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An examination is made of the theory and design of a thermocentrifu- 
gal column with a small gap, which may be used for relatively rapid, 
high-rate isotope concentration in the presence of a finite amount of 
initial gas mixture. 

The  C l a u s i u s  eo lumn,  used  to s e p a r a t e  ga se ous  i s o -  
tope m i x t u r e s ,  has  a r e l a t i v e l y  l a r g e  op t imum gap 
be tween  the hot  and cold  fa~ces, fo r  a gas  p r e s s u r e  of 
~ 1 0 . 1  • 104 N / m  2. The HETP  va lue  of such a co lumn 
is s e v e r a l  c e n t i m e t e r s ,  and, ff c~ T = 0 . 0 1 - 0 . 0 2 ,  we 
r e q u i r e  a to ta l  length of the co lumn of the o r d e r  of 
s e v e r a l  tens of m e t e r s ,  to obta in  high s e p a r a t i o n  co -  
e f f i c i en t s  (102-103), whi le  the t ime  to r e a c h  a s t e ady  
s t a t e  is  s e v e r a l  tens of days .  

In p r a c t i c e  one m e e t s  the p r o b l e m  of c o n c e n t r a t i n g  
an i so tope  f r o m  s p e c i m e n s  conta in ing  at  mos t  s e v e r a l  
g r a m s  of m a t e r i a l .  F o r  this  p u r p o s e  we may  use  the 
method of t h e r m a l  d i f fus ion  of g a s e s  at p r e s s u r e s  of 
the o r d e r  of 10. l �9 104 N / m  2, by  r e d u c i n g  the gap to 
a f r a c t i o n  of a m i l l i m e t e r ,  and keep ing  the c i r c u l a t i o n  
flux op t ima l  by r o t a t i o n a l  f o r c e s .  Th is  method g ives  a 
s h a r p  r e d u c t i o n  in s e t t l i n g  t i m e ,  s i n c e  the c h a r g e  of 
m a t e r i a l  in the co lumn d e c r e a s e s  in p r o p o r t i o n  to the 
s q u a r e  of the gap,  whi l e  the d i f fus ion  coe f f i c i en t  is  
kept  high.  S i m i l a r  equ ipment  was  d e s c r i b e d  in [2], 
but  no c a l c u l a t i o n  of the t h e r m o c e n t r i f u g a l  co lumn 
was  given.  

In th is  p a p e r  we ana lyze  the o p e r a t i o n  of the t h e r -  
m o c e n t r i f u g a l  co lumn and d e t e r m i n e  s o m e  o p t i m a l  
p a r a m e t e r s  fo r  i t ,  inc luding  the t ime  to r e a c h  equ i l i b -  
r i u m .  The ca l cu l a t i on  p r e s e n t e d  may  be app l ied ,  wi th  
c e r t a i n  changes ,  to the equ ipment  d e s c r i b e d  in [3], in 
which one of the  d i s c s  is  f ixed.  The  r a d i a l  ( c i rcu la t ion)  
f low of the  co lumn t h e r e f o r e  i n c r e a s e s  due both to the 
l a r g e  r e l a t i v e  ve loc i t y  of ro t a t i on  of the  d i s c s  and to 
th  e t h e r m o s i p h o n  ac t ion .  

The  c i r c u l a t i o n  f lux.  We sha l l  examine  the mot ion  
of a gas  o r  of a l iquid  ins ide  a hollow r o t a t i n g  d i sc  
whose  w a l l s  a r e  at  d i f f e r en t  t e m p e r a t u r e s  (F ig .  1). 

The  N a v i e r - S t o k e s  equat ion  for  s t e a d y  mot ion  is  

~(v, V ) v = - - V p + ~ I A v + ( ~ - I - W 3 )  grad divv.  (1) 

The  eomponen t s  of ve loe i t y  and i t s  d e r i v a t i v e s  in the 
d i r e c t i o n s  r ,  go and z make  up the t ab le  of va lue s  

Or, v~---cor, Vz ~---0; 

OUr OUr ~ O, OUr " 

Or ' 0 q~ Oz " 

Ov~ Ov~ av 
- - ~ c o ,  - - = 0 ,  ---= ---~ O. (2) 
Or O~ Oz 

The r e m a i n i n g  quan t i t i e s  a r e  ze ro .  Using  (2), we r e -  
w r i t e  Eq. (1) in componen t s  in the d i r e c t i o n s  r (3) and 
go (4): 

