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Preface to the Second Edition

The international research regarding the thermophysical properties of water and steam has been
coordinated by the International Association for the Properties of Water and Steam (IAPWS).
IAPWS is responsible for the international standards for thermophysical properties. These
standards and recommendations are given in the form of releases, guidelines, and advisory
notes. One of the most important standards in this sense is the formulation for the
thermodynamic properties of water and steam for industrial use.

In 1997, IAPWS adopted the “IAPWS Industrial Formulation 1997 for the Thermodynamic
Properties of Water and Steam” for industrial use, called IAPWS-IF97 for short. The
formulation IAPWS-IF97 replaced the previous industrial formulation IFC-67 published in
1967.

After the adoption of IAPWS-IF97 in 1997, further so-called backward equations were
developed. These studies were coordinated by the IAPWS Task Group on Supplementary
Backward Equations for IAPWS-IF97 chaired by one of the authors of this book (H.-J. K.). The
final form of these equations is based on contributions by

J. R. Cooper K. Knobloch I. Stocker
A. Dittmann H.-J. Kretzschmar R. Span

D. G. Friend R. Mares W. Wagner
J. S. Gallagher K. Miyagawa 1. Weber
A. H. Harvey N. Okita

In addition to these scientists, many other IAPWS colleagues, particularly the members of the
working group “Industrial Calculations” (chairman up to 2001: B. Rukes, chairman from 2001
to 2003: K. Miyagawa, and chairman from 2004 onwards: Bill Parry) from 2002 onwards
renamed in “Industrial Requirements and Solutions”, and the working group “Thermophysical
Properties of Water and Steam” (chairman up to 2000: J. R. Cooper, chairman from 2000 to
2005: D. G. Friend, and chairman from 2005 onwards: H.-J. Kretzschmar), have contributed to
the entire success of this IAPWS project; we appreciate their contribution very much. We are
particularly grateful to the chairman of the evaluation task group, K. Miyagawa, for his
exceptional efforts in testing these backward equations to ensure that they fulfill all
requirements and checking the drafts of the several supplementary releases.

In 1998, Springer-Verlag published the book “Properties of Water and Steam” authored by
W. Wagner and A. Kruse. This book described the industrial formulation IAPWS-IF97 as it was
adopted by IAPWS in 1997. This new book is considered to be the second edition of the book
published in 1998, although it has a different title and authorship and is only in English and no
longer bilingual English/German. This second edition describes the industrial formulation in its
current form, thus including all of the new so-called backward equations adopted by IAPWS
between 2001 and 2005.

In addition to IAPWS-IF97, the industrial standard for the thermodynamic properties of water



VI Preface to the Second Edition

and steam, the most recent equations for the transport properties dynamic viscosity and thermal
conductivity are also presented. Moreover, equations for the surface tension, dielectric constant,
and refractive index are given.

In contrast to the first edition, this second edition contains a number of extensions and new
parts, namely:

e Incorporation of all “supplementary” backward equations.

e Inclusion of the uncertainty of the specific enthalpy into the uncertainty values of

IAPWS-IF97 for the most important properties.

e Formulas to calculate all partial derivates of the eight most important thermodynamic
properties.

¢ Additional properties in the steam tables.

e Incorporation of the new basic equation for the high-temperature region (1073.15 K to
2273.15 K) with pressures up to 50 MPa (previously up to 10 MPa).

e Pressure-temperature diagrams with isolines of all properties contained in the steam tables
and further properties.

e A compact disc (CD) providing the interactive program “IAPWS-IF97 Electronic Steam
Tables” for the calculation of all properties (contained in the book) dependent on freely
selectable pressures and temperatures in the single-phase region and on pressure or
temperature along the saturated-vapour and saturated-liquid lines. Those properties for
which it is reasonable can also be calculated within the two-phase region for given values
of pressure or temperature and vapour fraction.

We are very grateful to Dr. K. Knobloch who developed the supplementary backward
equations in her dissertation. We would like to thank Mr. M. Kunick for calculating and
formatting the tables as Microsoft Excel sheets for Part B. We are very grateful to
Dr. I. Stécker, Dr. K. Knobloch, Ms. M. Weidner, and Mr. S. Buchholz for their help in
producing all of the pressure-temperature diagrams in Part C of the book. Our warmest thanks
are dedicated to Dr. U. Overhoff for his assistance in preparing the “IAPWS-IF97 Electronic
Steam Tables” on the CD in Part D and for several checkups, and to Dr. 1. Stocker for her help
in producing the large size Mollier /-s and 7-s diagrams, which are included as attachments to
the book. We thank Mr. R. Preusche, Mr. M. Markward, and Mr. B. Salomo for reprogramming
all of the equations presented in the book. We would also like to thank Mrs. B. Esch for typing
the text of the manuscript and Mrs. R. Golzenleuchter for producing all of the figures. Our
thanks go to Dr. O. Kunz for his help in creating the electronic printing version of Part A of the
manuscript. Finally, we are grateful to Dr. E. W. Lemmon and Mrs. R. Smith for carefully
reading the manuscript and for a number of suggestions on improving the English style.

One of us (H.-J. Kretzschmar) is particularly grateful to the Saxon State Ministry for Science
and Art for the financial support of the development of the supplementary backward equations
at the Zittau/Gorlitz University of Applied Sciences from 2001 to 2003.

Bochum and Zittau, November 2007 W. Wagner
H.-J. Kretzschmar



Preface to the First Edition

In 1997, the International Association for the Properties of Water and Steam (IAPWS) adopted
a new formulation for the thermodynamic properties of water and steam for industrial use. This
formulation is called “IAPWS Industrial Formulation 1997 for the Thermodynamic Properties
of Water and Steam” and “IAPWS Industrial Formulation 1997 or “IAPWS-IF97” for short.
The new formulation IAPWS-IF97 replaces the previous industrial formulation, IFC-67, that
has formed the basis for power-plant calculations and other industrial applications since the late
1960’s. IAPWS-IF97 improves significantly both the accuracy and the speed of the calculation
of thermodynamic properties. The differences from IFC-67 will require many users, particularly
boiler and turbine manufacturers but also power-station companies and corresponding
engineering offices, to modify design and application codes. In addition to these applications,
TAPWS-IF97 is also of importance for energy-engineering applications in chemical industry and
in other branches of industry. Therefore, this book presents the individual equations of IAPWS-
IF97 for calculating the thermodynamic properties of water and steam for industrial use.

The IAPWS Industrial Formulation 1997 was developed in an international research project.
This development was coordinated by the IAPWS Task Group “New Industrial Formulation”
chaired by one of the authors of this book (W. W.). The final form of IAPWS-IF97 is based on
contributions and equations by

J. R. Cooper R. Mare§ Y. Takaishi

A. Dittmann K. Oguchi I. Tanishita

J. Kijima H. Sato J. Triilbenbach
H.-J. Kretzschmar 1. Stocker W. Wagner

A. Kruse 0. Sifner Th. Willkommen.

Besides these “developers” many other IAPWS colleagues, particularly the members of the
two working groups “Industrial Calculations” and “Thermophysical Properties of Water and
Steam”, contributed to the entire success of this comprehensive project; we appreciate their
contribution very much. We are especially grateful to the chairmen of these two working
groups, B. Rukes and J. R. Cooper. In addition, we would like to thank the members of the
IAPWS Task Group “New Industrial Formulation - Evaluation” for testing IAPWS-IF97 re-
garding the fulfilment of requirements and checking the influence on real power-cycle calcula-
tions; concerning these important pieces of work we are particularly grateful to the chairman of
this task group, K. Miyagawa, and his colleagues R. Spencer, R. B. McClintock, and H. W.
Bradly for their exceptional efforts.

In addition to IAPWS-IF97, the industrial standard for the thermodynamic properties of water
and steam, the most recent equations for the transport properties dynamic viscosity and thermal
conductivity are also presented. Moreover, equations for the surface tension, static dielectric
constant, and refractive index are given.
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The text of this book is bilingual. Part A contains the description of the above mentioned
equations for the thermophysical properties in English and Part B the corresponding description
in German. Comprehensive tables of the most important thermophysical properties of water and
steam are given in Part C in both languages.

The values in the tables of Part C were exclusively calculated from the corresponding equa-
tions summarized in Part A and Part B, respectively. These tables, which are mainly based on
the new industrial formulation IAPWS-IF97, replace the tables “Properties of Water and Steam
in SI-Units” prepared by E. Schmidt and edited by U. Grigull (Springer-Verlag Berlin Heidel-
berg New York, R. Oldenbourg Miinchen, Fourth, Enlarged Printing, 1989) which are based on
the previous industrial formulation IFC-67.

We wish to express our warmest thanks to Mr. C. Bonsen for his help in handling the com-
puter programs for calculating the transport properties and for producing all the tables. We
would also like to thank Mrs. A.-M. Sieg for typing the text of the manuscript. We are particu-
larly grateful to the Deutsche Forschungsgemeinschaft for their financial support of that part of
the development of IAPWS-IF97 which was carried out at the Ruhr-University Bochum.

Bochum, February 1998 W. Wagner
A. Kruse
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Nomenclature

Quantities

A Function

a Thermal diffusivity, a = A/( PCp)
a Coefficient

B Function

Specific isobaric heat capacity
m Mean specific isobaric heat capacity
in the ideal-gas state
Specific isochoric heat capacity
CTR Computing-Time Ratio
Specific Helmholtz free energy, f=u — Ts
Fugacity
Specific Gibbs free energy, g=h — T
g -factor of Harris and Alder
Specific enthalpy
Specific enthalpy of vaporization, Ak, =h” — h’
Exponent
Serial number; Exponent
Exponent
Serial number; Exponent
Boltzmann’s constant
Molar mass
Avogadro’s number
Refractive index
Coefficient
Prandtl number, Pr = 7¢,, A1
Pressure
Specific gas constant
Molar gas constant
Specific entropy
Specific entropy of vaporization, As, =s” — s’
Thermodynamic temperature !
Celsius temperature, ¢/°C = T/K — 273.15
Specific internal energy
Specific volume
Speed of sound

':GQO Ny

=

> = 0g] 0q

h

33 :}2§»\g-~

> = xx

v

T S8 TN

1 All temperature values given in this book are temperatures according to the International Temperature
Scale of 1990 (ITS-90)



XVI Nomenclature

Vapour fraction

Arbitrary state variable

Arbitrary state variable

Compression factor, z = pv/(RT)

Arbitrary state variable

Mean molecular polarizability of the isolated water molecule
Relative pressure coefficient, o, = p_l(a p/dT),
Isobaric cubic expansion coefficient, o, = v_l(av/aT )p
Transformed pressure, Eq. (2.12a)

Isothermal stress coefficient, £, =— p_l(ap/av)T
Dimensionless Gibbs free energy, y= g/(RT)
Difference in any quantity

Reduced density, 5= p/p*

Isothermal throttling coefficient, 67 = (dh/dp)r
Dielectric constant

(relative static dielectric constant or relative static permittivity)
Permittivity of vacuum (electric constant)
Dynamic viscosity

Reduced enthalpy, 17=h/h*

Reduced temperature, 8= T/T*

Transformed temperature, Eq. (2.12b)

Isentropic exponent, k'=—vp ™~ (dp/d V)
Isothermal compressibility, k7= —v 1(Qv/d )7
Thermal conductivity

Reduced thermal conductivity, A= A/A*
Wavelength of light

Reduced wavelength of light, A= 2/1"
Joule-Thomson coefficient, 4= (d7/dp)y,

Dipole moment of the isolated water molecule
Kinematic viscosity, v= 77,0_1

Reduced pressure, 7= p/p*

Mass density

Surface tension

Reduced entropy, o= s/s*

Inverse reduced temperature, 7 =T"/T
Dimensionless Helmholtz free energy, ¢=f/(RT)
Reduced dynamic viscosity, ¥= n/n"

Reduced volume, @= v/v*

S
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Superscripts

0 Ideal-gas part; ideal gas

r Residual part

max Maximum value of a quantity
min  Minimum value of a quantity



Nomenclature

XVII

*

”

Reducing quantity
Saturated-liquid state
Saturated-vapour state

Subscripts
ad  Adiabat
Normal boiling point
c Critical point
h At constant specific enthalpy
ind  Industrial equation for 4
m State on the melting line
m Mean value
max Maximum value of a quantity
p At constant pressure
perm Permissible
RMS Root-mean-square value of a quantity, see below
P At constant density
] Saturation state
s At constant specific entropy
sci  Scientific equation for 4
sub  State on the sublimation line
t Triple point
T At constant temperature
v At constant specific volume

Root-mean-square value:

(AX)rMmS =

where Ax,, can be either absolute or percentage differences of the corresponding property x; N is
the number of Ax, values (depending on the property, between 10 million and 100 million

points are uniformly distributed over the respective range of validity)



Introduction

This book consists of five parts, Part A to Part E.

Part A presents the current internationally agreed upon equations for industrial calculations
of the most relevant thermophysical properties of water and steam.

The current industrial standard for the thermodynamic properties, which replaced the former
industrial standard IFC-67 [1], was adopted by the International Association for the Properties
of Water and Steam (IAPWS) in 1997 under the name “IAPWS Industrial Formulation 1997 for
the Thermodynamic Properties of Water and Steam” or simply IAPWS-IF97 for short. All
relevant numerical details about the entire set of equations of IAPWS-IF97 are given in Chap. 2.

As a comprehensive supplement of the first edition of this book, this second edition contains
all of the so-called backward equations of IAPWS-IF97 developed after 1997 and adopted by
TAPWS between 2001 and 2005. In addition to the uncertainty values given in IAPWS-IF97 for
the properties specific volume, specific isobaric heat capacity, speed of sound, and saturation
pressure, now uncertainty values for the specific enthalpy and differences in specific enthalpy
are given as well. Moreover, formulas are presented in this new work to calculate all partial
derivatives from the equations of IAPWS-IF97 formed by any three combinations of the
properties pressure, temperature, and the specific properties volume, enthalpy, internal energy,
entropy, Gibbs free energy, and Helmholtz free energy. For the high-temperature region
(1073.15K to 2273.15K), the new basic equation that covers this temperature range for
pressures up to 50 MPa (previously 10 MPa) is presented.

In addition to the equations for the thermodynamic properties of water and steam, Chap. 3 of
Part A summarizes current equations for industrial use for the transport properties dynamic
viscosity and thermal conductivity and also presents correlation equations for the surface
tension, dielectric constant, and refractive index.

Part B contains the tables of the most important properties of water and steam, which were
calculated from the corresponding equations of Chaps. 2 and 3 in Part A. In comparison with
the first edition, additional tables with values of the properties compression factor, isochoric
heat capacity, isobaric expansion coefficient, and isothermal compressibility are given. The
table for the ideal-gas state was extended by including the properties isochoric heat capacity,
isentropic exponent, and mean isobaric heat capacity between 0 °C and the given temperature .

Part C of this book presents pressure-temperature diagrams with isolines of all the properties
tabulated in Part B and of further properties such as the specific internal energy, Joule-Thomson
coefficient, and a number of partial derivatives.

Part D contains a CD providing the interactive program “IAPWS-IF97 Electronic Steam
Tables” to calculate all of the properties contained in the book dependent on pressure and
temperature. In this way, users can calculate “personal” steam tables for arbitrary values of
pressure and temperature, as well as properties in the two-phase region as a function of pressure
or temperature together with vapour-fraction. With the addition of this possibility, the size of
the printed steam tables (Part B) was reduced in comparison with the first edition of this book.

Part E contains the two wall charts, a Molier /-s diagram and a 7-s diagram.



Part A

Equations for the Calculation of the

Thermophysical Properties of Water and Steam



1 Reference Constants

This chapter summarizes all reference constants needed for evaluating the equations given in
Chaps. 2 and 3.
The specific gas constant of ordinary water,

R=0.461526 kI kg ' K7, (1.1)
results from the recommended value of the molar gas constant [2],
R, =831451 kJ kmol ' K™, (1.2)
and from the molar mass of ordinary water,
M= 18.015 257 kg kmol ™" . (1.3)

The value of the molar mass of ordinary water results from the molar mass of hydrogen,
My =1.007 97597 g mol ™! (based on the molar mass of the isotopes 'Y and *H given in [3]
and the isotopic concentration corresponding to the molar fraction of 'H equal to 0.99985 and
of 2H equal to 0.00015 [4]), and the molar mass of oxygen, My = 15.9993047 g mol ™! (based
on the molar mass of the isotopes 160, 170, and 180 given in [3] and the isotopic concentrations
corresponding to the molar fractions of 16O, 170, and 180 equal to 0.99762, 0.00038, and
0.002, respectively, considered to be characteristic for all natural occurrences of oxygen [4]).
The values of the critical parameters

T,=647.096 K, (1.4)
pe =22.064 MPa, and (1.5)
p.=32kgm™ (1.6)

are from the corresponding IAPWS release [5]. The triple-point temperature is
T,=273.16 K (1.7)

according to the International Temperature Scale of 1990 (ITS-90) [6] and the triple-point
pressure

pi=611.657 Pa (1.8)

was determined by Guildner et al. [7]. According to the scientific standard for the thermo-
dynamic properties of ordinary water, the IAPWS-95 formulation [8, 9], the temperature of the
normal boiling point (at a pressure of 0.101 325 MPa (1 atm)) amounts to

T, =373.1243 K. (1.9)



2 |APWS Industrial Formulation 1997
for the Thermodynamic Properties of Water and Steam

At the IAPWS meeting in Erlangen, Germany in 1997, the “IAPWS Industrial Formulation
1997 for the Thermodynamic Properties of Water and Steam” was adopted as the new
international industrial standard for the thermodynamic properties of water and steam. This new
industrial standard is also called “IAPWS Industrial Formulation 1997 or “IAPWS-IF97” for
short. The IAPWS-IF97 formulation replaced the previous industrial standard IFC-67 [1]. In
comparison with IFC-67, IAPWS-IF97 significantly improves both the accuracy and the
calculation speed of thermodynamic properties.

This chapter presents all of the information about the individual equations of IAPWS-IF97
necessary for calculating the thermodynamic properties of water and steam. It also includes the
supplementary backward equations developed after 1997 and adopted by IAPWS between 2001
and 2005, and also a new basic equation for the high-temperature region 1073.15K to
2273.15 K for pressures up to 50 MPa (previously 10 MPa). In contrast to the first edition of
this book, the backward equations are not presented region by region, but all backward
equations dependent on the same input variables are summarized in the same section.
Section 2.4 presents formulas to calculate all of the partial derivatives (az/ax)y from the
equations of IAPWS-IF97, where the variables x, y, and z can represent any of the thermo-
dynamic properties: pressure p, temperature 7, and the specific properties volume v, enthalpy 4,
internal energy u, entropy s, Gibbs free energy g, or Helmholtz free energy /. In addition to the
uncertainties of the equations of IAPWS-IF97 in the properties specific volume, specific
isobaric heat capacity, speed of sound, and saturation pressure, Sec.2.5 also contains
uncertainty statements on the specific enthalpy and differences in specific enthalpy. Moreover,
illustrations show the achieved consistency between the basic equations along the region
boundaries.

Information about the development of the IAPWS-IF97 equations and details about their
quality and calculation speed in comparison with the previous industrial standard IFC-67 are
given in the international publication on IAPWS-IF97 [10]. Details about the development of
the supplementary backward equations can be found in the articles [11-14].

2.1 Characteristic Features of IAPWS-IF97

This section gives general information about the structure of the industrial formulation
IAPWS-IF97, including the entire range of validity, and makes some general statements about
the quality of IAPWS-IF97 concerning accuracy and consistency along the region boundaries.
In addition, statements on the calculation speed are made not only when the basic equations are
used for calculations of properties that are not dependent on pressure and temperature, but also
when the supplementary backward equations are used.
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2.1.1 Structure of IAPWS-IF97

The TAPWS Industrial Formulation 1997 consists of a set of equations for different regions
which cover the following range of validity:

273.15K?< T < 1073.15K 0<p
1073.15K < T < 2273.15K 0<p

100 MPa [15, 16]

<
< 50 MPa[l16]®

Figure 2.1 shows the five regions which divide the entire range of validity of IAPWS-IF97;
for the exact definition of the five regions see Sec. 2.2. Regions 1 and 2 are each covered by a
fundamental equation for the specific Gibbs free energy g(p,T), region 3 by a fundamental
equation for the specific Helmholtz free energy f(p,7T), and region 4, the two-phase region
(corresponding to the saturation curve in the p-T diagram), by a saturation-pressure equation
ps(T). The high-temperature region 5 is also covered by a g(p,T) equation. These five
equations, shown in rectangular boxes in Fig. 2.1, form the so-called basic equations.

A
100
©) {pm(r)
= Tga3(P)
o 75 -
= vy (p.h)
Q ®T T3 (p,h) ®T
g g‘] (pl ) v3 (pls) gz (pv )
@ 50F T, (p.h) L(Ps)  T,(p.h) 2
a T, (p.s) ps(hs) T, (p,s)
P, (h.s) umP T p,(hs) ®
25 |+ C
g5(p.T)
% (h.s) ps(T)
T(p)
0 1t
| | | | | (]() | >
273.15 473.15 673.15 873.15 1073.15 2273.15

Temperature T [K]
Fig. 2.1 Regions and equations of the industrial formulation IAPWS-IF97.

The industrial standard IAPWS-IF97 has been coupled to the scientific standard, the “IAPWS
Formulation 1995 for the Thermodynamic Properties of Ordinary Water Substance for General

2 In order to remain consistent with the previous industrial formulation IFC-67 [1], the range of validity
of IAPWS-IF97 in temperature starts at 273.15 K (0 °C) rather than at the triple-point temperature
T,= 273.16 K (0.01 °C). Thus, when being thermodynamically exact, states in the temperature range
273.15 K< T<273.16 K and at pressures pg (7) < p <p,(T) are in the metastable region, where p
and p, are the pressures along the sublimation and melting line [17], respectively.

3 The revision of the release of 1997 [15] only relates to the extension of region 5 up to pressures of
50 MPa (previously 10 MPa).
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and Scientific Use” [8, 9], hereafter abbreviated to IAPWS-95. This coupling was achieved by
fitting the basic equations of regions 1 to 3 and 5 to values of the specific volume v, specific
enthalpy 4, specific isobaric heat capacity c,, and speed of sound w calculated from IJAPWS-95
[9]. Accordingly, the basic equation for region 4, the saturation-pressure equation, was fitted to
the values of the saturation pressure p calculated from IJAPWS-95.

In addition to these basic equations, so-called backward equations are provided for all
regions except for region 5, where the backward equations are only valid for pressures
P 2 p(273.15 K) = 0.000 611 MPa. These backward equations were developed in the following
combinations of variables: For regions 1 and 2 as equations of the form T(p,4), T(p,s), and
p(h,s), for region 3 as equations of the form v(p,h), T(p,h), v(p,s), T(p,s), p(h,s), and
v(p,T), for the entire region4 as a saturation-temperature equation 7y(p), and for the
technically most important part of region4 (s> s7(623.15K)) as a saturation-temperature
equation of the form T (4,s). In Fig. 2.1, in addition to the (framed) basic equations, all of these
types of backward equations are assigned to the corresponding region of IAPWS-IF97. The
subscripts relate to the region for which the equation is valid.

These backward equations were developed in such a way that they are numerically very
consistent with the corresponding basic equation. Thus, properties as functions of (p,4), (p,s),
and (h,s) for regions 1 to 3, of (p) for the entire region 4, and of (4,s) for the technically most
important part of region 4 can be calculated without any iteration. Due to the backward equation
v(p,T) for region 3, the specific volume can be calculated for this region without the necessity
of its iteration from the basic equation f3(p,T). Consequently, properties such as s(p,/#) and
h(p,s) can be calculated directly from the corresponding backward equation or in combination
with the corresponding basic equation, for example, A(p,s) via the relation 2(p,T(p,s)). As a
result of this special concept of the industrial standard IAPWS-1F97, all important combinations
of properties can be calculated extremely quickly; more details are given in the next section and
in Sec. 2.3.

2.1.2 Quality of IAPWS-IF97

The achieved overall quality of the industrial formulation IAPWS-IF97 is characterized by the
following general results in the light of the three criteria accuracy, consistency between basic
equations along region boundaries and between backward equations along subregion
boundaries, and calculation speed.

The accuracy of IAPWS-IF97 is illustrated by the fact that for its entire range of validity only
0.2% of the calculated v values, 6% of the Cpy values, 2% of the w values, and none of the pg
values are outside the uncertainty of the corresponding IAPWS-95 values [9]. When carrying
out the same test with the previous industrial standard IFC-67, between 47% (for v) and 80%
(for pg) of the IFC-67 values were outside the uncertainty of the corresponding IAPWS-95
values. Based on all comparisons made [10] it can be concluded that IAPWS-IF97 is more than
one order of magnitude more accurate than IFC-67. The estimated uncertainties of IAPWS-IF97
in the properties v, ¢, w, pg, h, and Ah over the entire range of validity are given in Sec. 2.5. In
addition to the representation of the properties for the stable homogeneous regions and at
saturation, the corresponding IAPWS-IF97 equations also yield reasonable values for both the



10 2 IAPWS Industrial Formulation 1997

metastable superheated-liquid region and the metastable subcooled-vapour region close to the
saturated-liquid line and the saturated-vapour line, respectively.

Compared with IFC-67, an additional important jump in quality was achieved by the fact that
IAPWS-IF97 clearly meets the requirements regarding the consistencies along the region
boundaries, see Fig. 2.1. IAPWS-IF97 is clearly within the permitted inconsistencies according
to the so-called Prague values [18]. This is also true for the “difficult” boundary between
regions 2 and 3, along which the consistency requirements for the specific isobaric heat capacity
are also met by the basic equations of regions 2 and 3. For TAPWS-IF97, the maximum
inconsistency in ¢, at this boundary amounts to 0.35% whereas the corresponding IFC-67
inconsistency was greater than 6%. Details of the achieved consistencies along the boundaries
between regions 1 and 3, regions 2 and 3, and regions 2 and 5 are given in Sec. 2.5.

The third and probably the greatest advantage is the very large improvement in the calculation
speed compared with IFC-67. Even when using only the backward equations that existed in
1997 when IAPWS-IF97 was adopted (the equations 7(p,#) and T(p,s) for regions 1 and 2)
for the most important regions 1, 2, and 4, where the computing time is particularly relevant, the
calculation-speed factor of IAPWS-IF97 in comparison with IFC-67 amounts to 5.1. This value
was determined by taking into account the frequencies of use of the most relevant property
functions in these regions based on a survey of the international power-cycle companies and
related industries. This means that for these important regions IAPWS-IF97 is more than 5 times
faster than IFC-67 as long as the individual equations are properly programmed. Details about
the accuracy, consistency along region boundaries, and calculation speed (in comparison with
IFC-67) are given in the comprehensive article on IAPWS-IF97 [10]. These calculation-speed
factors were determined in 1996 based on a computer running 16-bit DOS with a processor
486DX/33 MHz [10]. When repeating these comparisons with a modern Pentium 4/3.0 GHz PC
and the operating system Windows XP, then IAPWS-IF97 is not only 5.1 times faster than
IFC-67 but 8.3 times [19].

A comparison of the calculation speed within IAPWS-IF97 with and without using the
backward equations shows that these equations bring an enormous increase in the calculation
speed. When using the backward equations 7(p,s) and T(p,h) for regions 1 and 2 (these
backward equations were developed along with the basic equations of IAPWS-IF97), the
calculation of properties in these regions as functions of (p,s) and (p,%) is between 11 and 38
times faster than calculating these properties by iteration from the respective basic equation.

A further essential step towards even shorter computing times was made by the
supplementary backward equations developed after 1997. When using these equations, the
calculation of properties dependent on (4,s) in regions 1 and 2 is more than 35 times faster than
iterating the basic equations. For region 3, the calculation speed is increased by a factor of more
than 10 for calculating properties as functions of (p,%), (p,s), and (h,s) with the help of the
respective backward equations. The calculation of properties as a function of (p,T) using the
backward equations v(p,T) in combination with the basic equation f3(p,T) is 17 times faster
than determining these properties only by iteration from the basic equation. In the part of the
two-phase region 4 that is important for designing steam turbines, the calculation of the
saturation properties pg, T, and the vapour fraction x as a function of (4,s) from backward
equations is 14 times faster than the determination of these properties by iteration with the
corresponding basic equations. Thus, the new backward equations allow a significant increase in
the calculation speed.
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2.2 Basic Equations of IAPWS-IF97

This section contains all of the details relevant for using the basic equations of IAPWS-IF97.
Figure 2.2 shows the assignment of the five basic equations to the corresponding regions. The
boundaries of the regions can be taken directly from Fig. 2.2 except for the boundary between
regions 2 and 3; this boundary is defined by the so-called B23-equation given in Sec. 2.2.1.

The boundary 7= 623.15 K belongs to regions 1 and 3, the boundary corresponding to the
Ppo3-line (the Tgy3-line is exactly the same line, see Eqgs. (2.1) and (2.2)) belongs to regions 2
and 3, and the boundary 7= 1073.15 K belongs to regions 2 and 5. Thus, the properties along
these boundaries could be calculated from equations g;(p,T) or f3(p,T) on the boundary 7 =
623.15 K, from equations g,(p,T) or f3(p,T) on the boundary pg,3(7), and from equations
2(p,T) or gs(p,T) on the boundary 7= 1073.15 K. In this way, on these boundaries one gets
(slightly) different values from the g; and f3 equations, from the g, and f; equations, and from
the g, and g5 equations. In order to avoid such ambiguities, the boundary 7= 623.15K is
considered to belong to region 1, and the boundaries pg,3(7T) and 7'= 1073.15 K are considered
to belong to region 2. Thus, the properties along these boundaries can be calculated unam-
biguously from the g and g, equations, respectively.

A
623.15 863.15
p = 100 MPa | I
100 | —- r
{pazs(T)
_ f(p.T) To23(P) |x
© [Te]
s 5| « o
£ < @D = @ [
o o |gpT) g g TH| |1
=3 (o} 0
7] 1) 50 MPa
B 50 - 1] I 1
o ~ -
o
25 1
22,064 |- 95(p.T)
16.529 F———f——————————————— | ps(T)
|
0 7777I ! | (,() |
! 647.096 ! |
| | 1 ! | D) L 5
273.15 473.15 673.15 873.15  1073.15 2273.15

Temperature T [K]

Fig. 2.2 The assignment of the basic equations to the five regions of [APWS-IF97.

Although the saturation-temperature equation 7g(p) is formally a backward equation, see
Sec. 2.1.1 and [10, 15], it is nevertheless included in this section because it was derived from the
same implicit quadratic equation for the saturation line, Eq. (2.12), as the saturation-pressure
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equation p (7), and is, in contrast to the “normal” backward equations given in Sec. 2.3,
completely consistent with the p,(7) equation. Thus, from here onwards the saturation-
temperature equation 7T§(p ) is dealt with like a basic equation.

When using only the basic equations for the calculation of any thermodynamic property as a
function of any of the most important combinations of input variables other than (p,T), e.g.
(p,h), (p,s), and (h,s), due to the necessary iterations, the calculation is clearly slower than the
calculation via the backward equations, but (within the iteration accuracy) consistent with all
properties at the point fixed by the two input variables selected.

Uncertainty estimates of the most relevant properties, calculated from the IAPWS-IF97 basic
equations, are summarized in Secs.2.5.1 and 2.5.2. The inconsistencies between the
corresponding basic equations along the boundaries between regions 1 and 3, regions 2 and 3,
and regions 2 and 5 are given in Sec. 2.5.3.

Note. The user should be aware of these inconsistencies, in particular when calculating across
and very near the region boundaries.

2.2.1 Auxiliary Equation for the Boundary between Regions 2 and 3

The boundary between regions 2 and 3, see Fig.2.2, is defined by the following simple
quadratic pressure-temperature relation (the B23-equation):

[)}32—3(7—') 7r(9)=n1+n20+n392 , (2.1)

*

P
where 7=p/p* and 6=T/T" with p*=1MPa and T*=1K. The coefficients n; to n3 of Eq.(2.1)

are listed in Table 2.1. Equation (2.1) roughly describes an isentropic line; the entropy values
along this boundary line are between s = 5.047 kJ kg_1 K and s =5.261kJ kg_1 K.
Alternatively, Eq. (2.1) can be expressed explicitly in temperature as

Tgo3(P) 0.5
T* :9(7[):}'14 +[(7r—n5)/n3]
with @and 7 as defined for Eq. (2.1) and the coefficients n5 to ns listed in Table 2.1. Equations
(2.1) and (2.2) cover the range from 623.15 K at 16.5292 MPa up to 863.15 K at 100 MPa.

2.2)

Table 2.1 Coefficients of the equations py,5(p) and Ty5(7T), Egs. (2.1)

and (2.2)

I n; i n;

1 0.348 051 856 289 69 x 103 4 0.572 544 598 627 46 x 103
2 -0.116718 598 799 75 x 10! 5 0.139 188 397 788 70 x 10?

3 0.101 929 700 393 26 x 1072

Computer-Program Verification. Egs. (2.1) and (2.2) must meet the following 7-p point:
T=0.623150000 x 10° K, p=0.1652916425 x 10? MPa.
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2.2.2 Basic Equation for Region 1

This section contains all details relevant for using the basic equation for region 1 of
IAPWS-IF97, see Fig. 2.2. Uncertainty estimates of the most relevant properties calculated from
IAPWS-IF97 can be found in Sec. 2.5.

The basic equation for this region is a fundamental equation for the specific Gibbs free
energy g. This equation is expressed in dimensionless form, y= g/(RT), and reads

&(p7T) S L Ji
. y(m7)= D m(11-m) (z-1222)", (2.3)

i=1

where 7 = p/p* and 7 = T*/T with p* = 16.53MPa and T* = 1386 K; R= 0.461526
kJ kg_l K according to Eq.(1.1). The coefficients n; and exponents /; and J; of Eq.(2.3) are
listed in Table 2.2.

All thermodynamic properties can be derived from Eq.(2.3) by using the appropriate
combinations of the dimensionless Gibbs free energy y and its derivatives. The relations of the
relevant thermodynamic properties to ¥ and its derivatives are summarized in Table 2.3.
Moreover, with the information given in Sec. 2.4, particularly with the formulas of Sec. 2.4.1,
all partial derivatives formed by the properties p, T, v, u, h, s, g, and f can be easily calculated.
All required derivatives of the equation for the dimensionless Gibbs free energy 7, Eq. (2.3), are
explicitly given in Table 2.4.

Since the 5th International Conference on the Properties of Steam in London in 1956, the
specific internal energy and the specific entropy of the saturated liquid at the triple point have
been set equal to zero:

uy=0; sy=0. (2.4)
In order to meet this condition at the temperature and pressure of the triple point, see Egs. (1.7)

and (1.8), the coefficients n5 and n4 in Eq. (2.3) have been adjusted accordingly, which results in
a specific enthalpy of the saturated liquid at the triple point given by

h, =0.000611783 kI kg ! . (2.5)

Table 2.2 Coefficients and exponents of the basic equation g,(p,T) in its dimensionless form, Eq. (2.3)

i ;Y n; i I n;
1 0 -2 0.146 329 712 131 67 18 2 3 —0.44141845330846x107°
2 0 -1 —0.845481871691 14 19 2 17 =0.726949 962 97594 x 1071
30 0 —0.37563603672040 % 10" 200 3 -4 —0.316796448 45054 x 107
4 0 1 0.338 551 691 683 85 x 10! 21 3 0 -0.28270797985312x%107°
5 0 2 =0.95791963387872 22 3 6 —0.85205128120103x10"°
6 0 3 0.157 720 385 132 28 23 4 -5 —0.22425281908000x 107
7 0 4 —0.16616417199501 x 107! 24 4 -2 —0.65171222895601 x10°°
8 0 5 0.812 146 299 835 68 x 107 25 4 10 —0.14341729937924 x 1072
9 1 -9 0.283 190 801 238 04 x 103 26 5 -8 —0.405169968601 17 x10°°
10 1 -7 =0.607063 01565874 %107 27 8 —11 —=0.12734301741641 x10°*
11 1 -1 =0.189900 682 184 19 x 107! 280 8 -6 —0.17424871230634 x 107
12 1 0 —0.32529748770505x% 107! 29 21 -29 —0.687 62131295531 x 107'®

Continued on next page.
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Table 2.2 — Continued

i I, J; n; i I J; n;
13 1 1 —021841717175414 % 107" 30 23 -31 0.144 783 078 28521 x 107"
14 1 3 —-0.52838357969930x 107 31 29 -38 0.263 357 816 627 95 x 10722
15 2 -3 —0.47184321073267 %107 3230 -39  —0.119 476 226 400 71 x 107
16 2 0 —0.30001780793026x 107 33 31 —40 0.182 280 945 814 04 x 1072
17 2 1 0.476 613 939 069 87 x 107™* 34 32 —41 —0.935370872924 58 x 107%°

Table 2.3 Relations of thermodynamic properties to the dimensionless Gibbs
free energy ¥ and its derivatives when using Eq. (2.3)

Property

Relation

Specific volume
v= (a g/d p)T
Specific enthalpy
=g—T(dg/dT
h=g-T(dgdT)

Specific internal energy

u=g- T(ag/BT)p - p(ag/ap)T

Specific entropy
=—(dg/oT
s=—(0g/T),

Specific isobaric heat capacity

¢ = (ah/aT)p

Specific isochoric heat capacity

Cp= (8u/8T)

»
Speed of sound

w= v(— (Bp/av)S)O'S

Isobaric cubic expansion coefficient

o, =v"! (ov/0T)
P

Isothermal compressibility

Kp=—v (av/ap)T

v(r, z’)i =Yy

RT
h(r, T ;
RT )
u(m,T I
RT T {4
s(z, T
R =T =7
¢, (77
£ R =_727z'r
2
Qlrd)_ o (e =)
R Yar
2
wi(m,7) _ Yz
2
RT (77[ _77757) _
3 Var
T J/TT
av(ir,z')T:I—T;:i
T
TYnr
Kr(7m,7)p=— 7
T

_(9r _[2%r
Yz _(B”JT’ Var _[8ﬂ'2
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Table 2.4 The dimensionless Gibbs free energy % Eq. (2.3), and its derivatives

34
y = m(11-x)"(r-1222)"
=1

34

Ve = Z—n,-l,-(n —7)i 7 (r-1222)”

i=1
34

34

i=1
34

i=1
34

ve =Y m(71-7)"Ji(z-1222)""

Yer = Y m(T1=7)" Ji(J;=1)(7=1222)"

Yo = Y mili(1=)(71=7) (71222 g = -mity(71- 7)o (71222

i=1

i=1

9y O’y 9y O’y
Y =[$l’ Vare =[W] > Vo =(W”’ Ver = 521 Yar =
T T

827
0moT

Range of Validity. Equation (2.3) covers region 1 of IAPWS-IF97 defined by the following
range of temperature and pressure, see Fig. 2.2:

273.15K £ T £ 623.15K

p(T) < p < 100 MPa .

In addition to the properties in the stable single-phase liquid region, Eq. (2.3) also yields rea-
sonable values in the metastable superheated-liquid region close to the saturated-liquid line.
Computer-Program Verification. To assist the user in computer-program verification of

Eq.(2.3), Table 2.5 contains test values of the most relevant properties.

Table 2.5 Thermodynamic property values calculated from the basic equation g,(p,T), Eq. (2.3), for

selected temperatures and pressures @

Propert T=300K T=300K T=500K
roperty p=3MPa p =80 MPa p=3MPa

v[m’ kg!] 0.100 215 168 x 1072 0.971 180 894 x 1073 0.120 241 800 x 1072

h[kJ kg™ 0.115331 273 x 10° 0.184 142 828 x 10° 0.975 542 239 x 10°

u [kJ kg™ 0.112 324 818 x 10° 0.106 448 356 x 10° 0.971 934 985 x 10°

s [kI kg K™
¢, [kl kg K]

0.392 294 792
0.417 301 218 x 10"

0.368 563 852
0.401 008 987 x 10"

0.258 041 912 x 10"
0.465 580 682 x 10"

c, [kl kg' K] 0.412 120 160 x 10! 0.391 736 606 x 10! 0.322 139 223 x 10!
w[ms™] 0.150 773 921 x 10* 0.163 469 054 x 10* 0.124 071 337 x 10*
o, [K'] 0.277 354 533 x 103 0.344 095 843 x 107> 0.164 118 128 x 1072
Kk, [MPa™'] 0.446 382 123 x 1073 0.372 039437 x 1073 0.112 892 188 x 1072

a Programmed functions should be verified using 8 byte real values for all variables.

2.2.3 Basic Equation and Supplementary Equation for Region 2

This section contains all details relevant for using the basic equation of region2 of
IAPWS-IF97, see Fig. 2.2. The B23-equation for defining the boundary between regions 2 and
3 is given in Sec. 2.2.1. Uncertainty estimates of the most relevant properties calculated from
IAPWS-IF97 can be found in Sec. 2.5.
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2.2.3.1 Basic Equation

The basic equation for this region is a fundamental equation for the specific Gibbs free
energy g. This equation is expressed in dimensionless form, ¥ = g/(RT), and is separated into
two parts, an ideal-gas part ° and a residual part ¥", so that it reads
,T
&p.T) _ (m1)=y°(m,7)+y (7.7) , (2.6)
RT
where 7= p/p* and 7= T*/T with R = 0.461 526 kI kg_' K! given by Eq. (1.1), and y° and "
according to Egs. (2.7) and (2.8).
The equation for the dimensionless ideal-gas part 7° of the basic equation g, (p, T) reads

9
7°(m,7)= 1n7z+2n,9 7 2.7
i=1

where 7= p/p* and 7= T"*/T with p* =1 MPa and 7" = 540 K. The coefficients n{ and n9 were
adjusted in such a way that the values for the specific internal energy and specific entropy,
calculated from Eq. (2.6), correspond to Eq.(2.4). Table 2.6 contains the coefficients n and
exponents J; of Eq. (2.7).

Table 2.6 Coefficients and exponents of the ideal-gas part ¥°, Eq. (2.7)

0 o ; () o
Ji n; 1 Ji n;

1 0 —0.96927686500217 x 10'? 6 -2 0.142408 191 714 44 x 10"
2 1 0.100 866 559 680 18 x 10*2 7 -1 —0.438395113 19450 x 10
3 -5 —0.560879 11283020 x 107> 8 2 —0.284 086 324 607 72

4 4 0.71452738081455%x 107" 9 3 0.21268463753307 x 107"
5 -3  —0.407 104982239 28

4 If Eq. (2.7) is incorporated into Eq.(2.9), instead of the values for n{ and nj given above, the
following values for these two coefficients must be used: 77 =—0.969 372 683 930 49 x 10!,
ns =0.100 872 759 700 06 x 102.

~.

The form of the dimensionless residual part " of the basic equation g, (p,T) is as follows:
43
7r(7z,f)=Zn,- xli(z-05)"1 (2.8)
i=1
where 7 = p/p* and 7 = T*/T with p*=1MPa and T*=540K. The coefficients n; and
exponents /; and J; of Eq. (2.8) are listed in Table 2.7.

All thermodynamic properties can be derived from Eq.(2.6) by using the appropriate
combinations of the ideal-gas part y°, Eq.(2.7), and the residual part y', Eq.(2.8), of the
dimensionless Gibbs free energy and their derivatives. The relations of the relevant
thermodynamic properties to 7° and ' and their derivatives are summarized in Table 2.8.
Moreover, with the information given in Sec. 2.4, particularly with the formulas of Sec. 2.4.1,
all partial derivatives formed by the properties p, T, v, u, h, s, g, and f can be very easily
calculated. All required derivatives of the equations for ¥° and y' are explicitly given in
Table 2.9 and Table 2.10, respectively.
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Table 2.7 Coefficients and exponents of the residual part ¥', Eq. (2.8)

l I, J; n; i .Y n;
1 1 0 =0.17731742473213x1072 23 7 0 —0.590595 643 24270 x 107"
2 1 1 —=0.178348 62292358 x 107! 24 7 11 -0.126218 088991 01 x 10~
31 2 —0.459960 136 963 65 x 107! 25 7 25 —0.389468 42435739 % 107!
4 1 3 —057581259083432x 107! 26 8 8 0.112 562 113 604 59 x 1077
5 1 6 —0.50325278727930x 107" 27 8 36 —0.823113408979 98 x 10!
6 2 1 -033032641670203x 107 286 9 13 0.198 097 128 020 88 x 1077
7 2 2 —0.189489875163 15%x 107 29 10 4 0.104 069 652 101 74 x 1078
8 2 4 —039392777243355x%x 1072 30 10 10 —0.102347 47095929 x 1072
9 2 7 —0.43797295650573 % 107! 31 10 14 —0.100 18179379511 x 107%
10 2 36 —0.266745479 140 87 x 107 3216 29 —0.808 829 086 469 85 x 10710
11 3 0 0.204 817 376 923 09 x 1077 33 16 50 0.106 930 318 794 09
12 3 1 0.438 706 672 844 35 x 107° 34 18 57 —0.336622505741 71
13 3 3 —032277677238570x% 107 35 20 20 0.891 858 453 554 21 x 107
14 3 6 —0.15033924542148x 1072 36 20 35 0.306 293 168 762 32 x 1072
15 3 35 —0.406682 53562649 x 107! 37 20 48 —0.420024 676 982 08 x 107>
16 4 1 —0.78847309559367 %107 38 21 21 —0.590 560 296 856 39 x 1072°
17 4 2 0.127 907 178 522 85 x 107/ 39 22 53 0.378 269 476 134 57 x 107
18 4 3 0.482 253 727 18507 x 107° 40 23 39 —0.127 686 089 346 81 x 1074
9 5 7 0.229 220 763 376 61 x 107 41 24 26 0.730 876 105 950 61 x 10728
20 6 3 —0.16714766451061x 10710 42 24 40 0.554 147 153 507 78 x 1071
21 6 16 —0.21171472321355% 1072 43 24 58 —0.94369707241210% 107°
22 6 35 —0.238957419 341 04 x 10?

Range of Validity. Equation (2.6) covers region 2 of IAPWS-IF97 defined by the following
range of temperature and pressure, see Fig. 2.2:

273I5K < T< 62315K 0 < p < p(T)
623.15K < T < 863.15K 0 < p < ppys(T)
863.15K < T < 1073.15K 0 < p < 100 MPa,

where p (T) is calculated from Eq. (2.13) and pgy3(7) from Eq. (2.1). In addition to the
properties in the stable single-phase vapour region, Eq. (2.6) also yields reasonable values in the
metastable-vapour region for pressures above 10 MPa. Equation (2.6) is not valid in the
metastable-vapour region at pressures p < 10 MPa; for this part of the metastable-vapour region
see Sec. 2.2.3.2.
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Table 2.8 Relations of thermodynamic properties to the ideal-gas part ° and the residual part y* of
the dimensionless Gibbs free energy and their derivatives when using Eq. (2.6) or Eq. (2.9)

Property Relation
Specific volume p 0 4 b
T ——=7ly; +
v:(ag/ap)T U( )RT (}/7[ 77[ )
Specific enthalpy h(7,7) o r
h:g—T(ag/aT)p RT ZT(J/T +7/T)
Specific internal energy u(7,7)
u=g—T(8g/8T)p—p(ag/ap)T RT =T(770+7z{)_75(7;? +77;)
Specific entropy s\,
S=—(8g/8T) (R ):T(%O-’_%{)_(yo-'-yr)
P
Specific isobaric heat capacity (e (7:, T) 5
¢ =(ohAT), =T (r )
Specific isochoric heat capacity . c 2
cvz(au/aT) C“(”’T)=_T2(7o +7r )_(1+7Z7;z _T7l'772'1')
v R 13 T - 22 }/7;”
Speed of sound os Wz(ﬁ’ T) ~ 1277 + 2 7 2
=of— - 2
w v( (8p/ Bv)s ) RT (1+ﬂ_%§ — oy, )
(1 N ) t—
T (7191' + 7;7)
Isobaric cubic expansion coefficient 00y (7,7)T = 1+ 7y — T Yer
o =v_1(8v/8T) o l+7yg
v p
Isothermal compressibility K7 (. 2)p= 1-72 9%,

K :—v_l(av/ap)T 1+ 7y

c_fort] e () e _[ort) e [} e [ o _[0r°) Lo _[9%°
Yz (37[ la Var (aﬂ'z Ta I Fy ﬂ-ayﬂ 372 ﬂ-sym' ozor > ¥t 37 ”a}/ﬂ' Yy i
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Table 2.9 The ideal-gas part ¥° of the dimensionless Gibbs free energy, Eq.
(2.7), and its derivatives

9 9
0 o_
y° :1n7z+2n,orji 7 :Zn,"J{’rJl !
i=1 i=1
9
o _ 1 Jo-2
£ =7 Yer =Zn?Ji°(Ji°—l)fl
i=1
0 —2 o
Var =7 Yar =0

o % o _ 82}/0 o 870 o _ 82}/0 o _ 82}/0
77[ _[871' 19771'7[_ aﬂ_z 1972'_ aT ”572'1'_ az_z ”3771:1'_ 871'82'

Table 2.10 The residual part 7" of the dimensionless Gibbs free energy, Eq. (2.8),
and its derivatives

43 "
7r :Zni ﬂli(T—O.S)Ji 7/; :Zni ﬁIiJi(T—O.S)Ji_l

=1 =1

43 ; 43 o
o= m Lt (r-05)" Ve = > m (1) (0= 03)"

i=1 i=1
43 43

Ve = D m L= 2 (7=05)" ke = 1 A (e-05)

i=1 i=l1
c_(0r") e (2] (vt e (%) o _[9%F
Yz _[aﬂ' Ta%m— e 1377— 37 ”3771—_81_2 ”s%zz'— 377

Computer-Program Verification. To assist the user in computer-program verification of
Eq.(2.6), Table 2.11 contains test values of the most relevant properties.

Table 2.11 Thermodynamic property values calculated from the basic equation g,(p,T), Eq. (2.6),
for selected temperatures and pressures 2

Property T=300K T=700K T=700K
p=0.0035 MPa p=0.0035 MPa p=30MPa

v[m3 kg™] 0.394 913 866 x 10° 0.923 015 898 x 10° 0.542 946 619 x 1072
h kI kg™ 0.254 991 145 x 10* 0.333 568 375 x 10* 0.263 149 474 x 10*
u [k kg™ 0.241 169 160 x 10* 0.301 262 819 x 10* 0.246 861 076 x 10*
s[kJ kg K™ 0.852 238 967 x 10! 0.101 749 996 x 10? 0.517 540 298 x 10!
¢, [k kg K] 0.191 300 162 x 10! 0.208 141 274 x 10" 0.103 505 092 x 10?
¢y [kT kgt K] 0.144 132 662 x 10! 0.161 978 333 x 10! 0.297 553 837 x 10!
wms] 0.427 920 172 x 103 0.644 289 068 x 10° 0.480 386 523 x 10°
o, [K™'] 0.337 578 289 x 1072 0.142 878 736 x 1072 0.126 019 688 x 107!
Ky [MPa™'] 0.286 239 651 x 103 0.285 725 461 x 10° 0.818 411389 x 107!

2 Programmed functions should be verified using 8 byte real values for all variables.



20 2 IAPWS Industrial Formulation 1997

2.2.3.2 Supplementary Equation for the Metastable-Vapour Region

Such as the basic equation g,(p,T), Eq.(2.6), the supplementary equation for a part of the
metastable-vapour region is given in the dimensionless form of the specific Gibbs free energy,
y=g/(RT), consisting of an ideal-gas part ¥ and a residual part y", so that

g2,meta(p’T)
RT

where 7= p/p* and 7= T*/T with R = 0.461 526 kJ kg ! K~! given by Eq.(1.1), and »° and y"
according to Egs. (2.7) and (2.10).

The equation for the ideal-gas part ¥ is identical with Eq. (2.7) except for the values of the
two coefficients 1} and n3, see Table 2.6. To use Eq.(2.7) as a part of Eq. (2.9), the coefficients
n{ and n3 were slightly readjusted to meet the high consistency requirement between Egs. (2.9)
and (2.6) for the properties # and s along the saturated-vapour line, see below.

The equation for the residual part " of Eq. (2.9) reads

13
y(m)=Y m i (r-05)" (2.10)
i=l1
where 7=p/p* and 7=T */T with p*=1MPa and T *=540 K. The coefficients n; and
exponents /; and J; of Eq. (2.10) are listed in Table 2.12. There are not any experimental data to
which an equation can be fitted in the metastable-vapour region. Thus, Eq. (2.9) is only based on
input values extrapolated from the stable single-phase region 2. These extrapolations were not
performed with IAPWS-95 but with a special low-density gas equation [9].

=1m7)=y°(m7)+y(77) , (2.9)

Table 2.12 Coefficients and exponents of the residual part ¥", Eq.(2.10)

i L n; I L J; n;

1 1 0 —0.733 622 601 865 06 x 1072 8 3 4 —0.634980376573 13 x 1072
2 1 2 —0.88223831943146x 107! 9 3 16 —0.86043093028588x 107!
3 1 5 —0.723 345552132 45x 107! 0 4 7 0.753 215 815227 70 x 1072
4 1 11 —0.408 131 785 344 55 x 1072 11 4 10 —0.792383 75446139 x 1072
5 2 1 0.200 978 033 802 07 x 1072 12 5 9 —0.228 881 607 784 47 x 1073
6 2 7 —0.530459218 986 42 x 107! 13 5 10 —0.264 565014828 10 x 1072
7 2 16  —0.761 904 090 869 70 x 1072

All thermodynamic properties can be derived from Eq.(2.9) by using the appropriate
combinations of the ideal-gas part ¥°, Eq.(2.7), and the residual part y', Eq.(2.10), of the
dimensionless Gibbs free energy and their derivatives. The relations of the relevant
thermodynamic properties to ¥° and y' and their derivatives are summarized in Table 2.8.
Moreover, with the information given in Sec. 2.4, particularly with the formulas given in
Sec. 2.4.1, all of the partial derivatives of the properties p, T, v, u, h, s, g, and f'can be calculated
easily. All of the required derivatives for the equations for ¥° and y" are explicitly given in
Table 2.9 and Table 2.13, respectively.

Range of Validity. Equation (2.9) is valid in the metastable-vapour region from the saturated-
vapour line to the 5% equilibrium moisture line (corresponding to the vapour fraction x = 0.95,
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determined from the equilibrium 4" and 4” values) at pressures from the triple-point pressure,
see Eq.(1.8), up to 10 MPa. The consistency of Eq.(2.9) with the basic equation g,(p,T),
Eq.(2.6), along the saturated-vapour line is characterized by the following maximum
inconsistencies in the properties v, 4, p:$: & and w:

|AD] ax = 0.014%

|AR| = 0.043 kI kg™
|AC, | max = 0.78%

|AS| oy = 0.082 T kg ' K1
|Ag|max = 0.023 ki kg™
| AW 0y = 0.051%

| max

These maximum inconsistencies are clearly smaller than the consistency requirements along the
region boundaries corresponding to the so-called Prague values [18]. Along the 10 MPa isobar
in the metastable-vapour region, the transition between Eq. (2.9) and Eq. (2.6) is not smooth, but
for practical calculations the inconsistency is sufficiently small.

Computer-Program Verification. To assist the user in computer-program verification of
Eq.(2.9), Table 2.14 contains test values of the most relevant properties.

Table 2.13 The residual part y' of the dimensionless Gibbs free energy,
Eq. (2.10), and its derivatives

1
Yo=Y mali(r- O.S)Ji
i=

1

W

13

}/; = Zni ﬂIiJi(T—O.S)Ji_l

i=1
13
n; I; 7 (7= 05)" v = Zn,. 7l g (1 =1)(z-05)"?
1 =1
13
vie = mi I 7' (1-05)77

i=1
. ay . aZyr - a}/r . aZyr . 827r
Y _[aﬂ' Ts Var = 2 Ta = 37 ”s Ver = 32 ”9 Yar = 7T

Table 2.14 Thermodynamic property values calculated from the g, ,...,(p,T) equation, Eq.(2.9), for
selected values of temperature and pressure 2

W =

Y

i

—
w

Vir =Y m; Li(L; =)l (7-05)”"

LN

D

Property T=450K T=440 K T=450K
p=1MPa p=1MPa p=1.5MPa

v[m’ kg™] 0.192 516 540 0.186 212 297 0.121 685 206

h [k kg™ 0.276 881 115 x 10* 0.274 015 123 x 10* 0.272 134 539 x 10*
u [k kg™ 0.257 629 461 x 10* 0.255 393 894 x 10* 0.253 881 758 x 10*
s[kIkg 'K 0.656 660 377 x 10! 0.650 218 759 x 10! 0.629 170 440 x 10!
¢p [k kg ' K] 0.276 349 265 x 10! 0.298 166 443 x 10! 0.362 795 578 x 10!
cp [kT kg ' K] 0.195 830 730 x 10! 0.208 622 142 x 10! 0.241 213 708 x 10!
wms] 0.498 408 101 x 10° 0.489 363 295 x 10° 0.481 941 819 x 10°
o, [K] 0.318 819 824 x 1072 0.348 506 136 x 1072 0.418 276 571 x 1072
Ky [MPa™'] 0.109 364 239 x 10! 0.111 133 230 x 10! 0.787 967 952

2 Programmed functions should be verified using 8 byte real values for all variables.



22 2 IAPWS Industrial Formulation 1997

2.2.4 Basic Equation for Region 3

This section contains all details relevant for using the basic equation for region3 of
IAPWS-IF97, see Fig. 2.2. The B23-equation for defining the boundary between regions 2 and
3 is given in Sec. 2.2.1. Uncertainty estimates of the most relevant properties calculated from
IAPWS-IF97 can be found in Sec. 2.5.

The basic equation for this region is a fundamental equation for the specific Helmholtz free
energy f. This equation is expressed in dimensionless form, ¢=f/(RT'), and reads

AH(p.T) SR

T=¢(5,T)=I’l]hl§+zni§“[l, (2.11)
i=2

where 6=p/p* and 7=T"/T with p*=p, =322kg m>, T*= T.= 647.096K and R=

0.461526 kJ kg_1 K! according to Egs.(1.6), (1.4), and (1.1). The coefficients »; and

exponents /; and J; of Eq. (2.11) are listed in Table 2.15.

Table 2.15 Coefficients and exponents of the basic equation f;(p,T) in its dimensionless form,
Eq.(2.11)

i1 n; i1 n;

1 - - 0.106 580 700 285 13 x 10! 21 3 4 —0.201 899 15023570 x 10"

2 0 0 —0.157 328 452 902 39 x 102 22 3 16 —0.82147637173963x 1072

3 0 1 0.209 443 969 743 07 x 10> 23 3 26 —0.47596035734923

4 0 2 —0.768 677 078 787 16 x 10" 24 4 0 0.439 840 744 735 00 x 107!

5 0 7 0.261 859 477 879 54 x 10! 25 4 2 —0.444 764 354 287 39

6 0 10 —0.280807 81148620 x 10" 26 4 4 0.905 720 707 197 33

7 0 12 0.120 533 696 965 17 x 10! 27 4 26 0.705 224 500 879 67

8 0 23 —0.845668 12812502 x 1072 28 5 1 0.107 705 126 263 32

9 1 2 —0.126 543 154 777 14 x 10" 29 5 3 —0.329 136232 589 54
10 1 6 —0.115244 078 066 81 x 10! 30 5 26 —0.508710620411 58
11 1 15 0.885210439 843 18 31 6 0 —0.221754008 730 96 x 107!
12 1 17 -0.642077 651816 07 32 6 2 0.942 607 516 650 92 x 107!
13 2 0 0.384 934 601 866 71 33 6 26 0.164 362 784 479 61
14 2 2 —0.852 147 088 242 06 34 7 2 —0.135033722 41348 x 107!
15 2 6 0.489 722 815 418 77 x 10! 35 8 26 —0.148 34345352472 x 107!
16 2 7 —=0.305026 172 569 65 x 10! 36 9 2 0.579 229 536 280 84 x 1073
17 2 22 0.394 205 368 791 54 x 107! 37 9 26 0.323 089 047 037 11 x 1072
18 2 26 0.125 584 084 243 08 38 10 0 0.809 648 029 962 15 x 107
19 3 0 —0.279993 296987 10 39 10 1 —0.165576797 950 37 x 1073
20 3 2 0.138 997 995 694 60 x 10! 40 11 26 —0.44923899061815x 107

In addition to representing the thermodynamic properties in the single-phase region along the
saturation line for temperatures from 623.15 K to 7, = 647.096 K, Eq.(2.11) meets the phase-
equilibrium condition for the coexisting vapour and liquid phase (equality of specific Gibbs free
energy for both phases taken into account by the Maxwell criterion, see Table 2.16). Moreover,
Eq. (2.11) reproduces exactly the critical parameters according to Egs. (1.4) to (1.6) and yields
zero for the first two pressure derivatives with respect to density at the critical point.

All thermodynamic properties can be derived from Eq.(2.11) by using the appropriate
combinations of the dimensionless Helmholtz free energy ¢ and its derivatives. The relations of
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the relevant thermodynamic properties to ¢ and its derivatives are summarized in Table 2.16.
Moreover, with the information given in Sec. 2.4, particularly with the formulas of Sec. 2.4.2,
all partial derivatives formed by the properties p, T, v, u, h, s, g, and f can be easily calculated.
All required derivatives of the equation for the dimensionless Helmholtz free energy ¢ are
explicitly given in Table 2.17.

Table 2.16 Relations of thermodynamic properties to the dimensionless Helmholtz

free energy ¢ and its derivatives when using Eq. (2.11)

Property Relation
Pressure p(&, T)
=3
p=p*(9/1p), oRT %6
Specific enthalpy h(5 T) s
h=f=T(0fdT), +p(0f1dp), R - Pt 09s
Specific internal energy u(5, z-)
u=f-T(f/0T), R = 0r
Specific entropy S(J, z-)
=—(af/aT =70:=9¢
(9£/07), R g
Specific isobaric heat capacity cp( 5. z’) ) ( 56567 ¢§T)2
Cp=(a/’l/aT) =—7 ¢ﬂ+—2
P R 25¢§ +0 ¢5§
Specific isochoric heat capacity cv(é‘, z') 5
Cp= (au/aT)v R —T°0r
Speed of sound 2
P 05 (5’ ) 25¢5+52 ¢§5——( ?s 5T¢&)
- ((ap/ap)s) RT ? Prr
Isobaric cubic expansion coefficient (5 z’) Ps—TPs,
a, =v_1(8v/8T)p 2¢5+5¢5§
Isothermal compressibility 1
k(8 7)pRT = ——
Relative pressure coefficient o ( 5. T) T=1- TPs;
=p~l(p/aT v B
Olp p ( P )v
Isothermal stress coefficient B, (6.7) a4 00 ss
IBP =—p_1(ap/aU)T P ¢¢5
Phase-equilibrium condition _ , . _Ds "
(Maxwell criterion) RTp =995 (5 ) > RT, p” (5 )
p 1 1]:¢5,7_¢5”T
T R R

029
062

9¢
96

ooo(28) ou-{22] o

99

T

029
or?

0%
0007

o
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Table 2.17 The dimensionless Helmholtz free energy @, Eq.(2.11), and its derivatives

40 40
) =n11n5+an- st /i or =Zni sl J; il
=2 i=2
40 40
_ I -1 _J; 1. J. =2
s =n151+2ni ALl ¢TT=Zn,.§tJ,-(J,-—1)rt
i=2 i=2
40 40
_ . -2 _J: I —1 J. -1
bss =—mO 2+Zni L(1-1) 8% 2 i ¢5T:Zni 1,85 g

i=2 =2

d 02 02 0?
¢5 [ag] ¢6§ [85?] ¢r= [¢] Prr = [ ¢] ¢5T [855?7]

Range of Validity. Equation (2.11) covers region 3 of IAPWS-IF97 defined by the following
range of temperature and pressure, see Fig. 2.2:

623.15K < T < 863.15K pe23(T) < p < 100 MPa,

where ppy3(T) is calculated from Eq. (2.1). In addition to the properties in the stable single-
phase region defined above, Eq.(2.11) also yields reasonable values in the metastable regions
(superheated liquid and subcooled steam) close to the saturated-liquid and saturated-vapour
lines.

As stated at the beginning of Sec. 2.2, the boundary between regions 1 and 2 is considered to
belong to region 1 and the boundary between regions 2 and 3 is considered to belong to
region 2. Thus, the properties along these boundaries are not determined from the basic equation
of region 3, f3(p,T), Eq. (2.11), but the properties along the boundary between regions 1 and 3
are calculated from the basic equation g(p,T), Eq. (2.3), and the properties along the boundary
between regions 2 and 3 are determined from the basic equation g,(p,T), Eq. (2.6).

Computer-Program Verification. To assist the user in computer-program verification of
Eq.(2.11), Table 2.18 contains test values of the most relevant properties.

Table 2.18 Thermodynamic property values calculated from the basic equation f;(p,7T), Eq.(2.11),
for selected temperatures and densities 2

T=650K
p=500kgm™

T=650 K
p=200kgm>

T=750K
p=500kgm™

S
—_ —_= —
e
—
=~
(IQ‘

Moy

0.255 837018 x 102
0.186 343 019 x 10*

0.222 930 643 x 10%
0.237 512 401 x 10*

0.783 095 639 x 10°
0.225 868 845 x 10*

kI kg™ 0.181 226 279 x 10* 0.226 365 868 x 10* 0.210 206 932 x 10*
[kJ kg K] 0.405 427 273 x 10" 0.485 438 792 x 10! 0.446 971 906 x 10"
cp [KTkg ' K] 0.138 935717 x 10? 0.446 579 342 x 10? 0.634 165 359 x 10!
¢ [KT kg K] 0.319 131 787 x 10" 0.404 118 076 x 10" 0.271 701 677 x 10"
wms™] 0.502 005 554 x 10° 0.383 444 594 x 10° 0.760 696 041 x 10°
a,[K1] 0.168 653 107 x 107! 0.685 312229 x 107! 0.441 515 098 x 1072
K7 [MPa™] 0.345 506 956 x 107! 0.375 798 565 0.806 710 817 x 1072
o, [K] 0.190 798 153 x 107! 0.818 019 386 x 1072 0.698 896 514 x 1072
By [kg m™] 0.565 652 647 x 10° 0.238 728 962 x 10? 0.791 475213 x 10°

@ Programmed functions should be verified using 8 byte real values for all variables.
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2.2.5 Basic Equations for Region 4

This section contains all details relevant for using the equations for the two-phase region 4 of
IAPWS-IF97 (corresponding to the saturation line in the p-T diagram), see Fig. 2.2. Uncertainty
estimates of the saturation pressures calculated from IAPWS-IF97 can be found in Sec. 2.5.

The equation for describing the saturation line is an implicit quadratic equation, which can be
solved directly with regard to both saturation pressure pg and saturation temperature 7. This
equation reads

SPo? +n1ﬂ219+ nzﬁz +n3ﬂ192 +ny fO+ns f+ n6z92 +n70+ng=0, (2.12)
21025
where B=(ps/p") (2.12a)
and ﬂ:ii++ (2.12b)
r (Ts/T )—nlo

with p* =1 MPaand T* = 1 K; for the coefficients n to n; see Table 2.19.

2.2.5.1 Saturation-Pressure Equation

The solution of Eq. (2.12) with regard to the saturation pressure py is as follows:
4

P 2€ : (2.13)

p —B+(B2 —4Ac)0'5

where p* = 1 MPa and
A=0*+ nmo+ny
B= n3z92 +n40+ ns
C= n6192 +n70+ ng
with ¢ according to Eq. (2.12b). The coefficients n; of Eq. (2.13) are listed in Table 2.19.

