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Ph~ysic--, 20, 773-7CO (1554)

Vni.vorsito Libra do ýSuxolloz, Lu:iu

;he szudy of nc,-.-quilibri,= strationary states constltut~z a mo..;,

;--7ortz.7t demain o" the t~ormocynzzics of irreversib~le r~co;jz T.hese

st~a r ch~aractez...ed by the fact thatz intensive varizhb ls ramzin

conszaz-: in tize. Ithcs been establishoed that they bocc=6 csta~a1ishad or

canzinua orly tL-der the effect of "'coast rints' imposed oa the systemz c~d

w: ch -.z.;vent it'frox att~aining an equil1ibrium state, for exa-pie, t*.

z.'stc_:.:: =2-~tenance of a difference of temperature or of =catrztr-.:in,I

of ic.Zaffin~ity, of a heat flow or a diffusion flowi witkin the system

~~~--'-- i.Jtho latter is a continuous =3dium, tho constraints ar the~

cc~c~z~scz2-_-: "boundary conditions". * IC,

InW "43 .cna.-6 us estalblishqcb' thaorom acco:.dir.1 to iuhich staionary
- ~A

s:.:.cs o- a syrta; correspond to mini~um cntrony rutcfra~e

vz:uo of :h2 ccnt~ain-.s fi41 Throuahout the pi". th 18110oi4"_.

rest.rietiva hypot:-osas were implied&

(1) Lirnear ralations between _icnoralizcd forces (or affinities)*

"-1 '-*.-.s (or velocities) of irmrevrsible phenomena.



V:..c ~ shcrva iince Stu,4'_Cd tl.iAs p-.c,!1e= ($,7.0****

TQzTQt*;.t hIJYS COAZT6~ ROCO~tly, 060 of us hLS gueOd.o~~d i4Giri

na&- c.f v-iw of z-) L~tio.s Cspacif'ic cinro~y cnd pi fLow in;cs-.6

Th~oo~o~the fl-i two =%bienrs c~posed:

*~Indpondently o! thosa rzstzictive hypothcoses i~.C: xare2~

m.ozt ".cz pzopaties of entropy product~ion?

(21 Deas, there exist anohor masure Wf o?.tropy proauct~ior. u~ii

tc.'es on .4- iniri valuo in stationary nomoquilibri= states wh.- a~ least.

cm* of thas. hypot.heses 6oes inott hold?

--% s~coc14 quest',cn h~a been taken up recsuatly (11) tzrd has receivedi

~ .$~:iv* spc-rse in a certain numbo.~ of simple cases. Tho prescat
'SV A -, .,

co==.atawo. is dovotod to the first quosticn. WWP #o.jtlhvt in r.e."li:y

tin-_= of t.he vt=!rtic:a 11 Ivw so zrched for reprassz:s only a p.~

,.a: caso of a. moa :e-oral dif-Zoreinial. law. 1¶e comsorva at all time th

:~ s oi r6c:=iniczl eqtqilibrium (barytric velocity 2o-.o ct :I!

z;. suificiently s~.all to be ccnfo7~i y with~ tho clzssical ~~:~~

of ----= I~ca~~)



A.

Z~. C±O~S dj~ a :z~s the 1oc--I zr.ci-!-c v'c.z. c..?

;~:ciy cd~t~c.. laIv., :o the system IS :!c: wrtten

-i/d Cvd 2.-)

Sto cbbroviata this a3

P 3 d .S/dt (.'

~C~,G~~.gthe tot&! differential of the function a into ~.sum of two

d oa; -X dJJ cnd duIOat Jjdx (2.3)

it baccz~5

do do d) (2.4)

r~cc,: f:.c~m above it.f1s i~zediately'froz th~e si,- of '2.1) that for

.i: ~i~:i~n~s -. sarting from th, equilibrium stastaa o# ne has

a J* 0 (2.S)
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-. ~-~ ~ crdi~to :Sa c-'Oice of ')-t.: 0-1~ ~ o

an rd in pzrticu.4a-. for =1 Qo=:r~tny t~i~c

-- ~ on b1ia*ý-z at el tho Cri.:: orcior conditic.-.:;

C: 0 a 4 0 ,d..a -s 0 (2.7)

.~ ~ir.1 on.* deduco: tho kricn critct:1 o! stzbility zz ccq±ilzbriu

*tý zaý.d to ne!3hMorino stattes (12). Lik~ewise in z cctin.--uos *ý%

thr.o o~qualitics (2.7) ane written~, respectively, usiam. (2.2):

ZP ;t4 P/ au0 , 3P/ 3t< 0 (2.)
x

Airst lot us consider the doatin of val~idity of tho restrictic.-s rocalled

in Par. 1. U. write the lizear phenoasanological reliitions

.3 ra x (2.9)

l.i~ octl Oasager's reciprocal Telations,

jk kj
L *L *constant (.0

d.a M I~ L dXAk *d (2.11)

do *2d a 2d a xq2

Z:y ==.s oZ the restrictions (2.9)(2.10) the two di ;Faonoticl forms (2.5)

cr t~ho equal.
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fo i-Q ---w3D3T---=---- heCw-o a.

~~ :~zn .. 0 ncn%-Ou..1ibrjL= -_:ats ca.d -ot j : cz

t rict~crs. The cozc!l.s'ons (2.7) -d (2.12) ar.- no 1o:v;.d.. ~*e-t

ino shall go en to decons::r.te that the thz.-o :i zC2)

VI.- th. SY~to= ConSUC-10d 13 subrnidtted to the Conditions o! l~itz

!n. ~zt th czllztonsnecassary to dezonst::n:3 zh_-=y*,

U&L:14 in s tu heyP.Mzr cc1c -1: iý. a ut for studyin:- tS~.% ni- in tho

crnt:c-iy producti on. (S) But the numerous rostrictive conditic=s ihich

