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A Few Words About the New Editions of
Volumes 1 Through 5

The present content and format of the fifth, improved, and extended edition of
Volume 1, the fourth, improved, and extended edition of Volumes 2, and 3, the
second improved and extended edition of Volume 4, and the third improved and
extended edition of Volume 5 were achieved after I received many
communications from all over the world from colleagues and friends commenting
on different aspects or requesting additional information. Of course, misprints and
some layout deficiencies in the previous editions, for which I apologize very
much, have also been removed, as is usual for subsequent editions of such
voluminous 3000-page monographs. I thank everyone who contributed in this way
to improving the five volumes!

The new editions contain my experiences in different subjects, collected during
my daily work in this field since 1975. They include my own new results and the
new information collected by colleagues since the previous editions. The
overwhelming literature in multiphase fluid dynamics that has appeared in the last
40 years practically prohibits a complete overview by a single person. This is the
reason why, inevitably, one or other colleague may feel that his personal scientific
achievements are not reflected in this book, for which I apologize very much.
However, it is the responsibility of transferring knowledge to the next generation
that drove me to write these, definitely not perfect, books. I hope that they will
help young scientists and engineers to design better facilities than those created by
my generation.

29.12.2014
Herzogenaurach Nikolay Ivanov Kolev



Introduction

Multiphase flows, such as rainy or snowy winds, tornadoes, typhoons, air and
water pollution, volcanic activities, etc., see Fig.1, are not only part of our natural
environment but also are working processes in a variety of conventional and
nuclear power plants, combustion engines, propulsion systems, flows inside the
human body, oil and gas production, and transport, chemical industry, biological
industry, process technology in the metallurgical industry or in food production,
etc.

Fig. 1. The fascinating picture of the start of a discovery, a piece of universe, a tornado, a
volcano, flows in the human heart, or even the “pure” water or the sky in Van Gogh’s painting
are, in fact, different forms of multiphase flows

The list is by far not exhaustive. For instance, everything to do with phase
changes is associated with multiphase flows. The industrial use of multiphase
systems requires methods for predicting their behavior. This explains the
“explosion” of scientific publications in this field in the last 50 years. Some
countries, such as Japan, have declared this field to be of strategic importance for
future technological development.

Probably the first known systematic study on two-phase flow was done during
the Second World War by the Soviet scientist Telefov and published later in 1958
with the title “On the problem of fluid dynamics of two-phase mixtures”. Two
books that appeared in Russia and the USA in 1969 by Mamaev et al. and by
Wallis played an important role in educating a generation of scientists in this
discipline, including me. Both books contain valuable information, mainly on
steady state flows in pipes. In 1974 Hewitt and Hall-Taylor published the book
“Annular two-phase flow”, which also considers steady state pipe flows. The
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usefulness of the idea of a three-fluid description of two-phase flows was clearly
demonstrated on annular flows with entrainment and deposition. In 1975 Ishii
published the book “Thermo-fluid dynamic theory of two-phase flow”, which
contained a rigorous derivation of time-averaged conservation equations for the so
called two-fluid separated and diffusion momentum equations models. This book
founded the basics for new measurement methods appearing on the market later.
The book was updated in 2006 by Ishii and Hibiki who included new information
about the interfacial area density modeling in one-dimensional flows, which had
been developed by the authors for several years. R. Nigmatulin published
“Fundamentals of mechanics of heterogeneous media” in Russian in 1978. The
book mainly considers one-dimensional two-phase flows. Interesting particular
wave dynamics solutions are obtained for specific sets of assumptions for
dispersed systems. The book was extended mainly with mechanical interaction
constitutive relations and translated into English in 1991. The next important book
for two-phase steam-water flow in turbines was published by Deich and Philipoff
in 1981, in Russian. Again, mainly steady state, one-dimensional flows are
considered. In the same year Delhaye et al. published “Thermohydraulics of two-
phase systems for industrial design and nuclear engineering”. The book contains
the main ideas of local volume averaging and considers mainly many steady state
one-dimensional flows. One year later, in 1982, Hetsroni edited the “Handbook of
multiphase systems”, which contained the state of the art of constitutive interfacial
relationships for practical use. The book is still a valuable source of empirical
information for different disciplines dealing with multiphase flows. In 2006
Crowe 2006 edited the “Multiphase flow handbook”, which contained an updated
state of the art of constitutive interfacial relationships for practical use. In the
monograph “Interfacial transport phenomena” published by Slattery in 1990
complete, rigorous derivations of the local volume-averaged two-fluid
conservation equations are presented together with a variety of aspects of the
fundamentals of the interfacial processes based on his long years of work.
Slattery’s first edition appeared in 1978. Some aspects of the heat and mass
transfer theory of two-phase flow are now included in modern textbooks such as
“Thermodynamics” by Baer (1996) and “Technical thermodynamics” by Stephan
and Mayinger (1998).