Table 2.19 Coefficients of the basic equations for region 4, Egs. (2.12) to (2.14)

l l’ll' 1 i’ll'

1 0.116 705 214 527 67 x 10* 6 0.149 151 086 135 30 x 10°
2 —0.724 213 167 032 06 x 10° 7 —0.482 326 573 61591 x 10*
3 —0.170 738 469 400 92 x 10° 8 0.405 113 405 420 57 x 10°
4 0.120 208 247 024 70 x 10° 9 —0.238 555 575 678 49

5 —0.323 255 503 223 33 x 107 10 0.650 175 348 447 98 x 103

Equations (2.12) to (2.14) reproduce exactly the p-T values at the triple point according to
Egs.(1.7) and (1.8), at the normal boiling point according to Eq. (1.9), and at the critical point
according to Egs. (1.4) and (1.5).

Range of Validity. Equation (2.13) is valid along the entire vapour-liquid saturation line from
273.15 K to the critical temperature 7, so that it covers the temperature range

273.15K < T < 647.096 K .
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Computer-Program Verification. To assist the user in computer-program verification of
Eq. (2.13), Table 2.20 contains corresponding test values.

Table 2.20 Saturation-pressure values calcu-
lated from Eq. (2.13) for selected temperatures 2

T [K] p, [MPa]

300 0.353 658 941 x 1072
500 0.263 889 776 x 10!

600 0.123 443 146 x 10?

@ Programmed functions should be verified
using 8 byte real values for all variables.

2.2.5.2 Saturation-Temperature Equation

The solution of Eq. (2.12) with regard to the saturation temperature 7 reads

0.5
2
TS n10+D—[(n10+D) —4(n9+n10D)] (2 14)
T 2 ’ '
where 7" =1K and
2
D= G

0.5
—F—(F*-4EG)
with E:ﬂ2+n3ﬂ+n6
F:n1ﬂ2+n4ﬂ+n7
G=n2ﬁ2+n5ﬁ+n8
and Baccording to Eq. (2.12a). The coefficients n; of Eq. (2.14) are listed in Table 2.19.

Range of Validity. Equation (2.14) has the same range of validity as Eq. (2.13), which means
that it covers the vapour-liquid saturation line according to the pressure range

611.212677Pa < p < 22.064 MPa .

The value of 611.212677 Pa corresponds to the saturation pressure at 273.15 K. Since the
saturation-pressure equation, Eq.(2.13), and the saturation-temperature equation, Eq.(2.14),
were derived from the same implicit equation, Eq. (2.12), for describing the saturation line, both
Eq. (2.13) and Eq. (2.14) are numerically identical.

Computer-Program Verification. To assist the user in computer-program verification of
Eq.(2.14), Table 2.21 contains corresponding test values.

Table 2.21 Saturation-temperature values cal-
culated from Eq. (2.14) for selected pressures 2

p [MPa] T, [K]
0.1 0.372 755919 x 10°
1 0.453 035 632 x 10°
10 0.584 149 488 x 10°

a Programmed functions should be verified
using 8 byte real values for all variables.



2.2 Basic Equations of IAPWS-IF97 27

2.2.6 Basic Equation for Region 5

The high-temperature region (1073.15 K to 2273.15K) was covered by a basic equation
gs(p,T) that was valid for pressures up to 10 MPa [10, 15] until 2007. However, in order to
enable users to calculate values of thermodynamic properties for designing future high-
temperature power cycles and other processes for pressures above 10 MPa, a new basic equation
g5(p,T) was developed that covers the high-temperature region 5 for pressures up to 50 MPa
[20]. This equation was adopted at the IAPWS Meeting in 2007 [16].

This section contains the details relevant for using the basic equation for region 5 of
TAPWS-IF97 that covers, as shown in Fig. 2.2, a pressure range up to 50 MPa.

The basic equation for this high-temperature region is a fundamental equation for the specific
Gibbs free energy g. This equation is expressed in dimensionless form, ¥ =g/(RT), and is
separated into two parts, an ideal-gas part ¥° and a residual part ¥ ", so that

&5 (p T )

B2 = Ym) =1 o)+ (x7) | @15)

where 7= plp* and 7= T*/T with R = 0.461526 k] kg_' K! given by Eq. (1.1), and »° and y"
according to Egs. (2.16) and (2.17).
The equation for the ideal-gas part ° of the dimensionless Gibbs free energy reads

6
P(mr)=tnz+ Y a7t (2.16)
i=1

where 7= p/p* and =T"/T with p*= 1 MPa and T*= 1000 K. The coefficients n{ and n9
were adjusted in such a way that the values for the specific internal energy and specific entropy,
calculated from Eq.(2.15), relate to Eq.(2.4). Table 2.22 contains the coefficients ny and
exponents J;° of Eq.(2.16). This equation was developed in connection with the development
of the previous gs5(p,T) equation [21].

Table 2.22 Coefficients and exponents of the ideal-gas part 70, Eq.(2.16)

i J? np i J? n

1 0 —0.131799 836 742 01 x 10? 4 =2 0.369 015 349 803 33

2 1 0.685 408 416 344 34 x 10! 5 -1 —0.31161318213925x 10!
3 -3 —0.248051489334 66 x 107! 6 2 -0.329616265389 17

The form of the residual part " of the dimensionless Gibbs free energy is as follows:
6
7r(7r,r):an~ i i (2.17)
i=1
where 7= p/p* and 7=T"/T with p*=1MPa and T*=1000 K. The coefficients n; and
exponents /; and J; of Eq. (2.17) are listed in Table 2.23.
All thermodynamic properties can be derived from Eq.(2.15) by using the appropriate
combinations of the ideal-gas part ¥°, Eq.(2.16), and the residual part ", Eq.(2.17), of the
dimensionless Gibbs free energy and their derivatives. The relations of the relevant
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thermodynamic properties to ¥° and 7' and their derivatives are summarized in Table 2.24.
Moreover, with the information given in Sec. 2.4, particularly with the formulas of Sec. 2.4.1,
all of the partial derivatives of the properties p, T, v, u, k, s, g, and f can be calculated easily. All
required derivatives of the equations for ¥° and y " are explicitly given in Table 2.25 and Table
2.26, respectively.

Table 2.23 Coefficients and exponents of the residual part 7', Eq. (2.17)

i I J; n; i L J; n;

1 1 1 0.157 364 048 552 59 x 1072 4 2 3 0.224 400 374 094 85 x 107>
1 2 0.901 537 616 739 44 x 107 5 2 9 —0.411632 75453471 x 107

3 1 3 —0.502700 776 776 48 x 1072 6 3 7 0.379 194 548 229 55 x 1077

Table 2.24 Relations of thermodynamic properties to the ideal-gas part }/0 and the residual part " of
the dimensionless Gibbs free energy and their derivatives when using Eq. (2.15)

Property Relation
Specific volume (7, 7) P _ 7[( 7o+t )
] - T 7/7[

v= (ag/ap) r RT

Specific enthalpy hmzt) o

h=g-T(0gT), R G

Specific internal energy u(z,7) o .t o &

= +77 |- +

=5~ T(o80T), - ogp), =R+t )-a(7 + 1)

Specific entropy s(mr) o o . .1

e =l 4)-{" )

Specific isobaric heat capacity o (m,7) 2 o .

¢ = (ah/aT)p R ¢ (771 + Ve )
Specific isochoric heat capacity . 2
¢ = (au/aT)U ¢ (7,7) _ —12(7701 o )_ (1+ﬂ77z — TVt )

R -7 Yax

Speed of sound 2 2

b 05 wi(m1) 1+27y5 +7° 15 i
w= v(—(ap/ av)s ) RT i (1 e )

(1 ~ 7 Yan )+ 2(,,0 r
T (71'2' TV )
Isobaric cubic expansion coefficient L+ 7Yy —Tryy
. 051; (ﬂ',T)T= 7/71' - }/72'1'
o, =v (av/aT) I+7yr
P
Isothermal compressibility -2yt
-1 KT(”> T)p: 7/,1{7[
Kp =—v (av/Bp)T 1+ 7y

ar azr ar azr azr ao 820
R e R R e A R = e e
T a T T 4 4 4 4 T
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Table 2.25 The ideal-gas part y° of the dimensionless Gibbs free energy,
Eq.(2.16), and its derivatives

6 6
(o] o_
y° =lnz+ nf’TJi 7P :Zn,"J"TJI !
i=1 i=1
6
o _ -1 Jo-2
Ak vie =) i IR(Ie 1)
i=1
Yor =—1* Yor =0

o M o _ 8270 o ayo o _ 8270 o _ 82}/0
Yz _[87[ Ts77m "1 922 Ts?’r =17 ”’7/1'2'_ 92 ”’77”— oz

Table 2.26 The residual part y' of the dimensionless Gibbs free energy,
Eq.(2.17), and its derivatives

6 6
y'=Y mateh o= malig e
i=1 i=1
6 6
Ve = Zn, Ll Yor = an 7lig (-1
i=1 i=l
6 6
Vi _an L1 =1)7" ™ Yar =an L o

Range of Validity. Equation (2.15) covers region 5 of IAPWS-IF97 defined by the following

temperature and pressure range, see Fig. 2.2:

1073.15K < T < 2273.15K 0 <p < 50MPa.

In this range, Eq. (2.15) is only valid for pure undissociated water, any dissociation will have to

be taken into account separately.
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Computer-Program Verification. To assist the user in computer-program verification of
Eq.(2.15), Table 2.27 contains test values of the most relevant properties.

Table 2.27 Thermodynamic property values calculated from the basic equation g;(p,T), Eq.(2.15),
for selected temperatures and pressures 2

Property T=1500K T=1500 K T=2000 K
p=0.5MPa p=30MPa p=30MPa
v[m’ kg™ 0.138 455 090 x 10! 0.230 761 299 x 107! 0.311 385219 x 107!
h[kJ kg™ 0.521 976 855 x 10* 0.516 723 514 x 10* 0.657 122 604 x 10*
u [k kg™ 0.452 749 310 x 10* 0.447 495 124 x 10* 0.563 707 038 x 10*
s [kl kg ' K™ 0.965 408 875 x 10! 0.772 970 133 x 10! 0.853 640 523 x 10!
¢, [KIkg' K] 0.261 609 445 x 10! 0.272 724 317 x 10! 0.288 569 882 x 10!
cp [KT kg ' K] 0.215 337 784 x 10! 0.219 274 829 x 10! 0.239 589 436 x 10!
wms™] 0.917 068 690 x 10° 0.928 548 002 x 10° 0.106 736 948 x 10*
o, [K™] 0.667 539 000 x 1073 0.716 950 754 x 1073 0.508 830 641 x 107
x,[MPa™'] 0.200 003 859 x 10" 0.332 881253 x 107! 0.329 193 892x 107!

2 Programmed functions should be verified using 8 byte real values for all variables.

2.3 Backward Equations of IAPWS-IF97

This section contains details relevant for using all of the backward equations. However, these
backward equations are not presented region by region, i.e. not all types of backward equations
that are valid in the same region are described in one section, rather, all backward equations
dependent on the same input variables are summarized in the same section. This is more
practical for application of the different types of backward equations to the corresponding basic
equations.

2.3.1 Survey and Important Annotations

A survey of all types of backward equations of the industrial formulation IAPWS-IF97 together
with some general statements are given in this section. Important annotations on the use of the
backward equations are summarized in Sec. 2.3.1.2.

2.3.1.1 Survey on All Types of Backward Equations

For industrial applications in the single-phase region of water and steam, property functions
dependent on the input variables (p,7) are most important. For regions 1 and 2 more than 30%
of all property calls relate to these input variables. However, for modelling steam power cycles
and other applications, property functions of (p,%) and (p,s) are also quite necessary. From the
basic equations, such property functions can only be calculated by iterations, which require
intensive computing time. For very fast yet sufficiently accurate calculations of properties as
functions of (p,4) and (p,s) for regions 1 and 2, backward equations in the form 7(p,%) and
T(p,s) were developed simultaneously with the basic equations of [APWS-IF97 [10, 15].
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Although properties as a function of (4,s) are not often used in process modelling, after the
adoption of IAPWS-IF97 in 1997, IAPWS decided that backward equations in the form of
p(h,s) for regions 1 and 2 should supplement the other backward equations for these regions,
because the determination of such property functions from the basic equations requires two-
dimensional iterations, which are very time consuming. Therefore, backward equations in the
form of p(h,s) were developed [11, 22]. The combination of these equations with the other
backward equations of regions 1 and 2 allows for the calculation of all properties as a function
of (h,s) without iterations. Later, IAPWS also decided that it should be possible to calculate
properties for region 3 as functions of (p,4), (p,s), (h,s), and even of (p,T) without iterations
from the basic equation f3(p,T), Eq. (2.11). Therefore, backward equations of the form T'(p, /),
v(p,h), T(p,s), v(p,s) [12,23], p(h,s) [13,24], and v(p,T) [14,25] were developed.
Moreover, a saturation-temperature equation in the form 7(4,s) is also provided [13, 24] for
the part of the two-phase region 4 that is important for steam-turbine calculations. Figure 2.3
shows the assignment of the existing backward equations to the various regions; all of these
equations are described in this section. For region 5 there are no backward equations.

Before properties can be calculated for a given state point, the region in which the point is
located must be determined. To minimize the computing time, one should also be able to
perform the region determination without iterations. However, for the input variables ( 4,s ), the
region boundaries can only be calculated by iterating the corresponding basic equation. The
same is true for the input variables (p,%) and (p,s) with regard to the boundary between the
single-phase region 3 and the two-phase region 4. In order to avoid these iterative calculations,
special equations for the region boundaries were developed and included in the IAPWS
supplementary releases for the respective backward equations. These equations are called
region-boundary equations in the following text.

The use of the backward equations and region-boundary equations enormously accelerates
the calculation of properties dependent on the different combinations of input variables. The
following sections, particularly Sec. 2.3.7, describe how much faster the calculations with the
backward equations and region-boundary equations are in comparison with calculations from
the basic equations through iteration.

All backward equations presented in this section* meet the requirements for very high
consistency to the corresponding basic equation. The exact requirements for these numerical
consistency values, set by IAPWS, are summarized in Sec. 2.3.2.

4 The saturation-temperature equation Ti(p) is not considered to be a backward equation and is therefore
described in Sec. 2.2.5.2, see also the beginning of Sec. 2.2.
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Fig. 2.3 All forms of backward equations (marked in grey) as assigned to the corresponding regions of
IAPWS-IF97. The basic equations are shown in rectangular boxes.

2.3.1.2 Important Annotations on the Use of the Backward Equations

Although the backward equations clearly meet the very high numerical consistency
requirements given in Sec. 2.3.2, the inconsistencies with respect to the basic equations are, of
course, not zero. This fact has several consequences of which the user should be aware, for
example:

e When calculating a property as a function of (p,4), (p,s), or (h,s), slightly different
results are obtained depending on whether the backward equations are used or if the
properties are directly calculated from the basic equation g(p,T) by iteration. These
differences are described in detail in the sections for the respective backward equations.

e When calculating properties with the help of backward equations for a given state point
extremely close to a region boundary, attention should be paid to the existence of (very
small) inconsistencies between backward equations and basic equations, and between
region-boundary equations and basic equations. Due to these inconsistencies, the
calculations could indicate that the state point is in the adjacent region, but (of course)
extremely close to the region boundary. The user should be aware of these effects in order
to avoid possible numerical problems by taking suitable measures in the program code. For
this purpose, values for the numerical inconsistencies of the backward and region-boundary
equations will be given in the respective sections.
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o The backward equations and region-boundary equations should never be used to calculate
derivatives of a property.

e When properties are to be determined by iteration of the basic equations (because the input
variables are not the independent variables of the equation), then these iterations may only
be carried out with the basic equations alone, not in combination with any backward or
region boundary equation.

These inconsistencies are unavoidable when using backward equations and are therefore an
agreed-upon feature of [APWS-IF97. However, these inconsistencies are insignificant enough to
have nearly no practical relevance for any technical application. Thus, because of their great
advantage due to shorter computing times, the backward equations should be used whenever
possible. For such applications, however, where these minor inconsistencies are indeed not
acceptable, the calculations should be performed with the basic equations through the use of
iteration. Even in this case the inconsistency is not zero, but depends on the selected
convergence criterion of the iteration. For example, the convergence criterion has to be less than
107 in AT/T to achieve a smaller inconsistency than that with the backward equations.
However, even for such direct iterations with the basic equations, the backward equations are
still very useful because they provide very good starting values for the iterations.

2.3.2 Requirements for the Numerical Consistencies between Backward
Equations, Backward Functions, and Basic Equations

The use of the backward equations of the forms T(p,k), v(p,h), T(p,s), v(p,s), p(h,s),
v(p,T), and the backward functions® T( 4,s) and v( h,s) in combination with the corresponding
basic equations of the forms g(p,7) and f(p,T), see Fig.2.3, enormously accelerates the
calculation of the thermodynamic properties dependent on the input variables (p,%), (p,s),
(h,s) for regions 1 to 3, (p,T) for region 3, and (A,s) for a part of region 4. These “fast”
calculations are particularly important for heat cycle, turbine and boiler calculations. However,
the main precondition for the effective use of such backward equations and backward functions
in combination with the corresponding basic equations is that these equations must be
numerically very consistent with each other. The final requirements for these numerical
consistencies were set by IAPWS based on comprehensive test calculations that were carried out
by the international power-cycle industry for several characteristic power cycles. These
numerical consistency requirements for the backward equations and backward functions in
temperature, pressure and specific volume, assigned to the corresponding region of TAPWS-
IF97, are summarized in Fig. 2.4 and described in the following text.

> For the explanation of the term “backward function” see the beginning of Sec. 2.3.5.
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equations/functions and the corresponding basic equation assigned to the corresponding regions of
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Numerical Consistency Requirements in Temperature. The permissible inconsistency
between the temperature calculated from the backward equations and the temperature calculated
by iteration from the corresponding basic equations/functions was set to £25 mK for the range
of specific entropies less than 5.85 kJ kg_1 K and to £10 mK for the range of specific
entropies greater than or equal to this value. This means that the value |AT |perm =25mK is
valid in regions 1, 3, and in the part of region 2 with s < 5.85 kJ kg_1 K. This part of region 2
corresponds to subregion 2c, which will be explained in the following sections, e.g.
Sec.2.3.3.3a. The value |AT] e, = 10mK is valid in the part of region2 with s> 5.85
kJ kg_l K corresponding to subregions 2a and 2b.

In order to avoid numerical problems at the critical point, the value 647.096 K for the critical
temperature should be represented by the backward equations/functions for all six figures.
Therefore, the permissible inconsistency value was set to | AT perm = 0-49 mK. This value has
to be met by the backward equations/functions of the adjacent subregions 3a and 3b.

In the part of the two-phase region 4 with s >s”(623.15 K), which is important for steam
turbine calculations, see Fig. 2.21, the permissible numerical inconsistency in temperature was
set to |AT] ! and |AT|perm= 25mK for s<5.85
K kg 'K

Numerical Consistency Requirements in Pressure. In region 1, the permissible
inconsistency between the pressure calculated from the backward equations/functions and the
pressure calculated by iteration from the corresponding basic equation was set to £0.6% for
pressures less than or equal to 2.5 MPa and to + 15 kPa for pressures greater than this value. For
region 2 with s < 5.85 kJ kg_1 K_l, corresponding to subregion 2c, the permissible numerical
inconsistency in the calculated pressure amounts to |Ap/p | perm — 0.0088%. For region 2 with
§2>5.85KkJ kg_1 K_l, corresponding to subregions 2a and 2b, the permissible inconsistency in
pressure is |Ap/pl perm = 0.0035%. For region 3 consisting of subregions 3a and 3b, it is
| Ap/p| perm = 0.01%.

At the critical point, the value 22.064 MPa for the critical pressure should be represented by
the backward equations for all five figures. Therefore, the permissible inconsistency value was
setto |Ap/pl perm — 0.002%. The backward equations in the adjacent subregions 3a and 3b have
to fulfil this requirement.

In the part of the two-phase region 4 with s >s”(623.15 K), which is important for steam
turbine calculations, see Fig. 2.21, the permissible numerical inconsistency in pressure amounts
t0 | Ap/pl perm = 0.0035% for s>5.85 kikg™ K' and [Ap/pl o = 0.0088% for s <5.85
kI kg ' K7L

Numerical Consistency Requirements in Specific Volume. Backward equations/functions
for specific volume are required in region 3 because the corresponding basic equation is defined
as a function of the input variables density (the reciprocal value of specific volume) and
temperature. The permissible difference between the specific volume calculated from the
backward equations/functions and the specific volume calculated by iteration from the basic
equation was determined to £0.01% for the input variables (p,4 ), (p,s), and (4,s).

The functional dependence of the specific volume on pressure and temperature in region 3,
see Fig.2.3, represents a special case for which | Av/vl perm = 0.001%. The permissible
numerical inconsistencies for other properties will be given in Sec. 2.3.6.1. At the critical point,
the value v, = 0.003 105 59 m’ kg_l should be represented by the backward equations/functions

10mK for s>5.85 kikg™' K

perm —

perm



36 2 IAPWS Industrial Formulation 1997

for all six significant figures. Therefore, the permissible inconsistency value was set to
| Av/vl perm = 0-0001%. The backward equations/functions in the adjacent subregions 3a and 3b
have to meet this requirement.

Summary of the Permissible Inconsistencies. The permissible inconsistencies in
temperature, pressure and specific volume between the backward equations/functions and the
corresponding basic equation, presented in detail above, are summarized in Table 2.28.

Table 2.28 Permissible numerical inconsistencies | AT| «m 1D calculated temperatures, | Ap/pl perm OF

|Apl om 10 calculated pressures, and | Av/vl om 10 calculated specific volumes between the
backward equations/functions and the corresponding basic equation
Region Subregion |AT|pcrm |Ap/p|pcrm or |Ap|pcrm |Av/v|pcrm
p<25MPa 0.6%
1 25 mK
p>25MPa 15kPa
, s< 585kI kg™ K 2c 25 mK 0.0088%
52585kl kg™ K 2a, 2b 10 mK 0.0035%
0.01% "
o
3 3a,3b 25 mK 0.001% 0.001%°
, S< 5.85kI kg™ K7 25 mK 0.0088%
s>585kI kg™ K™! 10 mK. 0.0035%
Critical point 3a, 3b 0.49 mK 0.002% 0.0001%

2 This value relates to the input variables (p, %), (p,s), and (h,s).
b This value relates to the input variables (p, T).

For example, the permissible inconsistency |AT |perm= 25 mK in region 1 means that the
temperature value determined from the backward equations T((p, /), T1(p,s) and the backward
function 7 ( A,s ) must agree within £25 mK with the temperature value determined by iteration
from the basic equation g (p,T) for the same input values. The permissible value | Ap/pl perm =
0.6% means that the difference between the pressure calculated from the backward equation
p1(h,s) and the pressure determined by iteration from the basic equation g;(p,7) must be not
greater than 0.6%.

2.3.3 Backward Equations as a Function of the Input Variables ( p,h)

In this section, all of the backward equations as a function of (p, /4 ) are summarized. These are
the backward equations 7(p,h) for regions 1 to 3 and the backward equations v(p,h) for
region 3. When these equations are combined with the basic equations for regions 1 to 4, all
other properties that are dependent on (p,%) can be calculated without iteration in the four
regions.

The backward equations for regions 1 and 2 were developed and adopted together with the
basic equations of TAPWS-IF97 [10, 15], whereas the backward equations for region 3 were
developed later [12] and adopted by IAPWS in 2003 and in an expanded form in 2004 [23].
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2.3.3.1 Regions and Region Boundaries in the Variables (p,h)

Figure 2.5 shows the regions and region boundaries in a pressure-enthalpy diagram along with
the assignment of the backward equations 7T(p,#) and v(p,h) to regions 1 to 3. In order to
avoid any iteration in practical calculations with IJAPWS-IF97, the region boundaries must also
be determinable without iterations. Therefore, a saturation-pressure equation as a function of
enthalpy, pg3(h), for the saturated-liquid and saturated-vapour lines between region 3 and
region 4 was developed [12, 23] and is given as Eq. (2.18).

When property calculations with IAPWS-IF97 are carried out with the variables (p,4) as
input variables, all tests to determine whether the given (p,4) point is within the range of
regions 1 to 4 of IJAPWS-IF97 and, if so, in which region, must be performed with respect to
these input variables. To make such tests easier, the following subsections describe which
equations are used to calculate the % values for given p values (or vice versa) along the
respective region boundaries. These explanations are based on Fig. 2.5. Thus, Fig. 2.5 along
with the description of the region boundaries given in Secs. 2.3.3.1a to 2.3.3.1c can be regarded
as definitions of regions 1 to 4 of IAPWS-IF97 for the variables p and 4.
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Fig. 2.5 Regions and region boundaries of IAPWS-IF97 for the variables (p,/). Assignment of the
backward equations T(p,4) and v(p,h) to these regions (without showing how regions 2 and 3 will be
divided into subregions). The p and % values given at the corner points of the region boundaries are
rounded values.
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a) Outer Boundaries of Regions 1 to 4

The description of the boundaries starts at the left-hand side of Fig. 2.5 with the isotherm
T=273.15 K and proceeds clockwise.

The Isotherm T = 273.15 K. This isotherm corresponds to the lowest temperature limit of
IAPWS-IF97 and covers the pressure range given by

Ps(273.15K) < p < 100 MPa,

where pg is calculated from the saturation-pressure equation py(7T), Eq. (2.13). Along this
isotherm, the 4 value for the given p value is calculated from the basic equation of region 1,
g1(p, T), Eq. (2.3), with T'= 273.15 K. If the specific enthalpy 4 of a given (p,/) point is less
than h(p, 273.15 K), then the (p,/) point is outside the range of validity of IAPWS-IF97, see
Fig. 2.5.

The Isobar p = 100 MPa. This isobar is the upper pressure limit of the range of validity of
IAPWS-IF97 (except for region 5). If the given pressure p is greater than 100 MPa, then the
(p,h) point is outside the range of validity of IAPWS-IF97.

The Isotherm T = 1073.15 K. This isotherm corresponds to the upper temperature limit of
TAPWS-IF97 (except for region 5) and covers the range of pressure

Ps(273.15K) < p < 100 MPa,

where p, is calculated from the equation py(T'), Eq. (2.13). On this isotherm, the /4 value for the
given p value is obtained from the basic equation of region 2, g,(p, T'), Eq. (2.6), with T'=
1073.15 K. If the specific enthalpy / of the given (p,h) point is greater than /,(p, 1073.15 K)
for the given pressure p, then the (p,%) point is outside the range of IAPWS-IF97 for which the
backward equations exist, see Fig. 2.5.

The Isobar p= py(273.15K) = 0.000611212677 MPa. This saturation pressure pg is
calculated from the equation py(7), Eq. (2.13), and is the lower pressure limit of the range of
validity of the IAPWS-IF97 backward equations. If the given pressure p is lower than
p=0.000611212677 MPa, then the (p,4 ) point is outside the range of validity of the backward
equations, see Fig. 2.5.

b) Boundary between the Single-Phase Regions 1 to 3 and the Two-Phase Region 4

According to Fig. 2.5, the boundary between the single-phase regions 1 to 3 and the two-phase
region 4 is given by the saturated-liquid line (x = 0) and the saturated-vapour line (x = 1).

Boundary between Regions 1 and 4. The part of the saturated-liquid line (x = 0) that forms
the boundary between regions 1 and 4 covers a range of pressures given by

ps(273.15K) < p < py(623.15K),

see Fig.2.5; the pg values are calculated from the equation p(7), Eq. (2.13). Along this
boundary, the & value for the given p value is determined from the basic equation g;(p, T),
Eq. (2.3), where T'= T is obtained from the saturation-temperature equation Ty(p ), Eq. (2.14).
The given enthalpy value can then be compared with the calculated value for 4.

Boundary between Regions 3 and 4. The part of the saturated-liquid line and the saturated-
vapour line that forms the boundary between regions 3 and 4 is given by the enthalpy range

7(623.15K) < h < 17(623.15K)
with 7/(623.15 K) = h (p(623.15 K), 623.15 K)
and h”(623.15 K) = hy(py(623.15 K), 623.15 K),
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where p, is calculated from Eq. (2.13). In this relation, /4, is calculated from the basic equation
g1(p, T), Eq. (2.3), with p =p(T) and T'= 623.15 K. The enthalpy 4, is obtained from the basic
equation g,(p, T), Eq. (2.6), for p= p(T) and T= 623.15 K. The reason for calculating the
enthalpies /; and 4, at these corner points from the basic equations for regions 1 and 2, g;(p, T)
and g,(p,T), Egs.(2.3) and (2.6), and not from the basic equation for region 3, f5(p,T),
Eq. (2.11), is given at the beginning of Sec. 2.3.3.1c. Along this boundary, the p value for the
given /1 value is calculated from the saturation-pressure equation as a function of enthalpy,
Ps3(h), which is given in Sec. 2.3.3.1d as Eq. (2.18). The given pressure value can then be
compared with the calculated value for p.

Boundary between Regions 2 and 4. The part of the saturated-vapour line (x = 1) that forms
the boundary with region 2 covers the pressure range

ps(273.15K) < p < py(623.15K),

see Fig. 2.5; the pg values are calculated from the equation p(7), Eq.(2.13). Along this
boundary, the / value for the given p value is determined from the basic equation g,(p, T),
Eq. (2.6), where T'= T is obtained from the saturation-temperature equation 7y(p ), Eq. (2.14).
The given enthalpy value can then be compared with the calculated value for 4.

c) Boundaries between the Single-Phase Regions

The boundaries between regions 1 and 3 (7= 623.15 K) and between regions 2 and 3 (Tg,3-
line) belong to both adjacent regions, see Figs.2.2 and 2.5. However, in order to avoid to
having two different values along these boundaries, the boundary between regions 1 and 3 is
considered to belong to region 1 and the boundary between regions 2 and 3 is considered to
belong to region 2. Thus, the properties along the boundary between regions 1 and 3 are
calculated from the equations for region 1 and the properties along the boundary between
regions 2 and 3 are determined from the equations for region 2. The calculations can be
performed directly in this way; neither iteration nor additional use of any backward equation is
required.

Boundary between Regions 1 and 3. The boundary that corresponds to the isotherm 7=
623.15 K covers the pressure range

ps(623.15K) < p < 100 MPa,

see Fig. 2.5; p, is calculated from Eq. (2.13). Along this boundary, the 4 value for the given p
value is determined from the basic equation g{(p, T'), Eq. (2.3), with 7= 623.15 K. The given
enthalpy value can then be compared with the calculated value for 4.

Boundary between Regions2 and 3. This boundary, namely the Ty,3-line, covers the
pressure range

ps(623.15K) < p < 100 MPa,

see Fig. 2.5; pg is obtained from Eq. (2.13). Along this boundary, the 4 value for the given p
value is calculated from the basic equation g,(p, T'), Eq. (2.6), with T'= Tg,3 determined from
the equation Tgy3(p), Eq. (2.2). The given enthalpy value can then be compared with the
calculated value for 4.
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d) The Boundary Equation p ;(h)

The boundary equation pg 3( ) has the following dimensionless form:

< (h 14 _ )
P,;E )=zz(77)zzni(77—1-02)1’ (7-0.608)"" 2.18)
i=l

where 7= p/p* and 1= h/h* with p*=22 MPa and h* = 2600 k] kg™\. The coefficients 7, and
exponents /; and J; of Eq. (2.18) are listed in Table 2.29.

Table 2.29 Coefficients and exponents of the boundary equation p (/%) in its dimensionless form,
Eq. (2.18)

i I, J; n i I, J; n;

1 0 0 0.600 073 641 753 024 8 8 24 0.252304 969384 128 x 10'®
2 1 1 -0.936203 654 849 857 x 10" 9 14 16 —0.389718771997 719 x 10"
31 3 0.246 590 798 594 147 x 102 10 20 16 —0.333775713 645296 x 102
4 1 4 -0.107014222858224 % 10° 11 22 3 0.356 499 469 636 328 x 10'!
5 1 36 —0915821315805768x 10 12 24 18 —0.148 547 544 720 641 x 10?7
6 5 3 —0.862332011700662x 10* 13 28 8  0.330611514838798 x 10"
7 7 0 —0.235837 344 740 032 x 10? 14 36 24  0.813 641294 467 829 x 1038

The equation pg 3(%), Eq. (2.18), describes the saturated-liquid line and the saturated-vapour
line including the critical point in the following enthalpy range, see Fig. 2.5:

W (623.15K) < h < 1" (623.15K),
where / (623.15 K) = h; (py(623.15 K), 623.15 K) = 1.670858 218 kJ kg !
and 1" (623.15 K) = hy(py(623.15 K), 623.15 K) = 2.563 592 004 k] kg .

Computer-Program Verification. To assist the user in computer-program verification of
Eq. (2.18), Table 2.30 contains test values for calculated pressures.

Table 2.30 Pressure values calculated from the boundary equation
P53 (1), Eq. (2.18), for selected specific enthalpies

Equation hklkg ] p[MPa]
1700 1.724 175 718 x 10!
Ps3(h), Eq. (2.18) 2000 2.193 442 957 x 10!
2400 2.018 090 839 x 10!

2 Programmed functions should be verified using 8 byte real
values for all variables.

Note. For points extremely close to the boundary between the single-phase region 3 and the
two-phase region 4, the following procedure is recommended. When calculating the pressure
with the pg 3(/1) equation, Eq. (2.18), its numerical inconsistency of 0.00043% in pressure with
respect to the basic equation py( 7'), Eq. (2.13), has to be considered. Due to this minor inconsis-
tency the result of the calculated pressure should be corrected to pg 3= pg3(%) (1-Ap/p),
where Ap/p=4.3 x 1075, This procedure ensures that (p,/) points extremely close to the two-
phase region are correctly assigned to the single-phase region and not falsely to the two-phase
region.
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2.3.3.2 Backward Equation T(p,h) for Region 1
Figure 2.6 shows the assignment of the backward equation 7;(p,/ ) to region 1 in a p-h diagram.
The boundaries of region 1 in p-A coordinates are described in Secs. 2.3.3.1ato 2.3.3.1c.
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The backward equation 7j(p, /) for region 1 has the following dimensionless form:

i(p.h) S

1 s I J:

———==0(n,n)= nri(n+l) 2.19

i =0lm =) mat (n+1) (2.19)
i=1

where 0= T/T*, 7= plp*, and n=h/h* with T*=1K, p*=1 MPa, and #*= 2500 kJ kg~'. The

coefficients n; and exponents /; and J; of Eq. (2.19) are listed in Table 2.31.

Table 2.31 Coefficients and exponents of the backward equation T7(p,4) in its dimensionless form,
Eq. (2.19)

l I, J; n; i I, J; n;
1 0 0 —023872489924521 x 103 11 1 4 —0.659647 49423638 x 10"
2 0 1 0.404 211 886 379 45 x 10° 12 1 10 0.939 654 008 783 63 x 1072
30 2 0.113 497 468 817 18 x 10° 13 1 32 0.115 736 475 053 40 x 107°
4 0 6 —0.58457616048039 x 10 14 2 10 -0.25858641282073 % 10~
5 0 22 —0.15285482413140% 1073 15 2 32 —0.406443 630 847 99 x 1078
6 0 32 —0.108667 07695377 x 10~ 16 3 10 0.664 561 861 916 35 x 1077
7 1 0 —0.133917448 726 02 x 10> 17 3 32 0.806 707 341 030 27 x 10710
8 1 1 0.432 110 391 835 59 x 10? 18 4 32 —0.934777712 13947 x 10712
9 1 2 —0.540100671 705 06 x 10? 19 5 32 0.582 654 420 206 01 x 107
0w 1 3 0.305 358 922 039 16 x 10? 200 6 32 —0.15020185953503 x 10716
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Range of Validity. The range of validity of the backward equation T'(p,4 ), Eq. (2.19), can be
derived from the graphical representation of region 1 in Fig. 2.5. The determination of the 4
values for given p values along the region boundaries is described in Secs. 2.3.3.1a to 2.3.3.1c.

Computer-Program Verification. To assist the user in computer-program verification of
Eq. (2.19), Table 2.32 contains corresponding test values.

Numerical Consistency. The numerical inconsistency between the backward equation
T\(p,h), Eq.(2.19), and the basic equation g(p,T), Eq.(2.3), in comparison with the
permissible inconsistency, given in Sec. 2.3.2, is listed in Table 2.33.

Note. When calculating properties in the range p < p (623.15 K) and extremely close to the
saturated-liquid line, Eq. (2.19) might yield temperatures T (p,h)> T;(p) due to the minor
inconsistencies. In this case, the result of Eq. (2.19) must be corrected to 77 = T(p ), where the
saturation temperature 7 (p ) is calculated for the given pressure from Eq. (2.14).

Table 2.32 Temperature values calculated from Table 2.33 Maximum and root-mean-square
the backward equation T ( p,% ), Eq. (2.19), for inconsistency in temperature between the back-
selected pressures and specific enthalpies ? ward equation T, (p,%), Eq. (2.19), and the basic
— equation g,(p,T), Eq. (2.3), in comparison with
p [MPa] h ki kg ] T[K] the permissible inconsistency
3
3 500 0.391798 509 > 10 Inconsistencies in temperature [mK]
80 500 0.378 108 626 x 103
80 1500 0.611 041 229 x 10 |AT | perm | AT 0y (AT) s
@ Programmed functions should be verified using 25 23.6 13.4

8 byte real values for all variables.

Computing Time. The calculation of temperature as a function of (p,4) with the backward
equation T1(p,h), Eq. (2.19), is about 25 times faster than when using only the basic equation
g1(p,T), Eq. (2.3), [19]. In this comparison, the basic equation was applied in combination with
a one-dimensional Newton iteration with convergence tolerances corresponding to the
consistency requirement that were set for the backward equation.

2.3.3.3 Backward Equations T (p,h) for Region 2

The boundaries of region 2 in p-4 coordinates are described in Secs. 2.3.3.1a to 2.3.3.1c. Due to
the demand for very high numerical consistency between the basic equation g,(p,T), Eq. (2.6),
and a backward equation T(p,4) for region 2, given in Sec. 2.3.2, region 2 is divided into three
subregions.

a) Division of Region 2 into Subregions 2a, 2b, and 2c

Figure 2.7 shows how region 2 is divided into three subregions for the backward equations
T(p,h). The boundary between subregions 2a and 2b is the isobar p = 4 MPa, and the boundary
between subregions 2b and 2c is described by the equation /5, .(p ), Eq. (2.21).
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The equation for the boundary between subregions 2b and 2c is a simple quadratic pressure-
enthalpy relation which reads

*

p

where 7= p/p* and 7= h/h* with p*= 1 MPa and h*=1kJ kg™, The coefficients n; to n3 of
Eq.(2.20) are listed in Table 2.34. Equation (2.20) approximately describes the isentropic line
s=5.85kJ kg_1 K_l; the entropy values corresponding to this p-/ relation are between s = 5.81
kJ kg_1 K ! and s =585kl kg_1 KL If the subregion determination is not carried out via the
function p(/4) but via A(p), Eq. (2.21) can be used, which is the enthalpy-explicit form of
Eq. (2.20), namely

hzt;lc*(l’) = () =ny +[(,[_n5)/n3]°‘5 2.21)

with 7 and 7 according to Eq.(2.20) and the coefficients n3 to ns listed in Table 2.34.
Equations (2.20) and (2.21) define the boundary line between subregions 2b and 2¢ from the
saturation state at p, = 6.546 699 678 MPa and h” =2778.265753 kJ kg_1 to p =100 MPa and
h=3516.004323 kJ kg_l. Thus, the / value for the given p value along the boundary between
subregions 2b and 2c¢ can be directly calculated from the equation /,,.(p), Eq. (2.21). The
given enthalpy value can then be compared with the calculated value for 4.

Note. To be in accordance with the statements given in [11, 22], the boundary between
subregions 2a and 2b is considered to belong to subregion 2a and the boundary between
subregions 2b and 2c is considered to belong to subregion 2b.
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Table 2.34 Coefficients of the subregion-boundary equations p,, (/) and
hy,(p) in their dimensionless forms, Egs. (2.20) and (2.21)

i n; i n;
1 0.905 842 785 147 23 x 10° 4 0.265265719 084 28 x 10*
2 —0.679 557 863 992 41 5  0.452 575789 059 48 x 10!

3 0.128 090 027 301 36 x 1073

Computer-Program Verification. For computer-program verification, Egs. (2.20) and (2.21)
must meet the following p-A point: p = 0.100 000 000 x 10° MPa , h =0.3516004323 x 10*
kJ kg_l.

b) The Backward Equations T (p,h) for Subregions 2a, 2b, and 2c

The backward equation 75,( p, i) for subregion 2a in its dimensionless form reads

Toa(p.h) S
) I J:
%‘Tze(n,n)zzniw(n—z.l)z : (2.22)
i=1
where 6= T/T*, 7=p/p*, and n=h/h* with T*= 1K, p*=1 MPa, and 4* = 2000 kJ kg~'. The
coefficients n; and exponents /; and J; of Eq. (2.22) are listed in Table 2.35.
The backward equation T ( p, ) for subregion 2b in its dimensionless form reads

Ty (p,h) S y
2B 0w ) =Y m(r-2)" (n-26)" (2.23)
T ,
i=1
where 6= T/T*, 7= plp*, and 7= h/h* with T*= 1K, p*=1 MPa, and /* = 2000 kJ kg~'. The
coefficients n; and exponents /; and J; of Eq. (2.23) are listed in Table 2.36.
The backward equation 7, .(p,/) for subregion 2¢ in its dimensionless form reads
23
T h :
% =0(m,m) =) n(x+25) (n-18)"" (2.24)
i=1
where 6= T/T*, 7= plp*, and 7= h/h* with T*=1K, p*=1 MPa, and #*= 2000 kJ kg~'. The
coefficients n; and exponents /; and J; of Eq. (2.24) are listed in Table 2.37.

Table 2.35 Coefficients and exponents of the backward equation 7, (p,h) for subregion 2a in its
dimensionless form, Eq. (2.22)

i I, f n; I I, J; n;

1 0 0 0.108 989 523 182 88 x 10* 18 2 7 0.116 708 730 771 07 x 107

2 0 1 0.849 516 544 955 35 x 10° 19 2 36 0.128 127 984 040 46 x 10°

3 0 2 —0.10781748091826 x 10° 200 2 38 —0.985549 096 232 76 x 10°

4 0 3 0.331 536 548 012 63 x 10° 21 2 40 0.282 245 469 730 02 x 10'°
5 0 7 —0.74232016790248 x 10! 22 2 42 —0.359489714 107 03 x 10'°
6 0 20 0.117 650 487 243 56 x 10? 23 2 44 0.172 273 499 131 97 x 10'°
7 1 0 0.184 457 493 557 90 x 10! 24 3 24 —0.135513342407 75 x 10°

8 1 1 —0.417927 005496 24 x 10! 25 3 44 0.128 487 346 646 50 x 10%

9 1 2 0.624 781 969 358 12 x 10" 260 4 12 0.138 657 242 832 26 x 10"

Continued on next page.
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Table 2.35 — Continued

i I, J n; i I, J n;
10 1 3 —0.173 445631 081 14 x 10? 27 4 32 0.235 988 325 565 14 x 10°
11 1 7 —0.200 581 768 620 96 x 10° 28 4 44  —0.131052 365450 54 x 10®
12 1 9 0.271 960 654 737 96 x 103 29 5 32 0.739 998 354 747 66 x 10*
13 1 11 -0.45511318285818 % 103 30 5 36 —0.551966970300 60 x 10°
14 1 18 0.309 196 886 047 55 x 10* 31 5 42 0.371 540 859 962 33 x 107
15 1 44 0.252 266 403 578 72 x 10° 32 6 34 0.191 277 292 396 60 x 10°
16 2 0 —0.617074228 68339 x 1072 33 6 44 —0.415351 64835634 x 10°
17 2 2 —0.310 780 466 295 83 34 7 28 —0.624 598 551 925 07 x 10?

Table 2.36 Coefficients and exponents of the backward equation 7, (p,#) for subregion 2b in its
dimensionless form, Eq. (2.23)

i I, J; n; i I, J; n;

1 0 0 0.148 950 410 795 16 x 10* 20 2 40  0.712803 51959551 x 107
2 0 1 0.743 077 983 140 34 x 103 21 3 1 0.110328 317 899 99 x 1073
3 0 2 —0.97708318797837 x 10? 2 3 2 0.189 552 483 879 02 x 1073
4 0 12 0.247 424 647 056 74 x 10" 23 3 12 0.308 915 411 605 37 x 1072
5 0 18 —0.632813200 16026 24 3 24 0.135555045 549 49 x 1072
6 0 24 0.113 859 521 296 58 x 10! 25 4 2 0.286 402 374 774 56 x 107°
7 0 28 —0.478 118 63648625 26 4 12 —0.107798 57357512 x 107*
8 0 40 0.852 081 234 315 44 x 1072 27 4 18 —0.764 627 124 548 14 x 107*
9 1 0 0.937 471 473 779 32 28 4 24 0.140523928 18316 x 107
0w 1 2 0.335931 186 049 16 x 10" 29 4 28 —0.31083814331434x 107*
11 1 6 0.338 093 556 014 54 x 10" 30 4 40 —0.10302738212103 x 107
12 1 12 0.168 445 396 719 04 31 5 18 0.282 172 816 350 40 x 107°
13 1 18 0.738 757 452 366 95 3205 24 0.127049 02271945 x 107°
14 1 24 —0.47128737436186 33 5 40  0.738 03353468292 x 1077
15 1 28 0.150 202 731 397 07 34 6 28 —0.11030139238909 x 1077
16 1 40 —0.21764114219750x 1072 35 7 2 —0.81456365207833x 10713
17 2 2 -021810755324761x 107" 36 7 28 —0.251 80545682962 x 10710
18 2 8 —0.108297 844036 77 379 1 —0.175652339694 07 x 1077
19 2 18 —0.46333324635812 % 107! 38° 9 40  0.869 341 563 441 63 x 1074

Table 2.37 Coefficients and exponents of the backward equation 7, (p,h) for subregion 2c¢ in its
dimensionless form, Eq. (2.24)

i I J; n; i L n;
1 -7 0 —0.32368398555242x 10" 13 1 4 0.379 660 012 724 86 x 10"
2 7 4 0.732 633 509 021 81 x 10" 14 1 8 —0.108429 848 800 77 x 102
3 6 0 0.358 250 899 454 47 x 10'? 15 2 4 —0.45364172676660 x 107!
4 -6 2 —0.58340131851590 % 10" 16 6 0 0.145 591 156 586 98 x 1072
5 -5 0 —0.107830682 17470 x 10" 17 6 1 0.112 615974 072 30 x 107!
6 -5 2 0.208 255 445 631 71 x 10" 18 6 4 —0.178 049 822 406 86 x 10710
7 2 0 0.610 747 835 645 16 x 10° 19 6 10 0.123 245 796 908 32 x 107°
8§ 2 1 0.859 777 225 355 80 x 10° 200 6 12 —0.116069 211309 84 x 10
9 -1 0 —025745723604170 % 10° 21 6 16 0.278 463 670 885 54 x 107*
10 -1 2 0.310 810 884 227 14 x 10° 22 6 20 —0.592700384 74176 x 103
11 0 0 0.120 823 158 659 36 x 10* 23 6 22 0.129 185 829918 78 x 1072
2 0 1 0.482 197 551 092 55 x 10°
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Ranges of Validity. The ranges of validity of the backward equations T5,(p, &), Toy(p, k), and
TIh(p, h), Egs. (2.22) to (2.24), can be derived from the graphical representation of region 2 in
Fig. 2.5 and of subregions 2a, 2b, and 2¢ in Fig. 2.7. The determination of the 4 values for given
p values along the region boundaries is described in Secs. 2.3.3.1a to 2.3.3.1c and along the
subregion boundaries in Sec. 2.3.3.3a.

Computer-Program Verification. To assist the user in computer-program verification of
Egs. (2.22) to (2.24), Table 2.38 contains corresponding test values.

Numerical Consistencies. The numerical inconsistencies between the backward equations
Lo (p h), Ty(p h), and Tr.(p h), Egs. (2.22) to (2.24), and the basic equation g,(p,T),
Eq. (2.6), in comparison with the permissible inconsistencies, given in Sec. 2.3.2, are listed in
Table 2.39.

Note. When calculating properties in the range p < p (623.15 K) and extremely close to the
saturated-vapour line, Egs.(2.22) to (2.24) might yield temperatures T5,(p.h) < T (p),
Dhy(p.h)<Ty(p),and Tr.(p, h) < T,(p), respectively, due to the minor inconsistencies. In these
cases, the results of Egs. (2.22) to (2.24) must be corrected to 75, = T(p), T, = T5(p), and
T,.= T,(p), respectively, where the saturation temperature 7 (p) is calculated for the given
pressure from Eq. (2.14).

Table 2.38 Temperature values calculated from the backward equations
T,(p,h), T,,(p,h), and T, (p,h), Eqgs.(2.22) to (2.24), for selected
pressures and specific enthalpies 2

Equation p[MPa] & [kIkg ] T[K]
0.001 3000 0.534 433 241 x 10°
T,.(p,h), Eq. (2.22) 3 3000 0.575 373 370 x 103
3 4000 0.101 077 577 x 10*
5 3500 0.801 299 102 x 10°
Ty (p,h), Eq. (2.23) 5 4000 0.101 531 583 x 10*
25 3500 0.875 279 054 x 10°
40 2700 0.743 056 411 x 10°
T,.(p,h), Eq. 2.24) 60 2700 0.791 137 067 x 103
60 3200 0.882 756 860 x 10°

@ Programmed functions should be verified using 8 byte real values for all
variables.

Table 2.39 Maximum and root-mean-square inconsistencies in temperature between the
backward equations T,,(p,h), T,,(p,h), and T, (p,h), Eqgs. (2.22) to (2.24), and the basic
equation g,(p,T), Eq. (2.6), in comparison with the permissible inconsistencies

Inconsistencies in temperature [mK]

Subregion Equation |AT| e |AT| s (AT) pus
2a T,(p.h), Eq. (2.22) 10 9.3 2.9
2b T,(p.h), Eq. (2.23) 10 9.6 3.9

2 T, (p.h), Eq. (2.24) 25 237 10.4
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c) Computing Time when Using the Backward Equations T(p,h) in Comparison with the
Basic Equation

The calculation of temperature as a function of (p, #) with the backward equations 75,(p, h),
Thw(p. h), or Tho(p, h), Egs. (2.22) to (2.24), is about 11 times faster than when using only the
basic equation g,(p,T), Eq. (2.6), [19]. In this comparison, the basic equation was applied in
combination with a one-dimensional Newton iteration with convergence tolerances
corresponding to the consistency requirements that were set for the backward equations.

2.3.3.4 Backward Equations v(p,h) and T(p,h) for Region 3
The boundaries of region 3 in p-A coordinates are described in Secs. 2.3.3.1ato 2.3.3.1c.

a) Division of Region 3 into Subregions 3a and 3b

Due to the demand for very high numerical consistency between the backward equations for this
region and the basic equation f5( p,7), Eq. (2.11), as given in Sec. 2.3.2, region 3 is divided into
two subregions as illustrated in Fig. 2.8.
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100 b p =100 MPa L
g
= 75 «
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g % -]éa(plh) -"Z’,b(p:h)
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et =~ )
o - Fig. 2.8 Division of region3 into
0 subregions 3a and 3b, and the as-
o5 | signment of the backward equations
2064 - == v(p,h) and T(p,h) to these sub-
P ! (H) regions. The p and & values at the
s corner points of region 3 are given
@ in Fig. 2.5.
0.000611 |-——- ;
2087.5
? | L ! >
2000 3000

Specific enthalpy h [kJ kg’1]

The boundary between subregions 3a and 3b is defined by the equation /3., (p ), which reads

in its dimensionless form
h 3ab(p ) _

*

E

77(7t)=n1+n27t+n3ﬂ2+n4753,

(2.25)
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where 7= h/h* and 7= p/p* with h*= 1 kag_1 and p* = 1 MPa. The coefficients n; to ny of
Eq. (2.25) are listed in Table 2.40. The equation /3,,(p) describes this subregion boundary
from the critical point (p,= 22.064 MPa, h,=2087.546845k] kg_l) to 100 MPa at
h= 2256927860 kJ kg_l. Equation (2.25) approximates the critical isentropic line s=s_,
Eq. (2.35), where the maximum deviation from this line amounts to 0.000 66 kJ kg_1 K!. The
given enthalpy value can then be compared with the calculated value for 4.

Table 2.40 Coefficients of the subregion-boundary equation /45, (p) in its
dimensionless form, Eq.(2.25), for defining the boundary between
subregions 3a and 3b

1 n; 1 n;

1 0.201 464 004 206 875 x 10* 3 —0.219 921 901 054 187 x 107"
2 0.374 696 550 136983 x 10! 4 0.875 131 686 009 950 x 107

Note. The boundary between subregions 3a and 3b is considered to belong to subregion 3a
[12,23].

Computer-Program Verification. For computer-program verification, Eq. (2.25) yields the
following p-h point: p =25 MPa, hsy, (p) =2.095 936 454 x10° kJ kg_1 .

b) Backward Equations v(p,h) for Subregions 3a and 3b
The backward equation v3,(p,4 ) for subregion 3a has the following dimensionless form:

32
V3, (D5 I, J;
#=(l)(ﬂ',7])=zni (7Z'+0.128) (77—0.727) , (2.26)
v ,
i=1
where @= v/v*, 7= p/p*, and n= h/h* with v* = 0.0028 m’ kg!, p* = 100 MPa, and h* =
2100 kJ kg_l. The coefficients n; and exponents /;and J; of Eq. (2.26) are listed in Table 2.41.
The backward equation v, (p, /) for subregion 3b has the following dimensionless form:

v3p (P, 1)

*

30
=o(z.n)= Y n(z+0.0661)" (7-0.720)"" 227)
v

i=1
where @= v/v*, 7= p/p*, and n= h/h* with v* = 0.0088 m> kg !, p* = 100 MPa, and h* =
2800 kJ kg_l. The coefficients n; and exponents /; and J; of Eq. (2.27) are listed in Table 2.42.

Table 2.41 Coefficients and exponents of the backward equation v, (p,s) for subregion 3a in its
dimensionless form, Eq. (2.26)

i n; i I, J; n;

1 -12 6 0.529 944 062 966 028 x 1072 17 -2 16 0.568 366 875 815 960 x 10*
2 -12 8 —0.170 099 690 234 461 18 -1 0 0.808 169 540 124 668 x 1072
3 -12 12 0.111 323 814 312 927 x 10? 19 -1 1 0.172 416 341 519 307

4 -12 18 —0.217 898 123 145 125 x 10* 20 -1 2 0.104 270 175 292 927 x 10!
5 -10 4  —0.506 061 827 980 875 x 1073 21 -1 3 —-0.297 691 372 792 847

6 —-10 7 0.556 495 239 685 324 22 0 0 0.560 394 465 163 593

7 =10 10 —0.943 672726 094 016 x 10" 23 0 1 0.275 234 661 176 914

8§ -8 5 —0.297 856 807 561 527 24 1 0 —0.148 347 894 866 012

9 -8 12 0.939 353 943 717 186 x 10? 25 1 1 —0.651142 513478 515 x 107!

Continued on next page.
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Table 2.41 — Continued

i1 n; i I J; n;
10 -6 3 0.192 944 939 465 981 x 107! 26 —0.292 468 715 386 302 x 10!
11 -6 0.421 740 664 704 763 27 0.664 876 096 952 665 x 107!

0.352 335 014 263 844 x 10!
—0.146 340 792 313 332 x 107!
—0.224 503 486 668 184 x 10"

0.110 533 464 706 142 x 10"
—0.408 757 344 495 612 x 107!

4
12 -6 22 —0.368914 126 282 330 x 10’ 28
13 -4 2 —0.737 566 847 600 639 x 107> 29
14 -4 3 —0.354 753 242 424 366 30
15 -3 7 —0.199 768 169 338 727 x 10! 31
16 -2 3 0.115 456 297 059 049 x 10" 32

0N AW
NN OND O

Table 2.42 Coefficients and exponents of the backward equation v, (p,s) for subregion 3b in its
dimensionless form, Eq. (2.27)

i1 n; i L J; n;

1 -12 0 —0.225196934336318 x 1078 16 -4 6 —0.321087 965 668 917 x 10!

2 -12 1 0.140 674 363 313 486 x 1077 17 -4 10 0.607 567 815 637 771 x 10°

3 -8 0 0.233 784 085 280 560 x 107> 18 -3 0 0.557 686 450 685 932 x 1073

4 -8 1 —0.331833715229001x 107 19 -3 2 0.187 499 040 029 550

5 -8 3 0.107 956 778 514 318 x 1072 20 -2 1 0.905 368 030 448 107 x 1072

6 -8 6 —0.271 382067 378 863 21 =2 2 0.285 417 173 048 685

7 -8 7 0.107 202 262 490 333 x 10! 22 -1 0 0.329 924 030 996 098 x 107"

8 -8 8 —0.853821329075 382 23 -1 1 0.239 897 419 685 4383

9 -6 0 —0215214194 340 526 x 10~ 24 -1 4 0.482 754 995 951 394 x 10!
10 -6 1 0.769 656 088 222 730 x 1073 25 -1 5 —0.118 035753 702 231 x 10?
11 -6 2 —0.431 136 580 433 864 x 107> 26 0 0 0.169 490 044 091 791
12 -6 5 0.453 342 167 309 331 27 1 0 —0.179967 222 507 787 x 107!
13 -6 6 —0.507 749 535 873 652 28 1 1 0.371 810 116 332 674 x 107!
14 -6 10 —0.100475 154528 389 x 10° 29 2 2 —0.536 288 335 065 096 x 107!
15 -4 3 —0.219201 924 648 793 30 2 6 0.160 697 101 092 520 x 10"

Ranges of Validity. The ranges of validity of the backward equations v3,(p, #) and v3(p, 1),
Egs. (2.26) and (2.27), can be derived from the graphical representation of region 3 in Fig. 2.5
and of subregions 3a and 3b in Fig. 2.8. The determination of the /4 values for given p values
along the region boundaries is described in Secs. 2.3.3.1a to 2.3.3.1c and along the subregion
boundary in Sec. 2.3.3.4a.

Computer-Program Verification. To assist the user in computer-program verification of
Egs. (2.26) and (2.27), Table 2.43 contains test values for calculated specific volumes.

Table 2.43 Values of the specific volume calculated from the backward
equations v,,(p,h) and v, (p,h), Egs. (2.26) and (2.27), for selected pres-
sures and specific enthalpies 2

Equation p[MPa]l Ak kg_l] v [m3 kg_l]
20 1700 1.749 903 962 x 10~
v4,(p,h), Eq. (2.26) 50 2000 1.908 139 035 x 1073
100 2100 1.676 229 776 x 1073
20 2500 6.670 547 043 x 10~
vy(p. 1), Eq. (2.27) 50 2400 2.801 244 590 x 10~
100 2700 2.404 234998 x 107

8 Programmed functions should be verified using 8 byte real values for all
variables.
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Numerical Consistencies. The numerical inconsistencies between the backward equations
v3,(p,h) and v3,(p,h), Egs. (2.26) and (2.27), and the basic equation f3(p,T), Eq. (2.11), are
listed in Table 2.44 in comparison with the permissible inconsistencies given in Sec. 2.3.2.
These inconsistencies are less than the permissible values. This is also true when the backward
equations are used in combination with the boundary equation pg 3(%), Eq. (2.18). The critical
volume v, = 1/p, = (1/322) m® kg~ = 0.00310559 m> kg ! is calculated by the two v(p,h)
equations for the given six significant figures. The maximum inconsistency in specific volume
between the two backward equations, Eq. (2.26) and Eq. (2.27), along the subregion boundary
h3.(p), Eq. (2.25), amounts to 0.000 15%, which is within the permissible inconsistency given
in Sec. 2.3.2.

Table 2.44 Maximum and root-mean-square inconsistencies in specific volume between
the backward equations v, (p,h) and vy (p,h), Egs. (2.26) and (2.27), and the basic
equation f5(p,T), Eq. (2.11), in comparison with the permissible inconsistencies

Inconsistencies in specific volume [%]

Subregion Equation [AV/V| e [AV /D] e (Av/v) pus
3a v, (poh). Eq. (2.26) 0.01 0.0080 0.0032
3b vy(p.h), Eq. (2.27) 0.01 0.0095 0.0042

Computing Time. A statement about the computing time is given in Sec. 2.3.3.4d.
¢) Backward Equations T (p,h) for Subregions 3a and 3b
The backward equation 73,(p, i) for subregion 3a has the following dimensionless form:

T3 (p,l’l) 1 I J;
S = 0(mm) = Y my (2 +0.240) (7-0.615)" (2.28)
i=l1

where 6= T/T*, #=plp*, and = h/h* with T* = 760 K, p* = 100 MPa, and h* = 2300 kJ kg .
The coefficients n; and exponents /; and J; of Eq. (2.28) are listed in Table 2.45.
The backward equation T3, (p, /) for subregion 3b has the following dimensionless form:

33
=0(z.n)= Y m;(7+0298)" (7-0.720)"" (2.29)
i=1

T3 (p,h)

where 6= T/T*, 7= plp*, and 7= h/h* with T* = 860 K, p* = 100 MPa, and #* = 2800 kJ kg .
The coefficients n; and exponents /;and J; of Eq. (2.29) are listed in Table 2.46.
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Table 2.45 Coefficients and exponents of the backward

dimensionless form, Eq. (2.28)

equation 7;,(p,h) for subregion 3a in its

i I J; n; i I, J; n;

1 -12 0 -0.133645667811215%x107° 17 =3 0 —0.384460 997 596 657 x 107

2 12 1 0.455 912 656 802 978 x 10~ 18 =2 1 0.337 423 807 911 655 x 1072

3 -12 2 —0.146 294 640 700 979 x 107™* 19 -2 3 —0.551624 873066791

4 =12 6 0.639 341 312 970 080 x 107> 20 =2 4 0.729202277 107 470

5 -12 14 0.372 783 927 268 847 x 103 21 -1 0 —0.992522757376 041 x 1072

6 —-12 16 —0.718 654 377 460 447 x 10* 22 -1 2 —0.119308 831 407 288

7 -12 20 0.573 494 752 103 400 x 10° 230 0 0.793929 190 615 421

8 —12 22 —0.267569329 111 439 x 107 24 0 1 0.454 270 731 799 386

9 —10 1 —0.334066283302614x 107 25 1 1 0.209 998 591 259 910
10 -10 5 —0.245479 214 069 597 x 107! 26 3 0 —0.642109 823904 738 x 1072
11 -10 12 0.478 087 847 764 996 x 10> 27 3 1 —0.235155868 604 540 x 107!
12 -8 0 0.764 664 131 818 904 x 10~ 260 4 0 0.252233108341612x 1072
13 -8 2 0.128 350 627 676 972 x 1072 29 4 3 —0.764 885133368 119 x 1072
14 -8 4 0.171 219 081 377 331 x 107! 30 10 4 0.136 176 427 574 291 x 107"
15 -8 10 —0.851007 304 583213 x 10" 31 12 5 —0.133027883 575669 x 107!
16 -5 2 —0.136513461629 781 x 107"

Table 2.46 Coefficients and exponents of the backward

dimensionless form, Eq. (2.29)

equation Ty (p,h) for subregion 3b in its

i I, J; n; i I, J; n;
1 -12 0 0.323 254 573 644 920 x 107* 18 -3 5 —0.307 622221350501 x 10!
2 -12 1 -0.127575556 587 181 x 1073 19 -2 0 -0.574011959864879x 107"
3 .10 0 —0.475851877356068 % 107 20 =2 4 0.503 471 360939 849 x 10"
4 -10 1 0.156 183 014 181 602 x 107> 21 -1 2 —0.925081 888 584 834
5-10 5 0.105 724 860 113 781 22 -1 4 0.391733882917 546 x 10!
6 —10 10 —0.858 514221 132 534 x 10? 23 -1 6 —0.773 146 007 130 190 x 107
7 -10 12 0.724 140 095 480 911 x 103 24 -1 10  0.949 308 762 098 587 x 10*
8 -8 0 0.296 475 810 273 257 x 107> 25 -1 14 —0.141043 719 679 409 x 107
9 -8 1 —0.592721983365988x 107> 26 -1 16  0.849 166 230 819 026 x 107

10 -8 2 —0.126305422 818 666 x 107! 27 0 0  0.861 095 729 446 704

11 -8 4 —0.115716 196 364 853 260 0 2 0.323346442 811720

12 -8 10 0.849 000 969 739 595 x 10> 29 1 1 0.873 281 936 020 439

13 =6 0 —0.108 602260 086 615 x 107" 30 3 1 —0.436653 048 526 683

14 -6 1 0.154 304 475 328 851 x 107" 31 5 1 0.286 596 714 529 479

15 -6 2 0.750 455 441 524 466 x 107! 32 6 1 —0.131778331276228

16 -4 0 0.252 520 973 612 982 x 107! 33 8 1 0.676 682 064 330 275 x 1072

17 -4 1 —=0.602507 901232996 x 107!

Ranges of Validity. The ranges of validity of the backward equations T5,(p, h) and T5,(p, h),
Egs. (2.28) and (2.29), can be derived from the graphical representation of region 3 in Fig. 2.5
and of subregions 3a and 3b in Fig. 2.8. The determination of the % values for given p values
along the region boundaries and the subregion boundary is described in Secs.2.3.3.1a to
2.3.3.1c and in Sec. 2.3.3 4a.

Computer-Program Verification. To assist the user in computer-program verification of

Eqgs. (2.28) and (2.29), Table 2.47 contains test values for calculated temperatures.
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Table 2.47 Temperature values calculated from the backward equations
T, (p,h) and T, (p,h), Eqs. (2.28) and (2.29), for selected pressures and
specific enthalpies 2

Equation p[MPa] h[klkg'] T[K]

20 1700 6.293 083 892 x 102

T, (p,h), Eq. (2.28) 50 2000 6.905 718 338 x 10?

100 2100 7.336 163 014 x 10?

20 2500 6.418 418 053 x 102

T, (p,h), Eq. (2.29) 50 2400 7.351 848 618 x 102

100 2700 8.420 460 876 x 10*

@ Programmed functions should be verified using 8 byte real values for all
variables.

Numerical Consistencies. The numerical inconsistencies between the backward equations
TI3,(p, h) and Ty (p, h), Eqs. (2.28) and (2.29), and the basic equation f3(p,T), Eq. (2.11), are
listed in Table 2.48 in comparison with the permissible inconsistencies given in Sec. 2.3.2.
These inconsistencies are less than the permissible values. This is also true when the backward
equations are used in combination with the boundary equation pg 3(%), Eq. (2.18). The critical
temperature 7, = 647.096 K is calculated using the two T(p, ) equations for all six figures. The
maximum temperature difference between the two backward equations, Eq.(2.28) and
Eq. (2.29), along the subregion boundary /5,,(p ), Eq. (2.25), amounts to 0.37 mK. All of these
inconsistency values are within the permissible values given in Sec. 2.3.2.

Note. When calculating properties in the range p < p. and extremely close to the saturation
lines, Eq. (2.28) might yield temperatures T3,(p,h)> T (p) and Eq.(2.29) might yield
temperatures T3,(p,h) < Ty(p) due to the minor inconsistencies. In these cases, the results of
Egs. (2.28) and (2.29) must be corrected to 75, = T(p) and T3, = T¢(p), respectively, where
the saturation temperature 7(p ) is calculated from Eq. (2.14) for the given pressure.