Ov~ Op 
Or Or 

( OZv, 1 Or, O"v, v, ) 
+Tl\OrS,. + - - - - +  + r Or Oz 2 r 2 

-b ~-4- ~ Or 2 + r Or r 2" ; (3) 

29 v~ o) -- 0 p  -~ ~l 02___~. (4) 
r O (p Oz "z 

F o r  s i m p l i c i t y  the t r a n s f e r  coe f f i c i en t s  a r e  a s s u m e d  
to be independent  of t e m p e r a t u r e .  In the f i r s t  a p p r o x -  
ima t ion ,  we  al low for  t h r ee  t e r m s  of Eq. (3) 

O~Vr 
- -  0_~p + pco~ r + n - -  = O. (3 ' )  

Or Oz ~ 

Put t ing  p -~ ~(1 + zAT/2a~ ' ) ,  a p / 0 r  ~ pco2r, we obta in  

O'vz 9 ~ " - r  A T  - z. (3")  
Oz~ ~1 2a T 

Solving Eq. (3") under  the condi t ions  Vr(+a) = 0, we 
have  

v,  ~- z (a  ~ - -  z") a T c~ ~ 
= -- r .  (5) 

~1 12a T 

Subs t i tu t ion  of Eq. (5) into Eq. (3} g ives ,  wi th  z = a~ 

/~3 ,  c o r r e s p o n d i n g  to ~ r ,  m a x l  

h T ~2 n 0 % ,  ( 3 " )  

w h e r e  

k 
lq 31 T 

r, I 

Fig .  1. D i a g r a m  of the t h e r m o c e n t r i f u g a l  co lumn.  The a r r o w s  
a long the l a t e r a l  w a l l s  ind ica te  the r a d i a l  counte r f low.  
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The column ca lcula t ion  made below shows that for 
A T / ' r  ~ 1~ a ~ 10-~-10-2; the opt imal  value of k2w 2 is  
l ess  than the express ion  (1/2~3)(AT/T) by 2 -3  o rde r s .  

/Hmi n 
1o / 

1 1 f 
/o 20 

Fig .  2. Dependence of HETP on rad ius  
for a column with cons tan t  gap ( ~ - =  

"llmin�9 
1 (0 r 1-~ rl / r l x l / 'D ' -~ :  

::- '2- 71  -+- 0 r ] '  0 2 V~-~ e / 1, 2,  3 

a re  for  0 = 0.05, 0.2, 1, r e spec t ive ly .  

There fo re ,  Eq .  (5) gives an a lmos t  exact  value of the 
l i n e a r  radia l  flow veloci ty.  F u r t h e r ,  Eq. (4) d e t e r -  
mines  the condit ions of exci ta t ion of the secondary  
az imutha l  flows under  the inf luence of the Cor io l i s  
acce le ra t ion .  Solving Eq. (4) and us ing  Eq. (5) and 

(8p/a~)  = 0, p ~ ~(1 + zAT/2a ' r ) ,  n ~- eons t  (z), we 
have  

~ 0  a'~za Z5 v~o = co r + br - -  #z-~ 6 20 + 

z s A T  a s A T  ] 
30 2aT 40 '~ " " 

Here 

az a AT 

24 ? 

(6) 

b =  --CJ W 6--; 

To es t ima te  the value of the addi t ional  veloci ty  of 
ro ta t ion  of the gas Av~ = vq~ - wr, we put z = * a / 2 ,  r =  

= 30 cm.  Then Av9 -~ (3/80) a~br, the l i n e a r  ve loc i ty  of 
ro ta t ion  d e c r e a s i n g  by Av~o in  the cold par t ,  and in -  
c r e a s i n g  in the hot par t .  At a p r e s s u r e  of 10.1 �9 104 
N/m 2 and a gap of 0 . 5 - 1  mm,  for  methane  under  the 
condi t ions  chosen above, the opt imal  value of v r is 
15-30  c m / s e c ,  while  the quant i ty  Avq~ is  an o rde r  
lower.  The angular  veloci ty  of the secondary  az imu-  
thal flow is then only ~0.3% of Wop t. The re fo re ,  the 
s ign of approximate  equal i ty  may be omit ted in (2). 
The addi t ional  veloci ty Av~0 has a favorable  inf luence 
on the opera t ion  of the co lumn,  smoothing out the 
az imutha l  nonun i fo rmi t i e s  of concen t ra t ion  due to 
nonunfformi t ies  in the gap. The l i n e a r  veloci ty  a v e r -  
aged over  z is 

