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Abstract

This work has been carried out within the European Advanced Adiabatic Compressed Air
Energy Storage (AA-CAES) project funded by the European Commission. Work
package 4 of this project deals with the thermophysical properties of dry and humid air.
Altogether eight institutions worked on this topic to determine the corresponding
thermodynamic and transport properties.

In the beginning a literature search was carried out to collect all publications dealing with
thermophysical properties of dry air, humid air, and humid air-like gas mixtures. For
humid air, only seven publications concerned with experimental data existed before the
project started. For this reason the determination of thermodynamic and transport
properties of dry and humid air was included within this work package.

As one important result of this project all experimental data and the corresponding
literature were collected and set up into a database.

In addition, it was intended to find existing models or correlations for the description of
the thermophysical properties and to test them, especially for humid air. The most
favourable models for the description of the thermodynamic properties and transport
properties were included in the test. Using the database consisting of the experimental
data from the literature and also of the newly measured data, the models were
investigated.

The result of all investigations is a recommendation of one model for the thermodynamic
and a second model for the transport properties. Both represent models taken from the
literature, but modified within this work due to the comparisons with experimental data.
For thermodynamic properties, the recommended model corresponds to the ideal mixture
of the real fluids dry air and steam and includes the poynting correction calculated from
the virial equation of state by Nelson and Sauer. For transport properties, an improved
modification of the Vesovic-Wakeham model was developed.

In this report, the considered models are described in detail, and the results of all
comparisons to experimental data are presented. In addition, the working equations of
both recommended models were used to develop a corresponding new property library.
This library establishes an useful tool for the design of humid air power cycles and
represents the state-of-the-art models for the thermodynamic and transport properties of
humid air, such as enthalpies, densities, saturation properties, viscosities, and thermal
conductivities. In addition, this property library contains algorithms to calculate the
thermodynamic and transport properties in the case of liquid fog and of ice fog. The
application is possible for wide ranges of temperature (7=243.15K ... 2000 K) and
pressure (p=0611.2Pa... 100 MPa) with some small restrictions concerning the
calculation of transport properties.

The property library is commercially available from the authors at Zittau/Goerlitz
University of Applied Sciences and the University of Rostock, respectively.
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Preface

In 2002, the European Commission and ALSTOM Ltd. founded the Advanced Adiabatic
Compressed Air Energy Storage (AA-CAES) project to investigate and develop the
power cycle for a power plant storing heat in an adiabatic way by the use of compressed
humid air. Work Package 4 of the AA-CAES project dealt with the generation of
experimental data on thermodynamic and transport properties for humid air, the
development of a property database, the acquisition of all available data from the
literature into the database, and the test of suitable models describing these properties.
Based on experimental data newly measured within the AA-CAES project and
supplemented by some data sets available from the literature, different models for
thermodynamic and transport properties were assessed.

The following models for the calculation of thermodynamic properties were investigated
regarding their accuracy in comparison with available experimental data:

o Ideal mixture of ideal gases
o Ideal mixture of the real fluids dry air and water
o Ideal mixture of the real fluids N,, O,, Ar, and water

e Modified Redlich-Kwong equation of state for the mixture
proposed by Yan and co-workers

e Virial equation for the mixture proposed by Rabinovich and Beketov

e Virial equation for the mixture proposed by Hyland and Wexler

e Virial equation for the mixture proposed by Nelson and Sauer.
The models using an ideal mixture and a virial equation were programmed and partly
updated by the working group of Zittau/Goerlitz University of Applied Sciences. The
model of Yan ef al. was developed and prepared by the working group of Kungl Tekniska
Hogskolan, Stockholm, Sweden. The numerical details were available from the literature
or from these two universities. The calculated results were compared with the available

experimental data for dry and humid air from previous studies and the new data measured
within the AA-CAES project. We also compared the different models to each other.

For the transport properties, four models were identified and investigated:
e Multiparameter model proposed by Chung et al.
o Ideal mixture of the real fluids dry air and water
e Rigid-sphere model proposed by Vesovic and Wakeham
e Three-parameter corresponding states model proposed by Scalabrin et al.

The models were compared with the small number of available experimental data. In
addition, comparison calculations were carried out between the different models.

Finally, based on all results, the most suitable models were identified and afterwards
partly modified to obtain the smallest deviations in comparison with experimental data.



For the convenience of industrial users, a new property library containing these models
for the calculation of the thermodynamic properties of humid air was generated including
algorithms for the transport properties developed at the University of Rostock. The
property library was also configured for ease of use in Excel®, MATLAB®, and
Mathcad®.
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1 Nomenclature

Symbols

Variable Description

a

SN

3}
AN

N R RS

0q
<

T T SN R O0OTZIESYTQ

Molar Helmholtz free energy, thermal diffusivity, coefficient,
parameter

Parameter
Coefficient, parameter

Second virial coefficient, temperature dependent virial coefficient,
parameter

Coefficient, parameter

Third virial coefficient, temperature dependent virial coefficient,
parameter

Molar isobaric heat capacity

Molar isochoric heat capacity

Coefficient, parameter

Coefficient, parameter

Saturated steam-pressure enhancement factor, free energy
Parameter

Molar Gibbs free energy

Saturated water-concentration enhancement factor

Parameter

Molar enthalpy

Coefficient, sum of i serial numbers
Coefficient, functional

Molar mass, molar mass of the mixture
Coefficient, parameter

Parameter

Pressure

Coefficient

Universal molar gas constant
Molar entropy

Temperature

Molar internal energy

Molar volume

Speed of sound

Reciprocal temperature




1 Nomenclature

Humidity ratio, absolute humidity; Note: In Part B x,, is used as
mole fraction of water.

Any property

Specific property

Compressibility factor (real gas factor)

Reduced Helmholtz free energy, parameter

Reduced pressure, parameter

Henry’s law constant

Reduced Gibbs free energy, volume fraction, parameter

Reduced density

Dissociation part of molar isobaric heat capacity
Dissociation part of molar enthalpy

Dissociation part of molar entropy
Reduced temperature
Temperature, parameter
Isentropic exponent

Isothermal compressibility
Kinematic viscosity

Mass fraction

Reduced pressure

Molar density

Mass density

Reciprocal reduced temperature
Fugacity coefficient

Mole fraction

Vector of mole fractions

Superscripts

E
Lem

Excess contribution

Value taken from Lemmon ef al.

Ideal-gas contribution

Residual contribution

Value taken from the IAPWS-95 formulation
Saturated liquid

Saturated vapour

Specific property (mass related)
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Subscripts

0
a
c
cal

con
exp

Q§%€<%c—rmﬁ

Reference state

Dry air

Critical

Calculated

Condensed phase

Experimental

Component, serial number

Ice phase

Irreversible

Region of [APWS-IF97, serial number
Maxcondentherm

Serial number

Liquid phase

Nitrogen

Oxygen

Reducing quantity

Saturated state

Triple point

Contribution dependent on temperature
Vapour phase

Water (water vapour, liquid water, ice)
Partial derivative with respect to reduced density
Partial derivative with respect to reduced pressure

Partial derivative with respect to reciprocal reduced temperature

Abbreviations

Abbreviation Description

AA-CAES Advanced Adiabatic Compressed Air Energy Storage, Project in the

BOKU

FHZI

Fifth Framework Programme by the European Commission,
Contract-No. ENK6-CT-2002-00611; www.cordis.lu.

Universitét fiir Bodenkultur, Department fiir Materialwissenschaften
und Prozesstechnik, Institut fiir Verfahrens- und Energietechnik,
Prof. Dr. M. Wendland, Wien, Austria.

Zittau/Goerlitz University of Applied Sciences, Department of
Technical Thermodynamics, Prof. Dr. H.-J. Kretzschmar, Zittau,
Germany.
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1 Nomenclature

HuAir

HuGas

HyW

[APWS-IF97

IAPWS-95

ICSTM

1dGas

KTH

Lib

NEL

PTB

RB

RUB

SKU

Ideal mixture of the real fluids dry air and water from FHZI,
Software: LibHuAir from FHZI.

Ideal mixture of the real fluids N,, O,, Ar, and water, from FHZI,
Software: LibHuGas from FHZI.

Virial equation of state for the mixture from Hyland and Wexler;
Software: LibHyW83 from this work.

Release on the IAPWS Industrial Formulation 1997 for the
Thermodynamic Properties of Water and Steam IAPWS-1F97.
Release on the IAPWS Formulation 1995 for the Thermodynamic
Properties of Ordinary Water Substance for General and Scientific
Use.

Imperial College of Science, Technology and Medicine, Department
of Chemical Engineering, Prof. Dr. J. P. M. Trusler, London,

Great Britain.

Ideal mixture of ideal gases, from FHZI;

Software: LibldGas from FHZI.

Modified Redlich-Kwong equation of state for the mixture proposed
by Kungl Tekniska Hogskolan of Stockholm, Sweden.

Shortcut for 'Library'; corresponds to a property library, e.g.,
LibHuAir which includes functions for the calculation of humid air.
Virial equation of state for the mixture from Nelson and Sauer;
Software: LibNELO2 from this work.

Physikalisch-Technische Bundesanstalt, Department of Analytical
Measuring Techniques and Pressure, Dr. P. Ulbig, Braunschweig,
Germany.

Virial equation of state for the mixture from Rabinovich and
Beketov;

Software: LibRB95 from this work.

Ruhr-Universitdt Bochum, Lehrstuhl fiir Thermodynamik, Bochum,
Germany.

Ideal mixture of the real fluids dry air and water for the
thermodynamic properties of humid air, proposed by Span,
Kretzschmar, Ulbig, and Herrmann;

Software: LibSKU from this work.
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2 Overview on Data from the Literature and Newly Measured
Data

An overview on available data for dry air, humid air, and aqueous mixtures similar to
humid air is presented in the following sections. Section 2.1 comprises data available
from the literature. Section 2.2 contains newly measured data for dry and humid air
prepared by co-workers within the project "Advanced Adiabatic Compressed Air Energy
Storage" (AA-CAES).

2.1 Data from the Literature
2.1.1 DryAir

The database (for further information see Part D) comprises altogether 52 sources
including experimental data for thermodynamic properties of dry air. Experimental data
are available for the following thermodynamic properties:

e Critical temperature and pressure (7; and p.)

e Saturated liquid and vapour pressure (p' and p")

Saturated liquid and vapour density (p' and p")

ppT data

Isobaric heat capacity in the ideal gas state and isobaric heat capacity (c?) and cp)

Isochoric heat capacity (¢,)
e Enthalpy (/)
e Speed of sound (w).

There exists a hyperlink to a p-T diagram for each property in the sheet "Data Points" of
the database. The p-T diagrams give an overview about the distribution of data points in
the p-T range and characterise the corresponding sources. A comprehensive analysis of
the existing experimental data for dry air was given by Lemmon et al. [1].

2.1.2 Humid Air

The database contains altogether 6 sources including experimental data for the
thermodynamic properties of humid air. Figure 2.1 to Figure 2.3 illustrate the p-7 ranges
of these data. Only experimental data for the following three thermodynamic properties
were available, before the EU project AA-CAES started:

e Mole fraction of saturated steam y, ¢ (Figure 2.1)

e Steam-pressure enhancement factor fy, s derived from mole fraction of saturated
steam (Figure 2.2)

e ppT data (Figure 2.3).

16
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Figure 2.1: Pressure-temperature diagram with data points for the mole fraction of saturated
steam of humid air given by Hyland and Wexler (1973) [2] as well as Hyland (1975) [3].
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Figure 2.2: Pressure-temperature diagram with data points for the enhancement factor of
humid air given by Pollitzer and Strebel (1924) [4], Webster (1950) [5], and Wylie and Fisher
(1996) [6].
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[imid Air - o T
1000 Humid air - pp T

100 =

p in MPa

0.1
610 620 630 640 650 660 670 680 690

TinK

® Japas_BBPC_1985

Figure 2.3:  Pressure-temperature diagram with data points for pp 7T measurements of humid

air given by Japas and Franck (1985) [7].

2.1.3 Aqueous Mixtures

The database contains also sources including experimental data for thermodynamic
properties of further aqueous mixtures. Experimental data were reported for the following
thermodynamic properties of the nitrogen-water mixture (N, + H,O):

e Critical temperature and pressure (7; and p.)
¢ Liquid and vapour mole fraction (' and ")
e ppT data

e Compressibility factor Z

e Excess enthalpy hE.

Figure 2.4 illustrates the p-T range of the ppoT data for the nitrogen-water mixture. The

data set given by Fenghour and Wakeham (1993) [8] is used for comparison calculations
in Section 4.2.4.

18
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1000 N, + H,O - poT
*
‘0’ * ‘: “‘
* AR
° * % e
100 R o
* > *>
© ° * ¢ I
o * L2 B
= IS s ]
< * [ ]
s . ' s ‘ ! ' ‘. ! l‘
m ' ' ]
(]
10 ° (] ' . - : B
[ | [ |
|
[
[}
1
300 350 400 450 500 550 600 650 700 750
T inK

Saddington_JACS_1934 e Japas_BBPC_1985 N2+H20 e Fenghour_JCT_1993 ® Abdulagatov_IJT_1993

Figure 2.4: Pressure-temperature diagram with data points for pp7T measurements of
nitrogen-water mixture given by Saddington and Krase (1934) [9], Japas and Franck (1985) [7],
Fenghour and Wakeham (1993) [8], and Abdulagatov ef al. (1993) [10].

In addition, experimental pp7 data and critical values for the oxygen-water mixture
(O, + H,0) are included in the database.

2.2 Newly Measured Data
2.2.1 Dry Air

Four data sets of new experimental data for thermodynamic properties of dry air
measured in the project AA-CAES were included in the database. The density of dry air
was measured at Physikalisch-Technische Bundesanstalt Braunschweig (PTB), at
Imperial College of Science, Technology and Medicine London (ICSTM), and at Ruhr-
Universitit Bochum (RUB). Measurements of the speed of sound of dry air were
performed at ICSTM. The range of these data is demonstrated in Figure 2.5 and Figure
2.6.
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Figure 2.5: Pressure-temperature diagram with data points for the density of dry air measured
in the project by Klingenberg and Ulbig (PTB, 2004/2007) [11], Trusler (ICSTM, 2004) [12], and

Wall (RUB, 2005) [13].
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Figure 2.6: Pressure-temperature diagram with data points for the speed of sound of dry air

measured in the project by Trusler (ICSTM, 2004) [12].

2.2.2 Humid Air

New experimental data for thermodynamic properties of humid air were measured within
the AA-CAES project. The density of humid air was measured at Physikalisch-
Technische Bundesanstalt Braunschweig (PTB), at Imperial College of Science,
Technology and Medicine London (ICSTM), and at Ruhr-Universitdt Bochum (RUB).
The water-concentration enhancement factor was measured at the Universitit fiir
Bodenkultur Wien (BOKU). The ranges of these data are demonstrated in Figure 2.7 and

Figure 2.8.
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Figure 2.7:  Pressure-temperature diagram with data points for the density of humid air
measured in the project by Woll (RUB, 2005) [13], Trusler (ICSTM, 2005) [14], and Klingenberg

and Ulbig (PTB, 2005/2007) [11].
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Figure 2.8: Pressure-temperature diagram with data points for the water-concentration
enhancement factor of humid air measured in the AA-CAES project by Koglbauer and Wendland

(BOKU, 2007) [15].
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3 Description of Models for Thermodynamic Properties

Humid air is a mixture of nitrogen, oxygen, argon, carbon dioxide, water vapour (steam),
and other trace elements. Dry air is often simplified in engineering to be a mixture of
nitrogen, oxygen, and argon. The corresponding mole fractions from Lemmon et al. [1]
are 0.7812, 0.2096, 0.0092, and from VDI [16] are 0.781109, 0.209548, 0.009342. In
previous studies, it was stated that the solubility of argon in water is similar to that of
oxygen [6]. Meanwhile, this assumption simplifies obviously the calculation within an
uncertainty acceptable in engineering. Therefore, dry air can also be assumed to be a
mixture of nitrogen and oxygen with the mole fractions of 0.7812 and 0.2188 [17].
Synthetic dry air with the mole fractions of 0.7820, 0.2090, and 0.0090 [11] was used for
the experiments performed in this project.

3.1 Thermodynamic Properties of Dry Air and Pure Water

Hence humid air is a mixture of dry air and steam, liquid water, or ice, the latter cases
referring to the supersaturated state (e.g., fog) of humid air. The following subsections
present some of the existing models for the calculation of the thermodynamic properties
for the components of humid air, dry air and water.

3.1.1 DryAir

Lemmon et al. [1] proposed two models for dry air. Either dry air can be treated as a
pseudo pure component, or it can be calculated as a mixture of the three components
nitrogen, oxygen, and argon.

3.1.1.1 Dry Air as Pseudo Pure Component

The thermodynamic properties of dry air as a pseudo pure component are calculated
using the NIST standard of Lemmon et al. [1]. It consists of a fundamental equation for
the molar Helmholtz free energy a as a function of density p and temperature 7. The

dimensionless form reads

a(ﬁ,T)_ _ 0 r
“RT =a(o,0)=a (0,7)+a (J,7) (3.1)

where
a®(8,7) is the ideal-gas contribution,

a'(8,7) is the residual contribution,

with

o= @ is the reduced density,

Pj

T . .
T= ?J is the reciprocal reduced temperature,
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P =302.5508 kg m™> is the mass density at maxcondentherm,

T;=132.6312 K is the temperature at maxcondentherm,

and R =8.31451kJ kmol™' K™! is the molar gas constant.

This fundamental equation allows calculating all thermodynamic properties from the
equation itself and from its first, second, and mixed derivatives with respect to reduced
density and reciprocal reduced temperature:

a_(ﬁ_aj s =| 22 a_(a_aj o =22 o [ 5o
o 85 T: o0 652 Ta T 82’ 55 T az-z 59 or 8582’ . .

The most important properties are:

Molar volume

v(p,T)=ﬂ(1+5ag). (3.3)
p

Molar enthalpy

h(p,T):RT[T(a?+a§)+5ag+l] (3.4)

Molar isobaric heat capacity

(1+5a§—5r0¢3~1)2

ep(p.T) = R| % (af, +al )+ = (3.5)
1+20a5+06" ags

Molar entropy

S(p,T)=R[z'(a?+a;)—a°—ar] (3.6)

3.1.1.2 Dry Air as Mixture of Nitrogen, Oxygen, and Argon

In addition, Lemmon et al. [1] used the multi-fluid model for calculating thermodynamic
properties of dry air as mixture of the components nitrogen (N,), oxygen (O,), and argon

(Ar). The dimensionless Helmholtz free-energy equation for the mixture reads
a=a’+a" +af (3.7)
where

a® is the ideal-gas mixing contribution
o =Y yi| af (& 7) + Iy |
i

fori=N, O, Ar
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i -
with & =L, 7; ==L

~ 5

Pc.i T
a' is the residual mixing contribution

a' = zl//i 0{{(5}7,’,2}71’)
i

fori=N, O,, Ar
. % 1,
with 51«’1' :NL > Trj St
Pr,i
The reducing values p,; and T;; are calculated by algorithms given in [1] for
reduced density and temperature lines.
o is the excess contribution
E E
a =« (5r,i’7r,i’¥l) s
w; is the mole fraction of the component i, i = N,, O,, Ar, and

¥ is the vector of the mole fractions.

All thermodynamic properties of the mixture can be derived from the o equation itself
and from its first, second, and mixed derivatives of density and temperature.

3.1.2 Steam, Liquid Water, and Ice

To calculate the thermodynamic properties of steam and water, the international standard
for scientific and general use IAPWS-95 [18], [19] can be applied. This standard contains
an equation for the dimensionless Helmholtz free energy a as a function of reduced
density ¢ and reciprocal reduced temperature 7. The equation is formulated in analogy
to the Helmholtz equation for dry air:

a(5,7) = a°(5,7)+a"(6,7) (3.8)
where
a®(8,7) is the ideal-gas contribution,

a'(8,7) is the residual contribution,

with

. . 1. . .
0= ~£ is the reduced density, 7 = ?c is the reciprocal reduced temperature,
Pc

P =322kg m™ is the mass density at the critical point, and
1. =647.096 K is the temperature at the critical point.

All thermodynamic properties are calculated from density and temperature using
Eq. (3.8).
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In addition, the industrial formulation IAPWS-IF97 for water and steam [20], [21] can be
used for practical calculations. The range of validity of the IAPWS-IF97 is divided into
five regions as shown in Figure 3.1. The liquid region 1 is described by an equation for
the molar Gibbs free energy g as a function of pressure p and temperature 7. The

dimensionless form reads

g1(p,T)
—_—= n,T 39
AT 7 (z7,7) (3.9)
where
T,
T= andz'=il,
Dr,1 T

pr1 and T;; are special reducing parameters, and

R=0.461526kJ kg_1 K~ ! is the specific gas constant.

The thermodynamic properties in the vapour region 2 and the high-temperature gas
region 5 are calculated by dimensionless Gibbs free-energy equations in the form:

yi(mt)=yi(m)+y(m,7) (3.10)
where

7/}) (7,7) is the ideal-gas contribution,

7j(7,7) is the residual contribution,

with
7=-L is the reduced pressure,
Prj
T

T= T is the reciprocal reduced temperature,

for j =2 (region 2) and j = 5 (region 5),
pr; and T ; are special reducing values.

The numbers in Figure 3.1 have the following meanings. The Gibbs equations of regions
1, 2, and 5 allow calculating all thermodynamic properties from the equations themselves
and from their first, second, and mixed derivatives with respect to the reduced pressure 7z
and reciprocal reduced temperature 7 :

o 0? o 0? 0
77[2(_7/] s Vam = _7; > 772(_7] s Vrr = _72/ ’ 77[1':[ z j (3.11)
or ), or . ot ), or i or ot

The critical and supercritical region (region 3) is covered by an equation for the
dimensionless Helmholtz free energy o as a function of reduced density & and
reciprocal reduced temperature 7 . The equation reads
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BP1) g’T’T ) = o5(8.7) (3.12)

where

o= Nﬁ is the reduced density,
Pc

T . .
T= 7‘3 is the reciprocal reduced temperature,

pPe =322 kg m™ is the mass density at the critical point,
T. =647.096 K is the temperature at the critical point, and

R=0.461526kJ kg_1 K™ is the specific gas constant.

623.15 863.15
100 | '
g4(p.T) g,(p,T)
[Q]
< ”
22.064 |
T
16.529 | 9s(p.T)
! /@ T (o) ?Df
273.15 647.096 1073.15 2273.15

TinK

Figure 3.1: Range of validity and the assignment of the basic equations to the five regions of
IAPWS-IF97 plotted in a pressure-temperature diagram. 1 — Compressed liquid, 2 — Superheated
to 1073.15 K, 3 — Critical and supercritical, 4 — Two phase from 273.15 K to 647.096 K, 5 — Very
high temperature superheated region > 1073.15 K, ¢ — Critical point.

A vapour-pressure equation for the two-phase region (region 4) in the form

ps = ps(T) (3.13)

is available. This equation can be solved explicitly for the temperature. Using the vapour-
pressure equation, it is not necessary to solve the Maxwell criterion in the calculation of
the phase equilibrium liquid-vapour.

The equation of state from Hyland and Wexler [22] can be used for calculating the
thermodynamic properties of the ice crystals in ice fog.
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The most important properties are:

Molar volume

viT)y=a1+a T +a3T . (3.14)
Molar enthalpy
3 .
h(p,T)=Y DT +D4p. (3.15)
i=0
Molar isobaric heat capacity
cp (22D a.16)
p
Molar entropy
2 .
s(p,T)=Y E;T' +E3In(T)+(E4 +EsT)(0.101325— p/MPa). (3.17)

i=0

3.2 Thermal and Caloric Properties for the Gas Phase of Humid Air

Three general models for calculating thermal and caloric properties will be discussed:
e Ideal mixture of ideal gases (ideal-gas model)

e Ideal mixture of real fluids (ideal-mixing models)

e Real mixture of real fluids (real models).

3.2.1 Ideal Mixture of ldeal Gases

For calculating thermodynamic properties of humid air as an ideal mixture of ideal gases
(ideal-gas model), the VDI-Guideline 4670 [16], [23] or the NASA standard [24] can be
applied. The important properties of unsaturated and saturated humid air are calculated as

follows:

Mass density

. pM
P RT

(3.18)

where M = ZV’Z' M; is the molar mass of the mixture, y; is the mole fraction, and

1

M; the molar mass of one of the components N,, O,, Ar, and steam.
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Molar volume
_RT

p
Molar isobaric heat capacity

cp =2 Wicpi(T)+Acp dis (3.20)

1

(3.19)

v

where

cp,i(T) is the polynomial of the component i and

w; is the mole fraction of the component i.

Molar enthalpy
h® =" v b (T)+ Ahgig (3.21)
i

T
where 1 (T) = hiy + j ¢p(T)dT for the component .
Tio

Molar entropy

s* =2 wist (p.T) =R wi Iny; + Asgis (3.22)

1 1

T o
cpi(T
where 57 (p,T) =50 + I i) dT - RIn—2— for the component i.
Pio
T o ’

Isentropic exponent

[}
Ko=_P (3.23)
cp—R

Speed of sound

w® = [—K°T. 3.24
(3.24)

Dissociation

The terms Acp gis, Ahgis, and Asgis consider the influence of the dissociation at
temperatures greater than 1200 K and mole fractions of oxygen greater than or equal to
1%. The algorithms of the VDI-Guideline 4670 contain a simplified model for
dissociation at high temperatures described in [16], [23]:
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Acp,dis = Acp,dis(paTv Sl/) (325)
Ahgis = Ahgis(p, T, ¥) (3.26)
Asgis = Asdis(p, T,¥) (3.27)

where ¥ is the vector of the mole fractions of the components.

Property libraries

The property library LibldGas [25] contains these algorithms of the VDI-Guideline 4670
for the calculation of ideal-gas mixtures. In addition, the property library LibldAir [26]
was developed particularly for humid air where dry air is calculated from the VDI-
Guideline 4670. This library allows calculating properties not only for unsaturated and
saturated humid air but also for liquid fog and ice fog. The properties of the liquid
droplets are calculated from the industrial formulation of water [20], [21]. For calculating
the properties of ice, the equation of state from Hyland and Wexler [22] is used.

3.2.2 Ideal Mixture of Real Fluids

The calculation of humid air as an ideal mixture of real fluids can be realized in two
ways:
e Ideal mixture of the components nitrogen, oxygen, argon, and steam (and liquid
water or ice in case of fog)

e Ideal mixture of dry air and steam (and liquid water or ice in case of fog).

3.2.2.1 Ideal Mixture of Nitrogen, Oxygen, Argon, and Water

The important properties of unsaturated and saturated humid air are calculated as follows:

Mass density
P = pa(pa,T)+ pw(pw,T) (3.28)
where
the partial density of dry air p,(pa,T) is calculated iteratively for an ideal mixture
using the reduced Helmholtz free-energy equations «;(5,7)=a; (0;,7;)+ o (5;,7;) of
e Span et al. [27] for nitrogen N,

e de Reuck, Wagner, and Schmidt [28], [29] for oxygen O,
o Tegeler et al. [30] for argon Ar

: . .. R
via pa=paTM

a

1+ Y5 a5 (6.m) (3.29)
i Ya

where

Pa =Wa p 1s the partial pressure of the mixture dry air

with w, =wnN, + Vo, + War the mole fraction of dry air,
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M, is the molar mass of dry air M, =Zy/l~ M;,

1

S _Pa Te,i

i ~ > 0=

Pe,i
for i = Ny, Oy, Ar.
the partial density of steam py (pw,T) is calculated iteratively from the reduced

Helmholtz free-energy equation ay, (5,7) = o (Sw,Tw ) + Qv (Ow , Ty ) of the scientific
formulation of water IAPWS-95 [18], [19], Eq. (3.8),

via py = py T Ry [1+5W agw(5W,TW)J (3.30)
5 T,
where py =Wy p, Ow =f)—w, Ty = —2
Pecw T

Pew =322kgm™, T, =647.096 K , and R,, =0.46151805kJ kg "K'

Molar volume
v="o (3.31)

where p results from Eq. (3.28) and M =y, M, +yw My, .

Molar isobaric heat capacity
Cp=WaCpalPa,T)+Wwcpw(Pw,T)+Acp dis(p,T,¥) (3.32)

Dry air:

2
(1 Yy Vi, ag,; - > Vs “fsf,i]
~y 7%

a i a

Cp,a(ﬁasT) =R Z‘%Tiz (a;)r,i +a£r,i)+
R 1+2Z$&ag,i+25@2 s i
i

a i a
(3.33)
where
pPa 1s calculated iteratively from Eq. (3.29) and
~ T
§ =P 1 =2 With i =Ny, Oy, Ar.
Pe,i T
Steam:
(1+5 A —OwTy A )2
5 W 5’ wfw ¥ s s
Cpow(PusT) = R| =3 (v + e )+ . — (3.34)

r 2 .t
1+20yw A5 + O Ass w
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where
Dw 1s calculated iteratively from Eq. (3.30)
D T
and Sy, :—:OW ) Ty = —2
Pec,w T
Acp dis(p,T,¥) from Eq. (3.25).

Molar isochoric heat capacity
Cy =W, Cv,a(/}aaT) TWw Cy,w (Pw,T)+ Acp,dis(pa T,¥)

Dry air:

Cya (Pa,T)= Rl: _ﬁ'[i2 (az(')r,i + azr'r,i ):l

;. Ya
where

Pa 1s calculated iteratively from Eq. (3.29) and

T.
5 =L Ti:%withizNzaoz’Ar-

Steam:
Cy,w (Pw,T)=-R T\%v (azqr,w + air,w )
where

Pw 1s calculated iteratively from Eq. (3.30)

% T
and &y = io—w, Ty = —
Pe,w T

Acp dis(p,T,¥) from Eq. (3.25).

Molar enthalpy

h=ya hy(Pa,T)+ Wy hy (pw,T)+ Ahgis(p,T,¥)

Dry air:

ha(Pa,T) :RT|:1+ ﬁfi(“?,i +a;,i)+zﬁ5i as,
' i

i Ya a
where
Pa 1s calculated iteratively from Eq. (3.29) and
~ T
5 =22 ¢ =% with i =Ny, Op, Ar.

Pe.i

Steam:

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)
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I (BusT) = RT |1+ 5y (@, +af )+ 5y af |
where

Pw 1s calculated iteratively from Eq. (3.30)

%, T
and &y, = f)—w, Ty = —22
Pew T

Ahgis(p, T,¥) from Eq. (3.26).

Molar entropy
s =WaSa(Pa,T)+¥w sw(Pw,T)+ Asqis(p,T,¥)

Dry air:

Sa(Pa,T)=R Zﬁn(“gi+a;,i)_zﬁa0_zﬁar
iV i i Va

Va

a

where

pPa 1s calculated iteratively from Eq. (3.29) and

~ T. .
5'=~p_aa Ti:%Withi:NzaOZaAr'

j
Pe,i

Steam:
Sw(Pw,T) = R|:TW (a?,w +azr',w)_a\?v _aiv:|

where
Pw 1s calculated iteratively from Eq. (3.30)
Tew

and §W::0—W, Tw =

Pe.w

Asgis(p,T,¥) from Eq. (3.27).

Speed of sound

2
e _v_c_p(a_lﬂj
M ¢, \ov)r

(3.40)

(3.41)

—Z%ln (%H (3.42)

(3.43)

(3.44)

(3.45)
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Dry air:
ov v2
™ =— a (3.46)
p . .
Ta Rri1+2Y Yigal + > Yistal,.
i ‘//a ’ i V/a ’
where

Vp = % , Pa 1s calculated iteratively from Eq. (3.29),

Pa
~ T.
0; = 'f)a > T = —L with i=Nj, 0z, Ar.
Pc,i T
Steam:
(@] B 5 (3.47)
op Tow RT(1+25W aé,w + 0w acr%,w)
where
MW ~ : 1 1
Vw = —2, Py is calculated iteratively from Eq. (3.30),
Pw
- T
5W::OW:TWZC’W‘
Pec,w T

Isentropic exponent

2 ~

P (3.48)
p

Property library

The property library LibHuGas [31] contains the algorithms to calculate properties of
unsaturated and saturated humid air and of liquid and ice fog. The calculation of liquid
fog and ice fog is described in [32].

