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B U B B L E  M O D E  O F  F L O W  O F  A G A S - - L I Q U I D  

M I X T U R E  IN A V E R T I C A L  P I P E  

M.  N i i n o ,  O .  N .  K a s h i n s k i i ,  UDC532.529.5 
V .  P .  O d n o r a l  

The r e su l t s  of the m e a s u r e m e n t  of the local  f r ic t iona l  s t r e s s  a t  the wall  in an ascending 
two-phase  s t r e a m  using the  e l ec t rochemica l  method a r e  p resen ted .  

The need to de t e rmine  the coeff icients  of f r ic t ion  and heat t r a n s f e r  in two-phase  f lows,  caused by p rob-  
l e m s  of nuclear  power  engineer ing and chemica l  technology,  in p a r t i c u l a r ,  has led to the appearance  of a l a rge  
number  of invest igat ions of the in tegra l  p a r a m e t e r s  of such flows and the development  of a number  of s e m i -  
emp i r i ca l  and e m p i r i c a l  calculat ion methods based on t hem [1, 2]. The d ive r s i ty  of f o r m s  of flow of two-phase  
media ,  however ,  leads to the fact  that  t he r e  is p resen t ly  an absence  of sufficiently un ive r sa l  calculat ing m e t h -  
ods yielding sa t i s f ac to ry  r e su l t s  in the ent i re  range  of va r ia t ion  of the flow p a r a m e t e r s .  The p rob lem of in-  
vest igat ing the detai led s t r u c t u r e  of two-phase  flows in o rde r  to  c r ea t e  ma themat i ca l  models  which m o r e  ade -  
quately re f l ec t  the flow p rope r t i e s  becomes  urgent  in this  connection. 

Recent ly ,  t he r e  have appeared  a number  of r epo r t s  devoted to measu r ing  the dis t r ibut ions over  a channel 
c ro s s  sect ion of the local  veloci t ies  of the phases  and the  gas  content,  as well  as the s imp le s t  pulsat ion c h a r a c -  
t e r i s t i c s  of the flow [3-6]. To obtain fu l le r  informat ion  about two-phase  s t r e a m s  one mus t ,  in addition to ex-  
panding the range  of var ia t ion  of the p a r a m e t e r s ,  supplement  the r e su l t s  of the above- indica ted  work by the 
m e a s u r e m e n t  of o ther  impor tan t  flow c h a r a c t e r i s t i c s ,  one of which is the local  f r ic t ional  s t r e s s  at  the wall.  

The goal of the p re sen t  work is to  d e t e r m i n e  the behavior  of the coeff icient  of f r ic t ion during the a s -  
cending flow of a gas- - l iquid  mix tu re  in the bubble mode and at the s t a r t  of the  plug mode using the e l e c t r o c h e m i -  
cal  method,  which allows one to de t e rmine  the local  shea r  s t r e s s  at the pipe wall.  

The exper imen t s  were  c a r r i e d  out on an ins ta l la t ion for  which a d i a g r a m  is p resen ted  in Fig,  1. The 
ins ta l la t ion  consis ts  of a l iquid-t ight  c i rcula t ion  loop having ascending and descending channels of round c ro s s  
sec t ion  with an inner  d i a m e t e r  of 86.4 m m .  All the m e a s u r e m e n t s  were  made  in the ascending sect ion.  The  
channel  had t r a n s p a r e n t  i n s e r t s  of p las t ic  for  v isual  observa t ion .  

The liquid was pumped through the  loop with a cent r i fugal  pump having a m a x i m u m  output of 50 m3/h. 
The gas  was supplied,  as shown in Fig .  l c ,  through the cy l indr ica l  sec t ion  of a porous pipe 40 m m  in d i a m e t e r  
and 80 m m  long located at the en t rance  to  the ascending channel.  The  liquid and gas  we re  the rmos ta t i ca l ly  
control led a t  a t e m p e r a t u r e  of 24 •176 ahead of the ent rance  to the working sect ion.  The flow r a t e s  of the 
liquid and gas  were  de te rmined  with f lowmete r  d i aph ragms .  The m e a s u r e m e n t s  were  made in the c ross  s e c -  
t ion lying at a d is tance  of 4.750 m (55 d i ame te r s )  f r o m  the point of gas  supply.  A constant  p r e s s u r e  of 1.5 a tm.  
abe.  was maintained in the m e a s u r e m e n t  c ro s s  sect ion wi~h the help of th ro t t le  devices  a t  the outlet of the work-  
ing sect ion.  
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Fig. 1 Fig. 2 
Fig. 1. Diagram of installation: a) ascending--descending flow; b) ascending flow; c) diag- 
ram of gas supply; 1) visualization section; 2) measurement  unit; 3) liquid supply; 4) gas 
supply; 5) gas outlet. 

