
COLLAPSE OF A FILM OF FLUID DRAINING OFF 

THE RIM OF A PLATE IN A GAS SLIPSTREAM 

V. N. Bykov and M. E. Lavrentrev UDC 532.62 

The breakdown of a draining film, the formation of a spectrum of drop dimensions and its 
deformation in a gas flow, and the influence of the thickness of the rim and the physical 
properties of the fluid on the process of film collapse are studied by the holographic method. 

The breakdown of a draining film is investigated holographically [i, 2]. A fluid film is created on the 
surface of a horizontal plate placed in an air flow. The fluid is fed through three rows of l-ram-diameter 
apertures located 50 mm from the rear rim with a spacing of 2 ram. The distance from the rim is selected 
experimentally such that the movement of the fluid in the film is steady and at the same time there is no fluid 
removed from the film surface. The front and rear rims are sharpened to an angle of 5 ~ in order to reduce 
the perturbation of the gas flow when the plate is inserted into it. The thickness of the rear rim is varied 
from 0.05 to 4 ram. The wake behind the plate is holographed beginning right from the rear rim and then at 
150 mm down the flow. The experiments are carried out with air velocities of 45-120 m/sec with water, 
ethyl alcohol, and an aqueous so!ution of glycerin. The rates of fluid flow in the experiments are 0.065-0.465 
kg/m. sec for the water; 0.075-0.175 kg/m. sec for the alcohol; and 0.245 kg/m. sec for the glycerin solution. 
The water and the alcohol can be treated as low-viscosity fluids for the process under investigation, and the 
glycerin solution with a viscosity of vf = 120.10 -6 m2/sec can be treated as viscous. The following sequence 
in the collapse of a film of draining fluid can be established by visual study of the holograms obtained. A 
continuous film comes directly off the edge of the plate. The length of this continuous section is not great 
(3-4 ram) and is dependent on the velocity of the gas and the flow rate of the fluid. The continuous film later 
disintegrates into a number of separate streams which subsequently disintegrate into separate drops. With 
high rates of fluid flow per unit of the perimeter, however (in our experiments Refilm = 465), "little tongues" 
are formed together with the streams when the film collapses. The transverse dimensions of these formations 
may be one order of magnitude greater than the diameter of the streams and their length is, on average, 
twice as great as the length of the streams. The subsequent breakdown of the "little tongues" occurs with the 
formation of streams, but cases of tha detachment of whole lumps of film are observed sometimes. Their 
breakdown may occur both with the formation of strearns and during disintegration into separate drops. The 
number of these "little tongues" is, however, very low and the stream mechanism for the collapse of the drain- 
ing film can be considered valid for the whole range of condition parameters under investigation. 

Thus the problem of the collapse of a draining film and the formation of a spectrum of drop dimensions 
is reduced to an investigation into the breakdo~ of fluid streams in the presence of a gas slipstream. 

The processing of the holograms produced shows that the number of streams into which the film diSin- 
tegrates is, in practice, independent of the flow rate of the fluid, its viscosity, and of the thickness of the rim9 
but is governed primarily by the velocity of the gas and by the surface tension of the fluid. As ~ is reduced, 
the number of streams occurring per unit width of the plate rises, which is probably related to the reduction 
in the length of the transverse waves in the film which are responsible for the disintegration of the film into 
separate streams. 

The mean length of the nondisintegrating part of a stream is given in Fig. 1 as a function of the gas 
velocity. As the gas velocity increases, the length of the continuous part is reduced. Within the limits of 
accuracy no influence of the fluid flow rate and, consequently-, of the fluid film thickness is revealed on the 
length of the nondisintegrating par-~ of the stream. 
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Fig. I Fig. 2 
Fig.  1. Length of nondisintegrating par t  of a s t r eam as a function of gas velocity: 
1) water ,  6cr  = 0.05 mm; 2) w a t e r S c r  = 0.75 mm; 3) alcohol; 4) glycer in solution. 

/s t r ,  ram; Ug, m / s e c .  

