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The effective thermal  conductivity of porous mate r ia l s  is analyzed as a function of the tem-  
pe ra tu re  and in relat ion to the aggregate  state of the f i l ler .  

For  the design of e v a p o r a t o r - s u b l i m a t o r  apparatus  with porous m e t a l - c e r a m i c  baffles as the main 
components,  one must  know the effective thermal  conductivity of these porous mate r ia l s .  The per formance  
of the heat exchanger  here  may vary  substantially,  depending on that effective thermal  conductivity. 

The effective thermal  conductivity of a porous mate r ia l  depends on many fac tors ,  including the kind 
of fi l ler  mater ia l  and its aggregate  state.  When the porous e lement  of an e v a p o r a t o r - s u b l i m a t o r  type heat 
exchanger  operates  under  vacuum, also during f reezing or  thawing of mois t  media,  the water  which fills 
the pore space may exist  in three aggregate  s tates  {water, ice, vapor).  Depending on the thermal  flux 
density,  which is variable,  the rat io of water  volume to ice volume will also change. 

We will here  analyze the thermal  conductivity of porous bodies containing a f i l ler  in two aggregate  
s ta tes .  

The main purpose of this study was to establ ish the relat ion between the effective thermal  conductiv- 
ity of a porous mater ia l  fully sa turated with mois ture  and the tempera ture .  The authors  used for this 
study porous titanium with II ~ 42% and d ~ 10 -5 m, f i rec lay  ce ramic  with II ~ 31%, charges  of densely-  
packed glass  balls  with H ~ 45% and d ~ 1 0  - 3  m, and metal  powder with II ~ 46% and d ~ 10 -5 m. The 
select ion of metal  ce ramic  and metal  powder was dictated by their  different modes of contact  between p a r -  
t icles ,  with the same thermal  conductivity of the mat r ix  mater ia l .  In a metal  ce ramic  the par t ic les  are  
welded together,  while in a metal  powder they are  tightly compressed~ The same applies to the select ion 
of f i rec lay  ce ramic  and glass  ball packets .  

The test specimens  were p repared  in the shape of thin disks (4-12 mm thick) with thermocouples  
instal led inside and at the surface.  The thermal  conductivity was measured  by the s teady-s ta te  method. 
The test  p rocedure  and the method of feeding the liquid into specimens has been descr ibed  in [1] and [2]. 

For  the experiment ,  a porous specimen was filled with water on one side and with ice on the other.  
In each test, therefore ,  the tempera ture  had to be maintained constant at both surfaces  of the specimen 
and the interphase boundary could be regarded  s ta t ionary.  

The resul ts  of this study are  shown in Fig.  1. Curve a r ep resen t s  the relat ion he = f(T) for porous 
ti tanium ce ramic  filled with water;  curves  b and c r epresen t  the same relat ion for f i rec lay  ce ramic  and 
glass  ball packets ,  respect ively .  Fo r  compar ison,  we also show here the thermal  conductivity data for 
dry porous titanium {curves e and f) and for  gtass  ball packets  soaked in naphthalene {curve d). It is to be 
noted that the measu remen t s  of thermal  conductivity have, in the case of metal  ce ramics ,  revea led  a dif- 
ference  between the h e values for different l ayers  (curves e and f), owing to the nonuniformity of physical  
p roper t i e s  a c r o s s  the specimen thickness.  
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Fig. 1. Effective thermal  conductivity of 
porous mate r ia l s  filled with water ,  as  a 
function of the tempera ture :  a) porous 
titanium ce ramic ;  b ) f i r e c l a y  ce ramic ;  
e) glass  packets;  d) glass  ball packets 

�9 filled with naphthalene; e and f) t empera -  
ture-dependence of Xe for  individual layers  
in plane metal  ce ramic  body. 

As the re fe rence  tempera ture  in each test  we regarded  the mean tempera ture ,  namely the average 
between those of two layers :  one containing liquid water  and one containing solid ice.  The tests were p e r -  
formed within the range of mean tempera tures  f rom about 170 to 310~ In each success ive  test  the t em-  
pera ture  was changed at the sur faces ,  resul t ing in a different mean specimen tempera ture  and a different 
location of the interphase boundary.  

The d iagram indicates that the ~t e = f(T) re la t ions  for  all the porous mater ia l s  studied here  pass  
through a maximum at some tempera ture  below 273~ 

