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Some fundamental  works whose authors propose formulas to calculate 
the thermal conductivides of granular materials  are presented. 

Knowledge of thermophysical  propert ies  of granular 
mater ia ls  is necessary  to solve problems in the most  
diverse branches of science and engineering. The 
range of application for granular  mater ia ls  is unusu- 
ally broad. Granular mater ia ls  arc encountered in the 
food and cryogenics industries,  in foundry work, and 
in structural  engineering. They have gained extensive 
acceptance as effective heat insulators.  

Despite the numerous attempts to derive a theore t -  
ical formula to calculate the thermal conductivities of 
granular materials [i, 2], this problem cannot yet be 

regarded as having been resolved. It is therefore use- 

ful to analyze the basic theoretical research in this 
field and to establish the directions for future work. 

I. Various Models of the Granular System. The 
t ransfer  of heat in dry granular  mater ia ls  is achieved 
through the following simultaneous processes :  molec-  
ular gas conductivity in the spaces between part icles;  
convection in the gas inter layers ;  radiation; conduc- 
tion through the solid part icles ,  as well as conduction 
from particle to particle,  through direct  contact be-  
tween them. 

Virtually all the proposed formulas for the calcula- 
tion of the effective thermal conductivities of granular  
materials  have been derived on the basis of the s imu- 
lation of real s t ructures .  The applicability of a given 
formula is governed by the correlat ion existing be-  
tween the adopted model and the real s tructure,  as 
well as by consideration of all means of heat t ransfer .  

Below, as part  of a historical  review, we examine 
some basic models proposed by various authors.  Anal- 
ysis of these projects demonstrates that in studying 
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Fig. i. Various models of granular material. 
Infinite plates normal (a) and parallel (b) to 
heat flow; system of bars p < 50% (c) and p > 
> 50% (d); system of cubes (e), spheres with 

cubic (f) and tetrahedral (g). 

the processes  of heat t ransfer  through granular ma-  
ter ials  most  of the authors-- in explicit or implicit 
form--proceeded in the following natural ways: 

a) Some structure of an unbounded granular medium 
was selected, with the assumption that the structure 
is ordered or,  in other words, the s tructure of the 
granular medium exhibits a long-range order  [3]. 
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Fig. 2. Comparison of experimental 
data on effective thermal conductivity 
of granular mater ia ls  (hatched region) 
with calculations according to formu- 
las by Krischer  (a,b), Bernstein (c, 
c ' ,d ) ,  Russel (e) and Nekrasov (f). 
The case ks/~g = 100 is considered. 

b) An elementary cell--that least volume whose rep- 
etition in some specific manner for an infinite number 
of t imes will yield the original medium with long-range 
order- - i s  isolated within the medium exhibiting long- 
range order .  It is not difficult to demonstrate that the 
effective thermal conductivity of the elementary cell is 
equal to the effective thermal conductivity of the entire 
medium with long-range order .  

With this approach to the analysis of the hea t - t rans-  
fer  processes  through a granular system, the following 
assumption is adopted: the effective thermal conduc- 
tivity of a real (statistical) granular system is equal 
to the effective thermal conductivity of a system with 
an ordered structure, if the coefficients of thermal 
conductivity for the components and of their concen- 
trations are identical for both the real and the ordered 
systems. 

It is obvious that the success of the investigation 
depends in great measure on the extent to which the 
selected model of the granular system matches the 
real structure. The primary attention in the review is 
therefore centered on the models of a granular system 
proposed by the various authors. We will consider only 
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such models  which differ s ignif icant ly f r o m  each other .  
It may  be that  individual models  a re  excluded f r o m  
our examinat ion.  

Many authors  t r ea t  g ranu la r  ma te r i a l s  as s y s t e m s  
of solid b a r r i e r s  s epa ra t ed  by l aye r s  of a i r .  The g r e a t -  
es t  insulat ing effect  is found when an in t e r l aye r  of a i r  
is p laced perpend icu la r  to the d i rec t ion  of the heat  
flow (Fig. la) .  The leas t  insulating effect  occu r s  when 
the a i r  i n t e r l aye r  is in the d i rec t ion of the heat  flow 
(Fig. lb).  The fo rmu la s  for  the calculat ion of the effect  
of t he rma l  conductivi ty,  co r respond ing  to these two 
cases ,  a re  ci ted in many  sources  and a re  of the fo l -  
lowing f o r m  [4, 5]: 

~ e f f  = 100 ; (la) 
~'g ~'g (lO0---p) + p 

~ , e f f  L~ lO0--p  p 
+ (lb) 

Xg Xg 100 100 

Fo r  the re la t ionship  Xs/Xg = 100 (par t ic les  of min -  
e ra l  or igin in air) these  functions a re  given graphica l ly  
in Fig.  2 (curves  a and b). Here  we a lso  see the region 
of exper imenta l  values for  the effect ive coeff ic ient  of 
t he rma l  conductivi ty in g ranu la r  ma te r i a l s  of mine ra l  
or igin (c ross -ha tched)  [ 1 , 2 , 5 - 8 ] .  As we can see,  the 
proposed  model  is somewhat  too f a r  r e m ove d  f r o m  the 
rea l  s t ruc tu re  of g ranu la r  m a t e r i a l s .  

Bernshte in  [9] developed this model  somewhat ,  
t rea t ing the g ranu la r  ma te r i a l  as a s y s t e m  consis t ing 
of unbounded ba r s  placed in a s t aggered  a r r a y  (Fig. l c ,  
d). The the rma l -conduc t iv i ty  coeff icients  in this  model  
a re  calculated on the bas is  of the following fo rmulas :  

~'eff 4p ~ \  + ~-s 1 0 0 - - 2 p ,  
kg lOO i + ~g lO0 

P -~ 50~ (2a) 

~,~f__if = 4 ( 100 - -  p) 2p - -  100 
~'g 100( 1 + )~g'] ~ 100 ' P >/50%" (2b) 

Zs ,/ 

The functions p roposed  by Bernshte in  a re  shown g raph -  
icat ly by the dashed l ines c and d (Fig. 2). The ex-  
per imenta l  r esu l t s  a re  found cons iderab ly  below the 
top of the eurve (p < 50%). The author  explains this by 
the the rma l  r e s i s t ance  of the thinnest  of the a i r  i n t e r -  
l aye r s  between the plates  at the points at which they 
a re  in contact ,  these in t e r l aye r s  resul t ing  f r o m  the 
roughness  of the pla tes .  Calculat ion with cons idera t ion  
of these c l ea rances  yie lds  the e '  branch.  

