
N U C L E A T I O N  O F  GAS A N D  V A P O R  B U B B L E S  

D U R I N G  M O T I O N  O F  F L U I D  IN  P O R O U S  M E T A L S  
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Results a re  presented of an analyt ical  and experimental  study concerning the conditions under 
which gas and vapor  bubbles nucleate during motion of a fluid in porous metals.  

One effective method of intensifying the p r o c e s s e s  of heat and mass  t ransfer  is organization of the flow of 
the heat c a r r i e r  in porous mater ia l s  with a la rge  developed intraporous surface.  Either one-phase or  evaporat -  
ing s t reams  of fluid can be used here .  An impor tant  i tem in these p rocesses  is nucleation of gas and vapor bub- 
bles. Emergence  and growth of gas  bubbles, for  instance,  resul ts  in formation of a two-phase s t ream with a 
higher drag, while nucleation and growth of vapor  bubbles determine the location of the evaporation front in 
porous heat exchangers.  Here will be presented  resul ts  of a study concerning the conditions under which gas 
and vapor bubbles nucleate during the flow of water  in porous metals.  

Emergence  of a vapor nucleus within the bulk of saturated liquid or  at a surface element of the solid 
phase is fluctuational in nature.  The probabil i ty of emergence  of such a nucleus is proport ional  to e -L /kT ,  
where L denotes the work of bubble formation.  At the l iqu id - so l id  interphase boundary the molecular  bond is 
weaker and work of bubble formation,  equal to the change in the sys t em ' s  thermodynamic potential A@ due to 
appearance of a bubble, is sma l l e r  than within the bulk of liquid. This work can be calculated [ 1] according to 
the relation 

AOP=(fv--ll)pV+oS [ 1 - -  S-~-~(1--c~ " S  (l) 

Here fv  and fL are  the chemical  potentials of the vaporous phase and the liquid phase, respectively;  p, density 
of the vapor; V, S, respect ively ,  the volume and the total surface  a rea  of a bubble; S w, surface  a rea  of contact  
between a bubble and the solid phase; g,  coefficient of surface  tension; and 0, cr i t ical  wetting angle. 

The second t e rm on the r ight-hand side of express ion (1) charac te r i zes  the work of bubble surface fo rma-  
tion, which can depend on physicochemical  p roper t i es  (0) and on geometr ica l  proper t ies  (Sw/S) of the surface.  
Expression (1) defines two trends of act ivi t ies  affecting the nucleation p rocess :  1) deter iorat ion of local wetta- 
bility ( increase  of angle 0) and 2) crea t ion of conditions favorable to an increase  of the contact surface Sw/S 
between a bubble and the solid phase. It has been demonst ra ted  [ 1], specifically, that a deter iorat ion of local 
wetting (0 >_ ~/2) and a presence  of m i c r o c r a t e r s  of the s implest  conical shape facilitate nucleation of the 
vaporous phase without superheat  during thermodynamic  equilibrium. 

Expression (1) has been der ived theoret ical ly  and validated qualitatively in experiments with formation 
of vapor bubbles at a heated sur face  during boiling, but it is entirely applicable to nucleation of gas bubbles in a 
liquid saturated with gas as well. In the la t te r  ease,  however,  the proeess  is charac te r ized  by some unique fea-  
tures.  Firs t ly ,  nucleation of gas bubbles is m o r e  difficult, owing to the low concentration of dissolved gas. The 
state of equilibrium saturat ion of a liquid with dissolved gas is determined not only by the p re s su re  and the 
tempera ture  but also by the concentrat ion of dissolved gas, which under usual conditions is difficult to monitor.  

Porous metals most  readi ly meet  the requi rements  which create  conditions favorable to nucleation of 
bubbles, in te rms  of geometr ica l  s t ruc tu re  (this is obvious) and largely in t e rms  of numerous segments  Of de- 
ter iora ted wettability. The technology of producing porous metals  involves destroying the mic ros t ruc tu re  of the 
metal and formation of inhomogeneit ies,  in t e rms  of chemical  composition, near  metal par t ic les  and oxide 
films. It has been demonstra ted [2] that such effects cause appreciable changes in the wettability. Considering 
that only a 0 .1 -1 .0->m large  segment  of de te r io ra ted  wettability is needed for formation of a gas bubble, one 
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Fig.  1. Re l e a s e  and accumula t ion  of a i r  
bubbles  at  the outs ide  su r f ace  of a me ta l  
spec imen .  

can r e g a r d  a l l  points of contact  between p a r t i c l e s  in a porous  me ta l  as potent ia l  bubble nucleat ion cen t e r s .  

