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SUPERPOSITION OF FORCED AND DIFFUSIVE FLOW 

I N  A LARGE-PORE GRAPHITE 

R .  B. Evans ,  111, J .  T r u i t t ,  and G. M .  Watson 

ABSTRACT 

An e x p e r i m e n t a l  i n v e s t i g a t i o n  of s t e a d y - s t a t e  coun te r - f low 

of g a s e s  i n  a l a r g e  po re  g r a p h i t e  w a s  c a r r i e d  o u t  u s i n g  an  AGOT 

( N a t i o n a l  Carbon C o . )  g r a p h i t e  septum exposed t o  sweep streams 

of he l ium and a rgon .  T h e  t o t a l  p r e s s u r e s  of t h e  e x p e r i m e n t s  

ranged  from 1 . 2  t o  6 a tmosphe res ;  t h e  t e m p e r a t u r e s  were 2 4  t o  

2 7 O  and 100°C. 

c e r t a i n  t h e  mechanism of d i f f u s i o n ,  v e r i f y  f l o w  e q u a t i o n s  a p p l i -  

cable  t o  t h e  mechanism, and d e t e r m i n e  t h e  p a r a m e t e r s  r e q u i r e d  

0 

The o b j e c t i v e s  of t h e  i n v e s t i g a t i o n  were t o  as- 

t o  u s e  t h e  e q u a t i o n s  which d e s c r i b e  t h e  mechanism. 

Forced  f low e x p e r i m e n t s ,  from which p e r m e a b i l i t y  c o n s t a n t s  

were o b t a i n e d ,  r e v e a l e d  t h a t  Knudsen e f f e c t s  were s m a l l  and t h a t  

t h e  t u r b u l e n t  f l o w  r e g i o n  would be e n c o u n t e r e d  a t  low f l o w  ra tes .  

The r e s u l t s  of un i fo rm-pres su re  d i f f u s i o n  e x p e r i m e n t s ,  which l e d  

t o  a m u t u a l - d i f f u s i o n  c o e f f i c i e n t  f o r  t h e  gas  m i x t u r e ,  i n d i c a t e d  

t h a t  a normal  d i f f u s i o n  mechanism w a s  c o n t r o l l i n g  and v e r i f i e d  

t h e  e x i s t e n c e  of a n e t  d r i f t  unde r  t h e s e  c o n d i t i o n s .  Comparisons 

of d a t a  from combined f o r c e d  and d i f f u s i v e  f l o w  expe r imen t s  w i t h  

p r e d i c t e d  v a l u e s  demons t r a t ed  t h a t  r e a s o n a b l e  e s t i m a t e s  of t h e  
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combined f l o w  c o u l d  be made u t i l i z i n g  t h e  d a t a  o b t a i n e d  i n  

s e p a r a t e  e x p e r i m e n t s .  

INTRODUCTION 

Des ign  s t u d i e s  of h i g h  t e m p e r a t u r e  gas -coo led  r e a c t o r s  have  

shown t h e  n e c e s s i t y  of m a i n t a i n i n g  t h e  g a s  c o o l a n t  (he l ium)  a t  

t h e  lowes t  p o s s i b l e  l e v e l s  of c o n t a m i n a t i o n  w i t h  r e s p e c t  t o  

r a d i o a c t i v e  f i s s i o n  p r o d u c t s  and c o r r o s i o n  promot ing  sub-  

s t a n c e s .  '" 
mechan ica l  d e v i c e s  i n t o  t h e  s y s t e m  a s  w e l l  a s  t h e  p o s s i b i l i t y  

of f u e l  e l emen t  c o n t a i n e r  (or c o a t i n g )  f a i l u r e  pose  contamina-  

t i o n  problems which c a n n o t  be s o l v e d  by u t i l i z i n g  impermeable 

b a r r i e r  mater ia l s .  I n  such  cases,  it h a s  been proposed  t o  e m -  

p l o y  a c o o l a n t  g a s  sweep stream which would oppose t h e  t endency  

f o r  u n d e s i r a b l e  v a p o r s  t o  e n t e r  t h e  c o o l a n t  sys t em v i a  d i f f u -  

s i o n .  4' 

g a r d i n g  t h e  "back-d i f fus ion"  of g a s e s  s u c h  as water v a p o r ,  xenon 

and k r y p t o n  a g a i n s t  a s t ream of he l ium f l o w i n g  th rough  s m a l l  

cracks and po rous  ma te r i a l s .  

The i n t r o d u c t i o n  of  r o t a t i n g  s h a f t s 3  and o t h e r  

Thus ,  c o n s i d e r a b l e  i n t e r e s t  has been g e n e r a t e d  re- 

The p r imary  o b j e c t i v e  of t h i s  i n v e s t i g a t i o n  w a s  t o  g a i n  

some i n s i g h t  a s  t o  what t h e  n e t  and g ross  t r a n s p o r t  r a t e s  of t h e  

components of a b i n a r y  g a s  m i x t u r e  would be when t h e  e f f e c t s  of 

d i f f u s i o n  and f o r c e d  f l o w  were combined; t h a t  is, when b o t h  con- 

c e n t r a t i o n  g r a d i e n t s  and t o t a l  p r e s s u r e  g r a d i e n t s  were p r e s e n t .  
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P h y s i c a l l y ,  t h e  above c o n d i t i o n s  can  be c o n v e n i e n t l y  r e a l i z e d  

i n  s y s t e m s  composed of a po rous  septum which are  swept  by g a s e s  

of d i f f e r e n t  c o n c e n t r a t i o n  and molar  d e n s i t y  a t  two exposed 

s u r f a c e s .  Porous  septum mater ia ls  are c o n v e n i e n t  s i n c e  t h e y  

g e n e r a l l y  p o s s e s s  s m a l l  c h a n n e l s  i n  g r e a t  numbers. T h i s  is 

i m p o r t a n t  s i n c e  f o r c e d  v o l u m e t r i c  f low r a t e s  are p r o p o r t i o n a l  

t o  t h e  ave rage  d i a m e t e r  r a i s e d  t o  t h e  f o u r t h  power whereas  d i f -  

f u s i o n  r a t e s  depend on lower powers of t h e  ave rage  diameter .  

To a t t a i n  r e l a t i v e  r a t e s  which are measu rab le  under  a wide r a n g e  

of c o n c e n t r a t i o n s  and p r e s s u r e s  and under  t r u e  s t e a d y  s t a t e  f l o w  

c o n d i t i o n s ,  t h e  u s e  of a d i f f u s i o n  medium such  as  g r a p h i t e  o r  

s i n t e r e d  metals is n e a r l y  e s s e n t i a l .  

The t y p e  f l o w  s y s t e m  d e s c r i b e d  above c o v e r s  a l a r g e  number 

of  s p e c i a l  cases w i t h  r e s p e c t  t o  t h e  d i f f u s i o n  medium and t h e  

boundary c o n d i t i o n s  which might  be imposed on t h e  g a s e s .  T h i s  

r e p o r t  is  conce rned  w i t h  t he  i n t e r d i f f u s i o n  ra tes  of he l ium and 

argon w i t h i n  a permeable  g r a p h i t e  a t  b o t h  uni form and non-uniform 

t o t a l  g a s  p r e s s u r e .  The g r a p h i t e  s e l e c t e d  f o r  t h i s  i n v e s t i g a t i o n  

( N a t i o n a l  Carbon AGOT) w a s  s u c h  t h a t  Knudsen p e r m e a b i l i t y  and 

d i f f u s i o n  e f f e c t s  would n o t  be of impor t ance .  The mechanisms 

gove rn ing  t h e  t r a n s p o r t  would be common t o  most of t h e  p o r e s  and 

a p p l i c a b l e  t o  a s i n g l e  c a p i l l a r y  or t u b e .  S t e a d y  s t a t e  t r a n s p o r t  

phenomena were t h e  o n l y  t y p e  c o n s i d e r e d .  



- 4 -  

a 

A 

BO 

C 

7 

C 

d 

D 1 2  

DO 

Di 

f x  
h 

i 

k 

k0 
- 
k 

K 

KO 

L 

L~ /L 

m 

m* 

NOMENCLATURE 

P e r m e a b i l i t y  s l i p  f a c t o r ,  c m 2  /dyne o r  a t m "  

C r o s s  s e c t i o n a l  area normal t o  f l o w ,  c m 2  

V i scous  f low p e r m e a b i l i t y  c o n s t a n t ,  c m 2  

P a r t i c u l a r  v e l o c i t y  of  a s i n g l e  molecu le ,  cm/sec 

Mean s q u a r e  v e l o c i t y ,  (cm/sec)2 

C o n c e n t r a t i o n ,  mole/cm3 

D i a m e t e r  of a c i r c u l a r  c o n d u i t ,  c m  

Mutual d i f f u s i o n  c o e f f i c i e n t ,  cm2/sec 

Normalized mutua l  d i f f u s i o n  c o e f f i c i e n t ,  cm2/sec 

Apparent  d i f f u s i o n  c o e f f i c i e n t ,  cm2/sec 

Force  a l o n g  x due t o  i n t e r m o l e c u l a r  c o l l i s i o n s ,  dynes  

Height  of c y l i n d r i c a l  g r a p h i t e  septum, c m  

S u b s c r i p t  d e n o t i n g  a p a r t i c u l a r  gaseous  component 

P e r m e a b i l i t y  c o n s t a n t ,  d a r c y  or c m 2  

P e r m e a b i l i t y  c o n s t a n t  a t  i n f i n i t e  p r e s s u r e ,  d a r c y  o r  c m  

Bo l t zmann ' s  c o n s t a n t ,  1 .3804.  10-1 erg/OK-molecule 

P e r m e a b i l i t y  c o e f f i c i e n t ,  cm2/sec 

Knudsen ( s l i p  f low)  p e r m e a b i l i t y  c o n s t a n t ,  c m  

Length a l o n g  p a t h  of  f l o w ,  c m  

T o r t u o s i t y  f a c t o r  

Mass p e r  atom or m o l e c u l e ,  g 

Reduced mass of  a n  u n l i k e  p a i r  of m o l e c u l e s ,  g 

2 
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Qa 
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R e  
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t 
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Molecu la r  o r  atomic weight  , g/mole 

T o t a l  number o f  moles 

Forced-f low r a t e ,  mole/sec 

T o t a l  f l o w  ra te  of component i ,  mole/sec 

D i f f u s i v e  f l o w  r a t e  a t  uni form p r e s s u r e ,  mole/sec 

N e t  f l o w  r a t e ,  mole/sec 

Flow r a t e  as a vec tor ,  mole/sec 

Avogadro ' s  number, 6 .  0247.1023 m o l e c u l d m o l e  

Mole f r a c t i o n  of  a component a t  a p o i n t  x 

T o t a l  p r e s s u r e ,  dyne/cm2 or a t m  

P r e s s u r e  a t  which e f f l u e n t  Qa is measured,  dyne/cm2 or a t m  

Mean f lowing  p r e s s u r e ,  dyne/cm2 or a t m  

Vo lumet r i c  f l o w  r a t e ,  c m 3  /sec 

Volumet r i c  f l o w  r a t e  of e f f l u e n t  gas ( g e n e r a l l y  a t  

Pa = b a r o m e t r i c  p r e s s u r e ) ,  cm3/sec 

Rad ius  of c y l i n d r i c a l  g r a p h i t e  septum (ro = o u t e r  r a d i u s ,  

r = i n n e r  r a d i u s ) ,  cm i 
0 G a s  c o n s t a n t ,  8 2 . 0 5  c m 3  a t m / m o l e  K 

R e y n o l d ' s  number 

Tempera ture  , K 

Time, sec 

Mean t h e r m a l  v e l o c i t y ,  cm/sec 

T o t a l  volume, c m 3  

0 
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W 
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X' 

Z 

P 

6 l  2 

AP 

P 

O1 2 

4 

Weight f r a c t i o n  

Variable  p o s i t i o n  a l o n g  L ,  c m  

P a r t i c u l a r  p o s i t i o n  a l o n g  L ,  c m  

R a d i a l  t h i c k n e s s  f a c t o r  

D i f f u s i v e  f low f a c t o r  

T o t a l  d i f f u s i v e  d r i v i n g  f o r c e ,  mole/cm4 

P r e s s u r e  d r o p  a l o n g  L ,  dyne/cm2 o r  a t m  

Open o r  connec ted  p o r o s i t y  

Number of c a p i l l a r i e s  

Number of p a r t i c l e s  

F l u i d  v i s c o s i t y  , dyne-sec/cm 2 

F l u i d  m a s s  d e n s i t y ,  g/cm3 

C r o s s  s e c t i o n  f o r  c o l l i s i o n s  of u n l i k e  m o l e c u l e s ,  c m  

F r a c t i o n  of li a c t i n g  on fil f 
I 
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I 

FUNDAMENTAL CONCEPTS 

When c o n s i d e r a t i o n  is g i v e n  t o  a s i n g l e  o r  a g roup  of 

p a r a l l e l  c o n d u i t s  (Knudsen e f f e c t s  a b s e n t )  t h e  ends  of which 

are swept  by gases of d i f f e r e n t  c o m p o s i t i o n ,  t h e r e  w i l l  be a 

n e t  f l ow of molecu le s  unde r  i s o t h e r m a l  c o n d i t i o n s  even  though 

t h e  t o t a l  p r e s s u r e  is uni form th roughou t  t h e  sys t em.  One would 

e x p e c t  t h i s  w i t h  d i f f u s i o n  superimposed on f o r c e d  f low;  however,  

t h e  f a c t  6 ’ 7 7 8  t h a t  a n e t  f l o w  w i l l  ba p r e s e n t  a t  uni form t o t a l  

p r e s s u r e  might  n o t  be immedia te ly  e v i d e n t ,  p a r t i c u l a r l y  s i n c e  

t h e  n e t  f l ow is z e r o  i n  t h e  c l a s s i c a l  expe r imen t .  For t h i s  

r e a s o n ,  a review of t h e  c l a s s i c a l  d i f f u s i o n  expe r imen t  where 

t h e  n e t  m o l e c u l a r  f l ow is always zero w i l l  be made b e f o r e  pro-  

c e e d i n g  t o  a t h e o r e t i c a l  r ev iew a p p l i c a b l e  t o  t h e  p r e s e n t  i n -  

v e s t i g a t i o n .  

