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In 1995, the International Association for the Properties of Water and StédiVsS)
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 IAPWS-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 IAPWS-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

Helmholtz free energy was fitted to selected data for the following propetéggiermal
properties of the single-phase regiopp{) and of the vapor—liquid phase boundary
(pyp'p"T), including the phase-equilibrium conditigMaxwell 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 IAPWS-95 formu-

lation covers a validity range for temperatures from the melting (ioeest temperature

251.2 K at 209.9 MPajo 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

IAPWS-95 ranges from+0.001% to+0.02% in density0.03% to*+0.2% in speed of

sound, and+0.1% in isobaric heat capacity. In the liquid region at ambient pressure,

IAPWS-95 is extremely accurate in densiiyncertainty<+0.0001%)and in speed of

sound(+0.005%). In a large part of the gas region the estimated uncertainty in density

ranges fromt0.03% to+0.05%, in speed of sound it amounts#t®.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, IAPWS-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 kg m 2 is also included. Tables of the thermodynamic properties calculated from the

IAPWS-95 formulation are listed in the Appendix. 002 American Institute of Phys-
ics.
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Latin symbols
a,b,c,d,
A,B,C,D Adjustable parameters
B Second virial coefficient
c Density exponent
Cp Specific isobaric heat capacity
C, Specific isochoric heat capacity
Cy Specific heat capacity along the
saturated-liquid line
C Third virial coefficient
d Density exponent
d Derivative
D Fourth virial coefficient
E Fifth virial coefficient
f Specific Helmholtz free energy
g Specific Gibbs free energy
h Specific enthalpy
ij,k,I,m Serial numbers
,J,K,L,M Maximum values of the serial numbers
i,j,k,I,m
M Molar mass, number of data
n Adjustable coefficient
p Pressure
R Specific gas constant
Rm Molar gas constant
S Specific entropy
t Temperature exponent
T Thermodynamic temperature, ITS-90
u Specific internal energy
v Specific volume
w Speed of sound
X,y Independent variables
z Any thermodynamic property
z Compression factdrZ=p/(pRT)]
Greek symbols
a,B,7A,6,60 Adjustable parameters
a,B,7,6 Critical exponents
a Special caloric property, Eq2.9
B Special caloric property, E¢2.3
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Isentropic temperature-pressure coefficient

[Bs=(dT/p)s]

Special caloric property, Eq2.4)
Precorrelation factor¢=c,/c,)
Reduced densityd= p/p¢)
Isothermal throttling coefficient

[ 6r=(dh/dp)+]

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 factore=c,—c,)
Reduced temperatuf@=T/T., 0=T/T,)
Transformed temperaturey&1—T/T)
Isothermal compressibility
[kr=p~1(9p/Ip)+]

Dimensionless Helmholtz free energy
[¢=1/(RT)]

Joule—Thomson coefficiefju= (dT/dp);]
Mass density

Standard deviation

Variance

Inverse reduced temperature<T./T)
Weighted sum of squares

Special caloric function

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

ST T O

b

c

calc

exp

h
i,j,k,1,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
Molar mass M =18.015 268 g mol* see Sec. 6.1
Specific gas constant R=0.46151805kJkg* K1 see Sec. 6.1
Critical point
Temperature T.=647.096 K see Sec. 2.2
Pressure p.=22.064 MPa
Density pc=322kgm 3
Triple point
Temperature T,=273.16 K see Sec. 2.1
Pressure p;=611.655Pa Eq. (6.4°
Density (liquid) p{=999.793 kgm?3
Density (vapop py=0.004 854 58 kg m*
Normal boiling point
Temperature T,=373.124K Eq.(6.4°
Pressure pp,=0.101 325 MPa
Density (liquid) pp,=958.367 kgm® Eq. (6.4°
Density (vapop pp=0.597 657 kg m*
Reference state
(liquid state at the
triple poind
Specific internal energy u; =0 see Sec. 6.2
Specific entropy s =0
Specific enthalpy h;=0.611872 Jkg* Eq. (6.4°
Calculated from IAPWS-95, Ed6.4), by solving the phase-equilibrium condition, E¢6.99—(6.90).
1. Introduction quality, their different nature and the extremely large number

of data (about 20000 valugs water cannot be compared
with any other substance. However, a continuous description
)pf the thermodynamic properties of water over the entire
thermodynamic surface can only be achieved with a suitable
gquation 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-
i N . .._physical properties of water and steam has been coordinated
for numerous other Fechrpcal gppllcatlgns. In af’d'“o_” to it y the International Association for the Properties of Steam
use '_n energy epglneerlng, in chemical engineering ap IAPS), which later changed its name to the International
chemistry, water is the most common solvent. Not only iSpssociation for the Properties of Water and Ste@APWS).

H,O an extremely important substance in classical technicglapyws members come from most of the important industrial
applications, but also in very modern technical fields such agoyntries. IAPWS is responsible for the international stan-
supercritical water oxidation. Supercritical water has beemyards for several thermophysical properties. These standards
examined as a very convenient medium for special chemicaind recommendations are given in the form of releases and
reactions to destroy hazardous waste. No less important thajuidelines. One of the most important standards in this sense
these technical applications is the fact that water plays ais the equation of state for the thermodynamic properties of
essential part in the variation of weather and climate, and iterdinary water substance for general and scientific use.
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 Numerous correlations for the thermodynamic properties
great variety of its properties have been carried out from thef water can be found in the literature, but most of them
beginning of the 20th century until today. Considering theircover only small parts of the fluid region and do not meet

1.1. Background

Of all pure fluid substances, water and steam, or “ordinar
water substance” as it is sometimes called, or simpJPHis
without doubt the most important substance in existence. Iti
used as a working fluid in power cycles which supply elec-
tricity in huge amounts to power the industrialized world and

1.2. Previous Equations of State

J. Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002
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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,p,v'v"T,h
Formulation the Gibbs and Helmholtz
Committee free energy for 7
subregions
Keenanet al. 1969 273-1673 0-100 Helmholtz free energy 50 pvT,p,u'v"T,h'h"
Pollak 1974 273-1200 0-300 Helmholtz free energy 40 ppT,p.p p"T,
Maxwell, h”,h”
Haaret 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 Helmholtz free energy, 58 ppT,p,p p'T,
optimized structure Maxwell, c, ,w,w’,
Cp,Ah,u,r,u"—u’
Hill 1990 273-1273 0-1000 Helmholtz free energy, 80 pvT,p,,v’, Maxwell, h’ /h”

optimized structure,
combined with a scaled
equation

aSee also Pollak1975.
bSee also Haaet al. (1984).
‘Published as IAPS-84 formulation by Kestin and Seng&es6.

present demands on accuracy. Thus, Table 1.1 summarizesative” properties such as the isothermal compressibility
only the characteristic features of the best equations of sta@nd when extrapolating this equation beyond its range of
that have been published since 1968. validity. The fundamental equation developed by Saul and
The first international standard for the thermodynamicWagner(1989 was the first equation of state for water that
properties of water and steam for scientific and general useas optimized regarding its functional structure and that was
was the equation package of the IFC{6BC (1968]. This fitted simultaneously to the experimental data of many dif-
formulation was a further development of the internationalferent propertiegso-called multiproperty fitting, see Table
standard for the thermodynamic properties of water and.l). In 1990, Hill (1990 published a so-called unified fun-
steam for industrial use, the IFC-67 formulatigiFC  damental equation for the thermodynamic properties 4D H
(1967]; the improvement related essentially to a better repthat includes the revised and extended scaled equation of
resentation of the critical region. IFC-68 used seven separaleevelt Sengerset al. (1983. It was the first time that an
equations to cover its entire range of validity. However, dueanalytical wide-range equation was combined with a scaled
to these separate equations, there are clear consistency pr@uuation without problems in the transition range; this equa-
lems for some properties. The first wide-ranging single equation provides a smooth transition from the singular scaled
tion of state for water was developed by Keenemal. equation to the nonsingular wide-range function. The price
(1969, which was one of the first fundamental equations inhowever, for realizing this behavior is the great number of 80
the form of the Helmholtz free energy. This equation, how-fitted coefficients, and more importantly, a rather complex
ever, did not satisfy the phase-equilibrium conditidviax-  functional structure of the entire equation plus, due to the
well criterion). A very good equation for water was the fun- incorporation of a scaled equation, the necessity of a recur-
damental equation of Pollait974, 1975 which has a range sive calculation of internal variables in the scaled part. Due
of validity in pressure up to 300 MPa. This equation meetso the use of the original scaled equation of 1988velt
the phase-equilibrium condition so that the saturation propSengerst al. (1983] the critical point of Hill's equation is
erties along the vapor-liquid phase boundary can be calcislightly different from the critical point of KO as agreed by
lated from this equation without using a separate vapor+APWS (1992.
pressure equation. In 1984, the Helmholtz-free-energy It should be pointed out that none of these wide-range
equation developed by Haat al. (1982, 1984 was adopted equations is based on the current International Temperature
by IAPS as a new international standard. We will refer to thisScale of 199Q1TS-90), see Preston-Thom#&$990, as they
formulation as IAPS-84; for the corresponding publicationwere all developed before 1990.
see Kestin and Senge($986. This equation was the firstto  Besides the wide-range equations of state mentioned
cover a pressure range up to 1000 MPa, and over widabove, there are also special equations for the critical region
ranges of pressure and temperature IAPS-84 represents tbéH,O. One of these equations is the revised and extended
thermodynamic properties of water very well. However, inscaled equation of Levelt-Sengegsal. (1983 which is a
the years following 1984 it became clear that IAPS-84 manipart of the unified fundamental equation of Hi1990. The
fested some substantial weaknesses near the critical poinmost recent equation of this kind is the crossover equation
(particularly regarding the phase boundary and in its “de-developed by Kostrowicka Wyczalkowskaal. (2000. This
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equation has been included in the corresponding compariFhermodynamic Properties of Water and Steam” abbreviated
sons with experimental data of the critical region, see Sec. @0 IAPWS-IF97 was adopted. IAPWS-IF97, which is de-
signed for the special needs of the steam power industry, was
1.3. Need for the Development of a New developed based on input data calculated from the new sci-
Scientific Formulation and Adoption of the entific formul_ation IAPWS-95 described in this artigle. In
IAPWS-95 Formulation thl_S way, the industrial stand_ard for the thermodynamic prop-
erties of water and steam is coupled to the corresponding
It becomes apparent from the summary of previous scienscientific standard, the IAPWS-95 formulation. Full informa-
tific equations of state that they all have several smaller otion on the industrial standard IAPWS-IF97 can be found in
greater deficiencies, and that a new equation of state f&r H the article by Wagneet al. (2000.
was needed.
At the IAPWS meeting in Buenos Aires in 1990, it was
agreed that a new scientific standard equation should be de- 1.5. Note on the Values of Temperature Used
veloped in order to replace I1APS-84. The task group of Throughout this Article
IAPWS for dealing with this development consisted of Pro- ) )
fessor J. V. Sengei®SA) as chairman and Professors P, G, With regard to the numerical values used for the thermo-
Hill (Canadaand W. WagnefGermany. The new scientific dynamic temperature throughout this article the following

formulation was required to meet the following three maininformation is given: _
requirements: (i) No distinction is made between the thermodynamic

temperaturel and the temperaturgy, of the currently valid

(i)  based on ITS-90; International Temperature Scale of 1990TS-90), see

(i)  based on an updated data set; and Preston-Thoma$1990. This is because the ITS-90 is the

(iii ) improved behavior in the critical region, in metastable best approximation of the thermodynamic temperature
regions, of the first and second derivatives in the lig-within the present experimental uncertainties.
uid region at low temperatures and pressures, and (ji) All correlation equations for the thermodynamic prop-
when extrapolating to very high pressures and higherties along the several phase boundaries, the so-called gas
temperatures. equation, and the IAPWS-95 formulation refer to the ITS-90.

) ) ) ) (i) The temperature values of the available experimental
Taking these requirements into account, new equations Qfata based on older temperature scales and referred to in this
state were developed in two groups, namely in Professofticie were converted to ITS-90. The conversion from the
Hill's group at the University of British Columbia in Vancou- |p1g_gg temperature scale to ITS-90 temperatures was car-
ver (Canada and in Professor Wagner's group at the Ruhr-ijeq oyt hased on conversion equations given by Rusby
Universita Bochum in Bochum(Germany. After having (1991 for T<903.15K and by Rusbyet al. (1994 for
finished these developments, the two candidate equationf3 15k<T<1337.15K. Data corresponding to the
were comprehensively tested by the IAPWS Task Grounprts.48 temperature scale were converted to IPTS-68 ac-
“Neyv Scientific Formulatlon—EvaIuatlon'," which was cording to the procedure given by Bedford and Kitg69.
chaired by J. GallaghefUSA). Both equations gave very (i) values calculated from literature equations that are
good results with small advantages and dlsadvantages' fQfsed in the corresponding figures for comparison purposes,

each. In 1995, after careful consideration, IAPWS at itSyere if necessary, converted from their original temperature
meeting in Paris adopted the equation of state developed Ry e to 1TS-90 values.

Prul3 and Wagne(1995a,1995pas the new scientific stan-

dard under the name “The IAPWS Formulation 1995 for the

Thermodynamic Properties of Ordinary Water Substance for 2. Phase Equilibria of Water
General and Scientific Use,” which we shall refer to in the
following as the IAPWS-95 formulation or IAPWS-95 for
short. The final form of the IAPWS release that describe%e
IAPWS-95 in detail was adopted at the IAPWS meeting in
Fredericia(Denmark in 1996[IAPWS (1996 ]; the essential
information from this release can be found in Sec. 6. The(i) The internationally accepted values for the parameters
IAPWS-95 formulation replaces the previous scientific for- of the triple point and critical point.

mulation IAPS-84. (i)  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

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

1.4. Existence of the New Industrial Formulation

IAPWS-IF97 vapor—liquid phase boundary.
(i) Correlation equations for the properties vapor pres-
The reader should be informed that in 1997 at the IAPWS sure, saturation densities, specific enthalpy, specific
meeting in ErlangeiGermany a new formulation for indus- internal energy, and specific entropy along the vapor—
trial use called “IAPWS Industrial Formulation 1997 for the liquid phase boundary.
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100F e Vil 2.3. The Vapor-Liquid Phase Boundary
y ce

Ice VI In 1987, Saul and Wagneil987 published correlation
equations for properties of 4@ along the vapor-liquid

lce V .

e Il phase boundary. The equations for the vapor pressure, the
saturated liquid and vapor density, and the caloric difference
property Ae 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 Pru$$993); 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
Triple point two subsections. Remarks on the usefulness and the consis-
tency of the equations in relation to IAPWS-95 can be found
Psubl at the end of Sec. 2.3.1.

1 1 1 I 1 1 1 | | I

200 300 400 500 600 700
Temperature 7T/ K

102

— Critical
point

Pressure p / MPa
Solid

1072

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

Fic. 2.1. The phase—boundary curves of water ip-al diagram. The . L .
sublimation curvep,,; and the several melting curves, plotted in bold Table 2.1 summarizes certain information on the selected
correspond to the lower limit of the range of validity of IAPWS-95 with experimental data of the vapor pressure and the densities of
regard to temperature. The dashed line corresponds to the range of validi%e saturated quuid and vapor used to develop the interna-
of IAPWS-95 with regard to pressure. . . . .
tional equations for the saturation properties, E@5)—
(2.7). The only vapor—pressure data of Table 2.1 that were
not used for the development of the vapor—pressure equation
(iv) Correlation equations for the pressure along thgWagner and Saul1986, Saul and Wagne(1987] are the
melting—pressure curve and along the sublimation-data of Moritaet al. (1989, which were published later; they
pressure curve. are, however, included in the comparison of the selected data
. . in Fig. 2.2.
2.1. The Triple Point The densities of the saturated liquid and the saturated va-
The temperature of the gas—liquid—solid triple point of POr of Osborneet al. (1937, (1939 constitute a special case.
water corresponds by definition to one of the 17 definedlhese densities were not directly measured.but were calcu-
fixed points of the temperature scale ITS-$Breston- lated by Wagner and Sa(l986 from the relations
Thomas(1990]. Accordingly it is

dp,
T,=273.16 K. (2.1a p=Tr B L (2.3
Based on the internationally accepted measurements of dp
Guildneret al. (1976, the triple-point pressure is p”:Td—T" y L (2.9

p;=(611.657-0.010 Pa. (2.1b
by using Osbornet al's (1939 experimental values of the
2.2. The Critical Point two caloric properties and y and the derivative pl,/dT
determined from the vapor—pressure equation given by Wag-
Based on the comprehensive evaluation and assessmentr and Saul1986 and Saul and Wagne987), see Eq.
the experimental data of the critical region of® Levelt  (2.53. The international equations for the vapor pressure and
Sengerset al. (1985 determined the most likely values of the densities of the saturated liquid and vap8aul and
the critical parameters. Later on, these values were convertegiagner(1987], converted to ITS-90 temperatures by Wag-
to ITS-90 temperatures and are given in the correspondinger and Prus§1993 are as follows:

IAPWS releas¢|APWS (1992] as: Vapor-pressure equation and its derivative:
T,=(647.096-¢) K with €=0.01, (2.29

Po| _ Le 15 3
p.=(22.064:0.27¢+0.005 MPa,  (2.2b '”(p—)—T(alﬂJrazﬂ +agd

C

pc=(322+3) kgm 3. (2.20 +a,93+ag9*+ag0’d), (2.5
J. Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002
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TasLE 2.1. Information on the selected measuring runs for the vapor prepgyréhe saturated liquid density
p', and the saturated vapor density

Uncertainty Number of data
Temperature
Authors Property range/K AT/mK? AyP Total Selected
Osborneet al. (1933 o 373-647 +0.025% 390 382
Rivkin et al. (1964) P 646-647 +0.01% 18 13
Stimson(1969 P 298-373 +0.4 +0.002% 7 7
Guildneret al. (1976 P, 273.16 +0.016% 1 1
Hanafuseet al. (1989 o 643—-646 +0.01% 8 8
Kell et al. (1985 P, 423-623 +0.04% 22 22
Morita et al. (1989° P, 620-647 +4 +0.02% 26 .eC
Smith & Keyes(1934 o 303-593 +0.05% 13 9
Osborneet al. (1937 o' 603—645 +0.5% 65 29
Kell (1979 o' 273-423 Ap'? 32 32
Kell et al. (1985 p' 423-623 +0.05% 22 22
Osborneet al. (1937 o' 373-645 Ap"® 214 189
Osborneet al. (1939 o’ 273-373 +0.05% 152 146

aVhen no uncertainty value is given, then this uncertainty is taken into account in the uncertainty in
by corresponds t@,, , p', andp”, respectively.

‘These data were only available after the vapor—pressure equation had been developed.
dAp'=+[2X10"%+1X 107 7(T/K—273)] kg m 3.

fAp"=*+0.015+0.125(T/K—423)]%.

—| +a;+1.5a,9%%+ 3a392

dp, pg[ (pa
——1In

dar T .
+3.58,92%+ 4a5 93+ 7.5a5 9%, (2.59
a2
with 9=(1—T/T), T.=647.096K, p,=22.064 MPa, a, e EEE—
= —7.859517 83, a,=1.844 08259, az=—11.7866497, 0.3

a,=22.6807411, as=-15.9618719, and ag
=1.80122502.
Saturated liquid density equation:
p_ =1+ blﬁl/3+ b2132/3+ b3195/3
Pc

+ b41916/3+ b5,8,43/3+ b60110/3' (26)

kY
with b,=1.99274064, b,=1.09965342, b, 3,
— —0.510839 303, b,=—1.754 934 79, be 3 9
=—455170352, andbg=—6.7469445X 10°; for the S TIx T
definition of ¢ see Eq(2.5). ) S Y A N S T S S

. . 300 400 500 600
Saturated vapor density equation: Temperature T/K

n
|n( p_) = C11<}2/6+ 02194/64_ 031()8/6 A Osbomneetal. (1933) O Kell (1975)
Pe X Smith & Keyes (1934) x Guildner et al. (1976)
O Osborne et al. (1937) X Hanafusa et al. (1984)
+c40804 cg 30+ cg e, (2.7) v Osborneetal. (1939) v Kell et al. (1985)
) + Rivkin et al. (1964) < Morita et al. (1989)
with c;=-—2.03150240, cc,=-2.68302940, c3 o Stimson (1969)

=—5.38626492,c,=—17.2991605,c5=—44.758 658 1,
andcg= —63.920 106 3; for the definition af see Eq(2.5). Fic. 2.2. Percentage deviations of the experimental data of the vapor pres-

. . surep,, the saturated liquid density’, and the saturated vapor density
Flgure 2.2 illustrates that Eq$2'5)_(2'7) represent the p" from the values calculated from the corresponding EGs5), (2.6),

selected experimental datapf, p’, andp” very well within - o (2.7 10mp, 1= 10000, exPrcad Poexpr 100p"/p’ = 100( L,
their experimental uncertainty listed in Table 2.1. Values for—p;,)/pi,. 100 p"/p"=100(p%,;—Prad Paxp-
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TaBLE 2.2. Information on the selected data for the caloric difference
quantity Aa

0.3

. Number of data
Temperature Uncertainty

Authors range/K A(Aa) Total Selected

100 A(Aa)/Aa
o

Osborneet al. (1937 373-647  +0.3% 142 142 -0.3
Osborneet al. (1939 273-373 +0.05% 256 256

a8 1 88
300 400 500 600
Temperature T/K

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

computer-program verification of Eq$2.5—(2.7) can be Fe. 2.3. Percentage deviations 20 «)/Aa=100(Aaexy—Aacad!

found in the article of Wagner and Prug993. A aeyp between experimental data of the caloric difference quantityand
It should be pointed out that Eq€2.5—(2.7) are only  Values calculated from Eq2.9).

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 IAPWS-95 formulation, E¢6.4), are ex- —

tremely small, these equations are not thermodynamically Yo

consistent with IAPWS-95. Nevertheless, the application of 5 ., 109 ..

these auxiliary equations might be useful for simple calcula- + 71 0a0"+ 7570567 (2.99

tions of these saturation properties or for the determination

of starting values when iteratively calculating the saturationVhere ao=1kJkg *, o= ao/Te, 6=T/T,, T.=647.096

properties from IAPWS-95 according to the phase-K, and the coefficients arel,=—1135.905627715d,

d,=127.287297, d,=—135.003439, and ds
=0.981825814. The values of the coefficiedts and d,
) o were determined according to the international agreement so
2:3.2. Experimental Data for the Caloric Difference Property  Aa' 4 the zero points of the specific internal energy and the
and Equations for the Enthalpy and Entropy of the . . .
Saturated Liquid and Saturated Vapor specific entropy are met for the saturated liquid at the triple
point [namelyu; =0, s{ =0, see also Eq(6.7)]. Figure 2.3
Up to now it has not been possible to measure directlyshows the comparison between the experimestalvalues
values of the enthalpy and internal energy along the vapor-and the values calculated from E@.9). (In all such devia-
liquid phase boundary of }0. Thus, for a system consisting tion plots, points shown at the top or bottom edge have de-
of a gas and liquid phasgin addition to the quantitieg and  Viations larger than the scale of the plot.
v, see Eqgs(2.3) and (2.4)], Osborne measured the caloric The equations for calculating the specific values of the
difference quantityAe, which basically corresponds to the enthalpyh, the internal energy, and the entropys for the
difference of the internal energy between two temperaturesaturated liquid and the saturated vapor are summarized as
in the two-phase region. For this quantity the following re- follows:

19 9
_ -20 3.
=d,+ —Zodle +d,In o+ 7d30 5

lation exists:
Specific enthalpy
v’ h' a T/K dp, MPal
—h’— AV —_ I -
Aa=h"-4 hv”—v” 28 kJkg ! ao+1§p’/(kgm3)( dT) K )
(2.10
vyhereAa_ depend_s only on temperature. Table_ 2.2 summa- p” _a 16 TIK (dp,, MPa
nzes.the.mformatlon on.these selected measuring runs of the W = a_o + W T |
caloric difference quantita. (2.1
A correlation equation for= a(T) allows the calculation
of the enthalpy, internal energy, and entropy along the phase
boundary, for details see Saul and Wag(E987. On the SpPecific internal energy
basis of this article, Wagner and Prud993 made the co- T /(dp, MPa, p,
efficients of the equation foer and its integrated formy , o A K | MPa
consistent with the ITS-90 temperature scale. The equations —=—+ 108 - — . (212
and the converted coefficients read: kJkg™  ao p'l(kgm™=)
T(dp(,) / MPa, p,
a _ u” a Kl dT K | MPa
—=d,+d; 6%+ d,0+d36*°+d,0°+ds 05, (2.9 =—
@ 1 2 3 4 5 2.9 kg ! a +10° kg ) (2.13
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Specific entropy

pm,ice 1]

=1-0.2952521— 6%9), (2.17

(dpa) / MPa n
s’ B & 10 dr K with 9=T/T,,, T,=251.165K, anch,=209.9 MPa.
kikg *K™1 kJkg k™! p'l(kgm3) Melting—pressure equation for ice V (temperature range
(2.14  from 256.164 to 273.31 K):
dp, MPa .
S ¢ aT K %”=1—1.187 211— 69), (2.18
kIkg 1K T kikg 'K 1 0 pl(kgm 9 "

(215  with 6=T/T,, T,=256.164K, anch,=350.1 MPa.

. Melting—pressure equation for ice VI (temperature range
In order to evaluate Eq$2.10—(2.15 the quantitiesx/ ag, from 273932 to 355 K?' (temp g

o, p', P, Py, and @, /dT are calculated from Eq€2.9),
(2.99, (2.6), (2.7), (2.5, and (2.53. Values for computer-
program verification of these equations are given by Wagner
and Prusg1993. Pn

For remarks regarding the usefulness of E&10—  with 6=T/T,, T,=273.31K, andp,=632.4 MPa.
(2.19 and their consistency related to IAPWS-95, see the Melting—pressure equation for ice VII (temperature range
end of Sec. 2.3.1. from 355 to 715 K):

Pmice Vi_1 _ 1 074761 6*9), (2.19

(pm,ice Vil
In| ————

n

2.4. The Solid—Liquid and Solid—Vapor Phase ) =1.736831— 6 1)—0.054 46061 — 6°)

Boundaries

—7 22
Depending on the pressure and temperature range, solid +0.806 106¢10° (1~ 67, (220
water forms different structures. Five of the known ice formswith 6=T/T,, T,=355K, andp,=2216 MPa.
are bordered by the liquid phase of®. Although the inter- Further details regarding Eq$2.16)—(2.20), including
sections of two melting—pressure curves are also called triplgalues for computer-program verification, are given by Wag-
points (two solid phases are in equilibrium with the liquid neret al. (1994.
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 p—a
diagram. According to Wagneet al. (1994, the sublimation pres-
Correlation equations for the melting—pressure curvesure is given by:
(solid—liquid phase boundarand the sublimation—pressure
curve (solid—vapor phase boundargre described by Wag- | (psum)

2.4.2. The Sublimation—Pressure Equation

=—13.9281691— 0 19

ner etal. (1994 and documented in the corresponding
IAPWS releas¢|APWS (1993]; this release is appended to
the above mentioned article. Although these equations were +34.7078238L- 60" 1%), (2.2))

not directly used for the development of the IAPWS-95 for-, i, 0=T/T,, T,=273.16K, andp,=0.000 611657 MPa.
mulation, the equations are presented here because they Mg fyrther details and values for computer-program verifi-
the boundaries between the fluid phagéor which cation see Wagnegt al. (1994.

IAPWS-95 is valid and the solid phase.

n

2.4.1. The Melting—Pressure Equations 3. The Gas Equation
The melting—pressure equations adopted by IAP\&& Reference equations of state for methBetzmann and
Wagneret al. (1994)] are as follows: Wagner(1991), Wagner and de Reuckl996] and carbon
Melting—pressure equation for ice | (temperature range dioxide [Span and Wagne1996] that are valid for the en-
from 273.16 to 251.165 K): tire fluid region have been successfully established by using

not only the so-called nonlinear experimental data but also
Pmice 1 . -3 corresponding(precorrelateg linearized data at least for

Pn 1-0.626¢10°-(1-67) parts of the entire fluid region, for details see Sec. 5.3.2. In
e particular, the gas region has offered possibilities for such a
+0.197 135¢10°(1 - 1), (2.18 procedure. Thus, a special gas equation for water was devel-

with 6=T/T,, T,=273.16 K, andp,,=0.000611 657 MPa. oped with the general aim of providing so-called synthetic
Melting—pressure equation for ice Ill (temperature range data for the development of IAPWS-95. For the development
from 251.165 to 256.164 K): of IAPWS-95 and for calculating values in the metastable
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TaLE 3.1. Coefficients and exponents of the residual garnf the dimen-

sionless Helmholtz free energy, E®.3

W. WAGNER AND A. PRUR

heat capacitg,, Joule—Thomson coefficient, and isother-

mal throttling coefficientd;. Due to the density range con-

i di ti n;

1 1 0.25 0.474 8659259

2 1 1.25 —0.112 437 055 % 10
3 1 3.5 —-0.811862740 1

4 1 12 —0.621301 850 ¥ 103
5 2 15 0.192 443099 3

6 2 135 —0.832286 766 X 10 ¢
7 4 8.75 0.139 105 223010

sidered here, only data wii=55 kg m ° were used. Infor-
mation on all data selected for the development of the
IAPWS-95 formulation is summarized in Sec. 4; for the data
considered in connection with the gas equation see Secs. 4.2,
4.3, 4.5, 4.7, and 4.8. Figures 4.1, 4.5, 4.8, and 4.9, which
show the data distribution in correspondipg T diagrams,
contain the isochoric ling=55 kgm ° to illustrate which

part of the gas region and which data sets were involved. In
total, 604ppT data, 112v data, 9, data, 234u data, and
180457 data were used to develop the gas equation(Eg).
steam region, the establishment of this gas equation is ofpese data had to be represented by the gas equation to
primary importance and is therefore described in this sectionyjthin their experimental uncertainty.

3.1. Density Range and Input Data

For “normal” substances, a simple virial equation, 3.2. Details of the Gas Equation

P
pRT

Like the IAPWS-95 formulation, Eq6.4), the gas equa-
tion is a fundamental equation for the specific Helmholtz free
energyf. This equation is expressed in dimensionless form,
»="1I(RT), and is separated into two parts, an ideal-gas part

=1+B(T) - p+C(T)-p2+D(T)- p3+E(T)- p*

+..., (3.1

truncated after the term with the third virial coefficied(T)  ¢° and a residual pa', so that:

is able to cover the fluid region up to densities of ©,5 f(p,T)

within the experimental uncertainty of the data. For the “dif- L =(8,7)=¢°(8,7)+ $(5,7),
ficult” substance water, such a truncated virial equation can RT

only cover the gas region very accurately for densities up tavhere 6=p/p. and r=T./T with p.=322kgm 3, T,
about 0.1p.. It was, however, our aim that the gas equation=647.096 K, andR=0.46151805kJkg* K ~*. The ideal-
should cover a region up to densities pE=55kgm ®  gas part¢°® of Eq. (3.2 is identical to the ideal-gas part of
~0.17p.. In this region, the gas equation should representAPWS-95, Eq.(6.5).

all thermodynamic properties with the best possible accu- The form of the residual par$" of the dimensionless
Helmholtz free energy is:

(3.2

racy.
In order to achieve this aim, the equation was developed 7
by using selected experimental data of the thermal properties o= n st 3.3
(ppT) and the properties speed of soumdspecific isobaric = '
02 498 K 0.2 773K
’ | ’ PD"W!
R ) B >y
x .
a X X PeS
& O =% %ﬁﬂiﬂé 0 % 5 oy ’;R;i%.
~ . | - I
) ! [
E _02I ] L1 LiElll p Ly i 1 Ll 1111l _0‘2I 1 L1 1 1illt 1 11 1 111t) i L1 1111l
3 o
48 K
'% 0.2 2 02 103K
@ [0} .
& i [;E[l*ﬁ i o ® q)!
8 ot 0 Sok-
! > ! |
*0.2‘ 1 1 1 111111 11 IIIIIIII 1 1.1l tll _02 1 1t L L)Ll 1 Lt 1 ihill I|I 111ty
107" 10° 10' 10° 107" 10° 10' 10°

Pressure p/MPa Pressure p/MPa

® Vukalovichet al. (1962) ¢ Rivkin & Akhundov (1963) > Kell et al. (1985) X Kell et al. (1989)

——~ Phase boundary — -~ Pmax forp = 55 kg m
Fic. 3.1. Percentage density deviations between experimppildata and values calculated from the gas equation(Ef.
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where §=plp. and 7=T/T with p,=322kgm 3 and T, 422K - 423K
=647.096 K. The coefficients and exponents of &33) are 0.5
listed in Table 3.1. The values of the exponedisin Eq. .
(3.3 are integers up to four; this corresponds to extending 0 o O
Eq. (3.1 to the fifth virial coefficientE(T). This was neces-
sary in order to represent the accurpjel data[Kell et al.
(1985, (1989, see Fig. 4.1 and the speed-of-sound data
[Novikov and Avdonin(1968, see Fig. 4.h
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 pa', Eq. (3.3), of the
dimensionless Helmholtz free energy and their derivatives.
Relations between thermodynamic properties ahdnd ¢
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- i
quired derivatives of the residual part of the gas equation, - . Djﬂﬂi
Eq. (3.3, are identical with the first surtfirst seven polyno- 0 o =0 L)
mial termg given in Table 6.5. + |:
Equation(3.2) is valid in the gas region of $O for tem- _os5 Ll NN RTSTT! I
peratures from 273 to 1273 K and densities up to 55 kg.m 107 10° 10'
In this region, Eq.(3.2) represents the experimental data to Pressure p/MPa
within their uncertainties, for further details see Sec. 3.3.
Proceeding from a general functional form fef(s,7),
called a bank of terms, and using the structure-optimization ——— Phase boundary —-— pmax for p = 55 kg m™
method O_f Setzmann an(_j Wagri®s9, the development of Fic. 3.2. Percentage deviations between experimental data of the speed of
an equation for the residual pagt, Eq. (3.3, of the gas  soundw and values calculated from the gas equation, (Bc).
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, E8.2) was fitted to between the experimental data and the corresponding values
the ppT data(so_ca”ed linear properti&and to the experi_ calculated from Eq(32) are summarized in F|g 3.3 for four
mental data of the so-called nonlinear properﬁ\emp, My isobars. Although Eq(32) represents thep data to within

and &y ; for details see PruR and Wagn@995sh. their experiment.al unf:e_rtaintX(see Table 48 thgre are
clearly systematic deviations between the experimental and

calculated values, for example, see the isobars
3.3. Comparison of the Gas Equation =5.88 MPa andp=9.8 MPa. These systematic trends are
with Experimental Data based on the experimental data and not on a weakness of the
. _ as equation, Eq3.2), regarding this property. For example,
For_ the_ den_sﬂy_range p=<55 kgm 3_Where the gas '?he pgT data a;{d the gpeedsg of sgunpd ir¥ this regiorrl) are
equat!on is valid, Figs. 3.1-3.4 show C!ewa_tlons betwee_:n th?epresented very well by EG3.2). Moreover, the deviation
experimentaippT, W, Cy, and u data in this low density ¢ e c, data from those values calculated with the

i

|

|
a

B

|
|
Ltorlhiiea [ EEET ]

]
©
3

503 K
|

o
w

|

o |
n 0%
|T|

o
O

m}
|
|
|

1 L1 ritl) 1 1 4 2 1iiil L

100 (Wexp - Wcalc) / Wexp
S
(8]

583 K - 589 K
K
i

o
o

4+ Woodburn (1949) O Novikov & Avdonin (1968)

regipn and values calculated from HG.2. , IAPWS-95 formulation shows very similar trends, see Sec.
Figure 3.1 shows a comparison between the experiment 5
ppT data and the densities calculated from E332) for four Figure 3.4 shows that Eq3.2) represents the experimen-

representative isotherm;. ,It can_be seen that(&@) repre- al data of the Joule—Thomson coefficigmtto within their
sents these data to within their scatter. Only the data} Oiexperimental uncertainty given in Table 4.9. The deviation
Vuk_alqwch et al. (1962, (1962 show_ §omewhat systematic diagrams for the data of the isothermal throttling coefficient
deviations from the calculated densities. Based on our expe5T look very similar to the diagrams fqz in Fig. 3.4; thus
rience Wlth the development of the IAPWS-95 form_ulat|0nthe Sr comparisons are not explicitly given here.

in this high-temperature randgsee Sec. 7.2.1)4we believe

that these deviations are due to the data; nevertheless, the

. : i~ ) : 4. The Selected Experimental Data
deviations remain well within the given experimental uncer-
tainty of the data, see Table 4.4. and Other Data Used to Develop

For three representative isotherms, Fig. 3.2 illustrates thatAPWS-95 and Further Experimental Data

the speed-of-sound data of Novikov and Avdo(ili968 are for Comparison
represented very well to within their experimental uncer-
tainty given in Table 4.5. As seen by the quantity and quality of the experimental

For the specific isobaric heat capacity, the comparisondata of the several thermodynamic properties, water is one of
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1.96 MP.
2 . 96 MPa
4 i I q
4 0f—Ri
& S
~ = { <
> |
s 2 L 1 1 1 1 1 1
2 "
(&)
| 2 ' 5.88 MPa
8 0
s | | o
0 ]
= , TG o0
- - |
|
[ i 1 [ 1 2
400 600 800 1000 1200

Temperature T/K

< Sirota & Timrot (1956)

—— — Phase boundary

A Sirota (1958)

) B 9.8 MPa
9
ﬂ JaN
0 Idé A
| Apnl”
- |
|
-2 [l 11 1 1 I 1 1
14.7 MPa
2 ; T
- | I AA
|
0 A
- |
i .
-2 1 1l || 1 1 1 1
400 600 800 1000 1200

Temperature T/K

o Sirota & Mal'tsev (1962b)
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Fic. 3.3. Percentage deviations between experimental data of the isobaric heat ogpacitiyvalues calculated from the gas equation, (B@).

the best experimentally investigated fluids. As a basis for the In our comprehensive study to establish such a selected
development of the new equation of state, a comprehensivgata set, we took into account all information given in sev-
and consistent data set had to be assembled from a total efal articles. The article of Satet al. (1988, which de-
about 20 000 experimental data.

486 K - 498 K
5 a
© o ol
< o |
1
0 S ol
I
[
i
% _5I [l L 11l L1 1 tikll i (NN
X 773K
= 5 |
3 o |
8
o) !
T8 g8 88 |
g |© ° i
@ H
3‘ 5I L L1 1 ti1tit 1 1111t |I L1 1b1)l
< -
= 1023 K
5 T
o I
o © :
EEE S !
|
_5I 1 RN 1 NN l|| Liiill
10~ 10° 10° 102
Pressure p/MPa
O Ertle (1979)

—— — Phase boundary —-—pma forp = 55 kg m™

Fic. 3.4. Percentage deviations between experimental data of the Joul
Thomson coefficientu and values calculated from the gas equation,

Eq. (3.2.

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

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 IAPWS relea$bAPWS (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 Sa&tbal. (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,O. 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 WadgiéB89 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 1@8#&
time up to which Sateet al. (199)) included data for their
collection] and the middle of 1994the time at which we
took into account data for the development of IAPWS-95
did not contain significant new experimental information; for
a comprehensive view of the experimental data gOH
glease refer to the study of Sagv 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
IAPWS-95 formulation

Property Number of data Temperature range Step size

Data for linear fitting

273.16 K<KT=641K AT=2K
p.p'p"T data from 218 641 K<T=<646 K AT=0.5K
Egs.(2.5 to (2.7) 646 K<T=<646.946 K AT=0.1K

646.946 K<T=<647.096 K AT=0.01K

Data for nonlinear fitting

p,(T) from Eq. (2.5 109 273.16 KKT=<647.096 K every other
point
p'(T) from Eq.(2.6) 109 273.16 KKT=<647.096 K  every other
point
p"(T) from Eq.(2.7) 35 273.16 KT<640K every 10th poirft
640 K<T=647.096 K every other
point

8From the total values used in the linear fitting.

mulation and to comparisons with data published between 4.1.2. Caloric Properties in the Saturation State
the middle of 1994 and the middle of 2001. ) ]

This section presents not only information on the experi- 1he difference propertAa (see Sec. 2.3)2is the only
mental dataSecs. 4.2—4)used to develop IAPWS-95, but caloric property whose measurements cove'r.the entire tem-
also presents information on calculated valSecs. 4.1, Perature range from the triple point to the critical point with

4.10, and 4.11 used as additional input data for the high accuracy, see Table 2.2 and Fig. 2.3. The enthalgies
IAPWS-95 formulation. and h” of the saturated liquid and vapor, respectively, are

directly based on ther values from Eq(2.9), which repre-

sents the experimentala data. Since the previous scientific

standard IAPS-84 could only represent tifevalues of the
4.1. Vapor-Liquid Phase Boundary IST-85 Skeleton TableBAPWS (1994] with systematic de-
viations that are partly outside the IST-85 tolerances, it was

In the course of developing the IAPWS-95 formulation, . )
the new equation of state was fitted to values defining th(%jeswed that the IAPWS-95 formulation behaves clearly bet-

vapor—liquid phase boundary. These values are thermal anar in this respect. Thus, it was decided to incorporate values

caloric properties calculated from the corresponding auxilY' One of the key quantities for a good representationof

iary equations summarized in Sec. 2. Since these auxiIiargstmesl?/nigghiilpé?;iggL?;?Q;Leg ggea'?ﬁé tgreogilggt:d data

equations had resulted from a statistically founded fittinqN . . . .
. ) . hich consists of purely thermal properties, the internal en-
process to experimental data and since the step size of the

S S ergy u is the decisive caloric quantity in the saturation state
calculated points is given, the corresponding input values for 27." = S . .
IAPWS-95 can be clearly identified. and its inclusion in the selected data set is a precondition for
a good representation of thevalues by IAPWS-95. Besides
(u;—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

All thermal properties on the vapor—liquid phase bound-Of thesc_a dgta sets, including the Qata distribution on the
ary, i.e., p,p'p"T data, which were used to develop the vapor-liquid phase boundary. For given values of tempera-
IAPWS-95 formulation, were calculated from the corre-ture, theu” andu” values were calculated from Eqg.12
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 datgg.e 4.2. Information on the selected values for the specific internal en-
sets distributed along the phase boundary were used. Thggy on the vapor—liquid phase boundary
p.p’'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 separpi€T), p'(T),
and p"(T) data were used to fit IAPWS-95 nonlinearly to (Uz—U1), p2, p1, T2, T 74 273.16KT,<638K AT,=5K

; T,-T)=5K
these singlep,—T, p' =T, andp”—T values, for further de- (To—Ty
) X ' ’ —u'), oo, T 75 27316 K<T;<638K AT=5K
tails see Sec. 5.5.2. w-w. o !