During fo rmat ion  of a gas  bubble within a nar rowing  m i c r o c r a t e r  with poor ly  wet table  l a t e r a l  su r f aces  
(0 > ~/2)  the gas  p r e s s u r e  can be much lower  in that  m i c r o c r a t e r  than in the l iquid. In this  case  the gas bub- 
b le  will  r e m a i n  a l ive  even when the sa tu ra t ion  of the l iquid with d i s so lved  gas  has dropped below the equi l ib-  
r ium level .  As the l iquid r e tu rn s  to i t s  s a tu ra t ion  or  o v e r s a t u r a t i o n  s ta te ,  such a bubble will  ac t  as a p e r m a -  
nent cen te r  of r e l e a s e  of d i s so lved  gas .  

E x p e r i m e n t a l  P r o c e d u r e  

The expe r imen t s  for  the pu rpose  of e s tab l i sh ing  the condit ions of nuclea t ion  of gas  and vapor  bubbles  
during motion of a l iquid in porous  m e t a l s  were  p e r f o r m e d  using wa te r  d i s t i l l a t e  a t  two l eve l s  of sa tu ra t ion  
with d i s so lved  a i r .  s a tu r a t ed  wa te r  and d e a e r a t e d  water .  Satura t ion  with a i r  under  a t m o s p h e r i c  p r e s s u r e  at  
20~ was a t ta ined by lengthy s t i r r i n g  and subsequent  standing,  to r emove  the a i r  bubbles .  Deae ra t ion  was ef-  
fected by p r e l i m i n a r y  heating of the wa te r  to 80~ and subsequent  cooling in a c losed  tank under  vacuum. 

Flow of wa te r  through a spec imen  was produced  by two methods.  

1. Water  was d r iven  by a batching pump f rom the tank through a hydrau l ic  t e s t  s tand and heated he re  
under  p r e s s u r e  in the heat  exchanger  of a t he rmos t a t ,  p r i o r  to being fed to a me ta l  spec imen,  whe re -  
upon i t  was pushed through that  spec imen  under  a t m o s p h e r i c  p r e s s u r e  at  the outlet .  The t e m p e r a t u r e  
of the wate r  was m e a s u r e d  with a the rmocouple  in s t a l l ed  ins ide  the spec imen .  The m a s s  flow r a t e  of 
wa te r  was v a r i e d  over  the 1-10 k g / m  2-sec range.  

2. Water  f rom a t r ans lucen t  open tank under  a t m o s p h e r i c  p r e s s u r e  at  200C was d r iven  through a me ta l  
spec imen  by the vacuum at the out le t  su r face  of that spec imen.  

Over sa tu ra t ion  of wate r  with d i s so lved  a i r  during flow through a porous  spec imen  o c c u r r e d  in both me th -  
ods as a r e s u l t  of a drop of p r e s s u r e .  The p a t t e r n  of wate r  d i s c h a r g e  at  the outlet  su r f ace  of me ta l  spec imens  
was obse rved  v i sua l ly  and photographed.  In the f i r s t  method was r e c o r d e d  the wa te r  t e m p e r a t u r e  at  which the 
s m a l l e s t  v i s ib le  s ingle  a i r  bubbles  began to appea r  at  the outlet  sur face ;  in the second method was r e c o r d e d  
the p r e s s u r e  at  the outlet  s u r f a c e  at  which v i s ib l e  s ingle  a i r  bubbles  began to appea r  in the s t r e a m  behind the 
spec imen.  

The t e s t  spec imens  in both methods had the shape of d i sks .  The p a r a m e t e r s  of these  spec imens  a r e  
given in Table  1. Specimens  1-5 were  used  in the second method only, spec imens  6-8 were  used  in the f i r s t  

method. 

