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In 1995, the International Association for the Properties of Water and Steam (IAPWS)
adopted a new formulation called “The IAPWS Formulation 1995 for the Thermody-
namic Properties of Ordinary Water Substance for General and Scientific Use”, which we
abbreviate to JAPWS-95 formulation or IAPWS-95 for short. This IAPWS-95 formula-
tion replaces the previous formulation adopted in 1984. This work provides information
on the selected experimental data of the thermodynamic properties of water used to
develop the new formulation, but information is also given on newer data. The article
presents all details of the TAPWS-95 formulation, which is in the form of a fundamental
equation explicit in the Helmholtz free energy. The function for the residual part of the
Helmbholtz free energy was fitted to selected data for the following properties: (a) thermal
properties of the single-phase region (pp7) and of the vapor—liquid phase boundary
(psp'p"T), including the phase-equilibrium condition (Maxwell criterion), and (b) the
caloric properties specific isochoric heat capacity, specific isobaric heat capacity, speed of
sound, differences in the specific enthalpy and in the specific internal energy, Joule—
Thomson coefficient, and isothermal throttling coefficient. By applying modern strategies
for optimizing the functional form of the equation of state and for the simultaneous
nonlinear fitting to the data of all mentioned properties, the resulting TAPWS-95 formu-
lation covers a validity range for temperatures from the melting line (lowest temperature
251.2 K at 209.9 MPa) to 1273 K and pressures up to 1000 MPa. In this entire range of
validity, IAPWS-95 represents even the most accurate data to within their experimental
uncertainty. In the most important part of the liquid region, the estimated uncertainty of
TAPWS-95 ranges from *£0.001% to +=0.02% in density, =0.03% to *=0.2% in speed of
sound, and *0.1% in isobaric heat capacity. In the liquid region at ambient pressure,
TAPWS-95 is extremely accurate in density (uncertainty <=*0.0001%) and in speed of
sound (%£0.005%). In a large part of the gas region the estimated uncertainty in density
ranges from =0.03% to =0.05%, in speed of sound it amounts to =0.15% and in isobaric
heat capacity it is =0.2%. In the critical region, IAPWS-95 represents not only the
thermal properties very well but also the caloric properties in a reasonable way. Special
interest has been focused on the extrapolation behavior of the new formulation. At least
for the basic properties such as pressure and enthalpy, [APWS-95 can be extrapolated up
to extremely high pressures and temperatures. In addition to the IAPWS-95 formulation,
independent equations for vapor pressure, the densities, and the most important caloric
properties along the vapor—liquid phase boundary, and for the pressure on the melting
and sublimation curve, are given. Moreover, a so-called gas equation for densities up to
55 kgm? is also included. Tables of the thermodynamic properties calculated from the
TAPWS-95 formulation are listed in the Appendix. © 2002 American Institute of Phys-
ICS.

Key words: critical region, data evaluation, equation of state, extrapolation, fundamental equation,
H,O, TAPWS-95 formulation, melting curve, property tables, sublimation curve, thermal and caloric
properties, vapor—liquid phase boundary, water substance.
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Adjustable parameters

Second virial coefficient
Density exponent

Specific isobaric heat capacity
Specific isochoric heat capacity
Specific heat capacity along the
saturated-liquid line

Third virial coefficient

Density exponent

Derivative

Fourth virial coefficient

Fifth virial coefficient

Specific Helmholtz free energy
Specific Gibbs free energy
Specific enthalpy

Serial numbers

Maximum values of the serial numbers
i,j,k,l,m

Molar mass, number of data
Adjustable coefficient

Pressure

Specific gas constant

Molar gas constant

Specific entropy

Temperature exponent
Thermodynamic temperature, ITS-90
Specific internal energy
Specific volume

Speed of sound

Independent variables

Any thermodynamic property
Compression factor [Z=p/(pRT)]

Greek symbols

Adjustable parameters

Critical exponents

Special caloric property, Eq. (2.9)
Special caloric property, Eq. (2.3)
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Isentropic temperature-pressure coefficient
[B,=(aT/dp),]

Special caloric property, Eq. (2.4)
Precorrelation factor (y=c,/c,)

Reduced density (6= p/p.)

Isothermal throttling coefficient
[67=(dh/dp)y]

Isothermal throttling coefficient at the limit
of zero density

Difference in any quantity

Functions in the nonanalytical terms
Caloric difference quantity

Heat of vaporization

Partial differential

Static dielectric constant

Precorrelation factor (e=c,—c,)

Reduced temperature (6=T/T., 6=T/T,)
Transformed temperature (9=1—T/T.)
Isothermal compressibility
[kr=p'(dpldp)r]

Dimensionless Helmholtz free energy
[é=f1(RT)]

Joule—Thomson coefficient [ u=(dT/dp);]
Mass density

Standard deviation

Variance

Inverse reduced temperature (7=7./T)
Weighted sum of squares

Special caloric function
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~= 9 O

b

c

calc

exp

h
i,j,k,l,m

Superscripts

Ideal-gas state
Precorrelated quantity
Residual contribution
Saturated liquid state
Saturated vapor state
Denotes a vector

Subscripts

At the normal boiling point

At the critical point

Calculated

Experimental

Isenthalpic

Indices

General reducing state

Denotes a state on the melting curve
Maximum value

Isobaric

Isentropic

Denotes a state on the sublimation curve
Denotes a state on the vapor—pressure curve
At the triple point

Total

Isothermal

Isochoric

Weighting

In the initial state of the Hugoniot curve
measurements
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Physical constants and characteristic properties of water (H,0)

Molar mass M=18.015268 gmol ! see Sec. 6.1
Specific gas constant R=0.46151805kJkg 'K ! see Sec. 6.1
Critical point
Temperature T.=647.096 K see Sec. 2.2
Pressure p.=22.064 MPa
Density p.=322kgm >
Triple point
Temperature T.=273.16 K see Sec. 2.1
Pressure p=0611.655Pa Eq. (6.4)°
Density (liquid) p!=999.793kgm 3
Density (vapor) p!=0.004 854 58 kgm >
Normal boiling point
Temperature T,=373.124K Eq. (6.4)°
Pressure pp=0.101 325 MPa
Density (liquid) pL=958.367kgm 3 Eq. (6.4)
Density (vapor) pr=0.597657kgm 3
Reference state
(liquid state at the
triple point)
Specific internal energy u; =0 see Sec. 6.2
Specific entropy 5{=0
Specific enthalpy h!=0.611872Tkg"! Eq. (6.4)°

‘Calculated from IAPWS-95, Eq. (6.4), by solving the phase-equilibrium condition, Egs. (6.92)—(6.9c¢).

1. Introduction
1.1. Background

Of all pure fluid substances, water and steam, or “‘ordinary
water substance’ as it is sometimes called, or simply H,O, is
without doubt the most important substance in existence. It is
used as a working fluid in power cycles which supply elec-
tricity in huge amounts to power the industrialized world and
for numerous other technical applications. In addition to its
use in energy engineering, in chemical engineering and
chemistry, water is the most common solvent. Not only is
H,O an extremely important substance in classical technical
applications, but also in very modern technical fields such as
supercritical water oxidation. Supercritical water has been
examined as a very convenient medium for special chemical
reactions to destroy hazardous waste. No less important than
these technical applications is the fact that water plays an
essential part in the variation of weather and climate, and its
properties under extreme pressure and temperature are essen-
tial in the field of geology. Finally, water covers more than
two thirds of the earth’s surface, not to mention its seminal
role in living organisms.

In view of this multitude of applications and the basic
importance of water, a huge number of measurements in a
great variety of its properties have been carried out from the
beginning of the 20th century until today. Considering their

quality, their different nature and the extremely large number
of data (about 20000 values), water cannot be compared
with any other substance. However, a continuous description
of the thermodynamic properties of water over the entire
thermodynamic surface can only be achieved with a suitable
equation of state that is able to represent all the data consid-
ered to be reliable to within their experimental uncertainty.
Since 1970, international research regarding the thermo-
physical properties of water and steam has been coordinated
by the International Association for the Properties of Steam
(TAPS), which later changed its name to the International
Association for the Properties of Water and Steam (IAPWS).
TAPWS members come from most of the important industrial
countries. IAPWS is responsible for the international stan-
dards for several thermophysical properties. These standards
and recommendations are given in the form of releases and
guidelines. One of the most important standards in this sense
is the equation of state for the thermodynamic properties of
ordinary water substance for general and scientific use.

1.2. Previous Equations of State

Numerous correlations for the thermodynamic properties
of water can be found in the literature, but most of them
cover only small parts of the fluid region and do not meet
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TaBLE 1.1. Information on selected equations of state for water

International Temperature Pressure Structure Number of Data used in the
Authors Year standard as range/K range/MPa of the equation coefficients development
International 1968 IFC-68 273-1073 0-100 Separate equations of 240 pvT.ps0'v"T,h
Formulation the Gibbs and Helmholtz
Committee free energy for 7
subregions
Keenan et al. 1969 273-1673 0-100 Helmholtz free energy 50 pvT.po'v"T,h' "
Pollak 1974* 273-1200 0-300 Helmholtz free energy 40 ppT,p.p'p"T,
Maxwell, h',h"
Haar et al. 1982° IAPS-84¢ 273-1273 0-1000 Helmholtz free energy 48 ppT,p.p'p"T,
Maxwell
Saul & Wagner 1989 273-1273 0-25 000 Helmbholtz free energy, 58 ppT.p.p'p"T,
optimized structure Maxwell, ¢, ,w,w’,
¢, Ahyp, 80 ,u"—u'’
Hill 1990 273-1273 0-1000 Helmbholtz free energy, 80 pvT,p,,v', Maxwell, h',h"

optimized structure,
combined with a scaled
equation

“See also Pollak (1975).
®See also Haar ef al. (1984).
‘Published as IAPS-84 formulation by Kestin and Sengers (1986).

present demands on accuracy. Thus, Table 1.1 summarizes
only the characteristic features of the best equations of state
that have been published since 1968.

The first international standard for the thermodynamic
properties of water and steam for scientific and general use
was the equation package of the IFC-68 [IFC (1968)]. This
formulation was a further development of the international
standard for the thermodynamic properties of water and
steam for industrial use, the IFC-67 formulation [IFC
(1967)]; the improvement related essentially to a better rep-
resentation of the critical region. IFC-68 used seven separate
equations to cover its entire range of validity. However, due
to these separate equations, there are clear consistency prob-
lems for some properties. The first wide-ranging single equa-
tion of state for water was developed by Keenan et al.
(1969), which was one of the first fundamental equations in
the form of the Helmholtz free energy. This equation, how-
ever, did not satisfy the phase-equilibrium condition (Max-
well criterion). A very good equation for water was the fun-
damental equation of Pollak (1974, 1975), which has a range
of validity in pressure up to 300 MPa. This equation meets
the phase-equilibrium condition so that the saturation prop-
erties along the vapor—liquid phase boundary can be calcu-
lated from this equation without using a separate vapor—
pressure equation. In 1984, the Helmholtz-free-energy
equation developed by Haar er al. (1982, 1984) was adopted
by IAPS as a new international standard. We will refer to this
formulation as IAPS-84; for the corresponding publication
see Kestin and Sengers (1986). This equation was the first to
cover a pressure range up to 1000 MPa, and over wide
ranges of pressure and temperature IAPS-84 represents the
thermodynamic properties of water very well. However, in
the years following 1984 it became clear that IAPS-84 mani-
fested some substantial weaknesses near the critical point
(particularly regarding the phase boundary and in its “de-
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rivative” properties such as the isothermal compressibility)
and when extrapolating this equation beyond its range of
validity. The fundamental equation developed by Saul and
Wagner (1989) was the first equation of state for water that
was optimized regarding its functional structure and that was
fitted simultaneously to the experimental data of many dif-
ferent properties (so-called multiproperty fitting, see Table
1.1). In 1990, Hill (1990) published a so-called unified fun-
damental equation for the thermodynamic properties of H,O
that includes the revised and extended scaled equation of
Levelt Sengers et al. (1983). It was the first time that an
analytical wide-range equation was combined with a scaled
equation without problems in the transition range; this equa-
tion provides a smooth transition from the singular scaled
equation to the nonsingular wide-range function. The price
however, for realizing this behavior is the great number of 80
fitted coefficients, and more importantly, a rather complex
functional structure of the entire equation plus, due to the
incorporation of a scaled equation, the necessity of a recur-
sive calculation of internal variables in the scaled part. Due
to the use of the original scaled equation of 1983 [Levelt
Sengers et al. (1983)] the critical point of Hill’s equation is
slightly different from the critical point of H,O as agreed by
IAPWS (1992).

It should be pointed out that none of these wide-range
equations is based on the current International Temperature
Scale of 1990 (ITS-90), see Preston-Thomas (1990), as they
were all developed before 1990.

Besides the wide-range equations of state mentioned
above, there are also special equations for the critical region
of H,O. One of these equations is the revised and extended
scaled equation of Levelt-Sengers e al. (1983) which is a
part of the unified fundamental equation of Hill (1990). The
most recent equation of this kind is the crossover equation
developed by Kostrowicka Wyczalkowska et al. (2000). This
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equation has been included in the corresponding compari-
sons with experimental data of the critical region, see Sec. 7.

1.3. Need for the Development of a New
Scientific Formulation and Adoption of the
IAPWS-95 Formulation

It becomes apparent from the summary of previous scien-
tific equations of state that they all have several smaller or
greater deficiencies, and that a new equation of state for H,O
was needed.

At the IAPWS meeting in Buenos Aires in 1990, it was
agreed that a new scientific standard equation should be de-
veloped in order to replace IAPS-84. The task group of
IAPWS for dealing with this development consisted of Pro-
fessor J. V. Sengers (USA) as chairman and Professors P. G.
Hill (Canada) and W. Wagner (Germany). The new scientific
formulation was required to meet the following three main
requirements:

(i) based on ITS-90;

(i)  based on an updated data set; and

(iii)  improved behavior in the critical region, in metastable
regions, of the first and second derivatives in the lig-
uid region at low temperatures and pressures, and
when extrapolating to very high pressures and high
temperatures.

Taking these requirements into account, new equations of
state were developed in two groups, namely in Professor
Hill’s group at the University of British Columbia in Vancou-
ver (Canada) and in Professor Wagner’s group at the Ruhr-
Universitat Bochum in Bochum (Germany). After having
finished these developments, the two candidate equations
were comprehensively tested by the IAPWS Task Group
“New Scientific Formulation—Evaluation,” which was
chaired by J. Gallagher (USA). Both equations gave very
good results with small advantages and disadvantages for
each. In 1995, after careful consideration, JAPWS at its
meeting in Paris adopted the equation of state developed by
PruBl and Wagner (1995a,1995b) as the new scientific stan-
dard under the name “The IAPWS Formulation 1995 for the
Thermodynamic Properties of Ordinary Water Substance for
General and Scientific Use,” which we shall refer to in the
following as the TAPWS-95 formulation or IAPWS-95 for
short. The final form of the IAPWS release that describes
TAPWS-95 in detail was adopted at the ITAPWS meeting in
Fredericia (Denmark) in 1996 [IAPWS (1996)]; the essential
information from this release can be found in Sec. 6. The
TAPWS-95 formulation replaces the previous scientific for-
mulation IAPS-84.

1.4. Existence of the New Industrial Formulation
IAPWS-IF97

The reader should be informed that in 1997 at the IAPWS
meeting in Erlangen (Germany) a new formulation for indus-
trial use called “IAPWS Industrial Formulation 1997 for the

Thermodynamic Properties of Water and Steam” abbreviated
to IAPWS-IF97 was adopted. IAPWS-IF97, which is de-
signed for the special needs of the steam power industry, was
developed based on input data calculated from the new sci-
entific formulation TAPWS-95 described in this article. In
this way, the industrial standard for the thermodynamic prop-
erties of water and steam is coupled to the corresponding
scientific standard, the IAPWS-95 formulation. Full informa-
tion on the industrial standard IAPWS-IF97 can be found in
the article by Wagner er al. (2000).

1.5. Note on the Values of Temperature Used
Throughout this Article

With regard to the numerical values used for the thermo-
dynamic temperature throughout this article the following
information is given:

(i) No distinction is made between the thermodynamic
temperature 7" and the temperature 7, of the currently valid
International Temperature Scale of 1990 (ITS-90), see
Preston-Thomas (1990). This is because the ITS-90 is the
best approximation of the thermodynamic temperature
within the present experimental uncertainties.

(ii) All correlation equations for the thermodynamic prop-
erties along the several phase boundaries, the so-called gas
equation, and the TAPWS-95 formulation refer to the ITS-90.

(iii) The temperature values of the available experimental
data, based on older temperature scales and referred to in this
article, were converted to ITS-90. The conversion from the
IPTS-68 temperature scale to ITS-90 temperatures was car-
ried out based on conversion equations given by Rusby
(1991) for T<903.15K and by Rusby eral. (1994) for
903.15K=T=<1337.15K. Data corresponding to the
IPTS-48 temperature scale were converted to IPTS-68 ac-
cording to the procedure given by Bedford and Kirby (1969).

(iv) Values calculated from literature equations that are
used in the corresponding figures for comparison purposes,
were, if necessary, converted from their original temperature
scale to ITS-90 values.

2. Phase Equilibria of Water

Figure 2.1 shows several phase—boundary curves for wa-
ter in a p—T diagram. In this section information on the
following data and equations is given:

(1) The internationally accepted values for the parameters
of the triple point and critical point.

(ii))  The selected experimental data for the vapor pressure,
the saturated liquid density, the saturated vapor den-
sity, and the differences of the internal energy on the
vapor—liquid phase boundary.

(iii)  Correlation equations for the properties vapor pres-
sure, saturation densities, specific enthalpy, specific
internal energy, and specific entropy along the vapor—
liquid phase boundary.
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FiG. 2.1. The phase—boundary curves of water in a p—7 diagram. The
sublimation curve pg;, and the several melting curves p,, plotted in bold
correspond to the lower limit of the range of validity of IAPWS-95 with
regard to temperature. The dashed line corresponds to the range of validity
of IAPWS-95 with regard to pressure.

(iv)  Correlation equations for the pressure along the
melting—pressure curve and along the sublimation—
pressure curve.

2.1. The Triple Point

The temperature of the gas—liquid—solid triple point of
water corresponds by definition to one of the 17 defined
fixed points of the temperature scale ITS-90 [Preston-
Thomas (1990)]. Accordingly it is

T,=273.16 K. (2.1a)
Based on the internationally accepted measurements of
Guildner et al. (1976), the triple-point pressure is

p.=(611.657+0.010) Pa. (2.1b)

2.2. The Critical Point

Based on the comprehensive evaluation and assessment of
the experimental data of the critical region of H,O, Levelt
Sengers et al. (1985) determined the most likely values of
the critical parameters. Later on, these values were converted
to ITS-90 temperatures and are given in the corresponding
TIAPWS release [IAPWS (1992)] as:

T.=(647.096+¢) K with €=0.01, (2.2a)
P.=(22.064+0.27€+0.005) MPa, (2.2b)
p.=(322+3) kgm >, (2.2¢)
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2.3. The Vapor-Liquid Phase Boundary

In 1987, Saul and Wagner (1987) published correlation
equations for properties of H,O along the vapor-liquid
phase boundary. The equations for the vapor pressure, the
saturated liquid and vapor density, and the caloric difference
property Aa were based on the temperature scale IPTS-68.
At a later date, the experimental data on which these equa-
tions are based were converted into ITS-90 temperatures.
With these converted data the equations were re-established,
see Wagner and Pruss (1993); this article of 1993 also con-
tains the IAPWS supplementary release of 1992 on this sub-
ject as the Appendix. For reasons of completeness and be-
cause these equations were used to develop the IAPWS-95
formulation, these auxiliary equations are given in the next
two subsections. Remarks on the usefulness and the consis-
tency of the equations in relation to IAPWS-95 can be found
at the end of Sec. 2.3.1.

2.3.1. Experimental Data and Equations for the Vapor Pressure
and the Densities of the Saturated Liquid and Vapor

Table 2.1 summarizes certain information on the selected
experimental data of the vapor pressure and the densities of
the saturated liquid and vapor used to develop the interna-
tional equations for the saturation properties, Egs. (2.5)—
(2.7). The only vapor—pressure data of Table 2.1 that were
not used for the development of the vapor—pressure equation
[Wagner and Saul (1986), Saul and Wagner (1987)] are the
data of Morita et al. (1989), which were published later; they
are, however, included in the comparison of the selected data
in Fig. 2.2.

The densities of the saturated liquid and the saturated va-
por of Osborne ef al. (1937), (1939) constitute a special case.
These densities were not directly measured but were calcu-
lated by Wagner and Saul (1986) from the relations

dp, _

p'=T— 7B ! (2.3)
dp, _

p'=Tor ! (2.4)

by using Osborne et al.’s (1939) experimental values of the
two caloric properties 8 and vy and the derivative dp,/dT
determined from the vapor—pressure equation given by Wag-
ner and Saul (1986) and Saul and Wagner (1987), see Eq.
(2.5a). The international equations for the vapor pressure and
the densities of the saturated liquid and vapor [Saul and
Wagner (1987)], converted to ITS-90 temperatures by Wag-
ner and Pruss (1993) are as follows:
Vapor—pressure equation and its derivative:

- T
ln(p—) = %(a115‘+a215‘1'5+a31‘}3

Pe

+Cl4193'5+a5’&4+a6197'5), (25)
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TABLE 2.1. Information on the selected measuring runs for the vapor pressure p,, , the saturated liquid density

p', and the saturated vapor density p”

Uncertainty Number of data
Temperature
Authors Property range/K AT/mK* Ay® Total Selected
Osborne et al. (1933) Do 373-647 +0.025% 390 382
Rivkin et al. (1964%) Do 646-647 +0.01% 18 13
Stimson (1969) Do 298-373 +0.4 +0.002% 7 7
Guildner et al. (1976) Po 273.16 +0.016% 1 1
Hanafusa er al. (1984) Do 643-646 *0.01% 8 8
Kell er al. (1985) Po 423-623 +0.04% 22 22
Morita et al. (1989)° Do 620-647 *4 +0.02% 26 e
Smith & Keyes (1934) p' 303-593 +0.05% 13 9
Osborne et al. (1937) o' 603-645 +0.5% 65 29
Kell (1975) o' 273-423 Ap'd 32 32
Kell et al. (1985) p' 423-623 +0.05% 22 22
Osborne et al. (1937) p' 373-645 Ap" 214 189
Osborne et al. (1939) p' 273-373 +0.05% 152 146

*When no uncertainty value is given, then this uncertainty is taken into account in the uncertainty in y.

by corresponds to p,, p’, and p”, respectively.

“These data were only available after the vapor—pressure
Ap'=+[2X1070+1X 1077 (T/K—273)] kgm™>.
CAp"=20.01[5+0.125(T/K—423)]%.

dp,  pg

dr T

ln<?) +a;+1.5a,9%+3a,9?

C

+3.5a,9%+4a59°+7.5a,9%|, (2.52)

with 9=(1-T/T.), T.=647.096K, p.=22.064 MPa, a,
=—7.85951783, a,=1.84408259, a;=—11.7866497,
a,=22.6807411, as;=—15.9618719, and ag
=1.80122502.
Saturated liquid density equation:
Z—: 145,954+ by 9+ b3 9
C

+b41916/3+ b519’43/3+ b6ﬁ110/3’ (26)

with b1=1.992740 64, b,=1.099 65342, by
=—0.510839303, by=—1.75493479, bs
=—45.5170352, and bo=—6.74694450Xx10%; for the
definition of ¥ see Eq. (2.5).

Saturated vapor density equation:

n
ln(p—) =c, 90+ 6264/64- c31‘)8/6

C

+C4018/6+C5”837/6+C6’§71/6, (27)

with  ¢;=-2.03150240, c,=—2.683029 40, c3
=—5.386206492, c,=—17.2991605, c5=—44.758 6581,
and cg= —63.920 106 3; for the definition of ¥ see Eq. (2.5).

Figure 2.2 illustrates that Egs. (2.5)—(2.7) represent the
selected experimental data of p,,, p’, and p” very well within
their experimental uncertainty listed in Table 2.1. Values for

equation had been developed.

05 [ v 1 1 ) 1 1 9
300 400 500 600

Temperature T/K

A Osborneetal. (1933) 0O Kell (1975)

X Smith & Keyes (1934) x Guildner et al. (1976)
O Osborne et al. (1937) X Hanafusa et al. (1984)
Y Osborneetal. (1939) Vv Kellet al. (1985)

+ Rivkin et al. (1964) < Morita et al. (1989)

¢ Stimson (1969)

FIG. 2.2. Percentage deviations of the experimental data of the vapor pres-
sure p,, the saturated liquid density p’, and the saturated vapor density
p" from the values calculated from the corresponding Egs. (2.5), (2.6),
or (2.7): 100Ap,/p,= loo(po,exp_pu-,calc)/pa-,exp , 100Ap'/p'= 100(pe,xp
7pc’alc)/pe’xp . 100Ap"/p" = IOO(P{c’xpipr’:’alc)/P’e’xp .
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TaBLE 2.2. Information on the selected data for the caloric difference
quantity A

Number of data

Temperature ~ Uncertainty
Authors range/K A(Aa) Total  Selected
Osborne et al. (1937) 373-647 +0.3% 142 142
Osborne ef al. (1939) 273-373 +0.05% 256 256

computer-program verification of Egs. (2.5)—(2.7) can be
found in the article of Wagner and Pruss (1993).

It should be pointed out that Egs. (2.5)—(2.7) are only
auxiliary equations for calculating properties along the
vapor—liquid phase boundary. Although the differences be-
tween the results from these equations and the corresponding
results from the JAPWS-95 formulation, Eq. (6.4), are ex-
tremely small, these equations are not thermodynamically
consistent with IAPWS-95. Nevertheless, the application of
these auxiliary equations might be useful for simple calcula-
tions of these saturation properties or for the determination
of starting values when iteratively calculating the saturation
properties from IAPWS-95 according to the phase-
equilibrium condition.

2.3.2. Experimental Data for the Caloric Difference Property A«
and Equations for the Enthalpy and Entropy of the
Saturated Liquid and Saturated Vapor

Up to now it has not been possible to measure directly
values of the enthalpy and internal energy along the vapor—
liquid phase boundary of H,O. Thus, for a system consisting
of a gas and liquid phase, [in addition to the quantities 8 and
v, see Egs. (2.3) and (2.4)], Osborne measured the caloric
difference quantity A, which basically corresponds to the
difference of the internal energy between two temperatures
in the two-phase region. For this quantity the following re-
lation exists:

v/
_ !

Aa=h"—A"h o7 (2.8)

U//

where Aa depends only on temperature. Table 2.2 summa-
rizes the information on these selected measuring runs of the
caloric difference quantity Ac.

A correlation equation for «= a(7T) allows the calculation
of the enthalpy, internal energy, and entropy along the phase
boundary, for details see Saul and Wagner (1987). On the
basis of this article, Wagner and Pruss (1993) made the co-
efficients of the equation for a and its integrated form ¢
consistent with the ITS-90 temperature scale. The equations
and the converted coefficients read:

o
a—=da+d19’19+d20+d304-5+d405+d5¢954'5, (2.9)
0
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©
w

100 A(Aa)/Aa
o

a8 1 88
300 400 500 600
Temperature T/K

O Osborne et al. (1937) X Osborne et al. (1939)

Fig. 2.3. Percentage deviations 100A(Aa)/Aa=100(A@ep—Ad)/
Aa,y, between experimental data of the caloric difference quantity A and
values calculated from Eq. (2.9).

1 19 2 9 15
¢I0 dl// 20d10 d21n0 7d30

5 109
+ 7 ds ot + 1079 6333,
where ap=1kJkg !, yy=ay/T., 0=TIT., T.=647.096
K, and the coefficients are d,=—1135.905627715, d,
=2319.5246, d,=—5.65134998Xx 1078, d,=2690.66631,
d;=127.287297, d,=—135.003 4309, and ds
=0.981825814. The values of the coefficients d, and d,
were determined according to the international agreement so
that the zero points of the specific internal energy and the
specific entropy are met for the saturated liquid at the triple
point [namely u; =0, s; =0, see also Eq. (6.7)]. Figure 2.3
shows the comparison between the experimental Aa values
and the values calculated from Eq. (2.9). (In all such devia-
tion plots, points shown at the top or bottom edge have de-
viations larger than the scale of the plot.)

The equations for calculating the specific values of the
enthalpy £, the internal energy u, and the entropy s for the
saturated liquid and the saturated vapor are summarized as
follows:

(2.9a)

Specific enthalpy

n' a 3 T/K dp, MPa
Tre-T— o T | ek
kI kg ay p'/(kgm™’)\ dT K
(2.10)
h" a 3 T/K dp, MPa
= — 10— | | [ |
kI kg ay p"I(kgm™’) \ dT K
(2.11)
Specific internal energy
T(dp, MPa Po
u' _a N 03K dr K MPa 51
Kkg ! ap p'/(kgm™) . 212)
T(dp, MPa Po
T +103E dar K | MPa )13
kikg ' a, p"/(kgm™3) (2.13)
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Specific entropy

Sl /15

s’ W
kKikg "K' kIkg 'K™! p'/(kgm %)
(2.14)
dp, MPa
5" B W e dr K
kKikg "K' kIkg 'K! p"/(kgm %)
(2.15)

In order to evaluate Egs. (2.10)—(2.15) the quantities a/ay,
o op's p', py, and dp,/dT are calculated from Egs. (2.9),
(2.9a), (2.6), (2.7), (2.5), and (2.5a). Values for computer-
program verification of these equations are given by Wagner
and Pruss (1993).

For remarks regarding the usefulness of Egs. (2.10)-
(2.15) and their consistency related to IAPWS-95, see the
end of Sec. 2.3.1.

2.4. The Solid-Liquid and Solid—Vapor Phase
Boundaries

Depending on the pressure and temperature range, solid
water forms different structures. Five of the known ice forms
are bordered by the liquid phase of H,O. Although the inter-
sections of two melting—pressure curves are also called triple
points (two solid phases are in equilibrium with the liquid
phase), in this article the term “triple point™ is only used for
the solid—liquid—vapor triple point, see Sec. 2.1. Figure 2.1
illustrates the plot of the phase—boundary curves in a p—T
diagram.

Correlation equations for the melting—pressure curves
(solid—liquid phase boundary) and the sublimation—pressure
curve (solid—vapor phase boundary) are described by Wag-
ner etal. (1994) and documented in the corresponding
IAPWS release [TAPWS (1993)]; this release is appended to
the above mentioned article. Although these equations were
not directly used for the development of the IAPWS-95 for-
mulation, the equations are presented here because they mark
the boundaries between the fluid phase (for which
TAPWS-95 is valid) and the solid phase.

2.4.1. The Melting—Pressure Equations

The melting—pressure equations adopted by IAPWS [see
Wagner et al. (1994)] are as follows:

Melting—pressure equation for ice I (temperature range
from 273.16 to 251.165 K):

pm,ice 1

=1-0.626X10°-(1—673)

n

+0.197 135X 10%(1— 6*'%),  (2.16)

with 6=T/T,, T,=273.16K, and p,=0.000611 657 MPa.
Melting—pressure equation for ice Il (temperature range
Sfrom 251.165 to 256.164 K):

pm,ice il
Pn
with 0=T/T,, T,=251.165K, and p,=209.9 MPa.

Melting—pressure equation for ice V (temperature range
from 256.164 to 273.31 K):

=1-0.295252(1— 6%), (2.17)

pm,ice \'%
Pn
with §=T/T,, T,=256.164K, and p,=350.1 MPa.

Melting—pressure equation for ice VI (temperature range
from 273.31 to 355 K):

=1-1.18721(1—6%), (2.18)

pm,ice VI

1—-1.07476(1— 6*9), (2.19)

n

with 6=T/T,, T,=273.31K, and p,=632.4 MPa.
Melting—pressure equation for ice VII (temperature range
from 355 to 715 K):

pm,ice Vil
In| ——

. ) =1.73683(1— 6~ 1)—0.054 4606(1 — 6°)
n

+0.806 106X 10~ 7(1— 6%?),

with 6=T/T,, T,=355K, and p,=2216 MPa.

Further details regarding Egs. (2.16)—(2.20), including
values for computer-program verification, are given by Wag-
ner et al. (1994).

(2.20)

2.4.2. The Sublimation—Pressure Equation

According to Wagner et al. (1994), the sublimation pres-
sure is given by:

]n(psubl

n

>=—13.928169(1 —0719)

+34.7078238(1— 6%,  (2.21)

with 6=T/T,, T,=273.16K, and p,=0.000611 657 MPa.
For further details and values for computer-program verifi-
cation see Wagner et al. (1994).

3. The Gas Equation

Reference equations of state for methane [Setzmann and
Wagner (1991), Wagner and de Reuck (1996)] and carbon
dioxide [Span and Wagner (1996)] that are valid for the en-
tire fluid region have been successfully established by using
not only the so-called nonlinear experimental data but also
corresponding (precorrelated) linearized data at least for
parts of the entire fluid region, for details see Sec. 5.3.2. In
particular, the gas region has offered possibilities for such a
procedure. Thus, a special gas equation for water was devel-
oped with the general aim of providing so-called synthetic
data for the development of IAPWS-95. For the development
of IAPWS-95 and for calculating values in the metastable

J. Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002
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TaBLE 3.1. Coefficients and exponents of the residual part ¢ of the dimen-
sionless Helmholtz free energy, Eq. (3.3)

i d; t; n;

1 1 0.25 0.474 865 9259
2 1 1.25 —0.112437 055 3 X 10!
3 1 35 —0.811 862740 1

4 1 12 —0.621301850 11073
5 2 1.5 0.192 443 099 3

6 2 13.5 —0.8322867662x 10"
7 4 8.75 0.139 105223 0% 10"

steam region, the establishment of this gas equation is of
primary importance and is therefore described in this section.

3.1. Density Range and Input Data
For “normal” substances, a simple virial equation,

p

KT~ | BT p+C(T)-p+D(T)-p* +E(T) - p

+..., (3.1)

truncated after the term with the third virial coefficient C(T)
is able to cover the fluid region up to densities of 0.5 p,.
within the experimental uncertainty of the data. For the *“dif-
ficult” substance water, such a truncated virial equation can
only cover the gas region very accurately for densities up to
about 0.1 p.. It was, however, our aim that the gas equation
should cover a region up to densities of p=55kgm?
~0.17 p.. In this region, the gas equation should represent
all thermodynamic properties with the best possible accu-
racy.

In order to achieve this aim, the equation was developed
by using selected experimental data of the thermal properties
(ppT) and the properties speed of sound w, specific isobaric

02 498K
| |
§ opE—x “ﬂmix}
Q x " |
-~ = |
3 I
E -0. 1 ] L1 LLikil ] (I EENET 1 L1111l
< 648 K
|
¢ 0.2 > %1
| D
S ed
8 0—>4-§M*—§xw{_
A e >
_ozl 1 1 1 1l 1 1 IIIIIIII 1 i 1 ti1s
107 10° 10' 102

Pressure p/MPa

@ Vukalovich et al. (1962)

— — - Phase boundary

¢ Rivkin & Akhundov (1963)

heat capacity ¢ o Joule—Thomson coefficient u, and isother-
mal throttling coefficient d7. Due to the density range con-
sidered here, only data with p<55 kgm > were used. Infor-
mation on all data selected for the development of the
TAPWS-95 formulation is summarized in Sec. 4; for the data
considered in connection with the gas equation see Secs. 4.2,
43,45, 4.7, and 4.8. Figures 4.1, 4.5, 4.8, and 4.9, which
show the data distribution in corresponding p—7 diagrams,
contain the isochoric line p=55 kgm > to illustrate which
part of the gas region and which data sets were involved. In
total, 604 ppT data, 112w data, 90 cp data, 234 u data, and
180 &5 data were used to develop the gas equation, Eq. (3.2).
These data had to be represented by the gas equation to
within their experimental uncertainty.

3.2. Details of the Gas Equation

Like the TAPWS-95 formulation, Eq. (6.4), the gas equa-
tion is a fundamental equation for the specific Helmholtz free
energy f. This equation is expressed in dimensionless form,
¢=f/(RT), and is separated into two parts, an ideal-gas part
¢° and a residual part ¢', so that:

T
MO0 o.m=2(6.1)+ d0.1)
where 8=p/p, and 7=T./T with p,=322kgm 3, T,
=647.096 K, and R=0.46151805kIkg™ ' K~'. The ideal-
gas part ¢° of Eq. (3.2) is identical to the ideal-gas part of
IAPWS-95, Eq. (6.5).

The form of the residual part ¢ of the dimensionless
Helmbholtz free energy is:

(3.2)

7

d'=, n;o%, (3.3)
i=1
773K
02 b DG
B > >
x .
0 T o
i X > i
_02I 1 L1 11t 1 11 1 t11tl ‘I L1 1111l
1023 K
0.2 ,
o .
i o ® a>!
0 S —
- !
_0.21 i SN NEET] 1 Lt 1l I|I Lty
107 100 10’ 10?

Pressure p/MPa

D> Kell et al. (1985) X Kell et al. (1989)

—-— pmaxforp =55 kg m

FIG. 3.1. Percentage density deviations between experimental pp7 data and values calculated from the gas equation, Eq. (3.2).
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where 8=p/p. and 7=T,/T with p.=322kgm > and T,
=647.096 K. The coefficients and exponents of Eq. (3.3) are
listed in Table 3.1. The values of the exponents d; in Eq.
(3.3) are integers up to four; this corresponds to extending
Eq. (3.1) to the fifth virial coefficient E(T). This was neces-
sary in order to represent the accurate ppT data [Kell et al.
(1985), (1989), see Fig. 4.1] and the speed-of-sound data
[Novikov and Avdonin (1968), see Fig. 4.5].

All thermodynamic properties can be derived from Eq.
(3.2) by using the appropriate combinations of the ideal-gas
part ¢°, Eq. (6.5), and the residual part ¢', Eq. (3.3), of the
dimensionless Helmholtz free energy and their derivatives.
Relations between thermodynamic properties and ¢° and ¢"
and their derivatives are summarized in Table 6.3. All re-
quired derivatives of the ideal-gas part of the Helmholtz free
energy, Eq. (6.5), are explicitly given in Table 6.4. The re-
quired derivatives of the residual part of the gas equation,
Eq. (3.3), are identical with the first sum (first seven polyno-
mial terms) given in Table 6.5.

Equation (3.2) is valid in the gas region of H,O for tem-
peratures from 273 to 1273 K and densities up to 55 kgm .
In this region, Eq. (3.2) represents the experimental data to
within their uncertainties, for further details see Sec. 3.3.

Proceeding from a general functional form for ¢'(8,7),
called a bank of terms, and using the structure-optimization
method of Setzmann and Wagner (1989), the development of
an equation for the residual part ¢', Eq. (3.3), of the gas
equation, Eq. (3.2), occurred in a similar way to the residual
part of the IAPWS-95 formulation, which is described in
detail in Sec. 5. In this entire process, Eq. (3.2) was fitted to
the ppT data (so-called linear properties) and to the experi-
mental data of the so-called nonlinear properties w, c,,, u,
and &y ; for details see Prul and Wagner (1995b).

3.3. Comparison of the Gas Equation
with Experimental Data

For the density range 0<p<55 kgm > where the gas
equation is valid, Figs. 3.1-3.4 show deviations between the
experimental ppT, w, ¢,, and u data in this low density
region and values calculated from Eq. (3.2).

Figure 3.1 shows a comparison between the experimental
ppT data and the densities calculated from Eq. (3.2) for four
representative isotherms. It can be seen that Eq. (3.2) repre-
sents these data to within their scatter. Only the data of
Vukalovich et al. (1961), (1962) show somewhat systematic
deviations from the calculated densities. Based on our expe-
rience with the development of the IAPWS-95 formulation
in this high-temperature range (see Sec. 7.2.1.4), we believe
that these deviations are due to the data; nevertheless, the
deviations remain well within the given experimental uncer-
tainty of the data, see Table 4.4.

For three representative isotherms, Fig. 3.2 illustrates that
the speed-of-sound data of Novikov and Avdonin (1968) are
represented very well to within their experimental uncer-
tainty given in Table 4.5.

For the specific isobaric heat capacity, the comparisons
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4+ Woodburn (1949)
— —— Phase boundary —-— pmax for p = 55 kg e
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FiG. 3.2. Percentage deviations between experimental data of the speed of
sound w and values calculated from the gas equation, Eq. (3.2).

between the experimental data and the corresponding values
calculated from Eq. (3.2) are summarized in Fig. 3.3 for four
isobars. Although Eq. (3.2) represents the ¢, data to within
their experimental uncertainty (see Table 4.8), there are
clearly systematic deviations between the experimental and
calculated values, for example, see the isobars p
=5.88MPa and p=9.8 MPa. These systematic trends are
based on the experimental data and not on a weakness of the
gas equation, Eq. (3.2), regarding this property. For example,
the ppT data and the speeds of sound in this region are
represented very well by Eq. (3.2). Moreover, the deviation
of the ¢, data from those values calculated with the
TAPWS-95 formulation shows very similar trends, see Sec.
7.2.5.

Figure 3.4 shows that Eq. (3.2) represents the experimen-
tal data of the Joule—Thomson coefficient u to within their
experimental uncertainty given in Table 4.9. The deviation
diagrams for the data of the isothermal throttling coefficient
o7 look very similar to the diagrams for w in Fig. 3.4; thus
the 67 comparisons are not explicitly given here.

4. The Selected Experimental Data
and Other Data Used to Develop
IAPWS-95 and Further Experimental Data
for Comparison

As seen by the quantity and quality of the experimental
data of the several thermodynamic properties, water is one of
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FiG. 3.3. Percentage deviations between experimental data of the isobaric heat capacity ¢, and values calculated from the gas equation, Eq. (3.2).

the best experimentally investigated fluids. As a basis for the
development of the new equation of state, a comprehensive
and consistent data set had to be assembled from a total of
about 20 000 experimental data.
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FiG. 3.4. Percentage deviations between experimental data of the Joule-
Thomson coefficient u and values calculated from the gas equation,
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In our comprehensive study to establish such a selected
data set, we took into account all information given in sev-
eral articles. The article of Sato er al. (1988), which de-
scribes the basis of the IAPWS Skeleton Tables of 1985
(IST-85), represents a comprehensive investigation regarding
the ppT data of the single-phase region; the IST-85 Skeleton
Tables converted to ITS-90 temperatures are given in the
corresponding revised TAPWS release [IAPWS (1994)].
Moreover, for our own assessment we considered the analy-
ses of the data used to establish the equations of state of Saul
and Wagner (1989) and of Hill (1990). In addition to this,
there is also the data collection of Sato er al. (1991) that was
initiated by IAPWS and forms the most comprehensive data
collection presently available, consisting of more than 16 000
experimental data for several thermodynamic properties of
H,0O. We examined this data set and the data judged to be of
high quality were incorporated into our selected data set.

It should be clearly pointed out that we critically re-
examined the data used by Saul and Wagner (1989) and by
Hill (1990) for their equations of state. All data were again
checked with regard to their internal consistency and their
basic applicability for the development of an equation of
state to form the new scientific standard. These selected data
sets took into account experimental data which were avail-
able by the middle of 1994.

The experimental data published between May 1991 [the
time up to which Sato er al. (1991) included data for their
collection] and the middle of 1994 (the time at which we
took into account data for the development of TAPWS-95)
did not contain significant new experimental information; for
a comprehensive view of the experimental data of H,O,
please refer to the study of Sato et al. (1991). Thus, in this
article the information on experimental data is limited to
those data used for the development of the IAPWS-95 for-
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TaBLE 4.1. Information on the selected values of the thermal saturation properties used to develop the

TAPWS-95 formulation

Property Number of data Temperature range Step size
Data for linear fitting
273.16 K<T<641 K AT=2K
pop'p"T data from 218 641 K<T<646K AT=0.5K
Egs. (2.5) to (2.7) 646 K<T<646.946K AT=0.1K
646.946 K<T=<647.096K AT=0.01K

Data for nonlinear fitting

po(T) from Eq. (2.5) 109
p'(T) from Eq. (2.6) 109
p"(T) from Eq. (2.7) 35

273.16 K<T<=647.096K every other
point*

every other
point®

every 10th point*
every other
point*

273.16 K<T=647.096 K

273.16 K<T=640K
640 K<T=<647.096 K

“From the total values used in the linear fitting.

mulation and to comparisons with data published between
the middle of 1994 and the middle of 2001.

This section presents not only information on the experi-
mental data (Secs. 4.2—4.9) used to develop IAPWS-95, but
also presents information on calculated values (Secs. 4.1,
4.10, and 4.11) used as additional input data for the
IAPWS-95 formulation.

4.1. Vapor-Liquid Phase Boundary

In the course of developing the IAPWS-95 formulation,
the new equation of state was fitted to values defining the
vapor—liquid phase boundary. These values are thermal and
caloric properties calculated from the corresponding auxil-
iary equations summarized in Sec. 2. Since these auxiliary
equations had resulted from a statistically founded fitting
process to experimental data and since the step size of the
calculated points is given, the corresponding input values for
IAPWS-95 can be clearly identified.

4.1.1. Thermal Properties in the Saturation State

All thermal properties on the vapor—liquid phase bound-
ary, i.e., pyp'p"T data, which were used to develop the
TAPWS-95 formulation, were calculated from the corre-
sponding auxiliary equations given in Sec. 2.3.1 for prese-
lected values of temperature. The exact data set is defined by
Table 4.1. There, it can be seen that in actual fact two data
sets distributed along the phase boundary were used. The
pop' p"T data were used in the linear fitting of IAPWS-95 to
ppT data points at saturation and to the phase-equilibrium
condition. The data set containing separate p,(T), p'(T),
and p"(T) data were used to fit IAPWS-95 nonlinearly to
these single p,~T, p'—T, and p”"—T values, for further de-
tails see Sec. 5.5.2.

4.1.2. Caloric Properties in the Saturation State

The difference property Aa (see Sec. 2.3.2) is the only
caloric property whose measurements cover the entire tem-
perature range from the triple point to the critical point with
high accuracy, see Table 2.2 and Fig. 2.3. The enthalpies /'
and h" of the saturated liquid and vapor, respectively, are
directly based on the « values from Eq. (2.9), which repre-
sents the experimental A« data. Since the previous scientific
standard TAPS-84 could only represent the i’ values of the
IST-85 Skeleton Tables [TAPWS (1994)] with systematic de-
viations that are partly outside the IST-85 tolerances, it was
desired that the TAPWS-95 formulation behaves clearly bet-
ter in this respect. Thus, it was decided to incorporate values
of one of the key quantities for a good representation of «,
namely enthalpies or internal energies, into the selected data
set. Since h is distinguishable from u by the product puv,
which consists of purely thermal properties, the internal en-
ergy u is the decisive caloric quantity in the saturation state
and its inclusion in the selected data set is a precondition for
a good representation of the a values by IAPWS-95. Besides
(uy—uy) values, specific internal energies of vaporization,
(u”"—u'), were included in the selected data set for devel-
oping IAPWS-95. Table 4.2 gives information on the design
of these data sets, including the data distribution on the
vapor—liquid phase boundary. For given values of tempera-
ture, the u’ and u” values were calculated from Egs. (2.12)

TABLE 4.2. Information on the selected values for the specific internal en-
ergy on the vapor—liquid phase boundary

Number

Property of data Temperature range Step size

wh—ul), ph. pl. T\, T, 74  27316K<T,<638K AT,=5K
(T,-T)=5K

w'—u'), pp. T 75 27316 K<T,<638K AT=5K
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TaBLE 4.3. Information on the selected data for the caloric properties speed of sound w and specific isobaric
heat capacity ¢, of the saturated liquid and vapor

Number of data

Temperature Uncertainty
Authors Property range/K Ay? Total Selected
Novikov & Avdonin w'” 273-583 *1% 51 50
(1968)
Chavez et al. (1985) w' 273-372 +0.05% 108 108
Sirota (1963) c, 273-628 +0.15% 44 36
Sirota (1963) c, 273-628 *2% 44 36

orc”

%y corresponds to either w”, w', -

’
Cps

and (2.13) and the corresponding p’ and p” values were de-
termined from Egs. (2.6) and (2.7), respectively.
Experimental data for other caloric properties on the
vapor—liquid phase boundary of H,O are rather limited re-
garding their number and quality. Information on the best
data sets is given in Table 4.3; these data were used to de-
velop IAPWS-95. There are also experimental data of the
isochoric heat capacity at saturation (saturated liquid and
saturated vapor from both the single-phase and two-phase
region), which were measured by Kerimov (1964), Amirkha-
nov et al. (1969), and Abdulagatov er al. (1998). Unfortu-
nately, however, these data sets from the Dagestan Scientific
Center of the Russian Academy of Sciences are not very

consistent with each other (see the discussion in Sec. 7.2.4
on the ¢, data in the single-phase region). Therefore, these
data were not used to develop IAPWS-95, but a comparison
with ¢, data is carried out in Fig. 7.6.

4.2. Single-Phase Region

The International Skeleton Tables of 1985 [(IST-85), see
Sato et al. (1988)] in its revision for the ITS-90 temperature
scale [TAPWS (1994)] contain a comprehensive set of ppT
and enthalpy values. These values were chosen using mea-
surements in combination with several equations of state of
that time. Since these values are not direct measurements and

TABLE 4.4. Information on the selected ppT data

Uncertainty Number of data
Temperature Pressure
Authors range T/K range p/MPa AT/mK* Ap? Ap Total Selected

Tammann & Jellinghaus (1928) 259-273 49-147 *0.15% 257 28
Bridgman (1935) 253-268 98-490 +0.2% 129 22
Bridgman (1942) 348-448 980-3585 +0.5% 17 16
Vukalovich et al. (1961) 823-923 4.7-118 +0.2% 175 95
Vukalovich er al. (1962) 1022-1174 4.6-118 *0.25% 148 81
Rivkin & Akhundov (1962) 643-677 4.9-37 *15 +0.01% +0.05% 298 162
Rivkin & Akhundov (1963) 647-723 4.7-59 *10 *0.01% *0.05% 190 124
Rivkin & Troyanovskaya (1964) 643-653 9-27 *10 *0.01% +0.05% 316 82
Rivkin et al. (1966) 646-648 14.6-23 +5 +0.01% +0.04% 107 74
Grindley & Lind (1971) 298-423 100-800 *20 L +0.02% 560 112
Kell (1975) 236-268 0.101 325 +0.01% +0.05% 120 21
Kell & Whalley (1975) 273-423 0.5-103 *1 *0.01% Ap® 596 574
Kell et al. (1978) 448-623 1.3-103 *1 *0.01% Ap¢ 196 145
Hilbert et al. (1981) 293-873 10-400 +5 +0.01% *0.2% 530 396
Hanafusa er al. (1984) 643-673 19.7-38.6 *5 +0.003 MPa +0.04% 123 93
Kell et al. (1985) 648-773 21-103 *1 +0.01% Ap? 587 131
Kell et al. (1989) 473-773 0.1-36 *2 *0.01% +0.006 kg m > 630 509
Morita et al. (1989) 638-652 18.5-38 *4 +0.02% +0.04% 93 90
Takenaka & Masui (1990) 273-358 0.101 325 . +1 ppm 79 18°f
Patterson & Morris (1994) 274-313 0.101 325 +(0.6-1.4) ppm 13¢ s
Masui er al. (1995) 273-358 0.101 325 +(0.9-1.3) ppm 2bh -2
Tanaka et al. (2001) 273-313 0.101 325 +(0.84-0.87) ppm 41 B

“If no uncertainty values are given, then these uncertainties are taken into account in the uncertainty in p.

PAp=+(6+0.05-(T/K—273 K)+p/MPa) X 10™*.

“Ap==+(7+0.1 p/MPa)X 10 >p+0.04 kg m3; T=548 K:Ap==0.1kgm °.

Ap==(7+0.1 p/MPa)X 10 >p+0.04 kgm >
“Calculated from their p(T)/pnax equation, see text.
"The values correspond to VSMOW.

2These data were only available after the development of IAPWS-95 had been finished.
"In addition, a p(T’) equation is given valid for temperatures from 273.15 to 358.15 K.
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FIG. 4.1. Distribution of the selected ppT data used to develop the residual part of IAPWS-95, Eq. (6.6), in a p—T diagram. The isochore p=>55 kg m~* shows
the upper density limit for the ppT data used to develop the gas equation, Eq. (3.2).

are partly based on experimental data that were not consid-
ered accurate enough to be included in the selected data set
for IAPWS-95, the IST-85 values [TAPWS (1994)] were also
not used for the development of the IAPWS-95 formulation.
For an investigation of the corresponding ppT data at high
temperatures and high pressures, see Sec. 7.2.1.5.

The tables in the following subsections contain informa-
tion on experimental data used to develop the TAPWS-95
formulation and also on data that are considered to be accu-
rate enough but were not yet available when IJAPWS-95 was
developed. Information on other experimental data, which
are only used in comparisons with JAPWS-95 in Sec. 7, is
only given in the text.

4.2.1. ppT Data

Based on a comprehensive examination of the very great
number of existing ppT data, 2773 data points were finally
selected. Figure 4.1 shows how these selected ppT data
cover the p—T surface of water.

Table 4.4 summarizes the information on the selected ppT
data set where the measuring runs, published through 1990,
were used to develop the IAPWS-95 formulation. In addition
to the temperature and pressure range covered by each data
set, the experimental uncertainties of the individual mea-
sured quantities 7, p, and p are listed. These uncertainties
were used in Eq. (5.8) to calculate the weighting factor when
the coefficients of the residual part ¢" of IAPWS-95, Eq.
(6.6), were fitted to the data.

Except for converting the original temperature values to
ITS-90, all ppT values of this data set were used as origi-
nally given by the original authors with the exception of the
ppT data measured by Grindley and Lind (1971); the reason
for correcting the data of Grindley and Lind (1971) is as
follows. For temperatures up to 423 K and pressures up to
100 MPa, the liquid region is covered by the very accurate
data of Kell and Whalley (1975), see Fig. 4.1. For these
temperatures and higher pressures, the liquid region is
mainly covered by the pp7T data of Grindley and Lind
(1971). Unfortunately, these two data sets do not fit smoothly

J. Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002
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together as can be clearly seen in Fig. 4.2. Choosing the
isotherm of 323 K as an example, Fig. 4.2 illustrates that at
about 100 MPa the offset between these two data sets
amounts to about 0.02% in density. Keeping in mind that
Kell and Whalley’s data have an uncertainty in density of
less than £0.01%, such an offset made a simultaneous fit of
an equation of state to both data sets impossible. A special
analysis of the two data sets led to a reduction of Grindley
and Lind’s density values by 0.02%. Only in this way was it
possible to represent consistently the high-pressure data of
Grindley and Lind (1971) with the very accurate data of Kell
and Whalley (1975).

In the gas phase, the low temperature and pressure range is
completely covered by the data set of Kell er al. (1989).
These data replace for the most part the data of Kell et al.
(1985), since Kell et al.’s more recent data are more accu-
rate. However, none of the equations of state is able to rep-
resent the data of Kell et al. (1989) for the lowest isotherms
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to within the given experimental uncertainty. This is illus-
trated by Fig. 4.3; for the isotherms 423 and 448 K, system-
atic deviations of up to 0.2% between the experimental and
calculated values are exhibited by all three equations of state
used for these investigations. Hill (1990) assumed adsorption
and capillary effects as a source for these obviously system-
atic errors of the data. Consequently, for these two isotherms,
the data of Kell et al. (1989) were not taken into account for
developing IAPWS-95.

Figure 4.4 illustrates that the high-pressure ppT data mea-
sured by Maier and Franck (1966) and by Koster and Franck
(1969) are not consistent with the more recent data set of
Franck’s group, namely with the data of Hilbert et al. (1981).
From the deviation diagram for the isotherm 7=473 K, it is
clear that the data set of Hilbert er al. (1981) is confirmed at
the lower pressure end by the data of Kell ez al. (1978) and at
the higher pressure end by the recent data of Wiryana et al.
(1998). When using TAPS-84 and the equation of Hill (1990)
as examples, the deviation diagram for 7=773 K makes
clear that these two equations of state are able to represent
either the data of Hilbert er al. (1981) or of Maier and Franck
(1966) and of Koster and Franck (1969), but not all three
data sets. This can be seen in Fig. 4.4 for the 923 K isotherm
for the equation of Hill (1990). Moreover, the scatter of the
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data of Maier and Franck (1966) and of Koster and Franck
(1969) reach up to =1.5% in density, which underlines the
assessment of these data. As a consequence of these factors,
the data of Maier and Franck (1966) and of Koster and
Franck (1969) were not included in the selected ppT data set
and JAPWS-95 was not fitted to these data. In contrast, these
less accurate ppT data were considered in establishing the
Skeleton Tables IST-85 [TAPWS (1994)], for the conse-
quences see Sec. 7.2.1.5.

The last four data sets listed in Table 4.4 cover high-
precision measurements of the liquid density at a pressure of
p=0.101 325 MPa. At the Japanese National Research Labo-
ratory of Metrology (NRLM), Takenaka and Masui (1990)
measured dilatometrically the thermal expansion of purified
Japanese tap water (JTW) at temperatures from 273.15 to
358.15 K. To obtain absolute density values, they related
their thermal expansion measurements to the maximum den-
Sity pmax ON this isobar near 4 °C in the following way. Pro-
ceeding from the commonly accepted p,,,, value for Vienna
Standard Mean Ocean Water (VSMOW) at that time, given
by the BIPM (Bureau International des Poids et Mesures,
France), and the known isotopic compositions of VSMOW
and the JTW used, Takenaka and Masui transferred the p .
value of VSMOW to their JTW. [VSMOW'’s isotopic com-
position is documented by Gonfiantini (1978) and which is
available from the International Atomic Energy Agency in
Vienna.] In this way Takenaka and Masui (1990) obtained 79
density values of JTW in the temperature range mentioned
above. Moreover, they fitted an p(7)/p., €quation to their
data and give for this equation an uncertainty of about 1
ppm. We used this equation, however, not with their p,.,
value of JTW but with the one of VSMOW given by the
BIPM as p.,,,=999.975kgm™ 3 [Menaché and Girard
(1973)]. In this way we determined VSMOW densities for
every 5 K between 273.15 and 358.15 K and IAPWS-95 was
fitted to these 18 VSMOW densities, see Table 4.4.

After the development process of IAPWS-95 had been
completed, additional density measurements of VSMOW at
p=0.101325MPa were published. The liquid density mea-
surements of Patterson and Morris (1994) were carried out at
the CSIRO National Measurement Laboratory (Australia).
By hydrostatic weighing they measured absolute densities at
temperatures from 274.15 to 313.15 K. They give an uncer-
tainty for their densities ranging from 0.6 ppm at 288.15 K to
1.4 ppm at 313.15 K. At NRLM, Masui ef al. (1995) mea-
sured the absolute density of VSMOW at 289.15 K by hy-
drostatic weighing. Separately, they measured dilatometri-
cally the thermal expansion of their VSMOW samples for
temperatures from 273.15 to 358.15 K. Using the results of
these measurements, they developed a p(7T) equation for the
temperature range of their measurements; the measured ab-
solute density at 289.15 K is given in the article by Masui
et al. (1995/96). For this p(T) equation, an uncertainty be-
tween 0.9 ppm at 273.15 K and 1.3 ppm at 358.15 K is
claimed by the authors. Very recently, a Task Group, formed
by the Working Group on Density of the Consultative Com-
mittee for Mass and Related Quantities, analyzed the density

data at a pressure of 0.101 325 MPa measured in the three
studies mentioned above, namely Takenaka and Masui
(1990), Patterson and Morris (1994), Masui et al. (1995/96),
and in addition the data of Watanabe (1991). As a result, this
Task Group [Tanaka et al. (2001)] presented a new formula
for the density—temperature relationship of VSMOW at
0.101325 MPa in the temperature range from 273.15 to
313.15 K. [In the article of Tanaka et al. (2001), it is said that
the density—temperature relationship and the corresponding
density tables refer to SMOW (Standard Mean Ocean Wa-
ter). However, from a note in this article it can be seen that
VSMOW is meant; all the density measurements used to
derive the density—temperature relationship given in this ar-
ticle are based on VSMOW.] Using this formula, they calcu-
lated a recommended table for the density of water in this
range, which also contains the uncertainty estimation for
each density value (tabulated every 1 K); the uncertainty was
estimated to be between 0.84 and 0.87 ppm. The maximum
density on this isobar was given as (p;x=999.974 950
+0.00084) kgm > at a temperature of (3.983035
+0.00067) °C. All these more recent VSMOW densities
have been included in the comparisons with those values
calculated from IAPWS-95, see Sec. 7.2.1.2.

In the last few years, a relatively large number of measure-
ments on mixtures have been carried out where one of the
components is water. Besides the experimental data of the
corresponding mixture, in most of the investigations mea-
surements of pure water have also been made, mainly for
calibration purposes. One typical example is the article by
Abdulagatov et al. (1993). Those authors measured ppT data
of water—methane mixtures for temperatures between 523
and 653 K at pressures from 2 to 64 MPa. However, these
data are of lower quality than those of other authors who
measured only pure water in this region; for example, the
scatter of Abdulagatov ef al.’s data amounts to =0.4% in
density. Other similar cases of measurements on water,
where the predominant portion of data has been taken in
connection with measurements of mixtures, were also not
taken into account for the selected ppT data set; examples of
such measurements are Kubota ef al. (1987) and Yokoyama
and Takahashi (1989).

Wiryana et al. (1998) reported ppT data for temperatures
from 353.15 to 473.15 K at pressures up to 3500 MPa. Al-
though these data are not direct density measurements but
were derived from their speed-of-sound measurements (see
the second to the last paragraph of Sec. 4.3), these ppT data
can be used for extrapolation tests of IAPWS-95, see Sec.
7.2.1.2.

There are also ppT data in the two metastable regions:
subcooled liquid (metastable with respect to the solid) and
superheated liquid (metastable with respect to the vapor). In
the subcooled liquid there are two accurate pp7 data sets
along the isobar p =0.101 325 MPa. The data of Kell (1975),
to which TAPWS-95 was fitted for 7<<273.15 K, cover tem-
peratures from 236 to 268 K, see Table 4.4, and the data of
Hare and Sorensen (1987) are in the temperature range from
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240 to 268 K. In Sec. 7.3.2.1 these data are compared with
the ppT values calculated from IAPWS-95. References of
further ppT data on this isobar of the subcooled liquid can
be taken from Fig. 7.49; these data show systematic devia-
tions from the two data sets mentioned above. In the super-
heated liquid, there are two data sets to which ITAPWS-95
was not fitted. The ppT data of Chukanov et al. (1971) cover
temperatures from 413 to 504 K at pressures from 0.06 to 4
MPa, while the data of Evstefeev er al. (1977) range from
508 to 571 K at pressures from 0.1 to 9.4 MPa; some of these
data are in the stable liquid range of H,O. Comparisons of
these data with values from IAPWS-95 can be found in Sec.
7.3.2.2.

4.2.2. Second Virial Coefficients

The information on the second and third virial coefficients,
B and C, of water vapor (steam) determined through 1989
was summarized by Sato ef al. (1991). More recent experi-
mental B values were determined by Hendl er al. (1997).
However, the IAPWS-95 formulation was not fitted to any of
these B and C data for reasons described in the following
paragraphs. References regarding the experimental data of
the second and third virial coefficient are given in Figs. 7.19
and 7.20.

Virial coefficients cannot be measured directly. In most
cases they are determined from pp7 measurements and,
more seldom, from measurements of the properties speed of
sound, Joule—Thomson coefficient (isenthalpic throttling co-
efficient), and isothermal throttling coefficient. However, all
experimental data sets on B and C mentioned above are
based on ppT measurements. Such values of the virial coef-
ficients contain absolutely no additional information beyond
the original ppT data, and they are clearly more uncertain
than the ppT data themselves for the following reason. The
B and C values considered here were obtained from correla-
tion equations for the isothermal ppT data by extrapolating
to the density p=0; in this way, uncertainties of the ppT data
result in increased uncertainties of the second virial coeffi-
cients, so that the B values are more uncertain than the origi-
nal ppT data. This problem is even more pronounced for low
temperatures, because in this range the isotherms are very
short due to their upper pressure limit at the phase boundary
(vapor pressure), see Fig. 4.1. In addition, at these low pres-
sures and temperatures there are adsorption effects that tend
to dominate over the nonideality effects. Therefore, virial
coefficients derived from ppT data at low temperatures and
pressures have rather large uncertainties, and a fit of an equa-
tion of state to such B and C data may do more harm than
good.

