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Abstract

High Temperature Properties and Heat Transfer Phenomena for Steam at Temperatures
up to 5000K

Aleksandur Z. Vasic
Department of Mechanical Engineering, University of Ottawa, Ottawa, Canada K1N 6N5

Thermodynamic and transport properties and heat transfer phenomena for steum in a high temperature region
were examined, The phenomenon of thermal dissociation (transformation of steam from a single component gas 10
a six-component gas mixture) occurs in this temperature region, After a careful literature assessment of available sets
of property tzbles and equations for high temperature steam, a set of high temperature steam properties was selecied.
First, # set of computer subroutines was developed - the Fraction code, for generating molar fractions of «
dissociating steam and gas mixwre for a given pressure and temperature. Second, a set of computer subroutines was
developed for the computation of all possible combinations of binary diffusion coefficients and of the diffusion
coefficient for the component 1hrough a gas mixture. Third, steam properties may be evaluated for an ideal pas
mixture which includes no effects of chemical reactions - frozen state, or for a non-ideal solution at equilibrium state
which includes maximal effects of chemical reactions - effective properties ¢t equilibrium state. A set of computer
subroutines was developed - the Frozen Propertics code, for evaluating dissociated steam [rozen properties for a given
pressure and temperature. Finally, the effective properties recommended are those presented by Vargaftik (1983)
using the prediction method of Kesselman and Blank (1968 i). A computer code, UODH20 (University of Ottawa
Dissociated H,O code), was developed using a look-up table and interpolation technique to generate effective
properties at pressures from 0.01 1o 100.00MPx« and temperatures from 1000 to 5726.85°C.

Bused on the semi-empirical model by Nesterenko et al, (1967 a) for dissociated nitrogen tetroxide
(N,0,#2N0,. a two-component g.s mixture), a method was developed to determine the Nusselt number of a
chemically reacting (dissociated) fluid flow. This method includes the effects of Lewis number (the former works
assumed thit Lewis number equals 1.0). The method proposed in this work was applied to dissociated steam (a six-
component gas mixture), This method is a superposition model of the Nusselt number of the mixture of chemically
non-reacting gases (frozen state) and the sum of the effects of all chemical reactions which occur in the gas mixture.
The second term represents the contribution to heat wansfer due to mass transfer of the species in the gas mixture,
The High Temperature Stean Heat Transfer computer code (VASICA) was developed to predict heat transfer in a
turbulent wbe flow of steam. Predictions according to the proposed method are compared to the predictions of three
typical correlations from the literature developed for low and moderate temperature conditions: Dittus and Boelter
{1930), Petukhov et al. (1972) and Haduller and Benerjee (1969).

Key words : Steam - Water Vapour - Thermodynamic Properties - Transport Properties -
High Temperature - Dissociation - Heat Transfer - Heat Transfer Coefficient
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Chapter 1

Introduction

1.1 Outline of the Problem

The use of a conventional steam system requires data on the properiies of steam in a
temperature region up to a maximum of 800°C. These properties are extensively investigated and
documented in many books, in the form of steum tables and charts. Data presented in the stean
tables represent the contributions und recommendations of qualified engineering organisations
such as ASME! by Meyer et al. (1967), or governmental organisations such as NBSYNRC?® by
Haar et al. (1984). Applications in new technologies such as combustion, rocket propulsion,
nuclear reactors, solar furnaces and arc plasma require the investigation of the properties of steam
at much higher temperatures.

The specific needs for steam properties and heat transfer predictions at temperatures
higher then 800'C ure required in nuclear industry for Loss-of-Coolant-Accident (LOCA)
analyzes in water-cooled reactors. The objective of this study can be divided into two parts. First,
to survey available data for steam properties in high temperature regions, particularly at
temperatures from 800 to 3000°C, and to recommend a method for predicting properties in that
region. This data is needed to predict the local heat transfer coefficients. Second, to devise a
method for the prediction of the heat transfer coefficient to steam for turbulent pipe flow with
a constant wall heat flux for a high temperature region.

ASME is an acronym for American Society of Mechanical Engineers.
* NBS ix an acronym for National Bureau of Standards (U.S.A).
NRC is an acronym for National Research Council (Canada).

1



This thesis presents an analysis of the thermodynamic and transport praperties of steam
within the pressure range from 0.01 to 100MPa and the temperature range trom 1000 to
5726.85"C (the region where phenomena of dissociation occur). The effect of high temperature
properties on the convective heat transfer coefficient of turbulent flow is alse examined.

1.2 Dissociation

Dissociation is a chemical term for the temporary, reversible decomposition of the
molecules of a compcund which occurs under certain conditions. This is the process by which
a chemical compound splits into simpler constituents. These components are capuble of
recombining under other conditions. Dissociation can be electrolytic or thermal depending on the
cause of dissociation (form of energy needed for breaking chemical bonds). In electrolytic
dissociation, electrolytes are split into charged jons. In thermal dissociation, due to the effect of
thermal energy molecules decompose into a number of specific components (molecules or atoms),
The degree of dissociation is a function of temperature and pressure. After cooling, the products
of dissociation will recombine. In this study, the term dissociation will always mean thermal
dissociation.

One satisfactory method of understunding the mechunism of thermal dissociation is to
analyze it on the molecular level. From the kinetic theory of gases, temperature is defined as the
mean kinetic energy of all molecules. A temperature increase is then an increase of mean kinetic
energy. Gas molecules are in continuous disorderly movement between collisions with other
molecules. When two molecules collide they exchange kinetic energy. The molecule with the
lower kinetic energy before the collision gains energy after the collision and the molecule with
the higher kinetic energy before the collision loses part of its energy. If the energy exchanged
between the molecules is less than required activation energy (energy needed to break their
chemical structure), the two molecules bounce and continue chemically unchanged. Conversely,
when the kinetic energy is greater than the needed activation energy, the colliding molecules
break their chemical structure, absorbing part of the kinetic energy. After such u collision, three
or more different molecules are produced. This is dissociation of the molecule into various
fractions.

The degree of dissociation of a gas increases with temperature. Each molecule of a gas
moves at different velocities. According to the statistical theory, the molecules have a normal
velocity distribution. The majority of the molecular velocities border upon the mean velocity,
hence a small percent have a velocity significantly greater than or smaller then the mean velocity.



At moderate lemperatures of a gas, the mean kinetic energy and the mean velocity are relatively
low, thus the number of molecules which have kinetic energy greater than the activation energy
are comparatively few in the total number of molecules, us presented in Figure 1.1. Therefore,
the degree of dissociation, though not zero, is negligibly small. However, at higher temperatures
the mean kinetic energy is increased; accordingly, the number of molecules which have a kinetic
energy larger than the activation energy is increased. As a result, an increase in temperature
increases the degree of dissociation.

Conversely, the degree of dissociation decreases with pressure. At lower pressures the
molur density of the gas is lower, hence the number of molecules which collide per unit time is
less than at higher pressures. In a gas at the same temperature, which implies the same the mean
kinetic energy, molecules at higher pressures collide r..ore often than at lower pressures. Due to
frequent collisions, the free path of a molecule between collisions is short and the velocity of the
majority of molecules is close to the mean (average) velocity. The number of molecules which
have velocity much greater than the mean velocity are comparatively few at higher pressure then
at lower pressure. Therefore, deviation from the mean kinetic energy is smaller at higher
pressures and the number of molecules which have a kinetic energy higher then the activation
energy is smaller at higher pressures than at lower pressures. Thus, the degree of dissociation is
smaller at higher pressures than at lower pressures.



Mean energy

Number of particles with a given energy

Kinetic energy

Figure 1.1:  Change of kinetic energy distribution for temperature increase from lower T,
toward higher T,, according to Russell (1992).



1.3 Effect of Dissociation on Heat Transfer

Extrapolation of steam-property equations to temperatures well beyond the upper limit of
the range of their intended applications, or the use of ideal gas laws to predict steam properties
at high temperatures, is a common practice. In Figure 1.2, the effect of such an extrapolation on
the heat transfer coefficient is presented. The heat transfer coefficients are predicted using an
extrapolation of non-dissociated steamn property equations beyond the temperature limits (ASME
>1000°C and IAPS* >2000°C) and the properties of dissociated steam’. Comparing the
predictions based on the extrapolation with the actual data for dissociated steam, differences of
up to an order of magnitude may be encountered. Such a practice thus can produce large
inaccuracies, and become completely unacceptable in the temperature range where dissociation
oceurs,

Thermal dissociation is a heat absorbing process and recombination of fractions is a heat
releasing process. The amount of heat absorbed or released, the heat of dissociation, is energy
utilized by chemical reactions. Heat of steam dissociation is 6 to 7 times larger, per unit of mass,
than the heat of water evaporation. Due to dissociation, the single component gas becomes a gas
mixture. Composition gradients induce mass transfer in the gas mixture. Heat transport from one
region to another takes place by mass diffusion and mass convection of gas mixture components.
In addition to heat conduction, heat convection, and radiation, dissociated gas features the
phenomena of transfer of heat by mass transfer.

IAPS is an acronym for International Association for the Properties of Steam.

Propertics of steam are predicted using the UODH20 (University of Ouawa Dissociated Hy()) code.
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Chapter 2

Prediction of High Temperature Properties
for Pure Gases

2.1 General

Pure gas is a single gas with a fixed composition and a fixed definite set of properties.
Data for some thermodynamic properties of pure gases can be found in the general
thermochemical tables of Chase et al. (1985), Gurvich et al. (1982), Barin and Knacke (1973)
or McBridge et al. (1963). The transport properties for pure gases have been reported by
Vargaftik (1983), Keenan et al. (1980) and Vasserman et al. (1971). However, this chapter is
concerned only with the properties of pure gases which are products of steam dissociation at high
temperatures.

2.2 Properties of Pure Gases Which Are Products of
the Thermal Dissociation of Steam

At moderate temperatures and pressures, steam (water vapour) is composed of water
molecules alone. The water molecule consists of one oxygen atom (chemical symbol O) and two
hydrogen (chemical symbol H) atoms. The degree of dissociation (o) is usually defined as the
ratio of the number of molecules split by dissociation (#) to the total number of molecules
present in gaseous phase (V) i.e.,

o= — 00<ac<10 (2.1)

Before dissociation (o = (), steam has only one component - H,O molecules. However, with total
dissociation (a0 = 1.0), hypothetically it would become a mixture of two components, atomic



hydrogen and atomic oxygen. The molar fraction of the components in the gas mixture () 18
defined as the ratio of the number of moles of component (f) to the number of moles of the
mixture (sum of the moles of all components).

=

z| =

¥, {2.2)

=1
The composition of the mixture after total dissociation (& = 1.0) to atomic species can be
expressed as

yty=1 y=yH) =2/3=0666 vy

At temperatures up to 6000K, hydrogen and oxygen atoms may form nine components:
H,O (water vapour), H,, O;, HO (hydroxyl), H, O, HO, (hydrogen dioxide), H,O, (hydrogen
peroxide) and O; (ozone). The concentration of the lust three components is negligible, according
to Straub and Maidhof (1987 a), Baronnet et al. {1985) and Gefter et al. (1976). Baronnet et al.
(1985) demonstrated that the molar fractions of the three components at pressure (LIMPa are

y(HO)) <3 107 y(H,0,) <2 10™ y(0,) <3107 (2.4)

and hence they can be neglected.

y(0) = 1/3 = 0.333 (2.3)

Thus, the product of steam dissociation at temperatures from 1500 to 3000°C is a mixture
of the following six components: H,0, H,, O,, HO, H and O.

The composition of the dissociated gas mixture may be determined according to several
methods. The methods for calculating the molar fraction of dissociated water vapour as a4 mixture
of chemically reacting gases are presented in Appendix A. According to the method by Thara
(1977), a set of computer subroutines, the Fraction code, written in FORTRAN77* computer
language, was developed for the prediction of the molar fraction of dissociated steam. The listing
of the Fraction code is presented in Appendix F. The computation of the molar fractions for
dissociated steam in a range of pressures and temperatures was performed. The results of molar
fraction predictions generated for dissociated steam are presented in Appendix J as a table of
dissociated steam composition at pressure range from 0.01 to 100.00MPa and temperature range
from 1000 to 3000°C.

Thermal dissociation is temperature and pressure dependent. Figure 2.1 shows the molar

4 A problem-oriented high level programming language for scientific and mathematical use developed from
American National Standard programming language FORTAN, ANSI X3.9-1978, commonly referred to as
FORTRAN77. FORTRAN is an acronym for FORmula TRANslation.
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fraction of dissociated steam as a function of temperature at a constant pressure ot 0.1MPa. At
atmospheric pressure (0.1MPa) and a temperature of 4200°C, the dissociation of the water
molecule is practically complete.

The effect of pressure on the molar fraction of steam of the six component mixture is
shown in Figure 2.2. At a constant temperature, the molar fraction of steam in the mixture is
greater at higher pressures. Therefore, at higher pressures steam is less dissociated than at lower
pressures. In other words, the same molar fraction of the steam occurs at higher pressures for a
given higher temperature,

[t is important to notice that the molar fraction of steam begins to change at any pressure
and at temperatures higher than 1500°C, therefore, dissociation should be considered at any
pressure and at temperatures higher than 1500°C.

The molar fractions of the mixture components at the temperature range of interest are

shown in Figure 2.3. The following sections present available sources of information for the
properties of the five subsidiary components (H,, O,, HO, H and O) as pure gases.
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2.3 Pure Gases

2.3.1 Hydrogen (H, and H)

The thermodynamic and transport properties of molecular hydrogen (H,) are presented in
the monograph by McCarty (1975). This monograph is a summary of all available data
accumulated at the Cryogenic Data Centre of the National Bureau of Standards in Boulder,
Colorado, U.S.A.. The properties are tabulated in the temperature range from the triple point to
3000K and the pressure range from 0.01 to 100MPa. The tables contain all properties of interest
(e.g., v. p, S, H, ¢, cp I, k, Pr, etc.).

In the works by Baronnet et al. (1985), Debbagh-Nour (1984) and Svehla (1964) the
properties have been calculated for a hydrogen-oxygen system. Baronnet et al. (1985) presents
the results in a graphical form, for example Figures 2.4 and 2.5 are reproduced from his paper;
the thermal conductivity and dynamic viscosity of the hydrogen-oxygen system are given for
temperatures from 1000 to 15000K and a pressure of 1bar. The curves labelled "1" represent
properties of the pure molecular hydrogen (H,). The physical properties of dissociating hydrogen
at equilibrium (H, = 2H), are also reported in a graphical form by Petukhov and Popov (1964),
Figure 2.6, reproduced from Petukhov and Popov’s paper, presents the degree of hydrogen
dissociation - o, density - p, heat capacity - ¢,, viscosity - p, thermal conductivity - k and Prandtl
number - Pr as a function of temperature (from 2000 to 5000K) at constant pressures (1, 10 and
100atm}).

The thermodynamic properties of hydrogen in the temperature range from 300K to
20000K are reported by Kubin et al. (1964). Figure 2.7 illustrates the temperature variation of
hydrogen molar fractions at several pressures. At temperatures higher then 2000K, molecular
hydrogen (H,) dissociates to atomic hydrogen (H) which ionizes further to hydrogen ion (H®).
The atomic hydrogen is not a naturally occurring species; it is very reactive and its properties can
be predicted by the molecular theory of gases.

A recent survey of the most accurate approximation methods for the estimation of
physical properties of gases, including molecular and atomic hydrogen, is presented in the book
by Reid et al. (1987).
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Figure 2.4:  Thermal conductivity of the hydrogen-oxygen system for temperatures from 1000
to 15000K and pressure 1 bar by Baronnet et al. (1985).
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2.3.2 Oxygen (O, and O)

The thermodynamic properties of molecular oxygen have been reported recently by
Sychev et al. (1987). This is an English translation of the monograph published in 1981 by the
National Standard Reference Data Service of the USSR for the properties (density, enthalpy,
entropy and heat capacity) tabulated at the temperature range from 55 to 1500K und pressure
range from 0.1 to 100.0MPa. The specific volume, enthalpy and entrapy are also given at a
temperature range from 1250 to 6000K and a pressure range from 0.01 to 100MPa, Transport
properties (viscosity and thermal conductivity) of dissociated oxygen for the temperature range
from 1600 to 6000K and pressure range from 0.0001 to 10MPa are tabulated by Vargaftik (1Y85).

As mentioned in section 2.3.1, Baronnet et al. (1985), Debbagh-Nour (1984) and Svehla
(1964) have reported properties of the hydrogen-oxygen combination in general, and properties
of the pure oxygen as a special case. Baronnet et al. (1985) presented his results in graphical
form only. Thus, Figures 2.4 and 2.5 are reproduced from Baronnet et al. (1985), and the curves
labelled "6" represent properties for the pure molecular oxygen (O,). The transport properties for
oxygen were evaluated from the work by Debbagh-Nour (1984), and were quoted by Buronnet
et al. (1985).

Thermodynamic and transport properties of atomic oxygen are not available since atomic
oxygen is so reactive. However, the properties can be predicted by the molecular theory of gases.
As referred to in section 2.3.1, the approximation methods of Reid et al. (1987) for the estimation
of the physical properties of gases can be used to predict the properties of pure molecular and
atomic oxygen.
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2.3.3 Hydroxyl (HQ)

The water molecule can be divided into two electrically charged particles - a positively
charged hydrogen ion (H*) und a negatively charged hydroxide ion (OH’). The pair of electrons
that forms the bond between the hydrogen and oxygen atoms remains with the hydroxide ion.
However, water can also be divided in another way - to produce electrically neutral fragments.
The pair of electrons involved in bonding uncouples and one electron remains with the hydrogen
atom (H), while the other stays with the hydroxyl fragment to form a radical (HO'). The dot
represents a single unpaired electron, which characterizes all radicals. Radicals are exiremely
reactive; they can react with each other to form new molecules, or they can react with a stable
molecule to form a new molecule and a new radical. The new radical would then be free to react
with another molecule, so continuing a chain reaction,

The thermodynamic properties of hydroxyl as an ideal gas are reported in the JANAF
tubles by Chase et al. (1985). The transport properties can be predicted using estimation methods
presented by Reid et al. (1987) if the parameters of an intermolecular potential function for
hydroxyl are known.

§ JANAF is an acronym for Joint Army Navy Air Force,
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Chapter 3

Prediction of High Temperature Properties
for Steam: Literature Review

3.1 General

The properties of steam are temperature und pressure dependant. In general, the
temperature range can be split into two regions: a moderate temp. _ure region, T £ 1000K and
a high temperature region, T> 1000K.

The high temperature region can be further divided into three subregions. The first
subregion is up to 2000K where no dissociation has yet occurred or it is negligible, the second
subregion is from 2000 to 5000K where dissociation is dominant, and finally the third subregion,
from 5000 to 20,000K, where ionization occurs. Depending on the temperature range, steam may
be evaluated, accordingly, as non-dissociated, dissociated or ionized. This work is concerned only
with the first two subregions (<5000K).

The pressure range can be divided into subcritical pressures (below the critical point
22.064MPa, 373.99°C) and super-critical pressures (above 22.064MPa). This work considers
temperatures much higher than the critical temperature (373.99°C), where water can only be in
the super-heated vapour phase regardless the pressure being subcritical or super-critical.

3.2 Thermal Dissociation of Steam at High Temperature

The statistical thermodynamics of the working fluid, steam, in the high temperature region
explain the mechanism of dissociation. Molecules of steam are in random continuous movement.
Each molecule possesses a different velocity and from the theory of statistics, the velocity is
distributed between the molecules according to a distribution function. Most of the molecules
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have a velocity close to the mean velocity, while a small number of molecules have a velocity
much higher or much lower than the mean velocity, as presented in Figure 1.1. Two colliding
molecules require an activation energy to break their structure and form a new chemical structure.
If the kinetic energy of the colliding molecules is less then the required activation energy, then
these molecules will bounce and continue random movement. Water molecules with kinetic
energy higher then the activation energy at collision have sufficient energy to break the chemical
bonds between the hydrogen and oxygen atoms in a water molecule. After such a collision,
instead of two water molecules, three new molecules ((1 H, + 2 HO) or (2 H, + 1 O,)) are
formed. The kinetic energy of these newly formed molecules is lower than the kinetic energy of
the molecules which originally collided. A portion of the kinetic energy was consumed to break
the chemical bonds. This process is called the thermal dissociation of molecules into components.
Since the energy required to break the chemical bonds was extracted from thermal energy, this
is thermal dissociation. Thus, the working fluid, which initially was one chemically neutral
component, becomes a mixture of a few components.

Thermal dissociation occurs at all temperatures, At temperatures up to 1700°C (1973.15K
- in the first subregion), the number of molecules with kinetic energy greater than the activation
energy is very small, Consequently, the molar fraction of all other components is negligible. As
the temperature increases, the mean kinetic energy of the molecules increases. The number of
molecules with kinetic energy higher than the activation energy increases, hence the molar
fraction of steam in the mixture decreases. Conversely, the molar fractions of the components of
dissociation (y;) are increasing. Figure 2.3 (see page 12) displays the molar fractions of mixture
components at pressure 0.1MPa within the temperature range from 1000 to 3000°C. At
temperatures higher than 1700°C the degree of dissociation (o) increases substantially, and can
no longer be disregarded.

With a further temperature increase, all working fluids dissociate first into the atomic state
of its components, and eventually, the gas becomes ionized. Figure 2.7, taken from Kubin et al.
(1964), shows the mole fractions of hydrogen components during dissociation and ionization. A
similar process occurs with steam; Figure 3.1, reprinted from the paper by Baronnet et al. (1985),
presents the mole fraction of components formed from steam by dissociation and ionization.

Obviously the thermodynamic and transport properties of steam in the high temperature
 Tegion must be calculated as properties of a mixture of chemically reacting (dissociating) gases.
'--According to professor Straub (1987 b), it is not clear whether the dissociated mixture has to be
treated as a mixture of ideal gases or real gases. A method for calculating the properties of
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chemically reacting gases has been derived from the kinetic theory of gases by Hirschfelder et
al. (1967). The method is not straightforward and requires many empirical constants.
Intermolecular potential energy functions and collision integrals are required for ail possibie
combinations of collisions between the molecules or atoms. Table 3.1 lists all combinations of
interactions between the molecules and atoms in the mixture of the six components: 21 collisions
are possible. Clearly, an intermolecular potential energy function is required to calculate the
collision integral (21 in total) for each interaction at a specified temperature.

Table 3.1 Combination of interactions between products of steam

dissociation
Components E H,O H. 0, HO H 0
ho Mhono| | T
M, | HO-H, | HH,
0, ! 1,00, | B0, | 00,
HO ! H,0-HO | H;HO 0,-HO HO-HO
| H,0-H H,-H 0,-H HO-H H-H
0 H,0-0 | Hy0 0,-0 HO-O H-O 0-0




3.3 Previous Studies

3.3.1 Literature review

This section considers temperatures higher then the limit of standard steam tables, 80('C
(1073.15K). Assumptions for prediction of the thermodynamic properties of steam at a high
temperature may be as indicated in the block diagram presented in Figure 3.2. First, steam may
be postulated as either a non-dissociated or a dissociated gas. For a non-dissociated gas, it may
be treated as an ideal or real gas. While, for a dissociated gas, it may be treated as an ideal
mixture of ideal gases (ideal gas mixture) or an ideal mixture of real gases (ideal solution), o
non-ideal (real) mixture of ideal gases (non-ideal gas mixture) or a non-ideal (real) mixture of
real gases (non-ideal solution). Ideal mixture is mixture which does not show enthalpy change
due to mixing. The total thermodynamic properties of an ideal mixture is the sum (in the mixing
proportion) of the total properties of the individual species; however, trunsport properties for ideal
mixture are not. Difference between the ideal-gas mixture and ideal solution is that properties of
the individual species are either only properties of ideal gases or only properties of the
components (gas, liquid or solid) of an solution. Time dependence (the rate of chemical reactions)
is another consideration for evaluating the properties of gas mixture. Two extreme cuses are
usually analyzes: an infinite time of chemical reaction - frozen state, or an instuntuneous time of
chemical reaction - equilibrium state. Depending on the postulate, several studies may be found.
The thermodynamic and transport properties of dissociated steam as non-ideul gas mixture ure
not found in the literature. Tables 3.2 and 3.3 summarize the list of up-to-date source references
and give the properties of steam and the units for the properties published in these references.
Earlier works by Rubakov (1963), Rurhorn and Wienecke (1961) and Dorsey (194(}} are not
listed becanse they were preliminary attempts to study this complicated subject. On the other
hand, works by Patel et al. (1990) and Artym et al. (1974) deal with properties of steam in the
temperature region (>5000K) which is beyond the scope of this work.

The thermodynamic properties of non-dissociated steam as an ideal pus were tabulated
in the JANAF tables by Chase et al. (1985, page 1274), Gurvich et al. (1978, Table 20, V.1,
No.2, pp.45-46), Barin and Knacke (1973, page 383), and, for a real gas, by Chuse et al, (1UK5,
pp.1275-1279), Haar et al. (1984) and Vukalovitch (1967). The thermodynamic properties of
dissociated steam as a ideal gas mixture were reported by Straub (1987 a), Ihara (1977),
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Svehla (1964)-(frozen® and equilibrium’ state), Rybakov (1963) and Burnhorn and Wienecke
(1961),and, for an ideal solution, by Artym et al. (1974) and Kmonitek (1967 a). Finally,
Vargaftik (1983)%, Gefter et al. (1976) and Kesselman and Blank (1968 i) presented a non-ideal
solution. Transport properties predictions for non-dissociated steam were published by Haar et
al. (1984), Matsunaga et al. (1983), Kesselman (1966 ¢) and (1968 ¢) and Svehla (1962), and,
for dissociated steam by Baronnet et al. (1985), Vargaftik (1983), Kesselman and Blank (1968
i) and Svehla (1964, frozen and equilibrium state).

Most of the aforementioned analyses are based on the following assumptions and theory:

(i} Ideal gas or real gas assumption for the prediction of properties for individual pure
components;

(ii) Non-dissociated or dissociated gas assumption, the latter including the effect of chemical
reactions;

(iii) Ideal mixing or real mixing process, the latter includes the interactions of all components;

(iv) Frozen or equilibrium state if rate of chemical reactions are considered;
and

(v) Statistical thermodynamics.

f - . . . . .« g - . . . .
" The state of a multi-component gas mixture which requires infinite time for chemical reactions hetween

components (o occur (mixture of chemically non-reacting gases).

7 . . : . ,
The state of a system in which a balance between the concentrations of reactants and products ol the
chemical reactions (under specific conditions) is reached.

¥ The data presented in tables by Vargaftik (1983) are actually results obtained by Kesselman and Blank (1968
i), Kesselman et al. (1968 h) and Kesselman et al. (1968 f).
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Table 3.2 Literature review for properties of non-dissociated steam

Aulluw Clase et . Haar et al, Matsutiaga et al. | Gurvichet al, Karin et al, Kessclinan Vukalovitch Svella
(1945) (1954) (1951 {1978) (1973) ot al (1968 i) (1967} (1962)
Prgeny Sym
Abnedute pressire ) 0IMPa 0-3000bar D.1APa Taun PRT T
Ataudute leinjerative T -ONK 020000 0-2000K 100-20000K 298-2500K 100(-6000K 550-10000C GU)-SO00K
Themusbanue Projperics

Sprcific velwne : v w' kg w* kg

i
Denaty [ kg i’
Eanriqry b Fadt K k) k' K Jamudt R cal ol K keal kg! K
Enthalpy H kS ok’ k) kg* k) mol! cal ol keal kg!

}
liree eutlalpy [ kJ §wol? kea) mad”!
Lteronl emerpy u k) kg!
Second vinn) coefficient 13 ' kg i’ il
Hent vapacity op Jd! K ke K 1 mol! K? el ol K
Lignilibeima constant : K lopg K(T logg R{T) M

1

Transport Properties

Self-liffusion coefficients : L, ' st
Winary Diffugion ., nf o
cieflicicnts
Visconity n pias nlan Nam? pem' st
Thestal ¢undiclivity % wW ' K wW ' K kW ! K cal ¢’ 8" R
Pramll niaier : i ronudine.

i

Note: The symbol nondim. designates dimensionless properties, and no entry indicates that the
property was not studied.
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Table 3.3 Literature review for properties of dissociated steam

Autbwr Straub Rarounet 1hara Geller et Aty st Rirroaidek Kesselnuan Svelila
(198N et al.{19RS) (197 al {1976} ALY (L1967 ) et alllgnk 0 [AEL
Property Sym
Absolute pressure r 0.03 0l .05 oL 1. n.om ul (LUl
100har 10bar [RLARTSTI Ted.har LiKI0Lhar 10k bar K bar Totanm
Absolute femperatitre T 200 1000 1000 1000 S0 LILEN] Tedht olx)
: HUOUK FSOIOK HIKIN TIKNKIK TOMR SOO0K MURIK SO00R
1
4 .
Molar mnass I M 3 wal? ko' B!
Nunber of mole n il mol
Exquilibritin copstant Kp, nomdin. notnlin,
Aol fractions ¥, e, el ! mol, mal,? 1ol ol ! s, ool e, e,
1
Thermulynamic Properties
Specific volume : v an’ gt Wy
i
[Deamity : p g !
t
Entrogry : s cab ual! Kt kI kg' K )t R ' K Mikp' K cal ' R!
}
Enthad)y : H cal nwl? keal nd® AT Ty k! K k! cal !
1
Free entualpsy { 3 k!
t
Heat capacity : Cv cal ol K k) k' K
i
Heat capacity : Cp cal nwl! K cal uwl? K k) kg' K Jg'K? [IRTAR & cal p' K'
]
Specific heat ratio { ¥ nawmdine, s,
t
Adiabatie speed of sounl I a s’ w' '
[
T
Cotppressibility facior : L nondint. fupdnn.
1
“Transpont Propertics
Viscosity : B kg 8! Naan! Hnses
Thertul conchctivity k wWu'K! N Wm'K' cab o' K !
Pranll munber Pr [IENTTN
Lewis mitnber Le,, tuding,
Electrical ¢otituctivity : RV !
!

Note: The symbol nondim. designates dimensionless properties, and no entry indicates that the
property was not studied.
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3.3.2 Thermodynamic properties

Thermodynamic properties may be predicted using the premise that a gas may be an ideal
or real gas. The ideal (perfect) gas by definition is a gas where the molecular volume is
negligible compared to the total volume of the gas, and where the forces of attraction between
molecules approach zero. The equation of an ideal gas (a combination of Boyle’s and Charles’
law) may be written as

MPrv (3.1)

where Z is the compressibility factor.

For real (non-ideal) gases the compressibility factor is not equal to one, due to the finite
dimensions of molecules and their intermolecular forces. Therefore, the compressibility factor for
real pases is defined with the so called virial expansion (virial equation) as

z=1+8,€ .0 .. (3.2)
Vv V 2 ¥ 3
where, B(T),C(T)IXT) etc. are the second, third, fourth, etc, virial® coefficients and v is specific
volume.

For a given gas, the virial coefficients are functions of the temperature (the mean of
molecular kinetic energy) only. The virial coefficients have a physical meaning such that the
second virial coefficient B(T) indicates encounters of three particles, the third C(T) of four
particles, and so forth, The virial coefficients may be calculated from the theoretical consideration
of the collision process for an equilibrium gas; they represent deviations from an ideal gas in
terms of the intermolecular forces.

3.3.2.1 Non-dissociated steam as an ideal gas

The thermodynamic properties for an ideal gas according to statistical mechanics can be
calculated when the total »artition function (@) of a fluid is known as follows:

Virtul" derived trom latin vis (plural vires) meaning "force™ (forces acting on the molecules).
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S=RInQ +RT [a(l“Q)l vk (3.3)

JoT
!‘? - Aﬁf“ + R’ T‘_‘_ [a(INQ)l - A” (3_4)
oT
Cp = o (3.5)
oT

.
Constants k and k,; are used to assign the values of entropy and enthalpy readings at the
reference point'’. Using the expression for the partition function as a product of factors
representing the translational, vibratienal, rotational, coupling, etc., contributions to the total
partition function, Friedman and Haar (1954) computed thermodynamic properties for water.
Once more accurate data for the energy of rotational-vibrational states was available, the partition
functions were corrected for temperatures less than 2000K by Woolley {1979). The computational
results are presented in the JANAF tables by Chase et al. (1985).

3.3.2.2 Non-dissociated steam as a real gas

Properties for water as a real fluid were developed by Haar et al. (1979) and presented
by Chase et al. (1985) and Haar et al. (1984). A three-term expression for the Helmboltz function
wus introduced as

APT) = Ayt ol * A PT) * AT (3.6)

The first right-hand term represents the function in ideal gas state presented by Woolley (1979)
while the second term is derived by reurranging terms in the Urseli-Mayer virial expansion and
integrating with respect to density. Finally, the third term represents the residual part of the
Helmholtz function. The forty coefficients for the residual function are generated by a correlation
with experimental data for pressure, density, temperature, compressibility and entropy. Since (A)
is an analytic function, all properties can be obtained by the evaluation of appropriate derivatives
using the laws of thermodynamics.

3.3.2.3 Dissuciated steam as an ideal mixture of ideal gases (ideal gas mixture)

Dissociated steam considered as an ideal mixture of ideal guses indicates that the

1" The reference point in this work is the zero value of entropy and enthalpy of water at triple point (=(LU1°C,
P=611.73Pu).
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composition of the mixture is determined using conditions for chemical equilibrium and that the
properties of pure components (species) are evaluated using ideal gas thermodynamic functions.
Thus, the process of predicting thermodynamic properties can be divided in two parts: first,
determination of the mixture composition, and second, generating the values of the properties by
applying mixing rules employing certain values for the properties of pure components.

For dissociated steam in the temperature range up to S000K, the following six components
can be taken into consideration: H,0, H,, O,, HO, H and O. To determine the composition (molar
fraction of components y;) of the mixture, two different approaches may be utilized: minimization
of Gibbs free energy for components, Svehla (1964), or using the expression for the equilibrium
constunt, Straub (1987 a), Thara (1977) and Rybakov (1963). For the second approach, a system
of six algebraic equations must be solved. Four equations are obtained from the expressions for
equilibrium constants for arbitrarily chosen chemical reactions; the other two equations are the
law of partial pressure und an equation expressing the fact that the total number of hydrogen
atoms is always twice that of oxygen. Most authors use numerical values for equilibrium
constants, but Thara (1977) used the relationship of the partition functions for the standard state
at unit pressure,

Once the composition of the gas mixture is found, the thermodynamic properties are
computed as

Mm = Zyr Ml' (3.7)
i=1
L (3.8)
M, P
Sm = "'}—' Y; g,' . R_ Y; lny,' * ks (3.9)
Mm i=1 i=]
- 1 - -
] = —_ yi Hu + k
Y, 'z:]: H
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(.11}
Cp, =

m

P=('!’ﬂ.\'f.

The last equation, after performing the derivation, may be written as

vlom | Xy, (3.12)
CPrciea = Vi ;[ﬁ] M ; 57 H| =Cp, +Cp,

Il

The first term of Equation (3.12) is the frozen heat capacity (non-reacting gas mixture) and the
second term is the reaction heat capacity (the effects of composition change with temperature due

to chemical reactions in the gas mixture). Svehla (1964) presented Cpj, (frozen) and Cp,,.p.
(effective at equilibrium).

3.32.4 Dissociated steam as an ideal mixture of real gases (ideal solution)

If the components of a dissociated mixture are considered us real gases, then the equation
of state would include virial expansion and the properties of pure components involving virial
coefficients. Equations (3.8) to (3.10), modified by Kmonitek (1967 a), employ a second virial
coefficient (B), and have the following form:

R - - 313
SR IR Y 2EY - G-13)
Mnt P L i=l R T
- 9 ;% ] " IB, 3.
Sm=__1_ Ey‘.Si—REyilnyl.—Rln_ —PZy!._(_.L - 3.519 (3:-14)
Mm =1 i= LPU i=] d
1 - - 2 dB. (3.15)
Hm T —_ y,‘ H,‘ +P y,‘ [B, _'T —‘-} + 15 955
W% ) s

All terms from the Equations (3.8) to (3.10) for an ideal gas mixture are included in the

Equations (3.13) to (3.15) for an ideal solution, additional terms are contributions due to the real
behaviour of gases.
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In the temperature range from 5000 to 20,000K, the mixture of gases consists mainly of
atoms of hydrogen and oxygen. Artym et al. (1974) calculated the thermodynamic properties by
applying exact methods of statistical mechanics and also employing second virial coefficients.

Baronnet et al. (1985) reported that thermal properties have been calculated, considering
the gas as a mixture of nine components (the six mentioned above and a free electron (¢), and
ions (H* and O%)), using partition functions and the method of Gibbs free energy minirnization
for composition. However, the results of the calculation are not published in numerical form other
then as graphs.

3.3.2.5 Dissociated steam as a real mixture of real gases (non-ideal solution)

Vargaftik (1983) presented tables of properties, referring to Kesselman and Blank (1968
i) and Kesselman et al. (1968 h) as a source of these data. Kesselman assumed that all
interactions between components in the mixture may be described using the Lennard-Jones poten-
tial function. This potential function has two constants, e/k; and o, characteristic for each gas.
However, in a reference from (1964), Kesselman developed a method to determine the tempera-
ture-dependent parameters €(T)/k, and o(T) for this potential. These parameters are determined -
from the second virial coefficient B(T) using experimental data for the compressibility factor Z.
Once these parameters are known, the second B(T) and third. C(T) virial coefficients can be
calculated theoretically as described by Hirschfelder et al. (1967). The principle that 4 gas
mixture is a non-ideal solution was introduced by using the equilibrium constant (K,) as a ratio
of the equilibrium constant of the ideal gas mixture (K,,) and“the constant (K,) obtained from

po
uctivities of the components in the reaction

K =_1" (3.16)

IH.K,I = !zﬂ: (@, Ing) (3.17)

where «; are the stoichiometric numbers for the components in the reaction. The chemical activity
of the components using virial coefficients is

Ing, = [B,. +{c, - B %] . (3.18)

Gefter et al. (1976) presented foundations of the cluster expansion theory and the methods
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for calculating composition, and the thermodynamic properties for the mixture of real chemically-
reacting gases. Applying these methods, thermodynamic properties of dissociated steam were
evaluated in his paper.

3.3.3 Transport properties of steam
3.3.3.1 Non-dissociated steam as an ideal gas

From the definition of an ideal gas, the intermolecular forces approach zero, thus, an ideal
gas cannot have transport properties.

3.3.3.2 Non-dissociated steam as a real gas

Transport properties were evaluated by Haar et al. (1984) who used Equation (3.6) to
caleulate density at a given pressure and temperature, and IAPS Release on Dynamic Viscosity
of Water Substance (from 1975, revised 1983) and IAPS Release on Thermal Conductivity of
Water Substance (fr‘om 1977, revised 1983). Conversely, Matsunaga and Nagashima (1983),
Kesselman (1966 ¢) and Svehla (1962) used the Chapman-Enskog viscosity equition:

:

n=2669 1" (3.19)
o Q,
Q =fT" (3.20)
T
T € (3.21)
&,

i

To determine & and the collision integral Q,, an intermolecular potential function ¢(r) must be
defined. Matsunaga and Nagashima (1983) chose the modified Stockmayer potential developed
by Monchick and Mason (1961) with parameter ¢ = 2.595 A, ek, = 470 K and w = 1.5.
Collision integrals are tabulated by Monchick and Mason (1961) as a function of reduced
temperature 7°. Kesselman (1966 ¢) calculated viscosity using the temperature-dependent
parameters &(7)/k, and o(T) for the Lennard-Jones potential. These purameters, developed by
Kesselman (1964), are determined from the second virial coefficient using compressibility
experimental data. However; Svehla (1962) calculated viscosity using the sume potential with the
parameters from the viscosity data by Bonilla et al. (1956). Bonilla’s experimental data are
systematically lower due to the incorrect reference viscosity data for nitrogen used for calibrating
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the apparatus, us reported by Brokaw (1968).

Using the above parameters thermal conductivity was predicted by employing various
methods: Matsunaga and Nagashima (1983) used that of Thoen-Hellemans and Mason (1973),
Kesselmun (1968 e) used the theory of Mason and Monchick (1962), and Svehla (1962) used the
modified Eucken approximation.

3.3.3.3 Dissvciated steam as an ideal mixture of real gases (ideal solution)

An ideal mixture is a mixture of gases which has mixture properties dependent only on
the properties of the pure gases which comprise the mixture.

Baronnet et al. (1985) calculated viscosity and thermal conductivity by applying the most
recently published datu for interaction potentials. The Chapman and Enskog method has been
used for computing viscosity. Thermal conductivity is calculated as

k=k +k +k + k (3.22)

infern. react,

The terms represent the contributions due to translation of electrons, translation of all other
components, internal energy (vibration-rotation) and chemical reaction. The first two terms are
calculated by the Chapman and Enskog method, the third by the Eucken method, and the fourth
term by the general theory of Butler and Brokaw (1956) and Brokaw (1960).

3.3.3.4 Dissuciated steam as a real mixture of real gases (non-ideal solution)

When the actual value of the property of a mixture and the value it would have as an
ideal mixture are not equal, then that mixture is a real mixture.

Although Vargaftik (1983) quoted Kesselman and Blank (1968 i), Kesselman et al. (1968
h) and (1968 f) as the sources for the transport property tables, the numerical values are not the
same and the reasons for these changes are not known. It may be assumed that the data were
revised due to some calculation errors. Hence, the data for viscosity and thermal conductivity
from the paper by Kesselman and Blank (1968 i) were not used in this analysis; but, a description
of the method for prediction of the transport properties presented in these papers were used. The
viscosity of the gas mixture Kesselman calculated using the formula listed by Hirschfelder et al.
(1967), and the viscosity of all components, are calculated in the same manner as was explained
for non-dissociated steam using the temperature-dependent parameters &7 )k, and o(T) for the
Lennard-Jones potential.
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3.4 Review of Two Sources
3.4.1 R.A. Svehla

The monograph by Svehla (1964) presents the results of calculating the thermodynamic
and transport properties of the hydrogen (H) - oxygen (O) system. The hydrogen weight percent
varies from 0.0 (pure oxygen) to 100.0 (pure hydrogen). Steam is stoichiometrically only one of
the fourteen calculated cases, and has 11,1901 weight percent of hydrogen. The theoretical bisis
for the above calculations is from Hirschfelder et al. (1967). The calculations were made using
a computer program develcped at the Lewis Research Center by Zeleznik and Sanford (1962) and
Svehla. In the calculations, Svehla did not incorporate one single intermolecular force law, but
rather a variety of potentials appropriate to each interaction. For the H,O-H,O interaction, the
Stockmayer intermolecular potential function by Monchick and Mason (1961) was used:

o) =4 € _C:_.T _ [%]‘ g (?-ﬂ (3.23)

g =05 [2 cos(R ) cos(R,) - sin(R)) sin(R,) cos(C)] (3.24}
e ey (3.25)
2ed

where:
# - intermolecular separation, {=] nm;
g - the maximum energy of attraction;
G - the value of r for which ¢(r} =0, [=] nm;
R, R, - the angles of inclination of the dipole axes to the line joining the centers
of the molecules;
C - the azimuthal angle between them;
m,, m, - the dipole moment of molecules « und b (1.85Debye for H,O),
kp -Boltzmann constant.

If in the above Equation (3.25) one of the molecules is non-polar, which means (m = (1.0), then
the Stockmayer intermolecular potential function Equation (3.23) becomes the Lennard-Jones
intermolecular potential function.

To determine constants for the Stockmayer function (6 = (.271nm, elk, = 506K, m =
1.83debye and w = 1.2), the experimental data for steam viscosity by Bonilla et al. (1956) were
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used by Svehla (1964). The experimental apparatus by Bonilla et al. (1956) was calibrated with
nitrogen, using viscosities from Vasilesco (1945). However, later, more accurate measurements
showed that Vasilesco’s (1945) data were not correct. Since the Bonilla et al. (1956) experimental
data were not correct, the results of viscosity and thermal conductivity predictions by Svehla
(1964) are also not correct. Bonilla also measured the viscosity of argon on the sume apparatus
and in the sume temperature range. Brokaw (1968) suggested that the steam viscosity data from
Bonilla can be corrected by using Bonilla’s viscosity for argon and recent more accurate data for
viscosity of argon. Figure 3.3' illustrates comparisons between the viscosities of steam at high
temperatures calculated by Svehla (1964) and experimental results by Latto (1965) and Bonilla
et al. (1956). The experimental results of Bonilla et al. (1956) are corrected according to the
Brokaw (1968) suggestion using the Dymond and Alder (1969) potential for viscosity of argon.
The experimental results by Latto (1965) and corrected results of Bonilla et al. (1956} are higher
than the values calculated by Svehla (1964). The experimental results for viscosity have relative
deviation from the corrected results in the range from -3.07% to -8.37%, while the root mean
square error is -3.48%.

The prediction of thermal conductivity by Svehla (1964) involves the viscosity data for
components in the gas mixture, Inaccuracy of the experimental data for steam viscosity reproduce
inaccuracy of thermal conductivity predictions. The predictions of thermal conductivity by Svehla
{1964) are lower then should be. The estimated inaccuracy of the predictions is in order of -10%.

"' A discussion of the lines representing predictions of viscosity by Aleksandrov et al. (1975) and Vargaftik

(1983) is in the next section,
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Figure 3.3: Com‘fjarison of viscosities of steam at high temperatures calculated by Svehla
(1964) with experimental results by Bonilla et al. (1956), correction as proposed
by Brokaw (1968) and experimental results of Latto (1965).
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3.4.2 P.M. Kesselman et al.

The results of all the calculations of Kesselman et al. are reported in the book by
Vargaftik (1983) and the theoretical explanations of the method may be found in a number of
papers. The basic concept of the method is described by Kesselman (1964), (1966 ¢}, (1968 f),
(1968 g) and (1968 h). The method for the calculation of properties has been presented at the
Seventh International Conference on the Properties of Steam (1968 i) and (1968 j). The computed
data were calculated by treating steam as a thermally dissociated real gas (a mixture of six
components: H,0, H, ,0,, HO, H and O). The effect of being a real gas (non-ideal), was taken
into consideration by the second and third virial coefficients for the components H,O, H, and O,.

Virial coefficients are calculated by the method described in Kesselman’s papers from
(1964) and his doctoral thesis (1966 a). The method employs experimental data obtained from
measurements of compressibility for the second B(T) and the third C(T) virial coefficients. The
values of second and third virial coefficients are applied to determine the temperature-dependent
purameters &(7) and ofT) for the Lennard-Jones intermolecular interaction potential (single
potential to be used for all interactions). The Lennard-Jones potential is

o =sefg) - [gﬂ 320
r r

d(r) is a potential function;
r is the intermolecular separation, [=] nm;

where:
€ is the maximum energy of attraction;
o is the value of » for which ¢(r) = 0, [=] nm,

The shape of the potential function is shown in Figure 3.4. The interactions of
heterogeneous particles are calculated using the well-known empirical combination rules

(3.27)

o, =% (3.28)
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Figure 3.4:  The shape of the Lennard-Jones intermolecular potential function.
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Theoretical correlations between the virial coefficients and the constants of the Lennard-
Jones potential ure

B(T) =h, B*T") (3.29)
C(T) = b CT" (3.30)
h, = 2 N, o (3.31)
© 3
L T
i (3.32)
k!f

where:
8", C" are theoretically calculated virial coefficients and are tabulated by
Hirschfelder et al. (1967, pp.1114-1117);
7 = 3.14159..;
N, is Avogadro’s number;
kp is the Boltzmann constant;
T is absolute temperature in K.

Kesselman's method for determination of the parameters €/k; and b, is to bring the
experimental data points (the circles) and the theoretical curve (the continues curve) to graphical
coincidence as shown in Figure 3.5. The first step was to plot data points of the second and third
viriul coefficients as a function of temperature from the compressibility experimental data in the
logarithmic coordinates fogB - logT or logC - logT, and a theoretical curves in the coordinates
loeB" - logT" or logC” - logT". The second step was to combine theoretical curves (the continuous
curve) with experimental data points (the circles) by placing one over the other. The third step
wils to bring them to graphical coincidence by making a parallel shifts and rotation, mindful of
the following:

log[B(T)] = log(b,) + log[B*(T ") (3.33)
log[C(D] = 2 log(b,) + log[C *(T™)] (3.34)
log(T*) = log(T) ~ log ki (3.35)

B

Knowing the angles of rotation and the distance of shifting the coordinate systems, values for

41



Iorgl B logiBl
} 1\ log T
0 1

log k/e

Figure 3.5:  Kesselman’s method of determination of the parameters g/k,, and b, by bringing
the experimental data points (circles) and theoretical curve to graphical
coincidence.
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g(T) and o(T) can be calculated for each temperature as following:

log -f- = log(T) - log(T") (3.36)
I
log(h,) = log{B(T)] - log[B*(T )] (3.37)
log(b,) = {108 [CD] - logiC (T i} (3.38)
1
c=_> (3.39)
2n N, °

Figure 3.6 exhibits a very good agreement of the second virial coefficient B(T") from
theoretical calculation (the continuous curve), and the experimental data points (the symbols)
obtained using Lennard-Jones potential with variable (T} and o(T) from Kesselman (1964).

The same procedure for determining parameters &) and o(T) were performed for the
second and third virial coefficient C(T). For each temperature the values of the parameters
obtained from the second virial coefficient or third virial coefficient are observed to be the same.
Parameters £(T) and o(T) for components of steam dissociation are given in Appendix C (Tables
C-1 and C-2), from Kesselman and Blank’s (1968 i) paper. In Figures 3.7"% and 3.8, Kesselman
and Blank (1968 i) demonstrated that the Lennard-Jones potential parameters &(T) and o(T) for
components of steun dissociation are a function of temperature.

12 .. . T . . -
“Deviations of the /k,(T) values tor fine three (Q,) and six (0) are so small that the curves visually coincide.
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Figure 3.6: The experimental data on the second virial coefficient B°(T") by the Lennurd-fones
potential with variable &T) and o(T), by Kesselman (1964).
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Figure 3.7: The Lennard-Jones potential parameter &/ky as a function of temperature by
Kesselman and Blank (1968 i).
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Figure 3.8: The Lennard-Jones potential parameter G as a function of temperature by
Kesselman and Blank (1968 3).
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This method was used by Kesselman and his co-workers to determine potential parameters and
to culculate properties of steam and other fluids: some hydrocarbons (1965 b), lithium (1968 c},
krypton (1968 d), products of organic fuel combustion (1968 €) and dissociated air (1968 f).

For the other three components (HO, H and O) of a dissociated steam mixture, only the
second virial coefficient was calculated according to the theoretical method presented in papers
(1968 @) and (196% b).

Once the potential function parameters and virial coefficients are determined for all
components, then the properties of pure components may be calculated. The properties of pure
components are calculated in terms of the virial equations of state (including third virial
coefficients)

(3.36)

Z.= [ 1=1+ +

i
2
i

M, Pv, B, C
v

According to Kmonitek (1967 a) Equation (3.36) may be re-arranged to take the form of
‘ RT RT RT '

Z =1+ _f_ B, - [___P_ (,B,.2 - C,.) -2 P B, C, (3.37)

Kmonitek (1967 a) in his analyses included only two terms from the right-hand side of Equation
(3.37). The last term in the above equation is a product of two virial coefficients and so may be
neglected. Using such a form of virial equation, Kesselman derived the following:

) L (SR X, i L (3.38)
F RT|M,

Q s dB. di

S = Sn] - R 1 —'P— - R ..l.. T _l 1 _B‘2 - C o+ ‘T _-i (3-39)
' o v, L \dT )] 242 i

. iB. C.
%ﬁmﬂTl&4L¢+‘chi; (3.40)

' v dT 2 \)iz ' dr

where S,; and H; are entropy and enthalpy of the ideal gas at the standard state tabulated by
Gurvich et al. (1962). To calculate the properties of the mixture, the following mixture equation
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is used:

where:

N N N
1
Vo = |2 i D Ay (3.41)
i=1 =t j=1 Mm
Av. =w + @B -By_L (3.42)
i} LY} 1 J R T
w,;=28,~B -B (3.43)

v,, - specific volume of the dissociating mixture;

v, - specific volume of pure component calculated in terms of the virial equation;

¥,y; - mole fractions of the components in the mixture;

B,,B; - second virial coefficients of the components in the mixture;

B;; - second virial coefficient of heterogeneous interactions calculated using the rules
of combination of potential parameters;

P - absolute pressure of the dissociating mixture;

R - universal gas constant;

T - absolute temperature of the dissociating mixture.

With the use of thermodynamical differential relations, the formulas for thermodynamic

properties (entropy, enthalpy, heat capacity, specific heat ratio and velocity of sound) were
obtained. Thermodynamic properties of the mixture are

S, =2y S =R Yy Iny, + Y vy, AS, .1 + ky (3.44)
i=1 i=1 i=l h M
- dw. . 2 B. iB, B. dB.
AS, = -p 205 B, -B) L ||| - LUB L\ B 9B (345)
s dT PIRTINT dT T ar
H =Sy A+ Yy M, |+ k, (3.46)
i=l i=1 M

"

dw. P2 dB. dB. {3.47)
AH.. =|w.. - T - P+(B.—B.) B -T|—|l-|B. - T |
" " dT ‘ " RT ! dT / dT
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Terms from Equations (3.13) to (3.15) for ideal solution are included in Equations (3.41)
to (3.47) for non-ideal solution and supplementary terms are due to interaction of mixture
components.

The transport properties (viscosity and thermal conductivity) are calculated according to
the rigorous kinetic theory of u multi-component gas mixture. The viscosity is calculated
according to Hirschfelder et al. (1954, page 531, equation (8.2-25)). The thermal conductivity is
calculated as the sum of the thermal conductivities of a constant composition mixture (according
to Hirschfelder et al. (1954) formula) and the conductivities due to chemical reaction, using the
formula by Brokaw (1960).