~ =  P a~ ~ T c o ~ r = B r .  (7) 
TI 48 T 

The c i r cu la t ion  flux in the no-y ie ld  r e g i m e  is  

J = 2aranv~ = 2nB=r~a. (8) 

In (8), J is p ropor t iona l  to r z. As wil l  be seen  
l a t e r ,  this r e l a t ion  is not the bes t  f rom the viewpoint  

of ma x i mum separa t ion .  Any change of J(r)  is poss i -  
ble  at the expense o f A T / T  =f l ( r )  and also a =f2(r).  
It may be seen  f rom the foregoing that for  the v a r i -  
ables  a and A T / T ,  the solut ions (7) and (8) r e m a i n  in 
the s ame  form.  We note only one specia l  fea ture  of 
the motion of the gas in the columnl Above we put v z = 
= 0. We wil l  show that this condit ion is well  sa t is f ied 
in p rac t i ce  for co lumns with a sma l l  gap. In p r inc ip le ,  
v z ~ 0, s ince  the t r a n s f e r  of fluid f rom the hot s t r e a m  
moving towards the cen te r  to the cold s t r e a m  affords 
the poss ib i l i ty  of i n c r e a s e  of the radia l  ve loci ty  with 
i n c r e a s e  of rad ius  [2], because  in p rac t i ce  the changes 
of gas dens i ty  a re  sma l l  (see below). We wil l  e s t ima te  
the quant i ty  Y z by the following s imple  method. F o r  a 
cons tant  mean  densi ty ,  we obtain a ( 3 v r / ~ r  ) ~ V z f rom 
the condit ion of cont inui ty div v = 0, and therefore  
V z = 2aBp and, cor responding ly ,  

vJvr = 2a/r. (9) 

Equation of the thermocent r f fuga l  column.  The t r a n s -  
fe r  p r o c e s s e s  for one isotope with r e l a t ive  c o n c e n t r a -  
t ion c a re  descr ibed  by the equat ions 

J (Q - -  Cli ) = 43 rnDe Oc = i k (c k - -  c), (10) 
Or 

[aTA T ci cii] nBr 0c0r = [ j . ( 1 1 )  

Rela t ion  (11) for in te rna l  p r o c e s s e s  in the column is 
der ived f rom the condit ion div j = 0, where  j = nv, 
v = v r + v~0 + v z, de r iva t ives  with r e spe c t  to z be ing 
approximated by a f in i t e -d i f fe rence  re la t ion .  

E l imina t ing  ( c i - e l i )  f rom Eqs. (10) and (11), and 
us ing  Eq. (8), we obtain 

orOC ( a_~ + ~r/2D e~ = y c  (1 - - c ) -  i,2a~nB(C,--~C)r 2 . (12) 

The solut ion of Eq. (12) for the case  i k = 0 has the 
form 

In q = In 13 (r~) = ~ In x2 Dr?, + 8De (13) 
[~ (q) x x 2 Dr~ + 8D e 

Here  h = O~TAT/2aT; x = 2aB/D;/3 = c / ( 1 - c ) ;  B - s e e  (7). 
The solut ion of Eq. (13) is  obtained under  the con-  

di t ion B = eonst(r) ,  i . e . ,  A T / T  and a a re  chosen to 
be independent  of r.  We wil l  examine  the opt imal  p a r -  
a m e t e r s  of the the rmoeen t r i fuga l  co lumn f rom the 
viewpoint  of m a x i m u m  separa t ion  in a given sec t ion  of 
the rad ius .  We a s s u m e  that the flux J as the form (8) 
and that solut ion (13) is appl icable .  We wri te  Eq. (13) 
in the form 

A r = r  2 - - Q = w x 2 D r ~ q  ~ 'v+ 8D e ( q ~ ' v  1 ) - - G .  (14) 

F r o m  the equat ions ( A r ) ' r l  0, (Ar) r l r l  > 0 we find 
that A r = A r m i n  if 

2 8 De~-~/v. (15) 
r l e x t r =  x2 ~ q  , 

we subs t i tu te  Eq. (15) into Eq. (13) to obtain 

r~-- 8 De - qZ, -f. 
x2 D 
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Hence 

A t ' :  2 ]/-" / ~  (qZ/2V (16) 

F r o m  the equat ion (Ar)~ = 0 we find that Ar  ~ Armin ,  
i f ~  ~ 0: 

