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The effective thermal conductivity of beds of granular material has 
been investigated experimentally in the temperature range from 3?3 
to 1200 ~ K aS a vacuum of 1 �9 10 -4 mm Hg and at atmospheric pressure. 

In most cases, granular materials are used in ap- 

paratus operating at elevated temperatures. Only a 

limited amount of experimental data has been published 
on the effective thermal conductivity of the bed under 

these conditions. Moreover, these data can be used 

only under conditions similar to those under which they 
were obtained. To have at least an approximate quan- 

titative idea of the thermal conductivity of the bed at 

elevated temperatures, it is necessary to have data on 
the possible contribution of the radiative component to 
the total effective thermal conductivity as a function of 

the principal properties of the bed. 

We have attempted to isolate the radiative compo- 
nent of the thermal conductivity of such a bed of gran- 

ular material. The experiments were conducted in a 

deep vacuum, when the molecular thermal conductivity 
of the gas is low and can be neglected, and at atmo- 

spheric pressure under comparable conditions. 
The tes t  m a t e r i a l  was in t roduced  into the annular  

gap, outs ide d i a m e t e r  100 ram, ins ide  d i a m e t e r  40 mm,  
be tween  an e x t e r n a l  a s b e s t o s - c e m e n t  tube and a coaxia l  
i n t e rna l  corundum tube. A cover ,  fas tened  to the c o -  
rundum tube, was f i t ted  on top. In the cove r ,  t he r e  
w e r e  four  s lo ts  through which the annular  gap was  

f i l l ed  with the g ranu la r  m a t e r i a l .  The t e m p e r a t u r e  
drop in the bed was m e a s u r e d  with nine f ixed c h r o m e l -  
a lume l  t h e r m o e o u p l e s .  An e l e c t r i c  hea te r ,  cons i s t ing  
of a r ig id  f r a m e  un i fo rmly  wound with n i e h r o m e  w i r e  
was i n s e r t e d  into the corundum tube. To reduce  axia l  
heat  l o s se s ,  the ends  of the tube a s s e m b l y  w e r e  t h e r -  
ma l ly  insula ted ,  

The heat  flux can be judged f r o m  the e l e c t r i c a l  
power  d e l i v e r e d  by the hea te r .  The t h e r m a l  conduc-  
t iv i ty  of the d i s p e r s e d  m a t e r i a l  was ca lcu la ted  f r o m  
the formula 

In R~ 
R~ IU (1) 

Z = 2z~ l T2 --. Tx- " 

T h e  spec i f i c  d i s s ipa t ed  power  was ca lcu la ted  f r o m  the 
vol tage  drop  fo r  both the hea t e r  as a whole and i t s  c e n -  
t r a l  par t .  F o r  th is  purpose  n i ch rome  potent iosne t r ic  
leads  w e r e  connected  to the cen t r a l  pa r t  of the hea te r  
through s y m m e t r i c a l  openings 100 m m  apar t .  

As the d i s p e r s e d  m a t e r i a l ,  we used the fol lowing 
n a r r o w  f r ac t ions  of s lag  pe l l e t s  and i ron  shot:  0 .5 -1 ;  
1 .0 -2 .0 ;  2 .0 -3 .0 ;  3 . 0 -4 .0  ram. 

To investigate the thermal conductivity in a vacuum, 

we placed the cylinder assembly in a vacuum chamber 
and connected the power supply and measuring leads 

through vacuum seals. 

On the average, each experiment lasted 24-36 hr. 

The results of the effective thermal conductivity 
m e a s u r e m e n t s  at a t m o s p h e r i c  p r e s s u r e  and 1 . 1 0  -4 
ram Hg (Fig.  t)  show that  i t  i n c r e a s e s  with t e m p e r a -  
tu re ,  although the t h e r m a l  conduct iv i ty  of cas t  i ron  is  
known to d e c r e a s e  with i n c r e a s e  in t e m p e r a t u r e ,  This  
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Fig. i. Effective thermal conductivity of gran- 
ular material as a function of temperature at 
atmospheric pressure (a) and at a vacuum of 
1.10 .4 mm Hg (b): 1-3) iron shot: ~ 3.5-4.0 
ram, 2.0-3.0 and 0.5-1.0 ram, respectively; 
4-7) slag pellets r 3.0-4.0 ram, 2.0-3.0; 1.0- 

2.0 and 0.5-1.0 ram, respectively. 
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Effective emissivity of bed of iron shot and 
slag pellets as a function of temperature (1-7, see 

Fig. 1). 

problem has been solved by numerous authors [2-5] 
and relations are already available for calculating 
keff.c with acceptable accuracy.  

