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The resu l t s  of some investigations into the separat ion d iamete r  of a vapor  bubble as a func- 
tion of p r e s su re  during the boiling of water  are  presented,  allowing for  changes taking place 
in the wetting angle and the dimensions of the active center  of vapor  formation.  

Recent investigations [1-4, 6] have shown that in the boiling of a liquid on a heating surface  at p r e s -  
su re s  differing f rom atmospher ic  the exper imenta l  values of the separat ion d iamete rs  of the vapor  bubbles 
d i f fer  f rom those calculated by the well-known Fri tz  equation. 

Attempts have been made to explain the difference as being due to var ious kinds of dynamic fo rces .  
Thus in [1, 7] allowance was made for  the forces  of in teract ion between the bubble and the surrounding 
liquid, and those between bubbles growing together  were considered in [4, 5]. The effect  of convection cu r -  
rents  in the boiling liquid contributing to an ea r l i e r  removal  of the bubble f rom the heating sur face  was 
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Fig. 1. Change taking place in the wetting angles 0 ~ with p r e s -  
sure  Ps, bar,  during the boiling of water  on hea te r s  with differing 
wettabil i t ies [1) copper  t rea ted  with a solution of potass ium butyl 
xanthate;  2), 3), 4) paraffined steel ,  permal loy,  and nickel;  5) 
6), 7) commerc ia l  copper, s teel ,  and nickel respect ively] .  

Fig. 2. Separat ion d iameters  D0, ram, of vapor  bubbles as func- 
tions of p r e s s u r e  P s, bar ,  during the boiling of water  on hea te r s  
with different  wettabili t ies.  I), If) Exper imenta l  curves  for  su r -  
faces  with sur face-ac t ive  substances (I) and industr ial  sur faces  
(If); II1) relat ionship calculated by the Fri tz  equation allowing for  
changes in O with p r e s su re ;  IV) change in the capi l lary  constant 
with p r e s s u r e  (1-7, see Fig. 1). 
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cons ide red  in [2]. However,  this kind of explanation is not en t i re ly  acceptable ,  s ince the role  of iner t ia l  
f o r ce s  is the m o r e  substant ia l ,  the h igher  the r a t e  of growth of the bubbles and the g r e a t e r  the densi ty  of 
the cen te r s  of vapor iza t ion .  In addition to this, it was shown in [5, 8] that the d i rec t ion  of the dynamic 
in te rac t ion  of the bubbles with the liquid and with each other  also depended on the growth ra te .  

In the h i g h - p r e s s u r e  region, in which the growth ra te  of the bubbles is sma l l  and the iner t ia l  fo rces  
cannot play any m a j o r  par t ,  an apprec iab le  influence on the separa t ion  d i a m e t e r  should also be exer ted  by 
such fac to r s  as the edge (wetting) angle and the s ize  of the act ive cen t e r s .  In studying the dependence of 
the s epa ra t i on  d i a m e t e r  on p r e s s u r e  no allowance was made for  the change in wetting angle which occurs  
with inc reas ing  p r e s s u r e  in [6, 7]. It was also cons idered  [7] that act ive cen te r s  of exact ly  the s a m e  s ize  
were  opera t ive  at al l  the di f ferent  p r e s s u r e s .  

In this pape r  we shall  a t tempt  an expe r imen ta l  es t imat ion  of the effect  of changes taking place in the 
wetting angle and the m i n i m um  s ize  of an act ive  cen te r  with r i s ing  p r e s s u r e  on the sepa ra t ion  d i a m e t e r  of 
a vapo r  bubble. 

The expe r imen t s  were  c a r r i e d  out at p r e s s u r e s  between a tmospher i c  and 15 bar .  In o rde r  to achieve 
boiling with isola ted bubbles,  m ode ra t e  heat  fluxes were  applied to the su r face .  The min imum the rma l  
loading was 2 W / c m  2 and the m a x i m u m  900 W / c m  2. The t e m p e r a t u r e  head var ied  f r o m  2 to 20~ 

Var ious  deg rees  of  su r face  wettabi l i ty were  c rea ted  by t rea t ing  the hea te r  m a t e r i a l s  with solutions 
of s u r f a c e - a c t i v e  subs tances  using the methods desc r ibed  in [9, 15]. We also tes ted  indust r ia l  su r faces  
not subjected to any spec ia l  t r ea tmen t .  Boiling was a lso  effected on a r t i f i c i a l l y - c r e a t e d  cen te r s  - cyl in-  
d r i ca l  pores  0.22, 0.15, 0.12 m m  in d i a m e t e r .  The boiling p roce s s  was r eco rded  by mot ion-p ic tu re  photo- 
g raphy  using a h igh-speed  SKS-1M-16 c a m e r a .  