According to the arguments presented by Reed and Gubbins (1973), high temperature
transport data are sensitive to the shape of the repulsion portion of the potential function. The
potential function which utilizes potential function parameters obtained at a low temperature
region is steeper in the repulsion region than the potential function which is in good agreement
with experimental data at high temperature region. Figures 3.9 and 3.10 from the book by Reed
and Gubbins (1973) support this argument using data for argon. The Dymond and Alder (1969)
potential has better agreement with the experiments as shown in Figure 3.9, because that potential
does not have a steep gradient in the repulsion region as other potentials have, as shown in
Figure 3.10. Kesselman’s method employed temperature-dependent potential function parameters
g(T) and o(T). As shown in Figure 3.11, the slope of the repulsion part of the Lennard-Jones
potential function for steam (H,0) decreases at higher temperatures. It can be expected that such
an approach will give better results than the potential function with constant parameters based
on low temperature measurements (up to 1800°C). The results of predictions for viscosity using
temperature-dependent parameters in the Lennard-Jones potential function applying Kesselman’s
method by Vargaftik (1983), are presented in Figure 3.3, The solid curve follows the path of the
experimental data by Latto (1965) (the triangles) and is parallel to the data by Bonilla et al.
{1956) (the circles). The predictions by Svehla (1964) (the broken curve) are based on inaccurate
experimental data by Bonilla et al. (1956) (the empty circles), however, if the parameters for
predictions by Svehla (1964) were based on the corrected data by Bonilla et al. (1956) (the full
circles), the broken line would almost coincide with the predictions using from the equation by
Aleksandrov et al. (1975) (the dotted curve).

-1
3
p=T |V 17| (<l pPas T, = Ti T = 647.27K
i=0

cr

a, = 0.0181583 a, = 0.0177624 «, = 0.0105287 a, = -0.0036744

(4.21)
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Legend: The broken line - Lennard-Jones potential (e/k, = 124.9K, o = 0.3410m)
The continuous line - Dymond and Alder (1969) numerical tabulated potentind (7%, = FR2IK,
g = (1,328}
The circles - experimental dita of Dawe and Smith
The triangles - experimental dati of Guevera et al,

nx10%P
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Figure 3.9: Comparison of experimental and theoretical viscosities of argon at high
temperature by Reed and Gubbins (1Y73).
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Legend: The dotted line - Lennard-Jones potential (e/k, = 124.9K, ¢ = 0.341nm)
The broken line - Kihara potemial (e/k, = 139.8K. o = 0.335nm, /o = 0.1}
The coniinuous line - Dymond and Alder (1969) numerical tabulated potential (e/k, = 138.2K,
g = (),328nm)
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Figure 3.10: Comparison of several potential functions for the repulsion region of argon by
Reed and Gubbins (1973).
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Figure 3.11: Slope of the repulsion portion of the Lennard-Jones potential function for water
vapour (H,0) at high temperatures using data by Kesselman and Blank (1968 i).
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The equation by Aleksandrov et al. (1975) is developed from experimental data at low
temperatures and according to the authors the extrapolation of this equation is valid for
temperatures up to 1500°C. Consequently, predictions by Vaigaftik (1983) would be more
accurate provided that the predictions by Svehla (1964) were based on the corrected data by
Bonilla et al. (1956).

3.5 Comparison of Predictions

All available data sets and equations for high temperature steam properties have been
extracted from the literature, converted to the same units (S1'%), changed to the same reference
state™, und analyzed. A comparison of predictions of high-temperature steam properties was
published by Vasi¢ et al. (1992); the manuscript of the paper is presented in Appendix P.
Predictions of thermodynamic properties for dissociated steam from all analyzed sources are in
reasonable good mutual agreement. Choice of the recommended source, Vargaftik (1983) is based
on the large number of data points and widest range of pressure and temperature since predictions
are at list equally accurate then from the other sources. However, predictions of transport
properties in numerical form are available only from two sources Svehla (1964) and Vragaftik
(1983) using the prediction method of Kesselman and Blank (1968 i). There are three arguments
which make doubt about accuracy of predictiOns:' by Svehla (1964). First, viscosity predictions
by Svehla (1964) apply parameters determined using experimental data by Bonilla et al. (1956)
which have systematic error. Second, if that error is corrected prediction by Svehla (1964) would
almost coincide with the predictions based on non-dissociated steam low temperature
measurements by Aleksandrov et al. (1975) but not corrected high temperature measurements by
Bonilla et al. (1956). Finally, according to argument in last section it can be expected that
predictions of viscosity which use the potential function which have lover slope at the repulsion
part uat higher temperatures, Kesselman and Blank (1968 i) will give better results than the
potential function with constant parameters based on low temperature measurements, Svehla
(1964). Transport properties for the dissociated steam presented by Vargaftik (1983) using the
prediction method of Kesselman and Blank (196% i) are more accurate then data by Svehla
(1964), hence they were adopted in this study.

B The system of units identified internationally as S1 (Le Systeme international d’unites).
' The zero value of entropy and enthaipy of water at tripte point (t = 0.01°C, P = 611.73Pa).

33



Chapter 4

Prediction of High Temperature Properties
for Steam: Recommended Methods

4.1 General

A number of different properties may be determined for steam; however, the concern of
this work is the steam properties required for heat transfer evaluation: thermodynamic properties
(molar mass, specific volume, entropy, enthalpy and heat capacity) and transport properties (mass
diffusion coefficient, viscosity and thermal conductivity). At high temperatures, steam is
dissociated, hence, a gas mixture may be evaluated as ideal or non-ideal. Another consideration
for evaluating the properties is the rate of chemical reactions as an infinite time of chemical
reaction - frozen state, or an instantaneous time of chemical reaction - equilibrium state, The two
methods of predicting the properties of steam recommended here represent two extreme cases:
an ideal gas mixture in a frozen state and a non-ideal solution in an equilibrium state. Evaluating
properties by the first method does not include the effect of chemical reactions (properties are
named frozen properties), and by the second method includes maximal effect of chemical reaction
(properties are named effective properties in equilibrium).

The first section will consider the frozen properties of dissociated steam. In the following
section the recommended prediction method for mass diffusion (binary and multi-component
mixture) coefficients will be presented. Finally, the effective properties of dissociated steam will
be presented in the last section. Each section includes a description of the properties evaluated
and the pressure and temperature dependence of the properties are demonstrated in a number of
figures.
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4.2 Frozen Properties of Dissociated Steam: Mixture of Ideal
(ases

The properties of a multi-component mixture of chemically neutral ideal gases, or, a
mixture of gases with an infinite time required for a chemical reaction, are properties formed by
an ideal mixing of gas components, proportional to composition, without residue. The
hypotheticul mixture of gases in the same composition proportion but without the effect of
chemical reaction, or with the rate of chemical reaction so small that they need an infinite time
to complete, is called the frozen state. Thus, properties of such a mixture are called "frozen
properties”. The mixture of gases formed by steam dissociation is not a mixture of chemically
neutral gases. However, the frozen properties may be evaluated with the intent to separate the
effect of chemical reaction on the properties of the gas mixture.

The method for calculating dissociated steam (water vapour) properties as a mixture of
chemical non-reactive guses (frozen) is presented in Appendix B. It includes the method for
computation of molar mass, enthalpy, heat capacity and thermal conductivity'® - properties
required for further analyses. A set of computer subroutines was developed for generating
dissociated-water-vapour frozen properties. The listing of the subroutines {The Frozen Properties
code) for predicting frozen properties of high temperature steam i presented in Appendix G.

Computation of the dissociated steam frozen properties, for a wide range of pressures and
temperatures, was performed to test the predictions. The generated results of frozen properties
predictions for dissociated steam are presented in Appendix K.

Figures 4.1 to 4.4 present the molar mass, enthalpy, heat capacity and thermal
conductivity as a function of temperature for a range of constant pressures. The molar mass
changes, as temperature increases, from the value of water (18.01528 kg kmol™) to the molar
mass (6.005 kg kmol) of the gas mixture (the mixture of atomic hydrogen (H) and atomic
oxygen (O) in proportion 2:1). As temperature increases, all other frozen properties - enthalpy,
heat capacity and thermal conductivity - undergo a modest change as the effect of chemical
reaction is not included.

'S prediction of the frozen thermal conductivity employ data generated by Svehla (1964). According to

discussion in Chapter 3 predictions of viscosity and thermal conductivity by Svehla (1964) are not accurale. Since,
this are the only data available in literature for frozen thermal conductivity, they are adapted in this work.
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Figure 4.1:  Molar mass of dissociated steum as a function of temperature for a range of
constant pressures, predicted by the Frozen Properties code.
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Figure 4.2:  Frozen enthalpy of dissociated steam as a function of temperature for a range of
constant pressures, predicted by the Frozen Properties code.
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Figure 4.3:  Frozen heat capacity of dissociated steum as a function of temperature for a range
of constant pressures, predicted by the Frozen Properties code.
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Figure 4.4:  Frozen thermal conductivity of dissociated steam as a function of temperature for
a range of constant pressures, predicted by the Frozen Properties code.
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4.3 Recommended Prediction Method for Mass Diffusion
Coefficients

4.3.1 Binary mixture

Mass diffusion coefficients for a binary mixture of gases are most commonly calculated
using the formula developed by Chapman and Enskog kinetic theory, Chapman et al. (1939). This
formula has often been cited by Hirschfelder et al. (1957), Bird et al. (1962), Cussler (1984,
Reid et al. (1987), etc. All of these authors used different units, such that the numerical
coefficient in the formulas differ even though all have same origin. After converting to the Sl
system of units, the formula becomes

_ 0.1882899 10- TS

-5 2
M.',.' Oui Qm.i P

D, [=] m* s (4.1

where:
1,i - species ! diffuses through species i;
T - absolute temperature [=] K;
1IM,; = (1IM)+(1/M;) - reduced mass of the system [=] kmol ke
M,, M. - molecular mass of the species / and i [=] kg kmol™;
oy, - characteristic length, |=| nm;
Qy,; - diffusion collision integral, [=] dimensionless;
P - pressure, |[=] MPa.

The characteristic length G is a molecular property and it may be computed from the

parameters of individual species using the arithmetic average equation
6, =% (4.2)
’ 2

The collision integral &, ,; is dependant on the intggration of the interaction between two
species. It was tabulated for the Lennard-Jones potential function by Hirschfelder et al. (1967)
or it may be calculated very accurately using the following approximation from Neufield et al.
(1972):

Q 1.06036 0.19300 1.03587 1.76474

oLi = + — + : (4.3)
(TP exp(0.47635T))  exp(1.52996T,))  exp(3.89411T)
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and,

T

Tl.: = —
2
Ky

(4.4)

The value of (g /ky) is the energy of interaction of two different molecules. Though
without any theoretical support, a geometric average of the energy of interaction of each species
is usually used,

(4.5)

It should be noted that an inconsistency occurs in the derivation of the formula in
Equation {4.1). Intermolecular forces ure considered by exploiting the potential function, yet on
the other hand, to include the pressure effects, the ideal gas law was used. An ideal gas is a gas
with no intermolecular forces. For consistency with the initial assumptions, Le. that in the gas
mixture intermolecular forces exist, the virial equation has to be employed. Thus Equation (4.1)
becomes

_ 0.1882899 10 TS

I=i =5 2
M.'.i O Q‘m.i P

D

Z, 1= m? s (4.6)

The term Z is the compressibility factor of binary mixtures, and can be calculated using
the combination rules as follows

Z, =1 +B,Mp, +C,(T) TR (4.7)
Py=P *0 (4.8)
2T = b, B*(T) (4.9)
CAT) = b C*(T) 4.10)

2 3
b, = ZaN, oy, (4.11)

3 ¥

_ B (T,)),C'(T,), the theoretically calculated virial coefficients as a function of 7} ; in the
range 0.30 < T}, < 400.0, are tabulated by Hirschfelder (1954, Table 1-C, pp.1114-1117) or can
be calculated with formulas presented by the same author in Table I-E (p.1119).
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The values of g{T}kp, 6(T), B(T) and C(T) for the components of dissociated steam as
a function of temperature are presented in Tables C-1 and C-2 in Appendix C, determined by
Kesselman and Blank (1986 i). Most of the vatues in the tables come directly from Kesselman
and Blank’s (1986 i) data. Additional values are added (extrapolated) to cover the whole
parametric range. Dissociated steam is a mixture of six components, accordingly, thirty-six (36)
binary diffusion coefficients can be evaluated. The main terms or self-diffusion coefficients
represent the binary diffusion of each component through itself (6 coefficients). The cross terms
of the binary diffusion coefficients (30 coefficients) for two components / and i are equal.

D, =D, (4.12)

Therefore, fifteen (15) binary diffusion coefficients are required.

A set of computer subroutines was developed for the computation of all possible
combinaticns of binary diffusion coefficients, according to Equation (4.1) and Table C-1, in
dissociated steam (21 coefficients). A listings of the subroutines is presented in Appendix I, as
part of the High Temperature Steamn Heat Transfer code (VASICA™). A main program calls the
subroutine BINDCQ(P,T), with entering parameters absolute pressure P(MPa), and temperature
T(“C) in the range from 726.85°C (1000K) to 5726.85°C (6000K). Accompanying subroutines are
PARAMET, REDMAS, SIGMABIN, EPSILBUN, NEUFD, MASDIF and BLOCK DATAES.
Results of the calculations are stored in COMMON BLOCK /BINDIF/ as DBIN.

Some typical seif-diffusion (6) and binary diffusion coefficients (15) for dissociated steam
components, as a function of temperature at a pressure of (0.1MPa, are presented in Figures 4.1
to 4.3. The lighter the components (smaller molar mass), the larger the self-diffusion coefficient,
Hydroxyl (HO) is the only component which deviates from that observation; it has a slightly-
smaller self-diffusion coefficient than expected. The molar mass of hydroxyl is smaller than that
of H,0, thus it is expected to have a larger self-diffusion coefficient than that of 14,0. Hence,
though the largest binary diffusion coefficient is for the lightest interaction (H; - ), the smallest
is for the (O, - HO) interaction, and not for the heaviest interaction, (H,O - O,).

' VASICA is an acronym for VASIC Aleksandar computer code.
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Figure 4.5:  Self-diffusion coefficients of steam dissociation components at pressure 0.1MPa.
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4.3.2 Multi-component mixture

Multi-component diffusion is described by generalizing the equation for binary diffusion.
The general relation between binary diffusion coefficients and multi-component coetlicients is
not known, except for a few special systems:

1. For a system with a nearly pure species [ = / and all other components, i = 2, 3.,
as trace components, then

D, =D, (4.13)

{-m

2. For a system in which all binary diffusion coefficients are the same, then

Dn'—m = Dl‘i (4.14)
3. For a system in which all components i = 1, 2,..n, 7 # { move with the sume velocity
(or are stationary), then Blanc’s law can be applied o
1 -
D, =___N_
i: v, (4.15)
i=1 (2N D[-,’

A multi-component system of dissociated steam is dependent upon temperature and pressure. The
process of dissociation can be divided into four regions:

- a region where steam is the predominant component of the mixture (y(H,0) = 1) and
the remaining components are trace components (system 1);

- a tegion where the molar fractions of all components in the mixture are of the sume
magnitude (y(H,0) < 0.5), (system 3);

- a transition region (0.5 < y(H,O) < =1);

- 4 region where the gas mixture is an almost pure binary mixture of atomic hydrogen (H)
and oxygen (O) (y(H,0) = 0).
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It is assumed that in the transitional region, the diffusion coefficient of component / through the
mixture may be computed as proportional to system 1 and 3 according to following equation:

1 -y 1 - Y
-— -D ——
-1 6 y, -1 1 - 0.5 (4.16)

=] (i) D[-,‘

The computer subroutine MIXDIFF(L,DMIX) was developed for the computation of the
diffusion coefficient for the component / through a gas mixture according to the method
described above. A listing of the subroutines is presented in Appendix I, as part of the High
Temperature Steam Heat Transfer code (VASICA). A main program must first call the Fraction
code for evaluating the composition of the gas mixture, then call subroutine BINDCO(P,T), to
determine all the binary diffusion coet.:ients, and finally call subroutine MIXDIFF(L,DMIX).
For a given component L, the subroutine evaluates the diffusion coefficient of that component
through the six-component mixture of dissociated steam (results are presented as variable DMIX).

Typical diffusion coefficients, for the components of steam dissociation through gas
mixture as a function of temperature at a pressure of 0.1MPa, are presented in Figures 4.8. The
lighter the component (smaller molar mass), the larger the diffusion coefficient through mixture.
Hydroxyl (HO) is the only component which deviates from this observation; it has at higher
temperatures o slightly smaller diffusion coefficient than expected. However, the same
observation can be made for the case of self-diffusion coefficients as shown in Figure 4.5.
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4.4 Effective Thermodynamic and Transport Properties
of Dissociated Steam

After a careful assessment, analysis and comparison of all available sources for the
prediction of steam properties at high temperature, Vasi¢ et al. (1992) concluded that the
prediction method by Kesselman and data presented by Vargaftik (1983) are reliable for general
use. As a result, they were recommended for industrial application.

The method for computing high temperature steam properties using a look-up table and
an interpolation technique is presented in Appendix C. Most of the entries in the look-up table
were constructed from data tabulated by Vargaftik (1983). Additional entries for viscosity and
thermal conductivity were extrapolated and added at pressure of 100MPa by the author to expand
the parametric range. Extrapolation were performed using graphical method.

Consequently, a set of computer subroutines was developed for generating steam
properties via a linear interpolation technique using data tabulated by Vargaftik (1983). A set of
computer subroutines, for generating steam thermodynamic”? and transport properties, is
presented. A listing of the program specifications of the UODH?20 code, for effective properties
of dissociated steam in the range of pressure from 0.01 to 100.00MPa and temperature from 1000
to 5726.85°C, is presented in Appendix H. The UODH20 code presented here is connected with
the 1APS Property code listed by Haar et al. (1984) and makes possible an evaluation of the
properties of liquid water, steam and dissociated steam at a pressure ranging from 0.01MPa to
[00.00MPa and a temperature ranging from triple point temperature 0.01°C to 5726.85°C.

The UODH2O code was used to predict dissociated steam effective thermodynamic and
transport properties. The predicted results are presented in the table of effective properties for
dissociated steam, at a pressure ranging from 0.01 to 100.00MPa and a temperature ranging from
1000 to 3000°C, in Appendix L.

Some typical thermodynamic and transport property values, as a function of temperature
at a range of pressures, are shown in Figures 4.9 to 4.15, as predicted by the UODH2O0 code.
Comparing the frozen and effective enthalpy from Figures 4.2 and 4,12 respectively, one can
conclude that frozen and effective enthalpy have same values at temperature lower then 1500°C.

17 - . . - . . . . N
The reference point is defined as the zero value of entropy and enthalpy in this case. The water triple point
(1 =001°C, P = 611.73Pa) is chosen as the reference point.
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At high temperature and low pressure effective enthalpy is many times larger then frozen
enthalpy. This is due to effects of chemical reactions. The same conclusion may be reached for
heat capacity and thermal conductivity. However, at high temperature and low pressure when
steam is completely dissociated heat capacity and thermal conductivity have same vilues again.
Effective properties are more dependent on pressure than are frozen properties.
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Figure 4.13: Heat capacity of dissociated steam as a function of temperature for a wide range
of constant pressures, predicted by the UODH2O code.
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4.5 Summary

In this chapter, the methods for predicting three groups of properties of dissociated steam
were recomimended. These three groups are:

a) a method for predicting frozen properties (molar mass, enthalpy, heat capacity and
thermal conductivity);

b) a method for predicting mass diffusion (binary and multi-component mixture)
coefficients of dissociated steam;

¢) a method for predicting effective thermodynamic (specific volume, entropy, enthalpy,
heat capacity) and transport (viscosity and thermal conductivity) properties.

Euch section included a description of the properties evaluated, then the properties with
pressure and temperature dependence were illustrated in a number of charts.
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Chapter 5

Heat Transfer for Pure Gases and Steam at
Moderate Temperatures

5.1 General

Heat transfer for gases and steam at moderate temperatures (<1000K) is heat transfer to
a single-phase, chemically-stable (non-reactive), pure (one component) fluid. For a gas flow with
small Mach number (Ma << 1), the velocity of the fluid is much smaller than the locul speed of
sound, and the compressibility of the gas is negligible. One difference between heat trunsfer to
liquids (incompressible fluid) and heat transfer to gases (fluid with negligible compressibility)
is that properties of liquids, particularly viscosity, vary approximately inversely with temperature.
The viscosity of liquids decreases rapidly with temperature increase, while the viscosity of gases
increases with temperature. However, for minimal temperature differences between the heat
transfer surface (tube wall) and the bulk of the convective fluid, the viscosity variance along the
tube radius is not vital. Hence, same heat transfer correlations can apply to both liquids and
gases.

Some heat transfer correlations are appropriate for any fluid, while some others are
developed specifically for certain fluids. In section 5.2 the universal heat transfer correlations for
the turbulent flow of pure fluids in tubes are presented. In section 5.3 heat transfer correlations
developed specially for the turbulent flow of superheated steam in tubes are presented.
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5.2 Heat Transfer Correlations for Pure Fluids in Smooth
Tubes

The correlations listed in this section were found in the reference by Kakag et al. (1987)
and original papers. The correlations presented in this work are only a sample of the correlations
available in the literature.

In Table 5.1 the heat transfer correlations for turbulent flow of fluids in smooth tubes,
developed with properties evaluated at fluid bulk temperature, are presented. Table 5.2 gives the
heat transfer correlations, for turbulent flow of gases with large temperature differences, in
smooth tubes. Three of the correlations deserve special attention. They are: the classical empirical
correlation by Dittus and Boelter™ (1930), the theory-based correlation by Petukhov et al.
(1972) and the correlation with best agreement with experimental data by Gnielinski (1976).
These three correlations will be addressed in more detail in Chapter 6.

" The original correlation was expressed in imperial units but coaverted to dimensionless form and SI units.

Sometimes, in the literature, this correlation is quoted with coefficient 0.023. Several correlations are found in the
literature, i.e.. Nusselt (1910), Dittus and Boelter (1930), Kraussold (1933), McAdams (1933), Colburn (1933),
Drexel et al. (1945), Miheev (1952) and others, which have the same form but different numerical values for the
coelticients. and may be the source of the difference.
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5.3 Heat Transfer Correlations for Superheated Steam in
Smooth Tubes

Sources for the correlations listed in this section were found in references by Kakag et
al. (1987), Groeneveld (1982), Groeneveld et al. (1989) and the original papers. Some of the heat
transfer correlations from the literature, for the flow of superheated steam (flow without liquid
droplets entrained in the stream) in round tubes, are presented in Table 5.3. The mechanism of
heat transfer depends to a large degree upon fluid properties and temperature, as well as on the
velocity distribution in the thin boundary layer adjacent to the solid wall.

For a small temperature difference between the heat transfer surface and the bulk of the
convective fluid, the variance in properties along the radius of tube is not significant. For such
a case, correlations zre developed with properties evaluated at steam bulk temperature, such as
the Tirst two correlations in Table 5.3. The correlation by Sutherland (1963) has a temperature-
ratio correction term which may compensate for change in properties with temperature.

If the temperature difference is large, then change in properties along the tube radius is
important. A reasonable approach is to evaluate the fluid properties at a reference temperature
between the wall and bulk temperature. The choice of a reference temperature is arbitrary,
however the average film temperature is often used. Three correlations in Table 5.3 are developed
with properties evaluated at the average film temperature. The correlation by Hadallar and
Banerjee (1969) is developed using experimental data by Heineman (1960), Sutherland (1963)
and Bishop et al. (1964); consequently, it is recommended as the most accurate. These
correlations will be addressed in more detail in Chapter 6.

5.4 Recommendation

The heat transfer coefficient to steam for turbulent flow in tubes may be computed by
applying a correlation developed for any gas, or one specially for steam. The correlations
developed specially for steam are, unfortunately, only applicable with confidence in a narrow
range in which the correlation was developed (using experimental data). General correlations for
all gases have a wider range of application, but they are not as accurate as the correlation
constructed specifically for a given fluid. From the listed correlations, four were chosen: those
of Dittus and Boelter (1930}, Petukhov et al. (1972), Gnielinski (1976) and Hadallar and Banerjee
(1969). They will be addressed in more detail in Chapter 6.
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Chapter 6

Heat Transfer for Dissociated Steam at High
Temperatures

6.1 Mechanism of Heat Transfer at High Temperatures

Heat transfer to a flow of dissociated steam at high temperatures is heat transfer to a
mixture of chemically reacting gases. The difference between heat transfer to reacting gases and
to non-reacting gases is that additional heat is transported as chemical enthalpy. The driving force
for the transport of chemical enthalpy is the concentration gradient of the species (H,0, H,, O,
HO, H and O) in the gaseous mixture. The number of dissociated molecules increases with
temperature, while the concentration or fraction of steam (H,O) decreases (see Figures 2.3 and
6.1). The temperature at the wall of a tube is higher than at the axis, therefore the steam
concentration near the wall is lower. Hence, the steam concentration gradient causes a transfer
of steam to the region adjacent to the wall. Steam at the higher temperature region (close to the
wall) absorbs heat from the wall by dissociating into components and hence the concentration
of dissociation products is higher. The concentration gradient of dissociation products (HO, H
and O) causes a transfer of these products from the region adjacent to the wall to the region near
the axis. The products of dissociation, brought by mass transfer from the high temperature region
to lower temperature region, recombine and release the heat of dissociation. Thus, heat initially
absorbed from the wall is released in the region proximate to the tubular axis, therefore the
temperature of the fluid at the tubular axis increases. The temperature gradient in the high
temperature gas mixture causes the concentration gradient and the transport of chemical enthalpy,
which acts to decrease that same temperature gradient untif an equilibrium state is reached.
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The heat of dissociation is significantly larger than the heat of phase change. An example
at atmospheric pressure P = 0.101325MPa is shown as follows:

- heat of melting = 333 k) kg'at 0.00°C (273.15K)
- heat of evaporation = 2257 kJkg'at 100.00°C (373.15K)
- heat of sublimation =2834 k) kg'at 0.01°C (273.16K)
- heat of dissociation for reaction

2 H,0=H, +2 HO =15646 kJ kg at 126.85°C ( 400K)

=16000 KkJ kg' at 1726.85°C (2000K)
- heat of dissociation for reaction

2H,0=2H,+0, =13480 kJ kg' at 126.85°C ( 400K)
~13964  kJ kg at 1726.85°C (2000K)

(o]

From this example, it can be seen that the heat of dissociation is 6 to 7 times larger than
the heat of evaporation at the same temperature and that the heat of dissociation increases with
temperature. These phenomena suggest that using dissociating fluid as a heat transfer caizier is

very effective. Unfortunately, the degree of steam dissociation is significant only at very high
temperatures (above 1500°C).

Heat is transported from one region to another by mass diffusion and mass convection,
as well as by heat conduction, heat convection and radiation. For a fluid flow, three transport
phenomena exist: mass transport, momentum transport and energy transport.

In the theory of mass transfer, fluid flow and heat transfer, it was shown that mechanisms
of molecular mass diffusion, molecular linear momentum transport, and molecular heat
conduction, were analogous. Thus, Fick’s law of diffusion

- P, 6.1
Ja B Y =
Newton’s law of viscosity
t= o (6.2)
dy
and Fourier’s law of heat conduction
g=-k 2;: (6.3)
ox

all have the same mathematical expression, i.e., the flux is proportional to the gradient of con-
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centration, velocity or temperature. The coefficients of proportionality are the transport
coefficients: mass diffusion coefficient, viscosity and thermal conductivity. The transport
coefficients are properties of fluids at a given pressure and temperature. Combining transport
coefficients, Schmidt, Prandtl and Lewis dimensionless numbers can be formed. Each of them
is u ratio of the molecular diffusion rates for two transport phenomena.

v enti, iffusion rate
Se. = Vo _ B _p, Le, = moment m ~dtj]_r sion rate (6.4)
D, pD,_, mass diffusion rate
espPr=_" =} Cp _ SCin - momentum diffusion rate
a k Le, thermal diffusion rate
Sc. ep o
le =_% = k _ OCw _ thermal diffusion rate (6.6)
" D, Cpp D, Pr mass diffusion rate

It should be noted that some authors, like Cussler (1984) and Holman (1986), define the
Lewis number according to Equation (6.6), yet in some older books, such as by Spalding (1963)
and Eckert and Drake (1972), it was defined as the reciprocal value.

2} Cp p D, : i s
Le = i = PPD., _ Pr _ mass diffusion rate (6.7)

I - . s -
da k Sc._,  thermal diffusion rate

Dimensionless Schmidt, Prandtl and Lewis numbers are properties of fluids. Since these
numbers are rates of the molecular diffusion for two transport phenomena they apply in laminar
flow. Employing the properties of dissociated steam presented in Chapter 3, these numbers are
evaluated. In Figures 6.2 to 6.4, Schmidt, Prandtl and Lewis numbers are presented as a function
of temperature at constant pressure. The Schmidt and Lewis numbers are characteristics of a
single component i in a gas mixture formed by steam dissociation, but the Prandtl number is
characteristics of the gas mixture itself.

In turbulent flow transport phenomena are disseminated additional to molecular diffusion
by eddy diffusion. Analogy were found theoretically and experimentally for convective'® mass
and heat transports such that the correlation for heat transfer can be used for mass transfer and
vice versa. To be able to use semi-empirical correlations, the mass transfer coefficient of the
species [ is defined as

G 63)
(C - C,’,b )

8i

iw

¥ »Convection” from latin com "together” + valere "carry”. transmitting by the actual movement of the fluid

particles which carry some of the properties (mass, linear momentum or energy).
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Figure 6.2: Schmidt number for the components of a gas mixture formed by steam
dissociation as a function of temperature at constant pressure.
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Figure 6.3: Prandtl number for a gas mixture formed by steam dissociation as a function of
temperature at constant pressure.
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Figure 6.4: Lewis number for the components of a gas mixture formed by steam dissociation
as a function of temperature at constant pressure.
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The heat transfer coefficient is defined as

h. = _._q_. 6.9)
) (

Combining these two transfer coefficients with the properties of the fluid, the Sherwood,
Reynolds and Nusselt dimensionless numbers can be formed:

gi d etive
She= - _ convective transfer of‘mass (6.10)
D, molecriar transport of mass
Re = G d _ convective transfer of momentum (6.11)
p molecular transport of momentum
Ny = nd _ convective transfer of heat (6.12)
k molecular transport of heat

Sherwood, Reynolds and Nusselt numbers are functions of geometry, flow characteristics
and fluid properties. In Figure 6.5, the Reynolds number for the adiabatic (q,, = 0) tubular flow
of dissociated steam is presented as a function of temperature for a range of constant pressure.
Since the Reynolds number declines as temperature increases, the transition from turbulent to
laminar flow will occur at higher mass velocity at higher temperatures. The Sherwood and
Nusselt numbers are presented in Chapter 7.

Theoretically, to solve the heat transfer problem in turbulent flow of dissociated steam
in tubes requires the simultaneons solution of the equation for the conservation of mass,
momentum and energy. An analytical solution of the heat transfer to a multi-component gas
mixture of chemically reacting gases does not exist at this time, however, if it did, it would be
very complex. Therefore, for engineering applications, solutions with semi-empirical in nature
are quite acceptable. Some of the previous studies are presented in the following sections.

96



Temperature K
250 1260 2250 3250 4250 5250 6250

295000 Lovervsvn by s b o o v
200000 o
3 oo :
175000 C
. |
s150000—£ -
< . -
125000 -
m . -
T ] -
'6‘100000—_ =
= - d = 0.00 m 1N F
% 75000 G = 1.Mg m* s = F
2 - Gw = 0 W m™ :
50000 .- P = 0.01 MPa o
. .,,__113 = 0.10 MPa -
1 ——F = 1.00 MPa -
280001 77 P = 10.00 MPa -
1—— P = 100.00 MPa -

G TTYTTT I Iy I T T I T T VET TR T T T I T T TITRT(TITTT I ITIITTTTITTT R

=3
o
o

0 1000 2000 3000 4000 g(')
Temperature C

Figure 6.5: Reynolds number as a function of temperature for a range of constant pressure.
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6.2 Previous studies

6.2.1 Heat transfer for dissociated gases

Only a few papers have dealt with heat transfer for dissociated gases. The general study
of a flow with heat transfer to 4 chemically reacting fluid was dealt with in a number of papers
by Callaghan and Mason (1964), Bromberg and Lipkis (1958), Hirschfelder (1957) and Altman
and Wise (1956). A flow with heat transfer to a fluid with variable properties (due to temperature
and/or chemical reactions) was analyzed by Petukhov and Popov (1963). While some works deal
with specific fluids e.g. air, hydrogen (H,) and nitrogen tetroxide (N,O,), there is no paper that
examines heat transfer for dissociated steam.

Heat transfer in a flow along a flat plate of dissociated air at hypersonic flight speeds has
been studied by Fay et al. (1957), Lees (1956), and recently by Borisov et al. (1986). Heat
transfer for u turbulent flow of equilibrium dissociated hydrogen in a tube was analyzed
theoreticully by Petukhov and Popov (1964).

The heat transfer phenomena of reacting nitrogen tetroxide (N,O,) were the subject of
study from 1965 on for a group of researchers from the Nuclear Energetics Institute of the
Byelorussian SSR Academy of Sciences under the leadership of Nesterenko. In the West, heat
trunsfer to N,O, has been discussed by Furgason and Smith (1962), Irving and Smith (1961),
Krieve and Mason (1961), Richardson et al. (1961), Schotte (1958), and Butler and Brokaw
(1956). This gas dissociates in two stages at relatively low temperatures. The first stage (at
atmospheric pressure from boiling point 22 to 150°C, or at pressure 98bar from 150 to 250°C)
dissociation produces nitrogen dioxide (NO,):

N,O, = 2 NO,
The second stage of dissociation (at atmospheric pressure from 150 to 900°C, or at 98 bar from
250 to 145(°C) is described by the chemical reaction:
2NQ, =2NO + O,

Since this dissociation occurs at moderate tcmperatures where experimenis are not very

difficult to perform, many experiments have been performed with dissociating N,O,.

From the quoted literature, two papers are closely applicable to the study of heat transfer

to the flow of dissociated steam in tubes. These are several papers by Petukhov et al. and
Nesterenko et al., and will be analyzed in the next section.
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6.2.1.1 Petukhov et al.’s model

The papers by Petukhov and Popov (1963), Petukhov and Kirillov (1938), Petukhov
(1970) and Petukhov et al. (1972) are derived from the same base, and different papers describe
various improvements made on the basic model. Considering the influence of variable physical
properties (due to temperature and/or chemical reactions), the authors derived an analytic
expression for the Nusselt nuinber of an incompressible turbulent fluid flow in tubes.

Assumptions and conditions under consideration are the following:

1 - Turbulent flow in a tube of an incompressible fluid with variable physical properties.

2 - Axially symmetric.

3 - Axial diffusions is negligible in comparison with in the radial direction.

4 - Negligible viscous dissipation.

5 - Low Mach number.

6 - Mass forces are insignificant compared to viscous and inertial forces.

7 - The flow is far from the tube inlet such that the mass velocity chunge along the tube
axial direction x is small, i.e.,

opu) = { (6.13)
ox

which imply that the radial component of the velocity is zero and pressure is constant over a

Cross section.
8 - Supplementary assumptions concerning the constat conditions aver a cross section are
d

oH .
¥ = fi) -87(;3 +p uf) = (0 (6.14)

9 - Effective properties are applied (all changes of fluid are included in properties),

The analytical expression for the Nusselt number for variable physical properties is

R

P u,
C J.< > R dr
4
NI =2 c{w v <P dR (6.15)
u <Cp>+
C £
i PR ™
k, Cp 7]
Nu, hkd (6.16)
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T
[Cp dT
nf (6.17)

Tw - ) Tw - T.'r

h
=21 (6.18)
}

Nu,, - Nusselt number evaluated at wall conditions at pipe cross section x;

Cp, - Heat capucity (effective properties) at the wall conditions (T,) at cross
section Xx;

<Cp> - Mean integral heat capacity (effective properties) between fluid bulk
temperature (7T,) and wall temperature (7,);

p u, = G - Mass flow rate at local conditions at cross section x and radius #;

<p u> = <G> - Mean mass flow rate over pipe cross section;

k - Thermal conductivity (effective properties) at local conditions at cross section
x and radius #;

k. - Thermal conductivity (effective properties) at wall conditions at section x;

g, - Turbulent eddy thermal diffusivity;

¢ - Thermal diffusivity (effective properties) at local conditions at cross section
x and radius r.

For constant physical properties (p, Cp and k), Equation (6.15) reduces to the Lyon
integral

(6.19)

Calculations were performed according to Equation (6.15), for constant physical
properties, and the results are given by the interpolation formula
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(_E.] Re, Pr,
Nu., = Nu, =

k(&) + kz(Prh)

L

=

(re” - 1) (6.20)

kE =1+34E kP =117+ 1
- P’.IH
10* < Re, < 5 10° 0.5 < Pr, < 2000

where € is the Darcy friction factor correlation by Filonenko (1954)

§ = (1.82 logRe, - 1.64)
1 10, < Re, <5 10,

(6.21)

If k(&) and k.,(Pr,) are considered to be constant and equal to &, = 1.07 and &, = 12.7, then

Equation (6.20) becomes the form (quoted in many references) proposed by Petukhov and
Kirillov (1958):

(%J Reh Prb
Nu. = Nu =
i ‘ : (6.22)
107 + 127 | =2 {PrP? -1
> (i 1)
10 < Re, < 5 10¢ 0.5 < Pr, < 2000

h

The more accurate expression for the constant-properties Nusselt number (k,) has been obtained
and presented by Petukhov et al. (1972)

_f ;
Nut.h.r.‘P - E Rel.b Prr.h c

2
| N
p=B 0091 4 pcge <10t p=S5 =lissos it | 10tgke,, <5 10°
i Ren.zs 1k Y 3 y
Lb
| C
Re,, =54 410°<Re, <5 108 Pr, = "D P 0.5<Pr, <10°
' My ) ' k., '
900 0.63 f 213
¢ =107+2% - <127 |1 prii-
Re, 1+10 Pr,, 7 e (6.23)

where f is the Fanning friction factor evaluated using correlations by Blasius (1913) and
Filonenko (1954).
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The constant properties model is valid under the following assumptions and conditions:

- The effective values of physical properties, heat capacity and thermal conductivity are
used;

- The physical properties are evaluated at bulk temperature;

- The heat transfer coefficient is defined as in Equation (6.16);

- All the assumptions and conditions considered for the derivation of Equation (6.15);

- The fluid is in local chemical equilibrium (chemical reaction occurs instantaneously).

When comparing Equations (6.15) and (6.19) it is important to mention that the Nusselt
number for variable physical properties is proportional to the following three ratios

k
cp Cp pu
Cp, k, <p u>
Cp,

Since the heat capacity, thermal conductivity and density for gases vary with absolute
temperature, the idea was to correlate temperature-dependent-property Nusselt number and
Fanning friction factor, over constant-property Nusselt number and Fanning friction factor in
pases, us the ratio of absolute wall temperature and bulk temperature:

mn

Nuy, | T, o _| T, (6.23)

N, T, fer T,

The values of the exponents » and m were found empirically by comparing the analytical
results with experimental data. The expressions for exponents n and m (for heated gases, air and
hydrogen) from the paper by Petukhov and Popov (1963) are

no= 04T mo= =06 + O
YN,
T“v * 3 p
037 < 2 <37 1410°<Re)<110° Rel=Re, = (6.24)
b P;,

n, = Re; &, = (1.82 logRe, - 1.64)7

&,
2
Recommended expressions for the values of exponents for heated gases (air, hydrogen) by
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Petukhov (1970) are

=

T -0
no= - [0‘13 Inl_> |+ 0_361‘ m=-06 +56 (Ru“.)

|

037 < < 37 14 10° € Re,. < 10°

h.]

&

Finally, in the paper by Petukhov et al. (1972}, the ratio of Nusselt numbers for variable and
constant properties, with the assumption that dependence of properties on temperature is
described by power functions, was compared with measured values (air, Ar, CO,, N,. NH,) and
recommended as

N.53 1/4 173 T
Nu,, p. Cp, k, 1 -I:I.S k,g(T"-)]

L)

NuCP pb Cpb kb ]‘lh (ﬁ.Z(])
T, q,

Re, > 7 10° 1€£._2<4 0.006 < — 2 __ < (.007
Th G Cpi Tb]

where:

Cp, - heat capacity at a gas bulk temperature at the entrance;
Ty - @ gas bulk temperature at the entrance.

Applying Equations (6.26) and (6.23), predictions for heat transfer coefficients will be compared
with the prediction method proposed in this work.

6.2.1.2 Nesterenko et al.’s model

The model presented by Nesterenko et al. (1967 a) and (1967 b) is & semi-empirical
model, based on the mass and heat transfer analogy. The theoretical and experimentul results
obtained by study of heat transfer can be used in the application of mass transfer und vice versa.
Hence, in this model, the same empirical correlation was used for the Sherwood and Nusselt
numbers. The correlations proposed by M.A. Miheev and S.S. Kutateladze for forced convective
turbulent flow in a tube were used:

-0.55

T
Sh = 0.021 Re,® Sc. _Ti (6.27)

ifr.beq afrnbeq

b
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-0.55

T
Nu,, = 0.021 Re,* Pryy’ Tr:: (6.28)
b

Hence, the mass and heat transfer coefficients are

.55
D T
g = 0020 57 Re) Sc | == (6.29)
tH d X Tb
k T ~0.55
h, = 0021 22 Re)” Prp’ | 2 (6.30)
d TT,

The assumption is that heat transferred in chemically reacting gas flow with composition
in equilibrium within each point of the flow is

g =4q,+4q, (6.31)

The second term is heat transferred in the gas mixture without chemical reaction, the so-
called "frozen" gas mixture. The third term is the heat transferred due to the chemical reactions
which oceur in the gas mixture. Accordingly, the total or "effective” heat transfer coefficient can
be written as a superposition of the "frozen" and reactive constituents:

h,= L f’l,r +h = hf - - pr & (P,_“, ~ p“’)

” ! (6.32)
T, -T, i a, M, (T, -T,)

where:
hy, - "frozen” heat transfer coefficient calculated by Equation (6.30) [=] W m?: K
J - chemical reaction in which product / appears only;
J - minimum number of chemical reactions such that one of the species [ appears only
in that chemical reaction j;
Op; - heat effect of chemical reaction j [=] J;
g, - mass transfer coefficient of /, Equation (6.29) [=] kg, m? 57 (kg m, ) =m s";
Piwr P - ass concentration (density) of the species / evaluated at the wall temperature
(T,) and at the bulk temperature (T,) [=] kg, m~_;
M, - molar mass of the species ! [=] kg mol;
ay - stoichiometric coefficient of the species / in chemical reaction j [=] moly;
T

w

T, - wall and butk fluid temperature [=] K.
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The model is valid under the following assumptions and conditions:

- The frozen values for physical properties, heat capacity and thermal conductivity are
used;

- The physical properties are evaluated at bulk temperature;

- The heat transfer coefficient is defined with temperature differences;

- Frozen Lewis number equals unity (Le, = 1);

- Flow is in local chemical equilibrium (chemical reactions occur instantaneously).

If the kinetics of a chemical reaction was considered (flow is in local non-equilibrium),
Nesterenko et al. (1967 b) suggested using the Sherwood number of non-equilibrium tlow ax
Sh.',fr.b = ShlJr.b.cq Cr,

Cr = X mass velocity of component | generated along x
= =

G mass velocity of gas mixture

(6.33)

where:

Cr, - Reaction number (0 < Cr, £ 1), a dimensionless criterion which characterizes the
relation between the rate of appearance or disuppearance of the species [ along
distance x, and the mass velocity of the mixture. When Cr, = (), there is a "frozen"
state, i.e. no chemical reaction and when Cr, = 1, the mixture is in chemicul
equilibrium;

J, - rate of generation (appearance or disappearance) of the species [ due to the kinetics
of chemical reaction [=] kg m™ s, for N,O, from papers by Nesterenko and
Tverkovkin (1966 a) and (1966 b);

x - current axial coordinate [=] m;

G - mass velocity of gas mixture [=] kg m? s

Using the same approach, thermal calculations for an active zone of a nucleur reactor
cooled with chemically reactive coolant N,O, were performed. As reported by Nesterenko et al.

(1968), the predicted values were in very good agreement with the experimental ones as
presented in Figure 6.6.
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Figure 6.6: Comparison of experimental and predicted heat transfer coefficients, applying the
model by Nesterenko et al. (1968), including the kinetics of chemical reaction.
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6.3 Heat Transfer by Radiation for Dissociated
Steam

Radiation heat transfer from the grey enclosure surface to the gas mixture volume is
according Holman (1986)

G = &5 O la, (T) To - £, ([T) T, (6.34)
1 +¢
€,y = T e 508 (6.35)
¢ 2 W
1]
.T) =Y & - Ae (6.36)
i=1
[}
a,.T) =Y a - Au (6.37)
i=l

where: g, = effective emissivity of enclosure surface;
o = Stefan-Boltzmann constant {=] W m? K*;
d,;, = £as mixture absorptance;
€, = £as mixture emittance;
T,, = wall temperature [=] K;
T, = bulk temperature [=] K;
, = gas absorptance;
€, = gas emittance.

Emissivity of water vapour g,(T,,} at high pressure conditions can be predicted using the method
proposed by Cheng and Nguyen (1989).

Convective heat transfer is proportional to temperature difference - (T,, - T},), but radiative
heat transfer is proportional to temperature difference to the fourth power - (T,* - T,h. Therefore,
radiation heat transfer is very important in a high temperature environment such as the one
involved in dissociation. The radiation exchange between a heat transfer surface and a gas layer
depends on the character of the gas. While some gases absorb and emit radiation, others are
essentially transparent. Atomic (H and O) and diatomic (H,, O, and HO) gases are transparent
to radiation. Steamn dissociation results in a six-component (H,0, H,, O,, HO, H and O) gas
mixture. Only water vapour (H,0) is an absorbing/emitting component of the mixture. The
emissivity of steam is a function of its partial pressure, gas layer thickness (mean beam length
or characteristic dimension) and temperature.
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e(H,0) = flp(H,0),L.T| L =d (6.38)
pH0) =p =yHO) P =y P

The molar fraction of steam (y,) decreases as a function of temperature (Figure 2.2), hence
the partial pressure of steam (p,) diminishes in the process of dissociation. Figure 6.7
demonstrates water vapour emissivity in a dissociating steam gas mixture for two mean beam
lengths at constant total pressure from Holman (1986, Figure 8-35, pp.417}, corrected for molar
fraction. Eventually when steam becomes totally dissociated, it will become non-emissive because
very little radiation occurs (products of dissociation - HO, H and O, are transparent to racliation).
Convective heat transfer of steam have substantial increase at high temperature due to process
of dissociation. As a consequence, at high temperature the radiative heat transfer of steam is of
the smaller order of magnitude then convective heat transfer. The radiative heat transfer of steam
at moderate temperature may be of the same order of magnitude then convective heat transfer,
however, at high temperatures that is not the case. Thus, the radiative heat transfer of dissociated
steam may be neglected at high temperatures. The inclusion of radiative heat transfer would
render this work substantially more complex, hence, it is left for future consideration.
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Figure 6.7: Water vapour (H,0) emissivity at a constant total pressure of a dissociating steam
gas mixture, for two mean beam lengths.
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6.4 Effect of Dissociated Steam Compressibility on Heat
Transfer

Heat transfer to water flow with constant heat flux in a tube may be divided into four
regions:

- liquid-water flow;

- two-phase flow;

- superheated-steam flow;

- dissociated-steam flow.

The first and part of the second region can be considered as incompressible flow.
However, for the remainder of the second region, and the third and fourth regions,
compressibility is an important factor. Mach number is a measure of compressibility (density
change) in a gas flow. The definition of Mach number is

Ma= Y (6.39)

The Mach number is a function of pressure and temperature. Also, the mass velocity is defined
as

G

- pu= u (6.40)
A
The flow velocity can be eliminated from the above two equations, and the Mach number can
be written as

Ma=SY (6.41)

a

At constant pressure and temperature, the specific volume and local speed of sound are constant.
Hence, the Mach number is proportional to mass velocity and vice versa:

G =2 Mg (6.42)
v

From the gas dynamic analyses of Shapiro (1953) and Zucrow and Hoffman (1976) and
(1977), it can be demonstrated that for gas flow with heat transfer (diabatic flow) in a constant-
area duct with heat addition the gas will reach the state of maximum entropy. The limiting state
with maximum entropy is the state where the fluid velocity is equal to the local acoustic speed.
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G=G_=G"=2  for Ma=1 (6.43)

Such a flow is said to be operating with thermal choking. Addition of heat does not cause
the gas at exit to alter the sonic condition beyond the choking condition but propagates a change
in the upstream conditions. The mass velocity in the thermal choking condition (Ma = 1} is the
maximal possible mass velocity (critical velocity). Consequently, upstream {rom the choking
point (tube exit) since the mass flow rate (ri) is constant, velocity mast adjust accordingly. Using
data for sound velocity and the specific volume for dissociated steam tabulated by Vargattik
(1983), Figure 6.8 illustrates maximal mass velocity as a function of temperature at constant
pressure. The maximal mass velocity is lower for lower pressure and declines as a function of
temperature.

Comparing the typical range of the mass velocity required for cooling in industry (0.1 £
G £ 7.5 [=] Mg m* s') with the maximal mass velocity from Figure 6.8, one notices that
operation with maximum mass velocity (7500kg m? s™) is possible only at higher pressures
(10MPa). The prediction method for calculation of heat transfer to dissociated steam
recommended in this work requires that the mass velocity at the tube exit conditions be lower
than or at most equal to the critical value otherwise choking condition will occur.
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Figure 6.8: Maximal (critical) mass velocity as a function of temperature at constant pressure.
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6.5 Summary

Studies of heat transfer to steam at high temperatures (> 1000"C) were not found in the
literature, particularly for temperatures where dissociation occurs. An analytical solution of heat
transfer for a laminar flow is very complex, and one for & turbulent flow even more so.
Therefore, for engineering needs, solutions with semi-empirical relations are satistuctory.
Unfortunately, even such solutions for heat transfer to dissociated steam at high temperatures are
not available from the literature either. As a first approximation, the results obtained for other
fluids treated in previous works may be used. The objective of this study is to apply, by analogy.
the principles and experiences from previous works with NO, (a two or three-component gas
mixture) to the heat transfer of dissociated steam (a six-component gas mixture).

Experimental data for heat transfer to steam found in the literature are for lower
temperatures where dissociation does not occur. Therefore, it is the tusk of an experimenter to

ratify the analytical results presented in this work.

Radiation and compressibility effects on heat transfer are analyzed brietly; however, due
to complexity of these effects, this analysis is left for future consideration.
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Chapter 7

Prediction Method of Heat Transfer for
Dissociated Steam

7.1 Introduction

Based on the semi-empirical model by Nesterenko et al. (1967 a) for dissociated nitrogen
tetroxide (N,OQ, = 2NO,, & two component gas mixture), a method was developed to determine
the Nusselt number of 4 chemically reacting (dissociated) fluid flow. Derivation of the effective
Nusselt number for a mixture of chemically reacting gases is presented in Appendix D. The
method includes the effect of Lewis number (the former works assumed that Lewis number
equals 1.0). The methods proposed in this work were applied to dissociated steam (a six-
component gas mixture). The Gnielinski (1976) correlation is applied for evaluation of Nusselt
number for a gas mixture without chemical reactions and Sherwood numbers for the components
of steam dissociation. The Bhatti and Shah (1987) correlations are applied for evaluation of
Fanning friction factors. The complete method for computation of the local heat transfer
coefficient and of the wall temperature, for a turbulent tube flow of dissociated steam heated with
constant heat flux at the wall, is presented in Appendix E. The High Temperature Steam Heat
Transfer computer code (VASICA) was developed to predict heat transfer in a turbulent tube flow
of steum. The listing of subroutines is presented in Appendix I. The Frozen Properties code listed
in Appendix G is used for properties prediction. Predictions according to the proposed method
are compared to the predictions of three typical correlations from the literature developed for low
and moderate temperature conditions: Dittus and Boelter (1930), Petukhov et al. (1972) and
Hadaller and Banerjee (1969). The look-up tables for heat transfer coefficients of high
temperature dissociated steam in tube flow were generated for a typical range of values
applicabie in industry and are presented in Appendix M.
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7.2 Prediction Method of Heat Transfer for Dissociated
Steam

Steam at temperatures <1500°C is a pure one component gas. However, dissociated steam
is a multi-component mixture of six chemically reacting gases. There are two different
approaches for predictions of heat transfer for dissociated steam. First, dissociated steam could
be treated as one homogenous fluid possessing the effective properties of a gas mixture.
Practically, this means that properties of the mixture include all the effects of chemical reactions
in this gas mixture. Second, dissociated steam can be treated as a gas mixture where the heat
transfer of each component of the mixture is considered separately. The frozen properties of a
gas mixture are applied; however, the effects of chemical reactions in the gas mixture on heat
transfer are introduced with mass transfer. Although the first approach is easier to apply once the
effective properties of gas mixture are determined, it has some negative aspects. Properties are
usually evaluated with attached fixed conditions; these are the equilibrium state of gas mixture,
constant pressure and temperature. The equilibrium state is a condition in which no chuange oceurs
in the system as long as its surroundings are not changed and represents the local maximal state
for that system. Heat transfer to turbulent flow in a tube is a non-equilibrium transient process
with an imbalance of pressure, composition, momentum and energy. If effective properties are
applied with the heat transfer correlations (developed at low and moderate temperatures), the real
phenomena of transitions in multi-component mixtures will be hidden. The improvement of such
models can not be made because real phenomena are not shown. The second approach is more
laborious, but describes the phenomena better and can be improved further.

Utilizing the first approach, any of the correlations for heut transfer from the literature
listed in Chapter 5 can be applied simply using the effective properties for dissociated steam
generated by the IAPS® and the UCDH2O property code.

Utilizing the second approach in this work, a new method was developed to predict heat
transfer to dissociated steam. The method is based on the semi-empirical model by Nesterenko
et al. (1967 a) for dissociated nitrogen tetroxide (N,O, = 2ZNO,, a two-component gas mixture).

® " For temperatures < 1000°C, properties are evaluated using the IAPS (International Association for the
Properties of Steam) Property code listed by Haar et al. (1984) and subroutines developed for prediction of viscosity
and thermal conductivity according to IAPS Formulations 1985 published by Sengers and Watson (1986).
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Derivation of the effective Nusselt number for a mixture of chemically reacting gases is
presented in Appendix D. It has the following form

24: QP,- Shr.fr,h (},I.w - yf.b)
7=l au C‘pfr.h Le!,fr.h (tw - tb) (7'1)

Nu,, = N e *

j=1 =1
=234 [=j+2=4,56

The first right-hand term represents the Nusselt number of the mixture of chemically non-
reacting gases (frozen state). The second term is the sum of the effects of the chemical reactions
occurring in the gas mixture. It represents the contribution to heat transfer due to mass transfer
of the species in the gas mixture and consists of three ratios. The first ratio is of the heat effect
of each chemical reaction,to the heat capacity of a gas mixture without chemical reaction
(frozen).

