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An analytic solution is found for the concentrat ion of the f i rs t  and the second radionucleids in 
a porous medium. The effect is shown of radioactive decay and of diffusion on the occur rence  
t ime of the maximal  concentrat ion at the outlet of the absorber  layer.  

In [1] equilibrium adsorpt ion was studied of a radioactive admixture which is ca r r ied  by a c a r r i e r  gas 
with constant rate through a semlinfinite porous medium. In the present  ar t ic le  the effect of diffusion is taken 
into account on the motion of an i sobar  collection of radioactive nucleids in a porous medium. 

The t r anspor t  of an i sobar  collection of radionucleids by means of a nonactive c a r r i e r  gas is considered.  
The concentrat ion propagation of the admixture in the flow is descr ibed by a sys tem of parabol ic- type equations: 

Oc___k t + vu Oct + ~.lc I Du 02c! = O, (1) 
Ot l + y Ox 1 +  u Ox" 

Oc-_A 2_ ~'l Oct + X~c~ D~ 02ci = Xi_~c. (2~ 
Ot ' I + u  Ox 1 + u  Ox a 

(~.,v ----- 0, i =  2 . . . .  , N). 

The sys tem of equations (1)-(2) was written under the assumption that the charac te r i s t i c  t ime of establishing 
the equilibrium between separa te  radionucleids in the flow and in the adsorbent  is much shor te r  than the cha r -  
ac te r i s t ic  t ime of the p r o c e s s ,  that i s ,  the cha rac t e r  of adsorption is of equilibrium type. The relation be-  
tween the concentrat ions of the i - th  nucleid in the flow and the adsorbent  is c i = 7ai. Here i = 1, . . . .  N. 
Assuming that at the initial moment  there  is no radioact ive gas in the porous medium, the initial and boundary 
conditions for  the sys tem (1)-(2) are  

c,(x, O)= O, c~ (x, O)= o, c~ (0, l )=  ~ (0, ci (o, t )=  p~ (t), (3) 

where Pi(t) (i = 2 , . . .  ,N) can be found by solving the following sys tem of equations: 

Oc--Al + ~,~l - -  ~-1c~-1 = 0 (i = 2 . . . .  N; X,v -- 0). (4) 
Ot 

In prac t ice ,  a concentrat ion of the radioact ive gas is fed most  often to the input of the sorbing layer  ei ther  in 
the form of an abrupt impulse or  a step. We shall  consider  the case  of an abrupt impulse which corresponds  
to the boundary condition containing a delta-function: 

~, it) = 8 (t, to). 

Since the impulse of a radioact ive gas does not vanish at the boundary,  therefore  ci(0, t) = 0. 
the f i r s t  radionucleid using (5) is given by 

Q(Yc, t) = 2 (~tDy)tl2ta/2 exp - -  4D~(l + u 

Using the genera l  theory of solutions of parabolic equations [2] it is not difficult to see that the solution 
c i (x, t) (i > 1) for  a vanishing initial and boundary condition can be written as 

(5) 

The solution for  
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Fig .  1. Concen t r a t i on  of the f i r s t  
r ad ionue le id  at  the  i n s t an t s  tt  and t 2 
v e r s u s  x (x l ,  c o o r d i n a t e  of the  con -  
c e n t r a t i o n  m a x i m u m  of the r a d i o -  
nucle id  a t  the i n s t an t  t l ;  x2, c o o r d i -  
na te  of  the c o n c e n t r a t i o n  m a x i m u m  
of the  second  rad ionuc le id  a t  the  
i n s t an t  t2). 

c,(x, t) &~-~(1+ 7)'/2 { xv [" v'e I t } 
2VnD7 exp ~ - -  ~ +  4D(I+~?)  

t 

x .  V t - - T  4 D ( l + 7 )  j " c -  2 D J  
(? 0 

(x - -  ~)2(1 + "~) - -  exp - -  d~dv. 
• exp - -  4D? (t - -  ~) 4Dv ( t - -  ~) 

By subs t i tu t ing  in the e x p r e s s i o n  (7) i n s t ead  of ci_l(E, r) the known concen t r a t i on  fo r  the  f i r s t  r ad ionuc le id ,  
one ob ta ins  the c o n c e n t r a t i o n  of the second  r ad ionuc le id  in the  c a s e  of mot ion  in a po rous  m e d i u m  which con -  
ta ins  an i n t eg ra l :  

c2(x, t)-- %~xt/-i :--' ? ,exp{  x2(1 ~-?) + xv [ v? ] } 
2 t W a - ~  -- 4D'~t ~ - -  %~+ 4D(1 + 7) j t 

t 

] ! exp {--- ()~ - -  )~2) ~} d~. (8) 
A 

0 
z 

I n t h e a b o v e  e f t ( z ) - - t  t ' e x p ( - - - ~ 2 ) d  v is  the e r r o r  i n t e g r a l .  A n e x a e t o a l c u l a t i o n o f  (8) is  not f e a s i b l e .  
V E  .# k - - /  

