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An experimental  study was made of the hydrodynamics  of a film of liquid flowing over the ex- 
ternal  surface of a cyl indr ical  channel, in the range of f i lm-flow Reynolds numbers  R = F/~? = 
120-7200 (r is the mass  i rr igat ion density; ~1 is the dynamic viscosity) at different distances 
f rom the inlet (x = 1-19 m). 

With the free flow of a film of liquid down along the wails of a ver t ica l  channel, an unordered wavy 
motion appears and develops on the surface of the channel. An increase  in the i r r igat ion density or of the 
length of the path of the liquid film leads to an intensification of the wavy motion at the surface.  At defin- 
ite i r r igat ion densit ies and at definite distances from the inlet intensification of the wavy motion leads to 
breakaway of the liquid f rom the surface of the fi lm. 

With low ir r igat ion densit ies,  at definite distances f rom the inlet there is stabilization of the wavy 
motion.  The length of the stabilization section depends on the proper t ies  of the liquid and the i r r igat ion 
density.  

In a major i ty  of the well-known ea r l i e r  experiments ,  sections of l imited length, not exceeding 3-4 m, 
were used.  Therefore ,  even with re la t ive ly  smal l  i r r igat ion densit ies,  stabilization of the wavy motion 
over the whole length of the channel was not observed in the exper iments .  Data on the cha rac t e r  of the free 
flow of a liquid over the surface of channels more  than 5 m long are completely lacking. 

In the present  work an experimental  investigation was made of the local cha rac te r i s t i c s  of a film of 
liquid flowing f ree ly  down the ver t ica l  surface of a channel of long length, over a wide range of variat ion 
of the i r r igat ion density (R = 120-7200). The investigation was made in an experimental  unit with a working 
section made of steel  Khl8N10T, with a length of 19 m and a d iameter  of 60 ram. The working section hung 
freely ,  attached to the tank of the distributing device. The working liquid (water at a tempera ture  of 18- 
2 8~ was fed f rom a tank with a free liquid level through the annular sl i t  in the distributing device to the 
internal  surface of the working sect ion.  

To study the motion of the film severa l  experimental  methods were used: the capacitance method of 
measurement ,  descr ibed  in detail previously [1], d i rec t  photography, and measuremen t  of the instantane-  
ous mass-f low rate of the liquid, using a specia l ly  developed measur ing device with an e lec t r ica l  pickup 
for the level .  

The capacitance method of measurement  permi t s  recording the change with time of the local values 
of the thickness of the film 6 ; by analysis of the osc i l lograms  it also makes it possible to obtain the mean 
values of the thickness in the c ross  section under considerat ion 6 ' ,  the mean thickness of the continuous 
l ayer  near  the wall 6 . ,  the mean height of the protuberances  6 *, and the frequency of the wavy pe r tu rba -  
tions of the surface of the film w. Unfortunately,  the possibil i t ies of using the capacitance method of 
measu remen t  in working channels with a g rea t  length are limited to a region of re la t ively low irr igat ion 
densit ies,  since to r eco rd  waves of grea t  height requi res  a considerable gap in the condenser ,  which leads 
to a decrease  in the sensi t ivi ty of the inst rument .  In the region of large i r r igat ion densit ies,  and of moder -  
ate breakaway, the method of di rect  photography of the surface of the liquid film is used.  This method 
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permits determining the values of the mean local thickness at practically any given irrigation densities, makes 
it possible to record the form of three-dimensional waves and their length, and permits recordingthe break- 
away of the liquid from the surface of the film. 

The instantaneous mass flow rates in a given cross section of the working section were measured us- 
ing a cylindrical measuring tank, embracing the working section, and provided with a lagless electrical 
pickup for the level with continuous recording of the signal on an oscillograph, and with displacement in- 
serts for regulating the sensitivity of the device and with a quieting device for the liquid level. 

