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This paper gives the results of a determination of the moisture con- 
tent gradient and an investigation of the moisture distribution in a 
granular material during, drying in a flaidized bed. 

It  was shown e a r l i e r  [2] that  an i m p o r t a n t  f a c t o r  in 
the c a s e  of a m o i s t u r e - i n e r t  g r a n u l a r  m a t e r i a l  (Lu ~ 
~ 1 .0  �9 10 -a) i s  i n t e r n a l  m o i s t u r e  t r a n s f e r ,  which i s  
r e s p o n s i b l e  fo r  the s p e c i f i c  n a t u r e  of the m o i s t u r e  
d i s t r i b u t i o n  in the m a t e r i a l  du r ing  d r y i n g .  

In th is  work  we used the e x p e r i m e n t a l  da t a  of [9] 
fo r  the d r y i n g  of whear g r a i n  in a f lu id ized  bed and 
our  own da t a  fo r  the m o i s t u r e  d i f fus ion  coe f f i c i en t  a m . 
A c c o r d i n g  to [1,9] ,  the d r y i n g  of m o i s t  g r a i n  in a 
f lu id ized  bed o c c u r s  du r ing  the cons tan t  r a t e  pe r i od .  
A c c o r d i n g  to [4], in the cons tan t  d r y i n g  r a t e  p e r i o d  
with the t e m p e r a t u r e  of the m a t e r i a l  and the coef f i -  
c ien t  a m cons t an t  the m o i s t u r e  d i s t r i b u t i o n  in the 
m a t e r i a l  i s  of a p a r a b o l i c  n a t u r e .  However ,  the m o i s -  
t u r e  d i s t r i b u t i o n  in g r a i n  du r ing  d r y i n g  in a f lu id ized  
bed  i s  not  p a r a b o l i c .  The a b s e n c e  of a p a r a b o l i c  m o i s -  
tu re  d i s t r i b u t i o n  in the m a t e r i a l  in the in i t i a l  phase  of 
d r y i n g  i s  con f i rmed  by a n a l y t i c a l  so lu t ions  [5, 6] and 
e x p e r i m e n t a l  i n v e s t i g a t i o n s  [3, 8]. 

Hence,  a s  a f i r s t  a p p r o x i m a t i o n  we s u g g e s t  that  the 
m o i s t u r e  d i s t r i b u t i o n  in the g r a i n  in the cons t an t  d r y -  
ing r a t e  pe r iod  is  d e s c r i b e d  by  the equat ion 

u = Uo, ~ - - m  (r /R)  n ( n  > 2) (1) 

o r  

d u  m n r  " - x  
-- = , (la) 
d r  R n 

w h e r e  d u / d r  i s  the s c a l a r  va lue  of the m o i s t u r e  con-  
tent  g rad i en t ,  which can  be  found g r a p h i c a l l y .  

~o 

F ig .  2. M a x i m u m  m o i s t u r e  content  
g r a d i e n t  on g r a i n  s u r f a c e  Vus ,  m a x  
as  a funct ion  of i n i t i a l  g r a i n  content  
u 0 (kg/kg) ,  in i t i a l  g r a i n  t e m p e r a t u r e  
@d'C), temperature of drying agent 

t (~ and he igh t  of  bed  ho(mm). 

The m o i s t u r e  content  g r a d i e n t  on the  s u r f a c e ,  d e -  
t e r m i n e d  f r o m  the equat ion for  the m o i s t u r e  flux,  can 
be  pa t  in the f o r m  

tt 0 
VU.------Kim "~ - -SV T. (2) 

As  our  c a l c u l a t i ons  showed,  fo r  a s p h e r e  of r a d i u s  
R and an e l l i p s o i d  of r evo lu t ion  (which a g r a i n  of equ iv -  
a len t  vo lume m o s t  c l o s e l y  r e s e m b l e s  in shape)  with 
s e m i - a x e s  a and b (a -- 2.1 b) the d i f f e r e n c e  in s u r f a c e  
a r e a  does  not  exceed  3%. Hence ,  we can r e g a r d  the 
g ra in  a s  a s p h e r e  of equ iva len t  vo lume and can c a l -  
cu la te  the c h a r a c t e r i s t i c  r a d i u s  R f rom the f o r m u l a  

R = 0.5 ~ p .  
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Fig.  1. Change in m o i s t u r e  content  g r a d i e n t  
Vu s on g ra in  s u r f a c e  d u r i n g d r y i n g ( r  in see) ,  

ca l cu la t ed  f rom f o r m u l a  (3). 