Within this t empera ture  range,  in the absence of mois ture  or without change of the aggregate  state 
of the f i l ler  substance,  ke a lmost  does not vary  with tempera ture  (curves e and f). Filling the specimen 
pores  with mois ture ,  on the other hand, causes  a sharp increase  in the effective thermal  conductivity, by 
different amounts in different  mate r ia l s .  For  example,  filling a specimen with water  causes  the thermal  
conductivity to increase  by 0.5 W / m .  deg in the case of glass ball packets  and by somewhat more  (0.6 W 
/ m .  deg) in the case of f i rec lay  ce ramic ,  but by 2.0 and 2.8 W / m .  deg in the case of metal  powder and 
metal  ce ramic ,  respect ive ly .  These different  increments  of Xe indicate that the thermal 'conduct ivi ty  of 
porous mate r ia l s  depends not only on the thermal  conductivity of the f i l ler  Xf and of the mat r ix  X m, but 
apparently also on the puri ty of the sur face  and on the s t ruc ture  of par t ic les  compr is ing  the porous ma te -  
r i a l .  The surface of glass  balls  is smooth and a lmost  f lawless,  and filling the in ters t ices  with liquid r e -  
sults in a higher thermal  conductivity mainly on account  of the thus closed contact  gaps between par t ic les ,  
but also on account  of a liquid filling the pores  now. Par t i c les  of metal  powder and metal  ce ramic  are  
full of m ic roc raeks ,  p ro tuberances ,  and asper i t ies  which offer  a high res i s tance  to the flow of heat.  
There fore ,  filling such mate r ia l s  with liquid causes  their thermal  conductivity to increase  not only on 
account  of be t te r  and new heat paths as well as on account  of a liquid filling the pores  now, but also be-  
cause the intr insic  thermal  conductivity of the par t ic les  becomes  higher  when their m i c r o c r a c k s  a re  
filled with liquid. 

When one side of a porous  body is at a t empera ture  below 273~ while its other side is at a t em-  
pera tu re  above 273~ then water  filling the pores  begins to f reeze  f i r s t  within a thin layer  near  the cold 
surface then, ~ as its t empera tu re  drops ,  the solid zone begins to extend deeper  into the porous body. It 
would seem that ~e should continue to inc rease  with decreas ing  tempera ture ,  because more  water  filling 
the pores  t r ans fo rms  into ice and the a l ready higher  thermal  conductivity of the la t ter  inc reases  fur ther  
with decreas ing  tempera ture  [3]. Our exper iment  has shown, however,  that at some tempera ture  T, Xebe-  
gins to decrease  as the tempera ture  drops fur ther .  This t rend is apparently due to the fact that, as the 
t empera tu re  drops,  the volume of ice in the pores  dec reases  fas te r  than the volume of the pores  (a  = 50 
�9 10 -6 deg -1 for  ice, 4 . 1 0  -6 deg -1 for  glass ,  and 1 - 10 -6 deg -i for  titanium, at T = 258~ As a conse -  
quence, the h e a t p a t h s  may be broken up inside the pores  between ice c rys t a l s  or between ice orys ta l s  
and matr ix  par t i c les .  Fu r the rmore ,  as the ma te r i a l  is cooled, water  f reezes  f i rs t  inside the large pores  
while remaining liquid inside the mic ropores  - even at t empera tures  down to 250~ [4]�9 The ice c rys ta l s  which 
fo rm inside large pores  and the volume of which dec reases  at a fas te r  ra te  than the volume of pores  when 
the tempera ture  drops,  ac t  like a suction pump and withdraw water  f rom smal le r  pores  (from the con-  
tacts  between par t ic les) .  This par t ia l  dehydration of mie ropores  and breakup of thermal  contacts  between 
mat r ix  and ice c rys t a l s  filling the pores  does, apparently,  cause the effective thermal  conductivity ke  of 
a porous specimen to dec rease ,  when the la t ter  is cooled through a cer ta in  tempera ture  interval�9 This 
hypothesis  has been conf i rmed indirect ly  by tests ,  indicating that the Xe = f(T) relat ion is l inear  when 
porous  mate r i a l s  a re  filled with a solid such as naphthalene, for  example,  which do not change state within 
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Schematic diagram of the model for calculations. 

Curves of X e and x/d as functions of 01, plotted on the 
b a s i s  of Eqs .  (2) and  (3): 1, 4) g l a s s b a l l s ;  2, 6) f i r e c l a y  c e r a m i c ;  
3, 5) p o r o u s  t i t a n i u m  c e r a m i c ;  7, 8) i r o n  p o w d e r .  T e s t  po in t s :  
a) p o r o u s  t i t a n i u m ;  b) f i r e c l a y  c e r a m i c ;  c) g l a s s  b a l l s .  

the  s a m e  t e m p e r a t u r e  i n t e r v a l .  T h o s e  t e s t s  have  shown tha t ,  a s  the t e m p e r a t u r e  d e c r e a s e s ,  the e f f ec t i ve  
t h e r m a l  c o n d u c t i v i t y  Xe of n o n m e t a l l i c  p o r o u s  m a t e r i a l s  f i l l e d  wi th  n a p h t h a l e n e  i n c r e a s e s  bu t  d e c r e a s e s  
in the c a s e  of m e t a l l i c  p o r o u s  m a t e r i a l s  f i l l e d  wi th  n a p h t h a l e n e .  

