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The de te rmina t ion  of the coeff ic ients  of f r ic t ion and heat  and m a s s  exchange in a turbulent  two-phase  
flow is a v e r y  impor tan t  p rob lem today both f rom the pure ly  scient i f ic  point of  view and for  many  technical  
appl ica t ions .  The main  difficulty in solving this  p rob lem is the la rge  number  of p a r a m e t e r s  affect ing the 
s t ruc tu re  of the two-phase  flow. A knowledge of the flow ra t e s  of liquid and gas is not sufficient  for  d e t e r -  
mining even the a v e r a g e  c h a r a c t e r i s t i c s  of the two-phase  flow. The s t ruc tu re  of the flow, and consequent ly  
the p r o p e r t i e s  of the turbulent  t r a n s f e r ,  will a l so  be affected by the dis t r ibut ion of phases  over  the c r o s s  
sect ion of the channel,  the com pre s s i b i l i t y  of the gaseous  phase ,  the gravi ta t ional  fo rces ,  and the detai led 
s t ruc tu re  of the p r o c e s s e s  on the g a s - l i q u i d  in te r face .  

The t rad i t iona l  approach  to the p rob l em of studying the c h a r a c t e r i s t i c s  of two-phase  flows is to d i s -  
t inguish speci f ic  flow r e g i m e s  [1, 2], the m o s t  impor tan t  of which in a v e r t i c a l  tube a r e  the  bubble r eg ime ,  
the plug r e g i m e ,  and the d i s p e r s e d - a n n u l a r  r e g i m e ,  with subsequent  calculat ion accord ing  to va r ious  models ,  
which a re  usual ly  appl icable  to one of the r e g i m e s .  This  scheme  gives s a t i s f ac to ry  r e su l t s  only if two con-  
ditions a r e  sat isf ied:  f i r s t  of all,  i f  some equi l ibr ium s t r u c t u r e  is es tabl i shed fa i r ly  rapidly ,  and secondly,  
if  a l l  the flows in one r e g i m e  a r e  s i m i l a r .  Expe r imen ta l  data avai lable  today indicate that  these  conditions 
a r e  by no m e a n s  a lways sa t is f ied .  An equi l ibr ium flow s t ruc tu re  indepdndent of the inlet conditions,  as was 
shown in [3], is es tabl i shed only at cons iderab le  d i s tances  f rom the inlet and at l a rge  l iquid-flow veloci t ies  
(> 3 m / s e c ) .  Numerous  m e a s u r e m e n t s  made  recen t ly  on ce r t a in  local  c h a r a c t e r i s t i c s  [4-8] indicate that  
qual i ta t ively  s i m i l a r  d is t r ibut ions  of the gas content will  be found only in the plug r eg ime ,  whe reas  in the 
bubble r e g i m e  the r e  is no such s i m i l a r i t y  and the flow si tuat ion is much m o r e  compl ica ted.  

An unders tanding of the m e c h a n i s m  of the two-phase  flow r equ i r e s  complex  invest igat ions including 
the m e a s u r e m e n t  of as  m a n y  flow c h a r a c t e r i s t i c s  as  poss ib le ,  such as  the local  gas content,  the liquid and 
gas  ve loc i t i es ,  the tangent ia l  fo rces  at the wall,  and the pulsat ion c h a r a c t e r i s t i c s .  Among the m o s t  detai led 
s tudies  of th is  kind a r e  the m e a s u r e m e n t s  in [9, 10], the f i r s t  of which is  bas ica l ly  methodological  in nature .  
In these  s tudies  t he r e  was  no de te rmina t ion  of  such an impor tan t  flow c h a r a c t e r i s t i c  as  the loca l  f r ic t ional  
s t r e s s  at  the wall; f u r t h e r m o r e ,  the range  of liquid ve loc i t ies  was v e r y  narrow~ E a r l i e r  invest igat ions of the 
f r ic t ional  s t r e s s  in two-phase  flows [11-13] give no informat ion on the in ternal  s t ruc tu re  of the flow. 

In the p r e s e n t  s tudy we conducted a detai led invest igat ion of the c h a r a c t e r i s t i c s  of an ascending two-  
phase  flow in a tube with s m a l l  flow ve loc i t i es  (up to 2 m / s e c ) .  The f r ic t ional  s t r e s s  a t  the wall  was m e a -  
su red  by the e l ec t rochemica l  method,  and the gas -con ten t  p ro f i l e s  by the e lec t r i ca l -conduc t iv i ty  method.  

