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ABSTRACT

A s e r i e s  of exper iments  have been c a r r i e d  out on a 

small  s p i r a l  c l a s s i f i e r  to study the e f f e c t s  of design 

v a r i a b l e s  (weir  h e i g h t  and s lope)  and o per a t in g  v a r i a b l e s  

( feed flow r a t e ,  pulp d e n s i t y ,  and s i z e  d i s t r i b u t i o n )  on the  

performance of the c l a s s i f i e r .

The a n a l y s i s  of the  exper imenta l  data  has l ed  to the 

development of a mathemat ical  model of a s p i r a l  c l a s s i f i e r  

which c o n s i s t s  of four  b as ic  equa t ions  t h a t  express  the cut 

s i z e  ( c o r r e c t e d  d50) , water  s p l i t  between overflow and sand, 

reduced-performance curve and the f i n e s t  s i z e  f r a c t i o n  

appear ing  in  the  sand product ,  in terms of the op er a t in g  and 

des ign v a r i a b l e s .

This study shows t h a t  a s p i r a l  c l a s s i f i e r  model can be 

developed based on concepts  of d50 ( c o r r e c t e d )  and the 

reduced-performanee curve as i s  done for  the hydrocyclone 

c l a s s i f i e r .  A s i g n i f i c a n t  f in d in g  i s  t h a t  use of the f i n e s t  

s i z e  f r a c t i o n  in the coarse  product  i s  the most e f f e c t i v e  

way to c a l c u l a t e  the c o r r e c t e d  performance curve fo r  the 

s p i r a l  c l a s s i f i e r .

A demonst rat ion d i g i t a l  s im ula t ion  of a closed 

g r i n d i n g - c l a s s i f y i n g  c i r c u i t  has been conducted us ing a plug 

flow cumula t i v e - b a s i s  f i r s t  order  k i n e t i c  model for  the b a l l

i i i
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mil l  and the  s p i r a l  c l a s s i f i e r  model which was formulated  by 

the author  of the t h e s i s .  The r e s u l t s  obta ined  were 

s a t i s f a c t o r y  w i th in  ac c e p ta b le  l i m i t s .
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Ball  Mill  Hold Up, BMH 

Mean Residence Time,

Breakage Func t ion ,  Bij

Primary Breakage 

Breakage r a t e ,  Ki

Actual  E f f i c ienc y

Performanee-Curve 

Cut S ize  d50

Water S p l i t ,  Rf

GLOSSARY

Ball  mi l l  volume occupied 
by pulp,m , or s l u r r y  weight  
in  b a l l  m i l l ,  ton .

Time the pulp remains in b a l l  
mi l l  given by BMH/pulp 
vo lumet r i c  flow r a t e  or 
BMH/pulp mass flow r a t e

A p r o b a b i l i s t i c  f u n c t i o n  which 
expresses  in f r a c t i o n a l  form 
the weight  f i n e r  than screen 
number i  a f t e r  primary 
breakage of p a r t i c l e s  of 
screen number j .

A s i n g l e  event  of breakage

or cumulat ive s p e c i f i c  
r a t e - o f - b r e a k a g , - r a t e  of 
d isappearance  by breakage 
of a mass f r a c t i o n  of 
p a r t i c l e s  coarse r  than a 
given i ,  min-1.

or s e l e c t i v e  index,  Y, 
the mass f r a c t i o n  of s o l i d s  
of  a given p a r t i c l e  s i z e  in 
the  feed r e p o r t i n g  to the 
sand ( s p i r a l  c l a s s i f i e r )  
or underflow ( hydrocyclone 
c l a s s i f i e r )

or s e l e c t i v i t y  curve,  -  a p l o t  
of Ea (Ec) a g a i n s t  p a r t i c l e  
s i z e .

P a r t i c l e  s i z e  which r e p r e s e n t s  
p a r t i c l e s  wi th equal (50%) 
p r o b a b i l i t y  of r e p o r t i n g  to 
e i t h e r  overflow or sand.

the mass f r a c t i o n  of c l a s s i f i e r  
feed wate r  r e p o r t i n g  to  the 
overflow or sand ( unde r f lo w ) .
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Corrected E f f i c i e n c y , Ec -o r  c l a s s i f i c a t i o n  index-
the  mass f r a c t i o n  of a given 
p a r t i c l e  s i ze  in the feed 
r e p o r t i n g  to the sand only 
because of c l a s s i f i c a t i o n .

Corrected-Performance Curve -o r  c l a s s i f i c a t i o n  curve-
a p l o t  of Ec a g a i n s t  
p a r t i c l e  s i z e .

Reduced-Performance Curve
A p l o t  of Ec a g a i n s t  d/d50c.

Cor rected Cut S i ze ,  d50c
The p a r t i c l e  s i ze  a t  
which Ec = 50%.