The most accurate ppT data in the gas region of H,O are
without a doubt the data of Kell et al. (1989). Thus, the B
data derived by Kell et al. (1989) from their ppT data are the
most accurate values of the second virial coefficient for the
temperature range from 448 to 773 K, the upper temperature
limit of Kell ef al.’s ppT data, see Table 4.4. Taking into
account the difficulties in determining virial coefficients at
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low temperatures, Kell ez al. (1989) limited their B values to
423 K, where their B value at 423 K is clearly more uncer-
tain than for temperatures above 423 K, see Sec. 7.2.2. The
ppT data of Eubank et al. (1988) are clearly more uncertain
than those of Kell efal. (1989) and are, therefore, also
clearly outside the uncertainty of IJAPWS-95 regarding the
ppT data in this range. However, due to their corrections for
adsorption effects, the B values of Eubank et al. (1988) are
the best second virial coefficients at 373, 403, and 423 K.
The most recent B values of Hendl ef al. (1997) are esti-
mated to be less accurate than the data mentioned before for
this temperature range. The high temperature region up to
1173 K is covered by the second virial coefficients of
Vukalovich ef al. (1967). The article of Le Fevre et al.
(1975) contains tabulated B values which are not measure-
ments (although often quoted as being such), but they were
calculated from an equation for the second virial coefficient.
For temperatures from 293 to 413 K this equation was fitted
to [B—T(dB/dT)] values derived from isothermal throttling
experiments [mainly &7, data of Wormald (1964) which are
identical to that of McGlashan and Wormald (2000)] and for
temperatures from 423 to 1173 K it was fitted to B values
derived from ppT data. This equation is less accurate for
temperatures below 450 K and particularly below 348 K; in
this low temperature region, based on our assessment, this
equation yields B values that are systematically too high.
Based on all the facts discussed above, the IAPWS-95
formulation was not fitted to any second virial coefficients
with the exception of a few very high-temperature B values
calculated from the gas equation, Eq. (3.2), for details see
Sec. 4.10. Nevertheless, in Sec. 7.2.2 second and third virial
coefficients calculated from IAPWS-95 will be compared
with the experimental B and C values described above.

4.3. Speeds of Sound

Due to the relatively high accuracy of the experimental
data of the (isentropic) speed of sound w of H,O, this prop-
erty provides a very sensitive test of derivatives in the course
of developing an equation of state. Table 4.5 lists information
on the selected speed of sound data used to fit the IAPWS-95
formulation. Figure 4.5 shows the distribution of these se-
lected w data in a p—T diagram. From Figs. 4.1 and 4.5, it
can be seen that in the gas region there are two data sets, the
ppT data of Kell ef al. (1989) and the w data of Novikov and
Avdonin (1968). The doubts regarding Kell er al.’s data on
the isotherms 423 and 448 K, mentioned in Sec. 4.2.1, are
confirmed by the speed of sound data in this region.

Of special importance are the measurements of the speed
of sound in the liquid phase at ambient pressure. These data
were measured with very good agreement by two groups of
experimenters, namely by Del Grosso and Mader (1972) and
by Fujii and Masui (1993). These high-precision speed-of-
sound data, which have absolute uncertainties of only
+0.015 ms~ ' corresponding to relative uncertainties of
about =10 ppm, serve as calibration points for many pieces
of equipment to measure the speed of sound of liquid water.
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TABLE 4.5. Information on the selected data for the speed of sound w

Uncertainty Number of data
Temperature Pressure
Authors range 7/K range p/MPa AT/mK* Ap?* Aw Total Selected

Wilson (1959) 283-364 0.1-97 *1 e *0.05% 88 32
Holton et al. (1968) 323 103-983 +20 +0.2% 34 26
Novikov & Avdonin (1968) 423-583 0.2-9.7 = *0.5% 99 59
Del Grosso & Mader (1972) 273-368 0.1013 *1 +0.015 ms™! 148 148
Alexandrov & Larkin (1976) 373-647 0.1-50 +0.05% 195 61
Alexandrov & Kochetov (1979) 373-423 6-99 +0.05% 60 14
Alexandrov & Kochetov (1980) 473-647 50-99 +0.25% 37 30
Mamedov (1979) 273-623 5-71 *0.5% 83 83
Petitet et al. (1983) 253-296 0.1-461 +0.05% 105 67
Petitet et al. (1986) 509-967 50-300 *+1000 *0.5% 73 44
Fujii & Masui (1993) 293-348 0.1013 +0.015 ms™! 41 41
Fujii (1994) 303-323 0.1-200 +5 +0.01% +0.005% 47 47
Wiryana et al. (1998) 353-473 250-3500 +1%° 42 €

“If no uncertainty values are given, then these uncertainties are taken into account in the uncertainty in speed of sound.

PFor pressures up to 1000 MPa, estimated by ourselves.

“These data were only available after the development of IAPWS-95 had been finished.

Unfortunately, there are no accurate speed-of-sound data
for the critical region. The decrease of the speed of sound to
very small values when approaching the critical point is
nearly impossible to measure because frequency-dependent
dispersion effects become significant close to the critical

point. The w data closest to the critical point of water were
measured by Erokhin and Kal’yanov (1979), (1980). How-
ever, for reasons mentioned above, these data do not ap-
proach the critical point very closely, and consequently the
smallest values of these speed-of-sound data are on the order
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FiG. 4.5. Distribution of the selected data of the speed of sound used to develop the residual part of IAPWS-95, Eq. (6.6), in a p—T diagram. The isochore
p=55 kg m ™3 shows the upper density limit for the w data used to develop the gas equation, Eq. (3.2).
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of 300 ms~'. Thus, equations of state for water are, with
respect to the critical region, experimentally more deter-
mined by ppT data than by speed-of-sound data. Therefore,
the w data of Erokhin and Kal’yanov (1979), (1980) were
only used for comparison purposes (see Sec. 7.2.3) and not
for the development of the IAPWS-95 formulation.

Wiryana er al. (1998) reported speed-of-sound data for
H,O at temperatures between 353.15 and 473.15 K at pres-
sures up to 3500 MPa measured with a diamond-anvil high-
pressure cell. For their temperature range, these w data fill
the gap in the selected data for pressures between 100 and
1000 MPa, see Fig. 4.5; for their estimated uncertainty see
Table 4.5. Moreover, since these data extend to pressures
which are 3.5 times as high as IAPWS-95’s range of validity
for pressure (1000 MPa), these data are useful for extrapola-
tion tests of JAPWS-95, see Sec. 7.2.3.

As with the ppT data, there are speed-of-sound data in the
metastable regions of subcooled liquid and superheated lig-
uid. The w data in the subcooled liquid are only on the isobar
p=0.101 325 MPa and seem to be inconsistent with the ac-
curate ppT data in this metastable region. The references to
these data can be taken from Fig. 7.50; IAPWS-95 was not
fitted to these data. In the superheated liquid there are the
data of Evstefeev er al. (1979), which cover a temperature
range from 423 to 573 K at pressures from 0.1 to 9.9 MPa.
The comparison with these data, to which IAPWS-95 was
not fitted, is given in Sec. 7.3.2.2.

J. Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002

> Abdulagatov et al. (1997)
A Abdulagatov et al. (1998)
X Magee et al. (1998)

< Abdulagatov et al. (2000)
O Polikhronidi et al. (2001)

4.4. Isochoric Heat Capacities

Between 1962 and 2001, a great number of data of the
isochoric heat capacity c, for H,O were measured at the
Dagestan Scientific Center of the Russian Academy of Sci-
ences. Information on the ¢, data published through 1975
can be found in the article by Sato et al. (1991); in this
period of time, the only data set not measured at the Dag-
estan Scientific Center is that of Baehr and Schomacker
(1975). The more recent ¢, data sets are those of Abdulaga-
tov et al. (1995), Abdulagatov ef al. (1998), Magee et al.
(1998), Abdulagatov et al. (2000), and Polikhronidi er al.
(2001). Figure 4.6 illustrates that these ¢, data cover the
entire density region from about 20 to 1000 kg m > for tem-
peratures up to about 70—100 K above the saturation tem-
perature, and for densities up to 200 kg m ™~ also to tempera-
tures up to about 1000 K (not shown in Fig. 4.6).

The positive feature of the Dagestan data is that they in-
clude the immediate vicinity of the critical point and illus-
trate experimentally the strong increase of ¢, in the critical
region. Unfortunately, these data are clearly more uncertain
than estimated by the authors. There are considerable incon-
sistencies of up to 20% between the ¢, data sets of the dif-
ferent papers, but inconsistencies of up to 5% and more can
also be observed within the same data set; for details see Sec.
7.2.4. Such inconsistencies are visible in the older data and
also in the more recent data. Therefore, we decided not to fit
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TABLE 4.6. Information on the selected data for the specific isochoric heat capacity

Temperature Density range

Uncertainty Number of data

Authors range T/K plkgm™3)  AT/mK*  Ap? Ac, Total Selected
Baehr & Schomacker (1975) 649-691 213-396 *03% *5% 414 113°
Magee et al. (1998) 304.5-413.5 935-996 +0.3% 278 €

“The uncertainties in AT are taken into account in the uncertainty in isochoric heat capacity.

°Only data from the single-phase region were selected.

“These data were only available after the development of IAPWS-95 had been finished.

the IAPWS-95 formulation to any of the Dagestan data.
Thus, IAPWS-95 was only fitted to those ¢, data of Baehr
and Schomacker (1975) which cover the single-phase region;
data from the two-phase region were not taken into account.
Information on these ¢, data and the most recent ¢, measure-
ments of Magee et al. (1998) is summarized in Table 4.6.
Section 7.2.4 presents examples of comparisons between the
experimental ¢, data mentioned above and the corresponding
values calculated from TAPWS-95.

In the last few years, the group at the Dagestan Scientific
Center has also published ¢, data for mixtures where H,O is
one of the components, e.g., Abdulagatov and Dvoryan-
chikov (1993) and Abdulagatov et al. (1997). These papers
also contain a few ¢, data for pure water, which are, how-
ever, sometimes republications of older measurements. The
article of Abdulagatov and Dvoryanchikov (1993), for ex-
ample, contains c, data for H,O which were previously pub-
lished by Amirkhanov et al. (1969).

4.5. Isobaric Heat Capacities

This section describes both the situation regarding the data
of the specific isobaric heat capacity in the ideal-gas state c;
and regarding the experimental data of the specific isobaric
heat capacity ¢, of H,O (in the real-fluid state). The knowl-
edge of the c; behavior is necessary for the development of
any equation of state that covers caloric properties.

4.5.1. Data of the Specific Isobaric Heat Capacity
in the Ideal-Gas State

According to Eq. (5.4), knowledge of the specific isobaric
heat capacity in the ideal-gas state, ¢, forms the basis for
the description of the ideal-gas part of the Helmholtz free
energy. Such c; data are usually calculated from statistical
mechanical models with the aid of spectroscopic data.

Table 4.7 lists in its upper part information on those c;
data sets obtained within (about) the last 20 yr from such
statistical mechanical models. The ¢ data set that is most
widely used is that of Woolley (1980), which covers tem-
peratures up to 4000 K. In order to extend the c; data of H,O
up to 10000 K, Woolley modified his statistical mechanical
model (e.g., inclusion of centrifugal effects, modifications of
rotational and vibrational cutoff effects). Depending on the
kind of modification, Woolley (1987) published two different
c;, data sets called ““1982 version” and “1984 version.” The
fourth ¢ data set based on a statistical mechanical model

P
was reported by Gurvich er al. (1989); these data extend up

to 20000 K. The c; data set based on the most recent statis-
tical mechanical model is that of Vidler and Tennyson
(2000).

The lower part of Table 4.7 contains information on a
well-known correlation equation for the ¢, values of H,O
and on c; values published in the most recent editions of two
well-known tables for caloric data in the ideal-gas state, the
TRC Tables (1988) and the NIST-JANAF Tables [Chase
(1998)]. The ¢, equation developed by Cooper (1982) was
fitted to Woolley’s data of 1980 for temperatures from 130 to
2000 K. Cooper’s equation, given as Eq. (5.5), represents the
c, data of Woolley (1980) very well. This ¢, equation was
adopted for the ideal-gas part of IAPWS-95, see Sec. 5.2.
The c; values given in the TRC Tables (1988) are based on
the c; data ““1984 version” of Woolley (1987), where, for
T>1000K, the c; values are not only printed at every 1000
K as in Woolley’s article but also intermediate values are
listed. In contrast to the TRC Tables, the c; values given in
the NIST-JANAF Tables [Chase (1998)] are based again on
the ¢, data of Woolley (1980).

In Fig. 4.7 the seven c; data sets defined in Table 4.7 are
plotted as percentage deviations in comparison with the c;,
values from the ideal-gas part of IAPWS-95, Eq. (6.5),
which corresponds to the ¢, equation of Cooper (1982), Eq.
(5.5). The upper deviation diagram covers temperatures up to
3000 K, while the temperature range of the lower diagram
extends to 1273 K corresponding to the range of validity of
TAPWS-95. From the upper diagram, it can be seen that the
three c; data sets of Woolley are not consistent with each
other; even the “1982 version” and the “1984 version” ¢
data of Woolley (1987) are not in agreement. Unfortunately,

TaBLE 4.7. Information on data sets for the isobaric heat capacity of water in
the ideal-gas state

Temperature

Source Number of data range 7/K

c; data calculated from statistical mechanical models

Woolley (1980) 259 10-4000
Woolley (1987), 1982 version 18 200-10 000
Woolley (1987), 1984 version 18 200-10 000
Gurvich er al. (1989) 101 100-20 000
Vidler & Tennyson (2000) 38 100-6 000
c;, values represented by a correlation equation and by well-known tables
Equation of Cooper (1982) 130-2 000
TRC Tables (1988) 30 0-5 000
NIST-JANAF Tables [Chase (1998)] 62 0-6000

J. Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002
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property tables, respectively, and values calculated from the ¢° equation of
TIAPWS-95, Eq. (6.5).

he does not give any uncertainty values for his c; data, nei-
ther for the data published in 1980 nor in 1987, nor does he
make any statement as to which of the two data sets of 1987
might be the more accurate. The c; data of Gurvich (1989)
also differ considerably from the other data sets. The exact
agreement of the values from the TRC Tables (1988) with
the <1984 version” data of Woolley (1987) and, for tempera-
tures to 2000 K, of the values from the NIST-JANAF Tables
[Chase (1998)] with the data of Woolley (1980) show that

the values from these tables are based on the corresponding
Woolley data and are not independent results. The article of
Vidler and Tennyson (2000) reports that up to 1000 K their
c; data are ““in complete agreement’” with those of the NIST-
JANAF Tables [Chase (1998)]. However, this is not com-
pletely correct (see the lower diagram of Fig. 4.7 at 900 and
1000 K), but above 1000 K these data are in rather good
agreement with the <1982 version” of Woolley (1987), see
the upper diagram of Fig. 4.7.

All wide-range equations of state for H,O developed after
1980 (see Table 1.1) are based on the c; data of Woolley
(1980); this is also true for the IAPWS-95 formulation. The
lower diagram of Fig. 4.7 shows that, within the range of
validity of ITAPWS-95, the greatest difference between the
1984 version” c; data of Woolley (1987) and the values
from TAPWS-95 is 0.19% at 1200 K, while at this tempera-
ture the data of Vidler and Tennyson (2000) deviate from
TAPWS-95 by 0.09%.

4.5.2. Experimental Data of the Specific Isobaric Heat Capacity

Nearly all the data for the isobaric heat capacity c,, for
water are based on measurements of Sirota’s group in the
former Soviet Union in the period from 1956 to 1970. Since
then, only two further ¢, data sets have been published that
were used for fitting the IAPWS-95 formulation. These are
the measurements of Angell et al. (1982), who investigated
subcooled liquid water at ambient pressure, and the high-
pressure ¢, data measured by Czarnota (1984). The data of
Czarnota (1984) have not yet been confirmed by other ex-
perimenters. Recently, Archer and Carter (2000) published
c, measurements for subcooled liquid water, which cover
almost the same region as the data of Angell ef al. (1982).
Table 4.8 gives details on the selected experimental c,, data
sets, and Fig. 4.8 presents in a p—T diagram the distribution

TABLE 4.8. Information on the selected data for the specific isobaric heat capacity ¢,

Uncertainty Number of data
Temperature Pressure

Authors range T/K  range p/MPa AT/mK* Ap? Ac, Total ~ Selected
Sirota & Timrot (1956) 487-653 2-12 +20 +2% 62 62
Sirota (1958) 587-827 2-15 +20 2% 29 29
Sirota & Mal’tsev (1959) 572-774 29-49 *10 +1% 230 172
Sirota & Mal’tsev (1960) 736-872 29-49 *10 +0.6% 26 26
Sirota & Mal’tsev (1962a) 577-775 12-27 *10 +0.6% 252 250
Sirota & Mal’tsev (1962b)  620-868 6-22 *10 +1% 44 44
Sirota et al. (1963) 613-875 59-78 *10 +0.5% 58 58
Sirota & Grishkov (1966) 453-968 39-98 +100 +1% 60 60
Sirota et al. (1966) 587-872 12-69 *10 2% 138 138
Sirota & Grishkov (1968)°  277-306 29-98 *5 +0.3% 18 18
Sirota et al. (1970) 272-306 20-98 *5 +0.3% 51 51
Angell et al. (1982) 236-290 0.1 *3% 31 30
Czarnota (1984) 299, 300 1.3-103 +6% 9 9
Archer & Carter (2000) 236-285 0.1 +(0.3%-1%) 13 e

“If no uncertainty values are given, then these uncertainties are taken into account in the uncertainty in isobaric

heat capacity.

SPreliminary report, for the final data see Sirota et al. (1970).
“These data were only available after the IAPWS-95 formulation had been developed.

J. Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002
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of the ¢, data used to develop IAPWS-95. In the following,
additional information on the selected data sets is given and
further data sets are discussed.

Levelt Sengers et al. (1983) carried out investigations re-
garding the behavior of several properties in the critical re-
gion of H,O. They concluded that the values of the isobaric
heat capacity measured by Sirota and Mal’tsev (1962a) are
not sufficiently consistent with the pp7T data in the critical
region. To overcome these inconsistencies, Levelt Sengers
et al. (1983) proposed to reduce the temperature values of
the ¢, data of the four near-critical isobars (p
=22.561 MPa, p=23.536 MPa, p=24.517MPa, and p
=26.968 MPa) by 0.05 K. Our own investigations supported
this procedure, so we have included these c,, data corrected
in the way proposed by Levelt Sengers et al. (1983).

Angell et al. (1982) did not report experimental uncertain-
ties for their ¢, data in the subcooled liquid at p
=0.101 325 MPa, but gave a value of *1% for the reproduc-
ibility of their data. Based on the scatter of their data and the
description of the measurements, we estimated the experi-
mental uncertainty to be less than =3% in ¢ > SEE Table 4.8.
This table also shows that the more recent ¢, data of Archer
and Carter (2000) for p=0.101325MPa cover practically
the same temperature range as the data of Angell et al.

(1982). Archer and Carter (2000) give experimental uncer-
tainties for their ¢, data of £0.3% at 285 K increasing to
about =1% at 236 K. The comparisons between these two
data sets, carried out in Sec. 7.3.2.1, show that there are
systematic differences between them. Except for the lowest
temperature, where the difference amounts to about 5%, the
maximum difference between the two data sets is about
3.2%. Archer and Carter (2000) suggest that the calibration
of Angell eral’s (1982) differential scanning calorimeter
was in error.

In their review article, Sato ef al. (1991) list information
on isobaric heat capacity data measured by Philippi (1987)
and classify these data into the best category (category A).
However, in addition to the c,, data, which were derived (as
is always done) from the originally measured Ah—AT data,
Philippi (1987) also gave the corresponding information on
these directly measured data, see Table 4.9. Thus, we used
his measurements not as c, but as Ak data, see Sec. 4.6.
Since the corresponding paper published in English by Ernst
and Philippi (1990) presents only the ¢, data and offers no
information to determine the corresponding enthalpy differ-
ences, we only refer to Philippi (1987) with regard to the
Ah data. Although the ¢, data given in both publications
[(Philippi (1987) and Ernst and Philippi (1990)] were not

J. Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002
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TABLE 4.9. Information on the selected data of the caloric properties enthalpy difference Ak, Joule—-Thomson coefficient u, and isothermal throttling

coefficient o

Uncertainty Number of data
Temperature Pressure
Authors Property range T/K range p/MPa AT/mK Ap Ay? Total Selected
Philippi (1987) Ah 300-670 20-50 +3 +0.01% +3% 235 235
Castro-Gomez et al. (1990) Ah 328-455 0.7-11.9 *2 *0.01% *1% 49 49
Ertle (1979) o 430-1073 0.1-5 +10 +0.01% +4% 272 234
Ertle (1979) or 620-1073 0.1-5 *10 +0.01% *4% 180 180

%y corresponds to (h,—h;), u, and &y .

used to develop TAPWS-95, a comparison between these
data and IAPWS-95 is shown in Sec. 7.2.5.

Wiryana et al. (1998) reported ¢, data for temperatures
from 353.15 to 473.15 K and pressures up to 3500 MPa.
However, these data are not direct measurements of the iso-
baric heat capacity, but were derived from their speed-of-
sound measurements (see the second to the last paragraph of
Sec. 4.3). For this derivation, they used not only the equation
of state of Saul and Wagner (1989) and TAPS-84 but also the
experimental ppT data of Maier and Franck (1966) and Ko-
ster and Franck (1969) (which we have not included in the
selected ppT data set, see the discussion in Sec. 4.2.1). On
this basis, it is very difficult to estimate the uncertainty of
Wiryana et al.’s ¢ » data. Nevertheless, in Sec. 7.2.5 these ¢ »
data are compared with values extrapolated from IAPWS-95.

4.6. Enthalpy Differences

In contrast to the experimental data for the isobaric heat
capacity, there are only a few measuring runs of enthalpy
differences Ah. One characteristic feature of such measure-
ments is that the data of several authors cannot be compared
with each other since the authors normally measure different
enthalpy differences; such measurements can only be com-
pared with values calculated from an equation of state. This
problem is commonly overcome by dividing the measured
(small) enthalpy difference by the corresponding temperature
difference and leads then to the known method of determin-
ing isobaric heat capacities. The transition from the differ-
ence quotient (Ah/AT), (which corresponds to the quantity
measured) to the differential quotient ¢, =(Jh/dT), is not a
problem as long as the temperature differences are not too
large and as long as the ¢, behavior is sufficiently linear in
the temperature range considered. If these preconditions are
not sufficiently well met, then the fitting of the equation of
state directly to the measured enthalpy differences proves to
be the more correct procedure.

Since the older measurements of enthalpy differences do
not exhibit the required quality, only the data of Philippi
(1987) were used to fit IAPWS-95, see also the remarks in
Sec. 4.5, and the data of Castro-Gomez et al. (1990); from
Philippi’s data only those taken with the ‘““second” calorim-
eter were selected. Table 4.9 gives information on these two
measuring runs of the enthalpy differences. Figure 4.9 illus-
trates the distribution of these Ak data in a p—T diagram. It

J. Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002

can be seen that the Ah data of Castro-Gomez et al. (1990)

are in that part of the liquid region where only the ppT data
of Kell and Whalley (1975) exist.

4.7. Joule-Thomson Coefficient

Measurements of the Joule—Thomson coefficient [u
=(dT/dp),], which is also called the isenthalpic throttling
coefficient, are inherently less accurate than other caloric
properties. In particular, experimental data of the Joule—
Thomson coefficient do not yield any relevant additional in-
formation if measurements of other caloric properties (e.g.,
c, and w) exist. For this reason, only the u data of the gas
region measured by Ertle (1979) were used for fitting
TAPWS-95. Information on this measuring run is given in
Table 4.9, and the distribution of these data on the p—T
surface is shown in Fig. 4.9.

In this range of state, Ertle’s u data border on the range of
the ppT data of Kell er al. (1989). Based on the relation

dB 1
limu=\T-=—B|—,

i (4.1)

p—0

the u data of the gas region also influence an equation of
state regarding its second virial coefficient behavior in such
regions where no pp7 data exist.

4.8. Isothermal Throttling Coefficient

In principle, the statement made on the quality of experi-
mental data of the Joule—Thomson coefficient (see Sec. 4.7)
is also valid for the data of the isothermal throttling coeffi-
cient [ 7= (dh/dp)¢]. Due to the relation

5T: - ,ucp . (42)

measurements of the isothermal throttling coefficient have a
similar influence on the behavior of an equation of state re-
garding the second virial coefficient B as the u data. Only
the &7 data of Ertle (1979) were used to fit IAPWS-95. Table
4.9 lists information on the used J; data measured by Ertle
(1979) and Fig. 4.9 shows the distribution of these data in a
p—T diagram; the &6; data are located at almost the same
p-T points as the u data for temperatures above 550 K.
Both data sets, the u and 67 data, were not used to optimize
the structure of IAPWS-95 but only to fit its coefficients after
the structure had been found, for details see Sec. 5.5.2.
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FiG. 4.9. Distribution of the selected data of the three properties enthalpy difference, Joule—Thomson coefficient, and isothermal throttling coefficient used to
develop the residual part of IAPWS-95, Eq. (6.6), in a p—T diagram. The isochore p=55 kg m™> shows the upper density limit for the & and &, data used

to develop the gas equation, Eq. (3.2).

Very recently, McGlashan and Wormald (2000) reported
measurements of the isothermal throttling coefficient. These
data, which are the same as given in the Ph. D. thesis of
Wormald (1964), cover a temperature range from 313 to
413.19 K at very low pressures up to 82 kPa. By extrapolat-
ing these isothermal &7 data to zero pressure, the authors also
obtained data for the quantity 67¢=B—T(dB/dT), the iso-
thermal throttling coefficient at zero pressure. For these o7
data, estimates of their uncertainties are given by McGlashan
and Wormald (2000). For the main measuring range from
333 to 413 K, these uncertainties extend from 0.8% to 1.4%
with increasing temperature. In contrast to the o7 data, no
uncertainties are given for the directly measured &7 data.
However, one can assume that the uncertainties of the 7
data must be smaller than those of the extrapolated 67 data.
Comparisons with the 67 and 7 data of McGlashan and
Wormald (2000) are presented in Sec. 7.2.7.

4.9. Hugoniot-Curve Data and Derived pp T Data

One method used to demonstrate the extrapolation behav-
ior of an equation of state at extreme pressures and tempera-
tures is examination of how well it represents shock-wave
measurements of the Hugoniot curve. Based on the conser-

vation relations for mass, momentum, and energy across the
shock wave, such measurements result in the Hugoniot rela-
tion

h=hou=0.5(p—pon) (4.3)

p

1 1}
—+—.
PoH

The evaluation of this relation yields data for the enthalpy &
as a function of pressure p and density p at shock-wave pres-
sures up to tens of GPa and temperatures of several thousand
Kelvins; the index OH corresponds to the initial state prior to
the release of the shock wave. Although it is not yet clear
whether these measurements describe equilibrium states at
all, comparisons with such pph data are the only experimen-
tal information to test the extrapolation capability of an equa-
tion of state to these extreme conditions of pressure and tem-
perature.

For water, such shock-wave measurements meeting the
Hugoniot relation, Eq. (4.3), were carried out by Walsh and
Rice (1957), Lyzenga et al. (1982), and Mitchell and Nellis
(1982). The corresponding pph data extend to pressures be-
yond 80 000 MPa. These data were not taken into account for
the development of the IAPWS-95 formulation, because
their use would have resulted in nonlinear relations which
require iterative solutions of temperature. However, such an
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approach implies the risk of distorting the experimental in-
formation given by the Hugoniot data because the deter-
mined temperature belonging to the pph data cannot be
checked due to the absence of other ppT data under these
extreme conditions. Nevertheless, based on the relation

dh e e
v T ,

and estimates for ¢, and the derivative (dv/dT), , Rice and
Walsh (1957) determined the temperature 7 for their
Hugoniot-pph data [Walsh and Rice (1957)]. We strongly
recommend against use of these pp7T data. Based on our
experience, the fit of an equation of state to these ppT data
yields a totally incorrect plot of the Hugoniot curve, for fur-
ther details see Sec. 7.3.3.1. As mentioned above, IAPWS-95
was not directly fitted to the Hugoniot—pph data, but the
high-pressure high-temperature behavior defined by these
data was indirectly taken into account, see Sec. 4.11. In Sec.
7.3.3.1, IAPWS-95 is compared with the Hugoniot-curve
data.

1
d7=—

: (4.4)

dp

4.10. Calculated Data for the Gas Region

As mentioned at the beginning of Sec. 3, to support the
development of a wide-range equation it has been necessary
to include input data of several properties calculated from a
specially developed gas equation, particularly if such data
are not available from direct measurements. Thus, such
“synthetic” data were calculated from Eq. (3.2), namely 75
data points for each of the properties density (ppT data),
specific isochoric heat capacity, and speed of sound. These
data cover the temperature range from 273 to 1073 K at
pressures up to 5 MPa. Based on the existing data situation
for H,O, the use of these data helped to prevent a wide-range
equation of state consisting of numerous complex functional
forms from behaving unphysically for various properties in
certain parts of the gas region; for example, the heat capacity
of the saturated vapor and the second and third virial coeffi-
cient at low temperatures.

In addition, when using the gas equation, Eq. (3.2), to
calculate synthetic pp7 data for the range of state in which
experimental data for the Joule—Thomson coefficient and
isothermal throttling coefficient exist [Eq. (3.2) was fitted to
these w and &7 data], the experimental information based on
the u and &7 data could be incorporated in the linear fitting
procedure as part of optimizing the structure of IAPWS-95,
not just in the nonlinear fitting of the coefficients, see Sec.
5.5.2.

In order to improve the behavior of [APWS-95 regarding
the representation of the so-called “‘ideal curves” (see Sec.
7.3.3.2), ten values of the second virial coefficient B(T) in
the temperature range from 6000 to 15 000 K were calculated
from Eq. (3.2). These high-temperature virial coefficients
formed the only data for the second virial coefficient used to
develop IAPWS-95.
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4.11. Data for Special Applications

In this section, three further synthetic data sets used to
develop TAPWS-95 are described. Two of these data sets
cover thermal properties (ppT data) and were ““produced” to
influence the extrapolation behavior of IAPWS-95. The third
data set consists of data for the isochoric heat capacity in the
critical region, and was intended to support the development
of IAPWS-95 regarding this difficult region.

The entire development process of IAPWS-95 was started
by establishing preliminary wide-range equations of state in
the following way. The equations were fitted only to ppT
data of the gas region [determined from the gas equation, Eq.
(3.2)] and to the selected experimental ppT data of the entire
fluid region including the p,p’'p”T data in the saturation
state (see Tables 4.4 and 4.1). In this way, in the “difficult”
parts of the entire thermodynamic surface (e.g., critical re-
gion, subcooled liquid) the preliminary equations of state
were not (negatively) influenced by data of properties other
than the very accurate ppT data. The aim of establishing
such an equation was to achieve a reasonable description of
the high-pressure and high-temperature range, where few if
any reliable experimental data exist.

In this way we succeeded in determining preliminary
equations that showed a physically meaningful behavior
when we calculated simultaneously the Hugoniot curve and
the ppT behavior in the high-pressure high-temperature
range, for further details see Sec. 7.3.3.1. In order to ensure
that the positive behavior that had been achieved at this stage
of development could be retained in the following genera-
tions of equations, 50 ppT data were calculated from the
respective preliminary equations in the temperature range
from 555 to 5300 K at densities from 1500 to 2500 kg m ™ to
support the behavior of the Hugoniot curve. Further, 120
ppT data were calculated from these preliminary equations
for temperatures between 448 and 1273 K and densities from
1000 to 2500 kg m ™~ to ensure that IAPWS-95 did not pro-
duce any crossing of isotherms or even a bending of iso-
therms in the extrapolation range at pressures up to 100 000
MPa. In the final stage of the equation development leading
to TAPWS-95, any of the preliminary equations could be
used to calculate the 170 synthetic ppT data, because all
these equations yielded basically the same reasonable ppT
surface in this high-pressure high-temperature region. Thus,
the 170 synthetic ppT data can also be calculated from the
final equation, the IAPWS-95 formulation itself.

The behavior of caloric properties in the critical region of
water is covered insufficiently by existing experimental data.
On the one hand, the experimental data near the critical point
were not free of systematic errors so that these data had to be
adjusted using the “revised and extending scaled equation™
of Levelt Sengers et al. (1983), and therefore considerable
corrections in the temperature values given by the experi-
menters for their data were made. This is the case for the
isochoric heat capacity data of Amirkhanov er al. (1969) and
the speed of sound data of Erokhin and Kal’yanov (1979),
(1980). Thus, the real information content of these data is
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questionable, see also Secs. 4.3 and 4.4. On the other hand,
the measurements of reliable caloric data end far before the
range of interest in the critical region; this is the case for the
¢, data of Baehr and Schomacker (1975).

Nevertheless, in order to achieve a consistent description
of the critical region it was necessary to calculate synthetic
¢, values in the near-critical region using suitable equations
from the literature. When IAPWS-95 was being developed,
the scaled equation developed by Luettmer-Strathmann
(1992) was the obvious choice for this procedure; this equa-
tion corresponds to a parametric crossover model. For the
critical region and a greater range outside the critical region,
namely for temperatures from 628 to 800 K (T,
=647.096K) and densities from 115 to 635 kgm™> (p,
=322kgm ), Luettmer-Strathmann fitted the coefficients
of her equation to ppT, ¢,, c,, and p,p'p"T data calcu-
lated from the equation of state of Saul and Wagner (1989),
taking into account the temperature conversion to ITS-90
temperatures.

Besides the crossover equation of Luettmer-Strathmann
(1992), ¢, values were also calculated from the equation of
state of Hill (1990). This was done because Hill’s equation
yields better results for the extended critical region than
Luettmer-Strathmann’s equation. The reason for this is that,
in the transition region between the critical and extended
critical region, Hill’s equation is better than that of Saul and
Wagner (1989) on which Luettmer-Strathmann’s equation
was based.

After careful investigation of Hill’'s and Luettmer-
Strathmann’s equations in the critical and extended critical
region, the following input data for the development of
TAPWS-95 were used: 176 ¢, values along seven isochores
in the critical region for temperatures between 646.24 and
654.92 K and densities from 267 to 400 kg m > calculated as
follows: The equation of Luettmer-Strathmann (1992) was
used to calculate the ¢, values for T<648 K, while for T
>0648 K the values were determined from the equation of
Hill (1990). When calculating these synthetic ¢, data, we
made allowance for the fact that the two equations and
TAPWS-95 are based on different critical parameters and dif-
ferent temperature scales.

5. Details of the Development
of the IAPWS-95 Formulation

The new equation of state for ordinary water substance is
an empirical description of the Helmholtz free energy. For
the development of such empirical formulations, the applica-
tion of linear optimization procedures and nonlinear multi-
property fitting algorithms is state-of-the-art. Although this
strategy has already been presented in the literature [e.g.,
Setzmann and Wagner (1989), (1991), Wagner and de Reuck
(1996), and Span (2000)], this section summarizes the basic
elements of this strategy along with the special features nec-
essary when developing the new equation of state for H,O.

5.1. Basic Structure of an Equation of State
Explicit in the Helmholtz Free Energy

The equation of state described in this article is a funda-
mental equation explicit in the Helmholtz free energy f with
the independent variables density p and temperature 7. The
function f(p,T) is commonly split into a part f° that repre-
sents the properties of the ideal gas at given T and p and a
part f* that takes into account the residual fluid behavior.
This convention can be written as

fp.1)=f°(p.T) +[f(p.T).

Usually, the Helmholtz free energy is used in its dimension-
less form ¢=f/(RT) so that Eq. (5.1) becomes

$(6,7)=¢°(6,7)+ ¢'(8,7),

where 6=p/p. is the reduced density and 7=T7_./T is the
inverse reduced temperature with p. and T the critical den-
sity and the critical temperature, respectively.

Since the Helmholtz free energy as a function of density
and temperature is one of the four fundamental forms of an
equation of state, all thermodynamic properties of a pure
substance can be obtained by combining derivatives of Eq.
(5.2). For the relations between Eq. (5.2) and its derivatives
and the thermodynamic properties considered in this paper,
see Table 6.3.

(5.1

(5.2)

5.2. The Equation for the Helmholtz Free Energy
of the Ideal Gas

The Helmholtz free energy of the ideal gas is given by

f°(p,T)=h°(T)—RT—Ts°(p,T). (5.3)

For the ideal gas, the enthalpy %° is a function of tempera-
ture only, and the entropy s° depends on temperature and
density. Both properties can be derived from an equation for
the ideal-gas heat capacity c;(T). When c; is inserted into
the expression for 2°(T) and s°(p,T) in Eq. (5.3), one ob-
tains

T
f°(p,T)=(f ¢, dT+hy | —RT
Ty
g (5.4)
T c.—
-T f P 4r—Rin| & +50]s
o T Po

where all variables with the subscript “0” refer to an arbi-
trary reference state.

In order to obtain the equation for f°(p,T) and ¢°(8,7),
the well-established equation of Cooper (1982) was used for
the isobaric heat capacity in the ideal-gas state, c;(T). This
equation, which is a sum of so-called ‘‘Planck—Einstein”
functions, is:

2 (BT e BT

Tl—e AT (5.5)

R i=1
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Cooper determined the coefficients b, b;, and the expo-
nents 3; by nonlinear least-squares fitting to the c; values of
Woolley (1980), where he took into account only the data for
temperatures between 130 and 2000 K. After rearranging the
coefficients and exponents, namely n3=b,—1, and for
i=1 to 5 n;,3=b; and y;, ,=p;/T., one obtains from
Eq. (5.5)
° 8 o \2 77‘;7
C—p=1+n;+2 n; —(%T) ‘ 5
R = T [1—ei)?
with 7=T,./T. Equations (5.5) and (5.6) represent the c;
values of Woolley (1980) very accurately. The values of the
coefficients of Eq. (5.6) are given in Table 6.1. In the tem-
perature range from 250 to 2000 K, the deviations in c;/R
between the values of Woolley (1980) and the values from
Egs. (5.5) and (5.6) are less than 0.0005%, and from 140 to
240 K they do not exceed 0.001%.

After inserting c;( T) according to Eq. (5.6) in Eq. (5.4),
working out the integrations and proceeding to the dimen-
sionless form of the Helmholtz free energy in the ideal-gas
state ¢° [see Eq. (5.2)], one obtains the final ¢° equation,
given as Eq. (6.5).

(5.6)

5.3. Basic Statements for Fitting and Optimizing
the Structure of an Equation for the
Residual Part of the Helmholtz Free Energy

While statistical thermodynamics can predict the behavior
of fluids in the ideal-gas state with high accuracy, no physi-
cally founded equation is known which accurately describes
the real thermodynamic behavior of fluids in the whole fluid
region. Thus, for this purpose an equation for the residual
fluid behavior, in this case for the residual part of the Helm-
holtz free energy ¢', must be determined in an empirical
way where, as a matter of course, as much physical under-
standing as possible is taken into account. Since the Helm-
holtz free energy itself is not accessible to direct measure-
ments, it is necessary to determine the unknown
mathematical structure and the unknown coefficients of the
residual part of the dimensionless Helmholtz free energy
from properties for which experimental data are available.

In this context, the following steps for the development of
the final form of an equation for ¢" must be performed:

(1) selection of the final data set, see Secs. 2—4;

(2) weighting of the data;

(3) precorrelation of auxiliary quantities;

(4) linear least squares fitting in connection with the struc-
ture optimization method; and

(5) nonlinear least squares fitting.

In this section, basic statements on items (2)—(5) are made.

5.3.1. Fitting an Equation for ¢" to Data

If a certain functional form has been selected for
¢'(5,7,n), data for J different properties z; (e.g., pressure p,
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speed of sound w, ...) can be used to determine the unknown
coefficients n; (expressed as the vector 77) by minimizing the
following sum of squares:

J J o M;
2
Xzzzl Xj:.E E [[Zexp anlc exp’yexp»n)] ]jm
j= j=1 m=

(5.7)

*Oot,m »

where M ; is the number of data points used for the jth prop-
erty, Zeyp 18 the experimental value for any property z, and
Zeale 18 the value for the property calculated from the equation
for ¢ with the parameter vector n at x., and y.,. The
measured independent variables x and y may vary for the
different properties of z, but usually one of them corresponds
to temperature 7, while the other corresponds to density p or
pressure p [e.g., p(T,p) or w(T,p)]. When data sets of dif-
ferent properties are used for the development of a correla-
tion equation, then the residuum Az=(zeqp—Zeae) Of Eq.
(5.7) is reduced with a suitable measure for the uncertainty
of the data point considered. According to the Gaussian error
propagation formula, the uncertainty of a measured data
point is given by

dAz]?
ox
vz

2
exp

2

g X

IAz]?
dy

) IAz]?
ol +|—
Y 9z

ol  (58)

X,z X,y

where o, o,, and o, are the isolated uncertainties of the
single variables x, y, and z, respectively. The partial deriva-
tives of Az have to be calculated from a preliminary equation
of state.

In order to have an additional influence on the data set, a
weighting factor f, is introduced. The total variance 0'%0l of
a data point used in Eq. (5.7) is defined as

O = o/ fo (5.9)

In this way, weighting factors f>1 increase the influence
of a data point with respect to the sum of squares and
weighting factors f,,<1 reduce it. Usually f,, is equal to
one and o7, is equal to ngp However, in some cases differ-
ent weighting factors are used to compensate for effects
caused by the structure of the data set.

The determination of 7z by minimizing x? for data of more
than one property is called “multiproperty fitting.”” This
problem leads to a linear system of normal equations if each
of the properties z depends on the same independent vari-
ables as the function used (for example, T and p for the
Helmbholtz free energy) and if the relations between z and the
function or its derivatives is linear for all properties consid-
ered. Data for such properties are called “linear data.” For
functions in terms of the Helmholtz free energy, examples of
such properties are p(T,p) and c,(T,p), see Table 5.1. If
one or both of these conditions is not fulfilled [for instance,
for h(T,p), w(T,p), cp(T,p),..., see also Sec. 5.3.2], those
data are called “‘nonlinear data” and more complicated and
time-consuming nonlinear algorithms must be used to mini-
mize the sum of squares, Eq. (5.7). Table 5.1 lists all sums of
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TaBLE 5.1. Contribution of the several linear, nonlinear, and linearized data to the weighted sum of squares for the fitting and optimization process

J Type of data Weighted sum of squares
Yp
Linear data
RT
I p(p.T) X= 2{” e A .0;2 (5.10)
& " 3RT
M 2
cl} o
2 cu(p.T) X=2 |2 A ) (5.11)
m=1 m
M 2
3 B(T) B=> B-pc—limd)f;} a2 (5.12)
m=1 p—0 ”
Nonlinear data
4 (p,T) X % v 1-268¢5— &% (1+ 04— 675" 2 (5.13)
w(p, = ——1— f— g +o—r -0';, .
¢ m=1 RT ¢5 ¢§5 Tz(¢7’7+¢TT) m
yp (1+ 84— 57855,
5 T _N | o L ary_ _0TPs) | -2 5.14
CP(p ) )é ; R +T2(¢TT+¢TT) 1+25¢%+ 52(2’):56 ]n m ( )
T h
2
XE—E[ﬁ—ﬁ—w ~ )+ 55
6 hy(py,To)—hy(py,Ty) 5 (5.15)
+[r(d,— P+ 05| -0’
Syt & Pyt ST :
7 w(p.T) uRp+ - r( f"i il ,Td"”) — } 02 (5.16)
(14 85— 67d5,)* — (o, $L) (1 +26¢5+ 8 ¢55) |
M
1+685— 014, r
8 or(p,T) = —— g, (5.17)
! X Zl o S )
& [Pom—po?
9 AT) N\ |Pom"Pol” 2 (5.18)
! % ; RT.p. } "
M r__ 12
10 p'(T) o=, % o (5.19)
m=1 c m
M " __ 2
11 p"(T) = ”'"p” o2 (5.20)
m=1 c m
M ’ 2
r ’ u
12 (T —ui(T) =2 ﬁ—ﬁ—[rww Mot (&, S| -, (521
M " ’ "
" ’ u —u .
13 u"(T)—u'(T) P T I LT~ 48 7) (5.22)
m=1 m
Linearized data
M W2 2
4 w(pP,T) = D a7 P (1428654 8¢5 | -0, (5.23)
m=1 m
M . )
5% cp(pP.T) xﬁ*zz EPJFTZ(@T*‘#;T)*SP .0;2 (5.24)
u h m ,
6% ha(ph.T)=(ph. Ty -2 77 RT—[7(¢ #)+ 05+ Lr(b,— )+ 0851 | -0, (5.25)

m
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TaBLE 5.1. Contribution of the several linear, nonlinear, and linearized data to the weighted sum of squares for the fitting and optimization process—Continued

M ’ 2
* T(plP —u'(p'P iy . . _
12 uz(py” 1) —ui(pi”. 1)) XTZ*ZZI RT, R—Tl*[T(QLJr DL+ [T+ D o)’ (5.26)
13% "Co" TY—u'(p'P.T 2 u u'—u' J rooon roor : -2 527
u(p D) —u! (p"nT) Xise= 2 | 7| Iy H D= 487 | o, (5:27)
—p'RT 2
14 p(p'®.T) {’L_ (87| o2 (5.28a)
X%4 mE:l (pr)ZRT Pc ¢5( ) . m
M P _p//RT 2 (
15 p(p",T) = AL WA O ) o2 5.28b)
X%S mz[ (p")zRT Pc ¢5(6’ ’T) . T
Maxwell " p 11 ! 2
2 _ o P TS oo -2
16 criterion Xi= 2 [R—T~ e RN R A TR R (528¢)
Explanations
For the relations between the several properties and ¢° and ¢" and their derivatives see Table 6.3.
For the weighted sum of squares the following abbreviations and definitions are used:
(9({)1‘ (92 ¢r (9¢r (92 ¢r (92 ¢r ﬁd)o (92 ¢o
1 L o [ ro_ | ro_ | " _r =—" . 5.29
(1) & {aak"f"” {052 T’¢* ar 5"1’” ar 5"1"” 38dt|° ar | T er |, (5:29)
(2) The weight o, corresponds to the quantity o, according to Eq. (5.9).
(3) The subscript p means precorrelated. The precorrelation factors y? and € are defined by the relations:
p
‘)’pch(p ,T) (5.30)
¢, (pP.T)
(14 5¢,— 57},
| T g g, (5.31)
bs bss s

All precorrelated quantities are calculated from a preliminary equation of state.

squares of the linear and nonlinear data used for the devel-
opment of IAPWS-95. The total sum of squares is obtained
as given by Eq. (5.7).

5.3.2. Basic Statements for Optimizing the Mathematical Form

of ¢"

Since the functional form of an equation for the residual
part of the Helmholtz free energy is not initially known, a
suitable mathematical structure must be established before
any coefficients n; can be fitted to the data. In the past, the
structure of most correlation equations was determined sub-
jectively, based on the experience of the correlator or by trial
and error. To improve this situation, we developed different
optimization strategies [Wagner (1974), Ewers and Wagner
(1982), Setzmann and Wagner (1989), and Tegeler et al.
(1999)] that introduce objective criteria for the selection of
the mathematical structure of such equations of state.

The entire strategy of the structure optimization of an
equation of state consists of two basic steps:

(1) Formulation of a comprehensive set of mathematical
functions of the reduced density and inverse reduced
temperature which is used as a *“‘bank of terms.”
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(2) From this bank of terms, the structure-optimization
method determines with mathematical statistical and sto-
chastic methods the best combination of a certain num-
ber of terms.

For developing IAPWS-95, a modified form of the structure-
optimization method developed by Setzmann and Wagner
(1989) was used. This method only works with linear data,
see Sec. 5.3.1. Thus, to take into account the optimization
process, at least partly, the experimental information of the
nonlinear data, the nonlinear relations between these proper-
ties, and the derivatives of ¢° and ¢" were linearized. The
results of this linearization for the sums of squares of those
nonlinear properties considered to be important for the de-
velopment of TAPWS-95 are given by Egs. (5.23)—(5.28)
listed in Table 5.1. In the following an example of such a
linearization is shown for the property speed of sound w.

According to the relation between the property z=w and
the derivatives of ¢° and ¢" given in Table 6.3 the sum of
squares [see Eq. (5.7)] for fitting an equation for ¢ to M
experimental data of w (w is the jth property considered in
the entire multiproperty fitting process) reads:
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M 2
2 w

m=1

2

(1+ 8¢— 67¢%,)° -
Tt (5.32)

(Pt b7,

This type of sum of squares leads to a nonlinear system of
normal equations when determining the coefficients 7 in the
equation for ¢'( 8, 7,n). However, the structure optimization
method used here cannot cope with such a nonlinear system.
A further difficulty arises because the speed of sound is mea-
sured as a function of pressure and temperature, and not
density and temperature, which are the variables of the equa-
tion for ¢". Thus, the sum of squares according to Eq. (5.32)
is implicitly nonlinear. As shown by Schmidt and Wagner
(1985), this implicitly nonlinear relation can be linearized by
using the following sum of least squares:
M 2 2

w _
= 2 V(142805 8 ¢5p) | ol
(5.33)
with the so-called precorrelation factor yP according to
c,p(pP.T)
p=t 5.33a
y CU(pp’ T) ( )

The density pP and the precorrelation factor y? have to be
precalculated by a preliminary equation of state.

Because the linearizations of the nonlinear sums of
squares require precalculations with preliminary equations of
state, the entire process of optimizing the structure of the ¢"
equation is a recursive process, see Sec. 5.5.

In this work, a modified form of the structure-optimization
method developed by Setzmann and Wagner (1989) was
used to determine a suitable mathematical structure of
TAPWS-95. The modifications relate to both the stochastic
and the deterministic part of the original algorithm. More
importantly, however, are the changes mentioned in the next
paragraph with regard to the handling of different functional
forms in the bank of terms.

A sophisticated correlation equation for the residual part
of the Helmholtz free energy consists of an extensive sum of
terms. Hence, the mathematical form of a single term can be
associated with different functional groups ranging from
simple polynomials in the reduced density & and the inverse
reduced temperature 7 to complicated exponential expres-
sions [see the bank of terms, Eq. (5.41)]. During our work on
the reference equation of state for carbon dioxide [Span and
Wagner (1996)] additional limitations with respect to the
number of terms belonging to certain functional groups
turned out to be useful and the optimization algorithm was
modified to allow such limitations; for further details see
Span (2000).

5.4. Functional Forms for ¢" and the Bank
of Terms

For the development of a suitable form of the equation for
the residual part ¢" of IAPWS-95, the composition of the
comprehensive set of functional forms for the bank of terms

is of great importance. The starting point for the investigated
functional forms was our experience with the development
of wide-range equations of state of reference quality for oxy-
gen, water, methane, and carbon dioxide [Schmidt and Wag-
ner (1985), Saul and Wagner (1989), Setzmann and Wagner
(1991), and Span and Wagner (1996)]. A great number of
investigations were necessary in order to find out the appli-
cability of the several functional forms in view of the re-
quirements for establishing the new equation of state for wa-
ter. Finally, the bank of terms was composed of four different
functional forms.

5.4.1. Polynomial Terms

Polynomial terms have been part of all previous wide-
range equations of state. They are a part of our bank of terms
in the following form:

pi=n,; 8% (5.34)

with 6=p/p.and 7=T_/T. In order for the new equation of
state to achieve good extrapolation, the values of the density
exponents d; were limited to the range from 1 to 5 with
integral step sizes. This limitation is particularly important
when extrapolating to high densities. For the same reason,
the values of the temperature exponents #; were limited to a
small range as well. Moreover, the temperature exponent ¢;
of the polynomial term with the highest density exponent d;
(the leading term when extrapolating the equation to high
densities) should be between 0<<t,<1; for further details
and discussion of these considerations see Span and Wagner
(1997). Based on these considerations, the entire range for
the temperature exponents of the polynomial terms was se-
lected to be from —0.5 to 1 with a step size of 0.125. With
this small step size, which was used for the first time in this
work, a sufficiently large selection of these functional terms
was available despite the small range for ¢;.

5.4.2. Polynomial Terms in Combination
with Exponential Functions

The mathematical structure of polynomial terms in
combination with exponential functions is illustrated by the
equation

dr=n,;8%ire ",

Terms of this type with ¢;=2 are known as Benedict, Webb,
and Rubin (BWR)-type terms, see Benedict et al. (1940). In
an extended form, namely with density exponents up to c;
=6, these terms are nowadays considered to be the standard
functional forms of modern wide-range equations of state.
Shortly after starting the development of the new equation of
state, we recognized that those terms of Eq. (5.35) with ¢;
=35 were hardly ever selected by the structure-optimization
procedure if at the same time corresponding terms with the
density exponent ¢;= 6 had been contained in the set of func-
tions. Thus, during the development of the ¢" equation these
terms were omitted from the bank of terms.

(5.35)
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In order to avoid unwanted influences of the polynomial
terms coupled with the exponential functions when extrapo-
lating IAPWS-95, for the temperature exponents ¢; in Eq.
(5.35) only values ¢;=1 were used in the bank of terms.

5.4.3. Modified Gaussian Bell-Shaped Terms

Gaussian bell-shaped terms were previously used by Haar
et al. (1982) for the IAPS-84 formulation [Kestin and Sen-
gers (1986)], namely in the form:

2 2
pi=n, 8¢ @O ) = Bilr= 7" (5.36)

In TAPS-84 these terms proved to be less successful. For the
reference equation of state for methane, Setzmann and Wag-
ner (1991) modified these terms in two respects:

(1) The Gaussian functions [the exponential part of Eq.
(5.36)] were not only combined with a polynomial in the
reduced density &, but also in the inverse reduced tem-
perature 7.

(2) The adjustable parameters «;, €;, B;, and y; must be
determined extremely carefully, because the effect of
these terms is very sensitive to their values.

Thus, the modified Gaussian bell-shaped terms used in the
bank of terms for the ¢" equation have the following
structure:

$i=n e WO B (537)

Due to the strong sensitivity of these terms to the values of
the parameters in the Gaussian exponential function, these
parameters could not be determined automatically in the op-
timization and nonlinear fitting process. Therefore, these val-
ues were determined based on comprehensive precalcula-
tions and subsequent checking by nonlinearly fitting a
maximum of two of them at the same time. If in this step an
improvement in the combination of the parameters could be
achieved, correspondingly varied combinations were in-
cluded in the bank of terms for the next optimization step.
This recursive procedure was repeated until a further modi-
fication of the parameters no longer produced a reduction of
the sum of squares.

The incorporation of the modified Gaussian bell-shaped
terms according to Eq. (5.37) had a significantly positive
influence on the representation of the thermal properties in
the critical region. After using these terms, the difficulties in
covering the ppT data in the entire critical region were over-
come. A further important advantage of using these terms in
the right way was the clear improvement in representing the
caloric properties in the critical region, even though this im-
provement only covers reduced temperatures T/T,
<~0.997. When nearing the critical temperature, the
equations—also with this functional type—were not able to
follow the course of the experimental data of the isochoric
heat capacity. Thus, a functional form had to be included into
the bank of terms which could model the steep increase of c,
and the steep decrease of w when approaching the critical
temperature.
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5.4.4. Nonanalytical Terms

In contrast to water, there are reliable measurements of the
isochoric heat capacity for carbon dioxide that clearly extend
closer to the critical point than for other substances. Since
these data could not be represented by equations of state
which consist of functional forms described in Secs. 5.4.1—
5.4.3, Span and Wagner (1996) developed special nonana-
lytical terms for the reference equation of state for CO,. This
type of term was also used for IAPWS-95 and is briefly
described in the following, for further details see Span and
Wagner (1996) and Span (2000).

According to Table 6.3, the relations between both the
isochoric heat capacity c, and the speed of sound w and the
derivatives of the ideal-gas part ¢° and the residual part ¢"
of the dimensionless Helmholtz free energy ¢ read:

[
EU = 72(¢:'T+ ¢r7'7')’ (538)
2
T
N P
W (L 8d ord )
RT =1 2005t 0 o™ g gy
—_—
N(&_P) &
Py R (5.39)

where R corresponds to the specific gas constant. The quan-
tities 7 and & used as subscripts indicate the corresponding
derivative of ¢° and ¢", see Eq. (5.29) in Table 5.1. From
Eq. (5.38) it can be seen that a divergence of ¢, can be
achieved when the second derivative ¢ _becomes infinite at
the critical point. (Producing a singular behavior of c, at the
critical point by making ¢/ infinite at this point is just a
mathematical tool to produce the strong increase of ¢, when
approaching the critical point. From very accurate and inter-
nally consistent ppT measurements in the immediate vicinity
of the critical point of SFg and CO, [Wagner ef al. (1992),
Kurzeja et al. (1999), Kurzeja et al. (2002), and Kurzeja and
Wagner (2002)], it can be concluded that on earth (which
means under gravity) ¢, remains finite at the critical point.)
Then, according to Egs. (5.38) and (5.39), at the critical point
¢, would have a singularity and w would become zero be-
cause (dp/dT), has a finite value and (dp/dp)y also be-
comes Zero.

Thus, the nonanalytical terms were required to fulfill the
following three conditions:

(1) The derived values for ¢} must be finite everywhere
except at the critical point.

(2) Singular behavior of the other second derivatives and all
derivatives with respect to 6 must be avoided every-
where. However, there are no further restrictions on the
behavior of these derivatives—the complete equation of
state has to be designed to behave in a special way and
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not just one term in the equation. (Meanwhile this as-
sumption has proved to be erroneous, see the discussion
in Sec. 6.4.2.)

(3) Within the &, 7 surface of the critical region, the maxi-
mum of ¢’ should follow the course of the saturated
vapor and saturated liquid curves in order to avoid un-
reasonable ¢, maxima in the single-phase region near the
phase boundary.

Taking these conditions into account, the nonanalytical terms
to be included into the bank of terms use the following form:

dr=n; Al 5y, (5.40)
with
A=60+B[(6—1)%]4,
0=(1-1)+A[(5-1)7]"CF0,

lp:e—c,-(a—lﬂ—niu—l)z

The exponential function ¢ damps the influence of this ex-
pression outside the critical region. The distance function A
raised to the noninteger power b; introduces the nonanalyti-
cal behavior and should ensure that the maximum in ¢, fol-
lows the phase boundary. Finally, the reduced density in the
product of ¢" guarantees a physically correct behavior in the
low-density limit.

Besides the coefficients n;, Eq. (5.40) introduces seven
“internal” parameters (A;,B;,C;,D;,a;,b;,;) for each of
the terms i; in principle, these parameters can be included
into a nonlinear fit of the entire equation. However, because
these parameters are highly correlated, a simultaneous non-
linear fit turned out to be very difficult. Thus, except for A;
and 3;, the values of these parameters were determined by a
method similar to the one used for the exponents of the
Gaussian bell-shaped terms, see Sec. 5.4.3. The parameters
A; and B; of the function 6 were determined at the very
beginning in the following way: the value for 8; was prese-
lected so that it had a value near that of the critical exponent
corresponding to the renormalization group theory and
obeyed certain relationships with the parameters a; and b;,
for details see Span and Wagner (1996). Then, A; was deter-
mined so that the function @ of Eq. (5.40) represents the
phase boundary defined by the experimental p ,p’ p"T data in
the critical region as well as possible. The effectiveness of
this form of terms was already increased by preinvestigations
with different combinations of values for the parameters
within the structure-optimization process so that we could
avoid refitting the parameters nonlinearly in the final stages
of the development of the new equation of state.

5.4.5. Bank of Terms

Based on the general functional forms discussed in Secs.
5.4.1-5.4.4, and as a result of comprehensive preinvestiga-
tions regarding the ranges of exponents and other param-
eters, the general expression for the bank of terms for the

TABLE 5.2. Parameters of the modified Gaussian bell-shaped terms accord-
ing to Eq. (5.37) which are contained in the bank of terms, Eq. (5.41)

t d; t; Q; Bi Yi €;

1 1 0 10 150 1.21 1

2 1 1 10 150 1.21 1

3 1 2 10 150 1.21 1

4 1 3 10 150 1.21 1

5 1 4 10 150 1.21 1

6 2 0 15 150 1.21 1

7 2 1 15 150 1.21 1

8 2 2 15 150 1.21 1

9 2 3 15 150 1.21 1
10 2 4 15 150 1.21 1
11 3 0 20 150 1.21 1
12 3 1 20 150 1.21 1
13 3 2 20 150 1.21 1
14 3 3 20 150 1.21 1
15 3 4 20 150 1.21 1
16 1 0 10 200 1.23 1
17 1 1 10 200 1.23 1
18 1 2 10 200 1.23 1
19 1 3 10 200 1.23 1
20 1 4 10 200 1.23 1
21 2 0 15 200 1.23 1
22 2 1 15 200 1.23 1
23 2 2 15 200 1.23 1
24 2 3 15 200 1.23 1
25 2 4 15 200 1.23 1
26 3 0 20 200 1.23 1
27 3 1 20 200 1.23 1
28 3 2 20 200 1.23 1
29 3 3 20 200 1.23 1
30 3 4 20 200 1.23 1
31 1 0 10 250 1.25 1
32 1 1 10 250 1.25 1
33 1 2 10 250 1.25 1
34 1 3 10 250 1.25 1
35 1 4 10 250 1.25 1
36 2 0 15 250 1.25 1
37 2 1 15 250 1.25 1
38 2 2 15 250 1.25 1
39 2 3 15 250 1.25 1
40 2 4 15 250 1.25 1
41 3 0 20 250 1.25 1
42 3 1 20 250 1.25 1
43 3 2 20 250 1.25 1
44 3 3 20 250 1.25 1
45 3 4 20 250 1.25 1

residual part ¢" of the dimensionless Helmholtz free energy
equation consisted of 745 terms and was of the following
form:

7

‘542 2 n; 52’7"4-6 ‘562 Z n; 6’721

i=1 j=10 i=3 j=12
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45
+ >, 8igtie a0 €)= Bilr=7)?
i=1

1 4 3 3

+2 2 2>

i=1j=1k=11=1 m=1

nijklmAbfélll, (541)

with
A=6>+B,[(5—1)*]“,
0=(1—1)+A[(5—1)*]"CA),
lﬂ:e—c,(a—lﬂ—Dm(T—nz'

The parameters d;, t;, «;, B;, Vi, and €; of the 45 Gaussian
bell-shaped terms according to Eq. (5.37) are listed in Table
5.2. The parameters a;, b;, B, C;, D,,, A, and 8 of the 36
nonanalytical terms corresponding to Eq. (5.41) are given in
Table 5.3. The bank of terms given by Eq. (5.41) contains all
terms from which the final equation of state for H,O, the
IAPWS-95 formulation, has been determined by the
structure-optimization procedure, see Secs. 5.3.2 and 5.5.

5.5. Determination of the Final Form
of the IAPWS-95 Formulation

After the following three main tasks had been completed,
the final form of IAPWS-95 could be developed:

(i) setting up the selected set of experimental data;

(ii)  description of several auxiliary equations for calculat-
ing further data; and

(iii)  considerations of functional forms and setting up the
bank of terms for the structure-optimization procedure
(see Sec. 5.3.2)

5.5.1. Summarizing Information on the Sorts of Data Used

Information on the data used to develop the IAPWS-95
formulation is summarized in Table 5.4. Details are given for
the individual types of data with their independent variables.
The majority of the data are directly based on measurements,
but there are also so-called synthetic data calculated from
corresponding auxiliary equations or from preliminary equa-
tions of state obtained during the process of developing
TAPWS-95. The values of some independent variables had to
be precorrelated from preliminary equations of state in order
to be able to use these data in the linear structure optimiza-
tion to determine the optimum functional structure of
TAPWS-95, for details see Secs. 5.3.2 and 5.5.2. Those vari-
ables for which the values were precorrelated are marked by
the superscript p.

5.5.2. lterative Process of the Development
of the IAPWS-95 Formulation

Based on the data set of which certain details are summa-
rized in Table 5.4, the development of IAPWS-95 occurred
using an iterative process. As illustrated in Fig. 5.1, this it-
erative process can be summarized as follows:
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TABLE 5.3. Parameters of the nonanalytical terms according to Eq. (5.40)
which are contained in the bank of terms, Eq. (5.41)

i,j.k,l,m a; b; B, C, D, A B
1 35 0.8 24 0.2 700 0.32 0.3
2 0.85 28 800
3 0.9 32 900
4 0.95

(I) The selected data (experimental and synthetic data,
see Secs. 2 and 4) for the single-phase region and the vapor—
liquid phase boundary formed the starting point of the cycle
of development.

(2) Using a preliminary equation of state, or, for the ther-
mal properties on the vapor—liquid phase boundary, the aux-
iliary equations (2.5)—(2.7), the nonlinear data are linearized
by calculating the density pP and the precorrelation factors
vP and €P.

(3) Then all data, the original and the precorrelated data,
are weighted (calculation of o-,zn for the sums of squares
given in Table 5.1) with a preliminary equation of state.

(4) Based on the linear and linearized data (see the pen-
ultimate column of Table 5.4), the modified structure-
optimization procedure of Setzmann and Wagner (1989), see
also Sec. 5.3.2, yields an interim equation of state with an
optimized functional structure containing, for example, 56
terms. The structure-optimization procedure works on the ba-
sis of the bank of terms, Eq. (5.41), consisting of 745 terms.
By modifying the original Setzmann and Wagner method,
see Sec. 5.3.2, it was possible to limit the number of terms
belonging to certain functional groups of the bank of terms.
In the case of TAPWS-95, the following limitations were
preselected: In order to assist the extrapolation capability, the
maximum number of polynomial terms was limited to 12.
The number of Gaussian bell-shaped terms and nonanalytical
terms were limited to six and two, respectively, in order to
avoid intercorrelations in the near-critical region. The maxi-
mum total number of terms to be selected by the structure-
optimization procedure was set to 58, for further details see
Pruf} and Wagner (1995b). The interim equation of state with
the functional structure found in this way is then nonlinearly
fitted to all original data, linear and nonlinear (but not to the
linearized data), see the last column of Table 5.4.

