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ABSTRACT 

T i t l e  of Thesis: Gaseous Diffusion Coeff ic ients .  A Comprehensive C r i t i -  

c a l  Evaluation of Experimental Studies and CorreLations of Results  

Thomas R .  Marrero, Doctor of Philosophy, 1970 

Thesis d i rec ted  by: Professor Edward A.  Mason 

Diffusion c o e f f i c i e n t s  of b inary  mixtures of d i l u t e  gases are  com- 

prehensively compiled, c r i t i c a l  l y  evaluated, and corrcl.at?d by nev serni- 

empirical  expressions.  Data f o r  seventy-four systems a re  sufficient1,y 

extensivca and accurate t o  be recorrunended f o r  t h e  National Standard Ref- 

erence Data System of the  U. S. National Bureau of Standards. Deviation 

p l o t s  a re  given f o r  most of these  systems. Almost every gaseous d i f fu -  

s ion  c o e f f i c i e n t  which was experimentally determined and reported p r i o r  

t o  1969 can be obtained from the  annotated bibliography and t a b l e  of 

gas pa i r s .  

A d e t a i l e d  ana lys i s  of experimeiital methods i s  given, and intercom- 

parison of t h e i r  resulks  helps e s t a b l i s h  r e l i a b i l i t y  l i m i t s  f o r  t h e  data,  

which depend s t rongly  on temperature. Direct  measurements are  supple- 

mented by ca lculnt ions  based on knowledge of intermolecular forces  de- 

r ived from independent sourccs--molecular beam s c a t t e r i n g  f o r  high tern- 

peratures,  and London dispers ion constants  f o r  low teniperaturcs . I n  ad- 

d i t i o n ,  diSfusion c o e f f i c i e n t s  f o r  severa l  mixtures a r e  obtained from 

experimental da ta  on mixture v i s c o s i t i e s  and thermal d i f fus ion  f a c t o r s ,  

Combination of a l l  these  r e s u l l , ~  gives d i f fus ion  coellf'icj e n t s  over a 

very extensive ternperature range, from very low temperatures t o  10,000" K .  



All data are corrected for composition dependence and for quantum 

effects. New semi-empirical equations are derived for making such 

corrections easily. 

The correlated diffusion data are used to develop a corresponding- 

states procedure for predicting diffusion coefficients Qn the basis or 

fragmentary information. This proceaure involves only ttio pa,rameters, 

and appears to be more accurate than any prediction scheme heretofore 

proposed. 
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1. INTRODUCTION 

The purpose of t h i s  r e p o r t  i s  t o  recommend gaseous d i f f u s i o n  c o e f f i -  

c i e n t s  a s  Standard Reference Data f o r  t h e  National  Bureau of Standards.  

This  survey of gaseous d i f f u s i o n  c o e f f i c i e n t s  was prepared under a  program 

f o r  t h e  c r i t i c a l  eva lua t ion  of phys i ca l  s c i ence  d a t a  sponsored by the  

National  Bureau of Standards through t h e  National  Standard Reference Data 

Sys tem. Shor t  ca ta logues  of measured d i f f u s i o n  c o e f f i c i e n t s  have 

previous ly  appeared i n  t h e  I n t e r n a t i o n a l  C r i t i c a l  ~ a b l e s  , t he  Land01 t- 

Barns te in  Tables  ,4 and t h e  Thermophysical P r o p e r t i e s  Research L i t e r a t u r e  

R e t r i e v a l  ~ u i d e  .5 Addi t iona l  l i m i t e d  reviews a r e  a l s o  a v a i l a b l e .  6-10 In 

t h e  p re sen t  survey gaseous d i f f u s i o n  c o e f f i c i e n t s  a r e  comprehensively 

compiled and c r i t i c a l l y  eva lua ted ,  inc luding  a n a l y s i s  f o r  cons is tency  wi th  

theory and wi th  o the r  measured molecular p r o p e r t i e s .  Such d e t a i l e d  eval-  

u a t i o n  is p o s s i b l e  because of t h e  e x i s t e n c e  of a  h igh ly  developed theory 

f o r  d i l u t e  gases .  

The scope of t h i s  survey i s  t h e r e f o r e  l i m i t e d  t o  t he  d i l u t e  gas  reg ion .  

I n  t h i s  r eg ion  t h e  d e n s i t y  i s  such t h a t  t h e  r a t e s  of t r a n s p o r t  of mass, 

momentum, and energy a r e  e n t i r e l y  c o n t r o l l e d  by b ina ry  molecular c o l l i -  

s i o n s .  I n  p r a c t i c e  t h i s  means gases  wi th  d e n s i t i e s  approximately cor re-  

2 0  sponding t o  s tandard  condi t ions  ( i  . e . ,  of t h e  o rde r  of 1019 - 10 mole- 

3 c u l e s  per  c m  ) .  The emphasis he re  i s  on two-component (b inary)  mixtures .  

Multicomponent d i f f u s i o n  can be a c c u r a t e l y  descr ibed  i n  terms of t h e  

b inary  d i f f u s i o n  c o e f f i c i e n t s  f o r  a l l  p o s s i b l e  p a i r s  of gases  i n  t he  mix- 

t u r e .  A l l  t h e  atoms or  molecules considered a r e  n e u t r a l  spec i e s .  The 

mass t r a n s p o r t  p rocesses  o u t s i d e  t h e  scope of t h i s  survey a r e  a s  fo l lows:  

(1) d i f f u s i o n  of ion ized  p a r t i c l e s  ( i on  m o b i l i t y ) ,  (2)  mixture separa-  

1 



t i o n s  i n  a  t empera tu re  g r a d i e n t  ( the rmal  d i f f u s i o n ) ,  (3)  mixing due 

t o  c o n v e c t i o n  o r  t u r b u l e n c e ,  and (4)  t h e  pe rmea t ion  of g a s e s  through 

l i q u i d s  o r  s o l i d s .  The s o l e  i n t e r e s t  i s  t h e  mixing of g a s e s  caused by 

compos i t ion  g r a d i e n t s .  

The gaseous  d i f f u s i o n  c o e f f i c i e n t s  recommended h e r e  as Standard 

Refe rence  Data a r e  s u c c i n c t l y  r e p o r t e d  by means of semi-empir ical  

f u n c t i o n s ;  t empera tu re  l i m i t s  r ange  up t o  10,OOO°K and t o  a  lower tem- 

p e r a t u r e  o f  t h e  o r d e r  of 100°K (Tab les  12 and 1 3 ) .  There  i s  a s m a l l  

compos i t ion  dependence i n  t h e  d i f f u s i o n  c o e f f i c i e n t s  which may b e  est i-  

mated from paramete rs  l i s t e d  i n  Tab le  15. F i g u r e s  5 t o  8 1  a r e  d e v i a t i o n  

p l o t s ,  f o r  62 g a s  p a i r s ,  of e x p e r i m e n t a l  measurements from t h e  semi- 

e m p i r i c a l  e q u a t i o n s ;  t h e s e  g r a p h s  i l l u s t r a t e  d i s c r e p a n c i e s  i n  t h e  d a t a .  

The p rocedure  used i n  t h i s  r e p o r t  i s  a s  f o l l o w s .  A t  a l l  p o s s i b l e  

t empera tu res  p u b l i s h e d  d i f f u s i o n  c o e f f i c i e n t  v a l u e s  were c r i t i c a l l y  eva lu -  

a t e d  on a n  i n d i v i d u a l  g a s - p a i r  b a s i s .  The d a t a  assessment  was determined 

w i t h o u t  any a d d i t i o n a l  e x p e r i m e n t a l  measurements. From t h e  r i g o r o u s  k i n e t i c  

t h e o r y  of g a s e s  a n  approx imat ion  was developed t o  make c o r r e c t i o n s  f o r  small 

compos i t ion  e f f e c t s .  C o e f f i c i e n t s  cou ld  t h e n  b e  normal ized t o  a s p e c i f i c  

m i x t u r e  c o n c e n t r a t i o n  f o r  comparison and subsequen t  c o r r e l a t i o n .  Di f fu -  

s i o n  c o e f f i c i e n t s  d e r i v e d  from o t h e r  t r a n s p o r t  p r o p e r t y  measurements,  

p a r t i c u l a r l y  m i x t u r e  v i s c o s i t i e s ,  were u s e f u l  f o r  t h e  e x t e n s i o n  of v a l u e s  

t o  i n t e r m e d i a t e  t empera tu res  and f o r  c o n s i s t e n c y  checks .  I n  t h e  absence  

of d i r e c t  measurements,  i n t e r m o l e c u l a r  f o r c e s  from t h e o r y  and from beam 

exper iments  s e r v e d  t o  d e t e r m i n e  d i f f u s i o n  c o e f f i c i e n t s  a t  v e r y  low and 

e l e v a t e d  t e m p e r a t u r e s ,  r e s p e c t i v e l y .  Semi-empirical  f u n c t i o n s  were con- 

s t r u c t e d  t o  p r e c i s e l y  c o r r e l a t e  t h e  d a t a  over  t h r e e  decades  of t empera tu re  

w i t h i n  t h e  exper imenta l  u n c e r t a i n t y .  

Th is  r e p o r t  i s  d i v i d e d  i n t o  f i v e  major s e c t i o n s .  I t  b e g i n s  w i t h  a 



chapter  - Theore t i ca l  Background - which inc ludes  the d i f f u s i o n  c o e f f i -  

c i e n t  d e f i n i t i o n  and i t s  t h e o r e t i c a l  express ion  according t o  the  r igorous  

k i n e t i c  theory of gases .  The k ine t ic - theory  foundat ions a r e  necessary f o r  

t h e  understanding of temperature and composition dependences, and quantum 

e f f e c t s .  This  chapter  c l o s e s  wi th  equat ions  f o r  the  de te rmina t ion  of d i f -  

f u s i o n  c o e f f i c i e n t s  from in te rmolecular  f o r c e s  and from o t h e r  t r a n s p o r t  

proper  t i e s .  The p r i n c i p a l  experimental  techniques a r e  descr ibed  nex t .  

Methods of measurement a r e  c l a s s i f i e d  by the  geometry of t h e  appara tus  and 

t h e i r  r e l i a b i l i t y  i s  est imated . Procedures used t o  c r i t i c a l l y  eva lua t e  

t h e  e n t i r e  body of experimental d a t a  f o r  accuracy,  composition and temper- 

a t u r e  dependencies a r e  ou t l i ned  under Treatment of Data. The ana lyses  and 

r e s u l t s  r e l a t e d  t o  t he  small  composition dependence of t he  d i f f u s i o n  co- 

e f f i c i e n t  a r e  e n t i r e l y  i n  t h i s  s e c t i o n .  The semi-empirical c o r r e l a t i o n  

equat ion  was chosen on t h e  b a s i s  of knowledge of how in te rmolecular  fo rces  

a f f e c t  t he  temperature dependence of t h e  d i f f u s i o n  c o e f f i c i e n t s  . Previously 

unca lcu la ted  va lues  of low-temperature asymptotes of d i f f u s i o n  c o e f f i c i e n t s  

a r e  t abu la t ed .  

The f o u r t h  major s e c t i o n  - Resu l t s  - can be subdivided i n t o  fou r  

a r e a s .  F i r s t ,  d i f f u s i o n - c o e f f i c i e n t  unce r t a in ty  l i m i t s  a r e  c l a s s i f i e d  

according t o  temperature and gas p a i r .  Second, t he  t a b u l a t i o n  of cor re-  

l a t i o n  parameters  f o r  recommended Standard Reference Data a r e  l i s t e d .  Then 

a  s e r i e s  of graphs shows the  r e l a t i v e  d e v i a t i o n s  between t h e  recommended 

c o e f f i c i e n t s  and the  d a t a .  An i n s p e c t i o n  of t hese  graphs w i l l  r e a d i l y  in-  

d i c a t e  t h a t  t h e  unqual i f ied  s e l e c t i o n  of a  d i f f u s i o n  c o e f f i c i e n t  from t h e  

l i t e r a t u r e  may be unce r t a in  by a t  l e a s t  s e v e r a l  percent .  The l a s t  p a r t  

of the  Resu l t s  s e c t i o n  conta ins  d e t a i l e d  remarks about d a t a  a p p r a i s a l s  f o r  

s p e c i f i c  systems. The f i n a l  major p a r t  of t h i s  r e p o r t  i s  the  Bibliography; 

two annotated b ib l iog raph ie s  a r e  g iven ,  one i s  a l l  t h e  experimental  sources ,  



complete  through 1968, a c c o r d i n g  t o  a u t h o r  (gas  p a i r  and method a r e  n o t e d ) ,  

and t h e  second i s  a  supplementary  l i s t i n g  o f  c i t a t i o n s  accord ing  t o  g a s  

p a i r .  P r a c t i c a l l y  a l l  d i f f u s i o n  c o e f f i c i e n t s  ever  measured can b e  t r a c e d  

through t h e s e  b i b l i o g r a p h i e s ;  however, f o r  many systems t h e  r e s u l t s  a r e  

too  f ragmenta ry  o r  too  u n c e r t a i n  t o  b e  recommended a s  S tandard  Refe rence  

Data .  
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2.  THEORETICAL BACKGROUND 

I n  t h i s  chapter  t h e  p r e s e n t a t i o n  of t h e  t h e o r e t i c a l  background i s  pre-  

ceded by t h e  phenomenological d e f i n i t i o n  of d i f f u s i o n  c o e f f i c i e n t s .  Then i n  

o u t l i n e  form express ions  f o r  d i f f u s i o n  c o e f f i c i e n t s  a r e  der ived  by t h e  

Chapman-Enskog procedure f o r  a  s o l u t i o n  of t h e  Boltzmann equat ion .  Most 

mathematical d e t a i l s  of t he  d e r i v a t i o n  a r e  omicted, and t h e  d i scuss ion  

accentua tes  t h e  a p p l i c a t i o n  l i m i t s  of t h e s e  r igo rous  k ine t ic - theory  formulas .  

More complete informat ion  i s  a v a i l a b l e  i n  t h r e e  ~ n o n o ~ r a ~ h s , l - ~  and r e c e n t  

developments appear i n  s e v e r a l  a r t i c l e s .  4-13 The emphasis he re  i s  o n  mole- 

c u l a r  phys ics  a s  a  p r e r e q u i s i t e  t o  t h e  understanding of accepted t h e o r e t i -  

c a l  r e s u l t s  which a r e  necessary i n  order  t o  achieve t h e  fol lowing:  

(1) sugges t  t h e  mathematical form f o r  t he  c o r r e l a t i o n  of d i f f u s i o n  

c o e f f i c i e n t s  a s  a  f u n c t i o n  of temperature,  

(2) c o r r e c t  d i f f u s i o n  c o e f f i c i e n t  measurements f o r  composition 

dependence, 

(3) e s t i m a t e  quantum e f f e c t s  f o r  low-temperature d i f f u s i o n  c o e f f i -  

c i e n t s ,  

( 4 )  c a l c u l a t e  d i f f u s i o n  c o e f f i c i e n t s  d i r e c t l y  from knowledge of  

in te rmolecular  f o r c e s ,  and 

(5) c a l c u l a t e  d i f f u s i o n  c o e f f i c i e n t s  from o t h e r  t r a n s p o r t  p r o p e r t i e s .  

2 .1 Phenomenological D e f i n i t i o n  of t h e  Gaseous Dif fus ion  Coef f i c i en t  

I n  a  nonuniform mixture t h e  d i f f u s i o n  c o e f f i c i e n t  i s  a  proport iona-  

l i t y  cons tant  between t h e  molecular  f l u x  and t h e  composition g rad ien t  of 

a  spec i e s .  Di f fus ion  c o e f f i c i e n t s  a r e  def ined  by phenomenological 

6 



equat ions f o r  two-component and mul t icomp~nent  mixtures .  

a .  Two-component Mixtures 

I n  two-component mixtures ,  i n  t he  absence of temperature and p r e s s u r e  

g r a d i e n t s ,  e x t e r n a l  f o r c e s ,  and chemical r e a c t i o n s ,  t h e  f l u x  equat ions  a r e  

Each spec i e s  (o r  component) i s  l a b e l l e d  by s u b s c r i p t s  1 or  2. The f l u x  

2 
d e n s i t i e s  a r e  J and J (molecules/cm - sec ) ,  t h e  t o t a l  number d e n s i t y  i s  

wn 1 wr2 
3 

n (molecules/cm ), and t h e  composition g r a d i e n t s  a r e  i n  terms of mole 

f r a c t i o n s  x  and x  These equat ions ho ld  only  i n  t he  case  of zero n e t  1 2 ' 

f l u x ,  .Jl f J2 = 0. I f  t h e  n e t  f l u x  i s  n o t  ze ro ,  Eqs . (2.1-1) and (2  . l -2)  

can be considered t o  hold i n  a  coord ina te  system moving wi th  t h e  n e t  f l u x ,  

t h a t  i s ,  a t  a  v e l o c i t y  equal  t o  (A1 + J ) / n .  
.+.+, 2 

The d i f f u s i o n  c o e f f i c i e n t s  q2 and .& a r e  p o s i t i v e  cons tan ts  w i t h  
2  1 

2 
u n i t s  of cm / sec .  It i s  easy t o  show from Eqs. (2.1-1) and (2.1-2) t h a t  

B12 = ql, because J + J = 0 and x  + x2 = 1 f o r  a  binary mixture .  Thus 
1 m\2 1 

d i f f u s i o n  i n  a  b inary  mixture i s  descr ibed  by a  s i n g l e  d i f f u s i o n  c o e f f i -  

c i e n t .  

Molecular d i f f u s i o n ,  s t r i c t l y  speaking,  cannot  occur  under condi- 

t i o n s  i n  which both t h e  n e t  f l u x  and the  p r e s s u r e  g rad ien t  a r e  s imul ta -  

neously zero.  I f  t h e  p re s su re  is  uniform, then  i n  gene ra l  f l u x e s  a r e  

d i f f e r e n t  f o r  d i f f e r e n t  spec i e s ,  and t h e  n e t  f l u x  i s  not  zero.  I f  t h e  

n e t  f l u x  i s  zero ,  a sma l l  p re s su re  g r a d i e n t  must e x i s t  i n  o r d e r  t o  counter  

14-16 For 
t h e  tendency f o r  t h e  d i f f e r e n t  spec ies  f l u x e s  t o  be d i f f e r e n t .  

i n s t ance ,  i n  a  c lo sed  system t h e  d i f f e r e n c e  i n  t h e  spec i e s  f l u x e s  catises 

t h e  number d e n s i t y  and hence t h e  p re s su re  t o  i n c r e a s e  on one s i d e  of t h e  



system and decrease  on t h e  o the r  s i d e  u n t i l  t h e  r e s u l t i n g  pressure  

g rad ien t  f o r c e s  t h e  n e t  f l u x  t o  be zero.  I f  t h e  f l u x e s  were t o  remain 

unequal i n  a  c losed  system, then  the  p re s su re  would cont inue  t o  i nc rease  

on one s i d e  and decrease  on t h e  o the r  s i d e .  

The p re s su re  g r a d i e n t s  i n  d i f f u s i n g  gas mixtures  t u r n  o u t  t o  be very  

smal l  i n  magnitude, however; i n  f a c t ,  they a r e  almost  immeasurably smal l  

except  i n  c a p i l l a r y  tubes ,  where they have been measured. 17-26 Because 

of t h i s ,  i t  is  unnecessary t o  i nc lude  i n  t h e  f l u x  equat ions  any term d i -  

r e c t l y  p ropor t iona l  t o  a  p re s su re  g r a d i e n t .  The whole e f f e c t  of any 

p re s su re  g r a d i e n t  is  simply t o  modify t h e  n e t  f l u x ,  and t h i s  i s  t h e  only 

t e r m  t h a t  needs t o  b e  d i r e c t l y  inc luded .  

The g e n e r a l i z a t i o n  of Eqs. (2.1-1) and (2.1-2) f o r  nonzero n e t  f l u x  

i s  the re fo re  simply 

where the  n e t  f l u x  i s A  = .J1 +,$f. Equations (2.1-3) and (2.1-4) d e f i n e  

t h e  d i f f u s i o n  c o e f f i c i e n t  i n  a  s t a t i o n a r y  coord ina te  system. It can be 

e a s i l y  shown, a s  be£ o r e ,  t h a t  
= B&. 

The preceding equa t ions ,  which d e f i n e  b inary  d i f f u s i o n  c o e f f i c i e n t s ,  

a r e  app l i cab le  t o  any f l u i d ,  and hold r e g a r d l e s s  of any dependence of t h e  

d i f f u s i o n  c o e f f i c i e n t  on composition, p re s su re ,  o r  temperature.  For d i -  

l u t e  gases  t he  p re s su re  and composition dependences a r e  e s p e c i a l l y  simple- 

t h e  d i f f u s i o n  c o e f f i c i e n t  i s  i n v e r s e l y  p ropor t iona l  t o  p re s su re  and i s  

only s l i g h t l y  dependent on mixture composition. The temperature depen- 

dence i s  more complicated. A l l  t he se  f a c t o r s  a r e  t r e a t e d  i n  more d e t a i l  

i n  subsequent s e c t i o n s ,  



b. Multicomponent Mixtures 

The f l u x  of a  s p e c i e s  i n  a  multicomponent mixture  i s  no t  convenient- 

l y  expressed i n  terms of composition g r a d i e n t s  as i n  t h e  foregoing equa- 

t i o n s  f o r  b ina ry  mixtures .  The reason i s  t h a t  t h e  multicomponent d i f f u -  

s i o n  c o e f f i c i e n t s  thereby def ined  have an  excess ive ly  complicated compo- 

s i t i o n  dependence which makes the  c a l c u l a t i o n  of a  f l u x  a  formidable t a sk .  

A simpler  s e t  of equat ions  f o r  multicomponent d i f f u s i o n  i s  obtained by a  

d i f f e r e n t  arrangement of terms - t h e  composition g r a d i e n t  of a  s p e c i e s  i s  

r e l a t e d  t o  d i f f e r e n c e s  i n  f l u x e s  of gas pairs. 2'3'8 527 The outs tanding  

advantage of such a  r e l a t i o n s h i p  i s  a  d e s c r i p t i o n  of multicomponent 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 inary  mixtures .  These equat ions ,  c r e d i t e d  t o  

S t e fan  and Maxwell, a r e  

where i and j denote t h e  spec i e s .  For a  mixture  of v spec i e s  t h e r e  a r e  

v equat ions ,  b u t  only v-1  a r e  independent.  The d i f f u s i o n  c o e f f i c i e n t s  

depend p r imar i ly  only on the  na tu re  of t h e  s p e c i e s  i and j ,  b u t  a r e  
1 J 

n o t  q u i t e  t h e  same a s  t h e  corresponding b inary  d i f f u s i o n  c o e f f i c i e n t s  
i j 

(hence t h e  pr ime).  However, t h e  d i f f e r e n c e  between t h e  8.' and t h e  a 
l j  1j  

l ies only  i n  t h e i r  weak composition dependence, t h e  exac t  va lue  of a'' 
i j 

depending s l i g h t l y  on t h e  composition of t h e  whole multicomponent mixture 

and no t  on j u s t  t h e  r e l a t i v e  amounts of i and j . The v a r i a t i o n  of t h e  

b inary  a. with  composition i s  empir ica l ly  a  few pe rcen t  a t  most, and i s  
1 J  

of t he  same magnitude a s  t h e  experimental u n c e r t a i n t i e s  i n  t h e  few a v a i l -  

a b l e  multicomponent 8' o r  even i n  most measured b inary  8: f o r  t h a t  
~j ' 1 j 

mat t e r .  Therefore i t  is  reasonable  on an empi r i ca l  b a s i s  t o  take  

?, 8.. inij f o r  multicomponent d i f f u s i o n .  This  i s  a l s o  j u s t i f i e d  theo- 
1 3  



r e t i c a l l y ,  f o r  i n  t h e  f i r s t  Chapman-Enskog approximation B.' and 
4 

a r e  i d e n t i c a l  and independent of composition. 2,3,7 

The s p e c i a l  ca se  of a  t r a c e  s p e c i e s  d i f f u s i n g  through a  uniform 

multicomponent mixture  is  of i n t e r e s t  f o r  two reasons .  It provides  a  

s imple t e s t  of B.' 2dg l  and makes p o s s i b l e  t h e  c a l c u l a t i o n  of d i f f u -  
~j i j  ' 

s i o n  c o e f f i c i e n t s  of va r ious  spec i e s  i n  a i r .  F i r s t ,  denote  t h e  t r a c e  

s p e c i e s  by 1 and assume t h e  absence of a  n e t  f l u x  (2 = 0 ) ,  then  Eqs. 

(2.1-5) reduce t o  a  s i n g l e  equat ion ,  

I f  t h e  t r a c e  d i f f u s i o n  c o e f f i c i e n t  $r i s  def ined  t o  be  t h e  cons t an t  of 
1 

p r o p o r t i o n a l i t y  between J and ,zx l ,  then 
-I1 

where Bl s p e c i f i e s  t h e  d i f f u s i o n  c o e f f i c i e n t  of t h e  t r a c e r  i n  t h e  mu1 ti- 

component mixture.  I f  r e p l a c e s  then  Eq. (2.1-7) becomes a n  ex- 
i j  

p re s s ion  of Blanc 's  law. 28 De ta i l ed  ca l cu la t ions2g  of B' a n d q j  f o r  
13 

t h i s  s p e c i a l  c a s e  show t h a t  t h e  d e v i a t i o n s  from Blanc 's  law a r e  smal l  f o r  

o rd ina ry  gases .  This f u r t h e r  j u s t i f i e s  t h e  a p p l i c a t i o n  of b inary  d i f f u -  

s i o n  c o e f f i c i e n t s  t o  Eq. (2.1-5) f o r  multicomponent d i f f u s i o n .  The 

second case  of i n t e r e s t ,  t h e  c a l c u l a t i o n  of d i f f u s i o n  c o e f f i c i e n t s  of a  

spec i e s  i n  a i r  (when d i r e c t  measurements a r e  unavai lab le  o r  inadequate) ,  

is  e s p e c i a l l y  convenient  by t h e  a p p l i c a t i o n  of Blanc 's  law wi th  a v a i l a b l e  

b inary  d i f f u s i o n  c o e f f i c i e n t s  of t h e  spec i e s  i n  n i t rogen  and i n  oxygen. 

2.2 Molecular Theory of Di f fus ion  

a .  General Background 



This  p r e s e n t a t i o n  of t h e  molecular theory of d i f f u s i o n  b r i e f l y  out -  

l i n e s  some major p o i n t s  of t h e  r igorous  k i n e t i c  theory of gases .  K i n e t i c  

theory p o s t u l a t e s  t r a n s p o r t  due e n t i r e l y  t o  molecules i n  motion. I n  

d i f f u s i o n  t h e  i n d i v i d u a l  molecules themselves c a r r y  mass through t h e  gas .  

S ince  t h e r e  are immense numbers of molecules moving about  i n  a  gas  i t  is  

t o  be expected t h a t  molecular  encounters  (or  c o l l i s i o n s )  a r e  of c a r d i n a l  

importance i n  c o n t r o l l i n g  t h e  o v e r a l l  r a t e  a t  which t r a n s p o r t  occurs .  

The c o l l i s i o n s  i n  t u r n  a r e  c o n t r o l l e d  by t h e  f o r c e s  of i n t e r a c t i o n  be- 

tween t h e  molecules.  By t h e  formulas of k i n e t i c  theory ,  knowledge of 

t hese  fundamental in te rmolecular  f o r c e s  can l e a d  t o  gaseous d i f f u s i o n  co- 

e f  f  i c i e n t s  . 
The importance of molecular c o l l i s i o n s  i n  d i f f u s i o n  can be i l l u s -  

t r a t e d  by some t y p i c a l  numerical va lues .  A t  o rd inary  condi t ions  of tem- 

p e r a t u r e  and p re s su re  molecules i n  gases  have molecular  speeds of t h e  

4 
orde r  of 10  cm/sec, which is  about  t h e  speed of sound. I n  c o n t r a s t ,  

a c t u a l  d i f f u s i o n  v e l o c i t i e s  ( J . / n . )  a r e  much l e s s  - about  1 cm/sec. 
WZ 1 

This g r e a t  decrease  i n  apparent  molecular speed occurs  because d i f f u s i o n  

i s  dominated by c o l l i s i o n s  which cause t h e  molecular  pa ths  t o  be tw i s t ed  

i n t o  tor tuous  shapes.  The a c t u a l  pa th  of a molecule is  approximately 

4 
1 0  times t h e  n e t  d i s t a n c e  t r a v e l l e d  during d i f f u s i o n .  For gases  a t  o r -  

d inary  cond i t i ons  only b ina ry  c o l l i s i o n s  a r e  impor tan t ;  t e rna ry  and 

higher-order c o l l i s i o n s  a r e  very  u n l i k e l y .  Binary c o l l i s i o n s ,  two-parti- 

c l e  encounters ,  a r e  c h a r a c t e r i s t i c  of gases  w i t h  t h e  r a t i o  of mean f r e e  

pa th  t o  molecular diameter of t he  order  of 100. 

Transport  phenomena - d i f f u s i o n ,  v i s c o s i t y ,  thermal conduc t iv i ty ,  

and thermal d i f f u s i o n  - a r i s e  by dev ia t ions ,  however s l i g h t ,  from t h e  

equi l ibr ium molecular v e l o c i t y  d i s t r i b u t i o n  func t ion  known a s  t he  Maxwell 



d i s t r i b u t i o n .  A t  equi l ibr ium cond i t i ons  a n  i s o l a t e d  gas mixture  has no 

g r a d i e n t s  i n  composition, pressure ,  o r  temperature; thus no f l u x e s .  

Therefore t o  o b t a i n  t r a n s p o r t  c o e f f i c i e n t s  on a  t h e o r e t i c a l  b a s i s  know- 

ledge  of a  nonequilibrium v e l o c i t y  d i s t r i b u t i o n  func t ion  i s  a  necessary 

requirement  . 

b. Theore t i ca l  Methods 

Dif fus ion  c o e f f i c i e n t s  can be c a l c u l a t e d  from a  f l u x  de r ived  from a  

molecular concept - t h e  i n t e g r a l  of molecular v e l o c i t y  over t h e  nonequi- 

l i b r ium v e l o c i t y  d i s t r i b u t i o n  func t ion .  The v e l o c i t y  d i s t r i b u t i o n  func- 

t i o n  r e p r e s e n t s  t h e  p r o b a b i l i t y  f o r  a  molecule t o  have a  s p e c i f i c  ve loc i -  

t y  and l o c a t i o n  a t  some i n s t a n t .  The changes i n  t h e  v e l o c i t y  d i s t r i b u -  

t i o n  due t o  molecular i n t e r a c t i o n s  must s a t i s f y  t h e  nonl inear  Boltzmann 

i n t e g r o d i f f e r e n t i a l  equat ion.  The b a s i c  problem of r i go rous  k i n e t i c  

theory is  t o  so lve  t h e  Boltzmann equat ion .  

A s o l u t i o n  of t he  Boltzmann equat ion  was independently obta ined  by 

Chapman and by Enskog. Both used a  method of success ive  approximation,  

and even though procedures by Chapman and Enskog d i f f e r  i n  d e t a i l  t h e  

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

Chapman-Enskog theory a s  s o l u t i o n s  of i n f i n i t e  s e t s  of s imultaneous a lge-  

b r a i c  equat ions ,  and t h e  t r a n s p o r t  p r o p e r t i e s  can be expressed formal ly  

a s  r a t i o s  of i n f i n i t e  determinants  whose elements a r e  t he  c o e f f i c i e n t s  of 

t h e  a l g e b r a i c  equat ions .  The c o e f f i c i e n t s  of t h e  equat ions a r e  compli- 

ca t ed  func t ions  which depend on t h e  spec i e s  and t h e  composition of t h e  

mixture ,  and on i n t e g r a l s  r e l a t e d  t o  b inary  molecular i n t e r a c t i o n s .  

These s e t s  of equat ions  can be so lved ,  f o r t u n a t e l y ,  by r a p i d l y  converging 

approximation schemes. 



An o u t l i n e  of t h e  Chapman-Enskog procedure i s  as fo l lows .  F i r s t  t h e  

v e l o c i t y  d i s t r i b u t i o n  func t ion  i s  expanded i n  terms of a  pe r tu rba t ion  

func t ion  added t o  t h e  Maxwell (equi l ibr ium) d i s t r i b u t i o n .  By t h e  assump- 

t i o n  of a  sma l l  pe r tu rba t ion ,  t h e  expansion s u b s t i t u t e d  back i n t o  the  

Boltzmann equat ion  l e a d s  t o  a  l i n e a r i z e d  i n t e g r o d i f f e r e n t i a l  equat ion f o r  

t h e  p e r t u r b a t i o n .  

The p e r t u r b a t i o n  term i s  assumed p ropor t iona l  t o  g r a d i e n t s ,  and ex- 

panded i n  a  s e r i e s ;  t h e  s e r i e s  expansion c o e f f i c i e n t s  a r e  func t ions  of 

molecular v e l o c i t i e s .  The assumption of l i n e a r i t y  i n  t h e  g rad ien t  of 

composition i s  p r e c i s e l y  c o n s i s t e n t  wi th  t h e  preceding phenomenological 

d e f i n i t i o n  of d i f f u s i o n  c o e f f i c i e n t s  ; o t h e r  t r a n s p o r t  c o e f f i c i e n t s  may be  

accounted f o r  by a d d i t i o n a l  app ropr i a t e  g r a d i e n t s .  The d i f f u s i o n  co- 

e f f i c i e n t  now appears  a s  a n  i n t e g r a l  of t he  expansion c o e f f i c i e n t  over 

t h e  molecular v e l o c i t i e s .  The expansion c o e f f i c i e n t  s a t i s f i e s  a  l i n e a r  

i n t e g r o d i f f e r e n t i a l  equat ion obta ined  from t h e  Boltzmann equat ion.  This  

equat ion is  solved by a  second s e r i e s  expansion i n  terms of squares  of 

molecular v e l o c i t i e s .  For t h e  second expansion i t  i s  convenient ,  bu t  n o t  

necessary,  t o  u se  or thogonal  func t ions  because or thogonal  p r o p e r t i e s  l e a d  

t o  subsequent s i m p l i f i c a t i o n  of t he  c a l c u l a t i o n s .  The or thogonal  func- 

t i o n s  usua l ly  used a r e  Sonine polynomials.  When t h i s  second expansion i s  

s u b s t i t u t e d  back i n t o  t h e  i n t e g r a l  express ion  f o r  t h e  d i f f u s i o n  c o e f f i -  

c i e n t ,  i t  t u r n s  o u t  (because of t h e  o r thogona l i t y )  t h a t  t he  d i f f u s i o n  co- 

e f f i c i e n t  is  exac t ly  equal  t o  j u s t  one of t h e  c o e f f i c i e n t s  i n  t he  second 

expansion. The problem now i s  t o  f i n d  t h e  c o e f f i c i e n t s  of t h e  second ex- 

pansion. To do t h i s ,  t h e  expansion i s  s u b s t i t u t e d  back i n t o  the  l i n e a r  

i n t e g r o d i f f e r e n t i a l  equat ion ,  which i s  then solved by a  moment method. 

The r e s u l t  i s  a n  i n f i n i t e  s e t  of a l g e b r a i c  equat ions i n  which t h e  un- 

knowns a r e  t he  c o e f f i c i e n t s  of t h e  second expansion, and the  c o e f f i c i e n t s  



of t hese  unknowns a r e  complicated m u l t i p l e  i n t e g r a l s  over molecular veloc-  

t i e s .  These i n t e g r a l s  r e s u l t  from t h e  moment formation;  most of t h e  in-  

t e g r a t i o n s  can be  c a r r i e d  ou t  e x p l i c i t l y ,  b u t  no t  a l l ,  u n t i l  t h e  law of 

in te rmolecular  f o r c e  i s  s p e c i f i e d .  

The d i f f u s i o n  c o e f f i c i e n t  i s  thus  equal  t o  a s i n g l e  unknown i n  a n  

i n f i n i t e  s e t  of a l g e b r a i c  equat ions .  This  s e t  cannot be solved exac t ly  

except  i n  very  s p e c i a l  ca ses ,  and some succes s ive  approximation procedure 

must be used. The s e t  i s  sys t ema t i ca l ly  t runca ted  i n  some p l a u s i b l e  way 

(two ways a r e  commonly used, one due t o  Chapman and Cowling, and t h e  o t h e r  

to  Kihara) ;  t h e  s imples t  t runca t ion  g ives  t h e  f i r s t  approximation t o  t h e  

d i f f u s i o n  c o e f f i c i e n t ,  t h e  next  s t e p  g ives  t h e  second approximation, and 

s o  on. I n  t h e  f i r s t  approximation t h e  d i f f u s i o n  c o e f f i c i e n t  i s  indepen- 

den t  of composition; t h e  second and h igher  approximations in t roduce  compo- 

s i t i o n  dependence. Since t h e  approximation procedure converges r a p i d l y ,  

t h e  t h i r d  approximation f o r  t h e  d i f f u s i o n  c o e f f i c i e n t  is  almost i d e n t i c a l  

w i th  t h e  second approximation. 

The s o l u t i o n  of t h e  Boltzmann equat ion  by t h e  Chapman-Enskog pro- 

cedure depends on t h e  fol lowing assumptions: 

Binary c o l l i s i o n s .  The Boltzmann equat ion  i t s e l f  has a  fundamental 

assumption - binary  c o l l i s i o n s .  This assumption - t h a t  only two-molecule 

i n t e r a c t i o n s  a r e  important - l i m i t s  t h e  a p p l i c a t i o n  of t h e o r e t i c a l  re- 

s u l t s  t o  t r a n s p o r t  p r o p e r t i e s  of d i l u t e  gases .  

Small mean f r e e  pa th .  The Chapman-Enskog s o l u t i o n  assumes t h a t  t h e  

dimensions of t h e  gas conta iner  a r e  l a r g e  compared t o  t he  molecular mean 

f r e e  pa th .  I n  gases  a t  extremely low d e n s i t i e s  molecules c o l l i d e  more 

f r equen t ly  w i th  t h e  w a l l s  of t he  con ta ine r  than wi th  each o t h e r .  When 

molecular c o l l i s i o n s  with a  con ta ine r  s u r f a c e  a r e  s i g n i f i c a n t ,  t h e  theory 

f a i l s .  



. I n  the  Chapman-Enskog theory the  assumption of  

a  small  p e r t u r b a t i o n  func t ion  desc r ibes  smal l  depa r tu re s  from the  e q u i l i -  

brium v e l o c i t y  d i s t r i b u t i o n  func t ion ;  i n  o t h e r  words, a t  condi t ions  

s l i g h t l y  away from equi l ibr ium t h e  t r a n s p o r t  p rope r ty  f l u x e s  a r e  l i n e a r  i n  

t he  g rad ien t s .  

C l a s s i c a l  mechanics. H i s t o r i c a l l y ,  c l a s s i c a l  mechanics was neces- 

s a r i l y  used by Boltzmann, Chapman, and Enskog; however, t h e i r  theory can 

b e  reformulated t o  account f o r  quantum-mechanical e f f e c t s .  The modifi-  

c a t i o n  needed i s  merely t o  r e p l a c e  a n  i n t e g r a t i o n  over c l a s s i c a l  impact 

parameters f o r  molecular i n t e r a c t i o n s  by a n  i n t e g r a t i o n  over d e f l e c t i o n  

angles  involv ing  t h e  quanta1 d i f f e r e n t i a l  c r o s s  s e c t i o n .  

E l a s t i c  c o l l i s i o n s .  The o r i g i n a l  Boltzmann equat ion  and i t s  solu-  

t i o n  by Chapman and Enskog were l i m i t e d  t o  e l a s t i c  c o l l i s i o n s  between 

molecules i n t e r a c t i n g  wi th  c e n t r a l  f o r c e s .  I n e l a s t i c  c o l l i s i o n s  occur  

between molecules wi th  i n t e r n a l  degrees of freedom, and k i n e t i c  energy 

is  no longer  conserved, a l though mass and momentum a r e  conserved. Thus 

d i f f u s i o n  and v i s c o s i t y  a r e  not  s t r o n g l y  a f f e c t e d  by t h e  presence of in -  

t e r n a l  degrees of freedom, bu t  thermal conduc t iv i ty  is .  The theory may 

be  reformulated t o  account  f o r  i n e l a s  t i c  c o l l i s i o n s .  

c .  Theore t i ca l  Resu l t s  

I n  t h i s  s e c t i o n  t h e  Chapman-Enskog t h e o r e t i c a l  expressions f o r  d i f -  

fu s ion  c o e f f i c i e n t s  a r e  given,  a s  we l l  a s  t h e  d e f i n i t i o n  of c o l l i s i o n  in- 

t e g r a l s ,  and a  number of complementary d e f i n i t i o n s  r e l a t e d  t o  b ina ry  mo- 

l e c u l a r  c o l l i s i o n s .  The ex tens ion  of t he  c o l l i s i o n  i n t e g r a l  formulas t o  

inc lude  i n e l a s t i c  c o l l i s i o n  e f f e c t s  is  a l s o  given.  

. The higher  approx- 

imations f o r  d i f f u s i o n  c o e f f i c i e n t s  i n  a  d i l u t e  gas b inary  mixture w i th  



spec i e s  of type 1 and 2  a r e  w r i t t e n  

where ] i s  t h e  f i r s t  approximation, f  
1 2  1 

(M) accounts  f o r  t h e  e f f e c t s  of 

higher  approximations,  and M i n d i c a t e s  t h e  o r d e r  of approximation. I n  

t h e  f i r s t  approximation f o r  d i f f u s i o n  c o e f f i c i e n t s  , f  = 1; t h e  e f f e c t  

of h igher  approximations i s  descr ibed by 

where A i s  t h e  f i r s t  c o r r e c t i o n  term t o  
1 2  iq211 

F i r s t  approximation f o r  t h e  Dif fus ion  C o e f f i c i e n t .  The express ion  

where p = m m /(m C m ) i s  t h e  reduced mass of a  p a i r  of molecules ,  12 1 2  1 2 

m is  t h e  molecular mass of  a  spec i e s ,  k i s  t h e  Boltzmann cons t an t ,  and T 

i s  t h e  a b s o l u t e  temperature.  The d i f f u s i o n  c o l l i s i o n  i n t e g r a l  5 ( 1 , l )  
12  

has u n i t s  of a r e a  and i s  dependent on t h e  temperature and t h e  f o r c e s  of 

molecular i n t e r a c t i o n  of t he  gas .  The c o l l i s i o n  i n t e g r a l  f o r  d i f f u s i o n  

where E i s  t h e  i n i t i a l  r e l a t i v e  t r a n s l a t i o n a l  energy of two molecules i n  

1 2  
a  b inary  c o l l i s i o n ,  E = y 1 2 v  ,V being t h e  i n i t i a l  r e l a t i v e  speed of t h e  

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

s(') (E) = 2n j' ( 1  - cos  ,E ) s in  xdx , (2.2-5) 
0 

where L(x,E) i s  t h e  d i f f e r e n t i a l  s c a t t e r i n g  c r o s s  s e c t i o n ,  For c l a s s i c a l  

systems I (X ,E) s inXdX = bdb, where b is  the  impact parameter - t h e  perpen- 



d i c u l a r  d i s t a n c e  between one molecule and t h e  i n i t i a l  l i n e  of r e l a t i v e  

approach of t he  o t h e r  molecule.  The c l a s s i c a l  s c a t t e r i n g  a n g l e  f o r  a  

p a i r  o f  c o l l i d i n g  molecules i s  

where r the  d i s t a n c e  of c l o s e s t  approach, i s  g iven  by 
c ' 

I n  Eq.  (2.2-6) r i s  t h e  i n t e r n u c l e a r  s e p a r a t i o n  d i s t a n c e ,  and q ( r )  i s  the  

s p h e r i c a l l y  symmetric in te rmolecular  p o t e n t i a l .  

The express ion  f o r  [ q 2 1 1  i n  p r a c t i c a l  u n i t s  is  

M f 2  T3/2 
[%,I = 0.008258 - , (2.2-8) 

2M1M2 pz, ( 1  $1) 

where T i s  i n  degrees Kelvin,  p i s  t h e  p re s su re  i n  atmospheres,  M and 
1 

- ( l , l )  is in and M a r e  t h e  molecular weights  i n  grams per  mole, and R12 2  

angstroms squared . 
The f i r s t  approximation f o r  t h e  d i f f u s i o n  c o e f f i c i e n t  is  independent 

of mixture composition. 

Second Approximation f o r  the  Di f fus ion  C o e f f i c i e n t .  The second ap- 

proximation f o r  t h e  d i f f u s i o n  c o e f f i c i e n t  i s  

where 

The P ' s  and Q's a r e  complicated a l g e b r a i c  express ions  which conta in  

* 
va r ious  c o l l i s i o n  i n t e g r a l s  and a r e  def ined i n  Sec t ion  2.4; C12 is  a col -  

l i s i o n  i n t e g r a l  r a t i o  given by Eq .  (2.2-16). The f i r s t  c o r r e c t i o n  term 



A 12 i s  temperature dependent, and con ta ins  t he  small  composition depen- 

dence of t h e  d i f f u s i o n  c o e f f i c i e n t .  

. How c l o s e  

1 i m  Bl2I1 is t o  [BI ]  depends on composition, molecular  masses, and the  M- 12 M 

in te rmolecular  fo rces  of t he  gas mixture.  By numerical comparison of 

[$1'12]1, [ q 2 I 2 '  [ q 2 ]  3, e t c .  f o r  a  v a r i e t y  of s p e c i a l  ca ses ,  t h e  accuracy 

of [q211  may be assessed .  30 For t h e  case  of n e a r l y  equal  molecular 

masses [$f ] is probably accu ra t e  t o  w i th in  2% r e g a r d l e s s  of t he  compo- 
12  1 

s i t i o n  o r  in te rmolecular  f o r c e s .  I f  t he  molecular masses a r e  very un- 

equal  and t h e  heavy component is  t h e  t r a c e  spec i e s  then [8 ] i s  
1 2  1 

a c c u r a t e  t o  w i t h i n  1%. I f  t h e  l i g h t  component is  t h e  t r a c e  then [.ffl2l1 

may be  q u i t e  i naccu ra t e ;  t h e  worst  ca se  known i s  a mixture of r i g i d  

spheres  f o r  which [fll2I1 i s  low by about  13%. I n  p r a c t i c a l  cases  i t  i s  

probably s a f e  t o  regard  [ q 2 1 1  as accu ra t e  w i t h i n  about  5% f o r  a l l  gas  

p a i r s ,  and [ q 2 1 2  a s  accu ra t e  w i t h i n  2%. 