R e s u l t s  o f  E x p e r i m e n t s  

F i r s t  Method with Sa tura ted  Water .  The wa te r  t e m p e r a t u r e  at  which the s m a l l e s t  v i s ib l e  a i r  bubbles  be -  
gin to fo rm at  the outs ide  su r f ace  of a spec imen  depends on the condit ions of the exper iment .  When the wa te r  
t e m p e r a t u r e  r i s e s  cont inuously above 20~ then v i s ib le  bubbles  appea r  a t  38-45~ As the wate r  t e m p e r a -  
ture  r i s e s  fur ther ,  t h e n u m b e r o f b u b b l e  fo rmat ion  cen te r s ,  as well as  the s i ze  of bubbles  and the i r  r a t e  of growth,  
a l l  i n c r e a s e .  At m a s s  flow r a t e s  of wa te r  below 5 k g / m  2" see  the bubbles  g radua l ly  grow to a d i a m e t e r  of 
nea r ly  1 ram, whereupon they s e p a r a t e  and a r e  c a r r i e d  away by the s t r e a m .  An abundant r e l e a s e  and accumu-  
la t ion of bubbles  at  a v e r t i c a l  outs ide  su r f ace  of a spec imen  under  a f i lm of l iquid descending along i t  dur ing 
flow of wa rm sa tu ra t ed  wate r  i s  shown in Fig .  1. The d i a m e t e r  of the wi re  at  the su r f ace  se rv ing  as a s c a l e  is  
0.45 ram. At m a s s  flow r a t e s  above 5 k g / m  z. see ,  the minute bubbles  do not r e m a i n  at  the su r f ace  but a r e  i m -  
med ia t e ly  c a r r i e d  away by the s t r e a m .  
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TABLE 1. Charac ter i s t ics  of Test  Specimens (1-7 bronze,  
8 stainless steel) 

Species Raw powder I 
no, fraction, Porosity 

pm 

Thickness, Diameter, 
mill  : t lllIn 

Mean pore 
size, ttm 

50--63 
63--100 

!00--160 
160--200 
200--315 
50--63 
63--100 
63--100 

0,295 
O, 30t~ 
0., 285 
O, 358 
0,408 
0,215 
0,335 
O, 424 

8 ' ,~  
8 , ~  
8,40 
9,07 
9,90 

14,8 
20,10 
9,~ 

21 
21 
2! 
21 
21 
28 
28 
28 

15,5 
23,5 
34,0 
65 

llO 
10,2 
26,5 . 
14,2 

When the water t empera ture  drops af ter  a lengthy flow with re lease  of bubbles, the re lease  of bub- 
bles ceases  at a much lower tempera ture  (28-29~ identically for  all specimens in this study. It is important  
to note that now visible bubbles cease to appear whether this t empera ture  has been approached from above or  
f rom below. The equilibrium concentrat ion of dissolved air  in water under total a tmospher ic  p r e s su re  of a ir  
and water vapor  increases  insignificantly as the tempera ture  r i ses  f rom 20 to 28 ~ remaining at 87% of the 
equil ibrium level of the original state. 

This hys tere t ic  change of the tempera ture  at which visible bubbles appear  f rom approximately 40 to 28 ~ 
can be explained by an appearance of the f i r s t  a i r  nuclei inside the porous s t ruc ture  due to an appreciable over -  
saturation. Then, af ter  a gradual formation and accumulation of numerous air  bubbles, the conditions of r e -  
lease  of dissolved a i r  during flow of water through porous metal  begin to approach the equilibrium conditions. 
This resul ts  in a lower tempera ture  at which the smal les t  a i r  bubbles will appear  at the outside surface of a 
metal specimen. 

It is also noteworthy that in many experiments with saturated water within the 20-50~ tempera ture  
range, with interchanging of specimens without a hot water r inse,  the t empera tu re  at which visible bubbles be-  
gin to appear drops to 26-28 ~ and the concentrat ion of re leased bubbles inc reases :  indications of "ag ing"  of 
specimens.  

