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ABSTRACT

When the work produced by a reversible Carnot engine is subsequently
degraded through a frictional mechanism into an equivalent amount of
heat at thetemperature of the cold reservoir, theuniverse of thisreversible
engine becomesidentical to that of the commonly studied direct, irrevers-
ibletransfer of heat from ahot to a cold body. The identity qualifier rests
on the fact that in these two processes the changes experienced by the
only two bodies affected -the heat reservoirs- areidentical; situation that
leads to the same entropy change for one process and the other. These
coincidences notwithstanding, an essential difference separating these
two processesishereidentified: the fact that in the work-producing/work-
degrading combination, the entropy change isdetermined not by thewhole
of the heat flowing from the hot to the cold body, as it happens in the
direct transfer of heat, but by afraction of it; with the remaining of the heat
flowing irreversibly at constant entropy. The identification of this con-
stant entropy irreversible process leads, in turn, to the unveiling of a
contradiction between second law thermodynamics’ reversibility crite-
rion, and it’ssupposedly empirical counterpart embodied by the principle:
Heat cannot, of itself, pass from a colder to a hotter body.
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INTRODUCTION

According to Planck™

Thesignificance of the second law of thermody-
namicsdependson thefact that it suppliesanecessary
and far-reaching criterion asto whether adefinite pro-
cess which occurs in nature is reversible or
irreversible...A processwhich caninno way becom-
pletely reversedistermed irreversible, all other pro-
cessesreversible. That aprocessmay beirreversible, it
isnot sufficient that it cannot bedirectly reversed... The

full requirement s, that it beimpossible, even with the
assistanceof al agentsin nature, torestoreeverywhere
theexact initid statewhen the processhasoncetaken
place. .. The second law of thermodynamics statesthat
thereexigtsin naturefor each system of bodiesaquan-
tity, which by al changes of the system either remains
constant (inreversible processes) or increasesinvaue
(inirreversible processes). Thisquantity iscalled, fol-
lowing Clausius, theentropy. ..
Thethermodynamicanayssherein presented leads,
however, toacontradictionwith the previous statement.
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Thecontradictiontekesforminanirreversblehest trans-
fer taking place at constant entropy. This paper limits
itsdf tothe presentation of thethermodynamic anaysis
leading to such aresullt.

CARNOT’S REVERSIBLE ENGINE, THE
TRANSFORMATIONSPRODUCEDBY IT,
AND THEIR ENTROPY CHANGES

Theessentia congtitutiveelementsof areversible
Carnot engine, such asthat representedin Figure 1(a)
arethefollowing:

1 A hotreservoir of temperature T,

2 Acoldreservoir of temperature T, where T ) T

3 A working substance, which for the purposeof this
discussionwill betakentobeanided gas, and

4 A mechanical reservoir acting asdepository of the
work produced in the operation.

Onecycleinthe operation of thisengine may be

described intermsof the following concatenation of
processes.
AB: Anisothermal and reversible expansion at the
temperature of the hot reservoir T, . Here an amount
of heat Q, absorbed by the ideal gas from the hot
reservoir, istransformed into an equivalent amount of
work W,

BC: Anadiabaticand reversbleexpanson. Duetothe
adiabatic nature of the process, heretheided gasman-
agesto produce an amount of work W’ out of itsown
interna energy and in doing so itstemperature drops
fromT, toT..

CD: Anisothermal and reversible compression at the
temperature of thecold reservoir T . Hereaportion W,
of thework previoudly produced isutilized in order to
carry onthiscompression. The spent work isabsorbed
asan equivalent amount of heat Q_ by the cold reser-
voir (Q,) Q).

