
D E P E N D E N C E  OF T H E  S T A B I L I T Y  C R I T E R I O N  

OF N U C L E A T E  B O I L I N G  ON T H E  C O M P R E S S I B I L I T Y  

OF T H E  V A P O R  
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The a r t i c l e  gives the r e su l t s  of a study of the motion of bubbles and the i r  deformat ion  n e a r  
the heating sur face  at different  p r e s s u r e s .  I t  was  obse rved  that,  during the t ime  of the i r  
growth, the gaseous medium in the bubbles is in a c o m p r e s s e d  state.  

Nomencla ture  

R) radius  of bubble; 
Rh) maximul  radius  of a de formed  

bubble in the horizontal  plane; 
R v) max imal  radius  of  a deformed 

bubble in the ve r t i ca l  plane; 
7) specif ic  weight; 
B) universa l  gas constant;  

~) su r face - t ens ion  coefficient;  
p) p r e s s u r e ;  
0) edge wetting angle; 
g) acce le ra t ion  due to gravi ty;  
V) volume; 
/%) mo lecu l a r  weight; 
CT) i s o t h e r m a l  veloci ty  of sound. 

Double p r i m e s  denote quanti t ies re la t ing to the gaseous  medium; single p r i m e s  denote quanti t ies r e -  
lat ing to the liquid medium.  

The hydrodynamics  of p r o c e s s e s  of boiling and of the bubbling of a liquid by a gas blown through a 
porous  plate a r e  in many  ways analogous.  The fact  that these  p r o c e s s e s  belong to the same  c lass  of phys -  
i c a l l y  s i m i l a r  phenomena has  been r e m a r k e d  on seve ra l  a r t i c l e s ,  both theore t ica l  and exper imen ta l  [1-4]. 
In pa r t i cu la r ,  i t  has  been es tab l i shed  that the value of the c r i t e r ion  k, cha rac t e r i z ing  the l imit ing condi-  
t ions for  the exis tence of s table  nucleate  conditions with the bubbling of different  liquids, is  a lmos t  con-  
stant when exac t ly  the s ame  gas is  blown into the l iquids.  At the s a m e  t ime,  it has been noted that  the va l -  
ues of this  c r i t e r ion ,  with the bubbling of one liquid or  another  by different  gases ,  depends cons iderab ly  on 
the kind of gas blown. Thus, with the blowing of hydrogen,  hel ium, ni t rogen,  or  argon into dist i l led water ,  
the value of the c r i t e r ion ,  k, i s  equal,  respec t ive ly ,  to 0.05, 0.08, 0.16, and 0.20. This  fact  sugges ts  that  
the var ia t ions  of k a r e  de te rmined  not only by the physical  p r o p e r t i e s  of the boiling liquid, but a lso  by some 
of the p r o p e r t i e s  of the vapor ,  which were  not taken into account  in [1] in the der ivat ion of a fo rmula  for  
de termining  k. 

I t  was es tab l i shed  in [4] that  the e r r o r  in t roduced into the determinat ion of the value of k r e su l t s  
f r o m  fa i lure  to take account of the distort ion of the f o r m  of the bubble. I f  it i s  a s s u m e d  that  the degree  of 
the breakdown of the spher ic i ty  of a bubble is  propor t iona l  to the change of the p r e s s u r e  in it, then, f r o m  
the re la t ionship de termining the p r e s s u r e  of the vapor  in the bubble, which is  connected with a change in 
the curva tu re  of the phase  in ter face ,  we can obtain a c r i t e r ion  of the f o r m  

p po-p" ( R~'~ "r" / ~__.!__l'/, (1) 
po = 1 +  n~] 0po ~ f - - 7 " ]  

The dependence k = f  (P) c o r r e l a t e s  with complete  sa t is fact ion the exper imenta l  data on both bubbling 
and boiling [4]. 
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Fig. 1 Fig. 2 

