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An exper imenta l  method has been developed for  de termining the separa t ion  boundary on 
the basis  of a drop indication in the gas s t r e am,  and data a r e  shown on the separa t ion  
veloci ty  of drops  in a two-phase  flow through a shor t  channel. 

At present  the c r i t i ca l  veloci ty  of gas flow, at which drops  sepa ra t e  f r o m  the liquid f i lm sur face  and 
a r e  ca r r i ed  away, is de termined e i ther  by the total  f l ow- ra t e  balance in the channel and in the f i lm, or 
by the change in the hydraulic  r e s i s t ance  of the channel, or visually.  None of these  methods ensures  r e -  
l iable r e su l t s  when the flow of a two-phase  s t r e a m  in a shor t  channel (channel length comparab le  to channel 
d iameter)  is measured .  Indeed, it  is v e r y  difficult to es tabl i sh  when d i scharge  begins by balancing the 
flow ra te  in the channel with the flow ra te  in the boundary layer ,  since this involves subtract ing large 
numbers .  Because  of the sma l l  channel length, a change in the hydraul ic  r e s i s t a n c e  brought about by the 
beginning of separa t ion  is difficult  to r ecord  accura te ly .  A visual  de te rmina t ion  of when separa t ion  begins 
is to some extent subjective,  s ince ini t ial ly the forming drip layer  has a low densi ty  and occupies a smal l  
volume d i rec t ly  adjacent  to the f ree  sur face  of the f i lm. For  a study of f i lm flow in curved charmels of 
nonuniform c r o s s  section,  where  separa t ion  may occur  within a na r rowly  locaktzed regiort, none of these 
methods yields the t rue  f l o w p a t t e r n  and can be used at all. 

The method which the authors  have used for de termining  the separa t ion  boundary involves a .reading 
of the moi s tu re  content in the gas s t r e a m  and is devoid of all  these  drawbacks  and is thus sui table for  m e a -  
su remen t s  with an accu racy  ent i re ly  adequate for  many conditions of two-phase  flow. 

The method is based on the following principle.  Into a gaseous  nucleus of two-phase  flow one in se r t s  
a t r ansduce r  containing a twoL or mul t ie lec t rode  set  (Fig. 1) by which drops  of mois tu re  in the s t r e a m  a r e  
detected. When a drop of liquid fai ls  on the top su r face  of the t ransducer ,  one of the e lec t r i ca l  p a r a m -  
e t e r s  of this device will change as a resul t :  e i ther  the capaci tance,  which will i nc rease  by a lmos t  two 
o rde r s  of magnitude on account  of the d ie lec t r ic  permi t t iv i ty  of water  being so much g r e a t e r  than that of 
the gas,  or the r e s i s t ance  - and in both cases  it is absolute ly  n e c e s s a r y  that the t r ansduce r  e lec t rodes  
he bridged by the liquid. The design of the measu r ing  c i r c ~ t  depends on the choice of the opera t ing p a r a m -  
e ter .  In the f i r s t  case  the secondary  c i rcui t  must  be sensi t ive  to capaci tance fluctuations and must  be 
able to r ecord  i ts  s l ightest  changes;  in the second case  the c i rcui t  mus t  respond to the t r ansducer  con-  
ductance. The authors  used a circui t  for  measu r ing  the e lec t r i ca l  conductance of the t ransducer .  

The measu r ing  c i rcu i t  (Fig. 1) includes the t r ansducer  A, an ampl i f i e r  B with a voltage supply C, 
a ca thode- ray  osci l lograph D, a r e f e r ence -vo l t age  genera to r  E with a vacuum-tube  vo l tme te r  F for  check-  
ing the input, and an integrat ing network G with a needle- indica tor  ins t rument  H. In order  to e l iminate  
the effects  of poIar izat ion,  the t r ansduce r  c i rcui t  i s  energized f r o m  a 0.3-0.8 V ~-10 kHz supply. The 
modulated pulses genera ted by mois tu re  drops  failing on the act ive endpiece ofthe t r ansducer  a r e  s a b s e -  
quently amplif ied,  then demodulated,  and fed through switch S ei ther  to the ca thode - ray  osc i l lograph or 
to the integrat ing network and the needle- indica tor  ins t rument  R on which they a r e  recorded~ The neces -  
s a r y  sensi t iv i ty  level for  th~s c i rcui t  is es tabl ished by the r e f e r ence  voltage and the ampl i f i e r  gain 
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Fig.  1. Schemat ic  d i a g r a m  of a measu r ing  c i r cu i t  for  the s epa ra t i on  indica tor .  