Mutual  D i f f u s i o n  

The Class ica l  Experiment  

The t e r m  mu tua l  d i f f u s i o n  a p p l i e s  t o  t h e  c l a s s i c a l  t r a n s i e n t  

d i f f u s i o n  p r o c e s s  which is employed t o  o b t a i n  d i f f u s i o n  c o e f -  

f i c i e n t s  f o r  b i n a r y  m i x t u r e s  as  t a b u l a t e d  i n  t h e  l i t e r a t u r e .  

The d i f f u s i o n  medium is a l o n g ,  v e r t i c a l ,  e q u i p a r t i t i o n e d  t u b e .  

The p u r e  component g a s e s  are i n t r o d u c e d  a t  t h e  same p r e s s u r e  i n  

t h e  s e p a r a t e  compartments  w i t h  t h e  h e a v i e r  of t h e  two i n  t h e  

lower compartment.  A t  t i m e ,  t o ,  t h e  p a r t i t i o n  is removed and 
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t h e  c o n c e n t r a t i o n  change of one of t h e  g a s e s ,  C 1 ,  is f o l l o w e d  

a s  a f u n c t i o n  of t i m e  a t  a f i x e d  p o s i t i o n ,  x ,  o r  f o r  a g i v e n  

volume f r a c t i o n  of t h e  t u b e .  An u n s t e a d y  s t a t e  m a s s  b a l a n c e  

combined w i t h  F i c k ' s  f i r s t  d i f f u s i o n  l a w ,  

l e a d s  t o  t h e  second  F i c k  d i f f u s i o n  l a w ,  

which is  a p p l i c a b l e  t o  t h e  expe r imen t .  The symbol fil , is t h e  

molar  f low r a t e ,  D is t h e  c o e f f i c i e n t  t o  be d e t e r m i n e d ,  and A 

is t h e  area of t h e  t u b e  normal t o  f low.  I n t e g r a t i o n  of equa- 

t i o n  ( 2 )  unde r  a p p r o p r i a t e  boundary c o n d i t i o n s  l e a d s  t o  f i n a l  

e q u a t i o n s  which e n a b l e  one t o  o b t a i n  D from t h e  v a r i a b l e s  

measured;  t h a t  is ,  C 1 ,  t ,  and x .  

The re  are s e v e r a l  i n t e r e s t i n g  f e a t u r e s  of t h e  d i f f u s i o n  

p r o c e s s  which c a n  be r e a d i l y  d i s c u s s e d  w i t h o u t  t a b u l a t i n g  t h e  

f i n a l  i n t e g r a t e d  r a t e  e q u a t i o n s .  The e n t i r e  p r o c e s s  is t r a n s i e n t  

w i t h  t i m e  and t h e  c e n t e r  of m a s s  w i t h i n  t h e  sys t em s h i f t s  w i t h  

r e s p e c t  t o  p o s i t i o n  s i n c e  t h e  c o n c e n t r a t i o n s  of t h e  components 

a r e  n o t  a t  e q u i l i b r i u m  i n i t i a l l y .  N o  m o l e c u l e s  are added t o ,  

o r  withdrawn from, t h e  sys t em d u r i n g  t h e  p r o c e s s .  The i n i t i a l l y  

e q u a l  p r e s s u r e s  i n  b o t h  compartments  remain c o n s t a n t  w i t h  t i m e .  

The re  is no  n e t  m o l e c u l a r  t r a n s f e r  w i t h  p o s i t i o n .  The i n d i v i d u a l  
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d i f f u s i o n  ra tes  must be e q u a l  and o p p o s i t e  i n  d i r e c t i o n ;  t h u s ,  

t h e  c o e f f i c i e n t s  must be e q u a l .  Dur ing  t h e  p r o c e s s ,  t h e  t o t a l  

momenta of t h e  g a s e s  p r e s e n t  are conse rved .  

A combina t ion  of e x p e r i m e n t a l  e v i d e n c e  and d e r i v a t i o n s  

a p p e a r i n g  i n  s e v e r a l  books c o v e r i n g  t h e  k i n e t i c  t h e o r y  of gases 

h a s  shown t h a t  s t a n d a r d  mutua l  d i f f u s i o n  c o e f f i c i e n t s  are  i n -  

dependent  of t h e  compos i t ion  of a g i v e n  b i n a r y  g a s  m i x t u r e  and 

t h a t  t h e  r a t e s  and c o e f f i c i e n t s  depend o n l y  on t h e  momentum ex- 

changed between l i g h t  and heavy components a s  a r e s u l t  of c o l -  

l i s i o n s  of u n l i k e  molecu le s .  9 '  lo 

based  on a l l  c o n d i t i o n s  mentioned is 

The d e r i v e d  r e l a t i o n s h i p  

where N '  is Avogadro ' s  number and E is Bol tzmann ' s  c o n s t a n t .  

Upon s u b s t i t u t i o n  of t h e  p e r f e c t  g a s  l a w ,  

PV = nN'xT = nRT, (4) 

one n o t e s  t h a t  t h e  c o e f f i c i e n t  v a r i e s  i n v e r s e l y  w i t h  t h e  s q u a r e  

- t h e  c o l l i s i o n  diam- r o o t  of m* - t h e  reduced  mass, w i t h  o1 

e te r ,  s q u a r e d  and w i t h  P - t h e  t o t a l  g a s  p r e s s u r e .  The c o e f f i -  

c i e n t  s h o u l d  v a r y  d i r e c t l y  w i t h  t h e  a b s o l u t e  t e m p e r a t u r e  ra i sed  

a 2 

a .  The reduced  m a s s  f o r  a b i n a r y  m i x t u r e  is ml m , / ( m l  + m,) . 
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t o  t h e  t h r e e  h a l v e s  power a c c o r d i n g  t o  t h e  s i m p l e  t h e o r e t i c a l  

d e r i v a t i o n  of e q u a t i o n  ( 3 ) .  Very r i g o r o u s  d e r i v a t i o n s  and ex-  

p e r i m e n t a l  e v i d e n c e  i n d i c a t e  t h a t  t h i s  power s h o u l d  v a r y  from 

one b i n a r y  m i x t u r e  t o  a n o t h e r ,  f o r  example t h e  power is 1 . 7 5  

f o r  He-A m i x t u r e s  and 1 .74  f o r  H,-CO, m i x t u r e s  a t  t e m p e r a t u r e s  

above O°C. 11 

I f  t h e  d r i v i n g  f o r c e  i n  F i c k ' s  f i r s t  l a w  is e x p r e s s e d  as 

mole f r a c t i o n  N1 p e r  c m  r a t h e r  t h a n  C1 p e r  c m  a s  i n  e q u a t i o n  (l), 

it can  be shown t h a t  t h e  t e m p e r a t u r e  and p r e s s u r e  dependenc ie s  

of t h e  c o e f f i c i e n t  and d i f f u s i o n  r a t e s  are  q u i t e  d i f f e r e n t .  

The c o e f f i c i e n t  is i n v e r s e l y  p r o p o r t i o n a l  t o  P;  t h e  ra te  is i n -  

dependent  of P. L ikewise ,  t h e  c o e f f i c i e n t  is  d i r e c t l y  p ropor -  

t i o n a l  t o  t h e  t e m p e r a t u r e  r a i s e d  t o  some power a round 1 . 5 ;  t h e  

r a t e s  are p r o p o r t i o n a l  t o  some power n e a r  0 . 5 .  

T r a n s i e n t  Sweep Exper iments  

Another  t r a n s i e n t  expe r imen t  s i m i l a r  t o  t h e  f o r e g o i n g  i n -  

v o l v e s  a po rous  material  which is i n i t i a l l y  s a t u r a t e d  w i t h  one 

component a t  T and P - t h e n  swept a l o n g  one face w i t h  a d i f f e r e n t  

g a s  a t  t h e  same c o n d i t i o n s .  Although m o l e c u l e s  are added t o ,  

and removed from, t h e  s y s t e m  d u r i n g  t h i s  p r o c e s s ,  t h e  n e t  change 

is z e r o  and t h e  sweep g a s  s e r v e s  t o  m a i n t a i n  one of t h e  f a c e s  

unde r  a c o n s t a n t  (or p e r h a p s  v a r i a b l e )  known c o n c e n t r a t i o n  w i t h  

r e s p e c t  t o  t h e  s a t u r a t i n g  gas.  Here a g a i n ,  t h e  d i f f u s i o n  ra tes  
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w i t h i n  t h e  ma te r i a l  would be e q u a l  and o p p o s i t e  i n  d i r e c t i o n .  

The s i t u a t i o n  is  d r a s t i c a l l y  changed ,  however, when two d i f f e r e n t  

f a c e s  of t h e  medium are swept by g a s e s  of d i f f e r e n t  compos i t ion .  

The l a t t e r  case,  which c o r r e s p o n d s  t o  t h e  expe r imen t s  conducted  

d u r i n g  t h e  p r e s e n t  i n v e s t i g a t i o n ,  are d i s c u s s e d  i n  t h e  n e x t  

s e c t i o n  of t h e  r e p o r t .  

D i f f u s i o n  i n  Systems w i t h  S o u r c e s  and S i n k s  

Genera l  R e l a t i o n s h i p s  

A s c h e m a t i c  d iagram of an  i s o t h e r m a l  d i f f u s i o n  s y s t e m  t o  

which p a r t i c l e s  are c o n t i n u o u s l y  added and withdrawn d u r i n g  t h e  

d i f f u s i o n  p r o c e s s  is shown i n  F i g u r e  l ( a ) .  The shaded  s e c t i o n  

r e p r e s e n t s  a s o l i d  septum or  p a r t i t i o n  which is t r a v e r s e d  by 

c h a n n e l s  of i d e n t i c a l  geometry.  P u r e  g a s e s ,  d e s i g n a t e d  as 1 

a n d 2 ,  are swept  p a s t  t h e  c h a n n e l  open ings  a t  e q u a l ,  o r  p e r h a p s  

s l i g h t l y  u n e q u a l ,  p r e s s u r e s  and a t  v e l o c i t i e s  which w i l l  main- 

t a i n  t h e  d i f f u s e d  g a s  a t  n e g l i g i b l e  c o n c e n t r a t i o n s .  A s t e a d y  

s t a t e  e q u a t i o n  which d e s c r i b e s  t h e  r e l a t i v e  r a t e s  a t  which g a s e s  

1 and 2 move th rough  t h e  c h a n n e l s  is g i v e n  by 2 , 6 , 1 2  

where fil  r e p r e s e n t s  t h e  f low r a t e  (moles / sec)  of g a s  1, fi is  

t h e  n e t  p a r t i c l e  d r i f t ,  and N1 is t h e  mole f r a c t i o n  of component 

1. A t  any p o i n t  x ,  t h e  i n d i v i d u a l  f l ow r a t e  of gas  1 is t h e  

T 
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sum of a mixed f l o w  component and a F i c k  component. Although 

t h e  v a l u e  of e a c h  component v a r i e s  a l o n g  x ,  t h e  sum of t h e  com- 

p o n e n t s  remains  c o n s t a n t  w i t h  p o s i t i o n  and t i m e .  A d d i t i o n a l  

r e l a t i o n s h i p s  which must h o l d  a re  

P dN 
T RT dx f i 2  A N2  - D21 A - 2 , 

as  r e q u i r e d  by e q u a t i o n s  ( 3 )  and ( 6 ) ,  and 

An i n t e g r a t e d  form of e q u a t i o n  (5a )  is 

For a d d i t i o n a l  d i s c u s s i o n ,  it is  c o n v e n i e n t  t o  c o n s i d e r  a 

p a r t i c u l a r  example where h1/A2 is 3 under  t h e  boundary cond i -  

t i o n s  ment ioned ,  which a re ,  N1 ( 0 )  = 1, and N1 (L)  = 0 .  Equa t ion  ( 9 )  

c a n  be u t i l i z e d  t o  o b t a i n  t h e  e x p r e s s i o n  

(100)  I n  ( 3 )  = ( 1 0 0 )  I n  ["'' - liTNl ( X )  
A 2  

b. The p o s i t i v e  x d i r e c t i o n  is t a k e n  as t h e  d i r e c t i o n  of fil. 
(from l e f t  t o  r i g h t ) .  S i n c e  li moves i n  t h e  o p p o s i t e  d i r e c -  d t i o n ,  A is p o s i t i v e  when h l > n 2 .  The symbol kl. d e n o t e s  a 
v e c t o r w T q u a n t i t y ;  whereas ,  A, is  a scalar  q u a n t i t y  r e p r e s e n t i n g  

I Cl I .  
u n d e r s t a n d i n g  t h a t  a p p r o p r i a t e  s i g n  changes  must be made i n  
e q u a t i o n  ( 9 )  when A z > f i l .  

