
ON THE MECHANISM OF BOILING CENTERS ACTIVITY 

E. I. Nesis UDC 536.423.1 

Estab l i shed  a r e  the n e c e s s a r y  and sufficient  conditions for  a dep res s ion  (pore) in the hea t e r  
su r face  to become a boiling center .  Two modes  of vapo r  genera t ion  in po re s  a r e  revea led .  

The characteristics of bubble boiling (number of centers, breakaway dimension and frequency, heat 
transfer rate, and acoustic noise level) are determined essentially by the mechanism of vapor center ac- 
tivity on the heater surface, i.e., by the dynamics of nucleation, buildup, and breakaway of the new phase. 

As has been mentioned in [i] already, the basic source of active centers are depressions or pores in 
a solid surface as well as ready gas bubbles forming on poorly wetted horizontal areas of the hot body sur- 
face. After a few subsequent studies [2-18], the physical mechanism of boiling centers activity is still not 
quite well understood. 

In this article the author analyzes the phenomena which occur in boiling centers often encountered in 
practice, namely in conical pores in a wetted surface. 

1. We will determine the conditions of activity, i.e., the conditions under which vapor bubbles can 
form, build up to macroscopic dimension, and break away. 

The role of pores in aiding the vapor generation process is that they contain already formed gas bub- 
bles and thus eliminate the potential barrier of surface energy in a superheated liquid, which would other- 
wise impede the buildup of subcritical vapor nuclei [I]. Consequently, ff a depression in the heater sur- 
face is completely filled with liquid, then the formation of a vapor bubble during boiling is not aided in any 
way. On the other hand, according to experimental evidence, macroscopic vapor bubbles do not emerge 
from all air-filled depressions in a hot solid surface. We must conclude, therefore, that the presence of 
some air in a pore nex~ to the liquid is a necessary but not a sufficient condition which determines the va- 
por generating capability of the pore. (Pores which contain a gas phase separated from the liquid by a 
meniscus may be called potential boiling centers.) 

In order to determine the supplementary conditions for a potential center to become active, we con- 
sider a conical pore in a heater surface, depth h and vertex angle ~, which contains insoluble gas and 
whose temperature can be varied at will (Fig. la). 
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Fig.  1. Buildup of a bubble f r o m  a conical po re .  
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Before  the gas  makes  contact with the liquid, 
let the gas  p r e s s u r e  be P~ .  After  the plate  has been 
i m m e r s e d  in the liquid, the l a t t e r  will gene ra l ly  f i r s t  
pene t r a t e  into the po res ,  fo rming  spher i ca l  menisc i ,  
and then evapora te  into the a i r  space  undernea th  it. 
These  p r o c e s s e s  come to an end when t h e r m o d y n a m i c  
equi l ibr ium is reached,  i . e . ,  when the t e m p e r a t u r e s  
as well as  the p r e s s u r e s  and the chemica l  potent ia ls  
of both phases  become r e s p e c t i v e l y  equal.  

Let  a v a p o r - g a s  bubble be fo rmed  in the lower  
p a r t  of the pore ,  its height x being the c h a r a c t e r i s t i c  
d imension  here .  Since the internal  p r e s s u r e  inside 
the bubble Pi  is equal to the sum of the gas p r e s s u r e  
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PG and the s a t u r a t e d - v a p o r  p r e s s u r e  PV, while the ex te rna l  p r e s s u r e  Pe  cons is t s  of the hydros ta t i c  p r e s -  
su re  P L  and the cap i l l a ry  p r e s s u r e  2 a / R  = 2(r/x sinc0, hence the net fo rce  F = P i  - Pe  p e r  unit men i scus  
a r e a  is 

2ff  
F (x)= D G -~ PV - -PL  (1) 

x sin r 

The gas  p r e s s u r e  PG and the su r face  tension a a x e  much less  dependent on the t e m p e r a t u r e  than the 
v a p o r  p r e s s u r e  PV, making it p e r m i s s i b l e  to let  

and 

o ( h ~  a A 
%'= P; 7 

= c ,  (2) 
sin qo 

where  A and C a r e  constants .  

