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Preface

Our time is characterized by an explosion of information and by an acceler-
ation of knowledge. A book cannot compete with the huge amount of data
available on the Web. However, to assimilate all this information, it is nec-
essary to structure our knowledge in a useful conceptual framework. The
purpose of the present work is to provide such a structure for students and
researchers interested by the current state of the art of non-equilibrium ther-
modynamics. The main features of the book are a concise and critical presen-
tation of the basic ideas, illustrated by a series of examples, selected not only
for their pedagogical value but also for the perspectives offered by recent
technological advances. This book is aimed at students and researchers in
physics, chemistry, engineering, material sciences, and biology.

We have been guided by two apparently antagonistic objectives: general-
ity and simplicity. To make the book accessible to a large audience of non-
specialists, we have decided about a simplified but rigorous presentation.
Emphasis is put on the underlying physical background without sacrificing
mathematical rigour, the several formalisms being illustrated by a list of ex-
amples and problems. All over this work, we have been guided by the formula:
“Get the more from the less”, with the purpose to make a maximum of people
aware of a maximum of knowledge from a minimum of basic tools.

Besides being an introductory text, our objective is to present an overview,
as general as possible, of the more recent developments in non-equilibrium
thermodynamics, especially beyond the local equilibrium description. This
is partially a terra incognita, an unknown land, because basic concepts as
temperature, entropy, and the validity of the second law become problematic
beyond the local equilibrium hypothesis. The answers provided up to now
must be considered as partial and provisional, but are nevertheless worth to
be examined.

Chapters 1 and 2 are introductory chapters in which the main concepts
underlying equilibrium thermodynamics and classical non-equilibrium ther-
modynamics are stated. The basic notions are discussed with special emphasis
on these needed later in this book.
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Several applications of classical non-equilibrium thermodynamics are pre-
sented in Chaps. 3 and 4. These illustrations have not been chosen arbitrarily,
but keeping in mind the perspectives opened by recent technological advance-
ments. For instance, advances in material sciences have led to promising
possibilities for thermoelectric devices; localized intense laser heating used to
make easier the separation of molecules has contributed to a revival of inter-
est in thermodiffusion; chemical reactions are of special interest in biology,
in relation with their coupling with active transport across membranes and
recent developments of molecular motors.

The purpose of Chaps.5 and 6 is to discuss two particular aspects of
classical non-equilibrium thermodynamics which have been the subject of
active research during the last decades. Chapter 5 is devoted to finite-time
thermodynamics whose main concern is the competition between maximum
efficiency and maximum power and its impact on economy and ecology. This
classical subject is treated here in an updated form, taking into account the
last technological possibilities and challenges, as well as some social con-
cerns. Chapter 6 deals with instabilities and pattern formation; organized
structures occur in closed and open systems as a consequence of fluctuations
growing far from equilibrium under the action of external forces. Patterns are
observed in a multitude of our daily life experiences, like in hydrodynamics,
biology, chemistry, electricity, material sciences, or geology. After introducing
the mathematical theory of stability, several examples of ordered structures
are analysed with a special attention to the celebrated Bénard cells.

Chapters 1-6 may provide a self-consistent basis for a graduate introduc-
tory course in non-equilibrium thermodynamics.

In the remainder of the book, we go beyond the framework of the classical
description and spend some time to address and compare the most recent
developments in non-equilibrium thermodynamics. Chapters 7-11 will be of
interest for students and researchers, who feel attracted by new scientific
projects wherein they may be involved. This second part of the book may
provide the basis for an advanced graduate or even postgraduate course on
the several trends in contemporary thermodynamics.

The coexistence of several schools in non-equilibrium thermodynamics is
a reality; it is not a surprise in view of the complexity of most macroscopic
systems and the fact that some basic notions as temperature and entropy are
not univocally defined outside equilibrium. To appreciate this form of multi-
culturalism in a positive sense, it is obviously necessary to know what are the
foundations of these theories and to which extent they are related. A superfi-
cial inspection reveals that some viewpoints are overlapping but none of them
is rigorously equivalent to the other. A detailed and complete understanding
of the relationship among the diverse schools turns out to be not an easy
task. The first difficulty stems from the fact that each approach is associated
with a certain insight, we may even say an intuition or feeling that is some-
times rather difficult to apprehend. Also some unavoidable differences in the
terminology and the notation do not facilitate the communication. Another
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factor that contributes to the difficulty to reaching a mutual comprehension
is that the schools are not frozen in time: they evolve as a consequence of
internal dynamics and by contact with others. Our goal is to contribute to
a better understanding among the different schools by discussing their main
concepts, results, advantages, and limitations. Comparison of different view-
points may be helpful for a deeper comprehension and a possible synthesis of
the many faces of the theory. Such a comparative study is not found in other
textbooks.

One problem was the selection of the main representative ones among the
wealth of thermodynamic formalisms. Here we have focused our attention
on five of them: extended thermodynamics (Chap.7), theories with internal
variables (Chap. 8), rational thermodynamics (Chap. 9), Hamiltonian formu-
lation (Chap. 10), and mesoscopic approaches (Chap.11). In each of them, we
have tried to save the particular spirit of each theory.

It is clear that our choice is subjective: we have nevertheless been guided
not only by the pedagogical aspect and/or the impact and universality of the
different formalisms, but also by the fact that we had to restrict ourselves.
Moreover, it is our belief that a good comprehension of these different ver-
sions allows for a better and more understandable comprehension of theories
whose opportunity was not offered to be discussed here. The common points
shared by the theories presented in Chaps. 7-11 are not only to get rid of the
local equilibrium hypothesis, which is the pillar of the classical theory, but
also to propose new phenomenological approaches involving non-linearities,
memory and non-local effects, with the purpose to account for the techno-
logical requirements of faster processes and more miniaturized devices.

It could be surprising that the book is completely devoted to macroscopic
and mesoscopic aspects and that microscopic theories have been widely omit-
ted. The reasons are that many excellent treatises have been written on mi-
croscopic theories and that we decided to keep the volume of the book to a
reasonable ratio. Although statistical mechanics appears to be more fashion-
able than thermodynamics in the eyes of some people and the developments
of microscopic methods are challenging, we hope to convince the reader that
macroscopic approaches, like thermodynamics, deserve a careful attention
and are the seeds of the progress of knowledge. Notwithstanding, we remain
convinced that, within the perspectives of improvement and unification, it is
highly desirable to include as many microscopic results as possible into the
macroscopic framework.

Chapters 7-11 are autonomous and self-consistent, they have been struc-
tured in such a way that they can be read independently of each other and
in arbitrary order. However, it is highly recommended to browse through all
the chapters to better apprehend the essence and the complementarity of the
diverse theories.

At the end of each chapter is given a list of problems. The aim is not
only to allow the reader to check his understanding, but also to stimulate
his interest to solve concrete situations. Some of these problems have been
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inspired by recent papers, which are mentioned, and which may be consulted
for further investigation. More technical and advanced parts are confined in
boxes and can be omitted during a first reading.

We acknowledge many colleagues, and in particular M. Grmela (Montreal
University), P.C Dauby and Th. Desaive (Liege University), for the discus-
sions on these and related topics for more than 30 years. We also appreciate
our close collaborators for their help and stimulus in research and teach-
ing. Drs. Viceng Méndez and Vicente Ortega-Cejas deserve special gratitude
for their help in the technical preparation of this book. We also acknowl-
edge the finantial support of the Direccion General de Investigacién of the
Spanish Ministry of Education under grants BFM2003-06003 and FIS2006-
12296-C02-01, and of the Direccié6 General de Recerca of the Generalitat of
Catalonia, under grants 2001 SGR 00186 and 2005 SGR 00087.

Liege-Bellaterra, March 2007
G. Lebon,

D. Jou,

J. Casas-Vazquez
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Chapter 1
Equilibrium Thermodynamics: A Review

Equilibrium States, Reversible Processes,
Energy Conversion

Equilibrium or classical thermodynamics deals essentially with the study of
macroscopic properties of matter at equilibrium. A comprehensive definition
of equilibrium will be given later; here it is sufficient to characterize it as a
time-independent state, like a column of air at rest in absence of any flux of
matter, energy, charge, or momentum. By extension, equilibrium thermody-
namics has also been applied to the description of reversible processes: they
represent a special class of idealized processes considered as a continuum
sequence of equilibrium states.

Since time does not appear explicitly in the formalism, it would be more
appropriate to call it thermostatics and to reserve the name thermodynamics
to the study of processes taking place in the course of time outside equilib-
rium. However, for historical reasons, the name “thermodynamics” is widely
utilized nowadays, even when referring to equilibrium situations. We shall
here follow the attitude dictated by the majority but, to avoid any confu-
sion, we shall speak about equilibrium thermodynamics and designate beyond-
equilibrium theories under the name of non-equilibrium thermodynamics.

The reader is assumed to be already acquainted with equilibrium thermo-
dynamics but, for the sake of completeness, we briefly recall here the essential
concepts needed along this book. This chapter will run as follows. After a
short historical introduction and a brief recall of basic definitions, we present
the fundamental laws underlying equilibrium thermodynamics. We shall put
emphasis on Gibbs’ equation and its consequences. After having established
the criteria of stability of equilibrium, a last section, will be devoted to an
introduction to chemical thermodynamics.

1.1 The Early History

Equilibrium thermodynamics is the natural extension of the older science,
Mechanics. The latter, which rests on Newton’s law, is essentially concerned
with the study of motions of idealized systems as mass-particles and rigid
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solids. Two important notions, heat and temperature, which are absent in
mechanics, constitute the pillars of the establishment of equilibrium ther-
modynamics as a branch of science. The need to develop a science beyond
the abstract approach of Newton’s law to cope with the reality of engi-
neer’s activities was born in the beginning of nineteenth century. The first
steps and concepts of thermodynamics were established by Fourier, Carnot,
Kelvin, Clausius, and Gibbs among others. Thermodynamics began in 1822
with Fourier’s publication of the Théorie analytique de la chaleur wherein
is derived the partial differential equation for the temperature distribution
in a rigid body. Two years later, in 1824, Sadi Carnot (1796-1832) put
down further the foundations of thermodynamics with his renowned mem-
oir Réflexions sur la puissance motrice du feu et sur les machines propres a
développer cette puissance. Carnot perceived that steam power was a motor
of industrial revolution that would prompt economical and social life. Al-
though a cornerstone in the formulation of thermodynamics, Carnot’s work
is based on several misconceptions, as for instance the identification of heat
with a hypothetical indestructible weightless substance, the caloric, a notion
introduced by Lavoisier. Significant progresses towards a better comprehen-
sion of the subject can be attributed to a generation of outstanding scientists
as James P. Joule (1818-1889) who identified heat as a form of energy trans-
fer by showing experimentally that heat and work are mutually convertible.
This was the birth of the concept of energy and the basis of the formulation
of the first law of thermodynamics. At the same period, William Thomson
(1824-1907), who later matured into Lord Kelvin, realized that the work of
Carnot was not contradicting the ideas of Joule. One of his main contributions
remains a particular scale of absolute temperature. In his paper “On the dy-
namical theory of heat” appeared in 1851, Kelvin developed the point of view
that the mechanical action of heat could be interpreted by appealing to two
laws, later known as the first and second laws. In this respect, Rudolf Clausius
(1822-1888), a contemporary of Joule and Kelvin, accomplished substantial
advancements. Clausius was the first to introduce the words “internal energy”
and “entropy”, one of the most subtle notions of thermodynamics. Clausius
got definitively rid of the notion of caloric, reformulated Kelvin’s statement of
the second law, and tried to explain heat in terms of the behaviour of the indi-
vidual particles composing matter. It was the merit of Carnot, Joule, Kelvin,
and Clausius to thrust thermodynamics towards the level of an undisputed
scientific discipline. Another generation of scientists was needed to unify this
new formalism and to link it with other currents of science. One of them
was Ludwig Boltzmann (1844-1906) who put forward a decisive “mechanis-
tic” interpretation of heat transport; his major contribution was to link the
behaviour of the particles at the microscopic level to their consequences on
the macroscopic level. Another prominent scientist, Josiah Williard Gibbs
(1839-1903), deserves the credit to have converted thermodynamics into a
deductive science. In fact he recognized soon that thermodynamics of the
nineteenth century is a pure static science wherein time does not play any
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role. Among his main contributions, let us point out the theory of stability
based on the use of the properties of convex (or concave) functions, the po-
tential bearing his name, and the well-known Gibbs’ ensembles. Gibbs’ paper
“On the equilibrium of the heterogeneous substances” ranks among the most
decisive impacts in the developments of modern chemical thermodynamics.

Other leading scientists have contributed to the development of equilib-
rium thermodynamics as a well structured, universal, and undisputed science
since the pioneers laid down its first steps. Although the list is far from being
exhaustive, let us mention the names of Caratheodory, Cauchy, Clapeyron,
Duhem, Einstein, Helmholtz, Maxwell, Nernst, and Planck.

1.2 Scope and Definitions

Equilibrium thermodynamics is a section of macroscopic physics whose orig-
inal objective is to describe the transformations of energy in all its forms. It
is a generalization of mechanics by introducing three new concepts:

1. The concept of state, i.e. an ensemble of quantities, called state variables,
whose knowledge allows us to identify any property of the system under
study. It is desirable that the state variables are independent and easily ac-
cessible to experiments. For example, a motionless fluid may be described
by its mass m, volume V', and temperature T

2. The notion of internal energy, complementing the notion of kinetic en-
ergy, which is of pure mechanical origin. Answering the question “what
is internal energy?” is a difficult task. Internal energy is not a directly
measurable quantity: there exist no “energymeters”. For the moment, let
us be rather evasive and say that it is presumed to be some function of
the measurable properties of a system like mass, volume, and temperature.
Considering a macroscopic system as agglomerate of individual particles,
the internal energy can be viewed as the mean value of the sum of the
kinetic and interacting energies of the particles. The notion of internal en-
ergy is also related to these temperature and heat, which are absent from
the vocabulary of mechanics.

3. The notion of entropy. Like internal energy, it is a characteristic of the
system but we cannot measure it directly, we will merely have a way to
measure its changes. From a microscopic point of view, the notion of en-
tropy is related to disorder: the higher the entropy, the larger the disorder
inside the system. There are also connections between entropy and infor-
mation in the sense that entropy can be considered as a measure of our
lack of information on the state of the system. The link between entropy
and information is widely exploited into the so-called information theory.

Energy and entropy are obeying two major laws: the first law stating that
the energy of the universe is a constant, and the second law stating that the
entropy of the universe never decreases.
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At this stage, it is useful to recall some definitions. By system is understood
a portion of matter with a given mass, volume, and surface. An open system is
able to exchange matter and energy through its boundaries, a closed system
exchanges energy but not matter with the outside while an isolated system
does exchange neither energy nor matter with its surroundings. It is admitted
that the universe (the union of system and surroundings) acts as an isolated
system. In this chapter, we will deal essentially with homogeneous systems,
whose properties are independent of the position.

As mentioned earlier, the state of a system is defined by an ensemble of
quantities, called state variables, characterizing the system. Considering a
system evolving between two equilibrium states, A and B, it is important to
realize that, by definition, the state variables will not depend on the partic-
ular way taken to go from A to B. The selection of the state variables is not
a trivial task, and both theoretical and experimental observations constitute
a suitable guide. It is to a certain extent arbitrary and non-unique, depend-
ing on the level of description, either microscopic or macroscopic, and the
degree of accuracy that is required. A delicate notion is that of equilibrium
state which turns out to be a state, which is time independent and generally
spatially homogeneous. It is associated with the absence of fluxes of matter
and energy. On the contrary, a non-equilibrium state needs for its descrip-
tion time- and space-dependent state variables, because of exchanges of mass
and energy between the system and its surroundings. However, the above
definition of equilibrium is not complete; as shown in Sect. 1.3.3, equilibrium
of an isolated system is characterized by a maximum of entropy. Notice that
the concept of equilibrium is to some extent subjective; it is itself an idealiza-
tion and remains a little bit indefinite because of the presence of fluctuations
inherent to each equilibrium state. It depends also widely on the available
data and the degree of accuracy of our observations.

One distinguishes extensive and intensive state variables; extensive vari-
ables like mass, volume, and energy have values in a composite system equal
to the sum of the values in each subsystem; intensive variables as tempera-
ture or chemical potential take the same values everywhere in a system at
equilibrium. As a variable like temperature can only be rigorously defined
at equilibrium, one may expect difficulties when dealing with situations
beyond equilibrium.

Classical thermodynamics is not firmly restricted to equilibrium states
but also includes the study of some classes of processes, namely those that
may be considered as a sequence of neighbouring equilibrium states. Such
processes are called quasi-static and are obtained by modifying the state
variables very slowly and by a small amount. A quasi-static process is either
reversible or irreversible. A reversible process 1 — 2 — 3 may be viewed as a
continuum sequence of equilibrium states and will take place infinitesimally
slowly. When undergoing a reverse transformation 3 — 2 — 1, the state
variables take the same values as in the direct way and the exchanges of
matter and energy with the outside world are of opposite sign; needless to



1.3 The Fundamental Laws 5

say that reversible processes are pure idealizations. An irreversible process
is a non-reversible one. It takes place at finite velocity, may be mimicked
by a discrete series of equilibrium states and in a reverse transformation,
input of external energy from the outside is required to go back to its initial
state. Irreversible processes are generally associated with friction, shocks,
explosions, chemical reactions, viscous fluid flows, etc.

1.3 The Fundamental Laws

The first law, also popularly known as the law of conservation of energy, was
not formulated first but second after the second law, which was recognized
first. Paradoxically, the zeroth law was formulated the latest, by Fowler during
the 1930s and quoted for the first time in Fowler and Guggenheim’s book
published in 1939.

1.3.1 The Zeroth Law

It refers to the introduction of the idea of empirical temperature, which is one
of the most fundamental concepts of thermodynamics. When a system 1 is
put in contact with a system 2 but no net flow of energy occurs, both systems
are said to be in thermal equilibrium. As sketched in Fig. 1.1a, we take two
systems 1 and 2, characterized by appropriate parameters, separated by an
adiabatic wall, but in contact (a thermal contact) with the system 3 through
a diathermal wall, which allows for energy transfer in opposition with an
adiabatic wall. If the systems 1 and 2 are put in contact (see Fig.1.1b), they
will change the values of their parameters in such a way that they reach a
state of thermal equilibrium, in which there is no net heat transfer between
them.

System 1 System 2 System 1 System 2
adiabatic wall diathermal wall
diathermal wal adisbatic wil
System 3 System 3

Fig. 1.1 Steps for introducing the empirical temperature concept
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The zeroth law of thermodynamics states that if the systems 1 and 2 are
separately in thermal equilibrium with 3, then 1 and 2 are in thermal equilib-
rium with one another. The property of transitivity of thermal equilibrium
allows one to classify the space of thermodynamic states in classes of equiv-
alence, each of which constituted by states in mutual thermal equilibrium.
Every class may be assigned a label, called empirical temperature, and the
mathematical relation describing a class in terms of its state variables and
the empirical temperature is known as the thermal equation of state of the
system. For one mole of a simple fluid this equation has the general form
o(p,V,0) = 0 where p is the pressure, V' the volume, and 6 the empirical
temperature.

1.3.2 The First Law or Energy Balance

The first law introduces the notion of energy, which emerges as a unifying
concept, and the notion of heat, related to the transfer of energy. Here, we
examine the formulation of the first law for closed systems.

Consider first a system enclosed by a thermally isolated (adiabatic), imper-
meable wall, so that the sole interaction with the external world will appear
under the form of a mechanical work W, for instance by expansion of its
volume or by stirring. Referring to the famous experience of Joule, the work
can be measured by the decrease in potential energy of a slowly falling weight
and is given by W = mgh, where h is the displacement and ¢ the acceler-
ation of gravity. During the evolution of the system between the two given
equilibrium states A and B, it is checked experimentally that the work W is
determined exclusively by the initial and the final states A and B, indepen-
dently of the transformation paths. This observation allows us to identify W
with the difference AU = U(B) — U(A) of a state variable U which will be
given the name of internal energy

W = AU. (1.1)

The above result provides a mean to measure the internal energy of a
system, whatever be its nature. Assume now that we remove the adiabatic
wall enclosing the system, which again proceeds from state A to state B.
When this is accomplished, it is observed that in general W # AU, and
calling @ the difference between these two quantities, one obtains

AU —W = Q, (1.2)

where @ is referred to as the heat exchanged between the system and its sur-
roundings. Expression (1.2) is the first law of thermodynamics and is usually
written under the more familiar form

AU =Q+ W, (1.3a)
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or, in terms of differentials,
dU =dQ +dw, (1.3b)

where the stroke through the symbol “d” means that dQ and dW are inexact
differentials, i.e. that they depend on the path and not only on the initial and
final states. From now on, we adopt the sign convention that @ > 0, W > 0
when heat and work are supplied to the system, @ < 0, W < 0 when heat
and work are delivered by the system. Some authors use other conventions
resulting in a minus sign in front of dW.

It is important to stress that the domain of applicability of the first law
is not limited to reversible processes between equilibrium states. The first
law remains valid whatever the nature of the process, either reversible or
irreversible and the status of the states A and B, either equilibrium or non-
equilibrium. Designating by E/' = U 4 K + Ej,ot, the total energy of the system
(i.e. the sum of the internal U, kinetic K, and potential energy Epot), (1.3b)
will be cast in the more general form

dE =dQ +dw. (1.4)

At this point, it should be observed that with respect to the law of energy
AK = W as known in mechanics, we have introduced two new notions:
internal energy U and heat ). The internal energy can be modified either
by heating the body or by acting mechanically, for instance by expansion or
compression, or by coupling both mechanisms. The quantity U consists of
a stored energy in the body while Q and W represent two different means
to transfer energy through its boundaries. The internal energy U is a state
function whose variation is completely determined by the knowledge of the
initial and final states of the process; in contrast, @@ and W are not state
functions as they depend on the particular path followed by the process. It
would therefore be incorrect to speak about the heat or the work of a system.
The difference between heat and work is that the second is associated with
a change of the boundaries of the system or of the field acting on it, like a
membrane deformation or a piston displacement. Microscopically, mechanical
work is related to coherent correlated motions of the particles while heat
represents that part of motion, which is uncorrelated, say incoherent.

In equilibrium thermodynamics, the processes are reversible from which
follows that the energy balance equation (1.4) will take the form:

AU =dQrev — pdV, (1.5)

wherein use is made of the classical result that the reversible work per-
formed by a piston that compress a gas of volume V' and pressure p trapped
in a cylinder is given by dW,e, = —pdV (see Problem 1.1). In engineer-
ing applications, it is customary to work with the enthalpy H defined by
H =U + pV. In terms of H, expression (1.5) of the first law reads as

dH =dQrey + V dp. (1.6)
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For an isolated system, one has simply
dU =0 (1.7)

expressing that its energy remains constant.

Note that, when applied to open systems with n different constituents,
(1.5) will contain an additional contribution due to the exchange of matter
with the environment and takes the form (Prigogine 1947)

AU = d'Q — pdV + ) hyd®my; (1.8)
k=1

note that d'Q is not the total amount of heat but only that portion associ-
ated to the variations of the thermomechanical properties, T' and p, and the
last term in (1.8), which is the extra contribution caused by the exchange
of matter d°my with the surroundings, depends on the specific enthalpy
hi = H/my, of the various constituents.

1.3.3 The Second Law

The first law does not establish any preferred direction for the evolution of
the system. For instance, it does not forbid that heat could pass sponta-
neously from a body of lower temperature to a body of higher temperature,
nor the possibility to convert completely heat into work or that the huge
energy contained in oceans can be transformed in available work to propel
a boat without consuming fuel. More generally, the first law establishes the
equivalence between heat and work but is silent about the restrictions on the
transformation of one into the other. The role of the second law of thermo-
dynamics is to place such limitations and to reflect the property that natural
processes evolve spontaneously in one direction only. The first formulations of
the second law were proposed by Clausius (1850, 1851) and Kelvin (1851) and
were stated in terms of the impossibility of some processes to be performed.
Clausius’ statement of the second law is enunciated as follows: No process is
possible whose sole effect is to transfer heat from a cold body to a hot body.
Kelvin’s statement considers another facet: it is impossible to construct an
engine which can take heat from a single reservoir, and convert it entirely to
work in a cyclic process. In this book we will examine in detail, the formu-
lations of the second law out of equilibrium. Here, we shall concentrate on
some elements that are essential to a good understanding of the forthcoming
chapters. We will split the presentation of the second law in two parts. In
the first one, we are going to build-up a formal definition of a new quantity,
the entropy — so named by Clausius from the Greek words en (in) and trope
(turning) for representing “capacity of change or transformation” — which
is as fundamental and universal (for equilibrium systems) as the notion of
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energy. In the second part, which constitutes truly the essence of the second
law, we shall enounce the principle of entropy increase during an irreversible
process.

1.3.3.1 The Concept of Entropy

Consider a homogeneous system of constant mass undergoing a reversible
transformation between two equilibrium states A and B. The quantity of
heat ffd@rev depends on the path followed between states A and B (in
mathematical terms, it is an imperfect differential) and therefore cannot be
selected as a state variable. However, experimental observations have indi-
cated that by dividing dQ,ev by a uniform and continuous function 7'(6) of
an empirical temperature 6, one obtains an integral which is independent of
the path and may therefore be identified with a state function, called entropy
and denoted S

P dQrev
/A 70 =AS =55 —54. (1.9)
Since in reversible processes, quantities of heat are additive, entropy is also
additive and is thus an extensive quantity. A function like 7'(f) which trans-
forms an imperfect differential into a perfect one is called an integrating
factor. The empirical temperature is that indicated by a mercury or an alco-
hol thermometer or a thermocouple and its value depends of course on the
nature of the thermometer; the same remark is true for the entropy, as it
depends on T'(0). It was the great merit of Kelvin to propose a temperature
scale for T', the absolute temperature, independently of any thermodynamic
system (see Box 1.1). In differential terms, (1.9) takes the form

dQrev
= . 1.1
ds === (1.10)

This is a very important result as it introduces two new concepts, absolute
temperature and entropy. The latter can be viewed as the quantity of heat
exchanged by the system during a reversible process taking place at the
equilibrium temperature 7. Note that only differences in entropy can be
measured. Given two equilibrium states A and B, it is always possible to
determine their entropy difference regardless of whether the process between
A and B is reversible or irreversible. Indeed, it suffices to select or imagine
a reversible path joining these initial and final equilibrium states. The ques-
tion is how to realize a reversible heat transfer. Practically, the driving force
for heat transfer is a temperature difference and for reversible transfer, we
need only imagine that this temperature difference is infinitesimally small so
that dQrev = A%nion. Nevertheless, when the process takes place between

non-equilibrium states, the problem of the definition of entropy is open, and
actually not yet definitively solved.
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Box 1.1 Absolute Temperature

Heat engines take heat from some hot reservoir, deliver heat to some cold
reservoir, and perform an amount of work, i.e. they partially transform heat
into work. Consider a Carnot’s reversible engine (see Fig.1.2a) operating
between a single hot reservoir at the unknown empirical temperature ¢, and
a single cold reservoir at temperature #5. The Carnot cycle is accomplished
in four steps consisting in two isothermal and two adiabatic transformations
(Fig. 1.2b).

During the first isothermal process, the Carnot’s engine absorbs an
amount of heat (Q; at temperature 6. In the second step, the system un-
dergoes an adiabatic expansion decreasing the temperature from 6y to 6.
Afterwards, the system goes through an isothermal compression at tem-
perature 62 (step 3) and finally (step 4), an adiabatic compression which
brings the system back to its initial state. After one cycle, the engine has
performed a quantity of work W but its total variation of entropy is zero

Qi 1@l

ASengine = =0. 1.1.1
e = 70, T(0,) (L11)

Selecting the reference temperature as T'(62) = 273.16, the triple point
temperature of water, it follows from (1.1.1)

T(6,) = 2731611 (1.1.2)

Q2|
The ratio |Q1]|/|Q2] is universal in the sense that it is independent of the
working substance. Therefore, Carnot cycles offer the opportunity to re-
duce temperature measurements to measurements of quantities of heat and
to define an absolute scale of positive temperatures, independently of the
measurement of temperature on any empirical temperature scale, which
depends on thermometric substance.

Y

Fig. 1.2 (a) Heat engine and (b) Carnot diagram




1.3 The Fundamental Laws 11

The efficiency of a heat engine, in particular that of Carnot, is defined by
the ratio of the work produced to the heat supplied

W
= — 1.11
=0 (1.11)
for a cycle one has, in virtue of the first law, W = Q1 — @2, so that
n=1- @ (1.12)

1

Finally, making use of (1.1.2), it is found that the efficiency of a reversible
cycle is

n=1-==2. (1.13)

As it will be seen, this is the maximum value for the efficiency of any heat en-
gine working between the selected heat reservoirs. More considerations about
the efficiency of reversible and irreversible cycles are developed in Chap. 5.

1.3.3.2 The Principle of Increase of Entropy

The second law was formulated by Clausius (1865) for isolated systems in
terms of the change of the entropy in the form

AS > 0. (1.14)

To illustrate the principle of entropy increase, imagine an arbitrary number of
subsystems, for instance three different gases A, B, and C' at equilibrium, en-
closed in a common isolated container and separated each other by adiabatic
and rigid walls (Fig. 1.3). Let Sin; be the entropy in this initial configuration.
Remove then the internal wall separating A and B which are diffusing into
each other until a new state of equilibrium characterized by an entropy Sint,
corresponding to the intermediate configuration, which is larger than Si,; is
reached. By eliminating finally the last internal constraint between AU B and
C, and after the final state of equilibrium, corresponding to complete mixing,
is reached, it is noted that entropy Sgy is still increased: Sgn > Sing > Sini-
Figure 1.3 reflects also that disorder is increased by passing from the initial

Si= 8+ 8+ 5S¢ Sat™ Saust S Sea~ Savzuc

Fig. 1.3 Increase of entropy after removal of internal constraints
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to the final configuration, which suggests the use of entropy as a measure of
disorder: larger the disorder larger the entropy (Bridgman 1941).

It is therefore concluded that entropy is increased as internal constraints
are removed and that entropy reaches a maximum in the final state of equi-
librium, i.e. the state of maximum “disorder”. In other terms, in isolated
systems, one has

AS = S — Sin > 0 (isolated system). (1.15)

Thus, entropy is continuously increasing when irreversible processes take
place until it reaches a state of maximum value, the equilibrium state, which
in mathematical terms is characterized by dS = 0,d%S < 0. This statement
constitutes the celebrated principle of entropy increase and is often referred
to as the Second Law of thermodynamics. It follows that a decrease in entropy
dS < 0 corresponds to an impossible process. Another consequence is that
the entropy of an isolated system remains constant when reversible processes
occur in it.

An illustration of the entropy increase principle is found in Box 1.2. When
the system is not isolated, as in the case of closed and open systems, the
entropy change in the system consists in two parts: d°S due to exchanges of
energy and matter with the outside, which may be positive or negative, and
d!S due to internal irreversible processes

dS =d°S +d's. (1.16)

The second law asserts that the entropy production d'S can only be greater
than or equal to zero

d'S >0 (closed and open systems), (1.17)

the equality sign referring to reversible or equilibrium situations. Expres-
sion (1.17) is the statement of the second law in its more general form. In
the particular case of isolated systems, there is no exchange of energy and
matter so that d®S = 0 and one recovers (1.15) of the second law, namely
dS = d'S > 0. For closed systems, for which d®S =dQ/T, one has

dS >dQ/T (closed system). (1.18)

In the particular case of a cyclic process for which dS'=0, one has dQ/T'<0,
which is usually identified as the Clausius’ inequality.

Box 1.2 Entropy Increase

Consider two different gases A and B at equilibrium, enclosed in a com-
mon isolated container and separated each other by an adiabatic and fixed
wall (Fig. 1.4). Both gases are characterized by their internal energy U and
volume V.
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In the initial configuration, entropy S is a function of the initial values

of internal energy UX) and volume VE) corresponding to subsystem A,

and similarly of U ](31) and Vlg,l) for subsystem B, in such a way that S0 =
SA(UX),VX)) + SB(UE),Vg)). If the adiabatic and fixed wall separating
both subsystems A and B is replaced by a diathermal and movable wall, a
new configuration is attained whose entropy S may be expressed as S(f) =
SA(US), Vf(xf)) + SB(U](;), V]éf)); superscript (f) denotes the final values of
energy and volume submitted to the closure relations Ug) + Ug) = Ug) +
Ug ) — Uiotal and Vf(;) + V]él) = Vf) + Vg) = Viotal reflecting conservation
of these quantities for the composite system A+ B. The removal of internal
constraints that prevent the exchange of internal energy and volume leads
to the establishment of a new equilibrium state of entropy S® > S0,
The values taken by the (extensive) variables, in the absence of internal
constraints, in this case US), Vf,f) and U g ), Véf), are those that maximize
the entropy over the manifold of equilibrium states (Callen 1985).

In Fig. 1.4 is represented S(f)/S(i) in terms of x = Ua/Usota) and y =
Va/Viotal using an ideal gas model; the final values of x and y are those
corresponding to the maximum of S®) /S0, The arbitrary curve drawn on
the surface between the initial “i” and final “f” states stands for an idealized
process defined as a succession of equilibrium states, quite distinct from a
real physical process formed by a temporal succession of equilibrium and
non-equilibrium states.

I;"" AL S(F{"S(I}

Fig. 1.4 Illustration of the entropy increase principle in the case of two gases initially]
separated by an adiabatic and fixed wall
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1.3.4 The Third Law

The roots of this law appear in the study of thermodynamic quantities as
the absolute temperature tends to zero. In 1909, Nernst formulated his heat
theorem, later known as the third law of thermodynamics, to better under-
stand the nature of chemical equilibrium. Nernst’s formulation was that the
entropy change in any isothermal process approaches zero as the temperature
at which the process occurs approaches zero, i.e.

(AS)7—o — 0. (1.19)

This statement is sufficient for any thermodynamic development, but some-
times the stronger Planck’s statement (S — 0 as T'— 0) is preferred. Since
the third law is more of quantum statistical essence, it is not of the same
nature as the other laws and no further reference will be made to it in this
book.

1.4 Gibbs’ Equation

Let us now gather the results obtained for the first and second laws. Consider
a reversible transformation, taking place in a closed system, for which the first
law takes the form

dU =dQyey — pdV, (1.20)

and combine it with the definition of entropy dQ,ev = T'dS, resulting in
dU =TdS — pdV. (1.21)

Expression (1.21) is known as Gibbs’ equation; it is, however, not complete
when there are matter exchanges as in open systems, or variations in compo-
sition as in chemical reactions. To calculate the reversible work corresponding
to a chemical reaction involving n species, it is necessary to devise a reversible
process of mixing. This is achieved thanks to van’t Hoff’s box (Kestin 1968),
accordingly the reversible chemical work is given by

AW = firdmy, (1.22)
k=1

where fif, is defined as the chemical potential of substance k. The properties of
the chemical potential will be explicitly examined below. With this additional
term, one is led to the generalized Gibbs’ equations

dU =TdS —pdV + > fixdmy, (1.23a)
k=1
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or equivalently,

dS =T7'dU +pI~'dV = Y " T fipdmy,. (1.23b)
k=1

As discussed in the forthcoming sections, the Gibbs’ equation plays a fun-
damental role in equilibrium thermodynamics. We should also mention that
Gibbs’ equation is one of the pillars of the Classical Theory of Irreversible
Processes, as shown in Chap. 2. Let us now examine the main consequences
of Gibbs’ equation.

1.4.1 Fundamental Relations and State Equations

It follows directly from Gibbs’ equation (1.23a) that
U=U(S,V,mi,ma,...,my,), (1.24)
or, solving with respect to S,
S =SU,V,my,ma,...,mpy). (1.25)

Relations like (1.24) or (1.25) expressing that U or S are single-valued func-
tions of extensive state variables are called fundamental relations because
they contain all thermodynamic information about the system. When U (re-
spectively, S) is expressed as a function of the variables, we are speaking of
the “energy representation” (respectively, “entropy representation”).

Another consequence of Gibbs’ equation (1.23a) is that the intensive vari-
ables, represented by temperature, pressure and chemical potentials, can be
defined as partial derivatives of U:

oUu oU _ oU
T= (85’) (a), p=-— (é)V) (b), [k = <8m> (),
V,{my} S, {mi} k) v,8,{miz}

(1.26)

where {m;} stands for all my, constant. Since U is a function of S, V| my,
the same remains true for 7', p, and ug so that

T=T(S,V,mi,ma,...,my), (1.27a)
p:p(sa‘/amtha”-,mn), (127b)
bk = (S, Vomy, ma, ... ,my). (1.27¢)

Such relationships between intensive and extensive variables are called state
equations. Elimination of S between (1.27a) and (1.27b) leads to the ther-
mal equation of state p = p(T,V, my,ma,...,my,); similarly by combining
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(1.24) and (1.27a), one obtains the so-called caloric equation U = U(T,V, m,
ma,...,my). The knowledge of one single state equation is not sufficient to
describe the state of a system, which requires the knowledge of all the equa-
tions of state. For instance in the case of a monatomic perfect gas, pV = NRT
does not constitute the complete knowledge of the system but must be com-
plemented by U = %NRT, R being the gas constant and N the mole number.

1.4.2 FEuler’s Relation

The extensive property of U implies that, from the mathematical point of
view, it is a first-order homogeneous function of the extensive variables:

UAS, AV, Amy, ..., Amy) = XU(S, V,mq,...,my,), (1.28)

where A is an arbitrary scalar. Differentiation of the fundamental relation
(1.28) with respect to A and setting A = 1, leads to

8U> (8U) < ou )
— S+ — V+ E _— my = U, (1.29)
<35 Vi {mu} o S, {mu} & dmy, V.S, {mjzk}

and, after making use of (1.26), one obtains Euler’s relation

U=TS—pV+>_ fixmy. (1.30)
k

1.4.3 Gibbs—Duhem’s Relation

A differential equation among the intensive variables can be derived directly
from Euler’s relation. Indeed, after differentiating (1.30), it is found that

dU =TdS —pdV + > figdmy + SdT = Vdp+ > mpdix,  (1.31)
k=1 k=1

which, after using Gibbs’ equation (1.23a), yields Gibbs-Duhem’s relation

n
SdAT —Vdp+ Y medfi, = 0. (1.32)
k=1

It follows that the n + 2 intensive variables are not independent but related
through the Gibbs-Duhem’s relation. For a n-component mixture, the num-
ber of independent intensive state variables, called thermodynamic degrees
of freedom, is equal to n + 1: for instance, the n — 1 chemical potentials
plus temperature and pressure. In the case of a one-component fluid, the
thermodynamic description of the system requires the knowledge of two in-
dependent intensive quantities, generally selected as the temperature 7" and
the pressure p.
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1.4.4 Some Definitions

In view of further developments, it is useful to introduce the following defin-
itions of well-known experimental quantities:

o Coefficient of thermal expansion:

1 (8V>
a=—|—=— . (1.33)
vV \oT oo}
e [sothermal compressibility:
1 <8V)
kp = —— | — . (1.34)
V- \op T {m}
e Heat capacity at constant volume:
ou dQrev
cv = () = ( ) . (1.35)
oT Vi{mae} dT V. {ma}
e Heal capacity at constant pressure:
aH erev
¢ = () - ( ) | (1.36)
OT ) pmy N AT /iy

Other partial derivatives may be introduced but generally, they do not have a
specific practical usefulness. Relations between these partial derivatives may
be derived by equating mixed second-order partial derivatives of U and S.
Such expressions have been identified as Mazwell’s relations.

As a last remark, let us mention that the results established so far in
homogeneous systems of total mass m and volume V are still valid when
referred per unit mass and unit volume. Analogous to (1.24), the fundamental
relation per unit mass is

u=u(8,0,...,Ch,...) (1.37)
with w = U/m, s = S/m, v = V/m, ¢, = my/m, and Y, ¢, = 1. After
differentiation, (1.37) reads as

n—1

du=Tds—pdv+ > (fix — fin)dex (1.38)
k=1

with T' = (0u/05) v fcrys P = —(0u/0V)s o1y, ik = (OU)OCk)s 0, {c)ur}- Simi-
larly, the Euler and Gibbs—Duhem’s relations (1.30) and (1.32) take the form

usz—pv+Zﬂkck, SdT—vdp—l—chdﬂk =0. (1.39)
k=1 k=1
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1.4.5 The Basic Problem of Equilibrium
Thermodynamics

To maintain a system in an equilibrium state, one needs the presence of
constraints; if some of them are removed, the system will move towards a new
equilibrium state. The basic problem is to determine the final equilibrium
state when the initial equilibrium state and the nature of the constraints
are specified. As illustration, we have considered in Box 1.3 the problem
of thermo-diffusion. The system consists of two gases filling two containers
separated by a rigid, impermeable and adiabatic wall: the whole system is
isolated. If we now replace the original wall by a semi-permeable, diathermal
one, there will be heat exchange coupled with a flow of matter between the
two subsystems until a new state of equilibrium is reached; the problem is
the calculation of the state parameters in the final equilibrium state.

Box 1.3 Thermodiffusion

Let us suppose that an isolated system consists of two separated containers
I and II, each of fixed volume, and separated by an impermeable, rigid
and adiabatic wall (see Fig.1.5). Container I is filled with a gas A and
container IT with a mixture of two non-reacting gases A and B. Substitute
now the original wall by a diathermal, non-deformable but semi-permeable
membrane, permeable to substance A. The latter will diffuse through the
membrane until the system comes to a new equilibrium, of which we want
to know the properties. The volumes of each container and the mass of
substance B are fixed:

Vi = constant, Vi = constant, mb = constant, (1.3.1)

but the energies in both containers as well as the mass of substance A are
free to change, subject to the constraints

Ut + Upp = constant, mj* 4 mi} = constant. (1.3.2)

In virtue of the second law, the values of Uy, Uy, mf‘, mﬁ in the new equi-
librium state are such as to maximize the entropy, i.e. dS = 0 and, from
the additivity of the entropy in the two subsystems

| |
I I
(]
U | ] UII
' Ay ot oy
4 I 1 il i
] B
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1

Fig. 1.5 Equilibrium conditions for thermodiffusion
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dS = dS; + dSip = 0. (133)
Making use of the Gibbs’ relation (1.23b) and the constraints (1.3.1) and

(1.3.2), one may write

0S5t 051 A O0ST IS A
dsS = —=d —d —d —d
S au; Ui + 8mf* mp + Uy Ui + Bmﬁ mig

1 1 ﬂA ﬂA
= (= —=—]dui— [ 2 -2 ) dmf* = 0.
(TI TII) ! (TI T !

Since this relation must be satisfied for arbitrary variations of Uy and m#,
one finds that the equilibrium conditions are that

(1.3.4)

Ti=Tu, A = A (1.3.5)

The new equilibrium state, which corresponds to absence of flow of sub-
stance A, is thus characterized by the equality of temperatures and chemical
potentials in the two containers.

In absence of mass transfer, only heat transport will take place. During
the irreversible process between the initial and final equilibrium states, the
only admissible exchanges are those for which

ds = (1 - 1)@@ >0, (1.3.6)

7 1In
where use has been made of the first law dU; = dQ;. If 11 > Ti1, one has
dQy < 0 while for T1 < T11, dQ; > 0 meaning that heat will spontaneously
flow from the hot to the cold container. The formal restatement of this
item is the Clausius’ formulation of the second law: “no process is possible
in which the sole effect is transfer of heat from a cold to a hot body”.
Under isothermal conditions (77 = Tyr), the second law imposes that

1, _
ds = T (i — A1) dmf* >0 (1.3.7)
from which is concluded that matter flows spontaneously from regions of
high to low chemical potential.

1.5 Legendre Transformations and Thermodynamic
Potentials

Although the fundamental relations (1.24) and (1.25) that are expressed in
terms of extensive variables are among the most important, they are not
the most useful. Indeed, in practical situations, the intensive variables, like
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Box 1.4 Legendre Transformations
The problem to be solved is the following: given a fundamental relation of
the extensive variables Ay, Ao, ..., A,

Y =Y (Ay, Aoy, Agy At -, A) (1.4.1)

find a new function for which the derivatives

oY .

Pi:(?Ai (i=1,...,k<n) (1.4.2)
will be considered as the independent variables instead of Aq,..., Ag. The
solution is given by

k

Y[Pi,...,P] =Y =) PA;. (1.4.3)

i=1

Indeed, taking the infinitesimal variation of (1.4.3) results in

k n
dY[Py,...,P) = — Z A dP; + Z P,dA;, (1.4.4)
1 k+1

which indicates clearly that Y[Py,..., P;] is a function of the indepen-
dent variables Py, ..., Py, Agt1,..., A,. With Callen (1985), we have used
the notation Y[Py,..., P;] to denote the partial Legendre transformation
with respect to Ay,..., Ag. The function Y[Py,..., P] is referred to as a
Legendre transformation.

temperature and pressure, are more easily measurable and controllable. In
contrast, there is no instrument to measure directly entropy and internal
energy. This observation has motivated a reformulation of the theory, in which
the central role is played by the intensive rather than the extensive quantities.
Mathematically, this is easily achieved thanks to the introduction of Legendre
transformations, whose mathematical basis is summarized in Box 1.4.

1.5.1 Thermodynamic Potentials

The application of the preceding general considerations to thermodynamics
is straightforward: the derivatives P;, P», ... will be identified with the inten-
sive variables T, —p, u and the several Legendre transformations are known
as the thermodynamic potentials. Starting from the fundamental relation,
U =U(S,V,my), replace the entropy S by oU/9S = T as independent vari-
able, the corresponding Legendre transform is, according to (1.4.3),
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UlT)=F=U— <8U> S=U-TS, (1.40)
S ) v (e

which is known as Helmholtz’s free energy. Replacing the volume V by
OU/OV = —p, one defines the enthalpy H as

Upl=H=U - <8U> V=U+pV. (1.41)
av S,{mk}

The Legendre transform which replaces simultaneously S by T"and V by —p
is the so-called Gibbs’ free energy G given by

UlT,p)=G=U-TS+pV =Y mpjix. (1.42)
k=1

The last equality has been derived by taking account of Euler’s relation (1.30).
Note that the complete Legendre transform

U[T7p7,u1u7,U/T]:U_TS+pV_Zﬂkmk:O (143)
k=1

is identically equal to zero in virtue of Euler’s relation and this explains why
only three thermodynamic potentials can be defined from U. The fundamen-
tal relations of F';, H, and G read in differential form:

dF = —SdT —pdV + > jixdmy, (1.44a)
k=1
n
dH =TdS+Vdp+ Y fudmy, (1.44D)
k=1
dG = —SdT + Vdp+ > jixdmy. (1.44c)
k=1

Another set of Legendre transforms can be obtained by operating on the en-
tropy S = S(U,V,mq,...,my), and are called the Massieu—Planck functions,
particularly useful in statistical mechanics.

1.5.2 Thermodynamic Potentials and Extremum
Principles

We have seen that the entropy of an isolated system increases until it attains
a maximum value: the equilibrium state. Since an isolated system does not
exchange heat, work, and matter with the surroundings, it will therefore be
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characterized by constant values of energy U, volume V, and mass m. In
short, for a constant mass, the second law can be written as

dS >0 at U and V constant. (1.45)

Because of the invertible roles of entropy and energy, it is equivalent to for-
mulate the second principle in terms of U rather than S.

1.5.2.1 Minimum Energy Principle

Let us show that the second law implies that, in absence of any internal
constraint, the energy U evolves to a minimum at S and V fixed:

dU <0 at S and V constant. (1.46)

We will prove that if energy is not a minimum, entropy is not a maximum
in equilibrium. Suppose that the system is in equilibrium but that its in-
ternal energy has not the smallest value possible compatible with a given
value of the entropy. We then withdraw energy in the form of work, keeping
the entropy constant, and return this energy in the form of heat. Doing so,
the system is restored to its original energy but with an increased value of the
entropy, which is inconsistent with the principle that the equilibrium state is
that of maximum entropy.

Since in most practical situations, systems are not isolated, but closed and
then subject to constant temperature or (and) constant pressure, it is appro-
priate to reformulate the second principle by incorporating these constraints.
The evolution towards equilibrium is no longer governed by the entropy or
the energy but by the thermodynamic potentials.

1.5.2.2 Minimum Helmholtz’s Free Energy Principle

For closed systems maintained at constant temperature and volume, the
leading potential is Helmholtz’s free energy F. In virtue of the definition
of F(=U —1TS), one has, at constant temperature,

dFF =dU —TdS, (1.47)
and, making use of the first law and the decomposition dS = d°¢S + d'S9,
dF =dQ — pdV —Td°S —Td'S. (1.48)

In closed systems d®S =dQ/T and, if V' is maintained constant, the change
of F'is _
dFf =-T4d'S <0. (1.49)
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It follows that closed systems at fixed values of the temperature and the
volume, are driven towards an equilibrium state wherein the Helmholtz’s
free energy is minimum. Summarizing, at equilibrium, the only admissible
processes are those satisfying

dF <0 at T and V constant. (1.50)

1.5.2.3 Minimum Enthalpy Principle

Similarly, the enthalpy H = U + pV can also be associated with a minimum
principle. At constant pressure, one has

dH = dU + pdV =dQ, (1.51)

but for closed systems, dQ = T'd®S = T(dS — d'S), whence, at fixed values
of pand S,

dH = -Td'S <0, (1.52)

as a direct consequence of the second law. Therefore, at fixed entropy and
pressure, the system evolves towards an equilibrium state characterized by a
minimum enthalpy, i.e.

dH <0 at S and p constant. (1.53)

1.5.2.4 Minimum Gibbs’ Free Energy Principle

Similar considerations are applicable to closed systems in which both tem-
perature and pressure are maintained constant but now the central quantity
is Gibbs’ free energy G = U —T'S + pV. From the definition of G, one has at
T and p fixed,

dG = dU —TdS +pdV =dQ — T(d°S + d'S) = —-Td'S <0, (1.54)
wherein use has been made of d®S =dQ/T. This result tells us that a closed
system, subject to the constraints 7" and p constant, evolves towards an equi-
librium state where Gibbs’ free energy is a minimum, i.e.

dG <0 at T and p constant. (1.55)

The above criterion plays a dominant role in chemistry because chemical
reactions are usually carried out under constant temperature and pressure
conditions.
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It is left as an exercise (Problem 1.7) to show that the (maximum) work
delivered in a reversible process at constant temperature is equal to the de-
crease in the Helmholtz’s free energy:

AW,eo = —dF. (1.56)

This is the reason why engineers call frequently F' the available work at con-
stant temperature. Similarly, enthalpy and Gibbs’ free energy are measures
of the maximum available work at constant p, and at constant T and p,
respectively.

As a general rule, it is interesting to point out that the Legendre trans-
formations of energy are a minimum for constant values of the transformed
intensive variables.

1.6 Stability of Equilibrium States

Even in equilibrium, the state variables do not keep rigorous fixed values
because of the presence of unavoidable microscopic fluctuations or external
perturbations, like small vibrations of the container. We have also seen that ir-
reversible processes are driving the system towards a unique equilibrium state
where the thermodynamic potentials take extremum values. In the particular
case of isolated systems, the unique equilibrium state is characterized by a
maximum value of the entropy. The fact of reaching or remaining in a state of
maximum or minimum potential makes that any equilibrium state be stable.
When internal fluctuations or external perturbations drive the system away
from equilibrium, spontaneous irreversible processes will arise that bring the
system back to equilibrium. In the following sections, we will exploit the con-
sequences of equilibrium stability successively in single and multi-component
homogeneous systems.

1.6.1 Stability of Single Component Systems

Imagine a one-component system of entropy S, energy U, and volume V in
equilibrium and enclosed in an isolated container. Suppose that a hypotheti-
cal impermeable internal wall splits the system into two subsystems I and II
such that S = S1+ S, U = Ur+ Uy = constant, V = Vi + Vi1 = constant. Un-
der the action of a disturbance, either internal or external, the wall is slightly
displaced and in the new state of equilibrium, the energy and volume of the
two subsystems will take the values Uy + AU, Vi + AV, Uy — AU, Vip — AV,
respectively; let AS be the corresponding change of entropy. But at equilib-
rium, S is a maximum so that perturbations can only decrease the entropy
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AS <0, (1.57)

while, concomitantly, spontaneous irreversible processes will bring the sys-
tem back to its initial equilibrium configuration. Should AS > 0, then the
fluctuations would drive the system away from its original equilibrium state
with the consequence that the latter would be unstable. Let us now explore
the consequences of inequality (1.57) and perform a Taylor-series expansion
of S(Ur, Vi, Ui, Vir) around the equilibrium state. For small perturbations,
we may restrict the developments at the second order and write symbolically

AS =8 Seq=dS+d®S+--- < 0. (1.58)

From the property that S is extremum in equilibrium, the first-order terms
vanish (dS = 0) and we are left with the calculation of d2S: it is found (as
detailed in Box 1.5) that

1
VTHT

d%S = —T?Cy (dT~1)? (dv)? <o, (1.59)

where Cy, is the heat capacity at constant volume and kp the isothermal
compressibility.

Box 1.5 Calculation of d2S for a Single Component System
Since the total energy and volume are constant dU; = —dUp = dU,
dVi = —dVir = dV, one may write

S 9Su s (S S
(an vz >eq Uy +2 <8U18V1 - 8UH(‘3VH>eq dvdv

1
d’S = -
=3

2 2
(a St 95u <0. (1.5.1)

Z = dv)?2
v+t ) @)
eq

Recalling that the same substance occupies both compartments, S; and
St and their derivatives will present the same functional dependence with
respect to the state variables, in addition, these derivatives are identical in
subsystems I and IT because they are calculated at equilibrium. If follows
that (1.5.1) may be written as

d%S = Syy (dU)? 4 2SyydUdV + Syy(dV)? <0, (1.5.2)

wherein
S (325) (8T1> g <525) <a(pT1))
vv=\55) =|\—5+) s Svv=\lm55] =|—FF7) >
ouU? v ou ), ov?2 U oV U

- (857), - (57, - (D), s
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To eliminate the cross-term in (1.5.2), we replace the differential dU by
AT, ie.

AT~ = SyydU + SyydV, (1.5.4)
whence
2 1 —1y2 Sty 2
d s = 7(dT ) + | Syy — (dV) > 0. (155)
Suu Svu
Furthermore, since
or—! 1 /or 1
= () S (I L
ou ), T2 \0U ), T2Cy
and
52 a(pT—1) 1/ 0p 1
Syy — =LY = ==(==) =- 1.5.7
T Su ( v )T T (av)T VTrr’ (1.5.7)
as can be easily proved (see Problem 1.9), (1.5.5) becomes
1
2¢ _ g2 —1\2 _ 2 <. 5.
d=s T°Cy(dT™7) VTr (dv)* <o (1.5.8)

The criterion (1.59) for d2S < 0 leads to the following conditions of stability
of equilibrium:

Oy = [@Quer/AT)y > 0, rp = —(1/V)(OV/3p)1 > 0. (1.60)

The first criterion is generally referred to as the condition of thermal stability;
it means merely that, removing reversibly heat, at constant volume, must
decrease the temperature. The second condition, referred to as mechanical
stability, implies that any isothermal increase of pressure results in a diminu-
tion of volume, otherwise, the system would explode because of instabil-
ity. Inequalities (1.60) represent mathematical formulations of Le Chatelier’s
principle, i.e. that any deviation from equilibrium will induce a spontaneous
process whose effect is to restore the original situation. Suppose for exam-
ple that thermal fluctuations produce suddenly an increase of temperature
locally in a fluid. From the stability condition that C4y  is positive, and heat
will spontaneously flow out from this region (dQ <0) to lower its tempera-
ture (AT <0). If the stability conditions are not satisfied, the homogeneous
system will evolve towards a state consisting of two or more portions, called
phases, like liquid water and its vapour. Moreover, when systems are driven
far from equilibrium, the state is no longer characterized by an extremum
principle and irreversible processes do not always maintain the system stable
(see Chap.6).
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1.6.2 Stability Conditions for the Other
Thermodynamic Potentials

The formulation of the stability criterion in the energy representation is
straightforward. Since equilibrium is characterized by minimum energy, the
corresponding stability criterion will be expressed as d2U(S, V) > 0 or, more
explicitly,

Uss >0, Uyy >0, UssUyy — (Usy)® >0 (1.61)

showing that the energy is jointly a convex function of U and V' (and also of
N in open systems).

The results are also easily generalized to the Legendre transformations
of S and U. As an example, consider the Helmholtz’s free energy F. From
dF = —-SdT — pdV, it is inferred that

1
VIiT

from which it follows that F’ is a concave function of temperature and a convex
function of the volume as reflected by the inequalities (1.62). By concave
(convex) function is meant a function that lies everywhere below (above)
its family of tangent lines, be aware that some authors use the opposite
definition for the terms concave and convex. Similar conclusions are drawn
for the enthalpy, which is a convex function of entropy and a concave function
of pressure:

Frp=-T7'Cy <0, Fyy= >0 (1.62)

Hgs >0, H,, <0. (1.63a)

Finally, the Gibbs’ free energy G is jointly a concave function of temperature
and pressure

Grr <0, Gpp <0, GTTGpp — (GTp)2 > 0. (1.63b)

1.6.3 Stability Criterion of Multi-Component Mixtures

Starting from the fundamental relation of a mixture of n constituents in
the entropy representation, S = S(U,V,mi,ma,...,m,), it is detailed in
Box 1.6 that the second-order variation dS, which determines the stability,
is given by

d*S =dT~'AU + d(pT~")dV = > " d(mT~")dmy < 0. (1.64)
k=1

At constant temperature and pressure, inequality (1.64) reduces to

n a_
S P dmgdimy > 0, (1.65)
ol 8ml
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Box 1.6 Calculation of d2S for Multi-Component Systems
In an N-component mixture of total energy U, total volume V', and total
mass m = y_, my, the second variation of S is

dQS % (SUU)eq (dU) % (SVV)eq (dV)2 + % (Smkml)eqdmkdml
il

+ (SUV)oq WAV + > (Sumy)eqdUdmis + > (Svimy) oqdV dmy.
k k
(1.6.1)

Making use of the general results 05/0U = 1/T,0S5/0V = p/T,dS5/0my, =
—u/T, the above expression can be written as

e Lfor—t o or-! or-!
%8 = U+ — dV—&—Zamk du

1(a(pT1) A(pT ") A(pT ")
+ ( oAU+ = dv+278mk dv

—72 < BT ) g7 8(”kT dV+Z dml> dmy,
(1.6.2)

from which follows the general stability condition

1
4’S = -
5=3

AT dU +d(pT~)dv =) d(ﬂle)dmk] <0.  (1.6.3)
k=1

to be satisfied whatever the values of dm;, and dm; from which follows that:

Ok

> 0. 1.
B >0 (1.66)

>0, det ‘auk
8ml

The criteria (1.65) or (1.66) are referred to as the conditions of stability
with respect to diffusion. The first inequality (1.66) indicates that the stabil-
ity of equilibrium implies that any increase on mass of a given constituent
will increase its chemical potential. This provides another example of the
application of Le Chatelier’s principle. Indeed, any non-homogeneity which
manifests in a part of the system in the form of increase of mass will induce
locally an increase of chemical potential. Since the latter is larger than its
ambient value, there will be a net flow of matter from high to lower chemical
potentials that will tend to eradicate the non-homogeneity.
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1.7 Equilibrium Chemical Thermodynamics

In the last part of this chapter, we shall apply the general results of equi-
librium thermodynamics to chemical thermodynamics. As an illustration,
consider the reaction of synthesis of hydrogen chloride

Hy + Cly = 2HCI (1.67)
or more generally
> Xy =0, (1.68)
k=1

where the Xs are the symbols for the n chemical species and v the stoi-
chiometric coefficients; conventionally the latter will be counted positive when
they correspond to products and negative for reactants. In the above example,
X1 = HQ, X2 = 0127 X3 = HCI and vy = —17 Vg = —1, V3 = 27 n = 3. The
reaction may proceed in either direction depending on temperature, pressure,
and composition; in equilibrium, the quantity of reactants that disappear is
equal to the quantity of products that instantly appear. The change in the
mole numbers dNy, of the various components of (1.68) is governed by

dNg, dNg, dNua

==y = (1.69)

where £ is called the degree of advancement or extent of reaction. At the
beginning of the reaction £ = 0; its time derivative d¢/d¢ is related to the
velocity of reaction which vanishes at chemical equilibrium (see Chap.4).
The advantage of the introduction of £ is that all the changes in the mole
numbers are expressed by one single parameter, indeed from (1.69),

de = Z/kdf, (170)

and, after integration,
N = N + €, (1.71)

wherein superscript 0 denotes the initial state; observe that the knowledge
of ¢ completely specifies the composition of the system. When expressed in
terms of the mass of the constituents, (1.70) reads as dmy, = v Md€ with My,
the molar mass of k; after summation on k, one obtains the mass conservation
law

Z vi My, = 0. (1.72)
k=1

The above results are directly generalized when r chemical reactions are
taking place among the n constituents. In this case, (1.70) and (1.72) will,
respectively, be of the form
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AN =Y vpd(k=1,2,...,n), Y vipMe=0 (G=12,...,7).
j=1 k=1

(1.73)
In Sects. 1.7.1-1.7.3, we discuss further the conditions for chemical equilib-
rium and the consequences of stability of equilibrium.

1.7.1 General Equilibrium Conditions

Since chemical reactions take generally place at constant temperature and
pressure, it is convenient to analyse them in terms of Gibbs’ free energy
G = G(T,p,N1,Na,...,N,). At constant temperature and pressure, the
change in G associated with the variations d/Vy in the mole numbers is

n

dG =Y prdNy, (1.74)

k=1

where i, is the chemical potential per mole of species k. This puy is closely
related to that appearing in (1.23), because the mass of the species k is
my = My Ny, with M}, the corresponding molar mass. Then, it is immediate
to see that ur = fix/My. Since uy and fig are often found in the literature,
it is useful to be acquainted with both of them. After substitution of dNy by
its value (1.70), one has

dG = (Z Wk) de = —Adg, (1.75)

k=1

wherein, with De Donder, we have introduced the “affinity” of the reaction
as defined by

A== g (1.76)
k=1

Since G is a minimum at equilibrium (dG/d¢ = 0), the condition of chemical
equilibrium is that the affinity is zero:

Aeg = 0. (1.77)

In presence of r reactions, equilibrium implies that the affinity of each in-
dividual reaction vanishes: (A;)eq = 0(j = 1,2,...,7). To better apprehend
the physical meaning of the result (1.77), let us express A in terms of phys-
ical quantities. In the case of ideal gases or diluted solutions, the chemical
potential of constituent k& can be written as

pr = e (p, T) + RT Inxy, (1.78)
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where 2, = Nj /N is the mole fraction of substance k, N the total number
of moles and p2(p,T) is the part of chemical potential depending only on p
and T'. For non-ideal systems, the above form is preserved at the condition to
replace Inxy by In(zkvy,) where 7y is called the activity coefficient and ay =
Y2k the activity. By substituting (1.78) in expression (1.76) of the affinity,
we can express the equilibrium condition in terms of the mole fractions, which
are measurable quantities, and one has

Aeg = Z (—vppd) — RTZ viInx, = 0. (1.79)
k k

Defining the equilibrium constant K(T,p) by means of InK(T,p) =
—(X°, vkpd)/RT, the previous relation can be cast in the simple form

K(T
Aeq =RTIn % == 0, (180)
ml x2 BRI ey
whence
qu (geq)xl; (geq) e T/Z" (56(1) = K(Tv p)7 (181)

which is called the mass action law or Guldberg and Waage law. This is the
key relation in equilibrium chemistry: it is one algebraic equation involving
a single unknown, namely, the value of {4 of degree of advancement which
gives the corresponding number of moles in equilibrium through (1.71). If
K(T,p) is known as a function of T and p for a particular reaction, all the
equilibrium mole fractions can be computed by the mass action law. Going
back to our illustrative example (1.67) and assuming that each component is
well described by the ideal gas model, the law of mass action is

2
Thcl

—==— = K(T,p). 1.82

P (T, p) (1.82)

When a number r of reactions are implied, we will have r algebraic equations
of the form (1.81) to be solved for the unknowns (&1)eq; (§2)eqs - - - » (§r)eq-

1.7.2 Heat of Reaction and van’t Hoff Relation

Most of the chemical reactions supply or absorb heat, thus the heat of reaction
is an important notion in chemistry. To introduce it, let us start from the
first law written as

dQ =dH — Vdp, (1.83)

with the enthalpy H given by the equation of state H = H(T,p, &), whose
differential form is

OH OH oOH
dH = () aT + () dp + <) dé. (1.84)
ar ), . ap ) 1 9 ) 1,
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Substitution of (1.84) in (1.83) yields
dQ = Cp,EdT + hTygdp - T’Tﬁpdf, (185)

where C, = (0H/0T)pe, hr = (0H/Op)re —V, and rp, = —(0H/0E) 1,
designate the specific heat at constant pressure, the heat compressibility and
the heat of reaction at constant temperature and pressure, respectively. The
heat of reaction is positive if the reaction is ezothermic (which corresponds to
delivered heat) and negative if the reaction is endothermic (which corresponds
to absorbed heat). In terms of variation of affinity with temperature, the heat
of reaction is given by

0A
S— () . (1.86)
aT pa&eq
This is directly established by using the result
H=G+TS=G-T oc . (1.87)
or), .

From the definition of the heat of reaction, one has

. aﬁ +T i a£
T oT \ 9¢ ) 1.,

with (0G/9¢)r, = —A in virtue of Gibbs’ equation (1.75), substituting this
result in (1.88) and recognizing that Aeq = 0, one obtains (1.86). By means
of (1.78) of puy and (1.79) of A, it is easily found from (1.86) that

, (1.88)
P,

0

2

rep = —RT T In K(T,p). (1.89)
This is the van’t Hoff relation, which is very important in chemical ther-
modynamics; it permits to determine the heat of reaction solely from the
measurements of the equilibrium constant K (7', p) at different temperatures.

1.7.3 Stability of Chemical Equilibrium
and Le Chatelier’s Principle

For the clarity of the presentation, let us recall the condition (1.65) for sta-
bility of diffusion which can be cast in the form:

" )
3 hdNdN, > 0, g = ok (1.90)
~ aN,
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Assuming that there are no simultaneous reactions and inserting (1.70), one
obtains

Z,Ll,kll/kl/l(df)z > 0. (191)
k,l
From the other side, it follows from the definition of the affinity that
~ ONkONI
= 1.92
Z Vk A ON, 08 ;,U/kll/k’/l: ( )

so that the criterion of stability (1.90) can be cast in the simple form

_0A

~ ——(d¢)?* >0 or o4 < 0. (1.93)

o€

The above result is easily generalized for r simultaneous reactions:

Z%ﬁmﬁomwmwm (1.94)

Perhaps one of the most interesting consequences of the stability criterion
(1.93) is in the form of Le Chatelier’s moderation principle. Let us first ex-
amine the effect on chemical equilibrium of a temperature change at constant
pressure. The shift of equilibrium with temperature is measured by the quan-
tity (0§/0T)p, 4, index A is introduced here because in chemical equilibrium,
A is constant, in fact zero. It is a mathematical exercise to prove that (see
Problem 1.8)

¢ (OA/OT), ¢
= = L Pt 1.95
(57), .= ~{oamors 1)
The numerator is related to the heat of reaction by (1.86) from which follows
that: o .
TT.p
—= =2 1.96
(3T)p,,4 T (0A/08)p,T (1.96)

According to the stability condition (1.93), the denominator is a negative
quantity so that the sign of (0§/0T), 4 is opposite to the sign of the heat
of reaction rr,. Therefore, an increase of temperature at constant pressure
will shift the reaction in the direction corresponding to endothermic reaction
(rrp < 0). This is in the direction in which heat is absorbed, thus opposing
the increase of temperature. Similar results are obtained by varying the pres-
sure: an increase of pressure at constant temperature will cause the reaction
to progress in the direction leading to a diminution of volume, thus weak-
ening the action of the external effect. These are particular examples of the
more general principle of Le Chatelier stating that any system in chemical
equilibrium undergoes, under the effect of external stimuli, a compensating
change which will be always in the opposite direction.
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1.8 Final Comments

Equilibrium thermodynamics constitutes a unique and universal formalism
whose foundations are well established and corroborated by experience. It
has also been the subject of numerous applications. It should nevertheless be
kept in mind that equilibrium thermodynamics is of limited range as it deals
essentially with equilibrium situations and idealized reversible processes. It is
therefore legitimate to ask to what extent equilibrium thermodynamics can
be generalized to cover more general situations as non-homogeneous systems,
far from equilibrium states and irreversible processes. Many efforts have been
spent to meet such objectives and have resulted in the developments of various
approaches coined under the generic name of non-equilibrium thermodynam-
ics. It is our purpose in the forthcoming chapters to present, to discuss, and
to compare the most recent and relevant — at least in our opinion — of these
beyond of equilibrium theories.

There exists a multiplicity of excellent textbooks on equilibrium thermo-
dynamics and it would be unrealistic to go through the complete list. Let
us nevertheless mention the books by Callen (1985), Duhem (1911), Gibbs
(1948), Kestin (1968), Prigogine (1947), Kondepudi and Prigogine (1998) and
Zemansky (1968), which have been a source of inspiration for the present
chapter.

1.9 Problems

1.1. Mechanical work. Starting from the mechanical definition of work
dW = F - dx (scalar product of force and displacement), show that the
work done during the compression of a gas of volume V isdWW = —pdV, and
that the same expression is valid for an expansion.

1.2. Carnot cycle. Show that the work performed by an engine during an
irreversible cycle operating between two thermal reservoirs at temperatures
Ty and Ty < T is given by W = Wiax — T5AS, where AS is the increase of
entropy of the Universe, and Wi,y is the corresponding work performed in
a reversible Carnot cycle.

1.3. Fundamental relation. In the entropy representation, the fundamental

equation for a monatomic ideal gas is
U 3/2 V(N —5/2
Uo Vo / \ No 7

with R the ideal gas constant, and the subscript 0 standing for an arbitrary
reference state. By using the formalism of equilibrium thermodynamics, show
that the thermal and caloric equations of state for this system are pV' = NRT
and U = %N RT, respectively.

N
S(U,V.N) = ==So+ NRIn
0
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1.4. Mazxwell’s relations. The equality of the second crossed derivatives of the
thermodynamic potentials is a useful tool to relate thermodynamic quantities.
Here, we will consider some consequences related to second derivatives of the
entropy. (a) Show that dS(7,V) at constant N may be expressed as

1 /00U 1 oU
- (&) ar+ = |[(E&2 :
a5 T(GT)Vd *TK@V)ﬁp]dV

(b) By equating the second crossed derivatives of S in this expression, show

that

v (5), - (),

aT ), ov ),

(c) Using this equation, show that for ideal gases, for which pV' = NRT,
the internal energy does not depend on V, i.e. (9U/OV)r = 0. (d) For elec-
tromagnetic radiation, p = (1/3)(U/V). Using this result and the relation
obtained in (b), show that for that system, one has U = aVT*. Remark:
This expression is closely related to the Stefan—Boltzmann law for the heat
flux radiated by a black body, namely ¢ = ¢T*, with o the Stefan-Boltzmann
constant, indeed it follows from the relation ¢ = 1/4¢(U/V'), with ¢ the speed
of light, and a given by a = 40 /c.

1.5. Mazwell’s relations. Prove that ¢, — ¢, = Twa?/kr by making use of
Maxwell’s relations.

1.6. Van der Waals gases. The thermal equation of state for real gases was
approximated by van der Waals in the well-known expression

N 2

where a and b are positive constants, fixed for each particular gas, which are,
respectively, related to the attractive and repulsive intermolecular forces and
are null for ideal gases. (a) Using the expressions derived in Problem 1.4,
show that the caloric equation of state U = U(T, V, N) has the form

(V —bN) = NRT,

N2
U(T,V,N) = U(T,N) ~ o’
with Ujq(T, N) is the internal energy for ideal gases. (b) Calculate the change
of temperature in an adiabatic expansion against the vacuum, i.e. the vari-
ation of T in terms of V at constant internal energy. (c¢) Find the curve
separating the mechanically stable region from the mechanically unstable re-
gion in the plane p — V| the mechanical stability condition being given by
(1.60). (d) The maximum of such a curve, defined by the additional con-
dition (02p/0V?)7.n = 0, is called the critical point. Show that the val-
ues of p, V, and T at the critical point are p. = (1/27)(a/b?), V. = 3bN,
T. = (8/27)(a/bR), respectively.
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1.7. Kelvin’s statement of the second law. Verify that in a reversible trans-
formation at fixed temperature and volume, the maximum reversible work
delivered by the system is equal to the decrease of the Helmholtz’s free energy
—dF'. As an aside result, show that it is not possible to obtain work from
an engine operating in a cycle and in contact with one single source of heat.
This result is known as Kelvin’s statement of the second law.

1.8. Mathematical relation. Verify the general result

Hint: Consider f = f(X,Y,Z) = constant as an implicit function of the
variables X,Y, Z and write explicitly df = 0.

1.9. Stability coefficient. Prove that (see Box 1.5)

028 B (92S/U0V)* 1 (0p

ov?2 92S/ouz T \oV ),
Hint: Construct the Massieu function (i.e. Legendre transformation of en-
tropy), namely S[T~!] = S — T~'U. From the differential of S[T~!], derive
(02S[T~1 oV .

1.10. Stability conditions. Reformulate the stability analysis of Sect. 1.6.1 by
considering that the total entropy and volume are kept constant and by
expanding the total energy in Taylor’s series around equilibrium.

1.11. Le Chatelier’s principle. Show that an increase in pressure, at constant
temperature, causes the chemical reaction to proceed in that direction which
decreases the total volume.

1.12. Le Chatelier’s principle. The reaction of dissociation of hydrogen iodide
2HI — Hs + I5 is endothermic. Determine in which direction equilibrium will
be shifted when (a) the temperature is decreased at constant pressure and
(b) the pressure is decreased at constant temperature.



Chapter 2
Classical Irreversible Thermodynamics

Local Equilibrium Theory of Thermodynamics

Equilibrium thermodynamics is concerned with ideal processes taking place
at infinitely slow rate, considered as a sequence of equilibrium states. For
arbitrary processes, it may only compare the initial and final equilibrium
states but the processes themselves cannot be described. To handle more
realistic situations involving finite velocities and inhomogeneous effects, an
extension of equilibrium thermodynamics is needed.

A first insight is provided by the so-called “classical theory of irreversible
processes” also named “classical irreversible thermodynamics” (CIT). This
borrows most of the concepts and tools from equilibrium thermodynamics
but transposed at a local scale because non-equilibrium states are usually in-
homogeneous. The objective is to cope with non-equilibrium situations where
basic physical quantities like mass, temperature, pressure, etc. are not only
allowed to change from place to place, but also in the course of time. As shown
in the present and the forthcoming chapters, this theory has been very use-
ful in dealing with a wide variety of practical problems. Pioneering works
in this theory were accomplished by Onsager (1931) and Prigogine (1961);
these authors were awarded the Nobel Prize in Chemistry in 1968 and 1977,
respectively. Other important and influential contributions are also found in
the works of Meixner and Reik (1959), de Groot and Mazur (1962), Gyarmati
(1970), and many others, which have enlarged the theory to a wider number
of applications and have clarified its foundations and its limits of validity.