S c a l a r  n o t a t i o n  is used  i n  t h e  d i s c u s s i o n  w i t h  t h e  
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. 

which g i v e s  t h e  p o i n t  c o n c e n t r a t i o n s  a s  a f u n c t i o n  of t h e  p e r -  

c e n t  of t h e  septum t h i c k n e s s .  The assumed r a t i o  fi l /h2 and 

e q u a t i o n  (8) r e q u i r e  t h a t  h, = 0.3331'1, and h = 0 .666h l .  T 
A p l o t  showing t h e  i n f l u e n c e  of a n e t  d r i f t  d on t h e  T 

c o n c e n t r a t i o n  p r o f i l e s  is p r e s e n t e d  i n  t e r m s  of t h e  example 

s t a t e d  on F i g u r e  l ( b ) .  The r e l a t i v e  magni tudes  of r a t e s  h l ,  h,, 

and h are shown on F i g u r e  l ( c ) .  T 
F i g u r e  l ( d ) ,  which shows t h e  i n d i v i d u a l  components as  a 

f u n c t i o n  of p e r c e n t  t h i c k n e s s ,  g r a p h i c a l l y  d e m o n s t r a t e s  t h e  

i n t e r - r e l a t i o n s h i p s  of t h e  i n d i v i d u a l  f l ow components.  I t  is 

immedia te ly  a p p a r e n t  t h a t  t h e  F i c k  components are  symmet r i ca l  

about  a z e r o  r a t e ,  and t h e  mixed f low v a l u e s  are s y m m e t r i c a l  

abou t  0 . 5  hT. Fo l lowing  t h e  mixed f l o w  v a l u e s  (which add up 

a t  a l l  p o i n t s  t o  g i v e  h ) from X/L = 0 t o  X/L = l o o % ,  one may 

n o t e  t h a t  t h e  n e t  d r i f t  or sweep, h a t  x = 0 is composed of 

g a s  1 - b u t  e x i t s  as p u r e  g a s  2 .  T h i s  a l l o w s  t h e  F i c k  component 

of g a s  I t o  i n c r e a s e  ( a long  x/L) a c o r r e s p o n d i n g  amount such  

t h a t  a l l  g a s  1 e x i t s  as a F i c k  component a t  x/L = 100%. The  

g ross  r a t e  of g a s  2 e n t e r i n g  a t  t h i s  p o i n t  ( a s  a F i c k  component) 

must e q u a l  t h e  r a t e  a t  which g a s  1 e x i t s .  The former  n e g a t i v e  

q u a n t i t y  and t h e  p o s i t i v e  g a s  L sweep component add up t o  y i e l d  

t h e  t o t a l  t r a n s p o r t  r a t e  h2.  The o n l y  n e g a t i v e  component p r e s -  

e n t  is t h e  F i c k  component f o r  g a s  2 .  

T 

T'  
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I t  is a l s o  i n t e r e s t i n g  t o  n o t e  how t h e  c u r v e s  would s h i f t  

i f  hT were f o r c e d  t o  z e r o  th rough  a p r o p e r  c h o i c e  of  e x p e r i -  

m e n t a l  c o n d i t i o n s .  F i r s t ,  t h e  c o n c e n t r a t i o n  p r o f i l e s  would 

become l i n e a r  and c r o s s  a t  x/L = 50%. 

would d i s a p p e a r  and -A, would e q u a l  hl and t h e  mixed f l o w  com- 

p o n e n t s  would be zero.  A knowledge of t h e  c a u s e s  of h is n o t  

r e q u i r e d  t o  show t h e  manner i n  which b, and b, must v a r y  w i t h  

h or M1 and N , .  T h i s  r e l a t i o n s h i p  is f i x e d  by e q u a t i o n  ( 9 )  

as demons t r a t ed  on F i g u r e s  2 and 3 .  The c u r v e s  of F i g u r e  1 

are based  on p o i n t  A ,  F i g u r e  2 ;  whereas ,  t h e  c u r v e s  of F i g u r e s  

3 ,  4, and 5 are based  on p o i n t  B .  

The hT of F i g u r e  l ( c )  

T 

T 

I n  r ev iew and f o r  p u r p o s e s  of comparing t h e  d i f f u s i o n  

p r o c e s s  of t h e  c l a s s i c a l  expe r imen t  w i t h  t h a t  under  d i s c u s s i o n ,  

it s h o u l d  be mentioned t h a t  t h e  l a t t e r  p r o c e s s  is n o t  t r a n s i e n t  

w i t h  t i m e ,  t h e  c e n t e r  of mass of t h e  sys tem d o e s  n o t  change 

w i t h  t i m e  or p o s i t i o n ,  and t h e  gases i n v o l v e d  are n o t  res t r ic ted  

t o  main tenance  of a uni form t o t a l  p r e s s u r e .  I n  t h e  case of t h e  

mutua l  d i f f u s i o n  p r o c e s s  t h e  r e s t r i c t i o n s  imposed r e q u i r e d  

e q u a l  d i f f u s i o n  r a t e s ;  such  is n o t  t h e  case when s o u r c e s  and 

s i n k s  are p r e s e n t .  For  t h e  l a t t e r  case,  a d d i t i o n a l  i n f o r m a t i o n  

as  t o  t h e  r e l a t i v e  v a l u e s  of hL and b, is r e q u i r e d  t o  c o m p l e t e l y  

d e f i n e  t h e  p r o c e s s .  E q u a t i o n s  (5a)  and (5b) mere ly  show t h e  

v a l u e s  t h e  ra tes  must assume i n  o r d e r  t o  s a t i s f y  F i c k ' s  f i r s t  
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d i f f u s i o n  l a w  when a n e t  d r i f t  is p r e s e n t .  F a c t o r s  which one 

m u s t  c o n s i d e r  t o  p r e d i c t  t h e  v a l u e  of n e t  d r i f t  o r  t h e  f i l / f i z  

r a t i o  t o  be e x p e c t e d  are  d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  

N e t  D r i f t  a t  Uniform T o t a l  P r e s s u r e  

Uniform t o t a l  p r e s s u r e  c a n  be m a i n t a i n e d  on t h e  gases con- 

t a i n e d  i n  t h e  a p p a r a t u s  of F i g u r e  l ( a )  by p r o p e r  a d j u s t m e n t  of 

t h e  sweep stream p r e s s u r e s .  T h i s  o p e r a t i o n  c a n  be per formed 

w i t h  t h e  a i d  of t h r o t t l i n g  v a l v e s  and a s e n s i t i v e  manometer 

connec ted  t o  t h e  two sweep chambers .  When t h e  manometer l i q u i d  

h e i g h t s  are t h e  same, t h e  g a s e s  i n  t h e  s y s t e m  are a t  uni form 

t o t a l  p r e s s u r e  - t h u s ,  t h e  f o r c e s  p e r  u n i t  area e x e r t e d  on t h e  

l i q u i d  e q u a l  t h o s e  e x e r t e d  on t h e  w a l l  and t h o s e  e x e r t e d  on 

t h e  gases c o n t a i n e d  i n  t h e  c h a n n e l s  of t h e  septum. 

One may r e c a l l  a v e r y  e l e m e n t a r y  t r e a t m e n t  of g a s  p r e s s u r e s  

and t h e r m a l  v e l o c i t i e s  w i t h i n  a c u b e  (L3) whereby one c o n s i d e r s  

t h e  momentum change ,  Z m c ,  e x e r t e d  on a w a l l  when a s i n g l e  p a r -  

t i c l e  of m a s s  m moving w i t h  a v e l o c i t y  c s t r i k e s  t h e  w a l l  w i t h  

a f r e q u e n c y  c/2L.  The f o r c e  is m c 2 / L .  Ex tend ing  t h i s  t r e a t m e n t  

t o  one t h i r d  of t h e  p a r t i c l e s  w i t h i n  t h e  c u b e ,  t h a t  is ,  - rl p a r -  3 
1 

t i c l e s  moving a t  a r o o t  mean s q u a r e  v e l o c i t y  of (z)' t h e  t o t a l  

f o r c e  on t h e  w a l l  becomes 
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o r  
- 

~ ~ = : q m c 2 =  T(E) T.  

By e q u a t i o n  ( l l b )  t h e  r o o t  mean s q u a r e  v e l o c i t y  is: 

- 
which is n e a r l y  t h e  same a s  t h e  mean t h e r m a l  v e l o c i t y ,  v ,  u s e d  

i n  s u b s e q u e n t  f low e q u a t i o n s .  The l a t t e r  v e l o c i t y  is g i v e n  by 

- v =  (EEy. (12b) 

Turn ing  now t o  t h e  d i f f u s i o n  e x p e r i m e n t s ,  i t  is c lear  t h a t  

g a s  1 p a s s e s  t h r o u g h  t h e  c h a n n e l s  a t  a s t e a d y  r a t e  li,, w h i l e  

g a s  2 p a s s e s  t h r o u g h  i n  t h e  o p p o s i t e  d i r e c t i o n  a t  a s t e a d y  r a t e  

h,. The r e s u l t i n g  n e t  force e x e r t e d  on a l l  t h e  gases between 

x = 0 and x = L must be zero when t h e  manometer i n d i c a t e s  t h a t  

a un i fo rm p r e s s u r e  e x i s t s  w i t h i n  t h e  sep tum;  t h a t  is ,  

Thus ,  
1 

lil /li, = (M, /M1 ) z  . (14) 

An e q u a t i o n  for t h e  n e t  d r i f t  a t  un i fo rm t o t a l  p r e s s u r e  is t h e n  

where 

. 
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N e t  D r i f t  a t  Non-Uniform T o t a l  P r e s s u r e  

I n  t h e  f o r e g o i n g  s e c t i o n ,  it w a s  shown t h a t  one would ex-  

p e c t  h i g h e r  r a t e s  of d i f f u s i o n  f o r  t h e  l i g h t e r  components of a 

b i n a r y  m i x t u r e  t h a n  f o r  t h e  h e a v i e r  components.  S t a t e d  a n o t h e r  

way,  one s h o u l d  e x p e c t  t h e  n e t  d r i f t  t o  o c c u r  from t h e  s o u r c e  

of l i g h t  g a s  toward t h e  s o u r c e  of heavy g a s  even  though t h e  

p r e s s u r e s  a t  b o t h  s o u r c e s  are e q u a l .  I t  is p - r t i n e n t  t o  con- 

s i d e r  t h e  e f f e c t s  of i n d u c i n g  o r  supe r impos ing  a f o r c e d  f l o w  on 

t h i s  s y s t e m  by means of a v e r y  s m a l l  p r e s s u r e  d r o p .  Under t h e s e  

c o n d i t i o n s  e q u a t i o n s  (5a)  and (5b) s h o u l d  be 

fI1 = I? N1 - D 1 2  A 6 1 2  T 
and 

f12 = I? N 2  - D21 A 6 2 1  T 
where A 1 2  is a d r i v i n g  f o r c e  which r e p l a c e s  t h e  dCi/dx a p p l i -  

c a b l e  a t  un i fo rm t o t a l  p r e s s u r e .  

The p r e s e n c e  of a p r e s s u r e  d r o p  w i t h i n  t h e  sys tem w i l l  a l -  

t e r  t h e  i s o t h e r m a l  d i f f u s i o n  p r o c e s s  i n  two ways; f i r s t ,  t h e  

n e t  d r i f t  (li ) w i l l  be a l t e r e d  by t h e  f l o w  induced  by t h e  p r e s -  

s u r e  d r o p ;  s e c o n d l y ,  t h e  d r i v i n g  f o r c e  a s s o c i a t e d  w i t h  D 1 2  

c o u l d  be a l t e r e d  b y  a p r e s s u r e  d i f f u s i o n  t e r m .  

T 

P r e s s u r e  D i f f u s i o n  

When t h e  t o t a l  p r e s s u r e  v a r i e s  w i t h  p o s i t i o n ,  one must con-  

s i d e r  t h e  f a c t  t h a t  t h e  t o t a l  d i f f u s i v e  d r i v i n g  f o r c e ,  6 1 2 ,  
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I 

i ' .  

2 , 1 3 , 1 4  c o n s i s t s  of two t e r m s  which are g i v e n  by 

where W1 r e p r e s e n t s  t h e  weight  f r a c t i o n  of gas 1. 

