
B O I L I N G  C R I S I S  ON S U R F A C E S  W I T H  P O R O U S  C O A T I N G  

G.  P .  N i k o l a e v  a n d  Y u .  K. T o k a l o v  UDC 536.423.1 

Experimental values on nucleate and film boiling of carbon dioxide on polished and porous 
cylindrical surfaces under conditions of saturation at reduced pressures, P/Pcrit = 0.93 
and 0.97 are discussed. A considerable increase of the maximal, minimal specific heat 
fluxes and maximal heat transfer coefficient was observed on a horizontal tube with thin 
porous coating. 

During the p a s t  few y e a r s  b r i e f  notes have appea red  in the l i t e ra tu re  about the enhancement  of heat  
t r a n s f e r  f r o m  su r faces  with po rous  coat ings [1, 2]. Study of the boiling p r o c e s s e s  at such su r f aces  and 
also in the porous  m a t e r i a l s  is  of p r a c t i c a l  i n t e r e s t  both for  improved  heat  t r a n s f e r  avai lable  and for  op-  
por tuni ty  of producing novel heat  t r a rmfer  equipments  such as  heat  p ipes  with porous  s t ruc tu res .  There  
is  little detai led quanti tat ive data about the effect  of surface  po ros i t y  on heat  t r a n s f e r  with nucleate boiling. 
Nor  to the au thor s '  knowledge has the heat  t r a n s f e r  behav ior  of porous  hea t e r s  with f i lm boiling been 
adequate ly  invest igated.  

The authors  have made t es t s  with boiling carbon dioxide in na tura l  convect ion f r o m  hor izonta l  copper  
p ipes  with thin coat ings of porous  nickel  and with pol ished sur faces .  I sobar ic  boiling data q = f(tw) were  
obtained for  two reduced p r e s s u r e s  of P /Pc r i t  = 0.93 and 0.97. 
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Fig. 1 Fig. 2 
Fig. 1. Specific heat  flux q (W/m 2) v e r s u s  mean sur face  t e m p e r a -  
ture t w (~ at  ca rbon  dioxide boiling. (P/Pcri t  = 0.93). 1) tube with 
porous  coating; 2) smooth tube. 

Fig. 2. T e m p e r a t u r e  var ia t ion  of m a x i m u m  heat  t r a n s f e r  coeff i -  
c ient  O~ma x at  reduced  p r e s s u r e  P / P c r i t  = 0.97. Fo r  designat ion 
see Figure  i .  
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TABLE 1 

P/PK 

0,93 
0,93 
0,93 
0,97 
0,97 

0,93 
0,93 
0,93 
0,97 
0,97 
0,97 

qmax.]O'4,  
W/m ~ 

12,3 
11,5 
11,4 
6,1 
6,2 

22,7 
22,9 
23,1 
14,1 
14,4 
14,4 

lfllaX, ~ 

29,6 
28,5 
28,7 
29,7 
30, l 

29,2 
30,8 
29,5 
30,3 
29,5 
29,8 

qmin- 10"~, 
W/m s 

m 

1,4 

0,8 
1,1 

l [ , l  

9,7 
9,0 
9,2 

lmin, ~ 

39,,4 
35,,4 
35,3 

64,9 

57,0 
59,4 

ama x , l 0 -4, 
W/m s, deg 

l0 
8 

11 
9 

31 
19 
38 
22 
36 
36 

Surface 

Smooth 

With porous 
coating 

The test  chamber  used without s ignif icant  changes  has been p r e v i o u s l y  descr ibed  [3]. Its working 
vo lume (650 c m  3) was  f i l led with pure carbon dioxide for  which Pcrit  = 73.8 bar, tcri t  = 31.1~ Boi l ing 
occurred  on a hor izonta l  ~'31 m m  length of  copper pipe of 3 .8 /3 .0  m m  d i a m e t e r s  and on another pipe of 
s i m i l a r  d imens ions  but with an 0.03 m m  thick nickel  coating. The surface  of the f i r s t  pipe was  po l i shed  
and used to e s tab l i sh  a reproducible  tes t  procedure .  The coating of the second pipe was  deposited e l e c t r o -  
ly t ica l ly  f r o m  a solution of f inely  d i spersed  nickel .  Both pipes  were  internal ly  heated with dist i l led water.  
The mean  temperature  of the heating surface  was determined f r o m  f o u r  copper- -constantan  thermocouples  

0.12 m m  (three constantan wire s  were  placed on the top and one on the bottom of the pipe, the copper pipe 
i t s e l f  acted as  the other  component  of  the hot junction). 

