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ABSTRACT 

A model was der ived  f o r  t h e  d i f f u s i o n  of gases i n  porous media i n  t h e  
absence of temperature and p res su re  g rad ien t s ,  i n  which p o r t i o n s  of t h e  medium 
a r e  v i sua l i zed  a s  a  c o l l e c t i o n  of uniformly d i s t r i b u t e d  "dust" p a r t i c l e s  ( g i a n t  
molecules) which a r e  cons t ra ined  t o  be  s t a t i o n a r y .  Thus, it was p o s s i b l e  t o  
d e r i v e  a l l  t h e  des i r ed  r e s u l t s  from r igorous  d i f f u s i o n  equat ions  f o r  mul t i -  
component mixtures .  The r e s u l t s  apply over  t h e  e n t i r e  p re s su re  range from 
t h e  Knudsen region  t o  t h e  normal d i f f u s i o n  region .  This model permi ts  a 
s a t i s f a c t o r y  d e r i v a t i o n  of  t h e  f a c t  t h a t ,  a t  a l l  p res su res ,  t h e  f l u x  r a t i o  of 
two counter -d i f fus  ion gases i s  (m2/'ml)l/2 i n  porous media under s t eady  s t a t e  
and uniform-pressure condi t ions .  

The e f f e c t  of  non-zero p res su re  g rad ien t s  on t h e  d i f f u s i o n  equat ions  i s  
t o  introduce i n t o  t h e  fundamental k i n e t i c  t heo ry  equat ions both  a p res su re  
d i f f u s i o n  term and an e x t e r n a l  f o r c e  term. Somewhat s u r p r i s i n g l y ,  t h e r e  i s  a 
cons iderable  c a n c e l l a t i o n  of terms, and t h e  f i n a l  d i f f u s i o n  equat ion  has t h e  same 
form a s  i n  t h e  uniform p res su re  case .  No a d d i t i o n a l  parameters beyond those  
necessary t o  de f ine  a  d i f f u s i n g  system a,t uniform p res su re  a r e  thus  requi red  t o  
compute t h e  d i f f u s i o n  r a t e s  when p res su re  g r a d i e n t s  a r e  p r e s e n t .  A complete 
s o l u t i o n  r equ i re s  a l s o  a  forced  flow equat ion  g iv ing  J ( t h e  n e t  f l u x )  a s  a  
func t ion  of t h e  p res su re  g rad ien t .  A forced  flow equat ion  i s  derived on t h e  
b a s i s  of t h e  dus%y-gas model, bu t  one parameter must be made d isposable  i n  
o rde r  t o  compensate f o r  t h e  f a c t  t h a t  t h e  model permi ts  on ly  a d i f f u s i v e  
mechanism f o r  f loy ,never  a  v iscous  mechanism. A s e r i e s  of experiments wi th  
one gas mixture is  d iscussed  a s  w e l l  a s  t h e  p o s s i b i l i t y  of extending t h e  model 
t o  include t h e  e f f e c t s  of temperature g r a d i e n t s .  

NOTICE 

This document contains informotion of a preliminary nature and was prepared 
for internal use ot the Oak Ridge Notional Laboratory. I t  i s  subject 

to revision or correction and therefore does not represent o final report. The 
information is  not to  be abstracted, reprinted or otherwise given public dis- 
semination without the approval of the O R N L  patent branch, Legal  and Infor- 
mation Control Deportment. 
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INTRODUCTION 

Studies on t h e  counter d i f fus ion  of argon and helium i n  graphites2 have 

continued with respect  t o  both theory and experimentation. The t h e o r e t i c a l  

s tud ies  have advanced from isothermal uniform-pressure condit ions t o  isothermal 

condit ions where t h e  pressure i s  non-uniform and, more recent ly ,  t o  condit ions 

where t h e  temperature i s  non-uniform. The experimental work has progressed a t  a 

somewhat slower pace than i n  t h e  p a s t  a s  t h e  experiments a r e  being ca r r i ed  out  

with low permeabil i ty graphi tes  which a r e  s l i g h t l y  more d i f f i c u l t  t o  handle than 

t h e  highly permeable mate r i a l s  used i n  t h e  i n i t i a l  experiments. The current  

experimental work concerns isothermal cases of d i f fus ion  i n  t h e  presence of t o t a l -  

pressure  gradients  i n  regions where Knudsen and P o i s e u i l l e  e f f e c t s  control  t h e  

forced-flow p a r t s  of t h e  problem, while Knudsen and normal e f f e c t s  control  t h e  

d i f fus ion  p a r t s  of t h e  problem. These experiments could be of considerable 

s igni f icance  s ince  they could lead t o  modifications of t h e  most recent  theory 

advanced f o r  these  combined e f f e c t s .  

Theoret ica l  t reatments of superposed flow problems wi th in  t h e  Knudsen region 

a r e  q u i t e  simple because, i n  t h i s  region, forced and d i f f u s i v e  phenomena a r e  t h e  

same. I n  t h e  normal region, t h e  superposed theory f o r  c a p i l l a r i e s  i s  we l l  under- 

stood, and t h e  theory f o r  porous media has been appreciably advanced. The 

intermediate case, which i s  very appl icable  t o  nuclear  r eac to r  problems, remains 

a s  t h e  most d i f f i c u l t  of a l l .  A good d e a l  of t h e  d i f f i c u l t i e s  stem from t h e  f a c t  

t h a t  t h e  o v e r a l l  superposed problem must be approached from f i v e  d i f f e r e n t  stand- 

points ,  two with respect  t o  geometry and t h r e e  with respect  t o  flow behavior. The 



flow phenomena, which have been mentioned before ,  a r e :  P o i s e u i l l e  (forced-viscous)  

flow, Knudsen ( forced  and/or d i f f u s i v e )  flow, and normal d- iffdsion;  t h e  * 

geometr ical  models a r e  t h e  "bundle of i d e n t i c a l  ~ a ~ i l l a r i e s " ~ ' ~  and a  r e c e n t l y  

devised "dusty-gas " model. The immediate problem of designing r e a c t o r  components 

prec ludes  t h e  luxury of r e s t r i c t i n g  t h e  p resen t  s t u d i e s  t o  a  simple geometry-flow 

mechanism p a i r .  Indeed, i n  view of a  d e s i r e  f o r  u t i l i z a t i o n  of e a r l i e r  r e s u l t s  t o  

maximum advantage, one must be a b l e  t o  pass  f r e e l y  back and f o r t h  between t h e  two 

geometries and var ious  flow mechanisms i n  such a  way t h a t  t h e s e  d i f f e r e n t  concepts 

complement, r a t h e r  t han  con t rad ic t ,  one another .  

