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UW I ST 
C a r d i f f  

The d e c r e a s e  i n  geomet r i c  mean p a r t i c l e  s i z e  d u r i n g  

wet b a l l  m i l l i n g  f o l l o w s  a r e c i p r o c a l  r e l a t i o n s h i p ,  which 

p r e d i c t s  an  i n i t i a l  r a p i d  r a t e  o f  comminution, fo l lowed  

by a s low r a t e  o f  r e d u c t i o n  which deve lops  i n t o  a 

s i t u a t i o n  where t h e  mean p a r t i c l e  s i z e  v i r t u a l l y  remains  

c o n s t a n t .  The i n i t i a l  r a t e  i s  d i r e c t l y  dependent  on 

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

i s  an i n v e r s e  f u n c t i o n  o f  b a l l  s i z e .  Under t h e s e  

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

Schumann e q u a t i o n .  The p a t t e r n s  o f  behaviour  b r e a k s  

down when t h e  p r o c e s s  i s  l i m i t e d  by t h e  v i s c o s i t y  o f  t h e  

c h a r g e ,  p r e v e n t i n g  t h e  b a l l s  from moving w i t h i n  t h e  

m i l l .  T h i s  o c c u r s  when e i t h e r  t h e  s o l i d  t o  l i q u i d  

r a t i o  o f  t h e  cha rge  i s  h igh  o r  when t h e  b a l l s  a r e  small .  
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64 

INTRODUCT I ON 

BARNETT AND JAMES 

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

produce s u s p e n s i o n s  hav ing  d i f f e r e n t  

can  be v a r i e d  t o  

p a r t i c l e  s i z e  

d i s t r i b u t i o n s  and r h e o l o g i c a l  p r o p e r t i e s ,  t h e s e  be ing  

dependent  upon t h e  magnitude o f  t h e  v a r i a b l e s  i n v o l v e d ,  

such a s  m i l l  s p e e d ,  m i l l  l o a d ,  b a l l  s i z e ,  t ime o f  

m i l l i n g  and t h e  v i s c o s i t y  o f  t h e  suspend ing  f l u i d .  With 

any one s t a n d a r d  s e t  o f  c o n d i t i o n s  t h e r e  i s  a d e c r e a s e  

i n  mean p a r t i c l e  s i z e  w i t h  time t o  a c h a r a c t e r i s t i c  

minimum va lue ' ,  which means t h a t  t h e  p r o c e s s  w i l l  be 

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

r e d u c t i o n  t h a t  can  be ach ieved .  

The pr ime concern  o f  most i n v e s t i g a t o r s  h a s  been 

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

p r o c e s s e s ,  f o r  example G o w  e t  a12 s t u d i e d  t h e  v i s c o s i t y  

o f  t h e  cha rge  o n l y  i n  r e l a t i o n  t h e  amount o f  power and 

ene rgy  demanded t o  produce  e f f i c i e n t  m i l l i n g .  T h e i r  

work h a s  been ex tended  by Kelsal l  e t  a13 i n  t h e i r  

s t u d i e s  on c o n t i n u o u s l y  o p e r a t i n g  b a l l  m i l l s .  The 

r e l a t i o n s h i p s  between p a r t i c l e  s i z e  d i s t r i b u t i o n  and 

t h e  m i l l  v a r i a b l e s  have n o t  been c o n s i d e r e d  i n  d e t a i l .  

A r ev iew on m i l l i n g  by P a r r o t t 4  r e p o r t e d  no new 

advances  i n  b a l l  m i l l i n g  t e c h n i q u e s .  The p r e s e n t  s t u d y  

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

s i z e  ( g r i n d i n g  m e d i a ) ,  t h e  b a l l  d e n s i t y  and t h e  s o l i d  
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WET BALL MILLINGS 65 

t o  l i q u i d  r a t i o  i n  the m i l l ,  on t h e  geometric mean 

p a r t i c l e  s i z e  and the  l i m i t i n g  p a r t i c l e  s i z e  of t h e  product.  

