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New physical concepts are developed in connection with the two fun- 
damental processes resulting in the transfer of heat from a heater to a 
liquid under conditions of nucleate boiling, 

We know f rom [1, 2] that  no s a t i s f a c t o r y  theory  c u r -  
r en t ly  ex i s t s  for  heat  t r a n s f e r  in nuc lea te  boi l ing.  
Moreover ,  it  is p r e s e n t l y  not c l e a r  how the heat  is  
t r a n s f e r r e d  f rom a hot so l id  su r face  to the boi l ing 
l iquid.  In mos t  r e f e r e n c e s  devoted to heat  t r a n s f e r  in 

Fig.  1. Vapor bubbles  on hea t e r  su r f ace .  

nucleate  boi l ing,  the  au thors  dea l  with the i r  s e m l e m -  
p i r i c a l  f o rmu la s  by the methods  f rom the theo ry  of 
s i m i l a r i t y  [3-11].  

In th is  a r t i c l e - - p a r t i a l l y  developing  the concepts  of 
[12]--an a t tempt  is  under taken  to  p rov ide  a qua l i ta t ive  
p i c tu re  for  the in i t ia l  s t age  in nuclea te  boi l ing,  and 
a lso  to sugges t  m e a n s  of cons t ruc t ing  the quant i ta t ive  
phys i ca l  theory  of the heat  t r a n s f e r  which t akes  p lace  
in th is  p r o c e s s .  

The hea t e r  su r f ace  is p r i m a r i l y  in contact  with the 
l iquid med ium in the nuclea te  boi l ing  r eg ime .  Because  
of the low t h e r m a l  conduct ivi ty  of s t eam,  we can ne-  
glect  the heat  t r a n s m i t t e d  d i r e c t l y  to the bubbles ,  and 
we can a s s u m e  that  the dens i ty  of the heat  flow in the 
nucleate  boi l ing r e g i m e ,  ju s t  as  in the  absence  of phase  
convers ion ,  is  defined by the convent ional  f o r m u l a  

q ~ - - ~ ,  grad T. (1) 

The in tens i ty  of heat  t r a n s f e r  is thus de t e rmine d  by 
the v e r y  t e m p e r a t u r e  g rad ien t  which ex i s t s  within the 
l iquid at  the boundary  with the hea t e r .  In turn,  the 
quanti ty g rad  T is a function of the na tu re  of the h e a t -  
t r a n s p o r t  p r o c e s s  within the l iquid.  

There  ev ident ly  ex i s t s  a s imp le  r e l a t i onsh ip  b e -  
tween the t e m p e r a t u r e  g rad ien t  at the h e a t e r  su r face  
and the th i ckness  6 of the supe rhea t ed  l a y e r :  

AT 
grad T ~ - - .  (2) 

5 

Using the f a m i l i a r  r e l a t i onsh ip  for  the h e a t - t r a n s f e r  
coeff ic ient  

q 
AT' 

we obtain the equation 

= - - ,  ( 3 )  
6 

which e s t a b l i s h e s  that  the h e a t - t r a n s f e r  in tens i ty  in 
nuclea te  boi l ing  (at a d i s t ance  f rom the c r i s  point) is 
i n v e r s e l y  p ropo r t i ona l  to the th ickness  of the wall  
l a y e r  for  the given liquid. The quanti ty 6 is d e t e r -  
mined  by the r a t e  of heat  t r a n s p o r t  f rom the s u p e r -  
heated l a y e r  to  the co re  of the  l iquid and to the a m b i -  
ent medium.  The heat  f rom the wal l  l a y e r  is  r emoved  
by conduction,  na tu ra l  convection,  the evapora t ion  of 
the supe rhea ted  l iquid in the bubbles  s i tua ted  at the 
su r face ,  and by fo rced  convect ion (mixing), th is  l a s t  
brought  about by the growth, sepa ra t ion ,  r i s e ,  and 
bu r s t i ng  of the bubbles .  As d e m o n s t r a t e d  by e x p e r i -  
ment ,  s ince  the t r a n s f e r  of hea t  in boi l ing  i s  cons id -  
e r a b l y  g r e a t e r  than the loss  of heat  in the c o m p a r a b l e  
case  in which the l iquid fa i l s  to boi l  at  ident ica l  t e m -  
p e r a t u r e s ,  i . e . ,  when the t r a n s f e r  of heat  is  a c c o m -  

(6) 
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Fig. 2. 

