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A q u a s i - s t a t i c  change of the phase  s t a t e  of a one -  
component  s y s t e m  takes  p lace  under  the ac t ion  of con-  
s t an t  i n t ens ive  p a r a m e t e r s :  p r e s s u r e  P,  t e m p e r a t u r e  
T, and e l e c t r o c h e m i c a l  po ten t ia l  # for  the two p h a s e s .  
The d e g r e e  of change of the ex tens ive  p a r a m e t e r s  d e -  
pends on the r e c i p r o c a l  r e l a t i o n s  for  the  in t ens ive  and 
ex t ens ive  p a r a m e t e r s .  This r e l a t i o n s h i p ,  for  a s i m p l e  
s y s t e m  with cons t an t  m a s s  (i. e . ,  cons tan t  mo le  num-  
b e r )  is  e x p r e s s e d  by  the we l l -known C l a u s i u s - C l a p e y -  
t o n  equat ion,  which can be  wr i t t en  as  fol lows:  

d P  A N S 
+ - -  (1) 

d T  A N V ' 

w h e r e  A denotes  the change of an ex t ens ive  p a r a m e t e r  
(that which i t  p r e c e d e s )  du r ing  a to ta l  change of the  
phase  s t a t e ;  the s u b s c r i p t  i nd ica t e s  a p a r a m e t e r  which 
r e m a i n s  cons tan t  du r ing  a g iven change of phase  s t a t e  
(here  the  mo le  n u m b e r  N).  

In g e n e r a l  i t  is not  n e c e s s a r y  to r e s t r i c t  o u r s e l v e s  
to a change  of phase  s t a t e  o c c u r r i n g  in a s y s t e m  with 
cons tan t  m a s s .  

The g e n e r a l  p r o c e s s  of v a r i a t i o n  of phase  s t a t e  may  
be  r e p r e s e n t e d  in a s y s t e m  in which none of the ex ten -  
s ive  p a r a m e t e r s  r e m a i n s  cons t an t  (except  the mo le  
number  fo r  which the C l a u s i u s - C l a p e y r o n  equat ion has  
been  d e r i v e d  ). This  kind of v e r y  g e n e r a l  c a s e  of change 
of phase  s t a t e  is  unsu i t ab le  fo r  d i r e c t  a n a l y s i s .  
Let  us t h e r e f o r e  c o n s i d e r  p r o c e s s e s  (and s y s t e m s )  
w h e r e  one of the in t ens ive  p a r a m e t e r s  r e m a i n s  con -  
s tan t .  Here  we can  r e f e r  to the c a s e  with change  of 
phase  s t a t e  with cons t an t  vo lume,  the c a s e  of change  
of phase  s t a t e  with cons tan t  en t ropy ,  and so  on. 

It is  e a sy  to ana lyze  a s y s t e m  with cons tan t  vo lume.  
This  is  an open s y s t e m  w h e r e  we p e r m i t  m a s s  to flow 
out f r o m  a cons t an t  vo lume,  o r  m a s s  to flow out a c -  
compan ied  by a change of phase  s t a te .  A s y s t e m  with 
cons tan t  en t ropy  is a n  open s y s t e m ,  for  which a p h a s e  
change p r o c e s s  is a s s o c i a t e d  with change  of vo lume 
and of mole  number ,  the en t ropy  r e m a i n i n g  cons tan t .  

By us ing  an analogy method,  we may  w r i t e  down a 
ful l  s y s t e m  of equat ions  to d e s c r i b e  t hese  p r o c e s s e s .  
F r o m  Eq. (1):  

d H  
d T  - -  A vS/A N V ,  (2) 

d ~ A s V / A  s N ,  (3) 
d H  

d T  
- -  A V N / A  v S .  (4) 

dF  

Here  II is  the nega t ive  of the  p r e s s u r e  ( - P ) ,  c o r r e -  
sponding to the  t e m p e r a t u r e  T and the e l e c t r o c h e m i c a l  

po ten t ia l  /.,t; ANS is  the  to ta l  change  of en t ropy  at con-  
s t an t  mo le  numbe r ;  ANV is the to ta l  change of volume 
at  cons tan t  mo le  number ;  AsV is  the to ta l  change of 
vo lume at cons tan t  en t ropy;  AsN is the to ta l  change 
of mo le  number  at  cons tan t  en t ropy;  A v N  is t h e t o t a l  
change of mo le  number  at cons tan t  vo lume;  A v S  is the 
to ta l  change of en t ropy  at  cons tan t  vo lume.  