With the flow of a liquid film along the walls of a vertical channel, there develops on its surface an 
unordered wavy motion, which exists at all practically important irrigation densities. In the initial sec- 
tion there arise waves of small amplitude, ripples of different length. Their length is less the lower the 
forward speed of the liquid. The surface waves have a clearly expressed three-dimensional character; 
the length of the waves is considerably greater than their height. At distances of 0.5 to 3 m from the in- 
let, on the surface of the film annular waves form with a wedge-shaped frontal surface and a sharply ex- 
pressed steep leading slope. The limit of the appearance of annular wedge moves away from the inlet 
with an increase in the irrigation density. The length of the wedge increases with the irrigation density 
from 20-30 mm at R = 200-400, and to 100-200 mm with R = 1500-2000. At low irrigation densities (R 
200) the distance between the annular waves is on the order of 1 m over practically the whole length of 
the working channel. With an increase in the irrigation density, the distance is shortened to 200-300 
mm in the upper part of the working section, and to 300-500 mm below, The surface of the film between 
the large waves is covered with small ripples. 
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Fig .  5 50-100% and takes  place  with a f requency of 6-9 sec  -I . F i g -  
u re  2 shows the m e a n - s q u a r e  deviat ion of the mass - f low ra te  

with r e s p e c t  to i ts mean value i f / G ,  as a function of the Reynolds number .  With an i n c r e a s e  in the Re num-  
be r  the value of the devia t ions  r i s e s ,  a t ta ining a / G  = 0.45-0.50 with R =3000; at l a rge  i r r i ga t ion  dens i t i e s  
i t  subsequent ly  r e m a i n s  p r a c t i c a l l y  unchanged.  

With i r r i g a t i o n  dens i t i e s  co r r e spond ing  to R = 1300-1500, the re  can be noted the infrequent  b r e a k -  
away of individual  drops  f rom the c r e s t s  of the l a rge  waves ,  at d i s tances  x >- 15 m.  With an i n c r e a s e  in the 
i r r i g a t i o n  dens i ty  the zone of the s t a r t  of b reakaway  moves  up to the in le t  device .  At  d i s tances  x = 13 m, 
with in tens i t i e s  F = 1 .5-1 .7  k g / ( m  �9 sec) co r r e spond ing  to R = 1800-2200, at t e m p e r a t u r e s  t = 20-28~C, 
r e g u l a r  b reakaway  of the l iquid f rom the su r face  of the l a rge  waves is  r e c o r d e d .  Here  there  is no frothing 
at  the front  of the l a r g e  waves .  An i n c r e a s e  in the i r r i ga t i on  dens i ty  up to R = 3500 advances the b r e a k -  
away zone up to x = 5-6 m.  The d i s p l a c e m e n t  of the b reakaway  zone toward the in le t  device slows down 
g radua l ly  with an i n c r e a s e  in the value of R. With c u r r e n t  dens i t i e s  co r re spond ing  to R = 4500-5000, b r e a k -  
away s t a r t s  at a d i s tance  of 4 .5-5 m f rom the in le t .  With a fur ther  i n c r e a s e  in the in tens i ty  of the i r r i g a -  
t ion,  the posi t ion of the s t a r t  of b reakaway  r e m a i n s  app rox ima te ly  cons tant .  The connection between the 
Reynolds  number ,  which c o r r e s p o n d s  to the i r r i ga t i on  dens i ty  leading to b reakaway  and the length of the 
path at  which i t  s t a r t s  is  e x p r e s s e d  by the e m p i r i c a l  dependence 

~n i n c r e a s e  in the in tens i ty  of the i r r i g a t i o n  leads  not 
only to an i n c r e a s e  in the height  of the waves ,  but to a change 
in the i r  fo rm i tse l f .  It can be pos tu la ted  that ,  with an i n c r e a s e  
in the i r r i ga t i on  dens i ty ,  and in p a r t i c u l a r  the length of the 
path, the c h a r a c t e r  of the flow of the f i lm changes r a d i c a l l y  
In the in i t ia l  sec t ions  of the channel ,  with any given i r r i ga t i on  
dens i t i e s  and with s m a l l  i r r i g a t i o n  dens i t i e s ,  a wavy sur face  
motion ex i s t s  over  the whole length of the channel;  annular  
waves are  not fo rmed ,  or  the i r  height  and f requency are  sma l l .  
With the or igin and development  of annular  waves ,  the p e r t u r b a -  
t ions extend themse lves  over  the whole th ickness  of the l iquid 
f i lm,  and there  a r i s e s  a motion s i m i l a r  to the motion of g r a v i -  
ta t ional  waves in shal low wate r ;  under  these  c i r c u m s t a n c e s ,  a 
cons ide rab le  p a r t  of the mass  flow is c a r r i e d  by p r e c i s e l y  
these waves ,  i .e . ,  " m a s s - f l o w  waves ."  

