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Preface to the Second Edition

The publication of this Second Edition of The Dynamics of Heat has given me the op-
portunity to make some major and, I hope, useful changes to the book. The character
of the conceptualization of thermal processes—the direct approach to entropy as what
in lay terms would be called “heat” and temperature as the corresponding potential—
has been retained and much has been taken directly from the First Edition, but I have
completely changed the structure of this text and I have added new material on thermal
processes, chemical dynamics, and explicit dynamical modeling. The original goals of
a unification of foundations and applications in general, and of thermodynamics and
heat transfer in particular, have been the guiding principles for this revision. As such,
The Dynamics of Heat continues to be a text that can help students of the applied sci-
ences, engineering, and medicine to take the steps from the simplest beginnings in
thermal and chemical physics all the way to more demanding and formal treatments
of modern continuum thermodynamics. Students of physics can find an introduction
to the foundations of a dynamical theory of macroscopic thermal phenomena that will
complement modern treatments of statistical physics.

The book is now divided into four parts. Part I, Processes, Energy, and Dynamical
Models, is an extensive revision of the Introduction of the First Edition. I have simpli-
fied the original brief description of the material and I have added explicit system dy-
namics modeling of laboratory experiments. Part I, Thermal and Chemical Processes,
takes the introductory elements of the four main chapters of the previous edition and
transforms them into an introduction to the dynamics of heat and substances suitable
to a first college course on the subject. It builds upon the description of fluid, electrical,
and mechanical phenomena introduced in Part I and essentially provides a uniform dy-
namical systems approach to models of thermal and chemical processes. Part IV, Spe-
cial Processes and Systems, is the least changed from the previous text and contains
the more advanced applications of the four large chapters of the First Edition. The Ep-
ilogue of the First Edition has been converted into Part III, A Dynamical Theory of
Heat. which now offers a formal conclusion to Part II and an introduction to continu-
um thermodynamics and radiative transfer useful for the applications in Part IV. The
Interlude of the First Edition which had the character of a historical and formal intro-
duction to the thermodynamics of spatially uniform systems, has been omitted. For a
direct approach to the dynamics of heat I now prefer the formalism of uniform pro-
cesses developed in Part III over the classical treatment of cycles. Parts III and IV can
be the foundation of an advanced course. Last but not least, the new Introduction is a
brief outline of cognitive and historical aspects of human conceptualizations of nature
in general and of thermal phenomena in particular.

A number of aspects of the text have been changed and some elements have been add-
ed. Here is a list of the most important of these changes and additions:

¢ There are descriptions including actual laboratory data for thermal and chemical
phenomena in some key chapters. Many of the phenomena have subsequently
been modeled with the help of simple system dynamics tools, providing explicit
and detailed dynamical models. Additional experiments and models can be
found on a Website for inquiry based learning (see below).
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PREFACE TO THE SECOND EDITION

* Time dependent thermal and, especially, chemical phenomena have been given
more space than in the previous edition. They can be found in Part II.

¢ A discussion of thermoelectricity has been added both in the introduction to
thermal processes (Chapter 4) and in a more in-depth study of conductive pro-
cesses (Chapter 13). This is another demonstration of the ease with which some
subjects can be treated that are usually considered advanced material in standard
texts.

* To strengthen the didactic approach to introductory continuum physics, I have
added a brief development of equations of balance and constitutive relations for
the life and migration of locust in a single spatial dimension in Chapter 11.

* Short conceptual and review questions have been added to most of the chapters
of the book. They should require no more than a pencil and a piece of paper, and
maybe not even that. Answers to these questions are provided in the Appendix.

e There are short answers to many of the end-of-chapter problems in the Appen-
dix. A solutions manual will accompany the book.

* I have changed the sign convention for fluxes. Previously, I had chosen to go
with the tradition of electromagnetic field theory where an outward flux is given
a positive sign. Now, I prefer to count a flow into a system as a positive quantity.
This leads to two changes: (1) in the laws of balance, the rate of change of a flu-
idlike quantity equals the sum of the currents (rather than the negative sum); (2)
a flux as the surface integral of a current density obtains a minus sign. The con-
vention adopted here should be more convenient for engineering students.

Many of the new aspects and elements have been inspired by a didactics of inquiry
based learning which I have been privileged to build up with Georges Ecoffey of the
University of Applied Sciences of Western Switzerland and Edy Schiitz (Bildungszen-
trum Uster),1 partially under a grant made available by the Eduard Job Foundation for
Thermal and Chemical Dynamics in Hamburg, Germany.2 My school and colleagues
at the Center of Applied Mathematics and Physics have been supportive in the con-
struction of a studio for introductory physics courses where I have been able to apply
new learning materials and tools for the last few years. In particular, I would like to
thank Jiirg Krieg who has made sure that funds were available, and Arthur Baumann
who has been doing much of the actual setting up of the studio. I would like to express
my gratitude to Paolo Lubini for editing Chapter 6, Jiirg Hosang for end of chapter
problems for that same chapter, Georges Ecoftey for editing the entire book, and Dav-
id Packer and the staff at Springer who have been patient and always very supportive
of this project.

Again, my special gratitude goes to my wife Robin who did the language editing of
the entire text.

Winterthur, June 2010 Hans Fuchs

1. See the Website for Physics as a Systems Science—A Virtual Learning Environment at
http://www.zhaw.ch/~fusa/PSS_VLE/index.html.

2. See the Website at http://www.job-stiftung.de.
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Preface to the First Edition

The last few decades have seen the development of a general approach to thermody-
namic theory. Continuum thermodynamics has demonstrated to us how we can build
a theory of the dynamics of heat rather than of statics. In this book I would like to
transfer what I have learned about the general theory to an introductory level and to
applications in the sciences and engineering.

Two elements combine to make this presentation of thermodynamics distinct. First of
all, taking as the foundation the fundamental ideas that have been developed in con-
tinuum thermodynamics allows one to combine the classical theory of thermodynam-
ics and the theory of heat transfer into a single edifice. Second, didactic tools have
been built that make it not just simple, but rather natural and inevitable to use entropy
as the thermal quantity with which to start the exposition. The outcome is a course that
is both fundamental and geared toward applications in engineering and the sciences.

In continuum physics an intuitive and unified view of physical processes has evolved:
That it is the flow and the balance of certain physical quantities such as mass, momen-
tum, and entropy which govern all interactions. The fundamental laws of balance must
be accompanied by proper constitutive relations for the fluxes and other variables. To-
gether, these laws make it possible to describe continuous processes occurring in space
and time. The image developed here lends itself to a presentation of introductory ma-
terial simple enough for the beginner while providing the foundations upon which ad-
vanced courses may be built in a straightforward manner. Entropy is understood as the
everyday concept of heat, a concept that can be turned into a physical quantity com-
parable to electrical charge or momentum. With the recognition that heat (entropy) can
be created, the law of balance of heat, i.e., the most general form of the second law of
thermodynamics, is at the fingertips of the student.

The book contains two lines of development which you can either combine (by read-
ing the chapters in the sequence presented) or read separately. In addition to the four
chapters which represent the main line, you will find a Prologue, an Interlude, and an
Epilogue which discuss some subjects at a somewhat higher level.

The four chapters that form the main body of the text grew out of my experience in
teaching thermodynamics as a part of introductory physics, but represent an extension
both in content and level of what I commonly include in those courses. The extension
mostly concerns subject matter treated in courses on engineering thermodynamics and
heat transfer and applications to solar energy engineering. Still, the chapters maintain
the style of a first introduction to the subject. Previous knowledge of thermal physics
is not required, but you should be familiar with basic electricity, mechanics, and chem-
istry, as they are taught in introductory college courses. With the exception of one or
two subjects, only a modest amount of calculus is used. Chapter 1 provides an
introduction to basic quantities, concepts, and laws. Entropy is introduced as the quan-
tity which is responsible for making bodies warm or for letting ice melt, and the law
of balance of entropy is formulated directly on the basis of ideas taken from everyday
images of heat. The relation between currents of heat (entropy) and currents of energy
is motivated along the lines of Carnot’s theory of heat engines, yielding a law which
makes the development of thermodynamics rather simple. (The relation is proved later
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on the basis of some alternative assumptions in the Interlude.) Then, some simple ap-
plications which do not rely too heavily upon particular constitutive relations are
developed. First among them is a treatment of irreversibility and the loss of power in
thermal engines, a subject which teaches us about the importance of the rule of mini-
mal production of heat. Chapters 2, 3, and 4 furnish introductions to constitutive the-
ories. The first of these deals with uniform bodies, which respond to heating by
changing mechanical or other variables. A simple version of the constitutive theory of
the ideal gas is developed, which leads to a theory of the thermodynamics of ideal flu-
ids. In addition, blackbody radiation and magnetic bodies are treated. A short exposi-
tion of the concepts of thermostatics exposes the reader to the difference between
dynamics and statics in the field of thermal physics. Chapter 3 deals with theories of
heat transfer excluding convection. The general form of the equation of balance of en-
tropy for bodies and control systems is given and applied to various cases. Production
rates of heat in conduction and radiation are calculated and applied, among others, to
the computation of the maximum power of solar thermal engines. In this chapter, con-
tinuous processes are treated for the first time in the context of one-dimensional con-
duction of heat. The radiation field and the issue of the entropy of radiation are
discussed extensively, and a section on solar radiation concludes this Chapter. Chapter
4 extends the theory of heat to processes involving the change and the transport of sub-
stances. Subjects such as chemical reactions, phase changes, and convection, and ap-
plications to power engineering and to heat exchangers form the body of this Chapter.
All of these Chapters include a large number of solved examples in the text.

