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ABSTRACT

D im e n s io n a l  a n a l y s i s  i s  em ployed  i n  c o r r e l a t i n g  t h e  

b r e a k t i m e s  o f  s e v e r a l  b r e a k t h r o u g h  c u r v e s .  The t r e a t m e n t  

assumed t h a t  a l l  o f  t h e  t r a n s f e r  r e s i s t a n c e  l i e s  i n  t h e  

gas  p h a s e .

The b r e a k t h r o u g h  c u r v e s  u s e d  t o  d e v e lo p  t h e  c o r r e l a ­

t i o n  were a l l  f o r  c r y o g e n i c  s y s t e m s :  1) m e th a n e - h y d r o g e n ,

n i t r o g e n - h y d r o g e n ,  m e t h a n e - h e l i u m ,  and  n i t r o g e n - h e l i u m  on 

a c t i v a t e d  c h a r c o a l  a t  76°K; 2) m e t h a n e - h y d r o g e n ,  and 

n i t r o g e n - h y d r o g e n  on s y n t h e t i c  z e o l i t e  a t  76°K.

The c o r r e l a t i o n  i s  t e s t e d  on t h r e e  s y s t e m s :  m e th an e -

h y d ro g e n  on s i l i c a  g e l  a t  -115°F> w a t e r - a i r  on a c t i v a t e d  

a lu m i n a  a t  80°P ,  and w a t e r - a i r  on m o l e c u l a r  s i e v e s  a t  90°F.  

The p r e d i c t e d  b r e a k t i m e s  f o r  t h e s e  sy s te m s  a r e  i n  good 

a g re e m e n t  w i t h  t h e  a c t u a l  v a l u e s ,  f rom an e n g i n e e r i n g  

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

C orit™ ®  lAKES L C o lo r a d o  s c h o o l  
g o l d e n , c o l

-S L lB R ffty

-X)I, OF MTNC?" 
DORADO
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INTRODUCTION

In f i x e d - b e d  a d s o r p t io n  two mass t r a n s f e r  p r o c e s s e s  

ta k e  p l a c e :  th e  d i f f u s i o n  through the  gas p h a se ,  and d i f f u ­

s i o n  i n t o  th e  s o l i d  p a r t i c l e .  I f  both  o f  t h e s e  p r o c e s s e s  

were i n s t a n t a n e o u s , a p l o t  o f  th e  ad sorb er  o u t l e t  c o n c e n tr a ­

t i o n  v e r s u s  t im e would be a s t e p  f u n c t i o n .  U s u a l l y ,  however,  

one or  b oth  p r o c e s s e s  are  r e l a t i v e l y  s l o w ,  w ith  th e  r e s u l t  

t h a t  t h e  breakthrough curve assumes an S shape .

The d e s ig n  o f  a f i x e d - b e d  a d so rb er ,  and the  p r e d i c t i o n  

o f  th e  l e n g t h  o f  th e  a d s o r p t io n  c y c l e  between r e a c t i v a t i o n ,  

r e q u i r e s  knowledge o f  th e  p e r c e n ta g e  approach t o  s a t u r a t i o n  

at th e  b rea k p o in t  ( th e  p o in t  when th e  a d so rb er  o u t l e t  con­

c e n t r a t i o n  r ea c h e s  an a p p r e c ia b le  v a l u e ) .  This  i n  turn  

r e q u i r e s  th e  d e s i g n e r  t o  p r e d i c t  the  time o f  th e  b rea k p o in t  

(b rea k t im e )  and th e  shape o f  th e  breakthrough cu r v e .  The 

u n s t e a d y - s t a t e  c ir c u m sta n c e s  o f  f i x e d - b e d  a d s o r p t io n  and the  

many f a c t o r s  which i n f l u e n c e  th e  phenomenon make such com­

p u t a t i o n s  f o r  th e  g e n e r a l  case  most form id ab le  problem s.  

T h e r e f o r e ,  i n  p la n n in g  new a d s o r p t io n  p r o c e s s e s ,  th e  break­

p o i n t  and th e  breakthrough curve f o r  a p a r t i c u l a r  sy s tem  are  

u s u a l l y  determ ined  e x p e r i m e n t a l l y  under c o n d i t i o n s  r e se m b l in g  

a s  much as p o s s i b l e  t h o s e  t o  be en co u n tered  in  t h e ’ p r o c e s s .

In  t h i s  e n g i n e e r i n g  r e p o r t ,  the  b reakt im es  f o r  a l l  

breakthrough curves  are c o r r e l a t e d  on a s i n g l e  p l o t ,  w i th
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t h e  use  o f  d i m e n s i o n a l  a n a l y s i s ,  i n  a manner  s i m i l a r  t o  h e a t  

t r a n s f e r  o r  m a s s - t r a n s f e r  c o r r e l a t i o n s .  The b r e a k p o i n t  i s  

a r b i t r a r i l y  c hosen  t o  c o r r e s p o n d  t o  a v a lu e  o f  C/CQ o f  0 . 1 .
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BACKGROUND

Physical Adsorption

Physical adsorption is the physical t r ans fe r  of a solute in a gas 

or l iquid to a sol id  surface where the solute is held as a r e su l t  of 

intermolecular a t t rac t ion  with the s o l id ' s  molecules. The adsorbed solute  

does not dissolve in the so l id  but remains on the so l id  surface or in the 

pores of the so l id .  Adsorption is reversib le  so tha t  by changing pressure 

or temperature, the solute  may be removed from the so l id .  At equilibrium, 

the adsorbed solute has a p a r t ia l  pressure equal to the p a r t ia l  pressure 

of the contacting f lu id  phase, and by lowering the pressure of the gas
'v

phase or by ra is ing  the temperature, the adsorbed solute  is  readily  

removed.

Fixed-Bed Adsorption

Owing to the inconvenience and re la t iv e ly  high cost of continuously 

transport ing so l id  p a r t ic le s  as required in s teady-s ta te  operation,  i t  

is  frequently found more economical to pass the f lu id  mixture to be t rea ted  

through a s ta t ionary  bed of adsorbent. As increasing amounts of f lu id  are 

passed through such a bed, the so l id  adsorbs increasing amounts of solute 

and an unsteady-state prevai ls .  A schematic of a fixed-bed adsorber, 

and the plot  of C , concentration of the f luid  phase leaving the adsorber, 

versus time (breakthrough curve) are shown in Figure 1.
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This t e c h n iq u e  i s  very w id e ly  used and f in d s  a p p l i c a ­

t i o n  i n  such d i v e r s e  f i e l d s  as th e  r ec ov ery  o f  v a lu a b le  

s o l v e n t  vapor from g a s e s ,  p u r i f i c a t i o n  o f  g a se s  p r i o r  t o  

l i q u e f a c t i o n ,  deh y d ra t io n  o f  g a se s  and l i q u i d s ,  d e c o l o r i z i n g  

m in e ra l  and v e g e t a b l e  o i l s ,  and many o t h e r s .

Consider  the  c ase  o f  a b in ary  s o l u t i o n ,  e i t h e r  gas or  

l i q u i d ,  c o n t a i n i n g  a s t r o n g l y  adsorbed s o l u t e  at  c o n c e n tr a ­

t i o n  CQ. The f l u i d  i s  t o  be p a s se d  c o n t i n u o u s l y  down 

through a r e l a t i v e l y  deep bed o f  adsorbent  i n i t i a l l y  f r e e  

o f  a d s o r b a t e .  The uppermost l a y e r  o f  s o l i d ,  in  c o n t a c t  w i th  

t h e  s t r o n g  s o l u t i o n  e n t e r i n g ,  a t  f i r s t  adsorbs s o l u t e  r a p i d l y  

and e f f e c t i v e l y ,  and what ^ l i t t l e  s o l u t e  i s  l e f t  in  the  s o l u -
u

t i o n  i s  s u b s t a n t i a l l y  a l l  removed by t h e  l a y e r s  o f  s o l i d  i n  

t h e  l o w e r  p a r t  o f  t h e  b e d .  The e f f l u e n t  f rom t h e  b o t to m  o f  

t h e  bed  i s  p r a c t i c a l l y  s o l u t e - f r e e  as a t  Ca i n  t h e  lo w e r  

p a r t  o f  F i g u r e  2 ( T r e y b a l ,  1955» p .  ^ 9 9 ) .  The d i s t r i b u t i o n  

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

i n  t h e  u p p e r  p a r t  o f  t h i s  f i g u r e  a t  ( a ) ,  where  t h e  r e l a t i v e  

d e n s i t y  o f  t h e  h o r i z o n t a l . l i n e s  i n  t h e  bed  i s  meant  t o  

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

u p p e rm o s t  l a y e r  o f  t h e  bed  i s  p r a c t i c a l l y  s a t u r a t e d ,  and 

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

n a r r o w  a d s o r p t i o n  zone i n  which  t h e  c o n c e n t r a t i o n  changes  

r a p i d l y ,  as  shown. As t h e  s o l u t i o n  c o n t i n u e s  t o  f l o w ,  t h e  

a d s o r p t i o n  zone moves downward as a wave,  a t  a r a t e  o r d i n ­

a r i l y  v e ry  much more s l o w l y  t h a n  t h e  l i n e a r  v e l o c i t y  o f  t h e
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f l u i d  through  the  bed. At a l a t e r  t i m e ,  as at ( b ) ,  roughly  

h a l f  t h e  bed i s  s a t u r a t e d  w i th  s o l u t e ,  but the  e f f l u e n t  

c o n c e n t r a t i o n  i s  s t i l l  s u b s t a n t i a l l y  z e r o .  At ( c ) ,  the  

lo w e r  p o r t i o n  o f  the  a d s o r p t io n  zone has j u s t  reached  the  

bottom  o f  th e  bed ,  and the  c o n c e n t r a t i o n  o f  s o l u t e  in  the  

e f f l u e n t  has suddenly  r i s e n  t o  an a p p r e c ia b le  va lue  C_ f o rw

t h e  f i r s t  t im e .  The sy s tem  i s  s a i d  t o  have reached  the  

" b r e a k p o i n t . ” The s o l u t e  c o n c e n t r a t i o n  in  the  e f f l u e n t  now 

r i s e s  r a p i d l y  as the  a d s o r p t io n  zone p a s s e s  through the  

bottom  o f  the  bed and a t  (d) has su b s t a n t ia l l y ^  reached  the  

i n i t i a l  va lue  CQ. The p o r t i o n  o f  th e  e f f l u e n t  c o n c e n t r a t i o n  

curve between p o s i t i o n s  ( c )  and (d) i s  termed th e  "break­

through" cu rv e .  I f  s o l u t i o n  c o n t in u e s  t o  f l o w ,  l i t t l e  

a d d i t i o n a l  a d s o r p t io n  t a k e s  p l a c e  s i n c e  the  bed i s  f o r  a l l  

p r a c t i c a l  purposes  e n t i r e l y  i n  e q u i l i b r iu m  w ith  the f e e d  

s o l u t i o n .

