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Annotation

The book considers experimental techniques in the study of thermal (density, PVTx),
caloric (heat capacity, CyVTx), and transport (thermal conductivity, APTx) properties of
aqueous systems (light and heavy water, their mixtures, aqueous salt, aqueous hydrocar-
bon, and aqueous alcohol solutions) in a broad range of independent thermodynamic
variables (PVT), including near-critical and supercritical regions. The experimental ther-
modynamic (PVT), (CyVT), and transport (APT) properties results for pure light and
heavy water, hydrocarbons, and methanol, and the (PVTx), (CyVTx), and (APTx) results
for binary aqueous salt, aqueous hydrocarbon, and aqueous methanol solutions at high
temperatures and high pressures obtained in the Thermopysical Division of the Dagestan
Scientific Center of the Russian Academy of Sciences are presented and evaluated.

A detailed analysis of the modern theoretical crossover equations of state for the
prediction of thermodynamic properties of aqueous systems in, and beyond, the critical
region is given. All available sources of data for the PVTx, CyVTx, and APTx of aque-
ous systems have been collected, evaluated, corrected, and converted to the ITS-90 tem-
perature scale. Critical analyses are presented as to the uncertainty of each data source,
along with comparisons with other sources. The most reliable (PVTx, CyVTx, and
APTx) data for light and heavy water, and aqueous systems are selected and recom-
mended for scientific and technological applications.

Useful information is given for PVTx measurements for pure light and heavy
water, pure hydrocarbons, aqueous hydrocarbon and aqueous salt solutions in the near-
critical and supercritical regions, and on the coexistence curve. The analyses of the
avaliable various types (multiparameter, MBWR, fundamental, IAPWS-95 formulation,
virial, scaling, and crossover) equations of state for pure components, aqueous hydro-
carbon, and aqueous salt solutions are presented.
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A brief review of the calorimetric methods for determining the isochoric heat ca-
pacity of light and heavy water, their mixtures, aqueous hydrocarbon, aqueous salt, and
aqueous alcohol solutions in near-critical and supercritical conditions is included. De-
tailed comparisons of various experimental data sets for isochoric heat capacity with
crossover equations of state and JAPWS-95 and IAPWS-85 for light and heavy water,
their mixtures, and aqueous salt solutions are also presented.

The thermal conductivity data sources for light and heavy water, and aqueous salt
solutions at high temperatures and high pressures are reviewed, including brief descrip-
tions of the methodology, known sources of uncertainties, boundaries of study, and un-
certainty estimates for different thermodynamic states. The various correlation and
prediction techniques for thermal conductivity of the aqueous salt solutions are dis-
cussed. All of the avaliable experimental data sets for thermal conductivity of light and
heavy water, and 25 aqueous salt solutions were critically analyzed, and their reliability
and consistency estimated; selected data sets are recommended on the bases of detailed
comparisons with the JAPWS-98 formulation for light and heavy water, and various
correlation equations and prediction techniques for salt solutions.

We have presented tables of original extended experimental data (PVTx, CyVTx,
and APTx) for pure light and heavy water, their mixtures, aqueous salt solutions, aque-
ous hydrocarbon mixtures, and aqueous alcohol solutions at high temperatures and high
pressures, including two- and one-phase regions, near-critical and supercritical regions,
and properties at saturation.



Foreword

Because of the rapid development of various branches of engineering, there has been a
burgeoning interest in obtaining information on the thermodynamic properties of nu-
merous pure fluids and fluid mixtures with which researchers and practical engineers
deal when solving various scientific and application problems. Science and engineering
projects cannot be implemented without data on the properties of materials involved in
their particular processes. Modern physics only rarely makes it possible to accurately
calculate fluid properties. Therefore, experiment is the principal source of information
for the great majority of properties of most common fluids and fluid mixtures.

For many years, a vast amount of experimental data on the thermodynamic prop-
erties of gases, liquids, and their mixtures has been obtained in various research labo-
ratories over the world. Russian researchers have made significant contributions to this
sea of data. Unfortunately, they are frequently under-represented in other countries
scholarly works, because much of their data is published in sources that are difficult for
foreign readers to access. This book corrects the situation to a certain degree. It consid-
ers experimental techniques in the study of thermal (PVTXx), caloric (CyVTx), and trans-
port (APTx) properties of aqueous systems (light and heavy water, their mixtures,
hydrocarbons, alcohols, aqueous salt, aqueous hydrocarbon, and aqueous alcohol solu-
tions) within a broad range of independent thermodynamic variables (V7T, PT), includ-
ing near-critical and supercritical regions. The experimental thermodynamic (PVT),
(CyVT), and transport (APT) properties results for pure light and heavy water, hydrocar-
bons, and alcohols, and the (PVTx), (CyVTx), and (APTx) results for binary aqueous
salt, aqueous hydrocarbon, and aqueous alcohol solutions at high temperatures and high
pressures obtained in the Thermopysical Division of the Dagestan Scientific Center of
the Russian Academy of Sciences are presented and evaluated.
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Experimental methods of determining thermodynamic, (PVT) and (CyVT), and
transport, (APT), properties of aqueous systems at high temperatures and high pressures
are considered in Chapters 1 to 3. A brief survey of apparatuses is given here; the main
components, their characteristic features, and the experimental procedures are described.
The experimental data sets obtained using these apparatuses are given in the Appendi-
ces, and the main sources of the uncertainties of the measurements are estimated. Spe-
cial attention is paid to problems with the experimental studies of near-critical and
supercritical states.

