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Prefau

_Many excellent textbooks on thermodynamics are ‘available.

- They appeal by the simplicity of their fundamental concepts: - ‘
temperature and heat are familiar from everyday life. Concepts L

like heat capacity and latent heat are remembered from our schiool
- days,and it is reassuring to the readers of such texts to see that

- these quantities can be measured by accurate methods which are, .

however, simple in principle. Nevertheless, although it is only °

rately emphasized, thermodynaxmcs is among the mogt abstract .

branches of physics.

There are two main reasons for this. First, the fheory contams i
results which are within wide limits independent of particular sys- - - ‘

tems. Equatxons of state, approptiate to special substances, are
- injected into the framework from experiment or from extra-ther-.

- modynﬁnuc theoriw Secondly’m“f“asequmbnummtware P

conceried, space and time coordinates enter only in a radimentary -
manner. Space coordinates occur merely implicitly .to describe

boundaries between parts of systems which are often homogeneons. "

Time ordering enters ‘through the principle of the increase of en-

tropy, but, for the greater part, it is not involved at all. Thermody- . *
namics is in fact a study of general relations which refer to an ab-

stract multidimensioanl phase space, and, .in so far as the time
- coordinate is absent, nothing happens in thermodynamics. The
quasistatic process, for example, is strictly speaking a curve in
this phase space, the term process being merely a reminder. that
actual physical processes can often be made to follow such a ¢urve

to a high degree of approximation. The abstract nature of the - -
_ subject is always allowed to become fully evident in this book,

and it differs therefore materially from existing texts. For a discus-
~ sion of these differences the reader is referred to Appendix A.

The scope of the book is strictly limited. Classical, non-relativis- :

) >t1<; ‘thermodynamics is discussed, and, as ‘the main apphco.tlon :
,sunple systems of weakly mteractmg partlcles are treated On the
; , i , _

y -



' other hand, more than usual attention is devoted to these, and
siatistical'm_echanics is devgloped and used to reveal alternative
interpretations and applications of the thermodynamic treatment.
It is hoped that the reader will in this way grasp some of the cru-
cial points in the relationship between thermodynamlcs and sta-
tistical mechanics. Although the available space is divided evenly
between these two topics; this is primarily a book on thermody-
namics, so that general principles rather than detailed apphcatxons

~or physical mechanisms are emphasized.

- This text should be suitable for anyone who is not deterred by -
abstract thought. It is self-contained, but a newcomer should not
"think that it can introduce him to more than one facet of the sub-
ject. For instance, questions of historical detail and of experimental
results are omitted, as these are adequately discussed elsewhere. It
is hoped therefore that this book will supplement existing texts,

_ and contribute something to our understandmg of thermodynamics,

. and to the exposition of its principles. '

Many questions under survey in this book have been discussed
over a period of years with- members of the Natural Phllosophy
* Department of the University of Aberdeen. In particular, acknowl-
edgement must be made of stimulating discussions with Drs F.
Ansbacher, E. W. Elcock, D. M. Finlayson, and especially with
- Dr. C. W. McCombie. I am grateful to Dr. S. C. Nyburg, Keele,
for helpful comments on the first few sections. I am indebted
also to Professor M. Fierz, from whose profound understanding
of thermodynamics I have profited through correspondence,
and to Professor M. Born for first encouraging the writing of
this book.

P.T.L.
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' CHAPTER I :
General Theory - The First Law

" § 1. Nature and Sqopé o{'l‘hermodyi\:hmicc

- Thermedynamics is the study which seeks to establish quan-
titative relationships among the macroscopic variables which
describe an arbitrary physical system, when this system is in any
one of a large number of equilibrium states, the system- being
very large compared with atomic dimensions. Thus unless the
contrary is explicitly stated, as in the study of surface tension
phenomena for Instance, surface effects can be neglected: com-
- pared with volume effects, Thermodynamics also seeks to establish
relationships between the vaiues of the variables which specify
initial and final equilibrium states of a system which is inter-
acting with another system. Some remarks will elucidate this
definition, _ - .

