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C H A R A C T E R I S T I C S  OF  A F L O W  OF M O N O D I S P E R S E  

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  T U B E  

N.  V.  V a l u k i n a ,  B .  K.  K o z ' m e n k o ,  
a n d  O. N.  K a s h i n s k i i  

UDC 532.529.5 

The resu l t s  of measu remen t  of the wall shear  s t r e s s ,  and the void and l iquid-veloci ty prof i les  
in an ascending two-phase flow containing gas bubbles of uniform size a re  given. It is shown 
that the bubble size h a s  a significant effect  on the flow s t ruc ture  and charac te r i s t i c s .  

The need to investigate the fine s t ruc ture  of two-phase flows is due to the complex motion of the phases 
and to the large number  of p a r a m e t e r s  that affect  the charac te r i s t i c s  of such flows. Several  exper imenta l  
studies [1-3] have shown that there  may be different  local void distributions over  the tube cross  sect ion,  which 
must  obviously affect  o ther  charac te r i s t i c s  of the flow (velocity prof i le ,  wall shear  s t r e s s ,  hea t -  and m a s s -  
t r ans fe r  coefficients).  Bubbly flow, which is often encountered in engineer ing applicat ions,  has been most  
poorly investigated so far .  The present ly  available and ve ry  few measurements  of the fr ic t ion fac tor  in these 
conditions [4-6] indicate the Presence of a region of  sharp  increase  in the wall shear  s t r e s s  in comparison 
with single-phase flow at low values of void fract ion.  The relat ions 7 / r 0 ~  were  not identical in the different  
investigations and in a number  of cases  a single re la t ion could not be obtained even in the same exper iment  [5, 
6]. It follows f rom this that in a par t icu la r  region of p a r a m e t e r s  we do not have sufficient knowledge of the 
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Fig. 1. Genera tor  of cal ibrated 
gas bubbles: 1) case;  2, 3) r ings;  
4) inser t ;  5) gas input; 6) sl i t  
liquid input; 7) central  liquid in-  
put. 
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Fig.  2. Photographs  of two-phase  flow: a) d = 1 m m ;  b) d = 0.5 
m m .  

/0 ~. 5 /0 ~ 2 Re 

Fig. 3. Frict ion factor in monodis -  
perse  g a s - l i q u i d  flow with fl = 10%: 
1) d = 0.1; 2) 0.5; 3) 1 nun; 4) H a g e n -  
Poiseui l le  law; 5) Blas ius  law. 

reduced ve loc i t ies  of the liquid and gas for  de te rmina t ion  of the flow cha rac t e r i s t i c s .  An impor tan t  p a r a m e t e r  
of g a s - l i q u i d  fluxes is the d i a m e t e r  of the gas bubbles ,  on which the nature  of the flow pas t  the bubbles l a rge ly  
depends,  and the i r  mot ion re la t ive  to the liquid. De te rmina t ion  of the ef fec t  of bubble s ize  on the c h a r a c t e r i s -  
t ics  of a two-phase  flow r equ i r e s  the conduction of expe r imen t s  with gas bubbles of ca l ib ra ted  d i ame te r .  As 
f a r  as  we know, the re  have been no s y s t e m a t i c  invest igat ions of this kind. 

The a im of the p r e s e n t  w o r k w a s  to invest igate  the effect  of bubble d i ame te r  on the c h a r a c t e r i s t i c s  of 
two-phase  flow in a ve r t i c a l  tube. 

The expe r imen t s  we re  ca r r i ed  out in the r ig  shown schemat ica l ly  in [6]. The working sect ion consis ted 
of a ve r t i c a l  tube with in ternal  d i a m e t e r  15 m m  and length 5 m.  A gas -bubble  gene ra to r ,  desc r ibed  below, 
was  mounted at the inlet  of the working sect ion.  The range of reduced liquid ve loci t ies  was 0.6 cm/ sec  to 
0.3 m / s e c ,  which co r responds  to Reynolds number s  (based on the reduced veloci ty  and v i scos i ty  of the liquid) 
f r o m  100-5000. The d i scharge  vo lumet r i c  void f rac t ion  ]3 var ied  f r o m  0.5-15%. 

