
S T A B I L I T Y  O F  F I L M  F L O W  IN S H O R T  C H A N N E L S  
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Data a re  shown on the b reakaway  of d rop le t s  f rom the f i lm  sur face  by an gas s t r e a m  in 
s t ra igh t  and bent channels .  

The loss  of s tab i l i ty ,  when drople ts  a r e  c a r r i e d  away :from the fi lm sur face  by an attendant s t r e a m  
of gas and vapor ,  has so fa r  been analyzed p r i m a r i l y  in developed flow modes in long channels .  However ,  
in many power aggrega tes  such as s e p a r a t o r s ,  turbine s tages with wet s t eam,  etc . ,  f i lm flow occurs  over  
shor t  paths .  The authors  have t r ied  to es tab l i sh  the range  of s table f i lm flow in r e l a t ive ly  shor t  channels .  

The s tabi l i ty  l imi t  we de te rmined  exper imen ta l ly  for s t ra ight  and for  bent  ve r t i ca l  channels with a 
compound descending flow under no rma l  conditions,  using a mult ichaanel  ins t rument  for r ecord ing  the 
local  p a r a m e t e r s  in both the zone of drople t  flow [1] and the zone of f i lm flow [2] and supplementing these 
m e a s u r e m e n t s  with h igh-speed  photography.  The f i lm, 90 mm wide, was genera ted  by a d i scharge  of 
liquid through an or i f ice  a t  a zero exit angle onto one of the two wide channel wal ls .  The rec tangu la r  
channels were  450 mm long down to a tentat ive neutra l  section es tab l i shed  by inser t ing into such a channel 
(58 • 136 mm2} a c o n f u s o r - d i f f u s o r  segment  with a smal l  th roa t  radius and with a bent wail.  A s e r i e s  
of methodic tes t s  has r evea l ed  that in such a channel the breakaway will occur  in the throa t  sect ion or in 
its immedia te  vicinity.  

Nea r  the s tabi l i ty  botmdary,  a c c o r d i n g  to an analys is  of photographs and o sc i l l og rams ,  the f i lm 
s u r f a c e  is covered  with i r r e g u l a r  t h ree -d imens iona l  r ipples  of smal l  wavelengths and ampl i tudes ,  but 
among them a re  l a r g e r  r ipp les  which move at higher veloci t ies  and induce the b reakaway  p r o c e s s .  The 
occur rence  of l a rge  r ipples  is s ta t i s t i ca l  in nature:  some  confluence of r ipples  causes  a local  buildup of 
liquid which', upon r i s ing  above the f i lm leve l ,  becomes  exposed to a forceful  gas s t r e a m  and is se t  into 
an acce l e r a t ed  motion. As a resu l t  of this ,  more  liquid builds up and the fo rms  a wave with a s teep  front  
and a v e r y  i r r egu l a r  flat r amp .  As the wave r eaches  a cer ta in  magnitude,  the re  follows a r andom displace  
ment  of liquid forward along the r a m p .  At s o m e  instant of t ime the over loaded wave c r e s t  begins to o s -  
c i l la te  and then b reaks .  Depending on the flow mode, seve ra l  liquid spikes  or  je ts  emanate  f rom here  and 
b r e a k  up to fo rm a s t r ing  of droplets  along the wave c r e s t .  When p a r t  of the liquid is thus los t  to the 
gas  s t r e a m ,  the wave dimensions  dec r ea s e  sufficiently ei ther  for extinction or for repea t ing  the cycle 
of liquid buildup and subsequent  breakaway.  At high gas velocit ies  and low flow ra t e s  in the f i lm,  when 
the generat ion of l a rge  r ipples  is impeded, drople ts  b r eak  away a l r eady  f rom r ipp les  of smal l  ampl i tudes .  