Sharpness of S e p a ra t io n ,  m
A f i t t e d  parameter  to an 
assumed form of the c l a s s i f i ­
c a t i o n  curve,  namely

Ec = 1- e x p ( -0 .6 93 (d /d 50c )m)

m r e p r e s e n t s  the  s lope (or  ' s t e e p n e s s ' )  of  the 
curve,  d i s  p a r t i c l e  s i z e .
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CHAPTER I 

INTRODUCTION

The o b j e c t i v e  of g r ind ing  in  tumbling m i l l s ,  as 

p r a c t i s e d  in  minera l  p r ocess ing  o p e r a t i o n s ,  i s  to produce a 

feed m a t e r i a l  for  subsequent  c o n c en t r a t io n  s t e p s  such as 

f l o t a t i o n ,  magnet ic s e p a r a t i o n ,  or g r a v i t y  s e p a r a t i o n ,  which 

i s  s u f f i c i e n t l y  f i n e  to have achieved good l i b e r a t i o n  of 

v a l ua b l e  minera l  sp e c i e s  from gangue but wi thou t  producing 

ex cess ive  amounts of s l ime.  In many r e s p e c t s ,  g r ind ing  i s  

the  most impor tan t  u n i t  oper a t io n  in a minera l  p rocess ing  

p l a n t .  I f  adequate l i b e r a t i o n  i s  not achieved during 

g r in d in g ,  subsequent  s e p a ra t i o n  s t e ps  w i l l  y i e l d  low 

m e t a l l u r g i c a l  r e c o v e r i e s  and / o r  co nc e n t r a t e  grades .

Grinding energy requi rements  and o p e ra t in g  c o s t s  t y p i c a l l y  

exceed 50% of the t o t a l  expend i tu re s  of the e n t i r e  p l a n t .  

Because g r ind ing  i s  an in h e r e n t l y  energy i n t e n s i v e  process  

and g r inding c i r c u i t  c a p i t a l  and o p e r a t in g  c o s t s  are  high,  

i t  i s  e s s e n t i a l  t h a t  such c i r c u i t s  be run as e f f i c i e n t l y  as 

p o s s i b l e .  I nc reased  e f f i c i e n c y  in g r ind ing  usua l ly  

t r a n s l a t e s  to a dec rease  in the energy r eq u i r ed  p e r / t o n  to 

produce product  s i z e  m a t e r i a l .

A gr in d in g  c i r c u i t  commonly c o n s i s t s  of a b a l l  mi l l  and
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a c l a s s i f i e r  (or se ve ra l  c l a s s i f i e r s ) . The e f f i c i e n c y  of a 

g r in d i ng  c i r c u i t  i s  high,  i f  and only i f  the e f f i c i e n c i e s  of 

both b a l l  mi l l  and c l a s s i f i e r  a r e  high.  I t  i s  ge n e ra l l y  

accep ted in the minera l  i ndus t ry  t h a t  e f f i c i e n t  g r ind ing  

c i r c u i t  performance can not be achieved wi thou t  the use of 

some form of automat ic  con t ro l  because a l l  c i r c u i t s  are 

s ub j e c t e d  to random d i s t u r b a n c e s .  And i t  i s  a l s o  accepted 

in  the minera l  i nd us t ry  t h a t  the  s imula t ion  of c i r c u i t  

op e r a t io n  by the use of mathemat ical  models i s  use fu l  in 

developing and e v a lu a t in g  p o s s i b l e  c on t ro l  schemes. As a 

r e s u l t ,  many mathemat ical  models have been developed to meet 

the  needs of process  s imula t ion  and process  c o n t r o l .

With r e s p e c t  to c l a s s i f i c a t i o n ,  the hydrocyclone has 

become the most impor tan t  c l a s s i f i c a t i o n  device because of 

i t s  high c a p a c i t y , mechanical  s i m p l i c i t y ,  low c a p i t a l  cos t  

and small  space requ i r eme nts .  A v a r i e t y  of mathematical  

models have been p resen ted  to d es c r ib e  the hydrocyclone 

c l a s s i f i e r  performance.  Because of t h e i r  dec reas i ng  

impor tance,  o the r  c l a s s i f i e r s ,  inc lud ing  the s p i r a l  

c l a s s i f i e r ,  have rec ieved  l e s s  a t t e n t i o n ,  with the r e s u l t  

t h a t  they a re  even l e s s  wel l  unders tood.  The s p i r a l  

c l a s s i f i e r ,  however, i s  s t i l l  widely used in Chinese 

c o n c e n t r a t o r s ,  and th e r e  a re  a s i g n i f i c a n t  number of 

i n s t a l l a t i o n s  in o t he r  p a r t s  of the world.  While a s p i r a l
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c l a s s i f i e r  can be used a lone ,  in  normal Chinese p r a c t i c e  the 

s p i r a l  c l a s s i f i e r  i s  adopted fo r  c o a r s e - s i z e  m a t e r i a l  

c l a s s i f i c a t i o n ,  and the hydrocyclone c l a s s i f i e r  i s  employed 

fo r  f i n e - s i z e  m a t e r i a l  c l a s s i f i c a t i o n .  Some of the t y p i c a l  

c losed  wet g r ind ing  c i r c u i t s  are  i l l u s t r a t e d  in Figure  1 .1 ,  

and Figure.  1 .2 .