A spec ia l  gene ra to r ,  which enabled us to inject  gas bubbles of constant  d i ame te r  into the flow, was 
mounted at the inlet of the working section.  It was  s i m i l a r  in design to the device used for  a s i m i l a r  purpose  
in [7]. A d iag ram of the gas-bubble  genera tor  is shown in Fig. 1. Two me ta l  r ings with internal  d i ame te r  
equal to the tube d i a m e t e r  were  fitted in a case.  The contiguous faces  of the r ings were  ground and then 
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Fig .  4, P ro f i l e s  of local  void f rac t ion  (a) and l i q -  
uid ve loc i ty  (b) for  ~ = 10%; 1) Re = 990; II) Re = 2280; 
1) d = 1; 2) d = 0.5 ram; r ,  R in m; u,  ul in m/ sec ;  
in %. 

ident ica l  grooves of 0 .05-ram depth were  made in the face of the bottom ring.  The grooved r ing  could be 
changed; the number  of grooves va r i ed  f rom 1-180. Tighterfing of the r ings  produced a se t  of equal holes  
through which the gas was  injected into the flow. The gas bubbles we re  in jected into the annular  s l i t  between 
the inner su r face  of the r ings  and the outer  sur face  of a coaxial  inse r t .  The liquid was fed s e p a r a t e l y  through 
the s l i t  and through the inser t .  The flow of l iquid through the s l i t  was constant  dur ing the s e r i e s  of e x p e r i -  
ments .  Th i s ,  and a lso  the equal s i ze s  of the ho les ,  ensured  that the gas bubbles a l l  had the same  d i a m e t e r .  
When the gas e m e r g e d  f rom the hole equal bubbles were  obtained in a ve ry  wide range of va r i a t ion  of gas flow 
through the hole. Hence,  a change in reduced g a s v e l o c i t y  in the two-phase  flow was usual ly  effected by a l t e r a -  
tion of the number  of holes by r ep l acemen t  of the grooved r ing  by another  one. The reduced  liquid ve loc i ty  was 
changed by regula t ing  the flow through the cen t ra l  hole of the in se r t  without a l t e r i ng  the flow through the annu-  
l a r  sal t .  Gas bubbles of d i f ferent  d i a m e t e r  were  obtained by a change in the s l i t  width,  and a l so  by regula t ion  
of the flow through the s l i t .  

The d e s c r i b e d  device enabled us to obtain a g a s - l i q u i d  flow with the above- ind ica ted  range of va r i a t ion  
of reduced liquid veloci ty  and void f rac t ion  and gas-bubble  d i a m e t e r s  of 0.1-1 ram. The sp read  of the d i a m -  
e t e r s  did not exceed 15-20~ so that the obtained g a s - l i q u i d  mix tu re  could be r ega rded  with s a t i s f a c t o r y  a c c u -  
racy  as monod i spe r se .  The mean bubble d i a m e t e r  was de t e rmined  f rom f lashl ight  photographs of the flow. 
Typica l  photographs a r e  shown in Fig .  2. 

The hydrodynamic  c h a r a c t e r i s t i c s  were  m e a s u r e d  by the e l e c t r o c h e m i c a l  method [6, 8]. The working 
liquid was a solution of 0.5 N sodium hydroxide and 0.005 N po tas s ium f e r r i -  and f e r rocyan ide  in d i s t i l l ed  
water .  The expe r imen t s  were  conducted at a constant  liquid t e m p e r a t u r e  of 20~ To m e a s u r e  the wal l  shea r  
s t r e s s  we used s e n s o r s  cons is t ing  of pla t inum pla tes  of c r o s s  sect ion 0.1 x 1 mm embedded flush with the wall .  
To measu re  the liquid ve loc i ty  and local  void f rac t ion  we used blunt-nosed ve loc i ty  p robes  of d i a m e t e r  30 ~m. 

Measu remen t s  of the c h a r a c t e r i s t i c s  of the two-phase  flow showed that  at constant  values  of Re and 
the s t ruc tu re  of the flow and, hence,  i ts c h a r a c t e r i s t i c s  depend s igni f icant ly  on the bubble d i a m e t e r .  F igu re  3 
shows the re la t ion  between the f r ic t ion  fac to r  (calculated f rom the m e a s u r e d  values  of ~) and the Reynolds  num-  
ber  for  a two-phase  flow with ~ = 10%. It is apparen t  that in the genera l  case  the va lues  of k a re  h igher  than in 
a s ing le -phase  flow. The nature of the behavior  of K(Re) is  d i f ferent  for  d i f ferent  bubble d i a m e t e r s :  when d = 
1 m m k  d e c r e a s e s  monotonical ly  with i nc rea se  in Re ,  approaching  the value in a s ing le -phase  flow. 