F i r s t  Method with Deaerated Water. The tempera ture  of stable appearance and collapse of visible bub- 
bles is ra ther  high, viz. 92-93~ for all specimens in this study. It has not been possible to establish a notice-  
able dependence of the tempera ture  at which bubbles begin to appear on the conditions of the experiment.  The 
equilibrium concentrat ion of dissolved air  in water under a tmospheric  total p r e s s u r e  at 92~ is 16% of its 
equilibrium level at 20~ 

Second Method with Saturated Water. The p ressu re  atthe outlet surface of specimens at which the smal l -  
est  visible air  bubbles begin to appear in the s t r eam behind that specimen depends on the conditions of the ex- 
per iment .  

Saturated water  is passed through after  deaerated water has flown through, and the change of water is 
effected in such a manner  that no air  leaks into the specimen. Now, during flow of saturated water bubbles be-  
gin to appear at a p r e s s u r e  of 0.02 MPa behind the specimens,  a lmost  the same p r e s s u r e  for all five speci-  
mens.  The bubbles do not dwell on the surface  of a specimen, moreover ,  but are  ca r r i ed  away f rom the speci-  
men by the s t ream.  When the p r e s s u r e  behind a specimen is maintained constant af ter  bubbles have appeared, 
then the number  and the size of bubbles in the s t r eam will gradually increase .  When the d ischarge  flow pattern 
with few bubbles appearing is to be maintained unchangeable af ter  these bubbles have appeared,  this requires  
a continuous raising of the p r e s s u r e  behind the metal specimen. Within approximately 2 rain this p re s su re  
reaches  its cr i t ical  level of 0.089 MPa. After  this state has been reached, this p r e s su re  of 0.089 MPa will 
cor respond  to a vanishing of bubbles upon a fur ther  r i se  of the p r e s s u r e  as well as to appearance of bubbles 
upon a drop of the p r e s s u r e  f rom levels higher than that. This p r e s su re  level is, moreover ,  a lmost  the same 
for all five specimens.  

When the p r e s s u r e  behind a metal  specimen is gradually lowered, after  the stable state has been reached, 
then the number  and the size of bubbles in the s t r eam increase  so that the s t r eam becomes a distinctly two- 
phase one (Fig. 2). The specimens have in this case been hermet ical ly  mounted at the inlets to glass tubes and 
the la t ter  numbered consecutively f rom the left to the right. The s t r eam is upward in each. 

It is interest ing to note that the osc i l la tory  decrease  of p r e s s u r e  with an amplitude l a rge r  than 0.002 MPa, 
a phenomenon qualitatively observable during discharge flow of a two-phase s t r eam from a metal  specimen, is 
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Fig. 2. Two-phase s t r eam with a i r  bubbles behind specimens 1-5. 

accompanied by an emission of a bubble "cloud" from the specimen. The intensity of such an emitted bubble 
cloud increases with increasing amplitude of pressure oscillations and with decreasing pressure behind the 
specimen; it also depends on the characteristics of the specimen. 

Saturated water is passed through a dry specimen or after the latter has been scavenged with air. Now, 
large air bubbles first appear in the stream and then vanish. Then, as the pressure is lowered, the smallest 
bubbles appear in the stream at a pressure of 0.075 MPa, identically for all specimens. Thepattern repeats it- 
self completely and the pressure at which bubbles appear increases to the same as before critical level of 
0.089 MPa. Therefore, scavengingofmetal specimens with air raises the minimum initial pressure at which 
bubbles appear from 0.02 to 0.075 MPa. 

All these phenomena attending the flow of saturated water according to the second method can be ex- 
plained as follows. After passage of deaerated water through a metal specimen there are no air bubbles found 
in the latter. As saturated water is then fed to that specimen, there initially occurs a massive nucleation of 
first air bubbles due to appreciable oversaturation. Then, as bubbles form and accumulate in the porous struc- 
ture, the conditions of release of dissolved air approach the equilibrium conditions. This in turn causes either 
a continuous increase of the number of bubbles in the. stream under a constant pressure behind the metal spec- 
imen, or a gradual increase of the pressure at which the smallest bubbles will be carried away by the stream. 

The oscillatory decrease of pressure behind a metal specimen causes an osciUatory increase of the flow 
rate, which in turn results in an expulsion of some bubbles from the porous structure in the form of a cloud. 

