
VA L ID A T IO N  O F  C O M P O N E N T  M O D E L S

After suitable component models to use in the fertilizer granulation 

process have been adopted, a computer code in the FORTRAN 77 language is 

next written for the process. Subsequently, validation of each component model 

must be made to ensure its suitability and ability to predict the existing data. เท 

this thesis, the simulation results of each component model will first be compared 

to published experimental data and plant data.

5.1 Validation of drum granulator model

The population balance model for drum granulation of materials with 

broad size distribution of Adetayo (1993) is adopted for this work. The computer 

model is written in FORTRAN 77.

Adetayo (1993) makes numerous comparisons of his simulation results with 

his laboratory-scale experimental data. The data available for 3 fertilizers are as follows :

Ammonium sulfate (AS) at 4% 1 6% and 8% moisture content.

Mono-ammonium phosphate (MAP) at 3%, 4%, and 5% moisture content.

Di-ammonium phosphate (DAP) at 2% 1 4% and 5% moisture content.

Data were collected at 3 granulation times : 5, 15 and 25 minutes. All 

fertilizer were granulated starting from the same standard initial size distribution 

(20% < 1.0 mm., in Table 5.1). He also compared his simulation results with lab- 

scale experimental data for DAP, granulated from two other initial size distributions 

containing progressively more fine particles (30% < 1.0 mm. and 50% < 1.0 mm.).
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A d e t a y o ’s  m o d e l  ( 1 9 9 3 )  g i v e s  a  r e a s o n a b l y  g o o d  f i t  t o  t h e  f u l l  g r a n u l e  

s i z e  d i s t r i b u t i o n  f o r  t h e  c o m p l e t e  r a n g e  o f  d a t a .  T h e  e s t i m a t e d  p a r a m e t e r s ,  

a n d  ^ 2 1 f o r  e a c h  f e r t i l i z e r  t y p e  a r e  g i v e n  i n  t a b l e  5 . 2 .

H e  r e p o r t s  t h a t ,  f o r  e x p e r i m e n t s  i n  w h i c h  a n  e q u i l i b r i u m  s i z e  d i s t r i b u t i o n  

i s  q u i c k l y  r e a c h e d ,  t h e  b e s t  e s t i m a t e  o f  ^ 2  i s  s t a t i s t i c a l l y  n o t  s i g n i f i c a n t l y  d i f f e r e n t  

f r o m  0 ,  i . e .  t h e  s e c o n d  s t a g e  o f  g r a n u l a t i o n  d o e s  n o t  o c c u r .  H i s  s i m u l a t i o n s  c l e a r l y  

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

A d e t a y o  a l s o  i n v e s t i g a t e s  t h e  c h a r a c t e r i s t i c s  o f  t h e  t w o  k e r n e l  t y p e s  i n  

o r d e r  t o  s e e  t h e  e f f e c t  o f  t h e  t y p e  o f  k e r n e l  o n  t h e  s h a p e  o f  t h e  p r e d i c t e d  g r a n u l e  

s i z e  d i s t r i b u t i o n  c u r v e .  F i g  5 . 1  s h o w s  t h e  t w o  s i z e  d i s t r i b u t i o n s ,  e a c h  o b t a i n e d  

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

w i t h  o n l y  o n e  o f  t h e  t w o  k e r n e l s .  A l l  s i m u l a t i o n s  s t a r t  w i t h  t h e  s a m e  i n i t i a l  g r a n u l e  

s i z e  d i s t r i b u t i o n .  O b v i o u s l y ,  t h e  s i n g l e  z e r o - o r d e r  k e r n e l  ( E q .  ( 3 . 2 2 ) )  p r o d u c e s  a  

m u c h  n a r r o w e r  s i z e  d i s t r i b u t i o n  t h a n  t h e  f i r s t - o r d e r  k e r n e l  ( E q .  ( 3 . 2 3 ) ) .  W i t h  t h e  