Table 2.48 Maximum and root-mean-square inconsistencies in temperature between the
backward equations T, (p,%) and T, (p,h), Egs. (2.28) and (2.29), and the basic equation
f(p.T), Eq. (2.11), in comparison with the permissible values

Inconsistencies in temperature [mK]

Subregion Equation |AT | perm |AT |, ax (AT) qums
3a T,(p.h). Eq. (2.28) 25 23.6 10.5
3b Ty(p,h), Eq. (2.29) 25 19.6 9.6

d) Computing Time when Using the Backward Equations T(p,h) and wv(p,h) in
Comparison with the Basic Equation

The calculation of specific volume and temperature as a function of (p,4) with the backward
equations v3,(p,h ) and T5,(p,h ), Eqs. (2.26) and (2.28), or v3,,(p,h) and T3 (p,h), Egs. (2.27)
and (2.29), is about 14 times faster than when using only the basic equation f3(p,T), Eq. (2.11),
[19]. In this comparison, the basic equation was applied in combination with a two-dimensional
Newton iteration with convergence tolerances corresponding to the consistency requirements
that were set for the backward equations.
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2.3.4 Backward Equations as a Function of the Input Variables (p,s)

In this section, all of the backward equations as a function of (p,s) are summarized. These are
the backward equations T(p,s) for regions 1 to 3 and the backward equations v(p,s) for
region 3. When these equations are combined with the basic equations for regions 1 to 4, all
properties that are dependent on (p,s) can be calculated without iteration in the four regions.
The backward equations for regions 1 and 2 were developed and adopted together with the
basic equations of [APWS-IF97 [10, 15], whereas the backward equations for region 3 were
developed later [12] and adopted by IAPWS in 2003 and in an expanded form in 2004 [23].

2.3.4.1 Regions and Region Boundaries in the Variables (p,s)

Figure 2.9 shows the regions and region boundaries in a pressure-entropy diagram along with
the assignment of the backward equations 7(p,s) and v(p,s) to regions 1 to 3. In order to avoid
any iteration in practical calculations with IAPWS-IF97, the region boundaries must also be
determinable without iteration. Therefore, a saturation-pressure equation as a function of
entropy, pg3(s), for the saturated-liquid and saturated-vapour lines between regions 3 and 4,
was developed [12, 23], and is given as Eq. (2.30).

A
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Fig. 2.9 Regions and region boundaries of IAPWS-IF97 for the variables (p,s). Assignment of the
backward equations 7'(p,s) and v(p,s) to these regions, (without showing how regions 2 and 3 will be
divided into subregions). The p and s values at the corner points of the region boundaries are rounded
values.
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When property calculations with IAPWS-IF97 are carried out with the variables (p,s) as
input variables, all tests to determine whether the given (p,s) point is within the range of
regions 1 to 4 of [APWS-IF97 and, if so, in which region, must be performed with respect to
these input variables. To make such tests easier, the following subsections show which
equations are used to calculate the s values for given p values (or vice versa) along the
respective region boundaries. These explanations are based on Fig. 2.9. Thus, Fig. 2.9 along
with the description of the region boundaries given in Secs. 2.3.4.1a to 2.3.4.1c can be regarded
as definitions of regions 1 to 4 of TAPWS-IF97 in the variables p and s.

a) Outer Boundaries of Regions 1 to 4

The description of the boundaries starts at the left-hand side of Fig. 2.9 with the isotherm
T=273.15 K and proceeds clockwise.

The Isotherm T = 273.15 K. This isotherm corresponds to the lowest temperature limit of
IAPWS-IF97 and covers the pressure range given by

Ps(273.15K) < p < 100 MPa,

where pg is calculated from the saturation-pressure equation py(7T'), Eq. (2.13). Along this
isotherm, the s value for the given p value is calculated from the basic equation of region 1,
g1(p, T), Eq. (2.3), with T'= 273.15 K. If the specific entropy s of a given (p,s) point is less
than s1(p, 273.15 K), then the (p,s) point is outside the range of validity of IAPWS-IF97, see
Fig. 2.9.

The Isobar p = 100 MPa. This isobar is the upper pressure limit of the range of validity of
IAPWS-IF97 (except for region 5). If the given pressure p is greater than 100 MPa, then the
(p,s) point is outside the range of validity of IAPWS-IF97.

The Isotherm T = 1073.15 K. This isotherm corresponds to the upper temperature limit of
TIAPWS-IF97 (except for region 5) and covers the range of pressure

p(273.15K) < p < 100 MPa,

where p is calculated from the equation py(7), Eq. (2.13). On this isotherm, the s value for the
given p value is calculated from the basic equation of region 2, g,(p,T), Eq. (2.6), with
T'=1073.15 K. If the specific entropy s of the given (p,s) point is greater than s,(p, 1073.15 K)
for the given pressure p, then the (p,s) point is outside the range of IAPWS-IF97 for which the
backward equations exist, see Fig. 2.9.

The Isobar p= py(273.15K) = 0.000611212677 MPa. This saturation pressure pg is
calculated from the equation py(7), Eq. (2.13), and is the lower pressure limit of the range of
validity of the TAPWS-IF97 backward equations. If the given pressure p is lower than
p=0.000611212 677 MPa, then the (p,s) point is outside the range of validity of the backward
equations, see Fig. 2.9.

b) Boundary between the Single-Phase Regions 1 to 3 and the Two-Phase Region 4

According to Fig. 2.9, the boundary between the single-phase regions 1 to 3 and the two-phase
region 4 is given by the saturated-liquid line (x = 0) and the saturated-vapour line (x = 1).

Boundary between Regions 1 and 4. The part of the saturated-liquid line (x = 0) that forms
the boundary between regions 1 and 4 covers a range of pressures given by

ps(273.15K) < p < p(623.15 K),
see Fig.2.9; the pg values are calculated from the equation p((7), Eq. (2.13). Along this
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boundary, the s value for the given p value is calculated from the basic equation g(p, T),
Eq. (2.3), where T'= T results from the saturation-temperature equation 7(p ), Eq. (2.14). The
given entropy value can then be compared with the calculated value for s.

Boundary between Regions 3 and 4. The part of the saturated-liquid line and the saturated-
vapour line that forms the boundary between regions 3 and 4 is given by the entropy range

§(623.15K) < s < §7(623.15K)
with 5'(623.15 K) = s{ (py(623.15 K), 623.15 K)
and 57(623.15 K) = 5, (py(623.15 K), 623.15 K),

where p, is calculated from Eq. (2.13). In this relation, sy is calculated from the basic equation
g1(p, T), Eq.(2.3), with p= p(T) and T= 623.15 K. The entropy s, results from the basic
equation g,(p, T), Eq. (2.6), for p= p(T) and T= 623.15 K. The reason for calculating the
entropies s and s, at these corner points from the basic equations of regions 1 and 2, g;(p, T)
and g,(p,T), Egs.(2.3) and (2.6), and not from the basic equation for region 3, f5(p,T),
Eq. (2.11), is given at the beginning of Sec. 2.3.4.1c. Along this boundary, the p value for the
given s value is calculated from the special saturation-pressure equation as a function of
entropy, p; 3(s), which is given in Sec. 2.3.4.1d as Eq. (2.30). The given pressure value can then
be compared with the calculated value for p.

Boundary between Regions 2 and 4. The part of the saturated-vapour line (x = 1) that forms
the boundary between regions 2 and 4 covers the pressure range

ps(273.15K) < p < p(623.15K),

see Fig.2.9; the pg values are calculated from the equation p(7), Eq.(2.13). Along this
boundary, the s value for the given p value is determined from the basic equation g,(p, T),
Eq. (2.6), where T'= T is obtained from the saturation-temperature equation 7(p ), Eq. (2.14).
The given entropy value can then be compared with the calculated value for s.

c) Boundaries between the Single-Phase Regions

The boundaries between regions 1 and 3 (7= 623.15 K) and between regions 2 and 3 (Tg3-
line) belong to both adjacent regions, see Figs. 2.2 and 2.9. However, in order to avoid having
different values along these boundaries, the boundary between regions 1 and 2 is considered to
belong to region 1 and the boundary between regions 2 and 3 is considered to belong to
region 2. Thus, the properties along the boundary between regions 1 and 3 are calculated from
the equations for region 1 and the properties along the boundary between regions 2 and 3 are
determined from the equations for region 2. In this way, the calculations can be performed
directly, neither iteration nor additional use of any backward equation is required.

Boundary between Regions 1 and 3. The boundary that corresponds to the isotherm 7=
623.15 K covers the pressure range

ps(623.15K) < p < 100 MPa,

see Fig. 2.9; p is calculated from Eq. (2.13). Along this boundary, the s value for the given p
value results from the basic equation g(p, T'), Eq. (2.3), with 7= 623.15 K. The given entropy
value can then be compared with the calculated value for s.
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Boundary between Regions 2 and 3. This boundary, namely the Tpg,3-line, covers the
pressure range

ps(623.15K) < p < 100 MPa,

see Fig. 2.9; p, is determined from Eq. (2.13). Along this boundary, the s value for the given p
value is calculated from the basic equation g,(p, T'), Eq. (2.6), with T'= Ty, determined from
the equation Tg,3(p), Eq.(2.2). The given entropy value can then be compared with the
calculated value for s.

d) The Boundary Equation p ;(s)

The boundary equation pg 3(s) has the following dimensionless form:

10
ps,3£S) =7(0)=Y m(o-103)" (c-0699)"" (2.30)
p P

where 7= p/p* and o = s/s* with p* =22 MPa and s* = 5.2 k] kg~ K™, The coefficients #,; and
exponents /;and J; of Eq. (2.30) are listed in Table 2.49.

Table 2.49 Coefficients and exponents of the boundary equation p ;(s) in its dimensionless form,
Eq. (2.30)
i L J n, i L J n,

1 1 1 1 1

i

0 0 0.639 767 553 612 785 12 14 -0.378829107 169011 x 10'®
1 1 —0.129 727 445 396 014 x 10? 16 36 —0.955586 736431 328 x 10>
1 32 —0.224595 125 848 403 x 10'¢ 24 10 0.187 269 814 676 188 x 10**
4
2

7 0.177 466 741 801 846 x 107 28 0 0.119 254 746 466 473 x 10'?
4 0.717 079 349 571 538 x 10'° 10 32 18 0.110 649 277 244 882 x 107

(O IR OSI S
[« BNoR e JREN le )Y

The equation p, 3(s), Eq. (2.30), describes the saturated-liquid line and the saturated-vapour
line including the critical point in the following entropy range (see Fig. 2.9):

s’ (623.15K) < s < 57(623.15K),

where 5 (623.15 K) = 5, (py(623.15 K), 623.15 K) = 3.778 281340 kJ kg ' K™!
and s” (623.15 K) = 5,(py(623.15 K), 623.15 K) = 5.210887 825 kJ kg ' K1,

Computer-Program Verification. To assist the user in computer-program verification of
Eq. (2.30), Table 2.50 contains test values for calculated pressures.

Table 2.50 Pressure values calculated from the boundary equation
D553 (s), Eq. (2.30), for selected specific entropies

Equation s[kIkg 'K p [MPa]
3.8 1.687 755 057 x 10!
p3(5), Eq. (2.30) 4.2 2.164 451 789 x 10"
52 1.668 968 482 x 10'

8 Programmed functions should be verified using 8 byte real
values for all variables.
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Note. For points extremely close to the boundary between the single-phase region 3 and the
two-phase region 4, the following procedure is recommended. When calculating the pressure
with the pg 3(s) equation, Eq. (2.30), its numerical inconsistency of 0.00033% in pressure with
respect to the basic equation py( 7), Eq. (2.13), has to be considered. Due to this minor inconsis-
tency the result of the calculated pressure should be corrected to pg 3 = p 3(s)(1-Ap/p), where
Ap/p =33 % 1075, This procedure ensures that (p,s) points extremely close to the two-phase
region are correctly assigned to the single-phase region and not falsely to the two-phase region.

2.3.4.2 Backward Equation T ( p,s ) for Region 1

Figure 2.10 shows the assignment of the backward equation 7;(p,s) to regionl in a
p-s diagram. The boundaries of region 1 in p-s coordinates are described in Secs. 2.3.4.1a to
2.3.4.1c. A statement about the computing speed with this backward equation can be found at
the end of this section.

A
100 - p =100 MPa
9:(p.T)
g
75 -
=3
= x
< w  T(p.s)
@ L ™
g 50 R
o Il
I~
25 L
Fig. 2.10 Assignment of the backward equation
T, (p,s) to region 1 in a p-s diagram. The p and s
values at the corner points of region 1 are given
in Fig. 2.9.
0.000611 |-———
I
i | | | L,

-0.000155 1 2 3 4
Specific entropy s [kJ kg™ K]

The backward equation 7; (p,s) for region 1 has the following dimensionless form:
20
T (p, , :
%ZB(IZ’,O‘)ZZ%EI’ (0'+2)J1 , (2.31)
i=1
where 0= T/T*, 7= p/p*, and o=s/s* with T*=1K, p*=1 MPa, and s* = 1 kJ kg_1 KL, The
coefficients n; and exponents /; and J; of Eq. (2.31) are listed in Table 2.51.
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Table 2.51 Coefficients and exponents of the backward equation 7}(p,s) in its dimensionless form,
Eq. (2.31)

i J; n; i I, J n;

1 0 0 0.174 782 680 583 07 x 103 11 1 12 0.356 721 106 073 66 x 1077

2 0 1 0.348 069 308 928 73 x 10° 12 1 31 0.173 324 969 948 95 x 10723
3 0 2 0.652 925 849 784 55 x 10! 13 2 0 0.566 089 006 548 37 x 1073

4 0 3 0.330 399 817 754 89 14 2 1 —0.32635483139717 x 1073

5 0 11 —0.192 813 82923196 x 107° 15 2 2 0.447 782 866 906 32 x 107*

6 0 31 —0.249 091 972 445 73 x 10722 16 2 9 —0.513221569 08507 x 107

7 1 0 —0.261 076 364 893 32 17 2 31 —0.42522657042207 x 1072
8 1 1 0.225 929 659 815 86 18 3 10 0.264 004 413 606 89 x 1072
9 1 2 —0.642 564 633 95226 x 107! 19 3 32 0.781 246 004 597 23 x 10728
10 1 3 0.788 762 892 705 26 x 1072 20 4 32  —0.307 321999 036 68 x 107°

Range of Validity. The range of validity of the backward equation 7;(p,s ), Eq. (2.31), can be
derived from the graphical representation of region 1 in Fig. 2.9. The determination of the (p,s)
values along the region boundaries is described in Secs. 2.3.4.1a to 2.3.4.1c.

Computer-Program Verification. To assist the user in computer-program verification of
Eq. (2.31), Table 2.52 contains corresponding test values.

Numerical Consistency. The numerical inconsistency between the backward equation
Ti(p,s), Eq.(2.31), and the basic equation g;(p,7T), Eq.(2.3), in comparison with the
permissible inconsistency, given in Sec. 2.3.2, is listed in Table 2.53.

Note. When calculating properties in the range p < p (623.15 K) and extremely close to the
saturated-liquid line, Eq. (2.31) might yield temperatures 7;(p,s)> T;(p) due to the minor
inconsistencies. In this case, the result of Eq. (2.31) must be corrected to 7} = T(p ), where the
saturation temperature 7 (p ) is calculated for the given pressure from Eq. (2.14).

Table 2.52 Temperature values calculated from Table 2.53 Maximum and root-mean-square
the backward equation 7i(p,s), Eq.(2.31), for inconsistency in temperature between the
selected pressures and specific entropies ? backward equation Tj(p.s), Eq. (2.31), and the
R basic equation g;(p,T), Eq. (2.3), in comparison
1 -1 1
p[MPa] s [kikg™ K] T'[K] with the permissible inconsistency
3
3 0.5 0.307 842 258 x 103 Inconsistencies in temperature [mK]
80 0.5 0.309 979 785 x 10
80 3 0.565 899 909 x 10 | AT perrm | AT o (AT)rus
2 Programmed functions should be verified using 25 21.8 5.8

8 byte real values for all variables.

Computing Time. The calculation of temperature as a function of (p,s) with the backward
equation T (p,s), Eq. (2.31), is about 38 times faster than when using only the basic equation
g1(p,T), Eq. (2.3), [19]. In this comparison, the basic equation was applied in combination with
a one-dimensional Newton iteration with convergence tolerances corresponding to the
consistency requirement that were set for the backward equation.
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2.3.4.3 Backward Equations T(p,s ) for Region 2

The boundaries of region 2 in p-s coordinates are described in Secs. 2.3.4.1a to 2.3.4.1c. Due to
the demand for very high numerical consistency between the basic equation g,(p,T), Eq. (2.6),

and a backward equation 7(p,s) for region 2, see Sec.2.3.2, region 2 is divided into three
subregions.

a) Division of Region 2 into Subregions 2a, 2b, and 2c

Figure 2.11 shows how region 2 is divided into three subregions for the backward equations
T(p,s). The boundary between subregions 2a and 2b is the isobar p = 4 MPa, and the boundary
between subregions 2b and 2c is given by the isentropic line s = s,y = 5.85 kJ kg_1 KL

A
= 100 MP
100 - — 2
©
A O,
=
Q
2 T
5 —_ x
o s0F = T
o g 2 Fig. 2.11 Division of region 2 into subregions 2a,
o = 2 2b, and 2c and the assignment of the backward
© Tp(p,s) equations 7'(p,s) to these subregions. The p and s
25 el values at the corner points of region 2 are given in
B " Fig. 2.9.
o
6.5201 T.(p)— 4 MPa
0.000611 : ;\ I —
9.156 11.92
5'?5 7'85? (x=1) (1073.15K)
D) | | | | L1 ! »
5 6 7 8 9

Specific entropy s [kJ kg™ K]

Note. To be in accordance with the statements given in [11,22], the boundary between
subregions 2a and 2b is considered to belong to subregion 2a and the boundary between
subregions 2b and 2c¢ is considered to belong to subregion 2b.

b) The Backward Equations T(p, s) for Subregions 2a, 2b, and 2c

The backward equation 75,(p,s) for subregion 2a in its dimensionless form reads

Ty (p5) 46
2*}#: 0(7[,0')=an~7r1"(0'—2)Ji ,
i=1

where §=T/T*, 7= plp*, and o=s/s* with T*=1K, p*=1MPa, and s* =2 kJ kg_1 K!. The
coefficients n; and exponents /; and J; of Eq. (2.32) are listed in Table 2.54.

(2.32)



60 2 IAPWS Industrial Formulation 1997

The backward equation 75, (p, s) for subregion 2b in its dimensionless form reads

T ( S) 44
% =0(r.0)= Y nz"(10-0)", (2.33)
i=1
where 6= T/T*, z= plp*, and o= s/s* with T*= 1K, p*= 1MPa, and s*=
0.7853 kJ kg_lK_l. The coefficients n; and exponents /; and J; of Eq.(2.33) are listed in
Table 2.55.
The backward equation 7,.(p,s) for subregion 2c in its dimensionless form reads

Tye(p.5) S, i oy
Tz&(ﬂ,d)zZn,-ﬂ’(Z—O‘) i, (2.34)
i=1
where 0= T/T*, = plp*, and o= s/s* with T*= 1K, p*= 1MPa, and s*=
2.9251kJ kg_1 K!. The coefficients n; and exponents /; and J; of Eq. (2.34) are listed in
Table 2.56.

Table 2.54 Coefficients and exponents of the backward equation T,,(p,s) for subregion 2a in its
dimensionless form, Eq. (2.32)

i I; J; n; i 1; J; n;
1 -1.5 -24 -0.39235983861984x10° 24 -0.25 —11 —0.597 806 388 727 18 x 10*
2 -15 =23 0.515265 738 272 70 x 10° 25 —0.25 -6 —0.704 014 639 268 62 x 10°
3 —1.5 =19  0.404 824431 61048 x 10° 26 0.25 1 0338367841 07553 x 10°
4 —-15 =13 -0.321937909 23902 x 10° 27 0.25 4 0.208 627 866 351 87 x 10?
5 1.5 =11  0.969 614 242 186 94 x 10> 28 0.25 8  0.33834172656196x 107"
6 —1.5 —10 —0.228 678463 717 73 x 10? 29 0.25 11 —0.431244284 148 93 x 10~
7 —1.25 —19 —0.449 429 141 243 57 x 10° 30 0.5 0 0.166537913 564 12 x 10°
8 —1.25 —15 —0.501 183360201 66 x 10* 31 0.5 1 —0.139 862 920 558 98 x 10°
9 —-125 -6 0.356844 635600 15 32 0.5 5 —0.788 495 479 998 72
10 -1.0 =26 0.442 353 358 481 90 x 10° 33 0.5 6 0.721324 117538 72 x 107!
11 -1.0 -21 -0.13673388811708x10° 34 0.5 10 —0.597 548 393 982 83 x 1072
12 -1.0 -17  0.421 632602 078 64 x 10° 35 0.5 14 —0.121 413 589539 04 x 107*
13 -1.0 -16 0.225169 258374 75 x 10° 36 0.5 16 0.232270967 338 71 x 107°
14 -1.0 -9 0.474 421 448 656 46 x 10° 37 0.75 0 —0.105384 635 661 94 x 10?
15 -1.0 -8 —0.149311307 976 47 x 10° 38 0.75 4 0.207 189254 965 02 x 10!
16 —0.75 —15 —0.197 811263 204 52 x 10° 39 0.75 9 —0.721 931552 60427 x 107!
17 —0.75 —14 —0.235 543 994 707 60 x 10° 40 075 17  0.207498 87081120 % 107°
18 —0.5 -26 —0.190706 163 020 76 x 10° 41 1.0 7 —0.183 406 579 113 79 x 107!
19 —0.5 —13  0.553 756 698 831 64 x 10° 42 1.0 18  0.290362 723 486 96 x 107°
20 -0.5 -9 0382936914373 63 x 10* 43 1.25 3 0210375278936 19
21 -0.5 —7 —0.603 918 605 805 67 x 10° 44 125 15 0.25681239729999 x 1073
22 -0.25 27 0.193 631 026 203 31 x 10* 45 1.5 5 —0.127 990 029 337 81 x 107"

23 —0.25 —25  0.426 606 436 986 10 x 10* 46 1.5 18 —0.821 981026 520 18 x 107°
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Table 2.55 Coefficients and exponents of the backward equation 7,,(p,s) for subregion 2b in its
dimensionless form, Eq. (2.33)

i1 n; i I J; n;

1 -6 0 0.316 876 650 834 97 x 10° 23 0 2 0.417 273 471 596 10 x 107

2 -6 11 0.208 641 758 818 58 x 102 24 0 4 0.219 325 494 345 32 x 10!

3 -5 0 —0.398 593 998 035 99 x 10° 25 0 5 —=0.103 200 500 090 77 x 10"

4 -5 11 —0.218160585 188 77 x 10? 26 0 6 0.358 829 435 167 03

5 -4 0 0.223 697 851 942 42 x 10° 27 0 9 0.525 114 537 260 66 x 1072

6 -4 1 —0.278 417 034 458 17 x 10* 28 1 0 0.128 389 164 507 05 x 102

7 -4 11 0.992 074 360 714 80 x 10! 29 1 1 —0.286424 372193 81 x 10!

8 -3 0 —0.751975122991 57 x 10° 30 1 2 0.569 126 836 648 55

9 -3 1 0.297 086 059 511 58 x 10* 31 1 3 —=0.999 629 545 849 31 x 107!
10 -3 11 —0.344 068 785 485 26 x 10" 32 1 7 —0.326 320377 784 59 x 1072
11 -3 12 0.388 155 642 491 15 33 1 8 0.233 209 225 767 23 x 1073
12 =2 0 0.175 112 950 857 50 x 10° 34 2 0 —0.153348098 574 50
13 =2 1 —0.142 371 128 544 49 x 10* 35 2 1 0.290 722 882399 02 x 107!
14 -2 6 0.109 438 033 641 67 x 10! 36 2 5 0.375 347 027 411 67 x 1073
15 -2 10 0.899 716 193 084 95 37 3 0 0.172 966 917 024 11 x 1072
16 -1 0 —0.337 597 400 989 58 x 10* 38 3 1 —0.385560 508 445 04 x 1073
17 -1 1 0.471 628 858 183 55 x 103 39 3 3 —0.350177 122926 08 x 107
18 -1 5  —0.191 882419936 79 x 10! 40 4 0 —0.14566393631492x 10
19 -1 8 0.410 785 804 921 96 41 4 1 0.564 208 572 672 69 x 107>
20 -1 9 —0.334 65378172097 42 5 0 0.412 861 500 746 05 x 1077
21 0 0 0.138 700 347 775 05 x 10* 43 5 1 —0.206846 71118824 x 1077
22 0 1 —0.406 633 261 958 38 x 10° 44 5 2 0.164 093 936 747 25 x 1078

Table 2.56 Coefficients and exponents of the backward equation 7, (p,s) for subregion 2c in its
dimensionless form, Eq. (2.34)

i L n; i I J; n;
1 =2 0 0.909 685 010 053 65 x 10° 16 3 1 —0.145970082 84753 x 107!
2 2 1 0.240 456 670 884 20 x 10* 17 3 5 0.566 311 756 310 27 x 1072
3 -1 0 —0.59162326387130x10° 18 4 0 —0.761558 64584577 x 107
4 0 0 0.541 454 041 280 74 x 10° 19 4 1 0.224 403 429 193 32 x 1073
5 0 1 —027098308411192x10° 20 4 4 —0.125610950134 13 x 107
6 0 2 0.979 765 250 979 26 x 10° 210 5 0 0.633 231 326 609 34 x 10°°
7 0 3 —0.469 667729 59435 x 10° 22 5 1 —0.20541989675375x 107
8 1 0 0.143 992 746 047 23 x 10> 23 5 2 0.364 053 703 900 82 x 1077
9 1 1 —0.191042 04230429 x 102 24 6 0 —0.29759897789215x%x107%
0w 1 3 0.532 991 671 119 71 x 10! 25 6 1 0.101 366 185297 63 x 1077
11 1 4 —0.212529753 759 34 x 10> 26 7 0 0.599 257 196 923 51 x 107!
12 2 0 —031147334413760 27 7 1 —=0.206778701 051 64 x 10710
13 2 1 0.603 348 408 946 23 2860 7 3 —0.208742 781818 86 x 10710
14 2 2 —042764839702509 % 107! 29 7 4 0.101 621 668 250 89 x 10~
15 3 0 0.581 855972 552 59 x 1072 30 7 5 —0.16429828281347 %1077

Ranges of Validity. The ranges of validity of the backward equations 75,(p, s), Th,(p,s), and
T (p,s), Egs. (2.32) to (2.34), can be derived from the graphical representation of region 2 in
Fig. 2.9 and of subregions 2a, 2b, and 2¢ in Fig. 2.11. The determination of the (p,s) values
along the region boundaries is described in Secs. 2.3.4.1a to 2.3.4.1c and along the subregion
boundaries in Sec. 2.3.4.3a.
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Computer-Program Verification. To assist the user in computer-program verification of
Egs. (2.32) to (2.34), Table 2.57 contains corresponding test values.

Numerical Consistencies. The numerical inconsistencies between the backward equations
T5,(p.s), Thp(p.s), and Tr.(p,s), Egs.(2.32) to (2.34), and the basic equation g,(p,T),
Eq. (2.6), in comparison with the permissible inconsistencies, given in Sec. 2.3.2, are listed in
Table 2.58.

Note. When calculating properties in the range p < p (623.15 K) and extremely close to the
saturated-vapour line, Egs.(2.32) to (2.34) might yield temperatures 75,(p,s) < T (p),
Dy(p,s) < Ty(p), and T,.(p,s) < T4(p), respectively, due to the minor inconsistencies. In this
case, the results of Egs. (2.32) to (2.34) must be corrected to 75, = T(p), T, = Ts(p), and T, =
T,(p), respectively, where the saturation temperature 7(p ) is calculated for the given pressure
from Eq. (2.14).

Table 2.57 Temperature values calculated from the backward equations
T,.(p,s), T,,(p,s), and T, (p,s), Eqgs.(2.32) to(2.34), for selected
pressures and specific entropies ?

Equation p[MPa] s [klkg K] T[K]

0.1 7.5 0.399 517 097 x 10°

T,.(p,s), Eq.(2.32) 0.1 8 0.514 127 081 x 10°

2.5 8 0.103 984 917 x 10*

8 6 0.600 484 040 x 10°

T,,(p.s),Eq.(233) 8 7.5 0.106 495 556 x 10*

90 6 0.103 801 126 x 10*

20 5.75 0.697 992 849 x 10°

T,.(p,s), Eq.(2.34) 80 5.25 0.854 011 484 x 10°

80 5.75 0.949 017 998 x 10°

@ Programmed functions should be verified using 8 byte real values for all

variables.

Table 2.58 Maximum and root-mean-square inconsistencies in temperature between the
backward equations T,,(p,s), T,,(p,s), and T, (p,s), Egs. (2.32) to (2.34), and the
basic equation g,(p,T), Eq. (2.6), in comparison with the permissible inconsistencies

Inconsistencies in temperature [mK]

Subregion Equation |AT | perm |AT |, ax (AT) rms
2a T,,(p.s). Eq. (2.32) 10 8.8 1.2
2b To, (p.5), Eq. (2.33) 10 6.5 2.8
2 T,.(p.s), Eq. (2.34) 25 19.0 8.3

c) Computing Time when Using the Backward Equations T(p,s) in Comparison with the
Basic Equation

The calculation of temperature as a function of (p,s) with the backward equations T5,(p,s),
Du(p.s), or Th(p,s), Egs. (2.32) to (2.34), is about 14 times faster than when using only the
basic equation g,(p,T), Eq. (2.6), [19]. In this comparison, the basic equation was applied in
combination with a one-dimensional Newton iteration with convergence tolerances
corresponding to the consistency requirements that were set for the backward equations.
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2.3.4.4 Backward Equations v(p,s) and T(p,s) for Region 3
The boundaries of region 3 in p-s coordinates are described in Secs. 2.3.4.1ato 2.3.4.1c.

a) Division of Region 3 into Subregions 3a and 3b

Due to the demand for very high numerical consistency between the backward equations and the
basic equation f3(p,T), Eq.(2.11), as given in Sec.2.3.2, region3 is divided into two
subregions as illustrated in Fig. 2.12.

4.4
p = 100 MPa ‘

100 -~ ‘
O T |@
T sl
=,
3 V3a(p,3) V3b(pas)
5 Ii.(p.s) | Typ(p.s)
@ 50|
o
o
Fig. 2.12 Division of region 3 into sub-
25 regions 3a and 3b, and the assignment of

A backward equations v(p,s) and T(p,s)
to these subregions. The p and s values at
the corner points of region 3 are given in

0.000611 -—- Fig. 2.9.

Y

Specific entropy s [kJ kg ' K]

The boundary between subregions 3a and 3b is defined by the critical isentropic line
S3ap = 5. = 4412021482234 76 kI kg™ K7, (2.35)

where this value was calculated from the basic equation of region 3, f3(p,T), Eq. (2.11), for
p = p.and T'= T according to Egs. (1.6) and (1.4).

Note. The boundary between subregions 3a and 3b is considered to belong to subregion 3a
[12, 23].

b) Backward Equations v (p,s) for Subregions 3a and 3b

The backward equation v3,(p,s) for subregion 3a reads in its dimensionless form

28

= o(z,0)= Y n(7+0.187)" (6-0.755)"" (2.36)
i=l

v3a(p’s)

S

where w= v/v*, 7= p/p*, and o= s/s* with v*= 0.0028 m®> kg™, p*= 100 MPa, and
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s*=44kI kg ' K™, The coefficients n; and exponents /; and J; of Eq. (2.36) are listed in
Table 2.59.
The backward equation v}, (p,s ) for subregion 3b reads in its dimensionless form

U3b(PaS)

*

31
I. J.
—w(r.c)=Y n(7+0.298)" (6-0816)”
. (m.0)= > nmi( )" ( )", (2.37)

i=1
where w= v/v*, 7= p/p*, and o= s/s* with v™= 0.0088 m? kg_l, p*= 100 MPa, and s*=

53KkJ kg_1 K. The coefficients n; and exponents /; and J; of Eq. (2.37) are listed in
Table 2.60.

Table 2.59 Coefficients and exponents of the backward equation v, (p,s) for subregion 3a in its
dimensionless form, Eq. (2.36)

i I J n; i I J; n;

1 -12 10 0.795 544 074 093 975 x 102 15 -3 2 —0.118 008 384 666 987

2 —12 12 —0.238261 242 984 590 x 10* 16 -3 4 0.253798 642 355 900 x 10"

3 -12 14 0.176 813 100 617 787 x 10° 17 =2 3 0.965 127 704 669 424

4 =10 4 -0.110524727 080 379 x 1072 18 —2 8 —0.282 172420532826 x 10?

5 -10 8 —0.153 213833655 326 x 10? 19 -1 1 0.203 224 612 353 823

6 —-10 10 0.297 544 599 376 982 x 10° 20 -1 2 0.110648 186 063 513 x 10

7 -10 20 —0.350315206 871 242 x 108 21 0 0 0526127948 451 280

8§ -8 5 0.277 513 761 062 119 2 0 1 0.277 000 018 736 321

9 -8 6 —0.523964271036 888 23 0 3 0.108 153 340 501 132 x 10"
10 -8 14 —0.148011 182995 403 x 10° 24 1 0 -—0.744127 885357893 x 107!
11 -8 16 0.160 014 899 374 266 x 107 25 2 0 0.164 094 443 541 384 x 107!
12 -6 28 0.170 802 322 663 427 x 10" 26 4 2 —0.680468 275301 065 x 107!
13 -5 1 0.246 866 996 006 494 x 1073 27 5 2 0.257988576 101 640 x 107!
14 -4 5 0.165 326 084 797 980 x 10" 280 6 0 —0.145749 861944 416 x 1073

Table 2.60 Coefficients and exponents of the backward equation v,,(p,s) for subregion 3b in its
dimensionless form, Eq. (2.37)

i1 n; i I J; n;
1 -12 0 0.591 599 780 322 238 x 10~ 17 -4 2 —0.121 613 320 606 788 x 10?
2 -12 1 —0.185 465 997 137 856 x 1072 18 -4 3 0.167 637 540 957 944 x 10!
3 -12 2 0.104 190 510 480 013 x 107! 19 -3 1 —0.744 135 838 773 463 x 10!
4 -12 3 0.598 647 302 038 590 x 1072 20 -2 0 0.378 168 091 437 659 x 107!
5 -12 5 —0.771391 189 901 699 21 -2 1 0.401 432 203 027 688 x 10!
6 -12 6 0.172 549 765 557 036 x 10! 22 =2 2 0.160 279 837 479 185 x 10?
7 =10 0 —0.467 076 079 846 526 x 1073 23 2 3 0.317 848 779 347 728 x 10!
8 =10 1 0.134 533 823 384 439 x 107! 24 -2 4 —-0.358362310304 853 x 10
9 —10 2 —0.808 094 336 805 495 x 107! 25 =2 12 —0.115995 260 446 827 x 107
10 -10 4 0.508 139 374 365 767 26 0 0 0.199 256 573 577 909
11 -8 0 0.128 584 643 361 683 x 1072 27 0 1 —0.122270 624 794 624
12 -5 1 —0.163 899 353 915 435 x 10! 28 0 2 —0.191 449 143 716 586 x 10>
13 -5 2 0.586 938 199 318 063 x 10! 29 1 0 —0.150448 002 905 284 x 107!
14 -5 3 —0.292466 667 918 613 x 10" 30 1 2 0.146 407 900 162 154 x 107
15 -4 0 —0.614076 301499 537 x 1072 31 2 2 —0.327 477 787 188 230 x 10!
16 -4 1 0.576 199 014 049 172 x 10!
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Ranges of Validity. The ranges of validity of the backward equations v3,(p,s) and v3,(p,s),
Egs. (2.36) and (2.37), can be derived from the graphical representation of region 3 in Fig. 2.9
and of subregions 3a and 3b in Fig. 2.12. The determination of the (p, s) values along the region
boundaries is described in Secs.2.3.4.1a to 2.3.4.1c and along the subregion boundary in
Sec. 2.3.4.4a.

Computer-Program Verification. To assist the user in computer-program verification of
Egs. (2.36) and (2.37), Table 2.61 contains test values for calculated specific volumes.

Table 2.61 Values of the specific volume calculated from the backward
equations v5,(p,s) and v, (p,s), Eqgs.(2.36) and (2.37), for selected
pressures and specific entropies 2

Equation p[MPa] s[kIkg'K™'] v[m3 kg™

20 3.8 1.733 791 463 x 107

v,5,(p,s), Eq. (2.36) 50 3.6 1.469 680 170 x 107
100 4.0 1.555893 131 x 107°

20 5.0 6.262 101 987 x 107

vy, (p,s), Eq. (2.37) 50 4.5 2.332 634 294 x 107
100 5.0 2.449 610 757 x 1073

2 Programmed functions should be verified using 8 byte real values for all

variables.

Numerical Consistencies. The numerical inconsistencies between the backward equations
v3,(p,s) and v3(p,s), Egs. (2.36) and (2.37), and the basic equation f3(0,7T), Eq. (2.11), are
listed in Table 2.62 in comparison with the permissible inconsistencies, given in Sec. 2.3.2.
These inconsistencies are less than the permissible values. This is also true when the backward
equations are used in combination with the boundary equation pg 3(ss), Eq. (2.30). The critical
volume v, = 1/p, = (1/322) m’ kg_1 = 0.003 10559 m* kg_1 is met by the two v(p,s) equa-
tions for the given six significant figures. The maximum inconsistency in specific volume
between the two backward equations, Eq. (2.36) and Eq. (2.37), along the subregion boundary
5325~ S¢» BQ. (2.35), amounts to 0.000 46%.

Table 2.62 Maximum and root-mean-square inconsistencies in specific volume between
the backward equations v,,(p,s) and v, (p,s), Egs. (2.36), and (2.37) and the basic
equation f5(p,T), Eq. (2.11), in comparison with the permissible inconsistencies

Inconsistencies in specific volume [%]

Subregion Equation [AV/0 | perm [AV /0] e (Av/v)pus
3a vs,(p.s), Eq. (2.36) 0.01 0.0096 0.0052
3b vy(po5), Eq. (2.37) 0.01 0.0077 0.0037

Computing Time. A statement about the computing time is given in Sec. 2.3.4.4d.
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c) Backward Equations T (p,s) for Subregions 3a and 3b

The backward equation 73,(p,s) for subregion 3a reads in its dimensionless form
33

=0(7,0)= Y n;(7+0.240)" (c-0.703)"" (238)
i=1

T3a (p,S)
T*

where, 8= T/T*, n= p/p*, and o= s/s* with T*= 760K, p*= 100 MPa, and s*=
44kl kg ' K!. The coefficients n; and exponents /; and J; of Eq.(2.38) are listed in
Table 2.63.

The backward equation T3, (p, s) for subregion 3b reads in its dimensionless form

T3 (p»5)

28
- =0(z,0)= Y n (7+0760)" (c-0.818)" (2.39)

i=1

where 6= T/T*, n= plp*, and o= s/s* with T*= 860K, p*= 100 MPa, and s*=
53KkJ kg_1 K. The coefficients n; and exponents /; and J; of Eq.(2.39) are listed in
Table 2.64.

Table 2.63 Coefficients and exponents of the backward equation T, (p,s) for subregion 3a in its
dimensionless form, Eq. (2.38)

I J. n, i 1 J n,

1 1 1 1 1 1

~.

1 -12 28 0.150 042 008 263 875 x 10'° 18 —4 10 —0.368275545889071 x 10°
2 —12 32 —0.159397 258 480 424 x 10"? 19 -4 36 0.664 768 904 779 177 x 10'®
3 -10 4 0.502 181 140 217 975 x 1073 20 =2 1 0.449 359 251 958 880 x 107!
4 -10 10 —0.672057 767 855 466 x 10? 21 -2 4 —0.422897 836 099 655 x 10"
5 -10 12 0.145 058 545 404 456 x 10* 22 -1 1 -0.240614376434179
6 —10 14 —0.823 889 534 888 890 x 10* 23 -1 6 —0.474341 365254924 x 10
7 -8 5 —0.154852214233853 24 0 0 0.724093 999 126 110
g8 -8 7 0.112 305 046 746 695 x 10° 25 0 1 0.923 874 349 695 897
9 -8 8 —0.297000213 482822 x 10? 26 0 4 0.399043 655281 015 x 10"
10 -8 28 0.438 565 132 635 495 x 10'! 27 1 0 0.384 066 651 868 009 x 107!
11 -6 2 0.137 837 838 635 464 x 107> 260 2 0 —0.359344 365571 848 x 107>
12 -6 6 —0.297 478527 157 462 x 10" 29 2 3 —0.735196 448 821 653
13 -6 32 0.971 777 947 349 413 x 10"3 30 3 2 0.188367 048 396 131
14 -5 0 —0.571527767052398 %107 31 8 0  0.141 064 266 818 704 x 1073
15 -5 14 0.288 307 949 778 420 x 10° 32 8 1 —0.257418501496 337 x 1072
16 -5 32 —0.744 428 289 262 703 x 10' 33 10 2 0.123220024 851 555x 1072

0.128 017 324 848 921 x 10?

—_
=
|
N
(o)
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Table 2.64 Coefficients and exponents of the backward equation T;, (p,s) for subregion 3b in its
dimensionless form, Eq. (2.39)

i1 n; i L J; n;

1 -12 1 0.527 111 701 601 660 15 -5 6 0.880 531 517 490 555 x 10°

2 -12 3 —0.401 317 830 052 742 x 10? 16 -4 12 0.265 015 592 794 626 x 107

3 -12 4 0.153 020 073 134 484 x 103 17 -3 1 —-0.359287 150025783

4 -12 7 —0.224 799 398 218 827 x 10* 18 -3 6 —0.656991 567 673 753 x 10°

5 -8 0 —0.193 993 484 669 048 19 -2 2 0.241 768 149 185 367 x 10!

6 -8 1 —0.140 467 557 893 768 x 10* 20 O 0 0.856 873 461 222 588

7 -8 3 0.426 799 878 114 024 x 107 21 2 1 0.655 143 675 313 458

8 -6 0 0.752 810 643 416 743 22 3 1 —=0.213 535213 206 406

9 -6 2 0.226 657 238 616 417 x 107 23 4 0 0.562 974 957 606 348 x 1072
10 -6 4 —0.622 873556 909 932 x 10° 24 5 24 —0.316955725450471 x 107
11 -5 0 —0.660 823 667 935 396 25 6 0 —0.699997 000 152 457 x 107
12 -5 1 0.841 267 087 271 658 26 8 3 0.119 845 803 210 767 x 107!
13 -5 2 —0.253 717 501 764 397 x 10? 27 12 1 0.193 848 122 022 095 x 107
14 -5 4 0.485 708 963 532 948 x 10° 28 14 2 —0.215095 749 182 309 x 10~

Ranges of Validity. The ranges of validity of the backward equations 75,(p,s) and T3, (p,s),
Eqgs. (2.38) and (2.39), can be derived from the graphical representation of region 3 in Fig. 2.9
and of subregions 3a and 3b in Fig. 2.12. The determination of the (p, s) values along the region
boundaries is described in Secs. 2.3.4.1a to 2.3.4.1c and along the subregion boundary in
Sec. 2.3.4.4a.

Computer-Program Verification. To assist the user in computer-program verification of
Egs. (2.38) and (2.39), Table 2.65 contains test values for calculated temperatures.

Table 2.65 Temperature values calculated from the backward equations
T5,(p,s) and T5, (p,s), Egs. (2.38) and (2.39), for selected pressures and
specific entropies 2

Equation p [MPa] s [kJ kgflel] T [K]

20 3.8 6.282 959 869 x 10?

T;,(p,s),Eq. (2.38) 50 3.6 6.297 158 726 x 107

100 4.0 7.056 880 237 x 10°

20 5.0 6.401 176 443 x 10?

T;,(p,s), Eq. (2.39) 50 4.5 7.163 687 517 x 10?

100 5.0 8.474 332 825 x 107

@ Programmed functions should be verified using 8 byte real values for all

variables.

Numerical Consistencies. The numerical inconsistencies between Eqgs. (2.38) and (2.39) and
the basic equation f3(p,T), Eq. (2.11), in comparison with the permissible inconsistencies,
given in Sec. 2.3.2, are listed in Table 2.66. These inconsistencies are less than the permissible
values. This is also true when the backward equations are used in combination with the
boundary equation pg 3(s), Eq. (2.30). The critical temperature 7, = 647.096 K is calculated by
the two T(p,s) equations for all six figures. The maximum inconsistency in temperature
between the two backward equations, Eq. (2.38) and Eq. (2.39), along the boundary s3,, = s,
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Eq. (2.35), amounts to 0.093 mK, which is within the permissible inconsistency given in
Sec. 2.3.2.

Table 2.66 Maximum and root-mean-square inconsistencies in temperature between the
backward equations 75, (p,s) and T5, (p,s), Eqs. (2.38) and (2.39), and the basic equation
f5(p.T), Eq. (2.11), in comparison with the permissible values

Inconsistencies in temperature [mK]

Subregion Equation |AT | ermm |AT,x (AT)qums
3a T,,(p.s). Eq. (2.38) 25 24.8 11.2
3b Ty, (p.5), Eq. (2.39) 25 22.1 10.1

Note. When calculating properties in the range p < p. and extremely close to the saturation
lines, Eq. (2.38) might yield temperatures 73,(p,s)> T,(p) and Eq.(2.39) might yield
temperatures T3,,(p,s) < T4(p) due to the minor inconsistencies. In these cases, the results of
Egs. (2.38) and (2.39) must be corrected to 75, = Ti(p) and T3, = T¢(p), respectively, where
the saturation temperature 7(p ) is calculated from Eq. (2.14) for the given pressure.

d) Computing Time when Using the Backward Equations T(p,s) and wv(p,s) in
Comparison with the Basic Equation

The calculation of specific volume and temperature as a function of (p,s) with the backward
equations v3,(p,s) and T3,(p,s), Egs. (2.36) and (2.38), or v3,,(p,s) and T3,(p,s ), Eqgs. (2.37)
and (2.39), is about 14 times faster than when using only the basic equation f3(p,T), Eq. (2.11),
[19]. In this comparison, the basic equation has to be applied in combination with a two-
dimensional Newton iteration with convergence tolerances corresponding to the consistency
requirements that were set for the backward equations.

2.3.5 Backward Equations and Backward Functions Dependent on the Input
Variables (h,s)

In this section, all backward equations as a function of the variables (/%,s) are summarized.
These are the backward equations p(4,s) for regions 1 to 3 and the backward equation 7 (4,s)
for the technically important part of region 4, the two-phase region.

For the calculation of thermodynamic properties as a function of the input variables (p,#4)
and (p,s) without iteration from the basic equations g(p,7) of regions 1 and 2, only one
variable, namely the temperature, had to be provided by a backward equation. This was
achieved by the backward equations T(p,k) and T(p,s) as given in Secs.2.3.3 and 2.3.4.
However, when thermodynamic properties as a function of the input variables ( /,s) need to be
calculated from the basic equations g(p,7) without iteration, the backward equations p(4,s)
yield only one of the two input variables of the g equation, namely the pressure; the second one,
the temperature, is still missing. Although direct backward equations of the form 7'( 4,s) for the
single-phase regions 1 to 3 have not been developed, the temperature belonging to the input
variables ( /,s) can be determined by combining the respective backward equation p( 4,s) with
the corresponding backward equation T(p,4).% Such a combination of two backward equations,
e.g. in the form T(h,s)=T(p (h,s),h), is called a backward function in the following text. For
given values of (4,s), property calculations in region 3 from the basic equation f3(p,T),

® The alternative use of the backward equation 7'( p,s) leads to worse numerical consistency.
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Eq. (2.11), require, in addition to temperature (see above), the determination of the density
p = 1/v. The value of the specific volume v can be obtained without iteration from the backward
function v(p(h,s),s), which is a combination of the two backward equations p(4,s) and
v(p,s)’. Another example is the calculation of the saturation pressure pg as a function of (4,s)
in the part of the two-phase region 4 that is important for steam-turbine calculations. In this
region, p.(h,s) can be calculated without iteration from the backward function p (7 (4,s))
formed by the combination of the backward equation 7(4,s), Eq. (2.61), with the saturation-
pressure equation p(7"), Eq. (2.13).

The first backward equations that were developed after the adoption of IAPWS-IF97 were the
equations p(h,s) for regions 1 and 2 [11]; these equations were adopted by IAPWS in 2001
[22]. Later, the corresponding backward equations for region 3 including all region-boundary
equations were developed [13] and adopted by IAPWS in 2004 [24].

Figure 2.13 shows in an /-s diagram the assignment of the backward equations p( /,s) to the
single-phase regions 1 to 3 and T (/,s) to region 4 for s > s”(623.15 K). In Sec. 2.3.5.1, the
calculation of 4 values along the region boundaries for given values of s is described and the
region-boundary equations themselves are given in Sec. 2.3.5.2.

4000
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Specific enthalpy h [kJ kg™']

1000

I 1 1 1 1
6 8 10 12

Specific entropy s [kJ kg™ K]
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Fig. 2.13 Assignment of the backward equations p(4,s) to the single-phase regions 1 to 3 and T(4,s) to
that part of the two-phase region 4 with s>s57(623.15 K). For this overview, it is not shown how
regions 2 and 3 will be divided into subregions.

7 The alternative use of the backward equation v( p, ) leads to worse numerical consistency.
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2.3.5.1 Regions and Region Boundaries in the Variables (h,s)

When property calculations with ITAPWS-IF97 for regions 1 to 4 are carried out with the
variables ( 4,s) as input variables, the regions are defined by describing how to calculate the 4
values for given s values along the outer region boundaries and the boundaries between the
regions of IAPWS-IF97. Thus, all tests to determine whether a given (/,s) point is within the
range of regions 1 to 4 of IAPWS-IF97 and, if so, in which region, must be performed with
respect to these input variables. To be able to carry out such tests without any iteration, the 4
values along the region boundaries for given values of s must be calculable without iteration.
Therefore, for all boundaries between the various regions, special region-boundary equations of
the form A(s) and T(h,s), were developed [13] and adopted by IAPWS in 2004 [24], see
Fig. 2.14. All of these region-boundary equations are given in Sec. 2.3.5.2. There are no special
region-boundary equations for the outer region boundaries formed by the two isobars p =
100 MPa and p = py(273.15 K) = 0.000611 MPa and by the two isotherms 7'= 273.15 K and
T=1073.15 K, see Fig. 2.14.

Based on Fig. 2.14, the following subsections summarize which equations should be used to
calculate / values along the various region boundaries for given values of s. For the two
isotherms 7= 273.15K and 7= 1073.15 K, for which the enthalpy calculations cannot be
carried out without iterations, a special procedure is presented to perform the necessary tests
without calculating the enthalpies along these boundaries.

Note. When calculating properties with the help of backward equations for a given state point
extremely close to a region boundary, attention should be paid to the existence of (very minor)
inconsistencies between backward equations and basic equations, and between region-boundary
equations and basic equations. Due to these inconsistencies, the calculations could indicate that
the state point is in the adjacent region, but (of course) extremely close to the region boundary.
The user should be aware of these effects in order to avoid possible numerical problems by
taking suitable measures in the program code. For this purpose, corresponding notes on how to
proceed in such cases are given in the respective sections.
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a) Outer Boundaries of Regions 1 to 4

The description of the boundaries starts at the left-hand side of Fig. 2.14 with the isotherm
T=273.15 K and proceeds clockwise.

The Isotherm T = 273.15 K. This isotherm is the lowest temperature limit of region 1 and
also of IAPWS-IF97. Figure 2.15 shows the A-s region around the isotherm 7= 273.15K in
greater detail. In the range between the saturated-liquid line (x = 0) and the isobar p = 100 MPa,
this isotherm covers the ranges of specific enthalpy and specific entropy given by

hi(py(273.15K), 273.15K) < h < h;(100 MPa, 273.15 K),

51(100 MPa, 273.15K) < s < s,,,.(T=273.15K)
with s, (T=273.15K) =4.7516100567x10" % kI kg ' K,

The value of p, is calculated from the py( 7') equation, Eq. (2.13); 5,,,,x Was determined from the
basic equation of region 1, g;(p,T), Eq. (2.3), by iteration.

= 150 Smax = 0.000475
2 —0.0?858 i
2 100 L l . p =100 MPa
= 95.386 !
> T=27315K
2 I
|
g % | @
& 18.983
i ~0.04159
5 x=0 i)
& . Fig. 2.15 Enlarged section of the #h-s
-0.000155 diagram of Fig.2.14 very near the

| I | | > isotherm 7'=273.15 K.
-0.01 0.00 0.01  0.02

Specific entropy s [kJ kg 'K

Along the isotherm 7 =273.15 K, the 4 values for given s values can only be determined by
iteration with the basic equation g|(p,T), Eq. (2.3), because there is no backward equation
p(T,s) that could provide the missing pressure. Thus, if values of 4 are needed along the
isotherm 7'=273.15K, iterations with Eq. (2.3) cannot be avoided. It can be determined,
however, without iteration, whether any given (4,s) point has a temperature 7>273.15 K,
using the following method. For given values of 4 and s, the corresponding temperature is
calculated from the backward function 7' = T( pl(h,s),h)8 and compared with the boundary
temperature 7= 273.15 K. The value p; is determined from the backward equation p;(4,s),
Eq.(2.46), and Ty is calculated from the backward equation T)(p,h), Eq.(2.19). The
extrapolation capability of the two backward equations into the entropy range down to
s =151(100 MPa, 273.15 K) was successfully tested.

8 The alternative use of the backward equation T',(p,s) leads to worse numerical consistency.
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Note. For (h,s) points extremely close to the boundary 7= 273.15K, the following
procedure is recommended. When calculating the temperature 7'= T(p(4,s),h) as described
above, the numerical inconsistency of the combined backward equations p(4,s) and Ty(p,h)
with respect to the basic equation g;(p,T') has to be considered. Due to this minor inconsistency
the result of the calculated temperature should be corrected to 7= T1(p;(h,s),h) + AT, where
AT = 24 mK according to the maximum inconsistency given in Table 2.80. This procedure
ensures that (4, s) points extremely close to 7= 273.15 K are correctly assigned to the range of
validity of TAPWS-IF97.

The Isobar p = 100 MPa. Figure 2.14 shows that the 100 MPa isobar is the upper pressure
limit for regions 1 to 4 of IAPWS-IF97 and covers the entropy range

51(100 MPa, 273.15K) < s < 5,(100 MPa, 1073.15 K),

where s is obtained from the basic equation of region 1, g{(p,T), Eq. (2.3), and s, from the
basic equation of region 2, g,(p,T), Eq. (2.6).
Figure 2.9 shows that, in the range of region 1, the 100 MPa isobar covers the entropy range

51(100 MPa, 273.15K) < s< 5;(100 MPa, 623.15 K),

where sy is calculated as given above. For this entropy range, the 4 value for the given s value is
determined from the basic equation g{(p,7), Eq. (2.3), with p = 100 MPa and 7'= T calculated
from the backward equation T(p,s), Eq. (2.31), with p = 100 MPa. The given enthalpy value
can then be compared with the calculated value for 4.

According to Secs. 2.3.3.4a and 2.3.4.4a and Figs. 2.8, 2.12, and 2.14, region 3 is divided into
subregions 3a and 3b. Along this isobar, subregion 3a covers the entropy range

51(100 MPa, 623.15K) < s < s
with s, = 4.41202148223476 kI kg™ K

according to Eq. (2.35) and where s, is determined from the basic equation g{(p,T), Eq. (2.3).
For this entropy range, the 4 value for the given s value is calculated from the basic equation of
region 3, f3(p,T), Eq. (2.11), with p= 1/v3, and T =T3,, where v3, and T3, are calculated from
the backward equations v3,(p,s) and T5,(p,s), Egs. (2.36) and (2.38), with p = 100 MPa. The
given enthalpy value can then be compared with the calculated value for 4.

The entropy range of subregion 3b along the isobar p = 100 MPa is given by the relation

s. <5 < 5,(100 MPa, 863.15 K)

C
with s, as given in Eq. (2.35) and s, determined from the basic equation of region 2, g,(p,T),
Eq. (2.6), for p = 100 MPa and 7= 863.15 K, the highest temperature on the B23-line that is
described by the equation Tgy3(p ), Eq. (2.2). For this entropy range, the 4 value for the given s
value is obtained from the basic equation f3( p,T), Eq. (2.11), with p = 1/v3, and T = T5},, where
vy, and Ty}, are determined from the backward equations v3,(p,s) and T3i(p,s), Egs. (2.37)
and (2.39), for p= 100 MPa. The given enthalpy value can then be compared with the
calculated value for 4.

As described in Secs. 2.3.3.3a and 2.3.4.3a and illustrated in Figs. 2.7, 2.11, and 2.14,
region 2 is divided into subregions 2a, 2b, and 2c. Along the isobar p = 100 MPa, region 2¢
covers the entropy range

5(100 MPa, 863.15K) < s < sy, =5.85 kI kg ' K™,
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where 7= 863.15 K in accordance with the Tg,3(p) equation, Eq. (2.2), for p = 100 MPa. The
calculation of s, is the same as described above for subregion 3b. For this entropy range, the A
value for the given s value is obtained from the basic equation g,(p,T), Eq. (2.6), with
p =100 MPa and T'= T, determined from the backward equation 75.(p,s), Eq. (2.34), with
p =100 MPa. The given enthalpy value can then be compared with the calculated value for 4.

According to Fig. 2.14, the uppermost part of the isobar p = 100 MPa is given by the entropy
range

Sope S 8 < 5,(100 MPa, 1073.15 K)

with s, = 5.85kJ kgﬁl K and s, calculated from the basic equation g,(p,T), Eq. (2.6). The i
value for the given s value is obtained from the equation g,(p,T) with p = 100 MPa and T = Ty,
determined from the backward equation T,,(p,s), Eq. (2.33), for p= 100 MPa. The given
enthalpy value can then be compared with the calculated value for 4.

Note. For such (h,s) points extremely close to the boundary p = 100 MPa, the following
procedure is recommended. When calculating the enthalpy at the boundary p = 100 MPa as
described above, the numerical inconsistencies of the backward equations T((p,s), v3,(p,s)
and T3,(p,s), vs(p,s) and Tsu(p,s), Tro(p,s), and Th(p,s) with respect to the basic
equations g(p,T), f3(p,T), and go(p,T) have to be considered. Due to these minor
inconsistencies the results for the calculated temperatures and specific volumes should be
corrected according to the maximum inconsistencies given in Tables 2.53, 2.62, 2.66, and 2.58
as follows:

T'=T(p,s)— AT, where AT =21.8 mK,

v=13,(p,s) (1 + Av/v), where Av/v=9.6 X 107>,

T'=T3,(p,s)— AT, where AT = 24.8 mK,

v="v3,(p,s) (1 +Av/v), where Av/v="7.7 X 10_5,

T'=T3,(p,s)— AT, where AT =22.1 mK,

T=T,.(p,s)— AT, where AT =19.0 mK, and

T'= Tyy(p,s)— AT, where AT = 6.5 mK.

This procedure ensures that (/,s) points given extremely close to the boundary p = 100 MPa
are correctly assigned to the range of validity of IAPWS-IF97.

The Isotherm T = 1073.15 K. Figure 2.14 shows that the 1073.15 K isotherm corresponds to
the upper temperature limit of region 2 and thus for all of regions 1 to 4 of IAPWS-IF97 and
covers the entropy range

5,(100 MPa, 1073.15K) < s < s,(py(273.15 K), 1073.15 K),

where the values of specific entropy s, can be calculated simply from the basic equation
2>(p,T), Eq. (2.6). Along this isotherm the / values for given s values can only be calculated by
iteration with the basic equation g,(p,T), Eq. (2.6), because there is no backward equation
p(T,s) that can provide the missing pressure. Thus, if 4 values are needed along this isotherm,
iterations with Eq. (2.6) cannot be avoided. It can be determined, however, without iteration,
whether any given ( 4,s) point has a temperature 7 > 273.15 K, using the following method.

The (4,s) point is first checked to find out whether it meets the condition 4 < A, , where
hmax = 12 (pg(273.15 K), 1073.15 K) is the highest specific enthalpy value for all of regions 1 to
4 of IAPWS-IF97 and occurs at p = py(273.15 K) and 7= 1073.15 K, see Fig. 2.14. If this
enthalpy condition is not met, the (4,s) point is outside regions 1 to 4 of IAPWS-IF97 and no
further test is necessary. If 4 <h,, is fulfilled, the backward equations p,,(%,s), pop(h,s),



2.3 Backward Equations 75

T5,(p,h), and To(p,h) may be used to calculate the temperature for the given (4,s) point.
Then, this temperature can be compared with the boundary temperature 7= 1073.15K as
follows.

In the entropy range

5,(100 MPa, 1073.15K) < s < s5,(4 MPa, 1073.15 K),

for given values of / and s, the corresponding temperature can be calculated from the backward
function 7= Top(pap(h,s),h)° and compared with the boundary temperature 7= 1073.15 K.
The value p,}, is determined from the backward equation p,y(4,s), Eq. (2.50), and T, is
calculated from the backward equation 7, (p, #), Eq. (2.23).

In the entropy range

55(4 MPa, 1073.15K) < s < 5,(py(273.15 K), 1073.15 K),

for given values of /4 and s, the corresponding temperature can be calculated from the backward
function T= T,,(py,(h,s),h)'? and compared with the boundary temperature 7= 1073.15 K.
The value p,, is determined from the backward equation p,,(4,s), Eq. (2.49), and T, is
calculated from the backward equation 7,,(p, h), Eq. (2.22).

The extrapolation capability of the backward equations into the enthalpy range up to 4
was successfully tested.

Note. For (h,s) points extremely close to the boundary 7= 1073.15 K, the following
procedure is recommended. When calculating the temperature 7= T,(po,(h,s),h) or
T'=Ty(pap(h,s),h) as described above, the numerical inconsistencies of the combined
backward equations p,,(h,s) and T»,(p,h) and of py(h,s) and Tp(p,h) with the basic
equation g,(p,T) have to be considered. Due to these minor inconsistencies the results of the
calculated temperatures should be corrected to T= T5,(pya(h,s),h)— AT, where
AT =9.7mK, or T= To(pop(h,5),h)— AT, where AT = 9.8 mK according to the maximum
inconsistencies given in Table 2.87. This procedure ensures that ( /4, s) points extremely close to
T=1073.15 K are correctly assigned to the range of validity of IAPWS-IF97.

The Isobar p =p,(273.15 K) = 0.000 611212677 MPa. Figure 2.14 shows that this isobar is
the lower pressure limit of the IAPWS-IF97 backward equations. Within regions 1 to 4 of
IAPWS-IF97, this isobar covers the entropy range entirely:

51(py(273.15K), 273.15K) < s < 5,(py(273.15 K), 1073.15 K),

max

where s, is determined from the basic equation g(p,T), Eq. (2.3), and s, is obtained from the
basic equation g,(p,T), Eq. (2.6).
As can be seen in Fig. 2.14, the entropy range in which this isobar limits region 2a is defined
by
§"(273.15K) < 5 < 55(p4(273.15 K), 1073.15 K)
with 57(273.15 K) = 5, (p4(273.15 K), 273.15 K),

where the specific entropies s, are calculated from the basic equation g,(p,T), Eq. (2.6), and
p =py(T) according to Eq. (2.13) with 7= 273.15 K. For this entropy range, the / value for the
given s value is determined from the basic equation g,(p,T’) with T= T5, calculated from the

9 The alternative use of the backward equation T, ( p,s) leads to worse numerical consistency.
10 The alternative use of the backward equation 7, ( p,s) leads to worse numerical consistency.
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backward equation T5,(p,s), Eq. (2.32), with p = p(273.15 K). The given enthalpy value can
then be compared with the calculated / value.
The isobar p = p(273.15 K) also forms the lower pressure limit of the two-phase region 4
over the entropy range
§'(273.15K) < s < 57(273.15K)
with 57(273.15 K) =51 (p((273.15 K), 273.15 K)
and s”(273.15 K) =s,(p4(273.15 K), 273.15 K),

where s, is calculated from the basic equation g(p,T), Eq. (2.3), s, from the basic equation
2(p,T), Eq. (2.6), and py is obtained from Eq. (2.13). For this entropy range, the / value for the
given s value is calculated by the relation

h=h+""2(h"-F).

” ’
s =S

In this relation, "= hy(py(273.15K), 273.15K) and s = s51(py(273.15K), 273.15K) are
calculated from the basic equation g;(p,T), Eq. (2.3), and 4" = h,(p4(273.15 K), 273.15 K) and
§” = 57(py(273.15 K), 273.15 K) are determined from the basic equation g,(p,T), Eq. (2.6),
where p = py(T) is obtained from Eq. (2.13). The given enthalpy value can then be compared
with the calculated value for 4.

Note. For (h,s) points in the range s”(273.15K)< s< 5,(py(273.15 K), 1073.15 K)
extremely close to the boundary p= 0.000611212677 MPa, the following procedure is
recommended. When calculating the enthalpy at the boundary p = 0.000611212 677 MPa as
described above, the numerical inconsistency between the backward equation 7,,(p,s) and the
basic equation g,(p,T') has to be considered. Due to this minor inconsistency the result of the
calculated temperature should be corrected to 7= T,,(p,s) + AT, where AT = 8.8 mK
according to the maximum inconsistency given in Table 2.58. This procedure ensures that ( 4,s)
points extremely close to p= 0.000611212677 MPa are correctly assigned to the range of
validity of IAPWS-IF97 backward equations.

b) The Boundary between the Single-Phase Regions 1 to 3 and the Two-Phase Region 4

According to Fig. 2.14, this boundary, corresponding to the saturated-liquid and saturated-
vapour lines, is described by the equations 4(s), h3,(s), h%53p(s), and A%, (s) given in
Secs. 2.3.5.2a and 2.3.5.2b.

The part of the saturated-liquid line (x = 0) that adjoins region 1 covers the entropy range

§(273.15K) < s < §(623.15K)
with §'(273.15 K) = 51 (p4(273.15 K), 273.15 K)
and 5'(623.15 K) = s, (py(623.15 K), 623.15 K),

where the two values s, are calculated from the basic equation g(p,T), Eq. (2.3), and p = p(T)
is determined from Eq. (2.13). Along this part of the boundary, the / value for the given s value
is calculated from the equation h}(s), Eq. (2.40). The given enthalpy value can then be
compared with the calculated value for 4.

The part of the saturated-liquid line (x = 0) that adjoins subregion 3a is given by the entropy
range

§(623.15K) < 5 < s,
with 5(623.15 K) = 51 (p4(623.15 K), 623.15 K)
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and the value of s is given in Eq. (2.35); p, is determined from Eq. (2.13). Along this part of
the boundary, the & value for the given s value is calculated from the equation h3,(s),
Eq. (2.41). The given enthalpy value can then be compared with the calculated value for 4.

The part of the saturated-vapour line (x = 1) extending from the critical point to the subregion
boundary s,},. covers the entropy range

S¢ S8 < Sope

with s, according to Eq. (2.35) and s, = 5.85 kJ kg_l KL Along this part of the boundary, the
h value for the given s value is calculated from the equation A%_3,(s), Eq. (2.43). The given
enthalpy value can the be compared with then calculated value for 4.

The rest of the saturated-vapour line (x = 1) is within the entropy range

Sope < 8 < 57(273.15K),
with s”(273.15 K) = 5, (p(273.15 K), 273.15 K),

where s, = 5.85kJ kg_l K! and s, is obtained from the basic equation g,(p,T), Eq. (2.6),
with p = p(T) according to Eq. (2.13). Along this part of the boundary, the /# value for the
given s value is determined from the equation /#%,,(s), Eq. (2.42). The given enthalpy value can
then be compared with the calculated value for 4.

