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A c o m p a r i s o n  b e t w e e n  t h e  e f f e c t s  o f  d i f f e r e n t  b i n d -  

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

t i o n  i n  a F i e l d e r  PMAT 2 5  h i g h  s h e a r  m i x e r  d e m o n s t r a t e s  

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

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

s o l u t i o n .  I t  i s  s u g g e s t e d  t h a t  t h e  e f f e c t s  a r e  d u e  t o  

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

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

m e r a t e s .  I t  i s  s h o w n  t h a t  t h e  p o w e r  c o n s u m p t i o n  re -  

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

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

t e  . 

* P r e s e n t  a d d r e s s :  O r i o n  C o r p o r a t i o n  L t d . ,  O r i o n  

P h a r m a c e u t i c a ,  P . O .  Box 6 5 ,  S F - 0 2 1 0 1  E S P O O ,  F i n l a n d  

1041 
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I N T R O D U C T I O N  

RITALA ET AL. 

I n  a p r e v i o u s  i n v e s t i g a t i o n 1  o n  t h e  i n f l u e n c e  o f  b i n d e r  
s o l u t i o n  o n  g r a n u l e  g r o w t h  i n  a h i g h  s h e a r  m i x e r  d i f -  

f e r e n c e s  b e t w e e n  b i n d e r s  were n o t i c e d .  T h e  P V P  b i n d e r  
s o l u t i o n s  ( K o l l i d o n  9 0 ,  BASF) g a v e  r i s e  t o  s i g n i f i -  

c a n t l y  h i g h e r  mean  g r a n u l e  s i z e s  t h a n  d i d  t h e  s o l u t i o n s  

o f  a PVP-PVA-copo lymer  ( K o l l i d o n  VA64, B A S F )  a n d  H P M C  

( M e t h o c e l  E 5  a n d  E15, Dow C h e m i c a l s ) .  L i k e w i s e ,  g r a -  

n u l a t i o n  w i t h  t h e  P V P  b i n d e r  s o l u t i o n s  g a v e  r i s e  t o  

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

t h e  o t h e r  b i n d e r  s o l u t i o n s .  I t  was s u g g e s t e d  t h a t  t h e  

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

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

P r o t e i n  S b i n d e r  s o l u t i o n l ,  a r e  n o t  d e a l t  w i t h  i n  t h i s  

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

b o n d i n g s .  
H o l m  e t  a1 .2  a n d  K r i s t e n s e n  e t  a1 .394  h a v e  s h o w n  

t h a t  a l a r g e  d e f o r m a b i l i t y  o f  t h e  m o i s t  a g g l o m e r a t e s  i s  

e s s e n t i a l  f o r  t h e  g r a n u l e  g r o w t h  b y  c o a l e s c e n c e .  T h e  

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

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

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

major  f a c t o r  i n f l u e n c i n g  t h e  g r a n u l e  g r o w t h 4 , 5 .  

I n  a d d i t i o n  t o  t h e  l i q u i d  s a t u r a t i o n ,  t h e  s t r e n g t h  
of t h e  m o b i l e  l i q u i d  b o n d i n g s ,  c f .  Rumpf6  may a f f e c t  

t h e  g r a n u l e  g r o w t h  a n d  t h e  p o w e r  c o n s u m p t i o n .  A C -  

c o r d i n g  t o  L e u e n b e r g e t - 7  c h a n g e s  i n  power c o n s u m p t i o n  
o c c u r  as  a r e s u l t  o f  a g r o w i n g  c o h e s i v e n e s s  o r  t e n s i l e  

s t r e n g t h  o f  t h e  a g g l o m e r a t e s  fo rmed  i n  t h e  m o i s t e n e d  

g r a n u l a t i n g  mass.  I t  m e a n s  t h a t  b i n d e r  s o l u t i o n  c h a r -  

a c t e r i s t i c s  l i k e  s u r f a c e  t e n s i o n  a n d  c o n t a c t  a n g l e  t o  
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POWER CONSUMPTION DURING GRANULATION 1043 

s o l i d  i n f l u e n c e  t h e  p o w e r  c o n s u m p t i o n .  T h e r e f o r e ,  i t  

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

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

t h e o r y  of m o b i l e  l i q u i d  b o n d i n g s .  

T h e  p u r p o s e  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  h a s  b e e n  

t o  s t u d y  t h e  e f f e c t s  o f  t h e  s u r f a c e  t e n s i o n  o f  t h e  

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

t i o n .  T h e  r e s u l t s  a r e  i n t e r p r e t e d  o n  t h e  b a s i s  o f  t h e  

t h e o r y  f o r  m o b i l e  l i q u i d  b o n d i n g  s t r e n g t h .  

