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The thermophysical properties of a dispersed system (small silicate 
spheres) saturated with different liquids were experimentally deter- 
mined. Dul'nev's formula can be used to calculate keff of such 
systems. 

In g e n e r a l ,  hea t  and m a s s  t r a n s f e r  be tween  bod i e s  
and the s u r r o u n d i n g  m e d i u m  i s  the  only i n t e r c o n n e c t e d  
p r o c e s s  of hea t  and m a s s  t r a n s f e r  in the  b o u n d a r y  
reg ion  of a so l id  and in the  bounda ry  l a y e r s  of m e d i a  
[1]. Hence,  i n t h e  i nves t iga t ion  of the  na tu re  of e x t e r n a l  
hea t  and m a s s  t r a n s f e r  we cannot  avoid c o n s i d e r i n g  the  
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  of the  
d i s p e r s e d  m a t e r i a l s  used .  
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F ig .  1. Layout  of a p p a r a t u s  fo r  t h e r m o p h y s i c a l  t e s t s :  
1) Inves t iga t ed  l ayer ;  2) hea t e r ;  3) h e a t e r  t h e r m o -  
couple;  4 ) s p e c i m e n  the rmocoup le ;  5 )box ;  6 ) r e -  
co rd ing  p o t e n t i o m e t e r ;  7) a m m e t e r ;  8) r heos t a t ;  

9) r e s i s t o r  fo r  ad jus t ing  h e a t e r  c u r r e n t .  

Porous materials are widely used for the construc- 

tion of filters and various devices which are subjected 

to the action of high temperatures, and, hence, require 

intense cooling. There have been many investigations 
of the interaction of porous bodies with a moving 

phase in the presence of a transverse supply of ma- 

terial [2]. 

The properties of porous media depend greatly on 

the structure and thermophysical characteristics of 

the skeleton and the movable substance. However, ref- 
erence data and general formulas for their determin- 

ation are often lacking, as in the case, for instance, 

of porous systems saturated with different liquids. 

Hence, such data have to be determined in each par- 

ticular case. 

We encountered this necessity in an investigation 

of convective heat and mass transfer during the non- 

ad iaba t i e  evapo ra t i on  of highly vo la t i l e  l iqu ids  (ethyl 
a lcohol ,  benzene ,  and ace tone)  f r o m  the su r f ace  of a 
po rous  p la te  in an a i r  flow. Owing to the  low hea t s  of 
phase  t r a n s i t i o n  of such l iquids  the  amount  of e v a p -  
o ra t ed  l iquid depends  v e r y  g r e a t l y  on v a r i o u s  non-  
convec t ive  f a c t o r s  and on the i n t e rna l  s t r u c t u r e  of the 
po rous  m a t e r i a l .  E x p e r i m e n t s  on the evapora t ion  of 
ace tone  f r o m  the s u r f a c e  of s p e c i m e n s  of the po rous  
me ta l  Kh23N18 with a l m o s t  equal  p o r o s i t y  (40-43%) 
showed an a p p r e c i a b l e  s p r e a d  in the t e m p e r a t u r e  d i s -  
t r i bu t ion  at  the s u r f a c e  and ins ide  the  spec imen .  Since 
the  m e a s u r e m e n t s  we re  made  in the s a m e  h y d r o -  
dynamic  and t h e r m a l  condi t ions  such  a r e s u l t  mus t  be 
a t t r i bu ted  to the  d i f f e ren t  s t r u c t u r e  of the spec imens .  
Exc lus ion  of the  effect  of s t r u c t u r a l  i nhomogene i t i e s  on 
the p r o c e s s ,  r educ t ion  of the  hea t  l o s s  to  hhe s u r -  
roundings ,  and m i n i m i z a t i o n  of the  conduct ion equa l i -  
za t ion  of the t e m p e r a t u r e  a long the  p la te  n e c e s s i t a t e d  
the choice  of a p o o r l y  conduct ing m a t e r i a l  of un i fo rm 
chemica l  and g r a n u l o m e t r i c  compos i t ion .  In addit ion,  
work  with o rgan ic  so lven t s  r e q u i r e s  a sol id  ske le ton ,  
which i s  c h e m i e a l l y  r e s i s t a n t .  Our e x p e r i m e n t s  with 
a f i r e c l a y - c l a y  c e r a m i c ,  made  a c c o r d i n g  to [3], 
showed that  the p o r e s  in the  p la te  soon b e c a m e  clogged 
if the  l iquids  d i s s o l v e d  even a l i t t l e  of the m a t e r i a l  of 
the  supply  tubes ,  the ca se  of the  spec imen ,  o r  o the r  
s t r u c t u r a l  m a t e r i a l  of the flow s y s t e m .  

