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An attemp~ is made quantitatively to estimate the feasibility of apply- 
ing the working differential equation for a continuous medium to a 
disperse system. 

Results are also given for the experimental cooling of a Cylindrical 
calorimeter in a bed of glass beads 0.1, 0.35, 1.0, and 5 mm in 
diameter in the time range 0.1 sec ~ r ~ 100 sec. 

The m e c h a n i s m  of nons teady  hea t  conduct ion was 
c o n s i d e r e d  in  p r e v i o u s  a r t i c l e s  [1, 2], and a s y s t e m  of 
d i f f e ren t i a l  equat ions  was  p r o p o s e d  which t akes  into 
account  the f ini te  t e m p e r a t u r e - p e r t u r b a t i o n  r e l a x a t i o n  
r a t e  in d i s p e r s e  s y s t e m s .  A f t e r  t he se  a r t i c l e s  w e r e  
publ i shed ,  Rubinsh te in  k ind ly  sen t  us a copy of his 
own p a p e r  [3], whe re  i t  was r e v e a l e d  that  the p r o b l e m  
of t h e o r e t i c a t I y  d e s c r i b i n g  hea t  p r o p a g a t i o n  in h e t e r o -  
geneous  med ia ,  with a l lowance  fo r  r e l a x a t i o n  p r o -  
c e s s e s ,  was so lved  by a s i m i l a r  method  m o r e  than 
30 y e a r s  ago.  F o r  the ca se  of a b i componen t  s y s t e m  
in an e l e c t r o m a g n e t i c  c i r cu i t ,  this  p r o b l e m  was posed  
by A r k a d ' e v  and so lved  by Tikhonov [41. 

Studying the d y n a m i c s  of so rp t ion  p r o c e s s e s ,  T i -  
khonov f o a m  tha t  i t  is  p o s s i b l e  to apply  the so rp t ion  
equat ions  he d e r i v e d  to the p r o b l e m  of hea t  p r o p a g a -  
~on in so i l ;  unfor tuna te ly ,  however ,  this  s tudy was not  
pub l i shed .  F i n a l l y ,  Rubinsh te in ,  on the b a s i s  of a s t a -  
tistical analysis of the effect, Obtained and solved the 

corresponding system of equations. At present, the 
absence of the required experimental data and the 

limited experimental means available do not permit 
an experimental evaluation of the predicted inhibition 
of the growth of a temperature field in a disperse 

medium which should result from relaxation of local- 
temperature differences of the medium and particles. 

Apparently, this can be explained by the fact that in 
the ongoing development of the theory of heat conduc- 
tion in disperse systems, a consequence of the wide- 
spread introduction of various industrial processes 
and the use of new advanced filler- and binder-based 
materials, the proposed approach has been neglected 
and the differential equation for the heat conduction of 
a continuous medium has been used universally. As 
far as we know, the conclusion that the differential 
equation of a continuous medium cannot, under cer- 
tain conditions, be used to describe the nonsteady 
heat conduction of a disperse system was first made 
in [5] on the basis of experimental data. 

In this article, an attempt is made quantitatively 
to evaluate the possibility of applying the working dif- 
ferential equation of a continuous medium to a dis- 
perse system. To make it easier to compare the ex- 
perimental and theoretical data, we determine the 
time change in the relative temperature of an infinite 
cylindrical calorimeter when it contacts an unbounded 

d i s p e r s e  med ium ( a s s u m e d  in the ca lcu la t ion  to be a 
continuous body). 

The so lu t ion  of the d i f f e r e n t i a l  equat ion 

00: a [ 020: + 1 00~], 
o ~ -  ~ o~ ~ -7- O;r / (1) 

under  the boundary  condi t ions  

01[,~=o = O, %1~=o =0o, 

00~' 
01[ ='q~'[  . . . . .  ~ r . .  = O, 

0 ~ 1  0 ~  , 

is known [6]. This solution has the form 

~ 46 ~ e x p  ( aTu2~ du 

0 

where  

A (u) = [uJ, (u) - -  p J1 (u)l ~ + [uYo (u) - -  ~ Y1 (u)] 2. 