As saturated water flows through a metal  specimen, af ter  the la t ter  has been scavenged with air ,  the 
main par t  of a i r  is expelled f rom the tunnel pores  by the s t r eam in the fo rm of la rge  bubbles. The a i r  bubbles 
which remain in semic losedpores  facilitate a fast establishment of conditions under which equilibrium re lease  of 
dissolved air  occurs ,  which then causes visible bubbles to appear  in the s t r eam at the ra ther  high p r e s s u r e  of 
0.075 MPa. 

The equilibrium concentrat ion of dissolved a i r  in water at the cr i t ical  p r e s s u r e  at which bubbles appear  
in the stable mode is, according to Her t z ' s  law, 89% of its equilibrium level in the original  state. This  figure 
is very  close to the 87% obtained by the f i rs t  method. 

Second Method with Deaerated Water. Flow of deaerated water has been set up only through metal speci -  
mens with a high initial a i r  content inside the porous s t ructure ,  through dry  specimens or  after  passage of 
water sa turated with air .  In either case,  a i r  is initially expelled f rom tunnel pores  in the fo rm of large  bubbles, 
and then the remaining a i r  is dissolved in the water. This p rocess  is attended by a gradual  lowering of the 
p r e s s u r e  and is completed when the p r e s s u r e  is still r a ther  high. As the p r e s s u r e  drops further ,  visible bub- 
bles appear in the s t r eam at a p r e s s u r e  of 0.006 MPa. The p r e s s u r e  then r i ses  to a stable cr i t ical  level of 
0.01 MPa, the same for  all specimens,  which corresponds  to appearance and vanishing of bubbles. The same 
phenomena a re  observed here  as during flow of sa turated water,  but here  they occur  at a much lower concen-  
t rat ion of dissolved air. The equilibrium concentrat ion of a ir  under that p r e s su re  of 0.01 MPa is 10% of its 
level in saturated water under a tmospheric  p ressure .  This figure is close to the 16% obtained for deaerated 
water  in the experiment  according to the f i rs t  method. 

It is noteworthy that the p re s su re  at which a i r  bubbles nucleate in a s t r eam inside a porous metal  speci-  
men exceeds the p re s su re  at the outlet surface,  inasmuch as bubbles nucleate and f i r s t  grow inside the spec i -  
men to a size comparable  with the mean d iameter  of pores  before being ca r r i ed  by the s t r eam to the outside 
surface.  

Keeping this in mind and considering the closeness  of resul ts  obtained by both methods, one can conclude 
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Fig. 3. Structure of two-phase vapor -wa te r  
s t r eam at the outside surface  of a metal 
specimen during flow of deaerated water at 
120~ 

that nucleation of gas bubbles in the stable mode, and subsequent re lease  of dissolved air  during flow of water 
in given specimens of porous metals,  occur  under conditions near  those of equilibrium saturation. 

The conditions of appearance of vapor  bubbles were studied by the f i rs t  method with gradual ra is ing of 
the water tempera ture  before the inlet surface  of a specimen to 120~ It has not been possible to determine 
the tempera ture  at which vapor bubbles appear  at the outside surface  under a tmospheric  p r e s su re  because,  
af ter  p re l iminary  deaerat ion of the water  under conditions of the experiment,  there already appear v a p o r - a i r  
bubbles at t empera tures  of the water  at the inlet surface  as low as 92~ As the tempera ture  reaches  100~ 
therefore,  there always occurs  an intense re lease  of bubbles. At an initial water tempera ture  of 100~ or  
higher there occurs  a gradual t ransi t ion f rom re lease  of v a p o r - a i r  bubbles to re lease  of vapor bubbles. As 
the tempera ture  of the water  at the inlet surface r i ses  f rom 100 to 102~ both the number  of bubble format ion 
centers  and the frequency of bubble separat ions f rom the surface increase  so much that bubbles overshoot  in 
chains and burs t  at the surface of the liquid film, forming here  a ripple and a mis t  of microdrople ts .  The s ize  
of bubbles dec reases  in the p rocess  to a d iameter  of 0.1 ram. As the tempera ture  r i ses  further,  continuous 
vapor microje ts  a re  discharged f rom almost  every  pore. The beginning of the zone of vapor bubble nucleation 
moves deeper  then, f rom the outside surface  of a metal  specimen into its bulk where the higher p r e s s u r e  c o r -  
responds to the saturat ion state at the initial water  temperature .  The tempera tu re  of the outside surface  r e -  
mains constant and equal to the saturation tempera ture  under a tmospher ic  p ressure .  The liquid film on the 
surface  of the metal  specimen is made fr iable by the countless vapor microje ts  penetrating it and becomes 
white (Fig. 3). Noise is also generated and gradually intensified in the process .  