The principal aims of classical irreversible thermodynamics are threefold.
First to provide a thermodynamic support to the classical transport equations
of heat, mass, momentum, and electrical charge, as the Fourier’s law (1810)
relating the heat flux to the temperature gradient, Fick’s relation (1850)
between the flux of matter and the mass concentration gradient, Ohm’s equa-
tion (1855) between electrical current and potential, and Newton—-Stokes’
law (1687, 1851) relating viscous pressure to velocity gradient in fluids. A
second objective is to propose a systematic description of the coupling be-
tween thermal, mechanical, chemical, and electromagnetic effects, as the Soret
(1879) and Dufour (1872) effects, coupling heat, and mass transport, and the

37
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Seebeck (1821), Peltier (1836) and Thomson effects, coupling thermal trans-
port, and electric current. A third objective is the study of stationary non-
equilibrium dissipative states, whose properties do not depend on time, but
which are characterized by a non-homogeneous distribution of the variables
and non-vanishing values of the fluxes.

The present chapter is divided in two parts: in the first one, we recall
briefly the general statements underlying the classical theory of irreversible
processes. The second part is devoted to the presentation of a few simple
illustrations, as heat conduction in rigid bodies, matter transport, and hydro-
dynamics. Chemical reactions and coupled transport phenomena, like ther-
moelectricity, thermodiffusion, and diffusion through a membrane are dealt
with separately in Chaps. 3 and 4.

2.1 Basic Concepts

The relevance of transport equations, which play a central role in non-
equilibrium thermodynamics — comparable, in some way, to equations of state
in equilibrium thermodynamics — justifies some preliminary considerations.
Transport equations describe the amount of heat, mass, electrical charge, or
other quantities which are transferred per unit time between different sys-
tems and different regions of a system as a response to a non-homogeneity in
temperature T', molar concentration ¢, electric potential .. Historically, the
first incursions into this subject are allotted to Fourier, Fick, and Ohm, who
proposed the nowadays well-known laws:

q = —A\VT (Fourier’s law), (2.1)
J =—-DVe (Fick’s law),
I =0.Vyp. (Ohm’s law).

Here q is the heat flux (amount of internal energy per unit time and unit
area transported by conduction), J is the diffusion flux (amount of matter,
expressed in moles, transported per unit time and unit area), and I is the
flux of electric current (electric charge transported per unit time and area).
The coefficients A\, D, and o, are the thermal conductivity, diffusion coeffi-
cient, and electric conductivity, respectively. The knowledge of these various
transport coefficients in terms of temperature, pressure, and mass concentra-
tion has important consequences in material sciences and more generally on
our everyday life. For instance, a low value of thermal conductivity is needed
for a better isolation of buildings; in contrast, large values are preferred to
avoid excessive heating of computers; the diffusion coefficient is a fundamen-
tal parameter in biology and in pollution dispersal problems, while electrical
conductivity has a deep influence on the development and management of
electrical plants, networks, and microelectronic devices. The value of some
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transport coefficients, as for instance electrical conductivity, may present
huge discontinuities as, for example, in superconductors, where conductiv-
ity diverges, thus implying a vanishing electrical resistivity, or in insulators,
where conductivity vanishes.

The physical content of the above transport laws is rather intuitive: heat
will flow from regions with higher temperature to regions at lower temper-
ature and the larger is the temperature gradient the larger is the heat flow.
Analogously, matter diffuses from regions with higher mass concentration to
regions with lower concentration, and electric positive charges move from
regions with higher electrical potential to regions with lower potential.

The evolution of a system in the course of time and space requires the
knowledge of the balance between the ingoing and the outgoing fluxes. If the
outgoing flow is larger than the incoming one, the amount of internal energy,
number of moles, or electric charge in the system will increase, and it will
decrease if the situation is reversed. When ingoing and outgoing fluxes are
equal, the properties of the system will not change in the course of time, and
the system is in a non-equilibrium steady state. In equilibrium, all fluxes van-
ish. It should be noticed that the above considerations apply only for so-called
conserved quantities, which means absence of production or consumption in-
side the system. When source terms are present, as for instance in chemical
reactions, one should add new contributions expressing the amount of moles,
which is produced or destroyed.

Expressions (2.1)—(2.3) of the classical transport laws were originally pro-
posed either from theoretical considerations or on experimental grounds. As
stated before, non-equilibrium thermodynamics aims to propose a general
scheme for the derivation of the transport laws by ensuring that they are
compatible with the laws of thermodynamics (for instance, thermal conduc-
tivity must be positive because, otherwise, heat would spontaneously flow
from lower to higher temperature, in conflict with the second law). Indeed,
when A, D, and o, are scalar quantities it is relatively evident that they
must be positive; however, when they are tensors (as in anisotropic systems
or in the presence of magnetic fields) the thermodynamic restrictions on the
values of their components are not obvious and to obtain them a careful
and systematic analysis is required. It opens also the way to the study of
coupled situations where there are simultaneously non-homogeneities in tem-
perature, concentration, and electric potential, instead of considering these
effects separately as in (2.1)—(2.3).

2.2 Local Equilibrium Hypothesis

The most important hypothesis underlying CIT is undoubtedly the local
equilibrium hypothesis. According to it, the local and instantaneous relations
between thermodynamic quantities in a system out of equilibrium are the same
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as for a uniform system in equilibrium. To be more explicit, consider a system
split mentally in a series of cells, which are sufficiently large for microscopic
fluctuations to be negligible but sufficiently small so that equilibrium is real-
ized to a good approximation in each individual cell. The size of such cells has
been a subject of debate, on which a good analysis can be found in Kreuzer
(1981) and Hafskjold and Kjelstrup (1995).

The local equilibrium hypothesis states that at a given instant of time,
equilibrium is achieved in each individual cell or, using the vocabulary of
continuum physics, at each material point. It should, however, be realized
that the state of equilibrium is different from one cell to the other so that,
for example, exchanges of mass and energy are allowed between neighbouring
cells. Moreover, in each individual cell the equilibrium state is not frozen
but changes in the course of time. A better description of this situation is
achieved in terms of two timescales: the first, 7,,, denotes the equilibration
time inside one cell and it is of the order of the time interval between two
successive collisions between particles, i.e. 107'2s, at normal pressure and
temperature. The second characteristic time 7\ is a macroscopic one whose
order of magnitude is related to the duration of an experiment, say about 1s.
The ratio between both reference times is called the Deborah number De =
Tm/Tm. For De < 1, the local equilibrium hypothesis is fully justified because
the relevant variables evolve on a large timescale 7y and do practically not
change over the time 7,,, but the hypothesis is not appropriate to describe
situations characterized by De > 1. Large values of De are typical of systems
with long relaxation times, like polymers, for which 7, may be of the order
of 100s, or of high-frequency or very fast phenomena, such as ultrasound
propagation, shock waves, nuclear collisions, for which 7 is very short, say
between 10> and 10710,

A first consequence of the local equilibrium assumption is that all the
variables defined in equilibrium as entropy, temperature, chemical potential,
etc. are univocally defined outside equilibrium, but they are allowed to vary
with time and space. Another consequence is that the local state variables
are related by the same state equations as in equilibrium. This means, in
particular, that the Gibbs’ relation between entropy and the state variables
remains locally valid for each value of the time t and the position vector 7.
For example, in the case of a n-component fluid of total mass m, the local
Gibbs’ equation will be written as

ds=T""du+pl "do—T""Y pydey, (2.4)
k=1

where s is the specific entropy (per unit mass), u is the specific internal
energy, related to the specific total energy e by u = e — %'v - v, with v the
velocity field of the centre of mass of the cell, T is the absolute temperature,
p is the hydrostatic pressure, v is the specific volume related to the mass
density p by v = 1/p, ¢t = my/m, the mass fraction of substance k, and py,

its chemical potential.
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A third consequence follows from the property that, locally, the system
is stable. Therefore, in analogy with equilibrium situations, such quantities
as heat capacity, isothermal compressibility or the Lamé coefficients in the
theory of elasticity are positive definite.

More generally, Gibbs’ equation will take the form

ds(r,t) = ZFi(r,t) da; (7, t), (2.5)

where a;(7,t) is an extensive state variable, like u, v, ¢k, while (7, t) is the
corresponding conjugate intensive state variable, for instance T, p or puy.
The above relation is assumed to remain valid when expressed in terms of
the material (or Lagrangian) time derivative d/dt = 9/9t + v - V, i.e. by
following a small cell moving with velocity v:

ds (r,t) ZF dal r t) (2.6)

From the kinetic theory point of view, the local equilibrium hypothesis is jus-
tified only for conditions where the Maxwellian distribution is approximately
maintained. Otherwise, it should be generalized, as indicated in the second
part of this book.

2.3 Entropy Balance

An important question is whether a precise definition can be attached to
the notion of entropy when the system is driven far from equilibrium. In
equilibrium thermodynamics, entropy is a well-defined function of state only
in equilibrium states or during reversible processes. However, thanks to the
local equilibrium hypothesis, entropy remains a valuable state function even
in non-equilibrium situations. The problem of the definition of entropy and
corollary of intensive variables as temperature will be raised as soon as the
local equilibrium hypothesis is given up.

By material body (or system) is meant a continuum medium of total mass
m and volume V bounded by a surface . Consider an arbitrary body, outside
equilibrium, whose total entropy at time ¢ is S. The rate of variation of this
extensive quantity may be written as the sum of the rate of exchange with
the exterior d®S/dt and the rate of internal production, d'S/d¢:

g_deerdiS
dt — dt dt

(2.7)

As in Chap.1, we adopt the convention that any quantity (like mass,
energy, entropy) is counted positive if supplied to the system and negative if
transferred from it to the surroundings. The quantity 7'd'S/d¢ is sometimes
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called the uncompensated heat or the rate of dissipation. For further purpose,
it is convenient to introduce the notion of entropy flux J?, i.e. the entropy
crossing the boundary surface per unit area and unit time, and the rate of
entropy production ¢?, i.e. the entropy produced per unit volume and unit
time inside the system. In terms of these quantities, d°S/dt and d'S/dt may
be written as

des

= — S 2 2
n /ZJ n dx, (2.8)
dis

Y % 2.
= /V oAV, (2.9)

in which n is the unit normal pointing outwards the volume of the body.

Once entropy is defined, it is necessary to formulate the second law, i.e.
to specify which kinds of behaviours are admissible in terms of the entropy
behaviour. The classical formulation of the second law due to Clausius states
that, in isolated systems, the possible processes are those in which the entropy
of the final equilibrium state is higher or equal (but not lower) than the
entropy of the initial equilibrium state. In the classical theory of irreversible
processes, one introduces an even stronger restriction by requiring that the
entropy of an isolated system must increase everywhere and at any time, i.e.
dS/dt > 0. In non-isolated systems, the second law will take the more general
form

d'S/dt > 0 (for irreversible processes), (2.10a)
d'S/dt = 0 (for reversible processes or at equilibrium).  (2.10b)

It is important to realize that inequality (2.10a) does nor prevent that open or
closed systems driven out of equilibrium may be characterized by dS/dt < 0;
this occurs for processes for which d®S/dt < 0 and larger in absolute value
than d'S/dt. Several examples are discussed in Chap. 6.

After introducing the specific entropy s in such a way that S = [ psdV
and using the definitions (2.8) and (2.9), the entropy balance (2.7) reads as

d ,
—/pst:—/Jé-ndE—i—/ost. (2.11)
de b 1%
In virtue of the Gauss and Reynolds theorems, the above equation takes the
form 4
/p—SdV:—/V-JSdV+/JSdV, (2.12)

where V = (0/0x,0/0y,0/0z) designates the nabla operator whose compo-
nents are the partial space derivatives in Cartesian coordinates. Assuming
that (2.12) is valid for any volume V' and that the integrands are continuous
functions of position, one can write the following local balance relation

ds
— = _V.JS+o° 2.13
pdt g, ( )
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with, in virtue of the second law as stated by ((2.10a) and (2.10Db)),
o >0, (2.14)

where the equality sign refers to reversible processes. This quantity is impor-
tant in engineering because the product To® is a measure of the degradation
or dissipation of energy in engines, and its minimization may be useful to
enhance their efficiency.

Finally, it is worth to mention that the second law introduces an asym-
metry in time for irreversible processes, which is often known as an arrow of
time, an interesting physical and even philosophical concept that is briefly
presented in Box 2.1.

Box 2.1 Irreversibility and the Arrow of Time

An interesting aspect of the principle of entropy increase is the special light
it sheds on the concept of time, a view that departs radically from classical
mechanics. The equations of Newtonian mechanics are deterministic and
reversible with respect to time reversal. Time is considered as an external
parameter, which describes the chronology of a succession of events; it is the
time given by our watch. Reversible processes do not distinguish between
the future and the past. In contrast, the principle of increase of entropy
makes possible the distinction between future and past as it implies an arrow
of time, which imposes that irreversible processes proceed spontaneously
within a given direction in time. It establishes a fundamental anisotropy
in Nature and provides a criterion allowing to decide whether a process is
going forwards or backwards.

In relation with the notions of time, reversibility and irreversibility
was raised the following problem. At the microscopic level, the motion of
the individual particles composing the macroscopic systems is described
by Newton’s equation and is therefore of reversible nature, whereas at the
macroscopic level, the systems behave irreversibly. The antagonism between
these two behaviours has been a major source of debate since the micro-
scopic interpretation of entropy by Boltzmann, in the years 1870. A wide-
spread view is that the behaviour of the systems is intrinsically reversible
but that the large number of particles makes that actually, it evolves towards
an irreversible dynamics due to our inability to follow each individual parti-
cle. In other words, irreversibility is an illusion raised up by our ignorance.
Following this attitude, irreversibility should not be related to the system
itself but to the observer.

Irreversibility is also associated with loss of information, a view rein-
forced by the information theory. Accordingly, the entropy is interpreted as
a lack of information about the microscopic state of the system, and loss
of information means higher entropy. When entropy production is large,
much information is lost per unit time, whereas in reversible processes no
information is lost. The strong interrelations between information theory
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and thermodynamics have been underlined in many books and papers (e.g.
Shannon 1948; Jaynes 1963; Keizer 1987).

In the 1970s, the study of deterministic chaos has opened new per-
spectives. Accordingly, though the equations of mechanics are reversible
and deterministic, the sensibility of their solutions with respect to slight
changes of the initial conditions or by varying some external parameters as
temperature gradients (see Chap.6) makes that the predictability is lost.
Interesting conceptual discussions on this subject have been put forward
by Prigogine (e.g. Prigogine and Stengers 1979; Prigogine 1996), who ar-
gues that irreversibility is present at all levels of description, microscopic
and macroscopic, and merges out, as a source of order, from the instabil-
ities present in the system. The breaking of time symmetry is introduced
by constructing an appropriate operator playing the role of entropy and
monotonically increasing in time. The formalism is coined under the name
of subdynamics. Prigogine’s line of thought is not unanimously accepted
and target of keen discussions (see, e.g. Thom 1972; Bricmont 1995; Van
Kampen 2000).

The above considerations show that the problem of evolution of re-
versibility towards irreversibility has not received a definitive answer yet
(Lebowitz 1999). A last remark will concern ageing, which is a sensible
problem to everybody and assuredly the most visible irreversible face of
life. Experiences of our daily life tell us that youth will not return. There
are many theories of biological ageing but these topics are outside the scope
of the present book. It seems rather evident that ageing is related to the
entropy production, or the amount of irreversibility, inside the metabolic
processes, and that small entropy production should produce slow ageing.
More considerations about the convergence of non-equilibrium thermody-
namics and biology may be found in Chap. 4.

2.4 General Theory

Our main objective is to present a macroscopic description of irreversible
processes and our major task is to determine the evolution equations of the
relevant local variables, in accordance with the fundamental laws of thermo-
dynamics. To give a general idea of the contents and assumptions underlying
classical irreversible thermodynamics, we consider a system outside equilib-
rium and characterized by a finite set of variables to be specified later on.
To make clear the general structure, we will proceed in several steps. The
same steps, as introduced in this section, will be systematically repeated in
the future.
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Step 1. Space of state variables
The choice of state variables is determined by three arguments:

1. It depends on the system under consideration and the degree of accuracy
that one wishes to achieve.

2. The variables must be “dynamically admissible”, which means that their
timescale is sufficiently different from the timescales corresponding to the
more microscopic levels of description.

3. Theoretical predictions should be in agreement with experimental obser-
vations, and in addition, the results should be reproducible. This does not
mean that the state variables are directly measurable but it is required to
express them in terms of measured quantities.

According to the local equilibrium hypothesis, the space of the state vari-
ables is the ensemble a(r,t) = [ai(7,t),a2(r,t),...,an(r,t)] of the exten-
sive thermodynamic variables appearing in Gibbs’ equation, plus the velocity
field v(r,t), i.e. the union of a mechanical variable (the barycentric velocity
of each subcell) and thermodynamic variables (i.e. each subcell is considered
as a thermodynamic system described by the usual set of thermodynamic
quantities as in equilibrium). In the case of an n-component fluid, the ther-
modynamic variables are simply the specific volume v(r,t), the mass fraction
ck(r,t)(k=1,2,...,n) of the n constituents and the internal energy u(r,t).

Step 2. Evolution equations
They take the form of balance equations written in whole generality as

pgz—V-J“—i-U“, (2.15)
dt

where J¢ is the flux term expressing the exchange with the surroundings and

0® is the corresponding source term; when this term is zero, a is conserved.

To be explicit, and to identify the flux and source terms, let us write down the

balance equations of total mass, mass concentrations, energy and momentum

for a n-constituent mixture (de Groot and Mazur 1962):

p% =V-v, (2.16)
p% = -V -J" 4", (2.17)
p%z—V-q—PT:Vv—i—pr, (2.18)
p% =_V-P+pF, (2.19)

where the superscript T means transposition. In (2.16), the flux term is simply
the velocity and there is no source because of conservation of mass. In (2.17)—
(2.19), the fluxes are the diffusion flux J* of substance k, the heat flux q
and the pressure tensor P, respectively; the corresponding sources are the
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rate of production ¢” of substance k by chemical reactions, the mechanical
work —PT : (Vv) plus some possible energy source r per unit mass and the
external body force F' per unit mass. The main difference between g and
r is that q measures the transfer of heat across the bounding surface while
r is the energy supply distributed within the volume. We refer to P as the
pressure tensor because pure hydrostatic pressure corresponds to P = plI,
where I is the identity tensor with components d;; (d;; = 1 for i = j and
di; = 0 for i # j); the colon in (2.18) stands for the double scalar product
A : B = A;;Bj;. Einstein’s summation convention on repeated indices, when
they refer to Cartesian coordinates, will be used throughout the book.

The set (2.16)—(2.19) describes the evolution of the system, i.e. how the
basic properties change with time at every point in space. Note that it con-
tains more unknown quantities than equations, because the fluxes ¢ and P
are generally not known and have to be expressed in terms of the basic vari-
ables to close the system. In that respect the second law is very useful as
shown by the next step.

Step 3. Entropy production and second law of thermodynamics

It is the purpose to examine the consequences resulting from the entropy
inequality o > 0. Substitution of the evolution equations (2.15) of the basic
variables in the Gibbs’ relation (2.6) leads to an explicit equation for the
entropy evolution which, after comparison with the general expression (2.13)
of the entropy balance, allows us to identify J* and o%. The latter is found
to consist of a sum of products of so-called thermodynamic fluxes J, and
thermodynamic forces X:

0" = JaXa. (2.20)
«

Note that the thermodynamic forces are not forces in the mechanical sense,
but they are quantities generally related to the gradients of the intensive
variables whereas the fluxes J, can be identified with the fluxes of energy,
mass, momentum, etc. In (2.20), the fluxes and forces may be scalars, vectors,
or tensors, and the product J, X, stands indifferently for the usual product
between two scalars, the scalar product between two vectors and the double
scalar product between two tensors. Explicit expressions for J, and X, will be
given later on while treating applications. It is important to point out that at
equilibrium (or for reversible processes), the thermodynamic fluxes and forces
vanish identically so that entropy production is zero in such situations, as it
should.

Step 4. Linear fluz—force relations

Experience indicates that the thermodynamic fluxes and forces are not inde-
pendent but that there exists a relationship between them. Moreover, it has
been observed that for a large class of irreversible processes, the fluxes are
linear functions of the forces, to a good approximation. This is furthermore
the simplest way to ensure that the rate of entropy production is a positive
quantity. Within the hypothesis of linearity, one has
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Jo =Y LasXp. (2.21)
5

These flux—force relations are named phenomenological relations, constitu-
tive or transport equations, they express the relation between causes (the
forces) and effects (the fluxes) and the specific properties of the materials
under study. At equilibrium, both members of (2.21) vanish identically. The
phenomenological coefficients L, are generally depending on the intensive
variables T', p, and cg; the coefficient Ly, connects a flow J, to its conjugate
force X, while L,g describes the coupling between two irreversible processes
« and B. In thermoelectricity for instance, L., is related to the electrical
resistance and L,z to the coupling between the electric current and the heat
flow. Simple examples of linear phenomenological relations are the Fourier’s,
Fick’s, and Ohm’s equations (2.1)—(2.3).

Step 5. Restrictions due to material symmetry: Curie’s law

According to relation (2.21), one should in principle be allowed to couple any
flux to any force. However, material symmetry reduces the number of cou-
plings between fluxes and forces. This property is known in CIT as Curie’s
law. It reflects the property that macroscopic causes cannot have more ele-
ments of symmetry than the effects they produce. This restriction plays an
important role, especially in isotropic systems, for which the properties at
equilibrium are the same in all directions.

Truly, as shown in Box 2.2, it is evident that Curie’s law is nothing
more than an application of the representation theorems of isotropic tensors
(Spencer and Rivlin 1959; Truesdell and Noll 1965). To illustrate this state-
ment, consider an isotropic body subject to a hypothetical irreversible process
described by the fluxes j (a scalar), J (a vector), T (a symmetric tensor of
order 2). In addition, the fluxes j and J are assumed to depend on the ther-
modynamic forces x (a vector) and X (a tensor of order 2) but T depends only
on X.

As a consequence of isotropy, and under the hypothesis of linear flux—force
relations (see Box 2.2), one obtains the following phenomenological relations:

j=1trX, (2.22a)
J = Az, (2.22b)
T = B1 (tI‘ X)I + BQX, (222C)

where the phenomenological scalar coefficients I, Ay, By, and By are inde-
pendent of & and X, and tr X denotes the trace of tensor X. The results
((2.22a), (2.22b), and (2.22¢)) exhibit the property that, in isotropic systems
and within the linear regime, it is forbidden to couple fluxes and forces of
different tensorial character. For instance a chemical affinity (a scalar) can-
not give raise to a heat flux (a vector), similarly a temperature gradient
(a vector) is unable to induce a mechanical stress (a tensor of order 2).
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Box 2.2 Curie’s Law

The existence of spatial symmetries in a material system contributes to sim-
plify the scheme of the phenomenological relations. Because of invariance of
the phenomenological equations under special orthogonal transformations,
some couplings between fluxes and forces are not authorized in isotropic
systems. In the examples treated in this chapter, no fluxes and forces of ten-
sorial order higher than the second will occur. We shall therefore consider
an isotropic material characterized by the three following phenomenological
relations

j=j@X), J=J(X), T=TX), (2.2.1)

which contain fluxes and forces of tensorial order 0 (the scalar j), order
1 (the vectors J and x) and order 2 (the symmetric tensors T and X).
Isotropy imposes that the above relations transform as follows under an
orthogonal transformation Q:

j(Q~£C;Q-X'QT):j(£L',X, (2'2'2)
J(Q-2:Q-X-Q") =Q- J(z,X), (22.3)
T(Q X Q') = Q T(X) Q" (2.2.4)

According to the theorems of representation of isotropic tensors (e.g.
Spencer and Rivlin 1959), the functions j, J, and T are isotropic if and
only if

j(e,X) =jlIx, [ Ix,I1Ix,x -z, z- (X -x),z- (X -X-x)], (2.2.5)
T(X) = BiI+ ByX + B3X - X, (2.2.7)

the flux j and the coefficients A; (i = 1,2, 3) are isotropic scalar functions
of x and X and the B; are isotropic scalars of X alone; Iy, [1x, and I1[x
are the principal invariants of the tensor X, namely

Iy =tr X, IIx=1%[I% —tx(X-X)], IIIx =det X. (2.2.8)

By restricting the analysis to linear laws, (2.2.5)—(2.2.7) will take the simple
form

j=I(tr X),J = Az, T=By(tr X\)I+ B, X, (2.2.9)

wherein [, Ay, By, and By are now scalars independent of  and X. Re-
lations (2.2.9) exhibit the property that in linear constitutive equations,
spatial symmetry allows exclusively the coupling between fluxes and forces
of the same tensorial order, as concluded from Curie’s law.
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Step 6. Restrictions on the sign of phenomenological coefficients

A direct restriction on the sign of the phenomenological coefficients arises as a
consequence of the second law. Substitution of the linear flux—force relations
(2.21) into (2.20) of the rate of entropy production yields the quadratic form

0" => LapXaXg > 0. (2.23)
af

According to standard results in algebra, the necessary and sufficient condi-
tions for 0® > 0 are that the determinant |L,g + Lga| and all its principal
minors are non-negative. It follows that

Laa 20, (2.24)

while the cross-coefficients L,g must satisfy
Leoalss > i(Laﬁ + Lﬁa)Z' (225)

In virtue of inequality (2.24), all the transport coefficients like the heat con-
ductivity, the diffusion coefficient, and the electrical resistance are positive,
meaning that heat flows from high to low temperature, electrical current
from high to low electric potential, and neutral solutes from higher to lower
concentrations.

Step 7. Restrictions on Log due to time reversal: Onsager—Casimir’s
reciprocal relations
It was established by Onsager (1931) that, besides the restrictions on the sign,
the phenomenological coefficients verify symmetry properties. The latter were
presented by Onsager as a consequence of “microscopic reversibility”, which
is the invariance of the microscopic equations of motion with respect to time
reversal t — —t. Accordingly, by reversing the time, the particles retrace their
former paths or, otherwise stated, there is a symmetry property between
the past and the future. Invoking the principle of microscopic reversibility
and using the theory of fluctuations, Onsager was able to demonstrate the
symmetry property

Log = Lga. (2.26)
In Chaps. 4 and 11, we will present detailed derivations of (2.26).

It should, however, be stressed that the above result holds true only for
fluctuations a, (t) = A, (t) — A% of extensive state variables A, with respect
to their equilibrium values, which are even functions of time a (t) = an(—t).
In the case of odd parity of one of the variables, o or 8, for which a,(t) =
—aqo(—t), the coefficients L,g are skew-symmetric instead of symmetric, as
shown by Casimir (1945), i.e.

In a reference frame rotating with angular velocity w and in presence of an
external magnetic field H, Onsager—Casimir’s reciprocal relations take the
form
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La@(w, H) = iLBa(—w, —H), (2.28)

as it will be shown on dynamical bases in Chap.11. The validity of the
Onsager—Casimir’s reciprocal relations is not limited to phenomenological
transport coefficients that are scalar quantities as discussed earlier. Consider
for example an irreversible process taking place in an anisotropic crystal, such

that
Jo = Z Los - X 5, (2.29)
B
where fluxes and forces are vectors and L,g is a tensor of order 2. The
Onsager—Casimir’s reciprocal relations write now as

Los = +(Lsa)". (2.30)

Transformation properties of the reciprocal relations have been discussed by
Meixner (1943) and Coleman and Truesdell (1960).

At first sight, Onsager—Casimir’s reciprocal relations may appear as a
rather modest result. Their main merit is to have evidenced symmetry proper-
ties in coupled irreversible processes. As illustration, consider heat conduction
in an anisotropic crystal. The reciprocity relations imply that a temperature
gradient of 1°Cm™! along the z-direction will give raise to a heat flux in
the normal y-direction, which is the same as the heat flow generated along
the z-axis by a temperature gradient of 1°Cm~! along y. Another advan-
tage of the Onsager—Casimir’s reciprocal relations is that the measurement
(or the calculation) of a coefficient L,g alleviates the repetition of the same
operation for the reciprocal coefficient Lg,; this is important in practice as
the cross-coefficients are usually much smaller (of the order of 1073 to 107%)
than the direct coupling coefficients, and therefore difficult to measure or
even to detect.

Although the proof of the Onsager—Casimir’s reciprocal relations was
achieved at the microscopic level of description and for small deviations of
fluctuations from equilibrium, these symmetry properties have been widely
applied in the treatment of coupled irreversible processes taking place at the
macroscopic scale even very far from equilibrium. It should also be kept in
mind that the validity of the reciprocity properties is secured as far as the
flux—force relations are linear, but that they are not of application in the
non-linear regime.

2.5 Stationary States

Stationary states play an important role in continuum physics; they are de-
fined by the property that the state variables, including the velocity, remain
unchanged in the course of time. For instance, if heat is supplied at one end
of a system and removed at the other end at the same rate, the temperature
at each point will not vary in time but will change from one position to the
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other. Such a state cannot be confused with an equilibrium state, which is
characterized by a uniform temperature field, no heat flow, and a zero entropy
production. It is to be emphasized that the evolution of a system towards an
equilibrium state or a steady state is conditioned by the nature of the bound-
ary conditions. Since in a stationary state, entropy does not change in the
course of time, we can write in virtue of (2.7) that

_[ds|, |as| , dis
dt dt dt

=0, (2.31)

out in
since the rate of entropy production is positive, it is clear that the entropy
delivered by the system to the external environment is larger than the entropy
that is entering. Using the vocabulary of engineers, the system degrades the
energy that it receives and this degradation is the price paid to maintain a
stationary state.

Stationary states are also characterized by interesting extremum principles
as demonstrated by Prigogine (1961): the most important is the principle of
minimum entropy production, which is discussed further. The importance of
variational principles has been recognized since the formulation of Hamilton’s
least action principle in mechanics stating that the average kinetic energy
less the average potential energy is minimum along the path of a particle
moving from one point to another. Quoting Euler, “since the construction
of the universe is the most perfect possible, being the handy work of an all-
wise Maker, nothing can be met in the world in which some minimum or
maximum property is not displayed”. It is indeed very attractive to believe
that a whole class of processes is governed by a single law of minimum or
maximum. However, Euler’s enthusiasm has to be moderated, as most of the
physical phenomena cannot be interpreted in terms of minima or maxima. In
equilibrium thermodynamics, maximization of entropy for isolated systems or
minimization of Gibbs’ free energy for systems at constant temperature and
pressure, for instance, provide important examples of variational principles.
Out of equilibrium, such variational formulations are much more limited.
For this reason, we pay here a special attention to the minimum entropy
production theorem, which is the best known among the few examples of
variational principles in non-equilibrium thermodynamics.

2.5.1 Minimum Entropy Production Principle

Consider a non-equilibrium process, for instance heat conduction or thermod-
iffusion taking place in a volume V at rest subjected to time-independent

constraints at its surface. The state variables ay, aso, ..., a, are assumed to
obey conservation laws of the form
da
2 =-V-J, (a=1,2,...,n), (2.32)

P ot
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where 0/0¢t is the partial or Eulerian time derivative; processes of this kind,
characterized by absence of global velocity, are called purely dissipative. We
have seen in Sect. 2.4 that the total entropy P produced inside the system
can be written as

P= / > LopXaXpdV. (2.33)
a,B

Since the thermodynamic forces take usually the form of gradients of intensive
variables
Xo=VI,, (2.34)

where I, designates an intensive scalar variable, (2.33) becomes
= / > LogVI.-VIgdV. (2.35)

We now wish to show that the entropy production is minimum in the sta-
tionary state. Taking the time derivative of (2.35) and supposing that the
phenomenological coefficients are constant and symmetric, one obtains

- = 2/ZLaﬁvr v (8;;‘3> (2.36)

After integration by parts and recalling that the boundary conditions are
time independent, it is found that

ar 72/28ng <2La5vra> av

:_2/Zapﬁv J dV—2/ Zaaiﬁagf (2.37)

wherein use has been made successively of the linear flux—force relations
(2.21) and the conservation law (2.32). In the stationary state, for which

Oag /0t =0, one has
dpP

— =0. 2.38
i (2.38)
During the transient regime, (2.37) can be written as
dpP Oay, 0I5, 01
— = — ————dV, 2.39
t / azﬁ: oIy ot Ot ’ (2.39)

and since the da, /0Is terms (which represent, for instance, minus the heat
capacity or minus the coefficient of isothermal compressibility) are negative
quantities because of stability of equilibrium, one may conclude that

dpr

— < 2.4
7 SO (2.40)
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This result proves that the total entropy production P decreases in the course
of time and that it reaches its minimum value in the stationary state. An
important aside result is that stationary states with a minimum entropy pro-
duction are unconditionally stable. Indeed, after application of an arbitrary
disturbance in the stationary state, the system will move towards a transitory
regime with a greater entropy production. But as the latter can only decrease,
the system will go back to its stationary state, which is therefore referred to
as stable. It is also worth to mention that P, a positive definite functional
with a negative time derivative, provides an example of Lyapounov’s function
(Lyapounov 1966), whose occurrence is synonymous of stability, as discussed
in Chap. 6.

It should, however, be emphasized that the above conclusions are far
from being general, as their validity is subordinated to the observance of
the following requirements:

1. Time-independent boundary conditions

2. Linear phenomenological laws

3. Constant phenomenological coefficients

4. Symmetry of the phenomenological coefficients

In practical situations, it is frequent that at least one of the above restrictions
is not satisfied, so that the criterion of minimum entropy production is of weak
bearing. It follows also that most of the stationary states met in the nature
are not necessarily stable as confirmed by our everyday experience.

The result (2.38) can still be cast in the form of a variational principle

5P = 5/08(11, VI,,...)dV =0, (2.41)

where the time derivative symbol d/d¢ has been replaced by the variational
symbol §. Since the corresponding Euler-Lagrange equations are shown to
be the stationary balance relations, it turns out that the stationary state is
characterized by an extremum of the entropy production, truly a minimum,
as it can be proved that the second variation is positive definite §2P > 0.

It should also be realized that the minimum entropy principle is not an
extra law coming in complement of the classical balance equations of mass,
momentum, and energy, but nothing else than a reformulation of these laws
in a condensed form, just like in classical mechanics, Hamilton’s principle is
a reformulation of Newton’s equations.

The search for variational principles in continuum physics has been a sub-
ject of continuous and intense activity (Glansdorff and Prigogine 1964, 1971;
Finlayson 1972; Lebon 1980). A wide spectrum of applications in macroscopic
physics, chemistry, engineering, ecology, and econophysics is discussed in
Sieniutycz and Farkas (2004). It should, however, be stressed that it is only in
exceptional cases that there exists a “true” variational principle for processes
that dissipate energy. Most of the principles that have been proposed refer
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either to equilibrium situations, as the maximum entropy principle in equilib-
rium thermodynamics, the principle of virtual work in statics, the minimum
energy principle in elasticity, or to ideal reversible motions as the principle
of least action in rational mechanics or the minimum energy principle for
Eulerian fluids.

2.6 Applications to Heat Conduction, Mass Transport,
and Fluid Flows

To better understand and illustrate the general theory, we shall deal with
some applications, like heat conduction in a rigid body and matter diffusion
involving no coupling of different thermodynamic forces and fluid flow. More
complex processes involving coupling, like thermoelectricity, thermodiffusion
and diffusion through membranes are treated in Chap.3. The selection of
these problems has been motivated by the desire to propose a pedagogical
approach and to cover situations frequently met in practical problems by
physicists, chemists and engineers. Chemistry will receive a special treatment
in Chap. 4 where we deal at length with chemical reactions and their coupling
with mass transport, a subject of utmost importance in biology. Despite its
success, CIT has been the subject of several limitations and criticisms, which
are discussed in Sect. 2.7 of the present chapter.

2.6.1 Heat Conduction in a Rigid Body

The problem consists in finding the temperature distribution in a rigid body
at rest, subject to arbitrary time-dependent boundary conditions on tem-
perature, or on the heat flux. Depending on the geometry and the physical
properties of the system and on the nature of the boundary conditions, a
wide variety of situations may arise, some of them being submitted as prob-
lems at the end of the chapter. For the sake of pedagogy, we follow the same
presentation as in Sect. 2.4.

Step 1. State variable(s)

Here we may select indifferently the specific internal energy u(r,t) or the
temperature field T'(7, t), which should be preferred in practical applications.
Step 2. Evolution equation

In absence of source term, the evolution equation (2.18) for u(r,t) is simply

du

Pt

here d/dt reduces to the partial time derivative 0/0t as v = 0. Equation (2.42)
contains two unknown quantities, the heat flux q to be given by a constitutive

=-V.gq, (2.42)
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relation and the internal energy u(T) to be expressed by means of an equation
of state.

Step 3. Entropy production and second law
According to the second law, the rate of entropy production defined by

d
o =pS 4 VT >0, (2.43)
d¢
is positive definite. The expression of ds/d¢ is obtained from Gibbs’ equation
ds du
—=T"1— 2.44
dt dt’ (244)

where du/dt is given by the energy balance equation (2.42). Substituting
(2.44) in (2.43) results in

0% =¢q- VI '+ V- (J° =T 'q). (2.45)

Since o represents the rate of entropy production inside the body, its ex-
pression cannot contain a flux term like V- (J° — T~ !q), which describes the
rate of exchange with the outside, as a consequence this term must be set
equal to zero so that

J*=T"q, (2.46)

whereas (2.45) of o® reduces to
0¥ =q-VT L (2.47)

This illustrates the general statement (2.20) that the entropy production is
a bilinear form in the force VI'~! (the cause) and the flux of energy g (the
effect).

Step 4. Linear fluz—force relation
The simplest way to ensure that ¢® > 0 is to assume a linear relationship
between the heat flux and the temperature gradient; for isotropic media,

q= Ly (T)VT ™, (2.48)

where L, (T') is a scalar phenomenological coefficient depending generally on
the temperature. Defining the heat conductivity by N(T') = Ly (T)/T?, the
flux—force relation (2.48) takes the more familiar form

q=—AVT, (2.49)

which is nothing else than the Fourier’s low stating that the heat flux is
proportional to the temperature gradient. We observe in passing that Curie’s
principle is satisfied as (2.49) is a relationship between flux and force of the
same tensor character, namely vectors. In an anisotropic crystal, Fourier’s
relation reads as

qg=—-\-VT, (2.50)

where the heat conductivity A is now a tensor of order 2.
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Step 5. Restriction on the sign of the transport coefficients
Substitution of (2.49) in (2.48) of the rate of entropy production yields
s 1

0" =l 9 (2.51)
and from the requirement that ¢® > 0, it is inferred that A > 0. Roughly
speaking this means that in an isotropic medium, the heat flux takes place
in a direction opposite to the temperature gradient; therefore, heat will flow
spontaneously from high to low temperature, in agreement with our everyday
experience. In an anisotropic system, flux and force will generally be oriented
in different directions but the positiveness of tensor A requires that the angle
between them cannot be smaller than /2.

Step 6. Reciprocal relations
In the general case of an anisotropic medium, the flux—force relation is the
Fourier’s law expressed in the form (2.50). According to Onsager’s recipro-
cal relations, the second-order tensor A is symmetric so that, in Cartesian
coordinates,

Aij = Aji, (2.52)
a result found to be experimentally satisfied in crystals wherein, however,
spatial symmetry may impose further symmetry relations. For instance, in
crystals pertaining to the hexagonal or the tetragonal class, spatial symme-
try requires that the conductivity tensor is skew-symmetric. By combining
this result with the symmetry property (2.52), it turns out that the elements
Aij (i # j) are zero; it follows that for these classes of crystal, the application
of a temperature gradient in the z-direction cannot produce a heat flow in
the perpendicular y-direction. Very old experiences by Soret (1893) and Voigt
(1903) confirmed this result, which is presented as one of the confirmations
of the Onsager—Casimir’s reciprocal relations.

Step 7. The temperature equation

We now wish to calculate the temperature distribution in an isotropic rigid
solid as a function of time and space. The corresponding differential equation
is easily obtained by introducing Fourier’s law (2.49) in the energy balance
equation (2.42) and the result is

T
PCy %—t =V - (AVD), (2.53)

where use is made of the definition of the heat capacity ¢, = du/0T.
In the case of constant heat conductivity and heat capacity, and introduc-
ing the heat diffusivity defined by x = A/pc,, (2.53) reads as

oT 0*T

— =X=- 2.54

ot~ X oa2 (2:54)
Relation (2.53) is classified as a parabolic partial differential equation. In
Box 2.3 is presented the mathematical method of solution of this important
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equation under given typical initial and boundary conditions for an infinite
one-dimensional rod. It is the same kind of equation that governs matter
diffusion, as shown in Sect. 2.6.2.

Box 2.3 Method of Solution of the Heat Diffusion Equation

A convenient method to solve (2.54) is to work in the Fourier space (k,t)
with £ designating the wave number. It is interesting to recall that Fourier
devised originally the transform bearing his name to solve the heat diffusion
equation. Let us write T'(x,t) as a Fourier integral of the form

T(z,t) = /_+Oo T(k,t) exp(ikx) dk, (2.3.1)

with T'(k,t) the Fourier transform. The initial and boundary conditions
are assumed to be given by T'(x,0) = g(x), T(fo00,t) = 0; introduction of
(2.3.1) in (2.54) leads to the ordinary differential equation

dT(k, 1)

— = —*XT(k,t 2.3.2
& XT (k. t), (23.2)

whose solution is directly given by
T(k,t) = T(k,0) exp(—k*xt), (2.3.3)

where T'(k,0) is the Fourier transform of the initial temperature profile

T(k,0) = 5= [T g(a) exp(—ika') dz’. (2.3.4)

2m o]

Substitution of (2.3.3) and (2.3.4) in (2.3.1) yields T'(x,t) in terms of the
initial distribution g(x):

T(z,t) = = [Tdk [T2° g(2') exp(—k>xt) explik(z — /)] da’.  (2.3.5)

By carrying the integration with respect to k, we obtain the final solution
in the form

T(x,t) = W fjof g(z") exp[—(z — 2')?/4xt] da’. (2.3.6)

When the initial temperature dependence corresponds to a local heating at
one particular point zy of the solid, namely

9(x) = god(z — o), (2.3.7)

where gg is an arbitrary constant proportional to the energy input at the
initial time, and §(z — xo) the Dirac function, (2.3.6) will be given by

T(x,t) = @miﬁ exp[—(z — x0)?/4xt]. (2.3.8)
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We deduce from (2.3.8) that the temperature diffuses in the whole rod from
the point zg over a distance proportional to (Xt)l/ 2: as a consequence, large
values of the thermal diffusivity imply a rapid diffusion of temperature. Solu-
tion (2.3.8) exhibits also the property that, after application of a temperature
disturbance at a given point of the system, it will be experienced instanta-
neously everywhere in the whole body. Such a result is in contradiction with
the principle of causality, which demands that response will be felt after the
application of a cause. In the above example, cause and effect occur simul-
taneously. This property is typical of classical irreversible thermodynamics
but is not conceptually acceptable. This failure was one of the main motiva-
tions to propose another thermodynamic formalism currently known under
the name of Extended Irreversible Thermodynamics (see Chap. 7).

Box 2.4 Stationary States and Minimum Entropy Production
Principle

In the case of thermal conduction described by the phenomenological equa-
tion ¢ = L, VT ™!, the total entropy production P in the system, say a
one-dimensional rod of length [, is according to (2.47),

1 ! 1
P = / o’dx = / q(0T~1)ox) da :/ LT /0x)? dz.  (2.4.1)
0 0 0

For a constant phenomenological coefficient L, its time derivative is

dpP Looar-1ooart
:2/ v (2.4.2)

dt dr Ot Oz

After integration by parts and imposing time-independent boundary con-
ditions, one has

dpr Lor—1 o 9 Lar—1 ou
— - 92| =~ (L,—T"! -2 - 2.4.
dt , 0t oz ( By ) dr /0 o o 243

where use is made of the energy balance equation (2.42). Since Ou/0t =
¢y 0T /Ot with ¢, > 0, it is finally found that

dpP Y pe, (0T 2
— =2 — < 244
at /0T2(at> dz <0 (244)

is negative outside the stationary state and zero in the stationary state for
which 9T /ot = 0.

It is directly recognized that the total entropy production P is a Lya-
pounov function, as P > 0 together with dP/dt < 0, and this ensures
that the stationary state is stable. It is, however, important to realize that
the phenomenological coefficient L, is related to the heat conductivity by
L,y = NT? and therefore the validity of the minimum entropy production
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principle is conditioned by the condition that A varies like 7~2; the princi-
ple is therefore not applicable to systems with a constant heat conductivity
or with an arbitrary dependence of A with respect to the temperature. This
is the reason why the criterion of minimum entropy production remains an
exception.

2.6.2 Matter Diffusion Under Isothermal and Isobaric
Conditions

In this section, we briefly discuss the problem of isothermal and isobaric
diffusion of two non-viscous isotropic non-reacting fluids, in the absence of
external forces. There is no difficulty to generalize the forthcoming consid-
erations and results to the more general case of a n-component mixture of
viscous fluids.

Let p; and py denote the densities (mass per unit volume) and ¢ (=
p1/p), ca(= p2/p) the mass fractions of the two constituents (¢; + co = 1),
p = p1+p2 is the total mass density. Designating by v (r,t) the local macro-
scopic velocity of substance k, the centre of mass or barycentric velocity is
given by

pU = p1v1 + pavs. (2.55)

The diffusion flux J of substance k with respect to the centre of mass is
defined by
Ji = pe(vi — v), (2.56)

and is expressed in kgm™2s7!; in some circumstances, it may be convenient

to replace in (2.56) the barycentric velocity by an arbitrary reference velocity
(de Groot and Mazur 1962). In virtue of the definition of the barycentric
velocity, it is directly seen that J; + Jo = 0.

The analysis carried out in Sect. 2.6.1 for heat transport is easily repeated
for matter diffusion. In the present problem, the Gibbs’ equation takes the

form
ds du dv dey

T =% Pa— (71 *Mz)ﬁ,
wherein fi; and fie are the respective chemical potentials and where use has
been made of dca = —decy. Combining (2.57) with the balance equations
(2.16)—(2.18) written without source terms, it is easily shown (see Prob-
lem 2.6) that the entropy production is given by

(2.57)

TO'S = 7J1 . V(‘[_Ll - /_LQ) Z 0 (258)
Within the hypothesis of linear flux—force relations, one obtains

J1=—-LV(i —fiz) (L>0), (2.59)
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or, in virtue of Gibbs—Duhem’s relation ¢y dfiy +co djis = 1 Vi1 +c2 Ve = 0,

L0 /9c1)

L
J1 = **V,L_Ll = Top Vcl, (260)
2 C2

c
wherein (Ofi1/0ci)rp > 0 to satisfy the requirement of stability of equilib-
rium. After identifying the coefficient of Ve, with pD, where D (in m?s™1)
is the positive diffusion coefficient, one finds back the celebrated Fick’s law

J1 = —pDVCl (D > 0) (261)

Elimination of J; between Fick’s law and the balance equation pde;/dt =
—V - J; leads to a parabolic differential equation in ¢; (7, ¢) similar to (2.54).
In the particular case of diffusion of IV material particles located at a point
r = ro at time tg, the distribution of the mass fraction c¢;(r,t) obeys the
same law as (2.3.8), namely

cr(r,t) = exp[—(r — ro) - (r — r9)/(4D1)]. (2.62)

N
8(mDt)3/2
The characteristic displacement length is now given by | « v/Dt, and this
result constitutes the main characteristic of diffusion phenomena, namely
that the mean distance of diffusion is proportional to the square root of the
time. Note that it is also usual to express Fick’s law in terms of the molar
concentration rather than the mass fraction; in such a case, Fick’s law takes
the form (2.2) instead of (2.61).

2.6.3 Hydrodynamics

As a further application, we will show that CIT provides a general frame-
work for the macroscopic description of hydrodynamics. The problem that
we wish to solve is the establishment of the complete set of partial differen-
tial equations governing the motion of a fluid. To be explicit, let us consider
the laminar motion (turbulence is excluded) of a one-constituent isotropic,
compressible and viscous fluid in presence of a temperature gradient, without
internal energy supply.

The set of basic variables giving a complete knowledge of the system in
space and time are the mass density p(r,t), the velocity v(r,t) and the
temperature T'(r, t) fields.

These variables obey the classical balance equations of mass, momentum,
and energy already given in Sect. 2.4 but recalled here for the sake of clarity:

dp~!
=V- 2.63
5 v, (2.63)
d
P dit’ — _V.P+pF, (2.64)
du
— =-V.q-P:V. 2.65
Py q (2.65)
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The quantity V is the symmetric part of the velocity gradient tensor; in
Cartesian coordinates, Vi; = 1(v;/0z; + dv;/0x;). In fluid mechanics, the
symmetric pressure tensor P is usually split into a reversible hydrostatic
pressure pI and an irreversible viscous pressure PV in order that P = pI +
PV with I the identity tensor. The symmetric viscous pressure tensor PV
may further be decomposed into a bulk part p¥(= % tr PV) and a traceless

0 0
deviatoric part PV so that P = p¥I+P". The possibility and physical meaning
of an antisymmetric contribution to PV will be analysed in Problem 2.9.
Gathering all these results, the pressure tensor can be written as

0
P=(p+p" ) I+P". (2.66)

Instead of the pressure tensor P, some authors prefer to use the stress tensor
o, which is equal to minus the pressure tensor. All the results derived above
and the forthcoming remain valid by working with the stress tensor. The
evolution equations (2.63)—(2.65) constitute a set of five scalar relations with

0
16 unknown quantities namely, p, v, p, p¥, PV, q, u, and T. It is the aim
of the classical theory of irreversible processes to provide the eleven missing
equations. As usual, we start from Gibbs’ relation

ds du dp~!
-2 T—l Dbt T—l
dt a P dt ’

(2.67)

wherein du/dt and dp~!/dt will be replaced, respectively, by expressions
(2.65) and (2.63). This yields the following balance equation for the specific
entropy s:

d 0 0
p£ - V. % Y q VT T YV .w TPV Y, (2.68)

0
where V is the traceless part of tensor V. From (2.68), it is inferred that the
expressions of the entropy flux and the entropy production are given by

1
J* =~ 2.69
79 (2.69)

0 0
08 =q- VT ' ~T V.o -T'P": V. (2.70)

0
Expression (2.70) is bilinear in the fluxes q, p¥, P¥, and the forces VT ~1,

0
TV -v), T7'V; by assuming linear relations between them and invoking
Curie’s law, one obtains the following set of phenomenological relations, also
called the transport equations:

q=Ly,VT ' =-\VT, (2.71)
p' = 1y T7'V-v=—(V-v, (2.72)
0 0 0
P'=—-L,T 'v=-2nv. (2.73)
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We recognize in (2.71) the Fourier’s law by identifying the phenomenolog-
ical coefficient L,,/T? with the heat conductivity \; (2.72) is the Stokes’
relation if I, /T is identified with the bulk viscosity ¢, and finally (2.73) is
the Newton’s law of hydrodynamics when L,, /T is put equal to 27, with 7
the dynamic shear viscosity. It follows from (2.71)—(2.73) that the fluid will be
set instantaneously in motion as soon as it is submitted to a force, in contrast
with elastic solids, which may stay at rest even when subject to stresses. At
equilibrium, both members of equations (2.71)—(2.73) vanish identically as it
should. The phenomenological coefficients A, (, and 1 depend generally on p
and T but in most practical situations the dependence with respect to p is
negligible. In the case of incompressible fluids for which V-v = 0, the viscous
pressure p¥ is zero and the bulk viscosity does not play any role. However,
in compressible fluids like dense gases and bubbly liquids, the bulk viscosity
is by no means negligible. The bulk viscosity vanishes in the case of perfect
gases; in real gases, it is far from being negligible and the ratio ¢/n between
bulk and shear viscosity may even be of the order of hundred.

After substitution of the transport equations (2.71)—(2.73) in (2.70) of the
entropy production, one obtains

s A 2 C 2 27 0 0
. — : > (. .
o 7T2(VT) +T(V v)° + T(V V) >0 (2.74)
Positiveness Of o’ requires that
A>0, (>0, n>0. (2.75)

Negative values of these transport coefficients will therefore be in contradic-
tion with the second law of thermodynamics.

By combining the nine transport equations (2.71)—(2.73) with the five
evolution equations (2.63)—(2.65), one is faced with a set of 14 equations
with 16 unknowns. The missing relations are provided by Gibbs’ equation
(2.67) from which are supplemented the two equations of state T' = T'(u, p),
p = p(u, p), or solving with respect to u,

These equations, together with the evolution and transport relations describe
completely the behaviour of the one-component isotropic fluid after that
boundary and initial conditions have been specified. The state equations
(2.76) have a status completely different from the phenomenological equa-
tions (2.71)—(2.73) because, in contrast with the latter, they do not vanish
identically at equilibrium. By substitution of the phenomenological laws of
Stokes (2.72) and Newton (2.73) in the momentum balance equation (2.64),
one finds back the well-known Navier—Stokes’ equation when it is assumed
that the viscosity coefficients are constant:

dv

Par

2
=—-Vp+2nV3v + <377 + C) V(V-v)+pF. (2.77)
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In the case of an isothermal and incompressible fluid, which is the most
customary situation met in hydrodynamics, the behaviour of the fluid is com-
pletely described by (2.77) and V - v = 0. For more general situations like
multi-component mixtures with diffusion, the equations become much more
complicated but the way to derive them follows the same systematic proce-
dure as above. It should, however, be stressed that the results of this section
are only applicable to the study of laminar flows of some particular class of
fluids, namely these described by the linear flux—force relations of Fourier,
Stokes, and Newton. The above formalism is not adequate for non-Newtonian
fluids or polymeric solutions and cannot cope with turbulent motions. We
note finally that the basic relations obtained so far, like for instance the
Navier-Stokes’ equation (2.77), are parabolic partial differential equations,
which means that disturbances will propagate through the fluid with an in-
finite velocity.

2.7 Limitations of the Classical Theory
of Irreversible Thermodynamics

Despite its numerous successes, CIT has raised several questions and some
shortcomings have been pointed out. Let us comment briefly about the most
frequent criticisms:

1. The theory is not applicable to irreversible processes described by non-
linear phenomenological equations. Many actual processes, like chemical
reactions or non-Newtonian flows, are indeed characterized by non-linear
phenomenological relations and are therefore outside the scope of classical
irreversible thermodynamics. It should, however, be noted that linearity
between fluxes and forces does not require that the phenomenological co-
efficients, like the heat conductivity and the viscosity coefficients, are con-
stant; they may indeed depend in particular on the temperature and the
pressure with the consequence that the corresponding evolution equations,
like Navier—Stokes’ equation, may be non-linear.

2. The cornerstone of the theory is the local equilibrium hypothesis, accord-
ingly the thermodynamic state variables are the same as in equilibrium
and Gibbs’ equation, which plays a fundamental role in CIT, remains lo-
cally valid, i.e. at each position in space and each instant of time. The
advantage of this assumption is that entropy has a precise meaning, even
in non-equilibrium states, and that it leads to an explicit expression for
the entropy production from which are inferred appropriate forms for the
constitutive relations. However, it is conceivable that other variables, not
found at equilibrium, are able to influence the process. This is, for instance,
the case of polymers of long molecular chains in which configuration in-
fluences considerably their behaviour. Other examples are superfluids and
superconductors whose peculiar properties ask for the introduction of extra
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variables. As the local equilibrium hypothesis implies large time and space
scales, CIT is not appropriate for describing high-frequency phenomena
as ultrasound propagation or nuclear collisions and short-wavelength sys-
tems and processes, like nano-structures, shock waves or light and neutron
scattering.

Another important point to notice is that, when referred to general-
ized hydrodynamics, the phenomenological coefficients are frequency and
wavelength dependent. This is at variance with the local equilibrium hy-
pothesis, implying that these coefficients are frequency and wavelength
independent.

. By introduction of the Fourier’s law with constant heat conductivity in
the energy balance, one obtains an equation for the temperature, which
is of the diffusion type; see for instance (2.54). From the mathematical
point of view, this is a parabolic partial differential equation, which im-
plies that after application of a disturbance, the latter will propagate at
infinite velocity across the body so that it will be felt instantaneously and
everywhere in the whole body. The same remark is applicable to the other
equations of the theory and in particular to Navier—-Stokes’ equation. The
problem of propagation of signals with an infinite velocity is conceptually
a major inconvenient, which is not acceptable from a purely physical point
of view. However it is not a tragedy in most practical situations because
their characteristic time is much longer than the transit time of the signals
transporting the thermodynamic information.

. Another important subject of controversy concerns the validity of the
Onsager—Casimir’s reciprocal relations, which were derived from the con-
dition of microscopic reversibility. Although the reciprocity property was
originally shown by Onsager to be applicable at the microscopic level for
particles in situations close to equilibrium, it is current to extrapolate
this result at the macroscopic level for continuum media driven far from
equilibrium. There is clearly no theoretical argument supporting such an
extrapolation. Onsager’s demonstration itself has been the subject of acrid
criticisms because it is based on an important assumption with regard to
the regression of the fluctuating thermodynamic variables. Indeed, it lies
on the hypothesis that the rate of decay of the fluctuations takes place
according to the same law as the macroscopic linear flux—force relations.
Moreover, in the light of the demonstration given by Onsager, the thermo-
dynamic fluxes are defined as time derivatives of extensive thermodynamic
variables and the forces are the derivatives of the entropy with respect to
the same state variables. Such conditions are certainly not respected by
thermodynamic fluxes like the heat flux or the pressure tensor or ther-
modynamic forces as the temperature gradient or the velocity gradient
tensor.

. As shown explicitly in Box 2.2, the Curie law stating that in isotropic ma-
terials, fluxes couple only with forces of the same tensorial order, is directly
derivable from algebra. It is also important to realize that this exclusion
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law is not valid outside the linear regime even for isotropic bodies. As
observed by Truesdell (1984), these results were well known even before
Curie was born. Moreover, when one goes back to Curie’s original papers
on symmetry considerations, there is nothing, even vaguely mentioned,
which is reminding of the law bearing his name in classical irreversible
thermodynamics. In anisotropic systems, the coupling between terms of
different tensorial order, as for instance chemical reactions (scalar) and
mass transport (vectorial), may provide very important effects, as shown
in Chap. 4.

6. Another point of debate is the question of how the fluzes and forces are
to be selected from the expression of the entropy production. It is gener-
ally admitted that the thermodynamic fluxes are the physical fluxes that
appear in the balance laws of mass, momentum, and energy, and that the
forces are the conjugated terms in the bilinear expression of the entropy
production. Another suggestion is to identify the forces as the gradient
of intensive variables, as temperature and velocity, and to select as fluxes
the conjugate terms in the entropy production. Unfortunately, such defin-
itions are not applicable to chemical reactions. Another school of thought
claims that it is indifferent how the fluxes and forces are selected, at the
condition that non-singular linear transformations leave invariant the en-
tropy production expression. However, as pointed out by Coleman and
Truesdell (1960), one should be careful in the identification of fluxes and
forces, as a wrong selection could destroy the reciprocal property of the
phenomenological coefficients. Clearly, the controversy about how fluxes
and forces are chosen is not closed but, in our opinion, this is not the more
fundamental question about CIT, all the more as the discussions about
this point have been sterile.

2.8 Problems

2.1. Heat transport and entropy production. Two heat reservoirs at tempera-
ture T7 and T3 are connected by a rigid heat-conducting one-dimensional rod.
Find the longitudinal temperature profiles in the rod if the heat conductivity
is (a) constant and (b) proportional to 7%, where « is a constant. Calculate
the entropy produced along the rod per unit time.

2.2. Fourier’s and Newton’s laws. Consider a rigid cylindrical heat-conducting
rod. The heat transfer along the rod is described by means of Fourier’s
law (¢ = —AVT), whereas the heat exchange with the environment is de-
scribed by Newton’s cooling law, expressing that the heat flow is propor-
tional to the temperature difference between the rod and the environment
(g-n = —a(T —Tuny)), where n is the unit vector normal to the boundaries.
(a) Derive the equation describing the temperature distribution along the
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rod. (b) Determine the temperature profile along a very long rod if its hotter
boundary is kept at 77 and the environment’s temperature T, is constant.

2.3. Temperature profile. A cylindrical tube of radius R and length L is im-
mersed in an environment at temperature Ty. A fluid flows inside the tube at
a flow rate @; the temperature of the fluid when it enters the tube is T} . Find
the temperature T5 of the outgoing fluid at the end of the tube as a function
of the flow rate Q) in terms of its specific heat per unit mass, its density and
its thermal conductivity. The heat transfer coefficient across the lateral walls
of the tube is a.

2.4. Radiative heat transfer. Assume that heat exchange between a spher-
ical body of radius R and its environment occurs through electromagnetic
radiation and obeys Stefan—-Boltzmann’s law. Accordingly, the quantity of
heat emitted per unit area and unit time by a body at temperature T is
q = eoT*, where o is the Stefan Boltzmann constant and & the emissivity
of the system. (a) Establish the differential equation describing the cooling
of the sphere when its surface is at temperature 7' and the environment at
temperature Tepy. (b) Find the corresponding entropy production per unit
time. (¢) Solve the problem when the difference T — Ty, is small compared
t0 Teny- (d) How will the solution be modified if the radius of the sphere is
10 times larger?

2.5. The age of the Earth. A semi-infinite rigid solid of heat diffusivity ¥,
initially at temperature T7g, is suddenly put into contact with another semi-
infinite solid at fixed temperature T5. Assume that heat exchange is described
by Fourier’s law. (a) Show that the temperature profile as a function of time

and position is
90 T (CE _ :L'/)2
O(x,t) = da’ -
(2,t) i /m x eXp< )

where 0 = T'(z,t) — Ty and 0y = T1p — T». (b) Verify that the temperature
gradient at the surface is

00 0o
(3m) =0 a \/?Xt
(¢) At the end of the nineteenth century, lord Kelvin evaluated the age of
the Earth from an analysis of the terrestrial temperature gradient near the
surface of the Earth, found to be equal to —3 x 1072°Cm~'. By taking
x ~ 3x10°m?%s~! and 6, ~ 3,800°C, estimate the age of the Earth according
to this model. The result found is much less than the actual estimation of
4.5 billion years (radioactivity, which was not known at Kelvin’s time, will
considerably influence the result).

2.6. Matter diffusion. Derive the expressions of the entropy flux and the
entropy production for the problem of isothermal and isobaric diffusion in a
binary mixture of non-viscous fluids, in absence of external body forces (see
Sect. 2.6.2).
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2.7. Concentration profile. A perfectly absorbing sphere of radius R is im-
mersed in a solvent—solute solution with homogeneous concentration cy. The
diffusion coefficient of the solute is D. Since the sphere is perfectly absorbing,
the concentration of solute on its surface is always zero. (a) Determine the
concentration profile as a function of the radial distance. (b) Show that the
amount of solute crossing the surface of the sphere per unit time is given
by I = 4nDRcy. Hint: In spherical symmetry, the diffusion equation has the

form

dc D 9 ( ,0c

ot r2or (T 31")'
2.8. The Einstein relation. A dilute suspension of small particles in a viscous
fluid at homogeneous temperature 7" is under the action of the gravitational
field. The friction coefficient of the particles with respect to the fluid is a (a =
67nr for spherical particles of radius r in a solvent with viscosity 7). Owing to
gravity, the particles have a sedimentation velocity vseq = m’g/a, with m’ the
mass of one particle minus the mass of the fluid displaced by it (Archimede’s
principle); the corresponding sedimentation flux is Jseq = NUgeq, with n the
number of particles per unit volume. Against the sedimentation flux is acting
a diffusion flux Jgir = —D dn/0z, D being the diffusion coefficient. (a) Find
the vertical profile of n(z) in equilibrium. (b) Compare this expression with
Boltzmann’s result

n(z) = n(0) exp[—(m'gz/ksT)],
where kg is the Boltzmann constant, and demonstrate Einstein’s relation
D= ]{,‘BT/G.

2.9. Micropolar fluids. In some fluids (composed of elongated particles or
rough spheres) the pressure tensor is non-symmetric. Its antisymmetric part
is related to the rate of variation of an intrinsic angular momentum, and
therefore, it contributes to the balance equation of angular momentum. The
antisymmetric part of the tensor is usually related to an axial vector P'?,
whose components are defined as P* = P3§, Py* = P35}, P3* = P8 The
balance equation for the internal angular momentum is

pjér +V-Q = —2P",

with j the microinertia per unit mass of the fluid, w the angular velocity, and
Q the flux of the intrinsic angular momentum, which is usually neglected.
(a) Prove that the corresponding entropy production is

0 0
oS =-T"'"p’V.-vo—T'P¥: (Vo) —T'P™. (Vxv—2w)+q VI

0
where P¥® is the symmetric part of PV. Hint: Note that 9s/0w = —pjT 'w.
(b) Show that the constitutive equation for P¥* may be given by
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P = —n(V x v — 2w),

where 7, is the so-called rotational viscosity; explain why there is no coupling
between P** and q (see, for instance, Snider and Lewchuk 1967; Rub{ and
Casas-Vézquez 1980).

2.10. Fluz—force relations. It is known that by writing a linear relation of the
form J, = Zg L.3X3 between n-independent fluxes J,(a = 1,...,n) and
n-independent thermodynamic forces X3, the matrix Lz of phenomenologi-
cal coefficients is symmetric, according to Onsager. (a) Show that the matrix
L,gp is still symmetric when not all the fluxes are independent but one of
them is a linear combination of the other ones, i.e. Y ' | anJo = 0. (b) Does
this conclusion remain fulfilled when instead of a linear relation between the
fluxes, there exists a linear relation 2221 aaXo = 0 between the forces?

2.11. Minimum entropy production principle. Consider a one-dimensional
rigid heat conductor with fixed temperatures at its ends. Show that the
FEuler-Lagrange equation corresponding to the principle of minimum entropy
production

SP(T™Y) = 5/q(aT—1/ax) dr =

is the steady energy balance dq/dx = 0 at the condition to write Fourier’s
law in the form ¢ = LOT~!/dx with L = constant. Show that §2P > 0; this
result expresses that the Euler-Lagrange equation is a necessary condition
for P to be a minimum. Is the principle still fulfilled when Fourier’s law is
written in the more classical form ¢ = —A9T/dz with A = constant?

2.12. Variational principles. Prigogine’s minimum entropy production is not
the only variational principle in linear non-equilibrium thermodynamics.
Other principles have been proposed, amongst others, by Onsager (1931) and
Gyarmati (1970). For instance, consider the entropy production P(X,.J) =
>; XiJ; and the dissipation functions

®(J,J) = ZR”JJ and ¥(X,X) ZL,J

]

X being the thermodynamic forces and J the conjugated fluxes. Show that if
the matrices L;j, R;;, and L;; are constant and symmetric, the two following
variational principles are valid (1) for prescribed forces X and varying fluxes
J,P(X,J) — &(J,J) is maximum implies that X = . Ry;J; and (2) for
prescribed fluxes J and varying forces X, P(X,J) — ¥ (X, X) is maximum
implies that J, = >, Lr; X;. (The reader interested in these topics is referred
to Ichiyanagi 1994.)



Chapter 3
Coupled Transport Phenomena

Thermoelectricity, Thermodiffusion, Membranes

The analysis of coupled processes is one of the most outstanding aspects of
the classical theory of non-equilibrium thermodynamics. To emphasize this
feature, this chapter is dedicated to the study of coupled transport processes,
involving two fluxes and two thermodynamic forces. Emphasis is put on some
practical applications in thermoelectricity (coupling of heat and electric-
ity), thermodiffusion (coupling of heat and mass motion) and transport of
matter through membranes. In the precedent chapter, we have already out-
lined, in general terms, the importance of the Onsager’s reciprocal relations
ruling the coefficients that describe such couplings. Here, we will discuss di-
rect applications.

Coupled transport processes find a natural theoretical framework in non-
equilibrium thermodynamics. However, they were discovered well before the
developments of these theories during the early nineteenth century. Indeed,
thermoelectric effects were observed by Seebeck and Peltier, respectively, in
1821 and 1835, even earlier than the quantitative formulation of Ohm’s law in
1855. The first results on thermodiffusion were obtained by Ludwig in 1856,
Dufour’s effect was discovered in 1872, and Soret carried out his first system-
atic researches in 1879. Although these topics are rather old and classical,
from the practical point of view they have entered recently in a completely
new perspective, because of the recent developments in materials sciences,
high-power lasers and renewed interest in optimization of energy generation.
We will outline here these new features.

Transport properties play a central role in materials sciences. For instance,
a problem of acute interest is to obtain superconductor materials with high
critical temperatures. Another domain of intense activity is the optimal ap-
plication of thermoelectricity to convert waste heat to usable electricity or to
develop cooling devices; this requires materials with high Seebeck coefficient,
high electrical conductivity and low thermal conductivity. This is not an easy
task because usually a high electrical conductivity implies also a high ther-
mal conductivity. Recently, research on thermoelectric materials has known
an extraordinary burst: it is frequent to find semiconductors and superlattice

69
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devices whose figure of merit (a combination of Seebeck coefficient, electrical
and thermal conductivities directly related to the efficiency of energy con-
version) has increased by more than one order of magnitude since the end of
the twentieth century (Mahan et al. 1997). This was in particular achieved
in superlattices in which one dimension is smaller than the mean free path of
phonons but larger than that of electrons. More generally, it is desirable to
combine a macroscopic approach of transport phenomena, to design the most
efficient devices, with a microscopic understanding of the basic phenomena.

In parallel with thermoelectricity, practical applications of thermodiffusion
have also known a renewal of interest during the last decades with the possi-
bility of producing much localized heating of fluids by means of high-power
and extremely focused lasers. High temperature gradients will promote the
separation of different constituents in mixtures.

Finally, since the problem of transport across membranes remains a subject
of constant and wide interest, mainly in life sciences, we have reserved one
section of this chapter to its analysis.

3.1 Electrical Conduction

The results presented in Chap.2 are directly applicable to the problem of
motion of electric charges in a conductor. First, we briefly study the flow
of electrical carriers in a rigid conductor at rest and in absence of thermal
effects. The basic variables are (1) z, the electrical charge of the carrier, say
electrons, per unit mass (z should not be confused with the charge z, per
unit mass of the electrons to which it is related by z = cez., where ¢, is the
mass fraction of electrons) and (2) w the internal energy per unit mass. The
evolution equations are the law of conservation of charges and the internal
energy balance, i.e.

dz .
du .

where E is the electric field and 4 the density of conductive current (current
intensity per unit transversal area); in whole generality, the latter is related
to the density I of total current I by I = i+ pzwv, where pzv is the convective
current. In the present problem, one has v = 0 so that I = ¢ while d/d¢ will
reduce to the partial time derivative.

The Gibbs’ equation (2.4) simplifies as T'ds = du — pe dce, with pe the
chemical potential of the electrons. In terms of the time derivative and the
charge density z, Gibbs’ relation takes the form

ds  du  ped
=0 _BeCF (3.3)
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Substitution of (3.1) and (3.2) in (3.3) yields

ds Lo . 1 e .
—=V. —|(E-V—]- 3.4
P 3 (Tzez)+T( Ze) i, (3.4)
from which it is deduced that the entropy flux and the entropy production
are given, respectively, by

s He .

A (3.5)

To® = (E - v’“‘e> i > 0. (3.6)
Ze

The last result suggests writing the following linear fluz—force relation

E - vkt =, (3.7)

Ze
or, for negligible values of V(pe/ze),
E =ri, (3.8)

which is Ohm’s law with 7 the electrical resistivity. After introducing Ohm’s
law in (3.6), one obtains T'o® = 7%, which represents Joule’s heating and
from which is inferred that the electrical resistivity is a positive quantity.

In the presence of an external magnetic field H, interesting coupled effects
appear and the resistivity is no longer a scalar, but a second-order tensor
because of the anisotropy introduced by H. In this case, the resistivity de-
pends on the magnetic field and the Onsager—Casimir’s reciprocity relations
state that 7;;(H) = r;;(—=H). If the external magnetic field is applied in
the z-direction with all currents and gradients parallel to the z—y plane, the
resistivity tensor r will take the form (Problem 3.2)

T11 (H) T’12(H) 0
r = —7T12 (H) 22 (H) 0 ) (39)
0 0 r33(H)

where H is the component in the z-direction. It follows that an electric field
in the z-direction will produce a current not only in the parallel direction but
also in the normal y-direction, a phenomenon known as the isothermal Hall
effect. This effect is easily understandable, as the external magnetic field will
deflect the charge carriers along a curved trajectory. The discovery, at the
beginning of the 1980s, of subtle phenomena such as quantum Hall effect,
boosted an enormous impetus on this topic. The dependence of the diagonal
components on the magnetic field, known as magneto-resistance, has led to
important applications in computer technology. These topics, however, are
beyond the scope of purely macroscopic considerations.
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3.2 Thermoelectric Effects

The coupling between temperature gradient and electrical potential gradient
gives rise to the thermoelectric effects of Seebeck, Peltier, and Thomson. Here
we present them in the framework of classical irreversible thermodynamics,
outline their main physical features and, as a practical application, we will
determine the efficiency of thermoelectric generators.

3.2.1 Phenomenological Laws

In presence of both thermal and electrical effects, the law of conservation
of charge (3.1) remains unchanged while the energy balance equation (3.2)
contains an additional term and reads as

dl
P
Combining (3.1) and (3.10) with the Gibbs’ equation (3.3), it is a simple

exercise (see Problem 3.1) to prove that the entropy flux and the rate of
dissipation per unit volume T'o® are, respectively, given by

-~ V.q+E-i. (3.10)

s __ 2 o He .
J’ = T Tzez’ (3.11)
To® = —J° VT + {E -V (’:)} - (3.12)

Restricting to isotropic media, the corresponding phenomenological equations
are

J* = —Ly VT + Ly {E v (’;ﬂ , (3.13)
e
i = —LoyVT + Loy [E v (’:ﬂ , (3.14)
with Lis = Lo in virtue of Onsager’s reciprocal relations. For practical

reasons, it is convenient to resolve (3.13) and (3.14) with respect to J° and
E — V(pe/ze) and to introduce the following phenomenological coefficients:

A=T(Li1 — Li2Lo1/Las) (heat conductivity),
™ = T(ng/LQQ)
€ = Lo1/Loy

r= 1/L22

Peltier coefficient),

Seebeck coefficient),

(
(
(
(

electrical resistivity).
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With this notation, (3.13) and (3.14) take the more familiar forms

q=-\VT + (w + ”e) i, (3.15)

Ze

Ze

E-V (“) i =eVT +ri, (3.16)

with, as a consequence of the symmetry property Lis = Loy,
m=el. (3.17)

This result is well known in thermoelectricity as the second Kelvin rela-
tion and has been confirmed experimentally and theoretically in transport
theories.

