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Introduction

Pierre Maurice Marie Duhem (1861-1916) held the chair of physics (changed to
chair of theoretical physics in 1895) at Bordeaux from 1894 to his death. He estab-
lished a reputation in both the history and philosophy of science as well as in science
(physics and physical chemistry). His pioneering work in medieval science opened
up the area as a new discipline in the history of science, and his La théorie physique
(Duhem 1906) is a classic in the philosophy of science which is still read and dis-
cussed today. Although his work in these two fields is now well represented in
English with a number of translations that have appeared in recent decades (Duhem
1892b, 1903, 1902, 1905-1906, 1906, 1908, 1915, 1985, 1996), there is little of his
scientific work available in English. The original manuscript of Duhem (1898) was
translated by J. E. Trevor, one of the editors of The Journal of Physical Chemistry,
for its first issue. But his work almost invariably appeared in French. The present
volume contains translations of some of his important early work in thermody-
namics, which I hope will contribute to a more balanced picture in English of the
breadth of Duhem’s publications and provide a further source of insight into his
thought.

Duhem’s first book, Le potentiel thermodynamique (1886) furthers work initiated
by Massieu, Helmholtz and Gibbs on the application of thermodynamics in chem-
istry. Clausius had shown that the second law was associated with a function of
state which he called entropy, just as the first law was associated with a more famil-
iar function of state, energy. But he made no real use of his new concept of entropy
in his own work on the development of thermodynamics, eliminating energy and
entropy as soon as possible in favour of the original thermodynamic concepts of
heat and work (Klein 1978, pp. 331-2). It was Gibbs (1876—1878) who put the new
concept of entropy to serious use in his now familiar combined form of the first and
second laws, which characterises systems entirely in terms of functions of state. This
was the form that made perspicuous these application of the science first formulated
to articulate the principles governing the working of steam engines and seemingly
having nothing to do with chemistry.
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Duhem (1886)! exploits the application of Euler’s theorem on homogeneous
functions, from which the association of Duhem’s name with the Gibbs-Duhem
equation derives. The following year he began to explore the foundations of ther-
modynamics on which Gibbs built his theory in his “Study of the thermodynamic
works of J. Willard Gibbs” (1887), which was the first critical study of Gibbs
(1876-1878). It is translated here because it is something of a predecessor to the
principal work translated here, Duhem’s three-part study “Commentary on the prin-
ciples of thermodynamics” (1892a, 1893a and 1894), henceforth referred to simply
as Commentary. In the 1887 essay Duhem presents a first rigorous definition of the
notion of a reversible process. This was problematic because thermodynamics pro-
vides a characterisation of matter (or radiation) at equilibrium. It is paradoxical how
any process connecting two equilibrium states could itself comprise just equilibrium
states, as thermodynamicists had supposed, because once in a state of equilibrium,
the system never changes. Real processes only occur as a result of an imbalance of
forces between a system and its environment. Duhem suggested that in the limit,
now called a quasi-static process, in which the imbalance is successively reduced,
each step is an equilibrium state, but he emphasised that the totality of such steps
cannot itself represent a process, however slow. If such a limit in the process of get-
ting from state A to state B coincides with the limit for getting from B to A, Duhem
(1887, pp. 132—4)? defines it as a reversible change (transformation réversible),
observing that this cannot be an actual change.

Duhem introduced this conception in his physical chemistry textbooks. In his
Introduction a la mécanique chimique, he began his presentation of thermodynamics
with an account of reversible change (modification réversible), emphasising that
real changes are never reversible (1893b. pp. 93-9). And in later works he devotes
several pages to carefully describing the notion (1897, pp. 56-60; 1910, pp. 59-82),
always stressing the impossibility of any such process. Rechel (1947, p. 301) was
later to bemoan the fact that the standard English term “reversible process” “contains
a contradiction within itself ... which text book writers are prone to ignore” but
exonerates Duhem from this charge.