(@) The macroscopic variables include quantities like pressure,

volume, molecular concentrations and the like, which can all be

. -measured by known methods. They may also include electrical
and magnetic variables and possibly some specific thermo- -
dynamic quantities. The existence and properties of these latter
quantities are to be discussed in the present chapter, and for our
purposes it is therefore convenient.to assume that the use of
typically thermodynamic quantities has beén avoided in the
. specification - of thermodynamic states. At the same time, .
typically microscopic information, such as the occupation pro-
babilities of quantum states, is not needed for thermodynamijes,

It is assumed in our definition that ohe can normally agree on - -

what constitutes a suitable set of macroscopic variables for a
physical system in a given group of equilibrium states. -,

-+ (b) Since the physical system under investigation must underge

_ certain changes when its thermodynamic properties are studied,
‘one must also agree on the domain of permissible changés, For
‘example, if a gas is confined to a cylinder' with an adjustable
piston, one may call this a system S. If the piston is moved, dhe

>
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I

will normally regard this modification as a stafe of the system
S, rather than as a state of an entirely new System T. On the other
hand, if the piston is removed completely, so that the gas can
escape into a larger volume, 6ne may or may not regard the
resulting arrangement as belonging to a new system. Thus, one
carries along with the idea of a physical system the assumption
that it can be modified within certain defined limits. -~ _
(c) When a system, together with its domain of permissible
changes, has been specified in ordinary language, and a set of
values for its £hermbdynainic variables has also been chosen, one
can ask another person to set up copies of this system for which
these variables have the same values, within ri ain- tolerances,
which must also be specified.. Ote can now ask ¥ third person to
attempt to find a macroscopic difference between these systems
(other than their location in space-and time), by making arbitrary
measurements to the agreed accuracy. If he succeeds in finding
a macroscoplc difference, one includes the value of the variable
measured by him in the specification of the first system, so that

" this value must now also be exhibited by the copies of the system. _

-The third person. is now again asked to find a difference. By
repeating this procedure, a situation is eventually attained such’
that the systems under consideration have to be regarded as
macroscopicdlly similar by any third observer. One then says
that one has arrived at a macroscopic spec1fxcat10n of the state
of the first system. :

(@) Our definition presumes also that agleement can be ob-
“tained on what constitutes an equilibrium . state. It used to be
said that an equilibrium state is one in which the physical variables.
~of the system are all cofistant in time. But we now know that the
ﬂuctuatlons which these variables undergo under normal com-
ditions can in fact never be removed. So it would be better to
lgok for the absence of systematic trends in the time averages .
of the physical variables involved (over times judged as ‘rea-
- sonable’). The times required may be very large when the system-
~ atic changes: which. are suspected are very slow, and this has
created difficulties in the past, for instance in -connection with.
the third law of thermodynamxcs, for 'states wluch are-not: true

v



1 " . NATURE AND SCOPE o 3

' equilibrium states. However, the science of thermodynamics has
Erown up precisely because it is normally possible to make con-
venient conventions on what one is to regard as necessary macro- -
scopic variables, as permissible changes of a system, as equilibrium
states, and so on. : k o '

Another complication must be borne in mind. Suppose one
is cooling a. certain mass of water, so that one has at one time
ice and water in equilibrium, and at another time only ice. It
is clear that“the variable specifying the amount of water present
may be redundant. If the permissible changes of thé system
include the vaporization of the water and the dissociation of the
water molecules, then 'the variable specifying the number of
hydrogen and oxygen molecules present may sometimes be

' required, and sometimes be redundant. The macroscopic variables

- of real interest to be associated with a physical system will there- |,

fore depend on what one might call the approxumate state of the

system (‘ice only’ or ‘ice and yater’ for example). Having specified
that state, it will always be possible to give a maximum number,

# say, of independent macroscopic variables which define - the

. equilibrium state of the system uniquely. It is clear that the nature

of these variables, and their number, depend in general on the

approximatesstate of the system. It will depend in addition on
personal preference, since alternative sets of independent variables

will in general be available. But # must satisfy #» > 2 (see § 19,

p- 118). We shall call macroscopic variables which can enter into

the specification of an equilibrium state simply thermodymamic -

. variables, and the state a thermodynamic state. . _ '
By regarding the thermodynamic variables of a system as -

coordinate axes of an m-dimensional space, one can picture an

equilibrium state of a system as represented by a point in the
appropriate phase space. This concept will be discussed in greater

- detail (§ 6, p. 20). ' .. . -

Since the nature of the thermodynamic variables, and their
number, can vary within wide limits, the basic theoretical frame=
work of thermodynamics fust be kept ~very, general. This has
the advantage of giving the théory a wide range of application; -
but this is balanced by ‘the. drawback that " thermodynamic -
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3 - reasomng is in general unsuitable for glvmg insight mto the daads:
~ of physical processes. ”

_ This last observation, together with the remark that thermo—
d.ynaxmcs leaves microscopic variables on one side, leads to the:

B ?‘”",concIusmn that a thermodynamic theory. is necefssa.rﬂy incom~
* plete. For any system to which thermodynamics can be applied,

a deeper-going theory should exist which yields msxght mto the
detailed physical processes involved. , :

~Phis deeper théory must also give some. account GE the nature'f ’
of equilibrium. states, and therefore -of fluctuation phenomena; °
and, of coufse, it must lead to the thermodynamics of the system.

