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We investigate the conditions under which the vapor phase appears on a heating surface ; this 

investigation is carried out from the standpoint of the theory of convection heat transfer. 

Numerous re fe rences  [1-5] are  devoted to the study of the conditions under which the vapor phase 
appears  at a heating surface .  

References  [2, 4] deal with the problem of the limit dimensions for active centers  of vapor formation 
by analyzing the nonsteady heating of layers  of liquid adjacent to the hea t - t r ans fe r  surface.  However, the 
grea t  indeterminacy in the select ion of the thickness for the liquid layer  that is being heated and the fact 
that the convection heat flow are neglected makes it impossible  to regard  the resu l t s  derived in these r e f -  
e rences  as definitive. 

Reference [5] descr ibes  an investigation into the conditions prevail ing in the onset of boiling in flows 
moving at ra ther  high veloci t ies ,  at which the variat ion in temperature  near  the wall, at height of the vapor  
nucleus,  is assumed to be l inear .  

An attempt is made in this article to approach the analysis of this problem from the standpoint of the 

theory of convection heat transfer, for the case of free convection.. 

According to [6], the transfer of heat from a horizontal heat-exchanger surface to a liquid in the 

case of free convection is accomplished primarily by a system of paired vortices, which forms near the 

surface. Within the range of variation for the Rayleigh number from 1700 to 105 the flow in the horizontal 

layer exhibits a cellular structure. When Ra >> 105, as well as within a large space, the cellular structure 

is preserved only near the heat-transfer surface, in which case the Rayleigh number calculated from the 

thickness of the vortex layer near the wail, according to our experiment, is equal to ,-~3100. 

We will assume that the heat-transfer intensity under these conditions depends primarily on the veloc- 

ity of liquid circulation within the cellular layer which exists near the heat-transfer surface. In this case, 
the problem can be reduced to the calculation of the thermal boundary layer which forms at the surface of the 

body as a consequence of the interaction between the paired vortices forming the cellular structure of the 

liquid flow. We will also assume that the lift forces are primarily responsible for the liquid circulation 

velocity in the cells and exert no significant influence on the development of the thermal boundary layer. In 

first approximation, we will assume that the vortex flows exist in the form of cylindrical shafts. 

Unlike [7], we assume that the flow of the liquid at large Ra numbers can be treated as a flow with 

constant vorticity within the core of the shaft where the viscosity forces are negligibly small [8]. The friction 

forces make their appearance only in the thin boundary layer about the perimeter of the shaft (Fig. la). 

The solution for the equation 

02~*-* + 0~--~-* = co 

Ox 2 @2 

for the boundary conditions ~ = 0 at the edges of the shaft has the form 
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F i g .  1. D i a g r a m  of the l iqu id  f low n e a r  the h e a t i n g  s u r f a c e  in a thin l a y e r  (a) 
and in a l a r g e  s p a c e  (b). 

F i g .  2. G r a p h i c a l  s o l u t i o n  of E q s .  (4) and (9) fo r  w a t e r  when P = 1 a t m  a b s .  
and  fo r  Atsu b = 3~ 1-4)  c a l c u l a t i o n  r e s u l t s  f r o m  (4) and (8); 5) a f t e r  (9); f o r  
1 we have  At = 6~ for  2 we have 8~ fo r  3 we have  10~ and fo r  4 we have  

15~ 

= / ~  sh-M cth M sh ~y + ch ~y - -  1 sin hx, (1) i1=1 
w h e r e  X = n ~ r / l .  

