
C h a p t e r  I I

LITERATURE REVIEWS

2.1 P a rb o i l in g  Technique

P a r b o i l in g  is  one o f  th e  la t e s t  we 11-d eve lop ed  o r e m il -  
l in g  tre a tm e n ts  g ive n  to  paddy to  im prove i t s  m i l l i n g ,  n u t r i  
t i o n a l ,  c o o k in g , and keep ing  q u a l i t ie s *  The r ic e  o b ta in e d  from  
p a r b o i l in g  tre a tm e n t we c a lle d  i t  "P a rb o i le d  r i c e " .  P a r b o i l in g  
is  a p rocess o f  a n tiq u e  o r ig in .  I t  o r ig in a te d  in  th e  F a r E a s t^ ^ ,  
p r in c ip a l ly  I n d ia ,  and in  some re g io n s  o f  E q u a to r ia l A f r ic a ,  from  
where i t  has spread more r e c e n t ly  to  o th e r  c o n t in e n ts .

The s im p le s t m ethod, used in  a n c ie n t t im e s ,  c o n s is te d  
o f  m e re ly  so a k in g  th e  r ic e  in  w a te r and d ry in g  i t  in  th e  รนท.
In  th e  c la s s ic  sys tem , how ever, th e re  a re  th re e  d i f f e r e n t  opera 
t io n s ,  nam ely! soa k in g  in  w a te r ,  s te a m in g , and d ry in g .  The 
a p p l ic a t io n  o f  w a te r and h e a t b r in g s  about c o n s id e ra b le  m o d if i
c a t io n s  o f  a p h y s ic a l,  c h e m ic a l, p h y s ic o c h e m ic a l, b io c h e m ic a l, 
a e s th e t ic  and o rg a n o le p t ic  n a tu re .

In  a n c ie n t tim e s  th e  p rocess m ost p ro b a b ly  was in v e n te d  
to  make h u l l in g  e a s ie r ,  and th e  d i f f e r e n t  m o d if ic a t io n s  p a rb o i
l in g  made to  th e  p ro d u c t c o n s id e re d  m e re ly  a c c id e n ta l 5 how ever, 
a f t e r  th e  in t r o d u c t io n  o f  m echan ica l m i l l i n g ,  p a r b o i l in g  n o t 
o n ly  s u rv iv e d  b u t even began to  spread a l l  o v e r th e  w o r ld  
because o f  i t s  econom ica l and n u t r i t i o n a l  advantages.



The f i r s t  s tu d ie s  on p a rb o ile d  r ic e  go back to  th e  
s t a r t  o f  th e  c e n tu ry  when m ed ica l o p in io n  began to  emphasize 
th a t  th e  peop les who consumed t h is  r ic e  were r a r e ly  a f fe c te d  
by b e r ib e r i ,  an endemic d ise a se  caused by a la c k  o f  v i ta m in  
E - l , o r  th ia m in e .

However, i t  was o n ly  a f t e r  th e  Second W orld  War t h a t  
a c e r ta in  amount o f  in d u s t r ia l  a c t i v i t y *  e s p e c ia l ly  in  th e  
U n ite d  S ta te s ,  I t a l y ,  and B r i t i s h  G uiana* aroused in t e r e s t  in  
a much w id e r program  o f  s tu d ie s  and re s e a rc h  on p a rb o ile d  r ic e  
and th e  te c h n iq u e  to  be used in  p re p a r in g  i t .

(3 )2 .1 ,1  Mechanism o f  P a r b o i l in g

From f ig u r e  2 -1 ,  i t  shows th e  s t r u c tu re  o f  a paddy 
g ra in .  The endosperm , w h ich  c o n s t i tu te s  th e  m a jo r volume o f  
th e  r ic e  g ra in ,  is  m a in ly  composed o f  p o ly g o n a l s ta rc h  g ra n u le s  
The v o id s  o r  in te r g r a n u la r  spaces a re  f i l l e d  w i th  a i r  and 
m o is tu re .  The presence o f  v o id s ,  f is s u r e s ,  a n d /o r c ra c k s , 
developed d u r in g  m a tu r i t y ,  causes breakage o f  r ic e  d u r in g  
m i l l in g .  T h is  breakage may be e lim in a te d  by g e la t in iz in g  th e  
s ta rc h ,  w h ich  f i l l s  th e  v o id s  and cements th e  f is s u r e s  and 
c ra c k s .

The s ta rc h  g ra n u le s  may be s w e lle d  by so a k in g  th e  paddy 
in  w a te r .  D u rin g  s o a k in g , w a te r p e n e tra te s  in to  s ta rc h  g ra n u le  
form s h y d ra te s  by hydrogen b ond ing , and causes s w e l l in g ,  s ta rc h  
g ra n u le s  e x h ib i t  o n ly  a l im i te d  c a p a c ity  f o r  a b so rb in g  w a te r ,
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and s w e llin g  in  c o ld  water is  due to  the presence o f  hydrogen 

bonds between the amylose and am ylopectin  f r a c t io n s  o f the 

s ta rc h . D uring hot soak in g , energy su p p lie d  in  the form o f  

heat weakens the granu le  s tru c tu re  by d is ru p t in g  the hydrogen 

bonds I th e re fo re , more su rfa ce  area is  a v a ila b le  fo r  water 

ab so ro tio n  by the s ta rc h  g ra n u le s . T h is  perm its fu rth e r  hydra

t io n  and i r r e v e r s ib le  granule  s w e llin g  caused by the in cre a se  

in  the number o f  d is s o c ia te d  water m o lecu les. T h is  phenomenon 

is  c a l le d  g e la t in i  za tio n  o f  s ta rc h . The tem perature at which 

g e la t iz a t io n  takes p lace  is  known as the g e la t in iz a t io n  tempera

tu re  and is  s p e c i f ic  fo r  each v a r ie t y .  At the end o f the -

g e la t in iz a t io n  p ro c e ss , the paddy has a acq u ired  a m oisture
*

content o f  about 45-50% and must be d r ie d  before  fu rth e r  

p ro ce ss in g . The s ta rc h  in  the paddy g ra in  may be g e la t in iz e d  

by e ith e r  o f  two methods ร (1) the paddy may be soaked in  water 

at or above i t s  g e la t in iz a t io n  tem perature fo r  a tim e , which 

depends on the v a r ie t y ;  or(2) the paddy may be soaked in  water 

at or below i t s  g e la t in iz a t io n  tem perature fo r  sometime to  

f a c i l i t a t e  the uniform  h y d ra tio n  o f  the r ic e  k e rn e l,  and then 

heated to  produce ir r e v e r s ib le  expansion and fu s io n  o f the 

s ta rc h  g ra n u le s . The heat should  be m o is t , or the soaked paddy 

w i l l  s t a r t  to  d ry . The b est source o f  t h is  heat is  steam. T h is  

method is  commonly used in  p r a c t ic e .

a a l l  m oisture  content va lues are based on d ry  b a s is
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Chem ical a n a ly s is  o f  r ic e  showsthat most o f  the n u t r ie n ts ,  

which are concentrated  in  the outer la y e rs  (bran and p o lis h )  o f  

the r ic e  .k e rn e l, are lo s t  d u rin g  m i l l in g .  T h is  lo s t  o f n u tr ie n ts  

may be reduced to  a c e r ta in  exten t e it h e r  by consuming s h e lle d  or 

u n d e r-m ille d  r i c e ,  or by making some o f  the n u tr ie n ts  p re se n t in  

the o u te r la y e rs  penetrate  the k e rn e l,  so th a t th ey  are not re 

moved d u rin g  m i l l in g .  The form er is  not a d v isa b le  because o f  

consequent d ig e s t io n  tro u b le  I however, i f  the paddy is  soaked in  

'water and subsequently  steamed, the water s o lu b le  n u tr ie n ts  may 

be re ta in e d  to  some extent in  the k e rn e l.

2 .1 .2  C h a r a c te r is t ic s  o f the Paddy fo r  P a r b o il in g

The paddy v a r ie t ie s  p re fe rre d  fo r  p a r b o ilin g  are those  

th a t are the most b r i t t l e  because o f the s o ft  s tru c tu re  o f  t h e ir  

endosperm and those th a t g ive  a low output a f te r  m i l l in g  because 

o f s p e c ia l c o n d it io n s  a sso c ia te d  w ith  c u l t iv a t io n ,  h a rv e s t in g , 

and d ry in g . V a r ie t ie s  th at are long and s le n d er are u s u a lly  

p a rb o ile d  because they are f r a g i le  compared w ith  sh o rt or medium 

leng th  g ra in s , which stand up b e tte r  to  the o rd in a ry  m i l l in g  

p ro cess . Scented and f in e  v a r ie t ie s ,  w hich have good m i l l in g  

q u a l it y ,  are g e n e ra lly  p a rb o ile d .

Some c h a r a c t e r is t ic s  o f  the paddy a f fe c t  the f in a l  p ro

duct both q u a n t it a t iv e ly  and q u a lita t iv e ly ^ 2 ;̂ (1) the presence  

o f p a r t i a l l y  or f u l l y  s h e lle d  g ra in s , which may be destroyed  or 

misshapen by the p ro c e ss , cause the p a r b o il in g  p la n t  to  fu n ctio n
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i r r e g u la r ly !  (2) the รพท and h a ir in e s s  o f  the husk may make 

the soaking  o p eratio n  d i f f i c u l t  because o f the tendency o f the 

g ra in s  to  f lo a t  on the su rfa ce  o f the w ater, which produces 

scum and o th er waste m a te ria ls?  (3) the p igm entation  o f  the  

husk and p e r ic a rp  may be d is s o lv e d  d u rin g  the soaking  and 

steaming o p era tio n s  and deepen the c o lo r  o f  the endosperm?

