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The pape r  p r e s e n t s  a study of the changes in the Posnov and Kirpichev numbers  and of c rack  
format ion  during the intensive l amina r  convect ive drying of i r o n - o r e  pel le ts .  A relat ion is 
es tabl ished between the c r i t e r ion  of c rack  format ion  and the hydrophysica l  p r o p e r t i e s  of a 
nodulized sample .  

The mechanical  s t rength of individual i r o n - o r e  pe l le t s  general ly  i nc rea se s  while they a re  dr ied under  
l abora to ry  conditions. During l am i na r  convective drying under  more  seve re  industr ia l  conditions, how- 
ever ,  the pel le t  s t ruc tu re  b r eaks  down, on the one hand, causing an i r r e v e r s i b l e  reduction of mechanica l  
s t rength in the final product  and, on the other  hand, d is turbing the t he rma l  and hydrodynamic  opera t ing 
mode of the calcination equipment.  

The rma l  c rumbl ing  of pe l le t s  is caused by the development  of volume s t r e s s e s  which exceed the 
s t r u c t u r a l - m e c h a n i c a l  s t rength as well as by the higher  than nominal  humidity and t e m p e r a t u r e  gradients .  

It is the opera t ing p a r a m e t e r s  of the drying p r o c e s s  which l a rge ly  de te rmine  the t rend of changes in 
the s t r u c t u r a l - m e c h a n i c a l  p r o p e r t i e s  of pe l le ts .  

When i r o n - o r e  pel le ts  a r e  dr ied by l amina r  convection very  intensively,  there  appear  on the con- 
veyor  belt  of the d ry ing -ca lc ina t ing  appara tus  two phenomena re la ted  to the t he rma l  crumbling of the i r  
s t ruc ture :  c r ack  format ion  and "shock" crushing.  Crack  format ion  is evidence of a local  sur face  b r e a k -  
down which occu r s  during the initial drying per iod,  when the t e m p e r a t u r e  of the heating gas is re la t ive ly  
low and the mo i s tu re  content in the pe l le t s  is st i l l  quite high. "Shock" crushing is a fu l l - sca le  explosive 
h igh - t empe ra tu r e  breakdown of pel le ts  which occurs  during the final per iod of drying, when the res idual  
mo i s tu re  content is low. The fines produced in this p r o c e s s  fill up the in ters t i t ia l  space between pel le ts  
and sharply  reduce the gas pe rmeab i l i ty  of the layer .  

According to the Lykov theory,  K T, the bas ic  indicator  of the t he rma l  s tabi l i ty  of cap i l l a ry -po rous  
bodies during drying, is defined in t e r m s  of the Kirp ichev number  Ki and the Posnov number  Pn [1]: 

In our  ease  the Kirp ichev number  will be calculated f rom the re la t ion  

( vc --V~-i (21 t(i=2\ Uo /" 

The Posnov number  is defined by the express ion  

5At 
Pn = - -  (3) 

AU 

F o r  the initial  per iod  of drying,  while the cap i l l a ry  mo i s tu re  is removed,  the t e m p e r a t u r e  gradient  
r e m a i n s  negligibly smal l  and the c rack  format ion  c r i t e r ion  can in this case  be de te rmined  f rom the Ki rp i -  
chev number  alone: 
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F i g .  1. E f fec t  of i n i t i a l  m o i s t u r e  
con ten t  in p e l l e t s  (%) o n t h e i r  t h e r -  
m a l  s t a b i l i t y ( ~  1) 100% c o n c e n -  
t r a t e w i t h K  = 0.55; 2) 92~ c o n c e n -  
t r a t e  + 8% l i m e s t o n e  with  K = 0.62; 
3) 91% c o n c e n t r a t e  + 8% l i m e s t o n e  
+ 1% ben ton i t e  wi th  K = 0.68; 4) 970/0 
c o n c e n t r a t e  + 3% ben ton i t e  wi th  K 
= 0.72; 5) 95% c o n c e n t r a t e  + 5% 
b e n t o n i t e w i t h  K = 0.78. L i n e s  1' ,  
2 ' ,  3 ' ,  4 ' ,  and 5' r e f e r  to the  " shock"  
c r u s h i n g  t e m p e r a t u r e .  L i n e s  1",  2",  
3" ,  4",  and 5" r e f e r  to the  c r a c k  
f o r m a t i o n  t e m p e r a t u r e .  �9 