DA: Anadiabatic and reversiblecompressionthat re-
turnsthevariablebody toitsinitial condition, closing
thusone cycleinthe operation of thisengine. Thispro-
cess demandsthe expenditure of an amount of work
W’ identical tothat produced by processBC. Dueto
the adiabatic nature of the process, herethework ex-
pended ends up increasing theinternal energy of the
idedl gas, thusraisingitstemperaturefromT _to T, .
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Figurel: Tworepresentationsof areversibleheat engine.
Thecyclical evolution defined in (a) by the concatenation of
processesAB-BC-CD-DA produces, out of theamount of
heat Q, released by the hot reservoir, the two changes or
transformationsdepicted in (b), thesebeingthetransfer of
an amount of heat Q_tothecold reservoir, and thetransfor-
mation of theamount of heat Q into an equivalent amount of
work W. Point E isused below in thear gument directed to
theidentification and evaluation of the entr opy changes of
thesetwo transfor mations

Thefact that at the completion of one cyclethe
working substancereturnstoitsoriginal condition, re-
ducesthe changesproduced by theengineto those ex-
perienced by the heat and mechanical reservoirs, con-
sginginthetransfer of an amount of heat Q_fromthe
hot to the cold reservoir, and thetransformation of an
amount of heat Q, Q = Q,— Q,, into an equivalent
amount of work W, W =W, —W . Thesetwo changes
or transformations, depicted in Figure 1(b), will bere-
spectively represented by the following self-evident
notation[Q(T,) — Q(T)] ., ad[Q(T,) > W] _.As
components of areversible process, thesetransforma
tionsarereversblethemsalves. Thisfact hasbeenindi-
cated by thesubindex ‘rev’.

At thelight of second law thermodynamics’ con-
stant-entropy reversibility criterion, asexpressedin
Planck’s previous quote, the entropy change for the
universe of thereversible Carnot engineunder consid-
eration can bewritten as

AS[Q (T)—> Q. (TJ],, +ASQ(T)>W] =0 (I

Theidentification of theindividual valuesfor theen-
tropy changesshownineg. 1 startsby recogni zing that,
aspreviously described inreferenceto Figure 1, the
heat taken in by theideal gasfrom the hot reservoir
adongAB islarger thanthat it givesout tothe cold res-
ervoir dong CD. Thisfact dlowsustoredizetheat there
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exisssomepoint E onisothermAB that dlowstheided
gasinitstrangt aong EB, to takefrom thehot reservoir
anamount of heat Q_identical to that given out tothe
coldreservoir dong CD. The approximatel ocation of
point EisshowninFigure 1. Assuming that the opera:
tion of thecycleisto start at point E, consideration will
be given to the effect of the concatenation of processes
EB-BC-CD-DA. Actually, on reason of thefact that
theeffect of the adiabatic and reversibleprocessBCis
precisely cancelled by the adiabatic and reversiblepro-
cessDA, theeffect of the said concatenation reduces
to that produced by the combination of processes EB
and CD. Along EB the hot reservoir transfersto the
ideal gasan amount of heat Q_. Theided gas, onits
part, transformsthisheat into an equivalent amount of
work W . Along CD, onthe other hand, an amount of
work W_istransformed into an equivalent amount of
heat Q_. Thisheat ends up being absorbed by thecold
reservoir. Thefact that anidentical amount of work as
that produced dlong EB isconsumed aong CD, dlows
usto redlizethat what this concatenation managesto
effectisthetransfer of Q_fromthehot tothecoldres-
ervoir. Recognition of thefactsthat processesBC and
DA areby definition isentropic, and that the entropy
changefor isothermal and reversibleexpansion EB as
well asisothermal and reversiblecompressionCD is
zero on reason of thefact that in each of them theen-
tropy changesfor thereservoir and theideal gasareof
the same magnitude but oppositesign, leadsto

ASQ (T)—»>Q.(T)],=0 @
Let us now recognizethat the processAE needed to
bring the cycletoitsconclusionisanisothermal and
reversible expans on at thetemperature of the hot res-
ervoir. Through it theideal gasabsorbsan amount of
heat Q fromthehot reservoir and transformsit into an
equivalent amount of work W. Since no other effect
but this can be associated to thisexpansion, it follows
that itisAE the onerespons blefor the net work output
of thecycle, orin other words, for bringing forward the
transformation of Q into W. For thereason previoudy
given, theentropy changefor isotherma and reversible
expansionAEiszero. Therefore