The shape and the  t ime o f  appearance o f  th e  breakthrough  

curve i n f l u e n c e  g r e a t l y  th e  method o f  o p e r a t i n g  a f i x e d - b e d  

a d s o r b e r .  The curves  g e n e r a l l y  have an S sh a p e ,  but th ey  

may be s t e e p  or  r e l a t i v e l y  f l a t  and in  some c a s e s  c o n s i d e r ­

a b ly  d i s t o r t e d .  The a c t u a l  r a t e  and mechanism o f  the  

a d s o r p t i o n  p r o c e s s ,  the  na tu re  o f  a d s o r p t io n  e q u i l i b r i u m ,  

th e  f l u i d  v e l o c i t y ,  th e  c o n c e n t r a t i o n  o f  the  s o l u t e  i n  the  

f e e d ,  and the  l e n g t h  o f  th e  adsorber  bed a l l  c o n t r i b u t e  to  

th e  shape o f  th e  curve produced f o r  any sy s tem .
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PREDICTION OF BREAKTHROUGH CURVES

The m a t h e m a t i c a l  t r e a t m e n t  o f  t h e  b r e a k t h r o u g h  c u rv e  i s  

a s u b j e c t  t h a t  ha s  r e c e i v e d  c o n s i d e r a b l e  a t t e n t i o n ,  b u t  t h e  

p ro b le m  i s  so  complex  t h a t  no g e n e r a l  s o l u t i o n  h a s  y e t  been  

a t t a i n e d .  A wide v a r i e t y  o f  e q u a t i o n s  f o r  t h e  b r e a k t h r o u g h

c u rv e  h a s  b e e n  d e v e l o p e d ;  K l o t z  (1 9 4 6 ,  p .  2 4 l )  sum m ar izes
)

t h e  work p r i o r  t o  1946,  w h i l e  r e f e r e n c e s  t o . jn o r e  r e c e n t  work 

can  be fo u n d  i n  Vermeulen  ( 1 9 5 3 ,  p .  147)» and H a l l ,  E a g l e t o n ,  

A c r i v o s ,  and  Vermeulen  (1 96 6 ,  p .  2 1 2 ) .  Most o f  t h e  methods 

t h a t  have  b e e n  d e v e l o p e d  assume t h a t  a l l  o f  t h e  t r a n s f e r  

r e s i s t a n c e  l i e s  i n  e i t h e r  t h e  gas  p h a se  o r  t h e  a d s o r b e d  

p h a s e ,  o r  a r e  r a t h e r  l i m i t e d  i n  t h e  t y p e  o f  a d s o r p t i o n  i s o ­

th e r m  t h e y  can t r e a t .  Of t h e  v a r i o u s  m ethods  t h a t  a l l o w  f o r  

t r a n s f e r  r e s i s t a n c e s  i n  b o t h  p h a s e s ,  t h e  method o f  E a g l e t o n  

and B l i s s  (1953> p .  543) i s  p r o b a b l y  t h e  b e s t  f rom an e n g i n ­

e e r i n g  c o n s i d e r a t i o n ,  s i n c e  i t  t r e a t s  gas  a d s o r p t i o n  i n  a 

m anner  c o m p l e t e l y  a n a lo g o u s  t o  gas a b s o r p t i o n  and  does  n o t  

r e q u i r e  c u rv e  m a t c h i n g  o r  n u m e r i c a l  i n t e g r a t i o n  i n  o r d e r  t o  

e v a l u a t e  t h e  c o e f f i c i e n t s .

The Method o f  E a g l e t o n  and B l i s s : T h is  i s  t a k e n  from 

E a g l e t o n f s Ph .D .  t h e s i s  ( 1 9 5 1 ,  P* 1 0 ) .  I t  b e g i n s  w i t h  t h e  

f o l l o w i n g  a s s u m p t i o n s :
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1) C o n s t a n t  i n l e t  c o n c e n t r a t i o n  and f low  r a t e .

2) No r a d i a l  c o n c e n t r a t i o n  o r  p r e s s u r e  g r a d i e n t s .

3) I s o t h e r m a l  o p e r a t i o n .

4) No a x i a l  d i f f u s i o n .

5) The l e n g t h  o f  t h e  mass t r a n s f e r  zone re m a in s  c o n s t a n t  

as  i t  moves t h r o u g h  t h e  a d s o r b e n t  b e d .

6) Only t h e  t r a c e  component  i s  a d s o r b e d .

7) The r a t e  e q u a t i o n  i s

da
= ~ p ~  (C-Ci ) = k s s <cli-'J>

A l i n e a r  d r i v i n g  f o r c e  i s  u se d  f o r  d i f f u s i o n  i n t o  

t h e  p o r e s ,  r a t h e r  t h a n  F i c k Ts seb o n d  l a w ,  i n  o r d e r  

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

8) The a d s o r p t i o n  i s o t h e r m  can  be a p p r o x i m a t e d  by two 

s t r a i g h t  l i n e s ,  as  shown b e lo w .

a

q . = $ ( — )+a f o r  q. > a 
i  d 1
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With t h e s e  a s s u m p t i o n s ,  t h e y  d e v e lo p  t h e  f o l l o w i n g  e q u a t i o n s  

f o r  t h e  b r e a k t h r o u g h  c u r v e ,  

f o r  C < Cd

c Cok gS k gSX Co , CcL
Co " + P^o t  "  V “ 2 + Cd + l n  Co ’

f o r  C > C , a
C_k S k SX C

l n  (1 “ c / c ° ) = t  ~ -  2 + c ?

+ I n  {1 -  Cd/ C 0 )

Cd i s  t h e  g as  p h a s e  c o n c e n t r a t i o n  a t  t h e  p o i n t  o f  d i s c o n t i n u ­

i t y  i n  t h e  i s o t h e r m ,  i . e .  when = a ,  and i s  o b t a i n e d  from 

t h e  e q u a t i o n

Cj  = a
d

^ - r

whe r e
- k  S

r  =
k s s

Kidnay ( 1 9 6 8 , p .  103) p r e d i c t e d  a number o f  b r e a k t h r o u g h  

c u r v e s  u s i n g  t h e  above e q u a t i o n s .  The p r e d i c t e d  c u rv e s  

d e m o n s t r a t e  t h a t  t h e  b r e a k t h r o u g h  c u rv e s  can  be p r e d i c t e d  

f a i r l y  w e l l .

E n g e l  and C o u l l  M e tho d : An e m p i r i c a l  method o f  c o r ­

r e l a t i n g  b r e a k t h r o u g h  c u r v e s  was d e v e lo p e d  by E n g e l  and 

C o u l l  ( 1 9 ^ 2 ,  p .  9^7)> who n o t e d  t h a t  t h e  b r e a k t h r o u g h  c u rv e  

c l o s e l y  r e s e m b l e s  t h e  p r o b a b i l i t y  i n t e g r a l  o r  e r r o r  c u r v e ,
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and t h u s  p r o p o s e d  t h e  e q u a t i o n

C0- C f 2 z - z 2
= 0 . 5  U  + —  I  e z dz}

o yv o

where z = ( t  -  a ) / b .
°o~ CA c c o r d in g  t o  t h i s  e q u a t i o n ,  i f  —-z—  i s  p l o t t e d  a s  a f u n c t i o n

o
o f  t im e  on n o rm a l  p r o b a b i l i t y  p a p e r ,  t h e  p o i n t s  s h o u l d  l i e  

on a  s t r a i g h t  l i n e .  Kidnay ( 1 9 6 8 , p .  106) shows some r e s u l t s  

o f  s u c h  a p l o t ,  which  a re  e x c e l l e n t .  T h is  method c o r r e l a t e s  

t h e  d a t a  v e ry  w e l l ,  b u t  s i n c e  t h e  c o e f f i c i e n t s  a  and  b a r e  

e m p i r i c a l  t h e i r  e x t r a p o l a t i o n  would be u n c e r t a i n .

Theory  o f  S i m i l a r i t y  M ethod : Nemeth (1 9 6 3 ,  p .  6)

e m ployed  t h e  t h e o r y  o f  s i m i l a r i t y  i n  h i s  t r e a t m e n t .  An 

e q u a t i o n  was d e v e l o p e d ,  f o r  t h e  s e c t i o n  o f  t h e  b r e a k t h r o u g h  

c u r v e  up t o  t h e  b r e a k p o i n t ,  i n  t h e  c a se  o f  t h e  a d s o r p t i o n  

o f  s o l v e n t  v a p o r s  by g r a n u l a t e d  a c t i v e  c h a r c o a l .  T h is  w ork ,  

h o w e v e r ,  i s  v e ry  c o n f u s i n g  and d i f f i c u l t  t o  u n d e r s t a n d .



ER 1356 12

DIMENSIONAL ANALYSIS

The sc o pe  as  w e l l  as  t h e  l i m i t a t i o n s  o f  d i m e n s i o n a l  

a n a l y s i s  have  b een  summarized  by L an g haar  (1951* P. 1) who 

s t a t e s :

D im e n s io n a l  a n a l y s i s  i s  a method by w hich  we deduce  
i n f o r m a t i o n  a b o u t  a phenomenon from a s i n g l e  prem­
i s e  t h a t  t h e  phenomenon can be d e s c r i b e d  by a 
d i m e n s i o n a l l y  c o r r e c t  e q u a t i o n  among c e r t a i n  v a r i ­
a b l e s .  The g e n e r a l i t y  o f  t h e  method i s  b o t h  i t s  
s t r e n g t h  and  i t s  w e a k n e s s .  With  l i t t l e  e f f o r t ,  a 
p a r t i a l  s o l u t i o n  t o  n e a r l y  any p r o b le m  i s  o b t a i n e d .
On t h e  o t h e r  h a n d ,  a c o m p le te  s o l u t i o n  i s  n o t  
o b t a i n e d  n o r  i s  t h e  i n n e r  mechanism o f  a phenomenon 
r e v e a l e d  by d i m e n s i o n a l  r e a s o n i n g  a l o n e .

D im e n s io n a l  a n a l y s i s  d i f f e r s  from o t h e r  methods o f  

a p p r o a c h  i n  t h a t  i t  does n o t  y i e l d  e q u a t i o n s  which can be 

s o l v e d .  I t  d o e s ,  ho w e v e r ,  combine t h e  v a r i a b l e s  i n t o  

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

a n d  e x t e n d  t h e  r a n g e  o f  a p p l i c a t i o n  o f  e x p e r i m e n t a l  d a t a .