A divergence  between the exper imenta l  and theo-  
re t ical  values that is approximate ly  the same  as in the 
previous  eases  is given by the Russe l  model .  The au-  
thor  p roposes  the t r ea tmen t  of the g ranu la r  ma te r i a l  
as solid cubes linked to each other  by the a i r  in te r -  
l ayers  (Fig. le) ,  i . e . ,  he a s s u m e s  an absence of eon-  
tact  and the exis tence of open pores ,  even with low 
poros i ty  values.  The Russe l  fo rmula  has the fo rm [10] 

%'eff={( p )2/3 k'g 
-~g 1 - -  + -  x 

100 ~,s 

X[l (l 100  )2,3]}{[(1 i +  

+ ~ j  "l--~s [ 2 - - (  i - - - ~ ]  100 

F igu re  2e shows a graphica l  r ep resen ta t ion  of this 
function fo r  Xs/Xg = 100. 

In mos t  of the remain ing  works  devoted to this ques-  
t ion the g ranu la r  ma te r i a l  is r ega rded  as a sys t em of 
spher ica l  pa r t i c l e s  of the same  size,  posi t ioned in a 
va r i e ty  of ways .  This model  apparent ly  bes t  approxi -  
ma te s  rea l  s t r u c t u r e s .  Cer ta in  of the authors  p roceed  
f rom the as sumpt ion  that  the spher ica l  pa r t i c l e s  a re  
posi t ioned in accordance  with the law of cubic s y m -  
m e t r y  while o thers  a s sume  the pa r t i c l e s  to be densely  
packed,  i . e . ,  they a s sume  a t e t r ahedra l  a r r angemen t .  
Rega rd l e s s  of the a r r angemen t ,  po ros i ty  is indepen-  
dent of sphere  s ize ;  it is a s sumed  that the the rma l  
p rope r t i e s  of the pa r t i c l e s  a r e  identical  in all d i r e c -  
t ions.  

The cubic sys t em is cons t ruc ted  so that the l ines 
connecting the cen te r s  of eight adjacent  sphe res  fo rm 
the faces  of the cube. Each  par t ic le  has six contacts  
with the other  spheres ;  in the pore between eight of 
the pa r t i c l e s  it is poss ib le  to inscr ibe  a sphere  whose 
radius  is equal to 0.73r, where  r is the par t ic le  r a -  
dius.  Air  occupies  47,67% of the total volume in such a 
sy s t em [3]. F igure  i f  shows a single layer  of this a r -  
rangement .  A large  quantity of a i r  and a re la t ive ly  
smal l  number  of contacts  with the sur rounding p a r -  
t ic les  make  the cubic sys t em unstable.  The t e t r ahe -  
dra l  a r r a n g e m e n t  is dense r ,  with the lines connecting 
the cen te rs  of th ree  adjacent  spheres  forming  an equi-  
la te ra l  t r iangle  (Fig. lg) .  The center  of the sphere  in 
the next l ayer  is s i tuated above the cen te r  of this t r i -  
angle.  Each  sphere  in the a r r a n g e m e n t  has twelve 
contacts  with the sur rounding  spheres ;  the volume of 
the spaces  makes  up 25.95% of the total volume.  This 
is a denser  fo rm of the a r r a n g e m e n t  [3]. 

The cubic a r r a n g e m e n t  of the pa r t i c l e s  in the study 
of the t he rma l  conductivi t ies  of a g ranu la r  sys tem was 
adopted by Pokrovski i  [11], Schumann and Voss [12], 
Nekrasov  [13], F ranchuk  [14], et al. The m o s t  widely 
d i ssemina ted  fo rmula  for  such a model  is the one p ro -  
posed by Nekraso~:: 

~'eff __ 3n ~ 9 0 - - p  100. (4) 
)~g 2 ;% (210 + p)2 

Formula (4) yields a virtually rectilinear relation- 
ship between the coefficient of thermal conductivity 
and the porosity of the material (Fig. 2f), whereas 
the experimental function is different in nature. More- 
over, in deriving the formulas Nekrasov took into con- 
sideration only the resistance of the solid particles 
and ignored entirely the resistance of air spaces. As 
a result, the effective coefficient of thermal conduc- 
tivity for the granular materials is proportional to the 
thermal-conductivity coefficient for the material of the 
particles, which is also not confirmed by the experi- 
ments. The experiments show that for a given porosity 
of the granular systems consisting of various mate- 
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rials, the effective thermal conductivity coefficients 

do not differ from each other as markedly as the X s of 

the actual materials. This is explained by the relatively 

small role played by contact-heat transfer in the over- 

all heat-transfer process in granular materials under 
normal pressure of the filler gas. 

The tetrahedral arrangement is more stable than 
the cubic and, consequently, more probable; here the 

spherical particles are positioned in the densest pos- 

sible manner. 
Following the tetrahedral scheme, Bogomolov [7] 

in 1941 proposed the theoretical function Xef f = X(p), 
which until recently was highly regarded, since it pro- 

vided the best reflection of the experimental variation 

in X(p). The investigations of Lyalikov [15], Kaufman 

[161, and the authors of this article [17] were based on 

the tetrahedral arrangement for the particles of the 

granular system. 
In Bogomolov's model a tetrahedral particle ar- 

rangement is assumed; each particle is surrounded by 
a uniform gas halo whose dimensions increase with 
increasing porosity; there is no direct contact with a 
porosity in excess of 26%. In addition, Bogomolov as- 

sumes that the transfer of heat in the granular 
material is achieved primarily by molecular trans- 

port from particle to particle through the medium 

separating them, and he takes into consideration only 

this form of heat transfer. In addition, he deals only 

with the transfer of heat through the gas halo, ne- 

glecting the numerous pores within the material, and 
he proposes the following theoretical formula [7]: 

kef f  - -  3a In 43 + 0.31 p (5) 
~g p - - 2 6  

F o r m u l a  (5) which is g r a p h i c a l l y  given by curve  I in 
F ig .  3 p r o v i d e s  a qua l i t a t i ve ly  c o r r e c t  d e s c r i p t i o n  of 
the v a r i a t i o n  in the e x p e r i m e n t a l  funct ion X(p) (the 
c r o s s - h a t c h e d  a r e a  in th is  f i gu re  is the reg ion  of e x -  
p e r i m e n t a l  va lues  of Xeff/Xg for  p a r t i c l e s  of m i n e r a l  
o r ig in ) .  Th is  m a d e  i t  p o s s i b l e  to a s s u m e  that  such a 
mode l  r e f l e c t s  r a t h e r  wel l  the ac tua l  s t r u c t u r e  of the 
g r a n u l a r  s y s t e m s  and m a k e s  it p o s s i b l e  to e s t a b l i s h  
the r e l a t i o n s h i p s  c h a r a c t e r i s t i c  of t he se .  However ,  we 
note the fol lowing s h o r t c o m i n g s  of B o g o m o l o v ' s  work:  

1. The g e o m e t r i c  m o d e l  of a g r a n u l a r  s y s t e m  does  
not  a lways  c o r r e s p o n d  to a r e a l  s y s t e m  (the ab se nc e  of 
contac t s  with a p o r o s i t y  above 26%). 