FORCED FLOW WITHOUT SEPARATION 

To f i x  ideas ,  one may g ive  cons idera t ion  t o  t h e  forced-flow p a r t  of  t h e  

problem f i r s t  - i n  p a r t i c u l a r  t o  t h e  d i f f e rences  between t h e  viscous flow and 

d i f f u s i v e  phenomena which a r e  observed when a  s i n g l e  gas ( o r  gas  mixture which i s  

no t  allowed t o  sepa ra t e )  i s  forced  through a  porous medium under a t o t a l - p r e s s u r e  

g r a d i e n t .  Isothermal  experiments of t h i s  type a r e  g e n e r a l l y  predica ted ,  both  i n  

theo ry  and p r a c t i c e ,  on t h e  f i r s t  assumption t h a t  flow w i l l  be con t ro l l ed  by t h e  

viscous mechanism. Thus, P o i s e u i l l e ' s  model f o r  a s i n g l e  c a p i l l a r y  w i l l  be  

followed. This i s  a continuum theory,  wholly un re l a t ed  t o  t h e  d i f f u s i v e  mechanism, 

bu t  r e l a t e d  t o  momentum t r a n s p o r t  v i a  shear ing  f o r c e s .  For a c a p i l l a r y ,  one w r i t e s  

f o r  l i n e a r  flow along z  (cm). The v i s c o s i t y  of  t h e  gas is  q (poise) ;  

3 dp/dz (dynes/cm ) i s  t h e  p res su re  g rad ien t  along z; dv /d r  (see-') i s  t h e  r a t e  of 
z  

change of t h e  mass average v e l o c i t y  along z wi th  r e spec t  t o  t h e  r a d i a l  d i r e c t i o n  

r ( cm) . Two i n t e g r a t i o n s  of Eq. (1)  g ive  t h e  r e l a t i o n s h i p  



The average v  with respect  t o  r i s :  
0 

The constant v  (cm, see)  a t  ro ( the  c a p i l l a r y  wal l )  t u r n s  out t o  be very 
0 

important f o r  t h e  case of superposed flow s ince  vo i s  u t i l i z e d  t o  allow f o r  t h e  

mass average ve loc i ty  r e s u l t i n g  from d i f fus ive  flow when dp/dz = 0.  It i s  not a t  

a l l  necessary t o  t ake  v  a s  representa t ive  of viscous s l i p  a t  t h i s  point  because 
0 

t h e  l a t t e r  may be developed i n  d i f f e r e n t  fashions.  Also, t h e  viscous s l i p  depends 

on dp/dz which i s  not apparent from Eq. (2b) . 
With t h e  vo = 0 i n  Eq. (2b), it i s  qu i t e  easy t o  w r i t e  down the  analogous 

2  
equation f o r  porous media by replac ing t h e  r 187 term by B where v  i s  now re fe r red  

0 

t o  t h e  gross a rea  and length  of the  medium. For porous media, 

2  2  The constant B (cm ) i s  ( )  ( 8  where E i s  t h e  open poros i ty  of t h e  medium 

and q  i s  t h e  square of t h e  r a t i o  of the  average capil . lary length  t o  t h e  medium 

length.  A bundle of c a p i l l a r i e s ,  a l l  of radius ro, i s  envisioned a t  t h i s  po in t .  

In these  experiments, t h e  mass average veloci ty ,  v, i s  i d e n t i c a l  t o  t h e  

2  
p a r t i c l e  veloci ty ,  u  = J In, where J (atoms/cm sec)  i s  t h e  forced f lux,  n  f  f  

3 (atoms/cm ) i s  t h e  gas dens i ty  given by gas law a s  p / k ~ .  An expression f o r  

isothermal flow may be developed from Eq. (3a) by s u b s t i t u t i o n  of J $ T / ~  f o r  v  

and in tegra t ing  over t h e  length,  L (cm) . The r e s u l t  i s  

where < p > i s  112 L p  ( 0 )  + p ( ~ )  1 and Ap i s  p  (0) - (L) . 
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P l o t s  of t h e  experimentally determined B versus < p >-I f o r  h ighly  permeable 

graphi tes  r e s u l t  i n  near ly  hor izonta l  l i n e s  (zero slope) as  indicated on Fig. 1. 

Thus Eq. (gb) gives a f a i r  est imate of forced flow behavior of permeable graphi tes .  

Forced-flow experiments with high permeabil i ty graphi tes  a r e  ca r r i ed  out with 

t h e  d i f fus ion  apparatus ( ~ i g .  5)  with t h e  i n l e t  on one s ide ,  and t h e  o u t l e t  on 

t h e  o ther  s ide ,  closed. For low permeabil i ty graphi tes ,  t h e  apparatus indicated on 

Fig. 2 i s  u t i l i z e d  because t h e  flow r a t e s  a r e  r e l a t i v e l y  low and important 

sub-atmospheric experiments can be performed with ease. 

P lo t  of B versus < p >-' f o r  low permeabil i ty graphi tes  r e s u l t  i n  curves with 

considerable slope a s  shown i n  Fig. 3.  However, t h e  curves a r e  l i n e a r ,  thus 

B = B (1 + a /  < p >) and Eq. (3b) may be w r i t t e n  a s  
0 

2 where K (cm /sec)  i s  a new constant ( ac tua l ly  a c o e f f i c i e n t )  which exh ib i t s  a 

l i n e a r  r e la t ionsh ip  with < p > as  shown i n  Fig.  4. The K ' s  of Fig. 4 a r e  merely . - 
t h e  B ' s  of Fig. 3 mul t ip l ied  by < p >/?. It t u r n s  out t h a t  aB = 413 c K 

0 0' 

where c i s  t h e  mean thermal speed ( 8 k T / ~ t m ) ~ / ~ .  The parameter K i s  given by 
0 

(€Iq) rh$; where r i s  t h e  mean hydraulic radius,  $ = 3n/16[ (2  - $) / $ I ,  @ i s  t h e  h 

f r a c t i o n  of d i f f u s i v e  wal l  c o l l i s i o n s ,  1 - $ i s  t h e  f r a c t i o n  of specular  

- 
r e f l e c t i o n s .  For a s i n g l e  cap i l l a ry ,  413 cKo becomes n r  </8, when $ = 1. 

0 

For porous. media, 

The B < p >Iri term gives t h e  viscous f lux ,  the  413 K ~ F  gives the l 'd i f fus ive  f lux1' ,  
0 

K 

and t h e  sum of t h e  two gives t h e  t o t a l  f l u x  measured. 



A very important p iece  of information over and above an accurate descr ip t ion 

of forced flow behavior can be gained through t h e  experimental determination of 

Bo and KO. These parameters may be w r i t t e n  i n  terms of r t h e  hydraulic radius ,  h ' 
and ko, a shape f a c t o r ,  a s  

2 
B~ = ( ~ / q )  (m /ko) and K~ = (€19) (@) ( rh) ,  

4. which may be combined t o  give . 

