 in either format. Air-
mail additional. Make checks payable to American Institute of Physics.



TABLE 1.2.2. An example of the file contents in the case of

DKELL75.AT

DKELL75.AT

Kell,G. S.

J. Chem. Eng. Data, 20 (1) 97 (1975).
T90(K) P(MPa) d(kg/m3)

25
273.150 .101325 999.84260
278.147 .101325 999.96690
283.144 .101325 999.70311
288.141 .101325 999.10362
293.138 .101325 998.20874
298.136 .101325 997.05027
303.134 .101325 995.65331
308.132 .101325 994,03845
313.130 .101325 992.22289
318.128 .101325 990.22074
323.137 .101325 988.03930
328.125 .101325 985.70316
333.134 .101325 983.20192
338.124 .101325 980.56279
343.132 .101325 977.77266
348.124 .101325 974.85613
353.123 . .101325 971.80450
358.123 .101325 968.62628
363.123 .101325 965.32527
373.124 .101325 958.36664
383.126 .101325 950.94723
393.127 .101325 943.07942
403.130 .101325 934.76863
413.132 .101325 926.01485
423.134 .101325 916.81308
1.3. Units

The property units are compatible with the SI. They
are summarized in Table 1.3.

TABLE 1.3. Properties and units

Property Symbol Unit
Temperature T K (ITS-90)
Pressure P MPa
Density d kgm™3
Specific Volume v m? kg~!
Sound Velocity w ms™!
Specific Enthalpy h kJ kg™!
Specific Internal Energy u kJ kg~?!
Specific Heat Capacity

at Constant Pressure ¢ kI kg~t K™!
Specific Heat Capacity

at Constant Volume ¢ kI kg~' K-!
Joule-Thomson Coefficient m K MPa~!

1.4. The International Temperature Scale

All data in this report have been converted to and are
reported on the International Temperature Scale of 1990

(ITS-90)°. This scale has been very recently adopted and
is much closer to the thermodynamic scale than the
IPTS-68." Since the temperature scale has only one fixed
point, the triple-point temperature of water, a change of
scale will result in changes in values assigned to all other
fixed points of water. Thus the boiling point of water,
which was equal to 373.15 on IPTS-68, is assigned a value
of 373.124 on the new scale. For most properties, the
temperature values have simply been shifted by the
known difference® between the ITS-90 and the scale on
which the temperature data had been reported. In the
case of heat capacity and Joule-Thomson coefficient, the
procedure developed by Douglas? was employed for cor-
recting not only the temperature scale itself, but also the
temperature differential.

References
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2, Thermodynamic Properties of Steam
in the Ideal-Gas State

Ideal-gas properties of steam are calculated from spec-
troscopic data. The authorative calculation of Friedman
and Haar' in 1954 gives references to earlier work and
covers the range of 50-5000 K. It was followed by that of
Woolley? in 1980, who calculated ideal-gas Gibbs free en-
ergy, enthalpy, entropy and specific heat for the range up
to 4000 K both for pure isotopic water and for the iso-
topic mixture as occurring in standard mean ocean water
(SMOW). This correlation was the basis for the ideal-gas
input to the NBS/NRC Steam Tables adopted by IAPS in
1985. Since 1979, improvements have been made in the
formulation by Cooper® and by Woolley*. Cooper im-
proved the mathematical behavior at high-temperature.
The improvements made by Woolley mainly address the
effects of anharmonicities that are noticeable only at very
high temperatures. In his latest paper,* for instance,
Woolley, calculating the effects of refinements in the
treatment of centrifugal influences on vibrations and ro-
tations, finds differences in the ideal-gas heat capacity of
less than 0.1% for temperatures up to 1000 K; the differ-
ences grow to almost 1% at 2000 K. The ideal-gas data,
being calculated data, are not available in computerized
form in the present work.
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3. Sublimation and Melting Curves

If solid phases are included, the phase diagram of wa-
. ter is quite complex (Fig.1). Recently, Saul and Wagner'
have developed formulations for all known melting and
sublimation curves. Their formulation has been adopted
by IAPWS as a release.” The paper, including the text of
the IAPWS release, will be published.™ In Fig. 1, we indi-
cate the locations of all triple points according to their
evaluation. Their correlations and reevaluation of the
triple points were based on the experimental data of
Refs. 1-3, 5-11, corrected according to the advice of
Babb*. In the ice-VII region, Mishima and Endo™ corre-
lated their own measurements in 1978. None of the data
referred to here are available .in computerized form in
the present work.