F o r  d = 0.1 and 0.5 mm there  is a sha rp  i nc rea se  in K when Re > 700. This  d i f ference  in the behavior  of 
the f r ic t ion  fac tor  is due to the d i f ferent  void d i s t r ibu t ion  over  the tube c ros s  sect ion.  F igu re  4a shows local  
void p ro f i l e s  for  a r eg ime  with bubble d i a m e t e r s  equal to 1 and 0.5 mm. It is  apparen t  that  when d = 1 mm the 
void d i s t r ibu t ion  over  the tube rad ius  is  a lmos t  uniform.  There  is a maximum in the cen t ra l  pa r t  of the tube 
or  two weak max ima  fa r  f rom the wal l s .  Reduction of the bubble d i a m e t e r  l eads  to a l t e r a t ion  of the 
s t r u c t u r e :  the gas  becomes  concent ra ted  nea r  the wal l s ,  and the p ro f i l e s  of ~ have two sha rp  max ima  
near  the wal l s  and an a lmos t  constant  value a t  the tube center .  The void f rac t ion  nea r  the wal l s  in the case  of 
an ascending flow of two-phase  mix ture  has been de t e r m i ne d  in many inves t igat ions  [1-3]. Such a d i s t r ibu t ion  
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is due to the fact  that when the motion of the bubble is s i m i l a r  to motion of an ascending solid sphere  (which 
is the case when the bubbles  a r e  smal l )  i~ m i g r a t e s  to the wall.  In fac t ,  as visual  observa t ions  showed, 
bubbles of d i a m e t e r  l ess  than 0. 5 m m  move mainly  in a s t ra igh t  line and at  a sma l l  d is tance f r o m  the point 
of en t ry  of the gas a re  concentra ted  nea r  the tube wall .  With fu r the r  inc rease  in d i a m e t e r  the d is tor t ion of 
the bubbles becomes  apprec iab le  (Fig. 2), the nature  of the flow round them changes ,  with the r e su l t  that the 
mot ion ceases  to be l inear  and the bubbles begin to move in a t r a j e c t o r y  in the f o r m  of a helix whose d i ame te r  
is comparab le  with the channel d i ame te r .  This  ru les  out concentrat ion of the bubbles nea r  the wall  and the gas 
is d is t r ibuted  more  uni formly  over  the whole c r o s s  sect ion of the tube. The bubble d i a m e t e r  at  which the m o -  
tion changes its nature  l ies in the range 0.6-1 m m .  In this range of d i ame te r s  the flow s t ruc tu re  is significantly 
a l t e red ,  which leads to quite d i f ferent  re la t ionships  between the f r ic t ion fac tor  and the Reynolds number .  
Hence ,  the concept  of effect ive  v i scos i ty  cannot be applied to this two-phase  flow. 

The p r e sence  of the gas phase  in the flow leads to g rea t  d is tor t ion of the liquid veloci ty  p rof i l es  in c o m -  
par i son  with s ing le -phase  flow in a tube. The veloci ty  p rof i l es  (Fig. 4b) become much m o r e  fil led in c o m p a r i -  
son with the l ami na r  flow prof i le  and become s i m i l a r  to impac t  flow. A c h a r a c t e r i s t i c  fea ture  of the prof i les  
in the region of sma l l  Reynolds numbers  is the a s y m m e t r y  that is p r e sen t  in the genera l  case .  This  was not 
due to any defects  of the expe r imen ta l  appa ra tus ,  such as nonuniform admiss ion  of the gas round the c i r c u m -  
ference  or  to o f f -ve r t i ca l  a l ignment  of the channel. The a s y m m e t r y  was random and could va ry  evenly over  
the height of the channel. The veloci ty  prof i les  shown in Fig. 4 a r e  typical  of the cons idered  flow. I t  should 
be noted that  in spite of the a s y m m e t r y  of the p rof i l e ,  it is apparen t  that  the velocity" p rof i l es  fo r  d = 0.5 m m  
a re  m o r e  fi l led than for  d = 1 m m ,  but the d i f ference  in the degree  of filling is slight.  Thus the main  m e c h -  
a n i s m  d is to r t ing  the veloci ty  prof i le  is the definite turbulence produced in the flow by the p r e sence  of the 
gas phase .  A secondary  fac to r  is the effect  of inc reased  void f rac t ion  near  the wal ls  on the veloci ty  profi le .  
In the cons idered  flow the p re sence  of void max ima  leads to g r ea t e r  dis tor t ion of the wall  pa r t  of the liquid 
veloci ty  prof i le  and, accordingly ,  to a sha rp  inc rease  in the wall  shea r  s t r e s s .  In the center  the veloci ty and 
void dis t r ibut ions  for  different  bubble d i a m e t e r s  a re  a lmos t  un i fo rm,  which is a lso  the case in flows with large 
Reynolds number s  [3]. 
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N O T A T I O N  

wal l  shea r  s t r e s s ;  
wall  shea r  s t r e s s  for  s ing le -phase  flow; 
d i scharge  vo lume t r i c  void f rac t ion;  
local  void f rac t ion;  
f r ic t ion  fac to r ;  
local  liquid veloci ty ;  
m a x i m u m  liquid veloci ty ;  
Reynolds number ;  
tube rad ius ;  
radius  of m e a s u r e m e n t  point; 
mean  d i a m e t e r  of gas bubbles.  
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