It is well known that the development of new methods and improvement of ex-
isting techniques of theoretical calculation of determining thermodynamic properties of
fluids and fluid mixtures requires reliable experimental data. Because of the existence
of such data, practical methods of the use of equations of state have been developed
extensively in the last two decades. A detailed analysis of the modern theoretical cross-
over models for prediction of thermodynamic properties of aqueous systems in, and be-
yond, the critical region is given in Chapter 2. Here, the crossover theory has been used
in comparison with the derived experimental data sets for pure light and heavy water,
and their mixtures, in the near-critical and supercritical regions and to estimate the con-
sistency of various data sets. The crossover equations of state considered in this book
are the kinds of instruments for studying thermodynamic behavior of the near-critical
and supercritical aqueous systems needed for supercritical technological processes.

Almost all available sources of data for PVTx, CyVTx, and APTx of aqueous sys-
tems have been collected, evaluated, corrected, and converted to the ITS-90 temperature
scale. Critical analyses are presented as to the uncertainty of each data source, along
with comparisons with other sources. The reliability of these data are estimated on the
bases of detailed comparisons with accurate equations of state (IAPWS-95 formulation
for light water, IAPWS-98 formulation for heavy water, crossover equations of state,
multiparametric equations of state) and literature data. Special attention has been fo-
cused on the thermodynamic properties of aqueous systems in the near-critical and su-
percritical conditions. The most reliable (PVTx, CyVTx, and APTx) data for light and
heavy water, and aqueous systems are selected and recommended for scientific and
technological applications.

The book is organized as follows. In Chapter 1, useful information is given for
PVTx measurements of pure light and heavy water, pure hydrocarbons, aqueous hydro-
carbon and aqueous salt solutions in the near-critical and supercritical regions, and on
the coexistence curve. In this chapter, the analyses of the avaliable types (multiparame-
ter, MBWR, fundamental, IAPWS-95 formulation, virial, scaling, and crossover) of the
equations of state for pure components, aqueous hydrocarbon, and aqueous salt solu-
tions are presented. The experimental apparatuses for PVTx measurements of the high-
temperature and high-pressure aqueous system are described. The data derived from
PVTx measurements of thermodynamic (excess, apparent, and partial molar volumes,
the Krichevskii parameter) and structural (DCFI and TCFI) properties for dilute aque-
ous systems near the solvent (pure water) critical point are considered.

Chapter 2 presents a brief review of the calorimetric methods for determining the
isochoric heat capacity of light and heavy water, their mixtures, aqueous hydrocarbon,
aqueous salt, and aqueous alcohol solutions in the near-critical and supercritical condi-

xii



tions. There is a detailed description of the method of quasi-static thermograms for
measurement of the phase transition temperature 7' near the critical point in calorimet-
ric (CyVTx) experiments. The likely sources of systematic and nonsystematic uncertain-
ties are considered for each method. This chapter also contains tables that include
information on experimental sources, methods of measurements, uncertainties of meas-
ured results, temperature and density ranges of measurements, and a list of sources. De-
tailed comparisons of various experimental data sets for isochoric heat capacity with
crossover equations of state and JAPWS-95 and IAPWS-85 for light and heavy water,
their mixtures, and aqueous salt solutions are presented.

In Chapter 3, the thermal conductivity data sources for light and heavy water, and
aqueous salt solutions at high temperatures and high pressures are reviewed, including
brief descriptions of the methodology, known sources of uncertainties, boundaries of
study, and uncertainty estimates for different thermodynamic states. More reliable data
sets are selected and recommended for scientific and technological applications. Various
correlation and prediction techniques for thermal conductivity of aqueous salt solutions
are discussed. All of the avaliable experimental data sets for thermal conductivity of
light and heavy water, and 25 aqueous salt solutions were critically analyzed, and their
reliability and consistency were estimated. Selected data sets are recommended on the
bases of detailed comparisons with the IJAPWS-98 formulation for light and heavy
water, and various correlation equations and prediction techniques for salt solutions.
The deviation plots, deviations statistics, and analyses of the character and distribution
of the deviations for various thermal conductivity data sets are presented. The quality
of data and their consistency are graphically demonstrated in the deviation plots.