L a y e r s  of a l m o s t  e q u a l - s i z e d  s p h e r i c a l  p a r t i c l e s  
w e r e  found to be  m o r e  su i t ab le .  They p rov id e  a un i -  
fo rm,  r e p r o d u c i b l e  s t r u c t u r e ,  and c logging of the  
p o r e s  is  e a s i l y  r e m o v e d  by ag i ta t ion ,  washing,  or  
r e p l a c e m e n t  of the  m a t e r i a l .  We used  a l a y e r  of s i l i -  
ca te  s p h e r e s ,  0 . 3 - 0 . 5  m m  in d i a m e t e r ,  which had 
been  tho rough ly  c l eaned  m e c h a n i c a l l y  and chemica l ly .  
The p a r t i c l e s  w e r e  put into a r e e t a n g u l a r  box with an 
open top, thus  p rov id ing  a model  of a f la t  po rous  waU 
with a p o r o s i t y  of 39.6%. 

F o r  the  e x p e r i m e n t a l  d e t e r m i n a t i o n  of the t h e r m o -  
p h y s i c a l  c h a r a e t e r i s t i c s  we used  the  u n s t e a d y - s t a t e  
method  with a p lane  hea t  s o u r c e  of cons tan t  p o w e r  
[4]. 

The g e n e r a l  a r r a n g e m e n t  fo r  th is  method (Fig.  1) 
is  a s  fo l lows .  A p lane  h e a t e r  of cons tan t  power  i s  
p l aced  be tween  two s e m i - i n f i n i t e  r o d s  of the  m a t e r i a l  
of which the t h e r m o p h y s i c a l  c h a r a c t e r i s t i c s  have to  be  
d e t e r m i n e d .  The  t e m p e r a t u r e  d i s t r i b u t i o n  in the rods  
i s  d e t e r m i n e d  by  so lu t ion  of the  g e n e r a l  d i f f e r e n t i a l  

�9 hea t  conduct ion  equat ion 
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in con junc t ion  with  the  in i t i a l  and b o u n d a r y  condi t ions  
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The rmophys i ca l  C h a r a c t e r i s t i c s  of Mixtures  

Liquid 
Specific 

Air 
Benzene 
Ethyl alcohol 
1)istilied water 
~cet(II]e 

1710 
2030 
2063 
2110 
2023 

844 0.214 
993 0.446 

1060 0.520 
1390 0.730 

1.482 
2.2I  
2 .38 
2-49 
2.29 

844 
986 

1092 
1480 
1036 

0"~52 
0.485 
0.779 
0.481 
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and has the fo rm 

t (x, ~) -- ierfc - -  (3) 

The d e t e r m i n a t i o n  of the the rmophys ica l  c h a r a c -  
t e r i s t i c s  of the m a t e r i a l  n e c e s s i t a t e s  m e a s u r e m e n t  
of the t e m p e r a t u r e  of the hea t e r  and the t e m p e r a t u r e  
at some point a shor t  d i s tance  f rom it. In th is  case  
the graph of At h =f(~)l/2 is a s t r a igh t  l ine  pass ing  
through the or ig in .  The l i nea r i t y  of this  graph p rov ides  
a check that the boundary  condi t ions  (2) of the p r ob l e m 
are  fulf i l led.  

The choice of th is  method for  m e a s u r i n g  the t h e r m o -  
physical  c h a r a c t e r i s t i c s  of two-phase  s y s t e m s  c o n s i s -  
t ing of a g r a n u l a r  l aye r  and a liquid phase is  no ac-  
cident.  Most expe r imen ta l  methods of d e t e r m i n i n g  
the rmophys ica l  p r o p e r t i e s  are  based on a c o n s i d e r -  
at ion of the d i f fe rent ia l  hea t -conduc t ion  equat ion for  
continuous media.  In the case of d i spe r s ed  s y s t e m s  
the i r  effect ive p r o p e r t i e s  a re  de te rmined .  

