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This paper investigates mass transfer when a thin layer of water cover- 
ing the internal surface of an externally heated, undiaphragmed, vor- 
tex tube evaporates into a vortical air flow in the case of high fluxes 
of the diffusing substance (water vapor). 

If a l iquid is sp raye  d in the fo rm of sma l l  d rople t s  
into the en t rance  of a tube fo rmed  by a vor t i ca l  flow 
of gas, cen t r i fuga l  fo rces  will throw the l iquid onto 
the wall and it will  be en t ra ined  by the flux towards 
the exit section, thus forming,  in c e r t a i n  condit ions,  
a cont inuous ro ta t ing  f i lm on the wall (Fig. 1). 

A full  de sc r ip t i on  of the method of obtaining such 
f i lms  and the appara tuses  for  inves t iga t ing  heat  and 
m a s s  t r a n s f e r  f rom thei r  su r face  into a vor t i ca l  a i r  
flow was given in [1-4] .  This  paper ,  as d i s t inc t  f r o m  
[1-4] ,  gives data r e l a t ing  to h igher  f luxes of the dif-  
fus ing  subs tance  (water  vapor) and to g r e a t e r  heat  flux 
through the tube wall, s ince  the water  f i lm was hea ted  
by the passage  of an e l ec t r i c  c u r r e n t  through a n i -  
ch rome  r ibbon  e lose iy  ,around on the tube over  a thin 
l aye r  of mica  (Fig. 1). 

This  method of heat ing gives heat f luxes of up to 
4 " 10 s W / m  a and m a s s  fluxes of the diffusing (active) 
component  of up to 500 kg/m2, �9 hr ,  or  30 k m o l e / m  2. hr,  
in tubes of smal l  d i a m e t e r  (15.6 and 22.4 mm) and 
s m a l l  r e l a t i ve  length (up to 50 L/D).  

The expe r imen ta l  data obtained when a cont inuous 
and s tab le  f i lm was fo rmed  over  the whole inne r  s u r -  
face of each inves t iga ted  vor tex  tube with a p r e s e r i b e d  
geome t r i c  c h a r a c t e r i s t i c  and r e l a t ive  length for  each 
reg ime ,  c h a r a c t e r i z e d  by p a r t i c u l a r  va lues  of the heat  
flux through the wall, flow ra t e s  of l iquid and gas, and 
in i t i a l  p a r a m e t e r s ,  were  used to plot curves  of t e m -  
p e r a t u r e  of the evapora t ing  l iquid f i lm aga ins t  the tube 
length.  Some of these  cu rves  a r e  shown in Fig.  2. 

These  data can be used to d e t e r m i n e  the d i f ferent  
components  of the heat  ba lance  of the vor tex  tube. The 
heat  ba lanee  can be wr i t t en  as follows: 

Qe--- Qmix "t- QD "~ Qa "+" Qr -~ QL" (1) 

The heat  loss  QL to the su r round ings  through the 
ex te rna l  insu la t ion  was d e t e r m i n e d  f rom the r e s u l t s  of 
p r e l i m i n a r y  ca l i b r a t i on  expe r imen t s  by a method s i m -  
i l a r  to float used  in [5]. The heat  Qmix spent  in he a t -  
ing the l iquid was d e t e r m i n e d  by ca lcula t ion .  In the 
f i r s t  approximat ion ,  when the amount  of evapora ted  
l iquid is unknown,  the heat  flow ra te  is a s s u m e d  to 
be cons tan t  along the tube. In the subsequen t  approx i -  
ma t i ons  a m o r e  accu ra t e  ca lcu la t ion  is made  by s e c -  
t ions,  into which the whole length of the tube is  divided, 
and an a l lowance is made  for the change in l iquid flow 

