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M A S S  T R A N S F E R  W H E N  H E L I U M  IS P U R G E D  O F  
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Resu l t s  are  shown of an exper imen ta l  study concerning the heat and m a s s  t r a n s f e r  inside a 
ve r t i ca l  tube between the m a i n s t r e a m  and the in terphase  boundary.  

In r ecen t  y e a r s  hel ium has found many industr ia l  applicat ions as a working medium and as an iner t  
gas.  F o r  this reason ,  it b e c o m e s  n e c e s s a r y  to reduce  its waste .  In many technological  p r o c e s s e s  hel ium 
becomes  contaminated and must  be  purif ied before  r e - u s e .  

The p r o c e s s  by which concent ra ted  hel ium is produced is only li t t le understood. The n e c e s s a r y  ap-  
pa r a tu s  is designed on the ba s i s  of fo rmulas  for  a v a p o r - g a s  (water vapor  and air) mixture the p rope r t i e s  
of which dif fer  ve ry  much f r o m  those of a n i t r o g e n - h e l i u m  mixture .  The lack of re l iab le  data c h a r a c t e r -  
iztng the hel ium concentra t ion p r o c e s s  has provided the s t imulus  for  this study. 

The tes t  appara tus  and p rocedu re  have been descr ibed  in [1, 21. The data were  genera l ized  on the 
ba s i s  of the s i m i l a r i t y  theory.  

In this case  the composi t ion  of the b ina ry  mix ture  was changing d ras t i ca l ly  along the channel.  Its 
physica l  p r o p e r t i e s  we re  changing too. 

A genera l iza t ion  of tes t  data  on the bas i s  of the s i m i l a r i t y  theory  is poss ible ,  for  a given set  of phys-  
teal  condit ions,  if one cons ide r s  smal l  segments  along the par t i t ioning appara tus  within which the eompo-  
si t ton of the v a p o r - g a s  mix tu re  v a r i e s  only sl ightly and, consequently,  the physical  p rope r t i e s  as well as 
the p r o c e s s  p a r a m e t e r s  v a r y  only sl ightly.  

An ana lys i s  has shown that the e r i t e r i a l  re la t ions  cha r ac t e r i z i ng  the heat  and m a s s  t r an s f e r  during 
condensat ion of vapor  f r o m  the flowing v a p o r - g a s  mix tu re  may be presen ted  as follows: 

for  convect ive heat  t r a n s f e r  

for  m a s s  t r a n s f e r  

PM CV ) 
Nu=(p  Re, Pr, ~ ,  Pcr C (1) 

NUD=~(Re ,  PrD, gg, 8G, PM R V ) .  (2) 
Pcr ' RG 

In addition to the c r i t e r i a l  numbers  given in [3, 4], we have also introduced in Eqs. (1) and (2) the 
p a r a m e t e r  P M / P c r .  The reason  for  this is that the re la t ions  he re  apply to a wide range of p r e s s u r e s .  
Without this p a r a m e t e r ,  the tes t  points would s c a t t e r  on account of d i f fe rences  in p r e s s u r e .  

The c r i t e r i a l  num be r s  in (1) and (2) were  calculated on the bas i s  of mean p a r a m e t e r  va lues  r e f e r r i n g  
to the m a i n s t r e a m  along a given channel segment .  As the c h a r a c t e r i s t i c  d imension we chose the inside 
d i a m e t e r  of the par t i t ion tube. The diffusivity was de te rmined  according  to the fo rmula  

Dc=0"621"10-4 PM ~ 273 ] m2/sec" 
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Fig. I. Comparison of calculated values (pCp) (I) with 
test data (e~/fic) (2) characterizing the analogy between 
heat and mass transfer. Pressure PM (bars), Cek/fic, 
pCp (J/m 3. ~ 

It has been stated in the literature that the effect of diffusion currents in these cases should not be 
included, t.e., that the universal expressions should not contain the Irw-number and the ~rg-number, but 
that only the effect of a Stefan current characterized by the criterial parameter PG/P M should enter here. 
An evaluation of our test data has established, however, that the criterial relations must contain the nw- 
number and the 7rg-number when applied to high and intermediate concentrations of nitrogen. Only for low 
concentrations of nitrogen may they be omitted. 