-ccc=:)zay thz:: dev. 1oprant did4 not por~it tl.e mitho: %a brin: o-at this

oz-a~ider in the f~irst iLnstcr.co the simple cue. of hea ::cs~ ort by

conduction in a solid c..Pii ; Xju 13T-1ti av h

jz IIJ 3- 4, dV v 0 grad.! 2. 1  dY (2.13)

LEor zl!. ncn-volatile solids, isotropic or not. IrtoCuico. with. tho help o!'

,nonte.,rtox by parts, the integral over the bomndary surface 0 of volume V.

Zt became

,4* T-1
ST (2.14

.. Ot Sv t -d v

7: =ouday conditions being cansiderod stationary, the surface inte~rzl

v--Ahos. Irin:ing in tho condition of local energy cU-.servtion,,

Pcv div V w 0 (2.1S)
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:. -r-uto (% ~~.. of st-s1.

S* -.- t:-.S1.1. Of h1oft =.dc~tion7 ZfSL~Cc2, ::: d

:b:~. otiooz t.a c cosiu;..3 The local productic. of nrtp iz

t ~ this czse (2-6)

-b~ cWI -ated force i.s tho aefinity of di.ffusioc. which we :.ss~o tr. b.,

"consa-m-ive" (2). We remit in addit~ion tha~ thlo actionas at a distanc: P

e.-irad cn1y cz A poz.-tion of the poin: coasidarad (3FY/3-ain3). Fir~zly,

an :I* zh--* tor, v 9 desi~iatos the rato of roactici P =d A~ is the

CS?~I7':c2mica.l affinity; it is related to the patontial throu.i* the

±%:c~d±~yof stoichibcotric coefficients JV and molzr mc.ses XY' thrc..t)

Apo -f Yy YO) (2.',S)

-y ~-.:tz. =scnir.- ss in the praceedine exam~ple. wo cbt&.in thi.s zi=4,

.f~ ~~;:iiby pa.fs and eliir-Inticm o' bcnr te-.-s,

Sly.,- dil'). Y - eI Y Y..
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Cy Y

4_' cw-'-9,-. .- '

9-T- a Y Y Y 4. cV V.
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~~7o~ccz :iý :e )Go --s alst!o rp iczbc: ood tofc: zi :i .

3: ~ ~ ~ ~ ~ ~ ~ -2.5 paic-s -,:.,225ri1no e c y :d

C~~w *-'%at oi-.o: h--d, thc: in the expression (2.!) o!F the ct:ro-.y

-).roý..:Cion, th-2 choice of fluxas Cnc. iorces is not ---.sl sc' ItOOC .

suzfff'c.Wz in sane*ral, that the coice loaves the entropy pod;ction -;vr;=

a xt ji a Z (2.26)

'~ 2.25) an the ccatravy. the choice is no longer arbitranr. Tho -"w~s =;s:.

Lo those whiceh apýeaa explicir~y in the balance of =ass a~nd onergy (2.20)

cnd (2.21). t!e hope to return eventually to this quaszion.

'i1o ccn.si~er finally the particular case of the staticnary s:::e for

vhic>. %-..o hz~z the equalizy si.7% in (2,2S), (X/,.)

-~~iate A~ the flczis relative to this state. -They cVcncol the

~zroff the balances (2.20) and (2.21). Tharafore (2.19) -:vas-.

Ir Ji(ax /3t)dvL - 0 7

.a- .ne~antary displacements startin~g from cn'/ sttionmry s:=to 0 whzt:-



..:Zr 01 ~ force~s co:sc o ten-: 62?).

... ~:c~ir~y:hz:- the Projarty '2.2S) an=- as a. ezCt:c ~r

3. ~tsi~c~c~of strtionazy strtzs. Ir. th~e 1.~i~~ c,-z-o vere -ýe :;:.-

c-.c- C'. entro:py p--oductio is va.lid,, the =tcýAlizy oý- st~.tl~r~ay

1ý1 =- z cr.-iy discu~ssed (3). Those stationary states =ao ,;i.** wh.Ich

C37s~Xdto z i~r im entropy production (at mior~a t;c~

.. =om theorem which. we are gon to provc w--':. po~it a.c.s~

f.Z-Z ;. Of s--.cQ states fr= the point of view of stz.-1ijiy al'

Ina efet aS - reuie tha .nc .th sttin .

ic;-s oz' cvolutici or =ly c~s a consequence of a fluctua~tic. Lcc3rdiz- to

Czzdrt~hen aiy s.! itzdslaen wh;.tever. A, sz .rting fc.-G

& s:t.:io--zy state 0, the state varirzblo baing heie. c.s: tes

Ofa ;~-,he SYS-= CT =~d %I in th3 preceadin:f ex-oa -d tho

S~ of Vh.ic tciiiu :Io 0 - in. its :~?

Ss--tisfied ts we ha-m provicusly s.-ocifiee. -;t us expicin %%at

z. -;. ,V-rtu.-l d!isp1zcco=zts thus reCtrded C.= :~~ to r.rel



is to corroz,=d to ncan-st--ior ary trns foT-ati c-. o- S-ZU:L,

~~ Sin= tho diistzr.butiwo. 1Vj of ipact *'c L.

vzo.,=- V, c.-e d.cc i.e~iaitoly :!rm (3.1) the loCicrc*A u.Aich VC.

Z k.aJi/aX,^) 0 ay1ka(Sj4

t:o indcz 0 ::-farrin.c to the stztimoa:7 Stet.e

.4~ hs ral'iticon is satisfied et all points of the system, it will-

th. be t;:.blo to leave its stctionn.:y state 4accordi~n'j, to tho =acroscopi)_c

S. £uc is notably the case when the pher.o=anolonical la~us zraI* ioz..)

Li~ i; (2.5) for the ccadition (3.3) iz verified idonticaily and idpn~l

z :-. ::: -ve hypotheses rap: ted in part 2 and in przrt 3 of. par.~