I 
I 

I 
t ~2 

I 
I 

L / 
/ 

30 6O go /2O 8* 

Plots  of ~p and r as  functions 
of edge angle  0. 

p l i shed  exc lus ive ly  by conduction and na tu ra l  convec -  
tion, we a r e  ju s t i f i ed  in t r e a t i n g  the vapor  fo rmat ion  
and bubbling as  fundamental  p r o c e s s e s  of heat  t r a n s f e r  
in the phase  c onve r s ion  of a l iquid into s t eam.  As r e -  
g a r d s  the f r ac t i on  of heat  t r a n s f e r r e d  in each of t h e s e  
p r o c e s s e s ,  th is  is a function of the boi l ing  condi t ions:  
the  d imens ions ,  or ienta t ion ,  wet tabi l i ty ,  and the de -  
g r ee  of roughness  for  the so l id  hea t e r  su r face ,  as  well  
as  of the v i scos i ty ,  the heat  of vapor  f o r m a t i o n ,  the 
densi ty ,  and the su r face  tens ion  of the l iquid.  F o r p u r -  
poses  of a m o r e  pene t r a t i ng  ana lys i s  into the  r e l a t i o n -  
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ship between the magnitude of heat t r ans f e r  and the 
condit ions of the p rocess ,  we will therefore  assume 
the coefficient  a to be composed of two t e r m s :  

a = al + a~. (4) 

The quantity a 1 cha rac t e r i ze s  the in tens i ty  of heat 
t r a n s f e r  due to evaporat ion;  ~a denotes the hea t -  
t r a n s f e r  in tens i ty  brought about by bubbling. 

The phenomena respons ib le  for these two hea t -  
t r a n s f e r  p rocesses  are di f ferent  in their  physical  na -  
tu re ;  the re la t ionsh ip  between these  factors  and the 
condit ions of boi l ing there fore  do not coincide. Ap- 
parent ly ,  the diff icult ies encountered in der iv ing  an 
analyt icaI  express ion  for the h e a t - t r a n s f e r  coefficient 
as a function of supe r -hea t ing  and of s i m i l a r  p a r a m -  
e ters  a r i s e  p r i m a r i l y  because this  c i r cums tance  has 
been neglected.  

The form of the function c~l(AT) can be de te rmined  
in genera l  form in the following manner .  We will a s -  
sume that the average height h of the surface  bubbIes 
is subs tant ia l ly  g rea te r  than the th ickness  5 of the 
superheated l ayer  (Fig. la).  It is na tu ra l  to a s sume  
in this case  that the bubbles are  in mechanica l  and 
the rmal  equ i l ib r ium with the en t i re  th ickness  of the 
liquid, i . e . ,  the p r e s s u r e  and t empe ra tu r e  within the 
bubbles are ,  respec t ive ly ,  denoted by P0 and T 0. As 
r ega rds  mo lecu l a r -k ine t i c  equi l ib r ium,  this phenom-  
enon is na tura l ly  absent  with respec t  to the s u p e r -  
heated l ayer  f rom which the liquid is evaporated into 
the bubbles .  The amount of vapor  en te r ing  a bubble is 
p ropor t iona l  to the p r e s s u r e  difference Ap = Pl - Pu" 

Since the vapor en te r s  a bubble only f rom the su-  
perheated layer ,  the port ion of the heat fl0w q1 which 
is extended on evaporat ion mus t  be propor t ional  to the 
specif ic  heat of vapor format ion r,  the densi ty  of the 
act ive cen te r s  n, the p r e s s u r e  difference Ap, and the 
mean  length 27r~ of the p e r i m e t e r  of the s u r f a c e - b u b -  
ble base:  

ql = const rnxA p. (5) 

For  superheat ing  that is not too extensive,  we are  
co r r ec t  in a s suming  that 

A p ~  dP A T .  
dT 

for the coefficient a l we have the Cons equently, 
re la t ionship  

- dp 
a~ = const r n x - - .  (6) 

dT 

The bubble-base  radius  x is eas i ly  calculated if we 
neglect  the deviat ion of bubble shape f rom the sphe r i -  
cal.  As is c lear  f rom Fig~ lb,  here  

x = R cos 0. 

The spher ical  radius  Rma x of the max imum bubble 
can be found by compar ing  the volume of the segment  

1 3 V~.~ = - -  = R,~.~ (2 + 3 cos O - -  cos a 0) 
3 

with the separa t ion  volume of the bubble 

Vo = ~ -  ~ R~, 

where, according to the F r i t z  formula ,  

= 0 ( ~_~_/~/2 R0 const (6 ') 
\ 9 g /  �9 

Denoting f (0)  = (2 + 3 cos 0 - cos ~ 0)/4 and introducing 
the concept of the mean  radius  R, we obtain 

~ =  ~ R ~ -  Ro 
2 2 ~ - [ ~  " 

This gives us the following: 

x -  Ro cos 0 (6") 
2 ~/: (o) 

Final ly,  having subst i tuted the value of R 0 from (6 T) 
into this las t  express ion,  we b r ing  it to the form 

# =  const ~(0) ( ~ t  v2 
t o g /  ' (7) 

where q~(0) = 0cos 0 [f(0)J -1/a is a function of O, whose 
curve is shown in Fig. 2. 