A thorough analysis has shown that, for a generalization of test data and for a determination of the 
relevant quantities, it is worthwhile to divide the total span of concentrations into three zones character- 

ized by different process trends. These three zones will be called here the zone of low, intermediate, and 
high nitrogen concentration respectively. The high-concentration zone is, moreover, characteristic of 
high pressures in the mixture and is defined as the zone within which the partial pressure of nitrogen in 
the mixture is above its critical pressure. 

Zone of Low Nitrogen Concentration. It is well known that an approximate analogy between heat 
transfer and mass transfer exists when the concentration of the active component is within the low range. 

When heat and mass transfer occur simultaneously, then the flow equation is common to both and one 
major factor which would invalidate this analogy when the processes run separately, namely the different 
hydrodynamic conditions during heat and mass transfer, is eliminated here. 

The approximate analogy between heat and mass transfer remains valid if the following conditions 
are satisfied [3]: 

a) the volume concentration of the active component in the mixture is low; 

b) the equality 

a - -  - -  D ~ R v T  = D e 
pC 

ho lds  t r u e  o r ,  which  i s  equ iva l en t ,  the P r a n d t l  n u m b e r s  fo r  hea t  and d i f fus ion  a r e  equa l  (P r  = PrD);  

e) the t e m p e r a t u r e  f i e ld  and the p r e s s u r e  f i e ld  a r e  s i m i l a r ;  th is  r e q u i r e m e n t  is  e x p r e s s e d  as  

RG + x  

B - -  Cv R _ Rv - 1; 
C R v C~_c § x 

C v 

d) the  b o u n d a r y  cond i t i ons  a r e  s i m i l a r .  

An analysis of the test data in [i] has shown that the conditions o~ approximate analogy between heat 
and mass transfer apply to low volume concentrations ranging from 0 to 10% nitrogen in the mixture. 
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F i g .  2. M a s s  t r a n s f e r  (a) and hea t  t r a n s f e r  (b) d u r i n g  c o n -  
d e n s a t i o n  of n i t r o g e n  f r o m  a n i t r o g e n - h e l i u m  m i x t u r e  
(zones  of high and i n t e r m e d i a t e  n i t r o g e n  c o n c e n t r a t i o n s ) .  

A = N U D ( P M / P c r ) - ~ 1 7 6  B = N U ( P M / P c r )  -~ 
/ I l e i . 0 p r  0.3. 

Here 

1 - ~ a  -~1.14; 1 . . < B ~ l . 3 .  
- Dc 

A s s u m i n g  the a p p r o x i m a t e  ana logy  b e t w e e n  the two p r o c e s s e s  to b e  va l id  in the  l o w - c o n c e n t r a t i o n  
zone ,  one m a y  e x p e c t  the Lewis  r e l a t i o n  

(Z 
- -  = pCp 

~c 

to be  a p p l i c a b l e .  The  o~/fie = f(PM) and OCp -- q)(PM) c u r v e s  a r e  shown in F ig .  1. 

The  t e s t  d a t a  a g r e e  c l o s e l y  wi th  e a l c u t a t i o n s .  

Thus ,  o u r  t e s t  d a t a  c o n f i r m  the e x i s t e n c e  of an a p p r o x i m a t e  ana logy  be tween  hea t  and m a s s  t r a n s f e r  
wi th in  the r a n g e  of low n i t r o g e n  c o n c e n t r a t i o n s .  

The  t e s t  d a t a  on m a s s  t r a n s f e r  d u r i n g  a f o r c e d  flow of a v a p o r - g a s  m i x t u r e  f i t  the  fo l lowing  equa -  
t ion : 

PV ,,-0.85 
Nuo=6.272.10-3Re~ ~ \--~M-) �9 (3) 

By ana logy ,  fo r  the hea t  t r a n s f e r  wi th in  the  s a m e  r a n g e  of c o n c e n t r a t i o n s  we have  ob ta ined  

PV ,,-0,93 
Nu = 2.64.10-3 Re~ T M  \ - - p - - )  �9 (4) 

T h e s e  equa t i ons  d e s c r i b e  the t e s t  r e s u l t s  wi th in  a *8% a c c u r a c y .  

Zone of I n t e r m e d i a t e  N i t r o g e n  C o n c e n t r a t i o n s .  At the u p p e r  l i m i t  of th i s  zone the p a r t i a l  p r e s s u r e  
of n i t r o g e n  is  equa l  to i ts  c r i t i c a l  p r e s s u r e  l~cr; a t  the l o w e r  l i m i t  the  n i t r o g e n  c o n c e n t r a t i o n  is  10%. 