z e r o - o r d e r  k e r n e l ,  f i n e  p a r t i c l e s  i n  t h e  i n i t i a l  s i z e  d i s t r i b u t i o n  r a p i d l y  d i s a p p e a r  w i t h  

l i t t l e  c h a n g e  t o  t h e  c o a r s e  e n d  o f  t h e  s i z e  d i s t r i b u t i o n .  เ ท  c o n t r a s t ,  t h e  s i n g l e  f i r s t -  

o r d e r  k e r n e l  b r o a d e n s  t h e  i n i t i a l  s i z e  d i s t r i b u t i o n  a n d  f a i l s  t o  r e m o v e  c o m p l e t e l y  

t h e  f i n e  p a r t i c l e s  e v e n  a f t e r  a  s i g n i f i c a n t  e x t e n t  o f  g r a n u l a t i o n .

5 . 1 . 1  C o m p a r i s o n  o f  t h e  p r e s e n t  s i m u l a t i o n  r e s u l t s  w i t h  A d e t a v o ’s  

e x p e r i m e n t a l  d a t a

N o n e  o f  t h e  s i n g l e  k e r n e l s  a s  p r e s e n t e d  a b o v e  ( s h o w n  i n  f i g u r e  5 . 1 )  

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

t h e  f u l l  r a n g e  o f  d a t a .  T h e  s i n g l e  z e r o - o r d e r  k e r n e l  ( E q . ( 3 . 2 2 ) )  d o e s  n o t  p r e d i c t  t h e  

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

a n d  l o n g e r  g r a n u l a t i o n  t i m e s  f o r  M A P  a n d  D A P .



T a b l e  5.1 C o a l e s c e n c e  r a t e  c o n s t a n t  fo r  A S , M A P  a n d  D A P

M o i s t u r e  C o n t e n t S o l u t i o n  p h a s e  

r a t i o ,  y

S s a t S c r i t k i

( m i n  )

k 2

( m m  m i n

P a r t i c l e  D e n s i t y  

( k g / m 3 )

t i

( m i n )

A m m o n i u m s u l p h a t e  ( A S )

4 % 0 . 1 0 6 0 . 2 0 5 7 8 > 0 . 3 6 2 . 8 5 0 . 0 0 0 2 1 7 0 1 . 7

6 % 0 . 1 6 5 0 . 2 8 1 5 9 > 0 . 3 6 3 . 9 0 0 . 0 0 1 3 1 7 0 1 . 7

8 % 0 . 2 2 8 0 . 3 4 6 5 7 > 0 . 3 6 4 . 8 0 0 . 0 0 0 6 1 7 0 1 . 7

M o n o - a m m o n i u m  p h o s p h a t e  ( M A P )

4 % 0 . 0 9 0 0 . 1 3 1 7 8 0 . 2 1 . 7 0 - 0 . 0 0 1 6 1 6 0 2 . 0

5 % 0 . 1 1 5 0 . 1 7 8 2 9 0 . 2 2 . 3 0 - 0 . 0 0 6 0 1 6 0 2 . 0

6 % 0 . 1 3 5 0 . 2 3 2 5 6 0 . 2 3 . 0 0 0 . 0 1 2 0 1 6 0 2 . 0

D i - a m m o n i u m  p h o s p h a t e  ( D A P )

2 % 0 . 0 4 5 0 . 0 7 3 0 . 1 3 1 . 3 8 0 . 0 0 4 3 1 5 0 2 . 0

4 % 0 . 0 9 2 0 . 1 5 0 0 . 1 3 3 . 3 9 0 . 0 0 3 3 1 5 0 2 . 0

6 % 0 . 1 4 4 0 . 2 3 5 0 . 1 3 5 . 9 8 0 . 0 0 0 6 1 5 0 2 . 0
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T h e  f i r s t - o r d e r  k e r n e l  ( E q . ( 3 . 2 3 ) )  f a i l s  t o  p r e d i c t  t h e  t o t a l  r e m o v a l  o f  t h e  

f i n e  p a r t i c l e s  f r o m  t h e  i n i t i a l  s i z e  d i s t r i b u t i o n .  A d e t a y o ' s  e x p e r i m e n t a l  d a t a  d o  

s u p p o r t  a  t w o - s t a g e  g r a n u l a t i o n  m e c h a n i s m .  เ ท  F i g u r e  5 . 1 ,  t h e  f i n a l  e x p e r i m e n t a l  

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

t w o - s t a g e  k e r n e l .