- - Z  

By employ ing  an a s y m p t o t i c  r e p r e s e n t a t i o n  of the e r r o r  i n t e g r a l  [3], the  concen t r a t i on  of the second  r a d i o -  
nucle id  ean  be wr i t t en  a p p r o x i m a t e l y  as  fo l lows:  

V ~ { x 2 ( l + ? ) x v  v ? t }  x t .--' ~ exp - -  § 
c~(x, t) ~ 2 t l / . a _ ~ ( ) ~ _ ~ 2  ) 4D?t 2D 4D(1 + 7 )  ~exp(-- L, t ) - -exp(--)~t)] .  (9} 

It i s  noted  that  i t  i s  ev iden t  f r o m  (9) tha t  the a p p r o x i m a t e  so lu t ion  f o r  the second  r ad ionuc le id  was wr i t t en  
in the f o r m  of a p roduc t  of two f a c t o r s ,  one of which c h a r a c t e r i z e s  only the d e c a y ,  the o t h e r  being a solut ion 
of the equat ion which d e s c r i b e s  the t r a n s p o r t  of the a d m i x t u r e  with di f fus ion and so rp t ion  t aken  into account .  
One would expec t  t ha t  the  a p p r o x i m a t e  so lu t ions  f o r  the  th i rd  and the  subsequen t  r ad ionuc le ids  would look s i m i -  
l a r  to (9). H o w e v e r ,  i t  i s  i nadv i sab l e  to  emp loy  the  e x p r e s s i o n  (7) to obtain ana ly t i c a l l y  the concen t r a t i ons  of 
the r ad ionuc l e id s  s t a r t i n g  f r o m  the th i rd  one upward  though i t  i s  su i t ab le  f o r  comput ing  the  concen t r a t i ons  of 
the s e t  of r ad ionuc le ids  on a h i g h - s p e e d  e l e c t r o n i c  c o m p u t e r .  

It  i s  not d i f f icul t  to s e e  f r o m  the e x p r e s s i o n  (6) tha t  the coo rd ina t e  of  the c o n c e n t r a t i o n  m a x i m u m  in the 
flow is  g iven  by the fol lowing e x p r e s s i o n :  

x 2 ( i  ~-  7) 1 ~ ,~2~,t . 

F o r  t >>D (1 + T)T-Iv -2 the  e x p r e s s i o n  (10) can  be s i m p l i f i e d  to: 

v'~t x (11) 

As  can ea s i l y  be s e e n  f r o m  (11) the  r a t e  of mot ion  of the c o n c e n t r a t i o n  m a x i m u m  in the  m e d i u m  fo r  l a r g e  t 
only depends  on the  Henr i  coe f f i c i en t  x t = u'/(1 + 7) - I .  It is  noted tha t  the  a r r i v a l  t i m e  of the concen t r a t ion  
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m a x i m u m  a t  the  ou t l e t  of  the  a d s o r b e r  can  be d e t e r m i n e d  f r o m  Eq .  (10): 

t 

If  xu >>D, t hen  (12) c a n  be  s i m p l i f i e d  a s  we l l :  

x (1-[-y) yv (1-}- , 2.__D ) - ' .  xv (12) 

t =  
x ( l + y )  

vy  

H o w e v e r ,  the  a p p e a r a n c e  t i m e  of the  c o n c e n t r a t i o n  m a x i m u m  f o r  a r a d i o a c t i v e  a d m i x t u r e  at  the  a b s o r b e r  
ou t l e t  d i f f e r s  f r o m  tha t  c a l c u l a t e d  f r o m  (12) and (13); the  f o r m e r  can  be  found f r o m  an  equa t ion  ob t a ined  by 
d i f f e r e n t i a t i n g  (6) wi th  r e s p e c t  to  t :  

x(l + y) / 9D2y 3D(l + y) (14) t-- Y~ 
v I -k 4Dy~lv-~( 1 + Y )  ] /  1 + x%2[y+4D~lv -~(  1 q-Y)] v~[Y : 4Dv-2L~( 1 +Y)] 

F o r  vx >> D one c a n  s i m p l i f y  (14) a s  wel l :  

t - -  
x(1 + y) 

~? V 1 - -  4Dv-*~fCl(1 + y) 
(15) 