. ;S'u‘ch theories. are provided by statistial mechanics. Since a

statistical mechanical theory must. exist for -evéty ‘system to

- which thermodynamics can be apphed it follows that the whole -

of thermodynamics should in fact be deducible from statistical
mechanics, if the lattér is formulated ina sufficiently general.

- way. This presents very mterestmg,problems They are bneﬂy~ ‘

outlined in § 34 and Appendxx C, but they are not our pnmary
COﬂGBm o .

. . i

§ 2. Explanatory Remarks About the Method of Pgrtitions and
- Enclosures o

- The basic concepts of thermodynamlcs (temperatupe, P: 14 and < -
quantity of heat, p, 24) wxllbemtroducedm what the reader may

well regard as a.rather obtuse manner. The treatment of these

concepts forms a clearly defined part of this book, and begins in'
the following section. It is therefore appropna.te to ‘explain in -
this sgction the reason for this mode of tréatment, which differs
from that usually followed. Since the present section is purely
exblanatory, and can be omitted as far as the logical. development._ ,

of the subject is concerned, we shall allow ourselves one luxury ..
‘here, on the understandmg that it shall not be mdulged in else-
L where This luxury is the free use of concepts like tempemture and

) therma.l energy of which we believe the readet to have a gobd

r, but wluch have: not ydbpon"
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Such a procedure followslin fact the usual lines of a first approgch to
any scientific subject. One is aware of certain general and qualitative
features of one’s surroundmgs, and, uses ordinary words to describe these.
It is in order to sharpen one’s understanding of these concepts, not to
" cyeate them, that formal definitions are required. Often these are not easy
to construct. Unsuspected difficulties are encountered and, as they are.
removed one by one, a truer understanding is gained of the phenomena
. with which one is déaling. Thus a relatively crude use of words is introduc-

tory to a more sophisticated language.

' This idea can be put alternatively in the form of a paradox, which is
liable to confront an author who is expounding a deductive system. On the
one hand, his aim will be to introduce concepts formally and rigorously
when the development of the theory has reached the appropriate point. .
On the other hand, if the imagination of a reader is to be captured suffi-
ciently, so as to encourage him to read on, the author’s objectives must
be discussed in terms.pf the crude concepts at various points when the
more precise ideas are not yet available. The paradox consists of the
author's mablhty to follow both courses of action at the same time. .

There are vandus forms of energy: kinetic, thermal chemical,
electromagnetic, etc. Suppose we have full knowledge of the:
-properties of -all forms of energy, except just one. We shall call
this the z-form for short. Suppose also that we know most about
the a-form of energy. One should then naturally try and give an
account of the z-form in terms of the a-form of energy. In order
to achieve this in a logically satisfactory manner, it- will be con-
. venient to introduce two devices.* The first device enables one
to feed the a-form of energy into the system, but it prevents all _
other forms of energy from passing: into it. One will arrange
things in such a manner that, in the system, ‘the a- form is com-
- pletely transformed into the z-form of energy. If the a-form of
energy is in fact mechanical energy, then a fixed amount can be
supphed in different ways, using forces and displacements of
" various magnitudes. Thus our first device, which can be pictured
ag a special kind of enclosurg, can be used to investigate what .
different methods of supplying the a-form of energy exist, such -
4hat all methods take the enclosed system from a fixed state 1

. to a fixed sta.te 2. Let us Iabel the different methods of sup—

"% These dovxces are endowed with extraordinary propertxes Accondmg
tp}Pmteuer M F:erz. Wolfgang Pm.\l,x used 0 refer to these as Zcmbarm;ttel
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p]ymg a-energy in this series. of tests by the index . One can _

o .then also ask how the total amount of a-energy supplied, W, (m)

say, depends on.the method m used to supply it. If one finds
that W,,(m) is independent of m in all series of such tests; one
might for mstance subject to additional assumptions which need
‘not concern us here, infer the exlstence 6f a useful function of
. state, fsay. With every state, 1, 2, . . say, of the system
s assocmted a number 1) such that,ina series of testsas descnbed

