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The intensity of heat t ransmiss ion  because of natural  convection in the presence of a he te ro -  
geneous catalytic react ion is investigated experimental ly taking account of tempera ture  and 
concentrat ion factors .  

The intensity Of heat t ransmiss ion  with thermal  natural convection, which is charac te r ized  by the depen- 
dence of the Nusselt  number Nu on the Rayleigh number Ra, has been studied sufficiently well at present.  At 
the same t ime, the appearance of a product with a molecular  weight different f rom that of the initial substance 
is possible during the p rogress  of a heterogeneous chemical  reaction. This should resul t  in a dependence of 
the density on the coordinates ,  i.e.. concentrat ion convection can appear under definite conditions. At the same 
t ime, if the product being obtained as a resul t  of the reaction is heavier  than the initial substance, then the 
dependence of the density on the concentrat ion of the product will have a stabilizing effect in the presence of 
an external  negative tempera ture  gradient.  It is hence interesting to investigate the dependence of the intensity 
of heat t ransmiss ion  on the natural convection described by two causes :  thermal  and concentration.  

Experiments  were performed on a model reaction. The reaction of oxidizing sulfur dioxide on a platinum 
catalyst  was taken as such a reaction which is used in investigations of heat t ransmiss ion  because of thermal  
and concentrat ion convection. The product obtained as a resul t  of the reaction is heavier  than the initial sub- 
stance. It is known that the reactiorL of oxidizing sulfur dioxide proceeds exothermaHy with the thermal  effect 
Q = 22 kcaL per  mole of SO 3 [1]. 

The tests were conducted with an excess  of SO 2. The mixture consisted of 87,~ SO 2 and 13% 02. The 
reaction of oxidizing SO2 proceeds in the kinetic domain in the 300-450~ temperature  range [2]. Passage  into 
the diffusion domain occurs  in the 750-800~ temperature  range, where the reverse  reaction yields an e s sen -  
tial contribution at these tempera tures .  Hence, the tests to study heat t ransmiss ion  were performed at 300- 
450~ tempera tures .  

Two problems are  manifest in studying the p rogress  of the reaction under natural convection conditions: 
f i rs t  is the origination and development of convection because of the heterogeneous catalytic reaction; the 
second is the investigation of the influence of the development of convection on the p rogress  of the reaction. 
The influence of the reaction on the intensity of convection is evidently realized in both the kinetic and diffusion 
modes. The reverse  influence is most substantial  just in the diffusion domain. 

An e lec t ro thermographic  method [3] was used to investigate the heat t ransmiss ion.  A platinum catalyst  
in the form of a 50-/J- thick foil was used as measur ing element - as a res is tance thermometer .  The foil had 
t ransverse  slits to increase the initial resis tance.  The diagram of the measur ing cell is shown in Fig. 1. 

The platinum foil 1 was glued to a mica plate 2 of ~100 p thickness,  which was supported on the thin 
porcelain rods 3. The rods were fastened to a cyl indr ical  vesse l  filled with the heat insulator 4. The platinum 
foil plate had a 64 mm diameter ,  equal to the diameter  of the outer vessel.  Because of this construct ion the 
reaction could only proceed on the upper surface of the foil. Together  with the fastened platinum element,  the 
inner vesse l  was placed in the outer vesse l  of 130 mm height. The end face of the outer vesse l  was the 0 .5 -mm-  
thick glass plate 6 with 100-200-~-d iamete r  holes. The holes were arranged uniformly over the whole surface 
of the plate. The spacing between the holes was 2 mm. Such a plate has no diffusion res is tance but is hydro-  
dynamically impermeable to natural convection. Above a porous plate paral le l  to it the reactive mixture is 
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Fig. 1. D iag ram of the measur ing  cei l :  1) plat inum foil; 2) mica;  3) 
porce la in  rod; 4) heat  insulator;  5) inner  vesse l ;  6) porous baffle; 7) 
heating sp i ra l ;  8) ex te rna l  heat  insulation; 9) thermocouple .  

