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An investigation is ca r r ied  out to determine how the kinetics of sorption and of longitudinal 
diffusional spreading affect the concentrat ion of a radioact ive gas car r ied  at constant  
veloci ty by a gas flow through the porous medium. 

Diffusion and adsorption in the f i l t rat ion of gas through a porous medium were considered in [1-3], where 
approximate  analytical  solutions were obtained for the concentrat ion of a dynamically neutral  impurity in a gas 
flow. The p resen t  work investigates the effect of various p rocesses  (diffusion, sorption, radioact ive decay) on 
the concentrat ion of a radioactive impuri ty  at  t imes comparable  to the inverse of the kinet ic-sorpt ion coeffi- 
cient. 

w Statist ical  inves t iga t ionsof the loca l -ve loe i ty  field for a gas in a porous medium [2] have shown that 
the t r anspor t  of a dynamical ly neutral  impuri ty  is descr ibed by an equation of diffusional type. Since a rad io-  
active impuri ty  is adsorbed by the porous medium to some extent, there is an additional redistr ibution of its 
concentrat ion in the g a s - p o r o u s - m e d i u m  system.  

Taking into account  diffusion, sorption,  and radioact ive decay, the mater ia l -ba lance  equation for a radio-  
active gas is of the form [3] 

Oa Oc + 

-or r ot 
. . . .  --- Z (c 4- a) = div (Dij grad c - -  u c), 

D,y = (A~ - -  A2)lul6~j -:- Azu~uj/lu[. 
(1.1) 

The s imples t  equation descr i l ing sorption kinetics for a radioactive gas in a porous medium is 

0a  = ~ (c--c*), c* = 7a. (1.2) 
Ot 

In Eq. (1.2) it is assumed that the sorption i so therm is a Henry isotherm,  which is c o r r e c t  for a small  radio-  
ac t ive-gas  concentra t ion in the flow. 

Note that, with given initial and boundary conditions for Eqs. (1.1) and (1.2), the initial distribution of the 
rad ioac t ive-gas  concentrat ion must  be continuous and the boundary conditions must  be consis tent  with the 
initial conditions. If the initial gas -concent ra t ion  distr ibution is discontinuous, or  if the initial and boundary 
conditions are  inconsistent ,  a c o r r e c t  formulat ion of the problem must  take into account the conditions at the 
discontinuities [2]. 

Consider  the one-dimensional  problem of the motion of a radioact ive impuri ty ca r r i ed  through a porous 
medium by a gas flow at  a constant  velocity v. Assuming that initially there is no radioact ive gas in the 
porous medium and in the flow, the boundary and initial conditions may be written as [2] 

c(0, t )=~( t ) ,  c(c~, t ) = 0 ,  a(x, 0)-=0, c(x, 0 ) = 0 .  (1.3) 

In [3], the Green function [p(t)=u06(t)] for the sys tem in Eqs. (1) and (2) was determined. The radio-  
ac t ive-gas  concentrat ion in the gas flow is written as the sum of two t e rms :  

c (x, t) = a~ (x, t) + 6 2 (x, t), 

6, (x, t) - UoX {.  ( x - -  vt) 2 t(~ + 13)}, 
2 ]/-~--D~ exp 4Dt 
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G 2 (x, t) -- u~ t(~ § [~7)}/" x=~(t-- x) -1/2 • (1.4} 
VYD l 

O 

In Eq. (1.4) the f i r s t  t e rm is the Green function fo r  the diffusion equation in a moving medium, with a factor 
taking into account  the decrease  in the amount of radioact ive gas in the flow due to decay and sorption. The 
second t e r m  corresponds  to ndischargen of the porous medium occurr ing because sorption is a nonequilibrinm 
process  and vanishes at  fl = 0 or  y= 0. Note that without taking into account sorption and diffusion, a delta- 
function pulse is t ranspor ted in the porous medium, without spreading, at the velocity of the c a r r i e r - g a s  flow. 
Diffusion leads to spreading of the delta-function pulse,  which is t ransformed to a Gaussian curve,  although the 
velocity of the pulse maximum remains  the same. 

Equlibrium adsorpt ion (instantaneous establ ishment  of adsorption equilibrium in the g a s - s o r b e n t  system) 
leads to significant redistr ibut ion of the concentrat ion in the flow. In this case ,  a single pulse again moves 
through the porous medium, but at  a velocity less than that of the gas flow [6]. 