I n  h e a t  t r a n s f e r ,  f o r  e x a m p le ,  t h e  c o n v e c t i v e  h e a t - t r a n s f e r  

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

t i o n s  o b t a i n e d  by c o r r e l a t i n g  e x p e r i m e n t a l  d a t a  w i t h  t h e  

a i d  o f  d i m e n s i o n a l  a n a l y s i s .

The most  s e r i o u s  l i m i t a t i o n  o f  d i m e n s i o n a l  a n a l y s i s  i s  

t h a t  i t  g i v e s  no i n f o r m a t i o n  a b o u t  t h e  n a t u r e  o f  t h e  

phenomenon.  I n  f a c t ,  t o  a p p ly  d i m e n s i o n a l  a n a l y s i s  i t  i s  

n e c e s s a r y  t o  know b e f o r e h a n d  what  v a r i a b l e s  i n f l u e n c e  t h e  

phenomenon,  and  t h e  s u c c e s s  o r  t h e  f a i l u r e  o f  t h e  method
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d epend s  on t h e  p r o p e r  s e l e c t i o n  o f  t h e s e  v a r i a b l e s .  I t  i s  

t h e r e f o r e  n e c e s s a r y  t o  have a t  l e a s t  a p r e l i m i n a r y  t h e o r y  o r  

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

d i m e n s i o n a l  a n a l y s i s  can be p e r f o r m e d .

The s t e p s  i n  a d i m e n s i o n a l  a n a l y s i s  may be summarized  

as  f o l l o w s :

1) W r i t e  o u t  t h e  p r o p o s e d  r e l a t i o n .

2) D e te rm in e  t h e  number o f  d i m e n s i o n l e s s  g r o u p s .  T h is  

i s  e q u a l  t o  t h e  number o f  v a r i a b l e s  minus t h e  number 

o f  f u n d a m e n ta l  d i m e n s i o n s .

3) S e l e c t  t h e  p r i m a r y  q u a n t i t i e s .  The c r i t e r i a  f o r  

s e l e c t i o n  a r e :

( i )  Among them , t h e  p r i m a r y  q u a n t i t i e s  c o n t a i n  a l l  

o f  t h e  d i m e n s i o n s .

( i i )  The number  o f  p r i m a r y  q u a n t i t i e s  i s  e q u a l  t o  

t h e  number  o f  v a r i a b l e s  minus t h e  number o f  

i n d e p e n d e n t  d i m e n s i o n l e s s  g r o u p s .

S e l e c t i o n  o f  p r i m a r y  q u a n t i t i e s  i s  a r b i t r a r y ;  v a r y ­

i n g  t h e  s e l e c t i o n  w i l l  a l t e r  t h e  d i m e n s i o n l e s s  

g ro u p s  o b t a i n e d ,  b u t  t h e  r e s u l t s  w i l l  be e q u i v a l e n t .  

Form t h e  d i m e n s i o n l e s s  g ro u p s  by a d d i n g ,  i n  t u r n ,  

e a c h  o f  t h e  r e m a i n i n g  v a r i a b l e s  t o  t h e  p r im a r y  

q u a n t i t i e s .

Many d e t a i l e d  d i m e n s i o n a l  a n a l y s e s  a r e  g i v e n  i n  t h e  

h e a t - t r a n s f e r  t e x t s .  McAdams (1 9 4 2 ,  p .  8 9 ) ,  f o r  e x am p le ,
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a n a l y z e s  t h e  f o r c e d - c o n v e c t i o n  h e a t - t r a n s f e r  i n  c i r c u l a r  

t u b e s .
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THE CORRELATION

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

t h e  f o l l o w i n g  s y s t e m s :

1 ) M ethane-H ydrogen  on a c t i v a t e d  c h a r c o a l  a t  76°K

2)  N i t r o g e n - H y d r o g e n  on a c t i v a t e d  c h a r c o a l  a t  76°K

3 ) M e th an e -H e l iu m  on a c t i v a t e d  c h a r c o a l  a t  76°K

4) N i t r o g e n - H e l i u m  on a c t i v a t e d  c h a r c o a l  a t  76°K

5) M ethane-H ydrogen  on s y n t h e t i c  z e o l i t e  a t  76°K

6 ) N i t r o g e n - H y d r o g e n  on s y n t h e t i c  z e o l i t e  a t  76°K 

The f i r s t  two s y s te m s  a r e  t a k e n  from t h e  Ph .D .  t h e s i s

o f  A. J .  Kidnay ( 1 9 6 8 ) ,  t h e  t h i r d  and f o u r t h  s y s te m s  from 

K idnay  and H iz a  ( 1 9 7 0 ) ,  an d  t h e  l a s t  two sy s te m s  f rom Kidnay 

and  H i z a  ( 1 9 6 6 ) .

The b r e a k t h r o u g h  c u r v e s  f o r  t h e  c h a r c o a l  sy s te m s  a r e  

shown i n  F i g u r e s  3 t o  10.  The s y n t h e t i c  z e o l i t e  sy s te m s  

were  c o n s i d e r e d  i n  t h e  f i n a l  s t e p  i n  t h e  c o r r e l a t i o n ,  as  

w i l l  be  s e e n .

S t e p - F u n c t i o n  B r e a k t h r o u g h

I n  f i x e d - b e d  a d s o r p t i o n  two mass t r a n s f e r  p r o c e s s e s  

t a k e  p l a c e :  t h e  d i f f u s i o n  t h r o u g h  t h e  gas  p h a s e ,  and d i f ­

f u s i o n  i n t o  t h e  s o l i d  p a r t i c l e .  I f  b o t h  o f  t h e s e  p r o c e s s e s  

were  i n s t a n t a n e o u s ,  a p l o t  o f  t h e  a d s o r b e r  o u t l e t  c o n c e n ­

t r a t i o n  v e r s u s  t im e  would be a s t e p  f u n c t i o n .
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o A d s o rb e r

c / c o

Time •

U s u a l l y ,  h o w e v e r ,  one o r  b o t h  t r a n s f e r  p r o c e s s e s  a r e  

r e l a t i v e l y  s lo w ,  w i t h  t h e  r e s u l t  t h a t  t h e  b r e a k t h r o u g h  

c u rv e  a ssum es  an S s h a p e .

I f  we assume t h a t  t h e  b r e a k t h r o u g h  c u r v e  i s  s y m m e t r i c a l ,  

t h e n  t h e  t im e  t o  t h e  s t e p - f u n c t i o n  b r e a k t h r o u g h  would be t h e  

t im e  c o r r e s p o n d i n g  t o  C/CQ = 0 .5*  a s  shown be low :

B r e a k t h r o u g h
Curve

S t e p - F u n c t i o n
B r e a k t h r o u g h

1 . 0

Up
i n s t

Time
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F o r  s t e p - f u n c t i o n  b r e a k t h r o u g h  t h e r e  i s  no r e s i s t a n c e  

t o  mass t r a n s f e r .  T h e r e f o r e ,  by making a mass b a l a n c e ,  t h e  

c a p a c i t y  o f  t h e  bed  ( e x p r e s s e d  as  lb  a d s o r b a t e / l b  s o l i d )  i s  

g i v e n  by t h e  e q u a t i o n :

GC0tr>
0 b i n s t  v = ----------------m

where G i s  t h e  mass f lo w  r a t e ,  CQ i s  t h e  i n l e t  gas  c o n ce n ­

t r a t i o n  e x p r e s s e d  i n  mass f r a c t i o n ,  tp> i s  t h e  t im e  t o
Dm s t

s t e p - f u n c t i o n  b r e a k t h r o u g h  as shown a b o v e ,  and  m i s  t h e  

w e i g h t  o f  a d s o r b e n t  i n  t h e  b e d .

The h y d ro g e n  and h e l i u m  r u n s  on c h a r c o a l  were  made 

u s i n g  t h e  same a d s o r b e r  b e d .  The b r e a k t h r o u g h  c u rv e s  f o r  

t h e s e  s y s te m s  a r e  shown i n  F i g u r e s  3 t o  10 .  I t  i s  s e e n  t h a t  

t h e s e  c u r v e s  a r e  s y m m e t r i c a l ,  so  t h e  t im e  t o  C/CQ = 0 . 5  i s  

t a k e n  as  t h e  s t e p - f u n c t i o n  b r e a k t h r o u g h  t i m e .

S i n c e  m i s  c o n s t a n t  f o r  a l l  t h e  r u n s ,  a  p l o t  o f
vv e r s u s  G s h o u l d  be a s t r a i g h t  l i n e .  Or i f  p l o t t e d  on a 

l o g - l o g  p a p e r ,  i t  s h o u l d  be a s t r a i g h t  l i n e  w i t h  a s l o p e  o f  

- 1 .  F i g u r e  11 shows s u c h  a p l o t  f o r  t h e  h y d ro g e n  .and h e l i u m  

s y s te m s  on c h a r c o a l .  (N o te :  t h e  G u s e d  i n  t h e  c a l c u l a t i o n

i s  i n  l b / h r - f t ^ .  T h is  i s  a l l  r i g h t  s i n c e  t h e  bed  c r o s s -  

s e c t i o n a l  a r e a  i s  t h e  same f o r  t h e  sy s te m s  c o n s i d e r e d . )

F i g u r e  11 shows some s c a t t e r i n g  o f  p o i n t s .  T h is  i s  due 

t o  e i t h e r  e x p e r i m e n t a l  e r r o r  o r  u n s y m m e t r i c a l  b r e a k t h r o u g h  

c u r v e s .  E x p e r i m e n t a l  e r r o r  i s  s u s p e c t e d  t o  be t h e  c a u se  o f  

t h e  s c a t t e r i n g  b e c a u s e  t h e  b r e a k t h r o u g h  c u r v e s  c o n s i d e r e d  

a r e  e x c e p t i o n a l l y  s y m m e t r i c a l .
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The B r e a k t im e

The s t e p - f u n c t i o n  b r e a k t h r o u g h  t im e  was shown t o  be a 

f u n c t i o n  o f  G, t h e  mass v e l o c i t y  o f  t h e  g a s ,  C0 t h e  gas 

i n i t i a l  c o n c e n t r a t i o n ,  v t h e  b e d  c a p a c i t y ,  and m t h e  w e ig h t  

o f  t h e  a d s o r b e n t  i n  t h e  b e d .

m = pBQ

where  pB i s  t h e  b u l k  d e n s i t y  o f  t h e  b e d ,  and Q i s  t h e  b ed  

v o lu m e .