The o b j e c t i v e  of the study i s  to  exper imenta l ly  develop 

a mathemat ical  model of the s p i r a l  c l a s s i f i e r ,  and to 

examine i t s  a p p l i c a t i o n  and s u i t a b i l i t y  in the s im ula t ion  of 

g r i n d i n g - c l a s s i f y i n g  c i r c u i t s .
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SC
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U

F feed P product

U underflow BN b a l l  m ill  

HC hydrocyclone SC sp ira l  c l a s s i f i e r

Figure 1 .1  One Stage Grinding and Two Stage C la ss ify in g  
Closed Grinding C ircuit
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Figure 1.2  Two Stage Grinding and Two Stage C la ss ify in g  
Closed Grinding C i r c u i t
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CHAPTER I I  

LITERATURE REVIEW

C l a s s i f i c a t i o n  i s  the s e p a r a t i o n  of p a r t i c l e s  according 

to  t h e i r  s e t t l i n g  r a t e  in a f l u i d .  The f l u i d  most commonly 

used in minera l  p rocess ing  i s  wa t e r .  The major f a c t o r s  

which a f f e c t  the c l a s s i f i c a t i o n  process  a r e :  the  phys ica l  

p r o p e r t i e s  of the p a r t i c l e ,  such as s i z e ,  shape,  and 

s p e c i f i c  g r a v i t y  ; the  phy s ica l  p r o p e r t i e s  of the f l u i d ,  such 

as d e n s i t y , v i s c o s i t y ,  s o l i d s  co n ten t ;  and the des ign and 

o p e r a t in g  v a r i a b l e s  of the equipment in which the s e p a ra t i o n  

i s  c a r r i e d  out .

The types of c l a s s i f i e r s  widely used in the  mineral  

p roces s ing  in d u s t r y  are  mechanical  ( s p i r a l  and rake 

c l a s s i f i e r ) and c e n t r i f u g a l  (hydrocyclone c l a s s i f i e r ) .  No 

u n i v e r s a l l y  a c ce p ta b le  theory so f a r  e x i s t s  for  the 

c l a s s i f i e r .  Thus t h i s  chapter  reviews a number of 

approaches which have been pub l i shed .  Although c e n t r i f u g a l  

and mechanical  c l a s s i f i e r s  a r e  d i f f e r e n t  kinds of 

c l a s s i f i e r s ,  they s t i l l  have common p r i n c i p l e s  of 

c l a s s i f i c a t i o n ,  and common methods of measuring c l a s s i f i e r  

performance.  For in s t a n c e ,  in order  to es t im a te  c l a s s i f i e r  

performance,  performance ( e f f i c i e n c y )  curves ,  water  flow
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r a t i o ,  and c l a s s i f i c a t i o n  s i z e  ( c o r r e c t e d  d50) a r e  used in 

both c e n t r i f u g a l  and mechanical  c l a s s i f i e r s .  Most oper a t ing  

c l a s s i f i e r s  have a c h a r a c t e r i s t i c  S-shape performance curves 

( 9 ) ,  and s i m i l a r  mathematical  models can be used to ev a lua t e  

g r a v i t y - t y p e  c l a s s i f i e r s  ( s p i r a l  and rake c l a s s i f i e r s )  and 

c e n t r i f u g a l  c l a s s i f i e r s  (hydrocyclone c l a s s i f i e r ) (10) .

Hence, be fore  reviewing the s p i r a l  c l a s s i f i e r ,  i t  i s  

necessary to cons ide r  the hydrocyclone c l a s s i f i e r .

2.1 Hydrocyclone C l a s s i f i e r  Models

Over the pas t  30 yea rs ,  the  use of the hydrocyclone has 

become the accepted s t andard  method of c l a s s i f y i n g  s l u r r i e s  

in  the mineral  p roces s in g  i n d u s t r y .  A l o t  of r es e a r ch  work 

has been c a r r i e d  out  on hydrocyclones ,  but with only l i m i t e d  

su cces s .

The performance of a hydrocyclone i s  a f f e c t e d  by i t s  

dimensions and o p e r a t in g  c o n d i t i o n s .  In order  to develop 

c o r r e l a t i o n s  which inc lude a l l  of the e s s e n t i a l  v a r i a b l e s ,  

some methods of r e p r e s e n t i n g  the performance are  needed. In 

1949, Dahlstrom (62) f i r s t  used the d50 value of an 

o pe ra t io n  to r e p r e s e n t  the s o l i d  e l i m i n a t i o n  e f f i c i e n c y  of 

the  hydrocyclone.  Although d50 i s  a s i g n i f i c a n t  parameter ,  

a s i n g l e - v a l u e d  parameter  i s  not an adequate d e s c r i p t i o n  of 

the  c l a s s i f i c a t i o n  p rocess .  A more l o g i c a l  approach i s  to
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p l o t  a performance curve to p r e se n t  the performance of a 

hydrocyclone o p e r a t i o n .  In 1953, K e l s a l l  (11) exp la ined  the 

reason why the a c t u a l  performance curve does not pass 

through the o r i g i n .  Yoshioka and Hotta (12) suggested  the 

idea of a "reduced e f f i c i e n c y  curve" in  1955. This  curve i s  

ob ta ined  by p l o t t i n g  " c e n t r i f u g a l  e f f i c i e n c y "  or c o r r e c t e d  

mass percentage of p a r t i c l e s  r e p o r t i n g  to the underflow 

a g a i n s t  the a c t u a l  s i z e  d iv ided by the c o r r e c t e d  d50. In 