In the Appendix, we have presented tables of original extended experimental data
(PVTx, CyVTx, and APTx) for pure light and heavy water, pure hydrocarbons, alcohols,
their mixtures, aqueous salt solutions, aqueous hydrocarbon mixtures, and aqueous al-
cohol solutions at high temperatures and high pressures, including two- and one-phase
regions, near-critical and supercritical regions, and properties at saturation. More de-
tailed comparisons with fundamental equations of state and deviation plots for each sys-
tem are given. A discussion of the accuracy of these data is also included.

This book is designed for specialists in molecular physics, chemical technology,
and chemical and power engineering, as well as researchers, lecturers, postgraduates,
and students in technical colleges and universities. We hope that the results presented
in this book will be useful to a wide circle of researchers and practionists working in
various fields of science and technology.
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Introduction

Need for Thermophysical Data for Aqueous Systems
at High Temperatures and High Pressures

Water, the most important solvent in nature, has surprising properties as a reaction me-
dium in its supercritical state [1]. The remarkable anomalous properties of supercritical
fluids are widely used in industry. Supercritical fluids are of fundamental importance in
geology and mineralogy (for hydrothermal synthesis), in chemistry, in the oil and gas
industries (e. g., in tertiary oil recovery), and for some new separation techniques, es-
pecially in supercritical fluid extraction. Supercritical water is used for the destruction
of hazardous wastes and has been explored as a solvent medium to carry out chemical
reactions or biological degradations without char formation. Although our under-
standing of the thermophysical properties of water and aqueous systems at ambient con-
ditions has improved significantly, it is far from sufficient to even conjecture the
behavior of aqueous systems in the highly compressible conditions (near-critical and su-
percritical conditions) that are currently of great scientific and practical interest. Aque-
ous solutions at high temperatures and high pressures play a major role in both natural
and industrial processes and in waste disposal, which is, in a sense, both industrial and
natural [2]. While surface and oceanic waters are near room temperature, similar aque-
ous solutions are present at high temperature and high pressure in deep geological for-
mations. Aqueous systems also arise in steam-power generation, geothermal power
plants, hydrothermal synthesis, seawater desalination processes, and other industrial op-
erations at high temperatures and high pressures. Thus, there is great practical interest
in the thermodynamic properties of aqueous salt solutions at these conditions. Aqueous
systems play a significant role not only in chemical industry and technological proc-
esses, but also in nature as geothermal systems and in the biological processes of living
organisms. The oceans and underground waters are the largest reservoirs of aqueous
electrolyte solutions.

The dominant solutes are often simple electrolytes such as NaCl, CaCl,, MgCl,,
and NaySO4 with lesser amounts of potassium salt, carbonates, borates, etc. HyO +
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NaCl systems are very important in many geological processes. NaCl is the primary
solution in most hydrothermal and metasomatic fluids. The two-phase region for this
system is of particular interest because phase separation is an important process in
many hydrothermal systems and, in particular, seafloor geothermal systems [3, 4].
Seawater circulates in these systems between the seafloor and the top subsurface
magma chamber, with hydrostatic pressures ranging from 10 to 60 MPa. The H,O +
NaCl system can serve as a model for other ionic salts. The importance of CaCl, in
deep brines of the Earth’s crust and its reactivity in fluid-rock interaction is becoming
increasingly recognized. The thermodynamic properties of HyO + CaCl, systems are
important in understanding these interactions and deep-seated geochemical processes.
Ca is the second most important cation after Na. At salinities in excess of about
30wt%, Ca becomes the most abundant cation, and such brines are widespread in the
deeper parts of many sedimentary basins. Groundwaters encountered in deep wells
drilled in crystalline rocks also commonly are highly saline brines in which Ca is the
dominant cation, exceeding Na by a factor of 2-3 by weight basis. The Russian super-
deep well in the Kola Peninsula produced a brine rich in Ca. That Ca-rich brines have
been mobilized in hydrothermal processes related to ore deposition is clearly shown by
compositions of fluid inclusions trapped within hydrothermally deposited minerals in
ore deposits. Ca-rich brines also play an important role in seafloor hydrothermal systems
at mid-ocean ridges. In addition, CaCl, is the premier example of an electrolyte of the
2:1 charge type, and its aqueous solution has been much used as an isopiestic standard.

Na® and SO?{ are important components of natural fluids, and a knowledge of
their aqueous solution thermodynamic properties is important in understanding various
geochemical processes, such as those related to evaporite formation, subsurface brines,
seafloor vents, geothermal energy production, and mineral scaling problems. In addi-
tion, aqueous NaySOy4 solution is a good example of a 1:2 charge type electrolyte.

In this book, special attention is focused on the thermodynamic properties of
aqueous systems in the supercritical region. Supercritical water (SCW) (i.e., water at
temperatures and pressures above its critical point, T¢c = 647.1 K; Pc = 22.1 MPa) has
recently become subject to growing scientific interest due to its crucial role in a variety
of natural processes, as well as because of emerging promising technological applica-
tions (supercritical water oxidation, SCWO, for the environmentally-friendly destruction
of toxic and hazardous wastes).