When sorpt ion kinetics is taken into account  (the length of the process  is severa l  charac te r i s t i c  t imes),  
the gas concentrat ion in the flow is determined by the superposit ion of two pulses:  The f i rs t  determines the 
concentrat ion of the gas that has not been adsorbed and the second the concentrat ion of the gas desorbed into 
the flow. This is i l lustrated in Fig. 1: At smal l  t imes,  the flow consists  mainly of unadsorbed gas (curve 1, 
Fig. 1) ; at la rge  t imes,  the flow is mainly of desorbed gas (curve 4, Fig. 1) ; at  in termediate  t imes,  both 
unadsorbed and desorbed gas a re  present .  

In the absence of sorption ( T = ~ =  0) and radioact ive decay (X = 0), the solution is the same as that in [4]. 

Accura te  calculation of the integral  with r e spec t  to T in Eq. (1.4) is difficult. Analysis  of the resul t  is 
considerably simplified at the asymptote.  For  fl~/~<<l and 1 +4tiDy-2(1 -- y) > 0, the integral  has been calculated 
[5] ; the second t e r m  in Eq. (1.4) then takes the form 

G= (x, t) = V v: -k 4[~D (1 - -  ?) v2 J 

It follows f rom Eq. (1.4) that, if the concentrat ion is applied at the sorp t ion- layer  input in the form of a delta 
function, the radioact ive-gas  concentrat ion consis ts ,  in general ,  of two pulses.  If fl >>1 (the case  real ized,  as a 
rule,  in chromatographic  gas separation),  Gl(x , t) is negligibly small.  In the limiting case  as fl ~oo, Gl(x , t) -* 
0; the adsorption is equilibrium and the gas flow contains one pulse formed as a resul t  of impuri ty  desorption. 
Without taking diffusion into account  [6], under equil ibrium adsorption the radioactive impuri ty  moves in the 
flow at a veloci ty less  than that of the flow. It is as if there is ~instantaneous t ranspor t"  of radioact ive gas 
f rom the f i r s t  pulse to the second by the porous medium. 

When 0 <tiDy-2(1 -- T)~<<1, Eq. (1.5) l eads to  the value of the coordinate at which the concentrat ion of 
desorbed radioact ive impuri ty  in the gas flow is a maximum: 

x M = v [[~ (1 - -  7)1-1[1 + ~v -ZD ( 1 - -  ?)l. (1o6) 

It is evident f rom Eq. (1.6) that w h e n / 3 ~ < < 1  (the region of s t rongly nonequilibrium adsorption) the coordinate 
of the maximum is independent of time. Whereas for equilibrium adsorpt ion ~ ~ o )  (the charac te r i s t i c  time for 
the equil ibrium to be established between the radioact ive impuri ty  in the flow and in the sorbing medium is 
much less than the charac te r i s t i c  t ime of the process  as a whole) [6] XM=0, in the case  when the kinetic sorption 
coefficient ~ is finite, by contras t ,  x M ~ 0. Note that when D = 0, Eq. (1.6) reduces to the expression XM= ~[3(1 -- 
y ) ] - I  which is the same as the express ion for  x M obtained f rom the accura te  solution in [6]. 

Differentiating the f i rs t  t e rm in Eq. (1.4) with respec t  to the time t leads to an express ion for the t ime T 
at which the f i rs t  maximum of rad ioac t ive-gas  concentrat ion reaches  the coordinate 1 in the porous medium: 

T = lv -1 [1 + 4Dr -2 ()~ + [~)]-1/_~. (1.7) 

It is of some in teres t  to consider  the possibil i ty of determining the relevant  pa r ame te r s :  the diffusion coeffi- 
cient and the kinet ic-sorpt ion coefficient. F r o m  Eq. (1.6), if the gas-f low velocity v, the coordinate x M co r -  
responding to the concentrat ion maximum of the desorbed radioactive gas, the kinet ic-sorpt ion coefficient fl, 
and the coefficient y a re  known, the diffusion coefficient D may be determined in the form 
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D = xMv - -  v~[~ -1 (1 - -  7) -1. (1.8) 

F o r  a g a s - f l o w  v e l o c i t y  v = 2  c m / s e c ,  f i=0 .1  sec  -1, T=0 .1 ,  and XM=22.52 cm,  Eq. (1.8) g ives  D = I  cm2/sec. 
The a c c u r a c y  of  this d e t e r m i n a t i o n  of the diffusion coef f ic ien t  is c h a r a c t e r i z e d  by the a c c u r a c y  of  the known 
p a r a m e t e r s  fl, T, v, and the m e a s u r e d  coo rd ina t e  x M. 