The  r a t e  of n i t r o g e n  c o n d e n s a t i o n  f r o m  the m i x t u r e  in th i s  zone  i s  much  h i g h e r  than in the o t h e r  zone,  
b e c a u s e  both  hea t  and m a s s  t r a n s f e r  a r e  c h a r a c t e r i z e d  h e r e  by  high t e m p e r a t u r e  and c o n c e n t r a t i o n  d r o p s .  
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An a n a l y s i s  of t e s t  da t a  has  shown tha t  no a na logy  be tw e e n  hea t  and m a s s  t r a n s f e r  e x i s t s  h e r e .  

The g e n e r a l i z a t i o n  of t e s t  d a t a  in c r i t e r i a [  f o r m  w a s  b a s e d  on r e l a t i o n s  (1) and (2). 
t ion (Fig .  2a) has  y i e l d e d  the fo l lowing  r e l a t i o n :  

Nu D --_ 0.434.Re~.0pr~.a ( PM )0.s [ AP:v ~0.as 

Per J ' 

with  which  a l l  s e g m e n t s  of th i s  zone can  be  d e s c r i b e d  wi th in  a :~15% a c c u r a c y .  

Ano the r  d a t a  e v a l u a t i o n  (Fig .  2b) has  y i e l d e d  fo r  the hea t  t r a n s f e r  b e t w e e n  the v a p o r -  gas  s t r e a m  and 
the i n t e r p h a s e  b o u n d a r y  wi th in  the zones  of  high and i n t e r m e d i a t e  n i t r o g e n  c o n c e n t r a t i o n s :  

N u - -  0.116 ReI"~ ~ ~ ~,Re-e ] " (6) 

The  e f fec t  of m a s s  t r a n s f e r  on hea t  t r a n s f e r ,  a s  has  been  po in ted  out  e a r l i e r ,  is  a c c o u n t e d  for  by  the 
a d d i t i o n a l  c r i t e r i a [  ~rr Equa t ion  (6) d e s c r i b e s  a l l  s e g m e n t s  wi th in  a :~16% a c c u r a c y .  

It is  to be  no ted  tha t  Eqs .  (3)-(6) r e f l e c t  the  e f fec t  of c o n d e n s a t e  f i l m  t h i c k n e s s  i n s o f a r  as  the  f a t t e r  
i n f l uences  the t e m p e r a t u r e  t r e n d s  at  the i n t e r p h a s e  b o u n d a r y  and in the m a i n s t r e a m  - -  m e a s u r e d  d i r e c t l y  
in the t e s t s  [2]. 

Zone  of S u p e r e r i t i c a l  P a r t i a l  P r e s s u r e  of N i t r o g e n  ( range  of high n i t r o g e n  c o n c e n t r a t i o n s  in the m i x -  
tu re ) .  As the v a p o r - g a s  m i x t u r e  w a s  eoo[ed  at  a p a r t i a l  p r e s s u r e  of the ac t i ve  c o m p o n e n t  above  c r i t i c a l ,  
the t r e n d  of n i t r o g e n  c o n d e n s a t i o n  f r o m  the n i t r o g e n - h e l i u m  m i x t u r e  was  not ev iden t .  T e s t  da t a  have  
shown that ,  s t a r t i n g  at  the c r i t i c a l  t e m p e r a t u r e ,  the p a r t i a l  p r e s s u r e  of n i t r o g e n  d r o p s  f a s t  as  the m i x t u r e  
is c o o l e d  f u r t h e r .  Th i s  d r o p  is ,  a p p a r e n t l y ,  due to a s p l i t t i n g  of the m i x t u r e  into l iquid  n i t r o g e n  which  
c o n c e n t r a t e s  at the co ld  tube wai f  and m i x t u r e  which  r e t a i n s  n i t r o g e n  wi th in  the g a s e o u s  h e l i u m .  

The  m i g r a t i o n  of n i t r o g e n  f r o m  the bu lk  of the v a p o r - g a s  s t r e a m  t o w a r d  the wa i l  can  be  exp l a ined  
b y  t h e r m o d i f f u s i o n  which ,  a s  is  w e l l  known, c a u s e s  h e a v i e r  m o l e e u l e s  to move  t o w a r d  a co ld  wa l l .  The 
n i t r o g e n  c o n c e n t r a t i o n  in the  m a i n s t r e a m , d r o p s  fa s t ,  i . e . ,  at  a v e r y  [ow tube he ight  the  drop in p a r t i a l  
p r e s s u r e  i s  l a r g e .  Th i s  i n d i c a t e s  that  the s p l i t t i n g  of the m i x t u r e  due to t h e r m o d i f f u s t o n  is  a v i o l e n t  p r o -  
e e s s  which  p r o d u e e s  l a r g e  d i f f e r e n c e s  be twe e n  p a r t i a l  p r e s s u r e s  of n i t r o g e n  in the m a i n s t r e a m  and at  the 
l iquid  f i l m .  