4.1.1. Thermal Properties in the Saturation State

Number
Property of data Temperature range Step size
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406 W. WAGNER AND A. PRUR

TaBLE 4.3. Information on the selected data for the caloric properties speed of soand specific isobaric
heat capacityc, 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
Chavezet al. (1985 w' 273-372 +0.05% 108 108
Sirota (1963 Cp 273-628 +0.15% 44 36
Sirota (1963 (o4 273-628 +2% 44 36

"

% corresponds to eithex”, w', c;,, orcy.

and(2.13 and the corresponding andp” values were de- consistent with each othésee the discussion in Sec. 7.2.4
termined from Eqs(2.6) and (2.7), respectively. on thec, data in the single-phase regjoiherefore, these

Experimental data for other caloric properties on thedata were not used to develop IAPWS-95, but a comparison
vapor-liquid phase boundary of,B are rather limited re- \yith ¢’ data is carried out in Fig. 7.6.
garding their number and quality. Information on the best ’ ) _
data sets is given in Table 4.3; these data were used to de- 4.2. Single-Phase Region

velop IAPWS-95. There are also experimental data of the The International Skeleton Tables of 19BBST-85), see

isochoric heat capacity at saturatigsaturated liquid and . ..
pactly ¢ g S\(S_}atoet al. (1988] in its revision for the ITS-90 temperature

saturated vapor from both the single-phase and two-pha: i )
region), which were measured by Kerimé2964, Amirkha- ~ SCaIE[IAPWS (1994] contain a comprehensive set phT

nov et al. (1969, and Abdulagatowet al. (1998. Unfortu- and enthalpy values. These values were chosen using mea-
nately, however, these data sets from the Dagestan Scientifigirfements in combination with several equations of state of
Center of the Russian Academy of Sciences are not verihat time. Since these values are not direct measurements and

TaBLE 4.4. Information on the selectgzpT data

Uncertainty Number of data
Temperature Pressure
Authors rangeT/K rangep/ MPa AT/mK? Ap? Ap Total Selected

Tammann & Jellinghaugl928 259-273 49-147 +0.15% 257 28
Bridgman(1935 253-268 98-490 .. e +0.2% 129 22
Bridgman(1942 348-448 980-3585 e e +0.5% 17 16
Vukalovich et al. (1961 823-923 4.7-118 s +0.2% 175 95
Vukalovich et al. (1962 1022-1174 4.6-118 e +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 (1970 298-423 100-800 +20 +0.02% 560 112
Kell (19795 236-268 0.101 325 +0.01% +0.05% 120 21
Kell & Whalley (1975 273-423 0.5-103 *+1 +0.01% Apb 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
Hanafuseet 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% Apd 587 131
Kell et al. (1989 473-773 0.1-36 +2 +0.01% +0.006 kgm?3 630 509
Morita et al. (1989 638-652 18.5-38 +4 +0.02% +0.04% 93 90
Takenaka & Masu{1990 273-358 0.101 325 +1 ppm 79 18f

Patterson & Morrig(1994 274-313 0.101 325 +(0.6-1.4 ppm 13 -9

Masuiet al. (1995 273-358 0.101 325 +(0.9-1.3 ppm 2h Y

Tanakaet al. (2001 273-313 0.101 325 +(0.84-0.87 ppm 41 -9

4f no uncertainty values are given, then these uncertainties are taken into account in the uncergainty in
PAp=+(6+0.05 (T/K—273 K)+ p/MPa)x 10~*,

CAp=*(7+0.1p/MPa)x 10 °p+0.04 kg m 3; T=548 K:Ap=+0.1 kg n 3.

YAp=+(7+0.1p/MPa)x 10 °p+0.04 kg m 3.

€Calculated from theip(T)/pmax €QUAtiON, see text.

The values correspond to VSMOW.

9These data were only available after the development of IAPWS-95 had been finished.

MIn addition, ap(T) equation is given valid for temperatures from 273.15 to 358.15 K.

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

Downloaded 12 Sep 2012 to 152.14.136.96. Redistribution subject to AIP license or copyright; see http://jpcrd.aip.org/about/rights_and_permissions



THERMODYNAMIC PROPERTIES OF ORDINARY WATER 407

- g8 @
B B
3L
10: LllilllillE
E YV VYVVVVVVV
TIAIRRA
SAAMMAMAAAMA
> > E E
102 E
© s
o o
> B
-~ - S —_—
3 - VV VVVVY B 0 o
o )
3 107k gg gg 8 & 8 % 8
) - vV Vv XX XX %XXX
a C v v xxé&xxxx 6 o o o
- vV XXX XXX XXX X
= VYBEEX XXX XXX XXX
0 VA XX XXX XXXXXXX
107k XX XX XXXXXXXX
C XXX XXXXXXXX X
B XX X XXX XXXXXXX
B X X X X X X X X X
10! X X
1 1 1 [ 1

1 1
800 1000 1200

Temperature T/K

1 !
400 600

Y Tammann & Jellinghaus (1928)  + Rivkin & Troyanovskaya (1964) @ Hanafusa et al. (1984)
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Phase boundaries ———Isochore p = 55 kg m™

FiG. 4.1. Distribution of the selectqupT data used to develop the residual part of IAPWS-95 (E®), in ap—T diagram. The isochore=55 kg m ° shows
the upper density limit for th@pT data used to develop the gas equation, B).

are partly based on experimental data that were not consid- Table 4.4 summarizes the information on the selepiet
ered accurate enough to be included in the selected data s#dta set where the measuring runs, published through 1990,
for IAPWS-95, the IST-85 valudsAPWS (1994 ] were also  were used to develop the IAPWS-95 formulation. In addition
not used for the development of the IAPWS-95 formulation.to the temperature and pressure range covered by each data
For an investigation of the correspondipgT data at high set, the experimental uncertainties of the individual mea-
temperatures and high pressures, see Sec. 7.2.1.5. sured quantitiedl, p, and p are listed. These uncertainties
The tables in the following subsections contain informa-were used in Eq(5.8) to calculate the weighting factor when
tion on experimental data used to develop the IAPWS-95he coefficients of the residual pagt’ of IAPWS-95, Eq.
formulation and also on data that are considered to be accy6.6), were fitted to the data.
rate enough but were not yet available when IAPWS-95 was Except for converting the original temperature values to
developed. Information on other experimental data, whichTS-90, all ppT values of this data set were used as origi-
are only used in comparisons with IAPWS-95 in Sec. 7, isnally given by the original authors with the exception of the
only given in the text. ppT data measured by Grindley and Lift971); the reason
for correcting the data of Grindley and Lind97) is as
421, ppT Data follows. For temperatures up to 423 K and pressures up to
100 MPa, the liquid region is covered by the very accurate
Based on a comprehensive examination of the very greatata of Kell and Whalley(1975, see Fig. 4.1. For these
number of existingppT data, 2773 data points were finally temperatures and higher pressures, the liquid region is
selected. Figure 4.1 shows how these seleqipd data mainly covered by theppT data of Grindley and Lind
cover thep—T surface of water. (1971). Unfortunately, these two data sets do not fit smoothly
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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 thant0.01%, 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
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Grindley and Lind(1971) with the very accurate data of Kell . 4.4. percentage density deviations between experimppaidata and

and Whalley(1975.

values calculated from a preliminary equation of state. The corresponding

In the gas phase, the low temperature and pressure rangeV%UeS from IAPS-84 and the equation of Hill990 are plotted for com-

completely covered by the data set of Kellal. (1989.
These data replace for the most part the data of Keél.
(1985, since Kellet al’s more recent data are more accu-
rate. However, none of the equations of state is able to rep-

parison.

resent the data of Ke#t al. (1989 for the lowest isotherms  to within the given experimental uncertainty. This is illus-
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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. Hill990 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 Kellet al. (1989 were not taken into account for
developing IAPWS-95.

Figure 4.4 illustrates that the high-presspgel data mea-
sured by Maier and Frandd966 and by Kaster and Franck
(1969 are not consistent with the more recent data set of
Franck’s group, namely with the data of Hilbeittal. (1981).
From the deviation diagram for the isothefm=-473 K, it is
clear that the data set of Hilbegt al. (1981 is confirmed at
the lower pressure end by the data of Katlial. (1978 and at
the higher pressure end by the recent data of Wirystrel.
(1998. When using IAPS-84 and the equation of HlP90
as examples, the deviation diagram for=773 K makes
clear that these two equations of state are able to represent
either the data of Hilbergt al. (1981) or of Maier and Franck
(1966 and of Koster and Franck1969, but not all three

Kell et al. (1989 and values calculated from a preliminary equation of state. . . . .
(1989 P Y ed data sets. This can be seen in Fig. 4.4 for the 923 K isotherm

The corresponding values from IAPS-84 and the equation of(H#90 are

plotted for comparison.
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data of Maier and Francki966 and of Kester and Franck data at a pressure of 0.101 325 MPa measured in the three
(1969 reach up to+x1.5% in density, which underlines the studies mentioned above, namely Takenaka and Masui
assessment of these data. As a consequence of these fact¢i990, Patterson and Morri€1994), Masuiet al. (1995/96,
the data of Maier and Franckl966 and of Kaster and and in addition the data of Watanati991). As a result, this
Franck(1969 were not included in the selectp@T data set  Task Group| Tanakaet al. (2001)] presented a new formula
and IAPWS-95 was not fitted to these data. In contrast, thes@r the density—temperature relationship of VSMOW at
less accurat@pT data were considered in establishing the0.101 325 MPa in the temperature range from 273.15 to
Skeleton Tables IST-83IAPWS (1994)], for the conse- 313.15 K [In the article of Tanaket al.(2003), it is said that
quences see Sec. 7.2.1.5. the density—temperature relationship and the corresponding
The last four data sets listed in Table 4.4 cover hlgh-dens|ty tables refer to SMOV(Standard Mean Ocean Wa-
precision measurements of the liquid density at a pressure @p). However, from a note in this article it can be seen that
p=0.101325MPa. At the Japanese National Research LabgsMOWw is meant; all the density measurements used to
ratory of Metrology (NRLM), Takenaka and Masuil990  derive the density—temperature relationship given in this ar-
measured dilatometrically the thermal expansion of purifiedicie are based on VSMOWUsing this formula, they calcu-
Japanese tap wat¢dTW) at temperatures from 273.15 10 |ated a recommended table for the density of water in this
358.15 K. To obtain absolute density values, they relatedange which also contains the uncertainty estimation for
their thermal expansion measurements to the maximum deRs,ch density valuéabulated every 1 K the uncertainty was
Sity pmax ON this isobar near 4 °C in the following way. Pro- ggiimated to be between 0.84 and 0.87 ppm. The maximum
ceeding from the commonly acceptpgl,, value for Vienna density on this isobar was given a{,=999.974 950
Standard Mean Ocean Wat&/SMOW) at that time, given +0.00084) kgm® at a temperature of(3.983035
by the BIPM (Bureau International des Poids et Mesures,, 5 qgq 67°C. All these more recent VSMOW densities
France, and the known isotopic compositions of VSMOW 5.6 heen included in the comparisons with those values
and the JTW used, Take.naka and Masui tr:_':lnsferreqb,ﬂag calculated from IAPWS-95, see Sec. 7.2.1.2.
valu_g of .VSMOW to their ‘]TW[\./SMOW,S Isotopic com- In the last few years, a relatively large number of measure-
pos!tlon is documented by .Gonflantlfﬁ'97a and which is . ments on mixtures have been carried out where one of the
available from the International Atomic Energy Agency in components is water. Besides the experimental data of the
Vienna] In this way Takenaka and Mas(ii990 obtained 79 . N . I
8orrespond|ng mixture, in most of the investigations mea-

density values of JTW in the temperature range mentione .
surements of pure water have also been made, mainly for

above. Moreover, they fitted §(T)/pmax equation to their calibration purposes. One typical example is the article by

data and give for this equation an uncertainty of about 1
ppm. We used this equation, however, not with theig, Abdulagatowet al. (1993. Those authors measurpdT data

value of JTW but with the one of VSMOW given bv the of water—methane mixtures for temperatures between 523
BIPM as p.,=999.975kgm® [Menache a?\d GirZ\rd and 653 K at pressures from 2 to 64 MPa. However, these
max— .

(1973]. In this way we determined VSMOW densities for data are of lower quality th_an those Qf other authors who
evey 5 K between 273.15 and 358.15 K and IAPWS-95 wagmeasured only pure water in this region; for example, the
fitted to these 18 VSMOW densities, see Table 4.4. scatter of Abdulagatowet al’s data amounts tat0.4% in
After the development process of IAPWS-95 had beerpensity. Other sim_ilar cases of measurements on Wate_r,
completed, additional density measurements of VSMOW at'here the predominant portion of data has been taken in
p=0.101 325 MPa were published. The liquid density mea_conne-c:tlon with measurements of mixtures, were also not
surements of Patterson and Morfl994 were carried out at taken into account for the selectpdT data set; examples of
the CSIRO National Measurement LaboratdAustralig. ~ SUCh measurements are Kubetzal. (1987) and Yokoyama
By hydrostatic weighing they measured absolute densities &1d Takahashil989.
temperatures from 274.15 to 313.15 K. They give an uncer- Wiryanaet al. (1998 reportedppT data for temperatures
tainty for their densities ranging from 0.6 ppm at 288.15 K to{fom 353.15 to 473.15 K at pressures up to 3500 MPa. Al-
1.4 ppm at 313.15 K. At NRLM, Masugt al. (1995 mea- though these data are not direct density measurements but
sured the absolute density of VSMOW at 289.15 K by hy-Were derived from their speed-of-sound measuremeses
drostatic weighing. Separately, they measured dilatometrithe second to the last paragraph of Sec),4t8seppT data
cally the thermal expansion of their VSMOW samples forcan be used for extrapolation tests of IAPWS-95, see Sec.
temperatures from 273.15 to 358.15 K. Using the results of -2.1.2.
these measurements, they developged®) equation for the There are als@pT data in the two metastable regions:
temperature range of their measurements; the measured aBtbcooled liquid(metastable with respect to the sgliand
solute density at 289.15 K is given in the article by Masuisuperheated liquidmetastable with respect to the vapdn
et al. (1995/96. For thisp(T) equation, an uncertainty be- the subcooled liquid there are two accurgieT data sets
tween 0.9 ppm at 273.15 K and 1.3 ppm at 358.15 K isalong the isobap=0.101 325 MPa. The data of Kell975,
claimed by the authors. Very recently, a Task Group, formedo which IAPWS-95 was fitted fof <273.15K, cover tem-
by the Working Group on Density of the Consultative Com-peratures from 236 to 268 K, see Table 4.4, and the data of
mittee for Mass and Related Quantities, analyzed the densitylare and Sorensgii987 are in the temperature range from
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240 to 268 K. In Sec. 7.3.2.1 these data are compared witlow temperatures, Kekt al. (1989 limited their B values to

the ppT values calculated from IAPWS-95. References 0f423 K, where theiB value at 423 K is clearly more uncer-
further ppT data on this isobar of the subcooled liquid cantain than for temperatures above 423 K, see Sec. 7.2.2. The
be taken from Fig. 7.49; these data show systematic devigpT data of Eubanlet al. (1988 are clearly more uncertain
tions from the two data sets mentioned above. In the supethan those of Kellet al. (1989 and are, therefore, also
heated liquid, there are two data sets to which IAPWS-9%learly outside the uncertainty of IAPWS-95 regarding the
was not fitted. Th@pT data of Chukanoet al. (1971 cover  ppT data in this range. However, due to their corrections for
temperatures from 413 to 504 K at pressures from 0.06 to 4dsorption effects, thB values of Eubanlet al. (1988 are
MPa, while the data of Evstefeeat al. (1977 range from the best second virial coefficients at 373, 403, and 423 K.
508 to 571 K at pressures from 0.1 to 9.4 MPa; some of thes€he most recenB values of Hendlet al. (1997 are esti-
data are in the stable liquid range of®l. Comparisons of mated to be less accurate than the data mentioned before for
these data with values from IAPWS-95 can be found in Secthis temperature range. The high temperature region up to
7.3.2.2. 1173 K is covered by the second virial coefficients of
Vukalovich et al. (1967. The article of Le Fevreet al.
(1975 contains tabulate® values which are not measure-
ments(although often quoted as being siichut 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
experimentgmainly &t o data of Wormald1964 which are

However, the IAPWS-95 formulation was not fitted to any of identical to th"’:‘t of I\/Lllczglashfféng \_Norma(IfZ'DO((j)]Bw?andl for
theseB and C data for reasons described in the following temperatures from to It was fitte alues

paragraphs. References regarding the experimental data t%‘?”"e" Irom péﬂl- daZas.Olels zquat;c_)n IlsllezslaccgérlaSt?(.fqr
the second and third virial coefficient are given in Figs. 7.19 emperatures below * and particuiarly below 1N
and 7.20. this low temperature region, based on our assessment, this

equation yieldsB values that are systematically too high.
Based on all the facts discussed above, the IAPWS-95

gqrmulation was not fitted to any second virial coefficients

with the exception of a few very high-temperatBevalues

| calculated from the gas equation, H&.2), for details see

experimental data sets dB and C mentioned above are Sec. 4.10. Nevertheless, in Sec. 7.2.2 second and third virial

based omppT measurements. Such values of the virial Coef_cc_)efficients C?'C“'a‘eo' from IAPWS-95 V\.'i" be compared

ficients contain absolutely no additional information beyondW'th the experimentaB and C values described above.

the originalppT data, and they are clearly more uncertain

than theppT data tht_emselves for the foIIov_ving reason. The 4.3. Speeds of Sound

B andC values considered here were obtained from correla-

tion equations for the isothermppT data by extrapolating Due to the relatively high accuracy of the experimental

to the densityp=0; in this way, uncertainties of theoT data  data of the(isentropi¢ speed of sound of H,O, this prop-

result in increased uncertainties of the second virial coeffierty provides a very sensitive test of derivatives in the course

cients, so that th8 values are more uncertain than the origi- of developing an equation of state. Table 4.5 lists information

nalppT data. This problem is even more pronounced for lowon the selected speed of sound data used to fit the IAPWS-95

temperatures, because in this range the isotherms are veigrmulation. Figure 4.5 shows the distribution of these se-

short due to their upper pressure limit at the phase boundatgctedw data in ap—T diagram. From Figs. 4.1 and 4.5, it

(vapor pressupe see Fig. 4.1. In addition, at these low pres-can be seen that in the gas region there are two data sets, the

sures and temperatures there are adsorption effects that tepdT data of Kellet al. (1989 and thew data of Novikov and

to dominate over the nonideality effects. Therefore, virialAvdonin (1968. The doubts regarding Ke#t al's data on

coefficients derived fronppT data at low temperatures and the isotherms 423 and 448 K, mentioned in Sec. 4.2.1, are

pressures have rather large uncertainties, and a fit of an equesnfirmed by the speed of sound data in this region.

tion of state to suctB and C data may do more harm than  Of special importance are the measurements of the speed

good. of sound in the liquid phase at ambient pressure. These data
The most accuratppT data in the gas region of J are  were measured with very good agreement by two groups of

without a doubt the data of Kebt al. (1989. Thus, theB  experimenters, namely by Del Grosso and Mad&72 and

data derived by Kelkt al. (1989 from theirppT data are the by Fujii and Masui(1993. These high-precision speed-of-

most accurate values of the second virial coefficient for thesound data, which have absolute uncertainties of only

temperature range from 448 to 773 K, the upper temperature:0.015 ms! corresponding to relative uncertainties of

limit of Kell etal’s ppT data, see Table 4.4. Taking into about*=10 ppm, serve as calibration points for many pieces

account the difficulties in determining virial coefficients at of equipment to measure the speed of sound of liquid water.

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 Sat al. (1991). More recent experi-
mental B values were determined by Hendt al. (1997).

Virial coefficients cannot be measured directly. In most
cases they are determined froppT measurements and,
more seldom, from measurements of the properties speed
sound, Joule—Thomson coefficidigenthalpic throttling co-
efficieny, and isothermal throttling coefficient. However, al
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TaBLE 4.5. Information on the selected data for the speed of seund

Uncertainty Number of data
Temperature Pressure
Authors rangeT/K rangep/ 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 & MadeK1972 273-368 0.1013 *1 +0.015 ms? 148 148
Alexandrov & Larkin(1976 373-647 0.1-50 +0.05% 195 61
Alexandrov & Kocheto\(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 e B +0.5% 83 83
Petitetet al. (1983 253-296 0.1-461 +0.05% 105 67
Petitetet 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
Wiryanaet al. (1998 353-473 250-3500 +1%° 42 €

4f no uncertainty values are given, then these uncertainties are taken into account in the uncertainty in speed of sound.
bFor 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 dagaoint. Thew data closest to the critical point of water were
for the critical region. The decrease of the speed of sound tmeasured by Erokhin and Kal'yand®979, (1980. How-
very small values when approaching the critical point isever, for reasons mentioned above, these data do not ap-
nearly impossible to measure because frequency-dependgmach the critical point very closely, and consequently the
dispersion effects become significant close to the criticabmallest values of these speed-of-sound data are on the order

10°
4 4 4 44 4
é'q 45'4 d PR R A
4 4 4 4 44 4
102 % : E q i < 4 «Kd 4 4dd
21 1R1) -
= X X & & e
- B OA & A R ——
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o =
; C booo 2 okX &
@ »
o R
a 5
10° =
107" e
C 1 1 [l 1 1 ] 1
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Temperature T/K
X Wilson (1959) A Alexandrov & Larkin (1976) Vv Petitet et al. (1983)
+ Holton et al. (1968) < Alexandrov & Kochetov (1979) < Petitet et al. (1986)
DO Novikov & Avdonin (1968) © Mamedov (1979) O Fujii & Masui (1993)
Y Del Grosso & Mader (1972) > Alexandrov & Kochetov (1980) A Fujii (1994)

Phase boundaries ———Isochore p = 55 kg m™

Fic. 4.5. Distribution of the selected data of the speed of sound used to develop the residual part of IAPWS®8),Ey.a p—T diagram. The isochore
p=55 kg m 2 shows the upper density limit for the data used to develop the gas equation, B®).
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Phase boundary
of 300 mst. Thus, equations of state for water are, with 4.4. I1sochoric Heat Capacities

respect to the critical region, experimentally more deter-
mined byppT data than by speed-of-sound data. Therefore, Bétween 1962 and 2001, a great number of data of the
the w data of Erokhin and Kal'yanoy1979, (1980 were isochoric heqt cgpacnyu for H,O were measured at the .
only used for comparison purposésee Sec. 7.2)3and not Dagestan Scientific Center of the Russian Academy of Sci-
for the development of the IAPWS-95 formulation. ences. Information on the, data published through 1975

Wiryana et al. (1998 reported speed-of-sound data for €@n be found in the article by Satet al. (1991 in this
H,O at temperatures between 353.15 and 473.15 K at pregeriod of time, the only data set not measured at the Dag-
sures up to 3500 MPa measured with a diamond-anvil highestan Scientific Center is that of Baehr and Scheea
pressure cell. For their temperature range, thestata fill  (1979. The more recent, data sets are those of Abdulaga-
the gap in the selected data for pressures between 100 afRy et al. (1995, Abdulagatovet al. (1998, Mageeet al.
1000 MPa, see Fig. 4.5; for their estimated uncertainty se€1998, Abdulagatovet al. (2000, and Polikhronidiet al.
Table 4.5. Moreover, since these data extend to pressuré3001. Figure 4.6 illustrates that thesg data cover the
which are 3.5 times as high as IAPWS-95's range of validityentire density region from about 20 to 1000 kgfor tem-
for pressurg1000 MPa, these data are useful for extrapola- Peratures up to about 70-100 K above the saturation tem-
tion tests of IAPWS-95, see Sec. 7.2.3. perature, and for densities up to 200 kghalso to tempera-

As with theppT data, there are speed-of-sound data in thdures up to about 1000 knot shown in Fig. 4.5
metastable regions of subcooled liquid and superheated lig- The positive feature of the Dagestan data is that they in-
uid. Thew data in the subcooled liquid are only on the isobarclude the immediate vicinity of the critical point and illus-
p=0.101325MPa and seem to be inconsistent with the adrate experimentally the strong increasecgfin the critical
curateppT data in this metastable region. The references tagegion. Unfortunately, these data are clearly more uncertain
these data can be taken from Fig. 7.50; IAPWS-95 was ndihan estimated by the authors. There are considerable incon-
fitted to these data. In the superheated liquid there are thgistencies of up to 20% between tbgdata sets of the dif-
data of Evstefeewet al. (1979, which cover a temperature ferent papers, but inconsistencies of up to 5% and more can
range from 423 to 573 K at pressures from 0.1 to 9.9 MPaalso be observed within the same data set; for details see Sec.
The comparison with these data, to which IAPWS-95 was7.2.4. Such inconsistencies are visible in the older data and
not fitted, is given in Sec. 7.3.2.2. 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

. Uncertainty Number of data
Temperature Density range
Authors rangeT/K plkgm™3)  AT/mK®  Ap? Ac, Total Selected
Baehr & Schomeker (1975  649-691 213-396 +0.3% =*=5% 414 118
Mageeet al. (1998 304.5-413.5 935-996 +0.3% 278 o€

&The uncertainties il T 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.to 20000 K. Thec, data set based on the most recent statis-
Thus, IAPWS-95 was only fitted to thosg data of Baehr tical mechanical model is that of Vidler and Tennyson
and Schomeker (1975 which cover the single-phase region; (2000.
data from the two-phase region were not taken into account. The lower part of Table 4.7 contains information on a
Information on these, data and the most recer)t measure-  well-known correlation equation for the; values of HO
ments of Mageeet al. (1998 is summarized in Table 4.6. and onc, values published in the most recent editions of two
Section 7.2.4 presents examples of comparisons between thell-known tables for caloric data in the ideal-gas state, the
experimentat, data mentioned above and the correspondingrRC Tables (1988 and the NIST-JANAF TablegChase
values calculated from IAPWS-95. (1998]. The c; equation developed by Coop€&t982 was

In the last few years, the group at the Dagestan Scientififitted to Woolley’s data of 1980 for temperatures from 130 to
Center has also publisheg data for mixtures where 0 is 2000 K. Cooper’s equation, given as E§.5), represents the
one of the components, e.g., Abdulagatov and Dvoryane; data of Woolley(1980 very well. Thisc; equation was
chikov (1993 and Abdulagatowet al. (1997). These papers adopted for the ideal-gas part of IAPWS-95, see Sec. 5.2.
also contain a feve, data for pure water, which are, how- Thec; values given in the TRC Tablg2988 are based on
ever, sometimes republications of older measurements. Thee c‘;) data “1984 version” of Woolley(1987, where, for
article of Abdulagatov and Dvoryanchikoid993, for ex-  T>1000K, thec, values are not only printed at every 1000
ample, containg, data for HO which were previously pub- K as in Woolley’s article but also intermediate values are

lished by Amirkhanowet al. (1969. listed. In contrast to the TRC Tables, thg values given in
the NIST-JANAF TablegChase(1998] are based again on
4.5. Isobaric Heat Capacities the c; data of Woolley(1980.

In Fig. 4.7 the seven; data sets defined in Table 4.7 are

. ) . . 3 t13‘|otted as percentage deviations in comparison withcﬁhe
of the specific isobaric heat capacity in the ideal-gas state | 5 es from the ideal-gas part of IAPWS-95, E®.5

and regarding the experimental data of the specific iSOba”ﬁ/hich corresponds to tI’e:) equation of Coopef1982, Eq.
heat capacity, of H,O (in the real-fluid state The knowl- (5 5 The ypper deviation diagram covers temperatures up to
edge of thec, behavior is necessary for the development of3ggg i while the temperature range of the lower diagram
any equation of state that covers caloric properties. extends to 1273 K corresponding to the range of validity of
4.5.1. Data of the Specific Isobaric Heat Capacity IAPWS-95. From the upper diagram, it can be seen that the
in the Ideal-Gas State three c,, data sets of Woolley are not consistent with each

other; even the “1982 version” and the “1984 version?J

According to Eq/(5.4), knowledge of the specific isobaric data of Woolley(1987 are not in agreement. Unfortunately,

heat capacity in the ideal-gas stad:%,, forms the basis for
the descnptlo? of the |deal-gas part of the Helmholt.z _freeTABLE 4.7. Information on data sets for the isobaric heat capacity of water in
energy. Suctt, data are usually calculated from statistical the ideal-gas state

mechanical models with the aid of spectroscopic data.

Table 4.7 lists in its upper part information on thosg Temperature
data sets obtained withifaboul the last 20 yr from such Source Number of data  rangeT/K
statistical mechanical models. Thg data set that is most ¢, data calculated from statistical mechanical models
widely used is that of Woolley1980, which covers tem-  wooliey (1980 259 10-4000
peratures up to 4000 K. In order to extend déejata of HO  Woolley (1987, 1982 version 18 200-10 000
up to 10000 K, Woolley modified his statistical mechanical Woolley (1987, 1984 version 18 200-10000

Gurvichet al. (1989 101 100-20 000

m I(e.g., inclusion of centrifugal effects, modifications of
ode (e g., INclusio 9 Vidler & Tennyson(2000 38 100-6 000

rotational and vibrational cutoff effegtsDepending on the
kind of modification Woolle)(1987) published two different ¢, values represented by a correlation equation and by well-known tables
c, data sets called “1982 version” and “1984 version.” The Equation of Coope(1982 130-2000
fourth ¢, data set based on a statistical mechanical modeﬁlRC Tables(1989 30 0-5000

P : -JANAF TablegChase(1 2 -
was reported by Gurvickt al. (1989; these data extend up IST-JANAF Tabled Chase(1998] e 0-6000
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the values from these tables are based on the corresponding
Woolley data and are not independent results. The article of
Vidler and Tennysor{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 Woolle§1987), see

the upper diagram of Fig. 4.7.

All wide-range equations of state for,B developed after
1980 (see Table 1.)lare based on the; 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 IAPWS-95, the greatest difference between the
“1984 version” c‘,; data of Woolley(1987 and the values
from IAPWS-95 is 0.19% at 1200 K, while at this tempera-
ture the data of Vidler and Tennysd@000 deviate from
IAPWS-95 by 0.09%.

4.5.2. Experimental Data of the Specific Isobaric Heat Capacity

Fic. 4.7. Percentage deviations between the data of the isobaric heat capac-Nearly all the data for the isobaric heat Capaajwfor
ity in the ideal-gas state‘,’g from statistical mechanical models and from
property tables, respectively, and values calculated frompthequation of

IAPWS-95, Eq.(6.5).

he does not give any uncertainty values forctﬁsdata, nei-
ther for the data published in 1980 nor in 1987, nor does haubcooled liquid water at ambient pressure, and the high-
make any statement as to which of the two data sets of 198@ressurec, data measured by Czarndt#984. The data of
might be the more accurate. Tb"g data of Gurvich(1989
also differ considerably from the other data sets. The exagberimenters. Recently, Archer and Car{@000 published
agreement of the values from the TRC Tab{@988 with
the “1984 version” data of Woolley1987 and, for tempera-
tures to 2000 K, of the values from the NIST-JANAF TablesTable 4.8 gives details on the selected experimerjalata
[Chase(1998] with the data of Woolley(1980 show that

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 furtherc, data sets have been published that
were used for fitting the IAPWS-95 formulation. These are
the measurements of Angedt al. (1982, who investigated

Czarnota(1984 have not yet been confirmed by other ex-

cp, measurements for subcooled liquid water, which cover
almost the same region as the data of Angelal. (1982.

sets, and Fig. 4.8 presents irpaT diagram the distribution

TasLE 4.8. Information on the selected data for the specific isobaric heat cajpgcity

Uncertainty Number of data
Temperature  Pressure
Authors rangeT/K  rangep/MPa AT/mK* Ap? Ac, Total Selected
Sirota & Timrot (1956 487-653 2-12 +20 e +2% 62 62
Sirota (1958 587-827 2-15 *+20 e +2% 29 29
Sirota & Mal'tsev (1959 572-774 29-49 *10 B +1% 230 172
Sirota & Mal'tsev (1960 736-872 29-49 +10 +0.6% 26 26
Sirota & Mal'tsev (19623 577-775 12-27 *10 +0.6% 252 250
Sirota & Mal'tsev(1962h 620-868 6-22 +10 e +1% 44 44
Sirotaet al. (1963 613-875 59-78 +10 ‘.- +0.5% 58 58
Sirota & Grishkov(1966 453-968 39-98 +100 E +1% 60 60
Sirotaet al. (1966 587-872 12-69 +10 e +2% 138 138
Sirota & Grishkov(1968°  277-306 29-98 *5 +0.3% 18 18
Sirotaet al. (1970 272-306 20-98 *5 +0.3% 51 51
Angell et al. (1982 236-290 0.1 : +3% 31 30
Czarnota(1989 299, 300 1.3-103 +6% 9 9
Archer & Carter(2000 236-285 0.1 +(0.3%-1% 13 . €

4f no uncertainty values are given, then these uncertainties are taken into account in the uncertainty in isobaric

heat capacity.

bPreliminary report, for the final data see Siretaal. (1970.
‘These data were only available after the IAPWS-95 formulation had been developed.
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Phase boundaries ———Isochore p = 55 kg m™

Fic. 4.8. Distribution of the selected data of the isobaric heat capacity used to develop the residual part of IAPWS@®5), fig.a p—T diagram. The
isochorep=>55 kg n 3 shows the upper density limit for thy, data used to develop the gas equation, B®).

of the ¢, data used to develop IAPWS-95. In the following, (1982. Archer and Cartef2000 give experimental uncer-
additional information on the selected data sets is given anthinties for theirc, data of +0.3% at 285 K increasing to
further data sets are discussed. about+=1% at 236 K. The comparisons between these two
Levelt Senger®t al. (1983 carried out investigations re- data sets, carried out in Sec. 7.3.2.1, show that there are
garding the behavior of several properties in the critical resystematic differences between them. Except for the lowest
gion of H,O. They concluded that the values of the isobarictemperature, where the difference amounts to about 5%, the
heat capacity measured by Sirota and Mal't§£9623 are  maximum difference between the two data sets is about
not sufficiently consistent with thppT data in the critical 3.2%. Archer and Cartg2000 suggest that the calibration
region. To overcome these inconsistencies, Levelt Senger Angell et al's (1982 differential scanning calorimeter
et al. (1983 proposed to reduce the temperature values ofvas in error.
the c, data of the four near-critical isobars(p In their review article, Satet al. (1991 list information
=22.561 MPa, p=23.536 MPa, p=24.517 MPa, andp on isobaric heat capacity data measured by Philigp87)
=26.968 MPaby 0.05 K. Our own investigations supported and classify these data into the best categoategory A.
this procedure, so we have included thegedata corrected However, in addition to the, data, which were deriveths
in the way proposed by Levelt Sengetsal. (1983. is always dongfrom the originally measuredh—AT data,
Angell et al. (1982 did not report experimental uncertain- Philippi (1987 also gave the corresponding information on
ties for their c, data in the subcooled liquid ap these directly measured data, see Table 4.9. Thus, we used
=0.101 325 MPa, but gave a valuedL% for the reproduc- his measurements not & but asAh data, see Sec. 4.6.
ibility of their data. Based on the scatter of their data and theSince the corresponding paper published in English by Ernst
description of the measurements, we estimated the experand Philippi(1990 presents only the, data and offers no
mental uncertainty to be less thar8% inc,, see Table 4.8. information to determine the corresponding enthalpy differ-
This table also shows that the more recentlata of Archer  ences, we only refer to Philipgil987) with regard to the
and Carter(2000 for p=0.101325MPa cover practically Ah data. Although thec, data given in both publications
the same temperature range as the data of Angedll.  [(Philippi (1987 and Ernst and Philipp{1990] were not
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TaBLE 4.9. Information on the selected data of the caloric properties enthalpy diffetehceloule—Thomson coefficient, and isothermal throttling
coefficient 5y

Uncertainty Number of data
Temperature Pressure
Authors Property rangeT/K rangep/MPa AT/mK Ap Ay? Total Selected
Philippi (1987 Ah 300-670 20-50 +3 +0.01% +3% 235 235
Castro-Gomezt al. (1990 Ah 328-455 0.7-11.9 +2 +0.01% +1% 49 49
Ertle (1979 m 430-1073 0.1-5 +10 +0.01% +4% 272 234
Ertle (1979 St 620-1073 0.1-5 +10 +0.01% +4% 180 180

4 corresponds toH,—h;), u, and &y

used to develop IAPWS-95, a comparison between thesgan be seen that theh data of Castro-Gomeet al. (1990

data and IAPWS-95 is shown in Sec. 7.2.5. are in that part of the liquid region where only theT data
Wiryana et al. (1998 reportedc, data for temperatures of Kell and Whalley(1975 exist.

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 measurementsee the second to the last paragraph of Measurements of the Joule—Thomson coeffici¢pt
Sec. 4.3. For this derivation, they used not only the equation= (5T/gp),,], which is also called the isenthalpic throttling
of state of Saul and Wagnét989 and IAPS-84 but also the  coefficient, are inherently less accurate than other caloric
experimentappT data of Maier and Franckl966 and Ko properties. In particular, experimental data of the Joule—
ster and Franck1969 (which we have not included in the Thomson coefficient do not yield any relevant additional in-
selectedppT data set, see the discussion in Sec. 4.20h  formation if measurements of other caloric properties.,
this basis, it is very difficult to estimate the uncertainty ofCp andw) exist. For this reason, only the data of the gas
Wiryanaet al's ¢, data. Nevertheless, in Sec. 7.2.5 these region measured by Ertlé1979 were used for fitting
data are compared with values extrapolated from IAPWS-95ApP\WS-95. Information on this measuring run is given in
Table 4.9, and the distribution of these data on fhel
surface is shown in Fig. 4.9.

In this range of state, Ertleg data border on the range of

In contrast to the experimental data for the isobaric heathe€PpT data of Kellet al. (1989. Based on the relation

4.7. Joule—Thomson Coefficient

4.6. Enthalpy Differences

capacity, there are only a few measuring runs of enthalpy dB 1
differencesAh. One characteristic feature of such measure- lim ’“:(Td_T_ B o 4.7
ments is that the data of several authors cannot be compared p—0 P

with each other since the authors normally measure differenhe . data of the gas region also influence an equation of
enthalpy differences; such measurements can only be comtate regarding its second virial coefficient behavior in such
pared with values calculated from an equation of state. Thigegions where n@pT data exist.
problem is commonly overcome by dividing the measured
(smal) 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- In principle, the statement made on the quality of experi-
ence quotient&h/AT), (which corresponds to the quantity mental data of the Joule—Thomson coefficiesgte Sec. 4)7
measureflto the differential quotienc,=(dh/dT), is nota s also valid for the data of the isothermal throttling coeffi-
problem as long as the temperature differences are not tagient[ 8= (dh/dp)+]. Due to the relation
large and as long as tigg, behavior is sufficiently linear in P 42
the temperature range considered. If these preconditions are T MCp. 4.2
not sufficiently well met, then the fitting of the equation of measurements of the isothermal throttling coefficient have a
state directly to the measured enthalpy differences proves twimilar influence on the behavior of an equation of state re-
be the more correct procedure. garding the second virial coefficie® as theu data. Only
Since the older measurements of enthalpy differences dihe §; data of Ertle(1979 were used to fit IAPWS-95. Table
not exhibit the required quality, only the data of Philippi 4.9 lists information on the used; data measured by Ertle
(1987 were used to fit IAPWS-95, see also the remarks in(1979 and Fig. 4.9 shows the distribution of these data in a
Sec. 4.5, and the data of Castro-Gonetal. (1990; from p—T diagram; thed; data are located at almost the same
Philippi’s data only those taken with the “second” calorim- p—T points as theuw data for temperatures above 550 K.
eter were selected. Table 4.9 gives information on these twBoth data sets, thg and §; data, were not used to optimize
measuring runs of the enthalpy differences. Figure 4.9 illusthe structure of IAPWS-95 but only to fit its coefficients after
trates the distribution of theskh data in ap—T diagram. It  the structure had been found, for details see Sec. 5.5.2.

4.8. Isothermal Throttling Coefficient
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Fic. 4.9. Distribution of the selected data of the three properties enthalpy difference, Joule—Thomson coefficient, and isothermal throttlerg asetfitd

develop the residual part of IAPWS-95, H6.6), in a p—T diagram. The isochorp=55 kg m 3 shows the upper density limit for the and &; data used
to develop the gas equation, H§.2).

Very recently, McGlashan and Wormal@000 reported vation relations for mass, momentum, and energy across the
measurements of the isothermal throttling coefficient. Thesshock wave, such measurements result in the Hugoniot rela-
data, which are the same as given in the Ph. D. thesis dfon
Wormald (1964, cover a temperature range from 313 to
413.19 K at very low pressures up to 82 kPa. By extrapolat-
ing these isothermad; data to zero pressure, the authors also
obtained data for the quanti§ o=B—T(dB/dT), the iso-
thermal throttling coefficient at zero pressure. For thésg ~ The evaluation of this relation yields data for the enthaipy
data, estimates of their uncertainties are given by McGlasha@s a function of pressugand density at shock-wave pres-
and Wormald(2000. For the main measuring range from sures up to tens of GPa and temperatures of several thousand
333 to 413 K, these uncertainties extend from 0.8% to 1.494Kelvins; the index OH corresponds to the initial state prior to

1 1
_+_
PoH

h—hop=0.5(p— Pon) P

. 4.3

with increasing temperature. In contrast to g, data, no
uncertainties are given for the directly measur@d data.
However, one can assume that the uncertainties oféthe
data must be smaller than those of the extrapol&jegddata.
Comparisons with theSt and 67 data of McGlashan and
Wormald (2000 are presented in Sec. 7.2.7.