Fig. i. Maximal deformation of bubbles at breakaway: points i, 2, 3, 
4) helium, respectively, at p=9.8, 78.5, 157, and 400 • 104 N/m2;point 
5) hydrogen at p=9.8 x 104 N/m2; points 6, 7, 8) nitrogen, respectively, 
at p=9.8, 157, 400 • 104 N/m2; points 9, i0, ii) argon, respectively, at 
9.8, 108, 157 • 104 N/mZ; points 12, 13, 14 correspond to the vapors of 
acetone, benzene, and water, in the liquids themselves at p = 9.8 x I04 
N/m 2 

Fig. 2. Change in the velocity of the front (points i, 3) and rear (2, 4) 
points of a bubble at the start of its free motion: i, 2) helium in wa- 
ter; 3, 4) nitrogen in water. 
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F ig .  3. Change in  the vo l t tme of  the 
bubbles with t ime  at  p = 9.8 x 10 l 
N / m  2. 

I t  is  obvious that  the effect  of the p r o p e r t i e s  of the light 
phase  on the value of k mani fes t s  within l imi t s  bounded by the 
s ize  of the region n e a r  the wall. 

As a resu l t  of the different  compres s ib i l i t i e s  of the gases  
used, i t  i s  v e r y  probable  that,  even when the s ize  of the bubbles 
is  the same,  the p r e s s u r e  in them will be different;  this  fact  can 
have an effect  on the deformat ion of the bubbles during the i r  gen-  
era t ion.  In view of this ,  a study was undertaken of the motion of 
the bubbles at  the heating sur face  and, in pa r t i cu la r ,  of the b r eak -  
down of the i r  spher ic i ty .  

The expe r imen t s  were  made in a unit which pe rmi t t ed  ob-  
taining individual bubbles, whose growth and motion were  r e -  

corded  using a h igh-speed  moving-p ic tu re  c a m e r a  (~ 1000 f r a m e s / s e c ) .  Argon, hel ium, and hydrogen,  
which were  in t roduced into the liquid through rep laceable  nozzles ,  were  used  to genera te  the bubbles. The 
s i zes  of the openings (0.42, 0.92, 1.42 ram) were  se lec ted  by a calculation a imed at producing bubbles with 
breakaway d i a m e t e r s  c lose  to the cap i l l a ry  constant,  and whose ra t e  of emergence  does not depend on the i r  
s ize.  The unit pe rmi t t ed  ca r ry ing  out expe r imen t s  not only with gases ,  but with the vapor  of the liquid i t -  
self.  

A spec ia l  v a p o r i z e r  was used for  this purpose .  The t e s t s  were  made at p r e s s u r e s  f rom 9.8 x 104 to 
400 • 104 N / m  2. The f i lms  obtained were  analyzed using a UIM-21 measu r ing  mic roscope .  

By ana lys i s  of the moving-p ic tu re  ma te r i a l ,  the following quantit ies were  determined., the change in 
the hor izontal  R~ and ver t i ca l  R~ dimensions;  the ra te  of motion of the r e a r  and front  regions  of a bubble. 
The measuremdf l t s  showed that  the hor izonta l  and ve r t i ca l  d imensions  of a bubble, independently of the 
kind of gas  blown, v a r y  a lmos t  l i nea r ly  with t ime,  in opposite di rect ions .  In addition, i t  was d isc losed that,  
independently of the na ture  of the gas in the bubbles and the i r  s ize,  the final deformat ion (a max ima l  value 
of the hor izontal  dimension and a min ima l  value of the ver t i ca l  dimension) is  such that  the following con-  
dition is  a lways sa t i s f ied  (Fig. 1) 

Rn/R~ ~ t .65 (2) 
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In the examinat ion of the moving-p ic tu re  f r a m e s  it was obse rved  that  the deformat ion  of the bubbles 
s t a r t s  with the r e a r  hemisphere ,  and p roceeds  he re  m o r e  in tens ively  than in the front  hemisphe re .  1Viea- 
su remen t s  of the r a t e s  of d i sp lacement  of the  front  and r e a r  su r faces  of a bubble brought out the i r  con-  
s iderab le  difference.  F o r  ni t rogen and hel ium, Fig. 2 gives curves  of the change in the ve loci t ies  of the 
r e a r  and front  points of a bubble as  a function of the e lapsed  t ime  since i ts  separa t ion  f rom the outlet of 
the nozzle .  As is  evident f rom Fig. 2, the ve loc i ty  of the f ront  point i s  p r ac t i ca l l y  constant ,  which is  in 
a g r e e m e n t  with the resu l t s  obtained in [5]. 

