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2-9. The Reversible Process. Important thermodynamic features of
a process are revealed by considering how the process can be carried out
to yield the maximum work. This problem rvil l  be studied in terms of a
gas expanding against a piston. Suppose a pair of simplifying assump-
tions are made in order to focus attention on the problern at hand:

1. The cylinder and piston n'i l l  neither absolb nor transmit heat, so
that the effects of heat transfer need not be considered.

FDa llt n,-Ea
ffi -lf @ llt'l @
llfl ll,,il I Flril| F5 
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Frc. 2-i l. Irr.vc'rsiblc .|t i  .,,,r".r1t,t,, cxplrrrsiorr I)ro(,osscs.

2. The pistrlu Inoves u'ithirr thc cylindcr rvithout f l iction, so that the
possibil i ty of tnccluuricrrl inc{l ir, icncics is lernovcd.

1'hc apparatus is shown in l i ig. 2-13. ' lhe systcrn n'i l l  bc r.hoscn so as
i,r include orrly the gas. All elsc constitutes tlrc surroundings. ' l 'he

,,lr jt ' t ' t  is to allorv the process to take place in such a wliy as to raise a
', r ' ight, thercby accomplishing uscful n'orl i in t l ie surrourrdings.

('onsider first lt ig. 2-l la. ' I 'he piston is shorvn irrser.ted far into the
'. ' l ir ider rvhere it confines a gas at a, pressure just sulficierrt to balance the
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rr-eight of the pi-.ton, the atmosphere, and the ri-eight ri ' . 
' I l i is is & con-

dition of equil ibliuni, fol the system has uo tcndctrcl ' to change. The

*'eight must be remor.ecl if the piston is to rise. Imagiue in this first

l l ternutive that t,he l.eight is srrddeniy slit l  from the piston to a shelf
thrit is plat'ed close by and at thc sartre level. 

' l 'he piston rises nud
evcntrrrLlly rc:rches I neri '  condition of ecpril ibliurrr sucli thrtt the pressrtlrr

cxcltc<l lr.y t l ie gus is just sufficicl)t to lrt lurrce the rvtiglrt c,f t l te piston

and atnrosphet'c. ' fhe systern hris trnclot'g<itte l cl irtttgt': tho prcsstrt 'c ol
the ga,s is lol-cr, and thc piston has lreen elevated. I lott ' t 'r 'cr, tro tt-*ttfrt l
i t 'ork has irecti l .rccon)plished for thc s'eight is sti l l  rrt t lrc srttrtc lcvel rrs
bcforc.  \York has been done in c lcvat ing the p i . ton r r t r t l  i r r  p t ish i r rg bark
tho lrtnrosphero, iurt this is hardly ttst:ftt l .

In ur imploved pr'ocess shon,n in Ii ig. 2-l lb thc u'cight i l  is t l ir- it lcd intcr
t* 'o  pal ts .  In i t ia l ly  the p is ton is  dcpt 'ersst ' r l  ls  l rc f t , t ' r ' .  l , r t t  l l r is  t i tnc ot t l t '
ha l f  o f  the rveight  is  s l id  over  to thc s l rc l f .  ' Ihc p is torr  l i . r ' .  r 'or tghl ) 'h t l f
thr - '  d is tar ice a ld evctr tu l r l ly  ussumcs urr  err i l r i l i l r l i r r rn Ios i t i ,n .  

' l ' l tc  
s t ' r ' -

ond h lL l {  o f  thc rveight  is  thor  s l i r l  f t 'or r ,  t l re  y l is torr  to  rLt tot l r t ' t '< 'o t rv t ' r t ic t t t l l '
Io t , r r tc<l  shcl f  as shon-t r ,  arrd thc p is t ,on t ,o tnpl t ' t t 's  i1s st loke.  