4.9. Hugoniot-Curve Data and Derived ppT Data

the release of the shock wave. Although it is not yet clear
whether these measurements describe equilibrium states at
all, comparisons with suchph 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, Lyzengaet al. (1982, and Mitchell and Nellis
(1982. The correspondingph data extend to pressures be-

One method used to demonstrate the extrapolation behayond 80 000 MPa. These data were not taken into account for

ior of an equation of state at extreme pressures and tempertre development of the IAPWS-95 formulation, because

tures is examination of how well it represents shock-waveheir use would have resulted in nonlinear relations which

measurements of the Hugoniot curve. Based on the conserequire iterative solutions of temperature. However, such an
J. Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002
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Jv
oT

1
aT=—
Cp

dh—(v—T

approach implies the risk of distorting the experimental in- 4.11. Data for Special Applications
formation given by the Hugoniot data because the deter-
checked due to the absence of otipgT data under these develop IAPWS-95 are described. Two of these data sets
extreme conditions. Nevertheless, based on the relation ~ cover thermal propertiegpT datg and were “produced” to
data set consists of data for the isochoric heat capacity in the
(4.4 critical region, and was intended to support the development
and estimates foc, and the derivative{v/dT),, Rice and The en_t ire. develoipn_went process of lAPWS._% was startgd
Walsh (1957 detpermined the temperaturér') for their by establishing preliminary wide-range equations of state in
recommend against use of theppT data. Based on our data of the gas regic{@etermineq from the gas equation: Eq.
experience, the fit of an equation of state to thes® data (3.2] and to the selected experimenpalT data of the entire
ther details see Sec. 7.3.3.1. As mentioned above, IAPWS-g&até(see Tables 4.4 and 4.1n this way, in the “difficult”
was not directly fitted to the Hugoniopph data, but the parts of the entire thermodynamic surfa@eg., critical re-
data was indirectly taken into account, see Sec. 4.11. In Se/eére not(negatively influenced by data of properties other
7.3.3.1, IAPWS-95 is compared with the Hugoniot-curvetha” the very accuratppT data. The aim of establishing
the high-pressure and high-temperature range, where few if
any reliable experimental data exist.
4.10. Calculated Data for the Gas Region equations that showed a physically meaningful behavior
As mentioned at the beginning of Sec. 3, to support thavhen we calculated simultaneously the Hugoniot curve and
to include input data of several properties calculated from &&nge, for further details see Sec. 7.3.3.1. In order to ensure
specially developed gas equation, particularly if such datdhat the positive behavior that had been achieved at this stage
“synthetic” data were calculated from E@3.2), namely 75  tions of equations, 5@pT data were calculated from the
data cover the temperature range from 273 to 1073 K agupport the behavior of the Hugoniot curve. Further, 120
pressures up to 5 MPa. Based on the existing data situatigpe T data were calculated from these preliminary equations
equation of state consisting of numerous complex functional 000 to 2500 kg m° to ensure that IAPWS-95 did not pro-
forms from behaving unphysically for various properties induce any crossing of isotherms or even a bending of iso-
of the saturated vapor and the second and third virial coeffiMPa. In the final stage of the equation development leading
cient at low temperatures. to IAPWS-95, any of the preliminary equations could be
calculate synthetippT data for the range of state in which these equations yielded basically the same reasorpgile
experimental data for the Joule—Thomson coefficient angurface in this high-pressure high-temperature region. Thus,
theseu and 87 datd, the experimental information based on final equation, the IAPWS-95 formulation itself.
the u and 87 data could be incorporated in the linear fitting  The behavior of caloric properties in the critical region of
not just in the nonlinear fitting of the coefficients, see SecOn the one hand, the experimental data near the critical point
5.5.2. were not free of systematic errors so that these data had to be
the representation of the so-called “ideal curvéstée Sec. of Levelt Sengerst al. (1983, and therefore considerable
7.3.3.3, ten values of the second virial coefficieB(T) in corrections in the temperature values given by the experi-
from Eqg. (3.2. These high-temperature virial coefficients isochoric heat capacity data of Amirkhaneval. (1969 and
formed the only data for the second virial coefficient used tahe speed of sound data of Erokhin and Kal'yan@979,

mined temperature belonging to thEph data cannot be In this section, three further synthetic data sets used to
influence the extrapolation behavior of IAPWS-95. The third
o
p of IAPWS-95 regarding this difficult region.
Hugoniot-pph data[Walsh and Rice1957]. We strongly the following way. The equations were fitted only p@T
yields a totally incorrect plot of the Hugoniot curve, for fur- fUid region including thep,p’p"T data in the saturation
high-pressure high-temperature behavior defined by thes@on. subcooled liquitthe preliminary equations of state
data. such an equation was to achieve a reasonable description of
In this way we succeeded in determining preliminary
development of a wide-range equation it has been necessal§e PpT behavior in the high-pressure high-temperature
are not available from direct measurements. Thus, sucAf development could be retained in the following genera-
specific isochoric heat capacity, and speed of sound. ThedEom 555 to 5300 K at densities from 1500 to 2500 kg'to
for H,O, the use of these data helped to prevent a wide-rangf®r temperatures between 448 and 1273 K and densities from
certain parts of the gas region; for example, the heat capacijierms in the extrapolation range at pressures up to 100 000
In addition, when using the gas equation, Eg.2), to  used to calculate the 170 syntheppT data, because all
isothermal throttling coefficient exi$Eq. (3.2 was fitted to  the 170 synthetippT data can also be calculated from the
procedure as part of optimizing the structure of IAPWS-95 water is covered insufficiently by existing experimental data.
In order to improve the behavior of IAPWS-95 regarding adjusted using the “revised and extending scaled equation”
the temperature range from 6000 to 15000 K were calculatethenters for their data were made. This is the case for the
develop IAPWS-95. (1980. Thus, the real information content of these data is
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guestionable, see also Secs. 4.3 and 4.4. On the other hand, 5.1. Basic Structure of an Equation of State

the measurements of reliable caloric data end far before the Explicit in the Helmholtz Free Energy
range of interest in the critical region; this is the case for the . . . ) o
¢, data of Baehr and Schoitier (1975. The equation of state described in this article is a funda-

Nevertheless, in order to achieve a consistent descriptiofff€ntal equation explicit in the Helmholtz free enefgyith
of the critical region it was necessary to calculate synthetidh€ independent variables densjfyand tempeoraturé'. The
¢, values in the near-critical region using suitable equationdunction f(p,T) is commonly split into a part® that repre-
from the literature. When IAPWS-95 was being developed,se”tsrthe properties of the ideal gas at gifeand p and a
the scaled equation developed by Luettmer—StrathmanHa_rtf that tz_;\kes into acc_ount the residual fluid behavior.
(1992 was the obvious choice for this procedure; this equa- NiS convention can be written as
tion corresponds to a parametric crossover model. For the f(p,T)=F(p,T)+f(p,T). (5.1)
critical region and a greater range outside the critical region,
namely for temperatures from 628 to 800 KT, Usually, the Helmholtz free energy is used in its dimension-
=647.096K) and densities from 115 to 635 kgn(p, less form¢=1f/(RT) so that Eq(5.1) becomes
=322kgni®), Luettmer-Strathmann fitted the coefficients e '
of her equation tgpT, ¢,, C,, andp,p’p"T data calcu- $(8,7)=¢°(8,7)+ $'(5,7), 52
lated from the equation of state of Saul and Wagii®89,  where 5=p/p. is the reduced density ang=T./T is the
taking into account the temperature conversion to ITS-9Gnverse reduced temperature wjth and T, the critical den-
temperatures. sity and the critical temperature, respectively.

Besides the crossover equation of Luettmer-Strathmann Since the Helmholtz free energy as a function of density
(1992, c, values were also calculated from the equation ofand temperature is one of the four fundamental forms of an
state of Hill (1990. This was done because Hill's equation equation of state, all thermodynamic properties of a pure
yields better results for the extended critical region thansubstance can be obtained by combining derivatives of Eq.
Luettmer-Strathmann’s equation. The reason for this is tha{5.2). For the relations between E(p.2) and its derivatives

in the transition region between the critical and extendedind the thermodynamic properties considered in this paper,
critical region, Hill's equation is better than that of Saul andsee Table 6.3.

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 2-2- 1he Equation for the Helmholtz Free Energy
region, the following input data for the development of of the Ideal Gas
IAPWS-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‘?rcalculated as f°(p, T)=h°(T)—RT-Ts°(p,T). (5.3
follows: The equation of Luettmer-Strathmaih992 was
used to calculate the, values forT<648K, while for T
>648 K the values were determined from the equation o
Hill (1990. When calculating these synthetic data, we
made allowance for the fact that the two equations an
IAPWS-95 are based on different critical parameters and dif
ferent temperature scales.

The Helmholtz free energy of the ideal gas is given by

For the ideal gas, the enthaly is a function of tempera-
fure only, and the entropg® depends on temperature and
density. Both properties can be derived from an equation for
cEhe ideal-gas heat capacity(T). Whenc, is inserted into
the expression foh°(T) ands°®(p,T) in Eq. (5.3), one ob-
tains

.
f°(p,T)=U c,dT+hgy| —RT
To
5. Details of the Development T ¢ —R ) (5.4
of the IAPWS-95 Formulation -T fT pT dT—RIn = +5p/,
0 0

The new equation of state for ordinary water substance i#here all variables with the subscript “0” refer to an arbi-
an empirical description of the Helmholtz free energy. Fortrary reference state.
the development of such empirical formulations, the applica- In order to obtain the equation fdr(p,T) and ¢°(6,7),
tion of linear optimization procedures and nonlinear multi-the well-established equation of Coor&882 was used for
property fitting algorithms is state-of-the-art. Although this the isobaric heat capacity in the ideal-gas ste}éT). This
strategy has already been presented in the literdiesge,  equation, which is a sum of so-called “Planck—-Einstein”
Setzmann and Wagnét989, (1991), Wagner and de Reuck functions, is:
(1996, and Spar(2000], this section summarizes the basic . 5 o T
elements of this strategy along with the special features nec- Cp_ _ (BiIT)%e” A

; _ =by+ >, br——p o . (5.5

essary when developing the new equation of state f@.H R % & [1-e AT
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Cooper determined the coefficierity, b;, and the expo- speed of sound, ..) can be used to determine the unknown
nentsp; by nonlinear least-squares fitting to thgvalues of  coefficientsn; (expressed as the vectoy by minimizing the
Woolley (1980, where he took into account only the data for following sum of squares:

temperatures between 130 and 2000 K. After rearranging the

coefficients and exponents, namehj=b,—1, and for ) ’ 2 oY —

i=1 to 5n/,3=b; and y{,3=4;/T., one obtains from X :,2’1 Xj:jzl mE=1 [[Zexy™ Zead Xexp: Yexp: M 171} m

Eq. (5.5

. 8 ( . )2 _y * Otot,m» (5.7

c i L (yim)e T
P14 ng+ >, n =

R = e 797]2 (5.6 whereMj is the number of data points used for fiie prop-

erty, Ze, is the experimental value for any properyand
with 7=T./T. Equations(5.5 and (5.6) represent thec‘;) Zcacis the value for the property calculated from the equation
values of Woolley(1980 very accurately. The values of the for ¢ with the parameter vecton at Xe, and ye,,. The
coefficients of Eq(5.6) are given in Table 6.1. In the tem- measured independent variablesandy may vary for the
perature range from 250 to 2000 K, the deviationg R  different properties of, but usually one of them corresponds
between the values of Woolle§l 980 and the values from to temperaturd’, while the other corresponds to densityr
Egs. (5.5 and(5.6) are less than 0.0005%, and from 140 to pressurep [e.g.,p(T,p) or w(T,p)]. When data sets of dif-
240 K they do not exceed 0.001%. ferent properties are used for the development of a correla-
After insertingc,,(T) according to Eq(5.6) in Eq. (5.4,  tion equation, then the residuuthz=(Zex,~Zad of EQ.
working out the integrations and proceeding to the dimen<{5.7) is reduced with a suitable measure for the uncertainty
sionless form of the Helmholtz free energy in the ideal-ga%f the data point considered. According to the Gaussian error
state ¢° [see Eq.(5.2)], one obtains the fina$° equation, propagation formula, the uncertainty of a measured data

given as Eq(6.5). point is given by
dAz]? dAz]? dAz]?
i itti o2 =|— 24— o2+|—| o? (5.8
5.3. Basic Statements for Fitting and Optimizing exp | gx LY Y oz z '
the Structure of an Equation for the vz z .y
Residual Part of the Helmholtz Free Energy where gy, o,, ando, are the isolated uncertainties of the

While statistical thermodynamics can predict the behavior: ingle variables, y, andz, respectively. The partial deriva-

of fluids in the ideal-gas state with high accuracy, no physi—g}/esfa??z have to be calculated from a preliminary equation

cally founded equation is known which accurately describes In order to have an additional influence on the data set, a

the real thermodynamic behavior of fluids in the whole fluid " "~ . .
region. Thus, for this purpose an equation for the residuaYve'ghtmg factorf,, is introduced. The total Vananof‘z"‘ of

fluid behavior, in this case for the residual part of the Helm-2 data point used in Eq5.7) is defined as
holtz free energyg’, must be determined in an empirical o2 = o2 sz (5.9
way where, as a matter of course, as much physical under- fot - Texg wt '

standing as possible is taken into account. Since the Helmp this way, weighting factors$,.>1 increase the influence
ments, it is necessary to determine the unknownyeighting factorsf,,<1 reduce it. Usuallyf,, is equal to
mathematical structure and the unknown coefficients of thgyne ando2, is equal toggxp However, in some cases differ-

residual part of the dimensionless Helmholtz free energynt weighting factors are used to compensate for effects
from properties for which experimental data are available. ~g,sed by the structure of the data set.

In this context, the following steps for the development of = The determination of by minimizing x?2 for data of more

the final form of an equation fop" must be performed: than one property is called “multiproperty fitting.” This

(1) selection of the final data set, see Secs. 2—4: problem leads to a linear system of normal equations if each

(2) weighting of the data; of the propertiesz depends on the same independent vari-

(3) precorrelation of auxiliary quantities; ables as the function use_(dbr example,T and p for the

(4) linear least squares fitting in connection with the struc-Helmholtz free energyand if the relations betweerand the
ture optimization method; and function or its derivatives is linear for all properties consid-

(5) nonlinear least squares fitting. ered. Data for such properties are called “linear data.” For

functions in terms of the Helmholtz free energy, examples of
In this section, basic statements on itefBs-(5) are made.  such properties arg(T,p) andc,(T,p), see Table 5.1. If
one or both of these conditions is not fulfillibr instance,
5.3.1. Fitting an Equation for ¢ to Data for h(T,p), w(T,p), cx(T,p),..., seealso Sec. 5.3.Rthose
data are called “nonlinear data” and more complicated and
If a certain functional form has been selected fortime-consuming nonlinear algorithms must be used to mini-
¢'(8,7,n), data forJ different propertieg; (e.g., pressurp,  mize the sum of squares, E§.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

Type of data Weighted sum of squares
Linear data
< [p—pRT
p(p,T) = 21 —RT o2 Lo .052 (5.10
M
c,(p.T) = 2 Y+ A +¢,,) (5.1
m=1 m
M 2
B(T) =2 (Brp im0 (5.12
m= p—0 ]
Nonlinear data
M
o~ W . . (A48Tl )?P
W(va) )(‘21—2 ﬁ—l—Z&bﬁ— 52¢§5+W m-O'm (513
M
(1+8¢5—0795)%]7
cp(p.T) Xe= le +TZ(¢W+¢TT)—WL' m (5.19
S [h
=2 Ri RE M6~ #)+ 5432
ha(p2,T2) —hy(p1,T1) i (5.19
(.= )+ 8h5l1| o
M
(8f5+ 8% plss+ 57T, r _
T = 2 5.1
#e.) DI e vy o L A T R T (510
< 1+ 88— o, |2
_ 5 o7 -2
8r(p.T) {g_mzl o T %Jm o (5.17)
& [P P
T om Pol 52 5.1
P(T) o= mzl RTp (5.18
M r__ 12
p'(T) o D, ”mp Pl o2 (5.19
m=1 c m
M n_ n2
pn(-l—) X211=2 prnp p} '0',:12 (520
m=1 c m
WY uj 2
Ho(T2)~ua(Ta) o= 2 | g [ Dl [t 6| -or? (5.2
M u’—u’ P
u"(T)—u’(T) o= D TIN5 + ("1~ 45, 7) (5.22
m=1 m
Linearized data
M W2 2
w(pP,T) =D P (12080t 8 ¢hy) | o (5.23
m=1 m
M c 2
cp(p”T) Xg*:z BAAS A~ oy (5.24
M
h
ha(p8,T2) —hi(p?,T1) Xor= 2 Ri RT (A )+ 6P+ [ (b= & )+5¢5]1 o (5.29

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 proaessg—Conti

M ’ ’ 2
! ’ ’ r u u
17 e T Ui Ty X =2 | g g [t )L (64 @D | oy (526
m=1 2 1 m
ne np (AP 2 u"—u’ 5 2 5
13 u"(p P T)—u'(p""T) Xoge = R 7Ing HHUE DU || oy (5.27)
m=1 m
& [P,—p'RT ?
14 »T _ - ol 2 (5.283
p(P ) Xid mE:l (pr)ZRT Pc ¢5(5 rT) . Om
" P /’RT 2
15 P(p".T) Xs= 2, {p—,,’;_fpglqsw,f) 0 (5.280
“~ [ (p")7RT N
Maxwell v P, |1 ’ 2
16 o N LA el B P L P VR SR VRN | IR (5.289
criterion Xis~ 2y [RT [p o p [¢'(8",7)—¢'(5",7)] om
Explanations
For the relations between the several properties gfhend ¢" and their derivatives see Table 6.3.
For the weighted sum of squares the following abbreviations and definitions are used:
2 1 r r 2 41 2 1T o 2 10
o Kkl PP B K e P PP IR 5.2
1) &5 {55 T,¢ss ﬁzfytﬁr o éydm Efé:d’ar 75972 57 R arrait (5.29
(2) The weighto,, corresponds to the quantity,, according to Eq(5.9).
(3) The subscript p means precorrelated. The precorrelation fagfoaisd eP are defined by the relations:
P
o SelPn ) (5.30
(PP T)
(1+ 8¢5 575,)°
=gy, =| o 2P0 0700 (5.31
1+268¢5+ 8P, .

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

squares of the linear and nonlinear data used for the deve(2) From this bank of terms, the structure-optimization
opment of IAPWS-95. The total sum of squares is obtained method determines with mathematical statistical and sto-
as given by Eq(5.7). chastic methods the best combination of a certain num-

ber of terms.
5.3.2. Basic Statements for Optimizing the Mathematical Form . .

of @' For developing IAPWS-95, a modified form of the structure-
optimization method developed by Setzmann and Wagner

Since the functional form of an equation for the residual(lggg was used. This method only works with linear data,

part of the Helmholtz free energy is not initially known, a gae gec. 53.1. Thus, to take into account the optimization
Suitable m?‘thema“ca' strgcture must be established befor[?rocess, at least partly, the experimental information of the
any coefficient:; can be fitted to the data. In the past, the

. . . nonlinear data, the nonlinear relations between these proper-
structure of most correlation equations was determined sub-

S R ; . i
jectively, based on the experience of the correlator or by triall€S: @nd the derivatives ab” and ¢ were linearized. The
and error. To improve this situation, we developed different€sults of this linearization for the sums of squares of those
optimization strategief\Wagner(1974, Ewers and Wagner nonlinear properties considered to be important for the de-
(1982, Setzmann and Wagndi989, and Tegeleretal. velopment of IAPWS-95 are given by Eq&.23—(5.28
(1999] that introduce objective criteria for the selection of listed in Table 5.1. In the following an example of such a

the mathematical structure of such equations of state. linearization is shown for the property speed of sound
Thg entire strategy.of the structqre optimization of an According to the relation between the propertyw and
equation of state consists of two basic steps: the derivatives of¢° and ¢' given in Table 6.3 the sum of

(1) Formulation of a comprehensive set of mathematicasquaregsee Eq.(5.7)] for fitting an equation for¢" to M
functions of the reduced density and inverse reduce@xperimental data ofv (w is thejth property considered in
temperature which is used as a “bank of terms.” the entire multiproperty fitting processeads:
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M 2 is of great importance. The starting point for the investigated
X,—ZZ > R—T—l—26¢>[s— 2Pl functional forms was our experience with the development
m=1 of wide-range equations of state of reference quality for oxy-
(1+ 8¢5~ 57¢%,)2]? , gen, water, methane, and carbon dioXi8ehmidt and Wag-
0 ; “Tiotme (5.32  ner(1985, Saul and Wagnef1989, Setzmann and Wagner
(¢t b)) |, (1991), and Span and Wagngi996]. A great number of

This type of sum of squares leads to a nonlinear system dfivestigations were necessary in order to find out the appli-
normal equations when determining the coefficiania the  cability of the several functional forms in view of the re-
equation for¢'( 8, 7,n). However, the structure optimization quirements for establishing the new equation of state for wa-
method used here cannot cope with such a nonlinear systerter. Finally, the bank of terms was composed of four different
A further difficulty arises because the speed of sound is medunctional forms.
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 &g32

is implicitly nonlinear. As shown by Schmidt and Wagner  polynomial terms have been part of all previous wide-
(1985, this implicitly nonlinear relation can be linearized by range equations of state. They are a part of our bank of terms

5.4.1. Polynomial Terms

using the following sum of least squares: in the following form:
2 : w? r 2 41 2 -2 (ﬁ-rzn'édiTti (5.39
Xi=2 Rt V(12051 8°hss)| - Ororm C

m=1 m with 6=p/p.andr=T_./T. In order for the new equation of
. _ _ (5.33 state to achieve good extrapolation, the values of the density

with the so-called precorrelation factef according to exponentsd, were limited to the range from 1 to 5 with

Cp(pP,T) integral step sizes. This limitation is particularly important
Y :C(p—pT)' (5.333  when extrapolating to high densities. For the same reason,
v(P%

the values of the temperature exponeantaere limited to a
small range as well. Moreover, the temperature expohent
Ef the polynomial term with the highest density exponént

The densityp® and the precorrelation factoy’ have to be
precalculated by a preliminary equation of state.

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

In this work, a modified form of the structure-optimization

the leading term when extrapolating the equation to high
ensitie should be between 9t;<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-
method developed by Setzmann and Wag(E989 was c{ﬁcted to be from—0.5 to 1 with a step size of 0.125. With

used to detirmlned? suﬁable Imatherrl;atlr(]:alh structLtJ]re _this small step size, which was used for the first time in this
IAPWS-95. The modifications relate to both the stochastiG, . 5 sufficiently large selection of these functional terms

_and the deterministic part of the original a_Igorith_m. More was available despite the small range far
importantly, however, are the changes mentioned in the next
paragraph with regard to the handling of different functional
forms in the bank of terms. 5.4.2. Polynomial Terms in Combination
A sophisticated correlation equation for the residual part with Exponential Functions

of the Helmholtz free energy consists of an extensive sum of
terms. Hence, the mathematical form of a single term can b
associated with different functional groups ranging from
simple polynomials in the reduced densiyand the inverse
reduced temperature to complicated exponential expres- b= niadiftie—m, (5.3
sions[see the bank of terms, E¢p.41)]. During our work on
the reference equation of state for carbon dioXi@pan and

Wagner (1996] additional limitations with respect to the ; .
gner (1996 b an extended form, namely with density exponents ug;to

number of terms belonging to certain functional groups_6 h : d dered to be the standard
turned out to be useful and the optimization algorithm was, ™ ese terms are nowadays considered o be the standar

modified to allow such limitations; for further details see functional forms of modem wide-range equations of state.

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

Terms of this type wittc; =2 are known as Benedict, Webb,
and Rubin(BWR)-type terms, see Benediet al. (1940. In

Span(2000. Shortly after starting the development of the new equation of
state, we recognized that those terms of Eg35 with c;

5.4. Functional Forms for  ¢" and the Bank =5 were hardly ever selected by the structure-optimization

of Terms procedure if at the same time corresponding terms with the

For the devel t of itable f fth tion f density exponent;=6 had been contained in the set of func-
h or .: ?Ve op[nefnlzp\allvssuga eh orm o ef'equafmg %%ions. Thus, during the development of teequation these
the residua .par‘d) 0 o 5, the composition of the terms were omitted from the bank of terms.
comprehensive set of functional forms for the bank of terms
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In order to avoid unwanted influences of the polynomial 5.4.4. Nonanalytical Terms
terms coupled with the exponential functions when extrapo-
lating IAPWS-95, for the temperature exponenttsn Eg.
(5.39 only valuest;=1 were used in the bank of 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—

Gaussian bell-shaped terms were previously used by Ha&4.3, Span and Wagn&i996 developed special nonana-
et al. (1982 for the IAPS-84 formulatiofKestin and Sen- lytical terms for the reference equation of state for,COhis

5.4.3. Modified Gaussian Bell-Shaped Terms

gers(1986], namely in the form: type of term was also used for IAPWS-95 and is briefly
) e a2 described in the following, for further details see Span and
pi=n;s%ie” w0 Al r)", (5.3 Wagner(1996 and Span2000.

In IAPS-84 these terms proved to be less successful. For the According to Table 6.3, the relations between both the
reference equation of state for methane, Setzmann and Wagpc;hor_lc heat capacity, and the speed of sourvd and thre
ner (1991) modified these terms in two respects: erivatives of the ideal-gas pag’ and the residual paib

of the dimensionless Helmholtz free energyead:
(1) The Gaussian functionfthe exponential part of Eq.

(5.36] were nqt only combined wiFh a polynomial in the Co_ 2+ "), (5.39
reduced density, but also in the inverse reduced tem- R
peraturer.
(2) The adjustable parameters, €;, Bi, andy; must be ap\?
determined extremely carefully, because the effect of N(ﬁ)
these terms is very sensitive to their values. P
Thus, the modified Gaussian bell-shaped terms used in the w? Lo, (18— oTd)?
bank of terms for theg¢' equation have the following ﬁ:1+25¢’5+5 Pos™ (P + )
structure: N — oo
[ —
gi=nslirie o e A (5,37 ~(a—”) _&
Due to the strong sensitivity of these terms to the values of 9Pl R (5.39

the parameters in the Gaussian exponential function, these o
) . : whereR corresponds to the specific gas constant. The quan-
parameters could not be determined automatically in the o

N ) . Hities = and & used as subscripts indicate the corresponding
timization and nonlinear fitting process. Therefore, these val-, - . o r .
. . derivative of ¢° and ¢', see Eq.(5.29 in Table 5.1. From
ues were determined based on comprehensive precalcula- . .
. ) . . g. (5.39 it can be seen that a divergence @f can be
tions and subsequent checking by nonlinearly fitting a_ . L L
. : e achieved when the second derivatige. becomes infinite at
maximum of two of them at the same time. If in this step an o : ; . .
. . S the critical point.(Producing a singular behavior of at the
improvement in the combination of the parameters could be ... : . e . LR
. . . L . Critical point by making¢__ infinite at this point is just a
achieved, correspondingly varied combinations were in- . 7 )
: L mathematical tool to produce the strong increase,ofvhen
cluded in the bank of terms for the next optimization step.

: . . -approaching the critical point. From very accurate and inter-
This recursive procedure was repeated until a further modi- . . ; . _
ally consistenppT measurements in the immediate vicinity

fication of the parameters no longer produced a reduction ogf the critical point of SE and CG [Wagneret al. (1992,
the sum of squares.

The incorporation of the modified Gaussian beII—shapeci;\/urzej""Et al. (1999, Kurzejaet al. (2002, and Kurzeja and

) - - 'agner (2002], it can be concluded that on eartivhich
terms according to Eq5.37) had a significantly posmye .means under gravilyc, remains finite at the critical point.

the critical region. After using these terms, the difficulties inq-hen’ according to_Eq(;5.3_8) and(5.39, at the critical point
¢, would have a singularity and would become zero be-

covering theppT data in the entire critical region were over- cause ¢p/dT). has a finite value anddp/dp); also be-
i P

come. A further important advantage of using these terms in
comes zero.

the rl_ght way was _the clea_r_lmprovgment n represenn_n 9 the Thus, the nonanalytical terms were required to fulfill the
caloric properties in the critical region, even though this im- . M
following three conditions:

provement only covers reduced temperaturdgT,
<~0.997. When nearing the critical temperature, the(1) The derived values fog! must be finite everywhere
equations—also with this functional type—were not able to  except at the critical point.

follow the course of the experimental data of the isochoric(2) Singular behavior of the other second derivatives and all
heat capacity. Thus, a functional form had to be included into  derivatives with respect t& must be avoided every-

the bank of terms which could model the steep increasg of where. However, there are no further restrictions on the
and the steep decrease wfwhen approaching the critical behavior of these derivatives—tlvempleteequation of
temperature. state has to be designed to behave in a special way and
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not just one term in the equatiotMeanwhile this as- TABLE 5.2. Parameters of the modified Gaussian bell-shaped terms accord-

sumption has proved to be erroneous, see the discussidy ' Ed-(5.37 which are contained in the bank of terms, E§41

in Sec. 6.4.2. i d ¢
I

o . . . i @ Bi Yi €

(3) Within the 8, 7 surface of the critical region, the maxi-
mum of ¢ should follow the course of the saturated . : " 14 :
vapor and saturgted !IQUId curves in order t.o avoid un- 5 1 5 10 150 191 1
reasonable, maxima in the single-phase region nearthe 4 1 3 10 150 1.21 1
phase boundary. 5 1 4 10 150 1.21 1
6 2 0 15 150 1.21 1
Taking these conditions into account, the nonanalytical terms 7 2 1 15 150 121 1
to be included into the bank of terms use the following form: 8 2 2 15 150 121 L
9 2 3 15 150 1.21 1
r_ o AD; 10 2 4 15 150 1.21 1

=N APISY, 5.4

il v (549 11 3 0 20 150 1.21 1
with 12 3 1 20 150 1.21 1
13 3 2 20 150 1.21 1
A=6?+B[(6—1)?]3, 14 3 3 20 150 1.21 1
15 3 4 20 150 1.21 1
0=(1—7)+A[(5—1)]@A), 16 1 0 10 200 1.23 1
17 1 1 10 200 1.23 1
= e Ci(6-1)-Di(r-1)% 18 1 2 10 200 1.23 1
19 1 3 10 200 1.23 1
The exponential functiony damps the influence of this ex- 20 1 4 10 200 1.23 1
pression outside the critical region. The distance function 2% 2 0 15 200 1.23 L
ised to the noninteger powbr introduces the nonanalyti- 22 2 ! 1 200 123 !
raised to t ger powsy _ naly 23 2 2 15 200 1.23 1
cal behavior and should ensure that the maximuro,ifol- 24 2 3 15 200 1.23 1
lows the phase boundary. Finally, the reduced density in the 25 2 4 15 200 1.23 1
product of¢" guarantees a physically correct behavior in the 26 3 0 20 200 123 1
low-density limit. gg g ; 28 288 igg 1
_ Besides the coefficients;, Eqg. (5.40 introduces seven 29 3 3 20 200 123 1
“internal” parameters A;,B;,C;,D;,a;,b;,B;) for each of 30 3 4 20 200 1.23 1
the termsi; in principle, these parameters can be included 31 1 0 10 250 1.25 1
into a nonlinear fit of the entire equation. However, because 32 1 1 10 250 1.25 1
these parameters are highly correlated, a simultaneous non- 33 1 2 10 250 1.25 L
linear fit turned out to be very difficult. Thus, except fa - ! 3 10 250 125 !
y - , PRy 35 1 4 10 250 1.25 1
andp;, the values of these parameters were determined by a 35 2 0 15 250 1.25 1
method similar to the one used for the exponents of the 37 2 1 15 250 1.25 1
Gaussian bell-shaped terms, see Sec. 5.4.3. The parameter$8 2 2 15 250 1.25 1
A; and B; of the function @ were determined at the very 32 2 3 15 250 1.25 L
beginning in the following way: the value f@; was prese- 40 2 4 15 250 125 !
ginning In g way: i was p 41 3 0 20 250 1.25 1
lected so that it had a value near that of the critical exponent 4, 3 1 20 250 1.25 1
corresponding to the renormalization group theory and 43 3 2 20 250 1.25 1
obeyed certain relationships with the parametgrandb; , 44 3 3 20 250 1.25 1
45 3 4 20 250 1.25 1

for details see Span and Wagri&B96. Then,A; was deter-
mined so that the functio® of Eq. (5.40 represents the
phase boundary defined by the experimepial’ p” T data in

the critical region as well as possible. The effectiveness of

this form of terms was already increased by preinvestigationgesidual partp’ of the dimensionless Helmholtz free energy
with different combinations of values for the parametersequation consisted of 745 terms and was of the following
within the structure-optimization process so that we couldform:
avoid refitting the parameters nonlinearly in the final stages

of the development of the new equation of state.

15
TJ/8+e_52 E n|]5'7'J
- i=1j=1

Moo

o=2

5.4.5. Bank of Terms 12 10
. . . -3 E o7 +e 532 E nij8' 7
Based on the general functional forms discussed in Secs. i=1j=1 i=1j=1
5.4.1-5.4.4, and as a result of comprehensive preinvestiga-
tions regarding the ranges of exponents and other param- 542 2 Ny 2o ° 2 E ”3 72
eters, the general expression for the bank of terms for the i=1j=10 =3 =12
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45 TaBLE 5.3. Parameters of the nonanalytical terms according to(f£40
+ E n, 8% rlig—ai(6- €)%= Bi(r—)? which are contained in the bank of terms, E5.41)
i=1
ij.k,l,m 8 b; By G Dm A B
1 4 3 1 3
: 1 35 08 24 02 700 032 03
+ NimAPI 8, 5.4
3 0.9 32 900
with 4 0.95
A=+ B (5~ 1),
_ 291/(2 . .
0=(1—1)+A[(5—1)%]"?A), (1) The selected datéexperimental and synthetic data,
y=eCilo- 12-Dy(r-1)7 see Secs. 2 and for the single-phase region and the vapor—

liquid phase boundary formed the starting point of the cycle
The parameterd;, t;, «;, B;, v;, ande; of the 45 Gaussian of development.
bell-shaped terms according to E§.37) are listed in Table (2) Using a preliminary equation of state, or, for the ther-
5.2. The parameteis , b;, By, C, D,,, A, andB of the 36  mal properties on the vapor—liquid phase boundary, the aux-
nonanalytical terms corresponding to E§.41) are given in iliary equations(2.5—(2.7), the nonlinear data are linearized
Table 5.3. The bank of terms given by H§.41) contains all by calculating the density® and the precorrelation factors
terms from which the final equation of state fop® the  y” andeP.
IAPWS-95 formulation, has been determined by the (3) Then all data, the original and the precorrelated data,
structure-optimization procedure, see Secs. 5.3.2 and 5.5. are weighted(calculation of o% for the sums of squares
given in Table 5.1 with a preliminary equation of state.

(4) Based on the linear and linearized désae the pen-
ultimate column of Table 5)4 the modified structure-
optimization procedure of Setzmann and Wagii®89, see

After the following three main tasks had been completed@lso Sec. 5.3.2, yields an interim equation of state with an
the final form of IAPWS-95 could be developed: optimized functional structure containing, for example, 56
) . . terms. The structure-optimization procedure works on the ba-
(i) setting up the selected set of experimental data; s of the bank of terms, E@5.41), consisting of 745 terms.
(i) Qescr|pt|on of several auxiliary equations for calculat—By modifying the original Setzmann and Wagner method,
_ ing further data; and _ see Sec. 5.3.2, it was possible to limit the number of terms
(iii)  considerations of functional forms and setting up they|oning to certain functional groups of the bank of terms.

bank of terms for the structure-optimization procedureIn the case of IAPWS-95, the following limitations were

(see Sec. 5.3)2 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

Information on the data used to develop the IAPWS-95terms were limited to six and two, respectively, in order to
formulation is summarized in Table 5.4. Details are given foravoid intercorrelations in the near-critical region. The maxi-
the individual types of data with their independent variablesmum total number of terms to be selected by the structure-
The majority of the data are directly based on measurement§ptimization procedure was set to 58, for further details see
but there are also so-called synthetic data calculated frorfruf® and Wagne1995h. The interim equation of state with
corresponding auxiliary equations or from preliminary equa-the functional structure found in this way is then nonlinearly
tions of state obtained during the process of developinditted to all original data, linear and nonlinedrut not to the
IAPWS-95. The values of some independent variables had tthearized data see the last column of Table 5.4.
be precorrelated from preliminary equations of state in order (5) The optimized interim equation of state obtained in
to be able to use these data in fhear structure optimiza-  Step 4 is then used to recalculate the precorrelated densities
tion to determine the optimum functional structure of p° and the precorrelation factorg and e, and for all data
IAPWS-95, for details see Secs. 5.3.2 and 5.5.2. Those varihe weighto?, as well.
ables for which the values were precorrelated are marked by (6) Without any changes in the data set, this iteration
the superscript p. cycle is repeated until the linearly optimized equation cannot

be further improved by fitting this equation nonlinearly to the
5.5.2. lterative Process of the Development selected data.se(t:qnsisting of linear and nonlineqr data
of the IAPWS-95 Eormulation Usually, 2—4 iteration cycles are needed to obtain such a
result. However, if the data set is changedg., change in

Based on the data set of which certain details are summaveighting factors or in the data set it9elthen the iteration
rized in Table 5.4, the development of IAPWS-95 occurredprocess starts again from the beginning. More than 100 such
using an iterative process. As illustrated in Fig. 5.1, this it-iteration cycles were performed before the final form of
erative process can be summarized as follows: IAPWS-95 was determined.

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

5.5.1. Summarizing Information on the Sorts of Data Used
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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 dat& 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.(5.283 Table 4.1 218
condition to (5.280
p(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) Eqg. (5.11 Table 4.6 113 113
c,(p,T) Eq. (5.11) Sec. 4.10 75 75
c,(p.T) Eq. (5.11) Sec. 4.11 176 176
Cp(pP T, €7 Eq. (5.24 Table 4.8 947
Cp(p,T) Eq.(5.14 Table 4.8 947
Cop'P.T,€P) Eq.(5.29 Table 4.3 36
cp(T) Eq.(5.19 Table 4.3 36
Cp(p"P T, €P) Eq.(5.29 Table 4.3 36
cp(T) Eq.(5.149 Table 4.3 36
w(p”,T,yP) Eg. (5.23 Table 4.5 652
w(p,T) Eq.(5.13 Table 4.5 652
w(pP,T,P) Eg. (5.23 Sec. 4.10 75
w(p,T) Eqg. (5.13 Sec. 4.10 75
w'(p'P, T,y Eq.(5.23 Table 4.3 108
w'(T) Eq. (5.13 Table 4.3 108
w'(p"?,T,y") Eg. (5.23 Table 4.3 50
w”(T) Eq. (5.13 Table 4.3 50
Ah(pP,T) Eg. (5.25 Table 4.9 284
Ah(p,T) Eq. (5.15 Table 4.9 284
AU’ (p5P,T2,p1",T1) Eqg. (5.26 Table 4.2 74
Au'(T,,Ty) Eq. (5.21) Table 4.2 74
[u"—=u’1(p""p'"T) Eg. (5.27 Table 4.2 75
[u"—u'](T) Eq. (5.22 Table 4.2 75
©n(p,T) Eq. (5.16 Table 4.9 234
5t(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 6. The IAPWS-95 Formulation
IAPWS-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 section presents the new international standard equa-

this scheme of development; examples for such data migtton of state for HO, the “IAPWS Formulation 1995 for the
be third virial coefficients, internal energies of the single-Thermodynamic Properties of Ordinary Water Substance for

phase region, linearized data of the Joule—Thomson coefficeneral and Scientific Use” referred to in the following as
cient, etc. the IAPWS-95 formulation or IAPWS-95 for short. All nu-
By carrying out steps 1-6 mentioned above, the finamerical details needed for the use of IAPWS-95 are given,

equation of state for O, the IAPWS-95 formulation, was and statements on the range of validity and estimates of un-
determined. All the numerical information on IAPWS-95 .oainty are made. In this respect, this section essentially

necessary to use this new standard equation is Summarizedégrresponds to the content of the IAPWS release on this
Sec. 6.
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Data in the Data on the
single-phase region vapor-liquid phase boundary
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formulation [IAPWS (1996] and gives some further infor-
mation. Details of the development of the IAPWS-95 formu-
lation are summarized in Sec. 5.