G -  pV

where  p i s  t h e  ga s  d e n s i t y ,  and V t h e  gas v e l o c i t y .  R e p la c ­

i n g  m and G i n  t h e  r e l a t i o n s h i p  f o r  t h e  s t e p - f u n c t i o n  b r e a k ­

t h r o u g h ,  we o b t a i n  t h e  f o l l o w i n g  

^ B i n s t  ”  v > P > P g > Q )

vpBQ

= F r c ;

The b r e a k p o i n t  i s  a r b i t r a r i l y  c h o se n  t o  c o r r e s p o n d  t o  

C/CQ a 0 . 1 .

To c o r r e l a t e  t h e  b r e a k t i m e ,  two c o r r e c t i o n  f a c t o r s  must  

be i n t r o d u c e d  t o  t a k e  i n t o  a c c o u n t  t h e  r e s i s t a n c e s  t o  mass 

t r a n s f e r  i n  t h e  gas  p h a se  and d i f f u s i o n  i n t o  t h e  s o l i d  

p a r t i c l e .  These  a r e :  (1 )  k  , t h e  mass t r a n s f e r  c o e f f i c i e n to
i n  t h e  gas  p h a s e ,  and (2)  k g , t h e  ’’s o l i d  f i l m ” mass t r a n s f e r  

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

Not much i s  known a b o u t  k g . Too few d a t a  a r e  a v a i l ­

a b l e  t o  p r o v i d e  a r e l i a b l e  b a s i s  f o r  i t ’ s p r e d i c t i o n ,  t h e



d i f f i c u l t y  s temming l a r g e l y  f rom  t h e  l a c k  o f  ways t o  d e s c r i b e  

t h e  c o m p l i c a t e d  p o r e  g e o m e t ry .

Kidnay (1 9 6 8 ,  p .  102) found  t h a t  f o r  t h e  m e th a n e -  

h y d ro g e n  and n i t r o g e n - h y d r o g e n  sy s te m s  on c h a r c o a l ,  k g i s  

i n d e p e n d e n t  o f  t h e  mass f lo w  r a t e  and t h e  t o t a l  p r e s s u r e ,  

and t h a t  a l t h o u g h  t h e  d a t a  show c o n s i d e r a b l e  s c a t t e r ,  k s i s  

a  f u n c t i o n  o f  CQ. I t  i s  n o t  p o s s i b l e  t o  d e t e r m i n e  f rom  t h e  

d a t a  o f  E a g l e t o n  and B l i s s  (1953> P« 5^7) i f  t h e r e  i s  a  

c o n c e n t r a t i o n  d ep end en ce  o f  k g . When t h e  k g v a l u e s  o f  

N u t t e r  and B u r n e t  ( 1 9 6 6 ,  p .  2) a r e  e x a m in e d ,  h o w e v e r ,  i t  

becomes a p p a r e n t  t h a t  o v e r  a  v e ry  wide r a n g e  o f  i n l e t  con­

c e n t r a t i o n s ,  k g i s  a l i n e a r  f u n c t i o n  o f  C0 . Thus i t  seems 

r e a s o n a b l e  t o  assume t h a t  a l i n e a r  r e l a t i o n  w i l l  a l s o  c o r ­

r e l a t e  t h e  k s v a l u e s  f o r  t h e  m e th a n e - h y d r o g e n  an d  n i t r o g e n -  

h y d r o g e n  on c h a r c o a l  s y s t e m s .  T h e r e f o r e ,  k g w i l l  be  con­

s i d e r e d  i n  t h e  a n a l y s i s  t h r o u g h  C0 .

The gas  p h a s e  mass t r a n s f e r  c o e f f i c i e n t  k  i s  c o r r e ­ct
l a t e d  by t h e  f o l l o w i n g  r e l a t i o n  

= f  ( Re , S c )

where  D i s  t h e  p a r t i c l e  d i a m e t e r ,  and  Dy t h e  d i f f u s i o n
ir  sf

c o e f f i c i e n t .  The d i m e n s i o n l e s s  R eyno lds  and  S chm id t  numbers 

a r e  d e f i n e d  by
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where  y and p a r e  t h e  v i s c o s i t y  and d e n s i t y  o f  t h e  f l u i d ,  

and G i s  t h e  mass v e l o c i t y  o f  t h e  f l u i d .

From above i t  i s  s e e n  t h a t

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

f u n c t i o n  b r e a k t h r o u g h  t i m e ,  t h e  a c t u a l  b r e a k t i m e  t g  w i l l ,  

t h e r e f o r e ,  be a f u n c t i o n  o f  t h e  f o l l o w i n g  v a r i a b l e s :

D im e n s io n a l  A n a l y s i s : T a b le  2 l i s t s  t h e  v a r i a b l e s

i n f l u e n c i n g  t h e  b r e a k t i m e  w i t h  a s s o c i a t e d  sy m b o l s ,  dimen­

s i o n s ,  and  u n i t s .

The number  o f  d i m e n s i o n l e s s  g ro u p s  i s  e q u a l  t o  t h e  

num ber  o f  v a r i a b l e s  minus t h e  number o f  f u n d a m e n ta l  dimen­

s i o n s .  T here  a r e  10 v a r i a b l e s  and 3 (M ,L ,0)  d i m e n s i o n s ,  so  

t h e r e  w i l l  be 7 d i m e n s i o n l e s s  g r o u p s .

The p r i m a r y  q u a n t i t i e s  s e l e c t e d  a r e :  p ,  Dp, and y.

Note  t h a t  among th em ,  t h e  3 p r i m a r y  v a r i a b l e s  c o n t a i n  a l l  

o f  t h e  d i m e n s i o n s .

k S f ( Dn»Dv , P , y )

^  = f ( Co»V>v *p >p *Dp » Dv»pB>Q)

T h u s :

ZM = 0 a + c -  0

ZL = 0 - 3 a  + b -  c = 0

z e  = 0 1 -  c = 0

a = - 1 ,  b = - 2 ,  c = 1
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T a b le  2

The V a r i a b l e s  I n f l u e n c i n g  A d s o r p t i o n

Dimensions
Q u a n t i t y Symbol (ML0T sys tem )

I n i t i a l  gas 
c o n c e n t r a t i o n Co d i m e n s i o n l e s s

Gas v e l o c i t y V L / e

Bed c a p a c i t y V d i m e n s i o n l e s s

Gas d e n s i t y P M/L3

B u lk  d e n s i t y  o f  b ed PB M/L3

Bed volume Q L3

Gas v i s c o s i t y y M/L0

P a r t i c l e  d i a m e t e r DP L

D i f f u s i o n  c o e f f i c i e n t Dv L2/ 0

B r e a k t im e t B 0

U n i t s  i n  th e  
E n g i n e e r i n g  

Sys tem

lb  a d s o r b a t e  
lb  gas
f t / s e c
l b  a d s o r b a t e  
lb  s o l i d
l b / f t  3 

l b  s o l i d  
f t ^  o f  bed  
f t  3

l b / f t - s e c

f t

f t ^ / s e c

s e c
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t By
*1  "  n2

pDP

ir, = Cn pa  D* p° = ( - ) ( i L ) a ( L ) b ( r r ) °2 ~o

zm = 0

ZL = 0

z e  = 0

L6

a + c = 0 

- 3 a  + b -  c = 0 

- c  -  0

a = o ,  b s= 0 > c = 0

^2 = Co

, r a- b c , Lw M Na /TNb , M v C
» 3  = v  P Dp U = ( e X - 3 )  (L) ( — )

ZM = 0 : a + c = 0

ZL = 0 : l - 3 a  + b -  c =  0

Z0 = 0 : - 1 - 0  = 0

a = 1 ,  b = 1 ,  c = - 1  

VpD
TT q = ----~3 y

a  _ b q
= v p Dp u = ( - ) C ^ )  (M  ( ^ )

ZM = 0 : a + c = 0

ZL -  0 : - 3 a  + b -  c = 0

Z0 = 0 : -  c = 0
/

a = 0 4 b = 0 ,  c = 0

%  = v
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TTj- = D pa Db y C = (J±-)(I-L)a ( L ) b (— ) C 5 V M p M kQ m t 3 k '  L0

ZM = 0 

XL = 0

ze  = o

a + c 3 0

2 - 3a + b - c = 0  

-  1 -  c = 0

a  = 1 , b = 0 , c = - 1

* 5  =

D p v

*6 ! 

ZM : 

ZL =

ze  >
a  = 

^6

a ^ b  c ' / M N , M x a , T N b , M *PB p D U = ( - 3 ) ( - 5 ) (L) ( - )
LJ L- 

1 + a  + c = 0

- 3 - 3a  + b -  c =  0

-  c = 0

- 1 , b = 0 , c -  0

_ B

TT„ = Q pa Db y C = (L 3 ) ( ^ ~ ) a ( L)b ( ~ r ) C7

ZM = 0 

ZL = 0

ze  = 0

P L-
a + c = 0

3 “ 3a + b -  c = 0 

-  c = 0

L0

a  = 0 , b = - 3 , c = 0

nr -  SL
7 “ D3 

p

/

Thus

f ( T T 1 ,TT2 ,Tr 3 , U i ) ,Tr5 ,Tr g , 1 T7 ) = 0
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t Bv VpDn Dvp Pr 0
f ^ 2  * co* T 2  * v ’ -7 T  ’ TT • = 0pD P p p

P P
o r

t BV VpD D p  PB Q

—  = f ( c o> t *  • v * —  » r  *
p dp  dp

/

The f i r s t  d i m e n s i o n l e s s  g roup  w i l l  be c o n s i d e r e d  a 

m o d i f i e d  F o u r i e r  number b a s e d  on t h e  b r e a k t i m e .

Po = ^  
pD

P .

w h i l e  t h e  R ey no ld s  and Schm id t  numbers a r e  d e f i n e d  by

VpD 
Re = ----- —

y

So = - J L
Dv p

T h e r e f o r e ,  t h e  r e l a t i o n s h i p  o b t a i n e d  from t h e  d imen­

s i o n a l  a n a l y s i s  i s

Fo = f ( c  , R e , v , S o , ^ , S _ )
y D

P

T h is  i s  o n ly  a p a r t i a l  s o l u t i o n  b e c a u s e  i t  shows t h a t  

Fo i s  some f u n c t i o n  o f  t h e  6 d i m e n s i o n l e s s  g r o u p s . The 

e x a c t  dependency  o f  Fo on e ach  o f  t h e  g ro u p s  must be d e t e r ­

m ined  u s i n g  e x p e r i m e n t a l  d a t a .