' l ' l r i .  
p t 'or rcss

is  r i , r r  i rnprr l r -crDcrr t  o i 'c t ' t l ie  f i ts t  c lne s i r t t :e  l ia l t  o t  t l re  r r t ' ig l r t  lurs l rc t , r t
rt isccl xrughl). hll i  t lrer dist,uuce of thc pi-qton's tt 'ut-t ' i . rrrrrl rr.r ' lrr l rt 'ork ltrrs
ircerr act'r 'rrnplishctl.

As the lcniol ' l l l  of the u'eight in trvo pilrts c{Io('t( 'cl rrrr irnpt'ovcnreut
in the pr 'o( 'ossr  i t  is  ouly  log ic l l  to  assumc that  a f r r l thr ' r ' t l iv is iou of  t l rc
rvt' iglrt ir ito prit ' ts rvoultl rcsult in evetr grcutct' iruplovtrncrrt. ' l ' lrc rrlt, i-
rnir,tc cxltrl-sicln of this idea u'ortld rcrluilc a u'ciglit nrrrrl l  rrp ol rl i l lclt:rrl. i l l
r 'k r r r rcuts.  , \  c lo-sc u, l lprorrc l r  to  th is  is  to  i rn l ig i r rc  t l rc  l . r ' ig l r t  to  l r t '  t 'cyr l l rcer l
l ry  l r ,  I r i lc  c l f  { iuc sund.  I 'h is  s i tuat ion is  shou'n in  l f ig .  2- ; i , ' .  

' l ' l t , 'gr r t i t rs

ol surul arr rcul)r 'ccl orrc- tt l  t i tr ic:rricl pilccl irr srrr 'h ir \\- irv ls to lt ' trtrritt
tt the icr-r: l lrt rr 'hich thc)' l i le rernovccl f lorn ttre l l istorr. \-rLliou-* stu,gcrs
of t l ic pr'occssi aft) l '( 'prcs(' l l tci l irr thc l igure. f ltt '  r ' t 'nrotrrl of a grain o{
s lnt l  cr t tses very l i t t le  c lut , t rge,  and ct l t r i l i l r r i t t tu  is  r t 's tot ' r ' r l  l ry  onl l 'a
rnirrute adjust,rnerrt of thc systern a{tt-.r erltrh gruin is t 'cntor-t 't l . ' f lr is s-vs-
tcur  is  nevcr  more thau s l ight ly  or t t  o f  bnlarrcrr ,  n( ' \ ' ( ' f  n lor( ' t l r r r r r  s l ig l r l , ly
lcnrovcd fronr etlLri l ibrium. As a rcsrrlt, the pilc of srrrrt l l 'crr( 'ho,{ l l tnost
the full height of the piston's travel. On tho a\'ofagc, all thc ri 'ciglrt l irrs
bctru rri isccl sliglrt ly lcss thar.r half t lrc distlncc of ther piston's strclke. The
orrly I 'ult lrcr iurprovcmcnt po-ssible rvoultl bc obtairrt 'cl i f t lre glains of
srnd *'erc uuide iufirritcsirnli l  in -size. It is rvolthn'hile to stucly the irnpli-
catiorrs of this optinulnr J)l 'ocoss, :rccornplishecl in difTcrcntit l stcps.

The pnrcess can'icd out ir) t l i is manrrer f iclds thc nlixirnurn possible
ri 'ork that c&u be obtaincd under the conditi()rrs imposed on the system.
Il no other \t:try c&n the process be uscd to full advirntage. ' lhis systern
is always at cquil ibrium, or at least no nrolc thart dil lcrcntially rcmoycd
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from equil iblium. If the removal of sand from the piston is stopped at
any point in the process and sarld transferred from the pile to the piston
instend, the process n'ould reverse itself and retrace the exact path it had
folloived up to that point. The piston rvould be retnrned to its original
position by replacir-rg the sand, grain by glain, taking it ahvays from the
pile at the level of the piston. In other words, the system could be
lestored to its original condition merely by making l lse of the rvork it
had alrercly &ccomplished in raising the sand. Not only u.ould the sys-
tem be restored to its original condition, but so rvould the surroundings.
' lbi-s 

kirrd of process is tcrmed rcucrsible.
'I'lre tr.o procedrlrcs dcscribed in Fig. 2-3a and b are irreuersihle. The

