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A s t r u c t u r a l  model  and method for  calculat ing the effect ive t he rma l  conductivity of con -  
sol idated g ranu la r  m a t e r i a l s  a r e  proposed .  

Formula t ion  of  the P rob lem.  A cons iderab le  number  of na tura l  and a r t i f i c ia l  m a t e r i a l s  of vary ing  
or igin a r e  known which can be conver ted  by the t e r m  "consol idated m a t e r i a l s . "  Among them a re  s in t e r ed ,  
cemented ,  f locculated,  welded,  etc.  m a t e r i a l s .  We cons ider  those consolidated m a t e r i a l s  which a re  ob-  
tained by p r e s s i ng  or  s in ter ing  of g ranu la r  s y s t e m s  that a r e  init ial ly in the s tate  of a f ree  charge .  

Visual  study of such m a t e r i a l s  has shown that the g r e a t e r  pa r t  of the i r  s t ruc tu re  is a spat ia l  skeleton 
of adher ing  pa r t i c l e s .  In this c a se ,  the pores  formed by the skeleton a re  cons iderably  l a r g e r  than the p o r e s  
between the pa r t i c l e s  (Fig. la) .  Using the ru les  for  t rans i t ion  f rom a random sys t em to o rdered  models  
(Fig. lb) and f rom the la t ter  to an e l e m e n t a r y  cel l  (Fig. lc ) ,  the subsequent  study of heat  t r anspor t  will  
be c a r r i e d  out within the f r a m e w o r k  of the e l e m e n t a r y  cel l  [1]. 

We denote by VT, V1, V2, and V = V 1 + V 2 + VT the volumes of the solid pa r t i c l e s ,  of the pores  b e -  
tween the pa r t i c l e s  in the skeleton,  of the large pores  in the s t ruc tu re ,  and the total  volume of the sys t em 
(see Fig. lc);  we introduce the notation m2k for  the poros i ty  of the skeleton ( f i r s t - o r d e r  s t ruc tu re ) ,  m22 
for  the poros i ty  of the s e c o n d - o r d e r  s t ruc tu re ,  and for  total poros i ty  of the sy s t em,  m2: 

rn, = (V 1 -? V2)/V, tn22 = V j V ,  m ~  = V1/(1 - -  m22 ) V, (1) 

where  (1 -m22)V is the volume of the skeleton. It is easy  to show that the following re la t ion,  

1 - -  m ~  
t7�89 = 1 (2) 

ex i s t s  between these p a r a m e t e r s .  

The effect ive t he rma l  conductivity h of a s t ruc tu re  with in te rpene t ra t ing  components  is re la ted  to the 
effect ive  t he rma l  conduct ivi t ies  )'k of the skeleton and h2 of the components  in the la rge  po res  by a sy s t em 
of equations [1] which takes  the fo rm 

= C~ "~- x'u s - -  Cu) ~ + 2vzC z (1 - -  C 2) 
~,~ 'v~C 2 -}- (1 - -  C,.) 

tn2~ = 2C~ - -  3C~ + 1. 

V2m ~2 
~. (3) 

using new notation. 

Thus fu r the r  ana lys i s  is connected with the de te rmina t ion  of the poros i ty  m22 of the s e c o n d - o r d e r  
s t ruc tu re  and of the values  of the coeff ic ients  of t he rma l  conductivity ~2 and ~k- All these p a r a m e t e r s  
depend on the nature  of the deformat ion  of the sy s t em and on the state of the f ree  charge  of the gra ins  
before  the fo rmat ion  of the consolidated ma te r i a l .  

