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The accu racy  of different  model equations of sorpt ion dynamics  in porous  media  is analyzed.  
Analytical  solutions of the equations a re  obtained for  a r ec tangu la r  i so therm.  

The motion of a mix tu re  of ga se s  (liquids) through porous  media  is descr ibed  by a quas i l inear  s y s -  
t em of equations.  Such a s y s t e m  has  inVariant para l le l  t r a n s p o r t  solutions ( travell ing wave) only under  
ce r ta in  conditions (convexity of sorpt ion i so the rm for  sorpt ion dynamics  and concavity of the i so the rm for  
desorpt ion dynamics)  [1]. 

It  is shown in [2] that  for  the equations of sorpt ion dynamics  in the outer  diffusion kinetic region under  
pa ra l l e l  t r a n s p o r t  conditions the r e s i s t a n c e  to m a s s  t r a n s f e r  due to the finite ra te  of sorpt ion dynamics  and 
longitudinal mixing can be added up in the f i r s t  approximat ion  and the equations of sorpt ion dynamics  can be 
appropr i a t e ly  s imp l i f i ed .  In [3] it is shown phenomenological ly that  the r e s i s t ance  to m a s s  t r a n s f e r  can be 
approx imate ly  added up for  all r e g i m e s  of sorpt ion dynamics;  it is a lso  shown how approx imate  model  equa-  
t ions can be der ived.  However ,  the question of accu racy  of different  approx imate  model equations of s o r p -  
tion dynamics  r ema ined  open. A r igorous  e s t ima te  of the accu racy  of different  model equations can be ob-  
tained by compar ing  numer ica l  computat ions  of the exact  and approx imate  equations.  

The computat ions  for  different  types  of i so the rms  (linear, convex, concave,  s -shaped)  were  c a r r i e d  
out on a B~SM-6 computer .  

The computat ions  for  the convex i so the rm a re  p resen ted  below by way of example ,  although all the 
conclus ions  about the accu racy  of approx imate  model equations will be valid for  any type of i so therm.  

The sorpt ion dynamics  is desc r ibed  by the equation of m a s s  balance and the equation of outer  diffu- 
sion sorpt ion k inet ics  
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We shall solve this quas i l inear  equation with appropr ia te  initial and boundary conditions numer ica l ly  by the 
sc rew die method. The impl ic i t  i te ra t ion scheme of second o rde r  accu racy  is absolutely  s table  fo r  
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Langmui r  sorpt ion i so the rm has the f o r m  

q =  (I +p)c 0 . ~ . c ~  1. 
1 + pc ' ( 3 )  

The output dynamic cu rves  co r respond ing  to the motion of a r ec tangu la r  per turba t ion  through a porous  m e -  
dium were  computed for  (3) with p = 10 for  different  va lues  of the p a r a m e t e r s  ~, 7. The dynamic cu rves  
of distr ibution of the concent ra t ions  in the porous  medium are  shown in Fig. 1 by continuous l ines for  a 
= T = 0.5, by dashes  for  ~ = 0.05, T -- 0.95, and by dash--dots  for  ~ = 0.925, T = 0.075. 

The exact  s y s t e m  of equations (o~ ~ T ~- 0) has f o r m  (1). The approximate  s y s t e m s  a re  
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Fig.  1. Dis t r ibu t ion  of concen t r a t i on  in flow th rough  a p o r -  
ous  med ium at d i f ferent  ins tan ts  of t ime .  The n u m b e r s  on 
the c u r v e s  a r e  va lues  of t. 

Oc + Of(c) Oec 
( a - - l ,  y ~- O) -~z 0--~ = Oz - - ~  (5) 

The a c c u r a c y  of the d i f ferent  a pp rox i m a t e  equa t ions  can be e s t i m a t e d  by v a r y i n g  the p a r a m e t e r s  a ,  7. 
Actual ly ,  let us  a s s u m e  that  it is  r e q u i r e d  to compute  the dynamic  output c u r v e s  of mot ion  of concen t r a t i o n s  
along a p o r o u s  med ium when the r a t e s  of m a s s  t r a n s f e r  due to ou te r  diffusion sorp t ion  k ine t i c s  and long i -  
tudinal  mixing  a r e  equal ,  i . e . ,  a = T = 0.5. In this  c a s e  an exac t  n u m e r i c a l  solut ion can be obtained f r o m  
the solut ion of  s y s t e m  (1). However ,  it is  poss ib le  to use  the approx ima te  mode l  equat ion (4), in which 
the equivalent  r e s i s t a n c e  to  ou te r  diffusion m a s s  t r a n s f e r  is equal to the sum of the t rue  r e s i s t a n c e  to ou t e r  
diffusion m a s s  t r a n s f e r  a n d t h e  r e s i s t a n c e  due to longitudinal  mixing ((~ = 0, 7 = 1, a + 31 = 1). The ap -  
p r o x i m a t e  equat ion (5) can a l so  be used  in which the equivalent  r e s i s t a n c e  due to longitudinal  mix ing  is 
equal to the sum of the t r u e  r e s i s t a n c e  due to longitudinal  mixing  and the r e s i s t a n c e  of ou t e r  diffusion m a s s  
t r a n s f e r  (a = 1, T = 0). It is  evident  f r o m  a c o m p a r i s o n  of the exac t  and the app rox ima te  model  equat ions  
tha t  tn ou t e r  diffusion k ine t ics  the sorp t ion  d y n a m i c s  can be advan tageous ly  d e s c r i b e d  by the app rox ima te  
model  equat ion (4), s ince  this  equat ion is m o r e  exac t  than (5). 