The second ratio (with the form of a Nusselt number), Equation (7.2*), is the ratio of
heat transferred by mass convection of component /, to the thermal diffusion rate for the gas
mixture. The term in parentheses is volumetric heat capacity of a gas mixture. The term in square
brackets represents the heat transfer coefficient of component ! (heat transferred by mass
convection).

Shys - [(Cpf,,;, Pm,;,) g.!] d _ transfer of heat by convection of mass (7.2)

Le,, K thermal diffusion rate

Finally, the third ratio is a ratio of the composition gradient in radial direction, to the
temperature gradient in radial direction. The composition of the dissociated steam may be
determined using the Fraction code listed in Appendix F. Since the values of gradients are not
known in advance, an iterative process of computation is required. The properties used are either
the properties of pure gas components, or the frozen properties of a gas mixture generated by the
Frozen Properties code listed in Appendix G.

The analogy between heat transfer and mass transfer permits the use of the same
correlation for the Nusselt and Sherwood numbers. In the heat transfer correlation for the Nusselt
number, the Sherwood number replaces the Nusselt number and the Schmidt number replaces the
Prandt! number for mass transfer correlation.

2

Cl‘, =1,

The results in this work are obtained for the Sherwood number at equilibrium state, the Reaction number
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The correlation by Gnielinski (1976) having the overall best accord with the experimental
data, as recommended by Kakag (1987), was used in this work.

.le (Re, - 1000) Pr,, (. p*
Nuf bVP = "i
o - Y3 a T 1)
1+ 127 [%T Proy -\ (7

2300 < Re, < 1 10° 0.5 < Pr, < 2000

This correlation is a modified version of the correlations by Petukhov et al. (1958), (1963) und
(1972) and extends the lower limit of Reynolds numbers from 10* to 2300. The effect of variable
properties for a large temperature difference is considered with the ratio of bulk and wull gas
temperatures. The Fanning friction factor correlation for a smooth circular channel, correfations
by Bhatti and Shah (1986), Equation (7.4), (explicit formula recommended by Kakag et al. (1987)
for practical computations), was used in this work,

f=A+BRe’
Re, <2100 A =0 B = 16. C = -l (7.4)
2100 < Re, <4000 A =05410% B = 023107 C= 15
4000 < Re, < 1 107 A =0.128 102 B = 01143  C = -0.311

A set of computer subroutines, the High Temperature Steam Heat Trunsfer code
(VASICA), was developed for predicting the wall temperature and locul heat transfer coefficients
for a turbulent tube flow of dissociated steam with constant wall heat flux. The listing of
VASICA code is presented in Appendix I. The following few paragraphs will address the analysis
of some VASICA code predictions.

The heat effect of chemical reactions is pressure and temperature dependent. Figure 7.1
presents heat effect (Op/a,) of chemical reactions j per mo/, of component / (H,0, HO, H and
0) as a function of temperature at constant pressure. Four chemicul reuctions (f = ! to 4)
occurring in steam dissociation are chosen in such a way that the component [ appears only in
chemical reaction j. The second reaction (generating or degrading HO) definitely hus a smaller
heat effect than the others. As mentioned in Chapter 6, the heat effect of liguid water
vaporization is in the vicinity of 40kJ mol" (~2250kJ kg™), which is much less than the heat
absorbed by dissociating reactions. The heat capacity of a gas mixture without chemical reaction
(frozen) is also pressure and temperature dependent and was presented in Figure 4.3.

The temperature dependence of Sherwood and Lewis numbers at constant pressure is
presented in Figures 7.2 and 6.4 for all components of dissociated steam. Lewis numbers differ
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Figure 7.1:  Heat effect of chemical reactions (during steam dissociation} as a function of
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from the value 1.0, and therefore are justified to be included in the computation. The typical
values of parameters applicable in industry (P=0.1MPa, G=1000.kg m* 5", Q,=1.MW, d=0.01m)
are chosen as constants for example computations. Figure (7.3%) illustrates the temperature
dependence of the Nussel number for each of five superposition terms in Equation (7.1). The
first observation is that at temperatures less 3100°C, the chemical reaction generates hydroxyl
(HO), hence some heat is absorbed (Nuy,>0). At higher temperatures, hydroxyl deteriorates,
hence u portion of heat is rejected (Nuy,<0). Hydroxyl dissociates to atomic hydrogen and
oxygen (HO = H + 0). Consequently, hydroxyl has a negligible effect on heat transfer. The
chemical reaction which degrades water vapour (steam) has the strongest effect on the Nusselt
number. Its effect is almost twice that of the breakdown of hydrogen, and almost threefold more
than that of the breakdown of oxygen.

Superposition of each of the five terms forms the effective Nusselt number for a
dissociated steam mixture. Figure 7.4 shows the formation of effective Nusselt number and
Figure 7.5 presents the effective heat transfer coefficient (sum of the five terms) as a function
of temperature. The maximum heat transfer coefficient, which includes effects of all chemical
reactions (~3300°C), is up to 11 times higher than the appropriate heat transfer coefficient without
chemical reactions (frozen). Once the effective Nusselt number is determined, the temperature
difference between the bulk and wall temperature may be evaluated®:

(¢, — 4.0 4
T, -T, = i i (7.5)
i Y Hogh vp

Prediction of the temperature difference between wall and bulk temperature is presented in Figure
7.6. The process of dissociation commences at the curvature breaking point.

The look-up tables for heat transfer coefficients of high temperature dissociated steam in
a tube flow were generated for a typical range of values applicable in industry. These tables are
presented in Appendix M.

Deviation trom a smooth curve at 1600°C is due to the calculation of compositions. Molar fractions of

dissociation have very small values and hence there is a reduced accuracy for the subtraction results in Equation
{7.1).

3

Radiative heat transfer is not considered in this work; it is assumed that the values in parentheses are
constant.
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7.3 Comparison of the Results

Comparison of the results predicied using the proposed model with measurements of
steam heat transfer coefficients in turbulent flow at high temperature would bring legitimacy of
the model. Unfortunately, the measurements of steam heat wanster coetficients are not available
at high temperatures. The results predicted using the proposed model are compared with
predictions using first approach. Three characteristic correlations are used for comparison. They
are the Dittus and Boelter (1930), Petukhov et al. (1972) and Hadaller and Banerjee (196Y)
correlations. These correlations were derived for low and moderate temperature conditions. The
first correlation is an empirical classical correlation by Dittus and Boeiter (1930). It is one of the
earliest developed correlations, and has a very simple form. It is consequently very popular. It
was developed for heating a fluids.

(.8 1.+

Gd Cp,n,
ph k.‘l

Nu,, = 0.024
(7.6)

2.5 10° < Re,, < 124 107
0.7 < Pr, < 120

Fluid properties are evaluated at bulk temperature, regardless of fact that properties are variable
from bulk to wall temperature, especially for a large temperature difference.

The second correlation, by Petukhov et al. (1972), was derived from a theoretical buse.
In the paper by Petukhov and Popov (1963), a theoreticul expression for the Nusselt number was
derived. The theoretical calculations were performed in the range of Reynolds and Prandtl
numbers, then these results were expressed by an interpolation equation. A more accurate
expression for this interpolation equation has been obtained by Petukhov et al. (1972) und (1986).
This equation was quoted by Kakag et al. (1987) as the correlation which agrees with the most
reliable experimental data.

- D
Nu.p = Nu .\ = 3 Re, Pr, C™!
C
Re, =S4 4106 <Re, <5100 pr,= 2P0 0sspr gl 100 gy
Y ’ ’ ! ’ 7
b h
c=107+200 98 L7 |L @
Re, 1+10 Pr, 2
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0.0791

0.25
Ke,

f= 4 10° < Re, < 1 10°

2 (7.8)

. -~ RLI‘-‘ 4 i}
f =13.64 log - L 1P £ Re, €5 10

The Nusselt number in the above equation is evaluated for constant properties at bulk
temperature. The effect of variable properties is accounted for by using a correction factor.

1.53 ” # T
Niy 1P| (K1 [CPu| [ B[ ’°gm(-rf)
Nug, Py K Cp, By (7.9)
T, 4,
Re,>7 100 12 _2<4 0006 < —oere— < 0.007
TI: pw Cpem Tl:,c'm

The last correlation, by Hadaller and Banerjee (1969), is a superheated-stearn heat-transfer
correlation developed with experimental data (t, < 685°C) from several sources for steam flow
in a tube. The original equation has a thermal entrance correction factor but for the fully
developed flow the equation quoted by Groeneveld et al. (1989) is in the following form:

N“’f = (.008348 Ref0.8774 P'.fﬂ.ﬁllz
60 10° < Re, < 600 10°

Properties are evaluated at the reference temperature - film temperature, an arithmetic average
of fluid bulk and wall temperatures, to include the effect of variable properties.

(7.10)

b=t veft, -ty  ¢=05<10 (7.11)

A comparison of predictions from correlations in the literature using effective properties
(IAPS and UODH20 code) and the new proposed method (Equation 7.1} is presented in Figure
7.7. The three correlations which used effective properties predicted higher heat transfer
coefficients than the proposed method does. This was to be expected since the properties were
evaluated at equilibrium state, which represents ideal diffusion and instantaneous chemical
reactions, at constant pressure and temperature. The Dittus and Boelter (1930) correlation does
not account for variable properties since it uses constant properties evaluated at bulk temperature.
The Petukhov et al. (1972) correlation has a variable properties correction coefficient, yet the
dependency of properties is described by power functions which may be of a different nature for
dissociated gases. The evaluation of constant properties at film temperature for the Hadaller and
Banerjee (1969) correlation may be more realistic, but the choice of constant ¢ is arbitrary.
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It seems that the closer a fluid’s temperature is to real temperatures, the smaller are the prediction
results. The proposed method includes the effect of variable properties and furthermore, it
considers the diffusion of species through the gas mixture. The results of the proposed method
turn out to be lower than other predictions. The three correlations from the literature employ
effective properties which are evaluated at equilibrium state - the local maximum possible state.
However, heat transfer is a transient process leading to equilibrium. The proposed method
employs properties evaluated as an ideal gas mixture, and the mass transfer contribution to heat
transfer.

The results of predictions for temperature difference (between bulk and wall temperature)
from the above sources and the new proposed method are shown in Figure 7.8%. Within a bulk
temperature range up to 3400°C, the predictions of temperature difference (between wall and bulk
temperature) from all sources appear to be almost identical. However, though the values of
predicted heat transfer coefficients (Figure 7.7) of some correlations are almost twice as large as
the proposed method, the predictions of wall temperatures are within 3%, as shown in Figure 7.9.

o)

The curvature breaking points at temperature 1000°C are due 1o the change in properties evaluation from
the 1APS code to the UODH20 code.
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Chapter 8

Conclusion and Discussion

This work is divided into two sections. The first section is concerned with the properties
of steam at high temperature. The second section is concerned with the phenomena of heat
transfer for dissociated steam.

Properties of steam were, until now, calculated in industry using the ASME steam tables
(valid up to 800°C). A number of computer codes have been developed to generate properties
values at a desired pressure and temperature. In cases when the values of properties were needed
for the temperature beyond the upper limit of steam tables, a general practice was to extrapolate
properties to the higher temperature region. Predictions of heat transfer, required for the Loss-of-
Coolant-Accident (LOCA) calculations in water-cooled nuclear reactors, require the knowledge
of properties at very high temperatures {(up to the tube melting point). As was shown in the
-lculation of heat transfer using values of properties obtained by extrapolation, ASME steum
tables lead to the conclusion that heat transfer decreases at high temperature, and eventually
becomes zero. Therefore, heat transfer calculations for the range over 1500°C must include
consideration of steam dissociation, and this requires the consideration of the properties of multi-
component chemically reactive mixtures.

First, a set of computer subroutines was developed - the Fraction code, for generating the
composition (molar fractions) of a dissociating steam and gas mixture for a given pressure and
temperature. Second, steam properties may be evaluated for an ideal gas mixture which includes
no effects of chemical reactions - frozen state, or for a non-ideal solution at equilibrium state
which includes maximal effects of chemical reactions - effective properties at equilibrium state.
A set of computer subroutines was developed - the Frozen Properties code, for evaluating
dissociated steam frozen properties for a given pressure and temperature. Finally, the
recommended effective properties are the properties presented by Vargaftik ( 1983) using the
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prediction method of Kesselman and Blank (1968 i). A computer code, UODH20, was developed
using a look-up table and interpolation technique to generate effective properties at a wide range
of pressure and temperature. The computer codes, i.e. the Fraction code, the Frozen Properties
code and the UODH20 code, are simple, accurate and easy to use with a mainframe or PC. They
may be used alone or as subroutines of other programs. The results of sample computations, for
a range of pressures and temperatures, using the codes, are presented in various tables and
tigures.

There are two different approaches in predicting of heat transfer for dissociated steam.

First, dissociated steam can be treated as one homogeneous fluid using the effective properties
of u gas mixture which include all effects of chemical reactions. Any of the correlations for heat
transfer from the literature may be applied using effective properties. Second, dissociated steam
can be treated as a gas mixture. The new proposed superposition method is based on the concept
that total heat transfer is the sum of heat transferred to chemically-non-reacting gases and heat
transferred due to chemical reactions in the gas mixture. The first term represents convective heat
transfer of a gas mixture using frozen properties. The second term is the sum of the chemical
reactions effects, and represents the contribution to heat transfer due to mass transfer of the
species in the gas mixture. A computer code - the High Temperature Steam Heat Transfer code
(VASICA), was developed for computing according to the new proposed method. The results of
some sample computations, for a range of parameters applicable in industry, are presented as a
look-up table and figures.

In current engineering practice, one is ready to assume that in a high temperature region
convective heat transfer can be ignored relative to radiative heat transfer. Bearing in mind that
atomic and diatomic gases are transparent for radiation, dissociating steam contains only
molecular H,O as an absorbing component. Emissivity of steam is a declining function of its
partial pressure and temperature. The partiai pressure of steam is reduced in the process of
dissoctation. Eventually, totally dissociated steam will become non-emissive, i.e. very little
radiation occurs (products of dissociation are transparent to radiation in this temperature range).
As a consequence, at high temperature the radiative heat transfer of steam is of the smaller order
of magnitude then convective heat transfer. The radiative heat transfer of steam at moderate
temperature may be of the same order of magnitude then convective heat transfer, however, at
high temperatures that is not the case. Thus, the radiative heat transfer of dissociated steam may
be neglected at high temperatures.

The liquid water flow at the tube entrance can transform into a sonic (Ma = 1) flow of
a dissociated gas (steam) mixture at the tube exit. The critical mass velocity (maximum possible)
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is lower for lower pressures and declines as a function of temperature, The prediction method
recommended in this work for calculating heat transfer for dissociated steam requires that the
mass velocity at the tube exit must be lower than or at most equal to the critical value.

Recommendations for further work to improve the prediction of heat transter for
dissociated steam are:

- to search for more accurate data for frozen thermal conductivity. Due to shortage of
data, less accurate values of frozen thermal conductivity based on the predictions by
Svehla (1964) were employed in this work.

- to consider the kinetics of chemical reactions with the introduction of the Reaction
number (0 £ Cr, < 1). The results in this work are obtained for equilibrium state only,

i.e. the Reaction number Cr; = /.

- to consider radiative heat transfer.
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Appendix A

Method for Calculating Molar Fraction of
Dissociated Steam as a Mixture of Chemically
Reacting Gases

The mole fraction of the species in the mixture at pressure P and temperature T can be
generated using the principle for chemical equilibrium condition - the minimum of free energy.

AG),, = 0 (A-1)

The definition of thermodynamic quantity of Gibbs free energy (or Gibbs function, G) can
be found in classical textbooks of chemical thermodynamics as
G=H-T3S (A-2)
AG = AH - T AS
Depending on the details of developing the above equation, three different methods were

utilized, i.e. the element-potential method, the method of minimizing free energy and the equi-
librium-constant method.

The element-potential method, introduced to the combustion community by Reynolds
(1986), is not a new method; rather, it was neglected. The method was revived by Reynolds
{1986), who developed the new interactive computer program STANJAN (named after STANford
university and JANAF thermochemical tables). The program calculates the mole fractions of a
mixture of arbitrarily chosen components without identifying the set of chemical reactions which
may take place in the mixture. The STANJAN program as an interactive communication gives
the option of forming the desired mixture from a list of the components which are contained in
its data files, Should some of the components of a wanted mixture be missing, it is necessuary to
add data for that component from JANAF tables following instructions given by the program.
Independence from the set of chemical reactions is the element-potential method’s great
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advantage over the equilibrium-constant method.

The concept of the method of minimizing free energy was developed in the last century
by Gibbs. Based on the work by White et al. (1958) the mathematical procedures were developed
by Zeleznik and Sanford (1968 a), and into a computer program by Sanford and McBride (1971).
The method of determining the composition of the gas mixture in equilibrium consists in solving
the system of n equations (one for each species of the mixture)

) - 1
Inp, = [(-G); + ;“u Al T (A-3)

p, =y F i=1,.n

where (-G°); is the free energy of species / at standard state P = 0.1MPa and T = 0K; ; are the
number of gram-atoms of the /* element in the /™ species (stoichiometric coefficient) and A; are
Lagrangian multipliers.

The equilibrium-constant method is based on the definition of pressure equilibrium
constants

Kp(T) = 11 (p," (A-4)
j=l.k
for each of the j chosen chemical reactions as shown in Equation (A-4). For a total number of
species n = 6 (H,0, H,, 0,, HO, H and O) and two type of atoms (H, O) the minimum reguired
number of independent chemical reactions which will describe the system is £k =6-2=4. 1t
can be written in the balanced form as proposed by Brokaw (1960) as:

4 6

EZ a; Y, = 0 (A-5)

f=1 i=1
From a number of possible reactions between water vapour and its decomposition products, the
following four most probable chemical reactions are chosen, according to Rybakov (1963). The
choice is based on the highest heat of the reaction ([AFI]"D)J-.

«+2H0 -2H, - 10, +0HO +0H +00 =0 (A-6)

+2HO - 1H, +00, - 2HO +0H + 00 =0 (A7)
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+0H,O0 +1H, + 00, +0HO -2H + 00 =0 (A-8)
+0HO0 +0H, +10, +0HO +0H -20 =0 (A-9)
Then, the equilibrium constants can be written as
Kp, = i___ (A-10)
P= 3y
Kp, = ' (A-11)
Py, y°
Kp, = 2 (A-12)
Pyl
Kp, = (A-13)
Pyl

Dalton’s law of partial pressure (one of the three following forms) gives an addition
relation

8 G
P=%Yp . p=yP and Yy =1 . (A-14)
i=| P

Finally, from the law of conservation of mass, the initial condition, that the total number of
hydrogen atoms is twice that of oxygen in non-dissociated water vapour, must aiso be obeyed
in dissociated water vapour:

29,¥2y, * ¥, * ¥

=7 (A-15)
Y, T2y, Y, vy,

On the other hand, the pressure equilibrium constant, K| P, of a gas mixture for reaction,
Jj» can be formed according to Straub and Maidhof (1987 a) by three different methods. Two
possible thermodynamical approaches to calculate the equilibrium constant are suggested by Lutz
(1955) and Schmidt (1960) and a third approach, from statistical thermodynamics, is by Ihara
(1977).
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In the first approach, Lutz (1955), the equilibrium constant can be calculated as

T
InKp. = L (@ §° - 25) (A-16)

where «;; are the stoichiometric coefficients, S? are the temperature dependent part of the molur
entropies and J;” are the reaction enthalpies of the components. In the second approach, Schmidt
(1960), the equilibrium constant can be expressed as

anpj = —L[l

+v (G- (A-17)
2 Lo v, (G -J )]

aj

where /,; and J,; are the reaction enthalpy and the enthalpy at T = OK,

Finally, from the statistical thermodynamic approach by Thara (1977) and (1979), one can
determine the equilibrium constant, using an approximation for the complete partition functions
for the standard states at unit pressure. It can be shown that

AE,. 3
InKp, = - RZ;J + 3 a,; InOp, (A-18)
i=l

where AE,; is the zero point energy change calculated from the zero point energy of the species
in the reaction j referring to their standard states and Q,, is the total partition function of the
species i. The zero point energy change for a chemical reaction is the enthalpy change for the
chemical reaction j at standard state T = 0K, P = 0.[MPa calculated with enthalpies of formation

for products and reactants of that chemical reaction:

n

AES = ([AH) ), = Y a; IAAT), (A-19)

i=1
The values of (f Aﬂ [ ); for the pure species, given in Table A-1, are the standard state
enthalpics of formation at T = 0K and P = 0.1MPa found in the thermochemical table JANAF
by Chase et al. (1985). In Equations (A-18) and (A-19), the chemical reaction balancing
coefticients {a;) are from Equations (A-6) to (A-9), and are defined as positive for products and
negative for reactants,

By convention, the JANAF tables are designed such that elements are in their most stable

form; thus their formation enthalpies are equal to zero. The negative value of the formation
enthalpy for water signifies that forming one mole of water requires less energy then hydrogen
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and oxygen contained in their elemental state. Conversely, a positive value of formation enthalpy
implies that forming these components requires more energy then iheir constituent elements hold
in the elemental state.

Table A-1  The molar mass and the enthalpy of formation for components of water
vapour dissociation at temperatures T = 0K and T = 298.15K (25°C), and
pressure P = 0.1MPa, by Chase et al. (1985).

E ! (AR, (AR 0 15)
! IS, S NSO
i { Symbol kg, kmol;" k) mol;! kJ mol,!
i HO 18.01528 -238.921 241.826
2 1 H 2.01588 0.0 0.0
30 31.99880 0.0 0.0
4 1 HO 17.00734 38.390 38.987
5 | H 1.00794 216.035 217.999
6 | O 15.99940 246,790 249.173
Thus, the enthalpy changes at T = 0K for the chosen chemical reactions ure
([AHP), = -2 (-238.921) =2 0.0 + 1 0.0 = +477.842 kJ mol ™ (A-20)
([AHI°), = -2 (-238.921) + 1 0.0 + 2 38.390 = +554.622 k/ mol " (A-21)
([AH]D, = - 1 0.0 + 2 216035 = + 432.070 kI mo! (A- 22)
([AHY ), = -1 0.0 + 2 246.790 = +493.580 kJ mol-1 (A-23)
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The positive sign of the enthalpy change for the above the chemical reactions indicates
an endothermic’ process, a chemical reaction which is accompanied by the absorption of heat
energy from the surroundings. Conversely, a cheraical reaction where heat is evolved is said to
be exothermic™". Considering the number of moius and the molar mass of the reactants, the
enthalpy changes for chemical reactions per mass of the reactants are

qanpy = JAHW 477882 3060 by ke (A- 24)
‘ M 2 18.01528

1

(AHT), = (1AHLD), _ 554622 _ 15393 MJ kg * (A- 25)
| Y7 3 1801528 -

1
(IAHE), = ([AHL), | 432071 | 54334 gy kg™ (A- 26)
e 7 3.01588

AHY,

(AHE), = (AHL), _ 493579 _ 5404 gy ke (A 27)

7 31.9988

The logarithms of the approximated total partition functions for the six components of
dissociated water vapour given by Ihara (1977) are

lllQ]JI = - ln[l - exp(_Sz_;QH _ 1n|:1 _ exp(_ 227?4 I‘ a lnl:l 3 exp[— 5-’-;94 Il
. (A- 28)

+4 In(T) - 4.1164 - In{P)

“sndo", latin for in.
* " " - ‘
exo”. laun ftor out.
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mp, =t |- T s L OTH (104 (T e, 87458 61363) f 171
6826 24 T T (22753 T T?

ol 6338\, (360.65 6338 6338\
n||[l -exp — + T exp — I - exp ——

+ 2.5 In(T) - 2.6133 - In(FP) (A- 29)

InQp, = - ln[l - exp[—&?gﬂ + 1n[3 +2 exp[—&r;m] + exp(—ifiﬂ
(A- 30)
+ 3.5 In(T) + 0.114 - In(P)
T 1 1.776 5136 20t
inQp, = ln[26.638 + 3 + = J - ln[l - exp(—_T_J] + ln[l + cxp(—TH
(A- 31)
+ 2.5 In(T) + 1.2787 - In(P)
InQOpg = 2.5In(T) - 29604 - In(P) (A- 32)
InQp = ln[S + 3 exp[—irg] + eXp (— 3;6] +5 exp(- 22;30 ]]
(A- 33)

+ 2.5In(T) + 0.4939 - In(P)
with temperature T (in X) and pressure P (in atmospheres).

Substituting values of the formation enthalpies for chemical reactions from Equations (A-
20) to (A-23), the values of the universal gas constant and values of the partition functions,

161



Appendix A

Equation (A-18) becomes

InKp, = —w -2 {nQOp, + 2 InQp, + 1 InQOp, (A- 34)
InKp, = -m -2In0p, + 1 InQp, + 2 InOp, (A~ 35}
InKp, = -w - 1 InQp, + 2 InQp, (A- 36)
InKp, = —M - 1 InQp, + 2 InQOp, (A-37)

T

Equations (A-34) to (A-37) are functions of temperature and pressure only. For given
temperature and pressure values, the equilibrium constants for the chosen chemical reactions can
be calculated. After substituting these values of the equilibrium constants for the left-hand side
of Equations (A-10) to (A-13), and with Equations (A-14) and (A-15), we obtain a system of the
six equations with the six unknowns, ie. molar fractions (y, { = /, 6) of the products at
equilibrium state of water vapour dissociation. The molar fractions from these six equations can
be obtained by solving this system of equations using one of the numerical methods (for example
the Newton-Raphson method).

The set of computer subroutines known as the Fraction code has been developed for
generating the mole fraction of the mixture. A listing of the subroutines is presented in Appendix
F.

The composition of a gas mixture can be presented as a fraction (molar y; or mass fraction
w,) or a concentration (molar C; or mass concentration p;). Relationships between them are
presented in Table A-2.
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Table A-2  Multiplying factors for conversion between motar fractions, mass fractions,
molar concentrations and mass concentrations

Conversion Fraction Concentration
from —
Y, w, G Pi

t0 J, rnOIi m01m’1 kgn kgm-l lT“)l'|. lnm-?' kgl lnm-}
¥ :: anli InO]m-l 1 1'\M/lm N/Ii-1 Mm pm-l l‘“/lm (pm Mi)‘l
mi :; kgl kgm-l IQli ]{';lm-| 1 IT\M/lli pm-l pm-l

1
Ci i lTIOli n.lm.:’l pm 1\m/lm-I pm I;\“/li-l 1 Mi.l
pi I: kgl i-n'm-3 pm I\’.}[i ]le-l P Mi 1

I
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Method for Calculating Steam Properties as
a Mixture of Chemically Non-Reacting Gases
(Frozen)

Molar mass

Molecular mass of the n component mixture is
Mm = Zya Mi (B-l)
i=1

where
M, - molecular mass of the mixture [=] kg, kmol "

"

# - number of components in the mixture
y, - molar fraction of component i [=] kmol, kmol "
M. - molecular mass of the component i [=] kg, kmol;"

Enthalpy

Enthalpy of the frozen gas mixture is

'qfr = z_l:yi H, + &, (B-2)

where:
H. - enthalpy of component i [=] J kmol;";
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ky - constant for assigning the value of enthalpy reading at the reference point”
[=] ] kmol_".

The enthalpy of the pure components are

(B-3)

The first term ( / Aﬂ 105" Ji 1s the enthalpy of formation of the component i at standard pressure
0.1MPa and standard temperature 298.15K (25°C), see Table A-1 in Appendix A. The second
term (H;" - Hagg ,+°); is the enthalpy change from standard temperature up to the gas temperature
T [=] K. For numerous chemical compounds, enthalpy of formation and enthalpy change are
tabulated in the JANAF tables.

H}. = (Afﬁz;a.ls)i + (ﬁrﬂ - H:zx.ls)i

Heat capacity

Frozen mixture heat capacity (heat capacity of the mixture of non-reacting gases) can be
expressed as

épfr = Zyi Cp, (B-4)
i=1

where Cp, - molar heat capacity of the component  [=] J mol,*

The heat capacity at constant pressure for components is tabulated in JANAF tables by
Chase et al. (1985) for standard pressure 0.1MPa in a temperature range from OK to 6000K,

Thermal conductivity

Values for thermal conductivity of the frozen six components in the gas (H,0, H,, Oy,
HO, H and O) mixture are generated by Svehla (1964) in the temperature range from 326.85 to
4726.85°C (600 to 5000K) and pressure range from 101Pa to 101MPa ((1.001 to 1000atm). For
any required temperature and pressure in this range, thermal conductivity can be predicted by
using a look-up table and interpolation technique. According to discussion in Chapter 3
predictions of thermal conductivity by Svehla (1964) are not accurate. Since, this are the only
available data in literature for frozen thermal conductivity, they are adapted in this work. The

In this work the zero value of enthalpy is assign at the triple point of water (1=0.01"C, P=011.73Pa).
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estimated inaccuracy of the predictions is in order of -10%.

A set of computer subroutines known as the Frozen Properties code has been developed
for generating dissociated water vapour frozen properties. The listing of subroutines is presented
in Appendix G. A table of the frozen dissociated water vapour properties generated using
subroutines is presented in Appendix K.
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Method for Calculating Steam Properties as

a Mixture of Chemically Reacting Gases
(Effective)

The method for predicting effective properties involves the use of a look-up table and
interpolation technique. The look-up table has been constructed using primarily entries directly
from the table by Vargaftik (1983) and papers by Kesselman ci al. (1968 h) and Kessehman and
Blank (1968 i). Parameters required for evaluation properties according to Kesselmun’s methods
as described in Chapter 3 are listed in Tables C-1 and C-2. Additional entries in the properties
look-up table were added to expand the parametric range of the table.

The interpolation technique for prediction properties (A) for given conditions (pressure
(P) and temperature (T)) has two steps. First, select the values of properties (A, ,A5,A;,Aq as
illustrated in Figure C.1) from the look-up table which have the closest values to the given
conditions.
A = A(P.T) A, =AMPT) A, =AP.T) A, =AP,T) A, =AWPT,)
P <P<LP, T £T<T,

Second, interpolate properties, A(P,T), for the given conditions. Three possible scenarios may
oceur: two, one or none of the two given conditions, pressure (P) and temperature (T), may be

equal to an entry in the look-up table (P,, P,, T,, T,). The interpolation formulas depend on which
of the scenarios happened.
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Figure C.1

Llustration of properties interpolation technigue.
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If two given conditions are equal to two entries in the look-up table, then the properties are the
same as in the look-up table:

1]

W ™ v o
1]
o v o

T=T,  A=AP.T) =4,
T=T, A=APJT)=A4,
., T=T,  A=APT) =4,
, T=T, A=APT)=A4,

If one of the conditions is equal to an entry, the interpolation formulas are:

_ T-T

P=P,  A=APT) =APT) =A, +(A, -A) '
T, - T,

_ P -P,
T=T, A =APT) =APT) = A, + (A, -A) P P
2 i

If none of the conditions is equal to an entry, then the interpolation formula is:

T-T, P-P
A= APT) = Ay + (A = A) L+ Ay~ A L+

2 1 2 1

“ A - (A A T-T, P-P
-+ - - -
[ 11 12 21 22] TZ — Tl Pz _ Pl
The set of computer subroutines known as the UODH20 code has been developed for
generating values of the effective thermodynamic and transport properties of dissociated steam.

The code is valid in a pressure range from 0.01 to 100.00MP4a, and in a temperature range from
1000 to 5726.85°C. A listing of the subroutines is presented in Appendix H.
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Table C-1

Intermolecular force parameters, €(T)/k and o(T), for Lennard-Jlones

potential function, in temperature range 1000-3400K, for components of water
vapour dissociation by Kesselinan and Blank (1968 i),

Hy0-H,0 H.-Hs 0,00, HO-HO H-1 (SRR}

T ek o e/k Iy ek o ek o i3 a vk o
U T e T T e K | m | & | | K | w | & | e
Tunt 5235 2876 1 2U38 1174 3402 [52] A0S0 RRUKH 230 [18.3 240
1200 4811 2460 41 2430 117.5 L3462 112.0 AU o 2133 L1183 R
1400 J58.0 2845 LR 2038 117.5 34402 124.0 A012 RN 27 118.3 2RT
1600 453.6 2834 4.1 2934 1175 462 132.0 RUUX] 4700 2001 11K,1 SIS0
1800 456.0 2824 34,1 2034 1115 3461 10 3974 Snrh A22% 1183 QRAK
2000 461.0 2815 34.] 2933 117.5 J46] 147.5 RUAE] 5478 218y 1183 SRIN
2200 4674 2607 M1 2433 117.5 ol 1500 UK S8EY 21610 1144 2RU7
2400 4732 2800 34,1 2933 1115 3461 162.5 Auld 627X 2133 114} LS
2600 478.2 2794 241 232 1175 3460 166,77 3000 Hbs.0 a7 LN 2184
2500 482.2 278y 3. 2932 117.5 3460 172.8 J87Y m7 J20KS 1141 AT
3000 485.5 JTR2 341 2932 1174 460 177140 JA8s7 7ind 2063 LK 205
3400 489.9 2772 341 3932 H74 3400 [FEX i x Kl 2029 1177 VAT
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Table C-2

Virial cvefficients for components of water vapour dissociation in temperature
range 1000-3400K by Kesselman and Blank (1968 i).

1LO-1LO 1[-H, 0,0, HO-HO H-H -6}
T I3 ¢ I C I3 C B C B C i C
ke | N T R I T D P P e I

mal? mnl? mol”? mol? mol! mol*? mol”! mal’? mol! mol? mal”! mol?
100 216 7.9 L6.KO 226.0 2247 805.4 40,71 0.0 0.06 0.0 14.90 0.0
1200 RO Rl 3317 10,70 2130 2441 7834 4043 0.0 0.08 0.0 14.84 0.y
1400 282 205.7 16.51 2024 5.6 762.4 40.16 0.0 0.10 0.0 14.78 0.0
16600 0.7 2704 16.30 1920 2640 7424 39.89 0.0 .30 0.0 1472 o4
L800 3 2634 16.11 184.0 26,89 7229 39.62 0.0 0.50 0.0 14.67 0.0
2000 4.68 1549 15.90 1710 27.21 47 39.35 0.0 0.67 0.0 1262 0.0
2200 S43 47.5 15.72 171.0 2741 687.5 3901 0.0 0.87 o0 14.57 0.0
2400 643 2418 15.54 1654} 1752 6714 38.67 0.0 1.04 0.0 14.4% 0.0
2600 .78 2554 15,36 lGtnh 2158 656.3 3834 0o 118 B2} 14.34 00
N0 34 230 15.20 156.0 27.60 0423 38,01 0.0 1.30 0.0 1421 0.0
R{EAT] Y08 2206.6 15,05 1520 37,59 629.2 3165 0.0 141 0.0 14.07 0.0
400 .03 2183 1476 1440 2753 605.5 37.06 0.0 .60 0.0 13.80 0.0

171



Appendix D

Derivation of the Effective Nusselt Number
for a Mixture of Chemically Reacting Gases

Heat transfer from the pipe wall to the mixture of chemically-reacting gases 1s driven by
two mechanisms: heat transfer to the mixture of chemically-non-reacting gases and the heat
transfer due to chemical reactions which occur in the gas mixture. The first and simplest
approach is to assume that total heat transfer could be described as a sum of the two separate
mechanisms. This superposition concept is used to describe heat transfer in a two-phuse flow.
The superposition model, employed in a well-known correlation by Chen (1966), assumes that
the total heat flux is the sum of the nucleate boiling component and the convective evaporation
component. The interaction between the two components were regarded through the suppression
factor (S). In this work interaction were not considered (S = 1).

Total heat flux transferred from the pipe wall to the mixture of reacting gases is the sum
of the chemically-non-reacting sases compenent (frozen state) and the component due to
chemical reactions in the gas mixture (reacting state).

qc:m = qe[f = qfr + qr (l)-l)
In the classical theory of convective heat transfer, the first teiin on the right-hand side of
equation (D-1) is known as Newton’s law of cooling
ap = hfr (tw - rb) (D-2)
The second term on the right-hand side may be defined as heat transferred by transporting
radially the mass of each of the species i in the mixture of # components. Total enthalpy is a
thermodynamic property which is a measure of amount of energy per unit mass at constant

pressure. Heat transported by mass transfer then is a summation, for all components of the
mixture, of each component enthalpy multiplied by the mass flux of that component in the radial
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direction.

g = H, T,, =] / mol™) (mol. m™ s7") [=) J m s (D-3)

i=1
where:
g, - heat transferred due to mass transfer (heat transferred due to chemical reaction)
|=} J m® s
A. - molar enthalpy of the species i {=] J mol,;
j; - mass flux of the species i transferred by mass transfer [=] mol, m™ s™;
i - species of muiti-component mixture;
n - tota] number of components in the mixture.

The mass flux of the species { is

¥ pm ]

Ji = T[ 8 (y,-'w - y,-‘b) (D-4)
with

p,,=3. P, [=] kg, m. (D-5)

i=l
Mm = E y,' M" [=] kgm mOl":’ (D-ﬁ)
i=l

where:

-3,
m

P - density of mixture [=] kg, m
M,, - molar mass of mixture {=] kg,, mol,";
g, - mass transfer coefficient for species i =] mol, m? s (inol, m, ' =ms’

or [=] kg m? s (kg m,”)' =m s
Yin Yip - mole fraction of the species [ at temperature of the wall and fluid bulk
temperature [=] mol; mol,’".

In the gas mixture with » chemically active components, it is possible to have Yn
chemical reactions. If components of the mixture are formed by e chemical elements, then the
minimum number of chemical reactions required to describe the system is & = n - e. From all
Yn reactions, it is also feasible to isolate Yk chemical reactions such that one species of » appears
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only in one chemical reaction. Let us symbolize that species with /. Since component /
materializes in only one reaction, one is able to conclude that this component is neutral, reactant
(dissipated in the reaction) or a product (generated in the reaction) of the overall chemical
process. If the stoichiometric coefficient of component { in chemical reaction j is «; [=| mol, .
then the molar mass flux of component i or / due to chemical reaction J is

H 2 .-l
Ji mol, m™ §

v =2 -
i (=] mol, m™ § (D7)

a, mol, mol,,

Y

4y

The component / appears only in chemical reaction j, thus generation or destruction of all
other components / in that chemical reaction must be proportional to the mass flux of component
{. Therefore, total mass flux of the component i is the weighted sum of the mass {luxes of
components / in all chemical reactions &.

k

i=Y % j (D-8)
=t (JU
Thus, it is possible to write Equation (D-3) as
| . k ad. .
g =Y H Y L] (D-9)
i=1 j=1 “.’j

On the other hand, in the above equation the enthalpy of chemical reaction j is

Op, = Eaij ]—?‘_ |=] mol,; J mal” [} J (D-10)

i=|
Substituting Equations (D-4) and (D-10) into (D-9}, heat flux due to chemical reactions
becomes

k
Q‘U pm)
G = 3 —2 8, (0 = W) (-11)
Loy M

"
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Dividing Equation (D-1) with the difference between wall and bulk temperature {t, - 1),
it is possible to define the effective heat transfer coefficient and the heat transfer coefficient of
a chemically non-reactive gas mixture (frozen}:

q
h. = off (D-12)
oo (tw - [I! )

=t (D-13)
l U"w— tb)

The heuat transfer coefficient due to the effect of chemical reactions (reactive) is as follows :

TS M, (-1 (D-14)

j=1.23,x =123,k k<x
The effective heat transfer coefficient is a superposition of frozen and reactive components.

i QPJ pm.b gi (yI.w B yf.b)

Byn = Mo *
' Aoap M, ¢, 1) (D-15)

uff b

j=123,~x [=123k k<x
If the above equation is multiplied by ( d/ &), ), the left-hand side of the equation becomes the
effective Nusselt number, defined as
Nu,, =h L (D-16)
effhr = "Ceffik k_"
“frd

The first term on the right-hand side becomes the Nusselt number of the mixture without
chemical reaction (frozen properties}), defined as

d
Nufr,b = hfr,h . (D-l7)
kfr.b

Using the definition of Sherwood number as

g d
Sy = (D-18)

1=m
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and Lewis number as

k
= fr.b (D-14Y)
pm.[\ Cpfr h l)f-m

L

2
Lf-m.ﬂ; 1]

then the group of terms from Equation (D-15) can be expressed as

P,,L,, 3 d - Shlﬂ'-f’ (D-20)
kf"-f’ Cpfr.h Le!fr.h

Equation (D-15) can be rewritten in the dimensioniess form as

NU - NH +Xk: Qp_,' Sh'f.fr.h (y!,w - yr.b)
off b fr.h g -
A mroap M Cpyy, Le, @, - t,) (D-21)

J=123,k  [=1,23,k
Non-equilibrium flow requires that kinetics of the chemical reactions be considered. The
Sherwood number for non-equilibrium flow proposed by Nesterenko et al. (1967 b} is

Sh‘IJr,Is = Sh‘f,fr.b.uq Cr,
] . . (D-22}
Cro= ! X _ mass velocity of component | generated along x

! 7 0 s
G mass velocity of gas mixtire

where:

Cr, - Reaction number (0 < Cr, < 1), a dimensionless criterion which characterizes the
relation between the rate of appearance or disappearance of the species / along
distance x, and the mass velocity of the mixture. When Cr, =), there is a "frozen”
state, i.e. no chemical reaction and when Cr, = 1, the mixture is in chemicul
equilibrium’;

J, - rate of generation (appearance or disappearance) of the species / due (o the kinetics
of chemical reaction [=] kg m™ s

x - current axial coordinate [=] m;

G - mass velocity [=] kg m? s

The Reaction number has the same physical meaning as the Boiling number (Bo} used in two-

The results in this work are obtained for equilibrium state, Reaction number Cry = 1.
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phase flow. It represents a ratio of the mass velocity of the component generated by the heat

transfer process to the mass velocity of the fluid mixture.

Bo=_9 = H, - H, _  mass velocity of generated vapour (D-23)

G H, G mass velocity of liquid=vapour mixture

Considering that Cp,,, = M, Cpy.» Equation (D-21) resuits in the final form

- Op; Shyps O = I

= Nu, ,+Yy,
effh fr.hs o - ~
=l ﬂfj Cpfd, LL!J’r.I: ([w th) (D'24)

Nu

J=1,23,~k  [=1,23,k
The second term of Equation (D-24) represents the Nusselt number of the mixture of
chemically non-reacting gases (frozen state). The third term is the sum of the effects of all
chemical reactions which occur in the gas mixture. It represents the contribution to heat transfer
due to mass transfer of the species in gas mixture. It consists of three ratios. The first ratio is of
the heat effect of each chemical reaction to the heat capacity of the gas mixture without chemical
reaction (frozen). The second ratio is

Shis _ CPpis Pos & d _ transfer of heat due to mass transfer (D-25)

Le,,, Ko thermal diffusion rate

and the third ratio is a ratio of gradient of composition to gradient of temperature.

The composition of the gas mixture can be evaluated in four different ways, as was shown
in Table A-2; therefore, Equation (D-24) may be written in the following four forms:

Nu . =Nu +L2 Op;  Shyy O - Vi)
effvh fR —
7 ! i=l a;j CPJ,—,_J, Len’,fr.b (rw - tb) (D'26)

J=1.23, -k  [=1,23,k

‘ Op; Shyyy (@, - w,,)

Nu,. =Nu +E
eff-b fr.i =
w1 a; M, Cp,, Lepn €~ 4) (D-27)

j=1ﬂ2a3s'"’k l=132339".3k
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‘ Op, Shyy (€ =T

Nu,, =Nu,+3 -
uffids fr,I) - -
a alj pm'h C[) nh L e Hirh (t t!’)

"

j=12.3,k  [=1,23,k

d Qp_', Sh,'_f;-_,l, (pI_w - pf.n")

Nu, = Nu_ , +
= N e e
" t lpm,h ’pfr.h Lfr.b ' Iz

j=1,2,3,"‘,k f:]’2,3,...’k
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Method for Calculating the Local Heat
Transfer Coefficient and the Wall
Temperature for a Turbulent Pipe Flow of
Dissociated Steam with Constant Heat Flux at

the Wall

For mass velocity G of water vapour turbulent flow, at pressure P and entrance bulk
temperature 4, in a pipe of diameter d, with Zn oxidized surface emissivity €,, heated with
constant heat flux at the wall ¢,,, calculate

A) local heat transfer coefficient - 4 [=] W m? K
B) local wall temperature of the pipe - ¢, [=] °C

Given data are:

G = 1000 kg m* g d =000l m
T, =2300 K P =0.1 MPa
g.= 1 MwWm? g, =0.6

A) The local heat transfer coefficient - 4 [=] W m? K

Heat flux transferred from the pipe wall can be divided into heat flux transferred by
convection and heat flux transferred by radiation.
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(E-1)

qw = qr-nn * qrmf l=! w
is the heat flux transferred by convection. From

The second term in the above equation ¢,
Newton’s law of cooling the convective heat flux can be written as
Qoo = Ny @, = T) 51 W (E-2)
where:
h,, - convective heat transter coefficient at equilibrium.

The third term in Equaiion (E-1), ¢, 15 the heat flux transferred by radiation; it nay be

(E-3)

calculated as
TH)T 1=l W

i 4
Qs = et'ff o [umi.r(Tw) T“' T Chin
The local heat transfer coefficient for the mixture of chemicully reacting gases in
equilibrium can be calculated from the effective Nusselt number derived at Appendix D
ij Shf,fr,h (yl.w - yr.b)

K
N Uprp = N W, + E —
' C. LelJr.h (tw - !h) (F-4)

j=1 =1
J=2,3.4 [=j+2=45,6
The Nusselt number for non-reacting gases or "frozen" for variable physical properties

is the Gnelinski (1972) correlation, valid in the following (turbulent flow) range:
Re, = 2300 - 5§ 10° Pr, = 0.5 - 2000

145

Iy A .
5 (Re, = 1000) Pry, (0 1
Ndg vp = — (E-5)
" F1° 1 T
1+ 127 > Proy, - 1)\
For laminar flow it is
Nu,, = 4.364 (E-6)
The Reynolds number and Prandtl number in the above eyuations are defined as
C :
Pf'f \ - pb pfr.b R(.’i - G d (}‘J_ )
ry k ]
frih pb
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The Fanning friction factor correlation for a smooth circular duct can be calculated using

correlations by Bhatti and Shah (1987). This explicit formula is recommended by Kakag et al,

(1987):
f=A+BRe

Re, <2100 A =0 B = 16. C
2100 < Re, <4000 A =054 10 B= 023107 C
4000 < Re, <1107 A =0.128 107 B = 0.1143 C

I

1

-1 (E-8)
1.5
-0.311

The last terim of Equation (E-4), consisting of the sum of four terms, is the mass transfer
contribution to heat transfer. The first member of the seven member term is the heat effect of the

chemical reaction j defined in Appendix D as

4]
Op, = .Z_(U"'f H [=]J

where;
a; - coefficient of the component | in the chemical reaction j;

H, - enthalpy of the pure component /.
The following four chemical reactions are chosen:

-2HO +2H, +10, ~0HO +0H + 00 =0
+OH,0 - 1H, - 10, +2HO + 0H + 00 =0
+OH,0 - 1H, +00, + 0HO +2H + 00 =0
+0H,0 +0H, - 10, + 0HO +0H +20 =0

Enthulpy of the pure components is defined in Appendix B as

H.‘ = (Afgﬁ:;ﬂ.ls)i + (HTU - Hz;s.ls)i [=]J mo}i_l

(E-9)

(E-10)
(E-11)
(E-12)

(E-13)

(E-14)

An analogy exists between heat and mass transter such that the correlation for the Nusselt
number cian be used to calculate the Sherwood number by replacing the Prandtl number with the

Schmidt number,
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Using the Gnelinski (1972) correlation, the Sherwood number for turbulent flow is

£ e |
2 e, = 1000) Scy (7 10
SHygpipeg = — T (E-15)
1+ 127 (_J;_J Selh -

For laminar flow it is

Shy,., = 4364 (E-16)

Non-equilibrium flow requires that the kinetics of the chemical reactions be considered.
The Sherwood number for non-equilibrium proposed by Nesterenko et al. (1967 b) is

Shy,., = Sh Cr

Lfr.b VP ey !

Cr = x| mass velocity of component | generated along x

i T - s
G mass velocity of gas mixture

(E-17)

where:

Cr, - Reaction number (0 £ Cr, < 1), a dimensionless criterion which characterizes tli:
relation between the rate of appearance or disappearance of the species [ along
distance x, and the mass velocity of the mixture. When Cry = (), there is a "frozen”
state, i.e. no chemical reaction and when Cr, = 1, the mixture is in chemical
equilibrium’;

J, - rate of generation (appearance or disappearance) of the species / due to the kinetics

of chemical reaction [=] kg m™ s7';

x - current axial coordinate [=] m;

G - mass velocity [=] kg m™? s

In addition, the Schmidt number is defined as

Scl-m b = ﬁ_!.l'j’_ (E-lx)
o pm,h DI—m

The results in this work are obtained for equilibrium state, Reaction number Cr, = 1.
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The diffusion coefficient of component / through the mixture of gases (Blanc’s law) is

I _y! 2 -
Dn’-m = (' [_] m-s (E-lg}

Y
2

The diffusion coefficient D,, is a binary diffusion coefficient of component / through compenent
i in the binary mixture of gases. From the text by Reid et al. (1987) or Hirschfelder et al. (1967),

the diffusion coefficient may be calculated using the following formula:
20 -9 1.5
D, = (.1882899 107 T (=] m? s
M> 0,, Q.. P

Ir

(E-20)

Dl

where:
T - absolute temperature [=] K
/M, = (1/MD+(1/M,) - reduced mass of the system [=] kmol kgl
M,, M, - molecular mass of the species / and 7 [=] kg kmol;
G, - characteristic length, (=] nm;
Q,,; - diffusion collision integral, [=] dimensionless;
P - pressure, [=] MPa.

The characteristic lengths are calculated from parameters of individual species using the
combination rule

G, = 2% (E-21)
' 2

The collision integral is tabulated for the Lennard-Jones potential function by Hirschfelder

et al. (1967) or it may be calculated very accurately using the following approximation relation

by Neufield et al. (1972):

1.06036 . 0.19300 N 1.03587 . 1.76474 (E-22)
(T exp(0.47635T %) exp(1.52996T*)  exp(3.89411T ")

I

re- T

‘. (E-23)
*
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(E-24)

The values of temperature-dependent parameters g7 )k and o7) for individual species are
presented in Table C-1.

Cocfficients g, which can be obtined from Eq ations (E-10) to (E-13), are

a;; = -2[=lmol; a;=2[=]mol; a5, =2 |=] mol; ag =2 |=] mol,
Frozen heat capacity (heat capacity of the mixture of non-reacting gases) is defined (for details
see Appendix B) as

P = 2 Vs €y 151 T ol °C™ (E-25)
i=l
The frozen Lewis number of component / diffusing through the mixture m of guses is

Lei‘—mf h = k“’ (E-Z())
o pm_[; CP D

e {~m

Finally, from the definition of effective Nusselt number, the local heat transfer coefficient
can be calculated as

hdf ) Nl.g,b!kfr.h (=] Wmo°C" (E-27)
d

Calculation of the local heat transfer coefficient according to Equation (E-27) requires the
knowledge of the wall and fluid bulk temperatures. If wall temperature is not known, it must be
calculated by iteration (as described in part B).
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B) The local wall temperature of the pipe - t, [=] °C

From Equations (E-1)} and (E-2) and the definition of Nusselt number, the wall
temperature can be written as

- {
t =t + (qw qmd) c

W "I
kf"-"’ eff

(4 °C (E-28)

If the wall temperature is to be calculated, the first step is the estimation of the Nusselt
number or the heat transfer coefficient calculated from Equation (E-4). In the second step, the
wall temperature is calculated from Equation (E-28)". The third step compares the values of
the calculated wall temperature with the estimated value, Then the above mentioned calculations
are repeated with a new value for the wall temperature. This procedure is repeated until the
difference between the estimated and calculated wall temperature is sufficiently small.

A set of computer subroutines known as the High Temperature Steam Heat Transfer code
(VASICA) hus been developed for calculation of the local heat transfer coefficient and pipe wall
temperature. A listing of the subroutines is presented in Appendix L

I this work the heat transferred by radiation is not considered.
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Programming Specifications for the Mole
Fraction Calculation of Dissociated Steam

This chapter includes all subroutines of the Fraction code, writien in FORTRAN77
computer language, for the prediction of the composition of dissociated steam, using the method
described in Appendix A. For determination of the mole fraction of the dissociated components,
2 main program needs to call the subroutine FRACTION(PMPA,TC), with entering parameters
absolute pressure PMPA(MPa), and absolute temperature TC(C) in the range from 25°C
(298.15K) to 5726.85°C (6000K). Accompanying subroutines ure PARFAN, NEWTON, functions
Y6 and F. The results of calculations will be stored in COMMON BLOCK /FRACT/ as Y.
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SUBROUTINE FRACTION(PMPA,TC)

kb Ak SUBROUTINE IDENTIFICATION ARk
*

* This is the FRACTION code for composition prediction of

* Dissociated High Temperature Steam.,

#

* Code has total 154 lines.