The second track of the book treats thermodynamics in a more advanced and formal
manner. The Prologue provides a brief view of a unified approach to classical physics.
Except for the first section, which you definitely should read before starting with
Chapters 1 — 4, the Prologue presents several subjects of physics at a relatively quick
pace, demonstrating the unified approach to dynamical processes which forms the
backbone of the entire book. (The concepts are introduced at a more leisurely pace in
the main chapters on thermodynamics.) If you wish, you can then try to read the Inter-
lude which introduces the subject of the thermodynamics of uniform fluids on the ba-
sis of the caloric theory of heat. This Chapter repeats the subject of part of Chapter 1
and most of Chapter 2 at a higher mathematical level. In contrast to those chapters, the
Interlude also provides a first proof of the relation between currents of entropy and of
energy, which shows that the ideal gas temperature can be taken as the thermal poten-
tial. Finally, the Epilogue takes the first simple steps into the field of continuum ther-
modynamics, exposing you to the ideas behind the more advanced subjects which
have been the focus of development over the last few decades.

If I seem to succeed in introducing you to an exciting new view of a classical subject,
the individuals actually responsible for this achievement are the researchers who have
developed this field. Carnot, who gave us an image of how heat works in engines, a
view which I have taken as the starting point of my exposition. Gibbs demonstrated
how to deal with chemical change and heat. Planck’s theory of heat radiation still is
one of the clearest expositions of the thermodynamics of radiation. Also, there are the
researchers who have built continuum thermodynamics, mainly since the 1960s and
who have contributed so much toward clarifying the foundations of the dynamics of
heat. They deserve our respect for one of the most fascinating intellectual endeavors.

‘When it comes to applications we nowadays can turn to computational tools which can
make life so much easier. Two such tools which I have used deserve to be mentioned—
the system dynamics program Stella (High Performance Systems, Inc., Hanover, New
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Hampshire), and the program EES (Engineering Equation Solver; Klein, 1991) which
provides for extensive thermophysical functions in addition to a solver for nonlinear
equations and initial value problems. Also, in the fields of engineering applications,
including solar engineering, I have been inspired by such excellent textbooks as those
of Bejan (1988), Moran and Shapiro (1992), Rabl (1985), and Duffie and Beckman
(1991).

I am grateful to all my friends, colleagues, and teachers who, through their encourage-
ment and support, have contributed toward the writing of this book. Robert Resnick
and Roland Lichtenstein of RPI gave me the courage to take up the project. Walter Co-
hen, Werner Maurer, and Martin Simon read the book and gave me valuable feedback.
Heinz Juzi, Heinz Winzeler, and Klaus Wiithrich helped me with discussions of appli-
cations, and many more colleagues gave me kind words of encouragement. Most im-
portant, however, has been Werner Maurer’s friendship and professional companion-
ship in this endeavor. He and I developed the system dynamics approach to the teach-
ing of physics which you will find in this book.

I would like to acknowledge generous grants made available by the Federal Govern-
ment of Switzerland and my school, which allowed for the development of labs and
courses dealing with renewable energy sources, and I would like to thank my thesis
students whose work in solar energy engineering has led to many interesting applica-
tions included here.

Finally, let me express my gratitude toward all those at Springer-Verlag, who have
made the production of the book possible. Thomas von Foerster, Frank Ganz, and
Margaret Marynowski turned the manuscript of an amateur madly hacking away on a
Macintosh into a professional product. They were very supportive and encouraging,
always with an open mind for my wishes.

This has been a long journey. My wife and my daughter have gone through it with me
all the way. I would like to thank them for their love and their patience. When my
daughter was very little, she asked me if I would dedicate this book to her. I hope it
has been worth waiting for.

Honolulu, 1995 Hans Fuchs
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INTRODUCTION

FROM METAPHORS TO MODELS OF HEAT

This book is as much about how people understand thermal and other physical pro-
cesses as it is about thermodynamics itself. Since the approach chosen here to describe
and model thermal phenomena probes the roots of imagination and understanding, a
few words about human conceptualizations of natural processes might be in place.
This should allow me to set the stage for a theory of the Dynamics of Heat.

Even though this chapter is called Introduction, the material covered is not introduc-
tory. I just want to get some philosophy, cognitive science, continuum physics, histo-
ry, and modeling theory out of the way before starting on the science of heat. You may
prefer to start with Chapter 1—or Chapter 4 if you are familiar with the physics of dy-
namical systems—and come back to these lines at a later time. After you have tried
your hand at a dynamical theory of heat, you will be prepared to tell whether or not
you agree with my rationale for the conceptualization of thermal phenomena.

1.1 SOME CONCEPTUAL CHALLENGES

Traditional courses treat thermodynamics in a form unlike anything else known in
physics. In particular, we are told that it is a theory of the equilibrium of heat and not
of how and how fast things happen in real life. This combines with the conceptualiza-
tion of heat as energy (or a form of energy) and thermal processes as the result of the
motion of little particles. The result is a theory that uses strange d’s in its equations,
does not produce initial value problems as we know them from the rest of physics, and
introduces concepts such as exergy, enthalpy, free energy, and Gibbs free energy, we
are hard put to distinguish from energy and entropy and from each other.!

How did we arrive at such a representation of thermal phenomena? We know that two
to three hundred years ago scientists thought of heat as a kind of subtle fluid that goes

1. Here’s a gem from the Internet: “Entropy is never enthalpy, nor free energy. A system’s en-
thalpy is only entropy change (after DH is divided by T) if it is transferred to the surround-
ings and no work of any sort is done there in the surroundings. A surroundings’ enthalpy
is only entropy change (after DH being divided by T) when it is transferred to the system
and no work is then performed in the system. Gibbs free energy change, DG, is only con-
sidered entropy change (after being divided by T) when no useful work of any kind is done
by the heat transfer in the system or in the surroundings.” (www.2ndlaw.com/gibbs.html;
visited on February 15, 2007.)

H.U.[J Fuchghe Dynamics of Heat: A Unified Approach to Thermodynamics 1
and Heat Transfer,[] Graduate[] Texts[! in[ Physics, DOI 10.1007/978-1-4419-7604-8_1,L]
© Springer Science+Business Media, LLC 2010



INTRODUCTION. FROM METAPHORS TO MODELS OF HEAT

into bodies to warm them or to cause other changes. The concept is called the caloric
theory of heat. Around 1820, Sadi Carnot (Carnot, 1824) used this conceptualization
to create a theory of heat engines (see Section 1.3). In his view, caloric passes from a
hot to a cold body without being consumed, thereby producing “motive power.” This
is like water falling from a higher to a lower point driving a water wheel.

His theory met with some problems. On the one hand, it appears that unlimited quan-
tities of heat can be produced in irreversible processes such as rubbing or burning,
whereas the caloric theory of heat assumed that caloric was conserved and could not
be produced or destroyed (Fox, 1971). On the other hand, and possibly more important
from a formal point of view, Carnot’s model predicted that the heat capacities of a sim-
ple gas should be inversely proportional to its temperature. This contradicted the result
based on a view of heat as the energy of the irregular motion of little particles of the
gas. In this model, the capacities of a perfect gas should be constant, independent of
temperature.”

Rudolf Clausius (1850) solved the problems encountered in Carnot’s theory by using
the idea of the conversion of heat to work. Some of the heat passing from the furnace
of a heat engine to the cooler is “converted” to work—only the rest is passed on to the
cooler. So heat and work are interconvertible (in some sense), and since work is a form
of energy, so must heat be. Clausius proved the existence of an energy function of flu-
ids which made the First Law a result that went beyond the concept of energy as a mere
integral of motion. Heat no longer could be visualized as this thermal fluid responsible
for making stones warm, or for expanding air, or for melting ice. In Clausius’ theory,
both problems of Carnot’s model were solved. Heat was not produced in irreversible
processes but converted from work, and the “heat capacities” of a simple gas turned
out to be constant.

This is the theory that brought us the funny d’s, the supremacy of equilibrium over dy-
namics,> and concepts everybody confesses cannot be understood but can only be
dealt with in mathematical formalisms. Specifically, standard every-day reasoning
about a quantity of heat residing in bodies and flowing into and out of these bodies,
does not apply in Clausius’ mechanical theory of heat. The theory does not provide
for a quantity of heat except for the case of a quantity of energy transferred as a result
of heating or cooling. Any other use of the word heat is forbidden.*

From a conceptual and emotional viewpoint, we have paid dearly for the new theory
of heat. We know of the problems this conceptualization of thermal processes creates
for learners, and everyone else for that matter. Every teacher of physics knows this,
and years of research into conceptual difficulties learners encounter with the science
of heat have confirmed this. What normal person should be able to understand that the
heat that was just transferred into a room by heating is not to be found in the room?

2. As Rudolf Clausius put it, “[...] other facts have lately become known which support the
view that heat is not a substance but consists in a motion of the least parts of bodies.” (Clau-
sius, 1850). See Truesdell (1980) for a discussion of the case of heat capacities.

3. “The single, all-encompassing problem of thermodynamics is the determination of the
equilibrium state that eventually results after the removal of internal constraints in a closed,
composite system.” (Callen, 1985, p.26). Try to say this about mechanics, or electricity, or
fluids.

