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NUCLEATE BOILING 

B. P. Avksentyuk UDC 536.248.2.001.5 

The study deals  with the effect  of the su r face  conditions on the nucleate  boiling curve .  A r e l a -  
t ion is proposed which desc r ibes  the complete  nucleate  boiling curve.  

Nucleate boiling is of extraordinary practical significance, more than other modes of heat dissipation, 
inasmuch as it facilitates dumping of large thermal fluxes at relatively low temperature heads. At the same 
time, this is one of the most intricate heat transfer processes and no complete theory of it has yet been de- 
veloped which takes into account all the factors influencing the intensity of heat transfer. 

One basic difficulty in constructing a theory of nucleate boiling is the unavailability of sufficient informa- 
tion about the effect of conditions at the heat emitting surface on nucleate boiling, which has been shown al- 
ready [i, 2] to largely determine the intensity of heat transfer. On the one hand, the nucleate boiling curve 
is conservative with respect to such parameters as the gravitation constant, the velocity of the main mass flux 
of liquid, and pa r t i cu l a r ly  the liquid underheat ing (which substant ia l ly  affects  the pa t te rn  of nucleate boiling), 
p a r a m e t e r s  seemingly  impor tan t  f r o m  the standpoint of the heat  d iss ipa t ion  mechan i sm on the bas i s  of which 
var ious  models  of the p roces s  have been cons t ruc ted .  On the other  hand, the posit ion and the slope of the nuc-  
leate  boiling curve  a r e  l a rge ly  de te rmined  by the roughness  of the heating sur face .  Indeed, a change in the 
su r face  roughness  can change the intensi ty of hea t  d iss ipa t ion  by a fac tor  of 5-10. Since the mode of nucleate 
boiling depends so much on the su r face  roughness ,  it should be in teres t ing to find out how the boiling curve  
will change as the roughness  d imension  and the number  of act ive vapor  fo rmat ion  cen te rs  d e c r e a s e  toward 
zero ,  i . e . ,  as the ideal case  of a sur face  without vapor  fo rmat ion  cen te rs  and a liquid without dissolved gas 

is being approached.  

It  is well  known that an inc rease  of the roughness  of the heat ing su r face  causes  the boiling curve  to shift  
toward lower  underheat  t e m p e r a t u r e s .  Beginning with a c lass  6-7 su r face  finish,  however ,  fu r the r  i nc rea se  
of the roughness  hard ly  affects  the posi t ion of the nucleate boiling curve .  Surfaces  with such a t r e a t m e n t  a r e  
called " t echn ica l -g rade  s u r f a c e s . "  Most theore t ica l  re la t ions  per ta in ing to heat  emis s ion  during nucleate bo i l -  
ing a r e  genera l iza t ions  of data  obtained with such su r f aces .  As the roughness d e c r e a s e s ,  vapor  fo rmat ion  at 
the su r face  becomes  m o r e  difficult and in mos t  exper iments  [1] the slope of the boiling curve  has been found 

to inc rease .  

It is nowadays un iversa l ly  assumed that ,  under  rea l  conditions, su r face  i r r egu la r i t i e s  filled with gas 
consti tute the vapor  fo rmat ion  cen te r s .  The d imension  of c r i t i ca l  vapor  fo rmat ing  nucleus is  in this case  
equal to the radius of the opening of a su r face  cavi ty  [3, 4] which const i tutes  such a vapor  fo rmat ion  center ,  

namely  
(1) 

Rcr ~ 2ciTU/(rp"AT). 