EXPERIMENTAL 

Potassium hydrogen t a r t r a t e  ( B . D . H . )  was 

r e c r y s t a l l i s e d  and s ieved t o  ob ta in  a constant  s t a r t i n g  

m a t e r i a l .  C r y s t a l s  which passed a B.S. 16 s i e v e  and 

were r e t a i n e d  on a B.S. 2 2  s i e v e  were s e l e c t e d .  The 

suspending f l u i d  used was an equal p a r t s  mixture of 

g lyce ro l  and methanol, i n  which the  s o l u b i l i t y  of t he  

potassium hydrogen t a r t r a t e ,  determined g r a v i m e t r i c a l l y ,  

was 0.0005 p e r  cen t  and could t h e r e f o r e  be ignored. 

B a l l  Mills 

A l l  m i l l i n g  experiments were c a r r i e d  ou t  i n  
-4  3 s t a i n l e s s  s t e e l  m i l l s  of 5.46 x 10 m , t o t a l  c a p a c i t y ,  

i n t e r n a l  he igh t  9.4cm and i n t e r n a l  diameter 8.5cm. 

The g r ind ing  media employed were 0.952cm (3/8") and 1.27cm 

(4") s t a i n l e s s  s t e e l  o r  phosphor bronze b a l l s .  The m i l l s  

and t h e i r  con ten t s  were r o t a t e d  on a p a i r  of  r o l l e r s  

whose speed could be v a r i e d  by a t ransformer placed i n  

s e r i e s  with an e l e c t r i c  motor (Pascal1 Engineering 

Co Ltd) .  The c r i t i c a l  speed of t he  m i l l  was determined 

with t h e  a i d  of a s e n s i t i v e  microphone and a dec ibe l  

meter. The microphone was clamped a s  nea r  a s  poss ib l e  

t o  t h e  r o t a t i n g  su r face  of  t h e  m i l l  where it could 
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66 BARNETT AND JAMES 

s e n s e  t h e  n o i s e  caused  by t h e  c a s c a d i n g  o r  c a t a r a c t i n g  

b a l l  c h a r g e .  The d e c i b e l  me te r  r e g i s t e r e d  a h i g h  and 

f a i r l y  c o n s t a n t  n o i s e  l e v e l  w h i l s t  r o t a t i o n a l  speed  

was be ing  i n c r e a s e d ,  bu t  when c r i t i c a l  speed  was a t t a i n e d  

a sudden d rop  i n  t h e  meter  r e a d i n g  o c c u r r e d .  The r o t a t i o n a l  

speed was t h e n  de te rmined  u s i n g  a s t r o b o s c o p e ,  and was 

found t o  be 150 r e v o l u t i o n s  p e r  minu te .  

A l l  m i l l i n g s  were c a r r i e d  o u t  a t  65 p e r  c e n t  o f  
5 t h e  c r i t i c a l  m i l l i n g  speed  . The e x p e r i m e n t a l l y  

de t e rmined  c r i t i c a l  speed (Nc) was found t o  be w i t h i n  

0 .6  p e r  c e n t  o f  t h e  v a l u e  c a l c u l a t e d  u s i n g  t h e  e q u a t i o n  

o f  Rose and S u l l i v a n  . 6 

N c  = 76 .6  - 1 x 1 + 0.5d  
D D . . . . . . . . (1 )  

where d i s  t h e  d i a m e t e r  o f  t h e  b a l l  i n  i n c h e s  and 

D t h e  d i a m e t e r  o f  t h e  m i l l  i n  f e e t .  

The g r i n d i n g  medium c h a r g e  ( b a l l  c h a r g e )  f i l l e d  an 

appa ren t  50% p e r  c e n t  o f  t h e  volume of  t h e  m i l l  and 

t h e  t o t a l  s o l i d  + l i q u i d  cha rge  was a lways  c o n s t a n t  

a t  an  a p p a r e n t  60% o f  t h e  volume o f  t h e  m i l l  i . e .  

