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Heat t r a n s f e r  through a granular  s y s t em with a random s t ruc tu re  in the state of f ree  filling 
is  d i scussed .  A model  of random s t ruc tu re  is proposed and a method for calculat ing the 
effective t h e r m a l  conductivity of a granular  sy s t em is  presented .  

It was shown in [1] that there  is need for  a new model of g ranular  s y s t e m s  sat is fying the following 
r equ i r emen t s :  the model  must  be s table ,  i so t ropic ,  r e f l ec t  the shape of the par t i c les  over  the whole range  
of var ia t ion  of poros i ty ,  and for large values  of the porosi ty  cons is t  of re la t ive ly  la rge  cong lomera tes  of 
contact ing pa r t i c l e s .  The las t  r equ i r emen t  is  imposed to t ry  to br ing  the model  c lo se r  to the s t ruc tu re  
actually observed  in a highly porous granular  ma te r i a l .  

A granular  s y s t e m  is made up of a " c a r c a s s "  consis t ing of a random but re la t ive ly  dense s tacking 
of gra ins  (first  o rde r  s t ruc ture)  and l a r g e r  voids penet ra t ing  the c a r c a s s  and fo rming  with it a s t ruc tu re  
with in te rpene t ra t ing  components  (second o rde r  s t ruc ture) .  I t  was shown in [1, 2] that the effective t h e r -  
mal  conductivity of the whole granular  s y s t em can be found f rom the re la t ion  

C 2 C o 2v~C~ (1 - -  C~) ) ~  (1) 
)~c = 2 + v 2 ~ ( 1 - -  ~) 7- C 2 v 2 2 + ( 1 _ C 2 )  ' v 2 2 -  ~c 

The p a r a m e t e r  C 2 is re la ted  to the volume concentra t ion m22 of the gaseous component  in the second 
o rde r  s t ruc tu re  by the equation 

m,, = 2 ~  - -  3C~ -Jr- 1, (2) 

I f  the total  poros i ty  of the sy s t em is m 2 and the poros i ty  of the c a r c a s s  is m21, then which is solved in [2]. 
[1, 2] 

m~2 = (m~ - -  m~l ) (1 - -  me1) -1. (3) 

Thus the effect ive t h e r m a l  conductivity of the whole sy s t em can be calculated by Eqs .  (1)-(3) for 
known values of the t h e r m a l  conductivity of the c a r c a s s  k c, the t h e r m a l  conductivity of the large voids •22, 
and the poros i ty  of the c a r c a s s  mzl. 

The model  of the c a r c a s s  used in [1, 2] to de te rmine  these  p a r a m e t e r s  assumed  spher ica l  gra ins  with 
te t ragona l  packing; i . e .  a c a r c a s s  with a constant ,  and for sphe res  of the same  s ize ,  sma l l e s t  porosi ty  
m21 = 0.26. 

I t  is a s sumed  that the pa r t i c l e s  a re  solid and the re fore  any value of the porosi ty  of a g ranular  sys tem 
m 2 > 0.26 is re f lec ted  in the model by the appearance  of second o rde r  s t ruc tu re  (a network of la rge  voids).  
With an inc rease  in poros i ty  the f ract ion occupied by the c a r c a s s  is dec reased ,  and the spat ia l  network of 
voids in the second o r d e r  s t ruc tu re  fi l ls  all  the r ema in ing  volume of the sy s t em (Fig. la) .  

(ha the bas i s  of the above, and using cer ta in  additional a s sumpt ions ,  express ions  were  der ived for 
the the rmalconduc t iv i t i e s  kc and k22, and thus the sy s t em of equations (1)-(3) was c losed.  Values  of the 
effect ive t h e r m a l  conductivity of g ranu la r  ~ys tems  calculated by this method were  in sa t i s fac tory  ag reement  
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with numerous  expe r imen ta l  data.  In spite of this there  remained  a ce r ta in  d issa t i s fac t ion  with the ve ry  
a r t i f i c ia l  c h a r a c t e r  of the model  of a c a r c a s s  in which the poros i ty  and the nature  of the par t ic le  s tacking 
are  r ig idly  fixed. We p re sen t  below another  model  of the s t ruc tu re  of the c a r c a s s  taking account of the r e -  
s t r ic t ions  indicated which as far  as  poss ib le  app rox ima tes  the actual  s t ruc tu re  of  the c a r c a s s .  With c e r -  
tain r e s e r v a t i o n s  this model  can desc r ibe  the effect ive t h e r m a l  conductivity not only of the c a r c a s s  but of 
the whole g ranu la r  sys t em.  