Analys i s  of Skeleton Deformation.  We cons ider  geomet r i c  deformat ion  of the charge  during s inter ing 
and p ress ing .  The fact  that the skeleton sketched in Fig. l a  is not comple te ly  broken down is evidence of 
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Fig. 1. Trans i t ion  to an o rdered  model  of g ranu la r  s t ruc ture :  a 
actual  s t ruc ture ;  b) o rde red  s t ruc tu re ;  c) e l e m e n t a r y  cell .  

its s tabi l i ty .  In our  opinion, the s tabi l i ty  can be explained in the following manner :  in the initial  s tages  
of s in ter ing  and p r e s s i n g  the skele ton is par t i a l ly  broken  down, and the pa r t i c l e s  being deformed  agglom-  
e ra t e  with the agglomera t ion  of the pa r t i c l e s ,  in turn, s t rengthening the skeleton.  In addition, highly porous  
m a t e r i a l s  a r e  o f t en  p r e p a r e d  by introducing a slightly c o m p r e s s i b l e  f i l l e r  ( rubber ,  for  example)  into 
the la rge  pores ,  which also s t rengthens  the skeleton.  We the re fo re  a s s u m e  that  reduct ion of charge  
poros i ty  during p re s s ing  and s inter ing occurs  both because  of spreading  of the skeleton (with consequent  
reduct ion of the poros i ty  m22 ) and because  of deformat ion  of the pa r t i c l e s  in the skeleton. 

We introduce the notation m~, m2~ and m~ cor responding  to the total  poros i ty ,  skeleton poros i ty ,  
and poros i ty  of the s e c o n d - o r d e r  s t ruc tu re  in the or iginal  s tate  of the f ree  charge  (before press ing) .  It is 
obvious that a re la t ion  s i m i l a r  to Eq. (2) ex is t s  between these p a r a m e t e r s ,  i .e . ,  

1 - -  m ~ 
m~ = 1 1 - -  m~ " (4) 

Analys is  of a large amount  of data for  g ranu la r  s y s t e m s  allows one to a s s u m e  the mos t  probable  
value of the poros i ty  of the skeleton in the state of a f ree  charge  with pa r t i c les  f rom 0.01 to 1 m m  in s ize 
is m~ ~- 0.4.* We cons ider  heat  t r a n s f e r  in the skeleton and find an expres s ion  for  its effect ive t he rma l  
conductivity ~k. 

The re  a r e  two poss ib le  solutions for  this p rob lem:  r e p r e s e n t  the a r r a n g e m e n t  of the pa r t i c l e s  within 
the skeleton in the fo rm of some kind of o rdered  s t ruc tu re  or  a s sume  the pa r t i c l e s  a re  a r r anged  randomly 
within the skeleton. The f i r s t  way,  which is geomet r i ca l ly  m o r e  v isua l izable ,  has been rea l ized [2]. It is 
of in te res t  to se lec t  the second way,  having used the resu l t s  of [3] where  it was shown that the effect ive 
t he rma l  conductivity of a skeleton with randomly a r r anged  granules  is equal to the effect ive t he rma l  con-  
ductivity of i ts  volume e lement ,  a two-dimens ional  r ep resen ta t ion  of which is shown in Fig. 2a. It con-  
s i s t s  of a solid component  (portion of a spher ica l  granule)  in the fo rm of a cyl inder  of r~dius r 3 and height 
r with a spher ica l  base  of radius  r and a gaseous  or liquid component  filling the pore  in the fo rm of a cy l -  
inder of radius  r 4. The re la t ive  d imensions  of the volume e lement ,  Y3 = r 3 / r  and y~ = r ~  a re  uniquely 
re la ted  by the express ions  in [3] to the poros i ty  m~ and the coordinat ion number  N, which is the ave rage  
number  of contacts  pe r  par t ic le .  Using the new notation for  the p a r a m e t e r s ,  we rewr i t e  these express ions :  

N = (m2~ ~ -~- 3 -- |Fro~ - -  10m~ -i- 9)/2m~ (5) 

I 

g = 2 r  N - - 1 / N ,  9 o - - : 9 " 3 ( 1 - - m O )  5- 

In pa r t i cu la r ,  Eqs. (5) and (6) show that for  m2~ = 0.4, the p a r a m e t e r s  N = 7.09, y0 = 0.825, and 
Y3 = 0.696. 