K~ --1 Ki. (4) 
3 

The final period of laminar convection drying is charac- 
terized by the appearance of large temperature gradients. A 
s h a r p  r i s e  in the  t e m p e r a t u r e  of the  h e a t - c a r r y i n g  gas  at the  
b o u n d a r y  be tw e e n  the  hea t ing  zone and the  d r y i n g  zone of the  
a p p a r a t u s  r e s u l t s  in a s t ep  i n c r e a s e  in the  t e m p e r a t u r e  g r a d i e n t  
a c c o m p a n i e d ,  a s  a r u l e ,  b y  " shock"  c r u s h i n g .  The c r a c k  f o r m a -  
t i on  c r i t e r i o n  is in th is  c a s e  d e t e r m i n e d  e s s e n t i a l l y  by  the P o s n o v  
n u m b e r :  

KT-- 2 (r  Pn. (5) 
3 rm 

Wet  i r o n - o r e  p e l l e t s  be long  to a c l a s s  of m a t e r i a l s  i n t e r -  
m e d i a t e  b e t w e e n  those  tha t  a r e  p r o p e r l y  c a p i l l a r y - p o r o u s  ones  
and those  e o l I o i d a l l y  c a p i l I a r y - p o r o u s .  

A c o n s i d e r a b l e  e f fec t  on the  t h e r m a l  s t a b i l i t y  of such  m a t e -  
r i a l s  d u r i n g  d r y i n g  is e x e r t e d  by  t h e i r  n a t u r a l  p r o p e r t i e s ,  the  
f o r c e s ,  and the  c h a r a c t e r  of t h e i r  i n t e r a c t i o n  with w a t e r .  

In the  e a s e  of a c a p i l l a r y - p o r o u s  m a t e r i a l  i t  is  conven ien t  
to  eva lua t e  the  e n t i r e  c o m p l e x  of h y d r o p h y s i e a l  p r o p e r t i e s  in 
t e r m s  of the  n o d u l a r i t y  f a c t o r  K [2]: 

K --  WrMMM (6) 
WMcM- U%M ' 

w h e r e  WMM M is the m a x i m u m  m o l e c u l a r  m o i s t u r e  conten t  (%), 
which  e x p r e s s e s  the  e n e r g y  r e l a t i o n  in the  n o d u l a r  s y s t e m ,  and 
WMC M is the  m a x i m u m  c a p i l l a r y  m o i s t u r e  con ten t  (%), which  
represents a structural parameter. 

The A. F. Lebedev method refined by A. V. Vasil'ev was 

used for determining WMM M. This method consists in the re- 

m o v a l  of c a p i l l a r y  w a t e r  f r o m  the  s p e c i m e n s  of a t e s t e d  m a t e r i a l  by  m e a n s  of a suc t ion  m e d i u m  at  a p r e s -  
s u r e  of 75 k g f / c m  2. The  me thod  of c a p i l l a r y  s a t u r a t i o n  of c o r e  s p e c i m e n s  was  u sed  fo r  d e t e r m i n i n g  

WMCM. 

The p r a c t i c a l  d e t e r m i n a t i o n  of the  K i r p i c h e v  and P o s n o v  n u m b e r s  i nvo lves  s e t t i ng  up s p e c i a l  and 
r a t h e r  c u m b e r s o m e  e x p e r i m e n t s .  F o r  th is  r e a s o n ,  i t  was d e e m e d  wor thwh i l e  to e s t a b l i s h  a r e l a t i o n  b e -  
tween  KT and K, s i n c e  the  l a t t e r  had to be d e t e r m i n e d  anyway  fo r  the  p r o p e r  cho ice  of o r e  s a m p l e s  and of 
p e l l e t i z i n g  p r o c e s s  cond i t ions .  The e s t a b l i s h m e n t  of such  a r e l a t i o n  would p e r m i t  the  p r e d i c t i o n  of t h e r -  
m a l  s t a b i l i t y  of p e l l e t s .  

