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1. INTRODUCTION

In many expositions of thermodynamics, the concept of heat
is introduced at the outset of the logical development in terms of
mechanical illustrations aimed at demonstrating the difference
between heat and work.

For example, in his lectures on physics, Feynman[1] describes
heat as one of several different forms of energy related to the
jiggling motion of particles stuck together and tagging along
with each other (pp. 1-3 and 4-2), a form of energy which really
is just kinetic energy—internal motion (p. 4-6), and is measured
by the random motions of the atoms (p. 10-8). Tisza[2] argues
that such slogans as “heat is motion,” in spite of their fuzzy
meaning, convey intuitive images of pedagogical and heuristic
value.

There are at least two problems with these illustrations.
First, work and heat are not stored in a system. Each is a
mode of transfer of energy from one system to another. Second,
and perhaps more important, concepts of mechanics are used
to justify and make plausible a notion—that of heat—which is
beyond the realm of mechanics. In spite of these logical draw-
backs, the trick works because at first the student finds the idea
of heat harmless, even natural. But the situation changes dras-
tically as soon as the notion of heat is used to define a host of
new ideas, less natural and less harmless. At once, heat is raised
to the same dignity as work, it is contrasted to work and used
as an essential ingredient in the first law. The student begins
to worry because the notion of heat is less definite than and not
as operational as that of work.

The first problem is addressed in some expositions. Landau
and Lifshitz[3] define heat as the part of an energy change of a
body that is not due to work done on it. Guggenheim|4] defines
heat as an exchange of energy that differs from work and is de-
termined by a temperature difference. Keenan[5] defines heat
as that which transfers from one system to a second system
at lower temperature, by virtue of the temperature difference,
when the two are brought into communication. Similar defini-
‘tions are adopted in notable textbooks, such as Van Wylen and

Sonntag[6], Wark[7], Huang[8], Modell and Reid{9], and Moran
and Shapiro[10}.

None of these definitions, however, addresses the basic prob-
lem. The existence of exchanges of energy that differ from work
is not granted by mechanics. It is one of the striking results of
thermodynamics, that is, of the existence of entropy as a prop-
erty of matter. Hatsopoulos and Keenan[11] have pointed out
explicitly that without the second law heat and work would be
indistinguishable and, therefore, a satisfactory definition of heat
is unlikely without a prior statement of the second law.

In our experience, whenever heat is introduced before the
first law, and then used in the statement of the second law and
in the definition of entropy, the student cannot avoid but sense
ambiguity and lack of logical consistency. This results in the
wrong but unfortunately widely spread conviction that thermo-
dynamics is a confusing, ambiguous, hand-waving subject.

During the past twenty years of teaching thermodynamics to
students from all over the globe, we have sensed a need for more
clarity, unambiguity and logical consistency in the exposition
of thermodynamics than provided by traditional approaches.
Continuing the effort pioneered by Keenan and Hatsopoulos.
we have composed an exposition{12] in which we strive to de-
velop the basic concepts without ambiguities and logical incon-
sistencies, building upon the student’s sophomore background
in introductory physics.

The basic concepts and principles are introduced in a novel
sequence that eliminates the problem of incomplete definitions,
and that is valid for both macroscopic and microscopic systems,
and for both equilibrium and nonequilibrium states. The laws of
thermodynamics are presented as fundamental laws of physics
that complement the laws of dynamics. Heat plays norole in the
first law, the definition of energy, the second law, the definition
of entropy, and the concepts of energy and entropy exchanges
between interacting systems. It emerges as a consequence of
these concepts and laws. Heat is the energy exchanged between
systems that interact under very restrictive conditions that de-



fine what we call a heat interaction.

In this round-table presentation we sumimarize and illustrate
the key aspects of the novel logical sequence that we propose
in our exposition of the foundations of thermodynamics. We
emphasize that although this exposition makes no reference to
the ideas of Quantum Thermodynamics, as it should for an en-
gineering school, nevertheless it is construed so as to be entirely
compatible with it, particularly with the general aspects con-
cerning the definition of entropy for nonequilibrium states.

The Appendix lists the detailed sequence of presentation of
the first 10 one-hour lectures of our undergraduate course in
engineering thermodynamics. Section 2 describes the salient
features of the sequence.