*

* Code generates Mole Fractions of Components in the mixture

* ol reacting gases formed by Dissociated Steam.

x

* Wrilten by ALEKSANDAR VASIC Revised March /1990
* Otagwa Universily

&

************************************************************************

*

kb okok ook VARIABLE IDENTIFICATION deofors Rk K
*

* PMPA = Input Pressure (MPa = MN/m*#2)
* TC = Input Temperature (degC)

* Y{1} = H2O mole traction (moll/molm)

* ¥{2) = H2 mole fraction (mel2/molm)

* Y(3) =02 mole fraction (mol3/molm)

* Y{4) =HO mole fracion (mold/molm)

* Y(3) = H mole fraction (mol5/molin}

* Y(6) =0 mole fraction (mol6/molm)

ok

e sk sk o s skttt ok e ok skt e e st e st ok st e e stole feskofk ook skt s okt ok ek ook e e ok ok
*
IMPLICIT REAL*3 (A-H.0-2)
REAL*S PMPA.P.TC,TK.Q(6).Y(6)
1 LELN(4).E{4),GUESS.EP.DEL.Y5.Y6,SUM
COMMON /PARTL/ Q
COMMON /EQCON/ E.P
COMMON /FRACT/ Y
EXTERNAL Y6
DATA EP.DEL/ .1D-14, .1D-14/
*  Convertion MPa to atm
P=PMPA* Y8692326671]
TK=TC+.27315D3
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IF (TC.LT.1650.) THEN
Y(1)= .1D}
DO 5 1=2,6
Y()=0.0D0
5 CONTINUE
RETURN
END IF
CALL PARFAN(TK) v
C  WRITE(14,55) TK.(Q(D.I=1.6)

55 FORMATY(T2,1F9.2,6F10.5)
ELN(1)=(-.5937444953D5/TK)+Q(4)+Q()-Q(1)
ELN(2)=(-.510073396D5/TK)-Q(4)+Q(5)+Q(0)
ELN(3)=( .519618653D5/TK)-.2D1*Q(5)+Q(2)
ELN(4)=( .593675100D5/TK)+Q(3)-.2D1*Q(6)

C  WRITE(15,56) TK (ELN(D).I=1.4)
56 FORMAT(T2,1F9.2.4F10.5)
DOGI=14
E(D)=DEXP(ELN(I))
6 CONTINUE
IF ((E{1).LT..1D-24).0R.(E(2).LT..1D-23)) THEN
Y(1)=.I1DI
DO 7 1=2.6
Y(D=0.0D0
7 CONTINUE
RETURN
END IF
GUESS=.1D0
CALL NEWTON(GUESS.EP.DEL,Y5)
Y(5)=Y5
Y(6)=Y6(YS5)
IF ((Y(5).LT..1D- 9).0R(Y(6).LT..1D- Y)) THEN
Y(l)= .1D1
DO 8 1=2,6
Y(D=0.0D0
8 CONTINUE
RETURN
END IF
SUM=P*E(3)*(Y(5)**.2D1)
Y(2)=SUM
Y (3)=P*E(4)*(Y(6)**.2D1)
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Y(4)=Y(5)+2D1#Y(2)- 2DI*(Y(6)+.2D1*Y(3))
DO 9 1=3.6
SUM=SUM+Y(I)
9 CONTINUE

Y(1)=.1D}i-SUM

RETURN

END

SUBROUTINE PARFAN(TK)

IMPLICIT REAL*% (A-H.0-Z)

REAL*R TK.Q(6)

COMMON /PARTI/ Q

Q(1)=4D1*DLOG(TK)-.41164D1-DLOG(. 1D 1-DEXP(-.526172D4/TK))-

[ DLOG(.1D1-DEYP(-.229428D4/TK))-DLOG(. 1D 1-DEXP(-.540379D4/TK))
0(2)=.25D 1*DLOG(TK)-.26133D1+DLOG((TK/.6826D3)+(.1D1/.24D2)+

| 71104 1 DOTK+(. 10400508 D3/(TK** 2D 1))+((TK/.2275333D3)+.875D0
2 +(KT458125D2/TK)+.613629974D4/(TK** 2D 1)/*EXP(-.17065D3/TK
3 1)+DLOG((.1D1/(.1 P1-DEXP(-.6338295D4/TK)))+(. 36064898 D3/ TK)*
4 DEXP(-6338295D4/TK)*(.1D1-DEXP(-.6338295D4/TK)y**(-.3D1))
0(3)=.35D I*DLOG(TK)+.1 14D0-DLOG(.1D1-DEXP(-.2238905D4/TK))+

I DLOG(.3D1+.2DI*DEXP(-.1133996D5/TK)+DEXP(-, 1887834DS5/TK))
Q(4)=.25D 1*DLOG(TK)+.12786535D1+DLOG((TK/.26638D2)+(.1D1/.3D1)+
I (.17759D1/TK))-DLOG(.1D1-DEXP(~.513589D4/TK))+

2 DLOG(ID!+DEXP(-201D3/TK))

Q(5)=25D I*DLOG(TK)-.29604D]1

Q(6)=.25D 1*DLOG(TK)+.4939D0+DLOG(. 5D 1+.3D1*DEXP(-.22805D3/TK)+
| DEXP(-.32589D3/TK)+.SD1*DEXP(-.2283027D5/TK))

RETURN

END

FUNCTION Y6(X5)

IMPLICIT REAL*8 (A-H.0-Z)

REAL*8 X5.Y6,E(4).P

COMMON /EQCON/ E.P

Y6=( 2D I*E(1Y*E(2)- SDI*E(1}*E(2y*X5/.2D 1- 3D 1*P*E(1*E(2)*E(3)*

1 XS5*2))(2DIFPF2¥ X552+ 3D I*P*E(11*X5/ 2D 1+E(1)*E(2))
RETURN

END
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FUNCTION F(X5.X6)
IMPLICIT REAL*8 (A-H.0-Z)
REAL*8 X5X6.F.E4).P
COMMON /EQCON/ E.P
F=3DI*PHE(1FE(2VFE(4)* XO**2+(P*+2*¥ X 5**24 3D 1*P*E(1)*
1 X5/2D1+2DI*E(1*ECN*X6+E(1*E(2)*(X5-.2D1)/.2D1
RETURN
END
SUBROUTINE NEWTON(YS50OLD.EPS.DELTA.Y()
IMPLICIT REAL*8 (A-H,0-Z)
INTEGER 1
REAL*® YSOLD.YSNEW.D.DY.YG.F.FA EPS.DELTA.Y(
EXTERNAL YG.F
DO 9 I=1.500
YOOLD=Y6(YS0LD)
FA=F(Y50LD.Y6OLD)
IF (FA.NE.0.ODQ) THEN
D=Y50LD*.1D-6
X1=Y5S0LD+D
Y1=Y6(X1)
FI=F(X1.YL)
YSNEW=Y30LD- D/((FI/FA)-.1Dl)
ELSE
PRINT*,"Dividing by zero - f(yold)=(’
Y(=YSNEW
RETURN
END IF
DY=Y50LD-YSNEW
IF ({((ABS(DY)).LT.EPS).OR.(ABS(FA}.LT.DELTA)) THEN
YU=YSNEW
RETURN
END IF
YS50LD=YSNEW
9 CONTINUE
RETURN

we

ke sttoksk sk steo koo oR ok ok EE RSP EEIESEEEE L EEELEE L L S E LTS END OF BLOCK DATA +

swriokr THIS [S THE END OF SUBROUTINES RELATED TO FRACTION CODE ####stucks
END
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PROGRAM COMPOSIT

kA PROGRAM IDENTIFICATION Fok kg okor
k

* This is a sumple progran which will serve as an

* cxample how 1o use subroutines for calculating

* Mole Fractions of Components in the mixture of

* reacting gases formed by Dissociated Steam.

#*

* Writien by ALEKSANDAR VASIC Revised March /1992

* Ottawa University

H

***************************************$********************************

wwwawwrest  TYPE DECLARATION AND INITIALIZATION
"
IMPLICIT REAL*S (A-H.0-Z)
DIMENSION Y(6)
COMMON /FRACT/ Y
"
wrwkmeiksk  COMPUTATION AND PRINTING
*
OPEN (UNIT=1 FILE="YH20.DAT")
PMPA = (,010D0)
DO YY1 = L5
WRITE(L.1) PMPA
I FORMAT (/.T204HP = ,IF6.3 3HMPa./)
DO 9 TC = 400.D0,6000.D0.100.D0
CALL FRACTION(PMPA.TC)
WRITE(1.2) TB.(Y(}).J=1.6)
FORMAT(T2.1F5.0.6F11.6)
Y CONTINUE
PMPA = PMPA*10.D0
99 CONTINUE

=]

"
stk ke ok TERMINATION BLOCK
*
CLOSE (1}
*

BLOCK 00K *

BLOCK 0100 *

BLOCK 0800 *

b etk etk st ok ok sk sk e o sk sk sk stk ooR ok ek oR ko ok ok ook sk ek ok END OF MAIN PROGRAM *

END
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Programming Specifications for the Frozen
Properties of Dissociated Steam for

Pressure from 0.000101325 to 101.325MPa
and Temperature from 726.85 to 4726.85°C

This chapter includes subroutines, written in FORTRAN77 computer lunguage, of the
Frozen Properties code for the prediction of frozen properties of high temperature steum. A main
program is needed to call first subroutine FRACTION(PMPA,TC) from the Fraction code listed
in Appendix F, using the method described in Appendix A, for determination of the mole traction
of dissociated components. The next step is to call subroutine FROZPROP(PMPA,TC), with
entering parameters absolute pressure PMPA(MPa) in the runge from 0.000101 to 11 MPa, and
temperature TC(°C) in the range from 726.85°C to 4726.15°C. Accompanying subroutines are:
JANAF, MOLARMAS, FRENTA, FRCOND, SEARCH, WORKAK; and functions are: INSERT,
INTE2P, INTE2T, INTER4; and blocks are: DATAJAN and DATAKT. The subroutine SEARCH
and the functions INTE2P, INTE2T, INTER4 are also portions of the UODH2O code; hence, they
are listed in Appendix H. The results of calculations will be stored in COMMON BLOCK
/FRPRO/ as MMIX, MM, CPFM, HFM and KFM.
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SUBROUTINE FROZPROP(PMPA.TC)

Hck Rk SUBROUTINE IDENTIFICATION Fhbb Rk AR
*

# This is FROZEN Property code for High Temperature Steam

W

* Caode has total 580 lines.

*

* Code generates Thermodynamic and Transport Propertics

* ol High Temperature Dissociated Steam

* for Pressures from (.000101325 w0 101.325 MPa

* at Temperatures from 726.85 10 4726.85 degC.

e

* Written by ALEKSANDAR VASIC Revised March /1990
* Onawa University

*$*****$**************&*************************************************
*®

IMPLICIT REAL*¥ (A-H.O-Z)
REAL*{ PMPA.TC.MMIX,MM(6).HFM,CPFM KFM,Y (6).DH(6).CPL(6).FH(6)
COMMON /FRACT/ Y
COMMON /JANENT/ DH,CPI
COMMON /FRPRO/ MMIX MM ,HFM,.CPFM . KFM
CALL JANAF(TC)
CALL MOLARMAS(MMIX . MM)
CALL FRENTA(FH)
HFM=.0D0
CPFM=(L1ID0O
DO Y l=1.0
HFM=HFM+(Y (1)*FH(I})
CPFM=CPFM+(Y ()*CPII))
Y CONTINUE
CALL FRCOND(PMPA,TC,KFM)
RETURN
END
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SUBROUTINE JANAF(TC)
IMPLICIT REAL*8 (A-H.0-Z)
REAL#*8 JT(61).DELH(6.61).CPS(6.61).DH(6).CPI(6).INSERT
LOGICAL EQUAL
COMMON /JANTAB/ JT.DELH.CPS
COMMON /JANENT/ DH.CPI
TK=TC+27315D3
CALL SEARCH(UT.TK.61.J EQUAL)
DO 9 I=1.6

IF (EQUAL.EQV..TRUE.) THEN
DH(I)=DELH(.J)
CPI(1)=CPS(L.J)

ELSE
DI=TK-JT()

D2=JT(J+1)-TK
¥ 1=DELH(L])
Y2=DELH(LJ+1)
F1=INSERT(Y 1.Y2.D1.D2)
DH(D)=F1*.1D4
Y 1=CPS(LJ)
Y2=CPS(LJ+1)
F2=INSERT(Y 1.Y2.D1.D2)
CPI(1)=F2
END IF
Y CONTINUE
RETURN
END
REAL*8 FUNCTION INSERT(Y1,Y2.D1.D2)
IMPLICIT REAL*8 (A-H,0-7)
REAL*8 Y1,Y2.D1,D2
INSERT=((Y 1*D2)}+(Y2*D1))(D1+D2)
RETURN
END
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BLOCK DATAJAN

INTEGER |

REAL*% JT(61),DELH{6,61),CPS(6,61)

COMMON /JANTAB/ JT.DELH,CPS

Temperature K

DATA (T I=1.61) /
w298 150D+03, 300000D+03, 350000D+)3, 400000D+03, 450000D+03
* SOUONO0D+0O3, .600000D+03, FO0000D+03, 800000D+03, .900000D+03
*  HI0000D+04, J110000D+04, | 120000D+04, . 130000D+04, .140000D+04
* 150000D+04, 160000D+04, .170000D+(4, .180000D+04, .190000D+04
* 200000D+04, 210000D+4, 220000D+04, .230000D+04, .240000D+04
250000D+04, 260000D+04, .270000D+04, 280000D+04, .290000D+04
J00000D+04, 310000D+04, 320000D+04, 330000D+04, 340000D+04
L ASU000D+04, 360000D+04, 370000D+04, .380000D+04, 390000D+04
AN0000D+04. 4 10000D404, 420000D+04, 430000D+4. .440000D+04
AS0000D+04, 460000D+04, 470000D+04, 480000D+04, 490000D+04
*_ SO0000D+04, .S10000D+04, 520000D+04, .530000D+04, .540000D+04
*  §50000D+(M4, 560000D+04, STO000D+04, 580000D+04, .590000D+04
* L GO0N0D+HM/

I

*

JANAF Thenmochemical Tabhles by Chase et al. (1985)
Ehalpy change kJ/mol  (Zero value at 1=25degC)

Steam H20

DATA (DELH(11).I=L61) /

o J0O000D+00, 062000D+00, .175700D+01, .345200D+01, .518850D+01
*602500D+01, .105010D+02, .141920D+02, .180020D+02, .219380D+02
* 260000D+02, 301910D+02, 345060D+02, 3894200402, .434930D+02
*, 4R1510D+02, .529080D+02, .577580D+02, .626930D+02, .677060D+02
* 727900D+02, 7794 10D+02, .831530D+02, 884210D+02, 937410D+02
* . Y91080D+02, . 104520D+03, .109973D+03, .115464D+03, .120990D+03
* ., 126549D+03, .132139D+03, .137757D+03, .143403D+03, .149073D+03
* L 154768D+03, 160485D+03, 166222D+03, . 171980D+03, .177757D+03
*1R3522D+03, (189363D+03. .195191D+)3. .201034D+03. .206982D+03
*_,212764D+03, 218650D+03. .224548D+03, 230458D+03, .236380D+03
* 2423 13D+03, 248258D+03, .254215D+03, 260184D+03, .266164D+03
*272157D403, 278161 D+03, 284177D+03, .290204D+03, 296244 D+03
*302295D+03/

pur
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%

*

#

£

*

Hydrogen H2

DATA (DELH(2.1}).1=1,61) /
L00000D-+00. .530000D-01, .150200D+01, 2959(0D+01. .442000D+01

*

*

* %
.

*

. S88200D+)L,
. .206300D+(2,
. .362900D+02,
*, 5295 HID+02,
. JU4980D+H)Z,
. 887400D-+02,
. H7555D+)3,
. . 126874D+3,
.146660D+03,
.166876D+03,
. .187465D+03,
208341D+03/

Oxygen 02

BR1L00D+0L,
237190D+H02,
3934 HOD+02,
SO3YT0DH02,
J40960D+)2,
H24600D+12,
J11380D+(13,
A130795D4+03,
150670D+03,
A70967D+03,
A91621D+03,

DATA (DELH(Q3.I).I=161) /

+

*

L00000D+00, .540000D-01, .153100D+01,
608400D+01,
227030D+02,
A405990D+02,
. 591750D+02,
L T832BOD+02,
L SB0130D+H2,
. J18165D+03,
. 138705D+03,
. .159572D+03,
180749D+0U3,
202267D+03,
.224210D+03/

Hydroxyl HO

.924400D+01,
262120D+02,
A42660D+02,
LG29610D+02,
.822240D+02,
A02009D+03,
122245D+03,
42854 D+03,
JAG3T7RIDHI3,
A85023D+03,
206618D+013,

DATA (DELH(4.l).1=1.61) /

#*

L00000D+00, 550000D-01, .154900D+01,
*,.599200D+01, .894300D+01, . 119020D+02, .
*,.200350D+02, .240240D+1)2, .271600D+02, .303420D+()2,

267970D+02,
A28350D+02,
SYRTOOD+H,
JTT200D+02,
BE2020D+H)2,
115224D+403,
134734D+03,
154698D+03,

117490D+)2,

175071D+03,

J95787D+03,

124990D+0)2,
297610D+02,
479580D+02,

667690D+(02,
B61410D+02,
106023D+03,
126339D+03,
J47015D+03,
J68005D+H)3,
18931 1D+3,
210987D+03,

147020D+02,
299180D+02,
A61690D+02,
LO338TUDH02,
SIEEVOD+02,
H99660D+02,
J19089D+03,
A138692D+03,
J5874 1D+03,
A179190D+03,
.199963D+03,

158350D+0)2,

333440D+02,
S16730D+02,
J06000D+02,
S00790D+02,
A10054D+03,
130447D+03,
JASHIRED+03,
172240D+03,
193614D+03,

215375D+03,

204148D4+03

A76760D+02
330820D+42
AYSA10D+02
LH69280D+02
S50430D+02
A03750D+03
A22972D+03
142667D+03
162801 D+03

183322D+03

J02500D+01, 454300D+01
1924 10D+02
3695700402
554130D+02
J44530D+02
D40360D+02
A 141020403
134569D4+03
AS5374D403
A 76488D+03
A97933D+03
219782D+03

S03500D+01, 451500D+01

148800D-+02,
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* A6R390D+02, 4015 HID+02,

*

*

*

#

. S3T7620DH)2,
714190042,
L RYUSKADHI2,
L TORTIOD+03,
L 120039D4+03,
& 145991D+03,
.. 165246D+0)3,
. . 1R46GRTD+03,
. .204308D+03/

Hydrogen H

.572430D+02,
JSHTOD+O2,
U32650D+02,
A TEROID+3.
A30732D+03,
. 149827D+3,
169120D+(3,
ABKSYTD+03,

DATA (DELH(5.h.I=1.61)/
LO0MOD+00, . 380000D-01, . 107800D+01, 211700D+01, 315600D+01

*®

E

*®

£

L A19600D+01,
.. 145890D+02,
L .249820D+02,
. 353750D+02,
. ASTOROD+02,
. .S61610D+02,
. .605540D+02,
L 769470D+02,
. R73400D+02,
L YTT330D+02,
L08126D403,
A RS YD403/

Oxypen O

627400D+01,
JA6O6T0DHI2,
270600D+()2,
374530D+02,
AT8460D+02,
S82390D+02,
L68G320D+02,
JU0250D+02,
K94 180D+02,
Y981 10D+,
A 1204D403,

DATA (DELH(6.1).1=1.61}/
000000D+00, .410000D-01, ,112900D+01, 220700D+01, .327800D+01

*

E3

*

*

. A34300D+0E.
. J48600D+02,
. 252960D+02,
L 3AT130D+02,
L A61300D+H2,
L S63740D+02,
O70790D+02,
L TI6T50D+02,

L46200D+01,
16YSND+2,
2T3ARHID402,
A77960D+02,
AB2160D+02,
S866Y0D+02,
69 1900D+02,
J9R0R0D+02,

A35020D+02,
O07520D+02,
JE6330D+02,
69600 D+HI2,
L1S617D+03,
A34534D+03,
A53670D+03,
A73001D+03,
.192514D+03,

K35300D+01,
A87460D+02,
291390D+02,
395320D+02,

499250D+0z.

LU3 180D+02,
70D+,
S11040D+02,
H14970D+02,
A0TR90D+03.
112283D+03,

BA7000D+01,
J90390D402.,
294640D+02,
JVRTROD+(2,
SO3030D+02,
GO7670D+02.
J13050D+02,

810450D+()2,

ABGRROUD+0Z,
642850D+02,
822670D+(12,
A00667D+03,
J19381D+03,
JA3K345D+03,
13752104403,
17GK8YD+U3,
196438D+03,

A04310D+02,
208240D=+02,
J12170D+02,
A16100D+02,
S20040D+02,
623970D+02,
727900D+032,
B31830D+02,
935760D-+H12,
A103969D+03,
.114362D+03,

JOGTHIDH02,
211260D+02,
3154700402,
A19620D+02.
523910D+02,
B628670D+02,
.734240D+02,
.840870D+02,
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S03100D+02
6H78410D+02
B59180D+02
104387D+03
JA23155D+03
142164D+03
.161380D+03
A80784D+03
200369D+03

J125100D+02
225030D+02
332960D+(2
A36890D+02
540820D+02
.644750D+02
TF48680D+02
B52610D+02
956540D+02
106047D+03
116440D+03

A27670D+02
232120D+02
336300D+02
A40450D+02
544310D+02
649710D+02
755470D+02
.862340D+02
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.

.

B83BGOD+O2,
992220D+02,
J10184D+03.
*, . 121264D+03/

H05430D+02,
J101405D+03.
A112391D+03,

Heat Capacity  J/mol K

Steam H20

DATA (CPS(L.D.I=1.61)/
.335900D+02, 335960D+02, 339290D+02, .342620D+02, 347440D+)2

w

*

.

*
*

*

Hydrogen

3522600402,
*412680D+02, 425360D+12. .
L A70900D+02,
. S1I800D+02,
. -539040D+02.
S557480D+02,
. ST0580D+02,
. .580330D+02,
L ARTRTOD+2,
.593900D+02,
. .599820D+02,
. 6057 10D+02/

H2

J363250D+02,

AR0500D+02,
518230D+02,
.543290D+02,
560440D+(2,
S72760D+02,
S81990D+02,
SRYLROD+02,
S95090D+02,
601000D+02,

DATA (CPS(2.1).1=1,61) /
28K360D+02, 288490D+02, 2908 10D+02. 2918 10D+02, 292290D+(12

L S

*

. .292600D+02,
. 302050D+02.
. 322980D+02,
. -342800D+02,
. .358420D+02,
. 370870D+02,
381490D+02,
. .391160D+02,
A00170D+02,
408290D+02,
. 414980D+02,
. 419650D+02/

203270D+02,
J05810D+02,
J327250D+02,
.346240D+02,
3611 10D+)2,
373110D+02,
383480D+02,
393010D+)2,
AD1REOD+(2Z,
409760D+02,
A416080D+02,

927050D+02
J035392D+03
J14602D403.

363700D+(2,

374950D+02,
437680D+02,
489350D+02,

5240800402,
S547230D+02,
S63230D+02,

ST4800D+)2,
S83570D+02,
590440D+02,
5962800402,
602180D+02,

2944 10D+02,

J09920D+H)2,
3313900402,
349520D+02,

375280D+02,

J385440D+02,
394840D+012,
A03550D+02,
AHTT0D+02,
A17120D+02,

LD48T720D+12,
JA057340+03,
A 16R18D+03,

387210D+)2,
449450D+02,
497490D+02,
529470D+02.
550890D+02.
SGS830D+2,
576750D-+02,
S85070D+02,
S91640D+02,
S9T460D+02,
603350D+02,

.296240D+02,
314230D+02,
335370D+02,
A526301D+(12,
366180D+02,
377400D+02,
387380D+02,
39665(1D+02,
A05180D+0)2,
412520D+02,
A18060D+02,
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Y70450D+02
J07982D+03
A19039D+03

J998H0D+02
A60540D+02
S04960D+(02
534440D+02
554300D+02
SO8280D+02
S78590D+02
SE6S00D+02
S92750D+02
S98640D+02
H04530D+12

2U8R10D+02
J186HD+02
A39170D+02
35550004012
J368560D+)2
379460D+02
JRU2R0D+02
398420D+02
A06760D+)2
413790D+02
A18900D+02
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*

*

Oxygen O2

DATA (CPSG3I)I=161)/
293760D+02, 293850D+02. .296940D+02, 301060D+02, .305840D+02

Ed

Hydroxyl

L AHI0D+02,
. 348700D+012,
. .365440D+02,
3T77410D+02,
. ABRS60D+02,
L AuR640D02,
A0T160D+02,
4142 10D+02,
, A20420D+02,
. 426750D+02,
434260D+02,
. 443870D+02/

HO

AZ20000D+02,
J353000D+12,
J36TO60D+2,

379690D+()2,
390680D+02,
400480D+02,
408680D+012,
415490D+02,

A21640D+02,
A28 130D+,

435990D+(12,

DATA (CPS(4.1)I=1.61)/
ZUURADDHIZ, .299770D+02, 297800D+02, .296500D+02, 295670D+02

Hydrogen

L 295210D+02,
L SIOTOUDHI2,
. 3291700402,
. 346700D+02,
. 3SRE10D+02,
L 367300D+02,
L 3T3T60DH02,
LATERSODH)2,
L AR3S0D+02,
. 38OVI0D+02,
L 3u0620D+02,
. 394230D+02/

H

320810DH2,
356670D+02,
370400D+02,
381950D+02,
392760D+02,
A02250D+H)2,
A10130D+02,
A16740D+H )2,
A22870D+02,
A29560D+02,
A3T810DH)Z,

205270D+02, 296630D+02, 299170D+02,
A11240D+02,
33 190D+02,
349500D+02,
J60750D+02,
A6R7E0D+02,
374860D+02,
J79760D+02,
J383940D+02,
SRTTI0D+02,
A91340D+02,

J15860D+02,
336940D+02,
3520900402,
362560D+(2,
JH0130D+02,
375920D+02,
3R0640D+02,
847200002,
38R4GOD+H)2,
J392060D+02,

DATA (CPS(5.1).I=1.61) /61*207860D+02/

Oxygen O

.343550D+02
362770D+02
375100D+02
386390D+02
396740D+02
A05590D+02
A12890D+02
A419200D+02
A25420D+02
432620D+02
A41750D+02

337330D+02,
359880D+02,
A72770D+02,
J84190D+02,
394780D+02,
403950D+02,
411540D+02,
417980D+02,
424130D+02,
A31050D+02,
A39730D+02,

.302640D+02
3249200412
343690D+02
J356730D+02
.365860D+02
J372610D+02
377910D+02
J382330D+02
.386250D+02
389910D+02
393500D+02

320460D+02,
340440D+02,
354490D+02,
364260D+02,
371400D+02,
376930D+02,
J381500D+02,
385490D+02,
.389190D+02,
392780D+02,
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DATA (CPS(6.1).I=1.61)/
219T10D+02, 219010D+02, 216570D+02. .214820D+02, .213540D+(12

®

*

*

*

. 212570D+02,
. 200150D+02,
. -208450D+02,
. .208260D+02,
. 208510D+02,
. 209370D+02,
,.210920D+02,
2130200402,
. 215450D+12,
L 217990D+02,
. .220450D+02,

218490D+02.

211240D+02,
208930D+02,
208380D+02,
208270D+02,
208620D+02,
209630D+02,
211300D+02,
213490D+(12,
215960D+02.

220930D+02,

210400D+02,
208770D+02,
208330D+02,

208300D+02,
208770D+02,
209910D+02,
211700D+02,
213970D+02,
216470D+02,
Z18990D+HX2,
221390D+02,

20U840D+02,

208640D+02,

208300D+(2,
208350D+02,
208940D+02,
210220D402,
212130D+02,
.214450D+02,
216970D+02,
2194900402,
221840D+(12,

219970D+02
222290D+0)2

209440D+02

208530D+02

208270D+2

208410D+112
209140D+02
210560D+02

212570D+(2
214950D+02

217480D+02

*,222730D+02/
4
e =k ok S ek ok sk s b stk 3K o o ok e sk ok ok sk ke sk ke sk e sk este ke ok sk skl ke e s ook ok sk ke ekl sk ek END OF BLOCK DAT‘A *
END
SUBROUTINE MOLARMAS(MMIX.MM)
IMPLICIT REAL*8 (A-H.0-Z)
REAL*8 M(6).MM(6),MMIX.Y(6)
COMMON /FRACT/ Y
DATA M /.1801528D2, .201588D1. .319988D2, .1700734D2. . 100794D1
1 . .1599940D2/
MMIX=(0.0D0
DO 9 I=1,6
MMIX=MMIX+(Y (0)*M({I)*.1D-2)
MM(D=M(I)*.1D-2
9 CONTINUE
RETURN
END
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SUBROUTINE FRENTA(FH)
IMPLICIT REAL*8 (A-H.O-Z)
INTEGER 1
REAL*$ DH(6:),CPIG).FH25C(6),FH(6)
COMMON /JANENT/ DH.CPI
*  Enthadpys of formation at 1=25degC and P=0.1MPa from Chase (1983) *
DATA FH25C/-.241826D6, (00000D0, 000000D0, 389870D5, 217999D6
| , 249173D6/
hOYI=L0
FH(1)=FH25C{1)+DH(I)
9 CONTINUE
RETURN
END
SUBROUTINE FRCOND(PMPA,TC . KFM)
INTEGER IJ.L
IMPLICIT REAL*8 (A-H,O-Z)
REAL*3 PMPA,TC.TK,KF,KFM
REAL*X PKF(13),TKF(45).AKFM(13.45),AP(2),AT(2),AKF(2.2)
LOGICAL EQUAP,EQUAT
COMMON /FRKON/ PKF.TKF.AKFM
COMMON /WAREAK/ AKF
PATM = PMPA* 986813D+(}
CALL SEARCH(PKF.PATM,!3.LEQUAP)
TK=TC+.27315D3
CALL SEARCH(TKF.TK45.J EQUAT)
CALL WORKAK(L.J.EQUAP,EQUAT)
IF (NOT{EQUAP.EQV..TRUE.).AND.NOT.(EQUAT.EQV..TRUE.)} THEN
DO & L=12
AP(L)=PKF(I-1+L)
AT(L)=TKF(J-1+L)
8 CONTINUE
ELSE IF(EQUAT.EQV..TRUE.} THEN
AT{D=TKF({)
DO Y L=12
AP{L)=PKF{l-1+L)
Y CONTINUE
ELSE
AP(1)=PKF()
DO 10 L=12
AT(L)=TKF(J-1+L)
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10 CONTINUE
END IF
IF (EQUAP.EQV..TRUE.) THEN
[F (EQUAT.EQV..TRUE.) THEN
KFM= AKEM(L.)) * .418680D+03
RETURN
ELSE
CALL INTE2P(TK.AT.AKF.KF)
KFM = KF * 418680D+(3
RETURN
END IF
ELSE
PRK=(PATM*AP(2)-AP(1}*AP(2))/(PATM*AP(2)-AP(1)*PATM)
IF (EQUAT.EQV..TRUE.) THEN
CALL INTE2T(PRK,AKF KF)
KEM = KF * 418680D+03
RETURN
END IF
CALL INTER4 (PRK.TK.AT.AKF.KF)
KFM = KF * .418680D+03
END IF
RETURN

+

sk ok st ok sheskeke s b ko ok sk sksiokeok ke ok sk stk shok okl stk s tkokok ok sk kkeck ok ok ek bk k. END OF SUBPROGRAM *

END
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SUBROUTINE WORKAK(IT.JT.EQUAPT.EQUATT)
supasarnns SUBROUTINE IDENTIFICATION itk

*  This subrouting identifics given pressure and temperature that
* may be equal o any ol the pressures and temperatures for
* thermodynamic propertics data stored in BLOCK DATA DATAKF.
*  Should they not equal it identify values of properties
*  {rom BLOCK DATAKF for {irst large and first smaller pressure
*  and temperature then given pressure and temperature,
e
*******'4::!::k***'-k'-k=ﬁ********************************************************
Ed
INTEGER ITJTILIJILJL
IMPLICIT REAL*8 (A-H.0-Z)
REAL*8 PKF(13) TKF(45),AKFM(1345),AKF(2.2)
LOGICAL EQUAPT.EQUATT
COMMON /FRKON/ PKF,TKF,AKFM
COMMON/WAREAK/ AKF
IF (EQUAPT.EQV..TRUE,) THEN
IL=1
ELSE
IL=2
END IF
IF (EQUATT.EQV..TRUE.) THEN
JL=1i
ELSE
JL=2
END IF
DO Y9 1l=1.IL
DO 4 Jl=1JL
AKF(1I)=AKFM(ITJT)
JT=IT+1
Y CONTINUE
JT=JT-IL
IT=1T+]
99 CONTINUE
IT=IT-1L
RETURN

ek sk ook ook ok skeode ok s ke sk ek sk okt ok ok okl stk kb skotokskolekdeksekokdok sk ENT) OF SU‘BPROGRAM *

END
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BLOCK DATAKF
INTEGER 1
REAL*8 PKF{13).TKF(45). AKFM(13.45)
COMMON /FRKON/ PKF.TKF.AKFM

*
e ke ke e st ok e o o e sk ot 3 ok sk o ke sk b o ok e ke st ok ok ok ok s e s ok e o o b o o s kst sk sk o st ok sk sk s st sk ke stk sk o ok ok ok ok e e sk ok
*
*  Pressure {atm) table
*
DATA (PKF(1).I=1.13) / .100000D-02. .300000D-(32, . 100000D-01
* 300000D-01. . 100000D+00, 300000D+00, . 100000D+01, 300000D+01
* - 100000D+02, 300000D+02, .100000D+03, 300000D+13. T00MKD+04/
#
s ok sk ki o ok ok shke ok ohe sk sk sheste ok ot o ke e ok e o st ae e ok sk s o sheshe e she sheseok sk ke sheok she sheale etk e sk sleske ok sl e ok el e sl b skessk ok e e sk ok
#*
*  Temperature (K) table
Ed
DATA (TKFE(I).I=1.45) /
; .600000D-+03, . 700000D+03, B00000D+03, S00000D+03
100000D+04, . 110000D+04, .120000D+04, . 130000D+04, .140000D+04
150000D+04, 1600000404, . 170000D+04, . 180000D+04, .19000D+04
200000D+04, 210000D+04, 220000D+04, 230000D+04, 240000D+04
.250000D+04, 260000D+04, 270000D+(4, 280000D+04, .290000D+(04
. 300000D+04, 310000D+04, 320000D+04, 330000D+04, 34000 D+04
350000D+04, 360000D+04, 370000D+04, 380000D+4, 390000D+(4
. ADD000D4+04, 410000D+04, 420000D+04, 430000D+04, 4400K)D+04
*_ A50000D+04, 460000D+04, 470000D+04, 480000D+04, 490000D+04
*_S00000D+04/ ‘

*

+

* % ’* * ¥ -*

*

*

Hk Lkt s d 3 shesfeske s e ok ot e e bbbt obe b s sk ok obe sbe sk b sk ks sk s ok stk ot sk ok sk ek e o e okt shestokok bk gk
'

* Frozen Thermal Conductivity of the mixture

* by Svehla (1964) (cal/em3 K)

*

DATA (AKFM(LI).[=1.45) /

* 131000D-03, 161000D-03. (193000D-03, 226000D-03
* - 261000D-03, .296000D-03, .333000D-03, .369000D-03, .406000D-03
*,.442000D-03, .480000D-03, .518000D-03, .560000D-03, .605000D-03
* 637000D-03, .721000D-03, .800000D-03, .901000D-03, . 102500D-03
*  115900D-02, .127200D-02, .133900D-02, .137200D-02, .139600D-02
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%
.
*
)
*
.
*
1

Ed
.

142300D-02, .
J59400D-02,
A78700D-02,
U7500D-02,
215900D-02f

145500D-02,

A63700D-02,
JIR2500D-02, .
201200D-02, .

DATA (AKFM(21),1=145) /

e

*

+

261000D-03, .
A442000D-03, 479000D-(13,
. .644000D-03,
LL05100D-02,
.144700D-02,
160300D-02,
T78E00D-02,
. 197500D-02,
2 15900D-{)2/

A3 1000D-03,

296000D-03,

LYTOO0D-(13,
A 1T7RO0DA)2,
147200D-02,
63900D-02,
A82500D-02,
201200D-02,

DATA (AKFM(3.1),[=145) /

. .261000D-03, .
. 442000D-03, .478000D-03,
. .034000D-03, .
A56000D-03. .
. 145800D-02, .
L 161300D-02, .
. 178900D-02, .
. 975005402, .
215900D-02/

131000D-03,
296000D-03,

68 HHOD-03,
106000D-02,
149900D-02,
164600D-02,
182700D-02,
201200D-02,

DATA (AKFM(4.1).1=145) /

. 261000D-03,
. 442000D-03. 478(00D-03,
. O29000D-03,
. BYT000D-03,
. 139800D-02,
. 163400D-02,
. 479400D-412,
. 197600D-02,

2 16000D-02/

131000D-03,

296000D-03,

HT10D-03,
L79000D-03,
148200D-02,
166200D-02,
A83000D-02,
201300D-02.

DATA (AKFM(5.1).I=145%) /

*

A31000D-03,

.333000D-03,
S17000D-03,
JG1000D-03,
A429300D-02,
A50100D-112,
AGT600D-02,
A86300D-02,
.204900D-02,

.333000D-03,
S15000D-03,
.733000D-03,
JA17700D-02,
AS52700D-02, .
A63100D-02, .
186400D-02, .
.204900D-02, .

14890(D-02, |
A67500D-(12,

186300D-()2,
2(4900D-02,

161000D-03,

A61000D-03,

161000D-03,

333000D-03, .
S14000D-03, .
17000D-03,
107400D-02,
154000D-02,

169300D-02,
186600D-02,
205000D-02,

S61000D-03

36%5000D-03,
S53000D-03, .
J95000D-03, .
129400D-02, .

769000D-03,
JA18100D-02, .
JAS7800D-02, |
A72500D-02, .
JA190300D-02, .
208600D-02, .

. 193000D-03,

-193000D-03,

155300D-02. .
171600D-02, |
190100D-02, .
208600D-02, .

193000D-03,
369000D-03, .
551000D-03,

205

152500D-02, .
171200D-02, .
A00000D-02, .
208500D-02, .212200D-02

156200D-02
175000D-02
193700D-02

.226000D-03

369000D-03, 405000D-03
S56000D-03, .
K39000D-03, .
137400D-03,
153300D-02, .
A71300D-02, .
190000D-02, .
208500D-02, .

598000D-03
935000D-03

141900D-03

156700D-02
175000D-02
193500D-02
212200D-02

.226(X)0D-03

A05000D-03

592000D-03
B68LOOD-03
139200D-02
158200D-02
175300D-02
193800D-02
212200D-02

226(00D-03
405000D-03

S589000D-03
B28000D-03

129300D-02
160700D-02
175900D-02
194000D-02
212300D-02

.. 193000D-03, 226000D-03
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L B
+

*

*

N

* K% ¥
.

. 261000D-03,
442000D-03,
. .624000D-03,
. -835000D-03,
. . 127300D-02,
.165900D-02,
.180800D-02,
.198000D-02,
216100D-02/

296000D-03,
AT3000D-03,
664000D-03,
S19000D-03,

137800D-02,
169200D-02,
184100D-02,

.201600D-02.

DATA (AKFM(6.0).1=145) /

Ed

Ed

*

. 261000D-03,
A441000D-03,
.622000D-03,
831000D-03,

116800D-02,

.162800D-02,
183500D-02,
199000D-02,

31000D-03.
296000D-03,
AT7000D-03,
659000D-03,
-883000D-03,
126100D-02,
169000D-02,
186400D-02,
202400D-02,

216400D-02/

DATA (AKFM(7.1).]=145) /

A31000D-03,
261000D-03, .296000D-03,
A41000D-03, 477000D-03,
.620000D-03, .656000D-03,
.813000D-03, .858000D-03,
.108500D-02, .115800D-02,
.. 1530900D-02, .159800D-02,
.185500D-02, .189300D-02,
201600D-02, 204600D-02,
217600D-02/

DATA (AKFM(8.I),1=1.45) /
J131000D-03, .161000D-03, .193000D-03, .226000D-(3

*

261000D-03, .296000D-03,

.333000D-03,
S14000D-03.
J05000D-03,
992000D-03,
147600D-02,
172000D-02,
187400D-02.
.205200D-02,

J16HXIND-03,
.333000D-03,
S13000D-03,
.698000D-03,
942000D-03,
.135900D-02,
A73800D-02,
189300D-02,
205800D-02,

A61000D-03,
.333000D-03,
S513000D-03,
.693000D-03,
907000D-03,
A123800D-02,
J6BO00D-02,
192600D-02,
207700D-02,

S69000D-03,
S50000D-03.
J50000D-03,
A107600D-02,
.155600D-02,
17480(0D-02,
A190900D-02,
Z08800D-02,

369000D-03,
549000D-03,
J39000D-03,
100900D-02,
145700D-002,
JA77500D-02,
A92500D-02,

209300D-02,

369000D-(3,
S540006D-03,
J731000D-03,
S60000D-03,
132500D-02,
J75000D-02,
A195700D-02,
210900D-02, .

193000D-03,

A93000D-03,

A05000D-03
S87000D-03
BOU000D-03
A17000D-02
161600D-02
177700D-02
.194500D-02
2124000402

226000D-03

A05000D-03
SRS000D-03
J783000D-03
108400D-02
154900D-02
.180600D-02
J193700D-02
212900D-02

226000D-03

A05000D-03
S584000D-03
J71000D-03
A01900D-02
.141600D-02
AB0BO0D-02
198600D-02

214200D-02

.333000D-03, .368000D-03, .405000D-03
513000003, .548000D-03, .584000D-03
.690000D-03, .726000D-(33, .754000D-0)3
.886000D-03, 931000D-03, 981000D-03
L15800D-02, .122800D-02, . 130400D-02
JA55700D-02, .164300D-02, 172500D-02
192200D-02, . 197000D-02, 201 100D-02

*,.441000D-0)3, 477000D-03,
*, .619000D-03, .654000D-03,
* .802000D-(3, .843000D-03,
.. 103500D-02, .109300D-02,
*, 138500D-02, .147000D-02,
* L 180000D-02, . 186600D-02,
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* 204700D-02, 207900D-02, .211000D-02, 214000D-02, .217000D-02

*220100D-02/
DATA (AKFM(Y,1),1=1.45) /

131000D-03,
. 261000D-03,
. 44 1000D-03,
L O18000D-03,
.. 794000D-03,
. U9RO00OD-03,
L A2Z7900DA)2,

*

®

£

*

*

166100D-02,
.202300D-02,

. 224000D-02/

DATA (AKFM(10.1),I=145) /
A31000D-03,
. 261000D-03,
. A41000D-03,
L O1TO00D-03,
JY000D-03,
. S76000D-03,
. 121200D-02,
. . 153000D-02,
A80700D-02,
L 22200D-A2/
DATA (AKFM(i1.1),[=145)/
A31000D-03,
296000D-03,
ATT000D-03,
H51000D-03,
R20000D-03,
L93000D-03,
A21000D-02.
.148100D-02,
A810D-12,

L 261000D-03,
L A441000D-03,
L O1T7000D-03,
L 786000D-03,
L S6N00GD-03,
L E400D-02,
. 142100D-02,
. 174600D-02,

L 210300D-02f
DATA (AKFM(121).1=145) /
A31000D-03,

161000D-03,

206000D-03, .333000D-03,
ATT000D-03, S13000D-03,
O53000D-03, .638000D-03,
K32000D-03, .870000D-03,

CH4700DA2,
134800D-02,
174200D-02,

JAO0B00D-02,
142200D-()2,
A182000D-02,

207700D-02, .212400D-02,

A6 1000D-03,

206000D-03,
A77000D-03,
652000D-03,
K25000D-03,
J01800D-02,
126900D-02,
160400D-02,

J98000D-02,

A161000D-03

AGI000D-03,

LH86000D-03,
B61000D-03,
A06300D-02,
132900D-()2,
A67900D-02,
.204900D-02,

.333000D-03,
S13000D-03,
L85000D-03,
B54000D-03,
J03700D-02,
A25900D-02,
154300D-02,
188900D-02,

207

193000D-03, .226000D-03
369000D-03,
S543000D-03,
J23000D-03,
S11000D-03,
115400D-02,
1499(0D-02,
.189400D-02,
216700D-02,

A405000D-03
SE3000D-03
758000D-03
953000D-03
121400D-02
158000D-02
.196100D-02
.220500D-02

.193000D-03, .226000D-03
J33000D-03, 369000D-03,
S13000D-03, 548000D-03,
J20000D-03,
B98000D-03,
J11000D-02,
139200D-02,
475600D-02,
211300D-02,

A405000D-03
S83000D-03
J755000D-03
.936000D-03
115900D-02
146000D-02
.183200D-02
217300D-02

. 193000D-03, .226000D-03
369000D-03,
S548000D-03,
J190(0b-03,
BR9000D-03,
A07700D-02,
J31000D-02,
A609500D-02,
J196100D-02,

A05000D-03
S83000D-03
.752000D-03
924000D-03
111900D-02
.136400D-02
167600D-02
.203300D-02

193000D-03, .226000D-03

. .261000D-03, 296000D-03, .333000D-03, .369000D-03. 405000D-03
. A441000D-013, 477000D-03, .513000D-03, .548000D-03, .582000D-03
L 6ITONOD-03, .651000D-03, .684000D-03, .713000D-03, .751000D-(3
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*

*

. .784400D-03, .817000D-03.
. 931000D-03. H86O00D-03.
. .113400D-02, .117400D-02,
.135200D-02, .140200D-02,
.. 162200D-02, .168300D-02,

-194400D-02/

DATA (AKFM(13,1).]1=145) /
A131000D-03, .161000D-03, ,193000D-03, ,226000D-03

* K ¥

1

.261000D-03, .296000D-03. .
A41000D-03., .
. .617000D-03, .
782000D-03. .
. 944000D-03,
. AI1300D-02, .
..130200D-02, .
..152500D-02, .
A79200D-02/

477000D-033, .
650000D-03,
&15000D-03,
H76000D-113,
114800D-02,
134300D-02,
157500D-02,

B50000D-03.
.102100D-02,
.121600D-02,
145400D-02,
.174600D-02,

333000D-03,
513000D-03,
.684000D-03,
B47000D-03,
- HHOOUD-02,
L18500D-02,
L138600D-02,
.162600D-02,

HR3000D-03,
LOARMNID-02,
J260005-02,
A30700D-02,
A8 1000D-02,

369000D-03.
S48000D-03,
J17000D-03,
B79000D-03.
A04300D-02,
A22300D-02,
J43100D-02, .
JGBUHD-02, |

H17000D-03
109500D-02
A30300D-02
A56400D-02
AR7700DA2

A05000D-03
S82000D-03
J50000D-03
LH11000D-03
AO7800D-02
12620002

147700D-02
173500D-02

sk esteokok ok ok sk ook ok e stesksbotok s okoksk ok chalofek ikl skok kb ek kdeok ek END OF BLOCK DATA #*

w++k% THIS [S THE END OF FROZEN PROPERTY CODE FOR HIGH TEMP. STEAM H#*
END

WARNING! The Frozen property code use data for thermal conductivity by Svehla (1964) which
are lower then should be. Since, this are the only available data in literature for frozen thermal
conductivity, they are adapted in this work. The estimated inaccuracy of the predictions is in
order of -10%.
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PROGRAM FROPROCO

gk ok PROGRAM IDENTIFICATION R ok kiR

Ed

* This is a sumple program which will serve as an

# example how to use subroutines for calculating

* Frozen Properties in the mixture of reacting

* gases formed by Dissociated Steam.

i

* Written by ALEKSANDAR VASIC Revised March /1992

# Ottawa University

#

ook sl ok sk s ke s e ook e o s b sk e st sk ok o shafe ook ohe s ke s s shesfeshsbe st s ofe s s sk sk ook st ook sk sk st sk ok sk skt etk stk ol sk sk ok
ohokik ok ko g ook TYPE DECLARATION AND INITIALIZATION BLOCK 0000 *
*

IMPLICIT REAL*% (A-H,0-Z)
REAL*8 Y .MM, MMIX,HFM,CPFM,KFM,PMPA,TC
DIMENSION Y(6),MM(6)
COMMON /FRACT/ Y
COMMON /FRPRO/ MMIX,MM,HFM,CPFM,KFM
*
swwikaieis COMPUTATION AND PRINTING BLOCK 0100 *
*
OPEN (UNIT=1,FILE="FROZPRO.DAT")
PMPA=0.001D0
DO Y9 I=1,6
WRITE(1.1) PMPA
| FORMAT (/T20,4HP = ,1F7.3,3HMPa,))
DO Y TC= 00.D0.4700.D0,100.D0
CALL FRACTION(PMPA,TC)
CALL FROZPROP(PMPA.TC)
WRITE(1,2) TC.MMIX*,1D4,(HFM/(.1 DA*MMIX))+4648202.89D0,CPFM,KFM
FORMAT(T2,1F6.1,1F10.3,2F12.2,1F10.4)
Y CONTINUE
PMPA=PMPA*10.D0

2
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Y99 CONTINUE
Rk TERMINATION BLOCK BLOCK 0800 *
Ed
CLOSE (1)
PROGRAM *
END
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Programming Specifications of the UODH20
Code for Effective Properties of Dissociated
Steam for Pressure from 0.01 to 100.00MPa
and Temperature from 1000. to 5726.85°C

This chapter includes all subroutines, written in FORTRAN77 computer language, of the
UODH20 (University of Ottawa Dissociated H,0) code for prediction of effective high
temperature steum properties. The required input data are pressure P(MPa) and temperature T("C).
After the main program calls the subroutine UODH20(P,T), computations are performed. The
results of the calculations are stored in COMMON /THPROY/ block for thermodynamic properties
V. CP, H and S, COMMON /TRPRO/ block for transport properties K and MU and COMMON
/PRONOY block for derived properties RHO, NI, TDF and PR.
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SUBROUTINE UODHZO{PIN.TIN)

HE AR SUBRCOUTINE IDENTIFICATION stk ok ook
E3

* This is University of Otawa High Temperature Dissociated

* Steam Property code - UODH20

"

* Code has total 1434 lines.

®

* Code generates Thermodynamic and Transport Propertics

* of High Temperature Dissociated Steam

* for Pressures from (.01 10 100. MPa

* al Temperatures (rom 10, 10 5726.85 degC.

®

* Written by ALEKSANDAR VASIC” Revised March /1990
* University of Ottawa

*

EEEELEREIELEEES T T3 * etk ok s sl ske sk e stk shisk ok sk sk sieok ol ok ek ket sk sk ok ek o e ok sk ok ok e e ok
*

Hdckhck kR VARIABLE IDENTIFICATION sk ook ok o
®

* PIN = Input Pressure (MPa = MN/m**2)

*# TIN = Input Temperature (degC)

®

* Qutput are stored in COMMON /THPRO/

* A = Specific Volume (m**3/kg)

* S = Entropy (J/kg*K)

* H = Enthalpy (I/kg)

* CP = Heat Capacity (J/keg*K)

%

* Qutput are stored in COMMON /TRPROY

* K = Thermal Conductivity (W/m*K)

* MU = Dynamic Viscosity (N*s/im**2)

"

* Output are stored in COMMON /PRONO/

* RHO = Density (kg/m**3)

* NI = Kinemati: Viscosity (m**2/s)

* TDF = Thermal diffusivity {m**2/s)

* PR = Prandtl number (-}

#

e s the she koot o ok S ook o e 2B o ok e o e sk ok ke o ke ok e sl sfe o ook she ke sk sk s stk e ok ok vhe sk e sk sk ok ok s ke sk ok ok ek s o ek ek ke ke sk skok
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.
wmickerrwnx  TYPE DECLARATION BLOCK 0000
.