MATERIALS 

Two P V P - s o l u t i o n s  ( K o l l i d o n  90 a n d  K o l l i d o n  2 5 ,  

BASF) ,  o n e  P V P - P V A  c o p o l y m e r  s o l u t i o n  ( K o l l i d o n  VA64, 

B A S F ) ,  a n d  t w o  H P M C  s o l u t i o n s  ( M e t h o c e l  E5 a n d  M e t h o c e l  

E 1 5 ,  D o w  C h e m i c a l s )  were u s e d .  T h e  c o n c e n t r a t i o n s ,  

v i s c o s i t i e s  a n d  s u r f a c e  t e n s i o n s  o f  t h e  a q u e o u s  b i n d e r  

s o l u t i o n s  a r e  s h o w n  i n  T a b l e  1 .  

T h r e e  d i f f e r e n t  c o n c e n t r a t i o n s  o f  a s u r f a c t a n t ,  

P o l y s o r b a t e  8 0 ,  P h . E u r .  g r a d e ,  were a d d e d  t o  t h e  3% 
K o l l i d o n  9 0  b i n d e r  s o l u t i o n .  T h e  c o n c e n t r a t i o n s ,  

v i s c o s i t i e s  a n d  s u r f a c e  t e n s i o n s  a r e  g i v e n  i n  T a b l e  2 .  

C a l c i u m  h y d r o g e n  p h o s p h a t e  ( d i c a l c i u m  p h o s p h a t e )  

P h . E u r .  g r a d e  ( A l b r i g h t  & W i l s o n  L t d . )  was g r a n u l a t e d .  

T h e  g e o m e t r i c  w e i g h t  mean  d i a m e t e r ,  d g w ,  was 21 pm 

d e t e r m i n e d  m i c r o s c o p i c a l l y .  T h e  d e n s i t y  was 2 . 3 4  g / c m 3  

m e a s u r e d  b y  t h e  B e c k m a n  a i r  c o m p a r i s o n  p y c n o m e t e r .  T h e  

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

s o l u t i o n ,  d e t e r m i n e d  b y  t h e  " h  a n d  m e t h o d 9  was 0 0  i n  

a l l  e x p e r i m e n t s .  

- 

A f e w  g r a n u l a t i o n  e x p e r i m e n t s  were m a d e  w i t h  sul- 

p h u r  ( s u l p h u r  m e d i c i n a l e ,  P h . N o r d .  6 3 1 ,  d g w  was 2 9  pm 

a n d  d e n s i t y  2 . 0 1  g / c m 3  m e a s u r e d  b y  t h e  same m e t h o d s  a s  

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

b e t w e e n  t h e  s u l p h u r  a n d  t h e  b i n d e r  s o l u t i o n s  were 5 6 0  

- 
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RITALA ET AL. 1044 

TABLE 1 
Binding agents and characteristics of the aqueous solutions used 
in the granulation experiments 
Trade name Composition Concentration Viscosityl) Surfacez) 

tension 
I w/w mPas mNm-1 

(30 OC) (25 OC) 

Kollidon 90 PVP 3 9 68 
5 31 68 
8 109 - 68 

Kollidon 25 PVP 3 1 68 
20 10 67 

Kollidon V A 6 4  PVP/PVA 
copolymer 3 

10 
20 
30 

Methocel E5 HPMC 3 
6 
8 

1 50 
4 50 
15 47 
77 46 

6 48 
43 48 
91 48 

Methocel El5 HPMC 2 1 1  50 

4.5 119 47 
3.5 59 48 

1)Viscosity determined by a Brookfield Viscosimeter Type LVT. 
2) Surface tension determined by drop weight method B 

TABLE 2 
Viscosities and surface tensions of an aqueous 3% 
Kollidon 90 solution added various concentrations of 
Polysorbate 80 

Polysorbate 80 Viscosity Surface tension 
concentration mPas rnNrn-I 

w/w % (30 OC) (25 OC) 

0 

0.02 

0.4 
0.8 

9 
9 
9 

10 

68 
57 
46 
44 
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POWER CONSUMPTION DURING GRANULATION 1045 

T A B L E  3 
T h e  c o n t a c t  a n g l e s  b e t w e e n  s u l p h u r  a n d  v a r i o u s  b i n d e r  
s o l u t i o n s  

B i n d e r  s o l u t i o n  C o n t a c t  a n g l e ’  ) S u r f a c e  t e n s i o n  
t o  s u l p h u r  g r a d e  m N m - 1  

K o l l i d o n  9 0 ,  3% 5 6  6 8  

K o l l i d o n  9 0 ,  3% + 

S o d i u m  l a u r y l  
s u l p h a t e  1 .5% 3 7  44  

1 )  C o n t a c t  a n g l e  d e t e r m i n e d  b y  t h e  Irh a n d  m e t h o d g .  

a n d  37O,  r e s p e c t i v e l y  ( T a b l e  3 ) .  S o d i u m  l a u r y l  s u l -  

p h a t e  was u s e d  a s  t h e  s u r f a c e  a c t i v e  a g e n t ,  b e c a u s e  t h e  

c o n t a c t  a n g l e  c o u l d  n o t  b e  v a r i e d  w i t h  P o l y s o r b a t e  8 0 .  
- 

A l a b o r a t o r y - s c a l e  h i g h  s h e a r  m i x e r ,  F i e l d e r  PMAT 

25VG e q u i p p e d  w i t h  a c o o l i n g  j a c k e t  was u s e d  f o r  t h e  

g r a n u l a t i o n  e x p e r i m e n t s .  D u r i n g  t h e  p r o c e s s  t h e  p o w e r  

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

E l - F I  p o w e r  c o n s u m p t i o n  m e t e r 4 .  