According t o  Eq. ( 5 ) )  ~ / q  ( the  poros i ty - to r tuos i ty  r a t i o )  can be obtained through 

permeabil i ty d a t a  alone if 0 and k a r e  known. It s h a l l  be shown l a t e r  t h a t  t h e  
0 

2 D (cm /sec)  values obtained experimentally (with a given graphi te)  should be 
12 

- 
equivalent t o  t h e  mutual d i f fus ion  coef f i c ien t s ,  

2 
D12 (cm / sec ) ,  mul t ip l ied  by t h e  

same ~ / q  determined through permeabil i ty measurements (with t h e  same piece  of 

* 
graph i te ) .  Since 5 f o r  most of t h e  gas p a i r s  of i n t e r e s t  a re  known, and, 

12 
- 

furthermore, s ince  the  (413) (KO) ( c )  term tu rns  out  t o  be t h e  Knudsen d i f fus ion  

coef f i c ien t ,  a l l  t h e  experimental information required t o  solve t h e  d i f fus ion  and 

t h e  d i f fus ion  plus  forced-flow problems might be given, a t  l e a s t  approximately, 

by a s e r i e s  of forced-flow experiments with one gas.  

N O W  DIFFUSION 

The se lec t ion  of s u i t a b l e  f l u x  equations which descr ibe  s t eady-s ta te  flow i n  

porous media i s  an important f a c e t  of these  s tudies ;  therefore ,  it i s  p e r t i n e n t  t o  

review t h e  bas ic  re la t ionshipsb from which our working equations a r e  derived.  This 

review may be conveniently r e s t r i c t e d  t o  b inary  gas systmes (gas 1 and 2) i n  t h e  
a 

normal region without g rea t  losses  of genera l i ty .  A l l  t h e  a n a l y t i c a l  r e s u l t s  

( v i ~ c o s i t ~ ~  e f f e c t s  excluded) which have been u t i l i z e d  i n  t h i s  work a r e  d i r e c t l y  
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2 
, r e l a t e d  t o  t h e  b a s i c  d e f i n i t i o n  of t h e  mass f l u x  ji (grams/cm sec,  i = 1 o r  2) 

- 
i n  terms of t h e  d i f fus ion  ve loc i ty ,  Vi (cm/sec). For gas 1, 

The expression f o r  j2 i s  given a s  above with t h e  subsc r ip t s  interchanged. This 

r e l a t i o n s h i p  i s  not t o o  u s e f u l  a s  it s tands  because ? i s  not t h e  J /n measured 
1. 1 1  

i n  t h e  laboratory;  r a t h e r ,  it i s  a ve loc i ty  r e fe r red  t o  v (see Eq. 1) such t h a t  

- 
V1 = J /n - v and t h e  same f o r  7 This d e f i n i t i o n  of mass f lux ,  j ., i s  based 

1 1  2 1 

on t h e  requirement t h a t  t h e  changes i n  momenta associa ted  with d i f f u s i v e  f luxes  

a r e  zero. I n  o the r  words, t h e  sum of jl + j2 o r  d + d must be zero a t  s teady 1 2  

s t a t e .  

where p = n m + n m This r evea l s  t h a t  J /J = - m /m when v = 0 which i s  t h e  
11 2 2 .  1 2  2 1 

t h e o r e t i c a l  r e s u l t  of dp/dz = 0 i n  l a r g e  tubes when v = 0 (see Eq. 2b).  Also, 
4 0 

f o r  b inary  systems, one may express j i n  terms of t h e  b ina ry  d i f f u s i o n  coe f f i c i en t ,  
i 

- -1 
Dij ,  and a dr iv ing force ,  d . (cm ), a s  

J 

j 1 

The d i f f u s i o n  c o e f f i c i e n t  v a r i e s  with x = n .  /n when more than two gases a r e  i 1 
- - 

considered. I n  t h e  p resen t  case, D12 - - DP1; thus ,  d + d = 0 .  The Maxwell 
1 2  

d i f fus ion  equation develops from Eqs . (6a) and (6b) when one solves f o r  7 and 7 
1 2 

then  w r i t e s  t h e  d i f fe rence  such t h a t  

which gives 

6 For l i n e a r  flow, i n  genera l  , 



For l i n e a r  flow i n  binary  systems, 

[ 1 dn" - [ "1"' dn ] - [ "1'1 d = -- - -  -11 ( 1 + 2 ) ] 
1 n dz n p dz nkT n P  kT (9b) 

The dr iv ing force  i s  given here as  t he  sum of a concentration term, a pressure  

d i f fus ion  term, and a spec ia l  kind of ex te rna l  force  term. The o r i g ina l  Maxwell 

equation was intended f o r  s i t ua t i ons  where dn/dz = 0 and t he  ex te rna l  forces  F 
1 

and F were absent i n  Eq. (gb) . Thus, o r ig ina l ly ,  
2 

dl = dxl/dz. The l a s t  two terms 

r e s u l t  from rigorous treatments by Chapman and Enskog where non-zero F 1, F2, and 

dn/dz were considered . 
NORMAL DIFFUSION WITH PRESSURE GRADIENTS 

The force  terms involving the  Fl and F2 (dynes/part icle o r  atom) have been of 

considerable s ignif icance i n  these  s tud ies .  The forces  a r e  espec ia l ly  r e s t r i c t e d  

L t o  those which might a l t e r  t he  d e t a i l s  of the  intermolecular co l l i s ions  control l ing 

t h e  d i f fus ion  behavior. For example, g rav i ta t iona l  forces,  Fi = mi(dv/dt), which 

should not a f f ec t  t he  co l l i s i on  process d i r ec t l y ,  cancel out t o  give a zero force  

term. The f luxes  associated with t he  viscous mechanism were considered, then 

- 
avoided, by taking 7 - V2 i n  Eq. (8a ) .  The var ia t ions  i n  dens i ty  and/or pressure 

1 

a r e  already allowed f o r  i n  Eq. (gb). Additional d e t a i l s  concerning viscous 

mechanisms should not be inser ted  i n to  the  external  force  group of d Further 
1 ' 

discussion of t h i s  group w i l l  be given i n  t he  next sect ion.  

A s  a n  introduction,  l e t  us consider normal d i f fus ion i n  l a rge  tubes wherein 

F1 = F2 = 0 and very small dn/dz give l a rge  changes i n  J. This means t h a t  t h e  

pressure d i f fus ion  term i n  Eq. (9b) i s  negl ig ible .  