The r e l a t i o n s h i p  can be w r i t t e n  i n  t h e  f o l l o w i n g  form

Fo = ( c o n s t a n t ) ( C  ) a (R e )b ( v ) C( S c ) d ( - ~ ) e ( ^ o ) fu p Do
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The n e x t  s t e p  i s  t o  d e t e r m i n e  t h e  above e x p o n e n t s .

E x p on en t  o f  CQ: The s t e p - f u n c t i o n  b r e a k t h r o u g h  t im e

was shown t o  be i n v e r s e l y  p r o p o r t i o n a l  t o  CQ. S in c e  t h i s  

was d e t e r m i n e d  by a mass b a l a n c e  on t h e  a d s o r b a t e  i n  t h e  gas 

s t r e a m ,  t h e  dependency  w i l l  be t h e  same f o r  t h e  b r e a k t i m e .  

T h e r e f o r e  t g  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  CQ.

S i n c e  p ,  y ,  and D a r e  a l l  i n d e p e n d e n t  o f  C , Fo i s\J

p r o p o r t i o n a l  t o  o r

(Fo)  ( C ) = f  ( Re, v ,  S c ,
P P

To d e t e r m i n e  t h e  a c t u a l  f u n c t i o n a l  r e l a t i o n  o f  Fo and 

t h e  o t h e r  v a r i a b l e s ,  t h e  r e s p o n s e  o f  Fo t o  changes  i n  e a c h  

o f  t h e  v a r i a b l e s  ( w h i l e  k e e p i n g  t h e  o t h e r s  c o n s t a n t )  must 

be i n v e s t i g a t e d .  T h is  i s  an  e x t r e m e l y  d i f f i c u l t  t a s k  s i n c e  

i t  i s  i m p o s s i b l e ,  w i t h  t h e  a v a i l a b l e  s e t s  o f  d a t a ,  t o  keep  

4 o u t  o f  t h e  5 v a r i a b l e s  c o n s t a n t ,  b e c a u s e  o f  i n t e r d e p e n d e n c y .
o

Only Q/D^ can be k e p t  c o n s t a n t .  The R eyno lds  num ber ,  b e d  

c a p a c i t y ,  Sch m id t  num ber ,  and t h e  pD/ p  r a t i o  a l l  v a ry  w i t h
■D

p r e s s u r e .  T a b le  3 l i s t s  t h e  e x p e r i m e n t a l  and c a l c u l a t e d  

v a r i a b l e s ,  f o r  th e  m e th a n e - h y d r o g e n  and n i t r o g e n - h y d r o g e n  on 

c h a r c o a l  s y s t e m s ,  and F i g u r e  12 shows a p l o t  o f  t h e  Schm idt  

number  o f  h y d ro g e n  a t  t h e  o p e r a t i n g  c o n d i t i o n s  v e r s u s  p r e s ­

s u r e  .

E x ponen t  o f  ( p B/ p ) : T h is  d i m e n s i o n l e s s  r a t i o  was t h e

n e x t  t o  be c o n s i d e r e d  b e c a u s e  i t  i s  t h e  most  d i f f i c u l t  v a r i ­

a b l e  t o  keep  c o n s t a n t .  A l l  t h e  o t h e r  v a r i a b l e s  have  t o  be
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T ab le  3

E x p e r i m e n t a l  and C a l c u l a t e d  V a r i a b l e s  

f o r  t h e  M ethane-Hydrogen  and N i t r o g e n -  

Hydrogen on C h a r c o a l  Sys tems

Average  T e m p e ra tu re  = 76.1°K 

Dp = 0 .0 06 3 3

C o n c e n t r a t i o n  o f

P r e s s u r e  
atm

82.10

53 .5 0  

1 6 .7 0

5 .2 5

30.75

72 .50

5 5 .7 0

31.55  

2 1 . 0 0

8 .10

30.65  

9 .9 0

82 .50

6 9 . 6 5

5 0 .7 0

80 .55

30 .75

C a p a c i t y ,  v

Mass Flow 
l b / h r - f t 2

DpG
P

lb  i m p u r i  
l b  s o l i d

283 168 0 .1 5 5

154 103 0 .1 5 5

75 57 0 . 1 6 6

56 44 0 . 1 6 9

70 52 0.161)

305 191 0 .1 5 5

158 107 0 .1 5 5

201 148 0 .1 5 8

88 67 0 .1 6 2

117 91 0 .1 6 3

135 100 0 .1 5 8

87 .67 0 .2 3 1

124 74 O. 2 3 1

119 75 0 .2 2 5

53 37 0.21)3

79 47 0 .2 3 5

37 27 0 .2 5 0

I m p u r i t y  on t h e  
I n l e t  Hydrogen 

S t r e a m

770 ppm CH4

n 11 u

i t  t i  it

it  tt  it

i t  t i  tt

352 ppm CH4

tt  t t  i t

tt  i t  tt

tt  t t  tt

tt  tt  i t

tt  tt  tt

1450 ppm N2

tt  tt  tt

t t  tt  tt

t t  tt  tt

tt  tt  tt

tt  t t  tt
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T a b le  3

( C o n t in u e d )

C o n c e n t r a t i o n  o f  
I m p u r i t y  on th e  
I n l e t  Hydrogen 

S t r e a m
P r e s s u r e

atm
Mass Plow 
l b / h r - f t 2

Dp G
y

C a p a c i t y ,  v

lb  i m p u r i t y  
lb  s o l i d

3*10 ppm N2 68 .05 188 120 0 .152

1! II II 5 5 .2 5 247 166 0 . 1 6 0

II II It 35 .50 172 125 0 .176

II II II 2 3 .05 127 96 0 .1 8 6

II II II 9 .30 89 69 0 .2 0 1
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k e p t  c o n s t a n t  i n  o r d e r  t o  d e t e r m i n e  t h e  e x p o n e n t  o f  P g /p .

I f  v i s  t o  be k e p t  c o n s t a n t  * we a r e  l i m i t e d  t o  t h e  m e th a n e -  

h y d ro g e n  s y s te m  a s  s e e n  from T ab le  3. I f  Sc i s  t o  be k e p t  

c o n s t a n t ,  we a r e  l i m i t e d  t o  t h e  low p r e s s u r e  r e g i o n  as s e e n  

f rom  F i g u r e  12.  S in c e  Re a l s o : i s  t o  be k e p t  c o n s t a n t ,  t h e r e  

a r e  o n ly  a few d a t a  p o i n t s  i n  t h e  low p r e s s u r e  r e g i o n  o f  t h e  

m e t h a n e - h y d r o g e n  s y s t e m  t h a t  can  be u s e d .  F o u r  d a t a  p o i n t s  

were  c h o se n  and a r e  l i s t e d  i n  T ab le  4 .  The r a t i o  Q/D^ i s
hr

c o n s t a n t  b e c a u s e  t h e  same a d s o r b e r  and a d s o r b e n t  a r e  u s e d .

The p l o t  o f  ( F o ) ( C 0 ) v e r s u s  ( p g / p )  i s  shown i n  F i g u r e  

13* The b e s t  l i n e  p a s s i n g  t h r o u g h  t h e  4 p o i n t s  h a s  a  s l o p e  

o f  1 . 3 ,  b u t  s i n c e  Re and Sc a r e  n o t  e x a c t l y  c o n s t a n t ,  t h e  

d e t e r m i n a t i o n  o f  t h e  e x p o n e n t  o f  p g /p  from  F i g u r e  13 i s  n o t  

e x a c t .

S i n c e  t h e  s t e p - f u n c t i o n  b r e a k t h r o u g h  t im e  was shown t o  

be p r o p o r t i o n a l  t o  p g / p ,  t h e  same f u n c t i o n a l  r e l a t i o n  i s

a ssu m ed  f o r  t h e  b r e a k t i m e ,  b e c a u s e  when t h e  r e s i s t a n c e  t o  

t r a n s f e r  was c o n s i d e r e d ,  t h e  o n ly  t h i n g  t h a t  d i f f e r e d  i n  

t h e  a n a l y s i s  was t h e  i n t r o d u c t i o n  o f  k g which  i s  u s u a l l y  a 

f u n c t i o n  o n ly  o f  Re and Sc .  A l i n e  o f  s l o p e  = 1 i s  shown 

i n  F i g u r e  13 .  The d e v i a t i o n  be tw een  t h e  d a t a  p o i n t s  and  t h e  

l i n e  o f  u n i t  s l o p e  i s  n o t  l a r g e  b e a r i n g  i n  mind t h e  f a c t  

t h a t  Re and Sc a r e  n o t  v e ry  c o n s t a n t  f o r  t h e  4 p o i n t s  t h a t  

were  c o n s i d e r e d .

T h e r e f o r e ,  ( F o ) ( C Q) i s  p r o p o r t i o n a l  t o  ( p g / p )

o r
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P r e s s u r e
atm

8 .10

30 .65

5 3 .5 0

55 .7 0

T ab le  4 

F o r  t h e  D e t e r m i n a t i o n  o f  

The E xponen t  o f  ( p g / p )

v Co
l b  I m p u r i t y  Ik  CHjj Pg

Re So l b  s o l i d  l b  H2 P-O (F o ) ( C 0 ) p

91 1 . 7 6  O. 1 6 3  0 . 0 0 2 8 2  3113.6 9 . 6 8  1 9 3 .7

100 1 .9 5  0 . 1 5 8  0 .0 0 28 2  7 5 5 .4  2 .1 3  5 1 .2 7

103 2 .2 0  0 .1 5 5  0 .0 0 61 6  11)9.3 0 .9 2  3 0 .2 3

107 2 . 2 3  0 .1 5 5  0 .0 0 2 8 2  3 5 4 .3  1 . 0 0  2 9 . 0 6
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10

Slope

1

0 . 1
50010 100

(pB/p)

F i g u r e  13* D e t e r m i n a t i o n  Of The E x p on en t  Of (pB/ p )
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(F o ) (C  ) 0
T p ^ T p f -  -  v - s «- y

P

E x p o n en t  o f  R e : Seven d a t a  p o i n t s  were c hosen  from t h e

m e th a n e - h y d r o g e n  s y s te m ,  i n  t h e  low p r e s s u r e  r e g i o n ,  t o

d e t e r m i n e  t h i s  e x p o n e n t .  T a b le  5 l i s t s  t h e s e  d a t a  p o i n t s ,
( F o ) ( CQ)

and shows t h a t  v and Sc do n o t  v a ry 'm u c h .  A p l o t  o f  —  — —
( pb/ p )

v e r s u s  Re i s  shown i n  F i g u r e  14 .  A l though  t h e  s l o p e  o f  t h e  

l i n e  i s  - 1 . 0 9 *  t h e  e x p o n e n t  i s  t a k e n  t o  be - 1 ,  s i n c e  t h i s

v a lu e  gave  a b e t t e r  f i n a l  c o r r e l a t i o n .
(Fo) ( CQ) „

T h e r e f o r e  — -----7— r— i s  p r o p o r t i o n a l  t o  Re
(PB/ p )

o r

( F o ) ( C  ) (Re) 0
 r - 2 — --------- f ( v ,  So ,

( pb/ p ) d|

E xp on en t  o f  v : T ab le  3 shows t h a t  t h e  c a p a c i t i e s  o f

t h e  m e th a n e - h y d r o g e n  s y s te m  a r e  n e a r l y  c o n s t a n t  f o r  a l l  t h e  