M E T H O D S  

M o s t  of t h e  e x p e r i m e n t s  were c a r r i e d  o u t  i n  t h e  

l i q u i d  a d d i t i o n  p h a s e .  8 k g  of d i c a l c i u m  p h o s p h a t e  
were g r a n u l a t e d  w i t h  a n  i m p e l l e r  s p e e d  of 400 rpm a n d  a 

c h o p p e r  s p e e d  o f  3 0 0 0  r p m .  T h e  l i q u i d  a d d i t i o n  r a t e  

was 1 5 0  m l / m i n .  

A few a d d i t i o n a l  e x p e r i m e n t s  were c a r r i e d  o u t  i n  
t h e  w e t - m a s s i n g  p h a s e  i n  o r d e r  t o  s t u d y  t h e  e f f e c t s  o f  
t h e  l i q u i d  a m o u n t  o n  t h e  g r a n u l e  g r o w t h  a n d  p o w e r  c o n -  
s u m p t i o n .  8 k g  o f  d i c a l c i u m  p h o s p h a t e  were g r a n u l a t e d  

w i t h  a n  i m p e l l e r  s p e e d  o f  4 0 0  r p m  a n d  a c h o p p e r  
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RITALA ET AL.  1046 

s p e e d  o f  3 0 0 0  r p m .  T h e  l i q u i d  a d d i t i o n  r a t e  was 2 0 0  

m l / m i n  a n d  t h e  l i q u i d  a m o u n t s  were 1 3 7 6 ,  1 4 0 3  a n d  1 4 4 0  

g o f  a 3 %  K o l l i d o n  90 b i n d e r  s o l u t i o n .  T h e  b i n d e r  

s o l u t i o n  was  a d d e d  by s p r a y i n g l .  T h e  w e t - m a s s i n g  t i m e  

was 6 m i n .  S a m p l e s  were t a k e n  o u t  a t  0 ,  1 ,  3 a n d  6 

m i n u t e s  of  w e t  m a s s i n g .  

T h e  e x p e r i m e n t s  w i t h  s u l p h u r  were c a r r i e d  o u t  i n  

t h e  l i q u i d  a d d i t i o n  p h a s e .  6 k g  o f  s u l p h u r  were u s e d  

f o r  each  e x p e r i m e n t .  T h e  i m p e l l e r  s p e e d  was 400 rpm 

a n d  t h e  c h o p p e r  s p e e d  3 0 0 0  rpm.  T h e  b i n d e r  l i q u i d  was 

a d d e d  by  s p r a y i n g  w i t h  a r a t e  o f  1 5 0  m l / m i n .  T h e  same 

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

s a m p l i n g  a n d  d e t e r m i n a t i o n  o f  d i f f e r e n t  p a r a m e t e r s .  

T h e  b i n d e r  s o l u t i o n  was a d d e d  b y  s p r a y i n g .  Sam- 

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

b e e n  d e s c r i b e d  e a r l i e r 1 , 1 0 , 1 1 .  

RESULTS A N D  DISCUSSION 

E f f e c t s  o f  S u r f a c e  T e n s i o n  

F i g u r e  1 s h o w s  t h e  c o r r e l a t i o n  b e t w e e n  t h e  a m o u n t  

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

i n  t h e  l i q u i d  a d d i t i o n  p h a s e  o f  d i c a l c i u m  p h o s p h a t e  

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

l o w e s t  c o n c e n t r a t i o n s ,  c f .  T a b l e  1 .  F i g u r e  1 s h o w s  

t h a t  t h e  s o l u t i o n s  of K o l l i d o n  90 a n d  K o l l i d o n  2 5  

g a v e  r i s e  t o  l a r g e r  mean  g r a n u l e  s i z e s  t h a n  t h e  o t h e r  

b i n d e r  s o l u t i o n s .  I t  m e a n s  t h a t  t h e  l i q u i d  r e q u i r e -  

m e n t s  f o r  g r a n u l a t i o n  w i t h  t h e  PVP s o l u t i o n s  a r e  l o w e r  