ASQ(T,))>»W] =0 ©)
The entropy changes of equations 2 and 3 arefound
not only in compliancewith equation 1, actually any
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pair of equal magnitude but opposite sign entropy
changescould havea so complied withit; what ismaost
important isthat they aso comply individudly with the
constant-entropy reversibility criterion. Thenecessity
of thisindividual compliance comesfrom thefact that
each of thosetrandformationsisauniverseinitsdf (or a
sub-universe of the heat engine), and assuch their re-
spectiveentropy changeca culationsinvolved eechand
every body taking any part on them.

AN IRREVERSIBLE HEAT TRANSFER

Theessentid characteristic of thedirect, irrevers-
ibletransfer of agiven amount of heat fromahottoa
coldreservoir isthat through it nowork isat al pro-
duced. Thefact that thetransfer back of thisheat from
the cold to the hot reservoir demandsthe expenditure
of work, combined with thefact that nonewas gener-
atedintheorigind process, leadstotheredlization that
thisreversion can only beaccomplished with the con-
course of awork-supplying body. Thisimpossibility of
recuperating theorigina universewithout changesre-
maining in other bodiesiswhat quaifiesit asirrevers-
ible. Thefact made evident by Figure 2, that such a
process involves no other bodies but the heat reser-
voirsmeansthat oncethetransfer hastaken placethe
only changesleft intheuniverseare those experienced
by these bodies. Under the assumption that theinitial
condition of thehot and cold reservoirsinvolvedinthis

Ty

QK{(TR)—= Q| (T )]y

4
Te¢

Figure2: Thefiguredepictstheirreversibletransfer of an
amount of heat Q, fromahot reservoir of temperatureT, toa
cold reservoir of temperature T . Thefact that nowork is
generated in thisprocessmakesit irreversible, asthetrans
fer back of Q, fromthecold reservoir can only beachieved by
leaving a per manent changeon that body supplyingthework
demanded by such atransfer.
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process arerespectively identical to those used inthe
cyclicad processof Figure 1, we can specify the changes
experienced by thesebodiesin the processrepresented
inFigure2 asfollows: Thefina condition of the hot
reservoir equasitsinitia condition minusan amount of
heat Q,; Thefinal condition of thecoldreservoir equals
itsinitia condition plusanamount of heat Q,.

Theentropy changefor thisirreversbleprocesscan
be ca culated through the expedient of finding arevers-
iblepath connectingthesameinitia andfind stetes. This
procedurefindsexplanationin thefact that the entropy
functionisdefinedintermsof reversblehest. Withthis
dternatereversblepathin placethereversibleheat can
be quantified for the specified change and the entropy
changeeva uated. Sincetheentropy isastatefunction,
aslong astheorigina irreversible processand itsre-
versiblecounterpart link thesameinitial andfina Sates,
theentropy change will beoneand the same.

For theirreversible heat transfer depictedin Figure
2, thisprocedure producesthefollowing result’?

AS[Q(T)—>Q(T)],, =—Q,/T)+(Q,/T) 4)
There-expression of the previous equationinthefol-
lowingform

ASQ(T) > Q(T)],, =Q(T, -TH/(T.T) ©)
makes clear that inthisprocess each and every unit of
heat contained in Q, makesacontributionto thetotal
entropy changeintheamount of (T, —T)/(T, T ). Letus
now recognizethat in the previousequation theterm
(T,—T)IT, canbeidentified asthemaximum efficiency
possible(n, ) for any heat engineworking between
thosetwo reservoirs. On this perspectivethe product
Q,((T, — T)IT,) represents the maximum possible
amount of work (W) thisengine could have outputted
had Q, beenfedtoit. Thefact that Q, wasnot fed to
thisengine, but instead it wastransferred in adirect,
irreversiblefashionto the cold reservoir, allowsusto
redizethat inthissituationthesaid product quantifies
thewasted work-producing potentid i.e. the ‘lost work’
that Q, carrieswith it to the cold reservoir. Thislast
considerationismadeexplicit inthefollowing re-ex-
pression of equation 5

