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The boiling of water supplied to the heating surface through a capil- 
lary-porous body has been experimentally investigated at pressures 
from 6 to 310 mbar. 

In c e r t a i n  m o d e r n  hea t -exchange  equipment ,  wa te r  
boi ls  at low t e m p e r a t u r e s  f rom 1 to 50 ~ C. This t e m -  
pe ra tu r e  reg ion  co r r e sponds  to sa tu ra t ion  p r e s s u r e s  
of f rom 6 to 80 mba r .  

As has r ecen t ly  been  shown [1-4 ,  8, 9], in  this  p r e s -  
su re  range  boi l ing is  impeded owing to the i n c r e a s e d  
s ize  of the viable  vapor  nuc leus .  For  example,  in  [1], 
total  "degenera t ion"  of nucleate  boi l ing was observed  
even at the re la t ive  bigh p r e s s u r e  of 0.184 bar.  

Clear ly ,  the use  of c a p i l l a r y - p o r o u s  bodies  to con-  
t ro l  l iquid boi l ing cons ide rab ly  fac i l i t a tes  the c rea t ion  
of vapor i za t ion  cen te r s  at the boundary  with the heat ing 
sur face  and e l imina t e s  the above-men t ioned  difficulty.  
Moreover ,  a c a p i l l a r y - p o r o u s  body can be used to 
fac i l i ta te  phase s epa ra t i on  under  condi t ions  of weight-  
l e s s n e s s .  

We have c a r r i e d  out two s e r i e s  of expe r imen t s .  The 
f i r s t  s e r i e s  was conducted on appara tus  No. 1 with the 
object  of s tudying boil ing when l iquid is  suppl ied to a 
heat ing sur face  located above the sur face  of the liquid. 
In the second s e r i e s  of expe r imen t s ,  conducted on 
appara tus  No. 2, we studied boi l ing at a hea t ing  s u r -  
face i m m e r s e d  in  a porous  body sa tu ra ted  with l iquid.  

The tes t  spec imen ,  an e l ec t r i c a l l y  heated b r a s s  rod 
whose pol ished end se rved  as the boi l ing sur face ,  was 
suppor ted  in a p r e s s u r e  chamber ,  where  a cons tant  
p r e s s u r e ,  m e a s u r e d  with an MChR-3 m a n o m e t e r ,  was 
ma in t a ined  ( co r rec t  to 0.2 mbar ) .  The d i a m e t e r  of the 
rod was 60 ram. F i f teen  c h r o m e l - a l u m e l  t h e r m o -  
couples were  imbedded at d i f ferent  depths in four s e c -  
t ions along the  height of the rod.  The sect ion n e a r e s t  
to the end had six the rmocoup les ;  the res t ,  three .  The 
distance between sections was i0 ram, and the first 

section was 2.5 mm away from the end of the rod. This 

method of arranging the thermoeouples made it pos- 

sible to determine the surface temperature and the 
specific heat flow from the end of the rod easily and 
accurately. In view of the high rate of heat transfer 
from the end of the rod (~ ~ i000 W/m 2- ~ in com- 
parison with the heat transfer from its lateral surface 

(~ ~ 5-10 W/m 2. ~ it may be assumed that the 
problem to be solved is the one-dimensional problem 

of heat conduction for a rod, together with the deter- 

mination of q from the temperature values in four sec- 

tions, and the value of T w by linear extrapolation. 

We turned  the heat ing sur face  downward; i . e . ,  we 
inves t iga ted  the wors t  case ,  that in which the s e p a r a -  
t ion  of the vapor bubbles  is  obs t ruc ted .  Beneath the 
heat ing sur face  we placed a v e s s e l  conta ining water ,  
in which the level  was cons tant ly  ma in ta ined  at  a d i s -  
tance of 20 m m  f rom the hea t ing  sur face .  The cap i l -  
l a r y - p o r o u s  body, a rod of technica l  po lyvinyl formal  
T P V F - 1  60 m m  in d i ame te r ,  was mounted on a suppor t  
in the ves se l  conta in ing  the water  Po lymer .  T P V F - 1  

is  a foamed alcohol polycondensat ion  product ,  a porous 
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Fig. i. Diagrams of the two experimental apparatuses. 
(a) Apparatus No. i: i) brass rod; 2) TPVF-I rod; 3) 
electric beater; 4) thermocouples; 5) vessel containing 
water. (b) Apparatus No. 2: i) thermocouples for mea- 
suring tube wall temperatures; 2) flat tube; 3) con- 

tainer; ,4) capillary-porous body; 5) vapor channels; 6) 

thermocouples for measuring end losses. 
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m a t e r i a l  with a specif ic  weight of 0 .08-0 .15 g/cm ~, 
poros i ty  to 0 .92-0.98,  with open pores  of var ious  
s i z e s - - f r o m  f rac t ions  of a m i c r o n  to a m i l l i m e t e r .  
P o l y m e r  TPVF-1  is a good a b s o r b e r  of moi s tu re .  In 
the dry  s tate  it  is quite hard;  when wetted with water  
it softens and swells .  