4. Ithas even been suggested to exorcise the word heat from thermodynamics altogether. See
Romer (2001): “Heat is not a noun.”
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I.T SOME CONCEPTUAL CHALLENGES

Instead of simple conceptual explanations, we are offered words of wisdom concern-
ing the beauty and mystery of entropy—pop philosophy in place of hard science based
on how humans conceptualize natural processes (see Section 1.2).

We should not and could not criticize traditional thermodynamics just for being arcane
and difficult to comprehend if the theory were the only possible one, and if it delivered
a fair description of the real world of dynamical thermal phenomena. It is not, and it
does not. We know that in a theory of the equilibrium of heat, there are no evolution
equations to be formulated and solved—there is no equation analogous to Newton’s
equation of motion, or to the balance of charge in electric systems. Engines do not run,
they operate infinitely slowly. Irreversible processes are recognized but not quanti-
fied. And quite importantly, thermodynamics is said to be wholly different from the
science of heat transfer.’ Generations of engineering students have had to take two
separate courses, one on thermodynamics, the other on heat transfer, and in each they
learned that one field has nothing to do with the other.

So we have two challenges: How to create a complete and unified theory of the dy-
namics of heat, and how to make it conceptually accessible from the start. The first is
being addressed more and more frequently. Indeed, we basically have this theory in
the form of continuum physics. There is a forerunner—irreversible thermodynam-
ics—and there are the modern theories in the form of rational thermodynamics (Trues-
dell, 1984) and extended thermodynamics (Miiller, 1985, Jou et al., 1996; Miiller and
Ruggeri, 1998). And we have many fascinating examples of the application of finite
time thermodynamics and thermal optimization in engineering thermodynamics (Be-
jan, 1988; Sieniutycz and DeVos, 2000).

The second challenge was dealt with early on by Callendar (1911) and again by Job
(1972) who pointed out that Carnot’s conceptualization can serve us well in creating
an accessible representation of thermal phenomena. Caloric—freed from the require-
ment of conservation—turns into the latter-day entropy. The theme was followed up
in physics education research and has led to introductory courses based on a unified
approach to physical processes that use entropy from the beginning (Falk and Ruppel,
1976; Schmid, 1982, 1984; Herrmann and Schmid, 1983; Fuchs, 1986, 1987a-c, 1996,
1997a,b, 1998; Burckhadt, 1987; Maurer, 1996; Herrmann, 2000, 1998-2010; Borer
et al., 2005; Fuchs et al., 2001—2010).6 Most importantly, in my view, these develop-
ments have demonstrated the validity of strong analogical reasoning that allows us to
create new and unified representations of well known phenomena.

In the first edition of this book, I produced a uniform systems version of thermody-
namics by combining continuum physics with what we had learned from our didactic
research:

Examining the flow of heat in this way makes it clear that the entropy is the funda-
mental property that is transported in thermal processes (what in lay terms would be

5. “Atthis point it is appropriate to note the fundamental difference between heat transfer and
thermodynamics. [...] Thermodynamics is concerned with equilibrium states [...] heat
transfer is inherently a nonequilibrium process [...] heat transfer therefore seeks to do what
thermodynamics is inherently unable to do [...].” (Incropera and DeWitt, 1996, p.12).

6. An analogous development is taking place in chemistry didactics where the chemical po-
tential is given center stage (Job, 2004; Job and Riiffler, 2011; see also Chapter 4 of the first
edition of The Dynamics of Heat, 1996).
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INTRODUCTION. FROM METAPHORS TO MODELS OF HEAT

called “heat”), and that the temperature is the corresponding potential. The resulting
theory of the creation, flow, and balance of entropy provides the foundation of a truly
dynamical theory of heat that unites thermodynamics and heat transfer into a single
subject. (Tom von Foerster, from the back cover of the first edition of The Dynamics
of Heat, 1996.)

We now know how to formulate ordinary differential equations for initial value prob-
lems in thermodynamics in simple yet practical applications accessible to the beginner
in high school or at university.

Clearly, the two challenges are related. Without a conceptual structure similar to the
one that gives us theories of dynamics in fluids, electricity, or motion, we cannot sim-
ply come up with a dynamics of heat. Let me therefore discuss some recent investiga-
tions into every-day conceptualizations of physical processes that demonstrate how
our imagination produces useful concepts for a formal science.

.2 COGNITIVE STUDIES OF CONCEPTUALIZATIONS OF PROCESSES

Not so long ago I was told the following story (Sassi, 2006). Little Alex came home
from kindergarten. He told his grandmother that the teacher had said they should close
the door if they did not want cold to come in. Now his grandmother asked Alex what
cold was. He said that cold was a snowman. A snowman was very cold and if he
hugged Alex, the boy would also get cold and might get sick. Alex and his grandmoth-
er were outside and decided to build a snowman. When his grandmother wanted to
build a big one, Alex said that a big snowman would be so cold it could even kill young
Alex. He thought it would be better to build a small snowman. Finally, his grandmoth-
er wanted to know what he thought heat was. Alex said, heat was a dragon. He could
play with little dragons, they were not so hot and dangerous, but a really big dragon
would be so hot and strong, its fire could kill the boy.

Now compare this to the description of the concept of heat by the experimenters of the
Accademia del Cimento in 1667 who tried to determine the power of heat and cold.
According to Wiser and Carey (1983), their concept included the aspects of “sub-
stance (particles), quality (hotness), and force.” These elements are found in Alex’ sto-
ry as well—size, coldness or hotness, and the power to harm the boy. Now turn your
attention to a completely different phenomenon such as justice. If you apply methods
developed in linguistics to how we speak about this concept, you will find a closely
related structure, an experiential gestalt having aspects of quantity (“Let justice flow
like water,” Martin Luther King), quality or intensity (“He has a horrid history and de-
serves strong justice”), and power (“The healing power of justice”).

These are examples of an understanding of processes which appears in many areas of
human experience. My knowledge of the structure of classical physics suggested to
me that certain imaginative structures must be recurring in the conceptualization of
phenomena. I found background material on schematic structures of human under-
standing in modern cognitive science and linguistics (Arnheim, 1969; Lakoff and
Johnson, 1980, 1999; Johnson, 1987, 2007; Lakoff, 1987; Talmy, 2000a,b; Hampe,
2005). In short, physics, cognitive science, Alex’ story, and many examples of how
people speak about processes led me to identify what I now call force dynamic gestalts
(Fuchs, 2007). The human mind seems to generate these perceptual gestalts that have
at least the following three aspects: quantity (size), intensity (quality), and force or
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1.2 COGNITIVE STUDIES OF CONCEPTUALIZATIONS OF PROCESSES

power (the latter stand for forms of causation). The aspects are rooted in image sche-
mas (such as fluid substance, scale and verticality, direct manipulation, and others)
that are projected metaphorically7 onto the particular phenomenon under consider-
ation. For example, verticality is projected onto the concepts of brightness, tempera-
ture, or pressure (brightness goes up, temperature is low, etc.) which are created from
polar schemas of light and dark, hot and cold, strong and weak.

There are additional schemas related to force dynamic gestalts: balance (or equilibri-
um), letting, forcing, hindering, preventing, etc. In short, conceptual structures identi-
fied in cognitive semantics for a wide range of fields of human interest also apply to
the basic conceptualization of natural phenomena such as heat, fluids, electricity, mo-
tion, or chemical change.

Clearly, quantity (size), intensity, and power are intertwined in Alex’ description of
the properties of snowmen and dragons. When I saw that we create the same gestalt in
conceptualizing phenomena such as justice or pain, market or information, I became
convinced that Alex’ story was more than just an offspring of an unchecked imagina-
tion of a little boy, an imagination that has to be reigned in later in life if the child is
to succeed in school. It testifies to a structure of figurative thought that is foundational
to human understanding of nature. In terms of modern cognitive science, what we see
here is an experiential gestalt whose aspects are structured through metaphoric projec-
tions of just a few image schemas. Since the same gestalt is constructed for different
phenomena such as fluids, electricity, heat, and motion, these fields become similar to
each other in our mind, which allows us to apply analogical reasoning—understand
one field in terms of the structures of another.

Does this mean that anyone can come up with formal descriptions of thermal or other
physical processes effortlessly? Not quite. Children and laypersons do not commonly
distinguish between the quantity and the intensity of heat, nor is it easy for us to see
the difference between intensity and power, or quantity and power.8 An investigation
of the metaphoric base of the gestalt of heat shows that its aspects are not easily kept
apart in common sense reasoning.9 Therefore, one of the most important goals of ed-
ucation must be the differentiation of these aspects in the course of education.

What I have outlined here shows that common-sense conceptions of nature may be

7. Simply put, a metaphor is a device of figurative thought in which knowledge of a source
domain is projected onto a target domain. In cognitive science, metaphors are no longer
considered just embellishments of language or a rhetorical device. They are given concep-
tual status, reflecting figurative structures of thought (Lakoff and Johnson, 1980; Koevec-
ses, 2000; Evans and Green, 2006). It is important to distinguish between a linguistic
metaphorical expression (“heat escapes the room”) and the actual underlying metaphor
HEAT IS A FLUID SUBSTANCE. Note that the metaphors I am mentioning here are of a simple,
foundational nature (in fact, they are part of conventional language which does not easily
let us recognize them as such). These structures are more important to me in the present
context than the more obvious metaphors such as THE ATOM IS A SOLAR SYSTEM or A CELL
IS A FACTORY. I believe that science is metaphorical at its base, not just at the surface where
we try to make a person understand a complex subject by representing it with the help of
vivid language and comparisons.

