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A s t ruc tu r a l  model  and the method of computing the effect ive t h e r m a l  conductivity of porous 
mois t  solid ma te r i a l s  a r e  p roposed .  

A s impl i f ied model  of the s t r u c t u r e  (Fig. 1) of a mois t  ma t e r i a l  and an approx ima te  method of computa -  
t ion were  p roposed  in [1]for  the prognosis  of the t h e r m a l  conductivity of porous solid const ruct ion m a t e r i a l s .  

Although the model [1] is a c rude  schemat iza t ion  of the s t r u c t u r e  of a r e a l  mois t  porous solid ma te r i a l ,  
it a l r eady  took into cons idera t ion  a significant  cha r ac t e r i s t i c  of such an object,  viz. ,  the p r e sence  of d ry  and 
mois t  s egmen t s ,  solid par t i c les  and pores ,  which may  have both para l le l  and s e r i e s  a r r a n g e m e n t  in re la t ion  
to  the heat flux. 

Actually,  in every  case  the heat flux passes  through the solid par t ic les  (index S) and through the pores  
filled by liquid W and d ry  a i r  L, and is a l so  t r anspor t ed  by a i r - - v a p o r  mix tu re  LD i n t h e  po res .  All these  
t r a n s p o r t  p r o c e s s e s  may occur  s imul taneous ly  as well  as sequential ly,  which is a l so  re f lec ted  in the s t r u c t u r e  
of the model  (Fig. 1). However ,  the f rac t ion  of the segments  oriented para l le l  (1 --  a)  and perpendicular  (a) 
to  the  genera l  d i rec t ion  of the heat flow is not known. The f rac t ion  (b) of the su r f ace  of the solid f r a m e ,  Which 
is soaked by moi s tu re ,  is a l so  not known. 

Making use of the known re la t ions  for  the effect ive t h e r m a l  conductivity of layers  connected in para l l e l  
and s e r i e s ,  and a l so  consider ing the known (or de te rmined  f rom exper iment)  p a r a m e t e r s  a and b, Kr i sher  
proposed the following sequence  of computat ion of the t h e r m a l  conductivity )~ of a moi s t  m a t e r i a l :  

1 
)~ = 1 - -  a a ' ( I )  

+ 

where  

~'m = ~ s m s  -k- ~ , t vmw -+- ~,ZD mLo - k  ~,LmL, 

)~:m = 1 , (2) 
m s  + m w  toLD m L 

m s  = 1 - -  m y ,  mL = b (rap - -  row), mL~ ---- (I - -  b) (mp  - -  mtv).  (3)  

It was a s sumed  that  p a r a m e t e r  a could be de te rmined  f rom the s y s t e m  of equations [1] 

1 1 
~ ' d r y  ~ ~ . s a  ~ - , 1 - - a  a ' 1 - - . a  a 

where  

(4) 

X~lry= Z,s(1 - - rap)  + ~,Lrnp,  )~dry = - -  
1 - -  m p ,  mp 

Xs ~z 
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Model of a moist mater ia l  [1] (a) and an elementary cell of 
the interpenetrat ing sys tem [2] (b). 

"' =3,s(1--mp)+)~wrnv 3,sa= 1 A'$a ' I - - / T / p  ..+ /T/p ' 

~s ~ 
from known (measured) values of the the rma l  conductivity of dry  porous (kdry) and completely saturated 
moist  (ksa) mater ia l .  

The thermal  conductivity of the a i r - - v a p o r  mixture kLD was determined f rom the formula 

P dP; 
)~LD -~-- ~,L -J- ~,D = ~L + RD r " P f--- PD d~- r. (4a) 

Thus,  for the prognosis of the the rmal  conductivity of a moist  porous mater ia l  by the method of [1] the 
th ree  empir ical  parameters  b, kdry,  s  for each investigated mater ia l  and a set of initial parameters  kL, 
kW, h i D ,  mp,  m w must be known. 

A qualitative advantage of the model (Fig. 1) is the possibili ty of solving the inverse  problem, i .e . ,  de-  
termining a f rom known kdry and ) 'sa .  

In a later study, Misnar  [2] made an attempt to const ruct  a model of the s t ruc ture  of a moist porous 
solid mater ia l  giving a better  representa t ion  of its t rue  s t ruc ture  than the paral lel  sheet model (Fig. la) .  In- 
stead of the single model used in [1], Misnar  proposed a set of two models and a new empirical  parameter  
taking account of the contribution of each model to the effective thermal  conductivity of the sys tem as a whole; 
a cr i t ical  review of Misna r ' s  work is given in [3]. 