SCWO technology is an emerging technology for the destruction of civilian and
military hazardous wastes. One of the important applications of SCWO for waste treat-
ment is in the handling of solids that can be present at high temperatures and high
pressures. Sodium sulfate is one of the most commonly encountered salts in prospective
applications of SCWO. Development of effective strategies for applying SCWO tech-
nology to the destruction of hazardous materials requires knowledge of the thermody-
namic properties of aqueous salt solutions near the critical point.

Due to the large compressibility under supercritical conditions, small changes in
pressure can produce substantial changes in density, which, in turn, affect diffusivity,
viscosity, dielectric, and solvation properties, thus dramatically influencing the kinetics
and mechanisms of chemical reactions in water. The properties of water change mark-
edly when it is approaching temperatures and pressures near, or above, the critical point
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(22.1 MPa and 647.1 K). The ionic product falls by many orders of magnitude and the
dielectric constant is reduced to values (about 2 at 25 MPa and 723 K) typical of or-
ganic solvents. It is possible to sustain a flame in supercritical water by injecting oxy-
gen into an aqueous solution of methane [1]. This is to allow the use of SCWO as a
means for hazardous waste destruction, including chemical weapons and the clean-up of
nuclear processing sites. SCWO is the oxidation of organics, in the presence of a high
concentration of water, at temperatures and pressures above the critical point of water.
The oxidation is usually conducted at temperatures from 673 K to 723 K and at pres-
sures of 25 MPa. SCWO offers significant improvements over conventional methods of
oxidation because the effluents are clean. The gaseous effluent can be discharged di-
rectly to the atmosphere without scrubbing, the solids can be reused or landfilled, and
the water reused. Significant problems in the practical development of SCW destruction
facilities are considerable experimental difficulties and the lack of detailed knowledge
of the thermodynamic and transport properties of supercritical fluids at the molecular
level. The advantages of SCWO arise primarily from the unusual properties exhibited
by water under supercritical conditions. The density decreases rapidly in the range of
573 K to 673 K. The solubility of organics in SCW is typified by that of benzene and
pentane. Between 533 K and 573 K, benzene solubility increases from a few percent to
completely miscible. In general, organics and water are miscible in all proportions
above the critical temperature of pure water. Gases such as oxygen are completely mis-
cible with SCW. The solubility of salts (for example NaCl) in SCW at a pressure of 25
MPa and a temperature of 723 K decreases sharply. The residual solubility is on the
order of 100 ppm. This is not surprising because inorganics are practically insoluble in
SCW. One of the most serious obstacles in developing industrial-scale supercritical
water technologies is the lack of fundamental understanding of many aspects of the
supercritical fluid state itself, and particularly the behavior of supercritical aqueous sys-
tems. Therefore, additional experimental and theoretical studying of the thermophysical
properties of aqueous systems at high temperatures and high pressures is very important
to many industrial processes such as emerging technologies of hazardous waste destruc-
tion (supercritical water oxidation processes), for understanding mechanisms and kinet-
ics of chemical reactions in supercritical water, design calculations, heat and mass
transfer, fluid flow, developments and utilization of geothermal energy, etc. Under-
standing various geochemical and industrial processes requires a thorough knowledge of
thermodynamic properties of aqueous electrolyte solutions.

Supercritical fluids have been proposed as solvent or reaction media for a number
of technological applications such as coal conversion [5], organic synthesis [6], destruc-
tive oxidation of hazardous wastes (SCWO process) [7-11], enhanced oil recovery [12],
activated carbon regeneration [13], formation of inorganic films and powders [14], su-
percritical chromatography [15], organic reaction rate modification [16], precipitation
polymerization [17], etc. Thermodynamic properties of hydrocarbons in water at high
temperatures and high pressures are of considerable interest in a number of industrial
applications such as and petroleum chemistry (reservoir fluids, enhanced oil recovery-in
tertiary oil recovery), environmental protection (removal of hydrocarbons from waste
waters, fate of hydrocarbons in geological fluids), organic chemistry (formation of pe-
troleum), geology and mineralogy (for hydrothermal synthesis), new separation tech-
niques, biological degradations without char formation [5-22], etc. SCW is receiving
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increased interest as an alternative to organic solvents [10]. SCW has the capability of
dissolving both non-polar and polar, solutes since its dielectric constant can be adjusted
from a room temperature value of 80 to a value 5 at its critical point. Therefore, water
can solubilize most non-polar organic compounds, including most hydrocarbons and
aromatics starting at 473 K to 523 K and extending to the critical point [23, 24]. Low-
polarity organic pollutants, such as polycyclic aromatic hydrocarbons (PAH), typically
have very low solubility in water at ambient conditions because of water’s high polarity
(dielectric constant, € = 80). However, the dielectric constant of water can be drastically
lowered by raising the temperature of the water under moderate pressure to effect dra-
matic increases (to percent levels) in the solubility of low-polarity organics. For exam-
ple, sub-critical water at 523 K and 5 MPa has € = 27, which allowed quantitative
extractions of PAH in 15 min from soil and urban air particulars. Decreasing the polar-
ity of water by sequentially raising the extraction temperature from 323 K to 523 K
(sub-critical water), and finally to 673 K (SCW if P > 22.1 MPa), allowed class-selec-
tive extractions of polar organics (chlorinated phenols), low-polarity organics (PAH),
and nonpolar organics (n-alkanes) to be performed. Hawthorne et al. [25-28] used sub-
critical and supercritical water for quantitative extraction of organics from environ-
mental solids.