Fig. 2. Dependence of ~ l l  shear  s t r e ss  on f low-rate  gas content: a) Re = 70,000; b) 
20,000; I) purely ascending flow {diagram of Fig.  lb); II) ascending--descending flow (diag- 
ram of Fig. la);  HI} function obtained in Ill. T, to, N/m2; ~, %. 

The ascending and descending channels were connected in two schemes (Fig. 1). In the scheme of Fig. 
l a ,  the sect ions a re  joined by a bend and the separat ion of gas f rom liquid occurs  in the tank-s eparator  af ter  
the mixture passes  through the descending section. With such a scheme it is possible for the descending flow 
to affect the ascending flow, and therefore  in the course  of the work the installation ~ s  al tered in accordance  
with the scheme of Fig. lb .  In this scheme the ascending and descending sections are  joined tl~rough a tank 
with a volume of 80 l i ters .  The separat ion of the gas ,  which is vented into the a tmosphere ,  occurs  in this 
tank, while the liquid falls f reely through the descending section and then overflows into the lower tank. 

The measurements  of the ~11  shear  s t r e s s  were made using the e lec t rochemical  method [7, 8]. The 
end of a platinum plate ~4th a c ross  section of 0.2 • ram, soldered into a glass  tube and ground flush ~4th 
the wall, served as the pickup. A solution of 0.5 N sodium hydroxide and 0.01 N potassium t 'erri-  and f e r r o -  
cyanide in distil led water served as the working" liquid. The a i r  was supplied from h igh-pressure  tanks through 
a sys tem of r educe r s .  

The e lec t rochemical  fr ict ion pickups were calibrated during one-phase fluid flow in the pipe. In the cal i-  
bration the shear  s t r e ss  ~as determined f r o m  the kcno~Tn liquid flow rate  by the Blasius equation. All the shea r -  
s t r e s s  measurements  were made by the sys tem of pickup ca l ib ra t ion- -measurement - - reca l ib ra t ion .  In one 
mode the repreducibi l i ty  of the pickup current  between the calibrat ions was no worse than 0 ~- .a, L .~-~ :,c. The accu r -  
acy of the measurement  of the x~all shear  s t r e s s  ~was 3-59~. 

The measurements  were made at two values of the Reynolds number (constructed from the reduced velo-  
city and viscosi ty  of the liquid and the chalmel diameter)  --  20,000 and 70,000. A constant liquid velocity was 
maintained in the experiments while the bulk f low-ra te  gas content fl x~s varied in the range of 0-259~at Re  :-- 
70,000 and up to 50% at Re = 20,000. The bubble, t ransi t ional ,  and the s ta r t  of the plug modes of flow of the 
gas--l iquid mixture occur red  at these values o~" ~. 

The measurements  made of the/ ' r ic t ional  s t r e ss  at the channel ~11  in the two-phase  s t ream showed 
the complicated charac te r  of the variat ion of this quantity. The present ly  \~despread methods of calculating 
two-phase  flows {1, 2, 91 yield a monotonic grouch of T ~ t h  an increase  in the f low-ra te  gas content, ~4th 
the fr ict ional  s t r e s s  in a two-phase s t r eam differh~g little l 'rom the fr ict ion in a one-phase s t ream at the same 
liquid flow rate  at low values of fl (up to ~ 30%). In our experiments (Fig. 2) we observed a considerable  
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Fig .  3. Photographs  of flow in channel:  a) mode II; b) mode I. 

i n c r e a s e  in the f r i c t iona l  s t r e s s  in compa r i son  with that of a one-phase  s t r e a m .  Moreove r ,  the va r i a t ion  in 
f r i c t i ona l  s t r e s s  with gas  content was not monotonic:  a d rop  in T with an i n c r e a s e  in fl o c c u r r e d  in the t r a n s i -  
t ional  mode.  

