
R A N G E  OF E X I S T E N C E  OF C O N T I N U O U S  F I L M  F L O W  

V.  A .  K h a i m o v  a n d  R.  M. Y a b l o n i k  UDC 532.62 

The problem of finding the range of existence of a continuous film is analyzed for the case 
of a wave mechanism for the flow. 

A problem which a r i s e s  in the development of improved equipment for large power sys tems is that of 
the film flow of a liquid. For  example, the choice of the optimum range of working conditions for the sepa-  
rat ion equipment in steam genera tors  and turbines for an atomic cycle depends on the determination of the 
upper stability boundary of the flow, i . e . ,  the point at which drops break away f rom the surface of the film, 
as well as the lower boundary, corresponding to the existence of a continuous liquid layer .  Many problems 
a r i se  f rom the motion of a film in the flowing par t  of wet-s team turbine stages,  where a liquid film on the 
wall can rupture and pull away from the wall, forming bands which generate intense showers of drops .  
These drops pose an erosion hazard to the blades and great ly  reduce the efficiency of the turbine s tages.  

Apparently the f i rs t  attempt to determine the conditions for the rupture of the film than isothermal  
flow was undertaken by Hart ley and Murgatroyd [1]. They formulated stability conditions in t e rms  of the 
force and energy.  The force condition is based on the assumption that in the static state the su r face - ten-  
sion force of the meniscus  formed upon the ruphare of film balances the force due to the liquid pressure  
on the meniscus .  This latter force a r i s e s  in the conversion of the kinetic energy of the moving layer  into 
p res su re  (Fig. ta ) :  
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The energy condition is determined from the condition that the film reachihg the wall through c ross  
section AB (Fig. lb) ult imately reaches  a constant width T and a thickness 6 such that the sum of the kinet-  
ic and surface energies  of the flux is minimized:  
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In subsequent work [2-4] these conditions were supplemented by an account of the thermocapt l lary  
forces ,  the friction force at the free surface,  and the weight; the aerodynamic drag exerted on the end of 
the film was also taken into account .  Since the quantity 0 has remained uuknowh, the force condition has 
not been tested exper imental ly .  On the other hand, comparison of calculations based on Eq.  (2) with the 
experimental  data given in [1] shows that the calculated values of the minimum film thicknesses are  several  
t imes la rger  than the experimental  values.  We believe that the reason for this pronounced discrepancy 
should be sought in the c i rcumstance  that the calculations have been based on a film which retains  a smooth 
surface and a constant thickness up to the point at  which the meniscus begins, while in the overwhelming 
major i ty  of actual flow reg imes  there is a w~vy s t ruc ture .  
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F ig .  1. D iag rams  used in der iving the s tabi l i ty  conditions for f i lm flow. 

Fig .  2. Compar i son  of the calculated and exper imen ta l  values  of the a v e r -  
age  fi lm th ickness  at the stabil i ty boundary (6 and 6 t r  a r e  given in mic rons ,  
v" is  in m e t e r s  per  second).  

In  the p re sen t  paper  we adopt the following model for the liquid motion in the meniscus  zone (Fig. 
l c ) .  In the f i lm there  is a wave motion such that waves of smal l  and la rge  ampli tude a l t e rna te ly  r each  the 
men i s cus  and a r e  damped at  i ts  edge .  As a wave approaches  the meniscus~ there  is an inc rease  in the 
angle 0; as  a wave leaves  the men i scus  or is  damped,  the contact  angle d e c r e a s e s .  If the instantaneous 
value of 0 is higher than the l imit ing value 0*,the equi l ibr ium in the men i scus  zone is disrupted,  and the 
men i s cus  begins  to move d o - ~ s t r e a m .  In con t ras t ,  when waves affect  the edge of the d r y  region only 
slightly,  the meniscus  will begin to move u p s t r e a m .  The p rob lem of the s tabi l i ty  of the leading edge thus 
r educes  to the p rob lem of the equi l ibr ium at  the instant  at  which the l a rge s t  waves  a re  damped.  Assuming  
in a f i r s t  approx imat ion  that  the wave veloci ty is  independent of i ts  ampli tude,  we wri te  the force  exer ted  
by the wave on the meniscus  as 

~cr p, p, 
Pc = j ~-  [c (y)l ~ dy = -~ c26cr, (3) 

0 

where  c and 5er  a re  the phase  veloci ty  and thickness  of the f i lm,  r e s p e c t i v e l y .  Denoting the r a t io  of the 
pulsed force  to the ave r age  force  as  

K r -~ Pc/Pv.,  

we wri te  equi l ibr ium condition (la) as 

(4) 

P~ = K r P ~ "  (5) 

where  Pv '  is defined above and K r  is a function of the par t icu la r  r e g i m e .  