If s h r i n k a g e  of the m a t e r i a l  is  neg lec t ed ,  R = cons t .  
The f i r s t  t e r m  on the r i gh t  s ide  of Eq. (2) is  the m o i s -  
t u re  content  g r a d i e n t ,  which de pe nds  on the m o i s t u r e  
d i f fus ion  coe f f i c i en t  a m and the d r y i n g  r e g i m e  p a r a m -  
e t e r s .  The second  t e r m  c h a r a c t e r i z e s  the t h e r m a l  
m o i s t u r e  condi t ion .  The t h e r m o g r a d i e n t  coe f f i c i en t  
6 depends  on the m o i s t u r e  content  and,  a c c o r d i n g  to 
[4], f o r  g r a i n  6ma x = 0.0005 k g / k g  • deg  fo r  U = 0.333 
kg/kg. 

Research workers [I 0, 11, etc. ] have determined 
the temperature gradient VT which is produced during 
the drying of grain and have obtained different results. 
The maximum difference in the temperatures at the 
surface and the center of the grain was obtained in [10] 
in the case of drying of single seeds with moisture con- 
tent u0 = 0.25 kgfkgby a drying agent with temperature 
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Fig. 3. Change in local  mois ture  content u (kg/kg) in relat ion to 
local  coordinate  for  different  T = const  (broken l ines show mean 
mois tu re  content for  cor responding  T): 1) T = 15; 2) 30; 3) 60; 

4) 90; 5) 120; 6) 150; 7) 180; 8) 210 sec.  
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Fig. 4. Change in local  mois ture  content u (kg/kg) with t ime 
T (sec) fo rd f f fe ren t  r / R  = const :  1) r / R  = 0; 2) 0.6; 3) 0.7; 

4) 0.8; 5) 0.9; 6) 0.95;.7) 1.0. 
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t = 110 ~ C and a flow veloc i ty  v = 3~8 m / s e c .  The 
m a x i m u m  t e m p e r a t u r e  d i f fe rence  of 14 ~ observed  
1 -1 .5  sec  a f te r  the s t a r t  of the exper imen t ,  c o r r e s -  
ponded to VT ~ 14 000 d e g / m  (in the case  of a pa ra -  
bol ic  t e m p e r a t u r e  dis t r ibut ion}.  Then,  as an explo- 
r a to ry  e s t ima te  5VT ~ 7 kg /kg  �9 m .  (At this  ins tan t ,  
obviously,  the value of Kimu0/R is a lso  low-ahd tl~er- 
mograd ien t  t r a n s f e r  plays a def ini te  part}. Accord ing  
to our  ca lcula t ions ,  the max imum value of the f i r s t  
t e rm ,  observed 15 sec a f te r  the s t a r t  of the expe r i -  
ment ,  was Kimuo/R > 100 kg /kg  �9 m.  Then the t h e r -  
mograd ien t  component  of VUs can be neglected and 
for  r -> 15 sec we can wri te  

V u s = --  Ki~ uo/R. (3} 

F igure  1 shows that the mo i s tu r e  content  gradient- 
on the gra in  sur face ,  as is to be  expected,  has a max-  
imum at the s t a r t  of the p roces s  and then begins  to 
d e c r e a s e  apprec iab ly  owing to the sha rp  i n c r e a s e  in 
the mo i s tu r e  diffusion coeff ic ient  a m with i n c r e a s e  in 
the t e m p e r a t u r e  of the m a t e r i a l  [2, 7]. Subsequently,  
owing to the reduct ion  of the coeff icient  a m with r e -  
duct ion in mo i s tu r e  content  of the g ra in  Vu s i n c r e a s e s .  