Model of a Random Granu la r  System. The analyt ical  de te rmina t ion  of the geome t r i ca l  p a r a m e t e r s  
of the model  of a g ranu la r  s y s t em  discussed  above [1] is based on the convers ion  f rom a r andom to an o r -  
dered  a r r a n g e m e n t  of gra ins  in the sys t em.  P a p e r s  have appeared  in which the geome t r i ca l  p a r a m e t e r s  of 
a model  s im i l a r  to that descr ibed  above [1, 2] were  de te rmined  d i rec t ly  for  a random s t ruc tu re  without 
conver t ing  to an o rde red  model .  One of the mos t  in te res t ing  descr ip t ions ,  in our opinion, is given by 
Kunii and Smith [3] and M. G. Kaganer  [4] who de te rmine  the geomet r i ca l  p a r a m e t e r s  of the model  by using 
the dependence of the ave rage  number  of contacts  N per  grain (coordination number)  on the poros i ty  of the 
s y s t e m  m 2. 

Analyt ical  and expe r imen ta l  a t t empts  to de te rmine  the fo rm of this re la t ion  have had a l imited success .  
E r e m e e v  [5] es tabl i shed a more  genera l  fo rm of this re la t ion  analyt ical ly (Fig. 2) 

N -~ m2~ + 3 + V-m~l - -  10m~ -? 9 (4) 
2me1 

By using (4) the number  of contac ts  between pa r t i c l e s  can be found for  var ious  values  of m2i and the 
fo rm of a model  of a g ranu la r  s y s t em  can be desc r ibed .  F igure  lb ,  c,  and d show plane c r o s s  sect ions of 
the s t ruc tu re  of g ranular  s y s t e m s  with va r ious  poros i t i e s .  

A change in N co r r e sponds  to a change in the nature  of the s tacking of the pa r t i c l e s ,  and this makes  
the model  more  flexible than the one cons idered  above [1] with o rde red  stacking.  This  is the mos t  a t t r a c -  
t ive fea ture  of the method.  However ,  two fundamental  diff icult ies  a r i s e  in the rea l iza t ion of this idea. 
The f i r s t  is re la ted  to the es tab l i shment  of the fo rm of the re la t ion  N = N(m21), and the second to the jus t i -  
f icat ion of the t rans i t ion  f rom the whole granular  sy s t em to a ce r ta in  e lement  with ave rage  geome t r i ca l  
p a r a m e t e r s  having a t h e r m a l  conductivity equal to that of the sys t em.  It is shown in [2] that  the bas ic  idea 
proposed in [3, 4] was not adequately developed and the authors  were  forced to r e c o m m e n d  calcula t ing the 
t h e r m a l  conductivity by s e m i e m p i r i c a l  re la t ions .  

We have a t tempted to desc r ibe  the h e a t - t r a n s f e r  p roce s s  in a random granu la r  s t ruc tu re  by using 
Eq. (4). 

Heat  T r a n s f e r  in a Granu la r  System. Suppose the g ranu la r  sys t em cons i s t s  of rounded pa r t i c l e s  
having a t h e r m a l  conductivity higher than that of the ma t e r i a l  in the pores .  Most of the heat flux in such 
s y s t e m s  occu r s  through the reg ions  surrounding the contacts .  A single contact  region is s eve ra l  t imes  
s m a l l e r  than  the d i a m e t e r  of a par t ic le  [6]. 

We take advantage of this fea ture  of heat t r a n s f e r  in a granular  sy s t em and divide the heat flux into 
individual tubes of  flow such that the axis of a tube pa s se s  through a par t ic le  f rom contact  points at ent rance  
and exit  (Fig. 3a). 