The k i n e t i c - s o r p t i o n  coe f f i c i en t  is d e t e r m i n e d  f r o m  Eq. (1.7) for  known p a r a m e t e r s  X, D, and v, and 
us ing an e x p e r i m e n t a l  va lue  of  the t ime  at  which the f i r s t  m a x i m u m  of the r a d i o a c t i v e - g a s  concen t r a t i on  a p p e a r s  
a t  the given coo rd ina t e ;  

:= 0.25D- '  (12T 2 - -  v 2) - -  ).. (1.9) 

The a c c u r a c y  in de t e rmin ing  fl is c h a r a c t e r i z e d  by the a c c u r a c y  of  the m e a s u r e d  t ime T and the known p a r a m -  
e t e r s  D, l ,  P, and 2~. Note tha t  if  both fi and D a r e  unknown, they  may  be de t e rmined  for  known T, l,  XM, A, v, 
and 7 by so lv ing  the s y s t e m  in Eqs.  (1.8) and (1.9) fo r  fl and D. The main  diff icul ty  in de t e rmin ing  fl and D is 
a s s o c i a t e d  with the c o n c e n t r a t i o n  o f  the r ad ioac t i ve  impur i ty ,  which is usua l ly  smal l .  In addit ion,  s o m e  r a d i o -  
nucl ides  a r e  s h o r t - l i v e d ,  which a l so  c o m p l i c a t e s  the de te rmina t ion .  

w Solution o f  Eqs.  (1.1) and (1.2) in a n a l y t i c f o r m  for  a r b i t r a r y  boundary  condit ions leads  to m a t h e m a t i -  
ca l  e x p r e s s i o n s  tha t  a r e  diff icul t  to ana lyze .  T h e r e f o r e  in the p r e s e n t  work  a c o m p u t e r  was used fo r  the 
ana lys i s  of  Eqs .  (1.1) and (1.2). The ca lcu la t ions  were  made  by a d i f fe rence  method us ing a fou r -po in t  
expl ic i t  s c h e m e ,  the a c c u r a c y  of which was s e c o n d - o r d e r  with r e s p e c t  to the s tep  over  the coord ina te  and f i r s t  
o r d e r  with r e s p e c t  to the t ime  s tep ,  In c a r r y i n g  out  the ca lcu la t ions ,  the fol lowing d i m e n s i o n l e s s  v a r i a b l e s  
w e r e  in t roduced  into Eqs.  (1.1) and (1.2): 

x' = xkv -1, t' = t~, D' = Dv-2~, fi' = ~-I 

(below, the p r i m e s  a r e  omit ted) .  

It  is  a s s u m e d  that  the r a d i o a c t i v e - g a s  concen t r a t i on  applied a t  the s o r b i n g - m e d i u m  input is of  the f o r m  
#(t) = e x p { - 2 0 ( t -  0.5)z}. In Fig. 1 the d i s t r ibu t ion  of  the r a d i o a c t i v e - i m p u r i t y  concen t r a t i on  in the gas  flow at  
t imes  t~ = 10, %= 20, t3 = 30, t 4 = 40 is shown. At  t 1 and t 2 the amoun t  of  deso rbed  r ad ioac t ive  i m p u r i t y  in the gas  
f low is s l ight .  At  t=24 .5  the second m a x i m u m  in the r a d i o a c t i v e - g a s  concen t r a t i on  appea r s  in the gas flow. At 
t = 54, the gas  flow conta ins  a s ingle r a d i o a c t i v e - g a s  pu lse ,  appea r ing  as a r e s u l t  of  desorp t ion .  

The ef fec t  of diffusion on the r a d i o a c t i v e - g a s  concen t r a t i on  in the flow is shown in Fig.  2. The bes t  
r e s o l u t i o n  of  the two r a d i o a c t i v e - g a s  pulses  is obtained a t  t=  35. 