F igure  2 shows that the value of VUsmax is mos t  
affected by the in i t ia l  mo i s tu re  content  and in i t ia l  g ra in  
t empe ra tu r e .  The value of VUSmax is l e s s  affected by 
the change in the t e m p e r a t u r e  of the d ry ing  agent  and, 
f inal ly,  the change in the height of the bed has l ea s t  
effect on the m a x i m u m  value of this gradient .  For  in -  
s tance ,  the max imum sur face  mo i s tu r e  content  g r a -  
d ient  formed in the d ry ing  of g ra in  with in i t ia l  m o i s t u r e  
content  u0 = 0.396 kg/kg in a f luidized bed is  more  than 
three  t imes  the value of Vu s for  g ra in  with u0 = 0.333. 
A reduct ion  of the in i t ia l  t e m p e r a t u r e  of the g ra in  by 
only 4.5 ~ i n c r e a s e s  Vu s by 25% (otl~er condit ions be ing  
equal}. 

The mo i s tu r e  content  g rad ien t  in c e r t a i n  condit ions 
affects the s t r u c t u r a l  and mechanica l  p rope r t i e s  of the 
g ra in  and, hence,  excess ive ly  high m o i s t u r e  content  
g rad ien t s  a re  undes i r ab le .  For  ins tance ,  we found that 
d ry ing  of g ra in  with an in i t ia l  mo i s tu r e  content  w0 
-> 33% and low in i t ia l  t e m p e r a t u r e  (5--10 ~ C) by a d r y -  
ing agent  with a t e m p e r a t u r e  of more  than 150 ~ C led 
to some reduct ion  in the sorp t ion  capaci ty  of the g ra in  
and this  was accompanied  by a de t e r io r a t i on  in i ts  
mi l l ing  qual i ty  (the ash content  of the f lour  was in -  
c reased) .  This can be a t t r ibuted  to a reduct ion  in the 
e las t i c i ty  of the husk, which is penetra ted by a dense  
network of cap i l l a r i e s ,  and an i n c r e a s e  in i ts  b r i t t l e -  
nes s ,  so that some of the husk m a t e r i a l  is  found in the 
f lour  a f te r  mi l l ing .  

Hence, the d ry ing  condit ions for  g ra in  mus t  be 
chosen with due regard  to its m a s s - t r a n s f e r  cha rac -  
t e r i s t i c s .  To p r e s e r v e  the p roces s ing  qual i t ies  of 
g ra in  i ts  rapid d ry ing  mus t  obviously,  en ta i l  p r i o r  
heat ing of the g ra in  in highly sa tura ted  a i r  (high ~0). 

F r o m  (la) and (3) 

m = Ki m uo/n. (4) 

Regarding a g ra in  as  a sphe re  we can find the m o i s -  
tu re  content  u0,r in the cen te r  of the m a t e r i a l  at t ime  
r by in t eg ra t ing  Eq. (1} and us ing  Eq. (4): 

u0. ~ = u~ 4-3KIm uo/(n 2 ~- 3n). (5) 

In Eq. (5) u0, u r ,  and Ki m a re  known f rom expe r i -  
ment .  The unknown quant i t ies  a r e  u0, r and n = f ( r ) .  

A s s u m i n g  that in the cour se  of ~" = 15 sec  the m o i s -  
tu re  content  in the cen te r  of the g ra in  is cons tan t  and 
is  approx imate ly  equal to the in i t i a l  m o i s t u r e  content  
(u0.15 ~ u0), we find f rom (5) the co r r e spond ing  value 
of n and plot the m o i s t u r e  d i s t r i bu t ion  curve  for  this 
ins tant .  