(5) The optimized interim equation of state obtained in
step 4 is then used to recalculate the precorrelated densities
pP and the precorrelation factors P and €P, and for all data
the weight cr,%1 as well.

(6) Without any changes in the data set, this iteration
cycle is repeated until the linearly optimized equation cannot
be further improved by fitting this equation nonlinearly to the
selected data set (consisting of linear and nonlinear data).
Usually, 2—4 iteration cycles are needed to obtain such a
result. However, if the data set is changed (e.g., change in
weighting factors or in the data set itself), then the iteration
process starts again from the beginning. More than 100 such
iteration cycles were performed before the final form of
IAPWS-95 was determined.
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TABLE 5.4. Summarizing information on the selected data used in the linear optimization procedure and in the
nonlinear fitting process when developing the IAPWS-95 formulation

Number of data

Contribution to the Linear
sum of squares For details structure Nonlinear

Type of data® according to see optimization fitting
p(p.T) Eq. (5.10) Table 4.4 2773 2773
p(p.,T) Eq. (5.10) Sec. 4.10 75 75
p(p,T) Eq. (5.10) Sec. 4.11 170 170
Phase-equilibrium Egs. (5.28a) Table 4.1 218 .
condition to (5.28¢)
Po(T) Eq. (5.18) Table 4.1 109
p'(T) Eq. (5.19) Table 4.1 109
p"(T) Eq. (5.20) Table 4.1 35
B(T) Eq. (5.12) Sec. 4.10 10 10
c,(p,T) Eq. (5.11) Table 4.6 113 113
¢, (p.T) Egq. (5.11) Sec. 4.10 75 75
c,(p,T) Eq. (5.11) Sec. 4.11 176 176
cp(p?,T,€e) Eq. (5.24) Table 4.8 947 B
cp(p.T) Eq. (5.14) Table 4.8 947
c,(p'P.T,€") Eq. (5.24) Table 4.3 36
e (T) Eq. (5.14) Table 4.3 36
cp(p".T,€P) Eq. (5.24) Table 4.3 36 B
cy(T) Eq. (5.14) Table 4.3 36
w(p®, T, ") Eq. (5.23) Table 4.5 652 e
w(p,T) Eq. (5.13) Table 4.5 652
w(pP, T, ") Eq. (5.23) Sec. 4.10 75
w(p,T) Eq. (5.13) Sec. 4.10 75
w'(p'P,T,vP) Eq. (5.23) Table 4.3 108 B
w'(T) Eq. (5.13) Table 4.3 108
w"(p"?,T,vP) Eq. (5.23) Table 4.3 50 B
w'"(T) Eq. (5.13) Table 4.3 50
Ah(pP,T) Eq. (5.25) Table 4.9 284 B
Ah(p,T) Eq. (5.15) Table 4.9 284
Au'(psP.T,,pP.T)) Eq. (5.26) Table 4.2 74 ‘e
Au'(T,.,T)) Eq. (5.21) Table 4.2 74
[u"=u"](p"P,p'P,T) Eq. (5.27) Table 4.2 75 e
[u"=u"](T) Eq. (5.22) Table 4.2 75
u(p,T) Eq. (5.16) Table 4.9 234
6r(p,T) Eq. (5.17) Table 4.9 180

Total number of data points: 5947 6396

“The superscript p at some independent variables means “‘precorrelated value,” for details see Sec. 5.3.2.

Figure 5.1 is specially designed for the development of
TAPWS-95 based on the data set described in Table 5.4. If,
for example, for other substances, other types of data should
be taken into account, such data can easily be included in
this scheme of development; examples for such data might
be third virial coefficients, internal energies of the single-
phase region, linearized data of the Joule—Thomson coeffi-
cient, etc.

By carrying out steps 1-6 mentioned above, the final
equation of state for H,O, the IAPWS-95 formulation, was
determined. All the numerical information on TAPWS-95
necessary to use this new standard equation is summarized in
Sec. 6.

6. The IAPWS-95 Formulation

This section presents the new international standard equa-
tion of state for H,O, the “IAPWS Formulation 1995 for the
Thermodynamic Properties of Ordinary Water Substance for
General and Scientific Use” referred to in the following as
the JAPWS-95 formulation or IAPWS-95 for short. All nu-
merical details needed for the use of IJAPWS-95 are given,
and statements on the range of validity and estimates of un-
certainty are made. In this respect, this section essentially
corresponds to the content of the JAPWS release on this
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formulation [TAPWS (1996)] and gives some further infor-
mation. Details of the development of the TAPWS-95 formu-
lation are summarized in Sec. 5.

6.1. Reference Constants

The so-called reference constants needed for evaluating
the JAPWS-95 formulation are:

T,=647.096 K, (6.1)
pe=322 kgm 3, (6.2)
R=0.46151805kJkg 'K~ (6.3)
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The values for the critical temperature 7. and the critical
density p. are identical to those given in Egs. (2.2a) and
(2.2¢). The value of the specific gas constant R is derived
from values of the molar gas constant R, [Taylor et al
(1969)] and the molar mass M [Kell (1977)], which differ
slightly from the accepted values of these quantities at the
time when the TAPWS-95 formulation was developed and
from the current values R, =8.314472Jmol ! K~! [Mohr
and Taylor (1999)] and M =18.015268 gmol ™~ !. This value
for M results from the molar masses of the stable isotopes of
hydrogen and oxygen given by Audi and Wapstra (1993) and
the isotopic composition of VSMOW. (As a result of a recent
investigation carried out by Harvey (1998), IAPWS recom-
mends that VSMOW be used as the standard definition of
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“ordinary water substance” [TAPWS (2001)]. The isotopic
composition of VSMOW is documented by Gonfiantini
(1978) and is also given in the TAPWS guideline [TAPWS
(2001)]; samples of VSMOW are available from the Interna-
tional Atomic Energy Agency (IAEA) in Vienna, Austria.
Although IAPWS-95 is not based on the current M value for
VSMOW, one may say that IAPWS-95 is not in conflict with
this value. The only property which is measured so accu-
rately that the value of the molar mass is indeed of impor-
tance is the liquid density at atmospheric pressure. The
highly accurate measurements of this quantity are repre-
sented by IAPWS-95 to within their experimental uncertain-
ties, see Sec. 7.2.1.2.) The use of the current values for R,
and M would yield a specific gas constant which is greater
than the value given in Eq. (6.3) by 5.6
X107 %kJkg 'K~ !. Density in the ideal-gas limit calcu-
lated from Eq. (6.4) is therefore off by 6 ppm. However,
since the value of R in Eq. (6.3) has been used in determin-
ing the coefficients in the residual part ¢', Eq. (6.6), then this
value of R must be used in obtaining property values from
the TAPWS-95 formulation, Eq. (6.4).

By using the specific gas constant, Eq. (6.4) corresponds
to a mass-based formulation. In order to convert values of
specific properties to molar properties, the most recent value
for the molar mass of VSMOW must be used; at present it is
the M value given above.

6.2. Numerical Description of the IAPWS-95
Formulation

The IAPWS-95 formulation is a fundamental equation for
the specific Helmholtz free energy f. This equation is ex-
pressed in dimensionless form, ¢=f/(RT), and is separated
into two parts, an ideal-gas part ¢° and a residual part ¢, so
that:

f(p,T)
RT

=¢(6,1)=¢°(6,7)+ P (8.7),  (64)

where 6=p/p. and 7=T_/T with T, p., and R given by
Egs. (6.1)-(6.3).

The equation for the ideal-gas part ¢° of the dimensionless
Helmbholtz free energy has been obtained from the equation
for the specific isobaric heat capacity in the ideal-gas state
¢, Eq. (5.6), which was developed by Cooper (1982); for
details see Sec. 5.2. The corresponding equation for ¢°
reads:

8
°=Ind+nj+ny7+n5ln T+, n;In[1 —e_V;T],
i=4
(6.5)
for the definition of & and 7 see Eq. (6.4). The coefficients of
Eq. (6.5) are listed in Table 6.1.

The form of the residual part ¢" of the dimensionless
Helmholtz free energy is as follows:

TABLE 6.1. Coefficients of Eq. (6.5)"

i n; Yi i n; Yi

1 —8.320446 48201 5 097315 353734222
2 66832105268 = 6 127950  7.74073708
3 3.00632 = 7096956  9.24437796
4 0012436 128728967 8 024873 27.5075105

“The values of the coefficients n3 to ng and v; are also valid for Eq. (5.6).

7 51

o=, n; 8+ >, n;dlirie
' =8

i=1

54 56
2 2
+ E n;8irlie ™ «i0=e) = Bilr=y)" 4 E n,AYisy
i=52 i=55

(6.6)
with
A=6>+B[(5-1)%],
0=(1-7)+A[(6—1)*]",
lﬂ:e—C,«(é—l)z—Di(T—l)z’

for the definition of § and 7 see Eq. (6.4). The coefficients
and exponents of Eq. (6.6) are listed in Table 6.2; for the
determination of these values see Sec. 5.5.

All thermodynamic properties can be derived from Eq.
(6.4) by using the appropriate combinations of the ideal-gas
part ¢°, Eq. (6.5), and the residual part ¢, Eq. (6.6), of the
dimensionless Helmholtz free energy, and the derivatives of
¢° and ¢'. Relations between thermodynamic properties and
¢° and ¢" and their derivatives are summarized in Table 6.3.
All required derivatives of the ideal-gas part and of the re-
sidual part of the dimensionless Helmholtz free energy are
explicitly given in Tables 6.4 and 6.5, respectively.

Since the 5th International Conference on the Properties of
Steam in London in 1956, the specific internal energy and
the specific entropy of the saturated liquid at the triple point
have been arbitrarily set equal to zero. Thus, at the triple-
point temperature 7,=273.16 K:

u, =0, s/=0. .
(=0 /=0 (6.7)

The coefficients n| and n; in Eq. (6.5) have been adjusted to
meet this condition. Consequently, after calculating for 7', the
saturated liquid density p, via the phase-equilibrium condi-
tion [see Egs. (6.9a)—(6.9¢)], Eq. (6.4) yields for the specific
enthalpy of the saturated liquid at the triple point:

h!=0.611872 Jkg ' (6.8)

In the liquid—water region, small changes in density along an
isotherm cause large changes in pressure. For this reason,
due to an accumulation of small errors, a particular computer
code may fail to return the zeros in Eq. (6.7) for the saturated
liquid at the triple-point temperature. In order to avoid this, it
is advisable to readjust the constants n] and n5 in Eq. (6.5)
by imposing the condition u; =0, s/ =0 with the desired
accuracy.
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TABLE 6.2. Coefficients and exponents of Eq. (6.6)

i c; d; t; n;
1 1 -0.5 0.12533547935523% 107!
2 1 0.875 0.789 576 347 228 28X 10"
3 1 1 —0.878 032033 035 61 % 10"
4 2 0.5 0.318 025 093 454 18
5 2 0.75 —0.261 455 338 593 58
6 3 0.375 —0.781997 516 879 81X 102
7 4 1 0.880 894 931 021 34X 1072
8 1 1 4 —0.668 565 723 079 65
9 1 1 6 0.204 338 109 509 65
10 1 1 12 —0.662 126 050 396 87X 10~*
11 1 2 1 —0.192 327 211 560 02
12 1 2 5 —0.257 090 430 034 38
13 1 3 4 0.160 748 684 862 51
14 1 4 2 —0.400 928 289 258 07X 10~ !
15 1 4 13 0.393 434 226 032 54X 107°
16 1 5 9 —0.759 413 770 881 44X 107
17 1 7 3 0.562 509 793 518 88X 1073
18 1 9 4 —0.156 086 522 571 35X 10™*
19 1 10 11 0.115379 964229 51x 10~ %
20 1 11 4 0.365 821 651 442 04X 107°
21 1 13 13 —0.132511 800 746 68x 10~ !
22 1 15 1 —0.626 395 869 124 54x 107°
23 2 1 7 —0.107 936 009 089 32
24 2 2 1 0.176 114910 087 52 10~
25 2 2 9 0.221 322951 675 46
26 2 2 10 —0.402 476 697 635 28
27 2 3 10 0.580 833 999 857 59
28 2 4 3 0.499 691 469 908 06X 102
29 2 4 7 —0.313 587 007 12549x 107!
30 2 4 10 —0.743 159 297 103 41
31 2 5 10 0.478 073 299 154 80
32 2 6 6 0.205 279 408 959 48 10!
33 2 6 10 —0.136 364 351 103 43
34 2 7 10 0.141 806 344 006 17X 10™!
35 2 9 1 0.833 265 048 807 13x 1072
36 2 9 2 —0.290 523 360 095 85X 10~
37 2 9 3 0.386 150 855 742 06X 10™!
38 2 9 4 —0.203 934 865 137 04X 10~
39 2 9 8 —0.165 540 500 637 34X 1072
40 2 10 6 0.199 555719 795 41X 102
41 2 10 9 0.158 703 083 241 57X 1073
42 2 12 8 —0.163 885 683 425 30X 10~*
43 3 3 16 0.436 136 157238 11X 107!
44 3 4 22 0.349 940 054 637 65X 10!
45 3 4 23 —0.767 881 978 446 21X 10~
46 3 5 23 0.224 462 773 320 06X 10!
47 4 14 10 —0.626 897 104 146 85X 10~*
48 6 3 50 —0.557 111 185 656 45x 10~°
49 6 6 44 —0.199 057 183 544 08
50 6 6 46 0.317 774 973 307 38
51 6 6 50 —0.118 411 824 259 81
i Ci d; t; n; «; Bi Vi €
52 3 0 —0.313 062 603 234 35 X 10* 20 150 1.21 1
53 3 1 0.315 461 402 377 81 X 10? 20 150 1.21 1
54 3 4 —0.252 131 543 416 95 x 10* 20 250 1.25 1
i a; b; B; n; C; D, A Bi
55 3.5 0.85 0.2 —0.148 746 408 567 24 28 700 0.32 0.3
56 35 0.95 0.2 0.318 061 108 784 44 32 800 0.32 0.3
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TABLE 6.3. Relations of thermodynamic properties to the ideal-gas part ¢°, Eq. (6.5), and the residual part ¢', Eq. (6.6), of the dimensionless Helmholtz free

energy and their derivatives®

Property Relation
Pressure p(6,7) ‘
p=p"(3f1dp)y DRT =1+5¢5
Entropy 5(8,7) o o r
s=—(aflaT), R et -4
Internal energy u(4,7) .
u=f+Ts o = )
Enthalpy h(é,7) .
h=u+pv TS AR
Gibbs free energy g(o7) .
g=h—Ts BT =1+¢°+ '+ 5
Isochoric heat capacity c(8,7) .
c,=(ulaT), k@)
Isobaric heat it c (6,7 1+ 8¢5— 67¢%)%
so_ar{;;/&e; capacity o )=_72(¢;+ P ( d’ar ;155:)
cp=( )p R 1+28¢%5+ 8 d'ss
1+ 68" ¢pls— &' 76
Saturated liquid heat capacity CUI(;) =—2(p P )+ %
¢o(T)=(3h/dT),+ T(plaT), ’ 2
b
(dp, AT) (= pX(3pIIp) )] - L pe dp,
r pAapIop)D,m : (1+5¢2_5T¢§T)—R—;d—T
Speed of sound wi (8,7 1+ 85— 87¢5,)*
p_ee 0 501111/12 ( ):1+25¢f;+62¢f55—( ¢f :155)
w=(3p/dp), RT (¢ ¢%)
Joule—Thomson coefficient Ro— — (S5t 8> P55t SThY,)
p=(3T/3p), K 04 65— 07507 = 7(&,+ ) (1 + 2605+ 5 b5,)
Isothermal throttling coefficient Sp=1— 1+ 8¢)s— o7d's,
8r=(ahlap); P T IR 2545+ 84,
IsentroPic temperature-pressure 1+ 5¢; — 57.¢r{s .
coefficient BspR=

By=(T/dp);,

Second virial coefficient
B(T)=1im(d(p/(pRT))/dp)r

p—0

Third virial coefficient

(1+8¢ls— 87¢s,)* — (7 + L) (1+25¢5+ 5 ¢lss)

B(7)p.=lim ¢(5.7)
3

—0

C(7)pe=lim s 5,7)

()= “mB <a2<p/<pRT>>/ap2>»,~] o
p—0

ar_ ﬁd)r r_ﬂzd)r o l;d)r r_a2¢r . (92¢r . &d)o B_(;Zd)o
o] e o, i+,
b
d N. ’ ”
T R ln(%)+¢f<rﬁ'>f¢'<r,5')fr<¢;<r,b”'>f¢:<r,a'>> .

Besides the single-phase region, the IAPWS-95 formula- Py
tion, Eq. (6.4), also covers the vapor—liquid phase boundary. W =1+8"¢(8",7), (6.9b)
The calculation of properties along this phase boundary is
based on the phase-equilibrium condition, which, in connec-
tion with Eq. (6.6), reads:

p Pq ! ! P, oSt (5"
RT;,:1+5/¢£§(6,,7), (693) ﬁ ?_? —In ? —¢((5,7)_¢( ,'T). (69C)
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TABLE 6.4. The ideal-gas part ¢°, Eq. (6.5), of the dimensionless Helmholtz
free energy and its derivatives®

8
¢°=In 5+n\+ny7+n5In T+E n; In(1—e™%7)
=4
F5=1/5+0+0+0+0

$s5=—1/8*+0+0+0+0
8

¢:=O+O+n;+n;/7+2 n;y:[(l—e’Y;T)’l—l]
i=4
8

¢, =0+0+0—n5/r— E ni(y)2e V(1 —e~ i) 2
=4

$5,=0+0+0+0+0

a

P
9697

a¢° FP°

a¢° > . .
&TL, @r{WL, b5, =

¢}=[%} , ¢°§5=[W} . b=

These equations represent the equality of pressure, tempera-
ture, and specific Gibbs free energy (Maxwell criterion) in
the coexisting vapor and liquid phases; for an explanation of
the quantities ¢'; see the footnote of Table 6.5. For a given
saturation temperature, after iterative solution of Egs.
(6.9a)—(6.9¢), Eq. (6.4) yields the thermal saturation proper-
ties p,, p’, and p”. Then, all the other saturation properties
can be derived from Eq. (6.4). In this way, the properties
calculated on the vapor—liquid phase boundary are thermo-
dynamically consistent with the properties of the single-
phase region.

Moreover, Eq. (6.4) meets the conditions at the critical
point, i.e., it reproduces the critical parameters 7., p., and
p. according to Egs. (2.2a)—(2.2¢) and yields zero for the
first and second partial derivative of pressure with respect to
density at the critical point.

6.3. Basic Information on the Application
of the IAPWS-95 Formulation

In this subsection brief statements on the range of validity,
estimates of uncertainty, and computer-program verification
of IAPWS-95, Eq. (6.4), are made. Comprehensive compari-
sons of TAPWS-95 with experimental data and other equa-
tions of state are shown in Sec. 7.

6.3.1. Range of Validity

As a result of comprehensive tests carried out by ITAPWS,
the following statements on the validity of TAPWS-95 can be
made:

(1) The formulation is valid in the entire stable fluid re-
gion of H,O from the melting curve [see Egs. (2.16)—(2.19)]
to 1273 K at pressures up to 1000 MPa; the lowest tempera-
ture on the melting curve is 251.165 K (at 209.9 MPa). Fig-
ure 6.1 illustrates the range of validity of IJAPWS-95 in a
p—T diagram. In this entire region, Eq. (6.4) represents the
experimental data available at the time the release on
TAPWS-95 [TAPWS (1996)] was prepared (except for a very
few data points) to within their uncertainties. Although Eq.

J. Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002

(6.4) is also in satisfactory agreement with the experimental
data in the critical region, the equation has some unsatisfac-
tory features in the immediate vicinity of the critical point.
These features involve second order and higher derivatives
of the dimensionless Helmholtz free energy and properties
obtained from them. Specifically, the isothermal compress-
ibility [ kz=p~ '(dp/dp)+], and the specific isobaric heat ca-
pacity ¢, exhibit unphysical behavior (indentations) which
occurs in a region from 7, to 5 K above T, for densities
*0.5% from p,. (The value of 5 K is given in the release on
TAPWS-95 [TAPWS (1996)]. However, comprehensive in-
vestigations carried out after 1996 showed that the tempera-
ture range where this weakness occurs noticeably extends
only from T, to 2 K above T, [see Figs. 6.11 and 6.12].) In
addition, within a temperature range from 20 mK below 7',
up to T, the isochoric heat capacity ¢, exhibits a maximum
and the speed of sound w exhibits a minimum not at the
saturation temperature T, of the corresponding isochore (as
it should be) but in the single-phase region up to 2.5 mK
above T, . Details of this behavior, which is of no relevance
for the vast majority of applications of ITAPWS-95, are given
in Sec. 6.4.

(2) In the stable fluid region, the TAPWS-95 formulation
can also be extrapolated beyond the limits given under item
(1). Tests showed that Eq. (6.4) behaves reasonably when
extrapolated to pressures up to about 100 GPa and tempera-
tures up to about 5000 K. This holds at least for the density
and enthalpy of undissociated H,O. In the gas region at pres-
sures below the triple-point pressure, Eq. (6.4) behaves rea-
sonably when extrapolated to the sublimation curve [see Eq.
(2.21)] for temperatures down to 200 K. Due to the ex-
tremely low densities in this region which go down to about
10~ %kgm ™3, attention must be paid to numerical problems.

(3) As far as can be tested with experimental data, the
formulation behaves reasonably when extrapolated into the
metastable regions. Equation (6.4) represents the currently
available experimental data for the subcooled liquid and for
the superheated liquid to within the experimental uncertainty.
In the case of the subcooled vapor, no experimental data are
available. In this region, for pressures below 10 MPa, Eq.
(6.4) produces reasonable values close to the saturated vapor
line. For calculations further away from the saturated vapor
line, the gas equation, Eq. (3.2), should be used instead of
Eq. (6.4). For further details, see Sec. 7.3.2.

6.3.2. Estimates of Uncertainty

Estimates have been made of the uncertainty of the den-
sity, speed of sound, and isobaric heat capacity when calcu-
lated from the TAPWS-95 formulation, Eq. (6.4). These esti-
mates were derived from comparisons with the various sets
of experimental data together with the assessment of the
Working Group on Thermophysical Properties of Water and
Steam of IAPWS.

For the single-phase region, these tolerances are indicated
in Figs. 6.1-6.3, which give the estimated uncertainties in
various areas. As used here, “tolerance” means the range of
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TABLE 6.5. The residual part ¢, Eq. (6.6), of the dimensionless Helmholtz free energy and its derivatives®

7
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TABLE 6.5. The residual part ¢, Eq. (6.6), of the dimensionless Helmholtz free energy and its derivatives*—Continued

PA
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possible values as judged by IAPWS, and no statistical sig-
nificance can be attached to it. With regard to the uncertainty
for the speed of sound and the specific isobaric heat capacity
(see Figs. 6.2 and 6.3), it should be noted that the uncertain-
ties for these properties increase drastically when approach-
ing the critical point. (Over wide ranges of state, the uncer-
tainty of TAPWS-95 in the isobaric heat capacity is
considered to be smaller than the uncertainty of the experi-
mental ¢ » data, see Sec. 7.2.5. This attribute of JAPWS-95 is

10%E
0 E A2 +0.5%
E (18] £002%]  £01%
"X (S +0.1%
107k < =T
E N N
:g\ +0.003% P +0.25%
5 +H
10"k $001% +0.1%
(Apip)
& F | £0.001%
= of 2
~ 10k 3
Q g o c\q,
e f2 S
2 [ = |+ 0.0001% o
@ 10-1h = |/ (Z?
o 3 &
C R
B )
107k &
F +0.03% +0.05%| +0.1%
1073
F //Sublimation curve
L 1 L L L L 1 L 1 L
235 300 39400 500 600 800 1000 1273

Temperature T/K

FIG. 6.1. Percentage uncertainties in density estimated for IAPWS-95, Eq.
(6.4). In the enlarged critical region (triangle), the uncertainty is given as
percentage uncertainty in pressure. This region is bordered by the two iso-
chores 527 and 144 kg m™~> and by the 30 MPa isobar. The positions of the
lines separating the uncertainty regions are approximate.
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due to the very accurate ppT data and speeds of sound on
which TAPWS-95 is based.) The statement “no definitive
uncertainty estimates possible” for the high-pressure region
in Figs. 6.2 and 6.3 is based on the lack of experimental data
in this region. (After the adoption of the release on the
TAPWS-95 formulation [TAPWS (1996)], Wiryana et al.
(1998) reported speed-of-sound data for temperatures be-
tween 351 and 473 K at pressures up to 3500 MPa. In the
pressure range up to 1000 MPa, which is in the region with
the statement ‘‘no definitive uncertainty estimates possible”

10°F
° F no definitive uncertainty estimates possible
L /£0.3%
i ] +1%
10%E
10'F e
E (5] | z01% >+ 1%
© F |o :
S} [¥] o0
= 10% 2
> 3
5 [ o
7] [ S
o 107'E ®
£ f=
[ +0.15%
1072
103k
; //Sublimation curve
1 . 1 1 1 1 1 11

235 300 30400 500 600 800 1000 1273
Temperature T/K

FiG. 6.2. Percentage of uncertainties in speed of sound estimated for
TAPWS-95, Eq. (6.4). For the uncertainty in the triangle around the critical
point, see the text; for the definition of this region, see Fig. 6.1. The posi-
tions of the lines separating the uncertainty regions are approximate.
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10°E
F A £6% no definitive uncertainty
[ estimates possible
102k +0.3%
i +2%
10'F >+2%
© F £0.1%
% L
oL
3 10 ®
o C o
5 [ &
7] 5 &
@ -1k @ N
QI0E o 4
o F S @
= LN 0,
- = Q +0.2%
L = §
107%F o
107°E
: // Sublimation curve
[ 1 1 '} 1 1 1 1 1
235 300 400 500 600 800 1000 1273

Temperature 7/K

FiG. 6.3. Percentage uncertainties in specific isobaric heat capacity esti-
mated for IAPWS-95, Eq. (6.4). For the uncertainty in the immediate vicin-
ity of the critical point, see the text; for the definition of the triangle around
the critical point, see Fig. 6.1. The positions of the lines separating the
uncertainty regions are approximate.

in Fig. 6.2, Wiryana et al’s w data are represented by
TAPWS-95 to within *=1%, for details see Sec. 7.2.3. Most
likely, the region described by the statement ‘“‘no definitive
uncertainty estimates possible”” could be shifted to tempera-
tures above 473 K.) For a statement regarding the uncer-
tainty of enthalpy, see Sec. 8.

For the saturation properties, the estimates of the uncer-
tainties of vapor pressure, saturated liquid density, and satu-
rated vapor density are shown in Fig. 6.4.

6.3.3. Computer-Program Verification

To assist the user in computer-program verification of
IAPWS-95, Eq. (6.4), Table 6.6 contains values of the ideal-
gas part ¢° and the residual part ¢" of the dimensionless
Helmholtz free energy together with the corresponding de-
rivatives. These values were calculated for two combinations
of temperature and density; one 7—p point is in the “‘nor-
mal” fluid region and the other one is in the critical region.
Moreover, values for the most relevant thermodynamic prop-
erties can be compared with the corresponding values listed
in the thermodynamic property tables, Tables 13.1 and 13.2,
given in the Appendix. The values for the saturated vapor
and saturated liquid along the vapor-liquid phase boundary
given in Table 13.1 have been calculated from Eq. (6.4) by
applying the phase-equilibrium condition [see the corre-
sponding comment in context with Egs. (6.9a)—(6.9¢)] and
not by using the auxiliary equations for the saturation prop-
erties given in Sec. 2.3. Users who require more significant
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FIG. 6.4. Percentage uncertainties in vapor pressure 100Ap . /p, , in satu-
rated liquid density 100Ap’/p’, and in saturated vapor density 100Ap"/p"
estimated for IAPWS-95, Eq. (6.4).

figures for their computer-program verification should refer
directly to the release on IAPWS-95 [TAPWS (1996)]. Infor-
mation about available computer codes based on IAPWS-95
is given on the ITAPWS website http://www.iapws.org/
newform.htm

6.4. Features of the Nonanalytical Terms Used
for IAPWS-95

As mentioned briefly in Sec. 6.3.1, there are certain prob-
lems with the nonanalytical terms used in IAPWS-95 [terms
i=55 and i =56 in Eq. (6.6)]. These problems relate more to
scientific considerations regarding the functional forms of
TAPWS-95 than to practical consequences. Thus, those read-
ers who are less interested in these basic considerations may
turn to the conclusions given in Sec. 6.4.4.

6.4.1. Positive Features of the Nonanalytical Terms

For a very near-critical isochore, Fig. 7.29 illustrates that
IAPWS-95, Eq. (6.4), is basically able to follow the steep
increase of the data of the isochoric heat capacity when ap-
proaching the saturation temperature (phase boundary) ex-
tremely close to the critical temperature. With the help of
Fig. 6.5, it is shown that this positive feature of TAPWS-95 is
produced by the new nonanalytical terms. For the critical
isochore, the figure presents the isochoric heat capacity cal-
culated from three equations of state which differ clearly
regarding their functional structure. The equation of Saul and
Wagner (1989) does not contain modified Gaussian bell-
shaped terms, the interim equation of state contains such
terms but no nonanalytical terms and the IAPWS-95 formu-
lation contains, in addition to Gaussian bell-shaped terms,
special nonanalytical terms according to Eq. (5.40). It can be
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TABLE 6.6. Values for the ideal-gas part ¢°, Eq. (6.5), and for the residual part ¢, Eq. (6.6), of the dimension-
less Helmholtz free energy together with the corresponding derivatives® for two combinations of temperature

and density

T=500K, p=838.025 kgm >

$°=0.204 797 734X 10!
¢5=0.384 236747
b5s=—0.147 637 878
¢.=0.904 611 106X 10’
¢, =—0.193249 185% 10!
¢5,=0

¢"=—0.342 693 206X 10’
Pl5=—0.364 366 650
#%55=0.856 063 701
#"=—0.581403 435x 10!
@' =—0.223440737x 10"
@5,=—0.112176 915X 10"

T=647K, p=358 kgm >

$°=—0.156 319 605X 10!
$5=0.899 441 341
b55=—0.808 994 726
¢$.=0.980343 918X 10!
¢.=—0.343316 334X 10’
¢D61':0

¢"=—0.121202 657X 10’
¢5=—0.714012 024
@'ss=0.475 730 696
¢"=—0.321722501x 10!
¢".=—0.996 029 507 10
@', =—0.133214 720 10!

“For the abbreviated notation of the derivatives of ¢° and ¢" see the footnotes of Tables 6.4 and 6.5,

respectively.

seen that wide-range equations of state without the modified
Gaussian bell-shaped terms (here, the Saul and Wagner equa-
tion of state) are not able to follow the increase of the ¢, data
for temperatures (7—7,)<~5.5K, or expressed more gen-
erally in reduced temperatures, for 7/7.<~1.01. The
IAPWS-95-like equation with Gaussian bell-shaped terms
but without nonanalytical terms only fails for (7—T)
<~2.2K corresponding to 7/7.<~1.003. However, with
the nonanalytical terms IAPWS-95 is indeed able to yield the
required steep increase of the isochoric heat capacity in the
near-critical region. Thus, Fig. 6.5 illustrates very clearly the
improvement achieved by the Gaussian bell-shaped terms
and in particular by the nonanalytical terms.

(o]
1

p=3220kgm>=p,

¢,/ (kJ kg K™
[s)]

Temperature T/K

——— |APWS-95

— -~ — |APWS-95-like equation
without nonanalytical terms

— - — Saul and Wagner (1989)

FiG. 6.5. Isochoric heat capacity in the critical region as a function of tem-
perature (on the critical isochore of the single-phase region) calculated from
IAPWS-95, Eq. (6.4), an IAPWS-95-like equation but without nonanalytical
terms, and the equation of Saul and Wagner (1989).
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In order to demonstrate the capability of IJAPWS-95 to
represent a very steep increase of the isochoric heat capacity
in the temperature range (7—7,) of a few hundredths of a
Kelvin, Fig. 6.6 shows, as a function of density, ¢, values
calculated from two other equations of state at the critical
temperature 7. and for a temperature 7=7.+0.05 K. Both
the TAPWS-95 formulation and the crossover equation of
Kostrowicka Wyczalkowska et al. (2000) yield a completely

- - -
(o} o N B

Isochoric heat capacity ¢, /(kJ kg™ K™)
»

1
250 300 350 400
Density p / (kg m‘3)

— IAPWS-85 —-— |IAPS-84
——— Kostrowicka Wyczalkowska et al. (2000)

FIG. 6.6. Isochoric heat capacity in the critical region as a function of den-
sity on two isotherms calculated from IAPWS-95, Eq. (6.4), IAPS-84, and
the crossover equation of Kostrowicka Wyczalkowska et al. (2000).
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——— Kostrowicka Wyczalkowska et al. (2000}

FiG. 6.7. Speed of sound in the critical region as a function of density on
two isotherms calculated from IAPWS-95, Eq. (6.4), IAPS-84, and the
crossover equation of Kostrowicka Wyczalkowska et al. (2000).

different course for the two isotherms 7=7.+0.05K and
T=T, (both equations yield an infinite ¢, value for T=T, at
p=p.), whereas IAPS-84 does not show any difference be-
tween the isotherms 7=T.+0.05K and T=T_.. However, it
can also be seen that IAPWS-95 and the crossover equation
yield a rather different kind of increase of ¢, for the critical
temperature when approaching the critical density.

Figure 6.7 shows the speed of sound w plotted as a func-
tion of density for two isotherms, namely for the critical
temperature 7=T_ and the temperature 7=7_.+0.05 K. The
corresponding plots of w have been calculated from TAPWS-
95, IAPS-84, and the crossover equation of Kostrowicka Wy-
czalkowska et al. (2000). TAPS-84 yields practically the
same values for the isotherm 7=T .+ 0.05 K and for the criti-
cal isotherm, where the smallest speed-of-sound value
amounts to about w=250ms"!. In contrast, the IAPWS-95
formulation and the crossover equation of Kostrowicka Wy-
czalkowska er al. (2000) yield very small values of w for T
=T, when approaching the critical density p. (with w=0 at
the critical point). Thus, IAPWS-95 yields the required
strong decrease in the speed of sound when approaching the
critical point, even though its critical isotherm in the w—p
diagram shows a certain oscillation for p>p,.

An important advantage for practical applications of this
kind of nonanalytical terms in a wide-range equation of state
is that, in contrast to crossover and other scaled equations, no
transformation of the independent variables has to be made:
the distance function A, see Eq. (6.6), directly contains & and

N
o

-
[=]
¥

1APS-84

¢,/ (ki kg K™
(4,

2 p=p,=322kgm3
pou sspond sl gl yosaned s oeeeeed g osaseud
1077 1078 1073 107"
(T-T) I T
f | | 1 1 1 { 1 4
" 0.00005 0005 005 05 5 50

(T-T) IK

0O Amirkhanov et al. (1969) A Abdulagatov et al. (1998)
O Abdulagatov et al. (1995)

IAPWS-95 —-— |APS-84

——=— Kostrowicka Wyczalkowska et al. (2000)

FiG. 6.8. Isochoric heat capacity along the critical isochore of the single-
phase region in a double logarithmic diagram calculated from IAPWS-95,
Eq. (6.4), IAPS-84, and the crossover equation of Kostrowicka Wycza-
lkowska et al. (2000). Experimental data from the isochore p=316.84
kg m~3 are plotted for comparison.

7, the reduced density and inverse reduced temperature, like
all the other terms of IAPWS-95. Compared to scaled equa-
tions like that of Kostrowicka Wyczalkowska et al. (2000) or
that of Levelt Sengers ef al. (1983) used in the equation of
Hill (1990), this feature drastically simplifies the evaluation
of JAPWS-95.

6.4.2. Weaknesses of the Nonanalytical Terms

Besides the significant improvement of the capability of
TAPWS-95 for representing caloric properties in the critical
region, such terms also have some basic weaknesses which
are discussed in this section.

Limiting behavior. Equations of state containing the kind
of nonanalytical terms presented in Sec. 5.4.4 still have cer-
tain weaknesses in the limiting behavior when approaching
the critical point. As an example, Fig. 6.8 shows ¢, in a
double logarithmic plot versus [(T—T.)/T.] for p=p,
=322kg m~ 3 as calculated from IAPWS-95, the crossover
equation of Kostrowicka Wyczalkowska er al. (2000), and
IAPS-84. For comparison, the experimental data along the
isochore p=316.84 kg m ™ are also plotted. In this diagram,
the density difference between the calculated ¢, values and
the experimental data does not matter, because the difference
between the critical temperature 7.= 647.096 K and the satu-
ration temperature 7,(p=316.84kgm >)=647.095K is
only 1 mK. It can be seen that IAPWS-95 does not yield a
straight line in this diagram (as it should for p=p,), but sags
below the line beginning at about (7—7,)=0.5 K. Although
the ¢, data are represented within their experimental uncer-
tainties, the results from IAPWS-95 are for (T—7.,)=0.5K
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FiG. 6.9. Partial derivative of pressure with respect to density at constant
temperature as a function of density calculated from IAPWS-95, Eq. (6.4),
along the isotherm 7=T,+10 mK. The enlarged section shows a small
range around the critical density.

to (T—T,)=8x10" %K systematically below the ¢, values
from the crossover equation of Kostrowicka Wyczalkowska
et al. (2000). In this diagram, the maximum distance in (T
—T.)/T. between the two equations occurs at c,
=10kJ kg ' K™!, corresponding to a temperature difference
of about —0.008 K. In contrast to this very good agreement,
the ¢, data point of Abdulagatov ef al. (1995) in this region
lies about 0.095 K above the crossover equation, which il-
lustrates the experimental situation in this region. Figure 6.8
also shows that the previous scientific standard equation
TAPS-84 already exhibits such an oscillating behavior at (T
—T.)~13K and yields c, values that are much too small
very near and at 7.

Derivatives (dp/dp)r and (dpldp)r, isothermal com-
pressibility, and isobaric heat capacity. A second problem is
linked to the derivatives of Eq. (5.40) with respect to density.
When using these kinds of nonanalytical terms, it was as-
sumed that a continuous plot of derivatives which do not
diverge are sufficient; possible physically incorrect contribu-
tions have to be compensated by other terms in the multipa-
rameter equation of state in this case. However, at the critical
isochore, Eq. (5.40) results in changes of higher derivatives
with respect to density which are small and continuous but
so rapid that even Gaussian bell-shaped terms cannot com-
pensate for this effect.

The basic problem is the derivative (dp/dp)y, which is
related to the derivatives (9¢"/dp)y and (3*¢"/dp*)y. Fig-
ure 6.9 illustrates the behavior of IAPWS-95 for (dp/dp)s
for the isotherm T=T7_.+ 10 mK. The main figure shows this
derivative for the density range between 280 and 360
kgm 3, while the enlarged section shows it around the criti-
cal density p,=322kgm . This enlarged section illustrates
a physically incorrect shape (indentation) at p=p,, where
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Fi1G. 6.10. Partial derivative of density with respect to pressure at constant
temperature as a function of density calculated from IAPWS-95, Eq. (6.4),
along the isotherm 7T=T7T_.+ 10 mK. The enlarged section shows a small
range around the critical density.

there is, however, no discontinuity. This ‘‘indentation,”
which occurs only at near-critical temperatures, is so small,
as are the absolute values of this derivative, that it has abso-
lutely no effect on the representation of the ppT data. This
statement is also valid for substances for which the ppT
measurements in the critical region are clearly more accurate
than those for H,O, for example, for CO,, see Span and
Wagner (1996). The main reason for this negligible influence
is that the representation of the ppT data depends not on this
derivative itself but on the integrated property, the pressure.

In contrast to the thermal properties, the indentation in the
derivative (dp/dp)y directly affects the isothermal com-
pressibility and the isobaric heat capacity via the reciprocal
derivative (dp/dp)s, which has very large values in the
critical region. Figure 6.10 shows the plot of this derivative
for the temperature 7=T7_.+ 10 mK and presents this deriva-
tive for a greater density range as well as for a small section
around the indentation. Logically, the indentation occurs
once again at the critical density p.. According to the defi-
nition of the isothermal compressibility, namely

kr=p~ ' (dpldp)r. (6.10)

it is obvious that this property shows the same behavior as
the derivative (dp/dp) regarding the occurrence of the in-
dentation. It is therefore not necessary to illustrate this effect
in a ky—p diagram.

The connection between the isobaric heat capacity ¢, , the
isochoric heat capacity ¢, , and the two derivatives (dp/dT),,
and (dp/dp)r is given by the relation
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FiG. 6.11. Isobaric heat capacity as a function of density calculated from
IAPWS-95, Eq. (6.4), along the isotherm T=T_.+ 10 mK. The enlarged sec-
tion shows a small region around the critical density.
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see Table 6.3. Equation (6.11) indicates that, in the critical
region, ¢, is proportional to the derivative (dp/dp)r
=(dpldp)y ! because this derivative grows much faster
when approaching the critical point than ¢, , and (dp/dT),
changes its value only slightly around the critical density.
Thus, ¢, behaves similarly to the derivative (dp/dp)r ! re-
garding the indentation, see Fig. 6.10. Nevertheless, due to
the importance of Cps the weakness of the nonanalytical
terms regarding this property in the critical region is explic-
itly illustrated in Figs. 6.11 and 6.12. These figures show c,
versus density, Fig. 6.11 for T=T_.+ 10 mK with an enlarged
section around the indentation, and Fig. 6.12 for T=T,
+1Kand T=T_+2 K.

Looking at the enlarged section of Fig. 6.11, everything
would be fine if the ¢, curve did not show such an indenta-
tion but rather followed the dashed line. The difference be-
tween the solid line (behavior of IAPWS-95) and a physi-
cally reasonable course without such an indentation (dashed
line) of this isotherm at p, amounts to about 0.2% of the ¢,
value in this region. Such a difference is, however, at least 2
orders of magnitude smaller than the estimated uncertainty
of IAPWS-95 in ¢, in this immediate vicinity of the critical
point. When comparing the ¢, curves in Figs. 6.11 and 6.12,

Cp_ . r
F - Tz( ¢TT+ ¢TT) +

(6.11)

~ 1200

[}

94

T

@ 1000

2

~ 800

(&)

2

8 600

Q.

(1]

[&]

3 400

L

)

@

S 200

(7]

- = Pe
0 1 1 1 1 1 1 I| 1 ] 1 1 1 1 1
250 300 350 400

Density o / (kg m=)

FiG. 6.12. Isobaric heat capacity as a function of density calculated from
IAPWS-95, Eq. (6.4), along the two isotherms T=T.+1K and T=T,
+2 K. The arrows mark the locations where the indentations occur, see text.

it can be seen that the indentation diminishes rather rapidly
with increasing temperature differences (7—7.); for (T
—T.)~2 K it is practically gone.

Isochoric heat capacity and speed of sound extremely near
the phase boundary. According to item (3) before Eq. (5.40),
within the é—7 surface of the critical region, the maximum of
¢’ has to follow the course of the saturated vapor and liquid
line in order to avoid unreasonable ¢, maxima and w minima
in the single-phase region close to the phase boundary. The
first sum of the A function in Eq. (5.40) is responsible for
meeting this requirement, which models the course of the
phase boundary in the critical region. Thus, the two param-
eters A; and B; must to be determined in such a way that the
phase boundary modeled by this function is in agreement
with the phase boundary defined by the experimental
pop' p"T data. Since one of the two parameters, namely f3;,
must fulfill some relations with regard to the parameters a;
and b; of Eq. (5.40), the variability in this function is given
only by the parameter A;, which means that the first sum of
the A function is not very flexible. Thus, it is not easy to
model this function correctly, or at least in such a way that
the “phase boundary of this function” lies within the real
phase boundary defined by the experimental data. Here, for
TAPWS-95 the modeling of the first sum of the A function
has not been as successful as for our reference equation of
state for CO,, which also contains such nonanalytical terms
[see Span and Wagner (1996)]. In the following, the weak-
nesses of JAPWS-95 in this regard are discussed.

Figure 6.13 shows the isochoric heat capacity calculated
from TAPWS-95 in the gas region when approaching the
saturated vapor line. The figure presents the results for seven
gas isochores between p=302 and p=314 kgm > (p.
=322kgm?). It can be seen that IAPWS-95 yields the
maxima of ¢, not at the saturated vapor line (as it should be)

J. Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002
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FiG. 6.13. Isochoric heat capacity along several near-critical isochores p
<p, (gas region) calculated from IAPWS-95, Eq. (6.4), in a small tempera-
ture range above the saturation temperature.

but up to 2.5 mK before the saturated vapor line, which
corresponds to the y axis [(T—T,)=0] in Fig. 6.13. Al-
though a temperature difference of (7—7,)=2.5mK is
clearly within the uncertainty of the ¢, —T curve (expressed
in temperature, this uncertainty is estimated to be definitely
greater than 25 mK in this region), the occurrence of such
maxima in the single-phase region rather than at the satu-
rated vapor line shows an incorrect behavior of TAPWS-95 in
this respect. An analogous behavior of IAPWS-95 can be
observed in the liquid region when approaching the saturated
liquid line. This weakness of IAPWS-95 disappears in the
gas region for p=<302 kgm > (see Fig. 6.13) and in the liquid
region for p=342 kg m >, which means for densities about
6% smaller or greater than the critical density.

Analogous to the maxima in ¢, along isochores when ap-
proaching the vapor-liquid phase boundary, IAPWS-95
yields minima for the speed of sound w along isochores not
at the saturation temperature T, (as it should be) but up to
2.5 mK above T, . Figure 6.14 illustrates this incorrect be-
havior of IAPWS-95 in the liquid region when approaching
the saturated liquid line. This weakness disappears for the
same densities as mentioned above for ¢, .

Using the example of the isochoric heat capacity along the
vapor-liquid saturation curve, Fig. 6.15 shows ¢, and c,, as
a function of density calculated from IAPWS-95. It can be
seen that TAPWS-95 is basically able to yield the steep in-
crease of ¢, along the phase boundary when approaching the
critical density. A certain weakness is the oscillating course
of the saturated vapor and liquid line (in ¢,) instead of a
smooth increase. However, without the nonanalytical terms,
IAPWS-95 (or any other analytical wide-range equation of
state) would yield a course of ¢, and ¢, corresponding to the
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FIG. 6.14. Speed of sound along several near-critical isochores p>p, (liquid
region) calculated from IAPWS-95, Eq. (6.4), in a small temperature range
above the saturation temperature.

dashed-dotted line in Fig. 6.15. Figure 6.16 shows the corre-
sponding behavior of TAPWS-95 with regard to the speed of
sound along the saturated vapor and liquid line. IAPWS-95
yields the strong decrease of w” and w’ when approaching
the critical density, but with the weakness of an oscillation at
about w=220ms '. Thus, the following conclusion can be
drawn: while the nonanalytical terms are not perfect, they
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FIiG. 6.15. Isochoric heat capacity along the vapor—liquid phase boundary as
a function of density calculated from TAPWS-95, an IAPWS-95-like equa-
tion without nonanalytical terms, and the crossover equation of Kostrowicka
Wyczalkowska et al. (2000). Experimental data are plotted for comparison.
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FiG. 6.16. Speed of sound along the vapor—liquid phase boundary as a
function of density calculated from IAPWS-95, an IAPWS-95-like equation
without nonanalytical terms, and the crossover equation of Kostrowicka
Wyczalkowska et al. (2000).

help considerably to model the strong increase of the iso-
choric heat capacity and the strong decrease of the speed of
sound in the critical region.

6.4.3. Nonanalytical Terms Proposed by Kiselev and Friend

Being aware of the problems of IJAPWS-95 with physi-
cally incorrect limiting behavior when approaching the criti-
cal point, Kiselev and Friend (1999) developed a crossover
formalism for the thermodynamic surface of pure fluids that
can be used for multiparameter equations of state. They ap-
plied their idea to IAPWS-95 and replaced the two nonana-
lytical terms in Eq. (6.4) with a modification of the so-called
kernel term developed by Chen et al. (1990) in the context of
their crossover theory based on the renormalized Landau ex-
pansion of the Helmholtz free energy. This kernel term, de-
pending directly on density and temperature, contains a
crossover function Y that is implicitly defined by a set of four
equations with six universal and six substance-specific pa-
rameters; the substance-specific parameters were fitted by
Kiselev and Friend to the experimental data of H,O in the
critical region.

Kiselev and Friend (1999) showed that, with such a kernel
term, the physically incorrect behavior of Eq. (6.4) regarding
the caloric properties in a small part of the critical region
could be avoided. However, this advantage has a price: the
complexity of the entire multiparameter equation has clearly
increased. The following items are examples of this com-
plexity, for further details see Span (2000):

(i) for the evaluation of the kernel term, the equations
defining the crossover function Y must be solved it-
eratively;

(ii))  due to the implicit nature of the kernel term, the cal-
culation of thermodynamic properties becomes rather
complicated; and

(iii)  the kernel term in Kiselev and Friend’s modified ver-
sion of Eq. (6.4) contributes to all derivatives of the
dimensionless Helmholtz free energy.

Even if the contributions according to item (iii) are small,
they are certainly not completely negligible. Thus, such a
kernel term should not simply be added to an existing equa-
tion, but should be fitted together with all the other coeffi-
cients of the equation. In order to obtain optimum results,
such a kernel term should even be included in the entire
process of optimizing the functional form of an equation of
state, see Sec. 5.5.2. However, based on the structure-
optimization methods existing at present, these demands
make the development of such a complex equation of state
practically impossible.

Whatever one does to improve the representation of the
caloric properties in the critical region in connection with a
wide-range equation of state, the corresponding terms should
not be much more complex than the terms ;=55 and 56 in
Eq. (6.6).

6.4.4. Summary of the Advantages and Weaknesses
of the Nonanalytical Terms in IAPWS-95

The advantages and weaknesses of the nonanalytical terms
[terms i =55 and i =56 in Eq. (6.6)] of IAPWS-95 discussed
in Secs. 6.4.1 and 6.4.2 can be summarized as follows:

(i) In contrast to all the analytical wide-range equations of
state for H,O, IAPWS-95 is able to follow the steep increase
of the isochoric heat capacity and the strong decrease of the
speed of sound when approaching the critical point.

(ii) This desirable behavior has been achieved by incorpo-
rating two special nonanalytical terms without any transfor-
mation of the independent variables 6 and 7, resulting in a
relatively simple (in comparison with scaled and crossover
equations) and easily programmable structure of IAPWS-95.

(iii) This relatively simple form of the nonanalytical terms
has been achieved at the expense of a behavior which is
physically incorrect in some features very close to the critical
point. It results in one indentation of the derivative (dp/dp)r
at the critical density on each isotherm in the immediate
vicinity of the critical point. This indentation occurs at den-
sities about =0.5% around the critical density p, at tempera-
tures from the critical temperature 7. up to about 2 K above
T.. In the same region, this indentation in (dp/dp)s pro-
duces a corresponding indentation in the isothermal com-
pressibility and in the isobaric heat capacity. Although this
indentation is without any doubt a physically incorrect fea-
ture, it has practically no effect on the application of
IAPWS-95. Nevertheless, in this region derivatives of «rp
and ¢, [e.g., (dc,/dp)r] should not be calculated, but such
derivatives are not usually needed.

(iv) Within a temperature range from 20 mK below T, up
to T, (corresponding to saturation densities =6% around p.),
the isochoric heat capacity ¢, calculated from IAPWS-95
exhibits a maximum and the speed of sound w exhibits a

J. Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002



442 W. WAGNER AND A. PRUB
0.1 0.05
<
o
=) off
S ?
o
-0.1 -0.05
0.1 0.3 N
/ |
"« | Al
Q ° goﬁ
<] 0 E — ‘ 'lq
S ¥ g
= -8
T % 9|
_01 I 1 1 I 1 1 1 t _0 3 i 7;)\11
0.1 0.5 T

Q
= A
I o0 3 Yyvyt ,§ =

¥ MAAZ £ SN - R e
o ¥ - Y-
o Y

T %
_ 1 ] PR W | ] _
0.1 0.5

300 400 500 600 600 625 650

A Osborne et al. (1933)
X Smith & Keyes (1934)
© Osborne et al. (1937)
Y Osborne et al. (1939)

—-— IAPS-84

Temperature T/K

+ Rivkin et al. (1964)
< Stimson (1969)

O Kell (1975)

X Guildner et al. (1976)

— - — Hill (1990)

X Hanafusa et al. (1984)
v Kell et al. (1985)
< Morita et al. (1989)

FIG. 7.1. Percentage deviations of the experimental data of the vapor pressure p,, the saturated liquid density p’, and the saturated vapor density p” from the
corresponding values calculated from IAPWS-95, Eq. (6.4). Values calculated from IAPS-84 and the equation of Hill (1990) are plotted for comparison:

IOOApo/p(r: 100([) U,cxp_p(r,calc)/pa,cxp ’ IOOAP//p/ = 100(pe’xp_p(,:‘dlc)/péxp ) 100Ap”/p”= loo(ple,xp_p:a]c)/p,e,xp .

minimum away from the saturation temperature 7, of the
corresponding isochore (the extrema should be directly at
T,) but in the single-phase region up to 2.5 mK above T .
However, this physically incorrect behavior has practically
no effect because it is clearly within the uncertainty of
TAPWS-95 with respect to ¢, and w along the saturated va-
por and saturated liquid line in this very near-critical region.
Nevertheless, in this region derivatives of ¢, and w [e.g.,
(dc, 19T) p] should not be calculated, but such derivatives
are not usually needed.

In our experience, the described deficiencies of IAPWS-95
regarding some caloric properties in a small part of the criti-
cal region have no effects on the practical use of IAPWS-95.
However, for users who must avoid these problems, use of
the crossover equation of Kostrowicka Wyczalkowska et al.
(2000) is recommended.
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7. Comparison of the IAPWS-95
Formulation with Experimental Data
and Values from Other Equations of State

In this section, the quality of the TAPWS-95 formulation is
discussed based on comparisons with the selected experi-
mental data used to develop IAPWS-95 (see Sec. 4) and
when necessary with further experimental data. Most figures
also show results of the previous scientific standard equation
TAPS-84 [Haar et al. (1984), Kestin and Sengers (1986)] and
of the equation of state of Hill (1990); for a brief description
of these two equations see Sec. 1.2. Since both previous
equations were developed on the IPTS-68 temperature scale,
all temperatures were converted to the IPTS-68 scale before
values were calculated from these equations. Comparisons
with the experimental data of the various properties in the



THERMODYNAMIC PROPERTIES OF ORDINARY WATER 443

0.003

o et
N

[/t
0003l et 100 ab g
280 300 320 340 360 380 400 420

Temperature 7/K

100 Ap'lp’
(o]
\‘
-
53 X \

X Smith & Keyes (1934)
o Kell (1975)

—-— IAPS-84 —--

v Kell ef al. (1985)

— Hill (1990)

FIG. 7.2. Percentage deviations 100Ap"/p’=100(p ., Peaic)/ Pexp between
experimental data of the saturated liquid density p’ and values calculated
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tion of Hill (1990) are plotted for comparison.

critical region are not summarized in a special critical-region
section but are given for each property in its subsection.
When such comparisons for the critical region are made, the
values from the crossover equation of Kostrowicka Wycza-
lkowska ef al. (2000) are also included in the corresponding
figures.

7.1. The Vapor-Liquid Phase Boundary
7.1.1. Thermal Properties at Saturation

Figure 7.1 shows the deviations of the selected experimen-
tal data for the vapor pressure p, and the saturated liquid and
vapor density, p" and p”, from the corresponding values cal-
culated with IAPWS-95, Eq. (6.4); for comparison purposes
the values calculated from IAPS-84 and from the equation of
Hill (1990) are also given. For all three equations of state,
the saturation properties p,, p’, and p” were calculated via
the phase-equilibrium condition, Egs. (6.9a)—(6.9¢). In order
to take into account that the scatter of the p’ and p” data
increases for temperatures above 600 K, different deviation
scales have been used for the temperatures below and above
600 K. TAPWS-95 represents all the selected thermal satura-
tion data to within the uncertainties given in Table 2.1. From
the deviation diagram of the saturated liquid density, it can
be seen that for temperatures between 550 and 600 K the p’
values from IAPWS-95 are slightly systematically below the
experimental data by about —0.05% (but still within the ex-
perimental uncertainty). This deviation is caused by the fact
that IAPWS-95 was also fitted to the ppT data of Kell et al.
(1978), which cover the homogeneous liquid region up to
near the saturated liquid line (see Sec. 7.2.1.2). As can be
seen from Fig. 2.2, the auxiliary equation for p’, Eq. (2.6),
represents the experimental data of this region without such
systematic deviations. This is, however, a slight overfitting
because Eq. (2.6) did not have, of course, the experimental
information from the homogeneous liquid region. Thus, it
follows that TAPS-84, which represents the p’ data without
such systematic deviations, is not able to represent the men-
tioned ppT data of Kell et al. (1978) to within their uncer-
tainty.
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FiG. 7.3. Percentage deviations of the experimental data of the vapor pres-
sure p,, , the saturated liquid density p’, and the saturated vapor density p”
from the corresponding values calculated from IAPWS-95, Eq. (6.4), for the
temperature range from 10 K below the critical temperature up to 7. Val-
ues calculated from ITAPS-84, the equation of Hill (1990), and the crossover
equation of Kostrowicka Wyczalkowska er al. (2000) are plotted for com-
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In the discussions throughout Sec. 7.1, the homogeneous
liquid region is referred to quite often, because many experi-
mental saturation data are not mutually consistent. The first
example of this is given in the following.

Figure 7.2 illustrates that, in contrast to IAPS-84 and
Hill’s equation of state, ITAPWS-95 is able to represent the p’
data of Kell (1975) to within their experimental uncertainty
(Ap'=%*0.0004% at T=277K to Ap'==*0.0012% at T
=423K) without significant oscillations. However, the
nearly constant deviation of Kell’s data from the p’ values of
IAPWS-95 up to the normal boiling temperature 7}, could
not be avoided, since otherwise the correct representation of
the second derivatives (3°p/dp?)y and (9°p/dpdT) of Eq.
(6.4) in the liquid region would have suffered, see Sec. 7.3.1.

Behavior in the critical region. In order to show how the
TAPWS-95 formulation behaves in the critical region for the
thermal saturation properties, a comparison with the experi-
mental data is given for temperatures from (7.,— 10K) to T,
in Fig. 7.3. Besides IAPS-84 and the equation of Hill (1990),
in the critical region of the vapor—liquid phase boundary, the
values from the crossover equation of Kostrowicka Wycza-
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FIiG. 7.4. The vapor-liquid phase boundary in the critical region of the p—p
diagram calculated from IAPWS-95, Eq. (6.4), IAPS-84, the equation of
Hill (1990), and the crossover equation of Kostrowicka Wyczalkowska
et al. (2000).

lkowska ef al. (2000) are also plotted for comparison pur-
poses. It can be seen that [APWS-95 represents the experi-
mental data of all three properties, namely p,, p’, and p”,
very well to within their scatter, which means without any
systematic trend up to the critical temperature. This behavior
is a clear improvement in comparison with the previous stan-
dard IAPS-84, which shows systematically increasing devia-
tions from the experimental data when approaching the criti-
cal temperature 7'.. This weakness of IAPS-84 is even more
apparent in Fig. 7.4; see further below. Except for the region
very close to T, (see Fig. 7.4), the equation of Hill (1990)
covers the thermal saturation properties for temperatures
shown in Fig. 7.3 well. The crossover equation of Kostrow-
icka Wyczalkowska et al. (2000) represents the experimental
data of the vapor pressure to within the experimental uncer-
tainty of =0.025% valid for the data of Osborne et al.
(1933). In contrast, the representation of the saturation den-
sities is clearly unsatisfactory. While the values of the satu-
rated liquid density calculated from the crossover equation
are still mostly within the experimental uncertainty (but bi-
ased above the experimental data), clearly systematic devia-
tions occur for the saturated vapor density; for temperatures
below 642 K, these deviations are clearly outside the experi-
mental uncertainty of about =0.3% claimed by Osborne
et al. (1937) for their measurements (see Table 2.1). From all
three deviation diagrams of Fig. 7.3, it can be seen that the
thermal saturation properties of the critical region are clearly
better covered by the IAPWS-95 formulation than by the
crossover equation of Kostrowicka Wyczalkowska et al.
(2000).

Figure 7.4 shows the absolute plot of the vapor-liquid
phase boundary in a pressure—density diagram calculated
from the four equations of state discussed here; the plotted
phase boundaries cover a temperature range from 7. to 1 K
below T.. It can be seen that IAPS-84 yields a fundamen-
tally incorrect plot in this part of the critical region. This
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FiG. 7.5. Percentage deviations of the experimental data of the speed of
sound of the saturated liquid w' and the speed of sound of the saturated
vapor w” from the corresponding values calculated from IAPWS-95, Eq.
(6.4). Values calculated from IAPS-84 and the equation of Hill (1990) are
plotted for comparison: 100Aw"/w'=100(w ¢, = Weuo) /Wy » 100AW"/w"

calc. exp ?
_ no___n "
= lOO(wexp wcalc)/wexp.

figure also illustrates that the phase boundary calculated
from the equation of Hill (1990) ends at a temperature that is
too low. The simple reason for this behavior is that the criti-
cal point of Hill’s equation does not correspond to the critical
parameters later agreed on by IAPWS [IAPWS (1992)].
Moreover, this absolute p—p diagram shows that [APWS-95
and the crossover equation of Kostrowicka Wyczalkowska
et al. (2000) yield basically the same shape of the phase
boundary when approaching the critical point.

7.1.2. Speeds of Sound at Saturation

The only experimental speeds of sound on the saturated
liquid line w' used for developing IAPWS-95 are the data of
Chavez er al. (1985), see Table 4.3. Figure 7.5 shows a com-
parison of these w' data with the values calculated from
TIAPWS-95, Eq. (6.4). For temperatures above 420 K, the
data of Chavez et al. (1985) are systematically up to 0.13%
below the values calculated from IAPWS-95; this deviation
is outside the experimental uncertainty of =0.05% claimed
by the authors. Several attempts to represent the w' data to
within the given uncertainty failed, since otherwise the rep-
resentation of the other properties on the saturated liquid line
would have been worsened. Moreover, an improved repre-
sentation of the w’ data would have resulted in an oscillating
behavior of the calculated values of the enthalpy 2’ on the
saturated liquid line that would have clearly exceeded the
tolerances of the IST-85 values [IAPWS (1994)], see Sec.
7.1.5. This conclusion is confirmed by the behavior of IAPS-
84. As can be seen in this figure, IAPS-84 follows Chavez
etal’s data up to 480 K, but for higher temperatures
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tween experimental data of the isochoric heat capacity of the saturated liquid
¢, and values calculated from IAPWS-95, Eq. (6.4). Values calculated from
IAPS-84 and the equation of Hill (1990) are plotted for comparison.

IAPS-84 yields values up to 0.13% below the experimental
data. In this temperature range, IAPS-84 shows a clearly os-
cillating behavior with regard to the 2’ values and has diffi-
culties in remaining within the IST-85 tolerances, see Fig.
7.9. Nevertheless, a final assessment of the w’' data of
Chavez et al. (1985) can only be made by remeasuring the
caloric properties at saturation.

The upper diagram of Fig. 7.5 also contains the w' data of
McDade et al. (1959), which were not used to fit IAPWS-95.
These data are represented to within their relatively large
experimental uncertainty of Aw’= = 1%. However, for tem-
peratures above 500 K, these data are no longer consistent
with the speed-of-sound data of the homogeneous liquid re-
gion.

Novikov and Avdonin (1968) give for their speed-of-
sound data w" on the saturated vapor line uncertainties of
Aw"=*1%. From the lower diagram of Fig. 7.5 it can be
seen that the w" data are represented to within this uncer-
tainty by all three equations of state, but the best representa-
tion has been achieved by IAPWS-95. This observation is in
agreement with the representation of the speed-of-sound data
in the homogeneous gas region near the saturated vapor line,
see Sec. 7.2.3.

7.1.3. Isochoric Heat Capacities at Saturation

Since the data sets of the isochoric heat capacities at satu-
ration, measured by experimenters at the Dagestan Scientific
Center of the Russian Academy of Sciences, are unfortu-
nately not very consistent with each other (see the discussion
in Sec. 7.2.4), these data were not used to develop the
TAPWS-95 formulation; for more details about these data see
Sec. 4.1.2.