(4) b a c t e r ia l  in fe s ta t io n  may cause a p a r t ia l  o r t o t a l  darkening  

o f the endosperm? and (5) even minute in ju r ie s  on the seed, 

caused e ith e r  m e ch a n ica lly  or by in s e c t s ,  may lead  to  p a r t ia l  

d is c o lo r a t io n  o f the p a rb o ile d  r ic e ,

2 .1 ,3  P a r b o il in g  process

I t  is  a hydrotherm al process th a t may be d e fin e d  as 

the g e la t in iz a t io n  o f s ta rc h  w ith in  the r ic e  g ra in . D uring  

the p ro c e ss , an i r r e v e r s ib le  s w e llin g  and fu s io n  o f s ta rc h  

granu les occu rs th a t changes the s ta rc h  from a c r y s t a l l in e  

form to  an amorohous one. As a r e s u lt  o f  t h is  tra n s fo rm a tio n , 

the o rd e r ly  p o ly h e d ra l s tru c tu re  o f the compound s ta rc h  granu les  

changes in to  a coherent mass. P a r b o il in g  o f  paddy re q u ire s  

fo u r steps* p re c le a n in g  and g ra d in g , so ak in g , steam ing, and 

d ry in g ,

2 .1 .3 .1  P re c le a n in g  and G ra d in g ; I t  is  o f  the g re a te s t  

im portance to  ensure th a t a l l  o rg a n ic  or in o rg a n ic  im p u r it ie s ,  

which the soaking step  would cause to  ferment or remain in  sus

p en sion , are removed from the paddy p r io r  to  p a r b o il in g .  To get
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an even ly  processed and co lo re d  product w ith  the s ta rc h  g e la t i 

n ize d  to  a uniform  degree, d iv id in g  the paddy in to  homogeneous 

lo t s  may sometime be necessary . As the time re q u ire d  fo r  water 

and heat to  reach the cen ter o f  the endosperm depends on the 

th ickn ess  o f  the g ra in , a l l  th a t is  needed is  to  grade the paddy 

accord in g  to  g ra in  th ic k n e s s .

2 ,1 .3 .2  S o ak in g * I t  is  b a s ic a l ly  a d if fu s io n  process o f 

sim ultaneous water a b so rp tio n  and s w e llin g . The movement o f  

water in to  the paddy w i l l  con tin ue  as long as the vapor pressu re  

in s id e  the g ra in  is  le s s  than th a t o f the soak water and w i l l  

stop  when e q u ilib r iu m  is  reached. H yd ration  c h a r a c t e r is t ic s  o f  

the paddy depend on the agronomic v a r ie t y ,  on c u lt iv a t io n  co n d i

t io n s ,  and on length  o f sto ra g e . These fa c to rs  must be considered  

in  d e c id in g  how long soaking must lie con tin ued . Another fa c to r  

o f g reat im portance in  soaking is  the tem perature o f  the w ater.

The process can be speeded up by the use o f  p h y s ic a l and chem ical 

agents such as a i r  vacuum, h y d ro s ta t ic  p re ssu re , and w ettin g  

ag en ts.

The main o b je c t iv e s  to  be achieved in  the soak ing  stage  

ares qu ick  and even water a b so rp tio n  by the g ra in  and avoidance  

o f husk opening as fa r  as is  p o s s ib le .  I f  soaking time is  too  

p ro longed , c e r ta in  substances conta ined  in  the r ic e  may become 

d is s o lv e d  in  the water °9 and fu r th e r ,  the seed may s t a r t  to  germ i

nate i f  th ere  is  s u f f ic ie n t  a i r  in  the w ater. T h is  leads to  many 

and complex changes o f  a b ioch em ica l n a tu re , avoidance o f  which  

are o f g reat im portance in  se cu rin g  a good p ro ce ss in g  r e s u lt .
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S e v e ra l modern processes have made p r a c t ic a l  experim ents by 

adding s p e c ia l s o lu t io n s  to  the soaking  water to  cause the r ic e  

to absorb substances which i t  n o rm a lly  la cks  ( e . g . » ca lc iu m  or 

v ita m in s ) , p lu s  o ther s o lu t io n s  to  prevent browning.

Water tem perature and len g th  o f  soaking time have an 

e f f e c t  on the s o lu b i l iz a t io n  o f substances in  the r i c e ,  and on 

c o lo r ,  s m e ll, and ta s te . The content o f m in era ls  or o th er  

substances in  the soaking must be c a r e f u l ly  co n s id e re d , as they  

may a f fe c t  the r e s u lt  o f the p ro ce ss . The degree o f hardness 

and the content o f s u l f id e s , such as «2ร J must be analyzed  so 

th at steps may be taken ag a in st any p o s s ib le  form ation  o f s u lf id e  

compounds which may a f fe c t  the sm e ll and ta s te  o f the f in is h  

p ro d u ct. I t  has been p o in te d  out th a t the c o lo r  o f m ille d  r ic e  

is  a ffe c te d  by the pH o f the soaking water and by the p o s s ib i l i t y  

of a d ju stin g  i t .  A ccu rate  s tu d ie s  are s t i l l  n e ce ssa ry , however, 

to  determ ine the most fa v o ra b le  pH fo r  a vo id in g  or red u cin g  co rre  

t io n s .  On the o ther hand, i f  the pH is  too much reduced, t h is  

causes a h y d ro ly z in g  e f f e c t  and the form ation  o f compounds such a 

sugars and aldehydes which a d v e rse ly  a f fe c t  the f la v o r  o f the 

f in is h e d  p ro d u ct.

A part from ferm entation  caused by the presence o f  o rg a n ic  

im p u r it ie s  in  the r i c e ,  the albumins which are s o lu b i l iz e d  du rino  

soaking  can decompose, or ra th e r h y d ro ly z e , s p l i t t in g  up in to  the 

amino a c id s  o f which they are composed. steam heatin g  causes the 

s u lfu r  amino a c id s  to  s p l i t  up s t i l l  fu r th e r ,  fre e in g  hydrogen
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s u lf id e  and o ther o rg a n ic  s u lf id e  products o f low m olecu lar  

w eights. Combining w ith  a lc o h o ls  produced by decom position o f  

l ig n in ,  a q u a n tity  o f which the husks c o n ta in , these products  

form others o f an odorous nature such as th io -a 'lc o h o ls  and th io -  

e th e r s , xv'hich g ive  a c h a r a c t e r is t ic  f la v o r  and sm e ll to  some 

types o f  p a rb o ile d  r ic e ,  and which can a lso  be noted in  the 

atmosphere surrounding  the p la n ts .

I f  the tem perature o f the w ater exceeds th a t a t which 

the s ta rc h  is  g e la t in iz e d ,  h yd ratio n  takes p la ce  more r a p id ly ,  

and a g re a te r q u a n tity  o f water is  absorbed. T h is  a ls o  means, 

however, th a t the husks open to  an a p p re c ia b le  e x te n t, and p a rt  

o f the c a ry o p s is  comes out in to  the w ater, to g eth er w ith  a 

g reat q u a n tity  o f  h yd ro so lu b le  substances con ta in ed  in  the r ic e .  

Water tem peratures below th a t o f g e la t in iz a t io n  p ro p o rt io n a te ly  

in cre a se  h y d ra tio n  tim es and reduce the q u a n tity  o f  water 

absorbed, as w e ll as husk s p l i t t in g  and the amount o f  s o lu b le  

substances in  suspension. From t h is  i t  may be deduced th a t the 

most s u ita b le  soaking tem peratures l i e  between 60° and 70 c . 

T h e o r e t ic a l ly ,  soaking o f paddy can be done a t ,  or below , i t s  

g e la t in iz a t io n  tem perature. The lower the tem perature used, 

the slow er is  the process o f soaking and v ic e  v e rsa . However, 

the tem perature should  not be more than 75°c, or the paddy w i l l  

be cooked. Soaking time can be reduced by su b je c t in g  the paddy 

to  vacuum, fo r  a few m inutes before  soaking and/or by soaking  

under pressure  in  hot w ater.
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2 .1 .3 .3  Steam ings The use o f steam fo r  g e la t in iz in g  

the s ta rc h  in  the paddy g ra in  is  p re fe ra b le  to  o ther methods 

o f h eatin g  because i t  does not remove m oisture from the soaked 

paddy, ra th e r i t  adds m oisture  by con d ensation , which in cre a se s  

the t o t a l  m oisture  content o f  the g ra in . The o ther advantages 

o f steam are th a t i t s  h igh  heat content is  a p p lie d  at constant, 

tem perature, i t  is  s t e r i l e ,  and i t  can be used to  produce power 

b efore  i t  heats the paddy. D uring  steam ing, the fo llo w in g  p o in ts  

should  be c o n s id e re d ^ ,̂ (1) whether the steam is  sa tu ra te d  or

superheated % (2) the p ressu re  o f the steam, which determ ines the

tem perature at which heat is  tra n sm itte d  % and (3) the steaming  

tim e, which determ ines the t o t a l  heat su p p lie d  to  the paddy t.o 

cause the g e la t in iz a t io n  o f the s ta rc h .