It is noticeable that none of the above mentioned books is devoted in particular
to numerical methods of solution of the fundamental systems of partial differential
equations describing multiphase flows. Analytical methods still do not exist. In
1986 I published the book “Transient two-phase flows” with Springer-Verlag, in
German, and discussed several engineering methods and practical examples for
integrating systems of partial differential equations describing two- and three-fluid
flows in pipes.

Since 1984 I have worked intensively on creating numerical algorithms for
describing complicated multiphase multicomponent flows in pipe networks and
complex three-dimensional geometries mainly for nuclear safety applications. Note
that the mathematical description of multidimensional two-phase and multiphase
flows is a scientific discipline that has seen considerable activity in the last 30 years.
In addition, for yeas thousands of scientists have collected experimental information
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in this field. However, there is still a lack of systematic presentation of the theory
and practice of numerical multiphase fluid dynamics. This book is intended to fill
this gap.

Numerical multiphase fluid dynamics is the science of the derivation and the
numerical integration of the conservation equations reflecting the mass
momenmomentum and energy conservation for multiphase processes in nature
and technology at different scales in time and space. The emphasis of this book is
on the generic links within computational predictive models between

fundamentals,

numerical methods,

empirical information about constitutive interfacial phenomena, and

a comparison with experimental data at different levels of complexity.

The reader will realize how strong the mutual influence of the four model
constituencies is. There are still many attempts to attack these problems using
single-phase fluid mechanics by simply extending existing single-phase computer
codes with additional fields and linking with differential terms outside the code
without increasing the strength of the feedback in the numerical integration
methods. The success of this approach in describing low concentration
suspensions and dispersed systems without strong thermal interactions should not
confuse the engineer about the real limitations of this method.

This monograph can also be considered as a handbook on the numerical
modeling of three strongly interacting fluids with dynamic fragmentation and
coalescence representing multiphase multicomponent systems. Some aspects of
the author’s ideas, such us the three-fluid entropy concept with dynamic
fragmentation and coalescence for describing multiphase, multicomponent flows
by local volume-averaged and time-averaged conservation equations, were
published previously in separate papers but are collected here in a single context
for the first time. An important contribution of this book to the state of the art is
also the rigorous thermodynamic treatment of multiphase systems consisting of
different mixtures. It is also the first time that the basics of the boundary fitted
description of multiphase flows and an appropriate numerical method for
integrating them with proven convergence has been published. It is well known in
engineering practice that “the devil is hidden in the details”. This book gives many
hints and details on how to design computational methods for multiphase flow
analysis and demonstrates the power of the method in the attached compact disc
and in the last chapter in Volume 2 by presenting successful comparisons between
predictions and experimental data or analytical benchmarks for a class of
problems with a complexity not known in the multiphase literature until now. It
starts with the single-phase U-tube problem and ends with explosive interaction
between molten melt and cold water in complicated 3D geometry and
condensation shocks in complicated pipe networks containing acoustically
interacting valves and other components.
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Volume 3 is devoted to selected subjects in multiphase fluid dynamics that are
very important for practical applications but could not find place in the first two
volumes of this work.