2. THE NEW SEQUENCE OF EXPOSITION

We outline briefly the logical sequence of our detailed expo-
sition of the foundations of thermodynamics in Ref. 12. We do
this not only to show in which way it is possible to present the
laws of thermodynamics without resorting to heuristic defini-
tions of heat and temperature, but also to emphasize that this
is done by building gradually upon the sophomore background
in physics, thus providing continuity in the development of a
student’s understanding of natural phenomena.

We begin with kinematics and dynamics. In kinematics, we
discuss the definitions of system, property, and state. The con-
cept of state that we define provides the common thread for the
unification of the various branches of physics without need to
modify its meaning from branch to branch. The state is the
set of instantaneous values of all the amounts of constituents,
all the parameters that characterize the external forces, and
all the properties. Without alteration, this definition is valid
for any system, macroscopic or microscopic, and any condition,
changing or not changing with time.

In dynamics, we discuss spontaneous and induced changes
of state as functions of time, i.e., we introduce the idea of
the equation of motion of a system. Certain time evolutions
obey Newton's equation of motion or its quantum-mechanical
equivalent—the Schrédinger equation of motion. Other experi-
mentally observed time evolutions, however, do not obey either
of these equations. So the equations of motion that we have
are incomplete. The discovery of the complete equation of mo-
tion that describes all physical phenomena remains a subject of
research at the frontier of science—one of the most intriguing
and challenging problems in physics. Among the many features
that have already been discovered, the most general and well
established are captured by the statements of the first law and
the second law of thermodynamics. We note that from these
two laws derive the most powerful tools to investigate time de-
pendent phenomena.

We introduce a carefully worded and unambiguous statement
of the first law in terms of the concept of state and the defini-
tion of a weight process. We show that one of the principal
implications of this statement is the existence of the property
that we call energy and denote by E. Energy is defined for all
systems and all states, and is an additive property. It obeys
a conservation principle, i.e., it remains invariant in the course
of spontaneous changes of state of an isolated system. Because
changes of state require a finite time to occur, the principle of
energy conservation implied by the first law is an aspect of time
evolution. As such, it reflects a special feature of the general
equation of motion, even though the equation itself remains to
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be discovered.

Other implications of the first law are the impossibility of
a perpetual motion machine of the first kind, the relation of
the law to relativity and mass, and the energy balance. The
energy balance is the most universal and powerful tool used in
the analysis of practically every physical phenomenon.

Next, we recognize that at a given instant of time a sys-
tem can be found in one of many different states. We classify
each state according to its time evolution, and define unsteady.
steady, nonequilibrium, unstable equilibrium, metastable equi-
librium, and stable equilibrium states.

We recall that equilibrium is not always stable, and raise the
question: “Among all the states of a system that correspond to
a given value of the energy, are there any that are stable equilib-
rium?” Close scrutiny of this question reveals that the answer
cannot be found by means of the theory of mechanics. And vet
experience shows that such stable equilibrium states exist. The
answer is provided by the second law of thermodynamics.

We introduce a carefully worded and unambiguous statement
of the second law in terms of the concepts of energy, stable
equilibrium state, and reversible process. This statement is an
outgrowth of the pioneering work by Hatsopoulos and Keenan.
In due course we show that our statement entails all correct
statements of the second law that have appeared in the litera-
ture. We emphasize that the second law implies the existence
of stable equilibrium states but does not require that all states
be stable equilibrium. Indeed, the vast majority of states are
nonequilibrium. The requirement that some equilibrium states
must be stable reflects a most important feature of the general
equation of motion, even though this equation remains to be
discovered.

The two laws of thermodynamics have many important and
practical implications. One of these implications, is the im-
possibility of a perpetual motion machine of the second kind.
Another is that, in general, not all the energy of a system can
be transferred to a weight in a gravity field. Under the broad
restrictions that define a weight process, the amount of energy
that can be transferred from a system to a weight depends on
the state of the system. If it is not a stable equilibrium state, at
least a fraction of the energy can be transferred to the weight.
But, if it is a stable equilibrium state, no energy can be trans-
ferred to the weight. This limitation reflects innumerable ex-
perimental observations, but cannot be accounted for by the
principles of mechanics alone. It is one of the important impli-
cations of the two laws of thermodynamics.

