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The Concepl  oJ Reuersib i l i lu  19

Imagine that rve have such :r piston-rrn(l-cvlinder com-
binat ion and thaf  & weight  u ' is  p lncedorr  the p is ton to l io ld
a gas under compressiorr in the c1'l inder. ' fhis 

init ial strite
of  thc system is  showrr  or l  the lc f t  in  l " ig .  2- , r .  We rv i l l

re 2-5

assume that  thc p is ton is  so per fect lv  lubr icuted tht t  i t  crn
move w,ithout friction in the c5'l inder. In ir.cldit ir ln, n'e rvil l
rssume that  the p is ton and cv l inder  are constructcd of  a
special material that is a perfect he:rt insulator. Thus there
can be no heat transfcr betrveen thc gas arrd its surlound-
ings. Arr.r ' such process is said to be adiabatfu.

We n'ish to use the compressed gas in thc c1'l incler to
lccomplish useful rvork, and the question is how to carry'
out a process so that we malr obtairr the nraximum possible

fl
flllfl
M

Figu

n

L



20 Understanding Thermodynamics

useful work. I l.aising the rveight ur wi[ be considered the
object of the process and rvil l  thus constitute the per_
formance of useful rv.rk. since the init ial state as shorvn in
Fig.  2- i r  i -s . 'e  of  equi l ibr ium, i t  is  c lear  that  the p is ton rv i l l
not move unless the lveight ro is removed from fhe piston.
Imagine that the weight is struck from the side so as to
cause it to slide suddenly to an adjacent shelf. The piston,
of course, shoots upward and after a period of up_and_dorvn
oscil lation sett, les into a final equil ibrium por-it ion, as .shown
on the right in Fig. 2-5. On the other hand, the weight u
has not been raised, and no purpose has been served by the
process. We must do things diffcrently.

We decide to divide the weight, irrto trvo parts so that we
need not remove all of it from the piston a,t once. Aeain
we start with the piston held in position b-r. the rveighl u,,
as shown in Fig. 2-6. This time we slide only l.2u: itr the
piston to an adjacent shelf. The piston again shoots upward
and eventually comes to rest in a nerv 

"quil ib.iu.r, 
porit iurr,
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Figure 2-6
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but this time it has carried half the weisht rl rvith it. This

l/2w may norv be pushed off to another shclf, u,nd the piston
is again free to find a new final position. All t,hree stagcs of
this process are shown in l"ig. 2-6. Clerirlv, a, rveight has
been raised; the process has been of some usc. Half of thc
weight t l has been raised somewhere neur hlrlf thc distance
of the piston stroke. But is this the best u'e can do? What
i f  we d iv ide up the weight  in to much smt l ler  b i ts  and use,
for  example,  a p i le  of  sand? We might  in iagine f l ick ing
grains of sand off the pile one b.v rinc ancl htving them
stick to a sheet of f l-vpaper. Various stagcs of this l)rocess
are depicted in l ' ig. 2-7. The removal of each grain of slnd

+-f -a-Tl
illlililllililrilMMH,,
from the piston causes very l itt le change irr the svstem.
The piston moves but a very small distance ut u tinie, and
there is  but  the s l ightest  osc i l la t ic in  of  thc p is ton as i t  f inds
l i  I lew equi l ibr ium posi t ion only a ht i r  above i ts  prcv ious
position. Clearly the final grain of sand is carried n'ith the
piston almost to the end of its stroke, und in tl ie end lve
have raised all the weight u, (the sand) arr uvcfage distance
,r f  something l ike hal f  the st roke of  the p is ton.

All we can do to improve on this last process is to use a
tirrer sand and in the l imit to make the uniins infinitesirnal
or vanishingly small in size. Then the proccss is carried out



22 Understanding Thermodynamics

in diffelential steps, and we can only imagine it. Such an
inraginarv process rvould improve but slightly' upon thc one
just described. But it does represcnt the l imit of rvhat can
lrc donc b1' w'riv of improving the process arrd thus providing
the nruximum possib le work,  and as such i t  is  wort ,hv of
, ,ur  c lose at tent ion.