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

cha rge .  The r a t i o  o f  s o l i d  t o  l i q u i d  i n  t h e  cha rge  

was v a r i e d ,  th ree  r a t i o s  be ing  u s e d ,  0 .35 ,  0.40, and 

0 . 4 5 ,  by we igh t .  
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WET BALL MILLINGS 67 

The v a r i o u s  combinat ions o f  b a l l  cha rge ,  s o l i d s  

c o n c e n t r a t i o n s  and m i l l i n g  times used  i n  t h e  expe r imen ta l  

work a r e  shown i n  Table  1. 

S i z e  Ana lys i s  

P a r t i c l e  s i z e  d i s t r i b u t i o n s  were de te rmined  w i t h  

a C o u l t e r  Counter  Model Z B .  f i t t e d  w i t h  a 70pm o r  

100pm a p e r t u r e  tube .  Methanol c o n t a i n i n g  2 %  l i t h i u m  

c h l o r i d e  was t h e  non-aqueous e l e c t r o l y t e  s o l u t i o n ,  and 

it was s a t u r a t e d  w i t h  potass ium hydrogen t a r t r a t e  t o  

avo id  s o l u b i l i t y  problems dur ing  a n a l y s i s .  Samples 

were t aken  from t h e  m i l l  a t  h o u r l y  i n t e r v a l s ,  d i s p e r s e d  

i n  t h e  e l e c t r o l y t e  by g e n t l e  u l t r a s o n i c  a g i t a t i o n  and 

d i l u t e d  f o r  a n a l y s i s .  The d a t a  r e d u c t i o n  and weight  

TABLE 1. 
SUMMARY OF BALL SIZES, SOLID CONCENTRATIONS AND M I L L I N G  

TIMES 

B a l l  s i z e  and type  M i l l i n g  times i n  hour s  f o r  
s o l i d  phase r a t i o s  o f  

0 .35  0.40 0 . 4 5  

3 /8 inch  s t a i n l e s s  s t e e l  2 t o  1 2  3 t o  1 2  3 t o  1 2  

1 / 2 i n c h  s t a i n l e s s  s t e e l  3 t o  1 2  4 t o  10 4 t o  10 

3 /8 inch  phosphor bronze 3 t o  1 2  3 t o  1 2  3 t o  1 2  

1 /2 inch  phosphor bronze 3 t o  1 2  3 t o  10 3 t o  10 
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68 BARNETT AND JAMES 

conversion were c a r r i e d  o u t  on an I . C . L .  1900 computer, 

using an Eckoff '  e x t r a p o l a t i o n  t o  determine t h e  100% value 

by weight.  

RESULTS AND DISCUSSION 

P a r t i c l e  s i z e  d i s t r i b u t i o n s  were p l o t t e d  on 

loga r i thmic  p r o b a b i l i t y  paper a s  cumulative weight 

ove r s i ze  a g a i n s t  p a r t i c l e  s i z e .  A t y p i c a l  s e t  o f  

graphs i s  given i n  Fig.  1. and shows t h a t  t h e  

d i s t r i b u t i o n s  a r e  log normally d i s t r i b u t e d .  Geometric 

mean diameters  (d& were read d i r e c t l y  from t h e  g r a p h s .  

Typical  p l o t s  of geometric mean diameter  a g a i n s t  

m i l l i n g  t ime a r e  shown i n  F i g  2 .  No mean diameters  

were recorded f o r  times l e s s  than 3 hrs because i n  

t h e s e  s h o r t  p e r i o d s  samples e x h i b i t e d  a wide spread 

of s i z e s .  A l l  p l o t s  were curved i n i t i a l l y ,  but f l a t t e n e d  

out with i n c r e a s i n g  time t o  a l i m i t i n g  diameter .  The 

r e s u l t s  t h e r e f o r e  suggest  t h a t  a l l  t h e  v a r i o u s  

combinations o f  c o n d i t i o n s  used i n  t h e s e  experiments 

gave r i s e  t o  a s e l f - l i m i t i n g  p rocess .  Geometric mean 

diameters  ob ta ined  a f t e r  Il h r s ,  t h e  longes t  p e r i o d  recorded 