P res su re  Dependence of Di f fus ion  C o e f f i c i e n t s .  A l l  t h e o r e t i c a l  

approximations f o r  d i lu te -gas  d i f f u s i o n  c o e f f i c i e n t s  a r e  i nve r se ly  pro- 

p o r t i o n a l  t o  d e n s i t y ,  o r  p re s su re .  It can be shown by elementary k i n e t i c  

theory arguments t h a t  t h e  molecular f l u x  i s  independent of pressure  f o r  

b inary  c o l l i s i o n s .  The reason  i s  t h a t  t he  number of f l u x  c a r r i e r s  ( i . e . ,  

t he  molecules) is  d i r e c t l y  p ropor t iona l  t o  t h e i r  number dens i ty  n ,  b u t  

t he  number of p a r t i c l e s  t h a t  impede t h e  f l u x  by c o l l i s i o n s  is  a l s o  pro- 

p o r t i o n a l  t o  n.  The two e f f e c t s  exac t ly  compensate. I f  the  a s soc i a t ed  

g rad ien t  is  chosen s o  a s  no t  t o  involve  n ,  then  the  cons t an t  of propor- 

t i o n a l i t y  must a l s o  be independent of n .  Thus t h e  c o e f f i c i e n t s  of v i s -  

c o s i t y  and thermal conduct iv i ty  a r e  independent of dens i ty .  But t h e  pro- 

p o r t i o n a l i t y  cons tan t  f o r  d i f f u s i o n  i s  a r b i t r a r i l y  chosen t o  be q2 ( f o r  

h i s t o r i c a l  r ea sons ) ,  so t h a t q 2  i t s e l f  must be  inve r se ly  p ropor t iona l  t o  



The genera l  equat ion 

f o r  c o l l i s i o n  i n t e g r a l s  i s  

s+2 -1 
E ( " ~ ) ( T )  = [ ( s + l ) ! ( k ~ )  1 j m e  

- E / ~ T  s+i (1) 
E (E) dE, (2.2-11) 

0 

with  
L -1 

s(') (E) = [I  - 2(1 + 

R (-I)  ] dm J" (1 - cos X)  I(x,  + , E ) s i n ~ d ~ ,  (2.2-12) 
0 0 

where 1 and s s p e c i f y  weighting f a c t o r s  r e l a t e d  t o  t h e  mechanism of 

t r a n s p o r t  by molecular c o l l i s i o n s ;  x and 4 a r e  t h e  po la r  azimuth angles  

which desc r ibe  t h e  o r i e n t a t i o n  of t h e  f i n a l  r e l a t i v e  molecular v e l o c i t y  

t o  t h e  i n i t i a l  r e l a t i v e  v e l o c i t y  i n  a  c o l l i s i o n .  From Eq. (2.2-3) i t  i s  

ev iden t  t h a t  f o r  d i f f u s i o n  R = 1 and s = 1; t h e  v i s c o s i t y  and thermal 

conduct iv i ty  c o l l i s i o n  i n t e g r a l s  have 1 = 2 and s = 2. Other va lues  of 

and s occur only  i n  t h e  express ions  f o r  higher  approximations. 

C o l l i s i o n  i n t e g r a l s  a r e  c a l c u l a t e d  f o r  r e a l i s t i c  in te rmolecular  f o r c e  

models on ly  by d i f f i c u l t  numerical i n t e g r a t i o n s .  

The d e f i n i t i o n  of c o l l i s i o n  i n t e g r a l s  as dimensionless  reduced quan- 

t i t i e s ,  t h a t  i s ,  c o l l i s i o n  i n t e g r a l s  divided by the  analogous q u a n t i t i e s  

f o r  r ig id-sphere  molecules ,  makes c a l c u l a t i o n s  of t r a n s p o r t  c o e f f i c i e n t s  

more convenient.  The reduced c o l l i s i o n  i n t e g r a l  is  def ined  as 

where i s  a n  a r b i t r a r y  molecular s i z e  o r  range-of-force parameter.  Nu- 

mer i ca l  va lues  of reduced c o l l i s i o n  i n t e g r a l s  a r e  u sua l ly  about un i ty  i f  

o i s  chosen i n  a reasonable  way, and d i f f e r e n c e s  from un i ty  r e f l e c t  mole- 

c u l a r  "sof tnesss '  f o r  t h e  s e l e c t e d  in te rmolecular  f o r c e  model i n  compari- 

son t o  a n  i d e a l  r ig id-sphere  model. 

I n  t he  higher  approximations f o r  d i f f u s i o n  c o e f f i c i e n t s ,  and i n  

o the r  t r a n s p o r t  p r o p e r t i e s  a s  w e l l ,  s e v e r a l  r e c u r r i n g  r a t i o s  of c o l l i s i o n  



i n t e g r a l s ,  o r  reduced c o l l i s i o n  i n t e g r a l s ,  a r e  def ined  f o r  c a l c u l a t i o n  

convenience, namely 

The magnitude of each of t hese  r a t i o s  i s  approximately u n i t y ,  and exact-  

l y  un i ty  f o r  r i g i d  spheres .  

C o l l i s i o n  i n t e g r a l s  and c o l l i s i o n  i n t e g r a l  r a t i o s  are func t ions  of 

temperature and t h e  parameters of t he  s e l e c t e d  model f o r  in te rmolecular  

f o r c e s .  S ince  such models u s u a l l y  have a t  l e a s t  two parameters ,  one wi th  

dimensions of d i s t a n c e  and one wi th  dimensions of energy, i t  is  economi- 

c a l  t o  t a b u l a t e  c o l l i s i o n  i n t e g r a l s  i n  dimensionless form, i n  which t h e  

reduced c o l l i s i o n  i n t e g r a l  i s  given a s  a  f u n c t i o n  of a  reduced tempera- 

t u r e .  Reduced c o l l i s i o n  i n t e g r a l s  have a l ready  been def ined;  reduced 

temperature i s  usua l ly  def ined  a s  

9; 
T r k T / ~  , 

where E is  t h e  energy parameter of t h e  p o t e n t i a l  (u sua l ly  t h e  depth of 

t h e  minimum) . 
C o l l i s i o n  I n t e g r a l s  f o r  I n e l a s t i c  C o l l i s i o n s .  A s  p rev ious ly  men- 

t ioned ,  t h e  k i n e t i c  theory of gas  t r a n s p o r t  p r o p e r t i e s  by t h e  Chapman- 

Enskog procedure a p p l i e s  s t r i c t l y  t o  molecules t h a t  have no i n t e r n a l  

degrees of freedom. To extend t h e  preceding equat ions t o  polyatomic and 

polar  molecules t h e  theory of t r a n s p o r t  p r o p e r t i e s  must account f o r  i n -  

e l a s t i c  c o l l i s i o n s .  This can be achieved only by a  re formula t ion  of t he  

Bol tzmann equat ion  i n  which the  nonequilibrium v e l o c i t y  d i s t r i b u t i o n  

func t ion  must be s p e c i f i e d  f o r  a l l  t h e  i n t e r n a l  energy s t a t e s  of mole- 

c u l e s .  A s e m i c l a s s i c a l  t reatment  i s  used i n  which the  t r a n s l a t i o n a l  



molecular motion i s  descr ibed  c l a s s i c a l l y ,  as be fo re ,  b u t  t h e  i n t e r n a l  

motions a r e  descr ibed  quantum-mechanically. The formal k i n e t i c  theory of 

t r a n s p o r t  p r o p e r t i e s  t h a t  i nc ludes  i n e l a s t i c  c o l l i s i o n s  i n  t h e  Chapman- 

Enskog scheme was o r i g i n a l l y  developed f o r  pu re  gases  by Wang Chang, 

Uhlenbeck, and d e ~ o e r , ~ '  and by   ax man.^^ Addi t iona l  t h e o r e t i c a l  

wor lc '-"13 has extended t h e  theory t o  mixtures;  t h e  der ived  c o l l i s i o n  in-  

t e g r a l s  correspond t o  t h e  f i r s t  approximations of t h e  Chapman-Enskog 

theory .  

The a v a i l a b l e  r e s u l t s  f o r  i n e l a s t i c  c o l l i s i o n  i n t e g r a l s  a r e  f o r  t he  

most p a r t  formal i n  t h e  sense  t h a t  t h e  i n t e g r a t i o n s  a r e  too d i f f i c u l t  t o  

c a r r y  ou t  f o r  r e a l i s t i c  models, even wi th  t h e  f a s t e s t  a v a i l a b l e  computers. 

But u s e f u l  conclusions can be  drawn from them without  going through elabo- 

r a t e  c a l c u l a t i o n s .  These conclusions a r e  s t a t e d  a t  t h e  end of t h i s  sub- 

s e c t i o n .  

The gene ra l  equat ions  f o r  t he  d i f f u s i o n  and v i s c o s i t y  c o l l i s i o n  in -  

t e g r a l s  a r e  a s  fol lows:  

-E -E 
5(L i  9 S)  (T) q i  q ' j  2 ~ + 3 ~ - y  

2  
= 2[ ( s+ l ) ! z  z e  

4  4  4  4 6 ('I k'(E) dy , 
i jke 'ij 

where 

2  ke 
(l)ke(E) = 62nd+ 1' (y - y y l c o s ~ ) l i j  (x ,+,E)sinxdx , (2.2-20) Y Sij 

0 

2 , 2  y - y  = E  C E  + E ) , (2.2-22) 
qk q r t  - ('4i q 1  j 



i n  which t h e  prime on y r e f e r s  to  t h e  r e l a t i v e  k i n e t i c  energy a f t e r  a  

c o l l i s i o n  and t h e  spec i e s  a r e  denoted by q  and q ' .  The va r ious  E ' S  a r e  

t h e  ene rg i e s  of t h e  i n t e r n a l  quantum s t a t e s  of t h e  s p e c i e s ,  divided by 

kT. Z and Z a r e  t h e  i n t e r n a l  p a r t i t i o n  func t ions  f o r  t h e  q  and q 1  
4  9  ' 

spec i e s  : Z = l e x p  (-E ) and Z = l exp  (-E , . ) . They appear only a s  
4 q  i 4  ' 4 3  

normal iza t ion  f a c t o r s  i n  Eq. (2.2-18). The i n d i c e s  i and j denote t h e  

i t h  and j t h  i n t e r n a l  quantum s t a t e s  of t h e  q  t h  and q '  t h  spec i e s  be- 

f o r e  a  c o l l i s i o n ,  and k and t t h e  corresponding s t a t e s  a f t e r  a  c o l l i s i o n .  

ke The d i f f e r e n t i a l  s c a t t e r i n g  c ros s  s e c t i o n  I (x,+,E)  desc r ibes  c o l l i s i o n s  
ij 

between two molecules i n i t i a l l y  i n  i n t e r n a l  s t a t e s  i and j which undergo 

a  c o l l i s i o n  and f i n a l l y  a r e  i n  s t a t e s  k and L .  I n  t h e  c o l l i s i o n  i n t e g r a l  

of Eq. (2.2-18) t h e  s u p e r s c r i p t  1 i s  primed so  a s  not  t o  be  confused wi th  

t h e  R t h  quantum s t a t e .  

The c o l l i s i o n  i n t e g r a l s  f o r  i n e l a s t i c  processes  reduce exac t ly  to  

c o l l i s i o n  i n t e g r a l s  f o r  e l a s t i c  c o l l i s i o n s  when E '  = E and the  d i f f e r e n -  

t i a l  s c a t t e r i n g  c r o s s  s e c t i o n  i s  t h e  same a s  t h e  e l a s t i c  c r o s s  s e c t i o n ,  

i j  - 
I i j  - 'el  f o r  a l l  i and j .  

I n e l a s t i c  c o l l i s i o n s  e n t e r  52 ( )  on ly  through t h e  term yy 'cosx;  t o  

% 
a  f i r s t  approximation y  % y '  and t h e  i n e l a s t i c  c o l l i s i o n s  have no e f f e c t .  

For a  second approximation y '  can be w r i t t e n  a s  y  p l u s  some terms i n  

A E  , , where A E  = y2 - y v 2 ;  t h e  i n e l a s t i c  con t r ibu t ions  a r e  then  of 
q  q  44 ' 

t he  form y ( A ~  , ) c o s X .  For i s o t r o p i c  molecular s c a t t e r i n g  the  c o r r e c t i o n  
4 4  

t e r m  van i shes ,  and even f o r  non i so t rop ic  s c a t t e r i n g  t h e  i n e l a s t i c  c o n t r i -  

bu t ion  is  probably small  un le s s  t h e r e  i s  some s p e c i a l  c o r r e l a t i o n  between 

PE , and X. The E ( ~ ' ~ )  may a l s o  reduce  t o  a  manageable form, i n  t h e  
4 4 

f i r s t  approximation Ac , << y2  and t h e  terms i n  Ac , may be dropped. 
4 4 Q 4 

For a  second approximation, t he  terms i n  A E  , vanish  f o r  i s o t r o p i c  
4  4  

s c a t t e r i n g .  



The de termina t ion  of $Y from mixture  v i s c o s i t y  measurements is  es- 1 2  
J( 

p e c i a l l y  r e l a t e d  t o  A I n  t hese  c a l c u l a t i o n s  t h e  a l g e b r a i c  expressions 
12' 

( s ee  s e c t i o n  2.7) appear mathematically t h e  same whether t he  molecular 

c o l l i s i o n s  a r e  e l a s t i c  o r  i n e l a s t i c .  This  i s  important  because the  only 

a'c 
e f f e c t  depends on what v a l u e  i s  s u b s t i t u t e d  f o r  A 

12  ' 
A f i r s t - o r d e r  ex- 

Jx 
pansion f o r  A i n d i c a t e s  only  a  smal l  c o r r e c t i o n  f o r  i n e l a s t i c  c o l l i -  

1 2  

s i o n s  , b u t  good approximations a r e  no t  y e t  a v a i l a b l e .  

2.3 Temperature Dependence of D i f fus ion  Coef f i c i en t s  

The temperature dependence of ~ 1 2  according t o  t he  preceding ex- 

p re s s ions  must be i n v e s t i g a t e d  i n  o rde r  t o  develop a  gene ra l  equat ion  use- 

f u l  f o r  t h e  c o r r e l a t i o n  of d i f f u s i o n  c o e f f i c i e n t s .  Almost t h e  e n t i r e  tem- 

p e r a t u r e  dependence is  g iven  by t h e  f a c t o r  [T 3 / 2 / ~ ( 1 y 1 ) ( ~ ) ]  appearing i n  

[ q 2 ]  
t h a t  i s ,  the  higher  approximations have only a  s l i g h t  e f f e c t  . 

Accordingly t h e  temperature dependence of A is  d is regarded  i n  t h e  
1 2  

fol lowing d i scuss ion .  The temperature dependence of [s ] can be c a l -  
12  1 

cu la t ed  i f  t h e  law of f o r c e  between two molecules i s  known. D e t a i l s  about  

in te rmolecular  f o r c e s  w i l l  fo l low l a t e r  i n  t h i s  s e c t i o n .  Ca lcu la t ions  

f o r  p l a u s i b l e  molecular f o r c e  laws have shown t h a t  t h e  d e r i v a t i v e  

-(15')(T)/d l n  T u sua l ly  lies between 0 and -112, so  t h a t  t h e  d e r i -  d  Rn Q 

v a t i v e  (sen q 2 / a [ n  T) l i e s  between 312  and 2.  Thus q2 should vary a s  
P 

T ~ ' ~  t o  T ~ ,  and t h i s  i s  usua l ly  found t o  be  t h e  c a s e  experimental ly .  

These genera l  f e a t u r e s  a r e  depic ted  i n  F ig .  1. 

This f i g u r e  shows t h e  d e r i v a t i v e  (atnf;3/ / a h  T) , obtained from ex- 
12  P 

per imenta l  d a t a  and in te rmolecular  f o r c e  models. The simple molecular 

model of i d e a l  r i g i d  sphe res ,  s e t s  a lower bound of 312 to  t h e  d e r i v a t i v e ,  

independent of temperature.  Actual  gas  p a i r s ,  however, have apprec iab ly  

g r e a t e r  va lues  of t h e  d e r i v a t i v e  than 312. 



The gene ra l  c h a r a c t e r i s t i c s  of (a e n q , / a  e n  T) a r e  a s  fol lows.  
P 

A t  extremely low temperatures  t he  dominant i n t e r a c t i o n  is  t h e  long-range 

- 6 
r London d i s p e r s i o n  energy, which causes Q -113 

-(l") (TI t o  vary  a s  T . 
A t  extremely h igh  temperatures  t h e  dominant i n t e r a c t i o n  i s  t h e  (roughly) 

exponent ia l  short-range r e p u l s i o n  energy, which causes Q (T) t o  have 

a weaker temperature dependence than a t  low temperatures .  Thus 

(a !n s 1 2 / a  ,212 T) i s  equal  to  1116 a t  low temperatures ,  and equal  t o  a 
P 

smaller  va lue ,  % 1.7 ,  a t  h igh  temperatures ,  t h e  high-temperature va lue  

being s l i g h t l y  dependent on temperature.  I n  t h e  in te rmedia te  temperature 

reg ion  ( a  l n8 ; , / a  e n  T) i s  no t  monotonic, and e x h i b i t s  a maximum where 
P 

both short-range and long-range f o r c e s  a r e  s i g n i f i c a n t .  

I n  F ig .  1 t h e  i n s e r t  shows ln(p.f$2/~3 '2)  v s  . l n  T. This  curve il- 

l u s t r a t e s  t h e  behavior  to  be expected from very  low temperatures up t o  

4 
about 10 "I<, and i n d i c a t e s  t h e  form of r e l a t i o n s h i p  needed t o  f i t  

1 2  

da t a  a s  a f u n c t i o n  of temperature.  P o s s i b l e  quantum e f f e c t s  a t  very low 

temperatures have been ignored i n  t h i s  i l l u s t r a t i o n  s i n c e  they a r e  i m -  

p o r t a n t  only f o r  a few very  l i g h t  gases ,  

More q u a n t i t a t i v e  information about t h e  temperature dependence of 

r e q u i r e s  a d d i t i o n a l  d e t a i l s  about  in te rmolecular  p o t e n t i a l s .  A s  is  

we l l  known, molecules a t t r a c t  each o t h e r  a t  l a r g e  s e p a r a t i a n  d i s t a n c e s  

and r e p e l  each o t h e r  a t  smal l  s epa ra t ions .  I n  p r i n c i p l e ,  quantum theory 

provides a method f o r  c a l c u l a t i n g  t h e  i n t e r a c t i o n  between a p a i r  of mole- 

c u l e ~ . ~ ~  The long-range i n t e r a c t i o n s  a r e  dominated by London d i spe r s ion  

forces  , and can be ca l cu la t ed  f a i r l y  a c c u r a t e l y  ?%ut t he  shor  t-range in-  

t e r a c t i o n s  a r e  too complicated t o  be  c a l c u l a t e d  i n  any s imple way. The 

va r ious  i n t e r a c t i o n s  and t he i r  e f f e c t  on q2 a r e  considered below. 



a .  Long-Range I n t e r a c t i o n s  

These i n t e r a c t i o n s  behave asymptot ica l ly  a s  (neg lec t ing  r e t a r d a t i o n  

e f f e c t s )  

6 
CY(r) = - c / r  , (2.3-1) 

where C i s  t h e  London cons t an t .  According t o  c l a s s i c a l  mechanics t h e  

c o l l i s i o n  i n t e g r a l  has  t h e  form 

~ h u s  a s  T +  0 , q 2  a T 
1116 c l a s s i c a l l y ,  b u t  a t  s u f f i c i e n t l y  low tempera- 

t u r e s  quantum c o r r e c t i o n s  become important .  A gene ra l  express ion  f o r  t h e  

( )  a s  T+O i s  no t  p r e s e n t l y  a v a i l a b l e .  quantum-mechanical Q 

b .  Short-Range I n t e r a c t i o n s  

Short-range i n t e r a c t i o n s  can  be  approximated by a n  exponent ia l  func- 

t i o n ,  and over a  more l i m i t e d  range by a n  i n v e r s e  power. These s ing le -  

term p o t e n t i a l s  have a  s imple a l g e b r a i c  form which permi ts  t h e  c o l l i s i o n  

i n t e g r a l  t o  b e  c a l c u l a t e d  numerical ly;  such r e s u l t s  l e a d  t o  va lues  of fl 1 2  

a t  h igh  temperatures ,  T 1000 O K .  

The express ion  f o r  t h e  exponent ia l  p o t e n t i a l  is  

q) ( r )  = (P, exP (-r/p) , (2.3-3) 

i n  which and p a r e  empi r i ca l  parameters .  For t h i s  p o t e n t i a l  t he  
0 

E ( ~ ' ~ )  (T) has  been evaluated35 over  a wide temperature range by numerical 

methods, and i t s  temperature dependence found t o  be  approximately 

Thus a t  h igh  temperatures d i f f u s i o n  c o e f f i c i e n t s  a r e  expected to  be pro- 

p o r t i o n a l  t o  [ln(Cfo/kT) ] ?. . 
The inverse-power r e p u l s i v e  p o t e n t i a l  can be  w r i t t e n  a s  



S 
$ ( r ) = K / r  , (2.3-5) 

where K and s a r e  empi r i ca l  parameters .  For t h i s  p o t e n t i a l  t h e  tempera- 

t u r e  dependence of t h e  c o l l i s i o n  i n t e g r a l  is exac t ly  1,2 

l 1  T .- ( S K I ~ T )  21s R (2.3-6) 

For t h i s  model t he  d i f f u s i o n  c o e f f i c i e n t s  a r e  p ropor t iona l  t o  T 
3/2 + 21s 

c .  Intermediate-Range I n t e r a c t i o n s  

A t  i n t e rmed ia t e  i n t e r n u c l e a r  s e p a r a t i o n  d i s t a n c e s  t h e  p o t e n t i a l  i s  

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

has  a  "well" whose d e t a i l e d  shape i s  no t  p r e c i s e l y  known; d e s c r i p t i v e  ap- 

proximations a r e  f r equen t ly  g iven  by semi-empirical express ions  which 

i n t e r p o l a t e  between func t ions  der ived  f o r  s o l e l y  a t t r a c t i v e  o r  r e p u l s i v e  

i n t e r a c t i o n s .  For s p h e r i c a l  nonpolar molecules two such well-known ap- 

proximations a r e ,  

Lennard-Jones (12-6) 

and 

Exp-6 

where E is t h e  depth  of t h e  p o t e n t i a l  energy w e l l ,  r i s  t h e  l o c a t i o n  of m 

t h e  p o t e n t i a l  energy minimum, and n and a a r e  parameters which r e f l e c t  

t h e  s teepness  of t h e  r e p u l s i v e  f o r c e s .  Such p o t e n t i a l s  g i v e  a  complica- 

t ed  r e l a t i o n s h i p  f o r  t h e  temperature dependence of t he  c o l l i s i o n  i n t e g r a l ,  

and no a n a l y t i c  express ion  can be  given corresponding t o  i n t e rmed ia t e  

temperatures (about 200 O K  t o  1000 O K  f o r  most gas  p a i r s ) .  However, 

~ u t h e r l a n d ~ ~  developed a  s imple r e l a t i o n s h i p  f o r  r ig id-sphere  molecules 



with  weak a t t r a c t i v e  i n t e r a c t i o n s ,  and showed t h a t  

R (19')* = 1 + SIT , (2.3-9) 

where S i s  a  p o s i t i v e  cons t an t .  The temperature dependence of fi 1 2  is  

then  

which c o r r e l a t e s  experimental  r e s u l t s  w e l l  over moderate temperature 

ranges .  This  form can a l s o  a c c u r a t e l y  r e p r e s e n t  c o l l i s i o n  i n t e g r a l s  f o r  

t h e  Lennard-Jones (12-6) p o t e n t i a l  (wi th in  0.2% f o r  1 .4  < kT/& < 3.5) .  37 

Another r e l a t i o n s h i p ,  suggested by ~ e i n ~ a n u m ,  38 is  

Q ( l y l ) *  = e  S/T 
Y (2.3-11) 

which reduces t o  t h e  Sutherland form f o r  smal l  va lues  of SIT.  

2.4 Composition Dependence of Di f fus ion  C o e f f i c i e n t s  

I n  t h i s  s e c t i o n  t h e  t h e o r e t i c a l  r e s u l t s  a r e  g iven  f o r  t h e  small com- 

p o s i t i o n  dependence of gaseous d i f f u s i o n  c o e f f i c i e n t s .  The composition 

c o r r e c t i o n ,  l e s s  than  5% f o r  most gas  p a i r s ,  i s  needed t o  e l i m i n a t e  sys- 

temat ic  d i sc repanc ie s  i n  t h e  eva lua t ion  and c o r r e l a t i o n  of gf measure- 
1 2  

ments. The composition c o r r e c t i o n  term, A12, i s  repea ted  he re  f o r  con- 

venience,  and t h e  P and Q terms a r e  expressed a s  fo l lows:  

where 



The r e l a t i o n s  f o r  P and Q a r e  ob ta ined  from those  f o r  P and QI by an  2 2 1 

in t e r change  of s u b s c r i p t s .  The s u b s c r i p t  "11" denotes  molecular  i n t e r -  

a c t i o n s  between two type  1 molecules ,  and s o  on. The Chapman and Cowling 

r e l a t i o n s  f o r  t h e  Q's have been p re sen t ed ,  n o t  K iha ra ' s .  39 

The above complicated formulas  f o r  A a r e  t ed ious  t o  u se ,  and 12  

a t t empt s  have been made t o  s i m p l i f y  t h e  express ions .  40-42 The r e s u l t s  

a r e  semi-empirical approximations,  one of which42 t akes  a  form t h a t  de- 

termines t h e  most s e n s i t i v e  p a r t s  of A from experiment and t h e  remainder 
12  

from t h e o r e t i c a l  c a l c u l a t i o n s .  An improved semi-empirical approximation 

f o r  A12 i s  developed i n  t h i s  r e p o r t ;  d e t a i l s  appear  i n  S e c t i o n  4.4. 

2.5 Quantum E f f e c t s  on D i f fus ion  C o e f f i c i e n t s  

Quantum e f f e c t s  become s i g n i f i c a n t  when t h e  de  BrogZie wavelength, 

A = h / v v ,  approaches t h e  s i z e  parameter o. Thus t h e  r a t i o  A/a i s  a  

measure of quantum e f f e c t s ,  and gases  behave c l a s s i c a l l y  f o r  A/o << 1. I n  

* 
k i n e t i c  theory i t  i s  common p r a c t i c e  t o  use  t h e  deBoer parameter A , 



which i s  simply A/a f o r  a  c o l l i d i n g  p a i r  of reduced mass 1~ and k i n e t i c  

energy equal  t o  t h e  depth,  c ,  of t h e  p o t e n t i a l  w e l l .  The l a r g e r  t h e  

Jc 
va lue  of A , t h e  more important  a r e  t h e  quantum e f f e c t s  a t  a  given re- 

* 
duced temperature,  T r kT/E. This  is i l l u s t r a t e d  i n  Table 1, which i s  

based on c a l c u l a t i o n s  f o r  t h e  Lennard-Jones (12-6) p o t e n t i a l  .43  A gas 

Jc 
behaves c l a s s i c a l l y  a t  a l l  temperatures  f o r  I\ = 0; t y p i c a l  va lues  of 

* 
A are as fo l lows:  0.35 f o r  Ne-Ar, 1 . 3  f o r  He-Ne, 1 .5  f o r  H2-D2, and 2.9 

3  4 f o r  He- He. From Table 1 i t  i s  ev iden t  t h a t  quantum d e v i a t i o n s  i n  q2 
can be q u i t e  l a r g e  f o r  l i g h t  gases  a t  low temperatures.  However, t h e  

* 
c o l l i s i o n  i n t e g r a l  r a t i o  A has d e v i a t i o n s  of only a  few pe rcen t ,  s o  

12  

t h a t  r e l i a b l e  va lues  of B12 can be  computed from accu ra t e  v i s c o s i t y  

measurements even when quantum e f f e c t s  a r e  important , a s  explained i n  

more d e t a i l  i n  Sec t ion  2.7. 

The only mod i f i ca t ion  necessary f o r  quantum e f f e c t s  i s  t h e  rep lace-  

ment of t he  i n t e g r a t i o n  over  c l a s s i c a l  impact parameters by one over t h e  

quantum mechanical d i f f e r e n t i a l  c r o s s  s e c t i o n .  The quantum t r a n s p o r t  

c r o s s  s e c t i o n  a s  g iven  by a s c a t t e r i n g  phase-sh i f t  a n a l y s i s ,  

2 
I(%) = [ f ( x )  1 9 (2.5-2) 

i n  which 6 i s  t h e  phase s h i f t ,  R denotes  t h e  angular  momentum quantum R 
number, and K is  the  wave number of r e l a t i v e  motion, equal t o  

2nUv/h = 2 n / ~ .  The phase s h i f t s  a r e  obta ined  by the  s o l u t i o n  of t h e  

r a d i a l  wave equat ion .  P (cosX) i s  a  Legendre polynomial i n  cos  X ,  and R 
f ( x )  is  the  s c a t t e r i n g  ampli tude.  When Eqs. (2.5-2) and (2.5-3) are sub- 

s t i t u t e d  i n t o  Eq. (2 .2- l2) ,  t h e  i n t e g r a t i o n s  can  be c a r r i e d  o u t  to  y i e l d  

t h e  fol lowing express ions  f o r  t h e  d i f f u s i o n  and v i s c o s i t y  (or  thermal 



conduc t iv i t y )  t r a n s p o r t  c r o s s  s e c t i o n s  : 

471 (R+1) (R+2) sin:! s ( ~ )  (E) = - 1 
~ 2  , (2,+3) ( b l + 2 - s ~ )  

. (2.5-5) 

The summations a r e  over  a l l  i n t e g r a l  va lues  of L from 0 t o  co f o r  d i s t i n -  

gu ishable  p a r t i c l e s ,  b u t  on ly  over  t h e  even or  odd i n t e g r a l  va lues  f o r  

i n d i s t i n g u i s h a b l e  p a r t i c l e s  ( i n  which c a s e  t h e  summation is  m u l t i p l i e d  by 

a  normal iza t ion  f a c t o r  of 2 ) .  I n  o rde r  t o  d e s c r i b e  observable  p roces se s  

s(') must always r e f e r  t o  d i s t i n g u i s h a b l e  p a r t i c l e s ,  bu t  s ( ~ )  can  r e f e r  

t o  e i t h e r .  These formulas  apply  on ly  t o  t h e  c a s e  of e l a s t i c  c o l l i s i o n s ;  

corresponding formulas f o r  i n e l a s t i c  c o l l i s i o n s  have never been de r ived .  

It i s  o f t e n  d e s i r e d  t o  a d j u s t  measurements of q2 f o r  a  s e t  of i s o -  

topes t o  a  common molecular weight  b a s i s .  This  i s  e s p e c i a l l y  impor tan t  

f o r  hydrogen i so topes  (H 2 ,  D 2 ,  T2, HD, e t c . )  f o r  which t h e r e  a r e  many 

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

a  mass dependence which may invo lve  t h r e e  f a c t o r s .  F i r s t ,  t h e  p r i n c i p a l  

dependence of s12 on mass i s  t h e  p r o p o r t i o n a l i t y  t o  t h e  i n v e r s e  square  

r o o t  of t h e  reduced mass of t h e  gas  p a i r .  A second mass dependence 

f a c t o r  is  i n  t h e  composition c o r r e c t i o n  term A bu t  t h i s  is  almost  a l -  
12 '  

ways n e g l i g i b l e .  The t h i r d  dependence is i n  the d i f f u s i o n  c o l l i s i o n  in -  

t e g r a l ,  which i n  t h e  quantum c a s e  depends on mass through t h e  deBoer 

Jc 
parameter A . I n  o rde r  t o  make t h e  necessary  computations a  p o t e n t i a l  

model is  assumed, and t h e  d i f f u s i o n  c o l l i s i o n  i n t e g r a l  i s  then obta ined  

f o r  bo th  i s o t o p i c  mix tures ;  f o r  t h e  Lennard-Jones (12-6) p o t e n t i a l  

quanta1 c o l l i s i o n  i n t e g r a l s  have been publ ished 43'44 a s  a  func t ion  of 

t h e  deBoer parameter and reduced temperature  i n  convenient  t abu la r  form. 



For any two mixtures  a simple r a t i o  of Q (A*, T*) i s  taken to  

a d j u s t  t he  d a t a  according t o  Eq. (2.2-8).  Since t h i s  procedure i s  model- 

dependent,  i t  is  r e l i a b l e  only when t h e  adjustment  i s  smal l .  

I t  is  sometimes u s e f u l  t o  express  t h e  exac t  formulas of Eqs.(2.5-4) 

and (2.5-5) a s  s e m i c l a s s i c a l  expansions, i n  which t h e  leading  term i s  

t h e  c l a s s i c a l  formula and the  quantum c o r r e c t i o n s  appear a s  a s e r i e s  i n  

f; 
powers of P lanck ' s  cons tan t  (or  A ) .  E x p l i c i t  expressions have been ob- 

ta ined  f o r  t he  f i r s t  two quantum c o r r e c t i o n s  ,45 bu t  l i t t l e  use  has y e t  

been made of t hese  r e s u l t s .  Most numerical c a l c u l a t i o n s  to  d a t e  have 

used t h e  exac t  formulas i n  terms of phase s h i f t s .  

2.6 Determination of Di f fus ion  C o e f f i c i e n t s  from Intermolecular  Forces 

I n  t h i s  s e c t i o n  expressions f o r  d i f f u s i o n  c o l l i s i o n  i n t e g r a l s  a r e  

presented  which l e a d  t o  B12 a t  condi t ions  unavai lab le  by d i r e c t  experi-  

-('") a r e  g iven  only  f o r  long-range and ment, The express ions  f o r  Q 

- ( l , l )  short-range i n t e r a c t i o n s ;  f o r  intermediate-range i n t e r a c t i o n s ,  t he  $2 

a r e  n o t  given because t h e  corresponding va lues  of a r e  a v a i l a b l e  by 
12  

d i r e c t  experiment.  Information about long-range i n t e r a c t i o n s  i s  obtained 

from molecular p o l a r i z a b i l i t i e s ,  o s c i l l a t o r  s t r e n g t h s ,  and o t h e r  o p t i c a l  

d a t a ;  a summary of t h e  va r ious  r e s u l t s  has  been publ ished.  34 The sho r t -  

range i n t e r a c t i o n s  a r e  based on molecular beam s c a t t e r i n g  experi-  

ments.  46-48 For both  ranges of i n t e r a c t i o n  t h e  s p e c i f i c  da t a  sources  

used i n  t h i s  r e p o r t  a r e  l i s t e d  i n  t h e  Bibl iography,  Sec t ions  I1 and 111. 

a .  Di f fus ion  C o l l i s i o n  I n t e g r a l s  f o r  Long-~ange I n t e r a c t i o n s  

-6 
The coLl i s ion  i n t e g r a l  f o r  t h e  London r a t t r a c t i v e  p o t e n t i a l  i s  

E('") = 7 1 . 1  (c/T) I/ 3 5 (2.6-1) 

- (1 ,1)  has i n  which C i s  the  London cons tan t  i n  atomic u n i t s  (e2a5 )and Q 
0 



u n i t s  of angstroms squared.  Equation (2.6-1) g ives  t h e  c l a s s i c a l -  

mechanical low-temperature asymptote f o r  t h e  f i r s t  approximation of t h e  

d i f f u s i o n  c o e f f i c i e n t ,  t h a t  i s ,  [ q 2 I 1  a s  T + 0.  

The accuracy of t h e  a v a i l a b l e  London cons t an t s  i s  w i t h i n  5% f o r  

34 most gases ,  and a t  worst  10% f o r  gas  p a i r s  con ta in ing  xenon. By Eq. 

(2.6-1) t h e  f i r s t  approximation f o r  t h e  d i f f u s i o n  c o e f f i c i e n t  is inverse-  

l y  p r o p o r t i o n a l  t o  t h e  1 / 3  power of t h e  London cons t an t ;  thus  t he  e r r o r s  

i n  [ q 2 1 1  due t o  e r r o r s  i n  C a r e  less than  4% f o r  a l l  ga ses  considered.  

Numerical va lues  a r e  g iven  i n  Sec t ion  5.2.  

The v a l i d  range of temperature f o r  t he  low-temperature asymptote i s  

d i f f i c u l t  t o  e s t ima te  a c c u r a t e l y ,  bu t  t h i s  range may be approximated a s  

fo l lows .  F i r s t ,  t h e  upper l i m i t  i s  g iven  by t h e  cond i t i on  a t  which the  

London d i s p e r s i o n  energy ceases  t o  dominate i n t e r a c t i o n s .  From F i g ,  1 

< 
t h i s  is  es t imated  t o  occur  a t  reduced temperatures Q, 0.2. Second, t he  

lower l i m i t  i s  determined by the  magnitude of quantum e f f e c t s .  These 

J< 
e f f e c t s  depend s t r o n g l y  on the  deBoer parameter A and reduced tempera- 

t u r e  i n  a complex manner, and no s imple e s t ima te  seems p o s s i b l e  f o r  t h e  

lower l i m i t  of temperature f o r  Eq .  (2.6-1). For gas  p a i r s  w i th  l a r g e  

va lues  of t h e  deBoer parameter ,  quantum e f f e c t s  a r e  q u i t e  s i g n i f i c a n t  a t  

* 
T < 0.2, a s  shown i n  Table 1. This sugges ts  t h a t  Eq. (2.6-1) i s  of 

Jc * * * > 
only q u a l i t a t i v e  v a l u e  f o r  A > 1 and T < 0.2. A t  A = 1 and T - 0.1 ,  

* 
Eq . (2.6-1) i s  u s e f u l  only to  a 10% l e v e l  of unce r t a in ty .  For A = 0.5 

2t. > 
and T - 0.02 t h e  low-temperature asymptote is a c c u r a t e  to  w i t h i n  3%, and 

J( 

f o r  A < 0.5 i t  i s  even b e t t e r .  
4 3  

b . Diffus ion  C o l l i s i o n  I n t e g r a l s  f o r  Shor t-range I n t e r a c t i o n s  

The d i f f u s i o n  c o l l i s i o n  i n t e g r a l  express ions  f o r  shor  t-range i n t e r -  

a c t i o n s  i n  terms of t he  exponent ia l  and i n v e r s e  power models a r e  a s  



fo l lows .  The exponent ia l  p o t e n t i a l ,  E q .  (2.3-3), g ives  

i n  which a :p //k~)and I 
(1,1)  

i s  a n  i n t e g r a l  a v a i l a b l e  from tab les35  a s  
A 0 

a  f u n c t i o n  of a .  The i n v e r s e  power p o t e n t i a l ,  E q .  (2.3-5), g ives  

+ I )  SK)21s r (3-21s) A(') ( s )  , (2.6-3) 
= 4~ 

i n  which r(3-21s) is t h e  gamma func t ion  of argument (3-21s) and A(')(s) 

i s  an  i n t e g r a l ,  independent of temperature and a v a i l a b l e  i n  t a b l e s  49,50 

f o r  d i f f e r e n t  va lues  of s .  - 
The r e l i a b i l i t y  of d i f f u s i o n  c o e f f i c i e n t s  c a l c u l a t e d  from molecular 

beam experiments i s  est imated a s  fo l lows .  F i r s t ,  t h e  cons is tency  of 
q 2  

by molecular beam r e s u l t s  and by d i r e c t  d i f f u s i o n  experiments can be 

checked a t  about  1000°K, a  temperature a t  which these  r e s u l t s  ove r l ap .  

The agreement i s  w i t h i n  a  few percent  -for the  gas p a i r s  He-Ar, He-N2, 

and HZ-Ar.  Other gas p a i r s  do no t  have s u f f i c i e n t  da t a  f o r  such a  com- 

pa r i son .  Second, t h e  u n c e r t a i n t i e s  of t h e  p o t e n t i a l s  can be eva lua ted  

by comparison (1) wi th  r e l i a b l e  t h e o r e t i c a l  c a l c u l a t i o n s ,  (2)  wi th  po- 

t e n t i a l s  ob ta ined  from d i f f e r e n t  appara tus  i n  t h e  same l abo ra to ry  and 

from d i f f e r e n t  l a b o r a t o r i e s ,  and (3) wi th  p o t e n t i a l s  der ived  from o t h e r  

46-48,51 The 
t r a n s p o r t  p rope r ty  measurements a t  e leva ted  temperatures .  

p o t e n t i a l s  a r e  determined from molecular beam s c a t t e r i n g  experiments 

which have been done only a t  two independent l a b o r a t o r i e s :  Amdur -- e t  a l .  

a t  t he  Massachusetts I n s t i t u t e  of Technology, and Leonas e t  a l .  a t  t h e  

Moscow S t a t e  Univers i ty .  This information has  a  l e v e l  of r e l i a b i l i t y  

t h a t  v a r i e s  wi th  the  type of gas .  The noble gas  p a i r s  have u n c e r t a i n t i e s  

i n  t he  p o t e n t i a l s  t h a t  range from about  10 t o  30%. Gas p a i r s  wi th  

diatomic molecules have higher  u n c e r t a i n t i e s ,  about  20 to 45%. and f o r  

polyatomic molecules even higher  u n c e r t a i n t i e s ,  30 t o  60%. 



The diatomic and polyatomic molecules have l e s s  r e l i a b i l i t y  than the  

noble gases  because nonspher ica l  c h a r a c t e r i s t i c s  of molecules a r e  no t  

completely taken i n t o  account i n  t h e  d e r i v a t i o n  of t h e  p o t e n t i a l  from the  

experimental  s c a t t e r i n g  obse rva t ions .  I n  a d d i t i o n ,  f o r  t he  d i s s o c i a t e d  

gases  H, N ,  and 0 ,  t h e r e  a r e  only  a few molecular beam measurements, 

which a r e  r e l a t i v e l y  d i f f i c u l t  t o  o b t a i n ;  f o r  t h e s e  mixtures  uncer ta in-  

t i e s  i n  t h e  p o t e n t i a l s  range  from about  30 t o  60%. However, 

t hese  r a t h e r  l a r g e  u n c e r t a i n t i e s  i n  t h e  p o t e n t i a l s  appear  only  a s  much 

smal le r  u n c e r t a i n t i e s  i n  t h e  c a l c u l a t e d  d i f f u s i o n  c o e f f i c i e n t s .  This  i s  

c l e a r l y  ev ident  from Eq .  (2.6-3) f o r  t he  inve r se  power p o t e n t i a l ,  s i n c e  

i t s  c o l l i s i o n  i n t e g r a l  is  p ropor t iona l  t o  a  f r a c t i o n a l  power of  t h e  

p o t e n t i a l  parameters .  

The v a l i d  temperature range f o r  d i f f u s i o n  c o e f f i c i e n t s  ca l cu la t ed  

f o r  short-range i n t e r a c t i o n s  can be p red ic t ed  a s  fo l lows .  The p o t e n t i a l s  

der ived  from molecular  beam s c a t t e r i n g  experiments a r e  r epo r t ed  wi th  a n  

a p p l i c a b l e  i n t e r n u c l e a r  s e p a r a t i o n  range.  These a r e  obta ined  d i r e c t l y  

from t h e  minimum and maximum va lues  of t h e  measured s c a t t e r i n g  c r o s s  

s ec t ions .46  I n  order  t o  c a l c u l a t e  t h e  upper and lower l i m i t s  of t h e  

temperature range ,  t h e  minimum and maximum v a l u e s  of t h e  s e p a r a t i o n  

range,  r e s p e c t i v e l y ,  a r e  assumed t o  be approximately r e l a t e d  to  t h e  co l -  

l 1  r 2 .  Since t h e  c o l l i s i o n  i n t e g r a l  is a l s o  l i s i o n  i n t e g r a l  a s  L? 

given  i n  terms of t he  p o t e n t i a l  parameters  and temperature by Eqs. (2.6-2) 

o r  (2.6-3),  a temperature range can  e a s i l y  be computed. The accuracy of 

t he  predic ted  temperature l i m i t s  has two s i g n i f i c a n t  f i g u r e s  a t  most. 

c .  Combination Rules 

O f  t e n  no d i r e c t  de te rmina t ions  a r e  a v a i l a b l e  f o r  t h e  in te rmolecular  

p o t e n t i a l  of a  p a r t i c u l a r  gas  p a i r ,  bu t  t he  p o t e n t i a l s  f o r  the  i n d i v i d u a l  



spec i e s  may be  known. Various semi-empirical combination r u l e s  a r e  

a v a i l a b l e  f o r  t h e  p r e d i c t i o n  of p o t e n t i a l  parameters  f o r  a  1-2 i n t e r -  

a c t i o n  from those  f o r  t h e  1-1 and 2-2 i n t e r a c t i o n s .  Such r u l e s  work w e l l  

enough t o  a l l ow t h e  p r e d i c t i o n  of s12 t o  a  l e v e l  of unce r t a in ty  i n  t h e  

order  of 10%. 

The combination r u l e s  f o r  t he  long-range and short-range i n t e r -  

a c t i o n s  a r e  as fo l lows .  For long-range i n t e r a c t i o n s ,  theory i n d i c a t e s  a 

geometric-mean r u l e  f o r  t h e  London d i s p e r s i o n  c o e f f i c i e n t ,  

This r u l e  has  been t e s t ed52  and found t o  be q u i t e  a c c u r a t e .  Theory a l s o  

sugges ts  , b u t  more weakly, a  geometric-mean combination r u l e  f o r  t h e  

shor  t-range i n t e r a c t i o n s  ; 53 

E x ~ o n e n t i a l  P o t e n t i a l  

and 

Inverse-Power P o t e n t i a l  

These r u l e s  have been d i r e c t l y  t e s t e d  by means of t h e  molecular beam 

s c a t t e r i n g  experiments,  and the  r e s u l t s  a r e  q u i t e  s a t i s f a c t o r y .  54-56 

2 . 7  Determination of Di f fus ion  C o e f f i c i e n t s  from Other Transport  

Proper t y  Measurements 

I n  t h i s  s e c t i o n  procedures a r e  descr ibed  f o r  t h e  de te rmina t ion  of 



q2 from other  t r a n s p o r t  p roper ty  measurements according t o  r e s u l t s  of 

t h e  Chapman-Enskog theory .  These procedures  a r e  v i r t u a l l y  independent 

of knowledge of t h e  molecular i n t e r a c t i o n s ,  and a r e  a n  a l t e r n a t e  r o u t e  t o  

t h e  r e l i a b l e  p r e d i c t i o n  of s12. 

a .  Vi scos i ty  

The Chapman-Enskog f i r s t  approximation f o r  t he  v i s c o s i t y  of a  b i -  

nary mixture can be expressed57 a s  a  quadra t i c  equat ion  i n  t h e  d i f f u s i o n  

c o e f f i c i e n t  : 

i n  which 

3 
where R is t h e  gas cons t an t  (82.0567 cm -atm/mole OK), n i s  t h e  v i s c o s i t y  

i n  g/cm-sec, 
"mix 

den0 t e s  t h e  mixture v i s c o s i t y ,  and the  s u b s c r i p t s  have 

t h e i r  u sua l  meaning. The de termina t ion  of B12 r e q u i r e s  experimental  d a t a  

f o r  mixture composition, t h e  molecular weights and v i s c o s i t i e s  of t h e  

pure components, and t h e  mixture  v i s c o s i t y  of t he  gas p a i r .  The only 

Jc 
non-experimental quan t i t y  r equ i r ed  is t h e  c o l l i s i o n  i n t e g r a l  r a t i o  A 

12 * 
* 

The v a r i a t i o n  of A wi th  temperature i s  only a  few percent  i n  the  i n t e r -  
1 2  

mediate  temperature r eg ion ,  is r e l a t i v e l y  independent of t h e  choice  of a  



r e a l i s t i c  in te rmolecular  p o t e n t i a l  model, and is  i n s e n s i t i v e  t o  i n e l a s t i c  

c o l l i s i o n s  (Sec t ion  2.2: p a r t  c )  and quantum e f f e c t s  (Sec t ion  2 .5) .  Thus 

t h e  de te rmina t ion  of .f7 from v i s c o s i t y  measurements e s s e n t i a l l y  e l i m i -  
12  

n a t e s  t h e  need f o r  accu ra t e  informat ion  about molecular i n t e r a c t i o n s .  