The use  of the one -d imens iona l  hea t - conduc t ion  
equation for p r o c e s s e s  uncompl ica ted  by m a s s  t r a n s -  
fe r  without the addi t ional  h e a t - s o u r c e  t e r m s  is  j u s t -  
ified in  cases  where  m a s s  t r a n s f e r  by diffusion and 
the rmal  diffusion is  slight.  This  is the case  when the 
t e m p e r a t u r e  gradient  is  low and the heat flux acts  for 
a shor t  t ime .  

Uns teady-s t a t e  methods  sa t i s fy  these  r e q u i r e m e n t s  
in mos t  cases .  The method which we chose a lso  p r o -  
vides a check on fu l f i l lment  of the boundary  condi t ions .  

This al lows an object ive a s s e s s m e n t  of the p r o c e s s e s  
occu r r i ng  in the d i spe r sed  m a t e r i a l  under  the act ion 
of the heat flux. In the case of d ry  d i spe r s ed  sy s t e ms  
convection d i s t o r t s  the t e m p e r a t u r e  d i s t r i bu t ions  in  
severa l  cases .  We cons ide red  a sys t em cons i s t ing  of 
a solid skeleton and a liquid, where  the effect of the 
indicated f ac to r s  is  even g r e a t e r .  Hence, in the de-  
t e r m i n a t i o n  of the effective t h e r m a l  conduct ivi ty  it is  
ve ry  impor t an t  to se lect  condi t ions  of m e a s u r e m e n t  and 
a heat  flux which reduce  the m a s s  flux to a m i n i m u m .  
In this  case the t e m p e r a t u r e  d i s t r i bu t ion  is  d e t e r m i n e d  
by the t h e r m a l  c h a r a c t e r i s t i c s  of the sys tem.  

The conducted expe r imen t s  sa t i s f ied  the r e q u i r e d  
condi t ions .  A c l ea r  p las t i c  box with 60 • 60 x 155 m m  

d imens ions  and volume 560 cm 3 was cons t ruc ted .  A 
flat e l ec t r i c  h e a t e r  i60 • 60 mm) made of 0. l - r a m  
mangan in  wi re  and insu la ted  with va rn i shed  cloth was 
fitted into the box. A the rmocoup le  was cemented  to 
the hea t e r  and another  the rmoeoup le  was placed at a 
d i s t ance  of 6.3 m m  f rom it.  The inves t iga ted  m a t e r i a l  
was put into the box and i ts  bulk dens i ty  was de te rmined ,  

To d e t e r m i n e  the the rmophys ica l  c h a r a c t e r i s t i c s  of 
the mix tu re  we poured l iquid f rom a m e a s u r i n g  vesse l  
into the box conta in ing  the spheres .  The m e a s u r e m e n t s  
were  c a r r i e d  out in the usua l  sequence.  The expe r imen ta l  
p r oc e du r e  was desc r ibed  in [5]. For  each liquid we 
c a r r i e d  out seve ra l  expe r imen t s .  The table  gives the 
mean  r e su l t s .  

Bes ides  the check f rom the shape of the graph of 
At h =f(T) t/2 we ver i f i ed  the r e s u l t s  by compar ing  the 
expe r imen ta l  va lues  of the specif ic  heat  with the theo-  
r e t i ca l  values .  We used the known proper ty  of addi -  
t iv i ty  of the specif ic  heats  for sy s t e ms  which do not 
r eac t  chemica l ly  (see table) .  The va lues  of the specif ic  
heats  of the l iquids  were  taken f rom [6]. The s a t i s -  
fac tory  a g r e e me n t  between the expe r imen ta l  and ca l -  
culated va lues  ind ica tes  the r e l i a b i l i t y  of the obtained 
data. The differences between them do not exceed 
~:6.7%. 