In the model  we r e p r e s e n t  the deformat ion  of the g ranu la r  sys t em during p r e s s ing  or  s intering.  
F o r  s impl ic i ty ,  we make the following assumpt ions .  

1. The coordinat ion number  N for  the skeleton depends only on the poros i ty  in the init ial  s ta te  and 
does not change during deformat ion  (N = const).  

(6) 

*It is a s sumed  the or iginal  g ranu la r  s y s t em has not been subjected to spec ia l  t r ea tmen t  such as v ib ra to ry  
shaking, for  example .  
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F i g .  2. M o d e l  of g r a n u l a r  s y s t e m  (a) a n d p a r t i c l e d e f o r m a t i o n  (b)o 

2. L i n e a r  d e f o r m a t i o n  of  a p a r t i c l e  in the c o n t a c t  r e g i o n s  ( r educ t ion  of r a d i u s  d u r i n g  c o m p r e s s i o n )  
i s  the s a m e  in a l l  d i r e c t i o n s  and is  ~ k  (Fig.  2b). F o r  the d e f o r m e d  s y s t e m ,  the r e l a t i v e  r a d i u s  
of the m o d e l  d e c r e a s e s  in c o m p a r i s o n  wi th  the o r i g i n a l  va lue  y 0  

y~= r~.,~ =u~ -~.~), ~. - -  =x~/r. (7) 

We find a r e l a t i o n  b e t w e e n  the r e l a t i v e  p a r t i c l e  d e f o r m a t i o n  ~k  and the r e l a t i v e  r a d i u s  of the a c t u a l  
p o i n t  of  c o n t a c t  Y2 = r 2 / r ,  w h e r e  r 2 i s  the r a d i u s  of con tac t .  To do th i s ,  we a s s u m e  tha t  d u r i n g  d e f o r m a t i o n  
the p a r t i c l e  m a t e r i a l  i s  d i s p l a c e d  in the r e g i o n  a round  the c o n t a c t  po in t  in the m a n n e r  shown in F ig .  2b. 
Such a s c h e m e  is  c l o s e  to r e a l i t y  fo r  p l a s t i c  d e f o r m a t i o n  of n o n b r i t t l e  p a r t i c l e s .  In f ac t ,  b e c a u s e  of the 
s m a l l  s i z e  of  the  o r i g i n a l  c o n t a c t  po in t s ,  the s p e c i f i c  p r e s s u r e s  a t  the c o n t a c t s  f a r  e x c e e d  the c r e e p  l i m i t  
f o r  g r a n u l a r  s y s t e m s  even  f o r  s m a l l  p r e s s i n g  f o r c e s .  

F o r  s i m p l i c i t y ,  we f u r t h e r  a s s u m e  t h a t  the  a r e a  a round  the c o n t a c t  is  a c y l i n d e r  of r a d i u s  r 2 (Fig.  2b). 
In d e f o r m a t i o n  of p a r t i c l e s  by an  amoun t  ~'~k, the vo lume  of  the s p h e r i c a l  s e g m e n t  A OB is  d i s p l a c e d  in the 
a r e a  a round  the c o n t a c t  a s  shown by the a r r o w  in F ig .  2b. F u r t h e r m o r e ,  one m u s t  s a t i s f y  the cond i t i on  
r e q u i r i n g  e q u a l i t y  b e t w e e n  the vo lume  of  a c y l i n d e r  wi th  a b a s e  r a d i u s  r 2 and a he igh t  hc = r - ( ~ - ~ 2  a n d t h e  
v o l u m e  of a s p h e r i c a l  s e g m e n t  wi th  the s a m e  b a s e  r a d i u s  and he igh t  hc + ~k  

Vc __ ~r~hc = ~r3Y?c ' Vs = 1 .~ra(% @_•215 Ac =~c/r .  (8) 
3 

Equa t ing  V e and V s and m a k i n g  the t r a n s f o r m a t i o n s ,  we ob ta in  a r e l a t i o n  b e t w e e n  the r e l a t i v e  r a d i u s  
Y2 of  the c o n t a c t  po in t  and the r e l a t i v e  p a r t i c l e  d e f o r m a t i o n  Uk: 