6.1. Reference Constants

The values for the critical temperatufie, and the critical
density p. are identical to those given in Eq&.29 and
(2.29. The value of the specific gas constdhtis derived
from values of the molar gas constaRf, [Taylor et al.
(1969] and the molar mas# [Kell (1977)], which differ
slightly from the accepted values of these quantities at the
time when the IAPWS-95 formulation was developed and

The so-called reference constants needed for evaluatifgom the current value®,=8.314472 Jmol*K™* [Mohr

the IAPWS-95 formulation are:

T.=647.096 K, (6.1)
pc=322 kgm 3, (6.2
R=0.46151805kJ kgt K ™. (6.3
J. Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002
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and Taylor(1999] and M =18.015 268 g mol*. This value

for M results from the molar masses of the stable isotopes of
hydrogen and oxygen given by Audi and Wapst893 and

the isotopic composition of VSMOWAs a result of a recent
investigation carried out by Harvej1998, IAPWS recom-
mends that VSMOW be used as the standard definition of
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“ordinary water substance[lAPWS (2001)]. The isotopic TaeLE 6.1. Coefficients of Eq(6.5?
composition of VSMOW is documented by Gonfiantini
(1978 and is also given in the IAPWS guideliffAPWS
(2001 ]; samples of VSMOW are available from the Interna- 1 —8.32044648201 5 097315 353734222
tional Atomic Energy Agency(IAEA) in Vienna, Austria. g g-ggg ;20 5268 ? é-;gg gg ;-ng ;3; 82
Although IAPWS-95 is not based on the curréhtvalue for 0.012 436 128728967 8 024873 275075105
VSMOW, one may say that IAPWS-95 is not in conflict with

this value. The only property which is measured so accy The values of the coefficients; to ng andy; are also valid for Eq(5.6).
rately that the value of the molar mass is indeed of impor-

tance is the liquid density at atmospheric pressure. The 51

highly accurate measurements of this quantity are repre- s e

sented by IAPWS-95 to within their experimental uncertain- ¢r=i:21 ni‘sd'Tt'Jrzg n;ohrtie

ties, see Sec. 7.2.1)ZThe use of the current values f&,

n; i [ ny Y

andM would yield a specific gas constant which is greater g S rti— ai(5- 2= Bi(r— )2 g‘j b
than the value given in Eq. (6.3 by 5.6 T, motTie T T A 2 AP &y

x10 ®kJkg 'K~ 1. Density in the ideal-gas limit calcu-
lated from Eq.(6.4) is therefore off by 6 ppm. However,
since the value oR in Eq. (6.3) has been used in determin- with
ing the coefficients in the residual pa#t, Eq.(6.6), then this A= 2+ B[(6-1)2]5
value of R must be used in obtaining property values from ! '
the IAPWS-95 formulation, Eq6.4). 0=(1—7)+A[(5—1)2 M@0,
By using thespecificgas constant, Eq6.4) corresponds
to a mass-based formulation. In order to convert values of

specific properties to molar properties, the most recent valupOr the definition of s and = see Eq.(6.4). The coefficients
for the molar mass of VSMOW must be used; at present it i$,,y exnonents of Eq(6.6) are listed in Table 6.2; for the
the M value given above. 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
6.2. Numerical Description of the IAPWS-95 part ¢°, Eqg. (6.5), and the residual pag’, Eq.(6.6), of the
Formulation dimensionless Helmholtz free energy, and the derivatives of
¢° and ¢'. Relations between thermodynamic properties and
The IAPWS-95 formulation is a fundamental equation for 4> and ¢" and their derivatives are summarized in Table 6.3.
the specific Helmholtz free enerdy This equation is ex- Al required derivatives of the ideal-gas part and of the re-
pressed in dimensionless forg=f/(RT), and is separated sjdual part of the dimensionless Helmholtz free energy are
into two parts, an ideal-gas papt and a residual pag’, so  explicitly given in Tables 6.4 and 6.5, respectively.
that: Since the 5th International Conference on the Properties of
Ho.T) Steam in London in 1956, the specific internal energy and
psl) _ 4o r the specific entropy of the saturated liquid at the triple point
RT 0=+, 64 been arbitrarily set equal to zero. Thus, at the triple-

point temperaturd,=273.16 K:

where §=pl/p. and 7=T./T with T, p., andR given by , ,
Egs. (6.1)—(6.3). ur=0, s=0. 6.7

The equation for the ideal-gas pait of the dimensionless  The coefficients; andn;, in Eq. (6.5 have been adjusted to
Helmholtz free energy has been obtained from the equatiomeet this condition. Consequently, after calculatingTpihe
for the specific isobaric heat capacity in the ideal-gas statgaturated liquid density; via the phase-equilibrium condi-
Cp, Ed. (5.6, which was developed by Coopét982; for  tion [see Eqs(6.9a—(6.90], Eq. (6.4) yields for the specific
details see Sec. 5.2. The corresponding equation¢for enthalpy of the saturated liquid at the triple point:

reads:
h/=0.611872 Jkg'. (6.8

(6.6)

= e—Ci(é—l)z—Di(T—l)z'

. . . i . oy In the liquid—water region, small changes in density along an
¢°=Ind+n;+nyr+nsin T+i224 n; In[1—e"77], isotherm cause large changes in pressure. For this reason,
(6.5  due to an accumulation of small errors, a particular computer
code may fail to return the zeros in E.7) for the saturated
for the definition ofé and r see Eq(6.4). The coefficients of liquid at the triple-point temperature. In order to avoid this, it

Eq. (6.5 are listed in Table 6.1. is advisable to readjust the constanisandn; in Eq. (6.5
The form of the residual par$p" of the dimensionless by imposing the conditioru; =0, s{=0 with the desired
Helmholtz free energy is as follows: accuracy.
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430 W. WAGNER AND A. PRUR

TaBLE 6.2. Coefficients and exponents of E§.6)

i Ci d; ti n;
1 1 -0.5 0.125 335479 355 2310 *
2 1 0.875 0.789 576 347 228 280
3 1 1 —0.878 032 033 035 6410"
4 2 0.5 0.318 025093 454 18
5 2 0.75 —0.261 455 338 593 58
6 3 0.375  —0.781997 5168798410 2
7 4 1 0.880 894 931 021 3410 2
8 1 4 —0.668 565 723 079 65
9 1 6 0.204 338 109 509 65
10 1 12 —0.662 126 050 396 87104
11 2 1 —0.192 327 211 560 02
12 2 5 —0.257 090 430 034 38
13 3 4 0.160 748 684 862 51
14 4 2 —0.400 928 289 258 0710 *
15 4 13 0.393 434 226 032 540°°
16 5 9 —0.759 413 770 881 4410 °
17 7 3 0.562 509 793518 88102
18 9 4 —0.156 086 522 571 35104
19 10 11 0.115 379 964 229 810 &
20 11 4 0.365 821 651 442 8408
21 13 13 —0.132511 800 746 6810 **
22 15 1 —0.626 395 869 124 5410 °
23 7 —0.107 936 009 089 32
24 1 0.176 114910087 5210 *
25 9 0.221 322951675 46
26 10 —0.402 476 697 635 28
27 10 0.580 833 999 857 59
28 3 0.499 691 469 908 B6L0 2
29 7 —0.313587 007 125 4910 *

10 —0.743 159 297 103 41

w
o
DO OOOORWWWWNNNNNNNNNNNONNONNNNNNNNNNNRPRPRPRPRPRPRPEPREPRPRPRPRERERL

1
2
2
2
3
4
4
4
31 5 10 0.478 073 299 154 80
32 6 6 0.205 279 408 959 4810~ *
33 6 10 —0.136 364 351 103 43
34 7 10 0.141 806 344 006 X710 *
35 9 1 0.833 265 048 807 3102
36 9 2 —0.290 523 360 095 8510 *
37 9 3 0.386 150 855 742 6610~ *
38 9 4 —0.203 934 865 137 0410 *
39 9 8 —0.165 540 500 637 3410 2
40 10 6 0.199 555 719 795 410 ?
41 10 9 0.158 703 083 241 5710 3
42 12 8 —0.163 885 683 425 30104
43 3 16 0.436 136 157 238 ¥110*
44 4 22 0.349 940 054 637 6RO~ *
45 4 23 —0.767 881978 446 2410 *
46 5 23 0.224 462 7733208610 *
47 14 10 —0.626 897 104 146 85104
48 3 50 —0.557 111 185 656 4510 °
49 6 44 —0.199 057 183 544 08
50 6 46 0.317 774973307 38
51 6 50 —0.118 411 824 259 81
I Ci d t; n; a; Bi i €
52 3 0 —0.313 062 603 234 3% 107 20 150 1.21 1
53 3 1 0.315 461 402 377 8% 107 20 150 1.21 1
54 3 4 —0.252 131 543 416 9% 10" 20 250 1.25 1
i a b; B; n; & D; A Bi
55 35 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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THERMODYNAMIC PROPERTIES OF ORDINARY WATER

TaBLE 6.3. Relations of thermodynamic properties to the ideal-gasd¢datEq. (6.5), and the residual pag', Eq.(6.6), of the dimensionless Helmholtz free

energy and their derivativés

431

Property Relation

Pressure p(s,7) ;

p=p*(ot19p)+ PRT =1+6¢;

Entropy S(6,7) . o

s=—(af/dT), R NGB ¢

Internal energy u(é,7) ,

u=f+Ts RT =r(p.+ )

Enthalpy h(5,7) .

h=u+pv RT =1+, + )+ 6

Gibbs free energy g(6,7)

g=h-Ts RT =1+ ¢+ '+ 5¢'s

Isochoric heat capacity c,(6,7) .

c,=(aulaT), ==t

Isobaric heat capacity Cy(8,7) 2 b+ (1+ 8¢5~ 67¢5,)°

cp=(dh/aT), R T 14 28¢5+ 82l
1+ 6" ¢'s— 8 7"

Saturated liquid heat capacity C"l(;) =—72(¢+ P )+ %

Co(T)=(3h/aT),+ T(aplaT), Pot 9 bos

b
(dp, [AT)/ (= p2(3p3p)7)] = . VN .74
(1+§ ¢5 S T¢57’) RS’ dT

Speed of sound wWA(S,7) o (1+0d5—07¢)?

w=(7p/3p) 1" A N P

Joule—Thomson coefficient Ry (8Pt 8 Plss+ 575,

uRp=

w=(dTIp)y

Isothermal throttling coefficient
or=(dhldp)y

Isentropic temperature-pressure
coefficient

Bs=(9T/dp)s

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

p—0

Third virial coefficient

(14 8¢ls— 87¢5)*— (o + L) (1+ 28¢5+ 5°¢lsy)

1+ 645~ 7},

:17 -
orp=1-17 2645+ 24,

3 1+ 5¢5— 57’5,
(14 8¢l 01dls,) 2= T+ L) (14 28¢5+ 52 ¢y

BypR
B(m)pc=1im ¢(8,7)
5—0

C(7)pe=lim ¢l55(8,7)
5—0

N
C(T)=1lim {E(ﬁz(p/(PRT))/(?PZ)T}
p—0
a o ﬁd)r o 32¢r . l;d)r . 192(]5r . (92¢r . &d)o . (92¢o
¢5—{%L- ¢55—[WL, b= Fs’ @r{WL: ¢57—[m' ¢T—[ a7 |, @r{ aTzL-
b N. ’ ”
TR In(%)+¢'<r,ﬁ'>f¢'<r,5')fr(¢:<r,b”'>f¢:<r,a'>> :
Besides the single-phase region, the IAPWS-95 formula- ” .
tion, Eq.(6.4), also covers the vapor—liquid phase boundary. Fpn:1+ " p(3",7), (6.9
The calculation of properties along this phase boundary is
based on the phase-equilibrium condition, which, in connec-
tion with Eq. (6.6), reads:
Po &(i— i)_,n(P_’)=¢r(5, n-¢(8" 7). (6.99
RTp’:l+5,¢%(6,’T)' (6.99 RT\p" p’ p" ' T '
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432 W. WAGNER AND A. PRUR

TaBLE 6.4. The idpal-ggs p§¢°, Eq.(6.9), of the dimensionless Helmholtz  (6.4) is also in satisfactory agreement with the experimental
free energy and its derivatives data in the critical region, the equation has some unsatisfac-

8 tory features in the immediate vicinity of the critical point.
$°=In S+n+myr+nyIn T+E N In(1—e %7 These features involve second order and higher derivatives
i=4 of the dimensionless Helmholtz free energy and properties
$5=16+0+0+0+0 obtained from them. Specifically, the isothermal compress-
@55=—116°+0+0+0+0 ibility [ xt=p~Y(dp/ap)7], and the specific isobaric heat ca-
8 ) pacity ¢, exhibit unphysical behaviofindentationg which
¢‘;=0+0+n2+n3/7+2 nivil(1-e "N 1-1] occurs in a region fronT. to 5 K aboveT, for densities
':;; +0.5% fromp,. (The value 65 K is given in the release on
#.=0+0+0—ny/2— D ni(y)Pe Ni(1—e %) 2 IAPWS-95 [IAPWS (1996]. However, comprehensive in-
i=4 vestigations carried out after 1996 showed that the tempera-
$5.=0+0+0+0+0 ture range where this weakness occurs noticeably extends

only from T, to 2 K aboveT, [see Figs. 6.11 and 6.12In
Pe° addition, within a temperature range from 20 mK beldw
asor| up toT., the isochoric heat capacity, exhibits a maximum
and the speed of sound exhibits a minimum not at the
saturation temperaturg, of the corresponding isochofes
These equations represent the equality of pressure, tempeiti-should be but in the single-phase region up to 2.5 mK
ture, and specific Gibbs free energyaxwell criterion in  aboveT, . Details of this behavior, which is of no relevance
the coexisting vapor and liquid phases; for an explanation ofor the vast majority of applications of IAPWS-95, are given
the quantitiesp’s see the footnote of Table 6.5. For a given in Sec. 6.4.
saturation temperature, after iterative solution of Egs. (2) In the stable fluid region, the IAPWS-95 formulation
(6.99—(6.90, Eq. (6.4 yields the thermal saturation proper- can also be extrapolated beyond the limits given under item
tiesp,, p’, andp”. Then, all the other saturation properties (1). Tests showed that Eq6.4) behaves reasonably when
can be derived from Eq(6.4). In this way, the properties extrapolated to pressures up to about 100 GPa and tempera-
calculated on the vapor-liquid phase boundary are thermdures up to about 5000 K. This holds at least for the density
dynamically consistent with the properties of the single-and enthalpy of undissociated@®. In the gas region at pres-
phase region. sures below the triple-point pressure, E§.4) behaves rea-
Moreover, Eq.(6.4) meets the conditions at the critical sonably when extrapolated to the sublimation cUsee Eq.
point, i.e., it reproduces the critical paramet&s p., and  (2.21] for temperatures down to 200 K. Due to the ex-
p. according to Eqs(2.29—(2.29 and yields zero for the tremely low densities in this region which go down to about
first and second partial derivative of pressure with respect td0 ° kg m™2, attention must be paid to numerical problems.
density at the critical point. (3) As far as can be tested with experimental data, the
formulation behaves reasonably when extrapolated into the
6.3. Basic Information on the Application metastable regions. Equatidf.4) represents the currently
of the IAPWS-95 Formulation available experimental data for the subcooled liquid and for
the superheated liquid to within the experimental uncertainty.
In this subsection brief statements on the range of validity|n the case of the subcooled vapor, no experimental data are
estimates of uncertainty, and computer-program verificatiomvailable. In this region, for pressures below 10 MPa, Eq.
of IAPWS-95, Eq.(6.4), are made. Comprehensive compari- (6.4) produces reasonable values close to the saturated vapor
sons of IAPWS-95 with experimental data and other equaline. For calculations further away from the saturated vapor
tions of state are shown in Sec. 7. line, the gas equation, E@3.2), should be used instead of
Eq. (6.4). For further details, see Sec. 7.3.2.

a

o° P

. . . P
¢5=[%} ) ¢55:[W} . =

il . { } .
y ¢7~7—: —2 ¢ .
S5 (972 5 >

ar

6.3.1. Range of Validity

As a result of comprehensive tests carried out by IAPWS, 6.3.2. Estimates of Uncertainty
the following statements on the validity of IAPWS-95 can be
made: Estimates have been made of the uncertainty of the den-

(1) The formulation is valid in the entire stable fluid re- sity, speed of sound, and isobaric heat capacity when calcu-
gion of H,O from the melting curvésee Eqs(2.16—(2.19] lated from the IAPWS-95 formulation, E¢6.4). These esti-
to 1273 K at pressures up to 1000 MPa; the lowest temperanates were derived from comparisons with the various sets
ture on the melting curve is 251.165 (it 209.9 MPa Fig-  of experimental data together with the assessment of the
ure 6.1 illustrates the range of validity of IAPWS-95 in a Working Group on Thermophysical Properties of Water and
p-T diagram. In this entire region, E¢6.4) represents the Steam of IAPWS.
experimental data available at the time the release on For the single-phase region, these tolerances are indicated
IAPWS-95[IAPWS (1996 ] was preparedexcept for a very in Figs. 6.1-6.3, which give the estimated uncertainties in
few data pointsto within their uncertainties. Although Eq. various areas. As used here, “tolerance” means the range of
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TaBLE 6.5. The residual pa’, Eq. (6.6), of the dimensionless Helmholtz free energy and its derivdtives

d)’*E n5d|r|+2 n;8%irtie” 56'+2 n, 8t ai(@- @)= pitr—m) +2 n;AP Sy

i=52

with A= 2+ B;[(6—1)2]*
0=(1—7)+A[(5—1)2]H@)

_ A Ci(6-1)2-Di(r—1)2
l// e vi i

7 51
= ndist it ) e FLs%Lrt(d —c;6%)]
=1 =8

54

56
A\ AP
| AP i Il
+i=§55n, AP gt o -2+ — 514

7
Bhe= >, nidl(ci—1) 8% 2
=1

b an(ome)— g2 U
+;2 n; 8% plig™ @i(o )™= Ailr= ) [3'—204(5—&)}

i=55

51
Pt > nie T84 27 ((d— ¢ 6%) (dy — 1 ¢;6%) — c26%) ]
i=8

54
+252 nirlie” @0 B2 [ 24, 8%+ 4a26%( 65— )2 — 4d; o 8% 15— &)+ d (dj— 1) 8% 2]
“
- gy P\ oAb gy AP
b2 52 Y 5,72 ad
+i:255 A (2 St oo +2 (‘“535 = 54
7 54
¢2=2 it odirtic 1+2 nit; 6%zt ‘SC‘+2 n; 8% 7lig (o~ &)’ =Ailr=7%) {—72,8(7 y,)}
i=1 i=52
56
AAPi Ay
Sl —— [
+i2255n,5 p y+A (97}
7 51
BL= > niti(t—1) 847524 D ity (t— 1) 8726
i=1 i=8
54 2 t
+ 2 metige A [(—fzmr y.)) f;'rzﬁi}
i=52
56
FPAPi JAPi Y W
. b;
+i255”'5 FI A= a#}
7
¢'57:2 niditié"i’lr"l+2 nt; 8% 1A 1(d— ;5% e
) d;
+E 5d'7"e ai(9= &) = Bi(T=n) [3*2&&5 E)H_*ZB(’T %)}
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56
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Derivatives of the distance functiakP:
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2 _pan 2

a5 PATGs
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Derivatives of the exponential functiof
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TaBLE 6.5. The residual pa’, Eq. (6.6), of the dimensionless Helmholtz free energy and its derivativ&ontinued

by
% =2b AP 1+ 46%h (b —1)AP 2 g ={2D;(7— 1>~ 1}2D;¢
FA 2 bi—1 211/(2)—1 b—2 A 4
W:*/-\biEA‘ (6=DI(o=1) A" =26 — 1) A™ 5 @:%Di(ﬁfl)(rfl)w

with % =(6— 1)|Ai0% [(5—1)2]1’<2ﬁi>*1+28iai[(5—1)2]%*1}

FPA 1 JA

— — — — - 2 L ’ — 1(28;)—
W*ﬁﬁ*@ 1)% 4Bjai(a—D[(6-1)7] 2+2Ai(E) {[(5 1)%]HEA 1}2

! i i_ _ 21/(2,6.)—2}
+A,(7‘Bi (\Z,Bi l)[(& 1)°]

P
J6dT

P

aT |
o

ro_
’ ¢777

a . &(br . (72(/>r
¢,s:{ﬁ} ) ‘f’,m:[ .

W} e

i
7

possible values as judged by IAPWS, and no statistical sigdue to the very accuratepT data and speeds of sound on
nificance can be attached to it. With regard to the uncertaintyhich IAPWS-95 is basefl.The statement “no definitive
for the speed of sound and the specific isobaric heat capacityncertainty estimates possible” for the high-pressure region
(see Figs. 6.2 and 6),3it should be noted that the uncertain- in Figs. 6.2 and 6.3 is based on the lack of experimental data
ties for these properties increase drastically when approaclin this region. (After the adoption of the release on the
ing the critical point.(Over wide ranges of state, the uncer- IAPWS-95 formulation [IAPWS (1996], Wiryana et al.
tainty of IAPWS-95 in the isobaric heat capacity is (1998 reported speed-of-sound data for temperatures be-
considered to be smaller than the uncertainty of the experitween 351 and 473 K at pressures up to 3500 MPa. In the
mentalc, data, see Sec. 7.2.5. This attribute of IAPWS-95 ispressure range up to 1000 MPa, which is in the region with
the statement “no definitive uncertainty estimates possible”

103
0 E e +0.5% 10°E
[ < é’ £0.02% +0.1% E 0.3% no definitive uncertainty estimates possible
L o L [£0.
102k H :::’0'1 * r - +1%
E 2 S 2
E § 102k
[ 9| £0.003% p=4 +0.25% 3
L +H L
101 i +0.01 % £ 0.1% X
3 (Apip) 1L
o f 8 10 |2 1%
o F | 0001% s F 5| |#01% >t
‘El 10% % % [ |+ _L+0.03%
E Q oL O
- — E
e gl S 3 0% g
3 [ =14 0.0001%/, o O
D 10-k= L/ ”5 7 L 2
a & B10E T
: 8 L1k 2
[ 4 o
102} /& - +0.15%
F £0.03% |£0.05%| +0.1% 1072k
1073 I
3 =11
//Sublimation curve 107
: o IR S S N F /,Sublimation curve
235 300 39400 500 600 800 1000 1273 1 e L IR T T N

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

Temperature T/K

Fic. 6.1. Percentage uncertainties in density estimated for IAPWS-95, Eq.

(6.4). In the enlarged critical regioftriangle), the uncertainty is given as Fic. 6.2. Percentage of uncertainties in speed of sound estimated for
percentage uncertainty in pressure. This region is bordered by the two isdAPWS-95, Eq.(6.4). For the uncertainty in the triangle around the critical
chores 527 and 144 kg and by the 30 MPa isobar. The positions of the point, see the text; for the definition of this region, see Fig. 6.1. The posi-
lines separating the uncertainty regions are approximate. tions of the lines separating the uncertainty regions are approximate.
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10%E , 005
4 o T
E A+ 6% no definitive uncertainty > o
L estimates possible Q 0 -
) _+0.3% < -
10% ; s
E +2% ~ _p.05 0 I 1 L 1 ) 1 I
F ’ 300 400 500 600
10k AP < 0.003 03
F £0.1% Q
e ’ 3 0
o
= 100 S
Q 3 @ —0.003 L1 -0.3L I
o L GEJ 300 400 470 470500 600
2 5§ & 0.5
@ -1E o N :Q r ;
&3 107 ol q,;f;-v S r Uncertainty
f = 8 £0.2% S of
[ = S o »
- Q S Fr
10 2 X T 05 _I( 1 L 1 1 1 1 1
300 400 500 600
Temperature T/K
1073k
F Sublimation curve Fic. 6.4. Percentage uncertainties in vapor pressuré pQ0p,, in satu-
- //, , L L3 a1 rated liquid density 108p'/p’, and in saturated vapor density 108/p"
235 300 400 500 600 800 1000 1273 estimated for IAPWS-95, Eq6.4).

Temperature 7/K

Fic. 6.3. Percentage uncertainties in specific isobaric heat capacity esq’igures for their computer-program verification should refer
mated for IAPWS-95, Eq6.4). For the uncertainty in the immediate vicin- >

ity of the critical point, see the text; for the definition of the triangle around d're_Ctly to the rele_ase on IAPWS-9BAPWS (1996)]. Infor-

the critical point, see Fig. 6.1. The positions of the lines separating thgmation about available computer codes based on IAPWS-95
uncertainty regions are approximate. is given on the IAPWS website http://www.iapws.org/

newform.htm

in Fig. 6.2, Wiryanaetal’'s w data are represented by

IAPWS-95 to within il%, for details see Sec. 7.2.3. Most 6.4. Features of the Nonana|ytica| Terms Used

likely, the region described by the statement “no definitive for IAPWS-95

uncertainty estimates possible” could be shifted to tempera-

tures above 473 K.For a statement regarding the uncer- As mentioned briefly in Sec. 6.3.1, there are certain prob-

tainty of enthalpy, see Sec. 8. lems with the nonanalytical terms used in IAPWS{8&ms

For the saturation properties, the estimates of the uncef— 55 andi =56 in Eq.(6.6)]. These problems relate more to

tainties of vapor pressure, saturated liquid density, and satgcientific considerations regarding the functional forms of

rated vapor density are shown in Fig. 6.4. IAPWS-95 than to practical consequences. Thus, those read-
ers who are less interested in these basic considerations may

6.3.3. Computer-Program Verification turn to the conclusions given in Sec. 6.4.4.

To assist the user in computer-program verification of 6.4.1. Positive Features of the Nonanalytical Terms
IAPWS-95, Eq.(6.4), Table 6.6 contains values of the ideal-
gas part¢°® and the residual parg" of the dimensionless For a very near-critical isochore, Fig. 7.29 illustrates that
Helmholtz free energy together with the corresponding detAPWS-95, Eq.(6.4), is basically able to follow the steep
rivatives. These values were calculated for two combinationgncrease of the data of the isochoric heat capacity when ap-
of temperature and density; ofie-p point is in the “nor-  proaching the saturation temperatypmhase boundajyex-
mal” fluid region and the other one is in the critical region. tremely close to the critical temperature. With the help of
Moreover, values for the most relevant thermodynamic prop¥Fig. 6.5, it is shown that this positive feature of IAPWS-95 is
erties can be compared with the corresponding values listeproduced by the new nonanalytical terms. For the critical
in the thermodynamic property tables, Tables 13.1 and 13.2sochore, the figure presents the isochoric heat capacity cal-
given in the Appendix. The values for the saturated vaporculated from three equations of state which differ clearly
and saturated liquid along the vapor-liquid phase boundaryegarding their functional structure. The equation of Saul and
given in Table 13.1 have been calculated from BEg4) by  Wagner (1989 does not contain modified Gaussian bell-
applying the phase-equilibrium conditiofsee the corre- shaped terms, the interim equation of state contains such
sponding comment in context with Eg&6.99—(6.99] and  terms but no nonanalytical terms and the IAPWS-95 formu-
not by using the auxiliary equations for the saturation propdation contains, in addition to Gaussian bell-shaped terms,
erties given in Sec. 2.3. Users who require more significanspecial nonanalytical terms according to Eg40. It can be
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TABLE 6.6. Values for the ideal-gas patt, Eq.(6.5), and for the residual patt’, Eq.(6.6), of the dimension-
less Helmholtz free energy together with the corresponding derivativeswo combinations of temperature

and density

T=500K, p=838.025 kg m*®

¢°=0.204 797 73% 10"
¢5=0.384 236 747
¢’5s=—0.147 637 878
¢.=0.904 611 106 10
¢, =—0.193 249 18% 10
¢5.=0

¢'=—0.342 693 206 10"
¢'5=—0.364 366 650
¢%;=0.856 063 701
¢'=—0.581 403 435 10"
@' =—0.223440 73% 10
¢%5,=—0.112 176 91% 10

T=647K, p=358 kg m®

$°=—0.156 319 60X 10
¢$5=0.899 441 341
¢55=—0.808 994 726
¢.=0.980 343 91& 10"
¢, =—0.343 316 33% 10"

=—-0.121 202 65% 10"
$=—0.714 012 024
#55=0.475 730 696
¢l=—0.321722 50k 10"
¢" =—0.996 029 50% 10

¢%,=0 ¢, =—0.133 214 726 10
% or the abbreviated notation of the derivatives ¢f and ¢" see the footnotes of Tables 6.4 and 6.5,
respectively.

seen that wide-range equations of state without the modified In order to demonstrate the capability of IAPWS-95 to
Gaussian bell-shaped teritiwere, the Saul and Wagner equa- represent a very steep increase of the isochoric heat capacity
tion of state are not able to follow the increase of tbgdata  in the temperature rangd ¢ T,) of a few hundredths of a

for temperaturesT— T, <~5.5K, or expressed more gen- Kelvin, Fig. 6.6 shows, as a function of density, values
erally in reduced temperatures, fof/T.<~1.01. The calculated from two other equations of state at the critical
IAPWS-95-like equation with Gaussian bell-shaped termdemperaturel . and for a temperaturé=T_ + 0.05 K. Both

but without nonanalytical terms only fails forT¢Ty) the IAPWS-95 formulation and the crossover equation of
<=~2.2K corresponding td/T.<~1.003. However, with Kostrowicka Wyczalkowskat al. (2000 yield a completely

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.

N
>

v
o 12
X
2
8r -3 ~—
i p=3220kgm™ = p, o 10
X 2
Tt T
2 &
2 6 o 8
= ®
g
S 2
- 0
o 6
Ko
4 S
646 648 650 652 654 v

Temperature T/K 4

]
IAPWS-85 250 300 350 400

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

— - — Saul and Wagner (1989)

Density p / (kg m‘3)

— IAPWS-85 —-— |APS-84

——— Kostrowicka Wyczalkowska et al. (2000)
Fic. 6.5. Isochoric heat capacity in the critical region as a function of tem-

peratureg(on the critical isochore of the single-phase regicalculated from Fic. 6.6. Isochoric heat capacity in the critical region as a function of den-
IAPWS-95, Eq.(6.4), an IAPWS-95-like equation but without nonanalytical sity on two isotherms calculated from IAPWS-95, E§.4), IAPS-84, and
terms, and the equation of Saul and Wag(i£89. the crossover equation of Kostrowicka Wyczalkowsiaal. (2000.
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IAPWS-95 —-— |APS-84
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Fic. 6.8. Isochoric heat capacity along the critical isochore of the single-
phase region in a double logarithmic diagram calculated from IAPWS-95,
Eqg. (6.4), IAPS-84, and the crossover equation of Kostrowicka Wycza-
Ilkowska et al. (2000. Experimental data from the isochoie=316.84

kg m~3 are plotted for comparison.

Fic. 6.7. Speed of sound in the critical region as a function of density on

two isotherms calculated from |IAPWS-95, E(6.4), IAPS-84, and the
crossover equation of Kostrowicka Wyczalkowsitaal. (2000.

different course for the two isotherms=T_ +0.05K and
T=T. (both equations yield an infinite, value forT=T, at

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 Wyczalkowslet al. (2000 or

that of Levelt Sengerst al. (1983 used in the equation of
Hill (1990, this feature drastically simplifies the evaluation

p=pe), Whereas |IAPS-84 does not show any difference beef IAPWS-95.

tween the isotherm$=T.+0.05K andT=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 sounglotted as a func-

6.4.2. Weaknesses of the Nonanalytical Terms

Besides the significant improvement of the capability of
IAPWS-95 for representing caloric properties in the critical

tion of density for two isotherms, namely for the critical region, such terms also have some basic weaknesses which

temperaturel =T, and the temperaturé=T.+ 0.05K. The

corresponding plots off have been calculated from IAPWS-

are discussed in this section.
Limiting behavior Equations of state containing the kind

95, IAPS-84, and the crossover equation of Kostrowicka Wy-of nonanalytical terms presented in Sec. 5.4.4 still have cer-
czalkowskaet al. (2000. IAPS-84 yields practically the tain weaknesses in the limiting behavior when approaching

same values for the isotherfi= T+ 0.05 K and for the criti-

the critical point. As an example, Fig. 6.8 shows in a

cal isotherm, where the smallest speed-of-sound valudouble logarithmic plot versug(T—T.)/T.] for p=p.
amounts to abouv=250 ms . In contrast, the IAPWS-95 =322kgm 2 as calculated from IAPWS-95, the crossover
formulation and the crossover equation of Kostrowicka Wy-equation of Kostrowicka Wyczalkowskat al. (2000, and

czalkowskaet al. (2000 yield very small values ofv for T
=T, when approaching the critical densjy (with w=0 at

IAPS-84. For comparison, the experimental data along the
isochorep=316.84 kg m® are also plotted. In this diagram,

the critical poinj. Thus, IAPWS-95 yields the required the density difference between the calculatedvalues and
strong decrease in the speed of sound when approaching ttiee experimental data does not matter, because the difference

critical point, even though its critical isotherm in the-p
diagram shows a certain oscillation fpr>p..

between the critical temperatufe=647.096 K and the satu-
ration temperatureT,,(p=2316.84kgm 3)=647.095K is

An important advantage for practical applications of thisonly 1 mK. It can be seen that IAPWS-95 does not yield a
kind of nonanalytical terms in a wide-range equation of statestraight line in this diagrantas it should fop = p.), but sags
is that, in contrast to crossover and other scaled equations, rfelow the line beginning at about ¢ T.) = 0.5 K. Although
transformation of the independent variables has to be madé¢he ¢, data are represented within their experimental uncer-

the distance functiod, see Eq(6.6), directly containss and

tainties, the results from IAPWS-95 are foF{ T,)=0.5K

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

Downloaded 12 Sep 2012 to 152.14.136.96. Redistribution subject to AIP license or copyright; see http://jpcrd.aip.org/about/rights_and_permissions



438 W. WAGNER AND A. PRUR
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Fic. 6.9. Partial derivative of pressure with respect to density at constanFic. 6.10. Partial derivative of density with respect to pressure at constant
temperature as a function of density calculated from IAPWS-95 (&4), temperature as a function of density calculated from IAPWS-95,(&¢),
along the isothermilr=T,+10mK. The enlarged section shows a small along the isothermil =T +10 mK. The enlarged section shows a small
range around the critical density. range around the critical density.

to (T—T)=8x10 °K systematically below the, values
from the crossover equation of Kostrowicka Wyczalkowskath ere is. however
et al. (2000. In this diagram, the maximum distance i ( ' ’
—TJ)/T. between the two equations occurs ai,

=10kJkg 1K1, corresponding to a temperature difference

of about—0.008 K. In contrast to this very good agreement, ..o ent is also valid for substances for which e

t_he ¢, data point of Abdulagatoet al. (1993 in th.'s region — measurements in the critical region are clearly more accurate
lies about 0.095 K above the crossover equation, which il-

. L . . than those for KO, for example, for CQ, see Span and
lustrates the experimental situation in this region. Figure 6'§Nagner(1996,. The main reason for this negligible influence

also shows that the. previous scient?fic _standard .equatio that the representation of tiT data depends not on this

ILB\_IT_’S—Ei:;alI(readé/ ex Tc'jb'ts sulch anﬂ? stCIIIatlng b(:]hfmor'lat I(I derivative itself but on the integrated property, the pressure.
J~ ‘Zn Tyle SC, values that are much too sma In contrast to the thermal properties, the indentation in the

very near and at . derivative @p/dp)t directly affects the isothermal com-

Der_iv_atives (aP/ap)T and (apmp?T’ isothermal COM-  hressibility and the isobaric heat capacity via the reciprocal
pressibility, and isobaric heat capacith second problem is derivative @p/dp)y, which has very large values in the

linked to t_he derivatiyes of Ed5.40 with_respect to c_iensity. critical region. Figure 6.10 shows the plot of this derivative
When using these kinds of nonanalytical terms, it was astor the temperaturd =T+ 10mK and presents this deriva-

Yive for a greater density range as well as for a small section
“around the indentation. Logically, the indentation occurs
ynce again at the critical density.. According to the defi-
ition of the isothermal compressibility, namely

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 thgT data. This

diverge are sufficient; possible physically incorrect contribu
tions have to be compensated by other terms in the multip
rameter equation of state in this case. However, at the critic
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- kt=p Yaplap)T, (6.10
pensate for this effect.

The basic problem is the derivatived/dp)+, which is
related to the derivativesi¢'/dp)t and (?¢'/dp?)+. Fig- it is obvious that this property shows the same behavior as
ure 6.9 illustrates the behavior of IAPWS-95 faip(dp)t  the derivative §p/dp)+ regarding the occurrence of the in-
for the isothermil =T .+ 10 mK. The main figure shows this dentation. It is therefore not necessary to illustrate this effect
derivative for the density range between 280 and 360n a xt—p diagram.
kg m3, while the enlarged section shows it around the criti- The connection between the isobaric heat capaxitythe
cal densityp.=322 kg m 3. This enlarged section illustrates isochoric heat capacity, , and the two derivativesip/dT) o
a physically incorrect shap@ndentation at p=p., where and (@p/dp)t is given by the relation
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Fic. 6.11. Isobaric heat capacity as a function of density calculated fro”he. 6.12. Isobaric heat capacity as a function of density calculated from

IAPWS-95, Eq.(6.4), along the isothermm =T+ 10 mK. The enlarged sec-

tion shows a small region around the critical density.

Cp_ . r
F - Tz( ¢TT+ ¢TT) +

(1+ 8¢5~ 57¢5.)>
142805+ 8 ¢S5

CU
R

see Table 6.3. Equatiof6.11) indicates that, in the critical
region, ¢, is proportional to the derivative dp/dp)+

(3]

IAPWS-95, Eg.(6.4), along the two isotherm§=T.+1 K 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 difference¥<T.); for (T
—T.)=~2K it is practically gone.

Isochoric heat capacity and speed of sound extremely near
the phase boundanfccording to item(3) before Eq.(5.40),
within the 6—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 unreasonalte maxima andv minima
in the single-phase region close to the phase boundary. The
first sum of theA 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-
etersA; and B; must to be determined in such a way that the

=(ap/&p){l because this derivative grows much fasterphase boundary modeled by this function is in agreement

when approaching the critical point thap, and @p/dJT),

with the phase boundary defined by the experimental

changes its value only slightly around the critical density.p,p’p”T data. Since one of the two parameters, nangkly

Thus, c, behaves similarly to the derivative?,é/ap);1 re-

must fulfill some relations with regard to the parametars

garding the indentation, see Fig. 6.10. Nevertheless, due @ndb; of Eq. (5.40, the variability in this function is given
the importance ofc,, the weakness of the nonanalytical only by the parameteh; , which means that the first sum of
terms regarding this property in the critical region is explic-the A function is not very flexible. Thus, it is not easy to
itly illustrated in Figs. 6.11 and 6.12. These figures sligw model this function correctly, or at least in such a way that

versus density, Fig. 6.11 far=T.+ 10 mK with an enlarged
section around the indentation, and Fig. 6.12 for T,

+1KandT=T.+2K.

the “phase boundary of this function” liewithin the real
phase boundary defined by the experimental data. Here, for
IAPWS-95 the modeling of the first sum of the function

Looking at the enlarged section of Fig. 6.11, everythinghas not been as successful as for our reference equation of
would be fine if thec, curve did not show such an indenta- state for CQ, which also contains such nonanalytical terms
tion but rather followed the dashed line. The difference be{see Span and Wagnét996]. In the following, the weak-

tween the solid lingbehavior of IAPWS-95 and a physi-
cally reasonable course without such an indentatéashed
line) of this isotherm ap. amounts to about 0.2% of thg,

nesses of IAPWS-95 in this regard are discussed.
Figure 6.13 shows the isochoric heat capacity calculated
from IAPWS-95 in the gas region when approaching the

value in this region. Such a difference is, however, at least 2aturated vapor line. The figure presents the results for seven
orders of magnitude smaller than the estimated uncertaintgas isochores betweep=302 and p=314 kgm?3 (p,

of IAPWS-95 inc,, in this immediate vicinity of the critical

=322kgm3). It can be seen that IAPWS-95 yields the

point. When comparing the, curves in Figs. 6.11 and 6.12, maxima ofc, not at the saturated vapor lirias it should bg
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Fic. 6.13. Isochoric heat capacity along several near-critical isocheres Fic. 6.14. Speed of sound along several near-critical isochores, (liquid
<p. (gas regiop calculated from IAPWS-95, Ed6.4), in a small tempera-  region calculated from IAPWS-95, Eq6.4), in a small temperature range
ture range above the saturation temperature. above the saturation temperature.

dashed-dotted line in Fig. 6.15. Figure 6.16 shows the corre-
but up to 2.5 mK before the saturated vapor line, whichsponding behavior of IAPWS-95 with regard to the speed of
corresponds to thg axis [(T—T,)=0] in Fig. 6.13. Al-  sound along the saturated vapor and liquid line. IAPWS-95
though a temperature difference of {T,)=2.5mK is yields the strong decrease wf' andw’ when approaching
clearly within the uncertainty of the]—T curve (expressed the critical density, but with the weakness of an oscillation at
in temperature, this uncertainty is estimated to be definitelaboutw=220 ms*. Thus, the following conclusion can be
greater than 25 mK in this regignthe occurrence of such drawn: while the nonanalytical terms are not perfect, they
maxima in the single-phase region rather than at the satu-
rated vapor line shows an incorrect behavior of IAPWS-95 in

this respect. An analogous behavior of IAPWS-95 can be 14
observed in the liquid region when approaching the saturated
liquid line. This weakness of IAPWS-95 disappears in the 12

gas region fop=<302 kg m 3 (see Fig. 6.1Band in the liquid
region for p=342 kg m 3, 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 soundalong isochores not
at the saturation temperatufe. (as it should bgbut up to
2.5 mK aboveT . 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

e /(kkg 'K
© 3

[o]

same densities as mentioned abovedpr 200 300 s 400

Using the example of the isochoric heat capacity along the Density p / (kg m™)
vapor-liquid saturation curve, Fig. 6.15 shoejsandc, as « Kerimov (1964) + Abdulagatov et al. (1995)
a function of density calculated from IAPWS-95. It can be o Amirkhanov et al. (1969)  Abdulagatov et al. (1998)
seen that IAPWS-95 is basically able to yield the steep in- IAPWS-95
crease ot, along the phase boundary when approaching the =~ —-— JAPWS-95-like equation without nonanalytical terms
critical density. A certain weakness is the oscillating course ——— Kostrowicka Wyczalkowska ef al. (2000)

of the saturated vapor and liquid liné c,) instead of a
; ; ; 1G. 6.15. Isochoric heat capacity along the vapor—liquid phase boundary as
smooth increase. However, without the nonanalytical termsg function of density calculated from IAPWS-95, an IAPWS-5-like equa-

IAPWS-95 (Or any other analytical wide-range gquation of tion without nonanalytical terms, and the crossover equation of Kostrowicka
statg would yield a course of] andc, corresponding to the ~Wyczalkowskaet al. (2000. Experimental data are plotted for comparison.
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(i) due to the implicit nature of the kernel term, the cal-

340 N culation of thermodynamic properties becomes rather
—~ B complicated; and
T 300 B (iii)  the kernel term in Kiselev and Friend’s modified ver-
E - sion of Eq.(6.4) contributes to all derivatives of the
N N dimensionless Helmholtz free energy.
o 260
§ B Even if the contributions according to itefii) are small,
2 - they are certainly not completely negligible. Thus, such a
o 220r kernel term should not simply be added to an existing equa-
3 L. tion, but should be fitted together with all the other coeffi-
& 180: cients of the equation. In order to obtain optimum results,
» such a kernel term should even be included in the entire
200 300 120 process of optimizing the functional form of an equation of
. -3 state, see Sec. 5.5.2. However, based on the structure-
Density p / (kg m ) optimization methods existing at present, these demands
—— JAPWS-05 make the development of such a complex equation of state
— - — |IAPWS-g5-like equation without nonanalytical terms practically impossible.
—— - Kostrowicka Wyczalkowska et al . (2000) Whatever one does to improve the representation of the

F. 6.16. Soeed of dal o liauid ohase bound caloric properties in the critical region in connection with a
IG. 6.16. Speed of sound along the vapor-liquid phase boundary as g, 4. ; ;

function of density calculated from IAPWS-95, an IAPWS-95-like equation Wide range equation of state, the Correspondlng terms _ShOU|d
without nonanalytical terms, and the crossover equation of Kostrowickd10t be much more complex than the terms55 and 56 in

Wyczalkowskaet al. (2000. Eq. (6.6).

6.4.4. Summary of the Advantages and Weaknesses
of the Nonanalytical Terms in IAPWS-95
help considerably to model the strong increase of the iso- )
choric heat capacity and the strong decrease of the speed of | '€ advantages and weaknesses of the nonanalytical terms
sound in the critical region. [termsi =55 andi =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
6.4.3. Nonanalytical Terms Proposed by Kiselev and Friend state for HO, 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.