3.2.2.2 ldeal Mixture of the Real Gases Dry Air and Water Vapour

The properties of dry air can be calculated by a very accurate fundamental equation of
Lemmon et al. [1]. For the calculation of water, the scientific formulation IAPWS-95
[18], [19] and the industrial formulation IAPWS-IF97 [20], [21] are available.

The thermodynamic properties of humid air can be calculated by the model of an ideal
mixture of the real fluids dry air and water. Such approach has been used for the property
library LibHuAir [33], in which dry air (a) is calculated from Lemmon et al. and water
(w) from IAPWS-1F97.

The following algorithms are implemented for unsaturated humid air, e.g., dry air plus
superheated water vapour:
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Mass density

P = pPa(pa,T)+ pw(pw,T) (3.49)
where

the partial density of dry air p, is calculated iteratively from

[1 + 5, ag’a(é‘a,ra)}

~ R
: : M,

(3.50)
with

Pa =Vap

% T
andé‘azf)—a,z'a= “a
Pc.a T

Using TAPWS-IF97 [20], [21] the partial density of steam p,, is directly calculated
from

-~ pw My 1

W =

S r (3.51)
Yr,j(TjsTj)+ V(7T ))
with

Pw =Vw P

and 7; = p_w’ T :%’j,j =2, 5 for the regions 2 and 5 of TAPWS-IF97.
Drj

Molar volume

(3.52)
P

where p is calculated from Eq. (3.49) and M =y, M, +yw My, .
Molar isobaric heat capacity

Cp=Va Cp,a(laaaT)+V/w Cp,w(pWaT)+Acp,dis(paTa¥/)

(3.53)
where:
Dry air contribution from [1]
2
(1+5a ag‘a _5a Ta ag‘z_ a)
Cp,a (ﬁaaT) =R _Taz (a?z',a + Of;r,a ) + , ’ (3.54)

r 2 or
1+20, Qs + 04 Ass a

D T
where p, is calculated iteratively from Eq. (3.50) and 6, = La —

~ a7a=

Pc,a T
Water vapour respectively steam contribution from IAPWS-1F97 [20], [21]
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Cp,w (pWaT):_RT\%/(yic')T,j+7‘ll:‘[',j) (3.55)

with
Pw =¥VwpD
Pw Tj . .
and 7; =—, 7; =—,j=2,5 for regions 2 and 5 of IAPWS-IF97.
Drj T
Acp dis(p,T,¥) from Eq. (3.25).

Molar isochoric heat capacity

Cy =VWalya (ﬁaaT)'H//w Cy,w (pWaT)+Acp,dis(paTayj) (3.56)

where:
Dry air contribution from [1]

Cya (Pa,T)=-R Ta% (aror,a + a;‘r,a ) (3.57)

%, T
where p, is calculated iteratively from Eq. (3.50) and &, = io & Ta= ;:a .
Pc.a

Water vapour respectively steam contribution from IAPWS-1F97 [20], [21]

2
(1+7Tj77rz,j—fj7fj7/;rn,j) (3.58)

Cv,w(pWaT):_R(%(')T,j +7/;T’j)+ 2 1
1_7Z'j Vrn,j

with
Pw =Vw P

DPw Lij . .
and 7; ="—, 7; :? ,J =2, 5 for regions 2 and 5 of IAPWS-IF97.
Drj

Acp dis(p,T,¥) from Eq. (3.25).

Molar enthalpy
h:Waha(ﬁaaT)J’_l//WhW(pW7T)+AhdiS(p7Ta5U) (3.59)

where:
Dry air contribution from [1]

ha(ﬁa,T)=RT[1+ra (a2a+at)+ 6, agJ (3.60)

%, T
where p, is calculated iteratively from Eq. (3.50) and o, = fo 4, =22
Pc,a

Water vapour respectively steam contribution from IAPWS-1F97 [20], [21]

h (PwsT)=RT (72,47, (3.61)
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with
Pw =Vw P

Pw Ij . .
and 7; ="—, 7; = T ,J =2, 5 for regions 2 and 5 of IAPWS-IF97.
Drj

Ahgis(p,T,¥) from Eq. (3.26).
Molar entropy
S:'//aSa(ﬁaaT)‘HVwa(pw=T)+ASdis(paTsyj) (3.62)

where:

Dry air contribution from [1]

Sa (/Sa’T) =R |:Ta (a?,a + ag,a ) —ag —a, :| + ASirra (3.63)
~ . . . ﬁa TC a
where p, is calculated iteratively from Eq. (3.50) and 6, = ——, 7, = T .
Pc,a
Water vapour respectively steam contribution from IAPWS-1F97 [20], [21]
sw (o T) =R o (72,4 785) (7 475 | (3.64)
with
Pw =V¥VwP

DPw Tr,j . .
and 7, ="—, 7; = 3 ,J =2, 5 for regions 2 and 5 of IAPWS-IF97.
Prj

Asgis(p,T,¥) from Eq. (3.27).

Speed of sound

2
W= —V—c—p(a—pj (3.65)
M ¢, \ ov)r
where
2
ov)r (6‘\)} [8\/] .
Va| Yw| o~
P )71 P )1
Dry air from [1]
ov - V2
[—] (o T) =~ i (3.66)
P Jra RT(1+268, 0, + 87 afs., )
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where v, :%, pa 1s calculated iteratively from Eq. (3.50), and o, = :D a_,

Pa Pc.a

T c,a
7
Water vapour respectively steam contribution from IAPWS-1F97 [20], [21]

ov RT
[a_j (pW7T):_2 ”jz Vrr,j (3.67)
P T w Pw

Ta:

with
Pw =VwPp

T.:
and 7; = P_w, T = % ,j =2, 5 for regions 2 and 5 of JAPWS-IF97.
Prj

Isentropic exponent

2 ~
w
k=t P (3.68)
p

Property library

The property library LibHuAir [33] allows calculating properties of unsaturated and
saturated humid air as well as of liquid and ice fog. The calculation of liquid fog and ice
fog is described in [34].

3.2.3 Real Mixture of Real Fluids

Both, the ideal gas model and the ideal mixing model, correspond to a calculation as an
ideal mixture. That means, the mixing effects are not considered. In the model "Real
mixture of real fluids" (real model), these mixing effects are considered in the excess
term (E). The calculation of any molar property (z) except molar entropy (s) by means of
the real model is:

2=Va 2 (Pa. 1)+ Ww 2w (pw T +27(p.T). (3.69)

The calculation of the molar entropy s is:

S =Wa Sa(pa,T) +¥w SW(pW,T)—Rln(pij+sE(p,T) . (3.70)
0

3.2.3.1 Virial Equation Proposed by Rabinovich and Beketov

The virial equation of Rabinovich and Beketov [35] for the mixture reads:

7PV _ 1 BTyw) CT.yw)

, 3.71
RT v V2 3.7
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where p is the mixture pressure, v is the molar volume of the mixture at specific p, T,
and vy, R is the universal gas constant with R =8.31441kJ kmol ' K™!, and T is the
mixture temperature. The second virial coefficient B(7,y,) and the third virial

coefficient C(T,y ) of humid air are functions of mixture temperature 7 and the mole

fraction of water vapour y,, given as:

B =Baa +2(Baw _Baa)‘//w +(Baa —2Baw +wa)l//\%v (3.72)
_ 2 3
C=Caa + 3(Caaw —Caaa )l//w + 3(Caaa =2 Caaw )WW + (3 Caaw — Caaa )l//w (3.73)
with
Baa =by+b 0 453072 +b, 07 + b5 07 (3.74)
Coga =C1 +C2 02 +c3 07 (3.75)
where 0 = _r , by..bs and cj...c3 are coefficients,
100 K
Bow =B 0 45 02 +b307 +b, 600 +b5 077 (3.76)
where 6= and by...bs are coefficients,
c,W
Baw =b+by 07 453072 + by 072 +b5 07 (3.77)
Coaw =C1 +C2 02 +307° +¢4 07 (3.78)

where 0 :L, b...bs and c...c4 are coefficients, and
100 K

W 1s the mole fraction of water vapour and ranges from 0 to w5y (p,T), which is the

saturated composition of water vapour in humid air at specific p and T .

The coefficients b; and ¢; used in the Egs. (3.74) to (3.78) were taken from the book by
Rabinovich and Beketov [35].

Molar volume

The molar volume v(p, T,y ) is calculated iteratively from the expression

p(V’T,WW):RT(HB(T,r//w)+c(T,2v/w)j_ (3.79)
v v v

Mass density

5 :% (3.80)

where v is calculated iteratively from Eq. (3.79) and M =y, M, +wy My, .
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Molar isobaric heat capacity

dB . d’B
cp(pTyw) = '//acpa(T)"'chpw(T) R_T 25 Td?
) R 1+B+£+TdB+TdC (3.81)
dC d-C v v2 v dT v2 dr
__2 ot 2B 3C
2
v v

where cg,a (T) and c?,)w (T') are the functions for the isobaric heat capacity of the

ideal gases dry air and steam given in the book.

Molar isochoric heat capacity

()
T )\ .,

Cv(paTal//w):CpT(apj (3.82)
5\/ T
with

(a—pJ (p,T, WW)——E(1+2—B+EJ and (3.83)

ov Ty v2 v v2

op R[, 1 dB) 1 dc

— T, =—|1+—| B+T— |+—| C+T— 3.84

(aTL (P T - [ Haer S L e dTﬂ (.84
Molar enthalpy

RT dB) RT dc
Wp,T,yw)= l//ahO(T)+!//wh$’v(T)+—(B T—] —2(2C—T—j (3.85)
T T
where 40 (T)=h3, (T)+ j ¢$2(T)AT and hS(T)=hd (T)+ j ¢S w(T)dT .
%,a TOsW
Molar entropy
S(P T yw) = Wa 51, (D) +yw 574, (D =R (wa Inya +yry Inyy )
(3.86)
+Rlnm—£(B+Td—Bj—i[C+Td—C]
RT v dr ) 2,2 dr
where
(Xs: o (D)
594 (T) =50, (T)+ jp Dar, s 5% (1) = 55, (T) + jpT dr, and

Toa Tpa
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po 1s the standard pressure with pg =0.101325 MPa..

Speed of sound

2
W, T,y ) = —V—C—"(a—pj . (3.87)
M ¢, \ ov Tw.
Isentropic exponent
w? yo)
K(p,T,z//w)=7. (3.88)

Property library

The property library LibRB95 [36] allows calculating properties of unsaturated and
saturated humid air from the model by Rabinovich and Beketov [35].

3.2.3.2 Virial Equation Proposed by Hyland and Wexler and the Modification
Proposed by Nelson and Sauer

The virial equation of Hyland and Wexler [22], [37] for the mixture reads

Z:pvzl_'_B(Tal//W)_i_C(Tal//W).

3.89
RT v V2 (3-89)

The model of Hyland and Wexler differs from that of Rabinovich and Beketov [35] with
regard to the determination of the virial coefficients. In 2002, Nelson and Sauer [38], [39]
modified the algorithm again. The mixture virial coefficients B(T,wy,) and C(T,yw)
are calculated as follows:

B =3 Baa +20a W Baw + W Buw (3.90)
C:l//gcaaa+3‘//a2l//w Caaw+3l//al//\?v Caww ‘H//\:}v Cwww » (3.91)
where

the temperature-dependent virial coefficients proposed by Hyland and Wexler are
given as:

4
Baa = > b TH (3.92)
k=1

where b...b4 are coefficients,

3
Caaa = Z Ck 7= (3.93)
k=1

where cj...c3 are coefficients,
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11
Byw = . b T
k=1

where by...by1 are coefficients,
7
Coww = -107° exp z Ck 7D
k=1
where cj...c7 are coefficients,
Baw =bi+by T 4y T2+, T
where b...b4 are coefficients,

5
Caaw = Z Ck 7=
k=1

where c¢j...c5 are coefficients,

4
Caww = ~1076 exp{ch T(l_k)}
k=1

where cj...c4 are coefficients.

(3.94)

(3.95)

(3.96)

(3.97)

(3.98)

The temperature-dependent virial coefficients proposed by Nelson and Sauer are as

follows:

;
B = by TH
k=1
where by...b7 are coefficients,
7
Caaa = z Ck T(l_k)
k=1
where ¢...c7 are coefficients,
11
Byw = > b T
k=1

where by...b; are coefficients,

7
Coww = -107° exp{z Ck T(k_l)}
k=l

where cj...c7 are coefficients,

_ -1 -2 -4
Baw =b+by T +b3T “+by T
where b...b4 are coefficients,

5
Caaw = ch T(l_k)
k=1

(3.99)

(3.100)

(3.101)

(3.102)

(3.103)

(3.104)
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where cj...c5 are coefficients,

4
Caww =—107° exp{ZCk T“"‘)} (3.105)
k=1

where cj...c4 are coefficients.

The coefficients b; and c¢; used in the Egs. (3.92) to (3.98) are taken from Hyland and
Wexler [37] and the coefficients b; and c¢; used in the Egs. (3.99) to (3.105) are taken
from Nelson and Sauer [38], [39]. The universal gas constant R in Eq. (3.89) has the
value R =8.31441kJkmol 'K proposed by Hyland and Wexler whereas Nelson and
Sauer used a value of R =8.3144 kJ kmol ' K.

Molar volume

The molar volume v(p, T, ) is calculated iteratively from

p(v,T,z//W):RT(1+B(T’WW)+C(T’;//W)). (3.106)
v v v

Mass density

,5:% (3.107)

where v is calculated iteratively from Eq.(3.106) and M =y, M, +yw My, .

Molar enthalpy

dB\1 rdc) 1
Wp,T,ww)=wa (T +wy hQ(T)+RT|| B-T— |—+| C——— | — 3.108
(0T, ww)=Wa ha (T)+ W hy (T) {[ dT)v ( 2dev2} ( )
where
a a
h;’(T):al+a2(T—To’a)+?3(T2—To%a)+?4(T3—T(J3’a)
a a
+75(T4—T04fa)+?6(T5—T05,a)
with aj...a¢ are coefficients, Ty, =273.15K, and
hy(T)=RTty;(r) from IAPWS-IF97 [20], [21].
Molar entropy
p pv pv
—In—+w,In +yyw In
. . po  waRT TV yyRT
S(paTaww):WaST’a(T)-’_WWSW(paT)+R dB 1 dC 1
- (B+T—j—+(C+T—j—
dT )v dTr 2\)2

(3.109)
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where

po is the standard pressure with pg =0.101325 MPa,

T
S%a(T)Zal +ap IH(T

)
+ a3 (T—TOa)+—(T —TOa)
()’a B 2 ’

as 3 23, 46 4 4
+?(T _To,a)+T(T _TO,a)
with ay...a¢ are coefficients, Ty, =273.15K, and

sw(p,T)=R [z‘ re(0) =y (m, T)J from IAPWS-IF97 [20], [21].

Speed of sound

2
ve ey (0
w(p,T,ww)=\/———p (—pj . (3.110)
Ty

M ¢, \ Ov

Isentropic exponent

2 ~
w
K(p,T,t//w)=7p. (3.111)

Property libraries

The property libraries LibHyW83 and LibNELO02 [36] allow calculating properties of
unsaturated and saturated humid air from the models by Hyland and Wexler [22], [37] as
well as by Nelson and Sauer [38], [39], respectively.

3.2.3.3 Modified Redlich-Kwong Equation Proposed by Yan and Co-Workers

In the model developed by KTH, interaction parameters for different molecules
ajj (i# j) used in the modified Redlich-Kwong equation of state were adjusted, the

calculation method for the fugacity coefficients of water vapour at saturated pressure

(dw ) was studied and Henry’s constant of oxygen in water was correlated. More
information can be found in the published papers by KTH [17], [40], and [41].

Modified Redlich-Kwong equation of state

_ RT B a
P v=>b ﬁv(v—b)

(3.112)

where

a=2. ViV
i

: 0 0\%° 0, 1
with aj =aj; = kij aj; aji and a;; = a;; +a;(T),
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3448.07—-16.0662T +0.0205T2, (T <323.15K)
5019.04—33.28057 +0.0868942 T

Aww =4-1.01488-1074 73 +4.42162-10°8 7%, (323.15K < T <647K) (3.113)
3.22518+0.3479327 —0.000369888 7>
+1.16667-107 T3 (T > 647K)

RT,
b=> ;b with b; =0.0867—="

i pc,i
Enthalpy
a I| a d( a v+b
h= h T+ —-— -T—| —=||In 3.114
Z% ) v—>b (v+b)ﬁ b[ﬁ dT(ﬁﬂ ( y j ( )
Entropy
-b) 1 d{ a v+b v
= 52T, po)— Rln| £- +Rln(v j+—— —_— ln( j+Rln Py
: ;WSZ( ro) (poj v bdT\JT v RT
(3.115)
where
i a | _ a WW dayw
ar\J7 ) o713 J— dr ’
hiO(T):Chl+Ch2T+Ch3T , and (3.116)

S?(T,p())=Cs1+CS2T+CS3T2+CS4T3+CS5T4.

3.2.3.4 Multi-Component Model Proposed by Kunz et al.

The multi-component model of Kunz et al. [42] consists of a Helmholtz free energy
equation, from which all the thermodynamic properties can be obtained using the
Helmholtz free energy and its derivatives with respect to temperature and density. The
equation is expressed as the sum of the ideal-gas contribution, the residual contribution,
and the departure function and reads in its dimensionless form:

a(p,T,¥) N-1 N

—RT =a(6,7,¥)=a’(p.T, sv)+z;//, @y (8,0)+ ) > Aai(5,7,¥)  (3.117)
i=l i=l j=i+l

where

a®(p,T,¥) is the ideal-gas mixing contribution,

N
Zl//,' a(g ;(0,7) represents the fundamental equations of i pure components,
i=1
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N-1 N
Z Z Aai; (0,7,¥) corresponds to the departure functions of the binary mixtures
i=l j=i+l
consisting of the pure components i and ;.
The variables 6 and 7 are reduced density and reduced reciprocal temperature as
described in [42]. This new fundamental equation can be used for calculating the
thermodynamic properties of multi-component mixtures in particular of natural gas. The
numerical details of the equation have not been published until the end of this work.
Therefore, it could not be used for comparisons.

3.3 Saturated State of Humid Air
3.3.1 Saturation Pressures of Dry Air and Water

The saturation pressure of dry air can be calculated from the fundamental equation of
Lemmon et al. [1], Eq. (3.1), by solving the Maxwell criterion. But, the critical
temperature of dry air is 132.5306 K. That means the two-phase region of dry air will not
be reached in heat cycles. Therefore, it is not necessary to calculate the saturation
pressure of dry air in this work.

For calculating the saturation pressure of water for a given temperature, the international
standard for scientific and general use IAPWS-95 [18], [19] can be used. The saturation
pressure is derived from the fundamental equation, Eq. (3.8), by solving the Maxwell
criterion. If the computational expenditure for solving the Maxwell criterion is too high,
the international equation for the saturation pressure [43], [44] can be used. It has the
dimensionless form

B = exp{%(nl G195 413 I 41y B3 415 9% + g ,97-5)} (3.118)

T .
where [ = va , $=1——, and ny...ng are coefficients.
Pe T;

For the calculation of the saturation temperature from a given pressure, Eq. (3.118) has to
be solved iteratively.

In addition, the industrial formulation IAPWS-IF97 [20], [21] can be used for practical
calculations. The equation for describing the saturation line is an implicit quadratic
equation which can be solved directly with regard to both, saturation pressure ps and

saturation temperature 7g. This equation reads in its dimensionless form

P22 +m PEGs +ny E4my By 92 +ng Py s +ns Py +ng9Z +n7 % +ng=0  (3.119)

0.25 T
where f; = (&j and 4 ==+

T 9
Pr T2 -mp

T

with p; and 7; as reducing constants and 7;...nj( as coefficients.
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Then the solution of Eq. (3.119) with regard to the saturation pressure is:
4
2C

Ps = Pr (3.120)

5 0.5
—B+(B —4Ac)
where

A=1952+n1195 +ny,
B=n3z952+n4195 +ns, and

C:n6852+n795 +ng.

The solution of Eq. (3.119) for the saturation temperature reads:
T 2 0.5
T :?r no +D—[(n1()+D) —4(719 +n10D)} (3.121)

where
2G
—F—(F*-4EG)"®’
E=p¢+m fs+ng,

F=n1ﬂ52+l’l4ﬂs +n7,and

2
G=n2ﬂs +n5ﬂs+ng.

D=

3.3.2 Poynting Effect for the Ideal-Mixing Model

The poynting effect describes the increase of the saturation partial pressure of water at a
certain temperature in a gas atmosphere if the total pressure is increased. Hyland and
Wexler [22], [37] as well as Nelson and Sauer [38], [39] used the name "enhancement
factor" in lieu of "poynting effect". For calculating the poynting effect in the case of the
ideal-mixing model, it is assumed that the liquid phase consists of pure water. That
means, the phase equilibrium corresponds to that between saturated water vapour (steam)
and saturated liquid water:

v (Psw > T) = v (Ps,w > T) (3.122)
where

T is the given temperature and

Ds.w 1s the saturation pressure of water at temperature 7.

For a change of the equilibrium, the following condition must be valid:

dary = dusy . (3.123)
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Than follows for constant temperature

Vi Aps,w =V dps,w - (3.124)

The gas phase of water can be described as an ideal gas

yroBul (3.125)
Ps,w

and the liquid phase as an incompressible liquid
v = vy (T). (3.126)
The insertion of Egs. (3.125) and (3.126) into Eq. (3.124) leads to the expression

dps,w _ v (T)
DPs,w Ry T

dps.w - (3.127)

The integration is assumed under assumption that the steam in saturated humid air has the
partial pressure pg and the liquid exists under mixture pressure p:

Ds p
d
[ W@y, (3.128)
Ps,w Ry T
DPs,w S,W
The integration leads to the equation
vw (T
| Lo |2y, (3.129)
Ps,w Ry T
As result the saturation pressure of humid air is obtained:
vw (T
pe=powesp 20 (5 piyy) (3.130)
Ry T

where psy 1s the saturation pressure of pure water calculated from IAPWS-95 [18],
[19] or IAPWS-IF97 [20], [21].

The water in the vapour phase and in the liquid phase is treated as a real fluid, so that
Eq. (3.123) leads to

1'(ps,T) =" (psw > T)= 1 (p, T) = 1 (Ps,w>T) (3.131)

where
1'(p,T)=gr(p,T) from IAPWS-IF97 [20], [21],

1 (p,T)=g1(p,T) from IAPWS-IF97 [20], [21],

and ps . 1s the saturation pressure of pure water.

Eq. (3.131) allows calculating pg iteratively for a given temperature 7 and a given
pressure p what is implemented in the developed property library LibHuGas [31].
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The mole fraction of water yy y, in saturated humid air is then obtained by

_ D) (3.132)

S,W

and the poynting effect (enhancement factor) of the saturation pressure of water follows
from

ps(paT)
= 3.133
! ps,w(T) ( )

3.3.3 Poynting Model Proposed by Rabinovich and Beketov

The model of Rabinovich and Beketov [35] calculates the poynting effect by using the
enhancement factor f. At the saturated state, the enhancement factor is determined
iteratively at particular values of p and T from a solubility equation and reads:

Z(p,T
ln(f)Zh'I( (pa 5WS,W)J+J(p,T)+2BV'\’/W _
Zw(Taps,w) Vw
5 (3.134)
2(Baw +(wa_Baw)l//s,w)_3caaw(1_‘//s,w)

v 2v2

where

S is afunction of v (p,T),

v=v(p,T,ysw) 1s the molar volume of humid air at particular values of p, T, and

Ws.w(p,T), and has to be derived iteratively from Eq. (3.71),

Vw =V (T, psw) 1s the molar volume of pure saturated water vapour,

1 p
J(p,T) :ﬁpj Vv con (P, T) dp (3.135)

where
Vw.con 18 the molar volume of condensed water calculated from the following

expression
_ 2 3 4 2
Vw.con =D +bp O +D3 0% +by 07 + b5 0 +(b6+b749+b86’ )p,

: T ) ) ) .
with @ =——, by...bg are coefficients, and Tty is the triple point temperature of

tw

water.

Baw, Bww, and C,yyw are temperature-dependent virial coefficients described in
Section 3.2.3.1.

Z(p,T,ysw) describes the equation of state and is written in Section 3.2.3.1, too.
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ZW=1+BWW (3.136)
Vw

where
Zy 1s described by an equation of state of water vapour,
Byw 1s a temperature-dependent virial coefficient of water, and
vy 1s the molar volume of water vapour.

The value for wgw(p,T) in Eq. (3.134) has to be calculated in each step of the iteration

according to

Vo =L L5 (3.137)

p

The initial value for f in (3.137) is 1.0. If the criterion ‘y/S’Wnew _l//SaWold‘Sg with
e=107"%is fulfilled, the iteration is completed.

If all the virial coefficients ( B,y , Baw > Bww, Caaa» and Caayw ) for humid air are known,
then the saturation composition sy, and the molar volume of humid air v at the phase
equilibrium for each pair of values of p and T can be calculated by solving
simultaneously Eqgs. (3.71) and (3.134).

The iterative calculation is implemented in the property library LibRB95 [36].

After iterating the enhancement factor f, the mole fraction of water vapour ;. results
from Eq. (3.137).

The saturation pressure ps of humid air can be obtained from

Ps=J Psw =Vsw D - (3.138)

3.3.4 Poynting Model Proposed by Hyland and Wexler in Combination with the
Modification Proposed by Nelson and Sauer

The mole fraction of water in saturated humid air is:

_ f Ps,w
p

Ve (3.139)
where pgy, is the saturation pressure of pure water and p is the total pressure. The
enhancement factor f considering the non-ideal behaviour of the mixture in the saturated
state is given as a function of p and 7. It can be derived iteratively from the isothermal
compressibility of liquid water, from Henry's constant, and from the virial coefficients of
air, of water, and of the mixture air-water using the relationship:
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[ ( 2 .2
p _ps,w)
(1+KT Ps,w)(p_Ps,w)_KT T,
In(f) = Vw,liq+1n(1_ﬂH Vs.a p)+
RT
[ 2 Y2 _ 2
l//;’a],p}Baa_[ l/;es,;p By — p PS,XT'//S,aP By +
veap® || 3w (1-2pa) P |
—2 aaa 2 aaw —
| (RT) 2(RT)
3V/82,a(1_‘//s,a)p2 C (1+2‘//s,a)(1_‘//s,a)2p2_psz,w C
2 aww 2 WWW
(&) 2(RT)
[ 2 2 3 2
1-3 1- 2 2-3
Vs,a ( ‘//s,a)(z Vs,a )p Boy By — Vs,a ( Vz/s,a)p Buy Baw +
I (RT) (RT)
i 2
6wea (1-Wsa) P Bu B 3y p? B2
2 2
(RT) 2(RT)
2‘//52,a(1_l//s,a)(1_3l//s,a)p2 B2 psz,w_(1+3l//s,a)(1_l//s,a)3p2 B2
2 aw ) WwW
I (RT) 2(RT)
(3.140)
where
k7 1s the isothermal compressibility of liquid water.
Hyland and Wexler [22], [37] defined x7 to be:
- s i,
ka £k
—107 M A=l 3.141
T 1+Jet ( )
where J; ... Jg are coefficients. Hyland and Wexler [22], [37] give different

coefficients for temperature ranges of 0 <7 <100°C and of 100 <z <200°C.
Nelson and Sauer [38], [39] defined x7 to be:

2
J1+JIrt :l

xkr =107 .
1+J3t+J4t

(3.142)

J1 ... Ja are a set of coefficients which are given for the following three pressure

and temperature ranges:

p <1MPa andz <179.9°C,
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p<2MPa andz <212.4°C, and
p <5MPa andz <263.9°C.
Ds.w 1s the saturation pressure calculated from IAPWS-1F97 [20], [21].

R is the molar gas constant with R =8.3144 kJ kmol 'K

Vw,liq 18 the molar volume of saturated liquid water in cm’ mol ™!

Pu is the Henry's law constant and is calculated from the following equation:

1

H = 5 (3.143)
Pa1.01325x10
where f, is calculated from the following expression
ﬂa ﬂOZ ﬂNz
with

w0, =0.22 and wy, =0.78 are the mole fractions of oxygen and nitrogen in

dry air,
6
o, =exp| > Jp x & (3.145)
k=1
where J; ... Jg are coefficients,
6 4
B, = Sk XD+ 3 g, x M (3.146)
k=1 m=1

where Jy ... Jg are coefficients, /; ... 14 are coefficients, and

X =1000K 7",

B and C are the temperature-dependent virial coefficients described in Section 3.2.3.2.

The value for y;,(p,T) in Eq. (3.140) has to be calculated in each step of the iteration

according to:

Wsa = p_f% . (3.147)

The initial value for f in relation (3.147) chosen for the iteration is 1.0. If the criterion

< ¢ with £ =107° is fulfilled, the iteration is completed.

l//s:anew - V/Saaold

The iterative calculation is implemented in the property libraries LibHyW83 [36],
LibNELO2 [36], and LibHuAir [33].

After iterating the enhancement factor f, the mole fraction of water vapour g, results

from
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Vsw = S Pow (3.148)
p

The saturation pressure ps of humid air is obtained using

Ps=/f Psw=WswPD- (3.149)

3.3.5 Poynting Model Proposed by Yan and Co-Workers

The saturated composition is calculated from phase equilibrium and Henry’s law is used
to describe the liquid phase ([17], [40], [41]):

PVWw bw = fo.w Vw

o (3.150)
pwidh=Fu, vi  (i=nitrogen, oxygen)

where w; is the mole fraction in the liquid phase, ¢ is the fugacity coefficient of

component i in the vapour phase and is calculated from the used equation of state, and
Py, is the Henry’s law constant of component i. The expression reads

2> ) ay
ln¢,—1n[ 4 j+ b __J ——1In V”’)
~b) v=b RT} v (3.151)
v+b pv
1 —In| £Z
()l
] [RA
fow = (T, ps) P (D expi—— [ v i(T. p)dp (3.152)
Ps,w

Agg]z’gas (T, p)m _Agl(zjz,]iq(Ta D)m
RT

iy, =55.5lexp (3.153)

I Biig, =01 +02 p+0s p* +(04+ 05 p+ 06 p° )T

(3.154)
+(01+ Qs p+ 0y p? |17 +(10+ 011 p+ 012 p? )In(7)

where Ag® is the Gibbs free energy of formation on a molarity basis calculated with an
equation of state of Helgeson and co-workers [45].

3.3.6 Phase Equilibrium Using the Multi-Fluid Model Proposed by Kunz et al.

The mole fraction and other properties of saturated humid air are calculated by solving
the fundamental equation of state for the mixture, Eq. (3.117), according to the phase
equilibrium conditions [42].
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4 Comparisons on Thermodynamic Properties of Dry and
Humid Air

The following comparisons have been performed for the models listed in Table 4.1. The
multi-component model of Kunz et al. [42] could not be considered because its numerical

details were not available during the period of work in the AA-CAES project.

Table4.1: Models for calculating thermodynamic properties of humid air used for
comparisons.
Abbreviation Model Author(s) Software Section
IdGas Ideal mixture of ideal VDI-Guideline  LibldGas [25] 3.2.1
gases 4670 [16],[23] and
LibFLUFT [26]
from FHZI
HuAir Ideal mixture of the real Hellriegel [34]  LibHuAir [33] 3222
fluids dry air and water from FHZI
HuGas Ideal mixture of the real Kleemann, LibHuGas [31] 3221
fluids N,, O,, Ar, and Seibt [32] from FHZI
water
KTH Modified Redlich- Yan and co- from KTH 3233
Kwong equation of workers [17],
state for the mixture [40], [41]
RB Virial equation for the ~ Rabinovich, LibRB95 [36] 3.2.3.1
mixture Beketov [35] from FHZI
NEL Virial equation for the = Nelson, Sauer LibNel02 [36] 3232
mixture [38], [39] from FHZI
HyWw Virial equation for the =~ Hyland, Wexler LibHyWS83 [36] 3232
mixture [22], [37] from FHZI,
HumidAirTab
[46]
SKU Ideal mixture of the real Span, Kretzsch- LibSKU from this -
fluids dry air and water  mar, Ulbig, work

Herrmann (this
work)

The SKU model included in Table 4.1 is a result of our investigation on the different
models and therefore it was not described in Chap. 3. The numerical details and the
mixing rules of the SKU model are shown in Chap. 5.
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4.1 Comparisons for Dry Air
4.1.1 Comparison between Calculated Values and Experimental Density Data

For density of dry air, three new data sets measured within the AA-CAES project were
checked for consistency with the fundamental equation of Lemmon et al. [1]. The data
sets are summarized in Table 4.2. The new experimental data points have already been
illustrated in Figure 2.5 as a pressure-temperature diagram.