Fig. 2. Mean d iameter  of fluid s t r e a m  as a function of gas velocity. Water ,  6cr  = 
0.05 mm: 1) gfilm = 0.465 k g / s e c . m ;  2) gfilm = 0.165; 3) gfilm = 0.065. Water ,  
6cr  = 0.75 mm: 4) gfilm = 0A65; 5) gfilm = 0.165; 6) gfi lm = 0.065. Alcohol: 7) 
gfilm = 0.175; 8) gfi lm = 0.075. Glycerin solution: 9) gfi lm = 0.245. ds t r ,  P" 

Analogous resul ts  a re  obtained with the s tat is t ical  process ing  of the mean s t r eam diameter .  Data on 
dst  r as a function of Ug are  given in Fig.  2. For  each separa te  fluid these experimental  data can be descr ibed 
in a genera l  way by the empir ica l  relat ionship 

dstr ~ const . ~1  ' {1) 

where the const  is dependent only on the physical  proper t ies  of the fluid. 

It follows f rom the theory of low-viscos i ty  f lu id - s t ream breakdown that with high relative gas and fluid 
velocit ies the rat io of the length of the nondisintegrating par t  of the s t r eam to the d iameter  is independent of 
the veloci t ies  and is constant for  a g ivenpa i r  of components.  Fo r  the water  and alcohol this ratio i s / s t r / d s t r  -~ 15. 

The rat io of the length of the continuous par t  of the s t r eam measured  in the present  experiments to its 
d iameter  is close for  the water  and alcohol to the theore t ica l  and is independent within the limits of accuracy  
of the flow ra tes  of the phases .  Consequently, the length of the nondisintegrating par t  of the s t r eam and its 
d iamete r ,  according to express ion (1), should be independent of the fluid flow rate .  The same resul t  is 
obtained experimental ly (see Fig.  1). 

It also follows f rom the c o n d i t i o n / s t r / d s t r  = const  that the dependence of /s tr  on the gas velocity should 
be analogous to the dst  r =f(Ug) dependence and is determined by formula  (1). It is c lea r  f rom Fig. 1 that the 
/s t r  = ~O(Ug) dependence is close to that which follows f rom formula  (1). 

For  viscous fluids the collapse of the film also occurs  with the format ion of s t r eams .  The formation of 
very  long thin s t r eams ,  s imi la r  to threads  / s t r / d s t r  >- 103, is charac te r i s t i c  of these fluids and the collapse 
of the s t r eams  p roceeds  at considerably  g r ea t e r  distances f rom the plate r im than does the collapse of low- 

viscosi ty  fluid s t r eams .  

The collapse of low-viscos i ty  fluid s t r eams  as a function of the relat ive gas velocity may occur  under 
both disintegrat ion and atomization conditions. As a resul t ,  the spec t rum of the dimensions of the drops 
formed by the collapse of the s t r eams  will not be maintained down the flow. 
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Fig.  3. Maximum dimensions of drops of water in spectrum.  Notation as in Fig. 
2. 

Fig. 4. co r r e l a t i on  of experimental  data on mean dimensions of drops in wake 
behind plate r im and in a two-phase flow: 1) water ,  6cr  = 0.05 ram; 2) water ,  6cr  = 
0.75 ram; 3) alcohol, 5cr  = 0.05 ram; 4) water ,  two-phase flow; 5) alcohol, two- 
phase flow. 

The mean dimensions of the drops a re  reduced as the distance f rom the r im increases  while the length 
of the breakdown zone r i ses  to 80-100 ram. 

A drop formed during the disintegrat ion of the s t r eam is accelera ted  in the gas flow. It may break down 
if the local Weber number We = [(Ug - Ud)2d d pg] a, recorded  from the local relative gas velocity, is g rea te r  than in 
Wecr .  If We < Wecr the drop cannot break down. The possibil i ty of breakdown can be real ized if the cr i t ical  
drop deformation t ime is less than its accelera t ion time to We = Wecr.  As shown by the evaluation made in 
our case this condition is virtually always met.  