Based on t h e  above assumptions regarding d a convenient d i f fus ion-f lux i' 

equation f o r  t h e  individual  components may be developed by s u b s t i t u t i n g  J - J1 

f o r  J x f o r  n /n, 1 - x f o r  x and dxl/dz f o r  d i n  Eq. (8b), and then 
2' 1 1 1 2' 1 

rearranging. The equation i s  

1 - dx /dz + xlJ. - - nD12 1 (10) 

A s imi la r  non-independent equation may be w r i t t e n  f o r  J An i n t e g r a l  form of 
2 ' 

Eq. (10) is  

which appl ies  t o  many s teady-s ta te  flow s i t u a t i o n s  (even when dp/dz f 0) , and i n  

7 p a r t i c u l a r ,  t o  t h e  Wicke method of performing d i f fus ion  experiments which i s  

u t i l i z e d  i n  our present  s tud ies .  When dp/dz = 0, t h e  r a t i o  J/J may be replaced by 
1 

1 - m /m , and Eq. (11) reduces t o  a r e la t ionsh ip  i n  J alone.  However, t h i s  
1 2  

. condit ion i s  d i f f i c u l t  t o  accomplish i n  t h e  laboratory.  When it is, t h e  Jl/J2 

r a t i o  tends toward 1 - (ml/m2)1/2 a t  lower pressures .  Nevertheless, Eq. (11) 

s t i l l  holds f o r  c a p i l l a r i e s  and permeable porous media. 

A complete so lu t ion  t o  t h e  problem involves t h e  reduction of Eq. (11) t o  a 

r e la t ionsh ip  incorporat ing a s ing le  f l u x  - pre fe rab ly  J1 when dp/dz f 0. This 

means t h a t  J must be estimated v i a  forced flow information which, i n  turn ,  means 

t h a t  v must be considered. The equation r e l a t i n g  t h e  o v e r a l l  p a r t i c l e  ve loc i ty  

u = J / n  t o  t h e  mass average ve loc i ty  v may be developed through our nrevious 

assumptions on d by s u b s t i t u t i n g  t h e  J1 and J re la t ionsh ips  given by Eq. (10) i 2 

i n  t h e  r i g h t  hand s ide  of Eq. (7 ) .  The l a t t e r  reduces t o  



A t  dp/dz = 0, vo = 0 f o r  l a rge  cap i l l a r i e s ,  but uo # 0. Actually, 

Thus . 

The usual  experimental o r  computational procedure i s  t o  consider a s e r i e s  of 

f luxes  with d i f f e r en t  dp/dz values a t  t h e  same boundary concentration. Since t he  
- 
D12 

term i s  smaller than t he  viscous term i n  Eq. (13), one may wr i t e  

u - u o - (rE/87) dp/dz. (145~ 

The i n t eg ra l  form of Eq. (14a) i n  terms of t he  t o t a l  f l ux  i s  

where OP i s  applied so a s  t o  enhance t he  flow of t he  heavy gas. A combination of 

Eq. (11) and Eq. (14b) cons t i tu te  a complete solut ion f o r  t he  superposed problem 

i n  t he  normal region ( f o r  t heo re t i c a l  c ap i l l a ry  behavior) i n  terms of t he  var iables  

AP and xl. The flow parameters required a r e  5 and < 7 >, which a r e  cha r ac t e r i s t i c  
12 

of t he  binary gas system; the  required cap i l l a ry  cha r ac t e r i s t i c s  a r e  t he  length 

and the  diameter. 

For porous media i n  the  Knudsen region it i s  c l ea r  t h a t  J /J = - (m /m ) 1 2  2 1 
112 

when dp/dz = 0. It tu rns  out t h a t  t h i s  same condition holds, even i n  t he  normal 

region. Regardless of t h i s ,  t h e  r e s u l t s  c i t ed  f o r  c ap i l l a r i e s  hold a l s o  f o r  porous 

media, using and < B > i n  place of 5 and (rE/8 < 7 >), respect ively .  D12 12 

Experimental ve r i f i c a t i on  of the  app l i c ab i l i t y  of Eqs. (11) and (14b) has been 

recent ly  published by t h e  authors 9, 10 11 
and Hugo and Wicke . 

COMBINED NORMAL-KNUDSEN DIFFUSION 

A Dusty Gas Model 

Extension of c ap i l l a ry  theory t o  cover d i f fus ion  i n  porous media creates  a 

major discrepancy i n  theory a s  t he  experimental r e s u l t s  a r e  contradictory i n  regard 



.to t h e  J /J condition a t  uriiform pressure .  Although t h e  theory p r e d i c t s  a 
1 2  

non-zero J it a l s o  p r e d i c t s  a v of zero; whereas, ac tua l ly ,  
0, 0 

v = - I (mlm2)1/2/p~ Joe 0r.e might attempt t o  show t h e  (m /m )'I2 condit ion by 
0 2 1 

assuming t h a t  viscous forces  a r e  absent when dp/dz = 0 arid t h a t  the  second term 

i n  Eq. (4b) i s  a t r ~ e  d i f f u s i v e  term, with a p a r t i a l  pressure  gradient  given by 

- -1 
1 1 2  -1 2 

112 (413 K ~ c ~ )  ( J ~ ) .  Since dp = - dp2, J /J = - c ) = - (m2/ml) a 

On t h e  bas i s  of s i n g l e  gas experiments alone, however, t h e  assumed d i f fus ion  'erm 

i s  only a s u f f i c i e n t  (not  necessary) condition f o r  i t s  f i n a l  form (with dp/dz) i n  

t h e  forced flow equation. It i s  of greatxr  s igni f icance  t o  note t h a t  t h e  primary 

d i f f u s i v e  p a r t s  of t h e  problem have been disrzgarded completely, e .  g . ,  Eq. (10).  

One should be re luc tan t  t o  o f f e r  t h i s  argument as  a proof of t h e  J /J condition; 1 2  

however, t h e  f a c t  t h a t  t h e  413 K c .  term shows t h e  same temperature and pressure  
0 1 

dependencies a s  a ED term s t rongly  suggest t h a t  t h e  (m /m )'I2 cocdit ion a r i s e s  
i j 2 1 

a s  t h e  r e s u l t  of a d i f f u s i v e  flow. I f  t h i s  i s  so, t h e  d i f fus ion  equations 

appl icable  t o  c a p i l l a r i e s  a r e  incomplete f o r  cases where porous media a r e  involved; 

f o r  one should be able  t o  der ive  t h e  (m2/ml)112 condit ion from t h e  complete 

d i f fus ion equations (which cannot be done v i a  previous re la t ionsh ips )  without 

having t o  r e s o r t  t o  p ieces  of t h e  forced flow equations. 