I n a s m u c h  a s  the s t r u c t u r e  of p o r o u s  m a t e r i a l s  is  n o n h o m o g e n e o u s  and the f r e e z i n g  po in t  of w a t e r  i s  
not  the s a m e  in c a p i l l a r i e s  of d i f f e r e n t  c r o s s  s e c t i o n s ,  the w a t e r - i c e  i n t e r f a c e  h e r e  b e c o m e s  a r a t h e r  m o o t  
concep t .  The i n t e r f a c e  shou ld  be  r e g a r d e d  a s  s o m e  l a y e r  w h e r e  bo th  p h a s e s  p e n e t r a t e  each  o t h e r .  On the 
l i qu id  s ide  th is  l a y e r  i s  bounded  by  an i s o t h e r m a l  s u r f a c e  at  T = To; on the s o l i d  s ide  i t  i s  bounded  by  an 
i s o t h e r m a l  s u r f a c e  a t  the f r e e z i n g  po in t  of w a t e r  in the t h i n n e s t  c a p i l l a r i e s .  Obv ious ly ,  the t h i c k n e s s  of 
such  a t r a n s i t i o n  l a y e r  d e p e n d s  on the s t r u c t u r e  and the m e a n  p o r e  d i m e n s i o n s  of the body  a s  we l l  a s  on the 
t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  hot  and  co ld  s u r f a c e s  of a s p e c i m e n .  The p r e s e n c e  of such  a t r a n s i t i o n  
l a y e r  shou ld  tend  to s o m e w h a t  d e c r e a s e  the e f f ec t i ve  t h e r m a l  c o n d u c t i v i t y  but ,  if  any  s m a l l  d i f f e r e n c e  b e -  
tween  the thermal conductivity of the transition layer and that of the ice-filled material layer h 2 is dis- 
regarded, then the boundary between the filler phases will be characterized by the location of the T = T o 
isothermal surface. 

In this case a porous specimen may be tentatively treated as a system of two layers containing liquid 
water in one and solid ice in the other (Fig. 2). For the layer filled with water we have q = h I (TI-To)/(d-x); 
for the layer filled with ice we have q = h2(To-T2)/x; for a specimen of thickness d we have q = h 3(TI-T2)/d. 
Eliminating x and q from these equations, we obtain for h e 

~e == }~1 T1 - -  TO T o - -  T.~ 
TI__  T ~ ! ~'2 " (1) . T ,  - -  T ~  

We i n t r o d u c e  the d i m e n s i o n l e s s  t e m p e r a t u r e s  01 = (T1-To) /T1-T2)  and 02 = ( T 2 - T o ) / ( T 1 - T  2) fo r  l o c a -  
t ing  the i n t e r p h a s e  b o u n d a r y  i n s i d e  a s p e c i m e n  of  t h i c k n e s s  d (0 - x _< d), f ind ing  that  they  can  v a r y  o v e r  
the i n t e r v a l s  0-< 01-< l a n d  - 1 - < 0  l _  0; in the e x t r e m e  c a s e s  01 = l a n d  0 2 = 0 w h e n x = 0 0 r 0  i = 0  and 
02 = - 1  when x = d.  Obv ious ly ,  01 and 02 a r e  r e l a t e d  a s  fo l lows :  01-02 = 1. I n s e r t i n g  the d i m e n s i o n l e s s  
t e m p e r a t u r e  in to  (1) and  e x p r e s s i n g  02 in t e r m s  of 0 l ,  we can  w r i t e  fo r  h e :  

)~e = 9~2 -- ()~2 -- )~1) 01- (2) 

A s s u m i n g  the t h e r m a l  r e s i s t a n c e  of a p o r o u s  body  of  t h i c k n e s s  d to be  equa l  to the s u m  of the  t h e r m a l  r e -  
s i s t a n c e s  of bo th  l a y e r s ,  we m a y  w r i t e  d / h e  = ( d - x ) / h  1 + x/X2.  So lv ing  th is  equa t ion  fo r  x / d  and s u b s t i -  
tu t ing  e x p r e s s i o n  (2) fo r  h e then y i e l d s  

x = )~2 (1 - -  0,) . (3) 
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The semiempir ica l  relatiOns (2) and (3), which are  based on the most  simple considerat ions ,  make it feasible 
to plot ke(Ol) and x/d(O l) curves  for  a porous body containing liquid in one layer  and ice in the other layer ,  
and then to compare  these curves  with test  data. 

Such curves  represent ing  Eqs.  (2) and (3) are  shown in Fig. 3. The convexity of curves  4, 5, 6, and 
7 depends on the relat ive thermal  conductivity Ak/k2 .  A strongly convex curve cor responds  to a large 
value of A k / k  2, typical of loose mate r ia l s .  Tes t  points have been plotted on the same diagram,  where they 
come close to the curves  based on Eqs.  (2) and (3) for porous mater ia ls  with a poorly heat conducting ma-  
trix.  The departure  of other  test  points f rom these curves  is evidently explainable by the presence  of a 
t ransi t ion layer ,  which can be quite thick in a mater ia l  with an excellently heat conducting matr ix.  

N O T A T I O N  

ke is the effective thermal  conductivity of a porous mater ia l ;  
k 1 and k 2 are  the effective conductivities of a porous mater ia l  filled with water  or  ice, respect ively;  

Ak = k 2 - k l ;  
x is the depth of the sol id-phase zone; 
d is the thickness of a plane porous body; 
T is the tempera ture ,  ~ 
a is the thermal  expansivity; 
T o = 273.16:K; 
T l and T 2 are  the t empera tu res  of the hot surface and cold surface,  reseect ively .  

1~ 
2. 
3. 
4. 
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