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The methods of  noncqui l ibr ium ahermodynamics  are  used to establish 

a re lat ion between the gradients of  t h e r m o d y n a m i c  quantit ies in the 

quasi-steady state of a system of two gas volumes joined by a cap- 
illary. 

We shal l  examine  two vo lumes  conta in ing a b i n a r y  
gas  m i x t u r e  jo ined  by a c a p i l l a r y .  If at  t ime  ze ro  
the t e m p e r a t u r e ,  concen t ra t ion ,  and p r e s s u r e  in the 
two vo lumes  a r e  d i f fe ren t ,  then in the c o u r s e  of a 
suf f ic ien t  t ime  i n t e r v a l  an a d i a b a t i c  c lo sed  s y s t e m  
of th is  k ind wi l l  r e a c h  a s t a t e  of t h e r m o d y n a m i c  
equ i l i b r ium,  c h a r a c t e r i z e d  by m a x i m u m  en t ropy  
and un i fo rmi ty  of a l l  the  t h e r m o d y n a m i c  p a r a m e t e r s  
def ining the s t a t e  of the s y s t e m .  

It is  not d i f f icul t  to eva lua te  the r e l a x a t i o n  t ime  
fo r  each p a r a m e t e r  by put t ing the r e m a i n d e r  cons tan t .  

F r o m  the ba l ance  equat ions  we obta in  
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It m a y  be seen  f rom (1) that  T c ~- ~'T, whi le  fo r  the 
r a t i o  r p / r C ,  we have 

z J ~  c = 8~1D/Pr~ . 

F o r  r0 = 0.01 cm and n o r m a l  condi t ions  we obta in  

zp/r c = 10 -~. 

Th is  m e a n s  that  under  the condi t ions  ind ica t ed  
in the s y s t e m ,  the p r e s s u r e  is  f i r s t l y  e s t a b l i s h e d  
for  p r a c t i c a l l y  unchanged concen t r a t i on  and t e m -  
p e r a t u r e  in the vo lumes  of the s y s t e m .  A s t a t e  of 
th is  kind i s  q u a s i - s t e a d y ,  or ,  a c c o r d i n g  to the 
t e r m i n o l o g y  of i r r e v e r s i b l e  p r o c e s s  t h e r m o d y n a m i c s ,  
a s t e a d y  s t a t e  of the second  o r d e r  [1]. 

To f ind the connect ion  be tween  the t h e r m o d y n a m i c  
p a r a m e t e r  g r a d i e n t s  in such a " s t e a d y "  s ta te ,  we 
use  the me thods  of i r r e v e r s i b l e  p r o c e s s  t h e r m o -  
d y n a m i c s .  

The  r a t e  of e n t r o p y  i n c r e a s e  in an a d i a b a t i c a l l y  
c l o s e d  e n c l o s e d  s y s t e m  [2] is  

p S d V  ~ (q--i~) V--~dV - -2Y  =- 

- -  " "  dV + ai~ 
T - T  Ox k 

The  l a s t  i n t e g r a l  in (2) m a y  be t r a n s f o r m e d  as  
fo l lows:  

By t r a n s f o r m i n g  the f i r s t  i n t eg ra l  with r e s p e c t  
to volume on the r ight  of (3) into an i n t e g r a l  ove r  
the m o t i o n l e s s  su r f a c e  bounding the s y s t e m ,  we 
m a y  ver i fy  that  i t  is  equal  to zero ,  if we neg lec t  
s l ip .  

F r o m  the law of conse rva t ion  of momentum,  
neg lec t ing  the convect ive  t e r m ,  we have [2] 

aP = Oa~ (4) 
Oxi Oxk 

Subst i tu t ing (4) and (3) into (2), we obta in  

T .  p s o v =  - v n v P dV--  C i W dv - -  
nT  3 T 

- - ~ ( q - - i ~ - - 7 ' v )  V'T dV T 2 . (5) 

On the b a s i s  of (5) we m a y  w r i t e  the l i n e a r  p h e a o m -  
eno log i ca l  r e l a t i o n s  

3 

J~=-- ~L~kX k, Jl----vn, J~=i, Js=q--vi--~v,  

Xl--  v P  , X ~ -  VF , X ~ = ~ v T  (6) 
nT T T ~ 

We sha l l  make  t h e  fol lowing l i n e a r  t rans format ion .  
of  the f luxes  and the c o r r e s p o n d i n g  t r a n s f o r m a t i o n  of  
f o r c e s :  

3 3 

,~1 ~=l 

The f lux and f o r c e  t r a n s f o r m  m a t r i c e s  aJre 

I a 

l 
~ =  C - -  

/12 t o!II 
I Cml 0 
b b 

arnl rnl 

--7-+7-0 
0 0 1 

(7) 

(s) 

a = ( m s - -  ml)/m~ ml; b ---- (1 - -  acre,). 