To plot the mo i s tu r e  content  cu rve  at subsequent  
per iods  we mus t  know how u0, r or  n v a r y  with t ime .  
As ment ioned above, the d ry ing  of g ra in  in a f luidized 
bed at  t --- 80 ~ C and @ <-- 65" occu r s  in the f i r s t  d ry ing  
per iod.  We can in fe r  f rom the foregoing that a pa r a -  
bol ic  mo i s tu r e  d i s t r i b u t i o n  is se t  up when the m o i s t u r e  
content  of the g ra in  r eaches  i ts  f i r s t  c r i t i c a l  value.  
Af te r  d e t e r m i n i n g  the l a t t e r ,  we find the value of r c r l ,  
for  which n = 2. Thus,  n is  an i n v e r s e  l i n e a r  funct ion 
of the t ime  r and d e c r e a s e s  f rom an in i t ia l ,  r e l a t i ve ly  
high value to 2 at the end of the f i r s t  d ry ing  period.  

Hence, to find the m o i s t u r e  content  Ur, r of any 
point  of the g ra in  at t ime r dur ing  drying in a f luidized 
bed we need to know u0, UT and Ki m. Then,  putt ing 
u0.1~ = u0, we d e t e r m i n e  n15 for  r = 15 sec and m a r k i n g  
the value n = 2, co r r e spond ing  to r c r  1, on the graph 
n = f ( r ) ,  we connect  points n15 and n = 2 by a s t r a igh t  
l ine  and d e t e r m i n e  n r. Then,  f rom (5) and f rom the 
known Kim,  ur ,  u0, n r  we d e t e r m i n e  u0,~- , and f rom (1) 
we find Ur, T. 

The graphs in Figs .  3 and 4 show the cu rves  u = 
=f ( r )  for  r = const  and u =f(r) for  r = eons t  for  one 
of the expe r imen t s .  

The expe r imen ta l  and ana ly t ica l  inves t iga t ion  of 
mo i s tu r e  t r a n s f e r  within the m a t e r i a l  enables  us to 
se lec t  eff ic ient  d ry ing  condit ions for  g ra in  with due 
regard  to i ts  m a s s - t r a n s f e r  c h a r a c t e r i s t i c s  and i ts  
s t r u c t u r a l  and mechan ica l  p rope r t i e s .  

NOTATION 

t is the t e m p e r a t u r e  of d ry ing  agent ;  | is the t e m -  
p e r a t u r e  of heat ing of g ra in ;  r ,  x r a re  f o r m  fac tors .  

REFERENCES 

I. A. S. Ginzburg, Drying of Food Products [in 
Russ ian] ,  P i shchepromizda t ,  1960. 

2. A. S. Ginzburg  and V. P. Dubrovski i ,  IFZh,  
6, no. 10, 1963. 

3. M. F. Kazanski i  and P. P. Luts ik ,  IFZh,  3, 
no. 11, 1960. 

4. A. V. Luikov, Heat and Mass  T r a n s f e r  in Dry-  
ing P r o c e s s e s  [in Russ ian] ,  GEI, 1956. 

5. A. V. Luikov and Yu. A. Mikhailov, T h e o r y  of 
Heat and Mass T r a n s f e r  [in Russ ian] ,  GEI, 1963. 



178 

6. Yu. A. Mikhaflov and R. M. Born ikova ,  IFZh ,  
6, no. 10, 1963. 

7. L.  M. Niki t ina,  Tab les  of T r a n s p o r t  Coeffi-  
c ien ts  fo r  Mois t  M a t e r i a l s  [in Russ ian] ,  Izd. Nauka i 
tekhnika Minsk,  1964. 

8. V. N. Ole in ikova  and M. F. Kazansk i i ,  IFZh ,  
1, no. 2, 1958. 

9. V. A. Rezchikov,  Thes i s :  An Inves t iga t ion  of 
the Dry ing  of Gra in  in a F lu id ized  Bed, 1962. 

INZHENERNO-FIZICHESKII  ZHURNAL 

10. L. S. Slobodkin, IFZh ,  5, no. 10, 1962. 
11. W. Sh~fer,  Die M~Jhle, no. 51, 1954. 

27 J a n u a r y  1966 Techno log ica l  Ins t i tu te  of the 
Food Indus t ry  Ins t i tu te  of 
Grain and Grain Products, 
Moscow 