The expe r imen t s  w e r e  c a r r i e d  out on an appara tus  shown in schemat ic  fo rm in Fig.  1. The two-phase  
flow was set  up by feeding a liquid with a d i spe r sed  gaseous  phase  into the s t r e a m .  Circula t ion of the liquid 
was es tab l i shed  by m e a n s  of a cent r i fugal  pump 1 with a m a x i m u m  flow ra te  of  50 m3/h and a p r e s s u r e  of 6 
gauge a t m o s p h e r e s .  The liquid f rom the pump pas sed  through a f l ow-mete r ing  d iaphragm 2 connected with a 
U-shaped  di f ferent ia l  m a n o m e t e r  3 and through a regula t ing  gate 4 and then entered  the working segment  5. 
Af te r  the working segment  the g a s - l i q u i d  mix tu re  en te red  the r e tu rn  channel 7, and then the s e p a r a t o r  9. In 
the s e p a r a t o r  the liquid and gas  w e r e  sepa ra t ed ,  the liquid going into the col lect ion tank 10, f rom which it r e -  
turned to the pump.  The gas  f rom the s e p a r a t o r  outlet  was d i scharged  into the a tmosphe re .  In o r d e r  to ma in -  
tain the r equ i r ed  p r e s s u r e  in the m e a s u r e m e n t  sect ion,  the  flow at  the: outlet  of the r e tu rn  channel was throt t led 
by m e a n s  of a gate 8. The gas  s y s t e m  cons is ted  of h i g h - p r e s s u r e  tanks 11, r e d u c e r s  12 and 15, a f i l ter  13, 
and a f l ow-me te r ing  d iaphragm 14. 
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S e p t e m b e r - O c t o b e r ,  1979. Original  a r t i c l e  submi t ted  May 15, 1978. 
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The working segment  cons i s ted  of a v e r t i c a l  tube with an inner d i a m e t e r  of 86.4 m m  and a length of  
6.5 m.  The  gas  was  fed in through the l a t e r a l  su r f ace  of a po rous  tube 40 m m  in d i a m e t e r  and 80 m m  long, 
which was  se t  up a t  the inlet  to the working segment .  Because  it had a high r e s i s t a n c e ,  the porous  tube could 
not be used  for  r e g i m e s  with a high value of reduced  gas  veloci ty .  F o r  that  c a se  the gas  was fed through a 
nozzle  with an a p e r t u r e  d i a m e t e r  of 20 m m ,  se t  up on the axis  of the working segment .  

The working liquid used  was a solution of 0.5 N sodium hydroxide and 0.01 N po ta s s ium f e r r i -  and 
f e r rocyan ide  in dis t i l led wa te r .  The gas  used  was  ni t rogen.  The t e m p e r a t u r e  of the liquid and gas at  the in-  
let  was  kept  constant  (24 + 0.5~ F o r  t he rmos t a t i ng  the gas ,  an e lec t r i c  hea te r  16 with regula table  power  
was  included in the gas  l ine.  T h e  liquid was t h e r m o s t a t e d  by m e a n s  of a heat  exchanger  17 p laced  in the tank 
through which the cooling w a t e r  was  pumped (the w a t e r  was turned  on and off au tomat ica l ly  by the t e m p e r a -  
t u r e - r egu l a t i ng  c i rcui t ) .  

The method used fo r  m e a s u r i n g  the f r ic t iona l  s t r e s s  a t  the wall ,  the loca l  gas  content,  and the liquid 
ve loc i ty  a r e  desc r ibed  in [14]. All the m e a s u r e m e n t s  w e r e  made  at  the c r o s s  sect ion 18, which was 4750 m m  
(55 tube d i ame te r s )  f rom the gas  input point.  The friCtion s e n s o r  d imens ions  were  0.1 x 1.5 m m  (for m e a -  
sur ing  a v e r a g e  values)  and 0.02 x 0.3 m m  (for m e a s u r i n g  pulsed  quanti t ies) .  The s e n s o r s  m e a s u r i n g  the l o -  
ca l  gas  content and the ve loc i ty  had an e lec t rode  d i a m e t e r  of  20 #m and an insulated d i a m e t e r  of 40 #m.  The 
m e a s u r e m e n t s  by the e l e c t r o c h e m i c a l  method w e r e  made  accord ing  to a c a l i b r a t i o n - m e a s u r e m e n t - r e c a l i b r a -  
t ion s c h e m e .  The ca l ibra t ion  was c a r r i e d  out with pure  liquid flowing in the tube.  The p r e s s u r e  a t  the m e a -  
su r emen t  c r o s s  sec t ion  was kept  constant  (0.5 gauge a tmosphe re ) .  