As an example, Fig. 7.6 shows percentage deviations be-
tween the experimental isochoric heat capacities of the satu-
rated liquid ¢, (from the single-phase region) and corre-
sponding values calculated from IAPWS-95; the figure
covers the temperature range up to 630 K, for the critical
region see Fig. 6.15. The differences between the three data
sets are obvious; the deviations of the cl', data of Amirkhanov
et al. (1969) from the values calculated with IAPWS-95 re-
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FiG. 7.7. Percentage deviations of the experimental data of the isobaric heat
capacity of the saturated liquid cl; and the isobaric heat capacity of the
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95, Eq. (6.4). Values calculated from IAPS-84 and the equation of Hill
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main within *1% for temperatures up to 573 K. On the other
hand, there is an excellent agreement between IAPWS-95
and the equation of Hill (1990); the differences in ¢, be-
tween the two equations remain within £0.15% in the entire
temperature range covered by Fig. 7.6. Both equations are
very well determined by the accurate pp7 data on and
around the saturated liquid line. In this respect, the isochoric
heat capacity is, outside the critical region, not a “difficult”
property for good equations of state. It is estimated that,
outside the critical region, the uncertainty of IAPWS-95 in
c, is less than *=0.5%.

7.1.4. Isobaric Heat Capacities at Saturation

The only measuring runs which exist for H,O for the iso-
baric heat capacity on the saturated liquid and saturated va-
por line are the ¢, and c), data of Sirota (1963) which he
derived from his ¢, data of the homogeneous liquid and
vapor. Figure 7.7 shows the representation of Sirota’s cl', and
c, data by IAPWS-95, Eq. (6.4). It can be seen that, particu-
larly for c;, the data are clearly better represented by
TAPWS-95 than by IAPS-84 and by the equation of Hill
(1990). This improved behavior was achieved by including
these data into the fit of IAPWS-95, although the behavior of
Eq. (6.4) regarding the caloric properties along the vapor—
liquid phase boundary was essentially already fixed by fitting
to the u’ and u” values (see Table 5.4). The effectiveness of
this measure is mainly based on the fact that, for fitting
IAPWS-95 to the data of ¢, and c,,, the phase-equilibrium
condition was applied in the direct nonlinear way, see Sec.
5.5.2 and particularly Egs. (5.18) to (5.20) in Table 5.1 and
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Fig. 5.1. Due to the strongly increasing uncertainty in den-
sity, the fit to the ¢, and ¢, data was not performed for
temperatures 7> 628 K.

7.1.5. The Caloric Difference Property A« and the Enthalpies
at Saturation

The importance of the caloric property « for the determi-
nation of the enthalpy #, the internal energy u, and the en-
tropy s on the vapor—liquid phase boundary has been de-
scribed in Sec. 2. In Fig. 7.8 the (Aa/AT) values are plotted
for the temperature range up to 370 K, which is covered by
Osborne et al.’s (1939) more precise data. The experimental
uncertainty of these data corresponds to approximately the
scatter of the data. It can be seen that IAPWS-95 follows the
experimental data very smoothly, while IAPS-84 shows
larger systematic oscillations. The upper diagram of Fig. 7.9
presents the percentage deviations of the experimental A«
data in comparison with those calculated from [IAPWS-95,
Eq. (6.4). In contrast to TAPS-84 and the equation of Hill
(1990), TAPWS-95 is able to reproduce the Ax data within
the experimental uncertainty without significant oscillations;
TAPWS-95 represents these A« data practically as well as the
auxiliary equation for this quantity, Eq. (2.9), see Fig. 2.3.

Figure 7.9 also shows that IAPWS-95 represents the en-
thalpies on the saturated liquid and vapor line, A’ and h",
according to the international skeleton table values IST-85
[TAPWS (1994)] very well, i.e., without any oscillations and
clearly within the tolerances of IST-85. According to IAPWS
(1994), these IST-85 values for 4’ and h” were calculated
from Egs. (2.10) and (2.11) so that the very good agreement
of TAPWS-95 with these IST-85 values means that
TAPWS-95 is not only in good agreement with the interna-
tional saturation equations for the thermal properties, Egs.
(2.5)-(2.7), but also with the corresponding saturation equa-
tions for the caloric properties, Egs. (2.9)—(2.15).
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7.2. The Representation of Properties
in the Single-Phase Region

7.2.1. ppT Data

The ppT data used to develop the IAPWS-95 formulation
cover a temperature range from 253 to 1174 K, see Fig. 4.1
and Table 4.4. These data lie on 55 isotherms, of which 30
representative isotherms have been selected to illustrate the
quality of IAPWS-95 in representing the ppT data. The com-
parisons are discussed for increasing temperatures where
specific temperature regions are summarized in the following
subsections.

7.2.1.1. Temperature Range T<273.16 K. It is well
known that for H,O there is a small part of the liquid region
with temperatures less than the temperature of the triple
point, 7,=273.16 K; this region is bordered by the melting—
pressure curves of the ice modifications I, III, and V, see Fig.
2.1. Figure 7.10 shows that IAPWS-95, Eq. (6.4), represents
the experimental ppT data to within *=0.1% in density for
temperatures between 253.15 and 263.15 K and to within
*£0.2% in density for T=268K. The equation of Hill
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FiG. 7.10. Percentage density deviations between experimental ppT data
and values calculated from IAPWS-95, Eq. (6.4). Values calculated from
TAPS-84 and the equation of Hill (1990) are plotted for comparison. The
stable liquid region is bordered by the two phase-boundary lines of the
melting pressure p,.

(1990) shows somewhat greater deviations and TAPS-84
clearly deviates more from the experimental data.

7.2.1.2. Temperature Range 273.16 K<T<643.15 K. Fig-
ure 7.11 presents comparisons between the experimental
ppT data and those values calculated from IAPWS-95, Eq.
(6.4), for temperatures from 273.16 to 643.15 K. These iso-
therms cover both the gas region (p<<p,) and the liquid
region (p>p,). These two regions are separated by the
phase boundary at p=p,, which can be seen in these dia-
grams for p,=0.1 MPa. This means that the diagrams show
the gas region only for 7=393.15K whereas the selected
ppT data only exist for 7=473.15 K at p=0.1 MPa, see also
Fig. 4.1.

In the gas region, the data situation was clearly improved
by the ppT data of Kell ez al. (1989). This fact can be clearly
seen in Fig. 4.1 and the characteristic points of this data set
are discussed in Sec. 4.2.1. In contrast to IAPS-84 and the
equation of Hill (1990), IAPWS-95 represents these data to
within their experimental uncertainty of *+0.006 kgm >
given by Kell et al. (1989). To give an example, this absolute
uncertainty value corresponds to a percentage uncertainty in
density of +0.025% for the isotherm 7=548 K at a pressure
of p=5 MPa. The data set of Kell er al. (1989) extends to

temperatures of 773 K; for the deviation diagrams regarding
these data for 7>423 K see Fig. 7.17.

There are very accurate ppT data in the liquid region for
temperatures from 273 to 423 K at pressures up to 100 MPa.
The representation of these data by IAPWS-95 is illustrated
in Fig. 7.12 with a suitable deviation scale. Thus, for Fig.
7.11, only the ppT data of the liquid region for pressures
between 100 and 1000 MPa are discussed.

It can be seen that JAPWS-95 and the equation of Hill
(1990) are able to very well represent the high-pressure data
measured by Grindley and Lind (1971) at temperatures be-
tween 298 and 423 K. For these two equations the deviations
in density remain essentially within +0.02%, while they in-
crease up to £0.2% for IAPS-84. In Sec. 4.2.1, the inconsis-
tency between the high-pressure data sets of Maier and
Franck (1966), Koster and Franck (1969), and Hilbert et al.
(1981) was discussed. The exclusion of the first two data sets
from the selected data explains why IAPWS-95 represents
the high-pressure data of Hilbert et al. (1981) clearly better
than the other two equations of state plotted in these dia-
grams. Moreover, the fact that there are no essential incon-
sistencies in the high-pressure range of the selected ppT data
set has clearly improved the extrapolation behavior of
TAPWS-95. This fact should be kept in mind when discuss-
ing the systematic deviations of the IST-85 values in the
high-temperature high-pressure range, see Sec. 7.2.1.5.

Liquid range (T<423.15 K, p<100 MPa) covered by very
accurate data. In order to illustrate the high quality of
TAPWS-95 in representing the ppT data in the liquid region
for temperatures not greater than 423.15 K and pressures up
to 100 MPa, Fig. 7.12 shows the corresponding deviation
diagrams in high resolution. The representation of this part of
the liquid region by IAPWS-95 is essentially based on the
very accurate ppT data of Kell and Whalley (1975). The
experimental uncertainty of these data is £0.001% in density
at low pressures and up to =0.003% at pressures up to 100
MPa. The IAPWS-95 formulation is able to represent the
data to within these very small uncertainty values. This at-
tribute of JAPWS-95 is very important for calibration pur-
poses at higher pressures, and means a clear improvement in
comparison with IAPS-84. Hill’s equation also represents
these data well; very small deviations appear only near p
=100 MPa.

Highly accurate data of liquid densities at p=0.101 325
MPa. For a pressure of 0.101 325 MPa at temperatures from
273.15 to 358.15 K, there are highly accurate liquid density
data of H,O corresponding to an isotopic composition of
VSMOW. The data are based on the BIPM value for the
maximum density on this isobar and the measurements of
thermal expansion carried out by Takenaka and Masui (1990)
at the Japanese National Research Laboratory of Metrology
(NRLM); for further details see Sec. 4.2.1. These data of
metrological quality were of great importance for modeling
TAPWS-95 in this part of the liquid region. Figure 7.13
shows that TAPWS-95 is indeed able to represent Takenaka’s
and Masui’s densities to within the given experimental un-
certainty of =1 ppm. The TAPWS-95 formulation is the only
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and the equation of Hill (1990) are plotted for comparison.

wide-range equation of state for H,O which has such a qual-
ity in the liquid region at ambient pressure. The densities of
Kell (1975), to which IAPWS-95 was not fitted, are included
in Fig. 7.13 for comparison because they were the most ac-
curate liquid densities for this isobar before Takenaka and
Masui (1990) reported their values.

After the development of IAPWS-95 was finished, new
liquid density measurements of metrological quality have
been published for VSMOW at p=0.101325MPa. These
are the densities of Patterson and Morris (1994) measured at
the CSIRO Australian National Measurement Laboratory and
the measurements of Masui ef al. (1995) carried out at
NRLM; for details of these measurements see Sec. 4.2.1.
Masui ef al. (1995) also reported a p(T) equation which rep-
resents their measurements very accurately. From this equa-
tion, we calculated 18 density values for temperatures from
273.15 to 358.15 K. As described in Sec. 4.2.1, for the isobar
p=0.101325MPa and temperatures from 273.15 to 313.15
K an internationally agreed set of densities was very recently
adopted by a Task Group formed by the Working Group of
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Density of the Consultative Committee for Mass and Related
Quantities, see Tanaka ef al. (2001).

All these liquid—density data of metrological quality at p
=0.101 325 MPa are plotted in Fig. 7.14 in comparison with
the values calculated from TAPWS-95. It can be seen that
IAPWS-95 represents both the internationally agreed values
of Tanaka ef al. (2001) and the data of Takenaka and Masui
(1990) to within =1 ppm; only the value of Tanaka e al.
(2001) at T=313.15K is with —1.1 ppm slightly outside the
*1 ppm band. The value for the maximum density along this
isobar determined from IAPWS-95 amounts to pp.x
=999.9749kgm 3, which agrees almost exactly with the
value P, =999.974950kgm ® given by Tanaka et al.
(2001); for the temperature of this p,,,, value and its uncer-
tainty see Sec. 4.2.1. Thus, Fig. 7.14 confirms very clearly
that the TAPWS-95 formulation produces accurate densities
for VSMOW, even though the molar mass on which
TAPWS-95 is based is not identical to that of VSMOW, see
Sec. 6.1.

Extrapolation behavior of IAPWS-95. Recently, Wiryana
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et al. (1998) reported ppT data for temperatures from 353.15
to 473.15 K at pressures up to 3500 MPa. Although these
data are not direct density measurements but were derived
from their speed-of-sound measurements (see Sec. 4.2.1),
they can be used to test the extrapolation behavior of
TAPWS-95 at pressures up to 3.5 times its range of validity
(1000 MPa). Figure 7.15 shows a comparison between
Wiryana et al.’s ppT data and the values calculated from
TAPWS-95. The maximum deviation is about 0.2% and oc-
curs at 7=473.15K and p=3500 MPa. At this ppT point,
the deviations of IAPS-84 and the equation of Hill (1990) are
slightly greater than 1%. This test shows the very good ex-
trapolation capability of IAPWS-95, at least for the thermal
properties in this temperature range.

7.2.1.3. Critical Region 643.15 K<T<663.15 K. Figure
7.16 presents comparisons between the experimental ppT
data of the critical region and those values calculated from
TIAPWS-95, Eq. (6.4), covering a temperature range from

0.101 325 MPa
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FiG. 7.13. Percentage density deviations 100A p/p=100(pexp=Pcatc)/ Pexp
between highly accurate experimental pp7 data along the isobar p
=0.101 325 MPa and values calculated from IAPWS-95, Eq. (6.4). Values
calculated from [APS-84 and the equation of Hill (1990) are plotted for
comparison.

646.15 to 653.15 K (T,=647.096 K) at densities from 0 to
500 kgm > (p,=322kgm™?); the density range clearly ex-
ceeds the critical region. As usual, for this region with very
large values of (dp/dp)y, the comparisons are not presented
as density deviations but as pressure deviations. Besides
IAPS-84 and the equation of Hill (1990), values from the
crossover equation of Kostrowicka Wyczalkowska et al.
(2000) are plotted for comparison. It can be seen that
TAPWS-95 represents the ppT data on the near-critical iso-
therms to within the scatter of the data of about £0.05% in
pressure. The critical isotherm is excellently covered. The
slight systematic peak of the data for T=647.3K and T
=648 K at about p=370 kgm ™ is obviously an artifact of
the data; none of the equations is able to follow this oscilla-
tion. For the density range of about =25% around the critical
density, the crossover equation of Kostrowicka Wycza-
lkowska et al. (2000) shows very good behavior as well, but
outside this density range its deviations increase quite rap-
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Fig. 7.14. Parts-per-million density deviations loéAp/pZIOG(pexp

—Peaic)/ Pexp between highly accurate experimental ppT data along the iso-
bar p=0.101 325 MPa and values calculated from IAPWS-95, Eq. (6.4).
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idly; the deviations are only plotted within the range of va-
lidity of this equation. The equation of Hill (1990) also rep-
resents the data very well, whereas IAPS-84 yields an
oscillating course in this density range.

7.2.1.4. Temperature Range 663.15<T<1273.15 K. The
representation of the experimental ppT data of the high-
temperature range by IAPWS-95, Eq. (6.4), and by the other
equations of state is summarized in Fig. 7.17 for six repre-
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sentative isotherms between 673 and 1123 K. It can be seen
that the temperature region up to 773 K is still quite well
covered by the ppT data, which are represented by
TAPWS-95 roughly to within £0.1% in density (except for
the isotherm T=673 K near its inflection point). Besides the
ppT data of Hilbert er al. (1981), which extend to 873 K, the
temperature range from 823 to 1174 K is covered only by the
data of Vukalovich er al. (1962), see also Fig. 4.1. While
Hilbert et al’s data are still mostly represented by
TAPWS-95 to within £0.1% in density, there are systematic
deviations from the data of Vukalovich et al. (1962) that ex-
tend up to 0.35% in density at 923 K. A better representation
of these data would have made the extrapolation capability
worse. The values from IAPS-84 and from the equation of
Hill are plotted for comparison.

7.2.1.5. Comparison with the IAPS Skeleton Table Values
at High Pressures and High Temperatures. In the past,
knowledge of the thermodynamic properties of H,O was
summarized in a set of skeleton steam tables whose values
had been found by critical evaluation of experimental data
with respect to their estimated uncertainties in connection
with statistical methods. In this way, Sato et al. (1988) estab-
lished the “IAPS Skeleton Tables 1985 for the Thermody-
namic Properties of Ordinary Water Substance,” referred to

) 652 - 653 K
0.1 P
'/

B A% A
AAD %7;\ ARy

—~7x

0 [~ T X7 \t
NV T
R R ir
0.1 1 1 T | i (& pA
0 100 200 300 400 500

Density o / (kg m3)

X Kell et al. (1989)
© Morita et al. (1989)

— -~ — Hill (1990)

FIG. 7.16. Percentage pressure deviations between experimental ppT data in the critical region and values calculated from TAPWS-95, Eq. (6.4); the density
range of the diagrams clearly exceeds the critical region. Values calculated from [APS-84, the equation of Hill (1990), and the crossover equation of
Kostrowicka Wyczalkowska et al. (2000) are plotted for comparison; values from the crossover equation are only shown within its range of validity.
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as IST-85 in the following. IST-85 contains values for the
specific volume and specific enthalpy that were originally
based on the temperature scale IPTS-68; a revised release
[TAPWS (1994)] provides the values corresponding to the
current temperature scale ITS-90.

The IAPWS task group for evaluating the IAPWS-95 for-
mulation ascertained that, in the high-temperature high-
pressure range, the IST-85 values of the specific volume ex-
hibit  systematically positive deviations from the
corresponding values of IAPWS-95, Eq. (6.4). For tempera-
tures from 573 to 1073 K and pressures greater than 200
MPa, there are ranges of pressure where the deviations of the
IST-85 values exceed their tolerances. Figure 7.18 illustrates
this situation for three high-temperature isotherms. It can be
seen that the IST-85 values are clearly influenced by the ppT
data sets of Maier and Franck (1966) and of Koster and
Franck (1969) which are not consistent with the data set of
Hilbert et al. (1981), see the discussion in Sec. 4.2.1 in con-
text with Fig. 4.4. Hilbert et al.’s ppT data have uncertain-
ties of less than *0.2% in density and are therefore five
times more accurate than the other two data sets. Moreover,
Fig. 4.4 shows that Hilbert et al.’s data are confirmed at
lower pressures by the data of Kell et al. (1978) and at
higher pressures by the recent data of Wiryana et al. (1998).
Thus, it can be concluded that the IST-85 values are mis-
guided in this high-temperature high-pressure range by the

ppT data of Maier and Franck (1966) and of Koster and
Franck (1969). Although there are no ppT data of Hilbert
et al. (1981) for T>873 K, the course of IAPWS-95 in the
high-temperature high-pressure range is guided by the data
of Hilbert er al. (1981).

In general, it can be stated that the thermodynamic surface
of water (or of any other substance) can be much better de-
fined by an accurate wide-range equation of state, such as
IAPWS-95, than by any skeleton table, such as IST-85; an
equation of state contains much more thermodynamic infor-
mation than one can take into account when establishing
skeleton tables.

7.2.2. Second and Third Virial Coefficients

As discussed in detail in Sec. 4.2.2, the IAPWS-95 formu-
lation was not fitted to experimental values of the second
virial coefficient B (neither, of course, to the third virial co-
efficient C). Nevertheless, in the following the B and C val-
ues calculated from TAPWS-95, Eq. (6.4), are compared with
the experimental data sets for the second and third virial
coefficients. The outer diagram of Fig. 7.19 shows the sec-
ond virial coefficient B versus temperature 7 as calculated
from TAPWS-95, IAPS-84, and the equation of Hill (1990);
since the virial equation of Hill and MacMillan (1988) is
very often used in context with virial coefficients of H,O,
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values from this equation and the experimental B values are
also plotted. For temperatures down to 275 K, all four equa-
tions yield a very similar plot of B, whereas for very low
temperatures the equation of Hill (1990) does not go asymp-
totically to minus infinity but yields again increasing B val-
ues. The inner diagram of Fig. 7.19 presents the absolute
deviations between experimental second virial coefficients
and the corresponding values calculated from IAPWS-95. It
can be seen that the most reliable experimental B values,
namely the data of Eubank ef al. (1988) at 373, 403, and 423
K and of Kell et al. (1989) for temperatures from 448 to 723
K, are very well represented by IAPWS-95 to within 1-3
cm®mol !, For temperatures above 723 up to 1173 K,
IAPWS-95 represents the B values of Vukalovich et al.
(1967) to within 2 cm®mol~!; this temperature range is not
covered by the inner deviation diagram of Fig. 7.19. For
temperatures above the normal boiling temperature 7, all
four equations represent the most accurate B data [Eubank
et al. (1988) and Kell er al. (1989)] similarly well, where,
however, the equation of Hill and MacMillan (1988) remains
below the data for temperatures above 550 K; this is of im-
portance when discussing the representation of the data of
the third virial coefficients C at about 7.. All three equa-
tions, JAPS-84, Hill (1990), and Hill and MacMillan (1988),
exhibit clearly increasing deviations from the IAPWS-95
values (zero line) for temperatures below about 350 K be-
cause these equations were either fitted to B values calcu-
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lated from the correlation equation for the second virial co-
efficient developed by Le Fevre er al. (1975) or in the case of
Hill and MacMillan (1988) to the data of the isothermal
throttling coefficient at zero-density limit (see Sec. 7.2.7).
For temperatures below 423 K, Le Fevre ef al.’s equation
was exclusively fitted to experimental B values derived from
measurements of the isothermal throttling coefficient; we es-
timate that these B values [see Le Fevre (1975)] exhibit sys-
tematic trends to higher B values.

The third virial coefficient C calculated from the four
equations of state is plotted in Fig. 7.20. The C data, which
are also based on ppT data extrapolated to p—0, are still
more uncertain than the B data; thus, the data of the third
virial coefficient were not used to fit ITAPWS-95 either. Fig-
ure 7.20 shows the absolute course of the C values calculated
from the four equations for temperatures from 300 to 2000
K; the experimental data are plotted for comparison. The
inner diagram of Fig. 7.20 shows an enlarged section for
temperatures from 500 to 1500 K. It can be seen that only the
equation of Hill and MacMillan agrees with the C data for
temperatures from 625 to 750 K; all three wide-range equa-
tions of state [IAPS-84, IAPWS-95, and Hill (1990)] are not
able to cover these data. The virial equation of Hill and Mac-
Millan (1988) was fitted to the B and C values discussed
here, and the requirement to cover these C data leads to B
values from this equation which are in this range systemati-
cally slightly lower than those of the wide-range equations.
Moreover, starting at about 550 K but more clearly for tem-
peratures between 648 and 748 K at pressures above 4 MPa,
this equation cannot represent the very accurate ppT data of
Kell ez al. (1989) to within their uncertainty. This confirms
our decision not to fit IAPWS-95 to the experimental data of
the virial coefficients.

According to theoretical considerations, the third virial co-
efficient should reach a maximum at about the critical tem-
perature. A qualitatively correct plot of the third virial coef-
ficient at high temperatures is a prerequisite of an equation of
state for it to yield a reasonable Joule inversion curve, see
Colina and Olivera-Fuentes (2001). The Joule inversion
curve is far outside the range of validity of TAPWS-95 and
the other two wide-range equations of state. Its representa-
tion is therefore a good extrapolation test, see Sec. 7.3.3.

From the inner diagram of Fig. 7.20, it can be seen that, of
the three wide-range equations of state, only IAPWS-95
meets this criterion. IAPS-84 and the equation of Hill (1990)
yield a maximum in C(7) only at temperatures 7>37 .

7.2.3. Speed of Sound

Figure 4.5 shows the distribution of the experimental data
of the speed of sound w used to develop the JAPWS-95
formulation, see also Table 4.5. In the following, these data
are compared with the corresponding w values calculated
from the TAPWS-95 formulation, Eq. (6.4), and from the
other three equations of state mentioned at the beginning of
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Sec. 7. Since the selected data summarized in Table 4.5 do
not cover the critical region, the data sets of Erokhin and
Kal’yanov (1979), (1980) are used for comparisons in the
critical region but also outside the critical region.

The percentage deviation diagrams of Fig. 7.21, with de-
viation scales between *0.3% and *1%, cover a tempera-
ture range from 252 to 873 K. In the two diagrams below
273 K, the stable liquid region is only located in the small
range between the two-phase-boundary lines corresponding
to the melting pressure. TAPWS-95 is able to represent these
low-temperature speed-of-sound data to within =0.25%,
while the w values from IAPS-84 deviate by more than 10%
and those from the equation of Hill (1990) by about 1%. For
the isotherms up to T=474 K, the vast majority of the w data
is represented by IAPWS-95 with deviations of less than
*0.1%. In particular, the measurements of the speed of
sound in the liquid phase at temperatures up to 330 K and
pressures up to 100 MPa are better covered by IAPWS-95
than by IAPS-84 and Hill’s equation. The very accurate w
data of Fujii (1994) on the three isotherms 303, 313 (not
shown), and 323 K at pressures from 10 to 200 MPa are
represented to within =0.025%, which is also not achieved
by the two other equations.

The representation of the gas-region speed-of-sound data
of Novikov and Avdonin (1968) within *=0.2% by
TAPWS-95 is consistent with the representation of the w”
data of these authors along the saturated vapor line, see Fig.
7.5 and the discussion in Sec. 7.1.2.

From the isotherms 423-596 K, it can be seen that, near

the phase boundary, the w values from IAPWS-95 remain
above the liquid-region data (but within their experimental
uncertainty). This behavior was accepted since IAPWS-95
would have otherwise yielded values of w' that were too low
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the equation of state of Hill (1990), and the virial equation of Hill and
MacMillan (1988) are plotted for comparison.
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FIG. 7.21. Percentage deviations between experimental data of the speed of sound w and values calculated from IAPWS-95, Eq. (6.4). Values calculated from
IAPS-84 and the equation of Hill (1990) are plotted for comparison. In the first two diagrams, the stable liquid region is bordered by the two phase-boundary

lines of the melting pressure p,, .

and would also have had difficulties with the enthalpies &’ values calculated from the equation of Hill (1990). IAPS-84
along the saturated liquid line at these temperatures, see the was forced to better fit the w data near the phase boundary,
discussion in Sec. 7.1.2. Obviously, there are some inconsis- but then has the difficulties mentioned above and also has
tencies between the w data in this region and the correspond- problems in the liquid region at about 60 MPa. In the dia-
ing ppT data. This conclusion is supported by the plot of w gram for the temperatures between 647 and 648 K, the data
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lated from IAPWS-95, Eq. (6.4). Values calculated from IAPS-84 and the
equation of Hill (1990) are plotted for comparison.

of Erokhin and Kal’yanov (1979) for p>20.63 MPa were
omitted because the critical region is discussed below. The
diagrams for 7> 648 K show that this region is not very well
covered by the selected experimental speeds of sound. From
the data of Petitet er al. (1986), which extend to temperatures
of 968 K, only those data up to 873 K are compared in Fig.
7.21. However, the deviations of their data above 873 K look
very similar.

Similar to the ppT measurements on liquid water at am-
bient pressure, there are very accurate speed-of-sound data at
p=0.101325MPa measured by Del Grosso and Mader
(1972) and by Fujii and Masui (1993). The upper diagram of
Fig. 7.22 illustrates that the IAPWS-95 formulation is able to
cover these data sets with a maximum deviation of about
*0.003%. The lower diagram shows that, for temperatures
up to T=284 K, the w data of Del Grosso and Mader (1972)
are represented by IAPWS-95 to within =0.001%, which is
within the experimental uncertainty of these data. IAPS-84
and Hill’s equation do not achieve this accuracy.

There are no accurate speed-of-sound data for the critical
region close to the critical point. The strong decrease of the
speed of sound to very small values when approaching the
critical point can hardly be measured for water (frequency-
dependent dispersion effects). The w data closest to the criti-
cal point were reported by Erokhin and Kal’yanov (1979),
(1980). However, even these data remain relatively far away
from the critical point, and consequently the smallest values
of these speed-of-sound data are on the order of 300 ms™'.
Nevertheless, in order to illustrate how IAPWS-95 behaves
in the critical region with regard to the speed of sound, Fig.
7.23 shows absolute w values calculated from IAPWS-95,
from the equation of Hill (1990) and, within its range of

validity, also from the crossover equation of Kostrowicka
Wyczalkowska er al. (2000); for comparison the diagram
also contains the experimental data of Erokhin and
Kal’yanov (1980). It can be seen that IAPWS-95 represents
this part of the critical region well where the temperature
goes down to T=648.196K (1.1 K above T.). Due to the
steep slope of the isotherms near their minima, it is a matter
of course that the differences in w between the experimental
data and the values from any equation of state increase cor-
respondingly. The deviation diagrams on the left of Fig. 7.24,
which correspond to the pressure range of Fig. 7.23, show
that the maximum differences between the experimental data
and the values from IAPWS-95 amount to about 4% at T
=648.196 K and less than 2% on the two other isotherms.
From Figs. 7.23 and 7.24, it can be seen that IAPWS-95 and
Hill’s equation agree, on average, better with each other than
with the experimental data. Both equations are determined
more by the reliable ppT data in this region and less by the
w data of Erokhin and Kal’yanow (1980), which do not agree
so well with the ppT data. The right-hand side of Fig. 7.24
illustrates that outside the closest pressure range around the
minima of the speed of sound the deviations in w between
the experimental data and the values from IAPWS-95 go
down to +0.5% and less.

Due to its nonanalytical terms [i =55 and 56 in Eq. (6.6)],
TAPWS-95, is able to yield the steep decrease of the speed of
sound when approaching the critical point, see Fig. 6.7 in
Sec. 6.4.1. However, IAPWS-95 also has certain weaknesses
in representing the speed of sound in the critical region,
namely extremely near the phase boundary (within 2.5 mK
above the saturation temperature) for densities about 6%
around the critical density and along the phase boundary for
densities about 4.5% around the critical density; for details
see the discussion in connection with Figs. 6.14 and 6.16 in
Sec. 6.4.2.

Wiryana et al. (1998) reported speed-of-sound data of
H,O at temperatures between 353.15 and 473.15 K at pres-
sures up to 3500 MPa, see Sec. 4.3. A comparison between
these data and w values calculated with IAPWS-95 is pre-
sented in Fig. 7.25. It can be seen that within its range of
validity (1000 MPa) ITAPWS-95 represents the data with de-
viations less than 1%, while in the pressure range from 1000
to 3500 MPa where IAPWS-95 was extrapolated, the maxi-
mum deviation does not exceed 2%. When IAPS-84 and the
equation of Hill (1990) are extrapolated correspondingly,
TIAPS-84 exhibits deviations of more than 10% at tempera-
tures of 353.15 and 388.15 K, while the maximum deviation
of Hill’s equation is about 9% at T=473.15 K.

7.2.4. Isochoric Heat Capacity

Figure 4.6 shows that the available experimental data for
the isochoric heat capacity ¢, cover the density range from
20 to 1000 kg m 2. Due to the relatively large uncertainties
and inconsistencies of the ¢, data measured at the Dagestan
Scientific Center of the Russian Academy of Sciences, from
the totality of nearly 3400 data points of the isochoric heat
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FIG. 7.23. Speed of sound in the critical region as a function of pressure on three isotherms as calculated from IAPWS-95, the equation of Hill (1990), and
the crossover equation of Kostrowicka Wyczalkowska er al. (2000); values from the crossover equation are only shown within its range of validity. The

experimental data of Erokhin and Kal’yanov (1980) are plotted for comparison.

capacity, the TAPWS-95 formulation was fitted only to those
113 ¢, data of Baehr and Schomacker (1975) that are in the
single-phase region, see also Table 4.6. Therefore, the fol-
lowing comparisons with the ¢, data are more a discussion
of the data situation and give an impression of how
TAPWS-95 represents the c, surface without being fitted to
accurate ¢, data. The conclusion drawn from the compari-
sons is representative for the entire range of the ¢, data
shown in Fig. 4.6. For comparison purposes, besides the ¢,
values from the TAPWS-95 formulation, Eq. (6.4), most of
the figures also contain the corresponding values from the
other three equations of state mentioned at the beginning of
Sec. 7.

Starting at low densities, Fig. 7.26 shows for the range
near p=50 kgm > how IAPWS-95 predicts ¢, values in
comparison with the experimental data. The absolute ¢,—T
diagram illustrates inconsistencies (unnatural indentation) in
the data set of Kerimov and Alieva (1975) at temperatures
between 645 and 725 K. From the percentage deviation dia-
gram of Fig. 7.26, it can be seen that the differences between
the data of Kerimov and Alieva (1975) and of Amirkhanov
et al. (1969) amount to 5% and the data of Kerimov (1964)
deviate from the other two data sets by up to 15%. It is
interesting to see that the equations of Hill (1990) and
TAPWS-95 yield nearly the same c, values in this region
and, as can be seen in the following figures, in the entire
region considered here except for the critical region.

J. Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002

For three characteristic isochores between about 200 and
400 kgm ™ covered by the ¢, measurements of Bachr and
Schomacker (1975), Fig. 7.27 presents percentage deviations
between the experimental data and the values calculated
from TAPWS-95; the deviation scale corresponds to the un-
certainty of the data. While JAPWS-95 and the equation of
Hill (1990) represent the experimental data to within their
uncertainty, IAPS-84 exhibits weaknesses when approaching
the phase boundary from the single-phase region. The ex-
perimental isochore that is closest to the critical isochore
(p.=322kgm?) is p=323.8 kgm>; this isochore is also
very well represented by IJAPWS-95. Nevertheless, from the
deviation diagrams on the right of the phase boundary, it can
be seen that the crossover equation of Kostrowicka Wycza-
lkowska et al. (2000) and Hill’s equation represent the ex-
perimental data closest to the phase boundary better than
IAPWS-95, see also Fig. 7.28 (top). Since the values from
IAPS-84 oscillate very strongly near the phase boundary,
these values were omitted in this region. Although
IAPWS-95 was not fitted to the ¢, data of Baehr and
Schomacker (1975) in the two-phase region (left of the phase
boundary in Fig. 7.27), data in this region are also very well
covered by IAPWS-95. We believe that ¢, values within the
two-phase region can be more accurately calculated than
measured, except very close to the critical point. This basic
statement applies to all equations of state that accurately rep-
resent the thermal saturation properties and the internal en-
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FIG. 7.24. Percentage deviations between experimental data of the speed of sound w and values calculated from IAPWS-95, Eq. (6.4). Values calculated from
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equation is only shown in the diagrams on the left and only within its range of validity. The diagrams on the left correspond to the same isotherms and the
same pressure range as given in Fig. 7.23. The diagrams on the right, which have a deviation scale of *1%, cover a greater pressure range.

ergies of vaporization. This is the reason why IAPWS-95, the
Hill equation, and IAPS-84 yield nearly the same ¢, values
within the two-phase region (the crossover equation is only
valid for temperatures above 630 K).

There are two density regions where the ¢, data of Baehr
and Schomacker (1975) and of three groups of authors at the
Dagestan Scientific Center overlap, namely for p~310
kgm > and p~344 kgm > (p,=322kgm™?). Figure 7.28
presents deviation diagrams for these two isochores. The up-
per diagrams mainly contain the data of Baehr and

2
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FiG. 7.25. Percentage deviations 100Aw/w = 100(W ¢xp—Weac)/ Wex, between
the experimental data of the speed of sound w of Wiryana et al. (1998) for
temperatures from 353.15 to 473.15 K and values calculated with IAPWS-
95, Eq. (6.4). For the pressures above 1000 MPa, [APWS-95 was extrapo-
lated.

Schomacker (1975), which do not extend very close to the
phase boundary (saturation temperature). The lower dia-
grams present the inner temperature range around the phase
boundary covered by the ¢, data of the Dagestan Scientific
Center; there is also one ¢, data point of Baehr and
Schomacker (1975) in the two-phase region at about 643 K.
One can see from the upper diagrams that the data of Po-
likhronidi et al. (2001) and of Abdulagatov er al. (1998) de-
viate systematically from those of Baehr and Schomacker
(1975), namely in the two-phase region between 7% and
12% and in the single-phase region by about 5%. From the
lower diagrams it can be seen that in the two-phase region,
and in the single-phase region as well, the data sets of Keri-
mov (1964), Abdulagatov er al. (1998), and of Polikhronidi
et al. (2001) are not very consistent with each other; even the
two more recent data sets differ by up to 8% in the two-phase
region. These diagrams also show that IAPS-84 was misled
by the old data of Kerimov (1964), and that the difference
between IAPWS-95 and the crossover equation of Kostrow-
icka Wyczalkowska ef al. (2000) is not too large.

The isochore p=316.84 kgm > is the one closest to the
critical density (p.=322kgm™?) that is covered by experi-
mental data up to very near the saturation temperature 7',
=647.095K (T.,=647.096 K). For this isochore, Fig. 7.29
illustrates by an absolute c¢,—7 diagram that IAPWS-95 is
able to follow the steep increase of the ¢, data when ap-
proaching the saturation temperature T, (phase boundary),
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given.

see also the diagram in the upper right corner of this figure.
However, compared with the crossover equation of Kostrow-
icka Wyczalkowska et al. (2000) the shape of the isochore
calculated from IAPWS-95 does not have such a steady cur-
vature; very close to T, the slope of TAPWS-95 is too steep
and further away from T, it is too flat. Nevertheless, as
shown for the ¢, point of Abdulagatov et al. (1995) with
c,=6.883kIkg” ' K™', the difference between IAPWS-95
and the crossover equation amounts to —8.4% in ¢, corre-
sponding to —0.13 K or —0.02% in temperature. This means
that such differences are well within the experimental uncer-
tainty. Thus, such differences in ¢, must not be overrated if
they occur in regions with a steep slope of the isochoric heat
capacity. One can also see from the small diagram in the
upper right corner of this figure that the differences in tem-
perature between ITAPWS-95 and the crossover equation of
Kostrowicka Wyczalkowska et al. (2000) practically vanish;
for example, at ¢,=18kJkg ' K~ ! the difference between
TAPWS-95 and the crossover equation is about —0.04 mK.
This difference is well within the scatter of the data with
respect to temperature.

Figure 7.30 presents c¢, along the isochore p
~344kgm 3=1.07 p.. The diagram on the left covers a
greater temperature range that also includes a part of the data
of Baehr and Schomacker (1975), while the diagram on the
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FiG. 7.27. Percentage deviations between experimental data of the isochoric
heat capacity ¢, in the extended critical region and values calculated from
TAPWS-95, Eq. (6.4). Values calculated from IAPS-84, the equation of Hill
(1990), and the crossover equation of Kostrowicka Wyczalkowska er al.
(2000) are plotted for comparison; values of the crossover equation are only
shown within its range of validity. Since IAPS-84 oscillates very strongly
near the phase boundary, the corresponding lines were omitted in this re-
gion.

right shows the temperature range a few Kelvin around the
saturation temperature 7,, which is dominated by the data
of Kerimov (1964) and of Abdulagatov et al. (1998). As one
can see, IAPWS-95 is also able to follow the steep increase
of the ¢, data when approaching the saturation temperature
from the two-phase region. Again, close to 7, the slope of
the TAPWS-95 line is first too flat and then too steep, see the
diagram on the right. This diagram also clearly shows that
IAPS-84 yields the jump in ¢, in the wrong place; this be-
havior is based on the poor representation of the densities of
the saturated vapor and liquid in this near-critical region, see
Fig. 7.4.

Although the IAPWS-95 formulation is generally able to
yield reasonable ¢, values in most of the critical region,
IAPWS-95 has certain weaknesses in representing the isoch-
oric heat capacity, in particular extremely near the phase
boundary (within 2.5 mK above the saturation temperature)
for densities about 6% around the critical density and along
the phase boundary for densities about 4.5% around the criti-
cal density; for details see the discussion in connection with
Figs. 6.13 and 6.15 in Sec. 6.4.2.

In Fig. 7.31, experimental ¢, data at higher densities are
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available in this region.

compared with the corresponding ¢, values calculated from
TAPWS-95, where two typical examples have been selected.
For the density p~712.6 kgm >, the upper deviation dia-
gram shows two data sets measured at the Dagestan Scien-
tific Center; the data of Kerimov (1964) exhibit systematic
deviations from the values of TAPWS-95 of about +2.5%
while the data of Abdulagatov et al. (1997) lie, within their
scatter of about =2%, around the values from IAPWS-95.
From the lower diagram, one can see that the recent data of
Magee et al. (1998) are represented to within their scatter of
about +0.5% whereas the data of Kerimov (1964) lie about
2% higher. Altogether, the ¢, data measured by Magee et al.
(1998), deviate from IAPWS-95 on average between —0.5%
and —1% for p<967 kgm > and by *0.5% for p=977
kgm?; for the density and temperature range covered by
Magee et al.’s data see Table 4.6.

Based on the detailed investigation of the IAPWS-95 for-
mulation with regard to the representation of the isochoric
heat capacity, we believe that the IAPWS-95 formulation
describes the ¢, surface outside the immediate critical region
more accurately than the existing experimental data do. This
statement is based on the fact that first, [APWS-95 was not
fitted to any ¢, data [except for the 113 ¢, data of Baehr and
Schomacker (1975), see Table 4.6], second, the way in which
the best data of the Dagestan Scientific Center and the data
of Magee et al. (1998) are represented, and third, on the very
good agreement between the ¢, values from IAPWS-95 and
from the equation of Hill (1990). In the region limited by a

pressure of 400 MPa and a temperature of 800 K, which is
comprehensively covered by accurate ppT data (see Fig.
4.1), the differences in ¢, between the two equations of state
are less than =0.5% (not counting the critical region of
course). Therefore, we estimate that in this range the uncer-
tainty of the TAPWS-95 formulation in ¢, is less than
*0.75%.

7.2.5. Isobaric Heat Capacity

The distribution of the experimental data for the isobaric
heat capacity ¢, used to develop the IAPWS-95 formulation
is shown in Fig. 4.8, see also Table 4.8. In the following,
these experimental data are compared with the corresponding
values calculated from the TAPWS-95 formulation, Eq. (6.4),
and from the other three equations of state mentioned at the
beginning of Sec. 7.

For six characteristic isobars at pressures below 15 MPa,
Fig. 7.32 presents comparisons between the experimental ¢,
data and the c,, values calculated from IAPWS-95 where the
data are only in the gas phase (except for p=14.7 MPa).
From the deviation diagrams, it can be seen that IAPWS-95
represents the data to within their experimental uncertainty
given in Table 4.8. IAPS-84 and the equation of Hill (1990)
behave very similarly except for pressures below 10 MPa
when approaching the phase boundary. While in this region
the deviations between the data and IAPWS-95 do not ex-
ceed 2%, the two other equations clearly yield lower ¢, val-
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ues, which deviate from the experimental data by up to
—4%. On the other hand, a still better representation of these
data of Sirota and Timrot (1956) by IAPWS-95 was not pos-
sible without a significant deterioration in the representation
of the ppT data and the speeds of sound in this region.

Figure 7.33 illustrates the problem described above more
clearly by plotting the absolute course of ¢, along some
isobars and along the saturated vapor line for temperatures
from the triple point to 600 K. For IAPWS-95, this figure
shows the good consistency between the representation of
the ¢, data of Sirota and Timrot (1956) in the single-phase
region near the saturated vapor line and the c;; data of Sirota
(1963) along the saturated vapor line. Except for tempera-
tures 7<<370 K, IAPS-84 and Hill’s equation are not able to
follow the c; data along the phase boundary, see also Fig.
7.7. The ¢, data point of Sirota and Timrot (1956) closest to
the phase boundary is in the two-phase region for these equa-
tions.

The experimental ¢, data in the critical region are com-
pared with the values calculated from the IAPWS-95 formu-
lation in Fig. 7.34 by a c,—p diagram along four isobars and
in Fig. 7.35 by percentage deviation diagrams for the same
isobars; values calculated from IAPS-84, the equation of Hill
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(1990), and the crossover equation of Kostrowicka Wycza-
Ikowska et al. (2000) are plotted for comparison. Before dis-
cussing the representation of these data by TAPWS-95 and
the other equations of state, we give a brief comment on this
“difficult” region. There are two basic reasons why the total
experimental uncertainty in ¢, rises drastically in the critical
region. First, due to the strong increase of the isobaric heat
capacity in this region (see Fig. 7.34), experimental uncer-
tainties in temperature and pressure have a very strong effect
on the uncertainty in c¢,. For the same reason, relatively
large differences in ¢, between the several equations of state
would result in relatively small differences when expressed
in density or in temperature. The second reason is based on
the experimental procedure to determine isobaric heat ca-
pacities. Usually, with flow calorimeters, enthalpy differ-
ences and corresponding temperature differences are mea-
sured. Due to the strong increase of ¢, in the critical region
and the strong change of the slope of the isobars near their
maximum in a c¢,—p diagram, the exact assignment of the
measured difference quotient (Ah/AT), to the isobaric heat
capacity defined by the differential quotient ¢ ,= (dh/dT), is
a considerable source of error. Moreover, uncertainties in
temperature or problems with its stability strongly affect the
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uncertainty in c¢,. In this difficult region, the IAPWS-95
formulation still represents the data within the experimental
uncertainty, but one can see from Fig. 7.35 that the crossover
equation and Hill’s equation are clearly closer to the experi-
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FiG. 7.31. Percentage deviations between experimental data of the isochoric
heat capacity ¢, and values calculated from IAPWS-95, Eq. (6.4). Values
calculated from [APS-84 and the equation of Hill (1990) are plotted for
comparison.

mental ¢, data in this near-critical region. Outside the den-
sity region shown in Fig. 7.35, the deviations again diminish
to about 0.2% and less, for example along the isobar p
=24.517 MPa. In this pressure range, namely on the isobars
20, 23, 24, 26, and 28 MPa, there are also experimental Cp
data of Ernst and Philippi (1990), which cover the density
range from 100 to 1000 kg m>. For densities greater than
550 kgm °, these data do not deviate from the values of
TAPWS-95 by more than *0.5%, and in most cases the de-
viation lies within +0.3%.

However, very close to the critical point IAPWS-95 yields
an unnatural indentation in the plot of ¢, isotherms or iso-
bars over density, for details see the discussion in connection
with Figs. 6.9—-6.12 in Sec. 6.4.2.

The corresponding comparisons for five representative su-
percritical isobars from about 30 to 100 MPa are presented in
Fig. 7.36, which also includes the extended critical region.
Besides the data of Sirota’s group, this figure also contains
c,, data of Ernst and Philippi (1990). In contrast to Fig. 7.32,
the percentage deviations are again plotted versus density; in
this way, the region around the critical density is stretched
much more than when plotted over temperature. It can be
seen that in the extended critical region the deviations be-
tween the ¢, data and the values from IAPWS-95 remain
within *=2% for the isobar p=29.42 MPa and within 1%
and less for the isobars up to p=68.65 MPa. It is not sur-
prising that the crossover equation of Kostrowicka Wycza-
lkowska et al. (2000) covers the ¢, data in the extended criti-
cal region on average better than IAPWS-95, but attention
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should be paid to the limited range of validity for which its
line is drawn; for example, for p=68.65 MPa the range of
validity extends from about 314 to 543 kgm>. Outside the
extended critical region, the deviations between the data and
TAPWS-95 are less than =0.5%, even for the highest density
at and above p=1000 kgm °.

Along the isotherm T=300K, there are high-pressure c,
data reported by Czarnota (1984) that cover a pressure range
from 224 to 1033 MPa. In Fig. 7.37, these data are compared
with the values from IAPWS-95 and from the other two
equations of state. Both IAPWS-95 and the equation of Hill
(1990) represent the data to within =6%, corresponding to
the estimated uncertainty for these data. The two data points
at and above 1000 MPa are already in the metastable part
(subcooled liquid) of the two-phase liquid—solid region. The
deviation of the data point near 200 MPa of about —5% is
most probably based on the uncertainty of the measurement;
here, all three equations of state yield nearly the same c,
value and, moreover, this deviation is not supported by the
more recent data of Wiryana et al. (1998), see below.
TAPS-84 shows strongly increasing deviations of up to al-
most —100% near 1000 MPa.

Wiryana et al. (1998) reported ¢, data for temperatures
from 353.15 to 473.15 K and pressures up to 3500 MPa.
Although these data are not direct measurements of the iso-
baric heat capacity but were derived from their speed-of-
sound measurements (see Sec. 4.5.2), Fig. 7.38 shows a com-



THERMODYNAMIC PROPERTIES OF ORDINARY WATER

463

600 -

500

400

300

200

100

Isobaric heat capacity ¢, / (kJ kg'1 K'1)

p = 22.565 MPa

p = 23.536 MPa

o p=24517 MPa

FiG. 7.34. Isobaric heat capacity in the
critical region as a function of density
on four isobars as calculated from
IAPWS-95, Eq. (6.4). Experimental
data and values calculated from IAPS-
84, the equation of Hill (1990), and
the crossover equation of Kostrowicka
Wylczalkowska et al. (2000) are plot-
ted for comparison. The density range
shown extends beyond the critical
region.

1 1
300 350
Density p / (kg m™)

1
250
O Sirota & Mal'tsev (1862a) X Sirota et al. (1966)

IAPWS-95 —-— |APS-84
——— Kostrowicka Wyczalkowska et a/. (2000)

parison between Wiryana etal’s ¢, data and values
calculated from TAPWS-95. It can be seen that for pressures
up to 1000 MPa, i.e., within the range of validity of TAPWS-
95, the deviations of the ¢, data remain within 3.5%, which
is probably well within the uncertainty of the data. In the
extrapolation range for pressures up to 3500 MPa, the maxi-
mum deviations of the data from the values calculated with

400

— --— Hill {1990)

TAPWS-95 are 11.4%. Due to the way in which Wiryana
et al. (1998) obtained these ¢, data, we believe that the sys-
tematic trend between the ¢, data and the values from
IAPWS-95, shown in Fig. 7.38, is mainly due to the uncer-
tainty of the data.

From the statements on the uncertainty of the IAPWS-95

formulation in c,, made in Sec. 6.3.2 and from its compari-

22.565 MPa 24517 MPa
20 8 o
.0
- —_ . "\‘o
5 . KT
& 0 0 /' -
-~ - GO*'\'// /'
§ _20 L 1 105 ol 1 1 1 -8 1 1 %";’§1'1 1 1 1
oti
| 23.536 MPa 26.968 MPa
o 10 - 6
% B .
& 0 ;1& /4
o - D
[=] W& /
T Ny
_ 1 1 /1 ] 1 1 _ 1 ] NN ] ] ]
10 200 386ﬁ 400 500 6 200 300 400 500

Density p / (kg m™)

O Sirota & Mal'tsev (1962a)
—-— IAPS-84 — --— Hill (1990)

Density p / (kg m™3)

X Sirota et al. (1966)

— —— Kostrowicka Wyczatkowska et al. (2000)
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as covered by Fig. 7.34.
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FiG. 7.36. Percentage deviations between experimental data of the isobaric
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IAPWS-95, Eq. (6.4). Values calculated from IAPS-84, the equation of Hill
(1990), and the crossover equation of Kostrowicka Wyczalkowska ef al.
(2000) are plotted for comparison; the crossover equation is only shown
within its range of validity. The two lowest diagrams and the density range
of all diagrams extend beyond the extended critical region.

sons with the experimental ¢ » data carried out in this section,
it follows that, except for the critical region, IAPWS-95 is
considered to be more accurate than the experimental c,
data. This behavior is based on the fact that IAPWS-95 is
very well guided by highly accurate ppT data for tempera-
tures up to 800 K and pressures up to 100 MPa and also by
accurate speed-of-sound data. Therefore, it is not surprising
that IAPWS-95 and the equation of Hill (1990) agree with
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lated from IAPS-84 and the equation of Hill (1990) are plotted for
comparison. The two data points right of the phase boundary are in the
liquid—solid metastable region.

each other regarding the c, representation in this region.
Both equations agree within =0.1% in c, for temperatures
up to 800 K and pressures up to 60 MPa (except for the
region near the phase boundary and in the critical region),
and for pressures up to 100 MPa the differences do not ex-
ceed =0.25%. For this pressure range and temperatures up to
1273 K, the differences remain within =0.8%, and only for
higher pressures do the ¢, values calculated from these two
equations differ by up to =2%.

7.2.6. Enthalpy Differences

Information on the two data sets of enthalpy differences
measured by Philippi (1987) and Castro-Gomez et al.
(1990), which were used to develop the TAPWS-95 formula-
tion, is given in Table 4.9 and Fig. 4.9. In Fig. 7.39, these Ah
data are compared with the corresponding A% values calcu-
lated from TAPWS-95, Eq. (6.4), along three isobars that are
representative of the range of the measurements. The data
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FiG. 7.38. Percentage deviations 100Ac), /c,=100(c,, exp=Cp.catc)/ € p.exp DE-
tween the data of the isobaric heat capacity ¢, of Wiryana et al. (1998) for
temperatures from 353.15 to 473.15 K and values calculated with IAPWS-
95, Eq. (6.4). For the pressures above 1000 MPa, IAPWS-95 was extrapo-
lated correspondingly.
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points, which correspond to isobaric enthalpy differences
Ah=hy(p,T,)—h,(p,T,), are plotted in these percentage
deviation diagrams at the end point of the measurement, i.e.,
at the temperature 7,. In the case of difference quantities
such as A#h, the corresponding properties calculated from
other equations of state cannot be plotted as lines in such
diagrams. Therefore, these special deviation diagrams do not
contain comparisons with the corresponding values from
IAPS-84 and the equation of Hill (1990). However, such
comparisons were carried out separately and a corresponding
statement is given below.

Figure 7.39 shows that the A/ data can be represented by
IAPWS-95 to within the experimental uncertainty (see Table
4.9). For the data of Castro-Gomez et al. (1990), this means
a representation within their scatter of A(Ah)==*=1%. Out-
side the critical region, the data of Philippi (1987) do not
deviate from IAPWS-95 by more than *=1%; in the extended
critical region, the deviations increase to =4% (see, for ex-
ample, the deviation diagram for pressures between 28 and
29.5 MPa) and in the critical region for pressures between
22.5 and 24.1 MPa (not shown) at temperatures between 651
and 664 K, deviations of up to 35% occur. The clearly in-
creasing deviations in the critical region are due to the fact
that the measured quantity (Ah/AT), rises very strongly,
and therefore the experimental uncertainties in temperature
have a very strong effect on the uncertainty of (Ah/AT),;
see also the corresponding statement on the isobaric heat
capacity in the preceding section. Except for the extended
critical region, IAPS-84 and the equation of Hill (1990) yield

very similar deviations A(Ah) to IAPWS-95. In the investi-
gated pressure range from 0.5 to 50 MPa at temperatures
from 273.15 to 700 K, the difference between IAPWS-95
and Hill’s equation is less than =0.12% in the gas region and
at supercritical pressures (except for the extended critical re-
gion) and less than *£0.25% in the liquid region.

7.2.7. Joule—-Thomson and Isothermal Throttling Coefficient

The Joule—Thomson coefficient [ u= (dT/dp),], which is
sometimes also called the isenthalpic throttling coefficient, is
coupled with the isothermal throttling coefficient [ &y
=(0h/dp)r] via the isobaric heat capacity c,, namely &y
= —p-c, . Due to this close relation between u and &7, one
can expect that the two properties are similarly represented
by an equation of state. Therefore, the representation of w
and &7 by the TAPWS-95 formulation, Eq. (6.4), is jointly
discussed in this section.

For the reasons given in Secs. 4.7 and 4.8, only the u and
Oy data of Ertle (1979) that are in the gas region were in-
cluded in the data set used to develop IAPWS-95; informa-
tion on these measuring runs is given in Table 4.9 and Fig.
4.9.

Comparisons between the data of the Joule—Thomson co-
efficient and the corresponding w values calculated from
IAPWS-95 are presented in Fig. 7.40 for six representative
isotherms. One can see that [APWS-95 represents the u data
to within their experimental uncertainty of =4%; this is also
true for IAPS-84 and the equation of Hill (1990), which go
approximately through the mean values of the scatter of the
data for temperatures up to 673 K. Since, however, the rep-
resentation of the data within their scatter without a system-
atic trend led to a clear deterioration in representing the very
accurate ppT data of Kell et al. (1989) in this temperature
range, we did not force a better representation of Ertle’s u
data by JAPWS-95 at these temperatures. The deviation dia-
gram for temperatures in the range of 571-573 K shows a
peak in the deviations between IJAPWS-95 and the two other
equations of state in the liquid range at about 60 MPa. This
behavior is caused by the zero crossing of u at this pressure
(from positive to negative u values).

For temperatures above 800 K, all three equations, but
particularly TAPWS-95, exhibit a parallel offset compared
with the mean values of the scatter of the data. During the
development of TAPWS-95, a reduction in this systematic
offset was attempted. However, such an “improvement’ re-
sulted in a clear deterioration of the extrapolation capability
of IAPWS-95. The maximum in the second virial coefficient
B at a reasonable temperature, which is very important for
good extrapolation behavior of an equation of state (see Sec.
7.3.3.2), could only be achieved when this offset was ac-
cepted. This decision was confirmed by the (successful) at-
tempt to make IAPWS-95 yield a maximum in the third
virial coefficient at about the critical temperature, see Fig.
7.20 and the corresponding statements in Sec. 7.2.2. This is a
further indication that the u data of Ertle (1979) are not more
accurate than defined by the given uncertainty of *4% and
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one should not try to represent them to within their scatter.
Figure 7.41 presents comparisons between the experimen-
tal data of the isothermal throttling coefficient and the 7
values from IAPWS-95 along four representative isotherms;
altogether the measurements of Ertle (1979) cover a tempera-
ture range from 621 to 1073 K. The comparisons are very
similar to those of the Joule—Thomson coefficient data and

the statements made for Fig. 7.40 are also true here. The
peak in the deviations between IAPWS-95 and the other two
equations at 7=673 K and 28 MPa is not based on a zero
crossing of &7 (as for w at 572 K), but are caused by a very
strong increase and decrease of ¢, in this small pressure
region (67=— - c,); the 7 values of the three equations of
state differ correspondingly along this sharp peak of 7.
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FiG. 7.42. Percentage deviations between experimental data of the isothermal throttling coefficient &7 of McGlashan and Wormald (2000) and values
calculated from IAPWS-95, Eq. (6.4). Values calculated from IAPS-84, the equation of Hill (1990), and the virial equation of Hill and MacMillan (1988) are
plotted for comparison. The data shown as solid circles are oy data extrapolated by McGlashan and Wormald from their &7 data to zero pressure. Note that

the pressure unit is kPa.

Very recently, measurements of the isothermal throttling
coefficient &7 and of &y at zero pressure were reported by
McGlashan and Wormald (2000). On 12 isotherms, these
data cover a temperature range from 313 to 413 K at very
low pressures of up to 82 kPa; for further details see Sec. 4.8.
For four representative isotherms, Fig. 7.42 shows the devia-
tions of these & data from values calculated with TAPWS-
95. Again, this figure also contains the J; values from
IAPS-84 and the equation of Hill (1990) for comparison.
Since in the context of properties of H,O in the diluted gas
region the virial equation of Hill and MacMillan (1988) is
often used (see also Sec. 7.2.2), &; values from this equation
are also plotted. When keeping in mind the statements made
in Sec. 4.8 on the experimental uncertainty of these data, it
can be seen in Fig. 7.42 that in the greatest part of the mea-
suring range neither IAPWS-95 nor any of the three other
equations are able to represent the data to within the uncer-
tainties derived from the statements made by McGlashan and
Wormald (2000). There are systematic deviations of the data
from values calculated with IAPWS-95, which go from
negative to positive with increasing temperature. In the
course of this trend, very good agreement is exhibited on the
isotherm 7=393.36 K. For T=413.19K the four equations
agree very well with each other, but the §; data deviate
considerably from the average of the values of the equations.
For the uncertainty of the solid d7 point at this temperature,
McGlashan and Wormald give a value of only *1.4%, but
they do not exclude systematic errors.

Figure 7.43 presents absolute deviations of the data of
McGlashan and Wormald (2000) for the isothermal throttling
coefficient at zero pressure dr from the corresponding val-
ues calculated with IAPWS-95 and with the three other equa-
tions. Besides the &7 data themselves, where &r¢g=B
—T(dB/dT), this figure also contains the range of their un-

certainty. It can be seen that, except for 7=383.26 K and T
=393.36 K, IAPWS-95 is not able to represent the o data
to within the uncertainty claimed by McGlashan and Worm-
ald (2000). In particular, the differences at the temperatures
363, 373, 403, and 413 K are not fully explainable, because
the best data of the second virial coefficient in the tempera-
ture range from 373 to 473 K [Eubank et al. (1988) and Kell
et al. (1989)] are represented to within their uncertainty, see
Fig. 7.19. The equation that covers the 7 data best is the
virial equation of Hill and MacMillan (1988). Nevertheless,
it still cannot meet about half of the data within their uncer-
tainty. Based on this entire investigation, it seems as if the
experimental data for the isothermal throttling coefficient at
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FiG. 7.43. Absolute deviations A &87=(8r,0exp~ Sro.cac) between experi-
mental data of the isothermal throttling coefficient at zero pressure o7 of
McGlashan and Wormald (2000) and values calculated from IAPWS-95, Eq.
(6.4). Values calculated from IAPS-84, the equation of Hill (1990), and the
virial equation of Hill and MacMillan (1988) are plotted for comparison. For
those data for which no uncertainties (estimated by the experimenters) are
plotted, the uncertainty range corresponds to the size of the symbols.
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FIiG. 7.44. Percentage deviations between experimental data of the isentropic temperature—pressure coefficient 8, and values calculated from IAPWS-95, Eq.
(6.4). Values calculated from IAPS-84 and the equation of Hill (1990) are plotted for comparison.

zero pressure and for the second virial coefficient are not
entirely mutually consistent. The reason for the opposite sign
of the deviations in Figs. 7.42 and 7.43 is that in Fig. 7.42
the deviations are related to &7y, and these data have a
negative sign.

7.2.8. Isentropic Temperature—Pressure Coefficient

The experimental data for the isentropic temperature—
pressure coefficient [ B,=(JdT/dp),] reported by Rogener
and Soll (1980) were not used to develop the ITAPWS-95
formulation, because we know from the experience of Saul
and Wagner (1989) that the accuracy of an equation of state
for B, data is comparable to that for the speed of sound in the
corresponding region of state. This experience has also been
confirmed in this work.

For four representative isotherms, Fig. 7.44 presents a
comparison between the experimental 3, data and the values
calculated from TAPWS-95, Eq. (6.4); the values from the
other two equations of state are also plotted. It can be seen
that IAPWS-95 represents these data to within their experi-
mental uncertainty of AB,=*0.4%. The equation of Hill
(1990) achieves a similarly good representation of the data,
while IAPS-84 has some difficulties at low temperatures.

7.3. Selected Attributes of the IAPWS-95
Formulation

This section describes the behavior of the IAPWS-95 for-
mulation with regard to the derivatives of the thermal prop-
erties, the behavior in the metastable regions, the results
when extrapolating to very high pressures and temperatures,
and the behavior with regard to the so-called ideal curves.

J. Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002

7.3.1. Derivatives of the Thermal Properties in the Liquid Phase

One important requirement for the development of the
TAPWS-95 formulation was a reasonable course of the first
and second derivatives of the thermal properties in the liquid
region at low temperatures, see Sec. 1.3. The reason for this
requirement was that IAPS-84 manifested some weaknesses
in this respect and it was desired that IAPWS-95 yield a clear
improvement in representing these derivatives. One example
for the importance of this requirement is described in the
following.

Solution chemists who study aqueous electrolytes make
use of the Debye—Huckel limiting law for dilute solutions,
which produces a characteristic “Debye—Huckel slope” for
each property. For the activity and osmotic coefficients, the
key parameter in the Debye—Huckel slope is the static di-
electric constant € of the solvent. However, derivative solu-
tion properties such as the partial molar volume or partial
molar enthalpy are often studied. The Debye—Huckel slopes
for these properties involve the derivatives of € with respect
to pressure and temperature (J€/dp)y and (J€/dT), . Since
the wide-range equations for € are given as a function of
density and temperature, e=¢€(p,T), one needs from an
equation of state the derivatives (dp/dp)y and (dp/dT),.
(Examples for such wide-range equations for the dielectric
constant are the equation of Archer and Wang (1990) and the
equation of Fernandez et al. (1997) that was adopted as the
TIAPWS standard for € [TAPWS (1997)].) For this purpose,
but also for a number of similar applications, the first deriva-
tives of the thermal properties of IJAPWS-95 should be as
accurate as possible. In order to ensure this, the IAPWS-95
formulation should also yield a reasonable course of the sec-
ond derivatives of the thermal properties.

With this background, Archer and Wang (1990) pointed
out that even small inaccuracies in the first density and pres-
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of state as mentioned for the upper diagram.

sure derivatives calculated from the various equations of
state strongly affect the Debye—Huckel limiting slopes.
Thus, with regard to these derivatives, they investigated the
best equations of state for H,O at that time, namely TAPS-84,
the equation of Saul and Wagner (1989), and the equation of
Hill (1990). They found out that the values of the derivatives
calculated from these equations of state for liquid water at
low temperatures are rather different. Figure 7.45 repeats the
results of the investigations of Archer and Wang (1990) with
regard to the first derivative (dp/dT),, and the second deriva-
tive (9°p/dp?)y. The upper diagram of this figure shows
that, for the isobar p =100 MPa and temperatures below 290
K, the values of the derivative (dp/dT), calculated from the
three equations of state clearly diverge, which leads at T
=270K to a difference of nearly 15% between IAPS-84 and
the equation of Saul and Wagner (1989) and of about 7%
between each of these two equations and the equation of Hill
(1990). The lower diagram of Fig. 7.45 shows for the iso-
therm 7=273.15K the second derivative (9*p/dp*); as a
function of pressure calculated from IAPS-84, the equation
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FiG. 7.46. Percentage density deviations 100A p/p=100(pexp—Pearc)/ Pexp
between accurate experimental ppT data for the isotherm 7=273.15 K and
values calculated from IAPWS-95, Eq. (6.4). Values calculated from
TAPS-84 and the equation of Hill (1990) are plotted for comparison.

of Saul and Wagner (1989), and the equation of Hill (1990).
IAPS-84 shows a clearly oscillating course of this second
derivative, while the equation of Saul and Wagner (1989)
displays a minimum at a pressure of about 30 MPa. The
equation of Hill represents this second derivative very
steadily without oscillations and extrema, but does not cor-
respond to the temperature scale ITS-90.