The f i r s t  t e r m  of e q u a t i o n  (16c)  is t h e  f a m i l i a r  F i c k  f i r s t  l a w -  

d r i v i n g  f o r c e ;  t h e  second t e r m  is an  e x p r e s s i o n  f o r  t h e  " p r e s -  

s u r e  d i f f u s i o n "  d r i v i n g  f o r c e  which r e f l e c t s  t h e  tendency  f o r  

t h e  h e a v i e s t  m o l e c u l e s  t o  m i g r a t e  t o  h i g h  p r e s s u r e  r e g i o n s  w i t h -  

i n  c e r t a i n  sys t ems .  To o b t a i n  some i d e a  a s  t o  t h e  r e l a t i v e  

magnitude of t h e s e  t e r m s ,  one may c o n s i d e r  a case where: 

N1 = 0 . 9  he l ium,  N, = 0 . 1  a r g o n ,  &/A(x/L) = 1, LP/A(x/L) = 0 . 0 2  

a t m ,  and PT = 2 a t m .  

i n  e q u a t i o n  (16c)  t o  t h e  c o n c e n t r a t i o n  g r a d i e n t  t e r m  is less  

t h a n  5 x under  t h e s e  c o n d i t i o n s .  S i m i l a r  c a l c u l a t i o n s  have 

shown t h a t  p r e s s u r e  d i f f u s i o n  e f f e c t s  c a n  be i g n o r e d  f o r  p r a c -  

t i c a l l y  a l l  cases cove red  by t h e  p r e s e n t  i n v e s t i g a t i o n .  

The r a t i o  of t h e  p r e s s u r e  d i f f u s i o n  t e r m  

Fo rced  Flow 

When c o n s i d e r a t i o n  is g i v e n  t o  a d i f f u s i o n  sys tem which is 

s u b j e c t e d  t o  a p r e s s u r e  g r a d i e n t  which creates a f o r c e d  f l o w ,  
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i t  is g e n e r a l  p r a c t i c e  t o  c o n s i d e r  t h e  f o r c e d  f l o w  t o  be ex- 

p e c t e d  and t h e n  c o n s i d e r  t h e  d i f f u s i o n  as hav ing  been s u p e r -  

imposed on t h e  f o r c e d  f low.  B e f o r e  g o i n g  i n t o  a d i s c u s s i o n  of 

combining t h e  f o r c e d  f low and d i f f u s i v e  components,  a v e r y  b r i e f  

r e v i e w  of e l e m e n t a r y  f o r c e d  f low b e h a v i o r  s h a l l  be p r e s e n t e d .  

The b a s i c  s t e a d y  s t a t e  r e l a t i o n s h i p  f o r  f o r c e d  f l o w  i n  
1 5  c i r c u l a r  c o n d u i t s  is 

T h i s  e q u a t i o n  is known as  P o i s e u i l l e ' s  v o l u m e t r i c  f l o w  fo rmula  

f o r  l i q u i d s .  T h e  symbol d r e p r e s e n t s  t h e  d i a m e t e r  of t h e  c i r c u -  

l a r  c o n d u i t  o r  c a p i l l a r y  and k/p is t h e  r a t i o  of p e r m e a b i l i t y  

t o  l i q u i d  v i s c o s i t y  or t h e  r e c i p r o c a l  of t h e  r e s i s t a n c e  t o  f low.  

The d e r i v a t i o n  of t h i s  formula  is based  on t h e  e x i s t e n c e  of a 

p a r a b o l i c  v e l o c i t y  p r o f i l e  w i t h i n  t h e  c a p i l l a r y  w i t h  a z e r o  

v e l o c i t y  a t  t h e  w a l l s .  A l l  of  t h e  e x t e r n a l  f o r c e  A - A P  which 

c a u s e s  t h e  f low is t r a n s m i t t z d  t o  t h e  t u b e  w a l l  t h r o u g h  s h e a r i n g  

stresses s e t  up between t h e  l i q u i d  laminae  which move a t  d i f -  

f e r e n t  v e l o c i t i e s .  Equa t ion  (17) h o l d s  o n l y  i n  t h e  v i s c o u s  

f low r e g i o n .  

To  o b t a i n  a s i m i l a r  e x p r e s s i o n  f o r  g a s e s  i n  c a p i l l a r i e s ,  

i t  is  n e c e s s a r y  t o  combine t h e  g a s  l a w  (under  s p e c i f i e d  thermo- 

dynamic c o n d i t i o n s )  w i t h  t h e  v o l u m e t r i c  l a w  c i t e d .  For 

1 

I 
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i s o t h e r m a l  c o n d i t i o n s ,  one o b t a i n s  

E q u a t i o n  (18)  c o n t a i n s  a base p r e s s u r e ,  Pa ,  and a mean p r e s -  

s u r e ,  

expans ion  a l o n g  t h e  p r e s s u r e  g r a d i e n t .  

i n t r o d u c e d  v i a  t h e  g a s  l a w  t o  t a k e  i n t o  accoun t  g a s  'm 9 

As a r e s u l t  of t h e  n a t u r e  of t h e  t h e r m a l  a g i t a t i o n  of gas 

p a r t i c l e s  (as  compared t o  l i q u i d s ) ,  t h e  v e l o c i t y  a t  t h e  w a l l s  

is n o t  z e r o  f o r  g a s e s  i n  s m a l l  c a p i l l a r i e s .  Thus e q u a t i o n  (18) 

does  n o t  h o l d  and d e v i a t i o n s  r e s u l t i n g  from t h i s  a p p a r e n t  

" s l i p p a g e "  a l o n g  t h e  w a l l s  is o f t e n  g r e a t e r  t h a n  expans ion  e f -  

f e c t s .  

a c c o u n t .  Under these c o n d i t i o n s ,  a n o t h e r  c o n s t a n t  ( a c t u a l l y  a 

c o e f f i c i e n t )  is f r e q u e n t l y  employed. The d e f i n i t i v e  r a t e  equa-  

t i o n  is 

a 
'm 

The c o n s t a n t  k is  a c t u a l l y  ko(l + -) t o  t a k e  t h i s  i n t o  

w h e r e  t h e  c o e f f i c i e n t  is g i v e n  by 

I t  is  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  e x p e r i m e n t a l l y  de t e rmined  

c o n s t a n t ,  k ( cm2) ,  i n  e q u a t i o n  (18) m u l t i p l i e d  by Pm/p g i v e s  

t h e  c o e f f i c i e n t ,  K ( c m 2 / s e c ) ,  and t h a t  t h i s  s i m p l e  c o n v e r s i o n  

a u t o m a t i c a l l y  th rows  a s i n g l e  c a p i l l a r y  e q u a t i o n  (wi th  s l i p )  
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i n t o  a p a r a l l e l  model c o n s i s t i n g  of two c a p i l l a r i e s .  One 

c a p i l l a r y  is  r e s p o n s i b l e  f o r  v i s c o u s  e f f e c t s ;  t h e  o t h e r ,  f o r  

t h e r m a l  v e l o c i t y  e f f e c t s .  

S u p e r p o s i t i o n  of Forced  and D i f f u s i v e  Flow Components 

I f  a s m a l l  p r e s s u r e  d rop  is m a i n t a i n e d  across a d i f f u s i o n  

c e l l  unde r  c o n d i t i o n s  i d e n t i c a l  t o  t h o s e  c o r r e s p o n d i n g  t o  

p o i n t  B ,  F i g u r e  2 ,  two r e l a t i o n s h i p s  must be c o n s i d e r e d :  F i r s t ,  

e q u a t i o n  (19) which i n v o l v e s  t h e  d i s t r i b u t i o n  of t h e  e x t e r n a l  

f o r c e s  a p p l i e d  t o  t h e  sys t em;  and ,  s e c o n d l y ,  e q u a t i o n s  (5a)  and 

(14) which govern  t h e  " i n t e r n a l "  d i f f u s i o n  phenomena. The 

a d d i t i o n a l  d r i f t ,  l i f ,  induced  by t h e  p r e s s u r e  d r o p  is r e l a t e d  

t o  t h e  f i n a l  d r i f t ,  8 by t h e  s i m p l e  v e c t o r  r e l a t i o n s h i p ,  9 
T '  

where 8' r e f e r s  t o  t h e  d r i f t  a t  uni form t o t a l  p r e s s u r e .  -T 
e f f e c t  of v a r y i n g  fi [ t h r o u g h  t h e  u s e  of e q u a t i o n  (9 ) ]  is shown 

on F i g u r e  3 which d e m o n s t r a t e s  t h a t  a change i n  t h e  d r i f t  v a l u e  

a l t e r s  bo th  fi1 and h,. T h i s  immedia te ly  s u g g e s t s  t h a t  e q u a t i o n  

The 

T 

( 2 1 )  c a n  be w r i t t e n  a s  

i . e . ,  gT = fil + $i, where ($ r e p r e s e n t s  t h e  f r a c t i o n  of fif a c t i n g  

on 8 , .  
I 
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I -  

The example of F i g u r e  3 w a s  t h e n  used  t o  p r e p a r e  p l o t s  of  

4 v e r s u s  hf [ a s  d i c t a t e d  by e q u a t i o n  ( 9 ) ]  shown on F i g u r e  4 .  

I t  is i n t e r e s t i n g  t o  n o t e  t h a t  4 c a n  be r o u g h l y  approximated 

by a c o n s t a n t  v a l u e  of 1 / 2  w i t h i n  t h e  df r ange  of i n t e r e s t  

(+40 fif t o  -120  h f ,  see F i g u r e  5)  and t h a t  t h e  a c t u a l  v a l u e s  

t e n d  t o  f o l l o w  a s t r a i g h t  l i n e  w i t h  t h e  e x c e p t i o n  of r e g i o n s  

n e a r  h = 0.  The p h y s i c a l  s i g n i f i c a n c e  of  4hf = 1/2fif  is as  

f o l l o w s :  Superimposing a n e t  f l ow of fif on t h e  sys tem is equ iv -  

a l e n t  t o  moving t h e  e n t i r e  c e l l  ( c o n t a i n i n g  t h e  uni form p r e s -  

f 

s u r e  d r i f t )  i n  t h e  o p p o s i t e  d i r e c t i o n  t h r o u g h  t h e  sweep g a s e s  

a t  a v e l o c i t y  e q u i v a l e n t  t o  1 /2h f .  

r e f e r  t o  t h o s e  c r o s s i n g  t h e  c e l l  b o u n d a r i e s  unde r  t h e  new con- 

d i t i o n s  of motion.  I t  is clear  t h a t  h , ,  h, and h a p p e a r i n g  

i n  e q u a t i o n s  (21) and (22) s h o u l d  be r e f e r r e d  t o  t h e  concen-  

C The f i n a l  hl and fi, v a l u e s  

1 1 1 

T 

t r a t i o n  b o u n d a r i e s  a p p l i c a b l e  t o  t h e  supe rposed  case. 

The i n t e r r e l a t i o n s h i p s  of a l l  t h e  f l o w  components are 

p r e s e n t e d  on F i g u r e  5.  The dashed c u r v e s  of lil and 6, were 

o b t a i n e d  th rough  t h e  4 = 1 / 2  approx ima t ion .  

are  re la ted l i n e a r l y ,  t h e  c u r v e s  of F i g u r e  5 are mere ly  t h o s e  

S i n c e  h and hf T 

of  F i g u r e  3 s h i f t e d  i n  such  a way as t o  o b t a i n  t h e  p r o p e r  d r i f t  

when hf = 0 .  

(19) u s i n g  an  average K f o r  t h e  gas m i x t u r e .  The r e l a t i o n s h i p s  

The v a l u e  of hf may be o b t a i n e d  th rough  e q u a t i o n  

c .  I t  is c l ea r  t h a t  t h i s  is an  approx ima t ion  f o r  hf v a l u e s  n e a r  
z e r o ,  A t  l a r g e  p o s i t i v e  6f v a l u e s ,  4 approaches  1, whereas  
4 approaches  z e r o  a t  l a r g e  n e g a t i v e  bf  v a l u e s .  
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between N1 ( x ) ,  d l ,  f i 2 ,  d and hf may be de t e rmined  by equa- 

t i o n s  ( 8 ) ,  ( 9 ) ,  ( 1 5 ) ,  and ( 2 1 ) .  E q u a t i o n  (15) is u s e d  f i r s t  

t o  f i n d  d a t  AP = 0 ,  which w i t h  e q u a t i o n s  (81, (91 ,  and ( 2 1 ) ,  

c o m p l e t e l y  d e f i n e  t h e  d i f f u s i o n  sys tem.  

T'  

T 

Geometry of  t h e  D i f f u s i o n  Medium 

Up t o  t h i s  p o i n t  d i s c u s s i o n s  of t h e  f o r c e d  and d i f f u s i v e  

f low phenomena have been made i n  terms of a model which c o n s i s t s  

of  a g roup  of  p a r a l l e l  c i r c u l a r  c a p i l l a r i e s  w i t h  e q u a l  "average"  

d i a m e t e r s .  T h i s  is an  o v e r s i m p l i f i c a t i o n  of  t h e  problem; how- 

e v e r ,  u s e  of t h i s  ana logue  e n a b l e s  one t o  d i s c u s s  f low b e h a v i o r  

i n  t e r m s  o f  e s t a b l i s h e d  c o n c e p t s  w i t h o u t  c o n t i n u a l l y  q u a l i f y i n g  

t h e  p a r a m e t e r s  u s e d  w i t h  r e s p e c t  t o  t h e  i n t e r n a l  geometry of 

t h e  medium. 