IMPLICIT REAL*® (A-H.O-Z)

REAL*% PIN.TIN.V.S.H.CP,MU,K RHONLTDF PR

COMMON [THPRO/ V.S.H.CP

COMMON /TRPRO/ MUK

COMMON /PRONO/ RHONI.TDF PR

*
ko s o S e ke sk o e e ks o ok sk o ook sk o ke ook ok sk ke sk e e ksl sk ok sk o ek s stk R skt ok e kb sk sk ok Rk ok ok ko
*
hkokohokkk ok ok COMPUTATION BLOCK BLOCK 0100 *
*
CALL PRDH20 (PIN.TIN)
CALL TPDH20 (PIN.TIN)
RHO =.1DI/V
NI =MU*YV
TDF = (K *V)/CP
PR =(CP*MU)/K
RETURN

£
stesfe e ok sk e ofe e ok s ot e e s sl ok sk ok s ok ek afe o b ke stk e ste skeokeobe ke e ok sk ok ek ke ok ok ok END OF SUBPROGRAM *

END
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SUBRQUTINE PRDH20 (PRE.TC)

AR SUBROUTINE IDENTIFICATION REER A

*®

*

P

This SUBROUTINE generates Thermodynamic Propertics.

st e ok bk ok o o sk ook ol oh e e ek o o b ok o e ok ok ok ok sk b ok sk st sk s skokesk e ok ok ket ke ks sk st ok ok ok ok kb EEE LT EL

*®

INTEGER LIL
IMPLICIT REAL*8 (A-H.0-Z)
REAL*$ PRE.TC.TK,
DH20P(26).DH20T(26)
PO)LT2)
DH20V(26.26),DH208(26,26), DH20H0(26), DH20H(26.26)
DH20CP(26.26)
VA(22),84(2.2).H4(2.2),CP4(2.2)
6 . VS.HCP
LOGICAL EQUALPEQUALT
COMMON /THPTD/ DH20P.DH20T
COMMON /THPROD/ DH20V.DH20S,DH20H0,DH20H,DH20CP
COMMON /WAREA/ V4,54, H4,CP4
COMMON /THPRO/ V.S,H,CP
TK=TC+273.15
CALL SEARCH(DH20P PRE.26, EQUALP)
CALL SEARCH(DH20T,TK.,26.J EQUALT)
CALL WORKAR(LJ,EQUALP EQUALT)
IF (NOT.(EQUALP.EQV..TRUE.).AND..NOT.(EQUALT.EQV..TRUE.)) THEN
DO 5 L=12
P(L)=DH20P(I-i+L)
T(L)=DH20T{-1+L)
5 CONTINUE
ELSE [F(EQUALT.EQV..TRUE.) THEN
T(1)=DH20T(})
DO 6 L=12
P(L)=DH20P(I-1+L)
6  CONTINUE
ELSE
P(1)=DH20P(I)
DO 7 L=12
T(L)=DH20T(J-1+L)
7  CONTINUE

B N -
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END [F
IF (EQUALP.EQV. TRUE.) THEN
IF (EQUALT.EQV..TRUE.} THEN
V=DHZ0OV(l.))
S=DH205(1.])
H=DH20H(1.J)+DH20HO({)
CP=DH20CP(1.J)
RETURN
ELSE
CALL INTEZP(TK,T.V4,V)
CALL INTE2P(TK,T,CP4,CP)
CALL INTE2P(TK.T,H4.H)
CALL INTE2P(TK.T,54.5)
RETURN
END IF
ELSE
PR=(PRE*P(2)-P(1)*P(2))(PRE*P(2)-P(1)*PRE)
IF (EQUALT.EQV..TRUE.) THEN
CALL INTE2T(PR,V4.V)
CALL INTE2T(PR.CP4.CP)
CALL INTE2T(PR ,H4 H)
CALL INTE2T(PR.54.5)
RETURN
END IF
CALL INTER4 (PR, TK,T.V4,V)
CALL INTER4 (PR, TK.T.CP4,CP)
CALL INTER4 (PR, TK,T.H4.H}
CALL INTER4 (PR.TK.T.54.5)
END IF
RETURN

s s o ke s e s ks ek s ke sk ek skt kol okl otttk ik k. END OF SUBPROGRAM *

END
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SUBROUTINE TPDH20O (PRE.TC)

R SUBROUTINE IDENTIFICATION R

**

®

ES

This SUBROUTINE generates Transport Properties.

s sk st sl s se sk ke ek sfe ook o ok oo ook bk ok i s sk sk ok e ek sk ke ok b ks ok o ke bl ok ok ok ok sk ok o s e o e Sk sk e ok o ke

*

INTEGER ITJTL
IMPLICIT REAL*R (A-H,0-Z)
REAL*§ PRE.TC,TK

1 DH20PT(17).DH20TT(25)

2 PT(2).TT(2)

3 .DH20MU(17,25),DH20K(17,25)
4 MU4(2,2).K4(2.2)

5 MUK

LOGICAL EQUAPT EQUATT
COMMON /TRPTD/ DH20PT,DH20TT
COMMON /TRPROD/ DH20MU,DH20K
COMMON /WAREAT/ MU4,K4
COMMON /TRPRO/ MUK
TK=TC+273.15
CALL SEARCH(DH20OTT,TK.25,JT.EQUATT)
CALL SEARCH(DH20OPT PRE,17.IT EQUAPT)
CALL WORKAT(ITJT,EQUAPT EQUATT)
IF (NOT.(EQUAPT.EQV..TRUE.).AND.NOT.(EQUATT EQV.TRUE.)) THEN
DO & L=12
PT(L)=DH20PT(IT-1+L)
TT(L)=DH2OTTJT-1+L)
8 CONTINUE
ELSE IF(EQUATT.EQV..TRUE.}) THEN
TT(1)=DH20TTJT)
DO9L=12
PT{L)=DH2OPT{IT-1+L)
v CONTINUE
ELSE
PT{1}=DH20PT(IT)
DO 10 L=12
TT(L)=DH20TT{JT-1+L)
10 CONTINUE
END IF
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IF (EQUAPT.EQV..TRUE.) THEN
IF (EQUATT.EQV..TRUE.) THEN
K=DH20K({ITJT)
MU=DH2ZOMU(ITJT)
RETURN
ELSE
CALL INTE2P(TK,TT K4 .K)
CALL INTEZP(TK.TT.MU4,MU)
RETURN
END IF
ELSE
PRK=(PRE*PT(2)-PT(1)*PT{2))/(PRE*PT(2)-PT(1)*PRE)
PRMU=(PRE-PT(1))/(PT(2)-PT(1))
IF (EQUATT.EQV..TRUE.) THEN
CALL INTE2T(PRK.K4.K)
CALL INTE2T(PRMU,MU4 MUJ)
RETURN
END IF
CALL INTER4 (PRK.TK,TT.K4,K)
CALL INTER4 (PRMU.TK,TT.MU4,MU)
END IF
RETURN

e ok sesfe s sk s ofe e shosteok ok ok skeok stk ok skt skl sk bk ik ok ek ek fakoledeiobookdok kelob ok END OF SUBPROGRAM *

END
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SUBROUTINE SEARCH (ARR.VAR.MAXARR.I.EQUAL)
R SUBROUTINE IDENTIFICATION e

*

* Subroutine which searches accending array ARR for first vilue

* which is less or equal to given value VAR,
&

s st it s e ko ok ok sk s sk ke sk sk o sk e s sk ok ok 2k ok sk etk st s otk sk ok s ok sk ook ok o e shesk ook sk ske ek ook o ok sk sk skt ek o ok sk ok skok

*

INTEGER I,MIN,MAX,MAXARR
IMPLICIT REAL*8 (A-H,0-Z)
REAL*$ ARR(MAXARR).VAR
LOGICAL EQUAL
EQUAL=FALSE.
MIN=1
MAX=MAXARR
WHILE (MIN.LE.MAX)
I=(MIN+MAX)/2
IF (ARR(I).EQ.VAR) THEN
EQUAL=TRUE.
RETURN
ELSE IF (ARR().LT.VAR) THEN
MIN=I+1
ELSE
MAX=I-1
END IF
END WHILE
I=MAX
RETURN

shesfeskskeokshe e sk ok sk e ek s e s skesiok shakek ok sk delok dolokiolelkoookeiclelokskdkek k- END OQF SUBPROGRAM *

END
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SUBROUTINE WORKAR(LJ EQUALP.EQUALT)

AR A SUBROUTINE IDENTIFICATION ARk

This subroutine indentifies i the given pressure and temperature
are egual to any ol the pressures and temperatures for
thermodynamic propertics data stored in BLOCK DATA DATADI.
Should they not correspond, it will indetify values of properties
trom BLOCK DATADI for first large and first smaller pressure
and temperaure then given pressure and wmperature.

s oo e e e ol e 8o ok sk oo e e st e o ok sk ok S o ke s e skl etk ot ok ok sk sk sk sk sk sk ket ol o ks ek ek

#®

INTEGER LJJILJJIL.JL
LOGICAL EQUALP.EQUALT
IMPLICIT REAL*8 (A-H.0-Z)
REAL*® DH2ZOV(26.26).DH205(26,26),DH2ZOHU(26).DH20H(26,26)
l DH20CP(26.26)
2 V4(2,2).54(2.2),H4(2.2),CP4(2.2)
COMMON /THPROD/ DH20V.DH20S5,.DH20H0,DH20H, DH20CP
COMMON /WAREA/ V4,54 H4,CP4
1F (EQUALP.EQV..TRUE.) THEN
1L=1
ELSE
IL=2
END IF
IF (EQUALT.EQV..TRUE,) THEN
JL=1
ELSE
IL=2
END IF
DO 99 11=1.IL
DO v lJ=1JL
V4(11,11)=DH20V(L])
S4(11LIN=DH205(L)
H4(I1IJN=DHZOH(L.)+DH2OHW()
CPHILIN=DH20CP(L])
Je=J+1
Y CONTINUE
J=l-5L
I=1+1
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49 CONTINUE
I=I-IL
RETURN
otk R kR R R ko kR ok END OF SUBPROGRAM *
END
SUBROUTINE WORKAT(IT.JT.EQUAPT.EQUATT)
gk SUBROUTINE IDENTIFICATION SRR

*  This subroutine indentifies i the given pressure and temperiture
are equal to any of the pressures and temperatures for

*  thermodynamic properties data stored in BLOCK DATA DATAD2.
*  If not it will indetily values of properties

*  from BLOCK DATAD? for first large and first smaller pressure
and temperaure then given pressure and temperature.

st sk oo ok s o sk skt ket st ol e ks e bt o ek o ks s ottt ek s o sk e o s
*
INTEGER ITJT.ILJJLILJL
IMPLICIT REAL*Y (A-H.O-Z)
REAL*8 DH20MU(17.25),.DH20K(17.25)
1 MU4(2,2),K4(2.2)
LOGICAL EQUAPT.EQUATT
COMMON /TRPROD/ DH20MU,DH20K
COMMON /WAREAT/ MU4,K4
IF (EQUAPT.EQV..TRUE.) THEN
[L=1
ELSE
IL=2
END [F
[F (EQUATT.EQV..TRUE.) THEN
JL=1
ELSE
JL=2
END [F
DO 99 I=].IL
DO 9 JI=1,JL
K4(11,J1)=DH20K({T,JT)
MUA(I1J1)=DH20MU(IT,IT)
IJT=IT+1
9 CONTINUE
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IT=JT-Jl.
IT=[T+1
Y9 CONTINUE

IT=IT-1L

RETURN
ek sk o stk ok ok ko sk sk ok ok ek sk ok ok kok skl ok ok kol ko sk dok sk ok skekok sk skekdkek bk END) OF SUBPROGRAM &

END

SUBROUTINE INTER4(PR.TK.T.PRO4.PRO)

Ak oK SUBROUTINE IDENTIFICATION ekt ok
*
* This subroutine interpolates the new property value using
*  fonr values of the property from BLOCK DATA
*  neighboring to given pressure and temperature.
"
e s e e s e s e ok e sk ok o ok sl sk sk e sk e ook e s s ok ok e s e ekt s sl b ok o sk s sk ok e sk ofok ek ke ek skeok sk ok ke stese stk ek ok ok
*

IMPLICIT REAL*8 (A-H,0-Z)

REAL*8 PR.TK.T(2),PRO4(2.2).PRO

PRO=(PRO4(1, N*(T(2)-TK}+PROA(1.2)*(TK-T(1))+{(PRO4(1,1)*(TK-T(2))

1 -PRO4( 1. 2)*(TK-T(1))+PRO4(2,1)*(T(2)-TK)+PRO4(2,2)*(TK-T(1)))*

2 PRY(T(2)-T(1})

RETURN
e stestesk ook e ook e e o i ok ol sk o sk ek ateok seleskoak ok ko skokoe kb kekokskok ks ek kb ok END OF SUBPROGRAM *

END

SUBROUTINE INTE2P(TK,T.PRO4.PRQ)

ok ko SUBROUTINE IDENTIFICATION selckok ok ok

*  This subroutine interpolates the new property value using
* (wo values of the property from BLOCK DATA

*  qeighboring 10 given temperature, given pressure is same
* ax pressure in BLOCK DATA,

e afe sk st e e o o s o e o ok ofe 3k ok ook sk e e s s e e e skl b oo ok s ok o e sl ol ok ket sk skl e sk sk sk st sk ek ok sk skl skokfestek o

*

IMPLICIT REAL*8 (A-H.0-Z)

REAL*% TK.T(2).PRO4(2.2).PRO

PRO=PRO4( 1.1 )}+((PRO4(1 2Y*(TK-T(1)))~(PRO4(1,1y*(TK-T(1})))/
| (T@Q2)-T(1))

RETURN

ok ok ok sl oo skl R ook ok oloidoicolsiololokiiokakiok END OF SUBPROGRAM *
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END
SUBROUTINE INTE2T(PR.PRO4.PRO)
ok SUBROUTINE IDENTIFICATION ARk
.
Es

This subroutine interpolates the new property vatue using
*  two values of the property from BLOCK DATA
neighboring o given pressure. given temperature is same
* s temperature in BLOCK DATA.

*

e e ok e sk o sk Sk o sk sk e sk ok oo s o sk o o sk sk sk s ok s sk sk sk sk ok ol sk ek sl sk ok s stk ok ok sk o o stk s 3 ok ek sk ok ok ok sl ok
*

IMPLICIT REAL*E (A-H,0-Z)

REAL*§ PR.PRO4(2.2).PRO
PRO=(PRO4(1,1)*{1.-PR))+(PRO4{2,1y*PR)

RETURN

ek e s kel ek o e skoh ok ok sk ok ook o sk ok sk ke e sk ok e b e ok ek i ohok ol ok e ke ok ek sk sk ok sl skskok END QF SUBPROGRAM *

END
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BLOCK DATA DATADI

*

* Daa stored in this BLOCK DATA are

* Thermodynamic Propertics of Dissociated Steam

* for Pressures from 001 to 100, MN/m#**2

* at Temperatures from 1250 1o 6000. K

* from VARGATIK (1983) and data generated by author.

Ed

* Written by ALEKSANDAR VASIC’ Revised  March /1990
* University of Ottawa

"

st s s ke e et ke ok ok ok ok sk ok sk ook skl ok sk ok stk e ok ettt etk o ok s *ok

x

ok kR K VARIABLE IDENTIFICATION kit
"

* DH20P = Pressure for Thermodynamic Properties (MN/m*#*2)

* DH2OT = Temperature for Thermodynamic Properties (K)

* DH20V = Specific Volume (m*#3/kg)

* DH20S = Entropy (J/kg*K)

* DH20H = Enthaipy (J/kg)

* DH20CP = Hewt Capacity (J/kg*K)

:k

s ke s s 3ok b ok ke sk o ok ok s s e ok ok ol Sk sk oK skeske ohe sk sk th o e ok ok ke e ok ok ek sk sk kol sl sk o stk skl sk sk skesleok e sl kel e e s o ek o skok sk ko

X
AR KK TYPE DECLARATION BLOCK 0000 *
.

INTEGER I

IMPLICIT REAL*8 (A-H.0-Z)

REAL*S DH20P(26).DH20T(26)

| .DH20V(26.26),DH20S(26.26). DH20H0(26), DH20H(26,26)

2 .DH20CP(26.26)

COMMON /THPTD/ RH20P.DH20T

COMMON /THPROD/ DH20V .DH20S.DH20H0.DH20H,.DH20CP
N

ke s e s sk o o o o ook o o oo s b e ke keoke ok ok sk sk ok sk o s sk s sk ko skt ook sk skt sk s ek ol sk sk sk ook sk ok sk kot Rk kR

*

* PRESSURE (MN/m**2) TABLE FOR THERMODYNAMIC PROPERTIES

DATA (DH20P().1=1.26)/
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* (LIOOOOE-01., 0.20000E-01, 0. 40000E-01. (LGOBONE-01, (LROONOE-UT,

* (), 10000E+00, (.20000E+00, 0.30000E+00, 0 40000E+00., BSO000E+00,
# (),60000E+00., O.R0000E+00, (L LGOBUE+OL, 0.20000E+01, LOMHINEH,
* (JA0000E+01. (L50000E+01, 0.60000E+01, 0.80000E+01, 1.1000NDE+02,
* (1L 1S000E+02, 0.20000E+02. 0.40000E+02, O.GUD00EA+02, (LROOMIE+(2,
* . 10000E+O3/

*
sk ok ok sk o the ok sk o o sk sesheoke sk e sk s e 8 2k ok ok sk skesteske e st sk ke sheok ok ok ook sk ok s ok sk ke ot ok ok ok ok sk e ok ks ok sk ok

£

* TEMPERATURE (K) TABLE FOR THERMODYNAMIC PROPERTIES

DATA (DHZOT(I).1=1.26)/
* (), 12500E+04. 0. 13000E+04. (L 14000E+04, O, 15000E+04, 0, 1GO00E+04,
F (1L 1ITOO0E+04, O 18000E+04, (0.19000E+04, O.20000E+04, ().22000E+(4,
* (. 24000E+04. 0.26000E+04, 0.28000E+04, 0.30000E+04, (1L32000E+04,
* ().34000E+04, 0.36000E+04, 0.38000E+04, 040000E+04, 0. 42(H0E+)4,
* (1.44000E+04., 0.46000E+04, 0. 4B000E+04, 0.50000E+04, 0.55000E+04,

* (0,60000E+HM/
ES

e 3 o e i s ot ol o e TR o o e e shosfe ok ohe sk sk sheske e s ket sheofe ke e ol e st she ke oft e shesheoe ok she v e e ke sk e sk sheoke oo s ke e e she o o ch eske ke sk ke sk ok ke

k

* SPECIFIC VOLUME (m**3fkg)

DATA (DH20V(1.I).1=1.26)
* (1,.57690E+02, 0.60000E+(2. (L64620E+02, (.6Y240E+02, (.738K0EH )2,
* (),78550E+02, 0.83270E+02, (.88080E+02, 0.93030E+02, (L103RDE+O3,
* (L1IGTOE+03, (. 13340E+03, 0.16150E+)3, 0.20540E+03, (.27230E+03,
* (),35500E+03, 0.43130E+03, 0.48980E+03, (1.54320E+03, 0.57TO60E+)3,
* () 6UZR0E+03, 1.63300E+03, 0.66220E+03, (L6YNTOE+O3. (LTWOE+H)3,
* (1LA3040E+03/

DATA (DH20V(2.1).I=1,26)/
* (L28R40E+02, (0.30000E4+02, 0,323 10E+2, (0,34620E+02, Q.36YHIE+H)Z,
* (),39270E402, 0.41610E+02, 0.44000E+02, 0.46440E+02, (L5 1630E+02,
* ().37650E402, (LO33BOE+02, 0.76430E+02, (L93420E+02, 0.1 1960E+(3,
* (LIFS70E403, 0. 19580E+(3, 0.23110E+03, 0.25860E+03, 0.28040E+03,
* (),29830E+03, 0.31460E+03, (L.32990E+03, 0.34460E+0)3, 0.38010E+03,
* 041510E+03/

DATA (DH20V(3.I).I=1.26)/
* (),14420E+02, 0.15000E+02, 0.16150E402, 0.17310E+02, 0.184T0E+02,
* ().19630E-+)2. (.20800E+02, 0.21980E+02, (.23 190E+02, (L.25720E+()2,
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* (128560E+02, 0.32030E+02, (.366Y0E+02,
# (LORIGOE+02, O.R653VE+02, (. 1OSTOE+H3,
* (). 14630E-H 13, (L15550E+03, (L163RUE+03,
* (),20740EH13/

DATA (DH20V({4.1).]=1.206)/
FMOTSOEH0T, LYYYYOE+O], 0. 10TTOE+2,
# {11 30K0E+02, 0, 13860E+02, (1.14650E+02,
(L IRYGUE+02, 0.21150E+02, 0.24000E+02,
* (1422 10E+02, (L.53350E+02, 0.659Z0E+12,
# (1LYSKOOE+02, 1LT0250E4+03, 0. 10840E+03.
* 0. 13R20EH13/

DATA (DH20V(5.1).1=1.26)/

* ()LT21LOE+O1, (LT4990E+11, O.80THIE+O],
* (.98 130E+01, 0. HEODE+02, 0, 10980E+)2,
* (), 14 IB0E+2, O.15770E+02, 0.17790E+02,
* (130 1Y0E+02, 0.3TRGOE+02, (L46Y60E+02,
* (1, 70630E+02, 0.76080E+02, O.8UTTOE+0Z,
* (0, 10350EH13/

DATA (DH20V(6.D).1=1.206)/

* (1.§TGYUE+O L, 0.59940E+01, 0,646 1UE+01.
* (LTRSOCE+O1, (LR3I TGHE+OL, 0.B7RTUE+HOT,
A (1L11320E+02, 0.12570E+02, 0L14120E+02,
* (1.23330E-+12, 0.29050E+02, 0.3GI30EH)2,
# {.55610E+02, 0L.60240E+02, (.64 1YUE+H)Z,
* (), R2TRUEH02/

DATA (DH20V(7.1).I=1.26)

* (L2R¥40E+01, O30000E+0T, 0.32310E+01.
* (L3Y20E+HM, 0.4 15T0E+01, 043920E+(0,
* (.56350E+01, (L62TYDE+OL, .69 TOUE+O T
® (0, 10640E+02, 0,12880E+02, 0.15790E+02,
* (),25960E+02, 0.28750E+02, 0.31120E+02,
* LA 1250E4+02/

DATA (DH2OV(R.DI=1.206)
* (0.19220E+01, (.20000E401, 0.21540E+01,
* (0,26160E+01, G.27710E+01, 0.2927UE+01.
* (L,37480E+01, 0.4 1260E+01, U45670E+01,
* (LOTRSOE+01, 0.S0R30E+U, (WITRSOE+O1,
* (LEORGOEHD2, 0.18420E+02, (L20180E+02,
* (L27400E+02/

DATA (DH2OV(Y1)I=1.26Y

0.43430E+02
().12230E+03
(.17150E+03

(L11340E+(32
(1154 50E+)2
(0,27980E+02
0.7780E+02
(.1 1380E+03

0.86340E+01
(L11580E+02
0.20550E+(2
(.56990E+02
(L85000E+02

0.69230E+01
0.92630E+01
0. 16200E+02
(1L4336UE+02
0.677T10E+02

(.34620E+01
0.46280E+01

. (L78040E+01

(. 19200E+02
(.33160E+02

{.23080E+01
0.30850E+01
(LST130E+01
(.1 I8TOE+02
0.21690E+)2

225

. 0.13560E+(03.
. (0L18970E+03,

L O.E2310E+02,
LT I20E402,
. 0.33800E+02,
, 0L.87440E+02,
. 0.12630E403.

L UL92330E401.
. OL12820E+(2,
. (L.24510E+02,
. D.64070E+02,
. 0.94560E+02,

. 0.7386UE+01.
, 0.10250E+02,
. 0.19140E+02,
. 0.50020E+02,
. (L75530E+02,

. (L36Y30E+01.
. D.511S0E+01,
. 0.89950E+01,
. (1.22720E+02.
, 0.37460E+02,

. 0.24620E+01,
. 0.34070E+0L,
. L.58260E+01.
. 014 140E+02,
. 0.24780E+02,
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* (1L.14420E+01, 0.15000E+01. 0.1601S0E+UT, 0. 173 HIE+OLL OL18460E+01,
* (). 19620E+01, 0.20780E+01. 0.219X0E+01, 0.23130E+(H, 0.25540E+01,
* (), 28070E+01, (LI08S0E+01, 0.34030E+01, 0.37940E+01, 0.42920E+01,
* () 495 [OE+01, (LAR3IZ0E+01, (LEYVOOE+O], O.84290E+01. (L 1TOOTOE+OZ,
* (LI1760E+02, 0.13350E+02. (0L ET750E+02, 0, 15980E+02, 0, 18450E+1)2,
* ). 20480E+02/

DATA (DH20V(10.1).1=1.26)/
* (1,11530E+01. 0.12000E+01, 0.12920E+01, 0.13850E+01, (.14770E+(1,
* (.1S700E+01, 0.16630E+01, 0.17560E+01, (L 18500E+(}1. 0.20420E+01,
* (),22440E+01, 0.24630E+01, 0.27130E+01. (.30130E+01, 0.33910E+01,
* ().3R850E+01, 0.45400E+01, 0.53970E+01, 0.64730E+01, 0.77290E+01.
* (.90630E+01. 0.1 136OE+U2, 0.11540E+02, 0, 12570E+02, 0.14650E+02,
* 0. 16330E+02/

DATA (DH20V(11.1).I=1.26)/
* (1,961 LOE+00. 0.99960E+00, O 10770E+01, 0, 11540E+01, G123 10E+H,
* (),13080E+01, 0.13850E+(}1, .14630E+)1, 0.15420E+01, (1170 10E+(} .,
* (), 18680E+01. 0.2(490E+01, 0.22530E+01. 0.24970E+01, 0.28000E+01,
* (0,31910E+01, 0.37050E+01, 043760E+01, 0.52220E+01, 0.62250E+01,
* (L73160E+01, 0.84030E+01, 0.94130E+01, 0.10310E+02, (L12120E402,
* (). 13560E+12/

DATA (DH20V(12.1).]=1.26)/
* (),72070E+00. 0.74970E+00. 0.80730E+0), (L86530E+00, (0.92320E+H)0,
* ()98 1 TOE+00. 0. HB90E+OL, 0.10970E+0L, 0L115GUE+O1, 0.12750E+H,
* (L 14000E+01, 0.15330E+01. 0. 16830E+0L, (L I8SRUE+UL, (120720E+01,
* ().23440E+01, 0.26960E+01, (L31520E+01, 0.37300E+01, 0.44260E+01.
* ().52090E+01, 0.60200E+01. 0.68000E+0H, (L75130E+), 0.89670E+01,
* 0,101 IE+02/

DATA (DH20V(13.1).]=1.26)/
* ().57650E+00, 0.59970E+00, 0.64600E+00, 0,69230E+00, (.73860E+(),
* (1, 78490E+00, 0.83130E+00, (.87790E+(0), (.92480E+00, 0.10200E+01,
* O, LTI90E+01, (.12250E+01. 0.13420E+01, 0. 14780E+01, (. 16420E+01,
* (), 18480E+01, 0.21110E+01, 0.24500E+01, 0.28790E+, 0.34010E+01,
* ().39990E+)1, 0.46360E+1L. 0.52670E+01, 0.58560E+01, (L.70820E+01,
* (LEUISOEHH/

DATA (DH20V(14.1)I=1.26)/
* (), 28800E+00, 0.29970E+00, 0.32290E+00, 0.34610E+00, 0.36930E+00,
* 1).39250E+00, 0.41570E+00, 0.43900E+00, 0.46240E+00, 0.509T0E+00,
* {},.55850E+00, 0.60990E+00, 0.66570E+00, 11.72840E+00, 0.80160E+00,
* {) 88GY0E+00, 0.99880E+00), 0.11350E+01, (1L.13050E+01, 0.15150E+01,
* (1L17630E+01, (.20450E+01, 0.234T0E+01, 0.26520E+01, 0.334G0E+G1,
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* 0,390 10E+01/

DATA (DH20V(15,1),1=1,26)
* 1), 19 190E+00, 0. 19970E+M), (1.21520E+00, 0.23070E+00, 0.24620E+00,
* (),26 1 HIE4O0, 0.27720E40), ().29270E+(0, 0.30830E+00, 0.33980E+00,
* (),372 HIE+00, 0.40590E+N), 0.44220E+00, 0.48250E+00, 0.52860E+00,
* (). SRIO0E+00, 0.64890E+), 0.72990E+00), 0.82980E+00, 0.95200E+00,
* (L10YKOE+01, 0.12670E+01, 0.14550E+01, 0.16520E+01, 0.21310E+01,
* (1,25330E+01/

DATA (DH20V(16.1).1=1,26)/
* (1, 14380E4+00, 0,14970E+00, 0.16 140E-+00, 0.17300E+00, 0.18470E+00,
* (0. 19630E+10, 0.20790E+00, 0.21960E-+00, 0.23130E+00, 0.25480E+00,
* (),27900E+00, 0.30420E+00, 0.33 100E-+00, 0.36050E+00, 0.39380E+00,
#* () AZ2TOE+), 0.47910E+00, 0.53530E+00, (.60400E+00, 0.68760E+00,
(), 7RTTOE+00, 0.90450E+00, 0.10360E+01, 0.11770E+01, 0.15280E+01,
* (), INSS0E+H)1/

DATA (DH20V(17.h).1=1,26Y
* (1.1 LSOOE+00, 0.11970E+00. (0.129 10E+00, 0. 13840E+00, 0.14770E+00,
* (157 LOE+H0, (L16640E+0), 0.17570E+00, 0.18500E+00, 0.20390E+00,
*L22320E400, 0.24320E+00), 0.26440E+00, 0.28760E+00, 0.31360E400,
# (L.343GOE+00, 0.37910E+00), 042 160E+0), 0.47320E+00, 0.53550E+00,
* O0L.GIOTOE+), 0.69740E+00, 0.79660E+00, (,.90510E+00, 0.11900E+01,
* (1.14520E+01/

DATA (DH20V(1K.1),I=1,26)/
* .95750E-0], 0.99700E-01, 0.10750E+00, 0.11530E+00, 0.12310E+00,
*OLI3090E400, G.13870E+H0. 0.14640E+00, 0.15420E+00, (.17000E+00,
0, 18600E+00, (L20260E+00), (0.22020E+00, 0.23920E+00, 0.26050E+00,
* (). 28480E-+00, 0,31330E+00, 0.34730E+00, 0.38810E+00). 0.43730E+00,
* (0 49600E+00, 0.56470E+00, 0.64330E+00, (.73010E+00, 0.96420E+00,
*{),1 186OE+01/

DATA (DH20V(19.1).I1=1.26)/
¥ OLT1IT20E-0, 0.74700E-01, (L80G20E-01, (0.86300E-G1, 0.92360E-01,
* (LUS200E-H, (L 10400E+00), 0.10990E+00, O.11570E+00, 0.12750E+00,
* (LI3YS0E+00. 0.1S190E+00, 0.16490E+00, 0.17900E+00, 0.19450E+00,
* (1.2 1200E+00, 0.23230E+00, 0.25620E+00, 0.284G0E+00, 0.31850E+00,
* (L3SKT0E+(H), 0.40590E+00, G46000E+00, 0.32060E+00, 0.68970E+00,
* (LRSYODE+/

DATA (DH20OV(20.D.1=1.26)/
* O.ST300E-01, 0.39700E-01, (.64470E-01. 0.69200E-01. 0.73900E-01,
* 078590E-01, 0.83270E-01. 0.87950E-01. 0.92640E-01, 00,102 10E+00,
* OLLTIT0E400, G 2150E400, 0.13190E4+00. 0.14300E+00, 0.15510E+00,
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* (), 16870E+00. (1. 18440E+00, 0.20270E+00, (0.224 10E+00, 0.24960E+00),
* 0.27970E+00, (1.31490E+00. 0.35540E+00. 0.40100E+00. (.53 120E+X).
* (LGGATOE+Y
DATA (DH20V(21.1).1=1.26)/
* (). 3R080E-01, (L39710E-01, 0A2940E-01, 0.46130E-01, 0.49290E-01,
* ().52440E-01. (0.55580E-01, 0.58710E-01. 0.61850E-01. 0.68150E-01.
* (1,74530E-01, 0.81080E-01., 0.87890E-01, 0.95130E-01. 0. 10300E+00,
* (0.11170E+00, 0.12150E+00, 0,13270E+00, 0.14580E+00, 0.16100E+),
* (). 17890E+00, 0. 19960E+00, 0.22350E+00, 0.23060E+00, 0.33010E+00,
* (1.4 1820E+00/
DATA (DH20V(22.1}.1=1.26)/
* (). 28470E-01, (0.29720E-01, (.32180E-)1, (.34G00E-01. (0,37000E-01,
* (3,39360E-01, 0.41730E-01, 0.44090E-01, 0.46450E-01, (.51290E-01,
* ()L559R0E-01, O.GO880E-01, 0.65960E-01, 0.71320E-01, 0.77080E-01.
* () 83410E-01, 0.90490E-01, (L9KS20E-01, 0.10770E+00, 0.11840E+00,
* (L13080E+00, 0.14510E+00, 0.16150E+X), 0.18020E+K), 0.23570E+00),
* (). 20040E+00/
DATA (DH20V(23.1).1=1,26)/
* (0.14080E-01. 0.14750E-01, 0.16050E-01, 0.17310E-01, (.18550E-01,
* (),19770E-01, 0.20980E-01, 0.221R0E-01, 0.23380E-0}1, (.25770E-01,
* (.28 180E-01, 0.30630E-01. (1.33140E-01, 0.35760E-01, ().38540E-01,
* (.41530E-01, 0.44810E-01, 0.48440E-01, .52510E-01, .57 120E-01,
* (0,62350E-01, 0.68300E-01, 0.75050E-01, (L826T0E-01. (L 10560E+00),
* {).13340E+D0Y
DATA (DH20V(24.1).I1=1,26)/
* ().93070E-02, 0L.97850E-02, 0.10700E-01, 0.1 1570E-01, (1.12420E-01,
* (1,13250E-01, (.14070E-01, 0.14880E-01, 0.15690E-01, (.17310E-(}1,
* (), 18920E-0, 0.20560E-01, 0.22240B-01, 0.23970E-01, 0.25800E-01,
* (0.27740E-01, 0.29850E-01, 0.32160E-01, 0.34710E-01, 0.37570E-01,
* (0 407%0E-01, 0.44380E-01, 0.48440E-01, (1L.53000E-01, (.66650E-01,
* (1.83450E-01/
DATA (DH20V(251).1=1.26)/
* (1L.6Y9400E-02, 0.73180E-12, 0.80330E-02, (.87 100E-02, ().93620E-02,
* (,10000E-01, 0.1062Z0E-01, 0.11240E-01, 0.12460E-01, 0.13080E-01,
* ().14300E-01, 0.15540E-01, 0.16800E-01, 0.18090E-01, 0.19450E-01,
* (),20890B-01, (0.22440E-01, (.24 120E-0}1, 0.25970E-01, (1.28010E-01,
* (),30290B-01, 11.32840E-01, 0,35630E-}1, 0.38850E-01, ).48330E-1)1,
* (LGOO30E-01/
DATA (DH20V(26,1),1-1,26)/
* ().55340E-02, 0.58520E-02, ().64460E-02, 0.70030E-02, (1.75360E-02,
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* (1 8USS0E-02, 1.85640E-02, .90660E-02, 0.95630E-02, 0.10350E-01,
# (. 11540E-01, 0.12530E-01, 0,13540E-01, 0.14570E-(}, 0.15660E-01,
£ 1) I6ROOE-01, (L18020E-01, 0.19340E-01, 0.20780E-01, 0.22360E-01,
* ()24 120B-01, 0.26070E-0L, (1,28240E-01, .30640E-01, 0.37790E-01,
* ().466G20E-01/

e e s s s o e ook sk ok ks ok e s sk ke o s s oo b ook sh ok ot etk skl sk ok skeske st e sk ok ok ok stk ok ok sk skt e ckesk Rk shok ok

ENTROPY (3kg*K)

DATA (DH20S(1.1).1=1,26)/
* (1.14517E+05, 0.1461SE+05, 1, 14804E+05, .1498GE+05, 0.15163E+05,
* ). 15338E+05, (.15515E+05, 0.15700E+05, 0.15897E+05, 0.16367E+05,
* (. 17022E+05, 0.18019E+05, 0.19593E+05, (.22029E+05, 0.25393E+05,
* (), 2%9K3E+H)S, 0.3169GE+15, 1.33280E+035, 0.34133E+05, 0.34621E+15,
* (1,34949E+05, 0.35168E+05, 0.35357E+03, 0.35522E+05, 0.35880E+05,
* (L3 IV4E+05/

DATA (DH208(2.1).I=1.26)/
* ()14 197E+05, 0.14295E+05, 0.14484E+05, (0.14665E+05, 0.14841E+05,
* (). 15014E+05, 0.15187E+03. 0.15364E+05, 0.15550E+05, 0.15976E+05,
* ().16536E+03, 0.17338E+05, 0.18542E+05, 0.20357E+05, 0.22948E+05,
* ().26134E+)5, (1L.29159E+05, 0.31326E+035, 0.32621E+05, 0.33364E+05,
* (1338 14E+05, 0.341 17E+05, (1.34344E+035, 0.34530E+05, 0.34910E+05,
* (13523 1E+05/

DATA (DH?0S(3.1).1=1.26)/
* (0, 138TTE+US, 0.13975E+05, 0.14163E+05, 0.14344E+05, 0.14519E+)5,
(), 14690E+05. 1, 14860E+05, 0.15032E+05, (1.15210E+05, 0.15603E+03,
* 1), 160Y2E+05, L 16753E+05, 0, 17698E+03, (0. [Y068E+05, (1210 16E+05.
* (),23576E+05. (1.26434E405, (L.28963E-+03, 0.30756E+05, 0.31872E+05,
* {(1.32550E+05, .3298 1E+05. 0.33280E+03, 0.33507E+05, 0.33929E+05,
* (.34 263E+05/

DATA (DH20S(4.1).1=1.26)/
* ), 13690E+05, (L 137T88E+05, 0.13976E+05, (.14157E+05, 0.14331E+05,
* (), 14501E+05, (L. 14670E+03, 0.14839E+05, 0.15012E+05, 0.15390E+05,
* (L1 584GE+05, 0, 16445E+05. (117273E+05, 0.18448E+05, 0.20096E+05,
* (),22294E4+05, (L24898E+05, (127454E+05, (L.29482E+05, 0.30850E+05,
* (1,31 TOVE+IS, 0.32253E+05, 0L32618E+05, 0.32883E+05, 0.33346E+05,
* (LI3GVIEHIS/

DATA (DH20S(5.1).1=126)/
* 0.13557E+03, 0.13655E+05. 0.13843E+05, 0.14024E+05, 0.14198E405,
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* ().14368E+05, 0.14535E+05, 0.14702E+05, 0.14873E+03, 0.15241E+05,
* (), 15677E+05. (L16237E+05. 0.16997E+03, 0.18054E+05. 0.19522E+05,
* (121484E+05, (L.23877E+05, 0.26371E+05, 0.28507E+05, 030047E+05,
* (1.31053E+05. 0.31696E+05. 0.32122E+05, (0.32424E+05. 0.32928E+05,
* (1.33287E+05/

DATA (DH20S(6.1).1=1.26)/
* (),13454E+05. (.13552E+05, (L13740E+05. Q1392 IE+OS, (L14094E+05,
* (1, 14264E4+05, 0.14430E+05, 0.14597E+)5, 0.14756E+05, Q.IS127EH5,
* (.15549E+05. 0.16082E+05, 0.16794E+05, (.17772E+05. 0.191 I6E+03,
* (.20911E+05, 0.23134E+05, 0.25542E+05, 0.27722E+035. 0.29381E+05,
* (.30505E+05, 0.31235E+03, 0.3 1718E+05, 0.32055E+05, (L.32598E+05,
* (),32970E+05/

DATA (DH20S(7.1).1=1,26)/
* ().13133E405, 0.13232E+05, 0.13420E+05, 0.13G00E+0S, 0.13773E+05.
* (1.13944E+03, (0. 14106E+05, 0. 14270E+05, (). 14434E+05, (L14777EH)S,
* (. 15162E+05, 0.15627E+03, (L16220E+05, 0. 16999E+S, (. 1BO3SE+05,
* (L19398E+05, (0.21121E+05, 0.23140E+)5, 0.25235E+05, 0.271 1IE+()5,
* (}128575E+05. 0.29615E+05, (L30325E+05, 0.30R 14E+035, (1.3 1538E+05.
* 0.31970E+05/

DATA (DH20S(8,1).1=1,26)/
* (),12946E+05, 0.13044E+035, 0.13233E+H05, 0.13413E+05, 0.13586E+05,
* (0.13753E+05, 0.13917E+05, 0.14079E+05, 0.14241E+05, 0.14575E+05,
* (0.14944E4+05, 0.15377E+05, (.15915E+05, 0.16606E+05, 0.17505E+05.
* (),18671E+U5, 0.20145E405, 0.21909E+05, (.23839E+05, 0.25710E+05,
* ().27302E+05, 0.28518E+05, 0.29388E+05, 0.29997E+05, ().30880EH)S,
* (1.3 136YE+05/

DATA (DH205(9.1).1=1,26)/
* 0,128 14E+05, 0.12911E+05, 0.13100E+03, 0.13280E+05, 0.13453E+05,
* (), 13620E+05, 0.13783E+05, 0.13944E+05, 0.14105E+05, (0.14433E+05,
* (1L14791E+05, 0.15205E+05, 0.15710E+05, 0.16347E+05, (.17164E+)5,
* (), 18212E405, 0. 19531E+03, 0.21123E+05, 0.2291 1E+05, 0.24724E+05,
* (1.26357E+05, 0.2768GE+05, .28659E+05, 0.29365E+05, 0.30389E+)5,
* 0.30931E+05/

DATA (DH208(10,1),1=1,26)/
* (), 127 I0E+05, 0. 12808E+05, 0.12996E+1)5, (. 13176EH)5, (L1334VE405,
* ()L 13517E+05, 0.13679E+05, 0.13840E+03, 0.13999E+05, 0.14324E+035,
* (). 14674E+05, 0.15075E+05, 0.15557E+05, 0.161STE+US, (L16918E+05,
* (L17883E+05, 0L 190Y6E+05, 0.20562E+05, (.22233E+05, ().23978E+05,
* .25614E+05, 0.26992E+05, 0.28058E+05, (.2884 1E+(}5, 0.29990E+05,
* 0.30584E+)5/
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DATA (DH205(11.1)1=1,26)/
* (), 12626E4+05, (1L.12724E+05, (.12912E+05, (0.13092E+05, 0.13265E+03,
* (). 13432E+05, (.13595E+05, 0.13754E+05, (1.13913E+05, 0.14235E+05,
# (), 14579E+H)5, . 14970E+05, 0.15434E+035, 0.16007E+05, 0.16727E+05,
® () |763VEH)S, 0. 18763E+05, 0.20134E+05, 0.21710E+05, 0.23383E+03,
* {1 25008EH)S, 0.264 19E+05, ).27544E+05, 0.28391E+05, 0.29651E+05,
# (1.3294E+H)S/

DATA (DH20S(12.1).1=1,26)/
(), | 2493E+05, 0.12591E+03, 0.12779E+05, 0.12959E+05, 0.13132E+05,
* (1L 13299E+05, 0.13461E+05, 0.13620E+05, (L 13777E+05, 0.14095E+05,
* (1, 14431E+05, (L1480TE+05, (L.15247E+05, 5. 15781E+05, 0.16441E+05,
(), 1 7264E+05, (L18281E+05, 0.19511E4405, 0.20940E+035, 0.22498E+05,
* ().24064E+05, .25498E+03, 0.26699E+03, 0.27640E+05, 0.29088E+05.
* ().29822E+05/

DATA (DH208(13.1).1=1,26)/
* (), 1238YE-H)S, 0.12487E4+05, 0.12676E+)5, 0. 12856E+03, 0.13028E+05,
* (), 13 LYSE+0S, 0.13357E+05, 0.13515E+05, 0.13672E+05, 0.13987E+05,
* 00, 143 [TE+05, (1L 14683E+05, 0, 15106E+05, (L I5612E+05, 0.16232E+05,
* (), 1699RE+05, U, 1 TYIGE+0S, (LIYGRE+05, (0.20388E+03, 1).2184YE+05,

*{).29442E+05/

DATA (DH20S(14.1),1=1.26)/
* (), 12067E+05, 0,12166E+05, 0.12355E+05, 0.125353E+05, 0.12707E+05,
* (), 12874E+05, (.13035E+05. (1.13192E+05, (1.13346E+05, 0.13653E+05,
(), | 3YGYE+0S, (. 14307E+05, (.14686E+05, 0.15124E+05, 0.15642E+05,
*(),16262E+05, (.17004E+03, 0.1 7885E+05, 0.18913E+05, 0.20077E+05,
* (). 21388E+)5, 00,2263 1E+05, 0.23872E+05, (0.24988E+05, 0.27024E-+05.
* {L2RISVEHIS/

DATA (DH20S8(15.).1=1,26)/
* (3,1 I¥7TRE+0S, (L1 1977E+05, 0.12166E+05, (.12346E+05, (0L.12519E+05,
* (). 126R5E+05, 0,12846E+05, 0.13003E+035, 0.13156E+05, 0.13460E+05,
* 0, 13767E+05, 0, 14093E+03, 0.14451E+05, 0. 14851E+05, 0.15329E+05,
* (), 1S883E+05, 0.16537E+05, U.17304E+05, 0.18195E+05, 0.19205E+05,
* () 203 15E+05. 0,2 1486E+05. 0.22658E+03, 0.23768E+05, 0.25975E+05,
* .2731TE+05/

DATA (DH20S{16.1).1=1,26)/
* (L1 1743E+05, (LL1842E+05, (L12032E+05, 0.12213E+05, 0.12386E+05,
*{),12552E+05, (L12712E+05, (L12869E+05, (. 13021E+05, 0.13322E+05,
* (). 13626E+05, 0.13043E+05, (.14289E+05, 0.14675E+05, 0.151 18E+05,
* (.15633E+05, 0.16233E+05, 0.16932E+05, 0.17738E+05, 0.18652E+05,
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* ).19662E+03, 0.20740E+05. (.21844E+05,
* 0.26674E+05/

DATA (DH208(17.1).1=1.26)/
* (0,1 1639E+05. 0.11737E+05. 0.11928E+05,
® (1,12448E+05, 0. 12608E+05, {(L12764E+3,
* (LI3S16E+0S
* 0.15448E+05
* (.19194E+05
* 0.26148E+05/

DATA (DH20S(18.1}.1=1.26)/

* {).11552E+05. (L1I651E+05. 0.1 1843E+05,
* (1,12363E+05, (L12523E+05, 0.12679E+05,
* (0.13427E+03, 0.13735E+05, (.13981E+05.

* (). 15303E+05. (). 15839E+05. (. 16456E+(15

* (L25703E+05/
DATA (DH205(19.1).1=1,26)/

* (),11415E+05, 0.11515E+05, O.11707E+)S,
* (1,12229E+05, 0.12389E+05, 0.12545E405,
* (1,13237E+03, (0.13589E+05, 0.13908E+05.
* {),1508 1E+05, 0.15579E+05, .16146EH)5,
* (LIRZOYE+0S, 0.19176E+05, 0.20091E+05,

* .24975E+05/
DATA (DH20S8(20.1),1=1.26)/

# {11 1I0REHOS, (L1 1409E+0S, 0.11601LE+05,
* (L12124E+05, 0.12285E+05, 0.12440E+05,
* (L1317YE+05, (L13476E+05, 0.13T89E+H)S,
* (0,149 17E+03, (.15387E+03, 0.15920E+05,
* (), 17933E+03, (L18738E+05, 0.19594E+05,

* ().24394E+05/
DATA (DH20S(21,1),1=1,26)/

# (LLTTIOE+05, 0.11213E+05, (.1 1408E+05,
* (0.11934E+05, 0.12095E+05, 0.12250E+05,
*(L12982E+05, 0L13273E+05, 0.13574E+05,
* ().14630E+05, (0.15058E+03, 0.15536E+05,
* (L1731LE405, 0.18017E+05, 0.18769E+05,

* (L.23322E+05/
DATA (DH208(22,1),1=1,26)/

. O F3R2RE+0S, D14 165E405,
. (L16012E+05, 016664E+05,
. (L20201E+05, 0.21246E4+05,

0.22920E+05. 0.25191E+U5,

O 12109E+05
0.129 16E+U3

 I22R2ZEHO5,
132 16E+US,
0.14538E+05, 0.14961E+03,
0741 REHIS, (L1825TE+DS,
0.22284E+05, (.24568E+05,

(L 12024E+05, 0.12197E+H)5,
QL1283 1E+OS, O.13130E405,
0.14427E+05, 0.14836E+05,

. OITLOOEHDS, (LETYS4EH)S,
* (), 18835E+05, 0.19786EHS, 0.20781E+05,

0.21782E+05, 0.24055E+05,

0.11889E+05, 1.12062E+05,
0.12697E+05, 0.12993E+05,
(1. 14256E+(5, 0.14644E+05,
(. 16789E+035, 0.17510E+05,
0.21028E+05, 0.23248E+05,

(0.11784E+05, 0.1 1958E+05,
(L12592E+05, (. 12887EH)S,
0. 14129E+05, (1.14499EH)5,
0. 16520E+05, 0.17191E+)5,
(.20478E+05, 0.22630E+H0)5,

0.11592E+05, (LT ITGTEH)S,
0.12401E+(05, 0.12695E+)5,
(. [3896E+05, (.14245E405,
0. 16069E+05, (1. 16661 E+()5,
(L19557E+05, Q.21550EH)S,

* (0,10967E+03, (.11071E+05, 0.11268E+03, 0.11454E+05, ().11630E+05,

* ().11798E+05, 0.11959E+05, 0.12115E+05,

(.12266E+05, 0.12558E+05,
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(). 12843E+05, 0.13129E+05, (.13424E+05, {).13735E+05, 0.14069E+05,
* (3.14435E+5, 1. 14837E+05, (L15282E+05, 1).15775E+05, 0.163 18E+05,
* () 16Y12E+05, (.17555E+05, (L18243E+03, (1. 18Y6SE+UA. (L20829E+05,
* ().22563E+05/

DATA (DH208(23.1).]1=1.26)/
® () 10GMME+05, (L T0T15E+05, 0109238405, 0.1T115E+)3, 0.11295E+05,
* ()] 1465E+05, (.1I628E+05, 0.1 178SE4+05, 0,11936E+05, 0.12227E405,
* (), 12508E+05, (1L 12786E+05, 0.13066E+05, (0.13357E+03, (0.13662E+)5,
# (), | 3YRKE4OS, (1. 1433YE+05, (L14720E+05, 0.15134E+05, 0.15583E+03,
* (), 16U6KE+H)S, (. 1658YE+05, 0.17143E+05, 0.17727E+05, 0.19273E+05,
* (), 20025E+05/

DATA (DH208(24.1).1=1.26Y
* () 10375E+05, 0. 10493E+05, 0107 T0E+05, O H009E+03, 0.11093E+05,
* () 1266E+05. 0. 11431E+05. 0.1 1588E+05, 0.1 1740E+(03, 0.12031E+05,
* (L1231 1E405, 012585405, LI2RSYE+)S, (.13139E+05, 0.13431E+05,
* (1 13739E+H05, (1 [406GE+0S, (L1441 TE+05, 0.14795E+05, (1L15201E+US,
* (). 1563SE+05, (. IGOYYE+H)S, 0.16591E+05. 0.17108E+05, 0.18484E+03,
* (), 199008 +05/

DATA (DH208(25.1).1=1.26)/
* (1, 10199E+05. 0.10324E+05, (L10552E+05, 0.10757E+05, 0.10946E+05,
* (0,1 F122E405, (L1 1288E+05, (L1 1447E4+05, 0.11599E+05, ().1 1891E+05,
* (. 121T0E+05, (. 1244 1E+05, 0.12712E+05, (.12986E+05, 0.13270E+05,
* (). 13566E+05, 0.13879E+05, 0.14212E+05, (1.14567E+05, 0.14946E+05,
* (1 15350E+05, (.15770E+05. 1),16233E+05. (L. 16709E+05, 0.17976E+05,
* (), |Y294E-H)S/

DATA (DH20S8(26.1).1=1.26)/
* (0 10054E+03, 0. 101RTE+0S, 0.10425E+05, (L 10636E+05, 0.10828E-+05,
* 0,1 1007E+05, 0.1 HTEE+05, 0.1 1335E+05, 0,11489E+05, 0.11731E+05,
(), |2059E+05, 0.12330E+05, 0.12598E+05, 0.12868E+05, 0.13146E+05,
* (1,13433E+05, 0.13736E+05. (L14056E+05, ().14396E+05, (1.14756E+05,
* (115 139E+05, (L15545E405, 015397 1E+05, 0,164 18E+H)5, 0.17GURE+0S,

* (0, I8RS2E+05/
£
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*

* ENTHALPY (J/kg)
* Correction factor for enthalpy such that the zero value

of water enthalpy is at triple point, i.e, value of enthalpy
* from Yukalovitch (1967) and this table are equal at 1000 degC.
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DATA (DH20HO(I).I=1.26)/ 26*0.15250E+08/

DATA (DH20H(L.I).1=1.26)/
.00, 10670E+08,-0. [0S46E+08 -0, 10290E+08 (1. 1002 TE+0R 0,97 520E+07,
*.().94630E+07.0.91530E+07 -0.88 120E+07.-0.84270E+07 -0.74390E+07
*.().59270E+07 -0.34280E+07 -(.83400E+06, (L79160E+07, (L 1835TE+08,
* (130196E+0R. (L.3966YE+0R. 045512E+08, (1. 48834E+(18, (LAHM2VE+UR,
* ().52182E+08, (.53224E+08, (.54 F12E+08. (0.5492 1E+0N, (LS6TYRE+OR,
* 0.58603E+08/

DATA (DH20H(2.1},1=1.26)/
#_(}, JO0GTOE+08 -0, 10546E+08 0. 10291 E+08 ). 1002 8E+08.-L.YTS60E+0T,
*4) 94700E+07 -0.91 670E+07.-0.88390E+07 -0.84 TOOE+}T (. 75800E+T,
*.(.62900E+07.-0.42790E+07,-0.10200E+07, (.42540E+07, (L 12298E+D¥N,
* () 228 TE+U8, 0.33395E+08, 0.41395E+08, 0.46435E+08, (L49472E+08,
* (1.5 1404E+08. 0.32765E+08, 0.53832E+08, 0.54744E+08, (L.56733E+08,
* (L.5BSTOE+08/

DATA (DH20H@3.1).I=1.26)
*.(), IO TOE+08.-(0 1I0346E+08 -0, 1029 1 E+08.-0, HHH2ZYE+O -(L9T7 SROE+ (7,
*.0.94760E+07.-0.91 790E+07.-0.886 H0E+07 ,-0.85 [40E+07.-0.76880E+()7,
#0.656 10E+07,-0.49030E+07,-0.23480E+07, 0).16350E+07, (L76RS(1E+07,
* ().16139E+08, 0.26142E+(08, 0.35487E+08, 0.42467E+08, 04T035EHM,
* ().49493E+08, 0.51881E+(8, 0.53284E+08, (.54395E+08, (L.5664E+0¥,
* (L.58520E+08/

DATA (DH2OH(4,1).1=1,26)/
*41,1067 LE+08 -0, I0546E+08,-0. 10292E+08,-(L 10030E+08 -9 T5Y0E+ 7,
*{),94790E+07.-0.91 840E+07,-0.887 10E+07 -0.85330E+)T7 ,-0.7T400E+)T,
(1, 6EREUE+OT -0 S 1RYOE+1T -0.29470E+07, 0.46600E+00, (.55860E+07,
* (0, 12845E+08, 0.219G3E+08, 0.31415E+08, (L3931 1E+08, (.449089E+H)S,
* () 48596E+08, (L.51039E+08, (1L.52753E+08, 0.54052E+(, ().5647TE+8,
* (0.58465E+I8/

DATA (DH20H(5.1),I=1,26)/
#.0.1067 IE+08.-0. 10546E+08,-0. 1O292E+08.-0, OU30E+08,-0.9TGOOE)T,
*_(), 94800E+07,-0.91280E+07.-0.88780E+07,-0.85440E+07,-0. 7772 E+17,
*.().676TUE+07 ).53640E+07 0. 33090E+7 -0.23T00E+06, (1.43220E+07,
)L 10BOSE-HIE, 0. 191R3E+08, 0.28408E408, (1L.36730E+08, 0.43038E+08,
* (). 47349E+08, 0.50237E+08, 0.52238E+08, 0,53717E+(18, 0.56351E+0K,
* (1,584 1 1E+O8/

DATA (DH20H(6,1),1=1,26)/
*.().1067 IE+08,-0. 10546E+08 -0, 10292 E+08 -0, IOO30E+08,-0).976 1 0E+177,
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() 9ARZOE+DT -0, 1QUOEHT, - BRB2OE+()T ~(1.8S520E+07 -0.T7TY40E+HIT,
(). OK220E +07 A1 S4860F+07 0. 35600 E-+07 -0.72000E+06, (1.34550E+07,
# () 9TLSOE+0T, (L 171T70EHOR, (.26079E+08, (1L.34573E+08, 0.4 1365E+08,
* (146 1YDE+DR, 0.49471E+0%, 0.51737E+08, 0.3338RE+(8, ().56225E+08,
* {),SR356E+08/

DATA (DH20H(7.1}.I=1,26)/
*03, 1067 FE+UR,-0. 10546E+08,-0. 10292 E+08 -0, 1003 IE+08.-0.97630E+07,
* (). YARSOE+T -0 U 19FOE+0T - BRYSOE+0T,-0.95TA0E+0T7 1. TES40E+UT,
(1L OYGOOEHIT ~0.58020E+07 -.42000E+07 -0, 19360E+07, 0.12810E+07,
* (LSTRIOEHIT, 0.1 1EZ0E+08, 0. 19290E+08, L.27460E+08, (.35 146E+(8,
* (0.41433E+08. 0.46106E+08, 0.49440E+U8, (1.51832E+08, 0.55612E+08,
*0.58U8GE+OR/