filst one produced no \l 'ork; therefore none \\ 'as:r.vailabler for returning
the piston to its origirral position. ' l 'his could be a<rcomplished onll '
th lorrgh t i rc ' r rse o l  et l ra rvork u 'h ich would come f r '< lm the srr r lourr r l i r rgs
rrnd rvhich u,ould thercfrlrc produce some cltange in the surroundings.
' l 'hc 

samc thing cen be said about the sccond proccss, though it u'as rn<lre
t'f l ir, icnl. thnn the [i lst since it ploduccd sornc nseful rvork. l{orvever',
somc c.r'1ro u-ork rr 'orrlt l  bc rc<luilcd to rettrt 'n the piston to the lcvel of th<'
lr i i-*etl l 'eight u,hcrc it could be uscd to folce thc piston back to its init i lr l
posi t ion.

Thc rcvcr,sible process is au idcal one in tha,t it can bc approached brrt
rrever rrctually rcalized. It is of practical importance, ncve'r'thclcss, for
it leprest'nts thc l inrit of u'hat mlLy be acc<-rmplisltcd by a<'turLl J)ro(iesses.
l r r  thermodyrt l rn ics,  the c l lcu l r r t ion of  rvork is  usuul l t 'n- rade for  id t ' r r l
svstt'rt'ts, becausc such systcrns k:nd themsch.es cornpletcly to n'ulthcmllti-
ctl arralysis. Oftcn, the r'hclice is lrctrvcen cr]r:ulations for arr iclc:r, l sys-
t( 'n1 ruld rro calculations rt l i l l .  l loreclr.cr, the rcsults clf calculatirlrrs
,, lrtu,incd for ideal s1'sterrts nur-v be elsily conrlrined rvith vilr ious cffi-
, i r -nc i t :s  to  g ive good approxin i r r t ior rs  of  the s 'o lk  for  act r r l l  proccsses.
' l ' lre 

sclcction of t lrt:sc e{l it: iencies rerlri lr:s knol' leclge <lf a prrLctical nr,ture
, , , , l r r i l r . d  t l r r . oug l r  c rp t ' r i c r r r . r . .

I t  r r 'ns shou-n i r r  Sec.  l - l l  t l r r r t  t , l tc  * 'ork o l  t 'ornprcssion or  cx l r : r r rs i , r r r
, , t  u  gus < ' l r r tsed l ry  t lu '  I t tovenrcnt  of  iL  l r is torr  in  u c1 ' l i r rdel  can be crL lcrr l l l tcc l
i , r -  the ct luat iorr

w: \ f , , 'nd, ( l  -5 )

l-r 'cn if the intcgral in this equrrtion could bc cvnhuited for cl<,h of the
'rr 'o('css('s descrilrccl iLrr<l shol-n irr lf ig. 2-3, it, u'orrlcl not e<1ulrl the u-orli
:,1)l)elrring itr the surrourrtl ings cxt'cpt for thc cust: of the levelsiblc expau-
-:,,rr. ' I 'his can be madc clear by the I 'ollon'ing aruLlysis. Thc rvolk donc
:r t l)e surroundings in cach case appeirrs lts &n irrcrctlse in the potential
:1{'rgv of the materiul sultporte<l lty the gas. I}y dcfinit ion, this equals
. ; ' , is .  r 'here l7  is  the l 'oree of  gru, r , i t1 'ou a l l  the ru i rbcr i l r l  supported bv t l r t '
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gas. This includes the piston, the material on it, and tl ie atrnosphere.
In the case of the reversible process, this force is never more than differ-

entially out of balance rvith the pressure of the gas. Therefore, it may' be

desclibed in terms of the internal i lresstlre acting on the piston, thet is,

F : pA, and Eq. (1-5) is then obtained. The situation is different irt the

case of the irreversible processes. The moment a finite weight is removed

frorn t,he piston, the force of gravity acting dorvnu'ard is overbalanced
by the pressure of the gas by a finite arnount, and P does not agaiu eclrral
p,4 unti l a new equil ibrium position is reached. Thus pA cannot be
substituted for i ' , and Ifq. (1-5) does not hold. The conclusion is that
II ' '  is idcnticai rvith Ip dV only for a reversible process. In other u'ords,

the n'ork appearing in the snrroundings t:an be evalruitcd frclm thc ltrop-
erties of the sy.slcm. only for rcvcrsible processes. Of course, it mar' be
possible to determine t,htr rvork from the effc<rts in the srtrroitndr.tt.rTs.