To check E q s .  (1) and (2), we have ca r r i ed  out special  expe r imen t s  on the appara tus  descr ibed  in 
[5]. Since there  a r e  f ami l i a r  expe r imen ta l  difficult ies in measu r ing  the angle 0 during the fo rmat ion  of a 
dry  region in f i lm flow, we examined the behavior  of la rge ,  thick drops  of water  on the surface  of me ta l s  
of va r ious  deg rees  of pur i ty ,  making the assumpt ion  that the angle 0 fo rmed  by the leading edge of the drop 
in the s tate  of unstable  equi l ibr ium is approx imate ly  equal to the contact  angle at the boundary of the dry  
reg ion  in the f i lm during flow over  the cor responding  su r f ace .  The angles  were  measu red  f rom suitably 
enlarged photographs .  To m e a s u r e  the p a r a m e t e r s  of the f i lm flow, we used a method involving s imu l -  
taneous mult ichannel  detection with the m e a s u r e m e n t  c i rcui t s  of [6]. 
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Fig .  3. Dependence o[ the min imum flow 
r a t e  in f i lm [q, c m 3 / ( c m ,  sec)] on the flow 
direct ion and on the veloci ty of the comoving 
gas  flow (v", m / s e c ) .  1) F r o m  [7]; 2) [11]; 
3) [8]; 4) [9] (type 18NIOT); 4') [9] (type St. 
3); 5) [10]; 6) data of the p resen t  study. 

The exper imen ta l  value of the ave rage  fi lm thickness  corresponding to the s tabi l i ty  boundary of co-  
moving and f ree  flow on a ve r t i ca l  wall is shown by dashed curve 5 in F i g .  2. Curve 1 is plotted on the 
bas i s  of Eq.  (1) and the exper imenta l  values  of the edge angle .  Calculat ions f rom the force  condition takifig 
into account  the weight, the sur face  tension,  and the ae rodynamic  drag  yield vaIues  of 5 which a re  15-60% 
lower than those calculated f r o m  Eq .  (1). The mos t  impor tant  of these  additional f o r ce s  is the tangential  
s t r e s s  at the f i lm sur face  in the v ic in i tyof  the meniscus .  Since this s t r e s s  canbe  de te rmined  only ex t r eme ly  
crudely [3], however ,  the values given for the influence of this force  should be t r ea ted  as rough e s t ima te s .  It fol-  
lows f rom Fig. 2 that the exper imenta l  values of the f i lm thickness  are  2.5-4 t imes  lower than those calculated 
f rom Eq. (1). Shown for  compar i son  in Fig. 2 is curve 3, plotted f rom Eq. (5), in which the coefficient Kr  is de-  
t e rmined ,  in accordance  with (4), on the bas i s  of the exper imenta l  dependence of the l o c a l p r o p e r t i e s  of the flow. 
The d i s c r epancybe tween the  exper imen ta l  values of 5 and those calculated f rom Eq. (5) does not exceed 15%, 
so we judge the a g r e e m e n t  to be  s a t i s f ac to ry .  