Introducing AP = PV - P L  and inser t ing  (2) into (1), we have 

A C 
F (x) = ~ + A P - -  - - .  (3) 

X 

When m e c h a n i c a l  equi l ibr ium is r eached  inside the po re ,  the net fo rce  vanishes  and the following equation 
will yield the height of a bubble at  equi l ibr ium:  

= :C - -  APx.  (4) 
X 2 

The roo t s  of th is  equation a r e  mos t  ea s i ly  found by means  of g raphs ,  as the in te rsec t ion  points between the 
s t r a igh t  line Y2 = C - APX and the cu rve  Yi = A/x2 (Fig. 2). (One mus t  r e m e m b e r  Lhat the curve  yi(x) has  
two b ranches ,  in the f i r s t  and in the second quadrant  r e spec t ive ly .  The in teract ion of the s t ra igh t  line 
y2(x) with the second b ranch  yie lds  negat ive va lues  of x 2 and, t h e r e f o r e ,  these  roo ts  a r e  of no s ignif icance 
to our p rob lem. )  The slope Ap = Pv(Ti )  - P L  of the s t ra igh t  line (4) c h a r a c t e r i z e s  the superhea t  AT = T i 
- T s at  the hea t e r  su r face  and m a y  be cal led the vapor  supersa tu ra t ion .  

As t e m p e r a t u r e  T i r i s e s ,  A p  i n c r e a s e s  f r o m  the negat ive min imum poss ib le  value AP = - P L  in cold 
liquid (T 1 << Ts) and approaches  ze ro  with inc reas ing  subheat  T s - Tl; Ap = 0 in sa tu ra ted  liquid (T i = Ts) 
and becomes  pos i t ive  in superhea ted  liquid (T i > Ts) .  Thus,  a r i s e  in the hea te r  t e m p e r a t u r e  co r r e sponds  
to  a c lockwise  ro ta t ion  of the s t r a igh t l i ne  y2(x) about point C, as a r e su l t  of which the conditions of its in- 
t e r s e c t i o n  with the curve  yl(x) change (Fig. 2). F o r  cold subheated and for  sa tu ra ted  liquid Eq. (4) has  only 
one pos i t ive  root ,  i . e . ,  t he re  ex i s t s  only one equi l ibr ium height xo(Ti) for  a bubble in the po re .  When the 
bubble is pu re ly  gaseous ,  its height xo beco mes  min imum x0(0) in cold liquid (point K). (We note that ,  
when AP = 0, only one of the r ema in ing  two roo t s  is negat ive and the other  l ies  in infinity.) 

F o r  superhea ted  liquid the s t r a igh t l i ne  y2(x) in t e r sec t s  the curve  yl(x) in the f i r s t  quadrant  (point M 
and N), i . e . ,  t he r e  a r e  two pos i t ive  roo t s  xl and x2. In other  words ,  two equi l ibr ium posi t ions  of a v a p o r -  
gas  bubble with r e s p e c t i v e  height x 1 and x 2 a r e  poss ib Ie  when the h e a t e r  t e m p e r a t u r e  becomes  T i > Ts (PL) .  
As the superhea t  AT i n c r e a s e s ,  the absolute  value of the negat ive s lope of the s t ra igh t  line Y2(X) i n c r e a s e s  
while x i and x2 come c l o s e r .  At some  l imit ing supe r sa tu ra t i on  level  ~ the secant  y2(i) becomes  a tangent 
y2(x) and both roo t s  m e r g e  into one: x i = x 2 = x. It is e a s y  to p rove  that  the a b s c i s s a  of the point of t an -  
gency is 

At a superhea t  above that  a bubble in the po re  cannot be in equi l ibr ium with the liquid. 

In o rde r  to comple te ly  in te rp re t  the m e c h a n i s m  of bubble buildup in a po re ,  we mus t  st i l l  de te rmine  
the s tab i l i ty  c h a r a c t e r i s t i c s  of the equi l ibr ium s ta tes .  As is well known, an equi l ibr ium is s table i f the  po-  
tent ia l  e n e r g y  U at  the given pos i t ion  is min imum,  i . e . ,  its s e c o n d d e r i v a t i v e  d2U/dx 2 is pos i t ive .  Since 
the fo rce  is F = - d U / d x ,  the s tab i l i ty  of an equi l ibr ium s ta te  can a l so  be cha r ac t e r i z ed  by the sign of the 
f i r s t  de r iva t ive  of the fo rce  dF /dx :  namely ,  an equi l ibr ium is s table  when dF /dx  < 0 and unstable  when 
dF/dx > O. 
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Fig. 2. De te rmin ing  the equi l ibr ium heights of a bubble in the pore .  
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Fig. 3 

Fig.  3. Net fo rce  (curve a) and potent ia l  ene rgy  (curve b) of a v a p o r - g a s  bubble as func- 
t ions  of the bubble height.  