On this basis all fur ther  process ing  of experimental  data is made for  two flow sections- L = 15 mm 
(initial spectrum) and L = 130 mm (final spect rum).  Histograms of the drop dimensions are plotted for each 
of these sections for  all sets of conditions and thei r  mean dimensions a re  determined.  

The initial drop dimension spec t rum is shaped by the disintegration of the fluid s t r eams .  According to 
the theory of low-viscosi ty  s t r eam breakdown under disintegration conditions, the s t r eam disintegrates  into 
separate  sections Lma x in length. The magnitude of Xmax is determined f rom the condition for  m a ~ m a l  in- 
stabili ty of the oscillations on the surface  of the s t r eam and for  the case  under examination: 

~rnax ~ 4d str " 

Correspondingly,  when the s t reams  col lapse,  drops of equally grea t  mass  with a s t r eam section •max in 
length will be formed.  The diameter  of these drops is related to the s t r eam diameter  by the relat ion 

d d = 1.82-dst r . (2) 

Since the s t r eam diameter  is not dependent on the fluid flow rate and is governed only by the gas velocity,  the 
dimensions of the drops formed during the disintegrat ion of the st~:eams should also be independent of the fluid 
flow rate and the influence of the gas velocity should be descr ibed by relationship (1). The line on Fig. 3 de-  
sc r ibes  t h e d r o p d i a m e t e r s  calculated in this way using the empir ica l  relationship dst  r =f(ug) given in Fig. 2 
to determine the mean s t r eam diameter .  For  compar ison purposes  the experimental  values of the maximum 
drop d iameters  of the water  in the spec t rum are laid down in Fig. 3. As can be seen,  the cor respondence  
between the calculated and experimental  values is perfect ly  sa t i s fac tory .  

The mean drop dimensions fall as the gas velocity r i ses  and within the experimental  accuracy  are  in- 
dependent of the fluid flow ra tes .  The absolute values of the mean drop dimensions in the initial spec t rum 
are of the same o rde r  of magnitude as the s t r eam d iameters .  The mean drop dimensions in the final spec-  
t rum are  15-30% less  than in the initial spec t rum.  

Experiments  designed to study the breakdown of a film draining off the blunt r im of a plate (6cr = 0.75 
ram) show that the breakdown mechanism remains  essential ly the same as for a sharp r im.  In this case ,  
however,  the format ion of "little tongues" and the detachment of lumps of film are observed at lower fluid 
flow ra tes .  These special  features  are  obviously related to the format ion in the wake behind the plastic zone 
of inverse  cu r ren t s ,  generat ing additional perturbat ions in the flow of fluid film and an overflow of the fluid 

1459 



a c r o s s  the end su r face  of the pla te  in both the t r a n s v e r s e  and the longitudinal d i rec t ions ,  etc. The effects  
indicated a r e  amplif ied as  the r i m  th ickness  is increased ,  which is a l so  co r robora t ed  by the expe r imen t s  with 
a pla te  having a r i m  th ickness  of 5 mm.  In the expe r imen t s  a rol l  of fluid, th icker  along the edges of the plate ,  
is fo rmed  on the r im.  Fluid is torn  off the ro l l  in the f o r m  of s epa ra t e  drops ,  lumps,  and s t r e a m s  and the 
t ea r ing  p r o c e s s  is i r r e g u l a r  in nature  unlike the s t r e a m  m e c h a n i s m  for  the col lapse  of a f i lm draining off a 
sha rp  r im.  F o r  a r i m  with 5 c r <  0.75 m m  and gf i lmr  0.465 k g / m .  sec,  however ,  these  spec ia l  fea tures  do not 
a l t e r  the pa t t e rn  of f i lm d is in tegra t ion  s ignif icant ly  compared  with 5c r  = 0.05 mm.  

When a low-v i scos i ty  fluid s t r e a m  b reaks  down given high re la t ive  veloci t ies  of s t r e a m  movemen t ,  the 
mean  d imens ions  of the drops  produced during the breakdown should be desc r ibed  by the following s y s t e m  of 
d imens ion less  p a r a m e t e r s  [3]: 

dd : [  ; - - ;  gf//~g , - ~  D Pf/Pg; 

where  ~ is  the wavelength of the unstable per tu rba t ion  and D is  the c h a r a c t e r i s t i c  g e o m e t r i c a l  d imension.  