In the present  ar t ic le  we propose to model the s t ruc ture  of a moist  porous solid mater ia l  by a s t ruc ture  
with interpenetrat ing components [3]~ This approach permits  us to use a model giving a c loser  representa t ion  
of the s t ruc tu re  of rea l  mater ia ls  (Fig. lb) and gets rid of the empir ical  parameter  a; fu r thermore ,  it e l imi-  
nates the need for measuring the thermal  conductivity of completely moist  ksa and dry  kdry mater ia ls ,  which 
a re  computed by methods proposed in [3,4]0 

For  this purpose a moist  porous solid mater ia l  is represented in the form of a muiticomponent sys tem;  
the number of the components,  their  thermal  conductivity, and their  concentrat ion a re  the same as in [I]. In 
[3] a method of success ive  reduct ion to a two-component  sys tem is used for multieomponent sys tems ,  i . e . ,  at 

the f i rs t  s tage a sys tem consisting of the f irst  and second components is considered,  for example, a solid and 
dry  a i r ;  the total volume of this sy s t em is reduced compared to the initial volume by the volume of the third 
and fourth components.  Then the concentrat ion of the second component in the separated volume is 

, V~ = rn~. -- VL mL (5) 
m,~ - -  V - -  V 3 - -  V 4 V - -  V~rz - -  V L D  - -  1 - - r n w - - m L D  

The process  of heat t ranspor t  in the two-component  model with interpenetrating components is investi-  
gated in an elementary cell of the sys tem (Fig. lb),  s ince the effective the rmal  conductivity of the  sys tem as 
a whole is the same as that of its e lementary  cell [3]. 

The thermal  conductivity of an e lementary cell consisting of two components is computed f rom the for -  
mula 
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Fig.  2. T h e r m a l  conductivity of inorganic comple te ly  mois t  m a -  
t e r i a l s  (a) and dry  ma te r i a l s  (b): 1) computed f r o m  formula  (6); 
2) computed f r o m  formula  (8) for  M = e; 3) computed f rom f o r -  
mule (8) for M = e2; 5) exper iment  f rom [1]; 4) a --  exper iment  
f r o m  [5]; b --  exper iment  f rom [3]. 

)~j-----)~ [c} + v u (1 - -c j )2+  2v~jcj ( 1 -  cj)] ).j 
vljc J +  1 - - c j  ' v l j -  ~,~ 

0 < m j  ~ 0.5 c ] = 0 . 5 - - c o s { l a f c c o s ( 1 - - 2 m 2 ) } ,  

l1 } 0.5 < m ~ <  1.0 c~ = 0.5 + cos i ~  arccos (2m 2 -  I )  , 

(6) 

where  at the f i r s t  s tage  the index i r e f e r s  to the solid component  and the index j to the second,  i. e~ to d ry  a i r .  
Accordfngly,  we have 

At the second s tage  we take the third component  as the j component  (water); the t h e r m a l  conductivity of 
*he i component is taken equal to XSL calculated f rom formula  (6) at the f i r s t  s tage;  the volume concentrat ion 
of the third component  (water) in the volume reduced by the volume of the fourth component is calculated f rom 
*he fo rmula  

V~ 
m~ V3 - m i ~ -  V~ V m~ (7) 

V - -  V 4 V - - V L D  V VZD 1 - -  172LD " 

V V 

The t h e r m a l  conductivity of a t h r ee -componen t  s y s t e m  consis t ing of the f i r s t  (solid substance) ,  second 
(dry a i r ) ,  and third (water) components hSL w is calculated f r o m  formula  (6) .  

Finally at the third s tage  we take the a i r  --  vapor  mix tu re  contained in the pores  with mois t  walls as the 
] component;  the t h e r m a l  conductivity of the j component is hi_D, the volume concentra t ion is m i D ,  and the 
t h e r m a l  conductivity of the i component is XSLW. The effective t h e r m a l  conductivity of the ent i re  s y s t e m  is 
a l so  calculated f rom formula  (6). 

Thus ,  the seven  p a r a m e t e r s  hS, h W, XL, h i D ,  rap ,  roW, b mus t  be known for computing the t h e r m a l  
conductivity of mois t  s y s t e m s  in the f i r s t  approximat ion ,  i . e . ,  instead of the t h e r m a l  conductivity of the d ry  
and sa tu ra ted  mois t  ma te r i a l s  it is suff icient  to know the t h e r m a l  conductivity of the base  ( thermal  conductivity 
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Fig .  3. T h e r m a l  conduc t iv i ty :  a) moi s t  b r i c k  for  m = 0.5 [1-4) 
t = 80~ b) mo i s t  S iporex  for  m = 0.78 [1-4) t --- 82~ 1) c o m -  
puted f r o m  f o r m u l a  (6); 2) computed  f r o m  fo rmu la  (8) fo r  M = 
c; 3) computed  f r o m  fo rmu la  (1); 4) expe r imen t  f r o m  [1]; 5-7) 
t = 20~ 5) e x p e r i m e n t  f r o m  [1]; 6) f r o m  fo rmu la  (6); 7) f r o m  
f o r m u l a  (8) fo r  M = c .  