2. Not a l l  of the p o r e s  in the g r a n u l a r  m e d i u m  a r e  
c o n s i d e r e d  in the d e t e r m i n a t i o n  of hea t  t r a n s f e r .  

3. The p r o p o s e d  funct ion is app l i c ab l e  to g r a n u l a r  
m a t e r i a l s  with low p o r o s i t y  (p < 60%), s ince  a s m a l l  
halo  t h i ckness  was a s s u m e d  in the d e r i v a t i o n  of f o r -  
mu la  (5). 

4. A m a t h e m a t i c a l  e r r o r  (also noted  by  Lya l ikov  
[15] e x a g g e r a t i n g  the f inal  r e s u l t  by a f ac to r  of two 
o c c u r r e d  in the ca l cu l a t i on .  C o r r e c t i o n  of th is  e r r o r  
l eads  to a d rop  in the t h e o r e t i c a l  cu rve  I to pos i t ion  II 
(Fig. 3). 

Apparently those processes not taken into consider- 
ation by Bogomolov were fortuitously compensated by 
the error in the calculations and formula (5) therefore 
yielded excellent agreement with experiment for a 

n u m b e r  of m a t e r i a l s  in the given i n t e rva l  of p o r o s i t i e s ,  
thus gaining ex t ens ive  a c c e p t a n c e  in the l i t e r a t u r e .  

The c i t ed  s h o r t c o m i n g s  in the Bogomolov  mode l  led  
to the need  fo r  f u r t h e r  r e s e a r c h  into the p r o c e s s e s  of 
hea t  t r a n s f e r  th rough  g r a n u l a r  s y s t e m s .  Thus ,  for  
e x a m p l e ,  p r o c e e d i n g  f rom a t e t r a h e d r a l  a r r a n g e m e n t  
of p a r t i c l e s  in a g r a n u l a r  s y s t e m ,  Lya l ikov  in t roduces  
con tac t  be tween  the p a r t i c l e s .  He re  i t  is  a s s u m e d  that  
the con tac t  is a r e s u l t  of the m i c r o i r r e g u l a r i t i e s  of the 
p a r t i c l e  s u r f a c e s  [15]. The au thor  a s s u m e s  that  with 
an i n c r e a s e  in p o r o s i t y  the p a r t i c l e s  wi l l  s p r e a d  a p a r t  
in the ho r i zon ta l  p lane ,  r e m a i n i n g  in contac t ,  while  
the height  of the l a y e r  r e m a i n s  cons tan t  throughout .  

7o 90 p 

F i g .  3. G r a p h i c a l  r e p r e s e n t a t i o n  of v a r i o u s  
t h e o r e t i c a l  funct ions :  I and II) Bogomolov;  
III and IV) Lya l ikov ;  V) Kuni and Smith;  VI) 
Dulnev and Siga lova;  V I I ) V a s i l ' e v ;  VIII) 

Kagane r ;  IX) P r a s o l o v .  

We wil l  d e m o n s t r a t e  tha t  t he se  two a s s u m p t i o n s  a r e  
mutua l ly  e x c l u s i v e .  If we r e g a r d  the height  of the e l e -  
m e n t a r y  ce l l  to be cons tan t ,  on s e p a r a t i o n  of the 
s p h e r e s  in the h o r i z o n t a l  d i r e c t i o n  an a i r  space  should 
develop  be tween  them.  If t h e r e  is no such c l e a r a n c e  
and if con tac t  is m a i n t a i n e d ,  some  of the s p h e r e s  m u s t  
d rop  to the l ower  l a y e r s ,  i . e . ,  the he ight  of the l a y e r  
m u s t  d imin i sh .  The Lya l ikov  f o r m u l a  for  the c a l c u l a -  
t ion of the t h e r m a l  conduc t iv i ty  in g r a n u l a r  m a t e r i a l s  
has the form 

/ 

~"efff __ 6 ( 1 0 0  - -  D) (  1 Ill 
Eg 100e ~ e 

1 +  6o ) 

Oo r 1 , 

. . . . .  e 
r 

e = 1 Xg (6) 
~'s '  

where the parameter takes into consideration the trans- 
fer of heat through the sphere; 6 o is the additional gas- 
layer thickness through whose introduction we give 
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a 

F i g .  4. R e p r e s e n t a t i o n  of g r a n u l a r  m a t e r i a l  a s  a s y s t e m  of s p h e r e -  
shaped  p a r t i c l e s :  a) T e t r a h e d r a l  a r r a n g e m e n t  of s p h e r e s  with ha lo ;  

b) e l e m e n t a r y  ce l l .  

c o n s i d e r a t i o n  to the t e m p e r a t u r e  jump  o c c u r r i n g  at  the  
bounda ry  be tween  the so l id  and the gas .  

Lya l ikov ,  j u s t  as  Bogomolov ,  a s s u m e d  tha t  the  
t r a n s f e r  of hea t  took p l a c e  in the gas  be tween  two 
s p h e r e s  a lways  in contac t .  Func t ion  (6) is  shown g r a p h -  
i c a l l y  by l ines  III and IV in F i g .  3. As  we can see  f r o m  
the f o r m u l a ,  ~eff/2Vg is  a funct ion not  only of the p o -  
r o s i t y ,  but  a l so  of the p a r t i c l e  d imens ion  ( r ) .  Curve  III 
has  been c a l c u l a t e d  for  p a r t i c l e s  with d = 2r  = 5 m m ,  
while cu rve  IV r e p r e s e n t s  p a r t i c l e s  with d = 0.5 m m .  
The s a m e  g raph  shows the e x p e r i m e n t a l  va lues  of the 
ef fec t ive  t h e r m a l  conduc t iv i ty  f rom the Lya l ikov  da ta  
(the open c i r c l e s )  [15, 18] and those  of o the r  au tho r s  
(the so l id  c i r c l e s )  [12, 19 -21] ,  f o r  the t h e r m a l  conduc-  
t i v i t i e s  of s y s t e m s  cons i s t i ng  of m e t a l  p a r t i c l e s  (d = 
= 1 - 5  m m ) .  As we can s ee ,  the ex t ens ion  of function (6) 
to a b r o a d  c l a s s  of g r a n u l a r  m a t e r i a l s  l eads  to sub -  
s t an t i a l  d ive rgence  with r e s p e c t  to e x p e r i m e n t a l  da ta .  