We a s sume  that the t h e r m a l  conductivity of each tube is  equal to the effect ive t h e r m a l  conductivity of  the 
whole granular  s y s t e m  (assumption 1). This  assumpt ion  s t ems  f rom the supposit ion that a tube of flow is  
much longer  than the t r a n s v e r s e  d imens ions  of the par t ic les ;  i . e . ,  each tube of flow p a s s e s  through a 
la rge  number  of pa r t i c l e s  of nonelongated fo rm randomly  filled the volume of the g ranu la r  sys t em.  

We sepa ra t e  a tube into the e lements  i - - l ,  i, i + 1 . . . .  (Fig. 3a); each e lement  is contained between 
two planes perpendicu la r  to the heat flux; the c - -c  plane pa s se s  through a contact point and the b- -b  plane 
divides the pa r t i c l e  in half. The l a t e ra l  sur face  of a tube is formed by adiabatic  wal ls .  

The t h e r m a l  r e s i s t a n c e  of a tube is equal to the sum of the t h e r m a l  r e s i s t a n c e s  of i ts  e lements .  
These  e lements  can be divided into two types .  In the f i r s t  type there  a re  no through pores  of the g ranu la r  
sys tem;  e lements  of the second type contain such po res .  

F igure  4 shows a spec ia l  case  of  g ranu la r  s tacking -- o rde red  cubical  s tacking of spheres .  It is 
easy  to see that each sphere  is in contact  with six other  sphe re s  at the points K, L, M, O, P, and E; the 
contacts  O, M, P,  and E occur  for through po re s ,  and the c r o s s  sect ional  a rea  of the through pores  is 
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Fig.  1. Plane sect ions  of the s t ruc tu re  of granular  s y s t e m s  with v a r i -  
ous poros i t i e s .  ~ ,  c ,  d) actual  s t ruc tu res ;  b) ideal ized chain s t ruc tu re .  

a) m = 0.9; b) 0.9; c) 0.7; d) 0.4. 

Fig.  2. Relat ion of the coordinat ion number  N to the poros i ty  m2~. 
The dashed l ines r ep re sen t ca l cu l a t i ons  with Eq. (4). The coordination 
num ber s  for  v a r i o u s  methods of s tacking of sphe res  a re :  1) te t ragonal ,  
m 2 = 0.26; 2) hexagonal,  m 2 = 0.4; 3) cubical  body-cen te red ,  m 2 = 0.32; 
4) cubical ,  m2 = 0.47; 5) diamond s tacking s t ruc tu re .  

shown in Fig.  4a and b as shaded a r e a s .  Both types  of e lements  of a tube of flow are  shown in Fig.  3b and 
c. We note that through pores  a re  p resen t  only in those tube e lements  of the second type for which the 
a - - a  plane (Fig. 3c) in t e r sec t s  the b- -b  plane within the l imi t s  of the tube. 

We consider  f i r s t  heat t r a n s f e r  in tube e lements  of the f i r s t  type: the l a te ra l  boundar ies  of such e le -  
ments  a re  general ly curved and heat  t r a n s f e r  in them is  difficult to desc r ibe  mathemat ica l ly .  We make 
assumpt ion  2: the t h e r m a l  r e s i s t a n c e  of a curved e lement  is  equal to the t h e r m a l  r e s i s t a n c e  of the " r ec t i -  
fied" e lement  in which the l a te ra l  adiabatic su r faces  in the par t ic le  a re  para l le l  to the d i rec t ion of the total  
heat  flux; in this case  the c r o s s  sect ional  a rea  of an e lement  is maintained.  Consequently the change in 

- q \o 

�9 eo b 

Fig.  3. Tubes  of flow in a granular  sys tem;  a ) t ube  of 
flow; b, c) f i r s t  and second types  of e l ements  compr i s ing  
a tube of flow. 
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Fig, 4. Determination of the area of through pores :  a) through 
pores  in cubical  stacking of spheres;  b) equivalent volume spheres  
replac ing  polyhedra; c) model element of random s t ructure  of a 
granular  sys tem with average pa ramete r s .  

direct ion of flow lines in the rectif ied element of a tube of flow occurs  only at the a - - a  plane near the con- 
tact  region (Fig. 3b). 