It  i s  obv ious  tha t  the cond i t i on  Y2max = Y3 m u s t  be  s a t i s f i e d  in  the c a s e  of  m a x i m u m  d e f o r m a t i o n  of  
the  s k e l e t o n ,  i . e . ,  i t s  c o n v e r s i o n  into  a m o n o l i t h  (~k = Ukmax) .  A r e l a t i o n  be tw e e n  the m a x i m u m  d e f o r m a -  
t ion ~ k m a x  and the i n i t i a l  p o r o s i t y  of the s k e l e t o n  can  be ob ta ined  by s tudy ing  unit  vo lume  of  the s k e l e t o n  
i . e . ,  a cube  of  vo lume  V (1 x 1 x 1 = 1). In th is  c a s e ,  the vo lume  o c c u p i e d  by the s o l i d  c o m p o n e n t  i s  V 1 
= V (1 - m~k) = (1 - ~<k) 3, whence  

• = 1 - -  1 - -  nz.2, ~. (10) 

H o w e v e r ,  in the c a s e  of m a x i m u m  d e f o r m a t i o n ,  a c a l c u l a t i o n  b a s e d  on Eq. (9) y i e l d s  Y2max > Y3, which  
canno t  a c t u a l l y  be.  In ou r  op in ion ,  the r e a s o n  f o r  th i s  d i s c r e p a n c y  i s  tha t  t h e  c o n t a c t  po in t  w a s  a s s u m e d  
c i r c u l a r  in the d e r i v a t i o n  of Eq. (9); in f ac t ,  the c o n t a c t  po in t  w i l l  have  a c i r c u l a r  shape  only  up to c e r t a i n  
v a l u e s  ~ k  < ~ k m a x  (~k < 10-2) and wi th  m a x i m u m  d e f o r m a t i o n  the b o u n d a r i e s  of the a r e a s  a r o u n d  the c o n -  
t a c t  po in t s  m u s t  m e r g e  wi th  the  c o n t a c t  po in t  hav ing  a shape  that  is  a l m o s t  po lygona l .  In ou r  v iew,  t h e r e -  
f o r e ,  c a l c u l a t i o n s  b a s e d  on Eq. (9) should  g ive  v a l u e s  of  Y2 a p p r o x i m a t i n g  the a c t u a l  v a l u e s  only  f o r  s m a l l  
d e f o r m a t i o n s .  To c a l c u l a t e  Y2 o v e r  the e n t i r e  r ange  of d e f o r m a t i o n s ,  0 _< ~r -< ~ k m a x ,  we c o n s i d e r  i t  
a d v i s a b l e  to a p p r o x i m a t e  Eq. (9) in such  a way  tha t  i t  s a t i s f i e s  the a d d i t i o n a l  cond i t ion  Y2max = Y3. We 
r e p r e s e n t  the r e l a t i o n  Y2 = Y@'k) in the f o r m  Y2 = A ~ k ,  and then 

Y2ma.x = Y3 = A |'f• (11) 
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Fig .  3. Dependence  of  r e l a t i v e  
r a d i u s  Y2 of  p a r t i c l e  c o n t a c t  po in t  
on r e l a t i v e  c o m p r e s s i o n  nk :  1) 
c a l c u l a t e d  f r o m  Eq. (9); 2, 3) c a l -  
c u l a t e d  f r o m  Eq. (14) fo r  m2~ = 0.4 
and 0.47; p o i n t s  a r e  e x p e r i m e n t a l  
d a t a  (m~ = 0.47).  