The properties of water + hydrocarbon systems are also of fundamental impor-
tance in geology and mineralogy, i.e., in the geothermal processes, which form oil res-
ervoirs, and in the oil and gas industries. Furthermore, water + hydrocarbon systems
may serve as model systems that are useful in the development of processes such as the
hydrolysis of plastic, synthetic fibers, or polycarbonates for recycling [30] and the de-
struction of hazardous wastes [7—11]. Water + toluene mixtures are also used for ex-
traction processes [29]. Fundamental understanding of some of these technologically
important applications of SCW might be substantially improved through comprehending
the solvation structures around solutes dissolved in SCW. Design and control of sys-
tems for supercritical fluid extractions requires pure-component and mixture thermody-
namic properties and molecular-based understanding of the mechanism underlying the
supercritical solubility enhancement. The efficient utilization of the possibilities offered
by supercritical fluid solubility requires an accurate and detailed knowledge of the fluid
thermodynamic properties, particularly PVTx relation to the near-critical mixtures.

Water-hydrocarbon mixtures are important in a wide range of industrial processes,
including coal gasification, oil recovery, steam distillation, steam reforming, and com-
bustion. It is crucial to understand PVTx behavior for water + hydrocarbon systems at
high temperatures and high pressures for supercritical process design. Understanding the
thermodynamic behavior of the water + hydrocarbon mixtures and water + salt solu-
tions near the critical point of pure water would well serve supercritical technological
processes at high temperatures and high pressures. Much attention has been focused
also on the water + hydrocarbon systems because of their fundamental importance to
understanding specific interaction between polar (water) and non-polar (hydrocarbon)
molecules. PVTx measurements are crucial to the comprehension of many important
phenomena taking place in supercritical aqueous solutions.

To use water + hydrocarbon systems effectively, it is necessary to know their
fundamental PVTx relationship and other derived properties. The sparing solubility of
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oil, gas, and water mixtures at the earth’s surface may very well present an entirely
different mutual relationship when subject to high underground pressure and tempera-
ture. The present technological advancement in the use of high temperature and high
pressure in chemical industries would be well served by an understanding of the phase
and PVTx relations in water + hydrocarbon mixtures. PVTx data for water + hydrocar-
bon systems provide additional information on the effects of temperature, pressure, and
composition on the thermodynamic behavior in such systems, which could lead to im-
proved understanding of processes near the solvent critical point. However, PVTx data
for the water + hydrocarbon systems under supercritical conditions are scarce.

In addition to being of practical interest (primarily in the nuclear industries), the
thermodynamic properties of heavy water and its mixtures with light water are interest-
ing from a modeling point of view. Because of the similarity of the molecules, the mix-
ture properties are very nearly ideal. Reproducing the small nonidealities is a challenge
for modelers. In addition, the presence of the isotope exchange equilibrium involving
HDO adds an extra complication, but does so in a way that has less impact on the
phase diagram than is observed in most reacting systems.

The thermodynamic behavior of dilute mixtures in the vicinity of the solvent
(water) critical point is of considerable practical and theoretical importance. Much of
the theoretical work on supercritical solubility has focused upon relating the infinite di-
lution properties, for example, negatively and positively diverging solute partial molar
volume in mixtures in the immediate vicinity of the solvent critical point and path-de-
pendence solvent properties in near-critical systems [31-42].

To develop a reliable equation of state for fluids and fluid mixtures, various ther-
modynamic properties data are required. Among them, isochoric heat capacity data Cy
is one of the important thermodynamic properties of fluids and provides a strong test
of the reliability of the PVT equation of state. Calorimetric (CyVT) measurements to
develop an equation of state are very important, especially near the critical and phase
transition points where real curvature of P-T isochores is essential. The accurate calcu-
lation of the caloric and acoustic properties from a PVT equation of state strongly de-
pends on accurate determination of the PVT data and temperature derivatives (9P/dT)y
and (82P/8T2)p. These derivatives directly relate to caloric and acoustic properties. As
a rule, thermal properties (PVT) do not correctly reproduce the values and qualitative
behavior of caloric (Cy, Cp, S, H) and acoustic (sound of velocity, W) properties of real
fluids because the calculation depends upon the (dP/9dT), and second (azp/ 8T2)p tem-
perature derivatives of the pressure. Reliable isochoric heat capacity measurements
yield valuable, accurate, and direct information about second temperature derivatives
(BZP/ 8T2)p of the pressure, which cannot be correctly determined solely on the basis of
PVT measurements. It is almost impossible to accurately extract (82P/ 8T2)p from ther-
mal (PVT) measurements. If, however, measurements of CyVT are available, use of
well-known thermodynamic relations can yield a PVT equation of state that is capable
of reproducing caloric (Cy, Cp, S, H) and thermal (PVT) properties within the experi-
mental uncertainties of the measurements. The role of calorimetric, particularly iso-
choric heat capacity (CyVT), measurements to develop an equation of state, especially
near the critical and supercritical regions, is very important. Isochoric heat capacity
measurements are often used to develop a fundamental equation of state. Detailed com-
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parisons of the experimental data on isochoric heat capacity are necessary to establish
an accurate PVT equation of state because they contain direct information on second
temperature derivatives of pressure (BZP/ BTZ)p. An accurate equation for P(VT) should
describe all thermodynamic (thermal, caloric, and acoustic) properties within their ex-
perimental uncertainties.

