
L I Q U I D  F L O W  IN T H E  V I C I N I T Y  OF  A V A P O R  B U B B L E  
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In the present  note we give some experimental  resul ts  f rom an investigation of the flow behavior of 
liquid layers  adjacent to a vapor  bubble, along with data on the instantaneous velocit ies of liquid par t ic les  
around a bubble during its growth and ascension.  The motion of the liquid is visual ized by the introduction 
of solid t r a ce r  part icles  into the flow, where they are  photographed with a high-speed motion picture cam-  
era .  

The heat-transfer mechanism associated with nucleate boiling, despite a host of investigations, re- 
mains far  f rom being c lear ly  understood. The significant relation for this mechanism between the latent 

and convective components of the heat flux depends on the kind of liquid, the p r e s -  
sure,  and the heat flux density. This problem can be solved if the tempera ture  dis-  
tribution in the bubble boundary layer  and the mixing intensity of the liquid during 
motion of the bubble over the heat-supplying surface are known. 

The last  few yea r s  have witnessed the publication of papers  [1-3] in which the 
tempera ture  fields in a vapor  bubble and the surrounding liquid have been measured.  
It would also be extremely enlightening to explicate the flow behavior of a liquid in 
the vicinity of a bubble during boiling. However, there are  no known data on this ef-  
fect.  

There are  two techniques by which t r ace r  par t ic les  can be photographed: 

1) They can be photographed on a nonmoving film with strobed side il lumina- 
tion, in which case the par t ic les  appear as bright points against a dark background. 
This technique was developed by Orlov [4] and is called the s t roboscopic flow visual-  
ization method. 

2) They can be photographed in transil lumination, in which case the par t ic les  
appear as dark spots against a light background. This technique is amenable to the 
application of high-speed motion pictures .  

For  the study of the flow of liquid past  a bubble it is more  pract ical  to use the 
motion picture technique. Then it is possible to t race  the evolution of the bubbles 
and to obtain data on the instantaneous velocit ies,  because each part icle  subtended 
within a f rame is a "velocity sensor"  at the given point. The part icles  injected into 
the flow as " t r ace r s "  must prec ise ly  follow the motion of the liquid surroundingthem.  
For  our t r a c e r  substance we decided on lycopodium powder (whose part icle are  very  
nearly spherical  in shape, with an a r i thmet ic -mean  diameter  d=22 p and a specific 
gravity 7= 9450 N/mS). On the basis of analytical recommendat ions [4] concerning 
such pa ramete r s  as the liquid velocity u , ,  specific gravi ty 7* of the liquid, and the 
velocity,  diameter ,  and specific gravity of the solid par t ic les ,  u0, d, and 70, the con- 
dition v.~- u 0 is guaranteed. Inasmuch as the par t ic les  used have extremely small  
d iameters ,  they must  be photographed with the aid of magnification. 

Fig. 1 
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The motion p i c tu re s  we re  taken with a Pen ta t se t -35  c a m e r a  at a speed  of 1000 to 2000 f r a m e s / s e c  
through a spec ia l ly  cons t ruc ted  c a m e r a  adap te r  unit providing a magnif ica t ion of 4. 

In the expe r imen t s  we f i lmed the p r o c e s s  of w a t e r  boil ing at the sa tu ra t ion  t e m p e r a t u r e  on a p l a t -  
inum wi re  0.5 m m  in d i a m e t e r  and 100 mm in length.  Lyeopodium p a r t i c l e s  having the requ i s i t e  concen-  
t r a t i on  were  in t roduced into the l iquid volume a f te r  having been prewet ted  in ethyl a lcohol .  The e x p e r i -  
menta l  appa ra tus  and p rocedu re  we re  s i m i l a r  to those  d e s c r i b e d  in [5]. The c h a r a c t e r  of the c i rcu la t ion  
c u r r e n t s  was inves t iga ted  at  p r e s s u r e s  p = 1.0, 0.6, and 0.4 ba r .  The f i lms  were  p r o c e s s e d  as  follows.  The 
f i lm images  we re  magnif ied  and p ro j ec t ed  onto a s c r e e n ,  the posi t ion of the working sec t ion  and the bubble 
boundary we re  t r a c e d ,  and the pos i t ion  of the p a r t i c l e s  r e l a t i ve  to them were  a s c e r t a i n e d .  By s uc ce s s ive  
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overlaying of the f rames  an image of the bubble at var ious  stages of its 
growth or breakoff was obtained, along with the par t ic le  t ra jec tor ies .  Pho-  
tographs of the growth of a vapor bubble for p-~0.4 bar and q = l  �9 10s W / m  2 
are  shown in Fig. 1 as an illustration. It is seen how the par t ic les  in the 
form of dark spots disperse in the radial  direction. 

