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LETTER TO THE EDITOR 

N o n - e q u i l i b r i u m  t h e r m o d y n a m i c s  a n d  G o r t e r ' s  m o d e l  

o f  l i q u i d  h e l i u m  II  

G o r t e r ' s  ve r s ion  of t he  two- f lu id  t h e o r y  1) of h e l i u m  I I  exp l a in s  a 
g r e a t  n u m b e r  of p r o p e r t i e s  of t h i s  l iquid .  T he  a u t h o r  m e n t i o n s  t h a t  p a r t  
of his  resul t s ,  l e ad i ng  to  f o r m u l a e  for  t h e  f o u n t a i n  a n d  m e c h a n o - c a l o r i c  
effects ,  cou ld  p r o b a b l y  also be  d e r i v e d  w i t h  t h e  he lp  of t h e  O n s a g e r 
r e l a t i o n s  3). W e  f o u n d  t h a t  such  a c a l c u l a t i o n  is a c t u a l l y  poss ib le  a n d  t h a t  
i t  m i g h t  t h r o w  a new  l i gh t  on  some  c o n t r o v e r s i a l  ques t ions .  

W e  h a v e  c o n s i d e r e d  in f i r s t  i n s t a n c e  n o t  spec ia l ly  t h e  case  of he l ium,  b u t  
a n  a r b i t r a r y  m i x t u r e  of t w o  " i s o m e r s "  1 a n d  2, c a p a b l e  of t h e  " c h e m i c a l  
r e a c t i o n "  I ~ 2 a n d  enc losed  in  t w o  rese rvo i r s  k e p t  a t  d i f f e r en t  t e m p e r a -  
t u r e s  a n d  c o n n e c t e d  b y  a cap i l l a ry .  T h e  t h e r m o d y n a m i c s  of i r r eve r s ib l e  
processes ,  b a s e d  on  t h e  O n s a g e r r e la t ions ,  is app l i ed  to  t h i s  s y s t e m  in  
w h i c h  c h e m i s t r y ,  d i f fus ion ,  e n e r g y  c o n d u c t i o n  a n d  m u t u a l  effects  c a n  t a k e  
place.  Fu l l  de t a i l s  of t h e  c a l c u l a t i o n s  a n d  r e su l t s  for a r b i t r a r y  s t a t e s  a n d  
c h e m i c a l  r e a c t i o n  r a t e s  will be  g iven  in a n  ar t ic le ,  to  be  p u b l i s h e d  in t h i s  
j o u r n a l  2). V~7 e will need  here  o n l y  t h e  r e su l t s  for  t h e  case of i n f in i t e ly  q u i c k  
r e a c t i o n  ra te .  T h e  m o s t  i m p o r t a n t  s i t u a t i o n  is t h e  s t a t i o n a r y  s t a t e ,  in  wh ich  
t h e  a m o u n t s  of s u b s t a n c e s  1 a n d  2 are  c o n s t a n t  in  t i m e  in b o t h  reservoi rs .  
W e  t h e n  f ind  for t h e  e q u a t i o n  d e s c r i b i n g  b o t h  t h e r m o m o l e c u l a r  p re s su re  
d i f f e rence  a n d  m e c h a n o - c a l o r i c  ef fec t  

v A P / A T  = (h - -  U * ) / T  = {Xl(h ! - -  h2) + h 2 - -  U * } / T  (1) 

w h e r e  A P  a n d  A T  are  c o r r e s p o n d i n g  p re s su re  a n d  t e m p e r a t u r e  d i f fe rences  
b e t w e e n  t h e  two  reservo i r s .  T h e  f r a c t i o n s  of s u b s t a n c e s  1 a n d  2 are  ind ica -  
t e d  b y  x I a n d  x 2 (x I + x 2 = 1). T h e  specif ic  v o l u m e  is v = x f f !  + x2v 2 ---- 0 - 1  
w h e r e  v I a n d  v 2 a re  p a r t i a l  specif ic  v o l u m e s ;  s im i l a r l y  t h e  specif ic  e n t h a l p y  
is h = Xlh  I + x2h 2. A p p l i c a t i o n  of O n s a°g e r ' s  r e l a t i ons  shows  t h a t  U* 
is t h e  " e n e r g y  of t r a n s f e r "  i.e. t h e  e n e r g y  t r a n s f e r r e d  w h e n  one  u n i t  of mass  
of t h e  m i x t u r e  is t r a n s p o r t e d  f rom one  r e se rvo i r  to  t h e  o t h e r  a t  u n i f o r m  
t e m p e r a t u r e .  A n  a l t e r n a t i v e  fo rm of (1) is 

v A P / A T  = Xl(S 1 - - s 2 )  -{- (h 2 - -  U * ) / T  = x 10s /Ox I -+- (h 2 - -  U * ) / T ,  (2) 

b e c a u s e  a t  c h e m i c a l  e q u i l i b r i u m  /'1 = /z2 (zero a f f in i ty ) ,  whe re  /'1 a n d  /'2 
a re  t h e  c h e m i c a l  po t en t i a l s .  T he  " t h e r m a l  e f fu s ion"  ef fec t  is u n d e r  t h e  s a m e  
c i r c u m s t a n c e s  

A X l ] A T  = (OXl/Oktl)T, P ( 1 - - X l )  { h l v 2 - - h 2 v  I + (v I - - v 2 )  U * } / v T  (3) 
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These  e q u a t i o n s  are  de r i ved  w i t h o u t  a n y  p a r t i c u l a r  a s s u m p t i o n  a n d  t h u s  
va l id  for  a r b i t r a r y  " i s o m e r s " .  W h e n  we a p p l y  t h e m  to  l iqu id  h e l i u m  I I ,  we 
assume ,  as is u sua l ly  done ,  t h a t  " s u p e r f l u i d "  a t o m s  ( c o m p o n e n t  2) b u t  n o  
" n o r m a l "  a t o m s  ( c o m p o n e n t  1) c an  pass  t h r o u g h  a n a r r o w  cap i l l a ry .  T h e n  
t h e  h e a t  of t r a n s f e r  is s i m p l y  

U *  = u 2 + P v  2 = h 2 (4) 

a n d  (2) is G o r t e r ' s  e q u a t i o n  

y A P ~ A T  = x I Os/Ox 1, (5} 

w h i c h  is t h u s  c o n f i r m e d  b y  t he  t h e o r y  of i r r eve r s ib l e  processes .  E q u a t i o n  
(3) becomes  for  h e l i u m  I I  

A X l / A T  = ( O X l / O P l ) r , p  (1 --Xl) v 2 (h I --h2)/vT. (6} 

The  fo rego ing  c a l c u l a t i o n  m a y  be  c o n s i d e r e d  as a r e f i n e m e n t  of t h e  " o n e  
f lu id  t h e o r y "  of t h e  t h e r m o m o l e c u l a r  a n d  m e c h a n o - c a l o r i c  ef fec ts  b y  one  
o f  u s  4). 
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