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Studies a r e  made  of the s epa ra t i on  of l iquid from the su r face  of a film flowing in a v e r t i c a l  channel .  
E m p i r i c a l  dependences  a r e  obtained which p e r m i t  the quant i ta t ive de sc r ip t i on  of this  p r o c e s s .  

F i l m  flow is r e a l i z e d  in var ious  hea t -  and m a s s - e x c h a n g e  appara tus  as well  as in a number  of i n s t r u -  
ments  e spec i a l l y  des igned both for  purposes  of heat  t r a n s f e r  and for  t h e i r  regula t ion .  It is known [1-31 
that  a t  modera t e  washing dens i t i es  F -< 2.5 kg /m  �9 sec  and with shor t  lengths of v e r t i c a l  channels X -~ 3-4 
m the flow of a l iquid f i lm in the absence  of a following or  opposing gas s t r e a m  is s tab le  and is d e s c r i b e d  by 
r e l a t ionsh ips  ,miquely connecting the f i lm c h a r a c t e r i s t i c s  with the in i t ia l  washing densi ty  and the cu r ren t  
p a r a m e t e r s :  the phys ica l  p r o p e r t i e s ,  t e m p e r a t u r e ,  and length of t r ave l  of the f i lm.  In [4] i t  was noted 
that  when R ( X -  4.0) = (1 .25X-  0.96) �9 10 ~ l iquid begins  to s e p a r a t e  f rom the su r face  of the f i lm during i ts  
pu re ly  grav i ta t iona l  flow. This effect  is d e s c r i b e d  qual i ta t ive ly  without any quant i ta t ive r e l a t i o n s h i p s .  A 
quant i ta t ive  de sc r ip t i on  of the p r o c e s s  of l iquid s e pa r a t i on  is n e c e s s a r y  s ince  i ts  neg lec t  dur ing the d e t e r -  
minat ion  of the loca l  c h a r a c t e r i s t i c s  of the f i lm and the coeff ic ients  of heat  t r a n s f e r  to i t  can l ead  to con-  
s i d e r a b l e  e r r o r s  in the ca lcu la t ions .  

In the p r e s e n t  r e p o r t  we p r e s e n t  the r e su l t s  of a study of the sepa ra t ion  of l iquid from the sur face  of 
a f i lm during i ts  g rav i ta t iona l  flow within a ve r t i ca l  channel of g r e a t  length and the rad ia l  d i s t r ibu t ion  of 
the s e p a r a t e d  l iquid at  d i f ferent  c r o s s  sec t ions  along the height~ 

The expe r imen t s  were  conducted on an in s t rumen t  d e s c r i b e d  in [4]. The working  sect ion of the i n s t r u -  
ment  with a length of 19 m and a d i a m e t e r  of 54 mm is made of 1KhlSN9T s t ee l .  Cyl indr ica l  s a m p l e r s  
f rom 10 to 50 mm in d i a m e t e r  were  used  to de te rmine  the amount  of s e p a r a t e d  l iquid and its rad iaI  d i s t r i -  
bution over  the channel .  

The s a m p l e r s  were  mounted at  a d is tance  of 2-3 mm below the cut of the c r o s s  sect ion in which the 
m e a s u r e m e n t s  were  made ,  which kept  them from influencing the hydrodynamic  envi ronment  within the 
channel .  The s e p a r a t e d  l iquid  p a s s e d  through the s a m p l e r  to an ana ly t i ca l  balance,  while the Iiquid f low- 
ing in the form of a f i lm was r e tu rned  to the en t rance  of the working sec t ion .  The total  flow ra te  of l iquid 
was m e a s u r e d  with a c a l i b r a t e d  s t anda rd  d iaphragm.  

The s tudies  were  conducted in the range of va r i a t ion  in the washing densi ty  of 0.327 kg /m  �9 sec  -< F -< 
8.64 kg /m  �9  which at  the washing t e m p e r a t u r e  of 15-30 ~ C co r r e sponds  to a va r i a t ion  in the Reynolds 
numbers  of f rom 400 to 11,000o The m e a s u r e m e n t s  were  conducted in th ree  c r o s s  sec t ions  along the channel 
length loca ted  at d i s tances  of 3, 6, and 16 m from the en t rance  of the l iquid to the working  sec t ion .  

Visual  obse rva t ions  and osc i l l og raph ic  r eco rd ing  of the flow of the f i lm (Fig.  1) showed that  a t  a 
given washing densi ty  waves a r e  fo rmed  at i ts s u r f a c e  whose height i n c r e a s e s  with an i n c r e a s e  in the 
length of t r a v e l  of the f i lm [3]. O s c i l l o g r a m s  of the f i lm su r face  when F = 0.814 kg /m  �9 sec  a r e  p r e sen t ed  
in F ig .  1. Curves  1-10 pe r t a in  to the va lues  X = 100, 400, 600, 1000, 1200, 1400, 1800, 2200, 2600, 3000 
ram, respec t ive ly~  The convers ion  of the potent ia l  energy  of the l iquid into k inet ic  energy  takes  place  in 
p ropor t ion  to the flow down, the ra te  of movement  and su r face  a r e a  of the waves i n c r e a s e ,  and consequentIy,  
the r e s i s t a n c e  p rov ided  by the s t a t i ona ry  a i r  core  to the wave sur face  i n c r e a s e s .  This  in turn  leads  to a 
fu r the r  i n c r e a s e  in the height of the waves  and to deformat ion  of the i r  leading f ront ,  which becomes  s teep 
(Fig~ 1)~ Sepacation of l iquid f rom the fi lm su r face  se t s  in when the force  act ing on the su r f ace  o f thewave  
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Fig. 1 