The state of the art of turbulence modeling in multiphase flows is also
presented. As an introduction, some basics of the single-phase boundary layer
theory, including some important scales and flow oscillation characteristics in
pipes and rod bundles are presented. Then the scales characterizing the dispersed
flow systems are presented. The description of the turbulence is provided at
different levels of complexity: simple algebraic models for eddy viscosity,
algebraic models based on the Boussinesq hypothesis, modification of the
boundary layer share due to modification of the bulk turbulence, and modification
of the boundary layer share due to nucleate boiling. Then the role of the following
forces on the matematical description of turbulent flows is discussed: the lift force,
the lubrication force in the wall boundary layer, and the dispersion force. A
pragmatic generalization of the k-eps models for continuous velocity fields is
proposed, which contains flows in large volumes and flows in porous structures.
Its large eddy simulation variant is also presented. A method to derive source and
sinks terms for multiphase k-eps models is presented. A set of 13 single- and two-
phase benchmarks for verification of k-eps models in system computer codes are
provided and reproduced with the IVA computer code as an example of the
application of the theory. This methodology is intended to help engineers and
scientists to introduce this technology step by step in their own engineering practice.

In many practical applications gases are dissolved in liquids under given
conditions, released under other conditions, and therefore affect technical
processes for good or for bad. There is almost no systematic description of this
subject in the literature. That is why I decided to collect in Volume 3 useful
information on the solubility of oxygen, nitrogen, hydrogen, and carbon dioxide in
water, valid within large intervals of pressures and temperatures, provide
appropriate mathematical approximation functions, and validate them. In addition,
methods for computation of the diffusion coefficients are described. With this
information solution and dissolution dynamics in multiphase fluid flows can be
analyzed. For this purpose, the nonequilibrium absorption and release on bubble,
droplet, and film surfaces under different conditions are mathematically described.

Volume 4 is devoted to nuclear thermal hydraulics, which is a substantial part
of nuclear reactor safety. It provides knowledge and mathematical tools for the
adequate description of the process of transferring the fission heat released in
materials due to nuclear reactions into its environment. The heat release inside the
fuel, the temperature fields in the fuels, and the “simple” boiling flow in a pipe,
are introduced step by step, using ideas of different complexity like equilibrium,
nonequilibrium, homogeneity, and nonhomogeneity. Then the “simple” three-fluid
boiling flow in a pipe is described by gradually involving mechanisms like
entrainment and deposition, dynamic fragmentation, collisions, and coalescence,
turbulence. All heat transfer mechanisms are introduced gradually and their
uncertainty is discussed. Different techniques like boundary layer treatments or
integral methods are introduced. Comparisons with experimental data at each step
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demonstrate the success of the different ideas and models. After an introduction
into the design of reactor pressure vessels for pressurized and boiling water
reactors, the accuracy of modern methods is demonstrated using a large number of
experimental data sets for steady and transient flows in heated bundles. Starting
with single pipe boiling going through boiling in a rod bundles the analysis of the
complete vessel, including the reactor, is finally demonstrated. Then a powerful
method for nonlinear stability analysis of flow boiling and condensation is
introduced. Models are presented and their accuracies in describing critical
multiphase flow at different level of complexity are investigated. The basics of the
design of steam generators, moisture separators, and emergency condensers are
presented. Methods for analyzing a complex pipe network flows with components
like pumps, valves, etc., are also presented. Methods for the analysis of important
aspects of severe accidents like melt-water interactions and external cooling and
cooling of layers of molten nuclear reactor material are presented. Valuable sets of
thermophysical and transport properties for severe accident analysis are presented

Time: monzseen  |Time: awasins
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Fig. 2. Examples of multiphase flows in nuclear technology. See
http://www.herzovision.de/kolev-nikolay/

for the following materials: uranium dioxide, zirconium dioxide, stainless steel,
zirconium, aluminum, aluminum oxide, silicon dioxide, iron oxide, molybdenum,
boron oxide, reactor corium, sodium, lead, bismuth, and lead-bismuth eutectic
alloy. The emphasis is on the complete and consistent thermodynamical sets of
analytical approximations appropriate for computational analysis. Thus the book
presents a complete coverage of modern nuclear thermal hydrodynamics.