The  t r a n s f o r m a t i o n s  (7) and (8) give J[,  the to ta l  
m o l e c u l a r  f lux dens i ty ,  and J2, the f lux de ns i t y  of one 
of  the componen t s  in the f ixed coo rd ina t e  s y s t e m .  

The  s t eady  s t a t e  of second  o r d e r  be ing  e x a m i n e d  
is  c h a r a c t e r i z e d  by a b s e n c e  of o v e r - a l l  f lux of 
m o l e c u l e s  f rom one volume to the o ther ,  i . e . ,  

J; = o, x; ~ ~ x2~, x;: o. (9) 
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Setting X[ = X ~ a = 0 and us ing the Onsager  r e l a -  
tions, we obtain 

L;_, ' ]  I L;:, J; 
L;, - J; ! 4  :~ x:; .... L,-~- = J-T x : :  q =,, 

(io) 

Rever t ing  to the f o r m e r  forces  and fluxes, we 
obtain 

x , + x 2 ~ i  : x:,~} o. (11) 
] i , 

The ra t ios  of fluxes in (11) mus t  be taken under  
the condition 

X ~ = X ; = 0  or a v P  -nVg,  v T = 0 .  (12) 

Under  the above condit ions,  for an i ncompres s ib l e  
fluid, we have [2] 

4 
J1 = n v = - - n - - ~  vP;  J2: i== 

/ 
- - p  D V ~ / /  \ ~ '7  l p.r (13) 

where  -~ is some mean  v iscos i ty  of the mix tu re .  
F r o m  s i m i l a r  cons idera t ions  we obtain, under  

condit ions (12), 

q i =  --  a~)c , , , ,  'O~ --U 9D[kr--T ( / ( a - -~ - ) f . p ]V~ .  (14) 

The ca lcula t ions  o f • ' v  under  condit ions (12) is 
somewhat  more  compl ica ted .  If we unde r s t and  v in 
the exp res s ion  fo r ' i f '  v to be the mean  veloci ty over  
the sect ion of the cap i l la ry  for an i n c o m p r e s s i b l e  
fluid, we may wri te  

( ~ ' v ) ~ = 2 ~  0 v 2 " (15) 
Oz z 

Allowing for  d i s s ipa t ion  of k ine t ic  energy  dur ing  
viscous  flow of the gas in the capi l la ry ,  and averag ing  
over  the section,  we obtain 

�9 ~ 0 v'-' 
- - 2 1 1 r S p v - -  - -  dz = 

Oz 2 

r0 

~ik OG 
b 

(16) 

Subst i tu t ing v z = - 1 / 4 ~ ( r ~  - ra)(AP)z into (16) and 
in tegra t ing ,  we have 

a v e 4~ v 

Oz 2 G p (17) 

F r o m  (17), (15), (14), (13), and (11), under  con-  
d i t ions  (12), it follows that 

' nT 
OC' , 

\ 0(7' it, 7, , 

(18) 

0. 

Equation (18) gives the re la t ion  between gradients  
of the t he rmodynamic  quant i t ies  which desc r ibe  the 
sys tem in the quas i - s t eady  state  under  examinat ion .  