Inst i tute  of The rmophys i e s ,  S iber ian  Branch,  Academy of Sciences of the USSR, Novosibirsk.  T r a n s -  
lated f r o m  Inzhenerno-F iz ichesk i i  Zhurnal ,  Vol. 40, No. 3, pp. 394-401, March,  1981. Original a r t ic le  sub-  

mitted J a n u a r y  10, 1980. 
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Fig. I. Generalization of experi- 
mental data [15] on nucleate boil- 
ing of water: i) 1 bar; 2) 4.5; 3) 
9.8; 4) 14.8; 5) 19.4; 6) 29.5; 7)49; 
8) 73; 9) 98; i0) 147; ii) 196 bars. 
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As the pressure drops, the magnitude of a critical vapor forming nucleus according to expression (i) increases 
and this depletes the heating surface of vapor formation centers. This trend allows us to approach the idealized 
pattern of boiling at the heating surface, without vapor formation centers, if the object of the study is boiling 
of degased liquids at polished surfaces under subatmospheric pressures. Earlier studies [5, 6] have shown 
that, when the superheat degrees and the corresponding thermal flux prior to boiling satisfy the conditions 

A T ~  ATcr3mln , q ~  qcr~, (2) 

no nucleate  boi l ing will  occur  at  al l  and the f i r s t  fo rmat ion  of the vapor  phase  a f t e r  one-phase  convect ion will  
!cad to fo rmat ion  of a s t ab le  vapor  f i lm (third boi l ing c r i s i s )  at the su r face .  When condit ions (2) a r e  not s a t i s -  
f ied,  e . g . ,  owing to the effect  of the hydrodynamic  condit ions in the boundary l a y e r  of liquid on the s u p e r h e a t -  
ing p r i o r  to boi l ing [7], then the appea rance  of the vapor  phase a f t e r  one -phase  convect ion should lead to nuc-  
l ea te  boil ing.  

In s tudying the boil ing of l iquids under  suba tmosphe r i c  p r e s s u r e s ,  s e v e r a l  authors  [8-10] have obse rved  
an anomalous  t rend  of nucleate  boi l ing curves :  an i n c r e a s e  of the t h e r m a l  flux at the hea t  emi t t ing  su r face  not 
accompanied by a co r r e spond ing  i n c r e a s e  of the mean t e m p e r a t u r e  head,  i . e . ,  v e r t i c a l  s t r a i g h t  l ines  in the 
(q, AT) plane approx ima t ing  the expe r imen ta l  data .  Moreove r ,  the lower  the p r e s s u r e ,  the wide r  is the range  
where q does not depend on AT and the n a r r o w e r  is the range of the boil ing curve  co r r e spond ing  to the na tura l  
d i s t r ibu t ion  of vapor  fo rmat ion  c e n t e r s .  A diminut ion of the vapor  fo rmat ion  cen te r s  was found to cause  the 
segment  of the curve  co r r e spond ing  to q independent of AT to shif t  toward a h igher  supe rhea t  and its r e g u l a r  
segment  to become s h o r t e r .  In another  s tudy [10] of boi l ing at  su r f aces  l a r g e l y  deple ted  of vapor  fo rmat ion  
c e n t e r s ,  the t e m p e r a t u r e  head was found to be independent of the t h e r m a l  flux throughout  the nucleate  boi l ing 
mode up to the f i r s t  c r i t i c a l  t h e r m a l  flux. 

T h e r e f o r e ,  on the bas i s  of expe r imen t a l  data  pe r t a in ing  to the effect  of su r face  roughness  on nucleate  
boi l ing and data  pe r t a in ing  to the boi l ing of l iquids under  suba tmosphe r i c  p r e s s u r e s ,  one can hypothes ize  that  
the l imi t ing  nucleate  boi l ing cu rve ,  with d e c r e a s i n g  s i ze  and number  of vapor  fo rmat ion  c e n t e r s ,  wil l  be a 
ve r t i c a l  l ine in the (q, AT) plane d e s c r i b e d  by the equation 

�9 AT = ATcn, q~ ~ q ~ qcrz' (3) 