Atbention should be called to other l lspccts of rcversilr lt) pro(rcsses.
'fhe lemoval of sa,nd frorn thc piston in the last proccss tlcscrilrcd n'as
acc:orlplishcd grain l iy grairr, t lrus retluirir)g a vol'y lorrg tinrc. lfor t lte
tnrly revelsible prclccss rvhcrc t 'he u,eight is rcmovcd in dil l 'ercrrtirLl incrc-
ments, an irri initc t imc is retprired. Indeerd, this is thc clse for t l l  revers-
ible processr:s; thcy procced infinitcly slorvly. Tha,t t l i is nrust lrc thc
<,asc should be cvidcrrt from the fact that orrly dilTererrti l l  t l l ir- ing forces
are involvcd.

It rvil l  be recallcd that the pl'ocr)sscs corrsidured \vol'c assllnl( 't l  to t:r,ke
pli iec u'ithout friction. Withrmt this l issrrmpticin, it rvoultl rrt it lurr.t: been
p<,rssiblo to dcvise a rcversiblc proccss. r\ssrrme for a, ntonrent t lur,l the
pist<ln is not frictionless. 'I 'he removal of r f initc a,mount of srrrrrl u'oukl
be lt '<lrired before the piston cnuld nrovr,, fol fr ictiorr rr otrlr l cl lrrsc thc
piston to stick. 'I 'hus the equil i lr l ium con<.lit ion nc(,cssur.\ ' lol ri lcr.ersil i le
procoss could not be rnaintained.

,\n irrever.siblc proccss does not prorluce the maximrrnr n'olk. One
mlry u'ell ask n'hat hlrppcns to thc potenti l l l ly avlri lairle lrrrt unolrtairred
rvork and horv it is " lost." A complctc answcr must an-uit thc clevclop-
mrnt of the sccond larv of thermodynamics, but some indicrtion of the
al)s\\ 'er ca,n l ie given hcre. ' l 'he commou phcnomenon of f l ictiort, rvhich
accompalies an irrcversiblc proccss, is a mechanism for t lansforming
mechanical errergy into internal cncrgy. Some of this cnergy must
eventually be transferred, as heat, to the sunoundings. It is in this
sense that *'ork is lost. Errergy is not lost, but simply appe{rrs in a forrn
othcr than mechanical energy in the system and surroundings. In
the case of irreversible expansions u-ith frictionless pistons, rvolk is lost,
not by mechanical rubbing, but by the stirring of the gas. 'fhis stirring
or mixing is caused by the rapid expansion of the gas after the suclden
removal of a rveight and by the oscillations r-rf the free piston as it setlles
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dorvn to its nerv equilibrium position. This effect, called tu.rbu.lence,
clecreases the l-olk prodlrced, for stirring alrvays re<luiles \\,ork just as it
did in Joule's experiments.

The discussion of reversible processes has centered around a single
type of process: the expansion of a gas in a cylinder, rvhere the potentials
ol driving forces involved are fluid pressures and mechnnical forces. The
reverse process, compression of a gas in a cylinder, is much the same.
Ilorvever, in this case \\'ork is done on the system rather than by the sys-
tem, and the ideal or reversible process is the one that re<luires a minimum
expencliture of rvork rather than the one thirt yields a m.anintltnt. In both

crscs, it is thc reversible rvork that is givcn by the integral 
II, '  , Ot-.