We prove the existence of a novel important property that
we call adiabatic availability and denote by ¥. The adiabatic
availability of a system in a given state is related to the optimum
amount of energy that can be exchanged between the system
and a weight in a weight process. Like energy, this property is
well defined for all systems and all states. Unlike energy it is
not additive.

In striving to define an additive property that captures the
important features of adiabatic availability, we introduce a spe-
cial reference system, called a reservoir, and discuss the pos-
sible weight processes that the composite of a system and the
reservoir may experience. We prove the existence of another
important property that we call available energy with respect
to a given reservoir, and denote by Qf. The available energy
of a system in a given state is the adiabatic availability of the
composite of the system and the reservoir. It is a generaliza-
tion of the concept of motive power of fire first introduced by
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Carnot. Like energy and adiabatic availability, it is a well de-
fined property for all systems and all states, but depends on the
reference reservoir.

Finally, we disclose the existence of the property that we
call entropy, and denote by S. Entropy is defined in terms of
energy, available energy with respect to an arbitrarily selected
reservoir, and a constant that depends on the reservoir. In terms
of symbols the definition is

§=So+— [(E~ B - (@7 ~ )]
R

where E, and Qf,z refer to an arbitrary reference state, S, is a
constant fixed once and for all for the system, and the constant

- ¢ is a carefully defined property of the reservoir. We prove that

the role of the reservoir is only auxiliary, i.e., that the value of S
is independent of any characteristics of the arbitrarily selected

. reservoir. Because both E and Q% are defined for all systems

(macroscopic as well as microscopic) and all states (equilibrium
as well as nonequilibrium), S is also defined for all systems and
all states, including a system with one degree of freedom in any
of its states.

The concept of entropy introduced here differs from and is
more general than that of most textbooks where, as Callen][13]
stresses, the existence of the entropy is postulated only for equi-
librium states and the postulate makes no reference whatsoever
to nonequilibrium states.

We show that entropy obeys a principle of nondecrease, i.e.,
it either remains invariant or increases in the course of spon-
taneous changes of state of an isolated system. We show that
a spontaneous process is irreversible if the entropy increases,
and we call such increase a creation or generation of entropy
within the system. Like the principle of energy conservation,
the principle of nondecrease of entropy is an aspect of the time
evolution and, as such, it reflects another special feature of the
general equation of motion that remains to be discovered. We
finally introduce the entropy balance which is another powerful
tool for analyses of physical phenomena.

At this stage of our exposition, energy and entropy are fully
and rigorously defined for equilibrium as well as nonequilibrium
states. The concepts of temperature and heat have not yet
been either defined or used. As already emphasized, this fact
is a most distinguishing feature of our exposition of thermody-
narmics.

Next we focus our attention on the stable equilibrium states.
We show that at a stable equilibrium state the value of any
property is fully and uniquely determined by the values of the
energy, the amounts of constituents, and the parameters. This
conclusion is known as the state principle. It is reached without
any extraneous considerations, such as lack of information, diffi-
culty associated with complicated calculations, unpredictability
of initial conditions, or lack of interest in making detailed anal-
yses of large systems.

We derive the highest entropy principle and the lowest energy
principle as useful criteria for stable equilibrium. We discuss a
special form of the state principle known as the fundamental
relation. It avers that the value of the entropy at a stable equi-
librium state is uniquely determined by the values of the energy,
the amounts of constituents, and the parameters. Again, this is
a rigorous and general result, involving no approximation what-
soever.

We use the highest entropy principle to investigate neces-
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sary conditions that must be satisfled for two systems to be in
mutual stable equilibrium, i.e., for the combination of the two
systems to be in a stable equilibrium state. These investigations
disclose the existence of properties that are defined only for sta-
ble equilibrium states, namely, temperature, total potential of
a constituent, and pressure. Each of these properties is defined
in terms of a partial derivative of the fundamental relation, and
is readily measureable. More importantly, we show that neces-
sary conditions for systems to be in mutual stable equilibrium
are temperature equality, total potential equality for each con-
stituent, and pressure equality. Each of these equalities provides
the theoretical foundation for the measurement of the respective
property.

At this stage, we are finally ready to introduce work and heat
interactions. A work interaction is defined by the condition that
its result be a net exchange of energy between the interacting
systems involving no exchange of entropy. We call nonwork any
interaction that is not work. A heat interaction is only a special
nonwork interaction.