of the  m a t e r i a l  with z e r o  poros i ty ) .  In [5] it is p roposed  that  fo r  many  inorgan ic  c o n s t r u c t i o n  m a t e r i a l s  the 
t h e r m a l - c o n d u c t i v i t y  coef f ic ien t  m a y  be t aken  a p p r o x i m a t e l y  equal to  3.2 W / m .  K. Hence,  we do not need 
addi t ional  expe r imen ta l  data  in the  computa t ion  for  mo i s t  cons t ruc t i on  m a t e r i a l s  of inorgan ic  or ig in .  

The  t h e r m a l - c o n d u c t i v i t y  coeff ic ients  of d ry  porous  m a t e r i a l s ,  m a t e r i a l s  whose  pores  a r e  comple te ly  
fil led with wa te r ,  and mois t  m a t e r i a l s  w e r e  ca lcula ted  us ing  the  t echn ique  d i s c u s s e d  above  for  a wide r ange  
of va r i a t i on  of the  wa te r  content  and t e m p e r a t u r e .  The  r e su l t s  a r e  shown in F igs .  2 and 3. 

The  expe r imen ta l  data  shown in Fig .  2a a r e  t aken  f r o m  [1, 5] and a g r e e  well  with the  computa t iona l  r e -  
sul ts  fo r  comple t e ly  mois t  m a t e r i a l s  (curve 1) obtained f r o m  fo rmula  (6); this a g r e e m e n t  is not obse rved  for  
the  d ry  m a t e r i a l s .  In the  en t i r e  r a n g e  of va r i a t i on  of po ros i t y  the  expe r imen ta l  points lie app rec i ab ly  below 
the  values  of the  t h e r m a l  conduct iv i ty  computed f r o m  f o r m u l a  (6) (Fig. 2b). 

Ac tua l ly ,  inorgan ic  porous  c ons t ruc t i on  m a t e r i a l s  usual ly  have m i c r o f i s s u r e s  which sha rp ly  r e d u c e  
the  t h e r m a l  conduct iv i ty  of the  m a t e r i a l  even though they  have p r a c t i c a l l y  no effect  on the  po ros i ty .  The  t h e r -  
ma l  conduct iv i ty  of c r a c k e d  m a t e r i a l s  can be computed  by the  method proposed  in [3]: 

~,:Xi[c~M+,,i,(l__c,)2+ 2 v l , c , ( 1 - - c , ) ] ,  (8) 
v~jcj + 1 - -  cj 

whe re  p a r a m e t e r  M c h a r a c t e r i z e s  the  i n c r e a s e  in the  t h e r m a l  r e s i s t a n c e  of the sol id component  �9 due to  the 
f i s s u r e s  fil led by the  componen t  with s m a l l e r  t h e r m a l  conduct iv i ty  (gas, liquid). P a r a m e t e r  M depends on 
the  po ros i t y ,  the  d imens ions  of the  m i c r o f i s s u r e s ,  and the  t h e r m a l  conduct iv i ty  of the  component  fi l l ing the  
p o r e s .  The  s t r u c t u r e  of p a r a m e t e r  M is well  subs tan t i a ted  in [3] fo r  the  mode l  of a c r acked  m a t e r i a l .  How- 
eve r ,  the d imens ions  of the f i s s u r e s  a r e  usual ly  unknown; t h e r e f o r e ,  in the  f i r s t  app rox ima t ion  a rough  e s t i -  
ma te  of this p a r a m e t e r  can  be obtained using the s i m p l e s t  r e l a t i onsh ip .  Thus ,  the  fol lowing fo rmu la s  m a y  be  
r e c o m m e n d e d  for  M for  inorgan ic  c o n s t r u c t i o n  m a t e r i a l s  opera t ing  in an o rd ina ry  a t m o s p h e r e :  for  weak  f r a c -  
t u r i ng  M = c; fo r  s t r o n g  f r a c t u r i n g  M = c 2. 

Curves  1, 2, and 3 in Fig .  2 a r e  computed  taking M = f(c) for  the cases  M = 1, M = c, and M = c2; 
cu rves  1 and 2 in F ig .  3 a r e  for  the  ca se s  M = 1 and M = c .  