The plots of Figure 4.1 show the deviations of the density values of dry air calculated for
the different models from the experimental data of PTB 04 as a function of pressure and
temperature.
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Figure 4.1: Percentage deviations of the density values of dry air calculated for models listed
in Table 4.1 from the experimental data of PTB 04 [11] as a function of pressure and temperature.
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Table 4.2:  New experimental data for density and speed of sound of dry air generated within
the AA-CAES project.

Abbreviation Author(s) T/K p/MPa

PTB 04 Klingenberg, Ulbig 2007 (AA-CAES, 2004) [11] 300-500 0.8-18.6
ICSTM 04 Trusler 2004 (AA-CAES) [12] 295-546  0.9-15.8
RUB 05 Woll 2005 (AA-CAES) [13] 298-500  0.1-17

The plots of Figure 4.2 illustrate the deviations of the density values of dry air calculated
for different models from the experimental data of ICSTM 04 as a function of pressure
and temperature.
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Figure 4.2: Percentage deviations of the density values of dry air calculated for the models
listed in Table 4.1 from the experimental data of ICSTM 04 [12] as a function of pressure and
temperature.
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In Figure 4.3 the deviations of the density values of dry air calculated for the different
models from the experimental data of RUB 05 are illustrated as a function of pressure and
temperature.
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Figure 4.3: Percentage deviations of the density values of dry air calculated for the models
listed in Table 4.1 from the experimental data of RUB 05 [13] as a function of pressure and
temperature.

All models except the IdGas model show deviations from the experimental data for the
density of dry air which are less than + 1%. The NEL model calculates densities that are
less than the experimental data and the uncertainty increases with increasing pressures.
The values of density from HyW model are greater than the experimental data and the

56



4 Comparisons on Thermodynamic Properties of Dry and Humid Air

other models in the entire pressure and temperature ranges. The HuAir, SKU, and RB
models meet the experimental data within + 0.2%. The SKU and HuAir models which
base on the fundamental equation of Lemmon et al. [1] were found to be the most
suitable models.

4.1.2 Comparison between Calculated Values and Experimental Speed of Sound
Data

For dry air, experimental data for speed of sound were measured by Trusler at ICSTM in
2004 [12] (see Table 4.3).

Table 4.3:  New experimental data for speed of sound of dry air generated within the
AA-CAES project.

Abbreviation Author T/K p/MPa

ICSTM 04 Trusler 2004 (AA-CAES) [12] 300-450 0.1-16.3

The new experimental data points for speed of sound of dry air have been plotted as a
pressure-temperature diagram (see Figure 2.6).

The deviations of the calculated speed of sound values of dry air for the different models
from the experimental data of ICSTM 04 are presented as a function of pressure for
temperatures of 300 K, 350 K, 400 K, and 450 K in Figure 4.4.
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Figure 4.4: Percentage deviations of the speed of sound values of dry air calculated for the
models listed in Table 4.1 from the experimental data of ICSTM 04 [12] as a function of pressure
for temperatures of 300 K, 350 K, 400 K, and 450 K.
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Comparison of models with the experimental data of speed of sound
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Figure 4.4: (continued)

Figure 4.4 reveals that all models represent the experimental data for speed of sound of
dry air very well at low pressures. The deviations are within £ 0.1% for pressures less
than 5 MPa. The deviations for all models increase with increasing pressure. The NEL
model calculates values that are high, while the HyW model gives low values. The
maximum deviation for the NEL model is + 0.6% at 300 K and 14 MPa. The HyW model
leads to deviations up to — 0.9% at 300 K and 15 MPa. The RB, HuGas, HuAir, and SKU
models describe the experimental data better than the NEL and HyW models. The speed
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of sound values calculated from the best models SKU and HuAir do not deviate more
than + 0.1% from the experimental data.

4.2 Comparisons for the Gas Phase of Humid Air
4.2.1 Comparison between Calculated Values and Experimental Density Data

The experimental data sets available for the density of the gas phase of humid air are
summarized in Table 4.4.

Table 4.4:  Experimental data for the density of humid air.

Abbreviation Author(s) T/K p/MPa
RUB 05 Woll 2005 (AA-CAES) [13] 298-500  0.1-17
PTB 05 Klingenberg, Ulbig 2007 (AA-CAES, 2005) [11] 424-524  3.7-17

ICSTM 05 Trusler 2005 (AA-CAES) [14] 317-522  0.9-15.8
Japas 85 Japas, Franck 1985 [7] 620-673  27-264

All these data except Japas 85 were measured within the project AA-CAES. The data of
Japas 85 were not taken into consideration due to the very high pressures, which are out
of the range for the AA-CAES project. The experimental data points measured within the
AA-CAES project for the density of humid air have already been presented in a pressure-
temperature diagram in Figure 2.7.

The plots of Figure 4.5 show the deviations for the calculated density values of different
models from the experimental data of RUB 05 for different mole fractions of water
vapour over pressure and temperature.

59



Part A Thermodynamic Properties
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Figure 4.5: Percentage deviations of the density values of humid air calculated for the models
listed in Table 4.1 from the experimental data of RUB 05 [13] as a function of pressure and

temperature.

The deviations of all models apart from the IdGas model are less than + 2%. Obviously,
there is no significant difference between the models over the whole pressure and
temperature ranges. The differences between the models are lower than their deviations

from the experimental data.
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In Figure 4.6 the deviations for the calculated density values of the different models from
the experimental data of PTB 05 are illustrated for different mole fractions of water
vapour over pressure and temperature.
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Figure 4.6: Percentage deviations of the density values of humid air calculated for the models
listed in Table 4.1 from the experimental data of PTB 05 [11] as a function of pressure and
temperature.

The calculated values for all models except for the IdGas model deviate up to + 2.3%
from the experimental data. The experimental data for the mole fraction of 1.26% of
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water are described within + 0.3%. The other three data sets for mole fractions of about
4% water are represented differently by the models. This seems to be due to the
uncertainty of the experimental data, since the deviations of values calculated for
different models from the experimental data are nearly identical. The values for the IdGas
model show greater deviations from the experimental data.

Figure 4.7 presents the deviations of the calculated density values of the different models
from the experimental data of ICSTM 05 for different mole fractions of water vapour
over pressure and temperature.
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Figure 4.7: Percentage deviations of the density values of humid air calculated for the models
listed in Table 4.1 from the experimental data of ICSTM 05 [14] as a function of pressure and
temperature.

62



4 Comparisons on Thermodynamic Properties of Dry and Humid Air

Comparison of models with the experimental data of density
from ICSTM 05
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Figure 4.7: (continued 1)
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Comparison of models with the experimental data of density from ICSTM 05
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Figure 4.7: (continued 2)

For water mole fractions of approximately 1%, 3%, and 5%, the calculated values for all
models show relative deviations less than + 1.5% in density. For the water mole fraction
of round about 10% the two data sets show different results for all models, whereas the
different models calculate nearly the same values. If the water contents rise up to 20%, all
models are characterised by deviations between — 4% and — 6%.

In summary, all models deviate from the experimental data. That means either the models
do not describe the truth correctly or the experimental data are uncertain. There were
heavy problems in measuring the properties of humid air because of corrosion in the
measuring cells. However, for water contents between 1 and 5 mole%, which are of
relevance for AA-CAES cycles, relative uncertainties of the calculated values for density

up to —2% have to be expected for the SKU model recommended for calculating AA-
CAES cycles.
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4.2.2 Comparison on Density Values Calculated from Different Models

The models listed in Table 4.1 were used for calculating the density of humid air at the
pressures 0.1, 0.5, 1, 2, 4, 6, 10, and 15 MPa and at the temperatures 273.15, 300, 400,
600, 800, 1000, 1500, and 2000 K for each pressure, respectively. Figure 4.8 to Figure
4.15 show the relative deviations between density values calculated from the 1dGas, NEL,
HyW, RB, KTH, HuGas, and HuAir models to that calculated from the SKU model. The
relative deviations are plotted over the mole fraction of water up to 50 mole% or up to the
saturated state. The zero line in the following diagrams corresponds to the SKU model.
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Figure 4.8: Relative deviations of the density values calculated for the different models from
the density values calculated for the SKU ideal-mixing model, at pressure p = 0.1 MPa, plotted as
a function of the mole fraction of water in air.
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Figure 4.9: Relative deviations of the density values calculated for the different models from
the density values calculated for the SKU ideal-mixing model, at pressure p = 0.5 MPa, plotted as
a function of the mole fraction of water in air.
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Figure 4.10: Relative deviations of the density values calculated for the different models from
the density values calculated for the SKU ideal-mixing model, at pressure p = 1 MPa, plotted as a
function of the mole fraction of water in air.
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Figure 4.11: Relative deviations of the density values calculated for the different models from
the density values calculated for the SKU ideal-mixing model, at pressure p = 2 MPa, plotted as a
function of the mole fraction of water in air.
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Figure 4.12: Relative deviations of the density values calculated for the different models from
the density values calculated for the SKU ideal-mixing model, at pressure p = 4 MPa, plotted as a
function of the mole fraction of water in air.
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Figure 4.13: Relative deviations of the density values calculated for the different models from
the density values calculated for the SKU ideal-mixing model, at pressure p = 6 MPa, plotted as a
function of the mole fraction of water in air.
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Figure 4.14: Relative deviations of the density values calculated for the different models from
the density values calculated for the SKU ideal-mixing model, at pressure p = 10 MPa, plotted as
a function of the mole fraction of water in air.
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Figure 4.15: Relative deviations of the density values calculated for the different models from
the density values calculated for the SKU ideal-mixing model, at pressure p = 15 MPa, plotted as

a function of the mole fraction of water in air.

For dry air (ww =0), Figure 4.8 to Figure 4.15 show that SKU and HuAir are the most
suitable models for the calculation of the density of dry air, which is the advantage of all
models describing humid air as an ideal mixture of real dry air and water.
For humid air, the IdGas model shows the highest deviations in comparison with all the
other models. As expected, the ideal mixing models HuGas and HuAir which are
described in Sections 3.2.2.1 and 3.2.2.2 lead to nearly the same values as the SKU
model. The differences increase with increasing pressure, but remain below + 1.1%. An
exception to the previous statement is shown in Figure 4.15 at 15 MPa and 600 K. Here,
the deviations increase up to + 2.3% for y =0.5. The RB model shows in the entire

testing range another behaviour than the other models.

At pressures up to 4 MPa and temperatures between 400 and 600 K, the NEL, HyW, and
KTH models show a slightly different behaviour compared with that of the HuAir and
HuGas models, while the SKU model (zero line) calculates values between these two

model groups.
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At temperatures above 600 K, the NEL and HyW models show a completely different
behaviour, when compared to each other. With increasing water content, the NEL model
calculates too high values while the HyW model leads to values which are too low. At
temperatures between 1500 K and 2000 K, the deviations of the NEL model compared to
the SKU model amount up to + 18% and the deviations of the HyW model amount up to
- 4%.

Concluding, the deviation curves show that the models NEL, HyW, RB, and KTH do
behave differently to each other and to the SKU model. Therefore, it is difficult to draw
conclusions from these figures. The HuAir and HuGas models correspond to the SKU
model. Obviously, humid air can be treated as an ideal mixture of the real fluids dry air
and steam (SKU model) with acceptable accuracy. The advantage of this model is that the
crossover to dry air is better represented.
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4.2.3 Comparison on Isobaric Heat Capacity Values Calculated from Different
Models

The models listed in Table 4.1 were used for calculating the isobaric heat capacity of
humid air at the pressures 0.1, 0.5, 1, 2, 4, 6, 10, and 15 MPa and at the temperatures
273.15, 300, 400, 600, 800, 1000, 1500, and 2000 K for each pressure, respectively.
Figure 4.16 to Figure 4.23 show the relative deviations between isobaric heat capacity
values calculated from the 1dGas, NEL, HyW, RB, KTH, HuGas, and HuAir models to
that calculated from the SKU model. The relative deviations are plotted over the mole
fraction of water up to 50 mole% or up to the saturated state. The zero line in the
following diagrams corresponds to the SKU model.
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Figure 4.16: Relative deviations of the isobaric heat capacity values calculated for the different
models from the values calculated for the SKU ideal-mixing model, at pressure p = 0.1 MPa,
plotted as a function of the mole fraction of water in air.
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Figure 4.17: Relative deviations of the isobaric heat capacity values calculated for the different
models from the values calculated for the SKU ideal-mixing model, at pressure p = 0.5 MPa,
plotted as a function of the mole fraction of water in air.
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Figure 4.18: Relative deviations of the isobaric heat capacity values calculated for the different
models from the values calculated for the SKU ideal-mixing model, at pressure p = 1 MPa,

plotted as a function of the mole fraction of water in air.
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Figure 4.19: Relative deviations of the isobaric heat capacity values calculated for the different
models from the values calculated for the SKU ideal-mixing model, at pressure p = 2 MPa,
plotted as a function of the mole fraction of water in air.
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Figure 4.20: Relative deviations of the isobaric heat capacity values calculated for the different
models from the values calculated for the SKU ideal-mixing model, at pressure p = 4 MPa,
plotted as a function of the mole fraction of water in air.
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Figure 4.21: Relative deviations of the isobaric heat capacity values calculated for the different
models from the values calculated for the SKU ideal-mixing model, at pressure p = 6 MPa,

plotted as a function of the mole fraction of water in air.
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Figure 4.22: Relative deviations of the isobaric heat capacity values calculated for the different
models from the values calculated for the SKU ideal-mixing model, at pressure p = 10 MPa,

plotted as a function of the mole fraction of water in air.
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Figure 4.23: Relative deviations of the isobaric heat capacity values calculated for the different
models from the values calculated for the SKU ideal-mixing model, at pressure p = 15 MPa,
plotted as a function of the mole fraction of water in air.

For dry air (yw =0), Figure 4.16 to Figure 4.23 show that SKU and HuAir are the most
suitable models for the calculation of the isobaric heat capacity of dry air, which is the
advantage of all models describing humid air as an ideal mixture of real dry air and water.

For humid air, the 1dGas model shows the highest deviations in comparison with all the
other models. As expected, the ideal mixing models HuGas and HuAir which are
described in Sections 3.2.2.1 and 3.2.2.2 lead to nearly the same values as the SKU
model. The differences increase with increasing pressure, but remain below + 0.2%. An
exception to the previous statement is shown in Figure 4.22 and Figure 4.23 at 10 and
15 MPa and 600 K. Here, the deviations increase up to + 6% for y, =0.5.

At 273.15 and 300 K, the values for the RB model are similar to those of the HuAir
model. At 400 K, the deviations are a little bit higher. Values for the RB model could not
be calculated at temperatures greater than 400 K.
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At temperatures above 300 K, the NEL and HyW models show a completely different
behaviour, when compared to SKU, HuAir, and HuGas models. For temperatures greater
than 1000 K and with increasing water content, the NEL model calculates too high values
while the HyW model leads to values which are too low. The deviations of the NEL
model compared to the SKU model amount up to + 48% and the deviations of the HyW
model amount up to + 19%.

The NEL, RB, and HyW models do not show a uniform behaviour with regard to the
deviation curves relative to the SKU model. Therefore, it is difficult to draw conclusions
from these figures.

Concluding, humid air can be treated as an ideal mixture of the real fluids dry air and
steam (SKU model) with acceptable accuracy. The advantage of this model is that the
crossover to dry air is better represented.

4.2.4 Additional Comparison for the Gas Phase of Humid Nitrogen

An additional comparison between calculated density values and experimental data for
the gas phase of nitrogen-water mixtures is given in this section. In order to show the
ability of the ideal-mixing model HuGas, the experimental data of Fenghour and
Wakeham (1993) [8] were compared with the values determined by the HuGas model.

The experimental data points for the density of nitrogen-water mixtures of Fenghour and
Wakeham have already been presented as a part of the pressure-temperature diagram in
Figure 2.4.

Figure 4.24 illustrates the deviations of the density values of nitrogen-water mixtures
calculated for the HuGas model from the experimental data of Fenghour and Wakeham
for mole fractions of water below 40% as a function of pressure and temperature.
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Figure 4.24: Relative deviations of the density values of nitrogen-water mixtures calculated for
the HuGas model (listed in Table 4.1) from the experimental data of Fenghour and Wakeham
(1993) [8] for mole fractions of water below 40% as a function of pressure and temperature.

Figure 4.24 makes obvious that the HuGas model is able to represent the experimental
data for density within +1.1% . But the calculated values show systematic differences to

the experimental data for density as a function of pressure and temperature. The
calculated values are lower than the experimental ones at low pressures and temperatures.

On the contrary, the calculated densities are higher than the experimental data at high
pressures and temperatures.
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4.3 Comparison on Composition of the Saturated State of Humid Air

4.3.1 Comparison between Calculated Values and Experimental Data for the
Composition of Humid Air in the Saturated State

The available experimental data for the saturated state of humid air are summarized in
Table 4.5. The dataset Kogl 07 [15] was measured within the project AA-CAES.

Table 4.5:  Available experimental data for the saturated state of humid air.

Abbreviation Property Author(s) T/K p/MPa

Kogl 07 water-concentration Koglbauer & Wendland 2007  293-413  0.1-25

enhancement factor (AA-CAES) [15]

Wylie 96 enhancement factor Wylie & Fisher 1996 [6] 293-348 1.5-14
Hy 75 mole fraction of steam Hyland et al. 1975 [3] 263-343  2-3.5
HW 73 mole fraction of steam Hyland & Wexler 1973 [2] 303-323 1.0-10.3
Web 50 enhancement factor Webster 1950 [5] 238-288  2.5-20
Poll 24 enhancement factor Pollitzer & Strebel 1924 [4] 323 2.5-20

- interaction coefficient Goff & Bates 1941 [47] 278-298 0.1
- solubility Baldwin & Daniel 1952 [48], [49] 293 0.1
- solubility McKee 1953 [50] 273 3.5-20.7
- solubility Eichelberger 1955 [51] 298-338 6.7-24.1

Figure 4.25 presents an overview of the experimental data points for mole fraction of
steam, steam-pressure enhancement factor, and water-concentration enhancement factor
in a pressure-temperature diagram.

Figure 4.26 illustrates the deviations of the saturation-pressure values converted from the
experimental data shown in Figure 4.25 for saturated humid air determined for different
models.

Figure 4.26 and Figure 4.27 make obvious that the poynting correction of the ideal-
mixing model HuGas, which is part of the property library LibHuGas and described in
Section 3.3.2, does not represent the increase of the saturation pressure of steam in an
appropriate manner. The deviations increase with increasing total pressure. The other
models NEL, HyW, RB, and KTH represent the experimental data much better. The KTH
model offers the best results with regard to the experimental data at pressures up to
14 MPa. At higher pressures, the RB model is characterised by the lowest deviations
from the experimental data.
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Figure 4.25: Pressure-temperature diagram with experimental data points for mole fraction of
steam ¢, steam-pressure enhancement factor f,, s, and water-concentration enhancement
factor g ¢ of humid air.

Figure 4.28 shows for the water-concentration enhancement factor experimentally
determined by Wendland [15] once more that the poynting correction of the ideal-mixing
model HuGas is too low. For the temperatures 7= 373 K, T=393 K, and 7= 413 K, the
values calculated from the NEL or HyW models are greater than the experimental data
and the differences increase with increasing total pressure up to + 15% at 25 MPa. For
T=333 K and lower temperatures, the values calculated from the NEL or HyW models
are less than the experimental data. The differences increase with increasing pressure up
to — 10% at 22.5 MPa. For 353 K, the differences remain at — 3% also at high pressures.
At pressures lower than 2 MPa the differences are less than 3%. The differences between
the NEL and HyW models increase with increasing pressure up to 2%. This relatively
small difference results from the fact that the NEL model is a further development of the
HyW model. The RB model shows increasing deviations from the experimental data with
increasing pressures up to —20% at 25 MPa for temperatures between 303 K and 353 K.
For the other isotherms, the differences increase with increasing pressure up from — 5% to
—10% at 25 MPa. The KTH model was not available for the comparison calculations
with the Kogl 07 data.
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Figure 4.26: Relative deviations of saturation-pressure values for saturated humid air for the
models listed in Table 4.1 from the experimental data of Table 4.5.
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Figure 4.26:  (continued)

Figure 4.27 summarises the results of the used models in comparison with all available
experimental data except the Kogl 07 data.

87



Part A Thermodynamic Properties

Comparison of different models with the experimental data of the| | = NEL_Poll24
20 | saturation pressure from | | > NEL_Webs0
Poll 24, Web 50, HW 73, Hy 75, Wylie 96 —=-NEL_HW?73
——NEL_Hy75
- NEL_Wylie96
—— HyW_Poll24
——HyW_Web50
—= HyW_HW73
——HyW_Hy75
—+— HyW_Wylie96
——HuGas_Poll24
——HuGas_Web50
- HuGas_HW?73
——HuGas_Hy75
—+— HuGas_Wylie96
KTH_HW73
KTH_Hy75
KTH_Wylie96
——RB_Poll24
40 ——RB_Web50
= RB_HW73
——RB_Hy75
50 - RB_Wylie96
0 2 4 6 8 10 12 14 16 18 20 22

p in MPa

(ps,cal - ps,exp) /ps,exp -100in %

Figure 4.27: Summary of the relative deviations of saturation-pressure values for saturated
humid air calculated for the models listed in Table 4.1 from the experimental data of Table 4.5.
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Figure 4.28: Relative deviations of the values of the water-concentration enhancement factor for
saturated humid air calculated for the models listed in Table 4.1 from the experimental data of
Koglbauer and Wendland [15].
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4.3.2 Comparison on Calculated Partial Saturation-Pressure Values of Water
Vapour for Different Models

A comparison of the partial saturation-pressure values of water vapour calculated from
the models listed in Table 4.1 has been carried out. The results of these comparisons are
presented in Figure 4.29 over temperature at certain values of constant total pressure.
This corresponds to that of the mole fraction of water in the gas phase.

The multi-component model of Kunz et al. [42] could not be considered because its
numerical details were not available during the period of work in the AA-CAES project.
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Figure 4.29: Relative enhancement of the partial saturation-pressure of steam in humid air for
different models for certain pressures as a function of temperature.

Figure 4.29 makes evident that the poynting correction of the ideal-mixing model HuGas
described in Section 3.3.2 does not represent the increase of the partial saturation-
pressure of steam in an adequate manner. The HyW, NEL, RB, and KTH models show
nearly the same behaviour, but differ a little bit at total pressures higher than 5 MPa. At
the saturation temperature for the pressures 10 MPa and 15 MPa, the RB model is
characterised by a problem in the calculation algorithm, because the values for the RB
model do not reach zero at Ts.

Figure 4.30 summarises the results calculated for the enhancement of the saturation
pressure of water in humid air for different models as a function of temperature for total
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pressures from ambient to 15 MPa. While the maximum enhancement at 15 MPa and
273.15 K amounts to 13% for the HuGas model, the corresponding value amounts to 74%
for the NEL model, to 72% for the HyW and RB models, and to 68% for the KTH model.
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Figure 4.30: Relative change of enhancement of the saturation pressures for steam in humid air
for different models at different constant total pressures as a function of temperature.

4.4 Conclusions from the Comparisons of the Investigated Models

Only experimental data generated within the AA-CAES project were suitable for
comparisons concerning the density. In the case of the speed of sound, only one data set
measured within the AA-CAES project at ICSTM was used for a comparison.

The following three statements based on the results for the deviations of the calculated
values from the experimental data shall be given.

e No significant differences occur between all models apart from the IdGas model
for density in comparison to experimental data. This behaviour was found for all
three data sets measured independently with different techniques. That means
either the models do not describe the truth correctly or the experimental data are
uncertain. There were heavy problems in measuring the properties of humid air
because of corrosion in the measuring cells. In general, relative deviations of the
calculated density values from the experimental data up to —2% have to be
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expected for water contents between 1 and 5 mole% which are of relevance for
AA-CAES cycles.

e In the case of the speed of sound, the RB, HuGas, HuAir, and SKU models show
a better agreement with the experimental data than the HyW and NEL models.

e The IdGas, KTH, NEL, and HyW models and to a certain degree the HuGas
model do not meet the experimental data for density and speed of sound for dry
air in comparison with the SKU and HuAir models.

Table 4.6 summarizes the ability of the various models, considered in the project
including the new model SKU, to represent experimental data for different
thermodynamic properties of dry and humid air. The symbols have the following
meanings:

— shows that the model does not describe the experimental data in an acceptable
manner,

O shows that the model represents the experimental data in an acceptable
manner,

=+ shows that the model predicts the experimental data very well,
an empty cell shows that this model was not considered in this comparison.

Finally, the following statements are to be added:

e The SKU and HuAir models have the advantage that dry air is calculated very
accurately because of the used fundamental equation of state by Lemmon et al.
However, the poynting correction of the HuGas model calculates values that are
too low for the partial saturation-pressure of steam and therefore for the steam
content of saturated humid air.

e The KTH, RB, NEL, and HyW models calculate the poynting correction with
more realistic results.

e The RB model cannot be used at temperatures above 400 K.

e The NEL and KTH models show significant deviations for the density at high
temperatures and pressures.
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Table 4.6:  Qualitative judgement of the considered models including the new SKU model to
represent experimental data for different thermodynamic properties of dry and humid air.

IdGas : HuGas : HuAir - KTH : RB : Hyw : NEL | SKU
Density, exp. data
(4.1.1 and 4.2.1)’ - O O O O O O O
Speed of sound, exp. :
data (4.1.2)’ + + T . 0© O +
Saturated state, exp. +3 + 4+ o+ + _|_3

data (4.3.1)

Table 4.7 gives an overview of the comparison of calculated values from the considered
models over wide pressure and temperature ranges. The symbols have the following

meanings:

— shows that the model deviates from the values calculated using the SKU
model in the considered ranges of pressure (0.1 MPa to 15 MPa) and
temperature (273.15 K to 2000 K),

O shows that the model leads to minor problems in comparison to values
calculated with the SKU model in the considered ranges of pressure (0.1 MPa
to 15 MPa) and temperature (273.15 K to 2000 K),

+ shows that the model leads to reasonable results in comparison to values
calculated with the SKU model in the considered ranges of pressure (0.1 MPa
to 15 MPa) and temperature (273.15 K to 2000 K),
an empty cell shows that this model was not considered in this comparison.

It is evident that the SKU model is favourable to calculate the thermodynamic properties
of dry and humid air. The NEL model is to be preferred to calculate the saturation
composition of humid air. As a consequence, the NEL model was included as part of the
SKU model for calculating thermodynamic properties of humid air.
The multi-component model of Kunz et al. [42] should be considered in further

investigations.

! Comparisons to experimental data for dry and humid air considered for the judgement are given in these

sections of Chapter 4.

* Comparisons to experimental data for humid air only considered for the judgement are given in this

section of Chapter 4.

3 The composition of the saturated state of humid air is calculated using the NEL model.
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Table 4.7:  Qualitative judgement of the considered models including the new SKU model to
predict thermodynamic properties for dry and humid air in the ranges of pressure (0.1 MPa to
15 MPa) and temperature (273.15 K to 2000 K).

1dGas HuGas HuAir; KTH RB Hyw NEL | SKU
3621521;?‘7, cal. values o i + . + 0O 0O +
P i B S ° ° ot
e I R R R R B

* Comparisons between different models for dry and humid air considered for the judgement are given in
this section of Chapter 4.
> The composition of the saturated state of humid air is calculated using the NEL model.
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5 Recommended Model for Thermodynamic Properties

The recommended SKU model (SKU is the shortcut of §pan6, Kretzschmar’, leigg, and
Herrmann’) treats humid air as an ideal mixture of the real fluids dry air and water. The
thermodynamic properties of dry air are calculated from the NIST standard of Lemmon e?
al. [1], those of steam and liquid water from the ITAPWS-95 standard [18], [19], and those
of ice crystals from the IAPWS Release 2006 [52], [53]. Additional contributions to the
thermodynamic properties due to the dissociation of the components at high temperatures
result from a model described in the VDI-Guideline 4670 [16], [23].

The calculation of the saturated state composition is performed with the NEL model [38],
[39], which was investigated with correlated second virial coefficients for water-water
interactions and air-water interactions by Harvey et al. [55], [56].

The model SKU can be used in the following ranges of temperature and pressure:

T'=243.15K ... 2000 K and p=611.2Pa... 100 MPa,

with the limitation that the partial pressure of steam is restricted to 16 MPa.

5.1 DryAir

The thermodynamic properties of dry air are calculated using the NIST standard of
Lemmon et al. [1]. It consists of a fundamental equation for the molar Helmholtz energy
a, as a function of molar density p, and temperature 7. The dimensionless form reads

aa(paaT)

RLem =3 (0a,7a) = @3 (8, 7a) + @ (Fa, 7a) (5.1

where
ag(5,,7,) is the ideal-gas contribution,

a3 (8a,7,) is the residual contribution,

with
5, =1 (5.2)
Pj,a
is the reduced density, where p, is the molar density of dry air,
T.
J,a
7. o= 53
2= (5.3)

is the reciprocal reduced temperature, and pja, Tja, R™" taken from Table 5.1.

¢ Prof. Dr.-Ing. Roland Span, Lehrstuhl fiir Thermodynamik, Ruhr-Universitit Bochum, Germany.

7 Prof. Dr.-Ing. Hans-Joachim Kretzschmar, Department of Technical Thermodynamics, University of
Applied Sciences Zittau/Goerlitz, Germany.

¥ Dr.-Ing. Peter Ulbig, Department of Analytical Measuring Techniques and Pressure, Physikalisch-
Technische Bundesanstalt Braunschweig, Germany.

? Dipl.-Ing. (FH) Sebastian Herrmann, Chair of Technical Thermodynamics / Department of Physical
Chemistry, University of Rostock, Germany.

94



5 Recommended Model for Thermodynamic Properties

This fundamental equation allows calculating all thermodynamic properties from the
equation itself and from its first, second, and mixed derivatives with respect to reduced
density and reciprocal reduced temperature:

o _|0a® o 0%a® o | 0a°
Asa = o5 » Assa = —652 » Ora = or )
Tp,a 7,2 0,,a

0%a° J 0°a°
0 0
Orra = L—z > Asra ™ (— > (54)
or 5ia 0001 X
o - oa' o - a" o= oa'
J,a o5 > o0, 852 > Y18 or d
Ty,a Tasa fONK:}
o%a’ o*a’
Urra =( 572 J > afgrja = (%] . (5.5)
T 0,.a a

The most important thermodynamic properties are:

Molar and specific volume and density

Using the fundamental equation the molar density p, (or molar volume v, =1/ p,) can

be calculated iteratively for from the following expression:
PalpasT)=R"" Tpy| 1+ 8,5, | (5.6)

After iterating p,, the mass density p, (or specific volume v, =1/p,) is calculated

from the equation
Pa=pPaMay. (5.7)

Isobaric heat capacity

2
(1 + é‘a (Z(I;-’a _§a Ta ag‘r,a)

em 2 (V) T ~ Cp,a
c,(p,T)=RL —z‘(a,+a,)+ , Cpa= .
p.alfa a 77,2 77,4 1+2§aaga+§3a25a p,a M,
(5.8)
Isochoric heat capacity
___ plem 2 (4] r ~ _cV,a
Cv,a(paaT)— Rty \QrratQrra |, Cog=—7—. (5.9)
M,
Enthalpy
ha(pa,T):RLemT[Ta(Ol?,a+0!§,a)+5a063a+1}, ﬁa:]}; ) (5.10)

a
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Internal energy

ua(pa,T):RLemTTa(az('),a +a;,a)a Uy = Ya . (5.11)
M,
Entropy
Sa(pa,T)=R"" |:ra (a?,a +a§,a)—a§ —aé}, =2 (5.12)
M,
Speed of sound
1 ¢ 0
Wa (0, T) = p—(—"} : (5.13)
My cya \Op T.a

where

[a_pj (pasT) = R“" T (1428, 0, + 82l ) (5.14)

ap T,a ’ ,
Isentropic exponent
we yo)

Ka(Pa,T)=—-". (5.15)

pM,

Table 5.1:  Constants used in the equations by Lemmon ef al. [1].