8. Clausius does not distinguish between the quantity and the power of heat. Trying to fool
the human mind exacts its price—entropy comes in through the back door and takes its re-
venge (Fuchs, 1986).

9.  For example, we connect quantity and intensity (verticality) in the metaphor MORE IS UP.
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Figure I.1: Experimental ar-
rangement set up by members of
the Accademia del Cimento to
measure the power of cold (left).
A table with results of their mea-
surements (right).

INTRODUCTION. FROM METAPHORS TO MODELS OF HEAT

much more useful than has been realized up until now. Let us see how these figurative
structures of thought made their appearance in the course of the early history of ther-
mal phenomena and thermal physics.

1.3 FROM THE ACCADEMIA DEL CIMENTO TO SADI CARNOT

In 17th century Florence, a group of experimenters who called themselves the Acca-
demia del Cimento studied thermal and other processes (Magalotti, 1666). They re-
ported on their experiments many of which were designed to investigate the power of
cold (and heat). They stuck a bulb with a long neck (called the Vessel) filled with water
or other liquids to be frozen, into a box with ice and salt (Fig. I.1). Then they placed a
second such bulb containing alcohol in the ice; this device was their Thermometer.
They observed the levels of the liquids in the Thermometer and in the Vessel while
measuring how long certain steps such as Rise upon Immersion, Abatement, Rest, etc.
took and reported the results (Fig. I.1): Degrees of Vessel, Difference, Degrees of
Thermometer, Difference, Vibrations (of the clock), and Difference. Basically, they
measured the speed at which processes were running.

The Deg. of the Ve[Jel.  Differ. Deg.of Therm. Differ, Vibraz.  Diff.

State Nastural 142 4 139 .

" Rifeupon Immer. 143+ 4 1% 133 6 23 4 23
Avatement. 120 (231 69 64 L 255 € 232
Reft. 120 £ 49 ( > L 330 75
Remosmting, 130 ) 10 | 33 16 462 132

Spring upon Glaciat.166 &4 36 F 33

To the modern observer, this looks and sounds rather strange. The reason for this is
not just that they put the thermometer side by side with the probe in the ice to measure
the temperature of the freezing water, but also because of something we don’t do any
longer (or rather have not done for a long time): we do not use a clock to time such
phenomena. Speed is of no importance to us in traditional thermodynamics.

I do not want to say that the Experimenters had anything resembling a theory of ther-
mal processes. 10 What is interesting is their language combined with their actions. As
mentioned above, a cognitive scientist might say that they made use of the force dy-
namic gestalt of heat, and they searched for the power of cold or heat in the dynamics
of the processes. They did not carefully distinguish between the separate aspects of
this gestalt—Ilearning how to do this was going to take another 150 years.

In the years leading up to Sadi Carnot’s and his contemporaries’ work, quantities of
heat were finally distinguished from the measure of hotness. Joseph Black is credited
with making this distinction clear by introducing the concepts of latent and specific
heats. The concepts were created on the foundation of the caloric theory of heat.

By the time Carnot created his theory of heat engines, some of the fog was clearing,

10. For a criticism of their work in the light of traditional thermodynamics, see Wiser and
Carey (1983).
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and formal mathematical models dealing with examples of thermal processes had been
produced (see Truesdell, 1980). Among these were a theory of heat conduction and a
model of adiabatic processes in gases which was used to explain the observed speed
of sound. Again, all of these achievements were based on the assumption that heat was
some kind of imponderable fluid.!!

Understanding of heat engines was still limited, so Carnot proposed to answer ques-
tions regarding the Motive Power of Fire, and Machines Fitted to Develop that Power
(this is a paraphrase of the title of his book). To quote Carnot (1824, p. 3, 6):

Every one knows that heat can produce motion. That it possesses vast motive-power
no one can doubt, in these days when the steam-engine is everywhere so well known.

To heat also are due the vast movements which take place on the earth. It causes the
agitations of the atmosphere, the ascension of clouds, the fall of rain and of meteors,
the currents of water which channel the surface of the globe, and of which man has
thus far employed but a small portion. Even earthquakes and volcanic eruptions are
the result of heat.

The phenomenon of the production of motion by heat has not been considered from
a sufficiently general point of view. [...] A [complete] theory is evidently needed for
heat engines. We shall have it only when the laws of physics shall be extended
enough, generalized enough, to make known beforehand all the effects of heat acting
in a determined manner on any body.

Since Carnot’s time, it has become evident that the action of heat can effect more than
just motion. Heat drives many other processes, such as electric and chemical ones. We
take these phenomena as a sign of the interrelation between different classes of phys-
ical processes.

Heat can be used to do things; it can drive engines; it is an agent for effecting things.
In other words, heat can do work. Does this mean that heat is some sort of work? The
answer should be “no.” Water can also be used to drive water wheels and turbines.
Does this make water some sort of work? Certainly not. Similarly, electricity, i.e.,
electric charge, can be used to do work, but it is not work.

The gestalt with its aspects of quantity, intensity, and power must have been present
in Carnot’s mind. Carnot created a vivid image of the Power of Heat by using water-
falls as an analogy for the operation of heat engines. Doing so, he produced the basis
of a formal differentiation of the aspects of the gestalt (Carnot, 1824, p. 15):

According to established principles at the present time, we can compare with suffi-
cient accuracy the motive power of heat to that of a fall of water ... . The motive
power of a fall of water depends on its height and on the quantity of the liquid; the
motive power of heat depends also on the quantity of caloric used, and on what may
be termed, on what in fact we will call, the height of its fall, that is to say, the differ-
ence of temperature of the bodies between which the exchange of caloric is made. In
the fall of water the motive power is exactly proportional to the difference of level
between the higher and lower reservoirs. In the fall of caloric the motive power un-
doubtedly increases with the difference of temperature between the warm and the cold
bodies; but we do not know whether it is proportional to this difference.

11. Truesdell showed that the assumption regarding the nature of heat is not necessary for the
theory of adiabatic motion (Truesdell, 1980). However, the scientists who created it used
the caloric theory.
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Figure 1.2: Hydroelectric and
thermal power plants are struc-
turally comparable. Water drives
a turbine by falling from a higher
to a lower level. Heat drives a
heat engine by “falling” from a
higher to a lower thermal level.
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Quantity, intensity, and power of heat are distinguished, and their relation is made for-
mal—ready to be put in the form of an equation. Just as water falls from a high level
to drive a turbine, after which it flows out of the engine at a lower level, heat is imag-
ined to fall from a high temperature to a lower one, thereby driving the heat engine
(Fig. 1.2), and then flowing out at lower temperature. The principle of operation of
heat engines is in accordance with this image. Steam takes up caloric (heat) from a
burner, and passes through the engine where it effects motion, just to flow out again
and to give up its heat (caloric) to a condenser. As Carnot put it (1824, p. 7):

The steam is here only a means of transporting the caloric ... . The production of mo-
tive power is then due in steam-engines not to an actual consumption of caloric, but
to its transportation from a warm body to a cold body.

We know today that we can indeed explain the motive power of heat in terms of these
images. There is a deep similarity between different types of physical processes. Hy-
droelectric power plants and heat engines are two examples which serve to drive home
this point (Fig. 1.2).

Those of you who already know thermodynamics may have noticed that Carnot’s heat
or caloric can be reinterpreted as the modern-day entropy. We simply have to make
sure that we allow for caloric to be produced in irreversible processes. For those of you
new to thermal physics, do not let yourselves get confused by an arbitrary, artificial
word created by Rudolf Clausius in the 1860s. For us, entropy is the child’s heat, the
layperson’s heat substance, or better, Carnot’s caloric—suitably extended by the as-
sumption that it can be produced but not destroyed.

The similarity observed here is a result of the imaginative power of the human mind
represented by force dynamic gestalts. There is a branch of physics which makes use
of this conceptualization in a broad manner, namely, continuum physics. Let me brief-
ly list the basic characteristics of this approach to the description of physical and
chemical phenomena.

1.4 A UNIFIED APPROACH TO PHYSICAL PROCESSES

Everything flows. Water and air flow on the surface of the Earth, where they create
the multitude of phenomena we know from everyday life. Winds can impart their mo-
tion to the water of the oceans, and in a far-away place, this motion can be picked up
again through the action of the waves. These processes are maintained by the radiation
pouring out from the surface of the sun; light flows from there through space, and
some of it is intercepted and absorbed by our planet. Both in nature and in machines,
heat is produced and transported from place to place. In electrical machines, we make
electricity flow in an imitation of its flow in the atmosphere; in reactors, chemical sub-
stances flow while at the same time undergoing change. Today, we even see life as
governed by flow processes.

The sum of these observations can lead us to one of the most general description of
nature known today. There are a few physical quantities which can flow into and out
of systems, which can be absorbed and emitted, and which can be produced and de-
stroyed. Electrical charge is transported in electrical processes, and mass and sub-
stance flow in gravitational and chemical phenomena, respectively. In continuum
mechanics, motion is seen as the exchange of linear and angular momentum. Thermal
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physics is the science of the transport and the production of entropy. One of the great
advantages of this description of nature is that it relates the different phenomena,
which leads to an economical and unified view of physical processes. It turns out that
classical continuum physics is a precise method of expressing this point of view for
macroscopic systems.

