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It is shown that in the development of boiling the main quantity of heat is transferred 
from the surface into the vapor volumes due to the latent heat of vaporization. 

Following are the most widely accepted physical models of the heat-transfer mechanism associated 
with boiling [1-3]: it is postulated that the bubbles generate vigorous turbulence of the thermal boundary 
layer, thus creating large heat-transfer coefficients. According to another hypothesis [4-6], the vapor 

phase acquires a considerable quantity of heat from the liquid even during the buildup period on the heating 
surface due to the latent heat of vaporization; the fraction of this !'latent heat transfer" in the total energy 

balance of the surface increases to i00~0 as the thermal load approaches the critical value. 

In order to obtain additional information about the heat-transfer mechanism in boiling we have con- 

ducted some investigations on a plane surface of small dimensions with a single bubble-generating center. 
The heat transfer on this type of surface corresponds to the process in an individual element of the cellular 

model [7, 8]. 

The working section was fabricated from a copper rod 50 mm in length and 3 mm in diameter. The 

rod was silver-soldered to a nickel diaphragm 0.05 mm thick. Boiling took place on a plane horizontal sur- 
face of nickel foil of GOST (All-Union State Standard) purity class 8. The heat source was a heater situated 
at the lower end of the rod. Four grooves were cut into the upper part of the rod, separated by a distance 
of about 2.5 ram, and copper-Constantan thermocouples were pressed into the grooves. The heat flux and 
temperature of the boiling surface were determined from the readings of the thermocouples. Once-distilled 
water was used for the working surface. The physical process was filmed with a Fastax motion picture 
camera at a speed of 2500 frames/sec in transfllumination. The quantity of heat withdrawn from the bubble 

vapor volume was determined from the equation 

ZVirv2 
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The volume of each bubble, which had a nonspherical  shape, was calculated by addition of the volumes of 

15 to 20 cyl inders  into which the bubble was parti t ioned. 

A compar i son  of the experimental  boiling data for a single vaporizat ion center  with the bubble-boiling 
curve  for a la rge  sur face  shows that both p r o c e s s e s  a re  s imi lar  in t e rms  of their main charac te r i s t i c s .  
Agreement  is also observed with r e spec t  to the p a r a m e t e r s  D 0, f, and D0f. We note cer ta in  features  of the 
hea t - t r ans fe r  p r o c e s s e s  on a small  surface .  Thus, boiling is initiated at  thermal  loads [(35 to 50) �9 103 W 
/ m  2] higher  than on the well-developed surface ,  This resu l t  is possibly attr ibutable to the fact that the p rob -  
ability of the inception of a vaporizat ion center  on the small  surface is also small  (all other conditions be-  

ing equal). 

The results of the tests in which the latent heat transfer was determined are presented in Table i. It 

is seen that the latent heat-transfer fraction qlat/q varies from 0.25 to i.15. This parameter is observed 
to depend on: a) the time during which the surface is covered with vapor; if the surface is free of growing 
bubbles some of the time, i.e., if there, is a large time between bubbles or series of bubbles, heat transfer 
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T A B L E  1. E x p e r i m e n t a l  Da ta  on the  B o i l i n g  of W a t e r  fo r  a S ing le  
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i s  r e a l i z e d  d u r i n g  th i s  t i m e  by  c o n v e c t i o n  a l o n e  b) the  r a t i o  of  the  d i a m e t e r s  of  the  bubb le  and h e a t i n g  s u r -  
f ace .  I t  m a y  be  a s s u m e d  tha t  h e a t  t r a n s f e r  i s  r e a l i z e d  be ne a th  the  bubble  by  " l a t en t "  h e a t  t r a n s f e r ,  wh i l e  

on the  r e s t  of the  s u r f a c e  h e a t  i s  w i t h d r a w n  by c o n v e c t i o n  of  the  l i qu id ,  i . e . ,  if  D O < dhs  ( d i a m e t e r  of  the  

h e a t i n g  s u r f a c e ) ,  then  q l a t / q  < 1. 

T a k i n g  t h e s e  d e p e n d e n c e s  into a c c o u n t ,  we  c a l c u l a t e d  the  t h e r m a l  b a l a n c e  of the  h e a t i n g  s u r f a c e .  The  

r e s u l t s  of the  c a l c u l a t i o n  a r e  g iven  in  F i g .  1; the  po in t s  f i t  the  s t r a i g h t  l i ne  (qla t  + q c o n v ) / q  = 1 wi th  • 
d e v i a t i o n .  F o r  the  c a l c u l a t i o n  of  qconv we  u s e d  the  va lue  of the  h e a t - t r a n s f e r  c o e f f i c i e n t  f r o m  o u r  e x p e r i -  
m e n t a l  d a t a  on n a t u r a l  c o n v e c t i o n  on a s m a l l  s u r f a c e .  T h u s ,  the  t h e r m a l  b a l a n c e  of the  s u r f a c e  i s  g iven  

wi thou t  r e g a r d  fo r  the  t u r b u l e n c e  e f fec t s  c r e a t e d  by  the  b u b b l e s .  