F o r  our  s t u d y  we u sed  s p e c i m e n s  of nodu l ized  m a t e r i a l  t a k e n  f r o m  p r o d u c t i o n  s a m p l e s  of  h igh ly  
e n r i c h e d  0 .1-0  m m  g r a i n - s i z e  m a g n e t i t e  c o n c e n t r a t e ,  0 .15-0  m m  g r a i n - s i z e  l i m e s t o n e ,  and 0 .1 -0  m m  
g r a i n - s i z e  ben ton i t e  a t  the  nodu l i z ing  p l a n t  of the  S o k o l o v s k - S a r b a i s k  min ing  and p r o c e s s i n g  c o m b i n e ,  a s  
wel l  a s  s p e c i m e n s  of f i n e - g r a i n  m a g n e t i t e  s l udge  f r o m  the K e m e n o v s k  a n i l i n e - d y e  p l an t  and q u a r t z  sand.  
The p e l l e t s  w e r e  p r e p a r e d  both  f r o m  ind iv idua l  c o m p o n e n t s  and f r o m  v a r i o u s  m i x t u r e s  of t he  n a m e d  in-  
g r e d i e n t s .  

The  wet m a t e r i a l  was nodu l i zed  on a d i s h - t y p e  g r a n u l a t o r  1 m in d i a m e t e r .  The 15 ~= l m m  f r a c t i o n  
of p e l l e t s  was  u sed  fo r  the  t e s t s .  

The  t h e r m a l  s t a b i l i t y  of p e l l e t s  was  d e t e r m i n e d  q u a n t i t a t i v e l y  on the  b a s i s  of the  i n i t i a l  c r a c k  f o r m a -  
t ion  and " shock"  c r u s h i n g  t e m p e r a t u r e s .  F o r  th i s  p u r p o s e ,  b a t c h e s  of p e l l e t s  w e r e  p l a c e d  in a muff le  f u r -  
nace  and hea t ed  up to a de f in i t e  c o n s t a n t  t e m p e r a t u r e  at  which  t hey  w e r e  then  he ld  fo r  7 rain.  A f t e r  tha t ,  
the  p e l l e t s  w e r e  e x a m i n e d  u n d e r  an • magn i fy ing  g l a s s ,  to check  w h e t h e r  s u r f a c e  c r a c k s  had f o r m e d .  The 
f u r n a c e  t e m p e r a t u r e  was then  r a i s e d  f u r t h e r  in 20~ s t e p s  unt i l  c r a c k  f o r m a t i o n  and " shock"  c r u s h i n g  o c -  
c u r r e d .  A f r e s h  b a t c h  of p e l l e t s  was  u sed  fo r  e ach  of t h e s e  subse que n t  h i g h e r - t e m p e r a t u r e  t e s t s .  
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Fig. 2. Values of Pn, Ki, and K T as functions of the average mois-  
ture content in pellets (%). 

Fig. 3. Effect of the nodularity fac tor  K for an ore sample on the 
crack formation cr i ter ion K T. 

To determine the moisture and temperature  gradients during drying, a batch of f r esh ly -p repared  
pellets was placed in the muffle furnace at the initial c rack formation temperature ,  which had been de ter -  
mined previously for each mater ia l  and ore sample. For  measuring the tempera tures  at the surface and 
at the center  of pellets we used C h r o m e l - A l u m e l  thermocouples connected to a multipoint EPP-09  poten- 
t iometer .  Samples were tested for moisture  content every  30 sec. To determine the surface mois ture  
content we removed a 1 mm thick surface layer  from the pellet. With a special template, a 3 mm 3 cube 
was cut f rom the center  of a pellet in order  to test the internal moisture  content. Depending on the var i -  
ance of test  values, the number of repeated measurements  ranged from 30 to 40. 

The results  of the experiment are presented graphical ly in Figs. 1-3. 

In Fig. 1 the effect of moisture  content on the thermal  stability of pellets is shown; to evaluate this 
effect the specimens were subjected to optimal nodulizing conditions followed by drying at a 105~ temper -  
ature until definite residual  moisture content levels were reached and then testing for  thermal  stabili ty 
was conducted; in addition, the tempera tures  of initial c rack formation and "shock" crushing were mea-  
sured. 

It is noteworthy that the pellets f rom various ore samples become res is tant  to crack formation and 
"shock" crushing at specific residual moisture  content levels.  These moisture content levels (points on 
the nominal line aa') correspond to the hydrophysieal constant of the nodulized mater ia ls ,  namely to the 
maximum hygroscopic moisture  capacity (WMH M) determined by the standard method [l ]. 