Fig. 2. Dependence of the e l ec t r i ca l  r e s i s t ance  R (~) of the ca t a lys t  
on the power N ( c a l / s e c ) :  1) iner t  mixture ;  2) reac t ive  mixture .  

bubbled through at a definite velocity.  The outer  ve s se l  was  heated by the e lec t r i c  sp i ra l ,  which accompl ished 
p r e l im ina ry  heating of the measur ing  cell.  After  the p re l imina ry  heating, the e lec t r ic  c i rcu i t  of the p l a t i n u m  
res i s t ance  t h e r m o m e t e r  was switched in, and the plat inum ca ta lys t  was  heated to the required  t empera tu re .  
Uniformity of the heating of the plat inum e lement  was checked by spec ia l  thermocoupies  (~10/~ thick). The 
t e m p e r a t u r e  fluctuations along its sur face  did not exceed •176 for  the max imum t e m p e r a t u r e s  on the e l e -  
ment.  T h e r e f o r e ,  convection could only occur  over  the platinum element .  The spacing between the porous 
baffle and the ca ta lys t  could be var ied.  The t e m p e r a t u r e  of the plat inum ca ta lys t  was de te rmined  to no worse  
accuracy  than 1% by its r e s i s t ance .  The t e m p e r a t u r e  of the porous baffle and the side sur face  was found by 
the thermocouples  9. The plat inum re s i s t ance  t h e r m o m e t e r  was connected in the a r m  of the measur ing  bridge.  

The r e s i s t ance  and the cu r ren t  flowing through the ca ta lys t  were  measu red  in the test .  The ca ta lys t  
t e m p e r a t u r e  and the e l ec t r i ca l  power N supplied to the ca ta lys t  were  computed f rom these resu l t s .  

A s tandard SO 2 + N2 mixture ,  whose the rmophys ica t  p rope r t i e s  a re  quite s i m i l a r  to the p r o p e r t i e s  of the 
reac t ing  mix tu re ,  was initially bubbled through the preheated ce l l  during p e r f o r m a n c e  of the exper iments .  

Af ter  equi l ibr ium had built up, the platinum plate was heated by the cur ren t .  The coefficients  of heat  
e l iminat ion through the endfaees  and side sur face  of the vesse l  were  de te rmined  by conducting tes ts  with an 
iner t  mixture .  Then the ra te  of the reac t ion  heat  evolution could be de te rmined  by bubbling through the SO 2 + 02 
mixture .  P r e l i m i n a r y  warming  of the outer  sur face  permi t ted  increas ing  the initial  r e s i s t ance  of the m e a -  
suring e lement ,  but meanwhile dec reas ing  the heat  losses .  

Since the main p rob lem of the invest igat ion was de terminat ion  of the coefficient  of heat t r ansmi s s ion  f rom 
a catalyt ic  sur face  to an outer  surface  over  which a f resh  mixture  is blown, then this heat flux should 
be ex t rac ted  f rom the total  heat  losses  f rom the e lement .  

Let N be the e l ec t r i ca l  power ex t rac ted  f rom the ca ta lys t  and let a be the coefficient  of heat  e l iminat ion 
f r o m  the ca t a ly s t  through the upper  endfaee su r f ace .  Then the following express ion  can be wri t ten in the ab-  
sence of a react ion:  

N = aS (TI - -  To) + (P (T~), (1) 

where  q~0?l) denotes the total  heat  flux down through the side wails .  

The expres s ion  (1) was used to de te rmine  the function ~p(T l) when the outer  sur face  was blown off by the 
mix ture  of sulfur  dioxide and nitrogen. The plat inum e lement  was hence 4 m m  f rom the upper  sur face .  Con- 
vection is complete ly  absent  at this height, since the value of the Rayieigh number  is less  than c r i t i ca l  for  such 
a gap. T h e r e f o r e ,  in this case the quantity a can be computed by means  of the formula  ~ = -~ /h .  Dy knowing 
a ,  the des i red  function ~0(T1) was de te rmined  f r o m  (1) by means  of the measured  N and T1. 

Upon rep lacemen t  of the iner t  gas  mixture  by the react ing mix ture ,  (1) will  be 

N = a S  (7"1 - -  To) -{- ~ (7"1) + q (T1), (2) 

where  q is the hea t  l iberated because  of the react ion.  Compar ing  (1) and (2) at the same  t empe ra tu r e  (or, 
equivalentty,  at a constant  e t ec t r i ca t  r e s i s t ance ) ,  we find the rate  of reac t ion  heat l iberation.  
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Fig .  3 F i g .  4 

F ig .  3. Dependence  of N u / N u l  on [ o g G r l  (dashed c u r v e  c o r r e s p o n d s  
to an i n e r t  m i x t u r e ) :  1) 0.75 c m ;  2) 1; 3) 1.5; 4) 2; 5) 3; 6) 4 era .  

