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Experimental results for the boiling of water, nitrogen, acetone, and ethyl 
alcohol at heated surfaces with metal-fiber capillary-porous coatings are de- 
scribed, and a dependence is proposed for the calculation of the heat-transfer 
coefficient. 

Heat transfer with boiling at a surface with porous coatings is currently under inten- 
sive investigation, both in the Soviet Union and elsewhere. However, as results in this 
field accumulate, the picture becomes increasingly unclear. For example, according to some 
researchers, the heat-transfer rate increases with increase in coating thickness ~, in con- 
ditions of free motion; according to others, it increases with decrease in ~; and according 
to still others, it does not depend on the coating thickness at all. The power n to which 
the heat-flux density is raised in the dependence ~ = f(q) has been assigned the following 
values in different studies: 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7. A number of researchers 
assert that the heat-transfer rate at a surface with a coating is increased by a factor of 
7-10 in comparison with a surface with no coating; according to others, this factor is 1.5- 
2. 

The significant discrepancy, and contradiction, between the data of different experi- 
menters is usually attributed to the use of different types of porous coatings, experimental 
apparatus, and procedures, experimental errors, etc. All this is true but, in our view, the 
fundamental reason for the discrepancies is the partial, simplified character of the investi- 
gations, which are performed on two or three samples, as a rule, in narrow ranges of parame- 
ter variation, without taking account of all the basic characteristics determining the heat- 
transfer rate and their mutual influence, etc. Nevertheless, these investigations are often 
taken as the basis for broad generalizations and conclusions that are not always true. 

The aim of the present work is a comprehensive complex investigation of the influence 
of the geometric, thermophysical, and structural characteristics of porous coatings, the 
thermophysical and physical properties of the working liquid and the heating surface, and 
the operating parameters of the process on the heat-transfer rate in boiling in free-motion 
conditions. 

In six series of experiments on an apparatus whose working portions were described in 
[I, 2], 79 samples are investigated; the samples are prepared from substrates baked with 
porous coatings. (Substrate diameter 30 mm; thickness 3.5 mm; material: copper, stainless 
steel). The coatings investigated are metal-fiber capillary structures baked from discrete 
fibers of copper, nickel, or stainless steel (fiber diameter 20-70 ~m; length 3 and 9 mm). 
Coating parameter ranges: porosity 40-93%; thickness 0.i-I0 mm; effective pore diameter 20- 
300 ~m; liquid permeability i0-12-i0 -9 m2; frame thermal conductivity 0.066-100 W/m.K. The 
working liquid is water, nitrogen, acetone, or ethyl alcohol. Experiments are performed 
at atmospheric and reduced (water, acetone) saturation pressures with heat-flux density 1- 
200 W/cm 2 . 

In the first series of experiments, the influence of the heat-flux density on the heat- 
transfer rate is determined. On analyzing the experimental data, it is found that the power 
n is not constant, but depends on the coating thickness, decreasing with increase in thick- 
ness (except for coatings of great thickness). The other characteristics and properties of 
the coatings, the heating surface, and the liquid have no marked influence on n. 
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Fig. i. Dependence of n on the coating thickness: 
i) water; 2) nitrogen; 3) acetone; 4) ethyl alcohol. 
Curve) calculation from Eq. (i). 6, mm. 

Experimental data and calculation results for n are shown in Fig. i; the calculations 
are based on the generalizing dependence 

u = 5g~ 0 , ! . 1 0 - 3 ~ g ~ 3 . 1 0  -a m; 
(l) 

n == 0,21432, 3.10-3<6~.~10.10 -3 m, 

which is valid as long as q does not exceed the critical heat-flux density qcr in, values of 
which may be found in [i, 2]. The results obtained allow the factors underlying the dis- 
crepancy in different authors' values of n to be largely explained. 