In most applications, it is permitted to omit the contribution of the terms
in pe/ze in relations (3.15) and (3.16), which receive then a simple interpre-
tation. It follows from (3.15) that, even in absence of a temperature gradient,
a heat flux may be generated due to the presence of an electrical current: this
is called the Peltier’s effect. The coefficient m = £(|q|/|%|)aT=0 is a measure
of the quantity of heat absorbed or rejected at the junction of two conductors
of different materials kept at uniform temperature and crossed by an electric
current of unit density (see Box 3.2).

Expression (3.16) exhibits the property that, even in absence of an electric
current, an electrical potential E = —V¢ can be created due solely to a
temperature difference, this is known as Seebeck’s effect: the coefficient ¢ =
+(A¢p/AT);—¢ is the Seebeck or thermoelectric power coefficient, it measures
the electrical potential produced by a unit temperature difference, in absence
of electric current. The Seebeck’s effect finds a natural application in the
construction of thermocouples (see Box 3.1).

Box 3.1 The Seebeck’s Effect and Thermoelectric Power

The most relevant application of the Seebeck’s effect is the thermocou-
ple, which is frequently used for temperature measurements. The latter is
constituted by two different materials (usually metals or alloys) forming
a circuit with some points at different temperatures. Consider the situa-
tion presented in Fig. 3.1, where the two junctions between the materials
A and B are at different temperatures T and 75, respectively. A voltmeter
is inserted inside the system, at a position where temperature is Ty. In
absence of electric current, the voltmeter indicates a value A® for the elec-
tric potential difference, which is related to AT = Ty — T}, by means of
AP = fTTf (ea —ep)dT. Assuming that ey — ep is known and constant,
one has AP = (g5 — ep)AT, and the measurement of AP will allow us
to determine the value of AT. Usually, one of the two temperatures is a
reference temperature (for instance, the melting point of ice) and the other
one is the temperature to be measured.
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Fig. 3.1 Thermocouple

The thermoelectric power of the thermocouple is defined as the dif-
ference between the absolute thermoelectric powers of the two materials,
namely epp = e — €a. Intuitively, the thermoelectric power reflects the
tendency of carriers to diffuse from the hot end (characterized by a higher
thermal energy whence higher average kinetic energy of the carriers) to the
cold end, carrying with them their electric charge. The sign of the See-
beck coefficient ¢ is taken as positive when the carriers are positive charges
(as for instance holes in p-doped semiconductors) and negative otherwise
(as in most metals or n-doped semiconductors). This rule is not respected
in some metals, like copper or silver, which are characterized by a positive
thermoelectric power. The usual values of ¢ are of the order of 10uV K1
for metals and 100wV K~! for semiconductors. Typical examples of thermo-
couples are those formed by the junctions of copper/constantan (a copper—
nickel alloy), nickel-chromium alloy/constantan, or platinum—rhodium
alloy/platinum.

Another interesting application of the Seebeck’s effect is thermoelectric
generation, namely electrical power generated from a temperature differ-
ence; the discussion of this subject will be postponed later.

Box 3.2 The Peltier’s Effect and Thermoelectric Cooling Systems
The Peltier’s effect describes the absorption or emission of heat accompa-
nying the flow of an electric current across the junctions of two materials
A and B, under isothermal conditions (see Fig. 3.2). Assume, for instance,
that the circulation of the current from A to B produces a cooling of the
junction between them. The effect is reversed by reversing the direction of
the electric current.

To interpret this phenomenon from a microscopic perspective is easy.
If in material A the electrons are moving at an energy level lower than in
material B, the transition of one electron from A to B will require the supply
of some energy from the junction and therefore the passage of current is
accompanied by cooling the right junction. The reverse is true by transiting
from B to A: some quantity of energy is released at the left junction which
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Fig. 3.2 The Peltier’s effect

is heated. An example is that of electrons flowing from a low energy level in
p-type semiconductors to a higher-energy level in n-type semiconductors.
Materials frequently used are bismuth telluride (BizTes) heavily doped and,
more recently, the layered oxide Na,CozQ0y.

A practical application of the Peltier’s effect is the thermoelectric re-
frigerator. If the junction A — B is cooled, when electric current flows
in a given direction, it will be put inside the container to be refrigerated,
whereas the junction B — A, delivering heat, is left outside. The effect of
the passage of a current is thus to extract heat from the container and to
deliver it to the external world. When current flows in the opposite direc-
tion, the reverse process occurs, namely extracting heat from the external
world and heating the container. The analogy with usual refrigerators or
heat pumps based on Carnot cycle is the following: the junction absorbing
heat is analogous to the expansion of refrigerant in contact with the cold
reservoir whereas the junction delivering heat is the analogous of the com-
pression of the refrigerant in contact with the hot reservoir. Thermoelectric
coolers have the advantage of not having moving parts, since there is neither
compression nor expansion of the refrigerant, nor phase change. They are
reliable, do not need maintenance and can be given a very compact form.
Nevertheless, they present the disadvantage to consume more energy and
are therefore less efficient than usual coolers.

A third thermoelectric coupling of interest is Thomson’s heat. This
effect occurs from the simultaneous presence of a temperature gradient and
an electric current, and is the result of the coupling of both the Peltier’s
and Seebeck’s effects. Substituting (3.15) and (3.16) in the energy balance
equation (3.10) and taking into account of the conservation of total charge
(V-4 =0) and Kelvin’s second relation, it is found that

du - .2 . ™ or .
pa—v-(/\VT)—km —z-(Vw)T—F(T—aT)rVT, (3.18)
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where subscript T" means that the temperature is fixed. If the temperature
remains uniform, only the Joule effect 7i and the Peltier’s effect i - (V)
contribute to the dissipated heat. Now, in presence of a temperature gradi-
ent, two supplementary terms occur in (3.18): heat conduction plus a term
resulting from the coupling % - VT of the electric current and the tempera-
ture gradient and called the Thomson’s heat. The latter may be positive or
negative in contrast with Joule heating, which is invariably positive.

The coefficient
or

s
T oT
is the so-called Thomson coefficient, which, in virtue of @ = €T can still be
cast in the form

(3.19)

OTh =

Oe
orhn = =1 —. 3.20
=T o (320)
This result is referred to as the first Kelvin relation and exhibits the strong
connection between the various thermoelectric effects.

3.2.2 Efficiency of Thermoelectric Generators

We have shortly presented in Boxes 3.1 and 3.2 some practical applications
of thermoelectric materials. Motivated by the developments of research on
new materials (Mahan et al. 1997), let us calculate the efficiency of thermo-
electric conversion. Consider a single one-dimensional thermoelectric element
of length [ under steady conditions. The hot side is at a temperature T}, (as-
sumed to be the upper side, at y = [), and the cold side (the lower side, at
y = 0) is at temperature T.. An electric current ¢ and a quantity of heat
Q enter uniformly into the hot side of the element. The efficiency 1 of the
generator is defined as the ratio of electric power output and heat supplied
per unit time.

The electric power output is the product of the electric current ¢ and
the electric field E, the latter being given by (3.16) with the term V(1uo/z.)
neglected:

l l
PelziE:z'/O a(T)(dT/dy)dy—i2/0 r(T) dy. (3.21)

The first term is the Seebeck one and the second one describes Joule’s dissipa-
tion. The sign minus in the second term of the right-hand side arises because
in the present example VT and 7 have opposite directions. The total heat flux
Q supplied per unit time at the hot side is the sum of the purely conductive
contribution given by Fourier’s law and the Peltier term i from (3.15) when
the term pe/ze is again neglected. Making use of the second Kelvin relation
(3.17), one may write
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Q = M(Th — T +iThen, (3.22)

where subscript “h” means that the mentioned quantities are evaluated at
T =Ty, in addition, both @ and ¢ are supposed to be directed downwards.
The efficiency of the thermoelectric generator is given by

Pel iS(Th - TC) - i2rl

T=0 T NTw - Tl + iThe (3:23)

If the difference of temperatures is not very important, in such a way that
the generator may be considered as almost homogeneous, the quantities A, ¢,
and r may be taken as constants, as it has been done in (3.23).

It is usual to express the efficiency 1 as the product of Carnot’s efficiency
Ncarnot = (Th—T¢)/Th and a so-called reduced efficiency 7;, i.e. 7 = Ncarnot -
We therefore write (3.23) as

T - T. is — 7o

T . o
T, A b + e

(3.24)

The reduced efficiency may still be expressed in terms of the ratio of fluxes
x=1i/[MNTh — Te)l7Y] as

ex—ra? | ex[l — (ze/Z))

r(T) = = , 3.25
7 () T +ex Tyt +ex (3.25)
where Z is the so-called thermoelectric figure of merit
2
€
Z =— 3.26
rA’ ( )

which has the dimension of the reciprocal of temperature, and depends only
on the transport coefficients, generally function of the temperature. Expres-
sion (3.26) of the figure of merit reflects the property that efficiency is
enhanced by high values of the Seebeck coefficient ¢, low values of the
electric resistivity r, and heat conductivity A. High values of £ contribute
to a strong coupling between heat and electric current and low values
of r and A minimize the losses due to Joule’s dissipation and to heat
conduction.

In the numerator of (3.25) are competing the thermoelectric effect with
Joule dissipation. Since the first one is linear in the current, or z, and the
second one is non-linear in the same quantity, there exists necessarily an
optimal value of the reduced efficiency. The optimum ratio of the fluxes zqp
corresponding to the maximum value of 7, is obtained from the condition
dn,(x)/dx = 0; the result is

(1+27)Y/? -1

7 (3.27)

Lopt =
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The maximum efficiency is then

Th—T.2+ 2T —2/1+ ZT

max — 3.28
" T T (3.28)

If the ratio x is significantly different from the optimum value (3.27), the
material is not efficiently converting heat energy into electric energy. Once
x is optimized, the optimal current may be found, for a given value of the
temperature gradient. Note that for ZT > 1, one finds back Carnot’s but
materials currently used in thermoelectric devices have relatively low values
of ZT, between 0.4 and 1.5, so that in reality, the maximum Carnot value is
far from being attained.

In general, the temperature difference between the two sides of the genera-
tor will be so high that the assumption of homogeneity used in (3.25)—(3.28)
is not tenable. In this case, one may consider the thermoelectric device as
formed by a series of small quasi-homogeneous elements, at different average
temperatures. For instance, for two elements thermally in series, the com-
bined efficiency is (see Problem 3.9),

Pel,l + Pe1,2
Q1

In the continuum limit, in which the generator is constituted of many layers
at different temperatures, (3.29a) must be replaced by (see Problem 3.9),

=1-1=m)1-mn). (3.29a)

Ty T
n=1-exp [—/ 2@ 1) gl (3.29b)
. T
Using this expression, one finds for the total efficiency of the device
T —1
n=1- LJF‘TC_l (3.30)
endn + ),

In this configuration, it may happen that the optimum current determined
by Zopt in one segment (for instance, the hot side) is significantly different
from the optimum value z,p¢ in another segment (for instance, the cold side);
in this case, there will be no suitable current for which both parts of the gen-
erator are operating with optimal efficiency. This is a challenge in materials
sciences, as Zopy is temperature dependent through the transport coefficients
of the material (namely Z and ¢) and it would be highly desirable to find ma-
terials with suitable temperature dependence of these coefficients to optimize
the generation.

In terms of the coefficient Z and assuming constant transport coefficients
g, A, and r, the maximum efficiency of the power generation is given by (see
Problem 3.7)

Th—T. (1+ZTw)"2 -1

max — y 3.31
K Th (14 ZTw)Y? + (T./Th) (3.31)
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where T, is the average temperature Ty, = %(Th + T.). When T, ~ Ty, the
ratio T./T}, in the denominator of (3.31) is close to 1 and the efficiency (3.28)
is recovered.

Analogously, the coefficient of performance for refrigeration (i.e. the ratio
between the heat extracted per unit time and the electric power consumed
by the corresponding engine) is

Q Tc (1 + ZTav)l/Q — (Th/TC)

"= P T T T, 1+ (1+ ZTo)'/?

(3.32)

In many practical situations, two parallel generators are used, one of
n-type semiconductors (current carried by electrons, with e < 0) and an-
other with p-type semiconductors (current brought by holes, with ¢ > 0).
The global efficiency may be derived from (3.23) or (3.31) by using an aver-
age for both generators, namely

S NpQp + MQn
nl|p Qp +Qn ’

where @), and @), are the amounts of heat supplied to the hot side of the p
and n elements per unit time.

(3.33)

3.3 Thermodiffusion: Coupling of Heat and Mass
Transport

By thermodiffusion is meant the coupling between heat and matter transport
in binary or multi-component mixtures. In the case of a binary mixture, a
natural choice of the state variables is p1, p2 (individual mass densities), v
(barycentric velocity), and u (internal energy), but a more convenient choice
is p(= p1 + p2), c1 = (p1/p), v, and u. In the classical theory of irreversible
processes, one is more interested by the behaviour of the barycentric velocity
than by the individual velocities of the components and this is the reason why
only the velocity v, and not the individual velocities v and vo, figures among
the space of variables. In absence of chemical reactions, viscosity, external
body forces and energy sources, the corresponding evolution equations are
given by

dp
_ . 34
5T oV - v, (3.34)
dCl
= _Vv-J 3.35
P dt 1, ( )
dov
—=-V 3.36
T P, (3.36)
d
Y V.q—pV-w. (3.37)

Par
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Moreover, we assume that the system is in mechanical equilibrium with zero
barycentric velocity and zero acceleration, which is the case for mixtures
confined in closed vessels. It follows then from (3.34) and (3.36) that the
total mass density and the pressure remain uniform throughout the system
and that the last term in (3.37) vanishes. Substituting the balance equations
of mass fraction (3.35) and internal energy (3.37) in the Gibbs’ equation

ds du deq
=T = T Yy — fis) — .
dt dt (A = Pi2) 377 (3.38)
where use has been made of dcy = —dcy, results in the following balance of
entropy
ds
Py~ VAT Ng— (1 —p2)J 1]} +q- VT~ =T VT (1 — fi2)], (3.39)

with the entropy flux given by
I =T g — (I — ji2)J1], (3.40)
and the rate of entropy production by
o =q-VT ' —J - V[T (i1 — fi2)]. (3.41)
With the help of the Gibbs-Duhem’s relation
c1(Vi)rp + ca(Vig)r, = 0, (3.42)

where subscripts T' and p indicate that differentiation is taken at constant T'
and p, and the classical result of equilibrium thermodynamics

TV(T fig) = —h T (VT) + (Vi) 1, (3.43)

with hy the partial specific enthalpy of substance k(k = 1,2), we are able to
eliminate the chemical potential from (3.41) of o®, which finally reads as

T

O’S:—q/-%—%.]1-vcl. (344)
The new heat flux ¢’ is defined by ¢’ = g¢— (h1 —hz)J 1, and it is equal to the
difference between the total flux of heat and the transfer of heat due to diffu-
sion while the quantity p11 stands for pi1 = (0fi1/0c¢1)r,p. The derivation of
(3.44) exhibits clearly the property that the entropy production is a bilinear
expression in the thermodynamic fluxes ¢’ and J; and forces taking the form
of gradients of intensive variables, easily accessible to direct measurements.
It is obvious that when the mixture reaches thermodynamic equilibrium, the
heat and mass flows as well as the temperature and mass fraction gradients
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vanish. Expression (3.44) of o suggests writing the following phenomenolog-
ical relations between fluxes and forces:

/ vT 11

q = *quﬁ — Lg @Vcl, (3.45)
\a H11
Jl = —quﬁ - L11T702v01, (346)

with the Onsager’s reciprocal relation L;; = L1, and the following inequali-
ties resulting from the positiveness of entropy production:

qu > 0, Ly > 0, quL11 — ququ > 0. (347)

After introducing the following identifications:

L
% =A (heat conductivity),
L
“ul (diffusion coefficient),
pcaT
Lo = Dr (Dufour coefficient),
pcicaT?
L
% = Dr (thermal diffusion coefficient),
pcicT

the phenomenological laws take the form

q' = —-A\VT — pTMllchFvcl, (348)
J1 = —pcrcaDpNVT — pDV ¢y . (3.49)

Inequalities (3.47) imply in particular that A > 0 and D > 0 while from
Onsager’s relation is inferred that

Dy = Dr. (3.50)

This last result is a confirmation of an earlier result established by Stefan
at the end of the nineteenth century. Starting from the law of conservation
of momentum, Stefan was indeed able to demonstrate the above equality at
least in the case of binary mixtures. By setting the gradient of the mass
fraction equal to zero, (3.48) is identical to Fourier’s equation so that A can
be identified with the heat conductivity coefficient. Similarly, relation (3.49)
reduces to Fick’s law of diffusion when temperature is uniform and there-
fore D represents the diffusion coefficient; in general, the phenomenological
coefficients in (3.48) and (3.49) are not constant.

In multi-component mixtures, the mass flux of substance i is a linear
function of not only Ve¢; but also of all the other mass fractions gradients
Ve,;(j #i). Such “diffusion drag” forces have been invoked to interpret some
biophysical effects and play a role in the processes of separation of isotopes
(see Box 3.3).
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Box 3.3 The Soret’s Effect and Isotope Separation

Thermal diffusion is exploited to separate materials of different molecular
mass. If a fluid system is composed of two kinds of molecules of different
molecular weight, and if it is submitted to a temperature gradient, the
lighter molecules will accumulate near the hot wall and the heavier ones near
the cold wall. This property was used in the 1940s for the separation of 235U
and 23U isotopes in solutions of uranium hexafluoride, in the Manhattan
project, leading to the first atomic bomb. Usually this process is carried
out in tall and narrow vertical columns, where convection effects reinforce
the separation induced by thermal diffusion: the light molecules near the
hot walls have an ascending motion, whereas the heavy molecules near
the cold wall sunk towards the lowest regions. This process accumulates
the lightest isotope in the highest regions, from where it may be extracted.
This process is simple but its consumption of energy is high, and therefore
it has been substituted by other methods. However, it is still being used in
heavy water enrichment, or in other processes of separation of light atoms
with the purpose of, for instance, to generate carbide layers on steel, alloys
or cements, thus hardening the surface and making it more resistant to wear
and corrosion. Soret’s effect plays also a role in the structure of flames and in
polymer characterization. More recently, high temperature gradients have
been produced by means of laser beams rather than by heating uniformly
the walls of the container.

The Dufour’s effect, the reciprocal of thermal diffusion, has not so many
industrial applications. It plays nevertheless a non-negligible role in some
natural processes as heat transport in the high atmosphere and in the soil
under isothermal conditions but under a gradient of moisture.

The coefficient Dt in (3.49) is typical of thermal diffusion, i.e. the flow of
matter caused by a temperature difference; such an effect is referred to as the
Soret’s effect in liquids with the quotient D1 /D called the Soret coefficient.
The reciprocal effect, i.e. the flow of heat caused by a gradient of concen-
tration as evidenced by (3.48) is the Dufour’s effect. It should be observed
that the cross-coefficients Dt and Dg are much smaller than the direct co-
efficients like the heat conductivity A and the diffusion coefficient D. The
latter turns out to be of the order of 1078 m?s~! in liquids and 10> m?s~!
in gases while the coefficient of thermal diffusion Dt varies between 10712
and 107 m? s~ K~! in liquids and from 107% to 1072 m?s~! K~ in gases.
The Soret’s effect is mainly observed in oceanography while the Dufour’s
effect, which is negligible in liquids, has been detected in the high atmosphere.
The smallness of the coupling effects is the reason why they are hard to be
observed and measured with accurateness.

Defining a stationary state by the absence of matter flow (J; = 0), it turns
out from (3.49) that

(AT)g =

" Dreicy (Acy)st, (3.51)
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which indicates that a difference of concentration is able to generate a tem-
perature difference, called the osmotic temperature. This is typically an irre-
versible effect because the corresponding entropy production is non-zero as
directly seen from (3.41). This effect should not be confused with the os-
motic pressure, which expresses that a difference of concentration between
two reservoirs kept at the same uniform temperature but separated by a
semi-permeable membrane gives raise to a pressure drop, called the osmotic
pressure. The latter is a pure equilibrium effect resulting from the property
that, at equilibrium, the chemical potential (T, p,c;) takes the same value
in both reservoirs so that (Ax)r = Ap/p1 + p11Ae; = 0, and

Ap = _pl,ullACh (352)

with p; the specific mass of the species crossing the membrane; it is directly
checked that in the present situation, the entropy production (3.41) is indeed
equal to zero.

The phenomena studied in this section are readily generalized to multi-
component electrically charged systems, like electrolytes.

3.4 Diffusion Through a Membrane

The importance of transport of matter through membranes in the life of cells
and tissues justify that we spend some time to discuss the problem. In biolog-
ical membranes, one distinguishes generally between two modes of transport:
purely passive transport due to a pressure gradient or a mass concentration
gradient and active transport involving ionic species, electrical currents, and
chemical reactions. Here we focus on some aspects of passive transport. Our
objective is to present a simplified analysis by using a minimum number of
notions and parameters; in that respect, thermal effects will be ignored but
even so, the subject keeps an undeniable utility.

We consider the simple arrangement formed by two compartments I and
II separated by a homogeneous membrane of thickness Al, say of the order
of 100 um. Each compartment is filled with a binary solution consisting of a
solvent 1 and a solute 2 (see Fig. 3.3).

The membrane is assumed to divide the system in two discontinuous sub-
systems that are considered as homogeneous.

3.4.1 Entropy Production

In absence of thermal gradients, it is inferred from (3.41) that the rate of
dissipation, measured per unit volume of the membrane, will take the form
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Fig. 3.3 System under study consisting in a membrane separating a binary solution

TO'SZ—J1'V/]1—J2'V/JQ. (353)

After integration over the thickness Al, the rate of dissipation per unit sur-
face, denoted as @, can be written as

&= —J Al — JoAfia, (3.54)

where Afi; designates the difference of chemical potential of species i across
the membrane, J; and Jo are the flows of solvent and solute, respectively.
Instead of working with J; and Js, it is more convenient to introduce the
total volume flow Jy across the membrane and the relative velocity Jp of the
solute with respect to the solvent, defined, respectively, by

Jv = v1J1 + 02 J, (3.55)
JD = V2 — V1, (356)

the quantities v; and vy stand for the partial specific volumes of the solvent
and the solute, v; and vy are their respective velocities given by v; = v1J; and
vy = TaJo. With the above choice of variables, (3.54) reads as (Katchalsky
and Curran 1965; Caplan and Essig 1983)

P = 7J\/Ap - JDAW, (357)

where Ap = p;—pir and Am = co(Afiz), is the osmotic pressure; the quantity
(Afiz), is that part of the chemical potential depending only on the concen-
tration and defined from Afis = VaAp + (Afi2)p, c2 is the number of moles
of the solute per unit volume. For ideal solutions, one has (Afi2), = RTAcs.
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3.4.2 Phenomenological Relations

By assuming linear relations between thermodynamic fluxes and forces, one
has

Jv = LyvAp + LypAm, (3.58)
JD = LDVAP + LDDAﬂ'. (359)

The advantage of (3.58) and (3.59) is that they are given in terms of parame-
ters that are directly accessible to experiments. The corresponding Onsager’s
relation is Lyp = Lpy, whose main merit is to reduce the number of para-
meters from four to three.

To better apprehend the physical meaning of the phenomenological coeffi-
cients Lvv, Lpv, Lpp, and Lyp, let us examine some particular experimental
situations. First consider the case wherein the concentration of the solute is
the same on both sides of the membrane such that Ar = 0. If a pressure
difference Ap is applied, one will observe according to (3.58) a volume flow
proportional to Ap; the proportionality coefficient Ly is called the mechan-
ical filtration coefficient of the membrane: it is defined as the volume flow
produced by a unit pressure difference between the two faces of the mem-
brane. A further look on relation (3.59) indicates that even in absence of a
concentration difference (Am = 0), there will be a diffusion flow Jp = LpyAp
caused by the pressure difference Ap. This phenomenon is known in colloid
chemistry under the name of ultrafiltration and the coefficient Lpy is the
ultrafiltration coefficient. An alternative possibility is to impose Ap = 0 but
different solute concentrations in compartments I and II. In virtue of (3.59),
the osmotic difference An will produce a flow of diffusion Jp = LppAn and
Lpp is identified as the permeability coefficient: it is the diffusional mobility
induced by a unit osmotic pressure Ar = 1. Another effect related to (3.58)
is the occurrence of a volume flow Jy = LypAn caused by a difference of os-
motic pressure at uniform hydrostatic pressure: the coupling coefficient Lyp
is referred to as the coefficient of osmotic flow.

The above discussion has clearly shown the importance of the coupling
coeflicient Lpy = Lyp; by ignoring it one should miss significant features
about motions across membranes. The importance of this coefficient is still
displayed by the osmotic pressure experiment illustrated by Fig. 3.4.

The two phases I (solvent + solute) and II (solvent alone) are separated by
a semi-permeable membrane only permeable to the solvent. The height of the
solution in the capillary tube gives a measure of the final pressure difference
obtained when the volume flow Jy vanishes, indeed from (3.58) one obtains

L
(Ap)sy=0 =~ —Am. (3.60)
\AY%

This result indicates that, contrary to what is sometimes claimed, Ap is
not a measure of the osmotic pressure, this is only true if Lyp = —Lvv.
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Fig. 3.4 Osmotic pressure experiment

This condition is met by so-called ideal semi-permeable membranes whose
property is to forbid the transport of solute whatever the values of Ap and
Ar. For membranes, which are permeable to the solute, it is experimentally

found that

p=_LvD 4 (3.61)

Lyv

This ratio that is called the reflection coefficient tends to zero for selec-
tive membranes, like porous gas filters, and has been proposed to act as a
measure of the selectivity of the membrane. For r = 1 (ideal membranes), all
the solute is reflected by the membrane, for » < 1, some quantity of solute
crosses the membrane, while for = 0 the membrane is completely permeable
to the solute. To clarify the notion of membrane selectivity, let us go back to
the situation described by Am = 0. In virtue of (3.58) and (3.59), one has

L Ji
o Lvo (D) , (3.62)
Lyv I/ Ar=o
or, in terms of the velocities introduced in relation (3.56),
2
( 2 ) =1-r (3.63)
vy + U2 Amr=0

For an ideal semi-permeable membrane (r = 1), one has vy = 0 and the
solute will not cross the membrane; for = 0 (v; = vy) the membrane is
not selective and allows the passage of both the solute and the solvent; for
negative values of (v > v1), the velocity of the solute is greater than that
of the solvent and this is known as negative anomalous osmosis, which is
a characteristic of the transport of electrolytes across charged membranes.
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Table 3.1 Phenomenological coefficients for two biological membranes

w LVV
Membrane Solute Solvent (10~ moldyn='s™1) r (10~ !''cm®dyn—1's~1)
Human Methanol Water 122 — —
blood cell
Urea Water 17 0.62 0.92
Toad skin Acetamide Water 4 %1073 0.89 0.4
Thiourea  Water 5.7 x 10—4 0.98 1.1

A final parameter of interest, both in synthetic and biological membranes, is
the solute permeability coefficient

C2

w = 7 (LVVLDD - L%/'D) (364)
vV
For ideal semi-permeable membranes for which Lyvp = —Lyyv = —Lpp,

one has w = 0, and for non-selective membranes (r = 0), it is found that
w = CQLDD.

The interest of irreversible thermodynamics is to show clearly that three
parameters are sufficient to describe transport of matter across membrane
and to provide the relationships between the various coefficients character-
izing a semi-permeable membrane. In Table 3.1 are reported some values
of these coefficients for two different biological membranes (Katchalsky and
Curran 1965).

3.5 Problems

3.1. Entropy fluz and entropy production. Determine (3.11) and (3.12) of the
entropy flux and the entropy production in the problem of thermoelectricity.

3.2. Onsager’s reciprocal relations. In presence of a magnetic field, Onsager’s
relations can be written as L(H) = LT (—H). Decomposing L in a symmetric
and an antisymmetric part L = L® 4+ L?, show that L*(H) = L*(—H) and
L*(H) = -L*(—H).

3.3. Thermoelectric effects. The Peltier coeflicient of a couple Cu-Ni is
Touw-Ni = —5.08mV at 273K, oy ni & —6.05mV at 295K, and 7y ni =
—9.10mV at 373K. Evaluate (a) the heat exchanged in the junction by
Peltier’s effect when an electric current of 1072 A flows from Cu to Ni at
295K; (b) idem when the current flows from Ni to Cu. (¢) The two junctions
of a thermocouple made of Cu and Ni are kept at 305 and 285K, respec-
tively; by using the Thomson relation, determine the Seebeck coefficient and
estimate the electromotive force developed by the thermocouple.
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3.4. Thermocouple. The electromotive force A¢ of a Cu—Fe thermocouple is
given by A¢(pV) ~ —13.4AT — 0.01375(AT)?, where AT = Tr — T, the
reference temperature being Tr = 273 K. (a) Evaluate the Peltier heat ex-
changed in a Cu-Fe junction at 298 K when an electric current of 1073 A flows
from Cu to Fe. (b) By using the Thomson relation, evaluate the difference of
Thomson coefficients of these two metals at 298 K.

3.5. Evaluation of the maximum efficiency of a thermoelectric element.
Assume a finite temperature difference and constant transport coefficients.
(a) Starting from the definition of the ratio of fluxes x = i/AVT, and from
the steady state form of (3.18), prove that

dz—? de
T - T T TAT.

(b) Taking into account this relation, and for € independent of T, show that
the values of x at the cold and hot boundaries of the systems, z. and zy,
respectively, may be written in terms of Zops av (Snyder and Ursell 2003)

-1 _ -1 1

Ty = xopt,av - §AT(Ar)xopt,ava
-1 _ -1 1

Lo = mopt,av + §AT()‘r)xopt,ava

where Zopt av is the value for 4,y found in (3.27) for the average temperature
Tav = 3(Th 4+ To.). (c) Introducing these values in (3.30), show finally (3.31),
ie.
Tw—T. (1+2ZT.)"Y%* -1

Ty (1+ZTaV)1/2 + (TC/Th)

7’]:

3.6. The figure of merit of a thermoelectric material. The figure of merit
for thermoelectric materials is defined by Z = ¢2/Ar, where ¢ is the Seebeck
coefficient, r is the electrical resistivity, and A is the thermal conductivity. (a)
Check that the dimension of this combination is the inverse of temperature.
(b) The figure of merit of a junction of two thermoelectric materials in a
thermocouple is defined as

2
€AB

[(Ao)* + (A o)y 2

Ztc

Show that the efficiency of the thermocouple, defined as the ratio of the
electric power delivered and the rate of heat supplied to the hot junction is

T, — Ty
Mte = 34T -
Hrt 7
3.7. Heat engines in series. Consider two Carnot heat engines in series: the
first one works between heat reservoirs at 77 and 75 and the second one
between reservoirs at T, and T3, assume in addition that the whole amount
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of heat Q5 delivered by the first engine to the reservoir T is transferred to
the second engine. (a) Show that one recovers (3.31), namely

0=W=1—(1—m)(1—n2)«

1

(b) In (3.29b) it has been considered the continuum limit of high number of
Carnot engines working between reservoirs in series at temperatures 7; + d7T
and T;, with T; the temperature of the cold reservoir corresponding to ith
Carnot engine, T; ranging from T, to T},. Show that the previous expression
leads to (3.29b) by writing

o) Th
n=1-J[=m)~1—-exp [/T @dT

i=1

c

3.8. Thermophoresis. Thermophoresis in a quiescent fluid is described by the
phenomenological equation

J =—=D[Vec+ Stc(l —c)VT],

where D is the diffusion coefficient and St = Dt /D is the Soret coefficient,
Dt being the thermal diffusion coefficient. (a) Show that for concentrations
much less than unity, the concentration of the solute at temperature T is
given by

¢ = cg exp[=St(T — Tv)],

where ¢q is the concentration at temperature 7. For a DNA sample, it was
found that St ~ 0.14K~! around T = 297K (Braun and Libchaber 2002).
(b) Calculate ¢/cq for two regions with a temperature difference AT = 2.5K.

3.9. Cross-effects in membranes. Assume that the flows of water J; and solute
Jo across a membrane are, respectively, expressed as

Ji1 = L11Ap + Li2Acy,
Jo = Lot Ap + LagAcy,

where Ap and Aco are, respectively, the differences of pressure and solute
concentration between both sides of the membrane. Is the Onsager’s recipro-
cal relation Lio = Loj applicable? Explain.

3.10. Transport of charged ions across membranes. The Nernst equation.
Transport of charged ions, mainly H, Na™, K+, Ca*", and Cl~, across mem-
branes plays a crucial role in many biological processes. Consider a membrane
with both sides at concentrations c¢iy, Cout, and voltages Vin, Vout. An argu-
ment similar to that leading to (3.58) and (3.59) yields, in the isothermal
case, the following result for the diffusion flux J (number of ions which cross
the membrane per unit area and unit time)
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J=—-D(Vu+qVV),

g designating the electrical charge. (a) Show that the voltage difference for
which both sides of the membrane are at equilibrium (J = 0) with respect
to the transport of a given ionic species i (assumed to behave as an ideal
substance, i.e. 4 = p(®) + kgTInc¢) is given by
kBT | Cout

(Vm Vout)eq q In Cin .
This equation is known as Nernst equation. (b) Assume that the membrane is
immersed in solutions of NaCl-water with concentration 1 M (where M stands
for mole per litre) and 0.1 M and that only Nat may cross the membrane.
Calculate the difference of voltage between both sides of the membrane at
equilibrium. (c) In typical biological cells at rest, the K¥ concentration are
cin = 150mM, ¢,y = 5 mM, and the voltages are Vo, y = 0mV, Vi, = —70mV.
Evaluate the Nernst potential for KT at T'= 310K, and determine whether
K™ will move towards or outwards the cell.

3.11. Transport of charged ions across membranes: the Goldmann equation.
In the derivation of the Nernst equation, it is assumed that the membrane
is only permeable to one ionic species. In actual situations, several ionic
species may permeate through the membrane. If one considers the transport
of several ionic species as K, Na™, and C1~, which are the most usual ones,
the equilibrium voltage difference is given by the Goldmann equation

kgT
(Vi _Vout)eq: L

In PKCK,out + PNaCNa,out + PCICCl,in
7
q Pr ek in + PNaCNa,in + Poicct out

where Pk, Pna, and Pg refer to the relative permeabilities of the correspond-
ing ions across the membrane. Note that when only one species crosses the
membrane (i.e. when the permeabilities vanish for two of the ionic species),
the Goldmann equation reduces to the Nernst relation. (a) Derive the Gold-
mann equation. Hint: Take into account the electroneutrality condition. (b)
It is asked why the Cl concentrations appear in the equation in a different
way as the concentrations of the other two ions, namely ¢;, instead of cout
and vice versa. (c) In the axon at rest, i.e. in the long cylindrical terminal
of the neurons along which the output electrical signals may propagate, the
permeabilities are Px ~ 25Pn. =~ 2Pc1, whereas at the peak of the action
potential (the electric nervous signal), Px = 0.05Px, ~ 2Pc;. The dramatic
increase in the sodium permeability is due to the opening of sodium chan-
nels when the voltage difference is less than some critical value. Evaluate
the Goldmann potential in both situations, by taking for the concentrations:
cK,in = 400mM, ck out = 20mM, cNain = H50mM, cNaout = 440mM, and
cclin = 50mM, cciout = 550 mM.



Chapter 4

Chemical Reactions and Molecular
Machines

Efficiency of Free-Energy Transfer and Biology

Chemical reactions are among the most widespread processes influencing life
and economy. They are extremely important in biology, geology, environmen-
tal sciences, and industrial developments (energy management, production
of millions of different chemical species, search for new materials). Chemical
kinetics is a very rich but complex topic, which cannot be fully grasped by
classical irreversible thermodynamics, whose kinetic description is restricted
to the linear regime, not far from equilibrium.

Despite this limitation, this formalism is able to yield useful results, es-
pecially when dealing with coupled reactions. Indeed, the study of coupled
processes is one of the most interesting features of non-equilibrium thermo-
dynamics. In particular, the various couplings — between several chemical
reactions, between chemical reactions and diffusion, and between chemical
reactions and active transport processes in biological cells — receive a simple
and unified description. Non-equilibrium thermodynamics is able to provide
clarifying insights to some conceptually relevant problems, particularly in
biology, which are rarely investigated in other formalisms.

In that respect, in the forthcoming we will focus on the problem of ef-
ficiency of free-energy transfer between coupled reactions, and the descrip-
tion of biological molecular motors. These engines may be modelled by some
particular cycles of chemical reactions, generalizing the triangular chemical
scheme proposed by Onsager in his original derivation of the reciprocal re-
lations. Special attention will also be devoted to the effects arising from the
combination of chemical reactions and diffusion. From a biological perspec-
tive, this coupling provides the basis of cell differentiation in the course of
development of living organisms. The ingredients of this extremely complex
phenomenon, leading to spatial self-organization far from equilibrium, may
be qualitatively understood by considering a simplified version of the mech-
anism of coupling between autocatalytic chemical reactions and diffusion.

Biological applications of non-equilibrium thermodynamics have been the
subject of several books (Katchalsky and Curran 1965; Nicolis and Prigogine
1977; Hill 1977; Caplan and Essig 1983; Westerhoff and van Dam 1987; Jou

91
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and Llebot 1990; Nelson 2004). Here, we present a synthesis of the main ideas
and, for pedagogical purpose, we start the analysis with the problem of one
single chemical reaction.

4.1 One Single Chemical Reaction

Equilibrium thermodynamics provides a general framework to analyse the
equilibrium conditions of chemical reactions, and it leads in a natural way
to the concept of equilibrium constant and its modifications under changes
of temperature and pressure, as recalled in Sect. 1.7. A clear understanding of
these effects is crucial to establish the range of temperature and pressure for
the optimization of industrial processing. However, this optimization cannot
be carried out without taking into account kinetic effects. For instance, low-
ering temperature has generally as a consequence to slow down the reaction
velocity. On the other side, it is known from equilibrium thermodynamics
that, for exothermic reactions, the efficiency of conversion of reactants into
products increases when temperature is lowered. Thus, lowering tempera-
ture has two opposite effects: a lowering of the velocity of reactions and an
increase of efficiency. Optimization will therefore result from a compromise
between equilibrium factors and kinetic factors. We will return to this topic
in Chap.5. Here, we emphasize some kinetic aspects of chemical reactions,
from the point of view of non-equilibrium thermodynamics.
To illustrate our approach consider, as in Chap. 1, the reaction of synthesis
of hydrogen chloride
Hy + Cl; = 2HCL. (4.1)

Since we will work in terms of local quantities, it is convenient to introduce
the mass fractions ¢, defined as ¢ = my/m, with my, the mass of component
k and m the total mass. In virtue of the law of definite proportions (1.70),
the change of ¢; during the time interval d¢t may be written as

k=1,2,...,n, (4.2)

with v}, the stoichiometric coefficient of species k, M) its molar mass, and
d¢/dt the velocity of reaction per unit volume. This equation can be deduced
from (1.70) when the mole numbers are expressed in terms of mass fractions
and the degree of advancement is given per unit volume.

Besides the mass of the n species, the other relevant variable is the specific
internal energy u, because of the exchange of heat with the outside. The time
evolution equation for the internal energy w is given by the first law

du

au_ g, 4.
T V-gq, (4.3)
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where q is the heat flux vector expressing the amount of heat exchanged
between the system and the outside world acting as a reservoir.

Now, we want to obtain expressions for the velocity of the reaction in
terms of the corresponding thermodynamic force. This will be achieved within
the general framework set out in Chap.2, demanding that we previously
determined the expression of the entropy production. To determine it, we
start from the Gibbs’ relation

ds 1 du g deg
— =y 4.4
dt T dt zk: T dt’ (4.42)

where fij is the chemical potential of the species k measured per unit mass.
Making use of (4.2) and the relation Myjix, = pi, with py the chemical
potential per unit mole, one obtains

ds 1 du i d€
Pa ~ 1l _zk:l/’“ T dt’ (4.4b)

We know from Sect. 1.7 that for ideal systems, i.e. mixture of ideal gases or
dilute solutions, the chemical potential per unit mole uy, is given by

Ui = HECO) (T,p) + RT lnxy, (4.5)
where x, = Ni/N is the mole fraction while ,u,(co) is independent of the
composition.

At this stage, it is relevant to introduce the notion of affinity defined in
(1.76) as

= —Zyk,uk. (46)
k

As seen below, the reaction will proceed forwards if A > 0 or backwards
if A < 0: hence the name of affinity. At fixed values of temperature and
pressure, A is only function of the mole fractions of species, and it was shown

in Sect. 1.7 that (T
A= prn B0p)
X

vy, V2 )
1 T2

(4.7a)

with K (T, p) the equilibrium constant. Note that this constant may also be
written as K(T,p) = (27" )eq(25?)eq - - -, because at equilibrium A = 0 and
then the term inside the logarithm must be 1. It is useful, for further purposes
in this chapter, to rewrite (4.7a) as

A= R ;eq(x? Jea' (4.7h)

Mighe
A third way of expressing the affinity is in terms of the molar concentrations,
i.e. in the number of moles per unit volume, namely ¢, = N /V. In this case,
(4.7b) may be expressed as
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A= RTlDM. (4.7¢)

anesr ..

To derive the expression of the rate of entropy production, we introduce
the balance equations of mass (4.2) and energy (4.3) in Gibbs’ relation (4.4a)
and (4.4b). Since in chemical reactions, the temperature is generally assumed
to remain uniform, one obtains

ds qg Ad¢
P~ V' T Ta
By comparing this expression with the general form of the entropy balance

equation pds/dt = —V - J®+ 0, it follows that the expression of the entropy
flux is

(4.8)

Jo=2 (4.9)

while the entropy production is identified as
o’ = éw >0, (4.10)

i.e. a bilinear expression in the thermodynamic force A/T and the flux w =
d¢/dt, which is the velocity of reaction. Truly, the reaction must be considered
as the net effect of a forward flux w4 going from reactants to products minus
a backward flux w_ going from products to reactants, namely w = wy —w_.

According to the second law, o° is always a positive quantity and zero
in equilibrium. Thus when A is positive (respectively, negative), the velocity
w = w4 —w-_ is also positive (negative) and the reaction will take place from
left to right (right to left). At equilibrium, the affinity A is zero and the net
flux w will be zero, i.e. the flux w4 towards the right is equal to the flux w_
towards the left.

For a single chemical reaction, the phenomenological relation between flux
and force in the linear regime is

A
== 4.11
w=1%, (111)
where [ is a phenomenological coefficient, which in (4.16) is related to the
microscopic rate constants. On the condition that [ > 0, this is the simplest

way to guarantee the positiveness of the corresponding entropy production

given by
s AN

However, it should be stressed that the linear flux—force relation (4.11) is
only valid close to equilibrium. This is easily seen by comparing this result
with the classical kinetic expression for the reaction rate which, in the case
of the synthesis of HCI, reads as

1 ~2
W=wq —wW- = k+&H2(~3012 — /{1_512_101 = k+5H26012 [1 — E~CH—~CI:| s (4.13)
CH,CCly
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where k and k_ are, respectively, the rate constants corresponding to the for-
ward and backward reactions, and K = ki /k_ = (¢fcy)eq/[(CH, )eq(Ccty eq)-
In terms of the affinity, and in virtue of (4.7c), relation (4.13) can be ex-
pressed as

w = k+EH26C12 [1 — exp(—A/RT)] . (414)

For reactions near equilibrium, the affinity A is very small and it is justified
to make a Taylor expansion around A = 0 so that

k (EH2 )eq(éClz )eq A
YR T

w = (4.15)
This result indicates clearly that the linear flux—force law (4.11) is only true
very close to equilibrium and that the classical theory of irreversible processes
does not cope with situations far from equilibrium. By comparison of the
phenomenological relation (4.11) with the kinetic corresponding law (4.15),
we are able to identify the phenomenological coefficient [ as

=k +w’ (4.16)
R
which confirms that [ is a positive quantity as all the factors of (4.16) are
positive.
The phenomenological relation (4.11) allows us to determine the behaviour
of the degree of advancement £ in the course of time. Indeed, if A is only
depending on &, one can write (4.11) under the form

€ _ta-L [Aeq ; (2’?) (6 - seq>] -4 (%?) (€= &) (417)

after use is made of Aeq = 0. This result suggests defining a relaxation time

T by
T

 U(0A/0E)eq
In this expression, there appear two different factors: one of them is the kinetic
phenomenological coefficient [, whose positiveness is demanded by the second
law; the other one (0.A4/0¢)r is related to the thermodynamic stability of the

system and is negative, as shown in Sect. 1.7.
Finally, introducing (4.18) in relation (4.17) leads to

dg

T =

> 0. (4.18)

T = (6= &) (E>0), (4.19)
whose solution is an exponentially decreasing function
§— feq = (50 - geq) eXp(_t/T)v (420)

where & is the initial value of the degree of advancement. Within the limit
of an infinite time, the system tends of course to its equilibrium state.
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Equation (4.20) is particularly interesting, because it provides some general
information about the relaxational process without a detailed knowledge of
the kinetics. If the stability condition (0.A/0¢)eq < 0 is not satisfied, the
relaxation time will be negative, indicating that the degree of advancement
will not relax to equilibrium, but will increase exponentially.

4.2 Coupled Chemical Reactions

The study of coupled reactions is not merely a formal generalization of the
above considerations, it is also the basis of discussion of various relevant
concepts. For instance, if two processes are coupled, one of them may proceed
in the opposite direction it would have if it were alone. We will stress this
important feature in the next sections. Another interesting application of the
coupling between chemical reactions is provided by the triangular scheme
A= B = C & A which will serve as a basis to establish Onsager’s reciprocal
relations.

4.2.1 General Formalism

The main modifications with respect to the results of Sect. 4.1 are the expres-
sions of the mass balance and the entropy production. Indeed, the variation
of the mass fractions ¢ of a given species is no longer due to one single
reaction, but depends on the several chemical reactions in which the given
species participates; it is now expressed as

e — d¢;

g :Zl/ijkE, k: 1,2,...,7’l, (421)
j=1

where subscript j refers to the r different chemical reactions, each of which

has its own degree of advancement ;, and vy is the stoichiometric coefficient

of substance k in reaction j. By following the same steps as in Sect. 4.1, it is
found that, under isothermal conditions, the entropy production is

. Aj
of = Z ?ij. (4.22)
J

It is worth noting that the second law imposes that the whole sum in (4.22),
but not that each individual term, must be positive. Some terms may indeed
be negative, provided that their sum remains positive. Within the assumption
of linear flux—force relations, one has

J
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with, in virtue of Onsager’s reciprocal relations,
Lij = Lj;. (4.24)

In Sect.4.2.2, a particular derivation of these symmetry relations for a trian-
gular reaction scheme is presented.

4.2.2 Cyclical Chemical Reactions and Onsager’s
Reciprocal Relations

A demonstration of the reciprocal relations (4.24), based on the cycle of
chemical reactions A = B =2 C =2 A depicted in Fig. 4.1, was proposed by
Onsager in his celebrated papers of 1931. In Sect. 4.4, we will use a modified
form of this scheme as a model for chemically driven molecular motors.

Let k; (i = 1,2,3) be the kinetic constants, w; the respective velocities of
the reactions, which, according to the mass action law, are given by w; =
kléA — k_léB, Wo = k'QEB 7/1'_250, w3 = kgéc — k_géA, and AZ the respective
affinities, i.e. Ay = pa — ps, A2 = up — puc, As = pc — pa; for simplicity,
all the stoichiometric coefficients are supposed to be equal to one. Since the
process is cyclic, only two reactions are independent and A; + Ay + A3 = 0.
It will be shown that, when the flux—force relations are of the form

wy —wsg = LAy + L2 As, (4.25a)
we — wg = Lo1 Ay + Lo As, (4.25b)

the Onsager’s reciprocal relation L1 = Lo is automatically satisfied near
equilibrium, if the principle of detailed balance is valid. This principle states

Fig. 4.1 Triangular reaction scheme
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that transition A to B has the same probability as transition B to A, from
which it follows that, in equilibrium, w; = ws = w3z = 0. Note that this
assumption does not follow directly from the phenomenological equations,
since non-zero but equal values w; = we = ws # 0 are compatible with
A1 = Ay = A3 = 0. The mathematical details of the proof that Lis = Loy
are found in Box 4.1.

Box 4.1 Mathematical Details of Onsager’s Demonstration
In virtue of (4.7¢), the affinities A; and Ay may be written as

Ay :RTln( Ca (5?)‘3‘1), AngTlﬂ( B (CC)Q) (4.1.1)

(CA)eq CB (¢B)eq Cc

where use has been made of the results Ki(T,p) = (éB)eq/(Ca)eq and
K>(T,p) = (éceq/(6B)eq- By assuming that & = (&)eq + 0¢;, with
0¢; < (€i)eq, the affinities may be expressed up to the first order in the
deviations d¢; from equilibrium as

A= nr (@i ) am (G- ) @)

and, from Az = —(A; + As),

As = RT ( Oc _ % ) (4.1.3)
(€cleq  (Ca)eq
Furthermore, according to the mass action law, one has
— w3 = (k1 + k_3)éa — k_1¢p — kscc, 1.4)
wo — w3y = kol + k_3Ca — (k,Q + kg)éc. 5)

We now take into consideration the restrictions coming from the detailed
balance. From w; = wy = w3 = 0, it is inferred that

k1 (EA)eq = kfl(éB)eqv k2(éB)eq = kfl(EC)em kS(éc)eq (EA)

(4.1.6)
Using (4.1.6) to eliminate k_q, k_o, and k_g in (4.1.4) and (4.1.5), one
obtains

P R (S FUN Y (. S - ]

(4.1.7)

o bés  dcc ) dés  déc
o= = b (i~ o) 0 (55~ o)
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In view of the results (4.1.2) and (4.1.3), the above equations may
be written as

ki . ks
wp — w3 = F}(CA)chl - Ri;(CC)chB
1 . . ks .
= prk1(Ca)eq + ks(Cc)ealAr + F;(CC)CqA27 (4.1.9)
ko ks .
Wy — W3 = F;(CB)quZ - F;(CC)qu3
ks 1 - -
= 25 (Ec)ea s + o [ka(E)eq + ks (Fc)eal Az, (4.1.10)

where use has been made of A3 = —(A; + Ay). Note that (4.1.9) and
(4.1.10) have been derived exclusively by reference to chemical kinetics and
the principle of detailed balance.

A look on the coefficients of Ag in (4.1.9) and A; in (4.1.10), which referring
to (4.25a) and (4.25b), can be identified as L1 and Loj, respectively, leads
to the conclusion that

L12 = L21. (426)

Let us now determine the corresponding results from classical irreversible
thermodynamics. The entropy production ¢° is given by

To® = w1 A1 + waAs + w3 As, (4.27)
or, in terms of independent affinities,
To® = (w1 —ws) Ay + (we — w3)As, (4.28)
which suggests the following constitutive relations:

wy —ws = L1 Ay + L2 As, (4.29)
wy — w3z = Lo1 Ay + Lo As. (4.30)

Comparison with relations (4.1.9) and (4.1.10) yields

Lio = Loy = %(60)0(1, (4.31)
which completes the proof that the reciprocal relations are equivalent to the
principle of detailed balance.

It should be realized that these results are only valid near equilibrium,
where the net flux along the cycle is zero. In molecular machines, the above
results are not directly transposable because the net flux along the cycle is
different from zero.
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4.3 Efficiency of Energy Transfer

A particularly appealing problem in non-equilibrium thermodynamics is to
determine the efficiency with which free energy is exchanged between coupled
chemical reactions. Indeed, in many biological situations, the transfer of free
energy (or free-energy transduction, as is often referred to in textbooks on
biochemistry) is of decisive importance. It is particularly true in microscopic
molecular motors — one of the frontiers of current research in biophysics —
which take free energy from some process (for instance, a chemical reaction)
and convert it into work (for instance, to carry out another chemical reaction
or a transport process). Note, however, that this subject cannot be studied
from the classical perspective of thermal engines, because biological systems
are often at homogeneous temperature, so that Carnot’s efficiency would be
zero. In contrast, the essential ideas of such isothermal free-energy transfer
can be well interpreted in the framework of linear non-equilibrium thermo-
dynamics.
Consider two coupled reactions, for which the dissipated energy is

To® = w1 A1 + waAs. (432)

The corresponding phenomenological equations describing the kinetics of the
reactions are

wy = L Ay + Ly A, (4.33)
Wo = L/21A1 + L/QQAQ. (434)

The above results remain applicable when one of the processes, say 2, is a
transfer of matter as considered in Sect.4.4; such a situation is frequent in
biological cells. To guarantee the positiveness of T'o®, either both terms at the
right-hand side of (4.32) are positive or one of them, say ws.As, is negative
but its absolute value is smaller than the first one, assumed to be positive.
As a consequence, process 2 will evolve in opposite direction of its natural
tendency, for instance mass transport from a region of low to high concentra-
tion. A relevant question is the efficiency of the energy transfer from the first
to the second reaction. Such kind of coupling is frequently met in biology.
For instance, in oxidative phosphorylation, the free energy delivered from the
oxidation of a substrate will serve to the phosphorylation of ADP (adenosine
diphosphate) to give ATP (adenosine triphosphate), which is a basic mole-
cule for metabolic energy exchanges. How much energy is transferred from
oxidation to phosphorylation is an interesting problem or, stated more gen-
erally, what is the efficiency of energetic conversion (Katchalsky and Curran
1965; Jou and Llebot 1990; Westerhoff and van Dam 1987; Criado-Sancho
and Casas-Vazquez 2004).

In the above problem, reaction 1 is supplying some free energy, a part
of which is taken up by reaction 2 to proceed against its usual direction,
whereas the remaining part is lost under the form of heat. The objective
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is to obtain the maximum efficiency from such an energy transfer (or en-
ergy transduction). The problem is parallel to that of Carnot in the context
of thermal engines. In the latter, heat was partially converted into work
and the remaining was dissipated. Here, the energy delivered by one reac-
tion is partially taken up by the other reaction and the remaining part is
dissipated.

In the following, we suppose that the fluxes wy and wy are both positive
and that the forces are of opposite signs: A; > 0 and As < 0. The degree of
coupling of the two processes is conveniently quantified by the coefficient ¢
defined by /

_ 12
= L) 3
From the requirement that the dissipated energy is positive definite, one has
L, Ly > (L)5)?, and it follows that ¢ will take values between —1 and +1:
for ¢ = 1, the processes are completely coupled; for ¢ = 0, they are totally
uncoupled. When ¢ < 0, the processes are not compatible in the sense that
process (1) with wy.A; > 0 is unable to produce a process like (2) with a
positive flux wy and a negative force As.

In relation with coupled processes, two further quantities have been in-
troduced: the stoichiometric coefficient wq/wy and the efficiency n of the
conversion defined by
_ waAy

wlAl-

Introducing the quantities = A/ A1, Z = (Lhy/L7;)Y/?, and using (4.33)
and (4.34), it is easily checked that

(4.36)

Zx(q+ Zzx)
=< 4.37
K 1+qZx (4:37)

which is maximum, namely, dn/dz = 0, at

1— 2\1/2 _ 1
Tmax — (qq)Z7 (438)
thus leading to
¢
(4.39)

Tlmax = [1 T (1 — q2)1/2]2.

This result is worth to be underlined: in some aspects, it can be compared
with the classical Carnot’s result for the maximum efficiency of heat en-
gines, as it puts out an upper bound for the efficiency of energy transfer
between both reactions or, in general terms, between two coupled processes.
In heat engines, Carnot’s maximum efficiency depends only on the values of
the temperature of the heat reservoirs; here, the result (4.39) has a similar
universality: it depends only on the coupling coefficient but not on the indi-
vidual phenomenological coefficients. It is observed that the maximum of n
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Fig. 4.2 Efficiency n vs. the parameter Zx for several values of the coupling coeffi-
cient q

diminishes with decreasing values of ¢ and vanishes for ¢ = 0. This is logical
because, in absence of coupling, the efficiency of the energy transfer should
be zero: this means that all the free energy delivered by reaction 1 would be
dissipated into heat, so that reaction 2 cannot take place against its usual
direction.

In Fig. 4.2, the values of the efficiency 7 as a function of the quantity Zz
for several values of the coupling coefficient are reported. For ¢ = 1, the
maximum of 7 is 1; in virtue of (4.36), this situation corresponds to wiA; =
—wa Az and consequently to a zero entropy production (reversible process).

The above considerations provide a clearer insight on the nature and im-
portance of the various phenomenological coefficients, and they may be ex-
tended to cover a wider domain of situations, as the thermoelectric generators
in Sect. 3.2 (Van den Broeck 2005).

4.4 Chemical Reactions and Mass Transport:
Molecular Machines

The general developments of Sect. 4.3 will be applied to the study of molecular
machines, mainly pumps across membranes and motors along filaments which
are briefly introduced in Box 4.2. In classical non-equilibrium thermodynamics,
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Box 4.2 More About Biological Molecular Engines

An illustration of coupling between chemical reactions and transport is the
transport of macromolecules or vesicles along filaments of microtubules by
kinesin or dinein, two well-known molecular motors; these processes con-
tribute also to the formation of other organized intracellular motions, for
example the separation of chromosomes during cell division (see, for in-
stance, Nelson 2004). These motors must overcome the viscous resistance,
and this is achieved by using the free energy of chemical reactions. Another
example of chemically driven motion is that of the actin/myosin system
in myofibrils, to which is due the muscle motility. In this system, bundles
of myosin molecules are interleaved with actin filaments; upon activation,
myosin crawls along the actin fibres, shortening the muscle fibre, the process
being fuelled by the hydrolysis of ATP.

Most cells are characterized by membrane pumps for the active trans-
port of Na® (towards the exterior) and K+ (towards the interior); this is
especially important in nerve cells, wherein the action potential is due to a
transfer of Na™ and K* across the excited membrane of the axon of neu-
rons. Other kinds of pumps in biological cells are pumps of Ca’" which
are found in muscles, and also in the synapses, and pumps of HT, which
are important in oxidative phosphorylation in mitochondria and in photo-
synthesis in chloroplasts. On the other side, the flow of HT across some
molecular engines may gear molecular motors, as for instance the flagellar
motor of some bacteria, which convert the electrochemical potential jump
of protons into mechanical torque for swimming.

under linear and isotropic conditions, chemical reactions (scalar processes) are
not coupled with mass transport (a vector process). However, the presence
of anisotropy may introduce a coupling between such processes, a frequent
situation in biological problems, as in active transport of ions or molecules
across cellular or tissue membranes, or along lengthy microscopic filaments.

These kinds of transport are attributed to enzymes, which act as molec-
ular engines. The study of microscopic machines, natural or artificial, is at
the frontiers of nowadays science. In the past, the calculation of the max-
imum efficiency of heat engines has represented a decisive contribution to
equilibrium thermodynamics. Similarly, the determination of the efficiency
of energy transfer between coupled processes may be considered as one of the
main achievements of linear irreversible thermodynamics.

As an illustration, consider the active transport of sodium through a cel-
lular membrane. Cells at rest state have an internal electrical potential of
—70mV as compared to the external potential, taken as reference (0mV).
Since the internal concentration of sodium is low as compared to the exter-
nal concentration, sodium has a natural tendency to flow towards the interior
of the cell. Now it is observed that the cell pumps out as much sodium as the
ingoing one but, of course, this transport cannot be spontaneous, because
it takes place against the natural tendency of matter to flow from regions



104 4 Chemical Reactions and Molecular Machines

of higher to lower electrochemical potential. This transport is made at the
expenses of the energy supplied by the hydrolysis of ATP, the usual fuel in
biological organisms.

We are in presence of a coupling between a chemical reaction, characterized
by an affinity A and a chemical flux w, and a transport of matter; it is shown
in Sect.2.7 on matter diffusion that the latter is described by a force, the
difference of chemical potential Au between the inner and the outer regions,
and a flux of matter (sodium in the present case) J. The corresponding rate
of dissipation is given by

To® = Aw+ JAp, (4.40)

with Aw > 0, because the hydrolysis of ATP takes place along the natural
tendency given by A4 > 0 and w > 0, whereas JAu < 0, because the flow
of sodium (J < 0) is opposite to the direction of Au. We are faced with
an example where a reaction with positive entropy production allows for the
occurrence of a simultaneous process, with a negative contribution to the
entropy production.

The phenomenological laws describing the kinetics of the reaction and the
rate of transport are given by

w =Ly A+ LA, (4.41)
J =Ly A+ LyyAp, (4.42)

with L}, = L}, according to Onsager’s reciprocal relations. The coefficient
LY, in (4.42) is responsible for the coupling between chemical reaction and
mass transport.

For instance, the experimental values of the phenomenological coefficients
for the transport across the membrane of a frog bladder are the following:

ho = 104, L5 = 5.40, and L}, = 0.37 in units of mol®> cm~2s~ ! keal ™. The
coupling parameter ¢ defined by (4.35) is given by ¢ = 0.86 and the maximum
efficiency calculated from (4.39) is Nmax = 33%.

In so-called linear motors, i.e. motors which transport matter along lengthy
linear macromolecules, as kinesin along microtubules, the resistance is due
to viscous friction rather than to a jump of the electrochemical potential. In
Box 4.3, the modus operandi of such a molecular motor is presented. The
expression for the dissipated energy is then

To® = Aw +vF, (4.43)

v being the velocity of the machine along the filament and F' the viscous
resistance. The phenomenological laws are, in the linear approximation,

w = LllA -+ L12F, (444)
v = L21A + LQQF, (445)
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with the coefficient Los inversely proportional to the viscosity of the medium.
Since molecular machines are of very small dimensions, the energy related to
their several steps is comparable or smaller than the thermal noise. Their
behaviour is therefore not deterministic but stochastic, in contrast with that
of macroscopic engines. The understanding of the relations between thermal
fluctuations and the behaviour of molecular machines is a subject of current
interest, as explained in Box 4.4.

Box 4.3 Biological Molecular Motors with Three Configurations

A model for chemically driven transport may be based on a modification
of the triangular reaction scheme of Sect.4.2.2. An abstract illustration is
provided by the following molecular motor running through three different
configurations, denoted as My, Ma, and M3 (there would be no difficulty to add
more configurations), and working in a cyclic way. We assume that the motor
is fuelled with ATP and hydrolyses it, changing the configuration at each
chemical step. Thus, instead of a closed reaction triangle, one has the scheme

(M;) + ATP — (M,) - ATP, (4.3.1)
(M) - ATP — (M) - ADP + P;, (4.3.2)
(M) - ADP — (M) + ADP. (4.3.3)

To be explicit, configuration 1 bounds one molecule of ATP, which pro-
duces a change to configuration Ms. In a second step, ATP is hydrolysed:
the inorganic phosphate P; is liberated and the macromolecule changes to
configuration Mz, with ADP still bound to it. Finally ADP is liberated
from configuration M3 and the motor returns to the initial configuration
M;, where the cycle may start again. At each cycle, the motor does some
work: either it advances a step along a macromolecule (as for instance ki-
nesin along tubulin or myosin along actin) or it translocates some molecule
(as for instance in membrane ionic pumps). For more biological details, the
reader is referred, for instance, to Nelson (2004).
Finally, the triangular scheme would be

ATP
o, @
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It is assumed that the kinetic rate constants of reactions (4.3.1)—(4.3.3) and
k_1,ko, and k3 in the triangular scheme do not depend on the ATP nor

ADP concentration, whereas k1 = k:§0) [ATP), k_5 = k:g [ADP], and k_o =

kg) [P] (where kgo)7 kg)?)), and kg)z) are constant values) are pseudo-first-order
rate coefficients into which the concentrations of ATP, ADP, and P; are
incorporated. This makes an essential difference with the triangular reaction
scheme presented in Sect. 4.2.2. Indeed when the hydrolysis reaction

ATP — ADP + P; (4.3.4)

is in equilibrium, the cycle has not net motion; however, when the affinity
of this reaction is positive, the cycle will turn in the direction 123, whereas
if the affinity is negative, it will move in the opposite direction 321. Such
kind of model machine may both hydrolyse ATP and produce some work
pumping ions from lower to higher electrochemical potential (active trans-
port) or, in the reverse way, it may draw some energy from the ions crossing
it from higher to lower electrochemical potential and produce ATP.

Box 4.4 Brownian Motors

Molecular motors are sensitive to thermal noise which might be used, to
some extent, to produce useful work, provided some structural and ther-
modynamic conditions are satisfied. Instead of performing a simple random
Brownian motion, these motors may rectify, to some extent, the thermal
noise. The modelling of such molecular motors has been much developed
since 1990 (Magnasco 1994; Astumian and Bier 1994; Jilicher et al. 1997;
Astumian 1997) (Fig. 4.3).

Chemical state
s

= 3

Position

Fig. 4.3 Transport driven by a chemical reaction (Astumian 1997)
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As an example, we analyse a simple model proposed by Astumian (1997)
for chemically driven transport. The author studies the one-dimensional
motion of a charged particle along a periodic lattice of dipoles arranged
head to tail (as found in many biological macromolecules, like tubulin or
actin). The interaction between the particle and the linear arrangement
of dipoles is assumed to be merely electrostatic (in biology, the couplings
may also be conformational). The potential energy profile has essentially
the form of a sawtoothed function as that shown in Fig. 4.3 (if the particle
is negatively charged, the minima of the sawtooth will correspond to the
positive ends of the dipoles and the maxima to the negative ends). Because
of thermal noise, the particle undergoes Brownian motion along the line,
and occasionally has enough energy to pass one of the neighbouring barriers.
However, despite the anisotropy of the potential profile, the probabilities of
moving to the right or to the left are equal.

Assume, instead, that the particle catalyses a chemical reaction SH =
ST +HT, with the product particles being charged; S designates some sub-
stract species. Now, the amplitude of the potential will depend on whether
H* or S~ are bound to the particle, resulting in a coupling between the
chemical reaction and the diffusion of the particle along the line. However,
when the particle is bound only to HT (assume that the ionized substract
S~ has been expelled to the bulk), the particle becomes uncharged and there
is no longer a barrier opposing its motion. Therefore, the particle may move
along the line. Once HT is liberated, the charge of the particle constitutes
again a barrier. However, it may be shown that an asymmetric potential
whose barriers are fluctuating in height gives raise to a directional motion
of particles. The corresponding flux is given by (Astumian and Bier 1994)

kBT « 1—a
J =~ 1 [erf (5() —erf( 3 ()} ,

where « is the asymmetry parameter of the potential, and ¢ = (yL?/D)
while v, L, and D are typical parameters of the model. If the saw-
toothed potential is symmetric (¢« = 0.5), J = 0 and there is no net
flow.

1/2

To summarize, it turns out that molecular machines can convert free en-
ergy into motion under the conditions that this mechanism is out of equi-
librium and structurally asymmetric. Moreover, molecular engines cannot
increase their speed without limit as the energy supply is increased, because
the speed saturates at some limiting value. This means that linear transport
relations are not indefinitely valid, but break down for high values of fluxes
and forces.
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4.5 Autocatalytic Reactions and Diffusion:
Morphogenesis

Another consequence of the coupling between chemical reactions and diffu-
sion is the occurrence of patterns, i.e. spatial inhomogeneities, in systems far
from equilibrium. Although this topic is studied in detail in Chap. 6, we find
it interesting to present here an introductory version based on a model pro-
posed by Turing (1952), who settled the foundations of morphogenesis, i.e. the
transition of an originally homogeneous system into an inhomogeneous one.
This is a characteristic feature of non-equilibrium thermodynamics, because
near equilibrium, transport phenomena (matter diffusion, thermal conduc-
tion) tend to make the system spatially homogeneous in the long run.
Consider two fluid subsystems at the same pressure and temperature,
which are separated by a permeable membrane. In each of them, the fol-
lowing autocatalytic reaction will take place between substances A and X

A +2X — 3X. (4.46)

In this reaction, a substance A is transformed into the substance X, at a rate
which depends on the concentration of X. The molar concentrations of X
in both subsystems, ¢x, and cx,, respectively, tend to become equal due to
diffusion of X across the membrane. The diffusion flux of X from subsystem
1 to subsystem 2 is given by

Ji—2 = aléx, — x,), (4.47)

where « is a constant proportional to the permeability and the area of the
membrane.

We will show that, under some conditions, the difference of concentrations
¢x between both subsystems will increase because of the autocatalytic re-
action (4.46). First, we note that the rate of production of substance X is
higher where the molar concentration ¢x is higher, as it follows from the mass
action law

déx
dt
where k is a positive kinetic constant.

Taking diffusion into account, the evolution of ¢x, as a function of time in
subsystem 1 is given by

= kéa(ex)?, (4.48)

de _ - .
3 = —ollx, —ax,) +kea(ex,)’, (4.49)
whereas the evolution of ¢x, in subsystem 2 is
de _ - U
d)t<2 = —a(@x, — &x,) + kéa(fx,)? (4.50)

By subtracting both equations, one obtains for the evolution of the difference
of concentrations ¢x, — ¢x,,
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d(6X1 — &X2)

” = —2a(ex, — &x,) + a [(ex,)% — (éx,)?] - (4.51)

This may still be written as

d(éx, — éx,)

i = —20[(6){1 — 5X2) + kéA(éxl + EXQ)(Exl — 5)(2). (4.52)

This result indicates that the right-hand side of (4.52) becomes positive,
thus implying an increase of the difference of concentrations, when the molar
concentration of A becomes higher than the critical value

(€a)e = %(éxl +0x,)- (4.53)
Note that, since reaction (4.46) is irreversible, i.e. it only goes to the right, the
concentration of A corresponding to equilibrium is zero. In the problem under
study, ¢a remains constant because it is supplied from the outside at the same
rate in both subsystems. If the supply rate is sufficiently high in such a way
that the concentration of A exceeds the critical value, the concentration ¢x
will tend to be higher in one subsystem than in the other and will contribute
to the reinforcement of the non-homogeneity of the system.

This mechanism has gained much interest in biology. Indeed, an actual
problem in biology is the development of an embryo from the first fertilized
cell of the individual and this process implies cell differentiation at the var-
ious stages of development. Though all the cells of the individual contain
the same information in their DNA, the parts of this information which are
really read are not the same in all cells, but they depend on control proteins
that determine which genes are transduced into the corresponding proteins.
In the above model, one could interpret X as the control molecule determining
the reading of some gene. When the system is far enough from equilibrium,
the inhomogeneity in the value of ¢x makes that, in one part of the organism
where ¢x is higher than some critical value, a given gene is expressed, whereas
in the other regions, where ¢x is lower, the gene is not expressed.

4.6 Problems

4.1. Michaelis—Menten’s relation for enzymatic reactions. An important type
of biochemical reactions are reactions changing a substrate S into a product P,
catalysed by an enzyme E, through the intermediate formation of an enzyme—
substrate complex ES. The reaction may be expressed as

E+S=ES—E+P.

The first step is reversible and the second one is irreversible. The correspond-
ing kinetic constants are ki and k_; for the forward and backward steps of
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the first reaction, and ko for the (forward) step of the second reaction. The

velocity of reaction w = dép/dt = —dég/dt obeys the Michaelis-Menten
expression .
Cs
W = Wiax ————
max KM + 68 )

where wpax is the saturation velocity and Ky a characteristic constant indi-
cating the value of the substrate molar concentration ¢g for which the velocity
is half the maximum value. (a) Show that, according to the mass action law,
the value of the concentration of the complex ES in the steady state (for
which the enzyme concentration ¢g is constant) is given by

_ kics

S T T ky + kios

(b) It follows from the mass action law that the velocity of the reaction is
w = dép/dt = koCgs. Combine this result with the previous one and show
that Michaelis-Menten expression is recovered. Identify wpma.x and Ky in
terms of the kinetic constants ki1, k_1, ko, and of the enzyme concentration
¢g. Discuss the dependence of wy.x with ¢g and the relevance of the fact
that the last step is totally irreversible (i.e. the backward reaction is lacking).
(c) Assume that for a given enzymatic reaction wyax = 0.085 mMs~! and
Ky = 6.5mM. Obtain the velocity w for ¢g = 2.5, 10, and 25 mM.

4.2. Application of Michaelis—Menten expression to simple molecular motors.
The kinetics of simple, tightly coupled chemical motors with at least one ir-
reversible step is expected to be described by a Michaelis-Menten expression,
discussed in the previous problem. Assume, for instance, the following scheme

motor(z) + ATP &= ATP - motor — motor(xz + Az) + ADP.

In this reaction, the hydrolysis of ATP gives the energy necessary for moving
the motor from a position = to x + Az along some filament, the motor could
be kinesin and the corresponding filament could be a microtubule, in which
case Az = 8nm. The speed with which the motor moves along the filament
can be cast in the form

CATP

= maxF—~a
v=v ( )KM(F)+CATP

wherein the maximum velocity vmax and the characteristic constant Ky de-
pend on the load force acting on the motor. Indeed, it has been found that,
for kinesin along microtubules, the numerical values are vy. ~ 815nms~"
and Ky ~ 90uM at F = 1pN, and vay =~ 400nms~—' and Ky ~ 300 uM at
F = 5.5pN. (a) Compare the velocity at ¢arp = 1, 10, and 100 mM, under
both load charges. (b) Compare the useful power delivered by the motor,
given by Fv, in the several situations mentioned above.

4.3. Conditions of mazimum efficiency. Consider a transport process across
a membrane, when the affinity of the hydrolysis of ATP is A; and assume
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that the transported substance may be considered as ideal and uncharged.
Show that the ratio of internal and external concentrations of the substance,
under the conditions of optimum free-energy exchange between ATP energy
and transfer, is given by

Gn A (1—¢*)2 -1

] - :
N owt  RT o7

the coupling coefficients ¢ and Z are defined in Sect.4.3, namely ¢ =
Lo/ (L Lho)Y? and Z = (L}, /L)' ?, L}; being the phenomenological
coefficients of the linear constitutive equations relating the velocity of the
chemical reaction (taken as flux 1) and the rate of active transport (taken as
flux 2) with the corresponding conjugated thermodynamic forces.

4.4. Kinetics of triangular reaction. An example of a triangular reaction
scheme is provided by the triangular catalytic isomerization of the three
butenes C3Hg (namely, forms (A), (B), and (C) shown below), was stud-
ied by W. O. Haag and H. Pines (J. Am. Chem. Soc. 82 (1960) 387 and
2488). They obtained for the corresponding kinetic constants in the presence
of Al,Oy3 catalyst: ki /ks = 2.4, k_o/k_1 = 1.0, and k_3/ks = 0.4. Analyse
whether these results are compatible with the statement that the global equi-
librium in the triangular reactions corresponds to equilibrium in each of the
three individual reactions (see Chartier et al. 1975).

B (A) H,C=CH  CH, — CH;
k| /

, k (B) CH — CH;

g 1 (cis)
A , k,| |k, CH — CH;3

N

CH — CH
BN\ (© 3

C CH; — CH (trans)

4.5. Autocatalytic reactions and diffusion. Discuss the instability problem
analysed in Sect. 4.5 when one assumes that A4+ X — 2X instead of A+2X —
3X, as in (4.46).