The change in the ins tantaneous mass - f low ra te  with r e -  
spec t  to the mean leve l  is shown on F ig .  1 (for R = 800, 400, 
i . e . ,  cu rves  1, 2, r e spec t ive ly )  for a c r o s s  sec t ion  at  a d is tance  
of 5 m f rom the in le t .  If, with a low i r r i ga t i on  densi ty ,  the 
f luctuat ions of the mass - f low ra te  a re  r e l a t i v e l y  s m a l l  (up to 
3frYe) and the ra te  of change of the mass- f low ra te  is s m a l l  (ap- 
p r o x i m a t e l y  with a f requency  of 2-4 sec- I )  , then, with a l a rge  
i r r i ga t i on  dens i ty  (curve 2) the change in the mass- f low ra te  is  

Tt = [(t.25x - -  0.96) / (x --  3.8)1.t0 a (1) 

As follows f rom e x p r e s s i o n  (1), with x <- 4-4.5 m the re  is  no b r eakaway  at any value of the i r r i ga t i on  
densi ty ,  and with R <- 1300 the flow takes  place  without b r eakaway  over  the whole length of the e x p e r i m e n t a l  
sec t ion .  

The use of d i r e c t  photography followed by ana lys i s  of the photos obtained has p e r m i t t e d  a c o n s i d e r -  
able broadening  of the range  of inves t iga t ion  of the mean th ickness .  F igure  3 gives e x p e r i m e n t a l  values  of 
the mean th ickness  in the d imens ion l e s s  fo rm 

~gV.v-'/, = ] (R) 

where  u is  the k inemat ic  v i s c o s i t y  for  c r o s s  sec t ions  at d i s tances  f rom the in le t  x = 1, 2, 3, 5, 9, 13, 15, 
18 m, with a change in the R number  of R = 120-7200. In the reg ion  R = 120-2500, the e x p e r i m e n t a l  points 
were  obtained by both the capac i t ance  and photographic  methods .  The so l id  l ines  a re  plots  of va lues  of 
ca l cu la t ed  for  l a m i n a r  flow condi t ions using the well-known Nusse l t  dependence (curve 1) 

= (3g-~v~R)'/, (2) 
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and for turbulent flow of a film with a smooth surface 1 (curve 2) 

= (0.0292g-lv~R's,)i/, (3) 

The sa t i s fac tory  agreement  between the experimental  data and the theoret ical  dependences over the whole 
range of change of the R number and the length of the path must  be noted. With large irr igat ion densities 
and large lengths of the path of the film, a cer tain regular  increase  in the mean thickness of the film may 
be attributed to the breakdown of the continuity of the flow with frothing in the wave. The increased sca t te r  
of the experimental  points with an increase  in the length of the path and of the i r r igat ion density mus t  be 
explained in the same way.  

The capacitance method of measurement  makes it possible to determine the local cha rac te r i s t i c s  of 
the wavy motion along the length of the channel. Figure 4 shows the change in the values of 6, 5 , ,  and 5* 
along the length of the working section for i r r igat ion densities corresponding to R = 200 (Fig. 4a), and R = 
1000 (Fig. 4b). The solid lines 1, 2 are plots of the value of the mean thickness for laminar  and turbulent 
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flow conditions, and line 3 is the mean thickness of the layer  near the wall, 5 . ,  calculated using an empi r i -  
cal  dependence [1]. The experimental  points 4, 5, 6 cor respond  to 5*, 6 ,  6 . .  

The experimental  data presented on Fig.  4 show that, for all the i r r igat ion densities considered,  the 
mean thickness of the fi lm remains  prac t ica l ly  unchanged along the whole working section.  The divergence 
of the experimental  points f rom the calculated values lies within the limits of the accuracy  of the exper i -  
ment.  Here,  the inlet section, with a length up to 1 m, is not taken into considerat ion.  P r e c i s e l y  in the 
section 200-500 mm from the inlet there is stabilization of the mean thickness of the film [1]. As shown by 
the investigation, a considerable increase  in the length of the path of the film, at the measured  irr igat ion 
densit ies,  does not lead to any appreciable change in the mean thickness.  The mean thickness obtained is 
in good agreement  with the thickness calculated in t e rms  of the profile of the mean velocity in the film [2]. 

The mean thickness of the continuous layer  near  the wall 5 .  decreases  appreciably with an increase  
in the length of the path of the film, approaching a definite constant  value. The stabilization section for 5 .  
is considerably  g rea te r  than for 5 and reaches  2-4 mm.  A distinct tendency toward stabilization appears 
also for the mean height of the protuberances  of the waves.  The value of 5* r i s e s  with an increase  in the 
length of the path. The rate  of increase  of the height 5* slows down gradual ly.  The length of the s tabi l iza-  
tion section of the mean height of the pro tuberances  is 3.5-5 m, and therefore  could not be rel iably de te r -  
mined in any previous investigation. 

