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The maximum wave amplitudes are analyzed for a change in the spray  density and in the 
length of the film path for a liquid flowing under the action of gravity on the outside surface 
of a ver t ica l  tube. 

When a thin l ayer  of a liquid flows by gravity along a ver t ica l ly  sprayed surface of a wall, even small  
Reynolds numbers  (Refilm = 20-30) will produce waves on the outside surface of the film [1-4, 7, 8]. It is 
demonst ra ted  in Kapi tsa ' s  paper  [2] that the format ion of waves is a ssoc ia ted  with the effect of the capi l lary 
fo rces  which, even in the flow of thin liquid layers  at low speeds and limited distort ion of their external  
sur face ,  become comparable in magnitude with the v iscos i ty  forces .  

All other conditions being equal,  the development of wave phenomena in the film is intensified as the 
spray  density and the length of the film path are  increased,  and at the inlet segment it depends, moreover ,  
on the design of the distr ibution mechanism [1]. It was noted in ea r l i e r  theoret ical  and experimental  papers  
[2-4, 7, 8] that the mean film thickness increases  with the path length Xpath and, consequently,  the mean 
flow velocity for the film is reduced.  At the moment there are  no experimental  studies dealing with the 
wave charac te r i s t i c s  of film flow when the length of the film path changes. The need for such a study is 
obvious both for the determinat ion of the hydrodynamic aspect  of this phenomenon and to explain the p r o -  
c e s se s  of heat and mass  t rans fe r  which frequently accompany that phenomenon. 

The basis purpose of these exper iments  was to determine the unique features  involved in the behavior 
of the mean fi lm thickness 6- and the local film thicknesses at the highest wave c res t s  (5crest) and in the 
troughs (Satt) for var ious f i lm-path lengths and spray densi t ies .  The tests  were conducted with a tube 594 
m m  in length and an ouLside d iameter  of 27 ram; distil led water  and aqueous solutions of sodium chloride 
were sprayed through the tube. The local charac te r i s t i c s  of film wave flow - and where neces sa ry ,  its local 
t empera tures  - w e r e  measured  with five special  sensors  [5] uniformly positioned through the height and 
p e r i m e t e r  of the sprayed tube. The experimental  installation and the measuremen t  method were descr ibed 
e a r l i e r  in [6]. 

The sensors  of the instruments  were mounted along the length of the film path at Xpath = 45 and 200 
(with two sensors  along the per imete r ) ,  and at 355 and 545 ram. The f i rs t  sensor  (Xpath = 45 mm) es tab-  
l ished the change in the thickness of the liquid layer  at the inlet segment which was about 110 mm in length. 
Since the state of the flow of this segment  is a function of the design of the distr ibution mechanism,  the 
measu remen t  resul ts  achieved with the f i rs t  sensor  are not charac te r i s t i c  for  purposes  of evaluating the 
overal l  development of wave formation and are  thus not considered here .  

The experimental  resul ts  showing the relationship between the wa te r - f i lm thicknesses 6, 5cres  t, and 
5at t as a function of the Reynolds number  Refilm for tfilm = 20~ and various lengths of the film path are  
shown in Fig. 1. With an increase in the length of the film path the film thickness 5cres t ,  measured  at the 
c r e s t s  of the highest waves,  also inc reases .  Here we observe a change in the shape of the approximation 
curves  for 6eres t as a function of the Reynolds number .  Thus,  for a film path length of Xpath = 200 mm 
(curve 1)we find c lear ly  delineated the following two regions:  

a) Refilm - < 1530, 6cres t  i spropor t iona l  to Refilm.~ In this region,with an increase  inthe spray density,  
the waves gradually increase  in s ize.  The result ing t r ansverse  waves are  random in shape and are usually 
not closed along the pe r ime te r .  
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Fig. 1. Water - f i lm thickness 6, 6cres t ,  and 6at t (in ram) 
as a function of the Reynolds number Refilm for tfilm 
= 20~ and for var ious  lengths of the film path Xpath: 1,4) 
6cres  t and 6at t, respect ively ,  for the" length of the path 
Xfilm = 200 ram; 2,5) Xpath = 355 mm;  3,6)Xpath = 545 
m m .  
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Fig. 2. Maximum wave amplitude Area x (in ram) as a 
function of the Reynolds number Refilm for a mean wa-  
t e r - f i lm temperature  of tfilm and various film path 
lengths: 1) Xpath = 200 ram; 2) 355; 3) 545. 

