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F o r  an ana lys i s  of hea t  t r a n s m i s s i o n  through d i spe r s e  media  during shor t  t he rma l  contact  
t imes ,  the bulk of a d i s p e r s e  medium is s imula ted  by equivalent e l ec t r i ca l  networks.  

During a sho r t  contac t  between a d i spe r se  medium and a heat  emit t ing su r face  there  is no t ime  for 
the effect ive p r o p e r t i e s  of the m a t e r i a l  to a s s e r t  their  influence on the heat  t r an smi s s ion ,  and the p ro ce s s  
is then de te rmined  by the t he rm a l  conductivity of the gas in the po res  as  well  as  by the roughness  of pa r t i c le  
and wall  su r f aces .  In view of th is ,  it is of p rac t i ca l  i n t e re s t  to know the appl icabi l i ty  l imi ts  for the Four i e r  
equation of heat  conduction when this equation involves the effect ive p r o p e r t i e s  of a d i spe r s e  medium.  

T rans i en t  hea t  t r a n s m i s s i o n  through a d i spe r s e  medium during shor t  contact  t imes  ~- was cons idered  
e a r l i e r  in [1-4]. The dif ferent ia l  equations of t r ans ien t  heat  conduction through d i s p e r s e  media  in [1, 2] 
we re  p roposed  on the bas i s  of an ex t r eme ly  sys t ema t i c  s t ruc tu re  of that  medium.  As a resu l t ,  the exclu-  
s ive  ro le  of contact  r e s i s t a n c e  a t  T ~ 0 [5] was ignored and the equivalent network in [1] s imula t ing  the d i s -  
p e r s e  medium would fail the appl icabi l i ty  t e s t  under  l imi t ing  condit ions.  

In [3] the magni tude of the t he rma l  r e s i s t a n c e  was re la ted  to the t he rma l  conductivity of the d i s p e r s e  
med ium,  at  va r i ance  with p reva len t  concepts  about the heat  conduction mechan i sm in d i s p e r s e  media  a t  
T ---~ 0 .  

The model  of a d i s p e r s e  medium accord ing  to [4] was based on some  hypothetical  s t ruc tu re  of solid 
p a r t i c l e s  near  the wall  and on a g a p  between pa r t i c l e s  and wall  su r face .  

We note that  the c o m p a r i s o n  made  in [1-4] between theoret ica l  or  ca lcula ted  values  and t e s t  data is 
not suff icient ly convincing,  inasmuch as  nei ther  the s t r u c t u r e  of the d i spe r s e  med ium nea r  the heat  e m i t -  
ting su r face  nor the roughness  of pa r t i c l e  and wall  su r f aces  we re  de te rmined  in the t e s t s ,  apparen t ly  b e -  
cause  of the complexi ty  of such m e a s u r e m e n t s .  

In view of al l  th is ,  it is worthwhile to ana lyze  the t r ans i en t  heat  t r a n s m i s s i o n  through d i s p e r s e  media  
with t he  aid of ma thema t i ca l  mode l s .  

The conventional p r o c e d u r e  for  analyzing t r a n s m i s s i o n  p r o c e s s e s  in d i spe r s e  media  is to r e p r e s e n t  
the bulk as  a s t r u c t u r e  with a defini te dis t r ibut ion of pa r t i c l e s .  In p r o c e s s e s  occur r ing  within shor t  con-  
tac t  t imes ,  m o s t  s ignif icant  is the d is t r ibut ion  of pa r t i c l e s  in the f i r s t  row adjacent  to the heat  emit t ing s u r -  
face.  Accord ing  to [6], s t a t ionary  spher i ca l  or  i r r e g u l a r  grains  a r e  cubical ly packed in the boundary l aye r .  
On this p r e m i s e ,  then, one can use  e lec t r i ca l  analogs for analyzing the p rope r t i e s  of a d i s p e r s e  medium in 
the boundary  l aye r  and define the p a r a m e t e r s  of a l inear  equivalent  e lec t r i c  c i rcu i t  s imula t ing  the d i s p e r s e  
med ium so that  the subsequent  ana lys i s  of t r ans ien t  heat  t r a n s m i s s i o n  will become  r a t h e r  s imple .  