In the second series of experiments, the influence of the coating thickness on the 
heat-transfer rate is investigated. Analysis of the experimental data, taking account of 
Eq. (i), shows that 

~ 6 l . a ,  0,1.10_3~6~Sboand~., ,6--o.2a ' 6 b o < 3 ~  10.10-~ m, (2) 

i.e., other parameters and conditions being equal, increase in coating thickness is accom- 
panied first by sharp increase in the heat-transfer coefficient to some boundary value 6bo, 
and then by reduction in 6; 6bo = 3 mm and 1.3 mm for water and nitrogen, respectively. How- 
ever, this considerable direct influence of the coating thickness on ~ (6 ~ ~bo) is compen- 
sated by the above-noted variation in n with heat-flux density, which leads finally to weak- 
ening of the dependence of the heat-transfer rate on the thickness 6, especially at large q 
(Fig .  2).  

The results obtained, some of which are shown in Fig. 2, indicate a complex ambiguous 
dependence of the heat-transfer coefficient on the thickness of the porous coating; this 
allows the three different viewpoints in the literature - that the hear'transfer rate in- 
creases, decreases, and remains constant with increase in 6 - to be reconciled. 

The influence of the structural characteristics on the heat-transfer rate is investi- 
gated in the third series of experiments, by varying the porosity of the coatings, the size 
of the discrete fibers and pores, and the nonuniformity, i.e., the size distribution of the 
pores, while the other parameter~ of the coating remain unchanged, or almost so. Analysis 
of the experimental data reveals significant influence of the degree of nonuniformity of 
the coating. The porosity and the pore and fiber size exert a pronounced direct influence 
on the heat-transfer rate (their influence is expressed through the size distribution of 
the pores and the thermal conductivity of the coating). 

For metal-fiber capillary structures, differential size distributions of the pores 
were not given in [3] but, because of the unwieldiness of the formulas and the difficulty 
of determining some parameters, it is simpler to use the ratio (i - Hli)/(l - N) in the 
present case; this ratio [4] characterizes the nonuniformity of the coating, the degree to 
which its structure resembles that of a coating of limiting porosity Nli with the same fiber 
dimensions. The dependence of the heat-transfer coefficient on this ratio takes the form 

"~ ~ [(I--  H 1t/(I--  H)] 0'4 Hli  = exp ( - - 6  d~)il ' 10-e"~ (d@F) ~ 10-;' (3) 

In the fourth series of experiments, the influence of the frame Xf and effective %ef 
thermal conductivities of the coating on the heat-transfer rate is determined. As estab- 
lished in the experiments, the heat-transfer coefficient increases significantly on boiling 
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Fig. 2. Characteristic dependences of the heat-transfer co- 
efficient on the coating thickness. Porosity 60%. Liquid: 
I) acetone; 2) nitrogen; 3-5) water. Heat-flux density 
(.104 , W/m2): 1-3) 5; 4) 20; 5) i00. Curves) calculation 
according to Eq. (4). ~, W/m2.K; ~, mm. 

Fig. 3. Dependence of the heat-transfer coefficient on the 
effective thermal conductivity of the coating. Coating 
thickness 0.8 mm; porosity 40-93%. Liquid: i, 3) nitrogen; 
2, 4) water. Substrate material: i, 2) stainless steel; 
3, 4) copper. Heat flux density (.I0 ~, W/m2): i, 3) 5.66; 
2, 4) I0. ~, W/m2"K; ~ef, W/m'K. 

Fig. 4. Dependence of the heat-transfer coefficient on the 
heat flux density. Sample of copper fibers (i) with ~ = 
76%; 6 = 0.8 mm, Xef = 15.9 W/m.K, B ~ = 0.413 (present 
data); nickel fibers with 80%, 0.74 mm, 2.34 W/m'K [5], as- 
suming that B ~ = 0.5 (2) and with 80%, 0.46 mm [7], as- 
suming that Xef = 2.34 W/m'K and B ~ = 0.5 (3); stainless- 
steel fibers (4) with 90%, 0.7 mm [6] (samples prepared at 
Kiev Polytechnic Institute), Xef = 0.17 W/m.K, B ~ = 0.75. 
Substrate material: i, 2) copper; 3) layer of nickel on 
copper; 4) stainless steel. Heat carrier: i) nitrogen; 2, 
3) water; 4) Freon-ll3. Saturation pressure: i, 2, 4) 98 
kPa; 3) 35 kPa. Curves) calculation according to Eq. (4). 
q, W/m 2 . 