Using these photographs,  we m e a s u r e d  the vis ible  (macroscopic)  angle of wetting and the sepa ra t ion  
d i a m e t e r  of the vapor  bubble f rom magnif ied images  of the bubbles obtained in the Mikrofot  ins t rument .  
We used  the method of analyzing the resu l t s  desc r ibed  in [9]. The re la t ive  e r r o r  in all  these m e a s u r e -  
men t s  was no g r e a t e r  than 10-12~c. F r o m  the resu l t s  of the m e a s u r e m e n t s  we p!o~ted the re la t ionships  
~(Ps),  D0(Ps) calcula ted by the method of leas t  squa res .  

The r e su l t s  of the exper imen ta l  m e a s u r e m e n t s  of wetting angles at high p r e s s u r e s  a re  p resen ted  in 
Fig. 1, f r o m  which we see  that with inc reas ing  sa tu ra t ion  p r e s s u r e  the wetting angles at boiling diminish.  
The  cu rves  fo rm sec t ions  of s t ra igh t  l ines;  hence the re la t ionship  8(Ps) may  convenient ly be e x p r e s s e d  in 
the f o r m  

0---- kPs, (1) 

where m is the negative power index characterizing the slope of the curves, which in our present experi- 
ments equals approximately -0.3. The improvement in surface wettability with rising saturation pressure 
evidently occurs because of the formation of an oxide film on the surfaces, and also the desorption of sur- 
face-active molecules from the heating surface. A comparison between these results and those of [6], in 
which the experiments were carried out under analogous conditions, shows that in our own experiments 
there was a sharper dependence of ~- on Ps in the particular pressure range studied. Figure 2 shows D o 
as a function of Ps for heaters with various wettabilities during the boiling of water (lines I and If). These 
curves indicate that the separation diameters vary with pressure in the same way for all the surfaces 
studied. 

In order to compare the experimental values of the diameters with the values of D0 determined by the 
Fritz equation, we calculated the separation diameters from this equation with due allowance for the pres- 
sure dependence of the wetting angle and capillary constant. The results are shown in Fig. 2, line HI. 
Line IV shows the change in the capillary constant with rising saturation pressure. We see from these 
data that, on allowing for the pressure dependence of the wetting angle, the values of the separation diam- 
eters 9 0 calculated by the Fritz equation tend to approach the experimental data. 

These measurements show that, in the pressure range studied, both in our own experiments and in 
those of others, the law relating D0 to saturation pressure under boiling conditions is a power law: 

50 ~ P~'. (2) 

The power index 11 in our experiments equals -0.7 for all the heaters while the Fritz equation gives -0.38 
Our results as to the value of n characterizing the rate of diminution of I~ 0 with pressure agree closely 
with those of [10, 11]. 
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Fig. 3. Dependence of D*, ram, 
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on Ps,  bar ,  for  fixed rtfficzal 
cen te r s :  1) d .  = 0.22; 2) 0.15; 3) 
0.12 ram. 

Thus allowance for  the 0(Ps) re la t ionship  reduces  the d i f ference  
between the exper iment  D0 data at high p r e s s u r e s  and those calcula ted 
f rom the Fr i tz  equation, but does not e l iminate  this d i f ference  com-  
pletely.  The r eason  for  this l ies in the fact  that  the wetting angle is 
not the only fac tor  determining D o . At high p r e s s u r e s  the effect  of the 
min imum dimensions  of the active boiling cen te r s  on the separa t ion  
d i a m e t e r s  becomes  g r e a t e r .  