L i m i t i n g  o u r s e l v e s  to the f i r s t  t e r m  of the s e r i e s ,  f o r  y = 0 we have  

u o = v 0 s in  ~ x  (2) 
l 

U s i n g  the i n t e g r a l  m o m e n t u m  and e n e r g y  r e l a t i o n s h i p s  and the l aws  g o v e r n i n g  f r i c t i o n  and hea t  t r a n s -  
f e r  f o r  the b o u n d a r y  l a y e r  which  a p p e a r s  a t  the s u r f a c e  of the body a s  a c o n s e q u e n c e  of the v o r t e x ,  i t  b e -  
c o m e s  p o s s i b l e  to d e r i v e  a c l o s e d  s y s t e m  of equa t i ons  and an  a n a l y t i c a l  s o l u t i o n  fo r  the p r o b l e m  of hea t  
t r a n s f e r  in the c a s e  of f r ee  l i qu id  c o n v e c t i o n  in h o r i z o n t a l  l a y e r s  and in a I a r g e  s p a c e .  The r e s u l t s  of  the 
s o l u t i o n  a r e  g iven  in [6] and  a g r e e  we l l  w i th  a v a i l a b l e  e x p e r i m e n t a l  da t a  on hea t  t r a n s f e r .  

We wi l l  a s s u m e  that  the p r o p o s e d  s c h e m e  fo r  the l iqu id  f low wi l l  r e m a i n  in tac t  unt i l  the ins t an t  that  

the v a p o r  p h a s e  a p p e a r s .  

It is  p r e s e n t I y  r e g a r d e d  a s  hav ing  been  e s t a b l i s h e d  that  a v a p o r  bubble  is  f o r m e d  in a d e p r e s s i o n .  The 
e q u i l i b r i u m  c o n d i t i o n  fo r  the v a p o r  p h a s e  can  be w r i t t e n  in the fo l lowing  m a n n e r :  

T h - T  = 2 A ~ T s  (3) 
s r?,,rb 

A c c o r d i n g  to [2], we a s s u m e  the fo l lowing  r e l a t i o n s h i p s  be tw e e n  the he igh t  (h) of  the bubble  n u c l e u s ,  
i t s  r a d i u s  (rb) ,  and  the r a d i u s  of the d e p r e s s i o n  (rd):  

Cl 
h = c t r  d, r b =cz r  d,  h = car b ,  c~ = - - ,  

Cg 

where c i = 2, c 2 = 1.25, c 3 = 1.6. 
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Fig. 3. Region of existence for active centers of vapor formation: I) boiling of pentane when P = 1 arm 

abs. and at the saturation temperature, according to (4) and (9); II) boiling of diethyl ester when P = 1 

arm abs. and at the saturation temperature, according to (4) and (9); i, 2) after [ii]; r d, gm, and 2xt, 

~ 

Fig. 4. Boiling of water at the saturation temperature: I) according to (4) and (9) for P = 1 arm abs.; 

II) according to (4) and (9) for P = 0.14 arm abs.; I) after [12], P = 1 atm abs.; 2) after [3], P = 1 arm 

abs.; 3) after [12], P = 0.14 arm abs.; d d, #m, and At, ~ 

L e t  us  i n t r o d u c e  the d i m e n s i o n l e s s  c o o r d i n a t e  r~ = y / 6  t and the d i m e n s i o n l e s s  t e m p e r a t u r e  | = (T 

- T O ) / ( T w  - T o ) .  

From (3) we will then have 

2AoTs (4) 

o,, = ~ u b +  ~'e" 6~ (rw - r0) nh 
Ca 

A c c o r d i n g  to the d i a g r a m  of  the l iqu id  f low n e a r  the h e a t - e x c h a n g e  s u r f a c e  that  we have  a s s u m e d  h e r e ,  
the v a p o r  n u c l e u s  m u s t  be s i t u a t e d  in the b o u n d a r y  l a y e r  a t  a he igh t  A t.  In f i r s t  a p p r o x i m a t i o n ,  c o n s i d e r i n g  
the i n s t a b i l i t y  of p o s i t i o n  fo r  the v o r t e x  c e l l s  a t  the s u r f a c e ,  we def ine  the t h i c k n e s s  of the b o u n d a r y  l a y e r  
a s  the a v e r a g e  t h i c k n e s s  a long  the l eng th  of the c e l l ,  wh ich  is  c l o s e  to the t h i c k n e s s  of the b o u n d a r y  l a y e r  
in the d e s c e n d i n g  f low and a c c o r d i n g  to [9] (see F i g .  lb)  is  equa l  to 

6 = 2 . 4 (  ~l / ' / '  
\ kv0 / ' (5) 

w h e r e  k = rr when x = 0. In the r a n g e  of v a r i a t i o n  fo r  the P r a n d t l  n u m b e r  f r o m  0.5 to 20 we can  a s s u m e  
[i0] that 

8t~ t = pr0.4. 