The bottom of the rod r e s t ed  in the water ,  while the 
top was in contact  with the heat ing surface .  Two mu t u -  
a l ly  pe rpend icu la r  s lots  m e a s u r i n g  3 • 3 m m  and 
p a s s i n g  through the cen te r  of the rod were  fo rmed  in 
the sur face  facing the hea te r  to faci l i ta te  the r e m o v a l  
of vapor.  

Appara tus  No, 1 is shown schemat i ca l ly  in Fig. l a .  
The expe r imen t s  were  conducted in accordance  with 

the s teady heat  flux method at  a cons tant  power supply 
to the e l ec t r i c  hea te r .  Three  or four t e m p e r a t u r e  
m e a s u r e m e n t s  were  made at cons tant  p r e s s u r e  and 
heat  flux. Runup f rom "cold" took 1 .5 -2  hr;  t r a n s i t i o n  
f rom one flux to another  r e q u i r e d  30-40  min.  

On this appara tus  we conducted expe r imen t s  at five 
d i f ferent  p r e s s u r e s :  310, 167, 107, 64, and 26.2 mbar .  
The m i n i m u m  heat fluxes were se lec ted  so that the 
d i f ference  between the heat ing sur face  t e m p e r a t u r e  and 
sa tu ra t ion  t empe ra tu r e  was not l ess  than 1 .5 -2  ~ C. 

The graphs  in Fig. 2 p r e sen t  in logar i thmic  coor -  
d inates  the r e s u l t s  of the inves t iga t ions  on this a ppa r a -  
tus in the form q =f (AT) .  

The expe r imen t s  to inves t iga te  boi l ing  at a heat ing 
sur face  i m m e r s e d  in a porous  body sa tu ra ted  with l iq -  
uid were  conducted on appara tus  No. 2, which is 
shown schemat i ca l ly  in Fig.  lb .  

The inves t iga t ions  were  c a r r i e d  out on an exper i -  
menta l  heat exchange r - evapora to r  intended for  cooling 
and dry ing  gases .  The heat exchanger  consis ted of 2 
c o r r i d o r  bundles of f lat  a l u m i n u m - a l l o y  tubes 1 m m  
thick, ins ide  c ro s s  sec t ion  2 • 38 ram, length 210 mm,  
welded into a honeycomb with a 1 2 - m m  spacing.  Nor -  
mal ly ,  cooled fluid moves  through the tubes. The 
space between the tubes was occupied by sheets  of 

T P V F - 1  7 m m  thick, so that,  on swell ing,  these sheets  
t ightly p r e s s e d  themse lves  agains t  the f lat  su r face  of 
the tubes. To fac i l i ta te  vapor r emova l ,  r ec t angu la r  
channels  m e a s u r i n g  2 • 3 m m  were  formed in the par t  
of the T P V F - 1  sheets  turned toward the sur face  of the 
tubes.  

F o r  the purpose of inves t iga t ing  boi l ing heat  t r a n s -  
fer ,  the heat  exchanger  was placed in a p r e s s u r e  
chamber ;  m e a s u r e m e n t s  were  made on one o f the tubes  
into which a n ichrome  hea te r  wound onto a mica  plate 
was inse r ted .  

To m e a s u r e  the sur face  t e m p e r a t u r e  of the tube, 
we used five coppe r - cons t an t an  thermocouples ,  whose 
hot junc t ions  were  imbedded in the wall.  The t e m -  
pe ra tu re  was m e a s u r e d  c o r r e c t  to 0.1 ~ C. The p r e s -  
sure  was m e a s u r e d  c o r r e c t  to 0.2 mbar .  

The ends of the expe r imen ta l  tube (sect ions  AB in 

Fig.  lb) ,  20 m m  long, were  insula ted  f rom the water  
by a layer  of h e a t - r e s i s t a n t  crude rubbe r ;  l o s ses  
through the l a t t e r  were  negl igibly  smal l .  The hea te r  
inse r t ed  into the tube occupied exact ly  the sec t ion  BB 
in contact  with the w a t e r - s a t u r a t e d  porous body. This 
sec t ion  de t e rmined  the act ive h e a t - t r a n s f e r  a r e a  f rom 
which the h e a t - t r a n s f e r  coeff icient  was calculated.  

