
4 Chapter4:GeneralStatementsConcerningEntropyPro-

ductionandratesofIrreversibleProcesses
diS

dt
=
X

k

JkXk>0 (1)

Eg.,entropyproductionduetoachemicalreaction

diS

dt
=JchXch Jch=v; Xch=

A

T
(2)

Uniquenessof°owsandforces?
Considersysteminwhichtwoisomerizationstakeplace

A!B(1); B!C(2) (3)

Correspondinga±nities
A1=¹A¡¹B;A2=¹B¡¹C (4)

Changeperunittimeofthemolenumbers

dnA

dt
=¡v1;

dnB

dt
=v1¡v2;

dnC

dt
=v2 (5)

Correspondingentropyproduction;

T
diS

dt
=A1v1+A2v2>0 (6)

Chemicalchangescouldequallywellbedescribedby

A!C(10); B!C(20) (7)

whicharelinearcombinationsof(3).Newa±nities

A0
1 = ¹A¡¹C=A1+A2 (8)

A0
2 = ¹b¡¹C=A2 (9)

Forcorrespondingchangesofmolenumbers

dnA

dt
=¡v0

1;
dnB

dt
=¡v0

2;
dnC

dt
=v0

1+v0
2 (10)

Comparingeqn.(5)with(10)give

v1 = v0
1 (11)

v2 = v0
1+v0

2 (12)

Notethatthetransformationlawforthereactionratesiscomplementarytothatforthea±nities
suchthattheentropyproductionremainsinvariant

T
diS

dt
=A1v1+A2v2=A0

1v
0
1+A0

2v
0
2 (13)

Fromathermodynamicpointofview,therefore,thedescriptionsofthereactionsareequivalentand
suchsystemsarecalledequivalentsystems.
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Generalization:
CanintroduceanewsetofforcesX0

kwhicharelinearcombinationsoftheoldones,andanewset
of°owsJ0

kchoseninsuchawaythattheentropyproductionremainsinvariant

X

k

JkXk=
X

k

J0
kX

0
k (14)

Thedescription(Jk;Xk)ismacroscopicallyequivalenttothatintermsof(J
0
k;X

0
k).

Alternatively,couldchooseanewsetofJ0
kwhicharelinearcombinationsoftheoldones,andthen

determinethenewX0
kinordertosatisfyeqn.(14).

Eg.
Considerentropyproductionduetoheat°owanddi®usionofmatter.
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then
diS

dt
=JX+
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°

J°X° (16)

with

J = ¡
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=
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; J°=¡
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°
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=
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(17)

X =
1

TII
¡
1

TI
=¢
µ
1

T

¶
; X°=¡

Ã
¹II

°

TII
¡

¹I
°

TI

!

=¡¢
µ
¹°

T

¶
(18)

Nowintroducenew°uxes

J0 = J¡
X

°

h°J° (19)

J0
°=J° (20)

Usingtheinvariancerelation

JX+
X

°

J°X°=J0X0+
X

°

J0
°X

0
° (21)

onecanshowthat

X0 = X=¢
µ
1

T

¶
(22)

X0
° = X°+h°X=¡¢

µ
¹°

T

¶
+h°¢

µ
1

T

¶
(23)

Using
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=
@(x=y)
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¢x+
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¢y (24)

canshowthat
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¶
=
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¢T+

(¢¹°)T
T

(25)
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andusingeqn.(4.22),X0
°becomes

X0
°=¡

(¢¹°)T
T

(26)

UseoftheforcesX0;X0
°hastheadvantageoverthesetX;X°isthatitiswelldēnednumerically

whileX°,stillcontainingh°(seeeqn.(25)and(4.22))containsanarbitraryadditiveconstant(see
3.16).

4.1 RatesandA±nities(FlowsandForces)

Inthermodynamicequilibrium
Jk=0 and Xk=0 (27)

Presumethatclosetoequilibriumwehavealinearrelationbetweentheforcesandthe°ows,eg.
Fourier'slawforheat°oworFick'slawfordi®usion.