In  s e v e r a l  s e r i e s  of  t e s t s  the  l a p s e  t i m e  was  r o u g h l y  equa l  to z e r o ,  and  the  m e a n  bubb le  d i a m e t e r  a t  
d e t a c h m e n t  w a s  equal  to the  h e a t e r  d i a m e t e r .  In  th i s  c a s e  t h e r e  i s  no c o n v e c t i v e  h e a t  t r a n s f e r ,  and  a l l  the  
h e a t  f r o m  the h e a t i n g  s u r f a c e  m u s t  be  c o n t a i n e d  in  the  v a p o r  v o l u m e s  of  the  b u b b l e s .  The  t e s t  r e s u l t s  i n -  

d i c a t e  tha t  i ndeed  q la t  = q in th i s  c a s e .  

We d r a w  the  fo l lowing  c o n c l u s i o n s  on the b a s i s  of  o u r  e x p e r i m e n t s  on the  r o l e  of l a t e n t  h e a t  t r a n s f e r :  
1) a l l  the  h e a t  g e n e r a t e d  by  the  s u r f a c e  o v e r  a n  a r e a  equal  to the  p r o j e c t i o n  of  the  m e a n  bubb le  d i a m e t e r  a t  
d e t a c h m e n t  i s  s p e n t  in  the  f o r m a t i o n  of bubb l e s  a t  e ach  v a p o r i z a t i o n  c e n t e r  when  r i p  s ~ 0; 2) the  l a t e n t  h e a t -  
t r a n s f e r  f r a c t i o n  i n c r e a s e s  wi th  the  t h e r m a l  l o a d ,  and  a t  e ach  v a p o r i z a t i o n  c e n t e r  the  r a t i o  q l a t / q  a t t a i n s  

a va lue  of  un i ty  wi th  the  bu i ldup  of a con t inuous  v a p o r - j e t  r e g i m e .  

A s e c o n d  g roup  of t e s t s  w a s  c a r r i e d  o u t  to s tudy  the  t u r b u l e n c e - g e n e r a t i n g  e f fec t s  of the bubb les  th rough  

the  s i m u l a t i o n  of  b o i l i n g  by  gas  bubbl ing .  D u r i n g  the  growth  of the  gas  bubb le  t h e r e  i s  no l a t e n t  h e a t  of 
v a p o r i z a t i o n  s p e n t  in i t s  f o r m a t i o n  (at a l i qu id  t e m p e r a t u r e  we l l  be low the s a t u r a t i o n  t e m p e r a t u r e ) ;  on the  
o t h e r  h a n d ,  the  t u r b u l e n c e  e f f ec t s  of  the  gas  bubble  do not  d i f f e r  f r o m  t h o s e  c r e a t e d  by  a v a p o r  bubb le  in  
b o i l i n g ,  i . e . ,  a l l  the  h e a t  f lux n e a r  the  b u b b l e - g e n e r a t i n g  c e n t e r  i s  w i t h d r a w n  by t u r b u l e n t  convec t ion .  

The  bo i l i ng  s i m u l a t i o n  t e s t s  w e r e  conduc t ed  on a w o r k i n g  s e c t i o n  d i f f e r e n t  f r o m  the  one d e s c r i b e d  
a b o v e  in  tha t  now the  r o d  had  a l e n g t h w i s e  b o r e  runn ing  t h rough  i t ,  0.9 m m  in d i a m e t e r ,  to d e l i v e r  the  gas  
to the  s u r f a c e .  On th i s  w o r k i n g  s e c t i o n  we  f i r s t  o b t a i n e d  da t a  on n a t u r a l  c o n v e c t i o n  a t d i s t i l i a t e  t e m p e r a t u r e s  
of  17,  55, and  75~ a l o n g  wi th  bo i l i ng  d a t a  fo r  i d e n t i f i c a t i o n  wi th  the  " s o l i d  r o d "  a p p a r a t u s  (the bo i l i ng  
c u r v e s  a r e  s i m i l a r  in  both  c a s e s ,  d i f f e r i n g  by  10 to 15%); then  in  the  n i c k e l  d i a p h r a g m  we  punched  a h o l e  
0.65 m m  in d i a m e t e r  a t  the  c e n t e r  of the  i n n e r  duc t  and  conduc ted  ou r  gas  bubb l ing  e x p e r i m e n t s .  

In  the  bo i l i ng  s i m u l a t i o n  t e s t s  the  r a n g e  of  gas  v o l u m e t r i c  f low r a t e s  spa nne d  the  e n t i r e  v a p o r - r a t e  
i n t e r v a l  ob ta ined  in  bo i l i ng ;  the  p a r a m e t e r s  D 0, f,  D0f, and  d R / d ~ -  a l s o  c o n c u r r e d ,  i . e . ,  s i m i l a r i t y  c o n d i -  

t ions  w e r e  p r e s e r v e d  b y  and  l a r g e  b e t w e e n  the  p r o c e s s e s .  
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Fig.  1. Sum of la tent  heat  t r a n s f e r  (measured)  and heat  flux (calculated) due to natural  convec-  
t ion v e r s u s  m e a s u r e d  total  heat  flux (q. 10 -5, W/m2) .  