Herzogenaurach, Winter 2014 Nikolay Ivanov Kolev
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Summary

This monograph contains theory, methods, and practical experience for describing
complex transient multiphase processes in arbitrary geometrical configurations. It
is intended to help applied scientists and practicing engineers to better understand
natural and industrial processes containing dynamic evolutions of complex
multiphase flows. The book is also intended to be a useful source of information
for students in higher semesters and in PhD programs.

This monograph consists of five volumes:

Vol. 1 Fundamentals, 5™ ed. (15 chapters and 2 appendixes), 844 pages.

Vol. 2 Mechanical interactions, 4™ ed. (11 chapters), 364 pages,

Vol. 3 Thermal interactions, 4™ ed. (16 chapters), 678 pages.

Vol. 4 Turbulence, gas absorption and release by liquid, diesel fuel properties,
2" ed. (13 chapters), 328 pages.

Vol. 5 Nuclear thermal hydraulics, 2" ed. (17 chapters), 912 pages.

In Volume 1 the concept of three-fluid modeling is presented in detail “from
the origin to the applications”. This includes the derivation of local volume- and
time-averaged equations and their working forms, the development of methods for
their numerical integration, and finally a variety of solutions for different
problems of practical interest. Special attention is paid in Volume 1 to the link
between partial differential equations and constitutive relations, called closure
laws, without providing any information on the closure laws.

In particular in Volume 1, Chapters 1, 2, 3, and 5, the concept of three-fluid
modeling is introduced. Each field consists of multicomponents grouped into an
inert and a noninert components group. Each field has its own velocity in space and
its own temperature, allowing mechanical and thermodynamic nonequilibrium
among the fields. The idea of dynamic fragmentation and coalescence is introduced.
Using the Slattery—Whitaker local spatial averaging theorem and the Leibnitz rule,
the local volume-averaged mass, momentum and energy conservation equations are
rigorously derived for heterogeneous porous structures. Successively time averaging
is performed. A discussion is provided on particle size spectra and averaging, cutting
off the lower part of the spectrum due to mass transfer, the effect of the averaging on
the effective velocity difference, etc. Chapter 1 also contains brief remarks on the
kinematic velocity of density wave propagation in porous structures and on the
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diffusion term of void propagation in the case of pooling all the mechanical
interactions in this kind of formalism. In the derivation of the momentum equations
special attention is paid to rearranging the pressure surface integrals in order to
demonstrate the physical meaning of the originating source terms in the averaged
systems and their link to hyperbolicity. The Reynolds stress concept is introduced
for multiphase flows. Chapter 2 also contains a collection of constitutive relations
for lift- and virtual mass forces, for wall boundary layer forces, for forces causing
turbulent diffusion, and for forces forcing the rejection of droplet deposition on a
wall with evaporation.

Before deriving the energy conservation in Chapter 5, I provide Chapter 3 in
which it is shown how to generate thermodynamic properties and the substantial
derivatives for different kinds of mixtures by knowing the properties of the
particular constituents. It contains the generalization of the theory of the equations
of states for arbitrary real mixtures. With one and the same formalism a mixture of
miscible and immiscible components in arbitrary solid, liquid, or gaseous states
mixed and/or dissolved can be treated. This is a powerful method for creating a
universal flow analyzer. Chapter 3 contains additional information on the
construction of the saturation line by knowing pressure or temperature. An
application of the material given in Chapter 3 is given in the new Volume 3 of this
work to diesel fuel, where an inherently consistent set of equations of state for
both gas and liquid is formulated. In addition, a section defining the equilibrium of
gases dissolved in liquids is provided. These basics are then used in Volume 3 to
construct approximations for the equilibrium solution concentrations of Hy, O,, N,
and CO; in water and to describe the nonequilibrium solution and dissolution at
bubble, droplet, and film interfaces, which extend the applicability of the methods
of multiphase fluid dynamics to flows with nonequilibrium solution and
dissolution of gases. The generalizations of Chapter 3 are also used in Chapter 17
of Volume 4 to represent a variety of thermal properties including sodium vapor
properties. An additional appendix to Chapter 3 shows a table where the partial
derivatives of different forms of the equation of state is provided. This chapter
provides the information necessary to understand the entropy concept, which is
presented in Chapter 5.

