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Expe r imen ta l  data  is p r e s e n t e d  for  the hydrodynamics  of a descending annular  flow of wa te r  
and a i r  for  a s e p a r a t e  flow mode with no s e p a r a t i o n  and en t ra inment  of d rops .  

The use  of a Dingle-pass  f i lm mode in heat  and m a s s  t r a n s f e r  equipment  s igni f icant ly  i n c r e a s e s  its 
eff iciency [1, 2, and o thers ] .  This is explained by the fact  that  the th ickness  of the liquid f i lm d e c r e a s e s  
as  the gas  ve loc i ty  i n c r e a s e s  [3], which makes  it p o s s i b l e  to intensify the p r o c e s s e s  occu r r ing  in the liquid 
and gas .  Equipment with descending s i n g l e - p a s s  flow, which is c h a r a c t e r i z e d  by reduced hydrau l ic  r e s i s -  
tance  [4], is  finding i nc r ea s ing  wider  appl ica t ion  in p r a c t i c e .  However ,  t he re  is s t i l l  insuff ic ient  data on 
the hydrodynamics  of such equipment .  

P r e s e n t e d  below a r e  the r e su l t s  of expe r imen ta l  s tudies  of the th ickness  and veloci ty  of a wate r  f i lm 
for descending  turbulen t  flow toge ther  with a i r  in a v e r t i c a l  tube 30 mm in d i a m e t e r .  The s p r a y  dens i ty  
in the expe r imen t s  v a r i e d  ove r  the range  F = (0.6-5) �9 10 -~ m2/sec ,  the  a i r  ve loc i ty  va r i ed  f rom 3 to 13 m 
/ s e c ,  and the suppl ied  a i r  dens i ty  v a r i e d  by a f ac to r  of t h ree .  Visual  obse rva t ions  showed that  s epa ra t i on  
of d rops  f rom the su r f ace  of the  f i lm was not obse rved  for  the spec i f i ed  ranges  of the f l ow- ra t e  p a r a m e t e r s .  
The expe r imen t s  were  p e r f o r m e d  on the device  p rev ious ly  d e s c r i b e d  [5]. The length of the exper imen ta l  
sec t ion  was 2380 mm.  The liquid f i lm in the tube was suppl ied f rom a spec ia l  gene ra to r  through an annular  
s lot  having a width of one or  two m i l l i m e t e r s .  F i lm  th ickness  within the tube was m e a s u r e d  by the probe  
method.  Movement  of the p robe  was accompl i shed  by means  of a m i c r o m e t e r  s c r e w  and the f i lm th ickness  
was r e a d  off an ind ica tor  d ia l .  The t ime  of p robe  contact  with the su r f ace  of the f i lm was r e c o r d e d  by a 
spec i a l  i n s t rumen t  in the fo rm of an e l ec t ron ic  r e l a y .  The de t ec to r  des ign  developed made  it poss ib l e  to 
to m e a s u r e  f i lm th i cknesses  to an a c c u r a c y  of 0.01 ram. Wave ampIi tude on the su r f ace  was de t e rmined  
f rom m e a s u r e d  wave c r e s t s  and t roughs .  The f requency of c ro s s ing  the ave rage  level  of f i lm th ickness  
was de t e rmined  f rom the number  of t i m e s  the e l ec t ron i c  device  was t r i gge r e d ,  which was r e c o r d e d  with a 
spec i a l  s e n s o r .  In addit ion,  the f requency s p e c t r u m  over  a given t ime  was wr i t t en  on char t  pape r  by 
means  of a pen with an e l ec t romagne t i c  d r ive  to which a s ignal  was fed at  the t ime  the e l ec t ron ic  device  
was t r i g g e r e d .  The loca l  th ickness  of the f i lm at  the c r e s t  of a wave and in the t rough was de t e r m i ned  at  
five points .  The f r ee  path of the f i lm up to the points of m e a s u r e m e n t  were  r e s pe c t i ve l y :  t t  = 250 ram, 

l 2 = 500 ram, l 3 = 750 ram, l~ = 1000 ram, and t5 = 1625 ram.  