(i) This desirable behavior has been achieved by incorpo-

Being aware of the problems of IAPWS-95 with physi-
cally incorrect limiting behavior when approaching the criti-

cal point, Kiselev and Friend999 developed a crossover . . . .

formalism for the thermodynamic surface of pure fluids thatram?g two Spe.C'aI nonanalytlca_l terms without any tr_ansfor-
can be used for multiparameter equations of state. They an_1at|9n of t_he md_ependent _vanabl_ésand 7, fesulting in a
plied their idea to IAPWS-95 and replaced the two nonana-rem'v.e'y S'mp'e("? comparison with scaled and crossover
lytical terms in Eq.(6.4) with a modification of the so-called equations and easily programmable structure of IAPWS-95.

kernel term developed by Che al. (1990 in the context of (iii) This relatively simple form of the nonanalytical terms

. ) ) has been achieved at the expense of a behavior which is
their crossover theory based on the renormalized Landau ex5 = . : : o
pansion of the Helmholtz free energy. This kemel term de_phy5|cally incorrect in some features very close to the critical

pending directly on density and temperature, contains gomt. It results in one indentation of the derivativip(dp)

. SR . at the critical density on each isotherm in the immediate
crossover functiofyY that is implicitly defined by a set of four . .". . : . . i
. . . . . e vicinity of the critical point. This indentation occurs at den
equations with six universal a.n.d SIx substance—spec!flc pas_ities aboutt0.5% around the critical densipy. at tempera-
rameters; the substance-specific parameters were fitted %’res from the critical temperatuf, up to abocut 2 K above
Kiselev and Friend to the experimental data ofCHin the

critical region. T.. In the same region, this indentation idp{dp)t pro-

Kiselev and Friend1999 showed that, with such a kernel duces a corresponding indentation in the isothermal com-

term, the physically incorrect behavior of B6.4) regarding pressibility and in the isobaric heat capacity. Although this
T . T . _indentation is without any doubt a physically incorrect fea-
the caloric properties in a small part of the critical region

ture, it has practically no effect on the application of

could be avoided. However, this advantage has a price: thl?APWS-QS. Nevertheless, in this region derivatives s

pomplexny of the enurg mt_JIt|parameter equation hag clearlyandc [e.9., €C,/3p)-] should not be calculated, but such
increased. The following items are examples of this com- P p

X . . derivatives are not usually needed.
plexity, for further details see Spa@000: (iv) Within a temperature range from 20 mK bel@wy up

(i) for the evaluation of the kernel term, the equationsto T (corresponding to saturation densitie§% aroundp.),
defining the crossover functiovi must be solved it- the isochoric heat capacity, calculated from IAPWS-95
eratively; exhibits a maximum and the speed of soumdexhibits a
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Fic. 7.1. Percentage deviations of the experimental data of the vapor pregsutfee saturated liquid densipy/, and the saturated vapor densityfrom the
corresponding values calculated from IAPWS-95, Hj4). Values calculated from IAPS-84 and the equation of KHi®90 are plotted for comparison:

10 P, /py= 1000, exp~ Porcald/ Po,expr 100 p"/p" = 100(pexy=peaid/ Pexpr 100 p" ! p" = 100(pgx~Praid Pexp-

minimum away from the saturation temperatdrg of the
corresponding isochoré&he extrema should be directly at
T,) but in the single-phase region up to 2.5 mK abdye
However, this physically incorrect behavior has practically

no_effect bepause it is clearly within the uncertainty of In this section, the quality of the IAPWS-95 formulation is
IAPWS-95 with respect te, andw along the saturated va- di : : _
o - . iscussed based on comparisons with the selected experi-

por and saturated liquid line in this very near-critical region. - tal data used to develop IAPWS-88ee Sec. ¥and
Nevertheless, in this region derivatives of and w [(_a.g.,_ when necessary with further experimental data. Most figures
(dc,1dT),] should not be calculated, but such derivatives s, show resuits of the previous scientific standard equation
are not usually needed. IAPS-84[Haaret al. (1984, Kestin and Sengerd986] and

In our experience, the described deficiencies of IAPWS-9% the equation of state of Hill1990); for a brief description
regarding some caloric properties in a small part of the criti-of these two equations see Sec. 1.2. Since both previous
cal region have no effects on the practical use of IAPWS-95equations were developed on the IPTS-68 temperature scale,
However, for users who must avoid these problems, use adll temperatures were converted to the IPTS-68 scale before
the crossover equation of Kostrowicka Wyczalkowsial.  values were calculated from these equations. Comparisons
(2000 is recommended. with the experimental data of the various properties in the

7. Comparison of the IAPWS-95
Formulation with Experimental Data
and Values from Other Equations of State
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experimental data of the saturated liquid dengityand values calculated -0.8 T ———— e I SRt
from IAPWS-95, Eq.(6.4). Values calculated from IAPS-84 and the equa-
tion of Hill (1990 are plotted for comparison. 0.8 —
f\°~ i \\\\\\\ /
critical region are not summarized in a special critical-region 3 o :_g' S = 4
section but are given for each property in its subsection. S [ T~ ~._0© g~
When such comparisons for the critical region are made, the h C L, D>y, L K
values from the crossover equation of Kostrowicka Wycza- -0.8—% 640 642 644 646

Ikowskaet al. (2000 are also included in the corresponding
figures.

Temperature T/K

X Hanafusa et al. (1984)
< Morita et al. (1989)

& Osborne et al. (1933)
0O Osborne et al. (1937)
+ Rivkin et al. (1964)
—-— |APS-84 — -- — Hill (1990)
——— Kostrowicka Wyczalkowska et a/. (2000)

7.1. The Vapor—Liquid Phase Boundary

7.1.1. Thermal Properties at Saturation

Figure 7.1 shows the deviations of the selected experimerp:,e. 7.3. Percentage deviations of the experimental data of the vapor pres-
tal data for the vapor pressupg and the saturated liquid and surep, , the saturated liquid density, and the saturated vapor density
vapor densityp' and P”, from the Corresponding values cal- from the corresponding values calculated fr_o_m IAPWS-95,(Ed), for the
culated with IAPWS-95, Eq(6.4; forcompatison purposes eTEeis e [ 10 et e e copermies oo
th.e values calculated from IAPS-84 and from the equation OL!;quation of Kostrowicka Wyczalkowslet al. (2000 are plotted for com-

Hill (1990 are also given. For all three equations of state parison. 108p,/p,=1000, eq—Pocad/Po.eps  100p"/p" =100(pLy,

the saturation propertigs,, p’, andp” were calculated via  —piad/pip: 100 p"/p"=100(p4, praid/ Pexp-

the phase-equilibrium condition, Eq$.99—(6.99. In order

to take into account that the scatter of theand p” data

increases for temperatures above 600 K, different deviation In the discussions throughout Sec. 7.1, the homogeneous
scales have been used for the temperatures below and abdiguid region is referred to quite often, because many experi-
600 K. IAPWS-95 represents all the selected thermal saturanental saturation data are not mutually consistent. The first
tion data to within the uncertainties given in Table 2.1. Fromexample of this is given in the following.

the deviation diagram of the saturated liquid density, it can Figure 7.2 illustrates that, in contrast to IAPS-84 and
be seen that for temperatures between 550 and 600 I§'the Hill's equation of state, IAPWS-95 is able to representthe
values from IAPWS-95 are slightly systematically below thedata of Kell (1975 to within their experimental uncertainty
experimental data by about0.05% (but still within the ex-  (Ap’=*=0.0004% atT=277K to Ap'=*0.0012% atT
perimental uncertainjy This deviation is caused by the fact =423 K) without significant oscillations. However, the
that IAPWS-95 was also fitted to thgp T data of Kellet al.  nearly constant deviation of Kell's data from thevalues of
(1978, which cover the homogeneous liquid region up tolAPWS-95 up to the normal boiling temperatufg could
near the saturated liquid lingsee Sec. 7.2.1)2As can be not be avoided, since otherwise the correct representation of
seen from Fig. 2.2, the auxiliary equation fof, Eq. (2.6),  the second derivativesitp/dp?)t and (@%p/dpaT) of Eq.
represents the experimental data of this region without suct6.4) in the liquid region would have suffered, see Sec. 7.3.1.
systematic deviations. This is, however, a slight overfitting Behavior in the critical regionIn order to show how the
because Eq(2.6) did not have, of course, the experimental IAPWS-95 formulation behaves in the critical region for the
information from the homogeneous liquid region. Thus, itthermal saturation properties, a comparison with the experi-
follows that IAPS-84, which represents tpé data without mental data is given for temperatures from,{ 10K) to T,
such systematic deviations, is not able to represent the meim Fig. 7.3. Besides IAPS-84 and the equation of Ki®90,
tioned ppT data of Kellet al. (1978 to within their uncer- in the critical region of the vapor—liquid phase boundary, the
tainty. values from the crossover equation of Kostrowicka Wycza-
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Fic. 7.5. Percentage deviations of the experimental data of the speed of

. sound of the saturated liqgu’ and the speed of sound of the saturated
lkowska et al. (2000 are also plotted for comparison pur- vaporw” from the corresponding values calculated from IAPWS-95, Eq.
poses. It can be seen that IAPWS-95 represents the exper-4). Values calculated from IAPS-84 and the equation of KiB90 are

mental data of all three properties, namely, p’, andp’, ~ Pplotted for comparison: 10W'/w’ = 100Wey,~Weaid/Weep, 100AW"/W"
very well to within their scatter, which means without any = 100Wex™Wead/Wey,-
systematic trend up to the critical temperature. This behavior

is a clear improvement in comparison with the previous stansigre also illustrates that the phase boundary calculated
dard IAPS-84, which shows systematically increasing deviagom the equation of Hil(1990 ends at a temperature that is
tions from the experimental data when approaching the critiyo, 6\, The simple reason for this behavior is that the criti-
cal temperaturd. This weakness of IAPS-84 is even more .| hoint of Hill's equation does not correspond to the critical

apparent in Fig. 7.4; see further below. Except fqr the regio'barameters later agreed on by IAPWBAPWS (1992].
very close toT. (see Fig. 7.4 the equation of Hill(1990  noreqver, this absolutp—p diagram shows that IAPWS-95
covers the thermal saturation properties for temperatureg,q the crossover equation of Kostrowicka Wyczalkowska

;hown in Fig. 7.3 well. The crossover equation of Ifostrow—et al. (2000 yield basically the same shape of the phase
icka Wyczalkowskaet al. (2000 represents the experimental boundary when approaching the critical point.
data of the vapor pressure to within the experimental uncer-

tainty of =0.025% valid for the data of Osbornet al.
(1933. In contrast, the representation of the saturation den-
sities is clearly unsatisfactory. While the values of the satu- The only experimental speeds of sound on the saturated
rated liquid density calculated from the crossover equationiquid line w' used for developing IAPWS-95 are the data of
are still mostly within the experimental uncertair(tyut bi-  Chavezet al. (1985, see Table 4.3. Figure 7.5 shows a com-
ased above the experimental datdearly systematic devia- parison of thesen' data with the values calculated from
tions occur for the saturated vapor density; for temperatureBAPWS-95, Eq.(6.4). For temperatures above 420 K, the
below 642 K, these deviations are clearly outside the experidata of Chavezt al. (1985 are systematically up to 0.13%
mental uncertainty of about-0.3% claimed by Osborne below the values calculated from IAPWS-95; this deviation
et al. (1937 for their measurementsee Table 2)J1L From all  is outside the experimental uncertainty ©0.05% claimed
three deviation diagrams of Fig. 7.3, it can be seen that thby the authors. Several attempts to representwthelata to
thermal saturation properties of the critical region are clearlywithin the given uncertainty failed, since otherwise the rep-
better covered by the IAPWS-95 formulation than by theresentation of the other properties on the saturated liquid line
crossover equation of Kostrowicka Wyczalkowskaal. would have been worsened. Moreover, an improved repre-
(2000. sentation of thev’ data would have resulted in an oscillating
Figure 7.4 shows the absolute plot of the vapor—liquidbehavior of the calculated values of the enthalfgyon the
phase boundary in a pressure—density diagram calculatesaturated liquid line that would have clearly exceeded the
from the four equations of state discussed here; the plottetblerances of the IST-85 valugsAPWS (1994)], see Sec.
phase boundaries cover a temperature range frpmo 1 K 7.1.5. This conclusion is confirmed by the behavior of IAPS-
below T;. It can be seen that IAPS-84 yields a fundamen-84. As can be seen in this figure, IAPS-84 follows Chavez
tally incorrect plot in this part of the critical region. This et al’s data up to 480 K, but for higher temperatures

7.1.2. Speeds of Sound at Saturation
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tween experimental data of the isochoric heat capacity of the saturated liquid 300 400 500 600
¢! and values calculated from IAPWS-95, E§.4). Values calculated from T

v ) i : mperature T/K
IAPS-84 and the equation of Hi(ll990 are plotted for comparison. emperature T/

O Sirota (1963)

) ) —-— IAPS-84 — .- — Hill (1990)
IAPS-84 yields values up to 0.13% below the experimental

data. In this temperature range, IAPS-84 shows a clearly o$#c. 7.7. Percentage deviations of the experimental data of the isobaric heat
cillating behavior with regard to thie’ values and has diffi- capacity of the "saturated liquid;, and_the isobaric heat capacity of the
culties in remaining within the IST-85 tolerances, see Fig-Z?f“g??eﬁﬁ,pc\’fa"lJéimcgiﬁufﬁtgﬁsﬁzﬂf'Tfp?'gfsaﬁcﬂ?izﬂ;‘ﬁgﬂ?vﬁ.ﬁ[
7.9. Nevertheless, a final assessment of Wie data of (1990 are plotted for comparison: 100/} = 100(C), er5—Chad /h exp
Chavezet al. (1985 can only be made by remeasuring the 100Ac}/c)=100(C}, ey Chcaid/Ch exp-

caloric properties at saturation.

The upper diagram of Fig. 7.5 also contains wiedata of
McDadeet al. (1959, which were not used to fit IAPWS-95.
These data are represented to within their relatively larg
experimental uncertainty &fw’ = *+1%. However, for tem-
peratures above 500 K, these data are no longer consist
with the speed-of-sound data of the homogeneous liquid r
gion.

Novikov and Avdonin (1968 give for their speed-of-

énain within =1% for temperatures up to 573 K. On the other
hand, there is an excellent agreement between IAPWS-95
e?f?d the equation of Hil(1990; the differences inc, be-
dween the two equations remain withir0.15% in the entire
temperature range covered by Fig. 7.6. Both equations are
very well determined by the accurafgpT data on and
sound datav” on the saturated vapor line uncertainties ofaround the saturated liquid line. In this respect, the isochoric
Aw"=+1%. From the lower diagram of Fig. 7.5 it can be heat capacity is, outside .the critical region_, not a “difficult”
seen that thev” data are represented to within this uncer- Property for good equations of state. It is estimated that,

tainty by all three equations of state, but the best represent@tside the critical Oregion, the uncertainty of IAPWS-95 in
tion has been achieved by IAPWS-95. This observation s itfv IS 1€ss thant0.5%.
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. 7.1.4. Isobaric Heat Capacities at Saturation

The only measuring runs which exist fop® for the iso-
baric heat capacity on the saturated liquid and saturated va-

Since the data sets of the isochoric heat capacities at satper line are thec,’) and cg data of Sirota(1963 which he
ration, measured by experimenters at the Dagestan Scientifiterived from hisc, data of the homogeneous liquid and
Center of the Russian Academy of Sciences, are unfortuvapor. Figure 7.7 shows the representation of Sircng’and
nately not very consistent with each otlisee the discussion c’r; data by IAPWS-95, Eq6.4). It can be seen that, particu-
in Sec. 7.2.4 these data were not used to develop thelarly for cg, the data are clearly better represented by
IAPWS-95 formulation; for more details about these data seéAPWS-95 than by IAPS-84 and by the equation of Hill
Sec. 4.1.2. (1990. This improved behavior was achieved by including

As an example, Fig. 7.6 shows percentage deviations behese data into the fit of IAPWS-95, although the behavior of
tween the experimental isochoric heat capacities of the satleq. (6.4) regarding the caloric properties along the vapor—
rated liquid c, (from the single-phase regiprand corre- liquid phase boundary was essentially already fixed by fitting
sponding values calculated from IAPWS-95; the figureto theu’ andu” values(see Table 54 The effectiveness of
covers the temperature range up to 630 K, for the criticathis measure is mainly based on the fact that, for fitting
region see Fig. 6.15. The differences between the three datAPWS-95 to the data otF’J and c;;, the phase-equilibrium
sets are obvious; the deviations of ttjedata of Amirkhanov  condition was applied in the direct nonlinear way, see Sec.
et al. (1969 from the values calculated with IAPWS-95 re- 5.5.2 and particularly Eq$5.18 to (5.20 in Table 5.1 and

7.1.3. Isochoric Heat Capacities at Saturation
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Fig. 5.1. Due to the strongly increasing uncertainty in den-
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temperatured > 628pK p O Skeleton Tables IST-85 [IAPWS (1994)]
p : 1 Upper IST-85 tolerance —-— |APS-84
T Lower IST-85 tolerance — -- — Hill (1990)

7.1.5. The Caloric Difference Property A« and the Enthalpies

at Saturation Fic. 7.9. Percentage deviations of the experimental data of the caloric dif-
. . . ference quantityAa and values of the Skeleton Tables IST-85 with their

The importance of the caloric properdyfor the determi-  tolerance§IAPWS (19941 of the enthalpy of the saturated liquid and the
nation of the enthalpy, the internal energy, and the en- enthalpy of the saturated vaplf from the corresponding values calculated
tropy s on the vapor—liquid phase boundary has been deflom 'AfPVXﬁI-95-l§g-(6-4)- Valules CSICl:lated from I_APS_-Si ;nz th/eAequa-
scribed in Sec. 2. In Fig. 7.8 the @/AT) values are plotted 10" ©of Hill (1990 ~are plotted for comparison: 10QAa)/A«
. . =100(A aexp_AacaIr)/Aa’expv 10Q\h'/h' = 100(htable_ hr:alc‘)“’]tableY
for the temperature range up to 370 K, which is covered by, g /i = 1007, b )/hi,

. - able cal able*

Osborneet 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 7.2. The Representation of Properties
experimental data very smoothly, while IAPS-84 shows in the Single-Phase Region
larger systematic oscillations. The upper diagram of Fig. 7.9

presents the percentage deviations of the experimental 7.2.1. ppT Data

data in comparison with those calculated from IAPWS-95,
Eqg. (6.4). In contrast to IAPS-84 and the equation of Hill TheppT data used to develop the IAPWS-95 formulation
(1990, IAPWS-95 is able to reproduce ther data within  cover a temperature range from 253 to 1174 K, see Fig. 4.1
the experimental uncertainty without significant oscillations;and Table 4.4. These data lie on 55 isotherms, of which 30
IAPWS-95 represents theder data practically as well as the representative isotherms have been selected to illustrate the
auxiliary equation for this quantity, E42.9), see Fig. 2.3. quality of IAPWS-95 in representing thegpT data. The com-
Figure 7.9 also shows that IAPWS-95 represents the erparisons are discussed for increasing temperatures where
thalpies on the saturated liquid and vapor lihé,and h”, specific temperature regions are summarized in the following
according to the international skeleton table values IST-8%ubsections.
[IAPWS (1994 ] very well, i.e., without any oscillations and  7.2.1.1. Temperature Range<273.16 K. It is well
clearly within the tolerances of IST-85. According to IAPWS known that for HO there is a small part of the liquid region
(19949, these IST-85 values fdn’ and h” were calculated with temperatures less than the temperature of the triple
from Egs.(2.10 and(2.1]) so that the very good agreement point, T,=273.16 K; this region is bordered by the melting—
of IAPWS-95 with these IST-85 values means thatpressure curves of the ice modifications |, Ill, and V, see Fig.
IAPWS-95 is not only in good agreement with the interna-2.1. Figure 7.10 shows that IAPWS-95, K.4), represents
tional saturation equations for the thermal properties, Eqghe experimentappT data to within£0.1% in density for
(2.5—(2.7), but also with the corresponding saturation equatemperatures between 253.15 and 263.15 K and to within
tions for the caloric properties, EqR.9—(2.15. +0.2% in density forT=268K. The equation of Hill
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temperatures of 773 K; for the deviation diagrams regarding

0.2 253 K - these data fof >423K see Fig. 7.17.
0.1k - : }./ There are very accuratgpT data in the liquid region for
0 P __;\-gq» temperatures from 273 to 423 K at pressures up to 100 MPa.
_,./-f o The representation of these data by IAPWS-95 is illustrated
047 i in Fig. 7.12 with a suitable deviation scale. Thus, for Fig.
o 02 L bl i 7.11, only theppT data of the liquid region for pressures
§ 263 K between 100 and 1000 MPa are discussed.
~ 02 i P It can be seen that IAPWS-95 and the equation of Hill
5 04} : /: (1990 are able to very well represent the high-pressure data
L, o SO Lt L measured by Grindley and Lind971) at temperatures be-
- N RSP ok tween 298 and 423 K. For these two equations the deviations
S i | \V o | in density remain essentially withirt0.02%, while they in-

S 02 e S crease up ta-0.2% for IAPS-84. In Sec. 4.2.1, the inconsis-
= 268 K tency between the high-pressure data sets of Maier and
0.2 | _g . Franck(1966, Koster and Franck1969, and Hilbertet al.
0.1F YYIIY Y§ - : (1981 was discussed. The exclusion of the first two data sets

0 ‘I—YQY%"/ ; from the selected data explains why IAPWS-95 represents
_o1k | \®\<> i the high-pressure data of Hilbegt al. (1981 clearly better
02 T TG o T than the other two equations of state plotted in these dia-

10" 102 10° grams. Moreover, the fact that there are no essential incon-
sistencies in the high-pressure range of the selgepdddata

Pressure p/MPa . ; :
set has clearly improved the extrapolation behavior of

Y Tammann & Jellinghaus (1928) IAPWS-95. This fact should be kept in mind when discuss-
° B”dgl;"ha" (1:35)d ing the systematic deviations of the IST-85 values in the
ZTZ lapses TOPm i (rog0) high-temperature high-pressure range, see Sec. 7.2.1.5.

Liquid range (=423.15 K, p<100 MPa) covered by very
Fic. 7.10. Percentage density deviations between experimppfBldata  gccurate data In order to illustrate the high quality of

and values calculated from IAPWS-95, E®.4). Values calculated from OC i . . . .
IAPS-84 and the equation of Hill1990 are plotted for comparison. The IAPWS-95 in representing thep T data in the liquid region

stable liquid region is bordered by the two phase-boundary lines of thdOr temperatures not greater than 423.15 K and pressures up
melting pressur@,. 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 accurateppT data of Kell and Whalley(1975. The
(1990 shows somewhat greater deviations and IAPS-8£&xperimental uncertainty of these datati6.001% in density
clearly deviates more from the experimental data. at low pressures and up t00.003% at pressures up to 100

7.2.1.2. Temperature Range 273.16 K<643.15 K. Fig- MPa. The IAPWS-95 formulation is able to represent the
ure 7.11 presents comparisons between the experimentdata to within these very small uncertainty values. This at-
ppT data and those values calculated from IAPWS-95, Eqtribute of IAPWS-95 is very important for calibration pur-
(6.4), for temperatures from 273.16 to 643.15 K. These isofo0ses at higher pressures, and means a clear improvement in
therms cover both the gas regiop<p,) and the liquid comparison with IAPS-84. Hill's equation also represents
region (p>p,). These two regions are separated by thethese data well; very small deviations appear only rgar
phase boundary gi=p,, which can be seen in these dia- =100 MPa.
grams forp,=0.1 MPa. This means that the diagrams show Highly accurate data of liquid densities at5®.101 325
the gas region only fof=393.15K whereas the selected MPa. For a pressure of 0.101 325 MPa at temperatures from
ppT data only exist foT=473.15K atp=0.1 MPa, see also 273.15 to 358.15 K, there are highly accurate liquid density
Fig. 4.1. data of HO corresponding to an isotopic composition of
In the gas region, the data situation was clearly improved/SMOW. The data are based on the BIPM value for the

by theppT data of Kellet al. (1989. This fact can be clearly maximum density on this isobar and the measurements of
seen in Fig. 4.1 and the characteristic points of this data sehermal expansion carried out by Takenaka and Mes260
are discussed in Sec. 4.2.1. In contrast to IAPS-84 and that the Japanese National Research Laboratory of Metrology
equation of Hill (1990, IAPWS-95 represents these data to (NRLM); for further details see Sec. 4.2.1. These data of
within their experimental uncertainty of0.006 kgm?®  metrological quality were of great importance for modeling
given by Kellet al. (1989. To give an example, this absolute IAPWS-95 in this part of the liquid region. Figure 7.13
uncertainty value corresponds to a percentage uncertainty shows that IAPWS-95 is indeed able to represent Takenaka'’s
density of=0.025% for the isothermi=548 K at a pressure and Masui's densities to within the given experimental un-
of p=5 MPa. The data set of Ke#t al. (1989 extends to certainty of=1 ppm. The IAPWS-95 formulation is the only
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Fic. 7.11. Percentage density deviations between experimppialdata and values calculated from IAPWS-95, E#j4). Values calculated from IAPS-84
and the equation of Hil{1990 are plotted for comparison.

wide-range equation of state for,8 which has such a qual- Density of the Consultative Committee for Mass and Related
ity in the liquid region at ambient pressure. The densities ofQuantities, see Tanalet al. (2003).
Kell (1975, to which IAPWS-95 was not fitted, are included ~ All these liquid—density data of metrological quality @t
in Fig. 7.13 for comparison because they were the most ac=0.101 325 MPa are plotted in Fig. 7.14 in comparison with
curate liquid densities for this isobar before Takenaka andhe values calculated from IAPWS-95. It can be seen that
Masui (1990 reported their values. IAPWS-95 represents both the internationally agreed values
After the development of IAPWS-95 was finished, new of Tanakaet al. (2001) and the data of Takenaka and Masui
liquid density measurements of metrological quality have(1990 to within =1 ppm; only the value of Tanaket al.
been published for VSMOW ap=0.101325MPa. These (2001 atT=313.15K is with—1.1 ppm slightly outside the
are the densities of Patterson and Mo(fi894 measured at =1 ppm band. The value for the maximum density along this
the CSIRO Australian National Measurement Laboratory andsobar determined from [APWS-95 amounts {0,
the measurements of Maseait al. (1995 carried out at =999.9749kgm?3, which agrees almost exactly with the
NRLM; for details of these measurements see Sec. 4.2.Value pn=999.974950kgm?® given by Tanakaet al.
Masuiet al. (1995 also reported a(T) equation which rep- (2001); for the temperature of thig,, value and its uncer-
resents their measurements very accurately. From this equeainty see Sec. 4.2.1. Thus, Fig. 7.14 confirms very clearly
tion, we calculated 18 density values for temperatures fronthat the IAPWS-95 formulation produces accurate densities
273.15 to 358.15 K. As described in Sec. 4.2.1, for the isobafor VSMOW, even though the molar mass on which
p=0.101 325 MPa and temperatures from 273.15 to 313.1PAPWS-95 is based is not identical to that of VSMOW, see
K an internationally agreed set of densities was very recentlyec. 6.1.
adopted by a Task Group formed by the Working Group of Extrapolation behavior of IAPWS-9Recently, Wiryana
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Fic. 7.12. Percentage density deviations between very accurate experimehtdata and values calculated from IAPWS-95, Egj4). Values calculated
from IAPS-84 and the equation of HillL990 are plotted for comparison.

et al.(1998 reportedppT data for temperatures from 353.15 646.15 to 653.15 K .=647.096 K) at densities from 0 to
to 473.15 K at pressures up to 3500 MPa. Although thesg00 kgm 2 (p.=322 kg m °); the density range clearly ex-
data are not direct density measurements but were deriveskeds the critical region. As usual, for this region with very
from their speed-of-sound measuremefgse Sec. 4.2)1  large values of {p/dp)+, the comparisons are not presented
they can be used to test the extrapolation behavior ofs density deviations but as pressure deviations. Besides
IAPWS-95 at pressures up to 3.5 times its range of validityAPS-84 and the equation of Hill1990, values from the
(1000 MPa. Figure 7.15 shows a comparison betweencrossover equation of Kostrowicka Wyczalkowsks al.
Wiryana et al's ppT data and the values calculated from (2000 are plotted for comparison. It can be seen that
IAPWS-95. The maximum deviation is about 0.2% and oc-|APWS-95 represents thepT data on the near-critical iso-
curs atT=473.15K andp=3500 MPa. At thisppT point,  therms to within the scatter of the data of abdt.05% in
the deviations of IAPS-84 and the equation of KIB90 are  pressure. The critical isotherm is excellently covered. The
slightly greater than 1%. This test shows the very good exslight systematic peak of the data far=647.3K andT
trapolation capability of IAPWS-95, at least for the thermal =648 K at aboutp=370 kgni 3 is obviously an artifact of
properties in this temperature range. the data; none of the equations is able to follow this oscilla-
7.2.1.3. Critical Region 643.15KT<663.15 K. Figure  tion. For the density range of abot25% around the critical
7.16 presents comparisons between the experimgnptdl  density, the crossover equation of Kostrowicka Wycza-
data of the critical region and those values calculated fromkowskaet al. (2000 shows very good behavior as well, but
IAPWS-95, Eq.(6.4), covering a temperature range from outside this density range its deviations increase quite rap-
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—-— |APS-84 — --— Hill (1990) © Patterson & Morris (1994)
v Masui et al. (1995, 1995/96)
Fic. 7.13. Percentage density deviations A@0p=100(pexp—Pcaid! Pexp & Tanaka et al. (2001)

between highly accurate experimentppT data along the isobap

=0.101 325 MPa and values calculated from IAPWS-95, Bq). Values ~ Fic. 7.14. Parts-per-million density deviations °2/p=10°(pey,
calculated from IAPS-84 and the equation of Hill990 are plotted for —Peald! Pexp DEtWEEN highly accurate experimengglT data along the iso-
comparison. barp=0.101 325 MPa and values calculated from IAPWS-95, (Bd).
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0.5 sentative isotherms between 673 and 1123 K. It can be seen
N % X that the temperature region up to 773 K is still quite well
<°1" 0 _g_g 9000 QR Q o8 R covered by theppT data, which are represented by
=4 BEY é a4 2 IAPWS-95 roughly to within+0.1% in density(except for
-0 the isotherml =673 K near its inflection point Besides the

08— 2000 3000 4000 ppT data of Hilbertet al.(1981), which extend to 873 K, the

Pressure p/MPa temperature range from 823 t0 1174 K is coyered only by the
_ data of Vukalovichet al. (1962, see also Fig. 4.1. While
0,4,0,X Wiryana et al. (1998) Hilbert etal’s data are still mostly represented by
O7=35315K AT=388.15K IAPWS-95 to within=0.1% in density, there are systematic
OT=42315K  XT=473.15K deviations from the data of Vukalovidt al. (1962 that ex-

Fic. 7.15. Percentage density deviations Apfp=100(pexyPeaid! Pesp tend up to 0.35% in density at 923 K. A better representation
between theppT data of Wiryanaet al. (1998 for temperatures from Of these data would have made the extrapolation capability
353.15 to 473.15 K and values calculated with IAPWS—95‘,(qu). For the worse. The values from IAPS-84 and from the equation of
pressures above 1000 MPa, IAPWS-95 was correspondingly extrapolated, .. .
Hill are plotted for comparison.
7.2.1.5. Comparison with the IAPS Skeleton Table Values

idly; the deviations are only plotted within the range of va-at High Pressures and High Temperaturedn the past,
lidity of this equation. The equation of HillL990 also rep- knowledge of the thermodynamic properties of(Hwas
resents the data very well, whereas IAPS-84 yields afummarized in a set of skeleton steam tables whose values

oscillating course in this density range. had been found by critical evaluation of experimental data
7.2.1.4. Temperature Range 663I5<1273.15 K. The  Wwith respect to their estimated uncertainties in connection
representation of the experimentapT data of the high- with statistical methods. In this way, Satbal. (1988 estab-
temperature range by IAPWS-95, E.4), and by the other lished the “IAPS Skeleton Tables 1985 for the Thermody-
equations of state is summarized in Fig. 7.17 for six reprenamic Properties of Ordinary Water Substance,” referred to
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——— Kostrowicka Wyczalkowska et al. (2000)

Fic. 7.16. Percentage pressure deviations between experinpgritadata in the critical region and values calculated from IAPWS-95,(&d); the density
range of the diagrams clearly exceeds the critical region. Values calculated from IAPS-84, the equation(b®34)|l and the crossover equation of
Kostrowicka Wyczalkowskat al. (2000 are plotted for comparison; values from the crossover equation are only shown within its range of validity.
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Fic. 7.17. Percentage density deviations between experimgpialdata and values calculated from IAPWS-95, Eg4). Values calculated from IAPS-84
and the equation of Hil{1990 are plotted for comparison.

as IST-85 in the following. IST-85 contains values for the ppT data of Maier and Franckl966 and of Kaster and
specific volume and specific enthalpy that were originallyFranck (1969. Although there are n@pT data of Hilbert
based on the temperature scale IPTS-68; a revised releaseal. (1981 for T>873K, the course of IAPWS-95 in the
[IAPWS (1994)] provides the values corresponding to thehigh-temperature high-pressure range is guided by the data
current temperature scale 1TS-90. of Hilbert et al. (1981).

The IAPWS task group for evaluating the IAPWS-95 for-  In general, it can be stated that the thermodynamic surface
mulation ascertained that, in the high-temperature highef water(or of any other substantean be much better de-
pressure range, the IST-85 values of the specific volume exXined by an accurate wide-range equation of state, such as
hibit systematically positive deviations from the IAPWS-95, than by any skeleton table, such as IST-85; an
corresponding values of IAPWS-95, E@®.4). For tempera- equation of state contains much more thermodynamic infor-
tures from 573 to 1073 K and pressures greater than 20fation than one can take into account when establishing
MPa, there are ranges of pressure where the deviations of tis&eleton tables.

IST-85 values exceed their tolerances. Figure 7.18 illustrates

this situation for three high-temperature isotherms. It can be 722 Second and Third Virial Coefficients

seen that the IST-85 values are clearly influenced by

data sets of Maier and Frandd966 and of Kcster and As discussed in detail in Sec. 4.2.2, the IAPWS-95 formu-
Franck(1969 which are not consistent with the data set of lation was not fitted to experimental values of the second
Hilbert et al. (1981), see the discussion in Sec. 4.2.1 in con-virial coefficientB (neither, of course, to the third virial co-
text with Fig. 4.4. Hilbertet al's ppT data have uncertain- efficient C). Nevertheless, in the following th® and C val-

ties of less thant0.2% in density and are therefore five ues calculated from IAPWS-95, E(f.4), are compared with
times more accurate than the other two data sets. Moreoveahe experimental data sets for the second and third virial
Fig. 4.4 shows that Hilberet al's data are confirmed at coefficients. The outer diagram of Fig. 7.19 shows the sec-
lower pressures by the data of Kedk al. (1978 and at ond virial coefficientB versus temperaturgé as calculated
higher pressures by the recent data of Wiryahal. (1998.  from IAPWS-95, IAPS-84, and the equation of Hill990);
Thus, it can be concluded that the IST-85 values are missince the virial equation of Hill and MacMilla1988 is
guided in this high-temperature high-pressure range by theery often used in context with virial coefficients of,8,
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1 . 873;%”[ e lated from the correlation equation for the second virial co-
TQTTW D.d efficient developed by Le Fevet al. (1975 or in the case of
rrTITTOT QT nuﬁﬁ;’(m a DDD ; ; ;
0 ﬂ%??ﬁ%ﬁ . - Hill and MacMillan (1988 to the data of the isothermal
K o Lii, e throttling coefficient at zero-density limitsee Sec. 7.2)7
DN . L4444t For temperatures below 423 K, Le Feweeal's equation
973 K was exclusively fitted to experimentBlvalues derived from
measurements of the isothermal throttling coefficient; we es-
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timate that thes® values[see Le Fevré1975] exhibit sys-
tematic trends to higheB values.

The third virial coefficientC calculated from the four
equations of state is plotted in Fig. 7.20. T@edata, which
are also based oppT data extrapolated tp—0, are still
more uncertain than thB data; thus, the data of the third
virial coefficient were not used to fit IAPWS-95 either. Fig-
ure 7.20 shows the absolute course of@healues 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 data for
temperatures from 625 to 750 K; all three wide-range equa-
tions of statd|APS-84, IAPWS-95, and Hil{1990] are not
able to cover these data. The virial equation of Hill and Mac-

Millan (1988 was fitted to theB and C values discussed
here, and the requirement to cover th€selata leads td
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 accupaf€ data of
Kell et 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-
ferature. A qualitatively correct plot of the third virial coef-

Fic. 7.18. Percentage density deviations of experimgnidl data and val-
ues of the Skeleton Tables IST-8B\PWS (1994)] together with their tol-
erances from values calculated with IAPWS-95, Eg4). Values calculated
from IAPS-84 and the equation of Hi{lL990 are plotted for comparison.

values from this equation and the experimefalalues are
also plotted. For temperatures down to 275 K, all four equa-
tions yield a very similar plot oB, whereas for very low
temperatures the equation of Hill990 does not go asymp-
totically to minus infinity but yields again increasimyval-
ues. The inner diagram of Fig. 7.19 presents the absolu
deviations between experimental second virial coefficient

and the corresponding values calculated from IAPWS-95. nsétalt.e for |tdtoo);!eld aFreastonagIg ‘]O_LlfLe |n3/er|s,|or_1 curve, see
can be seen that the most reliable experimeBtalalues, olina an Ivera-Fuente£200]) € Joule Inversion

namely the data of Eubaré al. (1988 at 373, 403, and 423 curve is far outside the range of validity of IAPWS-95 and

K and of Kell et al. (1989 for temperatures from 448 to 723 the other two wide-range equations of state. Its representa-

K, are very well represented by IAPWS-95 to within 1-3 t|02 s thtf]refore a ngOd ext;algola;lgg t_e;st, sebe Sec. 7th3§ f
cm®mol . For temperatures above 723 up to 1173 K, rom the inner diagram of F1g. /.20, It can be seen that, 0

IAPWS-95 represents th® values of Vukalovichet al. the three wide-range equations of state, only IAPWS-95
(1967 to within 2 cn?mol~%; this temperature range is not meets this criterion. IAPS-84 and the equation of KHi®90

covered by the inner deviation diagram of Fig. 7.19. Fory'6|d a maximum inC(T) only at temperature$>3Te.
temperatures above the normal boiling temperaiiye all
four equations represent the most accuBtdata[Eubank

et al. (1988 and Kell et al. (1989] similarly well, where,
however, the equation of Hill and MacMillai1988 remains
below the data for temperatures above 550 K; this is of im-
portance when discussing the representation of the data of Figure 4.5 shows the distribution of the experimental data
the third virial coefficientsC at aboutT.. All three equa- of the speed of sounev used to develop the IAPWS-95
tions, IAPS-84, Hill(1990, and Hill and MacMillan(1988), formulation, see also Table 4.5. In the following, these data
exhibit clearly increasing deviations from the IAPWS-95 are compared with the correspondimgvalues calculated
values(zero line for temperatures below about 350 K be- from the IAPWS-95 formulation, Eq(6.4), and from the
cause these equations were either fittedBtoalues calcu- other three equations of state mentioned at the beginning of

icient at high temperatures is a prerequisite of an equation of

7.2.3. Speed of Sound
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Fic. 7.19. Second virial coefficier® as a function of temperature as calculated from IAPWS-95(&d); the experimental data are plotted for comparison.
The inner diagram shows absolute deviatidis= B,,,—B_, . between experiment& data and values calculated from IAPWS-95. In both diagr&nalues
calculated from IAPS-84, the equation of state of K190, and the virial equation of Hill and MacMillafil988 are plotted for comparison.

Sec. 7. Since the selected data summarized in Table 4.5 dbe phase boundary, the values from IAPWS-95 remain

not cover the critical region, the data sets of Erokhin andabove the liquid-region datébut within their experimental

Kal'yanov (1979, (1980 are used for comparisons in the uncertainty. This behavior was accepted since IAPWS-95

critical region but also outside the critical region. would have otherwise yielded valueswf that were too low
The percentage deviation diagrams of Fig. 7.21, with de-

viation scales betweer:t0.3% 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 - or
range between the two-phase-boundary lines corresponding 5 _10: 1500
to the melting pressure. IAPWS-95 is able to represent these E X ™ 1o00f

s © ° L
low-temperature speed-of-sound data to withirD.25%, £ o0} € sool
while thew values from IAPS-84 deviate by more than 10% f« - ‘°5 of
and those from the equation of HilL990 by about 1%. For o % 4 < 0
the isotherms up t& =474 K, the vast majority of thes data @ [ °_1ooo- N
is represented by IAPWS-95 with deviations of less than 2 o 600 800 1000 1200 1400

. - Temperature T/K
+0.1%. In particular, the measurements of the speed of solode o v
sound in the liquid phase at temperatures up to 330 K and 400 800 1200 1600
pressures up to 100 MPa are better covered by IAPWS-95 Temperature T/K
than by IAPS-84 and Hill's equation. The very accurate
O Kell et al. (1965) < Eubank et a/l. (1988)

data of Fujii (1994 on the three isotherms 303, 31Rot ¥ Vukalovich ef al, (1967) x Kell et al. (1989)
shown), and 323 K at pressures from 10 to 200 MPa are + Kell ot al. (1968)
. o oo .

represented to W|th|rtQ.025 %, which is also not achieved IAPWS-05 —— IAPS-84
by the two other equations. ——— Hill & MacMillan (1988) — -- — Hill (1990)

The representation of the gas-region speed-of-sound data
of Novikov and Avdonin (1968 within *0.2% by  Fe. 7.20. Third virial coefficientC as a function of temperature as calcu-
IAPWS-95 is consistent with the representation of thle lated from IAPWS-95, Eq(6.4); the experimental data are plotted for com-

; rison. The inner diagram shows an enlarged section of the pl@ of
data of these authors along the saturated vapor line, see F@f’ound its maximum. In both diagran@values calculated from IAPS-84,

7.5 and the _diSCUSSion in Sec. 7-1-2_- the equation of state of Hil{1990, and the virial equation of Hill and
From the isotherms 423-596 K, it can be seen that, neanacMillan (1988 are plotted for comparison.
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+ Holton et al. (1968)

O Novikov & Avdonin (1968)
A Alexandrov & Larkin (1976)

—-— Phase boundary, pm

——— Phase boundary, p,

< Alexandrov & Kochetov (1979)
X Erokin & Kal'yanov (1979)

© Mamedov (1979)

> Alexandrov & Kochetov (1980)

Pressure p/MPa

—-— IAPS-84

« Erokhin & Kal'yanov (1980)
v Petitet ef al. (1983)

< Petitet et al. (1986)

A Fujii (1994)

— Hill (1990)

Fic. 7.21. Percentage deviations between experimental data of the speed ofwanddalues calculated from IAPWS-95, E§.4). Values calculated from
IAPS-84 and the equation of Hi{lL990 are plotted for comparison. In the first two diagrams, the stable liquid region is bordered by the two phase-boundary
lines of the melting pressung,, .

and would also have had difficulties with the enthalpiés

values calculated from the equation of Hill990. IAPS-84

along the saturated liquid line at these temperatures, see thnas forced to better fit they data near the phase boundary,
discussion in Sec. 7.1.2. Obviously, there are some inconsidut then has the difficulties mentioned above and also has
tencies between th& 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 plotof

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

gram for the temperatures between 647 and 648 K, the data
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0.101 325 MPa validity, also from the crossover equation of Kostrowicka

0.05 7 < Wyczalkowskaet al. (2000; for comparison the diagram
/ N also contains the experimental data of Erokhin and
g 0 B — 9.0 5\. NPNEE Kal'yanov (1980. It can be seen that IAPWS-95 represents
2 . N this part of the critical region well where the temperature
:E il \\"\-.\__ﬁ“ goes down tolT =648.196 K(1.1 K aboveT.). Due to the
gs 005 30 340 steep slope of the |§otherms near their minima, it is a matter
| of course that the differences wmbetween the experimental
g 0.005 0.101325 MPa___ data and the values from any equation of state increase cor-
5 - [ oo y €q
g T — i "I-" . respondingly. The deviation diagrams on the left of Fig. 7.24,
=] 0 l—¥ay NNV v ¥ which correspond to the pressure range of Fig. 7.23, show
- ) that the maximum differences between the experimental data
il and the values from IAPWS-95 amount to about 4%r at
0005 ——L—1 L1 1 L1 1 =648.196 K and less than 2% on the two other isotherms.
27z 274 216 278 280 282 284 From Figs. 7.23 and 7.24, it can be seen that IAPWS-95 and
Temperature 7/K Hill's equation agree, on average, better with each other than
¥ Del Grosso & Mader (1972) with the experimental data. Both equations are determined
O Fujii & Masui (1993) more by the reliablepT data in this region and less by the
—-— |APS-84 — --— Hill (1990) w data of Erokhin and Kal'yanow1980, which do not agree

Fic. 7.22. Percentage deviations between very accurate experimental dataSP well with theppT data. The right-hand side of Fig. 7.24
Cchee : _ i lustrates that outside the closest pressure range around the
the speed of souna along the isobap=0.101 325 MPa and values calcu
lated from IAPWS-95, Eq(6.4). Values calculated from IAPS-84 and the minima of the speed of sound the deviationswirbetween
equation of Hill (1990 are plotted for comparison. the experimental data and the values from IAPWS-95 go
down to +0.5% and less.