As  is evident  f r o m  Fig.  2, the pulses  of  undeso rbed  and deso rbed  r ad ioac t i ve  impur i t y  in the gas flow 
c o a l e s c e  into one  a t  D= 1.1. Since the ve loc i t y  of the d e s o r b e d - i m p u r i t y  m a x i m u m  is  ~ 7(1 + 7) - I  [61, the  c o a l e s -  
cence  of  the two r e a d i o a c t i v e - i m p u r i t y  pu l ses  into one o c c u r s  a t  lower  di f fus ion coef f ic ien ts  as  T i n c r e a s e s .  

The e f fec t  of  the k i n e t i e - s o r p t i o n  coef f ic ien t  on the shape o f  the r a d i o a c t i v e - i m p u r i t y  pu l se  in the flow is 
shown in Fig,  3. At  t i m e  t1=10,  when/~= 0.1, t he re  is c o m p a r a t i v e l y  l i t t le  i m p u r i t y  in the flow, as  a r e s u l t  of  
" d i s c h a r g e "  of the po re  s u r f a c e ;  this is in c o n t r a s t  with the c a s e  of  the deso rbed  r ad ioac t i ve  i m p u r i t y  a t /3= 1. 
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Fig.  1. Dis t r ibu t ion  of  r a d i o a c t i v e - g a s  concen t r a t ion  in porous  
m e d i u m :  1 ) t l = 1 0 ,  2) t2=20,  3) t 3 = 3 0 ,  4) t4=40;  f l=0 .1 ;  D - 0 . 2 ;  T = 0 . 1 .  

Fig.  2. Concen t ra t ion  d i s t r ibu t ion  for  va r ious  k ine t i c - so rp t t on  
coef f i c i en t s :  t 1 = 10, t 2 = 40, fll = 0.1, fi2 = 1.0. 
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Fig. 3. Concentration distribu- 
tion for various diffusion co- 
efficients: t=30, Dl=0.1 , D2= 
0.5, D3= 1.0. 

As a r e su l t  of numer ica l  modeling,  the following re la t ion  is es tabl ished between the coordinate  a t  which 
the m a x i m u m  of the de s o rbed - i m pur i t y  concentra t ion appears  in the gas flow and the coeff icient  of longitudinal 
diffusional spreading:  F o r  D=0.1 ,  0.2, 0.5, 1.0, and 2.0, xM=22.25,  22.30, 22.35, 22.52, and 22.70, respec t ive ly .  
These resu l t s  a r e  sa t i s fac to r i ly  descr ibed  by Eq. (1.6). 

Note finally that  the effect  of rad ioac t ive  decay leads to a dec r ea se  in r ad ioac t ive - impur i ty  concentrat ion 
in the gas flow, and the combined effect  of rad ioac t ive  decay,  sorpt ion,  and diffusion leads to attenuation and 
dis tor t ion of the ini t ial  r ad ioac t ive -gas  pulse  and, a t  some values of  the p a r a m e t e r s ,  spli t t ing of the pulse into 
two. Having measu red  the coordinate  x M at  which the m a x i m u m  of the desorbed rad ioac t ive  impur i ty  appears  
and the t ime  T at  which the m a x i m u m  of the r ad ioac t ive -gas  concentra t ion reaches  the coordinate l, and know- 
ing the p a r a m e t e r s  ~, ),, and v~ it is poss ib le ,  in pr inc ip le ,  to d e t e r m i n e  the k ine t ic -sorp t ion  coeff icient  and the 
longitudinal  diffusion coefficient.  

NOTATION 

a(x~ t), amount  of rad ioac t ive  gas adsorbed by the porous  medium;  c(x, t), r ad ioac t i ve -gas  concentra t ion 
in the flow; X~ rad ioac t ive -decay  constant ;  7, coeff icient  inverse  to the Henry  coefficient;  8, k ine t ic -sorp t ion  
coeff icient ;  D, longitudinal diffusion coeff icient ;  Dij , convect ive diffusion coefficient;  ~1,2, longitudinal and 
t r a n s v e r s e  sca t t e r ing  coeff icients  of the medium;  XM, coordinate  at  which deso rbed - impur i t y  m a x i m u m  
appea r s ;  l ,  coordinate  of  the f i r s t  concentra t ion  m a x i m u m  of the radioact ive  impur i ty  a t  t ime T; u, v, gas- f low 
veloci ty;  x, coordinate ;  t, t ime.  
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