What is this unified approach to physics? First, we have to agree on which physical
quantities we are going to use as the fundamental or primitive ones; on their basis other
quantities are defined, and laws are expressed with their help. Second, there are the
fundamental laws of balance of the quantities which are exchanged in processes, such
as momentum, charge, or amount of substance; we call these quantities ﬂuidlike.12
Third, we need particular laws governing the behavior of, or distinguishing between,
different bodies; these laws are called constitutive relations. Last but not least, we
need a means of relating different types of physical phenomena. The tool which per-
mits us to do this is energy. We use the energy principle, i.e., the law which expresses
our belief that there is a conserved quantity which appears in all phenomena, and
which has a particular relationship with each of the types of processes.13

The most basic constitutive relations result from the metaphoric interpretation of the
intensive quantities associated with processes—speed with momentum, electric po-
tential with charge, or temperature with entropy. These quantities are levels—remem-
ber, they are described as being high or low by virtue of the projection of the schema
of verticality onto the polarity which is constructed by our perception. An intensity re-
sults from the containment of a fluidlike quantity in a system: Pressure goes up if more
liquid or gas is put into a container. This we call a capacitive relation. Differences of
intensities are conceptualized as driving forces of processes. So the electric potential
difference serves as a driving force for the flow of charge through a conductor, and a
chemical potential difference is visualized as the driving force for the diffusion of a
substance through a material. Such relations we call resistive characteristics.

The notion of levels and level differences as driving forces is instrumental also for un-
derstanding the role of energy in physical processes. We simply relate the power of
processes to driving forces and flows, as Carnot did. This is the starting point for my
approach to the energy principle used throughout this book (Chapter 2).

12. Falk and Herrmann (1977-1982), who started a unified approach to high school and uni-
versity physics in their didactic research, coined the term substancelike. 1 prefer fluidlike
since we transfer the image of fluids into our formal descriptions of processes. The Mer-
riam-Webster Online Dictionary defines fluidlike as a “‘substance (as a liquid or gas) tend-
ing to flow or conform to the outline of its container.” This is not bad for our purpose.
Momentum, charge, or entropy flow and fill space or materials in space. We have to add
the notion that some of these quantities can be produced and/or destroyed.

13. This is slightly different from the standard approach in continuum physics (or continuum
thermodynamics). Taking the usual approach of continuum mechanics, one formulates
laws of balance of momentum, angular momentum, and mass, and complements this with
the energy principle. Then constitutive relations are added. Thermal processes are treated
as a somewhat different breed. One starts with the already known equations such as for mo-
mentum and energy, formulates constitutive laws for the thermal phenomena, and finally
adds the law of balance of entropy as a special relation. This does not bring out the deep
analogy between thermal and the other kinds of processes I am going to use as my starting
point. I take the balance of entropy (the quantity of heat introduced above) as a basic rela-
tion alongside those for momentum, charge, or amount of substance. Energy is the special
quantity in this approach.
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Models are created from combinations of laws of balance and constitutive relations.
Since we want to compare the predictions of our models with data from experiments,
we need results for the most easily measured quantities such as speed, density, pres-
sure, or temperature. This means that we have to solve for these quantities while elim-
inating the rest. The “undesirables” are mainly the fundamental fluidlike quantities—
charge, momentum, entropy (our modern version of caloric). For example, to study the
conduction of heat, one formulates the law of balance of entropy and adds constitutive
laws for the storage, flow, and production of entropy. The constitutive laws introduce
temperature. Then we eliminate entropy and obtain a field equation for temperature
which we solve.

This is rather fascinating. We need speed, density, pressure, and temperature to relate
our models to the world, and mostly we do not care much about the fluidlike quanti-
ties. Who cares about entropy, or momentum? We want to know how warm it is, and
how fast a body moves. But we cannot create models, i.e., understand the world, with-
out the help of the quantities which seem to be pure constructs of our imagination.

Continuum physics teaches us these important things about the structure and the role
of models of processes. Fortunately, there is a strongly simplified version—a subset—
of continuum theory from which we can learn about these things. This version is made
up of the uniform dynamical models of physical processes—including thermal and
chemical ones—which we are going to study for much of the first half of this book.

1.5 DYNAMICAL MODELS OF HEAT

So how do we construct dynamical models of thermal phenomena? Just as we do in
(introductory) mechanics, or when we describe the charging or discharging of capac-
itors. To model a ball falling straight down in air, we formulate the law of balance of
momentum for the ball. There are two momentum transports to consider: one due to
gravity, the other resulting from friction between the ball an air. Then we express the
momentum flows (the forces) by appropriate constitutive laws (force laws), and we
formulate the relation between momentum and speed of the body. The constitutive re-
lations introduce the speed of the body. We rearrange the equations so that we end up
with an initial value problem for the speed of the ball which we then solve.

Let us transfer this method to thermodynamics. Consider the cooling of hot water in a
thin walled can, placed in a room and stirred with the help of a magnetic stirrer. We
formulate the law of balance of entropy (heat, caloric) for the body of water. The en-
tropy changes because of cooling, i.e., because of the transport of entropy out of the
water and into the room. Moreover, we have to take into consideration the production
rate of entropy due to friction between the magnetic bar and water. Now we need con-
stitutive laws for the temperature—entropy relation of water, an expression for the en-
tropy flow from the hot water to the cold environment, and one for the production rate
of entropy due to s,tirring.14 The material laws introduce the temperature of the body

14. Here we use the energy principle to derive the missing expression. How much entropy is
produced in an irreversible process depends upon the quantity of energy dissipated, and
upon the temperature at which dissipation is taking place. In thermal design in engineering,
it has become customary to express entropy production rates by combining laws of balance
of entropy and of energy with appropriate constitutive laws (Bejan, 1988, 1996).
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of water. The model has now been cast in the form of a set of differential and algebraic
equations. They can be rearranged to yield a single initial value equation for the tem-
perature of the water which we solve.

If it is so simple to produce dynamical models in thermodynamics, why is it not stan-
dard practice to do so in physics? The answer has to do with conceptualizations of pro-
cesses and with basic philosophy of what a model is and what it can do. Here is an
example of a problem that has vexed students of thermal physics. Consider a cold
block of copper submerged in hot water. In a first step, we would write the laws of
balance of entropy for water and copper, and introduce two temperatures, one for wa-
ter, the other for copper. This means we imagine homogenous bodies having a certain
entropy and a certain temperature, capable of absorbing or emitting entropy. Now the
entropy flow is between the two bodies whose changes are being considered in the
model. Since entropy transfer from a hot to a cold body is irreversible, we have to add
an entropy production term to our equations. Moreover, the copper block should be
considered an inhomogeneous body between whose parts entropy flows—and again
entropy must be produced.

Upon closer inspection, this situation turns out to be anything but trivial from a con-
ceptual viewpoint. I introduced a single temperature of a body as if it were normal for
a physical system to have the same temperature throughout. Thermal processes cast a
glaring light upon the problem of uniform situations. Normally, when heat (entropy)
flows, temperatures change from point to point, which makes it necessary to set up a
continuum theory of nature. So, where does this leave us with our desire to learn about
thermal processes in the simplest possible settings?

I1.5.1 A Continuously Variable World or Eternal Rest?

Objects and systems do not only change with time. Their properties also vary from
point to point in space. The point masses of mechanics certainly are not an example of
how things are in nature. The electrical capacitor which we describe in terms of a sin-
gle value for its voltage or its electrical field does not even exist. While bodies move
they also may deform, which can make them nonuniform. When air rushes into a vac-
uum such as in free expansion, we are confronted with a situation which makes it im-
possible to speak of the air pressure.

Thermal phenomena present us with more examples. Experience with the world
around us demonstrates most clearly that uniform situations do not exist in general.
The temperature never is the same at every point in a body. The Earth’s atmosphere is
far from a uniform state, and so are our homes and our bodies. When we heat a stone
in the Sun or air in a cylinder, heat (entropy) will gradually spread through the system
leaving parts closer to the heat source hotter than those further from it. Therefore, the
description I just used seems to be utterly unrealistic.

We might think that it should be possible to select parts of bodies small enough for
spatial uniformity to prevail to a significant degree. We could attempt to base our de-
scription of nature on such systems, from which we would build the world at large.
However, this turns out to be impossible: changes of temperature from location to lo-
cation are required if thermal processes are to take place at all. Heat does not flow
without a temperature gradient, not even in the tiniest part of a body. Inevitably, this
leads to the production of heat. Thermal processes are dissipative as a matter of fact,
leaving us between a rock and a hard place.
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You may object to this stark analysis and insist that situations exist in nature in which
physical systems can be described as spatially homogeneous. Again, entropy tells the
story. If we leave two bodies at different temperatures in contact for a long enough
time, their hotnesses will eventually be the same. If we insulate the bodies from the
environment we can even maintain this condition over a long period of time without
significant change. The air which undergoes free expansion will settle down eventu-
ally, making the pressure and temperature uniform throughout. Here, you will say, are
cases which we should be able to investigate successfully if we are looking for simple
situations.

There only is one problem. The examples provided have nothing to do with dynamics.
They are cases of eternal rest or, put more prosaically, of equilibrium. It seems we
must choose between a dynamical world which is too difficult for us to describe, and
a simpler, but less interesting, static one.