A fu r the r  d iminut ion of the vapor  fo rmat ion  cen te r s  will  lead to fo rmat ion  of unstable  vapor  f i lms ,  i . e . ,  to 
t r ans i t i on  boi l ing at the heat ing su r f ace .  The t e m p e r a t u r e  head will  be independent of the t he r m a l  flux dur ing 
nucleate  boi l ing a lso  when boi l ing occurs  at a su r f ace  with vapor  fo rmat ion  cen te r s  of exac t ly  one s i ze  a l l  [11]. 
In this case  the supe rhea t  independent of the t h e r m a l  load can be de t e rmined  f rom e x p r e s s i o n  (1). This is a l so  
what the expe r imen t s  [12] with hea t  e m i s s i o n  nea r  a s ingle  vapor  format ion  cen t e r  r evea l .  

Thus,  the range over  which the nucleate  boi l ing curve  changes depending on the su r f ace  roughness  is 
bounded on the lef t -hand s ide  by the boi l ing curve  for  t e c h n i c a l - g r a d e  hea t ing  s u r f a c e s ,  where  a fu r the r  in-  
c r e a s e  of the roughness  will  have a lmos t  no effect on the posi t ion of the nucleate  boi l ing curve .  On the r igh t -  
hand s ide  this  range  is bounded by the l imi t ing  nucleate  boi l ing curve  accord ing  to e x p r e s s i o n  (3). 
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Fig. 2. Generalization of experimental data on nucleate boil- 
ing of various liquids: water: i) [15]; 2) [9]; 3) [17]; 4) [21]; 5) 
[18]; ethanol: 6) [15]; 7) [19]; 8) [17]; 9) [18]; benzene: i0) [20]; 
ii) [22]; 12 [17]; diphenyh 13) [20]; Freon-142: 14) [23]; Freon- 
22: 15) [23]; 16) [24]; Freon-12: 17) [24]; 18) [25]; 19) [26]; 20) 
[23]; Freon-21: 21) [27]; Freon-ll3: 22) [25]; nitrogen: 23) [28]; 
24) [29]; 25) [30]; hydrogen: 26) [30]. 

The l imit ing curve  can be used as the r e f e r ence  for  compar ing  the effect  of su r face  roughness  on the 
nucleate boiling curves  for  var ious  liquids under  var ious  p r e s s u r e s .  The f i r s t  c r i s i s  in heat  t r a n s f e r  as the 
cha rac t e r i s t i c  point will be se lected since s a t i s f ac to ry  re la t ions  a re  avai lable  for  calculat ing its p a r a m e t e r s .  
The express ion  for  the f i r s t  c r i t ica l  t he rma l  flux, according  to the hydrodynamic  model [13] with the f ract ion 
of the heat  ca r r i ed  away through the liquid [14] taken into account,  is 

qcr l= O,14rO "1/2 [c;g(9 - -  O")] 1/4 + 10"6 ( (~ ,T")  1/2 v-1/4 (6/0) 3/8 [ d k T  In ( N k T / h )  ]9/i6, (4) 

and the expression for the superheat during the first crisis in heat transfer [14] is 

ATcri 0,5 (~T"/~,) 1/2 v 1/4 ((~/p)t/s [(~/kT 111 ( N k T / h ) ]  3/16. (5) 

The data shown in Fig. 1 [15] pertain to nucleate boiling of water under various pressures, referred to the 
parameters of the first boiling crisis and calculated according to relations (4) and (5). Since expression (5) 
for ATcr I is based on the mechanism of vapor film formation during transition boiling and qcrl/qcr2 = const 
[16], a similar generalization of experimental data is evidently possible for the transition mode of boiling. 