We calculated the effective thermal conductivity of 
slag pellets and iron shot f rom the relations proposed 
by various authors [2-5] (disregarding the radiative 
component). 

The sums of these calculated values of ~eff.c (in 
calculating )~eff.c we took the values of km and h a at 
the corresponding temperature) and the X~ f calculated 
from (2), less the Xc which already enter into heft.c, 
proved to be very  close to the experimental values of 
the effective thermal conductivity at atmospheric p res -  
sure and elevated temperatures.  

Correct  to • 

)~ff.t = ~eff.r + 7?~ff- ~r (4) 

"qualitatively confirms the insignificant part played by 
contact heat conduction. In fact, in the vacuum experi-  
ments (Fig. 2) the low values of the effective thermal 
conductivity at reduced temperatures  can be attributed 
to the action of two processes  relatively ineffective 
from the standpoint of heat t ransfer--heat  t ransfer  
through the contacts between grains, and the thermal 
conductivity of the rarefied air in the cavities. As the 
temperature increases,  the particle diameter, which 
determines the "screen number," has an ever greater  
influence. 

The effective emissivity of the bed of iron shot or 
slag pellets was determined approximately by a method 
[1] based on the determination of the amount of heat 
absorbed by a blackbody in one case from a black emit-  
ter  and in the other from the surface of the granular 
material.  The resul ts  are presented in Fig. 2. 

Our results  for the effective thermal conductivity 
of slag pellets and iron shot in a vacuum are described 
correc t  to • by the formula 

~'Oeff= ~'c -~- 1182o T3d ~ (2) 

where hc is the contact thermal conductivity, 0.06 
W/m~ deg for iron shot and 0.015 W/me deg for slag 
pellets. 

The corresponding data at atmospheric pressure 
can be described cor rec t  to • by the formula 

~'eff.t = )~a [1 +40k 2 (1-- m) ~o.45 ~2j _[_ )~%f. (3) 

It is clear f rom relation (3) that the effective ther-  
mal conductivity can be expressed in terms of its com- 
ponents, if it is assumed that their effect is additive. 
This means that the total thermal resistance can be 
represented as the sum of the thermal res is tances  of 
the components connected in parallel in the path of the 
heat flux. 

If this assumption is correct ,  the problem of study- 
ing the effective thermal conductivity at elevated tem-  
peratures  at atmospheric pressure  can be divided into 
two parts:  the study of the effective thermal conductiv- 
ity at reduced temperatures (~eff.c); and the investi-  
gation of the radiative component (h~ The f irs t  

Thus, in studying the thermal conductivity of the 
bed at elevated temperatures ,  it is possible to make 
effective use of previously accumulated data and sub- 
stantially simplify the problem of creating a generalized 
relation describing the effective thermal conductivity 
of the bed over a broad temperature range. 

The subsequent direct  determination of the radiative 
component of the effective thermal conductivity of the 
bed in a vacuum can be replaced by the simpler p roce-  
dure of finding the contribution of radiative transfer 
from the difference between the total effective thermal 
conductivity (keff.t) and the calculated value of keff.c 
obtained from one of the known formulas, in which a 
sufficiently correc t  allowance is made for the effect of 
the thermal conductivity of the gas. 

NOTATION 

d is the particle diameter,  m; R 1 and R 2 are, respec-  
tively, the radii of the inside and outside cylindrical 
surfaces of the bed of granular material,  m; IU is the 
heat released by the heater over the length l, W; l is 
the length of the heater between the potentiometric 
leads, m; m is the porosity; k = 1 - kafkm; ka is the 
thermal conductivity of air, W/re. deg; ;~m is the ther-  
mal conductivity of the granular material ,  W/re. deg; 
T is the absolute temperature,  ~ ~e~ is the effective 
thermal conductivity of the granular material  in vac-  
uum, W/re" deg; ?~c is the effective contact thermal 
conductivity, W/m.  deg; ~eff.t is the effective thermal 
conductivity of the granular material  at high tempera-  
tures and atmospheric pressure ,  W/m.  deg; )~eff.c 
is the effective thermal conductivity of the granular 
material  at low temperatures,  W/m - deg; (~ is the 
Stefan-Boltzmann constant, W/m 2" ~ e is the effec- 
tive emissivity of the bed of granular material.  
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