F i g .  4. Dependence  of t o g F  on l o g G r  2. 

The  d e p e n d e n c e  of the e l e c t r i c a l  r e s i s t a n c e  of the c a t a l y s t  on the e l e c t r i c a l  p o w e r  is  shown in F ig .  2. 
C u r v e  1 c o r r e s p o n d s  to the i n e r t  m i x t u r e  and cu rve  2, to the r e a c t i n g  m i x t u r e .  The  r e a c t i o n  hea t ing ,  which  
c o r r e s p o n d s  to the d i f f e r e n c e  b e t w e e n  c u r v e s  2 and 1 f o r  N = c o n s t ,  can  a l s o  be d e t e r m i n e d  by m e a n s  of these  
c u r v e s .  R e a c t i o n  hea t i ng  is a b s e n t ,  in p r a c t i c e ,  a t  c a t a l y s t  t e m p e r a t u r e s  l e s s  than 280~ R e a c t i o n  hea t i ng  
was  s u b s t a n t i a l  a t  the 450~ t e m p e r a t u r e  and equa l  to 73~ It should  be noted that  the t e s t  r e p r o d u c i b i l i t y  was  
good.  It i s  known tha t  the r e a c t i v i t y  of a p l a t i n u m  c a t a l y s t  v a r i e s  if the p l a t i n u m  is  t r e a t e d  in oxygen at  a t e m -  
p e r a t u r e  above  850~ [2]. Hence ,  e a c h  t e s t  was  a c c o m p a n i e d  by b lowing  in n i t r o g e n  at  t e m p e r a t u r e s  on the 
o r d e r  of 300~ and only then was  the r e a c t i v e  m i x t u r e  p a s s e d  th rough .  M o r e o v e r ,  t e m p e r a t u r e s  above  500~ 
w e r e  not  ach i eved  in the t e s t s ;  h e n c e ,  the r e a c t i v i t y  of the p l a t i n u m  was  c o n s t a n t ,  a l though p o s s i b l y  not  the 
m a x i m u m ,  in a l l  the t e s t s .  

By i n c r e a s i n g  the gap be tween  the c a t a l y s t  and the p o r o u s  ba f f l e ,  a c e r t a i n  he igh t  h .  could be r e a c h e d  
f o r  which  the cond i t i ons  f o r  the o r i g i n a t i o n  of n a t u r a l  c onve c t i on  a r e  s a t i s f i e d .  T e s t s  w e r e  p e r f o r m e d  at  the 
fo l lowing  bed h e i g h t s :  0.75, 1, 1.5, 2 , 3 , a n d 4 c m  i n o r d e r t o e s t a b l i s h t h e h e a t - t r a n s m i s s i o n  i n t e n s i t y b e e a u s e  
of n a t u r a l  convec t ion .  Hence ,  the a in (2) is  an  unknown and de pe nds  on the convec t ion  i n t ens i t y .  Since the 
func t ions  (pfT1) and q(TD a r e  d e t e r m i n e d  in p r e l i m i n a r y  t e s t s ,  cdh) can  be  d e t e r m i n e d  by  m e a s u r i n g  N. 

D e p e n d e n c e s  of the e l e c t r i c a l  r e s i s t a n c e  on the e l e c t r i c a l  p o w e r  a r e  loca ted  su f f i c i en t ly  c l o s e l y  to the 
c u r v e  c o r r e s p o n d i n g  to no convec t i on  f o r  d i f f e r e n t  bed he igh t s .  Th i s  l a t t e r  is  r e l a t e d  to  the f ac t  that  an in-~ 
c r e a s e  in the hea t  f lux b e c a u s e  of deve loped  c o n v e c t i o n  is c a n c e l e d  by the d i m i n u t i o n  in hea t  f lux b e c a u s e  of 
h e a t  conduc t ion  with  the i n c r e a s e  in the bed height .  