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

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

b i n d e r  s o l u t i o n s  c o u l d  b e  r e v e a l e d ,  F i g u r e  2 .  T h e  

l i q u i d  s a t u r a t i o n ,  S ,  i s  t h e  d e g r e e  o f  i n t r a g r a n u l a r  

v o i d s  f i l l e d  w i t h  l i q u i d  p h a s e l t 5 .  I t  i s  d e t e r m i n e d  
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POWER CONSUMPTION DURING GRANULATION 1047 
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% v/v b i n d e r  s o l u t i o n  

FIGURE 1 

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

g r a n u l e  s i z e  i n  l i q u i d  a d d i t i o n  p h a s e .  m :  K o l l i d o n  90 

3$ ,  0: K o l l i d o n  V A  6 4  l o $ ,  A: M e t h o c e l  E 5  3 8 ,  A: 
M e t h o c e l  El5 2%, 0: K o l l i d o n  25 3%. 

f r o m  t h e  m e a s u r e m e n t s  o f  t h e  i n t r a g r a n u l a r  p o r o s i t y  E ,  

p a r t i c l e  d e n s i t y  p a n d  t h e  m o i s t u r e  c o n t e n t  H ,  of  t h e  

g r a n u l e s  o n  d r y  b a s i s .  

H ( 1  - E )  s =  
E 

( 1 )  

F i g u r e  2 s h o w s  t h e  c o r r e l a t i o n  b e t w e e n  t h e  l i q u i d  

s a t u r a t i o n  a n d  t h e  m e a n  g r a n u l e  s i z e  f o r  a l l  t h e  e x -  

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

1 .  

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

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

o b t a i n e d  w i t h  t h e  PVP s o l u t i o n s ,  as  s h o w n  i n  F i g u r e  1, 

a r e  d u e  t o  a n  e f f e c t  of t h e  i n t r a g r a n u l a r  p o r o s i t y .  
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1048 RITALA ET AL. 

0 2 0  40 60  00 100 % 
licluid saturation 

FIGURE 2 
Effect of liquid saturation on mean granule size in 
liquid addition phase. 0 :  Kollidon 90 3%, 5% and 8 % ,  0: 

Kollidon VA 64 108,  20% and 3 0 % ,  A: Methocel E5 3%, 6 %  

and 8 % ,  o: Methocel El5 2%, 3.5% and 4.5%, V :  Kollidon 

25 3 %  and 2 0 % .  

This was confirmed by plotting E against % v / v  binder 
solution, which showed that the PVP solutions produced 

denser granules than the solutions of PVP-PVA o r  HPMC. 
Taking into account the slight effect of the binder 

concentration, the primary difference between the 
binder solutions must rely on the surface tension, 

Table 1 .  The surface tensions of the two PVP solutions 
were about 68 mNm-1 which is close to that of purified 
water, whereas the surface tensions of the other solu- 
tions were below 50 m N m U 1 .  The higher the surface 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



POWER CONSUMPTION DURING GRANULATION 1049 

1 2 3 
power consumption, kW 

FIGURE 3 
C o r r e l a t i o n  b e t w e e n  p o w e r  c o n s u m p t i o n  a n d  m e a n  g r a n u l e  

s i z e  i n  l i q u i d  a d d i t i o n  p h a s e .  x :  K o l l i d o n  9 0  3 % ,  A :  

K o l l i d o n  2 5  3 $ ,  A: K o l l i d o n  2 5  2 0 % ,  0 :  K o l l i d o n  V A  6 4  
3 % ,  0 :  K o l l i d o n  V A  6 4  l o % ,  o: M e t h o c e l  E5 3 % ,  m :  

M e t h o c e l  E5 8 % .  

t e n s i o n  o f  a l i q u i d ,  t h e  more t h e  l i q u i d  t r i e s  t o  

r e a c h  t h e  e n e r g e t i c a l l y  m o s t  e f f e c t i v e  f o r m ,  i . e .  t h e  

d r o p  f o r m .  T h i s  m e a n s  t h a t  a m o i s t  a g g l o m e r a t e  p r o -  

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

t e n d s  t o  h a v e  a lower  p o r o s i t y  a n d  h e n c e  a h i g h e r  l i q -  

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

l i q u i d  w i t h  a l ower  s u r f a c e  t e n s i o n .  T h i s  c a n  e x p l a i n  

why t h e  P V P  s o l u t i o n s  p r o d u c e  l a r g e r  g r a n u l e s  t h a n  t h e  

s o l u t i o n s  o f  t h e  PVP-PVA c o p o l y m e r  a n d  H P M C .  

F i g u r e  3 s h o w s  t h e  c o r r e l a t i o n  b e t w e e n  t h e  m e a n  

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

t h e  l i q u i d  a d d i t i o n  p h a s e  of d i c a l c i u m  p h o s p h a t e  g r a n u -  

l a t  i o n .  
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10 50 RITALA ET AL. 