Attain 2 g ~ y  I ' / ' D l ~  | /  lnq, (17) 

but it is seen ,  f rom Eq. (15), that then r 1 ~ oo. Thus ,  
absolute ly  m i n i m u m  values  of Ar for  given 3' and q a re  
p rac t i ca l ly  unat ta inable  in a co lumn with constant  gap. 
We note,  that A r m i  n co r r e sponds  to m i n i m u m  HETP.  
It is seen f rom Eq. (12) that here  the HETP is the 
va r i ab le  quant i ty  

H = R a ~ -  r - t - 2 D e  1 _ 
D B r 

~e  -t- ~ V - - D -  ]. (18) 

We see  that H is a m i n i m u m  if condit ions (15) and (17) 
a re  sa t i s f ied .  Then 

D 

Fina l ly ,  we wil l  point out the main  def ic iency of the 
co lumn with cons tan t  gap. It follows f rom Eq. (16) 
that Ar  v a r i e s  as a power of q. This dependence is not 
favorable ,  s ince ,  if we choose the r 1 sma l l  enough, 
i. e . ,  ~ la rge  enough, then the condi t ion H - Hmi n is 
sa t is f ied only on the sma l l  sec t ion  At .  The sepa ra t ion  
d imin i shes  apprec iab ly  with change of column rad ius  
(Fig. 2). 

Opt imiza t ion  of c i r cu la t ion  flux to obtain m a x i m u m  
sepa ra t ion  on an a r b i t r a r y  sec t ion  of the rad ius .  We 
wi l l  find the c i r cu la t ion  flux funct ion J(r)  which gives 
the m a x i m u m  sepa ra t ion  on a given sec t ion  of the r a -  
dius.  We put Y = eonst;  this sa t i s f i e s  the r e q u i r e m e n t  
that the r e l a t ive  t empe ra tu r e  gradient  be cons tant  as 
a funct ion of rad ius  as a and A T / T  vary .  To the ca lcu-  
la t ions  we cons ide r  that i k = 0. 

F r o m  Eqs. (10) and (11) under  these condi t ions  we 
have 

Oc Jvr  
- - - -  - -  c (1- -c) ,  (19 )  
Or J" -}- ~t r"- 

where v = 2wnD%/z = 87r2n2DDe. We in tegra te  Eq. (19) 
on the given sec t ion  Ar  of the rad ius  

i ~ ,I v r 
In q =  - -  dr. 

J=' +~tr'- 
J l  

(20) 

F r o m  the Euler  equation,  we find for the in tegrand in 
Eq. (20) 

.l,,I, , = I/~r. (21) 

With condit ion (21) it  follows f rom Eq. (19) that 

A r . :  ,5 h, q, (22) 

where  

The value  of Ar in Eq. (22) coincides  with Eq. (17), 
but  now the condit ion H = Hmi n is  sa t i s f ied  for  all 
va lues  of r .  Of course ,  in p rac t i ce  r always sa t i s f i e s  
condi t ion (9) as well .  

F r o m  exp re s s ion  (8), with , / =  const ,  we have 

a = al ~ - ~ ,  (23) 

i. e . ,  to obtain a l i nea r  dependence of J(r)  a weak (e .g . ,  
s t ep -by - s t ep )  dec rea se  of the gap with i n c r e a s e  of 
rad ius  is suff ic ient .  

We wi l l  examine  the ques t ion  of re la t ive  angu la r  
veloci ty .  For  the opt imal  c i r cu la t ion  flux, it  follows 
f rom Eqs. (8), (21), and (23) that 

2 _ 48a, D~l 96D~1 [ T ~ 
~op~- ~va~rl = ~a,% [ ) ~  ," (24) 

Fina l ly ,  us ing  the value COopt, we wil l  ca lcu la te  
the p r e s s u r e  drop on the sec t ion  At :  

r z  

r ,  

COop t be ing 4102 r e d / s e e  for  the ma jo r i t y  of gases ,  
when D ~ ( 1 0 . 1 - 1 0 0 . 1 )  �9 104 N / m  2, 2a = 0 .05-0 .1  cm,  
AT/2" ~ 1, r 1 = 10 cm, r 2 = 50 cm.  The re fo re ,  Ap/p  

10 -2, i . e . ,  we ma y  neg lec t  the va r i a t i ons  in dens i ty  

along the rad ius .  
Unsteady opera t ion  of co lumn,  and se t t l ing  t ime .  