Due to its nonanalytical ternij$=55 and 56 in Eq(6.6)],
IAPWS-95, is able to yield the steep decrease of the speed of
ound when approaching the critical point, see Fig. 6.7 in

ec. 6.4.1. However, IAPWS-95 also has certain weaknesses
irril| representing the speed of sound in the critical region,
namely extremely near the phase bound@avithin 2.5 mK
above the saturation temperatufer densities about 6%

round the critical density and along the phase boundary for
densities about 4.5% around the critical density; for details

very similar. _ o . L ;
S)gmilar to theppT measurements on liquid water at am- S€€ the discussion in connection with Figs. 6.14 and 6.16 in
Sec. 6.4.2.

bient pressure, there are very accurate speed-of-sound data T
p=0.101325MPa measured by Del Grosso and Madey Wiryana et al. (1998 reported speed-of-sound data of

- H,O at temperatures between 353.15 and 473.15 K at pres-
(1972 and by Fuijii and Masu{1993. The upper diagram of 2 .
Fig. 7.22 illustrates that the IAPWS-95 formulation is able to 343 UP 0 3500 MPa, see Sec. 4.3. A comparison between

cover these data sets with a maximum deviation of abou&hese data ana/ values calculated with IAPWS-95 is pre-

. ted in Fig. 7.25. It can be seen that within its range of
+0.003%. The lower diagram shows that, for temperature§er.l ) :
up toT=284K, thew data of Del Grosso and Madét972 validity (1000 MPa IAPWS-95 represents the data with de-

are represented by IAPWS-95 to within0.001%, which is viations less than 1%, while in the pressure range from 1000

within the experimental uncertainty of these data. IAPS-84° 3500 MP_a where IAPWS-95 W%S extrapolated, the maxi-

and Hill's equation do not achieve this accuracy. mum _deV|at|0n_ does not exceed 2%. When IAPS-84 and the
There are no accurate speed-of-sound data for the critic guation of Hill (1990 are extrapolated correspondingly,

region close to the critical point. The strong decrease of th PS-84 exhibits deviations of more than 1(.)% at tempgra-
speed of sound to very small values when approaching thyre; ,Of 353'1.5 and 388.15 OK’ while the maximum deviation
critical point can hardly be measured for watérequency- of Hill's equation is about 9% ar=473.15K.

dependent dispersion effect§hew data closest to the criti-

cal point were reported by Erokhin and Kal'yan@i979, 7.2.4. 1sochoric Heat Capacity

(1980. However, even these data remain relatively far away

from the critical point, and consequently the smallest values Figure 4.6 shows that the available experimental data for
of these speed-of-sound data are on the order of 300'ms the isochoric heat capacity, cover the density range from
Nevertheless, in order to illustrate how IAPWS-95 behave0 to 1000 kg m®. Due to the relatively large uncertainties
in the critical region with regard to the speed of sound, Fig.and inconsistencies of the, data measured at the Dagestan
7.23 shows absolutey values calculated from IAPWS-95, Scientific Center of the Russian Academy of Sciences, from
from the equation of Hill(1990 and, within its range of the totality of nearly 3400 data points of the isochoric heat

of Erokhin and Kal'yanov(1979 for p>20.63 MPa were
omitted because the critical region is discussed below. Th
diagrams fofT>648 K show that this region is not very well
covered by the selected experimental speeds of sound. Fro
the data of Petitett 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 loo
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IAPWS-95 —--— Hill (1990)
———- Kostrowicka Wyczalkowska et al. (2000)

Fic. 7.23. Speed of sound in the critical region as a function of pressure on three isotherms as calculated from IAPWS-95, the equatit®96¥, Hitid
the crossover equation of Kostrowicka Wyczalkowsdtaal. (2000; values from the crossover equation are only shown within its range of validity. The
experimental data of Erokhin and Kal'yan¢¥980 are plotted for comparison.

capacity, the IAPWS-95 formulation was fitted only to those For three characteristic isochores between about 200 and
113c¢, data of Baehr and Schomier (1975 that are in the 400 kgm 3 covered by thec, measurements of Baehr and
single-phase region, see also Table 4.6. Therefore, the foBchomaker (1975, Fig. 7.27 presents percentage deviations
lowing comparisons with the, data are more a discussion between the experimental data and the values calculated
of the data situation and give an impression of howfrom IAPWS-95; the deviation scale corresponds to the un-
IAPWS-95 represents the, surface without being fitted to certainty of the data. While IAPWS-95 and the equation of
accuratec, data. The conclusion drawn from the compari- Hill (1990 represent the experimental data to within their
sons is representative for the entire range of thedata uncertainty, IAPS-84 exhibits weaknesses when approaching
shown in Fig. 4.6. For comparison purposes, besidegthe the phase boundary from the single-phase region. The ex-
values from the IAPWS-95 formulation, E¢6.4), most of  perimental isochore that is closest to the critical isochore
the figures also contain the corresponding values from thép.=322kgm 3) is p=323.8 kgm>; this isochore is also
other three equations of state mentioned at the beginning ofery well represented by IAPWS-95. Nevertheless, from the
Sec. 7. deviation diagrams on the right of the phase boundary, it can
Starting at low densities, Fig. 7.26 shows for the rangebe seen that the crossover equation of Kostrowicka Wycza-
near p=50 kgm 3 how IAPWS-95 predictsc, values in Ikowskaet al. (2000 and Hill's equation represent the ex-
comparison with the experimental data. The absobyteT  perimental data closest to the phase boundary better than
diagram illustrates inconsistenci@snatural indentationin IAPWS-95, see also Fig. 7.2@op). Since the values from
the data set of Kerimov and Alievd 975 at temperatures 1APS-84 oscillate very strongly near the phase boundary,
between 645 and 725 K. From the percentage deviation dighese values were omitted in this region. Although
gram of Fig. 7.26, it can be seen that the differences betweedPWS-95 was not fitted to thec, data of Baehr and
the data of Kerimov and Aliev&l975 and of Amirkhanov  Schomaker (1975 in the two-phase regiogeft of the phase
et al. (1969 amount to 5% and the data of Kerim¢$964) boundary in Fig. 7.2 data in this region are also very well
deviate from the other two data sets by up to 15%. It iscovered by IAPWS-95. We believe thaf values within the
interesting to see that the equations of Hill990 and two-phase region can be more accurately calculated than
IAPWS-95 yield nearly the same, values in this region measured, except very close to the critical point. This basic
and, as can be seen in the following figures, in the entirestatement applies to all equations of state that accurately rep-
region considered here except for the critical region. resent the thermal saturation properties and the internal en-
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Fic. 7.24. Percentage deviations between experimental data of the speed ofwanddalues calculated from IAPWS-95, Ef.4). Values calculated from

IAPS-84, the equation of Hil[1990, and the crossover equation of Kostrowicka Wyczalkowskal. (2000 are plotted for comparison; the crossover
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 sd&e obver a greater pressure range.

ergies of vaporization. This is the reason why IAPWS-95, theSchomaker (1975, which do not extend very close to the

Hill equation, and IAPS-84 yield nearly the samgvalues

phase boundarysaturation temperature The lower dia-

within the two-phase regiofthe crossover equation is only grams present the inner temperature range around the phase

valid for temperatures above 630.K
There are two density regions where thedata of Baehr

boundary covered by the, data of the Dagestan Scientific
Center; there is also one, data point of Baehr and

and Schomeker (1975 and of three groups of authors at the Schomaker (1975 in the two-phase region at about 643 K.

Dagestan Scientific Center overlap, namely fo=310
kgm 2 and p~344 kgm 2 (p.=322kgm 3). Figure 7.28

One can see from the upper diagrams that the data of Po-
likhronidi et al. (2001) and of Abdulagatot al. (1998 de-

presents deviation diagrams for these two isochores. The ugiate systematically from those of Baehr and Schokea
per diagrams mainly contain the data of Baehr and1975, namely in the two-phase region between 7% and

2
2 X X
~ B X X X
o A 6 = o A |9 o X
S Lo o4, 0" X
e X

-2 1 1 ) 1 3 @ X

0 1000 2000 3000 4000

Pressure p/ MPa

0, 4,0, X Wiryana et al. (1998)
O 7=353.15K AT=2388.15K
OT=423.15K XT=473.15 K

Fic. 7.25. Percentage deviations 100/w= 100W ey, —Weaid / Wex, bEtween
the experimental data of the speed of soundf Wiryanaet al. (1998 for

temperatures from 353.15 to 473.15 K and values calculated with IAPWS

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, Abdulagatovet 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 Kerimov1964), and that the difference
between IAPWS-95 and the crossover equation of Kostrow-
icka Wyczalkowskeet al. (2000 is not too large.

The isochorep=316.84 kgm? is the one closest to the
critical density p.=322kgm 2) that is covered by experi-
mental data up to very near the saturation temperatyre
=647.095K (T.=647.096 K). For this isochore, Fig. 7.29
illustrates by an absolute,—T diagram that IAPWS-95 is

95, Eq.(6.4). For the pressures above 1000 MPa, IAPWS-95 was extrapoa-bIe to follow the steep increase of tb9 data when ap-

lated.

proaching the saturation temperaturg (phase boundajy
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Fic. 7.26. Comparison between experimental data of the isochoric heat ca- —-— IAPS-84  —--—Hill (1990)
pacityc, and values calculated from IAPWS-95, £6.4), IAPS-84, and the —=-— Kostrowicka Wyczalkowska et al. (2000)

equation of Hill(1990. (Upper diagramAbsolute plot ofc, as a function of
temperature for the isochope=49.51 kg m 3; (Lower diagram Percentage
deviations 108c¢, /c,=100(C,,exp—Cy,cald/Cyexp fOr the density range
given.

Fic. 7.27. Percentage deviations between experimental data of the isochoric
heat capacityc, in the extended critical region and values calculated from
IAPWS-95, Eq.(6.4). Values calculated from IAPS-84, the equation of Hill
(1990, and the crossover equation of Kostrowicka Wyczalkowskal.
(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-
see also the diagram in the upper right corner of this figuregion.

However, compared with the crossover equation of Kostrow-
icka Wyczalkowskaet al. (2000 the shape of the isochore
calculated from IAPWS-95 does not have such a steady curight shows the temperature range a few Kelvin around the
vature; very close td , the slope of IAPWS-95 is too steep saturation temperatur€,, which is dominated by the data
and further away fromT, it is too flat. Nevertheless, as of Kerimov (1964 and of Abdulagatowet al. (1998. As one
shown for thec, point of Abdulagatovet al. (1999 with can see, IAPWS-95 is also able to follow the steep increase
c,=6.883kJkg*K™!, the difference between IAPWS-95 of the ¢, data when approaching the saturation temperature
and the crossover equation amounts-t8.4% inc, corre-  from the two-phase region. Again, closeTg, the slope of
sponding to—0.13 K or —0.02% in temperature. This means the IAPWS-95 line is first too flat and then too steep, see the
that such differences are well within the experimental uncerdiagram on the right. This diagram also clearly shows that
tainty. Thus, such differences @) must not be overrated if 1APS-84 yields the jump irc, in the wrong place; this be-
they occur in regions with a steep slope of the isochoric hedbavior is based on the poor representation of the densities of
capacity. One can also see from the small diagram in théhe saturated vapor and liquid in this near-critical region, see
upper right corner of this figure that the differences in tem-Fig. 7.4.
perature between IAPWS-95 and the crossover equation of Although the IAPWS-95 formulation is generally able to
Kostrowicka Wyczalkowskat al. (2000 practically vanish; yield reasonablec, values in most of the critical region,
for example, atc,=18kJkg 1 K~?! the difference between IAPWS-95 has certain weaknesses in representing the isoch-
IAPWS-95 and the crossover equation is abeit.04 mK. oric heat capacity, in particular extremely near the phase
This difference is well within the scatter of the data with boundary(within 2.5 mK above the saturation temperajure
respect to temperature. for densities about 6% around the critical density and along
Figure 7.30 presentsc, along the isochore p the phase boundary for densities about 4.5% around the criti-
~344kgm 3=1.07p.. The diagram on the left covers a cal density; for details see the discussion in connection with
greater temperature range that also includes a part of the dafégs. 6.13 and 6.15 in Sec. 6.4.2.
of Baehr and Schonaker (1975, while the diagram on the In Fig. 7.31, experimentat, data at higher densities are
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Fic. 7.28. Percentage deviations between experimental data of the isochoric heat cgpatithe extended critical region and values calculated from
IAPWS-95, Eq.(6.4). Values calculated from IAPS-84, the equation of HiIDP90, and the crossover equation of Kostrowicka Wyczalkowskal. (2000

are plotted for comparison; values of the crossover equation are only shown within its range of validity. The upper diagrams, which cover a greater
temperature range, only contain the data of Baehr and Satl@n@975. The lower diagrams show a small temperature range ardyraehd contain all data

available in this region.

compared with the correspondig values calculated from pressure of 400 MPa and a temperature of 800 K, which is
IAPWS-95, where two typical examples have been selecteccomprehensively covered by accurgipT data (see Fig.
For the densityp~712.6 kgm?>, the upper deviation dia- 4.1), the differences i, between the two equations of state
gram shows two data sets measured at the Dagestan Sciare less thant0.5% (not counting the critical region of
tific Center; the data of Kerimoy1964 exhibit systematic course. Therefore, we estimate that in this range the uncer-
deviations from the values of IAPWS-95 of aboti?.5%  tainty of the IAPWS-95 formulation inc, is less than
while the data of Abdulagatoet al. (1997 lie, within their ~ +0.75%.

scatter of about-2%, around the values from IAPWS-95.

From the lower diagram, one can see that the recent data of 7.2.5. Isobaric Heat Capacity
Mageeet al. (1998 are represented to within their scatter of
about*+0.5% whereas the data of Kerim¢¥964 lie about The distribution of the experimental data for the isobaric

2% higher. Altogether, the, data measured by Mage¢al.  heat capacityc, used to develop the IAPWS-95 formulation
(1998, deviate from IAPWS-95 on average betweeB.5% is shown in Fig. 4.8, see also Table 4.8. In the following,
and —1% for p<967 kgm 3 and by =0.5% for p=977 these experimental data are compared with the corresponding
kgm 3, for the density and temperature range covered byalues calculated from the IAPWS-95 formulation, Egj4),
Mageeet al's data see Table 4.6. and from the other three equations of state mentioned at the
Based on the detailed investigation of the IAPWS-95 for-beginning of Sec. 7.
mulation with regard to the representation of the isochoric For six characteristic isobars at pressures below 15 MPa,
heat capacity, we believe that the IAPWS-95 formulationFig. 7.32 presents comparisons between the experimental
describes the, surface outside the immediate critical region data and the,, values calculated from IAPWS-95 where the
more accurately than the existing experimental data do. Thidata are only in the gas phasexcept forp=14.7 MPa.
statement is based on the fact that first, IAPWS-95 was ndtrom the deviation diagrams, it can be seen that IAPWS-95
fitted to anyc, data[except for the 118, data of Baehr and represents the data to within their experimental uncertainty
Schomaker (1975, see Table 4. second, the way in which given in Table 4.8. IAPS-84 and the equation of HilB90
the best data of the Dagestan Scientific Center and the dakeehave very similarly except for pressures below 10 MPa
of Mageeet al. (1999 are represented, and third, on the verywhen approaching the phase boundary. While in this region
good agreement between tbg values from IAPWS-95 and the deviations between the data and IAPWS-95 do not ex-
from the equation of Hill(1990. In the region limited by a ceed 2%, the two other equations clearly yield lowgnval-
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Fic. 7.29. Isochoric heat capacity in the near-critical region along a subcritical isochore as a function of temgeeatucetical temperature rang€,
>T,, single-phase regigras calculated from IAPWS-95, E¢6.4), and from the crossover equation of Kostrowicka Wyczalkoweskal. (2000. The inner
diagram shows a smaller temperature range in higher resolution and extends tochighkres. The experimental data are plotted for comparison.

ues, which deviate from the experimental data by up td1990, and the crossover equation of Kostrowicka Wycza-
—4%. On the other hand, a still better representation of theskkowskaet al. (2000 are plotted for comparison. Before dis-
data of Sirota and TimrdtL956 by IAPWS-95 was not pos- cussing the representation of these data by IAPWS-95 and
sible without a significant deterioration in the representatiorthe other equations of state, we give a brief comment on this
of the ppT data and the speeds of sound in this region.  “difficult” region. There are two basic reasons why the total
Figure 7.33 illustrates the problem described above morexperimental uncertainty ia, rises drastically in the critical
clearly by plotting the absolute course of along some region. First, due to the strong increase of the isobaric heat
isobars and along the saturated vapor line for temperaturesapacity in this regior(see Fig. 7.3%4 experimental uncer-
from the triple point to 600 K. For IAPWS-95, this figure tainties in temperature and pressure have a very strong effect
shows the good consistency between the representation ofi the uncertainty irc,. For the same reason, relatively
the ¢, data of Sirota and Timrot1956 in the single-phase large differences i, between the several equations of state
region near the saturated vapor line andd[ﬁceiata of Sirota  would result in relatively small differences when expressed
(1963 along the saturated vapor line. Except for temperain density or in temperature. The second reason is based on
turesT<370K, IAPS-84 and Hill's equation are not able to the experimental procedure to determine isobaric heat ca-
follow the c’F’, data along the phase boundary, see also Figpacities. Usually, with flow calorimeters, enthalpy differ-
7.7. Thec, data point of Sirota and Timr@l956 closestto ences and corresponding temperature differences are mea-
the phase boundary is in the two-phase region for these equaured. Due to the strong increasecgfin the critical region
tions. and the strong change of the slope of the isobars near their
The experimentat, data in the critical region are com- maximum in ac,—p diagram, the exact assignment of the
pared with the values calculated from the IAPWS-95 formu-measured difference quotientf/AT), to the isobaric heat
lation in Fig. 7.34 by a,—p diagram along four isobars and capacity defined by the differential quotiesyj=(Jh/JT), is
in Fig. 7.35 by percentage deviation diagrams for the sama considerable source of error. Moreover, uncertainties in
isobars; values calculated from IAPS-84, the equation of Hilkemperature or problems with its stability strongly affect the
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Fic. 7.30. Isochoric heat capacity in the critical region along a supercritical isochore as a function of temperature as calculated from IAPW&45, Eqg.
Experimental data and values calculated from IAPS-84, the equation oflldBl), and the crossover equation of Kostrowicka Wyczalkowekal. (2000

are plotted for comparison. The diagrams also cover the two-phase région,{, where the left side shows a greater temperature range afiquadd the
right side a smaller one with higher resolution in temperature.

uncertainty inc,. In this difficult region, the IAPWS-95 mentalc, data in this near-critical region. Outside the den-
formulation still represents the data within the experimentakity region shown in Fig. 7.35, the deviations again diminish
uncertainty, but one can see from Fig. 7.35 that the crossoveo about 0.2% and less, for example along the isobar
equation and Hill's equation are clearly closer to the experi—=24.517 MPa. In this pressure range, namely on the isobars
20, 23, 24, 26, and 28 MPa, there are also experimental
data of Ernst and Philippi1990, which cover the density

5 712.56 - 712.66 kg m> range from 100 to 1000 kg . For densities greater than
¥ & 550 kgm 3, these data do not deviate from the values of

s [ g g < IAPWS-95 by more than-0.5%, and in most cases the de-
L:;— 0 = viation lies within =0.3%.

-~ L™ However, very close to the critical point IAPWS-95 yields
’Ié 5L } . ) ) . . ! an unnatural indentation in the plot of, isotherms or iso-
Y 580 600 620 640 bars over density, for details see the discussion in connection

A 986 - 989 kg nr with Figs. 6.9—6.1_2 in Sec. 6_.4.2. _ _

g 33— The corresponding comparisons for five representative su-
Sf <1<1{<1<1 4449 daqgq 4 percritical isobars from about 30 to 100 MPa are presented in
S o L % b i y—S—e 45E< Fig. 7.36, which also includes the extended critical region.
- X b3 X Besides the data of Sirota’s group, this figure also contains

i cp data of Ernst and Philipdil990. In contrast to Fig. 7.32,
T v T the percentage deviations are again plotted versus density; in
this way, the region around the critical density is stretched
Temperature T/K
much more than when plotted over temperature. It can be
< Kerimov (1964) X Magee et al. (1998) seen that in the extended critical region the deviations be-
> Abdulagatov et al. (1997) tween thec, data and the values from IAPWS-95 remain
—-—=- Ezf?fggg‘)’"dary —-— |IAPS-84 within +2% for the isobap=29.42 MPa and within+1%

Fe. 731 P deviations b _ | data of the isoch and less for the isobars up fm=68.65MPa. It is not sur-
IG. 7.31. Percentage deviations between experimental data of the isochorjc,: : - - i
heat capacityc, and values calculated from IAPWS-95, E§.4). Values anmg that the crossover equation O.f Kostrowicka Wy.c.za
calculated from IAPS-84 and the equation of Hill990 are plotted for Ikowskaet al. (2000 covers thec,, data in the extended criti-

comparison. cal region on average better than IAPWS-95, but attention
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Fic. 7.32. Percentage deviations between experimental data of the isobaric heat agpauityalues calculated from IAPWS-95, E6.4). Values calculated

from IAPS-84 and the equation of Hi{lL990 are plotted for comparison.
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should be paid to the limited range of validity for which its
line is drawn; for example, fop=68.65 MPa the range of
validity extends from about 314 to 543 kg th Outside the
extended critical region, the deviations between the data and
IAPWS-95 are less thatt 0.5%, even for the highest density
at and above=1000 kg m .

Along the isotherniT=300K, there are high-pressucg
data reported by Czarnota984) 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 withitt6%, 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 abeti% is
most probably based on the uncertainty of the measurement;
here, all three equations of state yield nearly the sape
value and, moreover, this deviation is not supported by the
more recent data of Wiryanat al. (1998, see below.
IAPS-84 shows strongly increasing deviations of up to al-
most —100% near 1000 MPa.

Wiryana et al. (1998 reportedc, data for temperatures
from 353.15 to 473.15 K and pressures up to 3500 MPa.

Fic. 7.33. Isobaric heat capacity as a function of temperature as CaICUIateAIthough these data are not direct measurements of the iso-

from IAPWS-95, Eq.(6.4), along a part of the saturated-vapor line and in
the gas region. Experimental data and values calculated from IAPS-84 al

the equation of Hill(1990 are plotted for comparison.

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

ngaric heat capacity but were derived from their speed-of-

sound measuremensee Sec. 4.5)2Fig. 7.38 shows a com-
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463

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

IAPWS-95 are 11.4%. Due to the way in which Wiryana

calculated from IAPWS-95. It can be seen that for pressurest al. (1998 obtained these, data, we believe that the sys-
up to 1000 MP4, i.e., within the range of validity of IAPWS- tematic trend between the, data and the values from
95, the deviations of the, data remain within 3.5%, which IAPWS-95, shown in Fig. 7.38, is mainly due to the uncer-

is probably well within the uncertainty of the data. In the tainty of the data.

extrapolation range for pressures up to 3500 MPa, the maxi- From the statements on the uncertainty of the IAPWS-95
mum deviations of the data from the values calculated witiformulation inc, made in Sec. 6.3.2 and from its compari-
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Fic. 7.35. Percentage deviations between experimental data of the isobaric heat agpmuityalues calculated from IAPWS-95, E6.4). Values calculated
from IAPS-84 and the equation of HilL990 are plotted for comparison. The diagrams correspond to the same pressures and about the same density range

as covered by Fig. 7.34.
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Fic. 7.37. Percentage deviations 108, /c,= 100(Cp, exp— Cp.cald/ Cp, exp €~

2 tween experimental data of the isobaric heat capagjtyeasured by Czar-
nota(1984 and values calculated from IAPWS-95, E§.4). Values calcu-
lated from IAPS-84 and the equation of Hi(ll990 are plotted for
comparison. The two data points right of the phase boundary are in the
liquid—solid metastable region.

each other regarding the, representation in this region.
Both equations agree withirt0.1% inc, for temperatures

up to 800 K and pressures up to 60 MRscept 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 within0.8%, and only for
higher pressures do thg, values calculated from these two
equations differ by up ta-2%.

100 (cp,exp - cp,calc) / cp,exp

7.2.6. Enthalpy Differences

Information on the two data sets of enthalpy differences

200 200 600 B00 1990 Enggaurei_ Ey Philippi((jl98;) alnd ﬁastro-Ggrgez;at al. |
. _ 1 which were used to develop the IAPWS-95 formula-
Density p / (kg m™3 IS T . .
yp kg ) tion, is given in Table 4.9 and Fig. 4.9. In Fig. 7.39, thade
© Sirota & Mal'tsev (1959) A Sirota & Grishkov (1966) data are compared with the correspondixig values calcu-
gz?tta &tmfl'(tfgés(;gsm sggﬁa &tGlriS(ql;% )(1968) lated from IAPWS-95, Eq(6.4), along three isobars that are
irota et al. Irota et al. .

X Sirota ef al. (1966) o Ernst & Philippi (1990) representative of the range of the measurements. The data
—-— IAPS-84 — -~ — Hill (1990)

——— Kostrowicka Wyczalkowska et al. (2000)

15

Fic. 7.36. Percentage deviations between experimental data of the isobaric
heat capacityc, in the extended critical region and values calculated from
IAPWS-95, Eq.(6.4). Values calculated from IAPS-84, the equation of Hill

(1990, and the crossover equation of Kostrowicka Wyczalkowskal. &8 & E 8
(2000 are plotted for comparison; the crossover equation is only shown i = 8 ®

R o
within its range of validity. The two lowest diagrams and the density range , , . . . R ? X >'<
of all diagrams extend beyond the extended critical region. ‘150 1000 2000 3000 4000

Pressure p/MPa

100 Ac,/c,
o

sons with the experimental, data carried out in this section, 0,4,0,X Wiryana et al. (1998)
it follows that, except for the critical region, IAPWS-95 is DT7=35315K AT=388.15K
considered to be more accurate than the experimental OT=42315K  XT=47315K

data. This behavior is based on the fact that IAPWS-95 is

very well guided by highly accuratepT data for tempera- Fic. 7.38. Percentage deviations 10f) /¢, =100(Cp,exp Cpcaid/ Cp,exp PE-
een the data of the isobaric heat capacityof Wiryanaet al. (1998 for

tures up to 800 K and pressures up to 100. MPa and als_o_bymperatures from 353.15 to 473.15 K and values calculated with IAPWS-
accurate speed-of-sound data: Therefqre, It IS NOU SUrprisINgk, gq.(6.4. For the pressures above 1000 MPa, IAPWS-95 was extrapo-
that IAPWS-95 and the equation of HilL990 agree with lated correspondingly.
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5.5 -6.2 MPa very similar deviationg\(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 thatn0.12% in the gas region and

at supercritical pressuréexcept for the extended critical re-

. gion) and less than-0.25% in the liquid region.

TTTT

|
(4]

28 - 29.5 MPa

[4)]

7.2.7. Joule—Thomson and Isothermal Throttling Coefficient

The Joule—Thomson coefficien = (dT/dp)y], which is
v sometimes also called the isenthalpic throttling coefficient, is
v coupled with the isothermal throttling coefficierjtét
=(ah/dp)+] via the isobaric heat capacity,, namely or
50 MPa =—pu-Cp,. Due to this close relation betwegnand 6y, one
can expect that the two properties are similarly represented
by an equation of state. Therefore, the representatiop of
ol v v 7 R — and &7 by the IAPWS-95 formulation, Eq6.4), is jointly
discussed in this section.
. . . . For the reasons given in Secs. 4.7 and 4.8, only.ifead
5300 400 500 600 700 ot 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.
0O Castro-Gomez et al. (1990) v Philippi (1987) 4.9.
——— Phase boundary Comparisons between the data of the Joule—Thomson co-

Fic. 7.39. Percentage deviations between experimental data of the enthalr%ﬁluent and the correqundlpg values Calcmated from.
differencesAh and values calculated from IAPWS-95, E.4). IAPWS-95 are presented in Fig. 7.40 for six representative

isotherms. One can see that IAPWS-95 representg tihata

to within their experimental uncertainty af4%; this is also
points, which correspond to isobaric enthalpy differencegrue for IAPS-84 and the equation of H{lL990, which go
Ah=h,(p,T,)—h.(p,T,), are plotted in these percentage approximately through the mean values of the scatter of the
deviation diagrams at the end point of the measurement, i.edata for temperatures up to 673 K. Since, however, the rep-
at the temperaturd,. In the case of difference quantities resentation of the data within their scatter without a system-
such asAh, the corresponding properties calculated fromatic trend led to a clear deterioration in representing the very
other equations of state cannot be plotted as lines in sucaccurateppT data of Kellet al. (1989 in this temperature
diagrams. Therefore, these special deviation diagrams do noange, we did not force a better representation of Erfle’s
contain comparisons with the corresponding values frondata by IAPWS-95 at these temperatures. The deviation dia-
IAPS-84 and the equation of Hil{1990. However, such gram for temperatures in the range of 571-573 K shows a
comparisons were carried out separately and a correspondipgak in the deviations between IAPWS-95 and the two other
statement is given below. equations of state in the liquid range at about 60 MPa. This

Figure 7.39 shows that theh data can be represented by behavior is caused by the zero crossinguadt this pressure

IAPWS-95 to within the experimental uncertair(gee Table (from positive to negativex values.
4.9). For the data of Castro-Gomet al. (1990, this means For temperatures above 800 K, all three equations, but
a representation within their scatter ®8{Ah)=*1%. Out-  particularly IAPWS-95, exhibit a parallel offset compared
side the critical region, the data of Philipl987 do not with the mean values of the scatter of the data. During the
deviate from IAPWS-95 by more thah1%; in the extended development of IAPWS-95, a reduction in this systematic
critical region, the deviations increase 161% (see, for ex-  offset was attempted. However, such an “improvement” re-
ample, the deviation diagram for pressures between 28 arglilted in a clear deterioration of the extrapolation capability
29.5 MPa and in the critical region for pressures betweenof IAPWS-95. The maximum in the second virial coefficient
22.5 and 24.1 MP#&ot shown at temperatures between 651 B at a reasonable temperature, which is very important for
and 664 K, deviations of up to 35% occur. The clearly in-good extrapolation behavior of an equation of state Sec.
creasing deviations in the critical region are due to the fac?.3.3.2, could only be achieved when this offset was ac-
that the measured quantitAf/AT), rises very strongly, cepted. This decision was confirmed by tfseiccessfyl at-
and therefore the experimental uncertainties in temperaturempt to make IAPWS-95 yield a maximum in the third
have a very strong effect on the uncertainty ah{AT),; virial coefficient at about the critical temperature, see Fig.
see also the corresponding statement on the isobaric heaf20 and the corresponding statements in Sec. 7.2.2. This is a
capacity in the preceding section. Except for the extendefurther indication that the. data of Ertle(1979 are not more
critical region, IAPS-84 and the equation of Hill990 yield  accurate than defined by the given uncertainty+@®% and

]
[s,]

100 (Ahexp - Ahcalc) / Ahexp
=)
4
1
<l

[$,]

Temperature 7T/K
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Fic. 7.40. Percentage deviations between experimental data of the Joule—Thomson cogffarenvalues calculated from IAPWS-95, H.4). Values

calculated from IAPS-84 and the equation of H990 are plotted for comparison.

one should not try to represent them to within their scatter.the statements made for Fig. 7.40 are also true here. The
Figure 7.41 presents comparisons between the experimepeak in the deviations between IAPWS-95 and the other two

tal data of the isothermal throttling coefficient and the

equations aff =673 K and 28 MPa is not based on a zero

values from IAPWS-95 along four representative isothermsgrossing ofs; (as foru at 572 K), but are caused by a very

altogether the measurements of Ef1879 cover a tempera-

strong increase and decrease ogf in this small pressure

ture range from 621 to 1073 K. The comparisons are veryegion (5t=— u-C,); the 61 values of the three equations of
similar to those of the Joule—Thomson coefficient data andtate differ correspondingly along this sharp pealépf
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Fic. 7.41. Percentage deviations between experimental data of the isothermal throttling coefficegirtle (1979 and values calculated from IAPWS-95,
Eq. (6.4). Values calculated from IAPS-84 and the equation of HiB90 are plotted for comparison.
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Fic. 7.42. Percentage deviations between experimental data of the isothermal throttling coefficeinMcGlashan and Wormald@2000 and values
calculated from IAPWS-95, Ed6.4). Values calculated from IAPS-84, the equation of KIB90, and the virial equation of Hill and MacMillaf1988 are
plotted for comparison. The data shown as solid circlesSagedata extrapolated by McGlashan and Wormald from tigidata to zero pressure. Note that
the pressure unit is kPa.

Very recently, measurements of the isothermal throttlingcertainty. It can be seen that, except Tor 383.26 K andT
coefficientsy and of ot o at zero pressure were reported by =393.36 K, IAPWS-95 is not able to represent e, data
McGlashan and Wormal@2000. On 12 isotherms, these to within the uncertainty claimed by McGlashan and Worm-
data cover a temperature range from 313 to 413 K at verid (2000. In particular, the differences at the temperatures
low pressures of up to 82 kPa; for further details see Sec. 4.863, 373, 403, and 413 K are not fully explainable, because
For four representative isotherms, Fig. 7.42 shows the deviahe best data of the second virial coefficient in the tempera-
tions of thesed; data from values calculated with IAPWS- tyre range from 373 to 473 KEubanket al. (1988 and Kell
95. Again, this figure also contains th& values from et al. (1989] are represented to within their uncertainty, see
IAPS-84 and the equation of Hif1990 for comparison. Fig. 7.19. The equation that covers thg, data best is the
Since in the context of properties of,& in the diluted gas virial equation of Hill and MacMillan(1988. Nevertheless,
region the virial equation of Hill and MacMilla1988 is it still cannot meet about half of the data within their uncer-
often usedsee also Sec. 7.2,25 values from this equation tainty. Based on this entire investigation, it seems as if the
are also plotted. When keeping in mind the statements madgxperimental data for the isothermal throttling coefficient at
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- T a00fF W

tainties derived from the statements made by McGlashanand 2 5 } *{\\.\

Wormald(2000. There are systematic deviations of the data oe 2001 \!\!\\ .

from values calculated with IAPWS-95, which go from e oL R =z
negative to positive with increasing temperature. In the .\E 200k T Exp. uncertainty .
course of this trend, very good agreement is exhibited onthe 3 B \ . . . .
isothermT=393.36 K. ForT=413.19K the four equations 300 350 400 450
agree very well with each other, but th#% data deviate Temperature T/K
considerably from the average of the values of the equations.

For the uncertainty of the solié o point at this temperature, ¢ McGlashan & Wormald (2000)
McGlashan and Wormald give a value of ontyl.4%, but ——— Hill & MacMillan (1988)

they do not exclude systematic errors. T 1APS-84 — r* " Hill (1990)

Figure 7.43 presents absolute deyiations of the dgta 0fc. 7.43. Absolute deviations 87.0= (87.0exs— Orocad DEWeEEN experi-
McGlashan and Wormal@®000 for the isothermal throttling  mental data of the isothermal throttling coefficient at zero pressygeof
coefficient at zero pressui  from the corresponding val- McGlashan and Wormal@000 and values calculated from IAPWS-95, Eq.