Real  par t ic les  can be angular in shape (ground materials)  and curved with var ious  radii  of curvature .  
For  simplicity we assume (assumption 3) that the regions near  eontaets in each element of a tube are 
formed by spheres  with an average radius r .  

The area S 3 of the spherical  surface per  contact is equal to the ra t io  of the total surface of a part icle 
S = 4~r 2 to the coordination number N; i . e . ,  S 3 = 4~r2/N, and we take the c r o s s  section of a tube of flow 
as a er iele  of radius  r 3 (Fig. 4c). To find the relat ion between r 3 and N we use the equations [7] 

r~ = h e (2r - -  he), S 3 = 2rlrh  c, 

where h e is the height of the spherical  segment.  

After some simple t ransformat ions  we find that 

Y3 = r~ / r  = 2 V N - -  I / N .  (5) 

The relat ion Y3 = y3(m2l ) can be determined by using Eq. (4). It can be shown that elements of tubes 
of the f i rs t  type have identical thermal  r e s i s t a n c e s  equal to the thermal  res i s tance  of the cent ra l  element 
shown in Fig. 4c. 

As pointed out above, contact  points in elements  of the second type are closed to the plane of sepa ra -  
tion b--b,  and the heat flux depends cr i t ica l ly  on the volume fraction of the through pores .  The number  of 
e lements  of the f i rs t  and second type in a random granular  sys tem are c lear ly  not very  different. We take 
the next step in the schematizat ion of the p rocess  by assuming that the effective thermal  conductivity of a 
tube of flow is equal to the thermal  conductivity of a cer ta in  combination element with average pa ramete r s  
(assumption 4). The element with average pa rame te r s  is an element of the f i rs t  type with a prescr ibed  
average  fract ion of through pores  per  element of the second type. 

To determine the average fract ion of through pores  we const ruct  tangent planes about each part icle 
at its points of contact  with neighboring par t ic les .  The set of planes forms a spatial polyhedron. It is 
easy to see that the average porosi ty of such polyhedra is the same as that of the whole system. In view 
of the a rb i t r a ry  Shape of the par t ic les  we replace the polyhedra by a sys tem of concentr ic  spheres  
having the same volume (assumption 5)and the same porosi ty,  as shown in Fig. 4b. 

The ra t io  R4/ r ,  which is required later ,  can be found by using Fig.  4b. By definition the volume of 
the outer sphere V 0 and that of the part icle  V are related to the porosi ty m21 by the express ion (V0--V) 
/~r = m21, f rom which 

l 

RJr=(1--m21 ) 3 (6) 

We make a quantitative est imate  of the fraction of through pores  by compar ing the relat ive a reas  of 
the pores .  In other words we set up the rat io of the area of the through pores  per part icle to the average 
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c r o s s  sect ional  a rea  of a par t i c le .  We make a fur ther  s impl i f icat ion of the model  (assumption 6) by r e p r e -  
senting the through pores  by a cyl inder  with an annular  base  surrounding the cen t ra l  e lement  of the tube 
(Fig. 4c). In this case  we a s sume  that the re la t ive  a rea  of the base  of the cyl inder  is  equal to the re la t ive  
a rea  of the through pores .  We wri te  the las t  condition in the fo rm 

(R~ - -  r=)/ur ~'= ~ (r 2 . -  r3)/ur3 , ~ 

which together  with Eqs.  (4) and (5) leads to 
I 

Y~ = Y3 (1 - -  m~)- ~- (7) 