ra te  due to evapora t ion .  The heat  Qr used  up in hea t -  

ing the va po r - ga s  m i x t u r e  by rad ia t ion  was a s s u m e d  to 
be negl igible .  The heat  Qc~ used up on convect ive  hea t -  
ing of the mi x t u r e  was d e t e r m i n e d  by s u c c e s s i v e  c a l -  
culat ion for  each sect ion on the bas i s  of the joint  so lu-  
t ion of the heat  t r a n s f e r  and enthalpy equat ions.  In the 
cou r se  of these  ca lcu la t ions  the i n c r e a s e  in t e m p e r -  
a tu re  of the mi x t u r e  was s i m u l t a n e o u s l y  d e t e r m i n e d  
for  each sect ion and the t e m p e r a t u r e  change a long the 
tube was then de t e rmined  for the known in i t ia l  gas t e m -  
pe r a t u r e .  The coeff ic ient  of heat  t r a n s f e r  f rom the 
f i lm sur face  to the vo r t i ca l  a i r  flow was d e t e r m i n e d  by 
us ing the p rev ious ly  obtained r e l a t i onsh ips  for pure  
heat  t r a n s f e r  [3]. No c o r r e c t i o n  for  the effect of the 
c o n c u r r e n t  and e oc u r r e n t  flow of evapora t ing  l iquid was 
in t roduced owing to the lack of r e l i a b l e  i n fo rma t ion  for  
this  case  [6-7].  A c o m p a r i s o n  of the m e a s u r e d  and 
ca lcula ted  t e m p e r a t u r e s  of  the v a p o r - g a s  m ix tu r e  
showed a d i f ference  of l e s s  than 5-107c, thus ind ica t ing  
the m i n o r  ro le  of this c o r r e c t i o n  in the inves t iga ted  
case.  F i g u r e  2 shows the ca lcu la ted  va r i a t i on  of t e m -  
p e r a t u r e  of the v a p o r - g a s  m i x t u r e  along the tube for  

two r eg imes .  
The heat  Qe produced by the e l ec t r i c  hea t e r  was 

ca lcu la ted  by the usual  method f rom the vol tage drop 
and the c u r r e n t  p a s s i n g  through the n i c h r o m e  r ibbon.  

The desc r ibed  method p rov ides  a m e a n s  of d e t e r -  
m i n i n g  the heat  QD Spent on evapora t ion  of the liquid, 
i. e . ,  the p a r a m e t e r  d i rec t ly  Charac te r iz ing  the m a s s  
t r a n s f e r  as the r e s i d u a l  t e r m  in the heat  ba l ance  of 

the tube. 
The pe rcen tage  d i s t r i bu t ion  of heat  among the d i f -  

f e ren t  components  in r e l a t i on  to the r e g i m e  and sec t ion  
of the tube va r i ed  cons iderab ly .  In mos t  cases ,  how- 
ever ,  the m a i n  f rac t ion ,  up to 90(]0 or  more ,  cons i s t ed  
of heat  t r a n s f e r r e d  by evaporat ion.  

The m a s s  t r a n s f e r  coeff ic ient  tip was ca lcu la ted  
f rom the fol lowing re la t ionsh ip :  

Qo GD (2) 
~3p = rF~ (PDF--PDf) = F~ (PDF--PD~) 

The mean  value of tip for  the whole tube was d e t e r -  
m i ne d  by taking PDF and PDf as the mean  in tegra l  
va lues  of the pa r t i a l  vapor  p r e s s u r e  at the f i lm su r face  
and in the gas flow. The pa r t i a l  p r e s s u r e  at the f i lm 
su r face  was taken equal to the s a tu ra t ed  vapor  p r e s -  
s u r e  at the ave rage  l iquid t e m p e r a t u r e  over  the th i ck -  
ne s s  of the f i lm, as indica ted  by the hot t he rmocoup le  
junct ions .  The ehange in t e m p e r a t u r e  over  the th ick-  
n e s s  of the f i lm,  the flow of heat  in an axial  d i r ec t i on  
a long the tube wall, and also the e r r o r s  in the r ead ings  
of the su r f ace  the rmocoup les  due to the t h e r m a l  r e -  
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Fig. i. Diagram of apparatus for investigating the evap- 
oration of a liquid film in a vortical gas flow: i) liquid 
sprayer; 2) air jet; 3) vortex tube; 4) nichrome ribbon; 
5) refractory clay; 6) asbestos insulation; 7) asbestos 
cement plate; 8) hot junctions of thermocouples; 9) ther- 
moeouple electrodes; 10) mica layer; 11) liquid film. 
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Fig: 2. Change in p a r a m e t e r s  of vor t ica l  two-phase flow T F 
o ~ �9 T/, :K <a,b), VDF, PDf, ~/m (o,d), Pma/~m(e)' n - ~ "2' 