C o m p a r i n g  (13) and (15), one can  s e e  tha t  f o r  D = 0 o r  f o r  )q = 0 (the g a s  be ing  i n a c t i v e  o r  t he  d i f fus ion  c o e f f i -  
c i en t  be ing  n e g l i g i b l y  s m a l l )  the  e x p r e s s i o n s  (13) and (15) a r e  i d e n t i c a l .  The  e f fec t  of d i f f e r e n t  a p p e a r a n c e  
t i m e s  f o r  the  c o n c e n t r a t i o n  m a x i m u m  of  an  a c t i v e  o r  i n a c t i v e  a d m i x t u r e  a t  the  a d s o r b e r  ou t l e t  i s  due to the  f ac t  
t ha t  d u r i n g  the  m o t i o n  of  the  a c t i v e  a d m i x t u r e  i t s  c o n c e n t r a t i o n  r e d u c e s  owing to r a d i o a c t i v e  d e c a y ,  and  when 
the  " p r o p e r "  m a x i m u m  a r r i v e s  at  the  ou t l e t  of the  s o r b i n g  l a y e r  i t s  amoun t  wi l l  be s m a l l e r  than  the  c o n c e n t r a -  
t i on  a t  the  a d s o r b e r  ou t l e t  a t  s o m e  p r e v i o u s  i n s t a n t  t .  F i g u r e  1 shows  the  d i s c r e p a n c y  be tween  the  a p p e a r a n c e  
t i m e s  of  t he  c o n c e n t r a t i o n  m a x i m a  f o r  an a c t i v e  o r  an i n a c t i v e  a d m i x t u r e  a t  a po in t  x 2. In F i g .  1 the  c o n c e n -  
t r a t i o n  c l (x , t )  i s  shown of the  f i r s t  r a d i o n u c l e i d  v e r s u s  x a t  the  t i m e  i n s t a n t s  t 1 and  t 2 (t 1 < t2). I t  c an  be s e e n  
t ha t  though the  c o n c e n t r a t i o n  m a x i m u m  at  the  i n s t a n t  t 1 i s  at the  po in t  xl ,  one n e v e r t h e l e s s  h a s  c l(x2, t 1) < c 1 (x2, t2). 
I t  i s  e v i d e n t  t ha t  the  a p p e a r a n c e  t i m e  of  t he  c o n c e n t r a t i o n  m a x i m u m  at  the  a d s o r b e r  ou t l e t  i s  the  s a m e  
a l s o  f o r  an a c t i v e  o r  i n a c t i v e  a d m i x t u r e  p r o v i d e d  the d i f fus ion  c o e f f i c i e n t  v a n i s h e s .  The  l a t t e r ,  h o w e v e r ,  i s  of 
l i t t l e  i m p o r t a n c e  and  i s  due to  the  s p e c i f i c  f e a t u r e s  of  o u r  p r o b l e m .  Since i t  i s  a s s u m e d  tha t  the  c o n c e n t r a t i o n  
i s  t r a n s p o r t e d  to the  a d s o r b e r  i n l e t  in  the  d e l t a - f u n c t i o n  f o r m ,  wi th  no d i f fus ion  o v e r  the  m e d i u m  the d e l t a -  
i m p u l s e  s p r e a d s ;  s i n c e  i t  i s  not  w a s h e d  a w a y ,  t h e r e  a r e  no d i f f e r e n c e s  in  the  a p p e a r a n c e  t i m e s  of the  m a x i m a  

f o r  an a c t i v e  o r  i n a c t i v e  a d m i x t u r e .  

In p r a c t i c a l  a p p l i c a t i o n s ,  t h e  Henr i  c o e f f i c i e n t  f o r  an i n a c t i v e  a d m i x t u r e  i s  d e t e r m i n e d  i f  the  mo t ion  
v e l o c i t y  of  t he  b a s i c  c a r r i e r  g a s  v i s  known a s  we l l  a s  the  o c c u r r e n c e  t i m e  T of the  c o n c e n t r a t i o n  m a x i m u m  
a t  the  a d s o r b e r  ou t l e t  and  the  a d s o r b e r  l ength  l a c c o r d i n g  to  the  f o r m u l a  

l 
y = (16) 

vT - -  l 

Wi th  an  a d d i t i o n a l  a s s u m p t i o n  Y >> DX(v2--DX) -1 i t  i s  not  d i f f i cu l t  to  f ind f r o m  (15) an e x p r e s s i o n  f o r  the  Henr i  

c o e f f i c i e n t  of  an  a c t i v e  a d m i x t u r e :  

l -  2DL,~-IT (17) y =  
vT - -  I + 2D)~lv-IT 

I t  i s  c l e a r  f r o m  (17) tha t  to d e t e r m i n e  the  H e n r i  c o e f f i c i e n t  i t  i s  not  enough to know the  v e l o c i t y  of m o t i o n  f o r  
the  b a s i c  g a s ,  t he  l eng th  of the  a d s o r b e r ,  and  the  a p p e a r a n c e  i n s t a n t  of the  c o n c e n t r a t i o n  m a x i m u m  at  the  o u t -  
l e t  f r o m  the  a d s o r b e r  l a y e r ,  a s  was  t he  c a s e  wi th  the  i n a c t i v e  a d m i x t u r e ,  but one m u s t  a l s o  know the d i f fus ion  

c o e f f i c i e n t  and  the  r a d i o a c t i v e  d e c a y  c o n s t a n t .  

