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Theore t i ca l  concepts  on the p a r a s i t i c - c o r r e c t i o n  m e c h a n i s m  [1] in t h e r m a l  diffusion columns 
have been conf i rmed by expe r imen t .  

I t  is  s tated [1] that  the densi ty  d i f ference  in a b inary  mix tu re  along the column p e r i m e t e r  is  a co n se -  
quence not only of nonuniform t e m p e r a t u r e  dis t r ibut ion but a l so  of concentra t ion a s y m m e t r y ,  which in-  
evi tably  accompan ie s  the l a t t e r .  

We have checked the r e s u l t s  of [1] on b romine  i so topes  in butyl b romide .  The contents of the two 
b romine  i so topes  a r e  a l m os t  ident ical ,  so it i s  poss ib le  to u se  re la t ionsh ips  der ived by consider ing the 
p a r a s i t i c  convection fo r  the mix tu re  cha rac t e r i zed  by the condition c (1--c) ~ p, where  p is  a constant .  

In that  c a se  we have [1, 2] 

e z,j~) 1 - -  1 - -  e -~v~ i ] -2 

z y ~ = a r E  • y ~ - - - - -  ( 1 - - e  -zue) , (2) 
% 

where  ~ is  the pa ra s i t i c - convec t ion  p a r a m e t e r ,  while a and b a r e  p a r a m e t e r s  incorpora t ing  the t h e r m a l  
and concentra t ion  a s y m m e t r y .  

TABLE 1. Column Operat ion with Steam Heat ing (P = 1.4 arm) in 
Rela t ion  to Water  Flow Rate  G 

Parameter 

, Degree of separationq 

Hot couple reading, *C 

Cold couple reading, *C 

Temperature difference 
across gapAT,*C 

Re 
Nu 
az, W/m 2. deg 
h~, W/m 2. deg 
Heat flux ql, W/m 

a T =a 
(6T)T,*C 

0,25 I 0 ~ 
I 

G, ton/h 

1,17 1,16~ 

108,0 109,( 

33,5 28,0 

71,5 77,8 
2580 2780 

30 32,8 
201012200 
44go  lOl 4760 

1 51 1,77 
0,195 0,23 

Note, An asterisk denotes a value from 

i 
0,65 1,0 1,83 ] 2,~5" 2,6 3,2 4,0* 

! 

1,23 1,275i t,3211,34 1,34i 1 3o 1,32 
' j l ,'37" I 

1o7,o lO6,O 1o7,o]1o7,o io7,ollo4,o lO5,O 
107,5 ~ 

19,5 19,0 16,5 ] 16,2 15,5 1415'0,2" 13,3 

87,5 I 86,0 85,0 ] 83,5 87,0 87,8 ]89,5* 87,5 
8850123200 26800 33000 41200 6700 ]10300 

64,5 [ I 247 277 328 
4300161901150 [ 17840002102:35165001182500212950~ 2636{0 

5110 5330 5370 5210 [ 5360 5270 I 5360 
I j5480" 4,75 3,31 / 3,80 4,47 4,6014,60 4,70 

0,43i 0,5 0,58 0,60 0,60 0,61 0,62 

the second series of runs. 
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Steam 

The value of a"lncludes the joint effects  of two f ac to r s ,  which d e t e r -  
mine  the t e m p e r a t u r e  nonuniformity  around the  p e r i m e t e r :  the nonuntfor-  
m i t t  due to  eccen t r i c i ty  of the in ternal  cyl inder  r e l a t ive  to  the outer  one 
and' the nonuniformity due t o  va r i a t ions  in h e a t - t r a n s f e r  conditions in the 
a z i m u t h a l  d i rec t ion,  which may  a r i s e  f r o m  var ia t ions  in channel g e o m e t r y ,  
sca le  depos i t s ,  uneven roughness  in the h e a t - t r a n s f e r  s u r f a c e s ,  and non-  
un i fo rm th ickness  in the condensate  f i lm,  which may  be a consequence of 
deviat ion f r o m  ve r t i ca l  in the column axis  and a l so  of ef fec ts  produced by 
the  flow of s t eam in a d i rec t ion  opposi te  to  that  of the condensate .  