Conver s ion  of t h e  model v a l u e s  t o  t h o s e  of a po rous  ma te r i a l  

may be accompl ished  by e q u a t i n g  f r e e  volumes and f l o w  r a t e s  as- 

s o c i a t e d  w i t h  e a c h  medium.17 I f  t h e  c a p i l l a r y  bundle  c o n t a i n s  

5 c h a n n e l s  and t h e  po rous  mater ia l  e x h i b i t s  an  open p o r o s i t y  E ,  

t h e n  fAcLc = E AL where t h e  s u b s c r i p t  c r e f e r s  t o  a s i n g l e  

c a p i l l a r y  and no  s u b s c r i p t  means t h e  g r o s s  v a l u e  f o r  a po rous  

mater ia l .  The ra te  e q u a l i t y  is g i v e n  by ( ( I ~ R T ) ~  = bRT, which is 

a l s o  g i v e n  by t h e  e q u a t i o n ,  {(DcAc/Lc) = DA/L. Combining t h e s e  

e q u a t i o n s ,  one o b t a i n s  
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which may a l s o  be w r i t t e n  t e r m s  of p e r m e a b i l i t y  c o n s t a n t s .  

The Lc/L r a t i o  is known as t h e  t o r t u o s i t y  f a c t o r .  

EXPERIMENTAL WORK 

D i f f u s i o n  Medium and C e l l  Arrangement 

N a t i o n a l  Carbon Company AGOT g r a p h i t e  w a s  selected as  t h e  

d i f f u s i o n  medium s i n c e  t h i s  mater ia l  c o n t a i n s  r e l a t i v e l y  l a r g e  

p o r e s .  The f low c h a r a c t e r i s t i c s  f o l l o w  t h e  mechanisms of i n -  

t e r e s t  and t h e  r a t e s  i n v o l v e d  are h i g h  enough t o  a t t a i n  s t e a d y  

s t a t e  d i f f u s i o n  c o n d i t i o n s  w i t h i n  one hour .  A l so ,  c o n s i d e r a b l e  

data  are a v a i l a b l e  c o n c e r n i n g  t h e  p o r o s i t y ,  l8 pore  s i ze  d i s t r i -  

b u t i o n ,  l9 p e r m e a b i l i t y ,  2o  s u r f a c e  area,  21 and nob le  g a s  adso rp -  

t i o n  c o n s t a n t s  f o r  AGOT g r a p h i t e .  2 1  

The d i f f u s i o n  septum w a s  p r e p a r e d  i n  t h e  form of a t h i n  

w a l l e d  c y l i n d e r .  The exposed l e n g t h  w a s  4 i n . ,  t h e  o u t e r  diam- 

e ter  w a s  0 . 8  i n . ,  and t h e  i n n e r  d i a m e t e r  w a s  0 . 5  i n .  T h i s  gave 

an A/L r a t i o  of  135.8 c m  u s i n g  t h e  r a d i a l  f l o w  fo rmula  f o r  

s t e a d y  s t a t e  f low.d  A photograph  of t h e  d i f f u s i o n  c e l l  assembly 

A -  27i-h 
L r O  I n  - 

ri 

d.  The area t o  l e n g t h  r a t i o  is: - - 

T h i s  r e l a t i o n s h i p  is a p p l i c a b l e  t o  e i t h e r  f o r c e d  or d i f -  
f u s i v e  f l o w  i n  a r a d i a l  sys tem.  
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is p r e s e n t e d  as F i g u r e  6 .  The components ,  from l e f t  t o  r i g h t ,  

are:  t h e  a rgon  o u t l e t  which c o n t a i n s  t h e  thermocouple  w i r e s ,  

t h e  c o n t a i n e r ,  t h e  d i f f u s i o n  septum and c o n t a i n e r  c a p ,  and t h e  

i n n e r  he l ium f l o w  g u i d e .  For  a d i f f u s i o n  e x p e r i m e n t ,  he l ium 

w a s  a d m i t t e d  t h r o u g h  t h e  uppe r  tee. The he l ium moved down t h e  

1 /4  t o  1/8 i n .  t u b i n g  a n n u l u s  a round t h e  o u t s i d e  of t h e  f l o w  

g u i d e  (sweeping t h e  i n n e r  f a c e  of t h e  g r a p h i t e )  and back up t h e  

i n s i d e  of t h e  g u i d e  and 1/8 i n .  t u b i n g .  Argon w a s  a d m i t t e d  t o  

t h e  lower tee where i t  moved down t h e  t ee  w a l l  t o  1/4 i n .  

t u b i n g  a n n u l u s ,  t h e n  a round t h e  o u t e r  f a c e  of t h e  g r a p h i t e .  

The e f f l u e n t  a rgon  l e f t  v i a  t h e  bot tom of t h e  c o n t a i n e r .  Dur ing  

a p e r m e a b i l i t y  d e t e r m i n a t i o n  ( f o r c e d  f l o w  expe r imen t )  of t h e  

septum, t h e  s i d e  a r m  of  t h e  lower tee w a s  p lugged .  The t e s t  

g a s  w a s  a d m i t t e d  a t  t h e  bot tom,  f o r c e d  th rough  t h e  g r a p h i t e  and 

o u t  b o t h  t h e  1 /4  t o  1/8 i n .  t u b i n g  a n n u l u s  and t h e  1/8 i n .  

t u b i n g  p r o p e r  which w e r e  c o n n e c t e d  i n  p a r a l l e l .  T h i s  w a s  done 

t o  minimize t h e  p r e s s u r e  d r o p  t h r o u g h  t h e  a p p a r a t u s .  

I t  w a s  n e c e s s a r y  t o  conduc t  f o r c e d  f l o w  e x p e r i m e n t s  w i t h  

t h e  d i f f u s i o n  c e l l  a f t e r  it w a s  c o m p l e t e l y  assembled  i n  o r d e r  

t o  de t e rmine  t h e  i n t e g r i t y  of t h e  g r a p h i t e  t o  metal  s ea l s ,  t o  

v e r i f y  t h a t  Knudsen e f f e c t s  would be s m a l l ,  and t o  o b t a i n  p e r -  

m e a b i l i t y  d a t a  f o r  subsequen t  d i f f u s i o n  e x p e r i m e n t s .  
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Fig.6.  Diffusion Cell  and Graphite Septum . 
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Forced  Flow Exper iments  

E x p e r i m e n t a l  P r o c e d u r e s  

A r ev iew of  t h e  v a r i o u s  t e c h n i q u e s  employed i n  t h e  l a b o r a -  

t o r y  f o r  c o n d u c t i n g  f o r c e d  f low e x p e r i m e n t s  h a s  been p r e s e n t e d  

i n  d e t a i l  i n  p r e v i o u s  repor t s  1 8 9 2 0  and t h e  open l i t e r a -  

t u r e .  2 2 9  2 3 '  24 These  methods are by no  means o r i g i n a l  and may 

be c l a s s i f i e d  a s  r o u t i n e  d e t e r m i n a t i o n s .  B r i e f l y ,  t h e  v a r i a b l e s  

a p p e a r i n g  i n  e q u a t i o n  (18)  w e r e  c a r e f u l l y  measured w i t h  appro-  

p r i a t e  d e v i c e s .  

u t i l i z i n g  a c a l i b r a t e d  w e t  t e s t  meter and a barometer. The 

The e f f l u e n t  f l o w  r a t e  Qa w a s  measured a t  Pa 

p r e s s u r e  d r o p  D? w a s  measured d i r e c t l y  w i t h  a manometer con- 

t a i n i n g  e i t h e r  b u t y l  p h t h a l a t e  o r  mercury ;  t h e  mean p r e s s u r e  

w a s  measured w i t h  c a l i b r a t e d  Bourdon gages. The A/L r a t i o  w a s  

known a s  w e l l  as  t h e  g a s  v i s c o s i t i e s  a t  v a r i o u s  t e m p e r a t u r e s .  

R e s u l t s  and D i s c u s s i o n  

The f i r s t  e x p e r i m e n t s  i n v o l v e d  t h e  d e t e r m i n a t i o n  of  t h e  

maximum f low ra te  or Pm*& p r o d u c t  which would demons t r a t e  

v i s c o u s  f low b e h a v i o r  s i n c e  t h e  f low must be i n  t h e  v i s c o u s  

r e g i o n  t o  e v a l u a t e  p e r m e a b i l i t y  c o n s t a n t s .  T r a n s i t i o n  from 

v i s c o u s  t o  t u r b u l e n t  f l ow o c c u r s  r e l a t i v e l y  a b r u p t l y  i n  c a r e f u l l y  

. 
I 
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e conduc ted  p i p e  e x p e r i m e n t s  a t  Reynolds  numbers around 2 0 0 0 .  

I n  porous  ma te r i a l s ,  t h e  v e l o c i t i e s  a t  which t r a n s i t i o n  o c c u r s  

are  much lower t h a n  i n  p i p e s L 5  and must be de t e rmined  e x p e r i -  

m e n t a l l y .  The r e s u l t s  of t h i s  exper iment  are shown on 

F i g u r e  7.  The o n l y  l i n e a r  c u r v e  on F i g u r e  7 is t h a t  f o r  he l ium 

a t  QaPa v a l u e s  less t h a n  125 cm3-atm/sec a t  20  C .  

Reynolds  numbers c a l c u l a t i o n s ,  t h e  c o r r e s p o n d i n g  v a l u e  f o r  

a rgon  is 14 .3  c m 3 - a t m  sec. A l l  o t h e r  d a t a  on t h i s  f i g u r e  corre-  

spond t o  measurements conducted  i n  e i ther  t h e  t u r b u l e n t  o r  t h e  

t r a n s i t i o n  r e g i o n s .  

0 Using 

P e r m e a b i l i t y  d a t a  f o r  he l ium and a rgon  a re  shown on 

F i g u r e s  8 and 9 which are c o n v e n t i o n a l  p l o t s  f o r  e q u a t i o n s  (18)  

and (19 ) .  C o n t r i b u t i o n s  r e s u l t i n g  from Knudsen e f f e c t s  are re- 

f l e c t e d  by t h e  s l o p e  of F i g u r e  8 c u r v e s  and t h e  i n t e r c e p t s  of 

t h e  F i g u r e  9 c u r v e s .  Smoothed d a t a  c o r r e s p o n d i n g  t o  F i g u r e  9 

are shown i n  T a b l e  I .  These r e s u l t s  w e r e  cor re la ted  on t h e  