Inse r t ing  he re  the values  of A and C f r o m  (2), 
obtain 

Differentiating Eq. (3) yields 

d ~ -  x ~ ~ c -  (5) 

I t  fo l lows f r o m  here that F' (x) is negative for  sma l l  values of x and pos i t ive for  large vMues of x.  I t  be- 
comes zero when • = ~ = x,  i . e . ,  at the abscissa which corresponds to the point of tangency between 
l ines  yl(x) and Y2(x). 

Thus,  in superhea ted  Iiquid_the v a p o r - g a s  bubbles a r e  in a s table  equi l ibr ium and behave like gas 
bubbles  when the i r  height is xt <x ,  but a re  unstable  and behave like vapor  bubbles when the i r  height is x 2 
> X ,  

Knowing the der iva t ive  function F ' (x) ,  one can eas i ly  de te rmine  the genera l  t rend  of the curve  F(x) 
(Fig. 3). The potent ia l  ene rgy  u = - S F(x)dx + const  of a bubble in a pore  has been plotted in Fig. 3b as  a 
function of the bubble height x. 

2. We will now analyze the p r o c e s s  of bubble buildup. Let  the s y s t e m  be init ially cold and, t h e r e -  
fo re ,  the bubble in the p o r e  be a pure  gas  bubble with a height x0(0). As t e m p e r a t u r e  T 1 r i s e s ,  the liquid 
will evapora te  and the bubble will thus become  l a rge r .  As long as T i -< Ts ,  however ,  the bubble r e m a i n s  
abso lu te ly  s tab le  and the po re  r e m a i n s  pa s s ive .  When the su r face  becomes  so hot that  T i > Ts ,  the v a p o r -  
gas  bubble in the p o r e  r e a c h e s  i ts  f i r s t  equi l ibr ium s ta te  at the heigh~ x i (T i) and becomes ,  unlike before ,  
only r e l a t i ve ly  s table .  Indeed, the height x~ d i f fe rs  by a definite amount  f r o m  the "c r i t i ca l "  height x 2 be -  
yond which the bubble will build up f a s t e r  and f a s t e r .  Only when the superhea t  T~ - T s has become  equal 
to AT and the supe r sa tu r a t i on  PV - PL  has become equal to A--p at  which the s t ra igh t  line Y2(X) becomes  a 
tangent ,  will the bubbles build up f r o m  po re s  unimpeded.  

Thus,  in o rde r  to make  a potent ia l  cen te r  in superhea ted  liquid ac t ive ,  the superhea t  AT mus t  ex-  
ceed AT based  on the po re  g e o m e t r y .  While 0 < AT < / ( T ,  however ,  the po re  r e m a i n s  subact ive .  

In o rde r  to de t e rmine  &T, we will cons ider  AP to be the slope of the tangent to the cu rve  y~(x) at 
point x. T h e r e f o r e ,  as one can eas i ly  see ,  

and express ing  hsin~o in t e r m s  of the e s t u a r y  rad ius  r ,  we 

(6) 
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F r o m  he re ,  with the aid of the C l a p e y r o n - C l a u s i u s  equation, we find the min imum superhea t  at 
which a conical  po re  becomes  act ive:  

Xp ' .  ra?--~6 " (7) 

Consider ing  that  r2h = V ~ and P ~ V  ~ -~ mGBTs ,  one can r ewr i t e  (7) as  

A-~ = 6 (s) 
V mGsin 

Consequently,  a conical po re  with a ve r t ex  angle ~ and containing m G g r a m s  of gas becomes  act ive when 
the su r face  s u p e r h e a t / ~ T  is not l e s s  than AT: 

AT > A-T. (9) 