' l-his 
imaginary process is called reuersible because at any

point it could be turned around and made to go the other
*'av simplt ' by replacing the infinitesimal gruins of sand orr
tl ie piston. Only one additional infinitesimlrl grain of sand
*'ould be neederi to start the reverse process. t hen the

llarticles Jlreviously rcmoved from the piston could be

lrltced back on the piston nt extctly thc sir"mc level the.r'
had on the flypaper. In other rvords, onl.r ' a diffcrcntial
change in conditions rvould bc required to reverse the
process, and then the reverse process lvould carry the sys-
tem back to its init ial state, Ieaving only a minute or dif lcr-
ential change in the sunoundings.

The reversible process is unirluc, and as such occupies rr
position of essential importance irr thermodl'rurmics. The
reason for this is that it represents lhe l imit of lvhat is
possib le in  the real  wor lc l .  We cann<l t  even inrr .g inc an] ' -
th ing bet , ter .  I loreover ,  i t  lends i t .se l f  to  cxact  mathemat ica l
analysis, and this is not true of an1' other process. Our
choice in thermodl'namics often is to do culculntions for
reversible processes or to do no calculations at all. The
reason for this is that reversible processes are those for
rvhich the forces causing change are almost exactly in
balance. Thus the states through which the system passes
during a reversible l)rocess are for all practica,l purposes
erluil ibrium sLltes, or more precisely are never removed
nrore than differentially from equil ibrium states. The im-

I)ortl lrce of this r-rbservation is demonstrated by the follorv-
irrg corrsiderrtions. The work done in raising a weight is
given bv JI" r1s, rvhere I is the force of gravitv on the rveight
arrcl s is the elevation of the weight above some arbitrary
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'['he Concept ol Reaersibility 23

but f ixed datum level. Now if we wish to calculate the work
done by the gas in any of the processes described earlier,
the force F must be the gravitational force acting down-
ward on all of the mass supported by the gas at pressure P.
This mass includes that of the piston, the piston rod, the
pan, the weight te, and thc atmosphcre above the pistorr.
In the case of the reversible process this force tr ' is never
more tharr minutel- '- out of balance with the force exerted
upward on the piston face by the gas and givcn bl' the
product of pressure and the piston area. Thus, ft ir all prac-
tical purposes, 1' : PA for the reversible proce-'s. In uddi-
tion, the volume change of the gas (the s1'stent) is alu'avs
giverr  by dV :  A r /s . ' l 'hus r ls :  d t r ' / ,4  ,  arrd the 'w'ork done
by the gas is

w--lF,!s: l rof: ln,n

Thus if we can substitute PA for I ' , rvr: can calculrrte the
work from knorvledge of the s1'stem withrlut knovr.ing un1'-
thing about rvhat happens in the surroundings. This sub-
stitution is possible onl; ' for reversible proces.se.s l 'hcrc. thc
forces are never more than differentially out of bii lurrcc.

For irreversible processes this substitution is not possiblc.
When a finite weight is removed from the piston irr the
processes described, the force of gravitv acting dorvnrvard
is overbalanced b1' the gas pressure acting ulrw'ard b1' rr
f inite amount, and F does not equal P,,L again unti l u nerv
equil ibrium position of the piston is reached. Thus 1'.4
cannot be substituted in the integral J^E rls, and it is not
possible to calculate the rvork from a knorvledge of the
properties of the system. Thus rve have the importl int result
that the work done by the system (the gas) is given by

IP dV only rvhen the process is reversible; that is,

r  l ' ,
W , " u :  J r , P d V

-\Ioreover, this work for an expansion process is the maxi-
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ntum \v i j rk  which thc 'svstem can producc.  I f  rve were to
consi i ler  thc compressiorr  of  a gas b\ '1r  p is ton in  u c1 ' l inder ,
x 'c  ' * ' t iu l t l  obta in thc srrmc rcsul ts  except  th: r t  thc revcrs ib le
* 'or l i  * 'ou l t l  l re  the mir i imunr rvork rcqui red for  c<lmprcssion
r , f  thc grrs . ' lhe d i f f t ' rer lce is ,  o f  ( 'or l rs( ' ,  thr i t  r r  c t tmpre-ss iorr

I)rocess is clrrricd otrt bY rvork clonc orr t l ie sYstt 'nt, where&s
rLrr  crp l r r rs ion J)roccss resul ts  i r r  u .< l rk  donc by the sr-s te m.
I r r  c i thcr  crse thc revcrs ib le work is  lL  l imi t ing vr lue,  i .e . ,
the mrLxi rnum ol r t r i inablc w'hcrr  rvork is  producecl  rnd the
minirnurn required rvh<'rr rvork is cxllentkrtl.