The au tho r s  [22, 23], dea l ing  with a cubic  and t e t r a -  
h e d r a l  a r r a n g e m e n t  of g r a i n s ,  p r o p o s e d  a t h e o r e t i c a l  
f o r m u l a  d e r i v e d  in the  a s s u m p t i o n  tha t  the rent  g r a n -  
u l a r  s t r u c t u r e s  occupy an i n t e r m e d i a t e  pos i t ion  b e -  
tween a loose  a r r a n g e m e n t  and the ve ry  d e n s e s t .  The  
f o r m u l a  fo r  the ca lcu la t ion  of the t h e r m a l  conduc t iv i t i e s  
of unbound g r a n u l a r  m a t e r i a l s ,  without  c o n s i d e r a t i o n  
of r ad i a t i on  o r  the t r a n s f e r  of hea t  th rough  g ra in  con-  
t ac t ,  has  the  fol lowing f o r m :  

~' eff __ P iA - l 
;~g ioo 8+ 2 _  ~_~g 

= ee + (p - -  25.9) (q - -  e~)/21.7. {7) 

The magn i tudes  of the p a r a m e t e r s  e~ and e~ we re  shown 
g r a p h i c a l l y  a s  funct ions  of ~ s /kg ;  q c o r r e s p o n d s  to a 
cubic  a r r a n g e m e n t  for  un i fo rm s p h e r e s  (p = 47.6%), 
while e2 c o r r e s p o n d s  to a t e t r a h e d r a l  a r r a n g e m e n t  
(p = 25.9%). Func t ion  (7) fo r  p a r t i c l e s  of m i n e r a l  o r i -  
gin (?Vs/)~g = 100) is  shown g r a p h i c a l l y  by cu rve  V in 
F ig .  3. The  n u m e r i c a l  coe f f i c ien t s  in f o r m u l a  (7) a r e  
defined by the g e o m e t r y  of the  p a r t i c l e s  and t h e i r  m u -  
tual  loca t ion .  Func t ion  (7) y i e ld s  va lues  for  the e f f ec -  
t ive coef f ic ien t  of t h e r m a l  conduct iv i ty  of the g r a n u l a r  
m a t e r i a l s  of m i n e r a l  o r ig in  that  a r e  s m a l l e r  by a f a c -  
to r  of 1 . 5 - 2  than the e x p e r i m e n t a l  da ta .  B e t t e r  a g r e e -  
men t  is  found fo r  s y s t e m s  of m e t a l l i c  p a r t i c l e s .  Thus ,  

fo r  a p o r o s i t y  of p = 40% the r a t i o  Xeff/~.g , c a l c u l a t e d  
a c c o r d i n g  to f o r m u l a  (7) fo r  m e t a l l i c  p a r t i c l e s  (Xs/kg = 
= 10a-104), l i e s  wi th in  the r ange  12 .5 -18 .5 ,  which c o r -  
r e s p o n d s  to the fol lowing va lues  fo r  the t h e r m a l  con-  
duc t iv i t i e s  of s y s t e m s  of m e t a l l i c  p a r t i c l e s  in a i r :  
2Veff = 0.35 W / m .  deg (lead) and 2Veff = 0.5 W / m  �9 deg 
(copper ) .  The e x p e r i m e n t a l  t h e r m a l - c o n d u c t i v i t y  v a l -  
ues  fo r  the c o r r e s p o n d i n g  m a t e r i a l s  l i e  within these  
l i m i t s .  

In the m o d e l  of the g r a n u l a r  s y s t e m  p r o p o s e d  by 
Dui 'nev  and S iga lova  [17] the r e a l  p a r t i c l e s  a r e  r e -  
p l a c e d  by s p h e r e s  and the r eg ion  occup ied  by i r r e g -  
u l a r i t i e s  is  t r e a t e d  as  a ha lo  of un i fo rm t h i c k n e s s  (c~). 
The  s p h e r e - h a l o  s y s t e m  exhib i t s  a t e t r a h e d r a l  a r -  
r a n g e m e n t ,  as  shown in F i g .  l g  and in F i g .  4a .  The 
e l e m e n t a r y  ce l l  of such a s y s t e m  m a y  have  the fo rm 
shown in F ig .  4b. A n a l y s i s  of the  p r o c e s s  of hea t  
t r a n s f e r  in th is  ce l l  y i e ld s  the fol lowing r e l a t i o n s h i p  
be tween  the e f f ec t ive  t h e r m a l  conduc t iv i ty  of g r a n u l a r  
m a t e r i a l s  and p o r o s i t y :  

26% ~<p ~< 75%, 

~ ' e f f ~ - ~ ( X - ~  Z ) ~ - ~ , r - ~ - ~ c ,  p>-75%,  
Xg 

- -  - ~ - -  ~-~c, kg A 

X = 4.45 A l n A ~  - -  , 

Z = 2 . 2 3 ( 1 A 1 A - -  1), Z'  - -  2 .23 
1.41A-- t ' 

i /  74 V = A - -  2-A' A =  (S) 100-- p ' 

where  X r and kc a r e  the r ad i a t i on  and contact  c o m -  
ponents  of the t h e r m a l - c o n d u c t i v i t y  coef f i c ien t .  

The t e r m  X in t hese  f o r m u l a  c h a r a c t e r i z e s  the  
t r a n s f e r  of hea t  through file ha lo ,  while  Z and Z'  c h a r -  
a c t e r i z e  the hea t  t r a n s f e r  th rough  the p o r e s  and V r e p -  
r e s e n t s  the  t r a n s f e r  of hea t  in addi t iona l  ways  for  a 
p o r o s i t y  of p - 75%. Func t ion  (8) without  cons ide ra t ion  
of r a d i a t i o n  and t r a n s f e r  of hea t  th rough  the con tac t s  
is shown g r a p h i c a l l y  by  curve  VI in F ig .  3 ( r ad ia t ion  
and contac t  t h e r m a l  conduc t iv i ty  m a k e  up an i n s i g n i f -  
icant  f r a c t i o n  (1-5%) of the to ta l  t h e r m a l  conduc t iv i ty  
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of m i n e r a l - o r i g i n  g ranu la r  s y s t e m s  at room t e m p e r -  
a tu re  and at n o r m a l  p r e s s u r e  for  the f i l le r  gas) .  

Compar i son  of calcula t ions  c a r r i e d  out in a c c o r d -  
ance with fo rmu la  (8) and the exper imenta l  data showed 
that this re la t ionship  m a y  be extended to the c lass  of 
polydisperse materials in which the particles them- 

selves are porous [25, 26]. In this case the over-all 
porosity should be divided into the external porosity Pl 

(the pores between the particles) and the internal po- 

rosity P2 (the pores within the particles). The external 
porosity is set equal to 40-50% (the porosity of sys- 
tems of large monolithic particles varies within these 
limits). The porosity of the particles is associated 
with the over-all and external porosity by the following 

relationship: 

pp - -  P - -  P~ 100. 
100 - -  p~ 

The effect ive t he rma l  conduct ivi ty  Xp of a porous  p a r -  
t icle is ca lcula ted  in acco rdance  with the fo rmu la s  for  
solid porous  m a t e r i a l s  [24]. F u r t h e r  calculat ion is 
p e r f o r m e d  in accordance  with fo rmulas  (8) with con-  
s idera t ion  of the fact  that  A is a function of the external  
poros i ty  pt, while k s is r ep l aced  by ;~p. 