1964, Bradley (13) advanced e i g h t  d i f f e r e n t  equ a t ion s  to 

c a l c u l a t e  the cut  s i z e  (d50) of a hydrocyclone and nine 

d i f f e r e n t  equa t ions  to c a l c u l a t e  the p r e s s u re .  Most 

r e s e a r ch  work had been c a r r i e d  out  with d i l u t e  s l u r r i e s  

us ing sma l l -d iamete r  hydrocyclones ,  so t h a t  much of t h i s  

work was not d i r e c t l y  a p p l i c a b l e  to i n d u s t r y - s c a l e  

hydrocyclones .

The most no tab le  r e s e a r c h  on hydrocyclones has been 

c a r r i e d  out  by Lynch and Rao (14) in the pas t  20 y e a rs .  In 

t h e i r  work, they formulated an empi r i ca l  model which would 

d e s c r ib e  the op era t i on  of l a rg e -d i a m e t e r  hydrocyclones  under 

c o n d i t i o n s  of high s o l i d s  c o n t e n t s ,  and used t h i s  model 

s u c c e s s f u l l y  for  the a n a l y s i s  of hydrocyclone op er a t io n  and 

in  the  s im ula t ion  and automat ic  co n t ro l  of a c losed  g r inding 

c i r c u i t  a t  Mount I sa  Mines (15 ) .  This i s  a simple empi r i cal  

model which i s  based on concepts  of d50 ( c o r r e c t e d )  and the
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r e d u c e d - e f f i c i e n c y  curve.  The model which Lynch and Rao 

have developed r e q u i r e s  the de t e rmina t ion  of c o n s t a n t s  which 

must be exp er imenta l ly  eva lua ted  fo r  every a p p l i c a t i o n  and 

which usua l ly  apply only to a r e l a t i v e l y  narrow range of 

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

P l i t t  (7) has formulated a model which would give 

r eas on ab le  p r e d i c t i o n s  over a wide range of ope ra t i ng  

c o n d i t i o n s .  His model c o n s i s t s  of four  bas ic  equa t ions  

which express  the cut  s i z e  (d50) ,  vo lumet r i c  s p l i t  between 

overf low and underf low,  vo lumet r i c  throughput ,  and sharpness  

of  s e p a r a t i o n  in  terms of the  o per a t in g  and design 

v a r i a b l e s .  Because of i t s  broad data base and the i n c l u s i o n  

of a l l  major v a r i a b l e s ,  the model may be used wi thout  

exper imenta l  data to p r e d i c t  the oper a t ion  of hydrocyclones 

over a wide range of ope ra t i ng  c o n d i t i o n s .

2 .1 .1  Hydrocyclone Performance Curves

The performance curve was in t roduced to the mineral  

p r oc es s in g  in d u s t r y  by Tromp (63) in 1937. Although f i r s t  

used to d es c r ib e  the s e p a r a t i o n  of coal  on a dens i ty  b a s i s ,  

t h i s  curve i s  a l s o  employed to  r e p r e s e n t  a s i ze -b ase d  

s o l i d - s o l i d  s e p a r a t i o n .  The performance curve d e p i c t s  the 

f r a c t i o n a l  recovery to the coarse  product  (underflow) of  

each i n d i v i d u a l  p a r t i c l e  s i z e .  The s i z e - o f - s e p a r a t i o n
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parameter  i s  normally def ined  by the d50. The d50 

r e p r e s e n t s  the s i z e  a t  which the  p a r t i c l e s  have equal 

p r o b a b i l i t y  of r e p o r t i n g  to e i t h e r  the  overflow ( f i n e  

product )  or underflow (coarse  p r o d u c t ) .

Three types of performance curves a r e  used,  the  a c t u a l , 

c o r r e c t e d  and reduced fo r  any one c l a s s i f i c a t i o n  t e s t .  

Typical  performance curves for  a hydrocyclone c l a s s i f i e r  are  

shown in F i g . 2 . 1 .  Actual  e f f i c i e n c y ,  Ea, a t  a po in t  on the 

curve for  a p a r t i c u l a r  s i z e  m a t e r i a l  i s  given by:

Ea = Wu Mu/Wf Mf (2 .1 )

Where :

Ea = the  f r a c t i o n  of p a r t i c l e s  of a p a r t i c u l a r  s i ze  

which i s  a c t u a l l y  recovered in the underflow 

stream

Wu, Wf = mass f r a c t i o n s  of  the  given s i z e  m a t e r i a l s  

in  the underflow and the feed stream, 

r e s p e c t i v e l y

Mu, Mf = the mass flow r a t e s  of the underflow 

and the feed stream,  r e s p e c t i v e l y

Fine m a t e r i a l  i s  e n t r a i n e d  by the coarse product  

l i q u i d .  This ent ra inment  e f f e c t  m a ni fe s t s  i t s e l f  as an
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i n t e r c e p t  on the o r d i n a t e  of the a c t u a l  performance curve,

recovered to the  underf low,  i . e . ,  a t  f i n e  s i z e s  (as  d—-O),

Ea-*-Rf,the water  s p l i t  r a t i o .  Therefore ,  s e p a r a t i o n  due to 

c l a s s i f y i n g  a c t i o n ,  or c o r r e c t ed  e f f i c i e n c y ,  Ec, i s  given 

by :