If rvc rvere to sit <Llrvn to fl ich gniins of srrrrd one bv onc
o f f  l r ' 1 r i s ton .  \ \ ' ( 'wou l ( l  hLvc  l o  be  ve t ' r ' p t t i e r r t  i r r deed  i n
<l r rk , r  to  $ ' t i t  out  urr r ' : rp l r rec i t ib le 'c l i lLnge i r r  orr r  svst t 'nr .  I f
t l rc  g l r t i r rs  of  sr r t t t i  rvct 'c  tn : r<Ie i r r f  i l r i tcs imrLl ,  : i r11 '  f in i te  proccss
s 'ould rc( lu i ) 'o  : r r r  i r r f i r r i tc  t ime.  ' f  h is  is  chrr r i rc tcr is t ic  of  a l l
rcvelsiblc l)roccsses; n.o rnust inrugirrc thc'nr to proceetl in-
{ in i te iv  s lorv l . r ' .  ' fh is  is  corrs is terr t  iv i t f r  t } re f rc t  th l i t  t } re1 '
&re imi lg i r re( l  to  l ic  t l r iven bv lLn in l in i tc-s imrr l  imbrr lance of
forces.

Wc assrrn iet l  or t r  p is ton- l ind-cv l indcr  l ) roccsses to t - rccur
r r ' i thoul  f l ic t ion for  l  vcrv good re l rsc. r r r .  Wi thout  th is
lussumptiou rvc coultl no1 t 'r 'crr irnlrgirrc lr reversiblc l)r 'ocess.
I f  thcre rvcrc f l ic t ior r  bct rvecn the p is ton arrd thc cv l inder ,
the p is ton woul t l  s t ick,  r r r r r l  u 'c  rvould u l rvu l -s  l i r rvc to rcrnovc
l i  I in i te  r i rnourr t  o f  sr r r r r l  f ronr  ther  p is torr  l re forc i t  rvorr ld  movc
at  u l l . ' l l rcn i t  woulc l  mo\re i r )  junrps,  i t r r t l  t l ie  cont l i t i< l t t  o f
v i r tu l r l  lx rLLrr<re of  forccs rv l i ich rL l lorvs us to subst i tu te  ̂ I r - '1
for  F '  rvoulc l  bc v io latec l .

f  he othel  lsst tmyl t ior r  n 'e mlrc lc  * . l rs  th t r t  thc l l roccss u ' l is
rLt l i r tb t l  i r : ,  i .c . ,  t  hr r t  therc \ \ 'ar i  r ro hel t  tnr r rs fer .  ' f  h is  ussump-
t iorr  rv l rs  nrat le  mcrt ' lv  for  convcnicncc.  so th l i t  u 'e  could
( 'or) ( ' ( ' r ' r r  orr rsc lves rv i th  just  the mcr: lurr r icu l  tspects of  t l re

I ) r ' , ) ( ' ( 'ss.  I t  is  cnt i rc l r '  l toss ib le to inngi r rc  rcvc ls i l r lc  hct t
I  l : L t r - l l l . ' t ' t r , , , t t l u i i , l { - f , i r c , l  f , , r '  l r c r t t  { r ' r r r r s f c l  i s  l r  1 t ,m | t , t ' i t -
t  r t t r '  , l i f f t ' r ' r ' r r t ' t ' ,  l r r r r l  for  rcvers ib lc  hcr i t  1r ' r r rs f t ' r  l 'e  neer l  o t r l .v
t t r t r ig i r r t '  t ln t  l  h is  tcnr l tcr t ture d i f {cr t ' l r ( :e  l )ecomes in l i r r i -
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tesimal. Thus heat is transferred reversibly when it f lows
from an objecl (or a system) at temperature ? to another
object (or the surroundings) at temperature 7 - dT.

The concept of reversibil i ty is essential to the subject of
thermodynamics. Its abstract nature in no w:ry destroys
its practical uti l i ty, as I hope to demonstrate in the next
chapter.
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