In [27] Vas i l ' ev  extends the model  for  solid porous  
sy s t ems  p roposed  by Dul 'nev [24] to g r anu la r  m a t e -  
r i a l s .  The t r ans i t ion  to g ranu la r  ma te r i a l s  is a c c o m -  
pl ished by cons idera t ion  of the t h e r m a l  conduct ivi ty  of 
the gas c l ea rance  at the junct ion between two pa r t i c l e s  
and the the rma l  conduct ivi ty  of the contact .  The n e c e s -  
s a ry  data on the height  of the m i c r o i r r e g u l a r i t i e s  and 
the contact  a r ea  are  taken by the author  [17,43]. The 
theore t ica l  fo rmula  p roposed  by Vas i l ' ev  has the fol-  
lowing form: 

~,eff __ ~,s [ I )~g ( h )2+ 
~'g ku i/(h/L)2+ cp + - U  1 --  ~ -  

§ 
h -~- - (h /L) - '  I+T+ 

. (9) 

Here h, l, and L are the characteristic dimensions of 

the pores and of the elementary cell, while their ratios 
are functions of porosity [24]. The parameter ~ is a 
function of the porosity as well as of the relationship 
between the contact thermal conductivity and the ther- 

mal conductivity of the base. Function (9) is shown 
graphically by curve VII in the summary graph shown 

in Fig. 3. The significant divergence between the the- 
oretical data and those of the experiment is apparently 
related to the inadequate agreement between the chosen 
model and a real granular system. 

In all of the above-considered investigations the real 
granular systems were replaced by idealized structures 
with long-range order. Studying the processes of heat 
transfer through chaotic granular systems, Kaganer 
does not assume long-range order and provides no 
clear model of the system [28]. In deriving the expres- 
sion for the effective coefficient of thermal conductivity 
in such a system the author begins his study with an 

analys is  of the heat  t r a n s f e r  Q between two spheres ,  in 
ana logy  with the manne r  in which this was done in [7, 
15, 17]. 

The effect ive the rma l -conduc t iv i ty  coeff icient  h e f  t 
of a g ranu la r  layer  is equal to 

Qh 
e l f - -  S A t ' 

where  Q is the heat  flow through a su r face  of a r e a  S; h 
is the height of the l ayer ,  co r respond ing  to the t e m p e r -  
a ture  d i f ference  At; S is the a r e a  of the l aye r  r e f e r r e d  
to a single gra in .  

The author  a s s u m e s  that  the number  N of contacts  
between the sphe res  is d is t r ibuted  un i formly  in  all d i -  
r ec t ions  and in one of the d i rec t ions  is equal to N/6 .  
(We note that  this a ssumpt ion  is obvious for  chaotic  
s y s t e m s ,  whereas  for  o rde r ed  a r r a n g e m e n t s  of gra ins  
it may  not be sat isf ied) .  In this case  the re la t ionship  
between the heat  flux Qt between two spheres  in the 
p r e s e n c e  of a single contact  and the flow Q is given by 
the express ion  

Q = Q1N/6. 

In the following, in de te rmin ing  the a rea  S, M. G. 
Kaganer  makes  the implici t  a s sumpt ion  of long- range  
o rde r  in the a r r a n g e m e n t  of the g ra ins .  As a ma t t e r  of 
fact ,  the expres s ion  

V~ 

contains the a s sumpt ion  that  the height  h and bed a rea  
S of any gra in  pa i r  in the sys t em,  r e f e r r e d  to a single 
gra in  and to the space around that  gra in ,  a re  identical .  
In a chaot ic  sy s t em the p a r a m e t e r  S for  var ious  gra in  
pa i r s  mus t  be di f ferent  in the genera l  case .  Moreove r ,  
it is a s sumed  that h = 2r r ema ins  constant  with a change 
in the poros i ty  sy s t em.  

The express ion  for  the effect ive t he rma l  conduc-  
t ivity of g ranu la r  s y s t e m s  a s s u m e s  the fo rm 

i~efC . N(100--p)  t + l n  ~s 1),  (10) 
~.g 200 e )~g 

Xs 

We will demonstrate that (i0) changes into (6), de- 
rived by Lyalikov for a tetrahedral grain arrangement. 
For this we will assume in formula (6) that (50 = 0, 
since Kaganer failed to take account of the tempera- 

ture-discontinuity phenomenon, and we will assume 
the number of contacts to be N = 12, since Lyalikov is 
dealing with a tetrahedral arrangement. Consequently, 
until now Kaganer had essentially been examining an 
ordered system whose model corresponds to the Lya- 
likov model. 

For chaotically positioned particles Kiselev estab- 
lished the relationship 

100 - - p  
N : :  11.6 

100 

for  the case  of uniform par t i c le  dis t r ibut ion over  the 
volume [29]. This expres s ion  fo r  N was subsequent ly  
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subst i tuted by Kaganer  into (10). This opera t ion makes  
it Possible  to r ega rd  the s y s t e m  as  chaot ic .  

F o r m u l a  (10) does not sa t i s fy  the passage  to the 
l imi t  Xeff = Xg for  p = 100%. To el iminate  this d r a w -  
back,  Kaganer  a r t i f i c ia l ly  in t roduces  additional t e r m s  
into this fo rmu la .  The final expres s ion  for  the ca l cu -  
lat ion of the effect ive t he rm a l  conduct ivi ty  of the g r a n -  
u la r  ma te r i a l s  has the fo rm 

)~eff 5.8t100-- p)2 In' ~ - -  t - -  + 1. (lOa) 
s I00 e )~g 

The author  provides  no theore t i ca l  foundation for  
the introduct ion of these  addit ional t e r m s .  Graphica l ly ,  
function (10a) for  the case  Xs/Xg = 100 is given by 
curve  VIII in Fig.  3. 