1.5.2  Uniform Heating in Thermal Superconductors

There must be a way out of this dilemma. After all, we construct theories of mechan-
ical and electrical systems which we describe in simple ways using the notion of spa-
tial uniformity. We calculate the behavior of electrical circuits by assuming them to
be composed of discrete elements each of which can be modeled using a few physical
variables assumed to have the same values at every point. We model the motion of
bodies in the simplest terms, forgetting about spatial inhomogeneity. Ideal pendulums,
for example, are points which swing at the end of massless strings through frictionless
space. We are quite happy with such simple theories, and we do not let ourselves be-
come unduly worried about the complexities of the real world. After all, the ideal mod-
els have an important story to tell despite their shortcomings.

Well, then, let us look for and construct a model of spatially uniform bodies which can
undergo thermal processes. How could we conceive of bodies which remain uniform
while they are being heated or cooled? Obviously we require the spatial variation of
temperature in a body to vanish while heat is allowed to flow through it. Carnot imag-
ined bodies which let heat pass easily. The situation he described in such simple words
is no stranger to us in other fields of physics. In electricity, we build circuits using
wires which “let electricity pass easily,” and we do not blink an eye when we set their
resistances equal to zero. In fact, we know of a perfectly modern phenomenon which
lets us support the assumption of ideal wires, namely superconductivity. We simply
take the wires as being superconducting: they let charge pass easily; the potential dif-
ference across their length is zero; and they do not produce any entropy.

What is the thermal equivalent of electrical superconductivity? It is a conductor where
entropy does not require a temperature difference to spread from one point to another.
Expressed differently, this is a material having zero thermal resistance. If we let the
thermal resistance vanish while the flow of entropy is kept constant, the rate of pro-
duction of entropy will go to zero as well. A body working according to this prescrip-
tion may very well be said to be a thermal superconductor.

Other ways of heating bodies may lead us to the same conclusion, namely that it is not
forbidden to construct models of uniform heating. Imagine many tiny electrical heat-
ers distributed uniformly through a body of water emitting the entropy they create at
an equal rate into every part of the body. Another form of evenly distributed sources
of entropy is encountered in the absorption of radiation in an almost transparent body.
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Radiation from the Sun is absorbed by a few cubic meters of air in our atmosphere at
just about a uniform rate. In either case, we may model the actual process as one in
which the temperature of the body remains uniform all the time.

1.5.3 Models and Truth

Are uniform processes realistic? It is important to realize that it does not matter wheth-
er such bodies and circumstances exist in nature precisely as I have described them.
They certainly may exist as models in our theories. They are comparable to ideal wires
and ideal pendulums. Just like these simple objects (which cannot be found in nature
either), thermal superconductors and evenly spread sources of entropy are the building
blocks of a theory of dynamics, this time of the dynamics of heat in uniform bodies.
In fact, despite all the factors which we are ignoring, this model leads to important re-
sults: bodies undergoing uniform thermal processes approximate many real cases rath-
er well. The idea of the change of a body through homogeneous states is an important
ingredient of classical thermodynamics. All we have to do now is to investigate the
consequences of such a far-reaching assumption.

Physics is not a science that creates words or concepts that have a direct, one-to-one
relation with the world out there.'> We have already seen that certain quantities such
as momentum or entropy occupy a special place in the inventory of human concepts.
They are absolutely necessary to talk about nature, to understand it, and to formulate
models, but we do not really need their values as we need those of speed and temper-
ature to compare our models with reality. We may very well wonder whether or not
these quantities exist out there. Certainly, these concepts demonstrate how human
imagination works. We imagine fluids and levels, and the force or power of phenom-
ena. Armed with these schemas and their metaphorical projections, we create stories
of how nature works. In science, we have learned how to make the stories formal, i.e.,
create mathematical models that can be simulated and whose results can be compared
with data of phenomena observed in the real world.

1.6 AN OVERVIEW OF THE BOOK

I have divided the book into four parts. Part I discusses hydraulic, electric, and some
mechanical processes with the goal of learning how to create simple system dynamics
models. In Part II, I introduce thermal and chemical phenomena which will be mod-
eled using the idea of uniform dynamical systems. These models will be formalized
and extended to spatially continuous situations in Part III. Finally, in Part IV, a number
of applications of thermal and chemical physics will be treated that require the more
formal tools made available in Part III.

This book starts with fluid, electric, and rotational phenomena which are conceptual-
ized as resulting from the storage and flow of fluids, electrical charge, and angular mo-
mentum (spin), respectively. Then we discuss a general theme: the role of energy in
physical processes (Chapter 2). Finally, Chapter 3 extends the discussion to examples

15. David Hestenes and I have both discussed the question of the nature of models in the light
of modern cognitive science and linguistics (Hestenes, 2006; Fuchs, 2006, 2007).
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of translational motion; here, we deal with the transport and storage of momentum.
There are several reason for having this part in a book on the dynamics of heat. If we
want to model thermal dynamical processes in analogy to how this is done in other
fields, we first have to get to know these fields from a systems perspective. Secondly,
we need to understand energy in physical processes from a generalized and unified
viewpoint. The traditional treatment of the energy principle is not exactly helpful in
this respect. I will introduce process diagrams that visualize flows, potentials, power
and energy currents, in single systems and in chains of systems. These diagrams can
be used as tools in process design (Tyreus, 1999, gives an example in control engi-
neering).

The next six chapters are devoted to an introductory exposition of dynamical thermal
and chemical phenomena. With a few exceptions, I will limit the discussion to uniform
models. Naturally, if we divide a system into enough uniform parts, we may still get
very useful models—certainly good enough for many applications in the sciences,
medicine, engineering, and ecology.

Chapter 4 introduces us to hotness, heat (entropy), and energy, and their relation, using
simple systems such as water cooling in the environment, two bodies in thermal con-
tact, or (thermoelectric) heat pumps and heat engines. These examples are well suited
to the study of basic thermal concepts and for learning how to set up our first dynam-
ical models. The treatment will be extended to substances undergoing phase changes,
and to the dynamics of simple fluids such as the ideal gas and thermal radiation (Chap-
ter 5).

Chemical processes—the transport and the reaction of substances—are intimately
linked to thermal ones, so it is important to take a closer look at them. In Chapter 6, |
will deal with diffusion, solutions, and simple reactions. Concepts—amount of sub-
stance and the chemical potential—will be motivated and dynamical models will be
set up. Parts of this theme will be important when we take up the transport of heat in
Chapters 7 and 8. Finally, in Chapter 9, entropy production minimization will be ap-
plied to some interesting examples. This is a particularly useful method of thermal de-
sign which leads to models of optimal processes in engineering and in nature.

Chapters 10-12 make up Part III. They detail the construction of a formal theory of
the dynamics of heat for uniform and for spatially distributed phenomena. The latter
lead to ideas and tools needed for continuum thermodynamics and radiative transfer.

The applications discussed in Part IV deal with conductive and coupled transports
(Chapter 13), convective heat transfer (Chapter 14), and phase changes and mixtures
and their application to engines and power engineering (Chapter 15). The last chapter
describes solar radiation (Chapter 16). The chapters in this part develop more detailed
constitutive theories than those encountered in Part II of the book.

Throughout the book, I will use the images and the language of continuum physics as
the main tool—to me, continuum physics provides the best example of images of
change that grow from the basic structures of figurative thought discussed in this In-
troduction. In this way, I hope to prepare the ground for the approach to thermodynam-
ics which you will find here and in modern treatises of this subject that go beyond what
I do here. I believe you will find it advantageous to draw comparisons between differ-
ent fields of physics and make use of analogical reasoning as often as possible during
your journey through thermodynamics.

14 THE DYNAMICS OF HEAT
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CHAPTER 1

STORAGE AND FLOW OF FLUIDS AND ELECTRICITY

In this chapter, hydraulic and electric phenomena will be introduced and described
with concepts known from the physics of dynamical systems and processes. We start
with fluids in systems of tanks, pipes and pumps, and extend the description to elec-
trical processes by making use of analogical reasoning. Dynamical models will be
constructed that share the same underlying structure even though the phenomena are
not at all alike—at least not superficially. The form of the conceptualization, and the
tools used to express it, are the same as those used to create models of mechanical sys-
tems (Chapter 3). They will be used to build a theory of the dynamics of heat in Part II.

1.1 PHENOMENA AND MODELS IN FLUIDS AND ELECTRICITY

We all are familiar with the flow of water in simple settings, such as the filling or dis-
charging of tanks through pipes. By looking at some special examples, we will be able
to identify the elements of a physical theory which allow us to calculate such things
as the current of water through a pipe, the pressure at various points in the fluid, the
storage of water and associated values of pressure, and the time required to discharge
a storage element. Beyond the immediate application, the analysis will tell us that the
description of systems and processes is similar to what we know from electricity. By
comparing hydraulic and electrical systems, we shall learn about the importance of
analogies between different fields of physics.

Fluids and electricity demonstrate most clearly how humans conceptualize processes.
Fluidlike quantities that are stored and can flow, and differences of their intensities
which I interpret as a kind of tension or driving force, are the basic concepts. In this
section, processes of the creation and the equilibration of such driving forces demon-
strate how we perceive similarities in otherwise dissimilar phenomena.

1.1.1 Differences, Driving Forces, and Flows

Communicating tanks. Consider two cylindrical tanks connected by a hose at their
bottoms, and filled with some oil. We let the oil flow from one tank into the other and
measure the fluid levels in the tanks as functions of time (Fig. 1.1).