Ec = ( Ea-Rf) / ( 1-Rf) (2 .2)

Where :

Ec = the  f r a c t i o n  of p a r t i c l e s  of a p a r t i c u l a r

s i z e  which w i l l  be d i r e c t e d  to the  underflow

discharge  as a r e s u l t  of the c l a s s i f y i n g  

a c t i o n

Rf = the  f r a c t i o n  of feed l i q u i d  which i s  

r ecovered in the underflow stream

The reduced e f f i c i e n c y  curve i s  obta ined by p l o t t i n g  

c o r r e c t e d  e f f i c i e n c y  a g a i n s t  the  a c t u a l  s i z e  d iv ided by the 

c o r r e c t e d  d50.

A number of equa t ions  have been developed to r e p r e s e n t  

the  e n t i r e  reduced e f f i c i e n c y  curve.  The most commonly used 

a re  the two-parameter  eq ua t io ns :

Ec = {eax -  1} /{eax + ea -  2} (2 .3 )

and
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Ec = 1 -  exp( -0 .693Xm ) (2 .4 )

Where :

X = d/d50c

a, m = empi r ica l  c o n s t a n t s ,  both measures of 

the  sharpness  of se p a ra t i o n  and are 

approximately r e l a t e d  as fo l lows :

a = 1.54m -  0.47 (2 .5)

The reduced-performanee curve i s  only used to determine the 

fundamental  parameters  of d50c and the  sharpness  of 

s e p a r a t i o n  parameter  m, or a . In order  to de s c r ib e  the 

a c t u a l  performance curve,  Eqs 2.2 and 2.4 can be combined as 

fo l lows  :

Ea = (1 -  exp( -0 .693(d /d50c)  m ) (1 -  Rf) + Rf

  ( 2 . 6 )

Using equa t ion  2 .6  the  s o l i d  s e p a r a t i o n  a c t i o n  with r e s p e c t  

to p a r t i c l e  s i z e  can be re pr es e n t ed  wi th only t h r e e  

parameter s :  d50c, Rf, and m. With t h i s  eqa t io n ,  the  s i z e  

d i s t r i b u t i o n  of both overflow and underflow can be p r ed ic te d  

fo r  a given feed.
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2 .1 .2  The d50c Equation

Since d50c i s  the  most im por tan t  parameter fo r  

d e s c r ib in g  the performance of the  hydrocyclone, a t temps have 

been made to c o r r e l a t e  i t  with o p e ra t in g  and design 

v a r i a b l e s .  So f a r ,  a number of t h e o r e t i c a l  and em pir ica l  

eq u a t io n s  have been form ula ted  to  p r e d i c t  the  d50c of a 

hydrocyclone.

Many of the t h e o r e t i c a l  equa t ions  use the eq u i l ib r iu m  

o r b i t  h y p o th e s is  (13 ) ,  t h a t  i s ,  they balance the outward 

a c t in g  c e n t r i f u g a l  fo rce  a g a in s t  the  drag fo rce  due to  the  

inward f lowing l i q u i d .  One of the  more r ig o ro u s  equa t ions  

i s  as fo l low s (16):

d50 = 3 (0 .38)"  {D?/Kc}{ (H(1- R( + )U tan(0 / 2 ) ) / ( Dclv( Ps -  P l ) ) } 1/2

  (2 .7 )

Where :

R(+)L = mass f r a c t i o n  of feed l i q u i d  le av in g  

through underflow 

n = a parameter 

Dc = in s id e  diameter of hydrocyclone 

Di = in s id e  diameter  of feed i n l e t  

Iv = inpu t  vo lum etr ic  flow r a t e
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Kc = a param eter ,  dependent on des ign ,  f l u i d  

p r o p e r t i e s  and Iv 

6 = hydrocyclone cone angle

H  = v i s c o s i t y  

Ps = s o l i d  den s i ty  

P| = l i q u i d  dens i ty

Fahlstrom (1 7 ) ,  proposed t h a t  the apex r e s t r i c t s  the 

flow of s o l i d s ,  and t h a t  under the e f f e c t  of c e n t r i f u g a l  

fo rce  the p r o b a b i l i t y  of a p a r t i c l e  le av in g  through the  apex 

i s  determined by i t s  mass, so t h a t  the  c o a r s e s t  and h e a v ie s t  

p a r t i c l e s  d ischarge  f i r s t  and the d ischarge  of the  sm alle r  

and l i g h t e r  p a r t i c l e s  becomes p ro g re s s iv e ly  more d i f f i c u l t .  

Thus :

Where Yu i s  a c o r r e l a t i o n  fo r  the s i z e  d i t r i b u t i o n .  