With the superhea t  AT and the initial gas  p r e s s u r e  P ~  given, converse ly ,  the condition for  a coni-  
cal  dep re s s ion  to become  act ive  r educes  to the r e q u i r e m e n t  tha t  its e s t ua ry  rad ius  r exceed rmin :  

r ~ rmin, (1 O) 

where  

It is to  be noted that ,  

D 
r m , n - -  " ( 1 1 )  

in addition to the p reced ing  s impl i f ica t ions ,  we have a lso  tac i t ly  a s sumed  a un i form 
t e m p e r a t u r e  field in the pore .  In rea l i ty ,  however ,  the heat  t r a n s f e r  to the adjoining liquid produces  a 
t e m p e r a t u r e  gradient  a c r o s s  the in te rmedia  boundary on the hea te r :  

0C 
grad T -- (T1 - -  T0). 

k 

F o r  this r eason ,  the t e m p e r a t u r e  and thus a lso  the superhea t  AT in a pore  inc rease  with depth. The s u p e r -  
heat  inside a pore  can be a s sumed  (1 + ah / 2k )  t imes  higher  than at the sur face .  In view of this ,  the con- 
s tant  G in (8) mus t  be rep laced  by G' = G/(1 + a h / 2 k ) .  

If condition (9) or  the equivalent inequali ty (10) is sat isf ied,  then the v a p o r - g a s  bubble will build up 
monotonica l ly  by f i r s t  ex t rac t ing  liquid f r o m  the po re  and then forming  above the e s tua ry  a continually 
r i s ing  dome (Fig. lb).  When this  dome becomes  suff icient ly la rge ,  it will f o r m  a neck which quickly n a r -  
rows  down to a point (Fig. lc) and the upper  p a r t  of the bubble will b r e a k  away leaving a smal l  segment  
above the p o r e  (Fig. ld). 

3. As to the res idua l  bubble in a po re  a f t e r  the main  bubble has b roken  away, we note two poss ib le  
s i tuat ions .  

If the bubble had built  up s lowly p r i o r  to its b reakaway,  quas is ta t ica l ly ,  then the the rmodynamic  
equi l ibr ium p reva i l ed  all the t ime.  For  this reason ,  the res idua l  bubble in the po re  (its volume is denoted 
by V*) is now in equi l ibr ium.  As a r e su l t  of continuing evapora t ion  of the liquid inside, it will build up to a 
vo lume V m a  x until again a new bubble with a volume Vma ~ - V* b reaks  away and the ent i re  p r o c e s s  r e -  
pea t s .  In this case  the po re  has become a p e r m a n e n t  vapor  genera t ing  center ,  then, even though the quan- 
t i ty  of gas contained in the pore  d e c r e a s e s  a f t e r  eve ry  breakaway.  

An en t i re ly  different  s i tuat ion p r eva i l s  in the case  of a fas t  unbalancedbubblebui ldup f r o m  a pore ,  
when the pore  walls a r e  local ly  cooled. As in the case  of a bubble at a smooth  solid sur face  [19-22], the 
t e m p e r a t u r e  drops  in the po re  lower  as the l i q u i d - v a p o r  in te rphase  boundary moves  f a s t e r .  Since the ve l -  
oci ty of the in te rphase  boundary is de te rmined  main ly  by  the superhea t  AT, hence, according  to (8), the 
cooling ra t e  should be highest  in n a r r o w  p o r e s  containing l i t t le  gas .  

The l a rge  t e m p e r a t u r e  drop in po re s  a f te r  bubble b reakaway  r e su l t s  in a st i l l  l a r g e r  drop of vapor  
p r e s s u r e  PV and thus of the total  internal  p r e s s u r e  Pi" As a consequence,  the mechanica l  equi l ibr ium is 
d is turbed and liquid pene t r a t e s  into the pore .  Af ter  some t ime,  the t e m p e r a t u r e  r e tu rns  to its initial level  
T I. The equi l ibr ium height of a bubble in a pore  x~(T l) is lower  than xl(Tl) (on the other  hand, x'i(T1) 
>x2(Tl)), because  p o  has  become  lower  and the curve  yl(x) in Fig. 2 has shifted downward. In o rde r  now 
for  a bubble to build up f r o m  height x I to the "cmt lca l  height x2, it mus t  ove rcome  a la rge  energy  b a r r i e r .  
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As a consequence,  the minimum superheat  A T a t  which the pore  becomes active again will be higher af ter  
every  breakaway:  the boiling center  operates  per iodical ly  in burs ts .  This analysis has shown that boiling 
cemer~ on the heater  surface can, depending on the magnitude of AT, operate in two different modes.  
Namely, if the superheat  AT n e c e s s a r y  for act ivat ing a surface depress ion  is small  (which is the usual 
case), then the mode is s teady:  it is sufficient for  a bubble to exceed its cr i t ical  height once, and the vapor 
generat ing p roce s s  in the pore will continue as long as desi red (even though the quantity of gas contained in 
the pore  dec reases  fast). 