For a  mixture  of a  gas w i th  i t s e l f  t h e  b inary  mixture  express ion ,  

Eq. (2.7-l) , reduces t o  

i n  which all is known a s  t h e  s e l f - d i f f u s i o n  c o e f f i c i e n t  . 
The de termina t ion  of B12 from v i s c o s i t y  measurements has been de- 

r i ved  from f i r s t  approximation formulas.  On t h i s  b a s i s  t h e  d i f f u s i o n  co- 

e f f i c i e n t s  c a l c u l a t e d  cannot be t h e  t r u e  va lues  of fl which have a  
12 '  

smal l  composition dependence. The d i f f u s i o n  c o e f f i c i e n t s  c a l c u l a t e d  can- 

no t  be exac t  @ ] because experimental  v i s c o s i t y  d a t a  a r e  used. 
5 8 

1 2  1 

However, t h e  d i f f u s i o n  c o e f f i c i e n t s  c a l c u l a t e d  from experimental b ina ry  

mixture  v i s c o s i t y  d a t a  a r e  nea r ly  equal  t o  s12 a t  a mixture  composition 

corresponding t o  t h e  heavy component i n  t r a c e  amounts, a s  shown by 

numerical computations of t he  higher  Chapman-Enskog approximations.  
10  

The u n c e r t a i n t y  i n  t h i s  conclusion was found t o  be l e s s  than  any e r r o r  

i n  a v a i l a b l e  d i f f u s i o n  c o e f f i c i e n t  measurements. 

The r e l i a b i l i t y  of q2 c a l c u l a t e d  from mixture  v i s c o s i t y  measure- 

ments i s  almost  t h e  same as ob ta inab le  byH12 measurements wi th  t h e  b e s t  

modern techniques ,  a s  shown by t h e  fol lowing a n a l y s i s .  F i r s t ,  assume 

* 
t h a t  A12 i s  known e x a c t l y .  On t h e  b a s i s  of a n  e r r o r  propagat ion a n a l y s i s  

of Eq. ( 2  7 )  t h e  c a l c u l a t i o n  procedure f o r  B12 can in t roduce  a  l o s s  

i n  accuracy by a s  much a s  a  f a c t o r  of f ive .57  However, r e l i a b l e  v i s c o s i -  

t y  measurements a r e  obta ined  wi th  inaccu rac i e s  of 1110% a t  about  room 

temperature and about 112% a t  1000°K. These u n c e r t a i n t i e s  a r e  approxi-  



mately 10 times l e s s  than  i n  d i r e c t  q2 measurements a t  t he  correspond- 

i ng  temperatures ,  Second, remove t h e  r e s t r i c t i o n  of a  p e r f e c t l y  known 

* 
A12 i n  o rde r  t o  o b t a i n  t h e  t o t a l  unce r t a in ty  of c a l c u l a t e d a 1 2 .  For 

s p h e r i c a l  or  homonuclear diatomic molecules a t  i n t e rmed ia t e  temperatures  

* 
A12 i s  r e l i a b l e  to  about  1%; non-spherical o r  po la r  gases  have s l i g h t l y  

* * 
l a r g e r  u n c e r t a i n t i e s  i n  A 

12  ' 
Uncer t a in t i e s  i n  va lues  of A w i l l  be  d i -  

1 2  * 
r e c t l y  r e f l e c t e d  i n  

1 2  ' t h a t  i s ,  a  1% e r r o r  i n  A corresponds t o  a n  
12  

e r r o r  of approximately 1% i n  &Il2 Thus t h e  t o t a l  unce r t a in ty  i n  d i f  f  u- 

s i o n  c o e f f i c i e n t s  c a l c u l a t e d  from a c c u r a t e  v i s c o s i t y  measurements is  

about  2% a t  room temperature,  a n  unce r t a in ty  comparable t o  t h e  a v a i l a b l e  

d i r e c t  a12 measurements. 

b .  Thermal Conduct ivi ty  

The f i r s t  approximation of t h e  Chapman-Enskog theory f o r  t h e  thermal 

conduct iv i ty  of binary mixtures  can be used to  compute va lues  of 
5 9 

1 2  ' 

The procedure i s  s i m i l a r  t o  t h a t  used f o r  d i f f u s i o n  c o e f f i c i e n t s  ca lcu-  

l a t e d  from v i s c o s i t y  d a t a ,  b u t  t h e  va lues  ca l cu la t ed  from thermal con- 

d u c t i v i t y  measurements a r e  n o t  a s  r e l i a b l e  a s  a v a i l a b l e  8 measurements 
1 2  

f o r  two reasons .  F i r s t ,  t h e  r e l a t i o n s h i p  between thermal conduc t iv i ty  

anda12 i s  s l i g h t l y  more s e n s i t i v e  t o  temperature and molecular i n t e r -  

a c t i o n s  ; t h a t  is ,  t h e  a p p l i c a b l e  r e l a t i o n s h i p  has t h e  c o l l i s i o n  i n t e g r a l  

J( * 
r a t i o  B a s  we l l  a s  A 

12  ' 12 ' 
Second, t h e  accuracy of thermal conduct iv i ty  

da t a  i s  only equal  t o ,  and of t en  l e s s  than ,  t h a t  of measurements, 
1 2  

and t h e  experimental  e r r o r s  propagate  by a  f a c t o r  of a s  much a s  f i v e  

through these  c a l c u l a t i o n s .  Thus thermal conduct iv i ty  is a t r a n s p o r t  

p roper ty  from which only mediocre e s t ima te s  of a r e  poss ib l e  a t  pre- 12  

s e n t .  



c .  Thermal D i f fus ion  Fac tor  

The Chapman-Enskog t h e o r e t i c a l  f i r s t  approximation f o r  t he  thermal 

d i f f u s i o n  f a c t o r  of b inary  mixtures  may g ive  r e l i a b l e  va lues  of . 
4 2  

The thermal d i f f u s i o n  f a c t o r  desc r ibes  how a  gas mixture s e p a r a t e s  under 

the in£  luence  of a  temperature g r a d i e n t .  D i f fus ion  c o e f f i c i e n t s  can be  

ca l cu la t ed  from t h e  s t r o n g  composition dependence of t h e  thermal d i f  fu- 

s i o n  f a c t o r ,  o  .60 But, t he  a v a i l a b l e  measurements of t h e  composition 
T  

dependence of a have r a t h e r  l a r g e  u n c e r t a i n t i e s ,  which l e a d  t o  mediocre 
T  

va lues  of s12 a t  p resen t .  Another procedure r e l a t e s  t he  temperature 

dependence of B12 t o  t h a t  of a T ,  and t h e  der ived  r e l a t i o n s h i p  is  combined 

wi th  a  s i n g l e  measurement of dg12 t o  produce d i f f u s i o n  c o e f f i c i e n t s  over 

a  wide temperature range.61 From t h i s  procedure t h e  accuracy of B12 is 

good, because u n c e r t a i n t i e s  i n  t h e  measurements appear only  a s  much 

smaller  u n c e r t a i n t i e s  i n  t h e  c a l c u l a t e d  d i f f u s i o n  c o e f f i c i e n t s  . I n  

p r i n c i p l e  t h e  c a l c u l a t i o n s  a r e  a p p l i c a b l e  g e n e r a l l y ,  bu t  have been 

l imi t ed  t o  gas  p a i r s  w i th  M2/M1 << 1 and a  t r a c e  concent ra t ion  of t h e  

heavy component. The procedure has  involved i t e r a t i v e  type c a l c u l a t i o n s  

which a r e  descr ibed  nex t .  

Jc 
An "experimental" v a l u e  of (6 C12-5) is  compared t o  t h e  a u x i l i a r y  

t h e o r e t i c a l  express ion  

* 
i n  which t h e  "experimental" (6 C12-5) i s  der ived  a s  fo l lows:  



I n  t hese  equat ions  t h e  s u b s c r i p t  2 denotes  t h e  l i g h t  component and 1 t h e  

heavy, K~ is  a smal l  c o r r e c t i o n  t e r m ,  and f o r  Q2 t h e  Kihara express ion  

3< 
i s  used i n  t h i s  case .  A s  p rev ious ly  d i scussed ,  A12 i s  v i r t u a l l y  i n -  

dependent of temperature and t h e  p o t e n t i a l  model. The va lues  of wl2l1 

and [n2I1 can  be i n t e r p r e t e d  a s  "experimental f i r s t  approximations".  

I n  Eq. (2.7-8) t h e  denominator ' i s  weakly dependent on temperature,  bu t  

t h e  major temperature dependence i s  i n  a and t h i s  i s  obta ined  from 
T ' 

experiments.  The s u b s t i t u t i a n  of Eqs. (2.7-9) t o  (2.7-12) i n t o  t h e  

* 
right-hand s i d e  of Eq. (2.7-8) g ives  t h e  "experimental" (6 C12-5) v a l u e  

p r i n c i p a l l y  i n  terms of t he  temperature dependence of a For the  f i r s t  
T ' 

i t e r a t i o n  s t e p  (-S / Q  ) and K a r e  assumed independent of temperature,  
2 2 2 

t h e  temperature a t  which they are eva lua ted  i s  convenient ly taken to  be  

* 
t he  same a s  f o r  t h e  experimental  B12. This v a l u e  of ( 6  C -5) is  sub- 

1 2  

s t i t u t e d  i n t o  t h e  d i f f e r e n t i a l  equat ion  Eq .  (2.7-7), and the  subsequent 

i n t e g r a t i o n  completes t h e  f i r s t  i t e r a t i o n  cyc le .  The cons t an t  of i n t e -  

g r a t i o n  is  evaluated from one i so thermal  measurement of $3' The r e s u l t  
1 2  ' 

i s  a r e l a t i o n s h i p  f o r  t h e  temperature dependence of 8 over  t he  range  
1 2  

f o r  which measurements of a a r e  a v a i l a b l e .  The second i t e r a t i o n  s t e p  
T 

uses  va lues  of [ q 2 I 1  from t h e  f i r s t  cyc l e  toge ther  wi th  experimental  

va lues  of [n ] t o  eva lua t e  t he  temperature v a r i a t i o n  of (-S /Q ) ;  
2 1 2 2 2 

can be assumed independent of temperature.  The second s e t  of (-S,/Q2) 

* 
gives  new va lues  f o r  (6 C -5), and new va lues  of [@ ] by t h e  i n t e -  

12  12 1 



gra  t i o n  of Eq . (2.7-7) . The of t h e  second set a r e  u sua l ly  almost  

i d e n t i c a l  w i th  t h e  f i r s t  set, b u t  a  t h i r d  i t e r a t i o n  s t e p  can b e  used a s  a  

check, i f  d e s i r e d .  The d i f f u s i o n  c o e f f i c i e n t s  c a l c u l a t e d  a r e  a s  r e l i a b l e  

a s  most d i r e c t  measurements of a t  p re sen t  t h i s  means about  a  few 
12; 

percent .  

In  some c a s e s  t h e  c a l c u l a t i o n  procedure can  b e  s i m p l i f i e d ,  and made 

t o  involve t h e  thermal-diff us ion  f a c t o r  i n  a  more d i r e c t  way, bu t  t h i s  

method was no t  used f o r  any r e s u l t s  i n  t h i s  r e p o r t .  

The de termina t ion  of ff12 from thermal  d i f f u s i o n  d a t a  i s ,  s t r i c t l y  

speaking, l i m i t e d  t o  noble gas  p a i r s .  The equat ions  a r e  based on mon- 

atomic molecules which a r e  f r e e  of i n t e r n a l  energy. The t h e o r e t i c a l  ex- 

p re s s ions  can  be  used f o r  polyatomic gases  when the  t r a n s l a t i o n a l  energy 

c o n t r i b u t i o n  is  much g r e a t e r  than  t h a t  of i n t e r n a l  energy f a c t o r s  which 

c o n t r i b u t e  t o  a 
T ' 



REFERENCES 

1 - 
Chapman, S ,  and T. G .  Cowling, 

Gases (Cambridge Un ive r s i t y  P re s s ,  New York, 2nd e d i t i o n ,  1952) 

2 ~ i r s c h f e l d e r ,  J . O . ,  C .  F. C u r f i s s ,  and R .  B .  B i rd ,  Molecular Theory of 

Gases and Liquids (John Wiley and Sons, New York, 1954; co r r ec t ed  wi th  

notes  added, 1964) 

'3Waldmann, L. , "Transpor terscheinungen i n  Gasen von mi t t le rem Druck , " in  

Encyclopedia of Physics  (Springer-Verlag, B e r l i n ,  1958) Vol. X I I ,  

pp. 295-514 

4 ~ h d a n a v ,  V . ,  Yu. Kagan, and A .  Sazykin, Sovie t  Phys.-JETP - 1 5 ,  596 (1962) 

[Zh. Eksp. Teor. F i z .  - 42, 857 (1962)l 

5~aldmann,  L. and E. Trubenbacher , Z .  Naturforsch.  e, 363 (1962) 

6~a ldmann ,  L.,  Z .  Naturforsch.  3, 1033 (1963) 

7 ~ o n c h i c k ,  L . ,  K .  S. Yun, and E. A .  Mason, J .  Chem. Phys. - 39, 654 (1963) 

'llonchick, L. ,R. J .  Munn, and E .  A .  Mason, J .  Chem. Phys. 45, 3051 (1966) 

9 ~ o n c h i c k ,  L. ,  S. I. Sandler , and E.  A .  Mason, J .  Chem. Phys. 9, 1178 

(1968) 

1 0 ~ t o r v i c k ,  T. S. and E. A .  Mason, J .  Chem. Phys. - 45, 3752 (1966) 

''she, R.  S. C .  and N. F .  Sa the r ,  J .  Chem. Phys. - 47, 4978 (1967) 

1 2  
C u r t i s s ,  C .  P . ,  J .  Chem. Phys. - 49, 2917 (1968) 

1 3 ~ l i e v s k i ~ ,  M. Ya. and V .  M. Zhdanov, Sovie t  Phys.-JETP - 28,  116 (1969) 

[Zh. Eksp. Teor.  F iz .  - 55, 221 (1968)l 

14Cowling, T. G . ,  Molecules i n  Motion (Harper & Brothers ,  New York, 1960),  

Harper Torchboolc TB 516, pp. 67-73 

l 5 ~ a s o n ,  E .  A .  and B .  Kronstadt ,  J .  Chem. Educ. - 44,  740 (1967) 

1 6 ~ a s o n ,  E e  A. and R .  B .  Evans 111, J .  Chem. Educ. - 46, 358 (1969) 

'jiKr:ramers, H .  A .  and J .  Kistemaker, Physica 10, 699 (1943) 
4 2 



1 8 ~ c ~ a r t y ,  K.  P .  and E.  A. Mason, Phys. F l u i d s  - 3 ,  908 (1960) 

IgPlason, E .  A . ,  Phys . F l u i d s  - 4 ,  1504 (1961) 

2 0 ~ a l d m a n n ,  L. and K.  H .  S c h m i t t ,  Z .  N a t u r f o r s c h .  - 1 6 a ,  1343 (1961) 

21~ i l l e r ,  L. and P.  C .  Carman, Na ture  86, 549 (1960) 

22Mason, E.  A . ,  L .  Miller, and P.  C .  Carman, Na ture  191, 375 (1961) 

2 3 ~ u e t i n ,  P. E.  and P.  V .  Volobuev, S o v i e t  Phys. - Tech. Phys.  9, 

859 (1964) 

2 4 ~ o t o u s o v ,  L. S . ,  S o v i e t  Phys.  - Tech. Phys.  - 9 ,  1679 (1965) [Zh. Tekh. 

F i z .  - 34, 2178 (1964) l  

2 5 ~ o l o b u e v ,  P. V.  and P. E. S u e t i n ,  S o v i e t  Phys.  - Tech. Phys . 10, 269 

(1965) [Zh. Tekh. F i z .  - 35,  336 (1965)l  

2 6 ~ o s o v ,  N. D .  and L .  I. Kurlapov, S o v i e t  Phys .  - Tech. Phys.  10, 1623 

(1966) [Zh. Tekh. F i z .  - 35, 2120 (1965) l  

2 7 ~ i r d ,  R .  I 3  , W .  E .  S t e w a r t ,  and E .  N .  L i g h t f o o t ,  T r a n s p o r t  Phenomena 

(John Wiley and Sons,  New York, 1960) ,  pp. 567-72 

2 8 ~ l a n c ,  A , ,  J .  Phys.  - 7 ,  825 (1908) 

" ~ a n d l e r ,  S.  I. and E .  A. Mason, J .  Chem. Phys.  - 48, 2873 (1968) 

30Mason, E .  A., J .  Chem. Phys.  27, 782 (1957) 

"wang Chang, C .  S . ,  G.  E .  Uhlenbeck, and J .  deBoer,  "The Heat 

Conduc t iv i ty  and V i s c o s i t y  of Polyatomic Gases ,"  i n  S t u d i e s  i n  

S t a t i s t i c a l  Mechanics,  e d i t e d  by J .  deBoer and G .  E.  Uhlenbeck, (John 

Wiley and Sons,  New York, 1 9 6 4 ) ,  Vol. 2 ,  pp.  241-68 

3 2 
Taxman, N . ,  Phys.  Rev. - 110 ,  1235 (1958) 

33Margenau, H .  and N .  R. K e s t n e r ,  

(Pergamon P r e s s ,  Oxford,  1969) 

3 4 ~ a l g a r n o ,  A . ,  Adv. Chem. Phys. 2, 1 4 3  (1967) 

3 5 ~ o n c h i c k ,  L . ,  Phys.  F l u i d s  - 2, 695 (1959) 

3 6 ~ u t h e r l a n d ,  W . ,  P h i l .  Mag. ( 5 t h  s e r i e s )  3, 1 (1894) 



3 7 ~ i m ,  S. K .  and J. Ross,  J .  Chem. Phys.  - 46,  818 (1967) 

38 
Reinganum, M. , Phys . Z . - 2 ,  241 (1900) 

3 9 ~ s o n ,  E. A., J .  Chem. Phys .  - 27, 75 (1957) 

4 0 ~ i l k e ,  C .  R .  and C .  Y .  Lee ,  I n d .  Eng. Chem. - 47,  1253  (1955) 

"~mdur ,  I .  and T. F. S c h a t e k i ,  J. Chem. Phys. - 29, 1425 (1958) 

4 2 ~ s o n ,  E.  A., S .  Weissman, and R.  P. Wendt, Phys.  F l u i d s  - 7 ,  174 (1964) 

4 3 ~ u n n ,  R .  J . ,  F .  J .  Smith ,  E. A .  Mason, and I. Monchick, J .  Chem. Phys.  

42, 537 (1965) - 
4 4 Imam-Rahajoe, S . ,  C .  F. C u r t i s s ,  and R .  B .  B e r n s t e i n ,  J .  Chem. Phys.  

42, 530 (1965) - 

4 5 ~ o o d ,  H. T. and C .  F. C u r t i s s ,  J .  Chem. Phys.  41, 1167 (1964) 

4 6 ~ a s o n ,  E. A. and J. T. V a n d e r s l i c e ,  "High-Energy E l a s t i c  S c a t t e r i n g  of 

Atoms, Molecules ,  and I o n s  ," i n  Atomic and Molecular  P r o c e s s e s ,  e d i t e d  

by D .  R .  Bates, (Academic P r e s s ,  New York, 1962) ,  pp .  663-94 

4 7 ~ m d u r ,  I and J .  E .  J o r d a n ,  " E l a s t i c  S c a t t e r i n g  o f  High-Energy Beams: 

R e p u l s i v e  Forces , "  i n  Molecular  B e a m s ,  e d i t e d  by J .  Ross ,  (John Wiley 

and Sons, New York, 1 9 6 6 ) ,  pp.  29-73 

4 8 ~ m d u r ,  I .  , "Fas t  Beam S c a t t e r i n g  Exper iments ,  " i n  Methods of Experimen- 

t a l  P h y s i c s ,  e d i t e d  by B. Bederson and W .  L .  F i t e ,  (Academic P r e s s ,  New 

York, 1968) ,  Vol.  7A, pp. 341-360 

4 9 ~ i g g i n s ,  L. D. and F. J .  Smith,  Mol. Phys. - 1 4 ,  399 (1968) 

5 0 ~ i h a r a ,  T. ,  M .  H. Tay lor ,  and J .  0. H i r s c h f e l d e r ,  Phys.  F l u i d s  - 3 ,  715 

(1960) 

5 1 ~ o l g a t e ,  S .  O., J .  E. J o r d a n ,  I. Amdur, and E. A .  Mason, J. Chem. Phys.  

51, 968 (1969) - 
5 2 

Barker, J .  A . ,  Ann. Rev. Phys.  Chem. - 1 4 ,  229 (1963) 

5 3 ~ a s o n ,  B .  A .  and L.  Monchick, Adv. Chem. Phys .  - 1 2 ,  329 (1967) 

5 4 ~ m d u r ,  1 .  E. A .  Mason, and A. L.  Harkness,  J .  Chern. Phys.  - 22, 1071  (1954) 



5 5 ~ m d u r ,  I .  and E.  A.  Mason, J .  Chem. Phys. 5, 632 (1956) 

56~amnev ,  A. B .  and V .  B .  Leonas,  S o v i e t  Phys.  - Dokl. - 1 0 ,  1202 (1966) 

[Dokl. Akad. Nauk S. S .  S. R .  165, 1273 (1965) l  

5 7 ~ e i s s r n a n ,  S .  and E .  A. Mason, J .  Chem. Phys.  - 37,  1289 (1962) 

5 8 ~ u r n e t f ,  D . ,  J .  Chem. Phys . - 42,  2533 (1965) 

5 9 ~ e i s s m a n ,  S . ,Advances i n  Thermophysical  P roper  ties a t  Extreme Tempera- 

t u r e s  and P r e s s u r e  (ASME, New York, 1965) ,  pp .  12-18 

60Mason, E. A.  and F .  J .  Smith,  J .  Chern. Phys.  - 44 ,  3100 (1966) 

' ' ~ n n i s ,  B.  . A. E .  Humphreys, and  E.  A. Mason, Phys.  F l u i d s  - 11, 2122 

(1968) 

6 2 ~ u m p h r e y s ,  A .  E. and E.  A. Mason, Phys.  F l u i d s  13, 000 (1970) 



3 .  EXPERIMENTAL METHODS FOR DIFFUSION COEFFICIENTS 

The purpose of t h i s  chapter  is  t o  a s s e s s  r e l i a b i l i t i e s  and l i m i t a -  

t i o n s  of t h e  v a r i o u s  experimental  methods used f o r  de te rmina t ions  of 

gaseous d i f f u s i o n  c o e f f i c i e n t s  . The c r i t i c a l  eva lua t ion  of q2 neces- 

s a r i l y  r e q u i r e s  a  comprehensive a p p r a i s a l  of experimental  methods, which 

has  n o t  been prepared before .  The v a r i o u s  methods a r e  o u t l i n e d  i n  

Sec t ion  3.1 i n  o rde r  t o  g ive  a n  o v e r a l l  pe r spec t ive  of t h e  types of 

appara tus  and t h e  r e l i a b i l i t i e s  of r e s u l t s .  I n  Sec t ion  3.2 f i v e  major 

methods a r e  descr ibed  and t h e i r  sys temat ic  e r r o r s  considered.  A major 

method means one t h a t  has been f r equen t ly  used by d i f f e r e n t  i n v e s t i g a t o r s  

and has well-known experimental  u n c e r t a i n t i e s .  The r e s u l t s  of four  of 

t h e s e  f i v e  methods have gene ra l ly  con t r ibu ted  t o  Standard Reference Data,  

bu t  one technique - t h e  evaporation-tube - has had d isappoin t ing  r e s u l t s  

.and is included a s  a  major method only  because i t  has been used more 

of t en  than  any o t h e r .  I n  Sec t ion  3 . 3  b r i e f  d e s c r i p t i o n s  a r e  given f o r  

s i x  methods which have not  been used very  o f t e n ,  b u t  which have su f f  i- 
*> 

c i e n t  r e s u l t s  a v a i l a b l e  so t h a t  t h e i r  r e l i a b i l i t y  may be  est imated.  

These a r e  c a l l e d  minor methods and t h e  r e s u l t s  have made small c o n t r i -  

bu t ions  t o  Standard Reference Data. The f i n a l  s e c t i o n  of t h i s  chapter  

con ta ins  remarks about  seven miscel laneous methods which have no t  con- 

t r i b u t e d  t o  Standard Reference Data,  b u t  which a r e  of gene ra l  a p p l i c a b i l i -  

t y  o r  of  unusual invent iveness .  Every experimental  method ever  used is 

not  included i n  t hese  groups, bu t  those  omitted a r e  considered unim- 

por  t a n t  . 
The d i scuss ion  of each method inc ludes  a  comprehensive l i s t  of 

46 



r e f e r e n c e s  t o  s p e c i f i c  s t u d i e s ;  t h e s e  l i s t i n g s  con ta in  t h e  r e f e rence  

informat ion  f o r  t h e  d i scuss ion  of each method un le s s  s p e c i a l  foo tno te s  

a r e  g iven  i n  t h e  t e x t .  

Severa l  of t h e  experimental  methods have been previous ly  descr ibed  

i n  s p e c i a l i z e d  surveys.  
1-6 

The f i r s t  s i g n i f i c a n t  measurements of d i f f u s i o n  i n  gases  were made 

by Thomas Graham, s t a r t i n g  i n  1829. H i s  ingenious experimentat ion in -  

cluded observa t ions  of  gaseous d i f f u s i o n  i n  closed- tube and two-bulb 

appara tuses .  y 8  These techniques were l a t e r  developed i n t o  t h e  most 

r e l i a b l e  methods, by modern s t anda rds ,  f o r  t h e  de te rmina t ion  of d i f -  

f u s i o n  c o e f f i c i e n t s .  I n  a d d i t i o n  Graham used what i s  now c a l l e d  t h e  

cap i l l a ry - l eak  method and an equ iva l en t  t o  t h e  d i f f u s i o n  br idge .  How- 

ever ,  Graham never ca l cu la t ed  a d i f f u s i o n  c o e f f i c i e n t ,  and a c t u a l l y  

most of h i s  work preceded t h e  mathematical s ta tement  of t h e  law of 

d i f f u s i o n  by Fick i n  1855.' From some of Graham's l a t e r  obse rva t ions ,  

r epo r t ed  i n  1863, t h e  f i r s t  a c c u r a t e  q2 were c a l c u l a t e d  by Maxwell i n  

1867.10y11 U n t i l  r e c e n t  t imes most of Graham's work i n  d i f f u s i o n  had 

been over looked. 
11 

I n  t h e  1870's two experimental  methods, t h e  c losed  tube  and t h e  

evapora t ion  tube ,  were developed; t h e i r  r e s u l t s  inc lude  almost  a l l  va lues  

o f s 1 2  up u n t i l  World War 11. Then s e v e r a l  o t h e r  methods (two-bulb 

appa ra tus ,  p o i n t  source ,  d i f f u s i o n  b r idge ,  d i s s o c i a t e d  gases ,  and gas  

chromatography) were developed because of i n t e r e s t s  i n  i s o t o p e  separa-  

t i o n s ,  combustion processes ,  and t h e o r e t i c a l  s t u d i e s  of in te rmolecular  

f o r c e s  which were i n  need of va lues  of a over an ex tens ive  range of 
12  

temperatures .  The a v a i l a b i l i t y  of r ad io i so topes  made measurements f o r  

many gas p a i r s  e a s i e r .  I n  a d d i t i o n  a number of o the r  techniques have 

been occas iona l ly  used over t h e  l a s t  ha l f  century.  The experimental  



methods a r e  c l a s s i f i e d  i n  Table 2 ,  and t h e  r e f e r e n c e  sources  can be found 

i n  Bibliography I .  I 

3 .1  Ou t l ine  of Experimental Methods 

Table 2 s e rves  as an  o u t l i n e  of  t h e  assessment of methods t h a t  

fo l lows .  The r e l i a b i l i t i e s  given a r e  based on r e p r o d u c i b i l i t i e s  and on 

intercomparisons of by va r ious  methods. A t  p r e sen t  the  r e l i a b i l i t y  
12 

1 2  

is  not  exac t ly  known f o r  each method; t h e s e  measurement techniques a r e  

amenable t o  p o s s i b l e  ref inements .  The de termina t ions  of 5 a r e  con- 
12  

s i d e r e d  good when u n c e r t a i n t i e s  a r e  w i t h i n  about  2%, a l though f o r  a  g iven  

appara tus  t h e  r e p r o d u c i b i l i t y  of r e s u l t s  may be  b e t t e r  than 1%. A v a s t  

ma jo r i t y  of  a v a i l a b l e  d a t a  does no t  have t h i s  l e v e l  of e i t h e r  reproduci-  

b i l i t y  or  r e l i a b i l i t y .  Determinations of q2 a r e  considered of average 

q u a l i t y  when u n c e r t a i n t i e s  a r e  w i t h i n  about  5%. These magnitudes i n d i c a t e  

t h a t  a c c u r a t e  de te rmina t ions  of d i f f u s i o n  c o e f f i c i e n t s  a r e  r a t h e r  d i f f i -  

c u l t ,  even wi th  t h e  b e s t  of modern ins t rumenta t ion .  

The major and a  few minor methods a r e  schemat ica l ly  i l l u s t r a t e d  i n  

F ig ,  2, c l a s s i f i e d  according t o  o v e r a l l  geometry of appara tus  and time 

behavior  of  t h e  d i f f u s i o n  process .  The appara tuses  l i s t e d  under t h e  

f i r s t  two columns have no c a r r i e r  gas  f low i n  t h e  zone where d i f f u s i o n  

t akes  p l ace .  The two appara tuses  i n  t h e  t h i r d  column have d i f f u s i o n  

occurr ing  w i t h i n  a  flowing gas s t ream. 

3.2 Major Experimental Methods 

a .  Closed Tube 

I n  1870 t h e  closed-tube method was developed by Loschmidt, who 

c a r e f u l l y  determined q2 f o r  1 0  gas p a i r s  a t  temperatures of 252' t o  



293OK. The e s s e n t i a l  c h a r a c t e r i s t i c  of t h i s  method is  a v a r i a t i o n  of 

mixture composition wi th  time and p o s i t i o n  throughout a long tube c losed  

a t  both ends. The gases  of t h e  mixture  a r e  i n i t i a l l y  s e p a r a t e  i n  t h e  

c losed  tube,  then  i n t e r d i f f u s e  a t  cons tan t  temperature and p re s su re .  The 

d i f f u s i o n  time i s  c o n t r o l l e d  by a n  opening mechanism a t  t h e  middle of t h e  

tube. The composition changes a r e  measured a s  a  f u n c t i o n  of t ime, e i t h e r  

cont inuously o r  a f t e r  a  d e f i n i t e  per iod  of d i f f u s i o n .  

Determinations of a by t h e  closed-tube method a r e  u sua l ly  q u i t e  12  

r e l i a b l e .  The r e s u l t s  have been obta ined  a t  temperatures  from 195O t o  

478°K. This range  i n d i c a t e s  an  i n d i r e c t  disadvantage - determina t ions  a t  

more extreme temperatures  have n o t  been made because of d i f f i c u l t i e s  t h a t  

a r i s e  from t h e  cons t ruc t ion  and t h e  o p e r a t i o n  of  a  thermostat  around a  

long tube (about 1 meter)  wi th  moving p a r t s .  

The repor ted  de termina t ions  a r e  l i s t e d  i n  Table 3 i n  chronologica l  

o r d e r .  There a r e  va r ious  ve r s ions  of t h e  closed-tube appa ra tus ,  b u t  de- 

ta i ls  of t h e s e  ref inements  a r e  omit ted here .  

The b a s i s  of a l l  closed-tube de termina t ions  is  a s o l u t i o n  of t h e  

one-dimensional time-dependent d i f f u s i o n  equat ion ,  

where Wl2 has been assumed independent of mixture  composition and pos i -  

t i o n .  I n  Eq .  (3.2-1) x i s  t h e  mole f r a c t i o n  of component 1 i n  t h e  b i -  
1 

nary mixture,  and t and z a r e  time and a x i a l  d i s t a n c e ,  r e s p e c t i v e l y .  

For the  i n i t i a l  and boundary cond i t i ons ,  



t h e  s o l u t i o n  of Eq .  (3.2-1) i s  

R 2 
1 

2(x1 -X '3 - ( 2 n + 1 )  t / r  
x l ( z , t )  = y (xla + x:) + T % ( 2 n + 1 )  s i n  L 9 

(2n 4- 1)vz  

n=O 

and t h e  r e l a x a t i o n  t i m e  i s  

where L is  t h e  t o t a l  l e n g t h  of t h e  c lo sed  tube .  A few a d d i t i o n a l  assump- 

t i o n s  were t aken  t o  o b t a i n  E q .  (3.2-2), namely a uniform c r o s s  s e c t i o n  

and symmetry abou t  t h e  midplane a t  L/2. Equat ion (3.2-2) may be  s imp l i -  

f i e d  i n  accordance wi th  t h e  technique used f o r  composition a n a l y s i s ;  t h e  

s i m p l i f i e d  exp re s s ions  a r e  r e a d i l y  a v a i l a b l e  e lsewhere,  3,6,13,14 as well 

a s  from t h e  o r i g i n a l  a r t i c l e s  of Table  3. 

The de t e rmina t ion  of @ r e q u i r e s  measurements of composi t ion,  
1 2  

temperature ,  p r e s s u r e ,  geomet r ica l  f a c t o r s ,  and time. The u n c e r t a i n t i e s  

of t h e s e  measurements a r e  u sua l ly  much less than  t h e  r e l i a b i l i t y  of t h e  

r e s u l t s ;  t hus  t h e  r e l i a b i l i t y  i s  appa ren t ly  dependent on o t h e r  f a c t o r s .  

Occas iona l ly ,  however, poor methods of composition ana lyses  have l e d  t o  

i n a c c u r a t e  r e s u l t s .  

Other p o s s i b l e  u n c e r t a i n t i e s  of t h e  closed-tube method are a s  

fo l lows .  E r r o r s  due t o  convec t ive  mass f l u x  a r e  pos s ib l e .  To avoid  con- 

v e c t i o n  from buoyancy e f f e c t s ,  t h e  l i g h t e r  ga s  should always be placed i n  

t h e  top ha l f  o f  v e r t i c a l l y  mounted appa ra tu s .  I f  t h e  c lo sed  tube is i n  a  

h o r i z o n t a l  o r i e n t a t i o n ,  a  " sp i l l age"  convec t ive  f l u x  may occur ;  t h a t  i s ,  

t h e  h igher  d e n s i t y  component i n  one ha l f  may s p i l l  a c r o s s  t h e  d i f f u s i o n  

" i n t e r f a c e "  i n t o  t h e  lower p o r t i o n  of t h e  o t h e r  h a l f ,  and t h e  low d e n s i t y  

component would then flow i n t o  t h e  upper p o r t i o n  of t h e  oppos i t e  h a l f  of 

t he  c losed  tube .  S p i l l a g e  i s  no t  s i g n i f i c a n t  i f  t h e  d i f f u s i n g  component 



i s  a  t r a c e r .  A t  t he  s t a r t  of d i f f u s i o n ,  convection e f f e c t s  a r e  a l s o  

p o s s i b l e  because of t h e  movements o i  t he  opening mechanism; t h i s  has 

been i n v e s t i g a t e d ,  15-17 and t h e  r e p r o d u c i b i l i t y  of r e s u l t s  from run  t o  

run  i n d i c a t e s  t h a t  t h e  e f f e c t  i s  small. Convection e f f e c t s  a r e  a l s o  

p o s s i b l e  because of nonuniform temperatures a x i a l l y  along t h e  tube.  The 

design and ope ra t ion  of c losed-tube appara tus  should e l imina te  a l l  pos- 

s i b l e  convect ion e f f e c t s .  

A s i g n i f i c a n t  u n c e r t a i n t y ,  even though no t  l i m i t e d  to  t h e  closed-  

tube  method, i s  t h e  sma l l  dependence of s12 on t h e  mixture  composition. 

The d i f f u s i o n  c o e f f i c i e n t  was assumed independent of mixture composition. 

Equation (3.2-1) r e w r i t t e n  t o  express  t h e  composition dependence of 

I f  one of t h e  components i s  a  t r a c e r  then  t h e  composition g r a d i e n t ,  

ax /az, is  very  s m a l l ,  and t h e  unce r t a in ty  e s s e n t i a l l y  zero.  I f  two 1 

pure gases  f i l l  each h a l f  o f  t h e  closed tube,  then both t h e  g rad ien t  o r  

t h e  composition dependence of 8 may be s i g n i f i c a n t  . However, f o r  the  
12  

case  of t h e  c losed  tube,  t h e  exac t  i n t e g r a t i o n  of t h e  d i f f u s i o n  equat ion  

wi th  a  composition-dependent 5 has n o t  been performed. The unce r t a in ty  
1 2  

of r e s u l t s  caused by t h e  composition dependence of T2 depends on t h e  

d u r a t i o n  o f  the  experimental  run ,  t h e  gas p a i r  i n v e s t i g a t e d ,  and t h e  i n i -  

t i a l  composition of t h e  mixture .  Calculated va lues  of q2 would 

apparent ly  depend on t h e  l eng th  of t h e  experimental  run .  This  has been 

i n v e s t i g a t e d ,  I5'l8 and t h e  v a r i a t i o n  of i s  s m a l l  f o r  d i f f u s i o n  t i m e s  
1 2  

between 10 minutes and about  2  hours .  To a  f i r s t  approximation t h e  

composition of t h e  mixture  may be taken equal  t o  a  uniform mixture of t he  

components, o r  t h e  a r i t h m e t i c  mean of t h e  i n i t i a l  cond i t i ons .  
17 

The unce r t a in ty  i n  de te rmina t ions  of fl12 caused by the  assumption of 

a  one-dimensional d i f f u s i o n  equat ion  has  no t  been es t imated .  



Addi t iona l  u n c e r t a i n t i e s  may be caused by t h e  Dufour e f f e c t .  The 

Dufour e f f e c t  i s  a  sma l l  temperature t r a n s i e n t  t h a t  occurs  when two gases  

i n t e r d i f f u s e ,  and may occur even wi th  i d e a l  gases .  The unce r t a in ty  i n  

q2 caused by t h e  Dufour e f f e c t  can be made smal l  by s u i t a b l e  choice  of 

apparatus  geometry,17 b u t  most experimenters have appa ren t ly  simply i g -  

nored t h e  problem. I f  t h e  mixture  were nonidea l  then  d i f f u s i o n  would be 

accompanied by h e a t s  of mixing o r  p re s su re  changes. 

The closed-tube de termina t ions  of $f of t e n  have r e p r o d u c i b i l i t i e s  
12  

b e t t e r  than  1%, and t h e  measurements have been r epor t ed  a c c u r a t e  t o  1 t o  

3%. However, independent de te rmina t ions  of 8 f o r  t h e  same gas p a i r  
12  

i n d i c a t e  t h a t  t h i s  method has a  r e l i a b i l i t y  no b e t t e r  than  2%. These 

comparisons a r e  presented  i n  d e v i a t i o n  p l o t s  g iven  i n  Sec t ion  5.3.  To 

achieve  g r e a t e r  r e l i a b i l i t y  a  major e f f o r t  involv ing  c a r e f u l  v a r i a t i o n  of 

many experimental  parameters would probably be necessary .  

b  . Two-Bulb Apparatus 

The two-bulb method was developed by Ney and Armistead i n  o rde r  t o  

determine t h e  s e l f - d i f f u s i o n  c o e f f i c i e n t  of UF t h e i r  r e s u l t s  were 
6 ; 

published i n  1947. Two bu lbs ,  o r  chambers, a r e  connected by a  narrow 

tube  through which t h e  d i f f u s i o n  occurs .  Af te r  an  i n i t i a l  t r a n s i e n t ,  t h e  

composition i n  t h e  bulbs  v a r i e s  exponent ia l ly  w i th  t ime, and B12 can be  

found from the  r e l a x a t i o n  t ime.  

The de termina t ions  of 8 by t h e  two-bulb method have been made over 12 

a temperature range of 65' t o  400°K, wi th  one datum a v a i l a b l e  a t  473OK. 

This  range of temperatures  is  %50°K l a r g e r  than r e s u l t s  obtained by the  

closed-tube method. I n  gene ra l ,  measurements a t  d i f f e r e n t  temperatures 

a r e  e a s i e r  t o  make wi th  t h e  two-bulb appara tus  because i t s  r e l a t i v e  com- 

pac tness  f a c i l i t a t e s  thermosta t ing ,  and i t s  opening mechanism can be 



designed without  moving p a r t s ,  These conveniences,  however, a r e  only 

ope ra t iona l  advantages;  t h e  u l t i m a t e  accu rac i e s  of fl a r e  probably the  
12  

same a s  determined by both  t h e  closed-tube and two-bulb methods. 

S tudies  by two-bulb appara tus  a r e  l i s t e d  i n  chronologica l  o rde r  i n  

Table 4 .  This l i s t i n g  shows t h a t  t h e  method has been widely used i n  

r e c e n t  yea r s .  The meticulous s t u d i e s  by van Heijningen -- e t  a l .  a r e  es- 

p e c i a l l y  noteworthy because t h e  r e s u l t s  a t t a i n e d  a r e  probably the  most 

r e l i a b l e  measurements of t o  d a t e ,  w i t h i n  1%, over a temperature range 
12  

of 65O to  400°K. 

A s  f o r  t h e  c losed  tube ,  t h e  simple theory f o r  t h e  two-bulb appara tus  

involves  t he  assumptions of cons t an t  p re s su re  and temperature,  cons t an t  

q2 , and one-dimensional d i f f u s i o n .  I t  a l s o  involves  t h e  fol lowing 

a d d i t i o n a l  assumptions : 

(1) Quas i -s ta t ionary  s t a t e  - t he  f l u x  of a component i s  

cons t an t  a long t h e  connect ing tube.  S ince  8;* i s  assumed 

c o n s t a n t ,  t h i s  impl ies  a l i n e a r  v a r i a t i o n  i n  composition i n  

t h e  tube.  

(2) The connect ing tube  volume is  much smal le r  than  e i t h e r  

bulb volume. This  i s  r e l a t e d  t o  t h e  quas i - s t a t i ona ry - s t a t e  

assump t i o n .  

( 3 )  The composition g r a d i e n t  i s  e n t i r e l y  contained i n  t h e  

connecting tube. 

With a l l  t he se  assumptions introduced i n t o  the  d i f f u s i o n  equat ion  f o r  one 

component, Eq. (2 .1- I ) ,  a s imple s o l u t i o n  can be  obta ined  of t h e  form 

~ x ( t )  = Ax(0) exp ( - t / ~ ) ,  (3.2-5) 

where Ax(t) i s  t h e  composition d i f f e r e n c e  ai: t = and a t  time t i n  one 

bulb ,  Ax(0) i s  the  composition d i f f e r e n c e  between t = and t = 0,  and T 

i s  t h e  r e l a x a t i o n  time. The component s u b s c r i p t  1 has  been dropped from 



t h e  no ta t ion .  The r e l a x a t i o n  time i s  

where A i s  t h e  c ros s - sec t iona l  a r e a ,  L t h e  l eng th  of t h e  tube connect ing 

t h e  bu lbs ,  and V and V2 denote t h e  bulb volumes. From measurements a s  
1 

a func t ion  of time of t h e  composition i n  one bulb ,  o r  a l t e r n a t e l y  t h e  

composition d i f f e r e n c e  between t h e  two bulbs ,  t h e  r e l a x a t i o n  time i s  ob- 

t a ined  from Eq. (3 .2-5)  . Correc t ions  t o  t h e  r e l a x a t i o n  time f o r  t h e  above 

assumptions a r e  a s  fo l lows .  

The quas i - s t a t i ona ry  s t a t e  assumption i s  unnecessar i ly  severe;'' it 

is s u f f i c i e n t  t o  assume only t h a t  t h e  mean f l u x  i n  t h e  tube  i s  proport ion-  

a l  t o  t h e  e f f e c t i v e  mean f l u x  a t  t h e  two ends of t he  tubes .  On t h i s  

b a s i s  a  c o r r e c t i o n  f a c t o r  K f o r  t h e  r e l a x a t i o n  time may be de r ived ,  

where 

with 8 = v1/v2. This  approximate s o l u t i o n  assumes t h a t  t h e  composition 

a n a l y s i s  i s  performed i n  bulb  V and t h a t  A L / V ~  i s  small. Deviat ions 
1 

from a quas i - s t a t i ona ry  s t a t e  show up as va lues  of K unequal t o  u n i t y .  

The dev ia t ions  from t h e  quas i - s t a t i ona ry  s t a t e  a r e  due t o  t h e  f a c t  t h a t  

t he  bulbs a r e  not  i n f i n i t e l y  l a r g e  compared t o  t he  connecting tube.  To 

minimize these  dev ia t ions  t h e  appa ra tus  should be cons t ruc ted  such t h a t  

t he  volume of t h e  tube  is  very much less than t h e  volume of e i t h e r  bulb.  

For bulbs of equal  s i z e  K = 1 + AL/6V, where V i s  t h e  volume of a  bu lb .  



Trans ien t  e f f e c t s  a r i s e  from t h e  f i n i t e  time r equ i r ed  to  e s t a b l i s h  

a cons t an t  g r a d i e n t  ac ros s  t h e  e n t i r e  Length of t h e  tube .  20 
These t ran-  

s i e n t s  can be avoided by wa i t i ng  some time t o  e l a p s e  a f t e r  t he  s t a r t  of 

mixing. Normally, t he  t r a n s i e n t s  decay r a p i d l y ,  and they completely d i s -  

appear w i t h i n  a few minutes .  

