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SURFACE 
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Resul t s  a re  shown of a study, by the photographic method,  concerning the flow of a wa te r  f i lm 
along a ver t ica l  g lass  p la te  by wave and by turbulent  mot i0n .  

The mos t  impor tan t  exper imenta l  and theore t ica l  s tudies concerning the flow of liquid f i lms  have 
been surveyed and analyzed in [1, 2]. 

In view of the complexi ty of the actual  pa t te rn ,  espec ia l ly  at high values of the Reynolds n u m b e r ,  the 
bas ic  method of studying a f i lm flow is  by exper imen t .  

Modern exper imenta l  techniques for  studying the c h a r a c t e r i s t i c s  of f i lm flow (these techniques a re  
descr ibed  thoroughly in [3]) include the widely used photographic methods ,which  obviate  the need for  
specia l  m e a s u r i n g  p robes  inse r ted  into the s t r e a m  and inevitably dis tor t ing the flow pa t t e rn .  Jus t  as 
impor tan t  i s  the fact  that photographic methods  yield a genera l  qual i ta t ive e s t ima te  of the liquid flow 
c h a r a c t e r i s t i c s ,  which i s  absolutely n e c e s s a r y  for  the unders tanding of i ts  physical  na tu re .  

The flow of a liquid f i lm along a ver t ica l  g lass  pla te  was studied photographical ly  and the r e su l t s  
will be shown h e r e .  The tes t  appara tus  was set  up according  to the schemat ic  d i ag ram in Fig.  1. Water  
was r a i sed  f rom r e s e r v o i r  1 to the d ischarge  tank 3 by means  of a pump 2 and then let  run down through 
a channel onto a ver t ica l  plate  of polished m i r r o r - q u a l i t y  g l a s s .  The wa te r  ra te  was checked by a r o t a -  
m e t e r  5. The wet plate sur face  was i l luminated f rom a light source  6. The optical  inhomogeneity-of the 
dropping f i lm,  owing to the wavy s t ruc tu re  of i ts  f r ee  sur face ,  p ro jec ted  a shadow onto a dull sc reen  on 
the obve r se  side of the g lass  p la t e .  P i c t u r e s  of this  shadow were  taken with c a m e r a  8. 

For  photographing we used as the light source  a pu l se - type  e lec t ron  tube giving light f lashes  of ap-  
p rox imate ly  2 �9 10 -4 sec durat ion.  For  k inematography we used a 500 W re f l e c to r - t ype  phototube.  The 
act ive height of the g lass  plate was 1.9 m .  The wate r  s t r e a m  was 0.25 m wide in all t e s t s .  

7~3 

Fig.  1. Schematic d i ag ram of the t e s t  appa ra tus .  
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Fig. 2. Photographs showing the film flow of water  at var ious 
values of the Reynolds number :  Re = 382 (1), 1400 (2), 2400 (3), 
2650 (4), 4300 (5), 4620 (6), 6900 (7). 

Both wavy and turbulent flow of the film were studied with the Reynolds ranging f rom 175 to 10,000. 

Unlike the conventional photographic test  methods [4, 5], this shadow method allows one to see and, 
therefore ,  also to photograph the flow pattern ac ros s  the entire plane of the g lass .  

The photographs in Figs .  2 and 3 show how a typical s t ream s t ruc ture  changes as the Reynolds num-  
ber  is inc reased .  A general  concept of the flow pattern covering the entire plane of the film can be in-  
fe r red  f rom Fig. 2. The upper edge of the picture f rame re fe r s  to a distance of 0.2 m f rom the d is t r ibutor .  

Fig.  3. Flow cha rac t e r i s t i c s  of a water  film at a distance of 1.2 m 
f rom the dis t r ibutor ,  at var ious  values of the Reynolds number :  Re 
= 175 (1), 330 (2), 2200 (3), 2300 (4), 2800 (5), 3500 (6), 5300 (7), 6900 (8). 
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Fig.  4.  Velocity of wave propagation (m/sec) ,  
as a function of the Reynolds number:  velocity 
of large waves (1), velocity of waves in the 
"lower" l ayer  (2), data of [7] (3). 

The most  charac te r i s t i c  segments  in the stable flow region were photographed at a distance of 1.2 m f rom 
the distr ibutor  and are  shown in Fig. 3. 

At a Reynolds number  Re = 178 already (Fig. 3; 1) the entire film surface is uniformly covered with 
a wave mesh .  As the Reynolds number  inc reases ,  the wave pattern evolves into a m e r g e r  and collapse 
of individual waves (Fig. 2: 1), a gradual elongation of the waves (Fig. 2.' 2 and Fig.  3.. 2), and a s t ronger  
in ter ference  between the waves.  The liquid at the wave c r e s t s  begins to move intensely,  the c re s t s  begin 
to swell and "break" (lower region in Fig. 23 2), and ripples begin to appear on the surface of the large 
elongated waves .  