A heat interaction is defined by the condition that it be en-
tirely distinguishable from work—no part of a heat interaction
be mistakable as a work interaction. We prove that such an
interaction exists, results in a net exchange of both energy and
entropy, requires that the interacting systems be almost at the
same temperature, and is such that the ratio of the amount of
energy exchanged to the amount of entropy exchanged equals
the almost common temperature of the interacting systems.

We discuss the energy balance and the entropy balance for
a system experiencing only work and heat interactions. The
change in energy equals the sum of the work and the heat to
the system. This result is just a very special consequence of the
two laws of thermodynamics and, hence, cannot be called “the
first law™. The change in entropy equals the entropy supplied by
the heat interaction plus the entropy generated spontaneously
by irreversibility within the system. Also this result is just a
very special consequence of the two laws of thermodynamics
and, hence, cannot be called “the second law”.

Work and heat are ingenious concepts. For given end states
of a system, they allow the quantitative distinction between
entropy generated by irreversibility and entropy exchanged via
interactions with other systems. As such, these two concepts
provide practical means for identifying opportunities to reduce
the entropy generation by irreversibility and, hence, improve
the performance of the system. The identification of these op-
portunities would be missed if heat were defined as just any
interaction that is not work, i.e., any nonwork interaction.

3. TEACHING TIME REQUIRED AND CONCLU-
SIONS

In our experience with undergraduate teaching in an engi-
neering school, we manage to develop the entire sequence up
to the definition of a heat interaction in the first 10 hours of
the course. Then we begin recitations starting with energy and
entropy balances, and we proceed the lectures with simple sys-
tems, Euler and Maxwell relations, phase rule and two-phase
states, bulk-flow interactions, energy conversion devices, and
other standard applications.

In the first 10 hours, we integrate the summary of basic con-
cepts in Chapter 14 of Ref.12 with some results and proofs in
Chapters 2 to 12. The Appendix gives the exact sequence of
exposition.



We find that exposing the undergraduate students to all the
.precise definitions and also to some of the key proofs, instead of

.just saying “it can be proved” in all occasions, has two advan-
ying p

‘tages: first, the students gain a precise idea of the nature of the
.proofs that are involved, based on a rigorous logical develop-
‘ment of definitions and the two laws; and second, the students
‘build up much more confidence in all the results if they have
seen, at least for some of them, the precise and rigorous logic
. that is behind. This is exactly what we believe is missing in
' the traditional exposition. And it is what the traditional ex-
. position cannot give because the teacher must cover up for the
‘usual logical faults and circularities.

' In conclusion, the strength of the new approach is that the
soundness of the body of definitions and the complete rigor of
the logical development, even if not presented in its full glory
to the undergraduate, nevertheless lurks behind the whole ex-
position, leaving no space for doubts on the general validity of
the results.

APPENDIX.
THE FIRST TEN ONE-HOUR LECTURES

Here we list the sequence of topics in a schematic way with few
explanations. Details to be found in Ref.12.

The objective of Thermodynamics (description of properties
of systems and how they change with time).

Definition of system (constituents; amounts of constituents;
internal forces; external forces; parameters; examples of non-
separable objects that cannot be a system).

Definition of property (a measurement procedure yielding a
numerical result with three independence requirements; exam-
ple of Az/At as a nonproperty unless At — 0).

Definition of state (the list of values of all the amounts of con-
stituents, all the parameters, and all the properties of the sys-
tem at an instant of time; in general, an infinite list of numerical
values; when are two states identical?; how many states does a
system admit?).

Equation of motion (given the state at time 1, it yields the
state at all other times, in the past and the future; it has some
features that hold for all systems and are captured by two state-
ments that we call the first law and the second law of thermody-
namics; by studying the implications of these statements only,
we study only the most general implications of the equation of
motion).

Spontaneous changes of state (that do not influence the
state of the environment of the system).

Isolated system (experiences only spontaneous changes of
state).

‘Definition of process (as the specification of three items: initial
‘state, finale state, and interactions that occurred in between).

Definition of weight process (if the only external effect is the
change in height of a weight; weight is the prototype of a purely
mechanical effect; this kind of process is the bridge with the
notions of mechanics that the student has already studied).

First law (every pair of states of any system can always be
interconnected by means of a weight process, etc.; comment that

this is a feature of the equation of motion, or if the equation is
not known, this is a postulate and as such cannot be proved;
comment on how little intuitive and how general the statement
is).