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

s y s t e m .  S i n c e  Sc must be k e p t  c o n s t a n t  f o r  t h e  d e t e r m i n a ­

t i o n  o f  t h e  e x p o n e n t  o f  v ,  we a r e  a g a i n  l i m i t e d  to. t h e  low 

p r e s s u r e  r e g i o n .  F iv e  d a t a  p o i n t s  from t h e  n i t r o g e n -  

h y d ro g e n  s y s t e m ,  and two from t h e  m e th a n e -h y d ro g e n  s y s te m ,

were  c h o se n  so t h a t  Sc d i d  n o t  v a ry  much, a s  shown i n  T a b le  
( F o ) ( CQ) ( R e )

6 . A p l o t  o f  ------;-----— -----  v e r s u s  v i s  shown i n  F i g u r e  15.
(pB/ p )

The b e s t  l i n e  t h a t  can be drawn t h r o u g h  t h e  p o i n t s  h a s  a 

s l o p e  o f  1 . 1 .  S i n c e  t h e  s t e p - f u n c t i o n  b r e a k t h r o u g h  t im e  was
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T ab le  5

Fo r  t h e  D e t e r m i n a t i o n  o f  t h e  E xponen t  o f  Re

v C0
P r e s s u r e lb  CH4 l b  CH4 PB ( F o ) ( C 0 )

atm Sc l b  s o l i d lb  H2 P Fo CpB/ p ) Re

31 .55 1 .9 6 0 . 1 5 8 0 .0 0 2 8 2 4 9 .8 4.87.4 0 . 0 2 7 6 148

2 1 . 0 1 . 8 6 0 . 1 6 2 0 . 0 0 2 8 2 7 3 .7 1 7 7 2 .0 0 .0 6 7 7 67

8 .1 0 I . 7 6 0 .1 6 3 0 .00282 1 9 3 .7 32 36 .0 0 .0 4 7 0 91

3 0 .65 1 .9 5 0 .1 5 8 0 .00282 5 1 . 3 755 .4 0 .0414 100

1 6 .7 0 1 .8 2 0 .1 6 6 0 .00616 9 2 .1 1 1 6 8 . 0 0 .0 7 84 57

5 .2 5 1 .76 0 .1 6 9 0 .0 0 6 1 6 2 9 3 .8 4939 .0 0 .1 0 4 44

30 .75 1 .9 5 0 .1 64 0 .00616 5 0 . 8 6 7 4 .6 0 .0816 52

/
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1 . 0

S lo p e  = - 1 . 0 9

0 . 1

0 .0 1
50010010

/
Re

F i g u r e  14 .  D e t e r m i n a t i o n  Of The E x p o n en t  Of Re
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10

•*-? S l o p e  = 1

CH., -H0- C h a r c o a l

N0-H0- C h a r c o a l

1
0.1 1

v

F i g u r e  15• D e t e r m i n a t i o n  Of The E x po n en t  Of v

/
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shown t o  be p r o p o r t i o n a l  t o  v ,  by t h e  same r e a s o n i n g  u se d  i n  

t h e  d e t e r m i n a t i o n  o f  t h e  e x p o n e n t  o f  ( p g / p ) ,  t h e  e x p o n e n t  o f  

v i s  t a k e n  t o  be 1 .  A l i n e  o f  s l o p e  = 1 i s  shown i n  F i g u r e  

15.
( F o ) ( C 0 ) (R e )  .

T h e r e f o r e  ------7---- r---------- i s  p r o p o r t i o n a l  t o  v
(PB/ P )

o r
( F o ) ( C ) ( R e )  0
- G b / p ) M  ' = f <S c > p

P
(Fo) (C  ) (R e)

E xponen t  o f  S c : F i g u r e  16 .shows a p l o t  o f  —

v e r s u s  Sc f o r  t h e  m e th a n e -h y d ro g e n  and n i t r o g e n - h y d r o g e n  on 

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

t h e  p o i n t s  i s  - O . 6 7 . T here  i s  a d i f f i c u l t y  i n  d raw in g  t h e  

l i n e  due t o  t h e  f a c t  t h a t  t h e  Sc v a lu e s  a r e  q u i t e  s c a t t e r e d .  

The d e t e r m i n e d  v a lu e  o f  t h e  e x p o n e n t ,  h o w e v e r ,  i s  r e a s o n a b l e  

b e c a u s e ,  a s  d i s c u s s e d  p r e v i o u s l y ,  t h e  gas p h a se  mass t r a n s ­

f e r  c o e f f i c i e n t  i s  c o r r e l a t e d  by t h e  f o l l o w i n g  r e l a t i o n

-§ -1  = f  (Re ,S e )
V

I t  h a s  been  shown e x p e r i m e n t a l l y  t h a t  i s  p r o p o r t i o n a lO
2 / 3t o  Dy o v e r  a wide  r a n g e  o f  v a l u e s  o f  Sc .  The above e q u a ­

t i o n  r e d u c e s  t o  y

S e 2 / 3  = f ( R e )

The te rm  on t h e  l e f t  i s  c a l l e d  t h e  j  f a c t o r  f o r  mass 

t r a n s f e r ,  j ^ .
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T ab le  7

F o r  t h e  D e t e r m i n a t i o n  o f  t h e  Exponen t  o f  Sc

(Fo) (C0 ) (Re)
Sys tem ( p g / p )  (v) Sc

CH21-H2 on C h a r c o a l 1 8 .9 0 2 . 7 7
n 11 11 2 1 .8 0 2 .2 0

11 11 11 2 6 .8 7 1 .82

ti it it
< 2 6 .9 2 1 .76

11 11 11 2 5 .9 8 1 .96

11 11 n 2 3 .1 0 2 .5 3
11 11 it 2 5 .1 6 2 .2 3
ti it ti 2 5 .8 2 1 .9 6

11 11 11 2 8 .0 2 1 .8 6

it it ti 2 6 .2 6 1 .7 6

it it 11 2 6 .2 7 1 .9 5

Np~Hp on C h a r c o a l 2 3 .2 0 1 .6 0

ti 11 it 1 8 .4 4 2 .3 6

11 11 n 2 0 .7 1 2 .1 6

11 11 11 2 1 .0 0 1 .9 3
ti it ti 20 .  38 2 . 3 3
11 , 11 11 2 9 .9 2 1 .7 7
11 ti it 1 8 .0 3 ■2.14

it ti ti 1 7 .8 8 1 .9 8

ti tt it 2 2 .1 0 1. 80

it it 11 2 4 .1 4 . 1 .7 0

ti ti it 2 5 .1 2 1 .6 0
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100

CHi. -H0- C h a r c o a l

N0 -H0- C h a r c o a l

-̂----  S lo p e  = -O 067

10
101

F i g u r e  1 6 .  D e t e r m i n a t i o n  Of The E x p o n en t  Of Sc
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The above form  was s u g g e s t e d  by C h i l t o n  and C o lburn  i n  

193^ as  a  b a s i s  f o r  t h e  c o r r e l a t i o n  o f  m a s s - t r a n s f e r  d a t a .  

D a ta  on mass t r a n s f e r  t o  p e l l e t s  have been  summarized

by D e A c e t i s  and Thodos by a s i n g l e  c u rv e  shown i n  F i g u r e  17.

» is-  
- 0 . 6 7

- 2 / 3S i n c e  k i s  p r o p o r t i o n a l  t o  Sc , i t  i s  n o t  s u r p r i s ­

i n g  t o  f i n d  t h a t  Fo ,  and hence  t B, i s  p r o p o r t i o n a l  t o  Sc

( F o ) ( C 0 ) (R e)  g7
T h e r e f o r e  — ;----- — —:—r  i s  p r o p o r t i o n a l  t o  Sc

(pB/ p )  (v)

o r
( F o ) ( C ) ( R e ) ( S c ) °  Q
_______ 2_______________  = f ( — )

(PB/ P )  (v)  d 3
p

E x p o n en t  o f  Q/Dp: To d e t e r m i n e  t h i s  e x p o n e n t  more

sy s te m s  a r e  n e e d e d .  The s e co n d  s y s te m  c o n s i d e r e d  i s  t h e  

m e t h a n e - h e l i u m  and n i t r o g e n - h e l i u m  on c h a r c o a l  a t  76°K.

These r u n s  were made u s i n g  t h e  same a d s o r b e r  and a d s o r b e n t ,
o

so t h a t  Q/DJ i s  t h e  same as t h a t  f o r  t h e  h y d ro g e n  r u n s  on 
P

c h a r c o a l .  The t h i r d  s y s t e m  i s  t h e  m e th a n e - h y d r o g e n  and 

n i t r o g e n - h y d r o g e n  on s y n t h e t i c  z e o l i t e  a t  76°K. The f o u r t h  

s y s te m  i s  t h e  m e th a n e - h y d r o g e n  on s i l i c a  g e l  a t  -1 1 5 ° F  

r e p o r t e d  by Campbell  ( 1 9 6 1 ) .
( F o ) ( C 0 ) ( R e ) ( S c ) ° - 67 

R e p r e s e n t a t i v e  v a l u e s  o f  ------( p*"/ p ) (~v )---------------

f o r  e a c h  o f  t h e  above sy s te m s  a r e  l i s t e d  i n  T a b le  8. F i g u r e
( F o ) ( C „ ) ( R e ) ( S c ) ° * 6 7  ’ 3

18 shows a p l o t  o f   -  Q .       v e r s u s  Q/D , e ach
(pB7p)  Tv) P*

s y s te m  r e p r e s e n t e d  by a l i n e  t o  i n d i c a t e  t h e  s c a t t e r  o f  

p o i n t s  w i t h i n .  The l i n e  p a s s i n g  t h r o u g h  t h e  " p o i n t s "  h a s  a



EH 1356 53

o

o
H

O

m

o

o
o

o
• oH O •

o

•1-3

Fi
gu

re
 

17
. 