The situation is  different  with the movemen t  of the r e a r  point of the bubble. During the per iod  of 
growth, the r e a r  point r e m a i n s  fixed, and s t a r t s  to move only at the momen t  of breakaway of the "foot n a t -  
taching the bubble to the outlet  of the nozzle .  With separa t ion  of the bubble f r o m  the outlet of the nozzle ,  
the r a t e  of motion of i t s  r e a r  point i n c r e a s e s  f rom ze ro  to some m a x i m u m  va lue .  The acce l e r a t ed  motion 
of the r e a r  point i s  obviously p romoted  by the rapid  dec rease  in the nfootn of the bubble which, under  the 
effect  of the fo rces  of sur face  tension, becomes  rapidly  shor te r .  The initial  motion of the r e a r  point takes  
p lace  with a l a rge  acce le ra t ion  (250-300 m/see2) .  The whole p r o c e s s  of the p r i m a r y  deformat ion  of a bub- 
ble takes  p l a c e  r a t he r  rap id ly  (~ 10 -2 sec); i t  m a y  t h e r e f o r e  be postula ted  that the g rea t  d i f ference in the 
r a t e s  of movemen t  of the r e a r  and front  h e m i s p h e r e s  m u s t  lead to compres s ion  of the gas  in the bubble. 

To check this  assumpt ion,  carefu l  f r a m e - b y - f r a m e  m e a s u r e m e n t s  were  made of the vo lumes  of bub- 
bles,  s ta rGng f rom the m om en t  of the i r  breakaway f rom the outlet of the nozzle.  Using a UIM-24 m i c r o -  
scope,  which p e r m i t s  making m e a s u r e m e n t s  with an accu racy  down to 1/~, the coordinates  of the sur face  
contour of the bubble were  recorded .  

Using the data obtained at  a magnif icat ion up to 100-200 t imes ,  the prof i le  of the bubble was plotted 
on m i l H m e t e r  paper .  The prof i le  was then cut by hor izontal  l ines into a number  of f iat  d iscs ,  such that,  
f r o m  the segment  of the contour  of the bubble in each disc, a p rac t i ca l ly  s t ra igh t  line was obtained. The 
total  volume of the bubble was obtained as  the sum of the volumes  of the "pancakes  w (assumed to be round 
in the plan of the bubble, which is  conf i rmed  by moving-p ic tu re  photography).  

F igure  3 gives  the r e su l t s  of m e a s u r e m e n t  of the vo lumes  of bubbles of hydrogen and ni trogen.  I t  
can be seen  that  the volume of the bubble at b reakaway actual ly  undergoes  per iodic  compres s ion  and r a r -  
efaction, i .e . ,  i t  p e r f o r m s  a v ibra t ional  motion.  I t  i s  cur ious  that  the volume of a hydrogen bubble a f t e r  
b reakaway f rom the nozzle  does not r e v e r t  to i t s  s ta r t ing  value,  but f luctuates  around a new volume,  in-  
c r e a s e d  by approx imate ly  20% com pared  to the breakaway volume.  In con t ras t  to a hydrogen bubble, the 
volume of a ni t rogen bubble undergoes  i r r e g u l a r  fluctuations; for  a g rea t  pa r t  of the t ime,  i t s  s imul taneous 
volume is  equal to the volume of the bubble at b reakaway.  