'I 'herc are many procosses rvhich occur under the impulsc of potentials
othcr thrn pressllr 'c or mechani<lrl forc(]s. I, 'or example, hclit f l<lrv occurs
rvhcn l tt:mperature difTercrrco exists; clet't,r icity f lorvs unclcr the iuflqence
of clcctromotive force; and churnical rcactions occur because a, chenrie:rl
potcntiu,l exi.sts. Irr gcner:rl, & process is rcversible u'hen the rrct f6rse
rll iving it is only differcntial in sizc. 'I 'hus hcrt is transferrcd lcvelsilr l.y
u'hen it f lorvs from an object at ternpcrature ? to auclthr,r object at tent-
lrclatrrre 

' l '  - dT.
'l'he concept of a revcrsible chemici,r,l

tkrcompositiorr of ca,lcium carbclnate.
tk:composcs to form ca,lcium oxidc und
tur l ron d iox idc gas.  At  cr l i r i l i l r r ium,
tliis sy,stt:rn consists of thrce phrlscs,
twcl solid and one gas phasc, ond
nvo conrportcrrts. Application of the
phrLse ntle sho*'s tlr:Lt thclc is but orrcr
,lr,grec of frccdom. 'fhus l ixing tho
It,rlpcrlture l ixes the prcssurc also,
jrrst so long as u,l l t lu'ee phases rcrnain.
' l ' lr is 

rnt:ltrs that for cvery tempelit tttre
crrlcirun call lonu,te cxcrbs r delirrite
,ltcornposition prcssure of CO: and
tlrrrt, rvherr the pressure tends to fall
i ,t 'Llu' this value, CaCOr rvil l  decom-
l)():c. Assume n<trv thrt a cylinder is f ittecl u'ith a frictionlcss piston
:,rrrl contains an equil ibrium mixturc of CaCO3, CaO, and CL)s. lt
.- immersed in a constl,nt-tempcrature bath as shorvn in Fig. 2-4,
', i t lr the tcmperaturc adjusted to a value such that the dissociation
: : '( ' j :urc of CaCOr is just suificient to balance the rvt' iglit on thc pis-
',r!. ' fhc piston is in lrrrlance, the temperature of thc rrraction mixture
.- r 'r1uul to that of the bath, and the chemical reaction is held in balance

rea,r't, iorr mly be i l lustruted l ly the
If this srrlrsturt.e is heated, it

Thermostat  r

l'I<;. 2--1. llcvcrsibility of a chcnrit'al
rcrct ion.
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by the plessule of the COz. Any l lteration of conclit ions, hou-e"'er slight,
rvil l  rrpset the ecluil iblir.rm and cause the rerction to proceed in one direc-
tion or the otl ier. If the rveight is differentiri l ly increased, the CO2 pres-
sule u'i l l  be l l ised differentially, ancl COz n-il l  combine l ' i th CaO to fornr
CaCO', allon'ing the rveight to fall slorvly. ' lhe heat givcn off by this
rear:tion .. i l l  t,end to raise the temperatrire in the c5'l indcr, lnd hen.t u-i l l
f lon- to the balh. Decreasing the n'eiglit cl iffcrentially ,qcts off the oppo-
sitc chlin of evcrrts. The srime rcstrlts are obtainc'd by niising or lo\\rer-
irrg the tcmpclature of the bath. If thc tcmperature of t l ic l>lith is rrriscrl
differerit ially, heat f lon,s into thc cylinckrr, l 'herc it dcconrltoscs calcium
carbonntc. 'fhc CO: gencnited c&uses thc prcssurc to l isr-' differcrrti l lLl ' ,
rvh i r 'h  in  turn ra iscs the p is ton aur l  r r ' t ' ight .  

' f l i is  
n ' i l l  corr t inr ie  t tn t i l  thc

Ca,CO:r has bcen conipletcly tlcl iromlloscd. Thc pfo('( 'ss is rcvelsilr le, {ol
t ,hc systcrn is  r rc l 'er  r r rorc t l r i i r r  d i f lc lerr t iu l l l .  < l isp laccr l  f lonr  cr lu i l i l r r ium,
lur< l  onl .y  a d i f lcrcr i t iu l  lou 'cr i r rg of  thc ternpclutur t 'o f  t l rc  l r rLth rv i l l  cr lnse
the systcm to rcturtr to its irrit i l l  st,rte. Sirce p is corrsttnt, thc rvork
t lorrc  c t ;uals  p AI ' .