The assumption t h a t  t h e  composition g r a d i e n t  i s  a l l  i n  t h e  connect ing 

tube  r e q u i r e s  a n  end c o r r e c t i o n .  This c o r r e c t i o n  i s  r equ i r ed  because t h e  

g r a d i e n t  does not  t r u n c a t e  immediately a t  e i t h e r  o u t l e t  of t h e  tube.  The 

ex tens ion  of t h e  g r a d i e n t  i n t o  t h e  bulbs  is  co r rec t ed  f o r  by a  smal l  in -  

c r e a s e  i n  t h e  a c t u a l  l eng th  of t h e  tube.  The end c o r r e c t i o n  i s  g iven  by 

where L is t h e  e f f e c t i v e  l eng th  of t h e  tube ,  R i s  i t s  r a d i u s ,  a is  a  
e f f  

numerical cons t an t  whose v a l u e  depends on t h e  geometr ica l  con f igu ra t ion  of 

t h e  end of t h e  tube,  and the  f a c t o r  2  accounts  f o r  both ends of t h e  tube .  

The va lue  of a is  obta ined  from an analogous case  f o r  sound passage i n  a 

tube .  21y22 Typical  va lues  of a a r e  a s  fo l lows:  a = 0.58 when t h e  con- 

nec t ing  tube  end i s  i n  f r e e  space ,  a = 0.82 when t h e  end i s  f l u s h  w i t h  a  

f l a t  su r f  ace ,  and a 0.82 when t h e  end is  f l u s h  wi th  t h e  i n s i d e  s u r f a c e  

of a  s p h e r i c a l  bulb.  The v a l u e  of a = 0.82 has  been i n v a r i a b l y  used i n  

t he  a n a l y s i s  of two-bulb appara tus  experiments,  bu t  t h i s  i s  not  always 

c o r r e c t .  The choice  of an  i n c o r r e c t  a v a l u e  has l e d ,  i n  a  few s t u d i e s ,  

t o  sys t ema t i c  e r r o r s  of t h e  o rde r  of 1%. 

Most two-bulb appara tus  a r e  cons t ruc ted  with t h e  connect ing tube of 

uniform bore ;  i f  no t  s o ,  then t h e  r a t i o  L/A i s  taken t o  mean C . (L . / A  .) 
3 3 3  

f o r  each element of l eng th  L and c r o s s  s e c t i o n  A . 2 3 
j j 

I n  a d d i t i o n  t o  t he  above c o r r e c t i o n s ,  observa t ions  may r e q u i r e  con- 

nec t ions  f o r  Knudsen flow, 24'25 which can occur during d i f f u s i o n  i n  narrow 



c a p i l l a r i e s  a t  low p r e s s u r e s ,  where t h e  mean f r e e  pa th  i s  n o t  n e g l i g i b l e  

compared t o  t h e  diameter of t h e  connect ing tube.  

The de termina t ions  of ff by t h e  two-bulb method have u n c e r t a i n t i e s  
12  

s i m i l a r  t o  t hose  of t h e  c losed  tube,  b u t  w i t h  l e s s  chance of convec t ive  

e f f e c t s  because of t h e  narrowness of t h e  connect ing tube.  I n  s e v e r a l  two- 

bulb  i n v e s t i g a t i o n s ,  e r r o r s  from non-negl ig ib le  sample volumes a r e  possi-. 

b l e  because samples of t h e  mixture  were removed from t h e  appara tus  dur ing  

t h e  d i f f u s i o n  run .  The inaccu rac i e s  of two-bulb measurements have been 

r epor t ed  t o  be between 1 and 3.5%. Except f o r  r e s u l t s  by van Heijningen 

e t  a l .  t he  r e l i a b i l i t y  of d a t a  by t h i s  method i s  considered no b e t t e r  than -- 

2%. This i s  t h e  same a s  f o r  t he  c losed  tube.  The two-bulb method i s  

capable  of y i e l d i n g  r e l i a b l e  a12 provided c a r e  i s  taken t o  opt imize  t h e  

geometry of t h e  appara tus  and t o  make c o r r e c t i o n s .  

c .  Po in t  Source 

The point-source method was developed e s p e c i a l l y  f o r  t h e  determin- 

a t i o n  of d i f f u s i o n  c o e f f i c i e n t s  a t  h igh  temperatures .  I n  1958 Walker and 

Westenberg f u l l y  r epo r t ed  t h e  f i r s t  r e s u l t s  by t h i s  method, i n  which a 

t r a c e  amount of gas i s  s t e a d i l y  in t roduced  through a  f i n e  hypodermic tube  

i n t o  a  c a r r i e r  gas  flowing i n  t he  same d i r e c t i o n .  The t r a c e r  spreads  by 

d i f f u s i o n  through t h e  c a r r i e r  gas ,  which has c h a r a c t e r i s t i c s  of s teady-  

s t a t e  laminar flow wi th  a  f l a t  v e l o c i t y  p r o f i l e .  The mixture  composition 

i s  measured by means of a sample probe l o c a t e d  a t  va r ious  d i s t a n c e s  down- 

s t ream of t h e  t r a c e r  i n l e t .  

P o i n t  source  de te rmina t ions  of B12 a r e  a v a i l a b l e  from room tempera- 

t u r e  up to  1944  O K ,  

S tud ie s  by t h i s  method a r e  l i s t e d  i n  chronologica l  o rde r  i n  Table 5 .  

A few s p e c i a l  remarks a r e  a s  fo l lows .  Walker and Westenberg used e l e c t r i -  



c a l  h e a t  and a t t a i n e d  temperatures  up t o  % 1200 OK; Fer ron  e t  a l .  used -- 
combustion h e a t  (mixtures conta in ing  H 0 o r  CO were s t u d i e d )  and reached 

2  2 

higher  temperatures ,  up t o  1944 O K .  

The b a s i c  equat ion  f o r  t he  point-source method is  

where x  denotes  t h e  t r a c e r  component, U i s  t h e  c a r r i e r  v e l o c i t y ,  z is  

t h e  a x i a l  d i s t a n c e  from t h e  p o i n t  of i n j e c t i o n ,  and r i s  t h e  r a d i a l  co- 

o r d i n a t e  measured from t h e  a x i s .  The a p p r o p r i a t e  boundary cond i t i ons  a r e :  

l i m  x = 0 , 
R - t m  

t h e  normal iza t ion  cond i t i on  

2 2 2 
where R = r + z and Q i s  the  volumetr ic  f low r a t e  of t h e  t r a c e r .  

Equation (3.2-10) involves t h e  usua l  assumptions of cons t an t  temperature 

and p re s su re ,  and t h e  composition-independence of &' Addi t iona l  assump- 
12  ' 

t i o n s  a r e  a s  fo l lows:  

(1) S teady-s ta te  cond i t i ons  of f low,  

(2) Ax ia l  symmetry of the  t r a c e r  concen t r a t ion  i n  t h e  c a r r i e r  gas .  

(3)  One-dimensional flow. 

(4) F l a t  v e l o c i t y  p r o f i l e s  ac ros s  a  c r o s s  s e c t i o n  normal t o  t h e  

d i r e c t i o n  of f low,  i . e . ,  U(r) = cons t an t .  

(5) Equal v e l o c i t i e s  f o r  t h e  c a r r i e r  and t r a c e r  gases .  

(6 )  Absence of convect ion e f f e c t s .  

(7)  Absence of chemical r e a c t i o n s .  This assumption i s  p a r t i c u l a r l y  



noted ,  even though a p p l i c a b l e  t o  a l l  major methods, because 

point-source measurements a t  high temperatures  may be ac- 

companied by r e a c t i o n s  between t h e  components o r  t he  com- 

ponents and s u r f a c e s  of t h e  d i f f u s i o n  appa ra tus .  

The s o l u t i o n  of Eq. (3.2-10) i s  

A concen t r a t ion  p r o f i l e  can be used t o  determine q2, t h a t  i s ,  a t  a  

f i x e d  a x i a l  d i s t a n c e  z samples of t he  s t ream a r e  taken a s  a  func t ion  of R .  

A p l o t  of En(%R) ve r sus  (R-z) should be l i n e a r  w i th  s lope  - u / ~ P / ~ ,  and 

measurements of t h e  c a r r i e r  v e l o c i t y  U l e a d  t o  va lues  of 8 Al te rna t e ly ,  
12 ' 

t he  stream can  be sampled a t  p o i n t s  on t h e  a x i s ,  z = R ,  and va lues  of 

q2 c a l c u l a t e d  from 

q2 = Q / ~ ~ ( x ) ~ ~ ~ z  , (3.2-12) 

where ( x ) ~ ~ ~  is  t h e  concen t r a t ion  of t h e  t r a c e r  a t  p o i n t s  on t h e  z  a x i s .  

This a x i a l  decay method has t h e  advantage of no t  r equ i r ing  knowledge of 

U ,  and of r e q u i r i n g  s i g n i f i c a n t l y  fewer composition measurements. The 

more d i f f i c u l t  concen t r a t ion  p r o f i l e  method can s e r v e  a s  a check on t h e  

cons is tency  of both t h e  theory of t h e  experiment and t h e  r e s u l t s .  

The in s t rumen ta t ion  e r r o r s  of t h e  point-source method have been es- 

t imated by Ferron e t  a l .  t o  be  about  5%. This  e s t ima te  was based on a n  -- 
approximate a n a l y s i s  of e r r o r s  a r i s i n g  from measurements of  flow, sample 

probe p o s i t i o n ,  composition, and temperature.  These experiments a r e  

probably no t  a s  reproducib le  a s  those by Walker and Westenberg, who per- 

formed experiments a t  lower temperatures and wi th  a  more p r e c i s e  technique 

f o r  composition a n a l y s i s .  

I n  a d d i t i o n  t o  t he  ins t rumenta t ion  e r r o r s ,  t h e  p o s s i b l e  causes of un- 

c e r t a i n t y  f o r  t he  point-source method a r e :  



(1) Unequal flow r a t e s  between t h e  t r a c e r  and the  c a r r i e r  gases .  

(2) Di f fe rence  i n  d e n s i t y  between the  t r a c e r  and t h e  c a r r i e r .  

(3)  Var ia t ions  i n  t h e  s t eady- s t a t e  flow r a t e  of t h e  t r a c e r ,  o r  

c a r r i e r ,  

(4) Skewness of t h e  mixture  v e l o c i t y  p r o f i l e .  

(5) Temperature g r a d i e n t s  i n  t h e  s t ream. 

A p r i o r i  e s t ima te s  of  u n c e r t a i n t i e s  caused by such e f f e c t s  a r e  d i f f i c u l t  - 

t o  make; b u t  t h e s e  e f f e c t s  have been empi r i ca l ly  i n v e s t i g a t e d .  26'27 The r e -  

l i a b i l i t y  of point-source measurements of a i s  b e s t  es t imated  by compari- 
12  

sons wi th  t h e  r e s u l t s  by o t h e r  methods. Such cpmparisons show d e v i a t i o n s  

of up t o  4% f o r  10  gas p a i r s  a t  about  300 O K .  The dev ia t ions  a r e  s l i g h t l y  

g r e a t e r  a t  1000 OK by comparison of point-source r e s u l t s  and those ca lcu-  

l a t e d  from short-range i n t e r a c t i o n  f o r c e s  obta ined  by molecular-beam 

s c a t t e r i n g  experiments (Sec t ion  2.6, p a r t  b ) .  The gene ra l  r e l i a b i l i t y  of 

a12 by t h e  point-source method i s  considered t o  be b e t t e r  than  5%, o r  

average.  

d . Gas Chromatography 

The gas-chromatography method i s  a flow method i n  which a t r a c e  

amount of gas i s  i n j e c t e d  a s  a p u l s e  i n t o  a c a r r i e r  gas  f lowing through a 

long hollow tube.  The d i s p e r s i o n  of t h e  p u l s e  i s  caused by t h e  combined 

a c t i o n  of molecular d i f f u s i o n  and t h e  p a r a b o l i c  v e l o c i t y  p r o f i l e  of t h e  

c a r r i e r  gas .  A s  t h e  pu l se  emerges from t h e  tube  o u t l e t ,  measurements of 

the  d i s p e r s i o n  - cha rac t e r i zed  by a Gaussian d i s t r i b u t i o n  func t ion  - l e ad  

t o  va lues  of dB;2. 
The advantages of t h e  gas-chromatography method a r e  as foiiowsk 

Determinations of oB/ can be completed i n  a mat te r  of minutes and vapor- 
12 

gas mixtures  can be s tud ied .  Once t h e  c a r r i e r  gas  i s  a t  temperature and 



p r e s s u r e ,  t h e  i n j e c t i o n  o f  a  number of sample pu l se s  i n t o  t h e  gas  i s  

p o s s i b l e ,  w i t h  t h e  r e s u l t  t h a t  s e v e r a l  samples may be  s imultaneously 

d i s p e r s i n g  i n  t h e  tube .  The d i s p e r s i o n  c h a r a c t e r i s t i c s  of t h e  pu l se  can 

b e  ob ta ined  by one s imple  measurement of  i t s  v a r i a n c e .  A vapor-gas de- 

te rmina t ion  of  a12 is p r a c t i c a l  because of t h e  small amount of  sample 

r equ i r ed  t o  make a  p u l s e .  These advantages a r e  o p e r a t i o n a l  ,on ly .  

Determinat ions of B12 by gas chromatography a r e  a v a i l a b l e  between 

temperatures  of 7 7 "  and 523'K. These s t u d i e s  a r e  l i s t e d  i n  ch rono log ica l  

o rder  i n  Table  6 ,  a l l  o f  which a r e  based on t h e  i n s t rumen ta t i on  and 

c e r t a i n  a s p e c t s  of t h e  c o n v e n t i a l  theory of gas  chromatography. I n  1960 

four  independent manuscr ip t s ,  which descr ibed  t h e  method, were submit ted 

f o r  p u b l i c a t i o n :  Bohemen and P u r n e l l  (23  June ) ;  Fe j e s  and ~za / r /n  (20 

J u l y ) ;  Giddings and Seager ( 3  August),  and Bournia ,  Cou l l ,  and Houghton 

(8 November). O f  t h e s e  a u t h o r s ,  on ly  Giddings -- e t  a l .  have cont inued t o  

pub l i sh  new de te rmina t ions  of 6FI 
12 '  

Packed chromatography columns have been used ,  on  occas ion ,  t o  d e t e r -  

mine B12. A packed column h a s  a  complex geometry because of t h e  i n t e r -  

s t i t i a l  f low volume. S ince  t h e  geometry and t h e  p u l s e  v e l o c i t y  p r o f i l e  

a r e  no t  w e l l  de f ined  i n  packed columns, t h e i r  u se  f o r  de te rmina t ions  of 

a b s o l u t e  va lues  o f  8 i s  r a t h e r  unce r t a in .  
2  8 

12  

Outs ide  t h e  scope of t h i s  r e p o r t ,  b u t  worthy of mention, is t h e  

fo l lowing .  Gas chromatography i s  w e l l  s u i t e d  f o r  high-pressure determin- 

a t i o n s  of  8 because t h e  column a c t u a l l y  c o n s i s t s  of  small-bore tubing 
12 

which i s  e a s i l y  p r e s s u r i z e d .  High-pressure s t u d i e s  i n  o t h e r  appa ra tu se s  

o r d i n a r i l y  r e q u i r e  t h e  f a b r i c a t i o n  of r e l a t i v e l y  expensive p re s su re  

v e s s e l s .  

Before gas-chromatography appara tus  was app l i ed  t o  t he  de te rmina t ions  



of Bl2' t h e  theory had been developed f o r  d i f f u s i o n  phenomena i n  t h e  

29-34 
f low of f l u i d s  . The b a s i c  equat ion  f o r  t h e  gas-chromatography method 

where x  i s  t h e  mole f r a c t i o n  of t h e  p u l s e  component, U is  t h e  v e l o c i t y  of 

t h e  c a r r i e r  g a s ,  z i s  t h e  a x i a l  d i s t a n c e ,  r i s  t h e  r a d i a l  coo rd ina t e  of 

t h e  tube ,  R is  t h e  cons t an t  r a d i u s  of t h e  tube,  and t denotes  t i m e .  The 
0 

boundary condi t ions  a r e :  

( a ~ / a r ) ~  = , = 0 , and 

The i n i t i a l  cond i t i on  depends on t h e  p u l s e  shape a t  t h e  i n j e c t i o n  p o i n t .  

A s  f o r  t he  point-source method, gas-chromatography involves  t h e  assump- 

t i o n s  of cons tan t  p r e s s u r e  and temperature,  cons t an t  one-dimensional 

f l o ~ ,  and a x i a l  symmetry. Addi t iona l  assumptions a r e  a s  fo l lows:  

(1) The c a r r i e r  flow v e l o c i t y  is  laminar w i th  a  pa rabo l i c  p r o f i l e ;  

2  
i . e . ,  U(r) = 2 [ l - ( r / ~ ~ )  ] ,iqhere i s  t h e  average  v e l o c i t y .  

(2) Convection e f f e c t s  a r e  absen t .  

(3) The i n i t i a l  pu l se  of sample may be w e l l  approximated by a 

de l t a - func t ion .  

Subject  t o  t h e s e  cond i t i ons  and assumptions, t he  s o l u t i o n  of Eq .  

(3.2-13) is  g iven  by 

where x denotes  t he  mean mole f r a c t i o n  of sample i n  a  c ros s  s e c t i o n ,  n  i s  

t h e  t o t a l  number d e n s i t y ,  N i s  t h e  number of molecules of t h e  pulse  in-  



j e c t ed  i n t o  t h e  c a r r i e r  gas  a t  z = 0, t = 0 ,  and $fff denotes  t he  e f f ec -  

t i v e  d i f f u s i o n  c o e f f i c i e n t ,  

The f i r s t  term on t h e  right-hand s i d e  of Eq, (3.2-15) accounts  f o r  t h e  

d i s p e r s i o n  of t h e  pu l se  caused by d i f f u s i o n  i n  t h e  a x i a l  d i r e c t i o n .  The 

second term is  known a s  t h e  Taylor d i f f u s i o n  c o e f f i c i e n t ,  and accounts f o r  

t h e  d i s p e r s i o n  of t h e  p u l s e  caused by t h e  pa rabo l i c  v e l o c i t y  p r o f i l e ,  a s  

modified by d i f f u s i o n  i n  t h e  r a d i a l  d i r e c t i o n .  

The experimental  procedure i s  t o  observe t h e  concen t r a t ion  x a s  a 

func t ion  of t i m e  a t  t h e  end of t h e  tube ( z  = L ) ;  E q .  (3.2-14) f o r  t h i s  

case  i s  

2 
where V = T R  L is t h e  tube  volume. This  is  a skewed, no t  Gaussian, d i s -  

0 

< 
t r i b u t i o n ,  bu t  i f  8 /EL - 0.01, t h e  d i s t r i b u t i o n  becomes near ly  

e f f  

~ a u s s i a n . ~ ~  The reason is  t h a t  c t / ~  must be nea r ly  u n i t y  when qff/El is  

sma l l ,  o r  e l s e  x ( t )  becomes too small  t o  measure a c c u r a t e l y .  I n  t he  ap- 

'L 
proximation t h a t  U ~ / L  % 1, E q .  (3.2-16) becomes a Gaussian, wi th  va r i ance  

T given  by 

A simple way t o  determine the  va r i ance  i s  t o  measure t h e  peak width a t  

ha l f  h e i g h t ,  w 
112' 

r e l a t e d  t o  r a s  

The c a l c u l a t i o n  of a12 from a measured va lue  of w r e q u i r e s  s o l u t i o n  of 
112 

a quadra t i c  equat ion ,  which has  two r o o t s ;  one r o o t  corresponds t o  t h e  



p h y s i c a l  va lue  of when ' ( 4 8 ) l I 2  g l 2 / K 0 ,  and t h e  o t h e r  r o o t  when 
12  

- 
U > (48)112q2/R0. An experimental  check i s  t h a t  ca l cu la t ed  va lues  of 

t h e  phys i ca l  5 must be  independent of c ,  
12  

I n  a d d i t i o n  t o  t h e  normal ins t rumenta t ion  e r r o r s  f o r  f low,  tempera- 

t u r e ,  =. t h e  gas-chromatography method has an  apprec i ab le  e r r o r  c o n t r i -  

bu t ion  from t h e  measurement of t h e  peak width a t  ha l f  he igh t  of t h e  d i s -  

p e r s i o n  p r o f i l e .  Values of  w have been obta ined  wi th  p r e c i s i o n s  of 
112 

about  1%, b u t  i n  terms of & t h i s  l e v e l  of p r e c i s i o n  i s  degraded because 12  

of t h e  quadra t i c  r e l a t i o n s h i p  between w andH12. 11 2 

P o s s i b l e  u n c e r t a i n t i e s  of gas  chromatography a r e  a s  fo l lows:  

(1) Entrance e f f e c t s  caused by t h e  i n j e c t i o n  of a  f i n i t e  volume 

of sample i n t o  t h e  c a r r i e r  gas .  It i s  i n  p r i n c i p l e  impossible  

t o  i n j e c t  a  d e l t a  f u n c t i o n  of sample i n t o  t h e  c a r r i e r ,  though 

i n  p r a c t i c e  t h e  time of i n j e c t i o n  may be q u i t e  s h o r t  and the  

sample volume smal l .  Entrance e f f e c t s  can be accounted f o r  

by a  s h o r t  c o r r e c t i o n  tube of p r e c i s e l y  t h e  same diameter a s  t h e  

r egu la r  1 0 n ~ - t u b e . ~ ~  The u s e  of both a  long-tube and a  sho r t -  

tube a l s o  c o r r e c t s  f o r  e f f e c t s  of s t agnan t  volumes a s soc i a t ed  

wi th  i n j e c t i o n  and d e t e c t i o n  devices ,  and connect ions along t h e  

tube.  In s t ead  of two columns, two d e t e c t o r s  i n  one column may 

be used t o  e l imina te  en t rance  e f f e c t s .  36'37 I n  o t h e r  s t u d i e s  

ingenious sample i n j e c t i o n  devLces have been used. The sample 

volume should be l e s s  than  about 1% of t h e  tube volume. 

(2) Nonsymmetrical d i s p e r s i o n  c h a r a c t e r i s t i c s  caused by 

d is turbances  t o  t h e  v e l o c i t y  p r o f i l e .  These d i s tu rbances  may 

be due t o  v a r i a t i o n s  i n  the  c a r r i e r  gas flow r a t e  o r  t o  rough 

tube s u r f a c e s .  Some tubes a r e  made i n  c o i l  form, and bending 

the  tube tends t o  produce higher  v e l o c i t i e s  on t h e  i n s i d e  r a d i u s  



than t h e  o u t s i d e  r a d i u s .  The magnitude of t h i s  e f f e c t  depends 

on t h e  r a d i u s  of cu rva tu re  of t h e  c o i l .  A t  t h e  d e t e c t o r  t h e  

> 
concen t r a t i cn  curve may be skewed f o r  va lues  of fl /GL - 0.01. 

e f f  

(3; Small  p r e s s u r e  drops caused by v i scous  flow i n  long tubes  

and by i n t e r f e r e n c e s  t o  flow due t o  d e t e c t o r ( s )  immersed i n  t h e  

s t ream. 

( 4 )  End e f f e c t s  caused by t h e  d e t e c t i o n  of t h e  sample d i s p e r s i o n  

c h a r a c t e r i s t i c s .  Detector  e lements  may d i s t u r b  t h e  concen t r a t i on  

p r o f i l e ,  may n o t  measure p o i n t  v a l u e s  of t h e  concen t r a t i on  

p r o f i l e ,  b u t  a  f i n i t e  amount of  sample, and may n o t  g i v e  a  l i n e a r  

response  t o  concen t r a t i on .  

The i n a c c u r a c i e s  of de te rmina t ions  of d91 by gas  ehromatogr aphy have 
12  

been r epo r t ed  t o  be  about  1 t o  2%. The r e l i a b i l i t y  of  t h e s e  r e s u l t s  i s  

b e s t  es t imated  by comparisons w i t h B  by o the r  methods. A t  a  temperature  
12  

of 300°K comparisons show d e v i a t i o n s  up t o  4 % ,  with  an  average  d e v i a t i o n  

of about  2%. A t  temperatures  up t o  500°K t h e  dev ia t i ons  a r e  w i t h i n  5%. 

Thus, r e s u l t s  by gas  chromatography a r e  considered t o  have t h e  same over- 

a l l  l e v e l  of r e l i a b i l i t y  a s  t h e  point-source method, t h a t  i s ,  uncer ta in-  

t i e s  w i t h i n  5%. 

e .  Evaporat ion Tube 

I n  1873 S t e f a n  developed t h e  evaporat ion-tube method, which i s  u s e f u l  

f o r  de te rmina t ions  of B12 f o r  vapor-gas mix tures .  The method has  been ex- 

t ens ive ly  used by o the r  i n v e s t i g a t o r s ,  and u n t i l  r e c e n t l y  t h e s e  s t u d i e s  

have produced almost a l l  t h e  va lues  of q2 f o r  vapor-gas mix tures .  The 

idea  of t he  method i s  s imple.  The evapora t ion  r a t e  of a  l i q u i d  which 

p a r t i a l l y  f i l l s  a  tube i s  c o n t r o l l e d  by d i f f u s i o n  through t h e  s t agnan t  

gas which f i l l s  t h e  r e s t  of t he  tube .  The d i f f u s i o n  c o e f f i c i e n t  can 



be determined from observa t ions  of t he  (slow) l o s s  of l i q u i d  from t h e  

tube a t  cons t an t  temperature and p re s su re .  

I n  t h i s  method t h e  l i q u i d  t o  be v o l a t i l i z e d  i s  placed a t  one end 

of a v e r t i c a l  tube,  t h e  o the r  end of which is  open. The tube  is  a 

cy l inde r  of uniform c r o s s  s e c t i o n ,  and usua l ly  wi th  the  approximate d i -  

mensions of 5 t o  10 mm i n  diameter and 10 t o  20 cm i n  l eng th .  From t h e  

gas- l iqu id  i n t e r f a c e ,  vapor d i f f u s e s  through t h e  gas t o  the  mouth of  t h e  

tube.  A t  t h e  i n t e r f a c e  t h e  mixture  composition depends on t h e  vapor  

p r e s s u r e  of t h e  l i q u i d .  Across t h e  tube  o u t l e t  gas flows and c a r r i e s  t h e  

vapor away. The r a t e  of l i q u i d  l o s s  i s  observed over long per iods  of 

about  ha l f  a day i n  order  t o  determine va lues  of 
12 ' 

The same procedure i s  a p p l i c a b l e  t o  t h e  v o l a t i l i z a t i o n  of a s o l i d  

i n  p l ace  of a l i q u i d  i n  t h e  evaporat ion tube.  

The evaporation-tube method invo lves  a s imple experimental  technique,  

b u t  t he  s t u d i e s  a r e  r e s t r i c t e d  t o  narrow i n t e r v a l s  of temperature which 

a r e  s t r o n g l y  dependent on the  v o l a t i l i t y  of t he  subs tance  t o  be t e s t e d .  

The evaporat ion-tube r e s u l t s  f o r  ff a r e  a v a i l a b l e  f o r  hundreds of 
12 

d i f f e r e n t  gas  p a i r s .  The s t u d i e s  a r e  l i s t e d  i n  chronologica l  o r d e r  i n  

Table 7 .  Of t hese  pub l i ca t ions ,  which comprise more than 70 a r t i c l e s ,  

about  one-third have been publ ished s i n c e  1960. 

The s imple theory f o r  t h e  evaporat ion-tube method involves t h e  usua l  

assumptions of cons tan t  p re s su re  and temperature,  cons tan t  q2, one- 

dimensional d i f f u s i o n ,  a x i a l  symmetry, end t h e  absence of convect ion 

e f f e c t s .  I t  a l s o  involves  a d d i t i o n a l  assumptions a s  fo l lows:  

(1) Quasi-s teady-state  cond i t i ons .  This  assumption means t h a t  t he  

composition g r a d i e n t s  between the  l i q u i d  l e v e l  and the  tube out -  

l e t  a r e  cons t an t .  Since the  r a t e  of evapora t ion  is  slow t h e  gas- 

vapor column i n  the  tube changes l i t t l e  i n  he igh t ,  and even though 



t h e r e  a r e  s t e a d y  l o s s e s  of l i q u i d  due t o  e v a p o r a t i o n  t h e  d i f f u s i o n  

p a t h  c a n  b e  approximated a s  c o n s t a n t .  A c o n s t a n t  l i q u i d  l e v e l  

cou ld  b e  m a i n t a i n e d ,  f o r  example, by add ing  l i q u i d  t o  t h e  eva- 

p o r a t i o n  t u b e  a t  a  rate e q u a l  t o  l o s s e s  due t o  e v a p o r a t i o n .  Under 

q u a s i - s t e a d y - s t a t e  c o n d i t i o n s  t h e  f l u x  of vapor  i s  c o n s t a n t .  

(2) G a s  i n s o l u b i l i t y .  The g a s  does  n o t  d i s s o l v e  i n t o  t h e  l i q u i d .  

It f o l l o w s  from t h e s e  assumptions  t h a t  t h e  g a s  i n  t h e  t u b e  i s  s t a g n a n t  

( z e r o  f l u x ) ;  t h a t  i s ,  t h e  n e t  f l u x  i n  t h e  t u b e  c o n s i s t s  o n l y  o f  v a p o r .  

The fundamental  d i f f u s i o n  e q u a t i o n s ,  Eqs .  (2.1-3) and (2 .1-4) ,  t h e n  be- 

come 

where s u b s c r i p t  1 d e n o t e s  t h e  vapor  and s u b s c r i p t  2 t h e  g a s .  The boundary 

c o n d i t i o n s  o f  t h e  sys tem a r e  t h a t  t h e  vapor  c o n c e n t r a t i o n s  a r e  c o n s t a n t  

a t  t h e  g a s - l i q u i d  i n t e r f a c e ,   and a t  t h e  o u t l e t  of t h e  tube  (x) . 
I, 

I n  Eq. (3.2-19) t h e  vapor  v e l o c i t y  p r o f i l e  h a s  been i m p l i c i t l y  assumed 

t o  be  f l a t ,  i n  accordance  w i t h  t h e  assumpt ion  of one-dimensional d i f f u -  

s i o n .  The i n t e g r a t i o n  of Eq. (3.2-19) g i v e s  

where t h e  a x i a l  d i s t a n c e  i s  measured from t h e  g a s - l i q u i d  i n t e r f a c e ,  z = 0 ,  

and  a t  t h e  t u b e  o u t l e t  z = L .  The e x p e r i m e n t a l  p rocedure  a o e s  n o t  r e q u i r e  

knowledge of t h e  vapor  composi t ion a s  a  f u n c t i o n  of d i s t a n c e ,  b u t  o n l y  

t h e  n e t  l o s s  o f  vapor  from t h e  t u b e .  S i n c e  t h e  l i q u i d  l e v e l  o r  t h e  d i f -  

f u s i o n  p a t h  l e n g t h  a c t u a l l y  changes s l o w l y ,  t h e  f l u x  o f  vapor  can b e  

r e l a t e d  t o  t h i s  change by 



where M i s  t h e  molecu la r  weight  of t h e  l i q u i d ,  N i s  Avogadro's number, 
0 

and p i s  t h e  d e n s i t y  of t h e  l i q u i d .  I n  o r d e r  t o  o b t a i n  a  f i n a l  ex- 
l i q  

p r e s s i o n  u s e f u l  f o r  t h e  c a l c u l a t i o n  o f  8 t h e  f o l l o w i n g  a d d i t i o n a l  
1 2 '  

assumptions  a r e  made : 

(1)  The vapor  c o n c e n t r a t i o n  a t  t h e  g a s - l i q u i d  i n t e r f  a c e ,  (x) 0 ,  

cor responds  t o  t h e  e q u i l i b r i u m  vapor  p r e s s u r e  a t  t h e  l i q u i d  

s u r f a c e  t empera tu re .  

(2) The v a p o r  c o n c e n t r a t i o n  a t  t h e  o u t l e t  of t h e  tube ,  ( x ) ~ ,  

i s  z e r o .  T h i s  means t h a t  t h e  c a r r i e r  g a s  ( s u p p l i e d  f r e e  of v a p o r )  

removes a l l  t h e  vapor  away from t h e  o u t l e t .  

(3)  The g a s e s  and v a p o r s  are i d e a l ,  s o  t h a t  composi t ions  may 

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

Under t h e s e  assumpt ions ,  and when Eq. (3.2-21) i s  s u b s t i t u t e d  i n  Eq. 

(3.2-22) and i n t e g r a t e d ,  t h e  e x p r e s s i o n  f o r  ifl2 is  
,. A 

where p  i s  t h e  t o t a l  p r e s s u r e ,  i s  t h e  vapor  p r e s s u r e ,  R i s  t h e  i d e a l  
s 

g a s  c o n s t a n t ,  and  s u b s c r i p t s  1 and 2 on L and t d e n o t e  t h e  i n i t i a l  and 

f i n a l  t i m e s  f o r  t h e  o b s e r v a t i o n s  of t h e  e v a p o r a t i o n  l o s s e s  d u r i n g  a n  

i n t e r v a l  of d i f f u s i o n .  I n  some s t u d i e s  t h e  w e i g h t  l o s s  o f  l i q u i d  i s  mea- 

s u r e d  i n s t e a d  o f  t h e  change i n  h e i g h t .  

The q u a s i - s t e a d y - s t a t e  c o n d i t i o n  w i l l  b e  approached w i t h i n  1% f o r  

2  
d i f f u s i o n  t i m e s  g r e a t e r  t h a n  L / 2 q 2 ;  t o  s a t i s f y  t h i s  c o n d i t i o n  e x p e r i -  

ments a r e  u s u a l l y  r u n  f o r  s e v e r a l  h o u r s .  3 9 

The c a l c u l a t e d  v a l u e s  of Ul2 should  be  c o r r e c t e d  f o r  end e f f e c t s  

caused by s u r f a c e  t e n s i o n  a t  t h e  g a s - l i q u i d  i n t e r f a c e  and t u r b u l e n c e  a t  

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

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



which a r i s e s  from i n t e r f e r e n c e  by t h e  end of t h e  tube  t o  t h e  c a r r i e r  gas 

flow. To avoid the  e f f e c t s  of tu rbulence  t h e  gas flow r a t e  can be em- 

p i r i c a l l y  ad jus t ed  - n o t  too g r e a t  t o  cause l a r g e  eddy c u r r e n t s ,  and no t  

too smal l  t o  cause a  non-zero vapor concen t r a t ion  a t  t h e  tube o u t l e t .  

The presence of eddy c u r r e n t s  w i l l  e f f e c t i v e l y  s h o r t e n  t h e  d i f f u s i o n  p a t h  

l eng th .  An end c o r r e c t i o n  can be made by a  g r a p h i c a l  procedure.  The 

c a l c u l a t e d  va lues  o f 8  a r e  p l o t t e d  a s  a  f u n c t i o n  of t h e  r e c i p r o c a l  of 
12  

t h e  observed l eng th  of t h e  d i f f u s i o n  p a t h  L ;  t h e  co r r ec t ed  va lues  of 

g12 a r e  taken a t  t h e  ex t r apo la t ed  p o i n t ,  1 = 0 .  

I n  a d d i t i o n  t o  t h e  normal i n s t rumen ta t ion  e r r o r s ,  t h e  p o s s i b l e  un- 

c e r t a i n t i e s  of t h e  evaporation-tube method a r e  a s  fo l lows .  The evalu- 

a t i o n  of t h e  term Rn[(p-p ) / p ) ]  i n d i c a t e s  t h a t  smal l  changes i n  p r e s s u r e  
S 

and temperature w i l l  cause l a r g e  u n c e r t a i n t i e s  i n  .38  S i g n i f i c a n t  
1 2  

v a r i a t i o n s  i n  barometr ic  p re s su re  and i n  system temperature may occur 

s i n c e  evaporation-tube experiments u sua l ly  run  f o r  many hours .  For 

example, i f  t h e  p a r t i a l  p r e s s u r e  p i s  25 Torr then  f o r  v a r i a t i o n s  of  
S 

+ 
-10 Torr i n  t o t a l  p r e s s u r e  t h e  v a r i a t i o n  of Rn[(p-p ) / p ) ]  i s  1.4% f o r  s 

t o t a l  p re s su re s  a t  about  1 atmosphere. The v a r i a t i o n s  of t h e  l i q u i d  su r -  

f a c e  temperatures may be  even more c r i t i c a l  because of t h e  s e n s i t i v i t y  of 

t h e  vapor p re s su re  t o  smal l  temperature changes. For p r e c i s e  r e s u l t s  t h e  

+ 
v a r i a t i o n  i n  temperature of t h e  l i q u i d  should be  no g r e a t e r  than -O.l°K. 

Other p o s s i b l e  u n c e r t a i n t i e s  f o r  t h e  evaporation-tube method a r e  a s  

fol lows : 

(1) Convection e f f e c t s  caused by t h e  d i r e c t i o n  of vapor d i f f u s i o n .  39 

For example, water -a i r  va lues  of B12 may d i f f e r  by about  2% depend- 

ing on whether t h e  water is  placed i n  t h e  bottom o r  a t  t he  top of t h e  

tube.  Addi t iona l  convect ion e f f e c t s  a r e  dependent on t h e  diameter 

of t h e  evaporat ion-tube,  and a  p o s s i b l e  e r r o r  of 4% is  ind ica t ed  



i f  t h e  diameter  of t h e  tube  i s  l a r g e .  

(2)  Nonequilibrium cond i t i ons  may e x i s t  because of excess ive  r a t e s  

of evapora t ion  and super-cool ing a t  t h e  s u r f a c e  of t h e  l i q u i d .  

(3) The contaminat ion o f  t h e  l i q u i d  by t r a c e  amounts of i m p u r i t i e s  

may s i g n i f i c a n t l y  e f f e c t  t h e  evapora t ion  r a t e .  I n  a  s tudy  of water-  

a i r ,  f o r  example, any t r a c e s  of o i l  i n  t h e  a i r  could accumulate on 

t h e  s u r f a c e  of t h e  wa te r .  Another contaminat ion process  i s  due t o  

gases  d i s so lved  i n  t h e  l i q u i d .  I n  one c a s e  t h i s  e f f e c t  caused 

d i f f e r e n c e s  of about  5% i n  va lues  of .40 This  shows t h a t  l i q u i d s  
1 2  

should be degassed p r i o r  t o  t h e i r  use .  

(4) The equ i l i b r ium va lues  used i n  t he  formulas  f o r  fl may them- 
12  

s e l v e s  have s i g n i f i c a n t  u n c e r t a i n t i e s ,  e s p e c i a l l y  equi l ib r ium v a l u e s  

t h a t  have been found i n  handbooks where t h e  r e l i a b i l i t y  of t h e  d a t a  

has  n o t  been s p e c i f i e d .  

(5) Many vapors  a r e  non-ideal ga se s ,  and any d e v i a t i o n s  from i d e a l -  

gas behavior  a f f e c t  t h e  a c c u r a t e  s p e c i f i c a t i o n  of  t h e  mix ture  com- 

p o s i t i o n .  
4 1  

(6) The assumption of a  f l a t  v e l o c i t y  p r o f i l e  is  n o t  s t r i c t l y  

c o r r e c t ,  s i n c e  a  p a r a b o l i c  p r o f i l e  develops as t h e  vapor moves away 

from t h e  gas- l iqu id  i n t e r f a c e .  However, t h e  maximum e f f e c t  i s  

only  1.4% i n  d e v i a t i o n s  of t h e  r a d i a l  concen t r a t i on  from a  uniform 

( £ l a  t )  v a l u e .  42,43 

A t  b e s t ,  t h e  r e l i a b i l i t i e s  of 8 by t h e  evaporat ion-tube method a r e  
12  

s e v e r a l  p e r c e n t .  The fo l lowing  c a s e s  a r e  i l l u s t r a t i v e .  I n  t h i r t e e n  in -  

dependent s t u d i e s  f o r  t h e  sys  tem water -a i r  , t h e  s t anda rd  d e v i a t i o n  is  

7 .5% a t  298"K, and a t  h igher  temperatures  t h e  s c a t t e r  i n  t h e  d a t a  i s  even 

g r e a t e r  .44 I n  another  review of  q2 f o r  wa te r - a i r ,  f o u r  of twelve s t u d i e s  

were dropped from t h e  c a l c u l a t i o n  of t h e  average  v a l u e  because they seemed 



o b v i o u s l y  i n  e r r o r  .39 There  a r e  o n l y  a few o t h e r  g a s  p a i r s ,  H -H 0 and 
2 2 

benzene-a i r ,  which have s e v e r a l  independent  measurements u s e f u l  f o r  t h e  

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

3 .3  Minor Exper imental  Methods 

I n  t h i s  s e c t i o n  t h e  s i x  minor methods l i s t e d  i n  Tab le  2 a r e  b r i e f l y  

d i s c u s s e d .  The minor methods c o u l d  p robab ly  y i e l d  more r e l i a b l e  v a l u e s  

of by f u r t h e r  developments o f  each.  The s t u d i e s  u s i n g  t h e s e  methods 
1 2  

a r e  l i s t e d  i n  Tab le  8, and  t h i s  l i s t i n g  c o n t a i n s  t h e  r e f e r e n c e  i n f o r m a t i o n  

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

a .  Open Tube 

I f  t h e  t o p  of a g a s  c o n t a i n e r  is  opened, t h e  g a s  w i l l  d i f f u s e  i n t o  

t h e  su r rounding  a tmosphere ,  and a n a l y s i s  o f  t h e  compos i t ion  o f  t h e  remain- 

i n g g a s a f t e r a k n o w n t i m e p e r m i t s  t h e d e t e r m i n a t i o n o f 8  I n 1 8 8 2  
1 2  ' 

t h e  f i r s t  such measurements were  independen t ly  made by von Obermayer and 

by Waitz.  The theory  o f  t h e  exper iment  was d e s c r i b e d  by S t e f a n  i n  

1 8 7 1 . ~ ~  D e t a i l e d  a n a l y s e s  of t h e  method and t h e s e  e a r l y  s t u d i e s  have been 

p u b l i s h e d .  4 6 9 4 7  The open-tube method h a s  r e c e n t l y  been  r e v i v e d  and i m -  

proved by F r o s t .  

b .  Back D i f f u s i o n  

Har teck  and Schmidt i n  1933 performed t h e  f i r s t  low-temperature  

d e t e r m i n a t i o n s  o f  down t o  20°K, f o r  a m i x t u r e  of para-hydrogen i n  
12 ' 

normal hydrogen. The method i s  a n  ingen ious  s t e a d y - s t a t e  f low t e c h n i q u e  

i n  which one component d i f f u s e s  upst ream a g a i n s t  t h e  second f lowing com- 

ponen t .  The composi t ion a t  one  o r  more upst ream p o i n t s  can  be  used t o  

d e t e r m i n e  ff 12 ' Back d i f f u s i o n  can b e  used f o r  d i f f u s i o n  measurements a t  



extreme tempera tures ,  low o r  h igh ,  a s  w e l l  a s  f o r  "tagged" molecules .  

The d e s c r i p t i o n  of t h e  o r i g i n a l  method has  been t r a n s l a t e d ,  i n  p a r t ,  i n t o  

Engl i sh .  
2 

c .  Cap i l l a ry  Leak 

The c a p i l l a r y - l e a k  method is  s u i t a b l e  f o r  measurements of over  a 
12  

l a r g e  range  of temperatures  because i t  involves  no moving p a r t s .  I n  1942 

t h i s  method was f i r s t  used by Klibanova e t  a l .  t o  determine B12 a t  h igh  

temperatures ,  up t o  1533OK. I n  1967 D e  Paz -- e t  a l .  determined t h e  s e l f -  

d i f f u s i o n  c o e f f i c i e n t  of A r  a t  low temperatures ,  down t o  7 8 O K .  Except f o r  

t h e  r e s u l t s  by D e  Paz -- e t  a l . ,  t h e  p r e c i s i o n  and r e l i a b i l i t y  of ob- 12  

t a ined  by t h e  c a p i l l a r y - l e a k  method have been poor.  

d . Unsteady Evaporat ion 

An a l t e r n a t e  evaporat ion-tube method was developed by Arnold i n  

1944. H i s  purpose was t o  o b t a i n  a q u a n t i t a t i v e  b a s i s  f o r  c a l c u l a t i o n s  of 

uns teady-s ta te  v a p o r i z a t i o n  of a l i q u i d  i n t o  a gas ,  a p rocess  of  indus- 

t r i a l  importance. The equa t ions  ob ta ined  a l s o  fu rn i shed  a b a s i s  f o r  re- 

l a t i v e l y  qu ick  de te rmina t ions  of q2 f o r  vapor-gas mix tu re s .  Measure- 

ments could be  made i n  minutes ,  n o t  i n  hours  a s  r equ i r ed  by t h e  S t e f a n  

evapora t ion  tube .  The r e l i a b i l i t y  of t h e  unsteady-evaporat ion method i s  

probably s l i g h t l y  b e t t e r  than f o r  t h e  evapora t ion  tube ,  b u t  more meaning- 

f u l  comparisons a r e  no t  p o s s i b l e  because of t h e  meager d a t a  a v a i l a b l e .  A 

somewhat s i m i l a r  technique was used e a r l i e r  by Mackenzie and Me lv i l l e  

wi th  bromine vapor .  Other unsteady-evaporation s t u d i e s  a r e  a l s o  l i s t e d  

i n  Table  8 .  

e.  D i f fu s ion  Bridge 



This  i s  a  s t e a d y - s t a t e  f low method i n  which two g a s  s t reams  f l o w  

a c r o s s  o p p o s i t e  ends of a hol low c a p i l l a r y  t u b e  o r  o p p o s i t e  f a c e s  o f  a 

porous  septum, and t h e  emerging s t r e a m s  a r e  a n a l y z e d .  The f low r a t e s  a r e  

c o n t r o l l e d ,  and  a d j u s t e d  t o  produce any d e s i r e d  p r e s s u r e  d i f f e r e n c e  a c r o s s  

t h e  c a p i l l a r y .  The ends  of t h e  c a p i l l a r y  are g e n e r a l l y  main ta ined  a t  

e q u a l  t o t a l  p r e s s u r e s ,  t h u s  i n  t h e  c a p i l l a r y ,  o r  septum, t h e r e  i s  un i fo rm 

p r e s s u r e  and no v i s c o u s  f low.  The advan tage  o f  t h e  d i f f u s i o n  b r i d g e  i s  

t h a t  no v a l v e s  a r e  r e q u i r e d  i n  t h e  zone of t h e  a p p a r a t u s  where d i f f u s i o n  

o c c u r s ,  s o  t h a t  t h e  method is  amenable t o  o p e r a t i o n  over  wide t e m p e r a t u r e  

r a n g e s .  

The d i f f u s i o n  b r i d g e  h a s  been  used on ly  once  w i t h  a c a p i l l a r y ,  t o  

o b t a i n  a b s o l u t e  v a l u e s  o f  q2 down t o  1.74'K. Th is  work was done by 

Bendt i n  1958.  