Sorben t s  having an a l m o s t  r e c t a n g u l a r  i s o t h e r m  a r e  often used  in appl ica t ions  fo r  p r o c e s s e s  of d e s -  
s ica t ion  etc.  This  i s o t h e r m  m a y  be r e g a r d e d  a s  a l imi t ing  L a n g m u i r  i s o t h e r m  (p >> 1) 

1, O , < c ~ l ,  [ O, O ~ < q < l ,  
" . (P (q) -- 

q =  0, c = 0 ,  t 1, q = l .  (6) 

I s o t h e r m  (6) is of  c e r t a i n  in t e res t ,  s ince  on one hand f o r  it the equat ions  of  so rp t ion  d y n a m i c s  can be 
solved analy t ica l ly ,  and on the o the r  hand us ing such solut ions  it is  poss ib le  to e s t ima te  the t i m e  and the 
length of the p o r o u s  m e d i u m  a f t e r  which pa ra l l e l  t r a n s p o r t  condi t ions  se t  in. In this  fo rmula t ion  the bound-  
a r y  value p r o b l e m  (1) of sorp t ion  d y n a m i c s  r e d u c e s  to S te fan ' s  p r o b l e m  [4] with unknown movable  boundary  
t(t): 

Oc c dec Oq 
Oz + 37 = i x  Oz e , "~ - ~ = c ,  O < z < l ( t ) ,  O < q ~ l , .  O < c ~ l , .  

c = q = O ,  z>t(O,  l ( o ) = o  

Solving (7) with the boundary  condi t ion c(/, t) = 0, we obtain 

c (z, t) = y~P' (t) {exp (Xez)-- exp [L:z + (~'e - -  ~:)/]}, 

q (z, t) = r  (t) {exp (~.ez) - -  exp [~:z + (:~e - -  ~:) l]} 

@ (1) (Z), ~l ,e  = I ~ .  1 1 (Z 2~ ' -  -[-4 , Y 

(7) 

(8) 

where  �9 is an a r b i t r a r y  function.  
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We divide the second  equat ion of (8) by the  f i r s t .  

q (z, t) = 

F r o m  the second  equat ion in (7) we get  

After .  s o m e  r e o r g a n i z a t i o n  we have 

q (o, t) - �9 ( o )  c (z, 0 + r (z). 
c (0, t) (9) 

t 
q(O, t ) -  ~ (10) 

Compar ing  (9), (10) we see that  pa ra l l e l  t r a n s p o r t  condi t ions  set  in at t -> t . ,  when sa tu ra t ion  o c c u r s  at the 
boundary  (maxq  = 1). T h e r e f o r e  c ons i de r i ng  the boundary  condit ion c(0, t) = 1, f r o m  Eq. (8) we obtain the 
solut ion 

c(z, t ) = { e x p ( L . , z ) - - e x p [ ~ z - i - ( L ~  ~ l ) t l } { 1 - - e x p i ( L z  ~)l t}-L (11) 

We shal l  f ind the equation fo r  de t e rm i n i ng  the unknown b o u n d a r y / ( t )  f r o m  the in tegra l  f o r m  of the equat ion 
of m a s s  ba lance .  Af t e r  s o m e  manipu la t ions  we get  

f r o m  which we have 

Subst i tut ing (11) into (13) we obtain 

�9 q ( z ,  t )  d z  = t - , -  ~ ,J dz 
o o 

i 

1 dc (0, t) 
c (z, t) dz = 1 a 

? dz (12) 
0 

(~2 - -  ~'1) exp (s ~ O. 

With an  a c c u r a c y  up  to  a few p e r c e n t s  the  p a r a l l e l  t r a n s p o r t  c o n d i t i o n s  s e t  tn f o r  

4,6 
l ~ l .  -- 

L2 t (13) 

s ince  exp(--4.6)  ~ 0.01. 