' l 'hc olrsclvll lr le rtrsrrlts of the chcrrric:l l  potcrrtiul irr thc 1'rlcvious exarn-
ple rvcrc tenrpcr:rture and prcssrtt 'e rlr ir. ing f<lt 'ccs. ( 'r insidcr anothcr
rcact ion s l rs tc ln i r r  u 'h ich t l i r r  t 'henr icr r l  l ro tcut i l l  is  mrrr r i fcster l  ls  an e lcc-
tlonrotivc f<llr:er. -Sttpposc Iutrtall i t: zinc is lrrought into corrtact t-ith an
li(l l leous solrrt iorr of hvtl lclchloric tcid lt l i ,trriclspht'r ' ic plcssule iu a cylin-
r lc ' r '  cr l r r ippct l  u ' i t l i  l  1r ' i< ' t ior r l t ,ss p is(orr .  , \s  the c l icn i ica l  tcrL<' t io t t  occ l l f .s ,
t l ic hydr'ogcu cvclh'ctl puslrt:s thc pistclrr l.grLirrsl t,hc atrnosplrcre. IIou.-
e\'or, l lo ust'frrl rvork i-s acconrlrl ishcrl, lr icl the pr'<tr:css currrrot lre t 'everscd
l ' i th  orr ly  t l i l l ' c l r rnt i rL l  chur tges i r r  t l re  corr r l i t ions of  thc svstcnr :Lnd sur-
lourrd i r r i3s.  (hr  thc othct ' l taut l ,  su l ) l )osc thc applL l r r tu-*  is  un ' r r rgt ' t l  i r r  the
fr l r r r r  o l ' lLr r  e l ' r '1 , r '< l ly l ic  cc l l ,  u- i th  thc rnct rL l l ic  z i r rc  as orrc c lcct lor le  lu td
pl i l t i r r r r rn as thc othcr .  l l ic  c lcct rodes l r rc  colurcctcc l  to  r rn cr terru i l  c i t ' -
t 'u i t .  \Vhcn thc e lcr , t rodcs r l rc 'd ippcd iu thc ac id solu l iou, :Lu cnr f  is
prothrrcd u ' l r ic 'h  crLt r  l rc  u l i l izcr l  to  tc lorr r l r l ish rvork.  ' I 'hc l rnour t t  o l  l l r is
rvulk <lt 'pcntls upon tl ic cha,ract,cristics <lf t, lre cxl,t 'r 'rral circrrit. l f thcre
is  no t ,ountcr  eml  to thut  yr rot l r tced l ry  thc t 'c l l ,  r ro uscfr r l  uork r i - i l l  rcsul t
r rn<l  ( l r<,  l ) r (x 'css is  s t i l l  i r rcr '<- , rs i l r le .  Orr  t , l r r :  o t l re t ' l i l i r t l ,  i I  t lur  cor tut ,c t '
volttgc is ori ly diffclcntia,l ly less thur that of thc cc[, u urrrrintunt untount
o{  l 'o lk  is  p lodnccd.  ' l 'hc t 'hcnr icr r l  l ro tcnt i r l  o1 t l re  lcrc t iur r  is  l ra larrccd
l ry  the c lcct r i<:a l  potent ia l  o I  thc cr tc lnt l  c in , r r i t ,  ur rd t lu .  I ) r 'o( 'css o( ,curs
lcr,.crsilt ly. 13y incrcasiug the countcr enrf rl i fferlenl,iull l ' ,  thc retctiotr
wi l l  l r locced j r r  thc rcvcrse t l i lcct i r l r ,  t lLk ing c lect l ica l  e l ) ( ' rgy f lorn thc
sun'curndings arrd yllutirrg <.rttt zinc orr the t ' l t.r ' lro<le.