The va r i a t i on  of the concen t ra t ion  of one of the com-  
ponents  in the space bounded by rad i i  r and r 2 is  equal,  
in the no-y ie ld  r eg ime ,  to 

[j(Q_cu)]r__4nanDer OCor OtO j'4nnacpdp; (25) 

r 

the cont inui ty  equation for the l ight component  is 

Oc 
div j, = - -  n (26) 

Ot 
We wr i t e  the flux Jc in the genera l  form:  

Jc = cj -I-, Jo; JD = Jo ,r  -}- JD,z; j = nv.  (27 )  

F r o m  Eqs. (26) and (27), with the condi t ions  div j = 0 
and v z << v r (see Eq. (9)) and J d , r  = nDe(0C/Sr) << Cjr 
(the l a t t e r  follows f rom the fact that nDe(0C/0r)< Jr" 

�9 (Cl-Cii) and ( c i - c i i )  << cI, H), we obta in  

Oc nD [u __c) Q--cu  ] Oc 
= - -  n - - .  (28) J" Or a a Ot 

Later  on we wil l  put c << 1 in Eqs. (25) and (28); J and 
a a re  de t e rmined  f rom Eqs. (2l) and (23): 

(Q--cn)--aUe-~ - = 0 g 
r 

l / f f f~e ~ ( q--cH ) Oc (2~') - - D  yc a = - -  a - -~- .  
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E l i m i n a t i n g  c i - c i i  , we  find 

a2._._%c _ ~ Oc 1 [ a_._%c - -  6 c~ -~ ~ a_._c_c . 
(29) 

ar ~ Or 4r ~, O r  ] 2D c Ot 

H e r e  we have  omi t t ed  t e r m s  of o r d e r  a 2 in Eq. (29), 
th is  be ing  equ iva len t  to the q u a s i - s t e a d y  condi t ion  
div Jc = 0 o r d i n a r i l y  a s s u m e d .  We note that  in the 
s t eady  r e g i m e  this  equat ion has  the so lu t ion  (22), ow- 
ing to the l i n e a r  independence  of the two t e r m s  on the 
le f t  of Eq. (29)~ 

Under  the condi t ion  6 >>l /4 r  we may  neg l ec t  the 
second  t e r m  on the l e f t  of Eq. (29). The so lu t ion  of 
t he  equat ion in that  event  is  given,  fo r  e x a m p l e ,  in 
[1]. 

As  an e x a m p l e  we wi l l  examine  the c o n c e n t r a t i o n  
of r a d i o - c a r b o n ,  s t a r t i n g  f r o m  the i so tope  m i x t u r e  
C12'14H4. We put  r l  = 5 cm,  A r  -- 50 cm,  2a1= 0.04 c m ,  
p = 50 .6 .  104 N / m  2, ( A T / • ) I =  1, T" = 273 ~ K; ~ -~0.05 
c m 2 / s c c ,  P/n -~ 6.5 s e c / c m  2, oL T = 0.015 m 2 (for  the 
m i x t u r e  C~'13H4, a c c o r d i n g  to  the da ta  of [4], a T  = 
= 0.0077). We  a s s u m e  the condi t ion  D e = 2D.~It is  
p o s s i b l e  that  in a w e l l - d e s i g n e d  co lumn D e < 2D, s i n c e  
the p a r a m e t e r  Re fo r  ~ r  ex t r  c o r r e s p o n d i n g  to H = 

= Hmi  n ( s e c E q .  (18)), i s  equal  to v-~p2a _ 2 F2--D~e~.~~r 

----~6, i . e . ,  i s  r e l a t i v e l y  s m a l l .  M o r e o v e r ,  nonuni-  
f o r t u i t i e s  of the gap wi l l  be  p a r t l y  c o m p e n s a t e d  fo r  
by the add i t iona l  a z i m u t h a l  flow AV~. Then H = 0.08 cm, 

6 = 0.094 c m  -1 and q = 110. The va lue  of w opt,  
a c c o r d i n g  to  Eq.  (24), i s  equal  to 61 r a d / s e c ,  i . e . ,  
v ~- 600 ra in  -1. The  r e l a x a t i o n  t i m e  fo r  a co lumn 
fed with m a t e r i a l  f r o m  a c e n t r a l  r e s e r v o i r  ( r  -< r l )  
and c lo sed  a t  the  end r = r2, i s  

2A r ~ 
~ , ( 3 0 )  

D e [(SA r) ~ ~ 2u] 

w h e r e  u ~ 1 [1]. Hence  ~" - 2 �9 103 s ec .  