For a Rosin-Rammler d i s t r i b u t i o n  :

and when equa t ion  2 .9  i s  s u b s t i t u t e d  in Eq. 2 .8  with d=d50c, 

r e s u l t s  in :

R(+) = fn(Yu"h) ( 2 .8 )

Yu = ex p - (d /d * )s (2 .9 )



T-2848 16

d50 = d * ( - ln  R(+) )Vs ( 2 . 10 )

In Eq. 2 .10 ,  the  d50 w i l l  be c lo se r  to  the  d50, a than the 

d50c, because of u n c l a s s i f i e d  m a te r i a l  which always appears  

in  the  underflow stream.

For em pir ica l  eq u a t io n s ,  the  most e x ten s iv e  r e s u l t s  have 

been p resen ted  by Lynch and Rao (14) ,  and P l i t t  ( 7 ) ,  who 

su b je c te d  t h e i r  data  to  convent iona l  r e g r e s s io n  techn iques .  

The Lynch-Rao equation  i s :

K1 to  K5 = r e g re s s io n  co n s tan ts  

VF = vor tex  f i n d e r  d iam eter ,  cm 

SPIG = sp ig o t  d iam eter ,  cm

I n l e t  = i n l e t  d ia m e te r , cm

FPS = percen t  s o l i d s  of pulp in hydrocyclone feed

Q = flow r a t e  of pulp in  the  i n l e t ,  1/min

The r e g re s s io n  c o n s ta n t s  K1 to  K6 re p o r ted  by Lynch were :

log(d50c)  = K1VF-K2SPIG+K3Inlet+K4FPS-K5Q+K6

  ( 2 . 1 1 )

Where :

K1 =0 .0400 K4=0.0299

K2=-0.0576 K5=-0.00005
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K3=0.0366 K6=0.0806

The P l i t t  equa t ion  i s :

d50c = 50.5 Dc*45P i *6Dq16_ 1 . 21 U *^exp(.063$)

( ps -  p) * 5

Where :

Dc = hydrocyclone d iam eter ,  cm

Di = i n l e t  d iam eter ,  cm

DO = vor tex  f in d e r  d iameter ,  cm

fi = suspending l i q u i d  v i s c o s i t y ,  c e n t ip o i s e

</> = s lu r r y  vo lum etr ic  s o l i d s  con ten t ,  % by volume

Du = apex d iam eter ,  cm

h = f r e e  vo r tex  h e ig h t ,  cm

Q = vo lum etr ic  flow r e t e ,  1/min

Ps = s o l i d  d en s i ty ,  g/cm

P = suspending l i q u i d  dens i ty

2 .1 .3  The Water S p l i t  Equation

The water s p l i t  equat ion  must be determined around a 

c l a s s i f i e r  in order  to e s t a b l i s h  the underflow l i q u i d  

recovery term, Rf, in  equa t ion  2 .6 .  For hydrocyclones,  

Lynch (2) found t h a t  the  equa t ion  was of the  the  form :
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Rf = K l . SPIG/WF -  K2/WF + K3 (2 .13)

Where :

WF = the  mass flow r a t e  of water  in the  feed ,  t / h  

K1 = 193, r e g re s s io n  cons tan t  

K2 = 271 .6 ,  r e g r e s s io n  co n s tan t  

K3 = - 1 .6 1 ,  r e g r e s s io n  cons tan t

A l te rn a te ly  an equa t ion  was developed by P l i t t  (7) to  

p r e d i c t  the  vo lum etr ic  s p l i t  between overflow and underflow 

of hydrocyclones :

< 5 . 1 .9  (Du/Do) 3 • 31h - 54 (Du2+Do2) • 36exp(.00S4<!>.)...........o - ------------------------------------------------------------------  (2 . 14)
H2 ’ 4 DC1 *11

Where Du, Do, Dc and h are  in  cm; t h e i r  meanings as 

desc r ib ed  above

H = head in terms of meters  of feed pulp 

<t> = s o l id  pe rcen t  by volume

S = {underflow volum etr ic  flow r a t e } /

{overflow volum etr ic  flow ra te}

2 .1 .4  The Capacity Equation

The r e l a t i o n s h i p  between throughput and o p e ra t in g
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p re s su re  in hydrocyclones i s  very important in the  s e l e c t io n  

of the  pump fo r  the hydrocyclone i n s t a l l a t i o n .  The 

r e g r e s s io n  equa t ion  developed by Lynch and Rao (2 ,14)  to  

r e l a t e  p re s su re  and throughput fo r  a hydrocyclone with 

co n s tan t  feed s i z e  i s :

Q = K VF-73 I n l e t * 86 P*42 (2 .15)

Where :