I t  was es tab l i shed  by supp lementa ry  expe r imen t s  that the volume of the bubble at  b reakaway in-  
c r e a s e s  with a dec rea se  in the m o l e c u l a r  weight/~ of the gas  blown (other conditions being equal). The 
growth t ime  of the bubbles up to breakaway dimensions  a lso  i n c r e a s e s  with a d e c r e a s e  in the molecu la r  
weight of the gas.  However ,  the i n c r e a s e  in the growth t ime  of the bubbles is  not p ropor t iona l  to the in-  
c r e a s e  in the vo lumes  of the bubbles at  breakaway.  Thus,  the volume of bubbles of hydrogen is  2.76 t imes  
g r e a t e r  than that  of bubbles of argon,  while the i r  growth t ime  exceeds  the growth t ime  of argon bubbles by 
only 1.7 t imes .  This  means  that  bubbles of hydrogen grow f a s t e r  in compar i son  to bubbles of argon; t h e r e -  
fore ,  the gas in them mus t  st i l l  be s t rongly  c o m p r e s s e d  during the growth per iod  (this co r r e sponds  to the 
la rge  compres s ib i l i t y  of hydrogen).  In view of this,  the final a t ta inment  of an equi l ibr ium volume (before 
expansion of the gas) takes  place  a f t e r  the complet ion of the growth and separa t ion  of the bubble f rom the 
outlet of the nozzle .  

During the per iod  of expansion, the potential  ene rgy  of the c o m p r e s s e d  gas is  t r a n s f o r m e d  into the 
lduetic ene rgy  of the motion of sma l l  p a r t i c l e s  of the surrounding Hquid and i s  combined with the energy  
given up to the liquid by the r ec ip roca t ing  motion of the bubble as  a whole. 

Thus, with the deformat ion of bubbles, accompanied  by compres s ion  of the gas which they contain, 
work is  pe r fo rmed ;  the value of this  work (other conditions being equal) depends on the e las t i c i ty  of the 
given gaseous  medium and consequently,  there  m u s t b e  some re la t ionship between the value of k and the 
compres s ib i l i t y  of the gaseous  media .  Such a r egu la r i ty  i s  shown in Fig. 4, in which the exper imenta l  v a l -  
ues of k for  a num ber  of liquids a r e  given in the fo rm of a dependence on the compre s s ib i l i t y  of the gases ,  
which is  the der iva t ive  (dV/dp) T at exac t ly  the s ame  mean  p r e s s u r e .  In semi loga r i thmie  coordinates ,  this  
dependence has a l inea r  c h a r a c t e r .  
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Fig. 4. Dependence of the cr i ter ion k on the compress ib i l i ty  of 
the gaseous medium at p = 9.8 x 104 N / m  2 and T = const: point 1) 
carbon tetrachloride;  2) water;  3) ethanol; 4) methanol; 5) ace -  
tone; 6) pentane; 7) benzene; 8) heptane; 9) propane; 10) a r g o n -  
water;  11) n i t r ogen -wa te r ;  12) h e l i u m - w a t e r ;  13) h y d r o g e n -  
water.  

For  corre la t ion  of all the experimental  data on boiling c r i se s ,  the coordinate (dV/dp) T was brought 
into dimensionless  form with respec t  to the pa ramete r  

~ r " A p " ~  ~ + ~ , _ f ,  

The choice of (3) as a p r e s su re  scale is due to the fact that the external static p r e s s u r e  P0 enters  
as a composi te  par t  into the total p r e s su re  existing within the bubbIes and, therefore ,  being a constant 
quantity, does not ref lect  the changes taking place in the vapor phase with deformation of the bubbles. The 
par t  of the total p r e s s u r e  in a bubble which is due to a change in the curvature  of the phase interface,  dif- 
fering in value, depends on the proper t ies  of the gaseous medium; therefore ,  it can serve  as a measure  of 
the energy expended for compress ion  of the contents of the bubble. 

As a resul t  of the reduction of the derivative (dV/dp) T to dimensionless form we can obtain modifi-  
cations of the dimensionless pa rame te r  P which, instead of the second factor  in (1), contain the quantities 
# /0BT or g/0cT 2. The f i r s t  of these indicates that the physical  p roper ty  of the gaseous medium which oo r -  
responds to the value of the variat ion of k is the molecular  weight. The second var iant  bears witness to 
the fact that the dynamic action of the molecular  weight of the gas on the liquid in te r layers  of the two-phase 
layer  near  the wall manifests  i tself  in t e rms  of the i sothermal  rate of propagation of sound in a vapor me -  
diu/n. 
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