The t o t a l  amount o f heat a p p lie d  to  the paddy is  equal 

to  the heat prov ided  by the soaking and ste e p in g  water p lu s  the  

heat d e riv e d  from the condensation o f steam d u rin g  the steaming  

o p e ra tio n .

The tem perature o f  the steam has a c o n s id e ra b le  e f f e c t  

on the c o lo r  o f  the r ic e  although the causes are not y e t f u l l y  

understood. A p art from the spread o f  c o lo r in g  pigments conta ined  

in  the husk and b ran , i t  seems th a t c o lo r in g  o f the endosperm is  

caused by a b so rp tio n  o f red ucin g  sugars th a t re a c t  w ith  the amino 

a c id s , and by fu s io n  o f the aleurone la y e rs  o f the endosperm 

w ith the s ta rc h y  co re . However, by steam ing the paddy w ith  non- 

p re s s u r iz e d  steam (at 1 0 0 °c), as in  the t r a d i t io n a l  o r ie n t a l  methods, 

o n ly  sm a ll v a r ia t io n s  are found in  the c o lo r  and q u a n tity  o f  so lu b le



G e n e ra lly , sa tu rated  steam at a p ressure  o f  1-5 kg/crr2

is  used fo r  steaming the soaked paddy in  the d i f f e r e n t  methods
(4)o f p a r b o ilin g  . The d u ra tio n  o f steam ing is  dependent upon 

the q u a n tity  o f  paddy to  be steamed, For sm all batches steam ine  

takes 2-3 mins w hereas, la rg e r  batches o f about 6-8 t  take about 

20-30 min. I t  has been rep o rted  th a t s p l i t t in g  o f  the husk can 

be taken as an in d ic a t io n  o f  com pletion o f the steam ing p r o c i s l ’  ̂

although i t  is  not a n ecessary  c o n d it io n  and the paddy can be pro 

p e r ly  p a rb o ile d  w ithout any s p l i t t in g  o f  the husk. The steam 

requirem ent per ton o f  paddy p a rb o ile d  in  a modern p a r b o il in g  

p la n t u s in g  steam at a p ressu re  o f 4-5 kg/cm^ is  about 120 kg fo r  

so ak in g , 60 kg fo r  steam ing, and 20 kg in  lo s s e s .

2 .1 .3 .4  D ry in g ; stea m -p arb o iled  paddy is  d r ie d  essen

t i a l l y  fo r  proper m i l l in g  and s to r in g ,  but i t  is  d i f f e r e n t  from 

d ry in g  raw paddy because the steamed paddy has a 'h igh  m oisture  

content (45-50%) and is  h o t. The main aim o f the d ry in g  process  

is  to  reduce the m oisture content to  14-16% w ithout causing  

cracks o r s tre s s e s  in  the r ic e  c a ry o p s is , which may lead  to  

breakage d u rin g  m i l l in g .

Removing o f  the excess m oisture  is  so im portance. I f  the 

m oisture is  removed at a v e ry  slow r a t e ,  m icroorganism  w i l l  grow 

and p a r t i a l l y  or f u l l y  s p o i l  the p a rb o ile d  paddy. On the o ther  

hand, i f  d ry in g  is  done r a p id ly  and c o n tin u o u s ly , cracks may

s t a r c h  a n d  i n  t h e  a m o u n t  o f  s w e l l i n g  o f  t h e  m i l l e d  p a r b o i l e d

r i c e .



develop and the r ic e  w i l l  break d u rin g  m i l l in g .  However, i f  

p a rb o ile d  paddy is  u n ifo rm ly  d r ie d  by any means (shade, รนท, 

or hot a i r ) , p r a c t ic a l ly  no breakage w i l l  o ccu r. Improper 

d ry in g  c o n d it io n s  may r e s u lt  in  as h igh as 100% breakages th e re 

fo r e ,  p a rb o ile d  paddy should be d r ie d  w ith  g reat care .

When p a rb o ile d  paddy is  d r ie d  r a p id ly ,  a steep m oisture  

g ra d ie n t develops between the su rfa ce  and the cen tre  o f  the 

K e rn e l. T h is  se ts  up a s t r e s s ,  and at a c e r t a in  stage the k e rn e l 

r e l ie v e s  the s tre s s  by c ra ck in g . These cra ck s are ir r e v e r s ib le  

and se t up l in e s  o f weakness, a long which fra c tu re s  e a s i ly  occur 

under the m echanical s tre s s e s  o f  m i l l in g .  T h is  beh avior is  a ls o  

observed in  the d ry in g  o f  raw paddy.

D uring d ry in g , two p o in ts  are o f  g re a t im portance. F i r s t ,  

breakage does not occur throughout the d ry in g  p ro cess . I ts  occur 

o n ly  when the m oisture content reaches and then cro sse s  18%, no 

m atter how fa s t  the d ry in g  (F ig u re  2 ~ 2 ) ^ \  A f te r  th a t ,  breakage

60
f'
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Change in  m i l l in g

q u a l it y  o f  p a rb o ile d
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in crea se d  s h a rp ly . Second, the cracks do not develop d u rin g , 

but over a p e rio d  o f  2 h. a f te r  the d ry in g  has been term inated . 

D ry in g  o f  p a rb o ile d  paddy should be done in  two passes to  avoid  

the breakage o f  r ic e  d u rin g  m i l l in g ,  although some s u c c e s s fu l 

experim ents have been c a r r ie d  out in  which the p a rb o ile d  r ic e  

was d r ie d  u n t i l  the m oisture  content was low enough fo r  m i l l in g .  

P r e s e n t ly ,  the d ry in g  o f  p a rb o ile d  paddy is  done in  two passes 

th a t are separated  by a tem pering p e rio d . D uring  the f i r s t  stage  

o f d ry in g , the m oisture content is  reduced from about. 50 to  2 5%. 

T h is  is  fo llow ed  by tem pering to  e q u a liz e  the m oisture w ith in  

the k e rn e ls . The tempered paddy is  then d r ie d  to  14-16% m oisture  

d u rin g  the second p ass. In a c tu ra l p ra c t ic e  the two methods th at  

are commonly used are รนท d ry in g  and m echanical d ry in g .

F ig u re  2-3 and 2-4^ . show the genera l nature o f  m ois

tu re  removal from the g ra in  d u rin g  รนท d ry in g .

M echan ica l d ry in g  o f  p a rb o ile d  paddy is  o f q u ite  recen t 

o r ig in .  Hot a i r  is  fo rce d  through the g ra in , which evaporates  

and c a r r ie s  away the m o istu re . Most o f  the m oisture  in  f r e s h ly  

p a rb o ile d  paddy is  su rfa ce  m o istu re . The ra te  o f removal o f 

su rfa ce  m oisture from the g ra in  is  dependent upon the evapora

t in g  c a p a c ity  o f  the d ry in g  a i r ,  which in cre a se s  w ith  tem perature. 

However, a f te r  removal o f the su rfa ce  m o istu re , the ra te  o f 

m oisture  removal is  c o n s id e ra b ly  reduced and depends upon the 

ra te  o f  m oisture m ig ra tio n  from the cen te r o f the g ra in  to  i t s  

s u rfa c e , which depends on the c h a r a c t e r is t ic s  o f the g ra in .
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F ig u re  2-4 V a r ia t io n  o f
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dry in g) :CD= f irs t-  

f a l l i n g  ra te  p e r

io d ; and DE=second 

f a l l in g  ra te  p e rio d .

Therefor^-^an in crea se  in  the tem perature o f d ry in g  a i r  a t t h is  

stage does not in crea se  the d ry in g  ra te . U n lik e  d ry in g  raw 

p a d d y s  i t  is  p o s s ib le  to  use very  h igh  tem peratures to  d ry  p ar

b o ile d  oaddy because o f  i t s  in crea se d  hardness. To ach ieve  

fa s te r  m oisture removals, d ry in g  a i r  a t a tem perature as h igh  as 

120°C^4  ̂ is  being  used in  com m ercial p a r b o il in g  and d ry in g  p la n ts .  

From the r e s u lts  o f f i e l d  experim ents conducted by the R ice  P rocess
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E n g in ee rin g  C e n te r, a com bination o f  d ry in g  a i r  tem peratures  

has been determ ined to  ensure optimum perform ance o f m echanical 

d r ie r .  To remove the bu lk  o f  the su rfa ce  m oisture  d u rin g  the 

f i r s t  d ry in g  p a ss , the tem perature o f the d ry in g  a i r  is  kept at 

95-'100°C. However, d u rin g  the second d ry in g  p a ss , when m oisture  

from the in ner p a rt  o f the g ra in  is  to  be removed, the tempera

tu re  o f  the d ry in g  a i r  should  be kept at 75°c because a h igher 

tem perature w i l l  not in cre a se  the d ry in g  ra te  but w i l l  o n ly  

r e s u lt  in  an in crea sed  heat lo ss  in  the exhaust a i r .