It turns out that the level of oil in one of the tanks decreases while the other level in-
creases. This is so since the oil flows from where the level is higher to where it is low-
er. The shape of the measured curves tells us that the process runs fast at the beginning,
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Figure 1.1: Two communicating
tanks connected by a pipe. Oil is
allowed to flow from one tank
into the other. The process runs
until the oil levels have become
equal.

Figure 1.2: Communicating toy
balloons demonstrate that pres-
sure equilibrates. Pressure differ-
ences are interpreted as the
driving forces of the flow of flu-
ids.
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slows down and comes to a standstill when the levels have become equal (Fig. 1.1,
right). We say the system has reached equilibrium. There is dynamics as long as we
have a difference of levels in the two tanks—the level difference is conceptualized as
the driving force of the flow of fluid.

Note that the final common level is not the average of the initial levels if the tanks have
different cross sections (Fig. 1.1). This demonstrates that levels become equal, and not
quantities of liquid.
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A closer look at the flow of fluids from one storage element to another shows yet an-
other important aspect of these phenomena. If you fill one of the tanks with oil having
a somewhat higher or lower density, the final levels in the tanks will not be the same—
even though the flow process has stopped. If we maintain that this is due to the fact
that the driving force of the process has become zero, the driving force cannot be mea-
sured by the difference of levels of liquids but rather by pressure differences.

Communicating balloons. A third experiment clarifies the situation. Instead of
tanks, let us use toy balloons filled with air at different pressures. The balloons are al-
lowed to communicate. If we measure the air pressure in the balloons as functions of
time, we see that pressures equilibrate (Fig. 1.2) whereas quantities of air or levels do
not (there are no levels of air to speak of in this experiment). In summary, the three
cases described above tell us that we can interpret pressure differences as driving
forces of flows of fluids.

Pressure / kPa

100 150
Time /s

Two capacitors in an electric circuit. In a circuit having two electric capacitors with
aresistor between them (Fig. 1.3), we can observe a process which demonstrates sim-
ilar behavior. We charge the capacitors to different voltages in the open circuit, close
the circuit and measure the electric potential differences (voltages) as functions of
time. We get curves analogous to the ones in the diagrams of Fig. 1.1 and Fig. 1.2—
see Fig. 1.3. The interpretation of this phenomenon is analogous to that of fluid pro-
cesses, and it is well known from electricity. We imagine a quantity responsible for
electric processes—compared to quantity of fluid—which we call electric charge.

18 THE DYNAMICS OF HEAT



1.1 PHENOMENA AND MODELS IN FLUIDS AND ELECTRICITY

This quantity is said to flow from a place having a higher electrical intensity—called
electric potential—to one having a lower value of intensity. The process stops when
the potential differences across the capacitors have become equal. Note that a potential
difference has its own name; it is called voltage (the German word for this is fension).
Observations like the one described here lead us to interpret electric potential differ-
ences (voltages) as driving forces of the flow of electric charge.
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If differences, i.e., driving forces, decay spontaneously as we have seen in these ex-
periments, they have to be reestablished if they are supposed to again make something
happen. In nature, on our planet, this works mostly through the action of solar radia-
tion. Chemical and thermal differences are created which in turn create pressure and
gravitational differences that drive the oceans and the atmosphere. As long as the Sun
shines on us, these vital tensions can be maintained.! In engineering we build devices
that either set up differences or make use of them.

Driving charge apart. A simple electric experiment shows how this can work in tech-
nical settings. Add a battery to the circuit having two capacitors and a resistor (see
Fig. 1.4, left). Initially, the devices are uncharged, the electric potential differences
across the capacitors are zero: we have electrical equilibrium. If we now connect the
battery, i.e., close the circuit, the potentials of the capacitors are driven apart—a po-
tential difference is established (Fig. 1.4, right).

Voltage / V
<)

0 10 20 30
Time /s

1. Inold mythic cultures like Egyptian and Babylonian, people seem to have captured this un-
derstanding in their cosmologies. The world begins with a separation of the sky from the
earth. In Egypt, it was the god Shu (air) that supports Nut (heavens) from falling to Geb
(earth). In Babylonian mythology, it was the wind that separated heaven and earth. Dynam-
ics is rooted in the tension between the poles of the polarities that govern nature and soci-
ety.
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Figure 1.3: Two capacitors in a
circuit with a resistor. There is an
electric potential difference be-
tween the capacitors which spon-
taneously decays in the closed
circuit. Electric potentials equili-
brate.

Figure 1.4: Two capacitors in a
circuit with a resistor. Here, a
battery (circle with plus sign) is
added to the circuit. The battery
establishes a potential difference
between the capacitors.



Figure 1.5: A system dynamics
model diagram (left, produced
with the program Stella, isee sys-
tems 1986-2010) and its simula-
tion. Rectangles represent stored
quantities, fat arrows symbolize
transports, and circles stand for
further variables and parameters
that are connected by thin arrows.
The model equations are shown
further below.
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Differences beget differences—there has to be a potential difference in the battery to
make that device establish an electric potential difference. This initial tension is chem-
ical in nature. There are chemicals in the battery that react as a result of their innate
chemical difference. Later, in Chapter 6, I will take up the issue of chemical processes
and formalize the idea of chemical differences by introducing the notion of chemical
potentials. At this point, we probably realize how we can understand thermal dynam-
ical processes: they are the result of the difference between hot and cold.

1.1.2 System Dynamics Models

The descriptions of the phenomena discussed above contain the seeds of formal expla-
nations of physical processes. Take the case of communicating tanks in Fig. 1.1. A
word model of the system and its processes might go like this. There is a pressure dif-
ference of the oil across the connecting pipe. As a result, oil will flow through the pipe
from the point of higher to the point of lower pressure. By resisting the flow, the pipe
regulates the current. This makes the volume of oil decrease in the first container, and
increase in the second. Since the quantity of oil in a container sets up the pressure due
to the action of gravity, the pressure difference between the tanks will go down, which
will make the current of oil through the pipe decrease, and this will make the levels of
oil in the tanks change more slowly, and so on.

Graphical modeling tools. There are system dynamics modeling tools that support
us in translating these words into diagrams and equations. Liquid flowing from tank 1
to tank 2 diminishes the volume of liquid in tank 1 and increases it in tank 2. This basic
idea is expressed graphically with storage and flow symbols (Fig. 1.5) whose combi-
nation represents laws of balance. The stored liquid sets up a pressure which depends
upon the quantity of fluid and the size of the tank which is symbolized by a capaci-
tance: The greater the volume the higher the pressure, with the capacitance as the fac-
tor relating one to the other. The flow, finally, depends upon the pressure difference
and a material factor that tells us how hard it is for the fluid to flow (this factor is called
flow resistance).
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The structure of the model has now been represented graphically. We still need to cast
our ideas into formal expressions. The software used to draw the diagram lets us enter
the relevant relations in mathematical form. Here is a concrete example:

d (Volume_1) /dt =-Flow , Volume_1(0) =10
d (Volume_2) /dt =Flow , Volume_2(0)=2

Pressure_difference = Pressure_2 — Pressure_1
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1.1 PHENOMENA AND MODELS IN FLUIDS AND ELECTRICITY

Flow = — Pressure_difference/Resistance
Pressure_1 = Volume_1/Capacitance_1

Pressure_2 = Volume_2/Capacitance_2

Resistance = 100
Capacitance_1 =2

Capacitance_2 = 1

In this example. values and units are arbitrary. Numerical software solves this set of
equations leading to pressures (and volumes and flow) as functions of time as shown
in the graph of Fig. 1.5. Quite obviously, the numerical result shows the same behavior
as experimental values obtained in the example of Fig. 1.1. In practice, we use data to
determine parameters of the model such as the flow resistance: parameter values are
changed and the simulations are fitted to experimental values. In the example dis-
cussed here, the ideas built into the model give close to perfect agreement between
model and reality. Therefore, we accept the assumptions that (a) the pressure of oil in
a tank is proportional to its volume, and (b) the flow of oil through the pipe is propor-
tional to the driving force (pressure difference).

Extending and changing models. Extending and changing the model produced
above becomes quite intuitive and simple when we use the graphical modeling tools
available to us today. Imagine that one of the tanks in Fig. 1.1 had an additional outlet,
or we used water instead of oil. In the first instance, we would simply add a flow ele-
ment to one of the tanks in the model diagram of Fig. 1.5 and express the flow in terms
of the appropriate pressure difference and a resistance. In the second case, we would
have to change the form of the relation between pressure differences and flows (it
would no longer be linear).

Analogical reasoning. The model constructed for this first example can be trans-
ferred to electrical systems (Fig. 1.6). Take the example of driving electric charge
from one capacitor to another with the help of a battery (or power supply), as in
Fig. 1.4. You can use the system dynamics model constructed for communicating
tanks (Fig. 1.5, left), change the names of the variables (replace volume by charge,
pressure by potential or voltage), and add the effect of the power supply by specifying
a fixed value of a driving potential difference which is added to the potential differ-
ence between the capacitors, and the model is completed. Equations for potentials and
for the flow do not have to be changed. The correspondence between fluid and electric
dynamical phenomena will become even more evident in an example from physiology
discussed in some detail below.