Then 

where  we have [1] 

a = a s -~- a r , (3) 

ae=7,56.103, llDLe - %.  (4) 
pg~6~AT 

The value of ee is  dependent only on the h e a t - t r a n s f e r  conditions, 
and for  cyl indr ical  column geome t ry  

(hi~h2) - -1  
% = 1 + (hJh2) ~ (h~6/d),, L )" (5) 

We get for  aT f r o m  the s tandard re la t ionsh ips  of h e a t - t r a n s f e r  theory  
Fig .  1. The t h e r m a l - d i f -  tha t  
f rac t ion  column: 1) s ample r ;  
2) lower  r im;  3) sp i ra l  i n -  
se r t ;  4) condenser  body; where  
5) outer  cyl inder ;  6) inner  
cyl inder ;  7) u p p e r r i m  ~ r = [ ( l _ ~  2d~.L 

6hz 

a r =2.88.10 3 ~IDL 
~pg~6%T ~:r, 

h i 

i s  a l so  dependent on the h e a t - t r a n s f e r  condit ions.  
! w 

The quanti t ies  h~, h~, h 2, h 2 appear ing  in (7) a r e  the reduced h e a t - t r a n s f e r  coeff ic ients  for  reg ions  
cor responding  to  the f i r s t  p a r a s i t i c  now (one pr ime)  and the second one (two p r i m e s ) .  We have 
used  a s impl i f ied model  [1, 2], in which the t e m p e r a t u r e  and concentra t ion nonuniformit ies  produce  two 
p a r a s i t i c  f lows equal in magni tude but opposite in d i rec t ion .  

T h e  tmpr imed  reduced h e a t - t r a n s f e r  coeff ic ients  a r e  means  over  the p e r i m e t e r .  

I t  follows f r o m  (4)-(7) tha t  a e can be calculated to an e r r o r  adequate for  p rac t i ca l  pu rposes  if the 
phys ica l  c h a r a c t e r i s t i c s  of the mix tu re  a r e  known toge ther  with the column geome t ry  and the h e a t - t r a n s f e r  
conditions at both the working su r f aces .  

TABLE 2. Column Operat ion with Ethanol Vapor  Heat ing (P = 3 aim) 
in Relat ion to  Water  Flow Ra te  G 

Parameter 

Degree of separation q 
Hot couple reading, ~ 
Cold couple readifig, =C' 
Temi~ratum: difference across gap 

AT,*C 

Nu 
az, W/me. deg 
h2, W/m �9 deg 
Heat flux ql, W/m 
a T =a 
(ST)T , *C " 

0,40 

1,07 
87,2 
20,9 

63,8 41~ 
3340 

131 
4060 
--2,2 
--0,16 

1,0 

G, ton/h 

2,0 

1,11 1,17 
82,5 81,1 
17,1 13,7 

62,8 64,8 
10300 20600 

91 222 
6100 14900 
178 238 

4010 4130 
+1,525 +3,75 
+0,11 +0,273[ 

3,0 

1,17 
81,5 
13,9 

65 
309OO 

311 
20800 

255 
4150 

+4,1 
+o,3o 

4,0 

1,20 
78,1 
13,1 

62,5 
41200 
392 

26300 
265 
4000 

+4,4 
+0,32 
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Fig .  2. Degree  of separa t ion  q as  a function of a for  heat ing by: A) 
s t eam (1, f i r s t  s e r i e s ;  2; second); B) ethanol vapor .  Points  f r o m  
expe r imen t ,  solid l ines  f r o m  (1) and (2) 

However ,  th is  cannot be said about ~T'  which i s  seen  f r o m  (7) to be dependent on the heat ing nonuni-  
for tui ty  defined by h l /h  1 and h2/h 2 . 

The  va lues  of these  quant i t ies  a r e  de te rmined  by var ious  f ac to r s  that  cannot be cons idered  quant i ta t ive-  
ly ,  and th is  substant ia l ly  h inders  checking (1) and (2), s ince t he r e  is  an e lement  of uncer ta in ty  in ca lcu la t -  
ing a .  Neve r the l e s s ,  if  the exper imen ta l  r e su l t s  ag ree  sa t i s fac to r i ly  with theory  for  some  va lues  of hi /hi  

t 
and h2/h 2 , th is  p rov ides  an indi rec t  conf i rmat ion  that  the theo ry  is  c o r r e c t .  