Equations (4), (5), and (7) comple te ly  c h a r a c t e r i z e  the geomet r i ca l  p a r a m e t e r s  of an average  e l e -  
ment  (Fig. 4c) which mus t  r e f l ec t  the c h a r a c t e r i s t i c s  of the whole granular  sys t em.  Equations (4)-(7) a re  
der ived for ideally smooth r igid par t i c les .  F igure  4c shows schemat ica l ly  the dis tor t ion of the shape of a 
par t ic le  in the contact  zone. It  is r ep re sen ted  by a nominal  contact  spot of rad ius  r 2 and an actual  contact  
spot of radius  r 1. We do not take account of the d imensions  of the contact  spot in view of i ts  smal l  s ize .  
F o r  f ree ly  poured gra ins  Y2 = r 2 / r  = 1 - 3 . 1 0  -3, Yt = r l / r~= (10-3-10-1)y2 �9 Methods of es t imat ing  the di -  
mens ions  of the nominal  and actual  contact  spots are  d iscussed  in [1, 2]. 

The model  cons idered  is  i so t ropic  and s table ,  but for l a rge  values  of the porosi ty  the par t i c les  in the 
granular  s y s t e m  are  s t re tched into thin chains as shown in Fig.  lb .  We r eca l l  that in actual  g ranular  s y s -  
t e m s  large  cong lomera te s  of pa r t i c les  a re  formed for  la rge  poros i t i e s  (Fig. la ) .  T h e r e f o r e  the range of 
applicabil i ty of the p resen t  model  is r e s t r i c t e d  by the following l imi t s  of  var ia t ion  of the poros i ty ;  0 -< m 2 
-< 0.4. F o r  a poros i ty  m 2 > 0.4 through pores  of the second o rde r  s t ruc tu re  appear  in the sys t em.  The 
t h e r m a l  conductivity of an e lement  with average  p a r a m e t e r s  (Fig. 4c) is  equal to the effect ive t he rma l  
conductivity of the whole s y s t e m  if the five bas ic  assumpt ions  made above do not d is tor t  the actual  p roces s  
too much. 

Let us cons ider  heat t r a n s f e r  through an e lement  with average  p a r a m e t e r s  (Fig. 4c) hav ing i so the rms  as 
ba se s  and adiabat ics  as l a t e ra l  su r f aces .  The t h e r m a l  r e s i s t a n c e  of the e lement  canbe  calculated by b reak ing i t  
down e i ther  by i so the rma l  planes perpendicular  to the heat flux or  by adiabatic  su r faces  para l le l  to the heat 
flux. The b reak ing  down by i so the rma l  planes underes t ima tes  the t he rma l  r e s i s t a n c e ,  and break ing  it down 
by adiabatic su r faces  o v e r e s t i m a t e s  it [2]. A combinat ion of these  methods is  used in [2]: in this case  an 
additional i so the rm is Introduced into the model.  In the e lement  under considera t ion  with average  p a r a -  
m e t e r s  this i so the rm coincides with the plane shaded in Fig.  4c. Using the combination descr ibed  an ex-  
p r e s s ion  can be found for the t he rm a l  conductivity of the c a r c a s s  Xc: 

~C= ~ - \  O ,5h r i+ ( l_O.5hr )O  - ~  l _ _ 0 . 5 h r _ _ B + O . 5 h r t v m  z (8) 

+ l--vsz r~J--'---~ + vspE ' 

where  

2 ~ .  2. D = V 1  y~" e l / ' l - - y ~ ;  A = V~ - -  Vl, E = y~ - -  y; ,  - -  , = 

r 1 r a 1 
Yi -- ; Y3 = - -  ; w - -  (1 - -  vgD + B/Hd) ;  q)-.~0,017+0,4y 1. 

r r 1 - -  ~g 

Equation (8) ean be apprec iably  s implif ied in a number  of  p rac t ica l ly  impor tan t  e a se s .  