Fo rmu la  (t0a) may  a lso  be used  to calculate  the 
effective t he rma l  conduct ivi ty  of po lyd i sperse  s t r u c -  
tu res .  Here  we cons ider  two types of s t ruc tu re :  

a) the gra ins  a re  cong lomera t e s  of smal l  spher ica l  
pa r t i c l e s  ; 

b) the gra ins  a re  ce l lu lar  in s t ruc tu re .  
In the f i r s t  case ,  fo rmula  (t0a) is used to d e t e r -  

mine the t he rma l  conduct ivi ty  Xg of the g ra in  c o n s i s t -  
ing of smal l  pa r t i c l e s ,  with the same  fo rmula  used to 
calcula te  the t he rma l  conductivi ty of the ent i re  m a t e -  
rial (Xg is subst i tuted for  Xs). In the case  of a ce l lu lar  
s t ruc tu re  the use of the Ray le igh-Eucken  fo rmulas  [30] 
and the Russe l  f o rm u l a  [10] is sugges ted  for  the d e t e r -  
ruination of the t he rma l  conduct ivi ty  Xg of the ce l lu lar  
g ra ins ,  the calculat ion subsequentIy being c a r r i e d  out 
in accordance  with fo rmula  (10a). Refe rence  [28] p r o -  
vides no specif ic  suggest ions  as to the de terminat ion  
of the external  and internal  poros i t i e s  of the po lyd is -  
pe r se  sys t em,  thus introducing inde te rminacy  into the 
calcula t ions .  

We note that  the ana lys is  of the t r a n s f e r  of heat  
through the g ranu la r  sys tem,  p roposed  by Kaganer ,  is 
cont rad ic tory .  As was demons t ra ted ,  in de te rmin ing  the 
p a r a m e t e r  N the author  r ega rds  the sys t em as chaotic ,  
while in de termining the function S = S(p) he makes  the 
implici t  a ssumpt ion  of a l ong- range  o r d e r  in the s y s -  
tem.  Moreove r ,  the re  is no just i f icat ion for  the change-  
over  f rom fo rmula  (10) to fo rmula  (10a). 

To calculate  the heat  t r ans f e r  in h igh-poros i ty  (p > 
> 80%) g ranu la r  m a t e r i a l s ,  P ra so lov  t r ea t s  the g r a n -  
u lar  s t ruc tu re  as  a s y s t e m  of (sol id-gas)  para l le l  
planes [33]. Cons ider ing  the effect  of the continuous 
po res ,  P r a s o l o v  subsequent ly  p roposes  the funct ion 
Xeff = Mp), applicable to a wide range of poros i t i es  
[34]: 

-~o" - I 2 [ 1 +  (300-2p) ~ [z.g , 
- ~  - - I  ~ , 1 4 p - - 1 4 )  100 [ ~ a )  -7 

(lO0--p)(14q-2p)(~g .~g) 14q'2p [ )~g'/t 
+ x 

-~ (1,14p--14) 100 ~ a aTl-O0" ~'~aJJ 

( 
The effect of t he rm a l  conductivi ty for  g ranu la r  m a -  

t e r i a l s  is p resen ted  graphica l ly  in Fig .  3 as a function 
of poros i ty ,  these functions having been plotted f rom 

f o r m u l a s  (5-11) ,  as  p roposed  by var ious  au thors .  It 
was a s sumed  in each of the cases  that (X r + X c) is 
smal l  in compar i son  with the molecu la r  the rma l  con-  
ductivity,  and that we can a s sume  (Xr * Xc) = O. More -  
over ,  cases  were  cons idered  in which the pa r t i c l e s  
exhibit  a t he rma l  conduct ivi ty  g r e a t e r  than that of the 
gas-filler (Xs/Xg = i00). It follows from Fig. 3 that 
function (8) most closely reflects the actual shape of 
the curve Xeff = Mp). 

Analysis of the various studies on the effective ther- 
mal conductivity of granular systems under conditions 
of normal gas pressure and low temperatures (not 
above 20-30 ~ C) permits the following conclusion: the 
assumption as to the possibility of replacing a real 
granular system by an ordered structure has been val- 
idated experimentally. Also of interest is an analytical 
study of the process of heat transfer through granular 
systems with chaotic particle distribution. However, 
this study should be carried out if it will yield results 
no more cumbersome and no less exact than the anal- 
ysis of ordered structures. At the moment, we know of 
no work in which the system is logically treated as 
chaotic. 

Till now we have been speaking of the effect exerted 
by the structure on the effective thermal conductivity 
of a granular system. Here it was assumed that the 
parameters Xs, Xg, Xr, and Xc contained in these for- 
mulas are known. Let us examine methods for the 
calculation of these parameters in granular systems. 

II.  Separate Components of Thermal Conductivity in 
a Granu la r  Sys tem.  The the rma l  conductivi ty coeff i -  
cient  Xs for  the pa r t i c l e s  of the mate r i a l ,  as well as 
the the rma l -conduc t iv i ty  coeff icient  X0 at no rma l  p r e s -  
su re ,  a re  taken f rom r e f e r ence  l i t e ra tu re .  Accord ing  
to the mo lecu l a r -k ine t i c  theory  of gases ,  the the rma l  
conductivi ty of the gas begins to diminish with a r i se  
in p r e s s u r e  if the mean  molecu la r  path A is of the 
same  o r d e r  or  h igher  than the dis tance 6 between the 
h e a t - t r a n s f e r  su r f ace s .  We know of the following fo rm 
for  the the rma l  conduct ivi ty  of a gas  as  a function of 
p r e s s u r e  [31]: 

)~g _ ~.0 , (12) 
B 

i ! 
H6 

where B is the coefficient defining the characteristics 
of the gas and of the heat-transfer surfaces. 

The reduction in the effective thermal conductivity 
of granular materials with a drop in the pressure of 
the gas filler is caused by the change in the thermal 
conductivity of the gas. 

Among the ea r l i e s t  works  concerned  with the in- 
ves t igat ion of the t he rmophys i ca l  p rope r t i e s  of g r a n -  
u la r  ma te r i a l s  under  conditions of reduced g a s - f i l l e r  
p r e s s u r e  we have those of Smolukovski  [32]. E x a m -  
ining a powder containing gra ins  of spher ica l  shape 
whose t he rma l  conductivi ty is infinitely l a rge  in c o m -  
par i son  with the t he rma l  conductivi ty of the gas ,  he 
proposed the calculation of the thermal conductivity 
keff of the g ranu la r  ma te r i a l s  as a function of the g a s -  
f i l le r  p r e s s u r e  H accord ing  to the following formula  
which should be t r ea ted  as a genera l iza t ion  of expe r i -  
menta l  data: 
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-I- r , 

where M is a coefficient which is a function of X0 and 
p. The values of M are  presented in [32] for several  
granular  sys tems .  

In an analytical determination of the effective the r -  
mal conductivity of a granular  system as a function of 
gas p ressure  the following method is general ly em-  
ployed: the value of Xg from (12) [17, 27 ,28,33-39]  is 
substituted into the formula for the effective thermal  
conductivity of any of the s t ruc tures .  The fundamental 
difficulties in this case are  associated with the de te r -  
mination of the pore dimensions 6 of an actual system. 
Let us examine how this problem is solved by certain 
authors.  