: _ : (6.4). Values calculated from IAPS-84, the equation of KiID90, and the
ues calculated with IAPWS-95 and with the three other equaviriaI equation of Hill and MacMillan1988 are plotted for comparison. For

tions. BeSideS_ th_eém data themselves, WheréT,O:_B those data for which no uncertaintiésstimated by the experimentemre
—T(dB/dT), this figure also contains the range of their un- plotted, the uncertainty range corresponds to the size of the symbols.
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Fic. 7.44. Percentage deviations between experimental data of the isentropic temperature—pressure gedficlerdlues calculated from IAPWS-95, Eq.
(6.4). Values calculated from IAPS-84 and the equation of HiB90 are plotted for comparison.

zero pressure and for the second virial coefficient are not7-3.1. Derivatives of the Thermal Properties in the Liquid Phase
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 One important requirement for the development of the
the deviations are related 6 o,, and these data have a IAPWS-95 formulation was a reasonable course of the first
negative sign. 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
The experimental data for the isentropic temperature-for the importance of this requirement is described in the
pressure coefficienf Bs=(dT/dp)s] reported by Rgener following.
and Soll (1980 were not used to develop the IAPWS-95  Solution chemists who study aqueous electrolytes make
formulation, because we know from the experience of Saulise of the Debye—Hikel limiting law for dilute solutions,
and Wagner1989 that the accuracy of an equation of statewhich produces a characteristic “Debye-¢kel slope” for
for B data is comparable to that for the speed of sound in theach property. For the activity and osmotic coefficients, the
corresponding region of state. This experience has also be&ey parameter in the Debye—ktkel slope is the static di-
confirmed in this work. electric constant of the solvent. However, derivative solu-
For four representative isotherms, Fig. 7.44 presents ton properties such as the partial molar volume or partial
comparison between the experimengaldata and the values molar enthalpy are often studied. The Debye-€kkl slopes
calculated from IAPWS-95, Eq6.4); the values from the for these properties involve the derivativeseofvith respect
other two equations of state are also plotted. It can be sedn pressure and temperaturée(dp)+ and (Je/JT),. Since
that IAPWS-95 represents these data to within their experithe wide-range equations far are given as a function of
mental uncertainty ofA 8,=+0.4%. The equation of Hill density and temperatures=e€(p,T), one needs from an
(1990 achieves a similarly good representation of the datagquation of state the derivativegd/dp)r and @p/JT),.

while IAPS-84 has some difficulties at low temperatures. (Examples for such wide-range equations for the dielectric
constant are the equation of Archer and W&b@o0 and the

equation of Fernadezet al. (1997 that was adopted as the

IAPWS standard fore [IAPWS (1997)].) For this purpose,

but also for a number of similar applications, the first deriva-

tives of the thermal properties of IAPWS-95 should be as
This section describes the behavior of the IAPWS-95 for-accurate as possible. In order to ensure this, the IAPWS-95

mulation with regard to the derivatives of the thermal prop-formulation should also yield a reasonable course of the sec-

erties, the behavior in the metastable regions, the resulsnd derivatives of the thermal properties.

when extrapolating to very high pressures and temperatures, With this background, Archer and War{@990 pointed

and the behavior with regard to the so-called ideal curves. out that even small inaccuracies in the first density and pres-

7.2.8. Isentropic Temperature—Pressure Coefficient

7.3. Selected Attributes of the IAPWS-95
Formulation
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% 06} prd /'/ Fic. 7.46. Percentage density deviations Apfp=100(pexy—peaid! Pexp
» /,»/ s’ between accurate experimenpgdT data for the isothernm=273.15 K and
IE B ,/»// yal values calculated from IAPWS-95, Ed6.4). Values calculated from
g: -0.8F ,./// ‘/' IAPS-84 and the equation of Hi{lL990 are plotted for comparison.
Pl Ve
- .
o R A
Z - A7 - .
= 10 W of Saul and Wagnef1989, and the equation of Hi{1990.
e . . .
<< -;f T=27315 K IAPS-84 shows a clearly oscillating course of this second
& -1.2f ' derivative, while the equation of Saul and Wagri2889
& N displays a minimum at a pressure of about 30 MPa. The
s 14 A \ | A A equation of Hill represents this second derivative very
0 100 200 300 steadily without oscillations and extrema, but does not cor-
Pressure p/MPa respond to the temperature scale 1TS-90.
Saul & Wa 1989 When starting the development of IAPWS-95, we investi-
T :_ﬁﬁ%g;o) T gner (1989) gated the possible reasons for the different course of the

second derivative #?p/Jp?) obtained from these three
Fic. 7.45. (Upper diagram Percentage differences of values of the deriva- equations of state. The examination of the representation of

tive (dp/dT), for p=100 MPa calculated from IAPS-84, the equation of the different types of experimental data in this region,
Saul and Wagne(1989, and the equation of Hil{1990 from values cal- namely:

culated from an equation of Ter Minassian and Prud#81) for the expan-

sivity of water. (Lower _dlagranm Values of the derivative i¢p/dp?); for _ ppT data and speeds of sound in the single-phase
T=273.15K as a function of pressure as calculated from the same equations

of state as mentioned for the upper diagram. liquid region including the highly accurappT andw
data atp=0.101 325 MPa; and

(i)  the saturation data’, p,, andh’ along the saturated

sure derivatives calculated from the various equations of liquid line near the triple point led to the conclusion
state strongly affect the Debye—tkel limiting slopes. that the inadequate representation of pd data of
Thus, with regard to these derivatives, they investigated the Kell and Whalley (1975 along the isothermT

best equations of state for,B at that time, namely IAPS-84, =273.15K is most likely the reason for the mis-
the equation of Saul and Wagnd989, and the equation of guided behavior of the equation of Saul and Wagner
Hill (1990. They found out that the values of the derivatives (1989 and IAPS-84. Based on this knowledge, we
calculated from these equations of state for liquid water at paid attention to the isothermm=273.15K and the
low temperatures are rather different. Figure 7.45 repeats the adjacent temperature range when developing the
results of the investigations of Archer and Waii§90 with IAPWS-95 formulation. For this isotherm, the upper
regard to the first derivativedp/ 9T), and the second deriva- left diagram of Fig. 7.12 illustrates a comparison be-
tive (#°p/dp?)+. The upper diagram of this figure shows tween theppT data and the values calculated from the
that, for the isobap=100 MPa and temperatures below 290 various equations of state for pressures up to 100 MPa
K, the values of the derivativedp/ dT), calculated from the using a logarithmic pressure scale. For the same iso-
three equations of state clearly diverge, which leadd at therm, but using a linear pressure scale and a higher
=270K to a difference of nearly 15% between IAPS-84 and resolution of the deviations, Fig. 7.46 shows the per-
the equation of Saul and Wagn€t989 and of about 7% centage density deviations between the very accurate
between each of these two equations and the equation of Hill ppT data of Kell and Whalley1975 and densities
(1990. The lower diagram of Fig. 7.45 shows for the iso- calculated from IAPWS-95, Eq(6.4); values from
therm T=273.15K the second derivative’{p/9p?)t as a IAPS-84, the equation of state of Saul and Wagner
function of pressure calculated from IAPS-84, the equation (1989, and the equation of Hi{1990 are plotted for
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Fic. 7.47. Percentage differences of values of the derivativpsip)+ and (@p/dT), for the four pressures 0.1, 1, 10, and 100 MPa calculated with IAPS-84
and the equation of Hil{1990 from values calculated with IAPWS-95, E(5.4).

comparison. It can be seen that, in comparison with first and second derivatives of the thermal properties,
the three other equations of state, IAPWS-95 repre- then IAPWS-95 should not have any difficulties in
sents these data best, and Hill's equation behaves this respect.

similarly well. In contrast to these two equations,

IAPS-84 but particularly the equation of Saul and For the four pressures 0.1, 1, 10, and 100 MPa and tem-
Wagner(1989 show a different course in the percent- peratures from the melting temperatufg, to 350 K, Fig.

age deviations, and therefore also a different course of .47 shows percentage differences between values of the two
the derivatives ¢p/dp)t and (@°p/dp?)r. Given the  derivatives @p/dp)t and (@p/JT), calculated from IAPS-84
quality of IAPWS-95 in this low-temperature part of and the equation of Hi{1990 and the corresponding values
the liquid region, if the very good representation of calculated from IAPWS-95. In the diagrams on the left, the
the ppT data in this region was indeed the decisive differences in the derivativedp/dp)+ between the equation
precondition for a reasonable representation of theof Hill (1990 and IAPWS-95 are less than 0.1% except for
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Fic. 7.48. Values of the derivativesi{p/ap?)r, (#*p/3T?),, and @?p/JdpdT) as a function of pressure for the temperatures 273.15 and 298.15 K and
((7213/(?T2)p as a function of temperature fer=0.101 325 MPa as calculated from IAPWS-95, IAPS-84, and the equation of198i0.

the isobap =100 MPa. From the diagrams on the right oneformulation yields in all cases a very steady course of the
can see that, except foT~277K and ps10MPa, second derivatives, which is also true for the equation of Hill
IAPWS-95 and the equation of Hill agree with each other(1990; the differences between these two equations are mar-
regarding the derivativedp/dT), within 0.5%. The reason ginal. In contrast, IAPS-84 shows significantly different
for the large differences at about 277 K is the density maxicourses of these derivatives, particularly Tor 273.15 K but
mum near this temperature; becausgp/¢T),=0 at this also for T=298.15K and along the isobarp
point, very small absolute differences in this derivative cause- g 101 325 MPa: the maximum differences in the deriva-
large percentage differences. Except for the derivativgjeg (@plopaT) and (azp/aTz)p in comparison with the

(dpldT), at rather high pressuredfor instance, p two other equations reach several hundred percent with
=100 MP3g, the differences between IAPS-84 and the other lopes that are even different in the sign

two equations are not very large either. Thus, only the secon%l L .
q y'arg y Taking into account the requirements for a reasonable rep-

derivatives are sensitive enough to detect significant differ- ; . L
ences between the equations of state in this respect. resentation of the first and second derivatives of the thermal

Figure 7.48 summarizes the plots of the three second gdlroperties in connection with the need for representing 'Fhe
rivatives (#2p/ap?)r, (#2pldT?),, and (%plapdT) as a Ve accurateppT data and speeds of sound and the exis-
function of pressure for the two temperatures 273.15 andence of a density maximum, the liquid range giCHplaces
298.15 K, and the derivative&(p/aTz)p as a function of Vvery high demands on an equation of state that are unique in
temperature forp=0.101325MPa, where each derivative comparison with those placed on the liquid region for other
was calculated from IAPWS-95, IAPS-84, and the equatiorsubstances. The IAPWS-95 formulation meets these multiple
of Hill (1990. The four diagrams show that the IAPWS-95 requirements.
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7.3.2. Representation of Thermodynamic Properties

in Metastable Regions © Angell et al. (1982) o Archer & Carter (2000)

. . . —-— IAPS-84 — -~ — Hill (1990
The experimental data of the various properties cover two 1l (1980)

metastable regions, namely states in the subcooled liquiHc. 7.51. Comparison between experimental data of the isobaric heat ca-

(metastable with respect to the solahd in the superheated pacityc; in the subcooled liquid for the isobar=0.101 325 MPa and val-

liquid (metastable with respect to the vapddowever, there ues calculated from _IAPWS-95, E(5.4), IAPS-84, and the equation of Hill

. . (1990. The upper diagram shows the absolute plotgfas a function of

are no data in the subcooled vagaretastable with respect temperature and the lower diagram percentage deviations. The data of Ar-

to the liquid. These three metastable regions are dealt witfther and Cartef2000 are combined with the experimental uncertainties

in separate subsections. estimated by these authors: 106, /c,=100(Cp, exp—Cp,cald/ Cp,exp-

7.3.2.1. Subcooled LiquidIn the subcooled liquid, there

are reliable experimental data for several properties only

along the isobap=0.101 325 MPa. The majority angpT p=0.101 325 MPa. While for temperaturés=273.15K the

data, whose density deviations from the values calculatedata of Kell(1975 were not usedin favor of theppT data

with IAPWS-95, Eq.(6.4), are shown in Fig. 7.49. This fig- of Takenaka and Masui(1990], for temperaturesT

ure is practically a continuation of Fig. 7.13 to temperatures<273.15K the data of Kel{1975 were the onlyppT data

below T=273.15K, the temperature on the melting curve atto 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-

2 pee ' 0.101 325 MPa tures down to 236 K. The very good representation of the
2 L ] : o data of Hare and Sorenséh987 within =0.03% confirm
2 ol = 8 ! this data selection. The other data exhibit some scatter
o ,—& “ W 0 around the densities from IAPWS-95 and show systematic
e r 7 |:|:|E1‘1|] o deviations in both directions that increase with decreasing
-2 2‘;0 L /2;50 Ll 250 L 360 L 32'0 temperature. IAPS-84 fails in representing theT data in
the subcooled liquid region foF <260 K, and the equation
Temperature T/K of Hill behaves similarly to IAPWS-95 except for tempera-
D Rouch et al. (1977)° ¥ Petitet et al. (1983) turesT<240K.
O Trinh & Apfel (1978) Figure 7.50 shows a corresponding comparison between
— — - Phase boundary, p,, the experimental data for the speed of somdnd values
—-—IAPS-84 — -~ — Hill (1990) calculated from IAPWS-95 for the same region of the sub-

cooled liquid as plotted in Fig. 7.49 for thepT data. It can
Fie. 7.50. Pelrgentag]l(ehdeviatiogs me/W; 180(We6p_wlcalda|/_we>_<& bflltwee?] be seen that within the metastable region the left of the
experimental data of the speed of soumch the subcooled liquid along the H
isobarp=0.101 325 MPa and values calculated from IAPWS-95, (Edb). phase bounda’y the agreement betw.een the eXpe.nmental
data and the values from the equations of state is not so

Values calculated from IAPS-84 and the equation of HiB90 are plotted ) ] ) h
for comparison. good, while the equation of Hil(1990 agrees well with
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Fic. 7.52. Percentage density deviations between experimgplatiata in the superheated liquieft of the phase-boundary lihnand values calculated from
IAPWS-95, Eq.(6.4). Values calculated from IAPS-84 and the equation of HiB90 are plotted for comparison.

IAPWS-95 for temperatures down to 240 K. Attempts to =1% at 238 K for the data of Archer and Cart@000, see
bring IAPWS-95 for temperature§ <265K into better Sec. 4.5.2 the values of IAPWS-95 are still within the
agreement with thev data of Trinh and Apfe(1978 and of  coupled uncertaintiegexcept for the lowest temperatufie
Petitetet al. (1983 failed if one was not willing to accept =236K). The figure also shows that the equation of Hill
systematic density deviations far outside the experimental1990 follows the data of Angellet al. (1982 as well.
uncertainty of the very accurappT data of Kell (1975 for  IAPS-84 fails in representing the isobaric heat capacity in the
temperaturesT<250K along this isobar. Without forcing subcooled liquid.
IAPWS-95 to follow thew data of Trinh and Apfe(1978 7.3.2.2. Superheated Liquidin the superheated liquid,
and of Petitetet al. (1983 for T<263K, theppT data of there are th@pT data of Chukanov and Skripat971) and
Kell (1975 and of Hare and Sorens¢€h987) in this region  Evstefeevet al. (1977 and the speed-of-sound data mea-
can be very well represented, see Fig. 7.49. Obviously, fosured by Evstefeeet al. (1979. The temperature and pres-
p=0.101 325 MPa and <263 K the speed-of-sound data of sure ranges of these data are given in Secs. 4.2.1 and 4.3,
Trinh and Apfel(1978 and Petiteet al. (1983 are not con-  respectively.
sistent with theppT data of Kell (19795 and of Hare and Comparisons between these data and values calculated
Sorenseri1987. Therefore, we decided not to fit IAPWS-95 from IAPWS-95, Eq(6.4), are shown in Figs. 7.52 and 7.53
to any speed-of-sound data in the metastable region. by using a few isotherms as examples; the corresponding
In the subcooled liquid at a pressupe=0.101325MPa, values from IAPS-84 and the equation of HilL990 are
there are data for the isobaric heat capacjymeasured by plotted as well. Neither IAPWS-95 nor the two other equa-
Angell et al. (1982 and more recently by Archer and Carter tions of state were fitted to theggpT and w data. Since,
(2000; both data sets cover temperatures down to 236 K, selkowever, the course of the isotherms in the superheated lig-
Table 4.8. Figure 7.51 presents comparisons between thesé@l is very strongly determined by the accurate data in the
c, data and values calculated from IAPWS-95. The uppestable homogeneous liquid, none of the equations of state
diagram shows the absolute plot of the isobaric heat capacitgiscussed here has any difficulty in representingah@ and
as a function of temperature, and in the lower diagram thev data to within their experimental uncertainties; for gher
corresponding percentage deviations are given; values calcdata we estimate the uncertainties to be less th@®5% in
lated from IAPS-84 and the equation of H{ll990 are also  density. However, the data do not extend very far into the
plotted. It can be seen that IAPWS-95 representctheata  metastable region.
of Angell et al. (1982, to which IAPWS-95 was fitted, to In the following the course of the spinodals on the satu-
within their experimental uncertainty, see below. Due to therated liquid side of the vapor—liquid two-phase region calcu-
discrepancy between Angadt al’s data and the data of Ar- lated from IAPWS-95, IAPS-84, and the equation of Hill
cher and Cartef2000, see Sec. 4.5.2, there are also system{1990 is discussed.The vapor and liquid spinodals are lines
atic differences between the values from IAPWS-95 and thevhich connect, within the vapor—liquid two-phase region, all
data of Archer and Carté2000. However, when taking into minima of the isothermdliquid spinodal and all maxima of
account the uncertainties of both data $et8% for the data the isothermgvapor spinodal The liquid spinodal, which is
of Angell et al. (1982 and between+0.3% at 285 K and of interest here, describes the location on the isotherms at
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Fic. 7.53. Percentage deviations between experimental data of the speed of
soundw in the superheated liquideft of the phase-boundary lineand
values calculated from |IAPWS-95, Ed6.4). Values calculated from

IAPS-84 and the equation of Hi(tLl990 are plotted for comparison. 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

which, coming from the side of the saturated liquid, the me-equation of Hill(1990 shows an artifact in the course of the
chanical stability conditiondp/dv)+=<0 reaches the limiting spinodal for temperatures from 450 to 580 K. In this range,
value zero; here the isotherm has a horizontal tangent. Thidill's equation forms a secondary minimum of the spinodal,
spinodals start at the critical point and extend, depending owhich is based on corresponding indentations in the iso-
the stability of the equation of state, to temperatures belowtherms in this part of the two-phase region.

the triple point) 7.3.2.3. Subcooled VaporThere are no experimental data

In contrast to an equation of state of the so-called van defor thermodynamic properties in the subcooled vapor that

Waals type whose isotherms form ontyie minimum and can be used to assess the behavior of IAPWS-95 in this

onemaximum in the two-phase region, state-of-the-art mul-metastable region, which is of importance for several techni-

tiparameter equations of state have, sufficiently far from thecal applicationgfor example, in a steam turbine, the steam
critical point, several minima and maxima along an isothermoften expands into this metastable region

This is also true for the IAPWS-95 formulation. Taking this However, when developing the industrial formulation

into account, the “real” spinodals are only those lines thatlAPWS-IF97(see Sec. 1)}4for which the IAPWS-95 formu-

connect the outermost minima and the maxima of the isolation provided the input values, it became apparent that
therms. The inner minima and maxima are only of math-lIAPWS-95 does not behave correctly within the subcooled
ematical and not of physical importance. vapor for pressures below 10 MPa. In this part of the vapor—
With this background, the course of many isotherms comiiquid metastable region, IAPWS-95 yields a vapor spinodal
ing from the saturated-liquid line to the first minima in the that is significantly too close to the saturated-liquid line. Af-
pressure—density diagram was considered, angtheval-  ter corresponding tests, the input values for IAPWS-IF97
ues of these minima were determined so that one has th@alues ofv, h, andc,) for the subcooled vapor at pressures
ppT values at the minima of the isotherms. From thppd& below 10 MPa were not calculated from IAPWS-95 but from
values, the corresponding—T combinations were used to the gas equation, Eq3.2), described in Sec. 3; for details
plot the liquid spinodal in @—T diagram. As a result, Fig. see the international article on the industrial formulation
7.54 shows the liquid spinodal of @ as calculated from IAPWS-IF97 of Wagneet al. (2000.
IAPWS-95, |IAPS-84, and the equation of H{1990; for Therefore, values of thermodynamic properties in the sub-
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range of the enlarged section corresponds to the range of data used for fitting
IAPWS-95.

cooled vapor for pressures below 10 MPa should not be cal- 10000 —
culated from IAPWS-95, Eq(6.4), but from the gas equa- 1000 1500 2000 2500 3000
tion, EQ.(3.2); see also iteng3) in Sec. 6.3.1. This statement

does not include the saturated-vapor line on which

IAPWS-95 is very accurate. FiG. 7.56. Plot of thregpT isotherms in the pressure—density diagram at
extremely high pressures as calculated from IAPWS-95(&¢), IAPS-84
and the equation of Hil{1990.
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7.3.3. Extrapolation Behavior

Based on our experience with the development of the reff;apacities (Sec. 7.25 The extrapolation behavior of
erence equations of state for meth@Betzmann and Wagner |apws-95 with respect to the above-mentioned iténis
(1993] and carbon dioxid¢Span and Wagnel996], dur-  ain|y dealt with in the context of the Hugoniot curve in the
ing the entire development of the IAPWS-95 formulation wey,|6\ing subsection, while the extrapolation capability with
attached |mpor_tance to |t_s_reasonable extrapolahon behawqregard to the above-mentioned iteB) is discussed with the
The extrapolation capability relates to the following threep o, of the so-called ideal curves in the subsection after that.
features: 7.3.3.1. Hugoniot Curve andp@ Behavior at Extreme
(1) representation of experimental data outside the fitting®ressures and TemperaturesThe extrapolation capability

(and validity range of IAPWS-95; of the IAPWS-95 formulation into the region of extremely
(2) extrapolation beyond the range of primary data to veryhigh pressures and temperatures is tested with the help of
h|gh pressures combined with h|gh densities; and shock-wave measurements meeting the so-called Hugoniot

3 extrapo|ati0n beyond the range of primary data to Veryr9|ati0n. For details of such Hugoniot-curve data, which are a
high temperatures combined with high and particularlycombination of values of the three properties pressure, den-
with low densities. sity, and specific enthalpy, see Sec. 4.9.

For water, suclpph data were measured by three groups

The performance of IAPWS-95 with regard to itdfy) was  of authors: Walsh and Ric€l957), Lyzengaet al. (1982,

shown by a comparison of IAPWS-95 with reliable experi- and Mitchell and Nellig1982. As already mentioned in Sec.

mental data outside its range of validi¥000 MPa, 1273 4.9, these data were not used for the development of the

K). Such comparisons have been carried outdpil data |IAPWS-95 formulation because their use would have re-

(Sec. 7.2.], speeds of sountBSec. 7.2.3 and isobaric heat sulted in nonlinear relations that require iterative solutions
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for temperature. Moreover, for an equation of state that hagields a maximum temperature of only 420 K for thgh
already been optimized with regard to its functional struc-data. Thus, the IAPWS-95 formulation is the only equation
ture, nonlinear fits involving Hugoniot data hardly exerciseof state for HO that reasonably represents the Hugoniot data
an influence on the representation of these data—the edased on the shock wave measurements of the three groups
trapolation behavior of such equations of state is closely reef authors.

lated to their functional form, see Span and Wag(&97. When testing an equation of state’s extrapolation capabil-
Any attempt to use Hugoniot data in linear optimization al-ity to extreme pressures and temperatures, a reasonable rep-
gorithms, as applied for developing IAPWS-95ee Sec. resentation of the Hugoniot curve is a necessary but not a
5.3), requires a precorrelation of the temperature belongingufficient condition. It can happen that an equation meets the
to these data pointfRecently, during the development of the condition “Hugoniot curve” but displays an unphysigapT

new reference equation of state for nitroge®panetal.  behavior in this region. With this background, Fig. 7.56 il-
(20001, for the first time Hugoniot data were used directly in lustrates theppT behavior along the three isothernis
combination with the nonlinear optimization algorithm of =448K, T=773K, andT=1273K in ap—p diagram as
Tegeleret al. (1997, (1999.] However, due to the absence calculated from three equations of state. It can be seen that
of “real” ppT data at these extreme conditions, such precortAPWS-95(upper diagrarmyields a very “harmonic” plot of
related temperatures cannot be checked. Therefore, such #re isotherms, while IAPS-84 and the equation of KHi®90
approach risks distorting the experimental information giverproduce physically unreasonable plots of these isotherms.
by Hugoniot data. For kD, one bad example in this respect IAPS-84(middle diagramyields a crossing point of the iso-

is the ppT values of Rice and Walskl957, which they therms at the same value of the density at which the Hugo-
derived from their Hugoniot measuremefit¥alsh and Rice niot curve of this equation yields a solution in the solid re-
(1957], for details see Sec. 4.9. However, an equation ofgion, see Fig. 7.55. Hill's equation shows a similar behavior,
state fitted to thesppT values yields totally unreasonable namely a crossing point of the isotherms at abputl675
plots for the Hugoniot curve, with parts even having an unkgm 2 and, in addition, at higher densities the isotherms
physical negative slope. turn downward.

Based on this knowledge, the reasonable extrapolation ca- 7.3.3.2. Ideal Curves.Plots of so-called ideal curves are
pability of IAPWS-95 was mainly achieved by choosing auseful in assessing the behavior of an equation of state in
suitable functional form for the bank of terrfismitations on  regions beyond the range of available dfIeiters and de
the density and temperature exponents of the pure polyndReuck (1997, Span and Wagnef1997, Span(2000], as
mial terms and the polynomial part combined with the expo-well as in revealing inconsistencies in the available data sets.
nential functions, see Secs. 5.4.1 and 5.4[Rese functional (Ideal curves are curves along which one property of a real
measures were slightly supported by adding to the data séuid is equal to the corresponding property of the hypotheti-
used to fit IAPWS-95with very low weigh} so-called “ar-  cal ideal gas at the same density and temperature. Based on
tificial” ppT data determined in the optimization processthis very general definition, ideal curves can be defined for
from interim equations that reasonably represented thalmost every property, but usually the discussion is focused
Hugoniot curve, see Sec. 4.11. The data of the Hugoniobn the ideal curves of the compression factor and its first
curve themselvetsee Sec. 4)9were only used for compari- derivatives) The most common ideal curves are those of the
son. compression factoZ and its first derivatives. These curves

Figure 7.55 presents a plot of the Hugoniot curve fgOH are also considered here and their definitions are given in
as calculated from IAPWS-95, E@6.4), and three further Table 7.1. Besides testing an equation of state at high pres-
equations of state; the experimental data of the correspon@gures and high temperatures, these ideal curves are also very
ing shock-wave measurements, which extend to pressureegell suited to test the equations at high temperatures and low
beyond 80000 MPa, are plotted as well. The four equationpressures and low densities, respectively.
of state yield rather different Hugoniot curves. The equation Figure 7.57 illustrates in a double-logarithmic pressure—
of Saul and Wagnef1989 shows, in comparison to the ex- temperature diagram the plots of the four characteristic ideal
perimental data, a Hugoniot curve that is too steep, althoughurves for HO as calculated from the IAPWS-95 formula-
it was fitted to theppT data of Rice and WalskiL957) that tion, Eq.(6.4). The range in which reliable experimental data
had been derived by these authors from their Hugoniot dataxist, to which IAPWS-95 was fitted, is marked by the dotted
This confirms our statement on determining the temperaturesgion. Although the curves in this figure do not provide any
from the pph data obtained from Hugoniot measurements,numerical information, reasonable shapes without visible os-
see above. The equation of Hill990 is clearly too flat in  cillations as shown in the figure indicate a qualitatively cor-
the lower part up to densities of about 2200 kgirand rect extrapolation behavior of IAPWS-95. In contrast,
afterward much too steep; above the end point of this curvd APS-84 and the equation of Hi{tLl990 [and also the equa-
no further equilibrium states according to Eg.3) can be tion of Saul and Wagnef1989, which is not shown helle
calculated from Hill's equation. At first glance it looks as if exhibit some serious shortcomings when describing both the
IAPS-84 represents the Hugoniot data quite well, but thisloule—Thomson inversion curve and the Joule inversion
equation yields a solution of E@4.3) that extends into the curve. As can be seen from Fig. 7.58, both equations show a
solid phase of KO for densities neap=1500 kgm > and  physically unreasonable oscillating behavior of the Joule—
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TaBLE 7.1. The zeroth and first order ideal curves for the compression fZetnd their definitions in terms of
the compression factd(p,T) and of the residual part of the reduced Helmholtz free enéfgy,T) and the
condition for the second virial coefficie® at the temperatur&,{

Definition in terms of

Compression Residual Helmholtz
Designation factor free energy B(Tend
(Classical ideal curve Z=1 ¢5=0 B=0
iz ; ;
Boyle curve 7 =0 ¢t 0dss=0 B=0
T
i H az r r r

Joule—Thomson inversion curve 7 =0 st OPsst Tdhs.=0 B—T(dB/dT)=0

p
. . JZ

Joule inversion curve 7 =0 ¢5,=0 dB/dT=0

P

&Temperatures where the ideal curves cross the pxe® andp=0, respectively, are called end temperatures,
Teng- At these temperatures, the second virial coefficient must meet the condition given in the column on the
right.

PFor an explanation of the quantitigs;, ¢';, and ., see the footnote of Table 6.5.

Thomson inversion curve to the right of its maximum. In fluence. In order to produce the desired reasonable represen-
contrast, IAPWS-95, which is also plotted in Fig. 7.58 for tation of the Joule inversion curve, ten data points of the
comparison, is able to describe the course of this curve vergecond virial coefficient in this temperature range calculated
smoothly and according to physical expectations, see Spanom the gas equation, E¢3.2), were incorporated into the
and Wagne(1997). final data set used to develop IAPWS-95, see Sec. 4.10.
Concerning the ideal curves, Fig. 7.58 also shows that the
most significant discrepancy between IAPWS-95, IAPS-84,
and the equation of Hil{1990 exists in their description of
the Joule inversion curve. Only IAPWS-95 is able to repre-
sent the theoretically expected course of this cuiide
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 ¢
this curve is experimentally verifiedin particular, based on 102
the fact that the other equations of state are not able to yiel_o
any zero crossing of this ideal curve, it can be concluded thag
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 f@& at this zero cross-
ing (corresponding td .,y reads @/dT=0, which requires
a maximum inB at the temperaturé,,q. In this context, Fig.
7.59 presents the second virial coefficient for these extremel3 N /AR

high temperatures as calculated from IAPWS-95, IAPS-84;£° e

10°

IAPWS-95
Fitting range

LU

ced pres

and the equation of Hil{1990. For comparison purposes, 10k o

the virial equation of Hill and MacMillar§1988 is also plot- I Y £

ted. As can be seen, of all the wide-range equations of stat Nl Y Jenaaae

[including the equation of Saul and Wagri@®89, which is R/ T
not shown in the figurg only the IAPWS-95 formulation is Y /-~ SN
able to produce a maximum Biat a reasonable temperature. Lo orafoiiiiic 0] i N
The virial equation of Hill and MacMillan(1988 has the 1 5 10
maximum at a very similar temperature, which confirms the Reduced temperature T/T;
coursg of the Joule inversion curve prediCted by IA.PWS_.95i:|G. 7.57. The so-called ideal curves in a double logarithpfig, vs T/T

Durlng the development of IAPWS'Q.S’ the Joule InVersmndiagram as calculated from IAPWS-95, E§.4); for the definitiocn of thege
curve was the only ideal curve to which we had to pay atcurves see Table 7.1.

tention and on whose representation we had to exert an in-
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Fic. 7.59. Second virial coefficient at very high temperatures as calculated
from IAPWS-95, Eq.(6.4), IAPS-84, the equation of Hil(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, andc, values calculated from IAPWS-95, E@.4),

were carried out by IAPWS, and the results are summarized
in Sec. 6.3.2. Usually, the uncertaintiesafin the gas and
liquid region correspond to the uncertainties given égr
(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 enthalpyh is always smaller than the uncertainty

in c,. IAPWS plans to make a more specific statement on

Reduced temperature T/T,

Fic. 7.58. The ideal curves in a double logarithmig, vs T/T. diagram as
calculated from IAPS-84 and the equation of Hl990; the curves calcu-
lated from IAPWS-95 are plotted for comparison. For the designation of the
curves see Fig. 7.57.

Finally, Fig. 7.60 summarizes the plots of the four ideal
curves as calculated from IAPWS-95, I1APS-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, IAPWS-95 is able to represent properties at high
temperatures and low densities in a physically reasonable
manner.

8. Uncertainty of the IAPWS-95
Formulation

Reduced density p/p_

Sat. vapor
line

Reduced temperature T/T,

IAPWS-95
— .. — Hill (1990)

— - —IAPS-84

Estimates for t.he uncertainty pf an empirical ?quation Offi6. 7.60. The ideal curves in a/p, vs log (T/T,) diagram as calculated
state must be guided by comparisons with experimental dateom IAPWS-95, Eq.(6.4), IAPS-84, and the equation of Hi(lL990.

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

Downloaded 12 Sep 2012 to 152.14.136.96. Redistribution subject to AIP license or copyright; see http://jpcrd.aip.org/about/rights_and_permissions



THERMODYNAMIC PROPERTIES OF ORDINARY WATER 479

the uncertainty in enthalpy, which will be given as an Infor- melting-curve temperature, it would be helpful to hayeT
matory Note(see the IAPWS website from 2004 )on data with uncertainties in density on the order-200.02%.
Outside the range of its validity, IAPWS-95, E¢6.4),  With such data, the inconsistency between pipd data of
should yield reasonable results for the basic thermodynamiGrindley and Lind(1971) and of Kell and Whalley(1975,
properties like pressuréensity and enthalpy within the see Fig. 4.2, could be clarified. At present, the gas region is
whole chemically stable region of J@. Of course, the ex- covered by thepT data of Kellet al. (1989, which show,
trapolation results have an increased uncertainty that cannbbwever, scatter on the order #0.05% and uncertainties of
be estimated. The calculation of derived properties such agp to +0.2% at 423 and 448 K when approaching the phase
speed of sound or specific isobaric and isochoric heat capapoundary(see Fig. 4.8 moreover, the selected data of Kell
ity is not recommended beyond the limits of validity of et al. “only” extend down to 473 K. Therefore, in order to
IAPWS-95. If such properties are calculated, the resultsix the derivatives of theppT surface in this region better, it
should be checked carefully. For extrapolation into the threvould be desirable to have ngupT data in the gas region,
metastable regions; subcooled liquid, superheated liquid, angteferably covering a temperature range from 373 to 873 K

subcooled vapor, see Sec. 7.3.2. at pressures up to the vapor pressure and for supercritical
temperatures up to about 40 MPa. However, such remeasure-
9. Recommendations for Improving ments in the gas region only make sense if uncertainties in

the Basis of the Experimental Data density of less thart0.02% can be achieved, this is in prin-

ciple possible with modern two-sinker densimeters in which

The beginning of Sec. 4 stated that water is one of the bedf€ influence of adsorption is compensated, see Wegreir
experimentally investigated fluids. This statement is particu{2002. For the critical region, it would be desirable to have
larly based on the very high accuracy of {eT data in the  cfitical-regionppT data with uncertainties in pressure of less
liquid region, on the accuratepT data in the gas region for than+0.01%—-0.02%. In this way, the increase ¢f in the
not too high temperaturgsee Fig. 6.1, and on the quantity Critical region would be better fixed and water could catch up
of speed-of-sound and isobaric-heat-capacity data. Howevepith other very well measured substances in the critical re-
if an improved equation of state is to be developed it woulddion (for example, CH, CO,, N, Ar, CHy, SK;, and
be helpful to have data with higher accuracies and, mor&2He). Having appT data set of the quality described above
importantly, to have data in those regions for which, atwould to a large extent compensate for the absence of very
present, reliable experimental data are not available at all. @ccurate data for the isobaric and isochoric heat capacity, see

While it might be somewhat surprising, we consider thebelow.
thermal propertiesp,p’p"T data along the entire vapor— As usual, compared with thepT data, the data situation
liquid phase boundary a candidate for a remeasuring projectegarding the caloric properties is clearly worse. For the
As discussed in several places in Sec. 7, there are inconsigPeed of sound, the very well measured regiq@83—-373
tencies between the properties on the phase boundary affd 10—100 MPa, Fu;ji{1994 to 200 MP4d with uncertainties
those in the single-phase region near the saturation state. Thetween+0.005% and+0.05% should be extended to a
data for the vapor pressuge, and the saturated-vapor den- greater range of temperatures and pressures. It would be de-
sity p” are based mainly on data of Osbomteal. measured sirable to have such measurements for pressures up to 500
in the 1930’s, see Table 2.1. Moreover, iffeandp” data of ~MPa and up to supercritical temperatures, preferably up to
Osborneet al. (1937, (1939 were not directly measured, about 900 K. It would be necessary that the experimental
but were determined from measurements of special calorigncertainties of such data be less tha0.03%, at least for
data in combination with further information, see Sec. 2.3.1femperatures up to 650 K. In this case, the reason for the
We also believe that thg’ data of Kellet al. (1985 exhibit ~ systematic deviation of the presemtdata in this region in
certain inconsistencies with thgpT data in the single-phase comparison with the values from IAPWS-%8ee Fig. 7.21L
liquid region. Thus, it would be interesting to spgp’p”T  could be clarified and thesp T surface in this region would
data measured directly with a state-of-the-art two-sinker denbe much better defined. Based on the present experimental
simeter[see Wagneket al. (2002] with which, for most of  possibilities for speed-of-sound measurements in the liquid
the liguid—vapor phase boundary of other substances, uncetegion, uncertainties of this order are in principle achievable.
tainties inp,, p’, and p” of less than about-0.015%, It would also be very desirable to have new speed-of-sound
+0.012%, and+0.025%, respectively, have been achieved. measurements in the gas region for temperatures starting

In the single-phase region, thgpT data of Vukalovich near the phase boundary and extending to 65@ Kossible
et al. (1961 should be replaced by more accurate data in théo higher temperaturgat pressures from 0.1 MPa to near the
temperature range above 800 K at pressures of, if possibleapor pressure, and for supercritical temperatures up to 25
up to 500 MPa. It would very desirable if such data hadMPa or even higher if possible. The experimental uncertainty
uncertainties in density of less thar0.1%, preferably on the of suchw measurements should be less thah01%, which
order of +0.05%. Then, the discrepancies in {heT surface is achievable with spherical resonatofsee Goodwin
of H,O in this high-temperature regideee Secs. 7.2.1.4 and (2002]. Then, such measurements would define a new qual-
7.2.1.5 could be removed. For the pressure range from 100ty of the wpT surface of HO at gas densities.
to 500 MPa and temperatures below 800 K down to the At present, the best data for the isobaric heat capagijty
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are mostly confined to the middle density range from aboubeen developed. The functional form of this formulation has
100 to 700 kgm?® (p.=322kgm %), supplemented by a been determined by using a state-of-the-art linear structure-
few data in the gas region and in the liquid region at veryoptimization method combined with nonlinear fitting pro-
high densities and low temperatures, see Fig. 4.8. Except faresses in an iterative procedure. The new formulation has
these very fewc, data in the liquid region, the uncertainties been adopted by the IAPWS as the new scientific standard
of all the otherc, data were given by the experimenters asequation of state for O under the name “The IAPWS For-
+0.5%—+2%. However, in order to have a real test of anmulation 1995 for the Thermodynamic Properties of Ordi-
equation of state regarding itg behavior outside the critical nary Water Substance for General and Scientific Use,” which
region, thec, data should have uncertainties on the order ofwe abbreviate to IAPWS-95 formulation or IAPWS-95 for
+0.1%-—++0.2% in the gas and liquid region. At present, short. This IAPWS-95 formulation is valid in the fluid region
however, such a requirement cannot be experimentally reabf H,O up to temperatures of 1273 K at pressures up to 1000
ized. A possible alternative is given below. MPa. IAPWS-95 is able to represent the most accurate ex-

Concerning the isochoric heat capacity, the present perimental data in the single-phase region and on the vapor—
data situation is worse than that fog. Except for the ex- liquid phase boundary to within their experimental uncer-
perimental verification of the steep increase of thevalues  tainty. In particular, in the liquid region IAPWS-95 is of an
when approaching the critical point and of the order of mag-accuracy that has never been achieved before by a wide-
nitude of this increase, and except for the high-densjty range equation of state; for example, the standard densities
data of Mageeet al. (1998, the existingc, data are unfor- along the isobap=0.101 325 MPa are represented to within
tunately not accurate enough to serve as a real test of ahe 1 ppm level. Moreover, IAPWS-95 represents the experi-
equation of state regarding its behavior. For this purpose mental data of the thermal properties in the critical region
one would needc, measurements with uncertainties of without any difficulty.
+0.1%—0.2% (except for the critical region but over the Special interest has been focused on a reasonable repre-
entire relevant part of the surface of stéte., temperatures sentation of the caloric properties in the critical region and
to about 900 K and pressures to 100 MP&s for c,, this  on a good extrapolation behavior of IAPWS-95. For the ba-
requirement is probably unrealistic. sic improvement of the caloric behavior in the critical region,

A potentially achievable experimental compromise regardthe nonanalytical terms from the reference equation of state
ing the desirable, andc, measurements might be as fol- for carbon dioxidg Span and Wagnel996 ] were adopted.
lows. The entire surface could be split into the gas region, foAlthough these terms are not perfect, they enable IAPWS-95
which ¢, measurements are better suited, and into the liquido represent the isochoric heat capacity and the speed of
region, for whichc, measurements are better suited. Atsound even in the immediate vicinity of the critical point;
present, it should be possible to carry @ytmeasurements until the equation of state for GOof Span and Wagner
in the gas region with experimental uncertainties betweeri1996), this attribute had only been a domain of scaled equa-
+0.1% and*=0.3% andc, measurements in the liquid region tions of state, which use iterative dependencies between dif-
on the order of+0.2%—0.4%, see the, data of Magee ferent sets of variables and have a limited range of validity.
et al. (1998. Based on our assessment, it is not absolutelMostly because of its functional structure, the IAPWS-95
necessary to measucg data in the critical region, because formulation can be extrapolated to extremely high pressures
the increase o€, in this region is mainly based on the de- and very high temperatures and densities; at least for the
rivative (dp/dp)t, see Eq(6.11). This means that very good basic properties of O such as pressui@ensity and spe-
ppT measurements would be sufficient to model the increaseific enthalpy, IAPWS-95 should yield reasonable results
of ¢, in the critical region. However, the behavior of an within the whole region of chemical stability. The good rep-
equation of state regarding the isochoric heat capacity in theesentation of the so-called ideal curves has shown that
critical region can only be reasonably modeled if one hasAPWS-95 can also be reasonably extrapolated to high tem-
goodc, data in this region. Besides a reasonable experimerperatures at low densities and low pressures.
tal accuracy, such data should particularly have very good
intelrnal consistency to guide the equation of state appropri- 11. Acknowledgments
ately.

Finally, the inconsistency in the isobaric heat capacity in
the ideal-gas state;, which exists at high temperatures be- IA
tween the differen'c‘;) data setgsee Sec. 4.5)1should be
clarified.
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TaeLE 13.1. Thermodynamic properties of water on the vapor—liquid phase boundary as a function on teniperature

T p p h 5 c, Cp w
K MPa kg m™3 kikg* kJkg K™t kikg *K™* kikg 'K™* ms!
273.160 0.000 612 999.793 0.001 0.0000 42174 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 42171 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 42110 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 1425.3
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 415.35
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 1.4312 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 0.002178 998.392 79.101 0.2800 4.1612 4.1852 1478.6
0.01618 2535.34 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 41817 1496.1
0.02288 2546.23 8.5599 1.4404 1.9116 426.52
300 0.003 537 996.513 112.565 0.3931 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 1515.3
0.03543 2560.68 8.3943 1.4480 1.9217 431.95
308 0.005 582 994.042 146.007 0.5031 4.0967 41795 1519.4
0.03936 2564.28 8.3546 1.4500 1.9243 433.29
310 0.006 231 993.342 154.366 0.5301 4.0879 4.1795 1523.2
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 8.2773 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 437.27
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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TaeLE 13.1. Thermodynamic properties of water on the vapor-liquid phase boundary as a function on tenipeCamtieued
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T p p h 5 c, b
K MPa kg m™3 kJ kg ! kdkg tK? kkg 1Kt kJkg tK* !
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 1543.3
0.08650 2592.79 8.0601 1.4673 1.9482 44375
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 44754
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 1552.3
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 7.7711 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 4.2024 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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TaeLE 13.1. Thermodynamic properties of water on the vapor-liquid phase boundary as a function on tenipeCamtieued

T p p h 5 c, Cp
K MPa kg m™3 kJ kg ! kdkg tK? kkg 1Kt kJkg tK* !
368 0.084 142 961.984 397.457 1.2487 3.7950 4.2101 1547.3
0.50231 2667.37 7.4169 1.5428 2.0601 469.53
370 0.090 535 960.587 405.884 1.2715 3.7846 4.2122 1545.8
0.53792 2670.57 7.3923 1.5478 2.0676 470.57
372 0.097 326 959.171 414.316 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 4.2167 1542.4
0.61534 2676.91 7.3440 1.5581 2.0835 472.63
376 0.11218 956.285 431.194 1.3393 3.7534 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 3.7328 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 1534.2
0.79748 2689.31 7.2510 1.5808 2.1189 476.58
384 0.14752 950.298 465.013 1.4282 3.7123 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 1529.5
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 1524.3
1.0212 2701.32 7.1627 1.6066 2.1594 480.32
392 0.19154 944.030 498.928 1.5155 3.6719 4.2416 1521.5
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 0.217 28 940.793 515.926 1.5586 3.6520 4.2483 1515.7
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 0.245 77 937.486 532.953 1.6013 3.6324 4.2555 1509.5
1.3694 2715.70 7.0581 1.6435 2.2183 484.67
402 0.26111 935.807 541.478 1.6225 3.6226 4.2593 1506.2
1.4494 2718.49 7.0379 1.6515 2.2312 485.50
404 0.277 22 934.111 550.011 1.6436 3.6129 4.2632 1502.8
1.5330 2721.25 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 2.2583 487.10
408 0.311 87 930.668 567.103 1.6856 3.5937 4.2713 1495.8
1.7120 2726.67 6.9787 1.6769 2.2725 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 0.34993 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 0.37032 925.375 592.808 1.7480 3.5654 4.2845 1484.6
2.0116 2734.54 6.9213 1.7042 2.3176 490.13
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TaeLE 13.1. Thermodynamic properties of water on the vapor-liquid phase boundary as a function on tenipeCamtieued

T p p h 5 c, Cp w
K MPa kgm3 kJ kg* kdkg K1 kikgtK™ ! kdkg K1 ms?t
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
2.2336 2739.61 6.8840 1.7235 2.3498 491.54
420 0.43730 919.929 618.601 1.8097 3.5376 4.2990 14725
2.3518 2742.09 6.8656 1.7335 2.3666 492.22
422 0.461 67 918.079 627.219 1.8301 3.5285 4.3041 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 4.3093 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 4.3147 1459.6
2.7367 2749.31 6.8116 1.7648 2.4196 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 0.57026 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 4.3319 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 4.3379 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 0.73367 900.649 705.310 2.0106 3.4493 4.3571 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 2.5816 498.61
444 0.808 59 896.580 722.807 2.0500 3.4324 4.3708 1416.3
4.2032 2768.74 6.6580 1.8693 2.6040 499.09
446 0.848 26 894.519 731.576 2.0696 3.4241 4.3779 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 0.932 20 890.341 749.162 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 4.4334 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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TaeLE 13.1. Thermodynamic properties of water on the vapor-liquid phase boundary as a function on tenipeCamtieued

T p p h 5 c, Cp w
K MPa kgm™3 kikg* kJkg K™t kJkg tK™* kJkg K™t ms!