DATA (DH20H(H.).1=1.26)
0. 10672E+08,-0), LOS4TE+OR,-0. 10293E+08 -0, LU032E+08.-0.97630EH)7,
() 948 TOE+IT .-0.YZ000E+07,-0.89010E+(7 -0.858 S0E+07 -0. 7T8830E+07,
#.0),70350E+07 -0.59S00E+07,-0.44950E+07 -0, 24900E+07, 0.30200E+06,
* (1.4 1540E+07, 0.93170E+07, 0.15849E+08, 0.23378E+08, 0.31044E+08,
*{),37883EH K. 0.43848E+0%, (L.4T430E+08, 0.50411E+08, 0.55020E+08,
* (LATRIVEH/

DATA (DH20H(Y.1),I=1.26)/
.0, LO6T2E+08 AL T0S4TE+O8 -0, 10293E+08.-0, 10032E+08.-0.97640E+T
* {1 UARROEH)T.-0.92020E+07 (0L ROMOE+07 L8 59 10E+07 0. 7901 OE+ U7,
*_().70780E+07 0,604 10E+(7 -0.46760E+07.-(0.28260E+07 ,-0.29000E+06,
* (L3 1T7I0E+0T, ALTTYS0E+07, O 13686EHIR, (0,20660E+08, 0.28092E+08,
* (1351 TLE+OR, 0.4 1037E+08, 0.45653E+(08, 0.40106E+08, 0.54448E+08.
* (LST5SRE+O8/

DATA (DH20H(10.1).1=1,26)/
*{). HOT2E+0R -0, 10534 TE+OR -1 L0293E+08.-0. 10032E+08,-0.97640E+)7,
*{1LYARYOE+T -0.92040E+07 -0, BYOTUE+OT -0.85960E+0)7 -0. 79 140E+07,
*(1,7 HORSOE+07 ,-0.610SUE+U7 -0.48030E+07, 0.30600E+07. 0.64800E+06,
* (1L24980E+07, 0L6T410E+07, (LIZIGYEHIE, (L 1BGROE+OE, (.2584 L E+UR,
* (LRIRTZELON, (LIY06EE+OE, 0.44069E+08, 0.4TY03E+08, 0.53897TEH)S,
* 0.5TI00EHOR/

DATA (DH20H(11.1}.1=1.26Y
*{LINGT2E+HR -0, H548E+08. -0, LO293E+08.-0, IOD33E+08.-0.97650E+07,
0O RUOEHT.-0.92050E+07.-0,89090E+07 -0.86000E+07,-0.79230E+07.
* 0. 713 10E+07.-0.61 540E+07 -(L4R98OE-+(7 .-0.32350E+07.-0. 10020E+07,
* (0, 19950E+07, 0.39570E+07, 0.1 HO29E+H08. 0.17175E+08, 0.24054E+08,
* (L31016E+08, 0.37360UE+UB. 0.42645E+08. (L.46789E+08, (1L.53363E+08,
* (L.5TO40E+08/

N
(%]
wn



Appendix H

DATA (DH2ZOH(12.1).I=1.26)/
*(L10673E+0R -0, 1054 8E+08 -0, 10294 E+08 -0, HMZZE+08 -0LVTGS0E+7,
*.0.94000E+07 -0.92060E+07.-0.89 L 20E+07 0. 86030E+)7 -0.793R0E+07,
*.0), 7 1640E+07.-0.62340E+07.-0.50350E+07 -0.34350E+(7 0. 14340E+07
* ()12840E+07, 0.48470E+07, 0.94010GE+(7, 0. 14974E+08, (L2 1366E+US,
* 4 28098E+08, (,.34542E+08, 0.40182E+08, 0.44789E+08, (L.52347E+08,
* (LSGSSOE+08/

DATA (DH20H(13.1).1=1.26)/
*(), 10674E+08 -0, LOS49E+UB.-0. 10294E+08 -0, 1OU33E+8.-0.9766UE+(7,
0,949 10E+07.-0,.92080E+07 -0.89 150E+07 -0 R6090E+07 -0. 794 80E+ (17,
*.(),7 1870E+07 .-0.62730E+(7.,-0.5 1300E+07,-0.36590E+07 -0, 1 7340E+(17,
* (L79300E+06, DAOB10E+07, 0.82720E+07, (L 13423E+08. 0,194 [4E+0¥,
* (,258REEHUR, (1.32297E+08, 0.38120E+08, (1L43040E+08, .51393IE+08,
* 0.56009E+H08/

DATA (DH20H(14.1).1=1.26)/
*_(), 10677TE+08.-0. LOFS 1E+08.-0.10296E+08,-0. 1003SE+08.-(LYT76ROE+(T,
*0.94930E+07.-0.92 120E+07,-0.892 10E+07 A0.86 1Y0E+(7,-0.7975O0E+07
#.(),72490E+07 -(L64030E+07 -0, 53800E+07 0.4 LOROEHYT -0.250 1OEHV7,
*(LAS400E+06, (L.21460E+07, 0.54U90E+07, 0.94210E+07, 0.14193E+0¥,
* {LI961TE+UR, (L.25433E+08, 0.3 1263E+0¥, 0.36730E+08. 047372E+08,
* (L53865EHIE/

DATA (DH20H(15.1).1=1,26)/
*.().10680E+08,-0. [O554E+08,-0, 10298E+08.-0. 1H037E+H)R,-(L97690E+17,
*_(0,94950E+07,-0.92 140E+(7 ,-0.89240E+07 - 862 530E+07 L. 7YERUE+HT,
*0), 72800E+07 -0.64650E+07 .-0.54980E+07,-0.43 [YOE+H)7.-0.28 560E+()7,
(3 10260E+07, 0.12640E+07, 0.41060E+07, 0.75800E+07, (L1 1T23E+0K.
* (LIGS00E+08, (.21768EH)8, 0.27276E+08, (L.326V0E+0¥, (1.44255E+08,
* (0L.51941E+08/

DATA (DH20H(16.1).1=1.26)/
() IOGRIEHOR.-0, [OS5TE+08,-0. HO3N0EHOR -0, HHZBE+)R,-0.97 7T LOE+T,
*.0),.04970E+07 .-0.92 1 50E+U7 ,-0.8Y260E+17 -(LB62ZROE+H)T ). TYOGUE+ )T,
*.(),72990E+07 -0.65040E+07,-0.557 10E+(17.-0.44490E+07 -0.30740E+07,
*.(1L13750E+07, 0.72800E+06, 038 L60E+U7, 0.6460UE+07, 0.10207E+0R,
* (L14550E+08, 0.19404E+08, 0.24592E+08, 0.29863E+(08, (1.4 | 748E+U8,
* (L.50243E+08/

DATA (DH20H(17.1),1=1.26Y
*.0), 106KGE+08,-0. 10559E+08,-0. 10302E+08,-0. 1040E+)R,-0.9TT20E+(7,
*0.94980E+07 -(L.92 1 TOE+07,-0.89280E+(7 -6 1OE+07 -0.80020E+07,
*0.73120E+07.-0.653 1OE+07 -(L.56230E+07 ,-0.454 1OE+07 -(1L.32270E+)7,
*-(LIG190E+07, D.3SGOOE+DG, 0.27690EHYT, 0.56860E+(7, 0.9 540E+4)7,
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€ 13IRIEH08, (L 1TTITE4OR, 0,22628E+08, (.277 14E+08, (L39676E+08,
* {LART2YE+(8/

DATA {DH20H(1X.1),[=1,26)/
*_{), HIGRYE+0% 1), FOSA2E+08,-(1 1O304E+08,-0. 10042E+)R,-0.97T30E+07,
*_() Y49Y0OE+7 (L YZ 1ROEAUT,-0.89300E+07 -0.86330E+07,-0.807UE+07,
*{).73220E+07.-1).65520E+07,-0.56630E+07 -0.46 lODE+07 -0.33420E+07.
*_(, IRO20E4+07. (LT7000E+05, 0.23600E+07, 0.51080E+07, (.83670E+07,
* (1,121 54E+08, 0.16434E+0%, 0211 1OE+08, 0.26017E+08, (L.37925E+U8,
* (L4TIOVEH IR/

DATA (DH2OH(19.1).]=1.26)/
(), J069SE+HIS -0, [0S6TE+UR.-). 10308 E+08,-0. IO45E+08 -0.97760E+07.
* ) YSONDE+(T -0.92200E407 -1.89320E+07 -0.86370E+(7.-0.80140E+7.
#.4), T33ROEHT -0,65830E+07,-0.57200E+07 -0.47 LO0E+07,-0.35080E+07,
* (). 20640B+07 0. 32100E+06, O.177TTOE+07, 0.42850E+07, 1.72460E+)7.,
* () 106R2E+0K, 0. 14582E+08, (L 18884E+08, (1.23475E+08, 0.35109E+08,
* (1L45015E+08/

DATA (DH20H(Q20.1).I=1.26)/
*_(), HTO1TE+08.-0. 105 72E+08 -1, LOZ12E+08 -0 1 0048E+08,-0.977T8UE+07,
(), Y5030E+H)T,-0.92220E+(07 -0.89350E+07 -0.86390E+07 -0, 80200E+07,
* ), T34 80E+07 ~.660S0E407 -0, 5T600E+07 -4 TRO0E+07.-0.3625UE+07,
*_{) 22470E+07 -0.50800E+06, 0.13730E+07, 0.37150E+07. 0.64680E+07,
* 1Y6SROE+07, 0.13283E+6Y, 0,17 303E+08. 0.21634E+08, .32924E+08,
* (L.43042E+08/

DATA (DH20H(21.1).I=1,26)/
(). 107 LOE+UK -0, TOSRIE+08,-0. 10322E+08.-0.10055E+08,-0.97840E+H)7,
() YSOROE+0T -0.922T0E+07 -0.89390E+07 -0.86450E+07 ,-0.80290E+07,
*_(). 736TOEH)T -0.66400E+07 -0.58260E+07 -0 48940E+07,-0.38 120E+07,
#*.().254 1OE+07,-0. 104 10E+07. (0.72900E+06, 0.28 1OVE+(17, 0.52360E+U7,
* (LROAZOUEHO7, (LLI207E+08, 10.14746E+08, (0.18604E+08, 0.29066E+(8,
* (0,39231E+08/

DATA (DH20H(22.1).1=1.26)/
#0107 TE+08 -0, [05OTE+O8, L TO33 TE+08.-0, [ONG2E+0R -0.97900E+07,
¥ (LD 130E+07 -0.923 1OE+07 -0.89450E+07 -0.86490E+07 -0.80350E+07,
* ). 7ATYOEHIT -0.66630E+H)T.-0.58680E+07 -0.49660E+U7 -0.39290E+(7,
*(1.27230E+07 -0.13 140E+07. (.33400E+06, (0.22560E+()7, (1.44830E+07,
* (LTO0ZY0E+O7, 0.89340E+07, 0.13165E+08, 0.16702E+08, 0.26480E+08,
* LIG44RE+O8/

DATA (DH20H(23.D.I=1.26)/
* (0. H790E+0R -0, [0649E+08.-0. | 036YE+08.-0. 1009 1E+08 -0.98 1 20E+07
*LYSIOE+07 -0.92460E+(17 -1.895T0E+07 -(L86620E+07.-0.805 LOE+(7.
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*_(1.74050E+07 -0.67 L OE+07.-0.59530E+07 -5 [ HLOE+07 0.4 1 640E+7,
*{(LINBBOEHT7.-0, ISSROE+17.-0.48R800E+(6. 0.11670E+07, QAN TOE+T,
* (L50030E+HY7. 0,74360E+07. (L1004 1E408. O, 12002E+08, (.2 1020E+08,
* ().29940E+08/

DATA (DH20H(24.1).1=1.26)/
*.(). 1084 8E+08.-0. 10698E+08 .- 10405E+08 -0 10 1 IRE+08.,-0.98330E+()7,
*.0.953470E+07 .-0.92600E+0)7.-0.8968UE+07 0. 80720E+)7 -(L8D620E+07,
*.(1.74200E+07 .-0.67350E+07.-0.59940E+07 -0.5 18 10E+07 -0.42760E+07,
*-(0.326 1OE+07.-0.21 140E+(7 -0.81 500E+06. 0.65800E+06. U.23210E+07,
* JA1910E+HY7, 0.62790E+07, 0.85910E+07, O.1LI25E+08, (0, IR352E+08,
* ()L.206493E+08/

DATA (DH20H(25.1).I=1.26)/
* O 0904E+08,-0. 10743E+08 -0, 1043YE+OR -0 10142E+H)R -0, YRS 2OE+(T,
*0.95620E+07 -0.92720E4+07 -0.89780E+07 -0, 868 10E+07 -0 80690E+07.
*.(),74290E+07 .67 500EH}7 -0.60200E+U7 ~0.52240E+7 .-).434GOE+ (7,
*.(0.33690E+07 -0.22730E+07.-0. 10420E+07, (). 34300E+06, 0, 1899{E+()7,
* (1LAG3TOE+UT, 0.55690E+07, 0.77000E+07, 0. 10032E+08, 0. 16686E+08,
* ().24266E+08/

DATA (DH20H(26,1}.1=1.26)/
*-(LLOYSRE+08,-0.10790E+08,-0. 1047 1 E+U8.-0. LOTGTEHS,-0.98TONE+)T,
*.0.95760E+07,-0.9283EHT.-0.896TOE+U7 -0 . BERBUE+T7 .-0. 80T GOE+ (T,
*.0),74360E+07 -0).676 LOEHIT,-0.60380E+07 -(1.52540E+07 -1 4395 0E+)7,
*.0).34440E+H1T 1), 23850E+07 -0 12010E4+07, (L12300E+06, 0. 160O20E+07,
* (L32490E+)7, 0,50730E+07, 0.70790E+07, (LY26Y0E+07. (L15515E+08,
* (L226TUE+OR/

#*
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*

* HEAT CAPACITY (J/kg*K)

DATA (DH20CP(1.1)1=1.26)/
* (L24830EHM, (L.25240E+04, 0.26190E+(M4, (L.274TOE+04, ).29280E+(M,
* (L31930E+04, (L.35780E+04, 0.41270E+04, (). 48900E+04, (L72950E+04,
* (L11340E+05, 0.17640E+05, 0.26990E+05, (0.403 LOE+05, 0.55540E+05,
* (L.59480E+03, 0.44620E+05, 0.26470E+05, 0. 14960E+)5, (.9 1200E+0)4,
* (L63300E+04, 0.49800E+04, 0.43200E+04, 1L.39700E+04, (L36GXE+HM,
* (L35900E+04/

DATA (DH2ZOCP(2.1),1=1,26)/
* ().248 10E+04, (L25200E+(M4, ().26080E+04, 0.27220E+04, (.2877T0E+04,
* (0,30970E+04, 0.34120E+04, 0.38580E+HM, (L44590E+04, (1L.63390E+4,
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F)O94400E+04, 1. 14200E+05, 0.2 1090E+05, (L30760E+03, 0.43360E+053,
#1154 JONE+05, .S IRTOE+DS. 0.37380E+05. (L22920E+05. (L13TTOE+05.
* () RRTOUE+04, 0.63T00E+04, (1.50900E+04, 0.44200E+04, 0.3T9HE+04,
() 36400E+04/

DATA (DH20CP3).[=1.26)/
* (124 T90E+04, 0.25160E+04, 0.26000E+04, 0.270208+4, ().28360E+04,
* (302208404, 1.32800E+04, D.363RNE+04, 0.41220E+04, 0.56010E+04.
* () 7Y9R0E 04, (.1 1610E+)5. 0. 16TGOE+DS, (L23820E+05, (.33 180E+05,
* () 439 10E+05, 0.50210E+05, 045 1T0E+03, (1.32540E+05, (.20870E+05,
# (). 13250E+05, (LRO2ZTOE+)4, (L656T0E+4, (.52870E+04, 0.40470E+04,
* () 3T260E+04/

DATA (DH20CP(4.hH.1=1.26)/
* () 24THON+04, 0.25150E+04, (.25950E+04, (.26920E+04, 028 170E+04,
* () IYRSOE+04, (0.32170OE+04, (1.35340E+04. 0.3Y600E+04, 0.52500E+()4,
* (.73 1T0E+04. 0. 10700E+05, 0. 14760E+05, 0.20660E+05, (.28440E+03,
* (379 LOE+05. 0.46020E+05, 0.46330E+05, (L37430E+05, (.25860E+03,
* () 16R40E+05, 0.1 HYOE+05, 0.79370E+04, (.61 130E+04, G.42980E+04,
{38 TAUE+4/

DATA (DH20CP(5.1).I=1.26)/
* 024T7TOE+04, 0.251408+1, 0.25930E+04, 0.26860E+04, 11.28040E+04,
E (129620E+04, (L,31770E+04, N.34680E+HM, 0.3R5R0E+04, 0.50300E+04.,
* (1LORYAOE+04, 0.96630E+04. (. 13540E+03, 0. [8750E+03, 0.25570E+05,
# (), 34030E+05, 0.423R0E+03, 1455 10E+05, 0.39880E+05, (L29390E+)5,
) 9TYOEH)S, (0,132 LUE+H)S, D2 TODE+04, (LAYOAOE+4, 045460E+04,
* (), 39030E+H14/

DATA (DH20CP(6.0).1=1.26)/
* (1. 24770E+04, 0.25130E+04, (0.259T0E+04, 0.26820E+{M, 1.27950E+04,
* (L 29GIE+, (.3 1480E+04, (1.34220E+04, 0.37860E+04, {(1.48740E+04,
* (16SYTOE+04, 0.9 1420E+04, (1L12690E+05, (L 17430E405, 0.23380E+05,
* () 3 280B+05, 0.39430E+05, 0.44070E+05, 0.40990E+05, 0.31910E+05,
* (1222408405, 0. 15010E+05. 0.10400E+05, (L.76600E+04, ().47890E+04,
* (). 39900E+M/

DATA (DH20CP(7.1h.1=1.26)/
¥ (), 247TT0E+04, 0.25120E+04, 0.25860E+04, 0.26TO0E+04, (L.27720E+04,
# () 29030E+04, O.30730E+04, 0.32980E+04, 0.353940E+04, 0.44640E+04,
* (1SR TOUE+L, 0.7TR3I0E+M, 0. [490EH)S, 0. 14040E+05, (.185370E+05,
* (). 24200E+03, (OL30R00E+03, 0.37060E+03. 0.3U860E+0S, (L36830E+US,
* () 20520E+05, O0.Z1I600E+05. 0,15290E+05, (L10980E+03. 0.59500E+04,
* (.44 19Y0E+O4/

DATA (DH20CP(R.1).I1=1.26)/
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*().24770E+04. 0251 20E+04, (L25840E+04, D.26650E+(4,

* (L.28R10E+04, (.30360E+M. 0.32380E+04

* ().54430E+04, 0.71420E+04, 0.94380E+04, 0. 12470E+05
* (1L,20960E+05, .26540E+05, (L.32440E+05, (1L.36760E+05

* (1,32430E+05. 0.25490E+05. 0L IRBLOE+)S
* ) 48330E+04/

DATA (DH2OCP(9.1).I=1.26)
* ().24770E+04, 0.25120E+04, 1.25830E+4
* ().286R0E+04, 0.3013UE+04, 0.32010E+04
* (),521 LUE+04. (L67430E+04, 0.88210E+(04
* {_1YOOVE+05, 0.23910E+05. 0.29330E+05
* (1.33440E+05, 0.27820E+05. 0.21380E+05
* (L52320E+04/

DATA (DH20CP{10,1).1=1.26)/
* (1.24770E+04, 0.25120E+04, 0.25830E+)4
* {),28580E+04, 0.299G60E+04. 0.3 1740E+04
* (0.50460E+04, 0.64620E+04, 0.83730E+04
* ().17640E+05, (L22090E+05, 0.27080E+05
* ), 33570E+05. (L29200E+05. (1.23270E+035
* (LS50 190E+04/

DATA (DH20CP(11.1).I=1.26)/
* (). 24780E+04, (1L25120E+M4, 0.25820E+04
* (). 285 10E+04, .29840E+04, (1.3 1540E+(M4

L O3MP20E+4

0.27610E+04,

. D 42660E+:4.
. L1G2HE+O5.
. D3GYS0E+DS,

. (LL36TOE+0A, 0702 HOE+04,

L .26620E+04

. 0.27540E+04,

L0.34430E+04, 0.41430E+04,
OIS HUE+HOS, O T4880E+05,

. L34020E+05
. (L1586OE+03

. D26600E+04
, 0.34020E+064
, (LTO840E+05
. 0L31790E+0S
. L1TGGHE+0S

. (L26580E+04
, (LA3T00E+04

(L3ARANEHA,
LOBOTNDEHNM,

. 0.27490E+HM4,
. 0 40550E+04,
. W3V I0E+OS,
. .34500E+05,
L 0BY2GUEHM,

. (1.27450E+04,
. (LA9RROEH1S,

# () 49220E+04, (.62490E+(4, (LR0860E+M, 0. 10F30E+0S, 013 180E+0S,
# (1,16630E+05, (.20720E+05, 0.25370E+05, (1.29970E+05, (.33 140E+05,
* ().33260E+05, 0.29980E+05, 0.24660E+05, (L 19130E+05, 0.97740E+04,

* (),539920E+04/
DATA (DH20CP(12.1).1=1.26)/

* () 24 7T90E+04, 0.25130E+04, 0.23820E+04, 0.26560E+04, (0.27400E+04,
* (1,284 [OE+04, (L29660E+04, 0.31370E+04, (.33250E+04, ().38YTOEHM,
() 47THOE+04, 0.59410E+04, (1L.75400E+04, 0.96050E+04, (1L12140E+05,
* () 15 190E+05, (. 18780E+05, 0.22900E+05, 0.2T200E+05, (.30740E+05,
# {),32150E+05, 0.30530E+03, (.26430E+03, (.2 1360E+15, (L11290E+05,

* (1L6TOTOE+H4/
DATA (DH2OCP(13.1}.I=1,26)/

* (). 24R00E+04, 0.25140E+04, 0.25820E+04, ().26550E+04, 0.27370E+04,
* (). 28340E+04, 0.29580E+(4, 0.31030E+04, 0.32020E+04, ().38220E+04,
* JAGI20E+04, 0.57240E+04, 0.720T0E+04, (L9O9S0E+04, (114 10E+0S,
* (). 14 130E+05, (.17440E+05, (121 ITTOEH)S, (0.25170E+05, (.2ZRTROEHS,
* () 30RGUE+DS, (.303R0E+0S, (L27360EHIZ, (L.228ROE+DS, 1.12598E+05,
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* {1.73640E+04/

DATA (DH20CP(14,1),1=1.26)/
# (). 24%60E+04, 0.25190E+04, (1.25850E+04, 0.26530E+04, 0.27280E+04.
(1 2% [SUE+04, (L29200E+04, 0.30480E+04, 0.32060E+04, 0.36400E+04,
* () 42740E+04, (1.51520E+04, 0.63T00E+HM, 0.776R0E+HM, (.95380E+4,
# (1.1 HG20E+05, 0.14030E+05, 0.16770E+5, 0.19800E+03, 0.22930E+05,
* (0.257 OE+05, 0.27420E+05. 0.27400E405, .25550E+05. (1.16960E+05,
* (LD HHIEH)S/

DATA (DH20CP(15.1).1=1,26)/
() 24Y20E+04, 0.25250E+04, 0.258%0E+04, (1.26540E+04, 1.27260E+04,
* () 2ROROE+4, 0.29040E+04, 0,302 10E+04, 0.3 1640E+04, 1.35520E+04,
* )41 1 T0E+M4, DARTINE+O4, (LSER40E+04, 0.7 1410E+04, ().8658VE+04,
() L0430E+05, (. 12460E+05, 0.14750E+05, 0.17280E+03, 0.19980E+05,
* () 22610E+05, 0.24720E+05, (L.257TOEH)S, 0.25350E+05, 0.19190E+05,
# ().12 HEH)5/

DATA (DH20CP(16,1).1=1.26)/
* (). 24990E+04. 0.25310E+04. 0.25930E+04, (1L.26560E+04, 0.27250E+04,
* (0. 25040404, 0.28950E+04, 0.30050E+04, (.31390E+04, 0.34970E+04,
# () 40090E+04, 0.4T080E+04, .56 1TOE+04, 0.67510E+04, 0.81 130E+04,
* () YGYGOE+O4, 1, L LSDDE+0S, 0.13520E+05, 0.15760E+05, 0.18150E+05,
* (1L 205T0E+05. (.22720E+05. 0.24 ITOE+05, 1.24520E+03, 0.20320E+05,
* (3, 13590E-H)S/

DATA (DH20CP(17.1).1=1.26)/
* ().25050E+04, 0.253TOE+04, 0.25980E+04, 0.26590E+04, 0.27260E+04,
* () 2R010E+04, (.28800E+04, 1.29940E+04. 0,3 [210E+04, (.34580E+04,
* 1.39360E4+04, 0.45860E+04, 0.54290E+04, (.64770E+04, 0.77300E+04,
* ()9 IRSOE+04. 0. 10830E+03, 0.12670E+03, 0, 14690E+)5, 0.16870E+03,
# (1,191 IOE+)S, 0.21200E+03, (122820E+03, 0.23590E+05, (.20870E+05,
*® (), 14700E+05/

DATA (DH2OCP(13.1).I=1.20)/
* ().25120E+04, (1.25430E+04. 0.260208+04, (1.26620E+04, 0.27270E+04,
* (). 28000E+04, 0.28850E+14, 0.29860E404, 0.31070E+04, 0.34280E+04,
* {1,388 10E+04, 0.44940E+04, 0.52870E+04, 0.62690E+04, (0.74410E+04,
* (LXTYROE+04, 0, T0330E+03, (L12030E+05, 0.13900E+05, 0.159 10E+05,
# (1L IROO0E+0S, 0.20010E+03, 0.21680E+05, (.22690E+05, 0.21080E+)3,
* ().15540E+05/

DATA (DH20CP(19.1}.1=1.26)/
* ().25250E+04, 0.25350E+04. 0.261 10E+(4. 0.26680E+04. 0.27300E+04,
* () 2T990E+HM. O.ZRS00E+M, 0.297S0E+04, (.30880E+04. (.33860E+04,
* (LIRO20E+4. 0.43610E+04, 0.50800E+04, 0.59680E+04. 0.70240E+04,
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* {).824 10E+04, (L961 TOE+04, OLLTIZ0E+05, 0.12770E+05. (L14540E+05,
* {1, LGIYNEADS, (L 18240E+05. (L19900E+05, 0.2 1T40E+05, O0.20990E+05,
* (LIGGOOEH)S/

DATA (DH20CP(20.1).1=1.26)/
* ().25380E+04, (.25670E+04, 0.26200UE+04, (1.26750E+M. ().27340E+04,
* (1.2R000E-+HM., (.28770E+04, ().29080E+04, (.30750E+04, 0.33560E+04,
* ().37450E+04, 0.42670E+04. 0.49340E+04, 0.57560E+M, 0.67300E+04,
* (L,78500E+04, 0.91060E+04, 0.10490E+H0S, (L11990E+0S, UL 13590E+DS,
* ().15280E+05. (. 16980E+05, 0.18580E+03, (1 19890E+05, 0.20610E+05,
* (0,17300E+05/

DATA (DH2QCP(21.1).1=1.26)/
* (L25710E404. 0.25980E+04, 0.26440E+04, (.26920E+04. (1.27450E+04,
* (1 28050E+04, (L.28760E+04. (0.29580E+04, (1L30360E+04. 0.33080E4+04,
* ().36550E+04, 0.41140E+4, 0.46980E+4. 0.54120E+04, 0.62550E+04,
* (1,72100E+4, (L.82930E+04. 0,947 LOE+04, 0. 11740E+05. 0.12080E+05,
* (1L13500E+05, 0.14950E+)5, 0.16370E+05, O 17600EHS, 0. 19370E+0S,
* (L17820E+05/

DATA (DH20CP(22.1).1=1,26)/
* () 26050E+04, 0.26290B+04, (). 26690E+M4, 0.27100E+04, 0.275T0E+04,
* ()28 1 SUE+04, 0.28770E+04, 0.29550E+04, 0.30460E+H)4, 0.328({E+)4,
* (1,35990E+04, 0.40190E+04, 0.45500E+04, 0.51970E+04, (.595380E+04,
* {),68270E+04, (LTTYZ0E+04, 0.88450E+04, 0997 TOE+04, (.11 160E+)S,
* ().124 10E+05, 0.13690E+05, 0.14970E+U5, 0.10180E+05, (). 182 HIE+0S,
* (L1TTOOE+OS/

DATA (DH20CP(23.1).1=1.26)/
* (0.27380E+04, 0.27520E+04, (.27660E+04, 0.27820E+04, 0.28000E+)4,
* () 28470E+04, (,28970E+04, 0.29600E+04, 0.30350E+04, 0.32300E+04,
* ().34910E+04. ).38300E+04, (L.42540E+04, 0.47660E+4, ().53640E+(M4,
* (0.604 [0E+04, 0.67890E+04, 0.75970E+04, 0).84540E+04, 0.93520E+H4,
* (.T0280E405, (. 11230E+05, 0.12190E+03, 0.13140E+05, (LIS200E+05,
* (),16140E+05/

DATA (DH20CP(24.1).1=1.26)/
* (), 28720E+04, (.28760E+04, (0.28630E-+04, 1),28550E+04, 0.28620E+04,
* (128850E404, (.29230E+04, 0.29760E+04, 1.304 10E+04, 1.32130E+04,
* ().34450E+04. (0.37450E+04, 0.41160E+04, 0.45620E+04, 0.508 10E+{H,
* 0,56670E+04, 1.63120E+04, 0.7007E+04, 0.774 10E+04, 0.85060E+04,
¥ (1,92930E+04, 0. 10090E+05, 0.10900E+05, 00,11700E+05, 0.13560E+05,
* (L.14780E+H)5/

DATA (DH20CP(25,1),1=1,26)/
* (1,30050E+04, (L.29970E+04. 0.29380E+04, ().29260E+04. 0.29 [40E404,
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* 129230404, (1L.20510E+04, 0.29950E+04, (1.30520E+04, 0.32090E+04,
£ (). 34220E+04, 11,.36950E+04, 0.40330E+04, (1L44380E+04, (L49070E+04,
* (1.54350E+04, D.60HGUE+04, 0.6641DE+04, (L72990E+04, ().79880E+04,
* (LROR40E+04, LUIGOUEFD4, 0.10110E403, 0L10830E+05, 0,12500E+)5.
* ().137TOE+05/
DATA (DH20CP(26.1)1=1.26)/

* (1L313S0E+04, (.31 170E+04, 0.30520E+4, 0.29960E+04, (0.29660E+H)4,
* (1,29620E+04, 0.29790E+04, 0.30150E+04, 0.30660E+04, 0.32100E+04,
* (1.34080E+04, 0.36680E+04, 0.39770E+04, (.43510E+04, (0.47850E+04,
* (1.52730E+04, (.SROROE+04, 0.63830E+04, ().69880E+04, .76160E+04,
* [LR2ISTOE+4, O.8YUOTOE+04, 0.95590E+04, 0. 10200E+05, 0.11750E+05.
* ()1 3010E+05/

*

ok ook sesbskodokskok ok ko skok kol kR SR ekl s sk ek sk ek ok ok sk END OF BLOCK DATA *

END
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BLOCK DATA DATAD2

FERERE BLOCK DATA IDENTIFICATION R
*

* Daia stored in this BLOCK DATA are

* Transport Properties of Dissociated Steam

* tor Pressures from (LO1 to 100, MN/m#**2

* at Temperatures from 1200, to 6000. K

* from VARGATIK (1983) and dita generated by author,

£

* Written by ALEKSANDAR VASIC® Revised  March /1990
* University of Otlawa

*®

st ek sfesdesk ok sk ek okt stk sk o ok sk sk stk sk skl stk sk sk s ek ko ke ko sk ok ok ek ok ekokokok

sk

hekkokkokokk VARIABLE IDENTIFICATION Hobb el ok
"

* DH2OPT = Pressurc for Transport Properties (MN/m*#2)

* DH20TT = Temperature for Transport Properties (K)

* DHZOMU = Dynamic Viscosity (N*s/m**2)

* DH20K = Thermal Conductivity (W/m*K)

*

shesfe sk sl skeobe e she sk skeoke st skeske st she bk o ok the st skesik sk ook stk st stk sk sk o sk skosh kel sk ok skoskoke sk ek sk ek sk ek ok ek ke stk e e e e ek

*
ok AR TYPE DECLARATION BLOCK 00(1) *
*
INTEGER 1
IMPLICIT REAL*8 (A-H.O-Z)
REAL*$ DH20PT(17).DH2OTT(25)
! ,LDH20MU{17.25).DH20K(17.25)
COMMON /TRPTD/ DH20PT.DH20TT
COMMON /TRPROD/ DH20MU,DH20K
*

e st ke e ek sfe sk e sk sk sk ohe s b e st e ok ok o ko ok sk sbe skeokok sk sk sk st stk e ok o o ook ok okt sk e skt ok sk skok o ok ek sk ok e skok o ke ok ok ok
E3
#  PRESSURE (MN/m**2) TABLE FOR TRANSPORT PROPERTIES
®
DATA (DH20PT(1),l=1.17)/

* 0.10000D-01, 0.20000D-01, G.A0000D-01, 0.60000D-01, 0.80000D-01,

* (L,10000D+00, 0.20000D-+00, 0.50000D+00, 0, 10000D+01, 0.20000D441,

* (,30000D+01, 0A40000D+01, 0.50000D+01, (.60000D+01, D.EHOD+O1,
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(), 10000D+02, O, 10000D+03/
“*
sk s ke sk o s e ke ok o ok o e ok o stk o sk ek ok ek sk ok o o stokeskote sk fot sk ke ke ot ok sk okesk ek o okt shok sk ke

#*

* TEMPERATURE (K) TABLE FOR TRANSPORT PROPERTIES

DATA (DH20TT(1).1=125)/ (.12000D+04
*_ 1), 14000D+04, (L16000D+04, 0.18000D+04, 0.20000D+04, 0.22000D+04
*(0,24000D+04, (1.26000D+04, 0.28000D+04, 0.30000D+04, 0.32000D+04
¥ (0. 34000D+04, (136000D+04, 0.38000D+04, 0.40000D-+04, 0.42000D+04
*_().44000D+04, 0.46000D+04, 0.48000D+04, 0.50000D-+04, 0.52000D+04
% (1.54000D+04, (.56000D+04, 0.58000D+04. 0.60000D-+04/
#.
'oir****Sk’l“h*'-I==!f=k****=k5!==!==l-'*‘-h***'-f?***:!c***********4:***#:*ﬂ=*=l:**={=*=k*****************
ik
*  DYNAMIC VISCOSITY (N*s/m**2)
"
DATA (DH20MU(1.D).1=1,25) 0.45056E-04
* (0.5 1200E-04, 0.56300E-04, 0.61200E-04, 0.65700E-04, 0.69800E-04
¥ 1,73 L00E-04, 0. 75200E-04, 0.75400E-04, (.75600E-04, 0.76300E-04
#_ (1 TYSO0E-04. 0.80400E-04, 0.90300E-04, 0.95300E-04, 0.99700E-04
*_ 0. 10300E-03, 0.10800E-03, 9.11150E-03. 0.11550E-03, 0.11900E-03
*, 00, 12300B-03, 0.12650E-03, 0.13000E-03, 0.13400E-03/
DATA (DH20MU(2.1).1=1.25) 0.45056E-04
* (LS 1200E-04, 0.56300E-04, 0.61200E-04, 0.65800E-04, 0.70000E-04
* . (1.73SO0E-04, (,76000E-04, (.77200E-04, 0.77400E-04, 0.77400E-04
*_ (0, 79100E-04, 0.83200E-04, 0.8RGO0E-04, 0.94000E-04, 0.98Y00E-04
*_ (0, LO3SOE-03, 0.107S0E-03, 0.1 1150E-03, 0.11550E-03, 0.1 1900E-03
®, 0, 12300E-03, 0,12650E-03. 0.13000E-03, 0.13400E-03/
DATA (DH20MU(3.1)I=1.25) 0.45056E-04
*_ 0.5 1200E-04, 0.56300E-04, 0.61200E-04, 0.65800E-04, 0.70200E-04
*_(,73900E-04, 0.76T00E-04, 0.78400E-04, 0.79000E-04, 0.77800E-04
%, (. 79600E-04, 082200804, 0.86700E-04, (1.92200E-04, 0.97600E-04
%00, LO2S0E-03. 0.10700E-03, 0.11100E-03, {.11600E-03, 0.1 1900E-03
*, 0, 12250E-03, 0.12650E-03, 0.13000E-03. 0.13400E-03/
DATA (DH20MU4.1).1=1.25) 0.45056E-04
* 0.5 1200B-04, (1L.56300E-04, 1,61200E-04, 0,65900E-04, 0,70200E-04
*. (0. 74000E-04, .77 [00E-04., (.79 100E-04, 0.80000E-04, 0.80100E-04
*_(L.8O400E-04, 0.82100E-04, 0.85100E-04, 0.9 1000E-04, 0.96500E-04
*_ (. 10S50E-03, 0.10650E-03, 0.10050E-03, (.11450E-03, 0.1 1850E-03
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* (1.12250E-03. 0.12650E-03, 0.13000E-03.

DATA (DH20MU(5.1).1=1.25)/

* ().51200E-04, 0.56300E-04, 0,61 200E-04,
*_().74200E-04, 0.77600E-04. 0.79500E-04,
* (LB I000E-04, 0.82200E-04, (L.85400E-(M4,
* 0. 10100E-03, 0. 10600E-03, 0.11050E-03,
* (),12250E-03. 0. 12600E-03, 0.13000E-03,

DATA (DH20MU(6.1}.i=1.25)/

* (0.51200E-04. 0.56300E-04, 0.61200E-04,
*(LT4200E-04, 0.77500E-04, 0.79R00E-04,
*_(L,81600E-04, 1L.82SOUE-04, O.851O0E-04,

* (), HO0S0E-03, 0.10550E-03. 0.1 1000E-(3

DATA (DH20MU(7.1).1=1.25)/

* (0.51200E-04, (L563(0E-04, 0L.61200E-04,
*(.74400E-04, 0.77900E-04, (.80600E-04,
* (,83400E-04, 0.83800E-04, 0.85200E-04,

* (L9BOODE-04, 0. 10350E-03, (L.10850E-03

DATA (DH20MU(R.I}.1=1.253)/

* (.51200E-04, 0.56300E-04, (.61200E-04,
*(1.74600E-04, (.78400E-04, 0.8IS00E-04,
* (1.85900E-04, 0.86300E-04, (L8ORINIE-(M4,

* (0,95000E-04, (L99900E-04, 0.10550E-03

DATA (DH20MU(9.1).1=1.25)Y

* (L5 1200E-04, 0.56300E-04, 0.61200E-04,
* (.74800E-04, 0.78800E-04, (L.82000E-04,
*. (L.87700E-04, 0.88300E-04, 0.88700E-04,
* (L93700E-04, 0.97600E-04, (1.10250E-03,
* (0, L1800E-03, 0.12250E-03, (L.12700E-03,

DATA (DH2OMU(10.,1).I=1,25)/

* .51200E-04. 0.56300E-04, 0.61200E-04,
*(.74900E-04, (L.78Y00E-04, 0.82400E-04,
*_ (L.89300E-04, (L.903G0E-04, (LYORONE-14,
* (L93000E-04, (L.96500E-04, (L 10000E-03,
¥ 0, F1S00E-03, (. 12000E-03, (L125(0E-(3,

DATA (DH20MU(11,1},1=1,25)/

* (0.51200E-04, (1.56300E-04, 0.61200E-04,
*_(0.74900E-04, ().79000E-04, (1.82600E-04,

(L 13400E-03/

0.45056E-04
(LOSYOOE-0, 0. 70200E-04
O.RIGODE-(4, O.80900E-1
(LYOTOOE-04, (LUSOO0E-04
0. 10B0UE-03, (LT1RS0E-03
(1.13350E-13/

0.45056E-04
0.65900E-04, (0. 70300E-04
0.81000E-04, 0.8140E-04
(L.8YS00E-04, 0.94900E-(4

. 0.1 H450E-03. 0.11850E-03
* (), 12200E-03, (.12600E-03, (. 13000E-03,

0.13350E-03/

(L45056E-04
(LOZYOVE-(M, 0.70HKE-1M
(0.82400E-04, U.83Z005-04
(0.88200E-04, 0.9270G2-04

L (LL1300E-03. O.11750B-03
. (0.12150E-03, 0.12550E-03, 0.12950E-03,

(L13350E-03/

0.45056E-(14
{L.65900E-04, 0.70HNE-(4
().83800E-04, (.85200E-04
{LBRZOOE-04, 0.S90NWHNE-(4

. OLHTOSOE-03. U.11550E-03
= (LI2000E-03, 0. 12450E-03, (L12850E-)3,

0.1 3200E-03/

). 45056E-(4
(LOGOODE-4, 0. 70500E-(4
0.846U0E-(4, 0.86600E-04
().89400E-04, 0.91000)E-(4
0.10750E-03, (.113(0E-03
0.13150E-03/

(145056E-04
0.66000E-04, 0.70500E-04
(L85400B-04, 0.877UH0E-04
(1,91400E-04, 0.92200E-04
0.10430E-(13, 0.10950E-03
0).12950E-03/

(3.4505GE-(14
(LEGUOE-04, 0.70600E-04
(L85800E-04, 0.88200E-(4
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* (LU O0E-04, L91300DE-04, 0.92100E-04,
* (1Y4500E-04, 0.96500E-04, NYYSODE-04,
* 0.1 1300E-03, (LT1TROGE-U3, B.12300E-0)3,

DATA (DH20MUX12,13.1=1.25)/

*(L,31200E-04, .56300E-04, (L.61200E-04,
* (). 74Y00E-04, 0.7Y000E-04, 0.82800E-04,
*().90G00E-04, 0.92000E-04, (.92HIOE-04,
* (LYS2AHIE-04, 0.968HE-(4, (LYY300E-(4,
* 0.1 TISOE-03, 0.11650E-03, (L12150E-03,

DATA (DHZOMU(13,1},1=1.25)/

* ALSI200E-04, 1L56300E-04, 1.61200E-04,
* (LTSONOE-04, 0,79 100E-04, DE82800E-(14,
* (LUTONOE-04, (L92600E-04, 0.93600E-04,
* (LYSRO0NE-04, 0.Y7200E-04, 0.99300E-04,
* (0,1 TOSOE-03, (.11500E-04, (. 12050E-03,

DATA (DH20MU{14,1),I=1.25)/

*().51200E-04, 0,56300E-04, 0.61200E-04,
* (), 75000E-04, 0.79100E-04, (L.82900E-04,
*(LY1300E-04, (.Y30HE-04, 0.94100E-04,
* {LYG300E-04, (LYTSO0E-04, 0.99400E-(4,
* (L ION0E-03, (L1I450E-03, 0.1T1950E-03,

DATA (DH20MU(15,1).[=1.25)/

*0.51200E-04. (.56300E-04, 0.61200E-04,
*(LTSOONE-04, 0,79200E-04. 0.83000E-(4,
*0,9180UE-04, 1.93600E-04, 0.94900E-04,
*(LYT200E-04, (L98300E-04. 0.99800E-04,
* 0 H0900E-(13, 0.11300E-03, G.11800E-03,

DATA (DH20MU(16.1).1=1.25)/

* LS 1200E-04. 0.56300E-04, 0L.61200E-(4,
* 0, 75000E-04, (,.79200E-04, Q.83 100E-04,
*.92100E-04, 0,94 100E-04, .95500E-04,
* LUROO0E-04, (L9RYONE-04, 0. 10050E-03,
* (L TOR0OE-03, (0.11250E-03, 0.11700E-03,

0.93200E-04, 0.93300E-(4
0.10350E-03, (.TOR00E-03
(3. 12800E-1)3/

(1.45056E-04
0.66000E-04, 0.7T0600E-04
{).8GUODE-04, 0.88600E-04
0.93600E-04, 0.94200E-04
0.10250E-03, 0.10700E-03
0. 12650E-03/

{1.45056E-04
(LGGUOVE-(4, (.70600E-(4
(.86 1UUE-04, 0.88900E-14
(1L94300E-04, 0.94900E-04
0.10250E-03. 0.10600E-03
{1.12550E-03/

(0.45056E-04
0.66000E-04, 0.70600E-04
().86300E-04. 0.89100E-04
0.94900E-04, 0.95500E-04
{1 10200E-03, 0.10550E-03
(. 12450E-03/

0.45056E-04
(L6GHONE-(4, 0.70600E-04
0.86300E-04, 0.89400E-(4
(.93800E-04, 0.96500E-04
0.10200E-03, 0.10500E-03
0.12300E-03/

(1.45056E-04
.6GONOE-04, 0. 70600E-(4
{).8650UE-04, 0.89600E-(4
(.96500E-04, 0.97300E-04
0. 10200E-03, 0.10500E-03
(.121508-03/

Data added by author (graphical extrapolation ol above data).

DATA (DH20MU(171}.1=1.25)/

* (L5 1200E-04, 0.56300E-04, 0.61200E-04,

0.45056E-04
(L6G200E-04, (.70800E-04

£ 0, 75200B-04, 0.79400E-04, 0.83400E-04, 0.87000E-04, 0.91000E-04
*_(,.95000E-04. (L.97000E-04, 0.99000E-04. 0.10000E-03, 0.10080E-03

* 0. 10110E-03, 0.10200E-03, (.10350E-03,
* O T0900E-03, O.TIO0OE-O3, 0.11500E-03,

(. LO500E-03. 0.10800E-03
0. 12000E-03/
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et sk s ke S e ol s ok ok ol e S b SRk ofe sk ok ok i sk ke ok e sk sk ek e e skeoke sk e sk s e ok sbeake e she ke sl e she sk ke st e s ek ek ok skosteokok ok sk skeok sk ko

*

*

THERMAL CONDUCTIVITY (W/m*K)

DATA (DH20K(1.I).I=1.25)/ (L14500E+00
* {0, 18800E+00, 0.22700E+00, 0.29100E+00. 0.42300E+00. 0.71100E+00
* (L13300E+01, (.25900E+01. 0.46100E+01, (L.74500E+H1H . 0.Y3800E+0]
* (.84700E+01, 0.68700E+01, 0.34400E+01. 0.2 1600E+0L, (L. 15350E+01
* (0U12400E+01, O.LTT00E+01T, 0.10550E+01, (.10420E+01, 0. 10500E+01
* (),10650E+01, 0.10900E+01, 0, 11150E+01, 0.11450E+01/

DATA (DH20K(2.1),]=1,25)/ (L 14500E+)}

*_ (L, 18R00E+00), (.22400E+00, 0.28000E+00, 0.38700E+00. 0,60600E+00
* 0. 10600E+01, 0.19350E+01, 0.34650E+01, 0.50900E+01. 0.8060UE+1
* (0.89350E+01, 0.74600E+01, 0.50550E+01, 0.3Z100E+01, 0.21400E+]
* (,15800E+01, 0.13050E+01, 0.11700E+01, 0.11100E+01, 0.10800E+01
* {L10900E+01, 0.1 1050E+01, 0.11300E+01, D.15550E+01/
DATA (DH20K(3.I}.1=1,25) 0. 14500E+X)
. (LIBROOE+00, 0.22200E+00, 0.27 100E+00, 0.35900E+00, (L53000E+00
* (LBGSONE+O0. 0,14950E+01, 0.25950E+01, 0.42950E+(}1, 0.59450E+01
* (LRISSOE+(, 0.83000E+01, 0.67200E+(}. 0 46850E+01, 0.31350E+01
* (1.21900E+01, 0.16650E+(1, 0.13850E+01, 0.12450E+01, 0.11750E+01
* (L11450E+01, 0.11450E+01, 0.11550E+01, 0.19050E+01/

DATA (DH20K#.I),I=1,25)/ (.14500E+(X)
* 0. 18700E+00, (0.22000E+00, 0.26700E+00, 0.34700E+X), 0,49500E+00
*_(L7T7900E+00, 0.13050E+01, 0.22100E+01, 0.36250E+01, 0.55050E+01
* 0.73650E+01, (.82 100E+01, 0.68250E+01, 0.56200E+01, (.39050E+01
* 0.30400E+01, (L.20000E+01, 0.15950E+01, 0.13700E+01, (L12550E+01
* (L1ZO000E+01., 0.1 LROVE+D, 0.11750E+01, O.T19HE+3/

DATA (DH20K(5.1),I=1.25) 11.14500E+(0
# 0L 1RTO0E+00, 0.22000E+00, (L.26500E+00, (.33900E+00, 0.47400E+00
*_(),72600E+00, 0.15450E+01, 0.19800E+01, (.32200E+01, 1.49150E+01
* (.67450E+01, (.79250E+01, 0.76900E+01, 0.62350E+01, 0.73950E+(}]
¥ (.317T00E+01, 0.23000E+01, 0.17900E+01, 0.15250E+01, 0.13350E+01
* 0.12550E+01, 0.12150E+01, 0.12000E+01, 0.12050E+01/

DATA (DH20K(6.1),I=1,25)/ (. 14500E+00)
*_ 0.18700E+00, 0.21900E+01), 0.26300E+00, (.33300E+00, ().45900E+00
* (L.69000E+00, G.11 LOVE+01, 0.18200E+01, 0.29400E+01, 0.44950E+01
* (L62650E+01, (1.76100E+01, 0.77650E+01, 0.66350E+}, 0.49950E+01
* 0.35650E+01, 0.25800E+01, (.19750E+01, (.16150E+01, 0.141S0E+0]
*_0.13050E+01, 0.12450E+01, 0.12250E+01, 0.12200E+01/

*
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DATA (DH20K(7.I).1=1.25)/ (. 14500E+00
* () IRTOOESO0, (2 1BO0E+4), (L.2Z5800E+00, 0.3 16(K0E+)0, (1L.42100E+00
* (1. SYYIE+O0, B9 TODDE+), 0L14300E+01, 0.22400E+01, 0.34000E+01
* {1ARSSOE+01, 0.63350E+01, 0.73050E+1, 0.72800E+01, (.63000E+01
# {1L4Y300E+01, 1L3GKSOE+01, 0.27T00E+{}. 0.21600E+H]L, 0.17800E+01
* ().18500E+01, 0.141S0E+01, 0.13400E+01, (L13050E+01/

DATA (DH20K((8.1),I=1,25) {(1.14500E+00
* (0. 18700E+00, 0.21700E400, 0.25300E+00, 0.30400E+00, 0.38400E+00
£ 0.5 1500B+00, (.73000E+00, 0.10430E+01, O.16O50E+01, (123750E+01
#00.33850E+01, 0.46000E+01, (1.57950E+01, (LG65HE+DT, (L6B400E+H
* (L631SOE+01, 0.533350E+01, (142700E+01, 0.33550E+01, 0.26650E+01
* 0. 21900E+01, (. 18700E+01. 0.16650E+01, (.15550E+01/

DATA (DH20K(Y.1).1=1.25)/ 0.14500E+00
* 0., IRGODE+O0, (L.21600E+00, 0.25100E+(), 0.29600E+00, 0.30400E+00
* () 46900E+00, 0.63GDOE+0D, .89600E+H), (.12850E+01, 0.18450E+0]
1), 26000E+01, (L.35350E+0, (L4SBO0E+01, (L.53650E+01, 0.62550E+01
* (1L.64450E+01, 0.60950E+01, (1.53550E+01, 0.44800E+01, 0,36600E+01
* {L29900E401, 0.24850E+01, (L.21300E+01. 0. 18850E+01/

DATA (DH2OK(10.1).I=1.25)/ 0.14500E+20
#* 0, LRGOOE+00, 0.21SO0E+00, 0.24800E+(), 0.29000E-+00, (1.34800E+00
*0.43500E+00, 0.56600E+00, 0.76500E+00, 0.10530E+01, 0.14700E+01
* (1202008401, 0.27250E+01, (L33500E+01, 0.44350E+401, 0.52500E+(}1
*{),S¥350E+01, 0.60600E+01. 0.58750E+01, 0.53650E+01, 0.48850E+01
*(0,39850E+01, (1.33550E+(H, 0.28450E-+01, (.24550E+01/

DATA (DH20K(11.1).I=125)/ 0.14500E+(K)
* ), IR6O0NE+00, 0.2 1500E-+00, 11.24700E+00, 0.28700E+00, 0.34 100E+00
* 0.4 1900E+00, (.53400E+00, 0.T0600E+00, 0.95300E+00, 0.13000E+01
* (L 1TGO0E+01, 0.23450E+01, (L30600E+01, 0.38BMOE+0]. 0.46300E+01
#(L52950E+01, 0,57230E+H1H, 0.58300E+0)1, (.58050E+(H, 0.51350E+01
* (1L45300E+01. 1.39150E+01, 0.33600E+01, (.28950E+01/

DATA (DH2OK(12.1).I=1.25)/ 0. 14500E+00
* 0, IROO0E+00, 0.2 1500E+00, 0.24700E+00, 0.28500E+00, 0.33600E+00
*_(L40000E+00, 0.51500E+00, 0,66900E+00, 0.89000E+00, 0.11950E+01
* (0.16050E+01, 0.21250E+01, (.27550E+01. 0.34650E+01, 0.42050E+01
* {(LARSSOE+01, 0.54000E+01, (.55600E+01, (.56250E+01, 0.53250E+01
* (LARISOE+01, (L42850E+01, (L37350E+01, 0.32450E+01/

DATA (DH20K(13.1)1=1.25)/ (.14 500E+00
* 0, [B6OOE+00, 1.2 ESDUE+00, 0.24600E+00, 0.26400E+00, 0.33300E+3)
*040200E+00, 0.50100E+00, (LO44E+0, 0.84600E+00, 0.11250E+01
* (L 14950E+01, 0.19700E+01, 0.25400E+01, 0.32000E+01, 0.38950E+01
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* (L45630E+01, 0.51200E+01. 0.54700E+01. (L55600E+01, (1L33950E+01
* 0.50300E+01. 0.45400E+01, 0.40200E+01, (L,35250E+01/

DATA (DH20K(14.I).I=1,25)/ (0. 14500E+X)
* 0 LRGOOE+00, (L2 1500E+00, (0.24600E+00. 0.28300E+00, (0,33 100E+00
* (1L39600E+00, 049000E+00, 0.62500E+K), Q.8 1400E+00, O.10730E+01
* 0. 14150E+01. 0.18500E+01, 0.23850E+01. (L29950E+01, 0.36600E+01
* (0.43100E+01, 0.48800E+01, 0.52800E+01, (.54650E+01, {1.34000E+01
* (0.51300E+01, 0.47100E+01, 0.42300E+01, 0.37100E+01/

DATA (DH2OK(15.1).I=1.25)/ 0. 14500E+0
*0,18600E+00, 0.21500E+00, 0.24500E+00. 028 LOOE+N), 0.32700E+00
*0.38900E+00), 0.47600E+00. (.59800E+00. 0.768(0E+00, 0.99900E+00
* 0. 13050E+01, (0,16900E+01, 0.21600E+01, (L,27050E+01, 0.33100E+(+1
* {L39250E+H}, (0.44950E+01, 0.49500E+01, 0.52400E+01. 0.53200E+01
* (L52000E401, 0.49100E+01, 45150E+01, 0408008401/

DATA (DH20K(16.1}.I=1.25)/ 0. 14500E+00
*_ (L 1TRG00E+00, 0.2 1400E+(H), 0.24500E+00), (.28000E+(4}, 0.32400E-+(0)
*, (L.38300E+00, 1.46500E+00, 0.57900E+00, 0,75 IKE+M), (.94800E+00
* 0.12250E+01, 0.15750E+01, 0.20050E+01, 0.25050E+01, 0.30600E+(01
* (0.36400E+01, 0.41200E+01. 0.46400E+01, 0.50250E+01, 0.51950E+01
* 0.51900E+01, 0.49950E+(1, 0.46800E+01, 0.43000E+01/

*  Data added by author (graphical extrapolation of ahove data).

