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SupplementarjNoteson Entropy andthe Second_aw of Thermodynamics

1 Reversible Process

A reversibleprocesdss onewhich, having taken place,canbe reversedwithout leaving a changen eitherthe systemor the
surroundings.

2 Entropy

Considera closedsystemsuchasa piston-g/linder assembly Let us saythat a gasis containedn the cylinder, andthat it
consistsof our system.We take our systemthrougha closedcycle by adding(or remaving) heat. We ensurethat the path
is reversible. If we think of our cycle asconsistingof a seriesof infinitesimally small links asshovn in Figure 1, andwe
measurethe infinitesimal heattransferto the systemin that link, 6Q;, andthe temperatureof our system,T;, during that
infinitesimaltransfer we canevaluatethe sum:
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wherei is theith link, andN is thenumberof links. If thelinks weremadetruly infinitesimally small,we wouldin effectbe
evaluatingthe cyclic integral

/ cycle 6Q/T

If we did an experimentof this type, we would find that this cyclic integral would always comeout to be zero. Sincewe
know thatthe changein a propertyof a systemover a closedcycle is zero, we postulatethattheremustexist a property of
thesystem S, suchthat:

dS=0Q/T for areversibleprocess Q)

The propertyS is called Entropy. It is an extensie propertywhoseunits are J/K. The correspondingpecificpropertyis
denotedby s. Its unitsare J/(kg K). The temperaturel’ appearingn Equationl is the absolutetemperatureof the system.
Thechangdn entropy betweerntwo statesl and2 maybeevaluatedusing:

2
AS=S,— S, = /1 5Qres/ T 2)

It is importantto understandvhat Equation2 means.SinceS is a propertyof thesystem S, — S, is independenof the path
connectinghe two points1 and2; it is the samefor all pathsconnectinghe two pointsaslong asthe endpointsarefixed.
However, we canevaluateS, — S, directly from 6Q/T only if the pathconnectinghetwo is reversible.

3 Entropy Changefor an Irreversible Process
If thepathconnectingpoints1 and?2 is irreversible,it is foundthat

dS= 6Q/T + dSyen ©)
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Figurel: CycleIntegral Evaluationfor Entropy

HeredSye is the entrogy generatedy irreversibilitiessuchasfriction, heattransferacrosdinite temperaturalifferencesor
uncontrolledexpansionsandis always positive. Irreversibility alwaysincreaseshe entropy.
Theentrofy changebetweertwo statesl and?2 is givenby:

2
85=38,-8 = [ 6Q/T+,8,, (4)

Again, it isimportantto interpretEquatiord correctly Oncethepoints1 and2 arefixed,theentropy changebetweerthemis
fixed,regardles®f theprocessonnectinghem. However, this change ASisonly equal to [ dQ/T if the processisreversible.
If theprocesss irreversible theentroy changewould turn outto begreater than [ 6Q/T becausef entropy generatiordue
to irreversibilities. Alternatively, if we fixed [ dQ/T for the two paths,theirreversiblepathwould endup with a different
endstatethanthereversiblepath. Theendstatewould have a higher valueof S, thanthereversiblepathbecausef theextra
entropy generatiordueto irreversibilities.

FromEquatiorn4 we seethatthe entrogy of a systemcanchangebecausef two agents:(iheattransferto/from a system,
and (i) irreversibilities. Heattransferto the systemtendsto increaseits entropy; heattransferfrom a systemtendsto
decreasds entroyy. Irreversibilitiesalwaystendto increasea systems entropy. Thereforetheentropy of asystemcaneither
increaseor decreas@verall; a decreaseanoccurif the systemlosesenoughheatto make up for entropy increaseslueto
irreversibilities.

Anotherimportantpointis thatthe work doneby/onthe systemdoesnot appeaiin the entropy changeaxpression Work
doesnot changethe entropy directly. The doing of work may indirectly leadto friction or otherirreversibilitieswhich can
generatentropy.

For anisolatedsystem,0Q is zero. Therefore

or
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Thus,the entrofy of anisolatedsystemcanonly increasdor staythesameif all processewvithin it arereversible).Sincethe
universewhich is the sumof the systemandits surroundingsis the ultimateisolatedsystemwe canalsosay:

ASJniVEFSE = ASSVSIPm + ASsurroundings >0 (6)

This is probablythe mostusefuloperationaktatemenbf the Second_aw of thermodynamicsand onewhich we shalluse
mostoftenin our problemsolving.



net

oy

TH

Figure2: A HeatEngineWhich Violatesthe Kelvin-PlanckStatement

4 Thelsentropic Process

ConsiderEquation4.If the processl-2is reversible,; S, ., = 0. If the procesds adiabatic,6Q = 0. Thus,for areversible,
adiabaticprocessS, = S;. Sucha processs calledanisentropic process.Remembethat all reversibleprocessesire not
isentropic.Similarly, all adiabatigprocessearenotisentropic.lt is only areversibleand adiabatigorocessvhichis isentropic.

5 Equivalence with the Kelvin-Planck and Clausius Statements of the Second
Law

TheKelvin-Planckstatemenbf the Second_aw states:
Itisimpossible to construct a device that will operate in a cycle and produce no effect other than new work and the exchange
of heat with a single reservoir.