The d i f f u s i o n  b r i d g e  h a s  been used f r e q u e n t l y  w i t h  a porous  septum, 

t o  o b t a i n  r e l a t i v e  v a l u e s  o f  up t o  882'K. These s t u d i e s  r e q u i r e  t h e  

c a l i b r a t i o n  of t h e  p o r o s i t y  o f  t h e  sys tem by means o f  independen t ly  pub- 

l i s h e d  v a l u e s  o f  B12. 

f . D i s s o c i a t e d  Gases 

D i r e c t  measurements o f  t h e  d i f f u s i o n  o f  h i g h l y  r e a c t i v e  s p e c i e s  such  

a s  f r e e  r a d i c a l s  and v a l e n c e - u n s a t u r a t e d  atoms a r e  d i f f i c u l t ,  b u t  a r e  

needed f o r  b a s i c  unders tand ing  o f  many phenomena i n  chemical  r e a c t i o n s  

and a t  h i g h  t empera tu res .  There  a r e  a v a r i e t y  of t e c h n i q u e s ,  b o t h  o f  t h e  

f low and non-flow t y p e s ,  t h a t  have been used t o  measure t h e  d i f f u s i o n  of 

H ,  N ,  and 0 atoms i n  d i f f e r e n t  g a s e s .  The r e s u l t s  f o r B 1 2  extend o v e r  a  

t empera tu re  range  o f  202" t o  873OK. D i s s o c i a t e d  g a s e s  were f i r s t  s t u d i e d  

i n  1959 by Wise and by Krongelb and S t r a n d b e r g .  The t e c h n i q u e  by Morgan 

and S c h i f f  minimizes u n c e r t a i n t i e s  due t o  chemical  r e a c t i o n s ;  t h e  complete  



neg lec t  of r e a c t i o n s  i n  c a l c u l a t i o n s  of 8 in t roduces  l e s s  than 1% e r r o r .  12  

The r e s u l t s  f o r  d i s s o c i a t e d  gases ,  a s  might be expected, a r e  not  very  r e -  

producib le ;  t h e  r e s u l t s  a r e  s c a t t e r e d  by about 10% o r  more f o r  many gas  

p a i r s .  

I n  some c a s e s  t h e r e  a r e  i n d i r e c t  methods a v a i l a b l e  f o r  t h e  determina- 

t i o n  of $Y f o r  d i s s o c i a t e d  gases  which probably g ive  more r e l i a b l e  re- 
12  

s u l t s  than  t h e  p r e s e n t  d i r e c t  methods. For example, Sl2 f o r  H - H can  2 

b e  obta ined  from measurements of t h e  mixture  v i s c o s i t y , 4 8  and # f o r  
12  

N - N2 and 0 - 0 a t  T > 1000°K can be obta ined  from molecular-beam 
2 

s c a t t e r i n g  experiments and semi-empirical quanta1 c a l c u l a t i o n s ,  4 9 

3.4 Miscellaneous Experimental Methods 

This  s e c t i o n  b r i e f l y  desc r ibes  s e v e r a l  miscel laneous methods t h a t  

have been used t o  determine va lues  of aI2. A l i s t  of t h e s e  s t u d i e s  i s  

given i n  Table 9 ,  and t h i s  l i s t i n g  con ta ins  t h e  r e f e rence  informat ion  f o r  

t h i s  s e c t i o n  un le s s  s p e c i a l  foo tno te s  a r e  given i n  t he  t e x t .  The l i s t i n g  

i s  not  comprehensive, a s  a complete enumeration of a l l  miscel laneous 

methods used a t  some time o r  another  would be both f u t i l e  and bor ing .  

The miscel laneous methods l i s t e d  have both  gene ra l  a p p l i c a b i l i t y  and ex- 

per imenta l  ingenui ty .  

a .  Droplet  Evaporation 

Observations of t h e  r a t e  of evapora t ion  of a smal l  sphere  of v o l a t i l e  

m a t e r i a l  may be u t i l i z e d  t o  determine vapor-gas S12. The a p p l i c a b l e  

theory i s  s i m i l a r  t o  t he  evaporat ion tube.  Droplet evaporat ion s t u d i e s  

have been made f o r  water ,  f o r  heavy organic  chemicals,  and f o r  i od ine  i n  

a i r .  



b .  Dufour E f f e c t  

When d i f f e r e n t  gases  mix, a  sma l l  temperature  g r a d i e n t  i s  s e t  up; 

t h i s  is  c a l l e d  t h e  Dufour e f f e c t  o r  t h e  d i f f u s i o n  thermoeffec t .  The 

asymptot ic  t ime decay of t h e  temperature  g r a d i e n t  can be  used t o  d e t e r -  

mine s12, and r e s u l t s  a r e  a v a i l a b l e  f o r  about  1 0  gas  p a i r s  a t  293OK. 

These r e s u l t s  have v a r i e d  agreements,  w i t h i n  l o % ,  w i t h  g12 obtained by 

t h e  major methods. 

c .  Thermal Sepa ra t i on  Rate  

The i n v e r s e  of t h e  Dufour e f f e c t  i s  thermal  d i f f u s i o n ,  i n  which an 

imposed temperature  g r a d i e n t  causes  t h e  components of a  mix ture  t o  

s e p a r a t e .  The r a t e  a t  which an i n i t i a l l y  uniform mixture  s e p a r a t e s  under 

an  imposed temperature  g r a d i e n t  can be  used t o  d e t e r m i n e s  The r e s u l t s ,  
12 ' 

however, a r e  n o t  very r e l i a b l e .  The p r i n c i p a l  u n c e r t a i n t i e s  a r i s e  from 

averaging t h e  temperatures  of t h e  imposed temperature  g r a d i e n t  and geo- 

m e t r i c a l  f a c t o r s  of t h e  appa ra tu s .  

d .  K i rkenda l l  E f f e c t  

I n  s o l i d s ,  t h e  n e t  d r i f t  of  i n e r t  markers placed near  a  d i f f u s i o n  

i n t e r f a c e  i s  c a l l e d  t h e  Ki rkendal l  e f f e c t .  A s i m i l a r  e f f e c t  e x i s t s  i n  

gases ,  and t h e  speed of t h e  marker motion can be  used t o  determine 
12  ' 

The marker i s  l o c a t e d  i n  a  tube  connected i n  p a r a l l e l  t o  a  two-bulb ap- 

pa ra tu s .  A v a l u e  of B12 has been obta ined  f o r  He-Ar a t  303"K, which is  

i n  e x c e l l e n t  agreement wi th  d i r e c t l y  determined 8 
12 ' 

Smoke p a r t i c l e s  suspended i n  a  d i f f u s i n g  gas  mix ture  can a l s o  b e  

used a s  K i rkenda l l  markers. 50,51 

The d i f f u s i o n  p re s su re -e f f ec t ,  d i scussed  i n  Chapter 2 ,  Sec t ion  2 .1 ,  



p a r t  a ,  i s  c l o s e l y  r e l a t e d  t o  t h e  Ki rkendal l  e f f e c t .  It could t h e r e f o r e  

a l s o  be  used t o  de te rmine  v a l u e s  of b u t  t h i s  has  no t  y e t  been done. 
12'  

e. Sound Absorption 

The passage of  a  sound wave through a  gas  mix ture  produces a  l o c a l  

p a r t i a l  s e p a r a t i o n  of t h e  components, caused most ly  by p r e s s u r e  d i f f u -  

s i o n .  The remixing by d i f f u s i o n  i s  o u t  of phase w i t h  t h e  sound wave, and 

t h e  a b s o r p t i o n  of  an  u l t r a s o n i c  wave i n  a  gas  mix ture  i s  s t r o n g e r  than  i n  

e i t h e r  pure  component. The excess  a b s o r p t i o n  depends on , which i n  
$9;2 

p r i n c i p l e  can then  be  determined. 52 This  method has  been t e s t e d  on the  

g a s  p a i r  He-Ar up t o  temperatures  of %5000°K. The agreement of t h e s e  re- 

s u l t s  w i th  o t h e r  a v a i l a b l e  d a t a  i s  good a t  300°K, b u t  poor between 1255O 

and 4990°K. These measurements a r e  d i f f i c u l t  t o  perform and t h e  r e s u l t s  

a t  h igh  temperatures  a r e  s c a t t e r e d .  

f  . Cataphores i s  

A dc-discharge i n  a  gas  mix ture  causes  a  p a r t i a l  s e p a r a t i o n  of com- 

ponents .  The phenomenon, which a l s o  occurs  i n  s o l u t i o n s ,  i s  c a l l e d  ca ta -  

pho re s i s .  The s e p a r a t i o n  d i s appea r s  by d i f f u s i o n  a f t e r  t h e  d i s cha rge  i s  

s topped,  a n d  fl can  be  c a l c u l a t e d  from t h e  r a t e  of disappearance of t h e  
1 2  

s e p a r a t i o n .  A t  p r e s e n t  t h i s  method has  been used only f o r  t h e  gas  p a i r s  

Ne-Ar from 300' t o  650°K; t h e  r e s u l t s  are i n  good agreement w i t h  o t h e r  

d i r e c t  measurements. 

g  . Resonance Methods 

The p r i n c i p l e  of a l l  resonance methods i s  t o  " tag i i  some of t h e  mole- 

cu l e s  i n  a  g a s ,  and then fo l low t h e i r  d i s p e r s i o n  due t o  d i f f u s i o n .  The 

tags  used have been such th ings  a s  t h e  o r i e n t a t i o n  of nuc lear  s p i n  



(nuc lear  magnetic resonance) ,  t h e  popula t ion  of magnetic sub leve l s  i n  

t h e  ground s t a t e  ( o p t i c a l  purrlping), o r  a me ta s t ab le  exc i t ed  e l e c t r o n i c  

s t a t e  (mercury band f luosesence ) .  The names i n  parentheses  i n d i c a t e  t h e  

groupings f o r  t h e  s t u d i e s  l i s t e d  i n  Table 9 .  The nuc lear  magnetic r e -  

sonance technique has been used t o  determine 8 a t  very low temperatures  , 12 

down to  20°K f o r  mixtures  of or tho-  and para-hydrogen, and down t o  1.13OK 

f o r  t h e  s e l f  -dif  f u s i o n  c o e f f i c i e n t  of 3 ~ e .  The o p t i c a l  pumping technique 

has been used t o  determine g12 of a l k a l i  meta l  vapors  (Na, Rb, and Cs) i n  

va r ious  o t h e r  g a s e s .  
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4.  TREATMENT OF DATA 

I n  t h i s  chapter  a r e  o u t l i n e d  t h e  procedures used t o  eva lua t e  t h e  

e n t i r e  body of experimental  d a t a ,  and t h e  d e r i v a t i o n  of semi-empirical 

approximations f o r  t h e  composition dependence and temperature dependence 

The o r i g i n a l  d a t a ,  publ ished over t h e  l a s t  one hundred y e a r s ,  were 

compiled by au thor  and by gas  p a i r .  Bibliography I l ists  t h e  r e f e rences  

t o  experimental  s t u d i e s  by au tho r ,  and t h e  gas p a i r s  i n v e s t i g a t e d  and t h e  

experimental  methods a r e  noted.  A c r o s s - l i s t i n g  of $f12 by gas  p a i r  i s  

g iven  i n  Table 16 ,  i n  which t h e  temperature range i s  a l s o  noted.  I n  

a d d i t i o n ,  t h e r e  a r e  b ib l iog raph ie s  f o r  short-range and long-range i n t e r -  

a c t i o n  d a t a ,  and f o r  measured mixture  v i s c o s i t i e s .  

4 .1  R e l i a b i l i t y  Est imates  

The c r i t i c a l  eva lua t ion  of t h e  r e l i a b i l i t y  of s12 from d i r e c t  

measurements included t h e  fol lowing f a c t o r s :  

(1) experimental  method, 

(2) r e p r o d u c i b i l i t y  of B12 by d i f f e r e n t  experimental  methods o r  

l a b o r a t o r i e s  , 

(3) p r e c i s i o n  and number of measurements from a  g iven  l a b o r a t o r y ,  

(4) temperature dependence measured. 

For i n d i r e c t  measurements, t h e  r e l i a b i l i t y  of Sl2 considered t h e  r e -  

por ted  accuracy of o the r  t r a n s p o r t  p rope r ty  d a t a  of mixtures  - v i s c o s i t y ,  

thermal conduc t iv i ty ,  and thermal d i f f u s i o n  f a c t o r  - and of molecular 

beam measurements. Whenever c o l l i s i o n  i n t e g r a l  r a t i o s  were employed i n  

80 



i n t e r m e d i a t e  c a l c u l a t i o n s  of t h e i r  r epo r t ed  accuracy was considered 
12 '  

a s  w e l l  a s  t h e  choice  of t h e  p o t e n t i a l  model. 

For a l l  measurements, t h e  r e s u l t s  of t he  more r e c e n t  s t u d i e s  were 

no t  assumed t o  be  n e c e s s a r i l y  more a c c u r a t e  than  those  from e a r l i e r  - 

s t u d i e s .  A l l  t h e  d a t a  f o r  each gas  p a i r  were c a r e f u l l y  inspec ted  f o r  d i s -  

c repancies  and sys temat ic  e r r o r s  wi th  t h e  a i d  of l a rge - sca l e  graphs.  From 

these  i t  became apparent  t h a t  t h e  smal l  composition dependence o f a  had 
1 2  

t o  be  taken i n t o  account ,  and t h a t  compact means of summarizing va lues  of 

a12 over l a r g e  temperature ranges  were necessary .  

The assignment of r e l i a b i l i t y  e s t ima te s  t o  experimental  d a t a  always 

involves  a l a r g e  measure of s u b j e c t i v e  judgment. Even a f t e r  con- 

s i d e r a t i o n  of such th ings  a s  r e p r o d u c i b i l i t y  and i n t e r n a l  cons i s t ency ,  ex- 

t e r n a l  cons is tency  f o r  d i f f e r e n t  types of appara tus  and f o r  d i f f e r e n t  

workers i n  d i f f e r e n t  l a b o r a t o r i e s ,  and s o  on, t h e  f i n a l  dec i s ions  a r e  

neve r the l e s s  based heavi ly  on t h e  judgments of t he  e v a l u a t o r s .  An a t t empt  

has  been made t o  b e  conse rva t ive ,  i n  order  t h a t  t h e r e  s h a l l  be a h igh  

p r o b a b i l i t y  t h a t  t h e  " t rue"  va lue  of a d i f f u s i o n  c o e f f i c i e n t  l i e s  w i t h i n  

t h e  s p e c i f i e d  range of u n c e r t a i n t y .  An a t tempt  has  a l s o  been made t o  b e  

f a i r  and n o t  a r b i t r a r i l y  downgrade good measurements, bu t  is  is  q u i t e  

p o s s i b l e  t h a t  a p a r t i c u l a r  dg/ may be  more a c c u r a t e  than  i s  implied by 
12  

t h e  s p e c i f i e d  unce r t a in ty  l i m i t s  which a r e  g iven  i n  Chapter 5.  

4 .2  Correc t ion  f o r  Composition Dependence 

Even though t h e  magnitude of  t h e  composition dependence of i s  
12  

r e l a t i v e l y  sma l l ,  from 0 t o  5% f o r  a l l  gas  p a i r s  cons idered ,  the  e f f e c t  i s  

sometimes g r e a t e r  than the  u n c e r t a i n t y  of experimental  measurements. The 

formulas f o r  t h e  composition dependence according t o  t h e  second approxi-  

mation of t h e  Chapman-Enskog theory (Sec t ion  2 .4)  a r e  cumbersome t o  u se ,  



e s p e c i a l l y  when thousands of d a t a  p o i n t s  must be cons idered .  A simpler 

and more convenient formula of s u f f i c i e n t  accuracy can be  developed a s  

fo l lows .  

The e n t i r e  composition dependence of i s  contained i n  t he  small 12  

t e r m  A given i n  Sec t ion  2.4,  which depends on both temperature and com- 
12  ' 

p o s i t i o n .  The major complicat ion of t h e  Chapman-Enskog express ion  f o r  

A12 i s  i t s  composition-dependent p a r t  (conta in ing  t h e  P ' s  and 9 ' s ) .  

4 
Previous work i n d i c a t e s  t h a t  t h e  composition dependence can b e  adequate- 

l y  approximated by t h e  formula, 

where 5 i s  a numerical cons t an t  between 1 and 2, xl i s  t h e  mole f r a c t i o n  

of  t h e  heavy component, and - a and - b a r e  

The S and S occur  i n  t h e  express ion  f o r  t h e  thermal d i f f u s i o n  f a c t o r  
1 2 

( see  Sec t ion  2 .7) ,  which i s  r e l a t e d  t h e o r e t i c a l l y  t o  A .4 This  formula 12 
'b 

is most a c c u r a t e  f o r  M > > ' M 2 ;  t h e  lower accuracy f o r  M 
1 

IL M2 i s  no t  

impor tan t ,  however, because A i s  n e g l i g i b l e  i n  such cases .  
12  

The express ions  f o r  a and b can be  f u r t h e r  s i m p l i f i e d .  It i s  obvious - - 

t h a t  

S u b s t i t u t i o n  f o r  P and Q from Eqs. (2.4-1) and (2.4-3) y i e l d s  
1 1 

:c 
An adequate approximation f o r  t h e  p re sen t  purpose i s  t o  t ake  B = 514 

12 
* 'b 

(Kihara approximation) and A 'b 1.1, which y i e l d s  
12 



where 

in = M ~ / M ~  < 1 . (4.2-7) 

For s m a l l  m,  t h e  major  v a r i a t i o n  of 2 comes from t h e  f a c t o r  (-S /Q ) and 2  2  

c a n  b e  r e p r e s e n t e d  by t h e  s imple  e x p r e s s i o n  

2  
The f a c t o r  ( 1  + 1 . 8  m) i s  a n  e m p i r i c a l  r e p r e s e n t a t i o n  of t h e  v a r i o u s  m a s s  

dependences ,  b u t  t h e  rest of t h e  e x p r e s s i o n  comes from t h e o r y .  The 

c o l l i s i o n  i n t e g r a l s  i n  2 may b e  o b t a i n e d  e i t h e r  by c a l c u l a t i o n  from a 

p o t e n t i a l  model o r  from e x p e r i m e n t a l  v a l u e s  o f  s12 and "he v i s c o s i t y  
2  ' 

of t h e  l i g h t  component, whereby Eq. (4.2-8) may b e  w r i t t e n  a s  

The q u a n t i t i e s  - a and b v a r y  o n l y  weakly w i t h  t e m p e r a t u r e ,  and can  u s u a l l y  

b e  t a k e n  as c o n s t a n t .  

The complete  r e s u l t  f o r  A i s  t h u s  g i v e n  by Eqs . (4 .2-I ) ,  (4.2-6),  
1 2  * 

(4.2-7) , and (4.2-8) o r  (4.2-9) . The v a l u e  o f  C i n  Eq . (4.2-1) can  b e  
1 2  

c a l c u l a t e d  from t h e  Lennard-Jones (12-6) p o t e n t i a l ,  and depends o n l y  o n  

t h e  t e m p e r a t u r e  and t h e  v a l u e  o f  E t h e  r e s u l t s  are n o t  t o o  s e n s i t i v e  t o  
1 2  ; 

t h e  c h o i c e  of t h e  p o t e n t i a l  and t h e  p r e c i s e  v a l u e  o f  E used .  The v a l u e  
1 2  

of 5  is  u n i t y  a c c o r d i n g  t o  t h e  Chapman-Enskog second approx imat ion ;  s i n c e  

t h i s  approx imat ion  seems t o  u n d e r e s t i m a t e  A i t  i s  b e t t e r  t o  t a k e  5  from 
1 2  ' 

exper iment  i f  a c c u r a t e  d a t a  are a v a i l a b l e .  Values  o f  5 ,  - a , b  - and E a r e  
1 2  

l i s t e d  i n  T a b l e  1 5  of Chapter 5 .  

F i g u r e  3 shows a comparison of v a l u e s  o f  A c a l c u l a t e d  from t h e  semi- 1 2  

e m p i r i c a l  approx imat ion  w i t h  v a l u e s  c a l c u l a t e d  from t h e  Chapman-Enskog ex- 

p r e s s i o n .  Two mass r a t i o s  a r e  shown, which r e p r e s e n t  r e a s o n a b l e  v a l u e s  



f o r  o rd ina ry  gas p a i r s  l i k e  He-Ar and Ne-Ar;  t h e  p o t e n t i a l  parameters 

used i n  t h e  c a l c u l a t i o n s  correspond to  t h e s e  two gas p a i r s .  A h igh  r e -  

duced temperature of ~ T / E  = 10  i s  used, f o r  which A12 i s  l a r g e .  The 12  

r e s u l t s  f o r  A12 a r e  i n  agreement w i t h i n  t h e  u n c e r t a i n t i e s  of experi-  

mental  measurements. 

Values of t he  empi r i ca l  cons t an t  5 have been determined from 

measurements of t h e  composition dependence of dijf f o r  only fou r t een  
12  

systems (counting H and D2 a6 t h e  same) ; namely, t he  t e n  noble-gas 2 
6 

p a i r s  ,5  H -N H2-Ar and HI-CO , 4  and H ~ - N ~ . ~  These a r e  t h e  only systems 2 2' 2 

f o r  which enough a c c u r a t e  d a t a  on composition dependence e x i s t  t o  

j u s t i f y  a s s ign ing  5 a v a l u e  o ther  than  1 .0 .  A s  can be seen  from Table 

1 5  of Chapter 5 ,  t he  empi r i ca l ly  determined va lues  of < do l i e  between 

1 and 2, a s  expected.  An advantage of t h e  semi-empirical formula is  

t h a t  improved experimental  information on t h e  composition dependence of  

q2 can be e a s i l y  accommodated by adjustment  of va lues  of 5. 

Experimental a12 d a t a  were ad jus t ed  t o  r e f e r  t o  an  equimolar compo- 

s i t i o n  according t o  t h e  r e l a t i o n  

w h e r e f l  (x ) was t h e  v a l u e  measured a t  mole f r a c t i o n  x and the  d12 12  1 1 ' 
were c a l c u l a t e d  from Eq. (4.2-1) w i t h  t h e  c o n s t a n t s  g iven  i n  Table 1 5  

of Chapter 5. An equimolar b a s i s  i s  a r ea sonab le  compromise between 

composition extremes, and requi red  a minimum number of adjustments  of 

t h e  d a t a .  

4 .3 Cor re l a t ion  f o r  Temperature Dependence 

The temperature dependence of q2 can be  c o r r e l a t e d  by a semi- 



empi r i ca l  equat ion  which i s  a p p l i c a b l e  over  a  wide range of temperature.  

The t h e o r e t i c a l  background f o r  t h e  c o r r e l a t i o n ,  i n  terms of intermole-  

c u l a r  f o r c e s ,  has  been presented i n  Sec t ion  2 .3;  t he  equat ion  i t s e l f  i s  

an empi r i ca l  composite of terms corresponding t o  va r ious  types of con- 

tr ibu t ions  t o  t h e  in te rmolecular  f o r c e s .  The equat ion  c o r r e l a t e s  t h e  

temperature dependence of fl w i t h i n  t h e  experimental  u n c e r t a i n t i e s  of 
1 2  

t h e  experimental  r e s u l t s  wi th  a t  most f o u r  a d j u s t a b l e  parameters ,  and 

can be pu t  i n t o  s i m p l i f i e d  form f o r  d a t a  wi th  low r e l i a b i l i t y  o r  w i th  

l imi t ed  temperature range .  

The background i s  b r i e f l y  a s  fo l lows .  Many previous  c o r r e l a t i o n s  

of t h e  temperature dependence of 8 have been publ i shed .  
1 2  8-34 These 

c o r r e l a t i o n s  have u s u a l l y  been r e s t r i c t e d  to  f a i r l y  narrow temperature 

ranges between about  200" and 500°K, because of t he  l a c k  of da t a  a t  low 

and h igh  temperatures .  But r e c e n t  r e s u l t s  on 8 by d i r e c t  measurements 
12  

and by c a l c u l a t i o n s  from molecular-beam s c a t t e r i n g  experiments have 

s i g n i f i c a n t l y  extended t h e  temperature range,  which now extends roughly 

from about 10,000" down t o  80°K, o r  lower.  

I n  Fig.  1 t h e  i n s e r t  shows t h e  c h a r a c t e r i s t i c  temperature dependence 

of d12. Over a  narrow range of temperatures  a  p l o t  of ~ n ( ~ 4 ~ )  ve r sus  

Rn T i s  e s s e n t i a l l y  l i n e a r ,  a s  would be  expected f o r  a n  inverse-power 

p o t e n t i a l ,  b u t  over a  l a r g e  temperature range such a p l o t  shows curva- 

t u r e .  A t  low temperatures  t h e  cu rva tu re  i s  caused by t h e  inc reas ing  

in f luence  of t h e  long-range a t t r a c t i v e  p o t e n t i a l .  A t  high temperatures  

t h e  cu rva tu re  i s  caused by the  inc reas ing  "so£ tness"  of t h e  r e p u l s i v e  

p o t e n t i a l  a t  smal l  s e p a r a t i o n  d i s t a n c e s ,  a s  would be  expected f o r  a n  

exponent ia l  p o t e n t i a l .  

The foregoing f e a t u r e s  can be  f i t t e d  by an equat ion  of t h e  form, 



where A ,  s,E[io, S,  and S '  a r e  empi r i ca l  c o n s t a n t s ,  and k is  t h e  Boltzmann 

cons t an t .  The double l oga r i t hm term i s  taken  from Eq. (2.3-4) and re- 

p r e s e n t s  an exponent ia l  r e p u l s i o n  p o t e n t i a l .  The v a l u e  of yo i s  taken  

from independent molecular-beam experiments ,  35 and i s  n o t  a d j u s t a b l e ;  

however, i t s  p r e c i s e  v a l u e  is  n o t  c r i t i c a l  f o r  c o r r e l a t i o n  purposes ,  be- 

cause  e r r o r s  i n  y a r e  compensated f o r  by v a l u e s  o f  s . The va lues  o f  g 
0 - 

a r e  equa l  t o  o r  s l i g h t l y  g r e a t e r  than  312, a s  expected from theory .  The 

terms conta in ing  S and S t  a r e  Sutherland-Reinganum terms, as i n  Eq. 

(2.3-ll) , and account  f o r  t h e  a t t r a c t i v e  p o t e n t i a l .  For most gas  p a i r s  

S '  i s  n o t  needed and can  be  taken  a s  zero .  

I n  many c a s e s  t h e  va lues  of  s12 a r e  no t  s u f f i c i e n t l y  p r e c i s e  t o  

r e q u i r e  t h e  use  of t h e  double  logar i thm term i n  Eq .  (4 .3- I ) ,  and an 

adequate  r e p r e s e n t a t i o n  i s  g iven  by 

A l l  t h e  d a t a  could be  c o r r e l a t e d  w i t h i n  t h e  r ange  of  es t imated expe r i -  

mental  u n c e r t a i n t i e s  by combinations of Eqs . (4.3-1) and (4.3-2) . 
An advantage of  Eqs. (4.3-1) and (4.3-2) i s  t h a t  they a r e  l i n e a r  i n  

a l l  t h e  a d j u s t a b l e  c o n s t a n t s  (A, s , S , and s ') , so  t h a t  l e a s t - squa re s  

c a l c u l a t i o n s  a r e  easy .  A d i sadvantage  is  t h a t  t h e  Sutherland-Reinganurn 

terms f o r  t h e  e f f e c t  of  t h e  long-range a t t r a c t i o n  do n o t  permit t h e  

equa t ions  t o  be  used a t  ve ry  low temperatures ,  where t h e  London d i s p e r s i o n  

energy dominates.  A t  p r e s e n t ,  no measurements of  Sl2 seem t o  f a l l  i n  

t h i s  range ,  however. The equa t ions  a r e  u sab l e  on ly  f o r  k ~ /  E > I, and 
12 

should never be e x t r a p o l a t e d  t o  low temperatures .  A t  very  low tempera- 

t u r e s  q2 has  t h e  asympto t ic  ( c l a s s i c a l )  form, 



where A i s  e a s i l y  c a l c u l a t e d  i f  t h e  London c o n s t a n t  C i s  known. 36 The 

r e l i a b i l i t y  of Eq. (4.3-3) h a s  been d i s c u s s e d  i n  S e c t i o n  2.6,  p a r t  a .  

The v a l u e s  of t h e  c o n s t a n t s  f o r  Eqs . (4.3-1) , (4.3-2), and (4.3-3) 

a r e  g i v e n  i n  T a b l e s  1 2 ,  1 3 ,  and 1 4 ,  r e s p e c t i v e l y ,  of Chapter 5. Details 

on  t h e i r  d e t e r m i n a t i o n  are p r e s e n t e d  i n  Chapter  5.  



REFERENCES 

' ~ r i d ~ m a n ,  P. W . ,  Proc.  N a t .  Acad. S c i .  U.S.A. - 46, 1394 (1960) 

2 ~ o u d e n ,  W .  J . ,  Physics  Today - 14 ( 9 ) ,  32 (1961) 

3 ~ i e f f e r ,  I,. J . ,  NBS Tech. News Bu l l .  - 53, No. 10  (1969) 

4 Mason, E.  A , ,  S. Weissman, and R.  P. Wendt, Phys. F l u i d s  - 7,  174 (1964) 

5 
van Heijningen,  R.  J .  J . ,  J .  P. Harpe, and J .  J .  M .  Beenakker, Physica 

38, 1 (1968) - 
6van Heijningen,  R.  J .  J . ,  A .  Feberwee, A.  van Oosten, and J .  J .  M. 

Beenakker, Physica 32, 1649 (1966) 

'walker,  R.  E .  and A .  A .  Westenberg, J .  Chem. Phys. 29, 1139 (1958) 

8 ~ u t h e r l a n d ,  W . ,  P h i l .  Mag. - 38, 1 (1894) 

' ~ r n o l d ,  J .  W . ,  Ind.  Eng. Chem. - 22, 1091 (1930) 

l 0 ~ i l l i l a n d ,  E. R . ,  Ind. Eng. Chem. - 26, 681 (1934) 

l l ~ u v s h i n s k i g ,  E. V *  , Zh. Tekh. F i z .  -- 18,  909 (1948) 

1 2  
Andrussow, L., Z .  Elektrochem. - 56, 624 (1952) 

13~owlinson,  J .  S. and J .  R .  Townley, Trans. Faraday Soc. 49, 20 (1953) 

l 4 y i l k e ,  C .  R .  and C .  Y .  Lee, Ind.  Eng. Chem. - 47, 1253 (1955) 

1 5 ~ a i r ,  J .  R .  and B .  J .  Lerner ,  AIChE. J. - 2, 1 3  (1956) 

1 6 s l a t t e r y ,  J .  C .  and R .  B .  B i rd ,  AIChE. J. -2 4 137 (1958) 

1 7 ~ o s o v ,  N .  D .  Ref e r a t i v n y i  Zhurnal Fizika (1958) : a b s t r a c t  no. 27324 

l88rokaw, R. S .  NASA, Technical  Report R-81 (1960) 

 brahim him, S. H .  and N .  R. Kuloor,  B r i t .  Chem. Eng. 6, 862 (1961) 

2 0 ~ h e n ,  N .  H .  and D .  F. Othmer, J .  Chem. Eng. Data - 7,  39 (1962) 

210thrner, D .  F .  and H .  T .  Chen, Ind.  Eng. Chem., Process  Design and 

Development - 1, 249 (1962) 



2 2 ~ a o ,  P.N.S., S .  H .  Ib rah im,  and N .  R .  Kuloor ,  Chem. Eng. - 69 ( l o ) ,  198 

(1962) 

2 3 ~ a r s w e l l ,  A .  I. and J .  C .  S t r y l a n d ,  Can. J .  P h y s i c s  - 41,  708 (1963) 

24 
Seager ,  S .  L . ,  L .  R ,  Geers ton ,  and J .  C .  G idd ings ,  J .  Chem. Eng. Data 

8 ,  168 (1963) - 
2 5 

Usmanov, A .  G .  and A. N.  Berezhnoi ,  Zh. F i z .  Khim. - 37, 179 (1963) 

[Russ. J .  Phys .  Chem. 37, 85  (1963)l  

2 6 ~ h e n ,  N .  H .  and D .  F. Othmer, I n d .  Eng. Chem., Fundamentals 2, 279 

(1964) 

2 7 ~ c o t t ,  D .  S . , I n d .  Eng . Chem., Fundamentals 3, 278 (1964) 

28~herwood ,  T.  K . ,  I n d .  Eng . Chem. Fundamentals - 3 ,  280 (1964) 

2 9 ~ u l l e r ,  E. N . ,  P .  D .  S c h e t t l e r ,  and J .  C .  G idd ings ,  I n d .  Eng. Chem. 

58 ( 5 ) ,  1 9  (1966) - 

3 0 ~ a k u r a r ,  T .  A .  and J.  R. F e r r o n ,  I n d .  Eng. Chem., Fundamentals - 5 ,  144 

(1966) 

31~aksena ,  M. P .  and S .  C .  Saxena,  I n d i a n  J .  P u r e  Appl. Phys.  4, 109 

(1966) 

3 2 ~ a l l o w a y ,  T .  R.  and B .  H .  Sage,  J .  Chem. Eng. Data - 1 2 ,  59 (1967) 

3 3 ~ a l l o w a y ,  T.  R. and B. H. Sage,  Chem. Eng. S c i .  22, 979 (1967) 

3 4 ~ u p t a ,  G .  F'. and S .  C .  Saxena,AIChE J. 2, 519 (1968) 

35~mdur ,  I .  and E .  A. Mason, Phys.  F l u i d s  1, 370 (1958) 

3 6 ~ a l g a r n o .  A . ,  Adv. Chem. Phys.  - 1 2 ,  1 4 3  (1967) 



5 ,  RESULTS 

I n  t h i s  chapter  t h e  recommended va lues  of q2 f o r  Standard 

Reference Data a r e  presented .  The r e l i a b i l i t y  e s t ima te s  of t hese  
1 2  

a r e  g iven  i n  Sec t ion  5.1. Then, i n  Sec t ion  5 .2 ,  t h e  cons t an t s  a r e  

l i s t e d  f o r  t h e  c o r r e l a t i o n s  of a s  a  func t ion  of temperature and of  
12  

composition. I n  Sec t ion  5 .3  t h e  dev ia t ions  between d a t a  and t h e  re -  

commended va lues  of BIP a r e  i l l u s t r a t e d  by graphs.  The d e t a i l e d  remarks 

on the  c r i t i c a l  eva lua t ion  of d a t a  f o r  weighted l ea s t - squa res  ca l cu la -  

t i o n s  a r e  g iven  i n  Sec t ion  5.4 .  

This chap te r  summarizes t h e  most r e l i a b l e  experimental  r e s u l t s  f o r  

b inary  gaseous d i f f u s i o n  c o e f f i c i e n t s .  Gas p a i r s  f o r  which only l i m i t e d  

o r  unce r t a in  d a t a  e x i s t  a r e  no t  included h e r e ,  b u t  t hese  experimental  

measurements may be r e t r i e v e d  wi th  t h e  a i d  of Table 16 .  

5 . 1  Uncer ta in ty  Limi ts  

The sources  of r e l i a b l e  va lues  of $Y a r e  roughly a s  fo l lows .  For 12 

a l l  gas p a i r s  t h e  most a c c u r a t e  r e s u l t s  a r e  a t  approximately 300°K, be- 

cause of t h e  e x i s t e n c e  of a  l a r g e  number of independent measurements by 

t h e  most r e l i a b l e  experimental  methods. Both closed-tube and two-bulb 

measurements a r e  u s u a l l y  a v a i l a b l e  a t  temperatures  from 200' to  500°K, 

and s e v e r a l  a d d i t i o n a l  two-bulb measurements e x i s t  a t  lower temperatures  . 
The temperature l i m i t s  of a from d i r e c t  experiment have been extended 

1 2  

i n  both d i r e c t i o n s  by the  use  of d a t a  on mixture v i s c o s i t i e s ,  o r ,  i n  a 

few i n s t a n c e s ,  on thermal d i f f u s i o n  f a c t o r s ,  These der ived  va lues  of 

q2 have s l i g h t l y  l e s s  r e l i a b i l i t y  than  those  near  room temperature.  The 
-- 

9 0 



magnitude of t h e  extended temperature  range is  v a r i a b l e ,  and depends on 

t h e  p a r t i c u l a r  gas p a i r .  For s e v e r a l  gas  p a i r s  d a t a  a r e  a v a i l a b l e  t o  

abou t  1000°K, and i n  a  few i n s t a n c e s  t o  h igher  temperatures ,  b u t  l e s s  

than 2000°K, from t h e  point-source method. Values of a12 from 1000° t o  

10,OOO°K a r e  der ived  mainly from molecular-beam measurements, which 

g e n e r a l l y  have t h e  l e a s t  r e l i a b i l i t y .  

The gas  p a i r s  inc luded  a s  recommended Standard Reference Data 

systems can be  grouped i n t o  t h r e e  c a t e g o r i e s  of r e l i a b i l i t y ,  a s  shown i n  

F ig .  4. A ga s  p a i r  i n  Group I, f o r  i n s t a n c e ,  has  unce r t a in ty  l i m i t s  of 

+ + 
-1% i n s  a t  300°K; t h e  u n c e r t a i n t y  i n c r e a s e s  t o  -5% a t  1000°K, and t o  

12 

'10% a t  l o ,  00O0K. The temperature  dependences of t h e  u n c e r t a i n t y  l i m i t s  

a r e  shown i n  F ig .  4 ,  and t h e  gas  p a i r s  ass igned  t o  each group a r e  l i s t e d  

i n  Table 10 .  The b o r d e r l i n e  systems a r e  ass igned  t o  t h e  h ighe r  group,  

bu t  a r e  noted by a  ques t i on  mark. Table 1 0  l i s ts  t h e  gas  p a i r s  i n  terms 

of one common member i n  a  series of gas  p a i r s ;  t h i s  l e a d s  t o  some dup l i -  

c a t i o n  b u t  i s  h e l p f u l  f o r  qu ick  r e f e r e n c e .  

A misce l laneous  group of  gas  p a i r s  i s  a l s o  included because of 

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

Table  11. The misce l laneous  group c o n t a i n s  mix tures  wi th  one component 

w a t e r ,  carbon d iox ide ,  o r  d i s s o c i a t e d  gas  ( H ,  N ,  o r  0 ) .  

The gas  p a i r s  of Group I have t h e  most r e l i a b l e  va lues  of a f o r  
12  

two p r i n c i p a l  reasons .  F i r s t ,  r e s u l t s  below 400°K a r e  based on t h e  very  

c a r e f u l  measurements of van Hei jningen -- e t  a l . .  Second, a t  h igh  tempera- 

t u r e s ,  t h e  va lues  of a12 der ived  from molecular-beam s c a t t e r i n g  expe r i -  

ments f o r  t h e  noble  gas  p a i r s  a r e  more r e l i a b l e  than f o r  d ia tomic  o r  

polyatomic gases ,  a s  d i scussed  i n  Sec t ion  2.6,  p a r t  b .  I n  Group I t h e  

g a s  p a i r s  K r - X e  and H -N a r e  b o r d e r l i n e  systems, even though one i s  a  
2  2  



noble gas p a i r  and t h e  o t h e r  has  more r e l i a b l e  d a t a  than  any o the r  ex- 

cep t  f o r  H e - ~ r ,  because a t  temperatures  above 1000°K they have uncer ta in-  

t y  l i m i t s  corresponding t o  Group 11. This  i s  due t o  t h e  r e l a t i v e l y  l a r g e  

amount of s c a t t e r  i n  t h e  Kr-Xe r e s u l t s  from molecular-beam measurements. 

For H -N t h e  p o t e n t i a l  was determined by use  of  t h e  combination r u l e s  2  2  

(Sec t ion  2 .6 ,  p a r t  c )  , no t  by d i r e c t  molecular-beam measurements. 

Addi t iona l  u n c e r t a i n t i e s  a r i s e  f o r  diatomic molecules which a r e  n o t  

r i go rous ly  t r e a t e d  i n  t h e  t h e o r e t i c a l  model. 

The gas  p a i r s  of Group I1 have va lues  of & which have been con- 
12 

s i s t e n t l y  v e r i f i e d  by s e v e r a l  independent s t u d i e s  and by d i f f e r e n t  

appara tus .  There a r e ,  however, fou r  b o r d e r l i n e  systems i n  Group 11. 

Three of t h e s e ,  He-02, H -Ne, and N -Ar ,  do no t  have a s  many r e l i a b l e  2  2  

measurements a s  t h e  o t h e r  gas p a i r s  of Group 11. The f o u r t h  gas p a i r ,  

H - K r ,  i s  a  b o r d e r l i n e  system because t h e  unce r t a in ty  l i m i t s  a r e  e s t i -  
2  

f 
mated t o  b e  ?4% a t  90°K and -3% a t  500°K, which a r e  l i m i t s  s l i g h t l y  

g r e a t e r  than  t h e  l e v e l s  s p e c i f i e d  f o r  Group 11. Another gas p a i r ,  He-CO, 

is  included i n  Group 11 because i t  has d i f f u s i o n  c h a r a c t e r i s t i c s  s i m i l a r  

t o  He-N o r  almost  i d e n t i c a l  va lues  of 3 
2  ' 12 ' 

The g a s  p a i r s  of Group I11 have a r e l a t i v e l y  smal l  number of re -  

l i a b l e  measurements of a t  about  room temperature.  A t  temperatures  
12 

above 1000°K t h e  va lues  of 5 have r e l a t i v e l y  l a r g e  u n c e r t a i n t i e s  be- 
12 

cause l a r g e  d i sc repanc ie s  e x i s t  i n  t h e  molecular-beam measurements used 

to  c a l c u l a t e  va lues  of s12, or because t h e  beam measurements have been 

obtained from only one l abo ra to ry .  Usually t he re  a r e  two l abo ra to ry  

sources f o r  beam r e s u l t s .  

The u n c e r t a i n t i e s  i n  t he  miscel laneous systems a r e  r a t h e r  v a r i a b l e ,  

a s  can be seen  from Table 11. The u n c e r t a i n t i e s  f o r  H 0-C02 look 
2  

p e c u l i a r ,  b u t  t h e  h igher  accuracy a t  h igh  temperatures  i s  due t o  t he  



e x i s t e n c e  of d a t a  by t h e  point-source method. 

5.2 Cor re l a t ion  Parameters 

q2 a s  This  s e c t i o n  g ives  t h e  c o r r e l a t i o n  parameters  f o r  va lues  o f -  

a  f u n c t i o n  of temperature and of composition. 

The d i f f u s i o n  c o e f f i c i e n t s  were c o r r e l a t e d  a s  a  func t ion  of tempera- 

t u r e  i n  accordance wi th  t h e  semi-empirical r e f e r e n c e  equat ions d iscussed  

i n  Sec t ion  4 .3 .  The empi r i ca l  cons t an t s  f o r  Eq. (4.3-1) a r e  l i s t e d  i n  

Table 12 ,  and f o r  Eq. (4.3-2) i n  Table 13;  t h e r e  a r e  seventy-four gas 

p a i r s  i n  a l l .  For Tables  1 2  and 1 3  t h e  va lues  of Ul2 were ad jus ted  t o  

r e f e r  t o  equimolar mixtures ,  wi th  two except ions .  F i r s t ,  systems i n -  

vo lv ing  a i r  r e f e r  to  t r a c e  d i f f u s i o n  through a  l a r g e  excess  of a i r  ( s e e  

Sec t ion  2.1,  p a r t  b ) .  Even when d i r e c t  measurements were a v a i l a b l e  f o r  

a i r ,  most of t h e  cons t an t s  were generated from t h e  corresponding va lues  

of q2 f o r  N and 0 according t o  Blanc ' s  law. I n  t h i s  way more 
2 2  

r e l i a b l e  da t a  a r e  used a s  t h e  b a s i s  of t h e  r e f e r e n c e  equat ions ;  t h e  

d i r e c t  measurements were always compared t o  r e s u l t s  by Blanc's l a w  and 

found t o  be i n  agreement.  Second, systems involv ing  d i s s o c i a t e d  gases  

have d a t a  t h a t  a r e  obta ined  from measurements of  a  t r a c e  atom d i f f u s i n g  

through a  mixture ,  o r  from c a l c u l a t i o n s  of  s12 based on molecular-beam 

measurements. S ince  t h e  u n c e r t a i n t i e s  i n  both  cases  a r e  g r e a t e r  than  

t h e  composition dependence of q2, i t  was unnecessary t o  a d j u s t  t hese  

d a t a  to  a n  equimolar composition. 

I n  Tables 12  and 1 3  t h e  gas p a i r s  a r e  ordered  a s  fo l lows:  (1) 

mixtures  of noble  gases  wi th  noble gases  a r ranged  according to  atomic 

weight of t h e  l i g h t e r  component, ( 2 )  mixtures  of noble gases  w i th  o the r  

gases  arranged according t o  t h e  atomic weight of t h e  noble gas ,  (3) 



o t h e r  mixtures  arranged according t o  t he  molecular weight of t h e  l i g h t e r  

4- 
component, and (4) d i s s o c i a t e d  gases .  Except f o r  3 ~ e -  He and H -D 

2  2 

i s o t o p i c  mixtures  a r e  no t  included,  s i n c e  t h e  s e l f - d i f f u s i o n  c o e f f i c i e n t  

i s  merely p ropor t iona l  t o  t h e  v i s c o s i t y .  

The r e s u l t s  given i n  Tables 12  and 1 3  cannot be ex t r apo la t ed  t o  

low temperatures ,  f o r  t h e  form of Eqs. (4.3-1) and (4.3-2) is  unsu i t ab l e  

when t h e  long-range London d i s p e r s i o n  energy dominates t h e  i n t e r a c t i o n  

( see  Sec t ion  2.6,  p a r t  a ) .  I n  such a  ca se ,  va lues  of q2 may be  obta ined  

from t h e  c l a s s i c a l  asymptote,  Eq. (4.3-3) . The c o r r e l a t i o n  cons t an t s  

f o r  t h e  c l a s s i c a l  asymptotes a r e  g iven  i n  Table 14 ;  a  t o t a l  of twenty- 

fou r  gas p a i r s  a r e  l i s t e d  which have London d i s p e r s i o n  cons t an t s  a v a i l -  

a b l e .  

I f  e s t ima te s  of B12 a r e  requi red  o u t s i d e  t h e  temperature range of a  

r e f e rence  equat ion ,  then  c a r e  must be  taken when ex t r apo la t ions  a r e  made. 

A t  temperatures g r e a t e r  than  10,00O0K, ex t r apo la t ions  a r e  s a f e r  t o  make 

than a t  very low temperatures  because of t h e  form of t h e  equat ions.  