A change in the fi lm s t ruc tu re  around a b reakaway  center  is shown in Fig. 1. Curves  I and II on the 
d iag ram divide the flow modes into th ree  ranges :  A) breakdown of the film; B) fi lm flow without b reakaway  
of drople ts ;  and C) f i lm flow with breakaway.  At high flow ra tes  and low gas ve loc i t ies ,  droplets  b r e a k  
away s imul taneous ly  f r o m  many r ipp les ,  inasmuch as a l a rge  mass  of liquid is set  into wave motion. 
Under such conditions, instabil i ty occurs  before  the wave ampli tude has r eached  its max imum.  As the 
flow ra te  in the f i lm d e c r e a s e s ,  the s tabi l i ty  boundary shifts toward the inflection range of the curve  5 c 
- 6  d = f(V"), and at qf = 1-2 cm 3 / cm  �9 sec  the m a x i m u m  ampli tude of wave motion cor responds  to the be -  
ginning of breakaway.  At low flow ra t e s  we note the effect  of the solid channel wall.  The walt  tends to 
s tabi l ize  the development  of the osc i l l a to ry  p roces s  on the film sur face  and, the re fo re ,  a dec rea se  in the 
fi lm thickness causes  the b reakaway  p r o c e s s  to s t a r t  at higher  gas veloci t ies ,  at which the ampli tude of 
the wave motion is st i l l  f a r  below maximum.  
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Fig. 1. Amplitude of the 
ripple s t ruc ture  during film 
flow in a s t ra ight  channel 430 
mm long and 58 x 136 mm 2 
in c ross  section:  5 e - 5  d mm; 
V", m / s e c ;  qf, cm3/cm -sec .  

It was also determined how the stabili ty boundary is a f f e c t e d  
by the layout of the film feed into the channel. In the f i rs t  case (Fig. 
2, scheme A) the film formed d i rec t ly  within the region of a developed 
gas s t ream;  in the second case (scheme B) the film formed within the 
region of low gas velocities so that toward the entrance to the test  
segment  of the channel it acquired a developed undular s t ruc ture .  
Breakaway was recorded  at the exit f rom the channel. A compar ison 
between the data 8) and 9) in Fig. 2 indicates that the initial film fo r -  
mation stage has a lmost  no effect on the stabil i ty boundary in this v e r -  
sion of the feed sys tem.  

We w [11 now analyze the effect of the channel length on the flow 
stabili ty.  The data 1), 2), 3), 5), 10) in Fig. 2 indicate the stabil i ty 
boundary in channels of approximately  the same c ros s  section but 
different lengths.  All tested flow modes fall tentatively into three 
ranges .  Within the f i rs t  range,  at high gas veloci t ies ,  the channel 
length has a ve ry  appreciable effect on the beginning of breakaway: 
the shor te r  the channel is, the more  "stable" is the flow. The second 
range is charac te r i zed  by a s t ronger  dependence of the initial b reak-  
away velocity on the flow rate  in the film: the curves are  s teeper  than 
within the f i rs t  range; the effect of the channel length, although weaker,  

continues to be significant.  Within the third range finally, at low gas veloci t ies ,  the initial breakaway 
veloci ty depends on the flow rate in the film near ly  as much as within the f i rs t  range,  while the effect 
of the channel length weakens and a lmost  ceases  a l ready at qf -> 2.0 cm3/cm �9 The t rend of the curves  
is analogous also for channels with other d iameters .  

The breakaway p roces s  is noted to occur  within a definite flow time (or path length). At equal gas 
veloci t ies ,  therefore ,  in a shor te r  channel it will occur with a thicker film, as has been confirmed in 
Fig. 3. 

The fundamental difference between the mechanism of breakaway within the f i rs t  range and the 
third range,  respect ive ly ,  can be interpreted as follows. Breakaway of droplets ,  according  to an analysis  
of photographs and osc i l lograms ,  occurs  when a sufficient amount of liquid accumulates  on a wave cres t ;  
the wave c r e s t  becomes then yielding and begins to break.  At low flow rates  there forms also a ve ry  stable 
thin film. Some time elapses f rom the instant when a local concentrat ion of liquid begins to build up, 
generat ing a wave, until the la t ter  reaches  a state of unstable deformation; the wave rolls  on, gradual ly  
accumulat ing liquid from the film. Then the second stage of breakaway begins: the wave c r e s t  collapses.  
This stage also develops gradual ly,  but it requi res  less t ime than does the buildup of an unstable wave. 
Thus, within the range of high gas velocities the breakaway proceeds in two stages : the f i rs t  stage is 
s lower.  Within the range of low gas velocit ies,  on the cont ra ry ,  the f i rs t  stage of breakaway is faster  
and, apparently,  may be skipped al together ,  inasmuch as an unstable wave is very  easi ly  generated in a 
thick film. On the other hand, waves which now travel  much slower than at high gas velocities do not 
have sufficient time to move long distances before they collapse. Within the range of low gas velocit ies,  
therefore ,  the stabil i ty boundary is insensitive to the length of the film flow path. The range of medium 
gas velocities is intermediate and both stages of the breakaway process  determine here the stabil i ty 
boundary. 