The i m p r o p e r  i n t e g r a l  on the r i gh t -hand  s ide  of (2) 
is  eva lua ted  with a q u a d r a t u r e  f o r m u l a  which p r o v i d e s  
the h ighes t  a l g e b r a i c  a c c u r a c y  [7]. 

Equat ion (2) cannot  be used when the p a r a m e t e r  
has a value  c o r r e s p o n d i n g  in our  c a s e  to T <-- 20 sec .  
In the r e p r e s e n t a t i o n  r eg ion ,  r e l a t i o n  (2) has the f o r m  

~ _ 1 (3)  
Oo aq2 [ l_t_ A Kl (roq) ] 

q Ko(roq) 

An e x p r e s s i o n  su i t ab le  fo r  n u m e r i c a l  ca lcu la t ions  
at  s m a l l  t i m e s  is  obta ined by a s y m p t o t i c a l l y  expand -  
ing the B e s s e l  funct ions in the r e p r e s e n t a t i o n  reg ion ;  
th is  can be done for  l a r g e  q = ( s / a ) l /~ .  This  obta ined 
e x p r e s s i o n  has  the  f o r m  

O~ =- 1 + A1 "d/2 q- A2~ + A~ ~ 3/2 -{- A,'~ ~ -t- .... 

2[~ ~ / # a  [~ (I-- 21~) a 
A~ - -  ; A~ 

r o V ~-  2~ ' 

~ (l 4-8[~ --8~ ~) a 1 / / - a  
A3 

6~0 ~ V ~ 

A,  = p ( 1 - - 2 p  - - 4 p  ~ + 81~ ~) a ~ 
16r~ 

(4) 

The quant i ty  Xef f i s  c a l c u l a t e d  f r o m  the f o r m u l a  in 
[12]; va lues  for  the t h e r m a l  conduct iv i ty  of the p a r -  
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Fig .  1. Schemat i c  view of the e x p e r i m e n t a l  de v i c e :  1) c a l o r i m e t e r ;  
2) eboni te  ho lder ;  3) wal l  of co lumn (p lex ig las ) ;  4) r e m o v a b l e  base ;  
5) baff le  (porolon);  6) compensa t ion  a r m  of the m e a s u r e m e n t  
b r idge ;  7) t e m p e r a t u r e  con t ro l  t r a n s d u c e r  a t  the wall ;  8) rod  ( s t ee l  
cable) ;  9) end swi tch  (device  fo r  d e t e r m i n i n g  the t ime  the c a l o r i m -  

e t e r  e n t e r s  the column);  10) sp r ing ;  11) c o n v e y e r  bel t .  

0., 
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Fig .  2. Change in r e l a t i v e  t e m p e r a t u r e  of c a l o r i m e t e r  as  a function 
of t ime (T in see) :  1) cool ing in a bed of g l a s s  beads  5 m m  in d i a m -  
e te r ;  2) 1 m m  in d i a m e t e r ;  3 ,4)  c a l c u l a t e d  us ing f o r m u l a s  (4) and 
(2) for  p a r t i c l e s  1 and 5 m m  in d i a m e t e r ;  I - - g l a s s  beads  5 m m  in 

d i a m e t e r ;  I I - -1  ram; I I I - -0 .35 mm;  IV--0.1  ram. 
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Fig. 3. Ratio of experimental and theoretical temperature equi- 

librium times as a function of time (r in sec); I) for particles 

5 mm in diameter; 2) 1 mm. 
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Fig .  4. Rat io  of the ac tua l  t e m p e r a t u r e  to the ca lcu la t ed  t e m p e r a t u r e  
as  a funct ion of t ime  (T in sec ) :  1) p a r t i c l e s  5 m m d i a m e t e r ;  2) 1 ram.  
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t ic les ,  ks = 1.05 W / m  �9 and specif ic  heat c s = 0.755 
k J / k g  - d e g  a r e  taken f rom the data in [5]. The poros -  
i ty  is  found f rom the fo rmula  s = 1 - Pm/Ps ;  here ,  
the quant i t ies  Pm and Ps a re  de te rmined  using the 
s t andard  technique in [8]. The m a t e r i a l  was weighed in 
a vesse l  with inne r  d i ame te r  of 70 mm.  