An e l e m e n t a r y  cell  of the bulk adjacent  to the wail can be r e p r e s e n t e d  as a cube or  a cyl inder  filled 
with gas and c i r c u m s c r i b e d  around a solid pa r t i c l e .  I t  has  been shown in [7] that  in the cyl indr ica l  case  
the cell  d i a m e t e r  of this a r t i f ac t  m u s t  be d = 1.128 d S. The p r o p e r t i e s  of an axial ly  s y m m e t r i c  e l emen ta ry  
pa r t i c l e  in the boundary l aye r  we re  thus analyzed on a r e s i s t a n c e  network under the following as sumpt ions :  
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Fig. 1. E l emen ta ry  cell  in the boundary l a y e r  of a ,  
d i s p e r s e  medium:  (a) d i sc re t i za t ion  scheme ,  (b) e f -  
fect ive t he rm a l  conductivity for  %S/~G = 12.5 (1), 
25 (2), 50 (3), 100 (4). 

a) the solid pa r t i c l e s  a r e  spher ica l ;  

b) the mic ro roughness  of pa r t i c l e  su r f aces  fo rm a "crown" around the pa r t i c l e s  which make  the con-  
tact  between them;  

e) rad ia t ive  and convect ive hea t  t r a n s m i s s i o n  a r e  negligible;  

d) the t empera tu re -dependence  of the rmal  conductivity in the two-phase  s y s t e m  may  be approx imated  
by a v e r a g e  coeff ic ients .  

In view of the s y m m e t r y  of a cyl indr ical  e l emen ta ry  cell  in the boundary l aye r ,  only one quadrant  was 
s imula ted  on the r e s i s t a n c e  network.  

The d i sc re t i za t ion  of a se lec ted  region is shown schemat ica l ly  in Fig. l a .  For  depicting the s p h e r i -  
cal su r face  of a pa r t i c l e  m o r e  p r ec i s e ly ,  the d i sc re t i za t ion  interval  was made nonuniform so that the nodal 
points fell on the inner cell  boundary 

In our  tes t s  ~eff, I and Rc were  de te rmined  for  var ious  values  of ~ S / ~ G  and 28 /d .  The contact  r e -  
s i s t ance  R c was a s s um ed  equal to the the rmal  r e s i s t ance  of the gas l aye r  between the heat  emit t ing su r f ace  
and a solid pa r t i c l e :  

1 /equ 
. . ~ . 

•~ = XG d�89 (1) 

The resu l t s  a r e  shown in Fig. l b  and in Fig. 2. The thickness  of the equivalent gaseous gap in the e x p r e s -  
sion for  the contact  r e s i s t a n c e  is accura te ly  enough approx imated  by the express ion  

lg -- 0.595 lg-~-  --0.13. (2) 

If the components  of the effect ive r e s i s t a n c e  a r e  known for  an e l emen ta ry  cell  in the boundary l aye r ,  then 
the d i spe r se  medium can be r e p r e s e n t e d  by the l inear  equivalent network shown in Fig. 3a. In set t ing up 
this network we a s s um ed  the specif ic  heat  of the gas to be  negl igible .  The c i rcu i t  e lements  of the f i r s t  
zone,  s imulat ing the boundary l aye r  of pa r t i c l e s ,  we re  designed o n t h e  bas i s  of data in Fig. l b  and Fig. 2. 
The c i rcu i t  e lements  of the second zone, s imulat ing the bur ied  (second, third,  etc.) rows of pa r t i c l e s ,  
w e r e  designed on the bas i s  of the total  effect ive the rmal  conductivity of the d i s p e r s e  medium a f t e r  the l a t -  
t e r  had been d i sc re t i zed  with in terva ls  equal to d S. The val idi ty of this approach  to the p rob lem was sub-  
sequently ver i f ied .  

With the aid of the network shown in Fig. 3a, s imulat ing a d i s p e r s e  sy s t em,  the t r ans ien t  hea t  t r a n s -  
m i s s ion  through a granular  bed during shor t  contact  t imes  T was analyzed on a model  2 - I G L - 2 - 1 0 - 4  h y d r o -  

in tegra tor .  
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Fig.  2. Equivalent  th ickness  
of a gap with contact  r e s i s -  
tance.  