A l so  a pecu l i a r i t y  of flow with the above- ind ica t ed  p a r a m e t e r s  was the p re sence  of a c e r t a i n  ins tab i l i ty  
and,  as  a consequence of t h i s ,  the absence  of a one - to -one  dependence T(fl) at a constant  liquid veloci ty .  The 
c h a r a c t e r  of the  flow behavior  was inves t iga ted  in more  de ta i l  at  a Reynolds number  of 70,000. S imul taneous-  
ly with the m e a s u r e m e n t s  we made v isua l  obse rva t ions  of the flow pa t t e rn  d i r e c t l y  ahead of the c r o s s  sec t ion  
in which the e l e c t r o c h e m i c a l  pickup was mounted.  

The r e s u l t s  of the m e a s u r e m e n t s  of the wall s h e a r  s t r e s s  a r e  p re sen ted  in F ig .  2. At Re = 70,000 and 
fl < 7% the m e a s u r e d  va lues  of T g r e w  monotonica l ly  with an i n c r e a s e  in fl, with the expe r imen ta l  points lying 
along one curve  when the m e a s u r e m e n t s  were  r epea t ed  many t i m e s .  But the ex i s tence  of two bubble modes of 
flow, c h a r a c t e r i z e d  by e s sen t i a l l y  d i f ferent  values  of the wall s h e a r  s t r e s s  (curves I and II in F ig .  2a),  took 
p lace  upon an i n c r e a s e  in the gas  content and up to the t r a n s i t i o n  to the  plug mode of flow. Both modes were 
s t ab le  and could ex is t  for  quite a long t i m e .  The o c c u r r e n c e  of one flow mode or  another  depended on some  
uncontrol led  random fac to r s  in the turning on of the expe r imen ta l  ins ta l la t ion .  In some cases  modes I and II 
ex is ted  for  s e v e r a l  hours  while in o thers  a r eo rgan i za t i on  f rom one mode to the other  o c c u r r e d ,  with the d u r a -  
t ion of this  t r a n s i t i o n a l  p r o c e s s  being va r i ed :  f rom 1-2 min to  1 h. The new mode fo rmed  a f t e r  the r e o r g a n i z a -  
t ion a l so  might  not be fully s t ab l e ,  and in a number  of cases  the  r e v e r s e  r eo rgan iza t i on  of the flow o c c u r r e d .  

S t r e a m  photographs  taken at  the s t a r t  and end of the p r o c e s s  of t r a n s i t i o n  f rom one mode to the other  
a r e  p r e sen t ed  in F ig .  3. Mode H o c c u r r e d  f i r s t  (Fig. 3a). This is not a pure ly  bubble mode: bubbles of l a rge  
d i a m e t e r ,  c o m p a r a b l e  with the channel  s i z e ,  appea r  a t  the cen te r  of the channel;  a c ons i de r a b l e  s c a t t e r  in 
bubble s i ze s  is  obse rved  in addi t ion.  Mode I (Fig.  3b) is  a pure ly  bubble mode and a l l  the bubbles have c lose  
s i ze s ;  the mean bubble s i ze  is  l e s s  than that  in mode II. 

The given phenomenon o c c u r r e d  when the ascending  and descending channels were  joined in acco rdance  
with both s chemes  (Fig.  l a ,  b). In ne i the r  case  was the p r e f e r r e d  development  of one or  the  o ther  mode ob-  

s e r v e d .  