It is well known that with increas ing  p r e s s u r e  the number  of 
act ive cen te r s  r i s e s  sharply  while the i r  min imum size  d . d i m i n i s h e s .  

According to [12] a n e c e s s a r y  condition for  the act ivi ty of a pore  
is that it should contain a ce r ta in  amount of gas .  For  sa tu ra ted  boiling 

at high p r e s s u r e s ,  at which the liquid is heated to the sa tura t ion  t empera tu re ,  bubbles grow by vir tue  of the 
fact  that vapor  p a s s e s  into the gas  space  of the pore  [13]. It follows f rom the condition of mechanica l  
equi l ibr ium of the bubble [13] that in pores  of d i ame te r  

4~ 
d, -- (3) 

pp (7") 
the liquid is comple te ly  expelled f rom the in te r io r  of the pore ,  and even for  a v e r y  sl ight d i f ference between 
the t e m p e r a t u r e s  of the su r face  and the liquid a pore  of the d i ame te r  specif ied then becomes  act ive.  It fo l -  
lows f r o m  the foregoing equation that, with increas ing  p r e s s u r e ,  f iner  and f iner  Centers of vapor iza t ion  
will be act ivated.  

Using the equation of [14] re la t ing  the separa t ion  d i ame te r  of the bubble D~ to the pore  d i ame te r  

allowing for  (3) we obtain 

f 6ed, 
D; -~ / '  - g ~ - '  (4) 

3 Do =-I./ 24G2 gApPp (T)" (5) 

We see f rom (4) and (5) that the dependence of D~ on p r e s s u r e  due s imply  to the reduct ion in the min i -  
m u m  pore  s ize  d .  is given by 

D~ ~ p~-O.3. (6) 

However,  the change in the separa t ion  d i a m e t e r  for  one and the same  act ive cen te r  is de te rmined  by the 
change in the function of the liquid p a r a m e t e r s  3vr~a2/Ap which influences the wetting of the su r f ace .  

The exper imenta l  data  relat ing to the boiling of wa te r  on ar t i f ic ia l ly  p r e p a r e d  vapor iza t ion  cen te r s  
. 

a re  shown in Fig. 3, as the re la t ionship  D 0 (Ps) .  We see  f rom Fig. 3 that the separa t ion  d i a m e t e r s  of the 
vapor  bubbles growing f rom cyl indr ica l  pores  diminish with increas ing  p r e s s u r e .  The dependence of D 
on d ,  r e m a i n s  intact,  i .e. ,  a s m a l l e r  separa t ion  d i a m e t e r  co r responds  to a s m a l l e r  pore  s i ze .  As r ega rds  
the exper imen ta l  fall  of D~ with Ps,  this may  be judged f r o m  the slope of the curves ,  i .e. ,  f r o m  the power  
index in Do ~ l~s; it equals 0.3 for  all  the cen te r s  studied.  This  value of n coincides with thatobtained for  the 
wetting angle m, i .e. ,  on one and the s ame  cen te r  of vapor iza t ion  the separa t ion  d i ame te r  of the bubble 
fal ls  with inc reas ing  p r e s s u r e  at the s ame  ra te  as the wetting angle.  

It follows f rom the foregoing m e a s u r e m e n t s  that the r ea l  ra te  of change of the separa t ion  d i a m e t e r s  
of the vapor  bubbles with r i s ing  p r e s s u r e  is de te rmined  by the combined influence of s e v e r a l  fac tors ,  by no 
means  the leas t  impor tan t  of which a re  the wettabil i ty and the s ize of the act ive cen t e r s .  

D~, 5o 
Do 

m ,  n 

k 
Ps 

N O T A T I O N  

is the sepa ra t ion  d i a m e t e r  of a vapor  bubble and mean value of the s ame ;  
i s  the d i a m e t e r  of the bubble separa t ing  f r o m  a pore ;  
is the wetting angle; 
a re  the power  indices;  
is the propor t ional i ty  fac tor ;  
is the sa tura t ion  p r e s s u r e ;  
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d~ 

ff 

Ap 
Pp(T) 

is the pore diameter; 
is the surface tension; 
is the difference between the densities of the liquid and the vapor; 
is the vapor pressure inside the pore, similar to Ps- 
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