The influence of p f /pg  is  not inves t iga ted  in the expe r imen t s .  F r o m  the condition k/d d = idem,  s ince 
does not en te r  into the condition of unambigui ty ,  we obtain 

D \ e }~f/~g) �9 �9 (3) 

It  i s  es tab l i shed  that  the d imensions  of the drops  fo rmed  a r e  not re la ted  to e i ther  the th ickness  of the 
plate  r i m ,  the th ickness  of the f i lm on the p la te ,  o r  any o ther  of the g e o m e t r i c a l  d imensions  involved in the 
unambigui ty  condition which a r e  c h a r a c t e r i s t i c  of the s y s t e m .  The p r o c e s s  of the breakdown of a f i lm of fluid 
draining off the plate r i m  has a g r e a t  deal  in common with the p r o c e s s  of a tomizat ion  of the fluid in pneumatic 
a t o m i z e r s  with high gas  vo lumet r ic  flow r a t e s .  

In the invest igat ion into pneumat ic  a t o m i z e r s  in [4] it  is es tab l i shed  that  with high gas  volumetr ic  flow 
r a t e s  the v i scos i ty  of the fluid does not influence the breakdown p r o c e s s .  In addition, in gene ra l  the mean drop 
d imensions  a r e  independent of the fluid flow ra te  and, thus,  of the d i a m e t e r  of the fluid s t r e a m  or  any o ther  
g e o m e t r i c a l  d imensions  such as the d i a m e t e r  of the nozzle .  

With high gas  vo lumet r ic  contents and high re la t ive  veloci t ies  the col lapse  of the s t r e a m  occurs  under  
a tomiza t ion  conditions in which the shor twave  (~ < dst  r) pe r tu rba t ions  on the su r face  of the s t r e a m  a re  un- 
s tab le .  The drops  fo rm ed  during the col lapse  of shallow waves a r e  weakly dependent on the dimensions of the 
ac tual  s t r e a m s .  The(p~/g)I /~  p a r a m e t e r ,  compi led  f r o m  the phys ica l  constants  involved in the unambiguity 
condition,  can be used as the sca le  for  the c r i t e r i a l  co r r e l a t i on  of expe r imen ta l  data.  

A p r e l i m i n a r y  analys is  shows that  the mean  dimensions  of the drops  in the spec t rum a re  propor t iona l  
to the (U2g/a) ~ magni tude.  This  is  in good a g r e e m e n t  with the r e su l t s  of [4]. 

Taking into account  these  c o m m e n t s ,  the re la t ionship  (3) can be t r a n s f o r m e d  into 

dot - - [  (gvf)~''3 ] 

This  re la t ionship  is used  to c o r r e l a t e  expe r imen ta l  data  on the mean  dimensions  of the drops  in the final 
s p e c t r u m  for  low-v i scos i ty  fluids (Fig. 4). The expe r imen ta l  data fo r  the wa te r  and alcohol a r e  descr ibed  
with an a c c u r a c y  of i20% by the c r i t e r i a l  re la t ionship  

dd -- 67"5 (gvf)l/3 (4) 

~ cr/(gpf) Ug 

It  is  in te res t ing  to c o m p a r e  fo rmula  (4) with expe r imen ta l  data on an invest igat ion into the drop s p e c -  
t r u m  fo rmed  when fluid is torn  off the c r e s t s  of the waves in a f i lm flowing along the walls of a channel in a 
d i s p e r s e - c i r c u l a r  flow. In both cases  the s p e c t r u m  of drop dimensions  is fo rmed  as a r e su l t  of breakdown 
of the s t r e a m  of fluid and of the secondary  breakdown of d rops  in the gas .  The volumetr ic  gas  flow ra t e s  
occur r ing  p e r  unit m a s s  of the d i s in tegra t ing  fluid a re  in both cases  fa i r ly  g rea t .  It can,  t he re fo re ,  be ex-  
pected that  the drop  dimensions  should be of the s ame  o r d e r  of magnitude.  This compar i son  is shown in Fig. 
4, where  the hollow points denote expe r imen ta l  data on the mean  dimensions  of the drops  in a two-phase  flow 
for  the wa te r  and alcohol.  As can be seen ,  the re la t ionship  (4) can be used in the f i r s t  approximat ion to de -  
t e r m i n e  the mean  d imensions  of drops  in a two-phase  flow. 
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N O T A T I O N  