However, a t  e l eva t ed  temperatures an e x t r a p o l a t i o n  w i l l  n eg lec t  t he  

e f f e c t s  of i n e l a s t i c  c o l l i s i o n s  and i n t e r n a l  e x c i t a t i o n  of molecules.  

When ex t r apo la t ions  have t o  be made a t  lower temperatures ,  both t h e  

r e f e rence  equat ion  and t h e  low-temperature asymptote should be used t o  

o b t a i n  two p r e d i c t i o n s  of a a t  a  g iven  temperature.  The l a r g e r  va lue  
12  

ca l cu la t ed  is  t h e  b e t t e r  e s t ima te  of This  procedure neg lec t s  
12 '  

quantum e f f e c t s ,  and un fo r tuna te ly  asymptot ic  cons t an t s  a r e  only a v a i l a b l e  

f o r  about one-third of t h e  gas p a i r s  wi th  recommended Standard Reference 

Data. 

I f  va lues  of BI2 a r e  requi red  a t  p re s su re s  unequal t o  1 atmosphere, 

then the  r e c i p r o c a l  p re s su re  r e l a t i o n s h i p  of q2 i s  usedl a s  discussed 

i n  Sec t ion  2 . 2 .  



The va lues  of 8 can be  ad jus t ed  t o  a  nonequimolar composition by 
12 

t h e  method developed i n  Sec t ion  4.2.  The va lues  of t h e  cons t an t s  of 

Eq. (4.2-1) are g iven  i n  Table  15 ,  us ing  t h e  s a m e  o r d e r  of l i s t i n g  as 

descr ibed  above f o r  Tables  12  and 13 .  Included i n  Table  15 a r e  a  number 

of gas p a i r s  i n  which D r e p l a c e s  H Omitted from t h i s  t a b l e  a r e  mix- 
2  2  ' 

t u r e s  w i th  d i s s o c i a t e d  gases  and s e v e r a l  systems f o r  which t h e  molecular  

weights  of t h e  gases  a r e  s o  c l o s e  t h a t  t h e  composi t ion dependence is 

n e g l i g i b l e .  These systems a r e  He-D Ar-C02, N2-COY N -0 CO-02,CO-air, 
2  ' 2 2' 

CO -N 0, and CO -C H Table  15  is  convenient  f o r  making r ap id  e s t i -  
2  2  2  3 8'  

mates of t h e  composition dependence of o r  f o r  c o r r e c t i n g  d a t a  t o  a  
12  ' 

s p e c i f i c  composition, r e l i a b l e  t o  w i t h i n  t h e  u n c e r t a i n t i e s  of t h e  ex- 

per imenta l  measurements . 

5.3 Devia t ion  P l o t s  

The experimental  d i f f u s i o n  c o e f f i c i e n t s  a r e  compared w i t h  cor re -  

l a t e d  va lues  of B12, and d e v i a t i o n s  a r e  presen ted  i n  a  series of graphs,  

F igs .  5 t o  81. The i r  sequence i s  i n  gene ra l  accordance w i th  t h e  l i s t i n g  

of gas p a i r s  i n  Table  10 .  There a r e  no d e v i a t i o n  p l o t s  f o r  t h e  mix tures  

wi th  d i s s o c i a t e d  gases  and f o r  s e v e r a l  o t h e r  gas  p a i r s  which have only  

meager d a t a  a v a i l a b l e .  The d e v i a t i o n  p l o t s  do n o t  p r e sen t  a l l  t h e  d a t a  

f o r  a  g iven  gas p a i r ;  r e s u l t s  ob ta ined  from misce l laneous  experimental  

methods o r  publ ished i n  g r a p h i c a l  form have been omi t ted .  

The d e v i a t i o n  p l o t s  show gene ra l  f e a t u r e s  of experimental  va lues  of 

q2 a s  fo l lows .  F i r s t ,  t h e  o v e r a l l  cons is tency  of t h e  d a t a  i s  r a t h e r  

good, a l though some r epo r t ed  va lues  of q2 show cons iderab le  s c a t t e r .  

Second, c a r e f u l  a p p r a i s a l  o f  t h e  experimental  d a t a  i s  necessary t o  o b t a i n  

t h e  most r e l i a b l e  e s t i m a t e  of 8 A random s e l e c t i o n  of a  va lue  of  
1 2 '  

from t h e  l i t e r a t u r e  could e a s i l y  y i e l d  a  r e s u l t  w i t h  an  unce r t a in ty  12 



of 5%, even though t h e  o r i g i n a l  a r t i c l e  would probably claim much less. 

Thi rd ,  t h e  r e s u l t s  by t h e  closed-tube and two-bulb methods a r e  more con- 

sis t e n t  than  o t h e r s ,  and show no evidence of any sys t ema t i c  disagreement .  

This  can be  i l l u s t r a t e d  by t h e  r e s u l t s  f o r  He-Ar and H -N which a r e  
2 2  

g iven  i n  F igs .  6 ,7 ,18  and 19 .  Fourth,  most va lues  of 8 a t  temperatures  1 2  

above 1000°K a r e  a v a i l a b l e  on ly  i n d i r e c t l y ,  t h a t  is  from molecular-beam 

measurements. F i f t h ,  i n  t h e  approximate temperature  range  of 500" t o  

1000°K t h e  point-source method has  provided almost  a l l  t h e  r e l i a b l e  da t a .  

S i x t h ,  r e s u l t s  from gas-chromatography measurements only supplement 

r e s u l t s  by o t h e r  methods f o r  t h e  gas  p a i r s  l i s t e d  i n  Table  10;  however, 

gas-chromatography measurements g ive  t h e  only r e l i a b l e  d a t a  f o r  many 

o t h e r  mix tures .  F i n a l l y ,  i t  has  obviously been d i f f i c u l t  t o  make any 

d i f f u s i o n  c o e f f i c i e n t  measurement w i th  an u n c e r t a i n t y  l e s s  than  1%. 

De ta i l ed  remarks on  t h e  d e v i a t i o n  p l o t s  a r e  a s .  f o l l ows .  A p o s i t i v e  

d e v i a t i o n  means t h a t  an experimental  va lue  of B' is  g r e a t e r  than a  12 

v a l u e  c a l c u l a t e d  from t h e  r e f e r e n c e  equa t ion .  A l l  v a lues  have been 

co r r ec t ed  t o  equimolar composition. Each d e v i a t i o n  p o i n t  has  been p l o t t e d  

w i t h  a  p r e c i s i o n  g r e a t e r  than  0.1% by means of a  Calcomp p l o t t e r  (model 

563) .  When a  number i n  paren theses  is placed by a p o i n t ,  then t h i s  

number s p e c i f i e s  t h e  magnitude of t h e  d e v i a t i o n  (which happens t o  be  

g r e a t e r  than t h e  o r d i n a t e  s c a l e ) .  The a b s c i s s a  u s u a l l y  covers  t h e  

temperature  range from 63' t o  10,OOO°K, bu t  lower temperatures  appear  on 

4 a few graphs f o r  3 ~ e -  H e  and Hz-D2. Along t h e  a b s c i s s a s  ,hash marks 

(22 )  have been used t o  condense t h e  temperature  s c a l e  a t  e l eva t ed  

temperatures .  Uecause of  t h i s  break i n  t h e  s c a l e ,  p o i n t s  from s i m i l a r  

sources  a r e  no t  connected by l i n e s  between 1000" and 10,OOO°K, a s  i s  

done a t  lower temperatures .  

For each gas  p a i r  t h e  r e f e r e n c e  equa t ion  f o r  L$ recommended a s  
1 2  



Standard Reference Data i s  g iven  w i t h  t h e  d e v i a t i o n  p l o t .  These 

equa t ions  a r e  exac t ly  t h e  same a s  i n  Tables  12 and 13.  Occas iona l ly ,  

below an equa t ion  t h e  p a r e n t h e t i c a l  s ta tement  "(same a s  ...)" appears .  

This  means t h a t  t h e  d i f f u s i o n  c h a r a c t e r i s t i c s  of two gas  p a i r s  a r e  s o  

s i m i l a r  t h a t  one equa t ion  is  s u i t a b l e  f o r  t h e  c o r r e l a t i o n  of t h e  d a t a  

of bo th .  Resu l t s  by t h e  closed-tube method a r e  noted a s  "Loschmidt 

tube". The v a l u e s  of .v c a l c u l a t e d  i n  t h i s  r e p o r t  from molecular-beam 
12  

s c a t t e r i n g  experiments a r e  r e f e r r e d  t o  by one of t he  two l a b o r a t o r y  

sou rces ,  namely "Beam d a t a  of Amdur, -- et  a l . "  f o r  d a t a  from t h e  

Massachuset ts  I n s t i t u t e  of  Technology, and "Beam d a t a  of  Leonas, -- et  a l . "  

f o r  d a t a  from t h e  Moscow S t a t e  Un ive r s i t y .  There a r e  p a r e n t h e t i c a l  no t e s  

i n  t h e  legend,  some o f  which i n d i c a t e  t h e  fo l lowing:  (1) a  prime au thor  

whose r e s u l t s  were a v a i l a b l e  only a s  r epo r t ed  by o t h e r s ;  (2)  two-bulb 

appa ra tu s  which has  been used to  produce both  " r e l a t i v e "  va lues  of a12 
and t h e  u sua l  "absolute"  v a l u e s  ( r e l a t i v e  va lues  of .B) a r e  ob ta ined  by 

12  

c a l i b r a t i n g  t h e  appa ra tu s  a g a i n s t  a  mix ture  w i th  known ca/ ) ; (3)  s t an -  12  

dard d e v i a t i o n s  t h a t  i n d i c a t e  s i g n i f i c a n t  i n t e r n a l  s c a t t e r ,  a s  publ ished;  

(4) t h e  type  of r a d i o a c t i v e  s p e c i e s  used i n  some experimental  determina- 

t i o n s ;  (5) t h e  b a s i s  of some va lues  of d9) f o r  i n s t a n c e ,  mix ture  v i scos-  
12'  

i t y .  

5.4 De ta i l ed  Remarks 

This s e c t i o n  p r e s e n t s  t h e  d e t a i l e d  remarks on t h e  c r i t i c a l  evalua-  

t i o n  and t h e  c o r r e l a t i o n s  of Q/ Reasons a r e  g iven  f o r  t h e  assignment 12  ' 

of  a  gas p a i r  i n t o  a  p a r t i c u l a r  ca tegory  of r e l i a b i l i t y .  Enough informa- 

t i o n  i s  r epo r t ed  t o  a l low t h e  recovery and t h e  v e r i f i c a t i o n  of t h e  

r e f e r e n c e  equa t ions ;  most of t h i s  in format ion  i s  presen ted  i n  Tables 17 

t o  25, I n  t h e s e  t a b l e s  t h e  sou rces  of  d a t a  noted by an  a s t e r i s k  a r e  



f o r  va lues  of s e l e c t e d  from l a rge - sca l e  graphs by eye.  A s e l e c t e d  
12 

va lue  i s  a  reasonable  e s t i m a t e  i n  a  sma l l  temperature  r eg ion ;  t h a t  i s ,  

no publ i shed  va lue  of q2 was cons idered  e x t r a o r d i n a r i l y  s u p e r i o r  t o  

o t h e r  a v a i l a b l e  measurements. 

The g e n e r a l  o rder  o f  t h e  d e t a i l e d  remarks i s  as fo l lows .  The 

remarks a r e  d iv ided  i n t o  f o u r  s e c t i o n s  corresponding t o  t h e  f o u r  r e l i a -  

b i l i t y  groups of Table  10.  The d i scus s ions  c o n t a i n  t h e  fo l lowing  in -  

format ion :  (1) weights  f o r  va lues  of d used i n  t h e  l ea s t - squa re s  ca l -  
12 

c u l a t i o n s  of t h e  r e f e r e n c e  equa t ions ,  (2) i n t e rmo lecu la r  p o t e n t i a l s  ob- 

t a i n e d  from molecular-beam experiments  which were used t o  c a l c u l a t e  

a t  e l eva t ed  temperatures ,  and (3 )  s p e c i a l  comments. 

For t h i s  chap te r ,  most r e f e r e n c e s  a r e  t o  be  found i n  t h e  Bib l io-  

graphy by au tho r ,  and a r e  n o t  g iven  a t  t h e  end of t h e  c h a p t e r .  

a .  Group I (Deviat ion P l o t s ,  F igs .  5  t o  20) 

Weights and P o t e n t i a l s .  S imi l a r  weights  were ass igned  t o  va lues  of 

q2 t o  c o r r e l a t e  t h e  d a t a  of Group I. The a c c u r a t e  measurements ( a t  

equimolar composition) of van Hei jningen -- e t  a l ,  (1966,1968) were weighted 

u n i t y ;  a lmos t  every o the r  de te rmina t ion  of a was d i s r ega rded  a t  t e m -  
12  

p e r a t u r e s  below 400°K f o r  t h e  t e n  noble  gas  p a i r s  and H 2- N2.  A t  1000" 

and 10,OOO°K s e l e c t e d  va lues ,  which were based on molecular-beam measure- 

ments,  were weighted 115 and 1 /10 ,  r e s p e c t i v e l y ;  t h e s e  v a l u e s  a r e  l i s t e d  

i n  Table  17 .  These, a r e  logar i thms  o f  q2 which were read  from t h e  l a r g e -  

s c a l e  graphs and used d i r e c t l y  i n  t h e  c a l c u l a t i o n s .  A t  1000°K, t h e  

s e l e c t e d  d i f f u s i o n  c o e f f i c i e n t s  were obtained by e x t r a p o l a t i o n  of 12  

c a l c u l a t e d  from beam r e s u l t s  down t o  room temperature ,  and e x t r a p o l a t i o n  

of d a t a  between 295" and 400°K up t o  e l eva t ed  temperatures .  The s e l e c t e d  

va lues  of were taken to  l i e  between t h e s e  two e x t r a p o l a t i o n s .  A t  
12 



10,000°1<, t h e  s e l e c t e d  va lues  approximate t h e  mean of based on t h e  
12 

molecular-beam measurements of Amdur e t  a l .  and Leonas e t  a l .  -- -- 

The above weight ing po l i cy  had a few except ions a s  fo l lows .  F i r s t ,  

f o r  He - K r  t he  weight of t h e  datum a t  295°K was increased  from u n i t y  

to  two; o therwise  t h e  c a l c u l a t e d  dev ia t ions  would have exceeded the  un- 

c e r t a i n t y  l i m i t s  o f  Group I. An a d d i t i o n a l  p o i n t  a t  77°K @ = 0.0607) 
12 

was used i n  t he  leas t - squares  c a l c u l a t i o n s ,  and i t  was weighted 3/10. 

This  va lue  of B12 w a s  ob ta ined  from c a l c u l a t i o n s  based on t h e  temperature 

dependence of t h e  thermal d i f f u s i o n  f a c t o r  by Annis e t  a l .  (1968) and -- 
normalized t o  t h e  295°K datum by van Heijningen -- e t  a l .  (1968).  Second, 

f o r  H2- N a n  a d d i t i o n a l  datum a t  562OK (logloT = 2.750, l og10q2  = 0.365) 
2 

was included wi th  a weight of 1 / 3  i n  t h e  leas t - squares  c a l c u l a t i o n s .  

This  po in t  was used i n  o rde r  t o  improve t h e  i n t e r p o l a t i o n  between t h e  

h i g h e s t  temperature (295°K) r e s u l t  by van Heijningen -- e t  a l .  (1966) and 

t h e  s e l e c t e d  p o i n t  a t  1000°K. 

A t  temperatures g r e a t e r  than  about  1000°K, va lues  of ~ were based 
12  

on in te rmolecular  p o t e n t i a l s  obtained from molecular-beam s c a t t e r i n g  ex- 

per iments .  Leonas -- e t  a l .  performed beam experiments f o r  each of t h e  t en  

noble gas p a i r s ,  and a l s o  determined p o t e n t i a l s  f o r  H 2 - H 2 and N - N 
2 2 

which l e a d  t o  a n  H N p o t e n t i a l  by a p p l i c a t i o n  of t he  combination r u l e s  
2- 2 

g iven  i n  Sec t ion  2.6, p a r t  c .  Independent molecular-beam measurements 

have a l s o  been made by Amdur -- e t  a l .  f o r  He - A r ,  N e  - A r ,  and t h e  p a i r s  

He - He, Ne - Ne, A r  - A r ,  K r  - K r ,  and Xe - Xe. By a p p l i c a t i o n  of t he  

combination r u l e s ,  t h i s  information a l s o  y i e lded  p o t e n t i a l s  f o r  a l l  t he  

noble gas p a i r s .  Amdur -- e t  a l .  a l s o  measured p o t e n t i a l s  f o r  H e  - H2 and 

H e  - N 2 ,  from which the  Hz- N p o t e n t i a l  was obta ined .  I n  Table 18  the  
2 

p o t e n t i a l  functions a r e  l i s t e d  which were used t o  c a l c u l a t e  t he  d e v i a t i o n  



p o i n t s  shown on  F igs .  5  t o  20. 

S p e c i a l  Comments. The lower temperature  l i m i t s  f o r  He - Ne and 

Ne - A r  might have been extended t o  temperatures  beyond t h e  r e s u l t s  

e s t a b l i s h e d  by van Hei jningen -- e t  a l .  For H e  - N e  a datum was a v a i l a b l e  

a t  20.4OK, and f o r  N e  - A r  a  datum a t  65OK; both  va lues  of  a r e  based 12 

on mix ture  v i s c o s i t y  (Weissman and Mason, 1962 b) .Af te r  c o n s i d e r a t i o n  of 

* 
t h e  r e l i a b i l i t y  of t h e  v i s c o s i t y  d a t a ,  of A12, and of t h e  need f o r  a  

quantum c o r r e c t i o n ,  t h e s e  va lues  of a12 were no t  used t o  extend t h e  lower 

temperature  l i m i t s  of t h e  r e f e r e n c e  equa t ions  f o r  t he se  systems. 

The systems K r  - X e  and H2- N a r e  b o r d e r l i n e  because of  t h e  g r e a t e r  
2  

u n c e r t a i n t i e s  i n  t h e i r  molecular-beam p o t e n t i a l s .  

I n  two-bulb measurements f o r  noble  gas p a i r s  t h e r e  a r e  apparen t  

sy s t ema t i c  e r r o r s  i n  r e s u l t s  by t h r e e  independent i n v e s t i g a t o r s :  

(1) van Hei jningen -- e t  a 1  . (1968) , 

(2) Malinauskas (1965, 1966, 1968) , 

(3) S r i v a s t a v a  (1959),  S r i v a s t a v a  and Barua (1959),  and S r i v a s t a v a  

and S r i v a s t a v a  (1959) . 
The magnitudes of t h e  e r r o r s  a r e  u s u a l l y  a  few pe rcen t  o r  less, and a r e  

d i scussed  r e l a t i v e  t o  t h e  more a c c u r a t e  work by van l ie i jn ingen  e t  a l .  

The r e s u l t s  by Malinauskas a r e  s l i g h t l y  lower f o r  t h e  l i g h t e r  gas  p a i r s  

(He - N e ,  He - A r ,  He - K r ,  H e  - X e ,  and N e  - Ar) and h igher  f o r  t h e  

heav ie r  gas  p a i r s  (Ne - K r ,  Ne - X e ,  A r  - K r ,  A r  - X e ,  and K r  - X e )  . A 

cause f o r  t h i s  t rend  could n o t  be  found. The r e s u l t s  by S r ivas t ava  a r e  

a l l  below those  by van Hei jningen e t  a l . ,  except  those  f o r  He - Xe, which 

a r e  h igh .  The l a c k  of i n t e r n a l  s c a t t e r  i n  t h e s e  measurements by 

S r i v a s t a v a  i s  presumably due t o  smoothing t h e  d a t a .  

An i n t e r e s t i n g  r e s u l t  f o r  t h e  gas  p a i r s  of Group I is  t h a t  v a l u e s  

of q2 by d i r e c t  measurements a r e  i n  reasonable  agreement wi th  3 12 



determined from o the r  t r a n s p o r t  p r o p e r t i e s ,  a s  shown i n  Table 1 9 ,  Here 

d i r e c t  measurements by van Heijningen e t  a l .  (1966,1968) a r e  compared 

w i t h 3  ca l cu la t ed  from mixture v i s c o s i t y  and thermal conduct iv i ty  d a t a ,  
12  

r epor t ed  by Weissman and Mason (1962 b) and by Weissman (1965). For 

Table 19 t h e  d e v i a t i o n s  were ex t r ac t ed  from r e s u l t s  given i n  t h e  devia- 

t i o n  p l o t s  f o r  Group I. A r e l a t i v e  index of r e l i a b i l i t y  has  a l s o  been 

computed, which is  def ined  a s  the  average  a b s o l u t e  d e v i a t i o n  of t he  r e -  

s u l t s  by van Heijningen -- e t  a l ,  d iv ided  inQo t h e  average a b s o l u t e  v a l u e  of 

t he  o t h e r  d e v i a t i o n s ,  and i t  is g iven  i n  t h e  bottom row of Table 19.  

These r e s u l t s  i n d i c a t e  t h a t  q2 can be  w e l l  p red ic t ed  from o t h e r  t r a n s p o r t  

p roper ty  d a t a  a t  about  room temperature.  The d i f f u s i o n  c o e f f i c i e n t s  

c a l c u l a t e d  from t h e  most accu ra t e  mixture  v i s c o s i t y  d a t a  a v a i l a b l e  

(Kes t in  -- e t  a l . )  appear  t o  be b e t t e r  than  they should;  t h a t  i s ,  t h e  

v i scos i ty -de r ived  a a r e  r e a l l y  l e s s  r e l i a b l e  than  the  d i r e c t  measure- 
1 2  * 

ments of q2 because t h e  u n c e r t a i n t i e s  i n  t h e  A va lues  a r e  no l e s s  
1 2  

than  1%. The o the r  mixture-v iscos i ty  sources  y i e l d  only  a s  r e l i a b l e  
12  

a s  the  Group I11 u n c e r t a i n t y  l i m i t s .  However, d i f f u s i o n  c o e f f i c i e n t s  

ca l cu la t ed  from a v a i l a b l e  mixture thermal c o n d u c t i v i t i e s  f a l l  o u t s i d e  t h e  

range of Group 111, o r  t h e  average d e v i a t i o n  is  g r e a t e r  than 3% a t  about  

300°K. This  occurs  because thermal conduc t iv i ty  measurements have much 

l a r g e r  u n c e r t a i n t i e s  than  v i s c o s i t y  d a t a ,  and no t  from any inadequacies  

of t he  t h e o r e t i c a l  formula. 

b .  Group I1 (Deviat ion P l o t s ,  F i g s .  21 t o  46) 

Weights and P o t e n t i a l s .  The equimolar va lues  of dY and t h e i r  12 

weights used i n  t he  leas t - squares  c a l c u l a t i o n s  a r e  presented i n  Table 20. 

The p o t e n t i a l  func t ions  obtained from molecular-beam measurements a r e  

summarized i n  Table 21. A few systems have d i r e c t  molecular-beam measure- 



ments, bu t  most gas  p a i r s  of Group I1 have p o t e n t i a l s  t h a t  were ob ta ined  

by t h e  combination r u l e s .  The c a l c u l a t e d  p o t e n t i a l  f unc t ions  a r e  l i s t e d  

on t h e  le f t -hand  s i d e  o f  Table  21, and t h e  p o t e n t i a l s  from d i r e c t  mole- 

cular-beam measurements a r e  l i s t e d  on t h e  r ight-hand s i d e .  No p o t e n t i a l s  

a r e  g iven  f o r  H e  - C02, H2 - a i r ,  H2 - C02, and N2 - CO because when 2 

t h i s  work was done, t h e r e  were no molecular-beam measurements a v a i l a b l e  

w i t h  a i r  o r  CO 
2  ' 

The p o t e n t i a l s  by Amdur -- e t  a l .  f o r  He - CO, He - 02,  and H2- CO were 

c a l c u l a t e d  by combination r u l e s  from measurements ob ta ined  i n  d i f f e r e n t  

appa ra tu se s .  The p o t e n t i a l  energy ranges  f o r  t h e s e  measurements were 

n o t  t h e  same. Thus, t h e  der ived  p o t e n t i a l s  a r e  a p p l i c a b l e  over  a  sma l l e r  

temperature  range ,  and a r e  a l s o  cons idered  s l i g h t l y  less r e l i a b l e  than  

r e s u l t s  ob t a ined  from a  s i n g l e  appa ra tu s .  

4 4  
The p o t e n t i a l  f o r  3 ~ e  - H e  was taken  t h e  same a s  f o r  4 ~ e  - H e ,  and 

t h a t  f o r  H - D t h e  same a s  f o r  H - H2;  t h a t  i s ,  p o t e n t i a l s  were assumed 
2  2  2  

i d e n t i c a l  f o r  i s o t o p i c  p a i r s .  This  is  only a n  approximation, b u t  is  

s u f f i c i e n t l y  a c c u r a t e  f o r  t h e  p r e s e n t  purposes .  1 , 2  

S p e c i a l  Comments. For t h e  seventeen  gas  p a i r s  of Group I1 s p e c i a l  

comments a r e  a s  fo l l ows .  

3 ~ e  - 4 ~ e .  Th i s  gas  p a i r  i s  excep t iona l  because i t s  assignment i n t o  

Group I1 is  based mainly on t h e  r e l i a b i l i t y  of va lues  of c a l c u l a t e d  
12  

from viscoC&ty measurements. I n  some i n s t a n c e s ,  v i s c o s i t y  d a t a  f o r  

4 ~ e  - 4 ~ e  (Becker and Misenta ,  1955; Coremans e t  a l . ,  1958 a ;  R ie tve ld  

et a 1  1959) were used a long  wi th  t h e  a p p r o p r i a t e  reduced-mass c o r r e c t i o n  - -. 3 

Jc 
f a c t o r  and quantum-corrected va lues  of A and R 

12  . A t  high t e m -  

4 
p e r a t u r e s  v a l u e s  of 8 were c a l c u l a t e d  from t h e  H e  v i s c o s i t y  da ta  by 

12 

Kalelkar  and Kes t in  (1969) . The d i r e c t  measurements of by Bendt 
12 

(1958) a r e  i n  good agreement wi th  t h e  low-temperature r e s u l t s  c a l c u l a t e d  



from v i s c o s i t y .  There a r e  o t h e r  d i r e c t  measurements f o r  3 ~ e  - 4 ~ e  by 

DuBro (1969),  which a r e  no t  shown on t h e  d e v i a t i o n  p l o t s  because they 

were unava i l ab l e  u n t i l  r e c e n t l y .  DuBro used a  two-bulb method and 

covered t h e  temperature  range  of 76.5" t o  344°K. The average  a b s o l u t e  

d e v i a t i o n  of h i s  r e s u l t s  from t h e  r e f e r e n c e  equa t ion  i s  2.6%. 

I n  t h e  temperature  range  of 14.4" t o  90°K t h e  form of Eq. (4.3-1) 

w a s  n o t  s u f f i c i e n t l y  f l e x i b l e  f o r  c u r v e - f i t t i n g  purposes;  t h a t  i s ,  t h e  

d a t a  (ob ta ined  from mix tu re  v i s c o s i t i e s )  w e r e  considered more a c c u r a t e  

t han  t h e  u n c e r t a i n t y  s p e c i f i e d  f o r  a  Group I1 system i n  t h a t  temperature  

range.  For temperatures  between 14.4 and 90°K a s imple  power f u n c t i o n  

w a s  c a l c u l a t e d  by t h e  method of l e a s t  squa re s ,  i n  which 27 p o i n t s  were 

weighted equa l ly .  The r e s u l t  f i t s  t h e  d a t a  w i t h  a n  average a b s o l u t e  

d e v i a t i o n  of  1.1% and a  s t anda rd  d e v i a t i o n  of 1 .4%.  

H e  - N 2 .  Th i s  gas  p a i r  has  many r e l i a b l e  measurements by d i f f e r e n t  

major experimental  methods which a l l ow  i t  t o  be  a  Group I1 system, see 

F igs .  23 and 24. 

H e  - CO and H - CO. The d i f f u s i o n  c o e f f i c i e n t s  of H e  - CO and 
2------ 

H 2  - CO can be  w e l l  approximated by those  f o r  H e  - N and H2- N2 (Group 
2 

I ) ,  r e s p e c t i v e l y ,  because CO and N a r e  i s o s t e r i c  molecules and H e  - 2 2  

and H N have more r e l i a b l e  measurements than  do H e  - CO and H2 - CO. 
2- 2 

A comparison of t h e  r e f e r e n c e  equa t ions  w i t h  t h e  r e l i a b l e  measurements 

by Ivak in  and S u e t i n  (1964 a , b )  f o r  H e  - CO and H2- CO shows d e v i a t i o n s  

less than  about  2%. The H2  - CO system was no t  ass igned t o  Group I, a s  

is H2- N 2 ,  because of p o s s i b l e  u n c e r t a i n t i e s  due t o  t h e  l a c k  of measure- 

ments a t  Low temperatures  and asymmetry between t h e  CO and N molecules 
2  

which may lead  t o  smal l  d i f f e r e n c e s  between t h e  p o t e n t i a l s .  

H e  - 02.  This  gas  p a i r  i s  a  b o r d e r l i n e  system of Group 11. He - O 2  

w a s  ass igned to  Group I1 on t h e  s t r e n g t h  of t h e  two-bulb measurements by 



Paul  and S r ivas t ava  (1961 a )  and t h e  cons is tency  of i t s  a with  those  
12 

of He - N and He - a i r .  
2  

He - a i r  and H - a i r .  These two gas p a i r s  a r e  grouped toge ther  
2  

because t h e i r  r e f e r e n c e  equat ions have been c a l c u l a t e d  by a p p l i c a t i o n  

of Blanc 's  law, Eq. (2.1-7); t h a t  i s ,  He - a i r  was obta ined  from He - 2 

and He - 02,  and H2 - a i r  from H2- N2 and H 2  - 0 2' The r e l i a b l e  determi- 

na t ions  of 8 have been by t h e  closed-tube method; namely, f o r  He - a i r  
12 

t h e  room temperature p o i n t  by Fedorov -- e t  a l .  (1966) and f o r  H - a i r  t h e  
2 

p o i n t  by Ivak in  and Sue t in  (1964 b ) .  Each of t h e s e  d i r e c t  measurements 

i s  i n  e x c e l l e n t  agreement wi th  t h e  s p e c i f i e d  r e f e r e n c e  equat ions .  However, 

s i n c e  Blanc ' s  law in t roduces  a  smal l  u n c e r t a i n t y  i n t o  t h e  r e s u l t s ,  t h e  

H - a i r  system was n o t  a s s igned  t o  Group I along wi th  H - N2,  b u t  t o  
2 2  

Group 11. 

Each lower temperature l i m i t  f o r  t h e  r e f e rence  equat ions  of He - a i r  

and H2- a i r  has  been s e t  by d a t a  of He - O2 (244°K) and Hz- O2  (252'K), 

r e s p e c t i v e l y .  But t h e  lower temperature l i m i t  f o r  He - N i s  77OK, and 
2 

f o r  HZ- N2 i t  is  65OK. I n  o rde r  t o  e s t i m a t e  8 f o r  He - a i r  a t  lower 
12  

temperatures ,  i f  necessary ,  i t  is  suggested t h a t  t h e  r a t i o  of ~ f o r  
1 2  

He - O2 t o  He - N a t  room temperature be  taken a s  a cons t an t ,  independent 
2 

of temperature,  and a  s i m i l a r  procedure used f o r  H2- a i r .  By apply ing  

t h i s  r a t i o  t he  c o r r e l a t i o n  range  can be extended f o r  He - 0 and H2 - 02 ,  2 

a s  we l l  a s  He - air and H2- a i r  t o  t h e  lower temperature l i m i t s  f o r  H e  - 
N (77'K) and f o r  H2- N2 (65'K). 

2  

He - C02. The few closed-tube measurements by Holsen and Strunk 

(1964) and by Ivakin  and S u e t i n  (1964 b ) ,  p lus  one two-bulb measurement 

by Annis -- e t  a l .  (1969), e s t a b l i s h e d  He - CO a s  a Group I1 gas p a i r .  
2 

H - We. This  gas p a i r  i s  i n  Group I1 pr imar i ly  on t h e  b a s i s  of r e -  
-2- 

l i a b l e  closed-tube measurements by Amdur and Malinauskas (1965), by 



Rumpel (1955) ,  and by Eunde (1955) .  

H - Ne This  gas  p a i r  i s  a b o r d e r l i n e  Group 11 system because  o n l y  
-2-----* 

one s e t  of d i r e c t  measurements of oIg/ i s  a v a i l a b l e ,  o b t a i n e d  by t h e  two- 
1 2  

b u l b  method (Pau l  and S r i v a s t a v a ,  1961  c ) .  

H - Ar . There  a r e  many independen t  d e t e r m i n a t i o n s  o f  91 f o r  H2- Ar , 
-2- 1 2  

b u t  w i t h  a  number of s i g n i f i c a n t  d i s c r e p a n c i e s ,  see F i g s .  32 and 33. 

The most r e l i a b l e  r e s u l t s  are probab ly  by Westenberg and  F r a z i e r  (1962) .  

The u s u a l l y  r e l i a b l e  c l o s e d - t u b e  measurements by I v a k i n  and S u e t i n  

(1964 b) seem t o  g i v e  t o o  s t e e p  a  t empqra tu re  dependence f o r  $3-- The 
1 2  ' 

o n l y  d i r e c t  molecular-beam measurement f o r  K2- A r  g i v e s  a p o t e n t i a l  which 

i s  s u s p e c t e d  t o  be  t o o  g r e a t  ( C o l g a t e  -- e t  a l . ,  1 9 6 9 ) ,  Thus t h e  molecu la r -  

beam p o t e n t i a l  f o r  H Ar was o b t a i n e d  by a p p l i c a t i o n  o f  t h e  combina t ion  2- 

r u l e s ,  s e e  Tab le  21. 

H - K r  The g a s  p a i r  H - K r  was p l a c e d  i n  Group I1 on t h e  b a s i s  of 
-2---' 2  

t h e  measurements by Fedorov -- e t  a l .  (1966) and Annis -- e t  a l .  (1968) .  The 

t empera tu re  dependence o f  t h e  the rmal  d i f f u s i o n  f a c t o r  (Annis -- et  a l . ,  

1968) was used t o  e x t e n d  t h e  c o r r e l a t i o n  t empera tu re  r a n g e  from room 

tempera tu re  down t o  77OK. Near t h e  t empera tu re  l i m i t s  o f  t h e  r e f e r e n c e  

e q u a t i o n  t h e  d a t a  may n o t  b e  a s  r e l i a b l e  as t h e  Group I1 u n c e r t a i n t y  

l i m i t s ,  t h u s  H - K r  i s  c o n s i d e r e d  a b o r d e r l i n e  sys tem.  
2  

H - D Most o f  t h e  q2 f o r  H2- D2 have been c a l c u l a t e d  from v i s -  -2-2' 

c o s i t y  measurements o f  t h e  H i s o t o p e s  o r  m i x t u r e s  t h e r e o f ,  s e e  F i g s .  36 
2  

and 37. At low tempera tu res  t h e  v i s c o s i t y - d e r i v e d  a a r e  c o n s i d e r e d  
1 2  

more r e l i a b l e  t h a n  t h e  d i r e c t  measurements.  None of t h e  d i r e c t  measure- 

ments of 5 were a c t u a l l y  used f o r  c u r v e - f i t t i n g  purposes .  I n  t h e  1 2  

l e a s t - s q u a r e s  c a l c u l a t i o n s  t h e  v a l u e  of - s of Eq .  (4.3-1) tu rned  o u t  t o  

be  1 .4883 which was rounded t o  1.500 t o  a g r e e  w i t h  t h e  t h e o r e t i c a l  lower 

l i m i t  f o r  t h e  r i g i d - s p h e r e  model,  and t h e  remaining c o r r e l a t i o n  con- 



s t a n t s  were  determined on t h e  b a s i s  t h a t  s = 1.500. - 

H - C02. The most r e l i a b l e  r e s u l t s  f o r  t h i s  g a s  p a i r  a r e  c losed-  -2- 

tube  measurements by Loschmidt (1870 b ) ,  Boyd e t  a l .  (1951) ,  and I v a k i n  -- 

and S u e t i n  (1964 b ) .  The r e s u l t s  by Vyshenskaya and Kosov (1959) e x t e n d  

t o  1083OK, b u t  t h e s e  have n o t  been  used t o  e s t a b l i s h  t h e  upper tempera- 

t u r e  l i m i t  of  t h e  r e f e r e n c e  e q u a t i o n  because  t h e  d a t a  were  n o t  c o n s i d e r e d  

s u f f i c i e n t l y  r e l i a b l e ,  see F i g .  41.  The v i s c o s i t y - d e r i v e d  dY r e p o r t e d  
1 2  

by Weissman (1964) were normal ized t o  t h e  datum by Boyd e t  a l .  (1951) -- 

because  t h e  p o i n t s  seemed s y s t e m a t i c a l l y  h i g h  by a b o u t  5%. 

N - A r .  The N2- Ar g a s  p a i r  i s  i n  Group I1 on t h e  b a s i s  of t h e  -2- 

measurements of P a u l  and S r i v a s t a v a  (1961 b)  and one p o i n t - s o u r c e  measure- 

ment of Westenberg and Walker (1957) ;  however, t h e s e  r e s u l t s  cover  o n l y  

a  small t empera tu re  range ,  s o  t h a t  t h i s  i s  a b o r d e r l i n e  sys tem.  

N - C O .  On t h e  b a s i s  o f  two-bulb measurements by Winn (1950) and 
-2- 

c losed- tube  measurements by Amdur and S h u l e r  (1963) ,  t h e  gas  p a i r  N CO 
2- 

was p l a c e d  i n  Group 11. S i n c e  N and  CO a r e  i s o s t e r i c  m o l e c u l e s ,  t h e  
2  

N2- N 2 ,  CO - CO, and N CO d a t a  c o u l d  a l l  b e  used f o r  & Determina- 
2- 1 2  ' 

t i o n s  of %2 from molecular-beam measurements have been p u b l i s h e d  by 

Belyaev and Leonas (1966) and Amdur and Mason (1958) f o r  N2- N2 ,  and are 

i n  e x c e l l e n t  agreement w i t h  t h e  p r e s e n t  c a l c u l a t i o n s ,  see F i g .  44. 

The v i s c o s i t y - d e r i v e d  8 r e p o r t e d  by Weissman and Mason (1962 b )  seemed 
1 2  

s y s t e m a t i c a l l y  low, t h u s  t h e  p u b l i s h e d  r e s u l t s  were normal ized t o  t h e  

datum a t  31g°K by Amdur and S h u l e r  (1963) .  

N - C02. Th is  g a s  p a i r  i s  a Group I1 system on  t h e  b a s i s  o f  t h e  
-2- 

measurements by Boyd e t  a l .  (1951) ,  Walker and Westenberg (1958 a ) ,  Walker -- 

e t  a l .  (1960) ,  and Pakura r  and Fer ron  (1964,1966).  The r e s u l t s  o f  
08 - 
Vyshenskaya and Kosov (1959) drop w e l l  below t h e  recommended a t  h i g h  

1 2  

t e m p e r a t u r e s ;  a  s i m i l a r  t r e n d  was e v i d e n t  f o r  H - 
2  co2. 



c .  Group I11 (Devia t ion  P l o t s ,  F i g s .  47 t o  75) 

. The equimolar va lues  of ~ and t h e i r  
12  

weights  used i n  t h e  l ea s t - squa re s  c a l c u l a t i o n s  a r e  presen ted  i n  Table  

22. The p o t e n t i a l  f u n c t i o n s  ob ta ined  from molecular-beam measurements 

a r e  summarized i n  Table  23. S ince  t h e r e  w e r e  no molecular-beam measure- 

ments a v a i l a b l e  f o r  systems wi th  a i r  o r  CO no p o t e n t i a l s  a r e  l i s t e d  
2 ' 

f o r  t h e  systems a i r  - (Ar, CH4, C O Y  SF6) and C02 - (Ar, C O Y  0 2 ,  a i r )  

N20, SF6). The p o t e n t i a l s  f o r  most of t h e  Group I11 gas p a i r s  r equ i r ed  

t h e  a p p l i c a t i o n  of t h e  combination r u l e s .  A t  p r e s e n t ,  Leonas e t  a l .  

have n o t  performed beam experiments  w i t h  CH and SF b u t  bo th  of  t h e s e  4 6 ' 
gases  have been used i n  experiments by Amdur -- e t  a l .  Thus t h e r e  a r e  no 

independent  conf i rmat ions  of t h e  p o t e n t i a l s  of gas  p a i r s  con ta in ing  

CH o r  SF6. The d i r e c t l y  measured p o t e n t i a l  f o r  He - CH was used t o  
4  4  

d e r i v e  a  p o t e n t i a l  f o r  H - 
2 

CH4; b u t  t h e  CH4- A r  p o t e n t i a l  was used f o r  

t h e  heav ie r  gas  p a i r s  w i t h  methane; CH4 - (N $ 0  ,SF6). I f  t h e  He - 
2 2 CH4 

p o t e n t i a l  had been used f o r  CH N 2 ,  e t c . ,  i n c o n s i s t e n t  r e s u l t s  would 
4- 

have been ob ta ined .  Apparent ly  t h e  sma l l  helium atom "sees" some of t h e  

s t r u c t u r e  of t h e  CH molecule ,  and t h e  He - CH p o t e n t i a l  i s  n o t  g e n e r a l l y  
4  4  

s u i t a b l e  f o r  combination-rule c a l c u l a t i o n s  based on t h e  assumption of 

spherical ly-symmetr ic  p o t e n t i a l s  (Mason and Amdur, 1964) .  The combina- 

t i o n - r u l e  p o t e n t i a l s  by Amdur -- e t  a l .  f o r  H2- 02 ,  CN4- 02 ,  CO - K r ,  CO - 02,  

and N2- 0 were ob ta ined  from two d i f f e r e n t  appara tuses .  Such r e s u l t s  
2 

from "mixed" appara tus  a r e  r e l i a b l e  over  a smal le r  temperature  range 

than p o t e n t i a l s  ob ta ined  from t h e  same equipment. 

. For t h e  thir ty- two gas  p a i r s  of Group 1-11 t h e  

s p e c i a l  comments a r e  as fo l lows .  

A r  - CH, . The closed-tube measurements by Arnold and Toor (1967) 



were c o n s i d e r e d  s u f f i c i e n t l y  r e l i a b l e  t o  e s t a b l i s h  A r  - CH a s  a  
4 

Group I11 system.  

A r  - CO. The c o n s i s t e n c y  of t h e  c l o s e d - t u b e  measuremen'c by I v a k i n  

and S u e t i n  (1964 a )  and q2 by molecular-beam measurements w i t h  t h e  

r e s u l t s  f o r  Ar - N (Group 11)  were  t h e  b a s e s  f o r  p l a c i n g  A r  - CO i n t o  
2  

Group 111. 

Ar - 02 .  Th is  gas  p a i r  h a s  o n l y  one  se t  o f  d i r e c t  measurements o f  

Sl2 a v a i l a b l e ,  o b t a i n e d  by t h e  two-bulb method (Pau l  and S r i v a s t a v a ,  

1961  a ) .  

A r  - a i r .  There  a r e  no d i r e c t  measurements a v a i l a b l e ,  and t h e  r e s u l t s  

were c a l c u l a t e d  by ~ l a n c ' s  law. 

A r  - C02. The more r e l i a b l e  measurements f o r  A r  - GO a r e  by I v a k i n  
2  

and S u e t i n  (1964 b)  and by Pakura r  and  F e r r o n  (1964,1966).  The r e s u l t s  

by Pakura r  and  F e r r o n  appear  t o  have a n  unusua l  amount o f  s c a t t e r ,  which 

i s  due t o  d i f f i c u l t  po in t - source  measurements a t  t empera tu res  above 

Ar - SF . This  gas  p a i r  h a s  o n l y  one  set of d i r e c t  measurements of 

q2, o b t a i n e d  by t h e  c losed- tube  method ( I v a k i n  and S u e t i n ,  1964 b)  . 
H,- X e .  The two-bulb measurements by P a u l  and S r i v a s t a v a  (1961 c) 

and t h e  H12 from m i x t u r e  v i s c o s i t y  d a t a  c a l c u l a t e d  by Weissman and Mason 

(1962 b )  a r e  c o n s i d e r e d  e q u a l l y  r e l i a b l e .  

C H  The c losed- tube  measurements by Boyd e t  a l .  (1951) and H - -- 

by Arnold and Toor (1967) a g r e e  w i t h i n  a b o u t  1%. These r e s u l t s  a r e  a t  

room t e m p e r a t u r e ;  v a l u e s  of a t  t e m p e r a t u r e s  up t o  523OK were ob- 
1 2  

t a i n e d  from m i x t u r e  v i s c o o i t y  d a t a  by Weissman and Mason (1962 b ) .  

H - 0 The r e f e r e n c e  e q u a t i o n  e s s e n t i a l l y  s p l i t s  t h e  d i f f e r e n c e  
-2----2 * 

between t h e  h igh- tempera tu re  r e s u l t s  by Walker and Westenberg (1960) 

and by Weissrnan and Mason (1962 b ) .  For t h i s  gas  p a i r  t h e  u s u a l l y  



r e l i a b l e  p o i n t - s o u r c e  r e s u l t s  by Walker and Westenberg a r e  c o n s i d e r e d  

p o s s i b l y  somewhat h i g h .  Th is  c o n c l u s i o n  is  based  on a comparison w i t h  

t h e  r e s u l t s  of H N2 (Group I ) ,  which a r e  expec ted  t o  be  similar.  
2- 

Spontaneous i g n i t i o n  o c c u r r e d  a t  abou t  920°K i n  t h e  po in t - source  measure- 

ments .  

H2- SF6. The most r e l i a b l e  measurement f o r  t h i s  gas  p a i r  i s  by 

Boyd -- e t  a l .  (1951) ;  o t h e r  r e l i a b l e  d e t e r m i n a t i o n s  by t h e  c losed- tube  

method are by S t reh low (1953) and by I v a k i n  and  S u e t i n  (1964 a , b ) .  

CH - H e .  The r e l i a b l e  d i r e c t  measurements o f  fi12 are p r i m a r i l y  from 4- 

r e c e n t  open-tube s t u d i e s  by F r o s t  (1967) and by Rhodes and Amick (1967) .  

C H - N  the two-bulbmeasurements b y M u e l l e r  a n d C a h i l l ( 1 9 6 4 )  
-4-2 ' 

were c o n s i d e r e d  s u f f i c i e n t  t o  p l a c e  t h i s  g a s  p a i r  i n t o  Group 111. 