Constant Air [1]

M, / kg kmol™ 28.958 6

Ry /kIkg ' K™ (0.287 117)"°
R™" / kI kmol ' K™ 8.314 510
Tia/K 132.6312

Pja / kmol m™ 10.447 7

5.2 Steam, Liquid Water, and Ice

Steam and liquid water

For calculating the thermodynamic properties of steam and water, the international
standard for scientific and general use ITAPWS-95 [18], [19] is applied. This standard
consists of a fundamental equation for the specific Helmholtz energy ay, as a function of

density py, and temperature 7. The dimensionless form reads:

1° Calculated from the equation Ry = R™" /M,
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:aw(é‘w’rw):a\?v(é‘w’fw)"‘a\r)v(é‘wﬂ'w) (5.16)
Ry T

where

ay (8w, Tyw) is the ideal-gas contribution,

ayy (8w ,Tw ) is the residual contribution,

with
Oy = :0 Y is the reduced density, (5.17)
Pe,w
Tow . :
Tw = is the reciprocal reduced temperature, (5.18)
w

and pew, Tew, Ry, from Table 5.2.

All thermodynamic properties are calculated from density and temperature using
Eq. (5.16).

o - oa’ o - *a® SO = oa’
Sow Py s Assw = _852 » Arw = or s
Tw,W Tw W Ow W

W

o%a° o%a°
al o = Lol = , 5.19
o [872] gr.w (aan ¢-19)
5W5W W
o - oa’ o - %o’ o = oa’
W s $ 0w | 552 Y e ),
Ty W Tw W wsW
o%a’ oo’
ar. o =| —— , A~ = — . 5.20
T ,W [82-2 J5 é‘T,W {aa@TJW ( )

W

The most important properties are:

Density and specific and molar volume
Using the fundamental equation the mass density py, (or specific volume v, =1/p,, )
can be calculated iteratively for from the following expression:

p(ﬁWaT):RwTﬁw[l*'é‘wag’W}- (5.21)

After iterating p,, , the molar density p, (or molar volume v, =1/p, ) is calculated

from the equation

Pw = pw My . (5.22)
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Isobaric heat capacity

2
(1 + 35y a(rgyw —Ow Tw acr?r,w)

< = = 2
Cp,w (Pw,T) =Ry | —1% (a?z',w +a;r,w)+ " > T
1+26w ay , +0w ass

Cpw =CpwMy . (5.23)

Isochoric heat capacity

Ev,w (pw,T)= _RWT\%V (az(')r,w + alr'r,w) ,» Cyw = 5V,WMW . (5.24)
Enthalpy
oy (P T) = Ry T[z'w (a2w +akw)+ou af,, +1}, hy = iy My, (5.25)

Internal energy

iy (o T) = Ry T (@0 +@hy )+t = i M. (5.26)
Entropy
Sw(pw,T)= ]éw |:TW (a‘l('),W + Ofir',w ) - a\?v _asv:| , Sw=SwMy . (5.27)

Speed of sound

. ¢ 0

W (P> T) = ﬂ(—pj (5.28)
Cy,w \ 0P T.w

where

) 5 -

[a_f;j (P T) =Ry (1428 af o +6% afs ). (5.29)
T,w

Isentropic exponent

~ W\%v Pw
Kw(,Ow,T)=T- (5.30)

Ice

The thermodynamic properties of the ice crystals (i) in ice fog are calculated on the basis
of the IAPWS Release on an equation of state for the Gibbs energy of H,O Ice Th [52],
[53] using an equation for the Gibbs energy g; as function of pressure p and temperature

T
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gi(p,T)=goi—s0,TIti7i +T;

2 2
Re z T i (tk,i —Ti)ln(tk,i _Ti)+(tk,i + Ti)ln(tk,i + Ti)—ztk’i ln(l‘k’i)—;%
k=1 Bl
(5.31)
where
4 k
g0i(p) = gok,i(m —mo;) and (5.32)
k=0
2 k
ni(p)= Y rii(m—mo;) (5.33)
k=0

are pressure dependent expressions with

£00.i---804, are real coefficients,
m0.i--122,i are complex coefficients,
s0,i 1s a complex coefficient,

N, i, and tp; are complex coefficients.

All these coefficients are obtained from [52], [53], and

gi=Pl gy =Y = (5.34)
Pti Pt Ti;
with p¢i, po,i,and Ti; from Table 5.2.
Important thermodynamic properties are given as:
Specific and molar volume
ogi -
Vi(PaT)=(§j » i =ViMy, . (5.35)
P Jr
Isobaric heat capacity
0sj -
Cp,i(paT):T | Cp,i:cp,iMw- (5.36)
oT
p
Enthalpy
h(p.T) =g +T5, h=hM,. (5.37)
Internal energy
ui(p,T)=gi +T Si—pvi, uji=uiMy, . (5.38)
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Entropy

Og: -
Si(p,T)=—[ai]ij . S =5iMy . (5.39)
p

Table 5.2:  Constants taken from TAPWS-95 [18], [19] for water and steam and from Feistel
and Wagner [52], [53] for ice.

Constant Water and Steam [18], [19] | Constant Ice [52], [53]
My, / kgkmol™ 18.015 268 R/ kIkmol ' K™ 8.314 472

Ry /kIkg 'K 0.461 518 05 Tii/ K 273.16

R” /klkmol ' K™ (8.314371)" po.i/ MPa 0.101 325
Tow /K 647.096 pti/ MPa 0.000 611 657
Pow / kgm™ 322.0

5.3 Ideal Mixture of Dry Air and Steam, Liquid Water, or Ice

The SKU model allows calculating the thermodynamic properties of unsaturated and
saturated humid air and of liquid fog and of ice fog. The treatment of these systems
corresponds to an ideal mixing of real fluids, which means they are considered to be ideal
mixtures of dry air and steam (and liquid water in case of liquid fog or ice in case of ice
fog). The calculation procedure for unsaturated humid air is summarised in Section 5.3.1.
The calculation for liquid fog and ice fog is described in the Sections 5.3.3 and 5.3.4. The
virial equation of Nelson and Sauer is used for calculating the composition of the
saturated state of humid air. This algorithm is presented in Section 5.4.

5.3.1 Composition of Humid Air

The humidity ratio (absolute humidity) xy, is defined as the quotient of the mass of water

my, in humid air divided by the mass of dry air m, in humid air:

Xy = 2w Mw (5.40)
my (m—mw)

where m is the mass of the mixture humid air.

With the mole fraction v, of water in humid air one obtains

Xy =g$, (5.41)
%%

where ¢ is the quotient of the molar masses of dry air and water, Eq. (5.42).

' These value of the molar gas constant R is identically with the current value recommend by Mohr and
Taylor [54]. Therefore, no particular label, e.g., "Lem" for air (Lemmon et al.), "95" for water and steam
(IAPWS-95), is used.

12 Calculated value.
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The quotient of the molar masses of water and dry air is defined as

E= = {?_a ) (5.42)
Ry

By solving Eq. (5.41) in terms of y, one obtains

Xw

Ww =————and y, =1-yy. (5.43)
(e+xw)
The molar mass of humid air M is calculated from the equation
M =y My +ywMy, (5.44)

where M, and M, are the molar masses of dry air and water, given in Table 5.1 and
Table 5.2.

Then, the specific gas constant of humid air results from
R=R/M. (5.45)
For certain users, the mass fraction of water & in humid air is of interest. It can be

obtained from the expression

§W=(lfzw)=ﬁww,§a=1—§w. (5.46)
Table 5.3: Constants and values used for the calculation of psychrometric properties of
humid air.

Quantity Symbol Value Reference
Universal molar gas constant R 8.314 472 kJ/(kmol K) [54]
Molar mass of dry air My 28.958 6 kg/kmol [1]

Molar mass of water My 18.015 268 kg/kmol [18], [19]
Specific gas constant of dry air Ry =0.287 116 kJ/(kg K)

Specific gas constant of water f?w =0.461 524 kJ/(kg K)

Quotient: My / My = R, / Ry, & ~0.621 945

5.3.2 Unsaturated and Saturated Humid Air

To implement the ideal mixing of real fluids for unsaturated humid air, the fundamental
equation of state proposed by Lemmon et al. [1] is applied for dry air, whereas the
scientific formulation IAPWS-95 [18], [19] is utilized for steam.

In addition for unsaturated or saturated humid air, the water content can be specified by
the quantity relative humidity. The relative humidity ¢ is defined as the quotient of the
mole fraction of water vapour y, in humid air divided by the mole fraction of water

vapour in the saturation state y, at given total pressure p and temperature 7:

0= Vw

_ (5.47)
Vs.w
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with the definition range 0< @ <1; the value ¢ =0 for dry air and ¢ =1 for saturated
humid air.

With the partial pressure of water vapour

Pw =W P (5.48)
and the saturation pressure of humid air
Ps =Vswph (5.49)

according Eq. (5.118), where p is the total pressure of humid air, one obtains
p=2v (5.50)

This equation is valid for py < ps.

As relation between humidity ratio and relative humidity the following equation is
obtained

w=g—PPs (5.51)
(p—ops)
with ¢ as quotient of the molar masses of water and dry air, Eq. (5.42), and ps = f ps.w
where f(p,T) is the vapour-pressure enhancement factor calculated from Eq. (5.103) for
given total pressure p and temperature 7. The saturation pressure of pure water pg., 1is

calculated for given temperature 7 from Eq. (3.120).
Saturation State
The saturation state of humid air is characterized by
Pw = Ps(p,T) according Eq. (5.118),
Ww =Ws,w according Eq. (5.102),
=1,
and therefore by

Vs,w

W = 7. N\
’ g(l_l//s,w)

(5.52)

where 5y, is the mole fraction of water vapour in saturated humid air and ¢ is given in
Eq. (5.42).

The equations for unsaturated humid air from the SKU model are given as follows:

Molar density and molar volume

The molar density p has to be calculated iteratively from the following expression for

the mixture pressure p , temperature 7', and composition ¥ :

p(p’Tayl):Wapa(paT)+pW(pW’T) (553)

where
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v, 1s the molar fraction of dry air in humid air,
pa 1s the partial pressure of dry air at temperature 7 and molar mixture density p

and reads:

pa=pT R [1+5a at, (5a,ra)} (5.54)

with a(rg’a from Eq. (5.5), 62 = p/ pja, ta =Tja /T , where pj,, Tja,and RE™
from Table 5.1,

pw 1s the partial pressure of steam at temperature 7 and molar partial density of

steam py, and reads:

o= TR 146y @, (Bw.7) | (5.55)

with agyw from Eq. (5.20), Sw = pw / Pew > Tw = Tew / Ty » Where

Pw = Pw My,
Pw =Ww p with vy =1-w,, and
Pews Tew, R”,and My, from Table 5.2.
After iterating p, the molar volume v, the mass density p, and the specific volume v

are calculated from the equations

1 Y
v=—, p=pM ,and v=— 5.56
» p=p v; (5.56)

with the molar mass M of the mixture resulting from Eq. (5.44).

For the application to humid combustion gases with / components as recommended in the
ASME Report STP-TS-012 [57], the following equation for iteratively calculating the
molar density p of the mixture can be used:

1
p(p.T. )= > [wipi(p.T)]+ pw(pw.T) (5.57)
i=l,i#w
where ¥ is the vector of the mole fractions,
w; is the mole fraction of the component i,
pi 1s the partial pressure of the component i calculated for p and 7 from the
fundamental equation of the component i,

pw 1s the partial pressure of steam calculated for py, and 7 from the fundamental

equation of steam, and
Pw =Ww p 1s the partial density of steam, where i, is the mole fraction of steam.
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Isobaric heat capacity

where: Dry air

‘p

cp(P T, ¥)=Wacpa(pT)+yw Cp,w(pWaT)+Acp,dis(paTa5U) , Cp= v

r T
(1+5a a5,a_5a Taa&_’a)

L 2 o r
Cpa (p,T)=R""| 13 (aﬂ,a tQrra )+

Steam

2

r 2 r
1+20, A, + 0, Ass

(5.58)

(5.59)

2
(1 + 0w 05 o — Ow Tw A, )

95 0 r
Cp,w (pw,T)=R"| -1y (arr,w +Qrrw ) +

Dissociation at temperatures 7 >1200 K
Acp dis(p,T,¥) results from Eq. (5.89),
and M results from Eq. (5.44).

r 2 or
1+20y A5 + Ow Ass w

(5.60)

For the application of humid combustion gases with / components as recommended in the

ASME Report STP-TS-012 [57], the following equation can be used:

1
(P T )= Y [wicpi(p.T)|+¥w cpw(pw.T).

i=l,i#w

The dissociation part is not considered in the ASME report.

Isochoric heat capacity
cv(p,T,¥)=y, Cv,a(p,T)+‘//w Cv,w(pWaT)+Acp,dis(paT,yj) , Cy=

where: Dry air
Cva(p.T)==R"" 7] (% o+ lhea |
Steam
oo (P T) = =R 73 @ + e
Dissociation at temperatures 7' >1200 K
Acp dis(p,T,¥) results from Eq. (5.89),

and M results from Eq. (5.44).

Cy

(5.61)

(5.62)

(5.63)

(5.64)

For the application of humid combustion gases with / components as recommended in the

ASME Report STP-TS-012 [57], the following equation can be used:
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I
(P T.¥)= Y. [Wicvi(p.T) |+ crw(pw.T). (5.65)

i=li#w

The dissociation part is not considered in the ASME report.

Enthalpy
~ N
h(va:W) :'//a ha(p:T)'H//w hW(pW:T)_'-AhdiS(p:ToW) ] h :M (566)
where: Dry air
by (p.T) = R™" T[1+ra (a2a+ata )+, aga} (5.67)
Steam
I (P, T) = R T[1+rw (a;’,w +a§’w)+5w ang (5.68)

Dissociation at temperatures 7 > 1200 K

Ahgis(p, T, ¥) results from Eq. (5.90),
and M results from Eq. (5.44).

For the application of humid combustion gases with / components as recommended in the
ASME Report STP-TS-012 [57], the following equation can be used:

1
hp,T,%) =Y [wihi(p,D)]+ww hw(pow.T). (5.69)

i=l,i#w
The dissociation part is not considered in the ASME report.

Internal energy

- u
u(va:y/) = ‘//a ”a(p:T)'H//W uW(pW9T)+AhdiS(vaa¥/) , U :M (570)
where: Dry air
ua(p,T)=R"" Tz, (a?,a +a;,a) (5.71)
Steam
Uy (Pw,T) = R” Tty (a?,w + a;,w) (5.72)

Dissociation at temperatures 7 > 1200 K

Ahgis(p, T, ¥) results from Eq. (5.90),
and M results from Eq. (5.44).

For the application of humid combustion gases with / components as recommended in the
ASME Report STP-TS-012 [57], the following equation can be used:
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I
u(p,T,¥)= D, [wiui(p.D)]+ww uw(pw,T). (5.73)

i=l,i#w

The dissociation part is not considered in the ASME report.

Entropy
~ S
S(va:W) = '//a Sa(paT)_'_l//W SW(pW9T)+ASiIT +ASdiS(p:T:yj) > S :ﬁ (574)
where: Dry air
sa(p,T)=R"" [ra (a;’,a + a;’a)—ag —a§}+ ASirr (5.75)

and Asj; 5 is the irreversible contribution of the dry air entropy,

Asira =—R*™ Y {ﬂln(ﬁﬂ

i,i#EwW Va Ya
ASigra = —R""[~0,56354] = 4,68559kJ kmol 'K,

where the components of dry air are i = N», O, and Ar.
Steam
sw(pw,T)=R" [rw (a?,w +a§7w)—a$\, —aﬁv} (5.76)
Irreversible mixing entropy of humid air
Asire ==R[wa In(va) + v In(yw) ],

where R results from Eq. (5.45).
Dissociation at temperatures 7' >1200 K

Asgis(p, T,¥) results from Eq. (5.91),
and M results from Eq. (5.44).

For the application of humid combustion gases with / components as recommended in the
ASME Report STP-TS-012 [57], the following equation can be used:

1
S(p,T,&U): z [l//l Si(paT)]+l//W SW(pW’T)+ASirr’ (577)

i=l,i#w

where the irreversible mixing entropy of the humid combustion gases

1
Asir =—RY_ i In(w;) .
i=1
The dissociation part is not considered in the ASME report.

Speed of sound

W(p.T, ) = WO (T,%)| po 22D WP T) (5.78)
W(T) W.(T)
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(T, %
where: w°(T,¥)= LET , (5.79)
(T, ¥)-RM
p
cp(T, ) =yacpa(T) +ywepw(T), (5.80)
5 a(T)=-R""130% 5, (5.81)
o w(l) =R 1508 (5.82)

M results from Eq. (5.44), R results from Eq. (5.45),
R™™ results from Table 5.1, and R”® results from Table 5.2.

Dry air
wa(p,T) = Lc"—’a(&—pj : (5.83)
My cya \ Op Ta
(o) T Lem
Wi ()=, | “pal )Lem Kr. (5.84)
cpa(l)—R M,

M, and R"" results from Table 5.1.

Steam
3 E 0
Wy (PorsT) = \/P—W(a—pj : (5.85)
Co,w \OP )T
0 T 95
wa (T) = o) R T, (5.86)
cpw(T)—R> My

My, and R results from Table 5.2.

For the application of humid combustion gases with / components as recommended in the
ASME Report STP-TS-012 [57], the following equation can be used:

I
wi(p, T \ , T
W, T ) =W #)] Y {v/i *%’}w% , (58)
i=1izw wi (T) ww (T')
where
o (T. @
WO (T, %) = LET _
(T ¥)-RM
Isentropic exponent
w? p
p

where
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w, p, p are speed of sound, the molar density of the mixture, and the pressure of the
mixture, and M results from Eq. (5.44).

The terms Ac, gis, Ahgis, and Asgs are needed for isobaric and isochoric heat capacities,
c¢p and c,, for enthalpy 7, for internal energy u, and for entropy s. They consider the
influence of the dissociation at temperatures greater than 1200 K and mole fractions of
oxygen greater than or equal to 1%. The algorithms of the VDI-Guideline 4670 [16], [23]
contain a simplified model for the dissociation at high temperatures given as:

Acp dis = Acp dis(p. T, ), (5.89)
Ahgis = Ahgis(p,T,¥), (5.90)
Asgis = Asais(p, T,¥), (5.91)

where ¥ is the vector of the mole fractions of the components.

5.3.3 Liquid Fog

Liquid fog is treated as an ideal mixture of saturated humid air and of water droplets in
the calculation of its thermodynamic properties. But it makes no sense to calculate the
isobaric heat capacity ¢, and therefore the thermal diffusivity a and the Prandtl number

Pr in the case of liquid fog.

The values of the constants for dry air used in this section are taken from Table 5.1, and
the values of the constants for steam and water used in the following equations are taken
from Table 5.2.

Important thermodynamic properties are given for liquid fog (xw >x5w and
273.16 <T < 647.096K) as follows:

Molar and specific volume and density

1+x ~
1 w,ls + (xw —Xw.,s )Vw,liq
poita e M. (5.92)
1+xy,
5= (5.93)
v
Enthalpy, Entropy, and Internal energy
z(p,T,¥) = (1+—X)|:Ea +Xw,s Zw,y t+ (xw —Xw,s )Zw,liq] (5.94)
w
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Zy = Z(pa,T)

and p, = p— Ds,w

EW,V = 2(pS,WaT)

and Ps,w = f(p,T)

Zwliq = Z(p,T)

Speed of sound

where Z=/h (for specific enthalpy), Z=35 (for specific entropy), or Z=1u (for specific
internal energy):

specific value of the corresponding property for air

obtained from Lemmon et al. [1]

is the partial pressure of air in the mixture in MPa,

specific value of the corresponding property for water
vapour obtained from IAPWS-95 [18], [19]
is the partial pressure of water vapour of the saturated

state obtained from Nelson and Sauer [38], [39] in
MPa,

specific value of the corresponding property for liquid
water obtained from IAPWS-95,

humidity ratio in kg kgz'
mass fraction of water in kg, kg_1 ,

humidity ratio of the saturated state at given pressure

p and temperature 7 in kg, kga_1 , Ry from Table 5.1,
Ry, from Table 5.2, and

molar mass of the mixture in kgkmol_l, M, from
Table 5.1, M, from Table 5.2,

mole fraction of air

mole fraction of water.

w(p,T,¥)= Vs,w Wsw t Vw.lig Ww,lig (5.95)

where

6  ~
Ws,w = \/10 PVs,w Ks,w

with

speed of sound of the saturated state of water vapour

in ms™!
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Vsw = ﬁ specific volume of the saturated state of water vapour
a Py
in m* kg_1
where
Va =V(Pa,T) value of the specific volume of dry air obtained from
Lemmon ef al. [1] in m? kg_1
Pa =D~ Dsw is the partial pressure of air in the mixture in MPa,
Vwy =V(Psw,T) value of the specific volume of water vapour obtained
from IAPWS-95 [18], [19] in m® kg™
Dsw = f(p,T) is the partial pressure of water vapour of the saturated
state obtained from Nelson and Sauer [38], [39] in
MPa,

~ 0 . .
Ksw = [ [v,cp,cv, p,(a—zj } isentropic exponent of the saturated state of water
T

vapour, the calculation is described in the following
item
W liq = W(p,T) speed of sound of pure water obtained from

IAPWS-95, in ms ™"

Vi lig (xw ~Xw,s )

Ywliq = is the volume fraction of liquid water
1+ Xy s
i n L + ‘7w,liq (xw —Xw,s )
Va Vw,yv
with
Vw,liq = V(p,T) value of the specific volume of liquid water obtained
from IAPWS-95,
Ys,w = 1= 7wlliq volume fraction of steam at the saturated state.

Isentropic exponent

K =Ys,w Ks,w T Vw,liqg Kw,liq (5.96)
where
Vs.w Cp (O . .
Ksw = —_=v P —lj value of the isentropic exponent of the saturated state
pcy, \OV)r

of water vapour
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with

Vs,w =

1

1
Va Vw,yv

5 —_ cp’a + xW,S cp7W7V
p =
1+ Xy s
where

Ep,a :Ep(paaT)
5p,w,v :Ep(pS,W9T)

~ Cy,a T Xw,s Cyw,v

1+ Xw,s
where

5v,a =Cy(pa,T)

Ev,w,v =0y (pS,W:T)

specific volume of the saturated state of water vapour,

specific isobaric heat capacity of the saturated state,

value of the specific isobaric heat capacity of air
obtained from Lemmon et al.

value of the specific isobaric heat capacity of water
vapour obtained from IAPWS-95,

specific isochoric heat capacity of the saturated state,

value of the specific isochoric heat capacity of air
obtained from Lemmon et al.

value of the specific isochoric heat capacity of water
vapour obtained from IAPWS-95,

1

op

s

() -rar
@] e
T,a

where

Dry air

AR
(5}7"’31 (VaaT) -

Water and steam

ov
‘fa =1- és,w

Lo = Xw,s
sw=7_
Ity s

Kw,liq = K(p,T)

2
ap T,w

>

72

RaT(1+25aaga+5§ag(5a)

5

~2
Vw

(_J (ﬁweT):_ - 2
P Jr Ry T (1426w a5, +6% afs )

2

mass fraction of dry air in the mixture at the saturated

state,

mass fraction of water vapour of the saturated state.

isentropic exponent of liquid water obtained from
IAPWS-95.
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5.3.4 lce Fog

Ice fog is treated as an ideal mixture of saturated humid air and of ice crystals using the
algorithms for the calculation of the thermodynamic properties of unsaturated humid air.
As an assumption, the ice crystals are considered to be equally distributed in the total
volume or volume flow. But the properties molar isobaric heat capacity c,, molar
isochoric heat capacity c, , thermal diffusivity a, and Prandtl number cannot be calculated
in the case of ice fog. The reason is that the definition of ¢, =(0h/0T), would lead to
infinite values of ¢, if the enthalpy of evaporation is considered.

The values of the constants for dry air used in this section are taken from Table 5.1, and
the values of the constants for steam, water, and ice used in the following equations are
taken from Table 5.2.

Important thermodynamic properties are given for ice fog (&w>&sw and
243.15<T <273.16 K ) as:

Molar enthalpy, molar entropy, and molar internal energy

M
z= 5 x) [Ea + Zwy Xws T Zw,i (xw —Xws )] (5.97)
w

where Z = h (for molar enthalpy), Z=3 (for molar entropy), or Z =1 (for molar internal
energy)
Za = Z(psa,T) specific value of the corresponding property for air

obtained from Lemmon et al. [1]

and psa = p—psw is the partial pressure of air in the mixture in MPa,
Zwy =Z(psw,T) specific value of the corresponding property for water
vapour obtained from IAPWS-95 [18], [19]
and psw = f(p,T) is the partial pressure of water vapour of the saturated
state obtained from Nelson and Sauer [38], [39] in
MPa,

for enthalpy / and entropy s:

Zwi=Z(p,T) specific value of the corresponding property for ice
obtained from Feistel and Wagner [52], [53],

for internal energy u:

fiwi = hwi(p,T) = pwi(p.T),

hy.; and vy, ; obtained from IAPWS [52].

" For simplifying the use of the library, the ice fog was assigned to temperatures below the triple-point
temperature 273.16 K of water.
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Speed of sound
W= Wsw (5.98)

Wsw =/ P Vs.w Ks,w speed of sound of the saturated state of water vapour
(from Section 5.3.3).

Isentropic exponent
K= KS,W (599)
with
Vs.w Cp (O . .
Ks.w :_M(G_{)j isentropic exponent of the saturated state of water
\Z
T

vapour (from Section 5.3.3).

Molar volume

Iy s

ﬁ +(xw —Xw,s )ﬁw,i
Vo oV
po 8 WY M (5.100)
1+xy
where
Va =V(Psa,T) specific volume of air obtained from Lemmon et al.
[1]1in m? kg_1
Vwy =V(Psw>T) specific volume of water vapour obtained from
IAPWS-95 [18], [19] in m’ kg™
Vw,i =v(T) specific volume of ice crystals obtained from [52],
[53] in m’ kg_l.
Mass density
p= M (5.101)
v

where v is the molar volume in m> kmol™".

Some basic variables used in the equations for liquid fog as well as in that for ice fog are
given for the sake of completeness as follows:

Xy =22 humidity ratio in kg, kg |
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Ew mass fraction of water in kg, kg_1
_ Ra Ds,w .1 . )
Xys(p,T)=—=——"— humidity ratio of the saturated state at given pressure
Ry p— DPs,w
p and temperature 7 in kg, kga_1 , Ry from Table 5.1,
Ry, from Table 5.2, and
M=y, My +wy My molar mass of the mixture in kg kmol™! , M, from
Table 5.1, M, from Table 5.2,
where
Wa=1-yy mole fraction of air, and
W Tw mole fraction of water,
My,
( M, j
Yew =1—7w volume fraction of liquid water of the saturated state,
Vw lig | Xw — X
Yw = wliq ( h W’S) is the volume fraction of liquid water,
I+ Xy
L + L + ﬁw,liq (xw —Xw,s )
Va  Vwy

where Vy jiq =V(p,T) is the value for the specific volume of liquid water obtained
from IAPWS-95.

5.4 Composition of Saturated Humid Air

The mole fraction of water in saturated humid air is:

_ fps,w
Ysw=—"—
p

(5.102)
where pg, is the saturation pressure of pure water and p is the total pressure. The
enhancement factor f considering the non-ideal behaviour of the mixture in the
saturated state is given as a function of p and 7 and can be derived iteratively from the
isothermal compressibility of liquid water, from Henry's constant, and from the virial
coefficients of air, of water, and of the mixture air-water using the relationship:
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2 2
(p — Ps,w )

In(f) = 2 vwliq +In(1- B vsa p)+

2 2 2
2 _ _
Vsa P } By, _|: Vs,a p:lBaw _I:p Pssw —Wsa P } B 4

RT

Wi P 3y,
oo |aaa T
(RT) 2(RT)

_3Wsz,a (1_Ws,a)l7
(RT)’

_Wsz,a (1_3Ws,a)(1_‘//s,a)p
(RT)’

6'//52,a (1 —Ws,a )2 pz

(RT)2 wa Baw NG Bz%a -

_ZWsz’a (1_Ws,a)(1_3WS,a)p2

Biw
(RT)

(5.103)
where p is the total pressure, T is the temperature of the mixture humid air, ;g is
the mole fraction of water in saturated humid air with wgy =1-w;,, and
R =8.3144 kJkmol ' K™! is the value of the universal molar gas constant from [39].

Furthermore, pgyw = pd(T) is the saturation pressure for temperatures 7 >273.15K
obtained from IAPWS-IF97 [20], [21] according to Eq. (3.120).

xr 1s the isothermal compressibility of liquid water obtained from IAPWS-95 [18§],
[19] for temperatures 7 > 273.15K :

P—— (@J (5.104)
Vwlig \ P )1

with

Vw,liq = V(p,T) is the molar volume of liquid water, and

2

ov _ Vw
(a_j (VW’T)__ r 2 r s

where this partial derivative for water is taken from IAPWS-95 [18], [19] in Sec.
5.2.
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For temperatures 7 2273.15K vy =Vjiq(pw,s,T) is the molar volume of saturated
liquid water of IAPWS-IF97.
Pu is the Henry's law constant and is calculated from the following equation valid for

T>273.15K and T <T;(p), whereas T5(p) is the saturation temperature for a given
pressure:

1077

P = 1.013253,

(5.105)

where

1 _vo, W¥Ny

ﬂa ﬂOz IBNQ

with

(5.106)

w0, =0.22 is the mole fraction of oxygen in dry air,

wN, = 0.78 is the mole fraction of nitrogen in dry air,

6
fo, zexp{z Ji X ("'”} (5.107)

k=1
where J; ... Js are coefficients obtained by Nelson and Sauer [38], [39]:

Ji ~0.197 867 73 x 10°
J 0.233 930 48 x 107
Js ~0.989 849 83 x 10/
Ja 0.223 631 72 x 10’
Js ~0.296 184 34 x 10°
Js 0.170 849 32 x 107"

6 4
B, = > T XED L g, x O™ (5.108)
k=1 m=1

where J; ... Js and [ ... I are coefficients obtained by Nelson and Sauer:

Ji = —0.288 743088 x 10°
J = 0.111 167594 x 10°
J; = —0.279 882964 x 10
Ji = 0.444 444 530 x 10
Js = —0.404 940 980 x 10°

0.161 931 127 x 10°

Js
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6

I = 0491323518 x 10
L = —-0.529382752x10°
L = 0328398259 x 10°
I, = -0.895056879 x 10°

with X =1000K 7!,

Py is zero for 7> 273.15K and T > Ty(p) .
Nelson and Sauer [38], [39] determined the temperature dependent virial coefficients
to be:

7 T (1-k)
Baa(T) l(em® mol ™) = " by < (5.109)
k=1

where b; ... by are:

by = 031831763 x10°

by = —0.71951195x 10°

by = -0.65381370x 10’

by = 0.15929828 x 10'°

bs = -0.25588842x 10"

hs = 0.22300382x10"

by = -0.82793465x 10"

0 7 (b
Caaa (T)/(cm® mol ™) = chE (5.110)
k=1

where ¢; ... ¢7 are:

¢ = 0.12975378 x 10*

¢ = 046021328 10°

cs = 040813154 x 10°

cs = -0.32023910x 10"

cs = 0.22964785x 10"

ce = —0.53683467x10"

c; = —021183915x 10"

s, pQ-k)
Caaw (T) /(cm® mol2) = ZC"E (5.111)
k=1

where ¢; ... ¢5 are:
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0.482 737 x 10°

(&3] =
¢, = 0.105678 x 10°
c3 = —0.656394 x 10°
cs = 0294442 x 10"
cs = -0319317x 10"
6, 12 -6 Lorth
Caww (T)/(cm” mol ) =-10"exp Cr— (5.112)
{kzl K }
where ¢ ... ¢4 are:
¢ = —0.107288 7 x 10°
c; = 0347804 x 10"
c; = —0.383383x10°
ci = 0334060 x 10°
6 P 7 D
Coww (T)/(cm® mol™) =10 exp{zckE } (5.113)
k=1

where ¢ ... ¢y are:

—0.656 627 660 6 x 10"

C1 =

c; = 03894679516 x 10°
c3 = —0.34281020537 x 107>
cs = 0.1333924918x 107"
cs = —0.272640407 8 x 107/
cc = 0.2839369136x10"°
c; = —0.1189114330x 1073

The second virial coefficients for water-water ( By ) and air-water ( B,y ) molecule

interactions given by Nelson and Sauer was replaced with the recommended
calculation proposed by Harvey et al. Harvey and Huang [55] determined the
temperature dependent second virial coefficient of air and water By, to be:

3
Baw (T) /(cm® mol ™1y = > by (T%) (5.114)
i=l

where b; ... bsand d; ... ds are
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by = 0.665567 x 10° dy = —0.237
by = -0.238834x 10° dy = —1.048
by = -0.176755x 10° dy = -3.183

and T*=T/(100K).