The d i s c r e t e  e l ements  of the s imulat ing network were  designed accord ing  to the following p rocedure :  

1. For  given values  of ~S, ~G, and eII ,  the effective t he rma l  conductivity of the second zone 2eff, II 
was  calcula ted by the G e l ' p e r i n  fo rmula  

)~eff_ 1 @ (1- -  e) (1- -  ~s/~G ) (3) 
)~G ~G/kS + 0"28e~ (~s/~G)~ 

2, The t h e r m a l  r e s i s t a n c e  of the R - e l e m e n t s  in the second zone was de te rmined  accord ing  to the 
formula  

1 . s:_ ! 
RI: = - -  

~eff, II d~ " 

3. The t he rm a l  capac i tance  of the C -e l ement s  in the second zone was de te rmined  f rom known values 

of cs, PS, cII, and sii: 

C~: = c s p s ( l  - -  ~ii) d~ s::. 

4. Fo r  the poros i ty  of the f i r s t  zone c I = 0.476 with known values of ZS and ZG, the effect ive t he rma l  
conductivity of the boundary l aye r  ~eff, I was de te rmined  accord ing  to formula  (3). 

5. For  known values  of ~ S / ~ G  and e e f f , I ,  the re la t ive  roughness  of pa r t i c l e  su r faces  2 6 / d  was d e -  
t e rmined  with the aid of Fig. lb .  

6. The equivalent  th ickness  of the gaseous gap l e q u / d  in the express ion  for  the contact  r e s i s t a n c e  
was calcula ted acco rd ing  to fo rmula  (2). 

7. The contact  r e s i s t a n c e  of the boundary l a y e r  of pa r t i c l e s  was calculated as 
l /equ 

- d:/ 

8. The  t he rm a l  r e s i s t a n c e  and the t he rma l  capaci tance  of the boundary l aye r  we re  found as follows: 
1 d + 28 ~ d ~  

P: " C: ~eff, I d~ ' = CSPs 6 

In our  t e s t s  we va r i ed  Z S / Z G ,  a i d  sII ,  and the d i sc re t i za t ion  intervaI  for zone I. The resu l t s  have 
been evaluated in N u - T *  coord ina tes ,  as shown in Fig. 3b, e,  d. 

Accord ing  to Fig.  3b, va ry ing  the d i se re t i za t ion  in terval  for zone II has a l m o s t  no effect  on the heat  
t r a n s m i s s i o n  through the d i s p e r s e  bulk during shor t  contact  t imes  r .  T h e r e f o r e ,  in subsequent  t es t s  the 
in terval  was fixed a t  s i i  = d S. 

Accord ing  to Fig.  3e, the po ros i t y  of the bur ied  zone r  has a lso  no effect  on the the rma l  flux d u r -  
ing short contact times T. 

The discretization interval for zone I has a definite effect on the thermal process. This effect is not 

noted at T* ~ 0, however, and remains very small at T* > 0.05 (Fig. 3d). 

The Nusselt number for short contact times T is affected most by a variation of ZS/~G, as shown 

in Fig. 4. Here the hydrointegrator calculations are compared with test data obtained by Simchenko [8] 

and with calcula t ions  accord ing  to the fo rmula  
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Fig.  3. L inea r  equivalent  ne twork s imula t ing  a 
d i s p e r s e  medium and heat  t r a n s m i s s i o n  through 
it  dur ing shor t  contact  t imes  ~': (a) equivalent 
c i rcu i t  d i ag ram;  (b) effect  of d i sc re t i za t ion  i n t e r -  
val for  the bur ied  zone on the heat  t r a n s m i s s i o n  
with )~S/~G = 100 and ~II = 0.38, S l i / d  S = 0.5 (1) ,  
1.0 (2), 1.5 (3), calculated accord ing  to fo rmula  
(4) (I); (c) effect  of poros i ty  of the bur ied  zone 
on the hea t  t r a n s m i s s i o n  with kS/;~G = 100 and 
eI I  = 0.44 (1), 0.41 (2), 0.38 (3), calculated a c -  
cording to formula  (4) r e spec t ive ly  (I, II,  IID; (d) 
effect  of d isere t{zat ion interval  for  the boundary 
zone on the hea t  t r a n s m i s s i o n  with ;~S/kG = 100, 
e I I  = 0.38, and a pa r t i c l e  r e p r e s e n t e d  by one s e g -  
men t  (1), two segments  (2), three  segments  (3), 
five segments  (4). 