DATA (DH2ZOK(17,1),I=1.25)/ {).14500E+(})
*, (0.17000E+00, (L18800E+00, 0.20000E+00, (.25 LO0E+(K), 0.29300E+00
*_(0,33500E+00, (0.4 1900E+00, 0.48 [ODE+00, 0,586(0E+00, 0.67000E+(00

. 0.8I6DUE+00, 013000E+)1. 0,17000E+01, (R210DUE+01, 1.25000E+01
* (0.29000E+01, 0.34000E+01, 0.39000E+01, 0.41500E+01, (.44000E+01
*(L4R000E+01, 0.50000E+}1, 0.49000E+01, 0.47000E+01/

*

#*
skeske sk ok ook o o ok et sk o ke e b bt sk ol ek o e she o ok shelocle e ke ok sk sk e ke kol sk ek ok s s sk ok END OF BLOCK DAT‘A #*

#kkkik THIS IS THE END OF U.O.HIGH TEMPERATURE STEAM PROPERTY CODE **##*
END

250



Appendix H

PROGRAM SAMPLE

bk hokkdok gk PROGRAM IDENTIFICATION ok ko gk
#*

* This is a sumple main program which will serve as an

* example how 10 use subroutines for generaling

* the high femperature waler vapour propetties,

*

i Written by Alcksandar Vasic JO1/1988
- University ol Ottawa

h

e e oo sk stk ok ok sk sk sk e ook e ke o ok st sk o sk ke o o ok ot ke ol ok ok ok sk skt ok ok sk sk sk sk s o e ok e ok o e ok ok ok ok ok steokeskeok shteok sk eokok
*

koA kok ok VARIABLE IDENTIFICATION otk
“

* PMP = pressure [=] MPa

* TC = temperature [=] degC

* V= specific volume [=] m3/kg

* S =enropy [=] Mg degC

* H = enthalpy [=] Jkg

* CP = heat capucity 1= J/kg degC

* MU = viscosity [=] kg/m s

* K = thermnal conductivity =] W/m degC

& RHO = density [=| kg/m3

* NI = kinematic viscosity [=] m2/s

* KDE = thermal difTusivity =] m2/s

* PR = Prandil number {=] -

"

koo SUBROUTINE AND FUNCTION NAMES

+

4 UODH20 = caleulines propertics

*

e e o o e s ok e etk e s stk sk ko sk ko e ok R ol ok sk ok sk sk skekoh sk sk ok R ok sk sok sk ok sk ek sk dokok sk dekok
*
bk TYPE DECLARATION AND INITIALIZATION BLOCK 0000 *
* IMPLICIT REAL*S (A-H.O-Z)
REAL*8 PMP.TC.V.S.H.CP.MU,K.RHO NL.TDF.PR
COMMON /THPRO/ V.S H.CP
COMMON /TRPRO/ MUK
COMMON /PRONO/ RHONLTDF.PR
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Rk COMPUTATION AND PRINTING BLOCK 0100 *
*
OPEN{UNIT=1.FILE="DSPRO1.DAT")
OPEN{UNIT=2.FILE="DSPRO2.DAT")
PMP=00.01D0)
DO 19 I=1.5
WRITE(],1) PMP
WRITE(2,1) PMP
1 FORMAT (/. T204HP = ,IF6.2.3HMPu./)
DO 9 TC=1000.DO.3000.DO.100.DO
CALL UODH20(PMP.TC)
WRITE(1.7} TC.V.S.HCP.MU.K
WRITE(2,8) TC.RHONL.TDF PR
FORMAT (T2.1F8.1,1F9.4,1F9.1.1F12.1,1FY,1,1F11,7,1F& 4)
8 FORMAT (T2,1F7.04D12.4)
) CONTINUE
PMP=10.D(FPMP
19 CONTINUE
*
sk ek e b otk s o o TERMINATION BLOCK BLOCK 0801 *
*
CLOSE (1)
CLOSE (2)

Y
okt ket bk kb ok ok R bRtk ok ek bk ok e ok k END OF MAIN PROGRAM

END

252



Appendix I

Programming Specifications of the High
Temperature Steam Heat Transfer Code
(VASICA)

This chapter includes subroutines, written in FORTRAN77 computer language, of the
VASICA (VASIC Aleksandar) code to predict heat transfer for high temperature steam. A main
program has to cull the subroutine VASICA(TB.G,D,P,QW,TW HTC F). The input parameters
are temperature TB("C) in the range 726.85 to 4726.85°C, mass velocity G(kg m? s, pipe
diameter D(m), pressure P(MPa) in the range 0.01 to 100MPa, and constant heat flux at the wall
QW(MW m?). The results of calculations are wall temperature TW(°C), local heat transfer
coefficient HTC(W m? K') and Fanning friction factor F. Accompanying subroutines are
FROZPROP, JANAF, MOLARMAS, FRENTA, FRCOND, PARFAN, NEWTON and functions
are YG and F.

For performing a computation of heat transfer for high temperature steam, the required
subroutines are all listed: the Fraction code at Appendix F, the Frozen Properties code at
Appendix G, the UODH20 code at Appendix H and the VASICA code listed in this Appendix
I. If computation requires temperatures lower then 1000°C, the [APS Property code” listed by
Haar et al. (1984) or the UOH20 code by Cheng et al. (1989) must be incorporated.

In this work. tor tempertures <1000°C properties are evaluated using the IAPS code.
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Fxtkk BEGINNING OF VASICA CODE (TOTAL ~488 LINES) #rtbhaokiobbokoh b sitkn

*®

SUBROUTINE VASICA(TB.G.D.P.OW.TW HTC F)

IMPLICIT REAL*R (A-H.O-2)
INTEGER ACO

REAL*$ KFB,L.LEFB(6).MMOL MM({6).MAS] MAS(4).MUBNUB NUFB.T1.T2.SLIM
MUW NUCR(4). NU1.NU4 NUS.NU6 HTCLHTC4 HTCS . HTCO.NUFBVP
JYWCBET(6),BL(6).NUICR(4)

1
2

DIMENSION Y(6).YB(6).Y W(6).DMIX(6).ACO(4.6).QP(4)

1

SC(6).SH(6)

COMMON /FRACT/ Y
COMMON /FRPROQ/ MMCOL.MM HFM.CPFM.KFB

COMMON /PROP/ VF. VG,

VL. RHOF, RHOG. RHOL
JHE, MG, HL. CPE. CPG, CPL.SL

JUF. UG, UL, AKF. AKG, AKL

PRF. PRG. PRL. HFG. PSAT. TSAT

l
2
3
4 SIGMA
COMMON /DIFMIX/ DMIX
COMMON /LEWNUM/ LEFB
COMMON /AJl} ACO
DATA E/.1D-6/
CALL FRACTION(P.TB)
bO 11=1.6
YB(I) = Y(I)
CONTINUE
TBK=TB+.27315D3
CALL FROZPROP(P,TB)
CPFB=CPFM/MMOL
IF (TB.LE.1000.DU} THEN
CALL IAPS(P,TB)
ELSE
CALL UODH20(P.TB)
END IF
ROB=RHOL
MUB=UL
CALL PRN(MUB.,CPFB.KFB,PRFB}
CALL REN(G,D.MUB.REFB)
N=1
CALL NUKAKAC{N.PRFB.REFB,NUFB.FCP)
CALL LEWIS(P.TB.KFB,ROB,C’PFB)
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DO 2 I=16
SC{1)=MUB/ROB*DMIX(I))
SCN=SC(1)
N=2
CALL NUKAKAC(N,SCN,REFB,SHN.Z)
SH(])=SHN
2 CONTINUE
CALL HEATEFF(1 HECR)
QP(1)=HECR
MASI=(HECR*SH(1))(ACO(1,1)*CPFM*LEFB(1))
MAS(1)=MASJ
DO 3 J=24
l.=i+2
CALL HEATEFF(J.HECR)
QP(J)=HECR
MASJ=(HECR*SH(L})/(ACO(J,Ly*CPEM*LEFB(L))
MAS()=MAS]J
3 CONTINUE

* This hlock is only for plolting purpose ook otk odskoh ok oskskofe ek ok ok dokok ok

¢  TDFB=KFB/(ROB*CPFB)

¢ TDE=AKLAROB*CPL)

¢ WRITE(v.4) TB.TDFB.TDE

C  WRITEM.S) TBALY(D)I=16)

C 4 FORMAT(T2,IF5.0,6F11.6)

¢ WRITE®.4) TB.MMOL*.1D4,(HFM/(. ID4*MMOL)}+4648202.89D0,CPFB KFB
C 4 FORMAT(T2.1F6.1,1IF10,3.2F12.2 IF10.4)

C  WRITE(Y4) TB,ROB.MUB

(' PEFB=PRFB*REFB

¢ STFB=NUFB/PEFB

¢ WRITE(84) TB.PRFB.REFB.PEFB.N' '~*B.STFB
C 4 FORMAT(T2,IF5.0.6E12.4)

C  WRITE(34) TBADMIX(I}.I1=1.6)
C  WRITE(2.4) TB{LEFB(]).1=1.0)
C  WRITE(44) TB.(SC(I).I=1.6)

C  WRITE(54) TB.(SH(1).I=1.6)

¢ WRITE(74) TB.(QP(1).I=14)

C  WRITER4) TB.AMAS(DI=14)
*

o ok ok sk o o sk s sk el ok oK e o o ok S sk ok ok ofest sk of ok sk sk e st sk ok s e sl et e obe et sk sk sl s stk o ke ok ok ok e ke ok sk sk ke sk sk sk e ke ste sk seske ok
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¢  RETURN
T1=TB+({QW*D)/(KFB*NUFB))
DO 49 M=1.300)
CALL FRACTION(P.T!)
DO 6 1=1.6
YW = YD)
6 CONTINUE
TR=TBK/(T1+.27315D3)
Temperature correction factor for gas ow with large temperature
*  differences proposed by Gnielinski (1976)
IF ((TR.LT..15D1).OR(TR.GT..5D1}) THEN
VP=TR**45Dl)
ELSE
PRINT*," Temperalure RATIO out ol range! *
PRINT*,” (.5 < Th/Tw < L.5), Th/Tw= ", TR
END IF
Blowing correction {actor for Sherwood number
Increase of mass transfer due to large composition difference
proposed by Keys-Crawtord (1980)
DO 7 L=1.6
YWC=.1DO*MMOL/MM(L)
IF (YW(L).GE.YWC) THEN

DIF=(MMOL/MM(L))-YW(L)

[F (DIF.NE.0.0DU) THEN
BET(L)=(YW(L)-YB(L))/DIF
BL(L)=DABS{(DLOG{BET(L)}+.1001D1)}¥YBET(L))
BL(L)=.1D1

ELSE
BL{L)=.1DI

END IF

ELSE
BL(L)=.1D1
END IF
7 CONTINUE
DTI=TI-TB
NUICR(D=(MAS(1y*YW({1)-MAS{)*YB(1))*VP*BL(1)/DT}
SUM=NUJCR(1)
NUCR{1)=SUM
DO 9 J=24
L=J+2

*
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NUICR()=(MAS(H*YW(L)-MAS(J)*YB(L))*VP*BL(L)/DT1
SUM=SUM+NUICR(J)
NUCR{J)=SUM
Y CONTINUE

NUFBVP=NUFB*VP

NUB=NUFBVP+35UM

T2=TB+{(QW*D)/(KFB*NUB))

DT=T2-TI

IF {ABS(DT).LE.E) THEN

* This block is only tor ploting purpose stttk ks Rtk sk ok bR Rk

#

C WRITE(7.10) TB,(BL(L).L=1.0}
HTCFB=(NUFBYVP*KFB/D}/100().D0}
HTC1=HTCFB+(NUCR(1y*KFB/D)/ LUX)L.DO
HTC4=HTCFB+(NUCR{2y*KFB/D)/1000.D()
HTCS=HTCFB+(NUCR(3)*KFB/D)/10(X).DO
HTCG=HTCFB+(NUCR{4)*KFB/D)/10().D0

C WRITE(7.10) TB.HTCFB,HTCI1,HTC4 HTCS5 HTCO

10 FORMAT(T2.IF5.0.6E11.3)
NUI=NUFBVP+NUCR(l)
NU4=NUFBVP+NUCR(2}
NUS=NUFBVP+NUCR(3)
NU6=NUFBVP+NUCR(4)

¢ WRITE(X.11} TB.NUFBVPNUI.NU4 NU5.NUB
C WRITE(¥.11) TBNUFBVP(NUIJCR(J}.J=1.4)
C WRITE(8.11) TB.VP

I FORMAT(T2.1F5.0.6E11.4)

skl o o o e ok e o she ok st ok sk ke s o ofe e et the ke kst st oo b ok o s ook ofe sk besfe s sk ek sk e e ek ok e ot sk ook sh sk sk sk ok skt skt ek sk ook
TW=T2
HTC=QW/{TW - TB)

Caleulation ol triction tacter

*

C IF (TW.LE.1000.DO) THEN

C CALL 1APS(P.TW)

¢ ELSE

C CALL UODH2ZO(P.TW)

¢ END IF

¢ ROW=RHOL

C MUW=UL

¢ TR=(TW+.27315D3)/(TB+.27315D3)
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ROR=ROB/ROW

REWCO=(G*D/MUW*ROR)

[F (REWCO.LT..14D53).0R.(REWCO.GT..1D7)) THEN
PRINT*,'REYNOLDS NUMBER IS OUT OF RANGE I
PRINT*, (14 000 < REW* < 1 000 (00), REW* =" REWCO

END IF

Friction factor proposed by Petukhov (19 )

X M=-.6D0+(56D 1*(REWCO** (- 35D)))

TX=TR**XM

F=FCP*TX

RETURN

ELSE
T1=T2
END IF
Y9 CONTINUE
PRINT*,’For VASICA M=300"M
END

FOO0O N0 N

O Mo

SUBROQUTINE NUKAKAC(N.PR.RE.NUCP.FCP)
IMPLICIT REAL*8 {A-H.O-Z)
REAL*3 NUCP
IF (N.EQ.1) THEN
[F {((PR.LT..5D0).OR.(PR.GT..2D4)) THEN
PRINT#*, Prandil number is OUT of range I’
PRINT#*,*{00.5 < Pr < 2000}, Pr =" PR
END IF
ELSE IF (N.EQ.2) THEN
IF ((PR.LT..5D1).OR.(PR.GT..2D4})) THEN
PRINT#*,"Schmidt number is OUT of range !
PRINT*,"(().5 < S¢ < 2000), S¢ =" PR
END IF
END IF
IF ({(RE.LT..23D4).0R.(RE.GT..5D7)) THEN
PRINT*, Reynolds number is OUT ol range I’
PRINT*, (2300 < Re < 3 000 (00), Re =".RE
END IF
*  Fanning friction factor by Bhatti-Shah (1986} recommended
*  in book by Kakac (1986)
IF (RE.LT..21D4) THEN
A=0.0D(}
B=16D2
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C=.11
EILSE IF (RE.LE.4D4) THEN
A=.54D-2
B=23D-7
C=-.66666666660666GT D)
ELSE IF (RE.LT..1D7) THEN
A= 128D-2
B=.1143D(}
C=.32154D0
ELSE
PRINT. Qut of I range > 1{} 000 {K}) RelbG= ".RE
END IF
FCP=A+(B/(RE**())
FCP2Z=FCP*.3D0

* Nusselt number correlation by Gniclingki (1976) recommended in book
* hy Kakac (1Y86)

Y

NUCP=({RE-.1D4)*PR*FCP2)/(.127D2 * DSQRT(FCP2) * ((PR**(2/3))
1 - 1Dy + .1D1)
RETURN
END
SUBROUTINE HEATEFF(J.QP)

IMPLICIT REAL*3 (A-H.O-Z)
INTEGER ACO.1J
REAL*® FH(6).QP
DIMENSION ACO(4.,0)
COMMON /Al ACO
CALL FRENTA(FH)
QP=0.0D(}
DO Y I=1.6

QP=QP+(ACO{J.I*FH({)
CONTINUE
RETURN
END

SUBROUTINE LEWIS(P.,TB.KFB .ROB,CPFB)

IMPLICIT REAL*® (A-H.O-Z)
REAL*8 P.TB.KFB,ROB.CPFB.Y(6).DBIN(6.6),DMIX(G).LEFB(6)
COMMON /FRACT/ Y
COMMON /BINDIF/ DBIN
COMMON /DIFMIX/ DMIX
COMMON /LEWNUM/ LEFB
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CALL BINDCO(P.TB)

warkrs Thig parl is only for plotting purpose FREEEEREREEkR Rk riR L

C  WRITE(IL.I) TBADBIN(LI).I=1.0)
I FORMAT (T2,1F5.0.6E10).3)
C  WRITE(12.2) TB(DBIN(L1).1=2,6)(DBIN(2.1).J=34)
2 FORMAT (T2.1F5.0.7E10.3)
C  WRITE(13.3) (DBIN{2.J).J=5.6).(DBIN(3.K).K=4.6}.{DBIN(4.L).L=5.6).
C 1DBIN(5.6)
3 FORMAT (8E10(.3)
ek ok Ak ckookck

DO Y L=16
CALL MIXDIFF(L.DMIXL)
DMIX(L)=DMIXL
LEFB(L)=KFB/(ROB*CPFB*DMIXL)

* Assumption that Lewis number is = 1

C
9

C

C

C
5
6

LEFB(L)=.1D1
CONTINUE
RETURN
END
SUBROUTINE BINDCOQ(P,TB)
IMPLICIT REAL*R (A-H.,O-Z)
REAL*R P,TB.TKB.DBIN(0.6),DBINLI
| RM(6.6),SBIN(6,6).EPSB(6.6).RT(6.6) OMED{(0.6).ZB(6.6).ZM
COMMON /BINDIF/ DBIN
COMMON /COMPR/ ZB.ZM
TKB=TB+.27315D3
CALL PARAMET(TKB)
CALL COMPRE(P,TKB)
WRITE(16.,1) TB((ZB(1,J).J=1.6).J=1.6)
FORMAT(T2.1F5.0,6E11.3/6E12.3/6E12.3/6E12.3/06E12.3/.
16E12.3)
DG 6 1=1,6
DO 5 =16
ZB{1.))=.1D}
CONTINUE
CONTINUE
WRITE(17.2) TBZM
FORMAT (T2,1F5.0,1E1L.3)
DO 8 L=1p6
DO 7 =16

26(0)
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CALL REDMAS(LJ.RM(L.1))
CALL SIGMABIN(L.LSBIN(L.I})
CALL EPSILBIN(L,LEPSB(L.I})
RT(L.=TKB/EPSB(L.I)

CALL NEUFD(RT(L,I},OMED(L.I))

CALL MASDIF(P, TKB RM(L.1),ZB(L.i},SBIN(L.I),OMED(L.I),.DBINLI)

DBIN(L,[)=DBINLI
7 CONTINUE
¥ CONTINUE
¢ WRITE(12.4) TKB,DBIN(1.3).DBIN(2.3).DBIN(2,5),.DBIN(3.0)

4 FORMAT (T2, 1FY.14E12.5)

RETURN

END

SUBROUTINE PARAMET(TK)
IMPLICIT REAL*Y (A-H.0-Z)

REAL*#$ TK.TT(1%).EK(6.19).5(6,19),EPSK(6).SIG(6).BA(6,19).CA(6,19)

l B6LC(6)Y1.Y2,D1.D2,FIF2.F3 F4 INSERT
LOGICAL EQUAL
COMMON /TEMP/ TT
COMMON /EPSIL/ EK
COMMON /SIGMA/ §
COMMON /PARAM/ EPSK.SIG
COMMON /VIRCO/ BACA
COMMON /VCOEF/ B.C
CALL SEARCH(TT,TK.19YJ.EQUAL)
DO Y I=1.6
IF (EQUAL.EQV..TRUE.) THEN
EPSK(D=EK(L))
SIG(D=S(L.))
¥ conversion virgl coellicient units to m3/mol
B(l)=BA(L)y*.1D-5
*  conversion virid coetlicient unils o me/mol2
C(h=CAQD*.I1D-11
ELSE
DI=TK-TT)
D2=TT{J+1)-TK
Y I=EK(L])
Y2=EK(LI+1)
FI=INSERT(Y 1.Y2.D1.D2)
EPSK(D)=FI
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Y 1=8(LD)
Y2=5(LJ+1)
F2=INSERT(Y 1.Y2.D1.D2)
SIG(I)=F2
Y I=BA(L])
Y2=BA(l.J+1}
F3=INSERT(Y 1.Y2.D1.D2}
conversion virial coeflicient units to m3/mol
B(I)=F3*.1D-5
YI1=CA(LD)
Y2=CA{l.J+1)
F4=INSERT(Y 1.Y2.D1.D2)
conversion virial coefficient units to m6/mol2
C(l)=F4*.ID-11
END IF
Y CONTINUE
RETURN
END
SUBROUTINE COMPRE(PMPA,TK)

This subroutine calculates compresibility factor for all binary
mixtures and mixtare of all six components,
Results are stored in COMMON /COMPR/

IMPLICIT REAL*S (A-H.0-Z)
REAL*$ PMPA.TK.Y(6).A(3).B(6).C(6).X(6).ZB(6.6),ZM.R
COMMON /FRACT/ Y
COMMON /VCOEF/ B.C
COMMON /COMPR/ ZB.ZM
DATA R/.831441D4/
A(1)=(PMPA*.1D7)/(R*TK)
A(2)=A(1)**2D]
AG3)=A(1)**3D1
DO 8 I=1.6
DO 7 J=16
IF (Y(1).EQ..ID1) THEN
ZB(LJ)=.1D1
ELSE
XM=YM/AYD+YI))
XN=YIYD)+YI)
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Z1=X(1y*B(1)+X(J)*B(J)
Z2=X(H*((B{Iy**2)-C))+ X (B()*=*2)-C(h))
ZA=X(D*B()*C(H+XA)*BU*CH
ZBLN=ID1+A(1)*Z1-(A{2)*Z2)-(.2D1*A(3)*Z3)
END [F
7 CONTINUE
¥ CONTINUE
Z1=0.0D0
£2=0.0D0)
Z3=0.0D40)
DOV I=1.6
ZI=Z1+(Y(1y*B(D)
Z2=724+(Y (I ((B(1)**2)-C(1)))
Z3=Z3+(Y (Iy*B(1y*C(1))
Y CONTINUE
ZM= 1D +A(1*Z 1-(A(2)*Z2}-(2D1*A(3YL3)
RETURN
END
SUBROUTINE REDMAS(L,I.LRM)
IMPLICIT REAL*8 (A-H.0O-Z)
REAL*® M(6).RM
DATA M /.1801528D2, .201588D1. .319988D2, .1700734D2, .100794D1
J . 159994002/
RM=(. 1DI/MLy+( 1 DIMTD
RETURN
END
SUBROUTINE SIGMABIN(L,1.SBIN)
IMPLICIT REAL*S8 (A-H.O-Z)
REAL*S SBIN.EPSK(6).SIG(G)
COMMON /PARAM/ EPSK.SIG
SBIN=5D0*(SIG(L)+S1G(1))
RETURN
END
' SUBROUTINE EPSILBIN(L.L.LEPSB)
IMPLICIT REAL*S (A-H.O-Z)
REAL*Y EPSB.EPSK(0).S1G(6)
COMMON /PARAM/ EPSK.SIG
EPSB=DSQRT(EPSK(L)*EPSK(1})
RETURN
END
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SUBROUTINE NEUFD(RT.OMED)
IMPLICIT REAL*8 (A-H.O-Z)
REAL*S OMED.RTAB.C.D.EF.GH
DATA A/ 1060U36D1/ B/ 156 100D.C/193000D0Y . D/.4AT763350DUY
! E/103587D 1L FL152996D 1/.G/.176474D 1/ H/.3894 11D 1/
OMED=A*(RT)**(-B+C*(DEXP(-D*RTN+E*{ DEXP(-F*RT)+G*DEXP(-H*RT)}
RETURN
END
SUBROUTINE MASDIF(P,TK.RM.ZBIN.SBIN.OME.DBIN}
IMPLICIT REAL*8 (A-H.O-Z)
REAL*§ A, TK P.RMZBIN.SBIN.OME.DBIN
DATA A/.18K2899D-Y/
DBRIN=(A*DSQRT(RM)*(TK** 15D 1)*ZBIN)/((SBIN**2y*OME®*P)
RETURN
END
SUBROUTINE MIXDIFF(L.DMIX)
IMPLICIT REAL*R (A-H,O0-Z)
REAL*8 DMIX.Y (6).DBIN(6.6).SUM
COMMON /FRACT/ Y
COMMON /BINDIF/ DBIN
IF (Y(1).LT..98D0)) THEN
* For system in which all 1 components move with sume velocity
SUM=(.0D{}
DO VY I=1.6
IF (I.NE.L) SUM=SUM-+(Y(1)/DBIN(L.I}}
9 CONTINUE
DMIX=(.1DI-Y(L}/SUM
* For component 1 (H20)
* when Y(1)~1 Diffusion coefficient is equal o the Self-diffusion
* when Y(1)~0.5 Diftusion coetlicient is calculated as mixture of all
* components..
* for (L.5< Y{1) <1 Diffusion coetficient is calculated as proportional to
* ghove two cases (Lo make smooth ransition)
IF ((L.EQ.1).AND.({Y(1).GT..5D0))} THEN
DMIX=DBIN(L.1}+(DMIX-DBIN(L. D)y (.1 D1-Y(1))/(.1D1-.5Dt)
RETURN
END IF
RETURN
ELSE
* For trace components 1=2.6
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DMIX=DBIN(L,1)

RETURN
END IF
END

BLOCK DATASCO
* Siehiometric coellicients for choosen four chemical rections
INTEGER 1LACO
DIMENSION ACO(4,6)
COMMON /AJIf ACO
DATA (ACO(1.DJI=1.6) /-2.2, 1, 0, O, 0f
DATA (ACOQ2NJ=1.6) / 0-1,-1, 2,0, 0
DATA (ACO@RDI=L6) / 0-1, 0,0, 2, 0/
DATA (ACO@.NI=16) / (L 01, 0.0, 2/
END
BLOCK DATAES
INTEGER |
REAL*S TT.EK(6.19).5(6,19).BA(6,19),CA(6.19)
DIMENSION TT(19}
COMMON /TEMP/ TT
COMMON /EPSIL/ EK
COMMON /SIGMA/ S
COMMON /VIRCO/ BACA
*  TEMPERATURE K

DATA (TT{I).I=1.19y/
0. 10000D+04, (0.12000D+04, 0,14000D+04, (.16000D+04, (. 18000D+04
(L 20000D+04., (1.22000D+04, 0.24000D+04, 0.26000D+04, (L28000D+04
(L AOD+04, (0.34000D+04, 0.36000D+M, 0.40000D+04, 0.44000D+04
O ARUNDH04. 0.52000D+04, 0.56000D+M, G.60000D+04/

* Temperature dependant parameter for Lennard-Jones potential
* function - Kesselman (1968) K

DATA (EK(L.D.I=1.19)/

* o (.52350D+03, D48 110D+03, 0.45800D+03, 0.45350D+03, 0.45604D+03
* (L46100D+03, 146740D+03, (147320D+03, 0.47820D+03, 0.48220D+03
*(L4R550D+03, 0, 48990D+03, (.49 150D+03, 0.49400D+03, 0.49600D+03
* 0497600403, L49860D+3. (L49940D+03, 0.49980D+013/

DATA (EK(2.D.1=1,19) /19*0.34 100D+02/

DATA (EK(3..I=1.19)/

* 0 0.11740D+03, 0.11750D+03, 0.11730D+03, 0.11730D+03. 0.11750D+03

~
p
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* (L11750D+03, 0.11750D+03, 0,11750D+03, 0.11750D+03, O0.11750D+03
* (1L11740D+03, 0.11740D+03, 0.11740D+03, L1 F740D4+03, (L11740D+03
* (1.11740D+03, (.11730D+03, 0.11730D+03, 0.1 1730D+03/

DATA (EK(4.D.1=1.19y

* 0 (110000D+03, 0. 11200D+03, 0.12400D+03. 0,13200D+03. (L.14000D+03
* (), 14750D+03, 0.1 3600D+03, 0.16230D+03, 0. 16670D+03, 0.17280D+03
*_ (0, 17700D+03, 0.18440D+03. 0.18770D+03. (1.19400D+03, 0.19980D+03
*_(1.20490D+03, .20890D-+03. 0.21220D+03, 0.21500D+03/

DATA (EK(5.I).I=1.19)/

¥ (1.35000D+03. $.39000D+03, 0.43000D+03, 0.47000D+03, 0.50700D+03
(). 54780D+03. 0.58800D+03, 0.62780D+03, 0.66560D+03, (.70170D+03
*_(),73670D+03, 0.80340D+03, (L.83530D+03, (LRYGUOD+03, (LV5550D+)3
* (0. 10118D+04, (.10656D+(, 0.11169D+04, (L11657D+04/

DATA (EK(6.1).I=1.19)/ 53%0,11830D+03

* (0,1 1830D+03, (1, 1IR30D4+03, 0.11830D+03, 0.11820D+03, 118 10D+03
= (),11800D+03, 0. 11770D+03, 0.11760D+03, (L. 11730D+03, 0.11710D+03
£ 0.11680D+03, 0.11660D+(3, 0.1 1640D+03, 0.11620D+03/

Temperature dependant parameter for Lennard-Jones potential
* function - Kesselman (1968} nn

DATA (S(1.0).I=1.19)/

* o (1.28760D+00, 0.286UHID+00, (L28450D+00, 0.28340D+00, 0.28240D+01)
* ().28150D+00, 0.28070D+00, 0.28000D+00, 0.27940D+00), (L27880D+00
* {).27820D+00. 0.27720D+00, 0.27680D+00, 0.27600D+00, 0,27520D+00
*_(0,27490D+00, 0.27390D+00, (.27330D+(, 0.27280D+00/

DATA (S(2.1).I=1,19)/ ’

* 0 (.29380D+00, 0.29360D+{K), 0.29350D+00, 1.29340D+00), 0.29340D+00
* (1.29330D=00, 0.29330D+X), 0.29330D+00, 0.29320D+(H}, 0.29320D+00
*_{3.29320D+00, 0.29320D+(1}, 0.29320D+00, (.29320D+00, 0.29320D+00
*_().29320D+00, (0.29320D+00, 0,29320D+4X), .29320D+00/

DATA (S(3.1),I1=1.19)/

*(1.34620D+00, (.34620D+00, 0.34620D+0). (1.34620D+00), 0.34610D+))
* (0,346 10D+00, 0,346 10D+, 0.34610D+00, 6.34600D+00, 01.34600D+00
*(1.34600D+00, (,34600D+), 0.34600D+(X}, 0.34590D+00), 0.34580D+00
*(1.34580D+00, (L.34580D+0), (.34570D+), 0.34570D+00/

DATA (S§(4.1).I=1.19)

* (3.40500D+00, 0.40310D+00, 0.40120D+00, 0.39930D+00), (.39740D+(1)
*_(1,39540D+00, (.39330D+00, (.39140D+(X}, 0.39000D+00, 0.38730D+00
* (1,38570D+00, 00.38320D+00, 0.38180D+00, 0.37940D+00, 0.37730D+00
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*

*

*k

*_(0.37540D+00, 0.37370D+00, 0.37210D+00, 0.37070D+00/

DATA (5(5.1),I=1.19)/

* (323700D+00, 0.23338D+00, 0.22976D+00, 0.22614D+00. (1.22252D+00
*_{(1.21890D+00, 0.21610D+00. 0.21330D+00. 0.21070D+00, 0.20850D+00
#_(0.20630D+00, 0.20290D+00, 0.20140D+00, 0.19830D+00. 0.19650D+00
*_().19430D+00, 0.19230D+00, 0.19020D+00. 0.18820D+00/

DATA (S(6.1).I=1,19)/

*(1.20100D+00, 0.28920D+00, 0.28740D+00, 0.28560D+00, 0.28330D+}
*_().28200D+00, 0.28070D+00, 0.27950D+00, 0.27840D+00. 0.27740D+00
*{),27650D+00, 0.27480D+0), 0.27410D+N), (.27280D+00, (L.27150D+(H)
*_{),.27040D+00, 0.26930D+00, 0.26840D+00, 0.26750D+00/

Second virial coefficient - Kesselman (1968)  cm3/mole

DATA (BA(1.D),1=1.19)/
* 021 160D+02.-0.92900D+01.-0.28200D+01, 0.72000D+00, 0.30200D+1
£ 0.46800D+01, 0.59300D+01, 0.69300D+01, 0.77800D+01, 0.84900D+01
% 0.0000D+01, 0.10030D+02, 0.10420D+02, 0.11010D+02, 0,11510D+02
(0.1 1870D+02, 0.12130D+02, 0.12330D+02, 1).12490D+02/

DATA (BA(2.]).1=1,19)/

*  (.16860D+02, 0.16700D+02, 0.16510D+02, 0.16300D+02, 1.161 10D+02
*_0.15900D+02, 0.15720D+02, 0.15540D+02, 0.15360D+02, 0.15200D+02
*_0.15050D+02, 0.14760D+02, 0.14630D+02, 0.14370D+02, 0.14140D+02
% 0.13930D+02, 0.13740D+02, 0.13560D+02, (.13400D+02/

DATA (BA(3.D.I=1,19)/ |

% 0.22470D+02, 0.24410D+02, 0.25630D+02, 0.26400D+02, 0.26890D+)2
%, (0.27210D+02, 0.27410D+02. 0.27520D+02, 0.27580D+02, 0.27600D+02
*().27590D+02, 0.27530D+02, 0.274R0D+02, 0.27370D+02, 0.27250D+(2
# (.27000D+02, 0.26970D+02, 0.26770D+(2, 1.26610D+02/

DATA (BA(4.D),]=1,19)/

% (.50000D+02. 0.48000D+02, 0.46000D+02, 0.44000D+02, (142000D+02
*0.39350D+02, 0.39010D+02, 0.38670D+02, (1.38340D+02, 0.38010D+02
* 0.37650D+02, (.37060D+02, 0.36770D+02, 0.36230D+02, (.35720D+02
%, (1.35220D+02, 0.34780D+02, 0,34340D+02, 1.33920D+02/

DATA (BA(S,D),I=1,19)/

% (.60000D-10, 0.80000D-01, 0.10000D+00, 0.30000D+00, 0.50000D+00
% 0.67000D+00, 0.87000D+00, 0.10400D+01, 0.11800D+01, 0.13000D+01
#.0.14100D+01, 0.16000D+01, 0.16700D+01, 0.18100D+01, 0.19200D+01
*_().20100D+01, 0.20700D+01, 0.21200D+01, 0.21700D+01/

DATA (BA(6.1).1=1.19)/
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*

11.14900D+02, 0. 14840D+02, (.14780D+)2, 0.14720D+02, 0.14670D+H)2
L 0.14620D+02, 0.14570D+02. 0.14480D+02. 0.14340D+02, 0.14210D+02
* (). 14070D+02, 0.13800D+02, 0.13670D+02, 1.13420D+02, 0.13150D+02
* 0,129 10D+02, 0.12670D+02, 0.12450D+02, 0.12240D+02/

*

*  Third virial coefficient - Kesselman (1968)  cm6/mole2

DATA (CA(L,1),1=1,19)/

% (L40790D+03, 0.33170D+03, 0.29570D+03, 0.27640D+03, 0.26390D+03
% ().25490D+03, 0.24750D+03, 0.24150D+03, 0.23590D+03, 0.23100D+03
% (.22660D+)3, 0.21830D+03, 0.21480D+03, 0.20820D+03, 0.20200D+03
% (),19636D+03, 0.19060D+03, 0.18580D+03, 0.1815uD+03/

DATA (CA(2.1)]=1.19)/

* 0.22600D+03, 0.21300D+03, 0.20200D+03, 0.12200D-+03, 0.18400D+03
*_0.17700D+03, 0.17100D+03, 0.16500D+03, 0.16000D+03, 0.15600D-+03
¥, 0,15200D+03, 0.14400D+03, 0.14100D+03, 0.13500D+03, 0.13000D+03
* (11 2500D+03, 0.12100D+03, 0.11700D+03, 0.11400D+03/

DATA (CA(3.1).1=1,19Y
*  (.R0540D+03. 0.78340D+03, 0.76240D+03, 0.74240D+03, 0.72290D+03
*_ 1) 70470D+03, 0.68750D+03, 0.67140D+03, 0.65630D+03, (1.64230D+03
% (1.62920D+03, 0.60550D+03, 0.59450D+03, 0.57420D+03, 0.55770D+03
% ().53840D+03, 0.52760D+03, 0.51060D+03, 0.49800D+03/

DATA (CA@.D)J=1.19) 19% 0.00000D+00/

DATA (CA(5.1)=1.19)/  19* 0.00000D+00/

DATA (CA(G.D.J=1.19)/  19* 0.00000D+00/

*

s sk o sk ek s ok o sheofe s et o ke stk s ok e stk de sk e sk ke ste sk ok okl ek skok ok ok sekokskok sk TINTY OF BLOCK DATA #*

sokaokk THES 1S THE END OF SUBROUTINES RELATED TO VASICA CODE #¥##fnkict
END
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PROGRAM HTCTW
stotsksk skofk ok PROGRAM IDENTIFICATION kot sk o

This is a sameple main program which will serve as an
example how 1o use subroutines for generating

the heat wransfer coefficient and wall temperasure

in fube flow of high temperature dissocated steam,

*

* Written by Aleksandar Vasic’ f01/1988
* University of Ottawa

*®

shesteskeoke oo ok sk skecke ook e sk ok e ode o s sl s sk ode sk sheok sk ok sk sk ok sk sk ok skeokeobesk ok stk sk sk ok etk ok sk ok kb ek ek sk ok ool ok ke e ok
#®

Fckkkkckodk ok VARIABLE IDENTIFICATION Akeak Aok ok obokob ok
"

* PMP = pressure [=] MPa

* TC = temperature [=j degC

* V = specific volume [=] m3/kg

* S = entropy [=] J/kg degC

* H = enthalpy [=] J/kg

* CP = heat capacity [=] J/kg degC

* MU = viscosity [=] kg/m s

* K = thermal conductivity [=] W/m degC

* RHO = density [=) kg/m3

* NI = kinematic viscosity [=] m2/s

* KDE = thermal diffusivity [=] m2/s

* PR = Prandi number [=] -

3

Aok SUBROUTINE AND FUNCTION NAMES

®

* UODH?20 = calculates properties

*k

*

wkaskkrers  TYPE DECLARATION AND INITIALIZATION BLOCK 0000 *
*

IMPLICIT REAL*§ (A-H,0-Z)

REAL*8 G,D,P,QW QWIN,TB,TW(6) HTC(6),F(6),DT(6)

DATA G,D,P,QW/.1D4,.1D-1,.1D0,.1D7/
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aO MmN mnn

Y O

MACNCANOOONCONOOCONONON0ON0O00N0N0

PRINT*"EXECUTION of program HTCTW Started NOW.’
PRINT*,’d (m) = 7’

READ*.D

PRINT*'G (kg/m2 s) = 7

READ*.G

PRINT*,'P (MPa) = 7~

READ* P

P=.101325D0

PRINT* QW (MW/m2) =’
READ*,QWIN

QWIN=!DI

QW=QWIN*.1D7

PRINT*,'d= *.D.G= ".G,'P="P.qw="QW
OPEN (UNIT=1FILE="HTC.DAT")
OPEN (UNIT=2.FILE="TW.DAT")
OPEN (UNIT=2.FILE="LEDIS.DAT")
OPEN (UNIT=3 FILE="DDIS.DAT")
OPEN (UNIT=4,FILE="SCDIS.DAT")
OPEN (UNIT=5.FILE="SHDIS.DAT")
OPEN (UNIT=6,FILE="SCREAN.DAT")
OPEN (UNIT=7,FILE="BL DAT")
OPEN (UNIT=7FILE="BETA.DAT")
OPEN (UNIT=7FILE='"HVDIS.DAT")
OPEN (UNIT=7,FILE="HETEFF.DAT")
OPEN (UNIT=8 FILE="MASS.DAT")
OPEN (UNIT=8 FILE="NUNDIS.DAT")
OPEN (UNIT=8 FILE="VP.DAT’)
OPEN (UNIT=8,FILE="NUMBER.DAT")
OPEN (UNIT=9 FILE="YDIS.DAT")
OPEN (UNIT=9 FILE="FROPRO.DAT")
OPEN (UNIT=9,FILE="TERDIFE.DAT’)
OPEN (UNIT=9.FILE="NUICR.DAT")
OPEN (UNIT=9,FILE="PROPER.DAT")
OPEN (UNIT=10.FILE="TWDIS.DAT")
OPEN (UNIT=11.FILE="DIIDIS.DAT")
OPEN (UNIT=12.FILE="DIJ IDIS.DAT")
OPEN (UNIT=13,FILE="D1J2DIS.DAT")
OPEN (UNIT=14.FILE=’LNQ.DAT")
OPEN (UNIT=15.FILE="LNKP.DAT")
OPEN (UNIT=16FILE="ZB.DAT")
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C  OPEN (UNIT=17.FILE="ZM.DAT")
C  WRITE(1,11) D.GP.QWIN
C 11 FORMAT (T2.3HD= T5.F53.Ti0,1HM.T14.2HG=.T17 F5.0.T22.7THKG/M2 8.T
C  133.2HP=T36.E7.3,T43.3HMPA. T4%.3HQW=.T53.F7.3. T60.SHMW/M2)
C  P=0.01D0
C DOI19I=135
C  WRITE@.NLHP
C 111 FORMAT (/,T20.4HP = .1F6.23HMPa.)
C DO 9 TB= 800.D0.4700.D0,100.D0
DO 99 TB= 800.D0,4700.D0,100.D0
PRINT*TB
CALL VASICA (TB.G.D.P.QW.TW(6),HTC(6).F(6))
9 CONTINUE
C P=P*10.D0
C 19 CONTINUE
* Converting heat trasnfer coefficient units 1o kW/m2 K
DO 1 1=6,6
HTCM=HTC()/1060.D0
l CONTINUE
C  WRITE (1,2) TBHTC(1),HTC(2),HTC(3),HTC(4),HTC(5)
2 FORMAT (T2,1F9.1,5D10.4)

C DO3I=L5
C DT()=TW(I)-TB
3 CONTINUE

C  WRITE (10.4) TB.(DT(I).l=1.5)
4 FORMAT (T2,1F9.1,5D12.6)
C  WRITE (1,5) TB,TW(1),TW(2),TW(3),TW(4),HTC(1),HTC(2),HTC(3),HTC(4)
5 FORMAT (T2,F5.0.T7.4F7.1,T364D 9.4)
C WRITE (1,6) TB,TW(1),TW(2),TW(3),HTC(1),HTC(2),HTC(3)
6 FORMAT (T2,F9.1,T11,3F10.1,T41,3D10.5}
WRITE (1,7) TB,(HTC(I),]1=6,6)
7 FCRMAT (T2,F5.0,6E11.4)

C WRITE (2,8) TB(TW(I),1=6,6)
8§  FORMAT (T2.F5.0,6F10.1)
99 CONTINUE
CLOSE (1)
C CLOSE (2)
C CLOSE (3)
C CLOSE (4)
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CLOSE (5)
CLOSE (6)
CLOSE (7)
CLOSE (8)
CLOSE )
CLOSE (10)
CLOSE (11)
CLQOSE (12)
CLOSE (13)
CLOSE (14)
CLOSE (15)
CLOSE (16)
CLOSE (17)
PRINT*,'Execution of program HTCTW is FINISHED.”

ScOoOMNMOoOnNoOonoOonnononn

*
st e kst ek ok ke okl sk ok fekok ok okok sk ok ok ot ok fde e ook #* END OF MAIN PROGRAM *
END
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Table of Dissociated Steam Composition
at Pressure from 0.01 to 100.00 MPa
and Temperature from 1000 to 3000°C

This chapter includes a table of the mole fractions for six components which are formed

by steam dissociation. The table is generated by the Fraction computer code listed in Appendix
F.
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t Yi
e T ‘mol, mol,’ I
YT 2 3 4 5 6
(Component | H;0 | M, | 0, | HO | H 0
P= 0.01MPa
1000.0 1.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000
1100.0 1.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000
[ 12000 1.000¢00 | 0.000000 | 0.000000 | 0.000000 [ 0.000000 j 0.000000
1300.0 1.000000 | ©0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000
1400.0 1.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000
1500.0 1.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000
1600.0 1.000000 | 0.000000 | 0.000000 | 0.000000 j 0.000000 | 0.000000
1700.0 0.980370 | 0.010805 | 0.004525 | 0.003731 [ 0.000454 0.000116
1800.0 0.966736 | 0.017658 | 0.007221 | 0.006942 | 0.001131 0.000311
1900.0 0.946460 | 0.027389 | 0.011014 0..01 1787 1§ 0.002588 0.000761
2000.0 0.917231 | 0.040560 | 0.016059 | 0.018946 | 0.005490 | 0.001714
2100.0 0.876673 | 0.057487 | 0.022435 | 0.028938 | 0.010879 0.003588
2200.0 0.822508 | 0.078060 | 0.030065 | 0.042080 | 0.020264 | 0.007023
2300.0 0.753029 | 0.101501 | 0.038628 | 0.058275 | 0.035640 | 0.012928
2400.0 0.667795 | 0.126139 | 0.047491 | 0.076761 | 0.059358 0.022456
2500.0 0.568469 | 0.149296 | 0.055675 | 0.095895 | 0.093779 | 0.036887
2600.0 0.459550 | 0.167460 | 0.061930 | 0.113111 | 0.140603 0.057345
2700.0 0.348560 | 0.176922 | 0.064957 | 0.125251 | 0.199952 0.084358
2800.0 0.245051 | 0.174943 | 0.063819 | 0.129407 | 0.269453 0.117328
‘ ‘.‘ 2900.0 0.158157 | 0.161138 | 0.058411 | 0.124156 | 0.343934 0.154204
3000.0 0.093405 | 0.138197 | 0.049718 | 0.110525 | 0.416438 0.191718
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t

Y [ AT -
°C mol, mol,,"!
i - N ! 5 6 |
Component _1:1;6 i "__Hz “—(3; __________ HO | H 0
P= 0.10MPa
1000.0 1.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000
1100.0 1.000000 | 0.000000 | 0.000000 § 0.000000 | 0.000000 | 0.000000
1200.0 1.000000 0.000000 0.000000 | 0.006000 0.000000 { 0.000000
1300.0 1.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.00000(0
1400.0 1.000000 | 0.000000 | 0.000000 § 0.000000 | 0.000000 | 0.000000
1500.0 1.000000 0.000000 0.000000 | 0.000000 0.000000 | 0.000000
1600.0 1.000000 | 0.000000 | 0.000000 | (.000000 | 0.000000 | 0.000000
1700.0 0.991184 | 0.005022 0.00214 0.001530 0.000098 | 0.000025
1800.0 0.984736 0.008321 0.003374 | 0.003256 0.000246 | 0.000067
1900.0 0.975501 0.013022 0.005176 | 0.005571 0.000564 | 0.000165
2000.0 0.962212 | 0.019535 | 0.007618 | 0.009056 | 0.001205 | 0.000373
2100.0 0.943734 0.028209 0.010798 0.014063 (.002410 | 0.000787
2200.0 0.918842 0.039324 | 0.014784 | 0.020944 0.004547 | 0.001557
2300.0 0.886300 0.053038 0.019598 0.030005 0.008140 0.002912
2400.0 0.844985 0.069306 0.025187 0.041437 0.013914 | (LOO5171
2500.0 0.794053 | 0.087809 | 0.031402 | 0.055232 | 0.022743 | 0.008760
2600.0 0.733153 | 0.107876 0.037984 § 0.071099 | 0.035686 | 0.014202
2700.0 0.662669 | 0.128439 0.044548 (1.088377 0.053875 | 0.022092
2800.0 0.583930 | 0.148046 | 0.050600 | 0.106001 0.078385 | 0.033037
2900.0 0.499356 | 0.164947 0.055571 0.122523 } 0.110040 | 0.047563
3000.0 0.412422 | 0.177300 0.05888% (.136247 0.149161 ).065981
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t Yi
A S S A I T
i I 2 3] R - 6
Component | H;0 H, 0, HO | H o
P= 1.00MPa
100001 1.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000
11000 | 1000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.600000
12000 | 1000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000
1300.0 | 1.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000
1400.0 | 1.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000
1500.0 | 1.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000
1600.0 | 1.000000 | 0.060000 | 0.000000 | 0.000000 | 0.000000 | 0.000000
17000 | 0.996652 | 0.002215 | 0.001111 | 0.000000 | 0.000021 | 0.000006
18000 | 0.992953 | 0.003889 | 0.001571 | 0.001519 | 0.000053 | 0.000015
19000 | 0.988710 | 0.006100 | 0.002416 | 0.002607 | 0.000122 | ©0.000036
20000 | 0.982614 | 0.009217 | 0.003569 | 0.004258 | 0.000262 | 0.000081
21000 | 0.974145 | 0.013413 | 0.005088 | 0.006657 | 0.000525 | 0.000171
22000 | 0962727 | 0.018899 | 0.007027 | 0.010010 | 0.000997 | 0.000340
23000 | 0.047745 | 0.025859 | 0.009427 | 9.014531 | 0.001799 | 0.000639
24000 | 0028570 | 0034440 | 0.012317 | 0.020427 | 0.003102 | 0.001144
25000 | 0.004594 | 0.044735 | 0.015702 | 0.027877 | 0.005133 | 0.001959
26000 | 0.875273 | 0.056753 | 0.019560 | 0.037006 | 0.008185 | 0.003223
77000 | 0.840180 | 0.070402 | 0.023835 | 0.047860 | 0.012613 | 0.005110
7800.0 | 0.799066 | 0.085465 | 0.028432 | 0.060372 | 0.018833 | 0.007831
29000 | 0.751916 | 0.101585 | 0.033220 | 0.074342 | 0.027308 | 0.011629
3000.0 | 0.699012 | 0.118260 | 0.038024 | 0.089414 | 0.038523 | 0.016766
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t Y
°C N C molmol T T T
T T 2 3T T T s ] e
Componcnt- | H;O““ “l'-l;-“"““"ﬁ; __________ HO | H | 0o
P = 10.00MPa
1000.0 1.000000 [ 0.000000 | 0.000000 | 0.000000 | 0.000000 [ 0.000000
1100.0 1.000000 | 0.000000 | 0.000000 | G.000000 | 0.000000 | 0.000000
1200.0 1.000000 | 0.000000 | 0.000000 | 0.000000 | .000000 | G.000000
1300.0 1.000000 | 0.000000 | 0.000000 | 0.000000 [ 0.000000 [ 0.000000
1400.0 1.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 3§ 0.000000
1500.0 1.000000 | 0.000000 | O .000000 0.000000 | 0.00000¢ | 0.050000
1600.0 1.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000004 |
1700.0 0.998824 i 0.000971 (.000581 | 0.000000 [ 0.000004 | 0.000001
1800.0 0.996745 | 0.001809 | 0.000731 0.000700 [ 0.000011 | (.000003
1900.0 0.994778 | 0.002850 | 0.001124 | 0.001214 [ 0.000026 | 0.000008
2000.0 0.991965 | 0.004310 | 0.001663 | 0.001988 [ 0.000057 | 0.000017
2100.0 0.988061 | 0.006294 | 0.002378 | 0.003117 | 0.000114 | 0.000037
2200.0 0.982799 | 0.008909 | 0.003295 | 0.004706 | 0.000216 | (.000074
2300.0 0.975891 | 0.012265 | 0.004443 [ 0.006870 | 0.000392 | 0.000139
2400.0 0.967033 | 0.016465 | 0.005845 | 0.009729 | 0.00067% | 0.000249
2500.0 0.955916 | 0.021604 | 0.007518 | 0.013405 | 0001128 [ 0.000429
2600.0 0.942234 | 0.027759 | 0.009474 | 0.018013 [ 0.001810 | 0.000709
2700.0 0.925699 | 0.034986 | 0.011716 | 0.023654 | 0.002812 | 0.001133
2800.0 0.906054 | 0.043309 | 0.014236 | 0.030410 } 0.004240 | 0.001752
2900.0 0.883088 { 0.052716 | 0.017015 | 0.038328 | 0.006221 | 0.002632
3000.0 0.856653 | 0.063155 | 0.020025 | 0.047418 { 0.008902 | 0.00334%
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t Y

< Tmol,mol,T )

T I 4 T 5T 6 ]

[Component| H,0 | H, 0, | HO | H [ 0

P = 100.00MPa

1000.0 1.000000 | 0.000000 0.000000 | 0.000000 | 0.000000 { 0.000000
1100.0 1.000000 | 0.000000 [ 0.000000 [ 0.000000 | 0.000000 | 0.000000
1200.0 1.0000G0 | 0.000000 | 0.000000 [ 0.000000 | 0.000000 | 0.000000
1300.0 1.000000 { 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000
140400 1.000000 | 0.000000 | 0.000000 | 0.000000 [ 0.000000 | 0.000000
15000 1.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000
1600.0 1.000600 | 0.000000 ; 0.000000 | 0.000000 0.000000 | 0.000000
1700.0 0.999414 | 0.000457 | 0.000263 | 0.000135 | 0.00000] 0.000000
1800.0 0.998488 | 0.000842 | 0.000339 | 0.000328 | 0.000002 | 0.000001
1900.0 0.997580 | 0.001326 | 0.000522 | 0.000565 | 0.000006 | 0.000002
2000.0 0.996278 | 0.002007 | 0.000774 | 0.000925 | 0.000012 | 0.000004
2100.0 0.994472 | 0.002936 | 0.001107 | 0.001453 | 0.000025 | 0.000008
2200.0 0.992039 | 0.004164 | 0.001537 } 0.002197 | 0.000047 | 0.000016
2300.0 0.988844 | 0.005749 | 0.002077 | 0.003216 | 0.000085 | 0.000030
2400.0 0.984747 | 0.007744 | 0.002740 | 0.004568 | 0.000147 | 0.000054
2500.0 0.979598 | 0.010206 | 0.003538 | 0.006320 | 0.000245 | 0.000093
2600.0 0.97324% | 0.013186 | ~.004480 | 0.008537 | 0.000395 | 0.000154
2700.0 (.965551 (.016730 | 0.005574 | 0.011283 | 0.000615 | 0.000247
2800.0 0.956363 | 0.020878 | 0.006825 | 0.014619 | 0.000931 0.000384
2900.0 0.945554 | 0.025660 | 0.008233 ! 0.018601 0.001372 | 0.000579
3000.0 0.933006 | 0.031096 | 0.009798 | 0.023274 | 0.001975 | 0.000851
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Table of Frozen Properties for Dissociated
Steam at Pressure from 0.01 to 100.00 MPa
and Temperature from 1000 to 3000°C”

This chapter includes a table of three thermodynamic properties - molar mass, enthalpy
and heat capacity, and one transport property - thermal conductivity”™. The table is generated
by the Frozen Property computer code listed in Appendix G.