ASQ(T)—>Q,(T)],, =Q.n,, /T =WIT, (6)
Thislast equation shedslight on thefact that the en-

tropy change produced by theirreversibletransit of Q,
units of heat from the hot to the cold reservoir, is of
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equa magnitudeto that associated to the absorption of
anamount of heat Qn__ by thecold reservoir.

AN EQUIVALENT IRREVERSIBLE
HEAT TRANSFER

Theworklesslabe previoudy mentioned asthees-
sential characteristic of anirreversible heat transfer
opensupthe possibility of producing adirect irrevers-
ibletransfer of heat from ahot to acold reservoir via
the combination of afirst step represented by onecycle
intheoperation of thereversiblecyclical processrep-
resented in Figure 1, with asecond step represented
by thefrictiond degradation of thework previoudy pro-
duced by thecycle.

Asshown in Figure 3(a), and as previously dis-
cussed, onecycleinthe operation of thisreversibleen-
ginebringsforward thetransfer of theamount of heat
Q, from the hot to the cold reservoir, as well as the
transformation into work of the amount of heat Q of
temperature T, . Both of these reversible changes or
transformations take place, as shown by equations 2
and 3, with zero entropy changes. We will take now
thework generated by theengineand asshownin 3(b),
degradeit viaafrictional process, into an equivalent
amount of heat (Q) that will end upinthecold reser-
voir. Oncethiswork-degrading processisfinished we
find, as can be seen from 3(c), that al the changes
brought about by thisconcatenation residesolely inthe
heet reservoirs. No changeremainsinthevariablebody
of process 3(a) asat theend of onecyclewefinditin
itspreciseinitia condition. No changeremainsinthe
work reservoir asthework originally deposited there
by process 3(a) has been retrieved and transformed
into heat by process 3(b). Based on these consider-
ationswe can specify the changesexperienced by these
bodiesasfollows. Thefinal condition of the hot reser-
voir equasitsinitia condition minusanamount of hest
Q,; thefinal condition of the cold reservoir equasits
initial condition plusanamount of heat Q..

Thefact that theinitid and find conditionsof theres-
ervoirsfor the processes depicted in Figures2 and 3(c)
arethesame, dlowsusto concludethat these processes
areequivalent andif so, that the same entropy change
appliesfor both of them. That thisisso can beshown by
comparing theresult for the processof Figure2 given by
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Figure3: Out of theamount of heat Q, released by the hot
reservoir of temperatureT, , thereversibleengineshownin
(a) managesto transfer the smaller amount Q_tothecold
reservoir of temperatureT , and totransformthedifference
Q =Q, - Q_into the equivalent amount of work W. This
amount of work will be now, asshown in (b), frictionally
degradedintotheequivalent amount of heat Q, and assuchit
will end up in the cold reservoir. The final result of the
concatenation of processes(a) and (b) isshownin (c). The
fact that at theend of onecycletheideal gasacting asvari-
ablebody in process(a) returnstoitsinitial condition, com-
bined with thefact that thework generated at (a) isdissi-
pated asheat in (b), allowsustorealizethat in (c) theonly
bodieschanging arethe heat reservoirs. The net effect of
process (c) isidentical tothat of theirreversibletransfer
showninFigure?2.

equation 6, with that obtained for process 3(c) through
the addition of the entropy changes of processes 3(a)
and 3(b), asfollows