Since add i t iona l  d i f fus ion  information i s  required,  it i s  only l o g i c a l  t o  

t u r n  t o  multicomponent forms of Eq. (8b).  This suggests t h a t  one might visual . ize 

t h e  pore surfaces ,  which a r e  associated with t h e  gas-wall c o l l i s i o n  mechanism, as  

being a co l l ec t ion  of s o l i d  dus t  p a r t i c l e s  suspended d i r e c t l y  i n  t h e  path  of the  

5 flowing gases . The dust  may be t r e a t e d  formally as an add i t iona l  gas component 

subject  t o  very s p e c i a l  condit ions.  It should be pointed out t h a t  waldmann12 has 

given extensive treatments t o  shch systems wherein t h e  dust  i s  f r e e  to move. In  



t h e  present  case, t h e  dusty-gas i s  composed of l a rge  spher ica l  p a r t i c l e s  constrained 

t o  remain s t a t ionary  (J = 0) and uniformly d i s t r i b u t e d  (dn /dz = 0 ) .  Accordingly, 
d d 

t h e  dust  cannot exer t  a p a r t i a l  pressure,  so the  t o t a l  pressure  and a l l  r e l a t e d  

quan t i t i e s  a r e  f i c t i t i o u s  and a r e  denoted with a prime. For example, 

where, i n  t h i s  case, i r e f e r s  t o  r e a l  gases and v i s  t h e  t o t a l  number of  component,^. 

The f r a c t i o n  of medium considered a s  dust  i s  very small compared t o , t h e  medium 

a s  a whole; thus,  t h e  o r i g i n a l  pore geometry as  we l l  as  r e la t ionsh ips  l i k e  

a r e  re ta ined.  The present  treatment i s  merely an extension of t h e  old c a p i l l a r y  

model a s  f a r  as  pore geometry i s  concerned. The s i z e  of t h e  dus t  p a r t i c l e s  a r e  

assumed l a r g e  i n  comparison t o  r e a l  gases so t h a t  t h e  reduced mass, p, and 

c o l l i s i o n  diameter, a i n  t h e  usual  expressionLJ 
12' 

f o r  nDij become m and r 
i d ' 

- 
respect ively .  This i s  consis tent  with t h e  413 Koci term. It is  not necessary, 

but  it i s  convenient, t o  assume uniformity of p a r t i c l e  s i z e s .  

The multicomponent forms of Eq .  (8b) f o r  one dimensional flow of v components 

a r e  
v 

which a r e  ca l l ed  t h e  Stefan-Maxwell equations. There a r e  v - 1 independent 

equations i n  t h i s  s e t .  According t o  oirddl, Stefan assumed t h a t  t h e  Maxwell 

equations could be used f o r  v > 2 conditions without changing the  b inary  

coef f i c ien t s  t o  multicomponent coef f i c ien t s .  The v a l i d i t y  of t h i s  very important 

and convenient decis ion was demonstrated sometime l a t e r  by Cur t iss  and 

1 5  H i r s  chf e lde r  . 



External  Force-Pressure Gradient Relat ionships 

The r e s u l t s  based on Eq.  (15) a r e  not r e s t r i c t e d  t o  uniform pressure  

conditions, but may include s i t u a t i o n s  where forced flow and pressure  gradients  

16 
a r e  present  . It w i l l  be necessary t o  d iscuss  add i t iona l  f e a t u r e s  of t h e  dus ty  

gas which t ake  these  s i t u a t i o n s  i n t o  account. The add i t iona l  f e a t u r e s  involve: 

t h e  mode of suspension, t h e  d r iv ing  fo rce  gradient ,  and t h e  ex te rna l  fo rce  terms. 

The d e t a i l s  of suspension a r e  p rec i se  i n  t h a t  t h e  only forces  allowed t o  

operate on t h e  dust  p a r t i c l e s  a r e  assumed t o  be d i f f u s i v e  fo rces .  I f  a  pressure  

gradient  e x i s t s  i n  a  gas-dust system, t h e  dp/dz exerted ex te rna l ly  on t h e  gases 

i s  transmitted t o  t h e  dust  i n  t h e  d i r e c t i o n  of t h e  forced flow. This fo rce  i s  

counter balanced by an equivalent ex te rna l  force  which keeps t h e  p a r t i c l e s  

s t a t ionary .  The t o t a l  clamping force  may o r  may not be t h e  constraining fo rce  on 

t h e  p a r t i c l e s ;  however, t h e  mode of suspension i s  such t h a t  only d i f f u s i v e  forces  

can be applied ex te rna l ly .  The ex te rna l  forces  which a c t  on t h e  dust  i n  both 

d i r e c t i o n s  a r e  

dp n F  = -  
d d  d z '  

where F  i s  t h e  ex te rna l  fo rce  exerted on each dust  p a r t i c l e .  The Fd does not d  

depend d i r e c t l y  on J, only on t h e  dp/dz. Although t h e  dp/dz may introduce a  

viscous component, ( ~ ~ n / ~ )  (dp/dz), which w i l l  d r a s t i c a l l y  a l t e r  t h e  J /J t h i s  
1 2' 

should not a f f e c t  Fd. Furthermore, we pretend t h 8 t  the dus t  does not a l t e r  t h e  

parabolic ve loc i ty  p r o f i l e  associated with viscous e f f e c t s .  Since t h e  wal l  s l i p  

0 
112 e f f e c t s  a r e  now counted a s  dus t  e f fec t s ,  t h e  v remains a s  - [(mlm2) / p ] ~ o  

because of t h e  dus t .  Equations (15) and (16) af ford  a  comple.te so lu t ion  t o  +,he 

d i f f u s i o n  p a r t  of t h e  problem. 



By s u b s t i t u t i n g  Eq. (16) i n  Eq. (gb),  one f i n d s  t h a t  t h e  ex te rna l  force  p a r t  

( the  l a s t  p a r t )  of dd i s  

and t h a t  t h e  external  force  p a r t s  of t h e  di, where i now denotes a l l  t h e  r e a l  

gases, are, e .  g. ,  

because a l l  t h e  F .  a r e  zero. Whec a l l  terms i n  d  a r e  considered, one f i n d s  t h a t  
1 3 

a  su rpr i s ing  amount of cancel la t ion  occurs such t h a t :  

i f  d  i f d  

One may conclude here t h a t  t h e  F d e f i n i t i o n ,  Eq. (16))  i s  compatible with t h e  
d  

d i f fus ion  re la t ionsh ips  because d .  = 0. 
C j  J 

The j  = d  equation of t h e  s e t  given by Eq. (15))  with d  = - ( l / n l )  (dn/dz) d  

and Jd = 0, gives 

I f  DiK i s  defined by 
n  ' D i d  nD - i d  

Equation (17) may be w r i t t e n  f o r  two r e a l  gases a s  e i t h e r  



where both  forms g ive  t h e  J ~ / J ~  = - (m /m )ll2 condi t ion  when dp/dz = 0. 2 1 

According t o  t h e  equation, t h e  J /J condi t ion  i s  independent of pressure ,  
1 2  

temperature, and t h e  values of D r e l a t i v e  t o  D12. These r e s u l t s  follow 
I d  

experimental observat ions .  