i n  a l l  runs ,  a r e  given a s  an i n d i c a t i o n  of  t h e  r e l a t i v e  

l i m i t i n g  diameters  i n  Table 2 .  S e l e c t i o n  o f  11 h r s  

i s  n o t  a s  a r b i t r a r y  a s  might be imagined, because a l l  

p l o t s  have l e v e l l e d  ou t  by t h i s  time, and d i ame te r s  

s e l e c t e d  a f t e r  10 o r  12hrs  f o r  example, would give v i r t u a l l y  

t h e  same r e s u l t . .  
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Figure 1. Cumulative s i z e  d i s t r i b u t i o n  of  m i l l e d  

products  using3/8 inch s t a i n l e s s  

s t e e l  b a l l s .  

9 3 hours m i l l i n g  

0 4  

A S  

0 6  

x 7  

A 8  

S o l i d l i q u i d  r a t i o  = 0.45  

, . ,  , , I 1 1 ~ 1 U  8 1  I ,  i 

The r e l a t i v e  va lues  of t he  l i m i t i n g  diameters  a r e  

mainly i n  accord with a process  of a t t r i t i o n ,  i n  

which t h e  l i m i t i n g  f a c t o r  i s  t h e  s i z e  o f  t h e  i n t e r s t i c e s  
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70 BARNETT AND JAMES 

f l i L L l N G  T I N E  (HOURS) 

Figure 2 V a r i a t i o n  of  geometric mean 

diameter  with time o f  m i l l i n g  

using3/8inch s t a i n l e s s  s t e e l  

b a l l s  

x 0.45 s o l i d  phase 

0 0.40 I' 

0 0.35 I' 

I t  

T I  

between t h e  b a l l s ,  so  t h a t  t h e  sma l l e r  t h e  b a l l ,  t h e  

sma l l e r  t h e  r e s u l t a n t  l i m i t i n g  p a r t i c l e  s i z e .  There 

i s  a l i m i t  t o  t h i s  t h e o r y ,  i n  t h a t  1 / 4 "  b a l l s  used i n  

p re l imina ry  experiments,  f a i l e d  t o  b r i n g  about e f f e c t i v e  

s i z e  r educ t ion ,  even with extended m i l l i n g  t imes.  
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WET BALL MILLINGS 7 1  

TABLE 2 .  

VARIATION OF LIMITING DIAMETERS WITH MILLING 
CONDITIONS 

Sol  i d /L iqu id  L imi t ing  Diameter (um) 
r a t i o  S t a i n l e s s  S t e e l  Phosphor Bronze 

B a l l s  B a l l s  

3 /8 1 / 2" 3/8" l / Z ' l  

0.45 9 . 0  8 .8  6.2 6 . 1  

0 .40  5 . 1  7 . 2  3 .0  5 . 5  

0 .35 2 .0  6.8 2 . 8  4 .8  

Comparison between l i m i t i n g  d i ame te r s  produced by 

3/8" and 1 / 2 "  b a l l s ,  under  o the rwise  i d e n t i c a l  c o n d i t i o n s  , 
r e v e a l s  t h a t  i n  4 o f  t h e  6 p a i r s  o f  r e s u l t s ,  t h e  3/8" 

b a l l  gave t h e  f i n e r  product .  The r e l e v a n t  r e s u l t s  a r e  

shown i n  Table  2 .  Each o f  t h e  f o u r  p a i r s  o f  r e s u l t s  

involved  suspens ions  t h a t  were d i l u t e  and hence h i g h l y  

mobile  even a f t e r  prolonged m i l l i n g ,  so  t h a t  t h e  b a l l s  

cou ld  be kep t  i n  motion i n d e f i n i t e l y .  The p a r t i c l e s  

a r e  smal l  enough t o  move i n t o  t h e  i n t e r s t i c e s  between 

t h e  b a l l s  and t h e r e f o r e  any f u r t h e r  s i ze  r e d u c t i o n  t h a t  

