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Nucleate boil ing heat transfer may  be considered as heat  transfer to the liquid near a stagnation point. 
Using boundary- layer  theory and the laws of free turbulence, the authors obtain formulas containing 
two empir ica l  constants. 

It has been established by experiment  that more than 98% of the heat  in nucleate boil ing is transmitted direct ly 
to the liquid flowing over the heat- transfer  surface. It is therefore necessary, in the first instance, to examine the 
process of direct heat  transfer between liquid and body surface. 

The s tat is t ical  mean l inear dimension of a square cell  corresponding to one act ive vaporizing center can be eva lu-  
ated from the formula 

l ~ ~ r ~/'q ~ (1) 

where the separation volume of the bubbles is of the order 

v~ - 
(2) 

and the maximum frequency 

(3) 

Formula (3) correctly reflects, both qual i ta t ively  and quanti tat ively,  the most recent exper imental  resttlts. Meas- 

ured values of the s tat is t ical  mean bubble formation frequency constitute approximate ly  50-70% of Urea x [ 1]. Calcu-  
lations based on the above formulas indicate  that even for moderate thermal  flux the size of the e lementary  cel l  in 
nucleate boil ing of a saturated liquid is commensurate with the bubble diameter ,  i . e . ,  for developed nucleate boiling 

l ,-~ 1 / ~ / ( ~ '  - -  ~" ) .  (4) 

On the other hand, the cel l  size cannot be appreciably  less than (4), otherwise strong coalescence of neighboring 

bubbles and transition to film boil ing must take place�9 Condition (4) may obtain for large,  though subcrit ical ,  heat  

fluxes because of phase shift in the cycle  of bubble formation at neighboring centers. The order of thickness of the 
thermal boundary layer in the l iquid can be evaluated from the relat ion 6~X/q. 

Hence 

V q 
(5) 

For example ,  for water at low pressure, this ratio is less than 0. 005 when q = 23 300 w. m-~. Boundary-layer theory may  
therefore be used as a first approximation in analyzing the cell �9 The heat  transfer process in nucleate boil ing can be 
represented schemat ica l ly  as in Fig. 1. 

Liquid flow of this kind can be ident if ied with flow in the stagnation region of a blunt-nosed body. tn a region 

of vaporizing centers, part  of the l iquid is transformed into vapor bubbles, while the bulk of the liquid is carried, to-  
gether with the vapor bubbIes, into the main  volume. As a result, strong circulat ion is created,  which also largely  

determines the ve loc i ty  of the l iquid reaching the surface, and consequently the intensity of heat  transfer. 

The flow rate of l iquid towards a typical  cel l  is of the order G'  ~ - ( l+~ )o j r ,  where ~ is the coeff ic ient  of the en-  

trained mass. For mushroom-shaped bubbles g may  reach a value of 10. The approach ve loc i ty  of the liquid will be 
of the order 

w ' ~  q 1 + ~  
r y  ~ 1 - - ?  
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Fig. 1. Diagram of heat  transfer 
process in nucleate boil ing.  

Thus, the ve loc i ty  of l iquid flowing towards a cel l  may  be 
two or more orders greater than the value corresponding to 
the rate of vaporiT, ation. Even in this case, however, the 

Reynolds number Re = w ' l / v  is appreciably  less than its 

, q . / O  ~.~ . 
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Fig. 2. Experimental verif icat ion of 
Eq; (9) for water: 

1 - p  = 98 newtons, crn'Z; 2.-490; 3-- 
780; 4--980. A = Nu2/Prl//aRe 

cr i t ica l  value for ordered flow. Therefore the usual laws of turbulent transfer are not appl icable ,  although the vapor iza-  
tion process undoubtedly makes the boundary layer in question turbulent. The analy t ica l  solution of the equations of the 
thermal boundary layer  in a stagnation point region can be expressed in the form 

where 

N u ,  = c Pr'/~ R % ' ,  (6) 

o, , ,V / ~ N u , = - - U - .  R e , =  ~ / ,  P r = -  P l =  , ~,, 
'" t" ' ~- ' - -  " 

For a laminar  boundary layer,  m = 1/2 and 

Nu = c P r ' / 3  Re~.  (7) 

I f  we t ake ,  as a f i rs t  a p p r o x i m a t i o n ,  tha t  PT  p ' w ' Z ;  X T ~c p p  w , then  (7)  can be w r i t t e n  in  the  f o rm  

Nu.. ~ c l  Pr'/, l?e v~ (1 + c2PrRe,)V3 
�9 -" * (1 + c2 R e , ) l / ~  

(8) 

Here coefficients c 1 and c~ may,  in the general  case, be functions of 7 " / 7 ' ,  and the properties of the heat ing surface 

(e. g . ,  characterist ics such as the wetting contact  angle).  