The Dif fus ion  Equations 

The d i f fus ive - f lux  equation l i k e  Eq. (10) f o r  two gases may be developed 

by taking  j  = 1, i n  Eq. (15) ,  wi th  dl = ( l / n l )  (dnl/dz): 

Subs t i tu t ing  Jd = 0, J = J - J1, and n '  = nl 
2 

+ n + n = n + n one ob ta ins  
2 d d' 

a f t e r  rearrangement 

where 

and 

The same s e t  oiFrequations apply f o r  J but 'bnk must \be  c a r e f u l  t o  interchange 
2' 

a l l  subscrj-pts .  An important t r i c k  i n  g e t t i n g  r id  of t h e  prime q u a n t i t i e s  i s  t o  - 
remember t h a t  n l D i j  = nD A s  p increases,  D12 decreases inve r se ly  wi th  p, 

i j  ' 

while D remains cons tan t .  Therefore, Eq. (19) t a k e s  t h e  form given by Eq. (10) 
1 K  

-1 a t  high pressures  because D + D (and 6 + 1 a s  p + 0 )  A t  low pressures ,  
1 1 2  

D l +  D and 6 -, 0, t h e  x J term vanishes and,only t h e  we l l  known Knudsen d i f f u s i o n  
l k  1 

equation remains. Equation (19) would have been exac t ly  t h e  same had t h e  

development been r e s t r i c t e d  t o  dp/dz = 0 condit ions.  Thus, t h e  e f f e c t s  of pressure  

g rad ien t s  a r e  introduced v i a  i n t e g r a t i o n .  



-m- 
To prepare Eq. (19) f o r  in tegra t ion,  it i s  convenient t o  use t h e  re la t ionsh ip  

dn 
1 

dx 
- - - 1 dn 

n -  + x  - 
d z  dz 1 dz ' 

which subs t i tu ted  i n t o  Eq. (19) leads  t o  

It i s  necessary t o  speci fy  n  a s  a  funct ion of z  somewhere i n  t h e  in tegra t ion  

process. We have assumed a  l i n e a r  r e la t ionsh ip  s ince  t h e  An's  of i n t e r e s t  w i l l  

be small i n  high permeabil i ty mater ia ls .  Also, they w i l l  tend toward l i n e a r i t y  

i n  low permeabil i ty regions because of t h e  Knudsen c h a r a c t e r i s t i c s .  Thus, 

n(z> = n(0) + (an) ( z / ~ )  (20) 

where 

An = n(L) - n ( 0 ) .  

The in tegra ted  form of Eq. ( lga)  i s  

When dp/dz = 0, n(0) = n(L) and t h e  above may be w r i t t e n  a s :  

where f3 = ( J / J ~ ) ~  = 1 - (ml/m2)1/2* 

One may note t h a t  t h e  uniform pressure  equation with 6 = 1 i s  merely Eq. (11). 

Equations (21) and (22) c o n s t i t u t e  a  complete so lu t ion  t o  t h e  d i f f u s i o n  problem a t  

a l l  pressures i f  a l l  t h e  J ' s  and coef f i c ien t s  a r e  known. 

The Forced Flow Equation 
- 

As mentioned before, it i s  most convenient t o  use t h e  d i f fus ion  equations 

with an a u x i l l i a r y  re la t ionsh ip  which w i l l  enable one t o  p red ic t  J on t h e  b a s i s  o f :  



(a) permeability information and (b) An or  Ap. This w i l l  e l iminate one of t he  

f luxes i n  Eq. (21). The only forced-f low information carr ied by Eq. (21) i s  t he  

reasonable assumption t h a t  n(z) or  p(z)  should be l inear ;  no other forced-flow 

information was required.  The e f f ec t s  of the  forced-flow problem on the  di f fus ion 

problem were buried i n  J, s ince  t h e  di f fus ion equations do not require  a knowledge 

of viscosity,  e t c .  This i s  one of t h e  beauties of t he  dusty-gas d i f fus ion  model 

which i s  absent i n  the  forced-flow problem. 

The development of Eq. (14b) f o r  c ap i l l a r i e s  indicated t h a t  t he  forced-flow 

problem i s  indeed a d i f f i c u l t  one; f o r  one i s  now concerned with v which var ies  

from point  t o  point  a t  steady s t a t e  and i s  re la ted  t o  J through a var iable  

< 7 >. Attempts t o  use t h e  same approach used f o r  Eq. (14b) were immediately 

abandoned because of t he  complexity of t h e  resu l t ing  equations. Our a l t e rna t e  

procedure i s  therefore  somewhat empirical, but it appears t o  yie ld  usefu l  r e s u l t s .  

A glance a t  Eqs. (17), (18a), and (18b) w i l l  reveal  t h a t  a t  l e a s t  t he  Knudsen 

p a r t  of t he  forced-flow equation i s  avai lable  through t he  j = d equations of t he  

model. With t h i s  as  a bas is ,  one may define 1 - Cl and Cl  as  t h e  f rac t ions  of 

-I 
Knudsen and viscous forced-flow components, respect ively .  As p + 0, Cl + 1; 

flow i s  e n t i r e l y  viscous. As p + 0, Cl  + 0; flow i s  e n t i r e l y  Knudsen. 

where K = Bop/7 + Dlk 

For a s ingle  gas experiment Eq. (17) gives 

but J i n  the  above equation i s  only the  di f fus ive  p a r t  of t he  t o t a l  forced J. 1 
I 

When J1 = ( 1  - Cl)  (J) = ( D ~ ~ / K )  J i s  subst i tu ted i n  Eq. (17), t he  usual  permeability 



re la t ionship ,  Eq. (ha), i s  recovered. For an experiment with two gases, t h e  

Knudsen pa r t  i s  given by Eq. (18b) . The l e f t  hand s ide  of Eq. (18b) i s  t rea ted  

a s  a s ingle  f l u x  f o r  convenience. Thus, i n  close analogy t o  cases involving a 

s ing le  gas, 
Bop/rl 

c21 = 
2 

where C = + D2K. 
The J - f3J1 i n  Eq. (18) i s  ac tua l ly  (1 - cgl) (J - f 3 ~ ~ )  

2 

when viscous e f f ec t s  a r e  present.  This r e s u l t s  i n  a t en t a t i ve  expression f o r  the  

forced flow experiment which i s  

L 

J =  PJ -2 * 
1 kT d z '  

A t  present,  we denote C a s  a disposable parameter t o  be determined through 
2 

experiment . 
* 

EXPERIMENTAL WORK 

Two s e t s  of d i f fus ion  experiments have been completed during t he  l a s t  year.  