Harvey and Lemmon [56] determined the temperature dependent second virial
coefficient of water and water By, to be:

3
By (T) /[(em® mol 1) =107 Y b (7% (5.115)

i=1

where b, ... bsand d, ... d; are:

by = 0.34404x 10° d, = —05
by = -0.75826 x 10" d = —0.8
by = -0.24219 x 10 dy = —3.35
by = -0.39782 x 10 dy = —83

and T* =T /(100K).

The value for w,(p,T) in Eq. (5.103) has to be calculated in each step of the iteration

according to:

Voa =p_f% (5.116)

The initial value for f in relation (5.116) chosen for the iteration is 1.0. If the criterion
‘V/Saanew ~Wsagy| <€ With €= 1078 is fulfilled, the iteration is completed.

After iterating the enhancement factor f, the mole fraction of water vapour g, results

from

_ f Ps,w
p

Ve (5.117)

The saturation pressure pg of humid air is obtained using

Ps=Jf Dsw =Wsw D - (5.118)
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6 Conclusions

Different models for calculating thermodynamic properties of humid air have been
compared. The implemented algorithms of the models have been described in Section 3
of this work. The models were verified by comparing the calculated results for a certain
model with the available experimental data as well as with the results for the other
models in Section 4. Section 5 comprises the description of the new SKU model
developed and recommended for the calculation of the thermodynamic properties for
humid air. For calculating the thermodynamic properties of humid air, the recommended
model is composed of the following two models:

e Ideal mixture of the real fluids dry air and water

e Virial equation for the mixture by Nelson and Sauer used for calculating the
saturated composition of humid air (poynting correction).

In addition, a procedure to calculate the thermodynamic properties of humid air in case of
liquid fog and ice fog is recommended.

The ideal-mixing model for the calculation of the thermodynamic properties of humid air
uses the most accurate equations of state for the real fluids dry air and water, and for ice
in the case of ice fog.

Further investigations with regard to the thermodynamic properties of humid air should
incorporate the multi-fluid model of Kunz ef al. which was not yet available during this
project. Further experimental data for the thermodynamic properties of humid air are
needed for further improvements of the corresponding calculation algorithms.
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1 Nomenclature

Symbols

Variable Description

a; Coefficients

ap; ---a3; Coefficients

A Constant

A; Coefficients

A; Temperature dependent ratio of collision integrals for i-j interactions
b; Coefficients

boi ...3; Coefficients

B Constant

B; Coefficients

Temperature dependent relationship of collision integrals for i-j interactions

Cp Specific isobaric heat capacity

cy Specific isochoric heat capacity

C Constant

G Coefficients

Cpm Molar isobaric heat capacity

CVm Molar isochoric heat capacity

d; Exponents, coefficients

D Constant

D Binary diffusion coefficient

E Constant

F Constant

Fe Factor for molecular structure and polar effects

G Constant

G; Parameters characterizing the density dependence of transport properties
h; Coefficients

hij Coefficients

H Constant

H. Pseudo-critical viscosity

H; Parameters characterizing the density dependence of transport properties

&

Elements of determinant for calculating the viscosity of dense fluid mixtures
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= AR R -
~ o' ©

Exponent

Boltzmann's constant
Pseudo-critical thermal conductivity
Concentration equilibrium constant
Pressure equilibrium constant
Exponents, coefficients

Coefficients

Elements of determinant for calculating the thermal conductivity of dense
fluid mixtures
Mass

Molar mass

Number of terms in 77R and AR
Number of components of the mixture
Coefficients

Avogadro’s constant

Pressure

Effective cutoff wave number
Function

Universal molar gas constant
Universal amplitude

Constant, function

Effective cross section for the viscosity

Exponents

Temperature

Specific volume

Volume

Absolute humidity, constant
Molar composition in general
Mole fraction

Packing fraction

Elements of determinant for calculating the transport properties of dense
fluid mixtures

Collision number

Parameter considering the contribution of internal degrees of freedom to
thermal conductivity

Parameter accounting for the mean free-path shortening for i-j interactions,
interaction parameter in 3PCS model
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Parameter considering the contribution of internal degrees of freedom to

p thermal conductivity

Bij Interaction parameter in 3PCS model

By Parameter

o5} Parameter

/4 Critical exponent, volume fraction

Vi Parameters

Vi ParameFer accounting .for the mean free-path shortening for i-j interactions,
interaction parameter in 3PCS model

r Amplitude of the asymptotic power law for ¥

o Reduced density

AHy Enthalpy of dimerisation reaction

£ Scaling factor for energy, potential energy parameter

n Dynamic viscosity

77,9- Interaction viscosity in the limit of zero density

y Correction factor for hydrogen-bonding effects, bulk viscosity, scaling
factor for thermal conductivity

A Thermal conductivity

24? Interaction thermal conductivity in the limit of zero density
Dipole moment

1% Kinematic viscosity, critical exponent

& Correlation length, mass fraction

&o Amplitude of the asymptotic power law for &

P Mass density

Om Switch-over molar density

o Scaling factor for length, potential length parameter

T Reciprocal reduced temperature

D;; Interaction parameter

X Contact value of pseudo-radial distribution function

Xij Contact value of pseudo-radial distribution function in dense fluid mixture

V4 Dimensionless generalized susceptibility

v Scaling factor for viscosity; Note: In Part A y is used as mole fraction.

@ Term considering the contribution of internal degrees of freedom to thermal
conductivity

10} Acentric factor

i

Term of the enhancement of thermal conductivity in the critical region
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2

022

Correction term of the enhancement of thermal conductivity in the critical
region

Collision integral for viscosity and thermal conductivity

Superscripts

Subscripts

a
c
cal

exp

i
ice

lig

md

mix

ref
rfl, rf2

vap

Limit of zero-density

Contribution to transport property related but not identical to residual part
Contribution to transport property accounting for the critical enhancement
Adjusted

Contribution due to critical enhancement

Ideal-gas contribution

Residual contribution

Reduced variable

Component dry air

Critical

Calculated

Dimer

Experimental

Subindex for components of the mixture, for coefficients, and for exponents
Subindex for interacting components of the mixture
Ice

Kinetic contribution

Liquid

Molar, monomer

Monomer-dimer interaction

Mixture

Potential contribution

Reduced variable

Reference

Reference fluids 1 and 2

Contribution to thermal conductivity due to reaction
Saturated state

Vapour

Component water
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Abbreviations

Abbreviation
AA-CAES

FHZI

HuAir

int
Lib

LHA
mon
3PCS
RUB
Vw

Description

Advanced Adiabatic Compressed Air Energy Storage, Project in the
Fifth Framework Programme by the European Commission,
Contract-No. ENK6-CT-2002-00611, www.cordis.lu.
Zittau/Goerlitz University of Applied Science, Department of
Technical Thermodynamics, Prof. Dr. H.-J. Kretzschmar, Zittau,
Germany.

Ideal mixture of the real fluids dry air and water (water from
IAPWS-IF97) from FHZI;

Software: LibHuAir from FHZI.
Internal contribution to the thermal conductivity.

Shortcut for 'Library'; corresponds to a property library, e.g.,
LibHuAir which includes functions for the calculation of humid air.
LibHuAir.

Translational monatomic contribution to the thermal conductivity.
Three-Parameter Corresponding States Model of Scalabrin ef al.

Ruhr-Universitdt Bochum.
Model of Vesovic and Wakeham.
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2 Overview on Data from the Literature and Newly Measured
Data

2.1 Data from the Literature
2.1.1 DryAir

The collection of experimental data concerning the transport properties of dry air consists
of 33 literature sources selected for the database. 19 of them contain results for the
viscosity and 14 for the thermal conductivity. Only reliable data were selected, prepared,
and incorporated into the database of the project AA-CAES, some older measurements
were left out. For each data set a description file was added giving information about the
method applied for the measurements, the preparation of the air used, the experimental
uncertainty reported by the authors, and some additional remarks. Furthermore, some
correlations and calculation methods handling dry air as a pure component (taken from
the atmosphere) or as a mixture of nitrogen, oxygen, and argon were included. A
comprehensive analysis of available experimental transport property data was given by
Lemmon and Jacobsen [1].

2.1.2 Humid Air

Only a few experimental data for the transport properties of humid air are available. Two
data sets for the viscosity [2], [3] and one set for the thermal conductivity [4] could be
considered for the further evaluation of transport property models. All measurements on
humid air reported in the open literature were restricted to atmospheric pressure and low
temperatures (see Figure 2.1), but covered the complete range of composition. In most
cases values for the densities of the mixtures were not given and had to be calculated
from the equation of state.
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Figure 2.1: Pressure-temperature diagram with data points for the viscosity of humid air given
by Kestin and Whitelaw (1964) [2] and by Hochrainer and Munczak (1966) [3] as well as for the
thermal conductivity of humid air given by Griifl and Schmick (1928) [4].

2.1.3 Aqueous Mixtures

In addition, results of measurements for the viscosity of N,+ H,O and CHs + H,O
mixtures were reported by Assael et al. [5]. These measurements were carried out in the
temperature range between 313 and 455 K near atmospheric pressure by means of a
vibrating-wire viscometer.

2.2 Newly Measured Data
2.2.1 Dry Air

Measurements of the viscosity of dry air were carried out within this project at Ruhr-
Universitdt Bochum [6], using a rotating-cylinder viscometer combined with a single-
sinker densimeter, in the range between ambient temperature and 500 K up to a
maximum pressure of 17 MPa. In addition, new experimental data on the thermal
conductivity of dry air were provided by the co-workers from the Universidade de Lisboa
[7]. Their measurements were performed with the transient hot-wire technique along
three isotherms between 316 K and 436 K and at pressures up to 10 MPa. A comparison of
the newly measured data with available transport property correlations is given in a later
section.
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2.2.2 Humid Air

In addition, the working group at Ruhr-Universitit Bochum performed some
measurements of the viscosity of humid air at small mole fractions of water in the
temperature range between 298 and 500 K and pressures up to 15 MPa. These data points
are plotted in Figure 2.2. New experimental data on the thermal conductivity of humid air
should be determined by the working group of the Universidade de Lisboa, but have not
become available until now.
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Figure 2.2:
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TinK

Pressure-temperature diagram with data points for the viscosity of humid air

measured within the project by Woll (RUB, 2005) [6].
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3 Description of Models for Transport Properties

3.1 Transport Properties of Dry Air and Pure Water

The validity ranges and the uncertainties of correlations for the transport properties of dry

air, argon, and water needed in the calculations of this section are summarized in Table
3.1.

Table 3.1:  Validity ranges and uncertainties of correlations for the transport properties of dry
air, argon, and water.

Dry air [1] Argon [1] Water [8], [9]
Viscosity
Temperature 70-775 K 84-575 K 273-1173 K
range (extrapolation possible)
Max. pressure 100 MPa 100 MPa 300-1000 MPa
Uncertainty Dilute gas: £ 1% Dilute gas: £ 0.5% Dilute gas: £ 1-2%
High pressures: High pressures: Medium pressures:
+2-5% +1-2% +2-3%
Larger uncertainties Larger uncertainties High pressures and near
near to critical point near to critical point to critical point: + 5-8%
Thermal
conductivity
Temperature 70-1100 K 89-980 K 273-1073 K
range (extrapolation possible)
Max. pressure 100 MPa 100 MPa 40-100 MPa
Uncertainty Dilute gas: £ 2% Dilute gas: + 2% Dilute gas: + 2%
High pressures: High pressures: Medium pressures:
+3-5% +2-3% +3%
Larger uncertainties Larger uncertainties High pressures and near
near to critical point: near to critical point: to critical point:
> 10% +5% + 8%
3.1.1 DryAir

Ambient air is a mixture of several components with varying mole fractions. Since the
composition of the mixture influences the thermophysical properties, all experimenters of
the project AA-CAES used samples of dry air with the same composition (mole fractions
of nitrogen: 0.7820, oxygen: 0.2090, argon: 0.0090). Older measurements reported in the
literature were normally performed on dried ambient air with small differences in the
composition. Nevertheless, all these data were used as basis to develop correlations for
the viscosity and the thermal conductivity of dry air. This makes possible calculation of
the transport properties of dry air as a pseudo-pure component.

In addition, the transport properties of dry air can be determined by considering it to be a
mixture of several pure components.
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3.1.1.1 Dry Air as Mixture of Nitrogen, Oxygen, and Argon

The treatment of dry air as an ideal or a real mixture of the pure components nitrogen,
oxygen, and argon requires a suitable mixing model. Such a model should be based on
reliable correlations for the transport properties of the pure components. The formulations
given by Lemmon and Jacobsen [1] and used in the AA-CAES project were developed
using a large number of experimental data available in the literature and can be used to
calculate the viscosity and thermal conductivity of nitrogen, oxygen, and argon over large
ranges of temperature and pressure.

The viscosity of the pure fluids is expressed according to Lemmon and Jacobsen [1] with
the following equation:

n=n(T)+n"(z,6). 3.1)

The viscosity of the dilute gas 770 depends on the temperature 7, whereas the residual part

of viscosity 77R is a function of the reciprocal reduced temperature z=7./7 and the
reduced density o = p/ p. . The critical parameters 7, and p. are given in Table 3.4 at

the end of this section. Since the enhancement of the viscosity in the vicinity of the
critical point is comparably small and negligible for most practical applications, no
critical contribution was included in the equation by Lemmon and Jacobsen. The dilute-
gas viscosity (in pPa s) follows from:

0.0266958/MT
2@y

n’(T) = (3.2)

where M is the molar mass, o is a scaling factor for length, and Q22" is the reduced
collision integral for viscosity and thermal conductivity given as

QPN (1Y) = ex 3 [ ol
=expt Y | In(T )] (3.3)
=0
with
T* =kpT/¢. (3.4)

Here ¢/kg denotes a scaling factor for energy, kg is Boltzmann's constant. The

coefficients of the collision integral equation are summarized to be:
byo=0.431, b; =-0.4623, b, =0.08406, bs=0.005341, bs;=-0.00331.

The residual fluid contribution to the viscosity follows from

R (z,8) = fzv,-rffadf exp(—]/,-é'li ) . (3.5)
i=1
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All coefficients and exponents needed in Eq. (3.5) are summarized in Table 3.2. The
parameter y; equals zero, if /; is zero, and is unity, if /; is not zero.

Table 3.2:  Coefficients and exponents of the residual fluid viscosity relationship [Eq. (3.5)]
taken from Lemmon and Jacobsen [1].
I M t; dl‘ li i ]Vl t dl' li
Nitrogen Oxygen
1 10.72 0.1 2 0 1 17.67 0.05 1 0
2 0.03989 0.25 10 1 2 0.4042 0.0 50
3 0.001208 3.2 12 1 3 0.0001077 2.10 12 0
4 7402 0.9 2 2 4 0.3510 0.0 8 1
5 4.620 0.3 1 3 5 -13.67 0.5 1 2
Argon Air
1 12.19 0.42 1 0 1 10.72 0.2 1 0
2 13.99 0.0 2 0 2 1.122 0.05 4 0
3 0.005027 0.95 10 0 3 0.002019 2.4 9 0
4 —1893 0.5 5 2 4 81876 0.6 1 1
5 —6.698 0.9 1 4 5  -0.02916 3.6 8 1
6 —3.827 0.8 2 4

Similar to the formulations given above for the viscosity, the thermal conductivity of the
pure fluids is expressed as function of temperature as well as of reciprocal reduced
temperature and of reduced density:

21=22T)+ AR (,8)+ 1%z, 8), (3.6)

where 1° is the thermal conductivity of the dilute gas, AR is the residual fluid

contribution to the thermal conductivity, and AC is the contribution of the critical
enhancement in the vicinity of the critical point which cannot be neglected in the case of
the thermal conductivity. The reciprocal reduced temperature 7 and the reduced density
0 have already been introduced in connection with the viscosity equations.

The dilute-gas term of the thermal conductivity (in mW m™! K'l) reads:

0
=N [%}Nﬁz + N3z’ (3.7)
pPas

whereas the residual contribution to the thermal conductivity is given as:

n
AR = ZNiz'li5di exp(—;/,ﬁlf ) (3.8)
i=4
The coefficients and exponents needed in the last two equations are summarized in Table

3.3. As already mentioned above, the value of the parameter y; depends on the values of

the exponent /; and equals either zero or unity.
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Table 3.3:  Coefficients and exponents of the dilute gas and of the residual fluid thermal
conductivity equations [Eq. (3.7) and Eq. (3.8)] taken from Lemmon and Jacobsen [1].
N; t; di | i N; t; di

Nitrogen Oxygen

1 1.511 1 1.036

2 2.117 -1.0 2 6.283 —0.9

3 3332 —0.7 3 4262 —0.6

4 8.862 0.0 1 0 4 15.31 0.0 1 0

5 31.11 0.03 2 0 5 8.898 0.0 30

6 -73.13 0.2 3 1 6  —0.7336 0.3 4 0

7 20.03 0.8 4 2 7 6.728 4.3 5 2

8 —0.7096 0.6 8 2 8 4374 0.5 7 2

9 0.2672 1.9 10 2 9 04747 1.8 10 2
Argon Air

1 0.8158 1 1.308

2 —-0.4320 —0.77 2 1.405 —1.1

3 0.0 -1.0 3 -1.036 —0.3

4 13.73 0.0 1 0 4 8.743 0.1 1 0

5 10.07 0.0 2 0 5 14.76 0.0 2 0

6 0.7375 0.0 4 0 6 -16.62 0.5 3 2

7  -33.96 0.8 5 2 7 3.793 2.7 7 2

8 20.47 1.2 6 2 8 —6.142 0.3 7 2

9 2274 0.8 9 2 9 -0.3778 1.3 11 2

10 -3.973 0.5 1 4

The contribution to the thermal conductivity of the fluid due to the enhancement in the
critical region is calculated by means of a model developed by Olchowy and Sengers

[10]. Thus the critical enhancement of the thermal conductivity results as:

C kgRoT
= pcy _"BROY
6zn(T, p)

The correlation length &£ follows from

(@-2).

Cp

-1

VJ'[aIl_1 (f/qD)+c—V(§/qD)

(é/qD)‘H;(é/qD)z(pc/p)z

(3.9)

(3.10)

(3.11)
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Tiot viy
HT.p) =T p)
£=& r : (3.12)
with
- 0
AT, p) =L (—”j . (3.13)
pe \p T

In these equations, Rg, v, and y are theoretically based constants with values of
Ry =1.01, v=0.63, and y =1.2415, whereas the fluid-specific terms gp, &, and I~

were derived from a fit to experimental data in the critical region. The specific isobaric
and isochoric heat capacities, ¢, and cy, as well as the first derivative of mass density

with respect to pressure are available from the equation of state given by Lemmon et al.
[11]. The reference temperature Ti.r (see Table 3.4) was chosen to be twice the critical
temperature 7. At temperatures higher than 7i.r the bracket term in Eq. (3.12) becomes
negative and the critical enhancement should be set zero.

Table 3.4:  Parameters of the viscosity and thermal conductivity equations.

Parameter Nitrogen Argon Oxygen Air
T./K 126.192 150.687 154.581 132.6312
Pme / Mol dm 11.1839 13.40743 13.63 10.4477
p./ MPa 3.3958 4.863 5.043 3.78502
M/ g mol™ 28.01348 39.948 31.9988 28.9586
&kg /K 98.94 143.2 118.5 103.3

o/ nm 0.3656 0.335 0.3428 0.360
& /nm 0.17 0.13 0.24 0.11
r 0.055 0.055 0.055 0.055
gp/ nm 0.40 0.32 0.51 0.31
Tt/ K 252.384 301.374 309.162 265.262

If a suitable mixing model is available, the transport properties of dry air can be derived
in large ranges of temperature and pressure using the equations for the viscosity and
thermal conductivity of the pure fluids nitrogen, oxygen, and argon.

3.1.1.2 Dry Air as Pseudo-Pure Component

The formulations for the viscosity and thermal conductivity reported by Lemmon and
Jacobsen [1] can also be applied to calculate the transport properties of dry air treated as
pseudo-pure component. The parameters and coefficients needed for these calculations
have already been given in the tables of the foregoing section.
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3.1.2 Water and Steam

The International Association for the Properties of Water and Steam (IAPWS) provided
formulations for the calculation of the viscosity [8] as well as of the thermal conductivity
[9] of ordinary water substance over large ranges of temperature and pressure.

The viscosity of water and steam is given in reduced form according to the following
equation developed for general and scientific use:

e =0 (1) ni (T, pe) 12 (T pr) (3.14)

Because all quantities are used in their reduced forms, the reference values to perform the
reduction are given first together with the corresponding equations. In this connection it
is to be noted that the values of the reference constants are close to, but not identical to
the critical constants given in the equation of state [12], [13].

Table 3.5:  Reference constants and relationships to reduce viscosities and thermal
conductivities for water and steam.

Reference constants Reduced quantities

T" = 647226 K T.=T/T (3.15)
o = 317.763 kg m™ oe=plp (3.16)
p = 22.115MPa pe=plp (3.17)
n = 55.071 uPas m=nin" (3.18)
A" = 0.4945Wm K] A=A (3.19)

The first term of Eq. (3.14) represents the reduced viscosity coefficient in the dilute-gas
limit and follows from:

e (Ty) = ﬁ - (3.20)
2
i=0

The coefficients /; in this equation were determined to be:
ho=1.000000 = 0.978197
hy=10.579829 h3=0.202354.

hi
I

The second multiplicative factor is related but not identical with the residual contribution
of viscosity and reads as

5 6 i .
nrl(Tr,pr)exp[prZZhU[Ti—lj (,Dr—l)]} (3.21)
i=0 j=0 r

with the coefficients %; summarized in the table given below. All h; values with

combinations of the indices i and j not given in this table are equal zero.
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Table 3.6:  Coefficients /; for nrl (T3, pr) -

~.
~.

h;j
hpo= 0.5132047
o= 0.3205656
hyo=—0.7782567
= 0.1885447
hg1= 0.2151778
1= 0.7317883
1= 1.241044
1= 1476783
hgp =-0.2818107
hy=-1.070786

hi
Ty =—1.263184
3= 0.1778064
3= 0.4605040
3= 0.2340379
h33=—-0.4924179
T4 = —0.04176610
4= 0.1600435
Js=—-0.01578386
T136=—0.003629481

N N = m =m = O O O O -~
X
()
|
W = WO W NN = O N
AN W AR W W W W N~

—_ O W N = O W k= O

The last term of Eq. (3.14) accounts for the enhancement of the viscosity in the vicinity
of the critical point and has only to be considered in a limited range of temperature and
density and is described by the following equations:

nt(Tp, pr)=0.922 790263 if 7>21.93 (3.22)

ne (T, pr) =1 if 7<21.93. (3.23)

For industrial use the function 77r2 can be taken to be unity in the complete range of

temperature and pressure or density, respectively.
The values for y result from the equation of state according to the definition:

- 0
7=p [iJ . (3.24)
opr )

77r2 (T:, pr) can be chosen in ranges located outside the critical region to be equal unity to
allow simplified calculations, what means to avoid the determination of y for points

beyond that region. This follows from the experience that the thermodynamically stable

areas with 77r2 >1 are situated within the following boundaries:
0.996<T; <1.01 (3.25)
0.71< pr <1.36 . (3.26)

It is to be noted that these two equations are not part of the formal definition of the
IAPWS formulation.

The equation for the thermal conductivity of ordinary water substance developed for
scientific use differs from that shown for the viscosity and is given in reduced form as
follows:
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A =I5 () A (T, pr) + 24 (T, ) (3:27)
The reason for that is the much larger influence of the critical enhancement in the case of

the thermal conductivity taken into consideration by a separate summand /13 .

The first term in Eq. (3.27) represents the thermal conductivity in the dilute-gas limit and
is written in reduced form as

() =3£ (3.28)
i
Py
with the following coefficients /;:
lo= 1.000000 h= 6.978267
lp= 2.599096 l3=-0.998254.

The second factor is given similarly to the corresponding term in the viscosity equation:
| 4 5 1 i :
A (Tt pr) = exp przzlij (F_lj (pr_l)J . (3.29)
i=0,j=0 NIt

The coefficients required in Eq. (3.29) are listed in the following table, whereas all values
of /;; not given are equal zero.

Table 3.7:  Coefficients /;; for ZTl(Tr,pr).

lpp = 0.24409490
lip = 1.6511057

L5 =-0.11203160
s = 0.13333849

i L i Iy

0 0 o= 1.3293046 2 2 Lp= 49874687

1 0 [o= 17018363 32 L= 43786606

2 0 lLy= 52246158 0 3 lp3= 0.018660751
30 hy= 87127675 1 3 I3=-0.76736002
4 0 o= —1.8525999 2 3y =-0.27297694
0 1 [y =—0.40452437 3 3 [53=-0.91783782
1 1 4y =-22156845 0 4 lpg=-0.12961068
2 1 Ly=-10.124111 1 4 L= 037283344
3 1 Iy =-95000611 2 4 Ly =-0.43083393
4 1 Ly= 093404690 0 5 lps= 0.044809953
0 2 15

1 2 2 5

As already mentioned above, the additive term ﬂTz (T, pr) of Eq. (3.27) represents the

contribution resulting for the enhancement of thermal conductivity in the vicinity of the
critical point and is defined as:
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2 2
A2(To py) = 0.0013848 (3] [%j 04678 112
() (T \pe ) 0T ), . 330

: exp[—18.66(Tr 1)’ = (px —1)‘1

Here the contributions 7719 (T;) and 77% (T3, pr) follow from the viscosity equations
described above including the definition of the quantity % .

In addition to the formulation for the thermal conductivity of ordinary water substance for
general and scientific use, the IAPWS also provides equations for industrial use given
here for completeness. The main difference between both equations is related to the
treatment of the enhancement in the vicinity of the critical point which is assumed to be a
finite value in the following equation instead of infinity justified by theory.

The reduced thermal conductivity results in the whole range of temperature and density
according to the following equation:

Je = 2 (Te)+ 22 (pe) + 28 (Tr, i) (3.31)

The first term represents again the dilute-gas thermal conductivity and is given as
function of temperature

3 :
() =LY aTy (3.32)
i=0
whereas the second term ﬂ,rl in the industrial equation is written as a function of density
only:
2
A () =bo +bipr by exp| B (o + B2 |. (3.33)

Finally, the third term is given as:

d
ﬂrz (T, pr) = (T—lloJr dZ] pr9/5 exp[Cl (1 —,Or14/5 )}

r

. (3.34)
+d3 SprQ exp {(£](1 —pr1+Q )} +dgexp C2Tr3/2 +C—35
1+ Q Lr
Here S and Q are functions of A7, given as:
0=2+ C§/5 (3.35)
ATy
1
for 7. >1
ATy
S = , (3.36)
Ce
375 for T; <1
ATy
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with
AT, =|T; 1]+ Cy4.. (3.37)
All coefficients required to calculate the contributions of the thermal conductivity as well

the reference constants needed to perform the reduction of the different quantities are
summarized in Table 3.8.

Table 3.8:  Reference constants and coefficients for the industrial thermal conductivity
formulation for water and steam.

Reference constants

T" =64726 K p =3177kgm> A =1Wm' K!

Coefficients for 12

ap =0.0102811 a; =0.0299621 ar =0.0156146 az =—0.00422464
Coefficients for A,

by =-0.397070 b = 0.400302 b, =1.060000

B =-0.171587 B>, =2.392190

Coefficients for /ITZ

d; =0.0701309 dr = 0.0118520 d3z= 0.00169937 d4=-1.0200

C1 =0.642857 Cy=-4.11717 Cy =-6.17937 C4 = 0.00308976
Cs5 =0.0822994 Ce = 10.0932

3.2 Transport Properties of Humid Air

General models for the prediction of transport properties of gaseous mixtures at high
pressures are hardly applicable to mixtures containing polar substances like water. As a
consequence, only the model of Chung et al. [14], [15] was selected for the investigation.
It is obvious that a suitable model for the prediction of the transport properties of gaseous
mixtures should be able to reproduce the properties of the pure components at least.
Furthermore, it is reasonable to consider dry air in the humid-air mixture as a pseudo-
pure component. Therefore, models which can use correlations of the transport properties
of dry air [1] and water [8], [9] were particularly taken into consideration. A prediction
procedure treating humid air as an ideal mixture of real fluids has been proposed by co-
workers of work package 4 [16]. Furthermore, a more theoretically founded model
recommended by Vesovic and Wakeham [17], [18] was considered in the evaluation. In
addition, a three-parameter corresponding states model [19], [20] requiring only some
values under saturation conditions as well as transport equations of two reference fluids
has been tested.
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3.2.1 Multiparameter Correlation of Chung et al.

Chung et al. [14], [15] presented a prediction method for the viscosity and thermal
conductivity of polar, nonpolar, and associating fluids in wide ranges of temperature and
pressure. It requires temperature and molar density as well as the critical constants,
acentric factor, dipole moment, and an empirically determined association factor as input
parameters. In addition, the composition is needed for the prediction of the transport
properties of mixtures. The mixing rules given for all parameters are based on the
conformal solution model. Then the same empirically correlated density-dependent
functions are applied to pure fluids and fluid mixtures.

Viscosity
The viscosity of the dilute gas is given according to the kinetic gas theory as:

(MT)I/Z

0 -6
7’ =2.669-10°0——"~L
o2 Q32T

(3.38)

Here, ;10 is the viscosity in Pas, M is the molar mass in g mol™! , T 1is the temperature

in K, and o is the potential length parameter in 10'%m . The reduced collision integral

Q22" can be written as a function of the reduced temperature T *

oy e (A C E B (et
QBT )—(T*BJ+GXP(DT*)+ exp(FT*)+GT Bsm(ST w H) (3.39)

T =kgT /e, (3.40)

where kp is Boltzmann's constant and ¢/kp is the potential energy parameter in K. 4
to H as well as § and W are constants. The potential parameters are related to the
critical temperature 7, and the critical molar volume V. (in cm® mol ™! ). A factor F; is
adopted to account for molecular structure and polar effects.

o =0.809 V13 (3.41)
elkp =T, /1.2593 (3.42)
F. =1-0.2756+0.059035 + & (3.43)

Here, w is the acentric factor, u, is a reduced dipole moment, and x is a correction

factor for hydrogen-bonding effects in associating fluids which is empirically derived
from experimental viscosity data. Finally, the viscosity of the dilute gas results as:

)1/2

(MT
Fe. (3.44)

0 -6
n° =4.0785-10 S—
Vine @22 (1)

The viscosity of dense fluids as a function of temperature 7 and molar density pp,

follows from:
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=1 +1p (3.45)
e =n° (1/ Gy + 46Y) (3.46)
M = {3.6344-106 %] 4YGy eXp(Ag +%+%) (3.47)
Y = Pubine /6 (3:48)
G =(1.0-0.5Y)/(1-Y)’ (3.49)
Gy ={ A [1-exp(~AaY) |/ Y + 4G exp(AsY )+ 4G | /(A Ag + A + 43). (3.50)

The coefficients A4; are linear functions of the acentric factor, of the reduced dipole

moment, and of the association factor:

A = ap; + ayo+ an i+ azx (i=1,10). (3.51)

Thermal Conductivity

The thermal conductivity of a dilute gas is related to the viscosity:

770
A0=3118 | L |y (3.52)
M
714 o 0-215+0.28288a ~1.0615 +0.26665Z (3:53)
0.6366+ BZ +1.061a
o
o =m _3 (3.54)
R 2
B =0.786231-0.710907 +1.31683> (3.55)
7 =2.0+10.5T7> (3.56)
T,=TI/T,. (3.57)

Here, A0 is given in Wm™ K, whereas Cpy 18 the molar ideal-gas heat capacity at

constant volume obtainable from correlations in the literature or using the equation of
state.
The thermal conductivity of a dense fluid or fluid mixture results from:

A=Ay + A (3.58)

Jx =A% (1/ Hy + BgY) (3.59)
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)1/2

(7
Ty =| 012715 =i —
mc

B, Y H,T?. (3.60)

Y and Gj are obtained as described for the viscosity, H» is calculated similar to G;

using the coefficients B; given as:

B; = by; +biio + by +byixc (i=17). (3.61)

Remarks concerning the implementation of this model on humid air:

The model was tested for several pure components. In particular, the transport properties
of dry air (as pseudo-pure component) and water vapour were calculated at temperatures
between 300 and 1150 K and at pressures up to 25 MPa and were compared with
available correlations from the literature. The results for the viscosity of dry air were in
reasonable agreement with the correlation of Lemmon and Jacobsen [1] (% 2.5%),
whereas larger differences up to 15% occurred for its thermal conductivity. Although this
model was developed on the basis of experimental data of different substances including
water, the calculated viscosity values differed from the IAPWS formulation [8] by — 6.5%
to + 13%, whereas deviations up to 50% were found for the thermal conductivity related
to the ITAPWS formulation [9]. Since a suitable model should be able to reproduce the
properties of the pure components, this procedure is by no means applicable for the
prediction of the transport properties of humid air. Hence this model was not considered
in the further evaluation.