A dist inctive fea ture  of the energy  condition is  that it is independent of the contact angle,  so that at 
f i r s t  glance this condition would s eem to be m o r e  convenient for  p rac t ica l  u se .  By different ia t ing Eq.  (2) 
with r e spec t  to 5, we can find the calculated value of the ave rage  fi lm thickness  for  the corresponding 
veloci ty  p rof i l e .  The r e s u l t s  of such calculat ions for  the exper imenta l  conditions a r e  shown by curve  2 in 
Fig .  2. There  a re  two r ea s ons  for  the d i sc repancy  between the exper imenta l  and calculated data: F i r s t ly ,  
the f i lm with the equivalent ave rage  th ickness  and with the l inear  veloci ty  profi le  adopted in the calculation 
co r responds  to the actual  f i lm s t ruc tu re  which is formed with the flow ra te  corresponding to the stabil i ty 
boundary only in the range v" =20-80 m / s e c .  Secondly, in the fo rm in which it is given, this condition a s -  
sumes  flow with a smooth sur face ,  for  which the energet ic  p rope r t i e s  of the f i lm flow a re  constant  over  
t ime .  The actual  s t ruc tu re  of f i lm flow is such that we can t r ea t  it as  an energe t ica l ly  pulsat ing flow. 
La rge  waves  moving at  a high veloci ty  and incorpora t ing  a la rge  m a s s  of m o v i n g  liquid have a kinetic energy  
higher  than that of the reg ions  of t roughs and smal l  waves which follow them.  Turning back to Eq .  (2), we 
should wri te  Eki n as  the sum of the kinetic energy  spec t ra  of the t rans la t ional  motion of all  pa r t s  of the f i lm,  
and we should wri te  the t e r m  E(r as a function of the sur face  veloci ty  with a c lea r ly  defined nonequil ibrium 
wave mot ion .  To de te rmine  the functional dependences of the components  of the energy  balance on the 
s t ruc tu ra l  and k inemat ic  p a r a m e t e r s  of the f i lm flow, we mus t  of course  analyze the internal  motion of 
the flow --  an e x t r e m e l y  complicated p rob l em.  

Let  us  approach  this p rob lem in a different  way: We note that the rup ture  of the liquid f i lm r eq u i r e s  
a ce r ta in  t ime to occur .  At any point in the flow, as a potential  rupture  zone, the s tabi l i ty  boundary c o r -  
r e sponds  to that s tate in which the kinetic energy  pulse of a la rge  wave is capable of balancing the energy  
expended on s t re tching the fi lm and is capable of prevent ing fur ther  rup tu re .  I f  the t ime in terval  between 
the passage  of two waves  is no longer than the scale  t ime for  the rupture  of the f i lm,  we should rep lace  the 
t e r m  Eki n in Eq.  (2), de termined f rom the ave rage  p a r a m e t e r s ,  by the kinetic energy  of a la rge  wave.  
We introduce the coefficient  of the pulsation of the kinetic energy  of the t rans la t ional  motion,  which is 
equal to the r a t io  of the instantaneous peak kinetic energy  of the wave to the kinetic energy  of a l ayer  of 
the equivalent  ave rage  thickness:  

KE = E~in/Ekin, (6) 

For  e s t i m a t e s  we can use  

~cr;iic~r-ht~[c(y)]3dy" 

0 
(7) 
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Here  the choice of the upper  l imit  for  the integrat ion depends on the flow r e g i m e :  The more  developed 
the s t ruc tu re  of the f i lm flow, the higher  the f ract ion of the energy  which is t r anspor ted  in the wavy l a y e r .  
We have used E q s .  (6) and (7) along with Eq .  (2) and the exper imenta l  r e su l t s  to calculate  the ave rage  f i lm 
th ickness ;  the r e s u l t  is shown by curve  4 in Fig. 2. The calculated values turn out to be quite close to the 
expe r imen ta l  values ,  despi te  the assumpt ions  used in this approach.  

The re la t ive  posi t ions  of curves  3 and4 cor respond  to the initial a s sumpt ions  used in formula t ing  
the s tabi l i ty  condit ions.  The energe t ic  condition de t e rmines  the boundary  cor responding  to the fo rmat ion  
of the rup tu re  zone, while the force  condition desc r ibe s  the same boundary for  the opposite course  of the 
p r o c e s s .  In the la t te r  case  the f i lm thickness  and the flow ra te  i n the f i lmshou lc lbeh ighe r ; t h i s  h y s t e r e s i s  
is ver i f ied  by the exper imenta l  r e s u l t s .  

