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The p rob lem of the d i ssoc ia t ion  of a po lydisperse  lump m a t e r i a l  is examined using the s ta t i s t i ca l  
approach  and making due al lowance for t empe ra tu r e -dependence  of the coefficient  of t h e r m a l  con-  
ductivi ty.  

A number of papers [1-5] have been written on the subject of the process of thermal dissociation of ma- 
terials in lump form. It has been shown experimentally [2] that there is a fairly clear interface betweenthe 
dissociated and undissociated substance which runs deep into the lump. This interface is the surface at which 
the heat passing through the shell of reacted substance is consumed. The model of a heat exchanger with a 
variable heat-exchange surface [5] is, therefore, suitable for use as a physical model of the process which is 
compatible with the experiment. 

A formula for the time required for the dissociation of a single lump under the conditions of constant 
thermophysical process characteristics is devised in [5] on the basis of several physically sound hypotheses 
which simplify the investigation. It is, however, a well-known fact [6-8[ that the thermophysical character- 
istics of substances being heated are not constant, in particular, the coefficient of thermal conductivity can be 
described as a linear function of temperature: 

= ~0 (1 + ~0t). (1) 

It should be noted that if this re la t ionship  is d i s rega rded  for industr ial  furnace  operat ing conditions, 
t h e r e  will be significant  e r r o r s  in the calculat ion of the ma te r i a l  d i ssoc ia t ion  t ime .  In addition, when samples  
a r e  heated, the i r  poros i ty  p is changed according to the re la t ion  [9, 10] 

By definition 

p ~ 115.2--0.078 t. (2) 

Pz--Pa 100. (3) P 
Pz 

The dependence of the coefficient  of t h e r m a l  conductivity on the t e m p e r a t u r e  and apparent  vo lumet r ic  mass  of 
Che ma te r i a l  has been  found in [7] in the f o r m  

= 1.163 (--  1.0i 1 - -  0.066.10 -3 t ~- 1.513. l0 -3 pa). (4) 
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By combin ing  (2)-(4) and taking into accoun t  the  fact  tha t  the  t r u e  v o l u m e t r i c  m a s s  of l ime  f r o m  l i m e -  
s tone  is pl = 3360 k g / m  3, it is p o s s i b l e  to  find va lues  fo r  the  coef f i c i en t s  involved in Eq.  (1): 

g0 = - - 2 . 0 7 4  W / m . d e g ,  o ~ - - - - - 0 . 1 8 5 . 1 0  -~ 1/deg. 

A r e l a t i o n  for  ca lcu la t ing  the  d i s s o c i a t i o n  t i m e  tak ing  into account  dependence  (1) when wt -< 0.1,  but 
ignor ing  v a r i a t i o n s  in the  p o r o s i t y  of the  m a t e r i a l  with t e m p e r a t u r e ,  has  been  d e r i v e d  by the p r e s e n t  au tho r s  
in [11]. In the  p r e s e n t  p a p e r  no l imi t a t ions  a r e  i m p o s e d  on the  magni tude  of wt.  

T h e  heat  be ing fed to  the  r e a c t i n g  s u r f a c e  p a s s e s  t h rough  the  ou te r  she l l  of r e a c t e d  m a t e r i a l  with a 
t h e r m a l  conduct iv i ty  h .  T h e  heat  f lux at  the  r e a c t i n g  s u r f a c e  of a s p h e r i c a l  p a r t i c l e  is d e t e r m i n e d  by s o l v -  
ing the  s t a t i o n a r y  t h e r m a l - c o n d u c t i v i t y  equa t ion  div (Ar t )  = 0 t ak ing  into account  dependence  (1) under  
the  bounda ry  condi t ions  

t = tg for r =: ro, t = t d for r =  G . (5) 

The  so lu t ion  to  the  p r o b l e m  t a k e s  the  f o r m  

w h e r e  
A = + (4 - 8  o 0r . 

r o - - r  I 2(r 0 - r l )  ' 

. . . . . . . .  Old (ts--~i)ro + . . . . . . .  . 
B = t  d + - 2 -  + r o - r  1 2(r o ~ r l )  

The  r a d i u s  of the  r e a c t i n g  s u r f a c e  r 1 is  t r e a t e d  h e r e i n a f t e r  as  v a r i a b l e ,  i . e . ,  r 1 = r .  T h e  heat  f lux 
th rough  the r e a c t i n g  s u r f a c e  

~'ro ( t s - / d )  [ l +  ~ ] 
q -- r (r o - -  r) -2- (ts - -  td) " (7) 