The speci f ic  heat f luxes  were  determined with m a x i m u m  (systemat ic )  e r r o r s  of 2-6%, the r m s  e r r o r s  
in the m a x i m u m  tmax and m i n i m u m  tmin t emperatures  for  the var ious  f luxes  taking into account  cal ibrat ion 
and fluctuation in individual tests)  were  + 0.1~ 

Boi l ing c u r v e s  for  the po l i shed  andporous  sur faces  for  a reduced p r e s s u r e  P /Pcr i t  = 0.93 are  given in 
Fig. 1. The curves  q = f(tw) for  the reduced p r e s s u r e  of 0.97 are qual i tat ively  s imi lar .  The exper imenta l  
points  with tagged notation were  taken at the lowered  temperatures .  In the graph the i sobar ic  data were  
obtai~!ed in a s e r i e s  of t e s t s  with each  heater.  The scat ter  of  the plotted points  each  of which i s  averaged  
f r o m  three va lues  i s  not s igni f icant , thereby establ i shing the reproducibi l i ty  of  the resu l t s .  The va lues  of 
the m a x i m u m  (crit ical)  heat  flux qmax for  steady nucleate boil ing on the porous  surface  are ~2 .0  t imes  
grea ter  than those for  the smooth  surface  (Fig. 1, Table 1) and with a reduced p r e s s u r e  of 0.97 the for -  
m e r  were  2.3 t i m e s  the latter.  The i n c r e a s e  in the m a x i m u m  heat flux for  boil ing on the porous  surface  
can be explained by the breakaway bubble d iameter  with tMs surface  being s m a l l e r  and by the number of 
nucleat ion cen ter s  being grea ter  than for  the smooth  sur faces  [4]. The rate of bubble breakaway f r o m  nuc-  
leat ion centers  on the porous  surface  i s  a l so  greater  as  ev idenced by the uniformity  of the d iameter  of the 
bubbles [4, 5]. A s  a re su l t  of  all  these  fac tors ,  the heat  transfer  i s  grea ter  f r o m  the porous  surface  than 
f r o m  the smooth  one. 

The m a x i m u m  heat flux i s  produced at a s imi lar  surface  temperature  for  both the smooth  and porous  
tubes which conf i rms  the val idity of  the above thermodynamic  ana lys i s  of  the boil ing c r i s i s  [6]. 

The m a x i m u m  heat transfer  coef f ic ient  a m a x  with es tabl i shed  nucleate boil ing on the porous  surface  
i s  enhanced three t i m e s  (F ig .  2). The authors  and o thers  [2] a l s o o b s e r v e d c o e f f i c i e n t i n c r e a s e s o f 2 - 4 t i m e s  
for  f reon-12  boil ing on a porous  cy l indrica l  pipe (heat flux f r o m  2750 to 100,000 W/m2). 

The trans i t ion  boil ing region for the porous  heater  i s  extended along the temperature  axis .  The min i -  
mum heat flux qmin o c c u r s  at  a Mgher surface  temperature  tmin than with the smooth  surface .  Values  of 
qmin for  the porous  surface  exceed  the corresponding  values ,  for  the smooth  surface  by a factor  of (P/Pcrit  
= 0.93) and a factor  of 10 (P/Pcrit  = 0.97). The heat flux qmia f r o m  the porous  surface  with s teady f i lm 
boil ing i s  the same (p/pcri t  = 0.93) or  a little higher (P/Pcrit  = 0.97) than the corresponding  m a x i m u m  flux 
qmax for  nucleate  boil ing on the smooth  pipe. 