It  is  c l ea r  f r o m  (4) and (6) that  the t e m p e r a t u r e  a s y m m e t r y  is  de te rmined  by the h e a t - t r a n s f e r  coe f -  
f icient  for  given t h e r m a l  conditions,  and so it would appea r  n e c e s s a r y  to  p e r f o r m  a s e r i e s  of expe r imen t s  
in which the sole va r i ab l e  would be the heat ing or  cooling condit ions.  The s imples t  approach  is  to va ry  
the  coo l ing-wate r  flow, i . e . ,  the reduced h e a t - t r a n s f e r  coefficient  h 2. 

The expe r imen t s  were  done with the  column of F ig .  1, which has  the following bas ic  c h a r a c t e r i s t i c s  
in ram: in ternal  d i a m e t e r  of in ternal  cyl inder  dli = 34.0  ~0 .1 ,  outside d i a m e t e r  of in ternal  cyl inder  
dlo = 49.472 ~0. 003, in ternal  d i a m e t e r  of outside cyl inder  d2i = 49.984 • 0.008, outside d i ame te r  of outside 
cyl inder  d2o = 68.0 ~0.1 ,  in ternal  d i a m e t e r  of coo le r  jacket  d 3 = 78.0 ~0 .1 ,  d i a m e t e r  of lower  r i m  on in -  
t e r n a l  cyl inder  49. 958 _~0. 002, d i a m e t e r  of upper  r i m  of in ternal  cyl inder  49. 942 e~0. 002, working height 
of column 350, pitch of final i n s e r t  30, and eccen t r ic i ty  of r i m s  re la t ive  to in ternal  cyl inder  0 .002.  

The column was heated by sa tu ra ted  s t eam,  whose p r e s s a r e  was m e a s u r e d  with s tandard m a n o m e t e r s  
with sca le  divis ions of 0.016 a im  when s t e a m  was used,  or  0.06 a im  when alcohol vapor  was employed .  

The cooling was provided by tap  wate r ,  and the sp i ra l  i n se r t  intensif ied the  heat  t r a n s f e r .  

The wa te r  was supplied to the cooler  by a centr i fugal  pump when the flow ra te  was high; the r a t e  was 
m e a s u r e d  with a flow gauge and was kept constant  for  each condition by manual  control  and moni tor ing  f r o m  
a p r e s s u r e  gauge.  

The t e m p e r a t u r e s  of the in ternal  and outside cy l inders  were  measu red  with copper- -Cons tantan  t h e r m o -  
couples  in the usual  way.  Each cyl inder  had 6 t he rmocoup le s  placed along two d iamet r i ca l ly  opposed v e r t i -  
cal  l ines .  The junctions were  2 m m  f r o m  the working su r faces  of the gap. 

Butyl b romide  boi ls  at 101.6~ at a t m o s p h e r i c  p r e s s u r e ,  so an excess  p r e s s u r e  of 2 a im was m a i n -  
tained in the working gap. 

We p e r f o r m e d  th r ee  s e r i e s  of m e a s u r e m e n t s ,  with s t e am heating in the f i r s t  two and a lcoho l -vapor  
heat ing in the th i rd .  The heating was stopped on t r a n s f e r r i n g  f r o m  one s e r i e s  to another ,  and the working 
m a t e r i a l  we s comple te ly  r emoved ,  with par t ia l  demounting of the column to check the s ta te  of the working 
s u r f a c e s .  R e a s s e m b l y  inevi tably led to minor  changes in the working condit ions.  On the other  hand, the 

in t h e r m a l  a s y m m e t r y  with u n -  
changed cooling condit ions.  The 
va r ia t ion  in th ickness  co r r e sponds  
to  that  in heat  t r a n s f e r .  
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runs within a se r ies  were ve ry  closely identical .  The p r e s s u r e  in the vapor  genera tor  was kept constant 
throughout a se r i es ,  together  with exactly reproduced geometr ica l  dimensions in the channel, in order  to 
keep conditions the same.  The butyl bromide was of the same degree of puri ty in each run.  Samples were 
taken at equal in tervals  in identical amounts .  

The sealing of the column was checked with a GTI-2 halogen leak t e s t e r .  