Duhem sharpens the definition of a modification réversible in §8 of the second
part of his Commentary (Section 6.8 here), having argued in the preceding §7 that
a sequence of equilibrium states can be regarded as a virtual change which, as dis-
tinct from a real change, doesn’t occur in time with the independent variables on
which the state of the system depends being functions of time and having determi-
nate rates of change. As Miller (1966, 1971) notes, Duhem points out in this more
extended discussion that there are circumstances in which the limiting quasi-static
processes are not the same in each direction, so that it is a substantial restricting
assumption to speak of “systems for which all changes . .., which are sequences of

Jaki (1984, pp. 50-3) argues Duhem (1886) must be identical with the doctoral thesis which he
submitted in 1884 but was not accepted.

2The original page numbers to Duhem’s works translated here are preserved in the translation, and
references to these works in this Introduction are to the original pagination.
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equilibrium states, are reversible changes” (Duhem 1893a, p. 307). A more compre-
hensive development of thermodynamics in which this restriction is lifted is pursued
in Duhem (1896a). Another definition given in the 1887 paper and repeated in the
first part of Commentary is noteworthy for providing for the first time a definition
of the amount of heat in terms of energy and work.

The earlier 1887 paper professed to address the -circumstance that
“Mathematicians regret that the principles of Thermodynamics should have
been developed in general with so little precision that the same proposition can
be regarded by some as a consequence, and by others as a negation, of these
principles” (p. 123). This task is more earnestly pursued in the later three-part
Commentary, where he sets about articulating the theory in axiomatic form which
provides a framework in which definitions can be properly formulated and from
which he rigorously establishes the standard results of thermodynamics such as the
existence of a function serving as the entropy (Chapter 8 here). Earlier on in the
nineteenth century, mathematicians had turned to the axiomatic method in order to
clarify the foundations of the differential and integral calculus in the real number
system. But the axiomatic foundations of Euclidean geometry and the status of the
non-Euclidean geometries were only being developed around the time Duhem was
writing, and as Miller (1971) says, his application of this approach in physics was
truly pioneering in making the assumptions (what he calls conventions) explicit and
formulating them rigorously.

Duhem had another goal in his Commentary, in addition to providing a clear
and adequate foundation for thermodynamics. He was writing at a time when many
physicists accepted the vision of all physical phenomena as essentially mechanical,
and several were actively engaged in the project of demonstrating this by reducing
physical theory to mechanics. There was some opposition to this in the develop-
ment of schools of energetics. In Germany, the two leading figures, Georg Helm
(1851-1923) and Wilhelm Ostwald (1853-1932) promoted a theory of energetics
inspired by thermodynamics at the end of the nineteenth century, but with rather
different motivations. Whereas Ostwald offered a realist conception of energy as
the fundamental thing or substance in terms of which the properties of matter were
to be reduced, Helm advocated an instrumentalist or phenomenological conception.
Their theories were heavily criticised by Boltzmann and Planck at a famous meet-
ing in Liibeck in 1895 (Deltete 1999), in view of which it is somewhat surprising
that Duhem later used the term (Duhem 1911). But Duhem cannot be criticised, as
they were, for misunderstanding the basic principles of thermodynamics. Nor did
he adopt either Ostwald’s stance of treating energy as the only ultimate real object
or Helm’s phenomenal view. Although he was in agreement with them in opposing
universal reduction to mechanics, he didn’t offer an alternative form of reduction
instead (to phenomena, like Helm, or to energy, like Ostwald), and never appeals
to their writings. The person he acknowledges for introducing the term “energetics”
is Rankine (1855) (see, for example, Duhem 1896b, p. 498 or Duhem 1911, vol. I,
p- 3). He states his conception at the end of the third part of the Commentary, where
he offers a view of science as unified by supplementing mechanical conceptions
with new ones which are incorporated into a single overarching theory adequate
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to deal with mechanical and non-mechanical phenomena alike. Thus he brings his
three-part study to a close by surmising

It seems to us that a general conclusion arises from this study. If the science of motion ceases
to be the first of the physical Sciences in logical order, and becomes just a particular case
of a more general science including in its formulas all the changes of bodies, the temptation
will be less, we think, of reducing all physical phenomena to the study of motion. It will be
better understood that change of position in space is not a more simple change than change
of temperature or of any other physical quality. It will then be easier to get away from what
has hitherto been the most dangerous stumbling block of theoretical physics, the search for
a mechanical explanation of the Universe. (Duhem 1894, p. 285)

The English reader might well turn to the article Duhem (1898) referred to above
after these translations. It was the first rigorous proof, without any restrictions, of
Gibbs’ phase rule, which gives a condition on the number of independent intensive
variables specifying temperature, pressure and concentration of each substance in
each phase in a heterogeneous mixture. He also extends the result, giving necessary
conditions for the masses of each phase, in what has come to be called Duhem’s
theorem.