Fig.  2. Sens i t iv i ty  c h a r a c t e r i s t i c  of the t r a n s duc e r  with a = 30 ~ (a), and probing curves  
for  a d r ip  l aye r  with cofluent p rec ip i ta t ion  (b): wate r  flow ra t e  3.60 c m 3 / s e c ,  ~ = 180 ~ 
1) V" = 60; 2) 71.0; 3) 110.5; q~ = 90~ 4) V" = 110.5 m / s e c .  

o,z 

In o r d e r  to r educe  flow pe r tu rba t ions  introduced by the p resence  of the device in the s t r e a m ,  the 
i m m e r s e d  par t  of the t r a n s d u c e r  is  made as  sma l l  as  1-1.8 mm in d iamete r .  T r a n s d u c e r s  with s t a in l e s s  
s t ee l  e l e c t rodes  have the contact  su r f aces  polished to a m i r r o r  lus ter .  In o rde r  to i n c r e a s e  the contact  
su r face  and, consequently,  the quanti ty of s imul taneous ly  r eco rded  moi s tu re  drops ,  the ac t ive  end of the 
t r an sduce r  is  incl ined at  a 120-150 ~ angle to i ts  ax is .  Tes t s  pe r fo rmed  using t r a n s d u c e r s  with di f ferent  
inc l ina t ion  angles  of the ac t ive  su r face  and with d i f ferent  numbers  of e l ec t rodes ,  as  shown in Fig. l a ,  b, c, 
have es t ab l i shed  that the input s ignal  level  in the same wet s t r e a m  i n c r e a s e s  as  the contact  su r face  of the 
t r a n s d u c e r  endpiece or as the length of the i n t e r e l e c t r o d e  gap i n c r e a s e s ,  but d e c r e a s e s  as  the width of 
the i n t e r e l e c t r o d e  gap i n c r e a s e s .  

The r e s u l t s  of a cofluent p rec ip i t a t ion  study a r e  useful in v i sua l iz ing  the effect of a mo i s tu re  s t r e a m  
on the t r a n s d u c e r .  The concent ra t ion  and the s ize  of drops  in a d r ip  l aye r  a r e  both nonuniformly d i s t r ibu ted  
in the t r a n s v e r s e  d i r ec t ion  (normal  to the t r a n s duc e r  wall) as  well  as  in the longitudinal d i rec t ion  (along 
the s t r eam) .  Inasmuch as  the s epa ra t i on  p roces s  along a f i lm is a continuous one, any t r a n s v e r s e  sec t ion  
of the d r ip  l aye r  contains drops  of the same  d i a m e t e r  but d i f ferent  ve loc i t i es :  drops  which have sepa ra t ed  
e a r l i e r  move f a s t e r  than drops  which a r e  separa t ing  f rom the f i lm just  ahead of a pa r t i cu l a r  section.  
Since the s t r e a m  is  not long, as  a r e s u l t  of turbulent  and diffusive mass  t r ans f e r ,  the s m a l l e s t  d rops  a r e  
the f i r s t  ones to move toward the outer  boundary of a d r ip  Layer - but a few l a r g e r  drops  a r e  a l so  able to 
d rag  along. These  l a t t e r  ones were  found in our t e s t s  to have a d i a m e t e r  of 20-120 p under normal  condi-  
t ions at a gas - f low ve loc i ty  of 90-110 m / s e c .  

In the immed ia t e  v ic in i ty  of the f i lm there  move many la rge  drops  at  d i f ferent  ve loc i t i es .  As the 
d i s tance  f rom the f i lm i n c r e a s e s ,  the mo i s tu re  concent ra t ion  in the gas s t r e a m  d e c r e a s e s  because  of the 
s m a l l e r  quanti ty of drops  and the i r  s m a l l e r  d i ame te r .  Such a s t ruc tu re  of a d r ip  l aye r  p r e d e t e r m i n e s  the 
in t e rac t ion  between mo i s tu re  s t r e a m  and t r ansduce r .  