Ice ViI
2216 ———————— — —
©
o
=
-
2 6324
3
@
a
o
o
350.1
209.9
critical point
22064 —-H-H e ———
N
Ice ! l
______ Steam i
611.659 Pa | Ideal gas state ]
0.01 99.974 373.95
triple point

Temperature / °C(ITS-90)

FiG. 1. Phase boundaries for ice, water, and steam.
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4. Thermodynamic Properties of the
Saturation States

4.1. The Triple Point

According to the measurements of Guildner ef al.? in
1976, the triple point of water, by definition at 273.16 K
on both IPTS-68 and on ITS-90, is at (611.657 +0.010)
Pa. The earlier determination by Douslin' resulted in a
pressure value about 0.4 Pa greater than that of Guildner
etal. ’
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4.2. The Critical Point

Critical-point parameters have been directly ob-
served®® or derived from property measurements close to
the critical point.!> 1% 1.1 The IAPS statement of 1983
gives the following values:"

critical density (322 £ 3) kg m~?
critical temperature (647.14 + 3) K (IPTS-68)
critical pressure (22.064 +0.275 = .005)MPa

with 8 = (0.00 = 0.10)
The critical temperature equals 647.10 K on ITS-90.
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of Ordinary and Heavy Water Substances at their Respective Critical
Points, IAPWS Secretariat (1983); see J. Phys. Chem. Ref. Data 14,
207 (1985).

BA. A. Alexandrov, Teploenergetika 33 (1), 74 (1986); Thermal Engi-
neering 33 (1), 48 (1986).

4.3. Vapor Pressure

Although the vapor pressure of water has been mea-
sured since the days of Fahrenheit (1793), our data col-
lection begins with the comprehensive and definitive
original data set of Osborne et al.! in 1933, which super-
sedes all previous work. The other Osborne references™?
contain smoothed data. In recent years, a number of ex-
perimenters have added detail, especially in the region
below room temperature’ and in the critical region,'% "1
Saul and Wagner® have recently formulated the satura-
tion properties of water, including the vapor pressure.
Their formulation has been adopted by IAPWS as a sup-
plementary release.'” The sources of experimental data
that we have collected are listed in Table 4.3. The data of
Douslin et al .’ though very precise, have been assigned to
category B because of lack of consistency with Guildner’s
triple point determination (Sec. 4.1). A total of 281 vapor
pressure data, from Refs. 1, 2, 4, 6, 7, 10, 11, 14, are avail-
able in computer-accessible form.
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4.4. Density, Enthalpy and Sound Velocity
of the Saturation States

In addition to the vapor pressure (Sec. 4.3) the follow-
ing properties have been measured in saturated phases of

TABLE 4.3. Vapor pressures

Authors Year File name Ref. Temperature No. of Uncertainty Category
: K data in pressure
Osborne/Stimson/Fiock/Ginnings 1933 POSBO33 1 383 — 647 38 0.03 % S
Osborne/Stimson/Ginnings 1937 POSBO37 2 373 — 647 64 - SC
Osborne/Stimson/Ginnings 1939 POSBO39 3 273 — 647 84 - SC
Rivkin/Troyanovskaya/Akhundov 1964 PRIVK64 4 646 — 647 18 0.3 kPa A
Stimson 1969 PSTIM69 6 298 — 373 7 0.002 % S
Douslin 1971 PDOUS71 7 271 - 293 14 03-08Pa B
Hanafusa/Tsuchida/Kawai/Sato/Uematsu/ 1984 PHANAS84 10 643 — 647 8 3kPa A
Watanabe
Kell/McLaurin/Whalley 1985 PKELLSS5 11 423 - 623 22 0.1 — 0.5kPa
(<600 K)
1 — 2kPa A
(>600K)
Morita/Sato/Uematsu/Watanabe 1989 PMORI89 14 638 — 647 26 3 kPa A
Total 281
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water and steam: specific volumes or densities,**° ™ en-
thalpies," ** heat capacity,® and sound velocity.>"!' The
comprehensive and highly accurate enthalpy measure-
ments of Osborne, Stimson and Fiock’ in 1930 supersede
all previous work and form the beginning of our data col-
lection. Fiock? reviewed caloric measurements prior to
1930. The caloric properties measured by Osborne et al !
are the enthalpies required to extract isothermally a unit
mass of vapor or liquid at coexistence, and the constant-
volume heat capacity of the two-phase sample. From
these, and from the vapor pressures obtained by the same
authors (Sec. 4.3, Ref. 1), the enthalpies, entropies, vol-
umes and heat capacities of coexisting phases were
derived;* * they are summarized in Table 2 of Ref. 6.
The paper of Saul and Wagner and the supplementary
IAPWS release referred to in Sec. 4.3, Refs. 12 and 13
also contain correlating equations for the orthobaric den-
sities, enthalpy and entropy of saturated vapor and liquid.
The paper of Smith and Keyes contains, in addition to
the measured saturation volumes that are part of our
data collection, values of constant-volume and constant-
pressure heat capacities derived from their own and Os-
borne’s data between 273 and 533 K. Several of the
saturation properties vary over many orders of magni-
tude, which makes the assessment of the reliability diffi-

cult. Our judgement was based primarily on the degree of
continuity of the saturation data with the best data in ad-
jacent one-phase regions.