Accordingly,  formation of vapor  bubbles inside porous metals  studied here  occurs  under conditions of 
thermodynamic equilibrium. This is largely  facil i tated by pre l iminary  formation of a i r  and v a p o r - a i r  bubbles. 

The conclusion about prevalence of thermodynamic equilibrium during nucleation of vapor bubbles inside 
a porous metal has also been confirmed by the resul ts  of experiments with boiling of various liquids at heater  
surfaces  with porous coatings: boiling of water [3-5] ,  acetone and ethyl alcohol [5], and Freons  [6]. It has 
been established in those experiments that the superheat  of the heater  surface to the tempera ture  at which bub- 
bles begin to appear at the surface of a porous coating is very  small  and amounts to 0.8-1.5~ It is to be 
noted, moreover ,  that here  the tempera ture  of a continuous heater  surface  is measured.  Consequently, the 
superheat  of a porous mater ia l  at the site of bubble nucleation is fur ther  decreased  by the heat t r ans fe r  f rom 
the continuous surface through conduction. 
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VAPOR CONDENSATION ON PLATE DUI~ING 

HORIZONTAL MOTION OF COOLANT 

V. F. Stepanchuk* and V. V. Kozhushko UDC 536.24 

An analytical study is made of heat t ransfer  during vapor condensation on a ver t ica l  plate. An 
engineering method of verifying the heat t r ans fe r  calculations is also shown. 

We consider the problem of heat t r ans fe r  during condensation of sa turated vapor on a ver t ical  plate while 
a coolant moves t r ansver se ly  relat ive to the descending condensate film. The same assumptions will be made 
here  as those on which the derivation of the widely known Nussel t  equation [ 1] is based. We will also assume 
that no s t i r r ing of the coolant occurs  on the cooled side and that its t empera ture  var ies  only in the direct ion of 
its flow. The la t ter  condition is possible  only in the case of laminar  flow with a small  ver t ical  t empera tu re  
gradient or  with the s t r eam subdivided into a large  number of paral lel  channels. 

The problem will be formulated as follows: it is required to determine the magnitude of heat t ransfer ,  
the thickness of the condensate film, and the temperature  of the coolant when on one side of the ver t ical  plate 
there is vapor under p r e s s u r e  Ps (saturation tempera ture  ts) and on the other  side the plate is wetted by a 
horizontal  s t r eam of coolant moving through a channel of width z at velocity w. The physical  cha rac te r i s t i c s  of 
the coolant are  known and the tempera ture  t o of the coolant at the entrance to this heat exchanger is given. 
This formulation of the problem is i l lustrated in Fig. 1. 

The elementary quantity of heat expended on heating the coolant is 

Ot dxdydT = W Ot dxdydT.  (1) dQ = wpcpz  O--y d y  

The same quantity of heat can be determined f rom the equation of heat t r ans fe r  

dQ = K (is - -  t) d x d y d ~  ---- a + ~ (t~ - -  t) dxdyd% (2) 

where 1 )~ 
K =  - - - ;  

1 ~ ~ + - ~ -  (3) 
r ' ~  w f 

�9 6 

The pa rame te r  a cha rac te r i zes  both the thermal  impedance and the heat t r ans fe r  f rom wall to coolant. 

Finally, according to the method used for deriving the Nusselt  equation [1], the change in the rate  of 
condensate flow in the film is 

drn -- g (p' - -  p') 08a 
3v Ox 

The quantity of t r ans fe r red  heat will then be 

dQ = r g (p' - -  p") 08a 
3v Ox 

(4) 

(5)  

(6) 

*Deceased. 
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