Many ty p e s  o f  m echan ica l d r i e r s  a re  used  in  d ry in g  o f 
p a rb o i le d  r i c e  such as c i r c u l a t i o n  co n tin u o u s  b e l t  d r i e r ,  f l u i 
d iz e d  bed d r i e r ,  v ib r a t in g  conveyor d r i e r ,  r o t a r y  d r i e r ,  a i r  
vacuum d r i e r ,  and f l a t - b e d  d r i e r .  In  modern p a r b o i l in g  m ethods, 
r i c e  i s  h e a te d  in  an a i r  vacuum o r by c o n ta c t  w ith  h o t s u r fa c e s  
in s te a d  o f in  d r i e r s  th ro u g h  w hich c u r r e n ts  o f  h o t a i r  p a s s .

When d ry in g  is  f in is h e d  and before  m i l l in g  is  s ta r te d ,  

the r ic e  must be sto re d  fo r  s e v e ra l hours, or b e tte r  s t i l l  fo r  

2 or 3 days, to  a llow  the m oisture in s id e  the g ra in  to  spread  

eve n ly  throughout so as to  avo id  the c re a t io n  o f s tre s s e s  

between la y e rs  w ith  d i f f e r e n t  m oisture  co n te n ts .

(3 )
2 .1 .4  Advantages and D isadvantages o f  P a r b o il in g

In  g e n e ra l ,  th e  p a r b o i l in g  p ro c e ss  has th e  fo llo w in g  
ad van tages ร

1 . s h e l l in g  o f  p a rb o i le d  paddy i s  e a s i e r  b ecau se  th e
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husk is  s p l i t  d u rin g  p a r b o il in g  ;

2. the e x tra  s tre n g th  acq u ired  by the r ic e  k e rn e l 

d u rin g  p a r b o ilin g  he lps reduce the number o f b rok en s;

3. p a rb o ile d  r ic e  re ta in s  more p r o te in s ,  v ita m in s , and 

m in era ls  than raw m ille d  r ic e  o f the same v a r ie t y ;

4. p a rb o ile d  r i c e ,  because i t  is  h a rd e r, is  more r e s is 

ta n t to  in s e c t  in fe s t a t io n  d u ring  storage  compared to  raw r ic e ;

5. the lo ss  o f s o lid s  in to  the g ru e l during  cooking is  

le s s  in  p a rb o ile d  r ic e  compared to raw r ic e ;
y 1 r* *X7) r>*

6. p a rb o ile d  r ic e  w ithstands overcooking  w ithout be

coming p a sty ; and
‘ป้า'5

7. the bran from p a rb o ile d  r ic e  co n ta in s  about 25-30% 

o i l ;  w hereas, raw r ic e  bran co n ta in s  about 15-20% o i l .  The heat 

treatm ent o f paddy d u rin g  p a r b o ilin g  d e s tro y s , to  a c e r t a in  

e x te n t, the l ip a s e  emzyme th a t is  re sp o n s ib le  fo r  the h y d ro ly s is  

o f o i l  (development o f  fre e  f a t t y  a c id s ) ;  th e re fo re , the o i l  is  

o f a su p e rio r  q u a l it y  because i t  has a lower co n ce n tra tio n  o f

fre e  f a t t y  a c id s  (FFA).

P a r b o il in g  has the fo llo w in g  d isadvantages 8

1. heat treatm ent d u ring  p a r b o ilin g  d estro ys some n a tu ra l 

a n tio x id a n ts  I th e re fo re , p a rb o ile d  r ic e  develops more r a n c id it y  

than raw r ic e  d u rin g  sto ra g e ;

2. p a rb o ile d  r ic e  takes more time to  cook to  the same 

degree o f so ftn e ss  than raw r ic e ,  and may develop a t a s t e ,  te x tu r,;, 

and c h a r a c t e r is t ic  f la v o r  and c o lo r  not l ik e d  by many raw r ic e

e a tersJ
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3. because the p a rb o ile d  paddy has a h igh  m oisture  

con ten t fo r  a long tim e, m ycotoxins th a t are hazardous to  human 

h e a lth  may develops

4. p a rb o ile d  paddy must be d r ie d  from 45-50% to  14-15% 

m oisture  fo r  proper m i l l in g  and s to r in g ,  which adds an e x tra  

d ry in g  co st to  the t o t a l  p ro ce ss in g  costs

5. s h e lle d  p a rb o ile d  r ic e  is  more d i f f i c u l t  to  p o lis h  

because i t  is  h a rd e r, and consequently  the m i l l  throughput 

c a p a c ity  is  lowered and the m i l l in g  power requirem ent is  

in crea sed  I

6. p a rb o ile d  paddy may choke the p o lis h e r  because o f  

the h ig h er o i l  content o f the brans and

7. the p a r b o ilin g  process needs an e x tra  investm ent of

c a p i t a l .

In s p ite  o f these d isad van tag es, the h igher o utturn  o f  

t o t a l  r ic e  (about 1-2%) as w e ll as head r ic e  b rin g s  in  a d d it io n a l 

p r o f i t  to  the m i l le r  and a t the same time ensures a lower p r ic e  

to  the consumer.
1 (8 )

Tab le  2-1 shows the com parison o f some p ro p e rt ie s  

between raw and p a rb o ile d  r ic e .
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Tab le  2-1

P ro p e rty Raw R ice
P a rb o ile d

R ice

Brown r ic e

Hardness (K iya  te s te r)

B rea k in g , kg. 5.40 9.60

C ru sh in g , kg. 8.90 1 5.40

M o is tu re , % wet b a s is 11.67 11.63

P r o te in ,  % d ry  b a s is 9.99 9.86

M il le d  r ic e

Head r i c e ,  % o f m ille d  r ic e 75.30 99.80

Am ylose, % d ry  b a s is 17.00 16.40

Thiam ine ( y/g) 0.50 2.50

R ib o f la v in  ( y/g) 0.19 0.38

N ia c in  (Y /q ) 16.40 32.17



2 .2  S o lid -D ry in g  Fundam enta ls

When a s o l id  d r ie s ,  two fund am en ta l and s im u lta n o u s  p ro 
cesses occurs (1 ) h e a t is  t r a n s fe r r e d  to  e va p o ra te  l iq u id ;  (2 ) 
mass is  t r a n s fe r r e d  as a l iq u id  o r  vapor w i t h in  th e  s o l id  and 
as a vapor from  th e  s u r fa c e . The fa c to r s  g o ve rn in g  th e  ra te s  
o f  th e s e  p rocesses d e te rm in e  th e  d ry in g  r a te .

A study o f how a s o l id  d r ie s  may be based on the 

" in te r n a l mechanism" o f  l iq u id  flow  or on the e f fe c t  o f the 

"e x te rn a l c o n d it io n s"  o f the tem perature, h u m id ity , a i r  flo w , 

s ta te  o f s u b d iv is io n , e t c . , on the d ry in g  ra te  o f the s o l id .

When a s o l id  is  d r ie d  e x p e r im e n ta lly , data  are u s u a lly  

obta ined  r e la t in g  m oisture  content to  tim e. These data  are then 

p lo tte d  as m oisture  content (d ry  b a s is )  M v s . time t ,  as shown 

in  F ig u re  2 - 5a. T h is  curve re p re sen ts  the gen era l case when a 

wet s o l id  lo se s  m oisture f i r s t  by evap oration  from a sa tu ra te d  

su rfa ce  on the s o l id ,  fo llow ed  in  tu rn  by a p e rio d  o f evapora

t io n  from a sa tu rated  su rfa ce  o f g ra d u a lly  d ecrea sin g  a rea , and. 

f i n a l l y  when the water evaporates in  the in t e r io r  o f the s o l id .

A lthough F ig u re  2-5a in d ic a te s  th a t the d ry in g  ra te  is  

su b je c t to v a r ia t io n  w ith  time or m oisture co n te n t, t h is  v a r ia 

t io n  can be b e tte r  i l lu s t r a t e d  by g r a p h ic a lly  or n u m e ric a lly  

d if f e r e n t ia t in g  the curve and p lo t t in g  dFi/dt v s . M, as shown in  

F ig u re  2 -5 ๖ ., or as dM/dt v s . t ,  as shown in  F ig u re  2-5 c. These 

" ra te  curves" show th a t the d ry in g  process is  not a smooth, con

tinuou s one in  which a s in g le  mechanism c o n tro ls  throughout.

( 9 )
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F ig u re  2-5 The p erio d s o f  d ry in g

F ig u re  2 - 5c has the advantage o f showing how long each d ry in g  

p e rio d  la s t s .

S e c t i o n  BC o n  e a c h  c u r v e  r e p r e s e n t s  t h e  " c o n s t a n t - r a t e
p e r i o d 41 . I n  F i g u r e  2 - 5 a ,  i t  i s  s h o w n  b y  a  s t r a i g h t  l i n e  o f
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con stan t s lo p e  dM/dt, w hich becomes a h o r iz o n ta l l in e  on the 

ra te  curves in  F ig u re  2-5b and c .

The curved p o rt io n  C D  o f F ig u re  2 - 5a is  termed the 

" f a l l in g - r a t e  period" and, as shown in  F ig u re  2-5๖ and c ,  is  

t y p i f ie d  by a co n tin u o u s ly  changing ra te  throughout the remain

der o f  the d ry in g  c y c le .  F o in t  E (F ig u re  2 - 5b) re p re sen ts  the 

p o in t  a t which a l l  the exposed su rfa ce  becomes com p lete ly  

unsaturated  and marks the s t a r t  o f  th a t p o rt io n  o f the d ry in g  

c y c le  d u ring  which the ra te  o f in te r n a l m oisture  movement con

t r o ls  the d ry in g  ra te . P o in t c ,  where the constant ra te  ends 

and the d ry in g  ra te  beg ins to  f a l l ,  is  termed the " c r i t i c a l  

m oisture  co n te n t" . P o rt io n  CE o f  F ig u re  2-5๖ is  u s u a lly  d e fin e d  

as the f i r s t  f a l l in g - r a t e  d ry in g  p e r io d , p o rt io n  DE as the  

second f a l l in g - r a t e  p e r io d . The p o rt io n  AB re p re sen ts  a warming- 

up p e r io d .