t a k e s  p l a c e ,  due t o  p a r t i c l e  t o  p a r t i c l e  a t t r i t i o n ,  

w i l l  be slow and almost  u n d e t e c t a b l e .  The two 

e x c e p t i o n s ,  when t h e  1 / 2 "  b a l l s  gave t h e  f i n e r  p r o d u c t s ,  

bo th  invo lve  a h igh  s o l i d / l i q u i d  r a t i o  (0 .45) .  S ince  
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72 BARNETT AND JAMES 

t h e  s o l i d s  c o n c e n t r a t i o n  was high,  t h e  apparent  

v i s c o s i t y  of t h e  suspension inc reased  with time o f  

m i l l i n g ,  u n t i l  a c r i t i c a l  p o i n t  was reached, when 

the  3/8" b a l l s  no longe r  f e l l  f r e e l y ,  but  remained 

embedded i n  t h e  suspension mass, and r o t a t e d  with t h e  

m i l l .  The excep t ions  were t h e r e f o r e  probably due t o  

the  charge holding t h e  3/8" b a l l s ,  be fo re  t h e i r  

p o t e n t i a l  l i m i t  of  comminution was reached under t h e  

cond i t ions  o f  t h e s e  experiments.  The 1 / 2 "  b a l l s  with 

t h e i r  i nc reased  mass, would provide more r e s i s t a n c e  t o  

t h e  v i s c o s i t y  of  t h e  charge.  This sugges t ion  i s  supported 

by t h e  f a c t  t h a t  t h e  phosphor bronze b a l l s ,  which have 

a higher  d e n s i t y  than  t h e  corresponding s t e e l  ones,  

gave a f i n e r  p a r t i c l e  s i z e  i n  eve ry  case .  This  a l s o  

e x p l a i n s  t h e  behaviour of 1 / 4 "  b a l l s .  

We can only s p e c u l a t e  on the shape of t h e  p l o t s  

o f  geometric mean diameter a g a i n s t  time between 

commencement of m i l l i n g  and 3 k S  later. A mean diameter  

of 720um can be c a l c u l a t e d  from the s i e v e  range used 

t o  grade t h e  s t a r t i n g  m a t e r i a l ,  s o  t h a t  a l l  t h e  p l o t s  

converge t o  t h i s  i n i t i a l  value.  A f a l l  i n  mean diameter 

of  about 700um during t h e  f i r s t  t h r e e  hours,  compared 

with l e s s  than 2 5 u m  during t h e  subsequent 9hrs  suggests  

t h a t  a s t r a i g h t  l i n e ,  c l o s e  t o ,  and slowly d ive rg ing  

from t h e  o r d i n a t e  with i n c r e a s i n g  time would be a 

reasonable  p r e d i c t i o n .  Furthermore, we can s p e c u l a t e  
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WET BALL MILLINGS 73 

t h a t  t h i s  r eg ion  r e p r e s e n t s  impact ion,  r a t h e r  than  

a t t r i t i o n ,  s i n c e  t h e  1 / 2 "  b a l l s  produce f i n e r  p a r t i c l e s  

d u r i n g  t h i s  pe r iod .  

S ince  t h e  l i m i t i n g  d i ame te r s  a r e  sma l l  compared 

w i t h  7 2 0  m t h e  r e s u l t s  a t  m i l l i n g  times approaching 

l l h r s c a n  be cons ide red  t o  form a l i n e  p e r p e n d i c u l a r  

t o  t h e  p r e - 3 h r s  l i n e  c l o s e  t o ,  and converg ing  wi th  

t h e  a b s c i s s a .  The r e s u l t i n g  o v e r a l l  graph i s  a 

r e c i p r o c a l  cu rve ,  having t h e  gene ra l  equa t ion .  