The flow in the region of a t r ans i t i on  f rom the bubble to the plug mode of flow (~ = 18-22% at Re = 70,000 
and 33-40% at Re = 20,000) is very  compl ica ted .  A monotonic drop  in the f r i c t iona l  s t r e s s  to the value c o r r e s -  
ponding to the developed plug mode occu r r ed  in the ins ta l l a t ion  built in acco rdance  with the s c h e m e  of F ig .  l a ,  
r e g a r d l e s s  of whether  the  movement  was along l ine I or  II. When the ascending and descending channels were  
s e p a r a t e  (Fig.  l b ) ,  the p r o t r a c t i o n  of the bubble mode up to fl = 21~c with a subsequent  sha rp  breaking off of 
the flow to developed plug flow took p lace  in a number  of cases  (when the points lay along l ine I with an in-  
c r e a s e  in fl). A one - to -one  dependence T(fl) at a constant  l iquid veloci ty  was again observed  in the plug mode.  
It should a l so  be noted that  with a d e c r e a s e  in fi the t r ans i t i on  f rom the developed plug mode to the bubble mode 
could take p lace  along e i the r  l ine I or  II. 
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The fr ict ional  s t r e s s  at Re = 20,000 was measured  only on the installation built in accordance  with the 
scheme of Fig. lb ,  s ince in the scheme of Fig. l a  at the given liquid velocity in the descending channel plugs 
of grea t  length (more than 1 m) formed which moved very  slowly upward and broke upon reaching the top bend, 
which produced strong low-frequency oscillations (with a period of severa l  tens of seconds) in the liquid flow 
rate .  This made it impossible  to conduct measurements .  

The cha rac t e r  of the behavior of T(fl) at Re = 20,000 (Fig. 2b) was qualitatively the same as that at the 
higher Reynolds number.  At fl > 10% the experimental  points spread out into l aye r s ,  and this had a random 
nature with possible t ransi t ions from one state to the other.  The flow behavior was the most  stable at fi = 
30-37%. The t ransi t ion to the developed plug mode with a considerable  dec rease  in the f r ic t ional  s t r e ss  at 
the wall occur red  in a nar row reg ionofva lues  of fi = 32-37%. A sharp  r i se  in ~ occur red  at higher gas contents.  

We tested whether or not the phenomena descr ibed above a re  a consequence of the instability of operation 
of the gas-bubble  genera to r ,  owing, e. g . ,  to incomplete ventilation of the pipe pores  through which the gas 
was introduced into the s t ream.  For  this purpose the tests  were repeated with pre l iminary  ventilation of the 
porous pipe for 1-1.5 h (during which the working sect ion of the porous pipe was above the liquid level) and with 
subsequent supply of liquid without turning off the gas ,  with pre l iminary  turning on of the liquid and subsequent 
supply of the gas ,  and with interruptions in the gas supply of different durat ions.  No effect of the initial state 
of the gas-bubble  genera tor  was noticed. 

The distribution of the t rue  gas content in the measurement  c ross  section was measured for a more  de-  
tailed study of the flow s t ruc ture .  The quantity ~0 gas  determined by the e lectr ical-conduct ivi ty  method [3, 6]. 
The measurements  were made at Re = 70,000. At f i rs t  the measurement  of the t rue gas content at two fixed 
points at distances of 0.5 and 1 mm f rom the wall were made in paral le l  with the measurement  of the frictional 
s t r e s s .  The behavior of ~o near the wall grea t ly  r e sembles  the behavior of r /T  0. Higher values of the gas con- 
tent (up to 40%) near the wall occur  in the bubble mode of flow; during reorganizat ion of the mode of flow from 
mode I to mode 1I the value of q) near the wall drops sharply (the gas goes f rom the wall to the center  of the 
pipe). An analogous pattern of radial  distribution of ~0 was obtained in a number of other repor ts  [5, 6]; how- 
ever ,  the data of these authors were obtained for stable bubble and plug modes of flow. 

In one of the tests  the reorganizat ion of the flow s t ruc tu re  took place very slowly, so that the total radial  
profiles of the t rue  gas content could be measured  before and after  the reorganizat ion (Fig. 4). It is seen that 
in mode I the value of ~0 near the wall is considerably higher than at the point lying on curve 1I at the same ft. 
At the same t ime,  the opposite pat tern occurs  in the central  part  of the pipe. It should also be noted that the 
~0 profi le corresponding to curve H has three  maxima (two near  the wall and one weak one at the center  of the 
pipe), which is a lso charac te r i s t i c  for  the t ransi t ion to the plug mode. For  a point lying on curve I the central  
par t  of the ~o profi le  is flat. 