4.6. Entropy production and degree of coupling in kinesin motor. Kinesin, a
typical molecular machine which moves along microtubules, takes on average
one 8-nm step, corresponding to one monomer of tubulin, every 10 ms. A
single ATP molecule is hydrolyzed per step. The chemical energy relased by
ATP hydrolysis is typically 20 kg7, and the motor uses 12 kg7 with each step
(Bustamante et al. 2005). a) Compute the power and the force done by the
kinesin, and the hydrolysis velocity reaction. b) What is the efficiency of the
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machine? c¢) Evaluate the entropy production of the machine in terms of kp
per second. d) If this efficiency is the maximum one, evaluate from equation
(4.39) the degree of coupling between ATP hydrolysis and kinesin motion,
according to the scheme provided in (4.44) and (4.45) for linear motors.

4.7. Bacterial flagellar motor. Swimming bacteria are usually propelled by
a rotary motor embedded in the cell envelope which drives rotating flagellar
filaments. These motors are typically powered by the inflow of protons across
the cell membrane, and have very interesting properties which confer bacteria
with the possibility of chemiotaxis, i.e., swimming towards higher nutrient
concentrations. We simplify the complexity of this motor and assume that
the power delivered by the protons, namely Power = JApu, is applied with
unit efficiency to propel the cell. Here J is the proton flux across the motor
(number of protons per second) and Ay is the socalled protonmotive force,
defined as
Ap = AV +2.303(kgT/e) ApH

AV being the membrane potential (difference of potential across the mem-
brane) and ApH being ApH = log(cu+ out/CH+in), With cp4 being the proton
concentration. Assume that a bacterium is a sphere of 1 um of radius, and
its friction coefficient is given by the Stokes law, i.e. { = 67nr, with r the
radius of the cell and 7 the viscosity of the surrounding fluid. Assume that
when the membrane potential is —80 mV (inside is negative) and ApH = 0,
the bacterium moves at 25 pm/s. a) Find the proton flux necessary to propel
the cell in water (n = 1073N - s - m~2). b) Find the electrical resistance of the
motor. ¢) Evaluate the velocity of the cell when it swims in a solution with
pH = 6 (assume that inside the cell pH = 7). d) Compare the total entropy
production due to viscous dissipation in both cases.

4.8. Degree of coupling and mazimum power. In expression (4.39) was given
the maximum efficiency in terms of the degree of coupling ¢ of two coupled
chemical reactions. In some circumstances, however, as for instance in hunting
or fleeing, so important for survival, the organism is interested in obtaining
the maximum power instead of the maximum efficiency. a) Write the power
output —wy Ay in the normalized form —wyAs/L11 A3 and show that it may
be expressed as —Zx(Zx + ¢); b) Show that the corresponding efficiency at
the value of ¢ for which the power output is maximum is

Tmax power = (¢°/4)[1(¢*/2)] .
¢) Compare this value with the maximum efficiency.

4.9. Effects of the breaking of detailed balance on the Onsager relations. As-
sume that in the triangular cyclical set of chemical reactions presented in
Section 4.2.2, detailed balance was broken, i.e., instead of having w; = wy =
w3 = 0 one had w; = wy = w3 = w. How would the phenomenological coeffi-
cients L1o and Loy appearing in the constitutive equations (4.25) be related?
(i.e. express L1a — Loy in terms of w).



Chapter 5
Finite-Time Thermodynamics

Economy, Ecology, and Heat Engines

One of the motivations of the early developments of thermodynamics was
the optimization of heat engines, as steam engines, which transform partially
heat into work, and which led to the first industrial revolution between the
end of the eighteenth century and the beginning of the nineteenth century.
This provides an interesting illustration of how an engineering problem cou-
pled with economical needs stimulated the occurrence of a new fundamental
science. Nowadays, we live in a similar situation: we are experiencing an in-
dustrial revolution based on information processing and miniaturized engines
and, on the other side, we are conscious of the need to incorporate ecological
restrictions into the economical progress. To convey some flavour of these
problems, we present in this chapter applications of non-equilibrium ther-
modynamics to heat engines working with a finite non-vanishing rate. This
approach is referred to as finite-time thermodynamics and received a strong
impetus during the last quarter of the twentieth century.

In 1824, Carnot arrived to the conclusion that the efficiency of a heat
engine operating between a hot and a cold heat reservoir is maximum in
reversible processes, and that it depends only on the temperature of the
two reservoirs, but not on the working substance. Here, Carnot’s ideas are
extended by including considerations not only on the efficiency but also on
the power developed by the engine when the cycle is performed in a finite
time. This issue is of importance from the economical perspective, because
what the society needs is an amount of work in a finite time, rather than
work supplied at an infinitesimal small rate, as in reversible engines.

Though the mutually conflicting demands in the maximization of efficiency
and power are especially illustrative of the conceptual problems dealt with
in this chapter, we also compare other optimization criteria, as for instance,
those based on the minimization of entropy production, and on maximization
of the power minus the product of temperature and entropy production.
This diversity of criteria illustrates the conceptual subtleties arising in finite-
time thermodynamics. Furthermore, the time constraints must be included
in realistic models of engines to optimize their design and performance.

113
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Finite-time thermodynamics deals with a very wide collection of situa-
tions. In the present chapter, we only present some simple and pedagogical
illustrations, based on Carnot’s engine, but many other problems have been
investigated in finite-time thermodynamics as, for instance, how to optimize a
thermodynamic cycle when its total duration is fixed. In this case, the several
branches of the cycle may be performed at different rates, and the problem is
to find the rates of each process in such a way that some optimization crite-
rion (power output maximization, for instance) is satisfied. Finite-time ther-
modynamics is not limited to Carnot cycle, but it encompasses many other
cycles (Otto, Brayton, Stirling, Diesel, etc.), and it is concerned not only
with ideal gases but also with other kinds of fluids, as polytropic fluids. Par-
ticular studies have been devoted to refrigerators, heat pumps, engines with
heat regeneration, several coupled engines, and have been applied to solar
engines, photovoltaic cells, or to the evaluation of the maximum efficiency of
the conversion from solar energy to wind energy in the planet. In short, finite-
time thermodynamics allows us to understand in a simple way the essential
role of time constraints on the thermodynamic cycles (Salamon et al. 1980;
Ma 1985; Salamon and Sieniutycz 1991; Bejan 1996; Hoffmann et al. 1997).
This is a clear illustration of the importance of including non-equilibrium
thermodynamics both in the assessment and design of heat engines as well
as in the understanding of some natural phenomena.

5.1 The Finite-Time Carnot Cycle

Let us briefly recall the essentials of the classical analysis of Carnot’s engine.
The latter is operating between two heat reservoirs at temperatures 77 and 15
(Th > T5), it takes an amount of heat () from the hot one, transforms a part
of it into work W, and delivers the remaining heat ()2 to the cold reservoir.
Since the engine operates cyclically, Q1, @2, and W refer, respectively, to the
amounts of heat, absorbed and delivered, and the work carried out by the
engine during one cycle.

The internal energy of the engine does not change during one cycle, because
it is a state function, so that the first law takes the form

Qr=W+Q,. (5.1)

If we ask about the efficiency 7 of the cycle — namely the work produced W
divided by the heat supplied @)1 to the engine — one has

n=—=1-— ==, (5.2)
Kelvin—Planck formulation of the second law states the impossibility of build-

ing a cyclical heat engine, which transforms heat completely into work. In-
deed, the maximum value of 7 is limited by the minimum value of the heat
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(2 delivered to the cold reservoir. Therefore, to evaluate the maximum effi-
ciency, the second law must be taken into account. Accordingly, the global
balance of entropy is never negative, i.e.

AStot = ASI + AS2 + ASengine > 07 (53)

where ASy, ASy, and ASengine are the variations of entropy, respectively, in
the reservoirs 1 and 2 and in the engine during one cycle. Since the engine
operates cyclically, and recalling that the entropy is a function of state, one
has ASengine = 0. Moreover, the temperature of each reservoir remains con-
stant, so that, according to Clausius’ definition of entropy, the variations of
their respective entropies are AS; = —Q1 /71 and ASy; = Q2/Ts. Therefore,
(5.3) becomes

ASior = *% + % = Ay S > 0. (54)
The equality sign corresponds to reversible processes and A;.,.S stands for
the entropy produced during one cycle by irreversible processes (as for in-
stance thermal resistance or mechanical and hydrodynamical friction). After
combining (5.2) and (5.4), it follows that the efficiency obeys the inequality

T
<1-——. .
nsl-g (5.5)

This expression shows that the efficiency is maximum when the engine op-
erates reversibly: indeed, in this case the relation (5.5) becomes an equality,
providing the so-called Carnot’s efficiency, depending only on the temper-
ature of the sources but not on any detail of the working substance or the
engine itself.

However, in order that the engine operates reversibly, one must proceed
infinitely slowly, with the result that the power delivered by the reversible
engine is in fact zero. This is of no practical interest because, in actual sit-
uations, a non-vanishing power is desirable, which implies to obtain a finite
amount of work in a finite time. Anyway, one should avoid spending unre-
alistic efforts to improve engines beyond their actual physical limits; in that
respect, the result (5.5) indicates that a way to enhance the efficiency is to
raise as much as possible the temperature of the hot reservoir and to reduce
the temperature of the cold reservoir.

A cycle carried out in a finite time means a reduction of the efficiency, and
therefore one is faced with an alternative: maximization of efficiency or max-
imization of power. To study this problem, we will follow in this introductory
section the didactical example proposed by Curzon and Ahlborn (1975).

5.1.1 Curzon—Ahlborn’s Model: Heat Losses

Curzon and Ahlborn assume that the rate of heat exchanged between the
working substance at a temperature 7] and the heat reservoir at a tempera-
ture 77 is described by Newton’s law of heat transport, namely
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Fig. 5.1 Sketch of the Curzon—Ahlborn’s model of heat engine with finite thermal
resistance between the working fluid and the heat reservoirs

F = Oél(Tl - Tl/)’ (56)
where the coefficient o7 depends on the thermal conductivity of the wall
separating the working fluid from the source and on geometrical factors, as
the area and the width of the wall. Analogously, the rate of heat delivered to
the cold source is

d@»

dt

where gy plays a role analogous to «; in the heat exchange between the
working fluid and the cold reservoir. A sketch of the Curzon—Ahlborn’s model
is provided in Fig. 5.1.

It follows from (5.6) and (5.7) that the times required for the engine to
absorb an amount of heat )7 and to deliver the heat @5 are, respectively,

given by
Q1 Q2

— =
Oé](T] —Tll) 2 042(T2/ —TQ)

= a2(T2 - TQI), (57)

ty = (5.8)
By writing these expressions, we have assumed that the temperatures T}
and T3 of the working substance remain constant during the heat exchange
process. Furthermore, for the sake of simplicity, it is admitted that the time
spent in the adiabatic parts of the cycle is much shorter than the time required
for absorbing or delivering the heat. Physically, this implies the absence of
frictional losses and inertial effects (e.g. one works with a frictionless piston
of zero mass). In this case, the total duration of the cycle is

tcyclc =~ tl =+ tQ. (59)

This theoretical framework has the advantage of allowing explicit calculations
of all the quantities related to the way the heat engine is operating, and to
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introduce explicitly the notion of time. In comparison with reversible ther-
modynamics, one makes a step forward by capturing more realistic features
of the heat engine.

The power P delivered by the engine during one cycle is the ratio of the
work W that is performed and the total duration of the cycle, i.e.

w

tcycle

P= (5.10)

Now, we want to obtain both efficiency and power as a function of the dura-
tion of the cycle. To do this, we need the expression of the entropy produced
during a cycle, which is given by (5.4). On the other hand, we know from
Chap. 2 that, when an amount of heat () flows from a system at temperature
T to another at temperature T”, the amount of entropy produced is

AmS:—Q<;—;). (5.11)

The total entropy generated during one cycle is assumed to result exclusively
from irreversible heat exchanges between the reservoirs and the working sub-
stance, all other possible sources of irreversibility, as for instance viscosity,
are neglected for the moment. In the above problem, one has

1 1 1 1
AnS=-Q1 (== =) - = —=). 5.12
Ch(ﬂ, ﬂ) Cb(n iB) (5.12)
Making use of (5.4), one obtains
Q1 Q2
X ®E . 1
T T 0 (5.13)

Compared to the equivalent result (5.4), wherein the temperatures 77 and 75
of the sources appear, in (5.13) the temperatures of the working fluid dur-
ing the isothermal expansion and compression are coming out. The analogy
between (5.13) and (5.4) for the reversible situation (i.e. with Ay, S = 0)
underlines that the working fluid itself is behaving in a reversible way, and
that the only source of irreversibility is the heat transfer between systems at
different temperatures (i.e. between the working fluid and the corresponding
heat reservoirs). This is called an endoreversible heat engine (de Vos 1992;
Andresen 1996; Hoffmann et al. 1997), because irreversibilities find their ori-
gin in the contact with the sources but not in internal causes. In particular,
for a given compression ratio Vipax/Vmin of an ideal gas and using the first
law of thermodynamics, the values of @1 and Q)5 are

Ql = RT{ ln(Vmax/Vmin)a QQ = RTQI ln(Vmax/Vmin)- (514)

We now study the conditions under which the power becomes a maximum.
The work per cycle W' is equal to the difference Q1 — @2, and will be the larger
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Fig. 5.2 Normalized efficiency and power output of the heat engine as a function
of the inverse of the duration of the cycle

when the higher is Q1 and the lower is Q2. According to (5.13), this requires
to increase T and to reduce T4, because Q1/Q2 = T} /T4. But if T| increases
and T3 decreases, the rate of heat exchanged with the sources, expressed by
(5.6) and (5.7), diminishes. Under these circumstances, one has slow cycles
with high efficiency but small power: each cycle produces much work but one
cycle takes a long time. If the rate of heat is increased by lowering 77 and
rising T3, efficiency is reduced: each cycle produces less work but it takes a
shorter time. When the rate is too high, the work per cycle becomes very low
in such a way that the power decreases and becomes eventually zero. Between
these extreme situations with a vanishing power, there is another one with
a maximum power output, as sketched in Fig.5.2. In this figure, the zero
values of power output correspond either to very low speed per cycle (high
efficiency but small power) or to very high speed per cycle (low efficiency and
low power).

To determine the values of 7] and T3 corresponding to the maximum power
output, at fixed values of the temperatures 77 and T5 of the heat reservoirs,
let us write explicitly the expression for the power output, namely

pajpy -GG (5.15)
tcycle al(Tll—Tl’) -+ OLQ(T2,2—T2)

Eliminating @1 and Q9 in terms of T} and T3 by using (5.13), one obtains

-1
T
o (Ti—T)) " aax(13—T3)

P(TY,T3) = (5.16)

After introducing the variables 1 = Ty — T} and xzo = T4 — T5, (5.16) may
be rewritten in the more compact form
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ozlozgxl:zrg(Tl — TQ — 1 — IQ)

P(xq, = . 5.17
(21, 2) axTze + ar1Toxy + (a1 — az)w172 (5:17)
The conditions for P being extremum are
6P($1,!B2) aP(fL’hLBQ)
—= =0, ———===0. 5.18
6{E1 ’ 8952 ( )

This leads to two equations for the values of 21 and x5 corresponding to the
maximum power,

OéQTlilfg(Tl — TQ — T — SEQ) = CCl(OLQTlIQ =+ Oéngl‘l + (Otl — ag)xlzg), (519)

0&1T21‘1(T1 —T5 —x1 — .732) = J?Q(OéQTlJ)Q + a1 Toxy + (al — (Xz)xll‘g). (520)

It is verified that

1/2
a1 Ty
max — max 5.21
5172’ (OZ2T1> 31717 ( )
with
Ty — (' T»)'/? T\T»)'? - T
o, =n-@h)y = (D) T (5.22)
’ 1+ (a1/ag)t/2 ’ 1+ (ag/ap)t/2
In particular, it is found from (5.21) and (5.22) that
T 1/2 T 1/2
T —orV?, m—cr?, o= @) TH (el T
1 1 2 2 1/2 1/2
Q'+

Introducing (5.22) in (5.17), we obtain for the maximum power output

[e5§e%)

e n1/2 n1/2\2
@ o TR o2

Pmax =

The efficiency as a function of z; and x5 is

=1-—==1- 5.25
Wa) =1 g =1 - g (5.25)
Bringing it in the expressions (5.22) yields the important relation
T, 1/2
max power = 1 — | =~ . 5.26
n p (Tl ) ( )

It is worth to stress that, in contrast with Carnot’s result (5.5), the efficiency
at maximum power output relates to the square root of the ratio of temper-
atures. Both relations (5.24) and (5.26) are of high interest, especially the
second one, which is seen to depend only on the values of the temperatures
of the reservoirs, in contrast to the first one, which is also function of the
heat transfer coefficient introduced in (5.6) and (5.7).
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As an illustration, consider a power station working, for instance, between
heat reservoirs at 565 and 25°C and having an efficiency of 36%. We want to
evaluate this power station from the thermodynamic point of view. It follows
from (5.5) that the Carnot’s maximum efficiency is 64.1%); our first opinion
on the quality of the power station would be rather negative if Carnot’s
efficiency is our standard for evaluation. However, according to (5.26), its
efficiency at maximum power is 40%. Thus, if the objective of the power
station is to work at maximum power output, it is seen that the efficiency
is not bad compared to the 40% efficiency corresponding to this situation.
We can therefore conclude that, to have realistic standards for evaluation
of an actual heat engine, one needs to go beyond Carnot’s efficiency and to
incorporate finite-time considerations.

We have stressed that (5.26) is independent of the heat transfer coefficients,
and therefore it is rather general. However, its generality is not so universal as
Carnot’s result (5.5), because it has been derived by assuming that thermal
conduction is the only source of irreversibility, thus neglecting other possible
dissipative processes, and also because it depends on the specific form adopted
for the heat transfer law. For instance, instead of Newton’s law taken in (5.6)
and (5.7), one could assume a transfer law of the form

d@Q; 1 1 dQa 1 1
E—ﬁl (T{_Tl), F_& (T2 ,>. (5.27)

In this case, it may be shown that the efficiency at the maximum power is
given by

a _ 1+ (B1/B2)? s
n(at Prax) - (1+ %) N (1 T1>' (5.28)

Compared to (5.26), this expression depends now explicitly on the heat trans-
fer coeflicients. Several other heat transfer laws have been proposed in the
literature (e.g. Hoffmann et al. 1997).

5.1.2 Friction Losses

In the previous examples, the presence of internal dissipation has been ig-
nored. Dissipation could be, for instance, produced by friction of the piston
along the walls, heat leaks due to imperfect insulation of the reservoirs, in-
ternal losses in the working fluid, such as turbulence or chemical reactions.
A simple way to introduce friction is to assume that the total force acting on
the piston is

F =pA— fu, (5.29)

where pA is the force exerted by the gas on the piston of area A and fv
represents a frictional viscous force, v being the velocity of displacement
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of the piston and f the friction coefficient. This model was investigated by
Rebhan (2002), who assumed that heat transfer effects are arbitrarily fast and
that the only source of dissipation is friction. This is the situation analysed
below.

During a displacement dz, the work performed by the piston will be

dW = pdV — fo*(t)dt, (5.30)

and the work corresponding to one cycle is

W=0Q—Qs— f/vQ(t)dt, (5.31)

the integration being performed over the duration of one cycle. The compu-
tation of the last term depends on the time dependence of the velocity. Let
us qualitatively write

2
W= — Q- 7 (5.32)

T

where 2D is the total distance covered by the piston during one cycle, 7 is the
duration of one cycle, and § is a fixed numerical parameter characterizing the
dependence of the velocity with respect to time (Rebhan 2002). As a result,
the power of the engine will be expressed by

_ Q1@ _4f5D2.

P
T T2

(5.33)

For given values of @1 and @2, P is a function of 7 only. The maximum power
is then obtained from the condition that dP(7)/dr = 0, which yields for the
optimum time

8f6D?
Topt = —————. 5.34
e PG (534
Introducing this result into (5.33), it is found that the maximum power is
(Q1 — Q2)°
Pmax = T arsno .
166 D2 (5.35)
The efficiency is given by
W — 4f5D?
77:7:@1 Q: _4foD7 (5.36)
Q1 Q1 TQ1
Substituting the value for the optimum time, one obtains
1 QQ TICarnot
Pl==(1-==|= 5.37
e p) = 5 (1- 22 = Tt (537

which is of course lower than Carnot’s efficiency, but also lower than the
Curzon—-Ahlborn’s result (5.26) derived for heat losses only.
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Just like (5.26), expression (5.37) does not depend explicitly on the fric-
tion coefficient. Combined effects of heat losses and friction lead to rather
cumbersome mathematical relations, which are certainly interesting from a
practical perspective, but which do not add essential new ideas to the above
considerations.

5.2 Economical and Ecological Constraints

In practical situations, there will be a compromise between maximum effi-
ciency and maximum power, and the priorities will be settled by economical
and ecological considerations. Note that, from an economic point of view, the
efficiency of the engine should be written as

W x Pr(W)

economic = —, 5.38
! Q1 x Pr(Q1) ( )

where Pr(W) is the price at which the unit of work is sold and Pr(Q) is
the price at which the unit of heat which must be supplied to the engine is
bought. The economical efficiency will incorporate non-physical information,
as the prices of fuel and work (electrical work, for instance). As a matter of
fact, the actual economical efficiency is much more complicated than (5.38),
because it should also include, for instance, the investment for building the
plant and operating costs (as, for instance, the salaries of the workers, other
indirect costs as taxes, etc.). Anyway, the price of fuel plays generally a
crucial role: if fuel is expensive and the work produced by the engine may
only be sold at low price, then the situation with the highest efficiency, i.e.
taking most advantage of the fuel, will be the most suitable one. On the
contrary, if fuel is cheap and if the work may be sold at high price, the
situation of maximum power will be preferred from an economic point of view.
Furthermore, the higher the power output is, the faster the investments will
be recovered, whereas the higher the efficiency, the faster the fuel expenses
will be recovered.

Now, if ecological constraints are incorporated, the criteria may change.
For instance, the lowest is the efficiency, the least ecological will be the sta-
tion, because it will consume more fuel to produce the same amount of work
and therefore will produce more pollution. In short, it can be said that the
situation with the highest efficiency is the most ecological one, whereas, if
fuel is sufficiently cheap, the operation at maximum power output will be
the most interesting from the economical standpoint. In general, the situa-
tion is rather complex, and will depend on particular circumstances, as for
instances, on the rate of demand in energy.

Another example where a similar conflict between efficiency and power
arises is in exothermic chemical reactions. Indeed, it is known from equilib-
rium thermodynamics that the efficiency of the reaction (i.e. the number of
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moles which are produced for a given initial quantity of reactants) is increased
when temperature is lowered, according to the Le Chatelier’s principle dis-
cussed in Chap. 1. However, from a kinetic perspective, the lower the temper-
ature is, the lower will be the reaction rate. Thus, lowering temperature has
two opposite effects: it increases the efficiency but it diminishes the reaction
rate. Which temperature is optimal cannot be decided simply from thermo-
dynamic arguments: economical and ecological aspects must be included in
the analysis. From an economic standpoint, if the price of the reactant is low,
the most satisfactory approach is the fastest one; however, from the ecological
point of view, the faster the procedure is, the higher is the consumption of
reactant and the higher is the pollution produced by the factory.

Both power and efficiency must therefore be considered in the assessment
of actual heat engines. Up to now, we have discussed only two criteria, namely
power optimization and efficiency optimization. Other elements may be taken
into account to convey the subtleties of the interplay between economical and
ecological needs.

One proposal is to minimize the entropy production, which is related to
the loss of available work by Wiost = ToA;,S; the rate of entropy production
over one cycle is, after use is made of expressions (5.12) for A;..S and (5.8)
and (5.9) for teycle,

A, S N Q1 (TL{*T%) + Q2 (T%*T%')

o® = (5.39)
Q Q
beyele o1 T T T
In terms of z; and w5 defined under (5.16), this may be written as
2aoT: T
o(z1,22) = - EiTa-s ¥ N1l (5.40)

T oaqToxy + aoTixs + (g — an)zi2

Another ecological criterion, which is often used, is the maximization of the
quantity

¥ = power — Ty X entropy production = P — To Ay, S. (5.41)

By doing so, a high power (a factor of economical interest) is promoted,
together with low dissipation (a factor of ecological interest), in such a way
that one combines both economical and ecological aims. Physically, (5.41)
is related to the useful work available in a process, which is given by W =
Wr — To Ay S, Wr being the work performed by the reversible process and
T A S the work dissipated as heat by irreversibilities. Dividing both terms
of this expression by the cycle duration fcyce gives back (5.41). From the
expressions (5.17) for the power output and (5.39) for the rate of entropy
production, one obtains

(6510 Tl(Tl — Tg) — (T1 + Tz)xl — 2T 2o

U(xy,xe) =
( b 2) T1 angxl + 042T1332 + (041 — Odg)xlxg

T1T9. (542)
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The values of the variables for which this quantity becomes a maximum, in
the particular case oy = ap, are

T T 15

1,max I 2,max 11 1,max> 5' 13
. ’ 2 T + Tg + 2T A * ’ * ’ ( )
Where

s [M_wﬂ v (5.44)

2T?
Introducing (5.43) into (5.25), it is found that the corresponding efficiency is

T, | 3 n , 12\Y
L+23 +2\/§(Tf +7T?)
1/2°

n(at meax) = TCarnot (545)

T T, 13
1+3% +2v3 (2 + 73)

As an illustration, Table 5.1 gives the values of efficiency, power, entropy
production, and dissipation (product of lowest temperature times entropy
production) for a Carnot’s heat engine with 73 = 400K, T, = 300K,
Vinax/Viin = 2, @ = 209 WK1, under different operational conditions, as
considered by Angulo-Brown (1991). Here, it has been taken into account
that Ql = RT{ ln(VmaX/Vmin) and Q2 = RTQI ln(Vmax/Vmin).

Note the practical advantage of the ¥ optimization criterion: though it re-
duces somewhat the power availability with respect to the maximum power
(from 375 to 294 W, i.e. a 25% reduction approximately), it lowers appre-
ciably the entropy production (from 1.08 to 0.3 WK~1) and the dissipation
(from 325 to 93 W). Therefore, it yields a satisfactory value for the power
output, which is economically interesting, and it considerably brings down
the dissipation with respect to the maximum power situation, an appreciated
result from the ecological point of view.

Table 5.1 Values of efficiency, power, entropy production, and dissipation for a
Carnot’s heat engine with 77 = 400K, T5 = 300K, Vinax/Vmin = 2, a = 209 WK1,
under operation conditions defined by (a) maximum efficiency (Carnot), (b) maximum
power output, (¢) minimum entropy production, and (d) maximum ¥ (from Angulo-
Brown, J. Appl. Phys. 69 (1991) 7465)

Maximum Maximum Minimum Maximum

efficiency power entropy production 4
Efficiency (%) 25 13 23 19.2
Power (W) 0 375 114 294
Entropy production (WK—1) 0 1.08 0.30 0.31

Dissipation (W) 0 325 90 93
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5.3 Earth’s Atmosphere as a Non-Equilibrium System
and a Heat Engine

Planetary atmospheres are fascinating non-equilibrium thermodynamic sys-
tems, whose study has benefited by the impressive observational data pro-
vided by space missions. It is well recognized that Earth’s atmosphere is of
utmost importance for our survival: atmosphere warming and the climate
change are among the main topics in the current agenda of Earth’s sciences
and a topic of much social, economical, and political concern since the last
decade. The atmosphere is continuously subject to energy flow, because it ab-
sorbs, reflects, transforms, and stores shortwave solar radiation energy, and
releases back to the outer space longwave, infrared radiation energy. It repre-
sents therefore a paradigmatic example of a non-equilibrium system (Peixoto
and Oort 1984; Kleidon and Lorenz 2005). In this section, we present a sim-
plified version of the Earth energy balance, with special attention to the
understanding of global warming, and we apply finite-time thermodynam-
ics to evaluate the efficiency of the atmosphere as a heat engine, converting
thermal radiation energy into wind kinetic energy.

5.3.1 Earth’s Energy Balance

We present here an outline of the main factors influencing the average Earth
temperature, based on a rather simplified modelling of the global energy
balance. On the one hand, the Earth absorbs an incoming radiation power

Paps = (1 — r)w R 15, (5.46)

where Rp is the radius of the Earth and r is the reflectivity (also called
albedo), whose mean current value is 0.35. The quantity I (~1,370 W m~?2)
is the so-called solar constant, namely the maximum radiation flux arriving
at the upper part of the atmosphere, in a region which is directly facing
the Sun, and averaged over all latitudes and seasons and over the day/night
alternation. The combination mR% is thus the transversal area of the Earth,
intercepting the solar radiation. In virtue of Wien’s law of radiation, stating
that Apax =2,8977 ! um, with 7 the temperature of the body emitting
radiation, the radiation arriving from the Sun, whose surface temperature is
~ 6,000 K, is shortwave. Except for reflection and absorption in the clouds,
the atmosphere is essentially transparent to this kind of radiation, which is
directly striking the surface of the Earth.
The power emitted by the Earth is

Pemit = 4TR%eo Ty, (5.47)

where e is the emissivity, whose approximate value is 0.58, o the Stefan—
Boltzmann constant, and Tg, the average temperature of the Earth, a quan-
tity on which we will centre our attention. The numerical factor 4 in (5.47)
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assumes that the Earth is radiating over the whole surface, and not only the
surface facing to the Sun. According to Wien’s law, the radiation emitted by
the Earth is longwave, and behaves as infrared radiation. As commented be-
low, several gases in the atmosphere absorb and re-emit this type of radiation,
in contrast to the incoming radiation.

To find the average temperature of the Earth, the emitted and absorbed
powers are made equal, i.e.

1—7r)wR%]Ig = ArR%eo T, 5.48
E E E
from which follows that J
(1— r)zs = eo T}, (5.49)

and the resulting average temperature of Earth is given by

1/4
(1%} , (5.50)

Te= { deo
and found to be of the order of 290 K. In the balance equation (5.48), some
internal sources of heat — volcanoes and radioactive sources — have been
neglected, but should be incorporated in a more detailed analysis. According
to (5.50), the Earth reflectivity » and emissivity e have a deep influence on
the Earth temperature; for instance, a reduction of these parameters implies
an increase of the average temperature. If there was no greenhouse effect,
whose effect is to reduce e, the temperature of the Earth would be some
30°C colder than it is today.

The reflectivity, or albedo, r and the emissivity e are fractional quantities
with values comprised between 0 and 1; for a perfect black body, one would
have r = 0 and e = 1. The albedo r and emissivity e depend on several
variables, mainly temperature and composition. The actual value of r results
from a balance between the extension of ices, snows, deserts, and clouds,
which have high values of albedo (high reflectivity) and the surface occupied
by forests and seas, with low values.

5.3.2 Global Warming

Global warming is nowadays the object of an enormous amount of research
at the theoretical, observational, and numerical levels. The role of human
activities and their implications on climatic changes actually deserves an
increasing international interest. We will focus here on some qualitative ideas
which allow seizing the key features of these phenomena. Truly, the first
studies about global warming were carried out by Arrhenius in 1896, but
they did not receive a widespread attention until the end of the 1960s, when
the first data on the increase of COs in the atmosphere became available.
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The average value of Earth’s temperature is given by (5.50). Concerning
the emissivity e, its value depends especially on the concentration of those
gases sensible to infrared radiation. The major natural infrared absorbers in
the atmosphere are water vapour, clouds, and carbon dioxide. The current
concerns are related with CO5 and some other gases, mainly CHy, N2O, and
CFC, whose concentration has considerably increased during the last cen-
tury as a consequence of human activities. For instance, the abundance of
COgy in the atmosphere has increased from 315 ppmv (parts per million in
volume) in 1950 to 350 ppmv in 1990, as a consequence of fossil fuel burning
and deforestation (for the sake of comparison, let us mention that in 1750
the COy atmospheric concentration was some 280 ppmv). COy remains in
the atmosphere for about 500 years. The increase in CH4 has been much less
(1% per year, at the current rate). This gas is produced by bacteria that
decompose organic matter in oxygen-poor environments, as marshes or rice
paddles, burning of forests and grasslands, or the guts of termites in the di-
gestive tracts of cattle, sheep, pigs, and other livestock. CHy4 remains in the
atmosphere for 7-10 years and each molecule is some 25 times more efficient
than a molecule of carbon dioxide in warming the atmosphere. Other gases
with much effect are CFC (chlorofluorocarbons), which also deplete ozone
in the stratosphere. The main sources are leaking air conditioners and re-
frigerators, or evaporation of some industrial solvents. CFC remain in the
atmosphere for 65-110 years, and a molecule of CFC has 10,000-20,000 times
the impact on global warming compared to a molecule of carbon dioxide.
Nitrous oxide (N2O) is released mainly from the breakdown of nitrogen fer-
tilizers in soil, and nitrate-contaminated groundwater. Its average stay in the
atmosphere is 150 years and the effect on global warming from each molecule
is 230 times more important than a COs molecule. The main contributions
to the greenhouse effect are 54% CO,, 18% CHy, 14% CFC, and 6% N>O.

The net planetary radiative forcing is dominated by the presence of the
water vapour whose contribution to the total value of e is of the order of
60%, and whose concentration is strongly related to that of CO5. Note that a
relatively small variation of temperature may produce an important feedback
in the water vapour concentration. Another possible multiplicative feedback
arises from the relationship between ice extension and the albedo r: a warmer
planet will have less ice meaning a reduction in the reflectivity, which in
turn will produce an increase of the temperature, thus leading to a further
reduction of ice extension and so on.

The main uncertain factor influencing global warming and its impact on
climate concerns the role of clouds on the radiative balance because clouds
contribute both to warming, by absorbing infrared radiation, and to cooling,
by reflecting a part of the incoming radiation. The relative importance of
these two antagonistic contributions depends on the altitude of the clouds:
for low ones, warming plays the leading part, whereas for high ones, cooling is
the dominating effect. Another source of query is the response of the ocean to
variations of the concentration of the greenhouse gases and to perturbations
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in the oceanic currents distributing the heat from the Equator to the Poles.
Furthermore, since the oceans have an enormous thermal inertia, the warming
process is expected to be slow; this means that it may take many years before
warming effects become perceptible.

The estimations about the COs atmospheric concentration are deeply
bound to the evolution of CO5 emissions. It is estimated that, in 2100, CO4
concentration could be close to 550 ppmv. Solutions are not easy to find be-
cause of the clash of interests between the necessity to reduce the use of fossil
fuels and the increasingly widespread and growing need for energy, thus lead-
ing to serious policy confrontations.

Useful information about climate change may also be drawn from a study
of the global entropy balance of Earth. The convective motions of upward hot
air and down falling cold air and several phenomena observed in our everyday
life imply the appearance of some structure and order, which must be com-
patible with a global increase of entropy of the universe. It turns out that,
globally, the Earth is a very dissipative system. Indeed, it receives photons
at Ts ~ 6,000 K and emits them at Ty ~ 290 K. For each incoming photon,
some 20 photons are re-emitted to the outer space. Other sources of entropy
production, as for instance heat transfer between hot and cold regions, or
turbulence of winds and oceanic currents are unavoidable and should be in-
corporated in more detailed analyses. Several models taking into account the
role of entropy production on the climate have been proposed. Based on sim-
plified atmospheric models, Nicolis and Nicolis (1980) and Paltridge (1981)
explored whether or not the climate is governed by an extremal principle re-
lated with the entropy production. They found reasonable values for the most
significant climatic variables by maximizing the transport part of the entropy
production. We will not enter into this rather specialized topic, which throws
anyway a light on the contribution of the second law to a better understand-
ing of the global climate system. For more recent models, see for instance
Pujol and Llebot (1999) and Ozawa et al. (2003).

5.3.3 Transformation of Solar Heat into Wind Motion

In this section, we will apply finite-time thermodynamics to the Earth at-
mosphere, considered as a heat engine driven by solar radiation and pro-
ducing useful work in the form of wind motion. On the yearly average, the
quantity of heat transferred per unit time by solar radiation to the surface
of the Earth is, per unit area,

1—r

Qs = Is ~ 223 Wm™2, (5.51)

where, as in Sect.5.3.2, Ig is the solar constant and r is the albedo. Since the
average energy of wind motion is approximately 7W m™2, the efficiency of
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conversion of solar radiation energy into mechanical energy of wind is about
7/223 ~ 3%.

A rough upper bound estimation for the conversion of solar heat into
work is obtained by taking for the temperature of the hot reservoir T} =
313K, corresponding to the average Equator temperature of 40°C, and for
the temperature of the cold reservoir T, = 233 K, the average temperature
at the Poles. After introducing these values in the expression of the Carnot’s
efficiency, one finds 25.5%, which is much higher than the 3% observed value.
Applying the maximum power efficiency of the Curzon—Ahlborn’s engine, the
result falls down to 14%. However, instead of Curzon—Ahlborn’s approach,
we prefer to follow an analysis by Gordon and Zarmi (1989), which is more
illustrative and pedagogical, by keeping nevertheless simplicity.

These authors investigate that the global-scale motion of wind in convec-
tive Hadley cells, namely those cells in which hot air rises towards colder
regions along the upper atmosphere, falls down on the surface of the Earth,
and moves back to hotter regions along the Earth surface. Gordon and Zarmi
model these various motions by means of a Carnot’s engine, with two isother-
mal and two adiabatic branches. The first isothermal corresponds to the at-
mosphere absorbing solar energy at low altitudes, at temperature 77, not
exactly equal to the Earth surface temperature T;. The second isothermal
branch, at temperature Ty, is related to the atmosphere at high altitudes,
where air rejects heat to the universe. The adiabatic branches correspond to
the rising and falling air currents. Furthermore, it is assumed that the time
spent on the isothermal branches is equal, and that the time spent on the
adiabatic branches is negligible. The values of the hotter T} and colder tem-
peratures T4 of the working fluid will be determined to maximize the power
conversion, in analogy with Sect. 5.1.

In the present case, the heat exchange mechanisms are of radiative type,
and therefore the analysis of Sect. 5.1, based on Newton’s law of transfer, is
not directly applicable. This justifies that we re-examine the problem. The
power (per unit area) available for work will be

. . . 14 14
P—Qle—Qsa(TQlJrT;), (5.52)

with the identifications Q1 = Qg — %UT{‘I, Qr = s0T4, and o = 5.67 x
1078 Wm~2K~* the Stefan Boltzmann constant, an upper dot means time
derivation. The factor % in (5.52) is a consequence of the assumption that
air spends half the time on one isotherm and half the time on the other. We
know from Sect. 5.1 that this does not exactly reflect the reality, but since we
are only interested in obtaining some orders of magnitude, it is not extremely
important.
On the other side, the entropy balance may be expressed as

R
T T 2 2

0, (5.53)
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where it is assumed that the cycle is endoreversible and the entropy flux is
simply Qi/T7 with Q; given by the same relations as in (5.52).

The temperatures 7] and T4 are derived by maximizing the mechanical
power (5.52), subject to the constraint (5.53). Since Qg is fixed, we may
maximize

O(T],T)) = g (T/* + T5%) + A <QS -2 ) : (5.54)
where A is a Lagrange multiplier taking into account condition (5.53). The
final results are

T{ mox = 229K, Ty . =192K, and Ppax =17.1Wm™>  (5.55)

The resulting efficiency is 7%, much closer to the actual one (3%) than the
Carnot’s and Curzon—Ahlborn’s naive estimations.

In more sophisticated formulations, the hot isotherm is considered to be
on the dayside of the Earth and the cold one on the nightside. Dissipation
of the wind energy is also introduced in some analyses. Furthermore, instead
of assuming a homogeneous model for the Earth, one may consider several
convective cells (the so-called Hadley cells) from the Equator to the Pole.
Including all these refinements yields results that are very close to the actual
observed values.

5.4 Problems

5.1. Heat engine with heat leak. Assume that, parallel to the Curzon—Ahlborn’s
engine studied in Sect. 5.1, there is a direct heat leak from the hot source at
temperature 77 and the cold source at temperature T5. Then the efficiency
must be defined as

nr= s W0
Quea(T) + Q1(T)  Qeai(r) + LD

1—71

where 7 = T4 /T] and Qieak(7) = Kieakttotal (7)(Th — T2), with Kjeak the heat
transfer coefficient of the leak and tiot(7) the total duration of the cycle for
the Curzon—Ahlborn’s engine. Note that, in contrast with the latter, Carnot’s
efficiency is never reached, because due to the heat leak, Qeax diverges, and
the efficiency of this very slow cycle is very low due to the high value of the
heat leak. Find the maximum efficiency and the maximum power for this
engine.

5.2. The Curzon—-Ahlborn’s engine. Show that, in the Curzon—Ahlborn’s en-
gine, the ratio ¢1/to associated to the two isotherm branches is given by

tl/tQ = (Oég/al)l/g.
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5.3. Maximizing Curzon—Ahlborn’s engine. Assume that the total duration
of the cycle given by (5.8) and (5.9) is fixed. Then, maximizing the power is
equivalent to maximize the difference Q1 — Q2. Performing this maximization,
by introducing the constraint on the duration of the cycle by means of a
Lagrange multiplier )\, i.e. by imposing

Q1 Q2 B
’ [Ql ‘Q2“<a1m — az(Té—Tz)ﬂ =0

and recalling (5.13), show that

1/2
L1, max o a2T1

- )
T2, max Ty

which is the result (5.21).

5.4. Minimum entropy production criterion. Show that the minimization of
the total entropy production Ay,,S, under the condition of fixed total duration
of the cycle, given by (5.8) and (5.9), yields

1/2
L1, max — (OQ> / E
22 max (€3] T2
Note that this result is different from the previous problem.

5.5. Maximization process in Curzon—Ahlborn’s engine. Assume that the en-
vironment temperature is Ty, in such a way that the loss power is Tyo instead
of Tyo as taken in (5.41). By analogy with (5.41), study the maximization of
Yy = P — Tyo, with Ty constant, and show that the efficiency at maximum
¥, is (Z. Yan, J. Appl. Phys. 73 (1993) 3583)

Ty [Ty +Tp\ ">
at max¥,) =1— — .
77( 0) T, (T2+T0

5.6. Finite-time analysis of refrigerators. One of the basic quantities in re-
frigerators is the so-called coefficient of performance (COP), defined as

heat extracted from the cold source

COP =
work supplied to the engine
Performing an analysis similar to that of the Curzon—Ahlborn’s heat engine,

find the coefficient of performance at maximum cooling power. Hint: see
Agrawal and Menon 1990.

5.7. Maximum power of solar thermal heat engines. A simple endoreversible
modelling of solar thermal heat engines is to assume that the heat transfer
between the hot source and the engine is given by a Stefan—Boltzmann law
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Q1 = K(T}—T}*), and that the heat transfer to the cold source is reversible.
Prove that the power—efficiency relation is

K[1—n)'Tt -1
P(y) =~ { (177)7’)4 ],

with n = 1 — (Ty/T}). Show that 4T}> — 3TxT{* — T}'Ty = 0 corresponds to
the maximum power.

5.8. Energy conversion efficiency of a simple photovoltaic cell. Assume that
the device is characterized by only two energy levels with a distance apart
equal to Fq. Photons, with energy less than Fq, simply move through the
device without leaving to it any energy. Photons with energy higher than
Eq excite particles from the lower to the higher levels, and perform a useful
work equal to Eig whereas the excess energy is dissipated as heat. The energy
efficiency may be defined as

oo E?dE
useful power Eq fEG oxp(BE)—1
n=—— = o E3dE ’
incident power I} Ee sp(BE) T

where 3 = (kgT)~!. In the second equality, it is assumed that the energy
distribution of the incoming radiation is Planck’s black body distribution
at temperature 7. (a) Show that the maximum efficiency is achieved for
materials whose energy gap Eg is Eqops = 2.17kgT. (b) Estimate Eq if
T =5,760K, the Sun surface temperature. (c) Evaluate the maximum effi-
ciency. Truly the actual efficiency will be less than this value (see, for instance,
Landsberg and Tonge 1980; de Vos 1992).

5.9. Average temperature of the atmosphere. Determine the value of the av-
erage Earth temperature from (5.50) in the following cases. (a) First, assume
that the reflectivity r is zero and the emissivity e is unit, corresponding to the
case that the Earth behaves as a perfectly black body. (b) The reflectivity r
has the actual value, 35%, and e = 1 (no greenhouse effect), and compare the
result with the current average temperature, namely 288 K. (c¢) Determine
the value of the emissivity e in order that Earth’s average temperature has
its current actual value.

5.10. Naive approach to global warming. A main feature of global warm-
ing due to increase of atmospheric CO5 concentration is that emissivity e is
lowered, because CO2 absorbs the infrared radiation emitted by the Earth.
Assume, for simplicity, that e = 0.58 — 0.53In (cco,/cco,.0), where cco, is
the CO4 concentration in the atmosphere and cco,,0 ~ 350 ppmv is a refer-
ence value (in parts per million in volume). Determine the temperature in-
crease if the COs concentration is raised, respectively, to 700 and 1,400 ppmv.
Comment: This model is pedagogically illustrative but excessively simplistic,
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because it ignores important feedbacks of the temperature increase on the
water vapour content, the cloud formation, and the albedo.

5.11. Sun’s and Earth’s temperatures. The current value of the solar con-
stant, namely the maximum radiation flux arriving at the upper part of
the atmosphere in a region, which is directly facing the Sun, is equal to
1,367 Wm~2. (a) Calculate the temperature at the surface of the Sun, by
assuming that it radiates as a black body. (b) Determine the variation of
the solar constant if the temperature of the Sun is increased by 1% with
respect to its current value, obtained before. (¢) To which extent will the
average temperature of the Earth change if the albedo and the emissivity
were kept constant? (Stefan-Boltzmann constant, o = 5.67 x 1078 Wm™2;
distance Sun-Earth = 1.50 x 10! m, radius of the Sun = 6.96 x 105 m).

5.12. Carnot engine at finite time. A Carnot engine is working between two
heat reservoirs at 400 K and 300 K. a) Compare the maximum efficiency with
the efficiency at maximum power. b) If the engine receives 1000 J from the
hot reservoir, evaluate the entropy produced per cycle in the situation at
maximum power. ¢) If the duration of the cycle at maximum power is 20s,
find the value of the maximum power delivered by the engine. d) If the
transfer coefficients between the engine and the reservoirs do not depend
on temperature, find the efficiency and power of this engine when the cycle
duration is 60 seconds.

5.13. Ice comet. A spherical ice comet of 10° Kg describes an eccentric ellip-
tical orbit around the Sun, with major radius 2 - 108 km and minor radius
1-10% km. Evaluate which proportion of the mass of the comet will evaporate
during one orbit. Assume that the albedo coefficient is 0.8 for ice and 0.2 for
liquid water.

5.14. Naive scaling relation for the life-span of stars. Bigger stars have
shorter lifespans than smaller stars. The physical idea is that they need
higher internal pressures, and therefore higher temperatures, to resist the
higher gravitational pressures. Since the energy emitted per unit time, which
is proportional to the loss of mass of the star per unit time in nuclear re-
actions, is proportional to 7%, according to Stephan-Boltzmann’s law, they
will consume faster their mass. a) Make a simple estimation of the scaling
exponent « relating the lifespan of the star tg ., to the mass M of the star
through tsay = AM ™%, with A a constant. (Hint: equate the pressure of an
ideal gas to the average gravitational pressure determined on dimensional
grounds from G, M and R, the gravitational constant and the mass and
radius of the star. Note that if one makes the simplistic assumption that
different stars have the same density, it is found that tga = AM 7/ 3). b)
According to this estimate, how long will last a star of twice the mass of the
Sun, if the total lifespan of the Sun will be of some 10'° years? Will such a
star be able to sustain intelligent life in its planetary system, if any?
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5.15. Minimum entropy production. a) Find the hot and cold temperature
ratios x1 and x5 defined in (5.16) which extremize the entropy production
(5.40) (assume, for simplicity, that a; = @3). b) Determine the corresponding
value for the efficiency as obtained from (5.25). ¢) Evaluate the correspond-
ing efficiency and compare it with Carnot’s maximum efficiency and with
efficiency at maximum power.



Chapter 6
Instabilities and Pattern Formation

Dissipative Structures Far from Equilibrium

The notion of irreversibility is frequently associated with a tendency of the
systems towards spatial homogeneity and rest, i.e. towards equilibrium. Al-
though this observation is true in isolated systems, it is no longer verified in
closed and open systems, which may exhibit organized structures in space and
time. This organization arises as a consequence of occurrence of instabilities
in systems driven far from equilibrium by external forces. Instabilities may
be considered as phase transition phenomena, because they manifest under
the form of a discontinuous change of the physical behaviour at a critical
value of an external control parameter.

Such non-equilibrium processes are, however, rather different from those
occurring in equilibrium phase transitions. In equilibrium thermodynamics,
there is an evident link between the second law and stability. In Chap. 1,
we have derived an explicit criterion of stability by imposing that the sec-
ond variation of the entropy is negative definite. In non-equilibrium, such a
universal criterion of stability does not exist because it is generally not pos-
sible to construct thermodynamic potentials depending on the whole set of
variables. The general problem of stability is then conventionally carried out
by submitting the reference state, for instance, a stationary non-equilibrium
state, to an arbitrary disturbance. These disturbances may be caused delib-
erately from the outside by external agents, like a temperature or pressure
gradient, or induced by irregularities or imperfections of the apparatus or
still by internal fluctuations of the system (see Chap.11).

A proof of stability is based on the time variation of the perturbation:
if the perturbation decays in a finite time, the reference state is stable, and
it is asymptotically stable if the disturbance tends to zero in the long time
limit. If the disturbance grows with time, the reference state is unstable. In
this case, the mathematical solution of the problem cannot survive in the
physical world and the behaviour of the system will be governed by another
mathematical solution: it is said that the solution suffers a bifurcation. When
the disturbance does neither decrease nor increase with time, one speaks

135
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about neutral or marginal stability, and the corresponding values taken by
the relevant parameters are said to be critical.

When the perturbations remain infinitesimally small, the approach is lin-
ear. Several illustrations — like Bénard-Marangoni’s convective instability,
Taylor’s instability, and Turing’s reaction—diffusion instability — are exam-
ined in the present chapter. One of the most interesting aspects of the sta-
bility theory is the prediction of organized structures, taking the form of
spatial and temporal patterns, which appear beyond the linear critical insta-
bility threshold. These patterns are also referred to as dissipative structures,
a term introduced by Prigogine to characterize ordered systems maintained
far from equilibrium by external constraints. The mechanisms underlying the
development of patterns are essentially non-linear and modelled by coupled
non-linear partial differential equations whose treatment is rather intricate.
Various examples are treated in the second part of this chapter.

In Sects. 6.1 and 6.2, we briefly discuss the mathematical aspects of the
linear and non-linear theories of stability. When the perturbations are infin-
itesimally small, the problem is linear and the solution may be decomposed
into normal modes. This technique has been made popular by the celebrated
textbook of Chandrasekhar (1961). As soon as the amplitude of the pertur-
bations becomes finite, the linear approach is no longer appropriate and must
be replaced by more sophisticated non-linear techniques or direct numerical
solutions. A detailed analysis of these methods can be found in specialized
monographs (Joseph 1976; Drazin and Reid 1981; Cross and Hohenberg 1993;
Bodenshatz et al. 2000); here we shall essentially focus on the so-called am-
plitude method which, in our opinion, is the simplest and amongst the most
powerful.

One of the most attractive aspects of the (non-linear) stability theory is the
prediction of self-organization phenomena, in the form of spatial or tempo-
ral patterns, beyond the critical threshold. Pattern formations are important
and appear in a multitude of natural phenomena being a central theme of
research in modern physics. They provide a major feature of the dynamics of
several processes observed not only in hydrodynamics but also in electricity,
optics, material science, oceanography, geophysics, astrophysics, chemistry,
and living systems. Thermal convection in fluids is one of the most repre-
sentative problems and is discussed in Sect. 6.3. Indeed, most of the recent
developments about non-equilibrium processes in the context of instabilities
and chaos have been widely inspired from the study of this example.

In this chapter, the approach is more dynamical than thermodynamical,
i.e. it is based on the study of evolution equations rather than on state and
constitutive thermodynamic relations. However, from a conceptual point of
view, it is very important to understand that thermodynamics does not pre-
clude the formation of patterns provided the systems are driven far enough
from equilibrium. Such a topic represents an important contribution towards
a better knowledge of non-equilibrium systems and therefore it finds naturally
a place in this book.
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6.1 The Linear Theory of Stability

This theory is concerned with stability of systems subject to infinitesimally
small perturbations about a reference state. Most physical and chemical sys-
tems obey evolution equations of the form

di :f(a’ava;rat)a (61)
dt

where f is a continuous and twice differentiable function depending on the
field variables a, for instance the velocity v and the temperature T fields, and
their gradients, r designates the position vector, and ¢ the time. Assume that
there exists a “reference” solution corresponding to some specific constraints

a=a,. (6.2)

Such a solution is also called unperturbed or basic, and may be time de-
pendent (for instance periodic) or time independent (i.e. stationary). The
question now arises about the stability of this particular solution. Therefore,
one examines the response of the system with respect to a disturbance a’(r,t)
so that the generalized coordinates a(r,t) become

a(r,t) = a, + a'(r,t), (6.3)

where the quantity a’(r,t) is the “perturbation” which is supposed to be
small enough so that all non-linear terms can be neglected in (6.1). Substi-
tuting (6.3) in the evolution equations (6.1) and developing them around the
reference solution yields a linear set of differential equations of the form

da’
de

=La, (6.4)

where the linear operator L is to be evaluated at the reference unperturbed
state. Since linear stability implies stability with respect to all possible infin-
itesimal disturbances, we have to examine the reaction of the system to all
such disturbances. Practically, this will be accomplished by expressing a’ as
a superposition of a complete ensemble of n normal modes, generally selected
as Fourier modes in a two-dimensional wave vector space (k = kg, k),

a'(z,z,t) = Z W ,.(2) exp(ont) exp(iky, - x), (6.5)

and by examining the stability with respect to each individual mode n; z(z,y)
is the position vector in the plane normal to the z-axis. The quantity W, (z)
is called the amplitude and o, is the growth rate of the disturbance,

on =Reo, +ilmo,, (6.6)
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generally a complex and k-dependent quantity. The k dependence of the
growth rate describes the spatial symmetry of the system; in rotationally
invariant systems, the o,,’s will only depend on the modulus |k|, whereas in
anisotropic systems like nematic liquid crystals there is an angle between the
direction of anisotropy and k.

The requirement that the field equations have non-trivial solutions leads
to an eigenvalue problem for the o,’s. The stability problem is completely
determined by the sign of the real part of the o,’s:

e If one single Reo, > 0, the system is unstable.
e If Reo, < 0 for all the values of n, the system is stable.
e If Reo, = 0, the stability is marginal or neutral.

In the case of marginal stability, there corresponds to each value of k a critical
value of the control parameter, say the temperature difference AT in Bénard’s
problem, a characteristic velocity in flows through a pipe or the angular
velocity in Taylor’s problem, for which Reo,, = 0. All these critical values
define a curve of marginal stability, say AT vs. k, whose minimum (AT, k)
determines the critical threshold of instability. In stability problems, it is
convenient to work with non-dimensional control parameters like the Rayleigh
number Ra in Bénard’s instability, the Reynolds number Re for the transition
from laminar to turbulent flows, or the Taylor number 7Ta in presence of
rotation; therefore, the marginal curves and the corresponding critical values
are generally expressed in terms of these non-dimensional quantities.

In several problems, it is postulated that Reo = 0 implies Im o = 0, this
conjecture is called the principle of exchange of stability, which has been
demonstrated to be satisfied in the case of self-adjoint problems; in this case
a stationary state is attained after the onset of the instability. If Reo = 0
but Im o # 0, the onset of instability is initiated by oscillatory perturbations
and one speaks of overstability or Hopf bifurcation. This kind of instability
is observed, for instance, in rotating fluids or fluid layers with a deformable
interface. The condition Reo,, > 0 for at least one value of n is a sufficient
condition of instability; on the contrary, even when all the eigenvalues are
such that Reo,, < 0, one cannot conclude in favour of stability as one can-
not exclude the possibility that the system is unstable with respect to finite
amplitude disturbances. It is therefore worth to stress that a linear stability
analysis predicts only sufficient conditions of instability.

6.2 Non-Linear Approaches

As soon as the amplitude of the disturbance is finite, the linear approach is
not appropriate and must be replaced by non-linear theories. Among them
one may distinguish the “local” and the “global” ones. In the latter, the de-
tails of the motion and the geometry of the flow are omitted, instead attention
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is focused on the behaviour of global quantities, generally chosen as a positive
definite functional. A typical example is Lyapounov’s function; according to
Lyapounov’s theory, the system is stable if there exists a functional Z satisfy-
ing Z > 0 and dZ/dt < 0. In classical mechanics, an example of Lyapounov’s
function is the Hamiltonian of conservative systems. Glansdorff and Prigogine
(1971) showed that the second variation of entropy 425 provides an exam-
ple of Lyapounov’s functional in non-equilibrium thermodynamics. The main
problems with Lyapounov’s theory are:

1. The difficulty to assign a physical meaning to the Lyapounov’s functional
2. The fact that a given situation can be described by different functionals
3. That in practice, it yields only sufficient conditions of stability

We do no longer discuss this approach and invite the interested reader to
consult specialized works (e.g. Movchan 1959; Pritchard 1968; Glansdorff
and Prigogine 1971). Here we prefer to concentrate on the more standard
“local” methods where it is assumed that the perturbation acts at any point
in space and at each instant of time. We have seen that the solution of the
linearized problem takes the form exp(o,t) and that instability occurs when
the growth rate becomes positive, or equivalently stated, when the dimension-
less control parameter R exceeds its critical value R.. For values of R > R,
the hypothesis of small amplitudes is no longer valid as non-linear terms be-
come important and will modify the exponential growth of the disturbances.
Another reason for taking non-linear terms into account is that the linear ap-
proach predicts that a whole spectrum of horizontal wave numbers become
unstable. This is in contradiction with experimental observations, which show
a tendency towards simple cellular patterns indicating that only one single
wave number, or a small band of wave numbers, is unstable.

Non-linear methods are therefore justified to interpret the mechanisms oc-
curring above the critical threshold. The problem that is set up is a non-linear
eigenvalue problem. Unfortunately, no general method for solving non-linear
differential equations in closed form has been presented and this has moti-
vated the development of perturbation techniques. A widely used approach
is the so-called amplitude method initiated by Landau (1965) and developed
by Segel (1966), Stuart (1958), Swift and Hohenberg (1977), and many oth-
ers. It is essentially assumed that the non-linear disturbances have the same
form as the solution of the linear problem with an unknown time-dependent
amplitude. Explicitly, the solutions will be expressed in terms of the eigen-
vectors W (z) of the linear problem in the form

a'(z,z,t) = A(t) exp(ik - ) W (2), (6.7)

where A(t) denotes an unknown amplitude, generally a complex quantity.
In the linear approximation, A(t) is proportional to exp(ot) and obeys the
linear differential equation

dA(t)

S = oA(), (6.8)
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whereas in the non-linear regime, projection of (6.8) on the space of the W's
leads to a coupled system of non-linear ordinary differential equations for the

amplitudes

dA(t

% =cA(t)+ N(AA), (6.9)
where N (A, A) designates the non-linear contributions. Practically, the equa-
tions are truncated at the second or third order. A simple example is provided

by the following Landau relation (Drazin and Reid 1981)

dA
5 =oAl |A]? A, (6.10)
where [. is a complex constant depending on the system to be studied and
|A|* = AA* with A* the complex conjugate of A. In (6.10), one has imposed
the constraint A = — A reflecting the inversion symmetry of the field variables
like the velocity and temperature fields. This invariance property is destroyed
and additional quadratic terms in A2 will be present when some material
parameters like viscosity or surface tension are temperature dependent. To
take into account some spatial effects like the presence of lateral boundaries,
it may be necessary to complete the above relation (6.9) by spatial terms in
A or independent terms.
By multiplying (6.10) by A* and adding the complex conjugate equation,
one arrives at )
d|A
% =2(Reo) |A” —21|A]", (6.11)
where [ is the real part of [.. If Ag designates the initial value, the solution
of (6.11) is
A2
2 0
|A|” = . (6.12)
mo A2+ (1 — g A2) exp[—2(Reo)t]

(1) Let us first examine what happens for [ > 0. When (Re o) < 0, the system
relaxes towards the reference state A = 0 which is therefore stable; in
contrast, for (Reo) > 0, the solution (6.12) tends, for t — oo, to a
stationary solution |A| given by

|As| = (Rea/1)1/2, (6.13)

which is independent of the initial value Ay. This is a supercritical sta-
bility, the reference flow becomes linearly unstable at the critical point
Reo = 0, or equivalently at R = R., and bifurcates on a new steady
stable branch with an amplitude tending to As. When the bifurcation is
supercritical, the transition between the successive solutions is continu-
ous and is called a pitchfork bifurcation as exhibited by Fig.6.1.

It is instructive to develop Re o around the critical point in terms of the
wave number k and the dimensionless characteristic number R so that
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Unstable
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Fig. 6.1 Supercritical pitchfork bifurcation: the solution A = 0 is linearly stable for
R < Rc but linearly unstable for R > R., the branching of the curve at the critical
point R = R, is called a bifurcation. Unstable states are represented by dashed lines
and stable states are represented by solid lines

Reo = a(R — Ro) + B(k — ko) - (k — ko) + -, (6.14)

where « is some positive constant. When R < R, all perturbations
are stable with Reo < 0; at R = R, the system is marginally stable
and when R increases above R, the system becomes linearly unstable.
Combining (6.14) with (6.13) results in

Ag~ (R—R.)"? as R — R., (6.15)

indicating that the amplitude Ay of the steady solution is proportional to
the square root of the distance from the critical point. There is a strong
analogy with a phase transition of second order where the amplitude
A. of the critical mode plays the role of the order parameter and the
exponent 1/2 in (6.15) is the critical exponent.

Let us now examine the case [ < 0. If Reo > 0, both terms of Lan-
dau’s equation (6.11) are positive and |A| grows exponentially; it follows
from (6.12) that |A| is infinite after a finite time ¢ = (2Reo) "t In[1 —
(Reo)/(LA3)], however this situation never occurs in practice because in
this case it is necessary to include higher-order terms in |A[%,|A4[%,...
in Landau’s equation and generally no truncation is allowed. A more
realistic situation corresponds to Reo < 0; now, the two terms in the
right-hand side of (6.12) are of opposite sign. Depending on whether
Ap is smaller or larger than |As| given by (6.12), we distinguish two
different behaviours; for Ag < |As|, the solution given in (6.12) shows
that |A| = exp[(2Reo)t] and tends to zero as ¢ — oo; in contrast
for Ay > |As|, the denominator of (6.12) becomes infinite after a time
t = (2Reo) 'In[l — Reo/lAZ] and |A| — oo (see Fig.6.2). In this case,
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Fig. 6.2 Time dependence of the amplitude for two different initial values Ag in
the case of a subcritical instability

the reference state is stable with respect to infinitesimally small distur-
bances but unstable for perturbations with amplitude greater than the
critical value Ay, which appears as a threshold value. This situation is
referred to as subcritical or metastable, by using the vocabulary of the
physicists.

In some systems, as for instance non-Boussinesq fluids, where the transport
coefficients like the viscosity or the surface tension are temperature depen-
dent, the symmetry A = —A is destroyed and the amplitude equation takes

the form A
T oA+ gA? — A3, (6.16)

when A is assumed to be real, g and [ are positive constants characterizing
the system. This form admits three steady solutions A; = 0 and A; 5 given by

+ /g2 + 4ol
A12:$, (6.17)

s

and they are represented in Fig. 6.3 wherein the amplitude Ag is sketched as
a function of the dimensionless number R.

For R < Rg, the basic flow is globally stable which means that all pertur-
bations, even large, decay ultimately; for Rg < R < R, the system admits
two stable steady solutions Ay = 0 and the branch GD whereas CG is un-
stable. At R = R, the system becomes unstable for small perturbations and
we are faced with two possibilities: either there is a continuous transition
towards the branch CF which is called a transcritical bifurcation, character-
ized by the intersection of two bifurcation curves, or there is an abrupt jump
to the stable curve DE, the basic solution “snaps” through the bifurcation
to some flow with a larger amplitude. By still increasing R, the amplitude
will continue to grow until a new bifurcation point is met. If, instead, the
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Fig. 6.3 Subcritical instability: the system is stable for infinitesimally small per-
turbations but unstable for perturbations with amplitude larger than some critical
value. Solid and dot lines refer to stable and unstable solutions, respectively

amplitude is gradually decreased, one moves back along the branch EDG up
to the point G where the system falls down on the basic state A = 0 iden-
tified by the point H. The cycle CDGH is called a hysteresis process and is
reminiscent of phase transitions of the first order.

In the present survey, it was assumed that the amplitude equation was
truncated at order 3. In presence of strong non-linearity, i.e. far from the
linear threshold, such an approximation is no longer justified and the intro-
duction of higher-order terms is necessary, however this would result in rather
intricate and lengthy calculations. This is the reason why model equations,
like the Swift-Hohenberg equations (1977) or generalizations of them (Cross
and Hohenberg 1993; Bodenshatz et al. 2000), have been recently proposed.
Although such model equations cannot be derived directly from the usual
balance equations of mass, momentum, and energy, they capture most of the
essential of the physical behaviour and have become the subject of very in-
tense investigations. Recent improvements in the performances of numerical
analysis have fostered the resolution of stability problems by direct integra-
tion of the governing equations. Although such approaches are rather heavy,
costly, and mask some interesting physical features, they are useful as they
may be regarded as careful numerical control of the semi-analytical methods
and associated models.

6.3 Thermal Convection

Fluid motion driven by thermal gradients, also called thermal convection, is
a familiar and important process in nature. It is far from being an academic
subject. Beyond its numerous technological applications, it is the basis for
the interpretation of several phenomena as the drift of the continental plates,
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the Sun activity, the large-scale circulations observed in the oceans, the at-
mosphere, etc. As a prototype of thermal convection, we shall examine the
behaviour of a thin fluid layer enclosed between two horizontal surfaces whose
lateral dimensions are much larger than the width of the layer. The two hori-
zontal bounding planes are either rigid plates or stress-free surfaces, the lower
surface is uniformly heated so that the fluid is subject to a vertical tempera-
ture gradient. If the temperature gradient is sufficiently small, heat is trans-
ferred by conduction alone and no motion is observed. When the temperature
difference between the two plates exceeds some critical value, the conduction
state becomes unstable and motion sets in. The most influential experimental
investigation on thermal convection dates back to Bénard (1900). The fluid
used by Bénard was molten spermaceti, a whale’s non-volatile viscous oil, and
the motion was made visible by graphite or aluminium powder. In Bénard’s
original experiment, the lower surface was a rigid plate but the upper one
was open to air, which introduces an asymmetry in the boundary conditions
besides surface tension effects. The essential result of Bénard’s experiment
was the occurrence of a stable, regular pattern of hexagonal convection cells.
Further investigations showed that the flow was ascending in the centres of
the cells and descending along the vertical walls of the hexagons. Moreover,
optical investigations revealed that the fluid surface was slightly depressed at
the centre of the cells.

A first theoretical interpretation of thermal convection was provided by
Rayleigh (1920), whose analysis was inspired by the experimental observa-
tions of Bénard. Rayleigh assumed that the fluid was confined between two
free perfectly heat conducting surfaces, and that the fluid properties were
constant except for the mass density. In Rayleigh’s view, buoyancy is the
single responsible for the onset of instability. By assuming small infinitesimal
disturbances, he was able to derive the critical temperature gradient for the
onset of convection together with the wave number for the marginal mode.
However, it is presently recognized that Rayleigh’s theory is not adequate to
explain the convective mechanism investigated by Bénard. Indeed in Bénard’s
set up, the upper surface is in contact with air, and surface tractions originat-
ing from surface tension gradients may have a determinant influence on the
onset of the flow. By using stress-free boundary conditions, Rayleigh com-
pletely disregarded this effect. It should also be realized that surface tension
is not a constant but that it may depend on the temperature or (and) the
presence of surface contaminants. This dependence is called the capillary or
the Marangoni effect after the name of the nineteenth-century Italian investi-
gator. The importance of this effect was only established more than 40 years
later after Rayleigh’s paper by Block (1956) from the experimental point of
view. Pearson (1958) made the first theoretical study about the influence of
the variation of surface tension with temperature on thermal convection. The
predominance of the Marangoni effect in Bénard’s original experiment is now
admitted beyond doubt and confirmed by experiments conducted recently in
space-flight missions where gravity is negligible. When only buoyancy effects
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are accounted for, the problem is generally referred to as Rayleigh-Bénard’s
instability while Bénard—Marangoni is the name used to designate surface
tension-driven instability. When both buoyancy and surface tension effects
are present, one speaks about the Rayleigh-Bénard-Marangoni’s instability.

6.3.1 The Rayleigh—Bénard’s Instability:
A Linear Theory

We are going to study the instabilities occurring in a viscous fluid layer of
thickness d (between a few millimetres and a few centimetres) and infinite
horizontal extent limited by two horizontal non-deformable free surfaces, the
z-axis is pointing in the opposite direction of the gravity acceleration g. The
fluid is heated from below with T}, and T, the temperatures of the lower and
upper surfaces, respectively (see Fig.6.4). The mass density p is assumed to
decrease linearly with the temperature according to the law

p=poll — a(T — Ty), (6.18)

where T{ is an arbitrary reference temperature, say the temperature of the
laboratory, and « the coefficient of thermal expansion, generally a positive
quantity except for water around 4°C. For ordinary liquids, « is of the order
of 10731074 K1

When the temperature difference AT = T}, — T, (typically not more than
a few °C) between the two bounding surfaces is lower than some critical
value, no motion is observed and heat propagates only by conduction inside
the fluid. However by further increasing AT, the basic heat conductive state
becomes unstable at a critical value (AT )it and matter begins to perform
bulk motions which, in rectangular containers, take the form of regular rolls
aligned parallel to the short side as visualized in Fig. 6.5, this structure is
referred to as a roll pattern. Note that the direction of rotation of the cells is
unpredictable and uncontrollable, and that two adjacent rolls are rotating in
opposite directions.

T <
buoyancy forces
g
dissipative forces
‘Th

Fig. 6.4 Horizontal fluid layer submitted to a temperature gradient opposed to the
acceleration of gravity g
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Fig. 6.5 Convective rolls in Rayleigh—Bénard’s instability

A qualitative interpretation of the onset of motion is the following. By
submitting the fluid layer to a temperature difference, one generates a tem-
perature and a density gradient. A fluid droplet close to the hot lower plate
has a lower density than everywhere in the layer, as density is generally a
decreasing function of temperature. As long as it remains in place, the fluid
parcel is surrounded by particles of the same density, and all the forces acting
on it are balanced. Assume now that, due to a local fluctuation, the droplet is
slightly displaced upward. Being surrounded by cooler and denser fluid, it will
experience a net upward Archimede’s buoyant force proportional to its vol-
ume and the temperature difference whose effect is to amplify the ascending
motion. Similarly a small droplet initially close to the upper cold plate and
moving downward will enter a region of lower density and becomes heavier
than the surrounding particles. It will therefore continue to sink, amplifying
the initial descent. What is observed in the experiments is thus the result
of these upward and downward motions.

However, experience tells us that convection does not appear whatever
the temperature gradient as could be inferred from the above argument. The
reason is that stabilizing effects oppose the destabilizing role of the buoyancy
force; one of them is viscosity, which generates a friction force directed oppo-
site to the motion, the second one is heat diffusion, which tends to spread out
the heat contained in the droplet towards its environment reducing the tem-
perature difference between the droplet and its surroundings. This explains
why a critical temperature difference is necessary to generate a convective
flow: motion will start as soon as buoyancy overcomes the dissipative effects
of viscous friction and heat diffusion. These effects are best quantified by the
introduction of the thermal diffusion time and the viscous relaxation time

n=d/x, T =d/v, (6.19)

where x is the thermal diffusivity, v the kinematic viscosity, and d a scaling
length, 7, is the time required by the fluid to reach thermal equilibrium
with its environment, 7, is related to the time needed to obtain mechanical
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equilibrium. Another relevant timescale is the buoyant time, i.e. the time that
a droplet, differing from its environment by a density defect dp = poaAT,
needs to travel across a layer of thickness d,

4 = d/(agAT). (6.20)

This result is readily derived from Newton’s law of motion pod?z/dt? = gép
for a small volume element; a large value of AT means that the buoyant
time is short. To give an order of magnitude of these various timescales,
let us consider a shallow layer of silicone oil characterized by d = 1072 m,
v =10"*m?s7 !, x = 100" m?s7 !, it is then found that 7, = 10~2s and
Ty = 10s.

The relative importance of the buoyant and dissipative forces is obtained
by considering the ratios 7, /7 and 7, /75 or, since they occur simultaneously,
through the so-called dimensionless Rayleigh number,

T  agATd?

Ra = 3 =
T8 vx

(6.21)
The Rayleigh number can therefore be viewed as the ratio between the desta-
bilizing buoyancy force and the stabilizing effects expressed by the viscous
drag and the thermal diffusion; convection will start when Rayleigh number
exceeds some critical value (Ra).. For Ra < (Ra)., the fluid remains at rest
and heat is only transferred by conduction, for Ra > (Ra)., there is a sudden
transition to a complex behaviour characterized by the emergence of order in
the system. The ratio between the dissipative processes is measured by the
dimensionless Prandtl number defined as

Pr=r./1,=v/x, (6.22)

for gases Pr ~ 1, for water Pr = 7, for silicone oils Pr is of the order of 103,
and for the Earth’s mantle Pr ~ 1023,

In a linear stability approach, the main problem is the determination of
the marginal stability curve, i.e. the curve of Ra vs. the wave number k at
o = 0. The one corresponding to Rayleigh-Bénard’s instability is derived in
the Box 6.1.

Box 6.1 Marginal Stability Curve

The mathematical analysis is based on the equations of fluid mechanics writ-
ten within the Boussinesq approximation. This means first that the density
is considered to be constant except in the buoyancy term; second that all the
material properties as viscosity, thermal diffusivity, and thermal expansion
coefficient are temperature independent; and third that mechanical dissi-
pated energy is negligible. The governing equations of mass, momentum,
and energy balance are then given by

V-v=0,
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1
<av+'v-V'u> =——Vp+[l—al —Ty)lg+vViv, (6.1.1)
ot Po
or
— VT = VT
o +v-V VT,

where use has been made of the equation of state (6.18) and where
v(vg,vy,v,) and p designate the velocity and pressure fields, respectively.
The set (6.1.1) represents five scalar partial differential equations for the
five unknowns p, T and vy, vy, v..