Although Duhem would make minor changes in wording when republishing a
text, he seems to have been in the habit of writing out his manuscripts for first pub-
lication without revising. This is apparent in turgid formulations and sentences that
can be convoluted, which would naturally have been rewritten. I have resisted any
such temptation and sought to reduce adjustments to a minimum in these trans-
lations, giving as literal a translation as possible. His very long sentences have
often been broken down, however, but his division into paragraphs is retained, even
though many of them comprising just one or two lines would normally be integrated
into larger paragraphs in modern English. Page numbers of the original texts are
given in square brackets, except for the numbers of the first pages, which are given
in the reference to the original name and place of publication accompanying each
article. Together with the retention of the original paragraphs, the original pagina-
tion should facilitate comparison with the original text and following references in
the secondary literature. Remarks and additions to the text in square brackets are my
own. Whenever a change has been made to a mathematical formula, this is indicated
in the footnotes.

In the 1887 paper Duhem uses both the expressions demi-force vivre and force
vivre, and in the Commentary he uses both the expressions force vivre and énergie
cinétique. Whilst this varying usage is often indicated in the footnotes, these terms
have been uniformly rendered as “kinetic energy”. The term introduced by equation
(14) of the first Commentary paper (Duhem 1892, p. 305), which he calls force vivre,
is precisely how kinetic energy is defined in modern texts.

In the Commentary Duhem uses both oeuvre and travail, each normally trans-
lated into English as work, as distinct technical terms. I have systematically
translated oeuvre as “mechanical work™ and reserved the plain “work” for travail in
order to preserve this distinction in the translation. Since oeuvre figures only in the
second chapter of the first part of the Commentary (except for a sporadic appearance
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in the third part), the two-word English term is confined to a relatively short portion
of the translation. Duhem distinguishes between variables «, B, ..., A on which the
shape and motion of the system under consideration depends, and variables a, b, . . .,
[ not affecting shape and motion. The discussion of oeuvre (mechanical work) in the
second chapter of the first part of the Commentary is concerned only with the for-
mer, those affecting shape and motion, and is due to the actions of bodies external
to the system. Duhem points out at the beginning of section 3 of this second chapter
that the oeuvre (mechanical work) is the increase in total energy of the system, and
includes the kinetic energy.

Since Duhem’s symbols, which with one exception I have tried to reproduce
as nearly as possible, differ from those now in common use, I enumerate here a
glossary of his principal symbols with a page reference to an occurrence in one of
the articles (indicated by year of publication). (The exception is W, for work, which
replaces Duhem’s symbol which for typographical reasons I can’t reproduce.)

Symbol Meaning Page reference
E Mechanical equivalent of heat p- 173 (1887)
¥ Internal thermodynamic potential p- 207 (1894)
K Internal thermodynamic potential p. 214 (1894)
P Uncompensated transformation p. 146 (1887)
But also used for pressure
(0] Amount (quantity) of heat p.- 6 (1887)
Q Total calorific effect p- 298 (1893)
Ry, Rg, Calorific coefficients p- 208 (1894)
S Entropy p. 46 (1887)
But is also used to denote a state or a series of states pp. 1334 (1887)
LYo Entropy (of parts of a system) p- 234 (1894)
a Kinetic energy p- 305 (1892)
T Work done by inertial forces p- 297 (1893)
T Instant of time p- 301 (1893)
w work p- 312 (1893)
U Internal energy p- 3 (1887)
H Internal energy p- 212 (1894)

Finally, I would like to acknowledge the help and advice on numerous points that
I have received from Robert Deltete, Donald Miller, and, last but in Swedish alpha-
betical order, Jan Osterberg for their help and advice on numerous points. Don has
gone through the translation of the 1887 article and Rob the Commentary papers
(1892, 1893 and 1894), comparing them with the orginal papers and giving me
many suggestions which have been incorporated into the final version published
here. At an earlier stage, I was able to discuss many of Duhem’s less easily pene-
trated passages with Jan. To these three gentlemen I would like to extend a heartfelt
thanks.
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Part 1