3.2.2 Program Package LibHuUAir

The program package LibHuAir developed by Kretzschmar et al. from the Zittau/Goerlitz
University of Applied Sciences [16] includes equations for the calculation of the
thermodynamic and transport properties of humid air.

The viscosity of humid air is calculated as an ideal mixture of dry air and of water vapour
both characterised by real behaviour. Input parameters are the temperature 7', the total
pressure p, and the composition of the mixture (mass fraction of water). The properties
of the pure or pseudo-pure components are determined as functions of temperature and of
partial density p; and summed up according to their volume fractions y;. Thus, the
viscosity of unsaturated and saturated humid air results as:

Mmix = Ya Na (T, Pa) + yw tw (T pw) - (3.62)
The volume fraction of each component is given as:
Vi mj Vi

Vi= = =&

Viix ~ Mmix Vmix Vmix

Vi

(3.63)

with
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1 1 1
Vmix = = = :
mx 1 1 Pmix  Pa(T, pa)+ pw(T, pw)

(3.64)

+
Va(T,pa) vw(T,pw)

Here, V; and Vi are the volumes in m? , Vi and vpix are the specific volumes in

m? kg_1 , m; and my,ix are the masses in kg, and &; is the mass fraction. In addition, p;
is the partial pressure. The specific density of the mixture ppnix can also be derived and
used in calculations with other models.

The thermal conductivity of humid air is calculated according to the same procedure.

Properties of the mixture are not necessary for this procedure. Only the transport property
equations of the pure components are needed.

Remarks concerning the implementation of this model on humid air:

At temperatures below the critical temperature and near to the saturation line of water, the
evaluation of the transport properties of humid air needs a careful inspection of the partial
density py, which is calculated for the partial pressure py, using the equation of state.

The reason for that is that py, could become greater than the density of the saturated pure
vapour because the mixture density calculation in the LibHuAir package, leads to
increased values of the saturated vapour pressure pg (T , p,)?) by taking into account the

so-called poynting correction. This situation has to be avoided, since the transport
property values 77y, and A, are calculated for the partial density py, and the correlations
of the transport properties of pure water are not valid in the two-phase region.

In contrast to the other models, the LibHuAir package contains the algorithms for the
calculation of the thermodynamic and the transport properties of humid air, but also
provides the equations of state and the viscosity and thermal conductivity correlations for
the pure components. With respect to a comparison of different prediction models, the
same formulations for the pure or pseudo-pure components should be used. In the case of
dry air, the equation of state given by Lemmon ef al. [11] and the transport property
correlations of Lemmon and Jacobsen [1] are used in all models. It is important to note
that the IAPWS makes available different formulations of the thermophysical properties
of water for industrial and scientific uses. The original version of LibHuAir applies
formulations for industrial use both for the thermodynamic properties [21] as well as for
the transport properties [8], [9], whereas the formulations for scientific use [8], [9], [12],
[13] are utilised in the other prediction models leading to small differences in the
calculated transport property values, particularly close to the critical point.

3.2.3 Model of Vesovic and Wakeham

The method proposed by Vesovic and Wakeham [17], [18] to predict the transport
properties of a dense fluid mixture is based on a rigid-sphere model. The real behaviour
of the fluids is taken into account by the contact value of the pseudo-radial distribution
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function derived from the transport property correlations of the pure components.
Furthermore, the temperature, the molar density of the mixture, and the composition are
needed as input quantities. Experimental data of the mixture are not necessary for the
calculation, but can be used for an improvement of the method. In addition, it is to be
noted that Vesovic and Wakeham treated the transport properties in the way that the
contributions resulting from the enhancement near to the critical point are excluded.

Viscosity

The viscosity of a dense fluid mixture containing N components is given as

Hyp - HiN h
: : Hyy - Hiy
(T, pmX)=—| ' ) : N T 3.65
Nix (T, Pm > X) Hyy - Hyy Yy . o mix ( )
Yoo vy 0 N1 NN
Noom
Y =x;| 1+ Y ——x;a; %ij Pm (3.66)
o mpt+m;
j=1 J
2= N ... - dm:
Hii:xl—;g”_l_lexilg m;m ; 2[&4_&141]] (367)
ni A 24 (mpemy)”\ 3
i
x.x._.. m.m. *
Hy=- i {ng iMm 2[?_4141]} (i#j) (3.68)
2Al]771] (mi+mj)
16 15 , L&
Kmix =2 E,OI%Z > xl-szgaz%m‘} (3.69)

i=1 j=1
Here x; and x; are the mole fractions of the fluids i and j, whereas m; and m; are

their molecular masses, xnix is the bulk viscosity, and py, is the molar density. The
viscosity coefficient of the pure components in the limit of zero density is expressed as
n?, while the parameter «;; and a;; , related to the second pressure virial coefficient,
account for the mean free-path shortening of a collision between like or unlike molecules.
The interaction viscosity in the limit of zero density 773 can be determined from
experimental data of the mixture or with the help of an extended corresponding states

principle.A; characterises a temperature-dependent ratio of collision integrals and is

approximately 1.1.
The contact value of the pseudo-radial distribution function y; follows from the viscosity

of the pure component 7; after subtracting the critical enhancement 77,~C :
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1/2

ﬂq(ﬂi—pmdimio) o a® ) 1
Ti(Topm) =gt || IO | S (3.70)
2 pmaiin; 2 pmaiin; By Pmii

In order to ensure a physically reasonable behaviour and a smooth transition between the

. . *
two roots, a so-called switch-over molar density p,, and a value of ¢;; are needed as

functions of temperature. For that purpose, the derivative of the viscosity with respect to
density is compared iteratively with the ratio of viscosity to molar density:

{am(T,pm)} _ (T pm) (3.71)
T

0Pm Pm

Then the parameter «;; can be derived using the value pr*n which fulfils the foregoing

equation:

iopm) _y, 2 (3.72)
Pmiilli N

with

L1, (1o

By 4 \57)16

The values of the pseudo-radial distribution functions have to be unity in the limit of zero
density so that the negative root is used first and the positive one is applied at densities

higher than the switch-over density.
The quantities characterising the interaction between unlike molecules of species i and j

are obtained from the following mixing rules:
1 3
o :g(a}i” +a}}3) (3.73)

6, _ N
7(}(1 _1)1/3 (ZJ _1)1/3 Z_Xk (Zk _1)2/3

N 5 —
i =1+ xi (e —1)+ k=1 . (3.74)
bsia (z-1)"+(z,-1)"

Thermal Conductivity

In contrast to the viscosity the thermal conductivity of a dense fluid mixture consists of a
translational (mon - monatomic) and an internal (int) contribution:

Amix (T, Pm) = Amix (mon)(7', pm ) + Amix (int)(T, pm ) - (3.75)
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The translational contribution is given similar to the formulae for the viscosity:

Ly -+ Ly N L ¢ Ly
ﬂmix(mon)(Tapm):_ . . ' + Kmix (3.76)
Lyt -+ LnN Yy Lo o L
Y, o Yy 0 N1 NN
N 2mim; _
Y, =x I+Z+jzxjy,~j;(ijpm (3.77)
j—l(ml'-l-m]‘
L. X Zi
11 —
A7 (mon)
N I (3.78)
+ — XiXj Xij 2(%ml~2+%m§—3m§83+4mimj,4;j
J=1 2A,-j/1,j(mon)(m,-+mj>
J#I
Lij — fix({}(ij m;m ; 2(2_335,_414;) (i#j) (3.79)
2 4jj 255 (mon) (m; +m; ) 4
_1610 5
222 xzszyyyﬂy(mon) (3.80)

i=l j= 1(m,+m]

Here ﬂio(mon) and ﬂ,? (mon) are the translational contributions of the thermal

conductivity in the limit of zero density which can be derived from the corresponding
values of the viscosity in the same limit:

9 (mon) =§[@} _y (3.81)

cf}m (mon) is the molar ideal-gas heat capacity of a monatomic gas at constant volume.

B;- represents a temperature-dependent relationship between different collision integrals

and amounts to approximately 1.1 to 1.2 for the extended corresponding states principle.
The parameters y; and y;; characterise the shortening of the mean free-path of a

collision between like or unlike molecules.
Furthermore, the contribution resulting for the consideration of internal degrees of
freedom is given as:

-1

N
ﬂ,mix(ino(npm){{m] 14 3 e oz | (.82
i=1 Aii Jj= lxl/l’lj (mon)y;; 4 1]
J#i
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The contact value of the pseudo-radial distribution function y, follows from the thermal

conductivity of the pure component /; after subtracting the critical enhancement /11~C :

B2 | 4= i (mon) |
2pimyii A4 (mon)

Xi(T, pm) =
1/2 (3.83)
0 2 0
15 Ai — pmyii4i (mon) | Ai
2pmyidd (mon) | BupmyiAi (mon)

The switch-over molar density p;kn and the parameter y;; are derived from:

{6/7422,/%)} _ ﬂi(i,*ﬂm) (3.84)
m T m
(T, pm) 2 [ "
Pm) ' 3.85
pryiilmon)  Br [ﬂf’ (mon)] o

S | (16] 5

with —=—+| — |—.
P 4 \57)18

The analogous mixing rules as formulated for the prediction of the viscosity are applied

to determine the mixture quantities 7, and y;;.

Remarks concerning the implementation of the model on humid air:

The prediction of the transport properties of mixtures by means of this model requires
that the transport properties of the pure components have to be known at the same
temperature and density as the mixture. This is necessary, since the transport properties of
the pure components are needed for the complete temperature range up to high densities

in order to determine the switch-over molar density pfn , the mean free-path shortening
parameters «; and y;;, and particularly the contact value of the pseudo-radial
distribution function ¥, . But the implementation of the procedure for mixtures containing
water as one of the components leads to several problems. Water can be a liquid under
the conditions of interest and has to be treated as a hypothetical fluid that has the same
properties as the real component in the single-phase region, but does not undergo a phase
separation. Hence the calculation procedure at temperatures below the critical
temperature is the following one. First, the viscosity or thermal conductivity is calculated
at the given temperature and at the density of the saturated vapour. Then the density
dependence of the considered transport property of an isotherm at a supercritical
reference temperature Tp.r is shifted into the two-phase region. Finally, the transport
property value at the density of the mixture results in that way that the contribution of the
change in density is added to the value at the saturated density of the subcritical isotherm.

The reason for doing so is that the residual contributions of the viscosity 77R and of the
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thermal conductivity AR of a fluid in the supercritical or gaseous states are nearly
independent of the temperature. In our investigation the reference temperature was
chosen to be Tior = 650 K marginally higher than the critical temperature.

Surprisingly, the density dependence of the contact values of the pseudo-radial
distribution function, resulting for isotherms from the transport properties of the pure
components, showed an unexpected behaviour for water. In the case of the viscosity the
7w Values are larger than unity for all isotherms and pass through a maximum that
decreases with increasing temperature. In Figure 3.1 and all following ones the dashed
vertical line characterises the critical density.

o 273.15K ' ' [
1.8 & 373.15K \ 4
O 473.15K }
v 573.15K |
16 * 648.096K | ]
o 673.15K \
o3 B 773.15K }
1.4 5000000000000000000b 4.
0000 a 0888888888808 a0 kA, o
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Figure 3.1: Contact value of the pseudo-radial distribution function for the viscosity of water
as a function of temperature.

In contrast to the viscosity, the contact values for the thermal conductivity decrease
below unity with increasing density. This behaviour was found for the subcritical
isotherms, for which water is treated as hypothetical fluid, as well as for the supercritical
isotherms. The deviations from unity decrease with increasing temperature. In connection
with Figure 3.2 it is to be noticed that for subcritical isotherms a jump in the ¥, values
occurs at the saturated density due to the transition to the hypothetical fluid, distinctly
detected for the 473.15 K isotherm.

Note that such problems do not occur for the contact values of the pseudo-radial
distribution functions of dry air for which the %, values are unity in the limit of zero
density and rise smoothly with increasing density as expected and shown in Figure 3.3.
The small deviations found for the isotherm near the critical temperature in the case of
the viscosity could be caused by the uncertainty of the correlation in this region.
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Figure 3.2: Contact value of the pseudo-radial distribution function for the thermal

conductivity of water as a function of temperature.
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Contact value of the pseudo-radial distribution function for the viscosity of air as a
function of temperature.

On the other hand, the %, values of the near critical isotherm resulting for the thermal

conductivity (see Figure 3.4) show larger deviations certainly due to the inadequate
treatment of the critical enhancement. But the uncertainties of y, in this range are
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without any importance, since the temperatures considered for the calculations of the
project are much higher.
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Figure 3.4: Contact value of the pseudo-radial distribution function for the thermal
conductivity of air as a function of temperature.

The rather unexpected behaviour of the contact value of the pseudo-radial distribution
function of water derived from its thermal conductivity has been further investigated. As
it is known from the literature, the thermal conductivity of reacting gaseous mixtures in
chemical equilibrium may be higher than that of non-reacting mixtures. General
equations to calculate the increase in thermal conductivity due to chemical reaction were
proposed by Butler and Brokaw [22], [23]. In the case of associating fluids such as
methanol, the additional contribution to the thermal conductivity results from the

formation of higher associates. If only the dimerisation of water 2 H,O & (HZO)2 is

considered, the thermal conductivity due to the chemical reaction AR can be formulated

as a function of the temperature 7 and the pressure p :

2
_ PDmd AHd XmXd
RT  RT? (xp+2x4)°

(3.86)

Here, x;, and xq are the mole fractions of the monomers and dimers, Dy,q is the binary
diffusion coefficient, AHy is the enthalpy of the dimerisation reaction, and R is the
universal gas constant. Values of the pressure equilibrium constant K, and of the

enthalpy of dimerisation derived from experimental thermal conductivity data at
moderately low pressures in the temperature range between 358 and 386 K were reported
by Curtiss et al. [24]. Strictly speaking, all these quantities are required in the complete
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temperature and pressure ranges considered in the project as prerequisite for the
calculation of the thermal conductivity contribution AR . The binary diffusion coefficient

between the monomers and dimers Dyg can be derived by means of the kinetic gas

theory using an extended corresponding states principle. The pressure equilibrium
constant K, and the enthalpy of the dimerisation AHg4 can statistically-mechanically be

calculated starting with the ab initio potential hypersurface for the interaction between
two water molecules [25], [26]. The mole fractions of the monomers and dimers x,, and

x4 follow from the concentration equilibrium constant K. which is related to K.

Values of the contribution due to dimerisation AR , of the critical enhancement A€ and of

the total thermal conductivity A4 as well as of the mole fraction of dimers are given in
Table 3.9 for several isotherms along the saturated vapour curve.

Table 3.9:  Contributions to the thermal conductivity along the saturated vapour curve.

T Pm x4 AR A€ A

K moldm 10°Wm'lk?! 10°wm!lk! 10°wm'k’!
27315 0.00027 _ 0.00050 0.092 0.000 17.071
32315 0.00462  0.00372 0.562 0.000 20.365
37315 0.03320  0.01325 1.582 0.000 25.096
42315 0.14143  0.03296 3.064 0.000 31.595
47315 043636 0.06541 4.608 0.072 40.113
52315  1.10829 0.11188 5.776 0.613 51.262
57315 2.56290 0.17515 6.333 4.661 69.652
623.15  6.30366 0.27065 6.238 41.671 135.869
643.15 11.20814  0.34725 5.949 189.556 324.243

The table shows that the content of dimers can amount to nearly 35% in the vicinity of
the critical point. Similarly, the absolute value of the contribution AR increases when
approaching the critical point, but the maximum of its proportion related to the total value
of the thermal conductivity (about 12%) is already attained 200 K lower. Furthermore,
the table makes evident that the critical enhancement becomes the main contribution of
thermal conductivity near to the critical point. Consequently, in addition to the critical
enhancement the contribution AR has been subtracted from the total value of thermal
conductivity to re-evaluate the contact value of the pseudo-radial distribution function.
The results are illustrated in Figure 3.5 to be compared with Figure 3.2. The new ry
values are increased in the whole density range and pass through a maximum at moderate
densities. Unfortunately, these changes are not large enough to lead to a behaviour
expected for a nonpolar fluid.
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Figure 3.5: Contact value of the pseudo-radial distribution function for the thermal
conductivity of water after subtraction of the contribution considering the dimerisation reaction.

It must be pointed out that for the final calculation of the thermal conductivity the
contributions due to the dimerisation reaction and to the critical enhancement, omitted in
the determination of the contact values of the pseudo-radial distribution function, have to
be added according to the partial molar density of water pn,, as given in the following

relationship:

Imix.total (T Pm) = Amix.mod (Ts Pm) + A5 (T pmw ) + AR (Ts Py ) (3.87)

Here it is to be noted that the contribution Anixmod corresponds to the usual one of the

Vesovic-Wakeham procedure apart from the fact that the y,, values have been derived

after subtraction of the contribution considering the dimerisation reaction. In the usual
case the thermal conductivity of the mixture is calculated according to

Amix.total (Ts Pm) = Amix (Ts Pm) + A5 (T, P ) - (3.88)

Furthermore, it could happen that, as a consequence of yy, <1 in the case of the thermal

conductivity, unreasonable values result for the interaction quantities 7, 7, , and 7, for

high mole fractions of water, if the common mixing rule is applied. This would also lead
to inadequate results for the thermal conductivity of the mixture and can be avoided by
using the following simpler alternative mixing rules for the interaction quantities:

Xii = Xi (3.89)

Xjj=Xj (3.90)
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_ _ )1/2

z,=(z.z, (3.91)

In addition, the interaction viscosity in the limit of zero density needed in the Vesovic-
Wakeham procedure is determined based on an extended corresponding states principle
[27]. A so-called universal correlation with a reduced effective cross section for the

viscosity S; is applied using universal coefficients a; derived from the Hartree-Fock
Dispersion (HFD) potentials of the rare gases [28]. First, individual scaling factors oj;
and ¢; were calculated from experimental data of the pure components. Then the scaling
factors for the interaction between the unlike molecules o;; and ¢; were derived with the

help of common mixing rules:

1
Ojj 25(0'1','-}-0']']') (392)
1/2
& = (e ) (3.93)
Finally, the interaction viscosity follows from:
1/2
2MM ;
0.021357| ——*T
0 M; + Mj
)(T) = S (3.94)
oiiSp(T)
with
4 k
% * ES
SpT) =expl Y ax [m(nj )} (3.95)
k=0
and
T = ks T (3.96)
&ij

3.2.4 Three-Parameter Corresponding States Model of Scalabrin et al.

Scalabrin et al. [19], [20] developed a three-parameter corresponding states model for the
prediction of the viscosity and thermal conductivity of dense fluids and fluid mixtures.
Input quantities are temperature, total pressure and, in the case of mixtures, the
composition. Transport property correlations have to be available over wide ranges of
temperature and pressure for two chosen reference fluids. In addition, the parameters
needed are critical temperature and pressure as well as a transport property scaling factor
derived from at least one experimental data point of the saturated liquid. The parameters
of the mixture are determined as functions of the composition using mixing rules based
on a one-fluid model approach.
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Viscosity

The viscosity of a pure fluid is formulated in a reduced form as:

(T, p.w; .
ﬂr,i(Tr,ia Pri, Wi)= M =1refl + M(nr,rfz - 77r,rf1) (3.97)
Hc,i V2 —Wrfl
with
1/2 2/3
M;" " pci T p
Hej=———""— Tj=— Dri= (3.98)
o R1/6N/1<3Tcl,§6 ! Te; o De,i

where M is the molar mass in kg mol_l, T.; and p., are the critical temperature and

pressure of the fluid under consideration in K and MPa, Np is Avogadro’s constant, and
R is the universal gas constant. The viscosity coefficient reduced with a pseudo-critical
viscosity value H, ; is characterised by the subscript r. The subscripts rfl and rf2

indicate the properties of two reference fluids. The viscosity scaling factor y; can be

derived for all considered fluids as an arithmetic mean of three values at 7; equal to 0.7,
0.8, and 0.9:

3 saturated liquid

1
vi =3 3| (logmi ~logmcn,), (3.99)
3 =1 J

Here the logarithm of the saturated liquid viscosity of the fluid is related to the saturated
liquid viscosity of the reference fluid methane at the same reduced temperature, both in
reduced form. Scalabrin et al. tabulated such y; values for several fluids, but the

calculation can also be done without knowledge of values for methane. It should also be
possible to use viscosity data of the saturated vapour for an adequate description of gas
mixtures.

The prediction of the mixture viscosity can be performed in the following way. The
critical temperature and pressure of the mixture are calculated for a given composition:

Te,mix /pc,mix = Z zxiijc,ij /pc,ij (3.100)
i
Tcz,mix/pC,miX zzzxixj]gij/pc,ij (3.101)
iJ
1/2
Teii = o (Tei Tey) (3.102)

3
Pej :STc,i]/ { B [(Tc,f/pc,i)m +(Tey/ Pe,j )1/3} } (3.103)

The interaction parameters ¢;; and f; can be derived from experimental data or can be

chosen to be unity. Then the reduced quantities 7; mix =7/ Te mix and pr mix = P/ Pe.mix

are determined. The densities corresponding to the chosen temperature 7' and pressure p
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are obtained for each reference fluid from the equation of state and are used to get the
viscosity as a function of temperature and molar density (here i = 1,2):

Tvfi = TrmixTc rfi (3.104)
Prfi = Pr,mix Pe,rfi (3.105)
1eti (Titi » Pmefi) .
Nrerfi = - [;l = with Pmeti = Pm (Trti > Drfi) - (3.106)
c,rfi

The reduction is performed with individual values of the pseudo-critical viscosity H ;.

Finally, the viscosity of the mixture results using an analogous value H m;x :

Hmix (T p, X) = He mix {Ur,rfl +M(77r,rf2 — T xfl ):| (3.107)
V2 —Wrfl

N
Vimix = O 3. (3.108)
i=1

Here x corresponds again to the molar composition of the mixture.

Thermal Conductivity

In contrast to the viscosity the thermal conductivity of a mixture is separated in a dilute-

0 : o R .
gas term A _. and a residual contribution 4_. :

Jaix (T, p, %) = A0 (T, %)+ AR (T, p,%) (3.109)

The thermal conductivity of the dilute-gas mixture can be determined with the
Wassiljewa equation modified by Mason and Saxena [29]:

N 0
0 - xidi (T)
Ami (T:%) = 27 (3.110)
=l le'éij
i=1
with

0,0 1/2 1/4 2
@, = — : (3.111)
[8(1+M; /M)

Here A corresponds to the dilute-gas thermal conductivity of the ith component of the
mixture. M; is the molar mass, and &; is a numerical constant near to unity and can be
used as a correlation parameter if experimental data of the mixture are available.

The residual contribution to the thermal conductivity Z,-R of a pure fluid is defined as:

IR, pm) = 4(T, pm) = 4(T), (3.112)
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and the corresponding scaling parameter x; results from

saturated liquid
} (3.113)

()

SO CR

Then the residual contribution to the thermal conductivity of the mixture is obtained
similar to the viscosity:

— Kmix — Krfl
ﬂ’rllznx (Ta p,x) = Kc,mix |:ﬂ'3,{1‘f1 + mix r—(ﬂ,rl’{rﬂ - ﬂ;}rﬂ ):| (31 14)
Krf2 — Krfl
N
Kmix = )% Ki . (3.115)
i=l

Here the reduced residual contribution to the thermal conductivities of the reference
fluids are obtained with the pseudo-critical values K ,f; :

R
R _ ﬂ’rfi (Txi, Pm,rfi )
rfi =
r,riz Kc’rfi

(3.116)

R5/6 2/3

fi
Kesfi = cr . (3.117)
.t Mrfil/2N1/3T1/6

A “crfi

Finally, the thermal conductivity of the mixture results according to Eq. (3.109).

Remarks concerning the implementation of the model on humid air:

In principle, the components of the binary mixture considered could be used as reference
fluids. If the transport properties of humid air at low mole fractions of water are
calculated, comparably large values result for Ti; and pyf; following from 7; pix and

DPrmix Which are mainly determined by the large contributions of the small critical

constants of dry air. The water transport property correlations are not valid for such large
values of Ty,0 and py,o. Consequently, water cannot be chosen as one of the reference

fluids. Finally, dry air and argon were selected as reference fluids. Of course, an accurate
equation of state [30] and reliable correlations for the viscosity and thermal conductivity
[1] are available for argon over wide ranges of temperature and pressure. Furthermore,
the scaling parameters can be deduced either from values of the saturated liquid (as
proposed by Scalabrin et al.) or from data of the saturated vapour.
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4 Comparison on Calculated Transport Properties of Dry and
Humid Air

4.1 Experimental Data Measured for Dry Air in the Project

Viscosity data of dry air were measured by the working group from Ruhr-Universitét
Bochum [6] using a rotating-cylinder viscometer combined with a single-sinker
densimeter. The measurements were performed between room temperature and 500 K up
to a maximum pressure of 17 MPa. In Figure 4.1 the experimental data are compared
with the correlation of Lemmon and Jacobsen [1]. The differences do not exceed + 2% in
the complete density range, with predominantly higher values resulting from the
correlation. At low densities the differences are less than + 0.5%. This demonstrates that
on the one hand the experimental equipment at Ruhr-Universitit Bochum should be
suitable for the density and viscosity measurements planned in the project and that on the
other hand the correlation of Lemmon and Jacobsen can be used to calculate the viscosity
of dry air needed in the different prediction models.
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Figure 4.1: Differences between the values of the correlation of Lemmon and Jacobsen [1] and
the experimental data from Ruhr-Universitdt Bochum [6] for the viscosity of dry air.

The working group from the Universidade de Lisboa [7] measured the thermal conductivity
of dry air using a transient hot-wire technique in the temperature range between 316 K and
436 K and at pressures up to 10 MPa. Figure 4.2 illustrates the comparison between the
experimental data and the values calculated with the correlation of Lemmon and Jacobsen
[1]. Nearly all predicted values are higher than the experimental data with a tendency to
smaller differences with increasing density. The reason for this trend is that the transient hot-
wire technique is characterised by larger uncertainties at low densities. In addition, the
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differences increase with temperature. Nevertheless, the transient hot-wire method is
appropriate to be used for the measurements on humid air, too.
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Figure 4.2: Differences between the values of the correlation of Lemmon and Jacobsen [1] and
the experimental data from the Universidade de Lisboa [7] for the thermal conductivity of dry air.

4.2 Comparison for Humid Air
4.2.1 Comparison with Experimental Data from the Literature

As already mentioned, only two data sets for the viscosity and one data set for the thermal
conductivity of humid air have been found in the literature. These experimental data were
used as basis for a comparison of the different prediction models.

Results on the viscosity of humid air at atmospheric pressure and for a maximum water
content of 12 mole percent were reported by Hochrainer und Munczak [3] who used a
capillary viscometer between 285 K and 323 K. In Figure 4.3 the experimental data of
Hochrainer and Munczak are compared with values predicted with the LibHuAir program
package (LHA), the Vesovic-Wakeham procedure (VW), and the three-parameter
corresponding states model of Scalabrin et al. (3PCS).
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Figure 4.3: Deviations of the predicted values for the viscosity of humid air from the
experimental data of Hochrainer and Munczak [3] at atmospheric pressure and at different
temperatures. VW — Vesovic-Wakeham model; LHA — LibHuAir; 3PCS — model of Scalabrin et
al., scaling with saturated liquid data.

The figure makes evident that the composition dependence of the viscosity of humid air
is not described by any of the procedures in these rather restricted ranges of pressure and
composition. All models show the same tendency in the deviations with the largest ones
(-6%) in the case of the 3PCS model, whereas the Vesovic-Wakeham procedure is
characterised by the least differences (less than -3%).

Kestin and Whitelaw [2] measured the viscosity of humid air with an oscillating-disk
viscometer between 298 K and 523 K for mole fractions of water up to nearly 0.8.
Although the measurements were performed up to 7 atm, the authors corrected the data to
a common pressure of 1 atm.

The comparison with the values predicted with the LibHuAir program package in Figure
4.4 shows deviations of -8% at medium values of x, and of +6% at the highest mole

fraction. The values resulting from the Vesovic-Wakeham procedure deviate from the
experimental data of Kestin and Whitelaw in a similar manner with differences which are
less than -6% at mole fractions x,, < 0.5 and increase up to +9% at x,, = 0.8. The 3PCS
model provides values resulting in very large deviations (-13 to -14%) at medium mole
fractions (x,, = 0.4-0.5) and still negative deviations at the highest values of x. Figure 4.4
makes evident that the prediction procedure of Vesovic and Wakeham leads to
comparably good values up to x, = 0.5. However, such high mole fractions are not of

importance for the AA-CAES project.
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Figure 4.4: Deviations of the predicted values for the viscosity of humid air from the
experimental data of Kestin and Whitelaw [2] at atmospheric pressure and at different
temperatures. VW — Vesovic-Wakeham model; LHA — LibHuAir; 3PCS — model of Scalabrin et
al., scaling with saturated liquid data.

To clarify the ability of the Vesovic-Wakeham procedure to represent the composition
dependence of the viscosity at least at mole fractions up to x,, = 0.5 and at low pressures

in an appropriate manner, the experimental data of Kestin and Whitelaw and the different
predicted values are directly plotted in Figure 4.5 and Figure 4.6 for two temperatures.
Values for pure water vapour calculated with the IAPWS formulation [8] are added to
complete the range of mole fractions. The figures illustrate that the LibHuAir program
package corresponds to a linear interpolation between the pseudo-pure and pure
components dry air and water, whereas the 3PCS model is not able to reproduce the
viscosity of pure water and consequently that of humid air. The values predicted with the
Vesovic-Wakeham procedure underestimate the experimental data of Kestin and
Whitelaw at compositions with x, < 0.5 and overestimate them at higher mole fractions,

as demonstrated by the third-order polynomials fitted to the predicted values and to the
experimental data.
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Figure 4.5: Comparison of the data of Kestin and Whitelaw [2] at atmospheric pressure with
values for the viscosity of humid air at 423.1 K using the different prediction models. Curves
correspond to a third-order polynomial fit to experimental data and to values predicted with the
VW model; value for pure water from IAPWS formulation [8].
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Figure 4.6: Comparison of the data of Kestin and Whitelaw [2] at atmospheric pressure with
values for the viscosity of humid air at 523.1 K using the different prediction models. Curves
correspond to a third-order polynomial fit to experimental data and to values predicted with the
VW model; value for pure water from IAPWS formulation [8].

The Vesovic-Wakeham model is the only procedure in which one or more parameters

*

(ng,Aij,B;) could be adjusted within the scope of a fit of the calculated values to the
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experimental data. For that purpose the available low-density viscosity data at different
mixture compositions could be used.