R. S. Prasolov uses the formal  apparatus of the 
molecular-kinet ic  theory of gases to determine the 
average pore dimension 5, t reating a chaotic s t ructure 
as a t ime-fixed pattern of molecular  distribution. The 
expression for  5 has the form [33,34] 

6 = d  (1.14p ~ 14) 
6(lO0--p) 

Using this expression and (12) it is possible to de-  
termine the effective coefficient of thermal conductiv- 
ity for granular  mater ia ls  in the case of reduced gas -  
filler pressure  from formula (11). 

To calculate the thermal  conductivities of materials  
made of powders and loose fibers under conditions of 
reduced p ressu res ,  V. M. Kostylev [40] derived a 
formula in which the concept of a specific solid-phase 
material  surface is employed. For  practical  calcula-  
tions with this formula it is necessary  to have avail-  
able data on the magnitudes of the specific solid-phase 
surface of powder mater ia ls .  

Formula (8), proposed by G, N. Dul'nev and Z. V. 
Sigalova, with consideration of (12)--the thermal con- 
ductivity of the gas as a function of pressure--may be 
employed to calculate the thermal eonductivities of 
granular materials over a wide range of pressure vari- 
ations in the gas filler. The value of Xg should be ex- 
panded for this purpose in expression (8) as per formula 
(12). Here it should be borne in mind that for the 
adopted idealized model of a granular material there 
exists several types of gas intervals exhibiting various 
dimensions. In the light of the foregoing, formulas (8) 
assume the following form [26]: 

26 98 .~ p .~ 75 % 

1 } H S h .  1 , 

,( 

z) 
B + kr + kc 

HSp , 

+ 

p ~ 7 5 %  

X Z' + 
B B 

H 8ha H 6p 

V B ") -- ,~ ~ ~r 

t + H~cen 

(14) 

Here 6ha = 2r(A - [2/3]) is the mean halo dimension; 
5p = 2r(1.41A - I) is the meanpore dimension; 5cell = 
= 2(2)i/2rA is the height of the elementary ceil. 

Formula (14) can be substantially simplified if in 
the place of 5ha , 6p, and 6_cell we introduce the aver- 
age value of the pore size 5, calculated according to 
the formula 

n 
- 

6= ~i ki, i== ha, p, and cell, 

where k i is the coefficient by means of which we ac-  
count for the relative effect of the i-th gas interval on 
the coefficient of effective thermal conductivity, i . e . ,  
heat conduction resulting exclusively from molecular  
t ransport .  

It is obvious that with this definition of k i 
n 

Z k t=  1. 

The calculations yielded the following values of the 
parameter  5-: 

2 6 % < p < 7 5 %  6 2.1r A - -  , 

Formulas  (14) then assume the form 

26% ~ p-% 75% 

~o~.= ~'< X+Z_+~r+~ ~ 
A t §  

Hg 

p >  75% 

)%ff_ 1~o X + Z ' + V  

A l q - ~  
Ha 

05) 

Calculations according to (14) and (15) coincide sat- 
isfactorily with the experimental data of an extensive 
class of granular materials [411. 

With consideration of (12), M. G. Kaganer uses 
formula (10a) to calculate the effective thermal con- 
ductivities of granular materials for various gas-filler 
pressures. This theoretical formula assumes the fol- 
lowing form: 

x~ff= , B ,~/+Cln 1 + ~ -  .-~ )~., (16) 
1 - 7 - - -  

H 

where X a denotes the contact and radiative components 
of the thermal-conductivity coefficient (determined 
experimentally). 

Although expressions for the constants ~ and B are 
presented in [28], the author suggests that their values 
be determined experimentally.  CaleuIation with formu-  
la (16), including the theoretical determination of the 
constants ~r and B, yields a deviation from the experi-  
mental data reaching as high as 30-100% (for example, 
Kannutuik and Martin [421). 

Let us turn to an examination of the contact com-  
ponent h e of the effective thermal conductivity of gran-  
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u la r  m a t e r i a l s .  Contact  heat  t r a n s f e r  is a funct ion of 
the phys ica l  and mechan ica l  p rope r t i e s  of the m a t e r i a l ,  
as well as of the contact  a r ea  which is governed  by the 
p r e s s u r e  force  exer ted  on the m a t e r i a l  [43]. In the 
case  of a g r a n u l a r  m a t e r i a l  poured  out f ree ly ,  this  
force  will  be the weight of the l a y e r s  on top; on appl i -  
cat ion of an ex te rna l  load, the contact  a r e a  and conse -  
quent ly,  the contact  t h e r m a l  conduct ivi ty  will  i n c r e a s e .  
The contact  t h e r m a l  conduct ivi ty  for  g r a n u l a r  m a t e -  
r i a l s  as a funct ion of the ex te rna l  load A can be ap-  
p rox ima te ly  ca lcu la ted  f rom the f o r m u l a s  p roposed  in 
[28,44]. 

Kaganer  ca lcu la tes  the t he rma l  r e s i s t a n c e  of two 
g ra ins  that a re  in contact  by means  of the fo rmu la s  for 
the contact  between s e m i - i n f i n i t e  bodies [43] and d e m -  
ons t r a t e s  that  for a spo t -con tac t  r ad ius  a cons ide rab ly  
s m a l l e r  than the pa r t i c l e  d i a m e t e r  d (d /a  > 10) such a 

subs t i tu t ion  is p e r m i s s i b l e .  He defines the s p o t - c o n -  
tact  radius  accord ing  to the Her tz  fo rmula  [45]. Using 
his model  of a g r a n u l a r  m a t e r i a l  in the fo rm of cha-  
ot ical ly  d i s t r ibu ted  sphe r i ca l  p a r t i c l e s ,  Kaganer  sug-  
ges ts  the following fo rmu la  for the ca lcula t ion  of the 
contact  t he rma l  conduct ivi ty  as a funct ion of ex te rna l  
load [28]: 

~,r 3"37(lO0--p)4/~)~s hi/' 
= + ~.f . . . .  (17) 

IO0"/~E'/~ 

where ?'free is the t he rma l  conduct ivi ty  of the g r a n u l a r  
m a t e r i a l  in the s tate  of f ree  flow. 

Semiempi r i e a l  f o r m u l a s  have been der ived  in [44] to 
calculate  the contact  t h e r m a l  conduct ivi ty  of g r a n u l a r  
m a t e r i a l s  as funct ions  of the ex te rna l  load: 

for  loads f rom 0 to 3 �9 106 N / m  2. 