At the outer  boundary of the d r ip  l ayer ,  the s t r e a m  consis t ing e s sen t i a l l y  of smal l  drops only a few 
mic rons  in d i a m e t e r  flows around the t r a n s d u c e r  a lmos t  without p rec ip i ta t ing  on its front  end. Some of the 
drops  in this  r eg ion  with a medium or l a rge  d i ame te r ,  when s t r ik ing  the front  end of the t r a n s duce r  
e i ther  p rec ip i t a t e  here  and a r e  then knocked off by the s t r e a m ,  or a r e  broken down into s m a l l e r  ones which, 
a f t e r  being re f l ec ted ,  a r e  c a r r i e d  off in the gas s t r e a m .  As the t r ansduce r  is  shifted toward the f i lm,  the 
number  of l a rge  drops  fal l ing on i ts  f ront  end i n c r e a s e s .  The f rac t ion  of drops  with a high kinet ic  energy  
i n c r e a s e s  he re  too; in te rac t ion  of these  drops  with the front  end of the t r a n s duc e r  is  manifes ted  by the i r  
powerful  r e f l ec t ion  and by the breaking  down of those l a rge  drops  which had remained  intact  during the i r  
prec ip i ta t ion .  The re f l ec ted  and comminuted drops ,  which a r e  now moving f rom the t r ansduce r  aga ins t  the 
main  s t r e a m ,  quickly lose  the i r  ve loc i ty  and, dragged by the gas s t r e a m ,  they flow around the t r a n s d u c e r  
on two s ides .  As a r e su l t  of a l l  these  effects ,  a cloud of secondary  drops  fo rms  above the front  end of the 
t r a n s d u c e r ,  beginning a t  the outer  boundary of the d r ip  l aye r ,  and its dens i ty  as  well  as  th ickness  i n c r e a s e  
as  the t r a n s d u c e r  is  moved around.  
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Fig. 3. Thickness  of dr ip layer  as a function of the gas veloci ty  in a cofLuent s t r eam:  water  flow rate :  1) 
8.36; 2) 2.51; 3) 0.63; 4) 0.365; 5) 0.19 c m 3 / s e c .  

Fig. 4. Compar i son  of data on breakaway s t a r t  for  a cofluent s t r e a m  incident two-phase  flow in long and 
shor t  channels: 1) [2]; 2) [3]; 3) authors  T data. 

Various sections of the front  su r face  were  microphotographed with a f lashbulb giving an effect ive 
exposure  t ime  of 10 -7 sec;  and an analys is  of the p ic tures  shows that there  is  no s table  moi s tu re  concen-  
t ra t ion  anywhere  a c r o s s  the ent i re  thickness  of the dr ip  layer .  No fo rmat ion  of a continuous f i lm or no 
significant drop accumulat ions  have been detected. Although there  is a la rge  quantity of mois tu re  per t r a n s -  
v e r s e  sect ion of the t r ansducer  adjoining the f i lm region,  v e r y  li t t le moi s tu re  is re ta ined on the t r a n s -  
ducer  sur face  in the fo rm of powerful droplike per turbat ions ,  as noted by  the low level  of the ins t rument  
output signal. The probabi l i ty  of the e lec t rodes  being bridged by drops  whose d i ame te r  is l a rge r  than the 
in te re lec t rode  gap length will be proport ional  to the quantity of such drops  in the s t r e am,  and under our 
t es t  conditions was a lmos t  nil. 

With the t ransducer  oriented at  an angle (p = 60-90 ~ one obse rves  an increas ing  number  of pulses  
with an increas ing  ampli tude (Fig. 2a) produced by an oblique impact  of drops  on the act ive  endpieee, as a 
r e su l t  of which drops  with a d i ame te r  s m a l l e r  than the in te re lec t rode  gap length become deformed and 
br idge the e lec t rodes .  The length of Lime for  such a p rocess  is 0.15-0.17 msec ,  as  has been measured  on 
the ca thode- ray  osc i l lograph screen.  

As the angle is inc reased  up to 180 ~ a s table  accumula t ion  of moi s tu re  appea r s  on the act ive  end-  
piece in the f o r m  of a swollen f i lm or a v e r y  la rge  dangling drop spread  over  the ent i re  endpiece surface .  
These format ions  a r e  made up p r i m a r i l y  of the sma l l e s t  drops ,  which the eddies drag  into the wake be-  
hind the t r ansducer  and deposi t  on the back  sur face .  Measu remen t s  have shown that the p rocess  of moi s tu re  
accumulat ion on the back sur face  takes  place anywhere  within the dr ip  layer  and is mos t  intensive a t  the 
outer  f i lm boundary, where  the moi s tu re  s t r e a m  consis ts  predominant ly  of smal l  drops.  