Figure 5 shows the change in the mean limiting height of the waves h* = (5* - 5 . ) *  as a function of 
the i rr igat ion density.  The value of h* r i ses  with an increase  of the i rr igat ion density.  The change in the 
limiting height of the waves can be approximated with a sufficient degree of accuracy  by the dependence 

h*g'/,v -2/, = 5.44R ~ (4) 

An ampli tude-frequency analysis was made of the wavy motion of the liquid film. The experimental  
values of the instantaneous thickness were analyzed in an electronic computer  to obtain the densities of the 
distribution of the charac te r i s t i c  curve of the physical  p rocess  and to establish the probabili ty laws for its 
instantaneous values.  

Figure 6 shows the density distribution of the value of 5 gl/3v -2/3 for the conditions R = 940 and va r i -  
ous distances f rom the inlet: 1.0, 3 m. Curve I cor responds  to the curve of a normal  distribution with a 
var iance and a mathemat ica l  expectation obtained experimental ly .  Curve II cor responds  to the distribution 

C~ = 2m,/~ I' (m' / 2) m(~'-~)/2 e x p  - -  ( 5 )  

m' ---- 8'g'l,v-'/,, m = 8g'I,v-~l* (6) 

As can be seen f rom Fig. 6, a considerable change in the amplitude s t ructure  of the process  takes 
place at a distance of up to 3 m f rom the inlet. At small  distances f rom the inlet, the fraction of values 
close to the mean value is ex t remely  grea t .  With an increase  in the distance f rom the inlet, waves of ever  
g rea te r  height appear and the thickness of the continuous layer  decreases .  This leads to strat if icat ion of 
the probabili ty cha rac te r i s t i c .  Under these c i rcumstances ,  while for minimal values of the thickness the 
s trat i f icat ion is insignificant and differs appreciably f rom the remaining distributions only with small  dis-  
tances f rom the inlet, for maximal  values (5 < 5) this s trat if icat ion can be overlooked up to 3 m inclusive; 
i.e., saturat ion of the wavy motion sets in after 3 m of path length. 

A compar ison  between the experimental  distribution curves  and the theoret ical  curve I shows that the 
physical  p rocess  of the development of a wavy motion on the surface of a film is a symmet r ic  in its nature, 
the presence  of a free surface promotes  the appearance of large amplitudes of the waves (an increase  in 
the "weight" of the r ight-hand par t  of the curve of the density of the distribution), while, at the same time, 
the wall of the working section along which the film is flowing acts as a stabilizing factor ;  and minimal 
thicknesses  (5 < 5) are more  conservat ive for the development of a wavy motion. 

As can be seen f rom Fig. 6, the function ~ sa t i s fac tor i ly  descr ibes  the distribution of the principal 
contribution of the values of the instantaneous thickness,  although it does not take into considerat ion the in- 
c r ease  in the a s y m m e t r y  of the p rocess  due to an increase  in the contribution f rom waves of large height 
with the development of wavy motion along the length of the channel. With the given variance of the p roc -  
ess,  the curve of the normal  distribution cannot be used to descr ibe the probabili ty charac te r  of the flow. 
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Dete rmina t ion  of the c h a r a c t e r i s t i c  f requency of the motion of the waves is the mos t  c o n t r o v e r s i a l  
quest ion in the hydrodynamics  of the wavy motion of l iquid f i lms .  F i r s t  of all ,  the re  is a cont rad ic t ion  in 
the v e r y  definit ion of the concept  of the f requency of a wavy p r o c e s s .  Thus,  in [1, 3] by f requency the re  is 
unders tood  the number  of f luctuat ions of the wavy sur face  in unit  t ime;  s m a l l - s c a l e  pe r tu rba t ions  a re  d i s -  
c a r d e d .  In [1], with an i r r i g a t i o n  dens i ty  R = 740, the f requency v a r i e s  f rom 50 to 20 with a change in the 
d is tance  f rom the in le t  f rom 0.1 to 3 m.  Accord ing  to [3] the mos t  probable  f requenc ies  va ry  f rom 10 to 
40 sec -1, depending on the i r r i g a t i o n  dens i ty  (R = 10-100) and the length of the path (x = 0.13-0.67 m). In 
inves t iga t ions  c a r r i e d  out using the contact  method,  for  example  [4], the f requency of the wavy motion is 
the number  of contac t s  between the probe and the su r face  of the f i lm.  This type of m e a s u r e m e n t  y ie lds  
informat ion  with r e s p e c t  to the d i s t r ibu t ion  of the max imal  and min imal  th icknesses  of the f i lm,  while the 
r e a l  f requenc ies  of the p r o c e s s  remain  unde te rmined .  