with increase in thermal conductivity of the coating. In the range I0 < Xf ~ i00 W/m.K, 
the frame and effective thermal conductivities are similar in magnitude and have practi- 
cally the same influence on ~; at low Xf (especially when ~f < ~L), their influence is 
different, the dependence on the effective thermal conductivity ~ ~ ~ef P being more clearly 
logical. The index p in this dependence, as established in the analysis of experimental 
data taking account of Eq. (3), is determined by the material of the heating surface: p = 
0.5 and 0.3 for copper and stainless-steel substrates, respectively (Fig. 3). 

The influence of the heating-surface material on the heat-transfer rate is investi- 
gated in the fifth series of experiments, using pairs of samples with identical or similar 
parameters but different substrates: copper and stainless steel. As a result, it is found 
that the thermophysical and physical properties of the heating surface have a pronounced 
influence on the heat-transfer rate. For example, in the boiling of water at porous coat- 
ings with a copper substrate, the heat-transfer coefficients are double those for the same 
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coatings with a stainless-steel substrate; in the boiling of nitrogen, they are almost three 
times higher. Analysis of the experimental data using the heat accumulation coefficient of 
the heating-surface material Ahs = ~ shows that a ~ Ahs 0"s 

In the sixth series of experiments, the influence of the thermophysical and physical 
properties of the working liquid on the heat-transfer rate at atmospheric and reduced satur- 
ation pressures is investigated. Analysis of the experimental data indicates that the in- 
fluence of the working-liquid properties on the heat-transfer coefficient, which depends on 
a known complex of liquid properties XL2/VLOTsat, the vapor density, and the heat of vapor- 
ization, is weaker than for boiling at a smooth surface. 

Comparison of the results obtained with data on boiling at a smooth engineering heating 
surface indicates that, depending on the thickness, thermal conductivity, and porosity of 
the coating and the incoming heat-flux density, the heat-transfer rate may be higher, for 
example, by a factor of i0 (when using coatings with H = 40%, 6 = 0.8 mm, q = 5 W/cm 2, wa- 
ter), 7, 5, 2, or no more than 1.5 (for example, ~ = 80%, 6 = 0.i mm) than for a smooth sur- 
face with no coating, equal to this value (some coatings at high q), or even lower than this 
value (coatings of low conductivity; high q). 

Even further confusion in the results of such comparisons, often undertaken by differ- 
ent researchers, is introduced by failure to take account of the contact thermal resistance 
Rco between the porous coating and the heating surface, which may lead to severalfold vari- 
ation in the heat-transfer rate. Thus, in the present experiments on coatings clamped to 
the heating surface (Rco = 0.0002-0.001 m2.K/W), the heat-transfer coefficients at small 
heat flux density (q < 5.104 W/m 2) is higher by a factor of 1.1-1.5, and those at q > 5.104 
W/m 2 are lower by a factor of 1.5-4, than the values of a obtained with the same coatings 
which have been baked with the heating surface (Rco = 0). 