GriilB and Schmick [4] used the coaxial-cylinder method to measure the thermal
conductivity of humid air at 353 K and at atmospheric pressure for several mole fractions
of water. In this connection note that the values for the fractions in % H,O given by those

authors in their table 3 correspond to mole fractions.

The differences between the experimental data of Grill and Schmick and the values
predicted with the different models are given in Figure 4.7. With respect to the Vesovic-
Wakeham procedure it is to be noted that four variants are included in the comparison
following from the discussion in Section 3.2.3. This concerns the alternative mixing rule
and the consideration of the dimerisation reaction. The experimental value of dry air
differs by about + 5% from the correlation by Lemmon and Jacobsen [1] and proves a
large experimental uncertainty of these data which has to be taken into account in the
comparison with the different models. If it is supposed that the experimental data of Griif3
and Schmick represent the composition dependence of the thermal conductivity still to
some extent, the figure leads to the conclusion that the four variants of the Vesovic-
Wakeham model approach rather reasonably the experimental data.
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Figure 4.7: Deviations of the predicted values for the thermal conductivity of humid air from
the experimental data by Griil and Schmick [4] at atmospheric pressure and at 353.1 K. LHA —
LibHuAir; 3PCS — model of Scalabrin ef al., scaling with saturated liquid values; VW — Vesovic-
Wakeham model, a — alternative mixing rule, R — considering dimerisation reaction.

In analogy to the viscosity, the experimental data of Griil and Schmick and values
predicted with the different models are directly compared in Figure 4.8. The thermal
conductivity value of pure water, calculated with the IAPWS formulation [9] for the
density of the saturated vapour obtained from the IAPWS-95 formulation [12] at 353.1 K,
was added so that third-order polynomial fits to the experimental data as well as to the
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values predicted with the usual Vesovic-Wakeham procedure could again be performed.
The curve resulting for the VW model is characterised by a weak curvature and is
somewhat closer to the experimental data. Hence an improvement of the predicted values
should be possible by adjusting one or more parameters of the VW model. Remarkably,
the 3PCS model by Scalabrin et al. is not able to approach the values expected for
medium and higher mole fractions of water, whereas the LHA program package
interpolates practically between the values of dry air and of water vapour.
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Figure 4.8: Comparison of experimental data of Griif and Schmick [4] at atmospheric pressure
with values for the thermal conductivity of humid air at 353.1 K using the different prediction
models. Curves correspond to a third-order polynomial fit to experimental data and to values
predicted with the VW model; value for pure water from IAPWS formulation [9]. R — considering
dimerisation reaction.

4.2.2 Comparison with Experimental Data Measured in the Project

The working group from Ruhr-Universitit Bochum [6] performed measurements on
humid air at small mole fractions x, between 300 K and 500 K up to a maximum pressure

of 15 MPa using their combined viscometer-densimeter. The measuring program
consisted of two parts each at two different mole fractions: part 1 atx, = 0.012 and 0.030,

part 2 at x, = 0.010 and 0.030. In Figure 4.9 to Figure 4.12 results of these measurements

at two temperatures (400 K and 450 K) are directly compared with values predicted with
the different models. The reason for this is to have a closer look at the dependence of the
viscosity on pressure and density, respectively. The pressure dependence of the viscosity
of dry air calculated with the correlation of Lemmon and Jacobsen [1] is additionally
plotted in each figure.

Figure 4.9 and Figure 4.10 presenting the results for the very low mole fractions at 400 K
show that the viscosity of humid air at rather low pressures corresponds approximately to
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that of dry air. This behaviour is in agreement with the findings for the composition
dependence of viscosity derived from the measurements of Kestin and Whitelaw [2] as
well as of Hochrainer and Munczak [3]. But the dependence on pressure is smaller than
that of dry air considering the experimental results from the Ruhr-Universitdt Bochum.
The results for the somewhat higher mole fraction at 400 K and 450 K illustrated in
Figure 4.11 and Figure 4.12 lead to completely other conclusions. On the one hand, at the
lowest pressures the experimental viscosity data of humid air are smaller by 2% than the
results for dry air. This is in contradiction with the results at the lower mole fractions and
with the composition dependence of the viscosity for humid air reported in the literature.
Hence it could possibly be supposed that the measurements at Ruhr-Universitit Bochum
are influenced by any error. On the other hand, the pressure dependence of the viscosity
resulting from these measurements agrees practically with that of dry air. It is hardly to
expect that this pressure dependence varies strongly due to such a small change in the
mole fraction x, from 0.01 to 0.03. Therefore, we believe that the pressure dependence as

well as the density dependence of the viscosity in the case of humid air will essentially
agree with that of dry air.
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Figure 4.9: Comparison of experimental data from the Ruhr-Universitdit Bochum [6] with
viscosity values predicted with different models for humid air with x, = 0.012 at 400 K. Curve

corresponds to values obtained for dry air with the correlation of Lemmon and Jacobsen [1].
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Figure 4.10: Comparison of experimental data from the Ruhr-Universitit Bochum [6] with
viscosity values predicted with different models for humid air with x, = 0.010 at 400 K. Curve

corresponds to values obtained for dry air with the correlation of Lemmon and Jacobsen [1].
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Figure 4.11: Comparison of experimental data from the Ruhr-Universitit Bochum [6] with
viscosity values predicted with different models for humid air with x, = 0.030 at 400 K. Curve

corresponds to values obtained for dry air with the correlation of Lemmon and Jacobsen [1].
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Figure 4.12: Comparison of experimental data from the Ruhr-Universitdit Bochum [6] with
viscosity values predicted with different models for humid air with x, = 0.030 at 450 K. Curve

corresponds to values obtained for dry air with the correlation of Lemmon and Jacobsen [1].

Figure 4.9 to Figure 4.12 demonstrate that the pressure dependence of the viscosity
values of humid air predicted with all three models considered is approximately in
agreement with that of dry air. In addition, the values calculated with the VW model are
higher than the values predicted with the other models. In accordance with the weak
composition dependence in the range of small mole fractions x, and at low pressures, it is

to be expected that the viscosity values of dry air and those predicted for humid air with
the VW model differ only a little, even in the larger pressure range considered.

4.2.3 Comparison of Predicted Values for the Different Models

In spite of the shortage of experimental data from which the pressure dependence or
density dependence of humid air for both transport properties can be derived, the
discussion should be continued, at least on the basis of the different prediction models.
For that purpose, values of both transport properties were calculated and are compared
for two mole fractions (x,, = 0.05 and x,, = 0.15) at two temperatures each (473.15 K and

673.15 K) in Figure 4.13 to Figure 4.20. The pressure range was limited to 20 MPa or to
a partial pressure of water lower than the saturated vapour pressure at the subcritical
temperature (up to 10 MPa at 473.15 K and at x, = 0.15).

Figure 4.13 to Figure 4.16 demonstrate that the pressure dependence of the viscosity
values of humid air predicted with all three models does not differ strongly. In addition,
this pressure dependence is in rather good agreement with that of dry air. Taking also into
account the results for the pressure dependence of the viscosity derived from the
measurements at Ruhr-Universitdt Bochum [6] for the mole fraction x, = 0.03 at 400 K
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and 450 K (see Figure 4.11 and Figure 4.12), it can be concluded that the pressure
dependence does not largely depend on the mole fraction when x, is limited up to 0.15 or

possibly 0.20. The differences between the viscosity values of humid air calculated with
the different procedures are mainly determined by the viscosity at low pressure according
to the composition dependence discussed in Section 4.2.1 using the experimental data of
Kestin and Whitelaw [2] as well as of Hochrainer and Munczak [3]. As already stated the
Vesovic-Wakeham procedure represents somewhat better the composition dependence at
low pressures. Since this model possesses additionally adjustable parameters, it seems to
be the most promising one in the complete ranges of temperature, pressure, and
composition.

The data situation concerning the pressure dependence is even worse in the case of the
thermal conductivity. There are neither data in the literature nor data resulting from
measurements carried out in the project up to now. Therefore, the values calculated with
the different prediction models are difficult to judge. At 473 K the 3PCS model of
Scalabrin et al. provides, apart from the low pressure region, the highest values
accompanied by the largest pressure dependence as shown in Figure 4.17 and Figure
4.18. On the contrary, the LibHuAir program package and the Vesovic-Wakeham
procedure lead to distinctly smaller values, somewhat more or less smaller than those of
dry air and connected with a small pressure dependence similar to that of dry air. On the
other hand, the Vesovic-Wakeham model predicts the highest values with a very distinct
pressure dependence at 673 K (above the critical temperature) for both mole fractions, as
demonstrated in Figure 4.19 and Figure 4.20. At this temperature the other models yield
smaller values with a reduced pressure dependence in the order 3PCS model and
LibHuAir program package. The last model gives values in close agreement with those of
dry air. All these findings cannot be explained without reliable experimental results, at
least in a restricted range of temperature, pressure, and composition.
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Figure 4.13: Comparison of the pressure dependence of viscosity values predicted with different
models for humid air with x, = 0.05 at 473.15 K. Curve corresponds to values calculated for dry

air with the correlation of Lemmon and Jacobsen [1].
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Figure 4.14: Comparison of the pressure dependence of viscosity values predicted with different
models for humid air with x, = 0.15 at 473.15 K. Curve corresponds to values calculated for dry

air with the correlation of Lemmon and Jacobsen [1].
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Figure 4.15: Comparison of the pressure dependence of viscosity values predicted with different
models for humid air with x, = 0.05 at 673.15 K. Curve corresponds to values calculated for dry

air with the correlation of Lemmon and Jacobsen [1].
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Figure 4.16: Comparison of the pressure dependence of viscosity values predicted with different
models for humid air with x,, = 0.15 at 673.15 K. Curve corresponds to values calculated for dry

air with the correlation of Lemmon and Jacobsen [1].
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Figure 4.17: Comparison of the pressure dependence of thermal conductivity values predicted
with different models for humid air with x, = 0.05 at 473.15 K. Curve corresponds to values

obtained for dry air with the correlation of Lemmon and Jacobsen [1].
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Figure 4.18: Comparison of the pressure dependence of thermal conductivity values predicted
with different models for humid air with x, = 0.15 at 473.15 K. Curve corresponds to values

obtained for dry air with the correlation of Lemmon and Jacobsen [1].
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Figure 4.19: Comparison of the pressure dependence of thermal conductivity values predicted
with different models for humid air with x, = 0.05 at 673.15 K. Curve corresponds to values

obtained for dry air with the correlation of Lemmon and Jacobsen [1].
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Figure 4.20: Comparison of the pressure dependence of thermal conductivity values predicted
with different models for humid air with x, = 0.15 at 673.15 K. Curve corresponds to values

obtained for dry air with the correlation of Lemmon and Jacobsen [1].
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4.3 Conclusions from the Evaluation of the Prediction Models

The evaluation of transport property models, which could be used for the prediction of
the viscosity and thermal conductivity of humid air in large ranges of temperature and
pressure as well as over a large composition range, is hampered due to the shortage of
reliable measurements available in the literature. The data situation could not decisively
be improved by the experimenters of work package 4 so that the evaluation of predicted
values is extremely difficult.

A first analysis of four different models recommended in the literature for the prediction
of the transport properties of gaseous mixtures showed that it is reasonable to consider
dry air as a pseudo-pure component. Furthermore, a suitable model should be able to
reproduce the properties of the pure and pseudo-pure components at least and should,
consequently, include the correlations of the transport properties of dry air [1] and water
[8], [9]. For these reasons, the multiparameter correlation of Chung et al. [14], [15] was
excluded from the further evaluation. A prediction method proposed by co-workers of
work package 4 [16] deals with humid air as an ideal mixture of real fluids. This
procedure does approximately interpolate between the transport properties of the pure and
pseudo-pure components. A more theoretically founded model recommended by Vesovic
and Wakeham [17], [18] was applied in a totally predictive way using results from an
extended corresponding states principle. But if experimental data of humid air were
available, the results could be improved by adjusting one or more parameters of the
model. In addition, a three-parameter corresponding states model of Scalabrin et al. [19],
[20], requiring transport equations of two reference fluids as well as some values under
saturation conditions for the reference fluids and for the components of the mixture, has
been tested. It was not possible within the scope of this model to use both air and water as
reference fluids, but only air, so that argon was chosen to be the second reference fluid.
An overview on the considered prediction models for the transport properties of humid
air including the required input quantities is given in Table 4.1.

The comparison of the different prediction models with experimental data from the
literature concerning the composition dependence of the transport properties could only
be performed in the low-pressure region due to the restricted data. It was found that the
composition dependence of both transport properties of humid air is not adequately
predicted by any of the procedures. All three models show the same tendency in the
deviations. But the Vesovic-Wakeham procedure leads to comparably good values at
mole fractions up to xy =0.5, whereas higher mole fractions are probably not of
importance for the project. Furthermore, the three-parameter corresponding states model
is not able to reproduce the transport properties of pure water and consequently those of
humid air.
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Table4.1:  Prediction models for the transport properties of mixtures including input
quantities.

Prediction model Input Additional input
quantities
Multiparameter corre- T, Pmmix, X Critical constants 7¢; and Vi, ; , acentric factor @;,

lati f Ch tal . . .
ation ot LAung et a dipole moment z4 , hydrogen-bonding correction & .

Program Package T, p,x Equations of state and transport property correlations
LibHuAir of the components: p; (T , pi) , i (T , ,0,-),

i (T, p;) .
Model of Vesovicand T, Pm.mix> X Transport property correlations of the components:
Wakeham (1), 1 (T pm), AT, 2 (T, pm) s

Mixture quantities from corresponding states model.

Three-parameter T,p,x Critical constants 7 ; and pc; ; some saturated
corresponding states

: liquid data of the components and of the reference
model of Scalabrin et

fluids at the same reduced temperature; equations of
state and transport property correlations for the

reference fluids P, rf; (T , p) > Teti (T , pm) ,

al.

Acti (T , pm) ; dilute-gas thermal conductivities of the

components and of the reference fluids /110 (T ) ,
0
ﬂ’rfi (T) :

The results of viscosity measurements on humid air at comparably small mole fractions
of water obtained at Ruhr-Universitit Bochum [6] are characterised by some
inconsistencies possibly caused by an error. Nevertheless, it could be assumed that both
the absolute values and the pressure dependence of the viscosity of dry and humid air for
small mole fractions of water do not differ very much. A comparison of values calculated
with the different prediction models in larger ranges of temperature, pressure, and
composition shows that the pressure dependence of the viscosity values of humid air
agrees approximately with that of dry air. The differences between the calculated
viscosity values of humid air are mainly determined by the viscosity at low pressure due
to the composition dependence.

In the case of the thermal conductivity the differences of the values predicted with the
various models are not only caused by the different composition dependence at low
pressure but also by the unlike pressure dependence, so that the situation is more
complicated than that for the viscosity. Unfortunately, the findings cannot be explained
without reliable experimental results which should be available at least in a restricted
range of temperature, pressure, and composition.

The Vesovic-Wakeham procedure seems to be the most promising one in the complete
ranges of temperature, pressure, and composition required in the project. It represents
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somewhat better the composition dependence of both transport properties at low
pressures and should be improved by adjusting one or more parameters within the scope
of a fit of the calculated values to the experimental data. Conclusions concerning the
pressure dependence are hampered by the shortage of experimental data. Nevertheless, in
the case of the viscosity the pressure dependence seems to be represented in an adequate
manner.
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5 Recommended Model for Transport Properties

An improved modification of the Vesovic-Wakeham procedure is recommended for the
prediction of the transport properties of humid air. The method proposed by Vesovic and
Wakeham [17], [18] to predict the transport properties of a dense fluid mixture is based
on a rigid-sphere model. The real behaviour of the fluids is taken into account by the
contact value of the pseudo-radial distribution function derived from the transport
property correlations of the pure components. In the case of humid air, dry air is
considered to be a pseudo-pure component so that the formulations for the viscosity and
thermal conductivity reported by Lemmon and Jacobsen [1] can be applied. They are
given in Section 5.1. In addition, the formulations for the viscosity and thermal
conductivity of water and steam [8], [9] provided by the International Association for the
Properties of Water and Steam (IAPWS) are needed and summarized in Section 5.2. The
general scheme of the Vesovic-Wakeham procedure described in Sections 5.3.1 and 5.3.2
requires as input quantities the temperature, the molar density of the mixture and its
composition, whereas experimental transport property data of the mixture are not
necessary for the calculation. It is to be noted that Vesovic and Wakeham treated the
transport properties in a way that the contributions resulting from the enhancement near
to the critical point are excluded. Additional information concerning the implementation
of the procedure for mixtures of dry air and water is included in Section 5.3.3. The
improvement of the Vesovic-Wakeham procedure by adjusting the length scaling
parameter needed for the interaction viscosity in the limit of zero density is presented in
Section 5.3.4.

Furthermore, the recommended model makes possible calculation of the transport
properties of humid air under the conditions of liquid fog and of ice fog. Liquid fog is
treated as an ideal mixture of saturated humid air and of water droplets for the viscosity
as well as for the thermal conductivity. In the case of ice fog, an approximation is used to
determine the dynamic viscosity, because its value does not exist in the solid state of
water. The calculation for the thermal conductivity treats ice fog as an ideal mixture of
saturated humid air and of ice crystals.

5.1 Dry Air
5.1.1 Viscosity

The viscosity of dry air treated as pseudo-pure fluid is expressed according to Lemmon
and Jacobsen [1] with the following equation in which no contribution considering the
critical enhancement is included:

n=n"(T)+7"(z.5). (5.1)
The dilute-gas viscosity (in pPas) follows from:

0.0266958VMT

0 _
77 (T)_ 0_29(2’2)*(7’*) *

(5.2)

The reduced collision integral Q22" for viscosity and thermal conductivity is given as
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QY () = exp{zﬂr:bi [ln(T*)T} (5.3)

i=0
with
T =kpT/¢. (5.4)

Parameters needed for calculating the viscosity and thermal conductivity of dry air are
given in Table 5.1.

Table5.1:  Parameters of the viscosity and thermal conductivity equations for dry air.

Parameter Air
T./ K 132.6312
Pume / MOl dm? 10.4477
p./ MPa 3.78502
M/ g mol 28.9586
&kg/ K 103.3

o/ nm 0.360
&/ nm 0.11
I 0.055
gp/ nm 0.31
T/ K 265.262

The residual fluid contribution to the viscosity follows from

n

77R (r,0) = ZN,-rtié'd" exp(—j/,-é'l") (5.5)
i=1

with

t=1./T and 6 = p/ p; . (5.6)

All coefficients and exponents needed in Eq. (5.3) and in Eq. (5.5) are summarized in
Table 5.2. The parameter y equals zero, if /;is zero, and is unity, if /; is not zero.

Table 5.2:  Coefficients and exponents of the dilute-gas viscosity equation [Eq. (5.3)] and of
the residual-fluid viscosity equation [Eq. (5.5)] for dry air taken from Lemmon and Jacobsen [1].

I bl' I N, tl' dl' li
Air

0 0431 1 10.72 0.2 1 0

1 -0.4623 2 1.122 005 4 0

2 0.08406 |3 0.002019 2.4 9 0

3 0.005341 |4 -8.876 0.6 1 1

4 —-0.00331 |5 —0.02916 3.6 8 1
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5.1.2 Thermal Conductivity

The thermal conductivity of dry air is expressed according to the correlation of Lemmon
and Jacobsen [1] as:

1=22T)+ AR (2,8)+ 1% (2, 8). (5.7)

The dilute-gas term of the thermal conductivity (in mW m! K'l) reads:

0
29 =N {%}+Nzrh + N3z, (5.8)
uPa s

whereas the residual contribution to the thermal conductivity is given as:

n
AR = > Nizlis% exp(—yl-é'lf ) (5.9)
i=4
The coefficients and exponents needed in the last two equations are summarized in Table

5.3. As already mentioned above, the value of the parameter » depends on the values of
the exponent /; and equals either zero or unity.

Table 5.3:  Coefficients and exponents of the dilute-gas thermal conductivity [Eq. (5.8)] and of
the residual-fluid thermal conductivity equations [Eq. (5.9)] for dry air taken from Lemmon and
Jacobsen [1].

[ N i d I
Air

1 1.308

2 1.405 -1.1

3 -1.036 —-0.3

4 8.743 0.1 1 0
5 14.76 0.0 2 0
6 -16.62 0.5 3 2
7 3.793 2.7 7 2
8 —6.142 03 7 2
9 03778 1.3 11 2

The contribution to the thermal conductivity of the fluid due to the enhancement in the
critical region is calculated by means of a model developed by Olchowy and Sengers
[10].

kgRoT [~ =
A6 = pe,—B2°_(5_0), (5.10)
p67rcff7(T,p)( )
where
~ 2| ¢cp—cy _
Q:-Kp—jtan H&lap)+ L (£/gp) |, (5.11)
T Cp Cp
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2 -1

Qp==1J1-exp 7 5 oIt (5.12)
d (¢/qp) +§(§/C]D) (pc/p)
Tiot viy
)Z(Tap)_f(Tref,p) I;-:,
&=2%0 e : (5.13)
. Pep [ Op
z(T,p)=—2(a—j : (5.14)
Pe P )T

In these equations, Rp, v, and y are theoretically based constants with values of
Ry =1.01, v=0.63, and y =1.2415, whereas the fluid-specific terms gp, &, and I~

derived from a fit to experimental data in the critical region are given in Table 5.1. The
specific isobaric and isochoric heat capacities, ¢, and ¢y, as well as the first derivative

of mass density with respect to pressure are available from the equation of state given by
Lemmon et al. [11]. The reference temperature Ti.r (see Table 5.1) was chosen to be

twice the critical temperature 7;. At temperatures higher than 7..f the bracket term in

Eq. (5.13) becomes negative and the critical enhancement should be set zero.

5.2 Water and Steam
5.2.1 Viscosity

The viscosity of ordinary water substance is given for general and scientific use
according to the IAPWS formulation [8] as:

e =00 (T) i (T, o0) 12 (T3 ) (5.15)

The reference values to perform the reduction are given in Table 5.4.

Table 5.4:  Reference constants and relationships to reduce viscosities and thermal
conductivities for water and steam.

Reference constants Reduced quantities

T" = 647226 K T,=T/T" (5.16)
p*: 317.763 kgm'3 pr:p/p* (5.17)
p" = 22.115MPa pe=plp (5.18)
n = 55.071 uPas m=nn" (5.19)
A" = 04945Wm' k! A=Al A" (5.20)

The reduced viscosity coefficient in the dilute-gas limit follows from:
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T

e (T) = 3(
hi

i:OTrl

: (5.21)

with the coefficients 4; given in Table 5.5.

The term nrl(Tr,pr) is related to but not identical with the residual contribution of
viscosity and reads as

5 6 i .
n%(Tr,pr)=e><p[prZZhg (Ti—lj (prl)’} (5.22)
i=0j=0 \1r

with the coefficients hij also summarized in Table 5.5. All h,-j values with combinations

of the indices i and j not given in this table are equal zero.

Table 5.5:  Coefficients 4; for 77r0 (T3) [Eq. (5.21)] and Ay for 77r1 (T, pr) [Eq. (5.22)].

i h; i hi i hij

0 1.000000 | 0 0 05132047 2 2 -1263184

1 0978197 | 1 0 03205656 0 3  0.1778064

2 0579829 |4 0 -0.7782567 1 3 0.4605040

30202354 |5 0 0.1885447 2 3 0.2340379
0 1 02151778 3 3 —0.4924179
1 1 07317883 0 4 —0.04176610
2 1 1241044 3 4 0.1600435
3 1 1476783 1 5 —0.01578386
0 2 -02818107 3 6 —0.003629481
1 2 -1.070786

The term 77r2 (7%, pr) of Eq. (5.15) accounting for the enhancement of the viscosity in the

vicinity of the critical point has only to be considered in a limited range of temperature
and density by

nt (Tr, pr) =0.922 790263 if 7>21.93 (5.23)

77r2(Tr,pr) =1 if 7<21.93. (5.24)

The values for y result from the equation of state according to the definition:

- 0
7=p (i] . (5.25)
opr g
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77r2 (T;, pr) can be chosen in ranges located outside the critical region to be equal unity to
allow simplified calculations, what means to avoid the determination of y for points

beyond that region. The thermodynamically stable areas with 77r2 >1 are situated within:
0.996<T; <1.01 (5.206)

0.71< p; <1.36 . (5.27)

5.2.2 Thermal Conductivity

The equation for the thermal conductivity provided by the IAPWS [9] differs slightly
from that for the viscosity due to the larger influence of the critical enhancement and
reads in reduced form as follows:

Ao =I5 () A (T, pr) + 27 (Tr ). (5.28)
The thermal conductivity in the dilute-gas limit is written as
(1) = 3£ (5.29)

i

i I

with the coefficients /; given in Table 5.6.

The term ﬂTl(Tr, pr) 1s given similarly to the corresponding term in the viscosity
equation:

4 5 i i
ﬂﬂ(Tr,pr)—eXp{prZ Dl (Ti—lj (pr—l)’]. (5.30)
i=0 j=0 r

The coefficients required in Eq. (5.30) are also listed in Table 5.6, whereas all values of
ljj not given are equal zero.

The additive term &2 (T:, pr) of Eq. (5.28) represents the contribution resulting for the
enhancement of thermal conductivity in the vicinity of the critical point and is defined as:

2 2
AT pr) = 0.0013848 (EJ [%J FOA678 112
e (L) i (L pe) \or ) 0T ), . (5.31)

. exp[—18.66(Tr -1)>~(pr —1)4}

Here the contributions 779 (T;) and 77} (T, pr) follow from the viscosity equations

described above including the definition of the quantity .
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Table 5.6:  Coefficients /; for /lro (T3) [Eq. (5.29)] and [;; for ﬂTl(Tr,pr) [Eq. (5.30)].

i [; i lij i J lij

0  1.000000 0 0 1.3293046 2 2 4.9874687

1 6.978267 1 0 1.7018363 3 2 4.3786606

2 2.599096 2 0 5.2246158 0 3 0.018660751

3 —0.998254 3 0 8.7127675 I 3 -0.76736002
4 0 —1.8525999 2 3 —-0.27297694
0 1 —0.40452437 3 3 -0.91783782
1 1 —2.2156845 0 4 -0.12961068
2 1 -=10.124111 1 4 0.37283344
3 1 -9.5000611 2 4 -0.43083393
4 1 0.93404690 0 5 0.044809953
0 2 0.24409490 1 5 -0.11203160
1 2 1.6511057 2 5 0.13333849

5.3 Improved Vesovic-Wakeham Model for Unsaturated and
Saturated Humid Air

5.3.1 Viscosity

The viscosity of a dense fluid mixture containing N components is given for the molar
density py, and a composition characterised by the mole fractions x; as:

Hyp - Hiy h
: : : Hyp - Hin
(T, pm,X)=—| ’ ) : D4 K 5.32
Nmix (T’ Pm, X) Hyi - Hyy Yy . o mix ( )
Yl YN 0 N1 NN
N m;
Y=x;| 1+ X Qi Vi 5.33
i =X lemi"‘mj j%ij Xij Pm ( )
x? Z N XiXiyii  mym; 20 4m; «
e D L =L 4 (5.34)
2| 3 .Y
771 j=1 2Al]771] (mi +m]') m;

J#i
xixj;?ij m;m 20

Hj=-—"1 (——4/1] (i#j) (5.35)
2455 (my+m ;)P\ 3

16 15 5
Kmix = pmzleleljalﬂ?y (5.36)
sz 16 io1
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The contact values of the pseudo-radial distribution function y, follow from the viscosity
of the pure component 7; after subtracting the critical enhancement 77ic :

1/2

2
By (77i ~ P}y ) . an® 1
2 pmaiin; 2 pmaiin; ﬂnpmau

These values have to be unity in the limit of zero density so that the negative root is used
first and the positive one is applied at densities higher than a so-called switch-over molar

density pr*n. This quantity is iteratively determined by a comparison of the derivative of

the viscosity with respect to density with the ratio of viscosity to molar density:

{M(T,pm)} _ (T pm) (5.38)
o

The parameter ¢;; is derived using the value p;; :

"iiT’pﬂ(l)) 2 (5.39)
Pmiilli \/ﬁn
with

L1, (16
By 4 \57)16°
The quantities characterising the interaction between unlike molecules of species i and j

are obtained from the following mixing rules:

1
ajj = 2 (a,1,/3 +a}J/3) (5.40)

6, _ 1/3 1/3 2/3
N g(l" 1) ( ) zxk
Zi =1+= D e (e —1)+

o= (;7,-—1)”3+(;7j—1)”3

(5.41)

5.3.2 Thermal Conductivity

The thermal conductivity of a dense fluid mixture consists of a translational (mon -
monatomic) and an internal (int) contribution:

Amix (T, Pm) = Amix (mon)(7', pm ) + Amix Aint)(T, pm) - (5.42)
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The translational contribution is given similar to the formulae for the viscosity:

el Ly ¢ Lin
Ammix (mon)(T, o) =—| o : |+ Kmix (5.43)
Lnp o Ly I Lyt - L
B o Yy 0 N1 NN
N 2mim; _
j—l(ml‘-l-mj
L. X7 Zii
1
22 (mon)
N T (5.45)
+ — XiXj Xij 2(%mi2+%m§—3m§83+4mimj,4;j
J=1 2A,-j/1,j(mon)(m,-+mj>
J#I
Lyj =~ fixglij - 2(2—335—“;) (i#]) (5.46)
2 4jj 255 (mon) (m; +m; ) 4
_1610 5
pi z Z xliZlﬂ/ljﬂ’lj (mon) . (5.47)

i=l j= l(l’l’ll+mj

The translational contributions of the thermal conductivity in the limit of zero density
/11_0 (mon) and /lg (mon) are derived from the corresponding values of the viscosity in the

same limit:

9 (mon) =§[@} L. (5.48)

The internal contribution to the thermal conductivity reads as:

-1

N[ ,0_ ,0 N .0 7o A
i (00T, ) = Z{w} 14y HA oz | (5.49)
i=1 Xii j=1 Xidij (mon);; 4;
J#I

The contact value of the pseudo-radial distribution function y; follows from the thermal

conductivity of the pure component /; after subtracting the critical enhancement /11-(: :
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Ba| 2= i (mon) |
2 pimyii Al (mon)

Zi (Ta pm) =
1/2 (5.50)

0 2 0

s Ai — pmyii4 (mon) | Ai
2pmyiAl(mon) | BapmyiA (mon)

The switch-over molar density p:n and the parameter y;; are derived from:

{8/74((;/;,/3111)} :%(Z,*pm) (5.51)
m T m
(T, pm) 2 [ 17
s /M :1 ] 552
Pm7iiZi (mon) ’ NIA |:’1i0 (mon)} >

11 (16)5
with — =—+| — |—.
L, 4 \57)18

The analogous mixing rules as formulated for the prediction of the viscosity are applied
to determine the mixture quantities ; and y;; .

5.3.3 Implementation of the Vesovic-Wakeham Model for the Prediction of the
Transport Properties of Humid Air

Treatment of the critical enhancement

In principle, the contributions of the critical enhancement have to be subtracted from the
total values of the viscosity and of the thermal conductivity for the pure fluid i:

7i(T, pm) = Nitotal (Ts Pm) =115 (T Pm ) (5.53)

4(Ts pm) = i total (T Pm) — A (T, Prm) (5.54)

But this has to be performed for water only, because these contributions are negligible for
dry air under the conditions of interest, even in the case of the thermal conductivity.
Although the critical enhancement of the viscosity is comparably small, apart from a very
close region near to the critical point (see IAPWS formulations [8], [9]), this contribution
was also subtracted for the viscosity in order to avoid numerical problems in determining
the contact values of the pseudo-radial distribution function. This is particularly of
importance at the reference temperature concerning the hypothetical fluid (see next
point).

For the final calculation of the thermal conductivity for humid air, the contribution due to
the critical enhancement of water has again to be added according to the partial density

Pm,w -

Imix.total (T Pm) = Amix (T Pm) + A5 (Ts P ) - (5.55)
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But in the case of the viscosity the critical enhancement has not been considered due to
its minor contribution following from the proportion of water in humid air.