The stabi l i ty  conditions can be used in p rac t i ce  if we note the re la t ionship  between the local p a r a m -  
e t e r s  and the p a r a m e t e r s  of the r e g i m e .  At p r e sen t  this re la t ionship  can be es tabl i shed only for  a r e -  
s t r i c ted  range  of conditions and a r e s t r i c t e d  range  of physica l  p r o p e r t i e s  of the liquid. We the re fore  ex -  
amine  the d i rec t  re la t ionship  between the specif ic  flow ra te  in f i lm and the p a r a m e t e r s  of the r eg ime  for 
the s tabi l i ty  boundary.  We compare  the r e s u l t s  with the data r epor ted  by other i nves t iga to r s .  Figure  3 
shows the expe r imen ta l  dependences requi red  by P e r m y a k o v  [7] and Zozulya [8] for  horizontal  flow and 
those r epor t ed  by Potorzhinskaya  and Olevski i  [9], Norman  and McIntyre  [10], and Shea re r  and Nedderman 
[11] for  ve r t i ca l  flow. F o r  the case  of f r ee  dra inage,  the data f r o m  the p r e sen t  study agree  well with the 
data f r o m  [9, 10]; for  comoving flow, the nature  of the change in the min imum flow ra te  ag r ee s  qual i ta t ively 
with the data r epor t ed  by Shea re r  and Nedderman:  The higher the gas  veloci ty,  the higher the min imum 
flow r a t e .  The higher values  of q at smal l  values  of v" for  the horizontal  flow re su l t  f r o m  the c i r cums tance  
that  the kinetic ene rgy  of the waves  in this case  is much lower than in the case  of ve r t i ca l  flow, in which 
case  the gravi ta t ional  force  is impor tan t .  At higher veloci t ies  v" we should apparent ly  a s s u m e  the min i -  
m u m  flow ra te  to be independent of the flow orientat ion.  

v" We see  f r o m  these  exper imenta l  r e s u l t s  that the inc rease  [n Eki n at  > 100 m / s e c  slows, because  
the inc rease  in the wave veloci ty  occurs  much more  slowly than the dec r ea se  in the m a s s  veloci ty  in the 
waves .  At the same  t ime there  is an intense inc rease  in the kinetic energy  of the equivalent f ia t  l aye r ,  
because  the i nc r e a s e  in the ave r age  flow veloci ty  v '  leads the dec r ea se  in the thickness  5.  There  is an 
energe t ic  "smoothing"  of the f i lm l a y e r .  This  smoothing,  as  we see f r o m  the energy  condition, leads  to 
a re la t ive  inc rease  in the m a x i m u m  stable  th ickness  or  to d ischarge  in the f i lm.  

The data f rom these  expe r imen t s  co r respond  to flow under  conditions such that drops  do not b r e a k  
away, as well as to conditions such that there  is an intense production of d rops .  For  the dependence shown 
in Fig .  3, the d rops  b r e a k  away in the range  v" =85-95 m / s e c .  I t  follows f r o m  the nature  of the curve that 
this b reak ing  away does  not expl ici t ly  af fec t  the rupture  of the f i lm .  However ,  f i lm rup ture  can cause 
d rops  to b r e a k  away nea r  the rup tu re  boundary; in flow in which d rops  a r e  breaking  away,  the rup ture  in-  
tens i f ies  the drop fo rmat ion .  When dry  regions  fo rm,  the specif ic  flow ra te  in the r emain ing  par t  of the 
f i lm inc r ea se s ,  so that  the th ickness  i n c r e a s e s  t he re .  Drops  a re  m o r e  likely to b r e a k  away f r o m  a thick 
f i lm,  so that drops  enter  the gas  core of the flow more  rap id ly .  

N O TA TI  ON 

Eki n, Ec,, kinet ic  ene rgy  and sur face  energy  of the Hquid layer ,  r e spec t ive ly ;  y, coordinate a c r o s s  
the f i lm; a, sur face  tension of the liquid; p ' ,  dens i tyof  liquids; v ' ,  f i lm velocity;  v" ,  ave rage  veloci ty  of 
gas  flow; 5, f i lm thickness;  5, ave r age  fi lm thickness;  5c r ,  f i lm th ickness  at c r e s t s ;  5 t r ,  th ickness  a t  
t roughs;  c, phase  velocity;  0, edge wetting angle; q, specif ic  flow ra te  of liquid in f i lm.  
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