In the basic unperturbed state, the fluid is at rest and temperature is
conveyed by conduction, so that the solutions of (6.1.1) are simply

v, =0, T,=Th— %z, %Zr

where subscript r refers to the unperturbed reference solution, z denotes the
vertical coordinate measured positive upwards with z = 0 corresponding to
the lower boundary and z,y the horizontal coordinates, and AT = T}, — T,
is the positive temperature difference between the lower and upper bound-
aries. Designating by v/ = v—0,7T7" =T —T,, p’ = p— p, the infinitesimally
small perturbations of the basic state, we can linearize (6.1.1) and obtain
the following set for the perturbed fields

= —pog[l — (T} — To)], (6.1.2)

Vv =0, (6.1.3)
ov’ 1
ai:s - *;OVP’ +aT'ge. + vV, (6.1.4)
T’
5 T v' - VT, = x\V*T, (6.1.5)

where e, is the unit vector pointing opposite to g. We now determine the
corresponding boundary conditions. If we assume that the thermal conduc-
tivity at the limiting surfaces is much higher than in the fluid itself, any
thermal disturbance advected by the fluid will be instantaneously smoothed
out so that 7" will vanish at the bounding surfaces. Since the horizontal
boundaries are assumed to be free surfaces, the shearing stress is zero at
the surface; when use is made of the equation of continuity (6.1.3), this
condition is identical to setting 9?v’,/8z? = 0 together with v/ = 0, as the
surfaces are non-deformable. Summarizing, the boundary conditions are

v, = 0% /02 =0, T =0 at perfectly heat conducting free surfaces.
(6.1.6)

In the case of rigid boundaries, the no-slip condition imposes that all the
components of the velocity are zero v, = v; = v, = 0, which combined with
the continuity condition yields

vl =0v, /02 =0, T =0 at perfectly heat conducting rigid walls.
(6.1.7)




6.3 Thermal Convection 149

At adiabatically isolated walls, the condition T = 0 will be replaced by
OT"/0z = 0, expressing that the surface is impermeable to heat flow. When
the boundary surface is neither perfectly heat conducting nor adiabatically
isolated, heat transfer is governed by Newton’s cooling law —A9T/0z =
h(T —Ts) where A is the heat conductivity of the fluid, h the so-called heat
transfer coefficient, and T,, the temperature of the outside world.

A further simplification of the set (6.1.3)—(6.1.5) is obtained by applying
twice the operator rot (= V) on the momentum equation and using the
continuity equation, we are then left with the two following relations in the
two unknowns v/, and T’

0

&(VQU/Z) = agViT + vV, (6.1.8)
oT’
e Bl + XV, (6.1.9)

where V3 = 9%/022 + 0%/0y? denotes the horizontal Laplacian whereas
8 = AT/d. We now make the variables dimensionless by introducing the
following scaling

T Y, v _d o xT
X—d7 Y—d, Z—d7 t—th, W= vz G_I/AT’ (6.1.10)
and solve (6.1.8) and (6.1.9) with a normal mode solution of the form
w = W(Z)expli(k, X + k,Y)] exp(ot), (6.1.11)
0 = 6(2) expli(k, X + k,Y)] exp(ot), (6.1.12)

where W (Z) and ©(Z) are the amplitudes of the perturbations, k, and k,
are the dimensionless wave numbers in the directions x and y, respectively,
and o is the dimensionless growth rate. Since the present problem is self-
adjoint, it can be proved (Chandrasekhar 1961) that o is a real quantity.
There exist several ways to make the variables dimensionless, the choice
made here seems to be one of the most preferred. Sometimes, it is also
preferable to describe the horizontal periodicity of the flow by means of the
wavelength A = 27/k rather than the wave number as it provides a direct
measure of the dimensions of the cells.

Substitution of solutions (6.1.11) and (6.1.12) in (6.1.8) and (6.1.9)
leads to the following amplitude differential equations

(D?* — k*)(D?* — k* — o)W = Ra k?O, (6.1.13)
(D? —k? — o Pr)@ = —W, (6.1.14)

where D stands for d/dZ and k* = k2 + k2, Ra and Pr denote the dimen-
sionless Rayleigh and Prandtl numbers defined by (6.21) and (6.22). The
boundary conditions corresponding to two perfectly heat conducting free
surfaces are




150 6 Instabilities and Pattern Formation
W=DW=0, @=0at Z=0 and Z = 1. (6.1.15)

The latter are satisfied for solutions of the form W = AsinnZ,0 =
BsintZ, which substituted in (6.1.13) and (6.1.14) lead to the following
algebraic equations for the two unknowns A and B:

A+ (m* +k*+0)B =0, (6.1.16)
(7 + E)(r? + k> + oPr ')A — k*Ra B = 0.

Non-trivial solutions demand that the determinant of the coefficients
vanishes, which results in the following dispersion relation between ko,
Ra, and Pr:

(72 + k?)o? + (72 + k*)*(1 + Pr)o + Pr[(n® + k*)* — k*Ra] = 0. (6.1.17)

By setting ¢ = 0 in (6.1.17), one obtains the marginal curve (Ra)g vs. k
determining the Rayleigh number at the onset of convection (Fig.6.6); it is
independent of the Prandtl number and given by

(w2 + k)3
(Ra)o = ~—5——. (6.23)
2400
(Ra),
1800 -
o UNSTABLE
STABLE
0 T T T T T T T T

0.0 05 1.0 1.5 20 25 3.0 3.5 40 45 5.0

k

Fig. 6.6 Marginal stability curve for Rayleigh—Bénard’s instability in a horizontal
fluid layer limited by two stress-free perfectly heat conducting surfaces
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The solutions of (6.1.17) can be written as

g =

(71'2 + kZ)(l + PT) { 4(Ra — (Ra)o) :|1/2
) b

Sl [1 + (Ra)o(1+ Pr)(1+ Pr—t
(6.24)

which shows explicitly that the growth rate is a function of k, Ra, and Pr.
For Ra < (Ra)g, one has o < 0 (stability) while for Ra > (Ra)g, ¢ > 0
(instability). It follows also from (6.24) that ¢ is real when Ra > 0 and
that ¢ < 0 when Ra < 0; this latter result indicates that the system is
unconditionally stable by heating from above.

For slightly supercritical conditions, where Ra is close to (Ra)g, (6.24)
reads as

Ra — (Ra)o
(Ra)o(1+4 Pr=1)’

which shows that, for Ra larger than (Ra)g, the amplitude of the disturbances
amplifies exponentially and the basic state is unstable. However, for such
values, the non-linear terms become important and the linear analysis ceases
to be valid.

The minimum value of the marginal curve is obtained from relation (6.23)
by differentiation with respect to k; setting this result equal to zero gives the
critical wave number k. at which the curve (Ra)o(k) is minimum, and the
corresponding critical Rayleigh number (Ra).. For the present problem, it is
found that

o= (r*+k?

(6.25)

ke =7/vV2 =221, (Ra). = 27n* /4 = 657.5 (freefree boundary conditions).
(6.26)

The critical Rayleigh number allows us to determine the critical temperature
difference at which the system changes from the state of rest to the state
of cellular motion, the critical wave number provides information about the
horizontal periodicity of the patterns at the onset of convection, k. represents
the most dangerous mode picked up by the fluid. For other boundary condi-
tions, the calculations are more complicated but the procedure remains valid,
the marginal curves will have approximately the same form as in Fig. 6.6 with
critical values given by

k. =2.68, (Ra).=1,100.6 (rigid—free boundaries),
k. =3.117, (Ra).=1,707.7 (rigid-rigid boundaries).

As expected, stability is reinforced (larger (Ra). value) in presence of rigid
surfaces as the fluid motion is more strongly inhibited by the viscous forces.
At the same time the dimensions of the cells (larger k. value) are diminished:
more energy must now be dissipated to compensate for the larger release of
energy by buoyancy, clearly narrower cells are associated with greater dis-
sipation and energy release. It is also worth to note that, for Ra > (Ra).
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and according to the linear theory, a continuous spectrum of modes becomes
unstable from which follows that the observed pattern should be very intri-
cate. This is in contradiction with the observation that the flow prefers rather
simple cellular forms; the reason for this discrepancy must once more be at-
tributed to the omission of non-linear terms. Moreover, the linear theory is
unable to predict the particular pattern (either rolls, squares, or hexagons)
selected by the fluid; this is so because the eigenvalue problem is degenerate,
which means that to one eigenvalue Ra there corresponds an infinite number
of possible patterns with the same wave number k. The reason why a partic-
ular pattern is selected can only be understood from a non-linear approach,
which shows that, for the present problem, two-dimensional parallel rolls are
the preferred patterns as confirmed by experimental observations.

6.3.2 The Rayleigh—Bénard’s Instability:
A Non-Linear Theory

We now examine the behaviour of the amplitude of the disturbance beyond
the critical point. Returning to the linear theory where the amplitude is
supposed to behave as A(t) ~ expot, we may write that, at threshold, the
relevant differential equation is

dA
— =JA, 6.27
Fraakd (6.27)
where o is given by (6.25). For supercritical Rayleigh numbers, the amplitude
will then increase exponentially but non-linear self-interaction between modes
becomes important giving raise to higher-order terms in A”™. We are then led
to an amplitude equation of the form suggested by Landau, i.e.

dA

T oA — A3, (6.28)
where [ is a positive constant to be determined from the boundary conditions
whereas ¢ is the growth rate corresponding to the most dangerous mode k.
(= m/+/2 for free-free boundaries). In virtue of (6.25) and for large values of
Pr as in silicone oils, o is given by

o = 3k2e, (6.29)

in which
e = [Ra — (Ra)c|/(Ra)c (6.30)

measures the relative distance from the critical point. There is no term in A2
in (6.28) because it is assumed that the convective pattern is such that, by
reversing the fluid velocities, the same pattern is observed; this implies that
(6.28) must be invariant with respect to the symmetry A = —A. Of course
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this is only true for two-dimensional rolls and it is not so for three-dimensional
patterns as hexagonal cells. Solving (6.28) for steady conditions, one obtains

As = (o/D)Y? = ko(3¢/1)V/2, (6.31)

from which it follows that the steady amplitude A is proportional to £/2; this
result is typical of a supercritical bifurcation as represented on Fig.6.1. To
examine the stability of the steady solution, let us superpose an infinitesimal
disturbance A’ such that A = As + A’. Substituting this expression in (6.28)
and using dAg/dt = 0 leads to

dA’
dt

= —20A" = —6kZc A, (6.32)

and, after integration,
A’ ~ exp|—6k2et]. (6.33)

The perturbation decays for £ > 0, i.e. for Ra > (Ra)., and it is concluded
that two-dimensional rolls are stable for perturbations with a wave number
equal to the critical one. When several modes are taken into account as in
the Bénard—Marangoni’s problem which is treated in Sect. 6.3.3, the problem
is much more complicated because various modes will interact and instead of
(6.28), we are led to a coupled set of non-linear equations of the form

dAn
dt

=0An— A Y lnn A, — A5 (mn=1,2,..). (6.34)

An example of such kind of equations is the famous Lorenz model (1963),
which is widely used in meteorology and which is at the essence of the theory
of chaos. The explicit form of Lorenz set of equations is

ddiilfl = Pr(A; — Ay), dda =rA; — Ay — A1 A, 4 = —bds + Ai s,

dt dt
(6.35)

where 7 = Ra/(Ra). and b = 4/(1 + 4k?). The coefficient A; describes the
velocity of the fluid particles, Ay the temperature fluctuations, and As a
horizontally averaged temperature mode. A detailed discussion of the Lorenz
model can, for example, be found in Sparrow (1982).

When the presence of lateral walls is taken into account, the amplitude
equations must include extra terms expressing the variation of the amplitudes
with respect to the horizontal coordinates. An abbreviated version is the
following ,

0A 3 0°A

ot ~ AT+ 05
which is called the Ginzburg—Landau’s equation in reference to a paper by
these authors on superconductivity, wherein an equation of the above form
was given.

(6.36)
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The main important result of the above analysis is that the infinite hor-
izontal plane should be covered with straight parallel rolls of infinite length
and oriented randomly. The randomness of the pattern finds its origin in
the randomness of the initial disturbances in an infinite plane theory. This
degeneracy may be overcome either by enclosing the fluid in boxes of finite
aspect ratio or by using a grid with an imposed spacing. When the grid is
slightly heated by a lamp and placed above the upper cooled surface, it in-
duces rolls whose wavelength corresponds to the grid spacing. By increasing
the Rayleigh number, one can maintain these rolls and follow their evolution
in the course of time.

6.3.3 Bénard—Marangoni’s Surface Tension-Driven
Instability

In Sect. 6.3.2, we have shown that, in sufficiently deep fluid layers, convection
sets in when buoyancy overcomes heat dissipation and viscous forces, and that
only rolls are stable for small and moderate Rayleigh numbers. Alternatively,
in rather shallow layers with a upper surface open to air, as in Bénard’s
original experience, a regular pattern of hexagons is observed as shown in
Fig.6.7.

It is now admitted that it is the temperature dependence of the surface
tension at interface, which is responsible for the hexagonal flow pattern.
Pearson (1958) was the first to propose a theoretical analysis on the influence
of the surface tension § assumed to depend linearly on the temperature

Fig. 6.7 Bénard’s hexagonal pattern viewed from above (from Koschmieder 1993)
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as
= — (T — T, .
S = o+ oo (T = To), (6.37)
wherein 9S/0T is usually a negative quantity. The linear analysis is similar
to that of the Rayleigh-Bénard’s problem, but the dimensionless Rayleigh

number is now replaced by the Marangoni number

aSAT d

Ma=-22
“ T~ povx’

(6.38)

where AT is the temperature difference applied between the boundaries of
the fluid layer. At the upper surface, the boundary conditions read now, in
dimensionless form,

W =0, D*W=kMa® (D=d/dZ). (6.39)

The first relation arises from the assumed non-deformability of the surface,
whereas the second one expresses the equality between the normal compo-
nent of the mechanical stress tensor and the horizontal gradient of the surface
tension (see Problem 6.8). For a stress-free boundary, the Marangoni num-
ber vanishes and one finds back the classical result D?*W = 0. It is impor-
tant to realize that there are significant differences between the Rayleigh
and Marangoni numbers, as the former varies as d®> and the latter as d;
this means that surface tension-driven instability will be dominant in thin
layers (small d), whereas buoyancy effects will be more important in thick
layers (large d). Remembering that in Bénard’s original experiments the
depth of the layer was about 1mm, it is not surprising that the instabil-
ity observed by Bénard was essentially caused by surface tension forces. If
the ratio Ma/Ra — oo, the surface forces dominate the dynamics of the fluid
and gravity effects can be neglected. Under terrestrial conditions, Ma/Ra = 4
for a layer with a thickness d = 1mm and Ma/Ra =4 x 107* for d = 10 cm.
Under microgravity conditions (g ~ 0), Ma/Ra = 10* for d = 1 mm.

As an illustration, consider a fluid layer (in which buoyancy effects are
neglected, i.e. Ra = 0) in contact with a perfectly heat conducting bot-
tom plate and whose upper surface is adiabatically isolated but subject to a
temperature-dependent surface tension. The marginal stability curve giving
(Ma)o as a function of k is similar to the marginal curve of the Rayleigh—
Bénard’s problem (Pearson 1958)

8k? cosh k(k — sinh k cosh k)
k3 cosh k — sinh® k

(Ma)o = , (6.40)

and is represented in Fig. 6.8. The corresponding critical values are (Ma). =
79.61 and k. = 1.99.

The theory has been advanced further by Scriven and Sternling (1964) to
allow for deformations of the free surface, in which case the onset of convec-
tion may be oscillatory. Nield (1964) extended Pearson’s analysis to account
for coupled buoyancy and surface tension effects. The numerical results (see
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Fig. 6.8 Marginal stability curves for coupled buoyancy and surface tension-driven
instability; the curve Ra = 0 corresponds to surface tension-driven instability

Fig. 6.8) show that the critical value (Ma). decreases upon increasing Ra
but that the critical wave number remains practically unchanged. Nield was
able to derive the following linear relation between the critical Rayleigh and
Marangoni numbers

which exhibits the strong coupling between the two motors of instability;
(Ra). and (Ma). are the critical values corresponding to the absence of sur-
face tension gradients and gravity, respectively.

All the above theoretical considerations are based on linearized equations;
they give interesting information on the onset of convection but are silent
about the planform and other characteristics of the flow; to go further a
non-linear analysis is required.

Non-linear effects were considered by Cloot and Lebon (1984), who solved
the problem with a power series expansion (Shliiter et al. 1965), and by
Bragard and Lebon (1993) using the amplitude method. To incorporate pos-
sible hexagonal patterns, the velocity disturbance is taken to be of the general
form

w=W(z) [Z(t) cos ky + Y (t) cos(V3/2kz) cos(ky/2)| , (6.42)
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which corresponds to rolls for Y = 0 and to hexagons for Y = 27. After some
lengthy but rather simple calculations, Bragard and Lebon (1993) obtained
under zero-gravity conditions the following set of amplitude equations

dy
— =¢Y —2YZ - RY® - PYZ?,

dt (6.43)
dz 1 5 Loye, :
E—{‘:Z—Z’yy _RlZ_§ 5

where e = [Ma— (Ma).]/(Ma). and v, P = 4R — Ry, R, and R; are constant
coefficients determined from the solvability condition. Observe that the sym-
metry property f(Y) = f(=Y) and f(Z) = f(—Z) is broken in (6.43). To
obtain a hexagonal structure, the condition ¥ = 2Z must be fulfilled and it
is directly checked that the steady versions of (6.43) possess a solution ver-
ifying this condition. By performing a linear stability analysis of the steady
solutions, it was shown (Bragard and Lebon 1993) that hexagons are stable
in the range —0.0056 < ¢ < 1.8. By setting Y = 27 in the stationary solution
of (6.43), one obtains a second-order equation in Z, namely

e—~Z— (R, +2P)Z* =0, (6.44)

which is represented in Fig. 6.9 and displays an inverted bifurcation, confirm-
ing the presence of a region of subcritical instability, characterized by the
occurrence of motion at € < 0.

Experiments by Koschmieder (1993) indicate that the pattern of the sub-
critical instability consists of ill-defined small-scale hexagonal cells. For the
sake of completeness, we have also reported in Fig. 6.9 the amplitude curve
for the roll solution. The solid portions of the curves refer to stable mo-
tions and the broken lines to unstable solutions. For ¢ < e_(= —0.0056),

HEXAGONS

£_ £ £

2 g

Fig. 6.9 Amplitude Z vs. e: solid lines correspond to stable solutions and broken
lines correspond to unstable solutions
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the fluid remains at rest, as soon as ¢ is larger than e_ but less than zero,
subcritical stable hexagons are predicted. Moreover, hexagons are the only
stable solutions in the interval e < & < e1(= 0.53) while in the range
g1 < € < eo(= 1.8), both hexagonal cells and rolls are stable; finally for
€ > €9, only stable rolls can be found.

A behaviour similar to Bénard—Marangoni’s instability is observed in
Rayleigh—Bénard’s problem when Boussinesq approximation is given up. In
the particular case of a temperature-dependent viscosity, it was found (Palm
1975) that the hexagonal pattern is the preferred structure, even for a fluid
enclosed between two rigid plates. Experiments have also revealed that the
motion in the hexagonal platform may be either ascending or descending at
the centre of the cell: the motion is downward in the cell centres of gases and
upward in liquids. This change in circulation is associated to the property
that, in gases, the viscosity increases with temperature while it decreases in
liquids.

Other interesting aspects of buoyancy and surface tension-driven instabil-
ities have been treated in the specialized literature (e.g. Colinet et al. 2002).
Among them, let us mention the problem of fluid layers submitted to hori-
zontal temperature gradients. This is important in crystal growth processes
(Davis 1987; Parmentier et al. 1993; Madruga et al. 2003), convection in
porous media, which is of interest in the mineral oil industry, thermal con-
vection in rotating systems (Busse 1978; Davis 1987), and double diffusive
convection under the mutual action of temperature and salinity gradients
(thermohaline convection and salt fingers). All these phenomena play a cen-
tral role in geophysics, astrophysics, and oceanography. Let us also point out
the effects resulting from surface deformations (Regnier et al. 2000), partic-
ularly relevant in small boxes and in presence of lateral walls, unavoidable in
practical experiments (Rosenblat et al. 1982; Dauby and Lebon 1996; Dauby
et al. 1997). Bénard’s convection has also been used to model the Earth’s
mantle motions (Turcotte 1992); moreover, it offers an attractive basis for the
interpretation of the transition to turbulence (Bergé et al. 1984). The above
list, although being not exhaustive, reflects the impressively wide range of
applications of Rayleigh-Bénard—Marangoni’s instability.

6.4 Taylor’s Instability

Taylor’s instability is observed in a viscous incompressible fluid column con-
tained between two vertical cylinders rotating at different angular velocities,
the temperature being assumed to remain uniform. There occurs a compe-
tition between centrifugal forces and viscosity: if we assume that the inner
cylinder moves at a higher velocity than the outer one, the fluid close to
the inside wall will move outward and replace there the slow moving fluid.
At small angular velocity, one has an ordinary Couette flow where angular
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Fig. 6.10 (a) Taylor’s vortices, (b) wavy flow, and (c¢) turbulence (from Coles 1965)

momentum is transported from the inner to the outer cylinder by viscosity
in the form of stationary annular convective cells. When the angular veloc-
ity is gradually increased, this state becomes unstable and toroidal vortices,
also called Taylor’s vortices, are formed. At higher angular velocities, wavy
deformations appear and finally a transition to turbulent motion occurs (see
Fig. 6.10).

At low angular velocity, the motion is laminar with a velocity field given
by

B
v, =0, wvg=Ar+ - V= 0, (6.45)

when expressed in cylindrical coordinates r, 8, z, where r is the radial distance
to the axis of the cylinders, 6 the azimuthal angle, and z the coordinate
parallel to the vertical axis, A and B are constants to be determined from
the boundary conditions. With §2; and (25 the angular velocities of the inner
and outer cylinders, respectively, and R; and Ry the corresponding radii, the
non-slip condition imposes the following conditions at the walls

Vg = Rl.Ql at r= Rl, Vg = RQQQ at r = Rg; (646)
this allows us to determine the values of the constants A and B, namely

2 —p Ri(1—p)

A:—le, B:Ql 1_92 ’

(6.47)
where 2 = 25/, and = Ry1/Rs.

We first proceed with a linear stability analysis. Denote the velocity dis-
turbance by u’, v/, w’ and the pressure disturbance by p’; assuming that
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the disturbances are small and axisymmetric, i.e. # independent, it is easily
checked that they obey the following linearized continuity and Navier—Stokes
equations

1o, ,  ow
;5(7"’114 ) + az - O, (6.48&)
ou' v’ o (v 9,
o’ Ove  ve\ , 0, U
8t+<67"+r)u_y Vv 2 (6.48¢)
ow’ 0 /
5: - (i) UV, (6.48d)

where V2 = (1/r)(8/dr) + 8%/0r? + 0?/0z2. The pressure disturbance p’ is
easily eliminated from relations (6.48b) and (6.48d). Moreover, by suppos-
ing that the fluid column is of infinite length, we need only the boundary
conditions at Ry and Ry, namely

v =v =w =0. (6.49)
According to the normal mode technique, we seek for solutions of the form
(v w') = [U(r),V(r), W(r)] exp(ikz + ot). (6.50)

To simplify the calculations, we shall make the narrow-gap approximation,
which implies that the distance d = Ry — R; between the cylinders is much
smaller than R;. This permits us to put = 1 and to omit 1/r compared to
d/0r, moreover within the small-gap limit, A + B/r? ~ §2; and A ~ —{2;.
Substituting (6.50) in (6.48), making all the quantities dimensionless, and
proceeding by analogy with the Rayleigh-Bénard’s problem, we obtain the
following relations for the radial and azimuthal velocity amplitudes at the
marginal state o = 0

(D? —k*)*U = [1+ (2 — 1)Z]V, (6.51)
(D? — k*)V = ~Ta kU, (6.52)

where we have introduced the notation D = d/dZ with
Z=(r—Ry)/d (6.53)

and
Ta = 482%d* )2, (6.54)

the relevant boundary conditions are

U=DU=V=0at Z2=0 and Z=1. (6.55)
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The quantity T'a is the dimensionless Taylor number, which is the ratio be-
tween the centrifugal forces and the viscous dissipation. It is worth to stress
that relations (6.51) and (6.52) are similar to (6.1.13) and (6.1.14) describing
Rayleigh-Bénard’s instability. For each particular value of 2 = {25/(2, the
eigenvalue problem (6.51) and (6.52) results in a marginal stability curve (see
Fig.6.11), which is similar to the curves for the Rayleigh-Bénard’s problem
in the rigid-rigid configuration. The minimum of the curve gives the criti-
cal value (Ta). determining the minimal angular velocity at which toroidal
axisymmetric vortices will set in. For Ta < (Ta)., all the disturbances are
dampened and the flow is independent of the z coordinate; at Ta = (Ta).,
there is a supercritical transition from Couette flow to Taylor’s vortices char-
acterized by a critical wave number k. or a critical wavelength \. = 27 /k.
which is easily detectable on the photographs of Fig.6.10. In the small-gap
limit, the critical values are given by

(Ta)e = 3,430/(1+ 2), ke=3.12, for0< 2 <1. (6.56)

The critical Taylor number is a function of (2 and it is interesting to note
that, for £2 =1, one has (Ta). = 1, 715, which is very close to the value 1,708
obtained for the critical Rayleigh number in the rigid-rigid convection case.
The same remark applies to the critical wave number whose value k. = 3.12
is comparable to the value k. = 3.117 of the Rayleigh-Bénard’s problem. It is
therefore clear that the linear stability problems for Rayleigh—Bénard’s and
Taylor’s instabilities in the narrow-gap approximation are formally identical.

UNSTABLE

Ta(1+0)

Fig. 6.11 Marginal stability curve expressing the Taylor number Ta as a function
of the wave number k
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For wide distances between the cylinders, it is useful to work with a Taylor
number (Chandrasekhar 1961), which is an explicit function of the radius
ratio. The results remain qualitatively unchanged with respect to the small-
gap approximation; the main features are that the critical Taylor number
increases with decreasing values of the radius ratio whereas the critical wave
number remains practically unchanged.

To obtain the form of the fluid flow after the onset of instability, a non-
linear analysis is required. It is not our purpose to enter into the details of
the non-linear developments as they are rather intricate and therefore we
advice the interested reader to refer to the specialized literature for details.
A wide discussion can be found in Drazin and Reid (1981) and Koschmieder
(1993). Starting from an amplitude equation of the form (6.28), it is found
that, in the weakly supercritical non-linear regime, the amplitude of the flow
is proportional to [T'a — (T'a).]'/? and the motion takes the form of toroidal
vortices, the interval of stable wave numbers lies, however, in a narrower band
than the one predicted by the linear approach. The stability of the Taylor’s
vortices was studied experimentally by Coles (1965). By increasing the Taylor
number, a sequence of bifurcations is displayed, which may be summarized
as follows. For Ta < (Ta)., one has a pure Couette flow that becomes un-
stable at the critical Taylor number at which Taylor’s vortices are observed.
At higher values of Ta, wavy vortices with a characteristic frequency are dis-
played (see Fig.6.10b), the next step is the appearance of a quasi-periodic
regime with two characteristic frequencies. Later on, a transition towards
weak turbulence characterized by the disappearance of one of the frequencies
takes place, still further, the second characteristic frequency vanishes and a
state of full turbulence emerges (see Fig.6.10c). One of the interests of the
study of Taylor’s instability is that one can follow the transition from lam-
inar flow to turbulence in great detail through a limited number of rather
characteristic stages, it offers therefore an attractive route to an exhaustive
study of turbulence at the same footing as Rayleigh-Bénard’s convection.

In the forthcoming sections, we will discuss qualitatively several examples
of patterns occurring in such various domains as chemistry, biology, oceanog-
raphy, and electricity. Unlike the presentations of the Bénard—Marangoni’s
and Taylor’s instabilities, we shall not enter into detailed mathematical for-
mulations but rather outline the main features, referring the interested reader
to specialized books and articles.

6.5 Chemical Instabilities

Dissipative patterns are not exclusive of hydrodynamics but are also found in
many other processes and particularly in chemistry. Some chemical reactions
give rise to temporal and spatial variations of the mass concentrations of
the active substances. In the course of time, some substances may undergo
periodic oscillations whereas some spatial patterns may be formed in the
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reaction vessel. It should be stressed that these phenomena are underlying
the activities of life and are therefore far from being purely academic games.
The central feature governing the appearance of self-organization in chemistry
is the autocatalytic reaction: it is a reaction in which the products of some
step take part to a subsequent step. It looks like a feedback process wherein
the presence of one particular species stimulates the production of more of
that species.

A representative example of chemical reaction exhibiting dissipative pat-
terns is the Belousov—Zhabotinsky (BZ) reaction, which is discussed later on.
When chemical reactions are coupled with diffusion, as it occurs in spatially
inhomogeneous mixtures, the corresponding spatio-temporal instabilities are
designated as Turing’s instabilities. In a remarkable paper, Turing (1952)
showed that a steady and uniform state in a reaction—diffusion system might
become unstable after some control parameter has overcome some critical value.

Maintenance of non-equilibrium states for a long period demands that
chemical reagents are added to the system. But a result of such a process
is that the concentrations of the various components are made very inho-
mogeneous and it is necessary to stir the mixture with the consequence
that spatial patterns will be destroyed. Only time oscillations can be ob-
served in such stirred homogeneous reactions. As illustrations, we will dis-
cuss in the next sections the Lotka—Volterra and the Brusselator models
(Prigogine and Lefever 1968; Nicolis and Prigogine 1977). To maintain non-
equilibrium conditions in absence of stirring has for a long time been
considered as a difficult problem. It is only recently that experimental meth-
ods using molecular diffusion have been developed which allow for the pres-
ence of both spatial and temporal patterns.

6.5.1 Temporal Organization in Spatially
Homogeneous Systems

6.5.1.1 The Lotka—Volterra Model

A simple example of temporal organization is the Lotka—Volterra model,
which is well known in ecology. It describes the growth and death of a pop-
ulation of X individuals of a species of prey and Y individuals of a species
of predators, X and Y represent for instance two populations of fishes where
Y is subsisting exclusively on X. This prey—predator system is governed by
the non-linear equations

ax
= = X — k), (6.57)
dy

o = Yk~ ks X), (6.58)

where ki1, ko, and k3 are positive constants.
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Relations (6.57) and (6.58) admit two trivial stationary solutions Xy =
Y; = 0 and two non-trivial solutions

X, = ko/ks, Yi=k/ks. (6.59)

Their linear stability is investigated by writing X = X422/, Y =Y+ ¢’ and
by substituting these expressions in (6.57) and (6.58); making use of (6.59), it
is checked that the disturbances 2’ and 4’ obey the following linear equations

dz’ dy’
=k Xy, == keYd, (6.60)
and, after elimination of y’,
d2 ’
d—; = —kikoa!, (6.61)

whose solution is of the form

' =mzgcos(wt) with w = \/kiks. (6.62)

It follows that the stationary state is not asymptotically stable in the sense
that the perturbations do not vanish in the limit of ¢ — oo, instead they are
periodic in time with an angular frequency w depending on the parameters
characterizing the system. This periodic behaviour is easy to interpret: when
the population of preys X is increased, the predators Y have more food
at their disposal and their number is increasing. Since Y consumes more
individuals X, their population diminishes and less food is available for the
species Y, which in turn decreases. This reduction of the number of predators
allows a larger number of preys to survive with the consequence that their
population will increase and a new cycle is initiated. The ratio of (6.58) and
(6.57) can be written as

Y Y(ks — k3X)

— = 6.63
dXx X (k1 — koY)’ (6.63)

which, after integration, yields the following relation
ksX + koY — kolog X — k1logY = constant, (6.64)

with the constant depending on the initial conditions, and playing the same
role as total energy in classical mechanics. Clearly, (6.64) defines an infinity
of trajectories in the phase space X — Y corresponding to different initial
conditions (see Fig.6.12).

These trajectories take the form of concentric curves surrounding the sta-
tionary state S with a period depending on the initial conditions. This be-
haviour is typical of conservative systems and has to be contrasted with limit
cycle oscillations as exhibited by dissipative systems. This gives also a strong
argument against the use of such models to describe oscillations observed in
nature, and particularly in some classes of chemical reactions.
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X

Fig. 6.12 Phase space trajectories: the Lotka—Volterra cycles

6.5.1.2 The Brusselator

A more appropriate modelling of the oscillatory behaviour of chemical re-
actions is provided by the Brusselator (Prigogine and Lefever 1968; Nicolis
and Prigogine 1977) which consists in a simple and instructive example of
autocatalytic scheme. The sequence of chemical reactions in the Brusselator
is the following

AFLx, (6.65a)
2X + V223X, (6.65b)
B+ X'y 4D, (6.65¢)

xXtp, (6.65d)

the four steps are assumed to be irreversible which is achieved by taking
all reverse reaction constants equal to zero; the global reaction of the above
scheme is

A+B—D+E. (6.66)

The concentrations of the reactants A and B are maintained at a fixed and
uniform non-equilibrium value, and the final products D and E are removed
as soon as they are formed; the autocatalytic step is the second one, which
involves the intermediate species X and Y. It is assumed that the reac-
tions take place under isothermal and well stirred, i.e. spatially homogeneous
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conditions. According to the laws of chemical kinetics, we have the following
rate equations for the species X and Y

dx
o - k1A 4 ko X2Y — k3BX — ky X, (6.67)
dy
o = kXY 4 ks BX, (6.68)

whose steady solutions are

_kl

b kaks B
o

kiko A

X A, Yi= (6.69)

To examine the stability of this solution, let us set X = Xy + 2’ and Y =
Y, + 9" where 2/ and gy’ are small disturbances; it is easy to verify that the
perturbations are obeying a linear system of the form

16)-<6)

where the matrix £ is given by

ksB —ky tik2 42
L= : , (6.71)

E2k
—ksB _1197422142

whose eigenvalues o1, 09, ... determine the stability of the system. It is left
as an exercise to show that the stationary state of (6.70) becomes unstable
(Reo > 0) when B is larger than a critical concentration given by

_ka k%szQ

B, =2 .
© T ks | ksk?

(6.72)

For B < B, the system remains homogeneous; whereas at B = B, the
eigenvalues are purely imaginary, which leads to undamped oscillations of
the perturbations, just like in the Lotka—Volterra model; finally for B > B,
the system is unstable and the concentrations X and Y undergo periodic
oscillations of the limit cycle type, independently of the initial values of X and
Y. Such oscillations have indeed been detected in the Belousov—Zhabotinsky
reaction, where fascinating geometric patterns as concentric circles and spirals
propagating through the medium have been observed. BZ reaction is basically
a catalytic oxidation by potassium bromate KBrO of a organic compound
such as malonic acid CHy(COOH), catalysed by the cerium Ce**—Ce** ion
couple.

After some transitory period, the oscillatory behaviour is evidenced by the
variation of the concentration of the Ce*™ and Ce*™ ions (Fig.6.13). First,
a blue colour indicating an excess of Ce’™ is spreading into the mixture, a
few minutes later the blue colour disappears and is replaced by a red one
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Fig. 6.13 Experimentally observed oscillations of Ce?* and Ce3* ions in Belousov—
Zhabotinsky reaction

that indicates an excess of Ce®* ions. The process goes on with a succession
of blue, red, blue colours with a perfectly regular period, which to a certain
sense constitutes a chemical clock.

When the substances necessary for the reaction are exhausted, the oscil-
lations will die out and the system goes back to its equilibrium state. In
contrast with hydrodynamics where complexity is generally characterized by
non-homogeneities in space, in chemistry even a spatially homogeneous sys-
tem may exhibit a complex behaviour in time. More recent and detailed
analyses of BZ reaction have shown the occurrence of aperiodic and even
chaotic behaviours. There are several analogies of BZ periodic behaviour in
living organisms: heart beats, circadian rhythms, and menstrual cycles are a
few examples.

6.5.2 Spatial Organization in Spatially Heterogeneous
Systems

In absence of stirring, BZ reaction exhibits some non-trivial spatial patterns,
which arise from the interplay of the chemical reaction and the diffusion
process. When BZ reaction is performed in a long thin vertical tube so that
the problem consists of a single spatial dimension, one observes (Fig.6.14)
a superposition of steady horizontal bands of different colours corresponding
to low and high concentration region. This structure is analogous to the
Rayleigh-Bénard’s and Taylor’s patterns.

6.5.3 Spatio- Temporal Patterns in Heterogeneous
Systems: Turing Structures

The great variety of patterns present in nature, both in the animate and
inanimate world, like the captivating beauty of a butterfly, the blobs of a
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Fig. 6.14 Spatial structure in Belousov—Zhabotinsky reaction

leopard tail, or biological morphogenesis has been a subject of surprise and
interrogation for several generations of scientists. The question soon arises
about the mechanism behind them. In 1952, Turing proposed an answer based
on the coupling between (chemical) reactions and diffusion. As an example of
a Turing structure, let us still consider the Brusselator but we suppose now
that the chemical reaction takes place in a unstirred thin layer or a usual
vessel, so that spatial non-homogeneities are allowed. The basic relations are
the kinetic equations (6.67) and (6.68) to which are added the diffusion terms
D,V?X and D, V?Y, respectively, it is assumed that the diffusion coefficients
D, and D, are constant. By repeating the analysis of Sect.6.5.1, it is shown
that the stationary homogeneous state becomes unstable for a concentration
B larger than the critical value

k4 k%k‘g 2 k‘4 j271'2

Bo= 242722, ™
W T2t TR 2

(D, +D,), j=0,1,2... (6.73)

at the condition that the diffusion coefficients are unequal, if D, = D,
diffusion will not generate an instability, [ is a characteristic length. Non-
homogeneities will begin to grow and stationary spatial patterns will emerge
in two-dimensional configurations. A rather successful reaction for observing
Turing’s patterns is the CIMA (chlorite-iodide-malonic acid) redox reaction,
which was proposed as an alternative to BZ reaction. The oscillatory and
space-forming behaviours in CIMA are made apparent through the presence
of coloured spots with a hexagonal symmetry. By changing the concentra-
tions, new patterns consisting of parallel narrow stripes are formed instead
of the spots (see Fig.6.15).

Although it is intuitively believed that diffusion tends to homogenize
the concentrations, we have seen that, when coupled with an autocatalytic
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Fig. 6.15 Examples of Turing two-dimensional structures (from Vidal et al. 1994)

reaction under far from equilibrium conditions, it actually gives rise to spatial
structures. Turing’s stationary patterns are obtained when the eigenvalues of
the £ matrix given by (6.71) are real; for complex conjugate eigenvalues, the
unstable disturbances are time periodic and one observes spatio-temporal
structures taking the form of propagating waves.

The existence of spatio-temporal patterns is not exclusive to fluid me-
chanics and chemistry. A multitude of self-organizations has been observed
in biology and living organisms, which are the most organized and complex
examples found in the nature. It has been conjectured that most of the prop-
erties of biological systems are the result of transitions induced by far from
equilibrium conditions and destabilizing mechanisms similar to autocatalytic
reactions. Because of their complexity, these topics will not be analysed here
but to further convince the reader about the universality of pattern forma-
tion, we prefer to discuss shortly three more examples of dissipative patterns
as observed in oceanography, electricity, and materials science.

6.6 Miscellaneous Examples of Pattern Formation

As recalled earlier, one observes many kinds of pattern formation in many
different systems. In this section, we give a concise overview of some of them.

6.6.1 Salt Fingers

In double diffusion convection, the flow instability is due to the coupling
of two diffusive processes, say heat and mass transport. In the case of the
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salt fingers, which are of special interest in oceanography, the basic fields
are temperature and salinity, i.e. the concentration of salt in an aqueous
solution; in other situations, they are for example the mass concentrations of
two solutes in a ternary mixture at uniform temperature or the concentrations
of two polymers in polymeric solutions.

If we consider diffusion in a binary mixture submitted to a temperature
gradient, new features appear with respect to the simple Rayleigh-Bénard’s
convection. Apart from heat convection and mass diffusion, the Soret and
Dufour cross-effects are present and should be included in the expressions
of the constitutive equations, both for the heat flux ¢ and the mass flow J.
Compared to the Rayleigh—Bénard’s problem, the usual balance equations of
mass, momentum, and energy must be complemented by a balance equation
for the mass concentration of one of the constituents while the mass density
is modified as follows to account for the mass concentration

p=po[l —a(T' —To) + B(c — co)], (6.74)

where 3 stands for 8 = py ' (9p/dc). The equations for the disturbances are
then linearized in the same way as in Rayleigh—Bénard’s problem, and finite
amplitude solutions have also been analysed.

As a result of the very different values of the molecular D and heat x
diffusivity coefficients (in salt sea waters D/x = 1072), some puzzling phe-
nomena are occurring. Instabilities arise when a layer of cold and pure water
is lying under a layer of hot and salty water with densities being such that
the cold water is less dense than the warm water above it; convection takes
then place in the form of thin fingers of up- and down-going fluids (Brenner
1970; McDougall and Turner 1982).

The mechanism responsible for the onset of instability is easily understood.
Imagine that, under the action of a disturbance, a particle from the lower
fresh cold water is moving upward. As heat conductivity is much larger than
diffusivity, the particle takes the temperature of its neighbouring but as it is
less dense than the saltier water outside it, the particle will rise upwards under
the action of an upward buoyancy force. Likewise if a particle from the hot
salt upper layer is sinking under the action of a perturbation, it will be quickly
cooled and, becoming denser than its surroundings, it creates a downward
buoyancy force accelerating the downward motion. This example illustrates
clearly the property that concentration non-homogeneities are dangerous for
the hydrodynamic stability of mixtures when their relaxation time is much
larger than that of temperature non-homogeneities.

The resulting finite amplitude motions have been called salt fingers be-
cause of their elongated structures (see Fig.6.16). They have been observed
in a variety of laboratory experiments with heat-salt and sugar-salt mixtures
and in subtropical oceans.
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Fig. 6.16 Salt fingers (from Vidal et al. 1994)
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Fig. 6.17 Temperature distributions in the ballast resistor

6.6.2 Patterns in Electricity

6.6.2.1 The Ballast Resistor

Let us first address some attention to the ballast resistor (Bedeaux et al.
1977; Pasmanter et al. 1978; Elmer 1992); it is an interesting example be-
cause it can be described by a one-dimensional model allowing for explicit
analytic treatments and, in addition, it presents useful technological aspects.
The device consists of an electrical wire traversing through a vessel of length
L filled with a gas at temperature Ti. The control parameters are the tem-
perature T and the electric current I crossing the wire. As much as the
temperature T is lower than a critical value T¢., the temperature of the wire
remains uniform but for T > T¢ there is a bifurcation in the temperature
profile, which is no longer homogeneous, but instead is characterized by a
peak located at the middle of the electric wire (see Fig.6.17).

It is worth to stress that, for T > T, the value of the electric current [
is insensitive to the variations of the electrical potential which indicates that
the ballast resistor can be used as a current stabilizer device.
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6.6.2.2 The Laser

When the laser is pumped only weakly, one observes that the emitted light
waves have random phases with the result that the electric field strength
is a superposition of random waves. Above a critical pump strength, the
laser light becomes coherent (Haken 1977), meaning that the waves are now
ordered in a well-defined temporal organization (Fig.6.18).

By increasing the external pumping, a sequence of more and more compli-
cated structures is displayed, just like in hydrodynamic and chemical insta-
bilities. In particular by pumping the laser strength above a second threshold,
the continuous wave emission is transformed into ultra-short pulses.
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Fig. 6.18 Laser instability: the electrical field strength E is given as a function
of time: (a) disordered state, (b) ordered state, and (c) the same above the second
threshold

6.6.3 Dendritic Pattern Formation

Formation of dendrites, i.e. tree-like or snowflake-like structures as shown
in Fig. 6.19, is a much-investigated subject in the area of pattern formation.

-
-
.

Fig. 6.19 Dendritic xenon crystal growth (from Gollub and Langer 1999)
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Research on dendritic crystal growth has been motivated by the necessity to
better understand and control metallurgical microstructures.

The process which determines the formation of dendrites is essentially the
degree of undercooling that is the degree to which the liquid is colder than
its freezing temperature. The fundamental rate-controlling mechanism is dif-
fusion, either diffusion of latent heat away from the liquid—solid interface, or
diffusion of chemical species toward and away from this solidification front.
These diffusion processes lead to shape instabilities, which trigger the forma-
tion of patterns in solidification. In a typical sequence of events, the initially
crystalline seed immersed in its liquid phase grows out rapidly in a cascade of
branches whose tips move outwards at a given speed. These primary arms be-
come unstable against side branching and the new side branching are in turn
unstable with respect to further side branching, ending in a final complicated
dendpritic structure. The speed at which the dendrites grow, the regularity,
and the distances between the side branches determine most of the prop-
erties of the solidified material, like its response to heating and mechanical
deformation.

To summarize, we have tried in this chapter to convince the reader
of the wniversality of pattern-forming phenomena. We have stressed that
similar patterns are observed in apparently very different systems, as il-
lustrated by examples drawn from hydrodynamics (Rayleigh—Bénard’s and
Bénard-Marangoni’s convections, Taylor’s vortices), chemistry (Belousov—
Zhabotinsky’s reaction and Turing’s instability), electricity (ballast resis-
tor and laser instability), and materials science (dendritic formation). Of
course, this list is far from being exhaustive and further applications have
been worked out in a great variety of areas. Figure 6.20 displays some ex-
amples like a quasi-crystalline standing-wave pattern produced by forcing a
layer of silicone oil at two frequencies (a), a standing-wave pattern of granular
material-forming stripes (b), a typical mammalian coat as the leopard (c).

Two last remarks are in form. That a great number of particles, of the
order of 10?3, will behave in a coherent matter despite their random thermal

Fig. 6.20 Examples of patterns in quasi-crystalline pattern (a), granular material
(b), and typical leopard’s coat (c)
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agitation is the main feature of pattern formation. As pointed out throughout
this chapter, self-organization finds its origin in two causes: non-linear dy-
namics and external non-equilibrium constraints. Fluctuations arising from
the great number of particles and their random motion are no longer damped
as in equilibrium but may be amplified with the effect to drive the system
towards more and more order. This occurs when the control parameter, like
the temperature gradient in Bénard’s experiment, crosses a critical point at
which the system undergoes a transition to a new state, characterized by
regular patterns in space and/or in time.

It may also be asked why appearance of order is not in contradiction
with the second law of thermodynamics which states that the universe is
evolving towards more and more disorder. There is of course no contradiction,
because the second principle, as enounced here, refers to an isolated system
while pattern forming can only occur in closed and/or open systems with
exchange of energy and matter with the surrounding. The decrease of entropy
in individual open or closed cells is therefore consistent with the entropy
increase of the total universe and the validity of the second law is not to be
questioned.

6.7 Problems

6.1. Non-linear Landau equation. Show that the solution of the non-linear
Landau equation

d
o |A]> = 2(Re o) |A]> — 211 A"
is given by (6.12).

6.2. Landau equation and Rayleigh—Bénard’s instability. The Landau equa-
tion describing Rayleigh-Bénard’s instability can be cast in the form dA/d¢ =
oA — IA? whose steady solution is Ag = (¢/1)*/?. Expanding ¢ around the
critical Rayleigh number, one has 0 = a[Ra — (Ra).], where « is a positive
constant from which follows the well-known result

As = (o/)Y?[Ra — (Rac)]"/?.

Study the stability of this steady solution by superposing to it an infinites-
imally small disturbance A’ and show that the steady non-linear solution is
stable for Ra > (Ra)e.

6.3. Third-order Landau equation. Consider the following third-order Landau
equation

dA

E = O'A+CYA2 —|—ﬂA3,
when A > 0,0 > 0, < 0 and 32 > 4ao. For sufficiently small values of A
at t = 0, show that A tends to the equilibrium value A, = —o/a + O(0?) as

t — o0.
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6.4. Rayleigh—Bénard’s instability. Consider an incompressible Boussinesq
fluid layer between two rigid horizontal plates of infinite extent. The two
plates are perfectly heat conducting and the fluid is heated from below. (a)
Establish the amplitude equations in the case of infinitesimally small distur-
bances (linear approximation). (b) Determine the marginal instability curve
Ra(k) between the dimensionless Rayleigh number Ra and wave number k.
(c) Calculate the critical values (Ra). and k. corresponding to onset of con-
vection.

6.5. Rotating Rayleigh—Bénard’s problem. Two rigid horizontal plates extend-
ing to infinity bound a thin layer of fluid of thickness d. The system, subject
to gravity forces, is heated from below and is rotating around a vertical axis
with a constant angular velocity (2. Determine the marginal curve Ra(k)
as a function of the dimensionless Taylor number Ta = 4§2?d*/v?, where v
is the kinematic viscosity of the fluid. Does rotation play a stabilizing or a
destabilizing role?

6.6. Rayleigh—Bénard’s problem with a solute. Consider a two-constituent
mixture (solvent + solute) encapsulated between two free horizontal surfaces
and subject to a vertical temperature gradient (. Denoting by ¢(7,t) the
concentration of the solute, assume that the density of the mixture is given
by

p=poll + (T —T) +v(c — co)].

Neglecting the diffusion of the solute so that de¢/dt = 0, determine the mar-
ginal curve Ra(k) when the basic reference state is at rest with a given
concentration ¢,(z) and a temperature field T, = Ty — Sz.

6.7. Non-linear Rayleigh—Bénard’s instability. A thin incompressible fluid
layer of thickness d is bounded by two horizontal stress-free boundaries
(Ma = 0) of infinite horizontal extent. The latter are perfectly heat con-
ducting and gravity forces are acting on the fluid.

(a) Show that the convective motion can be described by the following non-
linear relation

ow 103w 3

E+§W:A w—RaAw (0<z<1),

here w is the dimensionless vertical velocity component, Ra the Rayleigh
number and

A=A +0%)02% = 02 )0x® + 0%/ 0y? + 0% /022,
the corresponding boundary conditions (at z = 0 and z = 1) are

Pt
T922 0 924
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(b) Find the solution of the corresponding linear problem with normal mode
solutions of the form w = W(z)f(x,y) exp(ot); to be explicit, determine
the expressions of W (z) and o and the equation satisfied by f(x,y).

(¢) By assuming a non-linear solution of the roll type, i.e. w = A cos(kx)g(z),
show that the Landau equation associated to this problem can be written

as d
da a3
T aA — [A°,

where o and [ are two constants to be determined in terms of the data
Ra, (Ra)., and k..

6.8. Boundary condition with surface tension gradient. In dimensional form,
the kinematic boundary conditions at a horizontal surface normal to the z-
axis and subject to a surface tension gradient may be written as 6-n = VS,
where o is the stress tensor or more explicitly o,. + 05/0x = 0 and o, +
05/0y = 0. Show that, in non-dimensional form, the corresponding boundary
condition is given by (6.39) D?*W = k*Maf. Hint: After differentiating the
first relation with respect to z, the second with respect to y, make use of
Newton’s constitutive relation 6 = n[Vv+(Vv)'] and the continuity relation
V.v=0.

6.9. Bénard—Marangoni’s instability. (a) Show that, in an incompressible lig-
uid layer whose lower boundary is in contact with a rigid plate while the upper
boundary is open to air and subject to a surface tension depending linearly
on the temperature, the marginal curve relating the Marangoni number Ma
to the wave number k is given by (6.40), i.e.

8k? cosh k(k — sinh k cosh k)
k3 cosh k — sinh® k

(M(Z)O = y
both boundaries are assumed to be perfectly heat conducting and gravity

acceleration is neglected. (b) Find the corresponding critical values (Ma). =
79.6 and k. = 1.99.

6.10. Bénard-Marangoni’s instability. The same problem as in 6.9, but now
with heat transfer at the upper surface governed by Newton’s cooling law
oT
NS = h(T = Tuo),

where A is the heat conductivity of the fluid, i the heat transfer coefficient,
and T, the temperature of the outside world, say the laboratory. In dimen-
sionless form, the previous law reads as DO = —Bi©, (D = d/dZ) with
Bi = hd/X the so-called Biot number. The limiting case Bi = 0 corresponds
to an adiabatically isolated surface while Bi = oo describes a perfectly heat
conductor. (a) Determine the dependence of Ma with respect to k and Bi. (b)
Draw the marginal instability curves for Bi = 0, 1,10. (c¢) Sketch the curves
(Ma).(Bi) and k.(Bi).
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6.11. The Rayleigh—Bénard—Marangoni’s instability. Show that, for the cou-
pled buoyancy-surface tension-driven instability, the Ra and Ma numbers
obey the relation (6.41)

Ra n Ma _1
(Ra)c (Ma')c_ ’

where (Ra). is the critical Rayleigh number without Marangoni effect and
(Ma). the critical Marangoni number in absence of gravity.

6.12. The Lorenz model. (a) Show that the steady solutions of (6.25) cor-
responding to supercritical convection are given (6.35) by A; = Ay =
/b(r—1) for » > 1. (b) Prove that this solution becomes unstable at
r = Pr(Prb+3)/(Pr—b—1). (c) Solve numerically the Lorenz equations
for Pr =10, b =8/3, and r = 28 (Sparrow 1982).

6.13. Couette flow between two rotating cylinders. Consider a non-viscous
fluid contained between two coaxial rotating cylinders. The reference state
is stationary with uw, = u, = 0, ug(r) = r2(r), the quantity 2(r) is an
arbitrary function of the distance r to the axis of rotation and is related to the
reference pressure by prer = p [ 702%(r)dr. (a) Show that the latter result is
directly obtained from the radial component of the momentum equation. (b)
Using the normal mode technique, show that, for axisymmetric disturbances
(0/00 = 0), the amplitude equation is given by

2
(DD* — k*)U, — k—(b(r)Ur =0,
g

where D = d/dr, D* = D + 1/r, and ¢(r) = (1/r®)d[(r?$2)?]/dr is the so-
called Rayleigh discriminant. It is interesting to observe that the quantity
(r?£2) in the Rayleigh discriminant is related to the circulation along a circle
of radius r by

27
/ ug(r)rdo = 2mr22(r).
0

(¢) Show further that the flow is stable with respect to axisymmetric dis-
turbances if ¢ > 0. This result reflects the celebrated Rayleigh circulation
criterion stating that a necessary and sufficient condition of stability is that
the square of the circulation does not decrease anywhere.

6.14. Lotka chemical reactions. Show that the following sequence of chemical
autocatalytic reactions

A+X —-2X

X+Y —2Y

Y+B—E+D

where the concentrations of substances A and B are maintained fixed, corre-
spond to the Lotka—Volterra model.



Chapter 7
Extended Irreversible Thermodynamics

Thermodynamics of Fluxes: Memory
and Non-Local Effects

With this chapter, we begin a panoramic overview of non-equilibrium ther-
modynamic theories that go beyond the local equilibrium hypothesis, which
is the cornerstone of classical irreversible thermodynamics (CIT). We hope
that this presentation, covering Chaps. 7-11, will convince the reader that
non-equilibrium thermodynamics is a fully alive and modern field of research,
combining practical motivations and conceptual questions. Indeed, such basic
topics as the definition and meaning of temperature and entropy, the formu-
lation of the second law, and its consequences on the admissible transport
equations are still open questions nowadays.

Modern technology strives towards miniaturized devices and high-frequency
processes, whose length and timescales are comparable to the mean free path
of the particles and to the internal relaxation times of the devices, thus requir-
ing extensions of the classical transport laws studied in the previous chapters.
Indeed, these laws assume an instantaneous response of the fluxes to the im-
posed thermodynamic forces, whereas, actually, it takes some time for the
fluxes to reach the values predicted by the classical laws. As a consequence,
when working at short timescales or high frequencies, and correspondingly
at short length scales or short wavelengths, the generalized transport laws
must include memory and non-local effects. The analysis of these generalized
transport laws is one of the main topics in modern non-equilibrium ther-
modynamics, statistical mechanics, and engineering. Such transport laws are
generally not compatible with the local equilibrium hypothesis and a more
general thermodynamic framework must be looked for.

Going beyond CIT and exploring new frontiers are the driving impetus
for the development of recent non-equilibrium thermodynamic theories. In
that respect, we will successively analyse extended irreversible thermodynam-
ics (EIT), theories with internal variables, rational thermodynamics, Hamil-
tonian formulation, and mesoscopic theories.

This overview starts with EIT, because of its formal simplicity and its prox-
imity to the methods of CIT to which the reader is already acquainted. EIT
provides a macroscopic and causal description of non-equilibrium processes

179
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and is based on conceptually new ideas, like the introduction of the fluxes as
additional non-equilibrium independent variables, and the search for general
transport laws taking the form of evolution equations for these fluxes. Such
equations will be generally obtained by considering the restrictions imposed
by the second law of thermodynamics.

To be explicit, in EIT the space V of state variables is formed by the union
of the space C of classical variables like mass, momentum, energy, and com-
position, and the space F of the corresponding fluxes, i.e. V = C U F. The
physical nature of the F-variables is different from that of the C-variables.
The latter are slow and conserved with their behaviour governed by the clas-
sical balance laws. In contrast, the F-variables are fast and non-conserved:
they do not satisfy conservation laws and their rate of decay is generally very
short. In dilute gases, it is of the order of magnitude of the collision time
between molecules, i.e. 107!25s. This means that, for time intervals much
larger than this value, fast variables can be ignored. This is no longer true in
high-frequency phenomena, when the relaxation time of the fluxes is compa-
rable to the inverse of the frequency of the process, or in some materials, like
polymers, dielectrics, or superfluids, characterized by rather large relaxation
times of the order of seconds or minutes. The independent character of the
fluxes is also made evident when the mean free path of heat or charge carri-
ers becomes comparable to the dimensions of the sample, as in nano-systems.
Other motivations for elevating the fluxes to the rank of variables are given
at the end of this chapter.

The domain of application of EIT enlarges the frontiers of CIT, whose
range of validity is limited to small values of the relaxation times 7 of the
fluxes, i.e. to small values of the Deborah number De = 7/ty, with ¢y a
macroscopic timescale, and to small values of the Knudsen number Kn = ¢/L,
where /¢ is the mean free path and L a macroscopic length. The transport
equations derived from EIT reduce to the CIT expressions for De < 1 and
Kn < 1, but are applicable to describe a wider range of situations encom-
passing De > 1 and Kn > 1. Examples of situations for which De > 1 are
processes where the macroscopic timescale becomes short enough to be com-
parable to the microscopic timescale, as in ultrasound propagation in dilute
gases or neutron scattering in liquids, or when the relaxation time becomes
long enough to be comparable to the macroscopic timescale, as in polymer
solutions, suspensions, superfluids, or superconductors. The property Kn > 1
is characteristic of micro- and nano-systems as thin films, superlattices, sub-
micronic electronic devices, porous media, and shock waves.

A simple way, although not unique, to obtain the time evolution equations
of the fluxes on a macroscopic basis is to assume the existence of a generalized
entropy and to follow the same procedure as in CIT. In EIT, it is taken for
granted that there exists a non-equilibrium entropy s to which the following
properties are assigned:

e It is an additive quantity.
e It is a function of the whole set of variables s = s(V).
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e It is a concave function of the state variables.
e Its rate of production is locally positive.

Once the expression of s is known, it is an easy matter to derive generalized
equations of state, which are of interest in the description of non-equilibrium
steady states.

The scope of this chapter is to give a general presentation of what EIT is,
how it works, and what can be expected from it. EIT has been the object of
several monographs by Jou et al. (2000, 2001), Lebon (1992) and Miiller and
Ruggeri (1998). For a more microscopic perspective, we refer to the books
by Eu (1992, 1998) and Luzzi et al. (2001, 2002); see also two collections of
contributions by several authors (Casas-Vdzquez et al. 1984; Sieniutycz and
Salamon 1992) or reviews by Garcia-Colin (1991, 1995) and Nettleton and
Sobolev (1995).

As an introductory example, we will study heat conduction in a rigid body
with memory effects; in this problem, only the heat flux is introduced as extra
variable. Afterwards, we shall discuss more complicated situations, such as
viscous fluids, polymer solutions, and electric transport in microelectronic
devices, where other fluxes, as the viscous pressure tensor and the electric
current, are selected as supplementary independent variables.

7.1 Heat Conduction

After outlining the shortcomings of the classical approach, we shall motivate
the choice of the heat flux as independent variable in the prototype problem
of heat conduction in a non-deformable solid at rest, and we will take advan-
tage of this particular example to introduce the main tenets of the general
formalism.

7.1.1 Fourier’s vs. Cattaneo’s Law

The best-known model for heat conduction is Fourier’s law, which relates
linearly the temperature gradient V7' to the heat flux q according to

q=-\VT, (7.1)

where A is the heat conductivity, depending generally on the temperature.
By substitution of (7.1) in the energy balance equation, written in absence
of source terms as

u_ g (7.2)
and relating the specific internal energy u to the temperature by means of
du = ¢,dT, with ¢, being the heat capacity per unit mass at constant volume,
one obtains oT
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The material time derivative has been replaced here by the partial time deriv-
ative because the body is at rest. From a mathematical point of view, (7.3)
is a parabolic differential equation. Although this equation is well tested for
most practical problems, it fails to describe the transient temperature field
in situations involving short times, high frequencies, and small wavelengths.
For example, it was shown by Maurer and Thomson (1973) that, by sub-
mitting a thin slab to an intense thermal shock, its surface temperature is
300°C larger than the value predicted by (7.3). The reasons for this failure
must be found in the physical statement of Fourier’s law, according to which
a sudden application of a temperature difference gives instantaneously rise to
a heat flux everywhere in the system. In other terms, any temperature dis-
turbance will propagate at infinite velocity. Physically, it is expected, and it
is experimentally observed, that a change in the temperature gradient should
be felt after some build-up or relaxation time, and that disturbances travel
at finite velocity. From a microscopic point of view, Fourier’s law is valid in
the collision-dominated regime, where there are many collisions amongst the
particles, but it loses its validity when one approaches the ballistic regime, in
which the dominant collisions are those of the particles with the boundaries
of the system rather than the collisions amongst particles themselves.

To eliminate these anomalies, Cattaneo (1948) proposed a damped version
of Fourier’s law by introducing a heat flux relaxation term, namely

76—q =—(g+AVT). (7.4)
ot

The term containing the time 7 represents the heat flux relaxation. When
the relaxation time 7 of the heat flux is negligible or when the time variation
of the heat flux is slow, this equation reduces to Fourier’s law. For homoge-
neous solids, 7 describes molecular-scale energy transfer by either phonons
or electrons, and it is very small, of the order of time between two successive
collisions at the microscopic level. Therefore, in most practical heat transfer
problems, infinite propagation is not relevant as those parts of the signals
with infinite velocity are strongly damped at room temperature. However,
when slow internal degrees of freedom are involved, as in polymers, superflu-
ids, porous media, or organic tissues, 7 reflects the time required to transfer
energy between different degrees of freedom and it may be relatively large,
of the order or larger than 1s.

Relaxational effects on heat conductors were already discussed by Maxwell
(1867), Cattaneo (1948), Vernotte (1958) and Grad (1958), but without refer-
ring to its thermodynamic implications, which will be analysed in Sect. 7.1.2
in the frame of EIT.

Assuming constant values of ¢, and A and introducing (7.4) in (7.2) results
in the following hyperbolic equation

o?°T  oT

[ — — 2 p—
Tty ~XVT =0, (7.5)
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where x = A\/pc, designates the heat diffusivity. Equation (7.5) is sometimes
called telegrapher’s equation because it is similar to the one describing prop-
agation of electrical signals along a wire. For small values of the time ¢t < 7,
the first term of (7.5) is dominant, so that it reduces to

0*T 9

T—=— = xVT. 7.6

ot? (7.6)
This is a wave equation with a wave propagating at the velocity (y/7)'/?; it
describes a reversible process, as it is invariant with respect to time inversion.
In contrast, for timescales much longer than 7(¢ > 7), the first term of (7.5)
is negligible and one obtains a partial differential equation of the form

— =V?T, (7.7)

which is associated with diffusion of heat, as shown in Chap. 2. Diffusion is
typically an irreversible process, as (7.7) is not invariant when ¢ is changed
into —t. To summarize, at short times the transport equation (7.5) is re-
versible and heat propagates as a wave with a well-defined speed (which
may be microscopically interpreted as a ballistic motion of heat carriers),
whereas at longer times the process becomes irreversible and heat is diffused
throughout the system. It is therefore clear that 7 can be interpreted as the
characteristic time for the crossover between ballistic motion and the onset of
diffusion. In the context of chaotic deterministic systems, 7 is interpreted as
the Lyapunov time beyond which predictivity is lost (Nicolis and Prigogine
1989).

The dynamical properties of (7.5) have been thoroughly analysed. By
assuming that there exists a solution of the form T'(z,t) = Ty exp[i(kz —wt)],
where w is a (real) frequency and k is a (complex) wave number, it is found
(see Problem 7.2) that the solution is characterized by a phase speed v, and
an attenuation length «, respectively, given by

w 2xw 1 2x
vp = _ L a=— =X (7.8)
Rek ~/Tw+«/1+7'2w2 Im & Up

In the low-frequency limit (7w < 1), it is found that

Upo = V2xw, ap=+/2x/w, (7.9)

which are the results obtained directly from Fourier’s law. In the high-
frequency limit (7w > 1), the phase speed and attenuation length are

Voo =U = (/7)) aoe = 2(x7)"/%. (7.10)

The velocity U corresponds to the so-called second sound, which is a tem-
perature wave, not to be confused with the first sound, which is a pressure
wave with velocity ¢o = 1/(0p/0p)s. The value of v}, o diverges when the



184 7 Extended Irreversible Thermodynamics

relaxation time vanishes, thus leading to an infinite speed of propagation.
The presence of the relaxation time represents much more than a minor cor-
rection to the classical results, as in the high-frequency regime it leads to a
completely different behaviour than that predicted by the classical Fourier’s
law. In Sect. 7.1.3, we discuss other physical consequences of (7.5). The analy-
sis of thermal waves has been the topic of much research (Joseph and Preziosi
1989; Dreyer and Struchtrup 1993; Tzou 1997; Jou et al. 2001).

The differences between parabolic and hyperbolic equations are shown in
Box 7.1. Figure 7.1 provides a qualitative comparison between the parabolic
(7 = 0) and hyperbolic (7 # 0) solutions of (7.5), at a short time after appli-
cation of a thermal pulse in a one-dimensional rod. According to Cattaneo’s

Box 7.1 Differences Between Hyperbolic and Parabolic Heat
Transport

As shown in Box 2.3, the response to a delta pulse of temperature is given,
according to the classical diffusion equation, by

2
___ 9 7
AT(z,t) = )12 exp < 4Xt) , (7.1.1)

where go is a value which depends on the intensity of the initial pulse.
The response to a delta pulse predicted by the telegrapher’s equation is
much more complicated, but has been derived in many textbooks (see, in

particular, Morse and Feshbach 1953; Jou et al. 2001; Tzou 1997). It is
found that

AT(2, ) = L exp (-21) {2IO(§)U76(U75 o

4
t dIo(§)
¢ dg

where Ip(z) is the modified Bessel function of the first kind, H(z) the
Heaviside function, U the second sound velocity given by U = (x/7)Y/?
and & = 3[(t/7)? — (z/Ur)?]"/2. The main differences with the solution
of the classical diffusion equation (7.1.1) are shown in Fig.7.1. They are
essentially:

+ [10(5) + } H(Ut — |x|)}, (7.1.2)

1. In the classical description, AT'(x,t) is non-zero at any position in space
for t > 0. In contrast, AT (x,t) given by (7.1.2) vanishes for z > Ut, U
being the speed of the front.

2. In (7.1.2) there are two main contributions: the first, in §(Ut — x), de-
scribes the propagation of the initial pulse with speed U, damped by the
exponential term. The second term, in H(Ut — ), is related to the wake,
which, for sufficiently long times Ut > x, tends to the diffusive solution
(7.1.1).
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Fig. 7.1 Fourier (solid line) and Cattaneo (dashed line) temperature distributions
in one-dimensional rod: (a) corresponds to a given time ¢; and (b) corresponds to a
time t2 > t;

law, the wave propagates with a speed v, oo = (x/7)'/? through the sys-
tem; at the right of the wave front, located at £ = vy oot = (x/7)'/?t, the
temperature perturbation is not felt. The quantity ¢ is called the penetra-
tion depth, which in Fourier’s law (7 = 0) extends to infinity, making that
the disturbance is instantaneously felt throughout the system (see Fig. 7.1a).
The temperature behind the wave front will be higher than the one corre-
sponding to Fourier’s law, because the same amount of energy is confined
into a smaller volume. When the time is increased, the diffusion of energy
over a larger volume has a damping effect on the wave, and the temperature
distribution becomes closer to the Fourier prediction (Fig.7.1b). As time in-
creases, the difference between the hyperbolic and the parabolic temperature
distributions becomes smaller and smaller.

Despite the success of Cattaneo’s model and its generalizations to describe
heat transfer at high frequencies, its thermodynamic consequences are less
known and are worth examining. First, it should be stressed that Cattaneo’s
equation is not compatible with CIT. Indeed, after substitution of Cattaneo’s
equation (7.4) in the classical expression for the entropy production as derived
in Chap. 2, namely o°* = q - VI'~!, it is found that

s A 9 T O0q

0= (VT)” + T2 ot - VT, (7.11)
which is no longer positive definite, because of the presence of the second
term of the right-hand side. The problem finds its origin in the local equi-
librium hypothesis, which must therefore be revisited. This is better seen by
examining the time evolution of entropy in an isolated rigid body. Making
use of the local equilibrium assumption, one obtains for the total entropy of
the system a non-monotonic increase, while use of EIT yields a monotonic in-
crease as it is shown by the solid curve in Fig. 7.2 (Criado-Sancho and Llebot
1993).
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Fig. 7.2 The evolution of the classical entropy Scit during the equilibration of an
isolated system when use is made of Cattaneo’s equation is given by the dashed curve.
The evolution of the extended entropy SgiT, obtained from (7.2.15), is represented
by the solid curve, which, in contrast with that of ScrT, increases monotonically

Instead of being monotonically increasing, the classical entropy behaves in
an oscillatory way, as shown in Box 7.2. Strictly speaking, this result is not
incompatible with the Clausius’ formulation of the second law, which states
that the entropy of the final equilibrium state must be higher than the en-
tropy of the initial equilibrium state. However, the non-monotonic behaviour
of the entropy is in contradiction with the local equilibrium formulation of
the second law, which requires that the entropy production must be positive
everywhere at any time. Note, finally, that Cattaneo’s model does not pre-
clude that heat flows from lower to higher temperature. Nevertheless, this is

not in contradiction with the Clausius’ statement of the second law, about
the impossibility of constructing a cyclic heat engine whose only effect is
to transport heat from a colder to a hotter reservoir, because in (7.4) the
mentioned unusual behaviour lasts only over time intervals of the order of
the relaxation time during which Clausius’ claim is at least questionable.

Notwithstanding, this behaviour is in opposition with the local equilibrium

formulation of the second law, requiring that heat should always move from

hotter to colder regions, in absence of any other effect.

Box 7.2 Evolution of Entropy in a Discrete Isolated System: CIT
vs. EIT Behaviour

We study heat transfer between two rigid bodies at temperatures T
and T5(< T1) put into contact. Let the total system be isolated from the
outside world and let @ be the amount of heat exchanged between the
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two bodies per unit time. In the local equilibrium formulation, one has
S(Uy,Us) = S1(Ur) 4+ S2(Us) and therefore
ds dS;  dS _1dU; _1dUs
— =— 4+ —=17 " — + T, —.
dt  dt  dt TR BT
Since the global system is isolated, dU; + dUs = 0, and from the first law
of thermodynamics, one has

au, a7 . dU, ATy

Hzclﬁ :_Q7 E:CZE :Q’ (7.2.2)

where use has been made of the equations of state dU; = C;dT;, and C; are
the respective heat capacities of the systems.

For an isolated system, (7.2.1) represents the rate of entropy produced
inside the system, and in virtue of (7.2.2), it can be written as

(7.2.1)

ds _ PN
i L-17ho, (7.2.3)
or assuming that 77 — 75 = ¢ is small,
ds e .

where T is an intermediate temperature between 77 and T,. According
to the second law of thermodynamics, (7.2.3) must be non-negative. This
implies that heat only flows from the region of highest temperature to the
region of lowest temperature, according to the original Clausius’ formulation
of the second law.

The simplest hypothesis ensuring the positiveness of (7.2.4) is to as-
sume, as in Fourier’s law, that the heat flux Q is proportional to the driving
force /T2, so that

Q= K%, (7.2.5)

with K being a positive coefficient. Combining (7.2.2) with (7.2.5) one
obtains for the evolution of €
e _
dt
where C is defined as C~' = C; ' + C5 1. When (7.2.5) is introduced into
(7.2.6), one finds that

—Cc7'Q, (7.2.6)

de K
Thus ¢ decays exponentially as ¢ = g exp[—Kt/(CT?)]. Now, substitution
of (7.2.4) in (7.2.3) leads to

s 2
= K% >0, (7.2.8)
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from which follows that the entropy is a monotonically increasing function
of time.

Consider now the more general situation in which heat transfer is de-
scribed by the Cattaneo’s law

=t (7.2.9)
where 7 is the relaxation time of Q. After combining (7.2.6) and (7.2.9),
one finds that the evolution of ¢ is governed by

d?e  de K

T2 + + o72¢ =0, (7.2.10)
which is similar to the equation of motion of a damped pendulum. The
decay of € is no longer exponential but will exhibit oscillatory behaviour
for 4K7/(CT?) > 1. The term in de/dt corresponds to diffusion of heat,
whereas the term in d?e/dt? describes the propagation of the heat wave.
Substituting the solution of (7.2.10) in (7.2.3) with @ given by (7.2.5) leads
to an expression for the entropy S which exhibits a non-monotonic depen-

dence with respect to time, as indicated by the dashed curve in Fig. 7.2.
In EIT, the quantity Q is viewed as an independent variable of a gen-
eralized entropy Sgrr, whose rate of variation is, up to the second order in

Q)

dii” :T;ld(gl T;lﬁ — Q@ (7.2.11)

instead of (7.2.1). Using the conservation of energy (7.2.2), one may write
(7.2.11) as

ds; _ Q
= (T =T Qe (7.2.12)
which, for small temperature differences, simplifies to
dSgerr € dQ
== - 7.2.1
dt <T2 dt Q ( 3)

Assuming a linear relation between the flux @ and the force, given by the
quantity inside brackets, one gets

Q=K (TZ - i?) (7.2.14)

wherein positiveness of the entropy production requires that K > 0. Making
use of (7.2.6) and replacing (7.2.14) by (7.2.13), one obtains

2 2
de’?T e (dt) . (7.2.15)
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This expression is either positive or zero, but never negative. It is therefore
concluded that Sgrr, whose evolution is plotted by the continuous curve in
Fig. 7.2, increases monotonically in the course of time and is thus compatible
with evolution equations of the Cattaneo type. For an explicit analysis of
the continuous problem, see Criado-Sancho and Llebot (1993).

7.1.2 Extended Entropy

Going back to Cattaneo’s equation (7.4), one observes that it represents truly
an evolution equation for the heat flux, which can therefore be considered as
an independent variable. This is indeed the key of EIT, where it is assumed
that the entropy s = s(u, ¢) does depend not only on the classical variable,
namely the specific internal energy u, but also on the heat flux q.