The resul ts  of process ing of the displacement pattern of liquid pa r -  
t icles during the growth and breakoff of single isolated bubbles (i.e., when 
the waiting t ime is sufficiently long and adjacent bubbles do not exert  a 
mutual influence) at different p re s su res  are  given in Fig. 2 (p = 1.0 bar,  
q=7.0  "104 W/m2), in Fig. 3 (p=0.6 bar,  q = l . 5 . 1 0 5  W/m2), and in Figs.  
4 and 5 (p=0.4 bar,  q=2.3  �9 105 W/m2). The numerals  given alongside the 
t ra jec tor ies  and the bubble boundary indicate the f rame number;  for ex- 
ample, the number 1 corresponds  to nucleation of the bubble and the nom- 
inal inception of motion of the par t ic les ;  the time interval between f rames  

is AT =5.5 �9 10 -4 sec in all the f igures.  It is evident in Figs.  2, 3, and 4 that during growth of the bubble 
in the initial period the liquid par t ic les  move in the radial direction away f rom the center  of the bubble. 
After  the base of the bubble has attained its maximum size and the bubble has elongated in the ver t ical  di- 
rection the motion of the par t ic les  changes direction. Thus, the par t ic les  situated near  the surface (at d is -  
tances -< 0.5 mm) change direction in position 6 in Fig. 2, in position 9 in Fig. 3, and in position 14 in Fig. 
4. At a p re s su re  p=0 .4  bar the vapor  bubble does not enter  completely into the f rame,  so that in Fig. 4 
the growth, and in Fig. 5 the breakoff, of half the bubble are  shown; breakoff takes place at two s tems.  After 
the part icle  t ra jec tory  turns,  as occurs  during the constr ict ion of the bubble contact area ,  the liquid pa r -  
t icles migrate  behind the bubble, where they continue to move during its breakoff and subsequent ascension 
(for example, par t ic le  III inposi t ions12-28 in Fig. 2, part icle  I inposi t ions20-36 in Fig. 3, part icle HI in 
positions 27-34 in Fig. 4, and par t ic les  I, II, and III in Fig. 5). In the wake region of the bubble the par t ic les  
move almost  ver t ica l ly :  par t ic les  IV in Figs. 2 and 3, and par t ic les  IV and V in Fig. 5. 

Liquid par t ic les  more  distant f rom the heating surface experience a change in the direction of their  
motion (eddying) at a la ter  time, during ascension of the bubble and the approach of its maximum c ross  
section to the level at which the liquid par t ic les  are  situated. 

The charac te r  of the motion of the liquid layers  adjacent to the bubble can be por t rayed  schematical ly 
as in Fig~ 6, assuming for simplicity that the bubble d iameter  does not vary  during its breakoff and ascen-  
sion. The part  of the curve marked by the dots is the path t r ave r sed  by the liquid par t ic les  at the initial 
instant when the bubble attains the maximum contact area .  The solid curve represen ts  the path of a p a r -  
ticle when it turns and flows underneath the bubble during constrict ion of the contact area .  The dashedpar t  
of the curve corresponds  to motion behind the bubble and entrainment in its wake. 

The distance between two adjacent part icle  images makes it possible to determine the instantaneous 
value of the l inear  velocity V =AS/pAr and the two components of the instantaneous velocity Vx =Ax/pA~" 
and Vy =Ay/nAv, where n is the magnification. 

The values of the l inear  instantaneous velocit ies are  shown in Figs.  7, 8, 9, and 10 for par t ic les  I, 
II, III, IV, and V (points 1, 2, 3, 4, and 5 in the graphs,  respectively);  the part icle  t ra jec tor ies  are  seen in 
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Figs .  2, 3, 4, and 5. A l s o  shown for  compar i son  is the value of the instantaneous growth ra te  of the vapor  
bubble in the ve r t i ca l  d i r ec t ion  toward  the sur face  V % = A h / r ~  (points 6 in the graphs) .  The numera l s  in- 
dicate the f r a m e  o rde r  number s .  

It is apparen t  f r o m  a compar i son  of these graphs  that  the m a x i m u m  liquid par t ic le  ve loci t ies  in the 
vicini ty of the bubble a r e  obse rved  in the initial per iod of bubble growth; the ra te  is higher,  the c lose r  the 
pa r t i c les  a r e  to the bubble boundary.  The par t ic le  ve loci ty  slows down with a reduct ion in the bubble growth 
r a t e .  

For  p rocess ing  of the f i lms  we used pa r t i c l e s  s i tuated close to the bubble (at a dis tance of 0.5 to 2.0 
mm) .  After  turnaround of the t r a j e c t o r y ,  when the pa r t i c l e s  become entra ined by the bubble the i r  veloci ty  
becomes  a lmos t  constant ,  depending only on the bubble d iamete r .  The veloci t ies  of  pa r t i c les  I and HI in 
Figs .  7, 8, and 10 fal ls  between the l imi t s  10 and 20 c m / s e e .  In the wake of the detached bubble the p a r -  
t ic les  move at a constant  veloci ty  roughly equal to the ascens ion  ra t e  of the bubble (par t ic les  IV in Figs.  
7 and 8 and par t i c les  IV and V in Fig. 10). The bubble ascens ion  ra t e  in this case  has a slight dependence 
on the p r e s s u r e ,  i .e . ,  on the bubble s ize ,  vary ing  f r o m  20 to 35 c m / s e c .  

We were  a s s i s t e d  in the expe r imen t s  by A. A. Shaburov. 
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