The length of a single run (24 h) ensured that the steady state was reached,  since p re l iminary  ex-  
per iments  [7] had shown that this  took 12 h. After  24 h, samples  were taken for  isotope analysis ,  and 
then the colnmn contents were displaced through the upper and lower samplers  using the initial butyl b r o -  
mide,  and samples  were taken to check the initial concentrat ion.  When it was c lear  that the rei~lacement 
was complete ,  the next run was begun. 

The samples were  taken with devlces of needle type, which enabled us to take reproducible  small  
amounts of liquid into glass  tubes .  The sealed tubes were introduced into the vacuum lock of the MKhl303 

o12~I~79 ma s s spec t romete r ,  and the bromine isotope composit ion was exa mined f rom the i sotopi c m a s s e s  of ~4 "~ 9-~ 
o12--1~81 and "~4 n s ~  , neglecting the possible separation of the carbon and hydrogen isotopes.  The coefficient of 

var ia t ion in determining the bromine isotope composition was not g rea te r  than • 

Tables  1 and 2 give resu l t s  charac te r iz ing  the conditions and resu l t s .  

We used the resu l t s  of [3] for  liquid flowing in curvi l inear  channels in o rder  to calculate the hea t -  
t r ans f e r  coefficients for  the cooling-water  side, and there  indicated that under our conditions with 34 < Re < 
< 10300 one can use the ord inary  relat ionship for  turbulent flow in a straight tube: 

Nu = 0.023Re~ TM. (8) 

Fo r  Re > 10300 we introduce the usual  cor rec t ion  coefficient for flow curvature ,  i . e . ,  

Nu ----- 0.023ecRe~ ~ (9) 

where ~c = 1 + 1 .Sde /Rc ,  and R e is the radius of curva ture .  

The equivalent d iameter  was determined f rom the known c lear  a rea  for  water  passage f = 1.85 �9 10 -4 
m 2 and the wetted pe r ime te r  s = 8.57 �9 i0 -2 m; the values for the Prandt l  number,  kinematic viscosi ty ,  and 
thermal  conductivity of the water  varied only slightly in all the runs,  and in the calculations we assilmed 
P r  ~ = 2.44,  v = 1.25 �9 10 -6 m2/sec  and X = 0.575 W / m  �9 deg. 

The reduced hea t - t r ans fe r  coefficient was found f rom the following formula  incorporat ing the cYlin- 
dr ical  geometry :  

h 2 -  1 § cz~d2o In (d2o/d2i)/2Xw ' (10} 

in which the the rma l  conductivity of the steel 45 wall was [4] X w = 47.4 W/m �9 deg. 

The hea t - t r ans fe r  coefficient on the condensing-vapor side was determined f rom the formula  r e c o m -  
mended in [5]: 

a 1 ~ 1.01~, ['g'--~'-"~ll3T~e-ll3, (11) 

in which 

Re = qzL (12) 
rcdli~rq 

The heat flux appearing in (12) was chlculated f rom 

qz = a (AT)inca + 2 ~  In d - -  2------h 

where (AT)me a is the t empera tu re  difference measured  by the thermocouples ,  while A = 2 mm is  the depth 
of thermoccuple  inser t ion.  The the rmal  conductivity of butyl bromide was taken f rom the data of [6], and 
for  a inean column t empera tu re  of T ~ 330~K it was Xm= 9.72 �9 10 -2 W/m - deg. 

Tables 1 and 2 show that the heat flux varied fa i r ly  nar rowly  within each se r ies ,  so a mean value 
ql:= 5160 W/m was used in calculations f rom (12) for the s team exper iments ,  while we used qt = 4070 W/m 
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fo r  the ethanol vapor .  A fo rmula  analogous to  (10) was used for  the reduced h e a t - t r a n s f e r  coeff icient .  The 
r e s u l t s  for  the s t eam and alcohol vapor  r e spec t ive ly  were  h i = 160 W / m  �9 deg and hi = 50.5 W / m  �9 deg.  