Now, to de te rmine  the na tu re  of the re la t ionsh ip  
between c h and the superheat ing,  let  us examine the 
manne r  in which AT influences each of the factors  in 
the r ight -hand m e m b e r  of (6). In the case of low su-  
perheat ing,  the average bubble dimension,  the spe-  
eific heat of vapor  formation,  and the der ivat ive  dp/dT 
can be assumed constant  in approximate t e rms ,  and 
conversely ,  the number  of active cen te r s  is an ex-  
t r eme ly  s t rong function of the superheat ing,  and namely 
[12], 

n = const (h T) 2. (7 Y) 

Having subst i tuted (7) and (7') into (6), we obtain an 
equation valid for the f i r s t  s tage of nucleate  boiling: 

al =const r dp (h T) 2 ~ (0) (~--~-t 11s . (8) 
dT \ p g ]  

In addition, if we use the Clapeyron-Claus ius  formula  

dp _ rp  

dT T~ ' 

the express ion  for the f i r s t  coefficient of heat t r ans fe r  
a s sumes  its f inal  form 

(r~(iU/9 
al=a:q~(O) ' ~ '  (AT) ~. (9) 

T~gU 2 

Here a is a constant  cha rac t e r i z ing  the s tate  (rough- 
ness)  of the hor izontal  heating surface.  

To de te rmine  the form of the function az(AT), we 
should bea r  in mind that it  is only the motion of the 
surface bubbles that is s ignif icant  in the removal  of 
heat f rom the thin wall l ayer ,  and this is accomplished 

T? by mixing. Indeed, as the t h r ee -d imens iona l  bubble 
separa tes  f rom the heater  surface  and en te r s  the ma in  
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par t  of the liquid, f loating upward, it b r ings  about the 
mixing of the liquid, p r i m a r i l y  in the vicini ty of the 
adjacent layer .  Since the surface  bubbles  are  s u r -  
rounded at the base  by the liquid superheated at the 
wall, dur ing  the i r  growth, as well as at the instant  of 
separat ion,  the bubbles can cause the d i sp lacement  
and the mix ing  of p rec i se ly  this superheated laye r . 

It is difficult for the surface  bubble to move as an 
ent i re  whole, s ince it is attached to the surface of a 
solid along which it is imposs ib le  for the liquid to 
slip. The base  of a growing bubble therefore  does not 
change smoothly,  but r a the r  in jampwise  fashion; the 
shape of the bubble deviates  f rom the equi l ib r ium shape 
in this event.  This leads to f luctuat ions in the shapes 
of the surface  bubbles.  The fas ter  the i r  growth, the 
more  in tensive  the i r  f luctuation. The exis tence of such 
f luctuations has been conf i rmed in our labora tory  by 
T. S. Chigareva.  

It is our contention that it is these pulsat ing surface 
bubbles that  are p r i m a r i l y  respons ib le  for the mixing  
of the l iquid in the wall layer  and lead to the in tens i f i -  
cation of convective heat t r ans fe r .  A definite conf i r -  
mat ion of this assumpt ion  is the f ami l i a r  fact of im-  
provement  in heat t r a n s f e r  when the wall layer  of a 
boi l ing liquid is subjected to u l t rasonic  t r ea tmen t  [13]. 
The surface  bubbles  begin to pulsate in tensively  under  
the act ion of the u l t rason ic  field, thus set t ing up v o r -  
tex motion and the mix ing  of the liquid in the s u p e r -  
heated layer ,  as a r e su l t  of which the t r a n s f e r  of heat 
f rom the hea ter  is intensif ied.  

Proceeding f rom general  physical  cons idera t ions ,  
we can qual i tat ively evaluate a 2 as a function of the 
superheat ing and of other process  p a r a m e t e r s .  We 
know that the osci l la t ions  of a body emer sed  into an 
actual l iquid b r i n g  about the vortex motion of the ad- 
jacent  l ayers ,  with the depth of penet ra t ion  for this 
motion being of the order  of magnitude [14] 

1 /  n ,  (10) l~ .  v pr 

where co is the cycl ica l  osci l la t ion frequency.  It is 
na tura l  to a s sume  that the quantity of heat t r anspor t ed  
by mixing per unit  t ime  per  unit  a rea  of heater  s u r -  
face is propor t ional  to the number  n of bubbles,  the 
average ampli tude A of their  pulsat ions,  the depth of 
penetra t ion l ,  the specific heat capacity c of the l iq -  
uid, and the t e m p e r a t u r e  difference AT = T 1 - To: 

q2 = const ncAl AT. (11) 

The na tu ra l  f requency of the pulsat ions executed by 
the t h r e e - d i m e n s i o n a l  bubbles in the liquid is de t e r -  
mined  by the re la t ionship  [14] 

V 8a  (12) r = pR a. 