The va l id i ty  of Eqs.  (3) and (4) can be p roved  as  fol lows:  
S ta r t ing  f r o m  the Gibbs -Duhem r e l a t i o n  

- -  V d P  + S d T  + N d  ~ : O, (5) 

we obta in  

d ~ = v - -  s ( d T / d P ) ,  
d P  

we d e t e r m i n e  dT /dP  f r o m  the C l a u s i u s - C l a p e y r o n  
equat ion (1) 

d T  
- - -  = (v~ - -  v , ) / ( s ,  - -  h )  

d P  

and a r r i v e  at the  r e l a t i o n  

d__~ = v j  - -  s~ ( v , - -  v , ) / ( s~  - -  s , ) ,  (6) 
d P  

e x p r e s s e d  in t e r m s  of indiv idual  ex tens ive  p a r a m e t e r s .  
We ean d e t e r m i n e  the lef t  s ide  of (3) f rom the e x -  

p r e s s i o n  for  the to ta l  change of vo lume at cons tan t  s y s -  
t em en t ropy  

A s V = N 2 v~ - -  N1 vl (7) 

and the total  change of mo le  number  at cons tan t  s y s -  
t em en t ropy  

(N I - -  N~) s~ = NI r/T = N, (sl - -  s,), 

i .e . ,  
AsN = - -  NI (s~ - -  s3/sv (8) 

Substituting expressions (6), (7), and (8) into (3), 
we obtain 

V1 - -  N1 sl (v~ - -  va)/(s~ - -  s,) = 

= s~ ( N  2 v~ - -  N 1 vl)/(s  1 - -  s~), 

whence 

Na s~ = N~ s,z. 

It has thus been  shown that  the total  cha~ge of v o l -  
ume and of mo le  number  o c c u r s  at  cons tan t  s y s t e m  
ent ropy ,  which c o n f i r m s  the va l id i ty  of (3).  

Re la t ion  (4), i . e . ,  

d ~  . ~  _ _  
- -  A v S / A  v N ,  (9) 

d T  
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can  be proved in a s i m i l a r  way. F r o m  (5) we have 

d Ix _ sl + vl dP/dT.  
dT  

We subst i tu te  for dP/dT f rom (1) : 

dlx - sl + vl [(s2 - - s l ) / ( v ,  --v~)]. (10) 
d T  

The r igh t -hand  s ide of (9) can be de te rmined  f rom 
the exp re s s ion  for  the total  change of entropy at con-  
s tant  sys t em volume 

A v S = N, (s, - -  sl) - -  (N i - -  N~) s, (i 1) 

and the express ion  for the mole  number  at cons tan t  s y s -  
t em volume 

( g ~  - -  N 2 )  v 2 = - -  ( V ~  - -  V ~ ) ,  

A v N = N 1 (v 1 - -  v~) v 2. (12) 

Substi tut ing express ions  (10), (11), and (12) into (9), 
we obtain 

- -  s~ - -  v~ [(s~ - -  s~)/(v~ - -  v O l  = 

= v~ [ N ~  (s~ - -  s~)  - -  ( N ~  - -  N 2 )  s~] /N~ (v~ - -  v~), 

whene e 

N l V  1 = N,v~ .  

By mul t ip ly ing  re la t ions  (2), (3), and (4), we obtain 
the following equat ions:  

(h~ S/hrr V)(A v N / A  v S)(A s V/A s N )  = 

= ( - -  dP/dT) (d  ~ /dP) (dT/d  ~t) = - -  1. 

The equation obtained exp re s se s  the ra t io  of the 
total  changes of two of the extens ive  p a r a m e t e r s  of 
the sys t em in t e r m s  of the r e m a i n i n g  extens ive  p a r a m -  
e t e r s .  

The p a r a m e t e r  appear ing  in (3) and (4) is entropy.  
It should be s t r e s s e d  that we cannot ca lcu la te  the ab-  
solute value of entropy f rom these  equations,  and that 
we do not need to use  these  r e l a t ions .  Since the abso-  
lute value of entropy is re la ted  to the chemica l  poten-  
t ia l  through the Gibbs-Duhem re la t ion ,  the equations 
der ived a re  in ag reemen t  with any zero r e f e r ence  l e v -  
el of entropy.  

The express ions  obtained make i t  poss ib ie  to ex-  
tend the C laus iu s -C lapey ron  equation to sys t ems  with 
a va r i ab l e  mole  number ,  the va r i a t ion  o c c u r r i n g  be -  
cause  of leakage of m a t e r i a l  f rom the sys tem,  or  as 
a r e s u l t  of s imul taneous  or subsequent  chemica l  r e -  
act ion assoc ia ted  with the change of phase s ta te .  

Thus it  has been  shown that  the total  change of e n -  
t ropy and mole  n u m b e r  occurs  at Constant sys t em vo l -  
ume,  which conf i rms  the validity of Eqs. (9) and (4). 
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