In surnmut'y, l l  rcversilr le proccss is I 'r ' ictiorrlt 'ss; it is ncr.rlr tnclte tltutt
d i l fercrr t i l l ly  lcrnovecl  f r< l rn t ' r lu i l i l r r i r r rn;  t l rc  t l l iv i r i .q  forccs l le  d i f ferent i : l l
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Example 2-l
wi th  a  con . r , , :
f r ic t ion,  anr l  : ,
ps i a .  Thc  i r , . '
graclual l l - ,  : '  l l ,
t ions i t  has i  ,

su<lh a s ' l r '  : i .
mov ing  t h t .  , . r

Horv rr r r r ,  l .  '

i t s  i n i t i a l  r - r t l : '
l o l  u l l o t t .  I

S i t t r : e

l r r , I

Rr r t

'l ' lr orcforr,

Tho f int l  pr ,  - .

I I t  l l r t  s '  ,  :
i  (X )  ps i a .  \ :  '  .

t ' xp r r r r s i o r r .  I  -

l r ' i t h  t l r t , I i r , , ,
l r t , l o r r ' , : r r r , l  r i .

t l r c  r . o l r r n r r ' ,  i .

This pror . r , . .  . -
p rO ( ' 0SS  l l (  (  r , : t  :
( l on rpa r t , r l  r r  . '
efficicncS' cii

Example 2- !
f i gu re  con t l i t , .
p i s t ou  i s  h t l , l  : :
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,, ' .r 'cr slight,
: :L  r rne d i rer ' -
1. , '  ( 'O:  pres-
( ' : r (  )  t o  f o rm
:r ,rlT lt,v this
, : , ,1  l icat  rv i l l
, , : i  t l re  oppt t -
.:rg ot' Iorver-
r ' : t th  is  r l r isod
' , , : ( 's  c l l lc ium
i : : iercn t , ia l ly .
: . r l ( '  l u l t i l  t h e
. . ' . ' , ' r 's i l r lc ,  fo l
' . ,  l r r i l i l l l i t tn t ,

, : l r  l ' i l l  c rause
. : , t .  t l r e  r vo rk

.. ', ' iotts cxarn-
. : , l t l  another
' . ' l  as an c lcc-
. ' : r r ' t  u ' i th  l ln
: : , '  in  a cy l iu-
, ,  1 iot t  < lcct l rs ,
, i r , ' r 'e .  Hon' -
I  l ,e I 'eV0I'SOd
' .  r , r  a r rd  s t t r -

: . r  I  rg ( ' ( l  i l l  the
.  . , ' ,  t t ' o t l c  l i r r< l

.  . ' r t t ' t  t r l l  c i t ' -

: . .  : r t t  t ' t u f  i s

: : - '  ' l l r r t  0 l  t h i s

.  i .  l f  t l r c r e
. : i  u  i l l  resu l t

:  i l i r '  ( ' oun tc r

. : . r t r I l  r t l r ]o l t l l t

: .  i -  l l r l l t r ccd

:  .  , ,  r ' ss  occ t l t  -s
' l1 ( '  r 'e l rc t i ( )n

: i) '  i ror lr  tho

'  :  rn { ) l ' c  t } r t In

: . .  ,  l i l l c rc r r t i : r , l

t v "
l r :  I  o d l '

l v '

pl '  :  k  ( : l  corrstunt)  p
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in magnitude; alld the plocess can i)e reversed, leaving rlo change in the
s1'stem or surroundings.

Example 2-8. A horizontul piston-and-c1'linder arrangement is placed in contact
rv i th a constant- tenpcrature bath.  The piston s l ides in the cyl inder rv i th negl ig ib le
fr ic t ion,  arrd an external  force holds i t  in  p laee against .  tn in i t ia l  gas pressure of  200

1>sia.  The in i t ia l  gas volumc is 1 f t3.  T l ie external  forr :e on the piston is  to bc reducet l
gradunl ly ,  a l lorv ing thc gas to cxprnd,  unt i l  i ts  volunrc doulrk 's .  f lnder thcse concl i -
t io t rs i t  has becn dctcrmined that  thc volume of  thc gas is  rc latct l  to i ts  prcssurc in
srr t ' l i  a  rvay that  the pro<luct  pI l  is  constant .  Cl : r lcrr late the ivork r lone b1' the gas in
nroviug thc cxternal force.