F r o m  an  a n a l y s i s  of the m a t h e m a t i c a l  equa t i ons  d e s c r i b i n g  the n a t u r a l  c onve c t i on  p r o c e s s  in the p r e s -  
ence  of h e t e r o g e n e o u s  c a t a l y t i c  r e a c t i o n s  t h e r e  fo l lows  that  the i n t ens i ty  of hea t  t r a n s f e r  should be a funct ion  
of the t h e r m a l  and d i f fus ion  R a y l e i g h  n u m b e r s  (iRa 1 and R%) and should a l s o  depend on the p a r a m e t e r s  of the 
r e a c t i o n .  Since  we have  b e e n  c o n s i d e r i n g  a g a s ,  h e n c e f o r t h  let  us c o n s i d e r  the G r a s h o f  n u m b e r ,  wh ich  i s  d e -  
f ined as  fo l l ows :  

g~, (T 1 - -  To) g~_~ .% - -  tt Grl 0 h3; Gr2 = - - -  h~; ~ ~ 2 -  , 
V" t t  1 

instead of the Rayleigh number. 

The experiments should be processes as a function of the above-mentioned parameters. The dependence 
of Nu/Nu I on [ogGrl is shown in Fig. 3. The dependence Nu/Nul = f(Grl) for inert media [4] is given by the 
dashed curve: 

Nu C Ra 4/3 
= 1 b , (3) 

Nu, A + Ra 

w h e r e  C = 0.07 and A = 3200. I t  fo l lows  f r o m  th i s  f i g u r e  that  a l l  the e x p e r i m e n t a l  po in t s  do not l ie on one c u r v e  
in the c o o r d i n a t e s  s e l e c t e d  but  a r e  be low the c u r v e  c o n s t r u c t e d  by m e a n s  of (3). T h e r e f o r e ,  f o r  i d e n t i c a l  n u m -  
b e r s  G r l  the  i n t ens i t y  of hea t  t r a n s f e r  in the p r e s e n c e  of a h e t e r o g e n e o u s  c a t a l y t i c  r e a c t i o n  is  be low tha t  in i t s  
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absence.  In the case  under considera t ion  this is evidently assoc ia ted  with the fact  that a heav ie r  product  is 
obtained during the reac t ion ,  which reduces  the intensity of convection by accumulat ing on the lower catalyt ic  
sur face .  

It should be noted that the intensity of heat t r a n s f e r  should a lso  depend on Gr  2 in the p resence  of a r e a c -  
tion. The dependence of the logar i thm of the function F on logGr  2 is shown in Fig. 4. The function F has the 
f o r m  

F = (  N---U--U--1)Gr - ' / ~ .  
Nu~ 

It turns out that p rocess ing  the exper imen t s  in such coordinates  y ie lds  a prac t ica l ly  finiversal  curve .  This  
pe rmi t s  descr ib ing  the intensity of heat exchange by the following approx imate  formula :  

Nu Grl/3 (1 + O.14h/d) 
N~u-] = 1 + (3200 + 0.03Gr2) 1;3 ' (4) 

where  h / d  is the r a t io  of the bed height to its width (to the d i a m e t e r  of the outer  ves se l  in this case) .  

Fo rmula  (4) is valid fo r  the var ia t ion of the p a r a m e t e r s  within the following l imits:  

Grt = 10 a -  107; Gr~--103--107; h/d = 0.06--0,6. 

The h e a t - t r a n s m i s s i o n  law (4) should depend a lso  on the react ion p a r a m e t e r s ,  pa r t i cu ta r ly ,  on the reac t ion  
ra te .  The dependence on the react ion ra te  does not en te r  explici t ly into (4). It is taken into account in evalua t -  
ing the t he rma l  Grashof  number  Grl .  The quantity T1 - To en te r s  into the express ion  for  Gr l ,  where  the 
ca ta lys t  t e m p e r a t u r e  T 1 depends on the ra te  of the reac t ion  heat  l iberation.  

If there is no ve r t i ca l  t e m p e r a t u r e  gradient  (i.e., the ca ta lys t  t e m p e r a t u r e  T 1 and that of the porous plate 
a re  identical  and equal  to T 0) at the t ime of admitt ing the react ing  mix ture ,  then the d i f ference  T1 - To is the 
reac t ive  heating of the ca ta lys t .  In this case  convection or ig inates  because  of the react ion  proceeding on the 
ca ta lys t .  

Let us introduce the d imens ion less  t e m p e r a t u r e  of the ca ta lys t  as [5] 

E 
0 = RT~- (rl - -  TO). 