2 .3  F lu id iz e d -B e d  ว ry in g  

(1 0 )
2 .3 .1  Fundamental Concepts

When a f lu id  is  made to  flow  through a la y e r  o f  p a r t ic le s  

which r e s t  on one another and do not change t h e ir  p o s it io n ,  i .e .»  

they do not move r e la t iv e  to  one another nor r e la t iv e  to  the w a ll 
o f the c o n ta in e r . Such a la y e r  is  termed a " f ix e d  bed". A la y e r  

o f p a r t ic le s  moving as a whole under the a ct io n  o f g r a v ity  is  

known as "moving bed" (e .g . the charge o f  a b la s t  fu rn a ce ) . The 
v e lo c it y  o f  f lu id  in  the spaces between the p a r t ic le s ,  the
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" i n t e r s t i t i a l  v e lo c it y " ,  is  g re a te r  than i t s  v e lo c it y  in  the 

fre e  cross  s e c t io n , which is  known as the " s u p e r f ic ia l  v e lo c it y " .  

On in c re a s in g  the ra te  o f  flow  o f f l u id ,  the pressu re  drop across  

the bed w i l l  a lso  be in c re a s in g  u n t i l ,  a t a c e r ta in  ra te  o f flo w , 

the f r i c t io n a l  drag on the p a r t ic le s  w i l l  become equal to  the 

e f f e c t iv e  w eight o f the bed. T h is  c o n d it io n , and the v e lo c it y  o f  

f lu id  correspond ing  to  i t ,  are termed " in c ip ie n t  f lu id iz a t io n "  

and " in c ip ie n t  f lu id iz in g  v e lo c ity "  (or "minimum f lu id iz in g  

v e lo c i t y " ) ,  r e s p e c t iv e ly ;  in  t h is  s ta te  the bed o f p a r t ic le s  

a tta in s  p ro p e rt ie s  s im ila r  to  those o f f lu id s  and is  c a l le d  a 

" f lu id iz e d  bed". The p a r t ic le s  o f  f lu id iz e d  bed f lo a t  in  the 

f l u id  and in te rm ix .

In f lu id iz e d  d ry in g  the process is  c a r r ie d  out in  a bed 

f lu id iz e d  by the d ry in g  medium. I t  may be operated as a batch  

or continuous p ro cess .

2 .3 .2 Minimum F lu id iz in g  V e lo c it y  

On set o f  f lu id iz a t io n  

£ D.Ac = พ = (A c.Lm f) ( l-£ m f) ( ;'"ร - / ''g )
g c j

( 2 - 1 )

by re a rra n g in g , we f in d  fo r  minimum f lu id iz in g  c o n d it io n s  that,

A . p  =  (l-£ m f ) (  j ’ร - fg) 2  ( 2 - 2 )

Lmf gc

Umf, the s u p e r f ic ia l  v e lo c it y  a t minimum f lu id iz in g

c o n d it io n s , is  found by com bining E q ,(2 -2 ) w ith  E q .( 2 - 3 ) ,  the

pressure  drop through f ix e d  beds o f u n ifo rm ly  s iz e d  s o l id s ,
(11  )has been c o rre la te d  by Ergun
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In a bed at on se t o f  f lu id iz a t io n  the voidage is  a l i t - t l

la rg e r  than in  a packed bed, and i t  a c t u a lly  corresponds to  the 

lo o s e s t  s ta te  o f a packed bed o f h a rd ly  any w eight. Thys we may 

estim ate  c. mf from random packing d a ta , o r ,  b e tte r  s t i l l ,  i t  should  

be measured e x p e r im e n ta lly , s in ce  t h is  is  a r e la t iv e ly  sim ple m atter.

2 ,3 ,3  P re ssu re  Drop in  F lu id iz e d  Beds

t i d e s .  For the r e la t iv e ly  low flow  ra te s  in  a packed bed the 

p ressu re  drop is  approx im ate ly  p ro p o rt io n a l to  gas v e lo c it y  as 

in d ic a te d  by E q .( 2 - 3 ) ,  u s u a lly  reach in g  a maximum £■  p max s l ig h t ! , ,  

h ig h er than the s t a t ic  p ressure  o f  the bed. W ith a fu r th e r  in 

crease  in  gas v e lo c it y ,  the packed bed suddenly " u n lo c k s " ? in  

o th er words, the voidage in cre a se s  from £m to  £ m f, r e s u lt in g  

in  a decrease in  pressu re  droo to  the s t a t ic  p ressure  o f  the bed, 

as g iven  by equation  (2 -1 ) . W ith gas v e lo c it ie s  beyond maximum 

f lu id iz a t io n  the bed expands and gas bubbles are seen to  r is e  

w ith  r e s u lt in g  nonhomogencity in  the bed. D esp ite  t h is  r is e  in

g a s  f l o w ,  t h e  p r e s s u r e  d r o p  r e m a i n s  p r a c t i c a l l y  u n c h a n g e d .  T o
e x p l a i n  t h i s  c o n s t a n c y  i n  p r e s s u r e  d r o p ,  n o t e  t h a t  t h e  d e n s e  g a s -

F ig u re  2-6
(1 2 )

i s  t y p ic a l  fo r  u n ifo rm ly  s iz e d  sand p a r-
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F ig u re  2-6 P ressure  drop versus gas v e lo c it y  fo r  a

bed o f u n ifo rm ly  s iz e d  sand p a r t ic le s

s o l id  phase is  w e ll aerated and can deform e a s i ly  w ithout appre

c ia b le  re s is ta n c e .

A p ressure  drop versus v e lo c it y  diagram is  u s e fu l as a

rough in d ic a t io n  o f  the q u a l it y  o f f lu id iz a t io n ,  e s p e c ia l ly  when

v is u a l o b se rv a tio n  is  not p o s s ib le .  Thus a w e ll f lu id iz e d  bed

w i l l  behave as in  F ig u re  2 .6 . Note here th a t observed p ressure

drop data may d e v ia te  s l i g h t ly  from the c a lc u la te d  va lue  o f

equation  (2 -2 ). T h is  can be a t t r ib u te d  to the energy lo s s  by

c o l l i s io n  and f r i c t io n  among p a r t ic le s  as w e ll as between p a rt ic le --
( 1 2 )

and the su rfa ce  o f c o n ta in e r . The diagrams in  F ig u re  2-7 a r e
examples o f  p o o r ly  f lu id iz e d  beds. Thus the la rg e  p ressure  

f lu c tu a t io n s  in  F ig u re  2-7a suggest a s lu g g in g  bed, whereas an 

absence o f  the c h a r a c t e r is t ic  sharp change in  s lo p e  at minimum 

f lu id iz a t io n  and the abnorm ally low pressu re  drop in  F ig u re  2-7๖ 

suggests in  com plete c o n ta ct in g  w ith  p a r t ic le s  o n ly  p a r t ly  f lu id iz e d .

2 0  3 0  50 100
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3

p o o r ly

2 .3 .4  Heat T ra n s fe r  in  F lu id iz e d  Beds

D ry in g  is  e s s e n t ia l ly  a process o f  sim ultaneous heat cind

mass t r a n s fe r .  H eat, necessary fo r  e v a p o ra tio n , is  su p p lie d  to

the p a r t ic le s  o f the m a te r ia l and m oisture  vapors are removed
(1 0 )

from the m a te r ia l in to  the d ry in g  medium (see F ig u re  2-8)

F ig u re  2-8 Heat and mass t r a n s fe r  

in  the d ry in g  o f  a p a r t ic le  in  a 
f lu id iz e d  bed. The d ry in g  medium 
flow s around the p a r t ic le .  C o l l i 
s io n s  w ith  o ther p a r t i c le s ,  occurinc; 
in c e s s a n t ly ,  are not in d ic a te d  in  

the f ig u r e . A - in s id e  o f p a r t i c le ,  
B -su rfa ce  o f  p a r t i c le ,  C -d ry in g  
medium.
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Meat is  tra n sp o rte d  by con vectio n  from the surroundings c to  

the p a r t ic le  su rfa ce  B, and from th e re , by con d u ction , fu rth e r  

in to  the p a r t i c le ,  to  A. M o istu re  is  tra n sp o rte d  in  the opposite 

d ire c tio n ;: w ith in  the p a r t ic le  i t  moves from A to  B as a l iq u id  

or vapor? at the la t e s t  on the su rfa ce  i t  evaporates and passes 

on by con vectio n  to  the surroundings c .
The d r iv in g  fo rce  fo r  heat t ra n s fe r  between the d ry in g  

medium and the su rfa ce  o f  the p a r t i c le  is  the d if fe re n c e  in  

tem perature at c and 3 , the d r iv in g  fo rce  fo r  the conduction  o f 

heat w ith in  the p a r t ic le  is  the d if fe re n c e  in  tem peratures at D 

and A. The d r iv in g  fo rc e  fo r  the o v e r a ll  tra n s p o rt  o f  heat from 

the surroundings to  the c e n tra l la y e rs  o f the p a r t ic le  is  the 

d if fe re n c e  in  tem peratures at c and A.