T h e  s u r f a c e  t e m p e r a t u r e  of a s p h e r i c a l  cone t s  can  be  found f r o m  the  equa t ion  of t h e r m a l  b a l a n c e :  

4 ~r2q = 4 ~c~r~ (tin-- ts ), (8) 

The  t e m p e r a t u r e s  t m  and t d a r e  d e t e r m i n e d  e x p e r i m e n t a l l y .  T h e  r e l a t i o n s h i p  b e t w e e n  the  t e m p e r a t u r e  
d i f f e r e n c e  At 1 = t s  - -  td and At 2 = t m  - -  td,  which  can  be  found f r o m  Eqs .  (7) and (8), is  used  to  obta in  the  
fol lowing r e l a t i o n  fo r  d e t e r m i n i n g  the  hea t  f lux: 

~oar2oht2 { o [ aro(ro--r)At~ ]} 2td + �9 (9) 
q =  rIrXo(1 + o t d ) + ~ z r o ( r o _ r )  ] 1 + - ~  r~o( 1 + ~ 1 7 6 1 7 6  ) 

By r e p r e s e n t i n g  the d i s s o c i a t i o n  r a t e  by the  r a t e  of v o l u m e t r i c  change we obta in  [5] 

c o dr 
q = - - O s p P o  100 d~ ' f~ ~ '  

A c o m p a r i s o n  of (9) and (10) g ive s  a d i f f e r en t i a l  equa t ion  for  d e t e r m i n i n g  the  d i s s o c i a t i o n  r a t e :  

100 Z0ar~At 2. __d~ --_ _ 2r {r [~o (1 + Otd) - -  ar0] + ar02} 2 , (11) 
Qsp 90c0 dr 2 (1 + (otd) {r [~o ( 1 + cord) - -  aro] + ar~} + (r o - -  r) At~aroO 

and r = 0 f o r t  = r  0. 

Using the  so lu t ion  to  Eq.  (11) and the obvious  r e l a t i on  
1 

ro \ Co ] 

fo r  the  l imi t ing  c a s e  e x = 0 we obta in  a f o r m u l a  fo r  d e t e r m i n i n g  the  t i m e  r e q u i r e d  fo r  the  to ta l  d i s s o c i a t i o n  
of a s ing le  lump:  

Tt = -Q~pp~176 K 1 N ~- --M3- + 1144 In - - - -  + 
50 s 2 3M 2/142 114 + N 

1 Y N ~ N , N N + 2Kar o 
M 2 M 3 M + N M + N 

(~2) 
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F i g .  1 F i g .  2 
F i g .  1. G r a p h s  of the  d e p e n d e n c e  of ~t (h) on a (W/m ~ "deg);  Qsp  = 
1781 k J / k g ;  P0=2553kg /m~;  c o = 98%; r 0 = 0.05 m; s = - 2 . 0 7 4  
W / m . d e g ;  co = - -0 .185  -10  -2 1 / d e g ;  t d = 740 + 0.148 t m ;  1) t m = 
1000~ 2) 1100; 3) 1200; and 4) 1300~ 

F i g .  2. D e p e n d e n c e  of m e a n  r a t e  of r e a c t i o n  f ron t  p e n e t r a t i o n  t o /  
T t (m/h)  on the  t e m p e r a t u r e  t m  of hea t ing  m e d i u m ,  ~ 1) c a l c u l a -  
t i o n  c u r v e  for  a = 93 W / m  z . d e g ;  2) e x p e r i m e n t a l  da ta ;  and 3) ca.l-  
c u l a t i o n  c u r v e  for  ~ = 46 W / m  2 . d e g .  

w h e r e  

N = [2 (l + ~t 4) + c0At=] =r 0 . 

When co = 0 f r o m  (12) we ob ta in  a r e l a t i o n  fo r  d e t e r m i n i n g  Ts, which  was  ob ta ined  in  [5]. 

T h e  r e s u l t s  of c a l c u l a t i o n s  fo r  l i m e s t o n e  a r e  shown in  F i g ,  1 in  t he  f o r m  of the  r e l a t i o n s h i p  r t = f ( a ) ,  
As  fo l lows f r o m  F i g .  1, t he  k i n e t i c s  of d i s s o c i a t i o n  a r e  i n f l ue nc e d  by  a n  i n t e n s i f i c a t i o n  of hea t  exchange  in 
t h e  r e a c t i o n  zone up t o  a va lue  of c~ = 80 W / m  2 *deg.  T h e  d i s s o c i a t i o n  p r o c e s s  is  l i m i t e d  h e r e i n s , f t e r  by 
t h e  t h e r m a l  conduc t i v i t y  of t h e  m a t e r i a l .  