The mean  f i lm th ickness  and the wave ~mpli tude co r respond ing  to a given f r ee  path were  defined as 

The ave rage  th ickness  of the f i lm over  the en t i re  su r face  of the expe r imen ta l  tube was de t e rmined  

f rom 
5 5 

~ 1  i ~ l  

(2) 
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Fig .  1. D e p e n d e n e e  of d i m e n s i o n l e s s  a v e r a g e  f i l m  
t h i c k n e s s  on R e y n o l d s  n u m b e r  of the  l iqu id  (a): 1) 
Re  X = 0; 2) 0000; 3) 10,000; 4) 14,000; 5) 18,000; 
6) 22,000; 7) 26,000; and of the  d i m e n s i o n l e s s  a v e r a g e  
f low v e l o c i t y  of the  f i l m  on Re/  (b): no t a t i on  s a m e  as  
in (a). 
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Fig .  2. D i m e n s i o n l e s s  t h i c k -  
n e s s  of u n p e r t u r b e d  f i l m  l a y e r  
fo r  v a r i o u s  f r e e  p a t h s :  1) 1 
= 250; 2 ) 5 0 0 ;  3 ) 7 5 0 ;  4) 
1000; 5) 1625. 

In add i t ion ,  the  a v e r a g e  f i lm  t h i c k n e s s  for  the  e n t i r e  tube was  
d e t e r m i n e d  by the  supp ly  cutoff' me thod  and the  a v e r a g e  flow v e l o c i t y  
was  d e t e r m i n e d  by a v o l u m e t r i c  me thod .  M e a s u r e m e n t s  of a v e r a g e  
f i l m  t h i c k n e s s  and v e l o c i t y  in the  a b s e n c e  of gas  f low (see  c u r v e s  1 
in F i g s .  l a  and lb)  m a d e  i t  p o s s i b l e  to  e s t a b l i s h  the  fo l lowing d e p e n -  
d e n c e  on the R e y n o l d s  n u m b e r  of the  f i lm  fo r  t h e m :  

- 0,55 6'  =O,19oRet  , (3) 

u = 1,28 Re~ '45, (4) 

which  a g r e e  wi th  o t h e r  da ta  [6, 7] wi th in  15%. 

The  e x p e r i m e n t s  showed  tha t  the  a v e r a g e  f i lm  t h i c k n e s s  d e -  
c r e a s e s  wi th  an i n c r e a s e  in the  gas  f low r a t e  and i n c r e a s e s  with an 
i n c r e a s e  in l iquid  f low r a t e .  The  d e p e n d e n c e  of the  d i m e n s i o n l e s s  
a v e r a g e  f i lm  t h i c k n e s s  on the  Reyno lds  n u m b e r  of the  l iquid  fo r  f ixed  
v a l u e s  of the  R e y n o l d s  n u m b e r  of the  gas  is  shown in F ig .  l a .  On a 

log--log plot these relations are of a linear nature for the range of Reynolds numbers under consideration. 
The relationships shown in Fig. la are approximated by the following expression, 

6" = f0, 35{) exp ( - -  0, 1305- I 0 -a Reg) - 0,019] )( 

7,( R e l , 5 5 q - 1 , 2 8 5 . 1 0 ~ R C g .  ( 5 )  

Thinn ing  of the  f i l m s  as  the  gas  flow v e l o e i t y  i n c r e a s e s  is a s s o c i a t e d  with an  i n c r e a s e  in the  a v e r a g e  
l iqu id  v e l o c i t y  wi th in  the  f i lm  b e c a u s e  of t r a n s f e r  of e n e r g y  f r o m  the g a s e o u s  c o r e  t h rough  the  i n t e r f a c e .  
The  d e p e n d e n c e  of the  d i m e n s i o n l e s s  a v e r a g e  f low v e l o c i t y  of the  l iquid  in the  f i lm  on the  R e y n o l d s  n u m b e r  
R e l  is  shown in F ig .  l b .  The  f i g u r e  m a k e s  it c l e a r  tha t  the  d i m e n s i o n l e s s  v e l o c i t y  i n c r e a s e s  both wi th  an 
i n c r e a s e  in the  R e y n o l d s  n u m b e r  of the  l iquid  and with  an i n c r e a s e  in the  R e y n o l d s  n u m b e r  of t h e  gas ,  with 
the  e f fec t  of the  R e y n o l d s  n u m b e r  of the  l iquid  on the  a v e r a g e  v e l o c i t y  of f i lm  flow d e c r e a s i n g  as  the  l~ey- 
no lds  n u m b e r  of the  g a s  i n c r e a s e s .  The  e x p e r i m e n t a l  da t a  shown in F ig .  l b  is  d e s c r i b e d  by the  fo l lowing  
express ion, 