b) Refilm ~ 1530, 5cres  t is proport ional  to Re~lm.  A charac te r i s t ic  feature of this region is the con-  
s tancy of the ratio 6cr e s t / 6  = 1.35 and in this region we find the occur rence  of la rge  t r ansve r se  r ing-shaped 
waves which drop rapidly and whose amplitudes increase  rapidly as the spray density is increased.  

For  a film path of Xpath = 355 mm (curve 2) we find three regions c lear ly  delineated, i.e., 6cres t 
0.4 . = f(Refilm): a) Refilm ~ 1400, 6cres  t is proport ional  to Re~ilm, b) 1400 <- Refilm -< 1750, 6cres t is p r o p o r -  

tional to "'=filmR̂ ~ and; c) Re film >- 1750, 5cres t is proport ional  to Refilm.~ 

Unlike 6cres  t = f(Refilm) when Xpath = 200 mm for a path length of Xpath = 355 mm in the region of 
Reynolds numbers  1400 _< Refilm -< 1750 the film thickness 6cres  t undergoes vir tually no change with an 
increase  in the spraying density.  This phenomenon can be explained by the appearance of "oblique" waves 
(with their  three--dimensionality in motion c lear ly  visible).  
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F i g .  3. D i m e n s i o n l e s s  m a x i m u m  wave  a m p l i t u d e  (6c re s  t 
- 5 a r t ) / 5 - a s  a func t ion  of the Reyno lds  n u m b e r  R e f i l m  
f o r  a m e a n  w a t e r - f i l m  t e m p e r a t u r e  t f i l m  = 20~ and of 
v a r i o u s  f i l m  p a t h  l e n g t h s :  1) Xpath = 200 m m ;  2) 355; 3) 
545. 

A n a l y z i n g  the c u r v e s  5 c r e s t  = f (Ref i lm)  for  v a r i o u s  f i l m  pa th  l e ng th s  Xpath, we can  d r a w  the fo l lowing  
c o n c l u s i o n s  : 

1. The f i lm  t h i c k n e s s  S e r e s  t g r o w s  wi th  an  i n c r e a s e  in the s p r a y  d e n s i t y  and in the f i lm  pa th  l eng th .  

2. F o r  f i l m  pa th  l eng th s  of Xpath >- 355 m m  in the r e g i o n  of R e y n o l d s  n u m b e r s  inc lud ing  R e c r i t ,  the 
f i l m  t h i c k n e s s  S e r e s  t u n d e r g o e s  v i r t u a l l y  no change  wi th  an  i n c r e a s e  in the s p r a y  d e n s i t y ,  which  is  e x -  
p l a i n e d  by the a p p e a r a n c e  of "ob l ique"  w a v e s .  Wi th  an i n c r e a s e  in Xpath th is  r e g i o n  of R e y n o l d s  n u m b e r s  
e x p a n d s  : 

Xpath= 355 mm - -  1400-~ Refilm ~ 1750, 

Xpath = 545 mm - -  1440 ~ Refilm ~ 2170. 

3.  F o r  s m a l l  f i l m  pa th  l e n g t h s  Xpath < 355 m m ,  the a p p e a r a n c e  of s m a l l  " rough"  w a v e s  above  the 
m a i n  r e g u l a r  w a v e s  is  not  o b s e r v e d  on the ou t s ide  s u r f a c e  of the f i l m .  

The  f i l m  t h i c k n e s s  5at  t in the wave  t r o u g h s  d i f f e r s  f r o m  the va lue  of the m e a n  f i lm  t h i c k n e s s  5 fo r  
R e f i l m  ,~ 120-160:  

Xpath = 200 mm when Refilm = 119, 

Xpath = 355 mm when Refil m = 146, 

Xpath= 545 mm when Refilm ~ 158. 