Q = vo lum etr ic  th ro u g h p u t , 1/min 

P = hydrocyclone feed p re s su re ,  Kpa 

K = r e g re s s io n  co n s tan t

2 .2  S p i r a l  C l a s s i f i e r  Model

As mentioned in Chapter I ,  mechanical c l a s s i f i e r s ,  

in c lu d in g  rake and s p i r a l  c l a s s i f i e r s ,  have rece iv ed  l e s s  

a t t e n t i o n  because they a re  used in  fewer and fewer 

c o n c e n t r a to r s ,  p a r t i c u l a r l y  in  the  c o n c e n t r a to r s  of Western 

c o u n t r i e s .  Although a thorough l i t e r a t u r e  search was

undertaken ,  a s u i t a b l e  model of a s p i r a l  c l a s s i f i e r  was not

found. Taggart  (18) po in ted  out t h a t  the  capac i ty  of the 

s p i r a l  c l a s s i f i e r s  i s  based on the  o u ts id e  diameter  of the 

s p i r a l ,  and gave some curves to show the r e l a t i o n s h i p  

between the the ca p ac i ty  and the  d iameter  of the s p i r a l .
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The U.S. Bureau of Mines c a r r i e d  out experiments  on removing 

f i n e s  from coal using hydrocyclones in  con junct ion  with  the 

s p i r a l  c l a s s i f i e r  (1 9 ,2 9 ) ,  with  the  o b je c t iv e  of p rov id ing  

the  maximum recovery of s o l i d s  a t  minimum m ois ture  c o n te n t .  

Many v a r i a b l e s  which a f f e c t  the  performance of s p i r a l  

c l a s s i f i e r s  were i n v e s t i g a t e d ,  such as the  in f lu e n c e  of pool 

a r e a ,  s lope ,  in f lu e n c e  of feed r a t e ,  in f lu en c e  of feed s i z e ,

e t c ,  but the  experim enta l  r e s u l t s  were only given in

t a b u la t e d  or g rap h ic a l  form; th e  a p p l i c a t i o n  of t h i s  these  

data  i s  l im i t e d .

In a study of a small s p i r a l  c l a s s i f i e r  (21) the  dynamic 

behavior  of the  c l a s s i f i e r  was i n v e s t ig a t e d  by re s id e n ce  

time s t u d i e s .  The r e s id en ce  time of the p a r t i c l e s  was 

examined using both s o l i d  p a r t i c l e s  and d is so lv ed  sodium

c h lo r id e  as t r a c e r s  in a manner s im i l a r  to  t h a t  employed

fo r  s tu d i e s  of the b a l l  m i l l ,  (2 2 ) ,  f l o t a t i o n  c e l l s ,

( 2 3 ,2 4 ) ,  and h y d ro cy c lo n es (2 5 ) . I t  was shown t h a t  th e re  

were four  main zones in the a c t i v e  p o r t io n  of the  s p i r a l  

c l a s s i f i e r .  These a re  shown d iagram m atica l ly  in  F i g . 2 .2 .  

Zone A, the  small ,  low pulp den s i ty  p o r t io n  of the pool 

above the  c l a s s i f i e r  s p i r a l ,  co n ta in in g  predominantly s o l i d s  

of overflow; zone B, the  main body of the pool in which the 

s p i r a l  i s  r o t a t i n g ,  and from which p a r t i c l e s  may ev en tu a l ly  

go e i t h e r  to  the  overflow or the  sand; zone C, where
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Sands

Overflow

F igu re  2 .2  Major Zone in  a S p i r a l  C l a s s i f i e r ( 9 )  

and the  Main Routes Taken by Solids
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v i r t u a l l y  a l l  p a r t i c l e s  pass in to  the sands ; and zone D, the  

reg ion  a t  the  bottom of the  c l a s s i f i e r  where the  s p i r a l  

conveys sands a t  high pulp d en s i ty  to  the  d isc h a rg e .  Thus, 

d isch a rg e  can be cons idered  to  occur along four  main r o u te s .  

Overflow m a te r ia l  l e av es  by ro u te s  1 and 2. Via ro u te  1, 

p a r t i c l e s  are  c a r r i e d  through A almost d i r e c t l y  to the  

overf low. T yp ica l ly  t h e i r  re s id en ce  time i s  0 .1 — 0.3 of 

the  average fo r  a l l  overflow p a r t i c l e s ,  small p a r t i c l e s  

having the  h igher  v a lue .  Routes 2 and 3 pass through zone B 

— a l a rg e  well mixed zone in  which p a r t i c l e s  may e n te r  zone 

A and le av e  v ia  the  overflow i f  they a re  f in e  enough ( path 

2 ) ;  a l t e r n a t i v e l y , independent of s i z e ,  they may be conveyed 

by the  s p i r a l  to  the  sands d ischarge  (path  3 ) .  All 

p a r t i c l e s  pass ing  along ro u te  2 to  the overflow have a 

s i m i l a r  re s id en ce  time — about 1.6 times the  average fo r  

a l l  overflow p a r t i c l e s .  Route 3 c a r r i e s  the  m a jo r i ty  of 

p a r t i c l e s  le a v in g  in  the  sands ; the  re s id e n ce  time dec reases  

as the  p a r t i c l e s  s i z e  in c re a s e s  ( coarse  p a r t i c l e s  with  

r e l a t i v e l y  high s e t t l i n g  r a t e s ) . Even so, these  re s id e n ce  

times a re  4 — 6 times as long as those  of p a r t i c l e s  which 

e x i t  v ia  ro u te  4.  The net  r e s id en ce  time of a l l  sands 

p a r t i c l e s  i s  f u r t h e r  in c re a se d  by s p i r a l  t r a n s p o r t a t i o n  

t ime.