When Pr ~ 1.0, it  follows from (8) that 

N u , / R e ,  = c~ + ca Re, .  (9) 

The exper imenta l  results of [21 expressed in terms of the coordinates of (9), are presented in Fig. 2. It is ev i -  
dent that in the main  part of the range of Re, a l inear relat ion holds. Here coeff ic ient  % is p rac t i ca l ly  constant, while 

c l increases somewhat with increase in y " / y ' .  But for very smal l  values o f ? , " / 7  ', and for near cr i t ica l  pressure, con-  

siderable deviations from Eq. (9) arise. 

Fig. 3 gives the most recent  exper imenta l  heat  transfer data, taken over a wide range of pressures, and genera l -  

ized in the form (6). The graph also shows heat  transfer results with air bubbled through a porous plat~.  It is clear  that 

al l  experimenltal points for the cases examined are sat isfactori ly close to the curves Nu. = 74 Re~ "7 Pr t a(a) and Nu. = 

= 25 Re, ~ Pr *'3 (b). 

The difference in the mul t ip ly ing factors in these formulas is probably at t r ibutable  to the presence in the second 

case of complex physical  and chemica l  ac t iv i ty  at the heat  transfer surface. 
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Fig. 3. G e n e r a l i z e d  e x p e r i m e n t a l  da ta  on fo rmula  

(6) for (a) bo i l ing  water ,  a lcohol ,  and f r eon-22 ,  

and (b) bo i l i ng  spec i f i c  hydrocarbons  (Nu, = 

= ~ } / a l W ' - - y " ) / X ;  Re,  = q ] / ~ / ( y ' - - y " i y r ~ ) :  
-2 

a) results  o f [ g ]  (water :  1 - 2 8 2  n .  c m  ; 2  - 980; 

3 - 1970); results of [2 ]  (water :  4 - 10 n �9 em-2 ;  

5 - 98; 6 - 490;  7 - 1960; a l c o h o h  8 - 9 . 8  n �9 

�9 c m ' 2 ;  9 - 30; 10 - 49;  11 - 98; 12 - 4.90); results 

of  [4 ]  ( f r eon-22 :  13 - 98 n �9 c m - ~ ) ; r e s u l t s  of [8 ]  

(14 - water  - a i r ;  15 - a l coho l  - a ir) ;  

b) r e s u l t s o f [ 6 ] ( b e n z e n e :  1 - 8 5 . 3 n .  c m - Z ; 2 -  

182; 3 - 320; n - p r o p a n e :  4 - 116 .5  n �9 c m - 2 ;  5 - 

203; 6 - 2 4 9 ;  n - h e p t a n e :  7 -  1 0 . 1 n  �9 c m - 2 ;  8 - 

79; 9 -  1 4 8 ; n - h e p t a n e :  1 0 - 7 9  n .  cm-2 ;  1 1 -  

215); resutts of  [7 ]  ( b e n z e n e :  12 - 9 . 8  n �9 cm-Z;  

1 3 - 3 5 . 2 ;  1 4 - 7 9 ; 1 5  - 207). 

Thus,  the  ex t ens ion  of  b o u n d a r y - l a y e r  t h e o r y  to the  h e a t - t r a m f e r  process in  n u c l e a t e  b o i l i n g  gives a co r r ec t  e v a l -  

ua t ion  of the  bas ic  h e a t - t r a n s f e r  m e c h a n i s m  in these  c o m p l e x  condi t ions ,  and  seems a r easonab le  basis on which  to 

bu i ld  a more  e l a b o r a t e  t heo ry  of  b o i l i n g  h e a t  t ransfer .  

N OTATION 

l - l i nea r  d i m e n s i o n  of  ce l l ;  r - h e a t  of v a p o r i z a t i o n ;  ? - spec i f i c  we igh t  of m e d i u m ;  p - dens i ty  of m e d i u m ;  

V 0 - b u b b l e  s epa ra t i on  v o l u m e ;  u - b u b b l e  s e p a r a t i o n  f r equency ;  Vma x - bubb le  rise ve loc i t y ;  o - sur face  t ens ion ;  

6 - bounda ry  layer  th ickness ;  k - t h e r m a l  c o n d u c t i v i t y ;  G - mass  flow of l iqu id ;  g - a d d i t i o n a l  mass  c o e f f i c i e n t ;  ~o - 

app roach  flow v e l o c i t y ;  u - c o e f f i c i e n t  of  k i n e m a t i c  v iscosi ty ;  F - c o e f f i c i e n t  of  d y n a m i c  viscosi ty ;  Cp - spec i f i c  

h e a t  of m e d i u m ;  ~0 - vapor  c o n t e n t  b y  v o l u m e ;  g - a c c e l e r a t i o n  of  g rav i ty ;  q - t h e r m a l  flux dens i ty ;  @ - c o e f f i c i e n t  

to a l low for r e l a t i v e  c h a n g e  in b u b b l e  v o l u m e ;  superscripts :  ' - l iqu id ,  " - vapor .  
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