Exis t ing exper imen ta l  data on nonsteady heat  t r a n s -  
fe r  in a bed of d i spe r se  m a t e r i a l  [5, 10, 11, etc.J were  
obtained under  condit ions where  the exper imenta l  e r r o r s  
cannot be enumera ted  and sys temat ized ,  because  of 
the complexi ty of al lowing for heat  loss  and other  s e c -  
ondary effects (the ro ta t ion  of pa r t i c l e s  moving toward 
the sur face ,  the i m m e r s i o n  of the moving c a l o r i m e t e r  
in  the wake of pa r t i c l e s  which have p rev ious ly  been 
heated,  the detached flow of the bed around the c a l o r i m -  
eter) .  These drawbacks  all  cont r ibute  to unre l i ab le  
exper imen ta l  data,  both for long and sho r t  contact  
t imes .  Fo r  this reason ,  the method developed in  [13] 
is used in the p r e s e n t  study for m e a s u r i n g  the heat -  
t r a n s f e r  coeff icients  in nons ta t iona ry  p r o c e s s e s  with 
r -> 0.001 sec.  The c a l o r i m e t e r  is  a solid copper cyl -  
inder  6 m m  in d i ame te r  and 40 m m  long; a copper 
wi re  ( r e s i s t a n c e  t he rmomete r )  0.02 m m  in d i ame te r  
is  f i t ted into a hel ica l  groove 0.05 m m  deep on the 
sur face  of the ca lo r ime te r .  The r e s i s t a n c e  t h e r m o m -  
e t e r  is  coupled to the input of a TA-5 t e n s o m e t r i c  
ampl i f i e r  as (an o rd ina ry  w i r e - r e s i s t a n c e  s t r a i n  gauge 
[14]). In the second (free) a r m  of the m e a s u r e m e n t  
br idge of the TA-5,  there  is  a compensa t ion  r e s i s t -  
ance t h e r m o m e t e r ;  this t h e r m o m e t e r  is  always found 
at that  point  in the bed where  the d i spe r se  m a t e r i a l  
comes into contact  with the wall .  

We can show that  when the r e s i s t a n c e  t h e r m o m e t e r s  
(basic  and compensat ion)  are .  connected in such a 
manne r ,  the s ignal  in the m e a s u r e m e n t  diagonal of the 
br idge is p ropor t iona l  to the d i f ference  in r e s i s t a n c e  
{temperature)  of the two t h e r m o m e t e r s ,  i . e . ,  the ex-  
cess  t e m p e r a t u r e  of the c a l o r i m e t e r  i s  measu red .  The 
unbalance r e su l t ing  f rom the change in t e m p e r a t u r e  is 
amplif ied in the m e a s u r e m e n t  diagonal  of the br idge 
by the T2f-5 t en some t r i c  amp l i f i e r  and recorded  on 
photographic paper  by a 9SO-1F2 osci l lograph.  

F igure  1 shows a schemat ic  d i ag ram of the exper i -  
menta l  setup.  The device  cons i s t s  of: a) a r ec t angu la r  
co lumn made f rom plas t ic  6 m m  thick; the s ides  of 
this column a re  90 • 120 m m  and a re  hea t - insu la t ed  
on the ins ide  by a l ayer  of foam plas t ic  16 ram thick 
and porolon 10 m m  thick. Rec tangu la r  por ts  100 • 
x 10 m m  are  cut into the ma jo r  s ides of the column 
(on the axis) ;  these  columns have baffles to preven~ 
the m a t e r i a l  f rom leaving the column and a re  provided 
to al low the c a l o r i m e t e r  and rod to pass  through the 
column; b) a sp r ing  m e c h a n i s m  with a locking device  
to admi t  and r emove  the c a l o r i m e t e r  f rom the column;  
c) an a i r  hea te r  with a nozzle.  