No significant effect of the channel d iameter  on the flow stabil i ty has been detected in these tes ts ,  
as is indicated by the data 5) and 9) in Fig. 2 pertaining to a ra t io  of equivalent d iameters  equal to 1.5. 

Assuming that the channel d iameter  (when the diameter  is sufficiently large) and the gas v iscos i ty  
have no effect on the flow stabili ty,  one may express  the stabil i ty boundary in t e rms  of the pa ramete r  T: 

K := A T  --~ 

with pa rame te r  A depending on the channel length as follows: 

T -~ 3.10-'; A = 180 ~ 175l; 

3.10 ~ ~/T ~ 6.102; A = (0.38611,2-- 0.21) T ~- (243-- 1751-- 1161L2); 

6.102-.~T ~:-i 1.6"10:~; A : : 7 5  : (48 - 65/~176 1 . 6 . 1 0 : ~ . T  /1 ::75 

for l > 0 . 6 ,  w e  t a k e  l = 0 . 6 .  
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Fig. 3 

Fig. 2. Initial velocity of breakaway droplets V I' ( m / s e c ) ,  as a function of the flow 
rate in the film qf (cm3/cm .sec) :  1) 18 x 136 mm 2 with D h = 31.9 mm and l = 0; 2) 
18 x 136 mm 2 with 31.9 mm and 98 ram, respectively;  3) 18.5 x 136 mm 2 with 32.6 
mm and 303 ram, respect ively;  4) 43.5 x 136, 66.0 and 350; 5) 18.5 x 136, 32.6 and 
200; 6) 58 x 136, 81.2 and 430; 7) 28.5 x 136, 47.1 and 375; 8) 28.5 x 136, 47.1 and 
200; 9) 28.5 x 136, 47.1 and 200; 10) 18.5 x 136, 32.6 and 80. 

Fig. 3, Structural  pa ramete r s  of the film (6 and 5 c - 6 d ,  ram) as a function of the 
initial breakaway velocity (V[, m / s e e ) ,  for channels of various lengths: 1) 58 x 1 3 6  
mm 2 and l = 430 ram; 2) 18 x 136 mm 2 and l = 0. 

o l-- o-Jo I 1::  E : 7  r " ~ - 2 " " l ; ~ ' b  I I < , ~ z  o ~ e  

lO ~ g 4, 6 lO 2 2 4- 8 /U ~' 2. 4 T 

Fig. 4. Stability boundary of film flow in s traight  channels: 
1) 58 x 136 mm 2, l = 430 mm; 2) 18 • 136, 0; 3) 18.5 x 136, 
303; 4) 18 x 136, 98; 5) 43.5 x 360,360; Mozharov [3] for vapor 
- w a t e r :  6) P = 4.5 kgf/cm2;  7) 7.5; 8) 13.5; 9) 16.0; 10) 
44.5; Sorokin et al. (TsKTI) for a i r - w a t e r :  11) 297 ram, l 
= 1800 ram; 12) Chen She-Foo and Ibele [5]. 

On this basis ,  then, the test  data have been plotted in Fig. 4. The t rend of the curves  at low values 
of T indicates that the breakaway process  is affected by the channel length up to 0.6-0.8 m. As the value 
of T increases ,  the effect of the channel length weakens and at T = (1.4-1.6) �9 103 the breakaway p rocess  
becomes independent of the channel length. The resul ts  obtained by Mozharov [3] with a v a p o r - w a t e r  
mixture indicate a sys temat ic  segregat ion of test  values with respec t  to p r e s su re :  the la rges t  spread of 
values with respec t  to pa ramete r  K is • This may be due to the difference in the methods of recording 
the breakaway. 

The trend of the curves in Fig. 4 is charac te r i zed  by a discontinuity on the left-hand side (film 
breakdown); our data approach this boundary closely.  As to the flow modes with high values of T, there 
exists a limiting gas velocity below which no aerodynamic breakaway can occur.  According to the data 
in [4], one may assume that this l imit  is within 5-8 m / s e c  under normal  conditions. In very  long channels 
droplets can break away from the film surface  at a l ready lower gas velocit ies,  but such a loss of stabil i ty 
will then a l ready be gravitational in nature.  
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Fig. 5. Stability boundary of film flow in bent 
channels:  1) 58 • 136 mm 2, l = 430 mm straight ;  
2) 18 • 136, 0 straight;  3) 58 • 136, 0 = 60 ~ 
concave wall; 4) 58 • 136, 60 ~ convex wail; 5) 
58 x 136, 90 ~ concave wall; 6) 58 • 136, 90 ~ 
convex wall; 7) 58 • 136, 135 ~ concave wall; 8) 
58 • 136, 135 ~ convex wall. 