There is  an e x te n s iv e  l i t e r a t u r e  on heat t r a n s fe r  in
(13)

f lu id iz e d  beds. Many s tu d ie s  have been re p o rte d  as c o r r e la 

t io n s  o f d im ension less numbers in  the form

Nup = c Rcpm (2-5)

c and m are e m p ir ic a l ly  determ ined con stants from o b s e rv a t io n a l 

d ata . The exponent m vary  somewhere in  the neighborhood o f  

u n ity .

Some rep o rted  c o r r e la t io n s  from p rev iou s s tu d ie s  are  

given below.

Nup = 0,054 Rep R ichardson and Ayers

Nup = 0.01 3 5 Rep’'" * K e t t e r in g , M a n d e rfie ld  and Smith

Nup = 0.055 Rep Lem lich  and Caldas
1.30

NUp = 0.3 Rep K u n ii and L e v e n sp ie l



The r e la t io n  proposed by K u n ii and L e v e n sp ie l is  ลท 

o v e r a ll  c o r r e la t io n  based on the works o f  R ichardson  and A y e rs , 

K e tte r in g  e t  a l . ,  H e e rtje s  and M cKibbens, Donnadieu, and Walton 

e t a lt  The K u n ii and L e v e n sp ie l e x p ressio n  tre a te d  w ith  gas- 

s o l id  heat t ra n s fe r  in  f lu id iz e d  beds. Lem lich  and C a ld a s , 

who re p o rt the exponent o f the p a r t ic le  Reynolds number as one, 

d e a lt  w ith  heat t ra n s fe r  from a re ta in in g  w a ll to  bed p a r t ic le s  

in  a water f lu id iz e d  bed.

2

le a v in g  the expanded bed, the  

and n e g le c t in g  heat lo sse s  to

(13)
F ig u re  2-9 Experim enta l 

r e s u lts

A) Lem lich  and Caldas

3) K e tte r in g ,M a n s f ie ld  and 

Smith

c) R ichardson  and Ayers

D) H e e rtje s  and McKibbens

E ) Ferron

F) K u n ii and L e v e n sp ie l

G) P fa f f l in s S h r id h a r  and 

J u l l ie n

X ๆ  o5
lck among the heat e n te rin g  and 

heat g iven  up to  the bed s o l id s ,  

the w a lls  and in  m ix ing .
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The fo llo w in g  assum ptions are made ร

1. The t r a je c to r y  o f tem perature change w ith  time o f 

the bed is  c lo s e ly  a f i r s t - o r d e r  response.

2. The bed is  at a uniform  tem perature throughout, 

except in  the small, re g io n  (1 to  2 cm. ) near the e n te rin g  hot

g as.

3. No d is t in c t io n  is  made between aggregative  and 

n a r t ic u la t e  f lu id iz a t io n .

4. The tem perature o f  the in f lu e n t  f lu id  is  a constant 

value  and the i n i t i a l  bed tem perature is  zero .

G e tt in g  the balance a t steady s ta te .

/ heat in to  bed ! -  j heat out j = ( heat t ra n s fe rre d  to
! by gas j  \ by gas J \ bed s o lid s

o r , in  sym bols,

A c.U o . j g.Cpg (T g i-T g b )d t = hp.As (T g i-T g b )d t (2-6)

= Qo. j  g Cpg (Tg i-Tgb) = ราD As . (Tg i-Tgb) (2-7)

where is  the ra te  o f  heat t ra n s fe r  (J o u le s / s e c ) , Qo is  the 

v o lu m e tric  flow  ra te  o f a i r  (m~/sec), and hD is  the heat tra n s 

fe r  c o e f f ic ie n t  between hot a i r  and p a r t ic le s  (Jou les/sec.m ^ •๐K) 

The heat t r a n s fe r  c o e f f ic ie n t  can be so lved  from equation  

(2 -7 ) , and can be s im p li f ie d  to

/ Nip = c Repm (2-5)

b eca u scs , Nip = N u sse lt  number fo r  g a s - p a r t ic le  heat t r a n s fe r ,

h . d_
P p

d imc ms ion le  ร ร .
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Rep = p a r t ic le  Reynolds number, d im en sion less  

= dp Up J q
A  g

by ta k in g  lo g arith m  at both s id es  o f  the Eq. (2 -5 ) ,

log  Nup ะ= log  c + m log  Rep (2-8)

from S q .(2 -8 ) the e m p ir ic a l constants c and m o f  the system can 

be found by p lo t t in g  the lo g a rith m ic  graph o f  N u sse lt  number 

versu s Reynolds number.

(1 0 )
2 .3 .5  Advantages and L im ita t io n s  o f  F lu id iz e d  Bed D rying

F lu id iz e d  bed d ry in g  has the fo llo w in g  advantages over 

o th e r methods o f  dryings

1. High in t e n s it y  o f d r y in g . The ra te  o f m oisture  re 

moval in  f lu id iz e d  d ryers  may be as h ig h  as s e v e ra l hundred
3

kilogram s o f water per hour in  1 m o f  d ryer volume. O nly  

pneumatic d ryers  have co m p etitive  ra te s .

2. A uniform  and c lo s e ly  c o n t r o lla b le  tem perature  

throughout the ch arg e . T h is  is  so even when the tem perature o f  

the d ry in g  medium is  h igher than the h ig h e st p e rm is s ib le  tempera 

tu re  o f the m a te r ia l.  In o ther types o f  d ryers  a low -tem peratur 

d ry in g  medium must be employed fo r  the d ry in g  o f  h e a t-s e n s it iv e  

m a te r ia ls .

3. High therm al e f f i c i e n c ie s . are a tta in a b le  when the 

drop in  m oisture content is  h igh  and the d ry in g  tem perature is  

not e x c e s s iv e , or when a m u ltis ta g e  d ryer is  employed. Because



4. The res id en ce  t ime o f the m a te r ia l in  the d rye r may 

be chosen a r b it r a r i l y . T h is  is  an advantage over pneumatic d ryers  

in  which the re s id e n ce  time is  o f the order o f  seconds.

ร , The t i me o f  d ry in g  i s u s u a lly  le s s  than in  o th er types  

o f d ry e r ,  owing to  the h ig h  ra te s  o f heat and mass t r a n s fe r .  In 

f lu id iz e d  dryers  the time o f  d ry in g  is  o f the order o f  m inutes, 

w hile  in  t ra y  d ry e rs  the tim e o f d ry in g  may be s e v e ra l hours.

5 5 The opera t io n  and maintenance o f  the d ryer is  r e la 

t iv e ly  sim ple ,  as i t  is  o f v e ry  sim ple  design and co n ta in s  no 

moving p a rts .

7, The p ro ce ss can be automated w ithout d i f f i c u l t y .

8. F lu id ize d  d ryers  are compact and o f  r e la t iv e ly  sm all 

s iz e . The c a p it a l  co sts  are much lower than fo r  other types o f  

d rye rs  (e .g . ro ta ry  d ry e rs ) . Heavy b u ild in g s  and foundations  

are not neededะ the d ryer can be s itu a te d  under a l ig h t  ro o f in g .

9 > Se v e ra l p roces ses may be combined in  a f lu id -b e d  dryer . 

Thus, in  a d d it io n  to  being d r ie d ,  the m a te r ia l may a lso  be tra n 

sported  in  a f lu id iz e d  s ta te  1 m ixed, and c la s s i f ie d .  The dry  

m a te r ia l may be coo led  in  f lu id iz e d  s ta te ,  and both o p eratio n s  

can be c a r r ie d  out in  a s in g le  p ie ce  o f  equipm ent, c o n s is t in g  o f  

s e v e ra l sta g e s, / i n  p ro ce ss in g  a s o lu t io n ,  the eva p o ratio n  o f  

water and g ra n u la t io n  o f the s o l id  take p lace  s im u lta n e o u s ly . For 

the con ve n tio n a l method o f p ro c e s s in g , two p ie ce s  o f equipment

o f  t h e  l o w  s u r f a c e  C O  v o l u m e  r a t i o  o f  t h e  d r y e r ,  t h e  h e a t  l o s s e s
a r e  v e r y  s m a l l .
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are needed g an evaporator and a c r y s t a l l i z e r  or g ra n u la to r. In 

some cases f lu id iz e d  d ry in g  may be combined w ith  a chem ical 

p ro ce ss . So, fo r  example, superphosphate may be d r ie d  in  a 

f lu id iz e d  s ta te  w ith  unpreheated a i r  c o n ta in in g  a sm all amount 

o f ammonia vaDOur; the ammonia re a c ts  w ith  the re s id u a l fre e  

a c id ,  and the heat o f n e u t r a liz a t io n  is  a s u f f ic ie n t  source o f  

heat fo r  the o ro c c ss .

However, f lu id iz e d  d ry in g  has the fo llo w in g  disadvantages

1. A h ig h e r pressure  drop fo r  the d rye r and dust separa

to r  the p ressure  drop amounts to at le a s t  300 to 500 mm พ. Under 

favou rab le  circum stances the h ig h er pressure  drop is  outweighed 

by the lower consumption o f  heat.