Study of the Thermodynamic
Works of J. Willard Gibbs (1887)*

In 1875 Gibbs published On the equilibrium of heterogeneous substances, a mem-
oir which introduced a new method into thermodynamics. Just as Lagrange based
all statics on the single principle of virtual velocities, so Gibbs was able to base
the entire study of equilibrium in thermodynamics on a principle analogous to that
of virtual velocities and which includes the latter as a special case. In this way,
mechanics and thermodynamics are [123] joined together more closely than in the
past, and a whole section of physical science is taken to a higher degree of unity. At
the same time, at the same hands of Gibbs, the new theory confirms its fecundity by
making considerable progress, on the one hand, in the study of dissociation, and on
the other, in the study of the voltaic cell.

In the now appreciable time since their publication, Gibbs’ ideas have stimulated
much research, some of which, like that of H. von Helmholtz, are intended to con-
firm them, while others, on the contrary, have the object of criticising either the very
principles of the new theory or some of its applications. Accordingly, many minds
have yet to be made up about the value of Gibbs’ theory. Mathematicians regret that
the principles of thermodynamics are developed in general with so little precision
that the same proposition can be regarded by some as a consequence, and by others
as a negation, of these principles. Experimentalists have but little confidence in con-
sequences of a theory whose principles are disputed in this way and resist appealing
to it for the explanation of phenomena which they observe or for the prediction of
facts that it might lead them to discover.

*“Etude sur les travaux thermodynamiges de M. J. Willard Gibbs”, Bulletin des Sciences
Mathématiques, 11 (1887), 122-148, 159-176.

On the equilibrium of heterogeneous substances, 1st Part [Transactions of the Connecticut
Academie [sic.] of Arts and Sciences, vol. 111, Part I, pp. 108-248 (1875-1876); 2nd Part, ibid., vol.
111, Part II, pp. 343-524 (1877-1878)]. Abstract of the same (American Journal of Sciences and
Arts,vol. XV, p. 441; 1878). On the density of vapour (American Journal of Sciences and Arts, vol.
XVIII; 1879). Graphical methods in the thermodynamics of fluids (Transact. of the Connecticut
Academy of Arts and Sciences, vol. 1II, Part II, p. 310; 1873). A method of geometrical repre-
sentation of the thermodynamics [sic.] properties of surfaces by means of surfaces (ibid., p. 382;
1873).



2 Part I Study of the Thermodynamic Works of J. Willard Gibbs (1887)

Under these circumstances is seems appropriate to return to the very foundations
of the principles of this controversial theory. It is true that this task is an arduous one,
because it involves redoing afresh an exposition of the second law of thermodynam-
ics. But isn’t it useful to submit the principles of the various branches of physics
to a rigorous discussion if this science is to approach more closely the precision of
mathematical sciences?

We will, therefore, in the first place show how the first principles of thermody-
namics lead to Gibbs’ new method. In the second place, we will describe the history
of the previous attempts in the same direction, and the applications which have since
been made of this method.



Chapter 1
An Examination of the Second Law
of Thermodynamics

1.1 The Principle of the Equivalence of Heat and Work

Gibbs’ [124] method is a logical consequence of Clausius’ thoughts on Carnot’s
principle. Gibbs indicated this connection of ideas himself, and we have tried else-
where to make this more precise. But several physicists have raised doubts about
these ideas of Clausius, or rather about those which serve as the point of depar-
ture for Gibbs’ work. Since it is impossible to know what an edifice is worth
before being assured of the solidity of its foundations, we must call a halt to
the discussion of Clausius’ theories and go over them again from their point of
departure.

Thermodynamics rests on two principles: the principle of the equivalence of
heat and work, and Carnot’s principle. It is the second law which is the sub-
ject of the discussions which divide many physicists today. The first, on the
contrary, presents little difficulty. Suffice it here to recall the proposition and
deduce from it a consequence which will be indispensable in the remainder of this
study.