Let usconsidera heatenginethatviolatestheKelvin-Planckstatementasshavn in Figure2. Herewe have aheatengine
thatrecevesQ,, attemperaturdl,, anddoesnetwork W,¢. Consideronecycle of operation.Applying the First Law and
realizingthatAE is zeroin a closedcycle

QH = Wna
Thetotal entrogy changeof the universemaybewritten as:

ASiverse = ASS/Stem +AS,

whereASy«en is theentrogy changeof theheatengineitself andAS, is theentropy changeof thehigh-temperatureeseroir.
BecauseS is a propertyof the system,ASyqem = O in one completecycle. Further sincethe heattransferoccursin an
isothermalprocess,

_ 1 _ Qy
AS _/6Q/T_TH/6Q— T,
sinceQy is removed from thereserwir. Therefore

Q
ASiverse =0— T_: <0

Thus,anenginewhich violatesthe Kelvin-Planckstatemenbf the Second_aw alsoviolatestherule thatAS ;e s > 0.
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Figure3: A HeatEngineOperatingBetweenTwo Reseroirs

Why doesheatrejectionQ, to T, fix the problem?Thatis, why is the engineshovn in Figure 3 legal whereaghe one
shavn in Figure?2 illegal? Considerthe netentropy changeof the universefor the caseshovn in Figure3.

AS iverse = ASS/Stem +AS,+A§

FromtheFirst Law, sinceAE=0 for oneclosedcycle of operation,

QH - QL = Wnet

whereW, is thework doneby the systemandis a positve number As before AS;gem =0 in aclosedcycle. Therefore

ASivese = O

1 1 Whe
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Q (TL TH> Ty "
Thefirst termin the lastequationof Equation? is alwayspositive; the seconderm (which is itself positive) appearswvith a
negative sign. Sothe sumcanbenegative. However, if W, weresmallenoughwe couldgeta netincreasen entropy of the

universe.Remawving Q from T,, decreasethe entropy of the universe.Adding Q, to T, increasest. Soif we addenough

Q to T, to make up for the decreaselueto the removal of Q,; , we canbuild a systemfor which the SecondLaw is not
violated.lt is clearwe cannotdo this unlessthereis a non-zeroQ, .
The Clausiusstatemenbf the Second_aw says:

It isimpossible to construct a device that operates in a cycle and produces no other effect than the transfer of heat from a
cooler body to a hotter body.

Thatis, a heatengineof thetype shovn in Figure4 is impossible.
Let usconsidettheentropy changesssociataevith anenginethatviolatesthe ClausiusstatementThenetentropy change
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Figured: A HeatEngineWhich Violatesthe ClausiusStatement

of theuniversefor suchanengineis

Q, Q
ASJniversze = _T_|I:+T_:

1 1
A (ﬁ_TT)

SinceT, < Ty, AS hiverse < 0. Thereforesuchanengineis impossible.

We seethat even thoughwe cannotprove the Kelvin-Planckor the Clausiusstatement®f the SecondLaw, they are
consistentvith our operationaktatemeni\S, o5 > 0.

6 Heat Transfer and Irreversibility

Heattransferbetweentwo bodiesis consideredeversibleif it occursacrossinfinitesimally small temperaturelifferences.
It is irreversibleif it occursacrossa finite temperaturalifference.Let us considerthe entrofy changesssociateavith heat
transferbetweertwo bodiesat T, andT, respectiely, asshovn in Figure5. Here

Q Q
ASJniversze = _?1 + T_2

If T, =T, (i.e. theheattransferis acrossnfinitesimally small differencesn temperature)AS e = 0. Thatis, the heat
transferis reversible. If T, > T,, AS,, s > 0. Soheattransferfrom a hot bodyto a cold one causesa netincreasen the
entropy of theuniverse.lf T, < T,, ASyerse < 0. Thisis, of coursejmpossible.

7 TheCarnot Cycleand Entropy Change

Considerthe Carnotcycle shovn in Figure3. Recallthatthe Carnotcycleis areversiblecycle which involvesfour reversible
processes:
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Figure5: HeatTransferBetweerReseroirs T, andT,

1-2: Isothermalexpansiondueto heatadditionQ,, from a hightemperatureeserwir atTy.

2-3: Adiabaticexpansion.

3-4: Isothermalcompressiomueto heatlossQ, to alow temperatureeseroir atT, .

4-1: Adiabaticcompression.

Considemneclosedcycle of operation.Theentrogy changeof the universeis givenby:

ASpiverse = ASSVSIPm +AS,+A5
00— % + &
LT
Theuniverseis anisolatedsystemsoit is adiabatic.Sincethe Carnotcycle is reversibleandall the heattransferinterac-
tionsarereversible,all processe theuniversearereversible.Sotheuniverseundegoesareversible adiabatigrocessi.e.,
anisentropicprocess:

ASuniverse =0
Therefore
Qv _Q
Ty T

Recallthatwe hadassumedthisrelationshipn deriving thethermalefficiency of theCarnotcyclein termsof temperaturelt is
valid aslong asthecycleis reversible andthe heatadditionandheatrejectionhapperisothermallyat T,, andT, respectiely.