CH - 0 The on ly  d i r e c t  measurements a v a i l a b l e  a r e  t h o s e  o f  Walker 
-4-2 ' 

and Westenberg (1960) by t h e  p o i n t - s o u r c e  t e c h n i q u e .  Spontaneous 

i g n i t i o n  o c c u r r e d  a t  a b o u t  1020°K. The r e s u l t s  a r e  n o t  i n c o n s i s t e n t  

w i t h  t h o s e  o f  t h e  s i m i l a r  sys tem CH - 4 N2. 

CH - a i r .  There  are no d i r e c t  measurements a v a i l a b l e ,  and t h e  r e s u l t s  -4-- 

were c a l c u l a t e d  by B l a n c ' s  law. 

CH,,- SF6. Th is  g a s  p a i r  h a s  o n l y  one s e t  of d i r e c t  measurements 

o f  o b t a i n e d  by t h e  c losed- tube  method (Manner, 1967) . 
1 2 '  

N -  N e .  T h i s  g a s  p a i r  h a s  r e l i a b l e  v a l u e s  of q2 o n l y  from m i x t u r e  

v i s c o s i t y  measurements by DiPippo e t  a l .  (1967) .  

N - K r .  T h i s  g a s  p a i r  h a s  o n l y  one s e t  o f  d i r e c t  measurements o f  
-2- 

9i2, o b t a i n e d  by t h e  two-bulb method (Durbin and Kobayashi, 1962) .  

N - X e .  Th i s  gas  p a i r  h a s  on ly  one s e t  o f  d i r e c t  measurements o f  
-2- 

q2$ o b t a i n e d  by t h e  two-bulb method ( P a u l  and S r i v a s t a v a ,  1961 b ) .  

N - 0 The most r e l i a b l e  r e s u l t s  are t h e  c losed- tube  measurements 
-2-2 ' 

by Lonius  (1909) and t h e  v a l u e s  c a l c u l a t e d  from m i x t u r e  v i s c o s i t y  by 



Weissman and Mason (1962 b ) .  The r e s u l t s  r e p o r t e d  by Giddings and 

Seager  (1962) are omi t t ed  from t h e  d e v i a t i o n  p l o t ,  F i g ,  63, because  o f  

d i f f i c u l t i e s  w i t h  t h e  m i x t u r e  compos i t ion  a n a l y s i s .  

hT - SF6. The most r e l i a b l e  d i r e c t  measurements a r e  by I v a k i n  and 
-2- 

S u e t i n  (1964 b ) ,  o b t a i n e d  by t h e  c losed- tube  method. 

CO - K r .  T h i s  g a s  p a i r  h a s  o n l y  o n e  s e t  o f  d i r e c t  measurements o f  

q2, o b t a i n e d  by t h e  two-bulb method (Singh e t  a l . ,  1967) .  S i n c e  CO 

and N a r e  i s o s t e r i c  molecu les ,  t h e  r e f e r e n c e  e q u a t i o n  f o r  N K r  was 
2  2- 

used f o r  CO - K r ,  and t h e  d a t a  a g r e e ,  s e e  F i g .  65. 

CO - 02.  S i n c e  CO and N a r e  i s o s t e r i c  molecu les ,  t h e  r e f e r e n c e  
2  

e q u a t i o n  f o r  N - 0 was used f o r  CO - 
2 2  02 .  

The most r e l i a b l e  r e s u l t s  a r e  

c o n s i d e r e d  t o  b e  from m i x t u r e  v i s c o s i t y  (Weissman and Mason, 1962 b ) .  

However, t h i s  judgment i m p l i e s  t h a t  t h e  u s u a l l y  more r e l i a b l e  measure- 

ments by Loschmidt (1870 b) and by Walker and Westenberg (1960) a r e  

somewhat h i g h .  

CO - a i r .  There  a r e  no d i r e c t  measurements a v a i l a b l e ,  and t h e  r e -  

s u l t s  were c a l c u l a t e d  by B l a n c ' s  law. 

CO - C02. S i n c e  CO and N are i s o s t e r i c  molecu les ,  t h e  r e f e r e n c e  2  

e q u a t i o n  f o r  N2- C02 (Group 11) can  b e  used f o r  CO - C02; a  s l i g h t l y  more 

p r e c i s e  c o r r e l a t i o n ,  however, is  g i v e n  f o r  CO - CO based o n l y  on i t s  2 

d i r e c t  measurements.  The d i r e c t  measurements f o r  CO - CO a r e  i n  t h e  2  

t empera tu re  r a n g e  o f  282' t o  473OK. The u s e  o f  t h e  N CO r e f e r e n c e  
2- 2 

e q u a t i o n  w i l l  ex tend  t h e  h i g h e r  t empera tu re  l i m i t  t o  1800°K, which i s  a 

s i g n i f i c a n t  advan tage .  

CO - SF6. T h i s  gas  p a i r  h a s  d i r e c t  measurements of which were  
1 2  

o b t a i n e d  by t h e  c losed- tube  method ( I v a k i n  and S u e t i n ,  1964 a , b ) .  

0 - C 0 2 .  The r e f e r e n c e  e q u a t i o n  is  based p r i m a r i l y  on r e s u l t s  o f  
-2- 

po in t - source  measurements (Walker and Westenberg,  1960) ;  a t  room t e m -  



p e r a t u r e  t h e  r e s u l t s  by closed-tube s t u d i e s  g i v e  s l i g h t l y  h igher  va lues  

of q2 (Loschmidt, 1870 3 ; Wretschko, 1870) . 
02- SF,. This  gas  p a i r  has  r e l i a b l e  c losed-tube measurements by 

Ivakin  -- e t  a l .  (1968),  which, however, probably have somewhat too g r e a t  

a temperature  dependence f o r  over  297 t o  408OK. 
1 2  

CO - a i r .  Even though t h e r e  a r e  many d i r e c t  measurements a v a i l a b l e ,  -2------ 

t h e  r e f e r ence  equa t ion  f o r  CO - a i r  was c a l c u l a t e d  from Blanc ' s  law, 
2 

Of t he  d i r e c t  measurements, t h e  most r e l i a b l e  a r e  considered t o  be  c losed-  

tube  measurements by Loschmidt (1870 a , b ) ,  by Coward and Georgeson 

(1937), and by Holsen and S t runk  (1964).  The open-tube measurements by 

Klibanova -- e t  a l .  (1942),  which cover t h e  temperature  range  of 290 t o  

1533"K, are n o t  cons idered  as r e l i a b l e  a s  r e s u l t s  by ~ l a n e ' s  law w i t h  

d a t a  from t h e  point-source method measurements by Walker (1958) and by 

Pakurar and Ferron (1964, 1966) f o r  N2- C02, and by Walker and Westenberg 

(1960) f o r  02- C02.  

CO - N 0 This  gas  p a i r  has  s e v e r a l  c losed-tube measurements which --2-• 

ag ree  w i t h i n  about  2% a t  room temperature  (Loschmidt, 1870 b ;  Boardman 

and Wild, 1937; Wall and Kidder,  1946; Amdur -- e t  a l .  , 1952); va lues  of 

q2 from mixture  v i s c o s i t y  were used t o  extend t h e  temperature  range  t o  

550°K. The placement of CO - N 0 i n t o  Group 111, and n o t  Group 11, w a s  
2 2 

decided upon because of t h e  l i m i t e d  temperature  range of t h e  d i r e c t  

measurements and t h e  u n c e r t a i n t i e s  i n  $ ob ta ined  from mixture  v i s c o s i t y  
12  

f o r  c y l i n d r i c a l  molecules .  

CO - SF This  gas  p a i r  has  r e l i a b l e  c losed-tube measurements by -2----4 ' 

Ivak in  and Sue.tin (1964 b) . 
SF,- He, This  gas p a i r  has  a few d i r e c t  measurements, of  which those  

U 

by Ivakin  and S u e t i n  (1964 b)  and by Fedorov e t  a l .  (1966) a r e  cons idered  -- 

t o  be  t h e  most r e l i a b l e .  



SF,-air. There a r e  no d i r e c t  measurements a v a i l a b l e ,  and the  re -  
u 

s u l t s  were c a l c u l a t e d  from Blanc 's  law. 

d .  Miscel laneous (F igs .  76 t o  81) 

Weights and P o t e n t i a l s .  The va lues  of a12 and t h e i r  weights  used 

i n  t h e  leas t - squares  c a l c u l a t i o n s  a r e  presented  i n  Table 24. Except f o r  

mixtures  wi th  d i s s o c i a t e d  gases  t he  va lues  of 8 a r e  a t  equimolar compo- 
1 2  

s i t i o n .  The d a t a  f o r  mixtures  wi th  d i s s o c i a t e d  gases  were no t  cor rec ted  

t o  equimolar composition because t h e  experimental  u n c e r t a i n t i e s  a r e  

g r e a t e r  than t h e  composition dependence of The p o t e n t i a l  func t ions  
12 '  

ob ta ined  from molecular-beam measurements a r e  summarized i n  Table 25,  

which a r e  a v a i l a b l e  only  f o r  t he  mixtures  w i th  d i s s o c i a t e d  gases  and not  

t h e  o the r  systems of t h e  miscel laneous group. This  in format ion  may be 

h e l p f u l  f o r  t h e  p r e d i c t i o n  of a t  high temperatures ,  bu t  t h e  poten- 
12  

t i a l s  were no t  used t o  c a l c u l a t e  p o i n t s  f o r  d e v i a t i o n  p l o t s  a s  was done 

f o r  t h e  o t h e r  gas p a i r s  i n  Groups I ,  11, and 111. There a r e  no devia-  

t i o n  p l o t s  f o r  mixtures  w i th  d i s s o c i a t e d  gases  because of t h e  l a r g e  

u n c e r t a i n t i e s  i n  t h e  d a t a  a v a i l a b l e .  

Spec ia l  Comments. For t h e  fou r t een  gas p a i r s  of t he  miscel laneous 

group t h e  s p e c i a l  comments a r e  a s  fo l lows .  

H 0-N This gas  p a i r  has  d i r e c t  measurements obtained only  by the  
--2----2 ' 

evaporat ion-tube method. The most r e l i a b l e  r e s u l t s  a r e  considered t o  

be  by O'Connell -- e t  a l .  (1969), i n  which t h e  H 0 d i f f u s e d  downwards through 
2 

N2.  
I n  t h e  o the r  s t u d i e s  t h e  H 0 was loca t ed  below t h e  N o r  t he  l i g h t e r  

2 2  ' 
component below the  heav ie r ,  which would have p o s s i b l e  adverse  e f f e c t s  

due t o  convect ion.  Because va lues  of  q2 a r e  a v a i l a b l e  only from evapo- 

ra t ion- tube  s t u d i e s ,  i t  may be  noted t h a t  t h e  temperature range i s  

l i m i t e d ,  282'  t o  373OK. 



H 0-0 The c o r r e l a t i o n  c o n s i s t s  of two power func t ions  (s = AT') -2-2 ' 12 

each a p p l i c a b l e  over a  s p e c i f i c  temperature  i n t e r v a l ,  and which pass  

through a  common datum. The gene ra t i on  of t h i s  type  of c o r r e l a t i o n  i s  

explained a s  fo l lows .  A t  h igh  tempera tures ,  390' t o  1070°K, t h e  po in t -  

sou rce  measurements a r e  cons idered  t o  be r e l i a b l e  (Walker and Westenberg, 

1960); however a t  low tempera tures ,  308' t o  352OK, t h e  H 0-0 evaporat ion-  
2 2  

tube s t u d i e s  a r e  considered too  unce r t a in .  But, a t  low tempera tures ,  

d a t a  by O'Connell -- e t  a l .  (1969) f o r  H20-N were s y s t e m a t i c a l l y  i nc reased  
2 

by 1% t o  o b t a i n  va lues  of hl f o r  H20-0 This  s l i g h t  adjustment  was 
12  2 ' 

based on c a l c u l a t i o n s  f o r  t r a n s p o r t  p r o p e r t i e s  of polar-gas  mix tu re s .  3 

But a l l  r e s u l t s  f o r  H 0-0 could no t  be  w e l l  c o r r e l a t e d  by a  s i n g l e  
2  2 

equa t ion ,  e i t h e r  i n  t h e  form of a  Suther land equa t ion ,  Eq. (4.3-2), o r  t h e  

more complex c o r r e l a t i o n  f u n c t i o n  of  Eq. (4.3-1). The s i m p l e s t  r e l i a b l e  

c u r v e - f i t  of t h e  d a t a  is two power f u n c t i o n s ,  one each f o r  t h e  low- and 

high-temperature ranges .  The equa t ion  a t  h igh  temperatures  was ob ta ined  

by l ea s t - squa re s  c a l c u l a t i o n s  of  t h e  point-source measurements. This  

equa t ion  was fo rced  t o  pass  through a  p o i n t  a t  t h e  i n t e rmed ia t e  tempera- 

t u r e  of 450°K, ob ta ined  from a n  e x t r a p o l a t i o n  of t h e  low-temperature 

equa t ion .  

H 0 - a i r .  The r e f e r e n c e  equa t ion  f o r  t h i s  a i r - sys tem i s  t h e  on ly  one -2- 

i n  t h i s  r e p o r t  which was n o t  determined by Blanc 's  l a w .  The reason  i s  

t h a t  t h e  a v a i l a b l e  d a t a  f o r  H 0-N and H 0-0 have too  much s c a t t e r ,  and 
2 2 2 2 

a  v e r i f i c a t i o n  of a  c o r r e l a t i o n  by Blanc ' s  law from d i r e c t  measurements 

f o r  H 0 -a i r  would no t  be  s i g n i f i c a n t .  The r e f e r e n c e  equa t ion  f o r  H 0 -a i r  
2 2  

i s  based on t h e  s y n t h e s i s  of r e s u l t s  by O'Connell -- e t  a l .  (1969) f o r  H 2 0-N 2 

and by Walker and Westenberg (1960) f o r  H 0-0 S ince  a i r  is approxi- 
2  2 '  

mately 80% N t h e  r e f e r e n c e  equa t ion  f o r  H 0-N ex t r apo la t ed  t o  450°K, 
2' 2 2  

was assumed d i r e c t l y  a p p l i c a b l e  a t  low temperatures .  For temperatures  



between 450" and 1070°K, t h e  r e f e r e n c e  equa t ion  f o r  H 0-0 was systema- 
2 2 

t i c a l l y  reduced 1%. The more r e l i a b l e  d i r e c t  measurements a r e  shown i n  

F ig .  78. The l a r g e  d e v i a t i o n s  a r e  due to  expected u n c e r t a i n t i e s  i n  

r e s u l t s  obtained by evaporat ion-tube s t u d i e s .  There a r e  many o the r  ex- 

per imenta l  de te rmina t ions  f o r  H 0 -a i r ,  which a r e  l i s t e d  i n  Table  16.  
2  

H 0-C02. This  gas  p a i r  h a s  r e l i a b l e  d i r e c t  measurements by Ferron -2- 

(1967), ob ta ined  by t h e  point-source method over t h e  temperature  range  

of 1058 t o  1640°K, and evaporat ion-tube s t u d i e s  a t  about 310 t o  350°K, 

ob t a ined  by Schwertz and Brow (1951) and by Cr ider  (1956). I n  t h e  l e a s t -  

squa re s  c a l c u l a t i o n s  t h e  v a l u e  of 2 of Eq. (4.3-2) turned o u t  t o  be  

1.473 which was a d j u s t e d  t o  1.500 t o  a g r e e  w i th  t h e  t h e o r e t i c a l  lower 

l i m i t  f o r  t h e  r i g id - sphe re  model. 

CO - N e .  Th is  gas  p a i r  has  l i m i t e d  d a t a ,  c o n s i s t i n g  of a  two-bulb 
-2- 

measurement a t  about  room temperature  p l u s  in format ion  on t h e  tempera- 

t u r e  dependence of t h e  thermal  d i f f u s i o n  f a c t o r  which was used t o  

c a l c u l a t e  Sl2 between 195" t o  625OK. 

CO -C H The closed-tube measurements by Wall and Kidder (1946) -2-3--8 ' 

and t h e  va lues  of B12 from mixture  v i s c o s i t y  by Weissman (1964) a r e  

cons idered  s u f f i c i e n t  t o  i nc lude  t h i s  system. 

Mixtures w i t h  d i s s o c i a t e d  gases  were a l l  c o r r e l a t e d  by power 

func t ions  of t h e  form q2 = AT'. The r e f e r e n c e  equa t ions  were c a l c u l a t e d  

from two p o i n t s ,  one a t  about  room temperature ,  and t h e  o the r  a t  tempera- 

t u r e s  g r e a t e r  than 1000°K. Devia t ion  p l o t s  a r e  n o t  given f o r  mix tures  

wi th  d i s s o c i a t e d  gases .  The s p e c i a l  comments emphasize t h e  d i s c r epanc i e s  

among t h e  v a r i o u s  va lues  of a obta ined  by d i f f e r e n t  experiments .  
12  

H-He. This  gas p a i r  has  on ly  one d i r e c t  measurement by Khouw et a l .  -- 

(1969) , obta ined  a t  275OK. The va lues  of a12 obta ined  from molecular- 

beam measurements by Amdur and Mason (1956) and by Belyaev and Leonas 



(1967 b , c )  were  e s s e n t i a l l y  averaged ;  t h e  d i f f e r e n c e  i n s  between 
1 2  

t h e s e  r e s u l t s  i s  approx imate ly  25% a t  a l l  t empera tu res .  

H-Ar.  The d i r e c t  measurements by Wise (1959) and by Khouw e t  a l .  

(1969) ,  n e a r  room t e m p e r a t u r e ,  d i f f e r  by abou t  10%. At  e l e v a t e d  tempera- 

t u r e s ,  v a l u e s   of^ are a v a i l a b l e  o n l y  from one  p o t e n t i a l ,  (Mason and 
1 2  

V a n d e r s l i c e ,  1 9 5 8 ) ,  and t h e s e  r e s u l t s  when compared w i t h  t h e  r e f e r e n c e  

e q u a t i o n  a r e  h i g h  by abou t  25% a t  2000°K and low by abou t  20% a t  10,OOO°K. 

H-H For  t h i s  g a s  p a i r  t h e  most r e l i a b l e  v a l u e s  o f  dq;? are con- -2 * 

s i d e r e d  t o  b e  from m i x t u r e  v i s c o s i t y  (Browning and Fox, 1964) .  The o t h e r  

d e t e r m i n a t i o n s  o f  8 are c o n s i d e r e d  t o  b e  l e s s  r e l i a b l e  (Wise, 1961;  
1 2  

Weissman and Mason, 1962; Khouw -- e t  a l .  1969; S a n c i e r  and Wise, 1 9 6 9 ) .  

The r e l a t i v e  measurements by Wise (1961) a r e  a t  t empera tu res  from 293 

+ 
t o  71g°K. A t  room tempera tu re ,  t h e  d i s c r e p a n c i e s  a r e  w i t h i n  -10%. The 

recommended v a l u e s  o f  5 above 1000°K are based on molecular-beam 
1 2  

measurements.  These r e s u l t s  were  d e r i v e d  from measurements by Amdur et 

al. and u s e  of t h e  combinat ion r u l e s ,  which were c o n s i d e r e d  t o  b e  much - 

more r e l i a b l e  t h a n  t h e  d i r e c t  beam measurement by Belyaev and Leonas 

(1967 b , c ) .  The l a t t e r  y i e l d  bj12 which are t o o  h i g h  i n  comparison w i t h  

b o t h  t h e  low-temperature d a t a ,  and r e s u l t s  of o t h e r  beam measurements.  

N-N 0-N 0-0 For t h e s e  g a s  p a i r s ,  w i t h  similar d i f f u s i o n  -2 3 -2 9 -2. 

c h a r a c t e r i s t i c s ,  t h e  r e s u l t s  by Morgan and S c h i f f  (1964) a r e  c o n s i d e r e d  

t o  b e  t h e  most r e l i a b l e .  For 0-02, a t  a b o u t  room tempera tu re ,  t h e  

measurements by Krongelb and S t r a n d b e r g  (1959) and by Walker (1961) a r e  

w i t h i n  10% (below) t h o s e  by Morgan and S c h i f f ;  t h e  measurements by 

Y o l l e s  and Wise (1969) and by Y o l l e s  -- e t  a l ,  (1970) a r e  abou t  20% below 

t h o s e  of Morgan and S c h i f f .  The r e s u l t s  by Walker may be  low due t o  t h e  

n e g l e c t  of chemical  r e a c t i o n  e f f e c t s .  A t  t empera tu res  between 1000" and 

10,OOO°K t h e  d i f f e r e n c e s  between %2 from molecular-beam measurements f o r  



N-N2, 0-N2, 0-0 (Belyaev and Leonas, 1966 c) were s o  smal l  t h a t  t h e s e  
2  

r e s u l t s  were grouped toge the r .  

0-He, 0-Ar. There a r e  two d i r e c t  measurements f o r  each of t h e s e  gas  --  
p a i r s .  I n  comparison wi th  t h e  r e s u l t s  by Morgan and Sch i f f  (1964), which 

a r e  cons idered  t h e  more r e l i a b l e ,  t h e  r e s u l t s  by Yol les  and Wise (1968) 

a r e  low by about  35% f o r  0-He, and h i g h  by about  30% f o r  0-Ar. The 

v a l u e s  of s12 a t  e l eva t ed  temperatures  were based on a  s i n g l e  l a b o r a t o r y  

sou rce  f o r  t h e  p o t e n t i a l s  (Leonas et &.) . 
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T a b l e  2 .  C l a s s i f i c a t i o n  o f  Exper imenta l  Methods 

Name Pr imary I n v e s t i g a t o r  ( s )  

Major 

Closed Tube Loschmidt (1870 a , b )  

Evapora t ion  Tube S t e f a n  (1873) 

Two-Bulb Apparatus  Ney and Armistead (1947) 

P o i n t  Source  Walker and Westenberg (1958) 

Gas Chromatography Giddings  and Seager  (1960) a 

Minor 

Open Tube von Obermayer (1882) ; Waitz  (1882) 

Back D i f f u s i o n  Har t e c k  and Schmidt (1933) 

C a p i l l a r y  Leak Klibanova -- e t  a l .  (1942) 

Unsteady Evapora- Arnold (1944) 

t i o n  

D i f f u s i o n  Br idge  Bendt (1958) 

R e l i a b i l i t y  

Good 

Poor  

Good 

Average 

Average 

Average 

Average 

Poor 

F a i r  

Aver a g e  

D i s s o c i a t e d  Gases Wise (1959);  Krongelb and S t r a n d b e r g  (1959) Poor 

Misce l l aneous  

Drop le t  Evapora- Langmuir (1918) ; Katan  (1969) ? 

t i o n  

Dufour E f f e c t  Waldmann (1944) 

Thermal Separa- N e t t l e y  (1954) 

t i o n  R a t e  

Kirkendall .  E f f e c t  McCarty and Mason (1960) 

Sound Absorp t ion  Holmes and Tempest (1960) 

Ca taphor  e s  i s  Hogervors t  and F r e u d e n t h a l  (1967) 

Resonance Methods See t e x t  



Table  2 .  (Cont inued)  

a I n  1960 f o u r  independen t  g a s  chromatography s t u d i e s  were submi t t ed  

f o r  p u b l i c a t i o n ;  f o r  d e t a i l s  see S e c t i o n  3 . 2 ,  p a r t  d .  



a 
Table 3 .  Determinations of q2 by t h e  Closed-Tube Method. 

Author ( s )  

Loschmid t 

Wretschko 

von Obermayer 

Date Author ( s )  

1870 a ,b  S t rehlow 

1870 Bunde 

Rutherford and Brooks 1901 Amdur and Scha tzk i  

Schmidt 1904 Sue t in  e t  a l .  -- 

Lonius 1909 Sue t in  and Ivakin  

Wintergers t 1930 Amdur and Shuler  

Har teck  and Schmidt 1933 Holsen and St runk  

Boardman and Wild 1937 Ivakin  and Sue t in  

Coward and Georgeson 1937 Sue t in  

H i r s t  and Harr i son  1939 Amdur and Beat ty 

Braune and Zehle 1941 Amdur and Malinauskas 

Groth and Harteck 

Heath e t  a l .  -- 

Groth and Sussner 

Wall and Kidder 

Hutchinson 

Boyd e t  a l .  -- 

Timmerhaus and D r  ickamer 

Amdur e t  a l .  -- 

Cordes and Kerl  

L j unggr en 

Reichenbacher -- e t  a 1  . 
Fedorov e t  a l .  -- 

Kosov and Abdull ina 

Arnold and Toor 

Manner 

Ivakin  e t  a l .  -- 

Date 

1953 

1955 

1955 

a 
Complete r e f e rence  informat ion  is  given i n  Bibliography I .  



a 
Tab le  4 .  De te rmina t ions  o f  by t h e  Two-Bulb Method. 

1 2  

~ u t h o r  ( s )  Da te  Author ( s )  

Ney and Armistead 1947 S r i v a s t a v a  and S r i v a s  t a v a  

Winn and Ney 1947 Sr i v a s  t a v a  

Winn 1948 Golubev and Bondarenko 

Hutchinson 1949 Sch3f er and Reinhard 

Winn 1950 S r i v a s t a v a  and S r i v a s t a v a  

Schafe r  e t  a l .  -- 1951  Wendt e t  a l .  -- 

Visner  1 9 5 1 a , b  B o n d a r e n k o a n d G o l u b e v  

Winter 1951 Mason e t  a l .  -- 
DeLuca 1954 Miller and Carman 

Schgfe r  and Moesta 1954 Muel ler  and C a h i l l  

Andrew 1955 Watts 

Sch8fer  and Schuhmann 1957 Brown and Murphy 

Saxena and Mason 1959 Mal inauskas  

Schafe r  1959 Mason e t  a l .  -- 

S r i v a s t a v a  and S r i v a s t a v a  1959 Watts 

Sr i v a s  t a v a  1959 C h a k r a b o r t i  and Gray 

S r i v a s t a v a  and Barua 1959 Kosov and Novosad 

Mil-ler and Carman 1961  Mal inauskas  

Pau l  and S r i v a s t a v a  1961 a , b , c  P a u l  and Watson 

Weissman e t  a l .  -- 1961 Saran  and Singh 

Zmbov and ~ n e g e v i c ?  1961 S r i v a s  t a v a  and Saran  

Durbin and Kobayashi 1962 van Keijningea ee. a l .  -- 

Paul  1962 ~uZ'ic/ and M i l o j e v i d  

S r i v a s t a v a  and P a u l  1962 Singh e t  a l .  -- 

Date  

1962 

1962 

1963 

1963 

1963 

1963 

1964 

1964 a , b  

1964 

1964 

1964 

1965 

1965 

1965 

1965 

1966 

1966 a 

1966 

1966 

1966 

1966 a , b  

1966 

1966 

1967 



Table  4 .  (Continued) 

Author ( s )  Date  

Annis e t  a l .  -- 1968 

Malinauskas 1968 

Mathur and Saxena 1968 

Singh and S r i v a s  t a v a  1968 

van H e i  j ningen e t  a1 . -- 1968 

Annis e t  a1 . -- 1969 

DuBro 1969 

Malinauskas and Si lverman 1969 

Vugts e t  - al. 1969 

Weissman 1969 

Humphreys and Mason 1970 

a Complete r e f e r e n c e  i n fo rma t ion  i s  g iven  i n  Bib l iography  I. 



a Table 5. Determinations of  by the  Point-Source Method. 
12  

Author ( s )  

Wes tenberg and Walker 
b 

Walker 

Walker and Wes tenberg 

Walker e t  a l .  -- 

Westenberg and F raz i e r  

Ember e t  a l .  
7- 

Pakurar and Ferron 

Walker and Wes tenberg 

Ferron 

Walker and Wes tenberg 

Date 

1957 

1958 

1958 a , b , ' 5 9 , ' 6 0  

1960 

a  
Complete r e f e r e n c e  informat ion  i s  given i n  Bibliography I .  

Prel iminary no te  about  t he  development of t h e  point-source method. 



t; 
Table 6 .  Determinations o f  B12 by t h e  Gas-Chromatography Method. 

Author (s) i late 

Giddings and Seagcr 

Bohemen and Pu rne l l  

Bournia c t  a l .  -- 
Fejes  and Cz5rBn 

Giddings and Seager 

Knox and &IcL,aren 

Seager e t  a l .  -- 
Barr and Sawyer 

Knox and McLaren 

Evans and Kenney 

F u l l e r  and Giddings 

Huber and van Vught 

Cl~ang 

Arnikar,  e t  a l .  
b 

-- 
F u l l e r  and Giddings 

Giddings 

Ilargrovc and Sawyer 

Ciddings 

~ h u k h o v i t s k i ~  e t  a l .  -- 
Arnikar  and Ghulc 

F u l l e r  e t  a l .  -- 
Wasih and blc(:ul loh 

a Complcte r e f e r ence  information i s  given i n  Bibliography I .  

[I 
Packed chromatography column. 



Table 7 .  Determinat ions of $I by the  Evaporation-Tube ~ e t h o d ~  
12 

Author ( s )  

S t e fan  

Baumgar t n e r  

Guglielmo 

Winkelmann 

S te fan  

Gribo j edoff 

Houdai l le  

Naccar i 

Mache 

Naccari  

V a i l l a n t  

Date Author ( s )  Date 

1873 Brookfield e t  a l .  -- 194 7 

1877 a , b  Klotz  and Mi l l e r  1947 

1881, '82 Goryunova and Kuvshinski 1948 

1884 a , b , c  Gush 1948 
'85, '88, 
'89 McMurtie and Keyes 1948 

1889, ' 90 Hippenmeyer 1949 

1893 Schwertz and Brow 1951 

1896 ~ v e t a n o v i l  and LeRoy 1952 

1909 Kimp ton  and W : ? l l  1952 

1910 Schl inger  e t  a l .  -- 1952 

1910 Cummings and Ubbelohde 1953 

1911 ~ o s s i e /  1953 

Pochet t ino  1914 Lee and Wilke 1954 

LeBlanc and Wuppermann 

Mack 

Summerhays 

Trautz  and Ludwig 

Trautz  and R i e s  

Aclcermann 

G i l l i l a n d  

Trautz  and MUller 

Chambers and Sherwood 

Schirmer 

Bose and Chakraborty 

Carmichael e t  a l .  -- 
Cumins and Ubbelohde 

Cummings e t  a l .  

Narsimhan 

Raw 

Crider  

Ca 11 

Clarke and Ubbelohde 

Richardson 



Table  7 (Cont inued)  

Author ( s )  

A l t s h u l l e r  and Cohen 

Hudson e t  a l .  -- 
Jorgeson  and  Watts 

Reamer and Sage 

Grieveson and Turkdogan 

Heinzelmann e t  a l .  -- 

Kohn and Romero 

Stevenson 

Bro c k e t  t 

Mehta 

Ben-Aim e t  a l .  -- 

Byrne e t  a l .  -- 

Galloway and Sage 

Getz inger  and Wilke 

Kro l  e t  a l .  -- 

Mikhailov and Kochegarova 

Nafikov and Usmanov 

Pryde and Pryde  

Yuan and Cheng 

IChomchenkov e t  a l .  -- 

Mrazek et a l .  -- 

0 ' Connel l  e t a 1  . -- 

Spencer et a l .  -- 

Date 

1960 

1960 

1 9 6 1  

1963 

1964 

1965 

1965 

1965 

1966 

1966 

1967 

1967 

1967 

1967 

1967 

1967 

1967 

1967 

1967 

1968 

1968 

1968 

1968 

1969 

a 
Complete r e f e r e n c e  i n f o r m a t i o n  i s  g i v e n  i n  Bib l iography  I .  



Table 8.  Uetcrminations of  1,y Minor Experimental blelbaods, a 
12 

Author ( s )  

a .  Open Tul~e 

von Obermayer 

is'aitz 

von Obermayer 

Uate Author ( s )  Date 

d. Unsteady Evaporation 

1882 a Mullaly and Jacques 1924 

1882 ivlackenzic and i\ lelvil  l e  1932, ' 3 3  

1883, '87 Arnold 1944 

'l'oepler 1896 Fairbanks and Wilke 1950 

FocI1 

Bar us 

Cur r i e  

FTOS t 

1913 Nelson 

1924 a , b  de Nordwall and Flowers 

1960 Niko l aev  and hleskovskiy 

1967 P e t i t  

Kaufmann 1967 Grob and El-Wakil 

Rliodes and 11niick 1367 e .  1) i f fusion Bridge 

~ h u k h o v i t s k i y  e t  a l .  -- 1968 Ruckinpham 

b. Back Dif fus ion  Wicke and Kal lenbach 

iiarteck and Schmidt 1933 Weisz 

Van d e r  lleld and Miesowicz 1937 Bendt b 

S p i e r  1939, '40 S c o t t  and Cox 

c .  C a p i l l a r y  Leak Evans e t  a l .  -- 1961 

Klibanova c t  a l .  -- 1942 Wicke and Hugo 1961 

Kosov 1957 S c o t t  and Dul l icn  1962 

Vyshcnskaya and Kosov 1953, '65 Evans e t  a l .  -- 1362, '63  

Kosov and Karpushin 1966 Coates and I\lian 1967 

I jc I'az c t  a l .  -- - 1 9 0 7 Ilenry c t  a l .  -- 1967 



Tab l c  6 ,  (Continued) 

Author ( s )  

iil i an  

I le i s t  

Zhalgasov and Kosov b 

L l l i s  and Ilolsen 

Hawtin e t  a l .  -- 
Schneider and SchYfer 

f .  Dissoc ia ted  Gases 

Krongelb and Strandberg 

Wise 

Walker 

Date 

1967 

1967 

1968 

1969 

1969 

1969 

Young 1961 

hlorgan and S c h i f f  1964 

Yolles and \Vise 1968 

Khouw e t  a l .  -- 1969 

Sancier  and Wise 1969 

Yolles e t  a l .  -- 1970 

a 
Complete r e f e rence  information i s  given i n  Bibliography I .  

b 
The i n v e s t i g a t i o n s  by Bendt involved an appara tus  with a c a p i l l a r y ,  

and by Zhalgasov and Kosov a bundle of c a p i l l a r i e s ;  a l l  o t h e r  d i f f u s i o n -  

b r i d g c  appara tuses  used porous septums. 



Table  9 .  a 
Dete rmina t ions  of B12 by Misce l l aneous  Exper imental  Xethods . 

Author ( s )  Date 

a .  D r o p l e t  Evapora t ion  

Langmuir 1918 

Topley and Whytlaw-Gray 1927 

Houghton 1933 

Bradley e t  a l .  1946 

Bradley and S h e l l a r d  1949 

B i r k s  and Bradley 1949 

Bradley 1951  

Bradley and Waghorn 1951  

Katan 
b 

1969 

b .  Dufour E f f e c t  

Waldmann 1944,  '47 

Mason e t  a l .  -- 1967 

c . Thermal S e p a r a t i o n  R a t e  

Net t l e y  1954 

v a n  I t t e r b e e k  and Nihoul 1957 

Lonsdale  and Mason 1957 

Saxena and Mason 1959 

Weissman e t  a l .  -- 1961  

Wendt e t  a l .  -- 1963 

d . K i r k e n d a l l  E f f e c t  

McCarty and Mason 1960 

Author ( s )  Da te  

Mason 1961  

e .  Sound Absorp t ion  

Holmes and Tempest 1960 

Carey e t  a l .  -- 1966 

Carey e t  a l .  -- 1968 

f . C a t a p h o r e s i s  

F r e u d e n t h a l  1966 

Hogervors t  and F r e u d e n t h a l  1967 

g .  Resonance Methods 

(Nuclear  Magnetic Resonance) 

Luszczynski  e t  a l .  -- 1 9  6 2 

L i p s i c a s  1962 

H a r t l a n d  and L i p s i c a s  1963 

Luszczynski  e t  a l .  1967 

( O p t i c a l  Pumping) 

Franzen 1959 

Bernheim 1962 

McNeal 1962 

Anderson and Ramsey 1963 

Legows k i  1964 

Ramsey and Anderson 1964 

Uernheim and Kor te  1965 



Table 9.  (Continued) 

Author ( s )  Date 

Gozzini e t  a l .  -- 1967 

(Mercury Band Fluorescence)  

C o u l l i e t t e  1928 

Biondi 1953 

McCoubr ey 1954 

McCoubrey and Matland 1954 

M a  t l and  and McCoubrey 1955 

McCoubrey and M a  t l a n d  1956 

a 
Complete r e f e r e n c e  information is  given i n  Bibliography I .  

This i s  a c l eve r  combination of a uniform-pressure experiment w i th  a 

porous membrane and t h e  evaporation-tube method ; t h e  motion of an 

evaporat ing l i q u i d  bead i n  a tube is  used to  determine t h e  d i f f u s i o n  

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

A r e c e n t  review a r t i c l e  has  been published by Viol ino (1968). 



Table 10. Grouping of Systems According to Uncertainty Limits of a 1 2  ' 

Group I 

Group I1 

Group I11 

He- (Ne , Ar ,Kr , Xe) 

Ne- (He ,Ar ,Kr , Xe) 

Ar-(He,Ne,Kr ,Xe) 

Kr-(He,Ne,Ar,Xe?) 

Miscellaneous Systems H20-(N ,O ,air,C02) 
2 2 

C02-(Ne,H20,C 3 H 8 ) 

H- (He ,Ar ,H2) 



Table 11. Uncer ta in ty  Limi ts  f o r  Systems of t h e  Miscellaneous Group. 

System 

H-N $ 0 - N 2 , 0 - 0  
2 2 

+ 
Uncer ta in ty  , -% 

4 

7 

5 t o  1 0  

10 t o  7 

3 t o  5 

3 t o  5 

5 

30 

10 

2 5 

1 5  

3 0 



a tm-cm 2 OK OK ( "I<) OK 

sec ( O K )  

H e - N e  

He-Ar  

He-  K r  

H e - X e  

Ne- A r  

N e - K r  

Ne-Xe  

A r - K r  

A r - X e  



Table 13 .  C o r r e l a t i o n  Parameters of Eq .  (4.3-2) f o r  

~ y s  tem I O ~ A  s s T 

atm-cm 
2 

O K  O K  

Ar-CO 2 1.74 1.646 89.1 276-1800 

Ar -  SF 
6 1 , 4 8  1.596 145.4 328-lo4 

Kr-N2 0.653 1.766 - 248-10 4 

Kr-CO 0.653 1.766 - 248-10 4 

Group 



T a b l e  13 .  (Continued) 

~ y s  tem lo5* 

a tm-cm 
2 

sec (OK) 

H air 2- 3.64 

Group 

misc . 

misc . 
misc . 
111 

111 

misc. 

misc. 



Table  13 .  ( C o n t i n u e d )  

~ y s  t e m  ~ O ~ A  

a t m - c m  2 

sec (OK) 

H-H 

N-N2 

Group 

m i s c  . 
I1 I 

m i s c  . 

m i s c  . 
m i s c .  

m i s c  . 
m i s c  . 
m i s c .  

m i s c  . 
m i s c  . 
m i s c  . 



T a b l e  1 4 .  C l a s s i c a l  L o w - T e m p e r a t u r e  A s y m p t o t i c  V a l u e s  of s129 E q .  (4 .3-3)  . 

S y s  t e m  

H e - N e  

H e - A r  

H e - K r  

H e - X e  

Ne-Ar  

Ne-Kr  

Ne-Xe  

a tm-cm 
2 

s e c ( O K )  
1116 

A r - X e  2 .93 



Table 14.  (Continued) 

Sys tem 

L 
atm-cm 

s e c  (OK) 
1116 

a 
Dalgarno (1967). 

b 
Based on the  12-6 p o t e n t i a l ;  parameters f o r  noble  gas p a i r s  and f o r  

N -N from van Heijningen e t  a l .  (1966,1968), and f o r  o t h e r  gas p a i r s  2 2 -- 

from Hirschgelder  e t  a l .  (1954). -- 



Table  1 5 .  C o r r e l a t i o n  Paramete rs  f o r  t h e  Composit ion Dependence of &f 
1 2  

According t o  E q .  (4.2-1).  

Sys tern < ~ / k  a a b System 5 ~ / k  a a b 

O K  O K  

He-Ne 

He-Ar 

He-Kr 

He-Xe 

He-C02 

He-SF6 

Ne-Ar 

Ne-Kr 

Ne-Xe 

0.26 Ar-Kr 

0.45 Ar-Xe 

1 .19  K r - X e  



Table 15. (Continued) 

System 5 ~ / k  a a b System 5 ~ / k  a a b 

a Based on t h e  12-6 p o t e n t i a l ;  parameters  f o r  noble-gas p a i r s  and f o r  

H -N from van Heijningen e t  a1.(1966,1968),  and f o r  o t h e r s  from 
2 2 -- 

I l i rschf  e lder  e t  a 1  . (1954) . -- 
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Table  17.  Se l ec t ed  High-Temperature P o i n t s  f o r  Curve-Fi t t ing,  Group I 

Sys  t e m  

He-Ne 

He-Ar 

He-Kr  

He-Xe 

Ne- A r  

Ne-Kr  

Ne-Xe 

Ar-Kr  

A r  - Xe 

K r  - X e  

H -N 
2 2 



s a 
Table  18.  Molecular-Beam P o t e n t i a l s ,  q ( r )  = K r  , f o r  Group I .  

b c 
Amdur e t  a l .  -- Leonas e t  a l .  -- 

System K s Range K s Range 

ev(8) 2 ev (2) S 

He-Ar 

He-Ke 

He-Xe 

Ne- A r  

Ne-Kr 

Ne-Xe 

A r  -Kr  

Ar-Xe 

Kr-Xe 

a Complete r e f e r e n c e  in format ion  i s  g iven  i n  Bibl iography 11. 

A l l  r e s u l t s  except  He-Ar and Ne-Ar a r e  c a l c u l a t e d  by combination 

r u l e s .  

C 
Only t h e  p o t e n t i a l  f o r  H2-N2 i s  c a l c u l a t e d  by combination r u l e s .  



T a b l e  1 9 .  Values  of q2 by D i r e c t  Measurement Compared w i t h  Those from 

Mix ture  V i s c o s i t y ,  and from Thermal C o n d u c t i v i t y .  

D i r e c t  Mix ture  V i s c o s i t y  
Measurement 

Thermal 
Conduc t iv i ty  

v a n  K e s t i n  T r a u t z  Thornton v a n  von Thornton 
H e i  j n i n g e n  I t t e r b e e k  Ubisch 
e t  a l .  -- -- e t  a l .  e t  a l .  -- 
(295 OK) (293OK) (293°K) (291°K) (%292OK) (302OK) (291°K) 

Sys t e m  D e v i a t i o n  from Refe rence  Equa t ions ,  P e r  c e n t  

He-Ne -0.8 -0.1 +2.3 +3.5 +1.4 +2.6 418.8  5 

He-Ar -0. O5 +O. 1 f 1 . 2  +1 .O +5.6 +4.9 +3.3 

He-Kr +1.0 +0.6 - i-3.2 - +4.3 +9.1 

He-Xe +0.6 - +O. 9 +0.5 - +1.3 +4.5 

Ne-Ar  +0.1  -0.4 -0 .1  -4 - 4  +l. 8 +4.0 +6.7 

Ne-Kr -0 .1  - - +1.5 - +3.4 +0.45 

Ne-Xe +0.8 - - +0.1 - +4.5 +2.1  

Ar-Kr f 0 . 2  - - -0.3 - +4.9 -4.7 

Ar-Xe f 0 . 1  - - -1.1 - +1.9 -2.8 

K r - X e  +0.05 - - +0.2 - -1.8 -0.2 

dev . I  

i n d e x  o f  1 1 3 4 6 8 1 3  
r e l i a b i l -  
i t y  (9 )  a 

a Dis regards  l a r g e  d e v i a t i o n  (18.8%) o f  He-Ne. 
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Fig. 1. Qualitative Temperature Dependence 

of Diffusion Coefficients. 





Fig. 2 .  Principal Experimental Methods 

for Diffusion Coeff icients .  





Fig. 3. Composition Dependence of  A12 a t  

Two Mass Ratios (m). Eq. (2.2-10) 

is  the exact formula o f  the Chapman- 

Enskog theory; Eq. (4.2-1) is  the 

semi-empirical expression o f  t h i s  

report. 





Fig. 4. Estimated Uncertainty L i m i t s  of  

q2 as a Function o f  Temperature. 
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APPENDIX 

General Correlation for Diffision Coefficients , & by Corresponding-St ates 12' 

This appendix presents a new two-parameter corresponding-states equation 

for the temperature dependence of diffusion coefficients, ~8''~. The derived 

equation is 

I 

= 0.05702/[1n [(T/Q)/~. 10 x lo7]) e m  [16.61/(~/~) ] 

x exp [35.87/(~/@)~1 , (A-1) 

for T/Q 3 36.6, and 
1/3 (LO.O)-l= 5.46 x ~ o - ~  (T/Q) , (A-2) 

for T/Q 4 36.6, 

where 8 and c3 are adjustable parameters determined by corresponding-states 

analysis. The quantum effects evident in measurements of o8- at very low 
12 

temperatures and for light gases were approximated by the hyperbola 

where Po denotes a relative reduced mass. Equations (A-1), (A-2), and (A-3) 

appear to serve better than any other known method for the correlation and 

prediction of diffusion coefficients. These equations were developed as 

follows. 

Theory. Most of the theory has been presented in Chapter 2, and the 

terms used in this appendix are consistent with the body of the report. Ac- 
e 

cording to corresponding-states the collision integral, , can be 

expressed as a function of two parameters. One parameter that is related to 



t h e  t r u e  well-depth of t h e  intermolecular po ten t i a l ,  denoted by 8 ,  and t h e  

second parameter t h a t  i s  a  c h a r a c t e r i s t i c  range-of-force d is tance ,  denoted 

by The r e la t ionsh ip  between the  c o l l i s i o n  i n t e g r a l  and t h e  f i r s t  

approximation of a12 i s  

Eq.  (2.2-8) can be rearranged t o  

where p  has been assumed constant ,  a t  one atmosphere. To s impl i fy  nota t ion 

t h e  subsc r ip t s  and supersc r ip t s  on t h e  c o l l i s i o n  i n t e g r a l  have been dropped 

because t h i s  appendix concerns only d i f fus ion i n  Tjinary mixtures. On t h e  

assumption of a  two-parameter p o t e n t i a l  t h e  colli 'sion i n t e g r a l  can be ex- 

pressed i n  terms of 0 and 4, t h a t  i s ,  

The values of W and 0 can be obtained from experimental measurements of @ 
12 

and an aux i l i a ry  t h e o r e t i c a l  formula. The values of should be corrected 

t o  a  mixture composition which corresponds t o  a  t r a c e  concentrat ion of t h e  

heavy component; then t h e  measurements w i l l  c lose ly  approximate [q2] , 
1 

see Section 2.4. The t h e o r e t i c a l  formula i s  an expression f o r  t h e  London 
- - 

dispers ion constant,  see Section 2.3. The London constant ,  C ,  i s  propor t ional  

t o  t h e  p o t e n t i a l  parameters, 

Given t h e  London constant the  1-ow-temperature c l a s s i c a l  asymptotes fo r  [& ] 
l2 1 

may bc: r ead i ly  ca lcula ted ,  as  was shown i n  Section 2.6-a),  



For mixtures f r e e  of quantum e f f e c t s  Eqs, (A-5), (A-6),  and (A-7) can lead. $0 

quan t i t a t ive  est imates of Q and LJ , when r e l i a b l e  values of C and [d12]  
1 

as  a funct ion of temperature a r e  ava i l ab le ,  

For mixtures with s i g n i f i c a n t  quantum e f f e c t s  theory indicates  t h a t  t h e  

di.fferences between the  quantum- and c lass ica l -d i f fus ion  c o l l i s i o n  i n t e g r a l s  

may be simply r e l a t e d  t o  t h a t  i s ,  t h e  r a t i o  of the  de Boer parameter 

I/* t o  temperature, Since A* 5 h/[ ~ ( 2 , # ,  e ) 1 1, quantum e f f e c t s  may be ap- 
l2 A 

proximated by 

where t h e  a s t e r i s k  denotes the  presence of quantum e f f e c t s ,  the  subscr ip t  . 
denotes values taken r e l a t i v e  t o  a reference gas pa i r ,  and/, i s  the  r e l a t i v ?  

mass r a t i o  of t h e  reference mixture t o  a p a r t i c u l a r  mixture. 