The example  given p r o v i d e s  qui te  a good i l l u s t r a -  
t ion of the advan tages  of the  t h e r m o c e n t r i f u g a l  co lumn 
with  a s m a l l  gap.  F o r  a t h e r m o g r a v i t a t i o n a l  co lumn 
with  the s a m e  gap,  the o p t i m a l  p r e s s u r e s  a r e  s e v e r a l  
t ens  of a t m o s p h e r e s ,  and the s e t t l i n g  t i m e  and the flow 
r a t e  of the  m a t e r i a l  i n c r e a s e  c o r r e s p o n d i n g l y .  F u r -  
t h e r m o r e ,  i t  is  c o n s i d e r a b l y  e a s i e r ,  wi th  a s m a l l  gap,  
to  s a t i s f y  the condi t ion  tha t  the  gap be  un i fo rm  in a 

p lane  co lumn,  and in th is  c a s e  the r o t a t i n g  s y s t e m  
wi l l  be c o m p l e t e l y  f r e e  of az imu tha l  t e m p e r a t u r e  non-  
u n i f o r m i t i e s .  Of c o u r s e ,  the b a s i c  d i f f i cu l t i e s  in 
making  up the co lumn l i e  in obta in ing  a un i fo rm  gap 
around the az imuth .  An a c c u r a c y  of mach in ing  the 
m e t a l  of the o r d e r  of 10 m i c r o n s  is  requi red9  ove r  
a s u b s t a n t i a l l y  l a r g e  a r e a  (r  ~ 50 Cm)o In the c a s e  of 
a gap 2a I = 0.3 - 0.5 m m ,  A r  = 50 e m  for  r e l a t i v e l y  
s m a l l  va lue s  of a T = 0.01 - 0.02 the quant i ty  q i s  
102-103 . 

NOTATION 

p is the p r e s s u r e ;  p is  the m a s s  dens i ty ;  n is  the 
mole  dens i ty ;  AT is  %he t e m p e r a t u r e  d rop  be tween  
faces ;  c i s  the mo le  f r a c t i o n  of i so tope  be ing  concen -  
t r a ted ;  c I and c i i  a r e  the mean  c o n c e n t r a t i o n s  in cold 
and hot  pha se s ;  Co is the in i t i a l  r e l a t i v e  concen t ra t ion ;  
~? is  the dynamic  v i s c o s i t y ;  r l ,  r2 a r e  the m i n i m u m  
and m a x i m u m  r a d i i  of w ork ing  p a r t  of co lumn;  A r  = 
= r2 - r l ;  q~ i s  the a z i m u t h a l  coo rd ina t e ;  z i s  the axia l  
coo rd ina t e ;  a is  the half  width of gap be tween  faces ;  
a l =  a ( r l ) ;  w is  the a ngu l a r  v e l o c i t y  of ro ta t ion ;  v is  the 
f r equency  of ro ta t ion ;  Wop t is  the c o r r e s p o n d s  to m a x i -  
m u m  s e p a r a t i o n ;  v r i s  the r a d i a l  l i n e a r  ve loc i ty ;  nvq~ 
is  the ve loc i t y  of r o t a t i o n  of gas  unde r  ac t ion  of C o r i o -  
l i s  f o r c e s ;  v z i s  the  ve loc i t y  of mot ion  be tween  f aces ;  
D is  the d i f fus ion  coef f ic ien t ;  D e is  the  equ iva len t  d i f -  
fus ion  coef f ic ien t ;  c~ T i s  the t he rmod i f fu s iou  coe f f i -  
c ient ;  J i s  the r a d i a l  c i r c u l a t i o n  flux; j is  the gas  f lux 
dens i ty ;  Jc is  the f lux d e n s i t y  of i so tope  be ing  eoncen -  

- t ra ted ;  ik,  c k a r e  the f lux and r e l a t i v e  c o n c e n t r a t i o n  
in s a m p l e ;  e e  = H m i n 5  i s  the equ iva len t  e n r i c h m e n t  
coef f ic ien t ;  H i s  the H E T P  of co lumn;  3/ = e e / a ;  q i s  
the co lumn s e p a r a t i o n  f a c to r ;  T i s  the r e l a x a t i o n  t ime .  
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