Definition of energy, E, and proof that (because of the first
law) it fullfills the definition of property.

Definition of additive property (practical importance of ad-
ditivity in modeling composite systems: just add the contribu-
tions of the subsystems).

Proof that energy differences are additive (and observation
that an appropriate choice of the reference values used in the
definition of energy makes also energy (absolute) additive; def-
initions of mass, and rest mass of the constituents; notice here
that if the definition of system were not as restrictive as we have
given, than at this stage we would be in trouble).

Energy conservation (it remains constant in a spontaneous
change of state).

Energy can be exchanged between interacting systems (in-
troduce the notation E{7).

Energy balance equation (E — E) = E73).

Definition of a reversible process (a process is reversible if we
can undo its effects on both the system and its environment).

Classification of states based on their time dependence (un-
steady, steady, nonequilibrium, equilibrium).

Types of equilibrium states (unstable, metastable, stable).

Definition of a stable equilibrium state (it cannot be altered
without leaving net effects in the environment of the system).

How many stable equilibrium states does a given system
admit? (Mechanics answers: one, that of least energy; in reality
there are more; indeed mechanics contemplates only a subset of
the states of a system; the precise answer to the question is
given by the second law).

Second law (among all the states of a system that have given
values of the energy, the amounts of constituents and the pa-
rameters, there is one and only one that is stable equilibrium,
etc.; promise that in due time we will see that this statement im-
plies other statements (Clausius, Kelvin-Planck, Carathéodory)
that the student might have seen in physics courses; as for the
first law, comment that this is a feature of the equation of mo-
tion, or if the equation is not known, this is a postulate and
as such cannot be proved; comment on how little intuitive and
how general the statement is; give a geometrical picture to fix
ideas).

Definition of a perpetual motion machine of the second
kind (a system that starting in a stable equilibrium state man-
ages to raise a weight in a weight process).

Proof of the impossibility of such a machine (Kelvin-Planck
statement; write the result in the form of an inequality,
W(ﬁ"' < 0 whenever state Ag is stable equilibrium; comment
that this is the origin of all inequalities in thermodynamics).

How much energy can a system transfer to a weight in a weight
process? (comment on the practical usefulness of the question).

Definition of adiabatic availability, ¥ (for any system in any
state it is the largest energy that can be transferred to a weight
in a weight process).



Proof that adiabatic availability is a property (detailed proof
only of W{§™ < (W{§™)rev where Ag is a stable equilibrium
state; skip the proof that state Ag is uniquely fixed by the given
state Ap).

Use of energy and adiabatic availability to ascertain the re-
versibility of a weight process from state A| to state Ao (re-
versible if ¥y — U9 = E)—Ey, irreversible if ¥1—~T9 > E1—Ey,
impossible if ¥ — U9 < Ej — Eg; because we can measure both
E and ¥-——they are properties—this is a practical criterion
. for reversibility; skip proofs).

Adiabatic availability is not additive (prove with simple
counterexample; comment on how much more useful it would be
if it were additive; we must take steps to define another property
that contain the same important information of ¥ but that in
addition be additive; this new property is entropy, and we get
to it in two steps).

Definition of mutual stable equilibrium of two systems (if
the composite system is in a stable equilibrium state).

Definition of a reservoir (passes though stable equilibrium
states only; remains always in mutual stable equilibrium with a
replica of itself that experiences no changes of state; example of
solid, liquid and vapor HoO, coexisting in stable equilibrium).

Definition of available energy with respect to a reservoir,
QF (it is the adiabatic availability of the composite of the given
system A in the given state, and the reservoir R; once R is
fixed, it is a property of system A and it is additive; leave the
proof of additivity as a homework).

Use of energy and available energy to ascertain the reversibility
of a weight process from state A; to state Ag of a system A
(choose a reservoir R, measure Ej, Eg, Q{z, QQR, the weight
process is reversible if th - Qg = E}| — Ey, irreversible if Q{z -
QF > Ey~E,, impossible if @ff —Qf < Ey —E»; this is another
practical criterion for reversibility; skip proofs).

Comment that by introducing available energy we have gained
additivity while maintaining the key information contained in
adiabatic availability (but in doing so we have brought in the
reservoir; the next step is to get rid of the reservoir; we do so
by first defining an interesting property of reservoirs).