The bent channels had a c ross  section 58 • 136 
mm 2 and a median length of 650 ram, with elbow angles 
of 30, 60, 90, and 135 ~ . Each channel began and 
ended with a s traight  segment 180 and 100 mm long, 
respect ively .  Film flow was produced separa te ly  on 
the convex wide wall and on the concave wide wall, 
beginning at 20 mm ahead of the elbow. 

The film flow in the 30 ~ channel has shown that 
such a curvature  has a negligible effect on the stabil i ty 
boundary. For  this reason,  we will consider the basic 
charac te r i s t i c s  of the breakaway process  only in 
channels with l a rge r  elbow angles. 

Droplets break away from the convex wall of 
bent channels f i rs t  along the initial segment  of the 
a rc ,  they form a narrow jet of droplets pass ing ac ross  
the channel, and a re  reflected at the opposite wall. 
The breakaway process  then continues, the breakaway 

zone spreads along the film all the way to the channel exit; the s t r eam of ca r r i ed  away droplets fills now 
the entire channel c ro s s  section and genera tes  a secondary  film flow on the concave wall with its own 
attendant layer  of droplets  on top. 

On the concave side the droplets break  away a lmost  s imultaneously along the entire film path. The 
attendant layer  of droplets builds up along the path, but its thickness does not exceed one third of the 
channeI height even during the developed stages of breakaway. 

In channels with a large  elbow angle it is possible that the film or  the droplets will separate  as a 
resu l t  of unsa t i s fac tory  aerodynamic  wetting. Such a pattern was noted on the convex wall along the exit 
zone in the 135 ~ channel. Within this zone, according to measurements ,  the gas s t r eam separa tes  f rom 
the wall, which, when a film exis ts ,  resul ts  in the t ransformat ion  of a s teady liquid s t r eam into a loop 
and a subsequent ejection of droplets  into the gaseous mains t ream.  F rom the standpoint of flow stabil i ty 
at the convex wall, assuming that a breakaway of droplets occurs ,  such channel pe r fo rms  more rel iably 
than a s t ra ight  channel of equal length, inasmuch as the stabil i ty boundary is determined by the shor t  
entrance segment.  With r ega rd  to the exit segment of such a channel, it is to be noted that flow without 
breakaway is hardly  possible here  at all. The existence of two separa te  breakaway zones is cha rac te r i s t i c  
of channels with large elbow angles. 

In order  to compare  the stabil i ty boundary in s t ra ight  and in bent channels,  we wit1 represen t  our 
data in K = fiT) coordinates .  The resul ts  a re  shown in Fig. 5, with the stabil i ty boundary in the 135 ~ 
channel considered to be within the entrance segment.  On the same d iagram,  for compar ison,  a re  also 
shown data pertaining to the longest  and the shor tes t  s t raight  channels tested here.  Most of the b reak-  
away modes in bent channels appear within a range not beyond the range for s t ra ight  channels 0 to 0.4-0.6 
m long, At low values of T the flow in bent channels is more stable than in s t ra ight  channels. At high 
values of T the stabil i ty boundaries in both come c loser  and eventually coincide,  i.e., the channel cu rva-  
ture  ceases  to affect  the s tabi l i ty  boundary within the range of this study. 

K = V~'y"/[go-(7'-3z")] 1/4 is the 
L ~ 

T = Fr  Ga2/3; 
Fr  = qf(y'-y")3/4/(gl/2o~/4)],_, is the 
Ga g(73/2/[p'2(~"-'y') 3/2] iS the 

V" is the 
g is the 
y ,  is the 
7'  is the 
a is the 
, ' is the 
qf is the 
l is the 

N O T A  T I O N  

Kutateladze number; 

Froude number;  
Galileo number;  
veloci ty  of the gas s t ream;  
accelera t ion due to gravity;  
specific weight of the gas; 
specific weight of the liquid; 
surfaee  tens ion; 
kinematic viscos ity; 
specific flow rate  in the film; 
channel length; 
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P is the pressure; 
6 c is the film thickness at the wave crest;  
5 d is the film thickness at the wave dip; 

is the mean film thickness; 
D h is the hydraulic (equivalent) channel diameter; 
6 is the elbow angle of a bent channel; 
V[ is the gas velocity at the beginning of droplet breakaway. 
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