16— 16) Wikm) for all m

- This .would be an unportant step in the expla.natlon of the z- +

form of energy in terms of the a-form of energy, since the func- -
tion £(i) occurs in the theory of the z-form and the a-form, and
~.the function W, (m) occurs only in the theory of the a-form.
~ These remarks are intended to smooth the path. for the in-
- troduction of the adiabatic partition (p. 10), when the a- form of.
energy is mechamcal energy and the z-form is thermal energy. -
The usefulness of the second -device can be seen as follows.
" The mechamcal equilibrium between gases may be' investigated
by placmg the gases into two compartmengs of a fixed enclosure
which allows no energy to pass through it. The compartments are
separated by a sliding partition which moves until equal pressures
are exerted on either side of it: it transmits mechanical energy,
but no other form of energy: The elementary laws of the me-
chanical equilibrium of fluids can be investigated with the aid -
. of this device. One learns, for instance; that the two part-systems -
‘cannot be in mechanical equilibrium with each other if the
variables - which - define their respective states have arbitrary
values. Instead, the moving-partition, which effects 2 mechanical
coupling between the two part-systems, forces one new relation
(pressure equality) on all the variables involved. Similarly, the

simplest laws which govern the eguilibrium with regard to the

z-form of energy or, more simply expressed, which govern z-
equlhbnum can be investigated by means of a partition which
transmits the z-form ‘of energy only: This supplements the first"
device, which' doés” not transmit z-energy, but does transmit a-
_energy One Would be ]ustlﬁed in saying that this devxce effects
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a form of az-coupling, and one would expect z-equilibrium to
impose a new relation on all the variables involved. Reading
‘thermal’ for ‘2’ it will be found on p. 15 that this relation can be
regarded as temperature equality.

The remarks above are intended to smooth the path for the.
introduction of the diathermic partition  (p. 11). - ,

If one takes the view that all forms of energy, except one, are
understood, one is thus led to the introduction of the two devices
mentioned, and one may expect to attain some understanding
of the unknown form in terms of the known forms. It would of
course be inconsistent to take the view just indicated.of thermal
energy in the development of thermodynamics, and to take the
- same view of electromagnetic energy in the development of
electromagnetic theory. The viéw is tenable only if, in an en’
cyclopaedia of all the physxcal sciences, it is taken with respect .
to one form of energy only.

‘That this peint of view should be adopted in thermodynamics
rather than in any other branch of physics, is historically con-
ditioned. After all, it was in the study of thermal phenomena that
the very notion of ‘energy was first conceived in full generality.*
However, it was not clearly appreciated at the time that energy
in other than mechanical and thermal forms can exist. It is the
existence of these other forms of energy which makes some of the
statements of ‘a well formulated science of thermodynamics -
somewhat more involved than was appreciated by the earlier
authors. But the existence of thése other forms of energy is of
little importance for the immediate task. This is to give definitions,
as well as generalizations from experiment, which enable one to

" show how the notion of thermal energy can be evolved from that

of mechanical energy, and how the notion of a function of state
known as temperature can also be introduced. This leads to the ~
~ apparent obtuseness of the present approach which has been -
referred to above. 3

- * The possibility of converting energy of position iuto energy of motion
was of course known well before the general energy principle was un-
derstopd. The latter-can perhaps be assogiated with H. von Helmholtz's
paper On the aonsematwn of /orce (1847) -



‘ I

THERMODYNAMICS

It wotﬂd indeed be much su'npler to use umnedxately the as- » .
sumption that a-temperature function exists, and that.equality

" between temperatures is necessary and sufficient for thermal

“ -~ equilibrium. This procedure is also. qulte satlsfactory, but it is ;

Ea appropriate only if one is prepared to omit a iagléal aﬁ&lysis of

%+ the basic thermodynamic concepts.

This logical -analysis is at the present state of our knowledge
_basic to.the whele -subject. .In.the. first- -place; ds- has ‘already
‘been remarked, it is only with the aid of these partitions that
~ the increments * of heat d’Q and of mechanical work d'W can be
clearly -distinguished, thus creating the basis for the first and
second laws of ‘thermodynamics. In the second. place, these: par-

: titions- are essential for what might be called the basic #yick in -
~ thermodynamic arguments. THis trick is to envisage a' non-
. equilibriuth situation, say a temperature gradient in a system.
One then supposes that the insertion of a large number of adiabatic .

-+ walls (which do not allow heat to pass) into.this system does not . "
. affect its properties, except that the temperature gradlen»t .can
" now be maintained indefinitely. In this way the non-ethbnum

‘ situation has been converted to an ethbnum sﬁ:uatlon, and .

_ thermodyriamics may - be applied: It is only by virtue of this
‘basic trick that one can talk about the entropy of non-equlhbnum
states of a system; hence this idea enables one to make statements

. such as ‘the entropy of an isolated system tends to increase’,
for this statement implies that the entropy coricept can be apphed
. to non-ethbrxum situations. .