M
as

s 
T

ra
ns

fe
r 

C
o

rr
el

at
io

n



ER 1356 54

vo

o

l-l
Wo

VO
OJrH
CM 1—I
II<00 0,0 Q H OOft

O
a

CO
OO CT\ vo 04

✓—s ■—* • • • •
0 O O LA
a t>- OJ t>- OO

0
0

CL
\

PQ
CL

1—1

\ a Q s OJ<y H \ 0 a  = 5:
u CO O’ p 1m r̂0 >>

CO
a  - 
0 =

4-5
c 
<D 
C O
P .*
w

t—
vo

o
CO

0 >
a

OO p 0
W a 0 vo CT\ vo 0 0 CTV 04 •=3*

0 Cm EH CL • • • • • • • •
1—1 O H \ CT\ -=J* cr\ •=3- 04 CO 1—1 O
a a O a 1—1 rH OJ 04 1—1 1—1 OJ 1—1
cd £ 0 O CL

O
•H
P
cd

a
tsi

0
H

LA
LA O
o \ a

•H Eh II (s Wa OO O,
0 Eh Q fi 04

p a \ 0 a z z z OJ z z z
0 >H Of P 1 aQ CO CQ -= T 1

>> a Z z z 04 Z z z0 CO 0 aa-p

oa
VO

O
CO

<Da

oo
LA
in

J  OJ 
<O 11
o
a  0 0  O . 
<  Q
a  \
O  (3*

O PQ
CL

LA 1—1 c— vo co t— vo LA vo t— vo OJ vo 04 0 0
• • • • • • • • • • • • • • • •

t— O 0 0 1—l -=r vo -=r -=3- LA 0 OO 04 o\ CT\
OO -=r -=r -=j- cn 0 0 0 0 CO -=?• -=r -=r LA CO -=r 0 0 OO

60
p
CQ

co

OJ
aI
-=r

Wo

00
a1

OJ

0 
W
1
-=r

ao

0
a
104

a



(F
o)

(C
0

)(
R

e)
(S

c)
°*

67
 

/(
v

)(
p

B/
p

)

ER 1356 55

1000

100

10

oM
MH

OM

O

30000300 100001000

Q

F i g u r e  18 .  D e t e r m i n a t i o n  Of The E x p o n en t  Of

h



ER 1356 56

s l o p e  o f  0 . 7 ,  and t h i s  v a lu e  i s  t a k e n  t o  be t h e  e x p o n e n t  o f

Q/d 3.

o r

T h e r e f o r e ,

CFo)(C0 ) ( R e ) ( S c ) ° * 67
 fp—/ 7 J  '(v)-----------  i s  p r o p o r t i o n a l  t o

( V ‘ 7

Fo = f  {C - 1  Re” 1 Sc“ 0 , 6 7  —  v ( ^ o ) 0 , 7 }
p Dp

F i g u r e  19 shows t h e  f i n a l  b r e a k t im e  c o r r e l a t i o n  i n  t h e  

form  o f  a p l o t  o f  Fo v e r s u s

{ ( p b / p ) ( v)CQ/d3 ) 0 - 7 (Cq ) - 1  (R e ) - 1  ( S o ) - 0 , 6 7 ) .
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T ab le  9

F o r  t h e  D e t e r m i n a t i o n  o f  t h e  F i n a l  C o r r e l a t i o n

( p b / p ) ( v ) ( q / d 3 ) 0 - 7

System Fo ,(C0 ) ( R e ) ( S c

CHjj-H2 on C h a r c o a l 54 349
ti it tt l 6 l ; 1050
tt tt tt 1170 7070
tt it tt 49^0 30400
tt tt it 675 4020
tt tt tt 144 809
tt tt tt 379 2100
tt tt tt 487 2910
it tt tt 1770 10000
tt tt tt 3240 20400
tt tt tt 755 4480

o n C h a r c o a l 624 4750

tt tt tt 54 400
tt tt tt 68 477
it tt tt 206 1540
tt tt tt . 97 656
tt it tt 575 3800
tt tt tt 110 891
tt tt tt 101 872
tt tt tt 285 2110
tt tt it 668 4670
tt tt tt 2600 18200
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T a b le  9 

( C o n t in u e d )

( p b / p ) ( v ) ( Q / d 3) 0 *7

System Fo (CQ) ( R e ) ( S c )  •

^ - H e  on C h a r c o a l 124 778
ft ti tt 300 1660
11 11 11 495 3100
11 ti ti 1380 10000
it tt ti 7090 40700
11 11 11 191 1190
11 11 ti 362 2050
11 11 11 659 4090
11 n 11 1780 10500
11 ti ti 9110 56700

CHjj-He on C h a r c o a l 3210 17500

11 ti 11 6610 34200
11 ti 11 10200 55200
ti it tt 3260 16300
it ti ti 2770 14700
n ti ti 4040 ' 20900
11 ti 11 19700 97000
ti it tt 1460 70-50

N2 “H2 on S y n t h e t i c  Z e o l i t e 43 426
ti ti ti ti 8 118
it 11 11 u / 18 170
11 11 11 it 7 82
tt ti u n 208 1340
11 tt it tt 776 4470
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T a b le  9 

( C o n t in u e d )

Sys tem

CH4-H2 on S y n t h e t i c  Z e o l i t e
11 1! fl tt

It tt tt tt

(p B/ p ) ( v ) ( Q / D p ) ° ‘ 7

Fo (C0 ) ( R e ) ( S c )

218 1400

97 611

39 337

155 633

1030 5740

315 1900

243 1050

16 137

35 237

2470 11500

144 713
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RESULTS

The b r e a k t i m e s  f o r  t h e  sy s te m s  c o n s i d e r e d  t o  d e t e r m i n e  

t h e  c o r r e l a t i o n  a r e  p r e d i c t e d  u s i n g  t h e  c u rv e  i n  F i g u r e  19. 

These  v a l u e s  a r e  l i s t e d ,  and  compared w i th  t h e  b r e a k t i m e s  

o b t a i n e d  by a s s u m in g  s t e p - f u n c t i o n  b r e a k t h r o u g h ,  i n  T ab le  

1 0 .
The c o r r e l a t i o n  was t h e n  t e s t e d  on sy s te m s  t h a t  were 

n o t  u s e d  i n  o b t a i n i n g  F i g u r e  1 9 . These sy s te m s  a r e :

'' 1) M e th a n e -h y d ro g e n  on s i l i c a  g e l  a t  -115°F> r e p o r t e d  

i n  C a m p b e l l f s Ph.D. t h e s i s  ( 1 9 6 1 ) .

2)  W a te r  v a p o r - a i r  on a c t i v a t e d  a lu m in a  a t  80°F ,  

r e p o r t e d  i n  E a g l e t o n ’ s Ph.D. t h e s i s  ( 1 9 5 1 ) .

3) W a te r  v a p o r - a i r  on m o l e c u l a r  s i e v e s  a t  90°F .  One 

r u n  i s  r e p o r t e d  i n  t h e  l i t e r a t u r e  by N u t t e r  and 

B u r n e t t  (19 6 6 ,  p .  1 ) .  I t  was n o t  p o s s i b l e  t o  

a c q u i r e  a copy o f  N u t t e r ’ s Ph.D. t h e s i s  which  con­

t a i n s  o t h e r  r u n s .

The b r e a k t i m e s  f o r  t h e  above  s y s t e m s ,  f o r  s e l e c t e d  ru n s  

t h a t  r e p r e s e n t  c h a n g in g  c o n d i t i o n s ,  a r e  p r e d i c t e d  by u s i n g  

t h e  c u rv e  i n  F i g u r e  19.  These p r e d i c t i o n s  a r e  l i s t e d  and 

compared  w i t h  t h e  s t e p - f u n c t i o n  b r e a k t h r o u g h  t i m e s  i n  T a b le s  

1 1 ,  1 2 ,  and  13.
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DISCUSSION OF RESULTS

I t  i s  i m p o r t a n t  t o  r e c a l l  t h a t  t h e  model assumed f o r  

t h i s  t r e a t m e n t  was t h a t  t h e  p r o c e s s  i s  a gas p h a se  m ass-

t r a n s f e r  c o n t r o l l e d ,  and  t h e  s o l i d  p h a se  mass t r a n s f e r
/

c o e f f i c i e n t  k s was assumed t o  be a f u n c t i o n  o f  t h e  i n l e t  

c o n c e n t r a t i o n  CQ, so  t h a t  i t  was n o t  c o n s i d e r e d  as  a v a r i ­

a b l e .  T h is  p l a c e s  a l i m i t a t i o n  on t h e  c o r r e l a t i o n  f o r  

sy s te m s  where  t h e  above a s s u m p t io n  i s  i n v a l i d .

F o r  t h e  m e th a n e - h e l i u m  and n i t r o g e n - h e l i u m  on c h a r c o a l  

s y s t e m s ,  Kidnay and H iz a  (1 9 7 0 ,  p .  953) fo un d  t h e  v a l u e s  o f  

k & i n d e p e n d e n t  o f  t h e  i n l e t  c o n c e n t r a t i o n  CQ. T h is  i s  i n  

c o n t r a s t  t o  t h e  b e h a v i o r  o f  t h e  m e th a n e -h y d ro g e n  and 

n i t r o g e n - h y d r o g e n  sy s te m s  s t u d i e d  on t h e  same sample  o f  

c h a r c o a l  by Kidnay (19 6 8 ,  p .  1 0 2 ) ,  where  a p r o n o u n c e d  c o n ­

c e n t r a t i o n  d e p en d e n ce  was n o t e d .  The k s v a l u e s  f o r  t h e  

h e l i u m  sy s te m s  a l s o  show a dependence  on f low  r a t e  G, a g a i n  

i n  marked c o n t r a s t  t o  t h e  h y d ro g e n  s y s t e m s .  These r e s u l t s  

s u g g e s t  t h a t  t h e r e  i s  a f u n d a m e n ta l  d i f f e r e n c e  i n  t h e  

a d s o r b e d  p h a se  t r a n s p o r t  p r o c e s s e s  be tw een  t h e  m e th a n e -  

h y d r o g e n ,  n i t r o g e n - h y d r o g e n ,  and  t h e . m e t h a n e - h e l i u m ,  

n i t r o g e n - h e l i u m  s y s t e m s .  T h is  f a c t  p l u s  e x p e r i m e n t a l  e r r o r  

(whose m ag n i tu d e  i s  i n d i c a t e d  by t h e  s c a t t e r  o f  p o i n t s  i n  

t h e  s t e p - f u n c t i o n  b r e a k t h r o u g h  c o r r e l a t i o n  p l o t  i n  F i g u r e  

1 1 ) ,  a c c o u n t  f o r  t h e  s c a t t e r  o f  t h e  p o i n t s  r e p r e s e n t i n g  t h e
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above f o u r  s y s t e m s ,  i n  F i g u r e  19.