We will suppose, first of all, that the meanings of the terms tempemture1 and
amount of heat have been precisely defined. These definitions present more than
one difficulty which it would be interesting to examine. But we cannot take up this
matter here without inordinately lengthening this article.

All systems studied in thermodynamics are defined by the temperature ¢ at each
of its points, and by a limited or unlimited number of parameters a, f, . . ., such that
in order to know the entire series of modifications that the system undergoes, it is
necessary and sufficient to know the temperature of each point and the parameters
a, B, ... as a function of time. From [125] this definition it follows that, among the
parameters a, f, . . . the coordinates of the various points of the system can be found,
but not the velocities of these points.

1T intend here to speak of a temperature read on an arbitrary thermometer and not the absolute
temperature which will be taken up later.

P. Needham (ed.), Commentary on the Principles of Thermodynamics 3
by Pierre Duhem, Boston Studies in the Philosophy of Science 277,
DOI 10.1007/978-94-007-0311-7_1, © Springer Science+Business Media B.V. 2011



4 1 An Examination of the Second Law of Thermodynamics

An infinitesimal change of the system considered is accompanied by the release
of an amount of heat dQ. At the same time, the kinetic energy® of the system
increases by d Y mv? / 2 and the external forces applied to the system do a certain
work dW.? The first law of thermodynamics consists in assuming that

mv2
do + AdZT = —dU + dWw, 1)

A being a constant, the calorific equivalent of work, the inverse of which is called the

mechanical equivalent of heat,* and U is a function of the values of ¥ at each point

of the system and of «, B, .... This function, introduced into thermodynamics by

Clausius, is now known by the name internal energy given to it by Sir W. Thomson.
For infinitesimal changes, we can write to a second order of approximation

dW =" (Xdx + Ydy + Zdo),

X, Y and Z being the components of the exterior force which act at the coordi-
nates x, y and z, and dx, dy and dz being the components of the displacement
of this point. Therefore, from the equality (1) we can derive the following
consequence:

Designating by the symbols (0) and (1) two infinitesimally close states of the
system, we imagine passing from state (0) to state (1) in two different ways, under
the action of the same exterior forces and leading to the same change of kinetic
energy,> each of these transformations being constituted by a limited number of
infinitesimal changes. The amount of heat released is the same in each of these two
transformations.

We will not show here the importance of this remark for the exposition of thermo-
dynamics. We will in any case have occasion to make use of it in the course of this
study. We merely observe that it explains how Laplace and Poisson, who assumed
along with all their contemporaries the erroneous hypothesis that the quantity of
heat released in a change [126] depends solely on the initial and final states of the
system, were able to obtain exact results whenever they applied this hypothesis just
to infinitesimal transformations.

Such are the notions relating to the equivalence of heat and work that it will be
necessary for us to recall. Now we move on to examine the second law, which will
detain us much longer.

2ia demi-force vive.
3[Duhem’s symbol for work is a script “T” (for fravail) which for typographical reasons is replaced
here by the symbol W usual in modern thermodynamics texts. ]

4[Denoted by E later on in the paper.]
5 force vive.
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1.2 Clausius’ Postulate

Clausius based Sadi Carnot’s proposition on a very simple postulate, obtained by
generalising the most common notions concerning conduction.

Let us imagine a metal bar whose surfaces are surrounded by a non-conducting
substance which doesn’t allow any exchange of heat between the bar’s surface and
the surroundings. One end of the bar is at a base temperature ¥, the other is sub-
mitted to the action of a source of heat with a temperature %', higher than . After
a certain time, a permanent regime is established. The temperature of each point in
the bar and the state of each element of volume of the bar then remain invariable.
If, therefore, starting from the moment that the permanent regime is established, the
bar is observed for a certain time, its internal energy will not vary, the external forces
acting on it will do no work, its kinetic energy will remain equal to 0. At the same
time, the bar will have absorbed heat at its hot end and released heat at its cold end.

This is the simple observation that Clausius® has generalised in such a way as to
give the following fundamental postulate.

Suppose that a system undergoes a change subject to the following four
restrictions:

1. The internal energy of the system has the same value at the beginning and the
end of the change. [127]

2. The kinetic energy of the system has the same value at the beginning and the end
of the change.

3. The external forces applied to the system during the course of the change produce
as much positive as negative work.

4. The exchange of heat between the system and the surroundings takes place exclu-
sively either while all the points of the system have the same temperature 9, or
while all the points of the system have the same temperature ©" higher than .