A good a g r e e m e n t  b e t w e e n  t h e o r y  and e x p e r i m e n t  is  a c h i e v e d  when c a l c u l a t e d  and e x p e r i m e n t a l l y  
ob ta ined  d a t a  (F ig .  2) a r e  c o m p a r e d ,  W h e n t h e  e x p e r i m e n t  is  c a r r i e d  out, h o w e v e r ,  it  s e e m s  to  be  i m -  
p o s s i b l e  to  m a i n t a i n  cons t an t  t h e  va lue  of t he  h e a t - e x c h a n g e  c oe f f i c i e n t ,  which  is  m a d e  up of c o n v e c t i v e  
and r a d i a t i v e  c o m p o n e n t s .  As  t h e  t e m p e r a t u r e  r i s e s ,  t he  in f luence  of r a d i a t i v e  hea t  exchange  on  the  o v e r -  
a l l  v a l u e  of t h e  h e a t - e x c h a n g e  c o e f f i c i e n t  i s  i n c r e a s e d  s o  tha t  the  e x p e r i m e n t a l  d a t a  m a t c h  an  i n c r e a s e  in  

f r o m  46 to  93 W / m  2 . d e g .  

T h e  r t  = ~o{r 0) r e l a t i o n s h i p s  a r e  p lo t t ed  for  v a r i o u s  d i f f e r e n t  va lue s  of t m,  

F o r  t he  s u b s e q u e n t  t r a n s i t i o n  to  t he  s t a t i s t i c a l  a n a l y s i s  of a p o l y d i s p e r s e  a g g r e g a t e  of l umps  the  
Tt = r c u r v e s  a r e  a p p r o x i m a t e d  fo r  e a c h  va lue  of t m  by  the  fo l lowing  r e l a t i o n s h i p :  

~t = a (r0 + m) 2 + k, (13) 

w h e r e  k = - -  a m 2. 

Let  t he  c u r v e  of t he  d i s t r i b u t i o n  d e n s i t y  of the  e q u i v a l e n t r a d i i  of the  lump  a g g r e g a t e ,  t r e a t e d  as  a 
r a n d o m  v a r i a b l e  r 0 = X. be  deno ted  by  the  func t ion  g(x)o T h e  d i s t r i b u t i o n  t i m e  r = Y wi l t  t h e n  a l s o  b e  a 
r a n d o m  v a r i a b l e  r e l a t e d  to  X by  the  r e l a t i o n s h i p  

Y=~(X)=a(X+rn)'+k (a > 0). (14) 

The distribution density of the random variable Y is determined from formula (12): 

f ( v ) =  2 V ( V - - , ~ ) ~  e - m (a>O, v>k).  (15) 

The  n o r m a l  p r a c t i c e  in  i n d u s t r i a l  f u r n a c e s  i s  to  use  a b u r d e n  wi th  r e g u l a t e d  lump s i z e s ,  a c h i e v e d  by  
s i f t i ng  the  f r a c t i o n s  wi th in  p r e d e t e r m i n e d  l i m i t s .  In th i s  con t ex t ,  t he  b u r d e n  l u m p  s i z e s  c a n  be c ,ha rac -  
t e r i z e d  by  a t r u n c a t e d  n o r m a l  d i s t r i b u t i o n  wi th  a d e n s i t y  [13] 
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F ig .  3. Graphs of the d is t r ibut ion  function 
of the d i s s o c i a t i o n t i m e :  x 0 = 0.01 m; ~x = 
0 .024m;  ax = 0 . 0 1 6 m ;  ~ = - - 0 . 8 7 5 ;  1) t m =  
1300~ a = 278 h / m  2, m = 0.018 m, k = --0.09 
h, p y = 0 . 6 2 h ;  2) t m = 1 2 0 0 ~  a = 2 9 2 h / m  ~, 
m = 0.034 m, k =- -0 .3375  h, ~y = 0.946 h; 3) 
t m  = l l00~ a 555.5 h / m  2, m = 0.0225 m, 
k = --0.2812 h, py = 1.39 h. 