b a s i s  of viscosity data 2 6 7 2 7  for p u r e  a rgon  and he l ium which 

are r ep roduced  i n  T a b l e  11. 

~~~~ ~- ~ 

e .  The Reynolds  number is g i v e n  by R e  = 4Qp/npd where p is  t h e  
f l u i d  m a s s  d e n s i t y .  One may t h i n k  of t h i s  number as  b e i n g  
a d i m e n s i o n l e s s  v e l o c i t y .  I n  t h e  v i s c o u s  f low r e g i o n ,  t h e  
v e l o c i t y  v e r s u s  p r e s s u r e  d r o p  r e l a t i o n s h i p  (Darcy ' s  law) 
does  n o t  i n c l u d e  a f l u i d  mass d e n s i t y  term. T h i s  f a c t o r  
e n t e r s  t h e  f low r e l a t i o n s h i p  when t h e  f low is t u r b u l e n t .  
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Table I. Smoothed Permeability Values Obtained from Figure 9 

Mean Permeability, K (cm2/sec) 
Pressure Helium Argon 

(atm) 2 ooc l0O0C 2 ooc 1000c 

0 0.11 0.10 0.41 0.36 

1 0.94 0.82 1.40 1.24 

2 1.75 1.55 2.38 2.12 

3 2.58 2.29 3.36 2.97 

4 3.41 3.02 4.35 3.86 

5 4.24 3.76 5.36 4.75 

6 5.06 4.49 6.36 5.64 
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T a b l e  11. V i s c o s i t y  of P u r e  Helium and Argon 

Used f o r  C o r r e l a t i n g  P e r m e a b i l i t v  Data  

Temper a t u r e  
(OC) 

V i s c o s i t y  ( p o i s e )  
H e  1 iuma Argon” 

20 

4 0  

6 0  

8 0  

1 0 0  

1 . 9 5  

2 . 0 4  

2 . 1 3  

2 . 2 2  

2 . 3 1  

2 . 2 2  

2 . 3 4  

2 . 4 6  

2 . 5 7  

2 . 6 8  

a .  H .  L .  Johnson ( r e f  2 6 ) .  
b. J .  0. H i r s c h f e l d e r  e t  a l . ,  ( r e f  1 2 ) .  -- 

I 
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The p e r m e a b i l i t y  of t h e  septum t o  v a r i o u s  hel ium-argon 

m i x t u r e s  w a s  of p a r t i c u l a r  i n t e r e s t  as  t h i s  i n f o r m a t i o n  w a s  

r e q u i r e d  t o  draw compar isons  between p r e d i c t e d  and e x p e r i -  

m e n t a l  r e s u l t s  for t h e  s u p e r p o s e d  f l o w  e x p e r i m e n t s .  The m i x -  

t u r e  v a l u e s  a t  t h e  c o n d i t i o n s  of i n t e r e s t  (1 .96  a t m ,  100°C) 

were e s t i m a t e d  u s i n g  p e r m e a b i l i t y  d a t a  f o r  t h e  p u r e  g a s e s  and 

p u b l i s h e d  v i s c o s i t i e s  of hel ium-argon m i x t u r e s .  2 g  I t  w a s  as- 

sumed t h a t  t h e  i n t e r c e p t  as g i v e n  by e q u a t i o n  ( 2 0 )  v a r i e d  

l i n e a r l y  w i t h  c o m p o s i t i o n .  The v i s c o s i t y  r a t i o s  were used  t o  

c o r r e l a t e  t h e  v i s c o u s  f low t e r m s .  The r e s u l t s  of t h e  permea- 

b i l i t y  e s t i m a t i o n s  and v i s c o s i t i e s  a t  1 0 0  C and 1 . 9 6  a t m  are 

shown below a s  a f u n c t i o n  of he l ium c o n t e n t .  

0 

Mole f r a c t i o n  he l ium 0 . 2 0  0 . 4 0  0.60 0 .80  

V i s c o s i t y ,  p o i s e  2 .75  2 . 8 1  2.83 2 .75  

E s t i m a t e d  K ,  cm2/sec 1 . 5 6  1 .58  1 . 6 3  1 . 7 2  

~ ~ ~~ ~~ 

The n e x t  s t e p  i n v o l v e d  a v e r a g i n g  t h e  above v a l u e s  t o  t a k e  

i n t o  accoun t  t h e  l a r g e  c o n c e n t r a t i o n  v a r i a t i o n  p r e s e n t  w i t h i n  

t h e  p o r e  ( r e s u l t i n g  from back d i f f u s i o n )  d u r i n g  a s u p e r p o s e d  

expe r imen t .  T h i s  w i l l  be d i s c u s s e d  i n  t h e  s e c t i o n  which c o v e r s  

supe rposed  f low.  
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D i f f u s i o n  Exper imen t s  

ExDerimental  P r o c e d u r e s  

The comple t e  hook-up of t h e  c e l l  and a u x i l i a r y  l i n e s  f o r  

t h e  d i f f u s i o n  e x p e r i m e n t s  is shown on F i g u r e  1 0 .  Argon and 

he l ium were a d m i t t e d  a t  t h e  non-bleed r e g u l a t o r s ,  p a s s e d  t h r o u g h  

t h e  sweep chambers of t h e  c e l l ,  and t h r o t t l e d  a t  a tmosphe r i c  

p r e s s u r e  a t  t h e  n e e d l e  v a l v e s .  The t h r o t t l e d  g a s  w a s  p a s s e d  

th rough  a w e t  t e s t  m e t e r  t o  m e a s u r e  t h e  sweep ra tes .  These  

d a t a  combined w i t h  t h e  r e s u l t s  of a n a l y s e s  of g a s  samples  t a k e n  

a t  p o i n t s  A and A '  (see F i g u r e  1 0 )  l e d  t o  t h e  r a t e s  of d i f f u s i o n  

o r  f o r c e d  f low t h r o u g h  t h e  g r a p h i t e .  Both un i fo rm p r e s s u r e  and 

supe rposed  e x p e r i m e n t s  were c a r r i e d  o u t  w i t h  t h i s  a p p a r a t u s .  

The amount of  p r e s s u r e  d r o p  a c r o s s  t h e  septum w a s  de t e rmined  

by means of t h e  manometer which c o n t a i n e d  b u t y l  p h t h a l a t e .  Fo r  

t h e  100°C e x p e r i m e n t s ,  t h e  d i f f u s i o n  c e l l  and p r e h e a t i n g  l i n e s  

were submerged i n  a c o n t a i n e r  which c o n t a i n e d  e i g h t e e n  g a l l o n s  

of t h e r m o s t a t e d  o i l .  

P r i o r  t o  t h e  d i f f u s i o n  e x p e r i m e n t s ,  a se r ies  of c a r e f u l l y  

conduc ted  c a l i b r a t i o n s  was made t o  d e t e r m i n e  t h e  p r e s s u r e  

d rop  ( a t  v a r i o u s  sweep r a t e s )  between t h e  manometer t a p s  and 

t h e  f i rs t  p o i n t  of exposed  g r a p h i t e .  From t h i s  p o i n t  on t h e  

p r e s s u r e  d r o p  p e r  u n i t  l e n g t h  of g r a p h i t e  w i t h i n  t h e  c e l l  w a s  

t h e  same on e a c h  s i d e  when t h e  sweep r a t e  of e a c h  gas w a s  t h e  
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same. However, i t  w a s  n e c e s s a r y  t o  a p p l y  a s l i g h t l y  h i g h e r  

p r e s s u r e  on t h e  he l ium i n l e t  t h a n  on t h e  a rgon  i n l e t  t o  o b t a i n  

e q u a l  p r e s s u r e s  on b o t h  s i d e s  of t h e  septum a s  t h e  i n l e t  l i n e  

d r o p s  w e r e  n o t  e q u a l .  

A l l  f l o w  meters ,  thermometers ,  and Bourdon g a g e s  were 

c a l i b r a t e d  th rough  s u i t a b l e  s t a n d a r d s  and p r o c e d u r e s .  The 

g a s e s  were a n a l y z e d  by m a s s  s p e c t r o m e t r i c  methods.  I n  many 

cases,  s t e a d y - s t a t e  f low c o n d i t i o n s  were e s t a b l i s h e d  th rough  

t h e  u s e  of  t h e r m a l  c o n d u c t i v i t y  c e l l s  p l a c e d  i n  p a r a l l e l  w i t h  

t h e  w e t  t e s t  meters. The e s t i m a t e d  maximum error t o  be ex- 

p e c t e d  i n  a s i n g l e  d e t e r m i n a t i o n  of  t h e  c o e f f i c i e n t  w a s  * 570. 

A s  it t u r n e d  o u t ,  t h e  ave rage  d e v i a t i o n  of  t h i r t y - t w o  d e t e r -  

m i n a t i o n s  of t h e  c o e f f i c i e n t  w a s  * 370. Only t h r e e  e x p e r i m e n t s  

had a d e v i a t i o n  from t h e  ave rage  greater  t h a n  570. 

The a p p a r a t u s  and p r o c e d u r e s  u s e d  i n  t h i s  i n v e s t i g a t i o n  

w e r e  o r i g i n a t e d  by W i ~ k e ~ ~ , ~ '  as  a means o f  s t u d y i n g  s u r f a c e  

d i f f u s i o n .  Although Wicke s u b s e q u e n t l y  t u r n e d  t o  o t h e r  p ro -  

c e d u r e s  31732  t o  c a r r y  o u t  s u r f a c e  d i f f u s i o n  s t u d i e s ,  h i s  o r i g -  

i n a l  method h a s  been employed by Wheeler ,  3 2  Weitz, 3 3  Walker 34 

and Hoogschagen7 f o r  d i f f u s i o n  s t u d i e s  i n v o l v i n g  po rous  media 

and b i n a r y  m i x t u r e s .  I t  a p p e a r s  t h a t  Hoogschagen7 w a s  t h e  

f i r s t  t o  a n a l y z e  b o t h  sweep streams; t h a t  is ,  measure t h e  

d i f f u s i o n  r a t e s  of  b o t h  g a s e s  p r e s e n t .  However, t h e  a u t h o r s  
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have  been informed th rough  a r e c e n t  p e r s o n a l  c o n t a c t  t h a t  

Wicke is now c o n d u c t i n g  e x p e r i m e n t s  where b o t h  streams are 

ana lyzed .  

R e s u l t s  and D i s c u s s i o n  of Uniform P r e s s u r e  Exper iments  

Two sets of un i fo rm p r e s s u r e  e x p e r i m e n t s  were per formed;  

one a t  room t e m p e r a t u r e s  ( 2 4  t o  2 7 O C ) ,  and a n o t h e r  a t  100°C. 

I n  a d d i t i o n ,  a t h i r d  s e t  w a s  performed a t  100°C where in  t h e  

0 

p r e s s u r e s  on e a c h  s i d e  of t h e  septum were s l i g h t l y  unbalanced .  

The r e s u l t s  of t h e s e  e x p e r i m e n t s  are p r e s e n t e d  and d i s c u s s e d  

i n  t h e  l i g h t  of t h e  v a r i o u s  o b j e c t i v e s  which s u g g e s t e d  t h e  ex- 

p e r i m e n t s .  

Apparent C o e f f i c i e n t s  and Knudsen E f f e c t s . - - I f  one assumes 

t h a t  t h e  i n d i v i d u a l  d i f f u s i o n  r a t e s  c a n  be approximated  by t h e  

e q u a t i o n  

i t  is p o s s i b l e  t o  d e f i n e  a c o e f f i c i e n t  i n  t e r m s  of a Knudsen 

r e s i s t a n c e  and a normal  r e s i s t a n c e .  The combined c o e f f i c i e n t  

f o r  a rgon  ( a c t u a l l y ,  t h e  measured o r  e f f e c t i v e  c o e f f i c i e n t )  

would be g i v e n  b y  t h e  r e l a t i o n s h i p  

1 + -  - 1 - _  1 - 
D e f f  , A  D ~ , ~  D ~ , ~  ’ 

( 2 5 )  

is  t h e  a p p a r e n t  n o r m a l - d i f f u s i o n  c o e f f i c i e n t ,  which 
N , A  

where D 
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is t h e  Knudsen depends on i n t e r m o l e c u l a r  c o l l i s i o n s ,  and D 

c o e f f i c i e n t ,  which depends on c o l l i s i o n s  w i t h  t h e  p o r e  w a l l s .  

Equa t ion  ( 2 5 )  r e s u l t s  from a s e r i e s  r e s i s t a n c e  model and t h e  

f a c t  t h a t  e q u a t i o n  ( 2 4 )  is t h e  d e f i n i t i v e  ra te  e q u a t i o n  f o r  

b o t h  p u r e  Knudsen and normal d i f f u s i o n  p r o c e s s e s  when t h e  con- 

c e n t r a t i o n  p r o f i l e s  are l i n e a r .  To es t imate  t h e  c o n t r i b u t i o n  

of e a c h  mechanism one must examine t h e  manner i n  which 

(Def f  , A 
example,  a p l o t  of r e c i p r o c a l  c o e f f i c i e n t s  o b t a i n e d  a t  a s i n g l e  

t e m p e r a t u r e  and v a r i o u s  p r e s s u r e s  s h o u l d  be a h o r i z o n t a l  l i n e  

w i t h  r e s p e c t  t o  p r e s s u r e  i f  t h e  mechanism is p u r e  Knudsen f l o w ,  

a s t r a i g h t  l i n e  w i t h  a p o s i t i v e  s l o p e  g o i n g  th rough  t h e  o r i g i n  

i f  t h e  mechanism is normal  d i f f u s i o n ,  and f i n a l l y  a s t r a i g h t  

l i n e  w i t h  an a p p r e c i a b l e  i n t e r c e p t  i f  a combined mechanism 