O n l y  t h e  t w o - s t a g e  k e r n e l  c a n  p r e d i c t  t h e  c o r r e c t  s h a p e  o f  t h e  g r a n u l e  

s i z e  d i s t r i b u t i o n .  T h u s  t h e  t w o - s t a g e  k e r n e l  h a s  b e e n  a d o p t e d  f o r  g r a n u l a t o r  d r u m  

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

T h e  e v a l u a t i o n  o f  t h e  p r e s e n t  s i m u l a t i o n  r e s u l t s  a g a i n s t  A d e t a y o ' s  

e x p e r i m e n t a l  c u m u l a t i v e  g r a n u l e  s i z e  d i s t r i b u t i o n  ( s y m b o l s )  i s  s h o w n  i n  F i g u r e s

5 . 2  t o  5 . 1 0 .  A s  e x p e c t e d ,  t h e  p r e s e n t  m o d e l  g i v e s  a  r e a s o n a b l y  g o o d  f i t  t o  t h e  f u l l  

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

b a s e d  o n  A d e t a y o ’s  m o d e l . .

A p p e n d i x  II s h o w s  t h e  9  d i f f e r e n t  s e t s  o f  e x p e r i m e n t a l  d a t a  f o r  A S ,  M A P ,  

D A P  g r a n u l e s  A d e t a y o  u s e d  f o r  c o m p a r i s o n  t o  h i s  s i m u l a t e d  r e s u l t s .

5 . 1 . 2  S e n s i t i v i t y  a n a l y s i s  o f  t h e  p r e s e n t  d r u m  g r a n u l a t o r  m o d e l

F o r  t h e  p r e s e n t  d r u m  g r a n u l a t o r  m o d e l ,  a  s t u d y  o n  t h e  m o d e l  s e n s i t i v i t y  

t o  p e r t u r b a t i o n s  m a d e  t o  i t s  k e r n e l  p a r a m e t e r s  i s  n e x t  m a d e .

M o r e  s p e c i f i c a l l y ,  t h e  s e n s i t i v i t y  s t u d y  i s  c a r r i e d  o u t  b y  c h a n g i n g  e i t h e r  

^  o r  ^ 2 . A s  s h o w n  i n  F i g u r e  5 . 1 1  t h e  g r a n u l a t o r  m o d e l  i s  f o u n d  t o  b e  q u i t e  

i n s e n s i t i v e  t o  a  v a r i a t i o n  i n  ^ 2  ( w i t h  ^ 1 = 0  a n d  =  0 ) .  T h e r e  i s  i n s i g n i f i c a n t  

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

w i t h  k 2 =  0 . 0 0 5 1 6 ,  k 2 =  0 . 0 0 4 3  o r  k 2 =  0 . 0 0 3 4 4  f o r  D A P  f e r t i l i z e r  a t  m o i s t u r e  4 %  

d a t a .
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เ ท  t h e  c a s e  o f  i n c r e a s i n g  k I v a l u e  b y  2 0 % , t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  

D A P  a t  4 %  m o i s t u r e  c o n t e n t  n a r r o w s  w h e n  c o m p a r e d  t o  t h e  n o r m a l  c a s e  o f  

£ 1 v a l u e .  U p o n  d e c r e a s i n g  k\  v a l u e  b y  2 0 % ,  t h e  g r a n u l e  s i z e  d i s t r i b u t i o n  

c o m p a r e d  t o  t h e  n o r m a l  c a s e  i s  b r o a d e n e d .