464 1.2788 875.125 811.225 2.2436 3.3523 4.4513 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 2.2817 3.3371 4.4701 1348.2
7.0757 2788.72 6.4689 2.0296 2.9129 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 2.3197 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 45445 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 4.5563 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 45937 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 2.2714 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 4.7103 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 4.7269 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 4.7440 1201.5
15.833 2803.15 6.1645 2.3530 3.6796 503.71
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TaeLE 13.1. Thermodynamic properties of water on the vapor-liquid phase boundary as a function on tenipeCamtieued

T p p h 5 c, Cp w
K MPa kgm™3 kikg* kJkg K™t kJkg tK™* kJkg K™t ms!
512 3.2798 814.982 1032.06 2.6914 3.1884 4.7616 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 4.7984 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 4.1711 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 4.2090 500.05
532 4.6052 785.425 1129.25 2.8744 3.1331 49713 1110.4
23.252 2797.23 6.0097 2.5449 4.2710 499.52
534 4.7574 782.288 1139.19 2.8927 3.1280 4.9964 1101.6
24057 2796.12 5.9956 2.5634 4.3350 498.97
536 4.9133 779.115 1149.18 2.9110 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
27537 2790.63 5.9387 2.6390 46131 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 4.7672 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 3.0013 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 741525 1262.45 3.1133 3.0757 5.3824 988.62
35.939 2773.93 5.8221 2.8011 5.3066 489.60
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TaeLE 13.1. Thermodynamic properties of water on the vapor-liquid phase boundary as a function on tenipeCamtieued
T p p h 5 c, Cp w
K MPa kgm3 kJ kg* kdkg K1 kikgtK™ ! kdkg K1 ms?t
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 487.51
564 7.5344 730.283 1294.63 3.1691 3.0656 5.5126 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 5.7616 2.8885 5.7486 485.24
568 7.9819 722.508 1316.44 3.2066 3.0596 5.6100 937.09
42.396 2758.95 5.7462 2.9110 5.8723 484.04
570 8.2132 718.530 1327.47 3.2254 3.0569 5.6624 926.44
43.822 2755.47 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 3.3014 3.0480 5.9010 882.54
50.042 2739.75 5.6669 3.0291 6.5916 477.31
580 9.4480 697.638 1383.93 3.3205 3.0464 5.9691 871.23
51.739 2735.33 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
55.326 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 3.2115 8.0112 465.54
594 11.412 664.974 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 3.4781 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 5.4731 3.3271 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 3.3576 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 3.5819 3.0571 7.4272 709.36
81.134 2654.56 5.4132 3.4209 10.342 450.29
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493

T p p h 5 c, Cp w
K MPa kgm™3 kikg* kJkg K™t kJkg tK™* kJkg K™t 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 35225 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 2595.77 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 3.9114 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 45496 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 21515 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 4.2214 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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TaeLE 13.1. Thermodynamic properties of water on the vapor-liquid phase boundary as a function on tenipeCamtieued

T p p h 5 c, Cp w
K MPa kgm3 kJ kg* kdkg K1 kikgtK™ ! kdkg K1 ms?t
647.096 22.064 322 2084.26 4.407

3 or each temperature, the values on the first line correspond to the saturated-liquid line and the values on the second line correspond to-t@@saturated
line.

PTriple 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 kgm3 kIkg " kikg* kikg *K* kJkg K™t kikg tK™* 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 4.2137 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 14722
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 15121 2.0138 462.52
360 0.303 66 2491.66 2656.32 7.6241 1.5012 1.9987 466.05
365 0.29931 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 0.29101 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 0.27583 2544.05 2725.32 7.8070 1.4738 1.9549 488.93
400 0.27229 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 0.252 92 2595.87 2793.56 7.9726 1.4743 1.9479 510.07
440 0.24708 2610.68 2813.04 8.0173 1.4767 1.9488 515.88
450 0.24151 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 0.23112 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 0.22159 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 15112 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 15221 1.9877 569.62
550 0.197 26 2775.99 3029.47 8.4562 1.5278 1.9931 574.64
560 0.19371 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 0.18382 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 0.17777 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 0.17211 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, Cp w
K kgm kJ kg * ki kgt kikg 1K™t kikg tK™ ! kdkg K1 ms?t
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 3493.21 9.1617 1.6714 2.1339 675.51
800 0.13547 3177.68 3546.77 9.2297 1.6885 2.1509 685.58
825 0.131 36 3220.12 3600.76 9.2961 1.7058 2.1682 695.46
850 0.127 49 3262.99 3655.18 9.3611 1.7233 2.1855 705.17
900 0.12040 3350.05 3765.33 9.4870 1.7585 2.2206 724.09
950 0.114 06 3438.88 3877.25 9.6080 1.7939 2.2560 742.42
1000 0.108 35 3529.47 3990.93 9.7247 1.8294 2.2914 760.20
1050 0.103 19 3621.84 4106.39 9.8373 1.8648 2.3267 777.50
1100 0.098 50 3715.96 4223.59 9.9463 1.8998 2.3616 794.35
1150 0.094 21 3811.82 4342.54 10.052 1.9343 2.3961 810.79
1200 0.090 29 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 0.085 11 4054.84 4642.33 10.300 2.0161 2.4778 849.71
0.1 MPa
273.158 999.843 —0.028 0.072 —0.0001 4.2170 4.2194 1402.4
275 999.937 7.760 7.860 0.0283 4.2128 4.2135 1411.5
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 1513.3
310 993.383 154.350 154.450 0.5301 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
355 970.628 342.716 342.820 1.0975 3.8631 4.1982 1554.0
360 967.403 363.717 363.821 1.1562 3.8369 4.2023 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 4.2121 1545.8
372.758 958.632 417.400 417.504 1.3028 3.7702 4.2152 1543.5
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 7.3713 1.5479 2.0686 473.59
380 0.578 24 2516.96 2689.90 7.3986 1.5356 2.0507 477.08
385 0.57021 2524.74 2700.11 7.4253 1.5262 2.0366 480.47
390 0.562 45 2532.47 2710.27 7.4515 1.5189 2.0252 483.80
395 0.55491 2540.16 2720.37 7.4772 1.5130 2.0157 487.08
400 0.547 61 2547.81 2730.43 7.5025 1.5082 2.0078 490.31
410 0.53361 2563.04 2750.44 7.5519 1.5012 1.9954 496.63
420 0.520 38 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 0.47378 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 0.453 61 2668.53 2888.99 7.8640 1.5009 1.9764 537.48
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TaBLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

T p u h s c, Cp w
K kgm™® kikg* kI kg * kikg *K™* kIkg K™t kikg *K™! ms*
0.1 MPa—Continued
490 0.44418 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 15124 1.9845 553.62
520 0.41815 2729.10 2968.25 8.0226 1.5169 1.9881 558.86
530 0.410 16 2744.34 2988.15 8.0605 15217 1.9921 564.03
540 0.402 47 2759.63 3008.09 8.0978 1.5267 1.9964 569.14
550 0.39507 2774.96 3028.08 8.1344 1.5319 2.0010 574.19
560 0.387 94 2790.34 3048.11 8.1705 1.5373 2.0058 579.18
570 0.38107 2805.78 3068.20 8.2061 1.5428 2.0108 584.12
580 0.374 44 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 0.36185 2852.40 3128.76 8.3096 1.5600 2.0268 598.61
610 0.355 88 2868.06 3149.05 8.3432 1.5659 2.0324 603.34
620 0.350 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 0.33909 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 0.32141 2971.27 3282.39 8.5508 1.6061 2.0710 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 0.27979 3135.28 3492.68 8.8413 1.6721 2.1357 675.39
800 0.27102 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 2.2216 724.03
950 0.22815 3438.64 3876.94 9.2879 1.7943 2.2568 742.37
1000 0.216 73 3529.26 3990.66 9.4045 1.8297 2.2921 760.17
1050 0.206 40 3621.65 4106.14 9.5172 1.8650 2.3273 777.47
1100 0.19701 3715.79 4223.38 9.6263 1.9000 2.3621 794.33
1150 0.188 44 3811.67 4342.35 9.7321 1.9344 2.3965 810.78
1200 0.18058 3909.25 4463.02 9.8348 1.9682 2.4302 826.85
1250 0.17335 4008.50 4585.36 9.9346 2.0013 2.4632 842.59
1273 0.17022 4054.71 4642.18 9.9797 2.0162 2.4781 849.72
0.101325 MPa
273.153 999.843 -0.028 0.074 —0.0001 4.2170 4.2194 1402.4
275 999.938 7.760 7.861 0.0283 4.2128 4.2135 14115
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 0.2512 4.1680 4.1866 14723
295 997.807 91.645 91.747 0.3228 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 1523.4
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

T p u h s c, Cp w
K kgm kJ kg * ki kgt kikg 1K™t kikg tK™ ! kdkg K1 ms?t
0.101 325 MPa—Continued
365 964.057 384.740 384.845 1.2142 3.8107 4.2070 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 4.2156 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 473.52
380 0.586 01 2516.83 2689.73 7.3921 1.5372 2.0532 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 0.540 75 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 0.514 62 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 0.491 05 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 0.432 15 2713.87 2948.34 7.9779 1.5126 1.9848 553.61
520 0.42371 2729.07 2968.21 8.0164 1.5171 1.9884 558.84
530 0.41561 2744.31 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 0.39309 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 0.379 41 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 0.35475 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 0.34359 2915.36 3210.26 8.4350 1.5842 2.0498 617.24
650 0.338 27 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 0.31399 3011.65 3334.34 8.6203 1.6223 2.0868 643.92
725 0.303 12 3052.44 3386.71 8.6938 1.6386 2.1028 654.62
750 0.292 98 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 2.2217 724.03
950 0.231 18 3438.63 3876.93 9.2818 1.7943 2.2568 742.37
1000 0.219 60 3529.25 3990.65 9.3985 1.8297 2.2921 760.16
1050 0.209 14 3621.64 4106.14 9.5111 1.8650 2.3273 777.47
1100 0.199 62 3715.79 4223.37 9.6202 1.9000 2.3621 794.33
1150 0.190 93 3811.66 4342.34 9.7260 1.9344 2.3965 810.78
1200 0.182 97 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 0.172 48 4054.71 4642.18 9.9736 2.0162 2.4781 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, b w
K kgm3 kIkg* kikg* kIkg 'Kt kikg 'Kt kIkg tK™! -
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 1552.3
340 979.601 279.794 280.049 0.9164 3.9411 4.1880 1554.3
345 976.765 300.740 300.996 0.9775 3.9152 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 4.2175 1541.8
380 953.385 447.919 448.181 1.3838 3.7326 4.2238 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
400.562 937.016 535.078 535.345 1.6072 3.6296 4.2566 1508.6
400.56% 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 2725.31 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 0.991 92 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 0.939 35 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 0.849 73 2913.40 3207.61 8.0152 1.5897 2.0617 616.47
650 0.836 47 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

T p u h s c, Cp w
K kgm kJ kg * ki kgt kikg 1K™t kikg tK™ ! kdkg K1 ms?t
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 2.2593 742.22
1000 0.542 04 3528.61 3989.84 8.9810 1.8305 2.2942 760.05
1050 0.516 16 3621.07 4105.42 9.0938 1.8657 2.3290 777.39
1100 0.492 64 3715.27 4222.74 9.2029 1.9005 2.3636 794.27
1150 0.47118 3811.19 4341.78 9.3088 1.9349 2.3978 810.75
1200 0.45152 3908.82 4462.51 9.4115 1.9687 2.4314 826.84
1250 0.43343 4008.11 4584.90 9.5114 2.0017 2.4642 842.59
1273 0.425 59 4054.33 4641.75 9.5565 2.0166 2.4791 849.73
0.5 MPa
273.128 1000.04 —-0.147 0.353 —0.0005 4.2152 4.2176 1402.9
275 1000.14 7.764 8.264 0.0283 4.2110 4.2116 1412.2
280 1000.10 28.789 29.289 0.1041 4,1981 4.1993 1434.9
285 999.706 49.763 50.263 0.1783 4.1832 4.1909 1455.1
290 998.989 70.702 71.203 0.2512 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 0.3930 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 1552.7
340 979.711 279.745 280.255 0.9162 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 1552.9
365 964.241 384.633 385.152 1.2139 3.8100 4.2061 1550.2
370 960.778 405.674 406.195 1.2712 3.7839 4.2112 1546.6
375 957.199 426.743 427.265 1.3277 3.7580 4.2169 1542.3
380 953.505 447.841 448.365 1.3836 3.7322 4.2232 1537.3
385 949.699 468.971 469.498 1.4389 3.7068 4.2301 1531.5
390 945.782 490.138 490.667 1.4935 3.6815 4.2376 1525.0
395 941.754 511.345 511.875 1.5476 3.6566 4.2459 1517.9
400 937.617 532.594 533.127 1.6010 3.6321 4.2548 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
424.98% 915.290 639.539 640.085 1.8604 3.5150 4.3120 1461.9
424.98% 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 2.5579 2587.60 2783.07 6.9015 1.6661 2.2671 505.18
450 2.4913 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 2.3153 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, Cp w
K kgm™® kikg* kI kg * kikg *K™* kIkg K™t kikg *K™! ms*
0.5 MPa—Continued
500 2.2135 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 7.4134 1.5687 2.0674 575.77
570 1.9246 2798.24 3058.04 7.4500 15712 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 15775 2.0686 591.02
600 1.8242 2845.99 3120.09 7.5561 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 2.0754 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 1.7112 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 2.2299 723.50
950 1.1422 3436.70 3874.44 8.5431 1.7969 2.2636 741.97
1000 1.0848 3527.54 3988.47 8.6600 1.8319 2.2977 759.87
1050 1.0328 3620.11 4104.21 8.7730 1.8668 2.3320 777.26
1100 0.985 68 3714.40 4221.67 8.8822 1.9015 2.3662 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 2.4333 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 2.0171 2.4806 849.74
0.75 MPa
273.108 1000.17 -0.218 0.532 —0.0008 4.2140 4.2164 1403.2
275 1000.26 7.766 8.516 0.0283 4.2098 4.2104 14126
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 1473.3
295 998.103 91.602 92.353 0.3226 4.1475 4.1809 1489.0
300 996.848 112.500 113.252 0.3929 4.1280 4.1788 1502.6
305 995.364 133.390 134.143 0.4619 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 1555.3
345 976.986 300.635 301.403 0.9772 3.9142 4.1898 1556.2
350 974.018 321.590 322.360 1.0375 3.8881 4.1931 1556.2
355 970.920 342562 343.334 1.0970 3.8619 4.1968 1555.3
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

T p u h s c, Cp w
K kgm™® kikg* kI kg * kikg *K™* kIkg K™t kikg *K™! ms*
0.75 MPa—Continued
370 960.894 405.604 406.384 1.2710 3.7835 4.2107 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 4.2226 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 1510.7
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 1473.3
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 4.3570 1426.6
440.899 899.741 708.402 709.235 2.0195 3.4455 4.3601 1424.3
440.899 3.9137 2574.01 2765.64 6.6836 1.8502 2.5695 498.34
450 3.8109 2591.53 2788.34 6.7346 1.7612 2.4320 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 2.2872 520.21
480 3.5217 2645.02 2857.98 6.8845 1.6504 2.2438 526.85
490 3.4377 2662.08 2880.25 6.9304 1.6323 2.2101 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 3.2129 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 7.2171 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 2.7506 2841.90 3114.56 7.3621 1.5953 2.0991 594.29
610 2.7029 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 2.5698 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 2.4310 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 2.2580 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 2.1734 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 2.2033 703.97
900 1.8112 3346.21 3760.30 8.2329 1.7643 2.2350 723.18
950 1.7147 3435.49 3872.87 8.3547 1.7986 2.2678 741.72
1000 1.6282 3526.46 3987.10 8.4718 1.8332 2.3013 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 2.3687 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 2.4352 826.80
1250 1.3008 4006.79 4583.38 9.0034 2.0029 2.4676 842.60
1273 1.2772 4053.07 4640.30 9.0485 2.0177 2.4822 849.75
1.0 MPa
273.086 1000.30 —0.294 0.706 —0.0011 4.2129 4.2152 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, b w
K kgm3 kIkg* kikg* kIkg 'Kt kikg 'Kt kIkg tK™! -
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 41272 41781 1503.0
305 995.475 133.365 134.370 0.4619 4.1066 41771 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 41774 1533.4
320 989.819 196.020 197.030 0.6624 4.0390 4.1784 1540.5
325 987.579 216.913 217.926 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 1538.4
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 4.2737 1493.9
420 920.244 617.867 618.954 1.8091 3.5370 4.2972 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

T p u h s c, Cp w
K kgm™® kikg* kI kg * kikg *K™* kIkg K™t kikg *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 1.7171 2.1953 693.61
850 2.5624 3257.00 3647.26 7.9715 1.7332 2.2098 703.55
900 2.4174 3344.83 3758.50 8.0986 1.7663 2.2402 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 2.3713 794.01
1150 1.8865 3808.83 4338.91 8.6669 1.9373 2.4044 810.59
1200 1.8074 3906.66 4459.95 8.7699 1.9708 2.4371 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 1.411 —0.0022 4.2084 4.2105 1404.7
275 1000.89 7.778 9.776 0.0284 4.2042 4.2046 1414.6
280 1000.83 28.770 30.769 0.1040 4.1918 4.1932 1437.3
285 1000.41 49.715 51.714 0.1782 4.1773 4.1855 1457.5
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 4.1771 1491.0
300 997.408 112.397 114.402 0.3925 4.1239 4.1753 1504.7
305 995.917 133.268 135.276 0.4615 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 1552.3
335 983.064 258.544 260.578 0.8534 3.9628 4.1816 1555.5
340 980.370 279.452 281.492 0.9154 3.9373 4.1842 1557.6
345 977.538 300.374 302.420 0.9765 3.9116 4.1871 1558.6
350 974.573 321.311 323.363 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 4.2027 1553.3
370 961.474 405.253 407.333 1.2700 3.7815 4.2078 1549.8
375 957.905 426.298 428.386 1.3266 3.7557 4.2135 1545.6
380 954.222 447.372 449.468 1.3824 3.7301 4.2197 1540.6
385 950.427 468.479 470.583 1.4376 3.7047 4.2265 1534.9
390 946.523 489.621 491.734 1.4922 3.6796 4.2339 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 4.2508 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 4.3211 1454.6
440 901.432 703.798 706.017 2.0090 3.4483 4.3522 1430.3
450 891.041 747.470 749.715 2.1072 3.4069 4.3881 1403.7
460 880.147 791.525 793.797 2.2041 3.3672 4.4294 1375.0
470 868.716 836.021 838.323 2.2999 3.3292 4.4768 1343.9
480 856.705 881.024 883.358 2.3947 3.2930 4.5316 1310.6
485.52% 849.798 906.145 908.498 2.4468 3.2737 4.5655 1291.2
485.527 10.042 2599.12 2798.29 6.3390 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, Cp w
K kgm kJ kg * ki kgt kikg 1K™t kikg tK™ ! kdkg K1 ms?t
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 2.3614 561.78
570 8.0219 2767.54 3016.86 6.7556 1.6999 2.3292 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 2.2629 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 2.2358 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 2.2177 607.06
650 6.8767 2906.44 3197.28 7.0520 1.6619 2.2112 612.20
675 6.5930 2949.07 3252.42 7.1352 1.6647 2.2008 624.68
700 6.3346 2991.65 3307.37 7.2151 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 2.2150 681.24
825 5.3152 3206.81 3583.08 7.5775 1.7292 2.2248 691.65
850 5.1518 3250.63 3638.84 7.6441 1.7438 2.2360 701.83
900 4.8547 3339.29 3751.26 7.7726 1.7747 2.2613 721.53
950 45912 3429.40 3865.02 7.8956 1.8070 2.2893 740.48
1000 4.3558 3521.06 3980.22 8.0137 1.8401 2.3191 758.77
1050 4.1439 3614.31 4096.94 8.1276 1.8736 2.3500 776.47
1100 3.9521 3709.17 4215.23 8.2377 1.9072 2.3815 793.66
1150 3.7777 3805.67 4335.10 8.3443 1.9406 2.4132 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 2.4759 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 41734 4.1819 1459.2
290 1000.14 70.577 73.577 0.2507 4.1574 41771 1477.0
295 999.123 91.452 94.455 0.3221 4.1397 4.1742 1492.7
300 997.854 112.314 115.321 0.3923 4.1207 4.1725 1506.4
305 996.359 133.170 136.181 0.4612 4.1005 4.1719 1518.3
310 994.657 154.025 157.041 0.5291 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
340 980.807 279.258 282.317 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

T p u h s c, Cp w
K kgm™® kikg* kI kg * kikg *K™* kIkg K™t kikg *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 4.2112 1547.7
380 954.698 447.062 450.204 1.3816 3.7287 4.2173 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 4.2314 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 4.2910 1479.3
430 911.930 659.961 663.251 1.9082 3.4904 4.3177 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 2.2027 3.3665 4.4245 1378.3
470 869.458 835.296 838.746 2.2983 3.3286 4.4713 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 4.7186 12131
507.008 15.001 2603.16 2803.15 6.1856 2.3282 3.6119 504.03
510 14.828 2611.44 2813.76 6.2064 2.2525 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 2.7122 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 2.4212 577.91
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 2.2785 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 1.7187 2.2465 667.98
800 8.2920 3155.77 3517.57 7.3126 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 7.3124 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 79331
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 5.2116 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

507

T p u h s c, b
K kgm3 kIkg* kikg* kIkg 'Kt kikg 'Kt kIkg tK™! -
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 1539.4
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 15185
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 2.4139 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

T p u h s c, Cp w
K kgm kJ kg * ki kgt kikg 1K™t kikg tK™ ! kdkg K1 ms?t
4.0 MPa—Continued
750 11.976 3058.98 3392.98 7.0225 1.7295 2.2952 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 2.2867 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 3512.36 3969.15 7.6851 1.8511 2.3482 757.30
1050 8.3217 3606.53 4087.20 7.8003 1.8827 2.3744 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 2.5027 849.95
5.0 MPa
272.788 1002.30 —1.475 3.513 —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 0.3217 4.1329 4.1683 1496.0
300 998.745 112.150 117.157 0.3917 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 1553.3
330 986.915 237.147 242.214 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 4.1777 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 3.7512 4.2066 1552.0
380 955.645 446.446 451.678 1.3800 3.7258 4.2127 1547.2
385 951.873 467.505 472.757 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 4.2623 1503.9
420 922.463 616.053 621.473 1.8047 3.5331 4.2848 1484.6
430 913.090 658.973 664.449 1.9059 3.4887 4.3109 1463.0
440 903.270 702.169 707.705 2.0053 3.4458 4.3410 1439.1
450 892.987 745.684 751.283 2.1032 3.4046 4.3755 1413.1
460 882.217 789.564 795.231 2.1998 3.3651 4.4151 1384.9
470 870.929 833.863 839.604 2.2953 3.3273 4.4605 1354.6
480 859.084 878.643 884.463 2.3897 3.2911 4.5127 1322.0
490 846.632 923.978 929.884 2.4833 3.2567 45729 1287.2
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 4.7248 1210.2
520 804.920 1064.29 1070.50 2.7618 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, Cp w
K kgm™® kikg* kI kg * kikg *K™* kIkg K™t kikg *K™! ms*
5.0 MPa—Continued
530 789.208 1112.95 1119.28 2.8547 3.1377 4.9386 11222
537.092 777.369 1148.21 1154.64 2.9210 3.1204 5.0368 1087.8
537.09% 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 25741 589.10
650 18.122 2863.00 3138.91 6.5609 1.8004 25333 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 2.4127 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
272.718 1002.80 -1.772 4.211 —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 41714 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
325 989.744 216.149 222.211 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
T p u h s c, Cp w
K kgm™® kikg* kI kg * kikg *K™* kIkg K™t kikg *K™! ms*
6.0 MPa—Continued
375 959.772 425.127 431.379 1.3234 3.7497 4.2044 1554.1
380 956.117 446.140 452.415 1.3791 3.7244 4.2104 1549.3
385 952.352 467.183 473.483 1.4342 3.6993 4.2169 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 1523.3
410 931.926 572.964 579.402 1.7008 3.5782 4.2595 1506.4
420 923.012 615.606 622.106 1.8037 3.5322 4.2818 1487.2
430 913.666 658.483 665.050 1.9047 3.4878 4.3076 1465.7
440 903.877 701.633 708.271 2.0041 3.4450 4.3373 1442.1
450 893.629 745.096 751.810 2.1019 3.4039 4.3714 1416.2
460 882.899 788.919 795.714 2.1984 3.3644 4.4104 1388.2
470 871.657 833.154 840.037 2.2937 3.3266 4.4552 1358.1
480 859.865 877.862 884.840 2.3881 3.2905 4.5065 1325.7
490 847.477 923.114 930.194 2.4816 3.2561 4.5658 1291.2
500 834.430 968.996 976.187 2.5745 3.2234 4.6345 1254.3
510 820.648 1015.61 1022.92 2.6670 3.1926 4.7147 1215.0
520 806.031 1063.09 1070.53 2.7595 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
548.73% 757.998 1206.01 1213.92 3.0278 3.0939 5.2116 1033.9
548.735 30.818 2589.90 2784.59 5.8901 2.7054 4.8794 493.84
550 30.611 2594.68 2790.69 5.9012 2.6609 4.7634 495.95
560 29.166 2629.07 2834.79 5.9807 2.4167 41214 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 6.3211 1.9362 2.8777 567.89
630 23.258 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 2.5581 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 2.4345 634.27
750 18.312 3040.17 3367.82 6.8100 1.7714 2.4001 647.46
775 17.595 3086.51 3427.51 6.8883 1.7706 2.3768 660.03
800 16.943 3132.59 3486.73 6.9635 1.7737 2.3616 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 2.3780 755.85
1050 12.534 3598.71 4077.41 7.6057 1.8918 2.3993 774.41
1100 11.933 3695.15 4197.96 7.7179 1.9224 2.4232 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 2.4756 826.38
1250 10.446 3992.94 4567.33 8.0326 2.0156 2.5028 842.72
1273 10.251 4039.75 4625.04 8.0783 2.0296 2.5154 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 41713 4.1736 14454
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TaBLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

T p u h s c, Cp w
K kgm™® kikg* kI kg * kikg *K™* kIkg K™t kikg *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 1535.3
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 35312 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 744512 752.339 2.1006 3.4032 4.3673 1419.3
460 883.577 788.278 796.200 2.1970 3.3638 4.4058 13915
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 11335
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 22554 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

T p u h s c, Cp w
K kgm kJ kg * ki kgt kikg 1K™t kikg tK™ ! kdkg K1 ms?t
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 2.3871 681.63
850 18.531 3217.85 3595.59 7.0271 1.7991 2.3783 693.10
900 17.356 3310.99 3714.32 7.1628 1.8175 2.3732 714.93
950 16.338 3404.65 3833.10 7.2913 1.8409 2.3795 735.53
1000 15.445 3499.17 3952.39 7.4137 1.8676 2.3932 755.14
1050 14.653 3594.78 4072.50 7.5309 1.8964 2.4119 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 2.4579 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 2.5218 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 1424.2
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 0.3210 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 0.9728 3.8996 4.1743 1570.1
350 977.217 319.994 328.181 1.0329 3.8742 4.1776 1570.3
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 4.2058 1553.7
385 953.306 466.544 474.936 1.4325 3.6966 4.2123 1548.2
390 949.450 487.588 496.014 1.4869 3.6719 4.2193 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 4.2540 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 4.3010 1471.2
440 905.082 700.569 709.408 2.0016 3.4434 4.3300 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 4.4013 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 2.4781 3.2549 4.5519 1299.1
500 836.242 967.105 976.672 2.5707 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 2.7549 3.1623 4.7857 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, Cp w
K kgm kJ kg * ki kgt kikg 1K™t kikg tK™ ! kdkg K1 ms?t
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 2.9128 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 2977.56 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 25772 626.82
750 24.914 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 2.4912 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
272.416 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 41161 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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514 W. WAGNER AND A. PRUR
TaBLE 13.2. Thermodynamic properties of water in the single-phase region—Continued
T p u h s c, Cp w
K kgm™® kikg* kI kg * kikg *K™* kIkg K™t kikg *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
385 954.254 465.911 476.390 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 4.2221 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 877.07
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 472.51
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 41171 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 552.51
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 2.4732 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

Downloaded 12 Sep 2012 to 152.14.136.96. Redistribution subject to AIP license or copyright; see http://jpcrd.aip.org/about/rights_and_permissions



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, Cp w
K kgm™® kikg* kI kg * kikg *K™* kIkg K™t kikg *K™! ms*
12.5 MPa—Continued
285 1005.31 49.369 61.803 0.1768 4.1376 4.1495 14747
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 373513 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 12445
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 11185
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 1019.4
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 67.912 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

T p u h s c, Cp w
K kgm kJ kg * ki kgt kikg 1K™t kikg tK™ ! kdkg K1 ms?t
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 2.5971 670.37
850 34.169 3179.91 3545.74 6.7144 1.8637 2.5581 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 2.4797 751.33
1050 26.466 3572.96 4045.26 7.2425 1.9215 2.4831 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 2.5269 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 2.5572 850.69
15.0 MPa
272.028 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 0.3193 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 0.4573 4.0647 41418 1538.6
310 999.844 152.711 167.713 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 1571.2
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
370 967.389 401.713 417.219 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 3.7118 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 4.2030 1557.7
395 948.890 506.256 522.064 1.5345 3.6390 4.2101 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 4.2354 1528.4
420 927.859 611.684 627.850 1.7942 3.5236 4.2556 1510.3
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 4.3057 1467.6
450 899.265 739.967 756.647 2.0904 3.3973 4.3362 1443.2
460 888.874 783.303 800.179 2.1860 3.3584 4.3709 1416.9
470 878.020 826.997 844.081 2.2804 3.3210 4.4104 1388.5
480 866.675 871.096 888.404 2.3738 3.2852 4.4553 1358.2
490 854.803 915.659 933.207 2.4661 3.2509 4.5065 1326.0
500 842.359 960.750 978.557 2.5578 3.2182 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 2.7395 3.1578 4.7104 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, Cp w
K kgm™® kikg* kI kg * kikg *K™* kIkg K™t kikg *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 1474.91 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
615.308 603.518 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
T p u h s c, Cp w
K kgm™® kikg* kI kg * kikg *K™* kIkg K™t kikg *K™! ms*
17.5 MPa—Continued
375 965.025 421.874 440.008 1.3146 3.7329 41794 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 4.2119 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 47724 1188.4
540 788.552 1144.87 1167.07 2.9144 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
627.82% 554.662 1679.22 1710.77 3.8394 3.1926 11.743 534.92
627.82% 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 465.31
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 41311 41313 1427.0
275 1009.70 7.864 27.672 0.0283 4.1282 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, Cp w
K kgm™® kikg* kI kg * kikg *K™* kIkg K™t kikg *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 14322
470 881.417 823.737 846.427 2.2733 3.3179 4.3875 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 134355 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 4.9314 42431 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 2812.91 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

T p u h s c, Cp w
K kgm kJ kg * ki kgt kikg 1K™t kikg tK™ ! kdkg K1 ms?t
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 4394.78 7.3414 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
271.43% 1010.95 —6.821 15.435 —0.0255 4.1209 4.1210 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 41181 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 4.0435 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 4.1313 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
375 967.257 420.510 443.771 1.3108 3.7258 4.1691 1588.5
380 963.705 441.282 464.630 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 4.2165 1546.2
420 931.776 608.552 632.699 1.7865 3.5166 4.2352 1528.9
430 922.836 650.775 675.157 1.8864 3.4736 4.2568 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 3.3164 4.3766 1412.6
480 872.066 865.789 891.590 2.3624 3.2809 4.4171 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 3.2142 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 2.7241 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, Cp w
K kgm kJ kg * ki kgt kikg 1K™t kikg tK™ ! kdkg K1 ms?t
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 4.9148 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 1448.91 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 4.7753 4.2412 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 5.5112 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 2.6171 844.16
1273 38.827 3997.56 4577.05 7.4353 2.0664 2.6226 852.17
25.0 MPa
271.23%8 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 4.0821 41121 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 41162 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 4.1211 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 41472 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

T p u h S c, Cp w
K kgm kikg?! kikg? kikg k1! kikg tK™ ! kikgtk? 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 3.5143 4.2287 1535.0
430 924.174 649.665 676.716 1.8838 3.4715 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 3.3519 4.3314 1447.1
470 884.724 820.582 848.839 2.2664 3.3149 4.3660 1420.5
480 873.811 864.080 892.691 2.3588 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 3.2130 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 2.7191 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 4.7793 1184.6
550 781.973 1183.06 1215.03 2.9849 3.0732 4.8788 1143.3
560 765.873 1231.75 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 3.7601 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 2.7613 719.69
1000 57.899 3416.94 3848.73 6.7439 1.9685 2.6947 744.06
1050 54.324 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 2.0143 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
270.82% 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 1483.2
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 0.3155 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

523

T p u h S Y b
K kgm™3 kJ kg™t kJ kg ! kikg 1K™?! kikg 1K1 kIkg t1K™? =
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 15745
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 418516 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 45219 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 2.9775 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 43121 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

T p u h s c, Cp w
K kgm kJ kg * ki kgt kikg 1K™t kikg tK™ ! kdkg K1 ms?t
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 4.0452 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 4.2302 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 4.2791 1489.6
470 894.161 811.680 856.415 2.2467 3.3063 4.3080 1465.2
480 883.800 854.395 899.654 2.3377 3.2715 4.3403 1439.2
490 873.045 897.418 943.234 2.4276 3.2380 4.3764 1411.8
500 861.876 940.785 987.195 2.5164 3.2058 4.4166 1382.9
510 850.268 984.537 1031.58 2.6043 3.1749 4.4614 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 4.7030 1216.8
560 784.392 1210.92 1261.92 3.0349 3.0403 4.7846 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, Cp w
K kgm kJ kg * ki kgt kikg 1K™t kikg tK™ ! kdkg K1 ms?t
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 2.9186 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
360 988.718 352.316 402.887 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 41131 1645.2
375 979.030 413.485 464.556 1.2909 3.6887 41172 1642.6
380 975.621 433.903 485.153 1.3454 3.6661 41215 1639.4
385 972.124 454,338 505.771 1.3993 3.6437 41261 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

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

Downloaded 12 Sep 2012 to 152.14.136.96. Redistribution subject to AIP license or copyright; see http://jpcrd.aip.org/about/rights_and_permissions



526 W. WAGNER AND A. PRUR

TaBLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

T p u h s c, Cp w
K kgm™® kikg* kI kg * kikg *K™* kIkg K™t kikg *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 4.2041 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 2.2342 3.3008 4.2740 1493.2
480 890.053 848.416 904.592 2.3245 3.2664 4.3027 1468.7
490 879.652 890.935 947.775 2.4135 3.2332 4.3345 1442.7
500 868.880 933.748 991.293 2.5015 3.2013 4.3697 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 4.7545 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 2.9173 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 4.9315 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, Cp w
K kgm™® kikg* kI kg * kikg *K™* kIkg K™t kikg *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 14113
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 2.9162 4.7753 1167.7
620 737.634 1442.46 1544.14 3.4357 2.8970 4.8505 1134.6
630 722419 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
800 377.56 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 677.56
900 250.00 2855.72 3155.71 5.5773 2.3613 4.6087 701.13
950 217.46 3025.43 3370.32 5.8095 2.2714 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

T p u h s c, Cp w
K kgm kJ kg * ki kgt kikg 1K™t kikg tK™ ! kdkg K1 ms?t
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 21721 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
385 992.087 442.211 543.009 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 4.2186 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 4.2673 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 4.3545 1409.4
570 826.746 1194.33 1315.29 2.9977 2.9965 4.3877 1382.8
580 815.297 1236.69 1359.34 3.0743 2.9734 4.4233 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, Cp w
K kgm™® kikg* kI kg * kikg *K™* kIkg K™t kikg *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 1272.3
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 34361 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 2.2142 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 35251 35739 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 35177 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

T p u h s c, Cp w
K kgm™® kikg* kI kg * kikg *K™* kIkg K™t kikg *K™! ms*
200 MPa—Continued
400 1017.12 480.471 677.105 1.4520 3.4513 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 3.3542 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 1827.3
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 1785.7
500 945.828 861.984 1073.44 2.3361 3.1518 3.9990 17703
510 937.929 900.238 1113.47 2.4154 3.1258 4.0080 1754.2
520 929.903 938.524 1153.60 2.4933 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 17025
550 905.083 1053.60 127457 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 2.9219 4.1059 1588.6
610 852.271 1284.84 1519.51 3.1421 2.9021 4.1184 1568.8
620 843.079 132353 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 2.7855 4.2043 1440.2
700 766.01 1634.40 1895.49 3.7168 2.7458 4.2385 13923
725 740.84 1731.91 2001.88 3.8662 2.7086 4.2720 1346.1
750 715.30 1829.48 2109.08 4.0115 2.6738 4.3038 1302.3
775 689.52 1926.98 2217.04 4.1531 2.6414 4.3319 1261.3
800 663.65 2024.26 2325.62 4.2910 2.6110 4.3538 12235
825 637.89 2121.12 2434.65 4.4252 2.5826 4.3668 1189.4
850 612.45 2217.30 2543.86 4.5556 2.5559 4.3680 1159.0
900 563.38 2406.51 2761.51 4.8045 2.5072 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 2.3967 3.9577 1038.6
1100 410.60 3092.98 3580.07 5.6275 2.3727 3.8153 1032.1
1150 383.70 3246.27 3767.52 5.7942 2.3553 3.6852 1031.0
1200 360.35 3393.84 3948.86 5.9486 2.3440 35714 1033.8
1250 340.01 3536.72 4124.94 6.0924 2.3380 3.4749 1039.5
1273 33152 3601.12 4204.41 6.1554 2.3368 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 3.3547 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 70.170 424,735 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

531

T p u h S Y b
K kgm™3 kJ kg™t kJ kg ! kikg 1K™?! kikg 1K1 kIkg t1K™? =
400 MPa—Continued
305 1123.17 106.664 462.799 0.3099 3.5641 3.8154 2113.2
310 1120.67 124.959 481.889 0.3719 3.5607 3.8199 2118.2
315 1118.16 143.263 500.994 0.4331 3.5547 3.8218 2122.7
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 1110.57 198.137 558.314 0.6109 3.5268 3.8195 2134.3
335 1108.01 216.399 577.407 0.6683 3.5155 3.8175 2137.4
340 1105.44 234.641 596.489 0.7248 3.5036 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 21475
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 3.3857 3.7984 2149.3
390 1078.67 415.913 786.739 1.2469 3.3724 3.7974 2148.7
395 1075.88 433.936 805.724 1.2953 3.3592 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 3.2214 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 2.4123 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 2.7563 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 1942.3
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 2.7776 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 2.7170 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 4.2185 2.6195 3.8159 1626.4
900 740.52 2192.77 2732.94 4.4363 2.5815 3.8046 1573.4
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TaBLE 13.2. Thermodynamic properties of water in the single-phase region—Continued

T p u h s c, Cp w
K kgm kJ kg * ki kgt kikg 1K™t kikg tK™ ! kdkg K1 ms?t
400 MPa—Continued
950 707.72 2357.60 2922.79 4.6416 2.5501 3.7887 1527.1
1000 676.11 2520.08 3111.71 4.8354 2.5245 3.7668 1487.8
1050 645.93 2680.08 3299.35 5.0185 2.5041 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 2.4767 3.6575 1410.3
1200 565.84 3144.10 3851.01 5.5098 2.4687 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 5.7210 2.4625 3.5409 1381.0
600 MPa
271.69% 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 3.4117 3.6821 2329.8
290 1174.34 46.318 557.243 0.0423 3.4502 3.7298 2333.5
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 0.3548 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 3.3680 3.7447 2362.8
370 1133.32 329.640 859.059 0.9616 3.3551 3.7400 2363.3
375 1130.73 347.118 877.748 1.0118 3.3424 3.7357 2363.6
380 1128.14 364.567 896.417 1.0612 3.3299 3.7318 2363.7
385 1125.54 381.987 915.067 1.1100 3.3176 3.7283 2363.6
390 1122.92 399.381 933.700 1.1581 3.3054 3.7251 2363.2
395 1120.30 416.749 952.319 1.2055 3.2935 3.7223 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 1063.09 777.413 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 2.2253 3.0504 3.7048 2294.3
530 1046.12 879.405 1452.95 2.2959 3.0342 3.7046 2285.3
540 1040.42 913.308 1490.00 2.3651 3.0184 3.7043 2276.1
550 1034.71 947.164 1527.04 2.4331 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 2.5654 2.9730 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, Cp w
K kgm kikg?! kikg? kikg k1! kikg tK™ ! kikgtk? 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 2.9167 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
286.7258 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 60.374 722.415 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 422528 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

T p u h s c, Cp w
K kgm kJ kg * ki kgt kikg 1K™t kikg tK™ ! kdkg K1 ms?t
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 2512.4
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 2.2007 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 2.3356 2.9987 3.6397 2467.8
560 1073.14 953.541 1699.01 2.4012 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 1052.34 1084.23 1844.44 2.6520 2.9373 3.6324 2423.4
610 1047.15 1116.77 1880.75 2.7120 2.9257 3.6306 2414.0
620 1041.96 1149.26 1917.05 2.7710 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 10135 1326.95 2116.29 3.0789 2.8558 3.6159 2350.7
700 1000.7 1407.14 2206.60 3.2103 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 2.7869 3.5946 2276.1
775 962.67 1645.45 2476.48 3.5766 2.7667 3.5869 2251.5
800 950.20 1724.12 2566.05 3.6903 2.7478 3.5789 2227.3
825 937.86 1802.41 2655.42 3.8003 2.7304 3.5708 2203.6
850 925.64 1880.32 2744.59 3.9068 2.7143 3.5627 2180.3
900 901.63 2035.04 2922.32 4.1100 2.6859 3.5466 2135.4
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 3.5167 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 2.6167 3.4919 1982.5
1150 791.12 2788.94 3800.16 4.9710 2.6083 3.4816 1951.3
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 2723.3
305 1234.94 93.201 902.957 0.0895 3.4296 3.7845 2723.2
310 1232.38 110.461 921.901 0.1511 3.4337 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 0.2715 3.4251 3.7891 2723.0
325 1224.77 162.272 978.749 0.3302 3.4154 3.7823 2723.0
330 1222.26 179.486 997.640 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 0.5550 3.3611 3.7416 2723.0
350 1212.34 247.836 1072.69 0.6087 3.3463 3.7306 2722.9
355 1209.88 264.786 1091.31 0.6615 3.3315 3.7198 2722.9
360 1207.43 281.680 1109.89 0.7135 3.3169 3.7096 2722.7
365 1204.98 298.523 1128.41 0.7646 3.3027 3.6999 2722.5
370 1202.54 315.314 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

T p u h s c, Cp w
K kgm kikg?! kikg? kikg k1! kikg tK™ ! kikgtk? ms !
1000 MPa—Continued
380 1197.67 348.758 1183.71 0.9131 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 2.2524 2.9979 3.5989 2642.5
560 1110.47 934.608 1835.12 2.3172 2.9869 3.5974 2634.9
570 1105.65 966.642 1871.09 2.3809 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 2.7402 2.9155 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 3.2417 2.8325 3.5573 2491.0
750 1020.5 1534.68 2514.55 3.3622 2.8134 3.5496 2468.4
775 1009.1 1612.21 2603.19 3.4785 2.7954 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 2.7631 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 2.7022 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 2226.3
1100 872.20 2591.99 3738.51 4.7028 2.6612 3.4513 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 3.4338 2133.6
1250 817.25 3030.62 4254.24 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.
bSaturated liquid.
‘Saturated vapor.
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