As demons t ra ted  by T. S. Chigareva, in the case 
of surface  bubbles,  instead of (12) we obtain a sl ightly 
aI tered formula:  

~ / 6 o ( i +  cos 0) 
O) 

V p R 3 .... . 
(12') 

Substi tuting (12') into (10), we find that l is d i rect ly  
propor t ional  to the mean  l inear  d imens ion  of the bub-  
ble  R = Rmax/2 in a rat io of 3 : 4. 

For  the second coefficient of heat t r ans f e r  we thus 
obtain 

a2 = const ncA ~1'/2 R~/4 x 

x [p(Y (l + cos  0)1-114 [f  (0)] -1/3 . (13) 

The constants  c, p, 7, and o for the liquid can, in 
f i r s t  approximation,  be regarded  as independent of 
the t empera tu re  difference AT. The re la t ionship  be-  
tween n and AT is obtained f rom Eq. (7'). As regards  
the amplitude A, it is the more  substant ia l ,  the g rea te r  
the difference Ap between the in te rna l  and externa l  
bubble p r e s s u r e s .  We are therefore  co r r ec t  in wr i t ing  

A = const h p  = const rp AT. (14) 
T, 

Having subst i tuted into (13) the values of n and A f rom 
(7 ') and (14), as well as the separa t ion  rad ius  tl 0 f rom 
the Fr i t z  fo rmula  (6'), f rom the second he a t - t r an s f e r  
coefficient we obtain 

a2 = b -~src ~ (0)~[ ~1~~ 01'/2 ),/4 (A T) a, 

(O) = 0 a/4 (1 + cos 0) -z/4 [[ (0)l -l/s , (15) 

where the factor  b in this  stage can be de te rmined  
only by exper imentat ion.  The consol idat ion of (9) and 
(15) gives us a re la t ionship  for the total  h e a t - t r a n s f e r  
coefficient in the f i r s t  stage of nucleate  boi l ing (the 
so l i t a ry-bubble  regime)  

rp 2 
Tsgm/2 

x {ar r (0) a '/2 p-3/2 + bc ~p (0) ~u2a'/s A T} (A 7) 2. (16) 

Despite the cumber some  nature  of this formula--which,  
moreover ,  includes inde te rmina te  pa r ame te r s  a and 
b - - i t  makes  it possible  for us to der ive  s ignif icant  in -  
format ion regard ing  the effect of the heat of vapor 
formation,  of the edge angle, the densi ty ,  viscosi ty ,  
acce le ra t ion  of the force of gravity,  the heat capacity, 
and s i m i l a r  cha rac t e r i s t i c s  of the liquid on the in ten-  
s i ty of heat t r ans f e r  in the case of nucleate  boiling. 

NOTATION 

it is the t he rma l  conductivity of the liquid; c is the 
specific heat capacity of the liquid; p is the l iqu idden-  
sity; r is the specific heat of vapor genera t ion;  n is 
the densi ty of the active cen t e r s ;  T 1 and T s are  the 
t e m p e r a t u r e s  of the hea te r  and the liquid (saturation) 
core ;  AT is the t empera tu re  head; o is the surface 
tens ion  factor;  0 is the edge angle;  ~ is the liquid v i s -  
cosi ty;  v is the k inemat ic  v iscos i ty ;  g is the g rav i t a -  
t ional  acce le ra t ion ;  p is the external  p r e s s u r e ;  Pl is 
the e las t ic i ty  of the sa tu ra t edvapor  at T 1; w and A are 
the cyclic  frequency and ampli tude of bubble pulsat ion;  
6 is the th ickness  of the superheated bed; l is the pen-  
e t ra t ion  th ickness  of eddy motion due to bubble pu l sa -  
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t ion in the l iquid;  ~ is the heat  t r a n s f e r  coeff ic ient ;  
x is the ba se  r ad ius  of the su r face  bubble;  ~0(0) and 
r a r e  the funct ions of the edge angle 0; R 0 is  the 
s epa ra t i on  r a d i u s  of the bubble;  h is the height  of the 
bubble  su r f ace .  
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