exceeds the force  of adhesion of the base of the wave 
with the continuous undisturbed l aye r  of liquid. The 
separa ted  liquid moves under the effect of the force 
of gravity within the ver t ical  channel and is distributed 
over  the radius of the la t ter .  

The variat ion in the f low-rate  concentration of 
liquid ( g i -  g i - 1 ) / ( F i -  Fi-1) over  the channel radius in 
three  c ross  sections along its height is shown in Fig. 
2 a) X = 3 m ; b )  X = 6 m ; c ) X =  1 6 m .  The difference 
in the values in the numera to r  of this expression is 
the difference between the amount of separa ted  liquid 
gi in kg / see  determined by the i- th sampler  and the 
amount of liquid gi-1 in kg / s ec  through sample r  i - l ,  
i .e. ,  the weight flow rate of liquid through the a rea  of 
the annulus fo rmed by samplers  i and i-1, equal to 
F i -  Fi_l in m 2. The points designed in Fig.  2 by 
numbers  1-10 correspond to the values F = 8.64, 6.5, 
4.86, 3.1, 2.25, 1.632, 1.308, 0.981, 0.654, and 0.327. 

An analysis of the results presented in Fig. 2 
indicates that there is a certain amount of liquid at 
the center of the channel at Reynolds numbers less 
than the Reynolds numbers characterizing the start 
of separation during the flow down along the outer 
surface of a vertical channel and determined in [4]. 
However, this value does not exceed a fraction of a 
percent and can be attributed to random separation. 
In the center of the cylindrical channel there is an 
almost uniform distribution of separated liquid along 
the radius with a sharp increase in the flow rate in 
the region near the wall with a width of 2-5 ram, 

which is caused by the capture of wave cres ts  by the collecting sample r s .  An increase  in the washing 
density leads to an increase  in the amount of separa ted  liquid at the center  of the channel in all three of its 
c ross  sect ions,  with the region of la rges t  gradients  being shifted somewhat toward the center  in accordance  
with the increase  in mean film thickness and in the height of the wave project ion.  This is especially 
noticeable in Fig.  2c, pertaining to the c ross  section located at a distance X = 16 m from the entrance of 
the liquid to the working sec t ion ,where  the wave height is greates t ,  the other  conditions being equal. 

The amount of separa ted  liquid in the centra l  part  of the channel, as follows from Fig. 2, increases  
with the length of t ravel  X of the f i lm.  Atthe highest washing densities F = 6.5-8.64 kg/m �9 sec studied from 
15 to 25% of the liquid supplied to the entrance of theworking section belongs to the portion of the central  
part  of the channel bounded by a sample r  40 mm in d iameter  (Figs. 3 and 4). The notation is the same as 
in Fig. 2 and X = 6  and 16 m, respect ively .  This must  be taken into account in calculating the mean film 
thickness,  the height of the wave project ions ,  the thickness of the continuous layer ,  the frequency of the 
wave motion, and other charac te r i s t i c s  through the introduction of the appropriate correc t ions  to the wash-  
ing density along the length of the channel. 

It follows from Figs .  3 and 4 that the total amount of separated liquid with respec t  to the initial flow 
rate increases  with an increase  in the washing density and along the radius of the channel, which in these 
figures is represented  in the dimensionless  form ~ = r / r0 ,  where r in mm is the cur ren t  value of the radiaI 
coordinate;  r0 is the inner radius of the channel. The curves general izing the experimental  points on these 
figures a re  descr ibed up to values } -< 0.84 by a general  dependence of the form 

go / a = I ( ~ ;  r) (1) 

where gi in k g / s e c  is the flow rate of liquid through the sampler  and G in kg / sec  is the total initial flow ra te .  

The exponent n on the section 6 m -< X -< 16 m of flow of the liquid depends l inearly on the length of 
t ravel  of the film 

n ---- 2.i4 + 0.01 X (2) 
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The dependences (~) and (2) a re  valid in the region of ~ < 0.84, corresponding to free fall of the 
separa ted  liquid. For  ~ > 0.84 the liquid moves in a film for  the major i ty  of modes studied and a sampler  
50 mm in diameter  enters  the wave c res t s ,  which leads to an increase in the flow rate of liquid through it 
and corresponds  to a sharp  increase  in the slope of the curves in Fig's. 2 and 4. 