The  na ture  of the  dependence  h = h ( m w / m P )  is a r e f l e c t i o n  of the  following phys ica l  p roce s s  : on in -  
c r e a s i n g  the  m o i s t u r e  content  in the  r a n g e  0 -< m w / m P  -< 0.4 the  t h e r m a l  conduct iv i ty  i n c r e a s e s  main ly  due 
t o  the  i n c r e a s e  of heat t r a n s p o r t  as a r e s u l t  of evapora t ion  of m o i s t u r e  f r o m  wet wal ls ;  a subsequent  i n c r e a s e  
of the  m o i s t u r e  ( m w / m p  > 0.4) r e s u l t s  in b locking  of the  pores  by wa te r  drops  and a consequent  d e c r e a s e  of 
t he  t r a n s p o r t  of the  vapor ;  for  a comple t e ly  mois t  m a t e r i a l  ( m w / m p  = 1), the  heat t r a n s f e r  occurs  only 
%hrough the  ske le ton  of the  m a t e r i a l  and the  pores  filled by wa te r .  

The  p roposed  methods  of model ing the  s t r u c t u r e  of moi s t  porous  sol id cons t ruc t i on  m a t e r i a l s  make  it 
poss ib le  to  p red ic t  t he i r  t h e r m a l  conduct iv i ty  in a wide r ange  of v a r i a t i o n  of the  s igni f icant  p a r a m e t e r s  without 
having to  use  pa r t l y  e m p i r i c a l  p a r a m e t e r s  and m e a s u r e  the  t h e r m a l  conduct iv i ty  of d r y  and mois t  m a t e r i a l s .  
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N O T A T I O N  

a,  empi r i ca l  p a r a m e t e r  taking account of nonuniform sect ions oriented para l l e l  and perpendicular  to 
the  gene ra l  d i rec t ion  of heat flow in the model;  b, empi r i ca l  p a r a m e t e r  taking account of the fact that  only a 
par t  of the su r f ace  of the solid f r a m e  is wetted and contr ibutes  to the diffusive heat t r a n s f e r  due to evaporat ion 
and condensat ion of mois tu re ;  ms ,  m w ,  mL,  m L p ,  volume concentra t ion of the solid component,  liquid, and 
pores  with d ry  and wet wal ls ,  r e spec t ive ly ;  h, effect ive t h e r m a l  conductivity of mois t  m a t e r i a l s ;  hS, hW, 
~'L, h i D ,  t h e r m a l  conductivity of the  solid component,  liquid, d ry  a i r ,  and a i r - - v a p o r  mix tu re  (diffuse c o m -  
ponent); hdry ,  hsa ,  t h e r m a l  conductivity of d ry  porous and comple te ly  mois t  ma te r i a l ;  6, diffusion coeff i -  
cient; P, to ta l  p r e s s u r e  of the mix ture ;  PD, sa tu ra ted  vapor  p r e s s u r e ;  RD, un ive r sa l  gas constant;  r ,  heat 
of evapora t ion .  
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T H E  C O M P O N E N T S  

So G .  Z h i r o v  UDC 536.21 

The known ranges  in t h e r m a l  conductivity for  the components  may  be used to  d e t e r m i n e  the 
range  in t h e r m a l  conductivity for  a composi te ;  fo rmulas  have been der ived for  the dis t r ibut ion 
coeff ic ients ,  which provide  detailed values in each case .  

T h e r e  a r e  p resen t ly  many different  methods of calculat ing t h e r m a l  conductivit ies for  composi tes  in 
t e r m s  of the known conductivit ies of the components ; these  methods fo rm the subject  of s e v e r a l  rev iews  [1-4]. 

in these  methods it is a s sumed  that  the t h e r m a l  conductivity and the deg ree  of filling a r e  known exactly,  
whereas  in any m e a s u r e m e n t  t h e r e  is always s o m e  exper imenta l  e r r o r ,  and the final sp read  is governed by 
the  e r r o r  of m e a s u r e m e n t  as well  as by var ia t ions  in the  p rope r t i e s  of the m a t e r i a l  i tself .  In ei ther  case ,  
the  measu red  value for  the t h e r m a l  conductivity is to  be t r ea ted  as a r andom quantity, one of the c h a r a c t e r i s -  
t i c s  being the ma themat i ca l  expectat ion (most likely value) and another  being the s tandard deviat ion.  

In this connection it is of in te res t  to  de t e rmine  how the sp read  in the t h e r m a l  conductivity for  each of 
the components affects  the sp read  in the s a m e  for  the compos i te  for  var ious  proport ions of the components .  

Fu r the r ,  a r e a l  compos i te  a l so  has a degree  of filling in a finite volume that  may a lso  be considered as 
a r andom quantity, which deviates  to  s o m e  extent f rom the mean  value .  T h e r e f o r e ,  the  t h e r m a l  conductivity 
of the compos i te  should va ry  even within the volume of a s p e c i m e n .  We show below that in ce r t a in  instances 
one can de t e rmine  in s i m p l e  fashion the sp read  in the t h e r m a l  conductivity of the composi te  as a function of 
the  sp read  in the deg ree  of fil l ing. 
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