F r o m  the s o l u t i o n  of the s y s t e m  of e q u a t i o n s  d e s c r i b i n g  the p r o c e s s  of c o n v e c t i o n  h e a t  t r a n s f e r  at  
a h o r i z o n t a l  s u r f a c e  we have  [6] 

Re t = 0.85 Ra I/2 Pr -~ , (6) 

whe re 

Re l -  vJ ", R a  At~gla - - 3 1 0 0 .  
~V a 'v  

C o n s e q u e n t l y ,  

whence 

6 t / l  = 0.195, (7) 

2 .88(  aA-~--g ) l/a = (8 )  
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The t e m p e r a t u r e  d i s t r i b u t i o n  o v e r  the c r o s s  s e c t i o n  of the b o u n d a r y  l a y e r  is  a p p r o x i m a t e d  by a 
f o u r t h - d e g r e e  p a r a b o l a  

0 ' 1 - - 2 ~  1+2~1  ~ - ~ 4 .  (9) 

We will assume in first approximation that the conditions for the growth of the bubble nucleus will be de- 

termined by the simultaneous solution of (4) and (9). The graphical solution of these equations for the case 
of the boiling of a subcooled liquid is shown in Fig. 2. 

In Fig. 2 curves 1-4 have been derived from (4) and (8) for various values of the temperature differ- 

ence between the temperature of the wall and that within the liquid volume, when the heated liquid volume 

exhibits a temperature which differs by 3~ from the saturation temperature at a pressure of 1 atm. abs. 
The point at which curve i, calculated from (4) and (8), comes into contact with curve 5, which corresponds 

to the temperature profile (9) in the layer near the wall, corresponds to the conditions for the onset of liquid 
boiling at the heating surface. 

Point A corresponds to the minimum temperature differences between the wall and the liquid volume 

at which it is possible to generate active centers of vapor formation. The points of intersection for curves 

2-4 with curve 5 determine the minimum and maximum values for the radii of the depressions within which 

a vapor bubble may form. 

Figures 3 and 4 compare the proposed solution with the experimental data of various authors. The 

experimentally established dimensions of the active depressions in the boiling of water, pentane, and di- 
ethyl ester are found to be in qualitative agreement with theory. 

However, for definitive conclusions as to the validity of the adopted assumptions, we need more ex- 
tensive experimental material on the effect of various factors on the process of vapor-phase formation. 
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NOTATION 

is the maximum value of the velocity in the midsection; 

~s the stream function; 

is the height of the cellular layer; 

~s the vorticity of the shaft core; 

is the thickness of the thermal boundary layer; 

is the kinematic viscosity; 

is the coefficient of thermal diffusivity; 

~s the specific weight; 

is the coefficient of volumetric expansion; 
is the acceleration due to gravity; 

Is the coefficient of surface tension; 
is the heat of vapor formation; 

zs the temperature within the liquid volume; 

is the saturation temperature, ~ 
is the dimensionless subcooling temperature; 

is the thermal equivalent of mechanical work; 

a r e  the t e m p e r a t u r e s  of the bo t t om and top h e a t - e x c h a n g e  s u r f a c e s  of  the h o r i z o n t a l  l a y e r ;  
a r e  the h e a t - t r a n s f e r  c o e f f i c i e n t s  a t  the b o t t o m  and top h e a t - t r a n s f e r  s u r f a c e s  of the h o r i -  
zon ta l  l a y e r ;  
a r e  the hea t  f low th rough  the b o t t o m  and top h e a t - t r a n s f e r  s u r f a c e s  in the h o r i z o n t a l  l a y e r ;  
is  the t e m p e r a t u r e  of the l i qu id  in a l a r g e  v o l u m e .  

Subscripts 

cr denotes critical ; 

w denotes the wall; 
' denotes the liquid; 

" denotes the vapor. 
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