In differential form, the generalized entropy is written as follows:

ds = <SZ> du + <§Z) -dg. (7.12)
In analogy with the classical theory, one can define a non-equilibrium tem-
perature 6(u,q?) by means of the reciprocal of (9s/0u),. This possibility is
examined in Box 7.3. Here, we will neglect second- and higher-order contribu-
tions in g and simply identify 9s/du with the inverse of the local equilibrium
temperature T'(u), so that
ds 1

0= T (7.13)

The remaining partial derivative in (7.12) will be denoted as

(g‘;) = T "oy (u)q, (7.14)

wherein the minus sign and the factor T~!v are introduced for convenience,
with v the specific volume (namely, the reciprocal of the mass density); oy is a
undetermined function of u alone because, like temperature, its dependence
on ¢? is assumed to be negligible. Accordingly, the final expression of the
generalized Gibbs’ equation (7.12) is

ds =T 'du — T 'va,q - dq. (7.15)

From this expression and the internal energy balance law (7.2), one obtains,
for the material time derivative $ of the entropy,

ps=—-T"'V.q—-Ttaiq-q, (7.16)
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or, equivalently,
ps§=-V-(T"'q)+q- (VI' -~Tlarq- q). (7.17)
This equation can be cast in the general form of a balance equation
ps=—-V-J*+0°, (7.18)

with the entropy flux J*® and the (positive) entropy production o® given,
respectively, by
J*=T"q (7.19)

and
0°=q-(VI' =T a1q) > 0. (7.20)

Relation (7.20) has the structure of a bilinear form ¢® = q - X in the flux
q and the force X, identified as the quantity within parentheses in (7.20);
it differs from the classical thermodynamic force, which is simply VZ'~!, by
the presence of a term in the time derivative of the heat flux. The simplest
way to obtain an evolution equation for ¢ compatible with the positiveness
of ¢° is to assume that the force X is linear in g, namely

VIt =T a1q =g, (7.21)

where the phenomenological coefficient p; may depend on u but not on gq
because, as previously, third-order contributions in g are omitted. Introduc-
tion of (7.21) into (7.20) results in 0® = puy1q - ¢ > 0, from which is inferred
that gy > 0.

Expression (7.21) contains two non-defined coefficients «; and gy, which
must be identified on physical grounds. Under steady state conditions, (7.21)
simplifies to .

_ulTZ

q= VT. (7.22)
A comparison with Fourier’s law g = —AVT yields then pu; = (AT?)~! from
which it results A > 0. Next, by comparing (7.21) with Cattaneo’s equation
(7.4), one is led to

ay = T1/NT. (7.23)

Box 7.3 Non-Equilibrium Temperature vs. Local Equilibrium
Temperature

In analogy with the classical theory, we define the non-equilibrium temper-
ature 6 by

0 (u, q) = <gz>q. (7.3.1)

Expanding #~! around q = 0, and omitting terms of order higher than ¢2,

one can write . . )
07 (u,q) =T (u) + a(u)q”, (7.3.2)
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where T' designates the local equilibrium temperature; the coefficient o(u)
depends only on u at this order of approximation.
With the identification (7.23), the generalized Gibbs’ equation (7.15)

takes the form
’

~1
ds =0""du — AT

q-dq. (7.3.3)

The integrability condition of (7.3.3) demands that

001 0 T
=—— | —= 3.4
Jq ou (p)\TQ) e (7:34)
and, after integration,
10 T
-1 =T - == — -q. 3.
0w =10 - o (e ) 0 (7.35)

This result is interesting because it provides an explicit expression of the
lowest order correction of the temperature in systems out of equilibrium.
Note that # can be identified with 7" when the quantity 7/pAT? is con-
stant. For an overview of the current discussions on the meaning and conse-
quences of temperature in non-equilibrium systems, see Casas-Vazquez and
Jou (2003).

With the above identifications of 1 and «q, the generalized Gibbs’ equa-
tion (7.15) takes the form

ds=T"'du — dq, (7.24)

.
pAT? 4
wherein it is important to observe that the coefficient of the new term in dq
is completely identified in terms of physical quantities, namely the relaxation
time 7 and the heat conductivity A. After integration of (7.24), the explicit
expression for the entropy outside (local) equilibrium up to second-order
terms in q is
-

2T
The monotonic increase of extended entropy as shown in Fig. 7.2 is due to
the last term on the right-hand side of (7.25).

1
ps(u, 4) = psealt) — 5150 4. (7.25)

7.1.3 Non-Local Terms: From Collision-Dominated
Regime to Ballistic Regime

However, all is not well with the Cattaneo’s equation. Although it is quali-
tatively satisfactory, as it predicts that heat pulses and high-frequency ther-
mal waves will propagate at finite speed, some quantitativepredictions are
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not sufficiently accurate. For instance, the theory of solids predicts that
X/7 = ¢/3 in the so-called Debye approzimation, with cg the sound velocity.
After introducing this value in (7.10), it is found that the second sound is
given by the constant value U = cy/v/3, in contradiction with experiments
showing that U depends on temperature. Similarly, the kinetic theory of gases
predicts that, for monatomic gases of mass m, x/7 = bkgT/3m from which it
follows that U = /5kgT/3m, but this value deviates by more than 20% from
experimental data. One may then ask how to make EIT compatible with the
above experimental evidences. It appeared rather soon that the above dis-
crepancies find their origin in non-local effects, which were not incorporated
in Cattaneo’s original equation.

Non-local effects become important when the mean free path £ of the heat
carriers becomes comparable to the wavelength of the external perturba-
tion or to the dimensions L of the system. In this case, the Knudsen number
Kn = {/L is of the order or larger than 1 and the transport laws change from
a collision-dominated regime, i.e. a regime with many collisions amongst the
particles, to a ballistic regime, where there are few collisions amongst the par-
ticles and the predominant interactions are collisions of the particles with the
walls. The difference of behaviour of transport in both situations is remark-
able. For instance, in heat pulse experiments, one distinguishes several modes
of transport: conduction, thermal waves, and ballistic fronts, and therefore
transport equations combining these factors are desirable.

The question then arises how to include these effects in the formalism.
A way out is to introduce a new extra variable, the flux of the heat flux,
described by a second-order tensor Q and to write, instead of the Cattaneo’s
equation (7.4), the following expression

0
7-18—;1:—(q+/\VT)+V-Q. (7.26)
The tensor Q, assumed to be symmetric as confirmed by the kinetic theory
of phonons (Dreyer and Struchtrup 1993), may be split in the usual form

0 0
Q = QI + Q, the scalar @ being one-third of its trace and Q the deviatoric

0
part. In a relaxational approach, the evolution equations for Q and Q may
be written as

9Q

TG, = -Q+4'V-q, (7.27)
80 0
oY= Qo (v, (7.28)

where superscript s refers to the symmetric part of the tensor. Note that,
when the relaxation times are neglected, these expressions parallel the
Newton—Stokes’ equations, with g playing the role of the fluid velocity and Q
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that of the viscous pressure tensor. This is characteristic of the hydrodynamic
regime of phonon’s flow, which is indeed described by these equations.
Assuming that the relaxation times 7y and 75 are negligibly small, substi-
tuting (7.27) and (7.28) into (7.26) and restricting the analysis to the linear
approximation, one obtains, for the evolution equation of the heat flux,

n%@’ = —(q+AVT) +3"'V?q + (6’ + éﬁ”> V(V-q). (7.29)

Expression (7.29) is comparable with that obtained by Guyer and Krumhansl
(1966) from phonon kinetic theory. In this approach, heat transport is the
result of energy and momentum exchanges between massless colliding carri-
ers, called phonons. To be more explicit, the phonons undergo two types of
collisions: resistive R collisions which are collisions with defects of the lattice
and/or the boundaries of the crystal, and so-called Umklapp phonon—phonon
processes; they conserve energy but not momentum and have a characteristic
time 7r. The second type of collisions are referred to as normal N processes;
they conserve energy and momentum, and their characteristic time will be de-
noted by 7n. Starting from the Boltzmann’s equation, Guyer and Krumhansl
were able to derive the following equation for the heat flux:
dq 1

1 1

Comparison between (7.29) and (7.30) yields the following identifications

1 = TR, i = lpcvcg’ g’ = 1C?ﬂ'NTR, g = 1C%TNTR, (7.31)
™ 3 5 3
from which follows that 71 is associated with resistive collisions while the
non-local contributions find their origin in the normal collisions. The result
(7.29) contains as particular cases the Fourier’s and the Cattaneo’s equations
for heat transport. Indeed:

1. For 1/7g and 1/7n — oo, which corresponds to very high frequency of R
and N collisions, one recovers Fourier’s law.

2. For 1/7g finite, 1/7y — 00, the frequency of normal N phonon-phonon
collisions is large compared to that of R collisions and Cattaneo’s equation
is well suited.

3. In the general case where the frequencies of R and N collisions are com-
parable, non-local effects are important and Guyer—-Krumhansl equation
is more adequate. It becomes also clear that the flux of the heat flux Q ac-
counts for the presence of the momentum-preserving N phonon-phonon
collisions.

Combining (7.29) with the energy balance equation and formulating the
final result in the Fourier’s space (i.e. in terms of frequency w and wave
number k), the dispersion relation between w and k for thermal waves is (see
Problem 7.5)



194 7 Extended Irreversible Thermodynamics

. —xk?
iw= T X T (7.32)
+ lwTR + Thwr

with 12 = %/B” + [ for longitudinal waves and {2 = 3" for transverse waves.
For wrg > 1 > wry and ignoring non-local effects (¢ = 0), (7.32) leads to
the phase velocity v, = (/)% = co/v/3. This is the regime referred to
as second sound, and is attained when 7y and 7r are of different orders of
magnitude. At higher frequencies, when both wry > 1 and wrg > 1, the
phase velocity obtained from (7.32) for longitudinal waves is (Dreyer and
Struchtrup 1993, Dedeurwaerdere et al. 1994)

1/2
_(x ByT L
Up_(TR+TRTN) =\ 5% (7.33)

This regime is typical of ballistic propagation of phonons, i.e. a flow in which
phonons travel through the whole crystal without suffering any collision. In
fact, the theoretical result (7.33) is not fully satisfactory because experiments
assign to the ballistic speed, a value equal to cg.

Better agreement with experiments may be achieved when higher-order
fluxes Q1, Q2,...,Qn are incorporated as independent variables in the for-
malism. Indeed, in some situations, as in diluted gases, the relaxation times
of the different higher-order fluxes are of the same order as that of the heat
flux itself, in such a way that when q is taken as an independent variable,
all higher-order fluxes should also be taken into account. In this way, one ob-
tains for the different fluxes a hierarchy of evolution equations for the infinite
number of higher-order fluxes of the form

. 2
Tn Qn = _Qn + 11vc2nfl -V Qn+1' (734)

Tn—

Writing (7.34) in Fourier’s space w k and solving the corresponding expres-
sion for the heat flux, one obtains a generalized Fourier’s law with a (w, k)-
dependent thermal conductivity

G(w, k) = —ikXw, k)T (w, k), (7.35)

where G(w, k) and T'(w, k) are the Fourier transforms of g(r,t) and T(r,t),
respectively. It is found that the generalized heat conductivity A\(w, k) is given
by (Dedeurwaerdere et al. 1996; Jou et al. 2001)

A(T)
k212 ’
k212
1+iw72+#
1+iwrg+ 4o

Aw, k) = (7.36)

1+ iwr +
3
THiwTy

where [,, are characteristic lengths of the order of the mean free path, and
Ty, To,...7n are the relaxation times of the respective higher-order fluxes.
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This result will be exploited in Sect.7.1.4. Two types of truncations of the
continued-fraction expansion (7.36) have been considered. The most usual is
to assume that [; = 0 with ¢ > n, for some given n. But a better approach
is to suppose that I; = [, for i > n. Asymptotic developments have been
performed, with the advantage that the whole formalism can be expressed
in terms of one single “effective” relaxation time, which incorporates in a
compact way the effect resulting from the introduction of an infinite number
of higher-order fluxes (see Jou et al. 2001).

7.1.4 Application to Steady Heat Transport
in Nano-Systems

We have mentioned that in nano-systems or submicronic electronic de-
vices, whose dimensions are comparable to the mean free path of phonons,
ballistic transport is dominant and, consequently, the validity of Fourier’s
law is questioned. Here we propose to revisit this law when the Knudsen
number Kn > 1. To formulate the problem in simple terms, consider a
one-dimensional system of length L, whose opposite boundaries are at tem-
perature 7" and T + AT, and transient effects are ignored. Depending on the
values of Kn, the heat flux ¢ takes the following limiting forms

AT
q= )\T (Kn < 1, diffusive transport), (7.37a)

q=AAT (Kn > 1, ballistic transport), (7.37b)

where A denotes the thermal conductivity and A is a heat conduction trans-
port coefficient. In the diffusive limit, the heat flux is proportional to the
temperature gradient, according to Fourier’s law; in contrast, in the ballistic
regime, the heat flux depends only on the temperature difference, but not
on the length L of the system. The values of A and A have been derived
in the kinetic theory. For a monatomic ideal gas in the diffusive regime, it
is found that A\ = Snkp(kgT/m)'/2(, with n the particle number density,
m the mass of the particles, kg the Boltzmann constant, and ¢ the mean
free path given by ¢ = (kgT/m)'/?7, with 7 the average time between suc-
cessive collisions; in the rarefied gas regime, the heat conduction coefficient
A is given by A = Inkg(kgT/m)'/2. Note that the thermal conductivity
A is proportional to ¢, whereas A does not depend on it. It is also worth
to mention that computer simulations of heat transport in one-dimensional
systems suggest that in some situations Fourier’s law must be generalized in
the form ¢ = M(T)AT/L®, with « an exponent whose value depends on the
details of the system. For instance, it is found that a = 0.63 for some an-
harmonic chains or one-dimensional gases, a« = 0.5 for disordered harmonic
chains with free boundaries, or o = 1.5 for disordered harmonic chains with
fixed boundaries (Lepri et al. 2003).
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A simple phenomenological modelling of the transition between the diffu-
sive and the ballistic regimes can be achieved by introducing a heat conduc-
tivity A(T,¢/L), in such a way that in whole generality

AT

q=X\T, E/L)T (7.38)

The limiting values of this generalized conductivity should be

AT, ¢/L) — XNT) for ¢/L—0,
AT) £
/

XNT,t/L) — =ANT)L for (/L — oo,
where a is a constant depending on the system.

This may be achieved, for instance, through the continued-fraction ap-
proach (7.36), which in the steady state (w = 0), allows us to define a k-

dependent thermal conductivity A(T, k). Since the system is characterized by
one single length scale, the length L, it seems natural to identify k& with 27/L.
This yields an expression for A\(T,¢/L), which in the simplest case where all
the 1,, take the same value, for instance, [2 = %32, and using the asymptotic
expression corresponding to (7.36) (Problem 7.6) yields

A(T) L2

AT, t/L) = Sy

{(1 +a(re/L)2)"? - 1} , (7.39)

(see Jou et al. 2005). It is directly checked that (7.39) reduces to \(T) for
(/L — 0 and to AN(T)(L/¢) for /L — oo; these are the required asymp-
totic behaviours. These considerations confirm that EIT provides a consis-
tent modelling for heat transfer processes taking place not only at short times
but also at micro- and nano-scales. Despite its simplicity, (7.39) satisfactorily
fits experimental results in silicon thin layers and nano-wires (Alvarez and
Jou 2007). Another possibility, which has been explored recently (Chen 2004;
Lebon et al. 2006b), is to split the heat flux into a diffusive and a ballistic
component, the latter being associated with fast particles and a long mean
free path, the former with slow particles and a short mean free path.

7.2 One-Component Viscous Heat Conducting Fluids

Up to now, we have only considered heat transfer in rigid bodies at rest. Let
us now proceed to the more general case of a compressible one-component
isotropic viscous fluid in motion subject to a temperature gradient. According
to EIT, the space of the thermodynamic state variables is the union of the
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classical one (internal energy u and specific volume v) and the space of the
fluxes, namely the heat flux g, the bulk viscous pressure p¥, and the shear

0
viscous pressure PV. The generalized Gibbs’ equation takes the form

0 0
ds =T du+T *pdv—T tvagp’ dp’ — T vaiq-dg — T vasPY : dPY,
(7.40)

where we have approximated the non-equilibrium temperature by the local
equilibrium temperature (see Box 7.3), similarly the non-equilibrium pressure
has been identified with the equilibrium pressure p, the coefficients aq , a1,
and ap are unknown scalar functions of u and v, their dependence with respect
to the fluxes is assumed to be negligible. Compared to CIT, the last three
terms are new. Our objective is to determine the evolution equations for the
fluxes satisfying the thermodynamic restrictions imposed by the second law.
We shall proceed in parallel with the procedure followed in Chap. 2, which
implies that we first determine the expression of the entropy production o*.
To this end, we combine (7.40) with the expressions of @ and v as derived
from the balance laws of mass (2.16) and energy (2.18). Omitting the energy
source term, it is easily found that

0 0
ps =TV .q-T'p’V.-vo—T7'P":V —T tagp'p’
0
T a1q- g —T P : (PY)". (7.41)
Before deriving the entropy production
o’ =ps+V-J* (7.42)

we need an expression for the entropy flux J*. For isotropic systems, the
0

most general vector depending on u,v, g, PV, and p" is, up to second order
in the fluxes,

0
J=T""q+3p'q+ 5P q. (7.43)

We assume for simplicity that the coefficients 3’ and 3 are constant; (7.43)
is supported by the kinetic theory of gases and may be viewed as a gener-
alization of the classical result J° = q/T. The entropy production is easily
derived from (7.42) by replacing ps and J?, respectively, by their expressions
in (7.41) and (7.43). The final result is

0
o =q-(VT'+8'V- P+ 'Vp — T a1q)

+p" (=T 'V -v =T lagp’ + 3V - q)

0 0 0 0
+PY [TV — T ap(PY)* + 87 (Vq)*]. (7.44)
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Note that (7.44) has the structure of a bilinear form
0 0
0" =q- X1 +p"Xo+P": X2 >0, (7.45)

0
consisting of a sum of products of the fluxes g, p¥, and P" and their conjugate

generalized forces X1, Xq, and }0(2. The latter are the respective terms be-
tween the brackets. They are similar to the expressions obtained in CIT, but
they contain additional terms depending on the time and space derivatives
of the fluxes.

The simplest flux—force relations ensuring the positiveness of o* are

0 0
X1 =wq, Xo=pop', Xo= P, (7.46)

with g > 0, 1 > 0, and pe > 0. Writing explicitly the expressions for the
generalized forces, one obtains in the linear approximation the following set
of evolution equations for the fluxes:

0
VI ' —Ta1qg=pq-p"'V-P"—3Vp", (7.47)
—T7'V v — T ap’ = pop” — B'V - g, (7.48)
—1 0 —1 0v ° 0v /! 0 s
“T7V =T aa(P")* = poP¥ — 5"(Vq)*. (7.49)

0 0
Note that in (7.49) (PV)*® stands for the time derivative of PV.

The main features issued from the above thermodynamic formalism are:
e The positiveness of the coefficients pg > 0, 1 > 0, and ps > 0.

0 0
e The equality of the cross-coefficients relates ¢ with V - PV and PV with

(V?])S on the one side, g with Vp" and p¥ with V- g on the other side. This
is confirmed by the kinetic theory, and belongs to a class of higher-order
Onsager’s relations.

e The coefficients 3’ and " appearing in the second-order terms of the
entropy flux (7.43) are the same as the coefficients of the cross-terms
in the evolution equations (7.47)-(7.49). This result is also in agree-
ment with the kinetic theory of gases. These coefficients describe the cou-
pling between thermal and mechanical effects; setting 3’ = 3" = 0 means
absence of coupling in (7.47)—(7.49) and similarly in (7.43) of J°, which
boils down to the classical result J* = q/T.

To identify the coefficients appearing in (7.47)—(7.49) in physical terms,
consider the particular case where the space derivatives of the fluxes are
negligible. Equations (7.47)—(7.49) then reduce to

VT T laqg=(\T?)"q, (7.50)
~T7'V v —T ragp¥ = (CT) p", (7.51)

0 0 0
—T7'V =T 'ay(P) = (2nT) 'P". (7.52)
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By setting

a1 =1(AT)™Y, ag=7("", az=m2n" (7.53)
AT*) 7Y o= (CT)™, pe=2nT)7 ", (7.54)

(7.50)—(7.52) can be identified with the so-called Mazwell-Cattaneo’s laws

H1

Mg+ q=—A\VT, (7.55)
Top” +p" = (V- v, (7.56)

0 0 0
(PY)* + PV = -2V, (7.57)

with A > 0, ¢ > 0, and n > 0 being the positive thermal conductivity, bulk
viscosity, and shear viscosity, respectively, and where 71, 79, and 75 are the
relaxation times of the respective fluxes. In terms of A, (, n, and the relaxation
times 71, 79, and 7o, the linearized evolution equations (7.50)—(7.52) take the
following form:

0
T1q = —(q+AVT) + B'AT°V - P¥ + FAT?VpY,  (7.58)
705" = —(p" + (V- 0) + BTV - q (7.59)
0 0 0
m(PY)* = —(PY + 2V + 28" T(V §)". (7.60)

Extension of the present description to the problem of thermodiffusion in
multi-component fluids has been achieved by Lebon et al. (2003). Despite in
ordinary liquids, the relaxation times are small, of the order of 10712 s, their
effects may be observed in neutron scattering experiments; in contrast, in
dilute gases or polymer solutions, the relaxation times may be rather large
and directly perceptible in light scattering experiments and in ultrasound
propagation. To illustrate the above analysis, let us mention that Carrassi and
Morro (1972) studied the problem of ultrasound propagation in monatomic
gases and compared the results provided by Maxwell-Cattaneo’s equations
(7.55)—(7.57) and the classical Fourier-Newton—Stokes’ laws.

In Table 7.1, the numerical values of the ultrasound phase velocities ¢y /v,
(co designating the sound speed) vs. the non-dimensional mean free path ¢
of the particles are reported. It is observed that the classical theory devi-
ates appreciably from the experimental results as £ is increased, whereas the
Maxwell-Cattaneo’s theory agrees fairly well with the experimental data.

Table 7.1 Numerical values of cg/vp as a function of ¢ (Carrassi and Morro 1972)

‘ 0.25 050 1.00 2.00 4.00 7.00
(co/Vp) (Fourier-Newton-Stokes) ~ 0.40  0.26  0.19 0.13 0.10 0.07
(co/Vp) (Maxwell-Cattanco) 0.52 0.43 044 047 0.48 0.49

(¢0/Vp) (experimental) 0.51 046 050 0.46 0.46 0.46
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Taking into account the identifications (7.53), the explicit expression of
the entropy, after integration of (7.40), is

IV ToU v O 0

ﬁq -q— 22—,[]9"]9V - 4;—TPV PV, (7.61)
This expression reduces to the local equilibrium entropy seq(u,v) for zero
values of the fluxes. Since the entropy must be a maximum at equilibrium,
it follows that the relaxation times must be positive. Indeed, stability of
equilibrium demands that entropy be a concave function, which implies that
the second-order derivatives of sgrr with respect to its state variables are
negative; in particular,

SEIT = ch(U,v) -

828E1T o vT1 628E1T - VT2 828E1T - VTo

=L <0 _— 0 =0 .
9q-0q a2 = 7?2 = @pE T e s

0 0
oPY : 0PV
(7.62)
Since the transport coefficients A\, (, and n must be positive as a consequence
of the second law, it turns out from (7.62) that the relaxation times are pos-
itive, for stability reasons. The property of concavity of entropy is equivalent
to the requirement that the field equations constitute a hyperbolic set. Hy-
perbolicity of evolution equations is characteristic of EIT and it is sometimes
imposed from the start as in Rational Extended Thermodynamics (Miiller
and Ruggeri 1998).

7.3 Rheological Fluids

Section 7.2 is dedicated to general considerations about the EIT description
of viscous fluid flows. As mentioned above, for most ordinary fluids, the re-
laxation times are generally very small so that for main problems the role of
relaxation effects is minute and can be omitted. However, this is no longer true
with rheological fluids, like polymer solutions, because the relaxation times
of the macromolecules are much longer than for small molecules, and they
may be of the order of 1s and even larger. The study of rheological fluids has
been the concern of several thermodynamic approaches like rational ther-
modynamics, internal variables theories, and Hamiltonian formalisms (see
Chaps. 8-10). The main difference between EIT and other theories is that
in the former the shear viscous pressure is selected as variable, whereas in
other theories, variables related with the internal structure of the fluid, as
for instance, the so-called configuration tensor, are preferred. The EIT vari-
ables are especially useful in macroscopic analyses while internal variables
are generally more suitable for a microscopic understanding.

In the simple Maxwell model, which is a particular case of (7.60), the
viscous pressure tensor obeys the evolution equation

dpPv
dt

1
= —-pv-—2lv. (7.63)
T T
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This model captures the essential idea of viscoelastic models: the response to
slow perturbations is that of an ordinary Newtonian viscous fluid, whereas
for fast perturbations, with a characteristic time ¢ of the order of the re-
laxation time 7 or less, it behaves as an elastic solid. However, the mater-
ial time derivative introduced in (7.63) is not very satisfactory, neither for
practical predictions nor from a theoretical viewpoint, because it does not
satisfy the axiom of frame-indifference (see Chap.9). This has motivated to
replace (7.63) by the so-called upper-convected Mazwell model

dpPv
dt

1
~(Vo)" - PY PV (Vo) = ——P" - zgv. (7.64)
In a steady pure shear flow corresponding to velocity components v =
(4y,0,0), with 4 the shear rate, the upper-convected Maxwell model (7.64)
reads as

=273% =17 0
P = -n¥ 0 0]. (7.65)
0 0 0

In contrast with the original Maxwell model, element P}; of tensor (7.65)
contains a non-vanishing contribution, corresponding to the so-called normal
stresses. The upper-convected model agrees rather satisfactorily with a wide
variety of experimental data.

In (7.63) and (7.64), we have introduced one single relaxation time but
in many cases it is much more realistic to consider PV as a sum of several
independent contributions, i.e. PV = " y P} with each P} obeying a linear
evolution equation such as (7.63) or (7.64), characterized by its own viscosity
7; and relaxation time 7;. These independent contributions arise from the
different internal degrees of freedom of the macromolecules. In this case, the
“extended” entropy should be written as

v Ti
— —P7 . P/ 7.66
772, P P (7.66)

s(u, v, PY) = seq(u, v) —
and the corresponding model is known as the generalized Mazwell model.

In the above descriptions, the viscosity was supposed to be independent of
the shear rate. However, there exists a wide class of so-called non-Newtonian
fluids characterized by shear rate-dependent viscometric functions, like the
viscous coefficients. Such a topic is treated at full length in specialized works
on rheology and will not be discussed here any more.

The study of polymer solutions is often focused on the search of consti-
tutive laws for the viscous pressure tensor. One of the advantages of EIT is
to establish a connection between such constitutive equations and the non-
equilibrium equations of state derived directly by differentiating the expres-
sion of the extended entropy. These state equations are determinant in the
study of flowing polymer solutions, which is important in engineering, since
most of polymer processing take place under motion. The phase diagrams
established for equilibrium situations cannot be trusted in the presence of
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Fig. 7.3 Phase diagram (temperature T' vs. volume fraction ¢) of a polymer solution
under shear flow. This is a binary solution of polymer polystyrene in dioctylphtalate
solvent for several values of Py, (expressed in Nm™2). The dashed curve is the equi-
librium spinodal line (corresponding to a vanishing viscous pressure)

flows as the latter may enhance or reduce the solubility of the polymer and
the conditions under which phase separation occurs.

This explains why many efforts have been devoted to the study of flow-
induced changes in polymer solutions (Jou et al. 2000, 2001; Onuki 1997,
2002). Classical local equilibrium thermodynamics is clearly not a good
candidate because the equations of state should incorporate explicitly the in-
fluence of the flow. Moreover, the equilibrium thermodynamic stability con-
ditions cannot be extrapolated to non-equilibrium steady states, unless a
justification based on dynamic arguments is provided. According to EIT, the
chemical potential will explicitly depend on the thermodynamic fluxes, here
the viscous pressure. It follows that the physico-chemical properties related
to the chemical potential — as for instance, solubility, chemical reactions,
phase diagrams, and so on — will depend on the viscous pressure, and will
be different from those obtained in the framework of local equilibrium ther-
modynamics. This is indeed observed in the practice, see Fig. 7.3, where it is
shown that the critical temperature of phase change predicted by the equilib-
rium theory (281.4K), as developed by Flory and Huggins, is shifted towards
higher values under the action of shear flow. The corrections are far from
being negligible when the shear is increased.

7.4 Microelectronic Devices

The classical thermodynamic theory of electric transport has been exam-
ined in Chap. 3. Here, we briefly discuss the EIT contribution to the study
of charge transport in submicronic electronic devices. Although the carrier
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transport can always be described by means of the Boltzmann’s equation, to
solve it is a very difficult task and, furthermore, it contains more information
than needed in practical applications. The common attitude is to consider a
reduced number of variables (usually expressed as moments of the distribu-
tion function), which are directly related with density, charge flux, internal
energy, energy flux, and so on, and which are measurable and controllable
variables, instead of the full distribution function. This kind of approach is
referred to as a hydrodynamic model and EIT is very helpful in determining
which truncations among the hierarchy of evolution equations are compatible
with thermodynamics.

Before considering microelectronic systems, let us first study electric con-
duction in a rigid metallic sample. We assume that the electric current is
due to the motion of electrons with respect to the lattice. In CIT, the inde-
pendent variables are selected as being the specific internal u and the charge
per unit mass, z.; in EIT, the electric current % is selected as an additional
independent variable. For the system under study, the balance equations of
charge and internal energy may be written as

pie = —V -1, (7.67)
pii=-V-q+i-E, (7.68)

with E the electric field and ¢ - E the Joule heating term. Ignoring heat
transport (g = 0) for the moment, the generalized Gibbs’ equation takes the
form

ds =T 'du — T~ pedze — ai - di, (7.69)

with pe being the chemical potential of electrons and a a phenomenologi-
cal coefficient independent of 7. By following the same procedure as in the
previous sections, it is easily checked that the evolution equation for 7 is

dsz .

Teqy = —(i — 0. E'), (7.70)
where E' = E—TV (T 1), Te is the relaxation time, and o, is the electrical
conductivity, provided that « in (7.69) is identified as a = 7¢(poT)~!. The
generalized entropy is now given by

-

PS = PSeq — ﬁi - 1. (7.71)
Equation (7.70), i.e. a generalization of Ohm’s law ¢ = 0. F, is often used
in plasma physics and in the analysis of high-frequency currents but without
any reference to its thermodynamic context.

A challenging application is the study of charge transport in submicronic
semiconductor devices for its consequences on the optimization of their func-
tioning and design. The evolution equations for the moments are directly
obtained from the Boltzmann’s equation. Depending on the choice of vari-
ables and the level at which the hierarchy is truncated, one obtains different
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hydrodynamic models. A simple one is the so-called drift-diffusion model
(Hénsch 1991), where the independent variables are the number density of
electrons and holes, but not their energies. More sophisticated is the approach
of Baccarani-Wordeman, wherein the energy of electrons and holes is taken
as independent variables, but not the heat flux, assumed to be given by the
Fourier’s law. To optimize the description, a sound analysis of other possible
truncations is highly desirable. Application of EIT to submicronic devices
has been performed in recent works (Anile and Muscato 1995, Anile et al.
2003) wherein the energy flux rather than the electric flux is raised to the
level of independent variables. We will not enter furthermore into the details
of the development as they are essentially based on Boltzmann’s equation for
charged particles, which is outside the scope of this book. Let us simply add
that a way to check the quality of the truncation is to compare the predictions
of the hydrodynamic models with Monte Carlo simulations.

In particular, for a n™ —n—n" silicon diode (Fig. 7.4) at room temperature,
the EIT model of Anile et al. (2003) provides results, which are in good
agreement with Monte Carlo simulations, as reflected by Fig. 7.5. Compared
to a Monte Carlo simulation, the advantage of a hydrodynamic model is its
much more economical cost with regard to the computing time consumption.

Fig. 7.4 A nt —n—nT silicon diode. The doping density in the region nT is higher
than in the region n

1.5x 107

velocity (cm s°1)

0.5x 107

2x10-7 6x10-7
distance (m)

Fig. 7.5 Velocity profiles in the nt —n —n™ silicon diode obtained, respectively, by
Monte Carlo simulations (dotted line) and the hydrodynamical model of Anile and
Pennisi (1992) based on EIT
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7.5 Final Comments and Perspectives

To shed further light on the scope and perspectives of EIT, some general
comments are in form:

1. In EIT, the state variables are the classical hydrodynamic fields sup-
plemented by the fluxes provided by the balance laws, i.e. the fluxes
of mass, momentum, energy, electric charge, and so on. This attitude
is motivated by the fact that these dissipative fluxes are typically non-
equilibrium variables vanishing at equilibrium. The choice of fluxes is
natural as the only accessibility to a given system is through its bound-
aries. Moreover in processes characterized by high frequencies or systems
with large relaxation times (polymers, superfluids, etc.) or short-scale di-
mensions (nano- and microelectronic devices), the fluxes lose their status
of fast and negligible variables and find naturally their place among the
set of state variables. Other fields where the fluxes may play a leading
part are relativity, cosmology, traffic control (flux of cars), economy (flux
of money), and world wide web (flux of information). The choice of the
fluxes as variables finds its roots in the kinetic theory of gases. Indeed, it
amounts to selecting as variables the higher-order moments of the velocity
distribution function; in particular, taking the heat flux and the pressure
tensor as variables is suggested by Grad’s thirteen-moment theory (1958),
which therefore provides the natural basis for the development of EIT
(Lebon et al. 1992). The main consequence of elevating the fluxes to the
rank of variables is that the phenomenological relations of the classical
approach (CIT) are replaced by first-order time evolution equations of
Maxwell-Cattaneo type. In EIT, the field equations are hyperbolic; note,
however, that this property may not be satisfied in the whole space of
state variables, especially in the non-linear regime (Miiller and Ruggeri
1998; Jou et al. 2001). In CIT, the balance laws are parabolic of the dif-
fusion type with the consequence that signals move at infinite velocity.
EIT can be viewed as a generalization of CIT by including inertia in the
transport equations.

2. The space of the extra variables is not generally restricted to the above
ordinary dissipative fluxes. For instance, to cope with the complexity of
some fast non-equilibrium processes and/or non-local effects as in nano-
systems, it is necessary to introduce higher-order fluxes, such as the fluxes
of the fluxes, as done in Sect. 7.1.3. Moreover, it is conceivable that fluxes
may be split into several independent contributions, each with its own
evolution equation, as in non-ideal gases (Jou et al. 2001) and polymers
(see Sect. 7.3). In some problems, like those involving shock waves (Valenti
et al. 2002), it may be more convenient to use as variables combinations
of fluxes and transport coefficients.

3. Practically, it is not an easy task to evaluate the fluxes at each instant
of time and at every point in space. Nevertheless, for several problems of
practical interest, such as heat wave propagation, the fluxes are eliminated
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from the final equations. Although the corresponding dispersion relations
may still contain the whole set of parameters appearing in the evolution
equations of the fluxes, like the relaxation times, the latter may however
be evaluated by measuring the wave speed, its attenuation, or shock prop-
erties. A direct measurement of the fluxes is therefore not an untwisted
condition to check the bases and performances of EIT.

4. There are several reasons that make preferable to select the fluxes rather
than the gradients of the classical variables (for instance, temperature
gradient or velocity gradient) as independent variables. (a) The fluxes are
associated with well-defined microscopic operators, and as such allow for
a more direct comparison with non-equilibrium statistical mechanics and
the kinetic theory. (b) The fluxes are generally characterized by short
relaxation times and therefore are more adequate than the gradients for
describing fast processes. Of course, for slow or steady phenomena, the use
of both sets of variables is equivalent because under these conditions the
former ones are directly related to the latter. (c¢) Expressing the entropy
in terms of the fluxes offers the opportunity to generalize the classical
theory of fluctuations and to evaluate the coefficients of the non-classical
part of the entropy as will be shown in Chap.11. This would not be
possible by taking the gradients as variables. (d) Finally, the selection of
the gradients as extra variables leads to the presence of divergent terms
in the formulation of constitutive equations, a well-known result in the
kinetic theory.

5. EIT provides a strong connection between thermodynamics and dynam-
ics. In EIT, the fluxes are no longer considered as mere control parameters
but as independent variables. The fact that EIT makes a connection be-
tween dynamics and thermodynamics should be underlined. EIT enlarges
the range of applicability of non-equilibrium thermodynamics to a vast do-
main of phenomena where memory, non-local, and non-linear effects are
relevant. Many of them are finding increasing application in technology,
which, in turn, enlarges the experimental possibilities for the observation
of non-classical effects in a wider range of non-equilibrium situations.

6. It should also be underlined that EIT is closer to Onsager’s original con-
ceptualization than CIT. Indeed, according to Onsager, the fluxes are
defined as the time derivative of the state variables a,, and the forces are
given by the derivatives of the entropy with respect to the a,s

day Os
Jo=—, Xo=—. 7.72
dt dag ( )
Following Onsager, the time evolution equations of the a,s are obtained

by assuming linear relations between fluxes and forces

da
ﬁ = LapXp. (7.73)
B

Now, the fluxes and forces of CIT are completely unrelated to Onsager’s
interpretation; clearly, the heat flux and the pressure tensor are not time
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derivatives of state variables, similarly, the forces VT and V, widely used
in CIT, cannot be considered as derivatives of s with respect to the vari-
ables a,. Turning now back to EIT, one can define generalized fluxes J,
and forces X, respectively, by

dq ds

- Ea q = 87q = aq, (774)

where ¢ is the heat flux or any other flux variable and « is a phenomeno-

logical coefficient. Assuming now a linear flux—force relation J, = LX,

with L = 1/ar, one obtains an evolution equation for the state variables
q of the form 1

1

= (g - ), (7.75)

where g, = —AVT is the classical Fourier steady state value of g. After

recognizing in (7.75) a Cattaneo-type relation, it is clear that the structure

of EIT is closer to Onsager’s point of view than that of CIT. Moreover,

by transposing Onsager’s arguments, it can be shown that the phenom-

enological coefficient L is symmetric (Lebon et al. 1992; Jou et al. 2001).

7. Extended irreversible thermodynamics is the first thermodynamic theory

which proposes an explicit expression for non-equilibrium entropy and

temperature. In most theories, this problem is even not evoked or the

temperature and entropy are selected as their equilibrium values, as for

instance in the kinetic theory of gases.

To summarize, the motivations behind the formulation of EIT were the
following:

e To go beyond the local equilibrium hypothesis
e To avoid the paradox of propagation of signals with an infinite velocity
e To generalize the Fourier, Fick, Stokes, and Newton laws by including;:

— Memory effects (fast processes and polymers)
— Non-local effects (micro- and nano-devices)
~ Non-linear effects (high powers)

The main innovations of the theory are:

e To raise the dissipative fluxes to the status of state variables

e To assign a central role to a generalized entropy, assumed to be a given
function of the whole set of variables, and whose rate of production is
always positive definite

Extended irreversible thermodynamics provides a decisive step towards a
general theory of non-equilibrium processes by proposing a unique formu-
lation of seemingly such different systems as dilute and real gases, liquids,
polymers, microelectronic devices, nano-systems, etc. EIT is particularly well
suited to describe processes characterized by situations where the product of
relaxation time and the rate of variation of the fluxes is important, or when
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Table 7.2 Examples of application of EIT
High-frequency phenomena Short-wavelength phenomena
Ultrasounds in gases Light scattering in gases
Light scattering in gases Neutron scattering in liquids
Neutron scattering in liquids Heat transport in nano-devices
Second sound in solids Ballistic phonon propagation
Heating of solids by laser pulses Phonon hydrodynamics
Nuclear collisions Submicronic electronic devices
Reaction—diffusion waves in ecosystems Shock waves
Fast moving interfaces
Long relazation times Long correlation lengths
Polyatomic molecules Rarefied gases
Suspensions, polymer solutions Transport in harmonic chains
Diffusion in polymers Cosmological decoupling eras

Propagation of fast crystallization fronts Transport near critical points
Superfluids, superconductors

mean free path multiplied by the gradient of the fluxes is high; these situ-

ations may be found when either the relaxation times or the mean free paths

are

long, or when the rates of change in time and space are high. Table 7.2

provides a list of situations where EIT has found specific applications.
It should nevertheless not be occulted that some problems remain still
open like:

1.

Concerning the choice of state variables:

— Are the fluxes the best variables? Should it not be more judicious to

select a combination of fluxes or a mixing of fluxes and transport coef-
ficients?

— Where to stop when the flux of the flux and higher-order fluxes are taken

as variables? The answer depends on the timescale you are working
on. Shorter is the timescale, larger is the number of variables that are
needed.

— How far is far from equilibrium? In that respect, it should be convenient

to introduce small parameters related for instance to Deborah’s and
Knudsen’s numbers, allowing us to stop the expansions at a fixed degree
of accurateness.

What is the real status of entropy, temperature, and the second law far
from equilibrium?

Most of the applications concern fluid mechanics, therefore a description
of solid materials including polycrystals, plasticity, and viscoplasticity is
highly desirable.

The introduction of new variables increases the order of the basic differen-
tial field equations requiring the formulation of extra initial and boundary
conditions.

Turbulence remains a challenging problem.
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It should also be fair to stress that, during the last decade, many efforts have
been spent to bring a partial answer to these acute questions.

7.6 Problems

7.1. Extended state space. Assume that the entropy s is a function of a vari-
able o and its time derivative 7 = da/d¢, and that « satisfies the differential

equation
d’a  da 0s

S G
(a) Show that the positiveness of the entropy production demands that L > 0
but does not imply any restriction on the sign of M. Hint: Write da;/dt and
dn/dt in terms of 9s/da and 9s/dn. (b) Assume that 0s/dn = an, with
a being a constant. Show that the stability condition d?s < 0 implies that
M >0and a =—(M/L).

7.2. Phase velocity. Determine the expressions (7.8) of the phase velocity v,
and the attenuation factor «. Hint: Substitute the solution T'(z,t) =
Ty expli(kz—wt)|writtenintheform T'(x,t) = Tp exp[i Rek(z—vpt)] exp(—z /)
in the hyperbolic equation (7.5) and split the result in real and imaginary parts.
7.3. Non-local transport. (a) Check that the entropy and entropy flux of the

non-local formalism including the flux of the heat flux presented in Sect. 7.1.3
are given by

1 v T2V 0 0 ToU
d :—d _ — 'd _ :d — d
s = pdu= 3 404 g QdQ - Sz Qde
and
J=1 +L(3 +LQ
IR 4T e

(b) Prove that the entropy production corresponding to the Guyer—Krumhansl
equation (7.30) is

37‘N

To® = q-
TRPCyCE 50C,

(Vg): (V)" +2(V-q)(V-q)].

(¢) Show that the stationary heat flux that satisfies the Guyer-Krumhansl
equation is the necessary condition for the entropy production to be a mini-
mum, under the constraint V - ¢ = 0. In other terms, show that the Euler—
Lagrange equations corresponding to the variational equation

6/(TUS -V - q)dV =0,

with respect to variations of g and v are the steady state equations du/9t = 0
and 0q/0t = 0 provided one identifies the Lagrange multiplier v with twice
the temperature (Lebon and Dauby 1990).
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7.4. Non-local transport. Show that (7.26)—(7.28) can be obtained by writing
for ¢ and @ general evolution equations of the form

qg=-V -II+09,
Q=V-2+0°,

at the condition that the flux and source terms are given by the following
constitutive equations:

0
M=ATDI+QI+Q, o'=—q

and

[1]

= an GQ = _Q7

wherein 2 is a third-order tensor.

7.5. High-frequency wave speeds. (a) Obtain (7.32) from the energy balance
equation (7.2) and Guyer—Krumbhansl relation (7.29), for longitudinal thermal
waves. (b) Verify that the high-frequency wave speed for longitudinal waves
is given by (7.33).

7.6. Continued-fraction expansions and generalized thermal conductivity. To
clarify the way to obtain the asymptotic expressions used in (7.36) and (7.40)
for the generalized thermal conductivity, (a) show that the continued fraction

a

—a
1+1+%

R:

tends, in the asymptotic limit of an infinite expansion, to

1
Roo = 5(\/14—4&—1)

Hint: Note that, in this limit, Ro, must satisfy R = a/(1 + R ). (b) From
this result, and assuming that all correlation lengths are equal, check that
(7.36) leads to (7.39) for steady state (namely w = 0) and for k = 27/L.

7.7. Phonon hydrodynamics. Poiseuille flow of phonons may be observed in
cylindrical heat conductors of radius R when the mean free paths /x = co7n
and (g = coTr satisfy {nfr > R? and /y < R. In this case, (7.30) reduces

in a steady state to
9
VT - - X y2g=o.
5 pcy

(a) Show that the total flux along the cylinder will be given by

BT PCy

Q:_i

RYVT.
24 T™N v
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(b) Compare the dependence of @ with respect to the radius R with the
corresponding expression obtained from Fourier’s law. Note that this
dependence may be useful to describe the decrease of the effective ther-
mal conductivity in very thin nanowires, in comparison with the usual
thermal conductivity of the corresponding bulk material.

7.8. Double time-lag behaviour. Instead of the Cattaneo’s equation (7.4),
some authors (Tzou 1997) use a generalized transport equation with two
relaxation times

ng+q=—A (VT—FTQVT) .

(a) Introduce this equation into the energy balance equation (7.2) and obtain
the evolution equation for the temperature. (b) Discuss the limiting behaviour
of high-frequency thermal waves.

7.9. Two-temperature models. Many systems consist of several subsystems,
each with its own temperature, as for instance, the electrons and the lattice
in a metal. It has been shown that the evolution equations for the electron
and lattice temperatures T, and Tj are given, respectively, by:

T,
ce% —V.(\VT) - C(T. — Th),
o1,
Claitl = O(Te - j_i)

The constant C' describes the electron—phonon coupling, which accounts for
the energy transfer from the electrons to the lattice, and ¢, and ¢ are the
specific heats of the electrons and lattice per unit volume, respectively. (a)
When the solution of the first equation, namely T, = 1] + (¢;/C)9T}/0t, is
introduced into the second one, prove that it leads to

Q8V2T1 _atecdh L Cea 92T,
cC ot XN Ot  AC o2
(b) Show that this equation can also be obtained by eliminating g between the

energy balance equation and Guyer—-Krumhansl’s equation, with the suitable
identifications of the parameters.

V2T +

7.10. Limaits of stability of non-equilibrium steady states. Let us first consider
heat conduction in a rigid solid for which s = s(u, q). (a) Write the second
differential §%s of the generalized entropy (7.25) around a non-equilibrium
state with non-vanishing value of gq. (b) Show that one of the conditions to
be satisfied in order that the matrix of the second differential be negative

definite is )
ad’a O 9
2o (= >
2 Ou? (5‘u) ] 720

where a = v7/\T?. (b) If v, 71, ¢,, and \ are constant, it is found that
da)Ou = —2a/(c,T) and 9% /Ou? = 6a(c,T) 2. Show that in this case the
former inequality is satisfied for values of ¢ such that

o
c,T?
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o\ 1/2 N\ V2
<|({— = 'uT )
q*<oz> pe (pcvﬁ)

1/2 _

where (A\/pcyT1) U is the second sound.

7.11. Development in gradients or in flures. Compare the behaviour of the
wave number-dependent viscosity 7(k,w) appearing in the two following
second-order expansions (a) the flux expansion

oPY
ot

0 0 0
To +P'=-2nV+V-J' and JV=—9(VPY),

0
with JV the flux of the viscous pressure tensor, n” a phenomenological co-
efficient, and (...) the completely symmetrized part of the corresponding
third-order tensor and (b) the velocity gradient expansion

oPY
275t

+ PV = -2V + >V?V.

Note that (b) yields an unstable behaviour for high values of k, since the
generalized viscosity becomes negative. (For a discussion of these instabili-
ties arising in kinetic theory approaches to generalized hydrodynamics, see
Gorban et al. 2004.)

7.12. Two-layer model and the telegrapher’s equation. The so-called two-layer
model consists of a system whose particles jump at random between two
states, 1 and 2, with associated velocities v1 = v and v, = —v, respectively,
along the z-axis. Assume that the rate R of particle exchange between the
two states per unit time and length is proportional to the difference of the
probability densities Py and Ps, i.e. R = r(P; — P,). Show that the evolution
equations for the total probability density P = P;+ P, and for the probability
flux J = (P; — Py)v are, respectively,

ot ox
aJ OP
Ta-i—(]:—D%,

with 7 = 1/2r and D = v?7 (see van den Broeck 1990; Camacho and Zakari
1994).

7.13. Electrical system with resistance R and inductance L. The expression
relating the intensity I of the electrical current to the electromotive force &
is a relaxational equation given by

dr
=IR+L—
£ +Lg
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with relaxation time 7. = L/R. The intensity [ is related to the flux of electric
current i by I = iA, with A the cross section of the conductor. The magnetic
energy stored in the inductor is given by U,, = %LI 2. Consider the total
internal energy Uioy = U + Uy, with U the internal energy of the material.
Show that the Gibbs’ equation dS = T~'dU + T~ 'pdV may be rewritten as

TV

dS =T7'dU + T~ 'pdV —
o

i di,

which is a relation reminiscent of the Gibbs’ equation proposed in EIT. Hint:
Recall that R = (0,A) !, with [ the length of the circuit.

7.14. Chemical potential. According to (7.66), the differential equation for
the Gibbs’ free energy at constant temperature and pressure reads as

dg =" udey, + %PV . dPY,
k

and, after integration, g(c;, PV) = geq(c;) + TvJPY : PV, where 7 designates
the relaxation time of the viscous pressure tensor and J = n/7, is the so-
called steady state compliance, a function which is often studied in polymer
solutions. (a) Obtain the modification to the chemical potential of the ith

componenm defined by
4 ( > T,p,P
! (9774‘ D, v’

if the steady state compliance J is assumed to have the form J = aM (ckgT) ™,
with M the molecular mass, ¢ the number of macromolecules per unit vol-
ume, and « a constant (e.g. @ = 0.400 for Rouse model of bead-and-spring
macromolecules, and « = 0.206 for the Zimm model, the latter including the
hydrodynamic interaction amongst the different beads of a macromolecule
(Doi and Edwards, 1986; Bird et al., vol. 2, 1987a, 1987b)). (b) Study the in-
fluence of the non-equilibrium contribution on the stability of the system; in
particular, determine whether the presence of a non-vanishing viscous pres-
sure will reinforce or not the stability with respect to that at equilibrium
(Jou et al. 2000).




Chapter 8
Theories with Internal Variables

The Influence of Internal Structure
on Dynamics

An alternative approach of non-equilibrium thermodynamics may be carried
out through the internal variables theory (IVT). This phenomenological de-
scription has been very successful in the study of a wide variety of processes in
rheology, deformable bodies, physico-chemistry and electromagnetism. IVT
may be considered as a generalization of the classical theory of irreversible
processes, just like extended irreversible thermodynamics. In the classical
theory, the state of the system is described by the local equilibrium vari-
ables, say energy, volume or deformation, but it is well known that many
non-equilibrium effects cannot be adequately described by this set of vari-
ables. To avoid, among others, the inconvenience of a heavy formalism in
terms of functionals, one has, in extended irreversible thermodynamics, sup-
plemented the local equilibrium variables by the corresponding fluxes. In the
IVT, one adopts a similar attitude by adding a certain number of internal
variables to the local equilibrium variables. Such variables are called internal
because they are connected either to internal motions or to local microstruc-
tures. They should not be confused with order parameters as introduced in
Chap. 6, which are describing some broken symmetry related to long-range
interactions as in phase transitions. We should also add that unlike the fluxes
in extended irreversible thermodynamics, the internal variables are arbitrary
extensive quantities, not identified from the outset. It is the freedom in the
choice of the internal variables that explains the wide domain of applicability
of the formalism.

What is really meant by internal variables? The usual interpretation is that
they are macroscopic representations of some microscopic internal structures;
they can be of geometrical or physico-chemical nature, but generally there is
a priori no reference to their origin. The hope is that at the end, some phys-
ical meaning will come out from the theory itself. Mandel (1978) wrote that
“a clever physicist will always manage to detect internal variables and mea-
sure them”. Internal variables are essentially introduced to compensate for
our lack of knowledge about the behaviour of the system. The alternative
name of hidden variables is also found in the literature, as they refer to the

215
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internal structure that is hidden from the eyes of an external observer. At the
difference of the external variables, like temperature or volume, the internal
parameters are not coupled to external forces which provide a means of con-
trol. As they cannot be adjusted to a prescribed value through surface and
body forces, internal variables are not controllable. Being not attached to an
external force, they cannot take part in a mechanical work and therefore they
do not appear explicitly in the balance equations of mass, momentum and
energy. Additional equations (taking generally the form of rate equations)
are needed to describe their evolution.

To summarize, internal variables are in principle measurable but not con-
trollable and this makes difficult their selection and definition. They are asso-
ciated to processes that are completely dissipated inside the system instead
of being developed against external surface or body forces.

Examples of internal variables are the extent of advancement in a chemical
reaction, the density of dislocations in plastic metals, mobile atoms in crys-
tals, the end-to-end distance between macromolecules in polymer solutions,
the shape and orientations of microstructures in macromolecules, the mag-
netization in ferromagnets, etc. In the following, we shall present the general
scheme of the thermodynamic theory of internal variables and afterwards we
shall discuss some applications both in fluid and solid mechanics.

Following our policy of seeking a presentation as simple as possible, we
shall restrict our analysis to rather simple examples. The reader interested
by more complete developments is advised to consult the comprehensive re-
view papers by Bampi and Morro (1984), Kestin (1990, 1992), Maugin and
Muschik (1994), Lhuillier et al. (2003), and the well-documented book by
Maugin (1999) which includes a large bibliography and a wide and system-
atic presentation.

8.1 General Scheme

8.1.1 Accompanying State Axiom

The hypothesis of local equilibrium that is the basis of classical irreversible
thermodynamics is replaced in the IVT by the accompanying state axiom.
The essence of this postulate is that, to each non-equilibrium state, corre-
sponds an accompanying equilibrium state, and to every irreversible process is
associated an accompanying “reversible” process. This notion can be traced
back to Meixner (1973a, 1973b), Muschik (1990) and mainly to Kestin (1990,
1992): it provides an interesting picture of IVT by associating non-equilibrium
states with equilibrium states by means of a projection. The accompanying
equilibrium state is a fictitious one; its state space V' consists of the union of
the spaces of standard equilibrium variables C and internal variables 7. The
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ensemble V chosen for further analysis will consist of the following extensive
variables
Vi=u,a,§ (8.1)

the space of classical variables includes the specific internal energy u and
the other local equilibrium variables, for instance the specific volume v in
fluid mechanics or the elastic strain tensor € in solid mechanics, which will
be generically designed as a, and finally £ = &1, &9, ...,&, stands for a finite
set of internal variables (either scalars, vectors, or tensors). Although the
number of variables needed to specify a non-equilibrium state n is generally
much larger than the set (8.1), we can always imagine an accompanying
equilibrium state e whose extensive variables u, a, £ take the same values as
in a non-equilibrium state n, i.e. u(e) = u(n), a(e) = a(n), &(e) = &(n). A
way of obtaining these accompanying state variables from the actual physical
non-equilibrium state is illustrated by the Gedanken experience of Fig. 8.1.

Consider a volume element n suddenly surrounded by an adiabatic rigid
enclosure so that no heat flows and no external work can be performed;
as a consequence of the first law, Q = W = 0 implies that u(n) = u(e).
Simultaneously, we constrain the internal variables €. Since no work and no
heat are exchanged, the system relaxes towards an equilibrium-constrained
state e with the values of u, a, and £ unmodified. Observe however that
other variables, like the temperature T or the entropy s, relax to values
which are different from their actual non-equilibrium values: T'(e) # T'(n) and
s(e) # s(n). The entropy s(e) is larger than the entropy in non-equilibrium
s(n) because the former is obtained from the latter by an adiabatic no-work
process. At this point it is interesting to emphasize the difference between the
axiom of accompanying state and the local equilibrium hypothesis. The gist
of this latter statement is to assume that the non-equilibrium entropy s(n)
and temperature T'(n) are the same as in their accompanying equilibrium
state s(e) and T'(e), respectively, while in IVT, the entropy s(e) is assumed
to characterize the equilibrium state.

n - e
w=0
u a, g u a, cg
I(n), A(n) T(e)#T(), A(e) #4A(n)

Fig. 8.1 Producing an accompanying equilibrium e state from a non-equilibrium
state n
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REAL IRREVERSIBLE PROCESS
n, [ R n,

RELAXATION RELAXATION
PROCESS PROCESS

ACCOMPANYING REVERSIBLE PROCESS

Fig. 8.2 Accompanying reversible process

To clarify the notion of accompanying reversible process, consider an irre-
versible process between states n; and ny. The accompanying states e; and eq
are obtained by projection on the state space (u, @, £) as shown in Fig. 8.2 and
the sequence of accompanying states between e; and e, constitutes the “re-
versible” accompanying process. By contrast with a true reversible process,
which takes place infinitely slowly, the former one occurs at finite velocity
and, as seen later, is characterized by a non-zero entropy production.

Now the question remains of how many internal variables are needed for a
valuable description. Of course it is desirable to have a number of variables as
small as possible. There exists a criterion based on the notion of characteristic
time that allows deciding whether an internal variable is relevant or not. Let
us denote by 7 = £ /& the intrinsic time of the internal mechanism and by
Ta = G/a the characteristic macroscopic time associated with the external
variable a; as usual, a upper dot denotes time derivative. If the Deborah
number defined by De = 7¢/7, is such that De < 1, then the corresponding
internal variable relaxes quickly towards its equilibrium value; this amounts
to say that the internal constraint is more or less removed, thus allowing
the system to reach a state of so-called unconstrained equilibrium (Kestin
1990, 1992). In contrast for De > 1, the internal variable will remain frozen
during the timescale of the evolution of the variable a, we shall then speak
about a state of constrained equilibrium. Practically, in IVT only the internal
variables for which De > 1 will be retained. It was also suggested by Kestin
(1990, 1992) to use the Deborah number as a measure of the “distance”
between a non-equilibrium state and an accompanying equilibrium state: the
smaller is De, the shorter is the distance between such states. Situations with
nonlocal effects are discussed in Box 8.1.
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Box 8.1 Non-Local Effects. Histories of Variables

In presence of non-local effects, as in the cases of damages or non-
homogeneous electrical or magnetic fields, it may in principle be necessary
to introduce spatial gradients V¢ of the internal variables in the description.
The evolution of such internal variables is now determined by complete bal-
ance equations, involving both a rate and a divergence term. The difficulty
is that such balance laws require appropriate boundary conditions, which
cannot in principle be assigned, as the internal variables are not control-
lable. This problem has not received sufficient attention and only partial
answers can be found in the recent literature. The underlying idea is that,
although the internal variables are not controllable, the second law of ther-
modynamics forces them to assume given values on the boundaries (Woods
1975; Valanis 1996; Cimmelli 2002).

Because of the difficulty to identify the nature of the internal variables,
it may be tempting to formulate the problem without having recourse to
them. To obtain such a description, it suffices to eliminate the internal
variables ¢ from (8.11) to (8.13). In the case that (8.13) can be solved,
we can substitute its solutions in (8.11) and (8.12), leading to a set of
constitutive relations, which turn out to be functionals @ and F of the
histories of u (or T'), VT, and a (Kestin 1992):

q= gO{T(t—t’),VT(t—t’),a(t—t’)}, (8.1.1)
F :t,];-O{T(t—t’),VT(t—t’),a(t—t’)}, (8.1.2)

As shown in Chap. 9, it is customary in rational thermodynamics to claim
that the systems that it describe are materials with memory. The difficulty
is how to measure and to catalogue all these histories and how to solve the
subsequent integro-differential equations obtained after substitution of the
above functionals in the balance equations.

8.1.2 Entropy and Entropy Production

The axiom of accompanying equilibrium state leads us to accept the existence
of an accompanying entropy s that is a function of the whole set V of variables:

s =s(u, a,§). (8.3)
The corresponding Gibbs’ equation in rate form will assume the form
=T '—T 'p 'Fe-a+T 'A-§, (8.4)

where T is the temperature, F, the mechanical force conjugate to the ob-
servable a, and A the affinity (also known as configurational or Eshelby
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force in some branches of solid mechanics) conjugate to £. They are defined,

respectively, by
1 Os F, Os A 0Os

T ou  pT da’ T  0O¢ (8:5)
The internal energy obeys the balance law
pu=-V-q+F-a (8.6)

with g the heat flux vector. Remark in passing that the forces F(n) required
to produce work on the volume element in the actual physical space are differ-
ent from the forces F, in (8.4) which represent these acting on the fictitious
reversible process. After elimination of 4 between the Gibbs’ equation (8.4)
and the energy balance equation (8.6), one obtains the expression for the
evolution of the entropy of the accompanying state during the process:

ps+V - (qT ) =q- VT ' 4+T Y F-F.)-a+pT 'A-£.  (87)
Suppose that the entropy obeys a balance equation of the standard form
p5+V - (T q)=0°>0, (8.8)

wherein it is accepted that the rate of entropy production o° is positive
definite and the entropy flux given by T~!q. By comparison with (8.7), it is
then found that

o =q- VT ' 4+ T Y F—F.)-a+pT "A-£>0. (8.9)

With the exception of extended thermodynamics, it is currently admitted
that, in absence of diffusion of matter, the entropy flux is the ratio of the heat
flux and the temperature. The positiveness of the rate of entropy production is
a more disputed question and can be considered as a supplementary postulate
of the theory.

Instead of starting from (8.9), some authors prefer to work with the
Clausius—Duhem’s inequality

—p(f+sT)+F-a+T 'q VT >0, (8.10)

which is directly obtained from (8.8) when use is made of the definition of
the free energy f = w — T's and the energy balance equation (8.6). In the
future, we shall indifferently start from (8.9) or (8.10).

8.1.3 Rate Equations

It is noted that (8.9) has the form of the familiar sum of generalized forces
X and fluxes J, which, at the exception of the heat flux, are the rate of
change of the extensive variables. In classical irreversible thermodynamics
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(see Chap.2), the fluxes are linear expressions of the forces but this is not
mandatory in the present theory wherein the fluxes and forces are related
to each other by general functions containing the variables u, a, and &, i.e.
J = J(X;u,a,§). Such flux—force relations take generally the form of rate
equations, which conventionally will be written as

q - Q(VT7 d, A; u7 a’§)7 (8.11)
F — Fe = f(VT» a7A; u, au€)7 (812)
é: E(VT,G,A;U, aag)v (813)

where Q, F, and = denote functions of their arguments.

After this short digression, let us go back to the evolution equation (8.13).
In the simplest case, we may assume that the “flux” £ is linear with the
“force” A

£ =1A(u, a,9), (8.13)
where [ is a phenomenological coefficient. Such a simplified evolution equation
is justified when the thermal gradients play a negligible role and when F ~ F,
as often occurring in solid mechanics. The entropy production (8.9) takes now
the simple form _

To® =pA-¢, (8.14)

and we shall examine three particular cases:

1. A= f = 0: the system has reached a state of unconstrained equilibrium
characterized by A(u, a,§) =0 or {(e) = &(u, a).

2. A # 0 with £ = 0: this is a case of constrained equilibrium still defined
by a zero entropy production.

3. A # 0 and 5 = 0: the system relaxes towards the equilibrium surface

£(e).

As mentioned earlier, there exists a wealth of applications of the inter-
nal variable theory, mainly in the domain of material sciences. Here we will
present only three of them, and we refer the reader to specialized books and
articles for a more exhaustive list of examples.

8.2 Applications

8.2.1 Viscoelastic Solids

Viscoelastic solids are a privileged field of application of the theory of in-
ternal variables. Thermodynamics of viscoelasticity in solids was initiated
by Bridgman (1941) and Eckart (1948) and developed later on by Eringen
(1967), Kluitenberg (1962) and Kestin and Bataille (1980), among others.
Our purpose is to discuss qualitatively some essential features of rheological
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models like those of Maxwell and Kelvin—Voigt, which have played a central
role in the theory of viscoelasticity; excessive generality will be deliberately
avoided.

We restrict our attention to isothermal effects and make the assumption
that the solid is a one-dimensional homogeneous and isotropic rod subject
to infinitesimally small deformations. Under the action of a stress o the solid
undergoes a strain e. It is remembered from Sect. 8.1 that an intensive para-
meter such as o, which is the stress actually applied in the non-equilibrium
state, is not the same as the stress o, in the accompanying equilibrium state.
Moreover, it is assumed that the deformation of the body has, associated
with it, an internal work that is completely dissipated in the interior of the
system during the actual dissipative process. Its expression is given by A d&
where A is the “affinity” associated to the internal variable £. According to
IVT, the space of basic variables is constituted by V = u, 0,,& with u the
specific internal energy. The entropy associated with the accompanying state
satisfies the Gibbs’ equation

Tds = du— p lto.de + AdE, (8.15)

where p is the constant mass density. Since the temperature is a constant, it
may be preferable to work with the free energy f for which

df = p~to.de — AdE, (8.16)

with
p lo. = of/0e, A=—-0f]0¢. (8.17)

The equation of state f = f(e,{) can be expanded in a Taylor series around
a reference state ¢ = £ = 0 and put in the form

fle,€) = 3 Be + Bet + 508, (315)

where E, B, and C are constant coefficients with £ > 0, C' > 0, and B?2 < EC
to satisfy the stability property of the equilibrium state. Examples of linear
state equations (8.17) are

pto. = Ee + B¢, (8.19)
—A = Be + CE. (8.20)

Elimination of 4 from the energy balance equation
pl=0: €, (8.21)

and the Gibbs’ equation (8.15) written in rate form leads to the following
relation for the evolution of the entropy in the accompanying state:

pT$=(6—0Gc):é+p LA-E (8.22)
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Since there is no heat flux, the entropy flux will be zero and therefore the
quantity pT'$ can be identified with the rate of dissipated energy T'o®, with
0® the rate of entropy production. In very slow processes, it is justified to
assume (Kestin and Bataille 1980) that o = o, so that the dissipated energy
acquires the simple form

pTo®=A-£>0. (8.23)

Of course, the simplest rate equation for the internal variable is to put

E=1A(l>0). (8.24)
Taking the time derivative of (8.19) and using (8.24), one obtains
plo = FE¢ +IBA, (8.25)

where use is made of the assumption o, = o. Substituting now A from (8.20)
and eliminating & from (8.19), leads to the following relaxation equation for
the stress tensor

T.0 + 0 = Ex(e + 7,€), (8.26)

where 7. = 1/IC, 7, = E(ICE+)™ !, Eo = E — B2C~1. It is worth noticing
that relation (8.26) is the constitutive equation for a Poynting—Thomson
body. By letting 7. and 7, go to zero, one finds back the Hooke’s law of
elasticity, and F is the classical Young modulus. Setting 7. = 0, one recovers
the Kelvin—Voigt model

0 = Exce + e, (8.27)

with n = E/IC, while by putting E = 0 and E.7, = 71 in (8.26), one
obtains Maxwell’s model:
TeO + 0 = né. (8.28)

It is therefore claimed that the thermodynamics of internal variables includes
the formulation of the standard models of rheology. The above considerations
have been generalized to finite strains by Sidoroff (1975, 1976), among others.
IVT has been used with success in several branches of solid mechanics. For
instance, an interesting approach of plasticity, in relation with the microscopic
theory of dislocations, was developed by Ponter et al. (1978). These authors
show that the area swept out by the dislocation lines is a meaningful internal
variable. More explicitly, the internal variable selected by Ponter et al. is

(8.29)

where A is the area swept out by the dislocation line, N the number of non-
interacting so-called Franck—Read’s sources, b the Burgers vector associated
with dislocations slip, and ¢ the corresponding volume. Another field of
application is the theory of fracture, where the internal variable can be chosen
as a scalar variable D (D for damage) such that 0 < D <1, D = 0 meaning
absence of cracks and D = 1 corresponding to fracture.
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8.2.2 Polymeric Fluids

As a second illustration, we shall examine the behaviour of polymeric fluids,
which are one of the great diversity of fluids called complex fluids. Their
characteristic property is to possess a certain degree of internal structures
or microstructures. Therefore they behave very differently from water or air
when forces are exerted on them. The most rigorous method of describing
materials with internal microstructures is through the distribution function
1) which depends on the position and velocity vectors of the ensemble of mass
points. However, in view of the large number of variables, this approach be-
comes quickly impracticable, and some mechanical approximations taking the
form of rigid rods, dumbbells or more complicated assemblages (see Fig. 8.3)
have been introduced.

In the case of dumbbells, the description involves a seven-dimensional func-
tion ¢ (r, R,t) where r is the position vector and R the end-to-end macro-
molecular distance. But still more approximations are needed to simplify the
model. In that respect, it is frequent to replace the description based on the
distribution function by the second-order symmetric tensor

C= /RRwdR, (8.30)

called “configuration” or “conformation” tensor. The advantage gained by
this approximation is to solve model equations in a large variety of flow sit-
uations. It is the conformation tensor that we shall identify as the relevant
internal variable for our forthcoming analysis. We consider a flowing incom-
pressible fluid composed of a carrier, the solvent of mass density pf, and long
macromolecular chains, the solute, of mass density ppo1. Because of incom-
pressibility, the total mass p = pr + ppol is a constant and V - v = 0, where v
designates the barycentric velocity defined by means of pv = psvs + ppo1Vpol-

The selected basic variables are the mass concentration cpo1 = ppo1/p of
the polymeric chain, the barycentric velocity v, the specific internal energy
u or the temperature T" and the conformation tensor C. The corresponding
evolution equations are given by

o e )

A

Rods
Dumbbels Chain of molecules

Fig. 8.3 Molecular polymer models
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Plpol = —V - J, (8.31)
pv =V -0+ pF, (8.32)
pi=-V-q+0c":V, (8.33)

C =C(C,V,cpor,u), (8.34)

wherein J denotes the flux of matter, F the external body force per unit
mass, V the symmetric velocity gradient tensor, C a unknown function of the
variables C, cpo1, v and eventually of V; finally, ¢ is the symmetric stress
tensor and ¢v(= o + pI) its viscous part with p the hydrostatic pressure.
The tensor ¢¥ will be influenced by the presence of the internal variable
and therefore will depart from the Newton law by an additional contribution
so that in total

6" =20V +06,q(C,V,...), (8.35)

where 7 is the usual shear viscosity coefficient. The system of equations
(8.31)—(8.34) will be closed by providing constitutive relations for the set
{J, q,06"(orGp1), C}. These are obtained from the axiom of the local accom-
panying state consisting in formulating a generalized Gibbs’ equation and
calculating the corresponding rate of entropy production inside the material.
Let us write the Gibbs’ relation in terms of the free energy, i.e.

df = —sdT + pdeye — A : dC, (8.36)

where p = pip01 — s is the relative chemical potential, A is a symmetric
second-order tensor conjugate to the internal variable C describing the way
in which the free energy depends on the internal variable:

Al Of

=55 (8.37)

There is no term of the form pd(p~!) in (8.36) because it is assumed that
the mass density is constant. By combining relation (8.36) with the balance
equations of mass concentration (8.31) and energy (8.33) and comparing with
the general evolution equation for the entropy

ps=—-V-J* 407, (8.38)

one obtains the following results for the entropy flux and the entropy pro-
duction, respectively:

1

7(a—nd), (8.39)

To*=—J* VT —J -Vu+6":V4pA:C>0. (8.40)

JS

Expression (8.39) of the entropy flux is classical while the dissipated energy
T'o® contains a supplementary contribution compared to the similar relation
for a Newtonian fluid. For the time being, limiting ourselves to expressions of
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the fluxes J*, J,c", and C, which are linear and isotropic in the forces VT,
Vi, V, and A, one is led to write

J¥ = -AVT — xVyu, (8.41)
J =—xVT —-DVyu, (8.42)

6" =2nV +IA, (8.43)
C=kA-IV=—k—=-1IV 44

Lo, (3.44)

wherein A, x, D,n,l, and k are phenomenological coefficients with A > 0,
n >0, D >0, and k£ > 0. The same coefficient y (respectively, [) appears
in (8.41) and (8.42) (respectively, in (8.43) and (8.44)) because of Onsager’s
reciprocal property, the change of sign in front of [ in (8.43) and (8.44) is a
consequence of the property that the fluxes 6V and C are of opposite parity
with respect to time reversal. The terms [A in (8.43) and —I'V in (8.44) do
not contribute to the entropy production and have therefore been labelled as
gyroscopic or non-dissipative. In most complex fluids, these non-dissipative
contributions may also contain non-linear terms (Lhuillier and Ouibrahim
1980) resulting from the coupling of A (or V) with C and (8.43) and (8.44)
will more generally be of the form:

6" =2V +IA—-3(C-A+A-Q), (8.45)
czkg—é—zv+ﬁ(c-v+v-0). (8.46)

The main results of the model are contained in (8.45) and (8.46) which show
that there is a strong interconnection between the way the molecular deforma-
tion C influences the stress tensor and the way the rate of fluid deformation
modifies the molecular deformation. A last remark is in form: if it is wished
to satisfy the axiom of material frame-indifference (see Chap.9), the mater-
ial time derivative in (8.46), which is non-objective, must be replaced by an
objective one, as for instance the Jaumann time derivative

D;C=C+W-C-C-W, (8.47)

with W the skew-symmetric velocity gradient tensor. Moreover, there will
be no difficulty to generalize (8.45) and (8.46) with terms of third or higher
orders in C,V, and A, but we shall see that the present description offers
still enough possibilities (see Box 8.2).

Box 8.2 Simplified Models
Several simplifications of the model (8.45) and (8.46) are of interest:

(1) If in relation (8.46) we set S = 1 and ¢ = 0, one recovers a model
obtained in the kinetic theory. In this case the additional stress defined
by (8.35) is simply Opo1 = 2A - C, but the kinetic theory predicts
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instead that opo = A from which we conclude that the results of the
kinetic theory are in contradiction with the IVT. The problem encoun-
tered in the kinetic theory finds probably its origin in the difficulties
arising in the evaluation of G-

Let us still assume that [ = 0 but that the free energy f is quadratic
in C so that A = —0f/0C = —HC where H is some kind of Hookean
spring constant; (8.45) and (8.46) read then as

6" =2)V +28HC-C, (8.2.1)
1
D;C=-=C+p(C-V+V-Q). (8.2.2)
T

This model was proved to be at least as valuable as the model of Oldroyd
(Bird et al. 1987) widely used in rheology; (8.2.1) exhibits clearly the
dependence of the non-Newtonian stress on the Hookean elasticity of
the polymer, whereas (8.2.2) is of the relaxation type with 7(= 1/kH), a
positive relaxation time. The physical interpretation of (8.2.2) is rather
evident: the presence of the Jaumann time derivative forces the mole-
cules to rotate with the surrounding fluid, the rate of fluid deformation
V deforms the molecules with an efficiency 3 and the molecules relax
towards an equilibrium configurational state with a relaxation time 7.
Finally, by admitting that 8 = 0 and f quadratic in C, relation (8.46)
reduces to

1
D;C=—--C-IV. (8.2.3)
T

Such an expression presents a striking resemblance with an equation
derived by Frankel and Acrivos (1970) to describe emulsions of quasi-
spherical drops with C a second-order tensor, expressing the deviation
of drops from sphericity.