I t  a p p e a r s  t h a t  t h e  c o r r e l a t i o n s  f a l l  i n t o  t w o  

c l a s s e s  d e p e n d e n t  o n  t h e  s u r f a c e  t e n s i o n s  of t h e  s o l u -  

t i o n s ,  c f .  T a b l e  1 .  T h e  p o w e r  c o n s u m p t i o n  r e c o r d e d  f o r  

e x p e r i m e n t s  w i t h  t h e  P V P - s o l u t i o n s  i s  s i g n i f i c a n t l y  

h i g h e r  t h a n  t h e  r e c o r d s  of PVP-PVA a n d  H P M C  s o l u t i o n s .  

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

w e l l  w i t h  t h e  f i n d i n g s  of L e u e n b e r g e r 7  t h a t  t h e  p o w e r  
c o n s u m p t i o n  is  i n f l u e n c e d  b y  t h e  t e n s i l e  s t r e n g t h  o f  

t h e  m o i s t  a g g l o m e r a t e s .  
A c c o r d i n g  t o  Rumpf6  t h e  t e n s i l e  s t r e n g t h  o t  o f  a 

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

1 - E Y  o t  = c . s - -  cos  e 
E 

where  C i s  a m a t e r i a l  c o n s t a n t  ( f o r  s p h e r e s  C = 6 ) ,  S 

l i q u i d  s a t u r a t i o n ,  E i n t r a g r a n u l a r  p o r o s i t y ,  Y s u r f a c e  
t e n s i o n ,  8 c o n t a c t  a n g l e  of t h e  l i q u i d  t o  t h e  s o l i d ,  
a n d ,  d t h e  p a r t i c l e  s i z e .  

I n  t h e  p r e s e n t  e x p e r i m e n t s  t h e  c h a n g e s  o f  t h e  t e n -  

s i l e  s t r e n g t h ,  o t ,  of  t h e  m o i s t  a g g l o m e r a t e s  a r e  c o n -  

t r o l l e d  b y  p o r o s i t y ,  E ,  a n d  s u r f a c e  t e n s i o n ,  Y ,  o n l y ,  

b e c a u s e  t h e  r e m a i n i n g  p a r a m e t e r s  o f  e q .  ( 2 )  a r e  k e p t  

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

s i f i c a t i o n  i t  m u s t  b e  a s s u m e d  t h a t  t h e  s u r f a c e  o f  t h e  

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

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

c l e s 1 2 s 1 3 .  T h u s  t h e  l i q u i d  s a t u r a t i o n  c a n  b e  a s s u m e d  
t o  b e  c o n s t a n t .  If t h e  i n f l u e n c e  of t h e  b i n d e r  s o l u t i o n  
o n  t h e  p o w e r  c o n s u m p t i o n  s h o w n  i n  F i g u r e  3 i s  d u e  t o  

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

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

c o n s u m p t i o n  a n d  t h e  v a r i a b l e  p a r a m e t e r s  of e q .  ( 2 )  i . e .  
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POWER CONSUMPTION DURING GRANULATION 1051 

1 so 

100 

50 

1 2 3 
power consumption, kW 

C o r r e l a t i o n  
FIGURE 4 

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

e x p e r i m e n t s  p r e s e n t e d  i n  F i g u r e  2 .  

t h e  v a l u e  of 

Y 1 - E  T = -  
E 

( 3 )  

F i g u r e  4 d e m o n s t r a t e s  t h e  c o r r e l a t i o n  b e t w e e n  p o w e r  

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

F i g u r e  2 .  I n  o r d e r  t o  a s s u r e  t h a t  t h e  a g g l o m e r a t e  

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

w i t h  l i q u i d  s a t u r a t i o n s  a b o v e  6 0 %  were i n c l u d e d  i n  

F i g u r e  4 .  T h e  l i m i t  o f  6 0 %  was c h o s e n  b e c a u s e  F i g u r e  2 

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

a t  l i q u i d  s a t u r a t i o n  o f  a b o u t  6 0 % .  T h o u g h  t h e  r e s u l t s  

for K o l l i d o n  25  d e v i a t e s  s l i g h t l y ,  F i g u r e  4 s u p p o r t s  

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

by t h e  l i q u i d  b o n d i n g  s t r e n g t h  i n  t h e  m o i s t  a g g l o r n e -  

r a t e s .  
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1052 RCTALA ET AL.  