�9 10-* (s along tube: 1) 9 = 22.4 re_m, L / D  = 50, Ah, t = 0.4, 
G1 = 21 kg /h r ,  Ref  = 2 �9 104, q = 1,5 �9 105 W/m 2, T10 = 297" K, 
T~_ = 305~ 2) ~ = 22.4 ram, "L/D --- 50, Ah.t = 0.4, G1-- 21 kg /h r ,  
R e f = 1 . 2 - 1 0 4  , q = 5 " 1 0 4  WAn z, Tio =295 ~ Tg 0=303  ~ 
3) r  15.6 m m ,  L/D = 20, A h t = 2.5, GI= 12 kg /h r ,  Ref= 6.5 �9 

�9 10 ~, q = 4"  105 W/m 2, T10 = 293~ Tg 0 = 298" k .  
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s i s t a n c e  of the zone of contac t  and r e m o v a l  of hea t  due 
to the hea t  conduct ion of the e l e c t r o d e s  w e r e  neg lec ted  
in v iew of t h e i r  s m a l l n e s s  in the i nves t i ga t ed  condi t ions  
(the f i l m s  had an in i t i a l  t h i c k n e s s  of not m o r e  than 
0 . 3 -0 .4  ram; under  the ac t ion  of cen t r i fuga l  f o r c e s  and 
the high tangent ia l  s t r e s s e s  on the f r e e  s u r f a c e  they 
w e r e  v i g o r o u s l y  mixed  in a r a d i a l  d i r ec t ion ;  owing to 
the high r a t e  of hea t  and n~ass t r a n s f e r  the f i lm t e m -  
p e r a t u r e  did  not d i f fe r  much  f r o m  the t e m p e r a t u r e  of 
the a i r  flow, and so on). ~ 

The  p a r t i a l  v a p o r  p r e s s u r e  PDf  in the f low was d e -  
t e r m i n e d  by a ca lcu la t ion  involvirig the in i t i a l  m o i s t u r e  
content  and the amount  of e v a p o r a t e d  l iquid,  by us ing  
the ava i l ab l e  f o r m u l a s  or  g r aphs  [7-9] .  The  c u r v e s  in 
Fig .  2 show the v a r i a t i o n  of PDF and PDf  a long the 
tube for  s e v e r a l  r e g i m e s .  

D e t e r m i n a t i o n  of the local ,  va lue s  of the m a s s  t r a n s -  
f e r  coef f i c ien t  n e c e s s i t a t e d  the use  of the mean  va lues  
of QD (or  G D = QD/r ) ,  PDF,  and PDf  f ~  t h e p a r t i c -  
u l a r  sec t ion,  and it is  obvious that:  the  s h o r t e r  the  
sec t ions ,  the m o r e  a c c u r a t e  the r e s u l t  wil l  be .  Sev-  
e r a l  g r aphs  of loca l  m a s s  t r a n s f e r  coef f i c ien t s  c a l -  
cu la t ed  in th is  way a r e  shown in Fig .  2. 

It should be  b o r n e  in mind  that  ave rag ing  of 3p f rom 
f o r m u l a  (2) and as  the mean  in t eg ra l  of the loca l  v a l -  
ues ,  a c c o r d i n g  to the r e i a t i o n s h i p  

L 
~p = j'~px dx/L, (3) 

0 

l e a d s  to d i f f e ren t  quan t i t a t ive  r e s u l t s ,  a s  is  a l so  the 
c a s e  with the hea t  t r a n s f e r  coef f i c ien t  [10]. 