F o r  v i sua l  obse rva t ion  of the flow, a n u m b e r  of t r a n s p a r e n t  plastic i n se r t s  6 we re  included in the w o r k -  
ing segment .  

The m e a s u r e m e n t s  we re  made  a t  reduced  liquid ve loc i t i e s  W~ ranging f rom 0.44 to 2.05 m / s e c  and 
vo lume t r i c  gas -con ten t  va lues  ~ f rom 0 to 80%. Both bubble and plug r e g i m e s  of flow exis ted  in the tube.  

In the region with a bubble r e g i m e  of  flow, in the indicated range  of p a r a m e t e r s ,  we obse rved  that  the 
tangent ia l  s t r e s s  T a t  the wall  was  a mul t ip l e -va lued  function of W~ and/~. F o r  fixed va lues  of the reduced 
liquid ve loc i ty  and unchanged m i x e r  cons t ruc t ion ,  t h e r e  w e r e  two flow r e g i m e s  with sharp ly  different  c h a r -  
a c t e r i s t i c s .  The d i f ferent  flow s t r u c t u r e s  we re  c l e a r l y  v i s ib le  in photographs .  In one of the s ta tes  ( r eg ime  
I) the bubbles  w e r e  f a i r ly  un i form in d imension  and moved  main ly  in a ve r t i c a l  d i rect ion.  The o ther  s ta te  
( r eg ime  II) was  c h a r a c t e r i z e d  by a l a rge  d i spe r s ion  of bubble d imens ions  and the appea rance  in the cen te r  of  
the channel of  i r r e g u l a r l y  shaped fo rma t ions ,  which const i tuted the init ial  s tage  of the development  of the 
plugs .  The bubbles  moved  in a much  m o r e  d i s o r d e r l y  fashion,  espec ia l ly  enter ing the vo r t ex  pa th  behind the 
l a rge  bubbles.  When the appa ra tus  was tu rned  on, e i ther  one o r  the o ther  r eg ime  appea red  ini t ial ly and con-  
t inued for some  t ime  (f rom a few minutes  to 1-2 h), then the flow s t ruc tu re  changed fa i r ly  rapidly  to the o ther  
r e g i m e ,  a f t e r  which t h e r e  could be  a r e t u r n  to  the f i r s t  r eg ime .  Many repe t i t ions  of  the expe r imen t s  showed 
that  the  change f r o m  one r e g i m e  to the o ther  is a r andom p r o c e s s .  
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F igure  2 shows the r e s u l t s  of  the m e a s u r e m e n t  of the tangent ia l  s t r e s s  at  the wall  in the region of un- 
s tab le  flow for  W~ = 0.785 m / s e e .  The  c i r c l e s  show the va lues  of ~'/~0, where  v 0 is  the f r ic t ional  s t r e s s  at 
the wall  when pure  liquid flows pas t  it at  an ave rage  ve loc i ty  of W~. 

The  points lying on cu rves  I and II  a r e  those for  r e g i m e s  I and II ,  desc r ibed  above.  I t  can be seen  that  
for  s m a l l  va lues  of fl (5-10%} t h e r e  is  a sha rp  i n c r e a s e  in the tangent ia l  s t r e s s  at  the wall  in compar i son  
with the s ing le -phase  flow, and values  of T in the two-phase  flow that  co r r e spond  to r e g i m e s  I and II for  
the s a m e  fl m a y  dif fer  by a fac tor  of 1.5. F o r  s m a l l e r  liquid ve loc i t ies  this  d i f ference  m a y  be even g r e a t e r .  
At fl = 21% the re  is  a sudden change of the flow to the fully developed plug r eg ime ,  accompanied  by a sharp  
drop in v. 

At the s a m e  t ime  as  m e a s u r i n g  ~-, we m e a s u r e d  the local  gas content go at points whose d i s t ances  f rom 
the wall  were  y = 0.5 m m  and 1 m m  (the rec tang les  and t r i ang les ,  r espec t ive ly ,  in Fig.  2). The choice of 
the y va lues  was based  on the fact  that  the function go(y) has  a m a x i m u m  near  these  points in r e g i m e s  I and 
II ,  r e spec t ive ly .  The behav ior  of go for  a fixed value of y is comple te ly  analogous to the behav io r  of the 
f r ic t iona l  s t r e s s  at  the wall .  When the  change to the fully developed plug r eg ime  takes  p lace ,  the dis tr ibut ion 
of the local  gas  content  changes  sharply ,  the gas  m o v e s  away f rom the wall  to the cen t ra l  pa r t  of the tube, 
and this  leads  to a sha rp  drop in go n e a r  the wall.  