O ~0~ q/ ~K 

R e p l a c i n g  Y3 and ~ k m a x  in Eq. (11) by t h e i r  v a l u e s  f r o m  Eqs.  (6) and (10), we ob ta in  an  e x p r e s s i o n  

fo r  A:  

2V~--i 
A = i f  (12) 

N i- ,-m0 K 

Then s u b s t i t u t i n g  A f r o m  Eq. (12) into Eq. (11), we  find Y2: 

g~ = N -  1 - -~ /1  ~-~--~2~ K " (13) 

Equa t ion  (13) s a t i s f i e s  the c o n f o r m i t y  cond i t i on  Y2max = Y3. F o r  the o v e r w h e l m i n g  m a j o r i t y  of  a c t u a l  
g r a n u l a r  s y s t e m s  wi th  a c h a r g e  p o r o s i t y  m2 ~ _> 0.4,  the p o r o s i t y  of  the c h a r g e  s k e l e t o n  m2~ - 0.4 and the 
c o o r d i n a t i o n  n u m b e r  N = 7.09. In th i s  c a s e ,  Eq. (13) s i m p l i f i e s  to 

g~ ~_ 1.755 r • (14) 

F i g u r e  3 p r e s e n t s  c a l c u l a t e d  r e l a t i o n s  Y2 = Y(nk) fo r  m2 ~ = 0.4 and 0.47,  wh ich  w e r e  ob ta ined  f r o m  
Eqs.  (9) and (14), a s  w e l l  a s  the r e s u l t s  of  o u r  m e a s u r e m e n t s  of  c o n t a c t  po in t s  fo r  d e f o r m a t i o n  of a 
p l a s t i c i n e  s p h e r e  f r o m  s ix  s i d e s  ( faces  of  a cube) .  It i s  c l e a r  f r o m  F ig .  3 tha t  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  r e l a t i o n s  Y2 = Y(>Ck) a r e  in good a g r e e m e n t  o v e r  the e n t i r e  r a n g e  of  ~ k  when  m~ = 0.47. 

M o d e l  of D e f o r m a t i o n  P r o c e s s .  We i n t r o d u c e  the c onc e p t  of the t o t a l  r e l a t i v e  l i n e a r  d e f o r m a t i o n  
of a s y s t e m ,  which  i s  equa l  to the r a t i o  b e t w e e n  the changed  d i m e n s i o n  ( a f t e r  d e f o r m a t i o n )  and the o r i g i n a l  
d i m e n s i o n  (Fig.  4), and we find a r e l a t i o n  b e t w e e n  n and m 2 fo r  d e f o r m a t i o n  of the s y s t e m .  To do th i s ,  
we c o n s i d e r  a uni t  v o l u m e  V 0 (a cube  1 x 1 x 1) in  the a s  y e t  u n d e f o r m e d  s y s t e m  w h e r e  the  f r a c t i o n a l  v o l -  

= m 0 ume  of the so l id  c o m p o n e n t  wi th  v o l u m e  V l i s  V 1 / V 0  1 -  2, and the l i n e a r  d e f o r m a t i o n  of the s y s t e m  
is  n u m e r i c a l l y  e q u a l  to the  r e l a t i v e  d e f o r m a t i o n  n.  A f t e r  d e f o r m a t i o n ,  the v o l u m e  of  the s y s t e m  b e c o m e s  
V = (1 - u )  a and  the r a t i o  of  the v o l u m e  V 1 of  the  so l id  c o m p o n e n t  to th is  v o l u m e  is  1 - m 2 ,  i . e . ,  

1 - -  m ~ 1 3 / 1  - -  m~ 
_9 = 1 - - m ~  or z = l - -  V (15) VJV = (I - -  • 1 - -  rn 2 

F o r  m a x i m u m  d e f o r m a t i o n  (m 2 = 0), we have  

~ m a x  ----- 1 - - ~  1 - -  rn ~ . (16) 

We a s s u m e  that  the r e l a t i v e  d e f o r m a t i o n  n k  of  the p a r t i c l e s  in the s k e l e t o n  and the r e l a t i v e  d e f o r -  
m a t i o n  n - ~ r  of  the s k e l e t o n  i t s e l f  ( i ts  s p r e a d )  o c c u r  s i m u l t a n e o u s l y  so  tha t  they  a r e  p r o p o r t i o n a l  to the 
d e f o r m a t i o n  n (Fig .  4). Then the d e f o r m a t i o n  of  p a r t i c l e s  in  the s k e l e t o n  i s  

• 1 - -~ /1  --m~K( a f 1 ~---~-m~ ~ 
 max V (17) 
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Fig. 4. Model deformation because of deformation of par t ic les  and 
skeleton. 