A probing cha rac t e r i s t i c  typical  for  a dr ip layer  is shown in Fig. 2b. Tes t s  were  pe r fo rmed  with c o -  
fluent precipi ta t ion in a shor t  rec tangula r  channel (length of the f i lm flow region up to the ins t rument  loca -  
t ion was 250 mm) having a c r o s s - s e c t i o n  a r e a  58 x 136 m m  and f i lm flow induced along one of its wide 
walls .  The max i m um  level of the output signal cor responded to the outer boundary of the drip layer  when 
the t r ansduce r  was oriented with i ts  ac t ive  end along the s t r e a m  (r = 180~ which can be explained by the 
just descr ibed  mechan i sm of moi s tu re  accumula t ion  on the t r ansducer  endpiece. On the d iag ram a re  shown 
the probing curves  for the dr ip  layer  at  th ree  values of mean a i r  s t r e a m  velocity,  tt is evident here  that,  
as  the a i r  ve loci ty  d e c r e a s e s ,  the peak output signal with its r ight  edge cor responding  to the drip layer  
boundary shifts toward the f i lm behind this dr ip layer  boundary. In pract ice ,  the t r ansduce r  can be used 
with a wide range  of angles  r (Fig. 2a). At q~ = 180 ~ however ,  the r ight  edge of the peak becomes  s teepes t  
and this is v e r y  favorable  for  record ing  the c r i t i ca l  thickness  of a dr ip  layer  on whose outer boundary the 
moi s tu re  concentrat ion is ex t r ao rd ina r i ly  low with the boundary i tself  b lur red .  

The c r i t i ca l  veloci ty  of separa t ion  will be de te rmined  by a change in the thickness  of the drip layer  
adjacent  to the f r ee  sur face  of the f i lm. Thus, we m e a s u r e  the thickness  of the drip l ayer  - while the liquid 
flows at  a constant ra te  - beginning at  a gas veloci ty  known to be higher than the separa t ion  velocity.  The 
dr ip  layer  thickness de te rmined  in this way for  five different  liquid flow ra t e s  is shown in Fig. 3. On the 
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assumpt ion  that the layer  thickness  is a monotonic function of the gas veloci ty,  the separa t ion  boundary 
will be de te rmined  by that m ax i m um  gas  veloci ty  at  which the drip layer  thickness  is stil l  zero.  This 
ve loci ty  co r re sponds  to the point where  the curve  of dr ip layer  thickness ve r su s  gas veloci ty  5 = f(V") 
i n t e r sec t s  the axis  of a b s c i s s a s  and is eas i ly  de te rmined  f r o m  the data in Fig. 3. 

A compar i son  between our r e su l t s  and those obtained by other authors  can be made on the bas is  of 
the flow instabi l i ty  d i ag ram for  two-phase  s t r e a m s  in an appropr i a t e  s y s t e m  of coordinates  [1]. Tes t s  r e -  
sul ts  for  a i r - w a t e r  mix tu res  [2] and v a p o r - w a t e r  mix tu res  [3] a r e  shown in Fig. 4 plotted according  to 
the c r i t i ca l  evaluat ion in [1]. Our tes t  points fal l  within the same  region as the points obtained by other  
authors  for  long channels and they lie c lose  to the s t ra igh t  line r ep resen t ing  the re la t ion  K = 3T -~176 
The trend of this line indicates  that the beginning of the separa t ion  p rocess  is de termined by the p a r a m -  
e t e r s  of the gas  and the liquid phase a t  any given point on the separa t ion  sur face ;  the effect  of channel 
geome t ry  should be a subject  of additional s tudies.  
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NOTATION 

is the angle between drip flow and the plane of longitudinal s y m m e t r y  in the 
t r ansduce r ,  deg; 
is the angle between the longitudinal axis and the act ive  endpiece of the t r a n s -  
ducer ,  deg; 
is the voltage at  the ins t rument  output t e rmina l s ,  V; 
is the dis tance along the no rma l  to the wall, ram; 
is the thickness of the dr ip  layer ,  ram; 
is the mean veloci ty  of the gas s t r e a m ,  m / s e c ;  

a r e  the reduced veloci t ies  of the liquid and the gas,  respec t ive ly ,  m / s e c ;  
a r e  the densi t ies  of the liquid and the gas,  respec t ive ly ,  kg /m3;  
is the acce l e r a t i on  of gravi ty ,  m / s e c 2 ;  
is the sur face  tension, k g / m ;  
is a constant;  
is the channel d iamete r ,  m. 

i. 

2. 

3. 
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