Under these conditions, it is impossible that the system has absorbed heat at the
temperature ¥ in order to release it at the temperature ¥’

This is, in its most precise form, Clausius’ postulate. After having been discussed
for a long time, it is now accepted by all physicists. We will allow ourselves to
introduce a slight modification which, although apparently trifling, suffices in fact
to eliminate all the difficulties which can be raised against certain of Clausius’ ideas.
This modification will, moreover, have the advantage of approaching more strictly
the statement of the postulate about conduction phenomenon which suggested the
idea. The new form that we propose for Clausius’ postulate is the following:

In a change subject to the restrictions indicated, the system necessarily absorbs more heat

at the temperature ¥’ than it releases at the same temperature, and necessarily releases
more heat at the temperature ¥ than it absorbs at the same temperature.

6R. Clausius, Poggendorff’s Annalen der Physik und Chemie, vol. LXXIX; 1859. Mémoires sur la
theéorie mécanique de la chaleur. Trad. Folie, vol. I, p. 54.
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1.3 The Carnot Cycle and the Postulate of Sir W. Thomson

A system is said to traverse a closed cycle when it undergoes a series of changes
which bring it back to its initial state with its initial kinetic energy.

A closed cycle is called a Carnot cycle when it satisfies the following restriction:

While traversing the cycle, the exchange of heat between the system and the
environment only takes place when all the points of the system are [128] at the same
temperature 9, or else when all the points of the system have the same temperature
¥ higher than ¢.

A steam engine in which all the points of the furnace are at the same temperature
¥/, while all the points of the condenser are at the same temperature ¢ lower than
¥/, in which, moreover, the cylinder is impermeable to heat, provides an image of a
system traversing a Carnot cycle.

A system which traverses a Carnot cycle in such a way that during the cycle
the external forces acting on the system do negative work provides an image of the
simplest conceivable heat engine.

Generalising our experience of the most common heat engines, Sir W. Thomson
has stated the following postulate:

7

When a system describes a Carnot cycle during which the external forces acting on the
system perform a total negative work, it is impossible for the system to absorb more heat at
the temperature ¥ than it releases at the same temperature.

We will subject Sir W. Thomson’s postulate to a very slight modification,
analogous to that introduced to Clausius’ postulate, and say:

When a system describes a Carnot cycle during which the external forces acting on the
system perform a total negative work, the system releases more heat at the temperature v
than it absorbs at the same temperature.

Sir W. Thomson had proposed the postulate which we have just adjusted as a
proposition equivalent to Clausius’ postulate. We will, in the following exposition,
make use of both postulates at the same time.

1.4 Carnot’s Theorem and Absolute Temperature

We propose [129] first of all to introduce a classification of Carnot cycles whose
existence is compatible with the first law of thermodynamics and with the two
postulates that we have stated.

We designate by Q the total amount of heat exchanged between the system and
the surroundings while all the points are at the temperature %, and by Q' the total
amount of heat exchanged between the system and the surroundings while all the
points are at the temperature . We take the two quantities Q and Q' to be positive

7W. Thomson, Transactions of the Royal Society of Edinburgh, vol. XX, p. 255; 1851.



1.4 Carnot’s Theorem and Absolute Temperature 7

when they represent heat released from the system, and negative when they represent
heat absorbed by the system.’

We designate the work done during the traversal of the cycle by the external
forces acting on the system by W.°

We then have, by virtue of the first law,

W=EQ+0Q) )

From this follow the propositions:

1. If the external work is zero, the two quantities Q and Q' have opposite signs and
equal absolute values.

2. If the external work is positive, then at least one of the quantities Q and Q' is
positive, and if only one, then that is the one with the greater absolute value.

3. If the external work is negative, then at least one of the quantities Q and Q' is
negative, and if only one, then that is the one with the greater absolute value.

On the other hand, the two postulates of Clausius and Sir W. Thomson lead to
the following proposition:

When the external work is zero or negative, the quantity Q is necessarily positive.