It can be seen in Fig.  2 that an i n c r e a s e  of the Reynolds number  lengthens the zone of flow stabi l iza-  
tion. A drast ic  lengthening of this zone occurs  approximately when Re = 2,000-2,500.  

The wave s t ructure  begins to change at Re = 1500, when the elongated waves collapse and a "two- 
layer"  flow mode sets in (Fig. 2. 3, 4 and Fig.  3. 3, 4, 5). The "lower" layer  of liquid, adjoining the wall, 
has  a smooth free surface covered with a mesh of r ipples.  The "upper" l aye r  of liquid consis ts  of discrete  
large waves moving very fast  along the surface of the "lower" l ayer  while per turbing and turbulizing it.  
The build up of large waves ceases  approximately when Re = 3,500.  

As the Reynolds number  inc reases  fur ther ,  the velocity of the large waves becomes  higher and the 
"lower" film gradually acquires a microporous  turbulent s t ruc ture .  

While in Fig.  2~ 5, 6 and Fig.  3: 6, 7 one can still observe discrete  a reas  of a smooth surface,  in 
Fig.  2 : 7  and Fig.  3 : 8  the entire surface of the "lower" l ayer  is already covered with r ipples .  The 
turbulence is fully developed when the Reynolds number  has reached the range Re = 8,000-10,000 (no photo- 
graphs of this conditions are  shown here) .  Large waves become already indistinguishable on the film s u r -  
face and the la t ter  becomes uniformly porous .  

The development of turbulence during the film flow of a liquid is in many aspects  analogous to the 
development of turbulence during the flow of a liquid through pipes.  Recent studies concerning the develop- 
ment of turbulence [6] have shown that laminar  and turbulent flow modes may appear staggered in one 
section at the same Reynolds number .  The reason for  this s taggering of modes is that turbulence originates 
within descre te  regions of the s t ream in the form of "locks" covering the entire pipe section.  A somewhat 
s imi la r  pat tern is observed in the film flow of a liquid. These so-cal led locks appear now in the form of 
staggered turbulent waves.  

In this kind of flow, as in a pipe flow, the energy required for  developing turbulence is  drawn f rom 
the main s t ream,  whose shape becomes unique during the film flow of a liquid on account of surface 
tension acting on the free surface .  

The excellent picture obtained by the shadow method has made it possible to measure  the propagation 
velocity of la rge  as well as small  waves in the "lower" l aye r .  The resul ts  of these measuremen t s  are  
given in Fig.  4. For  compar ison,  on the same diagram are also shown the data obtained by D. West and 
R.  Cole [7], who measured  the surface velocity of a water  film by photographing fine nonwettable luminous 
par t ic les  sprayed on the film surface .  As can be seen here ,  our velocity measuremen t s  made for  large  
waves agree closely with the values obtained by those authors .  The velocity of waves in the "lower" l ayer  
is on the average 0.5 m / s e c  and does not depend on the Reynolds number .  Assuming for  the "lower" 
layer  a ratio of surface velocity to mean velocity equal to 1.5 [8], and using the equation for  the mean 
flow velocity 
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we find that the mean thickness of the "lower" layer is 0.32 mm. This agrees with the findings by H. 
Brauer [8], who has shown that, when the Reynolds number Re > 1600, the minimum film thickness at the 
wave valleys is 0.3 mm and does not depend on the Reynolds number. 

Knowing the film thickness and its mean flow velocity, we can now determine the Reynolds number 
for the "lower" layer (Re = 46w/v) and find that here Re = 400. This indicates that the flow in the "lower" 
layer is laminar. 

Thus, the peculiar characteristics of turbulence developing in the film flow of a liquid is that a large 
portion of the film remains in a laminar state. The turbulent portion of the film, which corresponds to 
the main stream in a pipe flow, exists as discrete turbulent waves which form a continuous layer of liquid 
only when the Reynolds number reaches the 8,000-10,000 range. 

Re = 4 F l u  = 4w6/u 
r 
y 

w 
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NOTATION 

is  the Reynolds number  for  a film of liquid; 
is the water  spray density, m2/sec;  
is the kinematic viscosi ty ,  m2/sec;  
is the mean velocity of film, m / s e c ;  
is the velocity at the film surface,  m / sec ;  
is the mean film thickness,  m; 
is the accelerat ion of free fall, m / s e c  2. 
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