F o r  example ,  for f ree ly  poured grains  under a p r e s s u r e  of a gas f i l ler  H > 100 t o r r  with par t ic le  
s izes  d > 0.1 m m  the effect  of mic ro roughness  can be neglected and the gra ins  can be assumed smooth and 
r igid h r ,  Yl, Y2 = 0. In this case  Eq. (8) takes  the f o r m  

(9) 

I f  the t he r m a l  conductivity of the m a t e r i a l  in the pores  is  apprec iably  lower  than the t h e r m a l  con-  
ductivity of the par t i c les  v i << 1, Eq. ( 8 ) s i m p l i f i e s  t ~ 

~ c " ~ - 4  + 2Vg D--  I +  In I - - D  -1 
~, " ( 1 0 )  
g 

We es t ima te  the expected di f ference  between the calculated and exper imen ta l  va lues  of the effect ive 
t h e r m a l  conductivity of granular  s y s t em s .  
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Fig.  5. Compar i son  of calculated and expe r i -  
menta l  va lues  of the effect ive t h e r m a l  conduct i -  
vity of f ree ly  filled g ranu la r  s y s t e m s .  1) Steel 
s p h e r e s - - a i r ;  2) Steel sho t - -a i r ;  3) A1203--air; 
4) SiO2--air; 5) SiC--air ;  6) SiC--He; 7) SIC--H2; 
8) Z r - - A r ;  9) U--He; 10) U--N2; 11) ZrO2--ai r ;  
12) MgO--air .  

The theore t i ca l  and expe r imen ta l  va lues  of the effective t he rma l  conductivity can dif fer  because  of the 
schemat iza t ion  of the geome t r i ca l  p a r a m e t e r s  of the model ,  the use of approx imate  ma themat i ca l  methods,  
and the uncer ta inty or  spread  in the handbook values  of the t he rma l  conductivity of the gra ins ,  the coeff i -  
cient of accommodat ion  etc. ,  o r  informat ion  on the m a t e r i a l  under study as the ave rage  par t ic le  s ize ,  the 
m i c r o r o u g h n e s s ,  the p r e s s u r e  of the gas f i l le r  etc .  

The re l iabi l i ty  of the method for de te rmin ing  the geomet r i ca l  p a r a m e t e r s  of the model  is to a ce r ta in  
extent supported by the fact  that the geome t r i ca l  p a r a m e t e r s  of the model calculated for o rde red  and r a n -  
dom s tacking of sphe res  turned out to differ  by no more  than 10%. An approximate  ma themat i ca l  appara tus  
is  used to desc r ibe  the h e a t - t r a n s f e r  p r o c e s s  because  a more  r igorous  descr ip t ion  involves marked  mathe -  
ma t i ca l  diff icul t ies  and b e c o m e s  too compl ica ted  to rece ive  wide acceptance  in engineer ing  calcula t ions .  
However ,  the p rob lem of es t imat ing  the e r r o r  of approximate  methods and developing s i m p l e r  but suffi-  
cient ly accura te  methods for the ma themat i ca l  descr ip t ion  of heat t r a n s f e r  is st i l l  urgent  and will r e m a i n  
SO. 

P r e l i m i n a r y  ca lcula t ions  show that the uncer ta inty (spread) of the input data leads to a d i f ference  
between the calculated and expe r imen ta l  va lues  of  ~ of 10-15%. 

To tes t  the val idi ty of the new model  of a granular  sy s t em with a r andom s t ruc tu re  the values  of the 
effect ive t h e r m a l  conductivity calculated by using Eqs.  (1)-(8) were  compared  with expe r imen ta l  data cited 
in the l i t e r a tu re  for  eleven different  g ranu la r  s y s t e m s  (80 exper imen ta l  points).  The pa r t i c l e s  were  of 
s tee l ,  quar tz ,  z i r con ium,  magnes ium oxide, z i rcon ium oxide, diphenyls,  graphi te ,  and sand. The t h e r m a l  
conductivity of the pa r t i c l e s  var ied  f rom 0.2 to 50 W / m . d e g  K. The m a t e r i a l  in the pores  was:  a i r ,  carbon 
dioxide,  hydrogen,  hel ium, argon,  ni t rogen,  methane,  wa te r ,  ethyl alcohol,  benzene,  and oil. The t h e r -  
ma l  conductivity of the m a t e r i a l  in the po re s  var ied  f rom 0 to 0.6 W / m  - deg K. The p r e s s u r e  of the gas 
f i l le r  var ied  f r o m  10-6to 10~torr.  The d imens ions  of the pa r t i c l e s  var ied  f rom 10 -3 to 10 m m .  The poro-  
sity of the g ranu la r  s y s t e m s  var ied  f rom 0.3 to 0.96. The t e m p e r a t u r e  range was 100-2600~ 