E f f e c t s  o f  t h e  c o n t a c t  a n g l e  

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

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

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

a n  e f f e c t  c f .  e q .  ( 2 ) .  I n  o r d e r  t o  d e m o n s t r a t e  t h i s  

e f f e c t  g r a n u l a t i o n  e x p e r i m e n t s  w i t h  s u l p h u r  were made 

u s i n g  t h e  t w o  b i n d e r  s o l u t i o n s  m e n t i o n e d  i n  T a b l e  3 .  
T h e  t a b l e  s h o w s  t h a t  a r e d u c t i o n  of t h e  c o n t a c t  a n g l e  

b e t w e e n  a K o l l i d o n  90 s o l u t i o n  a n d  s u l p h u r  b y  a d d i t i o n  

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

f a c e  t e n s i o n  o f  t h e  s o l u t i o n .  T h i s  m e a n s  t h a t  t h e  

v a l u e  o f  Y - c o s e  r e m a i n s  a p p r o x i m a t e l y  c o n s t a n t .  T h e r e -  

f o r e ,  o n e  s h o u l d  e x p e c t  t h a t  t h e  a d d i t i o n  o f  t h e  s u r -  

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

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

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

t h e  b i n d e r  s o l u t i o n s .  O n l y  l i t t l e  d i f f e r e n c e s  b e t w e e n  

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

p e r i m e n t s  were s e e n . T h e  g r a n u l a t i o n  e x p e r i m e n t s  w i t h  

s u l p h u r  s h o w e d ,  h o w e v e r ,  t h a t  t h e  l i q u i d  r e q u i r e m e n t s  

when  u s i n g  t h e  K o l l i d o n  90 s o l u t i o n  were a b o u t  t w i c e  

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

An e x a m i n a t i o n  of t h e  a g g l o m e r a t e s ,  t h e i r  mean  

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

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

o f  t h e  s u l p h u r  p a r t i c l e s  when  t h e  s o l u t i o n  was a d d e d  a 

s u r f a c t a n t .  

E f f e c t  of L o w e r i n g  t h e  S u r f a c e  T e n s i o n  
I n  o r d e r  t o  d e m o n s t r a t e  i n  m o r e  d e t a i l  t h e  e f f e c t  

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

c o n s u m p t i o n ,  a s e r i e s  o f  e x p e r i m e n t s  was made b y  g r a n u -  

l a t i n g  d i c a l c i u m  p h o s p h a t e  w i t h  a K o l l i d o n  9 0  b i n d e r  

s o l u t i o n  w h i c h  c o n t a i n e d  0 . 0 2 8 ,  0 . 4 %  or 0 . 8 %  of a s u r -  

f a c t a n t ,  P o l y s o r b a t e  8 0 .  T h e  s u r f a c e  t e n s i o n s  o f  t h e s e  
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POWER CONSUMPTION DURING GRANULATION 1053 

1200 r X 
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power consumption, kW 

FIGURE 5 

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

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

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

t e n s i o n s .  x: K o l l i d o n  90 3 % ,  o: K o l l i d o n  90 3% a d d e d  

0 . 0 2 %  p o l y s o r b a t e  8 0 ,  0: K o l l i d o n  9 0  3% a d d e d  0 . 4 %  

p o l y s o r b a t e  8 0 ,  A :  K o l l i d o n  90 3% a d d e d  0 . 8 %  p o l y -  

s o r b a t e  8 0 ,  + :  K o l l i d o n  2 5  3 % .  

s o l u t i o n s  a r e  s h o w n  i n  T a b l e  2. I n  a g r e e m e n t  w i t h  t h e  

d i s c u s s i o n  a b o v e  t h e  e x p e r i m e n t s  s h o w e d  t h a t  w i t h  a 
low s u r f a c e  t e n s i o n  t h e  g r a n u l e  g r o w t h  s t a r t s  l a t e r .  
More  l i q u i d  i s  r e q u i r e d  f o r  t h e  g r o w t h  a n d  t h e  mean  

g r a n u l e  s i z e  i s  s m a l l e r .  T h e  e f f e c t  of l i q u i d  s a t u r a -  

t i o n  o n  t h e  mean  g r a n u l e  s i z e  was i n  a g r e e m e n t  w i t h  

F i g u r e  2 .  T h e  p o r o s i t i e s  were t h e  l o w e r ,  t h e  h i g h e r  

t h e  s u r f a c e  t e n s i o n s .  

F i g u r e  5 s h o w s  t h a t  a n  i n c r e a s i n g  c o n c e n t r a t i o n  o f  

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

t a i n  mean  g r a n u l e  s i z e .  F o r  c o m p a r i s o n ,  t h e  f i g u r e  
i n c l u d e s  t . h e  e r n e r i m ~ n t s  w i t h  1< K n l l i d n n  3E; 
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mN/ml 
150 

r- ioa 
F ?II. 

II 
I- 

50 

C 
.5 1 1.5 2 2.5 3 k\n 

power consumption 

FIGURE 6 

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

e x p e r i m e n t s  d e s c r i b e d  i n  F i g u r e  5 .  0: K o l l i d o n  90 3 8 ,  
A :  K o l l i d o n  90 3 %  a d d e d  0 . 0 2 9  p o l y s o r b a t e  8 0 ,  u: K o l -  

l i d o n  90 3 %  a d d e d  0 . 4 %  p o l y s o r b a t e  8 0 ,  V: K o l l i d o n  90 

3 %  a d d e d  0 . 8 %  p o l y s o r b a t e  8 0 ,  m: K o l l i d o n  25 3 % .  