The  a im  of the  subsequen t  ca l cu l a t i ons  was to r e p -  
r e s e n t  the e x p e r i m e n t a l  m a s s  t r a n s f e r  da ta  in the 
f o r m  of g e n e r a l i z e d  quan t i t a t ive  r e l a t i o n s h i P s .  It should 
be  noted that  owing to the h ighe r  f luxes  of d i f fus ing  
s u b s t a n c e  (wa te r  vapor)  the  p r o b l e m  b e c o m e s  m o r e  
complex  than for  the c a s e  of the s i m i l a r  l o w - r a t e  p r o -  
c e s s ,  when it is  p o s s i b l e  r o u s e  the t h e r m a l  d i f fus ion 
analogy.  It is  known [6 -9 ,  11-16]  that  a t  high f luxes  
of d i f fus ing  subs t ance  t h e r e  a r e  s e v e r a l  f e a t u r e s  which 
d e s t r o y  the analogy be tween  m a s s  t r a n s f e r  and p u r e  
hea t  t r a n s f e r ,  and th is  effect  is  g r e a t e r ,  the  m o r e  
r a p i d  the  m a s s  t r a n s f e r .  Th i s  can be  taken  into a c -  
count by v a r i o u s  methods  b a s e d  on an a n a l y s i s  of the 
ef fec t  with the adopt ion of c e r t a i n  p h y s i c a l  hypo the se s  
and s i m p l i f i c a t i o n s .  In p a r t i c u l a r ,  a widely  used  
me thod  is  that  of in t roduc ing  addi t iona l  c r i t e r i a ,  the 
b e s t  known of which is a t h e r m o d y n a m i c  c r i t e r i o n  of 
the  f o r m  

G u = ( T i x T  ) /T .  , (4) mass mix 

c a l l e d  the  Gukhman n u m b e r  [7, 8, 11-14] ,  a s y s t e m  of 
d i m e n s i o n l e s s  p a r a m e t e r s  [9, 15, 16] 

APD Pg and RD 
I ~ D -  Pmix' % - -  Pmix /~--~-' (5} 

and parametric criteria [17-28] 

~ix/Pgm or Pg~/P~., (6) 

It is  v e r y  r e m a r k a b l e  that  a l l  the  above  c r i t e r i a  a r e  
r e l a t e d  to one ano the r  o r  r e p l a c e a b l e  by one ano ther ,  
a s  is  r e v e a l e d  by p lo t s  of t hem aga in s t  the  p a r a m e t e r  

P D F  (or tF )  , which is one of the  mean  p h y s i c a l  c h a r -  
a c t e r i s t i c s  of the p r o c e s s .  The p lo t s  shown in Fig .  3 
a r e  fo r  the ca se  of evaPora t ion  of wa te r  in a i r  at n o r -  
mal  p r e s s u r e  (Pmix  - 1 . 0 i 3 .  105 N/m 2) andwi th  va ry ing  
v a p o r  content .  The c u r v e s  o f  Gu = f ( P D F  ) w e r e  p l o t -  
t ed  by  us ing  the fol lowing r e l a t i onsh ip :  

" Pok ~ c~ Tmix,-- Tmass~_ PDI , (7) 
[~v r 

obta ined  f rom the condi t ion  fo r  hea t  ba l a nc e  on the g a s -  
l iquid  boundary  in the e a s e  of ad iaba t i c  evapora t ion  of 
the  l iquid.  The r a t i o  c~/fip i s  d e t e r m i n e d  by jo in t  s o l -  
ution of the c r i t e r i a l  equat ions  f o r  hea t  and m a s s  
t r a n s f e r ,  a s  shown in [21]. The r e l a t i o n s h i p  (7) can be 
r e d u c e d  by s i m p l e  t r a n s f o r m a t i o n s  to the fol lowing 
fo rm,  which  is  m o r e  convenient  fo r  p r a c t i c a l  c a l c u -  
: la t ions :  

PDZ = ~i• Pgf (S) 
Xgf h l/Pmixkpr + 1 " 

The :calculat ion was p e r f o r m e d  by s u c c e s s i v e  ap -  
p r o x i m a t i o n s  by a s s i g n i n g  d i f f e ren t  va lues  to Tmi  x and 
subsequent  d e t e r m i n a t i o n  of T m a s s  so that  r e l a t i o n s h i p  
(8) is  s a t i s f i ed .  : 

In addit ion,  it  f011ows f rom the c i ted  da ta  that  the 
n u m e r i c a l  va lues  of t h e , c r i t e r i a  a r e  s t r a t i f i e d  in r e -  
l a t ion  to PDf  ( o r  Pgf) ,  Which is  c l e a r l y  i l l u s t r a t e d  
by the po~r/t~made in i15], v i z . ,  that  i t  is  not suf f ic ient  
to in t roduce  only one of them into the c r i t e r i a l  equa-  
t ion of m a s s  t r a n s f e r .  In  the g e n e r a l  c a s e  the s i m p l e x  
P g f / P m i x  mus t  be in t roduced  a long with one of t h e m .  