d s t r ,  s t r e a m  d iame te r ;  dd, drop  d i ame te r ;  / s t r ,  s t r e a m  length; 6c r  , r i m  th ickness ;  u, velocity;  gf i lm,  
speci f ic  flow ra te  of fluid in f i lm; v, coeff icient  of kinetic v i scos i ty ;  p~ density;  a, coefficient  of su r face  t en-  
sion; g, acce le ra t ion  of g rav i ty ;  Ref i lm = gf i lm/gpf ,  Reynolds number  of f i lm; We, Weber  number .  
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The effect  of po lyac ry lamide  d isso lved  in wa te r  on the s t ruc tu re  of a re f lec ted  shock wave 
in a gas . - l iqu id  medium is  studied. Success ive  record ings  a r e  obtained of the behavior  of 
a gas bubble behind a shock wave in wa te r  containing admix tu res  of po lyac ry lamide .  

The capaci ty  of sma l l  admix tu res  of p o l y m e r s  to essen t ia l ly  a l t e r  the c h a r a c t e r i s t i c s  of the turbulent  
flow of a liquid is well  known. A multi tude of r epo r t s  have been devoted to the invest igat ion of this effect.  
At the s a m e  t ime ,  new aspec t s  of the effect  of admix tu res  of p o l y m e r s  on the p rope r t i e s  of a liquid a r e  a l -  
ways appear ing .  

One of the recent ly  d i scove red  effects  is the effect  of the des t ruc t ion  of b a r r i e r s  made of s tee l  by jets  
of wa te r  with sma l l  po l ym er  admix tu res  at p r e s s u r e s  insuff icient  for  des t ruc t ion  by pure  water  [1, 3]. Another  
effect  of the act ion of po l ym er  admix tu re s ,  which appea r s  during the motion of shock waves in mix tu res  of a 
liquid with gas  bubbles ,  is the topic below. 

1 .  E x p e r i m e n t a l  I n s t a l l a t i o n  

The expe r imen t s  on the study of the motion of shock waves in a liquid with gas  bubbles in the p r e sen ce  
of p o l y m e r  admix tu res  were  c a r r i e d  out on an ins ta l la t ion for  which a d i ag ram is  p resen ted  in Fig. 1. The 
ins ta l la t ion included a hydrodynamic shock tube with h i g h - p r e s s u r e  (1) and l o w - p r e s s u r e  chambe r s  (2). The 
l o w - p r e s s u r e  c h a m b e r  was equipped with pickups 3 record ing  the var ia t ion  in p r e s s u r e  in the shock wave. 
The dis tance  between pickups is 240 ram.  In addition, the l o w - p r e s s u r e  chambe r  is  equipped with viewing 
windows for  the observa t ion  of a i r  bubbles floating up inside the tube. The bubbles behind the wave were  
photographed on s ta t ionary  f i lm with the help of a s t robo t ron  lamp with an ass igned delay following the wave 
front .  The exper imen t s  on the m e a s u r e m e n t  of the p a r a m e t e r s  of p r e s s u r e  waves before  and a f t e r  the m o -  
ment  of ref lec t ion  f r o m  the bot tom were  conducted with a concentra t ion  of gas  bubbles of 1-10% by volume,  
with wa te r  adopted as the liquid. In the ma jo r i ty  of t e s t s  the s ize  of the gas  bubbles was 2-5 ram.  The intem- 
si ty of the incident  p r e s s u r e  waves was va r i ed  in the range  of 3-20 arm with an ini t ial  p r e s s u r e  of 1 arm in the 
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