A typical  expe r imen t  cons is ted  of the following. 
A column containing a c a l o r i m e t e r  was f i l led to some 
p a r t i c u l a r  level  by a s tandard  d i s p e r s e  m a t e r i a l  (g lass  
beads 0.1, 0.35, 1, or  5 m m  in d iameter )  and held in  
this s ta te  for  a few hours .  Approximate ly  one hour  
af ter  the m e a s u r e m e n t  equipment  was inse r t ed ,  s t a -  

t i s t i ca l  ca l ib ra t ion  was per formed;  as a resu l t ,  the 
devia t ion of the beam on the osc i l lograph s c r e e n  was 
obtained as a function of the c a l o r i m e t e r  heat ing t em-  
pe ra tu re .  Ca l ib ra t ion  was pe r fo rmed  by making 0.3- 
ohm �9 A changes in  the r e s i s t a n c e  of the MSR-58 box 
which was coupled in s e r i e s  with the r e s i s t a n c e  the r -  
m o m e t e r  of the c a l o r i m e t e r ;  this cor responded to a 
t e mpe r a t u r e  i n c r e a s e  of about 6 ~ C. Such a sma l l  i n -  
c rease  in t e m p e r a t u r e  was chosen so that the effect 
of the change in the rmophys ica l  p rope r t i e s  of the m a -  
t e r i a l  dur ing  the expe r imen t  was min imized .  To p e r -  
fo rm s ta t ic  ca l ibra t ion ,  i t  was de te rmined  that  the 
beam deflect ion was propor t iona l  to the change in r e -  
s i s t ance  AR. Af te r  ca l ib ra t ion ,  the cy l inder  with the 
locking device was opened and the c a l o r i m e t e r  was 
d isconnected  f rom the column;  the a i r  leaving the 
nozzle  of the a i r  hea te r  was then used to heat  the 
c a l o r i m e t e r  to a t e m p e r a t u r e  approx imate ly  6 ~ C g r e a t e r  
than the t e m p e r a t u r e  of the l ayer .  Af ter  the ho t - a i r  
j e t  ceased and a f te r  a ca l ibra ted  l ine  co r respond ing  to 
a given i n c r e a s e  in  t e m p e r a t u r e  was reached using the 
"movable l ighi  spot" of a v ib ra to r ,  the c a l o r i me t e r  
was i n se r t ed  into the l ayer  with the aid of the spr ing  
m e c h a n i s m  and the cooling p rocess  was recorded .  

Calcula t ions  were  pe r fo rmed  with the osc i l log rams  
for  the t ime change in t r a n s d u c e r  r e s i s t a n c e .  The 
sens i t iv i ty  of the c i r cu i t  var ied  f rom about 1 to 3 ~ C 
over  the en t i re  width of the r eco rd ing  photographic 
paper  (10 cm). The t e mpe r a t u r e  was held constant  
at  the l ayer  boundary  by visual  observa t ion  of the 
needle  deflect ion of the F l 1 6 / 1  m i c r o v o l t m e t e r  ( in-  
se r ted  into the diagonal of the br idge  c i rcui t )  and by 
r e s i s t ance  t h e r m o m e t e r s  in  the a r m s ;  these  t h e r m o m -  
e te r s  were  placed on the l aye r  boundary and on the 
i nne r  wall  of the column d i r ec t ly  above the l a ye r  (Fig.  1). 
The p a r a m e t e r s  of the c i r cu i t  made it  poss ib le  re l i ab ly  
to r e g i s t e r  0.2 ~ C changes in t e m p e r a t u r e  on the i nne r  
boundary  of the l ayer .  The r e su l t s  obtained f rom p r o -  
cess ing  the exper imen ta l  data a r e  given in  F igs .  2, 3, 
and 4. 