The results of all the series of experiments on the heat-transfer rate at a heating 
surface baked with metal-fiber porous coatings in the boiling of liquid in free-motion con- 
ditions may be approximated by a dependence generalizing 95% of the experimental data with 
an error of no more than • 

= kq n v ~ f ~  "hs ~ "  (4 )  

where  n = 56 ~  c t h  ( 0 . 0 0 3 5 + 1 0 4 6  + 7 . 1 0 s 6 2 - 7 ) ,  0 . 1  ~ 6 ~ 3 mm; n = 0 . 2 1 4 3 2 ,  3 < 6 ~ 10 mm; 
m = 1 . 5 ,  k = 5500,  0 . 1  ~ 6 ~ 6bo ; m = - 0 . 2 5 ,  5bo < 5 ~ 10 mm ( w a t e r :  5bo = 3 mm, k = 0 . 2 5 ;  
n i t r o g e n :  6bo = 1 .3  mm, k = 0 . 0 5 7 8 ) ;  B = (1 - H l i ) / ( 1  - H); H l i  = e x p ( - T d F / s  10 - s  
( d F / ~ F )  ~ 1 0 - 4 ;  Ahs = /X-~p; N = p v ~ 1 7 6 1 7 6 1 7 6 1 7 6  t h e  e f f e c t i v e  t h e r m a l  c o n d u c -  
t i v i t y  l e f  i s  d e t e r m i n e d  f rom Eq. ( 2 . 4 0 )  o f  [ 4 ] ,  and p = 0 .5  (k = 5500) and 0 .3  (k = 8400) 
f o r  c o p p e r  and s t a i n l e s s - s t e e l  h e a t i n g  s u r f a c e s ,  r e s p e c t i v e l y .  The t h e r m o p h y s i c a l  and p h y s i -  
c a l  p r o p e r t i e s  o f  t h e  h e a t i n g - s u r f a c e  m a t e r i a l ,  f i b e r s ,  and w o r k i n g  l i q u i d  a r e  d e t e r m i n e d  
f rom t h e  s a t u r a t i o n  t e m p e r a t u r e .  

The t h e o r e t i c a l  and e x p e r i m e n t a l  d a t a  f o r  b o i l i n g  a t  s u r f a c e s  w i t h  m e t a l - f i b e r  p o r o u s  
c o a t i n g s  a r e  compared  i n  F i g .  4;  s a t i s f a c t o r y  a g r e e m e n t  i s  s e e n .  

I t  i s  o f  i n t e r e s t  t o  compare  t h e  p r e s e n t  r e s u l t s  o b t a i n e d  i n  c o n d i t i o n s  o f  f r e e  l i q u i d  
m o t i o n  w i t h  t h e  d a t a  o f  [ 8 ] ,  o b t a i n e d  a t  s u r f a c e s  w i t h  t h e  same p o r o u s  s t r u c t u r e s  i n  con-  
d i t i o n s  o f  c a p i l l a r y  t r a n s p o r t ,  and t o  i d e n t i f y  t h e  g e n e r a l  and d i s t i n c t i v e  l a w s .  Common t o  
b o i l i n g  i n  b o t h  s e t s  o f  c o n d i t i o n s  i s  t h e  d i r e c t  i n f l u e n c e  o f  t h e  g e o m e t r i c  p a r a m e t e r s  o f  
t h e  c o a t i n g  on t h e  r a t e .  Thus ,  w i t h  i n c r e a s e  i n  c o a t i n g  t h i c k n e s s  t o  some b o u n d a r y  v a l u e  
6bo , t h e  h e a t - t r a n s f e r  c o e f f i c i e n t  ~ i n c r e a s e s ,  b u t  w i t h  f u r t h e r  i n c r e a s e  in  t h i c k n e s s  5 d e -  
c r e a s e s  ( t h e  v a l u e  o f  5bo and t h e  d e g r e e  m of  i n f l u e n c e  o f  5 on a a r e  d i f f e r e n t  i n  m a g n i t u d e  
i n  t h e  two c a s e s ) .  The t h e r m o p h y s i c a l  and p h y s i c a l  p r o p e r t i e s  o f  t h e  h e a t i n g  s u r f a c e  have  
a l m o s t  t h e  same i n f l u e n c e  on t h e  h e a t  t r a n s f e r  r a t e .  I n  b o t h  c a s e s ,  t h e  h e a t  t r a n s f e r  c o -  
e f f i c i e n t s  depend  s i g n i f i c a n t l y  on t h e  t h e r m a l  c o n s t a n t  r e s i s t a n c e  be t w e e n  t h e  p o r o u s  c o a t -  
ing  and t h e  h e a t i n g  s u r f a c e .  