Outline of Calculat ion Method. The information necessary f o r  t h e  calcu- 

l a t i o n  of t h e  corresponding parameters i s  avai lable  from the  c r i t i c a l l y  evalu- 

a ted  d i f f u s i o n  coef f i c ien t  data presented i n  the  body of t h i s  r epor t  and from 

1 
London constants  i n  the  l i t e r a t u r e .  The most r e l i a b l e  values of&l2 a re  

experimental r e s u l t s  f o r  the  t e n  noble gas pa i r s ,  whose molecular character-  

i s t i c s  a re  most consis tent  with t h e  t h e o r e t i c a l  formulas. Of a l l  t h e  data 

2 
ava i l ab le  onl-y t h e  experimental r e s u l t s  by van Hejr?ningen e t  a.1. were se lec ted  -- 
f o r  t h i s  corresponding-states ana lys i s ;  the  temperature rang.;. of t h i s  da ta  i s  

between 65" and )~oo"K. The value:: of odt calcula ted  from molecular-beam 
12 

poten1;i:~ls were used a t  1000" and 10,OOOOl~; and they ha.ve been l i s t e d  i n  

Table 17. The data  from both sources were corrected t o  a mixture composition 

rtrhich corresponds t o  a t r a c e  of the  heavy- component by t h e  method given i n  
- 

Chapter 4, Section 2. From t h i s  information values of (l/a) were ca lcula ted  

i n  accordance with Eq.  (A-4), the r e s u l t s  a re  given i n  Ta'ble 26. The values 

were p lo t t ed  on precise  graphs on a log-log bas is ,  and appear as  unconnected 



points. At 10%~ temperatures the London constants given in Table l4 were used 

to calculate values of l/fi in accordance wj.th Eqs. (A-4) and (A-7).  These 

low-temperature data appear as straight lines with slopes equal to 1/3 on the 

log-log plots constructed for each noble gas mixture. By graphical a,nalysis 

the corresponding-states parameters O and W were obtained, The gas pair 

IHe-Ar was considered a reasonable choice as a reference system to which the 

two parameters would be normalized. Tbe procedure to determine Q and d 97as 

essentially as follows. On the graph for He-Ar, the graph for each noble gas 

pair was superimposed and shifted along the asymptote of He-Ar until the ex- 

perimental points were most nearly coincident. Similarly, the data of other 

gas pairs were matched. A displacement of the abscissa from values for He-Ar 

gave the log With 8 known, the values of 0.J were calculated in accordance 

with Eq. (A-6). In Table 26 the fifth and sixth columns list the estima,ted 

values of 8 and cL, for the ten noble gas pairs. 

The determined 8 and ~3 were used to generate values of (T/B) and fa ] 12 ,x 
[ 2MlM2/ ( M1+ Mp ) 1 1 / 2 ~ ~  /T3/* which were plotted on a large-scale graph on a 

log-log basis. If the two-parameter assumption for the corresponding-states 

analysis is good, as well as the use of reliable data, then these points should 

fall on a single curve, This curve would correspond to the collision int~gral 

for the reference system, He-Ar. The results were quite consistent. Almost 

every one of the points, 61 in aU, had deviations of less than 10% and the 

average absolute deviations for each noble ga.s pair ranged from about 1 to 3%. 

The data clearly indicated a complex nonlinear relationship, except, of course, 

at temperatures covered only by the classical asymptote. A simple mathematical 

form applicable over the ~ r l t i l n e  temperature range t i as  not obtained. An ecpa- 

tion was derived as follows, Through the data points a smooth curve was 

drawn. Points were selected off the curve which. are listed in Table 27, and 



f i t t e d  t o  the  form of Ey. (4.3-1)  The numerical values f o r  t h e  corresponding- 

s t a t e s  equation were ca lcu la t ed  by a l i n e a r  leas t -squares  procedure. The 

parameter - s of Eq. (4.3-1) was found t o  be almost zero (0.0210); t o  s impl i fy  

t h e  expression t h e  parameter s was taken a s  exac t ly  zero, and the  f i n a l  - 

values f o r  t h e  o the r  parameters were again obta.ined by least-squa.res ca lcu la -  

t i o n s .  These r e s u l t s  a r e  given by E q .  (A-1). The i n t e r s e c t i o n  oi' Eq .  (A-1) 

anrl t h e  c l a s s i c a l  asymptote, f o r  He-Ar, e s t a b l i s h e d  t h e  upper temperature 

l i m i t  f o r  t h e  asymptote, Eq.  (A-2) .  The value of t h e  i n t e r s e c t i o n  poin t  vas 

read d i r e c t l y  o f f  t h e  la rge-sca le  graph. The r e s u l t s  a r e  i l l u s t r a t e d  i n  

Fig .  82. 

The hyperbolic  approximation f o r  quantum e f f e c t s  was ca lcu la t ed  based 

on d i f f e rences  between t h e  experimental da ta  and po in t s  on t h e  drawn curve 

only between 65' and 1 1 0 0 ~ ~ .  These d i f f e r e n c e s  were p l o t t e d  and found t o  be 

3 cons i s t en t  wi th  Eq.  (A-8). I n  add i t ion  da ta  f o r  Hz- N2 were included f o r  

which t h e  8 and c) values  were est imated from a r e l a t i o n s h i p  between Q ,  C, and 

p o l a r i z a b i l i t i e s .  This r e l a t i o n s h i p  i s  discussed below. Inspect ion  of the  

graph ind ica ted  t h a t  a c o r r e l a t i o n  f o r  qua.ntwn e f f e c t s  ha,d t h e  form of a 

hyperbola. The determined expression i s  given by Eq.  (A-3), and Fig. 83 

shows t h a t  quantum e f f e c t s  may be we l l  es t imated  by t h i s  approximation. 

The experimental values of &12 were compared wi th  p red ic t ions  by E q s .  

(A-1), (A-2), and (A-3); t h e  devia t ions  a're l i s t e d  i n  Table 28. The values 

of 8 and ZIJf used i n  these  ca lcu la t ions  a r e  l i s t e d  i n  Table 26. 

The experimental da ta  o f 8  were a l s o  compared with a previous ly  pub- 
12 

4 
1i:;hed c o r r e l a t i o n  f o r  r 8 , .  TEl5 :: corm1 a t i o n  r cqu i rc s  knowledge of atomic 

1~ 

vol urne:; ii~hich i j7 . r .  crrtpiric;ll_ par;irrii:l,ctre a Thc~ cou.y*cl ailion i:; il 1 ustr . :~ i,(>ii TOY 

t h e  Ire-Ar mixturc or1 F i g ,  82. Thc  cic:vi:ition:: prc::eritcd i n  Table 23 indjc:~i,c 

t h a t  it is a vc"~'y good simple mc-.ihoil Tor est.irnate:; of' ?& . 
1.2 



Discussion. The u t i l i t y  of the  corresponding-states equation i s  i n  three  

areas :  ( I )  f o r  mixtures with much r e l i a b l e  data the  applicable temperature 

range may be extended t o  higher or  lower temperatures with considerable re-  

l i a b i l i t y ,  ( 2 )  f o r  mixtures with meager data  t h e  extra,polations can be ma,de 

with l e s s  r e l i a b i l i t y  but these  ext rapola t ions  a r e  s e n s i t i v e  t o  the  temperature 

dependence of q2, and (3)  f o r  mixtures with no measurements of die, valufis 

ma,y be predic ted  over severa l  decades of temperature. 

The appl ica t ion of the  equation requires  two parameters. Several calcu- 

l a t i o n s  were made f o r  d i f f e r e n t  methods useful  f o r  the  determination of 8 and 

Cd ; t h e  r e s u l t s  a re  presented i n  Table 30. F i r s t  from the  measurement of a  

s ing le  value of die and imowledge of the  London constant values of Q can be 

obtained by simple graphical  analys is .  The technique i s  s imi la r  t o  t h a t  used 

t o  obta in  t h e  o r i g i n a l  values of O and 4). If t h e  London constant i s  not  

ava i l ab le  from the  l i t e r a t u r e ,  then C may be computed from the  Slater-Kirkwood 

formula 5 

L L 

where a i s  the  p o l a r i z a b i l i t y  of the  atom or molecule, and N i s  t h e  nuiber of 

valence e lec t rons .  The Slater-Kirkwood expression i s  a  f a i r l y  r e l i a b l e  means 

t o  obta in  the  London dispers ion constant .  Second, i f  no measurement of &-, 
1- 2 

iz avai lable  thexi values of ti&!:, may s t i l l  h c  predicted given the  London con- 

s t a n t  or  thc well depth. 

The London constant has bc>eri corre la ted  t o  the  values o-f' l'hci Torm 

,6 f o r  t h i s  co r re la t jon  was cierived by a n  argurnsnt which slar'c$s with C d E  (G- . 
U 1-2 12 

The well-depth, El,-, i s  assumed proport ional  t o  8. The p o l a r i z a b i l i t y  between 



atoms or molecules may be considered as ,  CX K T3, where 0'- can be approxi- 

mated a s  the  ar i thmet ic  mean value of the  individual  gases. By these  assump- 

t i o n s  and a p l o t  with the  appropriate coordinates, t h e  equation obtained f o r  

8 i n  terms of ( c , C X )  i s  

Equation (A-10) and the  avai lable  values of O a r e  shown i n  Fig.  84. I f  no 

values of t h e  London constants  a re  avai lable  then O may s t i l l  be predicted. 

given the  well-depth of t h e  po ten t i a l .  The values of O were p l o t t e d  agains t  

e /k from th ree  sources, see Fig.  85. The most r e l i a b l e  source of G 
12 12 

6 
i s  molecular-beam measurements , l e s s  r e l i a b l e  values a re  obtained from v i s -  

7 cos i ty  data  and t h e  combination ru les  , and &om di f fus ion  coef f i c ien t s .  
2 

Fig. 85 ind ica tes  t h a t  the re  i s  a  d i r e c t  p ropor t iona l i ty  between €9 and e= 12 

but, because of t h e  r e l a t i v e l y  large  uncer ta in t i e s  i n  G a d e t a i l  ana lys i s  
12' 

i s  unwarranted. The data  presented i n  Fig.  85 was simply approximated by 

I n  Table 30 t h e  r e s u l t s  are  presented f o r  a  number of t e s t  cases a,bout 

the  p red ic t ive  a b i l i t i e s  of Eqs. (A-1), (A-2), and (A-3). Two gas p a i r s  

were chosen, one a noble gas p a i r  other than He-Ar, and a gas p a i r  with d i -  

atomic molecules, H2- N2. The deviat ions ind ica te  t h a t  with one experimental 

measurement of & r e l i a b l e  values 
12 

of &12 can be predic ted  over more than 

th ree  decades of temperature. The absence of a  measurement of & increases  
12 

the  uncer ta in t i e s  i n  predic ted  values o f 8  by a f a c t o r  of about 1.5,  o r  
12 

l e s s .  

Concludinc Remarks. In  Table 30 the  dcvia,tions a s  a funct ion of tempera- 

t u r e  inclicatr: iha.1, {:enera1 cor re la t ion  doer, not  have great  e n o u ~ h  curvature, 



an upswing, at temperatures between 1000" and 10,000"~. This shortcoming is 

also evident in Fig. 82. The magnitudes of these systematic errors are less 

than the uncertainty limits for mixtures of Group 111, see Chapter 5, Section 

1. In Table 28 the deviations for Ne-Ar appear systematically high by a 

few percent. This suggests that the values of 8 and hJ should be slightly 

adjusted to improve the curve-fit for Ne-Ar. 
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Table 26. 

T, O K  

65 35 

77 35 

90.2 

169 3 

295.0 

1,000. 

10,000. 

90.2 

169.3 

295 9 0 

400.0 

1,000. 

10,000. 

111.7 

169 3 

295 0 

400.0 

1,000. 

10,000. 

169.3 

231.1 

295.0 

400~0 

1,000. 

10,000, 

a Experimental Data and Corresponding-States Parameters. 

lo4/ h Gas Pair Q ( id 

4.032 He - Ne 0.78 0.86 

4.210 



Table 26, (continued). 

T, OK Gas Pair  

90.2 2.241 Ne - A r  

169.3 2.812 



Table 26, (continued). 

T, OK lo4/& Gas Pair 8 

169.3 1.336 Ar - Xe 3.72 

231.1 1.538 

295.0 1.710 

400.0 1 .898 

1,000. 2.479 

10,ooo. 4.089 

169.3 1.153 K r  - Xe 4.27 

w " U% is defined by Eq. (A-4). 

Values in parenthesis are slightly low a,nd more reliable values a,re as follows: 

b 4.976 x 10 - 4 

C 
9.265 x 10 - 4 
d 
8.513 x 

e 
7.155 x 

f6.494 x low4 

g4.680 x 



Table 27. Data for Curve-Fitting the Corresponding-States Equation. 

1. 900 -3.578 

1.950 -3.557 

2.800 -3 . 356 
2. goo -3 0334 

Values in parenthesis are slightly low and more reliable values are as follows: 

a 
-3.262 

b-3. 210 

C 
-3.150 

d -3.094 
e 
-3 037 



Table 28, Deviations of Experimental Data Trom the  Corresponding-States 

Equation. 

Gas Pair T, O K  Deviation, $ Gas Pair T, "K Deviation, $ 

He - Ne* 65.35 -1.89 Ne - Ar* 90.2 +5.20 

77.35 -0.63 169.3 +4.47 

90.2 -0.95 295 0 +l .89 

169.3 -2.01 400.0 +0 .44 

255.0 -4.42 1,000. fl.91 

1,000. -4 -75 10,000. 4-7-37 



Table 28. (continued) 

Gas Pair T, OK De~ia~tion, % Gas Pair T, "K Deviation, % 

Ar - Xe 169.3 -0.74 Kr - Xe 169 . 3 +On39 

231.1 -1.80 231.1 -0.87 

295.0 -1.03 295.0 -2.06 

400.0 -1.04 400.0 -2.12 

1,000. -1.34 1,000. +2.40 

10,000 . -1-2.94 10,000 , +1~. 36 

*Deviations for these systems include corrections for quantum effects. 



Table 29. Comparison of t he  Corresponding-States Equation and the  Correlat ion 

a by Ful ler ,  Seager, a.nd Giddings. 

Gas Pa i r  

Average Absolute Deviation, % 

This Report FS G 

2.31 5.83 

2.59 3 . O l  

3.08 4.49 

2.99 10.02 

3.38 2.91 

2.17 3 SO7 

2.06 10. 26 

0.44 6.09 

1.48 4.28 

3.20 6.49 

Temperature, O K  

65 - 10,000 

90 - 10,ooo 

112 - 10,000 

169 - 10,000 

90 - 10,000 

112 - 10,000 

169 - 10,000 

169 - l0,OOO 

169 - 10,000 

169 - 10,000 

a 
Reference 4. 



Table 30. Tes t  Calculations f o r  Corresponding-States Equation. 

( X  2 0 . 0 ) ~  12 1 Avg. Abs. 

2 
Gas Pair  T, OK c m  /sec C,a.u. S2/b OK 8 L3 ~ e v i a t i o n ,  a % 

A r - K r  295.0 0.1354 91. sb - 3.11c 1.45 0.41* 

- - 91d 145 3 . 0 5 ~  1.46 0.45 

- - 91. 8b - 3 . 1 ~ ~  1.45 0.97 

- - - - - - 6. ogxg 

- N* 294.8 0.7521 3 od - 2 . 2 0 ~  1.12 4 . 2 2 ~  

*The deviations calcula ted are  as  follows: 

Deviation, % Deviation, $ 

Gas Pair  T, O K  This  Report F S G ~  Gas Pair  T, OK This  Report FSG' 

fr2 - N~ 65.25 -9.29 -11.5 Ar - ~r 169.3 +0.45 -11.2 

77.35 -0.10 -6.18 231.1 +0.39 -6.41 



8 Average absolute d-eviations are for data over a temperature range of 169" 

to 10,000~~ for A r - K r  (6 points) and 65' to l0,0OO0l: for H2-N2 (7 ~ o i n t s ) .  

b~stimated from Slater-Kirkwood formula, Eq. (A-9). 
C 
Estimated by graphical analyses. 

dObtained from literature. 
1 

e 
Calculated from Eq. (A-11). 

f~alculated from Eq. (A-10). 

g~ased or$ correlation by Fuller et al. (1966). 
4 -- 



Fig. 82. Corresponding-States Correlation 

for Gaseous Diffusion Coefficients. 





Fig. 83. Corresponding-States Corre la t ion  f o r  

Mixtures with Quantum Effec t s ,  





Fig. 84. Correlat ion of 0 as a Function 

of  the  London Dispersion Constant. 





Fig. 85. Correlation of 0 as a Function 

of the Potential Well-Depth, cI2/k. 





I .  Gaseous Dif fus ion  Coef f i c i en t s  f o r  Binary Mixtures (1870 t o  1969) 
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wi th  onc au thor  preccdc those  with two, which precede those  with t h r e e  o r  

morc au tho r s ,  
5 
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& 
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(!I2# coa l  gas ,  a i r ) ,  CS2- jil , coa l  gas ,  a i r ,  C02), ethy-1 e tkc r -  2 
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A- 
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Q 2 ,  CBZ) . gas cl~sot;na?;agraplay, 

Dondarenko, A ,  G .  and I., F ,  Galubev (%964) ,  Gasav, Prom, 9, PO, H2==(M - 2 "  

COZ) two-bulb ap j~asn tus ,  
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l-bromobutane- (I$, NZ)- evaporat ion tube.  

Buckingham, E ,  (1904). U .  S. Uepl, Agr. Bur, S o i l s ,  B u l l .  No, 25, 

air-CO d i f f u s i o n  b r idge  (porous scpturn) , 
2 " 
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I'cclr, Rcpt.. AFML-TR-65-141, p a r t  XI, Ile-Ar, sound abso rp t ion ,  

Casey, C . ,  E ,  H ,  Carncvalc, and S. Uva (1968'). P r i v a t e  Communication 

from 6 ,  Carey' Ile-Ar. sound abso rp t ion ,  

Camichaell, L ,  'l',, H. H ,  Realor ,  B .  11, Sage, and W. N, Lacey (1955 a ) *  

Ind, Eng, Clrom, - 47,  2205. methane-n-hspkanc, evapora t ion  tube ,  

Carmichacl, L ,  T . ,  D, 11, Sage, and W .  N, L;icey (1955 b') ,  A%ChE J .  1, 585. - 
n-hexane- (Cfi4,  ctliarae, propane) . evaporat  i o n  tube.  

Carswell ,  A ,  I ,  and J .  C ,  S t ry lnnd  ( l 9 6 J ) ,  Canadian 9, Phys ,  41, 708. - 
1 -  ( I  A )  , (exporireental method not specif  iud)  , 

Chakrt lhsr t i ,  P ,  K ,  ~ n c l  P.  Gray (1946)  , 'Frans , Paraclay Soc, 56, 33 31, 

SOZu Cnl~ thy l  c l l lor ido,  t i i r~~a-thy 1 ~ L I I C T )  mC)tlly1 ~11110SiJ~"-dim~thyt.  e ther .  

two-.trulb appafatrts , 

Cfronrbsrc, F ,  SS2 JI-, and T ,  K ,  Sttcrr~dood (1937),  I n d ,  Eng, Claem, 2% 1415. 
hd 

N2-11204. evaporatitrn t u l ~ .  



Chane, G ,  T, (1966). Ph,D. 'l 'hesis, Rise I h i v , ,  'l'cxns, H e - N Z ,  CH4- 

(erhane, ~ J L  ----- u y d i ~ e )  - i a -bu~ane)  , gas chromarograpY~y, 

Clarke ,  J ,  K ,  and A. R ,  IlbbeSohde (19".7), J .  Cl?ercc7,, Soc, ,  p, 2050, 

n-heptane-(He, A r ,  b12, D2, N2), n-octane-(He, h r ,  H z ,  D2, N2), 

2,2,4-trimethylpentane.- (i-le, A r ,  :d2 Dl?, N2), 2,4-dimethylpentane- 

(He, A r ,  I$, evaporat ion tube ,  

Coates,  J .  and A,  A. Mian (1967). Zndustr ie  Chimi-que Belge 32 ( s p e c i a l  -- --*---- - - 
number), p a r t  1, p. 285. Ite-(Ar, N2). N z - C U 2 .  d i f f u s i o n  br idge  

(porous septum), 

Cordes, H ,  and K ,  Kerl (E96S), Z, Phys ik ,  Ghem. (Frankfu&) 45, 369. 
7 

4 - ( A  N c losed  tube .  2 

C o u l l i e t t e ,  J .  11. (1928), Phys. Rev. 32, 6 3 6 ,  Mg-l-lg- flle~~UaF)P band - 

f luorescence .  

Coward, I-{. F .  and E.  H. M .  Georgeson (1937). $J, Chem, Soe. ,  p. 1085. 

a i r -  (CI-14, C02) . c losed  tube .  

C r i d e r ,  W .  I.,. (1956). J. h e r .  Cirem. $ 0 ~ ~  78 ,  924. H28-(H29 N 2 ,  GO2). - 
evapora t ion  tube,  

C m i n g s ,  G .  A. lilcD. and A,  R ,  Ubbelohde (1953),  9, CPtem, SOC. ,  P. 3751, 

n-hexane- ( A r ,  El2, N 2 d 2 ) ,  2,s-dimethylbutane- ( A r ,  H Z $  N 2 *  02)  P 

cyclohexane- (Ar, H z ,  N2, 0 2 ) ,  methylcycli.opentane-= (AT, H a ,  N 2 ,  021, 

n-octane- (Ar, H N2, 02), 2,2,4-trimethylpewtapbe-(Ar, W2, N 2 9  Q21, 2" 

n-decane- (Hz, 3) n-dadecane- (Hz,  N2), 2 ,3,3- t r imethylheptane-  

(HZ,  N2) , evaporae ion tube ,  

Cmmings, G ,  A ,  MeD, and A ,  K, Ubbelohde (k955), 9 ,  Chem, Soc,,  p. 2524, 

n-octane- (I$, N ) , N2-n-"decane, 2,2,4-t-eririsethylpen~ne- (H hi2) ; and 2 2" 

recaXculaeions f o r  preceding reference, evaporat ion tube ,  

Curnmings, G .  A ,  McD., E ,  McLaughlirs, and A ,  R ,  Ubbelo11de (1995), J *  Chem, 



but-2-ene- (PI2, N ) , 2,3-dinrethyibu~a-1,3-dieize- (ii2, W ) , hexa-1: 2 2 

5-diene- (Ha, N2 j . evaporaeion t u b e ,  

Cur r i e ,  J, A. (1960). B r i t ,  J. Appl, Phys, 11, 314, Hz-air, open tube ,  

CvexanoviC, R .  J, and D.  J. Le Roy (P952) ,  .I, Chhsm, Phys. 20 343. --* 

Na-N2. evapora t ion  tube.  

de Nordwall, H. 9.  and R .  H ,  Flowers (1958). U ,  K ,  A ,  E ,  A ,  Research 

Group, A.  E .  R ,  E ,  C/M 342. a i r - I  unsteady evapora t ion .  2 * 

De P a z ,  M . ,  0. T u r i ,  and M, L ,  Klein (1967). Physica 36, 127, A r - A r .  - 
c a p i l l a r y  Peak. 

Diller, D .  E .  and E.  A ,  Mason (1966). 3 ,  Chem, Phys, 44, 2604, k I Z - D Z e  - 
mixture v i s c o s i t y ,  

DiFippo. R . ,  9,  Kest in ,  and I(. Oguchi (1967). J .  Glrern. Phys. 46, 4986, - 
Ife-(Ne, A r ,  COZ). Ne-(Ar. N2), Rr-(NH3, H Z ) .  mixture v i s c o s i t y .  

DuBro, G .  A .  (1969). Monsanto Research Co, , Report MEM-1635, 3 ~ e - 4 ~ e ,  

He- (Ne, Ar) , Ne-Xe, K r - K T .  two-bulb appara tus ,  

Durbin, L .  and R .  Kobayashi (k362),  9, Chem, Phys. 37 ,  1643. Ks-(He, A r ,  - 
K r ,  C 2 1 1 4 d N 2  J02) . two-bulb appara tus  (parous plug)  . 

E l l i s ,  C .  S .  and J ,  N .  Holsen (1969)- Ind ,  Eng, Chem., Fundam. 8 ,  787, - 
N2- (He, GOZ). d i f f u s i o n  br idge  (porous septum), 

Ember, G , ,  J .  R .  Ferron, and K .  WahE (1962). J ,  Chem, Phys. 37, 891. - 
C02-GO2. p o i n t  source. 

Ember, G . ,  3 ,  K. F e ~ r o n ,  and K .  Noh1 (1904). AIGhE J, 10 ,  6 8 .  CHq-CH4, - 
C02- (GHqp HZO, C02) po in t  source, 

Evans, E. V.  and C. N .  Kenney (1965),  Proc,  Royaf Sot, A284, 540. H2-(Ar, 

SF ), N2-ethylene, SF6-[lie, A r ,  N2), gas c3hrarnatogrqhy. 
6 

Evans., R ,  B , ,  E X % ,  J ,  TruiWe, and G ,  i".i, Watson /1966), J, Chem, Eng, 

Data 6 ,  522.  He-Ar, d i f f u s i o n  b r i d g e  (porous s cp t tm~) ,  
w 



Evans, R .  B , ,  111, 6 ,  M. Watson, and .i, ' l ' su i tu j lY62) ,  J ,  Appl, Phys. 

3 3 ,  2682, tie-Ar, diffusion b r i d g e  (porous septum), - 
Evans, R .  B , ,  111, G ,  :\i, Watson, and J ,  T r u i t t  (1963)- J, Appl, Phys, 

4 

34, 2020. tle-Ar, d i f f u s i o n  b r i d g e  (porous septum), 
v 

Evans, R .  B . ,  111, L .  D .  Love, and E, A ,  Mason (1969)- 3 .  Chem, Educ. 

46,. 423. a -  ( 1 ,  1 )  Graham d i f f u s i o n  tube .  - 
Fairbanks,  D .  F .  and C .  11, Wikkc (1950). Ind,  Eng. Chern, - 42,  471.  t o l -  

uene- ( A r ,  H2 9 a i r ) , .  e t h y l  propionate-  (li2, a i r )  . unsteady evapora t ion .  

Fedorov, E .  R . ,  B .  A .  Tvakin, and 1). E .  Sue t in  (1966). S o v i e 0 h y s . - T e c h .  

Phys, - 11, 424 [Zh, Tekh, F i z ,  - 36, 569 (1966)l .  He-(Rr, Kr, a i r ,  

SF6) Kr-(AT, H2). c lo sed  tube .  

Fe j e s ,  P ,  and L .  CzSt&n (1961). Ilungary Acta Chirn, - 29, 171, HZ- (N2, CH4, 

e thane,  propane, C W ) Cllq-GO2, N - (efliane, propane> CqtllO). 
4 10 2 

gas  chromatography. 

Ferron,  J .  K .  (1967). P r i v a t e  Communications. li20-1I20, ~ 0 ~ - ( A r ,  H20. 

N Z 9  C02). p o i n t  source .  

Foch, R .  (1913). Ann. C h i m .  Phys. - 29, 597, a i r - C 0 2 , 0 0 p n  tube.  

Franzen, W .  (1959) ). Phys. Rev, - 115, 850. Rb- (Ne, A r ,  Kg., Xe). 

o p t i c a l  pumping. 

Freudentllal ,  J .  (1966). proceedings of t h e  Seventh I n t e r n a t i o n a l  Con- 

f e r ence  on Phenomena - 1965), B.  Pesovie  

and D .  T O % ~ E ,  eds  . (Gradevinska Kn j i g a  Publ i sh ing  liouse, Beogard) , 

Val, 1 ,  pp, 53-7, Ne-Ar. c a t a p h o r e s i s ,  

F r o s t ,  A. 6 ,  (1967). PE1,l). Thesis, Colurnbia Univ. New York ,  kie-(N2* Cld4? 

crliane, propane, butanc. C21iq, propylcnc. l -butenc)  . open tube .  

F u l l e r ,  E .  N, and J ,  C ,  Giddings (%965), J, Gas Chron~atog, - 3 ,  2 2 2 ,  

iie- (Clriq, n-hexane) . gas chromatography, 



Fuller, E. N. and J ,  C, Giddings (1967), in Giddings and Mallik (1967). 

N2-(ethylene, butane). gas chromatography. 

Fuller, E ,  N,, #. Ensley, and J. C, Giddings (1969). J ,  Phys, Chem. - 73, 

3679. N2-(ethylene, CqH10)2 He-(1-fluorohexane. fluorobenzene, 

difluoromethane, 1,l-difluorethane, hexafluosobenzene, 4-fluorotoluene, 

dichloromethane, trichloromethane, 1,2-dichloroethane, 1-chloropropane, 

1-chlorobutane, 2-chlosobutane, b-chloropentane, chlorobenzene, dibsomo- 

methane, bromoethane, 1-bromopropane, 2-bromopropane, 1-bromobutane, 

2-bromobutane, 1-bromohexane, 2-bsomohexane, 3-bromohexane, bromo- 

benzene, 2-bsomo-1-chlosopropane, iodomethane, iodoethane, l-iodo- 

propane, 2-iodopropane, 1-iodobutane, 2-iodobutane). gas chromatography. 

Gaede, W. (1915). Ann. Physik - 46, 357, Ilg-(H2, air). condensable vapor 

pumping effect and evaporation tube, 

Galloway, T. R. and B, H .  $age (1967). Chem, Eng, Sci. - 22, 979, 

air-(n-hexane, n-heptane, n-octane). evaporation tube. 

Getzinger, R ,  W. and C. R. Wilke (1967). AIChE J. - 13, 577. air-(CH30H, 

ethanol, benzene, CHCl El4). evaporation tube. 3' 

Giddings, J.  C. (1968). Private Communication. H2-He. gas chromatography. 

Giddings, J. C. and K, L. Ma1li.k (1967) Ind, Eng, Chem, - 59 (4), 18. 

(see Fuller and Giddings, 1967). 

Giddings, J, C, and S, L,  Seager (1960), J ,  Ckem, Phys, - 33, 1579, 

H2-id2. gas chromatography. 

Giddings, J ,  C. and S. L, Seager (l962). Ind, Eng. Chem., Fundam, - 1, 277, 

He- (AT, NH3, N2, 02, COZ), HZ- (He, N2, Co2), N2- (02$ C02). gas 

chromatography, 

Gilliland, E. I?, (1934). Ind, Eng, Chem, - 26, 681, air-(HZB, 2-propanol, 

1-butanol, 2-butanol, 2-pentanol, toluene, ethyl acetate, chlorobenzene, 

aniline, diphenyl, H g ) .  evaporation.t%bbe. 



Ginsel ,  L .  A ,  and L .  S .  Omste in  (1933), Z.  Physik - 84, 276. Na-flame 

atmosphere. flame d i f fus ion ,  

Golubev, I .  F ,  and A. G o  Bondarenko (1963), Gazov, Prom. - 8, 46. Ar-(He, 

H ~ )  . two-bulb apparatus. 

Goryunova, N, A. and E, V, ~ u v s h i n s k i i  (1948). Zh, Tekh, F i z ,  (USSR) 

18, 1421. a i r - (ace tone ,  CHC13, cyclohexane). evaporation tube. - 
Gozzini, A , ,  N .  I o l i ,  and F ,  Strumia (1967). Nuovo Cimento B49, 185. - 

He-Ma, o p t i c a l  pumping. 

Griboiedov, S. (1893). J. Russ, Phys-Chem, Soc. 25, 36,  air-(benzene, - 
e t h y l  e the r ,  methyl formate, methyl ace ta te ,  methyl propionate) .  

evaporation tube. 

Grieveson, P.  and E. T. Turkdogan (1964). J. Phys, Chem. - 68, 1547. 

A r -  (Cr, Fe, Co, Ni) , evaporation tube,  

Grob, A. K.  and M. M. El-Wakil (1969), Trans. ASME, J. fieat Transfer  91C, - 
259. air-(n-hexane, n-heptane, benzene, CC14, e t h y l  a c e t a t e ,  

1,2-dichloroethane, e thy l  iodide,  fluorobenzene, n-butyl chlor ide ,  

e t h y l  bromide). unsteady evaporation. 

Groth, W. and P. Harteck (1941), Z, Elektrochem. - 47, 1167. K r - K r ,  Xe-Xe, 

c losed tube,  

Groth, W. and E ,  Sussner (1944), Z, Physik Chem, (Leipzig) A193, 296, - 
Ne-Ne, closed tube.  

Guglielmo, G .  (1881). A t t i  Rccad. Tosino 17,  54, H20-air, evaporat ion .- 

tube.  

Guglielmo, G .  (1882). A t t i  Accad. Tosino - 18, 93, H20-(H2, a i r ,  C02). 

evaporat ion tube ,  

Gurvich, V. S, and E. V .  Maeizen (1968). Isv.  S i b ,  Otd, Akad, Nauk SSSR, 

Ser. Khim. Nauk - 6, 8; i n  Chem. Abstr. 70, 71226 j (1969). Ar-C02. - 
c a p i l l a r y  method (?) ; method not  given i n  a b s t r a c t .  



Gush, L. L. (1948). Trans, I n s t ,  Chem. Eng. (London) - 26, 142, air-acetone,  

evaporation tube. 

Margrove, G .  L ,  and D. T, Sawyer (1967). Anal, Chem. 39, 244. He-(ethanoi, - 
n-butane, n-pentane, n-hexane, e the r ,  acetone, benzene), As-(n-butane, 

n-pentane, n-hexane, e the r ,  acetone, benzene), N2-n-butane. evapora- 

t i o n  tube. 

Harteck, P. and H. W. Schmidt (1933). Z. Physik Chem. (Leipzig) - B21, 447, 

P-112 i n  normal-Hz. closed tube and back d i f fus ion ,  

Hartland, A. and M. Lipsicas (1963). Phys. Le t t e r s  - 3, 212, HZ-I$. 

nuclear  magnetic resonance. 

Hawtin, P . ,  H. W. Dawson, and J. Roberts (1969). Trans. Ins t .  Chem. Eng. 

(London) - 47, T109. He-(Ar. N2), CH -COY di f fus ion  bridge (porous 
4 

septum). 

Heath, H. R .  ,T. L,  Ibbs, and N. E.  Wild (1941). Proc, Royal Soc, A178, - 
380. H2-D2. c losed tube. 

Heinzelmann, F .  J., D. T. Wasan, and C ,  R, Wilke (1965). Ind. Eng. Chem., 

Fundam. - 4, 55. air-benzene. evaporation tube. 

Henry, J .  P. ,  Jr, ,  R. S .  Cunningham, and C ,  J. Geankoplis (1967). Chem. 

Eng. Sc i .  - 22, 11. He-N2. d i f fus ion  bridge (porous septum), 

Ilippenmeyer, B .  (1949). I .  Angew, Phys. - 1, 549. H20-(HZ* N2). evaporation 

tube. 

Hirst. W.  and G. E. Harrison (1939). Proc. Royal Soc, A169 573. Rn- (Me, 
-3 

Ne, A r ,  li2, a i r ) .  closed tube. 

Hogervorst, W. and J. Freudenthal (1967). Physica 37, 97. Ne-Ar, - 
cataphoresis  . 

lIolmes, R. and W. Tempest (1960). Proc, Phys. Soc, (London) 75, 898, - 
He-(Ne, A r ,  Kr). sound absorption.  



Ilolsen, J. N.  and M. R .  Strunk (1964). Ind, Eng. Chem,, Fundam, - 3, 143, 

He-(Ar, a i r ,  C02), CO2-(Ar, a i r ) .  closed tube,  

floudaille (1896), ThGses, P a r i s b i n  Landolt-B'drnstein Physikalisch- 

Chemische Tabellen (J. Springer, Berl in,  1923) Vol. I, p +  251. 

I i  0-a i r .  evaporation tube. 2 

Moughton, H. G, (1933). 3 .  Appl. Phys. - 4, 419. HZO-air ( a t  var ious  

humidi t ies) .  d rop le t  evaporation. 

I-Iuber, J, F, K, and G, van Vught (1965). Ber, Bunsenges. Phys. Chem. - 69, 

821. N -n-hexane, C6fi5NO2-i -octane. gas chromatography. 2 

Hudson, G .  ti., J. C. I\lcCoubrey, and A. R.  Ubbelohde (1960), Trans, 

Faraday Soc. - 56, 1144. (benzene-(HZ, N2, 02) ,  cyclohexane (HZ$ N29 

02) ,  pyr id ine  (H2, N2, 02) '  p ipe r id ine  (H2, N2, 02) ,  thiophen-(H2, 

N2,  02) ,  tetrahydrothiophen-(HZ, N 2 f l 2 ) *  evaporation tube,  

Humphreys, A. E. and E.  A .  Mason (1970), Phys. F lu ids  13, 000. A r - K r .  - 
two-bulb apparatus and temperature dependence of  thermal d i f f u s i o n  f a c t o r .  

Hutchinson, F, (1947). Phys. Rev. 72, 1256. A r - A r .  c losed tube.  - 
Hutchinson, F. (1949). J. Chem. Phys. - 17, 1081. A r - A r .  two-bulb 

apparatus.  

Ivakin, B. A.  and P.  E. Suet in  (1964 a ) .  Soviet  Phys,-Tech, Phys. - 8, 748 

[Zh- Tekh. Fiz .  - 33, 1007 (1963)l. HZ-(D2, NH3' CO), D2-(He, A r ,  

NH3, N2' CO, a i r ,  C02, St: ),NH3-(He, A r ,  N2, CO, a i r ,  SF6), CO-(He, 
6 

A r ,  N2$  C02, SF6). closed tube,  

Ivakin, B. A .  and P. E, Suet in  (1964 b ) , S o v i e t  Phys.-Tech. Phys. - 9, 866 

[Zh. Tekh. Fiz.  - 34, 1115 (1964)l. He-(Ar, N2,  CO, a i r ,  C02, SF6), 

H2-(Ar, N 2 #  CO, COZ9 SF6) C02- (Ar, N2, CO), SF6-(Ar, N2' CO, CO2) 

closed tube. 

Ivakin, B. A . ,  P. E. Suet in ,  and V. P. Plesovskikh (1968). Soviet  Phys.- 

Tech. Phys. 12, 1403 [Zh. Tekh, Fiz .  37, 1913 (1967)l. Ar-(KT, - - 



acetylene),  02- ( K r ,  SF6.. closed tube. 

~vanovski? ,  W .  M., V.  P, Sorokin, V, I.  Subbotin, and B. A .  Chulkov (1969). 

Teplofiz.  Vys. Temp. 479 [ t o  be t r a n s l a t e d  i n  High Temp, (USSR) 

7, 0001. K-(He, A r ,  HZ, N 2 )  d i f fus ion  control led  condensation. - 
Jona, F. (1965). J. Chem. Phys. - 42, 1025. GeBr2-GeBr4, Ge12-Ge14& 

d i f fus ion  con t ro l l ed  evaporation. 

Jorgensen, F ,  and H. Watts (1961). Chem. Ind. (London), p. 1440. 

air-benzene. evaporation tube. 

Kalelkar, A. S. and J ,  Kestin (1969). Prepr in t ,  t o  be published i n  J. Chem. 

Physics. Me-(Ar, Kr). mixture v i scos i ty .  

Kamnev, A. B. and V. B. Leonas (1966). High Temp (USSR) - 4, 283 [Teplofiz. 

Vys. Temp. - 4, 288 (1966)l. K r - K r ,  Xe-Xe. molecular beam s c a t t e r i n g ,  

Katan, T. (1969). J. Chem, Phys. - 50, 233, air-(methanol, ethanol ,  

benzene, e thy l  a c e t a t e ) .  d rop le t  evaporation (modified). 

Kaufmann (1967). i n  Fros t  (1967), He-(ethane, propane). open tube. 

Kestin, J. and J ,  Yata (1968). J. Chem. Phys. - 49, 4780. He-(Hz ,  02), 

HZ-N2, CH4-(C02, n-butane), C02-Kr. mixture v iscos i ty .  

Kestin, J . ,  Y.  Kobayashi, and R. T, Wood (1966). Physica 32, 1065. - 
He- (Kr, N2). C02- (Ar, N2) mixture v i scos i ty .  

Khomchenkov, B. M . ,  K. M. Aref' ev,,V, M.  ~or i shansk iY,  I ,  I.  Paleev, 

N. I .  Ivashchenko, R. I .   lits ski?, I .  G.  ~ho lmisk iy ,  and L. A. 

Suslova (1968). Iligh Temp, (USSR) 6, 956 [Teplofiz. Vys. Temp. 6, - - 

999 (1968) 1 , He- (K, Cs) , Ar- (K, Cs) , evaporation tube. 

Khouw, Be, J. .E.Morgan, and H.  I .  Sch i f f  (1969). J. Chem. Phys. 50, 66. - 

H- (He, A r ,  HZ). d i s soc ia ted  gases. 

Kimpton, U. D. and F. T. Wall (1952), J. Phys, Chem, - 56, 715, H20-(CIi4s 

ethane, propane, ethylene,  a i r ,  SO 1, DZO-air. evaporation tube. 2 



Klibanova, Ts. M., V. V. Pomerantsev, and D, A.  rank-~amenetski? (1942). 

Zh, Tekh. F i z ,  (USSR) 12, 14. air-(H 0, C02). c a p i l l a r y  leak ,  - 2 

Klotz, I ,  M, and D, K ,  Mi l l e r  (1947), J. h e r .  Chem, Soc. 69, 2557, - 
air-(HCN, CNC1, COC12, CC13N02). evaporation tube. 

Knox, J. He and L. McLaren (1963). Anal. Chem, - 35, 449. N2-ethylene. 

gas chromatography. 

Knox, J. ti, and L. McLaren (1964), Anal. Chem. - 36, 1477. N2-ethylene. 

gas chromatography. 

Kohn, J. P, and N. Romero (1965). J. Chem. Eng. Data - 10, 125. 

CH -(n-hexane, 3-methylpentane), evaporation tube. 4 

Korpusov,V. I . ,  B e  I. Ogorodnikov, and V. N ,  Kirichenko (1964). A t .  Energ. 

(USSR) - 17, 221. air-RaA. p r e c i p i t a t i o n  from laminar flow. 

Kosov, N .  D.  (1957). Issledovanie Fiz.  Osnov Rabochego Protsessa  Topok i 

Pechei (Alma-Ata: Akad. Nauk Kazakh. S. S .  R . )  Sbornik, pp* 285-90; 
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F iz . ,  Trudy Gorodskoi Konf., Alma-Ata (1965). pp. 90-3; i n  Chem. 
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Kosov, N.  D. and Z. I .  Novosad (1966 b ) .  Probl.  Teploenerg. Teplofiz .  

No. - 3, 251; i n  Chem. Abstr.  - 68, 98898 a (1968). He-(Ar+C02), 



Ar-(N2 + C02), CU2- (lie + N2). Method not  given i n  a b s t r a c t .  
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I sv ,  Akad. Nauk SSSR, Neorg. Mater. - 3 (2) ,  275; i n  Chem. Abstr.  - 67, 
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0-02. d i s soc ia ted  gases. 

Langmuir, I. (1918). Phys. Rev. - 12, 368. a i r - I  drople t  evaporation. 2 * 

Le Blanc. M .  and G .  Wuppermann (1916). Z.  Physik. Chem, (Leipzig) - 91, 143. 

air-(1-1 0, ethanol ,  benzene, propyl a c e t a t e ,  chlorobenzene. evapora- 2 
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chloro-ethylene, trichloro-ethylene, pentachlor-ethane, 1,1,2,2,- 

tetrachlorethane, l,l,l-trichlorethane, 1,1,2-trichlorethane, 
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dichloride, n-propyl bromide, i-propyl bromide, n-propyl iodide, 
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* 
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Ile- (N2, Ar) , N - (IICI, COZ :, H l i r )  , A r - H B r ,  d i f f u s i o n  b r idge  (porous 2 
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2 

N2' a i r ,  coal  gas) ,  
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thermal separa t ion  r a t e ,  
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i n c o r r e c t l y  t r a n s l i t e r a t e d  a s  uAleksovskii'f i n  the  English t r a n s l a -  
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a v a i l a b l e  from CFSTI, AD-609597. C02- (N2, AT, C02) . po in t  source. 
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po in t  source. 

Pakurar, T. A.  and J. R. Ferron (1966). Ind. Eng, Chem., Fundam. 5, 553. - 
C02-(NZ9 Ar). po in t  source. 
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i - b u t y r i c  ac id ,  methyl propinate,  e thy l  ace ta te ,  propyl formate, 

v a l e r i c  ac id ,  i - v a l e r i c  ac id ,  methyl bu ty ra te ,  methyl-i-butyrate, 

e t h y l  propionate, propyl a c e t a t e ,  i -bu ty l  f o m a t e ,  capry l i c  acid,  



i - c a p r y l i c  ac id ,  methyl v a l e r a t e ,  e thy l  butyra te ,  e thyl - i -butyra te ,  

propyl propionate, bu ty l  a c e t a t e ,  i -bu ty l  a c e t a t e ,  amyl formate, 

i-amyl formate, e thy l  v a l e r a t e ,  propyl va le ra te ,  propyl i -butyra te ,  

i -propyl  i -bu ty ra te ,  i -bu ty l  propionate, propyl va le ra te ,  i -butyl  
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Rossi.6, K ,  (1953), Forsch. Gebiete Ingenieur,  - 19h, 49.  H20-(air,  C02). 
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Rumpel, W e  F. (1955). Univ. o f  Wisconsin, Naval Research Lab, Report 
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2" 
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