For comparing various liquids with respect to heat transfer during nucleate boiling we will utilize the 
fact that for most liquids the coefficient of heat transfer ~ at technical-grade surfaces during fully developed 
boiling is proportional to q0.7. The data of several authors [9, 15, 17-30] on heat transfer during nucleate 
boiling of' various liquids as a function of the referred pressure are shown in Fig. 2. These experimental data 
can, within an accuracy of :~ 40%, be described by the relation 

(z = 1,2q~ %ri/q~ , (6) 

covering the entire pressure range, where ~c~ = qcrl/ATcrl with qc~ and ATc~ calculated according to ex- 
pressions (4) and (5) respectively. It is interesting to note that a satisfactory generalization of experimental 
data has been possible here without considering the mechanism of nucleate boiling, especially as relations (4) 
and (5) are based on models which regard crisis boiling as a phenomenon qualitatively different from nucleate 
boiling. The better the relations for the parameters of crisis boiling fit the experimental data, obviously, the 
more accurately will a relation of type (6) describe the experimental data on nucleate boiling. Such a satis- 
factory generalization evidently indicates that, in the first approximation, the roughness of a surface (at least 
a teehnical-grade surface) influences the heat dissipation during nucleate boiling of various liquids under va- 
rious pressures in the same manner and that the critical heat transfer parameters contain all the information 
about the pressure dependence of the developed nucleate boiling mode. 

With this conclusion, we can now proceed to describe the entire nucleate boiling curve by a relation in 
which no physical properties of the liquid and of the vapor appear directly, and to plot it through the charac- 
teristic points: beginning of vapor formation (q., AT.) and first crisis in heat transfer (qerl, ATcrl). The 
roughness of real surfaces, describable by the model of a normal random process [31], influences the nuc- 
leate boiling curve through the number of active vapor formation centers. The dependence of this number on 
the superheat of the surface is also an exponential one [32]. For describing the entire nucleate boiling curve 
has been chosen the expression 
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Fig. 3. Comparison of calculation according to relation (7) and 
data on boiling of water: experiments [8]; i) 0.06 bar, 2) 0.I; 3) 
1; experiments [15]; 4) 1 bar, 5) 4.5; 6) 9.8; 7) 14.8; 8) 19.4; 9) 
29.5; i0) 49; ii) 73; 12) 98; 13) 147; 14) 196 bar; I) calculation 
according to relations (4) and (5); q (W/m2), AT (K). 

Fig. 4. Comparison of calculations according to relation (7) and 
data on boiling of ethanol [15]: i) 1 bar, 2) 3; 3) 5; 4) 7; 5) i0; 6) 
14.7; 7) 19.4; 8) 29.4; 9) 39.4; i0) 49; ii) 53.4; 12) 58.8 bar; I) cal- 
culation according to relations (4) and (5). 

q = qc +- qcr~ exp ( - I"2 A T c r ~ - -  A T  ) ' A T - A T ,  
(7) 

which sat isf ies the boundary conditions 

q]Ar=Arcr 1--- qcri, q[Ar=~r. = q~" 

Several  authors [1] studying the nucleate mode of boiling have noticed a "hys t e r e s i s , "  where the supe r -  
heat p r io r  to boiling and the heat emiss ion during nucleate boiling are  both different depending on whether they 
have been measured  during an increase  or  a decrease  of the thermal  flux. A relat ion of type (7), containing 
pa ramete r s  which cha rac te r i ze  the t ransi t ion f rom convection to nucleate boiling, takes such a factor  as hys -  
t e re s i s  at least  qualitatively into account. 

The problem of superheat ing p r io r  to boiling has thus far  not been explored thoroughly enough so that no 
sa t i s fac tory  expressions are  available for calculating AT, .  When using express ion (7) for  descr ib ing data on 
s teady-s ta te  nucleate boiling at technica l -grade  sur faces ,  in this case the reproducibi l i ty  of data being sa t i s -  
factory,  one must  select  as one charac te r i s t i c  point on the curve the superheat  at which nucleate boiling cea-  
ses and t ransi t ion to one-phase convection occurs .  Technica l -grade  surfaces  (class 6-7 finish) a re  cha r ac -  
ter ized by 6-10 #m large  asper i t ies  [31], which correspond to 3-5~ superheat  for  water  under a p r e s s u r e  of 
1 atm according to relat ion (1). This is c lose. to  the experimental  values of AT, when boiling ceases .  Exper t -  
mental studies of boiling have revealed that the p re s su re  dependence of AT, is weaker  than according to re la -  
tion (1) and that AT. ~ p-0.3 [33]. For  calculating the superheat  at the cessat ion of boiling has been chosen 
the relation 