8.2.3 Colloidal Suspensions

Colloidal suspensions are another example of complex fluids. A colloidal sus-
pension is a collection of particles suspended in a fluid, called the solvent or
the carrier. The driven particles must have a size larger than 10~% m for the
particles to be considered as a continuum, but smaller than 10~ m to avoid
sedimentation. They may be aerosols (fog, smog, smoke), emulsified drops,
ink, paint or asphalt particles. The suspending fluid must be sufficiently dense
in order that its mean free path be smaller than the size of the particles, thus
excluding rarefied gases. These hypotheses allow us to consider the system as
made by two interpenetrating continuous media. To simplify the issue, it is
generally admitted that the particles are rigid spheres of the same size mov-
ing in a Newtonian fluid so that the system may be considered as isotropic.
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In the foregoing analysis, we shall omit the role of velocity fluctuations whose
treatment can be found in specialized literature, e.g. Lhuillier (1995, 2001).

It is our aim to show that IVT provides a valuable tool for the study
of thermal diffusion in suspensions; the supramolecular size of the particles
being taken into account by the introduction of an internal variable. After
commenting in Sect. 8.2.3.1 the differences between particles suspensions and
molecular mixtures, we will present the evolution equations of the relevant
parameters and finally discuss the restrictions placed by the second law of
thermodynamics.

8.2.3.1 Suspensions vs. Molecular Mixtures

It is true that the suspensions of particles in a fluid behave in several aspects
as a binary molecular mixture of solute molecules in a solvent. However,
the particle size is larger than the molecular dimensions and this has two
important consequences. First, the volume of a particle is well defined whereas
the volume of a molecule is not. A description of suspensions will therefore
include not only the particle mass fraction ¢(= dM,/dM) but also its volume
fraction ¢(= dV,,/dV) which is related to ¢ by

o = pc/pp, (8.48)
where p is the total mass per unit volume of the suspension
p=dpp+ (1—)ps, (8.49)

the quantity p,(= dM,/dV},) is the mass per unit volume of the material from
which the particles are made and pf(= dM;/dV;) the mass per unit volume
of pure fluid; from now on, subscripts p and f will refer systematically to
“particle” and “fluid”, respectively. Moreover, to describe suspensions it is
necessary to introduce a volume-weighted velocity u defined by

u = v, + (1 — @)y, (8.50)
besides the classical barycentric mass-weighted velocity v,
v =cvp+ (1 —c)vs. (8.51)

The second difference between suspensions and molecular mixtures is the
large inertia of particles from which follows that the average particle velocity
v, can be very different from the fluid velocity v¢. Hence the importance of
the particle diffusion flux

J = pc(vp, — v) = pe(l — ¢)(vp — vr), (8.52)

which is no longer given by the Fick’s law but will obey a full evolution
equation, as shown below. It is not difficult to convince oneself of the relations
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u=v+(p," —p; "), (8.53)
p=c+(1-c)p,' —ph), (8.54)

showing that w and ¢ are generally different from v and c respectively except
for the special cases that particles and fluid have similar mass densities.

8.2.3.2 State Variables and Evolution Equations

In presence of thermal gradients, the system will exhibit thermodiffusion.
Since we are in presence of two phases, a rather natural choice of variables
will be mass densities of phases, the average temperature and the velocities of
the particles and fluid phase. However, in analogy with molecular diffusion,
a more appropriate selection of variables is the following

P Cs Ta ’Uﬁg(: Up — ’Uf)’ (855)

where the relative velocity will be considered as an internal variable. More
refined descriptions will require the introduction of more internal variables
as for instance a structural vector R related to the statistical distribution of
the particles (Lhuillier 2001) but, for the present purpose, it is sufficient to
restrict our analysis to the set (8.55). The evolution equations for the classical
variables p,c, T, and v are given by

p = —pV - v (total mass balance),
p¢ = —V - J (mass concentration balance),
pv = —Vp+ V- II'V + pg (momentum balance),
pu=—-V-q—pV-v+II': (Vv)® (internal energy balance),
where p is the hydrostatic pressure, ITV is the symmetric viscous stress tensor,
(Vv)?® the symmetric part of the tensor Vv, and u the internal energy per unit
mass. It remains to determine the evolution equation of the internal variable

&, i.e. the relative velocity v, — v¢. The latter is obtained from the two

momentum equations for the particulate and fluid phases given, respectively,
by Lhuillier (1995)

dpvp

P = —p(Vp—V -6") +f+ peg, (8.60)
d
p(l—o) T = —(1=9)(Vp—V-0") —f=p(l—c)g.  (8.61)

where two new material time derivatives are introduced d,/dt = 9/0t +
v, - V for the particles and a similar expression for the fluid; f is the mutual
interaction force between the particles and the fluid measured per unit volume
of the suspension. At this stage, f is an unknown quantity whose constitutive
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equation will be determined later on, ¢V is the so-called suspension viscous
stress related to the stress ITV by Lhuillier (1995)

¥ =o¥ — ¢J, (8.62)

besides the viscous term 6V, one observes the presence of a stress £J of kinetic
origin which is introduced to recover the global momentum equation (8.58).
Making use of the following identity

- dp’Up df’Uf

. 1 9
§= 5 —dt+v{2(2c—1>£]+£-vv, (8.63)

one obtains the following evolution equation for the internal variable &:

f

£= (pf_l—pgl)(Vp—V-G”)er

1
+V [2(20 — 1)51 —¢-Vo. (8.64)
Set (8.56)—(8.59), (8.64) contains some indeterminate unknown quantities like
p,u,G6Y, q, and f whose expressions will be determined from thermodynam-
ics and more particularly from the positive definite property of the entropy

production
o’ =ps+V-J*>0. (8.65)

Of course at this stage of the discussion, the entropy s and the entropy flux
J? remain undetermined quantities to be expressed by means of constitutive
relations. Let us now examine the consequences issued from the positiveness
of o*.

8.2.3.3 Restrictions Placed by the Second Law
of Thermodynamics

The total kinetic energy per unit mass can be written as

1 1 1 1
501}?, + 5(1 — )i = 51)2 + 50(1 — )&% (8.66)

To keep the usual expression %U2 for the kinetic energy per unit mass, we
shall admit that the part of the kinetic energy involving the relative velocity
pertains to the internal energy so that

1
u(3797 C, 5) = UO(SaPa C) + 50(1 _6)527 (867)
where ug is the local equilibrium energy depending exclusively on the set of

“equilibrium” variables. The corresponding Gibbs’ equation, written in rate
form, will therefore be given by

J .
u:Ts'+§2p+uc'+;~g. (8.68)



8.2 Applications 231

Note that the chemical potential is now including a kinetic contribution and
is related to the local equilibrium chemical potential pg(= dug/dc) by

1
W= pio + 5(1 — 2¢)€2. (8.69)
After elimination of 1, p, ¢, and € by means of the evolution equations (8.56)—
(8.59) and (8.64), we obtain the following entropy balance

T(ps+V - J*) =To* =V - [TJ* — q— pd + (4 — ) -6"] + 6" : (V)™
—J* VT = J - {Vuo— (p," = p; IVp+flpe(l =)'} > 0. (8.70)

Positiveness of the dissipated energy T'o® requires that the divergence term
in (8.70) vanishes, whence the following expression for the entropy flux:

J° = %(q—,uJ)— %(u—v) o, (8.71)
The first two terms in (8.71) are classical but a new term depending on the
relative velocity and the mechanical stress tensor is appearing. The remaining
terms in (8.70) take the form of bilinear products of thermodynamic fluxes
and forces. The simplest way to guarantee the positive definite character of
the dissipated energy is to assume that these fluxes and forces are related by
means of linear relations, i.e.

6" = 5(Vu)®, (8.72)
Jo = f%VT 13, (8.73)
f=—pc(1=¢)[3VT — (p, " = p ")Vp+ Vo + D~'J],  (8.74)

the phenomenological coefficients 77, A, 5, D depend generally on p, ¢, and T,
the same § appears in both (8.73) and (8.74) to satisfy the Onsager reciprocal
relations. After substitution of the flux—force relations (8.72)—(8.74) in (8.70)
of the dissipated energy, one is led to

S 1 1
To® = T(VT)Z + BJ2 + ;(SV :6¥ >0, (8.75)

from which follows that A > 0, n > 0, D > 0, there is no restriction on the
sign of §. The above results warrant further comments. It is important to note
that the stress ¢V is related to the gradient of the volume-weighted velocity
u rather than to the gradient of the mass-weighted velocity v as in molecular
diffusion. This property has been corroborated by microscopic considerations
and is a well-known result in the theory of suspensions. Relation (8.73) can be
viewed as an expression of the Soret law stating that a temperature gradient
is capable of inducing a flux of matter.

The result (8.74) is important as it provides an explicit relation for the
inter-phase force f between the particles and the fluid, and plays, for sus-
pensions, the role of Fick’s law for binary mixtures. This interaction force
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will ultimately appear as a sum of elementary forces involving Ve (through
(Opo/0c)p ) (concentration-diffusion force), Vp (baro-diffusion force), VI’
(thermodiffusion force) and the relative velocity v, — v¢ (through D~1J)
(kinematic-diffusion force).

Concerning the concentration-diffusion force, it always drives the particles
towards regions of lower particles concentration because (Ouo/d¢)pr > 0,
which is a consequence of thermodynamic stability. Experimental investiga-
tions confirm that the concentration-diffusion force is the most important,
that the thermodiffusion force is rather small, and that the baro-diffusion
force is negligible.

When the two following conditions are satisfied, p, = pr, and dyv,/dt =
dswe/dt, it is found by subtracting (8.60) from (8.61) that the force f van-
ishes identically. If in addition the temperature and pressure are kept con-
stant, (8.74) boils down to Fick’s law J = —DV g, where D is the positive
coefficient of diffusion.

Expression (8.74) of f is sometimes decomposed into a “non-dissipative”
force f* (the three first terms under brackets in (8.74)) and a dissipative
contribution, namely

F =1 v, — v), (8.76)
where use is made of the definition (8.52) of J and where +, called the friction
coefficient, stands for v = p?c?(1 — ¢)/D > 0. The term “non-dissipative” is
justified as it corresponds to situations for which v = 0, i.e. D = oo, which
is typical of absence of dissipation.

The expression of the heat flux vector g is directly derived by eliminating
J? between (8.71) and (8.73); making use of (8.72) and introducing a pseudo-
enthalpy function h = T'5 + 1, it is found that

q=-AVT +hJ +n(u—2v) Vu. (8.77)

For pure heat conduction, one recovers the classical Fourier law so that the
coefficient A can be identified with the heat conductivity. For a molecular
mixture for which 4 = v, the above relation is equivalent to the law of
Dufour, expressing that heat can be generated by matter transport.

The above analysis shows that internal variables offer a valuable approach
of the theory of suspensions. It is worth noticing that the totality of results
obtained in this section was also derived in the framework of extended irre-
versible thermodynamics (Lebon et al. 2007).

8.3 Final Comments and Comparison
with Other Theories

Thermodynamics with IVT provides a rather simple and powerful tool for
describing structured materials as polymers, suspensions, viscoelastic bodies,
electromagnetic materials, etc. As indicated before, its domain of applicability
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is very wide, ranging from solid mechanics, hydrodynamics, rheology, electro-
magnetism to physiology or econometrics sciences. IVT requires only a slight
modification of the classical theory of irreversible processes by assuming that
the non-equilibrium state space is the union of two subsets. The first one is
essentially composed by the same variables as in classical irreversible ther-
modynamics while the second subset is formed by a more or less large set
of internal variables that have two main characteristics: first, they cannot be
controlled by an external observer and second, they can be unambiguously
measured. Furthermore, it is assumed that to any irreversible process, one
can associate a fictitious reversible process referred to as the accompanying
state. It was also proved that by eliminating one or several internal variables,
one is led to generalized constitutive relations taking the form of functional
of the histories of the state variables. In that respect, it can be said that the
IVT is equivalent to rational thermodynamics (see next chapter).

The main difficulty with IVT is the selection of the number and the iden-
tification of the nature of the internal variables. It is true that for some
systems, like polymers or suspensions, the physical meaning of these vari-
ables can be guessed from the onset, but this is generally not so. In most
cases, the physical nature of the internal variables is only unmasked at the
end of the procedure. In some problems, like in suspensions, the dependence of
the thermodynamic potentials on these extra variables is a little bit “forced”.
Referring for instance to (8.67) of the internal energy w, it is not fully justi-
fied that the dependence of w on the internal variable £ is simply the sum of
the local internal energy and the diffusive kinetic energy. Another problem is
related to the time evolution of the internal variables. Except some particu-
lar cases, like diffusion of suspensions, there is no general technique allowing
us to derive these evolution equations, in contrast with extended irreversible
thermodynamics or GENERIC (see Chap. 10). Moreover, as these variables
are in principle not controllable through the boundaries, the evolution equa-
tions should not contain terms involving the gradients of the variables. This
is a limitation of the theory as it excludes in particular the treatment of non-
local effects. Some efforts have been recently registered to circumvent this
difficulty but the problem is not definitively solved. Unlike extended irre-
versible thermodynamics, where great efforts have been dedicated to a better
understanding of the notion of entropy and temperature outside equilibrium,
it seems that such questions are not of great concern in internal variables the-
ories. Here, the entropy that is used is the so-called accompanying entropy
and it is acknowledged that its rate of production is positive definite whatever
the number and nature of internal variables. The validity of such a hypothe-
sis if questionable and should be corroborated by microscopic theories as the
kinetic theory. The temperature is formally defined as the derivative of the
internal energy with respect to entropy but questions about the definition
of a positive absolute temperature and its measurability in systems far from
equilibrium are even not invoked. It is expected that the validity of the re-
sults of the IVT become more and more accurate as the number of internal



234 8 Theories with Internal Variables

variables is increased and would become rigorously valid when the number
of variables is infinite; however, from a practical point of view, this limit is
of course impossible to achieve.

8.4 Problems

8.1. Clausius—Duhem’s inequality. Show that the Clausius—Duhem’s inequal-
ity (8.10) is equivalent to the dissipation inequality (8.9).

8.2. Chemical reactions. Using the degree of advancement of a chemical reac-
tion & as an internal variable, formulate the problem of the chemical reaction
A + B = C+ D in terms of the internal variable theory.

8.3. Particle suspensions. Why is the theory of molecular diffusion not ap-
plicable to the description of particle suspensions in fluids?

8.4. Viscoelastic bodies. Derive the constitutive relation (8.26) of a Poynting—
Thomson body by using Liu’s Lagrange multiplier technique developed in
Chap. 9.

8.5. Colloidal suspensions. Establish the evolution equation (8.64) of the in-
ternal variable ¢ by using (8.60), (8.61), and (8.63).

8.6. Colloidal suspensions. Derive (8.74) of the interaction force f between
the particles and the fluid.

8.7. Colloidal suspensions. Eliminating the entropy flux between (8.71) and
(8.73) show that the heat flux in colloidal suspensions is given by

q=-AVT +hJ +n(u—v)- Vu.

In the particular problem of pure heat conduction, show that the above ex-
pression reduces to Fourier law, while for a mixture for which pr = p,, (i.e.
u = v), it is equivalent to Dufour’s law.

8.8. Superfluids. Liquid He II is classically described by Landau’s two-fluid
model (see for instance Khalatnikov 1965). Accordingly, He IT is viewed as a
binary mixture consisting of a normal fluid with a non-zero viscosity and a
superfluid with zero viscosity and zero entropy, the basic variables are p,, vy,
Ps, Vs, respectively, where p denotes the mass density and v the velocity field.
Show that an equivalent description may be achieved by selecting the relative
velocity & = (pn/p)(vn — vs) as an internal variable, with the corresponding
Gibbs’ equation given by

Td(ps) = d(pu) — gdp — a& - d(pf),

wherein p = py + ps, & = ps/pn while g = u — T's 4+ p(1/p) stands for the
specific Gibbs’ energy (see Lebon and Jou 1983; Mongiovi 1993, 2001).
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8.9. Superfluids. Superfluid “He (see Lhuillier et al. 2003) is an ordered fluid
of mass per unit volume p and momentum per unit volume pw; the latter is
understood as the sum of two contributions: one from the condensate driving
the total mass and moving with velocity vg, the other from elementary ex-
citations of momentum p and zero mass: pv = pvs + p. The other original
feature of the superfluid is that it manifests itself by a curl-free velocity:

V x vy =0.

Following the reasoning of Sect. 8.2, establish that the evolution equation for
p, considered as an internal variable, is given by

Ip/ot+V -[(v+e)p|+[V(v+e)] p=—psVT — pVyP — V.10,

where ¢ is the variable conjugate to p/p, i.e. [c = —Tds/d(p/p)], ¥ the
dissipative part of Gibbs’ function g = 1 + 4, 1P the dissipative part of the
mechanical stress tensor.

8.10. Continuous variable. The internal variable £ can also take the form of
a continuous variable with a Gibbs’ equation written as

Tds = du—pdo— [ u(E)dp(©)dc.

If the rate of change of p(z) is governed by a continuity equation dp/dt =
—0J(&)/0¢, which defines J(&) as a flux in the ¢-space, show that the corre-
sponding entropy production reads as

7o' = - [ J(©on()/0¢de =0,

suggesting integral phenomenological relations. However, if the internal vari-
able does not change abruptly, it is sufficient to require that only the inte-
grand of the above expression is positive so that, J(§) = —Ldp(&)/0¢.

8.11. Application to Brownian motion. In this problem, the internal variable
& will be identified as the xz-component u of the Brownian particle velocity
(£ = u), and the density p(€) represents the velocity distribution which, at
equilibrium is the Maxwellian one,

foq = constant x exp(—mu?®/2kpT).
Assume that the potential p(u) is of the form
() = (b T/m) In p(u) + A(u),

where fioq = 1o is independent of u. Combining the two previous relations,
determine the explicit expression of A(w). Show that the phenomenological
relation can be cast in the form J = —L[f(u) — (kgT/m)Jf/0u|, where L
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is the friction coefficient of the Brownian particles. Combining this result
with the continuity relation, establish the Fokker—Planck equation for the
Brownian motion

f(w) _ [0f(u) | kT 0*f(u)
ot L ou + m  Ou?

8.12. Magnetizable bodies. In theories of magnetic solids under strain, it is
customary to select magnetization M = B — H (with B the magnetic in-
duction and H the magnetic field) as field variable and to split the mag-
netic variables into a reversible and an irreversible contribution, for instance,
M = M, + M;,H, + H;. However, to describe the complex relaxation
process, some authors (Maugin 1999, p 242) have introduced an extra inter-
nal variable M. With this choice, the entropy production takes the form

s er dM1 d-/\/1int
TO’ —Hr dt +H1 dt +H1nt dt .

Show that H satisfies an evolution equation of the Cattaneo type

dH T dM
TR T

where x,, denotes the magnetic susceptibility.

8.13. Vectorial internal variable and heat transport. Assume that the entropy
of a rigid heat conductor depends on the internal energy u and a vectorial in-
ternal variable j, i.e. s(u,j). a) Obtain the constitutive equation for the time
derivative of j. b) From this equation, relate j to the heat flux g and express
the evolution equation for g, assuming, for simplicity, that all phenomenolog-
ical coefficients are constant; ¢) Compare this equation with the double-lag
equation presented in Problem 7.8. Which conditions are needed to reduce
it to the Maxwell-Cattaneo equation? Which form takes the entropy s(u,j)
when j is expressed in terms of g7 Compare it with the extended entropy
(7.25).



Chapter 9
Rational Thermodynamics

A Mathematical Theory of Materials
with Memory

In Chaps.7 and 8, it was assumed that the instantaneous local state of the
system out of equilibrium was characterized by the union of classical vari-
ables and a number of additional variables (fluxes in EIT, internal variables
in IVT). Only their instantaneous value at the present time was taken into
account and their evolution was described by a set of ordinary differential
equations. An alternative attitude, followed in the early developments of ra-
tional thermodynamics (RT), is to select a smaller number of variables than
necessary for an exhaustive description. The price to be paid is that the state
of the material body will be characterized not only by the instantaneous value
of the variables, but also by their values taken in the past, namely by their
history.

In RT, non-equilibrium thermodynamic concepts are included in a contin-
uum mechanics framework. The roots of RT are found in the developments
of the rational mechanics. Emphasis is put on axiomatic aspects with theo-
rems, axioms and lemmas dominating the account. Coleman (1964) published
the foundational paper and the name “rational thermodynamics” was coined
a few years later by Truesdell (1968). RT deals essentially with deformable
solids with memory, but it is also applicable to a wider class of systems in-
cluding fluids and chemical reactions. Its main objective is to put restrictions
on the form of the constitutive equations by application of formal statements
of thermodynamics. A typical feature of RT is that its founders consider it
as an autonomous branch from which it follows that a justification of the
foundations and results must ultimately come from the theory itself. A vast
amount of literature has grown up about this theory which is appreciated
by the community of pure and applied mathematicians attracted by its ax-
iomatic vision of continuum mechanics.

In the present chapter we present a simplified “idealistic” but neverthe-
less critical version of RT laying aside, for clarity, the heavy mathematical
structure embedding most of the published works on the subject.

237
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9.1 General Structure

The basic tenet of rational thermodynamics is to borrow those notions and
definitions introduced in classical thermodynamics to describe equilibrium
situations and to admit a priori that they remain applicable even very far
from equilibrium. In that respect, temperature and entropy are considered as
primitive concepts which are a priori assigned to any state. Quoting Truesdell
(1984), it is sufficient to know that “temperature is a measure of how hot a
body is, while entropy, sometimes called the caloric, represents how much
heat has gone into a body from a body at a given temperature”.

Similarly, the second law of thermodynamics written in the form AS >
f dQ@/T and usually termed the Clausius—-Duhem’s inequality is always sup-
posed to hold. It is utilized as a constraint restricting the range of acceptable
constitutive relations. The consequence of the introduction of the history is
that Gibbs’ equation is no longer assumed to be valid at the outset as in the
classical theory of irreversible thermodynamics. Since the Gibbs equation is
abandoned, the distinction between state equations and phenomenological re-
lations disappears, everything will be collected under the encompassing word
of constitutive equations. Of course, the latter cannot take any arbitrary
forms as they have to satisfy a series of axioms, most of them being elevated
to the status of principles in the RT literature.

9.2 The Axioms of Rational Thermodynamics

To each material is associated a set of constitutive equations specifying partic-
ular properties of the system under study. In RT, these constitutive relations
take generally the form of functionals of the histories of the independent
variables and are kept distinct from the balance equations. In the present
chapter, the latter turn out to be

p=—pV-v (mass balance), (9.1a)
pv =V -0+ pF (momentum balance), (9.1b)
pi=—-V-q+0o:Vv+pr (internal energy balance). (9.1c)

As in the previous chapters, a superimposed dot stands for the material
time derivative, p is the mass density; u, the specific internal energy; v, the
velocity; and ¢ is the heat flux vector; in rational thermodynamics, it is
preferred to work with the symmetric Cauchy stress tensor o instead of the
symmetric pressure tensor P(= —o). It is important to observe the presence
of the specific body force F' in the momentum equation and the term r
in the energy balance, which represents the energy supply due to external
sources, for instance the energy lost or absorbed by radiation per unit time
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and unit mass. It must be realized that the body force and the source term
are essentially introduced for the self-consistency of the formalism. Contrary
to the classical approach, F' and r are not quantities which are assigned a
priori, but instead the balance laws will be used to “define” them, quoting
the rationalists. In other terms, the balance equations of momentum and
energy are always ensured as we have two free parameters at our disposal.
The quantities F' and r do not modify the behaviour of the body and do
not impose constraints on the set of variables, but rather, it is the behaviour
of the material, which determines them. This is a perplexing attitude, as F
and r, although supplied, will always modify the values of the constitutive
response of the system.

The principal aim of RT is to derive the constitutive equations character-
izing a given material. Of course, these relations cannot take arbitrary forms,
as they are submitted to a series of axioms, which place restrictions on them.
Let us briefly present and discuss some of these most relevant axioms.

9.2.1 Axiom of Admissibility and Clausius—Duhem’s
Inequality

By “thermodynamically admissible” is understood a process whose constitu-
tive equations obey the Clausius—Duhem’s inequality and are consistent with
the balance equations. As will see later, the Clausius-Duhem’s inequality
plays a crucial role in RT. The starting relation is the celebrated Clausius—
Planck’s inequality, found in any textbook of equilibrium thermodynamics,
and stating that between two equilibrium sates A and B, one has

AS > / BdQ/T. (9.2)
A

Since the total quantity of heat dQ results from the exchange with the exte-
rior through the boundaries and the presence of internal sources, the above
relation may be written as

d 1 r
— dVv > — —q-ndX —dV .
dt/vps V> /qu n +/VPT ) (9.3)

where s is the specific entropy, V' is the total volume, and n is the outwards
unit normal to the bounding surface X. In local form, (9.3) writes as
. q pr
s+V.=—-=—2>0. 9.4
p T2 (9.4)
It is worth to note that the particular form (9.4) of the entropy inequality
is restricted to the class of materials for which the entropy supply is given
by pr/T and the entropy flux by ¢q/T. For a more general expression of
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the entropy flux, see extended irreversible thermodynamics (Chap. 7). After
elimination of r between the energy balance equation (9.1¢) and inequality
(9.4) and introduction of Helmholtz’s free energy f(= u—T's), one comes out
with

. . T
—p(f+sT)+0':Vv—q-VT>0, (9.5)

which is referred to as the Clausius—Duhem’s or the fundamental inequality. It
is easily checked (see Problem 9.1) that the left-hand side of (9.5) represents
the rate of dissipated energy T'o® per unit volume when the entropy flux is
given by ¢q/T.

9.2.2 Axiom of Memory

If it is admitted that the present is influenced not only by the present state
but also by the past history, the constitutive relations will depend on the
whole history of the independent variables. If ¢(t) designates an arbitrary
function of time, say the temperature or the strain tensor, its history up to
the time ¢ is defined by ¢! = @(t — ') with 0 < ¢’ < oo.

The axiom of memory asserts that the behaviour of the system is com-
pletely determined by the history of the set of selected independent variables.
This means that the free energy, the entropy, the heat flux and the stress
tensor, for instance, will be expressed as functionals of the history of the
independent variables. Considering the problem of heat conduction in a
rigid isotropic material, an example of constitutive equation with memory
is Fourier’s generalized law

q(t) = /t At —tYVT(t")at', (9.6)

— 00

where A(t — t') is the memory kernel. When this expression is substi-
tuted in the energy balance, one obtains an integro-differential equation
for the temperature field, after use is made of @ = ¢I" with ¢ the specific
heat capacity. If the memory kernel takes the form of an exponential like
(=A/T)exp[—(t — t')/7], it is left as an exercise (see Problem 9.2) to show
that the time derivative of (9.6) is given by

Tq=—q— VT, (9.7)

which is the same Cattaneo equation as in EIT. It is important to realize that
this result has been obtained by considering only the temperature as single
state variable. This is a characteristic of RT where the state space is generally
restricted to the classical variables, i.e. mass, velocity (or deformation), and
temperature, while the fluxes are expressed in terms of integral constitutive
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equations containing the whole history of the independent variables. Instead
of assuming that g depends on the whole history of temperature field, in
practical applications it is assumed that g is a function of V7" and its higher-
order time derivatives. If the memory is very short in time, one may restrict
this sequence to a limited number of terms. But even in this case, RT offers
an interesting formalism which departs radically from that of classical
irreversible thermodynamics.

In most situations, the notion of fading memory is also introduced. Accord-
ingly, the distant history has little influence on the present state; although
history is often described by an exponentially decreasing function of time,
it could take more general forms as a sum of exponentials or of Gaussian
memories. However, to avoid heavy mathematical developments, we shall
suppose from now on that the materials forget their past experience quasi-
instantaneously so that memory effects can be neglected.

In some versions of RT, the description in terms of histories is substituted
by the state-process formalism (Noll 1974; Coleman and Owen 1974). Fol-
lowing these authors, to each thermodynamical system is associated a pair
formed by an instantaneous state and a process describing the temporal evo-
lution of the state space. The methods, tools and prospects of this theory
present similar features with these described in this chapter; an exhaustive
analysis of Coleman and Owen’s approach can also be found in Silhavy (1997).

9.2.3 Axiom of Equipresence

This axiom states that if a variable is present in one constitutive relation,
then there is no reason why it should not be present in all the other con-
stitutive equations, until it is proved otherwise. The condition for the pres-
ence or absence of an independent variable is essentially determined by the
Clausius—Duhem’s inequality. It should be realized that there is no physical
justification to such an axiom, which is merely a mathematical convenience
in the determination of constitutive relations.

9.2.4 Axiom of Local Action

It is admitted that a material particle is only influenced by its immediate
neighbourhood and that it is insensitive to what happens at distant points.
Practically, it means that second and higher-order space derivatives are ex-
cluded from the constitutive relations. Higher spatial gradients have however
been included in some developments of the theory on non-local actions.



242 9 Rational Thermodynamics

9.2.5 Axiom of Material Frame-Indifference

Generally speaking, this axiom claims that the response of a system must
be independent of the motion of the observer. As the most general motion
of an observer, identified as a rigid coordinate system, is constituted by a
translation and a rotation, the axiom implies that the constitutive equations
must be invariant under the Euclidean transformation

2 (1) = Qt) - z(t) + c(t). (9.8)

The quantity Q(¢) is an arbitrary, real, proper orthogonal, time-valued tensor
satisfying
Q-Q"=Q"-Q=1 detQ=1, (9.9)

c(t) is an arbitrary time-dependent vector; x(t), the position vector of a
material point at the present time and x*(t) is the position occupied after
having undergone a rotation (first term in the right-hand side of (9.8)) and
a translation (second term in the right-hand side). In the particular case
Q =T and ¢(t) = vot with vy a constant velocity, (9.8) reduces to a Galilean
transformation.

When the Euclidean group (9.8) acts on a tensor of rank n(n = 0,1, 2),
the latter is said to be objective if it transforms according to

a* =a (objective scalar), (9.10a)
a* = Q- a(objective vector), (9.10b)
A*=Q-A-Q" (objective tensor). (9.10¢)

We directly observe that the velocity v* = da*/dt is not an objective vector
as it transforms as )
v'=Q- v+ Q- -z+e¢,

which is not of the form (9.10b) because of the presence of the second and
third terms in the right-hand side of the above relation; the same is true for
the acceleration, which is not objective. It is easily checked (see Problems 9.3
and 9.4) that the velocity gradient, the angular velocity tensor and the ma-
terial time derivative of objective vectors or tensors are non-objective; in
contrast, quantities like the temperature gradient, the mass density gradient
or the symmetric velocity gradient tensor are objective.

We are now in position to propose a more precise formulation of the princi-
ple of material frame-indifference which rests on the following requirements.
First, the primitive variables as temperature, energy, entropy, free energy
and energy supply are by essence objective scalars, the body force and the
heat flux are objective vectors while the stress tensor is an objective ten-
sor. Second, the constitutive relations are objective, i.e. form invariant with
respect to the Euclidean transformation (9.8). Third, the constitutive equa-
tions, which reflect the material properties of a body, cannot depend on the
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angular velocity of the reference frame. To give an example, the Newton’s
equation of rational mechanics, when formulated in a non-inertial rotating
frame, is FEuclidean invariant but it depends explicitly on the angular ve-
locity of the frame and therefore, it does not fulfil the axiom of material
frame-indifference.

9.3 Application to Thermoelastic Materials

Consider a deformable, anisotropic elastic solid. Under the action of exter-
nal forces and heating, the material changes its configuration from a non-
deformed one with mass density pg to a deformed state with mass density
p. The position of the material points is denoted by X, in the non-deformed
configuration and by & = x(X,t), in the deformed one with u =  — X the
displacement vector.

Loyal to our principle of simplicity, we shall restrict the analysis to linear
thermoelasticity, i.e. small deformations and small temperature increments
T —Ty with respect to a reference temperature Ty. A more general description
implying large deformations is treated in Box 9.1. Within the limit of small
deformations, the density p remains constant and the balance equations for
the displacement vector w and the temperature field read as (Eringen 1967;
Truesdell and Toupin 1960)

pi =V -0+ pF, (9.11)
pu=—-V-q+o:€+pr, (9.12)

where ¢ = £[Vu + (Vu)?] stands for the symmetric strain tensor. These
relations contain unknown quantities as w (or equivalently f), o and ¢
which must be specified by constitutive equations, compatible with Clausius—
Duhem’s inequality. In (9.12), the scalar w (internal energy) should not be
confused with the vector u (displacement vector) appearing in (9.11).

A thermoelastic material is defined by the following constitutive equations

f=f(T,VT,e), (9.13)
s=s(T,VT,¢), (9.14)
o=o(T,VT,¢), (9.15)
q=4q(T,VT,e), (9.16)

where use has been made of the axiom of equipresence, s has been included
among the constitutive relations as it figures explicitly in Clausius—Duhem’s
relation. By no means are the above constitutive equations the most general
that one could propose but they appear as particularly useful to describe a
large class of deformable elastic solids. As a consequence of (9.13) and using
the chain differentiation rule, one can write the time derivative of f as
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. Of - of : of .
f= 87T+ T -VT—i-&.E. (9.17)

Tt is left as an exercise (see Problem 9.5) to prove that the Clausius-Duhem’s
inequality (9.5) will take the form

sty roe- T >0, (9.18)

and, after substitution of (9.17),

of\ .. [ of o VT
— — — —_— — e —p—— . VT — —_— > )
p<s+aT)T (pae ") ¢—rgyr VI—a 20 (019)

which is obviously linear in T, €, and VT. Moreover, since there exist body
forces and energy supplies that ensure that the balance equations of momen-
tum and energy are identically satisfied, these laws do not impose constraints

on T, €, and VT, which can therefore take arbitrary prescribed values. In or-
der that the entropy inequality (9.19) holds identically, it is then necessary
and sufficient that the coefficient of each time derivative vanishes. As a con-
sequence, it follows that

s=—0f/0T, (9.20a)
G = pdf/oe, (9.20b)
of/o(VT) =0. (9.20c)

It is concluded from (9.20c) that the free energy f does not depend on the
temperature gradient and on account of (9.20a) and (9.20b), the same obser-
vation holds for the entropy s and the stress tensor o so that (9.13)—(9.15)
will take the form

f=[(Te), s=sTe), o=oTe). (9.21)
From (9.20a), (9.20b), and (9.20c), we can write the differential expression
df = —sdT +p~lo: de (9.22)

or, equivalently,
Tds=du—p le:de, (9.23)

which is the Gibbs equation for thermoelastic bodies. Note that this relation
has not been assumed as a starting point but has been derived within the
formalism.

Expanding f up to the second order in o and T — T, one obtains, in
Cartesian coordinates, and using Einstein’s summation convention,

1ec.

1 1
[=5-Cijrigijer — 3Ty (T —Tp)* - ;ﬂijé‘ij (T — To), (9.24)

2p
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where Cjjx; is the fourth-order tensor of elastic moduli; c., the heat capacity
and (3;; is the second-order tensor of thermal moduli. In virtue of (9.20a)
and (9.20b), the corresponding linear constitutive equations of s and o;; are
given by

Ce 1
= =TT —Pij€iz, 2
5 To( O)"‘pﬁﬁ] (9.25)
0ij = Cijmewn — Biz (T — To). (9.26)

The result (9.26) is the well-known Neumann-Duhamel’s relation of ther-
moelasticity, which simplifies to Hooke’s law when the temperature is uniform
(T =To).

Going back to Clausius-Duhem’s expression (9.19), the latter reduces to
the remaining inequality

q(T,VT,e)-VT <0, (9.27)

which reflects the property that heat flows spontaneously from high to low
temperatures. Defining the heat conductivity tensor by

0q(T,VT,¢) )
VT=0

K(T,e) = — < 50T (9.28)

and expanding g around VT = 0 with 7" and € fixed, one obtains in the
neighbourhood of VT = 0, i.e. by omitting non-linear terms,

a(T,VT,e) = q(T,0,¢) — K(T,e) - VT. (9.29)
Substitution of (9.29) in (9.27) yields,

q(T,0,¢) - VT — VT -K(T,e)- VT <0. (9.30)
Since this relation must be satisfied for all V7', it is required that

q(T,0,e) =0, VT -K(T,e) VT >0. (9.31)

From this, it is immediately concluded that in an admissible thermoelastic
process, the heat flux is zero when the temperature gradient vanishes and the
heat conductivity tensor, which is independent of VT, is positive definite. In
fact, only the symmetric part K™ = K 4+ KT of K enters the statement
(9.31Db) to be positive definite, this is so because for the skew part KW =
K—KT, one has VI'-K*¢V.VT = 0. It follows from the above considerations
that expansion (9.29) becomes

q(T,VT,e) = —K(T,¢) - VT. (9.32)

This is a generalization of Fourier’s equation in which the thermal conduc-
tivity is a function not only of the temperature but also of the strain tensor.
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We observe also from (9.32) that in a thermoelastic solid, it is not possible
to produce a heat flux by a deformation only, at uniform temperature. This
means that the presence of a piezoelectric effect is excluded in thermoelastic
bodies.

The generalization of the above results to large deformations is straight-
forward and is presented in the Box 9.1.

Box 9.1 Finite Deformations in Thermoelastic Materials
It is usual in solid mechanics to introduce the following quantities (e.g.
Eringen 1962):

F = Vx (deformation tensor, F;; = 0x;/0X; in Cartesian coordi-
nates, with z; and X; the position in the deformed and non-
deformed reference configuration, respectively),

E=1(FT.-F-1I) (Green symmetric strain tensor),

L=F F'=Voy (strain rate tensor, (Vv);; = dv;/dz; in
Cartesian coordinates),

V =symL (symmetric part of L),

T = (po/p)o-F~T  (first Piola-Kirchhoff stress tensor),

S=F!.T (symmetric second Piola—Kirchhoff stress tensor),

Q = (po/p)F~' - q (heat flux measured in the reference non-
deformed configuration).

The balance laws of mass, momentum and energy take the form

PO/p:detF7
pov =V - T+ poF,
poti = -V -q+S:E+ pr.

The results derived for small deformations are still valid at the condition
to replace everywhere € by E,o by S, ¢ by Q, and VT by G =FT . VT,
the temperature gradient with respect to the reference configuration. For
example, the Clausius—Duhem’s inequality reads as

of : of . af G
_ gy _ 9r E_p2 a0 2 >
Po <8T+S)T (Pan S) E-pza G-Q =0

leading to the restrictions,
with a generalized Fourier law given by

Q(T,G,E) = -K(T,E) - G.
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Although most of the applications of RT have been devoted to solid mechan-
ics, there is no problem to adapt the above considerations to hydrodynamics,
as shown in Sect. 9.4.

9.4 Viscous Heat Conducting Fluids

To avoid lengthy mathematical developments with constitutive equations in
functional form, we shall consider a particular class of fluids characterized by
isotropy, absence of memory and described by the following set of constitutive
equations:

f=f(u,T,V,VT), (9.33)
s=s(v,T,V,VT), (9.34)
oc=00,T,V,VT), (9.35)
q=4qv, T,V,VT), (9.36)

wherein v = p~! is the specific volume, V = 1[Vv + (Vv)"] the symmetric

velocity gradient tensor. Note that neither the velocity field v nor the ve-
locity gradient Vv have been included in the set of independent variables,
because they are not objective quantities and therefore do not satisfy the
axiom of frame-indifference. Instead, the tensor V has been selected as it
meets the property to be objective. Observe in passing that the above re-
sponse functions are in full agreement with the axiom of equipresence. More
restrictions on the constitutive relations are placed by Clausius—Duhem’s in-
equality (9.5). Introducing (9.33)—(9.36) in inequality (9.5) and applying the
chain differentiation rule to calculate f, one obtains

of \ . of of : 1 of .
—p (S+8T) T—pav.V—pa(VT)-(VT)—Tq-VT—(avl—o-) V>0,
(9.37)

wherein use has been made of the continuity equation po = V-v =V : L.
On looking at inequality (9.37), we see that it is a linear expression in the

time derivatives T, V, and (VT); if it is assumed that there are body forces
and energy supply that ensure that the momentum and energy balance equa-
tions are identically satisfied, one can assign to these derivatives arbitrary
and independent values. Clearly inequality (9.37) will not hold unless the
coefficients of these derivatives are zero, which leads to the following results:

_of

= o5 (9.38)

af
v =0 (9.39)
L (9.40)

a(VT)
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Relation (9.38) is classical and from the next ones, it is deduced that the free
energy [ (and as a corollary the entropy s) is a function of v and T alone so
that

I = f(vaT)v 5= S(UvT)' (941)

Defining the equilibrium pressure p by p = —3df/0v, which is justified as p
can only depend on the “equilibrium” variables v and 7', and combining with
(9.38), one finds the following Gibbs equation:

df = —sdT — pdo. (9.42)

It is important to notice that, in contrast with classical irreversible thermo-
dynamics where the Gibbs relation is postulated from the outset, in RT it is
a derived result.

Furthermore, in virtue of the results (9.38)-(9.40), the Clausius-Duhem’s
inequality reduces to

(—g‘zl—i—a) :V—%q-VTEO. (9.43)
Introducing the viscous stress tensor (V) defined by
o™ (v, T,V,VT) = o(v,T,V,VT) + p(v, T)I, (9.44)
(9.43) is written as
o™V _q. ? >0, (9.45)

and represents the rate of energy dissipated per unit volume of the fluid.

Explicit expressions for the constitutive equations for ¢ and o¥) are di-
rectly obtained by using the representation theorems for isotropic tensors
(Truesdell and Toupin 1960). In the linear approximation, when second and
higher-order terms in V7' and V are omitted, it is left as an exercise (Prob-
lem 9.7) to prove that

qg=-\v,T)VT, o) =~(v,T)(V-v)I+2y(v,T)V. (9.46)

One recognizes the Fourier law with A the heat conductivity coefficient and
the Newton’s law of hydrodynamics, with 1 the dynamical shear viscosity
and the coefficient v related to the bulk viscosity; of course, the scalars A, 7,
and 7 are all three functions of v and T. The fluids described by the linear
constitutive relations (9.46) are usually referred to as Fourier—Stokes—Newton
fluids. After substitution of (9.46) in (9.45), it is observed that satisfaction
of Clausius—Duhem’s relation yields the following inequalities, which are well
known in fluid mechanics:

2
A >0, 'y+§17>0, n > 0. (9.47)

Summarizing, we can assert that, for the class of fluids described by constitu-
tive equations of the form ¢ = ¢(v, T, VT, V) with ¢ = f, s, q, o, respectively:
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1. The thermodynamic potentials f and s do not depend on VT and V|, so
that f = f(v,T) and s = s(v,T).

2. The classical Gibbs equation (9.42) or equivalently T'ds = du + pdv is
demonstrated to remain valid.

3. In the linear approximation, the constitutive equations for ¢ and o(*) are
the traditional equations of Fourier and Stokes—Newton, respectively.

4. As a side result of Clausius—Duhem’s inequality, the heat conductivity
and the viscosity coefficients are shown to be positive.

Despite the fact that rational thermodynamics radiates some taste of el-
egance and generality, it has been the subject of acrid criticisms, which are
discussed in Sect. 9.5.

9.5 Comments and Critical Analysis

The axiomatic approach of RT has been the subject of severe critical obser-
vations (e.g. Lavenda 1979; Woods 1981; Rivlin 1984) for the lack of physical
background and touch with experiments. In what follows, we shall shortly
discuss the most frequently criticisms addressed against the formalism.

9.5.1 The Clausius—Duhem’s Inequality

The basic idea is to use the Clausius—Duhem’s inequality to place restrictions
on the form of the constitutive equations. However, the original formulation
of Clausius—Duhem’s inequality is restricted to processes taking place be-
tween two equilibrium states. In RT, it is applied, without any justification,
to arbitrary processes taking place between non-equilibrium states.
Furthermore, the local Clausius-Duhem’s inequality amounts to admit
that the positiveness of the entropy production ¢° is a necessary and suffi-
cient condition allowing to restrict the range of acceptable constitutive rela-
tions. However, it is not proved that ¢® > 0 remains valid when truncated
expressions of ¢° are used, as is generally the case in RT. By performing
a series expansion as ¢® = o1 + 02 + 03 + -+, where 0;(j = 1,2,3,...) is
the entropy production at the j order, it is absolutely not ensured that the
entropy production remains positive definite at any order of approximation.

9.5.2 Axiom of Phlogiston

The term phlogiston is borrowed from Woods (1981) and it designates a neg-
ative mass medium permeating all bodies and expelled by heat. The axiom
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concerns the property that in any process, time derivatives such as 7', VT,
V can be given arbitrary and independent values of T, VT, and V. In nor-
mal circumstances, in the balance equations of momentum and energy, the
body force F and the source term r are known and take well-specified values:
the deformation (or velocity) and temperature fields are then determined by
solving the equations after that initial and boundary conditions are given. In
RT, the procedure is reversed: for any value of the velocity v (or deformation
u) and the temperature T fields, it is admitted that one can select appropri-
ately F and r so that the equations of momentum and energy are identically
satisfied and do not impose any restriction on the set of variables. In a real
experience, F and r are specified by physical rules, which are beyond our
control and therefore they cannot be specified throughout the medium and
in that respect, it can be said that the phlogiston axiom destroys the empiri-
cal content of the balance equations of momentum and energy. The presence
of quantities F' and r is required to guarantee that the state variables and
their time derivatives can be varied independently. This limits seriously the
domain of applicability of the theory as it fails to describe processes for which
the variables are not independent of their time variations.

The problems linked with the use of the phlogiston axiom can be however
circumvented thanks to an elegant technique proposed by Liu (1972) and
outlined in Appendix 1.

9.5.3 The Meaning of Temperature and Entropy

It is important to realize that in a majority of works on RT, entropy and
temperature are considered as primitive undefined objects and their physical
meaning is not a subject of deep concern. Regarding the entropy, it is simply
given by a constitutive relation expressing its functional dependence with re-
spect to the selected variables while the temperature T remains an undefined
variable which is specified by the laws it satisfies. Quoting Truesdell (1968),
“As for physical meaning, I claim no physical applicability for anything I
ever say... Whether a theory applies to a given piece of material at a given
time is something very important, but something that the theorist cannot be
expected to tell, in thermodynamics or any other theory.” It must however
be added that in the later developments (e.g. Day 1972; Coleman and Owen
1974; Serrin 1979; Coleman et al. 1981; Kratochvil and Silhavy 1982), more
attention has been paid to prove the existence of an entropy as a state func-
tion as well as an absolute non-equilibrium temperature. The existence of
entropy and absolute temperature is no longer postulated but deduced from
statements involving cyclic processes; nevertheless, the fundamental problem
of an unambiguous definition of temperature and entropy outside equilibrium
remains called into question. For example, some people have questioned the
measurability of the variable T introduced in the theory: a priori there should
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be no reason to identify this 7" with the temperature given by a gas thermome-
ter or a thermocouple. Recent investigations (Muschik 1977; Casas-Vazquez
and Jou 2003; Crisanti and Ritort 2003) have brought out that a precise defi-
nition of temperature and entropy is of prime importance in non-equilibrium
thermodynamics. In addition, it was proved that the entropy used in rational
thermodynamics is not unique. Meixner (1973a, 1973b) has shown that there
exists an infinity of functionals, all deserving the name of entropy, that pos-
sess the property to satisfy the Clausius—Duhem’s inequality and that there
is no criterion that permits to favour one definition over the others. Meixner’s
arguments were reinforced by a more particular analysis by Day (1977) who
demonstrated the non-uniqueness of entropy in the case of heat conduction
in a rigid isotropic body with memory. Another example of a system having
many different types of entropy was given by Coleman and Owen (1975) and
concerns elastic—plastic materials. The failure of the entropy to be not unique
is not eliminated in the state-process version of the theory.

9.5.4 Axiom of Frame-Indifference

This axiom, that requires the invariance of constitutive relations under time-
dependent accelerations and rotations of the actual reference frame, has
been the subject of intense debate and controversy. As first observed by
Miiller (1972) and Edelen and McLennan (1973), the axiom excludes phys-
ical processes which are Galilean invariant. Frame-indifference is not sat-
isfied in a whole series of disciplines; in particular in rational mechanics.
Newton’s law of motion formulated in a non-inertial system is “objective”
but not frame dependent as the non-inertial forces depend explicitly on the
angular velocity of the reference frame; in the kinetic theory of gases, the
Burnett equations generalizing the classical Fourier—Stokes—Newton’s laws
have also been shown to be frame dependent; in the theory of turbulence,
it is experimentally observed that the turbulent viscosity takes different val-
ues according reference frame is inertial or non-inertial (Lumley 1983). Fur-
ther violations of material indifference are found in rheology (Bird and de
Gennes 1983) and molecular hydrodynamics (Hoover et al. 1981). Another
illustration of non-respect of frame-indifference is provided by the classical
theory of irreversible processes: referring to Chap. 2, we know that the phe-
nomenological coefficients L,z are depending on the angular velocity when
measured in a rotating frame. It can be said that actually, there are serious
evidences against the universality of the axiom of frame-indifference which
has to be regarded as “a convenience rather than a principle”, as concluded by
Edelen and McLennan (1973). Notwithstanding, axiom of frame-indifference
is widely adopted throughout rational thermodynamics and has disturbed
people working in continuum mechanics. Fortunately, most results of con-
tinuum mechanics are established in inertial frames so that the effects of
non-inertial forces can be ignored.
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9.5.5 The Entropy Flux Axiom

It is also largely admitted in rational thermodynamics that the entropy flux
is given by J® = q/T (plus eventually a term —uJ /T in presence of matter
diffusion) as one may expect from the Clausius—Planck’s formula. Although
this result is correct in the linear approximation, this is certainly not true
in higher-order theories as confirmed by the kinetic theory of gases (Grad
1958) or extended irreversible thermodynamics. Referring to Chap. 7, for a
wide class of processes, the entropy flux for pure substances is not the heat
flux divided by the temperature but of the more general form

Js = 3 (traV)g — 3" - q, (9.48)

Wl =

a
T

wherein 3’ and 3" are phenomenological coefficients and o is the deviatoric
part of the viscous stress tensor oV. This result is one of the most impor-
tant differences between rational thermodynamics and extended irreversible
thermodynamics.

9.5.6 The Axiom of Equipresence

This axiom states that all constitutive relations depend precisely on the same
set of variables, unless it is proved otherwise. As a matter of fact, the con-
clusion always shows that the response functions do not depend generally on
the whole set of variables. Of course, there is no physical argument for such
an axiom, which is essentially a mathematical convenience while formulat-
ing constitutive equations. It is certainly overweening to elevate equipresence
to the status of axiom or principle because it represents merely a technical
commodity.

To conclude, RT is an axiomatic theory characterized by generality and
mathematical elegance. Unfortunately, mathematical rigour has been ob-
tained at the detriment of physical insight and this explains some lack of
interest from some corporations of physicists and engineers. Nevertheless, it
is our opinion that it is a theory that deserves a close attention. As mentioned
earlier, some of the criticisms should be moderated and some of them are even
avoidable, for instance the phlogiston can be circumvented by appealing to
Liu’s technique while other criticisms, like these addressed again the axiom
of equipresence, are of minor consequence. It was the merit of RT to be the
first non-equilibrium formalism to get rid of the local equilibrium hypoth-
esis and to go beyond the linear regime to which is restricted the classical
theory of non-equilibrium processes. RT has been applied to a huge number
of problems mainly in the fields of non-linear elasticity, coupled mechanical,
thermal and electro-magnetic phenomena, rheology, wave propagation, and
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shock waves. Most of them are published in the “Archive of Rational Mechan-
ics and Analysis” which is the privileged tribune of “rationalists”. Moreover,
the tools of RT have been widely applied in other formalisms as rational
extended thermodynamics (Miiller and Ruggeri 1998), theories with internal
variables (Maugin 1999) or GENERIC (Ottinger 2005).

Appendix 1: Liu’s Lagrange Multipliers

An elegant alternative to the admissibility axiom of rational thermodynamics,
i.e. the necessary and sufficient conditions to satisfy the Clausius—Duhem’s
inequality, was proposed by Liu (1972). He was able to show that the entropy
inequality (9.5) becomes valid for completely arbitrary variations of the vari-
ables at the condition to consider the balance equations of mass, momentum
and energy as mathematical constraints. To be more explicit, each balance
equation is multiplied by an appropriate factor, named Lagrange multiplier
by analogy with the extremization problem in mathematics, and the resulting
vanishing quantity is added to the left-hand side of the entropy inequality
(9.5). Let us illustrate the procedure by means of the simple example of heat
conduction in a rigid isotropic body without source term. The behaviour of
the temperature field is governed by one single field equation, namely the
energy balance

pu=-V-q, (9.49)

it being understood that there are restrictions placed by the entropy inequality
P+ V- (%) > 0. (9.50)

Closure relations are provided by the following set of constitutive equations:
u=u(T,VT), s=s(T,VT), q=q(T,VT). (9.51)

The requirement that the temperature field satisfying the entropy inequality
(9.50) must also be a solution of the energy balance equation (9.49) is inter-
preted by Liu as a constraint. It was proved by Liu that this constraint can
be eliminated by the introduction of Lagrange multipliers and by writing the
entropy inequality under the new form

1

pé+V-(T

) —Apa+V-q) > 0; (9.52)
the quantity A designates the Lagrange multiplier, which depends generally
on the whole set of variables and must be determined from the formalism.
After that the constitutive relations (9.51) are inserted in inequality (9.52)
and all differentiations are performed, one obtains a relation that is linear in

the arbitrary derivatives 7', VT, V(VT):
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P <,§; - Ag;> T+p (a(%ST) - Aa(aéLT)> (VT)

n (; —A> 8(8VqT) . V(VT) + K; —A) g—; - T12q] VT > 0. (9.53)

Since this inequality could be violated unless the coefficients of these deriva-
tives vanish, it is found that:

Js ou 0s ou 1
8—T—A8—T—O, VT _Aa(VT) =0, A_T' (9.54)

An important result is the third relation from which it is concluded that
the Lagrange multiplier can be identified as the inverse of the temperature.
Moreover if it is recalled that the free energy is defined as f = u — T's, it
follows from the first and the second relation (9.54) that

of _ . o

T FNT) - 0. (9.55)

This implies that f is independent of VT and that f satisfies the classical
Gibbs relation df = —sdT. Another consequence of (9.55) is that the entropy
s is also independent of the temperature gradient; this property is also shared
by the internal energy u, in virtue of the definition of f.

There still remains from (9.53) the residual inequality

q-VT <0. (9.56)

Clearly, the simplest way to guarantee that (9.56) is negative definite is to
assume that
qg=-\NT)VT with >0, (9.57)

and we are back with Fourier’s law. From now on, the procedure is classical.
Replacing (9.57) in the energy balance equation (9.49) and writing for u(T) a
constitutive equation such that @ = ¢, with ¢ the specific heat capacity, one
is led to the diffusion equation ¢I" = V - (\VT) which, after that initial and
boundary conditions are specified, allows us to determine the temperature
distribution in the body.

Appendix 2: Rational Extended Thermodynamics

The formulation of EIT, in Chap. 7, was inspired by the concepts and methods
of CIT. But EIT may equivalently be described by making use of the tools
and structure of rational thermodynamics: it is then referred to as rational
extended thermodynamics.

As an illustration, consider the problem of hyperbolic heat conduction in
a rigid isotropic body, in absence of an energy source term. The relevant
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variables are the internal energy u and the heat flux g. The time evolution of
u is governed by the balance law of energy (9.49) while the evolution equation
of g will be cast in the general form

pi=—-V-Q+o, (9.58)

where Q (a second-order tensor) denotes the flux of the heat flux and o7 (a
vector) is a source term. These quantities must be formulated by means of
constitutive equations which, for simplicity, will be given by

Q= Q(u, q) = a(u,¢®>)I, o9=0c%u,q)=b(u,q*)q, (9.59)

wherein the scalars a(u, ¢?) and b(u, ¢?) are unknown functions of u and g2
to be determined.

Following Liu’s technique, the entropy inequality will be formulated in
such a way that the constraints imposed by the energy balance and (9.58)
are explicitly introduced via the Lagrange multipliers Ag(u, q) (a scalar) and
Aq(u, q) (a vector), so that

p§+ VT —Ag(pi+V-q)— A1 - (pg +V-Q—09) >0, (9.60)

where s(u, ¢?) and J*®(u, q) are arbitrary functions of u and q. By differenti-
ating s and J° with respect to u and q, and rearranging the various terms,
one may rewrite (9.60) as:

0s . Os . oJ° 0J?®

AoV -q— Ay - VU@ —2A4q: Vq@ +bA;-¢>0. (9.61)
ou 0q?

Since inequality (9.61) is linear in the arbitrary derivatives u, q, Vu, Vg,
positiveness of (9.61) requires that their respective factors vanish, from which
it results that

Os 0s

5, = Mo(=6070), 28(12 q=m0(=7(uq")q) (9.62)
and 07° 0 0J° B
a a
- = Aol +2A1q— .
ou _ou’" oq ol + 1q8q2’ (9.63)

wherein we have identified Ay with 6~', the inverse of a non-equilibrium
temperature (see Box 7.4) and, without loss of generality, A; with v(u, ¢?)q
where « is an arbitrary function of u and ¢2.

Taking into account of the results (9.62) and (9.63), the entropy inequality
(9.61) reduces to the residual inequality

bA; - q > 0. (9.64)
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The fact that the entropy flux is an isotropic function implies that

J* = ¢(u,q*)q, (9.65)
which, substituted in (9.63), yields

9p _ 0a

_ de Oa
-1
au—vau (a) and (p—0 )I—|—2(

92 vaqz) qq =0 (b). (9.66)

Since the dyadic product qq is generally not zero, it follows that

Op _ 0a

52 = 5@ (a) and @=060"1 (b). (9.67)

The second result (9.67) is important as it indicates that ¢ is equal to the
inverse of the temperature and as a consequence that the entropy flux (9.65)
is given by the usual expression

J* = q/0. (9.68)
Moreover, in virtue of (9.66a) and (9.66b), one has

:aﬁdu+ai

-1
do ou dq?

dy d¢* = ~da, (9.69)

a result that will be exploited to obtain the final expression of the evolution
equation of the heat flux. Indeed, after making use of the results ¢ = bq
and V- Q = Va =~ 1VH~! in (9.58), it is found that

1
P = f;w*l + bq. (9.70)

Dividing both members of (9.70) by b and setting p/b = —7, (yb)~! = L, one
recovers a Cattaneo-type relation

Tqg=LVo! —gq, (9.71)

wherein 7 can be identified as a relaxation time and L as a generalized heat
conductivity. In terms of these coefficients, the Lagrange multiplier Ay is
given by

Ay =yq=—(7/pL)q. (9.72)

Let us finally derive the Gibbs equation, it follows directly from (9.62) that

Os Os 0s T
ds = ——du+ ——d¢’ = ——du+A; -dg=60""'du— | — ) q-dg, (9.73
5= g dut 5ade =g dut Ai-dg u (pL>q q, (9.73)
where the identification (9.72) has been introduced. It is worth to stress that
this relation is similar to (7.24). Equality of the second-order derivatives
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of s in (9.73) leads to the Maxwell relation 06~!/dq* = £ (07/0u) and, after
integration,

2 ou

where T'(u) is the local equilibrium temperature. Clearly, the non-equilibrium
temperature reduces to its equilibrium value when the factor v (or equiva-
lently the Lagrange multiplier A;) is independent of w.

We close this analysis with some considerations about the sign of the
various coefficients. Stability of (local) equilibrium requires that the second
variation of entropy with respect to the state variables u and q is negative
definite, so that in particular,

0~ (u,q*) =T *(u) + 1/&Y(u’qQ)dqQ, (9.74)

Byl =<0, (9.75)
but, referring to the entropy inequality (9.64) which can be cast in the form
byq® > 0, it follows that b < 0 whence L = (by)™! > 0 and 7 = —(p/b) > 0.
These results confirm the positive definite property of the heat conductivity
coefficient and the relaxation time.

As compared with the results of Appendix 1, it is seen that in the present
description, the non-equilibrium entropy (9.73) depends on the heat flux. This
is due to the fact that g is assumed to have an evolution equation (9.58) of
its own, leading to the introduction of a supplementary Lagrange multiplier
in equation (9.60); instead, in Appendix 1 the temperature gradient was not
assumed to be described by a proper evolution equation so that no extra
Lagrange multiplier was needed.

9.6 Problems

9.1. Dissipated energy. Verify that the left-hand side of the Clausius—Duhem’s
inequality (9.5) can be identified with the rate of dissipated energy To® at
the condition that the corresponding entropy flux is given by J* = ¢q/T.

9.2. Generalized Fourier’s law. Show that the generalized Fourier law as the
time derivative of the heat flux q(t) = fioo At — ¢ )VT(¢')dt is equal to
Cattaneo’s relation ¢ = —q/7 — (A\/7)VT when the memory kernel is given
by the expression \(t —t') = —(\/7) X exp[—(t — t')/7], where A is the heat
conductivity and 7 is a constant relaxation time.

9.3. Objectivity. Show that the skew-symmetric (antisymmetric) part of the
velocity gradient tensor W = 1[(Vv) — (Vv)7] transforms as W* = Q- W -
QT + Q- QT under the Euclidean transformation (9.8).
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9.4. Objectivity. Prove that (a) VT and the displacement vector w of elas-
ticity are objective vectors; (b) the symmetric part of the velocity gradient
V = L[(Vv) 4+ (Vv)T] and the gradient of an objective vector are objective
tensors; and (c) the deformation gradient F and the material time derivative
of an objective vector, say the heat flux g, are not objective.

9.5. Clausius—Duhem’s inequality. Establish the Clausius-Duhem’s inequal-
ity, respectively, in the case of small elastic deformations (see (9.18)) and
large deformations (refer to Box 9.1).

9.6. Large elastic deformations. Consider a material body defined by the
set of variables T, VT, F, and F where T is the temperature and F the
deformation tensor. Determine the restrictions placed on the constitutive
equations of f (free energy), s (entropy), S (Piola stress tensor), and @
(heat flux vector).

9.7. Isotropic tensors. Referring to the theorems of representation of isotropic
tensors (e.g. Truesdell and Toupin 1960), the constitutive equation of the
viscous stress tensor of a heat conducting viscous fluid reads as

" =alp, T)I+~(p, T)(V - v)I+2n(p,T)V,

when the second- and higher-order terms in V are omitted. (a) Show that «
is zero, as a result of the property that the viscous stress tensor has to be
zero at equilibrium. (b) Decomposing the symmetric velocity gradient tensor

0 0
in a bulk and a deviatoric part V = (V- v)I + V, with V the traceless
deviator, show that

o’ =((p, T)(V-v)I+2n(p, T)\Of,

with ( =~ + %77 designating the bulk viscosity. (¢) Verify that ¢ > 0, n > 0.

9.8. Parabolic heat conduction. Consider a one-dimensional rigid heat con-
ductor defined by the following constitutive equations:

and the energy balance equation
pou /ot = dq/Ox + pr.

Determine the resulting heat conduction equation for the temperature field,
given by
0%f oT ~ 0qOT 0q 0T
P or? ot ~ “oT o 90T /ox) 02 "
Show that this equation is of the parabolic type if 9% f/0T? > 0 and 9q/0T <
0 so that no propagation of wave can occur.
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9.9. Hyperbolic heat conduction. Reconsider Problem 9.8 but with T, 9T'/0t,
OT/Ox as variables. Show that in the present case, the temperature equation
is of the hyperbolic type.

9.10. Viscous heat conducting fluid. A viscous heat conducting fluid is char-
acterized by the following counstitutive equation ¢ = ¢(v, T, Vv, VT, V) with
¢ = f,8,q,0. Determine the restrictions placed by Clausius—Duhem’s in-
equality on the constitutive equations.

9.11. Thermodiffusion. Study the problem of thermodiffusion in a binary
mixture of non-viscous fluids within the framework of rational thermody-
namics.

9.12. Liu’s technique. Reformulate the problem of a heat conducting viscous
fluid (see Sect.9.4) by using Liu’s technique.



Chapter 10
Hamiltonian Formalisms

A Mathematical Structure of Reversible
and Irreversible Dynamics

In the theories discussed so far, the limitations on the form of the constitutive
equations arise essentially from the application of the second law of thermo-
dynamics. However, no restrictions were placed on the reversible terms of the
time evolution equations, as they do not contribute to the entropy production.
Such terms may be either gyroscopic forces, as Coriolis force, or convected
time derivatives, as Maxwell or corotational derivative, which are of frequent
use in rheology. It is shown here that requirement of a Hamiltonian structure
leads to restrictions on the reversible part of the evolution equations.

Hamiltonian formulations have always played a central role not only in
mechanics but also in thermodynamics. They have been identified at dif-
ferent levels of description: from the microscopic one (classical mechanics,
kinetic theory) to the macroscopic one (theory of elasticity, frictionless fluid
flows, equilibrium thermodynamics). Despite their theoretical appeal, and
except rare attempts, Hamiltonian methods have not been fully exploited
in presence of irreversible effects. The reasons that militate in favour of a
Hamiltonian description are numerous: the first one is conciseness, as the
whole set of balance equations are expressed in terms of a limited number of
potentials, generally, one single potential is sufficient. From a practical point
of view, there exist, in parallel, powerful numerical methods, which have
been developed for Hamiltonian systems to obtain approximate solutions, as
the task of scientists is not only to derive equations but also to find solu-
tions. Moreover, besides their power of synthesis and their practical interest,
Hamiltonian descriptions are also helpful for the physical interpretation of
the processes: indeed, the generating potentials may generally be identified
with well-defined physical quantities as the mechanical energy, the energy
of deformation, the thermodynamic potentials, etc. Hamiltonian techniques
have also a wide domain of applicability, as they are not restricted to the
linear regime. Finally, they place several restrictions on the possible forms of
the constitutive equations, complementing those provided by the second law
of thermodynamics.

261
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The main part of this chapter will be devoted to the presentation of a
general equation for the non-equilibrium reversible—irreversible coupling, ab-
breviated as GENERIC, which consists in a generalization of the Poisson
bracket formalism originally proposed in the framework of classical mechan-
ics (Grmela and Ottinger 1997, Ottinger and Grmela 1997; Ottinger 2005).
The principal motivation for developing GENERIC is the modelling of the
flow properties of rheological fluids; this is achieved by formulating general
time evolution equations taking the same universal form whatever the nature
of the state variables. Another particularity of GENERIC is that the evo-
lution equations are expressed in terms of two appropriate thermodynamic
potentials, called generators, taking the form of the total energy and a dissi-
pation potential. GENERIC can be viewed as an extension of both Hamilton’s
equations and Landau’s potential (Landau 1965). Before examining the main
tenets of GENERIC and illustrating its application by a number of simple
examples, let us preliminarily recall the Hamiltonian description of classical
mechanics.

10.1 Classical Mechanics

Consider a collection of N particles characterized by the set of variables
x = (r,p)withr = (ry,...,ry)and p = (pq,...,py) denoting the position
and momentum vectors of the particles. Denoting by £ = K + V the total
energy (kinetic and potential energies) or the Hamiltonian of the system, it
is well known that the time evolution of the set of variables x is given by the
Hamilton equations

de .O0F

— =L— 10.1
dt oz’ (10.1)

. (01
= (h)

dr OE dp  OE

dat — ap’ At or’

with

or, more explicitly,

(10.2)

The Poisson matrix L expresses the reversible kinematics of x; reversibility
means invariance with respect to the change t — —t, it being understood that
concomitantly 7,p — r,—p and E(r,p) — E(r,—p). Instead of working
with the matrix f), an equivalent way to formulate the dynamical equations
(10.2) is to introduce the Poisson bracket

0A0B 0AO0B
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which is related to L by

0A .0B

with (-,-) denoting the scalar product, whereas A and B are regular functions
of . The evolution of x is now governed by

dA
— ={A,FE 10.5
= = {4,B}, (10.5)
where A(x) is an arbitrary function of @, not dependent explicitly on time.
This is directly seen by writing explicitly both members of (10.5), i.e.
oAdr  0Adp _0AOE 0A0E
ordt Opdt Ordp Opor’
and after identifying the coefficients of 0A/0r and 0A/Op in both sides of
(10.6), one recovers indeed the evolution equations (10.2). An illustrative
example is presented in Box 10.1.

(10.4)

(10.6)

Box 10.1 A Classical Mechanics Illustration: The Harmonic
Oscillator
Consider a particle of constant mass m fixed at the end of a spring of
stiffness H. The problem is assumed to be one dimensional with  denoting
the position of the particle and p its momentum. The total energy is
1 p?

1
M%MZ§E+§Hﬁ' (10.1.1)

In virtue of (10.2), the evolution equations of  and p are given by

dr  p dp
— = X _ _H 10.1.2
dt ~m’ dt ’ (10.1.2)
After elimination of p, one recovers Newton’s law
Az
Making use of the definition (10.4) of the Poisson bracket {A, B} one has
o5
0A DA 01 ox
A B} = —— 10.1.4
wm=(5%) o) [ os | (10.0.4)
op

which is in agreement with the result (10.3). Accordingly, the Poisson
bracket {A, E'} describing the harmonic oscillator is given by

0Ap 0A
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and the corresponding evolution equation (10.5) takes the form

0Adx 0Adp O0Ap O0A

T A i 10.1.

OJrdt  Opdt Odxm  Op * (10.1.6)
Comparison of the coefficients of 0A4/0x and dA/Jp in both sides of (10.1.6)
gives back the equations of motion (10.1.2).

Expression (10.4) is a Poisson bracket if the two following conditions are
fulfilled:

(1)
{A, B} = —{B, A} (antisymmetry), (10.7)

(2)
{A,{B,C}} +{B,{C, A} + {C,{A,B}} = 0 ( Jacobi’s identity). (10.8)

The antisymmetry property of the Poisson bracket implies the antisymme-
try of operator L; the Jacobi’s identity imposes additional severe restrictions
and expresses the time structure invariance of the Poisson bracket {A, B}.
It is precisely this identity what gives information on the reversible contri-
butions to the dynamics (for instance, non-linear convective contributions
to the time derivatives), which is not available from the positiveness of the
entropy production.

Evolution equations as (10.1) or its equivalent (10.5) are reversible time
evolution equations as they are invariant with respect to time reversal t — —t,
a result well known in classical mechanics. In more general situations as
these encountered in continuum physics, dz/dt¢ is the sum of a reversible
and a non-reversible contribution and we will see in Sect. 10.2 how to inte-
grate irreversible dynamics in the framework of GENERIC. In mathematical
terminology, the manifold of the phase space, a Hamiltonian, and an antisym-
metric matrix relating the time derivative of the variables with the partial
derivatives of the Hamiltonian with respect to its variables are known as a
symplectic manifold.

10.2 Formulation of GENERIC

GENERIC may be considered as an extension of Landau’s idea accordingly
the time evolution of a state variable x, like mass density or energy, towards
its equilibrium value x4 is governed by the relation

dz o
- _ 10.
dt ox’ (10.9)
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where ¥ is a given potential which is minimum in the equilibrium or in the
steady state:

o

5o 0at * = Teq, (10.10)
with ¢/dx denoting the functional or Volterra derivative with respect to the
variable @; if ¥ = [+ dV is a simple scalar function of the variables, then
O /éx reduces to the usual partial derivative d¥/dx = 0¢/dx; the situation
is more complicated when ¥ depends in addition on the gradient of x, if x
is assumed to be a scalar, then

W_a@”_v.[ or } (10.11)

b O d(Vz)

However, a relaxation-type equation as (10.9) describing the irreversible ap-
proach to equilibrium is too restrictive and cannot pretend to cope with
general processes of continuum physics.

When both reversible and irreversible processes are present, one formu-
lates, in the framework of GENERIC, a general time evolution equation in
which the evolution of a variable x is expressed in terms of two potentials, the
total energy E of the overall system and a dissipation function ¥: explicitly,

one has

de .J0F o

—=L—+ —. 10.12

&~ 5z T 50S)a) (10-12)
The quantity S has the physical meaning of the entropy of the overall system.
The dissipation potential ¥, which is a real-valued function of the derivatives
35/dx, possesses the following properties: ¥(0) = 0, it is minimum at =0
and is convex in the neighbourhood of 0. Note that in the GENERIC frame-
work, it is generally assumed that the overall system is isolated from its

en\/lr()nment SO tha,t S

Notice also that in the particular case that ¥ is a quadratic function of 6.5 /ox,
of the form $(95/0x) - M - (85/0x), (10.12) takes the more familiar form

— =L=—+M_—. (10.14)

The matrices L and M, operating on the functional derivatives of E and S,
produce the reversible and irreversible contributions to the evolution of «,
respectively. These matrices must satisfy some conditions: L must be an-
tisymmetric and verify Jacobi’s identity, and M must be symmetric and
positive-definite to ensure the positiveness of the dissipation rate. However,
the restrictions on L and M mentioned above are not sufficient to guarantee a
thermodynamically consistent description of the dynamics of the system, and
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two supplementary restrictions, called degeneracy conditions, are introduced,
namely

.58
L2 = 10.1
5 =0, (10.15)
. SF
M= =o. 10.1
5 =0 (10.16)

The first condition expresses that entropy cannot contribute to the reversible
nature of L and therefore is not modified by the reversible part of the dy-
namics; the second condition implies the conservation of total energy by the
dissipative contribution to the dynamics. Relations (10.12) or (10.14) repre-
sent the GENERIC extension of the Landau equation (10.9) and express the
universal structure of non-equilibrium thermodynamics, which is completely
specified by the knowledge of the four quantities E, S (or ¥), L, and M.

By analogy with classical mechanics where the Hamilton equations (10.1)
can be replaced by the Poisson brackets (10.5), it is equivalent to write (10.14)
in the form

A
%t — (A E}+ 4,8, (10.17)
where SA . SE
is a Poisson bracket with the antisymmetry property {A, E} = —{FE, A},
whereas

o4 ), 5S> (10.19)

is the so-called Landau symmetric bracket, i.e. [4,S] = [S, A] satisfying in
addition the positiveness property [S,S] > 0. In terms of the dissipation
potential ¥, the above bracket will be given the form

0A o >

[A,5] = <5m76(55/5m) (10.20)

which is a generalization of (10.19). In the foregoing, we will illustrate the
use of GENERIC with two examples: isothermal hydrodynamics and matter
diffusion in a binary moving mixture. Several applications to polymer solu-
tions have been worked out, but we refer to Ottinger and Grmela (1997) and
Ottinger (2005) for an overview of this topic.