The working gap 6 appear ing  in (4)-(7) and (13) differed f r o m  the value given above because  the d imen-  
sions were  stated t h e r e  for  20~ the heating of the in ternal  cyl inder  inc reased  i ts  outside d i ame te r  and r e -  
duced the gap.  Then the calculated value was 6 = 2 .4  x 10 "~ m .  The expansion of the internal  cyl inder  a l so  
i n c r e a s e d  the d i a m e t e r  of the in ternal  r i m s ,  which at 20~ were  l e s s  than the internal  d i ame te r  of the out-  
side cyl inder  by 38 p m  at the top and 22 pm at the bo t tom.  Calculat ions showthat  the expansion should produce  d i rec t  
contact between the r i m s  and the outside cyl inder ,  which was conf i rmed by examiningthe  r i m s  a f t e r  demcunting.  
T h e r e  were  c l ea r  s igns of indentation of the nickel  coating f r o m  the internal  su r face  of the outside c y l i n d e r . '  
The calcula t ions  and observa t ions  indicated that  the eccent r ic i ty  due to d i sp lacement  of the axes  of the 
cy l inders  one re la t ive  to another  was smal l  and could be neglected,  i . e . ,  we could put e ~ 0, and hence 
~% = a e = 0. Then the only m a j o r  fac tor  producing t e m p e r a t u r e  a s y m m e t r y  in these  runs  was the nonuni- 
f o r m i t y  in h e a t - t r a n s f e r  conditions around the p e r i m e t e r ;  on the cold side this  a r o s e  f r o m  uneven winding 
of the sp i ra l  inse r t ,  while on the hot side it could a r i s e  f r o m  deviat ion of the colum axis  f r o m  ve r t i ca l ,  
which should r e su l t  in var ia t ion  in the th ickness  of t h e  condensate  f i lm.  

P a r a m e t e r  v~ c h a r a c t e r i z e s  the pa ra s i t i c  convection a r i s ing  f r o m  the t e m p e r a t u r e  a s y m m e t r y .  

I t  is  c l ea r  f r o m  (1) and (2) that to  each value of ~ t h e r e  co r r e sponds  for  known Ye and b quite definite 
va lues  for  the degree  of separa t ion  q and p a r a m e t e r  a .  The d imens ion less  column length Ye is defined by 

b'e = 504 a~]DL 
pg[364 ~ (14) 

Resu l t s  have been given [7] on the t h e r m a l  diffusion constant  for  b romine  i so topes  in butyl b romide ,  
which indica tes  a = 0,030; then Ye ~ 0,34 f r o m  (14). It  has  been shown [1] that  b, which c h a r a c t e r i z e s  the 
concentra t ion a s y m m e t r y ,  is 

b --7560 ~IDL? 
9gO~6~(AT) ~ , (15) 

where  the coefficient  for  concentra t ion expansion for  isotopic  mix tu re s  is  

AM 
~, = (16) 

M 

Then y = 0. 012 for  butyl b romide ,  so b ~ 60 in the s t e am heating,  or  b ~ 100 for  alcohol vapor ,  s ince the 
t e m p e r a t u r e  d i f fe rences  were  not the s ame  in the two cases ,  as Tab les  1 and 2 show. 

These  r e su l t s  have been used with (1) and (2) to cons t ruc t  cu rves  re la t ing  the degree  of separa t ion  to 
~, as  shown by solid l ines  in Fig .  2. The lef t -hand branch  on each curve  co r r e sponds  to ~>  0, and the 
r ight -hand one to ~ < 0. The d i rec t ions  of the pa ra s i t i c  flows r e v e r s e  at point C on account of the change 
in h e a t - t r a n s f e r  condit ions.  The r ight-hand b ranch  is  notable,  for  the region BCD cannot phys ica l ly  exis t ,  
s ince it co r r e sponds  to obtaining t h r ee  different  deg ree s  of separa t ion  for  a given t e m p e r a t u r e  a s y m m e t r y .  
T h e r e f o r e ,  the separa t ion  mus t  occur  along curve  ABDE, and the cour se  of the curve  on par t  BD, shown 
by the broken l ine,  is  hypothet ical .  This  indicates  that  it is  essen t ia l ly  imposs ib le  to obtain the q = 1.4 
impl ied  by (14) for  given p r o c e s s  p a r a m e t e r s .  F o r  ins tance,  s t eam heating gave qmax = 1.37.  

It  is of in te res t  to c o m p a r e  the theore t i ca l  r e su l t s  with expe r imen t .  Wehave  stated above that  it is 
! ff I ?I 

unfor tunate ly  imposs ib le  to ca lcula te  hi /hi  and h2/h 2 , which c h a r a c t e r i z e  the t e m p e r a t u r e  nontmiformity .  
T I! Y ?? 