AT~ = 1.2.10-~Tcr (P/Pcr) -~  (8) 

with the numerical factor matched so that AT. = 4 ~ for water under a pressure of 1 arm. 
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Calculat ions according  to re la t ion  (7) a re  compared  in Figs.  3 and 4 with data for  wa te r  and ethanol [15] 
under  var ious  p r e s s u r e s .  Here  qcI~, ATcl~, and AT,  have been calculated according  to re la t ions (4), (5), and 
(8) r e spec t ive ly ,  while qc has been calculated according  to the equation of one-phase  convection at the c o r r e s -  
ponding superheat .  The data he re  can be accu ra t e ly  descr ibed  by re la t ion (7) for  var ious  p r e s s u r e s ,  this r e l a -  
tion taking into account the change in the s lope of the boiling curve  with a change in p r e s s u r e .  The graph in 
Fig. 3 also includes data in study [8]. The lower  segments  of the boiling curves  cor responding  to suba tmo :  
spher ic  p r e s s u r e s  a re  ve r t i ca l  s t ra igh t  l ines ,  the upper  segments  of these  curves  cor respond  to a normal  d i s -  
t r ibut ion of vapor  format ion  cen te r s  and can a lso  be accura te ly  descr ibed  by relat ion (7). 

F u r t h e r m o r e ,  re la t ion (7) can evidently a lso  be used for  descr ib ing  the ent i re  nucleate boiling curve in 
the case  of forced flow. Then qc, /XT,, qc r l ,  and ZXTcI a must  be calculated according  to the cor responding  
re la t ions  for  forced flow. 

In conclusion,  it ought to be noted that  a descr ip t ion  of the en t i re  nucleate  boiling curve  by re la t ion  (7) 
is only the f i r s t  s tep.  A more  thorough accounting for  the effect  of su r face  conditions on nucleate boiling r e -  
quires  informat ion about the dependence of/XTcI~, A T . ,  and qcrl  on the roughness and the p roper t i e s  of the 
heat  emit t ing sur face .  As of now, these  p rob lems  have not yet been studied exper imenta l ly  with sufficient 
thoroughness .  

N O T A T I O N  

q, t he rma l  flux; q , ,  t h e rm a l  flux at which the liquid boils a f t e r  one-phase  convection; qc '  t h e rma l  flux 
during one-phase  convection; qcrl ,  qcr2 a r e  r e spec t ive ly  the f i r s t  and the second c r i t i ca l  t he rma l  flux; T" , 
sa tura t ion  t empe ra tu r e ;  AT, superhea t  of the heat ing su r face  re la t ive  to the sa tura t ion  t empe ra tu r e ;  A T , ,  
superheat  p r i o r  to boiling of the liquid a f t e r  one-phase  convection; ATcr  1, superhea t  during the f i r s t  boiling 
c r i s i s ;  ATcr3min,  min imum superhea t  at which the third boiling c r i s i s  can occur;  P, p r e s s u r e ;  P c r ,  c r i t i ca l  
p r e s s u r e ;  a ,  heat  t r a n s f e r  coefficient  during nucleate boiling; Rcr ,  radius of a c r i t i ca l  vapor  fo rming  nucleus; 
~, coefficient  of su r face  tension; r ,  latent  heat  of evaporat ion;  X, t he rma l  conductivity of the liquid; v, kine-  
matic v i scos i ty  of the liquid; p, p",  densi t ies  of the liquid and the vapor ,  respec t ive ly ;  g, gravi ta t ional  constant ; 
k, Boltzmann constant;  N, Avogadro number ;  and h, P l anck ' s  constant .  
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