The boil ing c r i s i s  on the porous  surface  i s  l e s s  pronounced.  The ratio of the m a x i m u m  and min imum 
f luxes  q m a x / q m a x  for  the smooth  surface  i s  8.4 (P/Pcrit = 0.93) and 6.5 (P/Pcrit  = 0.97). The va lues  of 
this rat io  are 2.1 and 1.5 r e s p e c t i v e l y  for the porous  surface .  
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Fig. 3. Scheme of film boiling on heater with porous 
coating: a) no roughness; b) with roughness. 
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Fig. 4. Genera l iza t ion  on expe r imen ta l  r e su l t s  by 
m a x i m u m  heat fluxes:  1, 2) carbon dioxide boiling on 
porous  and smooth  hor izontal  copper  tubes q) 3 .8/3.0 
mm,  ,-'31 m m  long, heating f r o m  inside by heat  t r a n s -  
f e r  agent; 3, 4) boiling carbon dioxide and sulphur 
hexafluoride on ex te rna l  sur face  of hor izonta l  b r a s s  
tube 0 4 .0/3 .0  mm,  ~22 m m  long, heating by heat  
t r a n s f e r  agent  [9]. Solid curve,  by equation (1). 

The increase in the minimum flux from the porous surface above that from the smooth can be ex- 
plained by the following boiling phenomenon. 

The minimum heat flux can be explained by nonuniformity of the interface between the phases accord- 
ing to Taylor [7], when the vapor phase (p") is on the lower side. If the interface varies cyclically with 
some wavelength ~, at the sharp edges of cavities or pores, there is possible contact between the liquid 
phase and the heated surface with penetration into the cavity and heating to boiling point (Fig. 3a). The 
porosity and roughness of the surface result in a greater heat flux. Nucleate boiling is then possible on 
the cavity edges (Fig. 3b). Such a model can in the authors opinion explain both the increased minimum 
flux from the porous surface and the extended transitional boiling region. 

Allowing for surface effects in calculating the maximum and minimum fluxes is not easy. 

It is advisable to use equations ensuring corresponding conditions and excluding surface effects [8-10]. 
The ratio of the extreme fluxes is then related to the pressure. The results may be easily generalized for 
comparison with other data by the heat flux q* at p* = 0.9 Pcrit" Calculations of generalized data from 
numerous authors for the boiling crisis take the form (9.11) 

qmax/qmax = 8.24 (p/PcriO 0"35 (l - -  P/Pcrit )~ (1) 

j ~ , , 0 , 2 4  
qmin/qrmn =- 4.18 (P/Perk) (1 -- P/Pcrit )o.~l. (2) 

In Fig. 4 a re  given the genera l iza t ions  of the p r e s e n t  authors  r e su l t s  for  the carbon dioxide boiling c r i s i s  
on smooth and porous  su r f aces  and for  sulfur  hexafluoride on a smooth sur face .  The continuous line r e -  
p r e s e n t s  equation (1). It can be seen that  va lues  of the min imum heat  flux can be genera l i zed  by equation (2). 

qmax, qmin 

qmax, qmin 

NOTA TION 

are  the m a x i m u m  and m i n i m u m  specif ic  heat  f luxes (f i rs t  and second c r i t i ca l  densi t ies  of 
heat  flux); 

a re  mean  values  of f luxes for  given p r e s s u r e ;  



tw 
tcrit ,  
tmax, train 

Pcrit '  P/Pcri t  

p', p" 

k 

p* = 0.9 Pcri t  

q'in 

is the mean temperature of heat releasing surface; 
is the cri t ical  temperature;  
are the temperatures  of surface corresponding to maximum and minimum heat fluxes at 
isobar; 
are the cri t ical  and reduced pressures ;  
is the maximum heat t ransfer  coefficient at isobar q = f(tw); 
are the density of liquid and vaporous phases; 
is the perturbation wavelength of interface; 
is the scale pressure;  
are the values corresponding to scale pressure.  
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