~ / /  )~eff, ii cs (l __ eli) d Nu--~ ~ kG (4) 

According  to Fig.  4, the hydro in tegra tor  cu rves  for  ~-* > 0.05 ei ther  coincide with or  run para l l e l  
to the cu rves  calcula ted by fo rmula  (4). This  leads to the conclusion that  the effects  of a d i s c r e t e  s t ruc tu re  
and of a h igher  poros i ty  at  the heat  emit t ing su r face  level  off a t  ~'* > 0.05 and that heat  t r a n s m i s s i o n  
through this l aye r  is de te rmined  only by the effect ive c h a r a c t e r i s t i c s  of the d i s p e r s e  medium.  

Our study indicates  that  during any sufficiently shor t  contact  t ime  T there  is no Nu = const  range.  
At T* < 0.001, however ,  the va r ia t ion  in the absolute  value of the Nusse l t  number  is s l ight  and can hardly  
be m e a s u r e d  in a the rmophys iea l  exper iment .  

I~NU 

I 

4~ ~176 
* - - 2  �9 - - 4 [  

-3 -2 t~r* 

Fig.  4. Effect  of ra t io  AS/AG on the heat  t r a n s m i s -  
s ion a t  low values  of ~': t he rma l  flux in the s imulat ing 
network,  calcula ted on the hydro tn tegra to r  for AS/AG 
= 25 (I), 50 (II), 100 (III); ca lcula ted  by formula  (4) for  
AS/AG = 25 (IV), 50 iV), 100 (VI); t e s t  values  in [8] for  
pa r t i c l e s  with a d i ame te r  d S = 0.39 m m  (1), 0.93 m m  
(2), 2.07 m m  (3), 3.05 m m  (4), 5.05 m m  (5), l imi t  of 
Nu accord ing  to the equivalent  network (6). 
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The r e su l t s  obtained he re  indicate that  the effect ive the rmal  conductivity of bur ied  l aye r s  in a d i s -  
p e r s e  medium does not influence the hea t  t r a n s m i s s i o n  during shor t  contact  t imes  T. The re fo re ,  the t es t  
r e su l t s  in [1] per ta in ing  to the dependence of t he rma l  fluxes on the effective t he rma l  conductivity of such 
l a y e r s  m u s t  be explained by the influence of the ra t io  ~S /ZG alone.  In view of th is ,  the suggest ion that 
the heat  t r a n s m i s s i o n  dur ing the "c r i t i ca l"  per iod  (T* < 0.05) be desc r ibed  by re la t ions  which account  for 
the effect ive c h a r a c t e r i s t i c s  of the d i s p e r s e  medium does not s e e m  ju s t i f i ed .  

is the 
c is the 
p is the 
d is the 
26 is the 

l equ 

R 
C is the 
s is the 
R c is the 
T is the 

is the 

Nu = a d s / ~ G ;  
~-* = Z G r / c s P s d ~ .  

N O T A T I O N  

the rma l  conductivity;  
specif ic  heat ;  
densi ty;  
d i ame te r ;  
gap between pa r t i c l e s ;  

is the equivalent thickness of a gaseous gapin the expression for the contact resis- 
tanc e; 
is the t he rm a l  r e s i s t a n c e ;  

thermal capacitance; 
discretization interval; 
contact  r e s i s t a n c e ;  
t ime;  
poros i ty ;  

S u b s c r i p t s  

S denotes  solid pa r t i c l e ;  
G denotes gaseous  phase ;  
eft  denotes  effect ive value;  
I denotes  f i r s t  (boundary) l aye r  or  zone; 
II denotes second (buried) l aye r  or  zone. 
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