Wi th  an i n c r e a s e  in the s p r a y  d e n s i t y  the v a l u e s  of 5at  t fo r  a l l  f i l m  pa th  l eng ths  i n c r e a s e  n o t i c e a b l y  only up 
to R e f i l m  ~ 500, s u b s e q u e n t l y  r e m a i n i n g  v i r t u a l l y  c o n s t a n t ,  d i m i n i s h i n g  s l i g h t l y  only wi th  an  i n c r e a s e  in 
Xpath.  

T h e s e  d a t a  enab l e  us  to t r a c e  the n a t u r e  of  the change  in the m a x i m u m  wave  a m p l i t u d e s  a s  a funct ion  
of bo th  the s p r a y  d e n s i t y  and Xpath. The r e l a t i o n s h i p  be tw e e n  the m a x i m u m  wave  a m p l i t u d e  A m a  x = 6 c r e s  t 
- 6at  t and  the R e y n o l d s  n u m b e r  when t i l l  m = 20~ and fo r  v a r i o u s  Xpath is  shown in F i g .  2. T e s t s  have  
shown that  A m a  x i n c r e a s e s  wi th  an  i n c r e a s e  in Xpath and th is  i n c r e a s e  i s  a l l  the g r e a t e r ,  the g r e a t e r  the 
s p r a y  d e n s i t y .  

T h e r e  i s  s o m e  i n t e r e s t  in an a n a l y s i s  of the d e v e l o p m e n t  w a v e s  in the runof f  f i l m  by m e a n s  of a d i -  
m e n s i o n l e s s  r e p r e s e n t a t i o n  of the m a x i m u m  wave  a m p l i t u d e  a s  a funct ion  of Xpath and the s p r a y  d e n s i t y  
(F ig .  3).  The  d i m e n s i o n l e s s  m a x i m u m  wave  a m p l i t u d e  (5c res  t - 5 a t t ) / $  shows  the m a g n i t u d e  of the m a x i -  
m u m  wave  o s c i l l a t i o n  of  the ou t s ide  f i l m  s u r f a c e  fo r  a s p e c i f i c  pa th  l eng th  Xpath (Area x = S e r e s  t - 5att)  
relative to the mean film thickness 5 with respect to the entire tube and it thus characterizes the intensity 
of wave development. We see from Fig. 3 that the greatest increase in wave dimensions, independent of 

Xpath, is found in the region of Reynolds numbers Refilm < 2500, whereas when Refilm > 2500 the waves 
increase considerably more slowly as the spray density increases. Thus, while in the region Refilm < 2500 
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the dimensionless maximum wave amplitude increased with an increase in the spray density (from zero 

to 0.92 when Xpath = 200 ram; to 1.08 when Xpath = 355 ram, and to 1.45 when Xpath = 545 mm), in the region 
of Reynolds numbers 2500 -< Refilm -< i0,000 the dimensionless maximum wave amplitude varied, on the 
average, in the following respective range: 0.92-1.12, 1.08-1.38, and 1.45-1.72, i.e., with a Reynolds-num- 

ber region greater by a factor of 3 the dimensionless maximum wave amplitude increased, on the average, 

by only 12%. This can be explained by the corresponding increase in the region of high spray densities, as 

recorded on the frequency oscillograms for large ring waves which appeared when Reffl m = 1530-2170, 

which also serves to confirm the frequency analysis of regular waves, as performed earlier by Brauer [7]. 

With an increase in the spray density there is a relatively slower increase in the wave amplitude that 

is proportional to the increase in the film path length, and this can also be explained by the corresponding 

increase in the wave frequency. 
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N O T A T I O N  

is the mean  t e m p e r a t u r e  of the sp ray  f i lm,  deg; 
is the f i lm path length, m (in ram); 
is the volume spray  densi ty,  m 2 / s e c ;  
is the mean  thickness  of the spray  f i lm,  m (in mm);  
is the l i lm thickness  at the highest  wave c r e s t ,  m (in ram);  
is the f i lm thickness  in the wave t roughs,  m (in mm);  
is the k inemat ic  v i scos i ty  of the sp ray  liquid, m 2 / s e c ;  
is the Reynolds number  for  f i lm flow of the liquid. 
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