The heat  flux was de t e rmined  f rom the power con-  
sumpt ion  m e a s u r e d  with c lass  0.1 and 0.2 i n s t r u m e n t s  
with al lowance for the end losses  e s t ima ted  f rom the 
read ings  of thermocouple  6 (Fig. lb) ;  the e r r o r  did 
not exceed 3%. The m e a s u r e m e n t s  were  made in the 
s t eady - s t a t e  boi l ing r eg ime .  

On this appara tus  we invest igated boi l ing heat  
t r a n s f e r  at p r e s s u r e s  above the sur face  of the water  
of 6.5, 13, 20, and 33 m b a r  and heat  f luxes f rom 0.5 �9 
" l 0  s W / m  2 to 5 �9 104 W / m  2 for  va r ious  vapo r - channe l  
dens i t i es .  

The r e s u l t s  a re  p resen ted  in Fig. 3 in the form of 
= f (q)  curves .  
In analyzing the data p resen ted  in Fig. 3, the s a t u r a -  

t i o n t e m p e r a t u r e  was taken in accordance  wi ththe  p r e s -  
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Fig.  2. Heat flux q(W/m z) as a funct ion of the t e m -  
pe ra tu r e  head AT (~ accord ing  to data obtained 
on appara tus  No. 1: 1) p -- 26.2 rob; 2) 64.0; 3) 107; 

4) 167; 5) 310. 
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Fig.  3. H e a t - t r a n s f e r  coeff ic ient  o~ (W/m 2 �9 deg)as  
a function of the heat  flux q (W/m 2) f rom data ob- 
ta ined on appara tus  No. 2: 1) p = 36.2 mb; 2) 23; 

i3) 9.6; 4) 9.6 ( 1 - 3 - - a t  s = 0.14; 4- -a t  s = 0). 



s u r e  at the wall  t e m p e r a t u r e  m e a s u r i n g  point  (on the 
cen te r  l ine of the tube}; i . e . ,  the hydros ta t i c  head of 
the l iquid co lumn was taken into account.  Despite the 
fact  that the l iquid sur face  was ma in ta ined  only 5 - 8  
m m  above the top of the heated tube, the c o r r e c t i o n  
was impor tan t ,  s ince at  the low p r e s s u r e s  m e a s u r e d ,  
which were  ve ry  close to the t r ip le  point  of water ,  the 
Ts = f(Ps) curve  is ve ry  steep. 

In addit ion to the expe r imen t s  pe r fo rmed  on appara -  
tuses  Nos. 1 and 2, we tes ted  the heat exchange r - e va p -  
o ra to r  in the a i r  and water  cooling r e g i m e s  to make 
a compara t ive  ana lys i s  of the h e a t - t r a n s f e r  coeff ic ients  
and d e t e r m i n e  the e n t r a i n m e n t  of l iquid at va r ious  
o r i en ta t ions  of the vapor  channels  and the outlet header  
with r e s p e c t  to the e a r t h ' s  g rav i ta t iona l  field. 

Discuss ion  of the r e su l t s .  In the expe r imen t s  p e r -  
f a r m e d  on appara tus  No. 1 with the porous  body in -  
comple te ly  sa tu ra ted ,  we did not observe  any v is ib le  
e n t r a i n m e n t  of l iquid with the vapor at any value of 
the heat  flux. 

In the expe r imen t s  on appara tus  No. 2, e n t r a i n m e n t  
of l iquid was observed,  and at c e r t a i n  heat  f luxes d rop-  
le ts  of water  were  "shot" out of the channels  together  
with the vapor .  The e n t r a i n m e n t  d imin ished  when the 
vapor  veloci ty  was lowered  by  i n c r e a s i n g  the a r ea  of 
the vapor  channels  or dec rea s ing  the heat  flux. The 
s tudies  of e n t r a i n m e n t  on appara tuses  Nos. 1 and 2 
were  qual i ta t ive  in c h a r a c t e r  and pure ly  visual .  