u ,  Jl,362exp(0,1405.10-aReg)--0,896] ~: 

'Re~t~ 1,2;10~i~Og . (6) 

It is  we l l  known [5, 7, 8] tha t  the  h y d r o d y n a m i c  p a r a m e t e r s  of a f i lm  depend  on i ts  f r e e  pa th .  F i g u r e  
2 shows  the  d e p e n d e n c e  of the  d i m e n s i o n l e s s  t h i c k n e s s  of an u n p e r t u r b e d  l a y e r  of f i l m  on the  R e y n o l d s  
n u m b e r  of the  gas  fo r  v a r i o u s  f r e e  pa ths  of the  f i l m .  The  p a r a m e t e r  g iven ,  which  d e t e r m i n e s  the  n a t u r e  
of the  wave  p e r t u r b a t i o n  of the  f i lm,  r e p r e s e n t s  a r a t h e r  c o m p l e x  r e l a t i o n s h i p .  It was e s t a b l i s h e d  e x p e r i -  
m e n t a l l y  tha t  t he  t h i c k n e s s  of an  u n p e r t u r b e d  l a y e r  of f i lm  de pe nds  s l i g h t l y  on the  R e y n o l d s  n u m b e r  of the  
l iqu id  and d e c r e a s e s  wi th  an i n c r e a s e  in gas  v e l o c i t y .  H o w e v e r ,  it  is n e c e s s a r y  to po in t  out tha t  in the  
r e g i o n  of low gas  f low r a t e s  (Reg < 10,000) and high l iquid  f low r a t e s  (Rel > 20,000) t h e r e  a p p a r e n t l y  o c c u r s  
s o m e  d e p e n d e n c e  of the  t h i c k n e s s  of the  u n p e r t u r b e d  l a y e r  on the  R e y n o l d s  n u m b e r  of  the  l i q u i d .  The  
s p r e a d  in the  e x p e r i m e n t a l  po in t s  in the  r e g i o n  i n d i c a t e d  is about  40%. As  the  gas  v e l o c i t y  i n c r e a s e s ,  the  
a v e r a g e  t h i c k n e s s  of the  f i l m  f a l l s  s o m e w h a t  m o r e  r a p i d l y  than  the t h i c k n e s s  of an u n p e r t u r b e d ,  l a y e r .  In 
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addition, the average  thickness of the film also dec reases  somewhat as the free path increases .  What has 
been said above also explains the behavior of the relat ions shown in Fig. 2. The fact that the dimension- 
less thickness of an unperturbed film layer  is independent of spray  density makes it possible to cor re la te  
this thickness with the gas flow rate .  

A 
5 
5u 
5c, 5t 
V, V F 
d 
g 
P 

l 
5 .  
U 

Rel 
Reg 

NOTATION 

is the wave amplitude, mm; 
is the mean thickness of film, mm; 
is the thickness of undisturbed film layer,  ram; 
a re  the film thickness over waves cres ts  and troughs,  mm; 
a re  the mean velocity of film and gas, m / s e c ;  
Ls the tube diameter ,  m; 
is the f ree- fa i l  accelerat ion,  m/sec2;  
is the kinematic viscosi ty,  m2/sec;  
is the mean f ree  path length on film, mm; 
~s the dimensionless  thickness of film; 
is the dimensionless  velocity; 
is the Reynolds number  for  film; 
is the Reynolds number  for gas.  
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