When starting the development of IAPWS-95, we investi-
gated the possible reasons for the different course of the
second derivative (J*p/dp*); obtained from these three
equations of state. The examination of the representation of
the different types of experimental data in this region,
namely:

(i)  ppT data and speeds of sound in the single-phase
liquid region including the highly accurate ppT and w
data at p=0.101 325 MPa; and

(ii)  the saturation data p’, p,, and i’ along the saturated
liquid line near the triple point led to the conclusion
that the inadequate representation of the pp7 data of
Kell and Whalley (1975) along the isotherm T
=273.15K is most likely the reason for the mis-
guided behavior of the equation of Saul and Wagner
(1989) and TAPS-84. Based on this knowledge, we
paid attention to the isotherm 7=273.15K and the
adjacent temperature range when developing the
TAPWS-95 formulation. For this isotherm, the upper
left diagram of Fig. 7.12 illustrates a comparison be-
tween the ppT data and the values calculated from the
various equations of state for pressures up to 100 MPa
using a logarithmic pressure scale. For the same iso-
therm, but using a linear pressure scale and a higher
resolution of the deviations, Fig. 7.46 shows the per-
centage density deviations between the very accurate
ppT data of Kell and Whalley (1975) and densities
calculated from IAPWS-95, Eq. (6.4); values from
IAPS-84, the equation of state of Saul and Wagner
(1989), and the equation of Hill (1990) are plotted for
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and the equation of Hill (1990) from values calculated with IAPWS-95, Eq. (6.4).

comparison. It can be seen that, in comparison with
the three other equations of state, IAPWS-95 repre-
sents these data best, and Hill’s equation behaves

similarly well. In contrast to these two equations,

IAPS-84 but particularly the equation of Saul and
Wagner (1989) show a different course in the percent-
age deviations, and therefore also a different course of
the derivatives (dp/dp); and (8°p/dp?)r. Given the
quality of IAPWS-95 in this low-temperature part of
the liquid region, if the very good representation of
the ppT data in this region was indeed the decisive
precondition for a reasonable representation of the

J. Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002

first and second derivatives of the thermal properties,
then TAPWS-95 should not have any difficulties in
this respect.

For the four pressures 0.1, 1, 10, and 100 MPa and tem-
peratures from the melting temperature 7, to 350 K, Fig.
7.47 shows percentage differences between values of the two
derivatives (dp/dp)y and (dp/dT), calculated from IAPS-84
and the equation of Hill (1990) and the corresponding values
calculated from TAPWS-95. In the diagrams on the left, the
differences in the derivative (dp/dp)r between the equation
of Hill (1990) and IAPWS-95 are less than 0.1% except for
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the isobar p =100 MPa. From the diagrams on the right one
can see that, except for 7~277K and p=<10MPa,
TAPWS-95 and the equation of Hill agree with each other
regarding the derivative (dp/dT), within 0.5%. The reason
for the large differences at about 277 K is the density maxi-
mum near this temperature; because (dp/dT),=0 at this
point, very small absolute differences in this derivative cause
large percentage differences. Except for the derivative
(dp/dT), at rather high pressures (for instance, p
=100 MPa), the differences between IAPS-84 and the other
two equations are not very large either. Thus, only the second
derivatives are sensitive enough to detect significant differ-
ences between the equations of state in this respect.

Figure 7.48 summarizes the plots of the three second de-
rivatives (9°p/dp?) 7., ((92p/z9T2)p , and (&*pldpdT) as a
function of pressure for the two temperatures 273.15 and
298.15 K, and the derivative (ﬁzp/&Tz),, as a function of
temperature for p=0.101325MPa, where each derivative
was calculated from TAPWS-95, TAPS-84, and the equation
of Hill (1990). The four diagrams show that the IAPWS-95

formulation yields in all cases a very steady course of the
second derivatives, which is also true for the equation of Hill
(1990); the differences between these two equations are mar-
ginal. In contrast, TAPS-84 shows significantly different
courses of these derivatives, particularly for 7=273.15 K but
also for T7T=298.15K and along the isobar p
=0.101 325 MPa; the maximum differences in the deriva-
tives (6°p/dpdT) and (J*p/ aTz),, in comparison with the
two other equations reach several hundred percent with
slopes that are even different in the sign.

Taking into account the requirements for a reasonable rep-
resentation of the first and second derivatives of the thermal
properties in connection with the need for representing the
very accurate ppT data and speeds of sound and the exis-
tence of a density maximum, the liquid range of H,O places
very high demands on an equation of state that are unique in
comparison with those placed on the liquid region for other
substances. The IAPWS-95 formulation meets these multiple
requirements.

J. Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002
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FiG. 7.49. Percentage density deviations 100Ap/p=100(pexp=Peatc)/ Pexp
between experimental ppT data in the subcooled liquid along the isobar p
=0.101 325 MPa and values calculated from IAPWS-95, Eq. (6.4). Values
calculated from [APS-84 and the equation of Hill (1990) are plotted for
comparison.

7.3.2. Representation of Thermodynamic Properties
in Metastable Regions

The experimental data of the various properties cover two
metastable regions, namely states in the subcooled liquid
(metastable with respect to the solid) and in the superheated
liquid (metastable with respect to the vapor). However, there
are no data in the subcooled vapor (metastable with respect
to the liquid). These three metastable regions are dealt with
in separate subsections.

7.3.2.1. Subcooled Liquid. In the subcooled liquid, there
are reliable experimental data for several properties only
along the isobar p=0.101325MPa. The majority are ppT
data, whose density deviations from the values calculated
with TAPWS-95, Eq. (6.4), are shown in Fig. 7.49. This fig-
ure is practically a continuation of Fig. 7.13 to temperatures
below T=273.15K, the temperature on the melting curve at
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FiG. 7.50. Percentage deviations 100Aw/w = 100(W ¢xp = Weail)/Wex, between
experimental data of the speed of sound w in the subcooled liquid along the
isobar p=0.101 325 MPa and values calculated from IAPWS-95, Eq. (6.4).

Values calculated from IAPS-84 and the equation of Hill (1990) are plotted
for comparison.
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temperature and the lower diagram percentage deviations. The data of Ar-
cher and Carter (2000) are combined with the experimental uncertainties
estimated by these authors: 100Ac, /¢, =100(¢, exp=Cpcatc)/ € p exp -

p=0.101 325 MPa. While for temperatures 7=273.15K the
data of Kell (1975) were not used [in favor of the ppT data
of Takenaka and Masui (1990)], for temperatures T
<273.15K the data of Kell (1975) were the only ppT data
to which IAPWS-95 was fitted in this region. As can be seen
from Fig. 7.49, these data are represented by IAPWS-95 well
within their uncertainty of *0.05% in density for tempera-
tures down to 236 K. The very good representation of the
data of Hare and Sorensen (1987) within =0.03% confirm
this data selection. The other data exhibit some scatter
around the densities from IAPWS-95 and show systematic
deviations in both directions that increase with decreasing
temperature. IAPS-84 fails in representing the pp7 data in
the subcooled liquid region for 7<260 K, and the equation
of Hill behaves similarly to IAPWS-95 except for tempera-
tures T<<240 K.

Figure 7.50 shows a corresponding comparison between
the experimental data for the speed of sound w and values
calculated from IAPWS-95 for the same region of the sub-
cooled liquid as plotted in Fig. 7.49 for the ppT data. It can
be seen that within the metastable region (on the left of the
phase boundary), the agreement between the experimental
data and the values from the equations of state is not so
good, while the equation of Hill (1990) agrees well with
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TIAPWS-95 for temperatures down to 240 K. Attempts to
bring TAPWS-95 for temperatures 7<<265K into better
agreement with the w data of Trinh and Apfel (1978) and of
Petitet et al. (1983) failed if one was not willing to accept
systematic density deviations far outside the experimental
uncertainty of the very accurate ppT data of Kell (1975) for
temperatures 7<<250K along this isobar. Without forcing
TAPWS-95 to follow the w data of Trinh and Apfel (1978)
and of Petitet er al. (1983) for T<263 K, the ppT data of
Kell (1975) and of Hare and Sorensen (1987) in this region
can be very well represented, see Fig. 7.49. Obviously, for
p=0.101325MPa and T<263 K the speed-of-sound data of
Trinh and Apfel (1978) and Petitet et al. (1983) are not con-
sistent with the ppT data of Kell (1975) and of Hare and
Sorensen (1987). Therefore, we decided not to fit IAPWS-95
to any speed-of-sound data in the metastable region.

In the subcooled liquid at a pressure p=0.101325 MPa,
there are data for the isobaric heat capacity ¢, measured by
Angell et al. (1982) and more recently by Archer and Carter
(2000); both data sets cover temperatures down to 236 K, see
Table 4.8. Figure 7.51 presents comparisons between these
c, data and values calculated from IAPWS-95. The upper
diagram shows the absolute plot of the isobaric heat capacity
as a function of temperature, and in the lower diagram the
corresponding percentage deviations are given; values calcu-
lated from IAPS-84 and the equation of Hill (1990) are also
plotted. It can be seen that IAPWS-95 represents the ¢, data
of Angell et al. (1982), to which IAPWS-95 was fitted, to
within their experimental uncertainty, see below. Due to the
discrepancy between Angell et al.’s data and the data of Ar-
cher and Carter (2000), see Sec. 4.5.2, there are also system-
atic differences between the values from IAPWS-95 and the
data of Archer and Carter (2000). However, when taking into
account the uncertainties of both data sets [ +3% for the data
of Angell ef al. (1982) and between +0.3% at 285 K and

+1% at 238 K for the data of Archer and Carter (2000), see
Sec. 4.5.2], the values of IAPWS-95 are still within the
coupled uncertainties (except for the lowest temperature T
=236K). The figure also shows that the equation of Hill
(1990) follows the data of Angell er al. (1982) as well.
TAPS-84 fails in representing the isobaric heat capacity in the
subcooled liquid.

7.3.2.2. Superheated Liquid. In the superheated liquid,
there are the ppT data of Chukanov and Skripov (1971) and
Evstefeev et al. (1977) and the speed-of-sound data mea-
sured by Evstefeev et al. (1979). The temperature and pres-
sure ranges of these data are given in Secs. 4.2.1 and 4.3,
respectively.

Comparisons between these data and values calculated
from ITAPWS-95, Eq. (6.4), are shown in Figs. 7.52 and 7.53
by using a few isotherms as examples; the corresponding
values from TAPS-84 and the equation of Hill (1990) are
plotted as well. Neither IAPWS-95 nor the two other equa-
tions of state were fitted to these ppT and w data. Since,
however, the course of the isotherms in the superheated lig-
uid is very strongly determined by the accurate data in the
stable homogeneous liquid, none of the equations of state
discussed here has any difficulty in representing the ppT and
w data to within their experimental uncertainties; for the ppT
data we estimate the uncertainties to be less than £0.05% in
density. However, the data do not extend very far into the
metastable region.

In the following the course of the spinodals on the satu-
rated liquid side of the vapor—liquid two-phase region calcu-
lated from TAPWS-95, TAPS-84, and the equation of Hill
(1990) is discussed. (The vapor and liquid spinodals are lines
which connect, within the vapor—liquid two-phase region, all
minima of the isotherms (liquid spinodal) and all maxima of
the isotherms (vapor spinodal). The liquid spinodal, which is
of interest here, describes the location on the isotherms at
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IAPS-84 and the equation of Hill (1990) are plotted for comparison.

which, coming from the side of the saturated liquid, the me-
chanical stability condition (dp/dv) =<0 reaches the limiting
value zero; here the isotherm has a horizontal tangent. The
spinodals start at the critical point and extend, depending on
the stability of the equation of state, to temperatures below
the triple point.)

In contrast to an equation of state of the so-called van der
Waals type whose isotherms form only one minimum and
one maximum in the two-phase region, state-of-the-art mul-
tiparameter equations of state have, sufficiently far from the
critical point, several minima and maxima along an isotherm.
This is also true for the ITAPWS-95 formulation. Taking this
into account, the ‘““real” spinodals are only those lines that
connect the outermost minima and the maxima of the iso-
therms. The inner minima and maxima are only of math-
ematical and not of physical importance.

With this background, the course of many isotherms com-
ing from the saturated-liquid line to the first minima in the
pressure—density diagram was considered, and the p—p val-
ues of these minima were determined so that one has the
ppT values at the minima of the isotherms. From these ppT
values, the corresponding p—T combinations were used to
plot the liquid spinodal in a p—T diagram. As a result, Fig.
7.54 shows the liquid spinodal of H,O as calculated from
TAPWS-95, TAPS-84, and the equation of Hill (1990); for
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comparison the vapor—pressure curve is also plotted. From
this figure, one can see that the three equations of state yield
basically a similar course of the liquid spinodal. Only the
equation of Hill (1990) shows an artifact in the course of the
spinodal for temperatures from 450 to 580 K. In this range,
Hill’s equation forms a secondary minimum of the spinodal,
which is based on corresponding indentations in the iso-
therms in this part of the two-phase region.

7.3.2.3. Subcooled Vapor. There are no experimental data
for thermodynamic properties in the subcooled vapor that
can be used to assess the behavior of IAPWS-95 in this
metastable region, which is of importance for several techni-
cal applications (for example, in a steam turbine, the steam
often expands into this metastable region).

However, when developing the industrial formulation
TAPWS-IF97 (see Sec. 1.4), for which the IAPWS-95 formu-
lation provided the input values, it became apparent that
TAPWS-95 does not behave correctly within the subcooled
vapor for pressures below 10 MPa. In this part of the vapor—
liquid metastable region, TAPWS-95 yields a vapor spinodal
that is significantly too close to the saturated-liquid line. Af-
ter corresponding tests, the input values for IAPWS-IF97
(values of v, h, and c,) for the subcooled vapor at pressures
below 10 MPa were not calculated from IAPWS-95 but from
the gas equation, Eq. (3.2), described in Sec. 3; for details
see the international article on the industrial formulation
TAPWS-IF97 of Wagner et al. (2000).

Therefore, values of thermodynamic properties in the sub-
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cooled vapor for pressures below 10 MPa should not be cal-
culated from IAPWS-95, Eq. (6.4), but from the gas equa-
tion, Eq. (3.2); see also item (3) in Sec. 6.3.1. This statement
does not include the saturated-vapor line on which
TAPWS-95 is very accurate.

7.3.3. Extrapolation Behavior

Based on our experience with the development of the ref-
erence equations of state for methane [Setzmann and Wagner
(1991)] and carbon dioxide [Span and Wagner (1996)], dur-
ing the entire development of the TAPWS-95 formulation we
attached importance to its reasonable extrapolation behavior.
The extrapolation capability relates to the following three
features:

(1) representation of experimental data outside the fitting
(and validity) range of TAPWS-95;

(2) extrapolation beyond the range of primary data to very
high pressures combined with high densities; and

(3) extrapolation beyond the range of primary data to very
high temperatures combined with high and particularly
with low densities.

The performance of IAPWS-95 with regard to item (1) was
shown by a comparison of IJAPWS-95 with reliable experi-
mental data outside its range of validity (1000 MPa, 1273
K). Such comparisons have been carried out for ppT data
(Sec. 7.2.1), speeds of sound (Sec. 7.2.3), and isobaric heat
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FiG. 7.56. Plot of three ppT isotherms in the pressure—density diagram at
extremely high pressures as calculated from IAPWS-95, Eq. (6.4), IAPS-84
and the equation of Hill (1990).

capacities (Sec. 7.2.5). The extrapolation behavior of
TAPWS-95 with respect to the above-mentioned item (2) is
mainly dealt with in the context of the Hugoniot curve in the
following subsection, while the extrapolation capability with
regard to the above-mentioned item (3) is discussed with the
help of the so-called ideal curves in the subsection after that.

7.3.3.1. Hugoniot Curve and ppT Behavior at Extreme
Pressures and Temperatures. The extrapolation capability
of the IAPWS-95 formulation into the region of extremely
high pressures and temperatures is tested with the help of
shock-wave measurements meeting the so-called Hugoniot
relation. For details of such Hugoniot-curve data, which are a
combination of values of the three properties pressure, den-
sity, and specific enthalpy, see Sec. 4.9.

For water, such pph data were measured by three groups
of authors: Walsh and Rice (1957), Lyzenga et al. (1982),
and Mitchell and Nellis (1982). As already mentioned in Sec.
4.9, these data were not used for the development of the
IAPWS-95 formulation because their use would have re-
sulted in nonlinear relations that require iterative solutions
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for temperature. Moreover, for an equation of state that had
already been optimized with regard to its functional struc-
ture, nonlinear fits involving Hugoniot data hardly exercise
an influence on the representation of these data—the ex-
trapolation behavior of such equations of state is closely re-
lated to their functional form, see Span and Wagner (1997).
Any attempt to use Hugoniot data in linear optimization al-
gorithms, as applied for developing TAPWS-95 (see Sec.
5.3), requires a precorrelation of the temperature belonging
to these data points. [Recently, during the development of the
new reference equation of state for nitrogen [Span et al.
(2000)], for the first time Hugoniot data were used directly in
combination with the nonlinear optimization algorithm of
Tegeler er al. (1997), (1999).] However, due to the absence
of “real” ppT data at these extreme conditions, such precor-
related temperatures cannot be checked. Therefore, such an
approach risks distorting the experimental information given
by Hugoniot data. For H,O, one bad example in this respect
is the ppT values of Rice and Walsh (1957), which they
derived from their Hugoniot measurements [Walsh and Rice
(1957)], for details see Sec. 4.9. However, an equation of
state fitted to these ppT values yields totally unreasonable
plots for the Hugoniot curve, with parts even having an un-
physical negative slope.

Based on this knowledge, the reasonable extrapolation ca-
pability of JAPWS-95 was mainly achieved by choosing a
suitable functional form for the bank of terms (limitations on
the density and temperature exponents of the pure polyno-
mial terms and the polynomial part combined with the expo-
nential functions, see Secs. 5.4.1 and 5.4.2). These functional
measures were slightly supported by adding to the data set
used to fit IAPWS-95 (with very low weight) so-called “‘ar-
tificial” ppT data determined in the optimization process
from interim equations that reasonably represented the
Hugoniot curve, see Sec. 4.11. The data of the Hugoniot
curve themselves (see Sec. 4.9) were only used for compari-
son.

Figure 7.55 presents a plot of the Hugoniot curve for H,O
as calculated from TAPWS-95, Eq. (6.4), and three further
equations of state; the experimental data of the correspond-
ing shock-wave measurements, which extend to pressures
beyond 80000 MPa, are plotted as well. The four equations
of state yield rather different Hugoniot curves. The equation
of Saul and Wagner (1989) shows, in comparison to the ex-
perimental data, a Hugoniot curve that is too steep, although
it was fitted to the ppT data of Rice and Walsh (1957) that
had been derived by these authors from their Hugoniot data.
This confirms our statement on determining the temperature
from the pph data obtained from Hugoniot measurements,
see above. The equation of Hill (1990) is clearly too flat in
the lower part up to densities of about 2200 kgm™> and
afterward much too steep; above the end point of this curve,
no further equilibrium states according to Eq. (4.3) can be
calculated from Hill’s equation. At first glance it looks as if
IAPS-84 represents the Hugoniot data quite well, but this
equation yields a solution of Eq. (4.3) that extends into the
solid phase of H,O for densities near p=1500 kgm > and
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yields a maximum temperature of only 420 K for the pph
data. Thus, the IAPWS-95 formulation is the only equation
of state for H,O that reasonably represents the Hugoniot data
based on the shock wave measurements of the three groups
of authors.

When testing an equation of state’s extrapolation capabil-
ity to extreme pressures and temperatures, a reasonable rep-
resentation of the Hugoniot curve is a necessary but not a
sufficient condition. It can happen that an equation meets the
condition “Hugoniot curve’ but displays an unphysical ppT
behavior in this region. With this background, Fig. 7.56 il-
lustrates the ppT behavior along the three isotherms 7
=448 K, T=773K, and T=1273K in a p—p diagram as
calculated from three equations of state. It can be seen that
ITAPWS-95 (upper diagram) yields a very ‘“‘harmonic” plot of
the isotherms, while IAPS-84 and the equation of Hill (1990)
produce physically unreasonable plots of these isotherms.
IAPS-84 (middle diagram) yields a crossing point of the iso-
therms at the same value of the density at which the Hugo-
niot curve of this equation yields a solution in the solid re-
gion, see Fig. 7.55. Hill’s equation shows a similar behavior,
namely a crossing point of the isotherms at about p=1675
kg m~? and, in addition, at higher densities the isotherms
turn downward.

7.3.3.2. Ideal Curves. Plots of so-called ideal curves are
useful in assessing the behavior of an equation of state in
regions beyond the range of available data [Deiters and de
Reuck (1997), Span and Wagner (1997), Span (2000)], as
well as in revealing inconsistencies in the available data sets.
(Ideal curves are curves along which one property of a real
fluid is equal to the corresponding property of the hypotheti-
cal ideal gas at the same density and temperature. Based on
this very general definition, ideal curves can be defined for
almost every property, but usually the discussion is focused
on the ideal curves of the compression factor and its first
derivatives.) The most common ideal curves are those of the
compression factor Z and its first derivatives. These curves
are also considered here and their definitions are given in
Table 7.1. Besides testing an equation of state at high pres-
sures and high temperatures, these ideal curves are also very
well suited to test the equations at high temperatures and low
pressures and low densities, respectively.

Figure 7.57 illustrates in a double-logarithmic pressure—
temperature diagram the plots of the four characteristic ideal
curves for H,O as calculated from the IAPWS-95 formula-
tion, Eq. (6.4). The range in which reliable experimental data
exist, to which TAPWS-95 was fitted, is marked by the dotted
region. Although the curves in this figure do not provide any
numerical information, reasonable shapes without visible os-
cillations as shown in the figure indicate a qualitatively cor-
rect extrapolation behavior of TAPWS-95. In contrast,
TAPS-84 and the equation of Hill (1990) [and also the equa-
tion of Saul and Wagner (1989), which is not shown here]
exhibit some serious shortcomings when describing both the
Joule—Thomson inversion curve and the Joule inversion
curve. As can be seen from Fig. 7.58, both equations show a
physically unreasonable oscillating behavior of the Joule—
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TaBLE 7.1. The zeroth and first order ideal curves for the compression factor Z and their definitions in terms of
the compression factor Z(p,T) and of the residual part of the reduced Helmholtz free energy ¢'(p,7) and the
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condition for the second virial coefficient B at the temperature 7,4"

Definition in terms of

Compression Residual Helmholtz
Designation factor free energy” B(T.pq)
(Classical) ideal curve zZ=1 ¢s=0 B=0
4
Boyle curve —| =0 Pt 6dlss=0 B=0
[
24
Joule—Thomson inversion curve ﬁ") = st SPsst T, =0 B—T(dB/dT)=0
o
P
(4 .
Joule inversion curve 7 = ¢%5,=0 dB/dT=0
p

*Temperatures where the ideal curves cross the axes p=0 and p=0, respectively, are called end temperatures,
Tena - At these temperatures, the second virial coefficient must meet the condition given in the column on the

right.

®For an explanation of the quantities ¢, ¢%s, and @%,, see the footnote of Table 6.5.

Thomson inversion curve to the right of its maximum. In
contrast, JAPWS-95, which is also plotted in Fig. 7.58 for
comparison, is able to describe the course of this curve very
smoothly and according to physical expectations, see Span
and Wagner (1997).

Concerning the ideal curves, Fig. 7.58 also shows that the
most significant discrepancy between IAPWS-95, TAPS-84,
and the equation of Hill (1990) exists in their description of
the Joule inversion curve. Only IAPWS-95 is able to repre-
sent the theoretically expected course of this curve. (The
only substance for which the region of the Joule inversion
curve is completely covered by experimental data is helium.
Thus, for this substance the theoretically expected course of
this curve is experimentally verified.) In particular, based on
the fact that the other equations of state are not able to yield
any zero crossing of this ideal curve, it can be concluded that
they also behave incorrectly regarding the second virial co-
efficient B at these high temperatures. According to Table
7.1, for this ideal curve the condition for B at this zero cross-
ing (corresponding to Tpq) reads dB/dT=0, which requires
a maximum in B at the temperature T4 . In this context, Fig.
7.59 presents the second virial coefficient for these extremely
high temperatures as calculated from IAPWS-95, IAPS-84,
and the equation of Hill (1990). For comparison purposes,
the virial equation of Hill and MacMillan (1988) is also plot-
ted. As can be seen, of all the wide-range equations of state
[including the equation of Saul and Wagner (1989), which is
not shown in the figure], only the IAPWS-95 formulation is
able to produce a maximum in B at a reasonable temperature.
The virial equation of Hill and MacMillan (1988) has the
maximum at a very similar temperature, which confirms the
course of the Joule inversion curve predicted by IAPWS-95.

During the development of IAPWS-95, the Joule inversion
curve was the only ideal curve to which we had to pay at-
tention and on whose representation we had to exert an in-

fluence. In order to produce the desired reasonable represen-
tation of the Joule inversion curve, ten data points of the
second virial coefficient in this temperature range calculated
from the gas equation, Eq. (3.2), were incorporated into the
final data set used to develop ITAPWS-95, see Sec. 4.10.
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Finally, Fig. 7.60 summarizes the plots of the four ideal
curves as calculated from TAPWS-95, TAPS-84, and the
equation of Hill (1990) in a density—temperature diagram.
This diagram illustrates the location of the ideal curves in
comparison to the saturated liquid and vapor line and again
makes clear the smooth and ‘“‘natural” representation of these
curves by IAPWS-95. The oscillating representation of the
Joule—Thomson inversion curve and the failure of IAPS-84
and Hill’s equation for the Joule inversion curve are also
obvious in this diagram.

In addition to its reasonable high-pressure, high-density
behavior, [APWS-95 is able to represent properties at high
temperatures and low densities in a physically reasonable
manner.

8. Uncertainty of the IAPWS-95
Formulation

Estimates for the uncertainty of an empirical equation of
state must be guided by comparisons with experimental data
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FI1G. 7.59. Second virial coefficient at very high temperatures as calculated
from IAPWS-95, Eq. (6.4), IAPS-84, the equation of Hill (1990), and the
virial equation of Hill and MacMillan (1988).

and the assessment of their uncertainty. In regions where no
data are available or where there are only data of lower ac-
curacy, comparisons with existing equations of state can as-
sist in the assessment. The estimates of the uncertainty of the
ppT, w, and ¢, values calculated from IAPWS-95, Eq. (6.4),
were carried out by TAPWS, and the results are summarized
in Sec. 6.3.2. Usually, the uncertainties of ¢, in the gas and
liquid region correspond to the uncertainties given for c,
(except for the critical region). However, due to the unclear
data situation, a more conservative estimate has been made
at the end of Sec. 7.2.4. The relative uncertainty of differ-
ences in enthalpy A% is always smaller than the uncertainty
in ¢,. IAPWS plans to make a more specific statement on

Reduced density p/p_

Sat. vapor
[~ line

Reduced temperature T/T,

IAPWS-95 —-—IAPS-84

— .. — Hill (1990)

FiG. 7.60. The ideal curves in a p/p, vs log (T/T,) diagram as calculated
from IAPWS-95, Eq. (6.4), IAPS-84, and the equation of Hill (1990).
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the uncertainty in enthalpy, which will be given as an Infor-
matory Note (see the IAPWS website from 2004 on).

Outside the range of its validity, IAPWS-95, Eq. (6.4),
should yield reasonable results for the basic thermodynamic
properties like pressure (density) and enthalpy within the
whole chemically stable region of H,O. Of course, the ex-
trapolation results have an increased uncertainty that cannot
be estimated. The calculation of derived properties such as
speed of sound or specific isobaric and isochoric heat capac-
ity is not recommended beyond the limits of validity of
TAPWS-95. If such properties are calculated, the results
should be checked carefully. For extrapolation into the three
metastable regions; subcooled liquid, superheated liquid, and
subcooled vapor, see Sec. 7.3.2.

9. Recommendations for Improving
the Basis of the Experimental Data

The beginning of Sec. 4 stated that water is one of the best
experimentally investigated fluids. This statement is particu-
larly based on the very high accuracy of the ppT data in the
liquid region, on the accurate ppT data in the gas region for
not too high temperatures (see Fig. 6.1), and on the quantity
of speed-of-sound and isobaric-heat-capacity data. However,
if an improved equation of state is to be developed it would
be helpful to have data with higher accuracies and, more
importantly, to have data in those regions for which, at
present, reliable experimental data are not available at all.

While it might be somewhat surprising, we consider the
thermal properties (p,p’p”T data) along the entire vapor—
liquid phase boundary a candidate for a remeasuring project.
As discussed in several places in Sec. 7, there are inconsis-
tencies between the properties on the phase boundary and
those in the single-phase region near the saturation state. The
data for the vapor pressure p, and the saturated-vapor den-
sity p" are based mainly on data of Osborne et al. measured
in the 1930’s, see Table 2.1. Moreover, the p’ and p” data of
Osborne ef al. (1937), (1939) were not directly measured,
but were determined from measurements of special caloric
data in combination with further information, see Sec. 2.3.1.
We also believe that the p' data of Kell e al. (1985) exhibit
certain inconsistencies with the ppT data in the single-phase
liquid region. Thus, it would be interesting to see p,p'p"T
data measured directly with a state-of-the-art two-sinker den-
simeter [see Wagner ef al. (2002)] with which, for most of
the liquid—vapor phase boundary of other substances, uncer-
tainties in p,, p’, and p” of less than about +0.015%,
*0.012%, and *0.025%, respectively, have been achieved.

In the single-phase region, the ppT data of Vukalovich
et al. (1961) should be replaced by more accurate data in the
temperature range above 800 K at pressures of, if possible,
up to 500 MPa. It would very desirable if such data had
uncertainties in density of less than =0.1%, preferably on the
order of =0.05%. Then, the discrepancies in the ppT surface
of H,O in this high-temperature region (see Secs. 7.2.1.4 and
7.2.1.5) could be removed. For the pressure range from 100
to 500 MPa and temperatures below 800 K down to the

melting-curve temperature, it would be helpful to have ppT
data with uncertainties in density on the order of *£0.02%.
With such data, the inconsistency between the pp7 data of
Grindley and Lind (1971) and of Kell and Whalley (1975),
see Fig. 4.2, could be clarified. At present, the gas region is
covered by the ppT data of Kell er al. (1989), which show,
however, scatter on the order of =0.05% and uncertainties of
up to +0.2% at 423 and 448 K when approaching the phase
boundary (see Fig. 4.3); moreover, the selected data of Kell
et al. “only” extend down to 473 K. Therefore, in order to
fix the derivatives of the ppT surface in this region better, it
would be desirable to have new ppT data in the gas region,
preferably covering a temperature range from 373 to 873 K
at pressures up to the vapor pressure and for supercritical
temperatures up to about 40 MPa. However, such remeasure-
ments in the gas region only make sense if uncertainties in
density of less than £0.02% can be achieved; this is in prin-
ciple possible with modern two-sinker densimeters in which
the influence of adsorption is compensated, see Wagner et al.
(2002). For the critical region, it would be desirable to have
critical-region ppT data with uncertainties in pressure of less
than *£0.01%—*0.02%. In this way, the increase of ¢, in the
critical region would be better fixed and water could catch up
with other very well measured substances in the critical re-
gion (for example, CH,, CO,, N,, Ar, C,H,, SF, and
C,Hg). Having a ppT data set of the quality described above
would to a large extent compensate for the absence of very
accurate data for the isobaric and isochoric heat capacity, see
below.

As usual, compared with the ppT data, the data situation
regarding the caloric properties is clearly worse. For the
speed of sound w, the very well measured region [283-373
K, 10—-100 MPa, Fujii (1994) to 200 MPa] with uncertainties
between *0.005% and *0.05% should be extended to a
greater range of temperatures and pressures. It would be de-
sirable to have such measurements for pressures up to 500
MPa and up to supercritical temperatures, preferably up to
about 900 K. It would be necessary that the experimental
uncertainties of such data be less than =0.03%, at least for
temperatures up to 650 K. In this case, the reason for the
systematic deviation of the present w data in this region in
comparison with the values from IAPWS-95 (see Fig. 7.21)
could be clarified and the wpT surface in this region would
be much better defined. Based on the present experimental
possibilities for speed-of-sound measurements in the liquid
region, uncertainties of this order are in principle achievable.
It would also be very desirable to have new speed-of-sound
measurements in the gas region for temperatures starting
near the phase boundary and extending to 650 K (if possible
to higher temperatures) at pressures from 0.1 MPa to near the
vapor pressure, and for supercritical temperatures up to 25
MPa or even higher if possible. The experimental uncertainty
of such w measurements should be less than =0.01%, which
is achievable with spherical resonators [see Goodwin
(2002)]. Then, such measurements would define a new qual-
ity of the wpT surface of H,O at gas densities.

At present, the best data for the isobaric heat capacity c,,
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are mostly confined to the middle density range from about
100 to 700 kgm ™ (p.=322kgm 3), supplemented by a
few data in the gas region and in the liquid region at very
high densities and low temperatures, see Fig. 4.8. Except for
these very few ¢, data in the liquid region, the uncertainties
of all the other ¢, data were given by the experimenters as
+0.5%—-*+2%. However, in order to have a real test of an
equation of state regarding its ¢, behavior outside the critical
region, the ¢ » data should have uncertainties on the order of
*0.1%-=*0.2% in the gas and liquid region. At present,
however, such a requirement cannot be experimentally real-
ized. A possible alternative is given below.

Concerning the isochoric heat capacity c,, the present
data situation is worse than that for ¢, . Except for the ex-
perimental verification of the steep increase of the ¢, values
when approaching the critical point and of the order of mag-
nitude of this increase, and except for the high-density c,
data of Magee et al. (1998), the existing ¢, data are unfor-
tunately not accurate enough to serve as a real test of an
equation of state regarding its ¢, behavior. For this purpose
one would need ¢, measurements with uncertainties of
+0.1%—*0.2% (except for the critical region), but over the
entire relevant part of the surface of state (i.e., temperatures
to about 900 K and pressures to 100 MPa). As for c,,, this
requirement is probably unrealistic.

A potentially achievable experimental compromise regard-
ing the desirable ¢, and ¢, measurements might be as fol-
lows. The entire surface could be split into the gas region, for
which ¢ , Measurements are better suited, and into the liquid
region, for which ¢, measurements are better suited. At
present, it should be possible to carry out ¢, measurements
in the gas region with experimental uncertainties between
*0.1% and *£0.3% and ¢, measurements in the liquid region
on the order of =0.2%—-=*0.4%, see the ¢, data of Magee
et al. (1998). Based on our assessment, it is not absolutely
necessary to measure ¢, data in the critical region, because
the increase of ¢, in this region is mainly based on the de-
rivative (dp/dp)y, see Eq. (6.11). This means that very good
ppT measurements would be sufficient to model the increase
of ¢, in the critical region. However, the behavior of an
equation of state regarding the isochoric heat capacity in the
critical region can only be reasonably modeled if one has
good ¢, data in this region. Besides a reasonable experimen-
tal accuracy, such data should particularly have very good
internal consistency to guide the equation of state appropri-
ately.

Finally, the inconsistency in the isobaric heat capacity in
the ideal-gas state c; , which exists at high temperatures be-
tween the different c; data sets (see Sec. 4.5.1), should be
clarified.

10. Conclusions

Based on a comprehensive study of the experimental data
for the thermodynamic properties of ordinary water sub-
stance (H,0O), a new equation of state in the form of a fun-
damental equation explicit in the Helmholtz free energy has
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been developed. The functional form of this formulation has
been determined by using a state-of-the-art linear structure-
optimization method combined with nonlinear fitting pro-
cesses in an iterative procedure. The new formulation has
been adopted by the IAPWS as the new scientific standard
equation of state for H,O under the name ‘“The IAPWS For-
mulation 1995 for the Thermodynamic Properties of Ordi-
nary Water Substance for General and Scientific Use,”” which
we abbreviate to IAPWS-95 formulation or ITAPWS-95 for
short. This IAPWS-95 formulation is valid in the fluid region
of H,O up to temperatures of 1273 K at pressures up to 1000
MPa. IAPWS-95 is able to represent the most accurate ex-
perimental data in the single-phase region and on the vapor—
liquid phase boundary to within their experimental uncer-
tainty. In particular, in the liquid region IAPWS-95 is of an
accuracy that has never been achieved before by a wide-
range equation of state; for example, the standard densities
along the isobar p =0.101 325 MPa are represented to within
the 1 ppm level. Moreover, IAPWS-95 represents the experi-
mental data of the thermal properties in the critical region
without any difficulty.

Special interest has been focused on a reasonable repre-
sentation of the caloric properties in the critical region and
on a good extrapolation behavior of IAPWS-95. For the ba-
sic improvement of the caloric behavior in the critical region,
the nonanalytical terms from the reference equation of state
for carbon dioxide [Span and Wagner (1996)] were adopted.
Although these terms are not perfect, they enable IAPWS-95
to represent the isochoric heat capacity and the speed of
sound even in the immediate vicinity of the critical point;
until the equation of state for CO, of Span and Wagner
(1996), this attribute had only been a domain of scaled equa-
tions of state, which use iterative dependencies between dif-
ferent sets of variables and have a limited range of validity.
Mostly because of its functional structure, the IAPWS-95
formulation can be extrapolated to extremely high pressures
and very high temperatures and densities; at least for the
basic properties of H,O such as pressure (density) and spe-
cific enthalpy, IAPWS-95 should yield reasonable results
within the whole region of chemical stability. The good rep-
resentation of the so-called ideal curves has shown that
TAPWS-95 can also be reasonably extrapolated to high tem-
peratures at low densities and low pressures.
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13. Appendix: Tables of Thermodynamic
Properties of Water

Tables are given here for the thermodynamic properties of
ordinary water substance (H,O) that cover the range of va-
lidity of the IAPWS-95 formulation. Table 13.1 lists the val-
ues along the vapor—liquid phase boundary. In order to pre-
serve thermodynamic consistency with the values in the
single-phase region, all values along the phase boundary
were calculated from IJAPWS-95 by applying the phase equi-
librium condition, Egs. (6.9a)—(6.9¢c), which means without
using any auxiliary equations. Table 13.2 contains the corre-
sponding values in the single-phase region and covers the
entire range of validity of [APWS-95, namely temperatures
from the melting line to 1273 K and pressures up to 1000
MPa. For pressures below the critical pressure (p,
=22.064 MPa), the isobaric values of the single-phase table
also contain the values for the saturated liquid and saturated
vapor at the phase boundary. The values of all properties,
density, and derived properties, were calculated from the
TAPWS-95 formulation, i.e., from Eq. (6.4) in combination
with Egs. (6.5) and (6.6). Tables 13.1 and 13.2 are given with
five significant figures (six significant figures for the density
up to p =100 MPa), which is appropriate with respect to the
uncertainties discussed in Secs. 6.3.2 and 8. However, inter-
polation between entries in the tables may result in uncer-
tainties that are significantly larger than the uncertainties of
Eq. (6.4). This must be particularly considered in the critical
and extended critical region. For sophisticated applications,
properties should be calculated directly from IAPWS-95, Eq.
(6.4). For suitable software, see the IAPWS website http:/
www.iapws.org/newform.htm.
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TABLE 13.1. Thermodynamic properties of water on the vapor—liquid phase boundary as a function on temperature®

T

P p h s c, Cp w

K MPa kgm kI kg™ kI kg ' K™ kIkg 'K kI kg ' K™ ms”!

273.160 0.000 612 999.793 0.001 0.0000 4.2174 4.2199 1402.3
0.00485 2500.92 9.1555 1.4184 1.8844 409.00

274 0.000 650 999.843 3.544 0.0130 4.2156 4.2171 1406.5
0.00514 2502.46 9.1331 1.4191 1.8852 409.61

276 0.000 750 999.914 11.972 0.0436 4.2108 4.2110 1416.1
0.00589 2506.12 9.0804 1.4208 1.8872 411.05

278 0.000 863 999.919 20.389 0.0740 4.2057 4.2058 14253
0.00673 2509.79 9.0287 1.4224 1.8893 412.49

280 0.000 992 999.862 28.796 0.1041 4.2003 4.2014 1434.1
0.00768 2513.45 8.9779 1.4242 1.8913 413.92

282 0.001 137 999.746 37.195 0.1340 4.1945 4.1975 1442.5
0.00874 2517.11 8.9280 1.4259 1.8935 41535

284 0.001 300 999.575 45.587 0.1637 4.1884 4.1942 1450.4
0.00993 2520.76 8.8791 1.4277 1.8956 416.77

286 0.001 483 999.352 53.973 0.1931 4.1820 4.1914 1458.0
0.01125 2524.41 8.8310 1.4294 1.8978 418.18

288 0.001 689 999.079 62.353 0.2223 4.1753 4.1890 1465.2
0.01272 2528.06 8.7838 14312 1.9000 419.59

290 0.001 920 998.758 70.729 0.2513 4.1684 4.1869 1472.1
0.01436 2531.70 8.7374 1.4330 1.9023 420.99

292 0.002 178 998.392 79.101 0.2800 4.1612 4.1852 1478.6
0.01618 253534 8.6918 1.4348 1.9046 422.38

294 0.002 465 997.983 87.471 0.3086 4.1539 4.1838 1484.8
0.01820 2538.98 8.6471 1.4367 1.9069 423.77

296 0.002 786 997.532 95.837 0.3370 4.1463 4.1826 1490.6
0.02042 2542.61 8.6031 1.4385 1.9092 425.15

298 0.003 142 997.042 104.202 0.3651 4.1385 4.1817 1496.1
0.02288 2546.23 8.5599 1.4404 1.9116 426.52

300 0.003 537 996.513 112.565 03931 4.1305 4.1809 1501.4
0.02559 2549.85 8.5174 1.4422 1.9141 427.89

302 0.003 975 995.948 120.926 0.4209 4.1223 4.1803 1506.3
0.02857 2553.47 8.4756 1.4441 1.9166 429.25

304 0.004 459 995.346 129.287 0.4485 4.1140 4.1799 1510.9
0.03184 2557.08 8.4346 1.4461 1.9191 430.61

306 0.004 993 994.711 137.647 0.4759 4.1054 4.1797 15153
0.03543 2560.68 8.3943 1.4480 1.9217 431.95

308 0.005 582 994.042 146.007 0.5031 4.0967 4.1795 15194
0.03936 2564.28 8.3546 1.4500 1.9243 43329

310 0.006 231 993.342 154.366 0.5301 4.0879 4.1795 15232
0.04366 2567.87 8.3156 1.4520 1.9270 434.63

312 0.006 944 992.610 162.726 0.5570 4.0789 4.1796 1526.8
0.04835 2571.45 82773 1.4540 1.9298 435.95

314 0.007 726 991.848 171.086 0.5837 4.0698 4.1797 1530.1
0.05347 2575.03 8.2396 1.4561 1.9326 43727

316 0.008 583 991.056 179.447 0.6103 4.0605 4.1800 1533.2
0.05904 2578.60 8.2025 1.4583 1.9356 438.58

318 0.009 521 990.235 187.808 0.6366 4.0511 4.1803 1536.1
0.06509 2582.16 8.1660 1.4604 1.9386 439.89
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TABLE 13.1. Thermodynamic properties of water on the vapor—liquid phase boundary as a function on temperature*—Continued

T P p h s c, p w

K MPa kgm™? kI kg™! kI kg ' K™! kikg 'K! kI kg ' K™! ms~!

320 0.010 546 989.387 196.170 0.6629 4.0416 4.1807 1538.7
0.07166 2585.71 8.1302 1.4627 1.9417 441.18

322 0.011 664 988.512 204.533 0.6889 4.0320 4.1812 1541.1
0.07879 2589.26 8.0949 1.4650 1.9449 442.47

324 0.012 882 987.610 212.897 0.7148 4.0223 4.1818 15433
0.08650 2592.79 8.0601 1.4673 1.9482 443.75

326 0.014 208 986.682 221.262 0.7405 4.0124 4.1824 1545.3
0.09484 2596.32 8.0260 1.4697 1.9516 445.02

328 0.015 649 985.728 229.629 0.7661 4.0025 4.1831 1547.1
0.10385 2599.83 7.9923 1.4722 1.9551 446.29

330 0.017 213 984.750 237.997 0.7915 3.9925 4.1838 1548.7
0.11357 2603.34 7.9592 1.4748 1.9587 447.54

332 0.018 909 983.747 246.367 0.8168 3.9825 4.1846 1550.1
0.12404 2606.83 7.9267 1.4774 1.9625 448.79

334 0.020 744 982.721 254.739 0.8420 3.9723 4.1855 1551.3
0.13532 2610.31 7.8946 1.4801 1.9664 450.03

336 0.022 730 981.671 263.112 0.8669 3.9621 4.1864 15523
0.14743 2613.79 7.8630 1.4829 1.9705 451.26

338 0.024 874 980.599 271.488 0.8918 3.9519 4.1874 1553.2
0.16045 2617.25 7.8319 1.4858 1.9747 452.47

340 0.027 188 979.503 279.866 0.9165 3.9416 4.1885 1553.9
0.17440 2620.69 7.8013 1.4888 1.9790 453.68

342 0.029 681 978.386 288.246 0.9411 3.9312 4.1896 1554.4
0.18936 2624.13 77711 1.4919 1.9835 454.88

344 0.032 366 977.247 296.628 0.9655 3.9208 4.1907 1554.7
0.20537 2627.55 7.7414 1.4951 1.9882 456.07

346 0.035 253 976.086 305.013 0.9898 3.9104 4.1919 1554.9
0.22249 2630.96 7.7122 1.4983 1.9931 457.25

348 0.038 354 974.904 313.401 1.0140 3.8999 4.1932 1555.0
0.24077 2634.35 7.6833 1.5018 1.9981 458.42

350 0.041 682 973.702 321.791 1.0380 3.8895 4.1946 1554.8
0.26029 2637.73 7.6549 1.5053 2.0033 459.58

352 0.045 249 972.479 330.185 1.0619 3.8790 4.1960 1554.5
0.28110 2641.09 7.6270 1.5089 2.0088 460.73

354 0.049 070 971.235 338.581 1.0857 3.8685 4.1975 1554.1
0.30326 2644.44 7.5994 1.5127 2.0144 461.87

356 0.053 158 969.972 346.981 1.1093 3.8580 4.1991 1553.6
0.32685 2647.77 7.5722 1.5166 2.0202 463.00

358 0.057 527 968.689 355.384 1.1328 3.8475 4.2007 1552.8
0.35193 2651.08 7.5454 1.5206 2.0263 464.12

360 0.062 194 967.386 363.791 1.1562 3.8369 42024 1552.0
0.37858 2654.38 7.5190 1.5247 2.0326 465.22

362 0.067 172 966.064 372.202 1.1795 3.8264 4.2042 1551.0
0.40686 2657.65 7.4929 1.5290 2.0391 466.32

364 0.072 478 964.723 380.616 1.2027 3.8159 4.2061 1549.9
0.43686 2660.91 7.4672 1.5335 2.0458 467.40

366 0.078 129 963.363 389.034 1.2257 3.8055 4.2080 1548.6
0.46865 2664.15 7.4419 1.5381 2.0528 468.47
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TABLE 13.1. Thermodynamic properties of water on the vapor—liquid phase boundary as a function on temperature*—Continued

T p p h s c, p w

K MPa kgm™? kI kg™ kIkg™' K™! kIkg 'K ™! kIkg™' K™! ms~!

368 0.084 142 961.984 397.457 1.2487 3.7950 4.2101 15473
0.50231 2667.37 7.4169 1.5428 2.0601 469.53

370 0.090 535 960.587 405.884 1.2715 3.7846 42122 1545.8
0.53792 2670.57 7.3923 1.5478 2.0676 47057

372 0.097 326 959.171 414316 1.2942 3.7741 4.2144 1544.1
0.57557 2673.75 7.3680 1.5528 2.0754 471.61

374 0.104 53 957.737 422752 1.3168 3.7637 42167 15424
0.61534 2676.91 7.3440 1.5581 2.0835 472.63

376 0.11218 956.285 431.194 1.3393 37534 4.2190 1540.5
0.65732 2680.04 7.3203 1.5635 2.0919 473.64

378 0.12028 954.815 439.640 1.3617 3.7431 4.2215 1538.6
0.70161 2683.16 7.2969 1.5691 2.1006 474.63

380 0.128 85 953.327 448.092 1.3839 37328 4.2241 1536.5
0.74830 2686.25 7.2738 1.5749 2.1096 475.61

382 0.13793 951.822 456.550 1.4061 3.7225 4.2268 15342
0.79748 2689.31 7.2510 1.5808 2.1189 476.58

384 0.147 52 950.298 465.013 1.4282 37123 4.2295 1531.9
0.84926 2692.35 7.2286 1.5870 2.1285 477.54

386 0.157 66 948.758 473.482 1.4502 3.7022 4.2324 15295
0.90372 2695.37 7.2063 1.5933 2.1385 478.48

388 0.168 36 947.199 481.957 1.4720 3.6920 4.2354 1526.9
0.96099 2698.35 7.1844 1.5999 2.1488 479.41

390 0.179 64 945.624 490.439 1.4938 3.6820 4.2384 15243
1.0212 2701.32 7.1627 1.6066 2.1594 480.32

392 0.191 54 944.030 498.928 15155 3.6719 4.2416 15215
1.0843 2704.25 7.1413 1.6136 2.1705 481.22

394 0.204 08 942.420 507.423 1.5371 3.6620 4.2449 1518.7
1.1506 2707.16 7.1202 1.6207 2.1818 482.11

396 0.21728 940.793 515.926 1.5586 3.6520 4.2483 15157
1.2202 2710.04 7.0992 1.6281 2.1936 482.98

398 0.23117 939.148 524.435 1.5800 3.6422 4.2519 1512.6
1.2931 2712.88 7.0786 1.6357 2.2058 483.83

400 0.24577 937.486 532.953 1.6013 3.6324 4.2555 1509.5
1.3694 2715.70 7.0581 1.6435 22183 484.67

402 0.261 11 935.807 541.478 1.6225 3.6226 4.2593 1506.2
1.4494 2718.49 7.0379 1.6515 22312 485.50

404 0.27722 934.111 550.011 1.6436 3.6129 4.2632 1502.8
1.5330 272125 7.0180 1.6597 2.2446 486.31

406 0.294 13 932.398 558.553 1.6647 3.6033 4.2672 1499.4
1.6205 2723.97 6.9982 1.6682 22583 487.10

408 0.311 87 930.668 567.103 1.6856 3.5937 42713 1495.8
1.7120 2726.67 6.9787 1.6769 22725 487.88

410 0.33045 928.921 575.662 1.7065 3.5842 4.2756 1492.2
1.8076 2729.32 6.9593 1.6858 2.2871 488.65

412 0.349 93 927.157 584.231 1.7273 3.5748 4.2800 1488.4
1.9074 2731.95 6.9402 1.6949 2.3021 489.39

414 0.370 32 925.375 592.808 1.7480 35654 4.2845 1484.6
2.0116 2734.54 6.9213 1.7042 23176 490.13
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TABLE 13.1. Thermodynamic properties of water on the vapor—liquid phase boundary as a function on temperature*—Continued

T P p h s c, p w

K MPa kgm™? kI kg™! kI kg ' K™! kikg 'K! kI kg ' K™! ms~!

416 0.391 66 923.577 601.396 1.7687 3.5560 4.2892 1480.6
2.1203 2737.09 6.9025 1.7138 2.3334 490.84

418 0.413 97 921.761 609.993 1.7892 3.5468 4.2940 1476.6
22336 2739.61 6.8840 1.7235 2.3498 491.54

420 0.437 30 919.929 618.601 1.8097 3.5376 4.2990 1472.5
23518 2742.09 6.8656 1.7335 2.3666 49222

422 0.461 67 918.079 627.219 1.8301 3.5285 43041 1468.3
2.4750 2744.54 6.8474 1.7437 2.3838 492.89

424 0.487 11 916.212 635.848 1.8504 3.5194 43093 1464.0
2.6032 2746.94 6.8294 1.7542 2.4015 493.54

426 0.513 67 914.328 644.488 1.8707 3.5104 43147 1459.6
2.7367 2749.31 6.8116 1.7648 24196 494.17

428 0.541 38 912.426 653.140 1.8909 3.5015 4.3203 1455.2
2.8757 2751.64 6.7939 1.7756 2.4382 494.79

430 0.570 26 910.507 661.804 1.9110 3.4926 4.3260 1450.6
3.0202 2753.92 6.7764 1.7867 2.4573 495.39

432 0.600 36 908.571 670.479 1.9311 3.4838 43319 1446.0
3.1705 2756.17 6.7590 1.7979 2.4768 495.97

434 0.63172 906.617 679.167 1.9510 3.4751 43379 1441.2
3.3268 2758.37 6.7418 1.8093 2.4968 496.53

436 0.664 36 904.645 687.868 1.9710 3.4664 4.3442 1436.4
3.4891 2760.53 6.7248 1.8210 2.5173 497.08

438 0.698 33 902.656 696.582 1.9908 3.4578 4.3505 1431.5
3.6578 2762.65 6.7079 1.8328 2.5383 497.61

440 0.733 67 900.649 705.310 2.0106 3.4493 43571 1426.5
3.8329 2764.73 6.6911 1.8448 2.5597 498.12

442 0.770 41 898.624 714.051 2.0303 3.4408 4.3639 1421.5
4.0146 2766.76 6.6745 1.8570 25816 498.61

444 0.808 59 896.580 722.807 2.0500 3.4324 43708 1416.3
42032 2768.74 6.6580 1.8693 2.6040 499.09

446 0.848 26 894.519 731.576 2.0696 3.4241 43779 1411.1
4.3988 2770.68 6.6416 1.8818 2.6269 499.55

448 0.889 45 892.439 740.361 2.0892 3.4159 4.3852 1405.8
4.6017 2772.57 6.6253 1.8945 2.6503 499.99

450 0.93220 890.341 749.162 2.1087 3.4077 4.3927 1400.4
4.8120 2774.41 6.6092 1.9074 2.6742 500.41

452 0.976 56 888.225 757.977 2.1281 3.3996 4.4004 1394.9
5.0300 2776.21 6.5932 1.9204 2.6986 500.82

454 1.0226 886.089 766.809 2.1475 3.3915 4.4084 1389.3
5.2558 2777.95 6.5773 1.9335 2.7235 501.20

456 1.0703 883.935 775.658 2.1668 3.3835 4.4165 1383.7
5.4897 2779.65 6.5615 1.9469 2.7490 501.57

458 1.1197 881.761 784.523 2.1861 3.3756 4.4248 1378.0
5.7319 2781.29 6.5458 1.9603 2.7749 501.92

460 1.1709 879.569 793.406 2.2053 3.3678 44334 1372.2
5.9826 2782.88 6.5303 1.9739 2.8014 502.24

462 1.2239 877.357 802.306 2.2245 3.3600 4.4422 1366.3
6.2421 2784.42 6.5148 1.9876 2.8285 502.55
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TABLE 13.1. Thermodynamic properties of water on the vapor—liquid phase boundary as a function on temperature*—Continued

T P p h s c, p w

K MPa kgm™? kI kg™! kI kg ' K™! kikg 'K! kI kg ' K™! ms~!

464 1.2788 875.125 811.225 2.2436 3.3523 44513 1360.3
6.5107 2785.91 6.4994 2.0015 2.8561 502.85

466 1.3356 872.873 820.162 2.2627 3.3447 4.4606 1354.3
6.7884 2787.34 6.4841 2.0155 2.8842 503.12

468 1.3943 870.601 829.118 22817 3.3371 4.4701 1348.2
7.0757 2788.72 6.4689 2.0296 29129 503.37

470 1.4551 868.310 838.094 2.3007 3.3296 4.4799 1342.0
7.3727 2790.04 6.4538 2.0439 2.9422 503.60

472 1.5179 865.997 847.089 23197 3.3222 4.4899 1335.7
7.6798 2791.31 6.4388 2.0583 2.9721 503.81

474 1.5828 863.664 856.106 2.3386 3.3148 4.5003 1329.3
7.9972 2792.51 6.4238 2.0727 3.0026 504.00

476 1.6498 861.310 865.143 2.3574 3.3075 45109 1322.9
8.3251 2793.66 6.4089 2.0874 3.0337 504.17

478 1.7190 858.934 874.202 2.3762 3.3003 45218 1316.4
8.6639 2794.75 6.3941 2.1021 3.0655 504.32

480 1.7905 856.537 883.283 2.3950 3.2932 4.5330 1309.8
9.0139 2795.78 6.3794 2.1169 3.0979 504.45

482 1.8642 854.118 892.386 2.4138 3.2861 4.5445 1303.1
9.3753 2796.74 6.3647 2.1319 3.1310 504.56

484 1.9403 851.678 901.513 2.4325 3.2791 45563 1296.4
9.7485 2797.65 6.3501 2.1469 3.1648 504.65

486 2.0188 849.214 910.663 2.4512 3.2721 4.5684 1289.6
10.134 2798.49 6.3356 2.1621 3.1993 504.71

488 2.0997 846.728 919.838 2.4698 3.2652 4.5809 1282.6
10.532 2799.26 6.3211 2.1774 3.2345 504.76

490 2.1831 844.219 929.037 2.4884 3.2584 4.5937 1275.7
10.942 2799.97 6.3066 2.1928 3.2705 504.78

492 2.2690 841.686 938.262 2.5070 3.2517 4.6069 1268.6
11.366 2800.61 6.2923 2.2083 3.3073 504.78

494 2.3575 839.130 947.514 2.5256 3.2451 4.6204 1261.5
11.803 2801.18 6.2779 2.2239 3.3450 504.76

496 2.4487 836.549 956.792 2.5441 3.2385 4.6344 1254.2
12.254 2801.69 6.2636 2.2396 3.3834 504.71

498 2.5426 833.944 966.097 2.5626 3.2320 4.6487 1246.9
12.719 2802.12 6.2494 2.2555 3.4228 504.64

500 2.6392 831.313 975.431 2.5810 3.2255 4.6635 1239.6
13.199 2802.48 6.2351 22714 3.4631 504.55

502 2.7386 828.658 984.793 2.5995 3.2191 4.6786 1232.1
13.694 2802.77 6.2210 2.2875 3.5043 504.43

504 2.8409 825.976 994.185 2.6179 3.2129 4.6943 1224.6
14.204 2802.98 6.2068 2.3037 3.5465 504.29

506 2.9461 823.269 1003.61 2.6363 3.2066 47103 1216.9
14.730 2803.11 6.1927 2.3200 3.5898 504.12

508 3.0543 820.534 1013.06 2.6547 3.2005 47269 1209.2
15.273 2803.17 6.1786 2.3365 3.6342 503.93

510 3.1655 817.772 1022.55 2.6731 3.1944 47440 1201.5
15.833 2803.15 6.1645 2.3530 3.6796 503.71
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TABLE 13.1. Thermodynamic properties of water on the vapor—liquid phase boundary as a function on temperature*—Continued

T P p h s c, p w

K MPa kgm™? kI kg™! kI kg ' K™! kikg 'K! kI kg ' K™! ms~!