Thus ,  ~he o n s e t  of t h e r m o d i f f u s i o n  b r i n g s  about  a d i f fus ion  due  to a l a r g e  p a r t i a l - p r e s s u r e  d i f f e r e n c e  
and the to ta l  e f fec t  is  a h igh p r o c e s s  r a t e .  

Such v e r y  c o m p l e x  c h a n g e s  in the p h y s i c a l  s t r u c t u r e  of th i s  zone  no tw i th s t and ing ,  and c o n s i d e r i n g  
tha t  the t e m p e r a t u r e  a s  we l l  as  the p a r t i a l  p r e s s u r e  in the m a i n s t r e a m  and at  the  i n t e r p h a s e  b o u n d a r y  
d i f f e r  a p p r e c i a b l y ,  one can  d e t e r m i r t e  the loca l  hea t  and m a s s  t r a n s f e r  c o e f f i c i e n t s  on the b a s i s  of  c o n -  
v e n t i o n a l  c o n e  ep t s .  

Th i s  would  not  be e x p e d i e n t  in th i s  p a r t i c u l a r  c a s e ,  h o w e v e r ,  b e e a u s e  the h i g h - c o n c e n t r a t i o n  zone 
- -  if i t  e x i s t s  - -  c o v e r s  only  an i n s i g n i f i c a n t  p a r t  of the a p p a r a t u s  s u r f a c e .  T h e r e f o r e ,  tt  is  su f f i c i en t  to 
d e t e r m i n e  the s u r f a c e  c o v e r e d  by  the o t h e r  two zones  and to i n c r e a s e  the amoun t  by  8-10% accounting f o r  
t h i s  t h i r d  zone .  

A f u r t h e r  e v a I u a -  

Nu = ad/;t 
Nu D = f led /D e 
~rg = A P v / P ? v  I 
7r w g v d / #  g 
e G : PG, /PM 
I~V,/R G 
Cv/C 
O~ 

Pc 
De, Dp 
/.,, tz 

A P  V 

NOTATION 

Is the N u s s e l t  n u m b e r  fo r  heat;  
ts  the N u s s e l t  n u m b e r  fo r  d i f fus ion;  
ts  the e f fec t  of d e n s i t y  in the t r a n s v e r s e  c u r r e n t  on m a s s  t r a n s f e r ;  
ts  the e f fec t  of the  t r a n s v e r s e  c u r r e n t  on hea t  t r a n s f e r ;  
ts  the e f fec t  of Stefan e u r r e n t  on m a s s  t r a n s f e r ;  
ts  the r a t i o  of v a p o r  g a s  c o n s t a a t  to i n e r t - g a s  gas  cons t an t ;  
ts  the r a t i o  of v a p o r  hea t  c a p a c i t y  to m i x t u r e  hea t  e a p a e i t y ;  

ts  the c o e f f i c i e n t  of hea t  t r a n s f e r  f r o m  the v a p o r - g a s  s t r e a m  to the c o n d e n s a t e  f i lm;  
ts  the m a s s  t r a n s f e r  c o e f f i c i e n t  r e f e r r e d  to the c o n c e n t r a t i o n  g rad ien t ;  
is  the d i f f u s i v i t y  r e f e r r e d  to c o n c e n t r a t i o n  and to m i x t u r e  p r e s s u r e  r e s p e c t i v e l y ;  
a r e  the k i n e m a t i c  and d y n a m i c  v i s c o s i t y  r e s p e c t i v e l y ;  

is  the d i f f e r e n c e  be tween  p a r t i a l  p r e s s u r e  of v a p o r  in the  m a i n s t r e a m  and at  the  i n t e r -  
p h a s e  b o u n d a r y ;  
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PG 
PM 
Per 
x -- PV/PG 
k 
a 

is the partial pressure of the inert component in the mainstream; 
is the mixture pressure; 
is the critical pressure of active component; 
is the ratio of active component density to gas density; 
is the thermal conductivity; 
is the thermal diffusivity. 
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