All experimental data’*5 7! listed in Table 4.4 are
available in computer-accessible form.
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TABLE 4.4. Saturation properties

Authors Year File name Ref. Temperature No. of Properties  Uncertainty Category
K data
Osborne/Stimson/Fiock 1930 HOSBO30.SL 1 273 — 543 28 h' - A
HOSBO30.SV 1 273 — 543 28 h” - A
Smith/Keyes 1934  DSMIT34.SL 3 303 - 633 13 p - A
Osborne/Stimson/Ginnings® 1937 HOSBO37.SL 4 373 — 647 64 h' - SC
HOSBO37.SV 4 373 - 647 64 h" - SC
Osborne/Stimson/Ginnings 1939 HOSBO39ASL 5 273 — 368 20 h’ - A
Osborne/Stimson/Ginnings 1939 DOSBO39B.SL 6 273 — 647 84 - SC
DOSBO39B.SV 6 273 — 647 84 - SC
HOSBO39B.SL 6 273 — 647 84 - SC
HOSBO39B.SV 6 273 — 647 84 - SC
McDade/Pardue/Hedrich/Vrataric 1959 WMCDAS9.SL 7 366 — 561 36 w' 1% A
Sirota 1963  CSIRO63.SL 8 273 — 645 44 G’ - A
CISRO63.SV 8 273 — 645 44 C" - A
Kell® 1975 DKELL75.SL 9 273 — 423 33 p' 10 ppm SC
Kell/McLaurin/Whalley 1985  DKELLSS.SL 10 423 — 623 22 p 0.08 kg/m? SC
DKELLS5.SV 10 423 — 623 22 p" 0.08 kg/m* SC
Chavez/Sosa/Tsumura 1985  WCHAVSS.SL 11 273 — 535 108 w' 0.05 % A
Total 862

*Osborne ef al. measured several latent heat and the vapor pressure, then derived v', v", h’, h", s', 5", and C,".

®Kell derived v’ from evaluated density and sound velocity data at atmospheric pressure with an accuracy of better than 10 ppm.

' : saturated water.
" : saturated steam.
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5. Thermodynamic Properties of Liquid
Water at Ambient Pressure

5.1. Density at Ambient Pressure

Accurate absolute determinations of the density and
expansion coefficient of liquid water at ambient pressure
were carried out in the early half of the century.> Owen
et al.,* and Steckel and Szapiro,® did very careful mea-
surements of the ratio p/pm.x. For reviews, see Refs. 14,
28. In 1967, Menaché® drew attention to the fact that the
absolute density of water was not known to better than 10
gm™3, principally because of the effect of variations in
the isotopic composition of the samples used. In 1969, the
International Association for the Physical Sciences of the
Ocean (IAPSO) adopted a recommendation for a new
study of the density of water. The International Union for
Geodesy and Geophysics (IUGG) passed the text recom-
mending such a study to the Comité International des
Poids et des Mesures (CIPM). Also, Commission 1.4 on
Physicochemical Measurements and Standards of the In-
ternational Union of Pure and Applied Chemistry (IU-
PAC) has been concerned with the same subject since
1965, as stated in Ref. 28. As a consequence, many new
studies have been carried out or are in progress at
present*!*1217-230323 Careful attention has been given to
isotopic composition,*$#1015162533 3 tg the effects of dis-
solved gases'"*” and of temperature.'*%1%14323 The prin-
cipal sources of highly accurate new density data are the
National Research Laboratory of Metrology in Japan,
and the Council for Scientific and Industrial Research in
Australia. Masui and coworkers**2* in Japan have made
precise measurements of the density of standard mean
ocean water in the past decade. By measuring the ther-
mal expansion between 0 and 85 °C, Takenaka and Masui
subsequently derived values for the density of water at
ambient pressure for this entire temperature range.®
These most recent values supersede the earlier data,?
and form part of our collection. Watanabe® has mea-

sured the thermal dilatation of water at ambient pressure
between 0 °C and 44 °C. He reported a correlation of
density developed from their careful measurements and
derived the maximum density temperature as 3.9834 °C in
terms of the ITS-90. Watanabe only reported a correla-
tion, so our collection does not include it.

The density of water at ambient pressure is often ob-
tained from correlations valid in larger pressure ranges.
Many such correlations are available.” 13 14 16. 29,31 g8
derived the density and other properties of water at am-
bient pressure from a correlation of highly precise PVT
data of Kell and Whalley for liquid water up to 1 kbar
(Sec. 6.3). Later, Kell* reviewed density, thermal expan-
sivity, and compressibility of liquid water at ambient pres-
sure and at temperatures from 273 to 425 K. Since we
consider this correlation very accurate, we have made it
part of our collection. The equation of state of Sato® for
liquid water from 240 to 423 K and at pressures up to 100
MPa reproduces the thermodynamic property values at
ambient pressure mostly within experimental error.

The sources of data on the density of water at atmo-
spheric pressure that we have collected in computer-ac-
cessible form are listed in Table 5.1.
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TABLE 5.1.  Density of water at ambient pressure

Authors Year File name Ref. Temperature No. of Uncertainty Category
K data
Owen/White/Smith 1956 DOWENS6.AT 4 313 — 358 10 0.2 ppm B
Steckel/Szapiro 1963 DSTEC63.AT 5 275 - 351 40 - B
<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>