In the author’s experience understanding the complex energy conservation for
multiphase systems and especially the entropy concept is very difficult for most
students and practicing engineers. This is why Chapter 4 is provided as an
introduction, showing the variety of notations of the energy conservation principle
for single-phase multicomponent flows. Chapter 4 further contains a careful state of
the art review for the application of the method of characteristics for modeling 1D
and 2D flows in engineering practice.

The local volume-averaged and time-averaged energy conservation equation is
derived in Chapter 5 in different notational forms in terms of specific internal
energy, specific enthalpy, specific entropy, and temperatures. The introduction of
the entropy principle for such complex systems is given in detail in order to enable
the practical use of the entropy concept. The useful “conservation of volume”
equation is also derived. Chapter 5 contains an additional example of the
computation of irreversible viscous dissipation in the boundary layer. For easy
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application additional sections have been added to Chapter 5, which contain the
different notations of energy conservation for lumped parameter volumes and
steady state flows. The limiting case with gas flow in a pipe is considered in order
to show the important difference to the existing gas dynamics solution where the
irreversible heat dissipation due to friction is correctly taken into account.

Examples for a better understanding are given for the simple cases of lumped
parameters — Chapter 6, infinite heat exchange without interfacial mass transfer,
discharge of gas from a volume, injection of inert gas in a closed volume initially
filled with inert gas, heat input in a gas in a closed volume, steam injection in a
steam—air mixture, chemical reaction in a gas mixture in a closed volume, and
hydrogen combustion in an inert atmosphere. Chapter 6 has been extended with
cases including details of the modeling of combustion and detonation of hydrogen
by taking into account the equilibrium dissociation.

The exergy for a multiphase, multicomponent system is introduced in Chapter 7
and discussed for the example of judging the efficiency of a heat pump.

Simplification of the resulting system of PDEs to the case of one-dimensional
flow is presented in Chapter 8. Some interesting aspects of fluid structure coupling,
such as pipe deformation due to temporal pressure change in the flow and forces
acting on the internal pipe walls are discussed. The idea of algebraic slip is
presented. From the system thus obtained the next step of simplification leads to the
system of ordinary differential equations describing the critical multiphase,
multicomponent flow by means of three velocity fields. Modeling of valves and
pumps is discussed in the context of the modeling of networks consisting of pipes,
valves, pumps, and other different components.

Another case of simplification of the theory of multiphase flows is presented in
Chapter 9, where the theory of continuum sound waves and discontinuous shock
waves for melt-water interaction is presented. In order to easily understand it, the
corresponding theory for single- and two-phase flows is reviewed as an introduction.
Finally, an interesting application for the interaction of molten uranium and
aluminum oxides with water, as well of the interaction of molten iron with water is
presented. Chapter 9 also deals with detonation during melt-water interaction. To
better put this information into the context of the detonation theory, additional
introductory information is given for the detonation of hydrogen in closed pipes,
taking into account the dissociation of the generated steam.

Chapter 10 is devoted to the derivation of the conservation equations for
multiphase, multicomponent, multivelocity field flow in general curvilinear
coordinate systems. For a better understanding of the mathematical basics used in
this chapter two appendixes are provided: Appendix 1 in which a brief introduction
to vector analysis is given and Appendix 2 in which the basics of the coordinate
transformation theory are summarized.

A new Chapter 11 gives the mathematical tools for computing eigenvalues and
eigenvectors and for determination of the type of systems of partial differential
equations. The procedure for the transformation of a hyperbolic system into
canonical form is also provided. Then the relations between eigenvalues and
critical flow and between eigenvalues and the propagation velocity of small
perturbations are briefly defined. This is, in fact, a translation of one chapter of my
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first book published in German by Springer in 1986. This completes the basics of
the multiphase, multicomponent flow dynamics.