A c h a r a c t e r i s t i c  f e a t u r e  of the c r i t e r i o n  P m i x / P g m  
is that  i t  is  m o r e  s e n s i t i v e  to the change in t e m p e r -  
a t u r e  of the  evapo ra t i ng  l iquid  than the o the r s .  The 
Gu number ,  which r e l a t e s  to the spe c i a l  c a s e  of a d i a -  
ba t i c  evapora t ion  of the l iquid,  d i f f e r s  f r o m  the o t h e r  
c r i t e r i a  in tha t : i t  r e q u i r e s  the  va lue  of an addi t iona l  
p a r a m e t e r - - t h e  f low t e m p e r a t u r e  Tmi  x.  

This  p r o v i d e s  s0me  b a s i s  fo r  the  conc lus ion  that  the  
se t  of c r i t e r i a  P m i x / P g m  ( A P D / P m i  x o r  P g F / P g m )  and 
' P g f / P m i x ,  wh ich  take  into account  a l l  the ma in  p a r a m -  
e t e r s  of the m a s s  t r a n s f e r  p r o c e s s ,  m u s t  be  of a m o s t  
g e n e r a l  c h a r a c t e r  and may  be  used,  in p a r t i c u l a r ,  f o r  
t r e a t m e n t  and g e n e r a l i z a t i o n  of the r e s u l t s  of the c o m -  
mon n a t u r a l  p r o c e s s  of ad iaba t i c  evapo ra t i on  of a 
l iquid  ( together ,  of c ou r se ,  with the  Gukhman number ,  
which is used  at  p r e s e n t  fo r  th is  case ) .  

On the  b a s i s  of the  above  c o n s i d e r a t i o n s  the se t  of 
p a r a m e t e r s  P m i x / P g m  and P g f / P m i x  was  chosen  a s  
add i t iona l  c r i t e r i a  for  t r e a t m e n t  of the  r e s u l t s  of the  
p r e s e n t  e x p e r i m e n t s .  

To exc lude  the effect  of the  l iquid  f low r a t e ,  the  
e x p e r i m e n t s  w e r e  conducted  in the n a r r o w e s t  p o s -  
s i b l e  r ange  of f low r a t e - - 1 0 0 - 2 0 0  k g / m .  h r - - t h e  m i n -  
imum p o s s i b l e  v a l u e s  in the  c a s e  of in t ense  e v a p o r a -  
tion. 

In the  r eg ion  of s m a l l  and m o d e r a t e  f luxes  of d i f -  
fus ing  subs tance ,  which i s  the  c a s e  unti l  the  t e m p e r -  
a t u r e  of the f i lm  o v e r  a l a r g e  p a r t  of i t s  length e x -  
ceeds  343-353 ~ K,  the  p a r a m e t e r s  P m i x / P g m a n d  P g f /  
/ P m i x  d i f f e r  l i t t l e  f r o m  uni ty .  F o r  t r e a t m e n t  of da t a  for  
v o r t e x  tubes  with the s a m e  g e o m e t r i c  c h a r a c t e r i s t i c  
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= 0; 2) 1 �9 104; 3) 3.3 �9 104; 4) 5 o 104; 5) 7.1 �9 10 ~ NAn~o 
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different vortex tubes: 1) L/D = 50 and Ah. t = 0.4; 

2) 50 and 1.2; 3) 20 and 2.5; 4) 20 and 20.6. 
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Ah. t (or degree  of twisting of the flow) and re la t ive  
length L/D it is poss ib le  to use the usual c r i t e r i a l  r e -  
lat ionship of the form Nu D =f(Ref). In this case  the 
exper imenta l  points in logar i thmic  coordinates  in the 
invest igated range of var ia t ion  of Ref (1 �9 103-1 �9 105) 
lie, as was shown e a r l i e r  [2], near  s t ra ight  l ines p a r -  
a l le l  to that drawn from the equation 

NUD = 0.019Re~ "8, (9) 

which is usually used in the c a s e  of the internal  p rob -  
lem for calculat ion of the mass  t r ans fe r  f rom the su r -  
face of a water  f i lm to an axial  flow of a i r  [9]. 