The amount of liquid gi/G, with respect  to the total initial flow rate,  entering samplers  of different 
diameters  as a function of the washing density F is shown in Fig.  5 on a semilogar i thmic  scale .  The points 
marked by m~mbers 1-7 a re  obtained by samplers  with d iameters  of 10, 20, 30, 35, 40, 45, and 50 ram; a, 
b, and c pertain to X = 3, 6, and 16 m. 

The amount of separa ted  liquid entering the sampler  increases  with an increase  in the washing den- 
si ty Fand  ca'a be determined with allowance for  Eqs.  (1) and (2) by the expression 
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gt / G = ~n exp (A + Br) (3) 

w h e r e  A and  B a r e  c o n s t a n t  c o e f f i c i e n t s .  

It fo l lows  f r o m  F i g .  5 tha t  f o r  a l eng th  of t r a v e l  of the  l i qu id  f i lm X > 3, which  f o r  a m a j o r i t y  of the  
w a s h i n g  d e n s i t i e s  s t u d i e d  c o r r e s p o n d s  to the  l eng th  of the  s e c t i o n  of s t a b i l i z a t i o n  of the  wave  mo t ion  
a c c o r d i n g  to the  da ta  of [2, 3], the  c o e f f i c i e n t  B c h a r a c t e r i z i n g  the  s l o p e  of the  l i n e s  r e m a i n s  c o n s t a n t  in 
each  of the c r o s s  s e c t i o n s  s t u d i e d  and does  not  d e p e n d  on the d i a m e t e r  of the  s a m p l e .  H o w e v e r ,  in the 
c r o s s  s e c t i o n  X = 6 rn f o r  ]7 >_ (2.0-2.2)  k g / m  �9 s e c  and  in  the  c r o s s  s e c t i o n  X = 16 m f o r  F _ (1 .8-2.0)  k g / m .  
s e c  a s h a r p  d rop  o c c u r s  i n t h e  r a t e  of i n c r e a s e  in the  s e p a r a t e d  l i qu id ,  which  is  i n d i c a t e d  by a d e c r e a s e  in 
the  s l o p e  of the  c u r v e s  and a c c o r d i n g l y  in the  c o e f f i c i e n t  B. The  e f f ec t  is  e x p l a i n e d  by the s a t u r a t i o n  of the  
p r o c e s s  of s e p a r a t i o n  f r o m  the  f i lm  s u r f a c e  a f t e r  the  s e p a r a t i o n  of the  " e x c e s s "  a m o u n t  of l iqu id  and by  the  
i n c r e a s i n g ,  s t a r t i n g  wi th  a c e r t a i n  w a s h i n g  d e n s i t y ,  r e v e r s e  s e p a r a t i o n  of l i q u i d  onto t h e s a r f a c e  of the  
runn ing  f i l m .  B a s e d  on t h i s ,  i t  can  be  c o n c l u d e d  tha t  the  p r o c e s s  of s e p a r a t i o n  of l iqu id  f r o m  the  s u r f a c e  
of the f i lm  in the  r e g i o n  of i t s  t r a v e l  l eng ths  c o r r e s p o n d i n g  to X-> (6-16) m does  not  have  a c a s c a d e  n a t u r e .  

In F i g .  6 the  e x p e r i m e n t a l  da ta  p r e s e n t e d  in F i g .  5 a r e  a d a p t e d  in the  c o o r d i n a t e s  [ (g i /G) /~n ;  1~. 
C u r v e s  1 and 2 p e r t a i n  to the  v a l u e s  X = 16 and 6 m.  The  d e p e n d e n c e s  ob t a ined  m a k e  i t  p o s s i b l e  to d e t e r -  
m i n e  the  a m o u n t  of l iqu id  s e p a r a t e d  f r o m  the  f i l m  s u r f a c e  and  i t s  d i s t r i b u t i o n  o v e r  the  r a d i u s  of a v e r t i c a l  
c y l i n d r i c a l  channe l .  F o r  the  r e g i o n  of w a s h i n g  d e n s i t i e s  F < (1.8-2.2) k g / m  �9 s e c  the  d e p e n d e n c e  has  the 
f o r m  
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g~ / G = ~- 1~-o olx exp [F (i.14 @ O.06X)-- 61 (4) 

For  the region of washing densities 1.8-2.2 kg/m . s e c <  F -< 8.64 kg/m . s ec  

g~/G = ~2 m0 01,~ exp[0.177F -- (2.t7 + 0.03.X)] (5) 

Equations (4) and (5) a re  valid for X > 3 m, i.e., under conditions of estabIished film flow. 

The experiments  conducted indicate that because of the return of the separated liquid to the film s u r -  
face in the case of flow within a vert ical  channel of great  length, the flow of the lat ter  is charac ter ized  by 
a c lear ly  expressed  tendency toward stabilization along the length of the channel; in par t icular ,  the coeffi- 
cients on X in Eqs. (4) and (5)have a small value. As a result ,  the movement of a liquid film over the 
inner  surface  of a channel is more  stable than during flow over  an outer surface when natural r everse  
separat ion to the film is a lmost  absent. 
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