~~~ ~--d ew~st=Lcy o! phneno~nolo.-ical cooffici ~s) mic, o

.,,y ~ c (2.1) is then written:

w ;Zc.-i:5s the sizn o.1 the CLAdratic form (3.5).
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stzt cc-.zs -rad Z:a.- in Z' :Z~ tYc..z:.

CS r... C- 'oetl -ýut-Iinnt rot z- ta ':;is

s.-- La =y s-izasflvi h =z --- n.--m c1

c;; M- & O~Vc~ v.:-C Otsido CStilibr-iu2 p-i or to cc:~ on -,

emctropy variation.s =-y be ezccmosed into -,--o n=-s:

dS n daS + d~S (4.)

Jue Lt to t~he irreversible pheiczana in Cho intarior of -_e.

.)Q-, a a!itys Positi.ve (or zero at e~uilibri)

dis 16 (4.2)

the ~ v-rittiain of entropy productioni par =it of t.'=:

ccz.~Lis* in~to two term:V

0 a d iP .dxP (4.4)

-;%a ~ ~Socand, d~b to the var ickc of pne.ralized foreas or "c~ff±11itiasv

.. s C.::/ .oz,,t~.'v clon roal trm~s.for~tiocis (or zero in t2ho szariorm-y stac.

d 1P4 0 (4.5)

cz2nitcm L ircsed on the system Gat its b~~? :to.y



thzs, c_.77-tncOS es3;oia.,d z: * :::eroro ~i s ~

4..In cas.. (b) t*,icso ci.:emstaces relr.:,t mo~t ::..ciSOY ';0

:.x by which chn.hes ir. the ent~opy prou.-.#.- c tct d4.)

CW..- Zz&o:.s antroly preductioz itsolf eecroasas in t~a co""Sa Of vh C41=0

T.st pz:oint w,;s d7veloped in work witch Dr. H. C. Na (15). s- cificzl:y

;ovA c~rS* of c.omi cal retcticmrs.

v~z D.d. 4P.4 wbith whomw LIUV have a h" .h~I f~tu icsin o~o

th -rzb~z: txce in1 this study.
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