e x i s t s .  

K 7 A  

) - I  v a r i e s  w i t h  e i t h e r  p r e s s u r e  or t e m p e r a t u r e .  For  

A p l o t  of t h e  un i fo rm p r e s s u r e  d a t a  c o r r e l a t e d  a c c o r d i n g  

t o  e q u a t i o n s  ( 2 4 )  and ( 2 5 )  is  shown on F i g u r e  11. The s m a l l  

i n t e r c e p t  v a l u e s  i n d i c a t e  t h a t  Knudsen e f f e c t s  are  s m a l l  and 

t h e  s t r a i g h t  l i n e s  v e r i f y  t h e  p r imary  r o l e  of t h e  normal  d i f -  

f u s i o n .  Thus t h e  d i f f u s i o n  mechanism unde r  s t u d y  depended 

e n t i r e l y  on i n t e r m o l e c u l a r  c o l l i s i o n s ,  n o t  on w a l l  c o l l i s i o n s .  

The o n l y  c o n t r i b u t i o n  of t h e  AGOT g r a p h i t e  w a s  w i t h  r e s p e c t  t o  

t h e  magnitude of t h e  ra tes  and c o e f f i c i e n t s  measured.  T h i s  
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Fig. 11. Reciprocal Apparent Diffusion Coefficients 
for Argon Versus the Uniform Total Pressure of 
the Experiment. 
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m a t e r i a l  had no e f f e c t s  on t h e  mechanisms of d i f f u s i o n  a t  t h e  

p r e s s u r e s ,  t e m p e r a t u r e s  and sweep r a t e s  of t h e  e x p e r i m e n t s .  

N e t  D r i f t  a t  Uniform P r e s s u r e . - - D i f f u s i o n  r a t e  r e s u l t s  

f o r  t h e  un i fo rm p r e s s u r e  e x p e r i m e n t s  have  been t a b u l a t e d  i n  

T a b l e s  I11 and I V .  These  d a t a  r e q u i r e d  no c o r r e l a t i o n  i n  t h a t  

t h e y  r e s u l t  from t h e  e f f l u e n t  sweep ra tes  and t h e  gas  a n a l y s e s .  

The p o i n t  unde r  d i s c u s s i o n  is demons t r a t ed  by t h e  columns de- 

n o t e d  hHe, h h and ,  i n  p a r t i c u l a r ,  t h e  hHe/hA r a t i o .  I n  

e v e r y  case h >h 

remained t h e  same ( w i t h i n  t h e  p r e c i s i o n  w i t h  which p r e s s u r e  

u n i f o r m i t y  c o u l d  be m a i n t a i n e d )  regardless of t h e  t e m p e r a t u r e  

and p r e s s u r e  of  t h e  expe r imen t .  The a v e r a g e  r a t i o  f o r  t h e  

e i g h t e e n  e x p e r i m e n t s  of T a b l e s  I1 and I11 w a s  3 . 2 8 .  The d i f -  

f e r e n c e  between t h e  above v a l u e  and t h e  t h e o r e t i c a l  v a l u e  

(3 .16 )  w a s  3 . 8 %  of t h e  l a t t e r .  However, t h i s  w a s  less t h a n  

t h e  u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e  manometer r e a d i n g  and 

c a l i b r a t i o n  d a t a  which amounted t o  f 7% of t h e  c o r r e c t  v a l u e  

as  based  on p e r m e a b i l i t y  d a t a .  

A '  T 

H e  A '  Fur the rmore ,  t h e  e x p e r i m e n t a l  r a t i o ,  h /AA H e  

A d d i t i o n a l  d a t a  r e g a r d i n g  t h i s  r a t i o  f o r  o t h e r  b i n a r y  

m i x t u r e s  i n  a l a r g e  p o r e  g r a p h i t e  s u b j e c t e d  t o  Wicke ' s  boundary 

c o n d i t i o n s  have been r e p o r t e d  by Hoogschagen. These v a l u e s  

are  r ep roduced  below f o r  t h e  reader 's  conven ience .  
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T a b l e  111. R e s u l t s  of Uniform Pres su re  Experiments  Conducted a t  Room Temperature  

. 
Temperature  Pressure Mole F r a c t i o n  of H e l i u m  D i f f u s i o n  R a t e s  (mole/sec) R a t i o  of H e l i u m  D i f f u s i o n  a 

T P t o  Argon C o e f f i c i e n t  
a t  x-L ii A &T D i f f u s i o n  R a t e  Dl 2 

( c m 2  /sec) 
fi H e  a t  x=O (OK) ( a t m )  

299.7 
298.4 
297 .1  
301 .1  
299.3 
300.5 
298.7 
295.7 
295.4 
297.3 
298.7 
300.5 
298.1 
298.2 

1.249 
1 .251  
1 .251  
1.475 
1.475 
1.500 
1.740 
1.740 
1.975 
1.992 
3.005 
3.005 
3.704 
6.351 

0.9935 
0.9866 
0.9867 
0.9874 
0.9862 
0.9947 
0.9962 
0.9863 
0.9862 
0.9958 
0.9872 
0.9861 
0.9950 
0.9857 

0.0232 
0.0446 
0.0439 
0.0454 
0.0434 
0.0169 
0.0132 
0.0419 
0.0440 
0.0132 
0.0442 
0.0421 
0.0146 
0.0358 

x ~ o - ~  
6.07 
5.75 
5.66 
5.78 
5.52 
6.18 
6 . 1 4  
5.45 

5.69 
6.03 

5.79 
5 , 4 9  
6 . 1 8  
6.35 

x ~ o - ~  
1.72 
1.73 
1 .71  
1 . 6 1  
1.77 
1.94 
1.80 
1 .79  
1.80 
1.92 
1.70 
1.84 
2.13 
1 .64  

x ~ o - ~  
4.35 
4.02 
3.94 
4.17 
3.75 
4.24 
4.34 
3.66 
3.90 
4 .11  

4.09 
3.64 
4.05 
4 .71  

3.53 
3.32 
3.31 
3.59 
3.12 
3.19 
3.41 
3.04 
3,16 
3.14 
3.41 

2.98 
2.90 
3.87 

x ~ o - ~  
6.17 
6.17 
6 . 1 1  
5.97 
6.06 
6.47 
6.28 
6.07 
6.28 
6.40 
6 . 1 1  
6 . 1 4  
6 .76 
6.42 

a Normalized t o  2OoC and  1 atm by t h e  r e l a t i o n s h i p  D=Do (Po) (&)l O 7  0 



- 48 - 

T a b l e  IV. R e s u l t s  of Uniform P r e s s u r e  Exper imen t s  Conducted a t  100°C 

D i f f u s i o n  Pressure Mole F r a c t i o n  of H e l i u m  D i f f u s i o n  R a t e s  (mole/sec) R a t i o  of H e l i u m  
t o  Argon Coef f i c  i e n  ta  P 

( a t m )  a t  x=O a t  x=L H e  I? T ii D i f f u s i o n  R a t e  Dl 2 
( c m 2  /sec ) 

x 1 ~ - 5  x10-5 x ~ o - ~  
1.25 0 ,9851  0.0485 6,30 1.95 4.35 3 ,23  5.80 
1.48 0.9846 0.0507 6.50 2.00 4 .51  3.25 6.10 
1.96 0.9844 0,0508 6.63 2.02 4 , 6 1  3 ,29  6.09 
2 . 5 1  0.9842 0.0532 6,93 2.05 4.88 3.39 6 .31  

T a b l e  V. R e s u l t s  of 100°C Exper imen t s  Conducted w i t h  PA-PH = 1.43 mmHg a t  Var ious  T o t a l  P r e s s u r e s  

Pressure Mole F r a c t i o n  of H e l i u m  D i f f u s i o n  R a t e s  (mole/sec) R a t i o  of H e l i u m  D i f f u s i o n  a 
t o  Argon C o e f f i c i e n t  P 

a t  x=O a t  x=L A d T d D i f f u s i o n  R a t e  D1z 
( cmz /sec ) 

x10-5 x ~ o - ~  x1~-5 
1.98 0.9834 0.0375 5.89 2 . 5 1  3.38 2.34 
1 ,51  0.9789 0 ,0489 5.78 2,36 3 ,42  2,45 
1 ,27  0.9829 0.0423 5,77 2.30 3.47 2 , 5 1  
2.97 0.9783 0.0397 5.59 2.90 2.69 1.93 

x ~ o - ~  
6.49 
6 .48  
5.91 
6.46 

1.75 
a Normalized t o  2OoC and  1 atm by t h e  r e l a t i o n s h i p  

D=Do(+x&) 
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I .  

Gases 
(1 - 2 )  

Average R a t i o  
(Exper imenta  1 )  

T h e o r e t  ica1,Rat i o  
(M2 /Mi 1' 

H e  - 0, 2 . 7 3  ( 3  d e t e r m i n a t i o n s )  2 . 8 3  

N2 - 0 2  1.08 (2 d e t e r m i n a t i o n s )  1 . 0 7  

co, - 0, 0 . 8 4 5  (2 d e t e r m i n a t i o n s )  0 . 8 5  

The r e s u l t s  of t h e  p r e s e n t  i n v e s t i g a t i o n  c o u p l e d  w i t h  
I -  

t h o s e  of Hoogschagen demons t r a t e  t h a t  e q u a t i o n  (14) is c o r r e c t .  

T h i s  e q u a t i o n  h o l d s  r e g a r d l e s s  of t h e  obv ious  l a c k  of r i g o r  

i n h e r e n t  i n  e q u a t i o n s  (11) th rough  (13 ) .  

Mutual  D i f f u s i o n  Coef f i c i en t s . - -Hav ing  e s t a b l i s h e d  t h e  

absence  of Knudsen e f f e c t s  and t h e  p r e s e n c e  of a n e t  d r i f t ,  

t h e  n e x t  s t e p  c o n s i s t e d  of c a l c u l a t i n g  t h e  i n d i v i d u a l  c o e f f i -  

c i e n t s  u t i l i z i n g  t h e  e q u a t i o n s  s e t  f o r t h  by P r e s e n t 9  and 

H i r s c h f e l d e r .  l2 

t o  e q u a t i o n s  ( 9 )  and ( 1 5 ) ;  t h e  former  w a s  employed t o  e x p r e s s  

A s  t h e  r e a d e r  may reca l l ,  t h e  e q u a t i o n s  l e d  

t h e  measured ra tes  and t h e  ave rage  sweep c o n c e n t r a t i o n  i n  t e r m s  

I -  
I 

of  t h e  mutua l  d i f f u s i o n  c o e f f i c i e n t  f o r  helium-argon m i x t u r e s  

i n  t h e  p a r t i c , u l a r  g r a p h i t e  i n v e s t i g a t e d .  The c a l c u l a t e d  c o e f -  

f i c i e n t s  a t  a l l  t h e  e x p e r i m e n t a l  t e m p e r a t u r e s  and p r e s s u r e s  

were t h e n  no rma l i zed  t o  2 0  C and 1 atmosphere  a c c o r d i n g  t o  t h e  0 
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11 Lonius  e q u a t i o n  

where Do is t h e  no rma l i zed  v a l u e .  The c o e f f i c i e n t s  r e s u l t i n g  

from t h e  un i fo rm p r e s s u r e  e x p e r i m e n t s  are shown i n  t h e  l a s t  

column of Tables  111 and IV. 

Non-Uniform P r e s s u r e  C o e f f i c i e n t s . - - T h e s e  w e r e  t h e  f i r s t  

e x p e r i m e n t s  conduc ted  unde r  supe rposed  f l o w  c o n d i t i o n s .  A 

s m a l l  LP w a s  m a i n t a i n e d  a c r o s s  t h e  septum a t  f o u r  d i f f e r e n t  

mean p r e s s u r e s .  The r e s u l t s  are shown i n  T a b l e  V. Although 

t h e  AP a l t e r e d  t h e  i n d i v i d u a l  r a t e s  c o n s i d e r a b l y ,  t h e  c o e f f i -  

c i e n t s  are e s s e n t i a l l y  t h e  same as t h o s e  o b t a i n e d  unde r  un i fo rm 

p r e s s u r e  c o n d i t i o n s .  Thus it is n o t  n e c e s s a r y  t o  m a i n t a i n  a 

un i fo rm t o t a l  p r e s s u r e  w i t h i n  t h e  c e l l  d u r i n g  an expe r imen t  

i n  o r d e r  t o  d e t e r m i n e  t h e  c o r r e c t  c o e f f i c i e n t .  The p r e s s u r e  

d r o p  p r e s e n t  must be small  ( t o  a v o i d  compress ion  e f f e c t s )  and 

c o n s t a n t  w i t h  t i m e .  The a v e r a g e  c o e f f i c i e n t  f o r  a l l  t h e  ex- 

p e r i m e n t s  of  T a b l e s  111, IV, and V w a s  6 . 2 3  x l o q 3  cmz/sec. 

P o r o s i t y  and T o r t u o s i t y  Factor . - -Having o b t a i n e d  t h e  ove r -  

a l l  d i f f u s i o n  c o e f f i c i e n t  f o r  one b i n a r y  m i x t u r e  i n  t h i s  p a r -  

t i c u l a r  g r a p h i t e ,  i t  would be most d e s i r a b l e  t o  p r e d i c t  c o e f -  

f i c i e n t s  f o r  o t h e r  m i x t u r e s  a p p l i c a b l e  t o  t h e  same g r a p h i t e .  
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T h i s  c a n  be done by means of e q u a t i o n  ( 2 3 ) ,  which re la tes  t h e  

f r e e - s p a c e  c o e f f i c i e n t  t o  t h e  o v e r - a l l  c o e f f i c i e n t  t h rough  t h e  

r a t i o  of t h e  open p o r o s i t y  t o  t h e  t o r t u o s i t y  f a c t o r .  

I n  a d d i t i o n  t o  t h e  above a p p l i c a t i o n ,  t h e  open p o r o s i t y  

is a l s o  r e q u i r e d  t o  pe r fo rm estimates of t r a n s i e n t  d i f f u s i o n  

or f o r c e d  f low ra tes  s i n c e  t h e  g a s  c a n  be accumula ted  or de- 

p l e t e d  o n l y  i n  t h e  open p o r e s  of t h e  g r a p h i t e .  

The open p o r o s i t y  of a sample of t h e  s a m e  m a t e r i a l  u sed  

f o r  t h e  septum w a s  d e t e r m i n e d  by a he l ium s a t u r a t i o n  t e c h -  

n i q u e .  3 5  

c i e n t  for hel ium-argon m i x t u r e s  is 0 . 7 2 6  cm2/sec a t  2OoC and 