The experiments involved the  counter-diffusion of helium and argon i n  two graphites 

which may be c l a s s i f i ed  as  moderately low permeability mater ia ls .  Insofar a s  

possible,  t he  t o t a l  pressure of t he  gases was maintained uniform. A diagram of 

t he  experimental set-up i s  presented i n  Fig. 5 .  A s  opposed t o  our e a r l i e r  

experiments with high permeability graphites,  appreciable Knudsen e f f ec t s  were 

observed, not only i n  the  permeability r e su l t s ,  but a l so  i n  t h e  d i f fus ion  r e su l t s .  

The di f fus ion r e s u l t s  with these two specimens offered t he  f i r s t  opportunity t o  

ver i fy  t he  v a l i d i t y  of the  di f fus ion equations presented i n  t he  previous sect ion 

. f o r  t he  intermediate region. Experimental ve r i f i c a t i on  of t he  dusty-gas model 

const t tu ted one of t h e  major objectives f o r  the  experimental work performed during 

t he  previous year.  
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Another important, but  r a t h e r  long range object ive ,  e x i s t s  with respect  t o  

t h e  a p p l i c a b i l i t y  of t h e  dust-gas model t o  graphi tes  wherein t h e  permeabil i ty 

coef f i c ien t  va r ies  markedly along t h e  flow path .  The two low-permeability 

specimens were se lec ted  with t h i s  object ive  i n  mind. Both specimens or ig inated  

from t h e  same source, which was a p iece  of t h i n  wa l l  graphi te  pipe, both surfaces 

of which were subjected t o  a permeabil i ty reduction treatment.  One piece  of t h e  

p ipe  was mounted a s  a specimen i n  t h e  "as received" condition (denoted Specimen I V ,  

see Figs. 3 and 4 ) .  Approximately 10 mils  were machined from both surfaces  of an 

adjacent  p iece  of t h e  p ipe  p r i o r  t o  mounting a s  a specimen (denoted a s  Specimen 111, 

see Fig. 6 ) .  

The r e s u l t s  of t h e  permeabil i ty experiments reveal  t h a t  t h e  removal of t h e  

coating increases t h e  permeabil i ty constant by a f a c t o r  of 6 .  From a l l  outward 

appearances, however, t h e  d i f fus ion  r e s u l t s  look very much t h e  same with t h e  

1 

expected exception t h a t  t h e  d i f fus ion  r a t e s  were much higher i n  t h e  uncoated 

specimens than i n  t h e  "as received" specimen. The dusty-gas model was followed 

i n  both cases i n  t h e  same way. For t h i s  reason we have se lec ted  t h e  r e s u l t s  f o r  

t h e  uncoated ( r e l a t i v e l y  uniform) mate r i a l  f o r  t h e  present  discussion.  

The counter-diffusion r e s u l t s  f o r  Specimen I11 a r e  shown i n  Fig.  6 .  A l l  of 

these  r e s u l t s  were obtained through experiments conducted a t  2 5 ' ~  a t  severa l  

uniform pressures  which range from approximately 1 . 2  t o  6 .5  atm. A glance a t  

Eq .  (22), which i s  appl icable  t o  these  experiments, reveals  t h a t  a s i n g l e  d i f fus ion  

experiment would have been s u f f i c i e n t  t o  evaluate nD HeAr s ince  D HeK and DArK had 

been determined previously v i a  forced flow experiments. A s ing le  d i f fus ion  . 
experiment, however, would not have been s u f f i c i e n t  t o  v e r i f y  Eq. (22) over a 

range of pressures .  Having obtained f l u x  da ta  a t  severa l  pressures,  t h e  problem 



UNCLASSIFIED 
ORNL-LR-DWG 65138 

0 CALCULATED WITH 

Results of Counter Diffusion Experiments at 25OC with 

Graphite Specimen 111. The Flow Parameters for this Graphite are: 

Fig. 6. 



a r i s e s  a s  t o  the  acqu is i t ion  of an average nD HeAr .' but t h i s  becomes a  simple 

matter  i f  the  procedure indicated on Fig. 6 i s  followed. 

This procedure involves t h e  computation of an apparent nD HeAr 
from the  f l u x  

and concentration da ta  according t o  Eq. (22) under t he  incorrect  assumption t h a t  

'He 
i s  un i ty  (as  a  f i r s t  approximation). One then p l o t s  t he  rec iprocal  apparent 

nD~eAr 
versus t h e  reciprocal  pressure (closed points ,  Fig. 6 ) .  It may be shown 

t h a t  p l o t s  of t h i s  type should r e s u l t  i n  a  s t r a i g h t  l i n e .  The value desired i s  

t h e  in tercept  s ince  t he  apparent value becomes a  t r u e  value a t  high pressures.  

The app l i c ab i l i t y  of t he  se lected in te rcep t  may be ve r i f i ed  by reca lcu la t ing  nD 
He A r  

v i a  Eq. (22) with the  correct  S1, which varied with pressure.  A p l o t  of t he  t r u e  

n D ~ e ~ r  
values should r e s u l t  i n  a  hor izonta l  l i n e  because t he  t r u e  value i s  

independent of pressure.  Experimental valueswere computed i n  t h i s  manner and a r e  

shown as  open po in t s  on Fig. 6. 

A comparison of t h e  closed and open points  on Fig.  6 a t  low pressures (high 

reciprocal  pressures)  demonstrates the  importance of t he  Knudsen e f f e c t s  i n  

the  over-a l l  d i f fus ion  mechanism. The apparent nD HeAr values, f o r  which Knudsen 

e f f ec t s  a r e  ignored, d i f f e r  considerably from those i n  which Knudsen e f f ec t s  a r e  

considered. 

Our current  experimental program involves an extension of t he  Specimen I11 

data  t o  conditions where pressure gradients  e x i s t .  The object ive  of these  

experiments i s  t o  determine t he  correct  pressure dependence of C a s  given by 
2  

Eq. (24b) and, i n  pa r t i cu l a r ,  whether o r  not t he  in te rcep t  of C versus < p > i s  2  

. ac tua l l y  D a s  given by Eq. (24a). I n  addit ion,  t he  e f f ec t  of graphi te  non- 2K 

uniformity i s  under study. This work i s  t o  be based on comparisons of t he  r e s u l t s  
e 

of Specimens I11 and I V .  



DIFFUSION I N  THE PRESENCE OF PRESSURE AND TEMPERAmE GRADIENTS 

Thermal Diffusion i n  t h e  Normal Region 

Considerable thought has been given t o  t he  p o s s i b i l i t y  of extending our 

present  t heo re t i c a l  treatment and experimental program t o  include cases where, not 

only pressure gradients,  but  a l so  temperature gradients a re  present .  A l l  of the  

e f f o r t  expended thus f a r  has been toward the  t heo re t i c a l  aspects  of t he  problem. 