512 3.2798 814.982 1032.06 2.6914 3.1884 47616 1193.6
16.409 2803.05 6.1504 2.3697 3.7263 503.47

514 3.3972 812.164 1041.62 2.7098 3.1825 4.7797 1185.6
17.004 2802.87 6.1363 2.3866 3.7742 503.20

516 3.5179 809.318 1051.20 2.7281 3.1767 47984 1177.6
17.617 2802.60 6.1223 2.4036 3.8233 502.90

518 3.6417 806.441 1060.82 2.7464 3.1709 4.8176 1169.5
18.249 2802.25 6.1082 2.4207 3.8738 502.58

520 3.7690 803.535 1070.48 2.7647 3.1653 4.8375 1161.3
18.900 2801.81 6.0942 2.4380 3.9257 502.23

522 3.8995 800.597 1080.18 2.7830 3.1597 4.8580 1153.0
19.571 2801.28 6.0801 2.4554 3.9791 501.85

524 4.0336 797.629 1089.91 2.8013 3.1542 4.8792 1144.7
20.264 2800.66 6.0661 2.4730 4.0341 501.45

526 41711 794.628 1099.68 2.8196 3.1488 4.9011 1136.2
20.977 2799.95 6.0520 2.4907 4.0907 501.01

528 43122 791.594 1109.49 2.8379 3.1434 4.9237 1127.7
21.712 2799.14 6.0379 2.5086 4.1490 500.54

530 4.4569 788.527 1119.35 2.8561 3.1382 4.9471 1119.1
22.470 2798.23 6.0239 2.5267 42090 500.05

532 4.6052 785.425 1129.25 2.8744 3.1331 49713 1110.4
23.252 2797.23 6.0097 2.5449 42710 499.52

534 47574 782.288 1139.19 2.8927 3.1280 4.9964 1101.6
24.057 2796.12 5.9956 2.5634 4.3350 498.97

536 49133 779.115 1149.18 29110 3.1231 5.0223 1092.7
24.887 2794.91 5.9814 2.5820 4.4011 498.38

538 5.0731 775.905 1159.21 2.9293 3.1182 5.0492 1083.7
25.744 2793.59 5.9672 2.6008 4.4693 497.76

540 5.2369 772.657 1169.29 2.9476 3.1134 5.0770 1074.6
26.627 2792.17 5.9530 2.6198 4.5400 497.10

542 5.4047 769.369 1179.42 2.9660 3.1088 5.1059 1065.5
27.537 2790.63 5.9387 2.6390 4.6131 496.41

544 5.5765 766.042 1189.60 2.9843 3.1042 5.1359 1056.2
28.476 2788.98 5.9243 2.6585 4.6888 495.69

546 5.7525 762.674 1199.84 3.0026 3.0998 5.1670 1046.9
29.444 2787.21 5.9099 2.6781 47672 494.93

548 5.9327 759.263 1210.13 3.0210 3.0955 5.1994 1037.4
30.443 2785.32 5.8955 2.6980 4.8487 494.14

550 6.1172 755.808 1220.47 3.0394 3.0913 5.2331 1027.9
31.474 2783.30 5.8809 2.7181 4.9332 493.31

552 6.3060 752.308 1230.88 3.0579 3.0872 5.2681 1018.2
32.538 2781.16 5.8663 2.7385 5.0210 492.44

554 6.4993 748.762 1241.34 3.0763 3.0833 5.3046 1008.4
33.635 2778.88 5.8517 2.7591 5.1124 491.54
556 6.6970 745.169 1251.86 3.0948 3.0794 5.3427 998.58
34.769 2776.48 5.8369 2.7800 5.2075 490.59
558 6.8993 741.525 1262.45 3.1133 3.0757 5.3824 988.62
35.939 2773.93 5.8221 2.8011 5.3066 489.60

J. Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002



492

W. WAGNER AND A. PRUB

TABLE 13.1. Thermodynamic properties of water on the vapor—liquid phase boundary as a function on temperature*—Continued

T P p h s c, p w
K MPa kgm™? kI kg™ kIkg™' K™! kIkg 'K ™! kIkg™' K™! ms~!
560 7.1062 737.831 1273.11 3.1319 3.0722 5.4239 978.54
37.147 2771.24 5.8071 2.8225 5.4099 488.58
562 7.3179 734.084 1283.83 3.1505 3.0688 5.4673 968.35
38.395 2768.40 5.7921 2.8442 5.5178 48751
564 7.5344 730.283 1294.63 3.1691 3.0656 55126 958.05
39.685 2765.41 5.7769 2.8662 5.6306 486.40
566 7.7557 726.425 1305.50 3.1878 3.0625 5.5602 947.63
41.018 2762.26 57616 2.8885 5.7486 485.24
568 7.9819 722.508 1316.44 3.2066 3.0596 5.6100 937.09
42396 2758.95 5.7462 29110 5.8723 484.04
570 82132 718.530 1327.47 3.2254 3.0569 5.6624 926.44
43.822 275547 5.7307 2.9340 6.0020 482.79
572 8.4496 714.489 1338.58 3.2443 3.0544 5.7175 915.66
45.297 2751.82 5.7150 2.9572 6.1382 481.50
574 8.6912 710.382 1349.78 3.2632 3.0520 5.7754 904.75
46.823 2747.99 5.6991 2.9808 6.2815 480.15
576 8.9381 706.206 1361.06 3.2823 3.0499 5.8365 893.71
48.404 2743.97 5.6831 3.0048 6.4324 478.75
578 9.1903 701.959 1372.45 33014 3.0480 5.9010 882.54
50.042 2739.75 5.6669 3.0291 6.5916 47731
580 9.4480 697.638 1383.93 3.3205 3.0464 5.9691 871.23
51.739 273533 5.6506 3.0539 6.7598 475.80
582 9.7112 693.238 1395.51 3.3398 3.0450 6.0413 859.78
53.499 2730.71 5.6340 3.0790 6.9378 474.24
584 9.9800 688.757 1407.20 3.3592 3.0439 6.1179 848.19
55326 2725.86 5.6172 3.1046 7.1265 472.63
586 10.255 684.190 1419.00 3.3787 3.0430 6.1993 836.44
57.222 2720.78 5.6002 3.1306 7.3269 470.95
588 10.535 679.533 1430.93 3.3983 3.0425 6.2859 824.55
59.193 2715.46 5.5829 3.1571 7.5403 469.21
590 10.821 674.781 1442.98 3.4181 3.0423 6.3784 812.49
61.242 2709.90 5.5654 3.1840 7.7679 467.41
592 11.113 669.930 1455.16 3.4379 3.0425 6.4773 800.26
63.373 2704.06 5.5476 32115 8.0112 465.54
594 11412 664.974 1467.48 3.4580 3.0431 6.5833 787.87
65.593 2697.95 5.5295 3.2395 8.2720 463.60
596 11.716 659.907 1479.95 34781 3.0441 6.6973 775.29
67.907 2691.55 5.5110 3.2681 8.5523 461.59
598 12.027 654.722 1492.57 3.4985 3.0455 6.8202 762.53
70.321 2684.85 5.4923 3.2973 8.8543 459.50
600 12.345 649.411 1505.36 3.5190 3.0475 6.9532 749.57
72.842 2677.81 54731 33271 9.1809 457.33
602 12.669 643.97 1518.33 3.5398 3.0500 7.0976 736.39
75.479 2670.44 5.4536 33576 9.5350 455.07
604 12.999 638.38 1531.48 3.5607 3.0532 7.2549 722.99
78.239 2662.69 5.4336 3.3889 9.9206 452.73
606 13.337 632.64 1544.84 35819 3.0571 74272 709.36
81.134 2654.56 54132 3.4209 10.342 450.29
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TABLE 13.1. Thermodynamic properties of water on the vapor—liquid phase boundary as a function on temperature*—Continued
T P p h s c, p w

K MPa kgm™? kI kg™! kI kg ' K™! kikg 'K! kI kg ' K™! ms~!
608 13.681 626.74 1558.42 3.6034 3.0617 7.6169 695.45
84.173 2646.01 5.3922 3.4538 10.805 447.76

610 14.033 620.65 1572.24 3.6252 3.0673 7.8268 681.27
87.369 2637.01 5.3707 3.4876 11.315 445.11

612 14.391 614.37 1586.31 3.6473 3.0738 8.0608 666.76
90.738 2627.53 5.3486 3.5225 11.881 442.36

614 14.757 607.88 1600.67 3.6697 3.0815 8.3235 651.91
94.295 2617.53 5.3258 3.5584 12.513 439.48

616 15.131 601.15 1615.33 3.6925 3.0906 8.6209 636.65
98.060 2606.96 5.3023 3.5956 13.223 436.46

618 15.512 594.16 1630.34 3.7158 3.1014 8.9610 620.95
102.05 2595.717 5.2780 3.6343 14.027 433.31

620 15.901 586.88 1645.74 3.7396 3.1140 9.3541 604.73
106.31 2583.90 5.2528 3.6745 14.945 429.99

622 16.297 579.26 1661.57 3.7640 3.1290 9.8141 587.93
110.85 2571.27 5.2266 3.7166 16.005 426.49

624 16.703 571.25 1677.90 3.7891 3.1470 10.360 570.46
115.72 2557.80 5.1992 3.7608 17.243 422.80

626 17.116 562.81 1694.80 3.8150 3.1687 11.017 552.24
120.96 2543.38 5.1705 3.8076 18.710 418.88

628 17.538 553.84 1712.37 3.8418 3.1952 11.822 533.18
126.64 2527.86 5.1404 3.8576 20.479 414.70

630 17.969 544.25 1730.74 3.8698 3.2279 12.827 513.19
132.84 2511.08 5.1084 39114 22.658 410.21

632 18.409 533.92 1750.06 3.8991 3.2689 14.105 492.23
139.65 2492.80 5.0743 3.9701 25.412 405.36

634 18.858 522.71 1770.51 3.9301 3.3209 15.768 470.31
147.22 2472.71 5.0376 4.0354 29.015 400.05

636 19.317 510.42 1792.35 3.9631 3.3873 17.995 447.58
155.75 2450.34 4.9976 4.1098 33.945 394.16

638 19.786 496.82 1815.92 3.9986 3.4725 21.122 424.30
165.55 2425.00 4.9533 4.1975 41.124 387.48

640 20.265 481.53 1841.77 4.0375 3.5815 25.942 400.66
177.15 2395.51 4.9027 4.3061 52.586 379.64

641 20.509 473.01 1855.88 4.0587 3.6477 29.607 388.55
183.90 2378.59 4.8742 4.3728 61.335 375.08

642 20.756 463.67 1871.12 4.0817 3.7256 34.929 375.90
191.53 2359.67 4.8427 4.4520 73.787 369.90

643 21.006 453.14 1887.97 4.1071 3.8220 43.427 362.10
200.38 2338.06 4.8070 4.5496 92.842 363.84

644 21.259 440.73 1907.35 4.1363 3.9543 58.910 346.01
210.99 2312.57 4.7655 4.6763 125.31 356.41

645 21.515 425.05 1931.11 4.1722 4.1673 93.350 325.47
224.45 2281.02 4.7147 4.8543 191.32 346.60

646 21.775 402.96 1963.49 42214 4.5943 204.58 297.13
243.46 2238.06 4.6465 5.1457 385.23 331.61

647 22.038 357.34 2029.44 4.3224 6.2344 3905.2 251.19
286.51 2148.56 4.5065 6.2740 5334.1 285.32
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TABLE 13.1. Thermodynamic properties of water on the vapor—liquid phase boundary as a function on temperature*—Continued

T P p h s c, p w
K MPa kgm™? kI kg™! kI kg ' K™! kikg 'K! K kg ' K™! ms~!
647.096° 22.064 322 2084.26 4.407

For each temperature, the values on the first line correspond to the saturated-liquid line and the values on the second line correspond to the saturated-vapor
line.

Triple point.

‘Critical point.
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TABLE 13.2. Thermodynamic properties of water in the single-phase region
T p u h s c, Cp w
K kgm™3 kI kg™! kI kg™! kI kg ' K™! kIkg 'K! kI kg ' K™! ms”!
0.05 MPa
273.156" 999.817 —0.016 0.034 —0.0001 4.2172 4.2197 1402.3
275 999.912 7.760 7.810 0.0283 4.2130 42137 1411.4
280 999.886 28.795 28.845 0.1041 4.2000 4.2011 1434.2
285 999.493 49.778 49.828 0.1784 4.1850 4.1926 1454.4
290 998.780 70.725 70.775 0.2513 4.1682 4.1868 1472.2
295 997.784 91.649 91.699 0.3228 4.1499 4.1830 1487.8
300 996.534 112.557 112.608 0.3931 4.1303 4.1808 1501.4
305 995.053 133.458 133.508 0.4622 4.1096 4.1797 1513.2
310 993.361 154.355 154.406 0.5301 4.0878 4.1794 1523.3
315 991.474 175.253 175.303 0.5970 4.0650 4.1797 1531.8
320 989.404 196.153 196.204 0.6628 4.0415 4.1807 1538.8
325 987.165 217.060 217.110 0.7277 4.0173 4.1820 1544.4
330 984.764 237.974 238.025 0.7915 3.9925 4.1838 1548.8
335 982.212 258.898 258.949 0.8545 3.9672 4.1859 1551.9
340 979.513 279.833 279.884 0.9165 3.9415 4.1884 1553.9
345 976.676 300.782 300.833 0.9777 3.9156 4.1913 1554.9
350 973.706 321.747 321.798 1.0380 3.8895 4.1946 1554.8
354.467° 970.942 340.490 340.542 1.0912 3.8660 4.1979 1554.0
354.467¢ 0.308 64 2483.21 2645.22 7.5930 1.5136 2.0157 462.14
355 0.308 15 2484.03 2646.29 7.5960 1.5121 2.0138 462.52
360 0.303 66 2491.66 2656.32 7.6241 1.5012 1.9987 466.05
365 0.299 31 2499.23 2666.28 7.6516 1.4935 1.9875 469.48
370 0.295 10 2506.76 2676.20 7.6786 1.4877 1.9788 472.84
375 0.291 01 2514.26 2686.07 7.7051 1.4833 1.9719 476.14
380 0.287 05 2521.73 2695.92 7.7311 1.4799 1.9662 479.40
385 0.283 20 2529.19 2705.74 7.7568 1.4772 1.9616 482.61
390 0.279 47 2536.62 2715.54 7.7821 1.4753 1.9579 485.79
395 0.275 83 2544.05 2725.32 7.8070 1.4738 1.9549 488.93
400 0.272 29 2551.46 2735.09 7.8316 1.4729 1.9525 492.04
410 0.265 50 2566.27 2754.59 7.8798 1.4722 1.9494 498.16
420 0.259 05 2581.07 2774.08 7.9267 1.4728 1.9479 504.17
430 0.25292 2595.87 2793.56 7.9726 1.4743 1.9479 510.07
440 0.247 08 2610.68 2813.04 8.0173 1.4767 1.9488 515.88
450 0.241 51 2625.51 2832.54 8.0612 1.4797 1.9507 521.59
460 0.236 20 2640.37 2852.06 8.1041 1.4832 1.9532 527.22
470 0.231 12 2655.26 2871.60 8.1461 1.4872 1.9563 532.76
480 0.226 25 2670.19 2891.18 8.1873 1.4915 1.9599 538.23
490 0.221 59 2685.16 2910.80 8.2278 1.4961 1.9639 543.63
500 0.217 12 2700.18 2930.46 8.2675 1.5009 1.9681 548.96
510 0.21283 2715.24 2950.17 8.3065 1.5060 1.9727 554.22
520 0.208 71 2730.35 2969.92 8.3449 1.5112 1.9775 559.41
530 0.204 74 274551 2989.72 8.3826 1.5166 1.9825 564.54
540 0.200 93 2760.72 3009.57 8.4197 1.5221 1.9877 569.62
550 0.197 26 2775.99 3029.47 8.4562 1.5278 1.9931 574.64
560 0.193 71 2791.32 3049.43 8.4922 1.5335 1.9985 579.60
570 0.190 30 2806.70 3069.44 8.5276 1.5394 2.0041 584.51
580 0.187 00 2822.14 3089.51 8.5625 1.5453 2.0098 589.37
590 0.183 82 2837.64 3109.64 8.5969 1.5513 2.0156 594.17
600 0.180 75 2853.19 3129.83 8.6308 1.5574 2.0215 598.93
610 0.177 77 2868.81 3150.07 8.6643 1.5635 2.0275 603.64
620 0.174 89 2884.49 3170.38 8.6973 1.5697 2.0335 608.31
630 0.172 11 2900.23 3190.74 8.7299 1.5760 2.0396 612.93
640 0.169 41 2916.03 3211.17 8.7621 1.5823 2.0458 617.50
650 0.166 80 2931.89 3231.66 8.7938 1.5886 2.0521 622.04
675 0.160 60 2971.83 3283.16 8.8716 1.6047 2.0679 633.19
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
0.05 MPa—Continued
700 0.154 85 3012.17 3335.05 8.9471 1.6210 2.0840 644.11
725 0.149 50 3052.92 3387.36 9.0205 1.6376 2.1004 654.79
750 0.144 51 3094.08 3440.08 9.0920 1.6544 2.1170 665.25
775 0.139 84 3135.67 349321 9.1617 1.6714 2.1339 675.51
800 0.13547 3177.68 3546.77 9.2297 1.6885 2.1509 685.58
825 0.13136 3220.12 3600.76 9.2961 1.7058 2.1682 695.46
850 0.12749 3262.99 3655.18 9.3611 1.7233 2.1855 705.17
900 0.120 40 3350.05 3765.33 9.4870 1.7585 22206 724.09
950 0.114.06 3438.88 3877.25 9.6080 1.7939 22560 74242
1000 0.108 35 3529.47 3990.93 9.7247 1.8294 22914 760.20
1050 0.103 19 3621.84 4106.39 9.8373 1.8648 23267 777.50
1100 0.098 50 3715.96 4223.59 9.9463 1.8998 23616 794.35
1150 0.094 21 3811.82 4342.54 10.052 1.9343 23961 810.79
1200 0.09029 3909.39 4463.19 10.155 1.9681 2.4299 826.86
1250 0.086 67 4008.63 4585.51 10.255 2.0012 2.4629 842.59
1273 0.08511 4054.84 4642.33 10.300 20161 24778 849.71
0.1 MPa
273.153* 999.843 -0.028 0.072 =0.0001 4.2170 4.2194 1402.4
275 999.937 7.760 7.860 0.0283 42128 42135 14115
280 999.910 28.794 28.894 0.1041 4.1998 4.2009 1434.3
285 999.517 49.776 49.876 0.1784 4.1848 4.1924 1454.4
290 998.803 70.722 70.822 0.2512 4.1680 4.1866 1472.3
295 997.807 91.645 91.745 0.3228 4.1498 4.1829 1487.9
300 996.556 112.553 112.654 0.3931 4.1302 4.1806 1501.5
305 995.075 133.453 133.554 0.4622 4.1094 4.1795 15133
310 993.383 154.350 154.450 05301 4.0876 4.1792 1523.4
315 991.496 175.246 175.347 0.5970 4.0649 4.1796 1531.9
320 989.426 196.146 196.247 0.6628 4.0414 4.1805 1538.9
325 987.187 217.052 217.153 0.7276 4.0172 4.1819 1544.5
330 984.786 237.966 238.067 0.7915 3.9923 4.1837 1548.9
335 982.233 258.889 258.991 0.8544 3.9671 4.1858 1552.0
340 979.535 279.823 279.926 0.9165 3.9414 4.1883 1554.0
345 976.699 300.772 300.874 0.9776 3.9155 4.1912 1555.0
350 973.728 321.735 321.838 1.0380 3.8894 4.1945 1554.9
355 970.628 342716 342.820 1.0975 3.8631 4.1982 1554.0
360 967.403 363.717 363.821 1.1562 3.8369 42023 1552.1
365 964.057 384.740 384.844 1.2142 3.8107 4.2070 1549.3
370 960.591 405.787 405.891 1.2715 3.7845 42121 1545.8
372.756" 958.632 417.400 417.504 1.3028 3.7702 42152 15435
372.756° 0.590 34 2505.55 2674.95 7.3588 1.5548 2.0784 471.99
375 0.586 53 2509.11 2679.60 73713 1.5479 2.0686 473.59
380 0.578 24 2516.96 2689.90 7.3986 1.5356 2.0507 477.08
385 057021 2524.74 2700.11 7.4253 1.5262 2.0366 480.47
390 0.562 45 253247 2710.27 74515 1.5189 2.0252 483.80
395 0.55491 2540.16 2720.37 74772 1.5130 20157 487.08
400 0.547 61 2547.81 2730.43 7.5025 1.5082 2.0078 490.31
410 0.533 61 2563.04 2750.44 7.5519 1.5012 1.9954 496.63
420 052038 2578.18 2770.35 7.5999 1.4968 1.9868 502.81
430 0.507 83 2593.27 2790.18 7.6466 1.4945 1.9809 508.86
440 0.495 92 2608.33 2809.97 7.6921 1.4938 1.9772 514.78
450 0.484 58 2623.37 2829.73 7.7365 1.4943 1.9752 520.60
460 047378 2638.41 2849.48 7.7799 1.4957 1.9746 526.32
470 0.463 47 2653.46 2869.23 7.8224 1.4980 1.9751 531.94
480 045361 2668.53 2888.99 7.8640 1.5009 1.9764 537.48

J. Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002



THERMODYNAMIC PROPERTIES OF ORDINARY WATER 497

TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
0.1 MPa—Continued
490 0.444 18 2683.62 2908.76 7.9047 1.5043 1.9785 542.93
500 0.435 14 2698.75 2928.56 7.9447 1.5082 1.9813 548.31
510 0.426 47 2713.91 2948.39 7.9840 1.5124 1.9845 553.62
520 041815 2729.10 2968.25 8.0226 1.5169 1.9881 558.86
530 041016 2744.34 2988.15 8.0605 1.5217 1.9921 564.03
540 0.40247 2759.63 3008.09 8.0978 1.5267 1.9964 569.14
550 0.395 07 2774.96 3028.08 8.1344 1.5319 2.0010 574.19
560 038794 2790.34 3048.11 8.1705 1.5373 2.0058 579.18
570 038107 2805.78 3068.20 8.2061 1.5428 2.0108 584.12
580 037444 2821.26 3088.33 8.2411 1.5484 2.0160 589.00
590 0.368 04 2836.80 3108.52 8.2756 1.5541 2.0213 593.83
600 0.361 85 2852.40 3128.76 8.3096 1.5600 2.0268 598.61
610 035588 2868.06 3149.05 8.3432 1.5659 20324 603.34
620 0350 10 2883.77 3169.40 8.3763 1.5719 2.0381 608.02
630 0.344 50 2899.54 3189.81 8.4089 1.5780 2.0439 612.65
640 0.339 09 2915.37 3210.28 8.4411 1.5841 2.0497 617.25
650 0.333 84 2931.27 3230.81 8.4730 1.5903 2.0557 621.79
675 032141 2971.27 3282.39 8.5508 1.6061 20710 632.98
700 0.309 88 3011.66 3334.36 8.6264 1.6222 2.0867 643.92
725 0.299 15 3052.45 3386.73 8.6999 1.6386 2.1027 654.63
750 0.289 15 3093.66 3439.50 8.7715 1.6553 2.1191 665.11
775 027979 3135.28 3492.68 8.8413 1.6721 2.1357 675.39
800 027102 3177.32 3546.29 8.9093 1.6892 2.1525 685.47
825 0.26279 3219.78 3600.31 8.9758 1.7064 2.1696 695.36
850 0.255 04 3262.68 3654.77 9.0408 1.7238 2.1868 705.08
900 0.240 85 3349.78 3764.98 9.1668 1.7589 22216 724.03
950 0.228 15 3438.64 3876.94 9.2879 1.7943 22568 742.37
1000 021673 3529.26 3990.66 9.4045 1.8297 22921 760.17
1050 0.206 40 3621.65 4106.14 9.5172 1.8650 2.3273 77747
1100 0.197 01 3715.79 4223.38 9.6263 1.9000 23621 794.33
1150 0.188 44 3811.67 434235 9.7321 1.9344 23965 810.78
1200 0.180 58 3909.25 4463.02 9.8348 1.9682 2.4302 826.85
1250 0.173 35 4008.50 4585.36 9.9346 2.0013 24632 842.59
1273 0.170 22 4054.71 4642.18 9.9797 2.0162 24781 849.72
0.101 325 MPa
273.153° 999.843 -0.028 0.074 =0.0001 42170 42194 1402.4
275 999.938 7.760 7.861 0.0283 4.2128 4.2135 1411.5
280 999.911 28.794 28.895 0.1041 4.1998 4.2009 14343
285 999.517 49.776 49.877 0.1784 4.1848 4.1924 1454.4
290 998.804 70.722 70.824 02512 4.1680 4.1866 14723
295 997.807 91.645 91.747 03228 4.1498 4.1829 1487.9
300 996.557 112.553 112.655 0.3931 4.1302 4.1806 1501.5
305 995.076 133.453 133.555 0.4622 4.1094 4.1795 15133
310 993.384 154.349 154.451 0.5301 4.0876 4.1792 15234
315 991.496 175.246 175.348 0.5970 4.0649 4.1796 1531.9
320 989.427 196.146 196.249 0.6628 4.0414 4.1805 1538.9
325 987.187 217.052 217.154 0.7276 4.0171 4.1819 1544.5
330 984.787 237.965 238.068 0.7915 3.9923 4.1837 1548.9
335 982.234 258.888 258.992 0.8544 3.9671 4.1858 1552.0
340 979.536 279.823 279.927 0.9165 3.9414 4.1883 1554.0
345 976.699 300.771 300.875 0.9776 3.9155 4.1912 1555.0
350 973.728 321.735 321.839 1.0380 3.8894 4.1945 1554.9
355 970.629 342716 342.821 1.0975 3.8631 4.1982 1554.0
360 967.404 363.717 363.822 1.1562 3.8369 4.2023 1552.1
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

W. WAGNER AND A. PRUB

T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
0.101 325 MPa—Continued

365 964.057 384.740 384.845 1.2142 3.8107 42070 1549.3

370 960.592 405.787 405.892 1.2715 3.7845 4.2121 1545.8

373.124° 958.367 418.952 419.058 1.3069 3.7683 42156 1543.2
373.124¢ 0.59766 2505.99 2675.53 7.3544 1.5558 2.0799 472.18
375 0.59442 2508.96 2679.42 7.3648 1.5499 2.0716 47352
380 0.586 01 2516.83 2689.73 7.3921 1.5372 20532 477.01
385 0.577 87 2524.62 2699.96 7.4189 1.5277 2.0388 480.41
390 0.569 99 2532.36 2710.12 7.4451 1.5201 2.0271 483.75
395 0.562 36 2540.06 2720.24 7.4709 1.5141 2.0174 487.03
400 0.554 94 2547.72 2730.30 7.4962 1.5091 2.0093 490.26
410 0.54075 2562.95 2750.33 7.5457 1.5020 1.9967 496.59
420 0.527 34 2578.10 2770.25 7.5937 1.4975 1.9878 502.78
430 051462 2593.20 2790.09 7.6404 1.4951 1.9818 508.82
440 0.502 54 2608.26 2809.89 7.6859 1.4942 1.9780 514.75
450 049105 2623.31 2829.66 7.7303 1.4947 1.9759 520.57
460 0.480 09 2638.36 2849.41 7.7737 1.4961 1.9752 526.29
470 0.469 64 2653.42 2869.17 7.8162 1.4983 1.9756 531.92
480 0.459 65 2668.49 2888.93 7.8578 1.5011 1.9769 537.46
490 0.450 09 2683.58 2908.71 7.8986 1.5045 1.9789 542.92
500 0.440 93 2698.71 2928.51 7.9386 1.5084 1.9816 548.30
510 043215 2713.87 2948.34 7.9779 1.5126 1.9848 553.61
520 042371 2729.07 2968.21 8.0164 1.5171 1.9884 558.84
530 041561 274431 2988.11 8.0543 1.5219 1.9924 564.02
540 0.407 82 2759.60 3008.05 8.0916 1.5268 1.9967 569.13
550 0.400 32 2774.93 3028.04 8.1283 1.5320 2.0012 574.18
560 039309 2790.32 3048.08 8.1644 1.5374 2.0060 579.17
570 0.386 13 2805.75 3068.16 8.2000 1.5429 2.0110 584.11
580 037941 2821.24 3088.30 8.2350 1.5485 2.0161 588.99
590 0.37292 2836.78 3108.49 8.2695 1.5542 2.0215 593.82
600 0.366 66 2852.38 3128.73 8.3035 1.5600 2.0269 598.60
610 0.360 60 2868.04 3149.03 8.3370 1.5659 2.0325 603.33
620 035475 2883.75 3169.38 8.3701 1.5719 2.0382 608.01
630 0.349 08 2899.52 3189.79 8.4028 1.5780 2.0440 612.65
640 0.343 59 2915.36 3210.26 8.4350 1.5842 2.0498 617.24
650 033827 2931.25 3230.79 8.4669 1.5904 2.0558 621.79
675 0.325 68 2971.25 3282.37 8.5447 1.6062 2.0711 632.98
700 031399 3011.65 3334.34 8.6203 1.6223 2.0868 643.92
725 0303 12 3052.44 3386.71 8.6938 1.6386 2.1028 654.62
750 0.29298 3093.65 3439.49 8.7654 1.6553 2.1191 665.11
775 0.283 50 3135.26 3492.67 8.8352 1.6721 2.1357 675.39
800 0.274 62 3177.31 3546.27 8.9032 1.6892 2.1526 685.47
825 0.266 28 3219.77 3600.30 8.9697 1.7064 2.1696 695.36
850 0.258 43 3262.67 3654.76 9.0348 1.7238 2.1868 705.08
900 0.244 04 3349.77 3764.97 9.1607 1.7589 22217 724.03
950 023118 3438.63 3876.93 9.2818 1.7943 2.2568 742.37
1000 0.219 60 3529.25 3990.65 9.3985 1.8297 22921 760.16
1050 0.209 14 3621.64 4106.14 9.5111 1.8650 23273 777.47
1100 0.199 62 3715.79 422337 9.6202 1.9000 2.3621 794.33
1150 0.190 93 3811.66 434234 9.7260 1.9344 2.3965 810.78
1200 0.18297 3909.25 4463.01 9.8287 1.9682 2.4303 826.85
1250 0.175 65 4008.50 4585.35 9.9286 2.0013 2.4633 842.59
1273 0.17248 4054.71 4642.18 9.9736 2.0162 24781 849.72

0.25 MPa
273.142" 999.918 -0.071 0.179 -0.0003 4.2163 4.2187 1402.6
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued
T p u h s c, p w
K kgm™3 kI kg™! kI kg™! kI kg ' K™! kIkg 'K! kI kg ' K™! ms~!
0.25 MPa—Continued
275 1000.01 7.761 8.011 0.0283 4.2121 4.2128 1411.8
280 999.983 28.792 29.042 0.1041 4.1992 4.2003 1434.5
285 999.588 49.771 50.021 0.1784 4.1842 4.1918 1454.7
290 998.873 70.715 70.965 0.2512 4.1675 4.1861 1472.5
295 997.875 91.635 91.886 0.3227 4.1492 4.1824 1488.1
300 996.624 112.541 112.792 0.3930 4.1297 4.1802 1501.8
305 995.142 133.439 133.690 0.4621 4.1090 4.1791 1513.6
310 993.449 154.333 154.584 0.5301 4.0872 4.1789 1523.6
315 991.561 175.227 175.479 0.5969 4.0645 4.1793 1532.1
320 989.492 196.125 196.378 0.6627 4.0410 4.1802 1539.1
325 987.252 217.029 217.282 0.7276 4.0168 4.1816 1544.8
330 984.852 237.940 238.194 0.7914 3.9920 4.1833 1549.1
335 982.299 258.861 259.116 0.8543 3.9667 4.1855 15523
340 979.601 279.794 280.049 0.9164 3.9411 4.1880 1554.3
345 976.765 300.740 300.996 0.9775 39152 4.1909 1555.3
350 973.795 321.702 321.958 1.0379 3.8891 4.1941 1555.2
355 970.696 342.681 342.938 1.0974 3.8629 4.1979 1554.3
360 967.471 363.679 363.938 1.1561 3.8366 4.2020 1552.4
365 964.126 384.700 384.959 1.2141 3.8104 4.2066 1549.7
370 960.661 405.745 406.005 1.2714 3.7843 4.2118 1546.1
375 957.081 426.817 427.078 1.3279 3.7584 42175 1541.8
380 953.385 447919 448.181 1.3838 3.7326 42238 1536.7
385 949.578 469.054 469.317 1.4391 3.7071 4.2307 1530.9
390 945.658 490.225 490.489 1.4937 3.6819 4.2383 1524.4
395 941.628 511.435 511.701 1.5478 3.6570 4.2465 1517.3
400 937.488 532.689 532.956 1.6013 3.6324 4.2555 1509.5
400.561° 937.016 535.078 535.345 1.6072 3.6296 4.2566 1508.6
400.561° 1.3915 2536.82 2716.49 7.0524 1.6457 2.2219 484.91
410 1.3551 2552.65 2737.14 7.1034 1.6045 2.1605 491.72
420 1.3191 2569.01 2758.53 7.1550 1.5790 2.1203 498.52
430 1.2854 2585.09 2779.59 7.2045 1.5620 2.0920 505.05
440 1.2536 2600.97 2800.40 7.2524 1.5501 2.0712 511.37
450 1.2236 2616.72 2821.03 7.2987 1.5417 2.0556 517.53
460 1.1952 2632.35 2841.52 7.3438 1.5361 2.0439 523.53
470 1.1682 2647.92 2861.92 7.3876 1.5327 2.0353 529.41
480 1.1426 2663.43 2882.24 7.4304 1.5308 2.0292 535.16
490 1.1181 2678.92 2902.51 7.4722 1.5304 2.0251 540.81
500 1.0947 2694.38 2922.75 7.5131 1.5310 2.0226 546.35
510 1.0724 2709.84 2942.97 7.5531 1.5325 2.0213 551.81
520 1.0510 272531 2963.18 7.5924 1.5347 2.0212 557.18
530 1.0305 2740.79 2983.39 7.6309 1.5375 2.0219 562.47
540 1.0108 2756.30 3003.62 7.6687 1.5409 2.0234 567.69
550 0.99192 2771.82 3023.86 7.7058 1.5446 2.0255 572.84
560 0.97373 2787.39 3044.13 7.7423 1.5487 2.0282 577.92
570 0.956 22 2802.98 3064.43 7.7783 1.5531 2.0313 582.93
580 0.93935 2818.62 3084.76 7.8136 1.5578 2.0348 587.89
590 0.923 09 2834.29 3105.12 7.8484 1.5627 2.0386 592.78
600 0.907 40 2850.02 3125.53 7.8827 1.5678 2.0428 597.63
610 0.892 24 2865.79 3145.98 7.9165 1.5731 2.0472 602.41
620 0.877 60 2881.60 3166.47 7.9499 1.5785 2.0518 607.15
630 0.863 43 2897.47 3187.02 7.9827 1.5841 2.0566 611.83
640 0.84973 2913.40 3207.61 8.0152 1.5897 2.0617 616.47
650 0.83647 2929.37 3228.25 8.0472 1.5955 2.0668 621.06
675 0.805 08 2969.56 3280.09 8.1254 1.6105 2.0805 632.34
700 0.776 00 3010.12 3332.28 8.2013 1.6259 2.0948 643.36
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

W. WAGNER AND A. PRUB

T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
0.25 MPa—Continued
725 0.748 98 3051.05 3384.83 8.2751 1.6417 2.1098 654.14
750 0.723 80 3092.37 3437.77 8.3469 1.6579 2.1252 664.68
775 0.700 27 3134.09 3491.10 8.4168 1.6744 2.1411 675.01
800 0.678 23 3176.22 3544.83 8.4851 1.6912 2.1573 685.14
825 0.657 55 3218.77 3598.97 8.5517 1.7082 2.1738 695.07
850 0.638 11 3261.74 3653.52 8.6168 1.7254 2.1906 704.83
900 0.602 49 3348.96 3763.90 8.7430 1.7601 2.2247 723.83
950 0.570 66 3437.91 3876.00 8.8642 1.7953 22593 742.22
1000 0.542 04 3528.61 3989.84 8.9810 1.8305 2.2942 760.05
1050 051616 3621.07 4105.42 9.0938 1.8657 23290 777.39
1100 0.492 64 3715.27 4222.74 9.2029 1.9005 2.3636 794.27
1150 047118 3811.19 4341.78 9.3088 1.9349 23978 810.75
1200 045152 3908.82 4462.51 9.4115 1.9687 24314 826.84
1250 043343 4008.11 4584.90 9.5114 2.0017 2.4642 842.59
1273 0.425 59 4054.33 4641.75 9.5565 2.0166 24791 849.73
0.5 MPa
273.123* 1000.04 —0.147 0.353 ~0.0005 4.2152 4.2176 1402.9
275 1000.14 7.764 8.264 0.0283 42110 42116 1412.2
280 1000.10 28.789 29.289 0.1041 4.1981 4.1993 14349
285 999.706 49.763 50.263 0.1783 4.1832 4.1909 1455.1
290 998.989 70.702 71.203 02512 4.1665 4.1853 1472.9
295 997.989 91.619 92.120 0.3227 4.1484 4.1817 1488.6
300 996.736 112,520 113.022 03930 4.1289 4.1795 1502.2
305 995.253 133.414 133.916 0.4620 4.1082 4.1785 1514.0
310 993.559 154.305 154.808 0.5300 4.0864 4.1782 1524.1
315 991.671 175.196 175.700 0.5968 4.0638 4.1787 1532.6
320 989.601 196.090 196.595 0.6626 4.0403 4.1796 1539.6
325 987.361 216.990 217.497 0.7274 4.0161 4.1810 1545.2
330 984.961 237.898 238.406 0.7913 3.9914 4.1828 1549.6
335 982.409 258.816 259.325 0.8542 3.9662 4.1849 15527
340 979.711 279.745 280.255 09162 3.9406 4.1874 1554.8
345 976.876 300.688 301.200 0.9774 3.9147 4.1903 1555.8
350 973.906 321.646 322.159 1.0377 3.8886 4.1936 1555.7
355 970.808 342,621 343.136 1.0972 3.8624 4.1973 1554.8
360 967.585 363.616 364.133 1.1559 3.8362 4.2015 15529
365 964.241 384.633 385.152 1.2139 3.8100 42061 1550.2
370 960.778 405.674 406.195 1.2712 3.7839 42112 1546.6
375 957.199 426.743 427.265 1.3277 3.7580 42169 15423
380 953.505 447.841 448.365 1.3836 37322 4.2232 15373
385 949.699 468.971 469.498 1.4389 3.7068 4.2301 15315
390 945.782 490.138 490.667 1.4935 3.6815 42376 1525.0
395 941.754 511.345 511.875 1.5476 3.6566 4.2459 1517.9
400 937.617 532.59% 533.127 1.6010 3.6321 42548 1510.1
410 929.012 575.236 575.774 1.7063 3.5840 4.2751 1492.6
420 919.964 618.097 618.640 1.8096 3.5375 4.2988 1472.7
424.981° 915.290 639.539 640.085 1.8604 35150 43120 1461.9
424.981° 2.6680 2560.71 2748.11 6.8207 1.7593 2.4103 493.85
430 2.6297 2569.90 2760.04 6.8486 1.7170 2.3469 497.85
440 25579 2587.60 2783.07 6.9015 1.6661 22671 505.18
450 24913 2604.77 2805.47 6.9519 1.6352 2.2159 512.04
460 2.4290 2621.59 2827.44 7.0001 1.6137 2.1787 518.62
470 2.3705 2638.15 2849.08 7.0467 1.5981 2.1504 524.96
480 23153 2654.51 2870.47 7.0917 1.5866 2.1285 531.12
490 2.2631 2670.72 2891.66 7.1354 1.5784 2.1116 537.12
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
0.5 MPa—Continued
500 22135 2686.83 2912.71 7.1779 1.5726 2.0984 542,97
510 2.1664 2702.85 2933.64 7.2194 1.5688 2.0883 548.70
520 2.1215 2718.80 2954.48 7.2599 1.5666 2.0807 554.31
530 2.0786 2734.72 2975.26 7.2994 1.5657 2.0752 559.81
540 2.0376 2750.61 2995.99 7.3382 1.5659 2.0713 565.22
550 1.9984 2766.49 3016.69 7.3762 1.5669 2.0687 570.54
560 1.9607 2782.36 3037.37 74134 1.5687 2.0674 575.77
570 1.9246 2798.24 3058.04 7.4500 1.5712 2.0670 580.93
580 1.8898 2814.14 3078.71 7.4860 1.5741 2.0674 586.01
590 1.8564 2830.05 3099.39 7.5213 1.5775 2.0686 591.02
600 1.8242 2845.99 3120.09 75561 1.5813 2.0703 595.97
610 1.7931 2861.96 3140.80 7.5903 1.5854 2.0726 600.86
620 1.7631 2877.96 3161.54 7.6241 1.5898 20754 605.68
630 1.7342 2894.00 3182.31 7.6573 1.5945 2.0785 610.45
640 1.7063 2910.08 3203.11 7.6901 1.5993 2.0820 615.17
650 1.6792 2926.20 3223.95 7.7224 1.6044 2.0858 619.83
675 1.6154 2966.71 3276.23 7.8013 1.6178 2.0965 631.28
700 1.5564 3007.53 3328.79 7.8777 1.6321 2.1085 642.43
725 1.5016 3048.69 3381.66 7.9520 1.6470 2.1216 653.32
750 1.4507 3090.21 3434.88 8.0241 1.6624 2.1355 663.97
775 1.4032 3132.11 3488.45 8.0944 1.6783 2.1501 674.38
800 1.3587 3174.39 3542.39 8.1629 1.6946 2.1653 684.59
825 1.3170 3217.07 3596.71 8.2298 17112 2.1809 694.59
850 1.2779 3260.16 3651.44 8.2951 1.7280 2.1969 704.40
900 1.2062 3347.58 3762.10 8.4216 1.7622 22299 723.50
950 1.1422 3436.70 3874.44 8.5431 1.7969 22636 741.97
1000 1.0848 3527.54 3988.47 8.6600 1.8319 22977 759.87
1050 1.0328 3620.11 4104.21 8.7730 1.8668 23320 777.26
1100 0.985 68 3714.40 4221.67 8.8822 1.9015 23662 794.19
1150 0.942 66 3810.41 4340.82 8.9882 1.9357 2.4000 810.69
1200 0.903 25 3908.10 4461.66 9.0910 1.9694 24333 826.82
1250 0.867 02 4007.45 4584.14 9.1910 2.0023 2.4659 842.59
1273 0.85132 4053.70 4641.02 9.2361 20171 2.4806 849.74
0.75 MPa
273.105° 1000.17 -0.218 0.532 ~0.0008 42140 42164 1403.2
275 1000.26 7.766 8.516 0.0283 4.2098 42104 1412.6
280 1000.23 28.786 29.536 0.1041 4.1971 4.1983 14353
285 999.824 49.755 50.505 0.1783 4.1822 4.1900 1455.5
290 999.104 70.690 71.441 0.2511 4.1656 4.1845 14733
295 998.103 91.602 92.353 0.3226 4.1475 4.1809 1489.0
300 996.848 112.500 113.252 03929 4.1280 4.1788 1502.6
305 995.364 133.390 134.143 04619 4.1074 4.1778 1514.4
310 993.669 154.277 155.031 0.5299 4.0857 4.1776 1524.5
315 991.780 175.164 175.920 0.5967 4.0631 4.1781 1533.0
320 989.710 196.055 196.813 0.6625 4.0397 4.1790 1540.0
325 987.470 216.952 217.711 0.7273 4.0155 4.1804 1545.7
330 985.070 237.856 238.617 0.7912 3.9908 4.1822 1550.0
335 982.518 258.770 259.534 0.8541 3.9656 4.1844 1553.2
340 979.821 279.696 280.462 0.9161 3.9400 4.1869 15553
345 976.986 300.635 301.403 0.9772 39142 4.1898 1556.2
350 974.018 321.590 322.360 1.0375 3.8881 4.1931 1556.2
355 970.920 342,562 343.334 1.0970 3.8619 4.1968 15553
360 967.699 363.553 364.328 1.1558 3.8357 4.2009 1553.4
365 964.355 384.566 385.344 1.2137 3.8096 4.2055 1550.7
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

W. WAGNER AND A. PRUB

T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
0.75 MPa—Continued
370 960.894 405.604 406.384 1.2710 3.7835 42107 1547.2
375 957.316 426.668 427.452 1.3276 3.7576 4.2163 1542.9
380 953.625 447.762 448.549 1.3834 3.7319 42226 1537.8
385 949.821 468.889 469.679 1.4387 3.7064 4.2295 1532.1
390 945.906 490.052 490.845 1.4933 3.6812 4.2370 1525.6
395 941.880 511.254 512.050 1.5473 3.6563 4.2452 1518.5
400 937.745 532.498 533.298 1.6008 3.6318 4.2542 15107
410 929.145 575.131 575.938 1.7061 3.5838 4.2744 1493.2
420 920.104 617.982 618.797 1.8094 3.5373 4.2980 14733
430 910.613 661.087 661.910 1.9108 3.4924 4.3254 1451.1
440 900.659 704.486 705.319 2.0106 3.4493 43570 1426.6
440.899° 899.741 708.402 709.235 2.0195 3.4455 43601 1424.3
440.899° 39137 2574.01 2765.64 6.6836 1.8502 2.5695 498.34
450 3.8109 2591.53 2788.34 6.7346 1.7612 24320 505.86
460 3.7073 2609.88 2812.19 6.7870 1.7085 2.3456 513.27
470 3.6113 2627.65 2835.34 6.8368 1.6746 22872 520.21
480 3.5217 2645.02 2857.98 6.8845 1.6504 2.2438 526.85
490 34377 2662.08 2880.25 6.9304 1.6323 22101 533.24
500 3.3586 2678.90 2902.21 6.9747 1.6188 2.1837 539.44
510 3.2838 2695.54 2923.94 7.0178 1.6086 2.1627 545.46
520 32129 2712.05 2945.48 7.0596 1.6013 2.1462 551.33
530 3.1456 2728.44 2966.87 7.1003 1.5961 2.1331 557.06
540 3.0814 2744.76 2988.15 7.1401 1.5926 2.1229 562.68
550 3.0202 2761.01 3009.34 7.1790 1.5907 2.1151 568.18
560 2.9616 2777.22 3030.46 72171 1.5899 2.1091 573.57
570 2.9056 2793.40 3051.53 7.2543 1.5901 2.1048 578.88
580 2.8518 2809.57 3072.56 7.2909 1.5912 2.1018 584.10
590 2.8002 2825.73 3093.57 7.3268 1.5929 2.1000 589.23
600 27506 2841.90 3114.56 7.3621 1.5953 2.0991 594.29
610 27029 2858.07 3135.55 7.3968 1.5982 2.0991 599.28
620 2.6569 2874.26 3156.55 7.4310 1.6015 2.0998 604.20
630 2.6125 2890.48 3177.55 7.4646 1.6052 2.1011 609.06
640 25698 2906.72 3198.57 7.4977 1.6092 2.1030 613.85
650 2.5284 2922.99 3219.61 7.5303 1.6135 2.1053 618.59
675 24310 2963.83 3272.34 7.6099 1.6253 2.1129 630.20
700 2.3412 3004.93 3325.28 7.6869 1.6383 2.1225 641.49
725 22580 3046.33 3378.47 7.7616 1.6523 2.1337 652.50
750 2.1807 3088.05 3431.97 7.8341 1.6670 2.1460 663.25
775 2.1087 3130.12 3485.78 7.9047 1.6822 2.1593 673.75
800 2.0415 3172.56 3539.94 7.9735 1.6980 21734 684.03
825 1.9785 3215.37 3594.46 8.0406 1.7141 2.1881 694.10
850 1.9193 3258.58 3649.35 8.1061 1.7306 22033 703.97
900 1.8112 3346.21 3760.30 8.2329 1.7643 22350 723.18
950 1.7147 3435.49 3872.87 8.3547 1.7986 22678 741.72
1000 1.6282 3526.46 3987.10 8.4718 1.8332 23013 759.69
1050 1.5500 3619.14 4103.00 8.5849 1.8679 2.3350 777.13
1100 1.4791 3713.53 4220.60 8.6943 1.9024 23687 794.10
1150 1.4144 3809.62 4339.87 8.8004 1.9365 2.4022 810.64
1200 1.3552 3907.38 4460.80 8.9033 1.9701 24352 826.80
1250 1.3008 4006.79 4583.38 9.0034 2.0029 24676 842.60
1273 1.2772 4053.07 4640.30 9.0485 2.0177 24822 849.75
1.0 MPa
273.086" 1000.30 —0.294 0.706 =0.0011 42129 42152 1403.5
275 1000.39 7.769 8.768 0.0283 4.2087 4.2093 1413.0
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued
T p u h s c, p w
K kgm™3 kI kg™! kI kg™! kI kg ' K™! kIkg 'K! kI kg ' K™! ms~!
1.0 MPa—Continued
280 1000.35 28.783 29.783 0.1041 4.1960 4.1973 1435.7
285 999.942 49.747 50.747 0.1783 4.1812 4.1891 1455.9
290 999.220 70.677 71.678 0.2511 4.1647 4.1836 1473.7
295 998.216 91.585 92.587 0.3226 4.1466 4.1802 1489.4
300 996.960 112.479 113.482 0.3928 4.1272 4.1781 1503.0
305 995.475 133.365 134.370 0.4619 4.1066 4.1771 1514.8
310 993.779 154.248 155.255 0.5298 4.0850 4.1770 1524.9
315 991.890 175.132 176.141 0.5966 4.0624 4.1774 15334
320 989.819 196.020 197.030 0.6624 4.0390 4.1784 1540.5
325 987.579 216913 217.926 0.7272 4.0149 4.1798 1546.1
330 985.179 237.814 238.829 0.7910 3.9902 4.1816 1550.5
335 982.627 258.725 259.743 0.8539 3.9650 4.1838 1553.7
340 979.931 279.647 280.668 0.9159 3.9395 4.1863 1555.7
345 977.096 300.583 301.606 0.9771 3.9136 4.1892 1556.7
350 974.129 321.534 322.561 1.0374 3.8876 4.1925 1556.7
355 971.033 342.502 343.532 1.0969 3.8615 4.1962 1555.8
360 967.812 363.490 364.523 1.1556 3.8353 4.2004 1553.9
365 964.470 384.500 385.537 1.2136 3.8092 4.2050 1551.2
370 961.010 405.533 406.574 1.2708 3.7831 4.2101 1547.7
375 957.434 426.594 427.638 1.3274 3.7572 4.2158 1543.4
380 953.744 447.684 448.733 1.3832 3.7315 4.2220 15384
385 949.942 468.807 469.860 1.4385 3.7061 4.2289 1532.6
390 946.029 489.965 491.022 1.4931 3.6809 4.2364 1526.2
395 942.006 511.163 512.225 1.5471 3.6560 4.2446 1519.1
400 937.873 532.403 533.469 1.6005 3.6315 4.2535 1511.3
410 929.279 575.026 576.102 1.7058 3.5835 42737 1493.9
420 920.244 617.867 618.954 1.8091 3.5370 42972 1474.0
430 910.760 660.961 662.059 1.9105 3.4922 4.3245 1451.8
440 900.814 704.348 705.458 2.0103 3.4491 4.3561 1427.3
450 890.386 748.074 749.197 2.1086 3.4076 4.3924 1400.6
453.028° 887.129 761.388 762.515 2.1381 3.3954 4.4045 1392.0
453.028° 5.1450 2582.75 2777.11 6.5850 1.9271 2.7114 501.02
460 5.0376 2596.98 2795.49 6.6253 1.8387 2.5726 507.19
470 4.8960 2616.33 2820.57 6.6792 1.7677 2.4551 515.05
480 4.7658 2634.89 2844.72 6.7301 1.7239 2.3787 522.29
490 4.6451 2652.93 2868.22 6.7785 1.6930 2.3227 529.16
500 4.5323 2670.58 2891.22 6.8250 1.6699 2.2795 535.74
510 4.4265 2687.92 2913.84 6.8698 1.6523 2.2453 542.09
520 4.3268 2705.03 2936.15 6.9131 1.6389 2.2180 548.25
530 4.2325 2721.95 2958.21 6.9551 1.6288 2.1962 554.23
540 4.1431 2738.72 2980.09 6.9960 1.6213 2.1787 560.06
550 4.0581 2755.38 3001.80 7.0359 1.6159 2.1647 565.75
560 3.9771 2771.95 3023.39 7.0748 1.6123 2.1536 571.33
570 3.8998 2788.46 3044.88 7.1128 1.6101 2.1448 576.79
580 3.8258 2804.91 3066.29 7.1501 1.6090 2.1380 582.15
590 3.7550 2821.34 3087.65 7.1866 1.6090 2.1329 587.41
600 3.6871 2837.74 3108.96 7.2224 1.6098 2.1292 592.58
610 3.6218 2854.13 3130.23 7.2575 1.6114 2.1266 597.68
620 3.5591 2870.52 3151.49 7.2921 1.6135 2.1251 602.70
630 3.4986 2886.91 3172.74 7.3261 1.6161 2.1245 607.64
640 3.4404 2903.32 3193.98 7.3596 1.6193 2.1246 612.52
650 3.3843 2919.75 3215.23 7.3925 1.6227 2.1254 617.34
675 3.2521 2960.92 3268.41 7.4728 1.6329 2.1297 629.11
700 3.1305 3002.31 3321.74 7.5504 1.6447 2.1368 640.55
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

W. WAGNER AND A. PRUB

T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
1.0 MPa—Continued
725 3.0182 3043.95 3375.27 7.6255 1.6576 2.1459 651.68
750 2.9140 3085.88 3429.05 7.6984 1.6715 2.1566 662.53
775 2.8170 3128.13 3483.11 7.7693 1.6862 2.1686 673.12
800 2.7265 3170.72 3537.49 7.8384 1.7014 2.1816 683.48
825 2.6418 3213.67 3592.20 7.9057 17171 2.1953 693.61
850 2.5624 3257.00 3647.26 7.9715 1.7332 2.2098 703.55
900 24174 3344.83 3758.50 8.0986 1.7663 22402 722.85
950 2.2882 3434.27 3871.30 8.2206 1.8003 22721 741.47
1000 2.1723 3525.38 3985.72 8.3380 1.8346 2.3048 759.50
1050 2.0678 3618.18 4101.79 8.4512 1.8691 2.3380 777.00
1100 1.9729 3712.66 4219.52 8.5608 1.9034 23713 794.01
1150 1.8865 3808.83 433891 8.6669 1.9373 2.4044 810.59
1200 1.8074 3906.66 4459.95 8.7699 1.9708 24371 826.77
1250 1.7347 4006.13 4582.61 8.8701 2.0035 2.4692 842.60
1273 1.7032 4052.43 4639.57 8.9152 2.0183 2.4838 849.77
2.0 MPa
273.012* 1000.80 ~0.587 1411 ~0.0022 4.2084 4.2105 1404.7
275 1000.89 7.778 9.776 0.0284 4.2042 42046 1414.6
280 1000.83 28.770 30.769 0.1040 4.1918 4.1932 14373
285 1000.41 49.715 51.714 0.1782 4.1773 4.1855 14575
290 999.682 70.627 72.628 0.2509 4.1610 4.1804 1475.4
295 998.670 91.518 93.521 0.3223 4.1432 41771 1491.0
300 997.408 112.397 114.402 03925 4.1239 4.1753 1504.7
305 995.917 133.268 135.276 04615 4.1035 4.1745 1516.5
310 994.218 154.136 156.148 0.5294 4.0820 4.1745 1526.7
315 992.326 175.006 177.022 0.5962 4.0596 4.1750 1535.2
320 990.254 195.880 197.899 0.6620 4.0364 4.1761 1542.3
325 988.014 216.759 218.783 0.7267 4.0124 4.1776 1547.9
330 985.614 237.646 239.676 0.7905 3.9878 4.1794 15523
335 983.064 258.544 260.578 0.8534 3.9628 4.1816 1555.5
340 980.370 279.452 281.492 09154 3.9373 4.1842 1557.6
345 977.538 300.374 302.420 0.9765 3.9116 4.1871 1558.6
350 974.573 321311 323.363 1.0367 3.8857 4.1903 1558.7
355 971.481 342.266 344.324 1.0962 3.8596 4.1940 1557.8
360 968.265 363.239 365.305 1.1549 3.8335 4.1982 1555.9
365 964.928 384.234 386.307 1.2128 3.8075 42027 1553.3
370 961.474 405.253 407.333 1.2700 37815 4.2078 1549.8
375 957.905 426.298 428.386 1.3266 3.7557 42135 1545.6
380 954.222 447372 449.468 1.3824 3.7301 4.2197 1540.6
385 950.427 468.479 470.583 1.4376 3.7047 42265 1534.9
390 946.523 489.621 491.734 1.4922 3.6796 42339 1528.5
395 942.508 510.801 512.923 1.5462 3.6548 4.2420 1521.4
400 938.385 532.024 534.155 1.5996 3.6303 42508 1513.7
410 929.812 574.610 576.761 1.7048 3.5824 4.2708 1496.4
420 920.802 617.410 619.582 1.8080 3.5361 4.2941 1476.7
430 911.346 660.460 662.654 1.9093 3.4913 43211 1454.6
440 901.432 703.798 706.017 2.0090 3.4483 43522 14303
450 891.041 747.470 749.715 2.1072 3.4069 4.3881 1403.7
460 880.147 791.525 793.797 2.2041 33672 4.4294 1375.0
470 868.716 836.021 838.323 2.2999 33292 4.4768 1343.9
480 856.705 881.024 883.358 2.3947 3.2930 4.5316 1310.6
485.527° 849.798 906.145 908.498 2.4468 32737 4.5655 1291.2
485.527¢ 10.042 2599.12 2798.29 63390 2.1585 3.1910 504.70
490 9.8890 2609.96 2812.20 6.3675 2.0682 3.0364 509.47
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
2.0 MPa—Continued
500 9.5781 2632.56 2841.37 6.4265 1.9462 2.8185 518.77
510 9.2990 2653.76 2868.83 6.4808 1.8738 2.6822 527.02
520 9.0447 2674.02 2895.14 6.5319 1.8233 2.5841 534.66
530 8.8105 2693.59 2920.59 6.5804 1.7853 2.5087 541.89
540 8.5934 2712.63 2945.37 6.6267 1.7558 2.4489 548.78
550 8.3908 2731.25 2969.61 6.6712 1.7326 2.4007 555.40
560 8.2008 2749.53 2993.41 6.7141 1.7143 23614 561.78
570 8.0219 2767.54 3016.86 6.7556 1.6999 23292 567.96
580 7.8530 2785.33 3040.02 6.7959 1.6886 2.3028 573.96
590 7.6928 2802.95 3062.93 6.8350 1.6799 2.2809 579.79
600 7.5406 2820.42 3085.65 6.8732 1.6733 22629 585.49
610 7.3957 2837.77 3108.20 6.9105 1.6685 2.2480 591.05
620 7.2573 2855.03 3130.62 6.9470 1.6652 22358 596.49
630 7.1250 2872.22 3152.92 6.9826 1.6631 2.2258 601.82
640 6.9983 2889.35 3175.14 7.0176 1.6621 22177 607.06
650 6.8767 2906.44 3197.28 7.0520 1.6619 22112 612.20
675 6.5930 2949.07 3252.42 7.1352 1.6647 2.2008 624.68
700 6.3346 2991.65 3307.37 72151 1.6710 2.1965 636.71
725 6.0978 3034.29 3362.28 7.2922 1.6797 2.1968 648.34
750 5.8796 3077.08 3417.24 7.3667 1.6902 2.2004 659.61
775 5.6776 3120.06 3472.32 7.4390 1.7022 2.2067 670.57
800 5.4901 3163.30 3527.59 7.5092 1.7153 22150 681.24
825 53152 3206.81 3583.08 7.5775 1.7292 22248 691.65
850 5.1518 3250.63 3638.84 7.6441 1.7438 22360 701.83
900 4.8547 3339.29 3751.26 7.7726 1.7747 22613 721.53
950 4.5912 3429.40 3865.02 7.8956 1.8070 2.2893 740.48
1000 4.3558 3521.06 3980.22 8.0137 1.8401 23191 758.77
1050 4.1439 3614.31 4096.94 8.1276 1.8736 2.3500 776.47
1100 3.9521 3709.17 421523 8.2377 1.9072 23815 793.66
1150 3.7777 3805.67 4335.10 8.3443 1.9406 24132 810.38
1200 3.6182 3903.78 4456.54 8.4476 1.9735 2.4447 826.69
1250 3.4719 4003.50 4579.56 8.5481 2.0059 24759 842.62
1273 3.4085 4049.90 4636.67 8.5933 2.0205 2.4901 849.82
3.0 MPa
272.938" 1001.30 —0.880 2.116 ~0.0032 4.2039 4.2059 1406.0
275 1001.39 7.786 10.782 0.0284 4.1997 4.2000 1416.2
280 1001.32 28.757 31.753 0.1040 4.1877 4.1892 1439.0
285 1000.89 49.683 52.680 0.1781 4.1734 4.1819 1459.2
290 1000.14 70.577 73.577 0.2507 4.1574 4.1771 1477.0
295 999.123 91.452 94.455 0.3221 4.1397 4.1742 14927
300 997.854 112314 115.321 03923 4.1207 4.1725 1506.4
305 996.359 133.170 136.181 0.4612 4.1005 4.1719 15183
310 994.657 154.025 157.041 05291 4.0791 4.1720 1528.4
315 992.762 174.880 177.902 0.5958 4.0569 4.1726 1536.9
320 990.689 195.740 198.768 0.6615 4.0337 4.1738 1544.0
325 988.448 216.606 219.641 0.7263 4.0099 4.1753 1549.7
330 986.049 237.479 240.522 0.7900 3.9855 4.1772 1554.2
335 983.499 258.363 261.413 0.8529 3.9605 4.1794 1557.4
340 980.807 279.258 282317 0.9148 3.9352 4.1820 1559.5
345 977.978 300.166 303.234 0.9759 3.9096 4.1849 1560.6
350 975.017 321.089 324.166 1.0361 3.8837 4.1882 1560.6
355 971.928 342.030 345.116 1.0955 3.8578 4.1919 1559.7
360 968.717 362.989 366.086 1.1542 3.8318 4.1960 1558.0
365 965.385 383.969 387.077 1.2121 3.8058 4.2005 1555.4
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

W. WAGNER AND A. PRUB

T p u h s c, p w
K kgm™3 kI kg™! kI kg™! kI kg ' K™! kIkg 'K! kI kg ' K™! ms~!
3.0 MPa—Continued
370 961.937 404.973 408.092 1.2693 3.7799 4.2056 1551.9
375 958.373 426.003 429.134 1.3258 3.7542 42112 1547.7
380 954.698 447.062 450.204 1.3816 3.7287 42173 1542.8
385 950.911 468.153 471.308 1.4368 3.7033 4.2240 1537.1
390 947.014 489.278 492.446 1.4913 3.6783 42314 1530.8
395 943.009 510.442 513.623 1.5453 3.6535 4.2395 1523.8
400 938.895 531.646 534.842 1.5986 3.6291 4.2482 1516.1
410 930.344 574.195 577.420 1.7038 3.5813 4.2679 1498.9
420 921.358 616.955 620.211 1.8069 3.5351 42910 1479.3
430 911.930 659.961 663.251 1.9082 3.4904 43177 1457.4
440 902.048 703.252 706.578 2.0078 3.4474 4.3484 14333
450 891.693 746.871 750.235 2.1059 3.4061 4.3839 1406.9
460 880.841 790.867 794.273 22027 3.3665 4.4245 1378.3
470 869.458 835.296 838.746 2.2983 3.3286 44713 1347.5
480 857.504 880.224 883.722 2.3930 3.2924 4.5252 1314.4
490 844.924 925.728 929.278 2.4869 3.2579 4.5876 1279.0
500 831.652 971.901 975.508 2.5803 3.2253 4.6603 1241.2
507.003° 821.900 1004.69 1008.34 2.6455 3.2035 47186 1213.1
507.003¢ 15.001 2603.16 2803.15 6.1856 2.3282 3.6119 504.03
510 14.828 2611.44 2813.76 6.2064 22525 3.4692 507.69
520 14.309 2637.05 2846.71 6.2704 2.0903 3.1531 518.33
530 13.852 2660.63 2877.21 6.3285 1.9946 2.9578 527.55
540 13.442 2682.88 2906.05 6.3825 1.9279 2.8186 535.96
550 13.070 2704.16 2933.69 6.4332 1.8776 27122 543.81
560 12.729 2724.69 2960.37 6.4812 1.8383 2.6280 551.23
570 12.413 2744.62 2986.30 6.5271 1.8070 2.5601 558.31
580 12.119 2764.08 3011.61 6.5712 1.7820 2.5047 565.09
590 11.845 2783.15 3036.43 6.6136 1.7620 2.4590 571.61
600 11.587 2801.90 3060.82 6.6546 1.7459 24212 57791
610 11.343 2820.39 3084.87 6.6943 1.7331 2.3896 584.01
620 11.113 2838.67 3108.63 6.7330 1.7230 2.3633 589.94
630 10.894 2856.78 3132.15 6.7706 1.7150 2.3411 595.71
640 10.687 2874.74 3155.47 6.8073 1.7090 2.3226 601.34
650 10.488 2892.58 3178.61 6.8432 1.7045 2.3070 606.85
675 10.030 2936.81 3235.90 6.9297 1.6987 22785 620.11
700 9.6174 2980.69 3292.62 7.0122 1.6987 2.2608 632.77
725 9.2424 3024.42 3349.01 7.0914 1.7026 2.2509 644.92
750 8.8993 3068.11 3405.22 7.1676 1.7096 2.2466 656.64
775 8.5837 3111.87 3461.37 7.2412 17187 2.2465 667.98
800 8.2920 3155.77 3517.57 73126 1.7294 2.2496 678.98
825 8.0212 3199.87 3573.87 7.3819 1.7415 2.2553 689.67
850 7.7690 3244.20 3630.35 7.4493 1.7546 2.2630 700.10
900 73124 3333.71 3743.97 7.5792 1.7831 2.2827 720.21
950 6.9095 3424.51 3858.69 7.7033 1.8137 2.3068 739.49
1000 6.5506 3516.72 3974.69 7.8223 1.8456 2.3336 758.03
1050 6.2285 3610.43 4092.08 7.9368 1.8781 2.3621 775.95
1100 5.9377 3705.68 4210.93 8.0474 1.9110 2.3918 793.31
1150 5.6736 3802.50 4331.27 8.1544 1.9438 2.4220 810.18
1200 5.4325 3900.90 4453.13 8.2581 1.9763 2.4524 826.61
1250 52116 4000.86 4576.51 8.3588 2.0083 2.4826 842.64
1273 5.1160 4047.37 4633.76 8.4042 2.0228 2.4964 849.89
4.0 MPa
272.863" 1001.80 —1.178 2.815 —0.0043 4.1995 4.2013 1407.2
275 1001.89 7.794 11.787 0.0284 4.1953 4.1955 1417.8
280 1001.80 28.744 32.737 0.1039 4.1835 4.1853 1440.6
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued
T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
4.0 MPa—Continued
285 1001.36 49.650 53.645 0.1779 4.1696 4.1784 1460.8
290 1000.60 70.527 74.525 0.2506 4.1537 4.1739 1478.7
295 999.575 91.385 95.387 0.3219 4.1363 4.1712 1494.4
300 998.300 112.232 116.239 0.3920 4.1175 4.1698 1508.1
305 996.800 133.074 137.086 0.4609 4.0974 4.1693 1520.0
310 995.094 153.913 157.933 0.5287 4.0762 4.1695 1530.1
315 993.197 174.755 178.782 0.5954 4.0541 4.1703 1538.7
320 991.123 195.601 199.636 0.6611 4.0311 4.1715 1545.8
325 988.881 216.453 220.498 0.7258 4.0074 4.1731 1551.5
330 986.482 237.313 241.368 0.7895 3.9831 4.1750 1556.0
335 983.934 258.183 262.248 0.8523 3.9583 4.1773 1559.3
340 981.244 279.064 283.141 0.9142 3.9331 4.1798 1561.4
345 978.417 299.959 304.047 0.9753 3.9076 4.1828 1562.5
350 975.459 320.869 324.969 1.0355 3.8818 4.1860 1562.6
355 972.374 341.795 345.908 1.0949 3.8560 4.1897 1561.7
360 969.167 362.740 366.867 1.1535 3.8301 4.1938 1560.0
365 965.841 383.706 387.847 1.2114 3.8042 4.1983 1557.4
370 962.398 404.695 408.851 1.2685 3.7784 4.2034 1554.0
375 958.841 425.710 429.882 1.3250 3.7527 4.2089 1549.9
380 955.172 446.753 450.941 1.3808 3.7272 4.2150 1545.0
385 951.393 467.828 472.032 1.4359 3.7020 4.2217 15394
390 947.505 488.937 493.159 1.4904 3.6770 4.2290 1533.1
395 943.508 510.084 514.323 1.5444 3.6523 4.2369 1526.1
400 939.404 531.271 535.529 1.5977 3.6279 4.2456 1518.5
410 930.873 573.783 578.080 1.7028 3.5803 4.2651 1501.4
420 921.911 616.503 620.842 1.8058 3.5341 4.2879 1482.0
430 912.511 659.466 663.849 1.9070 3.4896 4.3143 1460.2
440 902.660 702.709 707.140 2.0065 3.4466 4.3447 1436.2
450 892.342 746.275 750.758 2.1046 3.4054 4.3796 1410.0
460 881.531 790.213 794.750 2.2012 3.3658 4.4198 1381.6
470 870.196 834.577 839.173 2.2968 3.3279 4.4658 1351.0
480 858.296 879.430 884.091 2.3913 3.2918 4.5189 1318.2
490 845.782 924.849 929.578 2.4851 3.2573 4.5802 1283.1
500 832.586 970.923 975.728 2.5784 3.2247 4.6515 1245.6
510 818.627 1017.76 1022.65 2.6713 3.1939 4.7352 1205.5
520 803.796 1065.51 1070.48 2.7642 3.1651 4.8345 1162.5
523.504° 798.368 1082.48 1087.49 2.7968 3.1555 4.8739 1146.8
523.504¢ 20.090 2601.72 2800.82 6.0696 2.4686 4.0203 501.55
530 19.553 2621.17 2825.75 6.1169 2.3067 3.6795 509.97
540 18.831 2648.36 2860.77 6.1824 2.1565 3.3517 520.97
550 18.202 2673.38 2893.14 6.2418 2.0595 3.1346 530.63
560 17.642 2696.92 2923.65 6.2968 1.9887 2.9751 539.46
570 17.136 2719.34 2952.76 6.3483 1.9342 2.8518 547.68
580 16.675 2740.89 2980.77 6.3970 1.8909 2.7536 555.42
590 16.251 2761.75 3007.90 6.4434 1.8562 2.6742 562.77
600 15.857 2782.05 3034.30 6.4878 1.8282 2.6090 569.79
610 15.491 2801.90 3060.11 6.5304 1.8055 2.5551 576.53
620 15.147 2821.36 3085.43 6.5716 1.7871 2.5102 583.02
630 14.825 2840.52 3110.34 6.6114 1.7722 2.4725 589.29
640 14.520 2859.43 3134.90 6.6501 1.7602 2.4408 595.37
650 14.232 2878.11 3159.17 6.6878 1.7506 24139 601.27
675 13.572 2924.12 3218.85 6.7778 1.7349 2.3634 615.39
700 12.985 2969.43 3277.49 6.8632 1.7278 2.3300 628.73
725 12.456 3014.32 3335.45 6.9445 1.7266 2.3084 641.44
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

