
F R E Q U E N C Y  A T  W H I C H  

F O R M  D U R I N G  B O I L I N G  

V.  F .  P r i s n y a k o v  

VAPOR BUBBLES 

An express ion  is found for  the f requency at which vapor  bubbles fo rm;  the f ami l i a r  empi r i ca l  
dependences follow f r o m  this exp res s ion  as pa r t i cu l a r  ca ses .  The theore t ica l  r e su l t s  a r e  in 
s a t i s f ac to ry  a g r e e m e n t  with exper iment .  

The re  is no genera l  solution for  the f requency f at which vapor  bubbles f o r m  during boiling [1, 2]. 
Exper imenta l  s tudies  a r e  r epo r t ed  in [3-10], and the e f for t s  which have been made to de te rmine  f a r e  r e -  
viewed in [1, 2, 11, 12]. 

In de te rming  f ,  many  inves t iga tors  have sought its connection with the rup ture  d i ame te r  D in the fol-  
lowing fo rm:  

I D = C  

where the quantity C has f requent lybeen a s s u m e d  a constant .  According to [13], e.g. ,  we have C = 9.5- 10 -z 
m / s e c ;  o ther  va lues  which have been r epo r t ed  a r e  7.87" 105 m / s e c  for  water  and 7.62" 10 -2 m / s e c  for  
CC14 [14], 8.38" 10 -2 m / s e e  for  methanol  [15], 2.032 m / s e e  under  na tura l -convec t ion  conditions during the 
boil ing of a sa tu ra ted  liquid [16, 17], 0.1016 m/ see  for  methanol  [18], and 8.8" 10 -2- 24.8 �9 10 -2 m/ see  during 
boil ing of w a t e r  at reduced  p r e s s u r e  [10]. Cont rad ic tory  dependences of C on the physica l  p r o p e r t i e s  of the 
med ium were  r epor t ed  in [12, 19-23]. 

It was shown in [24] that  mos t  of the published f and D resu l t s  a r e  not in s a t i s f ac to ry  a g r e e m e n t  with 
h e a t - t r a n s f e r  data because  of i n c o r r e c t  averag ing  p rocedures :  the a r i thmet i c  mean product  (fV> i n c r e a s e s  
with inc reas ing  heat  flow q, and at ce r t a in  q va lues  we have f V  = const  fo r  each bubble source .  

Let  us cons ider  the growth of a bubble on the heating sur face .  During a t ime  T d the bubble i nc rea se s  
in s ize ;  a f te r  it r eaches  the rupture  d i a m e t e r  D, it b r eaks  off and en te rs  the liquid. The  volume it leaves  
is fi l led by a cooler  liquid, which during a t ime  Cw is heated by an amount AT sufficient  to begin the f o r m a -  
tion of a new bubble. The bubble fo rmat ion  f requency is 

t 
l - ~ + ~d 

To de t e rmine  the delay t ime  ~'w we a s s u m e  that  the liquid coming into contact  with the heating su r face  
is a semi inf in i te  m a s s .  In this case  the solution of the h e a t - t r a n s f e r  equation in the liquid l aye r  yie lds  the 
following re la t ionsh ip  [25] between the heat  flow q, the t e m p e r a t u r e  drop AT, and Tw: 

.~, ~ f.Z.J~ ~ 

ATc'p' _ qR ,  R ,  ~ [ ~ \tl~ ( 1 ) 
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T o  d e t e r m i n e  t h e  b u b b l e - g r o w t h  t i m e  we u s e  t h e  e q u a t i o n  

T h e n  we f i nd  (for  R >> R 0) 

4% 
= ~o + (2 + i~) ~f~  

2 q 

__~[ 3\~F[I___ PB.~  . ~  Ro__ Tt 

~+cos0  + " 
(PO---- i+, /~cosO(2+sin~O) , q)q"= (t--cosO), / o = i - - ~ - ,  

2 .~ (t -- cos O) (i + % ]~) 
q)* = ~f~ (1 --  cos 0) ' (p~ = 2q~0 

F o r  a t a r g e  J > 10,  Eq. (2) s i m p l i f i e s ,  a n d  we c a n  s e t  

"~ = TO- - ~  ~* 

w h e r e  

T h e  r u p t u r e  r a d i u s  R ~ is  g i v e n  by  

3 ~ o 13 ~. \~ 13 ~ ~ 8 

x (1 + cos 0)~ sin o ~ 6  ~s ,R~ _ V s (~ + ~os o) ~ ~ ~ ~ s~ = o 
~ L ~ ~ .l 

p'w 2 
N w' ~- 9e(DN~v, N w ---- V-<:g [p' --p") 

P*a'~ ~ ~-%, s - -  15 ,{ 
# = ~ (g', (p '--  p") j --  74- ( + cos 0)';' 

D u r i n g  b o i l i n g  in  a l a r g e  v o l u m e  on  a h o r i z o n t a l  s u r f a c e ,  R* s a t i s f i e s  

R 0' _ ~ ~ sin e R ~ -- 8 (i + cos B)~R~., "~ = 0 
2 ~g 27n2~g 

K n o w i n g  R ~ we c a n  t h u s  u s e  E q s .  (1 )  a n d  (3) to  f i nd  t he  d i m e n s i o n l e s s  r u p t u r e  f r e q u e n c y  f ~  = f ' r , ;  

l a r g e  J ,  we h a v e ,  a p p r o x i m a t e l y ,  
m r  

(2) 
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or, more accurately, 

For  J > 100, Eq. (4) yields R ~ ~ CiJr In this case  we can use Eq. (5) to find the equation analogous 
to the empir ica l  dependence of [23], f V  cc j2, for  smal l  q. If we have 

%PR~ >> i (7) 

we can find from Eqs. (5) and (6) an expression analogous to the empirical dependence of [22]: 

FR~ -~ 4 ~ - l j s  

If R �9 cc j r  we find as a pa r t i cu la r  case,  the equation [20, 211 

IR '1" = co.st 

If we have the inequality opposite (7), we find 

= T \ J - /  

It follows that for  small  J, in which case  R ~ is essent ia l ly  independent of J, we have f = const,  and at 
l a rge  J, for  which we have R ~ cc j r  we find fR3/z = const.  

This  b r i e f  analysis  h a s  shown that the exponent on R changes f rom 0 to 2; this r esu l t  has been con- 
f i rmed  in pa r t i cu la r  cases  [26]. 

An analysis  [23, 24] has shown that we must  seek the re la t ionship  between the f requency f and the 
volume of the detaching bubble, adopting as  a p a r a m e t e r  charac te r iz ing  a par t i cu la r  vapor - fo rmat ion  cen-  
t e r  the product  fV ,  the vapor-product ion  ra te  of this center .  To check these  theore t ica l  resu l t s ,  we the re -  
fore  use  plots of f~ = f~  ~ vs J. 

F igure  1 shows the exper imenta l  resu l t s  of [24] (2), the i r  average  values (3), and a curve  (1) calcula-  
ted f rom the equations above. The  agreement  is seen to be sa t i s fac tory .  

F igure  2 shows that the calculated resul ts(3)  and (4) agree  with the exper imenta l  data of [10](1) and [27](2). 
(2). 
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