Horv much rvork lvould be donc if the external force rvcre sudtlcnll. rechrccd to half
i ts  in i t ia l  vr luc i r rste:r r l  of  heir rg gradrral ly  ror l r rcet l?

SoLtr t ion,  Thc process,  carr ie<l  c lut : rs f i rs t  c l t 'scr i l rcc l ,  is  a rcvors ib lc orrr . ,  an<l

S i r r r . c

: t t t r l

I i r t

'I ' l rcrcforc

t
t '

i l '  -  k  In " l . l -  :1 . t , ,  J . '
J v ,  I  I  r

:  p I i  :  pL l " r  :  ( 2 ( x ) ) ( 111 ) (1 )  :  28 ,8 (X )  f t - l l r r
I i 1 : 1 1 6 r  a n c l  I : 2 : 2 1 1 t

l t '  :  28,800 l r r  2 :  l1) ,1) i |0 f t - l l r7

' I ' lu '  
f i r r : r l  1>rossrrre rv i l l  l ro

ft :ll{.1{(10
pr :  r l -  :  - " t )  :  I  l , { (X} lhr , / '1r1 11 or  l (X) yrs ia

I I t  t l te sct 'onr l  <. t rsc l l rc  forcc r .xer tct l  is  corrstnnt  arr t l  t ' t1rr i r . : r lont  to t r  1>resstrre of
i00 psia.  AI tcr  hal f  t .ho in i t i : r , l  fon:e has l r t 'cn r t .nrovod, 1hc gls l ' i l l  urr r lcrgo a suddon
r ' r p l t r t s i < t t r .  I ' l v c r r t t r t i l l v  t l t c  s1 ' s t r , r r t  u i l l  r c t r r r r L  t o  l r n  e r l r r i l i l r l i r r n r  r . on t l i t i on  i t k ' l r t i c l r l
r l i th t l rc  f innl  s t t tc  at t r r i t rc t l  in  the rcvers i l r lc  pror .css.  Thtrs l I 'u- i l l  l rc  thc s i t , r )e l is
I r t ' forc,  ant l  I  hc nct  rvor l i  rcconrpl ishccl  * ' i l l  cqrra l  thc cr l r r i r ' : r lorr t  cr tcrr r i r l  l l rcssurc t i rncs
t l ro volr t l r rc r :h: tngc,  or

I t '  :  ( l (X ) ) ( I + .1 ) (2  1 )  :  I  1 , - 100  f t JbT

' l ' l r is  
proccss is  c l t ' : r r l . r ' i r revcrs ibkr ,  ancl  i t  c l t . r r rorrstr : r tcs the far . t  t l r l t  arr  i r revors ib l t :

J)roccss act :ot t t l r l is l tes l t :ss rvork th:rn a rovcrs i l r le pnrccss for  1ht :  s : r rnt ' r ,h l l r rgc in st t r lc .
( 'o l t tpt rct l  rv i th thc rcvers ib lc pro( 'ess,  thc i r revcrs i l r lc  c.x l r l r rs iorr .  is  sr id to havcan
t,flicit:nr:y of

l i '19: : o.7:r|, or 12.3 rror .o,rr
I  ! "1, :JU

Example 2-9.  The piston-tncl - t '1 ' l in<lcr  arrnngt . rnt ' r r t  s l rorvn in thc rccorrrpan5' i r rg
figurc contains nitrogcn gas trappcrl bclotv thc piston at a prcssure of 100 psia. Thc
piston is  held in p lace b1' lat<rhcs as sho$'n.  The spacc bchind thc pistorr  is  cvucuatct l .