5.2 Validation of the screen model

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

o v e r s i z e  s c r e e n  a b o v e  i t .  F o r  t h e  “ p r o d u c t  s c r e e n "  1 t h e  p r o d u c t  g r a n u l e  s i z e  

d i s t r i b u t i o n  w a s  t a k e n  a s  t h e  ‘o v e r s i z e  s t r e a m ' .  T h e  i n p u t  t o  t h e  ‘p r o d u c t  s c r e e n '  i s  

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

a s  f e e d  a n d  t h a t  e x i t i n g  t h e  u n i t  a s  o v e r s i z e .  เ ท  o t h e r  w o r d s ,  t h e  i n p u t  t o  t h e  

p r o d u c t  s c r e e n  i s  t h e  u n d e r s i z e  s t r e a m  o f  t h e  o v e r s i z e  s c r e e n .

5 . 2 . 1  C o m p a r i s o n  o f  t h e  p r e s e n t  s i m u l a t i o n  r e s u l t s  w i t h  p u b l i s h e d  

p l a n t  d a t a

T h e  p r e s e n t  s c r e e n  m o d e l  w h i c h  i s  w r i t t e n  i n  F O R T R A N  7 7  i s  v a l i d a t e d  

a g a i n s t  d a t a  o b t a i n e d  f r o m  t h e  i n d u s t r i a l  s c r e e n  o f  a  f e r t i l i z e r  c o m p a n y  ( L i s t e r ,  

1 9 8 9 ) .  T h e  d i f f e r e n t  s e t s  o f  d a t a  f o r  o n e  g r a d e  o f  f e r t i l i z e r  g r a n u l e s  h a v e  b e e n  

u s e d  b y  L i s t e r  f o r  t h e  p a r a m e t e r  e s t i m a t i o n .

F o r  a l l  s e t s  o f  d a t a ,  t h e  e s t i m a t e d  p a r a m e t e r s  a r e  n o t  s i g n i f i c a n t l y  

d i f f e r e n t  f r o m  e a c h  o t h e r .  L i s t e r  r e c o m m e n d s  m o =  3 0  a n d  m p =  4 0 0  b e  t a k e n  a s  

t h e  m o d e l  p a r a m e t e r s  f o r  t h e  o v e r s i z e  a n d  t h e  p r o d u c t  s c r e e n ,  r e s p e c t i v e l y .
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A s  e x p e c t e d ,  g o o d  a g r e e m e n t  i s  o b s e r v e d  b e t w e e n  t h e  p r e d i c t i o n  o f  t h e  

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

p r o d u c t  s t r e a m s ,  a s  s h o w n  i n  F i g u r e  5 . 1 2 .

5 . 2 . 2  S e n s i t i v i t y  a n a l y s i s  o f  t h e  p r e s e n t  s c r e e n  m o d e l

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

o f  t h e  t w o  p a r a m e t e r s ,  เท0 a n d  m  . A s  r e p o r t e d  b y  A d e t a y o ,  t h e  s c r e e n  m o d e l  i s  

f o u n d  t o  b e  q u i t e  i n s e n s i t i v e  t o  v a r i a t i o n s  i n  m p  . T h o u g h  n o t  s h o w n  h e r e ,  t h e r e  i s  

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

w h e n  m p -  4 0 0  a n d  เท =  too.

A s  s h o w n  i n  F i g u r e  5 . 1 3 ,  t h e  p r e s e n t  s e n s i t i v i t y  s t u d y  c o n f i r m s  t h a t  t h e  

p r e d i c t e d  o v e r s i z e  g r a n u l e  s i z e  d i s t r i b u t i o n  i s  s i g n i f i c a n t l y  a f f e c t e d  b y  c h a n g e s  

m a d e  t o  เท0 . F o r  e x a m p l e ,  i n c r e a s i n g  m 0 t o  8 0  f r o m  t h e  n o r m a l  c a s e  ( 3 0 )  r e d u c e s  