In the calculat ions the physical  p a r a m e t e r s  com- 
p r i s ing  the diffusion Nusselt  number were de te rmined  
at the average  f i lm t empera tu re  over  the length of the 
tube. The p a r a m e t e r s  contained in the Reynolds num- 
b e r ,  which in this case  was calculated f rom the d i a m -  
e te r  of the tube and the mean flow of vapor -gas  mix -  
ture  (Gf = Gg + GD/2), were  de termined at the mean 
t empe ra tu r e  of the l a t t e r  with due allowance for  the 
change in v iscos i ty  of the medium in re la t ion to PDf/ 
/ P m i x f r o m  the approximate  interpolat ion formula  [29]. 

In pa r t s  of the tube where the f i lm t empera tu re  
r i s e s  above 343-353 ~ K there  is  an apprec iab le  in-  
c r e a s e  in the numer ica l  value of P m i x / P g m  and in the 
local  heat t r ans f e r  Coefficients. This i s  i l lus t ra ted  
for  seve ra l  r eg imes  by the curves  shown in Fig. 2. 
The effect of this c r i t e r ion  was a s s e s s e d  by t rea t ing  

t h e  exper imenta l  data  for  Abe t = const  and L/D = 
= const in the coordinates  

where (Pmix /Pgm)av  is the average  in tegra l  value of 
P m i x / P g m  over  the tube length. Some of the r e su l t s  
a re  shown in F ig .  4. 

The graphs indicate that the p a r a m e t e r  P m i x / P g m  
has a quite d is t inct  and regu la r  effect on the m a s s  
t r a n s f e r .  When (Pmix /Pgm)av  changes f rom i to 25 the 
measu re  of this  effect,  i r r e spec t i ve  of Ah. t and L/D, 
is a power of about 1/3, which for  the l as t  region 
covered  by the exper iment  (2.5-10) i nc reases  to 0 .8 -  
0.85. Thus, with inc rease  in the numer ica l  value of 
P m i x / P g m  its effect on the ra te  of mass  t r a n s f e r  be- 
comes  continuously g rea t e r .  

The obtained resu l t  is r ead i ly  understandable ,  
s ince on the approach of the f i lm t e m p e r a t u r e  to the 
boil ing point of the liquid at the given p r e s s u r e  the 
mass  t r a n s f e r  coefficient  and the p a r a m e t e r  P m i x / P g m  
i n c r e a s e  without l imi t  (this is  a lso  revea led  by the i r  
local  values  at the hottest  pa r t  of the tube) and tend to 
infinity when these t e m p e r a t u r e s  become equal. This 
co r r e sponds  phys ica l ly  to the onset  of a new phenom- 
e n o n - s u r f a c e  boi l ing of the liquid f i lm [30]. Thus, it 
can be concluded that the s t ra ight  l ines  shown in Fig.  
4 a r e  an approximat ion for  only the exper imen ta l ly  
examined, predominant ly  ini t ia l  range  of the contin-  
uously p r o g r e s s i n g  re la t ionship  between Nu D and 

Pmix/P~m. 
Desplte the inclusion of the parameter Pgf/Pmix 

among the c h a r a c t e r i s t i c  c r i t e r i a ,  the conducted ex-  

pe r iments  do not r evea l  the nature of its effect on 
mass  t r ans fe r .  The exper iments  were  c a r r i e d  out in 
the region close to the sa tura ted  s tate  of the vapor -gas  
mixture .  This region would appear  in Fig. 3 as a n a r -  
row band enveloping the lower boundar ies  of the curves  
P m i x / P g m  = f (PDF ). Hence, the p a r a m e t e r  P g f / P m i x  
var ies  s imul taneously  with the argument  PmixYPgm, 
which is c l ea r ly  i l lus t ra ted  in Fig. 4 by the posit ion 
of the exper imenta l  points re la t ing  to different  ( P g f /  
/Pmix)av .  The s t ra t i f ica t ion  of the points in re la t ion to 
(Pgf/Pmix)av, observed in some eases  where (Pmix /  
/ P ~ n )  av = const,  i s  commensurab le  with the sca t t e r  
due to exper imenta l  e r r o r s  and has a value of the 
o rde r  of :~10%. This prevents  a s epa ra t e  and c l ea r  a s -  
s e s smen t  of the effect of Pgf/Pmix on the mass  t r a n s -  
fe r  ra te .  Thus, in the invehtigated case, owing to the 
s imultaneous and s i m i i a r  var ia t ion  of the two p a r a m -  
e te r s  P g f / P m i x  and P m i x / P g m ,  the exper imenta l  r e -  
sul ts  can be genera l ized  by introducing only one, the 
l a t t e r ,  into the c r i t i ca l  equation. 