10.2.1 Classical Navier—Stokes’ Hydrodynamics

Let us consider the motion of a compressible one-component viscous fluid
assumed to take place under isothermal conditions. The following four steps
govern the construction of the GENERIC formalism:
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Step 1. Selection of the state variables

Just like in other thermodynamic theories, the selection of state variables is
subordinated by the nature of the process under consideration and the degree
of accuracy that one wishes to achieve. For the present problem, the set @ of
variables is conveniently selected as:

x : p(mass density), u(momentum). (10.21)

In GENERIC, it is more convenient to work with the momentum rather than
with the velocity field v(= u/p). The pressure p is not included among the
variables because it will be expressed in terms of the independent fields by
means of a constitutive equation.

Step 2. Thermodynamic potential
Since the temperature T is fixed and uniform, the Helmholtz free energy is
the potential that will play the central role, it is expressed by

P(p,u) = /¢>(p7 u)dV = E(p,u) — T'S(p), (10.22)

with the total energy and the total entropy given by
E(pu) = [ [(w- w)(20) "+ <(p)aV, (10.23)
S(p) = / s(p)aV, (10.23h)

where ¢ and s denote, respectively, the internal energy and the entropy re-
ferred per unit volume; just like e, the entropy s cannot depend on the
momentum wu as it is a specific thermodynamic quantity. Here we use the
notation e instead of u to designate the internal energy, thus avoiding the
confusion with the momentum wu.

For further purpose, it is interesting to observe that ¢, = u,/p is the
velocity field; the notation ¢, standing for 0¢/0u, where 0/0u, is the
partial derivative with respect to the component u, of the momentum.

Step 3. Hamiltonian reversible dynamics

Our purpose is to specify the reversible contribution to the evolution equa-
tions of hydrodynamics. Let A = [adV denote a regular function of p and
u whose time evolution is given by

dA
i /(apﬁtp+ Ay, Ot )dV, (10.24)
where a, = 0a/0p and a,, = 0a/0u,.

Following the lines of thought of GENERIC, the time evolution of A can

be cast in the form dA
- = {A, &}, (10.25)
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where {A, @} is a Poisson bracket which, in the present problem, is defined as

{A7¢} = /{p[(aaap)¢ua - (aaqsp)aua} + u'y[(a(Jz(lm,)QbmY - (6a¢u7)aua]}dv

(10.26)
with J, denoting the spatial derivative with respect to the x, coordinate,
we have also used the summation convention on repeated indices. A system-
atic construction of the expression of the Poisson bracket (10.26) has been
developed on general arguments based on the group theory by Grmela and
Ottinger (1997) and Ottinger (2005). Substituting (10.24) and (10.26) in
(10.25), one obtains

[10,@10) +au, Guulav
_ / L0 (pdu )] — [0, () + POy + tnDaiy] }AV,  (10.27)

after that the right-hand side of (10.26) has been integrated by parts and
the boundary conditions have been selected to make all the integrals over the
boundary equal to zero.

By identification of the coefficients of a, and a,,, it is found that

Oip = =0y (pdu,), (10.28)
Opue, = =0y (UaPu,,) — pPOaDp — Uy OoPu., - (10.29)

To recover the Fuler equations of hydrodynamics, one has to identify the two
last terms of the right-hand side of (10.29) with the pressure gradient, i.e.

Oap = pOadp + UyO0aPu., - (10.30)
Moreover, from the chain differentiation rule, one obtains
9a® = ¢pOap + u, Oatiy,
which, coupled to (10.30) leads to
p=—0+pdy+ uyu, = —c+Ts+ pp. (10.31)

This is the well-known Euler equation of equilibrium thermodynamics after
that ¢, = p has been identified with the chemical potential. As shown earlier,
one has ¢, = v, so that (10.28) and (10.29) take the form

Oep = —0y(pvy), (10.32)
Oyl = —0y(pdary + uau’ypil)v (10.33)

which are the equations describing the behaviour of an Euler fluid in hydro-
dynamics.
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When the time evolution of the system is described by the Euler equations
(10.32) and (10.33), it is checked that

do
— =0, 10.34
g” (10.34)
which follows directly from (10.25) as a consequence of the antisymmetry
property of the Poisson bracket. It is also verified that the relations (10.32)
and (10.33) are invariant with respect to the time reversal ¢ — —t and this
justifies the denomination “reversible” or “non-dissipative”.

Step 4. Irreversible dynamics
In the presence of dissipation, the free energy @ will diminish in the course
of time

do
— <0 10.35
7 < (10.35)
and the general time evolution equation is
dA

where, referring to (10.20), the dissipative bracket is defined as

(A ) = 54/ 50, 00/56,,) = [ @, [(00/06.,) - 0, 06/0(0;6,,)] AV
(10.37)

with ¥ = [ dV the dissipation potential. Two remarks are in form about
the formulation of (10.36) and (10.37). First, when compared to (10.17), the
change of sign in front of the dissipative bracket is a consequence of the use
of the free energy @ instead of the entropy S as basic function; second, there
is no contribution of the mass density to (10.37) because p is a conserved
quantity.

To reproduce the classical Navier—Stokes’ relation, select v as given by the
quadratic form

1
Y= 1(8’y¢ua + aaﬁbu,y)n(afyébua + 6a¢u7) > 0, (1038)

wherein 7 is a phenomenological coefficient, the dynamic viscosity, which is a
positive quantity to guarantee the positive definite property of the dissipation
potential. It is directly checked that the integrant of (10.37) is

70’“08’)’ [n(aa(lsuv + a’yd)ua)] . (1039)

Following the same procedure as in Step 3, one obtains the next evolution
equations for p and u,:

O0ip = =0y (pdu.,), (10.40)
Optq = — 0y (Ua@u, ) — Oap — Oy Pary, (10.41)
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where the symmetric pressure tensor P, is expressed by

1 1
P, = —577((%%7 + 0y u,) = —577(8&117 + 0y 0q). (10.42)

The last term in (10.41) represents the irreversible contribution to the mo-
mentum equation as it is not invariant to the time reversal. From the iden-
tification of (10.42), it is seen that the dissipation potential (10.38) can be
cast in the form —PY : V| which is (2.68) for the viscous dissipation found
in the classical formulation of hydrodynamics. By incorporating in the rela-
tion (10.38) of the dissipation potential an extra term proportional to the
square of d,¢,., one would recover Stokes’ law between the bulk viscous
pressure and the divergence of the velocity. External forces, like gravity, can
also be incorporated by simply adding the corresponding potential, namely
— [ pg - dV to the total energy given by (10.23a).

The above results are important because they exhibit the GENERIC struc-
ture of the familiar Navier—Stokes’ equations. Indeed, accordingly to the gen-
eral rules of GENERIC, the evolution equations of hydrodynamics can be
formulated in terms of two potentials: the Helmholtz free energy and the
dissipation potential; moreover, there exists an acute separation between re-
versible and irreversible contributions. It is also important to mention some
properties of the solutions of (10.40) and (10.41): first, when the system is left
during a sufficiently long time outside the influence of external constraints, it
will tend to an equilibrium state characterized by ¢,, =0, ¢, = 0 for t — oo.
Second, if the potential ¢ is convex (@ > 0), and because d®/dt < 0, ¢ plays
the role of a Lyapounov function ensuring the stability of equilibrium.

It was stated in Sect.10.1 that an equivalent description of GENERIC
consists in expressing the evolution equations in terms of the two potentials
E and S and the operators L and M. However, this kind of approach re-
quires some expertise, technique and feeling, which is outside the scope of
the present introductory monograph and therefore we refer the reader to
specialized works (Grmela and Ottinger 1997; Ottinger and Grmela 1997,
Ottinger 2005).

In the present section, we have considered the flow of a one-component
fluid. In Sect. 10.2.2, we will examine the more general situation of the motion
of a binary mixture to exhibit the coupling between matter diffusion and
momentum transport.

10.2.2 Fickian Diffusion in Binary Mixtures

We consider an isotropic mixture of two Newtonian viscous fluids perfectly
miscible and chemically inert, the whole system is in motion in absence of
external forces and its temperature is assumed to be uniform. Let p; and po
be the mass densities of the two components and w; and wus their barycentric
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momenta, the average barycentric momentum is given by v = u; + us. The
presentation of Sect.10.2.1 will be traced back and first applied to Fickian
diffusion.

Step 1. State variables

The space of basic variables for the present problem is formed by the set
T : u,py,p2. However, for practical reasons, it is more convenient to work
with the following equivalent set

T:u,p,c, (10.43)
where p = p1 + po is the total mass density and ¢ = p1/p is the mass fraction
of one of the constituents, say component 1 (note that ¢ + ¢o = 1, with
c2 = p2/p).

Step 2. Thermodynamic potential
We will use the same Helmholtz potential as in Sect. 10.2.1, i.e.

D(p,c,u) = E(p,c,u) —TS(p,c) (10.44)

with E = [ [u-u/(2p) +e(p,c)]dV where ¢ is the total internal energy per
unit volume of the binary mixture. At this level of description, we have ne-
glected the contribution from the diffusion kinetic energy, which is justified
in diluted systems.

Step 3. Reversible dynamics
The reversible dynamics is written in the form dA/dt = {A, $} where the
Poisson bracket is now given by (Grmela et al. 1998):

{A@:/MW@MMmeMM+wWWM%Q
_(aaqsu’y)aua] - (aac)(ac¢ua - ¢caua)}dV. (1045)

This is the same relation as (10.26) to which we have added a third-term
expressing the contribution from the mass fraction c¢. The resulting evolution
equations are obtained as before, i.e. by writing explicitly dA/d¢ in terms of
the variables, by integrating (10.45) by parts and by identifying the coeffi-
cients of a,, ay,, and a., respectively. These operations lead to the following
reversible part of the evolution equations

Oup = —0,(p.), (10.46)
Opue = _a'y(uad)w,) — Oap, (10.47)
B = —(8,)b., (10.48)

where the thermostatic pressure is still given by p = —¢ + pd, + uy b, . It
is easily checked that the above equations are invariant with respect to time
reversal.
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Step 4. Irreversible dynamics

To recover Fick’s law of diffusion, it is necessary to introduce the dissipa-
tion potential. The latter is a generalization of the potential used in (10.38),
written here as ¢ (10.38), with a supplementary term,

b = (10.38) + %(&ygbc)D*(&,d)c). (10.49)

The contribution coming from diffusion is the last term at the right-hand side
of (10.49), D* is a positive phenomenological coefficient allowed to depend
on p and c. After that dissipation has been included, the evolution equations
(10.46)—(10.48) take the final form

Oep = —05(pvy), (10.50)
Ot = _87(uozv'y) — 0ap — 6’yPa'yv (10'51)
O = —v,0yc+ 04 (D*04¢.), (10.52)

wherein the two first relations are the classical continuity and momentum
equations whereas the last one is the diffusion equation; the irreversible con-
tributions are the last term in (10.51), with P, still given by (10.42), and the
last term of (10.52). Denoting by J,, the v component of the flux of matter,
it follows from (10.52) that

J, = —D*8,¢,. (10.53)

Assuming that ¢ is a quadratic function of ¢ with ¢. = Dyc, where Dy is a
phenomenological constant, one recovers Fick’s law

Jy = —pDoc, (10.54)

at the condition to define the coefficient of diffusion D as Dy D*/p; observe
that in contrast to D1, the factor D is not necessarily a constant.

One of the merits of GENERIC is to provide a systematic way to derive
the evolution equations whatever the nature and the number of basic vari-
ables. Of course, to obtain explicit relations, we need constitutive relations
for the potentials ¢ and v, which will be determined by the physico-chemical
properties of the system under study.

Although the above analysis gives an overall description of diffusion in
a two-constituent mixture, it cannot pretend to describe the behaviour of
each individual component; in particular, one has no information about the
time evolution of the particular velocities w; and ws. This would require the
introduction of u; and wus as independent variables, instead of the single
barycentric momentum w. Such a task will be achieved in Sect. 10.2.3.
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10.2.3 Non-Fickian Diffusion in Binary Mixtures

Our objective is twofold: to derive the evolution equations of the two indi-
vidual components, and to generalize the Fick’s law to non-steady situations.
For the sake of simplicity, we assume that the barycentric momentum w is
equal to zero; this assumption implies that the total variation of the total
mass density p is negligible in the course of time. In addition, we assume
that both fluids are non-viscous. A more general analysis, wherein the overall
velocity does not vanish and where viscosity is not neglected, can be found
in Grmela et al. (2003).

1. State variables
Here we make the one-to-one transformation

P1, P2, U1, U2 — P, C, U, W, (1055)

where as above p designates the total mass density, ¢ is the mass fraction
of component 1, u is the barycentric momentum while the vector w stands
for

w = p H(pauy — prus). (10.56)

As stated above, from now on, one supposes that u = 0 (no convection).
Once ¢, p, and w are determined, one obtains directly p1, p2, w1 and us
from the inverse transformation p; = ¢p, p2 = (1 — ¢)p, w1 = —u2 = w.

2. Thermodynamic potential
The latter is similar to (10.44) but the specific kinetic energy u2(2p1) ! +
u2(2p2) ! is now equal to the diffusion kinetic energy w?/2pc(1—c) instead
of the barycentric kinetic energy u?/2p, as in Sect. 10.2.2.

3. Hamiltonian reversible dynamics
The Hamiltonian setting is equivalent to that proposed in the previous
sections; inspired by (10.26) and (10.45), we will write

(4.0} = [ {pe(1 = )0ulac/ 9w, — 0a(6e/p)an,

*(1 - C)wfy[(aaaw,y)(bwa - (6a¢w«,)awa]
—w4[0a(Caw, ) Puw, — OalCPu,)aw,]} dV. (10.57)

It follows that the non-dissipative contribution to the evolution equations
will be

dp =0, (10.58)
dre =~ [pe(1 — o |/, (10.50)
Brre = —pe(l — €)a(0/p) + Dy (wads,)

=0y [(1 = wabw,] — (1 = )wy(OaPuw, ) + wy0a(chy,).  (10.60)

Expression (10.59) is the classical diffusion equation wherein the flux of
matter is given by J, = pc(l — ¢)¢, . Relation (10.60) represents the
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most original contribution of GENERIC formalism to this problem, as
it is a time evolution equation for the relative velocity w, which has no
counterpart in the classical theory of irreversible processes. More about its
physical content will be discussed below.

4. Dissipation
As viscous contributions are neglected, the dissipation potential is simply
given by

Y= 50w, ADu, (10.61)

where A is a phenomenological coefficient which is positive to guarantee
the positiveness of the dissipation potential. The complete set of evolution
equations is still given by (10.58)—(10.60) at the condition to complement
the evolution equation (10.60) for w, by the dissipative term —Ad,,, .

It is interesting to observe that by inserting this dissipative term in (10.60),
one obtains an equation of the Cattaneo type. By omitting in (10.60) the
non-linear contributions in the fluxes and making use of the result ¢, =
we /pc(l — ¢), one arrives at

Oywa + [A/pc(1 = ¢)]Jwa = —pc(1l = €)0a(dc/p), (10.62)
which is clearly of the form
TO W + we = —D*0a(de/p), (10.63)

where 7 = 2pc(1 — ¢)A™! corresponds to the relaxation time of the diffusive
momentum and D* = [pc(1 — ¢)]2A7! to a diffusion-like coefficient. Expres-
sion (10.63) is an example of non-Fickian law. Non-Fickian diffusion occurs for
instance when a solvent diffuses into a medium characterized by a timescale
which is the same or larger than the timescale on which the penetration
takes place. This situation arises when solvents penetrate into glassy poly-
mers. Another example in which diffusion exhibits non-classical features is the
mixture of *He-*He isotopes below the lambda point (Lhuillier et al. 2003;
Lebon et al. 2003).

If we assume that w, evolves much faster than the other state variables
(Oswq =0), then (10.63) reduces to the standard description of Fick’s dif-
fusion. Indeed, in virtue of the definition of the diffusion flux J, = pc(1 —
€)Pw, = Wa, (10.63) becomes simply

Jo = —D*0a(0¢/p), (10.64)

which is the classical Fick’s law.

10.3 Final Comments

In this section, GENERIC has been presented as a general formalism to de-
scribe systems driven out of equilibrium. The main feature of this theory is
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that it uses two generating potentials: the total energy for reversible dynamics
and entropy (or more generally the dissipation potential) for irreversible dy-
namics. The principal objective is to derive the relevant evolution equations
of the process under study. The main result of the study is that it offers a
structure which is applicable whatever the level of description, either macro-
scopic, mesoscopic, or microscopic. The basic ideas underlying GENERIC
have been discussed thanks to two simple examples: classical hydrodynamics
and diffusion of two perfectly miscible fluids.

It is instructive to recapitulate how we obtained the time evolution equa-
tions. First, one has to define the space of the state variables . This choice
depends on our goals and the nature of the system under investigation; it
is made on the basis of some intuition guided by our insight of the physics
of the problem. In classical hydrodynamics, the solution is unambiguous:
the state variables are the classical hydrodynamic fields, i.e. mass, momen-
tum, and energy or temperature. However, this classical approach fails when
dealing with complex fluids, like non-Newtonian or polymer solutions. Due
to the active role of the microscopic structure of the complex fluids in the
macroscopic time evolution, the choice of the state variables is not universal.
For example, to describe complex fluids, the hydrodynamic variables will be
complemented by structural variables, sometimes called internal variables as
in Chap.8. This is in opposition with the use of functionals as in rational
thermodynamics. We emphasize that the choice of state variables represents
always a first step to make and that this is always an assumption. It should
also be stressed that GENERIC does not offer any help in the selection of
the basic variables.

The next step is to formulate the corresponding set of evolution equations.
In classical hydrodynamics, they are the usual balance equations of mass,
momentum, and energy complemented by appropriate constitutive equations
allowing us to “close” the set of balance equations. In GENERIC, one makes
a clear distinction between the reversible and the irreversible contributions
to the kinematics of the field variables. The non-dissipative part is obtained
explicitly as a straightforward consequence of the dynamics expressed by
the Poisson brackets or equivalently by the skew-symmetric operator L. The
reversible part of the evolution equation is completely specified by the kine-
matics, which means that explicit relations are obtained for the evolution
equations including expressions for the scalar thermostatic pressure and even-
tually other extra reversible contributions like reversible stress tensors. After
the evolution equations have been derived, we have no freedom to use other
physical requirements to cancel, add or modify the governing evolution re-
lations. The only thing that we can change is the Poisson bracket, indeed
we cannot exclude the possibility that other Poisson brackets, different from
these used in the preceding sections, provide a better physical description of
the physical process.

How do we find the Poisson brackets? A first type of arguments consists
in proceeding by trials and errors and, guided by our physical intuition, by
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comparing the results as arising from the Poisson kinematics with results de-
rived from other approaches. A second more sophisticated method consists in
using the Lie group of transformations as addressed in Ottinger’s book (2005)
to which we refer for more details. The dissipative part of the evolution equa-
tions, as specified by bracket (10.20) is derived after an explicit expression for
the dissipation potential 1) has been determined, the latter being compelled
to obey the properties to be zero at equilibrium and to be a convex function
of the variables outside equilibrium. To establish a valuable expression for
the dissipation potential is, generally speaking, not an easy task as it should
involve material information related to non-equilibrium parameters as vis-
cosity, diffusion coefficient, thermal conductivity, hydrodynamic interaction
tensors, etc.

In short, the formulation of the evolution equations of GENERIC requires
the knowledge of the following entities: the Poisson bracket, the energy E
(or an equivalent thermodynamic potential as Helmholtz free energy), the
dissipation potential ¢, and entropy S. The three functions F, S and 9
contain the individual features of the medium under study while to be sure
that we are in presence of a true Poisson bracket, we have to check the
Jacobi’s identity {A,{B,C}} + {B,{C, A} + {C,{A, B}}; this represents a
heavy and tedious task but is of importance because it expresses that the
reversible dynamics has a Hamiltonian structure. In recent publications about
GENERIC, there is a tendency in favour of the use of the following building
blocks: the two generators E (energy) and S (entropy) and the two operators
L and M.

As shown in Sect.10.3, the splitting of the total pressure tensor as
pdap + Pap into a reversible part pdns and an extra viscous tensor Fp,gp
arises as a result of the GENERIC approach. This is not so in the con-
text of other formalisms as classical irreversible thermodynamics, extended
irreversible thermodynamics or rational thermodynamics, where this split-
ting is imposed a priori. Moreover, in most non-equilibrium thermodynamic
theories, it is the entropy production that is put into the focus; the part that
does not produce entropy, the so-called gyroscopic forces of the form w x x
where w is the angular velocity, or the convected parts of the generalized
time derivatives remain largely undetermined. It is a success of GENERIC to
incorporate naturally such gyroscopic effects thanks to the Poisson structure
of the evolution equations and to propose explicit relations for these non-
dissipative contributions. In that respect, it is worth noting that Jacobi’s
identity imposes that the convected derivatives fulfil the principle of material
frame-indifference; this exhibits the strong link between Jacobi’s identity and
frame-indifference and sheds a new lighting on this controversial principle (see
Sect. 9.5).

Note also that in GENERIC, even the well-known and well-tested balance
equations of mass, momentum, and energy are re-derived while such relations
are usually taken for granted in other thermodynamic theories. Moreover,
the governing equations in GENERIC are generally non-linear and this is the
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reason why they find a natural domain of application in rheology. Another
difference between GENERIC and some other thermodynamic approaches
is that in the latter, the Onsager reciprocal relations are only applied in
the linear regime; in GENERIC, this property is taken for granted even in
the non-linear domain as attested by the requirement that the symmetry of
operator M is to be universally satisfied.

It should also be realized that in GENERIC, it is generally understood
that the system under consideration is isolated from its environment as it is
assumed that the total energy is conserved dE/dt = 0 and the total entropy
is increasing with time dS/d¢ > 0. This means that the theory is not well
adapted for describing open and/or externally forced systems as for instance
Bénard’s convection in a fluid submitted to an external temperature gradient.
In the case of non-isolated systems, one should, as in classical thermodynam-
ics, introduce some kind of hypothetical reservoirs but such an operation
may be delicate and obscure the formalism (Grmela 2001). In a recent paper,
Ottinger (2006) suggests to split the Poisson and dissipative brackets into
bulk and boundary contributions.

Moreover, in presence of coupled heat and mass transport, the procedure
dictated by GENERIC is rather intricate and requires the introduction of
unusual state variables like some particular combinations of the entropy flux
and the mass flux (Grmela et al. 2003). Finally, similarly to other approaches,
GENERIC formalism remains silent about the physical meaning of some basic
quantities such as non-equilibrium temperature.

GENERIC has been the subject of several applications in statistical me-
chanics, molecular dynamics, quantum mechanics and macroscopic physics,
mainly in rheology (Ottinger 2005) where one of the most important prob-
lems is to derive constitutive equations consistent with the dynamics of the
basic variables. A number of new results produced by GENERIC should also
be mentioned, for instance the formulation of generalized reptation models
(Ottinger 1999a), of equations in relativistic hydrodynamics and cosmology
(Ilg and Ottinger 1999; Ottinger 1999b), new models for heat transfer in
nano-systems (Grmela et al. 2005). GENERIC may also be considered as
an extension of the bracket formulation as proposed by Beris and Edwards
(1994) and Beris (2003).

The essential merit of GENERIC is its unifying universality as it is applica-
ble whatever the level of description of the material system, either macro-
scopic, mesoscopic, or microscopic. It should also be realized that GENERIC,
as well as extended thermodynamics, internal variables theories or rational
thermodynamics, are not exclusive of each other: they complement harmo-
niously and offer, in most circumstances, results that are in agreement with
each other. Finally, yet importantly, it is expected that a better comprehen-
sion of all these theories will provide a step forward the formulation of a
desirable unified theory of irreversible processes.
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10.4 Problems

10.1. Poisson bracket. Show that the scalar product (9A/dz, LOB/dx) with

L= (01 1) is equivalent to the Poisson bracket {A, B}.

01

10.2. Jacobi’s identity. Verify that by taking L= (1 0

), the bracket (10.4)
satisfies Jacobi’s identity (10.8).

10.3. Degeneracy conditions. Prove that the results dE/dt = 0, dS/dt>0
may be considered as a direct consequence of the degeneracy conditions
LéS/ox =0and MOE/dx = 0.

10.4. Degeneracy conditions. Check that the operators L and M given by
(10.46) verify the degeneracy properties LdS/dx =0, M 6E/éx = 0.

10.5. Isothermal fluid. Show that in the case of a one-component isothermal
fluid characterized by the variables © = (p,uq), the functional derivatives
dE/dx and 05/dx are given by

OB (—u?/2p+ 0e/0p 08 (—p/T
S Ua/p TSz 0 ’

wherein p designates the chemical potential and 7" the uniform temperature.

10.6. Non-isothermal fluid. Derive the GENERIC building blocks F, S, L and
M for a one-component fluid in presence of temperature gradients (Ottinger
and Grmela 1997).

10.7. Matter diffusion. Establish the relevant equations of matter diffusion
in binary mixtures in the simplified case of non-viscous fluids and uniform
temperature.

10.8. Non-Fickian diffusion. Repeat the analysis of Sect.10.2.2 when it is
assumed that the barycentric velocity u does not vanish.

10.9. Thermodiffusion. Consider the more complex problem of coupling of
heat and mass transport (thermodiffusion) in a two-component system. De-
termine the evolution equations for the total mass density, the mass fraction,
the momentum, and the energy in the framework of the above Hamiltonian
formalism. Hint: See Grmela et al. (2003).

10.10. Ezxtended irreversible thermodynamics. Show that the evolution equa-
tions governing the behaviour of the dissipative fluxes of extended irreversible
thermodynamics possess a Hamiltonian structure (Grmela and Lebon 1990).



Chapter 11
Mesoscopic Thermodynamic Descriptions

Thermodynamics and Fluctuations

The previous chapters were essentially concerned with the average behaviour
of thermodynamic variables without reference to their fluctuations. The lat-
ter are not only a subject of intense study in statistical mechanics, but also
play a significant role in non-equilibrium thermodynamics, like near critical
points, non-equilibrium instabilities and, more generally, in processes taking
part at small time and space scales. They played an important role in the
original derivation of Onsager—Casimir’s reciprocal relations, and in modern
formulations of the fluctuation—dissipation relations expressing the transport
coefficients in terms of the correlation functions of the fluctuations of the
fluxes. Furthermore, when the fluctuations become important, they must be
included amongst the set of independent variables. The status of fluctua-
tions being intermediate between the macroscopic and the microscopic, it is
justified to refer to them as mesoscopic variables.

In the first part of this chapter is presented an introductory overview of the
theory of fluctuations. After recalling Einstein’s theory of fluctuations around
equilibrium, we derive Onsager—Casimir’s reciprocal relation, and discuss the
fluctuation—dissipation theorem, which is important in non-equilibrium sta-
tistical mechanics. Afterwards, we analyse two formalisms which have in-
fluenced the recent developments of irreversible thermodynamics, namely
Keizer’s theory, where a non-equilibrium entropy is defined in terms of the
second moments of fluctuations, and the so-called mesoscopic thermodynam-
ics, in which the distribution function of the fluctuations is itself the central
variable.

11.1 Einstein’s Formula: Second Moments
of Equilibrium Fluctuations

In 1902, Einstein proposed a relation between the probability of the fluctu-

ation of a thermodynamic variable with respect to its equilibrium value and
the entropy change in isolated systems. This was obtained by inverting the

279
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well-known Boltzmann-Planck’s formula
S =kgln W, (11.1)

where S is the total entropy of the system, W is the probability of the
macrostate, and kg is the Boltzmann constant. With Einstein, let us write

W =~ exp(AS/kp), (11.2)
where AS is the change of entropy associated to the fluctuations, namely
AS =8 — Seq. (11.3)

As an example, consider the fluctuations of energy in an isolated system
composed of two subsystems in thermal contact. In equilibrium, both of them
have the same temperature, and the total internal energy is distributed in
such a way that the total entropy is maximum. However, despite the total
internal energy remains constant, both subsystems may exhibit fluctuations
in their respective internal energies.
If the fluctuations are small, AS may be expanded around equilibrium, so
that
AS 7 (68)eq + 5(625)eq, (11.4)

05 and 625 being the first and the second differentials of the entropy. For
an isolated system, one has (65)eq = 0 and (62S5)eq < 0, because the total
entropy is maximum at equilibrium. Introduction of these results into (11.2)
yields the well-known Einstein’s formula for the probability of fluctuations,

2
W = exp (165) . (11.5)

Note that this relation is restricted to second-order developments and is only
applicable to isolated systems.

To extend (11.5) to non-isolated systems, Einstein suggested to express
the probability of fluctuations as

W = exp <— ki?Q) , (11.6)

where A, the availability, is a new quantity defined as
A=U —TpS + poV, (11.7)

in which Ty and pg are the temperature and pressure of the environment.
Thus, A is not an intrinsic property of the system alone but of the ensemble
formed by it and its surroundings. It can be shown that AA measures the
maximum amount of useful work which can be extracted from the system
during exchanges with the outside world. If the system and the surroundings
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are in thermal and mechanical equilibrium, T' = Ty and p = pg, the change

in A is given by
AA =AU —TAS + pAV = AG, (11.8)

where G is the Gibbs’ function, so that (11.6) takes the form
W = exp(—AG/kpT). (11.9)

Similarly, for a system at fixed V and T, AA = AF, with I’ the Helmholtz
free energy, and the probability of fluctuations becomes

W = exp(—AF/kgT). (11.10)
For small fluctuations, AA can be expanded as
1
AA =~ 5Aeq + 5(52«4)3(;1 +-,

where the first-order term is zero because at equilibrium G is minimum at
fixed T and p (or, respectively, F at fixed V and T). As a consequence,

15°G
~ ——— 11.11
W = exp ( 5 kBT) , ( a)
16%F
~ —— . 11.11
w exp( 2kBT) ( b)

These equations can still be expressed in terms of 625 because 62 F at constant
T and V (or §2G at fixed p and T') is proportional to §2S. Indeed, remember
that ' = U—T'S; when one studies the fluctuations of F' at constant 1" and V/,
U is the independent variable and S is a function of U so that §2F = —T'62S.
From (11.11a), one recovers (11.5), but with §2S computed at constant T
and V. Similarly, it is easy to see that 6°G = —T'62S when combined with
(11.11b), again leads to (11.5) but with 625 computed at constant 7" and p.
These observations indicate that (11.5) is applicable even outside isolated
systems, at the condition to specify explicitly which variables are kept fixed.

In an isolated system, information about the fluctuations around equi-
librium states implies the knowledge of §2S in terms of U and §V. The
second variation of S is directly obtained from the Gibbs’ equation §S =
T~16U + pT—16V which, introduced in (11.5) yields

W o exp { (T Yo (6U)? +2(T 1 )voUSV + (T~ 'p)v (6V)?] } ,

(11.12)
where subscripts U and V stand for partial differentiation with respect to
these variables.

Recall the mathematical result that for a Gaussian distribution function
of the form

2kp

W = exp(—%Eijéxiéxj), (1113)
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the second moments of the fluctuations are given by
<(§(E265E]> = (Eil)ij, (1114)

where dz; designates the fluctuation of z; and the brackets (...) denote the
average over the probability distribution (11.13). The second moments of the
fluctuations of U and V' may be obtained from (11.12) and (11.14) by taking
into account that the matrix corresponding to the second derivatives of the
entropy with respect to these variables is

L (T e (T7)
Euv =~ <(T1p)[; (Tlp)‘;> : (11.15)

By inverting the matrix and introducing the result in (11.14), it is left as an
exercise to prove that (see Problem 11.1)

(USU) = kpC,T? — 2kpT?pVa + kpTp*Vkr,
(6USV) = kgT*Va — kgTpVkr, (11.16)
<5V($V> = kBTVI{T,

where C), is the heat capacity at constant pressure; o is the coefficient of
thermal expansion, and k7 is the isothermal compressibility. Near critical
points, when some of the coefficients in (11.16) diverge, the second moments
of the fluctuations become very large and they have a clear macroscopic
influence on the behaviour of the system. The analysis of this behaviour has
been a main topic of research in statistical mechanics from the 1960s to 1980s
(e.g. Callen 1985; Landau and Lifshitz 1980; Reichl 1998).

There is a natural distinction in the fluctuation theory between statics
and dynamics. The former is related to properties occurring at equal times,
as discussed in the present section, the latter is concerned with their evo-
lution during finite time intervals. This aspect is discussed in the next sec-
tions in relation with the derivation of Onsager—Casimir’s relations and the
dissipation—fluctuation theorem.

11.2 Derivation of the Onsager—Casimir’s Reciprocal
Relations

The analysis of the evolution of fluctuations in the course of time led On-
sager to establish his famous reciprocal relations, which were introduced as
a phenomenological postulate in Chap. 2, and whose microscopic derivation
is outlined here.

Assume that the entropy of an isolated system is a function of several
variables Aj,..., A, and denote by ag the fluctuations from their average
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equilibrium value (Ag), i.e. ag = Az — (Ag). For small fluctuations around
equilibrium, the entropy may be written as

1
S = Seq — 56‘570(@047, (11.17)

with
Gy — <325) (G = Goyp) (11.18)
By aAﬁaA’y e ’ By vB): .

Summation with respect to repeated subindices is understood. It follows from
Einstein’s relation (11.5) that the second moments of the fluctuations are
given by

(apay) = kp(G™) s, (11.19)

In his original demonstration, Onsager assumed that the decay of spon-
taneous fluctuations of the system obeys the same phenomenological laws
that describe the evolution of the perturbations produced by external causes.
Furthermore, he supposed that these laws are linear, so that the evolution of
ag is governed by

dog 50 (11.20)
ar By Py :
with Mg, a matrix independent of ..

Moreover, Onsager defines the thermodynamic fluxes Jg as the time deriv-
atives of the fluctuations ag and the thermodynamic forces Xz as the deriv-
atives of the entropy with respect to ag, i.e.

_ dog

Jp = (11.21a)
0AS

With these definitions of Jz and Xg, the time derivative of the entropy is
bilinear in the fluxes and the forces

ds da,@

T _Gﬁvavﬁ

T = Js X5, (11.22)

while the evolution equations (11.20) can be cast in the form of linear relations
between fluxes and forces:

Jp=Lp, X . (11.23)

Indeed, it suffices to introduce the definitions (11.21) into (11.23) to obtain
d

% = Ly Gty (11.24)

Comparison with (11.20) leads to the identification

L=M-G . (11.25)
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In a steady state, which by definition is invariant with respect to a translation
in time, one has for any couple of variables ag and a,

(ag(0)ay (1)) = (ap(0+ 7)oy (t + 7)). (11.26)

Since this equality is valid for any values of ¢ and 7; it is in particular true
for 7 = —t, from which

(ap(0)ary (1)) = (ap(=t)ay(0)). (11.27)

Assume that the variable Ag has a well-defined time-reversal parity under
the transformations ¢ — —t, by definition, even variables will transform as
ag(—t) = ag(t), while odd variables will behave as ag(t) = —ag(—t). Mass
and energy are examples of even variables, and momentum and heat flux are
odd variables. This allows us to write (11.27) in whole generality as

(p(0)ay (1)) = ege4 {p(t) 4 (0)), (11.28)

where g = +1 or —1 according the variable is even or odd. Note that (11.28)
implies that equal-time correlations between even and odd variables vanish
in equilibrium. Relation (11.28) expresses the microscopic reversibility of the
system and is of fundamental importance in deriving the Onsager—Casimir’s
relations.

Moreover, direct integration of the evolution equation (11.20) yields

ag(t) = exp[—Mt] 3, (0). (11.29)

For small values of ¢, one may expand (11.29) in Taylor’s series, by keeping
only first-order terms in ¢, and (11.28) takes then the form

(@3(0) (8 — Mo )atn(0)) = 252 (B — Mgt)ary (0)a (0)),  (11.30)
from which
Mo (5(0)a (0)) = 252, Mgy (o (0)a, (0)). (11.31)

since 0, = 1 if v =1, 0., = 0 otherwise. Expressing the second moments in
terms of the matrix G of the second derivatives of the entropy, (11.31) can
be written as

Moy (G 1)y = eper Mpy (G ™)y (11.32)

From relation (11.25) between L and M, and the property that G is a sym-
metric matrix by construction, it follows that

L’YB = EBE,\/LﬁA{, (11.33)
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which are the well-known Onsager—Casimir’s reciprocal relations. Historically,
Onsager derived the reciprocity relations in 1931, but only in the case of even
variables. The extension to odd variables was achieved in 1945 by Casimir.

The above analysis exhibits clearly the main assumptions underlying the
derivation of the Onsager—Casimir’s relations, namely linear evolution equa-
tions and the hypothesis that the behaviour of fluctuations is described on the
average by relations mimicking the macroscopic transport laws. In Chap. 2
these relations were presented as a macroscopic postulate, whereas here it
follows from dynamical equations and statistical considerations.

In presence of a magnetic field H, the operation of time reversal will only
change the internal magnetic field arising from the motion of the particles,
which is automatically reversed under time reversal. However, because of
the Lorentz force, which is proportional to the vector product v x H of the
velocities and the magnetic induction, the external magnetic field H must
be inverted in order that Lorentz’s force remains unchanged; this guarantees
that the reversal motion follows the same path as the direct one. The same
comment applies when the system rotates as a whole with angular velocity
w; the sign of the angular velocity must be changed because the Coriolis
force is proportional to the vector product w x v of the velocities of the
particles and the angular velocity of the system. Therefore, in presence of
an external magnetic induction H and angular rotation w, the Onsager—
Casimir’s relations read as

LW(’H,w) = e’:‘gt’:‘»ngfy(—H, —w). (11.34)

The importance and the limitations of the Onsager—Casimir’s relations have
been underlined in Chap. 2. Here, the role of the time-reversal parity of the
several variables becomes clear, as well as the reason why H and w must be
inverted to keep the validity of the reciprocal relations.

11.3 Fluctuation—Dissipation Theorem

In his paper on Brownian motion published in 1905, Einstein established that
molecular collisions between the fluid and the Brownian particles are the
source of friction or dissipation and moreover responsible for the occurrence
of fluctuations in the position of the particles. Einstein’s idea was further
explored by many authors, and was the basis for the derivation of the so-called
fluctuation—dissipation theorem, expressing that fluctuations and dissipative
coefficients are related to each other. Langevin’s stochastic analysis of the
motion of a Brownian particle, and Nyquist study of the fluctuations of the
electric current in a conductor contributed further to a better understanding
of the relation between fluctuations and dissipation. Since the 1950s, these
analyses were set on a more general basis by Callen and Welton (1951),
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Callen and Greene (1952), and Tisza and Manning (1957). It is not here our
purpose to enter into the details of their derivations, but rather to underline
the general ideas, because of their importance in statistical thermodynamics.

One of the main objectives of non-equilibrium statistical mechanics is to
provide, at the microscopic level, an expression for the memory function
relating a flux J (¢), at time ¢, to its conjugate force X (¢'), at previous times
t' <t

J(t) = /_0 K(t—t)- X (t")dt'; (11.35)

K(t —t) is the so-called memory function or memory kernel. As an example,
consider the Maxwell-Cattaneo evolution equation written formally as,

oJ

—=—(J-L-X 11.36
o= ) (11.36)
with L the corresponding transport coefficient. Integration of (11.36) yields,
for a zero initial flux at time ¢’ = —oo,
oL
J(t) = / L epl=(t—#)/7]- X(t)at" (11.37)
o T

By comparing (11.37) and (11.35), one may identify the memory function as

K(t—t)= %exp (—t_t/), (11.38)

T

indicating that in the linearized version of extended irreversible thermo-
dynamics (EIT), the memory function decays exponentially. More general
versions of transport theory can be found in modern statistical mechanics,
based on N-particle distribution functions instead of the more restrictive
one-particle distribution function, and on the Liouville equation for the de-
scription of its evolution.

The most significant feature of the fluctuation—dissipation theorem is that
the memory kernel is related to the correlation function of the fluctuations
of the corresponding fluxes through (McQuarrie 1976; Reichl 1998)

b

K(t—t)= T

(86T (t)), (11.39)

angular brackets stand for the average over an equilibrium distribution
function.

As particular examples of (11.39), the memory functions generalizing the
thermal conductivity and shear viscosity are written as
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Aij(t —=t') = %qu(t)éqj(t’)% (11.40)
migw(t— ') = ,{BlTng(t)&P,:l(t’)y (11.41)

The knowledge of the quantities inside the brackets of (11.40) and (11.41)
in microscopic terms opens the way to the determination of the memory
functions in the most general situations, from dilute ideal gases to dense
fluids.

In terms of the memory functions (11.40) and (11.41), the Fourier’s and
Newton—Stokes’ equations are generalized in the form

0 /
qi(t) = _/ Aiji(t — t’)aT(t )dt’, (11.42a)
— 0 ij
0
P(t) = f/ Nijrl(t — ) Vi (£)dt". (11.42b)

When the relaxation times of the fluctuations of the fluxes are very short, in
such a way that the memory functions are negligible except for very small
values of ¢ — ¢/, the bounds of the integrals may be extended to infinity and
the thermodynamic forces may be taken out of the integral with the value
corresponding to ¢ = ¢’. Doing so, one recovers from (11.40) and (11.41), the
Green—Kubo’s formula relating the dissipative coefficients of heat conductiv-
ity and shear viscosity to the fluctuations of the heat flux and the momentum
flux, respectively:

Nij = (kgT?)™! /OOO (6g:(0)dg;(t))dt, (11.43a)

ikt = (ksT) ™" /0 h (8P (0)SPY (1)) dt. (11.43b)

The Green—Kubo’s relations are useful for calculating the dissipative trans-
port coefficients from first principles, independently of the density of the sys-
tem, in contrast with the classical calculations starting from the Boltzmann
equation, whose validity is limited to a low-density range (Reichl 1998).

Despite their elegance and generality, the simplicity of the above results
is misleading because of the complexity of the microscopic Liouville oper-
ator describing the evolution of the fluctuations of the fluxes. This is why
some approximations must be introduced, usually in the form of mathemat-
ical models for the memory functions, as a prerequisite for solving practical
problems. Therefore, formalisms such as EIT may be of valuable assistance
to model the evolution of the fluctuations of the fluxes.
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11.4 Keizer’s Theory: Fluctuations in Non-Equilibrium
Steady States

11.4.1 Dynamics of Fluctuations

Keizer (1978, 1983, 1987) proposed to regard the fluctuations as the founda-
tions for a definition of entropy outside equilibrium. More recently (Reguera
2000, Rubi 2004), attempts have been made to upgrade the fluctuations to the
status of independent variables besides their usual average values. This topic
will be analysed in the next section.

Keizer combines the molecular picture of Boltzmann and the stochastic
picture of Onsager, and lays the foundations of a statistical thermodynam-
ics of equilibrium and non-equilibrium steady states. Steady states are, like
equilibrium states, time-independent but they involve constant inputs and
outputs per unit time, i.e. they require more parameters, like the fluxes, to
specify the state.

Consider a large molecular system undergoing a series of elementary
processes characterized by a set of extensive variables z(= U(energy),
V,N...N (volume), Ny,...,N,, with N; the number of particles of com-
ponent ). According to the Boltzmann—Planck’s postulate, the probability
of a fluctuation dx around local equilibrium is given by

W (6x) ~ exp(AS/kp) = {(2m) ™" det[(—Seq/kB)|} /% exp(02 Seq /2kB),
(11.44)

with
(Seq)ij = (825/8$i8$]’)eq, 625eq = (825/8.%1'833]')6(1(5%‘1‘51‘]', (1145)

after performing a Taylor expansion around equilibrium and using the max-
imum entropy principle. Like in Sect.11.1, dx stands for the fluctuations of
the variables with respect to their equilibrium values (namely dz(r,t) =
(7, t) — Teq = (0U,0V,0N1,...,0N,). From now on, we shall omit for sim-
plicity to write the time and position dependence of the variables.

A main feature of Keizer’s theory is that the elementary molecular
processes can be described by “canonical” kinetic evolution equations of the
form

dl’i + —

= zk:w,m«(vk — V7)) + Ji(m,t) = Ri(=, t). (11.46)
The first term in the right-hand side represents the dissipative part of the
evolution and .J; the non-dissipative part, R; is a compact notation to express
the sum of both terms. The quantity wy; stands for wg; = a:',:z — x;,;, with
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the 4+ or — upper indices denoting the forward or backward variation of the
values of the extensive variable ¢ in the elementary process k, finally Vki is
given by

1
Vki = Qki exp T Zwé (gj;) , (11.47)
J

with .Q,:f the intrinsic forward and backward rates of the elementary k process.
It was shown by Keizer that the Fourier’s, Fick’s, and Newton—Stokes’ trans-
port laws as well as the chemical mass action law or the Boltzmann collision
operator may be written in the canonical form (11.46).

It follows from (11.46) that the dynamics of fluctuations around a steady
state may be described by

d(S.Z‘Z' o ( 6Rl

dt axj) dxj + fi = Hij(2™)0z; + fi, (11.48)

where superscript ss stands for steady state, and f; for a stochastic noise. By
definition, one has (f;) = 0 and

(fi@) f;(t) = Zwki (ViH (@) + Vi (2%)] wi6(t — ') = 735 (2*)6(t — t).
' (11.49)

It follows from these results that the probability of fluctuations in a non-
equilibrium steady state may be written in the Gaussian form

1
W(0z) = [(2r)" ™+ det 6] exp —§5azT ooz, (11.50)

with 6 the covariance matrix,
G = (dzdx)>, (11.51)
given by the generalized fluctuation—dissipation expression
H(z%) -6 +0o-H' (%) = —y(z*). (11.52)

Since the matrices H and v are known from (11.48) and (11.49), the non-
equilibrium covariance matrix (11.51) may directly be obtained from (11.52).

11.4.2 A Non-Equilibrium Entropy

An important pillar of Keizer’s theory is the definition of a non-equilibrium
entropy function Sk by interpreting (11.50) in an analogous way to (11.44),
namely as

= —kB(Gil)ij. (1153)
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This is a differential equation for Sk, which may be solved provided that
00,;/0xi, = Doy, /0x;, a condition that was explicitly studied by Keizer. At
equilibrium, 6 reduces to the equilibrium covariance matrix and Sk becomes
identical to the equilibrium entropy. The physics underlying the above defi-
nition is that the entropy Sk is related to the fluctuations in the extensive
variables in a way analogous to Boltzmann—Planck’s formula (11.1).

When expressed in terms of Sk, the statistical distribution (11.53) is of
the form W = exp(02Sk /2kp) with

(525[( == Z (GQSK/&ci@mj)ss(a:i — xfg)(xz — Ijs) (11.54)
ij
Since stability requirements impose that 6 must be a positive definite matrix,
it follows from (11.53) that in stable steady states §2Sk < 0. Moreover, it was
shown by Keizer that the second variation of Sk is a Lyapounov function,
from which

d
528k <0, &52&( > 0. (11.55)

Since non-equilibrium states can only be sustained by the presence of fluxes
(of energy, mass, etc.) between the system and reservoirs (of energy, mass,
etc.), it is assumed by Keizer that Sk will depend not only on the intensive
variables & but also on the fluxes f and, in addition, some intensive variables
I' characterizing the reservoirs, so that

SK = SK(m,f,F) (1156)

In analogy with classical thermodynamics, Keizer defines intensive vari-
ables conjugate to the extensive variables x; by

0Sk
8mi '

o; = (11.57)
In particular, the intensive variables conjugate to the energy, volume and
number of moles are related to generalized temperature T', pressure p, and
chemical potentials pu;, in such a way that the generalized Gibbs’ equation
for Sk will read as

dSk =T7'dU +pT~*dV = > T~ dN; + Z 05k dfj + Z %dn
(11.58)

Note that (11.58) contains a contribution in the fluxes, which is analogous
to EIT — the latter lacking the last term, related to the properties of the
reservoirs.

Expanding Sk (z; f, I') around equilibrium results in

Sx(m; f, I) = z:ﬁvz z; f, T), (11.59)
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where v; is the “force” conjugated to f;. As a consequence, any intensive
variable, like for instance the temperature 7" conjugated to the internal energy
U through 1/T = 0S5k /0U, will be given by

_ Zfz v, (11.60)

T Ty

This result shares some features with EIT, as it exhibits the property that
the temperature is not equal to the (local) equilibrium temperature Teq, but
contains additional terms depending on the fluxes (see Box 7.3).

An alternative expression of the generalized entropy, more explicit in the
fluctuations and based on (11.53), is

Sk(z;f,T) = 7153 Z:v 207! = oo )i (11.61)

where xg = U corresponds to the internal energy. It is directly inferred from
(11.61) that the temperature can be cast in the form

T - szx — Oioq)- (11.62)
e

This result is important as it points out that non-equilibrium temperature
(the same reasoning remains valid for the pressure or the chemical potential)
is not identical to the local equilibrium one but is related to it through the
difference of the non-equilibrium and equilibrium correlation function of the
fluctuations.

A spontaneous variation of the extensive variables x; will lead to a rate of
change of entropy given by

dSK Z &; dxl. (11.63)

Using the property that for small deviations with respect to the steady state

SS 823 > SS
bi — ¢ = Z T, (z; —2%), (11.64)
J

(11.54) can be written as

%Sk =Y (s — ) (s — ") (11.65)

7

and, after differentiation with respect to time,

d 2 ss
0%k = 22 — &%) dt > 0. (11.66)
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Rearranging (11.66), one obtains

dx; Ldx;
S 2 e (11.67)

%

The left-hand side of inequality (11.67) refers to the instantaneous values
of the intensive variables whereas the right-hand side involves their average
values in the steady state, but in virtue of (11.63), the left-hand side is also
the rate of change of entropy so that finally,

dSk dz;
> E 55 11.
dt — - P dt’ (11.68)

which was called by Keizer a generalized Clausius inequality because it gen-
eralizes Clausius inequality TrdS/dt > d@/dt established for a system in
equilibrium with a reservoir at temperature Tg.

Keizer’s theory has been the subject of numerous applications as ion
transport through biological membranes, isomerization reactions, fluctuations
caused by electro-chemical reactions, light scattering under thermal gradients,
laser heated dimerization, etc. (Keizer 1987).

11.5 Mesoscopic Non-Equilibrium Thermodynamics

At short time and small length scales, the molecular nature of the systems
cannot be ignored. Classical irreversible thermodynamics(CIT) is no longer
satisfactory; indeed, molecular degrees of freedom that have not yet relaxed
to their equilibrium value will influence the global dynamics of the system,
and must be incorporated into the description, as done for example in ex-
tended thermodynamics or in internal variables theories. Unlike these ap-
proaches, which use as variables the average values of these quantities and
in contrast also with Keizer’s theory that adds, as additional variables, the
non-equilibrium part of the second moments of their fluctuations, mesoscopic
non-equilibrium thermodynamics describes the system through a probability
distribution function P(x,t), where @ represents the set of all relevant de-
grees of freedom remaining active at the time and space scales of interest
(Reguera 2004; Rubi 2004).

The main idea underlying mesoscopic non-equilibrium thermodynamics is
to use the methods of CIT to obtain the evolution equation for P(x,t). The
selected variables do not refer to the microscopic properties of the molecules,
as for instance in the kinetic theory, but are obtained from an averaging pro-
cedure, as in macroscopic formulations. It is in this sense that the theory
is mesoscopic, i.e. intermediate between macroscopic and microscopic de-
scriptions. It shares some characteristics with extended thermodynamics or
internal variables theories, like an enlarged choice of variables and statistical
theories like the statistical concept of distribution function.
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11.5.1 Brownian Motion with Inertia

As illustration, we will consider the role of inertial effects in the problem
of diffusion of N non-interacting Brownian particles of mass m immersed
in a fluid of volume V. Inertial effects are relevant when changes in spatial
density occur at timescales comparable to the time required by the velocity
distribution of particles to relax to its equilibrium Maxwellian value. At short
timescales, the particles do not have time to reach the equilibrium velocity
distribution, therefore the local equilibrium hypothesis cannot remain valid
and fluctuations become relevant. They are modelled by introducing as extra
variables the probability density P(r,v,t) to find the system with position
between r and r + dr and velocity between v and v + dv at time t. The
problem to be solved is to obtain the evolution equation of P(r,v,t).

The connection between entropy and probability of a state is given by the
Gibbs’ entropy postulate (e.g. de Groot and Mazur 1962), namely

S = Seq — k—B/P('r',v,t)lnwdrdv7 (11.69)
m P.y(r,v)

where s is the entropy per unit mass and Pey(r, v) the equilibrium distribu-
tion. By analogy with CIT, we formulate a Gibbs’ equation of the form

Tds = —/u('r’,v,t)dP(mv,t)drdv, (11.70)

where T is the temperature of a heat reservoir and p the chemical potential
per unit mass, which can be given the general form

kgT . P(r,v,t)
t) = le 1
M('f‘,’U, ) H q + m n Peq(’l",’l))

+ K(r,v), (11.71)

wherein K (r,v) is an extra potential which does not depend on P(7,v,t).
Since no confusion is possible between chemical potentials measured per unit
mass or per mole, we have omitted the horizontal bar surmounting “x”. For
an ideal system of non-interacting particles in absence of external fields, sta-
tistical mechanics considerations suggest to identify K (r,v) with the kinetic
energy per unit mass

1
K(r,v) = 51;2. (11.72)

The evolution equation for the distribution function will be given by the
continuity equation in the position and velocity space, namely

or _ aJ, 0J,
ot or ov’
where J, and J, are the probability fluxes in the r, v space. The diffusion

flux of particles in the physical r coordinate space is directly obtained by
integration over the velocity space

(11.73)
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Jp(r.t) = /’UP(T‘,’U,t)d'U. (11.74)

The fluxes J, and J, in (11.73) are not known a priori, and will be derived
by following the methodology of non-equilibrium thermodynamic methods,
i.e. by imposing the restrictions placed by the second law. By differentiating
(11.70) with respect to time and using (11.73), it is found that the rate of
entropy production can be written as

ds ou o
Ta _/(_JT.(‘QT_J".&U>drd’U’ (1175)

after performing partial integrations and supposing that the fluxes vanish
at the boundaries. As in classical irreversible thermodynamics, one assumes
linear relations between the fluxes J and the forces, so that

ou ou
r=—Lpp7— — Lrviv 11.
d or ov (11.76)
ou ou
v = _Lvri - vaia 11.
d or ov (11.77)

where L;; are phenomenological coeflicients, to be interpreted later on. To
ensure the positiveness of the entropy production (11.75), the matrix of these
coefficients must be positive definite. Furthermore, if we take for granted the
Onsager—Casimir’s reciprocity relations, one has L, = —L,,., with the minus
sign because r and v have opposite time-reversal parity.

To identify the phenomenological coefficients, substitute (11.71) in (11.76)
and impose the condition that the particle diffusion flux in the r-space should
be recovered from the flux in the 7, v space, namely

J(r,t) = /'UP(r,'v,t)d'v :/Jr(r,v,t)dv

T19P T19P
—/( kel 10 i 8+Lmv>dv. (11.78)

T Por T T Pow

Since P(r, v,t) is arbitrary, (11.78) may only be identically satisfied if L., =0,
L., = —P, and the only left undetermined coefficient is L.,,. If it is taken as
L,, = P/1, where 7 is a velocity relaxation time related to the inertia of the
particles, (11.76) and (11.77) become, respectively,

J, = (v + Da) P, (11.79)
T v

J, (11.80)

I
|
VRS
allle)
$le
+
RS
_|_
rSls!
QJ‘QJ
N————

where D = (kgT'/m)7 is identified as the diffusion coefficient. When these
expressions are introduced into the continuity equation (11.73), it is found
that
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opP 0 0 v DO
EZ_E.(vP)_F%. (T+T2(%> P. (11.81)

This is the well-known Fokker—Planck’s equation for non-interacting Brownian
particles in presence of inertia and it is worth to stress that this equation has
been derived only by thermodynamic methods, without explicit reference to
statistical mechanics. Equilibrium situations corresponds to the vanishing of
the fluxes, i.e. J, = 0,J, = 0 and a Gaussian probability distribution. In
CIT, it is assumed that the probability distribution is the same as in equi-
librium, i.e. Gaussian, centred at a non-zero average, and with its variance
related to temperature in the same way as in equilibrium. Moreover, diffu-
sion in the coordinate r-space is much slower than in the velocity v-space,
so that it is justified to put J, = 0. From (11.80), it is then seen that
(v+ (D/7)0/0v)P = —DJP/Ir which, substituted in (11.79), yields Fick’s
law

op
or’
Far from equilibrium, neither the space nor the velocity distributions corre-
spond to equilibrium and one has J, # 0,J, # 0. In this case, the velocity
distribution may be very different from a Gaussian form, and it is not clear
how to define temperature (see, however, Box 11.1 where an attempt to define
a non-equilibrium temperature is presented).

J,=-D (11.82)

Box 11.1 Non-Equilibrium Temperature

In the present formalism, it is not evident how to define a temperature
outside equilibrium. To circumvent the problem, a so-called effective tem-
perature has been introduced. It is defined as the temperature at which
the system is in equilibrium, i.e. the one corresponding to the probability
distribution at which the rate of entropy production vanishes. Substituting
(11.79) and (11.80) in (11.75), it is easily proven that the entropy produc-
tion can be written as

ds P 9 ’
X 7/T77' ('qukBTav lnP> drdw, (11.1.1)

from that the effective temperature will be given by

=2 P (11.1.2)

This expression can be rewritten in a form recalling that of the equilibrium
temperature, i.e.
1 _ OSeft
Teff N de ’
at the condition to define an “effective” entropy by seg = —kpIn P and an
energy density by e = (1/2)v?. Other definitions of effective temperature are

(11.1.3)
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possible. Indeed, by taking e = (1/2)(v — (v))?, where (v?) is the average
value of v2, the temperature would be the local equilibrium one, but this
would not correspond to a zero entropy production. Moreover, as mentioned
by Vilar and Rubi (2001), the effective temperature is generally a function of
T, v,t; this means that, at a given position in space, there is no temperature
at which the system can be at equilibrium, because T (7, v,t) # T(r,t). If
it is wished to define a temperature at a position x, it would depend on the
way the additional degrees of freedom are eliminated.

One more remark is in form. It is rather natural to expect that the
mesoscopic theory discussed so far will cope with evolution equations of the
Maxwell-Cattaneo type, as the latter involve characteristic times compara-
ble to the relaxation time for the decay of the velocity distributions towards
its equilibrium value. Indeed by multiplying the Fokker—Planck’s equation
(11.81) by v and integrating over v, one obtains

Ta—J =—J — DVn, (11.83)
ot

where J is the diffusion flux in space, given by (11.64), n(r,t) = [ P(r,v,t)dv
the particle number density, and D = (v?)7 = (kgT/m) . This indicates
that mesoscopic non-equilibrium thermodynamics is well suited to describe
processes governed by relaxation equations of the Maxwell-Cattaneo type,
just like EIT. But now, it is the probability distribution function which is
elevated to the status of variable as basic variable rather than the average
value of the diffusion flux. It should be added that working in the frame of
EIT allows also obtaining the second moments of the fluctuations of J by
combining the expression of extended entropy with Einstein’s relation (11.5).
The above considerations could leave to picture that mesoscopic thermody-
namics is more general than EIT, however, when the second moments of
fluctuations are taken as variables, besides their average value, EIT provides
an interesting alternative more easier to deal with in practical situations.

11.5.2 Other Applications

The above results are directly generalized when more degrees of freedom
than » and v are present. The probability density will then be a function
of the whole set of degrees of freedom, denoted z, so that P = P(x,t). The
analysis performed so far can be repeated by replacing in all the mathematical
expressions the couple 7, v by @. In particular, the continuity equation will
take the form

or  oJ

5 = "5 (11.84)
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where J is given by the constitutive relation

L Oou
J=—=—. 11.85
T Ox ( )
After substitution of (11.85) in (11.84) and use of (11.71) for the chemical

potential, one obtains the kinetic equation

00 (00, D0y 1)
ot ox ox  kpT Ox

which is a generalization of the Fokker—Planck’s equation (11.81), where now
& is not the kinetic energy as in (11.72) but it includes the potential energy
related to the internal degrees of freedom.

Extension to non-linear situations, as in chemical reactions, does not raise
much difficulty. If chemical processes are occurring at short timescales, they
will generally take place from an initial to a final state through intermediate
molecular configurations. Let the variable x characterize these intermediate
states. The chemical potential is still given by (11.71) in which K is, for
instance, a bistable potential whose wells correspond to the initial and fi-
nal states while the maximum represents the intermediate barrier. Such a
description is applicable to several problems as active processes, transport
through membranes, thermionic emission, adsorption, nucleation processes
(Reguera et al. 2005). Let us show, in particular, that mesoscopic thermody-
namics leads to a kinetic equation where the reaction rate satisfies the mass
action law. The linear constitutive law (11.85) is generalized in the form

J=—kpL—— 11.87
B 0w ( )
where z = exp(p/kpT) is the fugacity; an equivalent expression is

0z
J=—-D— 11.88
> (11.88)
where D = kgL/z represents the diffusion coefficient. Assuming D constant
and integrating (11.88) from the initial state 1 to the final state 2 yields

2
J= / Jdx =—D(z9 — z1) = —D (exp M2 exp 'ul) , (11.89)
1 B ksT

where J is the integrated rate. Expression (11.89) can alternatively be cast
in the more familiar form of a kinetic law

J = K[l — exp(—A/ksT)], (11.90)

where K stands for Dexp(uy/kgT) and A = ps — pq is the affinity of the
reaction. When p;/kpT < 1, one recovers from (11.90), the classical linear
phenomenological law of CIT (see Chap.4)
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- D
J = kBTA' (11.91)
Up to now, the theory has been applied to homogeneous systems char-
acterized by the absence of gradients of thermal and mechanical quantities.
The constraint of uniform temperature is now relaxed and the question is
how to incorporate thermal gradients in the formalism. For the problem of
Brownian motion, this is achieved by writing the Gibbs’ equation as follows:

1 1
ds = Tdu —7 /udem dv, (11.92)

where v is the energy density. The corresponding constitutive equations are
now given by (Reguera et al. 2005)

0 P
=—L T/T? — | knLpy—In —d 11.
Jq TTV / / BLTo O n Pleq v, ( 93)
J,=—L VT/T’L/k Lo n L (11.94)
v — vT B Lov 8'0 Pleq ) .

where J, is the heat flux, J, the probability current, and Peq the local equi-
librium distribution function; L;; are phenomenological coefficients forming
a positive definite matrix and obeying the Onsager relation Ly, = —L,7.
Equations (11.93) and (11.94) exhibit clearly the coupling between the two
irreversible processes occurring in the system: diffusion probability and heat
conduction. The corresponding evolution equation of the probability density
is now

oP

orP oP v 0
ot

0
:—v-vp+ﬁav-(m+kBTav + 7, (PVD).  (11.95)

where ( is the friction coefficient of the particles and ~ a coefficient related
to LvT~

To summarize, mesoscopic non-equilibrium thermodynamics has shown
its applicability in a wide variety of situations where local equilibrium is
never reached, as for instance relaxation of polymers or glasses, dynamics of
colloids or flows of granular media. Such systems are characterized by internal
variables exhibiting short length scales and slow relaxation times. The basic
idea of this new theory is to incorporate in the description those variables,
which have not yet relaxed to their local equilibrium values. As illustrative
examples, we have discussed the problem of inertial effects in diffusion of
Brownian particles where change of density take place at a timescale of the
order of the time needed by the particles to relax to equilibrium, chemical
reactions and thermodiffusion. The tools are borrowed from CIT (see Chap. 2)
but the original contribution is to introduce, amongst the set of variables, the
density probability distribution whose time evolution is shown to be governed
by a Fokker—Planck’s equation.
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11.6 Problems

11.1. Second moments. (a) Show, from (11.12) and (11.15) that the second
moments of the energy and the volume fluctuations are given by

(6USUY = —(kg/M)(OU/OT ) p-1,,
(OUSV) = —(kn/M)(8V/OT ") -1y,
(VOV) = —(kg/M)(OV/OT ' p)p-1.

(b) Write explicitly the second-order derivatives appearing in (11.12) and
(11.15), and derive expressions (11.16).

11.2. Density fluctuations. (a) From the second moments of the volume fluc-
tuations, write the expression for the density fluctuations of a one-component
ideal gas at 0°C and 1 atm, when the root-mean-square deviation in density
is 1% of the average density of the system? (b) Show that near a critical
point, where (9p/0V)r = 0, these fluctuations diverge.

11.3. Dielectric constant. The dielectric constant ¢ of a fluid varies with the
mass density according to the Clausius—-Mossoti’s relation

with C' is a constant related to the polarizability of the molecules and p is
the mass density. Show that the second moments of the fluctuations of € are
given by
kBTIiT (8 — 1)2
((6e)?) = g
W (e+2)

with k7 being the isothermal compressibility.

11.4. Density fluctuations and non-locality. The correlations in density fluc-
tuations at different positions are usually written as (dn(ri)on(rz)) =
nd(ry — ro) + fiv(r) with 7 the average value of the density, r = |ry — rq],
and v(r) the correlation function. To describe such correlations, Ginzburg
and Landau propose to include in the free energy a non-local term of the
form

1 1 1
F(T,n,Vn) = Foo(T,n) — 5b(vn)2 = 5a(n —n)? - §b(Vn)27

with a(7T') a function of temperature which vanishes at the critical point and
b > 0 a positive constant. (a) If the density of fluctuations are expressed as

n—n= E nel® .
k
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show that
kT

<|5nk|2> = m-

(b) Taking into account that

/y(r)e*ik-rdv = %<|5nk|2> —1,

kgTal < 7’)
v(r) = exp| —= 1,

T 4mnbr

prove that

where ¢ is a correlation length, given by ¢ = (b/a)'/2. (Note that in the limit
& — 0, one obtains v(r) = 6(r), with §(r) the Dirac’s function, and that near
a critical point the correlation length diverges.)

11.5. Transport coefficients. (a) Apply (11.43) to obtain the classical results
n = nkgTT and X = (5kgT?/2m)7. In terms of the peculiar molecular ve-
locities ¢ the microscopic operators for the fluxes are given by [:’1”2 = mcica
and ¢, = (%ch — ngT) c1. The equilibrium average should be performed
over the Maxwell-Boltzmann distribution function. (b) Make a similar analy-
sis for the memory kernel corresponding to the diffusion coefficient, namely

D(t—t') = (V/kgT) (6.J:(t)8.Ji(t')).

11.6. Second moments and EIT. Apply Einstein’s relation (11.5) to the en-
tropy (7.61) of EIT, and find the second moments of the fluctuations of the
fluxes around equilibrium. Note that the results coincide with (11.43), ob-
tained from Green—Kubo’s relations by assuming an exponential relaxation
of the fluctuations of the fluxes.

11.7. Fluctuations around steady states. Assume with Keizer that Einstein’s
relation remains valid around a non-equilibrium steady state. Determine the
second moments of the fluctuations of v and ¢ around a non-equilibrium
steady state characterized by a non-vanishing average heat flux g,. Compare
the results with those obtained in equilibrium in Problem 11.6.

11.8. Brownian motion. Langevin proposed to model the Brownian motion
of the particles by adding to the hydrodynamic friction force —Cv (¢ is the
friction coefficient, v is the speed of the particle), a stochastic force f de-
scribing the erratic forces due to the collisions of the microscopic particles of
the solvent, in such a way that

dov

ma:—gv—l—f.

He assumed that f is white (without memory) and Gaussian, in such a way

that (f) =0, (f(¢)f(t +1')) = BJ(t'). Using the result that in the long-time

limit the equipartition condition <%mv2> = %kBT must be satisfied, show
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that (f(t)f(t+t")) = (¢/m)ksTd(t'), i.e. B = ({/m)kgT. This is similar to a
fluctuation—dissipation relation, as it shows that the second moments of the
fluctuating force are proportional to the friction coefficient. This is called a
fluctuation—dissipation relation of the second kind.

11.9. Generalized fluctuation—dissipation relation. The result of the previous
problem may be written in a more general way for any set a(t) of random
variables satisfying a linear equation of the form da/dt + H- a = f with
H a friction matrix and f a white noise such that (f) = 0, (f(t)f " (t +
t')) = B4(t'). Show that the matrix B must satisfy the fluctuation—dissipation
relation

H-G+G -H' =B,

with G = (§a da™) the matrix of the second moments of fluctuations of a(t).

11.10. Non-equilibrium temperature. To underline the connection between
the non-equilibrium temperature in Keizer’s formalism and in EIT, note that,
when the heat flux ¢ is the only relevant flux, EIT predicts that (dudu) =
(6w du)eq+a’q?, where subscript eq mean local equilibrium. In this expression
ou is the fluctuations of the internal energy with respect to its steady state
average and ' a coefficient, whose explicit form is given in Jou et al. (2001).
The above result can still be cast in the form

q* = [(0udu) — (Sudu)eq) (/)71
Recalling that in EIT the non-equilibrium temperature 7" is given by

1 1 10a,
T To 20u

write this expression in terms of the second moments of energy fluctuations
and compare with Keizer’s expression (11.60).



Epilogue

By writing this book, our objective was threefold:

1. First, to go beyond equilibrium thermodynamics. Although it is widely
recognized that equilibrium thermodynamics is a universal and well-
founded discipline with many applications mainly in chemistry and en-
gineering, it should be realized that its domain of application is limited
to equilibrium states and idealized reversible processes, excluding dissi-
pation. This is sufficient to predict the final equilibrium state, knowing
the initial state, but it is silent about the duration and the nature of the
actual process between the initial and the final equilibrium states, whence
the need to go beyond equilibrium thermodynamics. Another reason is
that, to foster the contact between micro- and macroscopic approaches, it
is imperative to go beyond equilibrium as most of the microscopic theories
deal with situations far from equilibrium. But the problem we are faced
with is that the avenue of equilibrium thermodynamics bifurcates in many
routes.

2. Our second objective was to propose a survey, as complete as possible,
of the many faces of non-equilibrium thermodynamics. For pedagogical
reasons, we have restricted the analysis to the simplest situations, empha-
sizing physical rather than mathematical aspects. The presentation of each
theory is closed by a critical discussion from which can be concluded that
none of the various approaches is fully satisfactory. It appears that each
school has its own virtues but that, in practical situations, one of them
may be preferable to another. It is our purpose that after gone through the
present book, the reader will be able to make up his personal opinion. We
do not pretend to have been everywhere fully objective and exhaustive.
We have deliberately been silent about some valuable descriptions, as the
entropy-free theory of Meixner (1973a, b), the Lagrangian formalism of
Biot (1970), the variational analysis of Sieniutycz (1994), the thermody-
namics of chaos (Beck and Schlégl 1993; Berdichevsky 1997; Gaspard 1998;
Ruelle 1991), the statistical approach of Luzzi et al. (2001, 2002), and
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Tsallis’ non-extensive entropy formalism (2004). For reasons of place and
unity, and despite their intrinsic interest, we have also deliberately omitted
microscopic formulations, such as statistical mechanics (e.g. Grandy 1987),
kinetic theory (e.g. Chapman and Cowling 1970), information theory
(Jaynes 1963), molecular dynamics (Evans and Morriss 1990), and other
kinds of computer simulations (e.g. Hoover 1999; Hutter and Johnk 2004).
We apologize for these omissions; the main reason was our option to confine
the volume of the book to a reasonable size rather than to write an exten-
sive encyclopaedia. We have also bypassed some approaches either because
of their more limited impact in the scientific community, or because they
lack of sufficiently new fundamental ideas or techniques. Concerning this
multiplicity, it may be asked why so many thermodynamics? A tentative
answer may be found in the diversity of thought of individuals, depending
on their roots, environment, and prior formation as physicists, mathe-
maticians, chemists, engineers, or biologists. The various thermodynamic
theories are based on different foundations: macroscopic equilibrium ther-
modynamics, kinetic theory, statistical mechanics, or information theory.
Other causes of diversity may be found in the selection of the most
relevant variables and the difficulty to propose an undisputed defini-
tion of temperature, entropy, and the second law outside equilibrium.
At the exception of classical irreversible thermodynamics (CIT), it is
generally admitted that non-equilibrium entropy depends, besides clas-
sical quantities as mass, energy, charge density, etc., on extra variables
taking the form of dissipative fluxes in extended irreversible thermody-
namics (EIT), internal structural variables in internal variables theories
(IVT) and in GENERIC and probality distribution function in meso-
scopic theories. Out of equilibrium, the constitutive relations can either
be cast in the form of linear algebraic phenomenological relations as in
CIT, integrals involving the memory as in rational thermodynamics (RT),
or time evolution differential equations as in EIT, IVT, and GENERIC.
The next natural question is then: what is the best approach? Although the
present authors have their own (subjective) opinion, we believe that the
final answer should be left to each individual reader but there is no doubt
that trying to reach unanimity remains a tremendous challenging task.

3. We failed to meet a third objective, namely to bring a complete unity
into non-equilibrium thermodynamics. Being aware about the role of non-
uniformity and the importance of diversity, we realize that the achievement
of such a unity may appear as illusory. However, we do not think that it
is a completely desperate task; indeed, it is more than a dream to believe
that in a near future it would be possible to summon up all the pieces
of the puzzle and to build up a well-shaped, unique, and universal non-
equilibrium thermodynamics. In that respect, we would like to stress that
there exists a wide overlapping between the different schools. More specif-
ically, all the theories contain as a special case the classical irreversible
thermodynamics. The Cattaneo model of heat conduction is not typical of
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EIT but can also be obtained in the framework of IVT, RT, GENERIC,
and the mesoscopic description. It is our hope that the present book will
contribute to promote reconciliation among the several approaches and
foster further developments towards deeper and more unified formulations
of thermodynamics beyond equilibrium.

By the way, it was also our purpose to convince the reader that “thermo-
dynamics is the science of everything”. Clearly, thermodynamics represents
more than converting heat into work or calculating engine efficiencies. It is
a multi-disciplinary science covering a wide variety of fields ranging from
thermal engineering, fluid and solid mechanics, rheology, material science,
chemistry, biology, electromagnetism, cosmology to economical, and even so-
cial sciences.

Among the several open and challenging problems, let us mention three of
them. The first one is related to the limits of applicability of thermodynamics
to small systems, like found in nano-technology and molecular biophysics. At
the opposite, in presence of long-range interactions, such as gravitation, it
may be asked how the second law should be formulated when these effects
are dominant, like in cosmology. Finally, does thermodynamics conflict with
quantum mechanics? how to reconcile the reversible laws of quantum the-
ory and the subtleties of quantum entanglement of distant systems with the
irreversible nature of thermodynamics?

By writing this book, we were guided by the intellectual ambition to better
understand the frontiers and perspectives of the multi-faced and continuously
changing domain of our knowledge in non-equilibrium thermodynamics. This
remains clearly an unfinished task and we would like to think to have con-
vinced the reader that, therefore, this fascinating story is far from

The End
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transcritical bifurcation, 142
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Turing Structures, 167

Turing’s instability, 173

two temperatures, 73

ultrafiltration coefficient, 85
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van’t Hoff Relation, 31, 32

(extensive) variables, 13

variational principles, 51, 53, 68
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viscoelasticity, 221
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140, 142, 146, 147, 158, 175, 199,
201, 212, 225, 234, 248, 251, 269,
273, 276, 286
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Volterra derivative, 265

wave equation, 183
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