There is a very important theoretical aspect of near-critical and supercritical phe-
nomena in ionic systems such as HoO + NaCl. For these systems, the Pc—x and Tc—x
critical lines show rapid changes in slope near the critical point of pure water. The de-
rivatives dT¢/dx and dPc/dx govern the thermodynamic (crossover) behavior of fluid
mixtures near the critical point of one of the components. Thermodynamic properties of
dilute aqueous salt solutions (ionic solutions) are difficult to determine accurately from
experiment due to simultaneous occurrence of long-ranged density-composition fluctua-
tions and long-ranged Coulomb interactions, which translates into a rapid change in the
slope of the Tc—x and Pc—x critical lines. More precise experimental Cy, data are
needed to confirm the basic ideas of the modern crossover theory of the critical phe-
nomena in ionic systems. Therefore, new experimental Cy, data for HyO + NaCl near
the critical point of pure water may prove to be very important in the development of
new theoretical equations of state that will more correctly predict the thermodynamic
behavior of ionic solutions near the solvent critical point (pure water), and to improve
existing models for aqueous electrolyte solutions.

Much attention has been focused on the H)O + NaCl system because of its fun-
damental importance to the understanding of electrolyte behavior and its importance in
many geological and industrial processes. The development of an equation of state de-
pends on experimental data, from which empirical parameters can be obtained. NaCl
is a good example of a 1:1 charge-type electrolyte. Theoretical modeling of the H,O
+ NaCl system will serve as an example for other ionic systems of 1:1 charge-type
electrolytes.

Water and alcohol are complicated highly associated, H-bonding liquids that are
a challenge to study experimentally and theoretically. Therefore, their mixtures are far
more complex liquid systems. If a small amount of alcohol is added to water, the water
structure becomes enhanced in a way similar to when a non-polar solute is dissolved in
water. Water + alcohol mixtures show many unusual properties, often quite different
from those observed for the pure components of the mixture. Alcohol has highly polar
molecules and interacts strongly with water in a hydrogen-bonded network. A knowl-
edge of the PVTx properties of water + alcohol mixtures over wide temperature and
pressure ranges is necessary in understanding the role of hydrogen bonding and other
non-electrostatic effects in solvation. Methanol and ethanol and their aqueous solutions
are of interest for various applications, such as transport and storage of hydrogen, natu-
ral refrigerants, and working fluids in new power cycles. The properties of aqueous
methanol and ethanol mixtures as a function of temperature, pressure, and composition
are scarce in the literature, especially in the near-critical and supercritical conditions.

A thorough knowledge of the thermodynamic and transport properties of hot
aqueous salt solutions that transport heat and the vapors that drive turbines to produce
electricity is essential. An understanding of the transport properties of water + salt so-
lutions is needed in many industrial applications, such as design calculation, heat and
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mass transfers, and fluid flow, developments and utilization of geothermal and ocean
thermal energy, etc. Thermal conductivity is important in the prediction of heat- and
mass-transfer coefficients under both laminar and turbulent regimes. Thermal conductiv-
ity data are also required for calculating flow, heat transfer, and mass transfer rates in
various pieces of industrial equipment. For engineering utility, reliable methods for the
estimation of the thermal conductivity of solutions over wide ranges of concentration,
temperature, and pressure would be extremely valuable. To understand and control
those processes that use electrolyte solutions, it is necessary to know their thermody-
namic and transport properties. However, the lack of reliable data over wide tempera-
ture, pressure, and concentration ranges makes it necessary to estimate the missing
properties by empirical and semi-empirical methods. Therefore, new experimental data
on the thermal conductivity of aqueous systems at high temperatures and high pressures
are needed to improve and extend the range of validity of avaliable estimation and cor-
relation methods that are capable of reproducing the experimental thermal conductivity
data and to develop more reliable prediction techniques of thermal conductivity behav-
ior at high temperatures, high pressures, and high concentrations.