Fig.  2. H e a t - t r a n s f e r  coeff ic ient  ( a .  10 -a W / m  2 �9 deg) v e r s u s  hea t  flux (q. 10 -5, W / m  2) in the 
s imula t ion  of boil ing by gas bubbling; liquid t e m p e r a t u r e  17~C ; v is the gas vo lumet r ic  flow r a t e ,  
c m a / s e c :  1) boiling; 2) gas injection; 3) f r ee  convection.  

The r e su l t s  of the bubbling t e s t s  at  a liquid t e m p e r a t u r e  of 17~ a r e  given in Fig. 2; s i m i l a r  r e su l t s  
w e r e  obtained a t  T = 55 and 75~ 

Analyzing the exper imenta l  data ,  we note the following: an i nc r ea se  in the gas flow r a t e  improves  the 
hea t  t r a n s f e r ,  but only within definite l imi t s  (no m o r e  than 20 to 100% over  natura l  convection conditions); 
the graphic  dependence a(q) for  gas bubbling is pa ra l l e l  to the line r ep re sen t i ng  heat  t r an s f e r  in natural  con-  
vection.  The exper imenta l  r e s u l t s  defini tely imply  that  the c rea t ion  of turbulence in the boundary l ayer  by 
bubbling does not yield as  high h e a t - t r a n s f e r  coeff icients  as  in boiling. Fo r  a quanti tat ive de te rmina t ion  of 
the agi ta t ing eff ic iency of the bubbles we need to introduce into the h e a t - t r a n s f e r  equation the p a r a m e t e r  
D0f , which is common to the bubbling and boiling p r o c e s s e s .  It  is apparen t  f rom Fig.  3 that the product  
D0f i n c r e a s e s  with the gas flow r a t e ,  and s imul taneous ly  the hea t  t r a n s f e r  improves .  Consequently,  D0f 
m u s t  enter  into the n u m e r a t o r  of the d imens ion less  complex,  which may  be r ep re sen t ed  in the fo rm 

qDo[- (qD~)(D~J) (heat flux) • (time) -- work of thermal forces 

og (~D~) work of surface formation 

The s imulat ion r e s u l t s  a r e  genera l ized  by the equation 

- -  . ( 1 )  

The deviat ion f r o m  the a v e r a g e  l ine is 4-15%. The bubble-boi l ing data appea r  to obey two re la t ions  
in the adopted d imens ion les s  coordina tes  (the exper imenta l  r e su l t s  we re  p r o c e s s e d  only for p = 1 a tm ,  
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Fig.  3. H e a t - t r a n s f e r  coeff icient  ( a .  10 -3, W / m  2 .deg) 
(1) and bubble growth r a t e  (D0f , r a m / s e c )  (2) v e r s u s  gas 
vo lumet r ic  flow ra te  (v, c m a / s e c )  in gas bubbling; w is 
the bubble a scen t  r a te .  
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because the boiling simulat ion study was ca r r i ed  out at  this p r e s su re ) .  F o r  low heat  fluxes (in the i sola ted-  
bubble regime)  the boiling data a r e  general ized by Eq. (1). When the reg ime of ver t ica l  coalescence  of the 
bubbles sets  in (q ~ 1.5 "105 W / m  2 at  p = 1 atm),  the growth ra te  attains a maximum under the given con-  
ditions (Fig. 3), and the resu l t s  of the boiling tes ts  a r e  descr ibed  by the re la t ion 

Nu =415 C qD~ ~o.7 
, ( 2 )  

in which D0f = const  and is equal to half the bubble ascent  ra te  under the given conditions (0.15 m / s e c  in 
water  a t  p = 1 atm). 

We conducted an exper iment  with a constant  surface  thermal  load, but a var iable  gas flow ra te .  The 
resu l t s  a r e  given in Fig. 3. I t  is seen that the hea t - t r ans fe r  coeff icient  at tains a maximum in t ransi t ion 
f rom the isolated-bubble reg ime  to the coalesced-bubble  reg ime.  It  is c l ea r  that a l imi t  is imposed on the 
enhancement  of the ro le  of turbulence generat ion by the bubble ascent  ra te ,  i .e . ,  each vaporizat ion center  
can withdraw only a l imited quantity of heat  f rom the surface  by turbulent  convection. A fur ther  inc rease  
in the thermal  load induces an abrupt  change in the density of act ive vaporizat ion cen te r s  and, hence,  in 
the hea t - t r ans f e r  coefficient .  The foregoing discussion explains why the exper imental  data on boiling follow 
the two dependences (1) and (2). 

Consequently,  the c rea t ion  of turbulence in the boundary l aye r  by bubbles,  being proport ional  to the 
growth ra te  D0f, is never the less  bounded and small  (as compared ,  say, with the act ion of forced convection 
of the liquid). Our exper iments  with the simulation of boiling by gas bubbling support  the conclusions drawn 
f rom the exper iments  involving d i rec t  measuremen t s  of the la tent  heat t r ans fe r .  
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