Taking  (13) into cons ide ra t ion  we wr i te  solut ion (9), (11) in the fol lowing f o r m :  

c (z, t) = exp (L~z), q (z, t) = Ac (z, t), A = const. 
(14) 

In the s t a t i ona ry  f ron t  r e g i m e  with t >- t , ,  z > - / , w i t h  (14) taken into cons ide ra t i on  p r o b l e m  (7) r e d u c e s  to 
the following: 

Oc ~ A Oc 
- -  = O, clt=t * = exp Q~2z), 

Oz .T aL, Ot 

the  solut ion of  which is  

! exp [~ ( y - -  vo)], Yo ~ y < oo,  yo = - -  t ,  = - -  ~%. 
q(z, 

t ) = t  1 , - - o o < y ~ y  o, y = z - - w t ,  

A 
w =  - - =  I, A =  a ~ .  

c (z, t) = '  I exp [~  ( y - -  Yo - -  yo)], go + yo ~ y <  ~ 

t. I , - -  oo  < Y ~ Y o  @yO, 
1 yO . . . . . .  In (r 

Let  us  c o n s i d e r  the a pp rox i m a t e  model  equat ion (4) when r = 0, 3/~ 0. As  fol lows f r o m  (14), in th is  ea se  
the solut ion has  a s imple  f o r m  

c (z, 0 = q (z, t) ( 
i , - -  ~ < Y <  Yo, ( i 5 )  
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since ~2 = --1/% yO= 0. 

F o r  the approximate model equation (5) (c~ # 0, ~ = 0) sys tem (1) goes over  into the following: 

1 Oc Oc 02c 
= a  , q = l ,  c > O ,  q . > > i , c ( O , t ) = l ,  

q. at Oz Oz 2 (16) 

c (4 t) = o. 

Usually q .  >> 1 and the f i rs t  t e rm ean be neglected. The solution of (165 without the f i rs t  t e r m  is 

c (z, t) = ~l  (t) + ~ ( t ) e x  p ( - ~ - )  , 

When the boundary conditions are  taken into considerat ion we get 

We obtain the equation for the movable boundary f rom the integral fo rm of the equation of mass  balance: 

I ( t ) - - t  aexp ( . - - ~ - ) - - c r  l(O).=O. (18) 

The parallel  t r anspor t  conditions set in for a l inear t ime dependence of the boundary (constant velocity of 

the movable boundary); therefore  

Hence we get 

Fo r  t > t .  = 3.6 ~; 

l > l . - -  4,6a. 

z -> 4.6 a the solution in the parallel  t ranspor t  regime is of the fo rm 

c(z, 0 = [ 
0 , y o ~ < y < o o ,  y = z  t, (19) 

As an example solutions (145, (155, (19) for  t = 5.0 are  shown in Fig. 1 by the points I, II, III r e spec -  
tively. It is evident f rom a compar ison  of the numerical  and analytical solutions that for  the rectangular  
isotherm the dynamic output curves  in the outer diffusion kinetic region in parallel  t ranspor t  regime can be 

deseribed by Eqs. (14), (15). 

C 

q 

a = ~ D ~ ;  

TE = T D + Te; 
T D = ((1 + k)6D.)/u2; 
T e = ((1 + k)a)/((1 + vS~0); 
k = df(0)/dc; 
6 = ( 1 - a } / m  

ol +T= I; 

TD 
Te 

(T 

D .  
U 

NOTATION 

is the concentrat ion of mat te r  in the gas (liquid} flow; 
is the concentrat ion of the absorbed matter;  

is the relaxation t ime due to longitudinal mixing; 
is the relaxation t ime due to finite rate of mass  t rans fe r  at the outer  
boundary of the grain; 
is the fract ion of f ree  space in the porous medium; 
is the coefficient of effective longitudinal mixing; 
is the l inear  velocity of gas (liquid5 flow; 
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~0 
t ' ,  2 '  

t z =  

q = f(c) 

iS the s y m m e t r y  p a r a m e t e r  (v = 2 for  spehr ica l  g ra ins  with radius  a, 
v = 1 for  cyl indr ical  gra ins  with. radius  a, v = 0 for  g ra ins  in the f o r m  
of sheets  of th ickness  2a); 
is the m a s s  t r a n s f e r  coefficient  at the outer  boundary of the grain; 
a re  the dimenslonal  t ime and coordinate  respect ive ly ;  
a r e  the d imens ion less  t ime  and coordinate ,  respec t ive ly ;  
is the sorpt ion i so therm.  

1o 
2. 
3. 
4. 
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