The resul ts  presented show that under the conditions under which the measurements  were made there  is 
a s t rongdependence of the s t ruc tu re  of the two-phase  flow on the initial conditions (in par t icu lar ,  such a pa ra -  
meter  as the dispers ion of the initial s ize  of the gas bubbles can prove important).  Such behavior is evidently 
inherent to flows at low liquid velocities s ince,  as shown in [6], at a liquid velocity of 3 m / s e c  the same equili- 
br ium flow s t ruc ture  fo rms ,  r egard less  of the conditions of introduction of gas into the pipe. The presence  of 
the descr ibed effects at low liquid velocities is connected with the fact that in the overal l  balance of the energy 
of turbulent flow the free energy of the phase interface is comparable  with the energy of turbulent pulsations 
of the liquid, so that even smal l  changes in the dimensions of the gas bubbles make a significant contribution 
to theba lance  ofthe energy of two-phase flow and can significantly a l ter  its s t ruc ture .  A detailed investigation 
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of the prof i les  of the liquid veloci ty and the intensi ty of the turbulent  pulsat ions is now being conducted for  a 
future  invest igat ion of the flow in the indicated range  of the p a r a m e t e r s .  

N O T A T I O N  

r ,  wall shea r  s t r e s s ;  r0, wall s h e a r  s t r e s s  in one-phase  flow; fl, bulk f low- ra te  gas content; ~ ,  local  
t r ue  gas  content; R,  pipe radius;  y ,  d is tance  f r o m  wall; Re,  Reynolds number ,  const ructed f r o m  reduced 
veloci ty  and v iscos i ty  of the liquid. 
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H E A T  E X C H A N G E  IN F I L M  C O N D E N S A T I O N  O F  

S T A T I O N A R Y  V A P O R  ON A V E R T I C A L  S U R F A C E  

I .  I .  G o g o n i n ,  A .  R .  D o r o k h o v ,  
a n d  V .  I .  S o s u n o v  

UDC 536.248.2 

New exper imen ta l  data a r e  p resen ted  on the condensat ion of chladone-21 on ve r t i ca l  tubes 
over  a wide range  of Reynolds numbers  and a r e  compared  with theore t i ca l  r e su l t s .  

The heat exchange when a pure  s ta t ionary  sa tu ra ted  vapor  condenses on a ve r t i ca l  su r f ace  was f i r s t  
cons idered  by Nussel t  [1] in the case  of l am i na r  flow of a f i lm of condensate.  He obtained the following r e l a -  
t ion for  the mean h e a t - t r a n s f e r  coeff icient  (~ for  condensation on a ve r t i c a l  plate  of height L: 

4 , .  , " 
= 0,943~ ~Sp (p, p") r g / ~ S t L  . 

In d imens ion less  fo rm Eq. (1) can be wri t ten as 

(a/k) (vZ/g) ';s = 0,925Re-'/a. 

(1) 

(2) 

Nussel t  made a number  of assumpt ions  in der iving Eq. (1), the c o r r e c t n e s s  of which was conf i rmed by l a t e r  
invest igat ions .  A rev iew of the work  on this question can be found in [2]. It has been es tabl ished that  for  
l amina r  flow of a f i lm of condensate  t he r e  is no need to introduce any additional co r rec t ions  to (1) when Pr  _> 
1, and K ~ 5, s ince they lie within the l imits  of expe r imen ta l  accu racy .  Here  P r  = v / a ,  K = (r/c)At a r e  the 
Prandt l  and Kutateladze c r i t e r i a .  

However ,  Eq. (1) has an ex t r eme ly  l imited a r e a  of applicat ion s ince purely  l amina r  flow of a f i lm of 
condensate  only occurs  for  ve ry  smal l  Reynolds numbers  of the f i lm Re = q L / p r  = G / v .  

For  Re ~ 5 waves a r e  fo rmed  in the flowing f i lm which intensify the heat t r a n s f e r .  Attention was f i r s t  
dra~m to this in [3]. In [4] for  Reynolds numbers  of the f i lm charac te r i z ing  the beginning of wave format ion ,  
the following re la t ionship  was proposed:  
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