2. P a rt  o f the product is  obta ined  in  the form o f very  

f in e  p a r t i c l e s ; these have approx im ate ly  the same m oisture  

content as the coarse p ro d u ct.

3. The res id en ce  tim es o f  in d iv id u a l p a r t ic le s  vary  

cons id e ra b ly  •, t h is  is  so in  a s in g le -s ta g e  p ro cess .

4. For s o lu t io n s ,  the heat consumption is  h ig h er than 

in  a m u lt ip le - e f f e c t  e v a p o ra t io n . T h is  may be outweighed by the 

s im p l ic i t y  o f the f lu id iz in g  equipment and by the fa c t  th a t  in  

p lace  o f the m u lt ip le - e f f e c t  evaporator and g ra n u la to r  o n ly  one 

p iece  o f equipment is  needed.

2 .3 .6  A p p lic a t io n s  o f F lu id iz e d -B e d  D rying

F l u i d i z e d  d r y i n g  i s  o n e  o f  t h e  m o d e r n  m e t h o d s  o f  e f f i 
c i e n t  d r y i n g  a n d  i s  f i n d i n g  e v e r - g r o w i n g  a p p l i c a t i o n s  i n  d i v e r s e
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in d u s t r ie s .  F lu id iz e d  beds have been used fo r  d ry in g  so many 

m a te r ia ls  in  p ro d u ctio n  processes s in ce  1949, a D o rr -O liv e r  F'luo 

S o lid s  dryer^"4  ̂ , one o f the f i r s t  com m ercial d rye rs  was used fo r  

d ry in g  and s iz in g  o f  d o lo m ite . I t  perform s s a t i s f a c t o r i l y ,  

g iv in g  a b e tte r  product q u a l it y  and re q u ir in g  a sm a lle r  fu e l  

consumption than comparable co n ve n tio n a l d ry e rs . For a sharper 

c la s s i f ic a t io n  o f coarse  and f in e s  t h is  type o f  s in g le  stage  

u n it  may not be adequate. F lu o  S o lid s  d rye rs  have been w id e ly  

used to  d ry  m a te r ia ls  such as lim e sto n e , d o lo m ite , c o a l,  b la s t  

furnace s la g ,  and p la s t ic s .

H igh therm al e f f ic ie n c y  r e s u lts  from the la rg e  tem perature

d if fe re n c e  between hot in le t  gases and the uniform  low tem perature

o f the bed in  which v a o o r iz a t io n  o ccu rs . However, fo r  c e r t a in

te m p e ra tu re -se n s it iv e  m a te r ia ls  the in le t  gas tem perature must be

lowered. To counter the re s u lta n t  re d u ctio n  in  therm al e f f ic ie n c y

heat can be recovered  from the d isch arg ed  d r ie d  s o l id s .  An exampl

o f such an arrangement is  the tw o-stage s a lt  d ry e r , in s t a l le d  at
1 (15)

a p la n t o f  the Carey S a lt  Company in  1954
(16) _ (17)

T'oei (1956) , and Imasaka and Amano (1958) showed

m u ltis ta g e  designs where p e rfo ra te d  p la te s  a ct both as gas d i s t r i 

butors and stage s e p a ra to rs , thus e lim in a t in g  over flow  p ip e s  and 

downcomers. A m u ltis ta g e  o p e ra tio n  improves the therm al e f f i 

c ie n c y , but more im portant s t i l l ,  i t  g ives a more d e s ira b le  r e s i 

dence tim e d is t r ib u t io n  fo r  the s o lid s /
( 1 0 )

Vanecek and Drbohla.v (1966) summarized a l l  p u b lish ed

data on f lu id iz e d  d ry in g  o f  v a rio u s  m a te r ia ls  in to  Tab le  2-2 ,



'  T a b l e  2 - 2  S u r v e y  o f  A p p l i c a t i o n s  o f  F l u i d i z e d  D r y i n g

Material Source Reference Material Source Reference

Granular solids Grain Table 6-2; 8; 22; 32; 69; 72; 115; 175;
Inorganic substances 283

Ion exchanger (phenol formaldehyde) Table 6-2Aluminium hydroxide 152 Lactose 201
Alunite 236 Leguminous plant 175Ammonium sulphate 67 Paper 108; 262; 263
Barium chloride 227 Pentaerythritol 99
Blast-furnace slag, granulated Table 6-2 Polyethylene 172; 238
Compound fertilizer, granulated Table 6-2; 234 Polymers and copolymers, various 189Dolomite 238 Polypropylene 261
Enamels, raw materials for 2̂ 1 Polystyrene 67; 99
Ferrous sulphate Table 6-2; 39; 227 Polyvinylbutyral 99 - -
Gilsonite 164 Rubber, synthetic 29; 164
Gypsum 23; 39; 202 Sawdust, wood shavings 64; 74
Ilmcnite Table 6-2 Sebacic acid 99; 100Limestone 46; 164 Seeds 241
Magnesium trisilicate 201 Sugar 131Potassium carbonate 160 Urea Table 6-2
Potassium chloride 124 Volcanic ash 62; 174
Potassium permanganate Table 6-2 Yeast 126
Potassium sulphate 124
Pyrites, flotation concentrates 81 ■ ■ Solutions, suspensions, melts,Sand Table 6-3; 184 and pastesSoda 57; 124
Sodium bicarbonate 70; 167 - • ~ Ammonium sulphate 158
Sodium chloride 120; 164 Aluminium nitrate 119; 122 _
Sodium dichromate 67 Calcium chloride Table 6-5; 158
Sodium phosphate, tertiary 67 Calcium nitrate, tetrahydrate Table 6-5
Sodium sulphate Table 6-5; 39; 124 Dyes, pastes 185; 187
Superphosphate 135; 218 Dyes, suspensions 153

Fertilizer melty 204
Organic substances and others Sea water 90

Sodium chloride Table 6-5; 90
Adipic acid 99 Sodium cyanide 158
Aspirin and other pharmaceuticals 26! Sodium hydroxide 158
Benzene sulphonamide Table 6-2 Sodium sulphate Table 6-5; 125; 252
Citric acid 67 Sugar 153
Coal 24; 46; 60; 164; 172 Uranyl nitrate 122
Ferments _ 237
Flax 175 Special cases -
Gelatine 193 Fabrics 84; 85; 108; 172; 209; 262; 263ร '



D uring the past decade, f lu id iz e d - b e d  technique has been 

paying more and more im portant ro le s  in  d ry in g  system. The tech

nique has been s tu d ie d , im proved, and sca le d  up fo r  in d u s t r ia l  

p ro cesse s . The works done on f lu id iz e d -b e d  d ry in g , as shown in  

a r t ic le s  p u b lish ed  between 1970-1978 are summerized in  the Tab le

2-3 down below.

Tab le  2-3 Summary o f A p p lic a t io n s  o f F lu id iz e d  D rying

Year Main Features R ef.

1970 1) C h a r a c t e r is t ic s ,  type (b atch , continuous 18

1-s ta g e , counter-stream  m u lt is ta g e , mul

ticham ber, and spouted bed), and a p p li

c a t io n  data fo r  la rg e  food g ranu les such 

as f r u i t s , v e g e ta b le s , and meats o f the 

f lu id iz e d  d ryers were d e scrib e d .

2) Continuous d ry in g  in  a f lu id iz e d  bed and 19 

i t s  uses in  the food in d u stry  were 

d iscu sse d .

1971 G ran u lar e s te rs  were d r ie d  in  a f lu id iz e d -  20

bed. An equation  fo r  the d ry in g  time was 

obtained by d im ensional analysis," and the 

correspond ing  e m p ir ic a l equation  was obtained  

from the experim ental d a ta . The d ry in g



T a b l e  2 - 3  ( C o n t i n u e d )

e f f e c t  was in v e r s e ly  p ro p e r t io n a l to  th e  
r a t i o  o f  gas su p p ly  to  th e  s ta g n a t io n  t im e .

1973 1) The o p e ra t in g  p a ram ete rs  f o r  la k e  s a l t s  
p a r t ic le s  (0 -3 0  mm.) were d e te rm ined  in  
a f lu id iz e d  bed d iv id e d  by a b a f f le  in t o  
d ry in g  and c o o lin g  s e c t io n s  (1 .2  and 
0.7m , r e s p e c t iv e ly ) .  The NaCl c o n te n t 
in  th e  p ro d u c t was 9 9 .5 2 1 8°4( d ry  w t . )
The c a p a c ity  was 9350 kg d ry  s a l t / h r .

2) A f lu id iz e d -b e d  d ry in g  ap p ara tus f o r  
c r y s ta l  sugar was d e s c r ib e d , in  w h ich  a 
new ty p e  o f  a i r - d is t r ib u t i o n  n e tw o rk  was 
used.

3) T e s te  in  a 4 - in . - d ia m .  column on th e  
d ry in g  o f  aq. Na2S04 in  a f lu id iz e d  bed 
( i n i t i a l  Na2S0^ charge 3 .042 kg , -8 0  to  
+150 mesh) by h o t a i r  (130 -270  c) w i th  
s o in ,  (concn. 10 and 20 w t.% ) sprayed 
in  a t  0 -15  m L/m in . showed t h a t  i t  c o u ld  
be d r ie d  a temp, as low  as 130 c . The 
average p a r t ic le  s iz e  in c re a s e d  s l i g h t l y  
w ith  d e c re a s in g  bed temp, and in c re a s in g

21
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s o in ,  concn.
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1974 1 ) Sodium c a s e in a te  was d r ie d  in  a f lu id iz e d
bed o f  an in e r t  m a te r ia l .