Aqueous solutions of electrolytes are also very important in physical chemistry
and biophysical systems. For example, data on geothermal brines and sea water, which
can be considered as mixtures of aqueous solutions of NaCl, KCl, CaCl,, MgCl, etc.,
are needed for geothermal and ocean thermal energy utilization devices and for desali-
nation of sea water. Aqueous LiBr solution is widely used in absorption refrigerators
for air conditioning. However, measurements of the thermal conductivity of aqueous
salt solutions have so far been limited to rather narrow ranges of temperature, pressure,
and concentration with less than satisfactory accuracy.

Only limited experimental thermal conductivity data of water + salt solutions over
a wide range of temperatures, pressures, and concentrations are available in the litera-
ture. Measurements of the thermal conductivity of aqueous salt solutions at high tem-
peratures and high pressures are very scarce. Almost all of the previous thermal
conductivity measurements for aqueous salt solutions were performed at atmospheric
pressure and low temperatures (up to 373 K).

There is an ongoing demand for new reliable thermodynamic and transport prop-
erties data on the properties of aqueous solutions that cover a wide temperature and
pressure range, especially in the near-critical and supercritical conditions.

For the study of the properties of aqueous systems, in most cases the properties
of pure water are required. Therefore, we critically analyzed all of the available experi-
mental, PVT, isochoric heat capacity, and thermal conductivity data sets for pure light
and heavy water near the critical point and in the supercritical conditions. Selected and
recommended data are presented in the Appendix for easy access.

Due to the lack of experimental data, all the necessary design and safety calcula-
tions have been upon estimated thermophysical property values. Very limited experi-
mental data are available on aqueous salt solution and aqueous hydrocarbons at
near-critical and supercritical conditions. Therefore, the designers and scientists who re-
quire information about thermodynamic and transport properties for high-temperature
and high-pressure aqueous solutions must rely on the avaliable estimation techniques.
The main goals of this book are to provide readers with a review of the avaliable ex-
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perimental data sets on the thermodynamic and transport properties of aqueous systems
at high temperatures and high pressures, give critical analyses of the estimation, corre-
lation, and prediction methods, select more reliable data sets, and offer recommenda-
tions for scientific and applied use.

The main objective of the book is to provide new, reliable experimental thermo-
dynamic (volumetric, PVTx and caloric, CyTx) and transport (thermal conductivity)
properties for aqueous systems, such as pure light and heavy water, their mixtures,
aqueous hydrocarbons, aqueous salt, and aqueous alcohol solutions in near subcritical
and near supercritical conditions, which can be used as prospective media in the emerg-
ing technologies of hazardous waste destruction, such as SCWO processes.
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1

Volumetric (PVTx) Properties of Pure Fluids
and Aqueous Systems at High Temperatures
and High Pressures, Including Near-Critical
and Supercritical Conditions

1.1 Review of Available PVT Measurements for Light
and Heavy Water, Pure Hydrocarbons, and Pure
Methanol in the Near-Critical and Supercritical
Conditions

PVT properties for light and heavy water have been thoroughly studied, but there are
limited PVT data on hydrocarbons in the critical and supercritical regions. This section
contains a critical review of the available PVT data and saturated properties (saturated
densities and vapor pressure) for pure light and heavy water and some hydrocarbons.
The uncertainties of each data set are discussed. We also considered correlation equa-
tions for saturated liquid and vapor densities and vapor pressures near the critical point.

1.1.1 Experimental PVT Data for Pure H20 and D20 in the Near-Critical
and Supercritical Conditions

Several PVT measurements have been reported in the critical and supercritical regions
of light and heavy water. Table 1 lists information on selected data sets that includes
measurements of PVT together with measured temperature, density, and pressure ranges
for light and heavy water. PVT properties for light water in the temperature range from
303 K to 647 K at pressures up to 35 MPa have been measured by Smith and Keyes
[56]. A major portion of the water sample (about 75% to 99% of the total) was en-



2 THERMOPHYSICAL PROPERTIES OF PURE FLUIDS AND AQUEOUS SOLUTIONS

Table 1 Summary of PVT measurements for light and heavy water
in the near-critical and supercritical regions

. Temperature range, Density range, Pressure range,
First author P K g kg?r]n% g MPa g
Light water
Smith [56] 303-647 420-1009 up to 35
Keyes [66] 468-733 7-500 up to 36
Rivkin [57-61] 633-693 17-627 10-30
Kell [64] 623-773 2-765 up to 100
Alexandrov [71, 72] 423-653 15-777 5-100
Hanafusa [62, 63] 643-653 136-618 19.7-39.5
Morita [65] 638-652 122-610 18.5-39.2
Abdulagatov [44, 46,49, 50,52, 53] 523-653 8-652 1-60
Heavy water
Rivkin [67, 68] 548-698 18-879 5-34
Tsederberg [69] 473-698 9-1024 2-100
Kell [70] 423-723 0.5-180 0.5-100
Alexandrov [71] 673-823 15-763 4-100
Juza [73] 353-623 928-1126 50-350