The zero value of enthalpy of water is set at triple point (t=0.01'C, P=611.73Fa) k,=4.648202MJ kg, ".

Led

WARNING! The values of thermal conductivity are generated using data by Svehla (1964) which are lower
then should be. Since, this are the only available data in literawsre for frozen thermal conductivity, they are adapted
in this work. The estimated inaccuracy of the predictions is in order of -10%.
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3282.6

t M, H, Cpre K,
e kg kmol Ik I kg, °C" Wt
P= 0.01 MPa
10(4.0 18.015 4636875.0 2477.2 (.1504
1100.0 18.015 4637125.9 2539.8 0.1655
1200.0 18.015 4637382.8 2598.4 0.1809
1300.0 18.015 4637645.4 2652.8 0.1961
1400.0 18.015 4637913.2 2703.1 0.2112
1500.0 18.015 4638185.9 2749.3 (.2262
1600.0 18.015 4638463.0 2791.8 0.2416
1700.0 17.894 4638940.5 2832.0 0.2571
1800.0 17.807 4639368.9 2869.0 0.2735
1900.0 17.674 4639878.9 2903.3 0.2906
2000.0 17.475 4640506.3 29353 (.3090
2100.0 17.188 4641298.0 2965.6 0.3294
2200.0 16.786 4642316.2 2994.7 0.3519
2300.0 16.241 4643643.2 3023.3 0.3777
2400.0 15.529 4645384.3 3052.1 0.4073
2500.0 14.639 4647669.5 3082.1 0.4413
2600.0 13.581 4650647.2 3114.6 0.4796
2700.0 12.396 4654459.1 3150.7 0.5217
2800.0 11.159 4659182.0 3191.1 0.5654
2900.0 9.969 4664731.3 3235.8 0.6071
3000.0 8.919 4670776.3 0.6426
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t M, H,. Cp,. K,
°C kg kmol," I kg, T kg oc! W' el
P= 0.10 MPa
1000.0 18.015 4636875.0 2477.2 0.1504
1100.0 18.015 4637125.9 2539.8 0.1655
1200.0 18.015 46373828 2598.4 0.1806
1300.0 18.015 4637645.4 2652.% 0.1957
1400.0 18.015 4637913.2 2703.1 0.2107
1500.0 18.015 4638185.9 27493 0.2258
1600.0 18.015 4638463.0 2791.8 0.2406
1700.0 17.962 4638830.6 2831.2 (1.2555
1800.0 17.922 4639181.3 2867.8 0.2706
1900.0 17.864 4639565.3 2901.5 (0.286(0)
2000.0 17.779 4639998.1 2932.6 0.3018
2100.0 17.658 4640495.5 2961.5 0.3183
2200.0 17.491 46410774 2988.5 0.3357
2300.0 17.266 4641768.5 3013.8 (1.3542
2400.0 16.970 4642599.4 3037.8 (0.3743
2500.0 16.58Y% 4643606.8 3060.8 (.3961
2600.0 16.113 4644834.5 3083.3 (.420]
2700.0 15.533 4646333.%8 3105.5 (.4470
2800.0 14.84% 4648162.2 3128.1 0.4769
2900.0 14.062 4650380.9 3151.4 0.5096
3000.0 13.195 4653047.9 3176.0 0.5453

281




Appendix K

t M, H, Cp,. Kk,
o I kg I(molm'[- I kg, T kg, ol W m'°C!
P= 100 MPa
1000.0 18.015 4636875.0 2477.2 0.1504
1100.0 18.015 4637125.9 2539.8 0.1655
£200.0 18.015 4637382.8 2598.4 0.1806
1300.0 18.015 4637645.4 2652.8 0.1957
1400.0 18.015 4637913.2 2703.1 0.2107
1500.0 18.015 4638185.9 2749.3 0.2255
1600.0 18.015 4638463.0 2791.8 0.2402
1700.0 17.995 4638775.5 2830.9 0.2548
1800.0 17.973 4639098.5 2867.4 0.2695
1900.0 17.947 4639429.7 2900.9 0.2841
2000.0 17.909 4639783.7 2931.6 0.2988
2100.0 17.856 4640166.4 2960.1 0.3134
2200.0 17.783 4640585.1 2986.5 0.3284
2300.0 17.687 4641048.2 3011.0 0.3441
2400.0 17.561 4641566.0 3033.8 0.3600
2500.0 17.400 4642149.9 3055.2 0.3769
2600.0 17.198 4642813.3 3075.3 0.3943
2700.0 16.949 4643571.2 3094.4 0.4129
2800.0 16.649 4644440.5 3112.5 0.4330
2900.0 16.292 4645439.9 3130.1 0.4541
3000.0 15.876 4646589.6 3147.2 0.4770
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t M, H, Cp.. Ky,
T e ] ke, kol T kg, I kgt oC! W °C”
P = 10.00 MPa
1000.0 18.015 4636875.0 24772 0.1504
1100.0 18.015 4637125.9 2539.8 0.1655
1200.0 18.015 4637382.8 2598.4 0.1806
1300.0 18.015 4637645.4 2652.8 0.1957
1400.0 18.015 4637913.2 2703.1 0.2107
1500.0 18.015 4638185.9 2749.3 0.2255
1600.0 18.015 4638463.0 2791.8 0.2402
1700.0 18.008 4638754.4 2830.8 0.2545
1800.0 17.996 4639061.0 2867.2 0.2687
1900.0 17.984 4639369.0 2900.6 0.2830
2000.0 17.967 4639688.8 2931.2 0.2972
2100.0 17.943 4640023.0 2959.6 0.3111
2200.0 17.910 4640374.3 2985.8 0.3253
2300.0 17.867 4640746.0 3010.0 0.3395
2400.0 17.812 4641141.7 3032.5 0.3537
2500.0 17.741 4641565.8 3053.4 0.3683
2600.0 17.653 4642022.6 3073.0 0.3830
2700.0 17.545 4642517.3 3091.3 0.3979
2800.0 17.415 4643055.3 3108.4 0.4136
2900.0 17.260 4643642.3 3124.7 0.4298
3000.0 17.078 4644284.5 3140.0 0.4465
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t M, H, Cpr. Kk,
°c Tk g, kmol," J kg, ! Jkg ' °C! W m’ ol
| P = 100.00 MPa
1000.0 18.015 4636875.0 2477.2 0.1504
1100.0 18.015 46371259 2539.8 0.1655
1200.0 18.015 - 4637382.8 2598.4 0.1806
1300.0 18.015 4637645.4 2652.8 0.1957
1400.0 18.015 4637913.2 2703.1 0.2107
1500.0 18.015 4638185.9 2749.3 0.2255
1600.0 18.015 4638463.0 2791.8 O 0.23%
1700.0 18.012 4638749.3 2830.7 0.2544
1800.0 18.006 4639043.9 2867.1 0.2684
1900.0 18.001 4639341.3 2900.4 0.2826
2000.0 17.993 4639645.8 2931.1 0.2965
2100.0 17.982 4639958.5 2959.3 0.3103
2200.0 17.967 4640280.3 2985.5 0.3238
2300.0 17.948 4640612.6 3009.6 0.3375
2400.0 17.922 4640956.8 3032.0 0.3510
2500.0 17.891 46413144 3052.8 0.3644
2600.0 17.851 4641687.3 3072.2 0.3778
2700.0 17.803 4642077.3 3090.3 0.3915
2800.0 17.745 4642486.2 3107.2 0.4051
2900.0 17.677 4642916.1 3123.1 0.4191
3000.0 17.596 4643369.1 3138.0 0.4330
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Table of Effective Properties

for Dissociated Steam at

Pressure from 0.01 to 100.00 MPa and
Temperature from 1000 to 3000°C”

This chapter includes table of four thermodynamic properties - specific volume, entropy,
enthalpy and heat capacity, and two transport properties - viscosity and thermal conductivity. This
table is generated by the UODH20 (University of Ottawa Dissociated H,()) computer code listed
in Appendix H.

The zero value of the enthalpy is set at triple point of water (1=0.01°C, P=611.73Pa) k,=15.25MJ kg,
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t v S H Cp 3l k
T ket [T ket oCt | Tkey! Tre e [ kgm's' | W m!C
P= 001 MPa
1000.0 5K8.7595 14562.4 4637412.0 2502.0 0.0000473 0.1607
1100.0 63.3795 14753.3 4891264.0 2593.5 0.0000504 0.1822
1200.0 67.9995 14937.1 5152384.5 2712.6 0.0000531 0.2023
1200.0 72.6342 15115.5 5424162.5 2879.4 0.0000556 0.2218
14000 77.2961 15291.0 5709403.5 3121.8 (.0000581 0.2504
1500.0 | 82.0027 15467.5 6013765.0 3474.6 | 0.0000605 [ 0.2824
i600.0 86.7885 15650.3 6346441.5 3979.6 0.0000628 0.3393
1700.0 91.7009 15844.1 6719627.5 4685.1 0.0000651 0.4053
1800.0 96.9691 16068.9 7184361.0 5769.6 0.0000672 (.5283
1900.0 | 102.3541 16303.9 7678361.0 6972.1 | 0.0000692 | 0.6723
2000.0 | 108.5182 16606.6 8364013.9 8774.5 | 0.0000710 | 0.9374
2100.0 | 1149682 16934.1 9120013.9 10797.0 | 0.0000727 1.2469
2200.0 | 122.8080 17386.7 10237009.0 13644.2 | 0.0000739 1.7908
2300.0 | 131.1580 17885.2 11486509.0 16794.2 | 0.0000749 | 2.4208
2400.0 | 143.6776 18594.7 12770755.0 21059.8 | 0.0000753 3.3288
2500.0 | 157.7276 19381.7 14067755.0 25734.8 | 0.0000754 4.3388
2600.0 | 177.5564 | 20484.0 17616312.0 31861.8 | 0.0000755 | 5.6487
2700.0 | 199.5064 | 21702.0 | 21991312.0 38521.8 | 0.0000756 | 7.0687
28000 | 229.8687 | 23259.4 | 269847950 | 45880.4 [ 0.0000759 | 8.1559
2900.0 | 263.3187 | 249414 | 32205295.0 534954 | 0.0000762 | 9.1209
3000.0 | 302.5475 26706.0 37937114.0 56981.1 | 0.0000775 9.0472
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t v S H Cp n k
¢ [ Twike |Tkeo Ol Jkgo | Jkee'°Cl| kgm's' | Wm'eC! |
P= 0.10 MPa
1000.0 5.8755 13499.4 4636875.0 2493.7 0.0000473 (.1604
1100.0 6.3370 13689.5 4889801.0 2570.1 0.0000504 0.1814
1200.0 6.7990 13872.4 5149653.0 2657.6 0.0000531 (1.1987
1300.0 7.2617 14047.5 5416773.5 2764.7 0.0000556 0.2147
1400.0 7.7254 14218.4 5693088.5 2905.5 | 0.0000581 (0,235}
1500.0 8.1909 14385.4 5981598.0 3093.8 | 0.0000605 .2571
1600.0 8.6605 14552.2 6285302.0 33484 | 0.0000629 (1.2886
1700.0 9.1352 14713.3 6609395.0 3688.3 | 0.0000653 (0.3236
1800.0 9.6240 14891.7 6975238.5 41839 | 0.0000675 0.3791
1900.0 10.1175 15077.2 7354238.5 4727.9 | 0.0000697 0.4421
2000.0 | 10.6414 15281.3 7811509.0 5504.2 | 0.0000717 {).5435
2100.0 11.1764 15492.3 8297509.0 6365.7 | 0.0000737 0.6590
2200.0 11.7772 15743.9 8916642.0 7527.8 (.0000754 (.8436
2300.0 | 12.4022 16010.4 0584642.0 8800.3 | 0.0000771 1.0536
2400.0 13.1369 16342.4 10468435.0 10439.7 0.0000783 1.3697
2500.0 13.9119 16698.4 11431435.0 12213.7 (.0000795 1.7247
2600.0 14.8808 17151.7 12728730.0 14423.7 | 0.0000802 2.2296
2700.0 15.9208 17640.7 14148730.0 16793.7 | 0.0000808 2.7896
2800.0 | 17.2753 18263.6 16057006.0 19679.4 | 0.0000811 3.5087
2900.0 ; 18.7453 18935.6 18144506.0 22754.4 | 0.0000813 | 4.2862
3000.0 | 20.6725 19772.5 20873897.0 26396.3 | 0.00008135 5.1424
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t v S H Cp p k
C | mkgt |JkgoC' | Tkeo'  |Jkgo °Ch| kgm's' | W' °C
P- 1.00MP
10000 | 0.5872 | 124344 | 46338750 | 24957 | 0.0000473 | 0.1600
11000 | 0.6336 | 126253 | 48875325 | 25637 | 0.0000504 | 0.1805
12000 | 06799 | 128077 | 51469215 | 26354 | 0.0000531 | 0.1970
13000 | 07262 | 129818 | 54123105 | 27150 | 0.0000556 | 0.2120
14000 | 07725 | 131502 | 56851625 | 28080 | 0.0000581 | 0.2288
1500.0 | 08188 | 133135 | 59660145 | 29247 | 0.0000605 | 0.2463
16000 | 08654 | 134726 | 6256329.5 | 3064.1 | 0.0000630 | 0.2675
17000 | 09122 | 13629.8 | 65588390 | 3241.3 | 0.0000654 | 0.2900
1800.0 | 09596 | 137872 | 68827607 | 34858 | 0.0000676 | 0.2989
1900.0 | 10072 | 139447 | 72132607 | 37508 | 0.0000699 | 0.3029
20000 | 10562 | 141077 | 75803357 | 41109 | 0.0000721 | 0.3643
21000 | 1.1057 | 142727 | 79608357 | 45059 | 0.0000742 | 0.4468
22000 | 11578 | 144509 | 83972955 | 50187 | 0.0000763 | 0.5301
23000 | 12108 | 146339 | 88542955 | 55747 | 0.0000783 | 0.6136
24000 | 12678 | 148377 | 93950522 | 62664 | 0.0000800 | 0.7311
2500.0 | 13263 | 150492 | 99665522 | 7007.9 | 0.0000816 | 0.8611
2600.0 | 13917 | 152911 | 106580180 | 7897.5 | 0.0000830 | 1.0383
27000 | 14597 | 155441 | 113935180 | #8415 | 0.0000843 | 1.2328
2800.0 | 1.5380 | 15838.8 | 12295069.0 | 99417 | 0.0000853 | 1.4898
29000 | 1.6200 | 16148.8 | 13257569.0 | 11099.2 | 0.0000863 | 1.7698
0000 | 17173 | 165122 | 144402500 | 124048 | 0.0000870 | 2.1211
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t v S H Cp M k
o | mkg' |TkeiC| Jkg' | Jkg'°Cl| kgmls! | W oC?
P = 10.00 MPa
1000.0 0.0584 11354.8 4608727.0 2551.4 0.0000473 0.1600
1100.0 0.0632 11549.4 4868190.0 2605.8 0.0000504 (0.1805
1200.0 0.0679 11734.9 5131116.0 2660.2 0.0000531 0.1962
1300.0 0.0726 11911.3 5399505.0 2718.2 0.0000556 (.2102
1400.0 0.0773 12079.4 5673162.5 2782.3 0.0000581 ().2253
1500.0 0.0820 12241.8 5952551.5 2856.3 (.0000605 (0.2408
1600.0 0.0867 12398.4 6237940.5 2943.6 0.0000630 .257¢
1700.0 0.0914 12551.2 6531524.0 3046.3 0.0000654 0.2753
1800.0 0.0961 12699.9 6837399.2 3177.8 0.0000677 (12961
1900.0 0.1008 12847.4 7146899.2 3318.3 0.0000700 0.3181
2000.0 0.1056 12993.8 7475784.0 3498.3 0.0000722 (0.3456
2100.0 0.1104 13139.8 7811784.0 3692.8 0.0000744 0.3751
2200.0 0.1153 13287.6 8173752.2 3935.9 0.0000765 0.4130
2300.0 0.1202 13436.1 8545252.2 4196.9 0.0000786 (0.4540
2400.0 0.1253 13590.5 8954058.7 4511.0 0.0000806 (0.5067
2500.0 0.1305 13747.0 9376558.7 4844.5 (.0000826 (1.5637
2600.0 0.1360 13913.4 0848435.0 5234.6 0.0000843 .6419
2700.0 0.1415 14083.4 10338435.0 5645.6 0.0000860 0.7279
2800.0 0.1474 14264.3 10892441.0 6112.2 0.0000876 0.8231
2900.0 0.1535 14449.3 11469941.0 6599.2 0.0000892 0.9216
3000.0 0.1601 14651.9 12129004.0 7139.6 0.0000905 1.0493
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t v S H Cp u k
e T ke [Tk o | ke Tk C| kem's' | Wt
P = 100.00 MPa
1600.0 0.0057 10115.6 4369784.0 3126.7 0.0000473 0.1541
1100.0 0.0063 10361.1 4693348.5 3069.5 0.0000504 0.1666
1200.0 0.006Y 10579.3 5001376.0 3011.0 0.0000531 0.1766
1300.0 (.0074 10776.4 5300255.5 2974.1 0.0000556 0.1856
1400.0 0.0079 10958.9 5595061.0 2963.1 0.0000581 0.1957
1500.0 0.0084 11130.6 5888329.5 2974.4 0.0000605 .2062
1600.0 0.0089 11292.3 6198154.0 3005.3 0.0000630 0.2244
1700.0 0.0094 11447.7 6487088.5 3052.3 0.0000655 (.2454
1800.0 0.0099 11577.5 6785839.0 3118.7 0.0000679 0.2664
1900.0 0.0104 11698.5 7091839.0 3190.7 0.0000702 0.2874
2000.0 0.0109 11851.0 7408080.0 3282.4 0.0000724 0.3084
2100L0 0.0114 12015.0 7728080.0 3381.4 0.0000746 0.3294
2200.0 0.0119 12158.1 8060881.2 | 3503.1 0.0000767 0.3657
2300.0 0.0124 12293.6 8398381.2 3633.1 0.0000788 0.4077
2400.0 0.0129 12428.0 8753437.2 3781.0 0.0000809 0.4417
2500.0 0.0134 12562.0 9114937.2 3935.5 0.0000829 0.4727
2600.0 0.0139 12696.8 9498748.0 4113.8 0.0000847 0.5194
2700.0 0.0144 12831.8 9890748.0 4300.8 0.0000865 0.5719
2800.0 0.0159 12969.7 10310179.0 4509.7 0.0000885 0.6167
2900.0¢ 0.0155 13108.7 10739679.0 47267 0.0000505 0.6587
3000.0 0.0161 13251.0 11202828.0 4963.5 0.0000920 0.7234

Note: The values for g and k at pressure of 100MPa were extrapolated by the author.
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Look-up Table of Convective Heat Transfer
Coefficients for High Temperature
Dissociated Steam in Tube Flow at Pressure
from 0.01 to 100.00MPa and Temperature
from 1000 to 3000°C"

This chapter includes a look-up table for heat transfer coefficients generated by the High
Temperature Steam Heat Transfer code (VASICA). The values of the heat flux, (0.1 and (L.5MW
m?, tube diameter 0.01 and 0.05m, and mass velocity from 100 to 7500 kg m? &, are in the
range of values applicable in industry.

In this work the heat transferred by radiation is not considered.
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Constant Heat Flux at the Wall

MW m*

0.1

Tube Diameter

m
T 001 TTToos
Absolute Pressure
- e —— o - - -
o0 "’]'"'TG'“T"'IU 0 100.0 0.1 0T T 0 100.0
G t Heat Transfer Coefficients
Mg misi| ¢ | kW m* °C’ N ) N
1000 (0.666 0.666 0.667 (.689 0.464 0.464 0.464 0481
1500 0.790 0.790 0.790 0.790 0.632 0.596 0.584 0.576
010 2000 1.713 1.259 1,055 (.961 1.245 0.910 0.758 0.687
2500 4.453 2418 1.596 1.241 3.220 1.754 1.157 (0.896
3000 9.897 4.838 2.628 1.715 7.124 3.502 1.909 1.246
1000 1.408 1.409 1411 1.460 0.998 0.998 1.000 1.032
1500 1.661 1.661 1.661 1.661 1.177 1.177 1.177 1.177
025 2000 3.493 2.585 2.185 2.004 2.502 1.847 1.556 1423
2500 9.210 4993 3.303 2.581 6.564 3.561 2.354 1.836
3000 20.650 10.090 5476 3.582 14,670 7.172 3.897 2.547
1000 2.454 2.454 2458 2.541 1.780 1,780 1.782 1.834
1500 2.381 2.881 2.881 2.881 2.078 2.078 2.078 2078
0.50 2000 5.974 4434 3.761 3.459 4322 3.203 2711 2.490
2500 15.820 8.569 5674 4.443 11.390 6.169 4.082 3.193
3000 35.580 17.360 9.420 6.165 25.560 12.460 6.759 4420
1000 3.397 3.397 3403 3.513 2.501 2.501 2.504 2.572
1500 3.976 3.976 3.976 3.976 2.908 2.908 2.908 2508
0.75 2000 8.198 6.091 5.174 4.762 5.992 4.447 3772 3468
2500 21.740 11.770 7.794 6.108 15.820 8.558 5.665 4435
3000 43.940 23.860 12.940 8.471 35.540 17.300 9.378 6.133
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Constant Heat Flux at the Wall
T T T T T w e T
____________________________________ T R ——

Tube Diameter
oo e
D 'H"""""‘""""I)T)E """""""""" ‘

Absolute Pressure
T T e T
o T"'T""IU"'l'"'ﬁfﬁ"'["'?ﬁﬁb"'"""BT""'"II)"'T'"1'0".6"']'"1':':6.?,""
G t Heat Transfer Coetficients
Mg m™* ¢! T T T KW mezegt T
1000 4,283 4283 4,290 4,425 3188 3.188 3,193 3.275
1500 5.003 5.003 5.003 5.003 3.696 3.696 3.096 3.696
(0 2000 10.280 7.642 6.495 5981 7.579 5.029 4779 4,398
2500 27.270 14750 9.775 7.663 20.010 10.820 7.166 5.614
3000 61.420 29.930 16.230 10.620 45000 21.890 L 1.860 7.756
1000 9.037 9.038 9.051 9.308 6.981 6.982 6.98Y 7.144
1500 13.490 10.490 10.490 10.490 8.032 8032 8032 R.032
25 2000 21.370 15.900 13.540 12,480 16.270 12,110 10.300 9.4490)
2500 56.680 30.640 20.300 15.930 42.980 23.220 15.370 12,0360
3000 127.800 62.160 313.670 22,040 96.760 46.960 25400 16.610
1000 16.080 16.080 16,100 16.520 12,780 12.780) 12.790 13.040)
1500 18.580 18.580 18.580 18.580 14.630 14.630 14,630 14.630
5.0 2000 37.650 28.040 23.880 22,020 29460 21930 18.671) 17.210
2500 99.800 53.920 35.720 28.040 77.750 41970 27.790 21810
3000 225.000 | 109.300 59.170 38.710 175.100 84.850 45860 29.980
1000 22,640 22.650 22,670 23.220 18.290 18.290 183140 18.630
1500 26.100 26,100 26.100 26.100 20,880 200880 200,880 200880}
75 2000 52.740 39.280 33.460 30.860 41.940 31.230 26.590 24.520
2500 139.700 75.440 49.980 39.230 110.600 59,680 39.520 31010
3000 314900 § 152,900 82.720 54,110 249.100 120,600 65.16() 42,59)
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Constant Heat Flux at the Wall
""""""""""""""""""""""" W'ﬁ?i’“-“"_"'_"'_'_"'"‘"_"""'""‘""
____________________________________ as_____-__.________.___..____..______..____.
Tube Diameter
e ——
T v T ]]""'""'""""UT)% """""""""""
1 V'~
""'(TT"]'"'TTF "T"'lb'(]'""-fﬁﬁb" "'B.T"T'"ib""["‘}b'ﬁ T 00
G t Heat Transfer Coefficients
Mg m? s! | T W miect T T
1000 0.625 0.591 0.571 0.581 0479 0.433 0.401 0.395
1500 1.024 0.875 0.791 0.745 0.789 0.658 0.576 0.527
0.10 2000 1.974 1406 L.I15 0.962 1.507 1.066 0.830 .700
2500 4716 2.616 1.713 1.289 3.477 1.950 1.276 0.949
3000 9.924 4978 2747 1.784 7.145 3.638 2.026 1315
1000 1.279 1.280 1.282 1.330 0.874 0.874 (0.875 0.907
1500 1.989 1.768 1.661 1.610 1.437 1.26} 1.170 1.125
025 2000 3.748 2714 2.225 1.988 2.760 1.983 1.603 1.414
2500 9482 5.194 3416 2.622 6.833 3.761 2.469 1.880
3000 20.680 10.230 5.598 3.649 14,700 7316 4.018 2,615
1000 2,320 2.320 2.324 2.406 1.648 1.648 1.651 1.702
£500 3.164 2.984 2923 2.884 2475 2217 2.091 2.030
0.50 2000 6.224 4554 3.791 3.436 4.575 3.327 2.747 2471
7 2500 16,100 8.771 5.785 4480 11.670 6.371 4.194 3.231
3000 35.620 17.510 9.543 6.232 25.600 12,610 6.882 4 488
1000 3.261 3.261 3.267 3.3717 2.366 2.367 2.370 2438
1500 3.877 3877 3.877 3.877 3.217 3.031 2.965 2919
075 2000 8446 6.208 5.200 4737 6.243 4.567 3.802 3.446
2500 22.020 11.970 7.904 6,143 16.090 8.760 5.775 4472
3000 48980 24.010 13.070 8.537 35.580 17.450 9.501 6.200
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Constant Heat Flux at the Wall
"""""""""""""""""""""" MW me T
____________________________________ ST e
Tube Diameter
S ————
T T T T T ][""““'“"""'()Tﬁ """"""""""""
' V-
[0, i"'T'"Ib """" 100 [ 1000 [ BT"T'"IB """" | '()".(.T"T"'iﬁﬁ])""
G t Heat Transfer Coefficients
Mg m? s < T KW m=eecy T
1000 4.145 4.146 4.153 4288 3.052 3.053 3.057 KR KD
1500 4.904 4.904 4.904 4.904 3.597 3.597 3.597 3.597
10 2000 10.530 7.756 6.520 5.955 7.828 5.746 4.807 4.373
2500 27.550 14.960 9.884 7.698 20.290 11.030 1.276 5.649
3000 61.460 30.080 16.350 10.690 45.040 22,040 11.980 7.822
1000 8.898 8.899 8912 9.168 6.842 6.843 6851 7.005
1500 10.390 10.390 10.390 10.390 7.931 7931 7.931 7.931
25 2000 21.610 16.010 13.560 12.450 16.520 12.220 10.320 Y.462
2500 56.960 30.840 20410 15.960 43.260) 23.420 15480 12,040
3000 127.800 62.310 33.800 22.100 96.800 47110 25.530 16,680
1000 15.940 15.940 15.960 16.380 12,640 12.640 12.650 12.900
1500 18.480 18.480 18.480 18.480 14.530) 14.530 14.530 14.530)
5.0 2000 37.890 28.150 23.900 21990 29.710 22.040 18.690 17180
2500 10O, 100 54.120 35.830 28.070 78,030 42.170 27.9(K) 21.840)
3000 225.000 109.500 59.300 38.780 175.100) 85.000 45.9490 30,0410
1000 22.500 22,500 22.530 23.080 18.150 18.150 18.170 18.490
1500 26.000 26.000 26.000 26.000 20,780 20.780 20.780) 20).780
5 2000 52.980 39.390 33.480 30.830 42.190 31.340 26.611) 24.490)
2500 140.000 75.650 50.090 39.26() 110.900 59,880 30.630 31.040
3000 314.900 153.000 82.840 54.180 249.100 120.800 65.290 42,650
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Conversion of Units and Fundamental
Constants

Conversion of Units

Conversion of reported values from the references to SI units

pressure 1 atm = 101.325 kN m?
specific volume lem' g' =10° m® kg
heat capacity i cal mol’ K = 4.1868 (molar mass)’ kJ kg’ K

1 cal g! K'=4.1869 kJ kg K!

enthalpy 1 kcal mol = 4.1868 (molar mass)" kJ kg
1 cal g! =4.1868 kJ kg

entropy 1 cal mol”! K = 4.1868 10 (molar mass)* kJ kg K
1cal g' K'=4.1868 kJ kg' K

thermal conductivity 1 cal em? s' K = 4.1868 102 W m" K

viscosity 1 poise = 10" N s m?
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dipole moment
molecular distance
Fundamental Constants
Quantity
Avogadro Constant
Molar Gas Constant

Molar Volume,Ideal Gas
T, = 273.15K, p, = latm

Boltzmann Constant
Planck’s Constant
pi number

Stefan-Boltzmann Constant

Defined Constants
Standard gravity
Standard atmosphere

Velocity of light

1 Debye = 10 esu (electrostatic units)

1A=10"m=0.1nm

Symbol Value
N, 6.022045 10™
R 8.31441

V, =R T/p, 22.41383 107
ky = R/N, 1.380662 10°*
h 6.626176 1074
T 3.141592653
o 5.67032 10°®
g 9.80665

atm 1.01325 10°
c 2.998 10*

Note: Values of the fundamental constants are from

"Handbook of Chemistry and Physics",56th edition, CRC Press, Inc.
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Unils

mol™

J mol' K!

m* mol”!

J K" molecule’

Js

dimensionless

W m? K

m s

N m*
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Glossary

CHF Critical Heat Flux.

dissociation Reversible decomposition of the molecules of a compound under particular
congditions.

effective properties Properties of the multi-component gas mixture which include effects of
chemical reactions among components.

equilibrium (chemical) The state of a system in which there is balance between concentration
of reactants and products of the chemical reaction under specific conditions.

equilibrium (mechanical) The state of a system in which there is no pressure difference among
its components. '

equilibrinm (phase) The state of a system in which there is balance between concentration of
components in two separate phases (solid-liquid, solid-vapour or liquid-vapour).

equilibrium (thermal) The state of a system in which there is no temperature difference among
its components. |

frozen properties Properties of the multi-component gas mixture which is frozen state.

frozen state State of the multi-component gas mixture with infinite time required that chemical
reaction among components to occur (state of chemically non-reacting gases).

high temperature Temperatures higher then 1000K.
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HTC Heat Transfer Coefficient.

ideal gas mixture Ideal mixture of ideal gases is ideal gas mixture.

ideal mixture Mixture which does not show enthalpy change due to mixing is ideal mixture.
The total thermodynamic property of an ideal mixture is the sum of the tatal properties of the

individual species.

ideal solution Solution which show no enthalpy change due to mixing and no attractive forces
between components is ideal solution.

JANAF tables Toint-Army-Navy-Air-Force thermochemical tables.

LOCA Loss-Of-Coolant-Accident.

mixture The product of mixing where components are not in a fixed proportion to each other.
moderate temperature Temperatures up to 1000K.

non-equilibrium Transition state (time dependant state} between two equilibrium states.

solution A single, homogeneous liquid, solid, or gas phase that is a mixture in which the
components are uniformly distributed throughout the mixture.
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Manuscript of the paper, "A comparison of

predictions of high-temperature steam
properties" by Vasi¢ et al. (1992).
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A comparison of predictions of high-temperature steam properties

A. Vasié, S.C. Cheng and D.C. Groeneveld *
Department of Mechanical Engineering, University of Ottawa, Ottawa,Canada, KIN 6N3

Recent literature pertaining to high temperature steam properties has been assessed. After
careful assessment of available sets of property tables and equations for high temperature
(including dissociated) steam, a set of high temperature steam properties was selected,
based heavily on Vargaftik steam tables. A computer code, UODH20 (University of
Ottawa Dissociated H,O code) is constructed to compute high-temperature steam
properties using a lookup table and interpretation technique. The code, which required
input values of pressure (0.01-100.MPa} and temperature {1000-5726.85°C), can predict
four thermodynamic properties - specific volume, entropy, enthalpy and heat capacity, and
two transport properties - viscosity and thermal conductivity.

1. Introduction

The properties of steam have been extensively investigated and well documented at low
and moderate temperatures up to 1000°C. However, studies in combustion, space rocket
propulsion, nuclear reactors, solar furnace and arc plasma require knowledge of steam properties
at much higher temperatures. Extrapolation of steam-property equations to temperatures well
beyond the range of their intended applications or the use of ideal gas laws to predict steam
properties at high temperature is often a common practice. This approach produces luarge
inaccuracies, and becomes completely unacceptable in the temperature range when dissociation
occurs. The effect of such steam property extrapolation on the heat transfer coefficient is shown
in fig. 1. Both temperature scales in °C and K are given in all figures. When comparing the
predictions based on the extrapolation of ASME property equations by Meyer |2}, or NBS/NRC
equations by Haar [4] with those based on dissociated steam tables from Vargaftik [5] (with the
prediction method developed by Kesselman [6]), differences of up to an order of magnitude can
be encountered.

* Chalk River Nuclear Laboratories, AECL, Chalk River, Ontario, Canada, KOJ 1JO
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To predict the thermodynamic properties of steam at high temperature, steam may be
postulated as either a non-dissociated or dissociated gas. For a non-dissociated gas, it may be
treated as an idea) or real gas, while for a dissociated gas, it may be treated as an ideal mixture
of ideal gases (ideal gas mixture) or ideal mixture of real gases (ideal solution), or a non-ideal
(real) mixture of real gases (non-ideal solution). Depending on the postulate, several analyses of
studies can be found.

The thermodynamic propesties of non-dissociated steam as an ideal gas were tabulated
in the JANAF tables by Chase [7]-page 1274, and for a real gas by Chase [7]-pp. 1275-1279 and
Haar [4]. The thermodynamic properties of dissociated steam as a ideal gas mixture were reported
by Straub [8)], lhara [9], Svehla [10]-(frozen™ and equilibrium™ state), Rybakov [11] and
Burnhorn [12], and for an ideal solution by Artym [13] and Kmonicek [14]. Finally, Vargaftik
[5), Gefter [15] and Kesselman [6] presented a non-ideal solution. Transport properties
predictions were published by Haar [4], Matsunaga [16], Kesselman [17] and [18], Svehla [19],
for non-dissociated steam, and Baronnet [20], Vargaftik [5], Kesselman [6] and Svehla [10]-
(frozen and equilibrium state) for dissociated steam.

Most of aforementioned analyses are based on the following assumptions and theory:

i, Ideal gas or real gas assumption for prediction properties for individual pure
components;

ii. Non-dissociated or dissociated gas assumption; the latter including the effect of
chemical reactions in equilibrium state;

iii, Ideal mixing or real mixing assumption in the mixing process; the latter includes the
interactions of all components; and

iv. Statistical thermodynamics.

2. Comparison

All available data sets and equations for high temperature steam properties have been

** The state of @ multi-component gas mixture requires infinite time for chemical reactions
between components to occur (mixture of chemically non-reacting gases).

*** The state of a system in which balance between concentration of reactants and products
of the chemical reactions (under specific conditions) is reached.
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extracted from the literature, converted to the same units (SI), changed to the same reference
state” and analyzed. Figs. 2 to 9 present predictions of steam properties from various sources for
temperatures ranging from 300 to 3000 °C at a pressure of 0.1MPa. In fig. 2, Haar |4] shows the
specific volume of non-dissociating steam being almost a linear function of temperature, whereas,
for dissociated steam it is an exponential function of temperature at high temperatures. Predicted

values published for the latter case include Kmonicek [14], Gefter [15] and Vargaftik [S]; they
are all in good agreement.

Fig. 3. presents entropy of steam as a function of temperature. Extrapolation from ASME
property equations by Meyer [2] shows an incorrect downward trend at high temperatures. When
steam was considered as a non-dissociated real gas (Chase [7] and Haar [4}), a similar rate of
increase of entropy with temperature at all temperatures was found. For dissociated steam, Svehla
[101, Kmonicek [14], Gefter [15], Thara [9] and Vargaftik [5] show the entropy increasing
exponentially at higher temperatures. Rybakov [11] predicts a more linear rise of entropy with
temperature at higher temperatures; it is suspected that the selection of constants in his prediction
method may involve some uncertainties,

All the observations made on the entropy are equally applicable to enthalpy as illustrated
in fig. 4. With the exception that, for dissociated steam Rybakov‘s [11] results now follow the
exponential relation with temperature at high temperatures as the other sources (Svehla,
Kmonicek, Gefter, thara, Vargaftik) including Straub’s [8] data.

Fig. 5. presents the heat capacity (at constant pressure) as a function of temperature.
Again, it is possible to recognize three types of predictions. In the first type, the prediction of
heat capacity using extrapolation of ASME [2] property equations results in heat capacity
approaching zero at 2600 °C (impossible since thermal dissociation is an endothermic reaction;
thus, the heat capacity can not be zero). For the second type, by considering steam as a non-
dissociated gas (Chase [7], Haar {4] and Svehla [10]), the heat capacity was found to increase
almost linearly with temperature. Finally, for dissociating steam, Svehla [10], Gefter [15], Thara
[9], Vargaftik [5] and Straub [8] found the heat capacity increasing exponentially with
temperature at high temperatures due to the endothermic reaction.

* The zero value of entropy and enthalpy of water at triple point (t = 0.01 °C, P = 611.73 Pa).
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Heat capacity is defined as the partial derivative of enthalpy with respect to temperature
at constant pressure. Due to various methods of calculating partial derivatives, different results
can be obtained, even though all sources have similar values of enthalpy (see fig. 4.). Data
presented by Vargaftik [S] are calculated by summing the derivatives of gas mixture compoenents’
enthalpy, while those by Straub [8] are calculated by taking the derivative of enthalpy of the
mixture as a whole. This may account for a significant difference in predicting heat capacity from
the two sources.

Properties predicted by Artym [13] are in very high temperature range from 5000 K to
20000 K and pressure from 1 to 1000 bar. It is of interest to compare his results with other
predictions. Table 1. shows very good agrement with other sources.

Viscosity for steam as a function of temperature is depicted in fig. 6. Extrapolation from
ASME [2] property equations show a linear relation of temperature;. it predicts the highest value
of viscosity at high temperatures among all sources (non-dissociated real gas by Haar [4], Svehla
[19], Kesselman [17] and Matsunaga [16], and dissociated gas by Svehla [10], Vargaftik [5] and
Baronnet [20]). On the other hand, Vargaftik [5] gives the lowest value of viscosity at high
temperatures. To be able to judge which is correct, it is necessary to analyze figs 7 and 8. The
viscosity of hydrogen and oxygen (products of steam dissociation) and the viscosity of
dissociated steam are plotted in fig. 7. These predicted values of viscosity are from Tsedeberg
{21] for hydrogen, Vargaftik [22] for dissociated hydrogen, Vasserman [23] for oxygen, Tsitelauri
|24] for dissociated oxygen, ASME {2] property equation extrapolation for steam, Svehla [10]
for dissociated steam and Vargaftik [5] also for dissociated steam. In general, oxygen has the
highest value of viscosity, steam falls in the middle and hydrogen gives the lowest. Fig. 8.
illustrates the molar fractions of components from dissociated steam. Steam dissociation starts
around 1600 °C and is completed around 4400 °C with final decompositions products being
atomic hydrogen and atomic oxygen. Therefore, the viscosity of dissociated steam should depend
on the value of individual component viscosity and the percentage of that component in the
mixture as well, Based on the above argument, the results presented by Vargaftik [5] and Svehla
[10] seem reasonable. However, according to Matsunaga {16], Svehla’s results were calculated
using erroneous reference viscosity experimental data from Bonilla [25], thus, viscosity values
presented by Vargaftik [3] are recommended.

Fig. 9. presents thermal conductivity of steam as a function of temperature from all
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available sources. The dat: presented by Svehla {10], Vargaftik [5] and Baronet j20] all
considering dissociation, look reasonable. Since the prediction of thermal conductivity involves
the viscosity data for components in the mixture, the results of Vargattik |5] are again
recommended.

At temperatures higher then 1600 °C the values of properties predicted based on non-
dissociated and dissociated steam differ considerably; hence, the properties must be evaluated
based on dissociated steam. As stated by Kesselman [6], dissociated steamn behaves as an ideal
solution at all temperatures and pressures up to 10 MPa. For higher pressures, the assumption of
ideal mixture behaviour is slightly erroneous. Some typical high pressure property values ure
shown in figs. 10 and 11.

3. Conclusions and Discussion

The dissociated steam properties presented by Vargaftik [5] using the prediction method
of Kesselman [6] are most accurate and hence adopted in our property code. The most recent
publication by Patel [26] also recommend the tables by Vargafik [S] for prediction of
thermodynamic properties in the temperature range from 1250 to 6000 K. No experimental datu
at high temperatures are available at present for verification. A computer code, UODH2O, hus
been constructed using a lookup table and interpretation technique to compute high temperature
steam properties’. Most of the entries of the lookup table come directly from Vargaftik’s {5]
data. Additional entries are added to expand the parametric range of the code. The property code
is valid for temperature ranging from 1000 to 5726.85 “C and pressure from 0.01 to 100.00 MPa.
Table 2. presents a sample of the high temperature steam properties table for temperatures from

1000 to 3000 °C and 1300 to 3300 K, and pressures 0.1, 0.5, and 1.0 MPa, generated by the
UODH20 code.

The property code is simple, accurate and easy to use. The program size of the code
requires 67k memory. It can be used alone or as a subroutine of other program. The property
code can easily be updated when more accurate predicted values of properties or experimental
data become available. The complete study of present topic inciuding property tables and
computer program listing can be found in ref. [27].

" The computer code is available from the authors.
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Nomenclature

Cp  Heat capacity at constant pressure Jkg'teC!
d; Internal diameter of pipe m
G Mass flux kg m? s
H Enthalpy Jkg'!
k Thermal conductivity W m' °C!
p Absolute pressure MPa
S Entropy J kgt eC!
t Temperature ‘C
T Absolute temperature K
v Specific volume ' m’ kg'!
I Viscosity kg m' st
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Table 1. Comparison of data by Artym [13] with other works at T = 5000 K P = .1 MPa

\ S H Cp
m;-l;é't Jkg'C! 1 J 1;;;'_' _____ J kzg'r"(:'t )
Artym [13] 67.535 28499 68461000 7853
Ihara [9] - 28565 63806000 6937
Gefter [15] 67.705 28541 68706000 7230
Kesselman [6] 67.71 28536 68638000 7660
Kmonicek {14] 67.704 28537 68650000 -
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Table 2. The Dissociated steam properties table for temperatures from 1000 to 3000 oC and 1300
to 3300 K, and pressures 0.1, 0.5 and 1.0 MPa

t v S H Cp L k
T e Tl | e T e | e
P = 0.1 MPa
1000 5.875 13499 4630875 2494 0.000047 0.1604
1100 6.337 13690 4889801 2570 0.000050 0.1814
12() 6.799 13872 5149653 2658 0.000053 0.1987
1300 7.262 140438 5416773 2765 0.000056 (.2147
1400 7.725 14218 5693088 2905 (.000058 0.2351
1500 8.191 14385 5981598 3094 0.000061 02571
1600 8.6601 14552 6285302 3348 0.000063 (.2886
1700 9.135 14713 6609395 3688 0.000065 0.3236
1800 9.624 14892 6975238 4184 (.000068 0.3791
1901} 10.117 15077 7354238 4728 0.000070 (0.4421
2000 1641 15281 7811509 5504 0.000072 (0.5435
2100 11.176 15492 8297509 6366 0.000074 0.6590
2200 11.777 15744 8916641 7528 0.000075 0.8436
2300 12,402 16010 9584641 8800 0.000077 1.0536
2400 13.137 16342 10468434 10440 0.000078 1.3697
2500 13912 16698 11431434 12214 0.000080 1.7247
2600 14.881 17152 12728729 14424 0.000080 22206
2700 15.921 17641 14148729 16794 0.000081 2.7896
2800 17.275 18264 16057005 19679 0.000081 3.5087
2900 18,745 18936 18144505 22754 (.000081 42862
L 3000 20,672 19773 20873896 26396 0.000082 5.1424
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1 v S H Cp p k
[ c wre | Tke et | Tk | Tkl | kgmix' | WatTl |
P =0.5 MPa
1000 1.175 12755 4635875 2493 0.000047 0.1604
1100 1.267 12946 4888801 2564 0000050 0.1814
1200 1.360 13128 5147921 2639 0.000053 0.1980
1300 1.452 13303 5414042 2725 (0.000056 0.2130
1400 1.545 13472 5687162 2829 (LOOODSE {1.2302
1500 1.638 13636 5969477 2959 0.000061 1.2482
1600 1.731 13797 0263255 3126 (LO00063 0.2717
1700 1.825 13956 6570496 3341 0.000065 12972
1800 1920 14118 (903441 3641 (0.000068 01,3333
1900 2016 14280 724444] 3967 0.000070 03733
2000 2.116 14452 7630794 4417 (.000072 0.431v
2100 2217 14627 8033794 4913 0.000074 04974
2200 2324 14821 8508847 5564 0.0000706 ().5936
2300 2434 15021 9010347 6272 0.000078 (L7011
2400 2.554 15251 9621206 7161 0.000080 (1.8452
2500 2.679 15492 10272206 8116 (LO000K ] 1.0027
2600 2.823 15776 13322888 9275 0.000082 §.2498
2700 2973 16076 17254388 10509 (LOODDR4 1.5208
2800 3151 16435 17446100 11963 0.000084 1.8866
2900 3.340 16816 16265100 13498 (1.00008S 22716
3000 3.572 17272 16606349 15274 0.000086 2.7444
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v S H Cp u k
T e T [T [T [ kgwts' | Wi
P=1.0MPa
1000 {).587 12434 4633875 2496 0.000047 0.1600
1100 0.634 12625 4887532 2564 0.000050 0.1805
1200 (1.680 12808 5146921 2635 0.000053 0.1970
1300 0,726 12982 5412310 2715 0.000056 0.2120
1400 0.772 13150 5685162 2808 0.000058 0.2288
1504) 1.819 13314 5966014 2925 0.000061 0.2463
1600 {).865 13473 6256329 3064 0.000063 0.2675
1700 0.912 13630 6558839 3241 (0.000065 (.2900
1800 0.960 13787 6882760 3486 0.000068 0.2989
1900 1.007 13945 7213260 3751 0.000070 0.3029
2000 1.056 14108 7580335 4111 0.000072 (0.3643
2100 1.106 14273 7960835 4506 0.000074 0.4468
2200 1.I5R 14451 8397295 5019 0.000076 0.5301
2300 1211 14634 8854295 5575 0.000078 0.6136
2400 1.268 14838 9395052 6266 0.000080 0.7311
2500 1.326 15049 9966552 7008 0.000082 0.8611
2600 1.392 15291 10658018 7898 0.000083 1.0383
2700 1,460 15544 11393518 8842 0.000084 1.2328
2800 1.538 15839 12295068 0942 0.000085 14898
2900 1.620 16149 13257568 11099 0.000086 1.7698
3000 1717 16512 14440249 12405 0.000087 2.1211
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v S H Cp H k
K| wre | Sreect | skg | Tkgect | kem's' | wa'el
P = (0.1 MPa
1300 5.999 13552 4704000 2513 0.000048 0.1660
1400 6.461 13740 4958000 2591 0.000051 01870
1500 6.923 13921 5220000 2682 0.000054 1.2030
1600 7.386 14094 5489000 2795 (1000056 (x2190
1700 7.850 14264 5768000 2946 0.000059 0.2410
1800 8.316 14430 6060000 3148 0,000061 {1.2630
1900 8.787 14597 6368000 3422 0.000064 0.2980
2000 9.263 14756 6693000 3786 0.000066 ,.3330
2100 9.757 14941 7077000 4330 .000068 (.3960
2200 10.250 15127 7456000 4874 0.000070 (14590
2300 100.785 15338 7942000 5735 0.000072 (.5745
2400 11.320 15549 8428000 6597 0.000074 0.6900
2500 11.945 15815 9095999 THOY (.0000706 0,9000
2600 12.570 16082 9763999 9142 (.000078 L0
27 13.345 16438 10726999 10916 0.000079 1.4650
2800 14.120 16794 11689999 12690 (.000080 1.8200
2900 15.160 17283 13109999 15060 (.0000RD 2.38(K)
3000 16.200 17772 14529999 17430 0.000081 2.9400
3100 17.670 18444 16617499 20505 (.000081 37475
3200 19.140 19116 18704999 23580 (.00008 1 4.4950
3300 21.235 20013 21669998 27430 0.000082 5.3800
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T v S H Cp p k
k] w kg | Tke' G | Tkg | Tk eC' | kgm's' | wm'icl
P = 0.5 MPa
1300 1.200 12808 4703000 2512 0.000048 0.1660
1400 1.292 12996 4957000 2583 (.000051 0.1870
1500 1.3%5 13176 5218000 2660 0.000054 .2020
1600 1477 13349 5486000 2749 0.000056 0.2170
1700 L.570 13517 5761000 2858 0.000059 0.2350
1800 1.663 13679 6046000 2996 0.000061 0.2530
1900 1.756 13840 6343000 3174 (.000064 0.2785
2000 1.850 13999 6654000 3402 0.000066 0.3040
2100 1.946 14161 6995000 3728 0.000068 {.3440
2200 2.042 14324 7336000 4055 0.000070 (.3840
2300 2.143 14499 7739000 4550 0.000073 (.4495
2400 2244 14674 8142000 5046 0.000075 0.5150
2500 2,354 14874 8643500 5754 0.000077 (.6225
2600 2403 15075 9145000 6462 0.000078 0.7300
2700 2.588 15316 9795999 7417 (.000080 (0.8875
2800 2713 15557 10446999 8373 0.000082 1.0450
2900 2.863 15857 14378496 0606 0.000083 1.3250
3000 3.013 16157 18309996 10840 0.000084 1.6050
3100 3.202 16537 17129001 12375 0.000085 1.9900
3200 3391 16918 15948001 13910 0.000085 23750
3300 1.638 17401 16847999 15775 0.000086 2.8800
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T v N H Cp n K
® Wee | JkeCU | Tkt | JkgCt | kem's' | WalC! |
P = 1.0 MPa
1300 0.600 12487 4701000 2514 0.000048 00,1655
1400 0.646 12676 4956000 2582 (LOU0O03 1 01864
1500 0.692 12856 5217000 2655 0.000054 0.2010
1600 0.739 13028 5484000 2737 000056 (1.21060
1700 0.785 13195 5759000 2834 0.000059 1.2335
1800 0.831 13357 6042000 2958 (.oouoe! 0.2510
1900 0.878 13515 6335000 3103 0.000064 (12735
2000 0.925 13672 6641000 3292 (2.000066 0.2960)
- 2100 0.972 13829 6971500 3557 (0.000068 0.3000
2200 1.020 13987 7302000 3822 0.000071 0.3040
2300 1070 14152 TER2500 4217 (L.000073 1,3865
2400 1.119 14317 8063000 4612 0.000075 {1.4690
2500 1.172 14500 8520000 5168 0.000077 (1.5525
2600 1225 14683 8977000 5724 (.000079 0.6360
2700 1.284 14894 0549499 6465 0.000080 0.7660
2800 1.342 15106 10119999 7207 0.000082 (L.EI6(}
2900 1410 15359 10855499 8151 0.000083 14903
3000 1.478 15612 F1590999 H(vs (LODDORS 1.2850
3100 1.560 15922 12553499 10252 (.000086 1.5650)
3200 1.642 16232 13515999 11410 0.000087 1.8450)
3300 1.745 16615 14779499 12770 0.000087 2.2225
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TEMPERATURE K
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Fig. 1. Heat wansfer coefficient in turbulent pipe flow as a function of temperature.
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TEMPERATURE K
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Fig. 2. Specific volume of steam as a function of temperature.
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TEMPERATURE K
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Fig. 3. Entropy of steam as a function of temperature.
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TEMPERATURE K
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Fig. 4. Enthalpy of steam as a function of temperature.
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TEMPERATURE K
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Fig. 5. Heat capacity of steam as a function of temperature,
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TEMPERATURE K
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Fig. 6. Viscosity of steam as a function of temperature.
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TEMPERATURE K
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Fig. 7. Viscosity of hydrogen, oxygen and steam as a function of temperature.
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TEMPERATURE K
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Fig. 8. Molar fraction of components from dissociated steam as a function of temperature at
pressure 0.1 MPa.
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TEMPERATURE K
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Fig. Y. Thermal conductivity of dissociated steam as a function of temperature,
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TEMPERATURE K
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Fig. 10. Enthalpy of dissociated steamn as a function of temperature and pressure.
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Fig. 11, Therma! conductivity of dissociated steam as a function of temperature and pressure
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