In the expe r imen t s  with the heat exchange r - e va p -  
o ra to r ,  af ter  the op t imum f requency and a r r a n g e m e n t  
of the vapor channels  had been  selected,  no e n t r a i n -  
men t  of mo i s tu r e ,  de t e rmined  f rom the heat  and m a s s  
ba lances ,  was observed  within the l im i t s  of expe r i -  
men ta l  e r r o r  (5%). In this  case ,  the ve loc i ty  of the 
vapor in the vapor  channels  was up to 30 -50  m / s e c ,  
the boi l ing p r e s s u r e  6 - 8  mba r ,  and the heat  f luxes 
f rom 0.5 �9 l 0  s to 5 �9 10 s W / m  2. There  was no e n t r a i n -  
men t  at any or ien ta t ion  of the evapora to r  r e l a t ive  to 
the e a r t h ' s  g rav i t a t iona l  field. 

The h e a t - t r a n s f e r  coeff icient  for water  boi l ing at 
low p r e s s u r e s  (6 -30  mba r )  is  s m a l l - - o n  the o rder  of 
i02-i0 a W/m 2 �9 ~ This pressure region is often em- 
ployed in cooling applications, and, since the rate of 

heat transfer on the boiling side is comparable with 
the rate of heat transfer on the side of the cooled liq- 

uid and gas, the study of boiling at these pressures is 
especially important from the standpoint of minimizing 

the size and weight of the heat-exchange equipment. 

In all the regimes tested on apparatus No. 2 (Fig. 
3) up to q = 5 �9 102 W/m2, boiling was clearly observ- 

able together with intense motion of the vapor bubbles, 

which at the moment of separation were on the order of 

1-5 mm in size. The presence of developed boiling at 
low heat fluxes and pressures is attributable to the fact 
that the capillary-porous body creates a large number 
of additional vaporization centers, including both the 
pores in the material itself and very fine air bubbles 
not displaced from the pores by the water. 

The relations presented in Fig. 3 confirm previous 
conclusions [5, 6] to the effect that the principal in- 
fluence on the boiling heat transfer of a liquid trans- 

ported by a capillary-porous body is exerted by the re- 
moval of vapor from the heating surface. 

In pa r t i cu l a r ,  this  is indicated by the dec reas ing  
slope of the q = f ( A T )  curves  in the reg ion  of l a rge  
heat  f luxes in Fig. 2. 

Whereas  in the reg ion  of sma l l  heat  fluxes the usual  
equation q = CAt s is r ep laced  by the r e l a t ion  q = 
= CIAT l, 4 (C and C~ are  n u m e r i c a l  constants) ,  a t l a r g e  
heat  f luxes the exponent of AT is reduced to 0.5. This 
is because  of the i nc r e a se d  vapor  content  of the con-  
tact  l a y e r  and because  under  these  condit ions there  
is no f r ee -convec t ion  component.  

This  conc lus ion  is conf i rmed by the r e su l t s  of the 
expe r imen t s  on a submerged  sur face .  At a v a p o r -  
channel  dens i ty  s = 0.14 (i. e . ,  the ra t io  of the a r ea  of 
the heat ing sur face  facing the channels  to the a r ea  of 
the heat ing sur face  in contact  with the porous body), a 
un i fo rm inc rea se  in ~ with i nc r ea se  in q is observed 
(Fig. 3), which is cons i s t en t  with the fo rmulas  for f ree  
boil ing.  Obviously,  for the heat  f luxes invest igated,  
this  channel  densi ty  c r ea t e s  sa t i s f ac to ry  condit ions 
for vapor r emova l .  

The r e su l t s  of expe r imen t s  with T P V F - 1  f rom the 
same  block,  i . e . ,  with the same  c h a r a c t e r i s t i c s ,  but  
without vapor  channels  a re  a lso p resen ted  in Fig. 3. 
At a c e r t a i n  value of the heat  flux (q = 1.8 . 104 W / m  2) 
AT begins  to i n c r e a s e  cont inuously.  Since the heat ing 
sur face  is submerged ,  the chief obstacle  to an in -  
c r e a s e  in heat  t r a n s f e r  is not the l imi ted  abi l i ty  of the 
m a t e r i a l  to supply l iquid to the heat ing su r f ace  by 
overcoming  the force  of gravi ty  (as might  have been  
a s sumed  in the e xpe r i me n t s  on appara tus  No. 1), but 
the excess ive  i nc r ea se  in the vapor  content  of the con-  
tact  layer .  By occupying more  and more  of the capi l -  
l a ry  channels ,  the vapor  fo rmed  obs t ruc t s  the access  
of water  to the heat ing surface.  