1 exp [ - -  1 (x_ l , : , ) , ]  ( x> / xo ) .  
g(x) = ,& V 2 ~  [1 - r 

(16 )  

Using (15) and (16) w e  find the d is t r ibut ion  of the r andom va r i ab le  Y:  

F ( y ) =  1 - - r  (17) 

The ma themat i ca l  expecta t ion of the d i s soc ia t ion  t ime  is e x p r e s s e d  by the r e l a t ion  
, 1 ~, 

2 

~tv a (m + I.g,) ~ + k + 2 aax e = a% + I2 (m + ~.) + o.;l ~ [1 - -  4) (~)] 0-8) 

The p a r a m e t e r s  of the t runca ted  no rma l  d is t r ibut ion  of the equivaler~ rad i i  of the l imestone lumps 
a r e  evaluated on the bas i s  of the s t a t i s t i ca l  p rocess ing  of data on a r andom se lec t ion  of 300 lumps using 
the  F i she r  method [14]. 

F igure  3 shows graphs  of the d is t r ibut ion  function of the d i ssoc ia t ion  t ime  for  different  t e m p e r a t u r e s  
of the heating medium,  which c h a r a c t e r i z e  the deg ree  of comple teness  of the d issoc ia t ion  of a po lyd i spe rse  
aggrega te  of lump m a t e r i a l  at a g iven moment  in t ime .  

N O T A T I O N  

~, coefficient  of t h e r m a l  conductivity;  ~0' ~ '  coeff icients  involved in Eq. (1); Pa, apparent  volu-  
me t r i c  m a s s ;  P0,' vo lumet r i c  m a s s  of or iginal  ma te r i a l ;  t ,  t e m p e r a t u r e ;  t s ,  t e m p e r a t u r e  of outer s u r -  
face  of lump; t d, d i s soc ia t ion  t e m p e r a t u r e ;  tm,  t e m p e r a t u r e  of heating medium; r0, radius  of spher i ca l  
lump; r l ,  radius  of reac t ing  su r face ;  r ,  t ime ;  r t ,  to ta l  d i s s o c i a t i o n t i m e ;  q, heat flux; ~,  coefficient  of 
heat  exchange; Q sp, specif ic  heat  flux; c 0' in i t ia lcontent  of d issoc ia t ing  substance  in lump; Cx, concen-  
t r a t i o n  of subs tance  a t  moment  i n t i m e  r ;  a ,  m, k, coeff icients  involved in Eq. (9); X, Y,_ lump radius  
and d i s soc ia t ion  t i m e  cons idered  as r andom  va r i ab le s ;  f(y), d is t r ibut ion  densi ty  of Y; x0, t runca t ion  
point; /~x, ~x ~, ma themat i ca l  expecta t ion and s tandard  deviat ion of cor responding  normal  d is t r ibut ion of 
X; /~y, ma themat i ca l  expecta t ion of Y; F(y), d is t r ibut ion  function of r andom va r i ab le  Y; ~ = (x 0 - -  ~x)/~x; 

@(u) = [1 /~ '~1  e 2 dz, probabi l i ty  in tegra l .  

1 .  
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T R A N S I E N T  R E S P O N S E  OF A T H E R M A L - D I F F U S I O N  

C O L U M N  W I T H  B U F F E R  V E S S E L S  A T T H E  E N D S  

G.  D .  R a b i n o v i c h ,  V.  M. D o r o g u s h ,  
a n d  A .  V.  S u v o r o v  

L~DC 621.039.3 

The t rans ient  response  in a column with buffer vesse ls  at the ends has been determined fox- the 
approximation c(1 -- c) = a + bc, and this is compared with the asymptotic  solution for smal l  
t imes ;  the range of application of the latter has been determined.  

Asymptotic  solutions have been derived [1,2] for the t ransient  response  in a thermal-di f fus ion column 
with buffer vesse ls  at the ends for two ways of approximating the nonlinear t e r m  in the t ranspor t  equation, 
namely, c(1 -- c) ~ a and c(1 -- c) ~ c; it was found that these asymptot ic  solutions can themselves be approx-  
imated very  closely by linear relat ionships of the form 

Ac _ p -  r K ~ ,  (1) 
1: 

in which p and r a re  coefficients to be determined f rom experiment and which allow one to  calculate the Sorer 
coefficient.  However, uncertainty a r i ses  as to the t ime range in which each of the asymptot ic  solutions applies 
when this method is used. 

The problem has been solved by deriving an exact solution, which is then compared with the asymptotic 
one. The problem is formulated [3] as follows: we have the differential  equation 

Oc 

O0 

to  be solved subject to the boundary conditions 

0~c O[c(1 --c)] 

clo=o = co (y > 0), (3) 

Oc f ~c 3 
= 1 - -  - - c ( 1 - - c ) |  (0 > 0), yeO) i (4) 

y=o [ Oy Jr=0 
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