Hence,  introducing the Grashof  react ion  number  as Gr  0 : (gfllRTZo/v2E)h 3, exp re s sed  in t e r m s  of the reaet ion 
heating sca le  ]~T20/E, we obtain the following expressior~: Grt  = Gr00. Then (4) is rewr i t t en  as 

Gr~/a 0 ~/~ (1 + O.14h/d) (5) 
Nu/Nu 1 = 1 + (3200 ~ 0.03Gr~) 1 3 

The quantity 0 in (5) is unknown. However ,  it can be de te rmined  by using resu l t s  obtained by F r a n k - K a m e n e t -  
skit  [5]. 

Since c r i t i ca l  ignition and extinction conditions a re  possible  during the p r o g r e s s  of the react ion on the 
su r face ,  then the dependence of the intensity of heat  t r a n s f e r  because  of natural  convect ion will d i f fer  during 
p r o g r e s s  of the react ion  in the ignition and combust ion modes.  

N O T A T I O N  

&, coeff icient  of heat  e l iminat ion;  N, e l ec t r i ca l  power;  S, ca ta lys t  sur face ;  R, e l ec t r i ca l  r e s i s t ance ;  h, 
height of gas  layer ;  d, ve s s e l  d i amete r ;  ~, coeff icient  of the rma l  conductivity of the mixture ;  q, heat  l iberated 
during the react ion;  T1, t e m p e r a t u r e  of the plat inum plate; T 0, t empe ra tu r e  of the upper porous baffle;  g, 
acce le ra t ion  of g rav i ty ;  fi~, coeff icient  of volume expansion; u, mixture  coefficient  of kinematic  viscosi ty;  
Pl,  molecu la r  weight of the product  (SO3); p, molecu la r  weight of the initial  mix ture ;  Gr~, t h e r m a l  Grashof  
number ;  Gr2, concentra t ion Grasho f  number ;  Nu, Nussel t  number;  Nul, Nusse i t  number  for  heat  conduction; 
R, un iversa l  gas constant;  E,  act ivat ion energy.  

1. 
2. 
3. 
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DETACHMENT SIZE OF BUBBLES DURING QUASISTATIC 

GROWTH ON HEATER 

Yu. A. Kirichenko, L. A. SIobozhanin, 
and N. S. Shcherbakova 

UDC 532.65:536.423.1 

The  c r i t i c a l  bubble  d i m e n s i o n s  f o r  d e t a c h m e n t  f r o m  a s m o o t h  s u r f a c e  and f r o m  the edge of a 
r e c e s s  a r e  c a l c u l a t e d .  The  b o u n d a r y  of the q u a s i s t a t i c  r e g i m e  is e s t i m a t e d  on the b a s i s  of the 
p r e s s u r e .  

One of the m o s t  i m p o r t a n t  p r o b l e m s  in the p h y s i c s  of bo i l ing  is  that  of d e t e r m i n i n g  the s i ze  of v a p o r  
bubb l e s  as  they de t ach  f r o m  the h e a t e r .  The  d e t a c h m e n t  s i ze  and the na tu re  of the d e t a c h m e n t  depend  on the 
magn i tude  of the i n e r t i a l  f o r c e s  in c o m p a r i s o n  wi th  the f o r c e s  due to g r a v i t y  and s u r f a c e  t ens ion .  The i n e r t i a l  
f o r c e s  a r e  g o v e r n e d  p r i m a r i l y  by the r a t e  of g rowth  of the bubble  s u r f a c e  a r e a  and a r e  p r o p o r t i o n a l  to/34 [1]. 
Since  /3 in tu rn  i s  p r o p o r t i o n a l  to the m - t h  p o w e r  of the J a c o b i  n u m b e r  (0.5 ___ m _< 1) [2], and the J a c o b i  n u m -  
b e r  is  i n v e r s e l y  p r o p o r t i o n a l  to p " ,  a t  high p r e s s u r e s  the r a p i d  i n c r e a s e  in p" c a u s e s  /34 to b e c o m e  e x t r e m e l y  
s m a l l .  Unde r  these  cond i t i ons  we can  n e g l e c t  the inf luence  of i n e r t i a l  f o r c e s  on the bubble  d e t a c h m e n t .  The 
bubble  g rowth  is a s s u m e d  to be q u a s i s t a t i c ,  and the d e t a c h m e n t  is  a s s u m e d  to b e g i n a t t h e  i n s t an t  the e q u i l i b r i -  
um f r e e  s u r f a c e  of the l iquid b e c o m e s  uns t ab l e .  