As the moisture  content becomes higher, the degree of s t ructural  breakdown in the pellets increases  
and it begins at a lower temperature .  When the residual  moisture content remains  between the values of 
WMH M and WMM M (points on line bb'), one observes only one mode of breakdown ("shock" crushing). 

As capi l lary water appears in the pellet s t ructure ,  i .e . ,  as the residual moisture  content level ex- 
ceeds WMM M, crack formation and "shock" crushing begin at different tempera ture  levels.  The higher 
the content of capi l lary moisture,  the g rea te r  will be the tempera ture  difference between the beginning of 
crack formation and the beginning of "shock" crushing. The greates t  tempera ture  difference between the 
beginnings of both breakdown modes in pellets corresponds  to a moisture  content equal to the optimum 
moisture content for nodulizing (on the lines points c ' ,  d ' ,  e ' ,  g ' ,  and h' denote the beginning of c rack  for-  
marion, points c, d, e, g, and h correspond to the beginning of "shock" crushing). 

The data in Fig. 2 relate to the kinetics of changes in the Pn, Ki, and KT numbers which occur  dur-  
ing the drying of pellets sampled f rom industr ia l -grade raw mater ia l :  91% magnetite concentrate + 80 
l imestone + 1% bentonite. 
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As moisture is removed from the pellets, the values of Ki and K T increase until they reach their 

maxima at a residual moisture content of about 5.5%. The Posnov number, on the contrary, first decreases 
and then increases. 

This indicates that at the start of the drying process the thermal stability of pellets is largely deter- 
mined by the temperature gradient. The effect of the temperature gradient then diminishes rapidly, while 
the Kirpichev number becomes the determining and inereasingly important factor. The bending eurves of 
the Ki, KT, and Pn against W can evidently be explained as follows. At a moisture eontent of about 5.5% 
(corresponding to the value of WMMM) there begins a rapid deepening of the evaporation zone. The tem- 
perature gradient between the dehydrated surfaces and the pellet centers increases rapidly, causing the 
sharp increase of the Pn number. The moisture gradient at the start of the drying process increases 
rapidly, since the surface of a pellet becomes dehydrated while the center has not yet heated up and still 
retains its moisture. The poor thermal conductivity of moisture aggravates the situation. As heat pene- 
trates deeper into a pellet, vapor forms within the entire volume and, as a result of the pressure gradient, 
the moisture moves rapidly to the surface so that the distribution of moisture content becomes more uni- 
form, i.e., the moisture gradient decreases and with it the Ki number. 

The initial period of drying is characterized by an almost linear relation between the Ki number and 
the moisture content in the surface layer. This empirical relation can be expressed approximately as fol- 
lows: 

Ki = 3,5--0,472W. (7) 

The relat ion between the nodulari ty factor  K and the c rack  formation cr i ter ion K T is shown in Fig. 3. 
The curve has been fitted on the P romin '  computer  by the method of least  squares.  The result ing equation 
is 

KT = 0,527exp (-- 2,6K4). (8) 

Equations (7) and (8) are valid for assessing the thermal stability of capillary-porous bodies with a 
moisture content between WMM M and WMC M. 

The nondularity factor K for nodulizable materials lies between 0.5 and 0.8; the relation between 
K T and K may be considered approximately linear and may be expressed by the simpler equation: 

KT = 1 ,15--  1,21K. (9) 

Under pract ica l  conditions, a directed change in the thermal  stabili ty of nodulized mater ia l  can be 
effected by regulating the hydrophys ica l  proper t ies  of the nodulized batch; this is achieved by varying the 
quality and the quantity of added bentonite, of various sur face-ac t ive  substances and s t ruc ture-shaping  
additives, by varying the pH of suspensions in the pores ,  etc. 

The authors express  their  s incere  appreciat ion to Academician A. V. Lykov for his valuable com-  
ments and for defining the objectives of this study. 

t s is the 
t c is the 
T m is the 
U c is the 
U s is the 
U 0 is the 
5 is the 
At is the 

AU is the 
t is the 
U is the 

NOTATION 

temperature at the pellet surface, ~ 
temperature at the pellet center, ~ 
temperature of the drying medium, ~ 
moisture content in the pellet center, % ; 
moisture content at the pellet surface, %; 
initial average moisture content in the pellets, %; 
thermal-gradient coefficient (~ 
temperature gradient, ~ 
moisture gradient, %/m; 
temperature, ~ 
moisture content in the pellets, %. 
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