The m a t e r i a l  used was a two-component  sys t em 
(liquid phase and solid inc lus ions )  with communica t ing  
pores .  F o r  dry s y s t e m s  cons i s t ing  of a solid skeleton 
and solid or gaseous  inc lus ions  Dul 'nev  [7] proposed a 
hypothet ical  model  of heat  t r a n s f e r  f rom which he ob- 
ta ined the fol lowing theo re t i ca l  r e l a t ionsh ip  for  the 
effect ive t h e r m a l  conduct ivi ty  of the sys tem:  

~eff = + ~  l - - - L -  + 

('-+)I' + 2 , T  - T  . ~4) 

The relationship h/L = 9(n) is illustrated in [7]. It 
is convenient to determine Xef f from formula (4), since 
the thermal conductivities of most of the substances 

forming the systems are given in the reference lit- 

erature. 
We attempted to extend the field of application of the 

proposed model and, hence, of formula (4) to a two- 

phase system consisting of a solid skeleton and a 

liquid. 

The results of calculation of hef f, given in the last 
column of the table, are in good agreement with the 

experimental values; the differences do not exceed 

16.5%. The values of X I and X 2 are given in [6, 8]. Thus, 



22 INZ HENERNO-FIZI  CHESKII ZHURNAL 

t 

2920 2 4 6 8 10 X 

Fig. 2. Temperature of solid t, ~ K in relation to thickness 

x, mm of plate in case of evaporation of alcohol (Re~ = 

= 3.54" 105; Too = 338" K). 

we can r e c o m m e n d  fo rmula  (4) for  a r ea sonab ly  ac -  
cura te  ca lcula t ion  of Xef f of a porous  sys t em sa tura ted  
with a l iquid.  F r o m  this  fo rmula  we de t e rmined  Xef f 
for a l aye r  of sphe res  sa tu ra ted  with acetone.  The 
expe r imen ta l  de t e rmina t ion  of the t he rmophys i ca l  
c h a r a c t e r i s t i c s  of th is  sy s t em is ex t r eme ly  difficult  
and unre l i ab le ,  s ince  acetone d i s so lves  the p las t ic  f rom 
which the box for  the t he rmophys i ca l  t e s t s  is made.  
The bulk densi ty  and specific heat  of the sys t em were  
calculated by the addi t ivi ty  ru le  and the t he rma l  dif-  
fus iv i ty  f rom the r e l a t ionsh ip  a = h / e %  

An examina t ion  of the table shows that  the se lec ted  
m a t e r i a l  for  s imula t ion  of a porous  lid has  a low 
Xef f for  all the l iquids  used.  The m a x i m u m  value  of 
h e f  t was l e s s  than hef f of the d ry  f i r ec l ay  c e r a m i c  
(kef f = 1 W / m .  deg) which is  widely used for  phys ica l  
inves t iga t ions  of heat  and m a s s  t r a n s f e r .  

The expe r imen ta l l y  d e t e r m i n e d  and ca lcula ted  
the rmophys ica l  c h a r a c t e r i s t i c s  r e f e r  to a s ta t ic  s y s -  
tem with no convect ive heat  t r a n s f e r  and with a con-  
t inuous supply of l iquid to the sur face  of the expe r i -  
menta l  solid.  However,  our specia l  expe r imen t s  
showed that the t e m p e r a t u r e  d i s t r ibu t ion  over  the thick-  
ness  of the pla te  was l i n e a r  in al l  the expe r imen ta l  
condit ions.  As an example,  Fig. 2 shows a graph for  
the case of evapora t ion  of alcohol.  The t e m p e r a t u r e  
d i s t r ibu t ion  was s i m i l a r  for  the other  l iquids .  

Thus, the r e s u l t s  obtained in s ta t ic  condit ions can 
be used for  the inves t iga ted  sys t ems ,  F r o m  the known 
the rmophys ica l  c h a r a c t e r i s t i c s  of the m a t e r i a l  and 
the t e m p e r a t u r e  d i s t r ibu t ion  in  a c ros s  sec t ion  of the 
plate  the heat flux can be de t e rmined .  

NOTATION 

T is time; x is the variable coordinate; k is the 

thermal conductivity; a is the thermal diffusivity; c 

is the specific heat; 7 is the bulk density; q" is the 
specific heat flux; n is the volume of the component; h/L 

is the relative characteristic dimension depending only 

on volume of component in system; Re is the Reynolds 

number; v = X2/LI; Ath = t h -- tav. Subscripts: I refers 
to solid; 2 to liquid; eft is the effective value. 
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