F igu re s  3-5 show the r e s u l t s  of the  m e a s u r e m e n t s  of 7 /~  0 for different  liquid ve loc i t ies  in a b r o a d e r  
range  of gas -con ten t  values;  they a lso  show the data of [15] for  a tube with a d i ame te r  of 15 m m ,  and of [16] 
for  a tube with a d i am e t e r  of 86.4 m m  [1) data of [15] for  bubble reg ime;  2) data of [15] for  plug r eg ime ;  3) 
data  of [16]; 4) r e s u l t s  obtained by the au thors ] .  The solid curve  is the g raph  of the function given in [11]: 

r/% = (l - -  0.833~) -1.5a. (1) 

The  e x p e r i m e n t s  whose r e s u l t s  a r e  shown in F igs .  3-5 were  c a r r i e d  out in [15, 16] and in the au thors  ~ study 
with app rox ima te ly  the s a m e  va lues  W~ (Fig. 3: [15] - W~ 0.51 m / s e c ,  [16] ' = - W  0 = 0.432 m / s e c ,  au tho r s '  
e x p e r i m e n t s - W ~  = 0.44 m / s e c ;  F ig .  4: [15] - W ~  = 0.81 m / s e c ,  au tho r s '  e x p e r i m e n t s - W ~  = 0.785 m / s e c ;  
Fig.  5: [15] - W ~  = 1.18 m / s e c ,  [ 1 6 ] - W ~ =  0.956 m / s e c ,  au thors '  e x p e r i m e n t s - W l  = 1.06 m / s e e ) .  The points 
5 in Fig .  5 a r e  the a u t h o r s '  data  for  W~ = 2.05 m / s e c .  

It  can be seen  that  for  liquid ve loc i t ies  of W~ -< 1 m / s e c  the behavior  of r for  smal l  fi looks the s a m e  
as in Fig.  2. F o r  sma l l  fl we have a sha rp  i nc rea se  in T to some  value T i which is the max imum for  the 
bubble r e g i m e ,  and ~I i n c r e a s e s  with inc reas ing  W~. The range  of gas -con ten t  va lues  at  which the bubble 
r e g i m e  ex is t s  b e c o m e s  n a r r o w e r  as  W~ i n c r e a s e s .  F u r t h e r m o r e ,  for  smal l  va lues  of fl the function v(fl) is 
not s ing le -va lued .  

F o r  W~ = 2.05 m / s e c  the nature  of the va r i a t ion  of T(fl) changes substant ia l ly .  The re  is no sha rp  in-  
c r e a s e  in T for  sma l l  va lues  of fl, and the fu r the r  i n c r e a s e  in fl is  accompanied  by a monotonic inc rease  in 
r; the expe r imen ta l  points  a r e  in good a g r e e m e n t  with fo rmula  (1). The function r(~) is no longer  mul t ip le -  
valued.  

As  we pas s  to a fully developed plug r e g i m e ,  t he r e  is  a sharp  d e c r e a s e  in T, and at  W~ ~ 0.7 m / s e c  
the expe r imen ta l  points  a r e  in good a g r e e m e n t  with (1). However ,  a t  W~ = 0.44 m / s e c  the values  of T ob- 
ta ined in the expe r imen t  a r e  higher  than those  for  (1). 
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Fig.  6 

The data of  [16], obtained in a tube of the s a m e  d i ame te r ,  a r e  in s a t i s f ac to ry  a g r e e m e n t  with the data 
obtained by the au thors  in the fully developed plug r eg ime .  In the bubble r eg ime ,  however~ the re  is no such 
a g r e e m e n t  between the data.  The r eason  for  this is  that  in [16] the method used fo r t he  gas feed was different  - 