It should be noted that with the adopted method of 
measur ing  the f i lm tempera tu re ,  which is accura te  
only to within :L 0.1 ~ K at the hot test  pa r t  of the tube, 
the e r r o r  in de termining  local  p a r a m e t e r s  in r e g i m e s  
c lose  to the boil ing point of the liquid is apprec iab ly  
higher  than the above-ment ioned mean e r r o r  for  the 
whole tube owing to the very  pronounced re la t ionship  
PDF = f ( t F ) '  and in some eases  r eaches  20-25%. 

Final ly ,  the c r i t e r i a l  equation of mass  t r a n s f e r  
f rom the f ree  sur face  of the water  f i lm to the vor t i ca l  
a i r  flow for constant  values of Ah. t and L/D takes  
the following form: 

NUD =ct~e~'8 ( Pmix ) k , G,~ ~a: (11) 

in which the numer ica l  value of the coefficient  mix is 
de te rmined  in re la t ion  to Ah. t and L/D f rom the data 
given for  the region of smal l  t r a n s v e r s e  fluxes of di f -  
fusing substance in [2, 3]; the index of (Pmix /Pgm)av  
has the values found in this  paper ,  v iz . ,  k = 1/3 or  
0.33 for  (Pmix /Pgm)av  = 1-2 .5  and k = 0.82 for  (Pmix / 
/Pgm)av  = 2 .5-10 .  When t r ea t ed  in this way the ex-  
pe r imen ta l  points for  a given vor tex  tube (A h t = 
= const ,  L/D =cons t )  in the logar i thmic  coordinates  
NuD/(Pmix/P~m)kv_ =f(Ref) l iewi th  a s c a t t e r  of =~10- 
15%, on a strKight line p a r a l l e l  to the s t ra igh t  line for  
axial  annular  two-phase  flow, i r r e s p e c t i v e  of the t e m -  
p e r a t u r e  conditions in the f i lm. 

NOTATION 

D, L, Ah. t = FT/F s, F T, F w, and F s are the 
diameter, length, geometric characteristic, area of 
cross section, area of internal wall of vortex tube, 
and total area of cross section of all tangential slits; 
Qe, Qmix, QD, Qoz, Qr, and QL are the heat produced 
by electric heater, used up on heating, evaporation of 
liquid, convective heating of vapor-gas mixture, radi- 
ative heat ing of vapor=gas  mixture ,  and heat  loss  to 
surroundings  through insulation; G D is the diffusive 
vapor  flux; r is the heat of vaporizat ion;  PDF '  PDf, 
and AP D a r e  the pa r t i a l  p r e s s u r e  of act ive {diffusing) 
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component at film surface, in flow, and their differ- 
ence; PgF, Pgjr and Ap_ are the same for inert com- 
ponent (air); Pgrn = APg: In(Pgf /PgF)  denote the 
mean logarithrffic value-of pressure-of  inert compon- 
ent in flow and at film surface; ~, tip, kp, ~,, and 
are  the heat t ransfer  coefficient, mass  t ransfer  coef-  
ficient, diffusion coefficient, thermal conductivity, 
and dynamic viscosity; Pmix is the total p ressure  of 
mixture;  R is the gas constant; Tmi x = t f  + 273, 
Tmass  - tF + 273, and At are the absolute temperature 
of vapor-gas  mixture, adiabatically evaporating liquid, 
and their  difference; Gg and Gf are the flow rate of 
gas and vapor-gas mixture; Gi i s  the flow rate of liq- 
uid; (Pmix/Pgm)av and (Pgf/Pmix)av are the meanin-  
tegral values Over length of tube; Nu D = flpD/kp is the 

diffusion Nusselt number, Ref = 4Gf/TrgD~f is the 
Reynolds number of vapor-gas  mixture. Subscripts 
D, g, F, a n d f  denote parameters  of active and inert 
components at the film surface and in the flow; 0 de- 
notes the parameters  at the tube entrance. 
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