We assumed  that  hl)r and h2/h 2 remained,unchanged when the cooling conditions a l te red ,  and w e  
der ived the values  for  these  giving sa t i s f ac to ry  a g r e e m e n t  between theory  and exper imen t .  F o r  s t em hea t -  

! II ! f f  ! 
ing, h l /h  1 = 1.628, h2/h 2 = 1.39; while for  alcohol vapor  h~/h~ = 1.26, h2/h 2 = 1.54, and instead of (6) and 
(7) we get 

40.5 "1 hi 
a t - -  8.9+ (hflh2) h 2 j 

for  s t em heat ing and 

for  ethanol vapor  heat ing.  

140 [ 0 . 2 6 2  40.5 h 1 
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! W Tables 1 and 2 give the resul ts  for o T, which are  also shown in Fig. 2, which indicates that hl/h 1 
f 

and h2/h2 closely describe the experimental-results throughout the whole flow-rate range for the  cooling 
water.  The last line in t h e  t ab les  gives the temperature  asymmetry calculated f rom the known aT ~. The 
degree of separation increases with a T  until the effects of the temperature  and concentration asymmetr ies  
balance out, as Fig. 2A shows, after  which any further increase in a T reverses  the parasit ic flow, and 
the degree of separation begins to fall .  

We see from (10) that the reduced heat- t ransfer  coefficient at the cooled side of the column tends to 
the limiting value h 2 = 310 W/m.deg for ethanol-vapor heating with unbounded increase in the heat- t ransfer  
coefficient, and this corresponds to a T = 5.2 and q = 1.23, i . e . ,  point B in Fig. 2B is unattainable, and 
n o r e v e r s a l  in the parasi t ic flowwill be observed. 

The much lower performance of the column in ethanol-vapor heating is due in part  to the smaller  
temperature  difference at the working surfaces and to the much lower value for h i . 

v 
The resul ts  show that h2/h2 is not the same for the two forms of heating, although the hydrodynamic 

conditions in the column cooler remain unchanged. Figure 3 i l lustrates why this is so, where I and II 
denote the regions for each of the two parasit ic flows. 

f IT 
In case a, the heat t ransfer  varies  around the per imeter ,  but h2=h2; in case b, on the other hand, 

the region of nonuniformity is displaced, so h~ # h i ,  although the cooling conditions remain unchanged. 
This displacement can be observed on replacing one heating vapor by the other, since this al ters  the con- 
ditions for condensate film formation, which are  determined by the thickness, surface roughness, and so 
o n .  

It is clear that intermediate situations can exist, one of which is reflected in the numerical values 
for  h2/h2 given above. 

We may thus say that the heat- t ransfer  conditions at the thermostatic surfaces can substantially in- 
fluence the column performance.  Figure 2A shows that a performance q--1 can be doubled by changing 
the cooling conditions. Fur ther ,  even a very carefully built apparatus may not provide high performance 
if measures  are  not taken to eliminate the temperature  asymmetry caused by nonuniform heat t ransfer  
around the per imeter ;  and finally, the optimum working conditions should be found by experiment in each 
part icular  case.  
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is the degree of separation; 
is the sampling parameter;  
is the defined by (14); 
a re  the parameters  for effects of temperature  and concentration asymmetry;  
is the parameter  for temperature  asymmetry due to eccentricity; 
is the parameter  for  temperature  asymmetry due to heat t ransfer  nonuniformity along column 
per imeter ;  

hj = a,dl ,/ (1-~-a,di j ln ~ /21w ); 

is the heat t ransfer  for j-th heat t ransfer  agent; 
is the diameter of i-th cylinder for j-th heat t ransfe r  agent, 
a re  the outside and inside diameters of i- th cylinder, 
is the working gap; 
are  the thermal  conductL,cities of column walls and mixture; 
is the diameter  of separating slit; 
a re  the kinetic and dynamic viscosities; 
is the heat of condensation; 
is the temperature  difference between gap surfaces; 
is the eccentricity; 
is the column length; 
is the diffusion coefficient; 
is the density; 
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7 
(~T) 

is the volume expansion coefficient; 
is the concentration expansion coefficient; 
i s the temperature  a symmetry .  

S u b s c r i p t s  

1 and 2 are  the hot and cold surfaces of the column. 
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