W. WAGNER AND A. PRUB

T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
4.0 MPa—Continued
750 11.976 3058.98 3392.98 7.0225 1.7295 22952 653.63
775 11.537 3103.55 3450.26 7.0977 1.7356 2.2881 665.36
800 11.134 3148.15 3507.42 7.1702 1.7439 2.2856 676.69
825 10.761 3192.85 3564.57 7.2406 1.7540 22867 687.68
850 10.415 3237.71 3621.78 7.3089 1.7655 2.2906 698.36
900 9.7910 3328.09 3736.63 7.4402 1.7916 2.3047 718.89
950 9.2430 3419.58 3852.34 7.5653 1.8205 2.3245 738.49
1000 8.7568 351236 3969.15 7.6851 1.8511 2.3482 757.30
1050 8.3217 3606.53 4087.20 7.8003 1.8827 23744 775.43
1100 7.9296 3702.18 4206.61 7.9114 1.9148 2.4022 792.97
1150 7.5742 3799.33 4327.44 8.0188 1.9471 2.4309 809.98
1200 7.2504 3898.02 4449.71 8.1229 1.9791 2.4601 826.53
1250 6.9538 3998.22 4573.45 8.2239 2.0107 2.4893 842.66
1273 6.8256 4044.83 4630.86 8.2694 2.0251 25027 849.95
5.0 MPa
272.788" 1002.30 —1.475 3513 —0.0054 4.1950 4.1967 1408.4
275 1002.38 7.802 12.790 0.0284 4.1908 4.1910 1419.4
280 1002.28 28.731 33.719 0.1039 4.1794 4.1813 1442.2
285 1001.82 49.618 54.609 0.1778 4.1657 4.1749 1462.4
290 1001.06 70.477 75.472 0.2504 4.1501 4.1707 1480.3
295 1000.03 91.319 96.319 03217 4.1329 4.1683 1496.0
300 998.745 112.150 117.157 03917 4.1142 4.1670 1509.8
305 997.240 132.977 137.991 0.4606 4.0943 4.1667 1521.7
310 995.530 153.802 158.825 0.5283 4.0733 4.1670 1531.8
315 993.631 174.630 179.662 0.5950 4.0514 4.1679 1540.4
320 991.555 195.462 200.505 0.6607 4.0285 4.1692 1547.6
325 989.313 216.300 221.354 0.7253 4.0050 4.1708 15533
330 986.915 237.147 242214 0.7890 3.9808 4.1728 1557.8
335 984.368 258.004 263.083 0.8518 3.9561 4.1751 1561.1
340 981.679 278.872 283.965 0.9136 3.9310 41777 1563.3
345 978.855 299.753 304.861 0.9747 3.9055 4.1806 1564.4
350 975.900 320.649 325.772 1.0348 3.8799 4.1839 1564.5
355 972.819 341.561 346.701 1.0942 3.8541 4.1876 1563.7
360 969.617 362.492 367.648 1.1528 3.8283 4.1916 1562.0
365 966.295 383.443 388.618 1.2106 3.8025 4.1961 1559.5
370 962.858 404.418 409.611 1.2678 3.7768 4.2011 1556.1
375 959.307 425.418 430.630 1.3242 37512 4.2066 1552.0
380 955.645 446.446 451.678 1.3800 3.7258 42127 1547.2
385 951.873 467.505 472757 1.4351 3.7006 4.2193 1541.6
390 947.993 488.597 493.872 1.4896 3.6757 4.2265 1535.4
395 944.005 509.727 515.024 1.5434 3.6511 4.2344 1528.4
400 939.910 530.897 536.217 1.5968 3.6268 4.2430 1520.9
410 931.401 573.372 578.741 1.7018 3.5792 42623 1503.9
420 922.463 616.053 621.473 1.8047 35331 4.2848 1484.6
430 913.090 658.973 664.449 1.9059 3.4887 43109 1463.0
440 903.270 702.169 707.705 2.0053 3.4458 43410 1439.1
450 892.987 745.684 751.283 2.1032 3.4046 43755 1413.1
460 882.217 789.564 795.231 2.1998 3.3651 44151 1384.9
470 870.929 833.863 839.604 2.2953 3.3273 4.4605 1354.6
480 859.084 878.643 884.463 23897 3.2911 45127 1322.0
490 846.632 923.978 929.884 2.4833 3.2567 4.5729 12872
500 833.512 969.955 975.954 2.5764 3.2240 4.6429 1250.0
510 819.642 1016.68 1022.78 2.6691 3.1932 47248 1210.2
520 804.920 1064.29 1070.50 27618 3.1644 4.8219 1167.8
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued
T p u h s c, p w
K kgm™3 kI kg™! kI kg™! kI kg ' K™! kIkg 'K! kI kg ' K™! ms~!
5.0 MPa—Continued
530 789.208 1112.95 1119.28 2.8547 3.1377 4.9386 1122.2
537.091° 777.369 1148.21 1154.64 2.9210 3.1204 5.0368 1087.8
537.091¢ 25.351 2596.98 2794.21 5.9737 2.5922 4.4380 498.04
540 25.004 2606.83 2806.80 5.9971 2.5029 4.2299 502.38
550 23.951 2637.70 2846.46 6.0698 2.2995 3.7464 515.19
560 23.058 2665.47 2882.31 6.1345 2.1745 3.4437 526.08
570 22.279 2691.20 2915.62 6.1934 2.0857 3.2283 535.84
580 21.586 2715.42 2947.05 6.2481 2.0178 3.0649 544.81
590 20.962 2738.51 2977.03 6.2993 1.9642 2.9365 553.18
600 20.393 2760.69 3005.87 6.3478 1.9212 2.8334 561.07
610 19.871 2782.14 3033.77 6.3939 1.8863 2.7494 568.55
620 19.387 2803.00 3060.90 6.4380 1.8580 2.6801 575.68
630 18.938 2823.38 3087.41 6.4805 1.8348 2.6225 582.52
640 18.517 2843.36 3113.38 6.5214 1.8158 2.5741 589.10
650 18.122 2863.00 313891 6.5609 1.8004 2.5333 595.46
675 17.228 2910.99 3201.22 6.6550 1.7734 2.4563 610.51
700 16.442 2957.85 3261.94 6.7433 1.7584 2.4045 624.59
725 15.743 3003.98 3321.59 6.8271 1.7515 2.3695 637.89
750 15.113 3049.66 3380.51 6.9070 1.7501 2.3463 650.57
775 14.540 3095.10 3438.97 6.9837 1.7529 2.3315 662.71
800 14.017 3140.42 3497.14 7.0575 1.7587 2.3229 674.39
825 13.535 3185.75 3555.16 7.1289 1.7667 2.3192 685.68
850 13.090 3231.15 3613.13 7.1982 1.7766 2.3191 696.61
900 12.291 3322.43 3729.24 7.3309 1.8002 2.3271 717.57
950 11.592 3414.63 3845.96 7.4571 1.8273 2.3426 737.50
1000 10.975 3507.98 3963.58 7.5778 1.8566 2.3630 756.57
1050 10.423 3602.63 4082.31 7.6936 1.8872 2.3868 774.92
1100 9.9280 3698.67 4202.29 7.8052 1.9186 24127 792.63
1150 9.4796 3796.16 4323.60 7.9131 1.9503 2.4399 809.78
1200 9.0717 3895.13 4446.29 8.0175 1.9819 2.4678 826.45
1250 8.6986 3995.58 4570.39 8.1188 2.0131 2.4960 842.69
1273 8.5374 4042.29 4627.95 8.1645 2.0274 2.5090 850.02
6.0 MPa
272.713% 1002.80 —-1.772 4211 —0.0065 4.1906 4.1921 1409.6
275 1002.88 7.809 13.792 0.0285 4.1864 4.1866 1421.0
280 1002.76 28.717 34.700 0.1038 4.1753 4.1774 1443.8
285 1002.29 49.585 55.571 0.1777 4.1619 4.1714 1464.1
290 1001.52 70.427 76.418 0.2502 4.1465 4.1676 1482.0
295 1000.48 91.253 97.250 0.3214 4.1295 4.1654 1497.7
300 999.189 112.069 118.074 0.3914 4.1110 4.1643 1511.4
305 997.679 132.880 138.894 0.4603 4.0913 4.1641 1523.4
310 995.966 153.692 159.716 0.5280 4.0705 4.1646 1533.6
315 994.064 174.505 180.541 0.5946 4.0486 4.1656 1542.2
320 991.987 195.324 201.372 0.6602 4.0260 4.1669 1549.3
325 989.744 216.149 222211 0.7248 4.0025 4.1686 1555.1
330 987.346 236.982 243.059 0.7885 3.9784 4.1706 1559.6
335 984.800 257.825 263.918 0.8512 3.9539 4.1730 1563.0
340 982.113 278.680 284.789 0.9131 3.9289 4.1756 1565.2
345 979.291 299.547 305.674 0.9741 3.9035 4.1785 1566.3
350 976.340 320.429 326.575 1.0342 3.8780 4.1818 1566.5
355 973.263 341.328 347.493 1.0935 3.8523 4.1854 1565.7
360 970.065 362.245 368.430 1.1521 3.8266 4.1895 1564.0
365 966.748 383.182 389.388 1.2099 3.8009 4.1940 1561.5
370 963.317 404.142 410.370 1.2670 3.7752 4.1989 1558.2
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

W. WAGNER AND A. PRUB

T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
6.0 MPa—Continued
375 959.772 425.127 431.379 1.3234 3.7497 4.2044 1554.1
380 956.117 446.140 452415 1.3791 3.7244 4.2104 1549.3
385 952.352 467.183 473.483 1.4342 3.6993 42169 1543.8
390 948.480 488.259 494.585 1.4887 3.6744 4.2241 1537.6
395 944.501 509.373 515.725 1.5425 3.6499 4.2319 1530.8
400 940.415 530.525 536.905 1.5958 3.6256 4.2404 15233
410 931.926 572.964 579.402 1.7008 3.5782 4.2595 1506.4
420 923.012 615.606 622.106 1.8037 35322 42818 1487.2
430 913.666 658.483 665.050 1.9047 3.4878 43076 1465.7
440 903.877 701.633 708.271 2.0041 3.4450 43373 1442.1
450 893.629 745.096 751.810 2.1019 3.4039 43714 1416.2
460 882.899 788.919 795.714 2.1984 33644 4.4104 1388.2
470 871.657 833.154 840.037 22937 3.3266 44552 1358.1
480 859.865 877.862 884.840 2.3881 3.2905 4.5065 13257
490 847.477 923.114 930.194 24816 3.2561 4.5658 1291.2
500 834.430 968.996 976.187 25745 3.2234 4.6345 1254.3
510 820.648 1015.61 1022.92 2.6670 3.1926 47147 1215.0
520 806.031 1063.09 1070.53 27595 3.1637 4.8095 1172.9
530 790.450 1111.58 1119.17 2.8521 3.1369 4.9231 1127.9
540 773.728 1161.32 1169.08 2.9454 3.1126 5.0620 1079.5
548.735° 757.998 1206.01 1213.92 3.0278 3.0939 52116 1033.9
548.735° 30.818 2589.90 2784.59 5.8901 27054 4.8794 493.84
550 30.611 2594.68 2790.69 5.9012 2.6609 47634 495.95
560 29.166 2629.07 2834.79 5.9807 24167 4.1214 510.42
570 27.971 2659.42 2873.93 6.0500 2.2699 3.7334 522.43
580 26.947 2687.18 2909.84 6.1125 2.1666 3.4632 533.04
590 26.048 2713.08 2943.42 6.1699 2.0881 3.2613 542.70
600 25.247 2737.57 2975.22 6.2233 2.0262 3.1043 551.64
610 24.524 2760.95 3005.61 6.2736 1.9765 29791 560.00
620 23.865 2783.46 3034.88 63211 1.9362 2.8777 567.89
630 23258 2805.25 3063.23 6.3665 1.9032 2.7943 575.38
640 22.697 2826.46 3090.81 6.4099 1.8762 2.7250 582.53
650 22.175 2847.19 3117.76 6.4517 1.8540 2.6670 589.39
675 21.008 2897.38 3182.99 6.5502 1.8143 25581 605.46
700 19.998 2945.93 3245.96 6.6418 1.7905 2.4848 620.34
725 19.107 2993.40 3307.42 6.7281 1.7773 24345 634.27
750 18312 3040.17 3367.82 6.8100 1.7714 2.4001 647.46
775 17.595 3086.51 342751 6.8883 1.7706 2.3768 660.03
800 16.943 3132.59 3486.73 6.9635 1.7737 23616 672.07
825 16.345 3178.57 3545.65 7.0360 1.7797 2.3526 683.66
850 15.795 3224.53 3604.40 7.1062 1.7878 2.3483 694.86
900 14.812 3316.73 3721.80 7.2404 1.8088 2.3499 716.25
950 13.957 3409.66 3839.54 7.3677 1.8341 2.3609 736.51
1000 13.204 3503.59 3957.99 7.4892 1.8621 23780 755.85
1050 12.534 3598.71 4077.41 7.6057 1.8918 23993 774.41
1100 11.933 3695.15 4197.96 7.7179 1.9224 24232 792.29
1150 11.390 3792.97 4319.76 7.8262 1.9535 2.4489 809.60
1200 10.896 3892.23 4442.87 7.9310 1.9847 24756 826.38
1250 10.446 3992.94 4567.33 8.0326 2.0156 25028 842.72
1273 10.251 4039.75 4625.04 8.0783 2.0296 25154 850.09
7.0 MPa
272.638 1003.30 ~2.069 4.908 ~0.0076 4.1862 4.1876 1410.9
275 1003.37 7.816 14.792 0.0285 4.1821 4.1822 1422.6
280 1003.24 28.703 35.680 0.1037 4.1713 4.1736 1445.4
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued
T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
7.0 MPa—Continued
285 1002.76 49.552 56.533 0.1776 4.1581 4.1680 1465.7
290 1001.98 70.377 77.363 0.2500 4.1429 4.1644 1483.6
295 1000.93 91.187 98.180 0.3212 4.1261 4.1625 1499.4
300 999.632 111.987 118.990 0.3911 4.1078 4.1616 1513.1
305 998.117 132.784 139.798 0.4599 4.0883 4.1616 1525.1
310 996.401 153.581 160.607 0.5276 4.0676 4.1622 15353
315 994.496 174.381 181.420 0.5942 4.0459 4.1632 1543.9
320 992.417 195.186 202.239 0.6598 4.0234 4.1647 1551.1
325 990.174 215.998 223.067 0.7244 4.0001 4.1664 1556.9
330 987.777 236.818 243.904 0.7880 3.9761 4.1685 1561.5
335 985.232 257.648 264.752 0.8507 3.9517 4.1708 1564.8
340 982.547 278.489 285.613 0.9125 3.9268 4.1735 1567.0
345 979.727 299.343 306.488 0.9734 3.9016 4.1764 1568.2
350 976.779 320.211 327.378 1.0336 3.8761 4.1797 1568.4
355 973.706 341.096 348.285 1.0929 3.8505 4.1833 1567.7
360 970.512 361.999 369.212 1.1514 3.8249 4.1874 1566.0
365 967.200 382.922 390.159 1.2092 3.7992 4.1918 1563.6
370 963.774 403.867 411.130 1.2663 3.7737 4.1967 1560.3
375 960.236 424.838 432.127 1.3226 3.7482 4.2021 1556.3
380 956.587 445.835 453.153 1.3783 3.7230 4.2081 1551.5
385 952.830 466.863 474.209 1.4334 3.6979 4.2146 1546.0
390 948.966 487.923 495.300 1.4878 3.6731 4.2217 1539.9
395 944.995 509.020 516.427 1.5416 3.6486 4.2294 1533.1
400 940.919 530.155 537.595 1.5949 3.6244 4.2378 1525.6
410 932.450 572.558 580.065 1.6998 3.5771 4.2567 1508.9
420 923.559 615.161 622.740 1.8026 3.5312 4.2788 1489.8
430 914.239 657.996 665.652 1.9036 3.4869 4.3043 1468.5
440 904.481 701.099 708.839 2.0029 3.4442 4.3336 1445.0
450 894.268 744.512 752.339 2.1006 3.4032 4.3673 1419.3
460 883.577 788.278 796.200 2.1970 3.3638 4.4058 1391.5
470 872.381 832.450 840.474 2.2922 3.3260 4.4499 1361.5
480 860.642 877.087 885.220 2.3864 3.2899 4.5005 1329.5
490 848.315 922.258 930.510 2.4798 3.2555 4.5588 1295.2
500 835.340 968.046 976.426 2.5726 3.2228 4.6262 1258.6
510 821.643 1014.55 1023.07 2.6649 3.1919 4.7048 1219.6
520 807.130 1061.90 1070.57 2.7572 3.1630 4.7975 1178.0
530 791.676 1110.24 1119.08 2.8496 3.1361 4.9082 1133.5
540 775.113 1159.78 1168.81 2.9425 3.1116 5.0429 1085.8
550 757.211 1210.80 1220.05 3.0365 3.0901 5.2108 1034.1
558.979° 739.724 1258.20 1267.66 3.1224 3.0740 5.4025 983.70
558.979¢ 36.525 2580.98 2772.63 5.8148 2.8115 5.3566 489.11
560 36.304 2585.22 2778.04 5.8244 2.7726 5.2421 490.98
570 34.419 2622.76 2826.14 5.9096 2.5055 4.4587 506.80
580 32.894 2655.43 2868.24 5.9828 2.3448 3.9933 519.78
590 31.606 2685.00 2906.48 6.0482 2.2313 3.6733 531.13
600 30.490 2712.39 2941.98 6.1078 2.1450 3.4365 541.38
610 29.503 2738.13 2975.39 6.1631 2.0770 3.2539 550.81
620 28.620 2762.59 3007.18 6.2148 2.0223 3.1092 559.59
630 27.819 2786.04 3037.67 6.2636 1.9779 2.9923 567.83
640 27.086 2808.66 3067.10 6.3099 1.9415 2.8965 575.63
650 26.411 2830.61 3095.65 6.3542 1.9115 2.8171 583.04
675 24.925 2883.26 3164.11 6.4575 1.8575 2.6697 600.25
700 23.658 2933.65 3229.54 6.5527 1.8240 2.5712 615.97
725 22.554 2982.56 3292.93 6.6417 1.8041 2.5037 630.58
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

W. WAGNER AND A. PRUB

T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
7.0 MPa—Continued
750 21.578 3030.49 3354.90 6.7258 1.7932 2.4567 644.30
775 20.704 3077.78 3415.88 6.8057 1.7888 2.4241 657.31
800 19.913 3124.66 3476.19 6.8823 1.7891 2.4018 669.73
825 19.192 3171.30 3536.03 6.9560 1.7928 23871 681.63
850 18.531 3217.85 3595.59 7.0271 1.7991 23783 693.10
900 17.356 3310.99 3714.32 7.1628 1.8175 23732 714.93
950 16.338 3404.65 3833.10 7.2913 1.8409 23795 735.53
1000 15.445 3499.17 3952.39 7.4137 1.8676 23932 755.14
1050 14.653 3594.78 4072.50 7.5309 1.8964 24119 773.91
1100 13.944 3691.62 4193.63 7.6436 1.9263 2.4338 791.97
1150 13.305 3789.79 4315.92 7.7523 1.9568 24579 809.41
1200 12.725 3889.33 4439.44 7.8574 1.9874 2.4834 826.32
1250 12.196 3990.29 4564.27 7.9593 2.0180 2.5096 842.76
1273 11.967 4037.20 4622.13 8.0052 2.0319 25218 850.17
8.0 MPa
272.562° 1003.80 ~2.370 5.600 ~0.0087 4.1818 4.1831 1412.1
275 1003.87 7.822 15.791 0.0285 4.1778 4.1778 14242
280 1003.72 28.689 36.659 0.1037 4.1672 4.1698 1447.1
285 1003.23 49.519 57.494 0.1774 4.1543 4.1645 1467.3
290 1002.43 70.327 78.308 0.2498 4.1394 4.1613 1485.2
295 1001.37 91.120 99.109 03210 4.1228 4.1596 1501.0
300 1000.07 111.906 119.905 0.3909 4.1047 4.1589 1514.8
305 998.555 132.688 140.700 0.4596 4.0853 4.1590 1526.8
310 996.834 153.471 161.497 0.5272 4.0648 4.1597 1537.0
315 994.928 174.257 182.298 0.5938 4.0432 4.1609 1545.7
320 992.847 195.049 203.106 0.6593 4.0208 4.1624 1552.9
325 990.604 215.847 223.923 0.7239 3.9976 4.1642 1558.7
330 988.206 236.654 244.749 0.7875 3.9738 4.1663 1563.3
335 985.662 257.470 265.587 0.8502 3.9495 4.1687 1566.6
340 982.979 278.298 286.437 0.9119 3.9247 4.1714 1568.9
345 980.162 299.139 307.301 09728 3.8996 4.1743 1570.1
350 977.217 319.994 328.181 1.0329 3.8742 4.1776 15703
355 974.147 340.865 349.077 1.0922 3.8487 4.1812 1569.6
360 970.958 361.754 369.993 1.1507 3.8232 4.1852 1568.0
365 967.651 382.663 390.930 1.2085 3.7976 4.1897 1565.6
370 964.230 403.594 411.891 1.2655 3.7721 4.1945 1562.4
375 960.698 424.549 432.877 1.3219 3.7468 4.1999 1558.4
380 957.056 445.532 453.891 1.3775 3.7216 42058 1553.7
385 953.306 466.544 474.936 1.4325 3.6966 42123 15482
390 949.450 487.588 496.014 1.4869 3.6719 42193 1542.1
395 945.487 508.668 517.130 1.5407 3.6474 4.2269 1535.4
400 941.420 529.787 538.285 1.5940 3.6233 4.2353 1528.0
410 932,972 572.154 580.729 1.6988 3.5760 42540 1511.4
420 924.104 614.718 623.375 1.8015 3.5303 4.2758 1492.4
430 914.811 657.511 666.256 1.9024 3.4860 43010 1471.2
440 905.082 700.569 709.408 2.0016 3.4434 43300 1447.8
450 894.903 743.931 752.871 2.0993 3.4024 4.3632 1422.3
460 884.252 787.642 796.689 2.1956 3.3631 44013 1394.7
470 873.100 831.751 840.914 2.2907 3.3254 4.4447 1365.0
480 861.413 876.318 885.605 2.3848 3.2893 4.4946 1333.1
490 849.146 921.409 930.830 24781 3.2549 4.5519 1299.1
500 836.242 967.105 976.672 25707 3.2222 4.6180 1262.9
510 822.630 1013.50 1023.23 2.6629 3.1913 4.6951 1224.2
520 808.217 1060.72 1070.62 27549 3.1623 47857 1183.1
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued
T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
8.0 MPa—Continued
530 792.886 1108.91 1119.00 2.8470 3.1353 4.8936 1139.1
540 776.478 1158.26 1168.57 2.9397 3.1107 5.0243 1091.9
550 758.774 1209.05 1219.59 3.0333 3.0889 5.1866 1041.0
560 739.463 1261.63 1272.45 3.1285 3.0707 5.3942 985.65
568.158" 722.196 1306.23 1317.31 3.2081 3.0594 5.6141 936.26
568.158¢ 42.507 2570.48 2758.68 5.7450 29128 5.8823 483.94
570 41.997 2578.80 2769.29 5.7636 2.8397 5.6384 487.60
580 39.647 2618.96 2820.74 5.8531 2.5673 4.7449 504.42
590 37.777 2653.59 2865.36 5.9294 2.3999 4.2155 518.16
600 36.218 2684.72 2905.60 5.9971 2.2806 3.8537 530.11
610 34.878 2713.38 2942.75 6.0585 2.1894 3.5876 540.86
620 33.704 2740.20 29717.56 6.1151 2.1173 3.3835 550.69
630 32.657 2765.59 3010.56 6.1679 2.0593 3.2223 559.81
640 31.713 2789.85 3042.11 6.2176 2.0120 3.0925 568.35
650 30.854 2813.20 3072.49 6.2647 1.9732 2.9863 576.40
675 28.991 2868.60 3144.54 6.3735 1.9031 2.7923 594.85
700 27.431 2921.01 3212.65 6.4726 1.8591 2.6645 611.50
725 26.089 2971.47 3278.10 6.5644 1.8318 2.5772 626.82
750 24914 3020.62 3341.73 6.6507 1.8157 2.5163 641.11
775 23.869 3068.90 3404.07 6.7325 1.8074 2.4735 654.58
800 22.929 3116.61 3465.51 6.8105 1.8047 2.4434 667.37
825 22.077 3163.96 3526.32 6.8854 1.8061 2.4227 679.60
850 21.299 3211.10 3586.70 6.9575 1.8106 2.4091 691.34
900 19.922 3305.21 3706.79 7.0948 1.8262 2.3969 713.61
950 18.735 3399.62 3826.62 7.2243 1.8478 2.3983 734.55
1000 17.698 3494.74 3946.76 7.3476 1.8732 2.4085 754.43
1050 16.781 3590.84 4067.57 7.4655 1.9009 2.4246 773.41
1100 15.962 3688.08 4189.28 7.5787 1.9301 2.4445 791.64
1150 15.224 3786.59 4312.06 7.6879 1.9600 2.4670 809.23
1200 14.556 3886.43 4436.02 7.7934 1.9902 24912 826.26
1250 13.948 3987.64 4561.20 7.8956 2.0204 2.5164 842.80
1273 13.686 4034.66 4619.22 7.9416 2.0341 2.5282 850.25
10.0 MPa
272.410° 1004.79 —2.972 6.981 —0.0110 4.1732 4.1742 1414.6
275 1004.85 7.834 17.785 0.0285 4.1692 4.1692 1427.5
280 1004.67 28.659 38.613 0.1035 4.1593 4.1622 1450.3
285 1004.16 49.453 59.412 0.1772 4.1468 4.1578 1470.6
290 1003.34 70.227 80.193 0.2495 4.1323 4.1552 1488.5
295 1002.27 90.988 100.966 0.3205 4.1161 4.1539 1504.3
300 1000.96 111.744 121.734 0.3903 4.0984 4.1536 1518.2
305 999.426 132.497 142.503 0.4589 4.0794 4.1540 1530.1
310 997.699 153.252 163.276 0.5265 4.0591 4.1550 1540.4
315 995.787 174.011 184.054 0.5930 4.0379 4.1563 1549.2
320 993.704 194.776 204.839 0.6585 4.0157 4.1580 1556.4
325 991.459 215.548 225.634 0.7229 3.9928 4.1599 1562.3
330 989.062 236.328 246.438 0.7865 3.9692 4.1621 1566.9
335 986.520 257.118 267.255 0.8491 3.9451 4.1645 1570.3
340 983.840 277.920 288.084 0.9108 3.9205 4.1672 1572.6
345 981.028 298.734 308.927 0.9717 3.8956 4.1702 1573.9
350 978.089 319.562 329.786 1.0317 3.8705 4.1734 1574.2
355 975.027 340.406 350.662 1.0909 3.8451 4.1770 1573.6
360 971.846 361.267 371.557 1.1493 3.8198 4.1810 1572.0
365 968.549 382.148 392.473 1.2070 3.7944 4.1854 1569.7
370 965.139 403.051 413.412 1.2640 3.7690 4.1902 1566.5
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued
T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
10.0 MPa—Continued
375 961.618 423.977 434.376 1.3203 3.7438 4.1955 1562.6
380 957.990 444.929 455.368 1.3759 3.7188 4.2013 1558.0
385 954.254 465911 476.390 1.4309 3.6939 4.2076 1552.6
390 950.413 486.923 497.445 1.4852 3.6693 4.2145 1546.6
395 946.467 507.971 518.536 1.5389 3.6450 42221 1540.0
400 942.418 529.056 539.667 1.5921 3.6210 4.2302 1532.7
410 934.009 571.352 582.059 1.6968 3.5739 4.2486 1516.3
420 925.187 613.840 624.649 1.7994 3.5283 4.2699 1497.6
430 915.946 656.551 667.468 1.9002 3.4843 4.2946 1476.7
440 906.277 699.518 710.552 1.9992 3.4418 4.3229 1453.6
450 896.165 742.781 753.940 2.0967 3.4010 4.3553 1428.4
460 885.590 786.382 797.674 2.1928 3.3617 4.3923 1401.1
470 874.527 830.369 841.804 2.2877 3.3241 4.4346 1371.8
480 862.941 874.798 886.386 2.3816 3.2881 4.4829 1340.4
490 850.791 919.732 931.486 2.4746 3.2538 4.5384 1306.9
500 838.025 965.249 977.182 2.5669 3.2211 4.6022 1271.3
510 824.575 1011.44 1023.56 2.6588 3.1901 4.6763 1233.3
520 810.357 1058.41 1070.75 2.7504 3.1609 4.7630 1193.0
530 795.263 1106.30 1118.88 2.8421 3.1338 4.8656 1150.0
540 779.149 1155.30 1168.13 2.9341 3.1088 4.9891 1104.0
550 761.820 1205.63 1218.75 3.0270 3.0865 5.1407 1054.6
560 743.005 1257.62 1271.08 3.1213 3.0675 5.3323 1001.1
570 722.296 1311.75 1325.60 3.2178 3.0528 5.5838 942.46
580 699.049 1368.77 1383.07 3.3177 3.0445 5.9333 871.07
584.147° 688.424 1393.54 1408.06 3.3606 3.0438 6.1237 847.33
584.147¢ 55.463 2545.19 2725.49 5.6160 3.1065 7.1408 47251
590 53.019 2575.48 2764.10 5.6817 2.8728 6.1343 485.55
600 49.773 2619.05 2819.96 5.7756 2.6239 5.1365 503.34
610 47.237 2656.39 2868.09 5.8552 2.4599 4.5319 517.99
620 45.151 2689.75 2911.22 5.9253 2.3391 4.1171 530.72
630 43.380 2720.28 2950.80 5.9887 2.2454 3.8129 542.12
640 41.840 2748.71 2987.72 6.0468 2.1707 3.5801 55251
650 40.479 2775.53 3022.57 6.1009 2.1103 3.3968 562.10
675 37.639 2837.47 3103.16 6.2225 2.0020 3.0765 583.48
700 35.355 2894.51 3177.36 6.3305 1.9338 2.8741 602.20
725 33.447 2948.43 3247.42 6.4289 1.8901 2.7389 619.08
750 31.810 3000.28 3314.65 6.5200 1.8625 2.6452 634.58
775 30.378 3050.72 3379.90 6.6056 1.8458 2.5788 649.02
800 29.107 3100.19 3443.75 6.6867 1.8367 2.5313 662.61
825 27.966 3149.01 3506.58 6.7641 1.8332 2.4973 675.51
850 26.933 3197.40 3568.69 6.8382 1.8339 24732 687.81
900 25.123 3293.53 3691.57 6.9787 1.8439 2.4458 710.98
950 23.580 3389.49 3813.58 7.1107 1.8617 2.4369 732.61
1000 22.241 3485.83 3935.46 7.2357 1.8843 2.4397 753.03
1050 21.063 3582.92 4057.68 7.3549 1.9101 2.4503 772.44
1100 20.017 3680.99 4180.58 7.4693 1.9377 2.4661 791.02
1150 19.078 3780.19 4304.35 7.5793 1.9665 2.4854 808.90
1200 18.230 3880.62 4429.15 7.6855 1.9957 2.5070 826.16
1250 17.460 3982.33 4555.08 7.7884 2.0251 2.5301 842.90
1273 17.128 4029.56 4613.39 7.8346 2.0386 2.5410 850.43
12.5 MPa
272.218* 1006.03 —3.731 8.694 —0.0138 4.1625 4.1632 1417.7
275 1006.07 7.845 20.270 0.0285 4.1587 4.1587 1431.6
280 1005.86 28.621 41.048 0.1034 4.1494 4.1530 1454.4

J. Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002



THERMODYNAMIC PROPERTIES OF ORDINARY WATER 515
TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued
T p u h s c, p w
K kgm™3 kI kg™! kI kg™! kI kg ' K™! kIkg 'K! kI kg ' K™! ms~!
12.5 MPa—Continued
285 1005.31 49.369 61.803 0.1768 4.1376 4.1495 1474.7
290 1004.47 70.101 82.546 0.2490 4.1237 4.1476 1492.7
295 1003.38 90.824 103.282 0.3199 4.1079 4.1470 1508.5
300 1002.05 111.542 124.017 0.3896 4.0906 4.1471 1522.4
305 1000.51 132.260 144.754 0.4581 4.0720 4.1479 1534.4
310 998.774 152.981 165.496 0.5256 4.0522 4.1491 1544.7
315 996.857 173.706 186.245 0.5920 4.0313 4.1506 1553.5
320 994.770 194.437 207.003 0.6574 4.0094 4.1525 1560.8
325 992.523 215.176 227.770 0.7218 3.9868 4.1545 1566.7
330 990.127 235.924 248.549 0.7852 3.9635 4.1568 1571.4
335 987.588 256.682 269.339 0.8477 3.9397 4.1593 1574.9
340 984.912 277.451 290.142 0.9094 3.9154 4.1620 1577.3
345 982.105 298.232 310.960 0.9702 3.8907 4.1650 1578.6
350 979.174 319.027 331.793 1.0301 3.8658 4.1683 1579.0
355 976.120 339.838 352.643 1.0893 3.8407 4.1719 1578.4
360 972.949 360.665 373.513 1.1476 3.8155 4.1758 1577.0
365 969.664 381.511 394.402 1.2053 3.7903 4.1801 1574.7
370 966.268 402.378 415.315 1.2622 3.7652 4.1849 1571.7
375 962.762 423.268 436.252 1.3184 3.7402 4.1901 1567.9
380 959.149 444.184 457.216 1.3739 3.7153 4.1958 1563.3
385 955.431 465.127 478.210 1.4288 3.6906 4.2020 1558.1
390 951.609 486.101 499.237 1.4831 3.6661 4.2087 1552.2
395 947.683 507.108 520.298 1.5367 3.6420 4.2161 1545.7
400 943.656 528.152 541.398 1.5898 3.6181 4.2240 1538.5
410 935.296 570.361 583.726 1.6943 3.5713 4.2419 1522.4
420 926.529 612.755 626.246 1.7968 3.5260 4.2627 1504.0
430 917.352 655.364 668.990 1.8974 3.4821 4.2867 1483.4
440 907.754 698.221 711.992 1.9962 3.4398 4.3142 1460.6
450 897.724 741.363 755.287 2.0935 3.3991 4.3456 1435.9
460 887.243 784.830 798.919 2.1894 3.3600 4.3815 1409.1
470 876.286 828.668 842.933 2.2841 3.3225 4.4223 1380.2
480 864.823 872.930 887.384 2.3777 3.2866 4.4689 1349.4
490 852.815 917.675 932.332 2.4703 3.2523 4.5221 1316.5
500 840.213 962.975 977.852 2.5623 3.2196 4.5832 1281.6
510 826.957 1008.91 1024.03 2.6537 3.1886 4.6538 1244.5
520 812.970 1055.59 1070.97 2.7449 3.1594 4.7360 1205.1
530 798.155 1103.13 1118.80 2.8360 3.1320 4.8326 1163.2
540 782.385 1151.70 1167.68 2.9273 3.1067 4.9479 1118.5
550 765.490 1201.51 1217.84 3.0194 3.0838 5.0879 1070.8
560 747.237 1252.82 1269.55 3.1126 3.0639 5.2622 10194
570 727.289 1306.06 1323.24 3.2076 3.0477 5.4862 963.63
580 705.135 1361.81 1379.53 3.3055 3.0368 5.7879 902.18
590 679.923 1421.05 1439.44 3.4079 3.0341 6.2229 833.01
600 650.039 1485.63 1504.86 3.5178 3.0462 6.9279 751.97
600.963° 646.807 1492.26 1511.58 3.5290 3.0486 7.0212 743.25
600.963¢ 74.097 2505.61 2674.31 5.4638 3.3417 9.3478 456.25
610 67912 2562.29 2746.35 5.5828 2.9481 6.9550 480.22
620 63.188 2611.20 2809.03 5.6847 2.7016 5.7061 499.85
630 59.612 2652.42 2862.11 5.7697 2.5339 4.9656 515.87
640 56.733 2688.80 2909.13 5.8437 2.4085 4.4663 529.67
650 54.326 2721.80 2951.89 5.9101 2.3106 4.1046 541.93
675 49.625 2794.66 3046.55 6.0530 2.1409 3.5257 568.04
700 46.085 2858.90 3130.14 6.1747 2.0359 3.1881 589.89
725 43.252 2917.95 3206.96 6.2825 1.9684 2.9723 609.00
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

W. WAGNER AND A. PRUB

T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
12.5 MPa—Continued
750 40.894 2973.66 3279.33 6.3807 1.9244 2.8263 626.19
775 38.878 3027.11 3348.63 6.4716 1.8960 2.7240 641.95
800 37.120 3079.02 3415.76 6.5568 1.8782 2.6505 656.60
825 35.563 3129.84 3481.32 6.6375 1.8681 25971 670.37
850 34.169 3179.91 3545.74 6.7144 1.8637 25581 683.41
900 31.758 3278.70 3672.30 6.8591 1.8663 2.5096 707.74
950 29.730 3376.67 3797.12 6.9941 1.8792 2.4867 730.24
1000 27.987 3474.60 3921.23 7.1214 1.8983 24797 751.33
1050 26.466 3572.96 4045.26 7.2425 1.9215 24831 771.28
1100 25.122 3672.08 4169.66 7.3582 1.9472 2.4935 790.29
1150 23.922 3772.16 4294.69 7.4694 1.9745 2.5086 808.52
1200 22.842 3873.33 4420.56 7.5765 2.0026 25269 826.08
1250 21.864 3975.68 4547.41 7.6801 2.0311 2.5473 843.06
1273 21.443 4023.18 4606.11 7.7266 2.0442 25572 850.69
15.0 MPa
272.025° 1007.27 —4.493 10.398 ~0.0167 4.1519 4.1524 1420.8
275 1007.29 7.854 22.746 0.0285 4.1484 4.1485 1435.6
280 1007.04 28.581 43.476 0.1032 4.1398 4.1440 1458.5
285 1006.46 49.285 64.189 0.1765 4.1285 4.1414 1478.8
290 1005.60 69.976 84.892 0.2485 4.1151 4.1403 1496.8
295 1004.49 90.660 105.593 03193 4.0998 4.1401 1512.7
300 1003.14 111.342 126.295 0.3889 4.0830 4.1407 1526.5
305 1001.59 132.024 147.001 04573 4.0647 4.1418 1538.6
310 999.844 152711 167.713 0.5247 4.0453 4.1433 1549.0
315 997.920 173.403 188.434 0.5910 4.0247 4.1451 1557.8
320 995.830 194.101 209.164 0.6563 4.0032 4.1471 1565.2
325 993.582 214.808 229.905 0.7206 3.9809 4.1493 15712
330 991.186 235.524 250.657 0.7840 3.9579 4.1516 1575.9
335 988.649 256.249 271.422 0.8464 3.9343 4.1542 1579.5
340 985.977 276.986 292.200 0.9080 3.9103 4.1570 1581.9
345 983.176 297.735 312,992 0.9687 3.8859 4.1600 1583.3
350 980.251 318.498 333.800 1.0286 3.8612 4.1632 1583.8
355 977.207 339.275 354.625 1.0876 3.8363 4.1668 1583.3
360 974.046 360.069 375.468 1.1459 3.8113 4.1707 1581.9
365 970.772 380.881 396.332 1.2035 3.7863 4.1750 1579.8
370 967.389 401.713 417219 1.2603 3.7614 4.1796 1576.8
375 963.897 422,567 438.129 1.3165 3.7365 4.1847 1573.1
380 960.300 443.447 459.067 1.3719 37118 4.1903 1568.6
385 956.599 464.352 480.033 1.4267 3.6873 4.1964 1563.5
390 952.795 485.288 501.031 1.4809 3.6630 42030 1557.7
395 948.890 506.256 522.064 1.5345 3.6390 42101 1551.3
400 944.884 527.258 543.133 1.5875 3.6152 4.2179 1544.3
410 936.572 569.382 585.398 1.6919 3.5687 42354 1528.4
420 927.859 611.684 627.850 1.7942 3.5236 4.2556 15103
430 918.743 654.194 670.521 1.8946 3.4800 4.2790 1490.0
440 909.216 696.943 713.441 1.9933 3.4379 43057 1467.6
450 899.265 739.967 756.647 2.0904 3.3973 4.3362 14432
460 888.874 783.303 800.179 2.1860 33584 43709 1416.9
470 878.020 826.997 844.081 2.2804 33210 4.4104 1388.5
480 866.675 871.096 888.404 23738 3.2852 44553 1358.2
490 854.803 915.659 933.207 2.4661 3.2509 4.5065 1326.0
500 842.359 960.750 978.557 25578 32182 4.5650 1291.7
510 829.288 1006.45 1024.54 2.6488 3.1872 4.6324 1255.3
520 815.520 1052.85 1071.24 27395 3.1578 47104 1216.8
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued
T p u h s c, p w
K kgm™3 kI kg™! kI kg™! kI kg ' K™! kIkg 'K! kI kg ' K™! ms~!
15.0 MPa—Continued
530 800.967 1100.06 1118.79 2.8301 3.1303 4.8016 1176.0
540 785.517 1148.23 1167.33 2.9208 3.1047 4.9096 1132.6
550 769.020 1197.55 1217.05 3.0120 3.0813 5.0395 1086.4
560 751.276 1248.25 1268.22 3.1042 3.0606 5.1990 1036.9
570 732.003 1300.68 1321.17 3.1979 3.0433 5.4004 983.55
580 710.785 1355.33 1376.43 3.2940 3.0304 5.6647 925.40
590 686.967 1412.96 1434.80 3.3938 3.0240 6.0308 861.00
600 659.407 147491 1497.65 3.4994 3.0282 6.5830 787.74
610 625.747 1543.83 1567.81 3.6154 3.0539 7.5565 699.84
615.305" 603.518 1585.35 1610.20 3.6846 3.0873 8.5132 642.00
615.305¢ 96.727 2455.62 2610.70 5.3106 3.5826 12.967 437.53
620 90.362 2497.64 2663.64 5.3963 3.2813 9.9684 455.29
630 81.553 2563.70 2747.63 5.5308 2.9240 7.2506 482.00
640 75.640 2614.79 2813.10 5.6339 2.7066 5.9668 501.93
650 71.186 2657.89 2868.61 5.7200 2.5511 5.1902 518.37
675 63.337 2746.51 2983.34 5.8933 2.2981 4.1243 551.01
700 57.942 2820.07 3078.95 6.0324 2.1479 3.5762 576.75
725 53.850 2885.38 3163.93 6.1517 2.0524 3.2474 598.48
750 50.564 2945.61 3242.26 6.2580 1.9899 3.0329 617.57
775 47.826 3002.49 3316.13 6.3549 1.9484 2.8855 634.77
800 45.484 3057.10 3386.89 6.4448 1.9212 2.7808 650.56
825 43.441 3110.11 3455.41 6.5291 1.9040 2.7047 665.24
850 41.632 3161.99 3522.29 6.6090 1.8941 2.6486 679.04
900 38.548 3263.61 3652.73 6.7581 1.8890 2.5765 704.55
950 35.988 3363.69 3780.49 6.8963 1.8968 2.5382 727.93
1000 33.811 3463.26 3906.90 7.0259 1.9124 2.5207 749.69
1050 31.925 3562.94 4032.79 7.1488 1.9329 2.5165 770.17
1100 30.268 3663.13 4158.70 7.2659 1.9567 2.5213 789.62
1150 28.796 3764.10 4285.01 7.3782 1.9825 2.5320 808.20
1200 27.475 3866.02 4411.97 7.4863 2.0095 2.5469 826.04
1250 26.282 3969.02 4539.75 7.5906 2.0371 2.5646 843.26
1273 25.771 4016.79 4598.84 7.6375 2.0498 2.5734 850.99
17.5 MPa
271.830° 1008.50 —5.263 12.089 —0.0196 4.1415 4.1418 1423.9
275 1008.50 7.861 25.213 0.0284 4.1382 4.1385 1439.7
280 1008.21 28.539 45.896 0.1029 4.1303 4.1352 1462.6
285 1007.61 49.200 66.567 0.1761 4.1196 4.1335 1482.9
290 1006.72 69.850 87.233 0.2480 4.1067 4.1330 1500.9
295 1005.59 90.496 107.899 0.3187 4.0919 4.1334 1516.8
300 1004.23 111.142 128.568 0.3881 4.0754 4.1344 1530.7
305 1002.66 131.790 149.244 0.4565 4.0576 4.1358 1542.8
310 1000.91 152.443 169.927 0.5237 4.0385 4.1376 1553.3
315 998.979 173.102 190.620 0.5900 4.0183 4.1396 1562.1
320 996.884 193.769 211.323 0.6552 3.9971 4.1417 1569.5
325 994.635 214.443 232.038 0.7194 3.9751 4.1441 1575.6
330 992.239 235.127 252.764 0.7827 3.9523 4.1465 1580.4
335 989.704 255.821 273.503 0.8451 3.9290 4.1492 1584.0
340 987.036 276.526 294.256 0.9066 3.9052 4.1520 1586.5
345 984.241 297.243 315.023 0.9672 3.8810 4.1550 1588.0
350 981.323 317.973 335.806 1.0270 3.8566 4.1583 1588.5
355 978.287 338.718 356.606 1.0860 3.8319 4.1618 1588.1
360 975.136 359.479 377.425 1.1442 3.8072 4.1656 1586.8
365 971.873 380.257 398.263 1.2017 3.7824 4.1698 1584.7
370 968.502 401.055 419.124 1.2585 3.7576 4.1744 1581.9
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

W. WAGNER AND A. PRUB

T p u h s c, p w
K kgm™3 kI kg™! kI kg™! kI kg ' K™! kIkg 'K! kI kg ' K™! ms~!
17.5 MPa—Continued
375 965.025 421.874 440.008 1.3146 3.7329 4.1794 1578.3
380 961.443 442,717 460.919 1.3700 3.7084 4.1849 1573.9
385 957.759 463.586 481.858 1.4247 3.6840 4.1908 1568.9
390 953.973 484.484 502.828 1.4788 3.6599 4.1973 1563.2
395 950.087 505.413 523.832 1.5323 3.6360 4.2043 1556.9
400 946.102 526.376 544.873 1.5853 3.6124 42119 1550.0
410 937.836 568.415 587.075 1.6895 3.5662 4.2290 1534.4
420 929.177 610.627 629.461 1.7916 3.5213 4.2487 1516.6
430 920.121 653.039 672.059 1.8918 3.4778 42714 1496.6
440 910.662 695.683 714.900 1.9903 3.4359 4.2974 1474.6
450 900.788 738.591 758.018 2.0872 3.3956 4.3270 1450.5
460 890.485 781.800 801.453 2.1827 3.3567 4.3606 1424.6
470 879.730 825.353 845.246 2.2769 3.3194 4.3988 1396.7
480 868.499 869.296 889.445 2.3699 3.2837 4.4421 1366.9
490 856.757 913.682 934.107 2.4620 3.2495 4.4914 1335.2
500 844.465 958.573 979.296 2.5533 3.2169 4.5476 1301.6
510 831.569 1004.04 1025.09 2.6440 3.1858 4.6119 1266.0
520 818.009 1050.17 1071.57 2.7342 3.1564 4.6861 1228.3
530 803.703 1097.07 1118.85 2.8243 3.1287 477724 1188.4
540 788.552 1144.87 1167.07 29144 3.1028 4.8739 1146.2
550 772.423 1193.73 1216.39 3.0049 3.0791 4.9948 1101.4
560 755.143 1243.87 1267.05 3.0962 3.0577 5.1416 1053.6
570 736.472 1295.58 1319.34 3.1888 3.0394 5.3241 1002.4
580 716.070 1349.26 1373.70 3.2833 3.0249 5.5584 947.07
590 693.418 1405.54 1430.77 3.3808 3.0157 5.8728 886.56
600 667.671 1465.39 1491.60 3.4831 3.0146 6.3228 819.13
610 637.271 1530.63 1558.09 3.5930 3.0278 7.0397 741.49
620 598.616 1605.36 1634.60 3.7173 3.0734 8.4602 645.14
627.821° 554.662 1679.22 1710.77 3.8394 3.1926 11.743 534.92
627.821° 126.12 2390.54 2529.30 5.1431 3.8530 20.306 415.08
630 119.56 2421.73 2568.10 5.2048 3.6249 15.833 428.07
640 102.67 2514.88 2685.32 5.3896 3.1125 9.2496 46531
650 93.225 2578.00 2765.72 5.5143 2.8484 7.0988 489.66
675 79.472 2691.43 2911.64 5.7348 2.4758 4.9568 532.05
700 71.230 2777.45 3023.13 5.8971 2.2699 4.0638 562.73
725 65.396 2850.47 3118.07 6.0304 2.1421 3.5737 587.53
750 60.907 2916.01 3203.33 6.1460 2.0586 3.2690 608.75
775 57.274 2976.80 3282.35 6.2497 2.0029 3.0654 627.51
800 54.231 3034.41 3357.11 6.3446 1.9655 2.9231 644.51
825 51.619 3089.81 3428.83 6.4329 1.9408 2.8204 660.15
850 49.337 3143.64 3498.35 6.5160 1.9251 2.7448 674.73
900 45.498 3248.26 3632.89 6.6698 1.9120 2.6463 701.45
950 42.358 3350.56 3763.70 6.8112 1.9144 2.5915 725.71
1000 39.714 3451.82 3892.47 6.9434 1.9264 2.5628 748.14
1050 37.440 3552.84 4020.25 7.0680 1.9444 2.5506 769.14
1100 35.455 3654.13 4147.72 7.1866 1.9662 2.5494 789.01
1150 33.698 3756.01 4275.32 7.3001 1.9905 2.5557 807.93
1200 32.129 3858.70 4403.37 7.4091 2.0163 2.5671 826.06
1250 30.716 3962.35 4532.09 7.5142 2.0430 2.5820 843.51
1273 30.111 4010.38 4591.56 7.5613 2.0554 2.5898 851.33
20.0 MPa
271.633° 1009.72 —6.041 13.767 —0.0225 4.1311 4.1313 1427.0
275 1009.70 7.864 27.672 0.0283 41282 4.1288 1443.9
280 1009.38 28.496 48.310 0.1027 4.1209 4.1265 1466.7
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued
T p u h s c, p w
K kgm™3 kI kg™! kI kg™! kI kg ' K™! kIkg 'K! kI kg ' K™! ms~!
20.0 MPa—Continued
285 1008.74 49.113 68.940 0.1757 4.1108 4.1257 1487.0
290 1007.83 69.724 89.569 0.2475 4.0984 4.1259 1505.0
295 1006.68 90.333 110.200 0.3180 4.0840 4.1268 1521.0
300 1005.31 110.943 130.838 0.3874 4.0680 4.1282 1534.9
305 1003.73 131.558 151.483 0.4557 4.0505 4.1300 1547.1
310 1001.97 152.177 172.138 0.5228 4.0318 4.1320 1557.5
315 1000.03 172.804 192.803 0.5890 4.0119 4.1342 1566.4
320 997.933 193.439 213.480 0.6541 3.9910 4.1365 1573.9
325 995.682 214.082 234.169 0.7182 3.9693 4.1389 1580.0
330 993.286 234.734 254.870 0.7814 3.9468 4.1415 1584.8
335 990.753 255.397 275.584 0.8437 3.9238 4.1442 1588.5
340 988.089 276.071 296.312 0.9052 3.9002 4.1470 1591.1
345 985.299 296.756 317.054 0.9657 3.8763 4.1501 1592.7
350 982.388 317.454 337.813 1.0255 3.8520 4.1533 1593.2
355 979.360 338.167 358.588 1.0844 3.8276 4.1568 1592.9
360 976.219 358.894 379.382 1.1426 3.8031 4.1607 1591.7
365 972.967 379.640 400.195 1.2000 3.7784 4.1648 1589.7
370 969.608 400.403 421.030 1.2567 3.7539 4.1693 1586.9
375 966.145 421.188 441.889 1.3127 3.7294 4.1742 1583.4
380 962.578 441.996 462.773 1.3680 3.7050 4.1796 1579.2
385 958.910 462.829 483.686 1.4227 3.6808 4.1854 1574.2
390 955.142 483.689 504.628 1.4767 3.6568 4.1917 1568.7
395 951.275 504.580 525.604 1.5302 3.6331 4.1986 1562.5
400 947.311 525.503 546.615 1.5830 3.6096 4.2060 1555.7
410 939.090 567.459 588.757 1.6871 3.5636 4.2226 1540.3
420 930.482 609.583 631.077 1.7891 3.5189 4.2419 1522.8
430 921.485 651.900 673.604 1.8891 3.4757 4.2640 1503.1
440 912.092 694.440 716.368 1.9874 3.4340 4.2893 1481.4
450 902.294 737.235 759.401 2.0841 3.3938 4.3180 1457.7
460 892.075 780.321 802.741 2.1794 3.3551 4.3506 1432.2
470 881.417 823.737 846.427 2.2733 3.3179 43875 1404.7
480 870.296 867.527 890.508 2.3662 3.2823 4.4294 1375.4
490 858.680 911.742 935.034 2.4580 3.2482 4.4768 1344.3
500 846.532 956.440 980.066 2.5489 3.2155 4.5308 1311.3
510 833.805 1001.69 1025.67 2.6393 3.1845 4.5924 1276.3
520 820.441 1047.57 1071.94 2.7291 3.1550 4.6631 1239.5
530 806.369 1094.17 1118.97 2.8187 3.1271 4.7449 1200.5
540 791.497 1141.62 1166.89 2.9082 3.1011 4.8404 1159.4
550 775.710 1190.06 1215.84 2.9981 3.0770 4.9533 1115.8
560 758.855 1239.67 1266.03 3.0885 3.0551 5.0891 1069.6
570 740.728 1290.72 1317.72 3.1800 3.0359 5.2556 1020.3
580 721.044 1343.55 1371.28 3.2731 3.0201 5.4654 967.43
590 699.386 1398.65 1427.24 3.3688 3.0087 5.7396 910.18
600 675.109 1456.79 1486.41 3.4682 3.0038 6.1168 847.35
610 647.113 1519.27 1550.18 3.5736 3.0091 6.6775 776.90
620 613.229 1588.62 1621.24 3.6891 3.0337 7.6336 694.57
630 567.644 1671.50 1706.73 3.8259 3.1104 9.8619 587.65
638.899° 490.188 1786.41 1827.21 4.0156 3.5181 22.997 413.72
638.899¢ 170.50 2295.04 2412.35 49314 4.2431 45.550 384.13
640 160.50 2328.35 2452.96 4.9950 3.9874 30.849 397.61
650 126.49 2467.03 2625.15 5.2622 3.2490 11.643 451.23
675 99.221 2626.90 2828.47 5.5698 2.6761 6.1893 510.66
700 86.380 2730.24 2961.78 5.7639 2.4016 4.6890 547.76
725 78.088 281291 3069.03 5.9145 2.2368 3.9636 576.19
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

W. WAGNER AND A. PRUB

T p u h s c, p w
K kgm™3 kI kg™! kI kg™! kI kg ' K™! kIkg 'K! kI kg ' K™! ms~!
20.0 MPa—Continued
750 72.027 2884.73 3162.40 6.0411 2.1304 3.5394 599.77
775 67.280 2949.97 3247.24 6.1524 2.0593 3.2657 620.23
800 63.396 3010.92 3326.40 6.2530 2.0110 3.0783 638.50
825 60.121 3068.93 3401.60 6.3456 1.9783 2.9447 655.14
850 57.296 3124.86 3473.93 6.4319 1.9566 2.8470 670.52
900 52.615 3232.66 3612.79 6.5907 1.9351 2.7193 698.45
950 48.841 3337.27 3746.76 6.7356 1.9322 2.6465 723.58
1000 45.696 3440.28 3877.96 6.8702 1.9405 2.6058 746.67
1050 43.012 3542.69 4007.67 6.9968 1.9558 2.5853 768.20
1100 40.682 3645.09 4136.71 7.1168 1.9757 2.5780 788.47
1150 38.630 3747.89 4265.62 7.2314 1.9985 2.5796 807.72
1200 36.804 3851.36 439478 73414 2.0231 2.5875 826.13
1250 35.164 3955.67 4524.44 7.4472 2.0488 2.5996 843.81
1273 34.463 4003.98 4584.30 7.4947 2.0609 2.6062 851.73
22.5 MPa
271.435° 1010.95 —6.821 15.435 —0.0255 4.1209 41210 1430.1
275 1010.90 7.866 30.123 0.0283 4.1184 4.1193 1448.0
280 1010.54 28.451 50.716 0.1025 41118 4.1181 1470.8
285 1009.87 49.026 71.306 0.1754 4.1022 4.1181 1491.1
290 1008.94 69.598 91.899 0.2470 4.0902 4.1190 1509.2
295 1007.77 90.170 112.497 0.3174 4.0763 4.1204 1525.1
300 1006.38 110.746 133.103 0.3867 4.0606 4.1222 1539.1
305 1004.79 131.326 153.719 0.4548 40435 4.1242 1551.3
310 1003.02 151.913 174.346 0.5219 4.0251 4.1265 1561.8
315 1001.08 172.508 194.984 0.5879 4.0056 4.1289 1570.7
320 998.976 193.111 215.634 0.6530 3.9850 41313 1578.2
325 996.723 213.723 236.297 0.7171 3.9636 4.1339 1584.4
330 994.328 234.345 256.973 0.7802 3.9414 4.1365 1589.3
335 991.797 254.977 277.663 0.8424 3.9186 4.1393 1593.0
340 989.136 275.619 298.366 0.9038 3.8953 4.1422 1595.7
345 986.351 296.273 319.085 0.9643 3.8716 4.1452 1597.3
350 983.447 316.940 339.819 1.0239 3.8476 4.1485 1597.9
355 980.427 337.621 360.570 1.0828 3.8233 4.1520 1597.7
360 977.295 358.316 381.339 1.1409 3.7990 4.1557 1596.6
365 974.054 379.028 402.128 1.1982 3.7746 4.1598 1594.6
370 970.707 399.759 422.938 1.2549 3.7501 4.1643 1591.9
375 967.257 420.510 443771 1.3108 3.7258 4.1691 1588.5
380 963.705 441282 464.630 1.3661 3.7016 4.1744 1584.4
385 960.053 462.079 485.516 1.4207 3.6776 4.1801 1579.5
390 956.302 482.903 506.431 1.4746 3.6537 4.1863 1574.1
395 952.454 503.756 527.379 1.5280 3.6301 4.1930 1568.0
400 948.510 524.640 548.362 1.5808 3.6068 4.2002 1561.3
410 940.334 566.515 590.443 1.6847 3.5611 42165 1546.2
420 931.776 608.552 632.699 1.7865 3.5166 42352 1528.9
430 922.836 650.775 675.157 1.8864 3.4736 42568 1509.5
440 913.508 693.214 717.844 1.9846 3.4321 4.2813 1488.1
450 903.782 735.899 760.794 2.0811 3.3920 4.3092 1464.8
460 893.646 778.864 804.042 2.1761 3.3535 4.3409 1439.7
470 883.081 822.146 847.625 2.2699 33164 4.3766 1412.6
480 872.066 865.789 891.590 2.3624 3.2809 44171 1383.8
490 860.571 909.839 935.984 2.4540 3.2468 4.4628 1353.2
500 848.562 954.350 980.866 2.5446 32142 4.5146 1320.8
510 835.996 999.387 1026.30 2.6346 3.1832 4.5736 1286.5
520 822.820 1045.02 1072.37 27241 3.1536 4.6411 1250.4
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

T p u h s c, p w
K kgm™3 kI kg™! kI kg™! kI kg ' K™! kIkg 'K! kI kg ' K™! ms~!
22.5 MPa—Continued
530 808.969 1091.34 1119.16 2.8132 3.1257 47188 1212.3
540 794.360 1138.46 1166.78 2.9022 3.0994 4.8089 1172.1
550 778.891 1186.50 1215.39 2.9914 3.0750 49148 1129.8
560 762.428 1235.64 1265.15 3.0810 3.0527 5.0408 1085.0
570 744.794 1286.08 1316.29 3.1716 3.0328 5.1935 1037.4
580 725.750 1338.14 1369.14 3.2635 3.0159 5.3830 986.68
590 704.954 1392.21 1424.13 3.3575 3.0028 5.6253 932.21
600 681.900 144891 1481.91 3.4546 2.9950 5.9481 873.13
610 655.778 1509.22 1543.53 3.5564 2.9949 6.4043 808.11
620 625.149 1574.83 1610.82 3.6658 3.0078 7.1128 734.76
630 586.927 1649.38 1687.71 3.7888 3.0474 8.4284 647.47
640 531.385 1744.16 1786.50 3.9443 3.1724 12.142 529.59
650 218.278 2221.62 2324.70 47753 42412 65.272 368.68
675 124.87 2548.45 2728.64 5.3885 2.9018 8.1990 486.04
700 104.02 2677.42 2893.72 5.6289 2.5422 55112 531.81
725 92.178 2772.36 3016.45 5.8013 2.3359 4.4330 564.50
750 84.043 2851.62 3119.34 5.9409 2.2046 3.8495 590.71
775 77.909 2921.95 3210.75 6.0608 2.1171 3.4885 612.98
800 73.017 2986.61 3294.76 6.1675 2.0574 3.2473 632.57
825 68.967 3047.46 3373.71 6.2647 2.0164 3.0780 650.23
850 65.523 3105.65 3449.04 6.3547 1.9884 2.9552 666.43
900 59.903 3216.82 3592.43 6.5186 1.9584 2.7953 695.57
950 55.439 3323.83 3729.68 6.6671 1.9500 2.7031 721.57
1000 51.757 3428.66 3863.38 6.8042 1.9545 2.6498 745.31
1050 48.640 3532.48 3995.06 6.9327 1.9672 2.6205 767.34
1100 45.949 3636.02 4125.69 7.0543 1.9851 2.6069 788.01
1150 43.591 3739.75 4255.92 7.1701 2.0064 2.6038 807.59
1200 41.499 3844.00 4386.19 7.2809 2.0299 2.6079 826.26
1250 39.626 3948.98 4516.80 7.3876 2.0547 26171 844.16
1273 38.827 3997.56 4577.05 7.4353 2.0664 2.6226 852.17
25.0 MPa
271.235° 1012.16 —7.609 17.090 —0.0285 4.1109 4.1109 1433.3
275 1012.09 7.865 32.566 0.0282 4.1088 4.1100 1452.2
280 1011.69 28.404 53.115 0.1022 4.1027 4.1099 1474.9
285 1011.00 48.939 73.667 0.1750 4.0936 4.1107 1495.3
290 1010.04 69.472 94.224 0.2465 40821 4.1121 1513.3
295 1008.85 90.008 114.789 0.3168 4.0686 4.1140 1529.3
300 1007.45 110.549 135.364 0.3859 4.0534 4.1162 1543.3
305 1005.85 131.096 155.951 0.4540 4.0366 4.1186 1555.5
310 1004.07 151.651 176.550 0.5210 4.0186 41211 1566.0
315 1002.12 172.215 197.162 0.5869 3.9993 4.1236 1575.0
320 1000.01 192.787 217.786 0.6519 3.9791 4.1262 1582.6
325 997.759 213.368 238.424 0.7159 3.9579 4.1289 1588.8
330 995.364 233.959 259.076 0.7790 3.9360 4.1316 1593.7
335 992.834 254.560 279.741 0.8411 3.9134 4.1344 1597.5
340 990.177 275.172 300.420 0.9024 3.8904 4.1374 1600.2
345 987.397 295.795 321.114 0.9628 3.8669 4.1404 1601.9
350 984.499 316.431 341.825 1.0224 3.8431 4.1437 1602.6
355 981.487 337.080 362.552 1.0812 3.8191 4.1472 1602.4
360 978.365 357.744 383.297 1.1392 3.7949 4.1509 1601.4
365 975.134 378.424 404.061 1.1965 3.7707 4.1549 1599.5
370 971.799 399.121 424.847 1.2531 3.7465 4.1593 1596.9
375 968.362 419.838 445,655 1.3089 3.7223 4.1641 1593.6
380 964.824 440.576 466.488 1.3641 3.6982 4.1692 1589.5
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