 In this way one can avoid Klrchhoff’s objectiont to Planck’s aarly

5 - writings on thermodynamics. Kirchhoff argued that the entropy concept
"¢+ is defined only for veversible processes (these are referred to as quasisiatic
processes in this book). He therefore cons1dered that it cannot be used for
;amsuarscble (here non-stam) procesaes C

§ 3. Concapfual Tools: Partitions -

- The discussion of the relationships among the ethbrmm states':
ofa system is greatly facilitated by the mtroductmn of partltmns

.k«

». See p’ 24 r an explanatu'm of the: notation,
ot Planck, M, Naturwzsscnscha)‘ta*u. 33 231 (1946)
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For the present purpose an ideal partition is an object O with the
following properties: (a) it is infinitely thin; (b) when inserted.
into a system which is in equilibrium, it does not change this
equilibrium state; (c) an equilibrium system exists which is divided -
into two. parts by O such that, upon wjthdrawal of O, the two
part-systems attain new equilibrium states. Conditions (a) and
(b) ensure that a partition has no extraneous effects upon any
idealized experiment under discussion. For instance, a wall whose
sole purpose is tb separate two chemically reacting species, should
- obviously not be made of radioactive material whose decay -
‘products gnight chauge the chemical composition of these chemical
species. Condition (b) is intended to rule out such devices.

We shall sometimes speak simply of partitions (without the
prefix jdéal). In such situations we insist merely on condition
(¢), but pot on conditions (2) and (b). A partition is then merely
any object which can prevent the attainment of thermodynamlc »
equilibrium- between the systems which it separates. -

Though an ideal partition ‘does not exist, one can arrange real
partitions in an ordered series, whose individual items approach
the properties of an ideal partition ever more closely. A statement
about a hypothetical experiment- which involves an ideal par-
tition can therefore be tested by perforining the correspondmg
real experiment with each item of the ordered series of real
partitions, and extrapolating the results obtained to what one
‘would expect to find with an ideal partition. It will be assumed
throughout that a connection can always be found between ideal’
and real partjtions by performing this type of liniiting process.

A great variety of physically quite distinct partitions are covered
" by the above definition. Two partlcular examples will now be
specified more closely.

(4) An enclosure F does not allow the exchange of mass with
the outside, and changes in long-range forces (electric, magnetic,
gravitatipnal) which act on F from the outside are kept negligible.
An arbitpary physical system K is placed inside F and is allowed
. to attain an eqtuhbnum state ¢. F is said to be adiabatic in the
restncted sense * if K. remams in equilibrium, unless mechanical

e A summaryof!the propertxes of; such parbtwns is gwen in Table 8.1 p. 3%
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g cﬁanges are produced inK by movements of parts of the enclosure
F (or by transmission through ‘the walls of F). 1 '
Suppose now that a mechanical change is- produced in the

system K by movement of the enclosure F, with, the result that

K attains a new equilibrinm state &’. The process lmkmg eand ¢

B is' then said to be adiabatic- in the restricted semse. The states &

and & are said to be linked by a process which is adiabatic 1n a .

" yestricted semse. The idea of linkage does not express a definite

"sense of direction for the change. If # can be taken into ¢’ or if

¢’ can be taken into s, we. shall in both cases regard these states .

as linked by the process under consideration, o
It follows that the mechanical operation of stirrers and plstons

" which act on the ‘systém is allowed in a restricted adiabatic

' process. Any other change which is brought about by a com-
bination of mechanical and non-mechanical methods, or by non- -
mechanical methods only, or which involves an exchange of mass,
or a change in the long-range forces is not adiabatic in the
restricted sense.

(B) Consider agat-n the enclosure F which s ad1abat1c in the
restricted sense. During the. experiment to be described, however,
no mechanical work shall be transmitted through it, and the

' changes in the long-range forces which act on F must again be
negligibly small. Suppose the space inside F is divided into two
parts by an ideal partition G. The area of G is in intimate contact

- with an ideal partition H, which is adiabatic-in the restricted

sense. Let two physical systems K;, K, whose sets of thermo-

dynamic variables are denoted by #,, x, respectively, be in
equilibrium - in. the two spaces. -Assume that neither system
~ contains or is enclosed by partitions, apart from the container

F, whose sole purpose is' to ensure complete -isolation of - the

system and to prevent an éxchange of mass between the system_

and its surroundings. The systems are otherwise arb:trary Let

" &, & be the equlhbnum states of K, and K,. After the with-

drawal of H let the new equilibrium states be &, & respectively.
. It will be required of G that it does ‘not allow the exchange. of’

" mass, mechanical energy, electricity or electromagnetic radiation. i

Also, whatever. (within certain limits) the initial states ¢, and™;.

/»,

i