)~c = ~free+ ~,s ] h t'3 kin, (18a) 
1.6.10 5 A 

for  loads f rom 3 �9 10 5 to 16 �9 10 5 N /m 2 

~'c ~ ~'n-ee ~ )~ 1 h'/9 kb �9 (18b) 
E% A 

Here A is a funct ion of the poros i ty  d e t e r m i n e d  a c -  
cording to fo rmula  (8), and k m and k b a re  e m p i r i c a l  
coeff icients  which a re  funct ions of the ex te rna l  load.  
As demons t r a t ed  in [44], for pa r t i c l e s  of m i n e r a l  o r ig in  
(k s < 1 - 2  W / m  �9 deg) ?`free = (2-15) x 10 -a W / m  �9 deg, 
and for sys t ems  of me ta l l i c  pa r t i c l e s  ?`free = (3-10) x 
• 10 -2 W/m �9  The values  of the coeff ic ients  k m and 
k b a re  a lso given in [44]. 

It follows f rom fo rmu la s  (17)-(18) that the contact  
t he rma l  conductivi ty of a g r a n u l a r  m a t e r i a l  is indepen-  
dent of the pa r t i c l e  d imens ions ,  but  is defined exc lu -  
s ively by the mechanical (E) and the physical (?`s) 
properties of the particle material, the porosity (p) of 
the system, and the external load (&). Comparison of 
calculations according to (17) and (18) with numerous 
experiments [25,46,47] demonstrates that these for- 

mul a s  can be used  for  ten ta t ive  ca lcu la t ions .  The ex-  
p e r i m e n t a l  and theore t i ca l  data in this  case  may differ 
by fac tors  of 2 - 3 .  

An e x p r e s s i o n  is given in [48] for  the heat  flux 
through t he r ma l  insu la t ion  as  a r e su l t  of contact con-  
duct ivi ty  in the s tate  of f r ee - f low coverage .  However,  
the appl ica t ion  of the proposed  f o r mu l a  is diff icult  s ince 
it  conta ins  an addi t ional  p a r a m e t e r - - t h e  coeff ic ient  of 
the i n t e rna l  f r i c t ion  of the g r a n u l a r  m a t e r i a l - - w h o s e  
de t e r mi na t i on  r e p r e s e n t s  an independent  p rob lem.  

The e x p e r i m e n t a l l y  d e t e r m i n e d  ?`free includes  the 
r ad ia t ion  component .  As ment ioned  e a r l i e r ,  at room 
t e m p e r a t u r e  this  component  is sma l l  for  g r a n u l a r  m a -  
t e r i a l s .  However,  with a r i s e  in  t e m p e r a t u r e  its value 
i n c r e a s e s .  

An approximate  eva lua t ion  of the rad ia t ion  com-  
ponent  of the effective t he r ma l  conduct ivi ty  of g r a n u l a r  
m a t e r i a l s  is p r e se n t e d  in a n u m b e r  of pape r s .  A r e -  
view of these  is p r e se n t e d  in the monograph  [2]. In 
s tudying rad ia t ive  hea t  exchange,  as a ru le ,  we t r e a t  
the g r a n u l a r  m a t e r i a l  as a s y s t e m  of n o n t r a n s p a r e n t  
s c r e e n s  and the e x p r e s s i o n  for the rad ia t ive  component  
?`r has the following form:  

~r = ke2Ta S, 

where k is a n u m e r i c a l  coeff icient  which is a function 
of the adopted model  of the g r a n u l a r  sys t em.  No con-  
s ide ra t ion  is g iven in these  works to the s ca t t e r ing  and 
absorp t ion  of pa r t i c l e  rad ia t ion .  The indicated model  
for  rad ia t ive  t r a n s p o r t  is somewhat  too coa r se ,  which 
s e r v e s  to explain the unsa t i s f ac to ry  a g r e e m e n t  with 
e xpe r i me n t .  

Another  approach is poss ib le  in the inves t iga t ion  of 
heat  t r a n s f e r  by rad ia t ion  through a g r a n u l a r  sy s t em.  
It may be based  on the r e p r e s e n t a t i o n  of the g r a n u l a r  
m a t e r i a l  in the fo rm of some homogeneous s e m i t r a n s -  
p a r e n t  med ium c h a r a c t e r i z e d  by in tegra l  va lues  for the 
absorp t ion  and sca t t e r ing  coeff ic ients .  An ana lys i s  of 
the p r o c e s s e s  of rad ia t ive  heat  exchange in such media  
is p r e se n t e d  in [49-54] .  However ,  we know of no pa -  
pe r s  in which this method is employed for  an ana lys i s  
of the rad ia t ive  component  of the t he rma l - conduc t iv i t y  
coeff icient  for g r a n u l a r  m a t e r i a l s .  

In conc lus ion  we note that the p r o c e s s e s  of m o l e c -  
u la r  heat  t r a n s f e r  through g r a n u l a r  m a t e r i a l s  as s t an-  
dard  as well  as at reduced  p r e s s u r e  have now been 
s tudied both theo re t i ca l ly  and expe r imen ta l l y  in r a the r  
complete  detai l .  Contact  heat  t r a n s f e r  can be eva lu -  
ated at the m o m e n t  only ten ta t ive ly .  The p r o c e s s e s  of 
rad ia t ive  heat  exchange in g r a n u l a r  media ,  as well  as 
the effect of m o i s t u r e  on the effective t h e r m a l - c o n d u c -  
t ivi ty  coeff icient ,  have not been studied so ex tens ive ly .  
It is c l ea r  that these l a s t  two l ines  in the study of heat  
t r a n s f e r  r equ i r e  more  p e r s i s t e n t  a t tent ion on the pa r t  
of r e s e a r c h e r s .  

NOTATION 

*Formulas (18) have been taken from reference [44]. 
In the similar formulas in this paper E and A should 
be used in units of kg/cm 2 rather than in units of N/m 2, 

as proposed in [44]. 

?`eff is the effective thermal conductivity of granular 
material; ?`g is the thermal conductivity of a gas; ?`0 is 
the thermal conductivity of a gas at a normal pressure; 
?`s is the thermal conductivity of material of particles; 
?`c is the contact thermal conductivity; ?`r is the radia- 
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t i r e  t h e r m a l  conduc t iv i ty ;  p is  the p o r o s i t y ;  r is  the  
r a d i u s  of p a r t i c l e s ,  N i s  the n u m b e r  of con t ac t s ;  H is  
the p r e s s u r e  of g a s - f i l l e r ;  5 is  the s i ze  of p o r e s ;  A 0 
is  the m e a n  f r e e  path  of gas  m o l e c u l e s  at  a n o r m a l  
p r e s s u r e  H0; E is  the e l a s t i c i t y  modulus  of m a t e r i a l  
of p a r t i c l e s ;  A is the e x t e r n a l  load;  k m and k b a r e  the 
e m p i r i c a l  coe f f i c i en t s ;  T i s  the  t e m p e r a t u r e ;  e is  the  
e m i s s i v i t y .  
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