Chapter 12 describes numerical solution methods for different multiphase flow
problems. The first-order donor-cell method is presented in detail by discretizing
the governing equations, creating a strong interfacial velocity coupling, and strong
pressure-velocity coupling. Different approximations for the pressure equations
are derived and three different solution methods are discussed in detail. One of
them is based on the Newton iterations for minimizing the residuals by using the
conjugate gradients. A method for temperature inversion is presented. Several
details are given, which enables scientists and engineers to use this chapter for
their own computer code development, such as the integration procedure (implicit
method), the time step, and accuracy control. Finally, some high-order
discretization schemes for convection-diffusion terms such as space exponential
scheme and other high-order up-winding schemas are presented. Different
analytical derivations are provided in Appendixes 12.1-12.8, including the
analytical derivatives of the residual error of each equation with respect to the
dependent variables. Some important basic definitions that are required for
describing pipe networks are introduced. In addition, the variation of volume-
porosity with time is systematically incorporated into the numerical formalism.

Chapter 13 presents a numerical solution method for multiphase flow problems
in multiple blocks of curvilinear coordinate systems, generalizing, in fact, the
experience gained in Chapter 12. Several important details of how to derive
explicit pressure equations are provided. The advantage of using orthogonal grids
also is easily derived from this chapter. Appendixes 1 and 2 of Volume I contain
some additional information about orthogonal grid generation.

A new Chapter 14 is intruded in the 5" edition containing the basic physics
describing the multiphase flow in turbines, compressors, pumps and other rotating
hydraulic machines. The conservation equations in steady rotating coordinate
systems are presented: conservation of scalars — entropy equation, momentum
equations for single and multiphase flows, conservation of angular momentum,
and conservation of rotation energy. Further the rothalpy and the isentropic energy
transfer from the flow to the blades is introduced. The way haw to take into
account the non isentropic energy dissipation is given. Finally a method is
presented how to compute the rotor stage power and the tangential- and axial
blade forces. Examples for application of the axial turbine model are given. The
energy jump across the stator-rotor interface is described in two ways: by using
the energy jump approach and continuum approach. Useful information is
provided to the steady single and multiphase flow expansion and transient turbo-
generator behavior. This chapter provides several practical simplifications which
are useful for applications in describing processes in turbine, compressors, pumps
and other rotating hydraulic machines. In fact, this chapter presents a method haw
to implement high order turbine-models in computer codes describing multiphase
flows in pipe networks.

Chapter 15 provides several numerical simulations as illustrations of the power
of the methods presented in this monograph. A compact disc that contains films
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corresponding to particular cases discussed in this chapter is attached. The films
can be played with any tool capable of accepting avi- or animated gif-files.

As has already been mentioned, Volumes 2 and 3 are devoted to the so called
closure laws: the important constitutive relations for mechanical and thermal
interactions. The structure of the volume has the character of a state of the art
review and a selection of the best available approaches for describing interfacial
process processes. In many cases, the original contribution of the author is
incorporated into the overall presentation. The most important aspects of the
presentation are that they stem from the author’s long years of experience in
developing computer codes. The emphasis is on the practical use of these
relationships: either as stand alone estimation methods or within a framework of
computer codes.

Volume 4 is devoted to selected chapters of the multiphase fluid dynamics that
are important for practical applications: The state of the art of the turbulence
modeling in multiphase flows is presented. As an introduction, some basics of
single-phase boundary layer theory, including some important scales and flow
oscillation characteristics in pipes and rod bundles are presented. Then the scales
characterizing dispersed flow systems are presented. The description of turbulence
is provided at different level of complexity: simple algebraic models for eddy
viscosity, algebraic models based on the Boussinesq hypothesis, modification of
the boundary layer share due to modification of the bulk turbulence, and
modification of the boundary layer share due to nucleate boiling. Then the role of
the following forces on the matematical description of turbulent flows is
discussed: the lift force, the lubrication force in the wall boundary layer, and the
dispersion force. A pragmatic generalization of the k-eps models for continuous
velocity fields, which contains flows in large volumes and flows in porous
structures, is proposed. A method of how to derive source and sink terms for
multiphase k-eps models is presented. A set of 13 single- and two phase
benchmarks for the verification of k-eps models in system computer codes is
provided and reproduced with the IVA computer code as an example of the
application of the theory. This methodology is intended to help other engineers
and scientists to introduce this technology step by step in their own engineering
practice.