Note. The entire boundary between the single-phase regions 1 to 3 and the two-phase region 4
is considered to belong to both single-phase regions and the two-phase region.

c) Boundaries between the Single-Phase Regions

As shown in Fig. 2.14, the boundaries between the single-phase regions are the boundaries
between regions 1 and 3, and between regions 2 and 3. According to the statement made at the
beginning of Sec. 2.2, see also Figs.2.2 and 2.5, the boundary between regions 1 and 3
(T=623.15 K) is considered to belong to region 1 and the boundary between regions 2 and 3
(Tgp3-line) is considered to belong to region 2. Thus, the properties along the boundary between
regions 1 and 3 are calculated from the equations for region 1 and the properties along the
boundary between regions 2 and 3 are determined from the equations for region 2.
Boundary between Regions 1 and 3. This boundary covers the entropy range

51(100 MPa, 623.15K) < s < 5(623.15K)
with 5'(623.15 K) = s, (p4(623.15 K), 623.15 K),

where s is determined from the basic equation g(p,T), Eq. (2.3), and py( T') from Eq. (2.13).
Along this boundary, the 4 value for the given s value is calculated from the equation ig3(s),
Eq. (2.44). The given enthalpy value can then be compared with the calculated value for 4.

Boundary between Regions 2 and 3. This boundary is defined by a combination of the
region-boundary equation Tgy3(/4,s) and the backward equation p,.(4,s) that are given as
Egs. (2.45) and (2.51). The reason why two equations are used for the description of the
boundary between regions 2 and 3 is explained below.

In the variables (p,T), (p,h), and (p,s), the region boundary B23 is defined simply by the
B23-equation in the forms of pgy3(7T) and Tgy3(p ), Egs. (2.1) and (2.2), which is also shown in
Figs. 2.2, 2.5, and 2.9. However, the definition of this boundary in the variables ( 4,s) is more
complex. Since the equation pg,3(7') has an S-shape in the 4-s plane as illustrated in Fig. 2.16,
it is not possible to develop equations of the form /pgy5(s) or sgo3(/4) for this boundary; such
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functions would not be single-valued. Therefore, the special region-boundary equation
Tgy3(h,s), Eq. (2.45), for a small region around the B23-boundary was developed [13].

3000

2900

2812.9 |-

2700

Specific enthalpy h [kJ kg']

5.00 5.05 5.10 515 5.20 5.25 5.30
Specific entropy s [kJ kg™' K™
Fig. 2.16 Plot of the equation py,,(T), Eq. (2.1), and the range of validity (grey area) of the equation

Tgys(h,s), Eq. (2.45), in an h-s diagram. To be exact, region 2 means subregion 2¢ and region 3 means
subregion 3b. The corner points a and b are needed to show their place in Fig. 2.17.

The range of validity of the equation Tgy3(/,s), which corresponds to the grey area in
Fig. 2.16, extends from the saturated-vapour line (x = 1) up to 100 MPa over the entropy range

min max
SB23 < 8 < SB23,

where sBi% = 5.048 096 828 kI kg ! K~
and sB%% =5.260578707 kJ kg ! K7,
and in the enthalpy range
hESS < h < hESS,
where A3 = 47(623.15 K) = hy (py(623.15 K), 623.15 K) = 2.563 592004 x 10° kJ kg ™!
and ASSX = h, (100 MPa, 863.15 K) =2.812942 061 x 10> kJ kg .

The entropy values of s353 and s39% were calculated from the basic equation g(p,T),
Eq. (2.6), in combination with the equation pgy3(7T), Eq. (2.1), via iteration. The two 4, values
were obtained directly from the equation g,(p,T) with p = p that was determined from the
equation py( T'), Eq. (2.13), for T=623.15 K.

With this background, the test for whether a given (4,s) point is located in region 2 or
region 3 is carried out as follows:
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If the two conditions
sEl < 5 < s and APAY < h < AEH
are met, then the (/4,s) point is in the grey area of Fig. 2.16. In this case, the region-boundary
equation Tgy3(4,s) along with the backward equation p,.(4,s), Eq. (2.51), determine in which

region the given (4, s) point is located.
If the (&, s) point fulfils the condition

P2c(:5) < ppo3(Tgo3(h,5)),
then the (4, s) point is in region 2, otherwise it is in region 3.

In these tests, the values of sHa3, sHaX AU and AR are given above, pyu(h,s) is
obtained from Eq. (2.51), Tgp3(h,s) from Eq.(2.45), and ppy3(7T) from Eq. (2.1) with
T =Tg3. Checks were made to ensure that the backward equation p, (4, s) can be reasonably
extrapolated into region 3 for s> sg53 and 4 > hgh3 . For further information, Fig. 2.17 shows
the range of validity of the region-boundary equation Tgy3(4,s), Eq. (2.45), in a p-T diagram.
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Fig. 2.17 Illustration of the B23-equation py,5(T), Eq. (2.1), and the range of validity of the boundary
equation Tg,4(h,s), Eq. (2.45), in a p-T diagram. To be exact, region 2 means subregion 2¢ and region 3
means subregion 3b.
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Note. For (h,s) points extremely close to the boundary between regions 2 and 3, the
following procedure is recommended. When calculating pressures with the equations
PB23(Tpo3(h,s)) and py(h,s), the numerical inconsistency of 0.0045% in pressure of the used
equations Tgy3(4,s), Eq.(2.45), and p,.(h,s), Eq. (2.51), with the B23-equation pgy3(T),
Eq. (2.1), have to be considered. Due to this minor inconsistency the result of the calculated
pressure pp,3 should be corrected to pgy3 = ppy3(Tpys(h,s)) (1+ Aplp), where Ap/p =
4.5x 107> This procedure ensures that (p,4) points extremely close to the region boundary
ppa3(T) are correctly assigned to region 2 and not falsely to region 3.

2.3.5.2 Equations for Region Boundaries in the Variables (h,s)

In this section, all of the equations that describe the region boundaries in the variables (4, s) are
summarized. The equations for the saturated-liquid line, for the saturated-vapour line, and for
the two boundaries between the single-phase regions are given in separate subsections.

When the backward equations and functions depending on (4,s) are used in combination
with such boundary equations, their inconsistencies with the respective basic equation are less
than the permissible values, as given in Sec. 2.3.2. Therefore, the use of these special region-
boundary equations determines the region in which a given (4,s) point is located without
computing-time consuming iterations with the basic equations of regions 1 to 4.

a) Boundary Equations h’(s) for the Saturated-Liquid Line

In order to meet the requirements for numerical consistency given in Sec. 2.3.2, the saturated-
liquid line (x = 0) is covered by two equations of the form /().

The equation /() describes the saturated-liquid line over the entire range adjoining the
single-phase region 1. As shown in Fig. 2.14, the equation /(s) covers the temperature range
from 273.15 K to 623.15 K with the entropy range given by:

SQ273.15K) < s < (623.15K)
with §(273.15 K) = 51 (py(273.15 K), 273.15 K) = —1.545 495 919x10™* kJ kg ! K
and 5'(623.15 K) = s, (p,(623.15 K), 623.15K) = 3.778 281340 kI kg ' K !,

where the two values for s; were calculated from the basic equation g(p,T), Eq. (2.3), with p =
ps(T) from Eq. (2.13).
The boundary equation 47(s) has the following dimensionless form:
27
’ Jl
M =7(0)= Y m(c-109)"(c+0366x107*)", (2.40)
h i=1
where 7= h/h* and o= s/s* with h* = 1700 kJ kg_1 and s* = 3.8 kJ kg_1 K™!. The coefficients
n; and exponents /;and J; of Eq. (2.40) are listed in Table 2.67.
The equation h3,(s) describes the saturated-liquid line in the range adjoining the single-phase
region 3a. Figure 2.14 shows that this equation covers the entropy range

§(623.15K) < 5 < 5,
with s"(623.15 K) = 3.778 281340 kI kg~' K™
and s, =4.41202148223476 kJ kg ' K™

according to Eq. (2.35), the procedure of calculating the value for s7(623.15 K) is given above.
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The boundary equation /5,(s) has the following dimensionless form:
, 19
}’32‘—55) =17/(0) = Zni(a— 1.09)"%(0+0.366 10‘4)J’ : (2.41)
i=1
where 7= h/h* and o= s/s* with 2* = 1700 kJ kg and s* = 3.8 kI kg™! K™!. The coefficients
n; and exponents /;and J; of Eq. (2.41) are listed in Table 2.68.

The equation A(s), Eq.(2.40), meets exactly the enthalpy value A’(273.15K)=
hi(py(273.15K), 273.15K)= —4.158 782623 x 10> kI kg™ that was determined from the
basic equation gy(p,T), Eq.(2.3), where py(273.15K) is obtained from Eq.(2.13). The
equation h%,(s), Eq.(2.41) yields exactly the enthalpy value at the critical point A, =
2.087 546 845x10° kJ kg_1 calculated from the basic equation f3(p,T), Eq. (2.11), for p= p,
and T'= T, according to Eqgs. (1.6) and (1.4).

Table 2.67 Coefficients and exponents of the boundary equation 47(s) in its dimensionless form,
Eq. (2.40)

i I, J; n; i I, J; n;
1 0 14 0.332 171 191 705 237 15 8 4 0.194 486 637 751 291 x 10?
2 0 36 0.611 217 706 323 496 x 107 16 12 2 —0.357915139457 043 x 10’
3 1 3 —0.882092 478 906 822 x 10! 17 12 4 —0.335369414 148 819 x 10!
4 1 16 —0.455628 192 543 250 18 14 1 —0.664426 796 332 460
5 2 0 —0.263483840850452 % 107* 19 14 22 0.323 321 885 383 934 x 10°
6 2 5 —0.223949 661 148 062 x 10? 20 16 10 0.331 766 744 667 084 = 10*
7 3 4 —0.428398660 164013 x 10! 21 20 12 —0.223 501257 931 087 x 10°
8 3 36 —0.616679338856916 22 20 28 0.573 953 875 852 936 x 107
9 4 4 —0.146 823 031 104 040 x 10? 23 22 8 0.173 226 193 407 919 x 103
10 4 16 0.284 523 138 727 299 x 103 24 24 3 —0.363968 822 121 321 x 107!
11 4 24 —0.113398 503 195 444 x 10° 25 28 0 0.834 596 332 878 346 x 107°
12 5 18 0.115 671 380 760 859 x 10* 26 32 6 0.503 611 916 682 674 x 10"
13 5 24 0.395 551 267 359 325 x 103 27 32 8 0.655 444 787 064 505 x 10?
14 7 1 —0.154891257229285 x 10'

Table 2.68 Coefficients and exponents of the boundary equation /%, (s) in its dimensionless form,
Eq. (2.41)

i 1 i L,
1 0 1 0.822 673 364 673 336 11 6 4 0.191 413 958 471 069

2 0 4 0.181 977 213 534 479 12 7 2 0.581 062 241 093 136 x 107!
3 0 10 —0.112 000 260 313 624 x 107! 13 7 28 —0.165505 498 701 029 x 10*

4 0 16 —0.746 778 287 048 033 x 103 14 7 32 0.158 870 443 421 201 = 10*

5 2 1 —0.179 046 263 257 381 15 10 14 —0.850623 535172818 x 10?

6 3 36 0.424 220 110 836 657 x 107! 16 10 32 —0.317714386511207 x 10°

7 4 3 —0.341 355 823 438 768 17 10 36 —0.945 890 406 632 871 x 10°

8 4 16 —0.209 881 740 853 565 x 10! 18 32 0 —0.139273 847088 690 x 107
9 5 20 —0.822477 343323 596 x 10! 19 32 6 0.631 052 532 240 980

0 5

36 —0.499 684 082 076 008 x 10"

—_
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Computer-Program Verification. To assist the user in computer-program verification of
Egs. (2.40) and (2.41), Table 2.69 contains test values for calculated enthalpies.

Table 2.69 Values of the specific enthalpy calculated from
Egs. (2.40) and (2.41) for selected specific entropies ?

Equation s[kJkg' K™ h kI kg
1.0 3.085 509 647 x 10>
H(s), Eq. (2.40) 2.0 7.006 304 472 x 10?
3.0 1.198 359 754 x 10°
3.8 1.685 025 565 x 103
W, (s), Eq. (2.41) 4.0 1.816 891 476 x 10°
42 1.949 352 563 x 10°

@ Programmed functions should be verified using 8 byte real
values for all variables.

Note. For (h,s) points extremely close to the saturated-liquid line, the following procedure is
recommended. When calculating specific enthalpies with equations #}(s), Eq. (2.40), and
3a(s), Eq.(2.41), their numerical inconsistencies of 0.0034 kJ kg_1 and 0.0045 kJ kg_1 in
specific enthalpy with respect to the basic equations g(p,T), Eq. (2.3), and f3(p,T), Eq. (2.11),
have to be considered. Due to these minor inconsistencies, the results of the calculated
enthalpies should be corrected to 4} = hi(s) —Ah, where Ah = 0.0034 kJ kg™! and hs, =
3a(8) —Ah, where Ah = 0.0045 kJ kg_l. This procedure ensures that (/,s) points extremely
close to the saturated-liquid line will be correctly assigned to the single-phase region and not
falsely to the two-phase region.

b) Boundary Equations h”(s ) for the Saturated-Vapour Line

The equation /%, (s) describes the saturated-vapour line in the range adjoining the single-phase
subregions 2a and 2b. Figure 2.14 shows that this equation covers the entropy range

Sohe =585kl kg T K1 < s< 57(273.15K),
with s”(273.15 K) = 5,(py(273.15 K), 273.15 K) = 9.155 759395 kJ kg ' K",

where s, was calculated from the basic equation g,(p,T), Eq. (2.6), with p= p(T) from
Eq. (2.13).
The boundary equation /%, (s) has the following dimensionless form:
30

” I
hzs;l#q*(s)z () =exp| Ym0 ~0513)" (0, ~0.524)" |, (2.42)
i=1

where 7= h/h*, o) = s/s%, and 0, = s/s% with h* = 2800 kI kg™!, 5% = 5.21 kI kg ' K, and
s5=9.2kJ kg_1 K!. The coefficients n; and exponents /; and J; of Eq. (2.42) are listed in
Table 2.70.

The equation /% 5p,(s) describes the saturated-vapour line in the range adjoining the single-
phase subregions 2c and 3b. Figure 2.14 shows that this equation covers the entropy range

Se S8 SSype = 5.85Kk] kg_1 K_l,

C

where s, =4.41202148223476 kJ kg ' K™!
according to Eq. (2.35).
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The boundary equation 4% 3 (s) has the following dimensionless form:

16

4

Besnl) _ ) =| S m(o-102) (o -0.726)" | (2.43)

*
h i=1

where 7= h/h* and o= s/s™ with h* = 2800 kJ kg_1 and s* = 5.9 kJ kg_1 KL The coefficients
n; and exponents /;and J; of Eq. (2.43) are listed in Table 2.71.

The equation A%, (s), Eq.(2.42), exactly meets the enthalpy value A”(273.15K)=
hy(ps(273.15 K), 273.15 K) = 2.500892 618x10° kJ kg_1 that was calculated from the basic
equation g,(p,T), Eq.(2.6), where p= p(T) is obtained from Eq.(2.13). The equation
h5.36(s), Eq.(2.43), yields exactly the enthalpy value at the critical point /=
2.087 546 845x10° kJ kg_1 that was calculated from the basic equation f3(p,T), Eq. (2.11), for
p=p.=322kg m™ and T = T, = 647.096 K according to Egs. (1.6) and (1.4).

Table 2.70 Coefficients and exponents of the boundary equation /4%, (s) in its dimensionless form,

Eq. (2.42)
! I J; n; i I J; n;

1 1 8 —0.524581170928 788 x 10° 16 28 8  0.660788 766938 091 x 10
2 1 24 —0.926947218 142218 x 10’ 17 28 12 0.166 320 055 886 021 x 102
3 2 4 —0.237385107 491 666 x 10° 18 28 20 —0.218 003 784 381 501 x 10*°
4 2 32 0.210 770 155 812 776 x 10" 19 28 22 —0.787276 140295 618 x 10*°
5 4 1 —0.239494562 010986 x 10° 20 28 24 0.151 062329 700 346 x 102
6 4 2 0.221 802 480 294 197 x 10? 21 32 2 0.795732 170300 541 x 10’
7 7 7 —0.510472533393438 x 10’ 2 32 7 0.131 957 647 355 347 x 10'°
8 8 5 0.124 981 396 109 147 x 107 23 32 12 —0.325097 068 299 140 x 10**
9 8 12 0.200 008 436 996 201 x 10'° 24 32 14 —0.418600 611 419 248 x 10%°
10 10 1 —0.815158509 791035 % 103 25 32 24 0.297 478 906 557 467 x 10%
11 12 0 —0.157612 685637 523 x 10° 26 36 10 —0.953 588761 745 473 x 10%°
12 12 7 —0.114200422 332791 x 10! 27 36 12 0.166 957 699 620 939 x 10%°
13 18 10 0.662 364 680 776 872 x 10'° 28 36 20 —0.175407 764 869 978 x 103
14 20 12 —0.227 622818296 144 x 10" 29 36 22 0.347 581 490 626 396 x 10%
15 24 32 —0.171 048 081 348 406 x 10* 30 36 28 —0.710971 318 427 851 x 10*°

4

Table 2.71 Coefficients and exponents of the boundary equation A’ ;. (s) in its dimensionless form,

Eq. (2.43)

i L n; N A/ n;

1 0 0 0.104 351 280 732 769 x 10" 9 8 2 0.743 957 464 645 363 x 10*

2 0 3 —0227807912708513 x 10 10 8 20 —0.356896 445355761 x 10%°
30 4 0.180 535 256 723 202 % 10" 11 12 32 0.167 590 585 186 801 x 1032
4 1 0 0.420 440 834 792 042 12 16 36 —0.355028 625419 105 x 10*®
5 1 12 —0.105721 244 834 660 x 10° 13 22 2 0.396 611 982 166 538 x 10'?
6 5 36 0.436 911 607 493 884 x 10%° 14 22 32 —0.414716268 484 468 x 10
7 6 12 —0.328 032702 839 753 x 102 15 24 7 0.359 080 103 867 382 x 10"°
8 7 16 —0.678 686760804270 x 10'° 16 36 20 —0.116994 334 851995 x 10
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Computer-Program Verification. To assist the user in computer-program verification of
Egs. (2.42) and (2.43), Table 2.72 contains test values for calculated enthalpies.

Table 2.72 Values of the specific enthalpy calculated from
Egs. (2.42) and (2.43) for selected speciﬁc entropies 2

Equation s[kJ kg K™ h kI kg
7.0 2.723 729 985 x 103
(), Eq. (2.42) 8.0 2.599 047 210 x 103
9.0 2511861 477 x 10°
5.5 2.687 693 850 x 10°
s (s), Eq. (2.43) 5.0 2.451 623 609 x 103
4.5 2.144 360 448 x 10°

 Programmed functions should be verified using 8 byte real
values for all variables.

Note. For (h,s) points extremely close to the saturated-vapour line, the following procedure
is recommended. When calculating specific enthalpies with equations 4%,(s), Eq. (2.42), and
h5.36(s), Eq. (2.43), their minor numerical inconsistencies A/ with respect to the basic
equations g,(p,T), Eq. (2.6), and f3(p,T'), Eq. (2.11), have to be considered. Thus, the results of
Eq. (2.42) should be corrected to h%,, = h%,,(s) —Ah, where Ah = 0.0012 kJ kg_1 and the
results of Eq. (2.43) should be corrected to 1% 2c3b =h53p(s) — Ah, Where Ah =0.0058 kJ kg
for 57(623.15 K) <5 <59, = 5.85kJ kg ! K~ and Ah=0.0073 kJ kg~ ! for 5. <5< 57(623.15 K).
This procedure ensures that (4, s) points extremely close to the saturated -vapour line will be
correctly assigned to the single-phase region and not falsely to the two-phase region.

¢) Equation hg,;(s) for the Boundary between Regions 1 and 3

The equation hgy3(s) describes the enthalpy as a function of entropy for the isotherm
T=623.15 K from the saturated-liquid line up to 100 MPa. Figure 2.14 shows that this equation
covers the entropy range

51(100 MPa, 623.15K) < s < 5(623.15K)
with s;(100 MPa, 623.15 K) =3.397 782 955 kJ kg1 K
and 5'(623.15 K) = s (py(623.15 K), 623.15 K) = 3.778 281340 kI kg ' K !,

where the two values for s; were calculated from the basic equation g;(p,T), Eq. (2.3)!!, and p
from Eq. (2.13).
The boundary equation &gy3(s) has the following dimensionless form:
6

=1(0)=Y 1 (5-0.884)" (c-0.864)"" | (2.44)
i=1

hg13(s)
h>:<

where 7= h/h* and o= s/s* with h* = 1700 k] kg ' and s* = 3.8 kJ kg ™' K!. The coefficients
n; and exponents /; and J; of Eq. (2.44) are listed in Table 2.73. Equation (2.44) describes the
isotherm 7'= 623.15 K with maximum deviations in temperature of 3.2 mK.

' See the statement at the beginning of Sec. 2.3.5.1c.
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Table 2.73 Coefficients and exponents of the
boundary equation /,5(s) in its dimensionless form,
Eq. (2.44)

i I J. n.

1 1 1

0 0.913 965 547 600 543
-2 —0.430 944 856 041 991 x 107*
2 0.603 235 694 765 419 x 10?
-12 0.117 518 273 082 168 x 1077

—4 0.220 000 904 781 292
-3 —0.690 815 545 851 641 x 107

AN AW —
AN WE—=—~=O

Computer-Program Verification. To assist the user in computer-program verification of
Eq. (2.44), Table 2.74 contains test values for calculated enthalpies.

Table 2.74 Values of the specific enthalpy calculated from
Eq. (2.44) for selected specific entropies ?

Equation s[kIkg' K™ h kI kg
3.7 1.632 525 047 x 10°
hg15(s), Eq. (2.44) 3.6 1.593 027 214 x 103
35 1.566 104 611 x 10°

2 Programmed functions should be verified using 8 byte real
values for all variables.

Note. For (h,s) points extremely close to the boundary between regions 1 and 3, the
following procedure is recommended. When calculating specific enthalpies with the equation
hg13(s), Eq. (2.44), its numerical inconsistency of 0.018 kJ kg_1 in specific enthalpy with
respect to the basic equation g;(p,T), Eq. (2.3), has to be considered. Due to this minor
inconsistency the result of Eq.(2.44) should be corrected to hgy3= hg3(s)+ Ah, where
Ah =0.018 kJ kg_l. This procedure ensures that (/,s) points extremely close to the region
boundary are correctly assigned to region 1 and not falsely to region 3.

d) Equation Tg,3( h,s) for the Boundary between Regions 2 and 3
The equation Tgy3( 4, s) has the following dimensionless form:

T3 (h.5) S I; Jj
T:B(n,a):Zni (7-0.727)7 (0 -0.864)"" (2.45)

i=1

where 8= T/T*, n= h/h*, and o = s/s* with T*= 900K, h*= 3000kJ kg, and s*=
53Kk] kg_1 K. The coefficients n; and exponents /; and J; of Eq.(2.45) are listed in
Table 2.75. The range of validity of Eq. (2.45) and the procedure for its application are
described in Sec. 2.3.5.1c, subpoint “Boundary Between Regions 2 and 3.”
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Table 2.75 Coefficients and exponents of the boundary equation Ty,,(4,s) in its dimensionless form,
Eq. (2.45)

i I, J; n; i I, J; n;

1 -12 10 0.629 096 260 829 810 x 1073 14 3 =2 0.149276 502 463 272

2 -10 8 —0.823453502583165 % 1073 15 3 -1 0.698 733 471 798 484

3 -8 3 0.515 446 951 519 474 x 1077 16 5 =5 —0.252207040114321 % 107"

4 -4 4  —0.117 565945 784 945 x 10! 17 6 -6  0.147151930985213 x 107!

5 -3 3 0.348 519 684 726 192 x 10! 18 6 -3 —0.108618917 681 849 x 10!

6 -2 -6 —0.507837382408313x 107" 19 8 -8 —0.936875039816322x% 107

7 -2 2 —0.284 637 670 005 479 x 10! 20 8 -2 0.819877897 570217 x 10>

8§ -2 3 —0.236092263939 673 x 10! 21 8 -1 —0.182041861521835x% 10°

9 2 4 0.601 492 324 973 779 x 10! 22 12 -12 0.261 907 376 402 688 x 107
100 0 0 0.148 039 650 824 546 x 10! 23 12 -1 —0.291 626417 025961 x 10°
11 1 -3 0.360 075 182 221 907 x 1073 24 14 -12  0.140 660 774 926 165 x 107
12 1 =2 =0.126700 045 009 952 x 107! 25 14 1 0.783 237 062 349 385 x 107
13 1 10 —0.122 184332521413 x 10’

Computer-Program Verification. To assist the user in computer-program verification of
Eq. (2.45), Table 2.76 contains test values for calculated temperatures.

Table 2.76 Temperature values calculated from Eq.(2.45) for selected
specific enthalpies and specific entropies @

Equation hikikg'] s[kikg' K] T[K]
2600 5.1 7.135 259 364 x 10?
Taoy(hs), Eq. (2.45) 2700 5.15 7.685 345 532 x 107
2800 5.2 8.176 202 120 x 10

@ Programmed functions should be verified using 8 byte real values for all
variables.

Use of the Equation Tgy3(h,s), Eq. (2.45). Equation Tg,3(4,s) should only be used to
determine the region for a given (4,s) point within the range of validity of Eq. (2.45) given
above and by the grey area in Fig. 2.16. The procedure for such a determination by combining
the equation Tgy3(4,s) with the backward equation of region 2c, p,.(h,s), Eq. (2.51), is
described in Sec. 2.3.5.1c.

Numerical consistency. The differences between the backward equation p,.(4,s), Eq. (2.51),
and the equation Tgy3(4,s), Eq. (2.45), combined with the equation pg,3(7T), Eq. (2.1) are
small enough that the region of a given (/,s) point can be determined with sufficient accuracy.
The maximum percentage inconsistency between the pressures calculated from equations
PB23(TRo3(h,s)) and p,o.(h,s) at the B23-boundary amounts to 0.0045%. For a given (4,s)
point extremely close to this boundary, the note at the end of Sec. 2.3.5.1c describes how to
proceed.
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2.3.5.3 Backward Equation p ( h,s ) and Backward Function T( h,s) for Region 1

When properties as a function of (4,s) are required from the basic equation of region 1,
g1(p,T), Eq. (2.3), without iteration, both variables p and 7 must be calculable as a function of
(h,s). As mentioned at the beginning of Sec. 2.3.5, the relation p(4,s) is provided as a direct
backward equation and the relation T(4,s) is given as a backward function. This backward
function T(4,s) is a combination of the two backward equations p(/,s) and T(p,)!? in the
form T(p(h,s),h). A statement about the computing time with the backward equation and
backward function can be found at the end of this section.

a) Backward Equation p ( h,s ) for Region 1

Figure 2.18 shows the assignment of the backward equation p;(4,s) to region 1 in an h-s
diagram. The boundaries of region 1 in 4-s coordinates are described in Secs.2.3.5.1a to
2.3.5.1c.

2000 |
1500

1000

500
Fig. 2.18 Assignment of the back-
ward equation p;(4,s) to region 1 in
an h-s diagram. The % and s values at
i the corner points of region 1 are given
: in Fig. 2.14.

! L 1 1 L
—0.000155 1 2 3 4

Specific entropy s [kJ kg™ K]

Specific enthalpy h [kJ kg™']

-0.04159

-
>

The backward equation p( 4, s ) for region 1 in its dimensionless form reads:

19
h _ _
n(hs) *’S) =7(n.6)= Y n;(n+0.05)" (5+0.05)"" , (2.46)
P i=1

where 7 =plp*, n=h/h*, and o=s/s* with p*=100MPa, h*=3400kJkg ', and
s*=7.6KkJ kg_1 K!. The coefficients n; and exponents /; and J; of Eq. (2.46) are listed in
Table 2.77.

12 The alternative use of the backward equation 7'( p,s) leads to worse numerical consistency.
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Table 2.77 Coefficients and exponents of the backward equation p,(%,s) in its dimensionless form,
Eq. (2.46)

i I, J; n; i I, J; n,

1 0 0 —0.691997014 660 582 11 1 4 —=0.319947 848 334 300 x 10°
2 0 1 —0.183612548787 560 x 10? 12 1 6 —0.928354307043 320 x 10°
30 2 -0.928332409297335x10 13 2 0  0.303 634537455249 x 10?
4 0 4 0.659 639 569 909 906 x 10° 14 2 1 —0.650540 422 444 146 x 10>
5 0 5 —0.162060 388912024 x 10> 15 2 10 -0.430991 316516 130 x 10*
6 0 6 0.450 620 017 338 667 x 103 16 3 4 —0.747 512324096 068 x 10°
7 0 8 0.854 680 678 224 170 x 10° 17 4 1 0.730 000 345 529 245 x 103
8 0 14 0.607 523 214 001 162 x 10* 18 4 4 0.114284 032569 021 x 10*
9 1 0 0.326 487 682 621 856 x 10° 19 5 0 -0.436407 041874559 x 103

10 1 1 —0.269408 844 582931 x 10>

Range of Validity. The range of validity of the backward equation p(4,s), Eq. (2.46), can be
derived from the graphical representation of region 1 in Fig. 2.14. The determination of / values
for given s values along the region boundaries is described in Secs. 2.3.5.1ato 2.3.5.1c.

Computer-Program Verification. To assist the user in computer-program verification of
Eq. (2.46), Table 2.78 contains the corresponding test values.

Numerical Consistency. The numerical inconsistencies between the backward equation
pi(h,s), Eq.(2.46), and the basic equation g{(p,7), Eq.(2.3), in comparison with the
permissible inconsistencies, given in Sec. 2.3.2, are listed in Table 2.79. These inconsistencies
are less than the permissible values. This is also true when the backward equation is used in
combination with the corresponding boundary equations given in Sec. 2.3.5.2.

Table 2.78 Pressure values calculated from the backward
equation p, (4,s), Eq.(2.46), for selected specific enthalpies
and specific entropies 2

hk kg '] s[K kg ' K p [MPa]
0.001 0 9.800 980 612 x 10
90 0 9.192 954 727 x 10"
1500 3.4 5.868 294 423 x 10!

4 Programmed functions should be verified using 8 byte real
values for all variables.

Table 2.79 Maximum and root-mean-square inconsistencies in pressure
between the backward equation p,(h,s), Eq.(2.46), and the basic
equation g,(p,T), Eq.(2.3), in comparison with the permissible

inconsistencies
Inconsistencies in pressure
|Ap |pcrm |AD ] max (AP) rus
p <2.5MPa 0.60% 0.55% 0.11%
p>2.5MPa 15 kPa 14 kPa 6 kPa

Computing Time. A statement about the computing time is given in Sec. 2.3.5.3c.
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b) Backward Function T ( h,s ) for Region 1

The backward equation py(h,s), Eq.(2.46), in combination with the backward equation
Ty(p,h)"3, Eq. (2.19), forms the backward function

Tl(h’s):Tl(pl(has)ah)a (247)

where py is calculated from Eq. (2.46) and T(p;, k) is determined from Eq. (2.19).

Range of Validity: The backward function 7 (4,s), Eq. (2.47), has the same range of validity
as the backward equation p(4,s), Eq. (2.46).

Numerical Consistency. The numerical inconsistency between the backward function
Ti(h,s), Eq.(2.47), and the basic equation g;(p,7), Eq.(2.3), in comparison with the
permissible inconsistency, given in Sec. 2.3.2, is listed in Table 2.80. This inconsistency is less
than the permissible values. This is also true when the backward function in combination with
the corresponding boundary equations given in Sec. 2.3.5.2 is used.

Note: When calculating properties extremely close to the saturated-liquid line, the backward
function, Eq.(2.47), might vyield temperatures 7j(h,s)> Ty(pi(h,s)) due to minor
inconsistencies; p(A,s) is calculated from Eq. (2.46) and Ty(p;) from Eq. (2.14). In this case,
the result of Eq. (2.47) should be corrected to 77 = Ty(py).

An analogous procedure is recommended for (/,s) points extremely close to the boundary
T=623.15 K between regions 1 and 3. Due to minor inconsistencies, the backward function,
Eq. (2.47), might yield temperatures T')(4,s)> 623.15 K. In this case, the result of Eq. (2.47)
should be corrected to 7 = 623.15 K.

Table 2.80 Maximum and root-mean-square
inconsistency in temperature between the
backward function 7,(4,s), Eq.(2.47), and the
basic equation g;(p,T), Eq. (2.3), in comparison
with the permissible inconsistency

Inconsistencies in temperature [mK]
|AT|pcrm |AT|max (AT)RMS
25 24.0 13.4

c) Computing Time when Using the Backward Equation p4(h,s) together with the
Backward Function T,(h,s) in Comparison with the Basic Equation

The calculation of pressure and temperature as a function of (4,s) by using the backward
equation py(h,s), Eq. (2.46), together with the backward function T'(4,s), Eq. (2.47), is about
35 times faster than when using only the basic equation g;(p,T), Eq. (2.3), [19]. In this
comparison, the basic equation was applied in combination with a two-dimensional Newton
iteration with convergence tolerances corresponding to the consistency requirements that were
set for the backward equation.

13 The alternative use of the backward equation T',(p,s) leads to worse numerical consistency.
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2.3.5.4 Backward Equations p( h,s ) and Backward Functions T ( h,s) for
Region 2

When properties as a function of (4,s) need to be calculated from the basic equation of
region 2, g,(p,T), Eq. (2.6), without iteration, both variables p and 7" must be calculable as a
function of (4,s). As mentioned at the beginning of Sec.2.3.5, the relations p(h,s) are
provided as direct backward equations and the relations 7(A,s) are given as backward
functions. These backward functions 7'(4,s) are a combination of the two backward equations
p(h,s)and T(p,h)'* in the form T(p(h,s),h).

a) Division of Region 2 into Subregions 2a, 2b, and 2c

Figure 2.19 shows how region 2 is divided into the three subregions 2a, 2b, and 2c¢ for a
backward equation p(h,s) as was done in Secs.2.3.3.3a and 2.3.4.3a for the backward
equations 7(p,4) and T(p,s) for region 2.

7.852
| T =1073.15 K /
41425 —————————————m - ——_a ‘

4000 [ s, = 5.85 kd kg™ K’

3516.0

3000

2800.9
2778.6

Specific enthalpy h [kJ kg™']

Y

6.
) | | | | | | | |
( 6 8 10 12
Specific entropy s [kJ kg™ K]

Fig. 2.19 Division of region 2 into subregions 2a, 2b, and 2c and the assignment of the backward
equations p(h,s) to these subregions. The 4 and s values at the corner points of region 2 are given in
Fig. 2.14.

Boundary between Subregions 2a and 2b. This boundary corresponds to the isobar
p =4 MPa. In order to determine without iteration in which of the two subregions a given ( 4,s)

14 The alternative use of the backward equation T'( p,s) leads to worse numerical consistency.
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point is located, the boundary equation /., (s) was developed [11,22]. This equation that
describes the isobar p = 4 MPa for the variables ( 4,5 ) reads:

hap(s)
h*
where 7= h/h* and & = s/s* with h* =1 kJ kg and s* = 1 kJ kg”! K1 The coefficients n; to

ny of Eq. (2.48) are listed in Table 2.81.
Figure 2.19 shows that Eq. (2.48) covers the entropy range

5”(4 MPa) = s, (4 MPa, T,(4 MPa)) < s < s,(4 MPa, 1073.15 K),

=n(G)=ni+n,0+ny0° +ny0° (2.48)

where the two values for s, are calculated from the basic equation g,(p,T), Eq. (2.6), with T
obtained from the equation T(p), Eq. (2.14). Thus, the /& values for given s values along the
boundary between subregions 2a and 2b can be directly calculated from the equation /,,,,(s),
Eq. (2.48). This equation describes the isobar p = 4 MPa with maximum differences in pressure
of 22 kPa. The given enthalpy value can then be compared with the calculated value for /.

Note. To be in accordance with the statements given in [11, 22], the boundary between
subregions 2a and 2b is counted as belonging to subregion 2a.

Table 2.81 Coefficients of the equation #4,,,(s) in its dimensionless form,
Eq. (2.48), for defining the boundary between subregions 2a and 2b

i n; i n;
1 —0.349 898 083 432 139 x 10* 3 —0.421 073 558 227 969 x 10°
2 0.257 560 716 905 876 x 10* 4 0.276 349 063 799 944 x 10?

Computer-Program Verification. For s =7 kJ kg™' K1, Eq. (2.48) yields o, = 3376.437 884
kJ kg_l.

Boundary between Subregions 2b and 2c. This boundary corresponds to the isentropic line
5= Sype = 5.85 kJ kg_1 K. Therefore, a given (/4,s) point can be directly assigned to sub-
region 2b or subregion 2c.

Note. To be in accordance with the statements given in [11, 22], the boundary between
subregions 2b and 2c¢ is considered to belong to subregion 2b.

b) The Backward Equations p ( h,s ) for Subregions 2a, 2b, and 2c

The backward equation p,,( 4, s) for subregion 2a in its dimensionless form reads:

4
29
Palhs) _ o p o) > i (n-05) (o-12)" | | (2.49)
P i-1

where 7=p/p*, n=h/h*, and o =s/s* with p*=4MPa, h*=4200k] kg_l, and
s*=12KkJ kg_1 K!. The coefficients n; and exponents /; and J; of Eq. (2.49) are listed in
Table 2.82.
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The backward equation p,,( 4, ) for subregion 2b in its dimensionless form reads:

4
33
h A A
2 0) i ,.0)=| Y n(n-06)" (o100 | (2.50)
p i=1

where 7=plp*, n=nh*, and o =s/s* with p*=100MPa, h*=4100kJkg ', and
s*=79Kk] kg_1 K. The coefficients n; and exponents /; and J; of Eq. (2.50) are listed in
Table 2.83.

The backward equation p,.( 4, s) for subregion 2¢ in its dimensionless form reads:

4

31

h, . 4

2oy (* ‘) =z(n.0)=| Y m(n-07)" (c-1.1)"" | , (2.51)

p i=1
where 7=plp*, n=h/h*, and o =s/s* with p*=100MPa, h*=3500kJkg ', and
s*=5.9kIkg ' K™ The coefficients n; and exponents /; and J; of Eq. (2.51) are listed in

Table 2.84.

Table 2.82 Coefficients and exponents of the backward equation p, (%,s) for subregion 2a in its
dimensionless form, Eq. (2.49)

i I, J; n, i I, J; n,
1 0 1 -—0.182575361923032x10" 16 1 22 0.431 757 846 408 006 x 10*
2 0 3 —0.125229548 799 536 17 2 3 0.112 894 040 802 650 x 10"
3 0 6 0.592 290 437 320 145 18 2 16 0.197 409 186 206 319 x 10*
4 0 16 0.604 769706 185122 x 10" 19 2 20 0.151 612 444 706 087 x 10*
5 0 20 0.238 624965 444474x10° 20 3 0 0.141 324 451 421 235 x 107!
6 0 22 -0.298639090222922x10° 21 3 2 0.585 501 282 219 601
7 1 0 0.512250813040750x 107" 22 3 3 —0.297258075 863 012 x 10'
8 1 1 —0.437266515 606486 23 3 6 0.594 567 314 847 319 x 10"
9 1 2 0.413 336 902 999 504 24 3 16 —0.623 656 565 798 905 x 10*
10 1 3 -0.516468254574773x10" 25 4 16 0.965 986 235 133 332 x 10*
11 1 5 -0557014838445711x10' 26 5 3 0.681 500 934 948 134 x 10"
12 1 6 0.128 555037824478 x 10> 27 5 16 —0.633207 286 824 489 x 10*
13 1 10 0.114 144108953290 x 10> 28 6 3 —0.558919 224465 760 x 10"
14 1 16 -0.119504225652714%x10° 29 7 1 0.400 645 798 472 063 x 107!
15 1 20 —0.284777985 961 560 x 10*

Table 2.83 Coefficients and exponents of the backward equation p, (4,s) for subregion2b in its
dimensionless form, Eq. (2.50)

i I n, i I, J n;

1 0 0 0.801 496 989 929 495 x 10™! 18 3 12 0.336 972 380 095 287 x 10®
2 0 I —-0.543862807 146 111 19 4 1 —0.586 634 196 762 720 x 10°
30 2 0.337 455 597 421 283 20 4 16 —0.221403 224 769 889 x 10'!
4 0 4 0.890 555 451 157 450 x 10" 21 5 1 0.171 606 668 708 389 x 10*
5.0 8 0.313 840 736 431 485 x 10° 22 5 12 -0.570817 595 806 302 x 10°
6 1 0 0.797 367 065 977 789 23 6 1 —0.312109 693 178 482 x 10*
7 1 1 -0.121 616 973 556 240 x 10! 24 6 8 —0.207841384633010x 10’

Continued on next page.
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Table 2.83 — Continued

i I, J; n; i I, J; n;

g 1 2 0.872 803 386 937 477 x 10! 25 6 18 0.305 605 946 157 786 x 103
9 1 3 —0.169769 781 757 602 x 10? 26 7 1 0.322 157 004 314 333 x 10*
10 1 5 —0.186552827328416x 10° 27 7 16 0.326 810 259 797 295 x 1012
11 12 0.951 159 274 344 237 x 10° 26 8 1 —0.144 104 158 934 487 x 10*
12 2 1 —=0.189168 510 120 494 x 10? 29 8 3 0.410 694 867 802 691 x 10°
13 2 6 —0.433407037 194 840 x 10* 30 8 14 0.109 077 066 873 024 x 10'?
14 2 18 0.543 212 633 012 715 x 10° 31 8 18 —0.247 964 654 258 893 x 10
15 3 0 0.144 793 408 386 013 32 12 10 0.188 801 906 865 134 x 10'°
16 3 1 0.128 024 559 637 516 x 10° 33 14 16 —0.123651009 018 773 x 10"

17 3 7 —=0.672309 534071268 x 10°

Table 2.84 Coefficients and exponents of the backward equation p, (4,s) for subregion 2c¢ in its
dimensionless form, Eq. (2.51)

! I J; n; i I J; n;
1 0 0 0.112 225 607 199 012 17 3 0  0.772465073 604 171
2 0 1 =0.339005953606712x 10! 18 3 5 0.463 929 973 837 746 x 10°
30 2 =0.320503911 730094 x 102 19 3 8 —0.137317885134128 % 108
4 0 3 —0.197597305104 900 x 10° 20 3 16 0.170 470 392 630 512 x 10"?
5 0 4 —0.407 693 861 553 446 x 10° 21 3 18 —0.251104 628 187 308 x 10'
6 0 8 0.132 943 775 222 331 x 10° 22 4 18  0.317 748 830835520 x 10"
7 1 0 0.170 846 839 774 007 x 10" 23 5 1 0.538 685 623 675 312 x 10?
g 1 2 0.373 694 198 142 245 x 10° 245 4 —0.553089 094 625 169 x 10°
9 1 5 0.358 144 365 815 434 x 10* 25 5 6 —0.102861 522421 405 x 10’
0 1 8 0.423 014 446 424 664 x 10° 26 5 14 0.204249 418 756 234 x 103
11 1 14 =0.751071 025 760 063 x 10° 27 6 8  0.273918 446 626 977 x 10°
2 2 2 0.523 446 127 607 898 x 10° 28 6 18 —0.263963 146312 685 x 10'°
13 2 3 —0.228351290812417 x 103 29 10 7 —0.107 890 854 108 088 x 10'°
14 2 7 =0.960652417056 937 x 10° 30 12 7 —0.296 492 620 980 124 x 10'!
15 2 10 —0.807 059292526074 x10% 31 16 10 —0.111754907 323 424 x 10'°
16 2 18 0.162 698 017 225 669 x 10"°

Ranges of Validity. The ranges of validity of the backward equations p,,(%,s), po,( 4, s), and
Pac(h,s), Egs. (2.49) to (2.51), can be derived from the graphical representation of region 2 in
Fig. 2.14 and of subregions 2a, 2b, and 2c in Fig. 2.19. The determination of / values for given
s values along the region boundaries is described in Secs. 2.3.5.1a to 2.3.5.1c and along the
subregion boundaries in Sec. 2.3.5.4a.

Computer-Program Verification. To assist the user in computer-program verification of
Egs. (2.49) to (2.51), Table 2.85 contains the corresponding test values.

Numerical Consistencies. The numerical inconsistencies between the backward equations
DP2a(h.s), pop(h,s), and po.(h,s), Eqs. (2.49) to (2.51), and the basic equation g,(p,T),
Eq. (2.6), in comparison with the permissible inconsistencies, given in Sec. 2.3.2, are listed in
Table 2.86. These inconsistencies are less than the permissible values. This is also true when the
backward equations are used in combination with the corresponding boundary equations given
in Sec. 2.3.5.2.
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Table 2.85 Pressure values calculated from the backward equations p,,( 4,s),
Pop(h,s), and p, (h,s), Eqgs. (2.49) to (2.51), for selected specific enthalpies
and specific entropies 2

Equation Wk kgl s[kIkg ' K] p [MPa]
2800 6.5 1.371 012 767
Py.(hs), Eq. (2.49) 2800 9.5 1.879 743 844 x 103
4100 9.5 1.024 788 997 x 107!
2800 6 4793911 442
Pou(hs), Eq. (2.50) 3600 6 8.395 519 209 x 10"
3600 7 7.527 161 441
2800 5.1 9.439 202 060 x 10’
P,(h,s), Eq. 2.51) 2800 5.8 8.414 574 124
3400 5.8 8.376 903 879 x 10"

@ Programmed functions should be verified using 8 byte real values for all
variables.

Table 2.86 Maximum and root-mean-square inconsistencies in pressure between the
backward equations p,,(4,s), p,,(h,s), and p, (h,s), Egs. (2.49) to (2.51), and the basic
equation g,(p,T), Eq. (2.6), in comparison with the permissible inconsistencies

Inconsistencies in pressure [%]

Subregion Equation [AD/P perm |[AP/D| ax (AP/P)rms
2a Py, (h.). Eq. (2.49) 0.0035 0.0029 0.0013
2b P h.), Eq. (2.50) 0.0035 0.0034 0.0005
2 Py hus), Eq. (2.51) 0.0088 0.0063 0.0010

Computing Time. A statement about the computing time is given in Sec. 2.3.5.4d.

c) Backward Functions T( h,s ) for Subregions 2a, 2b, and 2c

The backward function T,,(A4,s) for subregion 2a is formed by combining the backward
equation p,,( 4, s) with the backward equation T5,(p, #)'® in the form
TZa(has): TZa(pZa(has):h)’ (252)
where p,, is calculated from Eq. (2.49) and then 75,(p,,, /) is obtained from Eq. (2.22).
The backward function T,y,(4,s) for subregion 2b is formed by combining the backward
equation pyy( 4, s) with the backward equation Th(p, h)'° in the form
Toy(h,s) = Top(pop(h, ), h), (2.53)

where p,}, is calculated from Eq. (2.50) and then T,y (poy, /1) is determined from Eq. (2.23).
The backward function 7,.(4,s) for subregion 2¢ is formed by combining the backward
equation p, (4, s) with the backward equation T5.(p, #)'® in the form

TZC(has): TZC(pZC(h:S):h)’ (254)
where p,,. is calculated from Eq. (2.51) and then 75 (p,., /) is obtained from Eq. (2.24).

15 The alternative use of the backward equations T,,(p,s), T, (p,s), and T, (p,s) leads to worse
numerical consistency.
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Ranges of Validity. The backward functions 75,( 4, s), To,(h,s), and T,.(4,s), Egs. (2.52) to
(2.54), have the same ranges of validity as the corresponding backward equations p,,(4,s),
Pop(hs), and py(h,s), Egs. (2.49) to (2.51).

Numerical Consistencies. The numerical inconsistencies between the backward functions
Tr,(hs), Ty(hs), and Th.(hs), Egs.(2.52) to (2.54), and the basic equation g,(p,T),
Eq. (2.6), in comparison with the permissible inconsistencies, given in Sec. 2.3.2, are listed in
Table 2.87. These inconsistencies are less than the permissible values. This is also true when the
backward functions are used in combination with the corresponding boundary equations given
in Sec. 2.3.5.2.

Note: When calculating properties extremely close to the saturated-vapour line, due to minor
inconsistencies, the backward functions, Egs. (2.52) to (2.54), might yield temperatures
TZa(h»S) < Ts(p2a( h,S ))7 TZb(h9S) < Ts(pr(h9S))’ and TZC( h,S) < 7;(]720( hvS ))7 where
P2a(h,8), pop(h,s), and p,.(h,s) are calculated from Eqs. (2.49) to (2.51), and Ty(p,), Ti(pop)s
and Ty(p,.) from Eq. (2.14). In this case, the results of Egs. (2.52) to (2.54) should be corrected
to Ty = T(P2a)s Top = Ty(pap), and Toe = Ty( pac).

An analogous procedure is recommended for (/,s) points extremely close to the B23-
boundary. Due to the minor inconsistencies, the backward function, Eq. (2.54), might yield
temperatures T,.(%,s) < Tgp3(poc(h,s)), where Tgp3(p) is calculated from Eq. (2.2). In this
case the result of Eq. (2.54) should be corrected to 7, = Tgy3(poc( 4, 5)).

Table 2.87 Maximum and root-mean-square inconsistencies in temperature between the
backward functions 7, (4,s), T,,(h,s), and T, (4,s), Egs. (2.52) to (2.54), and the basic
equation g,(p,T), Eq. (2.6), in comparison with the permissible inconsistencies

Inconsistencies in temperature [mK]

Subregion Equation |AT | erm |AT ] ax (AT) rus
2a T,(h.s). Eq. (2.52) 10 9.7 3.0
2b Ty (h,s), Eq. (2.53) 10 9.8 4.0
2 T,.( h,5), Eq. (2.54) 25 24.9 103

d) Computing Time when Using the Backward Functions T,(h,s) together with the
Backward Equations p,(h,s) in Comparison with the Basic Equation

The calculation of pressure and temperature as a function of (%, s ) using the backward equations
P2a( . 8), pop(hs), or pre(h,s), Egs. (2.49) to (2.51), in combination with the corresponding
backward function 75,( 4, ), Thp(h,s), or Th(h,s), Egs. (2.52) to (2.54), is about 46 times faster
than when using only the basic equation g,(p,T), Eq. (2.6), [19]. In this comparison, the basic
equation was applied in combination with a two-dimensional Newton iteration with
convergence tolerances corresponding to the consistency requirements that were set for the
backward equations.

2.3.5.5 Backward Equations p( h,s ) and Backward Functions v (h,s) and T(h,s)
for Region 3

When properties as a function of (4,s) are required from the basic equation of region 3,
f3(p,T), Eq. (2.11), without iteration, both variables p= 1/v and T must be calculable as a
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function of (4,s). As mentioned at the beginning of Sec. 2.3.5, first the relations p(4,s) are
provided as direct backward equations, then the relations v(4,s) and T(h,s) are given as
backward functions. The backward functions v(4,s) are a combination of the two backward
equations p(/,s) and v(p,s)'® in the form v(p(4,s),s). The backward functions 7(4,s) are a
combination of the two backward equations p(4,s) and T(p, h)' in the form T(p(h,s), h).

a) Division of Region 3 into Subregions 3a and 3b

Due to the very high demands for numerical consistency between the backward equations of this
region and the basic equation f3(p,T), Eq. (2.11), given in Sec. 2.3.2, region 3 is divided into
two subregions as was done in Secs. 2.3.3.4 and 2.3.4.4 for the backward equations T'(p, /) and
T'(p,s). This division is illustrated in Fig. 2.20.

3000

2500

2256.4

2087.5
2000

Fig. 2.20 Division of region 3
into subregions 3a and 3b, and
the assignment of backward
equations p, (4, s) and py (4, s)
to these subregions. The % and s
values at the corner points of
region 3 are given in Fig. 2.14.

Specific enthalpy h [kJ kg™]

1500

Specific entropy s [kJ kg™ K]

The boundary between subregions 3a and 3b is defined by the critical isentropic line s3,, = 5. =
4.41202148223476 kI kg~ K~! according to Eq. (2.35).

Note. The boundary between subregions 3a and 3b is considered to belong to subregion 3a
[13, 24].

16 The alternative use of the backward equation v( p, ) leads to worse numerical consistency.
17 The alternative use of the backward equation T'( p,s) leads to worse numerical consistency.
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b) Backward Equations p ( h,s ) for Subregions 3a and 3b

The backward equation p3, (4, s) for subregion 3a has the following dimensionless form:

33
h, ‘ '
239 _ (o) =S min-100" (6-075)" (2.55)
p =

where 7= p/p*, 1= h/h*, and o= s/s* with p*= 99 MPa, h*= 2300kJ kg™', and s*=
4.4KkJ kg_l K. The coefficients n; and exponents /; and J; of Eq.(2.55) are listed in
Table 2.88.

The backward equation p3, (4, s) for subregion 3b has the following dimensionless form:

35 -1

Mf’”:z(ry,a): D ni(n-0.681)1(c-0792)" |, (2.56)
p i=1
where 7= plp*, n= h/h*, and o= s/s* with p*= 16.6 MPa, h*= 2800 kJ kg!, and s*=
53kl kg_1 K~!'. The coefficients n; and exponents /; and J; of Eq.(2.56) are listed in
Table 2.89.

Table 2.88 Coefficients and exponents of the backward equation p, (h,s) for subregion3a in its
dimensionless form, Eq. (2.55)

0.250 526 809 130 882 x 10° 33 32 28 0.377 121 605 943 324 x 10*!
0.146 997 380 630 766 x 10°

i I, J; n; i I, J; n;
1 0 0 0.770 889 828 326 934 x 10! 18 5 28 0.538 069 315 091 534 x 10*°
2 0 1 —0.260835009 128 688 x 10? 19 6 28 0.143 619 827 291 346 x 10?
3 0 5 0.267 416 218 930 389 x 10° 20 7 24 0.364 985 866 165 994 x 10%°
4 1 0 0.172 221 089 496 844 x 10? 21 8 1 —0.254741561 156 775 x 10*
5 1 3  —0.293542332 145970 x 10° 2 10 32 0.240 120 197 096 563 x 10?®
6 1 4 0.614 135 601 882 478 x 10° 23 10 36 —0.393 847 464 679 496 x 10°°
7 1 8 —0.610562757725674 % 10° 24 14 22 0.147 073 407 024 852 x 10%
8 1 14 —0.651272251118219x 108 25 18 28 —0.426391 250 432 059 x 1032
9 2 6 0.735919 313 521 937 x 10° 26 20 36 0.194 509 340 621 077 x 10*°
10 2 16 —0.116646505914 191 x 10'! 27 22 16 0.666 212 132 114 896 x 10*
11 3 0 0.355 267 086 434 461 x 107 28 22 28 0.706 777 016 552 858 x 10**
12 3 2 —0.596 144 543 825 955 x 10° 29 24 36 0.175 563 621 975 576 x 10*?
13 3 3 —0.475842430 145708 x 10° 30 28 16 0.108 408 607 429 124 x 10*°
14 4 0 0.696 781 965 359 503 x 10? 31 28 36 0.730 872 705 175 151 x 10*
15 4 1 0.335 674 250 377 312 x 10° 32 32 10 0.159 145 847 398 870 x 10%°
4 4
4 5

Table 2.89 Coefficients and exponents of the backward equation p, (#,s) for subregion 3b in its
dimensionless form, Eq. (2.56)

i I, J; n; i I, J; n;

1 -12 2 0.125 244 360 717 979 x 10712 19 -4 8 0.355 073 647 696 481 x 10*

2 12 10 —0.126 599 322 553 713 x 10" 20 -3 1 —0.115303 107290 162 x 107
3 12 12 0.506 878 030 140 626 x 10! 21 -3 3  —0.175092 403 171 802 x 10!

4 -12 14 0.317 847 171 154 202 x 10? 2 -3 5 0.257 981 687 748 160 x 10°

5 -12 20 —0.391041 161399932 x 10° 23 -3 6 —0.727048374 179 467 x 10°

Continued on next page.
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Table 2.89 — Continued

i I, J n; i I, J n;

6 —10 2 —0.975 733 406 392 044 x 10710 24 =2 0 0.121 644 822 609 198 x 1073

7 -10 10 —0.186312 419 488 279 x 10? 25 2 1 0.393 137 871 762 692 x 107!

8 -10 14 0.510 973 543 414 101 x 10° 26 -1 0 0.704 181 005 909 296 x 1072

9 -10 18 0.373 847 005 822 362 x 10° 27 0 3 —0.829 108 200 698 110 x 102
10 -8 2 0.299 804 024 666 572 x 107 28 2 0 —0.265178 818 131 250
11 -8 8 0.200 544 393 820 342 x 10° 29 2 1 0.137 531 682 453 991 x 10?
12 -6 2 —0.498 030 487 662 829 x 10~ 30 5 0 —0.522394 090 753 046 x 10?
13 -6 6 —0.102 301 806 360 030 x 102 31 6 1 0.240 556 298 941 048 x 10*
14 -6 7 0.552 819 126 990 325 x 10° 32 8 1 —0.227 361 631 268 929 x 10°
15 -6 8 —0.206211367 510878 x 10° 33 10 1 0.890 746 343 932 567 x 10°
16 -5 10 —0.794 012232324 823 x 10* 34 14 3 —0.239 234 565 822 486 x 108
17 -4 4 0.782 248 472 028 153 x 10! 35 14 7 0.568 795 808 129 714 x 10'°
18 -4 5 —0.586 544 326 902 468 x 10?

Ranges of Validity. The ranges of validity of the backward equations p3,(4,s) and p3( 4, s),
Egs. (2.55) and (2.56), can be derived from the graphical representation of region 3 in Fig. 2.14
and of subregions 3a and 3b in Fig. 2.20. The determination of / values for given s values along
the region boundaries is described in Secs.2.3.5.1a to 2.3.5.1c and along the subregion
boundary in Sec. 2.3.5.5a.

Computer-Program Verification. To assist the user in computer-program verification of
Egs. (2.55) and (2.56), Table 2.90 contains test values for calculated pressures.

Table 2.90 Pressure values calculated from the backward equations p,, (4,s)
and py (h,s), Eqgs.(2.55) and (2.56), for selected specific enthalpies and
specific entropies @

Equation hikikg'] s[kikg' K] p [MPa]
1700 3.8 2.555 703 246 x 10"
ps(hs), Eq. (2.55) 2000 4.2 4.540 873 468 x 10
2100 43 6.078 123 340 x 10"
2400 4.7 6.363 924 887 x 10!
Pa(hs), Eq. (2.56) 2600 5.1 3.434 999 263 x 10"
2700 5.0 8.839 043 281 x 10’

@ Programmed functions should be verified using 8 byte real values for all
variables.

Numerical Consistencies. The numerical inconsistencies between the backward equations
DP3a(h.s) and psp(h,s), Eqs. (2.55) and (2.56), and the basic equation f3(p,T), Eq. (2.11), in
comparison with the permissible inconsistencies, given in Sec. 2.3.2, are listed in Table 2.91.
These inconsistencies are less than the permissible values. This is also true when the backward
equations in combination with the corresponding boundary equations given in Sec. 2.3.5.2 are
used. The critical pressure p, = 22.064 MPa is met by the two p(/,s) equations for all five
figures. The maximum inconsistency in pressure between the two backward equations,
Eq. (2.55) and Eq. (2.56), along the boundary s3,,= s., Eq.(2.35), amounts to 0.00074%,
which is smaller than the permissible inconsistency.
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Table 2.91 Maximum and root-mean-square inconsistencies in pressure between the
backward equations p, (/,s) and p5,(4,s), Egs. (2.55) and (2.56), and the basic equation
f(p,T), Eq. (2.11), in comparison with the permissible inconsistencies

Inconsistencies in pressure [%]

3a py(hs). Eq. (2.55) 0.01 0.0070 0.0030
3b Py hs), Eq. (2.56) 0.01 0.0084 0.0036

Computing Time. A statement about the computing time is given in Sec. 2.3.5.5¢.

¢) Backward Functions v ( h,s ) for Subregions 3a and 3b

The backward function v3,(4,s) for subregion 3a is formed by combining the backward
equation ps,( 4, s) with the backward equation v3,(p,s)'8 in the form

03( 1, 8) = v33(P3a( 1, 5),5), (2.57)

where ps, is calculated from Eq. (2.55) and then v5,(p3,,s) is obtained from Eq. (2.36).
The backward function vs,(4,s) for subregion 3b is formed by combining the backward
equation pyy( 4, s) with the backward equation vy, (p, s)'® in the form

U3b( h,S) = U3b(p3b( h,S),S), (258)

where ps}, is calculated from Eq. (2.56) and then v3y(p3y,s) is determined from Eq. (2.37).

Ranges of Validity. The backward functions v3,(4,s) and v3(h,s), Eqs. (2.57) and (2.58),
have the same ranges of validity as the corresponding backward equations p3,(4,s) and
P3p(hs), Egs. (2.55) and (2.56).

Numerical Consistencies. The numerical inconsistencies between the backward functions
v3,(h,s) and v3(h,s), Egs. (2.57) and (2.58), and the basic equation f3(0,7), Eq. (2.11), are
listed in Table 2.92 in comparison with the permissible inconsistencies, given in Sec. 2.3.2.
These inconsistencies are less than the permissible values. This is also true when the backward
functions are used in combination with the corresponding boundary equations given in Sec.
2.3.5.2. The critical temperature 7, = 647.096 K is calculated by the two 7(4,s) functions for
all six figures. The maximum inconsistency in specific volume between the two backward
functions, Egs. (2.57) and (2.58), along the subregion boundary s3,,= 5., Eq. (2.35), amounts to
0.00028%.

Table 2.92 Maximum and root-mean-square inconsistencies in specific volume between
the backward functions v, (%,s) and v, (A,s), Egs. (2.57) and (2.58), and the basic
equation f5(p,T), Eq. (2.11), in comparison with the permissible inconsistencies

Inconsistencies in specific volume [%]
perm |AU/U|max (AU/U)RMS

3a vy, (h.s), Bq. (2.57) 0.01 0.0097 0.0053
3b vy (h.s), Eq. (2.58) 0.01 0.0095 0.0043

Subregion Equation |Av/o|

Computing Time. A statement about the computing time is given in Sec. 2.3.5.5¢.

I8 The alternative use of the backward equations v4,(p,h) and vy (p,h) leads to worse numerical
consistency.
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d) Backward Functions T ( h,s ) for Subregions 3a and 3b

The backward function T3,(4,s) for subregion 3a is formed by combining the backward
equation p3,( A, s) with the backward equation T5,(p, 1)' in the form

Téa( h,S) = Téa(p:%a( h,S),]’l), (259)

where ps, is calculated from Eq. (2.55) and then 73,(ps,, /) is obtained from Eq. (2.28).
The backward function T3(4,s) for subregion 3b is formed by combining the backward
equation p3y,( 4, s) with the backward equation T3 (p, 1)?? in the form

Téb( h: S ) = T3b(P3b( h: S ): h )a (260)

where ps, is calculated from Eq. (2.56) and then T53,(ps3y, /1) is determined from Eq. (2.29).

Ranges of Validity. The backward functions T3,(4,s) and Ty, (4, s5), Egs. (2.59) and (2.60),
have the same ranges of validity as the corresponding backward equations ps,(/,s) and
Dp3p(h,s), Egs. (2.55) and (2.56).

Numerical Consistencies. The numerical inconsistencies between the backward functions
I3,(h,s) and Typ(h,s), Egs. (2.59) and (2.60), and the basic equation f3(p,T), Eq. (2.11), in
comparison with the permissible inconsistencies, given in Sec. 2.3.2, are listed in Table 2.93.
These inconsistencies are less than the permissible values. This is also true when the backward
functions are used in combination with the corresponding boundary equations given in Sec.
2.3.5.2. The critical volume v, = 1/p, = (1/322) m> kg_1 = 0.003 10559 m’ kg_1 is calculated
by the two v(&,s) functions for the given six significant figures. The maximum inconsistency
in temperature between the two backward functions, Eq. (2.59) and (2.60), along the subregion
boundary s = 5, amounts to 0.68 mK, for details see [24].

Note. When calculating properties in the range s < s. and extremely close to the saturated-
liquid line, due to minor inconsistencies, Eq.(2.59) might yield temperatures T3,(h,s) >
T(p3a(h,s)), where ps,(h,s) is calculated from Eq. (2.55) and Ty(p3,) from Eq. (2.14). In this
case, the result of Eq. (2.59) must be corrected to T3, = T;(p3,). If the given specific entropy s is
greater than s, and the properties to be calculated are located extremely close to the saturated-
vapour line, due to minor inconsistencies, Eq. (2.60) might yield temperatures T3,(h,s) <
T(p3p( h,s)), where p3(h,s) is calculated from Eq. (2.56) and T;(ps;,) from Eq. (2.14). In this
case, the result of Eq. (2.60) must be corrected to T3y, = Ty(p3p ).

Table 2.93 Maximum and root-mean-square inconsistencies in temperature between the
backward functions 7} ( /,s) and Ty, ( A,s), Eqgs. (2.59) and (2.60), and the basic equation
£(p.T), Eq. (2.11), in comparison with the permissible inconsistencies

Inconsistencies in temperature [mK]

Subregion Equation |AT | perm |AT| 0 (AT) qus
3a T,,(h,s), Eq. (2.59) 25 23.7 10.5
3b Typ( h,s), Eq. (2.60) 25 22.4 9.9

19 The alternative use of the backward equation 75, ( p,s) leads to worse numerical consistency.
20 The alternative use of the backward equation Ty, (p,s) leads to worse numerical consistency.
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e) Computing Time when Using the Backward Functions v;(h,s) and T;(h,s) together
with the Backward Equations p;(h,s) in Comparison with the Basic Equation

The calculation of specific volume and temperature as a function of (4,s) with the backward
functions v3,(4,s) and T3,(h,s), Eqs. (2.57) and (2.59), or v3,(A,s) and T3, (A, s) Egs. (2.58)
and (2.60), in combination with the corresponding backward equations p3,(4,s) or p3,(h,s),
Egs. (2.55) and (2.56), is about 10 times faster than that using only the basic equation f3(p,7),
Eq. (2.11), [19]. In this comparison, the basic equation was applied in combination with a two-
dimensional Newton iteration with convergence tolerances corresponding to the consistency
requirements that were set for the backward equations.

2.3.5.6 Backward Equation T4 ( h,s) and Backward Functions pgs(h,s) and x(h,s)
for the Technically Important Part of the Two-Phase Region 4

When modelling power cycles and, in particular, steam turbines, thermodynamic properties as a
function of the variables (/,s) are also required in the two-phase (wet-steam) region. The
important region for steam turbine calculations is the range s> s”(623.15K), where the
saturation temperature is less than or equal to 623.15 K; this region is marked in Fig. 2.21. In
the p-T diagram, this part of the two-phase region is located between regions 1 and 2, see
Fig. 2.3. In this region, the calculation of saturation properties from given values of 4 and s
requires iterations with the basic equations g;(p,T), Eq. (2.3), and g,(p,T), Eq. (2.6), and the
saturation-pressure equation py( 7'), Eq. (2.13). In order to avoid such iterations, this subsection
provides the backward equation T (4,s) and the backward functions pg(4,s) and x(h,s) for
this technically important part of the two-phase region.

A
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Specific enthalpy h [kJ kg™']

i Ls=5,,=585kl kg™ K™
s = s"(623.15 K)
|

| | | | | 1 1 | I
2 4 6 8 10

Specific entropy s [kJ kg™ K]

A

Fig. 2.21 Range of validity of the backward equation T (/,s) and assignment of this range to the other
regions and subregions of IJAPWS-IF97.
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a) Backward Equation T4(h,s)

The backward equation T( 4, s ) for the technically important part of the two-phase region 4 has
the following dimensionless form:

7y (h.5) N ; J
- =6,(1.0)= > n:(n-0.119)" (-1.07)", 2.61)

i=1

where 6,= T,J/T*, n= h/h*, and o= s/s* with T*= 550K, h*= 2800 kI kg~!, and
s*=92kI kg ' K~!. The coefficients n; and exponents /; and J; of Eq. (2.61) are listed in
Table 2.94.