t h e  gas  was blown in through a nozzle  20 m m  in d i a m e t e r .  The flow s t ruc tu re  in the bubble r e g i m e  was r a d -  
ica l ly  different:  The gas  exited f rom the nozzle  in the fo rm of l a rge  bubbles,  and the re  was no concentra t ion 
of gas  n e a r  the wall .  Thus,  for  W~ < 1 m / s e c  the flow depends to a l a rge  extent  on the initial  conditions~ 
F o r  the data of  [15], obtained in a tube of much  s m a l l e r  d i ame te r ,  t he re  is only quali tat ive a g r e e m e n t  in the 
behav io r  of  r {~  in the bubble r eg i m e .  The boundar ies  of the region in which the bubble r e g i m e  ex is t s  and 
the m a x i m u m  values  of  r a r e  v e r y  di f ferent  quant i ta t ively f rom the r e su l t s  obtained by the authors .  The 
m e a s u r e d  p ro f i l e s  of  the local  gas  content in the different  r e g i m e s  are  shown in Fig.  6. The data in Fig. 6a 
were  obtained for  a single value of the reduced  liquid veloci ty ,  0.57 m / s e c ,  and dif ferent  va lues  of outgoing 
gas  content: 1) fl = 12.6%; 2) B = 16.4%; 3) fl = 19.6%. The prof i l es  of ~ for  different  va lues  of  fl d i f fe r  con-  
s i de rab ly  in shape.  F o r  sma l l  fl va lues  we have sharp  m a x i m a  of the local  gas content  nea r  the walls  of the 
tube. This  d i s t r ibu t ion  of ~a c o r r e s p o n d s  to a pure  bubble r eg ime  of flow. In the fully developed plug r eg ime  
(fl = 19.6%) the gas -con ten t  p rof i le  is pa rabol ic  in shape,  with one m a x i m u m  at  the cen te r  of  the tube. In the 
t r ans i t iona l  r e g i m e  between bubble and plug flows, we m a y o b s e r v e  ~ p ro f i l e s  which a r e ,  in a sense ,  a com-  
bination of the f i r s t  tvr with th ree  m a x i m a  (near the wall  and at  the cen te r  of the tube). It  should be noted 
that  the gas-conten t  p ro f i l e s  so obtained a r e  qual i ta t ively  quite analogous to those  given in [9, 10]. 

The l oca l -ga s - con t eu t  p ro f i l e s  shown in Fig.  6b were  m e a s u r e d  for fl va lues  c lose  to each other  but 
t fo r  di f ferent  reduced  liquid ve loci t ies :  1) W 0 -- 0.44 m / s e c ,  fl = 7.5%; 2) W~ = 2.05 m / s e c ,  fl = 8.6%; 3) W~ = 

0.79 m / s e c ,  fl = 7.6%. The prof i le  co r respond ing  to W~ = 2.05 m / s e c  is subs tant ia l ly  d i f ferent  f rom the p r o -  
f i les for  s m a l l e r  va lues  of  W~: The dis t r ibut ion of gas  content ove r  the c r o s s  sect ion is much  m o r e  uniform~ 
The gas -con ten t  m a x i m u m  nea r  the wal l  is p r e s e r v e d  but much  l e s s  m a r k e d .  F o r  s m a l l e r  liquid ve loci t ies  
(W~ < 1 m / s e e )  the values  of (p n e a r  the wall  r e a c h  0.3-0.4,  as a r e su l t  of which the re  is a reduct ion in 
in the cen t ra l  p a r t  of  the tube.  It  is in te res t ing  to note that  the height of the m a x i m u m  of ~o nea r  the wall  
and the value of the gas  content  at the cen te r  of  the tube a r e  not monotonic functions of the veloci ty .  
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A comparison of the local gas-content profiles with the distributions of r(~) indicates that the sharp 
increase in v the bubble regime for small gas-content values is due to the presence of sharp gas-content 
maxima near the wall of the tube. The bubbles in the wall layer have in this  case an ascending velocity re l -  
ative to the liquid that is comparable with the local liquid velocity at any given points, and apparently they 
strongly deform the profile of the liquid velocity, increasing the velocity gradient at the wall. The drop in 

with increasing fl that takes place when there is a transition from the bubble to the plug regime is due to 
the reduction of the ~ maxima near the walls and the removal of the gas toward the center of the tube. The 
model given in [11] can be used only in the case when the distribution of the gas concentration over a cross 
section of the tube is nearly uniform. Unfortunately, the studies conducted bythe authors did not include a si- 
multaneous measurement of the frictional s t ress  at the wall and the flow structure, although the effects of in- 
creasing friction at low gas-content values [15, 17] and the appearance of ~ maxima near the wall in this re-  
gime [3, 10] are well known. 

The only attempt to describe the behavior of r(fl) in the bubble regime for small liquid velocities was 
made in [18]. In the calculation method, based on an analysis of s t ra t i fed  annualar flow, Ueda [18] artifically 
introduced relations obtained from an analysis of the experimental data of [17]. The calculation method so 
obtained describes the experimental data of [17] satisfactorily. However, when it is applied to our results,  
there is a very large discrepancy between the calculated and experimental values of ~, this may be attributed 
to the limited possibility of extending the results of [18] to tubes of considerably larger diameter. 
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