closed in a heavy walled metal container, or bomb, immersed in a high-temperature
bath. The remainder of the water was kept at a constant temperature of 303 K in a steel
cylinder over mercury and in the connecting capillary tube, part of which was kept at
303 K and part at the higher temperature of the nitrate bath. The temperature gradient
of the water in the capillary was made as sharp as possible by means of a water cooler
placed on the tube just above the point where it emerged from the high-temperature
bath. By means of a calibrated volume displacement piston, varying quantities of water
could be displaced from the steel cylinder at 303 K and forced over into the high-tem-
perature container. Knowledge of the constants of the apparatus made it possible to cal-
culate the volume occupied by that portion of the water sample at 303 K and combined
with the previously determined 303 K compressibility; thus, it was possible to calculate
the mass of the water so confined. Therefore, from the known total weight of the sam-
ple, the quantity at the high temperature was easily determined. Knowing the volume at
273 K and atmospheric pressure, and the temperature and pressure dilation of the con-
tainer, the total volume of water could be calculated for the temperature and pressure
in question. Three independent series of measurements of the compressibility of liquid
water were made. The agreement between the different series of measurements was
within a range of 0.02% to 0.033%.

Rivkin and Akhundov [57-61] used the method of constant-volume piezometer
for high-precision measurements of PVT properties of light water near the critical point.
The method makes it possible to experimentally determine corrections for the "dead"
volume. The main element of the apparatus is a thick-walled spherical piezometer made
of a 1Kh18NOT stainless steel with an outside diameter (OD) of 140 mm and inside
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diameter (ID) of 62 mm. The volume of the piezometer at 293 K and atmospheric pres-
sure is 123 cm®. The piezometer is placed in a liquid thermostat. The liquid in the
thermostat is intensely circulated. At temperatures higher than 473 K, a molten saltpeter
mixture (50% NaNOj + 50% KNOs3, melting point is about 423 K) was used as the
thermostat liquid. A correction for the "dead" volume was less than 0.03% of the total
amount of liquid in the piezometer. The maximum relative uncertainty of the specific
volume measurement was less than 0.05%. At low densities (lower than 0.1 g-cm_3),
the uncertainty reached up to 0.1%. This apparatus has been used for measurements of
the PVT properties of heavy water [67, 68] and aromatic hydrocarbons [74-77] in the
near-critical and supercritical conditions.

Hanafusa et al. [62, 63] measured PVT properties of light water in the critical
region using a constant-volume apparatus immersed in a thermostated bath. They meas-
ured 115 densities and eight vapor pressures along sixteen different isotherms between
643 K and 653 K, which cover the range of pressures between 19.7 MPa and 39.5 MPa
and densities from 136 kg-m_3 to 618 kg-m_3. The experimental uncertainties of tem-
perature, density, and pressure are estimated 4 mK, 0.04%, and 3 kPa, respectively.

Kell et al. [64] reported PVT data for light water in the temperature range from
623 K to 773 K and pressures up to 100 MPa and vapor-pressure data from 423 K to
623 K by using a high-temperature vessel with a volume of 36 cm’. The thermal ex-
pansion of the vessel was determined by a gas-expansion method. Twenty six vapor-
pressure data measured by Morita et al. [65] cover a temperature range from 620.15 K
to 647.05 K. Measurements were performed by means of the constant-volume method
described by Hanafusa et al. [62, 63]. The uncertainty in density and pressure measure-
ments is 0.04% and 0.02%, respectively.

PVT properties for heavy water in the critical region have been measured by
Rivkin and Akhundov [67, 68] (785 data points), Tsederberg et al. [69] (175 data
points), Kell et al. [70] (613 data points), and Alexandrov et al. [71] (134 data points).
Alexandrov et al. [71] reported PVT data for light and heavy water in the temperature
range from 673 K to 823 K at pressures from 5 MPa to 100 MPa. They used a thick-
walled spherical vessel with an internal volume of about 205 cm®. The temperature of
the liquid thermostat was measured by PRT with an accuracy of 0.03 K to 0.04 K. The
maximum uncertainty of measured specific volume is about 0.1%. The pressure was
measured with an uncertainty of about 0.05%.

The specific volumes of heavy water in the temperature range from 548 K to 698
K and at pressures up to 34 MPa are reported by Rivkin and Akhundov [68] using a
constant-volume piezometer. The uncertainty in temperature, pressure, and specific vol-
ume measurements are 10 mK, 0.01%, and 0.02% to 0.1%, respectively. A total of 335
experimental values of specific volumes were obtained. In order to check the reproduci-
bility of the experimental data, two series of measurements along the isotherms 633 K,
643 K, and 653 K were made. The results agreed within 0.02% to 0.03%. The satura-
tion pressure values measured on a given isotherm differ from one another by less than
0.02 bar. The saturation pressure values measured by Rivkin and Akhundov [68] show
acceptable agreement within 0.03 bar (0.015%) with data reported by Oliver and
Grisard [78].
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