Let us examine  the i so the rma l  case,  i . e . ,  we 
shal l  a s sume  that the two volumes contain a mixture  
of gases  at different  concent ra t ions  but at ident ical  
t e m p e r a t u r e .  It then follows f rom (18) that 

v p = _ 8 a ~ D 9  

nro ( O'~ I V'~ 
, ac' } v r  

8a4~D 9 [ kp ] 
, v C ' q  - ~ v P  . (19) 

r~ n 

T r a n s f e r r i n g  to m o l a r  concen t ra t ions  C and 
neglec t ing  the p r e s s u r e  diffusion t e rm,  we obtain, 
a f ter  in tegra t ion  with r e spec t  to concentra t ion ,  

A P :: 8~y_-~ in IC + ~ / ( ~ ,  - m2) l .  (2o)  
r5 [C + m~/(ml - -  m~.)]i 

Designat ions  I and II r e f e r  to the d i f ferent  vol-  
umes ,  and C is the mo l a r  concen t ra t ion  of the f i r s t  
gas.  If there  are  o r ig ina l ly  pure gases  in the vol-  
umes ,  we a r r i v e  at the wel l -known expres s ion  [3, 

4] 

k P =  8 {D m~ r--~ in -- (21) 
i7/1 

Equation (21) shows that during time rp a pressure 

drop is established in the system, even if the pres- 

sures in the two volumes were the same at time 

zero. Then the fluxes of individual components from 

one volume to the o ther  af ter  e lapsed  t ime rC wil l  
be equal  ne i the r  in concen t ra t ion  nor  in p r e s s u r e .  
Th i s  phenomenon has  been studied expe r imen ta l l y  
in  [4, 5] under  the name of baroeffeet ,  in mutua l  
diffusion of gases .  If s l ip  of the gas at the cap i l l a ry  
wall  is not al lowed for, then the e x p e r i m e n t a l  r e -  
sul ts  a re  de sc r ibed  sa t i s f ac to r i ly  by (21). 

Let us examine  a second case,  when the two 
volumes  contain the same gas at d i f fe rent  t e m p e r -  
a t u r e s ;  then f rom (18) we have 

v P /v  T =  8"q" R/roMP. (22) 

Equat ion (22) gives the t h e r m o m o l e c u l a r  p r e s s u r e  
d i f fe rence  for sma l l  Knudsen  n u m b e r s .  If energy  
d i s s ipa t ion  through v i scos i ty  is not taken into con-  
s idera t ion ,  the t h e r m o d y n a m i c s  of i r r e v e r s i b l e  
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processes would indicate that there is no thermo- 
molecular pressure difference at low Knudsen num- 
bers. The thorough tests of Knudsen [6] were devoted 
to an experimental study of thermomolecular pres- 
sure difference. His theoretical formula, obtained 
by the Niaxwett method, gave r e su l t s  at  i nc reased  
p r e s s u r e s  differ ing f rom expe r imen ta l  vaIues by 
more  than a fac tor  of two, although ag reemen t  was 
good in the mo lecu l a r  flow reg ime .  Knudsen gives 
an expe r imen ta l  coefficient of 7.75 ins tead of 8 in 
(22), and in a l a t e r  work 8.31 ins tead of 8. Since 
he ass igned  g rea t  weight to the data at i n t e rmed ia t e  
p r e s s u r e  in r educ ing  the expe r imen ta l  r esu l t s ,  i t  
mus t  be a s sumed  that (22) gives a suff ic ient ly  good 
desc r ip t ion  of Knudsen ' s  expe r imen ta l  r e s u l t s .  

A s i m i l a r  fo rmula  with coefficient  12.2 was ob-  
ta ined by Deryagin  and Bakanov [7] by methods of 
i r r e v e r s i b l e  p roces s  the rmodynamics ,  and including 
the t h i r d - o r d e r  approximat ion  of the Champman 
and Cowling k ine t ic  theory in ca lcula t ing  heat t r a n s -  
fer. 

In more complex cases, when there are gases with 

different concentrations and different temperatures 

in the two volumes, the pressure difference that 

develops may also be obtained from (22). 

radius of capillary; 7, D, • of viscosity and mutual  

diffusion, and thermal diffusivity; S, ~-enr.ropy and chemical po- 
tential of unit mass of gas mL~ture; q, i--heat and diffusion flux 
densities; p--mixture density; T--absolute temperatuxe; &ik--viscous 
stress ~ensor; v--mixture mass velocity; kp, kT--presmre diffusion 
and thermal diffusion ratio; mr, m2--masses of molecules of system; 
R--gas constant; M--molecular weight; C, C'--molar and weight 
concentrations. Subscripts i, k for the tensors are coordinates, and 
for the matrices-numbers of rows and columns. 
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NOTATION 

rp, TC. vT--relaxation times for pressure, concentration, and 
temperature; V-one of the volumes of the system; l ,  r0-1ength and 
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