Table 2.94 Coefficients and exponents of the equation T ( /,s) in its dimensionless form, Eq. (2.61)

i I J; n; i s n;
1 0 0 0.179 882 673 606 601 19 5 4 0.125028363 714877 x 10
2 0 3 —0.267507 455199 603 20 5 16  0.101 316 840 309 509 x 10*
30 12 0.116 276 722 612 600 x 10" 21 6 6 —0.151791558000712x 10"
4 1 0 0.147 545 428 713 616 22 6 8  0.524277 865990 866 x 10°
5 1 1 =0.512871635973248 23 6 22 0.230495545 563912 x 10°
6 1 2 0.421 333 567 697 984 24 8 1 0.249 459 806 365 456 x 107!
7 1 5 0.563 749 522 189 870 25 10 20  0.210796 467 412 137 x 107
g8 2 0 0.429 274 443 819 153 26 10 36  0.366 836 848 613 065 x 10°
9 2 5 —0.335704552142 140 % 10" 27 12 24  —0.144 814 105 365 163 x 10°
10 2 8 0.108 890 916 499 278 x 10? 28 14 1 —0.179276373 003 590 x 1072
11 3 0 —0.248 483390456012 29 14 28  0.489955 602 100 459 x 10'°
12 3 2 0.304 153 221 906 390 30 16 12 0.471262212070518 x 10°
13 3 3 —0.494 819 763 939 905 31 16 32 —0.829294390 198 652 x 10'!
14 3 4 0.107 551 674 933 261 x 10" 32 18 14 —0.171 545662263 191 x 10*
15 4 0 0.733 888 415 457 688 x 107! 33 18 22 0.355777 682973575 % 107
16 4 1 0.140 170 545 411 085 x 107" 34 18 36  0.586 062 760 258 436 x 10'2
17 5 1 —=0.106 110975 998 808 35 20 24 —0.129 887 635078 195 x 10°
18 5 2 0.168 324 361 811 875 x 107! 36 28 36 0.317 247 449 371 057 x 10"

Range of Validity. The range of validity of the backward equation T((4,s) is the part of the
two-phase region with s> s”(623.15K) = 5.210887825kJ kg™ K™! as shown in Fig. 2.21.
The corresponding temperature range is 273.15 K < 7<623.15 K.

Computer-Program Verification. To assist the user in computer-program verification of
Eq. (2.61), Table 2.95 contains test values for calculated temperatures.

Table 2.95 Temperature values calculated from the backward equation
T.(h,s), Eq.(2.61), for selected specific enthalpies and specific entropies 2

Equation hiklkg'] s[kikg' K] T[K]
1800 53 3.468 475 498 x 107
T,(h,s), Eq.(2.61) 2400 6.0 4.251 373 305 x 107
2500 55 5.225 579 013 x 10

4 Programmed functions should be verified using 8 byte real values for all
variables.
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Numerical Consistency. The numerical inconsistency between the backward equation
T{(h,s), Eq. (2.61), and the basic equations g;(p, T), g»(p,T), and p(T), Egs. (2.3), (2.6), and
(2.13), in comparison with the permissible inconsistencies, given in Sec. 2.3.2, are listed in
Table 2.96. These consistency investigations were carried out as follows: First, values of the
saturation temperature 7, and the vapour fraction x were given. For these T values, the
saturation pressure pg was calculated from Eq. (2.13). Then, from the basic equation g(ps, T),
Eq. (2.3), &’ and 5" were determined, and the basic equation g,(pg, T ), Eq. (2.6), yielded #” and
s”. With these values and the given values of x, the properties 4 and s in the two-phase region
were calculated. For these values of / and s, the saturation temperature 7 was determined from
the backward equation T( 4,5 ), Eq. (2.61). The difference between this 7§ value and the starting
value corresponds to the inconsistency in saturation temperature.

Table 2.96 shows that the inconsistencies are significantly less than the permissible values.
This is also true when the backward equation in combination with the corresponding boundary
equations given in Sec. 2.3.5.2 is used.

Table 2.96 Maximum and root-mean-square inconsistencies in saturation
temperature between the backward equation I)(4,s), Eq.(2.61), and the basic
equations g,(p,T), g,(p,T), and p(T), Egs.(2.3), (2.6), and (2.13), in
comparison with the permissible inconsistencies

Inconsistencies in temperature [mK]

Entropy range |ATs|pcrm |ATs|max (ATS)RMS
s>585kJ kg K 10 0.67 0.33
s<585klkg 'K 25 0.86 0.45

Computing Time. A statement about the computing time is given in Sec. 2.3.5.6d.

b) Backward Function p¢(h,s)

The backward function py(4,s) for the technically important part of the two-phase region 4 is
formed by combining the backward equation T (/,s) with the saturation-pressure equation
ps(T) in the form

ps( h,s) :ps(Ts( h,s)), (2.62)
where T is calculated from Eq. (2.61) and then py(7}) is determined from Eq. (2.13).

Range of Validity. The backward function py(h,s), Eq. (2.62), is valid in the same range as
the backward equation T(4,s), Eq. (2.61).

Numerical Consistency. The numerical inconsistency between the backward function
ps(h,s), Eq. (2.62), and the basic equations g{(p, T), g»(p, T), and p( T), Egs. (2.3), (2.6), and
(2.13), in comparison with the permissible inconsistencies, given in Sec. 2.3.2, are listed in
Table 2.97. These consistency investigations were performed analogously as described above
for the backward equation T( /,s ), Eq. (2.61). Here, however, values for the saturation pressure
p, were compared instead of the values for the saturation temperature 7.

Table 2.97 shows that the inconsistencies are less than the permissible values. This is also
true when the backward function is used in combination with the corresponding boundary
equations given in Sec. 2.3.5.2.
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Table 2.97 Maximum and root-mean-square inconsistencies in saturation pressure
between the backward function p(h,s), Eq.(2.62), and the basic equations
g/(p.T), g(p,T), and p(T), Egs. (2.3), (2.6), and (2.13), in comparison with the
permissible inconsistencies.

Inconsistencies in pressure [%]

El’ltI‘Opy range |Aps/ps|pcrm |Aps/ps|max (Aps/ps)RMS
s>585kJ kg K 0.0035 0.0029 0.0012
s<585klkg 'K 0.0088 0.0034 0.0013

Computing Time. A statement about the computing time is given in Sec. 2.3.5.6d.

¢) Backward Function x (h,s)

For the formulation of the vapour fraction as a function of (4,s), x =x(#,s), one can start with
the relation?!
h—h
X = T
h’—h

When calculating 4" and #” from the basic equations g{(p,T) and g,(p,T) with T=T(h,s) and
p = py( T5), the backward function for the vapour fraction dependent on (4, s) is obtained in the
form

(2.63)

(=1 (ps (T (h.s)). Ty (h5)))
W (s (T, (,5)). T (h,9)) = (g (T (h,5)), T (Bos))

For the given values of / and s the saturation temperature 7 is calculated from the backward
equation Ty(4,s), Eq. (2.61). Then, for this temperature T, the saturation pressure pg is
determined from the equation py(T), Eq. (2.13). Finally, with these p; and T values, A’ is
calculated from the basic equation gi(p,T), Eq.(2.3), and 4” is obtained from the basic
equation g,(p,T), Eq. (2.6), forp =p and T'=T.

Range of Validity. The backward function x(4,s), Eq. (2.64), is valid within the same range
as the backward equation T( 4,5 ), Eq. (2.61).

Numerical Consistency. The numerical inconsistencies between the vapour fraction x
calculated from Eq.(2.64) via the backward equation 7(h,s) and the vapour fraction x
calculated iteratively from the basic equations g(p,T), Eq. (2.3), g2-(p,T), Eq. (2.6), and p( T),
Eq. (2.13), are listed in Table 2.98. The inconsistencies in x calculated in these two ways are
less than 10_5, i.e. the value of the vapour fraction x calculated from the backward function,
Eq. (2.64), agrees within five decimal figures with the x value determined from the basic
equation via iterations.

When the backward function is used in combination with the corresponding boundary
equations, given in Sec. 2.3.5.2, the inconsistency remains within 107°.

x(h,s)=

(2.64)

2 The use of the relation x= (s—s")/(s"—s") as a starting point for the derivation of the backward
function x(%,s) leads to worse numerical consistency.
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Table 2.98 Maximum and root-mean-square inconsistencies in
vapour fraction x between calculations with the backward function
x(h,s), Eq.(2.64), and iterating the basic equations g,(p,T),
Eq. (2.3), g,(p,T), Eq. (2.6), and p(T), Eq. (2.13).

Inconsistencies in vapour fraction

Entropy range [ AX] ax (AX) rms
s>585kJ kg K 0.64 x 10°° 0.25%x10°
s<585klkg 'K 4.40x10°° 0.57x10°°

Note. When calculating properties extremely close to the saturated-vapour line, due to minor
inconsistencies, the backward function, Eq. (2.64), might yield vapour fractions x(/4,s) > 1. In
this case, the result of Eq. (2.64) should be corrected to x = 1.

d) Computing Time when Using the Backward Equation T (h,s) together with the
Backward Functions pg(h,s) and x (h,s)

The calculation of temperature, pressure, and vapour fraction in the technically important part of
the two-phase region 4 with the backward equation T (4,s), Eq. (2.61), together with the
corresponding backward functions pg(4,s), Eq. (2.62), and x(4,s), Eq. (2.64) in combination
with the basic equations g{(p,T), Eq. (2.3), g2(p,T), Eq. (2.6), and p(T), Eq. (2.13), is about
14 times faster than when using only the basic equations [19]. In this comparison, the basic
equations were applied in combination with a two-dimensional Newton iteration with
convergence tolerances corresponding to the consistency requirements that were given for the
backward equations in Sec. 2.3.2.

2.3.6 Backward Equations Dependent on the Input Variables (p,T) for Region 3

The basic equation f3(p,T), Eq. (2.11), is used in region 3. This basic equation along with the
backward equations v(p,k), T(p,h), v(p,s), T(p,s), and p(h,s), given in Secs. 2.3.3 to 2.3.5,
can be used to calculate all thermodynamic properties as a function of (p,4), (p,s) and (4,s)
without any iteration. However, in modelling modern steam power cycles, in particular in boiler
calculations, properties as a function of the variables (p,T) are required for region 3. Such
calculations from the basic equation f3(p,T), Eq. (2.11), are cumbersome because they require
iterations of v for given values of p and T using the relation p(v,T) with v = 1/p derived from
Eq. (2.11) as given in the first line of Table 2.16.

In order to avoid such iterations, this section provides backward equations vs(p,T) for
region 3 as given in Fig. 2.22. With the specific volume v calculated from the backward
equations v3(p,T), all other properties in region 3 can be calculated without iteration from the
basic equation f3( p,T), Eq. (2.11), with p = 1/v3.

For process calculations, the numerical consistency requirements for the backward equations
v3(p,T) are very strict. Since the specific volume on the v-p-T surface has a complicated
structure including an infinite slope at the critical point, region 3 had to be divided into 26
subregions. The first 20 subregions and their associated backward equations, described in
Sec. 2.3.6.4, cover nearly the entire region 3 and fully meet the consistency requirements given
in Sec. 2.3.6.1. For a small area very near the critical point, it was not possible to meet the
consistency requirements completely. This near-critical region is covered with reasonable
consistency by six subregions with auxiliary equations that are described in Sec. 2.3.6.5.
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This set of recently-developed backward and auxiliary equations [14] was adopted by IAPWS
in 2005 [25].
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Fig. 2.22 Assignment of backward equations v, (p,T) to region 3 in a p-T diagram. For this overview, it
is not shown how region 3 will be divided into subregions.

2.3.6.1 Numerical Consistency Requirements

In region 3, any property calculation from the basic equation f3(p,T), Eq. (2.11), for given
values of p and T requires the determination of the density p (o = 1/v) by iteration. Based on
experience with process calculations in this region, the numerical uncertainty in the calculation
of the specific volume by iteration should be not greater than 0.001%. Likewise, the uncertainty
in the subsequent determination of the specific enthalpy and specific entropy should be less than
0.001%, and for the specific isobaric heat capacity and speed of sound it should not be greater
than 0.01%. These requirements must also be fulfilled when v is calculated directly from the
backward equations v3(p,T), rather than calculated by iterating the basic equation f3(p,7T),
Eq. (2.11). The consistency requirements for all of these properties are summarized in
Table 2.99. In order to achieve these very minor inconsistencies simultaneously for all of the
properties, the inconsistencies in v between the backward equations v3(p,T) and the basic
equation f3( p,T') had to be at least 0.001%, and for some parts of region 3 even smaller.

In the near-critical region, there are no defined numerical consistency requirements for the
auxiliary equations, but the inconsistencies should be as small as possible.
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Table 2.99 Permissible numerical inconsistencies in the properties v, A, s, Cps and w when v
is calculated one time via iteration with the basic equation f;( 0, T), Eq. (2.11), for given inputs
of p and 7, and the other time directly from the respective backward equation vy(p,T).
Based on these two (slightly different) v values, the properties 4, s, [ and w are obtained
from the basic equation f5( 0, 7) with p=1/v 2

Permissible inconsistencies [%]
|Av/v| |AR/R| |As/s|petm |Acp/cp| |Aw/w|

0.001 0.001 0.001 0.01 0.01

perm perm perm perm

@ The values for v are calculated from the backward equations vy(p, T).

2.3.6.2 Range of Validity of the Backward and Auxiliary Equations

The range of validity of the entire set of the backward equations v3(p,T) corresponds to
region 3 of IAPWS-IF97, which is defined by the following range of temperature and pressure:

623.15K < T < 863.15K pe23(T) < p < 100 MPa
with pp,3( T) according to the B23-equation, Eq. (2.1), as shown in Fig. 2.23.

A 863.15
|
= 100 MPa
100 -2
X
Te}
1%
(9]
sl B ®
E ~
= ) Pg23(T)
N Backward equations
g @ V3 (p= T)
é Auxiliary equations
646919\ 650,971
25
16.5292 |~ -~ A Tarx (P) |
|
I | | | |

623.15 673.15 723.15 773.15 823.15
Temperature T [K]

Fig. 2.23 Range of validity of the backward equations v;(p,T") covering all of region 3 except for the
near-critical region. The near-critical region is enlarged and marked in grey in the lower right part of the
figure, where this region is covered by the auxiliary equations v( p, T). This near-critical region includes
a temperature range from 643.15K to 650.971 K at pressures from 21.0434 MPa to 22.5 MPa.

Figure 2.26 shows this small region in more detail.
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Achieving the numerical consistency requirement of 0.001% for v5(p,T) proved to be
infeasible using simple functional forms in the region

po(643.15K) < p < 22.5MPa Tsqu(p) < T < Tan(p),
where p,(643.15 K) = 21.034 367 32 MPa.

This region is marked in grey in Fig. 2.23, which also shows the temperature and pressure range
of the boundary equations T 3qu (p) and T3, (p); the boundary equations themselves are given
in Sec. 2.3.6.3 and p,(643.15 K) is calculated from Eq. (2.13). The reason for excluding the
near-critical region (grey area in Fig. 2.23) from the range of validity of the backward equations
v3(p,T) is based on the complex structure of this region on the v-p-T surface with the infinite
slope (dv/dp)r at the critical point. In order to not exclude the near-critical region completely
from the equations v(p,T), Sec. 2.3.6.5 contains equations for this small region very close to
the critical point. These equations exhibit clearly larger inconsistencies with the basic equation
Jf3(p,T) and are called auxiliary equations in the following.

2.3.6.3 Division of Region 3 into Subregions 3a to 3t and the Subregion-
Boundary Equations

Preliminary investigations showed that it was not possible to meet the numerical consistency
requirements with only a few subregions [14, 25]. Therefore, the main part of region 3 was
divided into 20 subregions, 3a to 3t, as illustrated in Figs. 2.24 and 2.25.

The following subscripts mark the subregion boundaries that separate the adjacent
subregions:

3ab: Boundary between subregions 3a/3b and 3d/3e

3cd: Boundary between subregions 3¢/3d, 3¢/3g, and 3c¢/31
3ef: Boundary between subregions 3e/3f, 3h/3i, and 3n/o
3gh: Boundary between subregions 3g/3h and 31/3m

3ij: Boundary between subregions 3i/3j and 3p/3j

3jk: Boundary between subregions 3j/3k and 3r/3k

3mn: Boundary between subregions 3m/3n

3op: Boundary between subregions 30/3p

3qu: Boundary between subregions 3q/3u

3rx: Boundary between subregions 3r/3x

3uv: Boundary between subregions 3u/3v

3wx: Boundary between subregions 3w/3x

B23: Boundary between regions ~ 2/3

These subregion boundaries are also shown in Figs. 2.24 and 2.25.
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The subregion-boundary equations, except for the equations T5,,(p), T3.¢(p), and T 30p(P),
have the following dimensionless form:

T(p) N .
—_9(m)=) m i, 2.65
pe= (7) g}:"z z (2.65)

where 8= T/T™ and & = p/p* with T* =1 K and p* = 1 MPa.
The equations T3,,(p) and T 30p (p) have the form:

T(p) S I
—=0(7)= E n; (Inz)" , (2.66)
i=1

T
and T5.¢(p ) has the form:

T3¢t (P) de

e—* = 9( ) =——

T dx

where the derivative of the saturation-temperature equation, Eq. (2.14), at the critical point is
dé/dzl, =3.727888004.

The coefficients n; and exponents /; of these subregion-boundary equations are listed in

Table 2.100.

(7 —22.064) +647.096, (2.67)

C

Table 2.100 Coefficients n; and exponents I, of the subregion-boundary equations, except for the
equation T .( p).

Equation i n, i n,
1 0 0.154 793 642 129 415 x 10* 4 -1 —0.191 887 498 864 292 x 10*
T,.(p) 2 1 —0.187661219490 113 x 10° 5 2 0.918 419 702 359 447 x 10>
3 2 0.213 144 632222 113 x 107
T () 1 0 0.585 276 966 696 349 x 10 3 2 —0.127283 549295878 x 107!
3ed\P 2 1 0.278 233 532 206 915 x 10" 4 3 0.159 090 746 562 729 x 1073
1 0 —0.249 284 240900 418 x 10° 4 3 0.751 608 051 114 157 x 10"
T(p) 2 1 0.428 143 584 791 546 x 10* 5 4 —0.787105249910383 x 107!
3 2 —0.269029 173 140 130 x 103
1 0 0.584 814 781 649 163 x 10° 4 3 —0.587071076 864 459 x 1072
Ty(p) 2 1 -0.616179320924 617 5 4 0.515 308 185 433 082 x 107*
3 2 0.260 763 050 899 562
1 0 0.617 229 772 068 439 x 10° 4 3 —0.157391839848 015 x 107!
Ty (p) 2 1 —0.770 600 270 141 675 x 10" 5 4 0.137 897 492 684 194 x 1073
3 2 0.697 072 596 851 896
. (») 1 0 0.535 339 483 742 384 x 10° 3 2 —0.158 365725 441 648
3mn P 2 1 0.761 978 122 720 128 x 10" 4 3 0.192 871 054 508 108 x 1072
1 0 0.969 461 372 400 213 x 10° 4 -1 0.773 845 935 768 222 x 10
To(p) 2 1 —0.332500 170 441 278 x 10° 5 -2 —0.152313 732937084 x 10*
3 2 0.642 859 598 466 067 x 10>
T. (») 1 0 0.565 603 648 239 126 x 10° 3 2 —-0.102020639 611016
3qutP 2 1 0.529 062 258 221 222 x 10" 4 3 0.122 240 301 070 145 x 1072
T (») 1 0 0.584 561 202 520 006 x 10° 3 2 0.243 293 362 700 452
P 2 1 -0.102961 025 163 669 x 10 4 3 —0.294 905 044 740 799 x 107
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With the help of the ranges of pressure and temperature given in Table 2.101, any (p,T)
point can be assigned to the corresponding subregions 3a to 3t as given in Figs (2.24) and
(2.25); the subregion-boundary equations T3,,(p) to T3, (p) are defined in Egs. (2.65) to
(2.67) in combination with Table 2.100.

Table 2.101 Pressure ranges and corresponding subregion-boundary equations for determining the
correct subregion, 3a to 3t, for the backward equations v, (p, T)

Sub- Sub-

Pressure range Temperature range Temperature range

region region
40 MPa < p < 100 MPa 3a T<Ty,(p) 3b T>Ty(p)
3¢ T<T, . (p) 3e T, . (p)<T<T, (p)
25 MPa < p <40 MPa 3ed 3ab 3ef
p 3d Ty (p)<T<Ty(p) 3f T>T,(p)
3¢ T<T34(p) 3i T(p) < T< Ty(p)
23.5MPa < p <25 MPa 38 Tyy(p)<T<Ty,(p) 3 Tyi(p) <T< Ty (p)
3h Ty (p)<T<Tyy(p) 3k T>Ty(p)
3c T<T,4(p) 3i T3i(p) < T< Ty(p)
23 MPa < p <23.5 MPa 31 Tyy(p)<T<Typ(p) 3 Tyi(p) <T<Ty(p)
3h Ty(p) <T<Ty(p) 3k T>Ty(p)
3¢ T<Ty,(p) 30 Ty(p)<T<Ty,(p)
22.5 MPa<p <23 MPa 3 Balp) < T Ty (p) B D)<= Ty(P)
3m T3gh(p)<TST3mn(p) 3j T3ij(p)<TST3jk(p)
3n T, (p)<T<Tylp) 3k T>Ty(p)
3c T<T,4(p) 3r T, (p)<T<T,, (p)
643.15 K)* < p < 22.5 MPa 3ed 3x 3jk
P y<p 3. Ty(P)<TS<Ty(p) 3k T>T(p)
3c T<T,4(p) 3r T(p)sT<T, (p)
20.5 MPa< p < p (643.15 K)* 3ed s 3jk
p=p ) 3s Ty, (p)<T<T(p) 3k T>Ty(p)
b < 3c T<T,,(p) 3t T>2T (p)
DP3eq <P £20.5MPa 3s T3cd(pc) STST.(p) s
p(623.15K) <p<p,,° 3c T<T/(p) 3t T=T,(p)

* p(643.15 K) = 21.043 367 32 MPa.
® preg = 19.008 81189 MPa.
¢ p(623.15 K) = 16.529 16425 MPa.

The equation T3,,(p) approximates the critical isentrope from 25 MPa to 100 MPa and
divides subregions 3a from 3b and 3d from 3e.

The equation T5.4(p) ranges from p;.q=19.008 811 89 MPa to 40 MPa. The pressure p3 4
corresponds to the pressure p for which T (p)= T3.q(p), where T (p) is the saturation-
temperature equation, Eq. (2.14). The equation T5.4(p ) divides subregion 3¢ from subregions
3d, 3g, 31, 3q, and 3s.

The subregion-boundary equation T3.¢(p) is a straight line from 22.064 MPa to 40 MPa
with the slope of the saturation-temperature line, Eq. (2.14), at the critical point. This equation
divides subregion 3e from 3f, 3h from 3i, and 3n from 3o0.

The equation T34y (p) ranges from 22.5 MPa to 25 MPa and divides subregion 3g from
subregion 3h and 31 from 3h and 3m.
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The equation T3;;(p) approximates the isochore v= 0.0041 m’ kg_1 from 22.5 MPa to
25 MPa and divides subregion 3j from subregions 3i and 3p.

The equation T3;,(p) approximates the isochore v= v”(20.5 MPa) from 20.5 MPa to
25 MPa. This equation divides subregion 3k from subregions 3j and 3r.

The equation T3,,,(p) approximates the isochore v= 0.0028 m’ kg_l from 22.5 MPa to
23 MPa and describes the boundary between subregion 3m and 3n.

The equation T3,,(p) approximates the isochore v= 0.0034 m’ kg_1 from 22.5 MPa to
23 MPa. It divides subregion 30 from 3p.

The equation T3, (p) approximates the isochore v= v"(643.15 K) from p = p,(643.15 K) =
21.043 36732 MPa to 22.5 MPa. This equation describes the boundary between subregion 3q
and subregion 3u in the range covered by the auxiliary equation as shown in Fig. 2.26.

The equation T3, (p) approximates the isochore v = v”(643.15 K) from p = p (643.15 K) =
21.04336732 MPa to 22.5 MPa. The equation T3.,(p) describes the boundary between
subregion 3r and 3x for the auxiliary equations as illustrated in Fig. 2.26.

Computer-Program Verification. To assist the user in computer-program verification of the
equations for the subregion boundaries, Table 2.102 contains test values for calculated
temperatures.

Table 2.102 Temperature values calculated from the subregion-boundary equations for selected
pressures 2

Equation p [MPa] T [K] Equation p [MPa] T [K]

T (P) 40 6.930 341 408 x 10? Ty (p) 23 6.558 338 344 x 10°
Tq(p) 25 6.493 659 208 x 102 Ty (D) 22.8 6.496 054 133 x 10°
T (p) 40 7.139 593 992 x 10? T5,(P) 22.8 6.500 106 943 x 10°
T (P) 23 6.498 873 759 x 102 T54.(p) 22 6.456 355 027 x 10°
Ty;(p) 23 6.515 778 091 x 102 T5y(P) 22 6.482 622 754 x 10°

4 Programmed functions should be verified using 8 byte real values for all variables.

2.3.6.4 Backward Equations v(p,T) for Subregions 3a to 3t

This section presents the backward equations v(p,T) for subregions 3a to 3t, explains how to
use these equations, and makes statements on the numerical consistencies.

a) Backward Equations v(p,T)

The backward equations v(p,T) for subregions 3a to 3t, except for 3n, have the following
dimensionless form:

e

N J

v(p,T I; dl’i
#:w(ﬁﬁ): > | (r-a)] [(H—b) } . (2.68)
v i=1 ]
The equation for subregion 3n has the form:
v3n(p.T) N _
W20 = o(m,0) =exp| Y ni(x—a)' (0-b) |, (2.69)

v i=1

where @ = v/v*, & = p/p*, and = T/T*. The reducing quantities v, p*, and 7", the number of
coefficients N, the non-linear parameters ¢ and b, and the exponents ¢, d, and e are listed in
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Table 2.103. The coefficients n; and exponents /; and J; of these equations are given in
Tables 2.106 to 2.125, which are collected in Sec. 2.3.6.4e¢.

Table 2.103 Reducing quantities v*, p*, and T, the number of coefficients N, the non-linear parameters
a and b, and exponents ¢, d, and e of the backward equations v(p, T) of subregions 3a to 3t

Subregion o [m’kg'] p*[MPa] T¥[K] N a b c d e
3a 0.0024 100 760 30 0.085 0.817 1 1 1
3b 0.0041 100 860 32 0280 0.779 1 1 1
3¢ 0.0022 40 690 35 0259  0.903 1 1 1
3d 0.0029 40 690 38 0.559  0.939 1 1 4
3¢ 0.0032 40 710 29 0587 0918 1 1 1
3f 0.0064 40 730 42 0587 0891 05 1 4
3g 0.0027 25 660 33 0872 0.971 1 1 4
3h 0.0032 25 660 29 0.898  0.983 1 1 4
3i 0.0041 25 660 42 0910 0984 05 1 4
3j 0.0054 25 670 29 0875 0964 0.5 1 4
3k 0.0077 25 630 34 0802 0.935 1 1 1
3] 0.0026 24 650 43 0908  0.989 1 1 4
3m 0.0028 23 650 40 1.000  0.997 1 0.25 1
3n 0.0031 23 650 39 0976 0.997 - - -
30 0.0034 23 650 24 0974 099 0.5 1 1
3p 0.0041 23 650 27 0972 0997 05 1 1
3q 0.0022 23 650 24 0.848  0.983 1 1 4
3r 0.0054 23 650 27 0874  0.982 1 1 1
3s 0.0022 21 640 29 0.886  0.990 1 1 4
3t 0.0088 20 650 33 0.803  1.020 1 1 1

Computer-Program Verification. To assist the user in computer-program verification of the
backward equations v(p,T), Egs.(2.68) and (2.69), for subregions 3a to 3t, Table 2.104
contains test values for calculated specific volumes.

Table 2.104 Values of the specific volume calculated from the backward equations v(p,7T) of
subregions 3a to 3t for selected values of pressure and temperature

Equation p[MPa] T[K] v[m3 kgfl] Equation p[MPa] T [K] v[m3 kgfl]

oo (0. T) 50 630 1.470853100x 1073 oo (0. T) 23 660 6.109 525997 x 1073
3P 80 670 1.503 831359 x 107 | V37 24 670  6.427325645% 107

o (.T) 50 710 2.204728 587 x 1073 e (0. T) 226 646 2.117860851 x 107
3P 80 750 1.973692940x 1073 | Va'P 23 646 2.062374674x 107

o (5. T) 20 630 1.761 696 406 x 107 o (0. T) 22.6 648.6 2.533063780x 107
3P 30 650 1.819560617x 1073 | Vsm'P 228 6493 2.572971781x 1073

on(p.T) 26 656 2.245587720x 107 o (p.T) 22.6 649.0 2.923432711x 107
3aP 30 670 2.506 897702 x 1073 | Uan'\P 228 649.7 2913311494 %107

o (0. T) 26 661 2970225962 % 107 o (p.T) 22.6 649.1 3.131208996 x 107
3P 30 675 3.004 627 086 x 1073 | V3P 228 649.9 3.221 160278 x 1072

Continued on next page.
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Table 2.104 — Continued

Equation p[MPa] T [K] v[m3 kgﬁl] Equation p[MPa] T [K] v[m3 kgﬁl]

v (9, T) 26 671 5.019 029 401 x 1073 v (0. T) 226 6494 3715596 186 x 1073
3P 30 690 4.656470142x 1073 | "' 228 6502 3.664 754790 x 1073

e (0. T) 236 649 2.163 198378 x 1073 e (0. T) 21.1 640 1.970999272x 1073
3¢\ 24 650 2.166044 161 x 1073 | V3P 21.8 643 2.043919161x 107

e (0. T) 23.6 652 2.651081407x1073 oo (p.T) 21.1 644 5251009921 %1073
3P 24 654 2.967802335x 1073 | Var'P 21.8 648 5256844 741 x 1073

o (p.T) 23.6 653 3.273916816x 1073 o (p.T) 19.1 635 1.932829079x 107
3P 24 655 3.550329864x 1073 | V3s'P 20 638 1.985387227x 1073

e (0. T) 235 655 4.545001 142x 1073 e (0. T) 17 626 8.483262001x 107
3P 24 660 5.100267704x 1073 | Ua'P 20 640 6227528101 x 1073

& Programmed functions should be verified using 8 byte real values for all variables.

b) Calculation of Properties with the Help of the Backward Equations v(p,T)

The backward equations v3,(p,T) to v3(p,T), described in Sec. 2.3.6.4a along with the basic
equation f3(p,T), Eq. (2.11), make it possible to determine all thermodynamic properties, e.g.
specific enthalpy, specific entropy, specific isobaric heat capacity, and speed of sound, for given
values of pressure p and temperature 7 in region 3 without iteration.

The following steps should be taken:

o [dentify the subregion (3a to 3t) for the given values of the pressure p and temperature 7
following the instructions in Sec. 2.3.6.3 in conjunction with Table 2.101 and Figs. 2.24
and 2.25. Then calculate the specific volume v for the subregion using the corresponding
backward equation v(p,T), Eq. (2.68) or Eq. (2.69).

e Calculate the desired thermodynamic property for the previously calculated specific
volume v and the given temperature 7 using the relation of this property to the basic
equation f3(p,T), Eq. (2.11), where p =1/v is determined from the corresponding back-
ward equation, Eq. (2.68) or Eq. (2.69).

c) Numerical Consistencies

The numerical inconsistencies between the backward equations v(p,T), Egs. (2.68) and (2.69),
and the basic equation f3(p,T), Eq. (2.11), are listed in Table 2.105 in comparison with the
permissible inconsistencies given in Table 2.99 in Sec. 2.3.6.1. In addition to the inconsistencies
in specific volume v itself, the effect of these inconsistencies with regard to the inconsistencies
in specific enthalpy, specific entropy, specific isobaric heat capacity, and speed of sound are
also given; the calculation of these properties based on the calculation of v from the backward
equations v(p,T), Egs. (2.68) and (2.69), is described in paragraph b) above.
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Table 2.105 Maximum and root-mean-square inconsistencies in v, 4, s, [ and w when these properties
are calculated from the basic equation f;(p,T'), Eq. (2.11), after p was determined by iteration and when

p =1/v was calculated directly from the backward equations v(p, T) of regions 3a to 3t

Inconsistencies in v, A, s, [ and w [%]

|Av/v| |AR/h| |As/s | |Ac,/c,| |[Aw/w|
resgitz;n max RMS max RMS max RMS | max RMS | max RMS
3a 0.00061 0.00031 | 0.00018 0.00008 | 0.00026 0.00011 |0.0016 0.0006 | 0.0015 0.0006
3b 0.00064 0.00035 | 0.00017 0.00008 | 0.00016 0.00008 | 0.0012 0.0003 [ 0.0008 0.0003
3c 0.00080 0.00038 | 0.00026 0.00012 | 0.00025 0.00011 |0.0059 0.0016 | 0.0023 0.0010
3d 0.00059 0.00025 | 0.00018 0.00008 | 0.00014 0.00006 | 0.0035 0.0010{0.0012 0.0004
3e 0.00072 0.00033 | 0.00018 0.00009 | 0.00014 0.00007 | 0.0017 0.0005 | 0.0006 0.0002
3f 0.00068 0.00020 | 0.00018 0.00005 | 0.00013 0.00004 | 0.0015 0.0003 [ 0.0002 0.0001
3g 0.00047 0.00016 | 0.00014 0.00005 | 0.00011 0.00004 | 0.0032 0.0011 [0.0010 0.0003
3h 0.00085 0.00044 | 0.00022 0.00012 | 0.00017 0.00009 | 0.0066 0.0018|0.0006 0.0002
3i 0.00067 0.00028 | 0.00018 0.00008 | 0.00013 0.00006 | 0.0019 0.0006 | 0.0002 0.0001
3j 0.00034 0.00019 | 0.00009 0.00005 | 0.00007 0.00004 | 0.0020 0.0006 | 0.0002 0.0001
3k 0.00034 0.00012 | 0.00008 0.00003 | 0.00007 0.00002 |0.0018 0.0003 |{0.0002 0.0001
31 0.00033 0.00019 | 0.00010 0.00006 | 0.00008 0.00005 | 0.0035 0.0015 |0.0008 0.0004
3m | 0.00057 0.00031 | 0.00015 0.00009 | 0.00011 0.00006 | 0.0062 0.0030|0.0006 0.0002
3n 0.00064 0.00029 | 0.00017 0.00008 | 0.00012 0.00006 | 0.0050 0.0013 {0.0002 0.0001
30 0.00031 0.00015 | 0.00008 0.00004 | 0.00006 0.00003 |0.0007 0.0002 [ 0.0001 0.0001
3p | 0.00044 0.00022 | 0.00012 0.00006 | 0.00009 0.00005 |0.0026 0.0010 |0.0002 0.0001
3q |0.00036 0.00018 | 0.00012 0.00006 | 0.00009 0.00005 | 0.0040 0.0016 |0.0010 0.0005
3r | 0.00037 0.00007 | 0.00010 0.00002 | 0.00008 0.00002 | 0.0030 0.0004 |0.0002 0.0001
3s | 0.00030 0.00016 | 0.00010 0.00005 | 0.00007 0.00004 | 0.0033 0.0015 | 0.0009 0.0005
3t [0.00095 0.00045 | 0.00022 0.00010 | 0.00018 0.00008 | 0.0046 0.0015 | 0.0004 0.0002
Permis-
sible 0.001 0.001 0.001 0.01 0.01
values

Table 2.105 shows that the numerical inconsistencies in specific volume v, specific enthalpy
h, and specific entropy s are less than 0.001% when v is calculated one time from the backward
equations v(p,T) given in Sec. 2.3.6.4a and the other time from the basic equation f3(p,T),
Eq. (2.11). The corresponding inconsistencies in the specific isobaric heat capacity ¢, and in the
speed of sound w are less than 0.01%. Thus, all inconsistencies are less than the permissible
values. This means that the calculation with the backward equations agrees within five
significant figures for v, A, and s and within four significant figures for y and w with the
calculation using the basic equations only.

Comprehensive tests have shown that the maximum inconsistencies between the backward
equations v(p,T) of adjacent subregions are less than 0.001%. Moreover, the inconsistencies in
h,s, Cps and w along subregion boundaries, when these properties are calculated one time with
the help of the backward equations v(p,T) and the other time with the basic equation f5(p,T)
alone, are also less than the permissible values given in Table 2.99; this is valid for subregion
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boundaries, isobars and lines defined by the subregion-boundary equations according to
Egs. (2.65) to (2.67).

d) Computing Time when Using the Backward Equations v;(p,T) in Comparison with the
Basic Equation

A very important motivation for the development of the backward equations v5(p,T) was
reducing the computing time for the calculation of thermodynamic properties for the given
variables (p,T) in region 3. When only the basic equation f3(p,7), Eq. (2.11), is used, time
consuming iterations are required, whereas when the basic equation is used in combination with
the backward equations v5(p,T), all iterations are avoided. Then, the calculation speed is about
17 times faster than that using only the basic equation [19]. In this comparison, the basic
equation has to be applied in combination with a one-dimensional Newton iteration with
convergence tolerances corresponding to the consistency requirements for the backward
equations given in Sec. 2.3.6.1.

e) Coefficients and Exponents of the Backward Equations v (p,T) for Subregion 3a to 3t

This section contains Tables 2.106 to 2.125 with the coefficients and exponents of the backward
equations v3,(p, T) to v3( p, T') for subregions 3a to 3t according to Eqs. (2.68) and (2.69).

Table 2.106 Coefficients and exponents of the backward equation v,,(p, T') for subregion 3a

i1 n; i I J; n;
1 -12 5 0.110 879 558 823 853 x 1072 16 -3 1 —0.122 494 831 387 441 x 10!
2 -12 10 0.572 616 740 810 616 x 10° 17 -3 3 0.179 357 604 019 989 x 10!
3 =12 12  —0.767 051 948 380 852 x 10° 18 -3 6 0.442 729 521 058 314 x 102
4 =10 5 —0.253321069529674x 107" 19 =2 0 -0.593223489018342x 1072
5 =10 10 0.628 008 049 345 689 x 10* 20 -2 2 0.453 186 261 685 774
6 —-10 12 0.234 105 654 131 876 x 10° 21 =2 3 0.135 825 703 129 140 x 10"
7 -8 5 0.216 867 826 045 856 22 -1 0 0.408 748 415 856 745 x 10!
8§ -8 8 —0.156237904 341963 x 10° 23 -1 1 0.474 686 397 863 312
9 -8 10 —0.269893956176 613 x 10° 24 -1 2 0.118 646 814 997 915 x 10!
10 -6 1 —0.180407 100 085 505 x 1073 25 0 0 0.546 987 265 727 549
11 -5 1 0.116 732 227 668 261 x 1072 26 0 1 0.195 266 770 452 643
12 -5 5 0.266 987 040 856 040 x 10° 27 1 0 —0.502 268 790 869 663 x 107!
13 -5 10 0.282 776 617 243 286 x 10° 28 1 2 —=0.369 645 308 193 377
14 -4 8  —0.242 431 520 029 523 x 10* 29 2 0 0.633 828 037 528 420 x 1072
15 -3 0 0.435217 323 022 733 x 1073 30 2 2 0.797 441 793 901 017 x 107"
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Table 2.107 Coefficients and exponents of the backward equation v, (p, T') for subregion 3b

P n; i I; i n;
1 -12 10 —0.827 670 470 003 621 x 10! 17 =3 2 —0.416375290 166 236 x 10"
2 12 12 0.416 887 126 010 565 x 107 18 -3 3 —0.413754957011 042 x 10?
3 -10 8 0.483 651 982 197 059 x 107! 19 -3 5 —0.506673295721 637 x 10?
4 10 14 —0.291 032084 950276 x 10° 20 =2 0 —0.572212965569 023 x 1073
5 -8 8 —0.111422582236948 x 10° 21 =2 2 0.608 817 368 401 785 x 10!
6 -6 5 —0.202300083904014x 10" 2 -2 5 0.239 600 660 256 161 x 10?
7 -6 6 0.294 002 509 338 515 x 10° 23 -1 0 0.122 261 479 925 384 x 107!
8 -6 8 0.140 244 997 609 658 x 10° 24 -1 2 0.216 356 057 692 938 x 10!
9 -5 5 —0.344384158811459x% 10° 25 0 0 0.398 198 903 368 642

100 -5 8 0.361 182452 612 149 x 10° 26 0 1 —0.116892 827 834 085

11 =5 10 —0.140 699 677 420 738 x 10* 27 1 0 -0.102845919 373532

12 -4 2 —0.202023902 676 481 x 107> 26 1 2 —0.492 676 637 589 284

13 -4 4 0.171 346 792 457 471 x 103 29 2 0 0.655 540 456 406 790 x 107!

14 -4 5 —0.425597 804 058 632 x 10! 30 3 2 —0.240462 535 078 530

15 =3 0 0.691 346 085 000 334 x 107> 31 4 0 -0.269798180310075x 107"

16 -3 1 0.151 140 509 678 925 x 1072 32 4 1 0.128 369 435 967 012

Table 2.108 Coefficients and exponents of the backward equation v (p, T) for subregion 3¢

i I n, i I, J n;
1 -12 6 0.311 967 788 763 030 x 10! 19 2 4 0.234 604 891 591 616 x 10°
2 -12 8 0.276 713 458 847 564 x 10° 20 =2 5 0.377 515 668 966 951 x 10*
3 -12 10 0.322 583 103 403 269 x 10% 21 -1 0  0.158646 812591 361 x 107!
4 10 6 —0.342416 065 095 363 x 10° 2 -1 1 0.707 906 336 241 843
5 -10 8 —0.899 732529907 377 x 10° 23 -1 2 0.126 016225 146 570 x 10°
6 —10 10 —0.793 892 049 821 251 x 10% 24 0 0  0.736 143 655772 152
7 -8 5 0.953 193 003 217 388 x 10> 25 0 1 0.676 544 268 999 101
g8 -8 6 0.229 784 742 345 072 x 10* 26 0 2 —0.178 100 588 189 137 x 10?
9 -8 7 0.175 336 675 322 499 x 10° 27 1 0 —0.156531975531713
10 -6 8 0.791 214 365 222 792 x 107 260 1 2 0.117707 430 048 158 x 10?
11 -5 1 0.319 933 345 844 209 x 10™* 29 2 0  0.840 143 653 860 447 x 107!
12 -5 4 —0.659 508 863 555 767 x 10? 30 2 1 —0.186442 467 471 949
13 -5 7 —0.833426563212 851 x 10° 31 2 3 —0.440 170 203 949 645 x 10?
14 -4 2 0.645 734 680 583 292 x 107! 32 2 7 0.123 290 423 502 494 x 107
15 -4 8 —0.382031020570813 x 107 33 3 0 —0.240 650 039 730 845 x 107!
16 -3 0 0.406 398 848 470 079 x 10™* 34 3 7 —0.107077 716 660 869 x 107
17 -3 3 0.310 327 498 492 008 x 10> 35 8 1 0.438 319 858 566 475 x 107!
18 =2 0 —0.892996 718 483 724 x 1073
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Table 2.109 Coefficients and exponents of the backward equation v,;(p, T') for subregion 3d

i L n; A/ n;
1 =12 4 —0.452 484 847 171 645 x 10~ 20 =5 1 —0.436701347 922356 % 107
2 12 6 0.315 210 389 538 801 x 10™* 21 =5 2 —0.404213 852833996 x 107>
3 —12 7  —0.214991 352 047 545 x 1072 22 -5 5 —0.348 153203414 663 x 10°
4 -12 10 0.508 058 874 808 345 x 10° 23 -5 7 —0.385294213 555289 x 10°
5 —12 12 —0.127 123 036 845 932 x 108 24 -4 0 0.135 203 700 099 403 x 10°°
6 —-12 16 0.115371 133 120497 x 10" 25 -4 1 0.134 648 383 271 089 x 103
7 =10 0 —0.197 805728 776 273 x 1071 26 -4 7 0.125 031 835 351 736 x 10°
g8 —10 2 0.241 554 806 033972 107 27 -3 2 0.968 123 678 455 841 x 107"
9 —10 4 —0.156 481703 640 525 x 10> 286 3 4 0.225 660 517 512 438 x 103
10 -10 6 0.277 211 346 836 625 x 1072 20 2 0 —0.190102 435341872 x 1073
11 =10 8 —0.203 578 994 462 286 x 10° 30 =2 1 —0.299628 410819229 x 107!
12 -10 10 0.144 369 489 909 053 x 107 31 -1 0 0.500 833 915 372 121 x 1072
13 =10 14 —0.411254217 946 539 x 10'! 32 -1 1 0.387 842 482 998 411
14 -8 3 0.623 449 786 243 773 x 107 33 -1 5 —0.138535367777 182 x 10*
15 -8 7 —0.221774281 146 038 x 10? 34 0 0 0.870 745 245 971 773
16 -8 8 —0.689315087933 158 % 10° 35 0 2 0.171 946 252 068 742 x 10"
17 -8 10 —0.195419 525060 713 x 10® 36 1 0 —0.326650121426383x 107"
18 -6 6 0.316 373 510 564 015 x 10* 37 1 6 0.498 044 171 727 877 x 10*
19 -6 8 0.224 040 754 426 988 x 107 38 3 0 0.551 478 022 765 087 x 1072

Table 2.110 Coefficients and exponents of the backward equation v,,(p, T) for subregion 3e

i I, J; n; i I, J; n;
1 —-12 14 0.715 815 808 404 721 x 10° 6 -3 6 0.475 992 667 717 124 x 10°
2 —-12 16 —0.114328 360 753 449 x 10'? 17 =3 7 —=0.266627 750 390 341 x 10°
3 -10 3 0.376 531 002 015 720 x 107 18 =2 0 —0.153314954386524x 107
4 -10 6 —0.903983 668691 157 x 107* 9 =2 1 0.305 638 404 828 265
5 —10 10 0.665 695 908 836 252 x 10° 200 2 3 0.123 654 999 499 486 x 10°
6 —10 14 0.535 364 174 960 127 x 10'° 21 =2 4 —0.104390794 213011 x 10*
7 =10 16 0.794 977 402 335 603 x 10'! 22 -1 0 -0.157496516 174308 x 10~
8 -8 7 0.922 230 563 421 437 x 10? 23 0 0 0.685 331 118 940 253
9 -8 8 —0.142586073991215x 10° 24 0 1 0.178 373 462 873 903 x 10!
10 -8 10 —0.111796 381424 162 x 107 25 1 0 —0.544674124 878910
11 -6 6 0.896 121 629 640 760 x 10* 26 1 4 0.204 529 931 318 843 x 10*
12 -5 6 —0.669989 239 070 491 x 10* 27 1 6 —0.228342359328752x10°
13 -4 2 0.451 242 538 486 834 x 1072 28 2 0 0.413 197 481 515 899
14 -4 4 —0.339731325977 713 x 10? 29 2 2 —0.341931 835910 405 x 10?
15 =3 2 —0.120523 111552278 x 10!
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Table 2.111 Coefficients and exponents of the backward equation v,.(p, T') for subregion 3f

i L J n; i L J n;
1 0 =3 —0251756547792325x%x 107 2 10 -6 0.470 942 606 221 652 x 107>
2 0 =2 0.601 307 193 668 763 x 10~° 23 12 -10 0.195 049 710 391 712 x 1072
3 0 -1 —0.100615977 450 049 x 1072 24 12 -8 —0.911627 886266077 x 10°°
4 0 0 0.999 969 140 252 192 25 12 -4 0.604 374 640 201 265 x 1073
5 0 1 0.214 107 759 236 486 x 10' 26 14 =12 —=0.225132933900 136 x 10713
6 0 2 —0.165175571959 086 x 10? 27 14 -10 0.610916 973 582981 x 107!
7 1 -1 —0.141987 303 638 727 x 1072 28 14 -8 —0.303 063908 043 404 x 10°°
g8 1 1 0.269 251 915 156 554 x 10! 29 14 -6 —0.137796 070 798 409 x 10~
9 1 2 0.349 741 815 858 722 x 107 30 14 -4 —0.919296 736 666 106 x 1073
10 1 3 —0.300208 695771 783 x 10? 31 16 -10 0.639 288 223 132 545 x 107°
11 2 0 —0.131546288252539x 10! 32 16 -8 0.753 259 479 898 699 x 10°
12 2 1 —0.839091277 286169 x 10! 33 18 —12  —0.400321 478 682929 x 10712
13 3 -5 0.181 545 608 337 015 x 107 34 18 -10 0.756 140 294 351 614 x 1078
14 3 =2 —=0.591099 206 478 909 x 107 35 20 -12 —0.912 082054 034 891 x 107!
15 3 0 0.152 115 067 087 106 x 10" 36 20 -10 —0.237 612381 140539 x 10”7
16 4 -3 0.252 956 470 663 225 x 107* 37 20 -6 0.269 586 010 591 874 x 107*
17 5 -8 0.100 726 265 203 786 x 10714 38 22 —-12 —0.732828 135157839 x 10710
18 5 1 —0.149 774 533 860 650 x 10! 39 24 -12 0.241 995 578 306 660 x 10~
19 6 -6 —0.793940970 562 969 x 10 40 24 -4  —0.405735532730322%x 107
20 7 -4 —0.150290891 264717 x 1073 41 28 -12 0.189 424 143 498 011 x 10™°
200 7 1 0.151 205 531 275 133 x 10" 42 32 —12  —0.486 632 965 074 563 x 107

Table 2.112 Coefficients and exponents of the backward equation v3g(p, T) for subregion 3g

i L n; i I J n;
1 -12 7 0.412 209 020 652 996 x 10~ 20 =2 3 —0.910782 540 134 681 x 10?
2 12 12 —0.114987 238 280 587 x 10’ 21 =2 5 0.135 033 227 281 565 x 10°
3 -12 14 0.948 180 885 032 080 x 10'° 22 =2 14 —0.712949 383408 211 x 10"
4 -12 18 —0.195788 865718971 x 10'8 23 2 24 —0.104 578 785 289 542 x 10%’
5 -12 22 0.496 250 704 871 300 x 10%° 24 -1 2 0.304 331 584 444 093 x 10>
6 —12 24 —0.105 549 884 548 496 x 10?° 25 -1 8 0.593 250 797 959 445 x 10'°
7 —10 14 —0.758 642 165988 278 x 10'? 26 -1 18 —0.364 174062 110798 x 10
8 —10 20 —0.922 172769596 101 x 10* 27 0 0 0.921 791 403 532 461
9 —-10 24 0.725 379 072 059 348 x 10°° 260 0 1 —0.337693 609 657 471
10 -8 7 —0.617 718249 205 859 x 10? 29 0 2 —0.724 644 143 758 508 x 10?
11 -8 8 0.107 555 033 344 858 x 10° 30 1 0 -—0.110480239272 601
12 -8 10 —0.379 545802 336 487 x 10} 31 1 1 0.536 516 031 875 059 x 10"
13 -8 12 0.228 646 846 221 831 x 10'2 32 1 3 —0.291441872 156 205 x 10*
14 -6 8 —0.499741093 010619 x 10’ 33 3 24 0.616 338 176 535 305 x 10*
15 -6 22 —0.280214310054 101 x 10*! 34 5 22 —0.120889 175861 180 x 10*°
16 -5 7 0.104 915 406 769 586 x 107 35 6 12 0.818 396 024 524 612 x 10%
17 =5 20 0.613 754 229 168 619 x 10?® 36 8 3 0.940 781 944 835 829 x 10°
18 -4 22 0.802 056 715 528 378 x 1032 37 10 0 —0.367279 669 545 448 x 10°
19 -3 7 —0.298617 819 828 065 x 10® 33 10 6 —0.837513931798 655x% 10'°
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Table 2.113 Coefficients and exponents of the backward equation v, (p, T) for subregion 3h

i L n; A/ n;
1 -12 8 0.561 379 678 887 577 x 107! 16 -6 8 —0.656174 421999 594 x 107
2 12 12 0.774 135 421 587 083 x 10'° 17 -5 2 0.156 362 212 977 396 x 107*
3 -10 4 0.111 482975877938 x 10°% 18 =5 3 —0.212946257 021 400 x 10"
4 -10 6 —0.143987 128 208 183 x 1072 19 -5 4 0.135 249 306 374 858 x 107
5 -10 8 0.193 696 558 764 920 x 10* 20 -4 2 0.177 189 164 145 813
6 -10 10 —0.605971 823 585 005 x 10° 21 -4 4 0.139 499 167 345 464 x 10*
7 -10 14 0.171 951 568 124 337 x 10" 22 -3 1 —0.703 670932 036388 x 102
8 —10 16 —0.185461 154 985 145 x 10"7 23 -3 2 —0.152011044 389 648
9 -8 0 0.387 851 168 078 010 x 107'¢ 24 -2 0 0.981 916922991 113 x 107
10 -8 1 —0395464327846105x10"° 25 -1 0 0.147 199 658 618 076 x 107>
11 -8 6 —0.170875935679 023 x 10° 26 -1 2 0.202 618 487 025 578 x 10?
12 -8 7 —0.212010620701220 % 10* 27 0 0 0.899 345 518 944 240
13 -8 8 0.177 683 337 348 191 x 10® 26 1 0 —0.211346402 240 858
14 -6 4 0.110 177 443 629 575 x 10? 29 1 2 0.249 971 752 957 491 x 10?
15 =6 6 —0.234396 091 693 313 x 10°

Table 2.114 Coefficients and exponents of the backward equation v, (p, T) for subregion 3i

i I, J; n; i I, J; n;
1 0 0 0.106 905 684 359 136 x 10! 2 12 -12 0.164 395 334 345 040 x 10723
2 0 1 —0.148620857 922333 x 10! 23 12 -6 —0.339823323754373x 107
30 10 0.259 862 256 980 408 x 10" 24 12 -4 —0.135268 639905 021 x 10~
4 1 -4 —0.446352055678749x 107! 25 14 -10 —0.723252514211625%x 10714
5 1 =2 —0.566620757170032 % 107° 26 14 -8 0.184 386 437 538 366 x 107
6 1 -1 —0.235302885 736849 x 107> 27 14 -4 —0.463 959533752385 % 107!
7 1 0 —0.269226321968 839 28 14 5 —0.992263 100376 750 x 10'*
8§ 2 0 0.922 024 992 944 392 x 10" 29 18 -12 0.688 169 154 439 335 x 10°1¢
9 3 -5 0.357 633 505 503 772 x 107! 30 18 —-10 —0.222 620998 452 197 x 10710
10 3 0 —0.173942 565 562 222 x 10? 31 18 -8 —0.540843018 624 083 x 1077
11 4 =3 0.700 681 785 556 229 x 10~ 32 18 -6 0.345 570 606 200 257 x 107>
12 4 -2 —0.267050351075768 % 107 33 18 2 0.422 275 800 304 086 x 10'!
13 4 -1 —0.231779669 675 624 x 10 34 20 —-12  —0.126974 478 770 487 x 10714
14 5 -6 —0.753533046979752%x 1072 35 20 -10 0.927 237 985 153 679 x 10™°
15 5 -1 0.481 337 131 452 891 x 10! 36 22 -12 0.612 670 812 016 489 x 10713
16 5 12 —0.223286270 422 356 x 10? 37 24 -12  —0.722 693 924 063 497 x 107!
17 7 -4 —0.118746 004987 383 x 10~ 38 24 -8 —0.383669 502636822 %107
18 7 -3 0.646 412 934 136 496 x 107> 39 32 -10 0.374 684 572 410 204 x 103
19 8 -6 —0.410588536330937x 107 40 32 -5 —0.931976897 511086 % 10°
20 8 10 0.422 739 537 057 241 x 10%° 41 36 -10 —0.247 690 616 026 922 x 10~
21 10 -8 0.313 698 180 473 812 x 1072 42 36 -8 0.658 110 546 759 474 x 107
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Table 2.115 Coefficients and exponents of the backward equation v;;(p, T') for subregion 3j

i L J n; i L J n;
1 0 -1 —0.111371317395540x% 107 16 10 -6 —0.960754 116701 669 x 1078
2 0 0 0.100 342 892 423 685 x 10" 17 12 -8 —0.510572269 720 488 x 10°'°
30 1 0.530 615 581 928 979 x 10" 18 12 -3 0.767 373 781 404 211 x 1072
4 1 =2 0.179 058 760 078 792 x 107> 19 14 -10 0.663 855 469 485 254 x 107
5 1 -1 —0.728541958464774x 107 20 14 -8 —0.717 590735526745 107°
6 1 1 —0.187576133371704 % 10? 21 14 -5 0.146 564 542 926 508 x 107
7 2 -1 0.199 060 874 071 849 x 102 22 16 -10 0.309 029 474 277 013 x 107!
g8 2 1 0.243 574 755 377 290 x 107 23 18 -12  —0.464 216300971 708 x 1073
9 3 -2 —0.177 040 785 499 444 x 10 24 20 -12  —0.390 499 637 961 161 x 1073
10 4 -2 —0.259 680385227 130 x 102 25 20 -10 —0.236716 126 781 431 x 107
11 4 2 —0.198704578 406 823 x 10° 26 24 -12 0.454 652 854 268 717 x 107!
2 5 -3 0.738 627 790 224 287 x 107* 27 24 -6 —0.422271787 482 497 x 107>
13 5 -2 —0.236264692 844 138 x 102 28 28 -12 0.283 911 742 354 706 x 10°'°
14 5 0 —0.161023121314333x 10" 29 28 -5 0.270 929 002 720 228 x 10"
15 6 3 0.622 322 971 786 473 x 10*

Table 2.116 Coefficients and exponents of the backward equation v, (p, T') for subregion 3k

i I, J; n; i I, J; n;
1 =2 10 —0.401215699 576 099 x 10° 18 1 2 —0.194646 110037079 x 10°
2 =2 12 0.484 501 478 318 406 x 10"! 19 2 -8 0.808 354 639 772 825 x 10713
3 -1 -5 0.394721471363678x 107 20 2 -6 —0.180845209 145470 x 107'°
4 -1 6 0.372 629 967 374 147 x 10° 21 2 -3  —0.696 664 158 132412 x 107
5 0 -12 —0.369794374168666x10%° 22 2 -2 —0.181 057 560 300 994 x 107>
6 0 -6 —0380436407012452x107% 23 2 0  0.255830298 579027 x 10’
7 0 =2 0.475 361 629 970 233 x 10°° 24 2 4 0.328913 873658481 x 10*
8 0 -1 —0.879148916 140706 x 1073 25 5 =12 —0.173 270241249 904 x 1078
9 0 0 0.844 317 863 844 331 26 5 -6 —0.661876792558034x10°
100 0 1 0.122 433 162 656 600 x 10> 27 5 -3 —0.395688923 421250 x 1072
11 0 2 —0.104529 634 830279 x 10> 28 6 —12 0.604203299 819 132 x 107"
12 0 3 0.589 702 771 277 429 x 10° 29 6 —-10 —0.400879 935920517 x 10713
13 0 14 —0.291026851 164 444 x 10'* 30 6 -8 0.160 751 107 464 958 x 10°%
14 1 -3 0.170 343 072 841 850 x 107> 31 6 -5 0.383 719 409 025 556 x 107*
15 1 -2 —0.277617 606975748 x 1073 32 8 —12  —0.649 565 446 702 457 x 107
16 1 0 —0.344709 605 486 686 x 10 33 10 -12  —0.149 095 328 506 000 x 107"
17 1 1 0.221 333 862 447 095 x 10? 34 12 -10  0.541449377329581 x10°®
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Table 2.117 Coefficients and exponents of the backward equation v, (p, T') for subregion 31

i I, J; n; i I, J; n;

1 -12 14 0.260 702 058 647 537 x 10'° 23 =3 20 —0.695953 622 348 829 x 103

2 12 16 —0.188277 213 604 704 x 10" 24 =2 2 0.110 609 027 472 280

3 12 18 0.554 923 870 289 667 x 10"° 25 =2 3 0.721 559 163 361 354 x 10?

4 —12 20 —0.758 966 946 387 758 x 10? 26 -2 10 —0.306367 307 532219 x 10"

5 12 22 0.413 865 186 848 908 x 10?7 27 -1 0 0.265 839 618 885530 x 107*

6 —10 14 —0.815038 000 738 060 x 10'? 286 -1 1 0.253 392 392 889 754 x 10"

7 —10 24 —0.381458 260 489 955 x 1033 29 -1 3 —0.214443 041836579 x 10°

8 -8 6 —0.123239564600519x 107! 30 0 0 0.937 846 601 489 667

9 -8 10 0.226 095 631 437 174 x 10% 31 0 1 0.223 184 043 101 700 x 10"
10 -8 12 —0.495017 809 506 720 x 10'? 32 0 2 0.338 401 222 509 191 x 10?
11 -8 14 0.529 482 996 422 863 x 10'° 33 0 12 0.494 237 237 179 718 x 10*!
12 -8 18 —0.444359 478 746 295 x 102 34 1 0 —0.198 068 404 154 428
13 -8 24 0.521 635 864 527 315 x 10°*° 35 1 16 —0.141415 349 881 140 x 10!
14 -8 36 —0.487 095672 740 742 x 10 36 2 1 —0.993862421613 651 x 10?
15 -6 8 —0.714 430209 937 547 x 10° 37 4 0 0.125 070 534 142 731 x 10°
16 -5 4 0.127 868 634 615 495 38 5 0 —0.996473529 004 439 x 10°
17 =5 5 —=0.100752 127917 598 x 10? 39 5 1 0.473 137 909 872 765 x 10°
18 -4 7 0.777 451 437 960 990 x 10’ 40 6 14 0.116 662 121 219 322 x 10*3
19 -4 16 —0.108 105480 796 471 x 10% 41 10 4 —0.315874976 271533 x10'°
20 -3 1 —0.357578 581169659 x 107> 42 10 12 —0.445703 369 196 945 x 10
21 =3 3 —=0.212857 169 423 484 x 10! 43 14 10 0.642 794 932 373 694 x 103
2 -3 18 0.270 706 111 085 238 x 10*°

Table 2.118 Coefficients and exponents of the backward equation v, (p, T') for subregion 3m

i L J; n; i I, J n;
1 0 0 0.811 384 363 481 847 21 28 20 0.368 193 926 183 570 x 10%°
2 3 0 —0.568199 310990 094 x 10* 2 2 22 0.170 215 539 458 936 x 10'8
3 8 0 —0.178657 198172556 x 10" 23 16 22 0.639 234 909 918 741 x 10*
4 20 2 0.795 537 657 613 427 x 1032 24 0 24 —0.821698 160721 956 x 10"°
5 1 5 —0.814568209 346872 % 10° 25 5 24  —0.795260 241 872 306 x 10**
6 3 5 —0.659774567 602874 % 10° 26 0 28 0.233 415 869 478 510 x 10'8
7 4 5 —0.152861 148 659 302 x 10" 27 3 28 —0.600079 934 586 803 x 103
8 5 5 —0.560 165667510446 x 10'? 28 4 28 0.594 584 382 273 384 x 10%
9 1 6 0.458 384 828 593 949 x 10° 29 12 28 0.189 461 279 349 492 x 10*
10 6 6 —0.385754000383 848 x 10" 30 16 28 —0.810 093 428 842 645 x 10
1 2 7 0.453 735 800 004 273 x 10% 31 1 32 0.188 813 911 076 809 x 10?*
12 4 8 0.939 454 935 735 563 x 102 32 8 32 0.111 052 244 098 768 x 10*°
13 14 8 0.266 572 856 432 938 x 10 33 14 32 0.291 133 958 602 503 x 10*
14 2 10 —0.547578313 899 097 x 10'° 34 0 36 —0.329421923 951 460 x 10*
15 5 10 0.200 725 701 112 386 x 10'° 35 2 36 —0.137 570282 536 696 x 10%°
16 3 12 0.185 007 245 563 239 x 10"3 36 3 36 0.181 508 996 303 902 x 10
17 0 14 0.185 135 446 828 337 x 10° 37 4 36 —0.346 865 122 768 353 x 10°°
18 1 14 —0.170451090 076 385 x 10'? 38 8 36 —0.211961 148 774 260 x 1038
19 1 18 0.157 890 366 037 614 x 10'° 39 14 36 —0.128 617 899 887 675 x 10*
200 1 20 —0.202 530509 748 774 x 10'° 40 24 36 0.479 817 895 699 239 x 10%
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Table 2.119 Coefficients and exponents of the backward equation v, (p, T) for subregion 3n

i L J n; i L J n;
1 0 -12 0.280 967 799 943 151 x 10738 21 3 -6 0.705 412 100 773 699 x 107'!
2 3 -12 0.614 869 006 573 609 x 103 22 4 -6 0.258 585 887 897 486 x 10°*
3 4 -12 0.582 238 667 048 942 x 10727 23 2 -5 —0.493111362030162x 10710
4 6 -12 0.390 628 369238462 x 1022 24 4 -5 —0.158 649 699 894 543 x 1075
5 7 -12 0.821445758255119x 10 25 7 -5 —0.525037 427 886 100
6 10 -12 0.402 137961 842776 x 10°'* 26 4 -4 0.220 019 901 729 615 x 1072
7 12 -12 0.651718 171878301 x 1072 27 3 -3 —0.643 064 132 636 925 x 1072
8 14 —12 —0.211773355803 058 x 1077 28 5 -3 0.629 154 149 015 048 x 10?
9 18 -12 0.264 953 354 380 072 x 107> 29 6 -3 0.135 147 318 617 061 x 10°
10 0 —-10 —0.135031446451331 x 107! 30 0 =2 0.240 560 808 321 713 x 10°°
11 3 -10 -0.607246643970893x10% 31 0 -1 —0.890763 306701 305 x 107
12 5 -10 —0.402352115234494x 107'8 32 3 -1 —0.440209 599 407 714 x 10*
13 6 —10 —0.744 938 506 925 544 x 107'¢ 33 1 0 —0.302807107 747 776 x 10
14 8 -10 0.189917206526237x 102 34 0 1 0.159 158 748 314 599 x 10*
15 12 -10 0.364 975 183 508 473 x 10> 35 01 1 0.232 534 272 709 876 x 10°
16 0 -8 0.177274 872361946 x10% 36 0 2 —0.792 681 207 132 600 x 10°
17 3 -8 —0.334952758812999x 10°'® 37 1 4 —0.869871364 662769 % 10"
18 7 -8 —0.421537726098389x 1078 33 0 5 0.354 542 769 185 671 x 10'?
19 12 -8 —0.391048 167 929 649 x 10! 39 1 6 0.400 849 240 129 329 x 10"°
20 2 -6 0.541 276911 564 176 x 1073

Table 2.120 Coefficients and exponents of the backward equation v, (p, T) for subregion 30

i I, J; n; i I, J; n;
1 0 -12 0.128 746 023979 718 x 10>* 13 6 -8 0.814 897 605 805 513 x 10714
2 0 -4 —0.735234770382342x 107! 14 7 -12 0.425 596 631 351 839 x 1072
30 -1 0.289 078 692 149 150 x 1072 15 8 —10 —0.387449 113787 755 x 107"
4 2 -1 0.244 482 731 907 223 16 8 -8 0.139 814 747 930 240 x 107'2
5 3 -10 0.141 733 492 030 985 x 1072 17 8 -4 —0.171849 638951521 x 1072
6 4 -12 —0.354533853059476x 1072 18 10 -12 0.641 890 529 513 296 x 1072!
7 4 -8 —0.594539202901431x107" 19 10 -8 0.118 960 578 072 018 x 107'°
8 4 -5 —0.585188401782779x10°® 20 14 -12 -0.155282762571 611 x 107"
9 4 -4 0.201 377 325411 803 x 10°° 21 14 -8 0.233 907 907 347 507 x 1077
10 4 -1 0.138 647 388 209 306 x 10! 22 20 -12  —0.174 093 247 766 213 x 10712
11 5 -4 —0.173959365084 772 x 107 23 20 —-10  0.377 682 649 089 149 x 10°*
12 5 -3 0.137 680 878 349 369 x 107> 24 24 -12  -0.516 720236 575302 x 1071°
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Table 2.121 Coefficients and exponents of the backward equation v, (p, T') for subregion 3p

i I, J; n; i I, J; n;
1 0 -1 —0.982825342010366x 10°* 15 12 -12 0.343 480 022 104 968 x 1073
2 0 0 0.105 145 700 850 612 x 10" 16 12 -6 0.816 256 095 947 021 x 10~
30 1 0.116 033 094 095 084 x 10> 17 12 -5 0.294 985 697 916 798 x 1072
4 0 2 0.324 664 750 281 543 x 10* 18 14 -10 0.711 730 466 276 584 x 107
5 1 1 —=0.123592348610 137 x 10* 19 14 -8 0.400 954 763 806 941 x 10™°
6 2 -1 —0.561403450013495x 107" 20 14 -3 0.107 766 027 032 853 x 10?
7 3 -3 0.856 677 401 640 869 x 10”7 21 16 -8 —0.409 449 599 138 182 x 10°°
8 3 0 0.236 313 425 393 924 x 10° 22 18 -8 —0.729 121307 758 902 x 107
9 4 =2 0.972 503 292 350 109 x 1072 23 20 -10 0.677 107 970 938 909 x 10°%
10 6 -2 —0.103001994 531927 x 10! 24 22 -10 0.602 745 973 022 975 x 1077
11 7 =5 —=0.149653706199 162 x 10°* 25 24 -12 —0.382323011855257x 107"
12 7 -4 -0.215743778 861592 % 10~ 26 24 -8 0.179 946 628 317 437 x 1072
13 8 -2 —0.834452 198291 445 x 10! 27 36 —12  —0.345042 834 640 005 x 1073
14 10 -3 0.586 602 660 564 988

Table 2.122 Coefficients and exponents of the backward equation v, q( p, T) for subregion 3q

i L J; n; i I, J n;
1 —12 10 —0.820 433 843 259 950 x 10° 13 -3 3 0.232 808 472 983 776 x 10°
2 12 12 0.473 271 518 461 586 x 10" 14 -2 0 -0.142808220416837x 107
3 -10 6 —0.805950021 005413 % 107" 15 =2 1 —0.643596 060 678 456 x 1072
4 -10 7 0.328 600 025 435 980 x 10° 16 -2 2 —0.428577227475614x 10!
5 -10 8 —0.356617 029982490 x 10* 17 =2 4 0.225 689 939 161 918 x 10*
6 —10 10 —0.172985 781433 335x 10'° 18 -1 0 0.100 355 651 721 510 x 1072
7 -8 8 0.351 769 232 729 192 x 10% 19 -1 1 0.333 491 455 143 516
8 -6 6 —0.775489 259985 144 x 10° 20 -1 2 0.109 697 576 888 873 x 10!
9 -5 2 0.710 346 691 966 018 x 10™* 20 0 0 0.961 917 379 376 452
100 -5 5 0.993 499 883 820 274 x 10° 22 1 0 —0.838165632204598 x 107!
11 -4 3 —0.642094 171 904 570 23 1 1 0.247 795 908 411 492 x 10"
12 -4 4 —0.612842 816820083 x 10* 24 1 3 —=0.319114 969 006 533 x 10*

Table 2.123 Coefficients and exponents of the backward equation v, (p, T') for subregion 3r

i L J; n; i I, J n;

1 -8 6 0.144 165 955 660 863 x 1072 15 8 -10 0.399 988 795 693 162 x 1072

2 -8 14 —0.701 438 599 628 258 x 10'3 16 8 -8 —0.536479560201811x107°

3 -3 -3 —0.830946716459219x 107'¢ 17 8 -5 0.159 536 722 411 202 x 10!