t d w  = a c o n s t a n t  

where t = time dw = geometr ic  mean d iameter  

We can o n l y  s p e c u l a t e  on t h e  shape o f  t h e  p l o t s  

o f  geometr ic  mean d iameter  a g a i n s t  time between 

commencement of  m i l l i n g  and 3h l a t e r .  A mean d iameter  

o f  720vm can be c a l c u l a t e d  from t h e  s i e v e  range used  

t o  grade  t h e  s t a r t i n g  m a t e r i a l ,  so  t h a t  a l l  t h e  p l o t s  

converge t o  t h i s  i n i t i a l  va lue .  A f a l l  i n  mean d i ame te r  

of about  700vm dur ing  t h e  f i r s t  t h r e e  hour s ,  compared 

w i t h  l e s s  t han  25vm dur ing  t h e  subsequent  9hrs  s u g g e s t s  

t h a t  a s t r a i g h t  l i n e ,  c l o s e  t o ,  and Slowly d i v e r g i n g  

from t h e  o r d i n a t e  w i t h  i n c r e a s i n g  time would be a 

r easonab le  p r e d i c t i o n .  Furthermore,  we  can s p e c u l a t e  

t h a t  t h i s  r eg ion  r e p r e s e n t s  impact ion ,  r a t h e r  t han  

a t t r i t i o n ,  s ince  t h e  1 / 2 "  b a l l s  produce f i n e r  p a r t i c l e s  

during t h i s  pe r iod .  
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74  BARNETT AND JAMES 

Since  t h e  l i m i t i n g  d i a m e t e r s  a r e  sma l l  compared 

w i t h  7 2 0 u m  t h e  r e s u l t s  a t  m i l l i n g  times approaching  

l lh . . can  be c o n s i d e r e d  t o  form a l i n e  p e r p e n d i c u l a r  

t o  t h e  p r e - 3 h r s  l i n e  c l o s e  t o ,  and converg ing  w i t h  

t h e  a b s c i s s a .  The r e s u l t i n g  o v e r a l l  g raph  i s  a r e c i p r o c a l  

cu rve ,  having  t h e  g e n e r a l  e q u a t i o n .  

t d  = a c o n s t a n t  
W 

where t = time dw = geomet r i c  mean d i ame te r  

The curve  p o r t i o n s  on t h e  p l o t s  o b t a i n e d  wi th  

3/8" b a l l s ,  i n  F igu re  2 ,  suppor t  t h i s  h y p o t h e s i s ,  

s i n c e  t h e  p roduc t  o f  time and obse rved  geomet r i c  

mean d i ame te r  g i v e s  a c o n s t a n t  v a l u e .  The mean 

c o n s t a n t  can  t h e n  be used  t o  p r e d i c t  d i a m e t e r s  a t  

m i l l i n g  t i m e s  l e s s  t h a n  3 h r s .  A t y p i c a l  s e t  o f  

r e s u l t s  i s  shown i n  Tab le  3 and p r e d i c t e d  p l o t s  a r e  

compared w i t h  observed  d i a m e t e r s  i n  F igu re  3 .  

The same mathemat ica l  a n a l y s i s  cou ld  n o t  be 

a p p l i e d  t o  t h e  l/2" b a l l s ,  because  t h e  p l o t s  o f  

geometr ic  mean d i ame te r  a g a i n s t  t ime showed l i t t l e  

c u r v a t u r e .  I t  was assumed t h a t  t h e  s i g n i f i c a n t l y  

curved  p o r t i o n s  o f  t h e s e  g raphs  l a y  i n  t h e  p r e - 3 h r .  

p e r i o d .  

The b a l l  m i l l i n g  sys tem used  i n  t h e s e  s t u d i e s  cou ld  

be d e s c r i b e d  a s  a model one ,  because  o n l y  one s i ze  o f  

b a l l  was used  i n s t e a d  of  a mix tu re  of  s i z e s ,  and a l l  t h e  
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TABLE 3 

COMPARISON OF OBSERVED AND PREDICTED GEOMETRIC MEAN 

DIAMETERS FOR 3 / 8  I N C H  STAINLESS STEEL BALLS 

AND A SOLID PHASE OF 0.40 

Time i n  
hours 0 0 .06  3 4 5 6 7 8 9  

dw observed 7 2 0  - 1 3 . 6  10.0 8 . 5  6 .2  5.9  5 .4  5 . 1  
( w )  