The k s v a l u e s  f o r  t h e  m e th a n e -h y d ro g e n  and n i t r o g e n -  

h y d r o g e n  on s y n t h e t i c  z e o l i t e  sy s te m s  a r e  r e p o r t e d ,  by 

Kidnay and  H iz a  ( 1 9 6 6 , p .  6 2 ) ,  t o  be i n d e p e n d e n t  o f  f lo w .

But t h e s e  sy s te m s  a c c o u n t  f o r  t h e  b i g g e s t  s c a t t e r  o f  p o i n t s  

i n  t h e  f i n a l  c o r r e l a t i o n  p l o t .  The s t e p - f u n c t i o n  b r e a k ­

t h r o u g h  c o r r e l a t i o n  p l o t  i n  F i g u r e  20 ,  i n d i c a t e  t h a t  e x p e r i ­

m e n ta l  e r r o r  can  be t h e  r e a s o n  f o r  t h e  d e v i a t i o n s .

D e s p i t e  t h e  a p p a r e n t  d i f f e r e n c e  i n  t h e  a d s o r b e d  p h ase  

t r a n s p o r t  p r o c e s s e s  be tw een  t h e  h y d ro g en  and h e l i u m  sy s te m s  

on c h a r c o a l ,  and t h e  l a r g e  s c a t t e r  o f  p o i n t s  r e p r e s e n t i n g  t h e  

h y d ro g e n  sy s te m s  on s y n t h e t i c  z e o l i t e ,  t h e  m a j o r i t y  o f  t h e  

b r e a k t i m e s  a r e  good f o r  an  e n g i n e e r i n g  c o r r e l a t i o n ,  and  a r e  

i n  n e a r l y  a l l  c a s e s ,  much more a c c u r a t e  t h a n  t h e  t i m e s  p r e ­

d i c t e d  by a s su m in g  s t e p - f u n c t i o n  b r e a k t h r o u g h ,  i n c l u d i n g  

c a s e s  w i t h  v e ry  s t e e p  b r e a k t h r o u g h  c u rv e s  such  as t h e  h e l i u m  

s y s t e m s ,  where  r e a s o n a b l y  good e s t i m a t i o n s  o f  t h e  b r e a k t i m e s  

c a n  be o b t a i n e d  by a s su m in g  s t e p - f u n c t i o n  b r e a k t h r o u g h .

F o r  t h e  m e th a n e -h y d ro g e n  on s i l i c a  g e l  s y s t e m ,  Campbell  

(1 9 61 ,  p .  33) s t a t e s  t h a t  t h i s  was an i n t e r n a l  mass t r a n s ­

f e r  c o n t r o l l e d  p r o c e s s .  T h is  i s  i n  c o n t r a s t  t o  t h e  a ssum p­

t i o n  made i n  d e t e r m i n i n g  t h e  c o r r e l a t i o n .  D e s p i t e  t h i s  

f u n d a m e n ta l  d i f f e r e n c e ,  t h e  b r e a k t i m e s  f o r  t h i s  s y s te m  a r e  

r e a s o n a b l y  w e l l  p r e d i c t e d  by t h e  c o r r e l a t i o n ,  and a l l  a r e  

a g a i n  much more a c c u r a t e  t h a n  t h e  t im e s  p r e d i c t e d  by s t e p -  

f u n c t i o n  b r e a k t h r o u g h  a s s u m p t i o n .
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50

O  C H ^ -H ^ -S y n th e t i c  Z e o l i t e  

A  N0-H9 - S y n t h e t i c  Z e o l i t e

10

S lo p e  = -1

1
1000100

G, l b / h r - f t 2

F i g u r e  20 .  S t e p - F u n c t i o n  B r e a k t h r o u g h  C o r r e l a t i o n  
F o r  The S y n t h e t i c  Z e o l i t e  S ys tem s
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E x c e p t  f o r  one c a se  i n  t h e  a c t i v a t e d  a lu m in a  s y s te m ,  

a l l  t h e  p r e d i c t e d  b r e a k t i m e s  f o r  t h e  w a t e r  v a p o r - a i r  sy s te m s  

a r e  s a t i s f a c t o r y .

I t  must  be n o t e d  t h a t  i n  a l l  t h e  c a s e s ,  t h e  p r e d i c t e d  

b r e a k t i m e s  by t h e  c o r r e l a t i o n  would be made much more 

a c c u r a t e  t h a n  t h e  s t e p - f u n c t i o n  b r e a k t h r o u g h  t i m e s ,  i f  t h e  

a r b i t r a r i l y  c h o sen  b r e a k p o i n t  was t o  c o r r e s p o n d  t o  a  v a lu e  

o f  C/CQ l e s s  t h a n  0 . 1 .  T h i s  was n o t  done b e c a u s e  t h e  

e x p e r i m e n t a l  d a t a  would  be t o o  i n e x a c t  i f  a v e ry  s m a l l  v a lu e  

o f  C/C0 was t r i e d .
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CONCLUSIONS

A c o r r e l a t i o n  f o r  t h e  b r e a k t im e  i n  f i x e d - b e d  a d s o r p t i o n  

s y s te m s  h as  be en  d e t e r m i n e d  by u s i n g  a d i m e n s i o n a l  a n a l y s i s  

a p p r o a c h .  F i g u r e  19 i s  deemed s a t i s f a c t o r y .  The s c a t t e r  

o f  t h e  p o i n t s  i s  a t t r i b u t e d  t o  t h e  a s s u m p t io n s  made i n  t h e  

d i m e n s i o n a l  a n a l y s i s ,  a p p r o x i m a t i o n s  made i n  t h e  d e t e r m i n a ­

t i o n  o f  t h e  e x p o n e n t s  o f  t h e  v a r i a b l e s ,  and  e x p e r i m e n t a l  

e r r o r .

The d e s i g n e r  i s  f a c e d  w i t h  e s s e n t i a l l y  f o u r  c h o i c e s  

when p r e d i c t i n g  t h e  b r e a k t i m e s :

1) Run e x p e r i m e n t s .

2) Use a m a t h e m a t i c a l  a p p ro a c h  s i m i l a r  t o  t h e  method 

o f  E a g l e t o n  (1-951) •

3) Assume s t e p - f u n c t i o n  b r e a k t h r o u g h .

4) Use t h e  c o r r e l a t i o n .

The l a s t  c h o ic e  i s  t h e  e a s i e s t  and t h e  c h e a p e s t .  I t  i s  

n o t  h i g h l y  a c c u r a t e ,  b u t  t h e  o t h e r  methods may n o t  be t o o  

much b e t t e r .  Kidnay ( 1 9 6 8 , p .  103) shows t h e  r e s u l t s  o f

f o u r  b r e a k t h r o u g h ,  c u rv e  c a l c u l a t i o n s  u s i n g ' E a g l e t o n  fs
/

e q u a t i o n s .  The b r e a k t i m e s  o b t a i n e d  by t h i s  method a r e  com­

p a r e d  w i t h  t h e  p r e d i c t e d  b r e a k t i m e s  u s i n g  F i g u r e  19 ,  and 

t h e  a c t u a l  b r e a k t i m e s ,  i n  T a b le  14.

The main c o n c l u s i o n  i s  t h a t  t h e  c o r r e l a t i o n  g i v e s  more 

a c c u r a t e  p r e d i c t i o n  o f  b r e a k t i m e s ,  t h a n  t h e  a s s u m p t io n  o f  ' 

s t e p - f u n c t i o n  b r e a k t h r o u g h .
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T a b le  14

A Comparison  Between F i g u r e  19 

and  t h e  Method o f  E a g l e t o n

A c t u a l  P r e d i c t e d  t
t B

S y s tem  (min) C o r r e l a t i o n

CH^-H2 -  C h a r c o a l  45 45

If M I! 12Q 121

B (min)
E a g l e t o n 1s 

Method

47

130

^ - I ^ - C h a r c o a l

»i 11 it

30

148

39

185

34

156
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NOTATION

a -  Constant

b -  Constant

c = Constant

C -  Gas c o n c e n t r a t i o n ,  lb  i m p u r i t y / l b  gas

C  ̂ = Gas c o n c e n t r a t i o n  at th e  p o in t  o f  d i s c o n t i n u i t y

i n  the  i s o t h e r m ,  lb  i m p u r i t y / l b  gas  

Ĉ  = Gas c o n c e n t r a t i o n  at  the  i n t e r f a c e ,  lb  im p u r i t y /

lb  gas

CQ = I n l e t  gas c o n c e n t r a t i o n ,  lb  i m p u r i t y / l b  gas

d = Constant

e = Constant

f  = Constant

Fo = M odif ied  F o u r ie r  number = tgy/pDp

Dp = E f f e c t i v e  p a r t i c l e  d ia m eter ,  f t

Dv = Bulk d i f f u s i o n  c o e f f i c i e n t ,  f t 2/ s e c

G « Mass f lo w  r a t e  based  on o v e r a l l  bed c r o s s e c t i o n ,

l b / h r - f t 2

kg = O v e r a l l  gas f i l m  c o e f f i c i e n t

k_, -  O v e r a l l  s o l i d  f i l m  c o e f f i c i e n tD
L = Dimension o f  l e n g t h

m = Weight o f  a d s o r b e n t ,  lb

M = Dimension o f  mass

q = Amount ad sorb ed ,  lb  a d s o r b a t e / l b  s o l i d
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Q = Volume o f  column, f t ^

Re = R ey no ld s  number = D G/y
Sr

S = S u r f a c e  a r e a  o f  t h e  a d s o r b e n t  f o r  mass t r a n s f e r ,

f t ^ / l b  s o l i d  

Sc = Schm idt  number = y/pD^

t  = Time

t g  -  B r e a k t i m e ,  s e c

t g .  = S t e p - f u n c t i o n  b r e a k t h r o u g h  t i m e ,  s e c
JLIiS U

v = A d s o rb e n t  c a p a c i t y ,  lb  a d s o r b a t e / l b  s o l i d

V = Gas v e l o c i t y ,  f t / h r

X = Weight o f  t h e  a d s o r b e n t ,  lb

a = I n t e r c e p t  v a lu e  o f  q

3 = S lo p e  o f  t h e  l i n e a r  a d s o r p t i o n  i s o t h e r m

y = V i s c o s i t y ,  l b / f t - h r

p = Gas d e n s i t y ,  l b / f t ^

PB -  Bulk  d e n s i t y  o f  a d s o r b e n t  i n  t h e  a d s o r p t i o n  column,

l b  a d s o r b e n t / f t ^  o f  column 

0 -  D im ens ion  o f  t im e

ir = D i m e n s io n l e s s  group
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