4 -3 3 0.261 975 135 368 109 18 10 -12 0.270 303 248 860 217 x 10714

5 -3 4 0.393 097 214 706 245 x 10° 19 10 -10 0.244 247 453 858 506 x 1077

6 -3 5 —0.104334030654021 x 10° 20 10 -8 —0.983 430636716454 x 107

7 -3 8 0.490 112 654 154 211 x 10° 21 10 -6 0.663 513 144 224 454 x 10!

8 0 -1 —0.147104222772069x 1073 22 10 -5 —0.993 456 957 845 006 x 10"

9 0 0 0.103 602 748 043 408 x 10! 23 10 -4 0.546 491 323 528 491 x 10°
00 0 1 0.305 308 890 065 089 x 10! 24 10 -3 —0.143 365 406 393 758 x 10°
11 0 5 —=0.399745276971 264 x 10’ 25 10 -2 0.150 764 974 125 511 x 10°
12 3 -6 0.569 233 719 593 750 x 107! 26 12 -12  —0.337209 709 340 105 x 10~°
13 3 -2 —0.464923504 407 778 x 107! 27 14 -12 0.377 501 980 025 469 x 107
14 8 —-12  —0.535400396 512 906 x 1077
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Table 2.124 Coefficients and exponents of the backward equation v, (p, T) for subregion 3s
i L J n; i L J n,

1 l 1 1 1 1

1 —12 20 —0.532466 612 140 254 x 10% 16 0  0.965961 650599 775

2 12 24 0.100 415 480 000 824 x 10% 17 1 0.294 885 696 802 488 x 10!
3 =10 22 —0.191540 001 821 367 x 10°° 18 4 —0.653 915627346 115 x 10°
4 -8 14 0.105 618 377 808 847 x 107 19 28 0.604 012 200 163 444 x 10>°
5 -6 36 0.202 281 884 477 061 x 10°>° 20 0 —0.198 339 358 557 937

6 -5 8 0.884 585 472 596 134 x 10% 21 32 —0.175984 090 163 501 x 10°®
7

8

=5 16 0.166 540 181 638 363 x 10% 22 0 0.356 314 881 403 987 x 10!
-4 6 -0.313563197669 111 x 10° 23 —0.575 991 255 144 384 x 10°
9 -4 32 —0.185662 327 545324 x 10°* 24 2 0.456 213 415 338 071 x 10°

AP OUOAPBRARDRDNLWLWER = OOOO
—

10 -3 3 —0.624942093 918942 x 107! 25 3 —0.109 174 044 987 829 x 10®
11 =3 8 —0.504 160724 132590 x 10'° 26 18 0.437 796 099 975 134 x 10*
12 =2 4 0.187 514 491 833 092 x 10° 27 24 —0.616 552 611 135792 x 10*
13 -1 1 0.121 399 979 993 217 x 1072 28 4 0.193 568 768 917 797 x 10'°
14 -1 2 0.188 317 043 049 455 x 10" 29 14 24 0.950 898 170 425 042 x 10>
15 -1 3 —0.167073 503 962 060 x 10*

Table 2.125 Coefficients and exponents of the backward equation v, (p, T') for subregion 3t

i I, J; n; i I, J; n;
1 0 0 0.155 287 249 586 268 x 10" 18 7 36 —0.341 552040 860 644 x 10°!
2 0 1 0.664 235 115 009 031 x 10! 19 10 10 —0.527 251339709 047 x 10*!
30 4 —0.289366236727210 % 10* 20 10 12 0.245375 640937 055 x 10*
4 0 12 -0.385923202309 848 x 103 21 10 14 —0.168 776 617 209 269 x 10%’
5 1 0 —0.291002915783761x10' 22 10 16  0.358 958 955 867 578 x 10%°
6 1 10 —0.829088 246 858 083 x 10'? 23 10 22 —0.656 475280339 411 x 10°
7 2 0 0.176 814 899 675 218 x 10! 24 18 18 0.355 286 045 512 301 x 10*°
8 2 6 —0.534686695713469x 10° 25 20 32 0.569 021454413 270 x 10°®
9 2 14 0.160 464 608 687 834 x 10'® 26 22 22 —0.700 584 546 433 113 x 10
10 3 3 0.196 435 366 560 186 x 10° 27 22 36 —0.705772 623 326 374 x 10%
11 3 8 0.156 637 427 541 729 x 10"3 28 24 24 0.166 861 176 200 148 x 10°3
12 4 0 —=0.178 154 560 260 006 x 10 29 28 28 —0.300475 129 680 486 x 10°!
13 4 10 —0.229746 237 623 692 x 10'¢ 30 32 22 —0.668481 295 196 808 x 10°!
14 7 3 0.385 659 001 648 006 x 10% 31 32 32 0.428 432338620 678 x 10%
15 7 4 0.110 554 446 790 543 x 10'° 32 32 36 —0.444227367 758 304 x 107?
16 7 7 —0.677073 830687349 x 10'* 33 36 36 —0.281396013 562 745 x 107’
17 7 20 —0.327910592 086 523 x 103!

2.3.6.5 Auxiliary Equations v(p,T) for the Near-Critical Region

This section contains the entire numerical information about the auxiliary equations v(p,T) for
the near-critical region.

a) Range of Validity of the Auxiliary Equations, Division of the Near-Critical Region into
Subregions, and Subregion-Boundary Equations
The auxiliary equations v(p,T) for subregions 3u to 3z are valid in the temperature and
pressure range given by
Bqu(p) < T < T3,(p) and pg(643.15K) < p < 22.5 MPa,
where p (643.15 K) =21.043367 32 MPa
as given in Fig. 2.26.
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Fig. 2.26 Division of the near-critical region into subregions 3u to 3z for the auxiliary equations v(p,T).

The subregion-boundary equation 73,,(p) has the form of Eq.(2.65) and the equation
T53wx(p) has the form of Eq. (2.66). The coefficients n; and the exponents /; of these two
subregion-boundary equations are listed in Table 2.126. The numerical information on the
subregion-boundary equation 75.¢(p ) is given in Sec. 2.3.6.3.

Table 2.126 Coefficients and exponents of the subregion-boundary equations 75  (p) and T; . (p)

Equation i I n, i n;

0.528 199 646 263 062 x 10° 2 —0.222 814 134903 755
0.890 579 602 135 307 x 10! 3 0.286 791 682 263 697 x 107

0.728 052 609 145 380 x 10! -1 0.329 196 213 998 375 x 103
0.973 505 869 861 952 x 107 -2 0.873 371 668 682 417 x 10°
0.147 370 491 183 191 x 10?

T3uv(p)

3
4
4
5

T3wx (p)

N =N
N = O | = O

The description of the use of the subregion-boundary equations is summarized in
Table 2.127, where the subregion boundaries are shown in Fig. 2.26.
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Table 2.127 Pressure ranges and corresponding subregion-boundary equations for determining the
correct subregion, 3u to 3z, for the auxiliary equations v(p,T)

Subcritical pressure region (p<p,)

Temperature Pressure range Su‘t?— Temperature range
range region
- 3u T (p) <T<Ty,,(p)
3 ha 3uv
(Zl‘.g Tﬁ() ») 2,0.00264 m* kg™')? < p < 22.064 MPa 3y M( P)<T
1qui
p(643.15K) < p < p(0.00264 m® kg")? 3u 3qu( p)<T
_ 3z Ts,x(P)
T2T/(p) (000385 m* kg™) < p < 22.064 MPa I (3p) “T<T, (p)
(vapour) X =
p(643.15K) < p < p (0.00385 m* kg™')° 3x T<T, (p)
Supercritical pressure region (p>p,.)
Sub- Sub-
Pressure range . Temperature range . Temperature range
region region
3u 3 (p)<T<T 3 (p) 3y 3 (p)<r< T3 f(p)
22.064 MPa < p <22.11 MPa a o v ¢
P 3z T(P)<T< Ty (p)  3x T, (p)<T<Ty (p)
3u <T< 3v T <T<T
22.11 MPa<p <22.5 MPa Tqu(P) T (P) sur(P) serlP)
3w 3ef(p) <T< 3wx(p) 3x 3wx(p) <T< 3rx(p)

2 p(0.00264 m* kg™') =21.931 615 51 MPa.
® p(0.00385 m* kg™') = 21.900 962 65 MPa.

The equation 75,,(p) approximates the isochore v = 0.00264 m’ kg_1 from p=
ps(0.00264 m’ kg_l) =21.93161551 MPa to p = 22.5 MPa. This equation divides subregion 3u
from subregions 3v and 3y.

The equation T3,,(p) approximates the isochore v= 0.00385 m’ kg_1 from p=
,(0.00385 m® kg™') = 21.900962 65 MPa to p= 22.5MPa and divides subregion 3x from
subregions 3w and 3z.

The equations T3qu(P), T3¢¢(p), and T3, (p) are described in Sec. 2.3.6.3.

Computer-Program Verification. To assist the user in computer-program verification of the
equations 73,,(p) and T3, (p) for the subregion boundaries, Table 2.128 contains test values
for calculated temperatures.

Table 2.128 Temperature values calculated
from the subregion-boundary equations
(p) and Ty, (p) for selected pressures ?

3uv

Equation  p [MPa] T[K]
3uv(p) 22.3 6.477 996 121 x 10?
T, (P) 223 6.482 049 480 x 10?

4 Programmed functions should be verified
using 8 byte real values for all variables.
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b) Auxiliary Equations v(p,T) for Subregions 3u to 3z

The auxiliary equations v(p,T) for subregions 3u to 3z have the dimensionless form of
Eq. (2.68). The reducing quantities v*, p*, and 7™, the number of coefficients N, the non-linear
parameters a and b, and the exponents ¢, d, and e are listed in Table 2.129. The coefficients n;
and exponents /;and J; are given in Tables 2.132 to 2.137 that are given in Sec. 2.3.6.5c.

Table 2.129 Reducing quantities v*, p*, and T *, number of coefficients N, non-linear parameters a and
b, and exponents ¢, d, and e of the auxiliary equations v(p,T), Eq. (2.68), of subregions 3u to 3z

Subregion v*[m’kg”'] p*[MPa]  T¥[K] N a b c d e
3u 0.0026 23 650 38 0902  0.988 1 1 1
3v 0.0031 23 650 39 0960  0.995 1 1 1
3w 0.0039 23 650 35 0959  0.995 1 1 4
3x 0.0049 23 650 36 0910  0.988 1 1 1
3y 0.0031 22 650 20 0996  0.994 1 1 4
3z 0.0038 22 650 23 0993 0.994 1 1 4

Computer-Program Verification. To assist the user in computer-program verification of the
auxiliary equations v(p,T), Eq. (2.68), for subregions 3u to 3z, Table 2.130 contains test values
for calculated specific volumes.

Table 2.130 Values of the specific volume calculated from the auxiliary equations v(p,T), Eq. (2.68),
for subregions 3u to 3z ?

Equation p[MPa] T [K] v [m3 kg_l] Equation p[MPa] T[K] v [m3 kg_l]

vy (p,T) 21.5 644.6 2.268 366 647 x 1073 v, (p,T) 22.11  648.0 4.528 072 649 x 107
o 22.0 646.1 2296350553107 223 649.0 4.556 905799 x 107

v (p, T) 22.5 648.6 2.832373260x 107 v (p, T) 22.0 646.84 2.698354719x 107
Vi 223 6479 2.811424405x 1073 ¥ 22.064 647.05 2.717 655 648 x 1073

vo(p,T) 22.15 647.5 3.694 032281 x 107 v (p,T) 22.0 646.89 3.798 732962 x 107
Swhi 223 648.1 3.622226305x 1073| 32 22.064 647.15 3.701 940 010 x 1073

4 Programmed functions should be verified using 8 byte real values for all variables.

Numerical Consistencies. The numerical inconsistencies between the auxiliary equations
v(p,T), Eq. (2.68), for subregions 3u to 3z and the basic equation f3( p,T), Eq. (2.11), are listed
in Table 2.131. This table shows that the maximum inconsistencies in specific volume between
these equations are less than 0.1%. Only in a small region at pressures between 21.9 MPa and
22.11 MPa, see Fig. 2.26, do the maximum inconsistencies between the auxiliary equations and
the basic equation f3( p, T') approach nearly 2%.
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Table 2.131 Maximum and root-mean-square inconsistencies in specific
volume between the auxiliary equations v(p,T) for subregions 3u to 3z
and the basic equation f5(p,T), Eq. (2.11)

| Av/vl | Av/vl
[%] [%0]
Subregion max RMS Subregion max RMS
3u 0.097 0.058 3x 0.090 0.050
3v 0.082 0.040 3y 1.77 1.04
3w 0.065 0.023 3z 1.80 0.921

The maximum inconsistencies in specific volume between the auxiliary equations v(p,T) of
adjacent subregions along subregion boundaries are as follows: Along subregion boundaries that
are isobars, the inconsistencies are less than 0.1% for all subregions except for the subregion
boundaries between subregions 3v/3y and 3w/3z, where the inconsistencies amount to 1.7%.
Along subregion boundaries defined by the subregion-boundary equations given in
Sec. 2.3.6.5a, the inconsistencies are also less than 0.1% except for the boundaries between
subregions 3u/3v and 3u/3y (equation T3, (p)), 3y/3z (equation T3.¢(p)), and 3z/3x (equation
T5wx(p)), where the inconsistencies amount to 0.14%, 1.8%, 3.5%, and 1.8%, respectively.
Further details are given in Tables 15 and 16 of the IAPWS supplementary release [25].

Calculation of Properties with the Help of the Auxiliary Equations v(p,T). In order to
calculate the thermodynamic properties in the range very close to the critical point with the help
of the auxiliary equations v (p,T) for regions 3u to 3t, the description given in Sec. 2.3.6.4b for
the backward equations v(p,T) can be applied analogously to the auxiliary equations v(p,T).

Application of the Auxiliary Equations v(p,T). In comparison with the backward equations
v(p,T), the corresponding numerical consistency of the auxiliary equations v(p,T) for the
range very close to the critical point is clearly worse. Nevertheless, for many applications, this
consistency is satisfactory.

c) Coefficients and Exponents of the Auxiliary Equations v(p,T) for Subregions 3u to 3z

This section contains Tables 2.132 to 2.137 with the coefficients and exponents of the auxiliary
equations v(p, T) for subregions 3u to 3z given in Sec. 2.3.6.5b.

Table 2.132 Coefficients and exponents of the auxiliary equation v, (p, T) for subregion 3u
i L J n; i L J n,

1 1 1 1 1 1

1 -12 14 0.122 088 349 258 355 x 10'8 9 1 =2 0.105 581 745 346 187 x 1072
2 -10 10 0.104 216 468 608 488 x 10'° 21 2 5 —0.651903203 602581 x 10"
3 -10 12 —0.882 666 931 564 652 x 10'6 22 2 10 -0.160116 813 274 676 x 10%
4 -10 14 0.259 929 510 849 499 x 10%° 23 3 -5 —0.510254294237837x107®
5 -8 10 0.222 612 779 142 211 x 10" 24 5 -4 —0.152355388953 402
6 -8 12 —0.878 473585050085 x 10'8 25 5 2 0.677 143 292 290 144 x 10'?
7 -8 14 —0.314432577 551 552 x 10?2 26 5 3 0.276 378 438 378 930 x 10"
8 —6 8 —0.216934916996285x 103 27 6 -5 0.116 862 983 141 686 x 107!
9 -6 12 0.159 079 648 196 849 x 107! 260 6 2 —0.301426947980 171 x 10"
10 =5 4 -0.339567 617303 423 x 103 29 8 -8 0.169 719 813 884 840 x 107~
11 -5 8 0.884 387 651 337 836 x 10"3 30 8 8 0.104 674 840 020 929 x 107’
12 -5 12 —0.843 405 926 846 418 x 10°! 31 10 -4 —0.108 016 904 560 140 x 10°
13 =3 2 0.114 178 193 518 022 x 107 32 12 -12 —0.990 623 601 934 295 x 107'2
14 -1 -1 —0.122708 229 235 641 x 10~ 33 12 -4 0.536 116 483 602 738 x 10’

Continued on next page.
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Table 2.132 — Continued

i I J; n; i I J; n;
15 -1 1 -0.106201 671767 107 x 10° 34 12 4 0.226 145 963 747 881 x 10?
16 -1 12 0.903 443 213 959 313 x 10% 35 14 -12 —0.488731 565776210 x 107
17 -1 14 —0.693 996270 370 852 x 10?® 36 14 —-10  0.151 001 548 880 670 x 10~
18 0 -3 0.648 916 718 965 575 x 1078 37 14 -6 —0.227700 464 643 920 x 10°
19 0 1 0.718 957 567 127 851 x 10* 383 14 6 —0.781754 507 698 846 x 10%®

Table 2.133 Coefficients and exponents of the auxiliary equation v, ( p, T) for subregion 3v

i I J; n; i I, J; n;
1 -10 -8 —0415652812061591x10°* 21 -3 12 0.742 705 723 302 738 x 10%7
2 -8 -12 0.177 441742924043 x 107 22 -2 2 —0.517 429 682 450 605 x 10?
3 -6 —-12 —-0.357078668 203377 x107* 23 -2 4 0.820 612 048 645 469 x 107
4 -6 -3 0359252213604 114x 1072 24 -1 -2 —0.188 214 882 341 448 x 1078
5 —6 5 —0.259 123 736380 269 x 10? 25 -1 0 0.184 587 261 114 837 x 107!
6 -6 6 0.594 619 766 193 460 x 10° 26 0 -2 —0.135830407 782 663 x 107
7 -6 8 —0.624184007 103 158 x 10! 27 0 6 —0.723 681 885 626 348 x 107
g8 —6 10 0.313 080 299 915 944 x 107 28 0 10 —0.223 449 194 054 124 x 10%
9 -5 1 0.105 006 446 192 036 x 107 29 1 —-12 —0.111526 741 826 431 x 1073*
10 =5 2 —0.192824336984 852 x 107 30 1 -10 0.276 032 601 145 151 x 10728
11 -5 6 0.654 144 373 749 937 x 10° 31 3 3 0.134 856 491 567 853 x 1013
12 -5 8 0.513 117 462 865 044 x 103 32 4 -6 0.652 440 293 345 860 x 107
13 =5 10 —0.697 595 750 347 391 x 10"° 33 4 3 0.510 655 119 774 360 x 10"
14 =5 14 —0.103977 184 454 767 x 10%° 34 4 10 —0.468 138 358 908 732 x 1032
15 -4 -12 0.119 563 135 540 666 x 107 35 5 2 —0.760 667 491 183 279 x 10'°
16 -4 -10 —0.436 677 034 051 655 x 107! 36 8 —12 —0.417 247 986 986 821 x 107'®
17 -4 -6 0.926 990 036 530639 x 107 37 10 =2 0.312 545 677 756 104 x 10'
18 -4 10 0.587 793 105 620 748 x 10*! 38 12 -3 —0.100375333 864 186 x 10"
19 -3 -3 0.280 375 725 094 731 x 107" 39 14 1 0.247 761 392 329 058 x 10%7
20 =3 10 —0.192 359 972 440 634 x 10%

Table 2.134 Coefficients and exponents of the auxiliary equation v, (p, T') for subregion 3w

i I, J; n; i I, J; n;

1 -12 8 —0.586219133817016x 1077 19 -1 -8 0.237 416 732 616 644 x 1072°

2 —12 14  —0.894 460 355 005 526 x 10" 20 -1 -4 0.271 700 235 739 893 x 1074

3 -10 -1 0.531 168 037519774x 107 21 -1 1 —0.907 886213 483 600 x 107

4 -10 8 0.109 892 402 329 239 22 0 -12  —0.171 242509 570 207 x 1073°

5 -8 6 —0.575368389425212x 107! 23 0 1 0.156 792 067 854 621 x 103

6 -8 8 0.228 276 853 990 249 x 10° 24 1 -1 0.923 261 357 901 470

7 -8 14 —0.158 548 609 655 002 x 10" 25 2 -1 —0.597 865988 422 577 x 10!

8 -6 —4 0.329 865 748 576 503 x 10727 26 2 2 0.321 988 767 636 389 x 107

9 —6 -3 —0.634987981190669x%x 107> 27 3 —12 —0.399 441 390 042 203 x 1072°
10 -6 2 0.615 762 068 640 611 x 107 286 3 -5 0.493 429 086 046 981 x 1077
11 -6 8 —0.961 109 240 985 747 x 108 29 5 -10 0.812 036 983 370 565 x 107°
12 -5 =10 —0.406274286652625x107* 30 5 -8 —0.207610284 654137 x 107!
13 -4 -1 -0471103725498077x1072 31 5 -6 —0.340821291419719x107°
14 -4 3 0.725 937 724 828 145 32 8 -12 0.542 000 573 372 233 x 1077
15 =3 =10 0.187 768 525763 682x 107 33 8 —10 -0.856711586510214x 1072
16 -3 3 —0.103308 436 323 771 x 10* 34 10 -12 0.266 170 454 405 981 x 10713
17 =2 1 —0.662552816342 168 x 107" 35 10 -8 0.858 133 791 857 099 x 107>
18 =2 2 0.579 514 041 765 710 x 103
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Table 2.135 Coefficients and exponents of the auxiliary equation v, (p, T) for subregion 3x

i L J n; i ;o n;
1 -8 14 0.377 373 741 298 151 x 10" 19 4 3 0.397 949 001 553 184 x 10"
2 -6 10 —0.507 100 883 722 913 x 10"3 20 5 -6 0.100 824 008 584 757 x 107°
3 =5 10 —0.103363 225 598 860 x 10'° 21 5 =2 0.162 234 569 738 433 x 10°
4 -4 1 0.184 790 814 320 773 x 107 22 5 1 -0.432355225319745x 10"
5 —4 2 —0.924729378390945 x 1073 23 6 1 —0.592874 245598 610 x 10'?
6 —4 14 —0.425999 562 292 738 x 10** 24 8 -6 0.133 061 647 281 106 x 10"
7 -3 -2 —0462307771873973x1072 25 8 -3 0.157 338 197 797 544 x 107
8 -3 12 0.107 319 065 855 767 x 10 26 8 1 0.258 189 614 270 853 x 10'4
9 -1 5 0.648 662 492 280 682 x 10! 27 8 8 0.262 413 209 706 358 x 10%
100 0 0 0.244 200 600 688 281 x 10" 28 10 -8 —0.920011937431 142 x 107"
11 0 4 —0.851535733484258x10'° 29 12 -10 0.220 213 765 905 426 x 1072
12 0 10 0.169 894 481 433 592 x 10%? 30 12 -8 —0.110433759 109 547 x 10?
13 1 -10 0.215780222509020x 1072 31 12 -5 0.847 004 870 612 087 x 107
14 1 -1 -0.320850551367334 32 12 -4 —-0.592910 695 762 536 x 10°
15 2 6 —0.382642448 458 610 x 10'7 33 14 -12  —0.183 027 173 269 660 x 107*
16 3 -12 -0.275386077674421x1072 34 14 -10 0.181 339 603 516 302
17 3 0 —0.563199 253391 666 x 10° 35 14 -8 —0.119228759 669 889 x 10*
18 3 8 —0.326068 646279314 x 10*! 36 14 -6 0.430 867 658 061 468 x 107

Table 2.136 Coefficients and exponents of the auxiliary equation v3y( p, T) for subregion 3y

i

J; n,

l 1

i

I

1

J,; n,

1 1

SO 0NNk WN—

—_—

WO~ OOOoOO

-3 —0.525597 995 024 633 x 107
1 0.583 441 305 228 407 x 10*
5 —0.134 778 968 457 925 x 107
8 0.118 973 500 934 212 x 10%°
8  —0.159 096 490 904 708 x 10%’

-4 —0.315839902 302 021 x 107

-1 0.496 212 197 158 239 x 103
4 0.327 777 227 273 171 x 10"
5  —0.527 114 657 850 696 x 10>

-8 0.210 017 506 281 863 x 107'6

11
12
13
14
15
16
17
18
19
20

—_

N O 0oL n b B WW

4 0.705 106 224 399 834 x 10?!
8 —0.266 713 136 106 469 x 10°!
-6 —0.145370512 554 562 x 1077
6 0.149 333 917 053 130 x 10?®
-2 —0.149 795 620 287 641 x 10°
1 —0.381881906271 100 x 10'®
-8 0.724 660 165 585 797 x 107
-2 —0.937 808 169 550 193 x 10'4
-5 0.514 411 468 376 383 x 10'°
-8 —0.828 198 594 040 141 x 10°

Table 2.137 Coefficients and exponents of the auxiliary equation v,,(p, T') for subregion 3z

[ A § n, i I, J n;
1 -8 3 0.244 007 892 290 650 x 107'° 13 0 3 0.328 380 587 890 663 x 10'?
2 -6 6 —0.463057 430331242 x 107 14 1 1 -0.625004791 171543 x10%
3 -5 6 0.728 803 274 777 712 x 10'° 15 2 6 0.803 197 957 462 023 x 10?!
4 -5 8 0.327 776 302 858 856 x 10'° 16 3 -6 —0204397011338353x%x 10710
5 -4 5 —0.110598 170 118 409 x 10'° 17 3 -2 —0.378391 047 055 938 x 10*
6 -4 6 —0.323899915729957 x 10" 18 6 -6  0.972 876545938 620 x 107>
7 -4 8 0.923 814 007 023 245 x 10'° 19 6 -5 0.154 355 721 681 459 x 10>
g -3 =2 0.842250080413712x 1072 20 6 -4 —0.373962 862928 643 x 10*
9 3 5 0.663 221 436 245 506 x 10'? 21 6 -1 —0.682859011374572x 10!
10 -3 6 —0.167170186672 139 x 10" 22 8 -8 —0.248488015614543 %1073
11 =2 2 0.253 749 358 701 391 x 10* 23 8 -4  0.394 536 049 497 068 x 107
12 -1 -6 —0.819731559610523x107%°
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2.3.7 Summarizing Statements on the Calculation Speed when Using Backward
and Region-Boundary Equations

The decisive argument for the development of backward equations and region-boundary
equations was the reduction of computing time needed to calculate thermodynamic properties in
process modelling. When using only the basic equations described in Sec. 2.2, time-consuming
iterations such as one- or two-dimensional Newton methods are required for calculating
properties as a function of the input variables that are not the independent variables of the basic
equations. This section summarizes statements on the computing speed when using backward
equations and region-boundary equations in comparison with iterative calculations using only
the basic equations.

The test calculations were carried out for IAPWS by Miyagawa [19] with a Pentium
4/3.0 GHz PC using the Microsoft Windows XP operating system. The algorithms were
programmed in Fortran 77 and compiled using Microsoft PowerStation 4.0 with default options.

The computing time was measured by means of a test program similar to the benchmark
program NIFBENCH [15] developed by IAPWS for the determination of the calculation speed
of IAPWS-IF97 in comparison with the previous industrial formulation IFC-67 [1]. The basic
equations, backward equations, and region-boundary equations were programmed using series
of additions and multiplications as given in the Horner algorithm in order to perform the
computation as quickly as possible.

The Newton method was used for performing the iterations. The derivatives of the basic
equations needed for the Newton method were formed analytically. As starting points for these
iterations, single fixed values were used. These values are located in the centres of the
respective region, subregion, or region boundary. Starting values defined in this way are called
single fixed values in the following.

2.3.7.1 Computing-Time Ratios for Calculations with Basic Equations via
Iterations in Comparison with the Use of Backward and Region-
Boundary Equations

In order to express how many times the calculations with the backward equations are faster than
the iterative calculations with the basic equations, the quantity Computing-Time Ratio (CTR)
was defined by the following relation:

CTR = Computing time of the iterative calculation with the basic equations

Computing time of the calculation with the backward or region-boundary equations (270)

These CTR values were determined as ratios when the missing value(s) for the independent
variable(s) of the IAPWS-IF97 basic equations are calculated one time from the respective basic
equation via iteration and the other time directly from the corresponding backward equation(s)
and (if necessary) backward function(s). Single fixed values, see above, were selected as
starting values for the iterations, and the permissible values for the numerical consistency given
in Sec. 2.3.2 were used as iteration accuracies in the iterations with the basic equations.

Table 2.135 summarizes the CTR values obtained for the given input variables (p,4), (p,s),
(h,s), and (p,T). The calculations with the backward equations are between 10 and 46 times
faster than the iterative calculations with the basic equations alone.
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Table 2.135 Computing-time ratios (CTR) obtained from calculating the
missing independent variable(s) of the IAPWS-IF97 basic equations for the
given input variables (p,h), (p,s), (h,s), and (p,T), one time from iteration
with the basic equations and the other time directly from the backward
equations and backward functions; the definition of the CTR value is given in
Eq. (2.70)

Used backward equations

Input variables ~ Region and backward functions CTR
1 T,(p,h) 25

(p.h) 2 Ty(p,h) 11
3 T5(p,h) and v4(p,h) 14

1 T,(p,s) 38

(p’S) 2 Tz(p,s) 14
3 T, (p,s) and v4(p,s) 14

1 p,(h,s)and T, (h,s)? 35

2 p,(h,s)and T, (h,s)? 46

(h.s) 3 py(h,s)and Ty (h,s)? and vy(h,s )2 10
4 T (h,s)and p,(h,s)? and x( h,s)? 14b

(paT) 3 U3(P9T) 17

4 Backward function.
b This CTR value differs from that given in [19], because it also includes the
computing time for the calculation of x(4,s).

When using only the basic equations in connection with the input variables (p,4), (p,s), or
(h,s), the region boundaries can only be calculated by iterating the corresponding basic
equation. These boundaries are listed in Table 2.136. In order to avoid such time-consuming
iterations, there are corresponding region-boundary equations that are also listed in Table 2.136
and numerically described in Secs. 2.3.3.1d, 2.3.4.1d, and 2.3.5.2. Table 2.136 summarizes the
CTR values for the calculations with the basic equations (via iteration) and directly with the
region-boundary equations. The calculations using the respective region-boundary equation are
between 7 and 128 times faster than the iterations.

In conclusion, the comparisons show that calculations with backward equations, backward
functions, and region-boundary equations are between 12 and 50 times faster than calculations
with the basic equations via iterations. These factors result from the CTR values for the
backward equations and backward functions of Table 2.135 and contain the fast determination
of the respective region with the region-boundary equations shown in Table 2.136.
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Table 2.136 Computing-time ratios when calculating the region boundaries one time
from the basic equations via iteration and the other time directly from the region-
boundary equations; the definition of the CTR value is given in Eq. (2.70)

Input variables Boundary Boundary . Reglqn-boundary CTR
between regions  equation
(p.h) o 3 and 4 Pas(h) 31
x=0
(pss) x=1 3and 4 ps,3(s) 50
x=0 1 and 4 hi(s) 39
3and 4 H(s) 1282
x=1 2 and 4 1 (8), 155 (8) 22
(h,s) 7
3and 4 h%au(s) 1182
623.15K 1 and 3 hg5(s) 19
pr23(T) 2 and 3 Ty (h,s) and p, (h,s) 7

2 These CTR values differ from that given in [19], because the iterative calculation of
A’ (s) and h”(s) for region 3 was performed in a different manner.

Taking into account the frequency of use for the various combination of variables in process
modelling, the calculations of heat-cycles, boilers, and particularly of steam turbines can be
expected to be 2 to 3 times faster when using the backward equations and region-boundary
equations.

2.3.7.2 Computing-Time Ratios for Iterations with Basic Equations Using Single
Fixed Values or Values from Backward Equations as Starting Points

For applications where the demands on numerical consistency are extremely high, iterations
with the basic equations might be necessary. These iterations can be carried out with two
different starting values, namely single fixed values (as described at the beginning of Sec. 2.3.7)
and values calculated from the backward equations. In order to compare the computing times of
the two ways of calculating the starting values for the iterations, computing-time ratios are
determined by the following relation:

CTR = Computing time for the iteration with the single fixed values as starting values

Computing time for the iteration with starting values from the backward equations @71
Table 2.137 shows how much faster the iterations with the basic equations are when values
from backward equations are used to provide starting values for the iterations instead of using
single fixed values. In this comparison, the relative iteration accuracy was set to 10 as it is
usually used for such iterations. The achieved CTR factors between 1.5 and 4.4 show that the
time to reach convergence of the iteration is clearly reduced when backward equations are used
for the calculation of starting values. On average, the iterative calculations will be two times
faster when using values from backward equations as starting points in comparison when using
single fixed values in the centre of the respective region or of the subregion boundary.
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Table 2.137 Computing-time ratios for calculations with the basic equations
using single fixed values as starting values for the iterations in comparison
with starting values from backward equations; the definition of the CTR values
is given in Eq. (2.71)

Used backward equations

. . b
Input variables  Region and backward functions CTR
1 T,(p,h) 2.0
(p,h) 2 T,(p,h) 2.0
3 T,(p,h) and v;(p,h) 1.8
1 T,(p,s) 2.1
(p.s) 2 T,(p.s) 2.0
3 T5(p,s) and v4(p,s) 1.7
1 p(h,s)and T, (h,s)? 2.1
(h.s) 2 p,(h,s)and T, (h,s)? 4.4
S 3 py(h,s) and Ty(h,s)? and v;(h,s) @ 1.5
4 T,(h,s)and p (h,s)? and x(h,s) ? 1.9
(p’T) 3 U}(p’T) 31

8 Backward function.
b These CTR values were determined by K. Miyagawa for IAPWS (personal
communication, 2006).

2.4 Partial Derivatives of Thermodynamic Properties Using
IAPWS-IF97

Partial derivatives of thermodynamic properties of water and steam are required for solving
equation systems in heat cycle, boiler, and turbine calculations and particularly for modelling
non-stationary processes. When using the basic equations of IAPWS-IF97, all of the first and
second partial derivatives of various properties can be calculated with high accuracy. The
formulas for the determination of the general partial derivatives

(g—ZJ (p,T) based on the basic equations for regions 1, 2, and 5, and
X
y

[g_zj (v,T) based on the basic equation for region 3
x
y

are given in Sec. 2.4.1 and Sec. 2.4.2, respectively. The variables x, y, and z can represent any
thermodynamic property. In this section, formulas are given for the properties pressure p,
temperature 7, and the specific properties volume v, internal energy u, enthalpy 4, entropy s,
Gibbs free energy g, and Helmholtz free energy f.

The algorithms are also given in the IAPWS Advisory Note No.3 “Calculation of
Thermodynamic Derivatives for Water and Steam from the IAPWS Formulations” [26]. The
basic method and additional details for determining any thermodynamic derivative can be found
in [27].
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The application of the method will be described in Sec. 2.4.3 by means of two examples. The
calculation of any derivative by using the tables in Part B or the interactive program
“IAPWS-IF97 Electronic Steam Tables” in Part D of this book will be described in Sec. 2.4.4.

2.4.1 Partial Derivatives Based on the Basic Equations for Regions 1, 2, and 5

The general expression for the determination of any partial derivative (dz/ ax)y from an equation
of state as a function of pressure p and temperature 7" has the form

3,6)-66)

(aZJ p )r an an p )r
vl . 2.72
SEEEE -

ap )p\oT ), \9T ), \dp);
The variables x, y, and z can represent any thermodynamic property. Table 2.138 summarizes
the formulas for calculating the partial derivatives of the properties p, T, v, u, A, s, g, and f with
respect to p and T that are needed in Eq. (2.72). For example, for the variable z= v, the
expression (dz/dp)y means (dv/dp)y which is equal to —v k according to Table 2.138. In
addition to the values of the parameters p and 7, values of the five quantities specific volume v,
specific entropy s, specific isobaric heat capacity c,, isobaric cubic expansion coefficient «,,,
and isothermal compressibility x; are required. These quantities contain the first and second
derivatives of the Gibbs free energy g with respect to p at constant 7 and vice versa. Depending

on the region in which the given values of p and T are located, these five quantities can be
calculated from the [APWS-IF97 basic equations for regions 1, 2, 2 (metastable), or 5, namely

gl(p: T)7 gZ(pz T)7 gz,meta(pa T)’ or gS(p» T) Corresponding to Eqs (23)9 (26)9 (29), or (215)

Table 2.138 Derivatives of x, y, and z with respect to p at constant 7 and vice
versa, where x, y, and z can be any of the quantities p, T, v, u, h, s, g, or f

- )66, GLE)LE)

XY
p 0 1
T 1 0
v v, —VvKy
u Cp =PV v(px,—Ta,)
h ¢ v(l-Ta,)
N c,/T —va,
g —s v
f —DpVU,—S PUK,
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2.4.2 Partial Derivatives Based on the Basic Equation for Region 3

The general expression for the determination of any partial derivative (dz/ ax)y from an equation
of state as a function of the specific volume v and temperature 7 reads:

(5o}, or) e, )

Jz ov )p\dT ), \oT ),\0dv)r

) (5, r), - Gr ), 52) (””
ov )p\oT ), \9T ), \ov)r

The variables x, y, and z can represent any thermodynamic property. Table 2.139 contains

formulas to calculate the partial derivatives of the properties p, T, v, u, h, s, g, and f with respect

to v and 7 that are needed in Eq. (2.73). In addition to the values of the variables v and 7, the

values of the five quantities pressure p, specific entropy s, specific isochoric heat capacity c,,,

relative pressure coefficient ¢, and isothermal stress coefficient ﬁp are required. These

quantities contain the first and second derivatives of the Helmholtz free energy f with respect to

v at constant 7" and vice versa. For the values given for v and 7, the five quantities p, s, ¢,, &,

and ﬁp are calculated from the IAPWS-IF97 basic equation for region 3, f3(p,T), Eq. (2.11),
with p=1/v.

Table 2.139 Derivatives of x, y, and z with respect to v at constant 7" and vice
versa, where x, y, and z can be any of the quantities p, T, v, u, h, s, g, or f°

&) G ) G Gl )

X ),z
P 1By rPa,
T 0 1
v 1 0
u p(TO{pfl) Co
h p(Ta,-vf,) cpytpra,
s pa, ¢/ T
g -pvp, pvay, —s
S -p =

2.4.3 Examples for Deriving Any Partial Derivative from the Basic Equations

As examples, the partial derivative (du/dp),, is to be derived from a basic equation g(p,T) for
regions 1, 2, 2 (metastable), and 5 and from the basic equation f3( p,T) of region 3.

2.4.3.1 Example for Deriving the Partial Derivative (duldp),, for Regions 1, 2, and §

Since the basic equations for regions 1, 2, 2 (metastable), and 5 are fundamental equations of
the Gibbs free energy g(p,T), Eq. (2.72) and Table 2.138 have to be used for forming the
corresponding partial derivative. The comparison of the required partial derivative (du/dp),,
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with the general expression for the partial derivative according to Eq. (2.72) results in z = u,
x = p, and y = v. With these assignments, Eq. (2.72) reads formally:

o) UL
ROEECIE)

According to Table 2.138, the partial derivatives are:
B_u =v(pk; —T o) (a_vj =0y,
p )7 aT ),

auj (avj
— | =¢p —pvay, — | =-vk (2.75)
(aT » P )7 r

The insertion of these results into Eq. (2.74) yields

[g—”j — o Ta,+2 8 (2.76)
P ), v

Depending on the given values for p and 7, the properties v, ¢,, &, and & can be calculated
from one of the basic equations g(p,T) for regions 1, 2, 2 (metastable), or 5 corresponding to
Egs. (2.3), (2.6), (2.9), or (2.15), respectively. Other partial derivatives can be determined in an
analogous way.

2.4.3.2 Example for the Derivation of the Partial Derivative (dulop),, for Region 3

Since the basic equation for region 3 is a fundamental equation of the Helmholtz free energy,
f3(p,T), Eq.(2.73) and Table 2.139 have to be used for forming the corresponding partial
derivative. The comparison of the needed partial derivative (du/dp), with the general expression
for the partial derivative according to Eq. (2.73) results in z=u, x =p, and y = v. With these
assignments, Eq. (2.73) reads formally:

oEEEn
Y (2, ()
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According to Table 2.139, the partial derivatives are:

By (3]

(G_uj =¢p [a—vj =1 (2.78)
aT ), o )
P __ a_p) _
(ava ==rhy (E)T U—p(){p
The insertion of these results into Eq. (2.77) yields
[a—”J =% (2.79)
dp ), pap,

For the given values for v and 7, the properties p, c,, and o, are calculated from the basic
equation f3(p,T), Eq. (2.11), for region 3. Other partial derivatives can be determined in an
analogous way.

2.4.4 The Calculation of Any Partial Derivative Using the Tables in Part B or the
Program “IAPWS-IF97 Electronic Steam Tables” in Part D

The tables in Part B of this book contain values for the thermodynamic properties specific
volume v, specific entropy s, specific isobaric heat capacity c,, isobaric cubic expansion
coefficient «,,, and isothermal compressibility & in pressure-temperature grids over the range
of validity of IAPWS-IF97 except for the high-temperature region. These properties can also be
calculated over the entire range of validity of IAPWS-IF97 including the high temperature
region using the interactive program “IAPWS-IF97 Electronic Steam Tables” in Part D.

Since the properties v, s, Cps Oy, and x; are tabulated and calculable, the following equation
can be used for determining any partial derivative:

3G, -7 5)

(azj p )7 an an P )r
el . 2.80
), (ax) () () (2 &5

ap )\ 9T ), aT ), \dp );
In all of the partial derivatives, the variables x, y, z can represent any thermodynamic property.
Table 2.140 comprises the formulas to calculate the partial derivatives of the properties pressure
p, temperature 7, specific volume v, specific internal energy u, specific enthalpy %, specific
entropy s, specific Gibbs free energy g, and specific Helmholtz free energy f with respect to

pressure p and temperature 7 that are needed in Eq. (2.80). For example, for the variable z = v,
the expression (dz/dp) means (dv/dp)r, which is equal to —v k7 according to Table 2.140.
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Table 2.140 Derivatives of x, y, and z with respect to p at constant 7 and vice
versa, where x, y, and z can be any of the quantities p, T, v, u, h, s, g, or f

), G, )

5).3),5),

x’ y’
p 0 1
T 1 0
v vy, —vK;
u Cp =PV v(p,—Tay,)
h cp v(1 -Ta,)
K e,/ T —va,
g —s v
f —DpVU,—S PUK;

2.4.4.1 The Calculation of Any Partial Derivative Using the Tables in Part B

As described at the beginning of Sec. 2.4.4, Eq. (2.80) and Table 2.140 should be used for
calculating any partial derivative from tabulated properties. For the single-phase region, values
for v, s, and cy needed in Table 2.140 are given in Table 3 in Part B, while values for «,, and x;
can be taken from Tables 9 and 10 in Part B. For the saturated liquid or saturated vapour,
Table 1 in Part B contains values for v, s, and Cp> while values for ¢, and x; are given in

Table 6 in Part B.
Example

The partial derivative (d//0s),, is calculated for p = 300 bar and z = 400 °C.
The comparison of the needed derivative (dA/ds),, with Eq. (2.80) leads to the assignments
z=h,x=s, and y = v. Based on these assignments, Eq. (2.80) results in

o) (BLELBE)
B CLE)

2.81)

The expressions for the partial derivatives in Eq. (2.81) are formed with the help of Table 2.140

and one obtains:

[a_h] ~o(1-ra,) (2] -va,
ap )y oT b

(2.82)
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Inserting these results into Eq. (2.81) yields the final equation for the calculation of the needed
partial derivative

= = ) 2.83
aS v T_lc ( )

(ahJ Cp KT+UCZD(1—T0(U)
P

o —val

Now, the values for the quantities v, Cps Oy, and x; for the given values for p and T are taken
from Tables 3, 9, and 10 in Part B, namely:

Table 3: v=0.00279641m> kg™', ¢, =25.797 kikg™ K’

Table 9: @, =37835x 10 °K™!

Table 10: &= 120.34 x 10~° kPa™!

Thus, the result for the partial derivative amounts to

(a—hj =846.95 K.
a v

S

Any other partial derivative can be determined using the printed tables in Part B in an
analogous way.

2.4.4.2 The Calculation of Any Partial Derivative Using the Program
“IAPWS-IF97 Electronic Steam Tables” in Part D

All quantities that are required for the calculation of any partial derivative can be precisely
determined with the program on the CD “IAPWS-IF97 Electronic Steam Tables” accompanying
the book as Part D. As described at the beginning of Sec. 2.4.4, Eq. (2.80) and Table 2.140 can
be used to determine any partial derivative. For the single-phase region, the CD allows the
calculation of the needed properties v, s, Cps Oy, and x; as a function of p and T over the entire
range of IAPWS-IF97 (including the high-temperature region 5). For the saturated liquid and
saturated vapour, these properties can be calculated as a function of p or T.

Example

The partial derivative (d4/0s),, is calculated for p =200 bar and ¢ = 600 °C.

The comparison of the required derivative (d4/ds),, with Eq. (2.80) leads to the assignments
z=h, x=s, and y=v. With these assignments, Eq. (2.80) results in Eq. (2.81). The partial
derivatives in Eq. (2.81) can be obtained with the help of Table 2.140. Equation (2.82) yields
the results for these partial derivatives. The insertion of these results into Eq. (2.81) leads to the
final equation, Eq. (2.83), for the needed partial derivative, namely

oh\ _Cpkr +1)0{U(1—T0£U)
5 |

v T_lcp KT—vag
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Now, the values for the quantities v, Cp> Ops and x, for the given values of p and T can be
calculated with the Electronic Steam Tables:

v =0.018184403 m> kg !
c, =2.7812182 ki kg™ K~
o, =1.7099768 x 107> K~
Ky =55.595449 x 107° kPa™!

Thus, the value for the partial derivative is

(a—h] =1124.0875 K.
s ),

Other thermodynamic derivatives can be determined using the program “IAPWS-IF97
Electronic Steam Tables” in an analogous way.

2.5 Uncertainties of IAPWS-IF97

This section summarizes the uncertainties of the basic equations of the industrial formulation
IAPWS-IF97 given in Sec. 2.2.

The uncertainties in specific volume, specific isobaric heat capacity, speed of sound, and
saturation pressure are given in Sec. 2.5.1, while the uncertainties in specific enthalpy and in
enthalpy differences are summarized in Sec. 2.5.2. Section 2.5.3 illustrates the high numerical
consistency of the basic equations of IAPWS-IF97 along the region boundaries between
regions 1 and 3, regions 2 and 3, and regions 2 and 5. The estimated uncertainties in these
properties result from two contributions:

e Uncertainties of the scientific standard for the thermodynamic properties of water and
steam, the TAPWS-95 formulation [8,9] that computed the input values for the
development of the basic equations of the industrial formulation IAPWS-IF97. The
uncertainties of [APWS-95 are mainly based on the estimated uncertainties of the selected
experimental data for each of the properties [8, 9] that were used for the development of
IAPWS-95.

e Deviations of [APWS-IF97 from IAPWS-95 regarding the properties taken into

consideration.

The uncertainties of IAPWS-IF97 for the various properties are given as tolerance values. As
used here, “tolerance” means the range of possible values as judged by IAPWS, and no
statistical significance can be attached to it.
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2.5.1 Uncertainties in the Properties Specific Volume, Specific Isobaric Heat
Capacity, Speed of Sound, and Saturation Pressure

In this section the uncertainties of IAPWS-IF97 in specific volume v, specific isobaric heat
capacity c¢,, speed of sound w, and saturation pressure p, are presented. Based on our
assessment, the uncertainty values given for these properties can be considered as estimates of a
combined expanded uncertainty with a coverage factor of two corresponding to a confidence
level of 95%.

The uncertainties in v, Cps and w calculated from TAPWS-IF97 in the single-phase region are
indicated in Figs. 2.27, 2.28, and 2.29. The uncertainty values for y and w, given in Figs. 2.28
and 2.29, increase drastically when approaching the critical point. The statement “no definitive
uncertainty estimates possible” for temperatures above 1273 K is based on the fact that this
range is beyond the range of validity of IAPWS-95 and the corresponding input values for
IAPWS-IF97 were obtained by extrapolating IAPWS-95. Various tests of JAPWS-95 [8, 9]
showed that these extrapolations yielded reasonable values.

The estimated uncertainties in the saturation pressure pg calculated from the IAPWS-IF97 are
given in Fig. 2.30.
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Fig. 2.27 Percentage uncertainties in specific volume estimated for the basic equations for regions 1 to 3
and 5 of IAPWS-IF97. In the enlarged critical region (triangle), the uncertainty is given as a percentage
uncertainty in pressure, Ap/p. This region is bordered by the two isochores 0.0019 m® kg™' and
0.0069 m® kg™! and the given values of pressure and temperature. The positions of the lines separating
the uncertainty regions are approximate.
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Fig. 2.28 Percentage uncertainties in specific isobaric heat capacity estimated for the basic equations for
regions 1 to 3 and 5 of IAPWS-IF97. The definition of the triangle showing the enlarged critical region is
given in Fig. 2.27. The positions of the lines separating the uncertainty regions are approximate.
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Fig. 2.29 Percentage uncertainties in speed of sound estimated for the basic equations for regions 1 to 3
and 5 of IAPWS-IF97. The definition of the triangle showing the enlarged critical region is given in
Fig. 2.27. The positions of the lines separating the uncertainty regions are approximate.
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Fig. 2.30 Percentage uncertainties in saturation pressure estimated for the saturation-pressure equation,
Eq.(2.13).

2.5.2 Uncertainties in the Properties Specific Enthalpy, Enthalpy Differences,
and Enthalpy of Vaporization

When TAPWS-IF97 was adopted in 1997, estimates for the uncertainty in specific enthalpy
calculated from IAPWS-IF97 were not given [9, 15]. However, modern procedures of
acceptance tests on energy-conversion and power plants (e.g. VDI Guideline 2048 [28]) require
values for the uncertainty in specific enthalpy of H,O. Thus, corresponding uncertainty values
were derived [29] and adopted by IAPWS as Advisory Note No. 1 [30]. This note presents the
assumptions and further details for determining these uncertainty values.

Figure 2.31 shows the uncertainties in specific enthalpy calculated from the basic equations
of the industrial formulation IAPWS-IF97. The procedure of estimating these uncertainties is
described in [30]. The enthalpy values calculated from IAPWS-IF97 and from [APWS-95 relate
to the same enthalpy reference point given in Eq. (2.5).

For numerous technical applications, the uncertainty in enthalpy differences is needed.
However, when calculating such uncertainties from the uncertainties of the enthalpies given in
Fig. 2.31 (i.e. related to the enthalpy reference point of ITAPWS-IF97), one obtains unreal-
istically large percentage uncertainties, particularly for relatively small enthalpy differences.
Therefore, uncertainties in enthalpy differences were determined as described in [30]. Different
sizes of enthalpy differences were calculated in different directions, namely along isobars, Ahp,
and differences in initial and final states corresponding to adiabatic reversible (isentropic) and
adiabatic irreversible paths, Ah, 4, representing state paths in steam turbines, boiler feed pumps,
and hydroturbines. Enthalpy differences between 10 kJ kg_1 and 1000 kJ kg_1 have been taken
in consideration for the gas region, and between 1 kJ kg_1 and 10 kJ kg_1 for the liquid region.
Apart from the uncertainties of isobaric enthalpy differences A(Ahp)/Ahp in the gas region for
pressures up to 1 MPa, all of the other uncertainty values given do not significantly depend on
the size of the enthalpy differences considered. As a result of all these comparisons, the
estimated percentage uncertainties of enthalpy differences calculated from the basic equations of
the industrial formulation IAPWS-IF97 are summarized in Figs. 2.32 and 2.33.

The uncertainty in the enthalpy of vaporization, Ah,, given as the difference between the
enthalpies of the saturated vapour and saturated liquid, #” — /’, was also estimated as described
in [30]. The results of estimating the uncertainties in enthalpy of vaporization in this way are
shown in Fig. 2.34.
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Fig. 2.31 Absolute uncertainties A% in kJ kg™! in specific enthalpy / estimated for the basic equations for
regions 1 to 3 and 5 of IAPWS-IF97. The definition of the triangle showing the enlarged critical region is
given in Fig. 2.27. The positions of the lines separating the uncertainty regions are approximate.
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Fig. 2.32 Percentage uncertainties A(Ah,)/Ah, in isobaric enthalpy differences Ah, estimated for the
basic equations for regions 1 to 3 and 5 of IAPWS-IF97. In the gas region, the uncertainty values
correspond to enthalpy differences of 10 < Ah,,/(kJ kg™") < 1000. For isobaric enthalpy differences Ahy, >
100 kJ kg™! and p < 1 MPa, the uncertalntles are smaller than the values given, e.g. 0.15% for Ah =
500 kJ kg™! and 0.1% for Ah, = 1000 kJ kg™'. In the liquid region, the uncertainty values correspond to
enthalpy differences of 1 < Ah ,/(kJ kg™") < 10. The definition of the triangle showing the enlarged critical
region is given in Fig. 2.27. The positions of the lines separating the uncertainty regions are approximate.
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Fig. 2.33 Percentage uncertainties A(Ah,y)/Ah,y in adiabatic enthalpy differences Ak, estimated for the
basic equation for regions 1 to 3 and 5 of IAPWS-IF97. The uncertainty values given relate to enthalpy
differences along adiabatic reversible (isentropic) and adiabatic irreversible paths (state paths in steam
turbines, boiler feed pumps, and hydroturbines). In the gas region, the uncertainty values correspond to
enthalpy differences of 10 < Ak, /(kJ kg™") < 1000, whereas in the liquid region, the uncertainty values
correspond to enthalpy differences of 1 < Ah,,/(kJ kg™') < 10. The definition of the triangle showing the
enlarged critical region is given in Fig. 2.27. The positions of the lines separating the uncertainty regions
are approximate.
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Fig. 2.34 Absolute uncertainties A(Ah,) in enthalpy of vaporization Ak, estimated for the basic equations
for regions 1 to 3 and 5 of ITAPWS-IF97. These uncertainty values only correspond to temperatures
27315 K <T<647 K (T, =647.096 K according to Eq. (1.4)).
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Fig. 2.35 Inconsistencies Av/v in specific volume, A% in specific enthalpy, As in specific entropy,
Acp/c in specific isobaric heat capacity, and Aw/w in speed of sound, along the boundary between
regions 1 and 3 (left column), the boundary between regions 2 and 3 (middle column), and the boundary
between regions 2 and 5 (right column).
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2.5.3 Consistencies at Boundaries between Single-Phase Regions

Consistency investigations along the boundaries between the single-phase regions of
IAPWS-IF97 were performed for the following basic equations and region boundaries as given
in Fig. 2.2:

e Equations (2.3) and (2.11) along the 623.15 K isotherm for pressures of 16.53 MPa

(corresponding to the saturation pressure py(623.15K)) to 100 MPa. This part of the
isotherm forms the boundary between regions 1 and 3.

e Equations (2.6) and (2.11) along the boundary between regions 2 and 3 defined by the
equation pgy3( 7), Eq. (2.1), for temperatures between 623.15 K and 863.15 K.

e Equations (2.6) and (2.15) along the 1073.15 K isotherm for p < 50 MPa corresponding to
the boundary between regions 2 and 5.

Figure 2.35, see the previous page, presents the results of these consistency investigations as
percentage deviation diagrams for the properties v, ¢,,, and w and as absolute deviation diagrams
for the properties # and s. The inconsistencies between the basic equations along the
corresponding region boundaries are small enough to suffice for common technical applications.



3 Equations for Transport Properties
and Other Properties

Aside from the development of international standard equations for the thermodynamic
properties of water and steam, IJAPWS has also initiated and coordinated the development of
equations for transport properties and for other properties. The current IAPWS equations for the
dynamic viscosity and thermal conductivity for industrial applications are presented in Secs. 3.1
and 3.2. The current IAPWS equations for the surface tension, dielectric constant, and refractive
index are described in Secs. 3.3 to 3.5. The correlation equations for these properties (except for
surface tension) contain density as one of the input variables. In order to calculate these
properties for given values of pressure and temperature, the density must first be determined.
For these density calculations, the equations for the dielectric constant and refractive index are
based on the scientific formulation IAPWS-95 [8, 9] rather than the industrial formulation
IAPWS-IF97. However, except for the near-critical region, differences in density calculations
from IAPWS-95 and IAPWS-IF97 are negligibly small. Thus, for industrial applications, the
input density for these equations for given values of pressure and temperature can be calculated
from the corresponding basic equations of the industrial formulation IAPWS-IF97 described in
Sec. 2.2. This procedure was applied to calculate the values for the transport properties and
other properties listed in the tables in Part B of this book and for the calculation of these
properties from the interactive program “IAPWS-IF97 Electronic Steam Tables” in Part D as
well.

3.1 Equation for the Viscosity for Industrial Applications

The “Release on the IAPWS Formulation 2008 for the Viscosity of Ordinary Water
Substances”, which the presented correlation equation for the dynamic viscosity is based on,
will be adopted at the IAPWS Meeting in 2008 [31]. This release replaces the release on the
viscosity issued in 2003 [32]. A discussion of the background, development, and validation of
this viscosity equation is presented in the background paper [33].

According to the IAPWS Release [31], the correlation equation for viscosity consists of three
functions, which are multiplicatively connected. For industrial applications, the third function
(called /7, in the release) may be set to unity. This function, the so-called critical enhancement,
is only significant over a very small range around the critical point (for more details see below).
Since the industrial use is the main focus of this book, only the first two functions are
considered here.

The correlation equation for the dynamic viscosity 7 for industrial applications is given in
dimensionless form, ¥= 1/n*, and consists of the two functions ¥, and ¥ that are multiplied
with each other. The equation reads
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n(p.T)
77*

=¥(5,0)="¥,(0)-¥1(5.0) (3.1)

where 8= p/p* and 6= T/T*, with 7=1x10"Pas, and ¥, and ¥ according to Egs. (3.2)
and (3.3). The first function of Eq. (3.1), ¥,(&), represents the viscosity in the ideal-gas limit
and has the form

4 -1

¥(0)=6%| Y nf o'
i=1

: (3.2)

where = T/T* with T*= T, = 647.096 K according to Eq. (1.4). The coefficients n;’ are listed
in Table 3.1. The equation for the second function of Eq. (3.1), ¥;(J,0), reads

21
Ji
¥,(5,0) = exp 5Zn,.(5—1)’f (7" =1)" |, (3.3)
i=1
where §=p/p* and O=T"/T with p*=p, and T*=T,, where the critical density p,=
322 kg m™ and the critical temperature 7, = 647.096 K according to Eqs.(1.6) and (1.4).
Table 3.2 contains the coefficients n; and exponents /; and J; of Eq. (3.3).

Table 3.1 Coefficients of Eq. (3.2)

i ny i ny
1 0.167 752 x 107! 3 0.636 656 4 x 1072
2 0.220 462 x 107" 4 -0.241 605 x 1072

Table 3.2 Coefficients and exponents of Eq. (3.3)

i I; J; n; l I; J; n;

1 0 0 0.520 094 12 2 2 —0.772479

2 0 1 0.850895x 107" 13 2 3 —0.489837
30 2 —0.108374x 10! 14 2 4 -0.257040

4 0 3 -0.289555 15 3 0 0.161 913

5 1 0 0.222 531 16 3 1 0.257 399

6 1 1 0.999 115 17 4 0 -0325372x107"
7 1 2 0.188 797 x 10! 18 4 3 0.698 452 x 107!
g8 1 3 0.126 613 x 10! 19 5 4 0.872 102 x 1072
9 1 5 0.120 573 20 6 3 —0.435673 %1072
10 2 0 -0.281378 21 6 5 —0.593264x107°
11 2 1 =0.906851

If the dynamic viscosity is calculated from Eq. (3.1) for given values of pressure and
temperature, then the input quantity reduced density o has to be calculated first. According to
the release [31], this density does not have to be calculated from the IAPWS-95 formulation
[8, 9], but can also be determined from the IAPWS-IF97 basic equations, Eq. (2.3), (2.6), (2.11),
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or (2.15), as described in Sec. 2.2. With this approach, the error is much smaller than the
uncertainty of Eq. (3.1), as long as the state point given by the values for the input pressure and
temperature is outside the near-critical region defined in the subpoint “Estimated Uncertainty”
given below. Accordingly, the viscosity values listed in the corresponding tables in Part B and
calculable with the Electronic Steam Tables in Part D are based on the density calculation from
IAPWS-IF97.

Range of Validity. Figure 3.1 illustrates the range of validity of the viscosity equation for
industrial applications, Eq. (3.1), in a p-T diagram.
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Fig. 3.1 Range of validity of the viscosity equation for industrial applications, Eq. (3.1); its extrapolation
range is given by dashed-dotted lines. The validity range of IAPWS-IF97 shown by dashed lines is
plotted for comparison.

The numerical definition of the range of validity of Eq. (3.1) is given by the following relations:

0<p<p, 273.16K < T < 1173.15K
p < p < 300MPa T.(p) < T < 1173.15K
300 MPa < p < 350 MPa T.(p) < T< 873.15K
350 MPa < p < 500 MPa T.(p) < T< 433.15K
500 MPa < p < 1000 MPa T.(p) < T< 373.15K,

where p, = 0.000 611 657 MPa is the triple-point pressure according to Eq. (1.8), and T}, is the
pressure dependent melting temperature [17]. Statements on the extrapolation capability of
Eq. (3.1) are given in the release [31]. According to these statements, Eq.(3.1) behaves
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reasonably when extrapolated to pressures up to 1000 MPa and temperatures up to 1273.15 K.
On the low-temperature side, Eq. (3.1) can be used for pressures up to 0.101 325 MPa beginning
with 273.15 K, because this temperature is only 0.01 K or less below the melting temperature
Tn(p). (For higher pressures up to 390 MPa, the melting temperature 7, (p) is less than
273.15 K.) When the density is calculated for given values of pressure and temperature from
IAPWS-IF97, Eq. (3.1) may only be used in the range of validity of IAPWS-IF97. Thus, for
pressures up to 50 MPa, Eq. (3.1) can be also used for temperatures above 1073.15 K up to
1273.15 K, see also Fig.3.1. Outside the IAPWS-IF97 range of validity, the scientific
formulation TAPWS-95 [8, 9] should be used for the density calculation.

Computer-Program Verification. To assist the user in computer-program verification of
Eq. (3.1), Table 3.3 contains corresponding test values.

Table 3.3 Dynamic viscosity values calculated from Eq. (3.1) for selected temperatures and pressures @

Propert T=298.15K T=873.15K T=673.15K
roperty p=0.1 MPa p =20 MPa p =60 MPa

p kg m>] JAPWS-IF97)  0.997 047 435 x 10> 0.549 921 814 x 10> 0.612 391 201 x 10°®

7 [Pas] 0.890 022 551 x 10> 0.339 743 835 x 10™*  0.726 093 560 x 107*

2 Programmed functions should be verified using 8 byte real values for all variables.
b The density value of this test point, which is located in region 3 of IAPWS-IF97, was calculated from
Eq. (2.11) via iteration.

Estimated Uncertainty. The uncertainties in viscosity calculated from Eq. (3.1) are
summarized in Fig. 3.2; they can be considered as estimates of a combined expanded
uncertainty with a coverage factor of two corresponding to a confidence level of 95%. The
viscosity equation reproduces the ISO recommended value of the viscosity at 20 °C (293.15 K)
and standard atmospheric pressure within the number of digits given in [34]; it also agrees with
all values from 288.15 K to 313.15 K at atmospheric pressure in [34] within the stated
uncertainty of 0.17% at 293.15 K.

The uncertainty value of 2%, also given in Fig. 3.2 for the near-critical region, only refers to
the viscosity equation for scientific use that includes the critical-enhancement function
according to Egs. (14) to (21) in the release [31]. Due to the absence of the function for the
critical enhancement in Eq. (3.1), in the near-critical region the uncertainty of the viscosity
equation for industrial applications is greater than 2%. This near-critical region is defined by the
following range of temperature and density:

64591K < T < 650.77K  2458kgm™ < p < 4053 kgm™>,
see also Fig. 3.2.
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Fig. 3.2 Percentage uncertainties in viscosity estimated for the viscosity equation, Eq. (3.1). In the near-

critical region, shown in the enlarged diagram on the right, the uncertainty of Eq. (3.1) is greater than 2%.
The positions of the lines separating the uncertainty regions are approximate.