Structure of dynamical models. The model—represented by the equations listed
above—has a structure worth noting. There are two laws of balance of volume of oil
including two initial values (the volumes at the beginning of the process). We observe
that the flow leaving the first tank must be equal to the flow entering the second stor-
age element. This is a special case of the balance of volume which we might call the
interaction rule. A relation between pressure differences in a circuit tells us how to
relate the pressure difference across the pipe to those across the fluid columns in the
tanks. Then there are three constitutive relations for pressures of stored fluids and for
the flow, and three parameters. The laws of balance and the relation between pressure
differences have a generic structure that is the same in all systems. The constitutive
laws, on the other hand, depend upon circumstances. To be specific, if we had let wa-
ter flow through the pipe, the flow law would be different from what we used for oil.
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Figure 1.6: Diagram of a system
dynamics model for a circuit con-
taining two capacitors, a resistor,
and a power supply (U_S stands

for the voltage of the power sup-
ply).



Figure 1.7: Left: Schema of our
cardiovascular system. Right:
Blood pressure and blood flow
measured in a sheep, as functions
of time. The solid pressure curve
that changes from about 110
mmHg to less than 20 mmHg was
taken inside the left ventricle.
The second pressure curve (solid
line, with values between 50 and
90 mmHg) was measured in the
aorta near the heart. The flow in
the aorta near the heart is shown
as the dashed line (with values on
the right vertical axis).
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1.2 A CompLEX CASE: THE BLOOD CIRCULATORY SYSTEM

The concepts and methods used in Section 1.1 for creating an understanding of dy-
namical systems are basic, yet they suffice for some fairly sophisticated models of real
complex cases. This will be demonstrated by constructing models of the blood circu-
latory system. At the same time we will see how analogical reasoning is employed in
an active field of research and development. Researchers in physiology use the lan-
guage of electric circuits to describe their models of the blood circulatory system.

1.2.1 Description of the System

Historically, it was not self evident that one could understand the blood circulatory
system in terms of hydraulics. Today, we are accustomed to seeing the heart as a pump
and the vessels as pipes for the flow of blood. Briefly said, the circulatory system con-
sists of a single circuit having two pumps made up by the two main chambers (ventri-
cles) of the heart (Fig. 1.7).

The blood circulatory system. The right ventricle of the heart pumps blood through
the lungs (through the pulmonary circuit) where it is replenished with oxygen. From
there it flows to the left side of the heart into the atrium and then into the main chamber
called the left ventricle. From there the blood is pumped through vessels through the
body. The “pipe” leading away from the heart is called the aorta which branches off
into arteries, which branch into finer vessels and capillaries. There are several branch-
es of this body circuit (called the systemic circuit) going through the torso with its or-
gans, through the legs and arms, and through the head. After the blood has brought
oxygen, nutrients, and water to body parts and has taken up waste products, it flows
back through the veins toward the right ventricle of the heart. If we want to understand
blood pressure properly, we need to understand how the aorta functions.
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Blood pressure. We have probably all had our blood pressure measured at one time
or another. An air filled cuff is put around our upper arm. The pressure of the air is
increased until the cuff fits tightly. Then the pressure is slowly decreased and the doc-
tor listens for changes of sound and then reports something like “130 over 80.” The
upper value is called the systolic pressure, the lower one is the diastolic pressure
(Fig. 1.7).

First, we have to remember that the values reported are typically given in units of
mmHg (millimeters of mercury column, i.e., the pressure that supports a column mea-
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suring so many mm of mercury; 1 bar correspond to about 760 mmHg). Second, a val-
ue of zero means “ambient” pressure, i.e., the average pressure in the body which is
close to ambient air pressure.

Why are there two values reported in blood pressure measurements? Why isn’t the
lower value simply zero or close to zero, considering that the pressure in the left ven-
tricle reaches a value close to zero at some point during the cardiac cycle? The aorta
and its properties are responsible for this. The aorta is a flexible vessel, in contrast to
arteries and capillaries. This means that the aorta functions not only as a pipe but also
as a storage vessel—very much like a balloon or a membrane accumulator. It stores
the blood that comes from the left ventricle for some time and releases it relatively
steadily into the rest of the circuit, i.e., into the arteries and capillaries. These basically
work as simple pipes that let the blood pass. Their hydraulic function is described by
stating that they set up a resistance to the flow of the relatively viscous blood. The
blood pressure measured at the doctor’s office is close to the pressure measured in the
aorta. This quantity varies rhythmically between a high value (somewhat lower than
the maximum pressure in the heart) and a lower one. Since there always is blood in the
aorta, this lower (systolic) value is never close to zero (Fig. 1.7).

1.2.2 An Electric Circuit Modeling the Action of the Aorta

In summary, the left ventricle is the intermittent pump for the systemic circuit, the aor-
ta is like a windkessel,? and the rest of the blood vessels serve as a (branching) pipe
(see Fig. 1.8, top left). Between the pump and the windkessel there is the aortic valve
which must make sure that blood does not flow back into the left ventricle. Such a sys-
tem can be modeled successfully by a physical model using electric elements—power
supply, capacitors, resistors, and a diode (Fig. 1.8, bottom left). Operating the circuit
with a variable voltage of the power supply that mimics the pressure of blood in the
left ventricle leads to a voltage across the capacitor analogous to the blood pressure in
the aorta (see the graph on the right in Fig. 1.8).
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2. Around 1660, windkessel pumps were invented to smooth water flows through fire hoses.
Without these, the flows directed at a fire would be as intermittent as the pressure differ-
ences set up by hand operated pumps used in old fire fighting systems. (Windkessel is Ger-
man for air or wind chamber.)
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Figure 1.8: The windkessel
model of the systemic circuit (top
left). It consists of a pump that
takes liquid from the environ-
ment (left), a short pipe with a
valve, a container, and a (long)
pipe leading back to the environ-
ment. Analogous electric circuit
(bottom left) having a power sup-
ply, diode, resistors, and a capac-
itor modeling the aorta.
Operating the electric circuit
with a variable voltage of the
power supply leads to data shown
on the right.
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Figure 1.9: The windkessel sys-
tem features two independent
loops. Along a loop, the sum of
all pressure differences is equal
to zero.

Figure 1.10: Diagram of system
dynamics model of electric wind-
kessel (left). Data and simulation
results are on the right. The dots

are from the experimental data of
UC, whereas the solid line close-
ly following the dots is the simu-
lation result. The source voltage

(US) is used as input to the mod-
el.
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To produce the equivalent electric circuit for the hydraulic windkessel, it is important
to identify voltages with pressure differences and to make sure that the relation be-
tween potential differences in a circuit (i.e., the loop rule) is adhered to. Here, we have
two loops, one leading from the ambient air through the pump and the valve to the tank
and back to the environment, the second leading from the environment through the
tank and the long pipe back to the ambient air (Fig. 1.9). The intermittently driven
pump is represented by a power supply that sets up a voltage as a function of time re-
sembling the pressure difference of the pump.

System dynamics model. Creating a system dynamics model of the electric cir-
cuit—and by analogy for the heart-aorta-vessels part of the systemic blood flow sys-
tem—is rather simple (Fig. 1.10, left). The fit of simulations and data can be made
close to perfect for the electric circuit (Fig. 1.10, right) whereas the model will always
be too simple to represent the physiological system very well. Still, it gives us a clear
understanding of important processes in the blood flow system.

There is a single law of balance of electric charge of the capacitor (analogous to vol-
ume; see the reservoir symbol in the system dynamics diagram of Fig. 1.10). Charge
can flow through two resistive elements (pipes), one associated with the circuit
through the power supply (pump), the other going through the second resistive ele-
ment (long pipe). If we use the ideas applied before, the flows through the resistive
elements are expressed in terms of the voltages (pressure differences) across them, and
the respective resistances. The voltage across the capacitor (pressure of the fluid in the
tank) is calculated with the help of the charge and the capacitance. The valve is imi-
tated by a diode. Finally, the resistive voltages are calculated from the other voltages
using the loop rule.
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The model equations consist of a law of balance, two loop rules relating voltages, and
five constitutive relations for the resistors, the diode, the capacitor, and the power sup-

ply:
d (Charge) /dt=1Q_1-1Q_2 , Charge(0)=0

UR_1=US-UD-UC
UR_2=UC

1Q_1 =1IF (UR_1 > 0) THEN UR_1/R1 ELSE 0
1Q_2=UR_2/R2
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UC = Charge/Capacitance
US = Graphical_Function(TIME)
UD=0.82

Capacitance = 458e-6
R1=1.00e3
R2 =1.0e4

1.2.3 Limitations of the Model

The model for the electric circuit representing the windkessel system is quite good.
The only real shortcoming is the strongly simplified model of the diode. Here, we as-
sume the diode to be ideal: it does not let any charge pass for voltages across the ele-
ment that are smaller than 0.82 V; above that, it is an ideal conductor. This is a crude
approximation of the real behavior, but apparently it suffices.

If we transfer the model to the physiological case (by simply changing names of vari-
ables and parameters, and by applying proper values for the hydraulic parameters),
limitations become more apparent. Experience with such models shows that the ex-
pressions for the capacitive pressure of the blood in the aorta, and for the flow through
the aortic valve, could be improved upon. The aorta is a pressure vessel having an elas-
tic wall which typically leads to a nonlinear relation between pressure and volume
stored. The flow from the left ventricle into the aorta is quite complex (narrowing of
the conduit, a valve, relatively high flow speed) so that the flow relation turns out to
be nonlinear as well. Using a relation for turbulent flow instead of laminar flow comes
closer to reality.

Another shortcoming is demonstrated by the shape of the simulated aortic pressure.
With a pressure of the blood in