Definition of the constant cp for a reservoir R {discuss
Eq.7.32 Ref. 12, no proof, ie., that the ratio
crlcg = (DE{%)év/(DE?2 ){;ev depends only on the pair of res-
ervoirs R and @; choose as a reference reservoir ¢} coexisting
solid, liquid and vapor H9O and assign cg = 273.16 K'; notice
that a new unit of measure is introduced here because property
cg is defined in terms of a dimensionless ratio; mention that
later on, when we will define the temperature, we will show
that cp is equal to the temperature of the reservoir).

Definition of entropy (S5 = S, +(1/cp)l(E - E,) — (R —QRY];
proof that it is independent of choice of R; note that it
is additive and contains the information contained in adiabatic
avalability).

Use of entropy to ascertain the reversibility of a weight process
from state A; to state Ag of a system A (reversible if S = 5,
irreversible if S5 > §1, impossible if S < S;).

Entropy cannot decrease in a weight process (principle of en-
tropy nondecrease).

i

Entropy can be exchanged between interacting systems (in-
troduce the notation S75).

Entropy balance equation (S3 — §1 > §j; or Sp ~ 51 =
S13 + Sgen with Sgen > 0).

Definition of a work interaction (when there is an exchange
of energy with no exchange of entropy; otherwise, nonwork;
many types of nonwork; we will see heat, bulk flow, radiative
exchange).

Stable equilibrium state principle (as a direct consequence of
the second law, any property at any stable equilibrium state is
uniquely determined by the values of energy, amounts of con-
stituents, and parameters, i.e., P = P(E,n,V); in particular,
for the entropy, S = S(E, n,V), the fundamental relation).

Principle of highest entropy (among all the states with given
energy no one as entropy as high as or higher than the stable
equilibrium state).

Necessary condition for mutual stable equilibrium: temperature
equality (proof that 8S4(E, n,V)/0E = 0SB(E,n,V)/OE if
A and B are in mutual stable equilibrium; definition of tem-
perature as T = [0S(E,n,V)/OE]"!; proof that
8*S(E, n,V)/OE? < 0, convexity of the fundamental relation).

Proof the for a reservoir Tp = cp = constant.

Temperature as an escaping tendency for energy (proof of the
Clausius statement that energy cannot flow spontaneously
from low to high temperature).

Definition of heat interaction (proof that no fraction of the
interaction can be interpreted as work, i.e., that it is entirely
distiguishable from a work interaction; generalization and inter-
pretation of the everyday use of the term heat).

REFERENCES

1. R. Feynmann, Lectures on Physics, Vol. 1, Addison-Welsey,

1963.

L. Tisza, Generalized Thermodynamics, MIT Press, 1966.

p. 16.

3. L.D. Landau and E.M. Lifshitz, Statistical Physics, Part I,
3rd Ed., Revised by E.M. Lifshitz and L.P. Pitaevskii, Trans-
lated by J.B. Sykes and M.J.Kearsley, Pergamon Press, 1980,
p. 45.

4. E.A.  Guggenheim,

Tth Ed.. 1967, p. 10.

. J.H. Keenan, Thermodynamics, Wiley, 1941, p. 6.

6. G.J. Van Wylen and R.E. Sonntag, Fundamentals of Classi-

cal Thermodynamics, Wiley, 2nd Ed., 1978, p. 76.
. K. Wark, Thermodynamics, 4th Edition, McGraw-Hill, 1983,
p- 43.
8. F.F. Huang, Engineering Thermodynamics, Macmillan.
1976, p. 47.
9. M. Modell and R.C. Reid, Thermodynamics and Its Appli-
cations, Prentice-Hall, 1983, p. 29.
10. M.J. Moran and H.N. Shapiro, Fundementals of Engineering
Thermodynamics, Wiley, 1988, p. 46.
11. G.N. Hatsopoulos and J.H. Keenan, Principles of General
Thermodynamics, Wiley, 1965, p. xxiil.
12. E.P. Gyftopoulos and G.P. Beretta, Thermodynamics. Foun-
dations and Applications, Macmillan, 1991.
13. H.B. Callen, Thermodynamics, and an Introduction to Ther-
mostatics, 2nd Ed., Wiley, 1985.

>

Thermodynamics,  North-Holland.

ot

-1