3.2 Equation for the Thermal Conductivity for Industrial Use

The correlation equation for the thermal conductivity for industrial use is based on the IAPWS
“Revised Release on the IAPS Formulation 1985 for the Thermal Conductivity of Ordinary
Water Substance,” issued in 1998 [35].

According to this IAPWS Release [35], the correlation equation for the thermal conductivity
A for industrial use is given in dimensionless form, A= A/A" , and consists of the sum of three
functions. The equation reads

HPT) _ 4(5.6)=40(8)+ A1 (5)+ A2 (5.6) (3.4)

ﬂ,*
where 8= p/p* and 0= T/T", with A*= 1Wm! K_l, and Ay, A, and A, according to
Egs. (3.5) to (3.7). The function A (&) represents the thermal conductivity in the ideal-gas limit
and has the form
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4
A0(0)=06" nP 0" (3.5)
i=1

where 6= T/T* with T*= 647.26 K; the coefficients n are listed in Table 3.4. The correlation
equation for the second function of Eq. (3.4), A{(0), reads

2
A1(5)=n1+n25+n3exp[n4(5+n5) } , (3.6)

where 6= p/p* and 6= T/T* with p*=317.7kgm™ and T*= 647.26 K. The coefficients
are given in Table 3.5. The function A,(6,0) is defined by

A,(8,6)= (nlﬁ_lo +n2)51'8 exp[n3 (1—52'8)}

+ny ASE exp{(%)(l—51+3):| -

+ns exp[n6 6! +ny J_SJ

b

where 8= p/p* and 6= T/T* with p*= 317.7kgm™ and T*= 647.26K, and 4 and B
according to Egs. (3.7a) and (3.7b). The functions 4 and B have the form

A(6)=2+ng(26) " (3.72)
” (26)™! for 6> 1
B(O) =
_ 3.7b
ng(A) 06 for o<1 (3.70)
with AG=|6-1]+ng. (3.7¢)

The coefficients n; of Eqgs. (3.7) and (3.7a) to (3.7c) are listed in Table 3.6.

Table 3.4 Coefficients of Eq. (3.5)

0 [

i n; i n;
1 0.102 811 x 107! 3 0.156 146 x 107!
2 0.299 621 x 107 4 —0.422464 x 1072

Table 3.5 Coefficients of Eq. (3.6)

I n; i n;
1 —-0.397 070 4 —-0.171587
2 0.400 302 5 0.239219 x 10!

3 0.106 000 x 10"
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Table 3.6 Coefficients of Egs. (3.7) and (3.7a) to (3.7¢c)

i n; i n;

1 0.701 309 x 107 6 —0.411717 %10

2 0.118 520 x 107! 7 —0.617937 x 10"

3 0.642 857 8 0.822 994 x 107!
4 0.169 937 x 1072 9 0.100 932 x 10?

5  —0.102 000 x 10" 10 0.308 976 x 1072

If the thermal conductivity is calculated from Eq. (3.4) for given values of pressure and
temperature, then the input quantity reduced density o has to be calculated first. According to
the release [35], this density is calculated from the IAPWS-IF97 basic equations, Egs. (2.3),
(2.6), or (2.11) as described in Sec. 2.2.

Range of Validity. IAPWS endorses the validity of Eq. (3.4) for the thermal conductivity for
industrial use in the following range of pressures and temperatures:

0 <p < 40MPa 273.15K < T £ 1073.15K
40 MPa < p < 70 MPa 27315K = T < 923.15K
70 MPa < p < 100 MPa 27315K = T < 773.15K

The range of validity of Eq. (3.4), defined above, is illustrated in Fig. 3.3. For comparison, the
range of validity of [APWS-IF97 and the extrapolation range of Eq. (3.4), see below, are also
shown.

IAPWS-IF97
100 - = === =.T_—..|1
|
o Extrapolation/!l
|
80 - @ range I
~ «ll
T 70 MPa Eil
o 21
S o ::
Q x .
0 § !._ _ _&_50_ M_a_i
§ 40 - 40 MPa | |
@ |
Y I
[a c |
20 v |
2 |
Saturation line 2 |
or I I ——A-- _1
I | I
] ] | | | D) | >
273.15 473.15 673.15 873.15 1073.15 2273.15

Temperature T [K]

Fig. 3.3 Range of validity of the thermal-conductivity equation for industrial use, Eq. (3.4). The greater
validity range of IAPWS-IF97 shown by the dashed lines is plotted for comparison. The extrapolation
range of Eq. 3.4 is illustrated by the dashed-dotted line, see next page.

Figure 3.3 shows that the thermal-conductivity equation for industrial use, Eq. (3.4), covers
the temperature range of the main part of IAPWS-IF97 (regions 1 to 4, temperatures up to
1073.15 K) only for pressures up to 40 MPa. For higher pressures, the temperature range of
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Eq. (3.4) is limited to 923.15 K for pressures between 40 MPa and 70 MPa, and to 773.15 K for
pressures between 70 MPa and 100 MPa.

However, if somewhat greater margins of error are tolerable, Eq. (3.4) can be extrapolated up
to 1073.15 K for pressures up to 100 MPa. In order to give an impression of the error caused by
such an extrapolation, Fig. 3.4 shows the differences between the thermal-conductivity equation
for industrial use, Eq. (3.4), and the A equation for scientific use [35]°> which covers the entire
pressure and temperature range of ITAPWS-IF97. It can be seen that for 7= 1073.15 K, the
thermal conductivity calculated with Eq. (3.4) deviates from the values obtained with the
scientific equation by up to about 9% (e.g. at 70 MPa). However, this difference should be
viewed with the perspective that even within the range of validity of Eq. (3.4) the differences in
the A values from the equation for scientific use reach up to about 5% (e.g. at 50 MPa).

10 40 MPa 10 70 MPa

-10 1 | 1 | 1 1 1 -10 | | | | I\I |

10 ; 10

(Alnd - Asu)/llnd [%]
[« o
T

< _10 ] | ] | ] L1 1 | _10 | ] |

10
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|
923K | 773K

1 O | | | | | | | | 1 0 | 1 | | 1 1 1
273 473 673 873 1073 273 473 673 873 1073
Temperature T [K] Temperature T [K]

————— Maximum temperature of the range of validity of the A equation for industrial use, Eq. (3.4)

Fig. 3.4 Percentage differences between values for the thermal conductivity A calculated from the
equation for industrial use, Eq. (3.4), and values determined from the equation for scientific use [35].

22 The thermal-conductivity equations for industrial use and for scientific use are described in the same
release [35].
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Users interested in the pressure range p > 40 MPa must decide whether the extrapolation error
of Eq. (3.4) described above is acceptable. If not, the thermal conductivity has to be calculated
from the significantly more complex equation for scientific use.

The thermal conductivity listed in the tables in Part B was calculated from the equation for
industrial use, Eq. (3.4), even for pressures up to 100 MPa, where the equation had to be
extrapolated. The program “IAPWS-IF97 Electronic Steam Tables” presented in Part D
calculates the thermal conductivity from Eq. (3.4), even if extrapolation is required.

Computer-Program Verification. To assist the user in computer-program verification of
Eq. (3.4), Table 3.7 contains corresponding test values.

Table 3.7 Thermal conductivity values calculated from Eq. (3.4) for selected temperatures and
pressures @

P T=298.15K T=873.15K T=673.15K
roperty p=0.1 MPa p=10MPa p =40 MPa

p[kg m™>] JAPWS-IF97)  0.997 047 435 x 10°  0.260 569 558 x 10> 0.523 371 289 x 10°®

A[Wm' K] 0.607 509 806 0.867 570353 x 107" 0.398 506 911

3 Programmed functions should be verified using 8 byte real values for all variables.
b The density value of this test point, which is located in region 3 of IAPWS-IF97, was calculated
from Eq. (2.11) via iteration.

Estimated Uncertainty. The estimated uncertainty in thermal conductivity calculated from
Eq. (3.4) is based on the uncertainties of the input data used for the development of Eq. (3.4).
These uncertainty values are given in Tables A.I and A.Il in Appendix A of the release [35].

In the critical region, however, one can expect greater uncertainties in Eq. (3.4) than those
derived from the uncertainty of the experimental data, because the 4 equation for industrial use,
Eq. (3.4), is not able to correctly follow the steep increase of the experimental data for A in this
region. In order to give an impression of the greater uncertainties of Eq. (3.4) in the critical
region, Fig. 3.5 shows the differences in thermal conductivity calculated from Eq. (3.4) and
from the A equation for scientific use [35]. Relevant differences occur for temperatures between
the critical temperature 7, = 647.096 K, Eq. (1.4), and about 2 K above T} in a small pressure
range only.

The huge difference extremely close to the critical temperature and critical pressure p, is
based on the fact that the A equation for scientific use [35] yields an infinite value for A, at the
critical point, whereas the corresponding A value from the industrial equation, Eq. (3.4), remains
finite. However, this great difference extremely close to 7, only occurs in a very small pressure
range, see Fig. 3.5.
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Fig. 3.5 Percentage differences between values for the thermal conductivity A in the critical region
calculated from the equation for industrial use, Eq. (3.4), and values determined from the equation for
scientific use [35].

3.3 Equation for the Surface Tension

In 1975, the experimental results of the surface tension o of the interface between the liquid and
vapour phases of water were critically examined by IAPWS. As a result, IAPWS recommended
table values of surface tension, which were adjusted to ITS-90 [6] in 1994 [36]. An equation for
the surface tension as a function of temperature was fitted to these table values and is given in
the “IAPWS Release on Surface Tension of Ordinary Water Substance” [36].

The equation for the surface tension has the following form:

ai 2358 (1- )0 [1-0.625(1-0)], (3.8)

¥
where 6*=1x10°Nm~' and @=T/T* with T*= T .» where the critical temperature
T, = 647.096 K according to Eq. (1.4).
Range of Validity. Equation (3.8) is valid along the entire vapour-liquid saturation line from
the triple-point temperature 7, Eq. (1.7), to the critical temperature 7., Eq. (1.4), and can be
extrapolated to 7=273.15 K so that it covers the temperature range

273.15K < T < 647.096 K.

Computer-Program Verification. To assist the user in computer-program verification of
Eq (3.8), Table 3.8 contains corresponding test values.
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Table 3.8 Surface tension values
calculated from Eq. (3.8) for selected
temperatures 2

T[K] oc[Nm']

300 0.716 859 625 x 107!
450 0.428 914 992 x 107!
600 0.837 561 087 x 1072

8 Programmed functions should be
verified using 8 byte real values for
all variables.

Estimated Uncertainty. The estimated uncertainty in surface tension calculated from Eq. (3.8)
is based on the uncertainties of the input data used for the development of Eq. (3.8). These
uncertainty values are given in Table 1 of the release [36].

3.4 Equation for the Dielectric Constant

A collection of experimental data available for the dielectric constant £ (relative static dielectric

constant or relative static permittivity) was published in 1995 [37]. Based on a selected set of

these data, an equation for the dielectric constant was developed [38]. This equation, which has

its physical basis in the so-called g -factor proposed by Harris and Alder [39], was approved by

IAPWS in 1997 and is given in the “Release on the Static Dielectric Constant of Ordinary

Water Substance for Temperatures from 238 K to 873 K and Pressures up to 1000 MPa” [40].
The equation for the dielectric constant reads

5 5105
1+A+SB+(9+2A+188+A +104B+9B )

e(p.T)= T : (3.9)
where the functions 4 and B are given by
2 _
Na 17p8g
A(p,T)=-AZLES (3.9a)
MeykT
and
Ny oap
B(p)=—"—. 3.9b
(p) e, (3.9b)

The values of the quantities k, Ny, &, &,, i, and M used in Eqgs. (3.9a) and (3.9b) are given in
Table 3.9. The correlation equation for the Harris-Alder g -factor in Eq. (3.9a) reads

11 -1.2
_ . .
8,0 =1+ n 8" tli4n, 6| =71 -1| 3.9¢
g(d,7) Z}"l ny2 (2281( ) (3.9¢)
1=

where 8= p/p* and 7=T"/T with p*=p, and T" =T,, where the critical density p, =
322kgm™ and the critical temperature T,= 647.096 K according to Eqgs.(1.6) and (1.4).
Table 3.10 contains the coefficients n; and exponents /; and J; of Eq. (3.9¢).
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Table 3.9 Quantities used in Egs. (3.9a) and (3.9b)

Quantity Value

Boltzmann’s constant k 1.380 658 x1072* J K!
Avogadro’s number N, 6.022 136 7 x 10% mol™

Mean molecular polarizability & 1.636 x 10740 C? J 1 m?
Permittivity of vacuum &, 8.854 187 817x107"2 C? J7' m™
Molecular dipole moment £ 6.138 x 1073 C m

Molar mass M2 0.018 015 268 kg mol™!

@ This value for M is in accordance with the release [40] and must be
used in Egs. (3.92) and (3.9b), although it differs slightly from the
current value for the molar mass given as Eq. (1.3).

Table 3.10 Cocfficients and exponents of Eq. (3.9¢)

i J; n; i I J n;

1 1 0.25 0.978 224 486 826 7 4 2 0.949 327 488 264 x 107!
2 1 1 —0.957 771 379 375 8 5 2 —0.980 469 816 509 x 1072
3 1 2.5 0.237 511 794 148 9 6 5 0.165 167 634 970 x 107
4 2 1.5 0.714 692 244 396 10 7 0.5 0.937 359 795 772 x 107
5 3 1.5 —0.298 217 036 956 11 10 10 —-0.123 179 218 720 x 107°
6 3 2.5 —0.108 863 472 196 2 - - 0.196 096 504 426 x 1072

If the dielectric constant is calculated from Eq.(3.9) for given values of pressure and
temperature, then the input quantity density p has to be calculated first. For this density
calculation, the use of the IAPWS-95 formulation [8, 9] is recommended in the release [40].
However, as mentioned at the beginning of Chap. 3, for industrial use it is recommended that
the IAPWS-IF97 basic equations, Eqs (2.3), (2.6), or (2.11), be used for calculating the input
density for Eq. (3.9). For this application, the difference between IAPWS-IF97 and IAPWS-95
is negligible compared with the estimated uncertainty of Eq.(3.9). Accordingly, the values of
the dielectric constant listed in the corresponding tables in Part B were calculated in this
manner.

Range of Validity. Equation (3.9) covers the following range of temperatures and pressures:

273.15K < T <32315K 0 < p < poox
323.15K < T < 873.15K 0 < p < 600 MPa

The value of p,,.. corresponds to the ice VI melting pressure [17] at the corresponding
temperature or 1000 MPa, whichever is smaller. Equation (3.9) is also valid for the metastable
subcooled liquid at atmospheric pressure (0.101325 MPa) for temperatures from 273.15 K
down to 238.15 K. Furthermore, Eq.(3.9) extrapolates smoothly up to at least 1200 K and
1200 MPa [40]. The dielectric constant can also be calculated within this extrapolation range
with the program “IAPWS-IF97 Electronic Steam Tables” in Part D, assuming that it is within
the range of validity of IAPWS-IF97. For the tables in Part B, £ was calculated up to
1073.15 K.

Computer-Program Verification. To assist the user in computer-program verification of
Eq.(3.9), Table 3.11 contains corresponding test values.
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Table 3.11 Dielectric constant values calculated from Eq. (3.9) for selected temperatures and
pressures @

Propert T=298.15K T=873.15K T=673.15K
roperty p=5MPa p=10MPa p =40 MPa

p kg m>] JAPWS-IF97)  0.999 242 866 x 10>  0.260 569 558 x 10> 0.523 371 289 x 10°®
e[-] 0.785907 250 x 10> 0.112 620970 x 10" 0.103 126 058 x 10?

@ Programmed functions should be verified using 8 byte real values for all variables.
b The density value of this test point, which is located in region 3 of IAPWS-IF97, was calculated
from Eq. (2.11) via iteration.

Estimated Uncertainty. The estimated uncertainty in dielectric constant € calculated from
Eq. (3.9) is based on the uncertainties of the input data used for the development of Eq. (3.9).
These uncertainty values are given in Table 3 of the release [40].

3.5 Equation for the Refractive Index

Based on a comprehensive collection of experimental data of the refractive index »n of water and
steam [41], an equation for the Lorentz-Lorenz function dependent on density, temperature, and
wavelength was developed in 1990 [42, 43]. This equation was refitted to the experimental data
after converting the temperatures to the ITS-90 temperature scale [6] and calculating densities
from TAPWS-95 [8,9] (the current scientific standard of TAPWS for the thermodynamic
properties). The refitted equation was approved by IAPWS in 1997 and is given in the “Release
on the Refractive Index of Ordinary Water Substance as a Function of Wavelength,
Temperature and Pressure” [44].

The equation for the refractive index n from the release was rearranged into a form explicit in
n and has then the following form:

0.5
n(p,T,Z):(zﬁjJ , (3.10)

where the function 4 is given by

- 72 72 a a 2
A(5,0,A)=5[a0+a15+a20+a3/1 9+a4A +/_12_5/_12 +/_12 _6/_12 +a75 J (3103)
uv IR
with 8= p/p* 0=T/T* and A =1/1% where p*=1000kgm ™ T*=273.15K, and 1*=
0.589 wm. The values of the reduced effective infrared resonance Ay and the reduced effective

ultraviolet resonance Ayy are given by A= 5432937 and Ayy = 0.229202. The co-
efficients a; of Eq. (3.10a) are listed in Table 3.12.

Table 3.12 Coefficients of Eq. (3.10a)

~.

1 a; a;

0.244 257 733 0.158 920 570 x 1072

0.974 634 476 x 1072 0.245 934 259 x 1072
—0.373 234 996 x 107> 0.900 704 920

0.268 678 472 x 107 -0.166 626 219 x 107!

W N = O
NN L N
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If the refractive index is calculated from Eq.(3.10) for given values of pressure and
temperature, then the input quantity reduced density o has to be calculated first. For this density
calculation, the use of IAPWS-95 formulation [8, 9] is recommended in the release [44].
However, as mentioned at the beginning of Chap. 3, for industrial use it is recommended that
the IAPWS-IF97 basic equations, Egs. (2.3), (2.6), or (2.11), be used for calculating the input
density for Eq. (3.10). For this application, the difference between IAPWS-IF97 and IAPWS-95
is negligible compared with the estimated uncertainty of Eq. (3.10). Accordingly, values of the
refractive index listed in the corresponding tables in Part B were calculated in this manner. The
Electronic Steam Tables in Part D also calculate the refractive index with input densities from
IAPWS-IF97.

Range of Validity. IAPWS endorses Eq. (3.10) in the following validity range regarding
temperature, density, and wavelength:

261.15K < T < 773.15K
0 < p < 1060kgm™
02um < A4 < 1.1 um

The extrapolation of the equation to longer wavelengths seems to be reasonable in liquid water
at wavelengths up to 1.9 um [44].

Computer-Program Verification. To assist the user in computer-program verification of
Eq. (3.10), Table 3.13 contains corresponding test values.

Table 3.13 Refractive-index values calculated from Eq. (3.10) for selected temperatures, pressures, and
wavelengths 2

T=298.15K T=773.15K T=673.15K
p=0.1 MPa p=10MPa p =40 MPa

p[kg m>] IAPWS-IF97)  0.997 047 435x 10°  0.304 758 534 x 10> 0.523 371289 x 10°b
n[—] forA =0.2265um 0.139277 824 x 10"  0.101 098 988 x 10" 0.119 757 252 x 10!
n[—] forA =0.5893 um 0.133285819x 10"  0.100 949307 x 10" 0.116 968 699 x 10'

Property

3 Programmed functions should be verified using 8 byte real values for all variables.
b The density value of this test point, which is located in region 3 of IAPWS-IF97, was calculated
from Eq. (2.11) via iteration.

Estimated Uncertainty. The estimated uncertainty in refractive index calculated from
Eq. (3.10) is based on the uncertainties of the input data used for the development of Eq. (3.10).
These uncertainty values are given in Table 2 of the release [44].
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Part B

Tables of the Properties of Water and Steam



Table 1 Saturation state
(Temperature table)

The temperature table contains values on the saturated liquid () and saturated vapour (”) lines
for the following thermodynamic and transport properties in the temperature range from 0 °C up
to the critical temperature 7, = 373.946 °C:

e Saturation pressure p, e Specific isobaric heat capacity cy
e Specific volume v e Speed of sound w

e Specific enthalpy 4 e Isentropic exponent k

e Specific enthalpy of vaporization Ak, ¢ Dynamic viscosity 77

e Specific entropy s e Thermal conductivity 4

Specific entropy of vaporization As,,

For given temperatures, the saturation pressures pg were calculated from the IJAPWS-IF97
saturation-pressure equation, Eq. (2.13).

For temperatures ¢ < 350 °C and input values for 7 and p, all of the thermodynamic properties
on the saturated-liquid and saturated-vapour lines were determined from the basic equations for
regions 1 and 2, Egs. (2.3) and (2.6).

For ¢ > 350 °C and input values of ¢ and p,, the densities p” and p” (and thus also the specific
volumes v and v”) were calculated by iterating the basic equation for region 3, Eq. (2.11). With
the values for (p’,¢) and ( p”,¢), the other thermodynamic properties were determined from the
basic equation, Eq.(2.11). The values of the properties calculated in this manner differ in the
last digits from the values of the first edition of the book. This difference is based on the fact
that in the first edition all three properties pg, p’, and p” were calculated from Eq. (2.11) via the
so-called Maxwell criterion, i.e. without using the saturation-pressure equation, Eq. (2.13).

The transport properties dynamic viscosity 77 and thermal conductivity 4 were calculated
from the equations for industrial applications, Eq. (3.1), and industrial use, Eq. (3.4). The
densities p” and p” needed in these equations were determined from the IAPWS-IF97 basic
equations as described above.

Further saturation properties are listed in Tables 6, 11, and 15.
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Table 1 Saturation state
(Temperature table)

t T Ds v v 4 h' Ah, s s"
[°’Cl  [K] [ bar ] [m’ kg '] [KIkg '] [Kkg 'K

0 273.15 0.006112127 0.00100021 206.140 -0.04159 2500.89 2500.93 —-0.0001545 9.1558
0.01* 273.16 0.006116570 0.00100021 205.997  0.0006118 2500.91 2500.91 0 9.1555
1 274.15 0.00657088  0.00100015 192.445 4.17665 2502.73 2498.55 0.015260 9.1291
2 275.15 0.00705988  0.00100011 179.764 8.39160 2504.57 2496.17 0.030606  9.1027
3 276.15 0.00758082  0.00100008 168.014 12.6035 2506.40 2493.80 0.045886  9.0765
4 277.15 0.00813549  0.00100007 157.121 16.8127 2508.24 2491.42 0.061101 9.0506
5 278.15 0.00872575  0.00100008 147.017 21.0194 2510.07 2489.05 0.076252  9.0249
6 279.15 0.00935353  0.00100011 137.638 25.2237 251191 2486.68 0.091340  8.9994
7 280.15  0.0100209 0.00100014 128.928 29.4258 2513.74 2484.31 0.10637 8.9742
8 281.15  0.0107299 0.00100020 120.834 33.6260 2515.57 2481.94 0.12133 8.9492
9 282.15 0.0114828 0.00100027 113.309 37.8244 2517.40 2479.58 0.13624 8.9244
10 283.15 0.0122818 0.00100035 106.309 42.0211 2519.23  2477.21 0.15109 8.8998
11 284.15 0.0131295 0.00100044 99.7927 46.2162 2521.06 2474.84 0.16587 8.8755
12 285.15 0.0140282 0.00100055 93.7243 50.4100 2522.89 2472.48 0.18061 8.8514
13 286.15  0.0149806 0.00100067 88.0698 54.6024 252471 2470.11 0.19528 8.8275
14 287.15  0.0159894 0.00100080 82.7981 58.7936 2526.54 2467.75 0.20990 8.8038
15 288.15  0.0170574 0.00100095 77.8807 62.9837 2528.36  2465.38 0.22447 8.7804
16 289.15 0.0181876 0.00100110 73.2915 67.1727 2530.19 2463.01 0.23898 8.7571
17 290.15 0.0193829 0.00100127 69.0063 71.3608 2532.01 2460.65 0.25344 8.7341
18 291.15  0.0206466 0.00100145 65.0029 75.5479 2533.83 2458.28 0.26785 8.7112
19 292.15 0.0219818 0.00100164 61.2609 79.7343 2535.65 2455.92 0.28220 8.6886
20 293.15 0.0233921 0.00100184 57.7615 83.9199 2537.47 2453.55 0.29650 8.6661
21 294.15  0.0248810 0.00100205 54.4873 88.1048 2539.29 2451.18 0.31075 8.6439
22 295.15 0.0264521 0.00100228 51.4225 92.2890 2541.10 2448.81 0.32495 8.6218
23 296.15 0.0281092 0.00100251 48.5521 96.4727 2542.92 2446.45 0.33910 8.6000
24 297.15  0.0298563 0.00100275 45.8626 100.656 254473  2444.08 0.35320 8.5783
25 298.15  0.0316975 0.00100301 43.3414 104.838 2546.54 2441.71 0.36726 8.5568
26 299.15  0.0336369 0.00100327 40.9768 109.021 2548.35 2439.33 0.38126 8.5355
27 300.15 0.0356789 0.00100354 38.7582 113.202 2550.16  2436.96 0.39521 8.5144
28 301.15  0.0378281 0.00100382 36.6754 117.384 2551.97 2434.59 0.40912 8.4934
29 302.15  0.0400892 0.00100411 34.7194 121.565 2553.78 2432.21 0.42298 8.4727
30 303.15 0.0424669 0.00100441 32.8816 125.745 2555.58 2429.84 0.43679 8.4521
31 304.15 0.0449663 0.00100472 31.1540 129.926 2557.39 2427.46 0.45056 8.4317
32 305.15 0.0475925 0.00100504 29.5295 134.106 2559.19 2425.08 0.46428 8.4115
33 306.15 0.0503508 0.00100536 28.0010 138.286 2560.99 2422.70 0.47795 8.3914
34 307.15 0.0532469 0.00100570 26.5624 142.465 2562.79 2420.32 0.49158 8.3715
35 308.15 0.0562862 0.00100604 25.2078 146.645 2564.58 2417.94 0.50517 8.3518
36 309.15  0.0594747 0.00100639 23.9318 150.824 2566.38 2415.56 0.51871 8.3323
37 310.15 0.0628185 0.00100675 22.7292 155.004 2568.17 2413.17 0.53220 8.3129
38 311.15  0.0663237 0.00100712 21.5954 159.183 256996 2410.78 0.54566 8.2936
39 312.15  0.0699968 0.00100749 20.5261 163.362 2571.75 2408.39 0.55906 8.2746
40 313.15 0.0738443 0.00100788 19.5170 167.541 2573.54  2406.00 0.57243 8.2557
41 314.15 0.0778731 0.00100827 18.5646 171.720 2575.33  2403.61 0.58575 8.2369
42 315.15 0.0820901 0.00100867 17.6652 175.899 2577.11 2401.21 0.59903 8.2183
43 316.15 0.0865026 0.00100908 16.8155 180.079 2578.89 2398.82 0.61227 8.1999
44 317.15 0.0911180 0.00100949 16.0126 184.258 2580.67 2396.42 0.62547 8.1816

a Triple-point temperature.
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Table 1 Saturation state — Continued
(Temperature table)
t c/p c/]', wl w” KI K,ﬂ 77! 77” A‘I },"
[°C] [Kke 'K [ms '] (-] [10°Pas] [10°Wm K]
0 42199  1.8882 14023  408.88 3216538 1.3269 17920  8.945 562.0 16.49
0.01° 42199  1.8882 14023  408.89 3214432 13269 17914  8.946 562.0 16.49
1 42165 1.8889  1407.2  409.61 3013281 1.3268 17312  8.974 564.1 16.56
2 42134  1.8895  1412.1 41034 2824038 1.3268  1673.7  9.003 566.2 16.64
3 42105 1.8902 14168  411.07 2647765 1.3267 16192  9.032 568.2 16.71
4 42078  1.8909  1421.5  411.80 2483500 1.3266  1567.4  9.061 570.3 16.78
5 42054  1.8917  1426.0 41253 2330358 1.3266 15183  9.090 572.3 16.85
6 42031  1.8924 14305 41325 2187526 13265 14716  9.120 574.3 16.92
7 42011  1.8932 14349 41397 2054253 13264 14272  9.149 576.2 17.00
8 41992  1.8940  1439.1  414.69 1929849 13264 13848  9.179 578.1 17.07
9 41974  1.8949 14433 41541 1813676 1.3263 13445  9.209 580.0 17.14
10 4.1958  1.8957 14474  416.13 1705145 13262 13060  9.238 581.9 17.21
11 41943  1.8966 14514  416.84 1603714 13262 12692  9.268 583.8 17.29
12 41930  1.8975 14553  417.55 1508881  1.3261  1234.1 9.299 585.6 17.36
13 41917  1.8985  1459.1 41826 1420182 1.3260  1200.5 9.329 587.4 17.43
14 41905  1.8994 14628 41897 1337189 13259 11684  9.359 589.2 17.51
15 41894 19004  1466.4  419.68 1259505 1.3258  1137.6  9.390 591.0 17.58
16 41884 19014 14700 42038 1186764 1.3257  1108.1 9.420 592.7 17.65
17 41875 19025 14734  421.08 1118624 1.3257 10799  9.451 594.4 17.73
18 41866 19035 14768 421779 1054772 13256 10527  9.482 596.1 17.80
19 41858 19046  1480.1 42248 994916  1.3255 10267  9.513 597.8 17.88
20 41851 19057 14833  423.18 938786  1.3254  1001.6  9.544 599.5 17.95
21 4.1844 19069  1486.4 42388 886129 13253  977.6 9.575 601.1 18.03
22 41838  1.9080  1489.4 42457 836715 13252 9544 9.607 602.7 18.10
23 41832 19092 14924 42526 790326  1.3251 932.1 9.638 604.3 18.18
24 41827 19104 14952 42595 746762  1.3250  910.7 9.669 605.9 18.25
25 41822 19116  1498.0  426.63 705837 13249  890.0 9.701 607.5 18.33
26 41817 19129 15007 42732 667378  1.3248  870.1 9.733 609.0 18.40
27 41813 19141  1503.4 42800 631223  1.3247 8509 9.764 610.5 18.48
28 41809 19154 15059  428.68 597224 13246 8324 9.796 612.0 18.55
29 41806 19167 15084 42936 565239  1.3245  814.5 9.828 613.5 18.63
30 41803 19180  1510.8  430.04 535141 13244 7972 9.860 615.0 18.71
31 41800 19194 15132  430.72 506808  1.3243  780.5 9.892 616.4 18.78
32 4.1798 19207 15154 43139 480128 13242 7644 9.924 617.8 18.86
33 41795 19221  1517.6 43206 454996  1.3241 748.8 9.957 619.2 18.94
34 4.1794 19235  1519.8 43273 431314  1.3240  733.7 9.989 620.6 19.01
35 41792 19249  1521.8 43340 408993 13239  719.1 10.02 622.0 19.09
36 41791 19263  1523.8 43407 387946 13238  705.0 10.05 623.3 19.17
37 41790 19278 15258 43473 368094  1.3237  691.3 10.09 624.7 19.25
38 41789 19292  1527.6 43540 349365 13235  678.0 10.12 626.0 19.32
39 4.1788 19307  1529.4  436.06 331688 13234  665.2 10.15 627.3 19.40
40 41788  1.9322  1531.1 43672 314999  1.3233  652.7 10.18 628.6 19.48
41 4.1788 19337  1532.8 43737 299239 13232  640.6 10.22 629.8 19.56
42 4.1788  1.9353 15344  438.03 284351  1.3231 628.9 10.25 631.1 19.64
43 4.1788  1.9368  1536.0  438.68 270282 13230  617.5 10.28 632.3 19.72
44 4.1789 19384  1537.5 43933 256983  1.3229  606.5 10.32 633.5 19.80

2 Triple-point temperature.
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Table 1 Saturation state — Continued

(Temperature table)

t T Ds v v 4 h' Ah, s g
[°’Cl  [K] [ bar ] [m’ kg '] [Kkg '] [Kkg K]
45 318.15  0.0959439 0.00100991 15.2534 188.437 2582.45 2394.02 0.63862 8.1634
46 319.15 0.100988 0.00101034 14.5355 192.617 2584.23 2391.61 0.65174 8.1454
47 320.15 0.106259 0.00101078 13.8562 196.796 2586.00 2389.21 0.66481 8.1276
48 321.15 0.111764 0.00101123 13.2132 200.976 2587.77 2386.80 0.67785 8.1099
49 322.15 0.117512 0.00101168 12.6045 205.156 2589.54 2384.39 0.69084 8.0923
50 323.15 0.123513 0.00101214 12.0279 209.336 2591.31 2381.97 0.70379 8.0749
51 324.15 0.129774 0.00101260 11.4815 213.517 2593.08 2379.56 0.71671 8.0576
52 325.15 0.136305 0.00101308 10.9637 217.697 2594.84 2377.14 0.72958 8.0405
53 326.15 0.143116 0.00101356 10.4726 221.878 2596.60 2374.72 0.74242 8.0235
54 327.15 0.150215 0.00101404 10.0069 226.059 2598.35 2372.30 0.75522 8.0066
55 328.15 0.157614 0.00101454 9.56492 230.241 2600.11  2369.87 0.76798 7.9899
56 329.15 0.165322 0.00101504 9.14543 234.423 2601.86 2367.44 0.78070 7.9733
57 330.15 0.173350 0.00101555 8.74712 238.605 2603.61 2365.01 0.79339 7.9568
58 331.15 0.181708 0.00101606 8.36879 242,788 2605.36  2362.57 0.80603 7.9405
59 332.15 0.190407 0.00101658 8.00932 246.971 2607.10  2360.13 0.81864 7.9243
60 333.15 0.199458 0.00101711 7.66766 251.154 2608.85 2357.69 0.83122 7.9082
61 334.15 0.208873 0.00101765 7.34281 255.338 2610.58 2355.25 0.84375 7.8922
62 335.15 0.218664 0.00101819 7.03384 259.523 2612.32 2352.80 0.85625 7.8764
63 336.15 0.228842 0.00101874 6.73990 263.708 2614.05 2350.35 0.86872 7.8607
64 337.15 0.239421 0.00101929 6.46015 267.893 2615.78 2347.89 0.88115 7.8451
65 338.15 0.250411 0.00101985 6.19383 272.079 2617.51 2345.43 0.89354 7.8296
66 339.15 0.261827 0.00102042 5.94021 276.266 2619.23 234297 0.90590 7.8142
67 340.15 0.273680 0.00102100 5.69861 280.453 2620.96  2340.50 0.91823 7.7990
68 341.15 0.285986 0.00102158 5.46840 284.641 2622.67 2338.03 0.93052 7.7839
69 342.15 0.298756 0.00102216 5.24896 288.829 2624.39 2335.56 0.94277 7.7689
70 343.15 0.312006 0.00102276 5.03973 293.018 2626.10 2333.08 0.95499 7.7540
71 344.15 0.325750 0.00102336 4.84018 297.208 2627.81 2330.60 0.96718 7.7392
72 345.15 0.340001 0.00102396 4.64980 301.398 2629.51 2328.11 0.97933 7.7245
73 346.15 0.354775 0.00102458 4.46812 305.589 2631.21 2325.62 0.99146 7.7100
74 347.15 0.370088 0.00102520 4.29469 309.781 263291 2323.13 1.0035 7.6955
75 348.15 0.385954 0.00102582 4.12908 313.974 2634.60 2320.63 1.0156 7.6812
76 349.15 0.402389 0.00102645 3.97090 318.167 2636.29 2318.13 1.0276 7.6669
77 350.15 0.419409 0.00102709 3.81978 322.361 2637.98 2315.62 1.0396 7.6528
78 351.15 0.437031 0.00102773 3.67535 326.556 2639.66 2313.11 1.0516 7.6388
79 352.15 0.455271 0.00102838 3.53729 330.752 2641.34 2310.59 1.0635 7.6248
80 353.15 0.474147 0.00102904 3.40527 334.949 2643.01 2308.07 1.0754 7.6110
81 354.15 0.493676 0.00102970 3.27899 339.146 2644.68 2305.54 1.0873 7.5973
82 355.15 0.513875 0.00103037 3.15818 343.345 2646.35 2303.01 1.0991 7.5837
83 356.15 0.534762 0.00103105 3.04257 347.544 2648.01 2300.47 1.1109 7.5701
84 357.15 0.556355 0.00103173 2.93190 351.745 2649.67 2297.93 1.1227 7.5567
85 358.15 0.578675 0.00103242 2.82593 355.946 2651.33 2295.38 1.1344 7.5434
86 359.15 0.601738 0.00103311 2.72445 360.148 265298 2292.83 1.1461 7.5301
87 360.15 0.625565 0.00103381 2.62722 364.352 2654.62 2290.27 1.1578 7.5170
88 361.15 0.650174 0.00103451 2.53406 368.556 2656.26 2287.70 1.1694 7.5039
89 362.15 0.675587 0.00103522 2.44476 372.762 265790 2285.14 1.1811 7.4909
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Table 1 Saturation state — Continued
(Temperature table)

t c/p c/!p wl w” K,I K_!! 77/ 77" ﬂ/ lﬂ
[°C] [Kke 'K [ms '] [—] [10°Pas] [10°Wm 'K
45 41790 19400 15389 43998 244408  1.3228  595.8 10.35 634.7 19.88
46 41791 19416 15403  440.63 232515  1.3227 5853 10.38 635.9 19.96
47 4.1792 19432  1541.6 44128 221263 13226 5752 10.42 637.1  20.04
48 4.1794 19449 15428 44192 210614 13224  565.4 10.45 6382  20.12
49 4.1796 19466 15440 44256 200533  1.3223  555.8 10.48 639.3  20.20
50 41798 19482 15452 44320 190987  1.3222  546.5 10.52 640.5  20.28
51 41800 19500 15463 44384 181945  1.3221 537.5 10.55 6416 2036
52 41802 19517 15473 44448 173378 13220  528.6 10.58 6426  20.44
53 41805 19534 15483 44511 165259 13219  520.1 10.62 6437  20.52
54 41808  1.9552  1549.2 44574 157561 13218  511.7 10.65 644.8  20.61
55 41811 19570  1550.1 44637 150262  1.3217  503.6 10.68 645.8  20.69
56 4.1814 19588 15509  447.00 143338  1.3216  495.7 10.72 6468  20.77
57 41818 19607  1551.7  447.63 136769 13214  488.0 10.75 6478  20.85
58 41821 19625 15524 44825 130534  1.3213  480.5 10.79 648.8  20.94
59 41825 19644  1553.1  448.88 124615 13212 4732 10.82 6498  21.02
60 41829 19664 15537 44950 118994  1.3211 466.0 10.85 650.8  21.10
61 41834 19683 15543  450.11 113655 13210  459.1 10.89 6517  21.19
62 41838 19703 15548 45073 108583  1.3209  452.3 10.92 6526 2127
63 41843 19723 15553 45134 103762  1.3208 4457 10.96 653.6 2136
64 41848 19743 15558 45195 99180  1.3206  439.2 10.99 6545  21.44
65 41853 19764 15562 45256 94823 1.3205 4329 11.02 6553  21.53
66 41859 19785  1556.5  453.17 90679  1.3204 = 426.7 11.06 6562  21.61
67 4.1864 19806  1556.8 45377 86736  1.3203  420.7 11.09 657.1  21.70
68 41870 19828  1557.1 45438 82985 1.3202 4149 11.13 6579  21.79
69 4.1876 19850 15573 45498 79414 13200  409.1 11.16 658.8  21.87
70 41882 19873 15575 45557 76015 1.3199  403.5 11.19 659.6  21.96
71 41889 19895  1557.6  456.17 72777 1.3198  398.1 11.23 6604  22.05
72 41896 19919 15577 45676 69694 13197 3927 11.26 6612  22.14
73 41902 19942 15577 45735 66756  1.3195 387.5 11.30 6619 2223
74 41910 19966 15577 45794 63956 13194 3824 11.33 6627 2232
75 41917 19990 15577 45852 61287 1.3193 3774 11.37 663.4 2241
76 4.1924 20015 1557.6  459.11 58742 13191 372.5 11.40 6642  22.50
77 41932 20041 15575  459.69 56315 1.3190  367.8 11.44 6649  22.59
78 4.1940  2.0066  1557.4 46026 54000 13189  363.1 11.47 665.6  22.68
79 4.1948  2.0092 15572 46084 51791 1.3187 3585 11.50 6663  22.77
80 41956 20119  1557.0 46141 49684 13186  354.0 11.54 6670  22.86
81 41965 20146 15567 46198 47671 1.3185 349.7 11.57 667.6 2295
82 41974 20174 15564 46255 45750  1.3183 345.4 11.61 668.3  23.04
83 41983 20202 1556.1  463.11 43915 1.3182 3412 11.64 6689  23.14
84 41992 20231 15557  463.67 42163 1.3180  337.1 11.68 669.5  23.23
85 42001 2.0260 15553 46423 40488 13179  333.1 11.71 670.1 2332
86 42011  2.0290 1554.8 46479 38888 13177 329.1 11.75 6707 2342
87 42020 20321 15544 46534 37359 13176 3253 11.78 6713 2351
88 42030 20352 15538 46589 35896 13174  321.5 11.82 6719  23.61
89 42041  2.0383 15533  466.44 34498 1.3173 317.8 11.85 6725 2370
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Table 1 Saturation state — Continued

(Temperature table)

t T Ds v " 4 h' Ah, s’ g
[°C]1  [K] [ bar ] [m’kg '] [Kkg '] [Kkg 'K
90 363.15 0.701824 0.00103594 2.35915 376.968 2659.53 2282.56 1.1927 7.4781
91 364.15 0.728904 0.00103667 2.27705 381.176 2661.16 2279.98 1.2042 7.4653
92 365.15 0.756849 0.00103740 2.19830 385.385 2662.78 2277.39 1.2158 7.4526
93 366.15 0.785681 0.00103813 2.12275 389.595 2664.39 2274.80 1.2273 7.4400
94 367.15 0.815420 0.00103887 2.05025 393.806 2666.01 2272.20 1.2387 7.4275
95 368.15 0.846089 0.00103962 1.98065 398.019 2667.61 2269.60 1.2502 7.4150
96 369.15 0.877711 0.00104038 1.91383 402.232 2669.22 2266.98 1.2616 7.4027
97 370.15 0.910308 0.00104114 1.84965 406.447 2670.81 2264.37 1.2730 7.3904
98 371.15 0.943902 0.00104190 1.78801 410.663 267240 2261.74 1.2844 7.3782
99 372.15 0.978518 0.00104268 1.72878 414.880 2673.99 2259.11 1.2957 7.3661
100 373.15 1.01418 0.00104346 1.67186 419.099 2675.57 2256.47 1.3070 7.3541
102 375.15 1.08873 0.00104503 1.56454 427.541 2678.72 2251.18 1.3296 7.3303
104 377.15 1.16776 0.00104663 1.46529 435988 2681.84 2245.85 1.3520 7.3068
106 379.15 1.25147 0.00104826 1.37342 444 .440 2684.94 2240.50 1.3743 7.2836
108 381.15 1.34007 0.00104991 1.28831 452.899 2688.02 2235.12 1.3965 7.2607
110 383.15 1.43376 0.00105158 1.20939 461.363 2691.07 2229.70 1.4187 7.2380
112 385.15 1.53277 0.00105328 1.13615 469.834 2694.09 2224.26 1.4407 7.2157
114 387.15 1.63734 0.00105500 1.06813 478.312 2697.09 2218.78 1.4626 7.1937
116 389.15 1.74768 0.00105675 1.00489 486.796 2700.07 2213.27 1.4844 7.1719
118 391.15 1.86404 0.00105853  0.946070 495.287 2703.02 2207.73 1.5062 7.1504
120 393.15 1.98665 0.00106033  0.891304 503.785 2705.93 2202.15 1.5278 7.1291
122 395.15 2.11578 0.00106215 0.840276 512.290 2708.82 2196.53 1.5494 7.1081
124 397.15 2.25168 0.00106400  0.792695 520.803 2711.69 2190.88 1.5708 7.0873
126 399.15 2.39460 0.00106588  0.748294 529.323 2714.52 2185.19 1.5922 7.0668
128 401.15 2.54481 0.00106778 0.706832 537.851 2717.32 2179.47 1.6134 7.0465
130 403.15 2.70260 0.00106971 0.668084 546.388 2720.09 2173.70 1.6346 7.0264
132 405.15 2.86823 0.00107167  0.631849 554.933 2722.83 2167.89 1.6557 7.0066
134 407.15 3.04199 0.00107365  0.597939 563.486 2725.53  2162.04 1.6767 6.9869
136 409.15 3.22417 0.00107566  0.566183 572.048 272820 2156.15 1.6977 6.9675
138 411.15 3.41508 0.00107770  0.536425 580.620 2730.84 2150.22 1.7185 6.9483
140 413.15 3.61501 0.00107976  0.508519 589.200 2733.44 2144.24 1.7393 6.9293
142 415.15 3.82427 0.00108185 0.482334 597.790 2736.01 2138.22 1.7600 6.9105
144 417.15 4.04318 0.00108397 0.457748 606.390 2738.54 2132.15 1.7806 6.8918
146 419.15 4.27205 0.00108612  0.434648 615.000 2741.04 2126.04 1.8011 6.8734
148 421.15 4.51122 0.00108830 0.412931 623.621 2743.50 2119.88 1.8216 6.8551
150 423.15 4.76101 0.00109050  0.392502 632.252 274592 2113.67 1.8420 6.8370
152 425.15 5.02177 0.00109274  0.373273 640.893 2748.30 2107.41 1.8623 6.8191
154 427.15 5.29383 0.00109501 0.355162 649.546 2750.64 2101.10 1.8825 6.8014
156 429.15 5.57755 0.00109730  0.338095 658.211 275295 2094.74 1.9027 6.7838
158 431.15 5.87329 0.00109963  0.322002 666.887 275521 2088.32 1.9228 6.7664
160 433.15 6.18139 0.00110199  0.306818 675.575 2757.43 2081.86 1.9428 6.7491
162 435.15 6.50224 0.00110438 0.292486 684.275 2759.61 2075.33 1.9627 6.7320
164 437.15 6.83619 0.00110680  0.278948 692.988 2761.75 2068.76 1.9826 6.7150
166 439.15 7.18364 0.00110925 0.266155 701.714 2763.84 2062.13 2.0025 6.6982
168 441.15 7.54495 0.00111174  0.254059 710.453 2765.89 2055.44 2.0222 6.6815
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Table 1 Saturation state — Continued
(Temperature table)

t c/[, c"p wl w” K,/ K_VV 77/ 77" ﬂ/ lﬂ
[°C] [kKke 'K [ms '] [—] [10°Pas] [10°Wm 'K
90 42051  2.0415 15527 46698 33160 13171 3142  11.89  673.0  23.80
91 42062 2.0448  1552.1 46752 31881 13169 3106 1192 6735  23.90
92 42072 2.0482 15514  468.06 30656 13168  307.1 1195 6741  23.99
93 42083 20516  1550.8  468.60 29484 13166  303.7 1199  674.6  24.09
94 42095 20551  1550.0  469.13 28363 13164 3004 1202 6751  24.19
95 42106  2.0586 15493  469.66 27288 13163  297.1 1206 6755  24.29
96 42118 20623 15485  470.18 26260 13161 2939 1209 6760  24.39
97 42130 20660 15477 47071 25275 13159 2907 1213 6765  24.49
98 42142 20697 15469 47123 24331 13157 2876 1216 6769  24.59
99 42154 20736 15460 47174 23426 13155 2846 1220 6773  24.69

100 4.2166 2.0775 1545.1 472.26 22559 1.3153 281.6 12.23 677.8 24.79
102 4.2192 2.0856 1543.2 473.27 20931 1.3150 275.8 12.30 678.6 25.00
104 4.2219 2.0940 1541.2 474.28 19434 1.3146 270.2 12.37 679.3 25.21
106 4.2246 2.1027 1539.0 475.26 18056 1.3142 264.8 12.44 680.0 25.42
108 4.2274 2.1118 1536.8 476.24 16786 1.3137 259.6 12.51 680.7 25.63

110 4.2304 2.1212 1534.4  477.20 15616 1.3133 254.6 12.58 681.3 25.85
112 4.2334 2.1310 1532.0  478.15 14537 1.3128 249.8 12.65 681.8 26.06
114 4.2365 2.1411 1529.4  479.08 13541 1.3124 245.1 12.72 682.4 26.28
116 4.2397 2.1517 1526.7  480.00 12620 1.3119 240.6 12.79 682.8 26.51
118 42430  2.1626 15239  480.90 11769 1.3114 236.2 12.86 683.2 26.73

120 4.2464 2.1740 1521.0 481.79 10982 1.3109 232.0 12.93 683.6 26.96
122 4.2499 2.1858 1518.0 482.66 10254 1.3104 228.0 13.00 683.9 27.19
124 4.2535 2.1979 1514.9 483.52 9579.0 1.3098 224.0 13.07 684.2 27.43
126 4.2571 2.2105 1511.7 484.36 8953.5 1.3093 220.2 13.13 684.5 27.67
128 4.2609 2.2236 1508.4 485.19 8373.3 1.3087 216.5 13.20 684.6 2791

130 4.2648 2.2370 1505.0  486.00 7834.9 1.3082 212.9 13.27 684.8 28.15
132 4.2689 2.2509 1501.5 486.79 7334.8 1.3076 209.5 13.34 684.9 28.40
134 42730  2.2653 14979  487.57 6870.2 1.3070 206.1 13.41 685.0 28.65
136 42772 2.2800 1494.3 488.34 6438.1 1.3064 202.9 13.48 685.0 28.90
138 4.2816 2.2953 1490.5 489.08 6036.2 1.3057 199.7 13.55 684.9 29.16

140 4.2860 2.3109 1486.6 489.81 5662.0 1.3051 196.6 13.62 684.9 29.42
142 4.2906 2.3270 1482.7 490.53 5313.5 1.3044 193.7 13.69 684.8 29.68
144 4.2953 2.3436 1478.6 491.22 4988.6 1.3038 190.8 13.76 684.6 29.95
146 4.3002 2.3606 1474.5 491.90 4685.7 1.3031 188.0 13.82 684.4 30.22
148 4.3052 2.3780 1470.3 492.57 4403.1 1.3024 185.3 13.89 684.1 30.50

150 4.3103 2.3959 1466.0  493.22 4139.3 1.3018 182.6 13.96 683.9 30.77
152 4.3155 2.4142 1461.6  493.85 3892.9 1.3011 180.0 14.03 683.5 31.06
154 4.3209 2.4329 1457.1 494.46 3662.7 1.3004 177.5 14.10 683.2 31.34
156 4.3264 2.4521 1452.5 495.06 3447.4 1.2997 175.1 14.17 682.8 31.63
158 4.3321 24717 14479  495.64 3246.0 1.2990 172.7 14.24 682.3 31.92

160 4.3379 2.4918 1443.2 496.21 3057.5 1.2982 170.4 14.30 681.8 32.22
162 4.3439 25123 1438.4 496.75 2881.0 1.2975 168.2 14.37 681.3 32.52
164 4.3501 2.5332 1433.5 497.28 2715.7 1.2968 166.0 14.44 680.7 32.83
166 4.3564 2.5545 1428.5 497.80 2560.8 1.2961 163.9 14.51 680.1 33.14
168 4.3628 2.5763 1423.4 498.30 2415.5 1.2953 161.8 14.58 679.4 33.45
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Table 1 Saturation state — Continued

(Temperature table)

t T Ds v v 4 h Ah, s s"

[°C]  [K] [ bar ] [m kg '] [Kkg '] (kg 'K

170 443.15 7.92053 0.00111426  0.242616 719.206 2767.89 2048.69 2.0419 6.6649
172 445.15 8.31077 0.00111682  0.231785 727.973 2769.85 2041.88 2.0616 6.6485
174 447.15 8.71606 0.00111941 0.221528 736.755 2771.77 2035.01 2.0811 6.6322
176 449.15 9.13681 0.00112203 0.211810 745.551 2773.63 2028.08 2.1007 6.6161
178 451.15 9.57343 0.00112469  0.202598 754.362 277545 2021.09 2.1201 6.6000
180 453.15 10.0263 0.00112739  0.193862 763.188 277722 2014.03 2.1395 6.5841
182 455.15 10.4960 0.00113012  0.185572 772.030 277894 2006.91 2.1589 6.5682
184 457.15 10.9827 0.00113289  0.177703 780.889 2780.61 1999.72 2.1782 6.5525
186 459.15 11.4871 0.00113570  0.170229 789.764 278223  1992.47 2.1974 6.5369
188 461.15 12.0094 0.00113855 0.163127 798.656 2783.80 1985.14 2.2166 6.5214
190 463.15 12.5502 0.00114144  0.156377 807.566 2785.31 1977.74 2.2358 6.5060
192 465.15 13.1099 0.00114437 0.149957 816.494 2786.77 1970.28 2.2549 6.4907
194 467.15 13.6889 0.00114734  0.143848 825.440 2788.18 1962.74 2.2739 6.4755
196 469.15 14.2877 0.00115036  0.138034 834.405 2789.53 1955.12 2.2929 6.4603
198 471.15 14.9069 0.00115341 0.132497 843.389 2790.82 1947.44 2.3119 6.4453
200 473.15 15.5467 0.00115651 0.127222 852.393 2792.06 1939.67 2.3308 6.4303
202 475.15 16.2078 0.00115966  0.122195 861.417 2793.24 1931.82 2.3497 6.4154
204 477.15 16.8906 0.00116285 0.117402 870.463 279436  1923.90 2.3685 6.4006
206 479.15 17.5955 0.00116609  0.112830 879.529 279542 1915.89 2.3873 6.3858
208 481.15 18.3231 0.00116937  0.108467 888.618 2796.42 1907.80 2.4060 6.3711
210 483.15 19.0739 0.00117271 0.104302 897.729 2797.35 1899.62 2.4248 6.3565
212 485.15 19.8483 0.00117609  0.100325 906.863 2798.22 1891.36 2.4434 6.3420
214 487.15 20.6470 0.00117953 0.0965249 916.021 2799.03 1883.01 2.4621 6.3275
216 489.15 21.4702 0.00118302 0.0928934 925.203 2799.77 1874.57 2.4807 6.3130
218 491.15 22.3187 0.00118656 0.0894214  934.409 2800.45 1866.04 2.4993 6.2986
220 493.15 23.1929 0.00119016 0.0861007 943.642 2801.05 1857.41 2.5178 6.2842
222 495.15 24.0933 0.00119381 0.0829236  952.900 2801.59 1848.69 2.5363 6.2699
224 497.15 25.0205 0.00119752 0.0798826  962.185 2802.05 1839.87 2.5548 6.2557
226 499.15 25.9749 0.00120129 0.0769710 971.498 2802.45 1830.95 2.5733 6.2414
228 501.15 26.9572 0.00120512 0.0741823 980.839 2802.76  1821.93 2.5917 6.2272
230 503.15 27.9679 0.00120901 0.0715102  990.210 2803.01 1812.80 2.6102 6.2131
232 505.15 29.0075 0.00121297 0.0689492  999.609 2803.18 1803.57 2.6285 6.1989
234 507.15 30.0767 0.00121699 0.0664936 1009.04 2803.27 1794.23 2.6469 6.1848
236 509.15 31.1758 0.00122108 0.0641385 1018.50 2803.28 1784.78 2.6653 6.1707
238 511.15 32.3056 0.00122523 0.0618788 1028.00 2803.21 1775.22 2.6836 6.1566
240 513.15 33.4665 0.00122946  0.0597101 1037.52 2803.06 1765.54 2.7019 6.1425
242 515.15 34.6592 0.00123376  0.0576280 1047.08 2802.82 1755.74 2.7203 6.1285
244 517.15 35.8843 0.00123814 0.0556284 1056.68 2802.50 1745.82 2.7385 6.1144
246 519.15 37.1423 0.00124259 0.0537073 1066.31 2802.10 1735.78 2.7568 6.1003
248 521.15 38.4338 0.00124712 0.0518612 1075.98 2801.60 1725.62 2.7751 6.0863
250 523.15 39.7594 0.00125174 0.0500866 1085.69 2801.01 1715.33 2.7934 6.0722
252 525.15 41.1197 0.00125644 0.0483801 1095.43 2800.33 1704.90 2.8117 6.0582
254 527.15 42.5154 0.00126122 0.0467386 1105.22 2799.56 1694.34 2.8299 6.0441
256 529.15 43,9471 0.00126610 0.0451592 1115.04 2798.69 1683.64 2.8482 6.0300
258 531.15 45.4153 0.00127107 0.0436390 1124.91 279771 1672.80 2.8664 6.0158
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Table 1 Saturation state — Continued
(Temperature table)

t c/p c/!p wl w” K,I K_!! 77/ 77" ﬂ/ lﬂ
[°C] [kKke 'K [ms '] (-] [10°Pas] [10°Wm K]
170 43695 25985 14183 49878  2279.1  1.2946 159.8 14.64 678.7  33.77
172 43763 26212  1413.0 49924 21512  1.2939 157.8 14.71 6780  34.09
174 43833 26443 14077  499.68  2031.1  1.2931 155.9 14.78 6772 3442
176 43906  2.6679 14023  500.11 19183  1.2924 154.0 14.85 6764 3475
178 43980  2.6919 13969  500.52 18122  1.2916 152.2 14.92 6755  35.08
180 44056 27164 13913 50092 17125  1.2909 150.4 14.99 6746 3542
182 44134 27414 13857 50129  1618.8  1.2902 148.6 15.05 6737  35.77
184 44214 27669  1380.0 501.65  1530.5  1.2894 146.9 15.12 6727  36.12
186 44296 27928 13742  501.99 14475  1.2887 145.3 15.19 6717 3647
188 44381 28193 13683 50231  1369.3  1.2879 143.6 15.26 670.6  36.83
190 44468 28464 13624  502.61 12957  1.2872 142.0 15.33 669.5  37.19
192 44557 28739 13564 50290 12263  1.2864 140.5 15.39 668.3  37.56
194 44649 29021 13503  503.16  1160.8  1.2857 139.0 15.46 6672  37.94
196 44743 29308 13441  503.41  1099.1  1.2850 137.5 15.53 6659 3832
198 44840 29601  1337.8  503.63 10409  1.2842 136.0 15.60 664.7  38.70
200 44940 29900 1331.5  503.84  986.01  1.2835 134.6 15.67 6634  39.10
202 45043  3.0206 13251  504.03 93417  1.2827 133.2 15.73 6620  39.49
204 45148  3.0518 1318.6  504.19 88521  1.2820 131.8 15.80 660.7  39.89
206 45256  3.0837 1312.0 50434 83897  1.2812 130.5 15.87 659.2 4030
208 45368  3.1163 13054 50446 79528  1.2804 129.2 15.94 657.8  40.72
210 45482  3.1496 12987 50457 75398  1.2797 127.9 16.01 6563  41.14
212 45600  3.1837 12919  504.65 71494  1.2789 126.6 16.08 6547  41.57
214 45722 32186 12850 50471  678.02  1.2782 1254 16.15 6532  42.00
216 45846 32542 12781 50475  643.09  1.2774 124.1 16.22 651.5 4244
218 45975 32907 1271.0 50476  610.04  1.2766 122.9 16.29 6499  42.89
220 46107 33280 12639 50476 57876  1.2759 121.8 16.35 6482 4334
222 46243 33662 12568 50473  549.14 12751 120.6 16.42 6464  43.80
224 46383 34053 12495  504.68  521.09  1.2743 119.5 16.49 6447 4427
226 46528  3.4453 12422 50460 49452  1.2735 118.4 16.56 642.8 4475
228 46676 34863 12348 50450 46935  1.2728 117.3 16.63 641.0 4523
230 46829  3.5283 12273 50438 44549  1.2720 116.2 16.70 639.1  45.72
232 4.6987 3.5713  1219.8 50423 42287 12712 115.1 16.78 637.1  46.23
234 47150  3.6154 12122  504.05 40143  1.2704 114.1 16.85 6352 4673
236 47317  3.6606 12045  503.85  381.09  1.2696 113.1 16.92 633.1 4725
238 47490 37070 11967  503.63  361.80  1.2688 112.1 16.99 631.1  47.78
240 477668 37545  1188.8  503.38 34349  1.2680 111.1 17.06 6290 4832
242 477852  3.8033 11809  503.10 326.12  1.2672 110.1 17.13 626.8  48.87
244 4.8042  3.8534 11729 50279  309.63  1.2664 109.1 17.21 6246  49.42
246 4.8238 39048 11648 50246 29397  1.2656 108.2 17.28 6224  49.99
248 4.8441 39576  1156.6  502.10  279.10  1.2648 107.2 17.35 620.1 50.57
250 48650 4.0119 11484 50171 26498  1.2640 106.3 17.43 617.8  51.16
252 4.8866  4.0677 1140.0 50130 251.56  1.2632 105.4 17.50 6155 5176
254 49089  4.1251 1131.6  500.85  238.81  1.2624 104.5 17.58 613.0 5238
256 49320  4.1843  1123.1 50038 22670  1.2616 103.6 17.66 610.6  53.01
258 49560 42452 11145  499.87  215.179  1.2608 102.7 17.73 608.1  53.65
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Table 1 Saturation state — Continued

(Temperature table)

t T Ds v " 3 h' Ah, s’ g

[°C]1  [K] [ bar ] [m’kg '] [Kkg '] [Kkg 'K

260 533.15 46.9207 0.00127613 0.0421755 1134.83 2796.64 1661.82 2.8847 6.0017
262 535.15 48.4640 0.00128129 0.0407660 1144.78 2795.47 1650.68 2.9030 5.9875
264 537.15 50.0457 0.00128656 0.0394082 1154.79 2794.19 1639.40 2.9213 5.9733
266 539.15 51.6666 0.00129193  0.0380997 1164.84 2792.80 1627.96 2.9396 5.9590
268 541.15 53.3273 0.00129741 0.0368385 1174.94 2791.30 1616.36 2.9579 5.9448
270 543.15 55.0284 0.00130301 0.0356224 1185.09 2789.69 1604.60 2.9762 5.9304
272 545.15 56.7706 0.00130872 0.0344496 1195.30 2787.96 1592.66 2.9945 5.9160
274 547.15 58.5547 0.00131455 0.0333180 1205.55 2786.11 1580.56 3.0129 5.9016
276 549.15 60.3812 0.00132052 0.0322260 1215.87 2784.14 1568.28 3.0312 5.8871
278 551.15 62.2510 0.00132661 0.0311719 1226.24 2782.05 1555.81 3.0496 5.8725
280 553.15 64.1646 0.00133285 0.0301540 1236.67 2779.82 1543.15 3.0681 5.8578
282 555.15 66.1228 0.00133922  0.0291708 1247.16 2777.47 1530.30 3.0865 5.8431
284 557.15 68.1264 0.00134575 0.0282208 1257.72 277497 1517.25 3.1050 5.8283
286 559.15 70.1760 0.00135243 0.0273027 1268.34 2772.34  1504.00 3.1236 5.8134
288 561.15 72.2724 0.00135928 0.0264152 1279.03 2769.56  1490.53 3.1421 5.7984
290 563.15 74.4164 0.00136629 0.0255568 1289.80 2766.63 1476.84 3.1608 5.7832
292 565.15 76.6087 0.00137349 0.0247265 1300.63 2763.55 1462.92 3.1794 5.7680
294 567.15 78.8502 0.00138087 0.0239231 1311.54 2760.31 1448.76 3.1982 5.7526
296 569.15 81.1415 0.00138844 0.0231454 1322.54 275690 1434.37 3.2170 5.7372
298 571.15 83.4835 0.00139622 0.0223924 1333.61 2753.33 1419.72 3.2358 5.7215
300 573.15 85.8771 0.00140422 0.0216631 1344.77 2749.57 1404.80 3.2547 5.7058
305 578.15 92.0919 0.00142524 0.0199370 1373.07 2739.38 1366.30 3.3024 5.6656
310 583.15 98.6475 0.00144788 0.0183389 1402.00 272792 1325.92 3.3506 5.6243
315 588.15 105.558 0.00147239 0.0168557 1431.63 2715.08 1283.45 3.3994 5.5816
320 593.15 112.839 0.00149906 0.0154759 1462.05 2700.67 1238.62 3.4491 5.5373
325 598.15 120.505 0.00152830 0.0141887 1493.37 2684.48 1191.11 3.4997 5.4911
330 603.15 128.575 0.00156060 0.0129840 1525.74 2666.25 1140.51 3.5516 5.4425
335 608.15 137.067 0.00159667 0.0118522 1559.34 2645.60 1086.26 3.6048 5.3910
340 613.15 146.002 0.00163751 0.0107838 1594 .45 2622.07 1027.62 3.6599 5.3359
345 618.15 155.401 0.00168460 0.0097698 1631.44 2595.01 963.57 3.7175 5.2763
350 623.15 165.292 0.00174007  0.0088009 1670.86 2563.59 892.73 3.7783 5.2109
355 628.15 175.701 0.00180780 0.0078660 1713.71 2526.45 812.74 3.8438 5.1377
360 633.15 186.664 0.00189451 0.0069449 1761.49 2480.99 719.50 3.9164 5.0527
365 638.15 198.222 0.00201561  0.0060044 1817.59 2422.00 604.41 4.0011 4.9482
370 643.15 210.434 0.00222209 0.0049462 1892.64 2333.50 440.86 4.1142 4.7996
371 644.15 212.964 0.00229020 0.0046914 1913.25 2307.45 394.20 4.1453 4.7573
372 645.15 215.528 0.00238170 0.0043985 1938.54 2274.69 336.15 4.1836 4.7046
373 646.15 218.132 0.00252643 0.0040212 1974.14 2227.55 253.42 4.2377 4.6299

373.946* 647.096 220.640 0.00310559 2087.55 0 4.4120

2 Critical temperature.
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Table 1 Saturation state — Continued
(Temperature table)
t c!p c; w! wﬂ K_! K,” n! nﬂ AV ﬂﬂ
[°C] [Kke 'K [ms '] (-] [10°Pas] [10°Wm 'K
260 4981 43080 1105.8  499.33 204228  1.2600 101.8 17.81 605.6 5430
262 5006 43728 1097.0  498.77 193.814  1.2592 100.9 17.89 603.0 5497
264 5.033 44398  1088.2  498.17 183910  1.2583 100.1 17.97 6004  55.66
266 5061 45090 1079.2  497.53 174488 12575  99.25 18.05 5977 5636
268 5089 45806  1070.1  496.87 165.523 12567  98.41 18.13 5950  57.08
270 5.119 46547 1061.0  496.16 156993 12559  97.58 18.21 5922 5781
272 5.150 47316  1051.7 49543 148874 12550  96.76 18.29 5894  58.57
274 5.182 48114 10423  494.65 141.145 12542 9595 18.37 586.6  59.34
276 5215  4.8942  1032.8  493.84 133788 12533  95.14 18.46 5837  60.14
278 5250 49804  1023.2  493.00 126782 12525  94.34 18.54 580.7  60.95
280 5286 50701  1013.5 49211  120.111 12516  93.55 18.63 5777 61.79
282 5324 51636 1003.7  491.18 113.759 12508  92.76 18.72 5747  62.65
284 5363 52611 99372 49021  107.709  1.2499  91.98 18.81 5716  63.54
286 5404 53629  983.64 48920 101.947 1.2490  91.20 18.90 568.5 6445
288 5447 54693 97344  488.14 96459  1.2481 90.43 18.99 5653  65.40
290 5492 55806  963.12  487.04 91232 12472  89.66 19.08 5620  66.37
292 5539 56971  952.67 48589  86.255  1.2463 88.89 19.18 5587 6737
294 5588 58192 942,10 484.69  81.516  1.2454  88.13 19.28 5554 6841
296 5640 59473 93142 48345  77.005 = 1.2445 87.37 19.38 5519  69.48
298 5694 60818 92061 48216 72710 12436  86.61 19.48 5485  70.60
300 5752 62231  909.69  480.81  68.623  1.2427 85.86 19.58 5450 7175
305 5908  6.6096 88191 47721 59257 12404  83.97 19.85 5359  74.83
310 6.088  7.0513 85350 47327  51.002  1.2381 82.09 20.13 5265 7824
315 6297  7.5610 82443 46896  43.732 12360  80.21 20.44 5167  82.05
320 6.541 8.1575 79458  464.25 37325 12342 7831 20.77 506.5 86.35
325 6.833 8.8689  763.55  459.12  31.656 12328  76.39 21.13 4958 9127
330 7.189 97381 73070 45352 26.609 12320 = 74.43 21.53 4848  96.96
335 7.635 10.830  695.31 44737  22.090  1.2320 7242 21.97 4733 103.7
340 8.217 12241  657.03 44059  18.056  1.2329  70.33 22.48 461.4 111.7
345 9.002 14112 61671 43305 14528  1.2352  68.14 23.06 449.1 121.7
350 10.102  16.641 57691 42463 11572 12395  65.80 23.74 436.5 134.5
355 11.858 20714 53175  414.79 8.902 1.2449  63.23 24.57 423.8 151.7
360 14.874  27.570  483.70  402.76 6.616 12513 6032 25.64 411.9 176.6
365 21476  42.013  430.66  387.25 4.642 1.2600  56.81 27.12 4040 2177
370 47.096 93401 37001  364.77 2.928 12784  51.90 29.60 418.1 309.5
371 64.099  125.065 356.40 35838 2.604 1.2855  50.51 30.40 4326  347.0
372 101.160 190.326  342.02  350.51 2.279 1.2959  48.80 31.46 462.0 4037
373 231.907 401.126 32659  339.58 1.935 13146 4638 33.11 535.0  507.0
373.946% P —b —b 39.33¢ 810.6°

4 Critical temperature.

b At the critical point, IAPWS-IF97 does not yield accurate values for ¢, w, and «.