7 2 0  1 3 . 9  10.4 8 . 3  6 .9  5 . 9  5.2 4 .6  

parameters  were c l o s e l y  c o n t r o l l e d .  I t  i s  considered 

necessa ry  t o  demonstrate t h e  r e l a t i o n s h i p  between t h i s  

model system and some of  t h e  p r a c t i c a l  systems p rev ious ly  

r epor t ed  i n  t h e  l i t e r a t u r e .  To t h i s  end, s i z e  d i s t r i b u t i o n  

d a t a  from t h e  m i l l i n g s  were f i t t e d  t o  t h e  Gaudin-Schumann 

equat ion a s  expressed by Schumann8 and by Charles  

f o r  homogeneous m a t e r i a l s .  

9 

x u  
Y =  

where y = weight pe rcen t  f i n e r  than s i z e  x ,  k i s  t h e  s i z e  

modulus and desc r ibes  t h e  t h e o r e t i c a l  maximum s i z e  

p a r t i c l e s  i n  t h e  system a n d a  i s  t h e  d i s t r i b u t i - o n  modulus 

which has  been de f ined  by Crabtree” and by Kapur’’ a s  

t h e  s lope of t h e  l i n e  obtained whenthe cumulative weight 

f r a c t i o n  f i n e r  than a given s i z e  i s  p l o t t e d  a g a i n s t .  
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76 BARNETT AND JAMES 

0 1 2 3 9 5 6 7 8 9  

Tim (HOURS) 

F i g u r e  3 C o r r e l a t i o n  between observed and 

p r e d i c t e d  va lues  of  geometric mean 

diameters  from Table 3 .  

X Observed 

- Dredicted 

t h a t  s i z e ,  on double logarithmic graph paper .  These 

au tho r s  i n d i c a t e d  t h a t  t h e  most commonly found va lue  

i n  b a l l  m i l l i n g  o p e r a t i o n s  is  0.8. Using t h i s  

value t h e  Gaudin-Schumann equa t ion  becomes 

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
/1

9/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



WET BALL MILLINGS 77 

0.8 

X 
Y =  r 

o r  0 .8  l o g  k = 0.8 log  x - l og  y (3 )  

The va lues  of k obtained by using d a t a  from two t y p i c a l  

m i l l i n g  experiments showed good agreement with t h e  

va lues  publ ished i n  t h e  l i t e r a t u r e  and it can t h e r e f o r e  

be i n f e r r e d  t h a t  t h e  p a t t e r n s  of  s i z e  r educ t ion  

obtained us ing  t h e  model system a r e  s i m i l a r  t o  those 

produced i n  t h e s e  l e s s  i d e a l  p r a c t i c a l  systems. 

The impl i ca t ions  o f  t he  r e s u l t s  given above 

a r e  t h a t  t h e  i n i t i a l  r a t e  of comminution i s  c o n t r o l l e d  

by t h e  weight o f  t h e  b a l l s ,  and t h a t  a p r a c t i c a l  

l i m i t i n g  p a r t i c l e  s i z e  d i s t r i b u t i o n  i s  reached, when 

t h e  b a l l s  a r e  s t i l l  moving f r e e l y  wi th in  the  m i l l .  

In c o n t r a s t ,  t he  degree o f  comminution i s  i n v e r s e l y  

dependent on b a l l  s ize ,  i n  o t h e r  words, t h e  smaller  

t h e  b a l l s ,  t h e  f i n e r  t h e  p a r t i c l e s .  Both o b j e c t i v e s  

can be a s s i s t e d  by using b a l l s  made of  a denser 

m a t e r i a l .  These p r e d i c t i o n s  assume t h a t  t h e  v i s c o s i t y  

of t h e  charge does no t  i n c r e a s e  t o  a value a t  which 

i t s  r e s i s t a n c e  t o  t h e  motion of  t h e  b a l l s  w i th in  t h e  

m i l l  becomes s i g n i f i c a n t .  
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