T h e  c o r r e l a t i o n  b e t w e e n  t h e  p o w e r  c o n s u m p t i o n  a n d  
1 - E  T = -  Y f o r  t h e  e x p e r i m e n t s  s h o w n  i n  F i g u r e  5 

i s  p r e s e n t e d  i n  F i g u r e  6. T h e  g r a p h  s u p p o r t s  t h e  

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

c o n s u m p t i o n .  

E 

E f f e c t s  of  t h e  I n t r a g r a n u l a r  P o r o s i t y  

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

of t h e  s u r f a c e  t e n s i o n  of t h e  b i n d e r  s o l u t i o n  c a n  b e  

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

l i q u i d  b o n d i n g s  a c t i v e  i n  t h e  m o i s t  a g g l o m e r a t e s .  T h e  

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

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

s t r e n g t h ,  c f .  e q .  ( 2 ) .  I t  p r e s u p p o s e s  o f  c o u r s e  t h a t  

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

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

When a p a r t i c u l a r  g r a n u l a t i o n  p r o c e s s  i s  c o n s i d -  

e r e d ,  a c c o r d i n g  t o  e q .  ( 2 1 ,  t h e  t e n s i l e  s t r e n g t h ,  a t ,  

a n d  h e n c e ,  t h e  p o w e r  c o n s u m p t i o n  a r e  e x p e c t e d  t o  g r o w  

d u r i n g  t h e  p r o c e s s  d u e  t o  t h e  e f f e c t s  o f  p o r o s i t y ,  E ,  

a n d  l i q u i d  s a t u r a t i o n ,  S. T h e  r e m a i n i n g  p a r a m e t e r s  o f  

t h e  e q .  ( 2 )  a r e  c o n s t a n t ,  a n d  t h e  l i q u i d  s a t u r a t i o n  i s  

c o n s i d e r e d  t o  b e  c o n s t a n t  a s  d i s c u s s e d  a b o v e .  T h i s  

m e a n s  t h a t  i n  t h e  p h a s e s  of t h e  p r o c e s s ,  w h e r e  m e a s u r -  

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

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

p o w e r  c o n s u m p t i o n .  

I n  o r d e r  t o  a s s e s s  w h e t h e r  t h e  p o w e r  c o n s u m p t i o n  

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

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

t h r e e  e x p e r i m e n t s  u s i n g  d i f f e r e n t  a m o u n t s  of a 3 %  
K o l l i d o n  90 s o l u t i o n .  F i g u r e  7 s h o w s  t h e  r e c o r d e d  

p o w e r  c o n s u m p t i o n  p r o f i l e s .  

P r e v i o u s  e x p e r i m e n t s  w i t h  d i c a l c i u m  p h o s p h a t e 4  h a v e  

s h o w n  t h a t  t h e  d e p o s i t i o n  of t h e  m o i s t  mass o n  t h e  w a l l  

of t h e  m i x e r  b o w l  c a n  i n t e r f e r e  w i t h  t h e  p o w e r  c o n s u m p -  

t i o n .  T h e  b o w l  was t h e r e f o r e  f i t t e d  w i t h  a p o l y t e t r a -  

f l u o r  e t h y l e n e  t a p e  o n  t h e  w a l l .  E x p e r i e n c e  h a s  s h o w n  

t h a t  t h i s  t a p e  c a n  r e d u c e  t h e  d e p o s i t i o n  of t h e  mass 

s i g n i f i c a n t l y .  

E v e n  t h o u g h  t h e  a m o u n t s  o f  b i n d e r  s o l u t i o n  i n  F i g -  

u r e  7 d i f f e r e d  o n l y  s l i g h t l y  f r o m  e a c h  o t h e r ,  t h e y  g a v e  

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

i n g l y  a s  s h o w n  i n  F i g u r e  8 .  

I n  a g r e e m e n t  w i t h  e q .  ( 1 )  a n d  F i g u r e  8 ,  a g r a p h  o f  

t h e  i n t r a g r a n u l a r  p o r o s i t y  a g a i n s t  t h e  wet m a s s i n g  t ime 
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1056 RITALA ET AL. 

g r a n u l a t i o n  time, m i n .  

FIGURE 7 
Power consumption records for granulation of dicalcium 

phosphate with different amounts of 3% Kollidon 90 
solution. 1 :  1 8 . 0  w/w $ ,  2 :  17 .5  w/w % ,  3 :  1 7 . 2  w/w %. 

(Figure 9) showed that the higher the liquid content 
of the mass, the more pronounced the densification of 

the agglomerates and hence, the higher the liquid satu- 

ration which causes the increasing granule size. 