W. WAGNER AND A. PRUB

T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
25.0 MPa—Continued
385 961.188 461.338 487.348 1.4187 3.6744 4.1748 1584.8
390 957.454 482.126 508.237 1.4726 3.6507 4.1809 1579.5
395 953.624 502.941 529.157 1.5259 3.6272 4.1874 1573.5
400 949.699 523.788 550.112 1.5786 3.6040 4.1945 1566.9
410 941.567 565.583 592.134 1.6823 3.5585 4.2104 1552.0
420 933.059 607.534 634.327 1.7840 35143 4.2287 1535.0
430 924.174 649.665 676.716 1.8838 34715 4.2496 1515.9
440 914.909 692.005 719.330 1.9817 3.4302 4.2736 1494.8
450 905.254 734.582 762.198 2.0781 3.3903 4.3007 1471.9
460 895.198 777.429 805.355 2.1729 33519 4.3314 1447.1
470 884.724 820.582 848.839 22664 33149 4.3660 1420.5
480 873.811 864.080 892.691 23588 3.2795 4.4051 1392.1
490 862.433 907.970 936.958 2.4500 3.2455 4.4492 1362.0
500 850.558 952.302 981.694 2.5404 32130 4.4991 1330.1
510 838.146 997.135 1026.96 2.6300 3.1819 4.5557 1296.5
520 825.149 1042.54 1072.83 27191 3.1523 4.6201 1261.1
530 811.506 1088.59 1119.40 2.8078 3.1243 4.6940 1223.8
540 797.145 1135.39 1166.75 2.8963 3.0979 47793 1184.6
550 781.973 1183.06 1215.03 2.9849 3.0732 4.8788 11433
560 765.873 123175 1264.39 3.0738 3.0505 4.9962 1099.8
570 748.690 1281.64 1315.03 3.1635 3.0300 5.1370 1053.8
580 730.221 1333.00 1367.23 3.2543 3.0122 5.3093 1005.0
590 710.183 1386.16 1421.36 3.3468 2.9977 5.5256 952.89
600 688.169 1441.63 1477.96 3.4419 2.9876 5.8064 896.95
610 663.563 1500.15 1537.82 3.5408 2.9837 6.1881 836.23
620 635.349 1562.94 1602.29 3.6457 2.9891 6.7440 769.29
630 601.635 1632.29 1673.84 37601 3.0110 7.6523 693.27
640 557.980 1713.51 1758.31 3.8931 3.0696 9.5042 601.48
650 488.846 1825.21 1876.35 4.0760 3.2506 15.701 479.26
675 161.60 2447.09 2601.79 5.1743 3.1528 12.032 456.98
700 125.09 2617.54 2817.39 5.4885 2.6894 6.6244 514.91
725 107.99 2728.40 2959.91 5.6887 2.4382 5.0021 552.58
750 97.098 2816.56 3074.03 5.8436 2.2806 4.2055 581.65
775 89.232 2892.68 3172.84 5.9732 2.1759 3.7360 605.82
800 83.132 2961.46 3262.18 6.0867 2.1044 3.4310 626.78
825 78.181 3025.40 3345.17 6.1889 2.0548 3.2206 645.48
850 74.032 3086.01 3423.70 6.2826 2.0205 3.0696 662.49
900 67.367 3200.74 3571.84 6.4520 1.9817 2.8742 692.84
950 62.153 3310.24 3712.48 6.6041 1.9677 27613 719.69
1000 57.899 3416.94 3848.73 6.7439 1.9685 2.6947 744.06
1050 54324 3522.21 3982.41 6.8744 1.9785 2.6563 766.58
1100 51.256 3626.91 4114.66 6.9974 1.9945 2.6361 787.64
1150 48.579 3731.59 4246.22 7.1144 20143 2.6281 807.53
1200 46.213 3836.64 4377.61 7.2262 2.0366 2.6285 826.46
1250 44.101 3942.29 4509.17 7.3336 2.0605 2.6348 844.57
1273 43.202 3991.14 4569.82 7.3817 2.0718 2.6391 852.66
30.0 MPa
270.829° 1014.59 -9.207 20.362 —0.0346 4.0910 4.0910 1439.6
275 1014.45 7.855 37.428 0.0279 4.0900 4.0922 1460.5
280 1013.98 28.307 57.893 0.1016 4.0851 4.0940 14832
285 1013.23 48.761 78.369 0.1741 4.0770 4.0963 1503.5
290 1012.23 69.220 98.857 0.2454 4.0664 4.0989 1521.6
295 1011.00 89.685 119.359 03155 4.0537 4.1017 1537.6
300 1009.57 110.159 139.874 0.3844 4.0392 4.1046 1551.6
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued
T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
30.0 MPa—Continued
305 1007.95 130.641 160.405 0.4523 4.0231 4.1075 1563.9
310 1006.15 151.133 180.950 0.5191 4.0057 4.1105 1574.5
315 1004.19 171.634 201.509 0.5849 3.9871 4.1134 1583.6
320 1002.07 192.146 222.083 0.6497 3.9674 4.1163 1591.2
325 999.815 212.667 242.672 0.7136 3.9468 4.1192 1597.5
330 997.419 233.197 263.275 0.7765 3.9254 4.1220 1602.5
335 994.893 253.739 283.893 0.8385 3.9033 4.1250 1606.4
340 992.242 274.290 304.525 0.8996 3.8807 4.1279 1609.2
345 989.472 294.853 325.172 0.9599 3.8577 4.1310 1611.0
350 986.586 315.428 345.835 1.0194 3.8343 4.1343 1611.9
355 983.589 336.015 366.515 1.0780 3.8107 4.1377 1611.8
360 980.484 356.616 387.213 1.1359 3.7869 4.1414 1610.9
365 977.274 377.232 407.930 1.1931 3.7631 4.1453 1609.3
370 973.962 397.865 428.667 1.2495 3.7392 4.1496 1606.8
375 970.550 418.516 449.426 1.3052 3.7154 4.1542 1603.6
380 967.040 439.187 470.209 1.3603 3.6916 4.1591 1599.8
385 963.434 459.879 491.018 1.4147 3.6680 4.1645 1595.2
390 959.733 480.596 511.855 1.4685 3.6446 4.1703 1590.1
395 955.939 501.339 532.722 1.5216 3.6215 4.1766 1584.3
400 952.052 522.111 553.621 1.5742 3.5985 4.1834 1577.9
410 944.003 563.749 595.529 1.6777 3.5535 4.1985 1563.5
420 935.590 605.534 637.599 1.7791 3.5098 4.2159 1547.0
430 926.813 647.487 679.856 1.8785 3.4674 4.2359 1528.4
440 917.669 689.634 722.325 1.9761 3.4264 4.2585 1508.0
450 908.150 732.002 765.036 2.0721 3.3868 4.2842 1485.7
460 898.248 774.621 808.020 2.1666 3.3487 4.3131 1461.6
470 887.947 817.524 851.310 2.2597 3.3120 4.3457 1435.8
480 877.229 860.748 894.946 2.3516 3.2768 4.3823 1408.3
490 866.073 904.332 938.971 2.4423 3.2429 4.4234 1379.1
500 854.451 948.321 983.432 2.5322 3.2105 4.4697 1348.3
510 842.328 992.769 1028.38 2.6212 3.1795 4.5219 1315.8
520 829.664 1037.73 1073.89 2.7095 3.1498 4.5809 1281.7
530 816.410 1083.28 1120.03 2.7974 3.1217 4.6481 1246.0
540 802.505 1129.50 1166.89 2.8850 3.0950 4.7248 1208.4
550 787.873 1176.49 1214.56 2.9725 3.0699 4.8133 1169.1
560 772.424 1224.36 1263.20 3.0601 3.0466 4.9162 1127.9
570 756.037 1273.27 1312.95 3.1482 3.0252 5.0375 1084.6
580 738.563 1323.41 1364.03 3.2370 3.0059 5.1825 1039.0
590 719.799 1375.03 1416.71 3.3270 2.9893 5.3592 990.96
600 699.473 1428.47 1471.36 3.4189 2.9760 5.5795 940.02
610 677.200 1484.20 1528.50 3.5133 2.9668 5.8628 885.78
620 652.409 1542.95 1588.93 3.6116 2.9634 6.2422 827.64
630 624.203 1605.81 1653.87 3.7155 2.9681 6.7805 764.68
640 591.011 1674.75 1725.52 3.8283 2.9860 7.6179 695.25
650 549.640 1753.80 1808.38 3.9567 3.0286 9.1195 616.53
675 33251 2111.81 2202.03 4.5488 3.4341 27.030 416.55
700 184.24 2468.61 2631.44 5.1754 29775 10.351 480.01
725 146.51 2628.50 2833.26 5.4590 2.6431 6.5382 528.88
750 127.00 2740.01 2976.24 5.6531 2.4337 5.0795 564.09
775 114.27 2830.23 3092.77 5.8060 2.2946 4.3121 592.18
800 105.00 2908.58 3194.29 5.9349 2.1990 3.8442 615.89
825 97.796 2979.51 3286.27 6.0482 2.1321 3.5339 636.64
850 91.943 3045.46 3371.75 6.1503 2.0848 3.3166 655.24
900 82.840 3167.87 3530.02 6.3313 2.0283 3.0408 687.91
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

W. WAGNER AND A. PRUB

T p u h s c, p w
K kgm™3 kI kg™! kI kg™! kI kg ' K™! kIkg 'K! kI kg ' K™! ms~!
30.0 MPa—Continued
950 75.936 3282.68 3677.75 6.4911 2.0031 2.8822 716.38
1000 70.420 3393.26 3819.28 6.6363 1.9964 2.7869 741.96
1050 65.857 3501.52 3957.06 6.7707 2.0010 2.7292 765.39
1100 61.984 3608.60 4092.59 6.8968 2.0131 2.6953 787.18
1150 58.636 3715.22 4226.85 7.0162 2.0299 2.6772 807.66
1200 55.698 3821.87 4360.49 7.1300 2.0500 2.6700 827.07
1250 53.089 3928.88 4493.97 7.2389 2.0720 2.6702 845.58
1273 51.983 3978.29 4555.41 7.2876 2.0826 2.6722 853.83
40.0 MPa
269.997° 1019.38 —12.472 26.768 —0.0473 4.0526 4.0530 1452.4
270 1019.38 —12.460 26.780 —0.0473 4.0526 4.0530 1452.4
275 1019.09 7.809 47.060 0.0272 4.0543 4.0590 1477.4
280 1018.49 28.095 67.369 0.1003 4.0514 4.0644 1500.0
285 1017.63 48.397 87.703 0.1723 40452 4.0694 1520.2
290 1016.54 68.713 108.062 0.2431 4.0362 4.0740 1538.2
295 1015.24 89.044 128.443 0.3128 4.0250 4.0784 1554.2
300 1013.75 109.389 148.846 0.3814 4.0119 4.0826 1568.3
305 1012.08 129.747 169.269 0.4489 3.9971 4.0866 1580.7
310 1010.25 150.117 189.711 0.5154 3.9809 4.0903 1591.4
315 1008.26 170.500 210.172 0.5809 3.9634 4.0939 1600.5
320 1006.13 190.894 230.650 0.6454 3.9448 4.0973 1608.3
325 1003.86 211.298 251.144 0.7089 3.9252 4.1005 1614.8
330 1001.47 231.713 271.655 0.7715 3.9048 4.1037 1620.0
335 998.945 252.139 292.181 0.8333 3.8837 4.1068 1624.1
340 996.306 272.574 312,722 0.8941 3.8620 4.1099 1627.1
345 993.552 293.020 333.280 0.9542 3.8398 4.1130 1629.1
350 990.690 313.477 353.853 1.0134 3.8172 4.1162 1630.2
355 987.721 333.945 374.442 1.0718 3.7944 4.1196 1630.4
360 984.649 354.425 395.049 1.1294 3.7713 4.1231 1629.8
365 981.477 374.919 415.674 1.1863 3.7482 4.1269 1628.4
370 978.208 395.427 436.318 1.2425 3.7250 4.1309 1626.2
375 974.843 415.951 456.983 1.2980 3.7018 4.1352 1623.3
380 971.385 436.492 477.670 1.3528 3.6787 4.1398 1619.8
385 967.836 457.052 498.381 1.4069 3.6557 4.1448 1615.6
390 964.196 477.633 519.118 1.4604 3.6328 4.1501 1610.8
395 960.468 498.237 539.883 1.5133 3.6102 4.1559 1605.5
400 956.652 518.865 560.678 1.5657 3.5878 4.1621 1599.5
410 948.761 560.206 602.366 1.6686 3.5437 4.1759 1586.0
420 940.526 601.673 644.203 1.7694 3.5009 4.1918 1570.4
430 931.950 643.288 686.209 1.8683 3.4592 4.2098 1552.8
440 923.031 685.071 728.407 1.9653 3.4190 42302 1533.5
450 913.765 727.047 770.822 2.0606 3.3800 4.2533 1512.4
460 904.145 769.241 813.482 2.1543 3.3425 42791 1489.6
470 894.161 811.680 856.415 2.2467 3.3063 4.3080 1465.2
480 883.800 854.395 899.654 23377 32715 4.3403 1439.2
490 873.045 897.418 943.234 2.4276 3.2380 43764 1411.8
500 861.876 940.785 987.195 25164 3.2058 4.4166 1382.9
510 850.268 984.537 1031.58 2.6043 3.1749 44614 1352.5
520 838.192 1028.72 1076.44 2.6914 3.1453 45116 1320.7
530 825.613 1073.39 1121.83 2.7778 3.1170 4.5679 1287.5
540 812.489 1118.59 1167.82 2.8638 3.0900 4.6313 1252.8
550 798.768 1164.41 1214.49 2.9494 3.0644 47030 1216.8
560 784.392 1210.92 1261.92 3.0349 3.0403 47846 1179.2
570 769.287 1258.22 1310.22 3.1204 3.0176 4.8781 1140.2
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued
T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
40.0 MPa—Continued
580 753.362 1306.43 1359.53 3.2061 2.9966 4.9863 1099.6
590 736.505 1355.70 1410.01 3.2924 2.9774 5.1128 1057.3
600 718.577 1406.19 1461.86 3.3796 2.9603 5.2625 1013.3
610 699.396 1458.16 1515.36 3.4680 2.9456 5.4425 967.45
620 678.725 1511.91 1570.84 3.5582 2.9339 5.6629 919.63
630 656.249 1567.85 1628.80 3.6509 2.9256 5.9386 869.73
640 631.536 1626.54 1689.88 3.7471 2.9217 6.2932 817.65
650 603.968 1688.82 1755.05 3.8481 2.9234 6.7657 763.26
675 515.48 1870.15 1947.74 4.1388 2.9639 8.9652 619.27
700 383.02 2118.62 2223.05 4.5388 3.0488 13.079 503.64
725 264.65 2380.67 2531.81 4.9725 29186 10.653 503.90
750 206.98 2560.85 2754.10 5.2742 2.6956 7.4503 538.91
775 176.03 2690.03 2917.26 5.4883 2.5134 5.7787 571.46
800 156.30 2793.11 3049.03 5.6558 2.3790 4.8437 599.19
825 142.27 2881.18 3162.35 5.7953 2.2811 4.2635 623.16
850 131.58 2959.79 3263.79 5.9164 2.2096 3.8756 644.33
900 116.01 3099.72 3444.53 6.1232 2.1193 3.4031 680.82
950 104.90 3226.18 3607.48 6.2995 2.0723 3.1386 711.99
1000 96.389 3345.12 3760.11 6.4561 2.0508 2.9790 739.56
1050 89.550 3459.69 3906.37 6.5988 2.0450 2.8792 764.53
1100 83.873 3571.72 4048.63 6.7312 2.0494 2.8160 787.55
1150 79.046 3682.33 4188.37 6.8554 2.0605 2.7767 809.01
1200 74.867 3792.28 4326.56 6.9731 2.0760 2.7534 829.23
1250 71.196 3902.06 4463.89 7.0852 2.0946 2.7412 848.41
1273 69.650 3952.60 4526.90 7.1351 2.1038 2.7385 856.93
50.0 MPa
269.134° 1024.11 —15.846 32.977 —0.0606 4.0156 4.0169 1465.4
270 1024.07 —12.369 36.456 —0.0477 4.0169 4.0188 1469.9
275 1023.62 7.730 56.576 0.0262 4.0208 4.0289 1494.6
280 1022.90 27.862 76.742 0.0988 4.0198 4.0373 1516.9
285 1021.94 48.021 96.948 0.1703 4.0152 4.0446 1537.0
290 1020.77 68.204 117.187 0.2407 4.0077 4.0511 1555.0
295 1019.40 88.409 137.457 0.3101 3.9979 4.0569 1570.9
300 1017.85 108.632 157.755 0.3783 3.9860 4.0622 1585.0
305 1016.13 128.872 178.078 0.4455 3.9724 4.0670 1597.4
310 1014.26 149.128 198.425 0.5116 3.9573 4.0714 1608.1
315 1012.25 169.398 218.792 0.5768 3.9408 4.0755 1617.4
320 1010.11 189.680 239.180 0.6410 3.9232 4.0793 1625.3
325 1007.83 209.974 259.585 0.7043 3.9046 4.0829 1631.8
330 1005.43 230.278 280.008 0.7667 3.8851 4.0863 1637.2
335 1002.91 250.593 300.448 0.8281 3.8648 4.0896 1641.4
340 1000.28 270.918 320.904 0.8887 3.8439 4.0927 1644.6
345 997.546 291.252 341.375 0.9485 3.8225 4.0959 1646.9
350 994.703 311.597 361.863 1.0075 3.8007 4.0991 1648.2
355 991.760 331.951 382.366 1.0656 3.7786 4.1024 1648.6
360 988.718 352316 402.887 1.1230 3.7563 4.1058 1648.2
365 985.581 372.693 423.424 1.1797 3.7338 4.1094 1647.1
370 982.351 393.082 443.981 1.2356 3.7112 4.1131 1645.2
375 979.030 413.485 464.556 1.2909 3.6887 4.1172 1642.6
380 975.621 433.903 485.153 1.3454 3.6661 4.1215 1639.4
385 972.124 454.338 505.771 1.3993 3.6437 4.1261 1635.5
390 968.541 474.790 526.414 1.4526 3.6214 4.1310 1631.1
395 964.874 495.262 547.083 1.5053 3.5993 4.1364 1626.0
400 961.124 515.756 567.778 1.5573 3.5773 4.1421 1620.4
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

W. WAGNER AND A. PRUB

T p u h s c, p w
K kgm™3 kI kg™! kI kg™! kI kg ' K™! kIkg 'K! kI kg ' K™! ms~!
50.0 MPa—Continued
410 953.376 556.816 609.261 1.6598 3.5342 4.1547 1607.7
420 945.305 597.986 650.879 1.7601 3.4922 4.1692 1592.9
430 936.912 639.284 692.651 1.8583 3.4513 4.1856 1576.3
440 928.199 680.730 734.598 1.9548 3.4117 42041 1558.0
450 919.161 722.343 776.741 2.0495 3.3735 4.2249 1537.9
460 909.796 764.146 819.104 2.1426 3.3365 4.2481 1516.3
470 900.097 806.162 861.712 22342 3.3008 4.2740 1493.2
480 890.053 848.416 904.592 2.3245 3.2664 43027 1468.7
490 879.652 890.935 947.775 2.4135 3.2332 43345 1442.7
500 868.880 933.748 991.293 2.5015 3.2013 43697 1415.4
510 857.719 976.888 1035.18 2.5884 3.1707 4.4088 1386.8
520 846.146 1020.39 1079.48 2.6744 3.1412 4.4520 1356.9
530 834.136 1064.30 1124.24 2.7596 3.1129 4.5000 1325.8
540 821.660 1108.65 1169.50 2.8442 3.0858 4.5534 1293.5
550 808.683 1153.50 1215.33 2.9283 3.0600 4.6130 1260.0
560 795.163 1198.90 1261.78 3.0120 3.0353 4.6796 1225.4
570 781.053 1244.93 1308.95 3.0955 3.0120 47545 1189.6
580 766.295 1291.66 1356.91 3.1789 2.9899 4.8392 1152.6
590 750.822 1339.18 1405.77 3.2624 2.9693 4.9356 1114.4
600 734.552 1387.60 1455.67 3.3463 2.9502 5.0460 1075.1
610 717.387 1437.05 1506.75 3.4307 2.9328 5.1736 1034.6
620 699.207 1487.70 1559.21 3.5160 29173 5.3225 993.00
630 679.867 1539.74 1613.29 3.6026 2.9039 5.4980 950.21
640 659.185 1593.43 1669.28 3.6907 2.8928 5.7072 906.36
650 636.940 1649.07 1727.57 3.7811 2.8843 5.9596 861.56
675 572.50 1799.66 1887.00 4.0217 2.8762 6.8759 746.93
700 491.03 1974.15 2075.98 4.2964 2.8846 8.3131 639.75
725 394.85 2175.77 2302.40 4.6141 2.8757 9.6057 568.02
750 309.93 2375.10 2536.43 49315 2.7930 8.8011 554.67
775 253.76 2538.96 2736.00 5.1934 2.6553 7.1758 571.69
800 218.07 2669.21 2898.49 5.3999 2.5197 5.9041 595.46
825 193.89 2776.85 3034.73 5.5677 2.4077 5.0529 618.89
850 176.31 2869.85 3153.43 5.7095 2.3205 4.4788 640.55
900 152.03 3029.35 3358.22 5.9437 2.2034 3.7869 678.60
950 135.62 3168.48 3537.17 6.1373 2.1375 3.4054 711.23
1000 123.48 3296.34 3701.26 6.3057 2.1025 3.1763 740.02
1050 113.98 3417.54 3856.19 6.4569 2.0871 3.0316 766.00
1100 106.26 3534.70 4005.26 6.5956 2.0843 2.9377 789.83
1150 99.786 3649.42 4150.49 6.7248 2.0899 2.8762 811.98
1200 94.250 3762.73 4293.24 6.8463 2.1012 2.8365 832.76
1250 89.434 3875.32 4434.39 6.9615 2.1164 2.8118 852.43
1273 87.417 3927.00 4498.97 7.0127 2.1243 2.8042 861.15
75.0 MPa
266.843° 1035.67 —24.734 47.683 —0.0963 3.9271 3.9325 1499.0
270 1035.31 —12.322 60.120 —0.0500 3.9366 3.9466 1515.0
275 1034.53 7.404 79.901 0.0226 3.9455 3.9649 1538.5
280 1033.53 27.196 99.763 0.0942 3.9486 3.9794 1560.0
285 1032.33 47.040 119.691 0.1648 3.9476 3.9913 1579.5
290 1030.96 66.925 139.673 0.2343 3.9432 4.0013 1597.0
295 1029.43 86.845 159.701 0.3027 3.9362 4.0098 1612.7
300 1027.75 106.794 179.769 0.3702 3.9270 4.0172 1626.6
305 1025.93 126.767 199.872 0.4366 3.9158 4.0237 1638.9
310 1023.98 146.761 220.004 0.5021 3.9031 4.0294 1649.6
315 1021.90 166.772 240.164 0.5666 3.8889 4.0344 1658.9
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued
T p u h s c, p w
K kgm™3 kI kg™! kI kg™! kI kg ' K™! kIkg 'K! kI kg ' K™! ms~!
75.0 MPa—Continued
320 1019.71 186.798 260.348 0.6302 3.8734 4.0390 1666.9
325 1017.41 206.837 280.553 0.6929 3.8568 4.0431 1673.7
330 1015.00 226.887 300.778 0.7546 3.8393 4.0469 1679.3
335 1012.49 246.947 321.022 0.8155 3.8209 4.0504 1683.9
340 1009.88 267.016 341.282 0.8755 3.8019 4.0537 1687.4
345 1007.17 287.092 361.558 0.9347 3.7822 4.0568 1690.0
350 1004.37 307.177 381.850 0.9931 3.7621 4.0599 1691.7
355 1001.49 327.268 402.157 1.0507 3.7416 4.0630 1692.6
360 998.509 347.368 422.480 1.1076 3.7208 4.0661 1692.8
365 995.447 367.475 442818 1.1637 3.6999 4.0693 1692.2
370 992.303 387.591 463.173 1.2191 3.6788 4.0726 1690.9
375 989.078 407.716 483.544 1.2738 3.6576 4.0760 1688.9
380 985.773 427.851 503.933 1.3278 3.6364 4.0797 1686.3
385 982.391 447.997 524.341 1.3811 3.6153 4.0835 1683.2
390 978.933 468.155 544.769 1.4338 3.5942 4.0876 1679.4
395 975.399 488.326 565.218 1.4859 3.5733 4.0920 1675.2
400 971.792 508.513 585.690 1.5374 3.5525 4.0967 1670.4
410 964.361 548.935 626.707 1.6387 3.5115 4.1070 1659.3
420 956.645 589.435 667.834 1.7378 3.4715 4.1186 1646.4
430 948.649 630.024 709.084 1.8349 3.4324 4.1317 1631.8
440 940.377 670.718 750.474 1.9301 3.3945 4.1464 1615.5
450 931.829 711.531 792.018 2.0234 3.3577 4.1628 1597.8
460 923.006 752.479 833.735 2.1151 3.3221 4.1809 1578.7
470 913.905 793.577 875.642 2.2052 3.2877 4.2009 1558.2
480 904.522 834.842 917.759 2.2939 3.2544 4.2228 1536.5
490 894.853 876.292 960.105 2.3812 3.2222 4.2468 1513.6
500 884.891 917.946 1002.70 2.4673 3.1912 4.2730 1489.5
510 874.626 959.822 1045.57 2.5522 3.1612 4.3016 1464.4
520 864.050 1001.94 1088.74 2.6360 3.1322 4.3328 1438.3
530 853.151 1044.33 1132.24 2.7188 3.1043 4.3668 1411.3
540 841.915 1087.01 1176.09 2.8008 3.0774 4.4037 1383.4
550 830.327 1130.00 1220.32 2.8820 3.0515 4.4439 1354.6
560 818.370 1173.33 1264.98 2.9624 3.0265 4.4877 1325.1
570 806.024 1217.04 1310.09 3.0423 3.0025 4.5354 1294.8
580 793.269 1261.16 1355.70 3.1216 2.9795 4.5875 1263.9
590 780.080 1305.71 1401.86 3.2005 2.9574 4.6445 1232.4
600 766.431 1350.75 1448.61 3.2791 2.9363 4.7069 1200.3
610 752.293 1396.32 1496.01 3.3574 29162 4.7753 1167.7
620 737.634 1442.46 1544.14 3.4357 2.8970 4.8505 1134.6
630 722.419 1489.23 1593.05 3.5139 2.8790 4.9332 1101.3
640 706.609 1536.69 1642.83 3.5923 2.8619 5.0245 1067.6
650 690.165 1584.90 1693.57 3.6710 2.8460 5.1251 1033.8
675 646.01 1709.19 1825.28 3.8698 2.8108 5.4237 949.62
700 597.04 1839.75 1965.37 4.0735 2.7815 5.7946 868.17
725 543.17 1977.33 2115.41 4.2841 2.7551 6.2090 794.10
750 485.93 2120.80 2275.14 4.5007 2.7252 6.5419 734.99
775 429.18 2265.86 2440.62 4.7177 2.6841 6.6487 695.45
800 371.56 2406.25 2604.90 4.9263 2.6281 6.4422 675.70
825 334.22 2536.37 2760.77 5.1182 2.5601 6.0028 671.84
850 299.47 2654.01 2904.45 5.2899 2.4883 5.4909 671.56
900 250.00 2855.72 3155.71 5.5773 2.3613 4.6087 701.13
950 217.46 3025.43 3370.32 5.8095 22714 4.0194 728.73
1000 194.44 3175.44 3561.16 6.0054 2.2140 3.6417 755.67
1050 177.14 3313.25 3736.65 6.1767 2.1803 3.3945 781.04
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

W. WAGNER AND A. PRUB

T p u h s c, p w
K kgm™3 kI kg™! kI kg™! kI kg ' K™! kIkg 'K! kI kg ' K™! ms~!
75.0 MPa—Continued
1100 163.51 3443.28 3901.96 6.3305 2.1630 3.2284 804.77
1150 152.41 3568.27 4060.35 6.4714 2.1572 3.1144 827.05
1200 143.13 3689.96 4213.98 6.6021 2.1593 3.0354 848.07
1250 135.19 3809.53 4364.29 6.7249 2.1671 2.9805 867.99
1273 131.91 3864.05 4432.61 6.7790 2.1721 2.9613 876.84
100 MPa
264.347° 1046.87 —34.278 61.245 —0.1356 3.8401 3.8512 1534.2
265 1046.78 —31.770 63.761 —0.1261 3.8439 3.8562 1537.4
270 1045.92 —12.481 83.128 —0.0537 3.8667 3.8889 1561.3
275 1044.86 6.931 102.637 0.0179 3.8802 3.9136 1583.4
280 1043.62 26.435 122.255 0.0886 3.8869 3.9328 1603.8
285 1042.22 46.010 141.959 0.1583 3.8888 3.9481 1622.4
290 1040.67 65.640 161.732 0.2271 3.8870 3.9606 1639.2
295 1038.99 85.315 181.562 0.2949 3.8823 3.9710 1654.4
300 1037.19 105.025 201.439 0.3617 3.8751 3.9798 1667.9
305 1035.27 124.764 221.357 0.4276 3.8660 3.9872 1679.9
310 1033.25 144.528 241.310 0.4924 3.8551 3.9937 1690.5
315 1031.12 164.311 261.293 0.5564 3.8426 3.9993 1699.7
320 1028.88 184.109 281.302 0.6194 3.8289 4.0043 1707.7
325 1026.55 203.921 301.335 0.6815 3.8140 4.0086 1714.5
330 1024.13 223.744 321.388 0.7428 3.7980 4.0125 1720.2
335 1021.62 243.576 341.459 0.8031 3.7812 4.0161 1724.9
340 1019.02 263.415 361.548 0.8627 3.7637 4.0194 1728.7
345 1016.34 283.260 381.653 0.9214 3.7455 4.0224 1731.6
350 1013.58 303.111 401.772 0.9793 3.7269 4.0253 1733.6
355 1010.73 322.967 421.906 1.0364 3.7078 4.0281 1734.9
360 1007.81 342.828 442.053 1.0927 3.6883 4.0309 1735.4
365 1004.81 362.694 462.215 1.1483 3.6687 4.0338 1735.2
370 1001.74 382.564 482.391 1.2032 3.6488 4.0366 1734.4
375 998.590 402.440 502.582 1.2575 3.6289 4.0396 1732.9
380 995.373 422.323 522.787 1.3110 3.6089 4.0427 1730.9
385 992.087 442211 543.009 1.3638 3.5889 4.0460 1728.2
390 988.732 462.108 563.247 1.4161 3.5689 4.0494 1725.1
395 985.311 482.013 583.503 1.4677 3.5491 4.0530 1721.4
400 981.823 501.927 603.778 1.5187 3.5293 4.0569 1717.3
410 974.655 541.788 644.389 1.6190 3.4903 4.0654 1707.6
420 967.235 581.701 685.089 1.7170 3.4521 4.0749 1696.2
430 959.568 621.676 725.890 1.8130 3.4147 4.0855 1683.2
440 951.659 661.724 766.803 1.9071 3.3783 4.0974 1668.7
450 943.511 701.855 807.842 1.9993 3.3430 4.1105 1652.8
460 935.126 742.081 849.018 2.0898 3.3087 4.1249 1635.7
470 926.505 782.413 890.345 2.1787 3.2755 4.1407 1617.3
480 917.647 822.863 931.838 2.2661 3.2433 4.1579 1597.8
490 908.551 863.444 973.509 2.3520 3.2121 4.1766 1577.2
500 899.215 904.167 1015.38 2.4366 3.1820 4.1968 1555.7
510 889.635 945.045 1057.45 2.5199 3.1528 42186 1533.2
520 879.807 986.092 1099.75 2.6020 3.1246 4.2421 1509.9
530 869.727 1027.32 1142.30 2.6831 3.0972 42673 1485.8
540 859.387 1068.74 1185.11 2.7631 3.0708 4.2944 1461.0
550 848.783 1110.38 1228.19 2.8421 3.0452 4.3234 1435.5
560 837.905 1152.24 1271.58 2.9203 3.0205 43545 1409.4
570 826.746 1194.33 1315.29 2.9977 2.9965 43877 1382.8
580 815.297 1236.69 1359.34 3.0743 2.9734 44233 1355.7
590 803.550 1279.32 1403.76 3.1502 2.9511 4.4613 1328.3
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued
T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
100 MPa—Continued
600 791.493 1322.23 1448.58 3.2256 2.9295 4.5019 1300.4
610 779.117 1365.46 1493.81 3.3003 2.9087 4.5454 12723
620 766.412 1409.02 1539.49 3.3746 2.8886 4.5917 1244.0
630 753.366 1452.92 1585.66 3.4485 2.8693 4.6413 1215.6
640 739.969 1497.19 1632.33 3.5220 2.8507 4.6941 1187.1
650 726.212 1541.85 1679.55 3.5952 2.8329 4.7503 1158.6
675 690.18 1655.32 1800.21 3.7773 2.7913 4.9065 1088.1
700 651.77 1771.62 1925.05 3.9589 2.7538 5.0832 1020.0
725 611.07 1890.83 2054.48 4.1405 2.7194 5.2716 956.15
750 568.52 2012.65 2188.54 4.3223 2.6866 5.4492 898.84
775 525.06 2136.05 2326.51 4.5033 2.6532 5.5753 850.76
800 482.23 2259.17 2466.55 4.6811 2.6169 5.6108 813.97
825 441.66 2379.77 2606.18 4.8530 2.5762 5.5432 788.45
850 404.66 2495.78 2742.90 5.0163 2.5315 5.3803 773.05
900 343.61 2709.10 3000.13 5.3104 2.4386 4.8879 765.30
950 298.61 2896.69 3231.58 5.5608 2.3567 4.3823 775.22
1000 265.45 3063.40 3440.12 5.7749 2.2950 3.9788 792.50
1050 240.32 3215.15 3631.27 5.9615 2.2533 3.6833 812.32
1100 220.62 3356.58 3809.84 6.1276 2.2276 3.4715 832.67
1150 204.71 3490.92 3979.41 6.2784 22142 3.3195 852.75
1200 191.53 3620.37 4142.49 6.4172 2.2098 3.2098 872.28
1250 180.37 3746.46 4300.89 6.5466 2.2119 3.1303 891.15
1273 175.78 3803.64 4372.55 6.6034 2.2146 3.1014 899.61
200 MPa
252.462° 1087.98 —76.248 107.580 —0.3187 3.3346 3.3550 1684.9
255 1087.46 —67.707 116.208 —0.2847 3.4118 3.4417 1694.1
260 1086.21 —50.361 133.766 —0.2165 3.5251 3.5739 1712.2
265 1084.72 —32.497 151.882 —0.1475 3.6009 3.6673 1730.0
270 1083.06 —14.268 170.394 —0.0783 3.6511 3.7335 1747.0
275 1081.27 4.218 189.186 —0.0093 3.6838 3.7808 1763.1
280 1079.38 22.888 208.180 0.0591 3.7044 3.8148 1778.1
285 1077.41 41.688 227.319 0.1269 3.7166 3.8397 1792.2
290 1075.37 60.583 246.566 0.1938 3.7226 3.8582 1805.1
295 1073.26 79.545 265.893 0.2599 3.7242 3.8721 1817.0
300 1071.10 98.558 285.282 0.3251 3.7224 3.8828 1827.9
305 1068.89 117.607 304.717 0.3893 3.7179 3.8911 1837.7
310 1066.62 136.681 324.190 0.4527 3.7113 3.8977 1846.5
315 1064.30 155.774 343.692 0.5151 3.7030 3.9029 1854.4
320 1061.92 174.880 363.217 0.5766 3.6932 3.9072 1861.4
325 1059.50 193.994 382.762 0.6372 3.6821 3.9106 1867.6
330 1057.02 213.112 402.323 0.6969 3.6700 3.9135 1872.9
335 1054.49 232.232 421.896 0.7558 3.6571 3.9159 1877.5
340 1051.91 251.352 441.481 0.8138 3.6433 3.9180 1881.3
345 1049.28 270.469 461.076 0.8710 3.6289 3.9198 1884.5
350 1046.60 289.584 480.679 0.9274 3.6140 3.9214 1887.0
355 1043.87 308.695 500.290 0.9831 3.5986 3.9229 1888.9
360 1041.09 327.800 519.908 1.0379 3.5829 3.9243 1890.2
365 1038.25 346.901 539.532 1.0921 3.5669 3.9256 1890.9
370 1035.38 365.997 559.164 1.1455 3.5506 3.9270 1891.1
375 1032.45 385.088 578.802 1.1982 3.5342 3.9283 1890.8
380 1029.47 404.173 598.447 1.2503 3.5177 3.9298 1890.1
385 1026.45 423.254 618.100 1.3016 3.5011 3.9312 1888.9
390 1023.39 442.330 637.760 1.3524 3.4845 3.9328 1887.2
395 1020.28 461.403 657.428 1.4025 3.4679 3.9345 1885.1
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

W. WAGNER AND A. PRUB

T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
200 MPa—Continued
400 1017.12 480.471 677.105 1.4520 34513 3.9363 1882.7
410 1010.68 518.601 716.487 1.5492 3.4184 3.9402 1876.6
420 1004.08 556.723 755.910 1.6442 3.3860 3.9446 1869.1
430 997.312 594.842 795.381 1.7371 33542 3.9496 1860.4
440 990.390 632.963 834.904 1.8280 3.3230 3.9551 1850.4
450 983.316 671.091 874.485 1.9169 3.2926 3.9612 1839.4
460 976.096 709.231 914.129 2.0041 3.2629 3.9677 18273
470 968.734 747.386 953.841 2.0895 3.2339 3.9748 1814.3
480 961.233 785.561 993.627 2.1732 3.2058 3.9824 1800.4
490 953.596 823.759 1033.49 2.2554 3.1784 3.9905 17857
500 945.828 861.984 1073.44 23361 3.1518 3.9990 1770.3
510 937.929 900.238 1113.47 24154 3.1258 4.0080 17542
520 929.903 938.524 1153.60 24933 3.1006 4.0174 17375
530 921.752 976.844 1193.82 2.5699 3.0761 4.0272 1720.3
540 913.478 1015.20 1234.15 2.6453 3.0523 4.0374 1702.5
550 905.083 1053.60 1274.57 2.7195 3.0291 4.0480 1684.3
560 896.569 1092.03 1315.11 2.7925 3.0065 4.0589 1665.7
570 887.937 1130.51 1355.75 2.8645 2.9845 4.0702 1646.8
580 879.189 1169.03 1396.51 2.9353 2.9631 4.0818 1627.6
590 870.328 1207.59 1437.39 3.0052 2.9422 4.0937 1608.2
600 861.354 1246.19 1478.39 3.0741 29219 4.1059 1588.6
610 852.271 1284.84 1519.51 3.1421 2.9021 4.1184 1568.8
620 843.079 1323.53 1560.75 3.2092 2.8829 4.1311 1549.0
630 833.782 1362.26 1602.13 3.2754 2.8641 4.1440 1529.1
640 824.383 1401.03 1643.64 3.3407 2.8458 4.1572 1509.2
650 814.883 1439.84 1685.27 3.4053 2.8280 4.1705 1489.4
675 790.72 1537.02 1789.96 3.5633 27855 4.2043 1440.2
700 766.01 1634.40 1895.49 37168 27458 42385 1392.3
725 740.84 1731.91 2001.88 3.8662 27086 4.2720 1346.1
750 715.30 1829.48 2109.08 4.0115 2.6738 43038 1302.3
775 689.52 1926.98 2217.04 4.1531 2.6414 43319 1261.3
800 663.65 2024.26 2325.62 4.2910 2.6110 4.3538 12235
825 637.89 212112 2434.65 44252 25826 43668 1189.4
850 612.45 2217.30 2543.86 4.5556 25559 4.3680 1159.0
900 563.38 2406.51 2761.51 4.8045 25072 4.3280 1109.8
950 518.03 2589.67 2975.74 5.0361 2.4644 4.2335 1075.0
1000 477.38 2765.29 3184.25 5.2501 2.4274 4.1026 1052.1
1050 441.66 2932.94 3385.78 5.4467 23967 3.9577 1038.6
1100 410.60 3092.98 3580.07 5.6275 23727 3.8153 1032.1
1150 383.70 3246.27 3767.52 57942 23553 3.6852 1031.0
1200 360.35 3393.84 3948.86 5.9486 23440 35714 1033.8
1250 340.01 3536.72 4124.94 6.0924 23380 3.4749 1039.5
1273 331.52 3601.12 4204.41 6.1554 23368 3.4360 1042.8
400 MPa
259.820°" 1144.46 —51.611 297.897 —0.2741 3.0567 3.1768 2041.4
260 1144.39 —51.060 298.470 =0.2719 3.0641 3.1853 2041.9
265 1142.35 —35.232 314.925 -0.2092 3.2361 3.3852 2054.1
270 1140.15 —18.608 332.224 —0.1445 33547 3.5264 2064.4
275 1137.84 —1.423 350.119 ~0.0789 3.4356 3.6254 2073.5
280 1135.47 16.152 368.428 -0.0129 3.4897 3.6941 2081.6
285 1133.06 33.996 387.023 0.0529 3.5248 3.7411 2089.0
290 1130.61 52.022 405.814 0.1183 3.5465 3.7729 2095.7
295 1128.14 70.170 424735 0.1830 3.5586 3.7939 2102.0
300 1125.66 88.394 443.740 0.2469 3.5638 3.8073 2107.8
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
400 MPa—Continued
305 1123.17 106.664 462.799 03099 3.5641 3.8154 21132
310 1120.67 124.959 481.889 0.3719 3.5607 3.8199 2118.2
315 1118.16 143.263 500.994 04331 3.5547 3.8218 21227
320 1115.64 161.565 520.104 0.4933 3.5467 3.8220 2127.0
325 1113.11 179.858 539.212 0.5525 3.5373 3.8211 2130.8
330 1110.57 198.137 558314 0.6109 3.5268 3.8195 21343
335 1108.01 216.399 577.407 0.6683 3.5155 3.8175 2137.4
340 1105.44 234.641 596.489 0.7248 35036 3.8152 2140.1
345 1102.85 252.862 615.559 0.7805 3.4912 3.8129 21425
350 1100.24 271.061 634.618 0.8353 3.4785 3.8106 21445
355 1097.62 289.239 653.665 0.8894 3.4655 3.8083 2146.1
360 1094.97 307.396 672.702 0.9426 3.4524 3.8062 2147.5
365 1092.31 325.531 691.728 0.9951 3.4391 3.8043 2148.5
370 1089.62 343.646 710.745 1.0469 3.4258 3.8025 2149.1
375 1086.92 361.740 729.754 1.0979 3.4124 3.8010 2149.5
380 1084.19 379.816 748.755 1.1482 3.3990 3.7996 2149.5
385 1081.44 397.873 767.750 1.1979 33857 3.7984 2149.3
390 1078.67 415913 786.739 1.2469 33724 3.7974 2148.7
395 1075.88 433.936 805.724 1.2953 33592 3.7966 2147.9
400 1073.07 451.943 824.705 1.3430 3.3461 3.7959 2146.8
410 1067.38 487.911 862.660 1.4367 3.3201 3.7951 2143.7
420 1061.61 523.823 900.609 1.5282 3.2947 3.7949 2139.7
430 1055.76 559.685 938.559 1.6175 3.2697 3.7951 2134.7
440 1049.83 595.500 976.513 1.7047 3.2453 3.7958 2128.8
450 1043.83 631.271 1014.48 1.7901 32214 3.7968 2122.1
460 1037.76 667.003 1052.45 1.8735 3.1981 3.7981 2114.6
470 1031.62 702.696 1090.44 1.9552 3.1753 3.7995 2106.4
480 1025.41 738.353 1128.44 2.0352 3.1531 3.8012 2097.6
490 1019.14 773.975 1166.46 2.1136 3.1315 3.8030 2088.1
500 1012.82 809.563 1204.50 2.1905 3.1103 3.8048 2078.0
510 1006.44 845.117 1242.56 2.2658 3.0897 3.8067 2067.5
520 1000.01 880.637 1280.63 2.3398 3.0695 3.8086 2056.5
530 993.523 916.123 1318.73 24123 3.0499 3.8105 2045.0
540 986.994 951.575 1356.85 2.4836 3.0306 3.8124 2033.1
550 980.421 986.991 1394.98 2.5536 3.0119 3.8143 2020.9
560 973.807 1022.37 1433.13 2.6223 2.9935 3.8160 2008.4
570 967.153 1057.71 1471.30 2.6899 2.9756 3.8177 1995.6
580 960.463 1093.02 1509.49 27563 2.9581 3.8194 1982.6
590 953.738 1128.28 1547.69 2.8216 2.9410 3.8209 1969.3
600 946.982 1163.51 1585.90 2.8858 2.9243 3.8223 1955.9
610 940.195 1198.69 1624.13 2.9490 2.9080 3.8236 19423
620 933.381 1233.83 1662.37 3.0112 2.8921 3.8248 1928.6
630 926.543 1268.92 1700.63 3.0724 2.8765 3.8259 1914.7
640 919.681 1303.96 1738.89 3.1326 2.8613 3.8269 1900.9
650 912.798 1338.95 1777.17 3.1920 2.8465 3.8277 1886.9
675 895.52 1426.21 1872.88 3.3365 2.8110 3.8292 1852.0
700 878.15 1513.12 1968.62 3.4757 27776 3.8298 1817.3
725 860.74 1599.65 2064.36 3.6101 2.7463 3.8296 1783.1
750 843.32 1685.78 2160.09 3.7399 27170 3.8284 1749.6
775 825.93 1771.47 2255.78 3.8654 2.6898 3.8265 1717.0
800 808.59 1856.72 2351.41 3.9869 2.6645 3.8237 1685.5
825 791.35 1941.49 2446.96 4.1045 2.6411 3.8202 1655.2
850 774.24 2025.77 2542.41 42185 26195 3.8159 1626.4
900 740.52 2192.77 2732.94 4.4363 25815 3.8046 15734
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

W. WAGNER AND A. PRUB

T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
400 MPa—Continued
950 707.72 2357.60 2922.79 4.6416 2.5501 3.7887 1527.1
1000 676.11 2520.08 311171 4.8354 2.5245 3.7668 1487.8
1050 645.93 2680.08 3299.35 5.0185 25041 3.7374 1455.6
1100 617.41 2837.46 3485.32 5.1915 2.4883 3.7005 1430.0
1150 590.69 2992.13 3669.30 5.3551 24767 3.6575 14103
1200 565.84 3144.10 3851.01 5.5098 24687 3.6106 1395.5
1250 542.84 3293.48 4030.34 5.6562 2.4638 3.5627 1384.8
1273 532.86 3361.37 4112.03 57210 24625 3.5409 1381.0
600 MPa
271.691* 1183.60 —15.760 491.170 —0.1929 3.1871 3.4202 2316.4
275 1181.96 —4.990 502.641 =0.1509 3.2654 3.5099 2320.4
280 1179.45 11.748 520.460 ~0.0867 3.3527 3.6116 2325.5
285 1176.90 28.893 538.705 -0.0221 34117 3.6821 2329.8
290 1174.34 46.318 557.243 0.0423 3.4502 3.7298 23335
295 1171.77 63.929 575.976 0.1064 3.4738 3.7610 2336.8
300 1169.19 81.659 594.833 0.1698 3.4865 3.7803 2339.8
305 1166.62 99.459 613.764 0.2324 3.4914 3.7911 2342.6
310 1164.05 117.293 632.734 0.2941 3.4907 3.7959 2345.2
315 1161.49 135.137 651.716 03548 3.4860 3.7965 2347.7
320 1158.92 152.973 670.695 0.4146 3.4784 3.7944 2349.9
325 1156.37 170.790 689.657 0.4734 3.4688 3.7903 2352.1
330 1153.81 188.580 708.596 0.5312 3.4578 3.7851 2354.0
335 1151.26 206.338 727.507 0.5881 3.4458 3.7793 2355.8
340 1148.71 224.061 746.388 0.6440 3.4333 3.7732 2357.4
345 1146.15 241.747 765.239 0.6991 3.4204 3.7670 2358.9
350 1143.59 259.397 784.059 0.7532 3.4073 3.7610 2360.2
355 1141.03 277.010 802.849 0.8065 3.3942 3.7552 2361.2
360 1138.47 294.587 821.611 0.8590 3.3810 3.7498 2362.1
365 1135.90 312.130 840.347 0.9107 33680 3.7447 2362.8
370 1133.32 329.640 859.059 0.9616 33551 3.7400 2363.3
375 1130.73 347.118 877.748 1.0118 33424 3.7357 2363.6
380 1128.14 364.567 896.417 1.0612 3.3299 37318 2363.7
385 1125.54 381.987 915.067 1.1100 33176 3.7283 2363.6
390 1122.92 399.381 933.700 1.1581 33054 3.7251 2363.2
395 1120.30 416.749 952.319 1.2055 3.2935 37223 2362.7
400 1117.67 434.093 970.924 1.2523 3.2818 3.7198 2362.0
410 1112.38 468.716 1008.10 1.3441 3.2591 3.7156 2359.9
420 1107.05 503.258 1045.24 1.4336 3.2371 3.7124 2357.1
430 1101.68 537.728 1082.35 1.5210 3.2158 3.7101 2353.6
440 1096.27 572.132 1119.44 1.6062 3.1953 3.7083 2349.3
450 1090.82 606.476 1156.52 1.6895 3.1754 3.7071 2344.4
460 1085.34 640.764 1193.59 1.7710 3.1561 3.7063 2338.8
470 1079.82 675.000 1230.65 1.8507 3.1373 3.7058 2332.6
480 1074.27 709.186 1267.70 1.9287 3.1190 3.7054 2325.9
490 1068.70 743.323 1304.76 2.0051 3.1012 3.7052 2318.7
500 1063.09 777413 1341.81 2.0800 3.0839 3.7051 2311.0
510 1057.46 811.457 1378.86 2.1534 3.0669 3.7049 2302.8
520 1051.80 845.454 1415.91 22253 3.0504 3.7048 22943
530 1046.12 879.405 1452.95 2.2959 3.0342 3.7046 2285.3
540 1040.42 913.308 1490.00 23651 3.0184 3.7043 2276.1
550 1034.71 947.164 1527.04 24331 3.0029 3.7040 2266.5
560 1028.97 980.971 1564.08 2.4998 2.9878 3.7035 2256.6
570 1023.23 1014.73 1601.11 25654 29730 3.7029 2246.5
580 1017.47 1048.44 1638.13 2.6298 2.9584 3.7022 2236.1
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued
T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
600 MPa—Continued
590 1011.70 1082.09 1675.15 2.6930 2.9442 3.7014 2225.6
600 1005.92 1115.69 1712.16 2.7552 2.9303 3.7005 2214.9
610 1000.14 1149.24 1749.16 2.8164 29167 3.6994 2204.0
620 994.345 1182.74 1786.15 2.8765 2.9034 3.6982 2193.0
630 988.549 1216.18 1823.13 2.9357 2.8903 3.6969 2181.9
640 982.750 1249.56 1860.09 2.9939 2.8776 3.6954 2170.7
650 976.950 1282.88 1897.03 3.0512 2.8651 3.6938 2159.4
675 962.45 1365.92 1989.32 3.1905 2.8351 3.6894 2131.0
700 947.98 1448.57 2081.50 3.3246 2.8069 3.6842 2102.5
725 933.54 1530.82 2173.53 3.4538 2.7803 3.6784 2074.2
750 919.17 1612.65 2265.41 3.5784 2.7555 3.6721 2046.0
775 904.88 1694.06 2357.13 3.6987 2.7323 3.6653 2018.4
800 890.69 1775.04 2448.68 3.8149 2.7107 3.6581 1991.2
825 876.62 1855.59 2540.04 3.9274 2.6908 3.6507 1964.8
850 862.67 1935.69 2631.21 4.0363 2.6724 3.6430 1939.0
900 835.22 2094.60 2812.97 4.2441 2.6400 3.6275 1890.0
950 808.44 2251.79 2993.96 4.4398 2.6132 3.6121 1844.7
1000 782.41 2407.33 3174.19 4.6247 2.5916 3.5972 1803.2
1050 757.19 2561.29 3353.69 4.7998 2.5744 3.5828 1765.9
1100 732.85 2713.76 3532.48 4.9662 2.5613 3.5685 1732.8
1150 709.44 2864.80 3710.54 5.1245 2.5517 3.5538 1704.1
1200 687.01 3014.48 3887.84 5.2754 2.5451 3.5379 1679.6
1250 665.59 3162.85 4064.31 5.4195 2.5410 3.5207 1659.3
1273 656.08 3230.67 4145.19 5.4836 2.5399 3.5123 1651.2
800 MPa

286.725" 1212.69 32.019 691.710 —0.0723 3.3575 3.6685 2537.5
290 1210.98 43.167 703.786 —0.0304 3.3891 3.7047 2538.6
295 1208.38 60.374 722415 0.0333 3.4224 3.7442 2540.1
300 1205.79 77.738 741.204 0.0965 3.4420 3.7690 2541.4
305 1203.20 95.195 760.088 0.1589 3.4515 3.7832 2542.6
310 1200.62 112.701 779.022 0.2205 3.4536 3.7895 2543.6
315 1198.05 130.224 797.973 0.2811 3.4503 3.7902 2544.7
320 1195.50 147.740 816.918 0.3408 3.4432 3.7871 2545.7
325 1192.95 165.233 835.841 0.3994 3.4335 3.7814 2546.6
330 1190.41 182.692 854.730 0.4571 3.4220 3.7740 2547.5
335 1187.88 200.110 873.579 0.5138 3.4092 3.7656 2548.3
340 1185.36 217.483 892.385 0.5695 3.3958 3.7568 2549.0
345 1182.84 234.808 911.147 0.6243 3.3819 3.7478 2549.7
350 1180.33 252.085 929.863 0.6782 3.3680 3.7389 2550.3
355 1177.82 269.314 948.536 0.7312 3.3540 3.7303 2550.8
360 1175.31 286.497 967.167 0.7833 3.3402 3.7221 2551.2
365 1172.81 303.635 985.758 0.8346 3.3267 3.7145 2551.4
370 1170.31 320.731 1004.31 0.8850 3.3135 3.7073 2551.6
375 1167.80 337.785 1022.83 0.9348 3.3006 3.7007 2551.6
380 1165.30 354.802 1041.32 0.9837 3.2880 3.6947 2551.4
385 1162.79 371.782 1059.78 1.0320 3.2758 3.6891 2551.2
390 1160.29 388.729 1078.21 1.0796 3.2640 3.6841 2550.8
395 1157.78 405.643 1096.62 1.1265 3.2525 3.6796 2550.2
400 1155.27 422.528 1115.01 1.1727 3.2413 3.6755 2549.5
410 1150.23 456.217 1151.73 1.2634 3.2200 3.6685 2547.6
420 1145.18 489.807 1188.38 1.3517 3.1998 3.6630 2545.1
430 1140.12 523.311 1224.99 1.4379 3.1806 3.6586 2542.1
440 1135.04 556.739 1261.56 1.5219 3.1624 3.6551 2538.4
450 1129.95 590.098 1298.10 1.6040 3.1450 3.6524 2534.2
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

W. WAGNER AND A. PRUB

T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
800 MPa—Continued
460 1124.84 623.395 1334.61 1.6843 3.1282 3.6503 2529.5
470 1119.71 656.634 1371.10 1.7628 3.1121 3.6486 2524.3
480 1114.58 689.819 1407.58 1.8396 3.0966 3.6472 2518.6
490 1109.43 722.953 1444.05 1.9148 3.0815 3.6460 25124
500 1104.27 756.038 1480.50 1.9884 3.0668 3.6449 2505.9
510 1099.10 789.074 1516.95 2.0606 3.0526 3.6439 2498.9
520 1093.92 822.063 1553.38 2.1313 3.0386 3.6430 2491.6
530 1088.73 855.004 1589.80 22007 3.0250 3.6420 2484.0
540 1083.54 887.898 1626.22 2.2688 3.0117 3.6409 2476.0
550 1078.34 920.744 1662.62 23356 2.9987 3.6397 2467.8
560 1073.14 953.541 1699.01 24012 2.9859 3.6385 2459.3
570 1067.94 986.289 1735.39 2.4655 2.9734 3.6372 2450.6
580 1062.74 1018.99 1771.76 2.5288 2.9611 3.6357 2441.7
590 1057.54 1051.63 1808.11 2.5909 2.9491 3.6341 2432.7
600 105234 1084.23 1844.44 2.6520 2.9373 3.6324 24234
610 1047.15 1116.77 1880.75 27120 2.9257 3.6306 2414.0
620 1041.96 1149.26 1917.05 27710 2.9143 3.6286 2404.5
630 1036.77 1181.70 1953.32 2.8291 2.9032 3.6265 2394.9
640 1031.59 1214.07 1989.58 2.8862 2.8923 3.6244 2385.2
650 1026.41 1246.40 2025.81 2.9423 2.8816 3.6221 2375.4
675 1013.5 1326.95 2116.29 3.0789 2.8558 3.6159 2350.7
700 1000.7 1407.14 2206.60 32103 2.8314 3.6092 2325.8
725 987.91 1486.96 2296.75 3.3368 2.8084 3.6021 2300.9
750 975.24 1566.40 2386.71 3.4588 27869 3.5946 2276.1
775 962.67 1645.45 2476.48 3.5766 27667 3.5869 22515
800 950.20 1724.12 2566.05 3.6903 27478 3.5789 2227.3
825 937.86 1802.41 2655.42 3.8003 27304 3.5708 2203.6
850 925.64 1880.32 2744.59 3.9068 27143 3.5627 2180.3
900 901.63 2035.04 2922.32 4.1100 2.6859 3.5466 21354
950 878.21 2188.32 3099.26 4.3013 2.6624 3.5311 2093.1
1000 855.43 2340.25 3275.45 4.4821 2.6433 35167 2053.5
1050 833.31 2490.93 3450.95 4.6533 2.6282 3.5036 2016.6
1100 811.87 2640.45 3625.83 4.8161 26167 3.4919 19825
1150 791.12 2788.94 3800.16 4.9710 2.6083 3.4816 19513
1200 771.06 2936.47 3974.01 5.1190 2.6026 3.4725 1923.0
1250 751.68 3083.15 4147.43 5.2606 2.5991 3.4643 1897.5
1273 743.01 3150.36 4227.07 5.3237 2.5982 3.4607 1886.8
1000 MPa
300.243* 1237.39 76.834 884.986 0.0301 3.4179 3.7697 27233
305 1234.94 93.201 902.957 0.0895 3.4296 3.7845 27232
310 1232.38 110.461 921.901 0.1511 34337 3.7917 2723.1
315 1229.83 127.743 940.864 0.2118 3.4317 3.7927 2723.0
320 1227.29 145.020 959.820 02715 3.4251 3.7891 2723.0
325 1224.77 162.272 978.749 0.3302 3.4154 3.7823 2723.0
330 122226 179.486 997.640 0.3879 3.4034 3.7735 2723.0
335 1219.77 196.654 1016.48 0.4446 3.3901 3.7634 2723.0
340 1217.28 213.770 1035.27 0.5002 3.3758 3.7526 2723.0
345 1214.81 230.831 1054.01 05550 3.3611 3.7416 2723.0
350 121234 247.836 1072.69 0.6087 3.3463 3.7306 2722.9
355 1209.88 264.786 1091.31 0.6615 33315 3.7198 2722.9
360 1207.43 281.680 1109.89 0.7135 33169 3.7096 2722.7
365 1204.98 298.523 1128.41 0.7646 33027 3.6999 2722.5
370 1202.54 315314 1146.89 0.8149 3.2889 3.6908 2722.2
375 1200.10 332.059 1165.32 0.8644 3.2755 3.6823 2721.9
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TABLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

535

T p u h s c, p w
K kgm™ K kg™ kI kg™ kI kg™' K™ klkg 'K! kI kg™ ' K™ ms™!
1000 MPa—Continued
380 1197.67 348.758 1183.71 09131 3.2627 3.6745 2721.4
385 1195.24 365.415 1202.07 0.9611 3.2503 3.6673 2720.9
390 1192.82 382.032 1220.39 1.0083 3.2383 3.6607 2720.2
395 1190.39 398.613 1238.67 1.0549 3.2269 3.6547 2719.5
400 1187.97 415.159 1256.93 1.1009 3.2158 3.6493 2718.6
410 1183.12 448.157 1293.38 1.1909 3.1951 3.6399 2716.5
420 1178.28 481.044 1329.74 1.2785 3.1758 3.6324 2713.9
430 1173.44 513.835 1366.03 1.3639 3.1578 3.6263 2710.9
440 1168.60 546.541 1402.27 1.4472 3.1410 3.6214 2707.4
450 1163.75 579.174 1438.46 1.5285 3.1252 3.6175 2703 4
460 1158.91 611.740 1474.62 1.6080 3.1102 3.6143 2699.0
470 1154.06 644.246 1510.75 1.6857 3.0960 3.6118 2694.1
480 1149.22 676.698 1546.86 1.7617 3.0823 3.6096 2688.8
490 1144.37 709.099 1582.94 1.8361 3.0692 3.6078 2683.2
500 1139.52 741.451 1619.01 1.9090 3.0565 3.6062 2677.2
510 1134.67 773.756 1655.07 1.9804 3.0442 3.6047 2670.8
520 1129.83 806.016 1691.11 2.0504 3.0322 3.6033 2664.2
530 1124.98 838.231 1727.13 2.1190 3.0205 3.6019 2657.2
540 1120.14 870.402 1763.14 2.1863 3.0091 3.6004 2650.0
550 1115.31 902.527 1799.14 22524 2.9979 3.5989 2642.5
560 1110.47 934.608 1835.12 23172 2.9869 3.5974 2634.9
570 1105.65 966.642 1871.09 23809 2.9762 3.5957 2627.0
580 1100.83 998.631 1907.04 2.4434 2.9656 3.5939 2618.9
590 1096.02 1030.57 1942.97 2.5048 2.9552 3.5920 2610.7
600 1091.21 1062.47 1978.88 2.5652 2.9450 3.5901 2602.3
610 1086.42 1094.31 2014.77 2.6245 2.9350 3.5879 2593.8
620 1081.63 1126.11 2050.64 2.6828 2.9252 3.5857 2585.2
630 1076.85 1157.85 2086.48 27402 29155 3.5834 2576.5
640 1072.09 1189.54 2122.30 2.7966 2.9060 3.5810 2567.7
650 1067.33 1221.19 2158.10 2.8521 2.8967 3.5785 2558.8
675 1055.5 1300.06 2247.48 2.9870 2.8741 3.5718 2536.4
700 1043.8 1378.61 2336.69 3.1168 2.8527 3.5647 2513.7
725 1032.1 1456.81 2425.71 32417 2.8325 35573 2491.0
750 1020.5 1534.68 2514.55 33622 2.8134 3.5496 2468.4
775 1009.1 161221 2603.19 3.4785 27954 3.5417 2445.9
800 997.76 1689.39 2691.64 3.5908 2.7787 3.5338 2423.7
825 986.55 1766.24 2779.88 3.6994 27631 3.5259 2401.8
850 975.46 1842.77 2867.93 3.8046 2.7487 3.5180 2380.3
900 953.67 1994.86 3043.45 4.0052 2.7233 3.5027 2338.7
950 932.43 2145.74 3218.21 4.1942 27022 3.4881 2299.0
1000 911.77 2295.50 3392.27 4.3727 2.6851 3.4745 2261.5
1050 891.69 2444.21 3565.68 4.5420 2.6716 3.4622 22263
1100 872.20 2591.99 373851 4.7028 2.6612 34513 2193.2
1150 853.30 2738.92 3910.83 4.8560 2.6536 3.4418 2162.3
1200 834.99 2885.10 4082.72 5.0023 2.6485 34338 2133.6
1250 817.25 3030.62 425424 5.1423 2.6454 3.4271 2107.0
1273 809.28 3097.36 4333.03 5.2048 2.6446 3.4245 2095.5

“Temperature on the melting curve.

®Saturated liquid.
Saturated vapor.
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