In many practical application gases are solved in liquids under given
conditions, released under other conditions, and therefore affect technical
processes for good of for bad. There is almost no systematical description of this
subject in the literature. This is why I decided to collect useful information on the
solubility of oxygen, nitrogen, hydrogen, and carbon dioxide in water under large
intervals of pressures and temperatures, and provide appropriate mathematical
approximation functions and validate them. In addition, methods for computation
of the diffusion coefficients are described. With this information solution and
dissolution dynamics in multiphase fluid flows can be analyzed. For this purpose,
the nonequilibrium absorption and release on bubble, droplet, and film surfaces
under different conditions is mathematically described.
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In order to allow the application of the theory from the first three volumes also
to processes in combustion engines, a systematic set of internally consistent state
equations for diesel fuel gas and liquid valid in a broad range of changing
pressures and temperatures is provided.

Volumes 2 and 3 are devoted to the important constitutive relations for the
mathematical description of the mechanical and thermal interactions. The structure
of the volumes is, in fact, a state of the art review and a selection of the best
available approaches for describing interfacial transfer processes. In many cases,
the original contribution of the author is incorporated in the overall presentation.
The most important aspects of the presentation are that they stem from the
author’s long years of experience in developing computer codes. The emphasis is
on the practical use of these relationships: either as stand-alone estimation
methods or within a framework of computer codes.

Volume 4 is devoted to turbulence in multiphase flows.

Volume 5: Nuclear thermal hydraulics is the science providing knowledge
about the physical processes occurring during the transfer of the fission heat
released in structural materials due to nuclear reactions into its environment.
Along its way to the environment thermal energy is organized to provide useful
mechanical work or useful heat, or both. Volume 5 is devoted to nuclear thermal
hydraulics, which is a substantial part of nuclear reactor safety. In a way this is the
most essential application of multiphase fluid dynamics in analyzing steady and
transient processes in nuclear power plants. It provides knowledge and
mathematical tools for an adequate description of the process of the transfer of the
fission heat released in materials due to nuclear reactions into its environment. It
step by step introduces the reader into the understanding of the “simple” boiling
flow in a pipe described mathematically using ideas of different complexity like
equilibrium, nonequilibrium, homogeneity, and nonhomogeneity. Then the
mathematical description of the heat release inside the fuel, the resulting
temperature distribution inside the fuels, and the interaction of the fuel with the
cooling fluid are introduced. Next, the “simple” three-fluid boiling flow in a pipe
is described by gradually involving the mechanisms like entrainment and
deposition, dynamic fragmentation, collisions, coalescence, and turbulence. All
heat transfer mechanisms are introduced gradually by discussing their uncertainty.
Different techniques are introduced, like boundary layer treatments or integral
methods. Comparisons with experimental data at each step demonstrate the
success of the different ideas and models. After an introduction into the design of
the reactor pressure vessels for pressurized and boiling water reactors the accuracy
of modern methods is demonstrated using a large number of experimental data
sets for steady and transient flows in heated bundles. Starting with single pipe
boiling going through to boiling in rod bundles the analysis of the complete vessel
including the reactor is finally demonstrated. Then a powerful method for
nonlinear stability analysis of flow boiling and condensation is introduced. Models
are presented and their accuracies for describing critical multiphase flow at
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different level of complexity are investigated. The basics of the design of steam
generators, moisture separators, and emergency condensers are presented.
Methods for analyzing complex pipe network flows with components like pumps,
valves, etc., are also presented. Methods for the analysis of important aspects of
severe accidents like melt-water interactions, external cooling, and cooling of
layers of molten nuclear reactor material are presented. Valuable sets of
thermophysical and transport properties for severe accident analysis are presented
for the following materials: uranium dioxide, zirconium dioxide, stainless steel,
zirconium, aluminum, aluminum oxide, silicon dioxide, iron oxide, molybdenum,
boron oxide, reactor corium, sodium, lead, bismuth, and lead-bismuth eutectic
alloy. The emphasis is on the complete and consistent thermodynamical sets of
analytical approximations appropriate for computational analysis. Thus, the book
presents a complete coverage of modern nuclear thermal hydrodynamics.

29.12.2014
Herzogenaurach
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