As i n  t he  previous treatments, we have encountered t h e  most for tunate  circumstance 

whereby t he  solutions t o  t he  more d i f f i c u l t  p a r t s  of t he  problem a r e  avai lable  

i n  t h e  form of c l a s s i c a l  theory. Once again t h e  des i red r e su l t s  appear i n  t he  

Stefan-Maxwell equations with the  dr iv ipg force  terms as  given by the  Chapman- 

Enskog theory. 

The applicable equations a r e  t he  same as  those discussed before with an 

add i t iona l  term added t o  t he  dr iv ing force .  This added term involves t h e  thermal 

d i f fus ion  coef f i c ien t .  A s  opposed t o  the  usual  binary-diffusion coef f i c ien t ,  Dij ,  

t h e  thermal d i f fus ion  coeff ic ient ,  D~ depends i n  a complicated way on t he  mole 
i j '  

f r a c t i on  of t he  gases. Perhaps f o r  t h i s  reason information regarding t h i s  

coef f i c ien t  i s  avai lable  only f o r  binary gas mixtures. This, of course, precludes 

an extension of our present  model t o  include temperature gradients ,  because thermal 

d i f fus ion  coef f i c ien t s  f o r  a th ree  component mixture would be required.  Never- 

the less ,  t he r e  a r e  a few s i tua t ions  of applied i n t e r e s t  which a r e  adequately 

described by binary-dif fusion equations. 

For ease of discussion, it i s  convenient t o  wr i t e  down the  applicable binary- 

6 . di f fus ion  equations . 



The same equation may be w r i t t e n  f o r  component 2 with t h e  subscr ip t  interchanged, 

but t h i s  w i l l  not be an independent equation. Considerable care must be taken 

with respect  t o  signs,  a s  t h e  heaviest  molecules present  must tend t o  move toward 

low temperature regions.  The usual  convention i n  a 1-2 system is  t o  ass ign  the  

subscr ip t  1 t o  the  heavy gas and use t h e  s igns  a s  given i n  these  equations. 

- T T 
Again, D12 - D21 and d = - dl. Thus by Eq. (7), Dl = - D2 and Eq. (25) may be 

2 

w r i t t e n  i n  t h e  a l t e r n a t e  forms: 

The usual  procedure f o r  acquiring information about D~ and/or kT f o r  various 
1 

binary  mixtures i s  t o  conduct an equil ibrium experiment i n  l a rge  closed tubes 

wherein t h e  concentrations and temperatures a t  t h e  ends of the  tubes a r e  measured. 

It i s  found t h a t  t h e  concentrat ion of t h e  heaviest  gas i s  h ighes t  a t  the  coldest  

end of t h e  tube.  The t o t a l  pressure  i s  uniform because t h e  tubes a r e  l a r g e  and 

closed.  The experiment i s  described by t h e  i n t e g r a l  form of Eq. (26b) with 

Thermal Transpirat ion 

An analogous s i t u a t i o n  e x i s t s  with respect  t o  s i n g l e  gas - porous media 

systems, where por t ions  of t h e  medium a r e  t r e a t e d  formally a s  a second gas 
a 

component (dus t ) .  The tendencies f o r  equilibrium separa t ion a r e  t h e  s m e  a s  i n  

t h e  previous case; however, the  dust  i s  f ixed and cannot move and a s  a consequence 
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of t h i s ,  more r e a l  gas ( l i g h t )  pa r t i c l e s  tend t o  be present a t  the  hot. end than 

a t  the  cold end ( a t  equil ibrium).  As before, t h e  r a t i o  of t he  amount of heavy 

p a r t i c l e s  t o  l i g h t  p a r t i c l e s  tends t o  be highest a t  t he  coldest end of t he  h b e .  

These thermal separation tendencies a re  always opposed by forced flow 

tendencies ( i n  the  normal region) and d i f fus ive  flow tendencies ( i n  the  Knudsen 

region. For a given medium, subjected t o  a temperature gradient, one would 

expect t h a t  t he  single-gas pressure would be uniform throughout the  medium a t  

high pressures.  On the other  hand, a pressure difference across the  tubes 

appears a t  t he  hot end > pB a t  cold end) as  the  Knudsen l i m i t  i s  approached. 

This difference would be zero a t  zero pressure; thus,  one would expect a maximum 

pressure difference a t  some log pressure. This process was observed by Graham as  

ea r ly  a s  1846. I n  1879 an extensive invest igat ion of t h i s  e f f ec t  was carr ied out 

by ~ e ~ n o l d s ' ~  ( fo r  whom t h e  famous group Re = D V ~ / ~  was named) using Stucco and 
C 

Meerschaum as  porous media. Reynolds was responsible f o r  t he  term: thermal 

18 
t ransp i ra t ion .  Similar experiments were performed by Knudsen . The 

re la t ionship  deduced f o r  regions corresponding t o  

b1 4 0 on t he  dusty-gas model was 

A derivation of t h i s  formula fo r  l a rge  tubes i s  given by  enn nard'^, who u t i l i z e s  

c l a s s i ca l  cap i l l a ry  arguments. An encouraging development with respect t o  the 

dusty-gas model i s  t ha t  t h e  same r e s u l t  may be obtained from Eq. (2611) and Eq. (16) 

with t he  addi t ional  information t h a t  k = 112 (xreal gas . The l a t t e r  information 
T 

comes from the  r ea l i z a t i on  t ha t  when b l +  0, t he  gas i s  under conditions which 

a correspond t o  those ofaLorentzian gas. A t  present, it appears t h a t  one should be 



. ab le  t o  develop an expression which w i l l  describe t he  thermal t r an sp i r a t i on  

behavior over t he  e n t i r e  region from pA = pB (T /T )ll2 a t  6i += 0 t o  pA = p a t  
A B B 

Figure Captions 

1. High Pressure Permeability Data f o r  Graphite Specimen I. 

2. Diagram of Pressure Rise Apparatus f o r  Forced-Flow Measurements with Low 

Permeability Materials .  

3. High Pressure Forced-Flow Data f o r  Graphite Specimen I V  a t  25'~. 

4. Low Pressure Forced-Flow Data f o r  Graphite Specimen I V  a t  2 5 ' ~  Based on 

t he  Intercepts  a t  p = 0, KO = 2.39 x 10-lo cm. 

5. Diagram of Steady-State Counter Diffusion Experiment. 

6. Results of Counter Diffusion Experiments a t  2 5 ' ~  with Graphite Specimen 111. 

a The Flow Parameters f o r  t h i s  Graphite are :  nDHeA, = 4.33 x lo-' moles/cm-sec; 
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