From these propositions, it is easy to conclude that all Carnot cycles can be
classified in the following way:

1. The work done by the external forces is zero; Q is positive, Q' is negative and
equal to Q in absolute value.

2. The work done by the external forces is negative; Q is positive, Q' is negative
and greater than Q in absolute value.

3. [130] The work done by the external forces is positive; three cases can then arise:

a. Qis positive, Q' is negative and less than Q in absolute value.
b. Q is negative, Q' is positive and greater than Q in absolute value.
c. Qand Q' are positive.

Now we propose to compare, for the various kinds of cycles, the values of the
ratio

b 0 + 0

Q 9
and to demonstrate that, for cycles described between the temperatures ¥ and ¥’
corresponding to a positive or zero external work, the ratio p is greater than

8[1t is more usual in modern thermodynamics to define Q, the heat absorbed by the system from
the surroundings, as positive.]
9[Again, it is more usual in modern thermodynamics to define W, the work done by the system on
the surroundings, as positive.]
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for cycles described between the same temperatures corresponding to a negative
external work.

This theorem is evident, except for cycles with positive external work where Q is
negative and Q' is positive. In fact, for all the other cycles where the external work
is positive, the ratio p is positive. It is zero for cycles where the external work is
zero, and negative for cycles where the external work is negative.

Let us therefore compare a cycle described between the temperatures ¥ and
where the external work is positive, the quantity Q is negative and the quantity Q'
is positive, with a cycle described between the temperatures ¥ and ' where the
external work is negative, the quantity Q is positive and the quantity Q' is negative.

Designating the values of the quantities W, Q and Q' for the first cycle by Wy, Q)
and Q'1, and for the second cycle by W,, Q> and Q'>, we wish to demonstrate that

0 + O - 0, + &
01 0
Let m1/m; be a commensurable number greater than or equal to Wy /| W2|,10 where
mj and my are whole numbers.

Let [131] us consider a system comprising m, systems identical to that which
describes the first cycle and of m systems identical to that which describes the
second cycle. The m; first systems are made to describe the first cycle and the m;
systems the second cycle. The total system describes a Carnot cycle in which the
exchanges of heat still take place at temperatures ¥ and ¢#’. The work done by the
external forces during the course of the cycle will have the value

myWy + mWa.

From the way m; and my were chosen, it is negative, unless the ratio Wy /|W>|
is commensurable and mj /my is identical with this ratio. In this case, the external
work in question will be zero. In every case, in view of the fundamental postulates,
the cycle in question should release heat at the temperature ©. We therefore have

mQ1 +m1Qz > 0.

From this inequality, we deduce
mp mj
— < —.
Q> 101
Putting
mp Wi

- = T + &,
my W2

10The notation |W2| signifies the absolute value of W5.
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& will be zero or a positive quantity that can be made as small as one may wish. The
preceding inequality becomes

[W2| _ Wi + ¢ |Ws|
O [01]

This inequality cannot tend towards an equality when ¢ tends towards 0. We
therefore have

Wi Wa
[— > [—
0 O

or, in virtue of the equalities

Wi =E(Q1+0)
Wy =E(Q2+ 0))

given [132] by the first law of thermodynamics,

O+ 0+
01 0
This is precisely the inequality we wished to demonstrate.

Summarising, if all the Carnot cycles are considered for which the exchanges of
heat take place at the same temperatures ¥ and ¥', ¢’ being greater than ¥, then
for all those cycles that correspond to a negative work by the external forces, the
ratio p = (Q' + Q) / Q takes a value less than a certain negative quantity A. For
those that correspond to a positive or zero work by the external forces, the ratio
p = (Q + 0)/Q takes a value greater than a certain negative quantity, A'. A’ is
greater than or equal to A.

We will now demonstrate that

A=A

In order to arrive at this important proposition, it is necessary for us to introduce
the concept of a reversible transformation. This concept, one of the most important
in thermodynamics, is at the same time one of those least easy to make precise. It
will therefore be necessary for us to dwell on this for some time.

Let us imagine a system having the same temperature at all its points, under the
action of certain external forces and subject to certain connections!! expressed by
the equalities and inequalities between the various parameters defining the state of
the system. We will say that such a system is in equilibrium in a certain state if, put
in this state without kinetic energy, it remains there perpe