2) The p a ram ete rs  a f fe c t in g  th e  k in e t ic s  o f  
th e  d ry in g  o f  lo o s e  m a te r ia ls  ( e .g .q u a r tz  
sand) in  a f lu id iz e d  bed were s tu d ie d .

24
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;I:

1 ) The r a te  o f  g ra n u la r  sugar d ry in g  in  a 
f lu id iz e d  bed c o u ld  be in c re a se d  1 .5 -1 .9  
tim e s  when in s te a d  o f  a s te a d y  f lo w  o f  
h o t a i r  a p u ls a t in g  f lo w  was used.

2) E xp e rim e n ts  were c a r r ie d  o u t in  a p i l o t  
p la n t  on th e  d ry in g  o f  i r r e g u la r  5-20 mm. 
p a r t ic le s  o f  c a rb ona te  g ra v e l in  a v ib r o -  
f lu id iz e d  bed.

3) W ith  f l u id i z a t i o n ,  g ra n u la te s  co u ld  be 
p repared  d i r e c t l y  from  th e  s o in ,  in  a 
c o n tin u o u s  p ro c e ss . The p o in t  o f  th e  
d i r e c t  g ra n u le  fo rm in g  was t h a t  th e  s o in ,  
to  be processed was sp rayed  on th e  s u r fa c e  
o f  s o l id  p a r t ic le s  f lu id iz e d  w ith  h o t a i r .  
The r e s u l t s  o f  e xp e rim e n ts  c a r r ie d  o u t 
under uns tead y-and  s te a d y -s ta te  c o n d it io n s  
were sum m erized.

26

27

28



4 l

T a b l e  2 - 3  ( C o n t i n u e d )

Y e a r

4)

5)

M a i n  F e a t u r e s R e f .

M od e ling  o f  d ry in g  o f  c o a l in  a f lu id iz e d  
bed w it h  a s o l id  h e a t t r a n s f e r  agent 
was s tu d ie d .
The d es ig n  and o p e ra t io n  o f  a f l u i d  bed 
d ry e r  system  w h ic h  c o n ve rte d  ra d io a c t iv e  
l i q .  w astes to  an a n h y d ., f r e e - f lo w in g  
s a l t  s u i ta b le  f o r  packag ing  and o f f s i t e  
sh ipm en t when combined w ith  a s u i ta b le

29

30

b in d e r were d e sc rib e d .
6) Aqueous s o lu t io n s  o f  a m in o p la s ts  o r

p h e n o lic  re s in s  were c o n t in u o u s ly  d r ie d  
and m ixed w ith  powder f i l l e r s  and p ig 
ments u s in g  a f lu id iz e d  bed te c h n iq u e .
The d ry  powder fo rm u la t io n  o b ta in e d  in  
th e  f lu id iz e d  bed was c o n t in u o u s ly  p ro -

Icessed to  m o ld ing  and e x t r u s io n  a p p a ra tu s .

31

1976 1 )

j

Crushed b u ta d ie n e  (SKD) ru b b e r was d r ie d
o

32
w ith  sup e rhea ted  steam a t  150-180 c and

2p re s s u re  o f  0 .5 -2 .5  kg/cm in  a v ib r o f lu id iz e d -  
bed to  r e s id u a l m o is tu re  c o n te n t o f  0.1% 
w i t h in  2 -3 .5  m in .
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2) K eat consum ption  and p ro c e s s in g  tim e  wer^'
!reduced in  th e  d ry in g  o f  agg lom era ted  

s o l id  f u e l  g ra n u le s  c o n ta in in g  K 10%

R e f,

33

m o is tu re  by a llo w in g  th e  g ra n u le s  to  b e - I 
come immersed in  th e  upper la y e rs  o f  sand
in  a f lu id iz e d  bed ap p ara tus used in  th e  
d ry in g  p rocess .

3) S tu d ie s  on th e  d ry in g  and g ra n u la t io n  o f  
m e d ic in a l a s c o rb ic  a c id ,n o r s u lfa z o le , 
and t e t r a c y c l in e  Ca s a l t  powders on f l u i 
d ize d  beds by c o n t in u o u s ly  o p e ra t in g  
ap p ara tus showed th a t  th e  b u i ld  up o f  
s t a t ic  e l e c t r i c i t y  c o u ld  be p re ve n te d  by 
p ro p e r c o n t r o l o f  th e  v o lta g e /  r a te  o f  
a i r  f lo W j m ix in g  speed, and o th e r  c o n d i
t io n s  .

4) P o ly d is p e rs e d  m a te r ia ls ,  e s p e c ia l ly  m o l
d ing  cornons. 1 were d r ie d  by h e a t in g  in  a 
f lu id iz e d  bed. The h e a t in g  was in  2 s tag es 
to  a c c e le ra te  th e  d ry in g .  Between th e
2 s ta g e s , when th e  m a te r ia l  m o is tu re  
c o n te n t was 10-15% , a i r  a t  20-40?4 was 
blown th ro u g h  th e  m a te r ia l  and v ib r a t io n s  
imposed on th e  f lu id iz e d  bed.
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5) T h e rm o s e n s it iv e  m a te r ia ls ,  e s p e c ia l ly  36
g ra in s ,  were d r ie d  by h e a t in g  th e  m ix tu re  
o f  th e  raw  and r e c i r c u la t in g  m a te r ia l  in  
th e  suspended s t a t e ,  form ed by th e  d ry in g  
a g e n t, fo llo w e d  by c o o lin g  o f  th e  m ix tu re  
in  a f lu id iz e d  bed. To im prove th e  h e a t 
and mass t r a n s f e r ,  th e  m a te r ia l  was 
hea ted  and coo le d  a l t e r n a t e ly  in  2 s tages ', 
w ith  th e  d ry in g -a g e n t temp, b e ing  1 0 0 - 
1 4 0 ’ c h ig h e r  in  th e  2nĉ  s tag e  th a n  t h a t  
in  th e  s ta g e .

6) D ry in g  o f  A m b e r lite  IRC-72 ion -exchang e  37
r e s in  in  a f lu id iz e d  bed was in v e s t ig a te d .  
R e s in  w a te r c o n te n t was measured as a 
fu n c t io n  o f  d ry in g  tim e  f o r  v a r io u s  d ry in g  
tem os. ,  bed lo a d in g s , and a i r  f lo w  ra te s . I  
An in c o m p le te  eq. f o r  th e  in d u c t io n  p e r io d  
and com ple te  model f o r  c o n s ta n t r a te  o f  
d ry in g  were deve loped .

1) Aerodynam ic c h a r a c te r is t ic s  o f  f lu id iz e d  38 
bed ( c y l in d r ic a l  chamber) c o ld  a i r  d ry in g  
o f  enzym ic c a s e in  la y e rs  were s tu d ie d .
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Form ulas were g ive n  f o r  tre a tm e n t o f  
e x p e r im e n ta l d a ta . W ith  loads o f  200- 
900 Pa on th e  s u p p o r tin g  l a t t i c e  th e  
m o is tu re  le v e l  changed 10-60%.

2) F lu id iz e d -b e d  d ry in g  o f  n i t r i l e  ru b b e r 
crumb f e a s i b i l i t y ,  d es ig n  and sca l€ i-up  
were s tu d ie d .

3) F lu o ro  rub b er e m u ls io n s  were c o a g u la te d ,
and th e  rub b er p a r t ic le s  were d r ie d  in  
f lu id iz e d  bed a t  50-100 c to  g ive  g ranu
la r  rub b e r c o n ta in in g  > 95% 3 .5 -2 4  mes
g ra n u le s .

1) Some problem s o f  powder h a n d lin g  were 
d iscussed  on th e  b a s is  o f  h y p o th e t ic a l 
case in v o lv in g  th e  d e w a te rin g  o f  a c ry s 
t a l l i z e d  p ro d u c t by an a u to m a tic , b a tch  
c e n t r i fu g e  and d ry in g  th e  cake in  f l u i -  
d ized -b ed  d ry e r .

2) B r in e s  c o n ta in in g  N aC l, KC1, and MgCl^ 
( c . g . ,  c a r n a l l i t e  l iq u o r  o r  b r in e  t a i l 
in g s ) were d r ie d  w ith  h o t gases a t  120 - 
250 c in  a NaCl f lu id iz e d  bed u n t i l  th e  
NaCl ร (KC l + M gC^) r a t i o  was 2 - 4 s l .

R e f .

39

40

41

4 2



From th o  l i t e r a t u r e  s u rv e y , f lu id iz e d -b e d  te c h n iq u e  
can be a p o lie d  f o r  th e  d ry in g  o f  g ra n u la r  m a te r ia ls  and r e s u l t s  
h ig h  th e rm a l e f f ic ie n c y .  T h is  d ry in g  te c h n iq u e  a ls o  does n o t 
d e s tro y  th e  n u t r i t i o n s  v a lu e  when a p p lie d  f o r  food  p ro d u c ts . 
P a rb o ile d  r ic e  is  b o th  g ra in  and fo o d , t h e r e fo r e , t h is  te c h 
n iq ue  was chosen f o r  th e  e xp e rim e n t o f  d ry in g  p a rb o ile d  r ic e .
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