In view of the random na ture  of the wavy p r o c e s s ,  the mos t  c o r r e c t  is obviously a p robab i l i t y  d e t e r -  
minat ion of the f requency in t e r m s  of the s p e c t r a l  dens i ty  of the power of the wave p r o c e s s ,  which yields  
informat ion on the contr ibut ion  of all  the f requencies  exis t ing in the p r o c e s s ,  as well  as br inging out the 
mos t  p robable  h a r m o n i c .  

F igure  7 shows the s p e c t r a l  dens i ty  of the p r o c e s s ,  no r m a l i z e d  for 1 sec -1, for  a fixed mass- f low 
rate  R = 940 and d i f ferent  d i s tances  f rom the inlet .  As follows f rom the curves  of F ig .  7, the " c a r r i e r "  
f requency v a r i e s  f rom 7 to 3-4 sec  -t  with an i n c r e a s e  in the d is tance  f rom the inlet  device f rom 1 to 3-5 m.  
Judging f rom the behavior  of the s p e c t r a l  dens i ty  with a change in the d is tance ,  sa tu ra t ion  of the wavy m o -  
tion se ts  in at a d i s tance  of 3-4 m. F u r t h e r  on, the mos t  probable  f requency r e m a i n s  constant  and equal to 
3-4 sec -t . The f requency s t ruc tu re  of the p r o c e s s  depends both on the length of the path and on the i r r i g a -  
tion dens i ty .  F igu re  8 shows the development  of the wavy p r o c e s s  with a fixed d is tance  f rom the in le t  (x = 
5 m) and d i f ferent  i r r i ga t i on  dens i t i e s .  Curves  1-3 c o r r e s pond  to R = 220, 580, 680. An i n c r e a s e  in the i r -  
r iga t ion  dens i ty  shif ts  the c a r r i e r  f requency somewhat  into the h igh- f requency  reg ion .  However,  this 
change is ins ig i f icant  and amounts to only 1 sec -1 . Thus, the f requency s t ruc tu re  of the p r o c e s s  depends 
s t rong ly  on the length of the path of the f i lm.  The dependence on the i r r i ga t ion  dens i ty  is weake r .  

The inves t iga t ion  showed that  the p r o c e s s  of the flow of a l iquid f i lm down a v e r t i c a l  wal l  is of a r a n -  
dom c h a r a c t e r .  The c a r r i e r  f requenc ies  of the p r o c e s s  depend on the length of the path of the f i lm and on 
the i r r i ga t i on  dens i ty .  At  al l  i r r i g a t i o n  dens i t i es  inves t igated,  sa tu ra t ion  of the wavy motion se t  in at a 
d is tance  of 3-4 m f rom the in le t .  On the su r face  of the f i lm there  develops an intense wavy motion which, 
at  a definite i r r i ga t i on  dens i ty  and path length, l eads  to the b reakaway  of p a r t  of the l iquid f rom the c r e s t s  
of the waves .  In the in i t ia l  sec t ion  of the motion of the f i lm,  r ight  up to a d is tance  of x = 4-5 m f rom the 
inlet ,  b reakaway  does not se t  in at any i r r i ga t i on  dens i t i e s .  The l imi t s  of the s t a r t  of b reakaway  have been 
e s t ab l i shed  as a function of the path length and the i r r i ga t i on  dens i ty .  

Under  p r e b r e a k a w a y  condit ions,  the e x p e r i m e n t a l  data  obtained on the mean th ickness  are  in s a t i s -  
f ac to ry  ag reemen t  with a t h e o r e t i c a l  dependence obtained on the bas i s  of a plane flow model  with an exponen-  
t ia l  law of the ve loc i ty  d i s t r ibu t ion  over  the c r o s s  sec t ion .  The development  of wavy motion leads  to a s i t u -  
ation in which a cons ide rab l e  p a r t  of the mass  flow is c a r r i e d  by waves which br ing about f luctuations of 
the mass- f low ra te  in a c r o s s  sec t ion .  With l a rge  i r r i ga t i on  dens i t i e s ,  the m e a n - s q u a r e  deviat ion of the in-  
s tantaneous  mass- f low ra te  with r e s p e c t  to the mean leve l  r e a c he s  50~c. 
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