1 atmosphere .  The above v a l u e s  combined w i t h  t h e  o v e r - a l l  

v a l u e  r e p o r t e d  f o r  t h e  septum a t  t h e  same c o n d i t i o n s  r e s u l t e d  

i n  a t o r t u o s i t y  f a c t o r  of 5 . 0 7 .  S i m i l a r  v a l u e s  u t i l i z i n g  

p e r m e a b i l i t y  d a t a  are d i s c u s s e d  by Carman36 and Hutcheon. 

T h i s  v a l u e  w a s  2 2 . 0  v o l .  %. The f r e e  s p a c e  c o e f f i -  

17 

D i f f u s i o n  Superposed  on Forced  Flow 

The e x p e r i m e n t s  which r e s u l t e d  i n  the  d a t a  of T a b l e  V I  

w e r e  per formed t o  v e r i f y  t h e  e q u a t i o n s  p o s t u l a t e d  f o r  s u p e r -  

posed f low a t  s e v e r a l  d i f f e r e n t  p r e s s u r e  d r o p s  a c r o s s  t h e  s e p -  

tum. S p e c i f i c a l l y , i t  was d e s i r e d  t o  d e m o n s t r a t e  t h a t  one c o u l d  

p r e d i c t  t h e  i n d i v i d u a l  rates th rough  t h e  fo rmulae  and a knowl- 

edge  of t h e  d i f f u s i o n  and p e r m e a b i l i t y  c o e f f i c i e n t s .  The 

t e m p e r a t u r e ,  t o t a l  p r e s s u r e , a n d  t o  some e x t e n t  t h e  mole 



- 52 - 

I 

T a b l e  V I .  R e s u l t s  of 100°C Exper iments  Conducted a t  1 . 9 6  atm T o t a l  Pressure  
w i t h  Var ious  Pressure Drops Across Septum 

Pressure Pres sur e Mole F r a c t i o n  of H e l i u m  D i f f u s i o n  R a t e s  (mole/sec) D i f f u s i o n  
Drop C o e f f i c i e n t a  

( a t m )  

x1~-3 x1~-5 x1~-5 x1~-5 x ~ o - ~  

P 

ilA a t  x=O a t  x=L t 'He - 'A 
I '  1 ( a t m )  

~ 

I 1.96 +3 , 27 0.9832 0.0672 +8.29 -1.38 +6.91 6 .08  

H e  il 
Dl  2 

( c m 2  / sec)  

5.99 +6.28 1.95 +2 77 0,9893 0.0660 +7.78 -1.50 

1.96 +2.26 0.9875 0.0614 +8.01 -1.50 +6.51 6.12 

1 .96  0 0.9844 0.0508 +6.63 -2 0 02 +4.61 6.09 

1.98 -1.76 0.9834 0.0375 +5.89 -2,51 +3.38 6 .49  

1.95 -2.27 0.9793 0 ,0378 +5 62 -2.70 +2.92 6.27 

1.96 -2 0 77 0,9782 0 0404 +5.25 -2.79 +2.46 6.14 

1 ,96  -3 , 27 0.9754 0.0394 +5,00 -3.06 +lo 94 6 , 1 9  

1.98 -3 0 77 0 , 9747 0.0369 +4.83 -3 , 24 + 1 0 5 9  6 .21  

1.97 -4.78 0.9712 0.0342 +4.60 -3.59 +1 .01  6.43 

1 , 9 8  -7.78 0.9596 0 0275 +3 ,45  -4.97 +1.49 6.58 

1 , 9 8  -P1.80 0.9450 0,0232 +2.40 -6.38 +3.98 6.47 

1 1 . 7 5  
a Normalized t o  2OoC and  1 atm b y  t h e  r e l a t i o n s h i p  D = D o ( g x k )  . 
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f r a c t i o n s  a t  t h e  b o u n d a r i e s  were h e l d  c o n s t a n t  f o r  t h e  e n t i r e  

series.  The a v e r a g e  c o e f f i c i e n t  o b t a i n e d  th rough  t h e s e  ex-  

p e r i m e n t s  was t h e  s a m e  as t h e  ave rage  o b t a i n e d  th rough  t h e  

r e s u l t s  of t h e  twenty-two e x p e r i m e n t s  of T a b l e s  111, I V  and V .  

The ra te  d a t a  of T a b l e  V I  have been p l o t t e d  as c l o s e d  

c i r c l e s  on F i g u r e  1 2 .  The g e n e r a l  s i m i l a r i t y  between t h e  ex-  

p e r i m e n t a l  c u r v e s  of F i g u r e  5 is c l e a r l y  shown w i t h  one n o t a b l e  

e x c e p t i o n ;  t h a t  is ,  t h e  l a c k  of "c ross -ove r"  p o i n t s  which ap- 

p e a r  on F i g u r e  5 b u t  n o t  on F i g u r e  1 2 .  The "cross-over"  p o i n t s  

are t h o s e  a t  which t h e  component ra tes  change s i g n .  I n  t h e  

h y p o t h e t i c a l  example,  t h e  sweep streams c o n t a i n e d  a p p r e c i a b l e  

q u a n t i t i e s  of b o t h  components (see p o i n t  B ,  F i g u r e  2 ) ;  hence ,  

t h e  "c ross -ove r"  p o i n t s  are r a p i d l y  a t t a i n e d  a s  A? or hf is 

s h i f t e d .  A s  t h e  sweep streams approach  p u r i t y ,  t h e  hf v a l u e  

r e q u i r e d  t o  a c h i e v e  "cross-over"  i n c r e a s e s  markedly.  "Cross- 

over"  n e v e r  o c c u r s  when t h e  sweep g a s  is a p u r e  component. 

The open c i r c l e s  on F i g u r e  1 2  r e p r e s e n t  t h e  p r e d i c t e d  

v a l u e s  f o r  e a c h  i n d i v i d u a l  expe r imen t  o r  e a c h  set  of e x p e r i -  

men ta l  c o n d i t i o n s .  To p r e d i c t  a g i v e n  s e t  of r a t e s  t h e  f o l -  

lowing s t e p s  w e r e  employed: 

u s i n g  t h e  boundary c o n c e n t r a t i o n s ;  h w a s  o b t a i n e d  th rough  

e q u a t i o n  (19) and t h e  known D;  AT w a s  t h e n  known by e q u a t i o n  

( 2 1 ) ;  f i n a l l y ,  h, and h, w e r e  o b t a i n e d  v i a  e q u a t i o n s  (8) and 

h+ w a s  c a l c u l a t e d  by e q u a t i o n  (15)  

f 
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I 

' C  

( 9 ) .  The d i f f u s i o n  c o e f f i c i e n t  w a s  o b t a i n e d  th rough  t h e  

average of a l l  t h e  e x p e r i m e n t s  of  T a b l e  V I .  T h i s  v a l u e  w a s  

4 .84  x cmz/sec a t  100°C and 1.965 a t m .  The ave rage  permea- 

b i l i t y ,  Kav ,  w a s  e s t i m a t e d  th rough  t h e  g r a p h i c a l  i n t e g r a t i o n  

i n d i c a t e d  by 

where 

l n r  - l n r i  

l n r ,  - l n r i  
z =  

The [ K  ( z ) ] - l  

from a p l o t  of Kav v e r s u s  NHe (ment ioned e a r l i e r )  and a uniform- 

p r e s s u r e  c o n c e n t r a t i o n  p r o f i l e  (N v e r s u s  Z ) .  I n  view of t h e  

a c c u r a c i e s  i n v o l v e d ,  i t  was p o s s i b l e  t o  u s e  o n l y  one K f o r  

a l l  c a l c u l a t i o n s .  The v a l u e  w a s  1 .68 cm2/sec. A comparison 

v e r s u s  z p l o t  u sed  f o r  i n t e g r a t i o n  o r i g i n a t e d  

H e  

av  

of t h e  c a l c u l a t e d  and e x p e r i m e n t a l  r a t e s  (open and c l o s e d  

c i r c l e s ,  F i g u r e  12) c l e a r l y  shows t h a t  v e r y  good es t imates  of 

t h e  supe rposed  f low b e h a v i o r  may be m E d e  u t i l i z i n g  t h e  p r o c e d u r e s  

d e s c r i b e d .  Thus t h e  e q u a t i o n s  p r e s e n t e d  r e p r e s e n t  a v a l i d  model 

f o r  combined d i f f u s i v e  and f o r c e d  f low when t h e  l a t t e r  is i n  

t h e  v i s c o u s  r e g i o n  and p r e s s u r e  d i f f u s i o n  e f f e c t s  are n e g l i g i b l e .  

To g a i n  some i n s i g h t  as t o  t h e  r e l a t i v e  impor tance  of t h e  

v a r i o u s  p a r a m e t e r s  i n  an  a p p l i e d  case it  is p e r t i n e n t  t o  con- 

s i d e r  an  example i n  which one a t t e m p t s  t o  lower t h e  a rgon  
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c o n c e n t r a t i o n  on t h e  he l ium s ide by i n d u c i n g  c o n s i d e r a b l e  

f o r c e d  he l ium f low th rough  t h e  septum. The boundary concen-  

t r a t i o n s  are a r b i t r a r i l y  chosen  as N (0 )  = 1, NHe(L) = 0 . 9 .  

A combina t ion  of e q u a t i o n s  ( 8 ) ,  ( 9 ) ,  and ( 2 1 )  r e s u l t s  i n  t h e  

f o l l o w i n g  e x p r e s s i o n  for h 

H e  

A '  

0 . 1  (6; + h f )  

exp  ( T B f) -1 
6 -  

A -  h '  + Ii 

where 
B = J ) - -  A P  a n d h  = K Z m  A L P  . 

L RT' f 

A s  nf becomes l a r g e ,  n '  may be n e g l e c t e d .  Thus ,  T 

where 

hf /B = KaP/PmD . 
I n s p e c t i o n  of  t h e s e  e q u a t i o n s  r e v e a l s  t h a t  n e t  d r i f t  is n o t  of 

impor tance  i n  t h e  "back-d i f fus ion"  p r o c e s s ,  a l t h o u g h  t h e  n e t  

d r i f t  is i m p o r t a n t  from t h e  s t a n d p o i n t  of e x p e r i m e n t a l l y  de- 

t e r m i n i n g  D1,. F u r t h e r m o r e ,  comple t e  sweeping of t h e  a rgon  

is r a p i d l y  approached  b u t  is neve r  a b s o l u t e  i n  t h i s  p r o c e s s .  

. I  



- 57 - 

. 

CONCLUSIONS 

1. The v i s c o u s  f low r e g i o n  i n  AGOT g r a p h i t e  is l i m i t e d  t o  low 

f l o w  rates .  T r a n s i t i o n  from v i s c o u s  t o  t u r b u l e n t  f l o w  w a s  

d i f f i c u l t  t o  a v o i d  d u r i n g  some of t h e  e x p e r i m e n t s .  

2 .  The c o n t r o l l i n g  mechanism fo r  t h e  i n t e r d i f f u s i o n  of he l ium 

and argon w a s  normal  d i f f u s i o n .  No s i g n i f i c a n t  c o n t r i b u -  

t i o n s  c o u l d  be a t t r i b u t e d  t o  Knudsen and/or  s u r f a c e  d i f f u -  

s i o n  e f f e c t s .  

3 .  A s  c h a r a c t e r i z e d  by a l l  normal  d i f f u s i o n  mechanisms w i t h  

b i n a r y  m i x t u r e s ,  t h e  F i c k  component of  t h e  d i f f u s i o n  r a t e s  

c o u l d  be d e f i n e d  by t h e  p r o d u c t  of t h e  c o n c e n t r a t i o n  

g r a d i e n t  (of one g a s )  and a s i n g l e  m u t u a l - d i f f u s i o n  c o e f f i -  

c i e n t .  

4.  The e x p e r i m e n t a l  sys tem c o n t a i n e d  s o u r c e s  and s i n k s ;  t h u s ,  

t h e  t o t a l  r a t e  of e a c h  g a s  w a s  composed of a F i c k  component 

and a n e t  d r i f t  component. The l a t t e r  w a s  n o t  z e r o  a t  u n i -  

form t o t a l  p r e s s u r e .  

5. The t o t a l  n e t  d r i f t  a t  un i fo rm t o t a l  p r e s s u r e  w a s  s u c h  

t h a t  t h e  r a t i o  of  t h e  t o t a l  he l ium r a t e  t o  t h a t  of a rgon  

w a s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  r a t i o  of t h e  s q u a r e  r o o t  

of t h e  m o l e c u l a r  w e i g h t s  of t h e  gases. 

, 
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6 .  I t  w a s  n o t  n e c e s s a r y  t o  m a i n t a i n  a un i fo rm t o t a l  p r e s s u r e  

w i t h i n  t h e  s y s t e m  i n  o r d e r  t o  e v a l u a t e  t h e  mutua l  d i f f u s i o n  

c o e f f i c i e n t .  

7 .  D i f f u s i o n  e q u a t i o n s  a p p l i c a b l e  a t  un i fo rm t o t a l  p r e s s u r e  

a l s o  a p p l y  when t h e  d i f f u s i o n  is supe rposed  on f o r c e d  f low 

s i n c e  t h e  n e t  d r i f t  f o r  t h e  supe rposed  c a s e  is t h e  sum of 

t h e  n e t  d r i f t  a t  un i fo rm t o t a l  p r e s s u r e  p l u s  t h e  f o r c e d  

f low component. 

8. Although t h e  n e t  d r i f t  a t  un i fo rm p r e s s u r e  is i m p o r t a n t  

from t h e  s t a n d p o i n t  of d e t e r m i n i n g  d i f f u s i o n  c o e f f i c i e n t s ,  

it is n o t  of impor tance  when l a r g e  f o r c e d  f l o w s  of he l ium 

are used  t o  d e p r e s s  b a c k - d i f f u s i o n  of a rgon .  

9 .  B a c k - d i f f u s i o n  of a rgon  can  be d e p r e s s e d  by he l ium sweeps 

b u t  t h e  a rgon  f l o w  is n e v e r  c o m p l e t e l y  r e v e r s e d .  

. 

. 
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