F igure  5 c o m p a r e s  the calculated and expe r imen ta l  data on the t h e r m a l  conductivity of var ious  g ran-  
ular  m a t e r i a l s  with a gas  f i l le r  at a tmospher i c  p r e s s u r e .  Under these  conditions the effect  of the contact  
p a r a m e t e r s  can be neglected and we can take hr ,  Yl, Y2 = 0 with an e r r o r  of less  than 10~. It is c l ea r  that 
the calculated r e s u l t s  agree  with exper imen t  ove r  the whole range  of var ia t ion  of the defining p a r a m e t e r s .  
A h i s tog ram of the d i f fe rence  between the calcula ted and expe r imen ta l  values  follows c losely  the fo rm of 
the no rma l  dis t r ibut ion curve  with no sys t ema t i c  deviat ions.  The m e a n - s q u a r e  deviation of the calculat ion 
f r o m  exper imen t  for  80 points does not exceed 15%. The dif ference between the calculated and expe r i -  
menta l  va lues  i n c r e a s e s  as the p r e s s u r e  of the f i l ler  gas is  lowered (H < 10 tor r )  because  of the unce r -  
tainty in our  va lues  of the d imensions  of the actual  and nominal  contact  spots ,  which prac t ica l ly  de te rmine  
the value of the effect ive t h e r m a l  conductivity of the fil l ing under these conditions.  

In conclusion we c o m p a r e  the model  of g ranu la r  s y s t e m s  with the o rdered  s tacking of pa r t i c l e s  in 
the c a r c a s s  [2] and the model  cons idered  above with a random s t ruc tu re  of the c a r c a s s .  

The two models  give p rac t i ca l ly  the s ame  r e su l t s  for  the t h e r m a l  conductivity of g ranu la r  sy s t ems .  
The calci l lat ions do not d i f fer  in complexi ty ,  and the informat ional  poss ib i l i t i es  of the models  a re  identical.  
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In ~he new model the problem of de termining the the rmal  conductivity of the ca r ca s s  is solved more  exactly; 
this  is ,  the l imitation imposed on the porosi ty of the ca rcas s  (m21 = 0.26) is removed ,  which of course  does 
not give any c lea r  p re fe rences .  Never the less  we consider  the present  investigation expedient,  giving r i s e  
to a logical internal  development of r e s e a r c h  in this field, since its r e su l t s  enable us to draw conclusions 
on the suitability of the proposed model and the method for calculat ing the effective thermal  conductivity of 
granular  mater ia l s  in engineering prac t ice ,  and also on the absence of basic p re fe rence  for taking account 
of the random nature of the s t ruc ture  of actual granular  mate r ia l s .  

N O T A T I O N  

and hg 

Xmol and Xrad 

r l ,  Yl and r2, Y2 

rs,  Ys and r4, Y4 

hr and h r 

H 
d = 2r 
T = Cp/Cv 

k0 
P r  

are the the rmal  conduct iv i t iesof  the par t ic les  and the gas f i l ler ,  
W / m -  deg K; 

are  the molecular  and radiat ive components of the thermal  conduc- 
tivity of the mate r ia l  in the pores ,  W/m .deg  K; 

are  the absolute (m) and re la t ive  radi i  of the actual and nominal 
contact  spots; 

a re  the absolute (m) and re la t ive  radi i  of an element  with average 
pa rame te r s ;  

a re  the average absolute (m) and re la t ive  depths o f  the microrough-  
nesses ;  

is the p r e s su re  in the gas f i l t e r ,  mm Hg; 
is the d iamete r  of  a par t ic le ,  m; 
is the ra t io  of the specific heat at constant p r e s su re  to that at con- 

stant volume; 
is  the accommodat ion coefficient  of gas molecules  at the surface  of 

par t ic les ;  
is the molecular  mean free path at a tmospher ic  p re s su re  H 0, m; 
is the Prandt l  number .  
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