I t  i s  n o t e d  t ha t  i f  t he  c o e f f i c i e n t  of l e n g t h w i s e  d i f fu s ion  in  the  m e d i u m  is  unknown,  i t  c an  be found by 
p a s s i n g  an  a c t i v e  and i n a c t i v e  gas  t h r o u g h  a p o r o u s  m e d i u m  and by m e a s u r i n g  the  a p p e a r a n c e  t i m e s  of the  

c o n c e n t r a t i o n  m a x i m a  of  t he  a c t i v e  (T 1) o r  i n a c t i v e  a d m i x t u r e  (T): 

D = v (T ~- -  T~) (18) 
4"t.IT~T 
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Similarly to the expressions (II) and (15), one can find from (18) the coordinate of the concentration maximum 

of the second radionueleid of the set as well as the appearance time of the concentration maximum at the ad- 

sorber outlet. 

One should mention,  in conclusion,  that the resu l t s  obtained in this a r t i c le  can be employed in the anal-  
ys i s  of radionucleid migra t ion  in the ea r th  and a lso  to inves t igate  radioact ive  gases  by chromatography .  

NOTATION 

ci(x,  t) ,  concentra t ion of the i - t h  radionucleid in flow; a i (x, t) ,  concentrat ion of the i - th  nucleid in ad-  
sorbent ;  7, r e c i p r o c a l  of Henri  coefficient;  hi, decay constant  of the i - th  radionucleid; D, diffusion coefficient;  
~, veloci ty  of the main gas  c a r r i e r .  

1. 
2. 

3. 
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ACOUSTIC METHOD OF INVESTIGATING NONSTATIONARY 

H E A T  C O N V E C T I O N  IN C Y L I N D R I C A L  L A Y E R S  O F  G A S E S  

A N D  L I Q U I D S  

V .  I .  K r y l o v i c h  a n d  A .  D .  S o l o d u k h i n  UDC ,536.2: 534.6 

A new acoust ic  method of invest igat ing nonsta t ionary  heat  t r a n s f e r  and heat conduction in 
ga se s  and liquids is  descr ibed .  The appara tus  is desc r ibed  and exper imen ta l  r e su l t s  for  
a i r  a r e  given.  

The ho t -wi re  method o r ,  as  it is s o m e t i m e s  ca l led ,  the cyl indr ica l  probe  of constant  power  method [1-5, 
14], is widely used to study heat  t r a n s f e r  in liquids and g a s e s .  I ts  advantage is the re la t ive  s impl ic i ty  of the 
measu r ing  cel l .  This  method has a lso  been used to inves t iga te  heat conduction and heat convection under  
s teady conditions.  The main fea tu res  of nonsta t ionary  f r ee  convection have not been studied to any g rea t  ex-  
tent  [6-9, 15, 16]. 

In this pape r  we use the ho t -wi re  nonsta t ionary acoust ic  method to inves t igate  the h e a t - t r a n s f e r  p r o p e r -  
t ies of liquids and gases .  The method is  based on measu r ing  the phase  di f ference o r  f requency difference (for 
high heating speeds) of u l t rasonic  osci l la t ions  in fine wi res  [10-11]o The s a m e  wire  s e r v e s  both as a hea te r  
and for  measu r ing  the t e m p e r a t u r e .  

The r e sponse  t ime  of the measur ing  probe ,  de te rmined  by the t ime  taken for  the acoust ic  s ignal  to p rop-  
agate  through the contro l  pa r t  of the med ium,  is of the o rde r  of 5.10 -5 sec .  Hence,  a m e a s u r e m e n t  can be 
made immedia t e ly  a f t e r  connecting or  disconnecting the source  of heat ,  the t ime  taken to c a r r y  out the e x p e r i -  
ments  the reby  being reduced to s e v e r a l  seconds.  The method enables one to study the developmen'~ of convec-  
tive heat  t r a n s f e r  at high heating or  cooling r a t e s ,  s ince the reso lv ing  power  of the f requency method i n c r e a s e s  
when the ra te  of var ia t ion  of the t e m p e r a t u r e  is i nc rea sed  (the nonsta t ionary mode),  while the re la t ive  e r r o r  in 
measu r ing  the f requency shift  is  reduced.  Among the fea tu res  of the method is the fact  that informat ion on the 
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