AS[processB(c)] = AS[processB(a)]+ AS[proc&sS(b)]
=as[Q,(T,) > Q.(T )], +AsQ(T, ) » W,
+AS[W - Q(T )], )
w W

=0+0+—=—
T

Theentropy changeassigned in equation 7 to transfor-
mation[W — Q(T )], comesfromthethermodynamic
result that associates an entropy increase of magnitude
SWIT totheirreversible degradation of an amount of
work W into heat at temperature T4, It should also
be noted that in Figure 3(c) the combination of trans-
formations [Q(T,) — W] , and [W — Q(T )], , has
been substituted by theexpression [Q(T,) — Q(T)I. .
Accordingtothis, theentropy changefor thislast trans-
formation can bewritten asfollows
ASQ(T)) > Q(T)],, =AJQ(T ) >W] ,
+AS[W > Q(T )] =0+W/T_=WI/T, )
Therefore
AY[process3(c)] =ASQ(T,) » Q(T )], =WI/T, ©)

irr
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Theirreversiblelabe attached to both of thetransfor-
mations appearing in 3(c) comesfrom thefact there-
version of either, or both, Q and Q_, back to the hot
reservoir, demands the expenditure of an amount of
work that we don’t have. If performed, these rever-
sionswill leaveapermanent changeinthat body caled
to supply themissingwork. Withtheseprecisonsaside,
we can now recognizethat equation 9isastatement of
thefact that the entropy changefor process 3(c) finds
sole quantification in terms of the entropy change of
transformation [Q(T,) — Q(T )], Butif thisso, then
the other transformation there involved [Q(T,) —
Q.(T)],. takesplaceat constant entropy, i.e.
ASQ(T) > Q(T)],, =0 (10)
Therealization that the processto which equation 10
makesreferenceisreversibleattending to itsentropy
change, and irreversible attending to theimpossibility
of transferring Q_ back to the hot reservoir without
changesin other bodiesremaining, attest to thelack of
equival ence between the constant-entropy criterion of
reversibility and that embodied by thepossibility of re-
storingtheinitial condition of theuniverse. Theonly
possi bility open for the constant-entropy criterion to
remain validinregard to what equation 10 expresses
i.e. theonly possibility for ustotrade ‘irr’for ‘rev’in
equation 10 demandsof Q, theability toflow of itsdlf,
unassisted, from the cold to the hot reservoir. In other
wordsthevaidity of the constant-entropy reversibility
criterion demandsthe non-validity of the second law
understood as. Heat cannot, of itself, passfrom acolder
to ahotter body.

Thefact that the unassisted transfer of Q_fromthe
coldto thehot reservoir isdenied by experience con-
firmstheirreversibility of [Q(T,) — Q(T )], . ahd ne-
gatesthe association between reversibility and azero
entropy change.

DISCUSSION

Beyond the equivalence of processes 2 and 3(c)
made manifest by theidentity of their entropy changes,
anessential differenceremains. Thefact that whilein
process 2 the entropy change is made up of the en-
tropy contributionscoming from each and every unit of
heet irreversibly flowing from the hot tothe cold reser-
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voir; inprocess 3(c) the entropy change can betraced
to theirreversible transfer of the amount of heat Q
through the combi nation of awork-producing/work-
degrading process, withtheirreversibletransfer of the
remaining amount of heat Q_, taking place at constant
entropy. Thisconstant entropy irreversible process not
only contradi ctsthe supposed equiva ence betweenthe
constant-entropy reversibility criterion and that based
onthepossihility of recuperatingtheorigind universe, it
a so negatesthe equival ence between thesaid constant-
entropy reversibility criterion and the principle: Heat
cannot, of itself, passfrom acolder to ahotter body.
The previous cons derations have brought to light
theessentid characteristicsof athermodynamicimpasse
demanding asolution, animpassewhich, inthisauthor’s
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opinion, might very well indicate asubtleyet funda-
mental inconsistency in the edifice of thesecond law
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