¢ The industrial equations for 77 and 4, Egs. (3.1) and (3.4), do not represent the enhancement in the near-critical region.
If more accurate values are needed in this region, the scientific equations for 77 [31] and A [35] should be used.



Table 2 Saturation state
(Pressure table)

The pressure table contains values on the saturated liquid (") and saturated vapour (”) lines for
the following thermodynamic properties in the pressure range from p = 0.006 112127 bar up to
the critical pressure p, = 220.64 bar:

e Saturation temperature 7y e Specific enthalpy of vaporization A/,
e Specific volume v e Specific entropy s
e Specific enthalpy / e Specific entropy of vaporization As,

For given pressures p, the saturation temperatures ¢; were calculated from the TAPWS-1F97
saturation-temperature equation, Eq. (2.14).

For pressures p < 165.292 bar and input values for p and ¢y, the properties on the saturated-
liquid and saturated-vapour lines were determined from the basic equations for regions 1 and 2,
Egs. (2.3) and (2.6).

For p > 165.292 bar and input values for p and ¢, the densities p” and p” (and thus also the
specific volumes v” and v”) were calculated by iterating the basic equation for region 3,
Eq. (2.11). Then, with the values for (p’,z,) and (p”,t,), the other thermodynamic properties
were determined from the basic equation, Eq. (2.11). The values of the properties calculated in
this manner differ in the last digits from the values of the first edition of the book. This
difference is based on the fact that in the first edition all three properties ¢, p’, and p” were
calculated from Eq. (2.11) via the so-called Maxwell criterion, i.e. without using the saturation-
temperature equation, Eq. (2.14).

Further saturation properties are listed in Tables 1, 6, 11, and 15.
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Table 2 Saturation state
(Pressure table)

p t v v 3 h’ Ah, s' s" As,

[ bar ] [°C] [m’kg '] [KIkg '] [kikg K]
0.006112127 0 0.00100021  206.140  —0.04159 2500.89 2500.93 —0.0001545 9.1558  9.1559
0.006116570"  0.01  0.00100021  205.997  0.0006118 2500.91 2500.91 0 9.1555  9.1555
0.007 1.88090 0.00100011  181.223  7.88979  2504.35 2496.46 0.028782  9.1058  9.0770
0.008 3.76142  0.00100007  159.646 15.8087  2507.80 2491.99 0.057477 9.0567  8.9992
0.009 5.44443  0.00100009 142763  22.8881 2510.89 2488.00 0.082965 9.0135  8.9305
0.01 6.96963 0.00100014  129.183  29.2982 2513.68 2484.38 0.10591  8.9749  8.8690
0.02 17.4953 0.00100136  66.9896  73.4346 253291 2459.48 0.26058  8.7227  8.4621
0.03 240799 0.00100277  45.6550  100.990 2544.88 2443.89 035433  8.5766 82222
0.04 28.9615 0.00100410  34.7925 121.404  2553.71 243231 0.42245 84735 8.0510
0.05 32.8755 0.00100532  28.1863 137.765  2560.77 2423.00 0.47625 83939  7.9177
0.06 36.1603  0.00100645  23.7342 151.494  2566.67 2415.17 0.52087 83291  7.8083
0.07 39.0009 0.00100749  20.5252 163.366  2571.76  2408.39  0.55908  8.2746  7.7155
0.08 415101 0.00100847  18.0994  173.852 257624 240239 0.59253 82274  7.6349
0.09 437618 0.00100939  16.1997 183262  2580.25 2396.99  0.62233  8.1859  7.5636
0.1 458075 0.00101026  14.6706  191.812  2583.89 2392.07 0.64922  8.1489  7.4997
0.2 60.0586 0.00101714  7.64815  251.400 2608.95 2357.55 0.83195 7.9072 7.0753
0.3 69.0954 0.00102222 522856 289229 2624.55 233532 0.94394  7.7675 6.8235
0.4 75.8568 0.00102636  3.99311  317.566 2636.05 231848  1.0259  7.6690  6.6431
0.5 81.3167 0.00102991  3.24015 340476 264521 230474  1.0910  7.5930  6.5020
0.6 85.9258 0.00103306  2.73183  359.837 2652.85 2293.02 1.1452  7.5311 6.3859
0.7 89.9315 0.00103589  2.36490  376.680 2659.42 228274  1.1919  7.4790 6.2871
0.8 934854 0.00103849  2.08719  391.639 2665.18 2273.54 12328  7.4339 62011
0.9 96.6870 0.00104090  1.86946  405.128 2670.31 2265.19  1.2694  7.3942  6.1248
1.0 99.6059 0.00104315  1.69402  417.436 267495 2257.51 13026  7.3588  6.0562
1.01325°  99.9743  0.00104344  1.67330  418.991 2675.53 2256.54 13067  7.3544  6.0477
1.1 102292 0.00104526  1.54955 428775 2679.18 225040  1.3328  7.3268  5.9940
1.2 104.784 0.00104727  1.42845 439299 2683.06 224376 13608  7.2976  5.9369
1.3 107.109 0.00104917  1.32541  449.132 2686.65 2237.52  1.3867  7.2708  5.8842
1.4 109.292  0.00105098  1.23665 458367 2689.99 2231.62 14109  7.2460  5.8352
1.5 111.350 0.00105272  1.15936  467.081 2693.11 2226.03 14335  7.2229 5.7894
1.6 113298 0.00105440  1.09143  475.336  2696.04 222071 14549  7.2014 5.7464
1.7 115.149 0.00105601  1.03124  483.184 2698.81 2215.62 14752  7.1811  5.7059
1.8 116912 0.00105756  0.977534  490.668 2701.42 2210.75 14944  7.1620 5.6677
1.9 118.597 0.00105906  0.929299  497.825 2703.89 2206.07  1.5127  7.1440 5.6313
2.0 120212 0.00106052  0.885735  504.684 2706.24 2201.56  1.5301  7.1269  5.5968
2.1 121.761  0.00106193  0.846187  511.273 270848 2197.21  1.5468  7.1106 5.5638
22 123251 0.00106331  0.810119  517.615 2710.62 2193.00  1.5628  7.0951  5.5323
23 124.688 0.00106464  0.777086  523.731 2712.66 218893 15782  7.0802  5.5021
24 126.074  0.00106595  0.746716  529.637 2714.62 218498 15930  7.0660 5.4731
25 127.414  0.00106722  0.718697  535.350 2716.50 2181.15 1.6072  7.0524  5.4452
2.6 128711 0.00106846  0.692763  540.884 2718.31 2177.42  1.6210  7.0393 5.4183
2.7 129.968 0.00106968  0.668687  546.251 2720.04 217379  1.6343  7.0267 5.3924
2.8 131.188 0.00107087  0.646274  551.462 2721.72 217026  1.6472  7.0146 5.3674
2.9 132.373  0.00107203  0.625355  556.527 2723.33 2166.81  1.6597  7.0029  5.3432
3.0 133.525 0.00107318  0.605785  561.455 2724.89 2163.44 1.6718 69916 5.3198
3.1 134.647 0.00107430  0.587436  566.255 272640 2160.14  1.6835  6.9806 5.2971
3.2 135.740  0.00107540  0.570196  570.935 2727.86 215692  1.6950  6.9700 5.2751
33 136.806 0.00107648  0.553966  575.500 2729.27 215377  1.7061  6.9597  5.2537
3.4 137.845 0.00107754  0.538658  579.957 2730.64 2150.68 17169  6.9498  5.2329

2 Pressure at the triple point.

b This pressure corresponds to 1 atm.
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Table 2 Saturation state — Continued
(Pressure table)
p t v v /% h' Ah, s s” As,
[ bar ] [°C] [m kg '] [Kkeg '] [Kke 'K
3.5 138.861 0.00107858  0.524196 584311 273197 214765 1.7275 6.9401 52126
3.6 139.853 0.00107961  0.510510  588.569 273325 2144.68  1.7378 6.9307  5.1929
3.7 140.823 0.00108062  0.497539 592735 273451 214177  1.7478 6.9215  5.1737
3.8 141773 0.00108161  0.485228  596.813 2735.72 213891 1.7576 69126 5.1550
3.9 142702 0.00108259  0.473527  600.808 2736.91 2136.10 1.7672  6.9039  5.1367
4.0 143.613 0.00108356  0.462392  604.723 2738.06 213333 1.7766  6.8954 5.1188
4.1 144505 0.00108451  0.451781  608.563  2739.18 2130.62  1.7858 6.8872  5.1014
42 145380 0.00108545  0.441658 612330 274027 2127.94  1.7948 6.8791  5.0843
43 146.238  0.00108638  0.431990  616.027 274133 212531 1.8036  6.8712 5.0676
4.4 147.081 0.00108729  0.422747  619.657 274237 212272  1.8122  6.8635 5.0513
4.5 147.908 0.00108820  0.413900  623.224 274339 2120.16 1.8206  6.8560  5.0353
4.6 148.721 0.00108909  0.405425  626.730 274438 2117.65 1.8289  6.8486 5.0197
4.7 149.519 0.00108997  0.397299  630.177 2745.34 2115.16  1.8371 6.8414  5.0043
4.8 150.305 0.00109084  0.389499  633.567 274628 2112.72  1.8450  6.8343  4.9892
49 151.077 0.00109170  0.382007  636.902 274721 211030  1.8529  6.8274 4.9745
5.0 151.836  0.00109256  0.374804  640.185 2748.11 2107.92  1.8606  6.8206  4.9600
5.5 155462  0.00109668  0.342592  655.877 275233 2096.45  1.8972  6.7885 4.8913
6.0 158.832  0.00110061  0.315575  670.501 2756.14 2085.64  1.9311 6.7592  4.8281
6.5 161.986 0.00110436  0.292581 684216 2759.60 2075.38 19626  6.7321  4.7695
7.0 164.953 0.00110797 0.272764  697.143  2762.75 2065.61  1.9921 6.7070  4.7149
7.5 167.755 0.00111144  0.255503  709.384 2765.64 205626  2.0198 6.6835  4.6637
8.0 170.414 0.00111479  0.240328  721.018 2768.30 204728  2.0460  6.6615 4.6156
8.5 172.943 0.00111803  0.226878  732.113  2770.76 2038.65  2.0708 6.6408  4.5700
9.0 175358 0.00112118  0.214874 742725 2773.04 2030.31 2.0944  6.6212 4.5268
9.5 177.669 0.00112425  0.204090  752.901 2775.15 202225 2.1169  6.6027 4.4857
10.0 179.886  0.00112723  0.194349  762.683 2777.12 201444  2.1384  6.5850  4.4465
10.5 182.017 0.00113015  0.185504  772.105 2778.95 2006.85  2.1591 6.5681  4.4091
11.0 184.070 0.00113299  0.177436  781.198  2780.67 1999.47  2.1789  6.5520 4.3731
11.5 186.050 0.00113578  0.170045  789.988 278227 199228  2.1979  6.5365 4.3386
12.0 187.965 0.00113850  0.163250  798.499 278377 198527  2.2163 6.5217 43054
12.5 189.817 0.00114118  0.156979  806.751 2785.17 197842 22340  6.5074 4.2734
13.0 191.613 0.00114380 0.151175  814.764 2786.49 1971.73 22512  6.4936 4.2425
13.5 193355 0.00114638  0.145786  822.552 2787.73 1965.18  2.2678 6.4804 42126
14.0 195.047 0.00114892  0.140768  830.132 2788.89 1958.76  2.2839 64675 4.1836
14.5 196.693 0.00115141  0.136084  837.516 2789.98 195247  2.2995 6.4551  4.1556
15.0 198.295 0.00115387  0.131702 844717 2791.01 194629  2.3147 6.4431  4.1284
15.5 199.856 0.00115629  0.127593  851.745 2791.97 194023  2.3294 64314 4.1019
16.0 201.378 0.00115868  0.123732  858.610 2792.88 193427  2.3438 6.4200  4.0762
16.5 202.864 0.00116103  0.120097  865.322 279373 192841  2.3578 6.4090  4.0512
17.0 204.315 0.00116336  0.116668  871.888 2794.53 1922.64 23715 6.3983  4.0268
17.5 205.733 0.00116565 0.113428 878316 279528 191696  2.3848 6.3878  4.0030
18.0 207.120 0.00116792  0.110362  884.614 279599 1911.37  2.3978 6.3776  3.9798
18.5 208.477 0.00117016  0.107456  890.788  2796.65 1905.86  2.4105 6.3676  3.9571
19.0 209.806 0.00117238  0.104698  896.844 279726 1900.42 24229  6.3579  3.9350
19.5 211.108 0.00117458  0.102076  902.786 2797.84 1895.06  2.4351 6.3484  3.9133
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Table 2 Saturation state — Continued
(Pressure table)

p t v v " h’ Ah, s' s' As,

[ bar ] [°C] [m’kg '] [Kkg '] (kg 'K

20.0 212.385 0.00117675 0.0995805 908.622 2798.38 1889.76 2.4470 6.3392 3.8921
20.5 213.637 0.00117890 0.0972026 914.355 2798.89 1884.53 2.4587 6.3301 3.8714
21.0 214.865 0.00118103 0.0949339 919.989 2799.36 1879.37 2.4701 6.3212 3.8511
21.5 216.071 0.00118314 0.0927671 925.530 2799.80 1874.27 2.4814 6.3125 3.8311
22.0 217.256 0.00118524 0.0906953 930.981 2800.20 1869.22 2.4924 6.3040 3.8116
22.5 218.420 0.00118731 0.0887123 936.345 2800.58 1864.23 2.5032 6.2956 3.7924
23.0 219.564 0.00118937 0.0868125 941.626  2800.92 1859.30 2.5138 6.2874 3.7736
23.5 220.689 0.00119141 0.0849906 946.827 2801.24 1854.42 2.5242 6.2793 3.7551
24.0 221.795 0.00119343 0.0832421 951.952 2801.54 1849.58 2.5344 6.2714 3.7370
24.5 222.885 0.00119544 0.0815623 957.003 2801.80 1844.80 2.5445 6.2636 3.7191
25.0 223956 0.00119744 0.0799474 961.983 2802.04 1840.06 2.5544 6.2560 3.7015
25.5 225.012 0.00119942 0.0783935 966.895 2802.26 1835.37 2.5642 6.2485 3.6843
26.0 226.052 0.00120139 0.0768973 971.740 2802.45 1830.71 2.5738 6.2411 3.6673
26.5 227.076 0.00120334 0.0754556 976.521 2802.63 1826.11 2.5832 6.2338 3.6506
27.0 228.086 0.00120528 0.0740653 081.241 2802.78 1821.54 2.5925 6.2266 3.6341
27.5 229.081 0.00120721 0.0727238 985.901 280291 1817.01 2.6017 6.2196 3.6179
28.0 230.063 0.00120913 0.0714285 990.503 2803.02 1812.51 2.6107 6.2126 3.6019
28.5 231.031 0.00121104 0.0701770 995.050 2803.11 1808.06 2.6196 6.2058 3.5861
29.0 231.986 0.00121294 0.0689671 999.542  2803.18 1803.63 2.6284 6.1990 3.5706
29.5 232928 0.00121482 0.0677968 1003.98 2803.23 1799.25 2.6371 6.1924 3.5553
30.0 233.858 0.00121670 0.0666641 1008.37 2803.26 1794.89 2.6456 6.1858 3.5402
30.5 234777 0.00121857 0.0655672 1012.71 2803.28 1790.57 2.6541 6.1793 3.5253
31.0 235.684 0.00122042 0.0645044 1017.00 2803.28 1786.28 2.6624 6.1729 3.5105
31.5 236.580 0.00122227 0.0634741 1021.25 2803.27 1782.02 2.6706 6.1666 3.4960
32.0 237.464 0.00122411 0.0624748 1025.45 2803.24 1777.79 2.6787 6.1604 3.4817
32.5 238.339 0.00122594 0.0615052 1029.61 2803.19 1773.58 2.6867 6.1542 3.4675
33.0 239.203 0.00122777 0.0605639 1033.72 2803.13 1769.41 2.6946 6.1481 3.4535
33.5 240.057 0.00122958 0.0596497 1037.79 2803.05 1765.26 2.7025 6.1421 3.4397
34.0 240901 0.00123139 0.0587614 1041.83 280296 1761.14 2.7102 6.1362 3.4260
34.5 241.736  0.00123319 0.0578979 1045.82 2802.86 1757.04 2.7178 6.1303 3.4125
35.0 242.562 0.00123498 0.0570582 1049.78 2802.74 1752.97 2.7254 6.1245 3.3991
35.5 243.378 0.00123677 0.0562413 1053.69 2802.61 1748.92 2.7329 6.1188 3.3859
36.0 244.186 0.00123855 0.0554463 1057.57 2802.47 1744.90 2.7403 6.1131 3.3728
36.5 244986 0.00124032 0.0546722 1061.42 2802.31 1740.89 2.7476 6.1075 3.3599
37.0 245.776  0.00124209 0.0539183 1065.23 2802.15 173691 2.7548 6.1019 3.3471
37.5 246.559 0.00124385 0.0531837 1069.01 2801.97 1732.96 2.7619 6.0964 3.3345
38.0 247.334 0.00124560 0.0524678 1072.76  2801.78 1729.02 2.7690 6.0910 3.3219
38.5 248.101 0.00124735 0.0517698 1076.47 2801.57 1725.10 2.7760 6.0856 3.3095
39.0 248.861 0.00124910 0.0510890 1080.15 2801.36 1721.21 2.7830 6.0802 3.2973
39.5 249.613 0.00125084  0.0504248 1083.80 2801.13 1717.33 2.7898 6.0749 3.2851
40.0 250.358 0.00125257 0.0497766 1087.43 2800.90 1713.47 2.7967 6.0697 3.2731
40.5 251.095 0.00125430 0.0491438 1091.02 2800.65 1709.63 2.8034 6.0645 3.2611
41.0 251.826 0.00125602 0.0485259 1094.58 2800.39 1705.81 2.8101 6.0594 3.2493
41.5 252.550 0.00125774 0.0479223 1098.12 2800.13 1702.01 2.8167 6.0543 3.2376

42.0 253267 0.00125946  0.0473326  1101.63  2799.85 1698.22  2.8232 6.0492  3.2260
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Table 2 Saturation state — Continued
(Pressure table)
p t v " h h' Ah, s’ s" As,
[ bar | [°C] [m kg '] [Kkeg '] [Kke 'K
42.5 253.978 0.00126117 0.0467562  1105.11  2799.57 1694.46  2.8297  6.0442 3.2145
43.0 254.683 0.00126288 0.0461927  1108.57 2799.27 1690.70  2.8362  6.0393  3.2031
43.5 255.381 0.00126458 0.0456417  1112.00 2798.97 1686.97  2.8425 6.0343  3.1918
44.0 256.073 0.00126628 0.0451027  1115.40 2798.65 168325 2.8488  6.0294  3.1806
44.5 256.759 0.00126797 0.0445754 111879 2798.33 1679.54  2.8551 6.0246  3.1695
45.0 257.439 0.00126966 0.0440593  1122.14 2798.00 167585  2.8613 6.0198  3.1585
45.5 258.114 0.00127135 0.0435542 112548 2797.66 1672.18  2.8675 6.0150  3.1475
46.0 258.783 0.00127304 0.0430596  1128.79 2797.31 1668.52  2.8736  6.0103 3.1367
46.5 259.446 0.00127472 0.0425753  1132.08 279695 1664.87 2.8797  6.0056  3.1260
47.0 260.104 0.00127639 0.0421009 113534 2796.59 1661.24  2.8857  6.0010  3.1153
47.5 260.757 0.00127807 0.0416361  1138.59 2796.21 1657.62  2.8916  5.9963  3.1047
48.0 261.404 0.00127974 0.0411806  1141.81  2795.83 1654.02  2.8975 5.9917  3.0942
48.5 262.046 0.00128141 0.0407341 114501 279544 165043 29034  5.9872 3.0838
49.0 262.683 0.00128308 0.0402964 114820 2795.04 1646.85 29092  5.9827 3.0734
49.5 263.316 0.00128474 0.0398672 115136 2794.64 164328 29150  5.9782  3.0632
50 263.943  0.00128641 0.0394463  1154.50 2794.23 1639.73 29207  5.9737  3.0530
51 265.183  0.00128972  0.0386282  1160.73  2793.38 1632.65  2.9321 5.9649  3.0328
52 266.405 0.00129303 0.0378403  1166.88  2792.51 1625.62  2.9433 59562  3.0129
53 267.610 0.00129633 0.0370811 117297 2791.60 1618.64  2.9543 5.9475 29933
54 268.797 0.00129962 0.0363488 117898 2790.67 1611.69 29652  5.9390 2.9739
55 269.967 0.00130291 0.0356422  1184.92 2789.72 160479 29759  5.9307 2.9548
56 271.121 0.00130619 0.0349597  1190.81 2788.74 1597.93  2.9865 5.9224 29359
57 272260 0.00130947 0.0343003  1196.63  2787.73 1591.10 29969  5.9141 29173
58 273.383  0.00131274 0.0336627 120239 2786.70 158431  3.0072  5.9060  2.8988
59 274492 0.00131601 0.0330458  1208.09 2785.64 1577.55 3.0174  5.8980  2.8806
60 275.586 0.00131927 0.0324487 121373  2784.56 1570.83  3.0274  5.8901  2.8626
61 276.667 0.00132253 0.0318703 121932 278346 1564.14  3.0374  5.8822  2.8448
62 277734 0.00132579 0.0313098  1224.86 2782.33 1557.48  3.0472  5.8744 2.8272
63 278.788 0.00132905 0.0307664  1230.34 2781.19 1550.84  3.0569  5.8667  2.8098
64 279.830 0.00133231 0.0302392 123578 2780.02 1544.24  3.0665 5.8591  2.7926
65 280.859 0.00133557 0.0297276  1241.17 2778.83 1537.66  3.0760  5.8515 2.7755
66 281.876 0.00133882  0.0292308  1246.51 2777.62 1531.11  3.0854  5.8440 2.7586
67 282.881 0.00134208 0.0287482  1251.81 2776.39 152458  3.0947  5.8366 2.7419
68 283.875 0.00134534 0.0282792  1257.06 2775.13 1518.07 3.1039  5.8292 2.7253
69 284.858 0.00134860 0.0278231 126227 2773.86 1511.59  3.1130  5.8219  2.7089
70 285.830 0.00135186 0.0273796  1267.44 277257 1505.13  3.1220  5.8146  2.6926
71 286.791 0.00135512  0.0269479  1272.57 277126 1498.69  3.1309  5.8074 2.6765
72 287.743 0.00135839  0.0265277  1277.65 2769.93 149227  3.1398  5.8003  2.6605
73 288.684 0.00136165 0.0261185 128270 2768.58 1485.87  3.1485 577932 2.6447
74 289.615 0.00136493 0.0257198  1287.72 2767.21 1479.49  3.1572  5.7862  2.6290
75 290.537 0.00136820 0.0253313 129270 2765.82 1473.12  3.1658  5.7792 2.6134
76 291.449 0.00137149 0.0249525  1297.64 276441 1466.78  3.1743 57722 2.5979
77 292352 0.00137477 0.0245831  1302.55 276299 1460.44  3.1827  5.7653  2.5826
78 293.247 0.00137806 0.0242227  1307.42 2761.55 145412  3.1911 57584 25673
79 294.132 0.00138136 0.0238709 131227 2760.09 1447.82  3.1994  5.7516 2.5522
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Table 2 Saturation state — Continued
(Pressure table)
p t v v n n Ah, s’ s" As,
[bar]  [°C] [m'kg '] [KIkg'] [Kkg 'K
80 295.009 0.00138466 0.0235275  1317.08 2758.61 1441.53 32077  5.7448 2.5372
81 295.878 0.00138797 0.0231922  1321.86 2757.12 143525 32158 57381 2.5223
82 296.738 0.00139129  0.0228646  1326.61  2755.60 1428.99  3.2239 57314  2.5075
83 297.591 0.00139461 0.0225446 133134  2754.07 142274 32320 57247 2.4928
84 298.435 0.00139795 0.0222317  1336.03  2752.52 141649 32399 57181 24782
85 299.272  0.00140129  0.0219258  1340.70  2750.96 141026  3.2478 57115  2.4637
86 300.102  0.00140464 0.0216266 134534  2749.38 1404.04  3.2557 57050  2.4493
87 300.924 0.00140799 0.0213340  1349.96 2747.78 1397.82  3.2635  5.6984  2.4349
88 301.738 0.00141136  0.0210476  1354.54 2746.16 1391.62 32712  5.6919  2.4207
89 302.546  0.00141474 0.0207673  1359.11 2744.53 138542 32789  5.6855  2.4065
90 303347 0.00141812  0.0204929  1363.65 2742.88 1379.23 32866  5.6790 2.3924
91 304.141 0.00142152  0.0202242  1368.17 274122 1373.05 32942  5.6726 23784
92 304.928 0.00142493  0.0199610  1372.66  2739.53 1366.87  3.3017  5.6662  2.3645
93 305.709 0.00142834 0.0197031  1377.14 2737.83 1360.70  3.3092  5.6598  2.3507
94 306.483 0.00143177 0.0194503  1381.59 2736.12 1354.53 33166  5.6535 2.3369
95 307.251 0.00143522  0.0192026  1386.02 273438 1348.37  3.3240  5.6472 23232
96 308.013 0.00143867 0.0189597  1390.43  2732.64 134221 33313 5.6409  2.3095
97 308.768 0.00144214 0.0187214  1394.81 2730.87 1336.06 3.3386  5.6346  2.2960
98 309.518 0.00144562 0.0184878  1399.18  2729.09 1329.90  3.3459  5.6283  2.2824
99 310262 0.00144911 0.0182585  1403.54 272729 132375  3.3531  5.6221  2.2690
100 310999 0.00145262 0.0180336  1407.87 2725.47 1317.61  3.3603  5.6159  2.2556
105 314.606 0.00147038 0.0169687  1429.27 2716.14 1286.88  3.3956  5.5850  2.1895
110 318.081 0.00148855 0.0159939  1450.28 2706.39 1256.12  3.4300  5.5545 2.1246
115 321.436  0.00150718 0.0150972  1470.95 269621 122526  3.4636  5.5243  2.0607
120 324.678 0.00152633 0.0142689 149133  2685.58 1194.26  3.4965 54941  1.9977
125 327.816 0.00154607 0.0135006 151146 2674.49 1163.02  3.5288  5.4640 1.9353
130 330.857 0.00156649 0.0127851 153140 2662.89 113149  3.5606  5.4339 1.8733
135 333.806 0.00158766 0.0121163  1551.19  2650.77 1099.58  3.5920  5.4036 1.8116
140 336.669 0.00160971 0.0114889  1570.88 2638.09 1067.21  3.6230  5.3730  1.7500
145 339.452  0.00163276 0.0108981  1590.51 2624.81 103429  3.6538 53422  1.6884
150 342.158  0.00165696 0.0103401  1610.15 2610.86 1000.71  3.6844 53108 1.6264
155 344792 0.00168249 0.00981114 1629.85 259622 966.37  3.7150 52789  1.5638
160 347.357 0.00170954 0.00930813  1649.67 2580.80 931.13  3.7457 52463  1.5006
165 349.856  0.00173833 0.00882826  1669.68 2564.57 894.88  3.7765 52129  1.4364
170 352293 0.00176934 0.00836934 1690.04 2547.41 857.38  3.8077  5.1785 1.3708
175 354.671 0.00180286 0.00792681 1710.76  2529.11 818.35  3.8393  5.1428  1.3035
180 356.992  0.00183949 0.00749867 1732.02  2509.53 777.51  3.8717  5.1055 1.2339
185 359.258 0.00188000 0.00708178 1753.99  2488.41 734.42  3.9050  5.0663 1.1613
190 361.471 0.00192545 0.00667261 1776.89  2465.41 688.52  3.9396  5.0246  1.0849
195 363.633  0.00197747 0.00626677 1801.08  2440.00 638.92 39762 49795 1.0034
200 365.746  0.00203865 0.00585828  1827.10 2411.39 58429  4.0154 49299 0.91452
205 367.811 0.00211358 0.00543778 185590 2378.16 52226  4.0588  4.8736 0.81481
210 369.827 0.00221186 0.00498768  1889.40  2337.54 448.15  4.1093  4.8062 0.69699
215 371.795 0.00236016 0.00446300 1932.81 2282.18 349.38  4.1749 47166 0.54171
220 373.707 0.00275039 0.00357662 2021.92 2164.18 14227 43109  4.5308 0.21993
220.640°  373.946 0.00310559 2087.55 0 4.4120 0

a Pressure at the critical point.



Table 3 Single-phase region
(0 °C to 800 °C)

This table contains values for the following thermodynamic and transport properties in the
single-phase region for temperatures from 0°C to 800°C and for pressures from
0.006 112127 bar to 1000 bar (regions 1 to 3 of [APWS-1F97):

Specific volume v Speed of sound w
Specific enthalpy 4 Isentropic exponent x°
Specific entropy s e Dynamic viscosity 77
Specific isobaric heat capacity Cp Thermal conductivity A

The thermodynamic properties v, h, s, ¢, , w, and x were calculated from the IAPWS-IF97
basic equations, Egs. (2.3), (2.6), and (2.11). The calculation of the saturation properties is
described in the introduction to Table 1. Values for the properties v, 4, s, ¢,, and w for
temperatures above 800°C up to 2000°C and up to 500 bar (high temperature region 5) are
listed in Table 4.

The transport properties dynamic viscosity 77 and thermal conductivity 4 were calculated
from the equations for industrial applications, Eq. (3.1), and industrial use, Eq. (3.4). The values
for the density p needed for these equations were determined from the IAPWS-IF97 basic
equations, see above.

The values for the thermal conductivity beyond the range of validity of the A equation for
industrial use were obtained by extrapolating Eq. (3.4) as described in Sec. 3.2 under the
subpoint “Range of Validity.”
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Table 3 Single-phase region
(0°C to 800°C)

p = 0.006112127 bar

t v h s ¢ w K n A

[°C] [m’kg'l [Kkel [Kke'K'l [Kkg'K'] [ms'] [-] [10°Pas] [10°Wm 'K

tg=0°C Saturation
Liquid 0.00100021 —0.041586 —0.000154542 4.2199 1402.3 3216538 1792.0 562.0
Vapour 206.140  2500.89 9.1558 1.8882 408.88 13269 8.945 16.49
2 207.657 2504.66 9.1695 1.8822 410.50 1.3277 9.003 16.64
4 209.173 2508.42 9.1831 1.8780 412.08 1.3282 9.062 16.78
6 210.688 2512.18 9.1966 1.8750 413.63 1.3286 9.121 16.92
8 212.203 2515.92 9.2100 1.8730 415.15 1.3288 9.180 17.07
10 213.717 2519.67 9.2233 1.8716 416.65 1.3289 9.240 17.21
12 215.231 2523.41 9.2364 1.8706 418.13 1.3290 9.301 17.36
14 216.744 2527.15 9.2495 1.8700 419.60 1.3290 9.362 17.50
16 218.258 2530.89 9.2625 1.8696 421.06 1.3290 9.424 17.65
18 219.771 2534.63 9.2754 1.8694 422.51 1.3290 9.486 17.79
20 221.284 2538.37 9.2882 1.8693 423.95 1.3289 9.549 17.94
25 225.065 2547.71 9.3198 1.8695 427.53 1.3287 9.707 18.31
30 228.846 2557.06 9.3509 1.8701 431.07 1.3285 9.869 18.69
35 232.626 2566.42 9.3815 1.8708 434.57 1.3282 10.03 19.06
40 236.406 2575.77 94116 1.8718 438.03 1.3279 10.20 19.44
45 240.185 2585.13 9.4413 1.8728 441.47 1.3276 10.37 19.82
50 243.964 2594.50 9.4705 1.8740 444.87 1.3272 10.54 20.21
55 247.743 2603.87 9.4993 1.8753 448.25 1.3269 10.71 20.60
60 251.521 2613.25 9.5276 1.8767 451.59 1.3265 10.89 20.99
65 255.299 2622.64 9.5556 1.8781 454.90 1.3262 11.06 21.39
70 259.077 2632.03 9.5832 1.8797 458.19 1.3258 11.24 21.79
75 262.855 2641.44 9.6104 1.8813 461.44 1.3254 11.42 22.19
80 266.632 2650.85 9.6372 1.8831 464.67 1.3249 11.60 22.59
85 270.409 2660.27 9.6637 1.8849 467.88 1.3245 11.78 23.00
90 274.186 2669.70 9.6898 1.8867 471.05 1.3240 11.97 23.41
95 277.963 2679.14 9.7157 1.8887 474.20 1.3236 12.15 23.83
100 281.740 2688.58 9.7411 1.8907 477.33 1.3231 12.34 24.25
110 289.294 2707.51 9.7912 1.8949 483.51 1.3221 12.71 25.09
120 296.847 2726.48 9.8401 1.8993 489.59 1.3211 13.09 25.95
130 304.399 2745.50 9.8878 1.9039 495.58 1.3201 13.48 26.82
140 311.952 2764.56 9.9346 1.9087 501.49 1.3190 13.86 27.70
150 319.504 2783.67 9.9803 1.9137 507.31 1.3179 14.25 28.59
160 327.056 2802.84 10.025 1.9188 513.05 1.3168 14.65 29.50
170 334.608 2822.05 10.069 1.9240 518.72 1.3156 15.04 30.41
180 342.160 2841.32 10.112 1.9294 524.31 1.3145 15.44 31.34
190 349.712 2860.64 10.154 1.9348 529.83 1.3133 15.84 32.28
200 357.264 2880.01 10.195 1.9404 535.28 1.3121 16.24 33.24
210 364.816 2899.45 10.236 1.9460 540.66 1.3109 16.64 34.20
220 372.367 2918.93 10.276 1.9517 545.98 1.3097 17.05 35.18
230 379.919 2938.48 10.315 1.9575 551.23 1.3085 17.45 36.17

240 387.470 2958.08 10.354 1.9633 55643  1.3073 17.86 37.17
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Table 3 Single-phase region — Continued

(0°C to 800 °C)
p = 0.006112127 bar
t v h s cp w K n A
o 3, -1 -1 -1 -1 -1 -1 -1 -6 -3 “1,-1
[°C] [mkg ] [Kkg '] [klkg K] [Klkg K] [ms ] [-]1 [10 "Pas] [10 "Wm K ']
250 395.022 29717.75 10.392 1.9692 561.56  1.3061 18.27 38.18
260 402.573 2997.47 10.429 1.9752 566.64  1.3049 18.68 39.20
270 410.125 3017.25 10.466 1.9812 571.67  1.3037 19.09 40.23
280 417.676 3037.09 10.502 1.9873 576.64  1.3025 19.50 41.28
290 425.227 3057.00 10.538 1.9934 581.56  1.3013 19.91 42.33
300 432.779 3076.96 10.573 1.9996 586.43  1.3001 20.32 43.40
310 440.330 3096.99 10.608 2.0058 591.25  1.2989 20.74 44.48
320 447.881 3117.08 10.642 2.0120 596.02  1.2977 21.15 45.56
330 455.432 3137.23 10.675 2.0183 600.74  1.2965 21.56 46.66
340 462.984 3157.44 10.709 2.0247 60542  1.2953 21.98 47.77
350 470.535 3177.72 10.741 2.0310 610.06 1.2941 22.39 48.89
360 478.086 3198.07 10.774 2.0374 614.65 1.2929 22.30 50.02
370 485.637 3218.47 10.806 2.0439 619.20 1.2917 23.22 51.16
380 493.188 3238.94 10.837 2.0504 623.70  1.2905 23.63 52.31
390 500.740 3259.48 10.869 2.0569 628.17  1.2893 24.04 53.47
400 508.291 3280.08 10.899 2.0635 632.60  1.2881 24.46 54.64
410 515.842 3300.75 10.930 2.0701 636.99  1.2869 24.87 55.82
420 523.393 3321.48 10.960 2.0767 641.34  1.2858 25.28 57.00
430 530.944 3342.28 10.990 2.0834 645.65  1.2846 25.69 58.20
440 538.495 3363.15 11.019 2.0901 649.93  1.2834 26.10 59.41
450 546.046 3384.08 11.048 2.0968 654.18  1.2822 26.51 60.62
460 553.598 3405.09 11.077 2.1036 658.39  1.2811 26.93 61.85
470 561.149 3426.16 11.106 2.1103 662.56  1.2799 27.34 63.08
480 568.700 3447.29 11.134 2.1172 666.70  1.2788 27.74 64.32
490 576.251 3468.50 11.162 2.1240 670.81 1.2776 28.15 65.57
500 583.802 3489.77 11.190 2.1309 674.89  1.2765 28.56 66.83
510 591.353 3511.12 11.217 2.1378 67894  1.2753 28.97 68.10
520 598.904 3532.53 11.244 2.1447 682.96  1.2742 29.38 69.37
530 606.455 3554.01 11.271 2.1517 686.95 1.2731 29.78 70.65
540 614.006 3575.56 11.298 2.1586 690.90  1.2720 30.19 71.94
550 621.557 3597.18 11.324 2.1656 694.83  1.2708 30.59 73.24
560 629.108 3618.88 11.351 2.1726 698.74  1.2697 31.00 74.55
570 636.660 3640.64 11.376 2.1796 702.61  1.2686 31.40 75.86
580 644.211 3662.47 11.402 2.1867 706.46  1.2675 31.80 77.18
590 651.762 3684.37 11.428 2.1937 71029  1.2664 32.20 78.51
600 659.313 3706.34 11.453 2.2008 714.08  1.2654 32.60 79.84
650 697.068 3817.27 11.577 2.2362 73271  1.2601 34.60 86.61
700 734.823 3929.96 11.695 2.2716 750.77  1.2550 36.56 93.51
750 772.578 4044.43 11.810 2.3070 768.31  1.2501 38.51 100.5
800 810.333 4160.66 11.921 2.3423 785.38  1.2454 40.43 107.7
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Table 3 Single-phase region — Continued
(0°C to 800°C)

p = 0.01 bar

t v h s ¢y w K n A

[°C] [m'kg'] [Kkg'] [kKikg'K'] [Kkg'K'l [ms'] [-] [10°Pas] [10°Wm K]

0 0.00100021 -0.04119 -0.0001545 4.2199 1402.3 1965991 1792.0 562.0
2 0.00100011  8.39190 0.030607 4.2133 1412.1 1993738 1673.7 566.2
4 0.00100007 16.8129 0.061101 4.2078 1421.5 2020451 1567.4 570.3
6 0.00100011  25.2237 0.091340 4.2031 1430.5 2046110 1471.6 574.3
ty = 6.96963 °C Saturation
Liquid 0.00100014  29.2982 0.10591 4.2011 1434.7 2058167 1428.5 576.1
Vapour 129.183  2513.68 8.9749 1.8932 41395 13265 9.148 16.99
8 129.662 2515.63 8.9819 1.8898 414.78 1.3269 9.179 17.07
10 130.590 2519.41 8.9953 1.8846 416.36 1.3275 9.239 17.21
12 131.517 2523.17 9.0085 1.8810 41791 1.3279 9.300 17.36
14 132.444 2526.93 9.0216 1.8784 419.42 1.3282 9.361 17.50
16 133.370 2530.68 9.0347 1.8765 420.91 1.3284 9.423 17.65
18 134.296 2534.44 9.0476 1.8752 422.39 1.3285 9.485 17.80
20 135.222 2538.19 9.0604 1.8743 423.85 1.3285 9.548 17.94
25 137.536 2547.55 9.0921 1.8732 427.45 1.3285 9.706 18.31
30 139.849 2556.92 9.1233 1.8730 431.00 1.3283 9.868 18.69
35 142.162 2566.28 9.1539 1.8733 434.51 1.3281 10.03 19.06
40 144.474 2575.65 9.1841 1.8739 437.99 1.3278 10.20 19.44
45 146.785 2585.02 9.2138 1.8747 441.43 1.3275 10.37 19.83
50 149.096 2594.40 9.2430 1.8757 444.83 1.3272 10.54 20.21
55 151.407 2603.78 9.2718 1.8768 448.21 1.3268 10.71 20.60
60 153.717 2613.17 9.3002 1.8780 451.56 1.3265 10.88 20.99
65 156.027 2622.56 9.3282 1.8793 454.87 1.3261 11.06 21.39
70 158.337 2631.96 9.3558 1.8808 458.16 1.3257 11.24 21.79
75 160.647 2641.37 9.3830 1.8823 461.42 1.3253 11.42 22.19
80 162.957 2650.79 9.4099 1.8840 464.65 1.3249 11.60 22.59
85 165.266 2660.21 9.4364 1.8857 467.85 1.3245 11.78 23.00
90 167.575 2669.64 9.4625 1.8875 471.03 1.3240 11.96 23.41
95 169.884 2679.08 9.4883 1.8894 474.19 1.3236 12.15 23.83
100 172.193 2688.54 9.5138 1.8913 477.31 1.3231 12.34 24.25
110 176.811 2707.47 9.5639 1.8954 483.49 1.3221 12.71 25.09
120 181.428 2726.44 9.6128 1.8997 489.58 1.3211 13.09 25.95
130 186.045 2745.46 9.6606 1.9043 495.57 1.3201 13.47 26.82
140 190.662 2764.53 9.7073 1.9090 501.48 1.3190 13.86 27.70
150 195.279 2783.65 9.7530 1.9140 507.30 1.3179 14.25 28.59
160 199.895 2802.81 9.7978 1.9190 513.04 1.3168 14.64 29.50
170 204.512 2822.03 9.8416 1.9242 518.71 1.3156 15.04 30.41
180 209.128 2841.30 9.8846 1.9295 524.30 1.3145 15.44 31.34
190 213.744 2860.62 9.9268 1.9350 529.82 1.3133 15.84 32.28
200 218.360 2880.00 9.9682 1.9405 535.27 1.3121 16.24 33.24
210 222.976 2899.43 10.009 1.9461 540.65 1.3109 16.64 34.20
220 227.592 2918.92 10.049 1.9518 545.97 1.3097 17.05 35.18
230 232.208 2938.47 10.088 1.9576 551.23 1.3085 17.45 36.17

240 236.823 2958.07 10.127 1.9634 556.42  1.3073 17.86 37.17
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Table 3 Single-phase region — Continued

(0°C to 800 °C)
p = 0.01 bar
t v h s ¢ w K n A
o 3. -1 -1 -1 -1 -1 -1 -1 6 -3 1 -1
[*C] [mkg 1 [Kkg ] [KJkg K '] [kKlkg K] [ms ] [-] [10 "Pas] [10"Wm K ]
250 241.439 2971.73 10.165 1.9693 561.56  1.3061 18.27 38.18
260 246.055 2997.46 10.202 1.9753 566.64  1.3049 18.68 39.20
270 250.670 3017.24 10.239 1.9813 571.67  1.3037 19.09 40.23
280 255.286 3037.08 10.275 1.9874 576.64  1.3025 19.50 41.28
290 259.902 3056.99 10.310 1.9935 581.56  1.3013 19.91 42.33
300 264.517 3076.95 10.346 1.9996 586.43  1.3001 20.32 43.40
310 269.133 3096.98 10.380 2.0058 591.24  1.2989 20.74 44.48
320 273.748 3117.07 10.414 2.0121 596.02  1.2977 21.15 45.56
330 278.364 3137.22 10.448 2.0184 600.74  1.2965 21.56 46.66
340 282.979 3157.44 10.481 2.0247 60542  1.2953 21.98 47.77
350 287.595 3177.72 10.514 2.0311 610.05  1.2941 22.39 48.89
360 292.210 3198.06 10.547 2.0375 614.65 1.2929 22.80 50.02
370 296.826 3218.47 10.579 2.0439 619.20 1.2917 23.22 51.16
380 301.441 3238.94 10.610 2.0504 623.70  1.2905 23.63 52.31
390 306.057 3259.47 10.641 2.0569 628.17  1.2893 24.04 53.47
400 310.672 3280.08 10.672 2.0635 632.60 1.2881 24.46 54.64
410 315.288 3300.74 10.703 2.0701 636.99  1.2869 24.87 55.82
420 319.903 3321.48 10.733 2.0767 641.34  1.2858 25.28 57.00
430 324518 3342.28 10.763 2.0834 645.65  1.2846 25.69 58.20
440 329.134 3363.15 10.792 2.0901 649.93  1.2834 26.10 59.41
450 333.749 3384.08 10.821 2.0968 654.18  1.2822 26.51 60.62
460 338.365 3405.08 10.850 2.1036 658.38  1.2811 26.93 61.85
470 342.980 3426.15 10.879 2.1104 662.56  1.2799 27.34 63.08
480 347.595 3447.29 10.907 2.1172 666.70  1.2788 27.74 64.32
490 352.211 3468.50 10.935 2.1240 670.81 1.2776 28.15 65.57
500 356.826 3489.77 10.962 2.1309 674.89  1.2765 28.56 66.83
510 361.441 3511.11 10.990 2.1378 678.94  1.2753 28.97 68.10
520 366.057 3532.53 11.017 2.1447 682.96  1.2742 29.38 69.37
530 370.672 3554.01 11.044 2.1517 686.94  1.2731 29.78 70.65
540 375.288 3575.56 11.071 2.1586 690.90 1.2720 30.19 71.94
550 379.903 3597.18 11.097 2.1656 694.83  1.2708 30.59 73.24
560 384.518 3618.87 11.123 2.1726 698.74  1.2697 31.00 74.55
570 389.134 3640.63 11.149 2.1797 702.61  1.2686 31.40 75.86
580 393.749 3662.47 11.175 2.1867 70646  1.2675 31.80 77.18
590 398.364 3684.37 11.201 2.1937 71029  1.2664 32.20 78.51
600 402.980 3706.34 11.226 2.2008 714.08  1.2654 32.60 79.84
650 426.056 3817.26 11.349 2.2362 73271 1.2601 34.60 86.61
700 449.133 3929.96 11.468 2.2716 750.77  1.2550 36.56 93.51
750 472.209 4044.43 11.583 2.3070 768.31  1.2501 38.51 100.5
800 495.286 4160.66 11.694 2.3423 785.38  1.2454 40.43 107.7
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Table 3 Single-phase region — Continued
(0°C to 800°C)

p = 0.05 bar

t v h s c w K n A

P
[°C] [mkeg'l [Kkg'l [kKke'K'] [Kkg'K'l [ms'] [-] [10%Pas] [10°Wm 'K}

0 0.00100020 —0.03712 —0.0001543 4.2199 1402.3 393202 1792.0 562.0
2 0.00100010  8.39594 0.030607 4.2133 1412.1 398752 1673.7 566.2
4 0.00100007  16.8169 0.061101 4.2078 1421.5 404095 1567.4 570.3
6 0.00100010  25.2277 0.091339 4.2031 1430.5 409226 1471.6 574.3
8 0.00100020  33.6299 0.12133 4.1992 1439.1 414145 1384.8 578.1
10 0.00100034  42.0248 0.15108 4.1958 1447.4 418850 1306.0 581.9
12 0.00100055  50.4135 0.18061 4.1930 14553 423342 1234.1 585.6
14 0.00100080  58.7968 0.20990 4.1905 1462.8 427622 1168.4 589.2
16 0.00100110  67.1757 0.23898 4.1884 1470.0 431691 1108.1 592.7
18 0.00100145  75.5507 0.26785 4.1866 1476.8 435552 1052.7 596.1
20 0.00100184  83.9224 0.29650 4.1851 1483.3 439207 1001.6 599.5
25 0.00100300  104.840 0.36726 4.1822 1498.0 447467 890.0 607.5
30 0.00100441  125.746 0.43679 4.1803 1510.8 454516 797.2 615.0
ts =32.8755°C Saturation
Liquid 0.00100532  137.765 0.47625 4.1796 1517.4 458044 750.7 619.0
Vapour  28.1863 2560.77 8.3939 1.9219 431.98 1.3241 9.953 18.93
35 28.3849 2564.84 8.4072 1.9143 433.63 1.3249 10.02 19.09
40 28.8514 2574.38 8.4379 1.9032 437.34  1.3259 10.19 19.46
45 29.3170 2583.88 8.4680 1.8976 44091  1.3262 10.36 19.84
50 29.7822 2593.36 8.4976 1.8947 44440 1.3262 10.53 20.23
55 30.2469 2602.83 8.5266 1.8931 44783  1.3261 10.70 20.61
60 30.7112 2612.29 8.5553 1.8924 451.21 1.3258 10.88 21.01
65 31.1753 2621.75 8.5834 1.8921 45456  1.3256 11.05 21.40
70 31.6392 2631.21 8.6112 1.8922 457.87 1.3252 11.23 21.80
75 32.1028 2640.68 8.6386 1.8926 461.15 1.3249 11.41 22.20
80 32.5663 2650.14 8.6656 1.8933 464.40 1.3245 11.59 22.60
85 33.0296 2659.61 8.6922 1.8941 467.62  1.3241 11.78 23.01
90 33.4927 2669.08 8.7185 1.8951 470.82  1.3237 11.96 23.42
95 33.9557 2678.56 8.7444 1.8963 47398 1.3233 12.15 23.84
100 34.4186 2688.05 8.7700 1.8977 477.12  1.3228 12.33 24.25
110 35.3441 2707.04 8.8202 1.9007 483.33  1.3219 12.71 25.10
120 36.2692 2726.06 8.8692 1.9042 489.43  1.3209 13.09 25.95
130 37.1941 2745.12 8.9171 1.9081 49544  1.3199 13.47 26.82
140 38.1187 2764.22 8.9639 1.9122 501.36 1.3189 13.86 27.70
150 39.0431 2783.37 9.0097 1.9167 507.20 1.3178 14.25 28.60
160 39.9673 2802.56 9.0545 1.9214 51295 1.3167 14.64 29.50
170 40.8914 2821.80 9.0984 1.9263 518.63  1.3155 15.04 30.42
180 41.8154 2841.08 9.1415 1.9313 52422  1.3144 15.44 31.35
190 42.7393 2860.42 9.1837 1.9365 529.75 1.3132 15.84 32.29
200 43.6631 2879.82 9.2251 1.9419 53521 1.3121 16.24 33.24
210 44.5868 2899.26 9.2658 1.9473 540.59  1.3109 16.64 34.21
220 45.5105 2918.76 9.3057 1.9529 545.92  1.3097 17.05 35.18
230 46.4341 2938.32 9.3450 1.9586 551.18  1.3085 17.45 36.17

240 47.3577 2957.93 9.3836 1.9643 556.38 1.3073 17.86 37.17




Tables of the Properties of Water and Steam

195

Table 3 Single-phase region — Continued

(0°C to 800 °C)
p = 0.05 bar
t v h s cp w K n A
o 3. -1 -1 -1 -1 -1 -1 -1 -6 -3 —1 -1
[°C] [mkg 1 [klkg ] [KJkg K 1 [Kkg K1 [ms ] [—-] [10 Pas] [10"Wm K ']
250 48.2812 2977.61 9.4216 1.9701 561.52  1.3061 18.27 38.18
260 49.2047 2997.34 9.4589 1.9760 566.60 1.3049 18.68 39.20
270 50.1282 3017.13 9.4957 1.9819 571.63  1.3037 19.09 40.24
280 51.0516 3036.98 9.5319 1.9879 576.60  1.3025 19.50 41.28
290 51.9750 3056.89 9.5676 1.9940 581.52  1.3013 19.91 42.34
300 52.8984 3076.86 9.6027 2.0001 586.39  1.3001 20.32 43.40
310 53.8217 3096.89 9.6374 2.0063 59122 1.2989 20.74 44.48
320 54.7451 3116.98 9.6715 2.0125 59599  1.2977 21.15 45.57
330 55.6684 3137.14 9.7052 2.0188 600.72  1.2965 21.56 46.67
340 56.5917 3157.36 9.7385 2.0251 605.40 1.2953 21.98 47.78
350 57.5150 3177.64 9.7713 2.0314 610.03 1.2941 22.39 48.89
360 58.4382 3197.99 9.8037 2.0378 614.63  1.2929 22.30 50.02
370 59.3615 3218.40 9.8357 2.0442 619.18 1.2917 23.22 51.16
380 60.2847 3238.87 9.8673 2.0507 623.68 1.2905 23.63 52.31
390 61.2080 3259.41 9.8985 2.0572 628.15  1.2893 24.04 53.47
400 62.1312 3280.01 9.9293 2.0637 632.58 1.2881 24.46 54.64
410 63.0544 3300.68 9.9598 2.0703 636.97 1.2869 24.87 55.82
420 63.9776 3321.42 9.9899 2.0769 641.32  1.2857 25.28 57.01
430 64.9008 3342.22 10.020 2.0836 645.64 1.2846 25.69 58.20
440 65.8240 3363.09 10.049 2.0903 649.92  1.2834 26.10 59.41
450 66.7472 3384.03 10.078 2.0970 654.16  1.2822 26.51 60.63
460 67.6704 3405.03 10.107 2.1038 658.37 1.2811 26.93 61.85
470 68.5936 3426.10 10.136 2.1105 662.55 1.2799 27.34 63.08
480 69.5167 3447.24 10.164 2.1173 666.69 1.2788 27.74 64.32
490 70.4399 3468.45 10.192 2.1242 670.80 1.2776 28.15 65.57
500 71.3631 3489.73 10.220 2.1311 674.88 1.2765 28.56 66.83
510 72.2862 3511.07 10.247 2.1380 678.93  1.2753 28.97 68.10
520 73.2094 3532.49 10.274 2.1449 68295 1.2742 29.38 69.37
530 74.1325 3553.97 10.301 2.1518 686.94 1.2731 29.78 70.66
540 75.0556 3575.52 10.328 2.1588 690.90 1.2720 30.19 71.95
550 75.9788 3597.14 10.354 2.1658 694.83  1.2708 30.59 73.25
560 76.9019 3618.834 10.380 2.1728 698.73  1.2697 31.00 74.55
570 77.8250 3640.60 10.406 2.1798 702.61  1.2686 31.40 75.86
580 78.7482 3662.43 10.432 2.1868 706.46  1.2675 31.80 77.18
590 79.6713 3684.34 10.458 2.1938 71028 1.2664 32.20 78.51
600 80.5944 3706.31 10.483 2.2009 714.08 1.2654 32.60 79.834
650 85.2100 3817.24 10.607 2.2363 732,70  1.2601 34.60 86.61
700 89.8255 3929.94 10.725 22717 750.76  1.2550 36.56 93.52
750 94.4410 4044.41 10.840 2.3071 768.31  1.2501 38.51 100.5
800 99.0564 4160.64 10.951 2.3423 785.38  1.2454 40.43 107.7
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Table 3 Single-phase region — Continued
(0°C to 800°C)

p = 0.1 bar
» w K n A
[°C] [m'kg']l [Kke'] [KWke'K'] [Kke'K'] [ms'] [-] [10°Pas] [10°Wm 'K

t v h s c

0 0.00100020 —0.03202 -0.0001539 4.2199 1402.3 196604 1792.0 562.0
2 0.00100010  8.40098 0.030607 4.2133 1412.1 199379 1673.7 566.2
4 0.00100007  16.8219 0.061101 4.2078 1421.5 202050 1567.4 570.3
6 0.00100010  25.2326 0.091339 4.2031 1430.5 204616 1471.6 574.3
8 0.00100019  33.6348 0.12133 4.1991 1439.2 207075 1384.8 578.1
10 0.00100034  42.0296 0.15108 4.1958 1447.4 209428 1306.0 581.9
12 0.00100054 50.4183 0.18061 4.1929 14553 211674  1234.1 585.6
14 0.00100080 58.8017 0.20990 4.1905 1462.8 213814  1168.4 589.2
16 0.00100110  67.1805 0.23898 4.1884 1470.0 215848  1108.1 592.7
18  0.00100145  75.5555 0.26785 4.1866 1476.8 217779 10527 596.1
20 0.00100184  83.9271 0.29650 4.1851 14833 219606  1001.6 599.5
25 0.00100300  104.845 0.36725 4.1822 1498.0 223737 890.0 607.5
30 0.00100441  125.750 0.43679 4.1803 1510.8 227261 797.2 615.0
35 0.00100604  146.649 0.50517 4.1792 1521.8 230209 719.1 622.0
40 0.00100788  167.543 0.57243 4.1788 1531.2 232610 652.7 628.6
45 0.00100991  188.438 0.63862 4.1790 1538.9 234495 595.8 634.7
ts =45.8075 °C Saturation
Liquid 0.00101026  191.812 0.64922 4.1791 1540.0 234753 587.3 635.7
Vapour 14.6706 2583.89 8.1489 1.9413 440.51  1.3227 10.38 19.94
50 14.8674 2591.99 8.1741 1.9272 443.67 1.3240 10.52 20.26
55 15.1015 2601.60 8.2037 1.9178 44726  1.3246 10.69 20.64
60 15.3353 2611.18 8.2326 1.9124 450.74  1.3248 10.87 21.03
65 15.5687 2620.73 8.2611 1.9091 454.14  1.3247 11.05 21.42
70 15.8018 2630.27 8.2891 1.9071 45750 1.3246 11.23 21.82
75 16.0347 2639.80 8.3167 1.9058 460.81 1.3243 11.41 22.22
80 16.2674 2649.33 8.3438 1.9051 464.09 1.3240 11.59 22.62
85 164999  2658.86 8.3706 1.9048 46733 13236 1177 23.03
90 167323 2668.38 8.3970 1.9048 47055 13233 11.95 23.43
95 16.9646 2677.90 8.4231 1.9051 47373 1.3229 12.14 23.85
100 17.1967 2687.43 8.4488 1.9057 476.89  1.3225 12.33 24.26
110 17.6607 2706.50 8.4992 1.9074 483.12  1.3216 12.70 25.11
120 18.1243 2725.58 8.5484 1.9098 489.25  1.3207 13.08 25.96
130 18.5876 2744.69 8.5964 1.9128 49528 1.3197 13.47 26.83
140 19.0507 2763.84 8.6433 1.9163 501.22  1.3187 13.86 27.71
150 19.5136 2783.02 8.6892 1.9201 507.07 1.3176 14.25 28.60
160 19.9763 2802.24 8.7340 1.9243 512.83  1.3166 14.64 29.51
170 20.4389 2821.51 8.7780 1.9288 51852 1.3154 15.04 30.42
180 20.9013 2840.82 8.8211 1.9336 524.13  1.3143 15.43 31.35
190 21.3637 2860.18 8.8634 1.9385 529.66  1.3132 15.83 32.29
200 21.8260 2879.59 8.9048 1.9436 535.13  1.3120 16.24 33.25
210 22.2882 2899.05 8.9455 1.9489 540.52  1.3108 16.64 34.21
220 22.7504 2918.57 8.9855 1.9543 545.85  1.3097 17.05 35.19
230 23.2124 2938.14 9.0248 1.9598 551.12  1.3085 17.45 36.18

240 23.6745 2957.76 9.0634 1.9654 556.32  1.3073 17.86 37.18
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Table 3 Single-phase region — Continued

(0°C to 800 °C)
p = 0.1 bar
t v h s cp w K n A
o 3. -1 -1 -1 -1 -1 -1 -1 -6 -3 —1 -1
[°C] [mkg 1 [klkg ] [kKJkg K ] [Kkg K1 [ms ] [—-] [10 Pas] [10"Wm K ']
250 24.1365 2977.45 9.1014 1.9711 561.46 1.3061 18.27 38.19
260 24.5985 2997.19 9.1388 1.9769 566.55  1.3049 18.68 39.21
270 25.0604 3016.98 9.1756 1.9827 571.58 1.3037 19.09 40.24
280 25.5223 3036.84 9.2118 1.9887 576.56  1.3025 19.50 41.29
290 25.9842 3056.76 9.2475 1.9947 581.48 1.3013 19.91 42.34
300 26.4460 3076.73 9.2827 2.0007 586.36  1.3001 20.32 43.41
310 26.9078 3096.77 9.3173 2.0069 591.18  1.2989 20.74 44.49
320 27.3696 3116.87 9.3515 2.0130 59596  1.2977 21.15 45.57
330 27.8314 3137.03 9.3852 2.0192 600.68  1.2965 21.56 46.67
340 28.2932 3157.26 9.4185 2.0255 605.37  1.2953 21.98 47.78
350 28.7550 3177.54 9.4513 2.0318 610.00 1.2941 22.39 48.90
360 29.2167 3197.89 9.4837 2.0382 614.60 1.2929 22.80 50.03
370 29.6785 3218.31 9.5157 2.0446 619.15 1.2917 23.22 51.17
380 30.1402 3238.79 9.5473 2.0510 623.66  1.2905 23.63 52.32
390 30.6019 3259.33 9.5785 2.0575 628.13  1.2893 24.04 53.48
400 31.0636 3279.94 9.6093 2.0641 632.56  1.2881 24.46 54.64
410 31.5253 3300.61 9.6398 2.0706 63695 1.2869 24.87 55.82
420 31.9870 3321.35 9.6699 2.0772 641.30 1.2857 25.28 57.01
430 32.4486 3342.15 9.6997 2.0839 645.62  1.2846 25.69 58.21
440 329103 3363.03 9.7292 2.0905 649.90 1.2834 26.10 59.41
450 33.3720 3383.96 9.7584 2.0972 654.15 1.2822 26.51 60.63
460 33.8336 3404.97 9.7872 2.1040 658.36  1.2811 26.93 61.85
470 34.2953 3426.04 9.8158 2.1107 662.53  1.2799 27.34 63.09
480 34.7569 3447.19 9.8440 2.1175 666.68 1.2788 27.74 64.33
490 35.2185 3468.40 9.8720 2.1244 670.79  1.2776 28.15 65.58
500 35.6802 3489.67 9.8997 2.1312 674.87 1.2765 28.56 66.84
510 36.1418 3511.02 9.9271 2.1381 678.92  1.2753 28.97 68.10
520 36.6034 3532.44 9.9543 2.1450 63294 1.2742 29.38 69.38
530 37.0650 3553.92 9.9812 2.1520 686.92 1.2731 29.78 70.66
540 37.5267 3575.48 10.008 2.1589 690.88  1.2720 30.19 71.95
550 37.9883 3597.10 10.034 2.1659 694.82  1.2708 30.59 73.25
560 38.4499 3618.79 10.061 2.1729 698.72  1.2697 31.00 74.55
570 389115 3640.56 10.086 2.1799 702.60 1.2686 31.40 75.87
580 39.3731 3662.39 10.112 2.1869 70645  1.2675 31.80 77.19
590 39.8347 3684.30 10.138 2.1940 71027  1.2664 32.20 78.51
600 40.2963 3706.27 10.163 2.2010 714.07  1.2654 32.61 79.85
650 42.6042 3817.20 10.287 2.2364 73270  1.2601 34.60 86.61
700 449121 3929.91 10.405 22718 750.76  1.2550 36.56 93.52
750 47.2199 4044.38 10.520 2.3071 768.31  1.2501 38.51 100.6
800 49.5278 4160.62 10.631 2.3424 785.38  1.2454 40.43 107.7
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Table 3 Single-phase region — Continued
(0°C to 800°C)

p = 0.5 bar

t v h s < w K n A

[°C] [mkeg'l [Kkg'l [kKke'K'] [Kkg'K'l [ms'] [-] [10%Pas] [10°Wm 'K}

0  0.00100018 0.008728 —0.0001512 42197 14024 39325 17919 562.0
2 0.00100008  8.44134  0.030608 42131 1412.1 39880  1673.6 566.2
4 0.00100005 16.8619  0.061101 42076 1421.6 40414  1567.4 570.3
6 0.00100008 252723  0.091338 42029 1430.6 40928 14715 574.3
8 0.00100017  33.6741 0.12133 4.1990 14392 41420  1384.8 578.2
10 0.00100032  42.0687 0.15108 4.1956 14475 41890  1305.9 581.9
12 0.00100053  50.4570 0.18060 4.1928 14554 42339 1234.1 585.6
14 0.00100078  58.8401 0.20990 4.1904 14629 42767  1168.4 589.2
16  0.00100108 67.2187 0.23898 4.1883 14700 43174  1108.1 592.7
18 0.00100143  75.5934 0.26784 4.1865 1476.9 43560  1052.7 596.2
20 0.00100182  83.9648 0.29649 4.1850 14833 43926  1001.6 599.5
25 0.00100298  104.882 0.36724 4.1820 1498.1 44752 890.0 607.5
30 0.00100439  125.787 0.43678 4.1802 1510.9 45457 7972 615.0
35 0.00100602  146.685 0.50515 4.1791 1521.9 46047  719.1 622.0
40 0.00100786  167.579 0.57241 4.1787 15312 46527 652.7 628.6
45 0.00100990 188.472 0.63861 4.1789 1539.0 46904  595.8 634.7
50  0.00101212  209.369 0.70378 4.1797 15452 47183 546.5 640.5
55 0.00101452 230270 0.76796 4.1810 1550.1 47371 503.6 645.8
60  0.00101710  251.180 0.83120 4.1829 1553.8 47472 466.0 650.8
65  0.00101984  272.100 0.89353 4.1853 1556.2 47493 4329 655.4
70 0.00102275  293.033 0.95498 4.1882 1557.5 47437 4035 659.6
75 0.00102582  313.983 1.0156 4.1917 1557.7 47309 3774 663.4
80  0.00102904  334.951 1.0754 4.1956 1557.0 47115 354.0 667.0
ts =81.3167 °C Saturation
Liquid 0.00102991  340.476 1.0910 4.1968 1556.6 47053 348.3 667.8
Vapour 324015 264521 7.5930 2.0155 462.16 13184  11.58 22.98
85 327556 2652.61 7.6137 2.0024 464.81 1.3191 11.72 23.26
90 332345 2662.59 7.6414 1.9896 46828 13196 1191 23.64
95 337119 2672.51 7.6685 1.9804 47166 13198  12.10 24.03
100 341878  2682.40 7.6952 1.9732 47497 13197  12.29 24.43
110 351362 2702.07 7.7472 1.9630 48145 13194 12,67 25.24
120 3.60809  2721.67 7.7977 1.9562 48778 13189  13.05 26.07
130 370224 274121 7.8468 1.9519 49398 13182  13.44 26.