t h e  a m o u n t  o f  m i n u s  4  m m .  s i z e  p a r t i c l e s  f r o m  a p p r o x i m a t e l y  2 0  t o  1 0 % .  T h e  

d e c r e a s e  i n  เท0 h o w e v e r  r e s u l t s  i n  a  b i g  r e d u c t i o n  i n  t h e  c l a s s i f i c a t i o n  e f f i c i e n c y  o f  

t h e  o v e r s i z e  s c r e e n  w i t h  a p p r o x i m a t e l y  4 0 %  o f  m i n u s  4  m m .  s i z e  p a r t i c l e s  b e i n g  

c a r r i e d  a w a y  i n  t h e  o v e r s i z e  s t r e a m .

5 . 3  V a l i d a t i o n  o f  t h e  p r e s e n t  c r u s h e r  m o d e l

5 . 3 . 1  C o m p a r i s o n  o f  t h e  p r e s e n t  s i m u l a t i o n  r e s u l t s  w i t h  p u b l i s h e d  

p l a n t  d a t a

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

o p e r a t i n g  g r a n u l a t i o n  p l a n t  ( L i s t e r ,  1 9 8 9 ) .  T h e  p r o b l e m  i s  t o  f i n d  N  s 1 N h a n d  N c
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which give good agreement between the observed and predicted cumulative 

mass fraction of particles in the ith size interval exiting the crusher as crushed 

oversize.

Observation of the data sets reveals that granules bigger than 8 mm. are 

present in the crusher product. For the selection function, Lister recommends 

d supp = 16.0 mm. and d  [0w =  0.25 mm. whereas d cupp -  4 mm. and d fow = 2 mm. 

for the classification function.

Results from the estimation of the parameters of the crusher model by 

Adetayo (1993) reveal that N c is not significantly different from zero, indicating that 

negligible classification occurs in the crusher. Thus it may be assumed here 

that 7VC = 0. The estimation of the parameters A^and N b using DAP fertilizer data 

(Lister, 1989) gives N s = 7.0 and N b -  0.165. For other grades of fertilizer, re

estimation of the model parameters should be carried out on new data sets.

5.3.2 Sensitivity analysis of the present crusher model

A sensitivity study on the present crusher model is carried out by 

changing one of the parameters of interest while keeping the rest constant.

1. Changing N 5

A reduction in N s results in poor crushing as the size distribution of the 

granules exiting the crusher has a significant proportion of large granules. เท fact 

the average diameter of the granules exiting the crusher is significantly increased, 

as shown in Fig. 5.15.

2. Changing N b
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Figure 5.15 also shows that a reduction in N b from 0.165 to 0.1 results 

in the generation of a significant amount of fines. To simulate a highly efficient 

crusher with at least 90% of its product being smaller than 4mm., various 

combinations of N s and N h are unsuccessful. Even reducing d supp from 16 to 4 

mm. does not give the desired efficiency. This is due to the fact that without the 

classification function, particles pass through the breakage zone of the crusher 

only once. Particles larger than 4 mm. in diameter are produced as a result of the 

breakage of even larger particles. These particles then come out with the product 

stream.

3. Changes to the Classification Function

The efficiency of the crusher can be improved by the introduction of a 

separate classifier, increasing the intensity of crushing or by using new sets of 

hammers in the crusher. The breakage function is not expected to be significantly 

affected as long as the same type of crusher is used. Flowever, a significant effect 

on the overall selection function is expected. To simulate this effect on the 

selection function, a classifier is introduced into the model. It is assumed that due 

to the presence of the classifier, particles greater than 4 mm. cannot exit the 

crusher. These granules are assumed to be returned back to the breakage zone 

to undergo further breakage. This phenomenon is simulated with d cupp-  4 mm. 

and, N c = 1 (linear dependency of the classifier on size difference).

Figure 5.15 shows that a big improvement of the crusher performance is 

achieved without a significant production of fines. This crusher model is flexible 

enough to account for different crusher types.
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experimental data for type I initial size distribution of DAP with 4% 

moisture content granulated for 25 minutes
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