If the conditions of breakaway are  such that only a ra ther  high superheat  AT can make the liquid boil, 
however,  then the operation of pores  is unsteady. An example of such a situation is the boiling of liquid 
meta ls  on annealed and polished hot surfaces , :  especial ly under vacuum. Since in that case the saturat ion 
t empera tu re  T s and the surface  tension cr are  both high, while the depress ion radius r and the gas p r e s -  ........ 
sure  PG are  low, hence, according to (7), the initial superheat  AT becomes ve ry  high. This is the r e a -  
son why per iodic  "spur ts  of activity" are  observed here  in the boiling centers ,  accompanied by s t rong 
acoust ic  signals and large t empera tu re  fluctuations. 

4. We will br ief ly consider  the problem of determining the activity density n in boiling centers .  

According to the general  pr inciples  of s ta t is t ical  physics,  the probabil i ty of some defect (crack, de-  
press ion ,  pore ,  etc.) appearing on a solid surface is a function of the work E neces sa ry  to produce it: 

W : c o n s t e x p  ( - - k ~ )  . (]2) 

One may assume,  to the f i r s t  approximation, that the work n e c e s s a r y  to produce a pore  of radius r 
is propor t ional  to its c r o s s - s e c t i o n  a rea :  E = er  2. Coefficient e is numer ica l ly  equal to the energy neces -  
s a r y  to produce a pore  of unit radius,  it cha rac te r i zes  the surface "strength" of the mater ia l .  

It is reasonable  to assume that there  exists a dimensional distribution 

dn (r) = aexp \ - - ~ 1  dr, (13) 

with dn(r) denoting the number  of pores  pe r  1 cm 2 whose radi i  a re  f rom r to r + dr, and a denoting a con- 
stant of the same order  of magnitude as the number of molecules per  unit area.  

Thus, we have for  the activi ty densi ty in boiling centers  the following expression:  

rmax 

t n = a exp \ k T ,  dr, (14) 

rmin 

where rmi n is determined from Eq. (7) and rma x is the largest radius with which a pore can still be con- 
sidered capillary (rma x is usually about 1 ram). 

As to the effect of surface treatment, it apparently contributes to the closing up of larger pores 
(whose radius is larger than some r0;r 0 decreases with improved surface treatment). In this case the up- 
per limit of integration in (14) must be replaced by r 0. 

In order to make formula (14) practically useful, one must first determine independently the coeffi- 
cient ~ and the critical radius r 0 for a given surface treatment. 

r, h, 
h-x 
PL 
PG 
PV 
Pi 
Pe 
Ap = pV--PL 

NOTATION 

are the radius, depth, and vertex angle of conical pore; 
is the depth of liquid penetration into the pore; 
is the liquid pressure; 
is the gas pressure; 
is the vapor pressure; 
is the internal pressure in a bubble in the pore; 
is the external pressure on a bubble in the pore; 
is the vapor supersaturation; 
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T s is 
T 1 is 
T O is 
AT = T 1 - T s i s  

is 
k is 
k is 
p' is 
u is 
V ~ is 
m G is 
B is 

V? 
[rs ~2/a 

and o =  

R = x singa 
A = P~h S 

the saturation temperature;  
the heater  temperature;  
the liquid temperature;  
the superheat; 
the heat t ransfer  coefficient; 
the thermal conductivity of heater material;  
the specific heat of evaporation; 
the vapor density; 
the potential energy; 
the pore volume; 
the mass of gas contained in the pore; 
the specific gas constant; 

are  the constants which depend on the kind of liquid; 

is the curvature radius of meniscus; 
is a constant. 
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