Thus ,  a so r t  of ind i rec t  boi l ing c r i s i s  is observed,  
in this case at q = 1.6-1.9" 104 W/m 2. A similar con- 

tinuous temperature rise was also observed in one of 

the experiments on apparatus No. 1 at q = 8.6 �9 104 

W/m 2 and at p = 107 mbar (interval BB in Fig. 2). 
Clearly, in the presence of capillary-porous bodies 

a crisis in the usual sense is not possible, since al- 

though the vapor formed drives water away from the 

heating surface into the large capillaries, under the 
action of capillary forces, water continues to reach 
the heating surface through the network of small capil- 
laries. The "crisis" is mildly expressed, and the 

"critical" heat flux can be raised by improving the 
vapor removal conditions. 

The value of the channel density s = 0.14, investi- 
gated on apparatus No. 2, was selected to ensure that 

there would be no entrainment of liquid droplets at 
the r e l a t i v e l y  low heat  flux q = 103-5 �9 103 W / m  2 in 
the p r e sence  of s t eady- s t a t e  boil ing.  The value s = 
= 0.14 is the m i n i m u m  channel  dens i ty  ensu r ing  re l i ab le  
vapor  sepa ra t ion  and the absence of l iquid e n t r a i n -  
ment .  As a l r eady  pointed out, in this case  the vapor 
veloci ty  in the channels  was 30 -50  m / s e c .  

It is poss ib le  that this dens i ty  is not opt imum f rom 
the s tandpoint  of the m a x i m u m  ra te  of heat t r ans fe r .  
In Fig.  3 the data for boi l ing at Ps = 9.6 m b a r  in TPVF 
with channels  s = 0.14 and in TPVF without channels  
shows that in the " subc r i t i ca l "  region  the a differ  
sharply .  Accordingly ,  taking into account the above-  
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Fig.  4. H e a t - t r a n s f e r  coeff icient  a (W/m 2 �9 deg) 

as a function of the p r e s s u r e  p (N/m 2) at a heat  
flux q = 25 ' 103 W / m  2 f rom data obtained on ap-  

pa ra tus  No. 1. 

ment ioned smal l  absoiute  Values of the h e a t - t r a n s f e r  
coeff icient ,  it is impor tan t  to find the opt imum channel  
dens i ty  which, while excluding the en t r a inmen t  of l iq -  
uid, at the same  t ime e n s u r e s  m a x i m u m  heat t r ans fe r .  

Since boi l ing is a ve ry  complicated p rocess ,  the 
expe r imen ta l  data a re  always cha rac t e r i zed  by a v e r y  
cons ide rab le  sca t te r .  This is p a r t i c u l a r l y  t rue  of the 
case descr ibed ,  where the n u m b e r  of fac tors  con-  
t ro l l ing  heat t r a n s f e r  is  i nc rea sed  owing to the p r e s -  
ence of the cap i l l a ry -po rous  body. The effect of these  
fac tors  has not yet b e e n  adequately studied. Hence, it 
is difficult  to propose any f inal  fo rmulas  for ca l cu -  
la t ing the heat t r ans f e r .  However,  it can be s ta ted 
that,  as in o rd ina ry  boil ing,  reduced  p r e s s u r e  leads 
to a reduced ra te  of heat  t r ans f e r .  The r e l a t ion  o~ = 
= f(p) for  a constant  heat flux q = 25.103 W/m 2 is quite 
well r ep re sen t ed  by the exp res s ion  o~ = a0(p/p0) ~ 
(Fig. 4). 

It should also be noted that in the case of boi l ing at 
a submerged  surface ,  su r rounded  by a c a p i l l a r y - p o r -  
ous body, if the vapor  r emova l  condit ions a re  suff i -  
c ient ly  good (s = 0.14) in the " subcr i t i ca l "  reg ion  the 
slope of the a = f ( q )  curve  for l o w - p r e s s u r e  boi l ing 
(6-30  mba r )  is  approx imate ly  the s ame  as for f ree  
boi l ing a t  n e a r - a t m o s p h e r i c  p r e s s u r e s .  

The expe r imen ta l  data p resen ted  in Fig. 3 a re  

c losely  approximated  by the equation a = 2.3 q0.~5 (for 
s = 0.14). 

NOTATION 

T w is the t e m p e r a t u r e  of heat ing sur face ,  ~ Ts  
is the l iquid sa tu ra t ion  t e m p e r a t u r e ,  ~ AT = T w - 
- Ts is the t e m p e r a t u r e  head, ~ Ps is the sa tu ra t ion  
p r e s s u r e ,  mbar ;  q is the specific heat  flux, W/m2; 
is the h e a t - t r a n s f e r  coefficient,  W/m2"deg; s0 is the 
h e a t - t r a n s f e r  coeff ic ient  at a tmosphe r i c  p r e s s u r e  P0; 
s is the channel  dens i ty  (d imens ionless ) .  
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