The solid l ines  in Fig.  2 show the t ime change in  
c a l o r i m e t e r  t e m p e r a t u r e  for  a bed of g lass  beads 1 
and 5 m m  in d i ame te r .  For  s m a l l  T, i t  is not poss ib le  
to a s s u m e  tha t  there  is  no t e m p e r a t u r e  g rad ien t  for  
the c a l o r i m e t e r .  Calcula t ions  show that  the values of 
r [9] for  which the t e m p e r a t u r e  g rad ien t  m u s t  be taken 
into account  l ie  within the l imi t s  of the t imes  of p r a c -  
t ical  i n t e re s t .  

It follows f rom Fig.  2 that for the s tudied t ime range ,  
the r e l a t ive  t e m p e r a t u r e s  of a cy l inder  cooled in beds of 
pa r t i c l e s  0.1 and 0, 35 m m  in d i ame te r  a re  a lmos t  equiv-  
alent  to the theore t ica l  values  (for s m a l l e r  t imes ,  there  
a re  also deviat ions  f rom the theore t ica l  curves  for these  
pa r t i c l e  d iamete r s ) .  F o r  pa r t i c l e s  1 and 5 m m  in d i am-  
e ter ,  the d i sc repancy  becomes  even g rea t e r .  

As is  c l ea r  f rom Figs .  3 and 4, the use of the theo-  
re t i ca l  r e la t ionsh ip  can lead to s igni f icant  e r r o r  (by 
a fac tor  of 2-20)  when es t ima t ing  the t ime  requ i red  
for a su r face  to reach  a given t empe ra tu r e ,  and may 
be as grea t  as 40% when es t ima t ing  the magnitude of 
the t empe ra tu r e .  
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There has been very little study performed on the 
features of heat transfer by disperse layers for small 

times. The given measurement results and their com- 
parison with the theoretical data shows how many gaps 

there are in the theory of the heat conduction of dis- 
perse systems. The absence of data on the relaxation 
rate of the transfer potentials imposes great restric- 
tions on a theoretical analysis of nonsteady heat con- 
duction in a bed of disperse material and on a more 
general formulation for an analysis of the kinetics of 
energy transfer and matter transport in multicompo- 
nent bodies. It is only known that for some fairlylarge 
times, the theoretical and experimental data coincide. 

It is very important to determine to what extent the 

differential equation for the heat conduction of con- 
tinuous media can be applied to a disperse system and 
to extend the limits by adding certain assumptions to 
the theoretical model [1-3]. The results of such an 
attempt will be discussed in a subsequent article. 

NOTATION 

~I is the temperature of medium; v~2 is the calorim- 
eter temperature; ~0 is the initial calorimeter tem- 

perature; r 0 is the calorimeter radius; c s is the solid- 

phase specific heat; cs(l - e) is the specific heat of 
the medium; g is the porosity; h s is the thermal con- 

ductivity of the solid phase; ~-eff is the effective ther- 

mal conductivity of the medium; Ps is the solid-phase 
density; Pm is the density of the medium; a is the ther- 
mal diffusivity of the medium; T is the time; fi = 

= 2~ r~csPs(l - e)/C is a parameter equal to twice 
the ratio of the specific heat of an equivalent volume 
of medium to the specific heat of an ideal conductor 
(calorimeter); C is the total specific heat of the calorim- 
eter per un~it length; J0(u) is a zero-order Bessel func- 
tion of the first kind; J1(u) is a first-order Besselfunc- 

tion of the first kind; Y0(u) is a zero-order Bessel 
function of the secondkind; Yl(u} is afirst-order Bessel 
function of the second kind; K0(u) is a modified zero- 
order Bessel function of the second kind; Kl(u) is a 
modified first-order Bessel function of the second 

kind. 
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