Fig. 5. Comparison of theoret ical  and experimental  data in the t e m -  
pera ture  range 20 to 500~ 1-4) calculated by the proposed method 
for m ~ = 0.4, 0.5, 0.7, and 1.0; 5, 6, 7) sintered nickel [6], LITMO 
(S. Buravoi) and MEI (V. Alekseev); 8, 10, 11) sintered iron, copper,  
bronze OF 8.5-0.3, LITMO data (S. Buravoi); 9) sintered iron [4]; 12) 
graphite [6]; 13)bronze  [5]. 

One of the basic assumptions is contained in this proport ional i ty  condition. We recal l  that the ske le-  
ton deformation ~ - ~ k  was produced by its part ial  spread,  i .e. ,  the par t ic les  in it a re  rea r ranged  and the 
c ros s  section of the skeleton becomes thicker.  Therefore  the porosi ty  of the second-orde r  s t ruc ture  (be- 
tween skeletal blocks) dec reases  during deformation of the system. 

We find a relat ion between the variat ion of the porosi ty  m22 of the second-o rde r  s t ructure  and the 
corresponding deformation ~k of the par t ic les  and x of the sys tem as a whole. To do this, it is necessa ry  
to replace m 2 and m2k in Eq. (2) by the corresponding values of m2 ~ and m2~ . It can be shown that the r e l a -  
tions between m 2 and m~ and between m2k and m~ are  determined by expressions s imi la r  to Eqs. (10) and 
(16), i .e. ,  

i - -  mo 1 - -  m ~  
m., = 1 (1--•  m.2~ = 1 (1 _• �9 (18) 

Substituting m 2 and m2k f rom Eq. (18) into Eq. (2), we obtain 

l - - m ~  ( 1 - - •  3. (19) 
m~,= 1 l__m0 ~ ] _ ~ ;  

Thermal  Conductivity of Skeleton. We determine the effective thermal  conductivity of the skeleton 
of the sys tem ( f i r s t -o rder  s tructure) .  For  this, we use the express ion from [2] for the calculation of k 
for granular  sys tems  where the heat flow through the pores  between the par t ic les  can be neglected (~2 = 0) 
and the relat ive height of mic ro roughnesses  in the contact  region is zero  (there are  no microroughnesses  
in consolidated sys tems) :  

)~ ---~ )~1 (g2,'Y4) 2 (1)-1" (20) 

The function 4~ takes into account spreading out of the flow from the contact point over the c ros s  
section of a par t ic le  and, in f i rs t  approximation,  can be assumed to be 

--~ YJg3. (21) 

Equation (20) then takes the form 

; ~  = ~ l g ~ g e g 4  -2 " (22) 

Thermal  Conductivity of the Consolidated System. Using Eq. (3), one can calculate the effective the r -  
mal  conductivity of a consolidated granular  mate r ia l  as a whole. Usually the thermal  conductivities of pores 
and grains in consolidated mate r ia l s  are  considerably different,  )~2/;~t <<10 -2, and the size of an actual 
contact  point (Yl = Y2 = r 2 / r  _> 10 -2) is considerably g rea t e r  than the size of the contact point in a free 
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charge  (Yl, Y2 < 10-3) �9 In this case ,  the main  heat  flow occurs  along the skeleton of consolidated pa r t i c l e s  
and Eq. (3) is significantly s implif ied to 

~'/)~K ~ C~. (23) 

As shown by our  ana lys i s ,  however ,  the use of the approx imate  express ion  (23) leads to some unde r -  
e s t i m a t e  for  calculated values of ~/X k since it was  a s sumed  in the der iva t ion  of Eqs. (3) and (23) that the 
l ines of heat  flow were  pa ra l l e l  to the overa l l  heat  flow. In fact ,  the l ines of flow, being curved ,  spread  
apa r t  at  expansion points (nodes) of the skeleton and converge  a t  points of contract ion.  We take this s i tua -  
tion into account.  