Linearlawsofthiskindcalledphenomenologicalrelations.Thereisnothermodynamicbasisfor
thispresumption.Evidenceisempirical.

Eg.Considercaseoftwosimultaneousirreversibleprocesses;

J1 =L11X1+L12X2 (28)

J2 =L21X1+L22X2 (29)

Likarecalledthephenomenologicalcoe±cients.Liimayrepresenttheheatconductivitycoe±cient,
thedi®usionconstant,electricalconductivity,etc.Likwith(i6=k)describetheinterferenceoftwo
irreversibleprocesses.Eg.ifthetwoprocessesarethermalconductivityanddi®usion,thenLikis
connectedwiththermodi®usion(appearanceofaconcentrationgradientinaninitiallyhomogeneous
mixtureunderthein°uenceofatemperaturegradient.Likarecalledinterferencecoe±cients.

Usingeqns.(29)intheentropyproductiongives,

diS

dt
=L11X

2
1+(L12+L21)X1X2+L22X

2
2>0 (30)

AbovehastobepositiveforallnegativeorpositivevaluesofthevariablesX1;X2.
Showthatthisimpliesthat;

L11>0; L22>0 (31)

and
(L12+L21)

2<4L11L22 (32)

Hence,the\proper"phenomenologicalcoe±cients(L11andL22)arepositive.The\mutual"coe±-
cients(L12andL21)maybepositiveornegative,onlytheirmagnitudebeinglimitedbyeqn.(32).

Inagreementwithexperimentalobservationthatthermalconductivityorelectricalconductivity
arealwayspositive,whilethethermodi®usioncoe±cienthasnodēnitesign.

Please purchase PDFcamp Printer on http://www.verypdf.com/ to remove this watermark.

http://www.verypdf.com/


Theoremconcerningthe\mutual"coe±cientsLik.
ReciprocityrelationsofOnsager(1931)

Lik=Lki (i;k=1:::n) (33)

Whenthe°ow,correspondingtotheirreversibleprocessi,isin°uencedbytheforceXkoftheirre-
versibleprocessk,thenthe°owkisalsoin°uencedbytheforceXithroughthesameinterference
coe±cientLik.

Proofbasedon\°uctuationtheory"andmicroscopicreversibilityofmechanicalequationsofmo-
tion(seePrigogine).Onlydemonstratedinconditionsofthermodynamicequilibrium.

4.2 SymmetryRequirementsonCouplingofIrreversibleProcesses

Nowspecifywhichirreversibleprocessesarecapableofmutualinterference.
Considersystemwithoutthermaldi®usionbutwithheat°owalongageometricalcoordinatexand
subjectatthesametimetoachemicalreaction.

¾=¡
Wx

T2

@T

@x
+

Avv

T
>0 (34)

Thephenomenologicalrelationsare

Wx = ¡
Lth

T2

@T

@x
+L12

A

T
(35)

vv = ¡
L21

T2

@T

@x
+Lch

A

T
(36)

A r̄streductioninthenumberofphenomenologicalcoe±cientscanbeobtainedbyapplyingOnsagers
reciprocityrelationsL12=L21.However,wecanshowthatinfactL12=L21=0:
Supposethat@T=@x=0,then

Wx=L12
A

T
(37)

sothatthescalarcauseA=Twouldproduceavectoriale®ectWx.Contrarytothegeneralrequire-
mentsofsymmetryprinciples:Curie'ssymmetryprinciple{macroscopiccausesalwayshavefewer
elementsofsymmetrythanthee®ectstheyproduce.

Chemicala±nitycannotproduceadirected°owofheatandtheinterferencecoe±cientmustneces-
sarilybezero.

Inthiscase,thedi®erentirreversibleprocessesmustseparatelybothbepositive,ie.,

¡
Wx

T2

@T

@x
>0;and

Avv

T
>0 (38)
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