Transport properties of water as a hypothetical fluid

The transport properties of the pure components are needed at the same temperature and
density as the mixture and additionally for the complete temperature range up to high

densities in order to determine the switch-over molar density p:n, the mean free-path
shortening parameters «; and y,, and particularly the contact value of the pseudo-radial
distribution function ¥, . Since water can be a liquid under the conditions of interest, it has

to be treated as a hypothetical fluid that has the same properties as the real component in
the single-phase region, but does not undergo a phase separation.

The following equations have to be applied to calculate the transport properties of a
hypothetical fluid at temperatures below the critical temperature (7 < 7,) and at densities

higher than the saturated vapour molar density ( oy > Pms ):
0i(T, pm) = 10 (T, prms) + 1 Lret » Pm) = 1 (Tret s Prms ) ] (5.56)

A (T, pm) = A4 (T, pms)+[ﬂi(]}efapm)_ﬂi(z}efapms)] (5.57)

In our investigation the reference temperature was chosen to be T

ref

= 650 K marginally

higher than the critical temperature of water. In all other ranges of temperature and
density the transport properties of water are calculated according to the TAPWS
formulations [8], [9].

Quantities characterising the interaction between the unlike molecules

The interaction viscosity in the limit of zero density is determined based on an extended
corresponding states principle [27] using a universal correlation with a functional S;

derived from the HFD potentials of the rare gases [28]. First, individual scaling factors o,

and ¢, were calculated from zero-density viscosity values of the correlation by Lemmon

and Jacobsen [1] for dry air and experimentally based zero-density viscosity values for
water vapour [31]. For that purpose the equations formulated below were used for pure
gases in an analogous manner. The scaling factors for water and dry air resulting from
that analysis are given as:

Water: o, 0.26949 nm &, kg 768.47 K

0.36175nm ¢, /ky, = 9933K

Dry air: o
Then the scaling parameters for the unlike interactions were derived with the help of
common mixing rules from the individual parameters of the pure components:

o, :%(aﬁ +o,) (5.58)

J
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&; = (gﬁgjj )”2 . (5.59)

The unlike scaling parameters have the following values:

Humid air: o, = 0.31562 nm g;lky = 276.28 K.

Finally, the interaction viscosity in the limit of zero density results from:

2MM 1/2
0.021357] — /T
M. +M.

+
0 ! J
7! (T) = AR (5.60)
/ 015, (T})
with
In Sy ()= Y ax | In(75 ) | (5.61)
k=0
and
. kT
Ty = (5.62)

The universal constants a, of the functional S; are given in the range 1.2 < 7" < 10
according to Bich et al. [28]:
a,= 0.2218816, a,=-0.5079322, a,= 0.1285776,

a,=-0.008328165, a,=-0.002713173.

The quantities A; and B; characterising the relationships between different collision
integrals are taken to be 1.10 in the whole range of temperature.
Furthermore, in the case of the thermal conductivity unreasonable values for the

interaction quantities z,, 7, , and z, can occur for high mole fractions of water, if the

common mixing rule is applied. This would also lead to inadequate results for the thermal
conductivity of the mixture and can be avoided by using the following simpler alternative
mixing rules for the interaction quantities:

Zi=z - zi=7 - zi=(zz)"
According to experience gained in the project the common mixing rule can be applied for
mole fractions up to x,, = 0.5.

5.3.4 Improvement of the Vesovic-Wakeham Model by Using Experimental Data

As already stated in Section 4.3, the ability of the Vesovic-Wakeham model in predicting
the transport properties of humid air can be improved by taking into consideration
experimental data available in restricted ranges of temperature, pressure, and
composition. Figure 4.3 to Figure 4.8, concerning the comparison of viscosity and
thermal conductivity data for humid air at different temperatures and at atmospheric
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pressure with values predicted using the Vesovic-Wakeham model, demonstrated that the
differences are dependent on the composition of the mixtures. This is certainly caused by
the fact that the interactions between the molecules of dry air and water do not
correspond to spherically symmetric interaction potentials and that the theorem of
corresponding states is inappropriate to represent the interaction viscosity in the limit of

zero density 773 of such mixtures. In fact, the kinetic theory for molecules with
intermolecular potential energy hypersurfaces is very complicated and has to take into

account the internal degrees of freedom. Therefore, it seemed to be reasonable to consider
the interaction viscosity as dependent on the mole fraction x,. This composition

dependence was introduced into the interaction viscosity in that way that the length
scaling factor o;; was considered to be dependent on the composition of the mixture. For
that purpose, the experimental data for the viscosity of humid air of Kestin and Whitelaw
[2] as well as of Hochrainer and Munczak [3] at atmospheric pressure and at different
temperatures have been used to adjust the coefficients by in the following equation:

. n
O';dj(xw) = 0jj 1+x1xzzbk(x1 —xz)k (5.63)
k=1
The coefficients b, were derived as: bp= 0.34831934 , b= 0.23343484 , bo=1.5288226.

The differences between the experimental viscosity data and the values calculated with
the usual Vesovic-Wakeham model as well as by means of the procedure with the

adjusted scaling factor 0;‘” are illustrated in Figure 5.1 and Figure 5.2.

10.0 ‘ - ‘ - ‘ ' ‘ '
og
A A
X A
[«)
E 50 B 6 )
[oN
£ L
= 0.0 o &R B E§AOE ba 2
£, °Tor ol
1 > [ A
= o o & O 2981K @ 298.1K (adj)
8 50t <><> v 3231K v 323.1K(adj)]
S O 3481K ¢ 348.1K (ad))
A 4231K A 423.1K (adj)]
O 4732K @ 473.2K (ad))
100 O 5232K @& 523.2K (adj)
0.0 0.2 04 0.6 0.8 1.0
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Figure 5.1: Deviations of the values calculated with the Vesovic-Wakeham model from the
experimental data of Kestin and Whitelaw [2] for the viscosity of humid air at atmospheric
pressure and at different temperatures. Open symbols — usual VW model, crossed symbols — VW
model with adjusted scaling parameter.
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1.0 T T T T T
© 0.5€— ] o .
S 009 m, &
& , %&V%A $® a |
S -05¢F V%A .
3 * °o *
< 10} o 2851K A O i
' v 2931K
) O 303.1K
5:) 151 A 3131k A 0 T
o - O 3231K
S 20 ® 28.1K(ad) -
| ¥ 293.1K (adj) o
& 303.1K (adj)
25 A 3131K (adj) _
- B 323.1K (ad))
_30 A 1 A 1 A 1 A 1 A 1 A
0.00 0.02 0.04 0.06 0.08 0.10 0.12
XW

Figure 5.2: Deviations of the values calculated with the Vesovic-Wakeham model from the
experimental data of Hochrainer and Munczak [3] for the viscosity of humid air at atmospheric
pressure and at different temperatures. Open symbols — usual VW model, crossed symbols — VW
model with adjusted scaling parameter.

The experimental data of Kestin and Whitelaw [2] shown in Figure 5.1 are described for
all mole fractions within = 2% using the procedure with the adjusted scaling factor apart
from two values at 348.1 K at medium mole fractions and another value at 473.2 K at
about x, = 0.7. It is to be mentioned that an experimental outlier at 423.1 K was excluded

from the fit. Figure 5.2 elucidates the improvement in the representation of the
experimental data of Hochrainer and Munczak [3] by means of the variant of the VW

model with the adjusted length scaling parameter o

The distinctly improved ability of the Vesovic-Wakeham procedure with the adjusted
scaling parameter, to describe adequately the composition dependence of the viscosity of
humid air at atmospheric pressure, is also demonstrated for the experimental data of
Kestin and Whitelaw at 523.2 K in Figure 5.3. The value for pure water vapour calculated
with the IAPWS formulation [8] is added to complete the range of mole fractions. The
figure in which the values calculated with the different prediction models are compared
makes evident that the Vesovic-Wakeham procedure with the adjusted scaling parameter
is the only one which can represent the curvature of the composition dependence of the
viscosity at low pressures.
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Figure 5.3:  Comparison of experimental data (EXP) of Kestin and Whitelaw [2] at 523.1 K and
at atmospheric pressure with values for the viscosity of humid air using the different prediction
models (LHA — LibHuAir; 3PCS — three-parameter corresponding states model; VW — Vesovic-
Wakeham procedure). Curves correspond to a third-order polynomial fit to experimental data and
to values predicted by means of the VW model with the adjusted scaling parameter; value for
pure water from IJAPWS formulation [8].

Analogously to the viscosity, the experimental thermal conductivity data of Grii} and
Schmick [4] and values predicted by means of the VW model with the adjusted scaling
parameter as well as with the other models are directly compared in Figure 5.4. It has to
be pointed out that, in addition to the original Vesovic-Wakeham procedure (VW), a
variant was used in which the dimerisation reaction in water vapour has been considered
(VWR). The thermal conductivity value of pure water calculated with the TAPWS
formulation [9] for the density of the saturated vapour obtained from the IAPWS-95
formulation [12] at 353.1 K was added. This enables to perform, in the complete range of
mole fractions, third-order polynomial fits to the experimental data as well as to the
values predicted using the VW model with the adjusted scaling parameter. The curve
resulting for the VW model is characterised by a curvature and a maximum similar to
those of the experimental data. None of the other models leads to values with
approximately the same behaviour. This can be established, even if it is taken into
account that the experimental data have a large uncertainty which is obvious by the
difference of nearly 5% compared with the nowadays accepted value for dry air resulting
from the correlation of Lemmon and Jacobsen [1].
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Figure 5.4: Comparison of experimental data (EXP) of Griil and Schmick [4] at 353.1 K and
at atmospheric pressure with values for the thermal conductivity of humid air using the different
prediction models (LHA — LibHuAir; 3PCS — three-parameter corresponding states model; VW —
Vesovic-Wakeham procedure; VWR — Vesovic-Wakeham procedure considering additionally the
dimerisation reaction; adj — adjusted scaling parameter). Curves correspond to a third-order
polynomial fit to experimental data and to values predicted by means of the VW model with the
adjusted scaling parameter; value for pure water from IAPWS formulation [9].

To achieve a reliable judgement of the Vesovic-Wakeham procedure further experimental
data for both transport properties are needed, in particular for the thermal conductivity
over a large composition range at low as well as at high pressures.

5.4 Application to Liquid Fog and Ice Fog
5.4.1 Liquid Fog

Liquid fog is treated as an ideal mixture of saturated humid air and of water droplets in
the calculation of its transport properties. As an assumption, the water droplets are
considered to be equally distributed in the total volume or volume flow.

The transport properties are given for liquid fog (&w > &sw and 273.16 <T'<647.096K)

as:

Dynamic viscosity 7

1= (7a + Ywvap ) + T liq Ywliq (5.64)
with
Nsw =1 (T , pms,w,xw) dynamic viscosity of the saturated composition
obtained from Section 5.3

where
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Pms,w = 1 1 molar mixture density at saturation
+
Va (pa’T) Vw,vap
composition

M =x, My + x4 My,

and
Xa =1—xy

w

Xy = F7—<
)
M,

w

M, =28.9586

My, =18.015268

Va (paaT)

Vw,vap = f(ps,WaT)

Ds,w = f(p,T)

Mwiiiq = f (T-Vawliq )

and

vw,iiq =/ (p.T)

,T
Va z‘fa—va(f )

where
éa =1- Sgs,w - ‘fw,liq

W
1+ W

Ss,w

kg

molar mass of the mixture in kg kmol™! ,

mole fraction of air,

mole fraction of water in the mixture with

units molmol™! ,

humidity ratio of the mixture with units kg, kg;l .

1 molar mass of air obtained from Lemmon et
0

al. [11],

kg
kmol
95 [12], [13],

specific volume of air at partial pressure of air and

molar mass of water obtained from IAPWS-

temperature obtained from Lemmon ef al.,

specific volume of water vapour obtained from
IAPWS-95.

partial pressure of water vapour of the saturated

composition obtained from Nelson and Sauer [32],
[331],

dynamic viscosity of liquid water obtained from

IAPWS-85 [8],

specific volume of liquid water obtained from
IAPWS-95,

volume fraction of air

mass fraction of air

mass fraction of saturated water vapour
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Wi humidity ratio of the saturated composition
calculated from the following equation
W, = &ps—w ,

Ry p— DPs,w
Dry air
R . .
R, = specific gas constant of air,
M,
R =8.314510 molar gas constant obtained from Lemmon et

kmol K

al.,

Water and steam

Ry =0.46151805 kkJK specific gas constant of water obtained from
g

IAPWS-95,
Swilig = Sw —&s,w  mass fraction of the liquid water in the fog
Ew mass fraction of water in the mixture,
va (p.7T) specific volume of air at mixture pressure and

temperature obtained from Lemmon et al.,
_ Vs,w (1+M)+Vw,liq (W_VV;)

specific volume of fog

1+W
where
Vew = S specific volume of the saturated composition
T oM
Vw,liq = f(p,T) specific volume of liquid water obtained from
IAPWS-95,

Ywyap =1=7a = ¥wliq volume fraction of water vapour,

Vw liq . .
Yw.liq = Sw,liq volume fraction of liquid water
with
Sw.liq = Sw —Ssw mass fraction of liquid water in the fog.
Thermal Conductivity A4
A= Zs,w (7/a + Vw,vap ) + /lw,liq Vw liq (5.65)

with
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Asw =4 (T s Pms,w » Xw ) thermal conductivity of the mixture obtained from

Section 5.3
where
Pmsw = I M I molar mixture density at saturation
Va (paaT) ' Vw,vap
composition

M = x, M, + xy, M, molar mass of the mixture in kg kmol™! ,

and
Xg =1—xy mole fraction of air,
w ) . . .
Xy =——— mole fraction of water in the mixture with
M,
+W
)
units molmol™! ,
w humidity ratio of the mixture with units kg, kggl .
M, =28.9586 kkgl molar mass of air obtained from Lemmon et
mo
al. [11],
My, =18.015268 ki{f 1 molar mass of water obtained from TAPWS-
0
95 [12], [13],
Va ( Pa,T ) specific volume of air at partial pressure of air and

temperature obtained from Lemmon et al.,
Vw,vap = f (Ps,w,T) specific volume of water vapour obtained from
IAPWS-95.
Dsw = f(p,T) partial pressure of water vapour of the saturated

composition obtained from Nelson and Sauer [32],

[33],
Awliq = f (T >Vw,liq) thermal conductivity of liquid water obtained from
IAPWS-85 [9],
and
vwiia =f(p,T specific volume of liquid water obtained from
>11q
IAPWS-95,
’T . .
Ya =¢Sa ha (f ) volume fraction of air
where
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Sa=1- Sgs,w - fw,liq
_ W
baw = 1+W

Ws

R=8.314510

Water and steam

Ry =0.46151805 kkJ

‘fw,liq = éw - Sgs,w

Sw
Vq (p,T)

_ Vs,w (1+VVS)+VW,HC[(W_VVS)

mass fraction of air
mass fraction of saturated water vapour

humidity ratio of the saturated composition

calculated from the following equation
W, = & Ps,w ’
Ry p— DPs,w

specific gas constant of air,

T molar gas constant obtained from Lemmon et
0

al.,

specific gas constant of water obtained from
IAPWS-95,

mass fraction of the liquid water in the fog

mass fraction of water in the mixture,

specific volume of air at mixture pressure and

temperature obtained from Lemmon et al.,

1+W
where
N 1
Y Pms,wM
Vw,liq = f(p,T)

Yw,vap =1-7, —Yw.liq

Vw,liq

Yw,liq = é:w,liq
with
fw,liq = fw - és,w

specific volume of fog

specific volume of the saturated composition

specific volume of liquid water obtained from
IAPWS-95,

volume fraction of water vapour,

volume fraction of liquid water

mass fraction of liquid water in the fog.
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54.2 lce Fog

Note that the new model for calculating the transport properties of humid air has a limited
temperature range starting from 273.16 K. Due to the fact that the dynamic viscosity of
water in the solid state does not exist, an approximation is needed to determine the
dynamic viscosity in the case of ice fog. The approximation consists in that the viscosity
of the saturated composition is calculated using the equation from Brandt [34]. In the case
of the thermal conductivity, ice fog is treated as an ideal mixture of saturated humid air,
again calculated by means of the equation of Brandt, and of ice crystals. As an
assumption, the ice crystals are considered to be equally distributed in the total volume or
volume flow. Furthermore, a constant value for the thermal conductivity of the ice
crystals is used [35].

The transport properties are given for ice fog (&yw > &sw and 243.15<T <273.16 K)'™

as:

Dynamic viscosity n

11 =MaYa +w,vap Y'w,vap (5.66)
with
Ma=f (T ,ﬁa) dynamic viscosity of dry air obtained from

Lemmon and Jacobsen [1],
Nwvap = (T ) dynamic viscosity of water vapour of the saturated

composition obtained from Brandt [34] for
temperatures below freezing,

\% ,T ) .
Va =& M volume fraction of air
Vs,w
where
Sa=1-&sw mass fraction of air
Wy )
Ssw = mass fraction of saturated water vapour
1+ w
Wi humidity ratio of the saturated composition
calculated from the following equation
R
W, =~ Psw
Ry p— Ps,w

Psw = f(p,T) partial pressure of water vapour of the saturated

composition obtained from Nelson and Sauer [32],
[33],

Dry air

1 For simplifying the use of the library, the ice fog was assigned to temperatures below the triple-

point temperature 273.16 K of water.
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R, = R specific gas constant of air,
a
R =8.314510 T molar gas constant obtained from Lemmon
0
etal [11]

M, =28.9586 kkg 1 molar mass of air obtained from Lemmon e?
mo

al.

Water and steam

Ry, =0.46151805 kkJ specific gas constant of water obtained

from IAPWS-95 [12], [13].

w humidity ratio of the mixture with units
-1
Kgwater kgair .
va(p.T) specific volume of air at mixture pressure and

temperature obtained from Lemmon et al.,

specific volume of the saturation composition,

Yow =T I
+
Va (paaT) Vw,vap

Va ( Pa,T ) specific volume of air at partial pressure of air and
temperature obtained from Lemmon et al.,

Vw,vap = ( Dsw>T ) specific volume of water vapour obtained from

IAPWS-95,
Ywyap =1—7a volume fraction of water vapour in the mixture.
Thermal conductivity A
A=Aaya+ ﬂfw,vap Vw,vap T /lw,iceﬂ/w,ice (5.67)
with

La=f (T , Pm.a ) thermal conductivity of dry air obtained from
Lemmon and Jacobsen [1],

Awap = f(T) thermal conductivity of water vapour of the
saturated composition obtained from Brandt [34]
for temperatures below freezing,

W .. . .
Aw,ice = 2.21—K thermal conductivity of ice obtained from
m

Kretzschmar [35],
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% T ) ]
Va =& M volume fraction of air

where

Sa =1-&sw —&wice  mass fraction of air

Ssw = Ws mass fraction of saturated water vapour
1+ w
Wi humidity ratio of the saturated composition
calculated from the following equation
W, = & Ps,w ’
Ry p— DPs,w

Psw = f(p,T) partial pressure of water vapour of the saturated
composition obtained from Nelson and Sauer [32],
[331],

Dry air

R . .
R, = specific gas constant of air,
a

R=28.314510 molar gas constant obtained from Lemmon

kmol K
etal [11]
Water and steam
Ry, =0.46151805 kkJK specific gas constant of water obtained
from TAPWS-95 [12], [13].
w humidity ratio of the mixture with units kg, kg;l .

Swiice = bw —&sw  mass fraction of ice in the fog

Ew mass fraction of water in the mixture,

Va ( p,T ) specific volume of air obtained from Lemmon et

al.,
V, 1+ W)+ vy jee (W =W, .
y=—Y ( S) e ( s) specific volume of fog
1+w
where
1 . .
Vsw = ] ] specific volume of the saturation
+
Va (paaT) Vw,vap

composition
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Va ( Pa,T ) specific volume of air at partial pressure of air and
temperature obtained from Lemmon et al.,

Vw,vap = f (Psw,T) specific volume of water vapour from
[APWS-95,

Ywyap =1—%a —Yw,jice  volume fraction of water vapour,

Vw,ice . .
Yw.ice = Swiice volume fraction of ice
with
Ewiice = Sw —Ssw mass fraction of ice in the fog.
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6 Conclusions

The analysis of the different prediction models for the transport properties of humid air
was hampered due to the lack of experimental data, especially in the case of the thermal
conductivity. Nevertheless, the analysis showed that dry air should be treated as a
pseudo-pure component. Furthermore, a suitable model should include the most reliable
correlations available in the literature for the transport properties for the pure and pseudo-
pure components water and dry air in large ranges of temperature and density or pressure
and should be able to reproduce their properties at least. In addition, values for the
viscosity and thermal conductivity at high temperatures and pressures calculated with
four different prediction models were compared.

As a result of the comparison, one procedure is recommended for the calculation and
prediction of the transport properties for humid air. It traces back to a theoretically-based
model of Vesovic and Wakeham which was modified in this project. In principle, the
Vesovic-Wakeham model is based on a formalism for the transport properties of a
mixture of hard spheres, but it takes into consideration the behaviour of the real fluids in
a suitable manner. The general scheme of this model and the specific features to be
considered in its implementation for mixtures containing water were given in detail.

Although the model of Vesovic and Wakeham describes best the transport properties of
humid air in a predictive manner, it was distinctly improved by the adjustment of one
parameter using a very limited number of experimental viscosity data available at low
densities. More accurate statements about the ability of this procedure to describe
particularly the pressure dependence of humid air are not possible without new
experimental data in extended ranges of temperature, pressure, and composition.
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1 Property Functions

The recommended models described in Chapters 5 of Part A and B, respectively, have
been made available in the property Library for the mixture humid air called LibAirWa
(Air-Water). This property library contains the model ideal mixture of the real fluids dry
air and water for calculating the thermal and caloric properties of humid air (Section 5.3
of Part A), prepared by Zittau/Goerlitz University of Applied Sciences. For calculating
the saturated composition of humid air, the model of Nelson and Sauer (Section 5.4 of
Part A) is used. In addition, the library LibAirWa includes the equations for the transport
properties of Vesovic and Wakeham improved by the University of Rostock (Part B).
Table 1.1 comprises the property functions available by the library LibAirWa. The input
variables for the calculation of all thermophysical properties are pressure, temperature,
and mass fraction of water. Furthermore, the backward functions of the given variables
(p,h), (h,s), and (p,s) which are required in process modelling can be calculated.
The functions are valid for:

e unsaturated humid air

e saturated humid air

e liquid fog at &y, > & and 72 273.16 K

e icefogat &, > & and T<273.16 K"

In the case of liquid fog and ice fog, humid air is treated as an ideal mixture of saturated
humid air and of water droplets or ice crystals, respectively. As an assumption, water
droplets or ice crystals are considered to be equally distributed in the total volume or
volume flow.

Table 1.1:  Property functions of the library LibAirWa in alphabetical order.

Functional Property or Function

Dependence

a=1(p,T,Ey) Thermal diffusivity

cp =f(h,s,Ey) Backward functiop: specific isobaric heat capacity from specific
enthalpy and specific entropy

cp =f(p.héEy) Backward function: specific isobaric heat capacity from pressure and
specific enthalpy

cp =f(p,5,Ey) Backward function: specific isobaric heat capacity from pressure and
specific entropy

cp =f(p.T.¢w) Specific isobaric heat capacity

cp =f(T,5,&y) BackwarFl function: specific isobaric heat capacity from temperature
and specific entropy

¢, =f(p,T,Ey) Specific isochoric heat capacity

n==1{(p,T,{y) Dynamic viscosity

' For simplifying the use of the library, the ice fog was assigned to temperatures below the triple-point
temperature 273.16 K of water.
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Functional Property or Function

Dependence

h=1(p,s,E) Backward function: specific enthalpy from pressure and specific
entropy

h=1f(p,T,&y) Specific enthalpy

h="1(T,s,&) Backward function: specific enthalpy from temperature and specific
entropy

k=1(p,s,E) Backward function: isentropic exponent from pressure and specific
entropy

k=f(p,T,E) Isentropic exponent

A=1(p,T,Ey) Thermal conductivity

v=~1(p,T,5w) Kinematic viscosity

p="1(h,s,Ey) Backward function: pressure from specific enthalpy and specific
entropy

p=1(T,s,&) Backward function: pressure from temperature and specific entropy

pa=f(p,T,¢y) Partial pressure of steam

Pdsatt =F(p,T) Saturation pressure of water

p=1(p.T.Sw) Relative humidity

p=1(p,T,Sw) Partial pressure of air

Pr=~f(p,T,¢w) PRANDTL-number

y1=1(&w) Mole fraction of air

vw =f(&y) Mole fraction of water

Region =f(h,s,&y)

Region from specific enthalpy and specific entropy

Region =f(p,h,&y)

Region from pressure and specific enthalpy

Region =f(p,s,5w)

Region from pressure and specific entropy

Region =f(p9T’(:EW)

Region from pressure and temperature

Region =1(T,s5,&w)

Region from temperature and specific entropy

p = f(p,Taé:W) DenSitY

s=1(p,h,&w) Backward function: specific entropy from pressure and specific
enthalpy

s=f(p,T,%) Specific entropy

o=1(T) Surface tension of water

T =f(h,s,Ey) Backward function: temperature from specific enthalpy and specific
entropy

T'=1(p,h,¢y) Backward function: temperature from pressure and specific enthalpy

T=1(p,s, &) Backward function: temperature from pressure and specific entropy

Iy =t(p,T,Sw) Wet bulb temperature

I =f(p.Sw) Dew point temperature

211



Part C Property Library LibAirWa for Humid Air

Functional Property or Function

Dependence

u="Ff(p,T,&) Specific internal energy

v="1(h,s,E) Backward function: specific volume from specific enthalpy and
specific entropy

v=={(p,h,Ey) Backward function: specific volume from pressure and specific
enthalpy

v=~1(p,s,éw) Backward function: specific volume from pressure and specific entropy

v=~1(p,T,éw) Specific volume

v="1(T,s,E) Backward function: specific volume from temperature and specific
entropy

w=1(p,T,¢{y) Isentropic speed of sound

¢w =t(p,T, pg) Mass fraction of water from partial pressure of steam

¢w =f(p,T,p) Mass fraction of water from temperature and relative humidity

Ew =f(p,T7) Mass fraction of water from dew point temperature

¢w =f(p,T,T¢) Mass fraction of steam from temperature und wet bulb temperature

Ewt =T(p,T,&y) Mass fraction of water

Swsatt =1(p,T) Mass fraction of steam from saturated air

xXw =T(&yw) Humidity ratio from mass fraction of water

The functions can be calculated for unsaturated and saturated humid air as well as for
liquid fog (&w > &w and T2 273.16 K) and ice fog (& > & w and 7<273.16 K). In
the latter cases humid air is treated as an ideal mixture of saturated humid air and of water
droplets and ice crystals, respectively.
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2 Range of Validity

The property library LibAirWa can be used in the following ranges of temperature and
pressure:

T'=243.15K ... 2000 K and p=611.2Pa... 100 MPa,

with the limitation that the partial pressure of steam is restricted to 16 MPa.

Some functions have closer limits with respect to their calculated values. The ranges of
validity of these functions are listed in Table 2.1:

Table 2.1:  Property functions with a more restricted range of validity.

Functional Property Range of Validity

Dependence

Pasatt =F(p,T) Saturation pressure of water 243.15K <T <647.096K ,
0.0006112 MPa < p <100 MPa

p=1f(p.T.&y) Relative humidity 243.15K <T <647.096 K,
0.0006112 MPa < p <100 MPa
0kg/kg <&y < Eysatt (p.7)

o=1(T) Surface tension of water 273.15K < T <647.096 K

T, =f(p,&w) Dew point temperature 0.0006112 MPa < p <100 MPa ,
Ewsate (P,243.15K) < &

Ew =f(p,T, pq) Mass fraction of water from 243.15K <T <2000K,

partial pressure of steam 0.0006112 MPa < p <100 MPa ,

0.0006112 MPa < pq < pasatt (p.T)
for 7<647.096 K and

pd <100 MPa
for 7 >647.096 K
Ew =f(p,T,0) Mass fraction of water from 273.15K < T <647.096 K ,
relative humidity 0.0006112 MPa < p <100 MPa ,
0% < ¢ <100%
Ew =f(p.T;) MZ?.SS fraction of water from dew | 743 15K <T < T, (p,pd ) ,
point temperature 0.0006112 MPa < p <100 MPa

Ew =f(p,T.Tt) Mass fraction of steam from wet | 243 15K < T <647.096 K ,
bulb temperature 243.15K < Ty STs(p,pd),

0.0006112 MPa < p <100 MPa
Eur =£(p.T,E) Mass fraction of water To(p,w ) <T<Ts(p.pa),
0.0006112 MPa < p <100 MPa ,
Ewsatt (P,243.15K) < &,
Ewsatt = (2. T) Mass fraction .Of s'team of 243.15K <T <T, (Papd ) ,
saturated humid air 0.0006112 MPa < p <100 MPa
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3 Application in Excel® and Mathcad®

For convenient use of the property library LibAirWa in Excel® and Mathcad® the Add-In
FluidEXL and the Add-On FIuidMAT are available. A detailed description is given in [2]
and [3].
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Part D Property Database for Thermodynamic and Transport Properties

1 Structure and Contents of the Database

The aim of the database was to collect all relevant data and information which are
necessary to investigate the behaviour of humid air. The database developed comprises
information on thermodynamic and transport properties of humid air, dry air, humid
gases, and humid combustion gases. Data were taken from the literature and also new
measured data were included. The database contains currently 225 sources including
thermodynamic and transport properties. A more detailed description of the structure and
the contents of the database is given in [1]. The authors thankfully acknowledge the
support of E. Lemmon [2] (NIST, Boulder CO, USA) and J. Yan [3] (KTH, Stockholm,

Sweden).

The contents of the database are managed by the Excel® Database Table. Figure 1.1

demonstrates the structure of the database.

Connected by hyper-
links from the sheet
"Overview"

Excel® Database Table

- Sheet "Overview"
- Sheet "Substances"
- Sheet "Properties"
- Sheet "Data Points"

Connected by hyper-
|| links from the sheet
"Data Points"

Folder ""Data Files"

- Prepared data files
- Prepared Excel® files
- Original sources

Folder "'Data Points"
for viewing in p-T diagrams
- Humid air
- Dry air
- Humid gas mixtures

Figure 1.1:  Structure of the database.

The sheet "Overview" is the starting point for using the database. This sheet covers all
information of the collected sources and the hyperlinks to all files of the database. Figure

1.2 illustrates the first part of the sheet "Overview".
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Each literature source is listed in one row and the respective information is given in
different columns. If data for several properties are reported in one source, they are listed
in different rows and grouped subsequently. The sheet "Overview" contains information
about:

e Bibliographical information: author, title, and name of
journal/proceeding/monograph

e Data type: experimental, calculated, algorithms, tables, graphics, or software

Substances: humid air, dry air, and components of mixtures

Properties: thermodynamic, transport, and others

Range of temperature, pressure, and density

Prepared data files in ASCII format

Prepared data files in Excel® format

For the experimental data, ASCII and Excel® files were prepared and connected with the
Excel® sheet by hyperlinks. These prepared files can be used on request at
http://thermodynamics-zittau.de.

The sheet "Substances” comprises the fluids included in the database.

The sheet "Properties” explains the symbols, abbreviations, and units of the considered
properties.

The sheet "Data Points" contains links to pressure-temperature diagrams (p-T diagrams)
in the folder "Data Points", covering all experimental data points available in the
database. The sheet gives an overview about the properties for which experimental data
are available for dry air, humid air, and relevant mixtures. For example, p-T diagrams for
dry air, humid air, and nitrogen-water mixtures are shown in Part A, Figure 2.1 to Figure
2.8.

The folder "Data_Files" contains all prepared data files, prepared Excel® files, and
original source files.
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2 Access to the Database

The property database for humid air is located on the server connected with internet via
an IP-Address. The access to the server is possible by Secure FTP (SFTP). The data are
transferred encoded. The server can be accessed by using programs which support SFTP,
e.g., SSH Secure Shell (www.ssh.com), or WinSCP (winscp.vse.cz).

A comprehensive User's Guide was prepared to facilitate an easy use of the database. It
describes the access to the server and the structure of the property database. The User's
Guide can be obtained at http://thermodynamics-zittau.de.
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