Where  there  is cons iderable  d i f ference  between the t he rma l  conduetivi t ies  of the skeleton and of the 
component  in the po re s  of the s e c o n d - o r d e r  s t ruc tu re  (v 2 < 0.3 or  v 2 > 3), one should take into account  
cu rva tu re  of the l ines of flow in sect ions  filled by the di f ferent  components .  A r igorous  cons idera t ion  of this 
s i tuat ion entai ls  m a t h e m a t i c a l  diff icult ies.  If one cons ide rs  that subdivision of the e l emen ta ry  cel l  by 
adiabat ic  planes [3] y ie lds  some underes t imate  for  calculated values  of the t he rma l  conductivity of the 
s e c o n d - o r d e r  s t ruc tu re ,  and subdivision by i so the rma l  planes pe rpend icu la r  to the heat  flow yie lds  an 
o v e r e s t i m a t e  of the value of the t he rma l  conductivity [7] 

)~ [ I--C2 , C2 ] - '  
- -  ~ ( l _ C ~ )  , C 2 ( 2 _ C ~ )  %_ v 2 ( I _ C 2 )  ~ , (24) ~1 C2 + v~ 

one can use as an approximat ion  their  a r i thmet ic  mean ,  i .e . ,  

~. = 0.5 [)~(3) -E- )~(~4)]" (25) 

The approx imate  express ion  (25) gives values  which dif fer  f rom the t rue values  (resul ts  of a n u m e r i -  
ca l  solution) by less  than 5% for  a r b i t r a r y  values  of v 2. It is s imp le r  to use Eq. (3) in the region 0.3 < v 2 
<3.  

Thus,  if we know the coeff ic ients  of t he rma l  conductivity h I and )~2 for  the components ,  the sys t em 
poros i ty  m2, and the init ial  poros i t i e s  m ~ of the charge  and m~ of the skeleton,  success ive  applicat ion of 
Eqs. (5), (6), (17), (13), (22), (19), (3), (24), and (25) m a k e s  poss ib le  the calculat ion of the effect ive t h e r -  
m a l  conductivity of a consolidated ma te r i a l .  

The re la t ion  X/) h = f(m 2) for  consolidated g ranu la r  s y s t e m s  with var ious  initial  poros i t i e s  m2 ~ (from 
0.7 to 0.4) is shown in Fig. 5 as calculated by the proposed method. Plotted in the same  f igure a re  known 
expe r imen ta l  values  of X/X 1 for  c e r m e t s  produced by hot p r e s s ing  of powdered nickel ,  i ron,  copper ,  
b ronze ,  and graphite .  It is c l e a r  f rom the f igure that expe r imen ta l  values  of X/?~1 fall  in the region bounded 
by calculated re la t ions  for  init ial  poros i ty  range 0.7-0.4. Our observa t ions  show that the overwhelming 
m a jo r i t y  of me ta l  powders  have an initial  poros i ty  in the range specif ied,  i .e . ,  f rom 0.7 to 0.4. We t h e r e -  
fore  cons ider  the a g r e e m e n t  between calculat ion and expe r imen t  demons t ra ted  in Fig. 5 to be sa t i s fac tory .  

In addition, by looking at  the behavior  of the calculated re la t ions  X/Xl = f(m2) for  var ious  initial 
po ros i t i e s  m2 ~ one can conclude that the t he rma l  conductivity of the components  and the i r  concentra t ions  
in a consolidated g ranu la r  s y s t e m  do not de te rmine  i ts  effect ive t he rma l  conductivity uniquely. To calculate  
the effect ive t he rma l  conductivity,  it is n e c e s s a r y  to know an additional p a r a m e t e r ,  the poros i ty  of the 
g ranu la r  m a t e r i a l  in the f r e e - c h a r g e  state.  
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