D e s p i t e  the i m p o r t a n c e  of the p r o b l e m  of the d e t a c h m e n t  of bubb l e s  du r ing  bo i l ing ,  i t  has  r e c e i v e d  l i t t l e  
s tudy ,  even  in the c a s e  of q u a s i s t a t i c  bubble  g rowth .  The  a v e r a g e  d e t a c h m e n t  r a d i u s  r d = (3v d / 4 @ / 3  is u sua l ly  
e s t i m a t e d  f r o m  the equa t ion  [3] 

o.oi (9--9")g 0 (r d ~- 0.01 b-~/20; b = ( p -  p")g/(~). (1) 

T h i s  equa t ion  was  d e r i v e d  by F r i t z  [4] fo r  a bubble  s i t t i ng  on a smoo th  h o r i z o n t a l  p la te ;  F r i t z  d e t e r m i n e d  v d 
a s  the m a x i m u m  bubble  vo lume  (for a g iven  value  of 0) and u sed  the t a b l e s  of B a s h f o r t h  and A d a m s  [5] to c o n -  
s t r u c t  the func t ion  V d (0) fo r  0 ~ 59 ~ (Vd = vdb3/2). We note that  Eq. (1) b e c o m e s  u n a c c e p t a b l y  i n a c c u r a t e  a t  
0 > 125 ~ a c c o r d i n g  to the r e s u l t s  of [4]. F u r t h e r m o r e ,  the a p p l i c a b i l i t y  of (1) f o r  ~ < 59 ~ has  y e t  to  be p roved .  

N e s i s  and K o m a r o v  [6] p r o p o s e d  an a p p r o x i m a t e  a n a l y t i c  so lu t ion  of th is  p r o b l e m  f o r  s m a l l  0 on the b a s i s  
of a s tudy of the b e h a v i o r  of the b a s e  r a d i u s  X a s  a funct ion of the bubble  he igh t  h. They  a s s e r t e d  that  fo r  0 < 
70 ~ the cond i t ion  d N / d h  = -~r b e c o m e s  s a t i s f i e d  upon the a p p e a r a n c e  of an in f l ec t ion  poin t  of the g e n e r a t r i x  
of the bubble  s u r f a c e  at  the b a s e ;  th is  cond i t ion  was  adopted  a s  the s t a b i l i t y  t h r e s h o i d .  A n a l y t i c  and n u m e r i c a l  
c a l c u l a t i o n s  in [10] showed that  the in f l ec t ion  point  does  not co inc ide  with  the po in t  a t  which  we have  d X / d h  = 
- < .  F u r t h e r m o r e ,  the s a t i s f a c t i o n  of the cond i t i on  d X / d h  = - ~  canno t  be judged a r i g o r o u s  c r i t e r i o n  fo r  the 
toss  of s t a b i l i t y ;  a s  fo l lows  f r o m  a n u m e r i c a l  so lu t ion  of the v a r i a t i o n a l  p r o b l e m ,  the i n s t a b i l i t y  o c c u r s  upon 
the a p p e a r a n c e  of an in f l ec t ion  po in t  on the p r o f i l e ,  but  b e f o r e  the t i m e  a t  which the condi t ion  d X / d h  = - ~  
b e c o m e s  s a t i s f i e d  [10, 14]. 

F o r  l iqu ids  wi th  v e r y  s m a l l  we t t ing  a n g l e s  (e .g. ,  for  c r y o g e n i c  l iqu ids ,  fo r  which  0 ~ 0~ Eq. (1) p r e -  
d i e t s  v a l u e s  of r d which  a r e  f a r  too low. It is  r e a s o n a b l e  to a s s u m e  tha t  the v a p o r  bubble  does  not de t ach  f r o m  
the s m o o t h  wa l l  of the h e a t e r  but  f r o m  the edge  of a m i c r o s c o p i c  r e c e s s  [1]. The  m o s t  l ike ly  p l ace  fo r  the 
nuc l ea t i on  of a bubble  is  a t  the bo t tom of a m i c r o s c o p i c  r e c e s s .  As the bubble  g r o w s ,  the ba se  of the bubbie  
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