T h e r e  a r e  a l s o  a s e r i e s  o f  f u n d a m e n t a l  d i f f e r e n c e s  b e t w e e n  t h e  r a t e  o f  b o i l i n g  i n  f r e e  
m o t i o n  and i n  c a p i l l a r y  t r a n s p o r t  o f  t h e  l i q u i d .  F o r  e x a m p l e ,  i n  t h e  f i r s t  c a s e ,  t h e  t h e r -  
m o p h y s i c a l  and s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  t h e  p o r o u s  f i b e r  have  a s t r o n g  i n f l u e n c e  on t h e  
h e a t - t r a n s f e r  r a t e ,  w h e r e a s  in  t h e  s e c o n d  c a s e  t h i s  i n f l u e n c e  i s  s l i g h t .  I n  f r e e - m o t i o n  
c o n d i t i o n s ,  t h e  d e g r e e  t o  which  t h e  h e a t  f l u x  d e n s i t y  i n f l u e n c e s  t h e  h e a t - t r a n s f e r  c o e f f i -  
c i e n t  d e p e n d s  on t h e  c o a t i n g  t h i c k n e s s  o v e r  a f a i r l y  b r o a d  r a n g e  o f  t h i c k n e s s  v a r i a t i o n ,  
w h e r e a s  i n  c o n d i t i o n s  o f  c a p i l l a r y  t r a n s p o r t  n i s  a c o n s t a n t  ( 0 . 5 ) .  O v e r a l l ,  t h e  d e p e n d e n c e  
o f  t h e  h e a t - t r a n s f e r  r a t e  on t h e  o p e r a t i o n a l  p a r a m e t e r s  and t h e  t h e r m o p h y s i c a l  and p h y s i c a l  
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properties of the liquid in the first case is more weakly expressed than in the second case. 
In contrast to capillary-transport conditions, in which there are two boiling zones with a 
boundary defined by Eq. (2) of [8], in free-motion conditions there is a single boiling 
zone extending right up to the critical heat flux density corresponding to the maximum heat- 
transfer coefficient. 

NOTATION 

~, heat-transfer coefficient; q, heat flux density; 6, coating thickness; N, porosity 
of coating; X, thermal conductivity; d, diameter; ~, length; c, specific heat; p, density; 
r, heat of vaporization; v, kinematic viscosity; o, surface tension; T, temperature. In- 
dices: F, fiber; bo, boundary; L, liquid; sat, saturation; v, vapor; hs, heating surface; 
li, limiting; ef, effective. 
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TWO-PHASE FLOW SINGULARITIES IN THE CRITICAL STATE DOMAIN 

I. I. Novikov and T. I. Novikova UDC 530.1:543.31:536 

An analytical proof is presented of the possibility of rarefaction shockwave 
formation for a two-phase flow in states near the critical point. Results 
of a theoretical analysis are compared with experimental data available in 
the literature. 

A two-phase flow, that in the simplest case is a moving pair with fluid drops of the 
same substance contained therein, should possess quite interesting features when the stream 
temperature and pressure are near the critical parameters T c, Pc of the moving substance. 
it will be shown below that the formation of rarefaction shockwaves becomes possible in the 
stream in this case. 

As is known, the entropy increment in a shock wave is according to Jouget 

s ,  = 12 ( l )  

From this it is seen that the difference P2 - PL should be positive for (SzV/SP2)S > 0 be- 
cause of the condition S 2 > S l, i.e., a compression shock is formed, while for (82V/SP2)S < 
0 the difference is p= - Pz < 0, and therefore, formation of a rarefaction shock is possible. 
In both cases the conditions 

wl > ct; ~2 ~C c~, ( 2 )  
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