Figure 10 shows the correlation between the power 

consumption and the porosity function ( 1  - E)/E. The 

graph verifies that the differences between the power 

consumption records shown in Figure 7 are due to the 

differences in the densification of the agglomerates. 
Therefore, the power consumption record simply reflects 

the changes in the porosity function caused by the. 

dens if i cation of the agglomerates. 
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wet-massing time, min. 

FIGURE 8 

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

1 8 . 0  W / W  8 ,  0: 1 7 . 5  w / w  %, A :  1 7 . 2  w / w  $. 

50 
de . 
5 4 5  
.4 
(I) 

$ 40  

35 

30 

25 

a 

I 
2 4 6 

wet-massing time, min. 

F I G U R E  9 

C o r r e l a t i o n  b e t w e e n  w e t - m a s s i n g  t ime a n d  p o r o s i t y  f o r  
g r a n u l a t i o n  of  d i c a l c i u m  p h o s p h a t e  w i t h  d i f f e r e n t  

a m o u n t s  of b i n d e r  s o l u t i o n .  a :  18 .0  w / w  $,  0: 1 7 . 5  w / w  

8 ,  A :  1 7 . 2  w / w  $. 
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w 
\ 
w 
I 
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v 

0 1 2 3 
power consumption, kW 

FIGURE 1 0  

C o r r e l a t i o n  b e t w e e n  p o w e r  c o n s u m p t i o n  a n d  p o r o s i t y  

f u n c t i o n  ( 1  - E ) / E  w i t h  d i f f e r e n t  a m o u n t s  o f  b i n d e r  s o -  

l u t i o n  i n  t h e  w e t - m a s s i n g  p h a s e .  0: 1 8 . 0  w / w  % ,  0 :  

1 7 . 5  w / w  % ,  A 1 7 . 2  w / w  X .  

A g r a p h  o f  t h e  c o r r e l a t i o n  b e t w e e n  t h e  p o w e r  c o n -  

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

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

n o t  mean  t h a t  t h e  g r a n u l e  g r o w t h  i s  c o n t r o l l e d  by  t h e  

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

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

b y  c o a l e s c e n c e  b e t w e e n  t h e  m o i s t  a g g l o m e r a t e s ,  i s  i n -  

f l u e n c e d  p r i m a r i l y  by  t h e  l i q u i d  s a t u r a t i o n 4 .  Eq .  ( 1 )  

s h o w s ,  h o w e v e r ,  t h a t  f o r  a p a r t i c u l a r  g r a n u l a t i o n  p r o c -  

ess t h e  l i q u i d  s a t u r a t i o n  i n  t h e  wet m a s s i n g  s t a g e  i s  

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

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

s i z e  m u s t  e x i s t .  
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CONCLUSIONS 

I t  h a s  b e e n  s h o w n  t h a t  t h e  s u r f a c e  t e n s i o n  o f  t h e  

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

c o n s u m p t i o n  i n  g r a n u l a t i o n  e x p e r i m e n t s  i n  a h i g h  s h e a r  

m i x e r .  T h e  e f f e c t s  o f  t h e  s u r f a c e  t e n s i o n  a r e  i n t e r -  

p r e t e d  o n  t h e  b a s i s  o f  R u m p f ' s  e q u a t i o n  f o r  t h e  

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

r a t e s .  

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

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

t i o n ,  v i z .  PVP s o l u t i o n s ,  r e s u l t s  i n  m o r e  d e n s e  g r a n -  

u l e s  a n d  c o n s e q u e n t l y  i n  l a r g e r  mean  g r a n u l e  s i z e s  t h a n  

a l o w  s u r f a c e  t e n s i o n ,  v i z .  P V P - P V A  c o p o l y m e r  a n d  H P M C .  

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

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

e f f e c t s  o f  t h e  g r o w i n g  l i q u i d  b o n d i n g  s t r e n g t h .  

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

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

s t r e n g t h  i n  a g r e e m e n t  w i t h  R u m p f ' s  e q u a t i o n .  I t  h a s  

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

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

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

t i o n  a n d  t e n s i l e  s t r e n g t h .  E x p e r i m e n t s  o n  t h e  e f f e c t  o f  

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

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

t e n s i o n  of t h e  l i q u i d  a n d  t h e  c o n t a c t  a n g l e  c o u l d  n o t  

b e  v a r i e d  i n d e p e n d e n t l y .  I t  was o b s e r v e d  t h a t  t h e  

g r a n u l e  g r o w t h  of s u l p h u r  was i n f l u e n c e d  s t r o n g l y  by  

t h e  w e t t i n g  o f  t h e  p a r t i c l e s .  

F o r  a p a r t i c u l a r  g r a n u l a t i o n  p r o c e s s  i t  h a s  b e e n  

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

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

S i n c e  t h e  d e n s i f i c a t i o n  p r o c e s s  i s  o f  p r i m a r y  i m p o r -  

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