The dynamic behavior of the  small s p i r a l  c l a s s i f i e r  was
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su c c e s s fu l ly  analysed  using t h i s  approach. Graphical  

a n a ly s i s  of t e s t  r e s u l t s  suggested a simple phys ica l  

r e p r e s e n t a t i o n  of the  movement of s o l id  p a r t i c l e s  w i th in  the  

c l a s s i f i e r  which was sim ulated  using an analogue computer. 

The r e s u l t s  of t h i s  study have been used in  a dynamic model 

of c l o s e d - c i r c u i t  g r ind ing  (2 6 ) .

Putman and Spottiswood (27) proposed a simple s p i r a l  

c l a s s i f i e r  model which was adopted in  closed  c i r c u i t  

g r in d in g .  This model i s  based on the  motor power of the  

s p i r a l  c l a s s i f i e r ,  and the  ore r e c y le  r a t e  from the 

c l a s s i f i e r  which i s  p ro p o r t io n a l  to c l a s s i f i e r  motor power. 

Thus,

R = K1(P -  KO) (2 .16)

Where :

P = the  c l a s s i f i e r  motor power 

R = the  ore r e c y c le  r a t e  from the c l a s s i f i e r  

KO, K1 = co n s tan t

Because c l a s s i f i e r  motor power i s  not in  f a c t  merely 

l i n e a r l y  r e l a t e d  to the  r e c y c le  r a t e ,  they suggested another  

exp ress ion  :
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= Ko + {1/K1T}/ 0Udt (2 .17)£
Where :

U = the  r a t e  of recyc led  m a te r ia l  e n te r in g  the  

c l a s s i f i e r  a t  time t  

T = the  r e t e n t i o n  time of m a te r ia l  in the  c l a s ­

s i f i e r  (assuming plug flow)
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CHAPTER I I I  

EXPERIMENTAL WORK

The experimenta l  work e n t a i l e d  two p r in c ip a l  e f f o r t s  : to  

examine the  in f lu e n c e  of o p e ra t in g  and design v a r i a b l e s  on 

c l a s s i f i e r  performance, and to  develop a mathematical model 

of the  s p i r a l  c l a s s i f i e r .

3.1 Experimental M ater ia l

The t e s t  m a te r ia l  for  the experiments  was dolomite 

( Ca, Mg)C03, in  the s iz e  range of 25 — 35 mm. Before 

u t i l i z a t i o n ,  the  dolomite was reduced in  s iz e  using a jaw 

c ru sh e r  , a cone c rusher  and a b a l l  m i l l .  The f low shee t  fo r  

p rep a r in g  the experimenta l  feed m a te r ia l  i s  shown in 

F i g . 3 .1 ,  and the  feed m a te r i a l  s iz e  d i s t r i b u t i o n  i s  given in  

Table 3 .1 .

The s p e c i f i c  g ra v i ty  of the  dolomite i s  2 .8 .  During the  

t e s t s ,  sample 2 or sample 3 was added to  sample 1 to  change 

the  feed  s i z e  d i s t r i b u t i o n .



Crude M ate r ia l

Jaw Crusher

Cone Crusher

Mixing and S p l i t t i n g

S p l i t t i n g Bal l  Mill

Screening S p l i t t i n g

Sample 1
~ I
Sample 2

JScreening

Sample

F igu re  3.1 The Flowsheet fo r  P repar ing  

Experimental M ate r ia l
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Table 3.1 S ize  D i s t r i b u t i o n  of Experimental M ater ia l

S ize Sample 1 Sample 2 Sampl

(micron )

2360 0.07 0.15 0.00

1180 7.10 9.00 5.20

475 25.26 43.48 7.03

300 8.27 ' 6.31 10.22

212 8.71 8.34 9.08

150 8.33 7.24 9.43

75 6.51 5.35 7.66

53 10.68 6.31 15.06

-53 25.07 13.82 36.32

100.00 100.00 100.00

3.2 Experimental Apparatus

F i g . 3.2 i s  a f low shee t  of the t e s t  c i r c u i t .  A small 220 

X 1300 mm s p i r a l  c l a s s i f i e r  was employed in these  t e s t s .

The s p i r a l  has a p i t c h  of 100 mm and the  speed of the s p i r a l  

was held co n s tan t  a t  12 rpm. The s lu r ry  was pumped from a 

sump to an a g i t a t e d  head tank from which the s lu r r y  was fed 

by g r a v i ty  to the  s p i r a l  c l a s s i f i e r .  A by-pass  l i n e  went 

from the head tank back in to  the  sump ; a va lve  a t  the  head 

tank  o u t l e t  was used to  r e g u l a t e  the c l a s s i f i e r  feed r a t e .
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HT

CL

HT head tank 

PU pump 

CL c l a s s i f i e r

F igure  3 .2  S im p l i f ied  Flowsheet of C l a s s i f i e r  C i r c u i t
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tank o u t l e t  was used to  r e g u la t e  the c l a s s i f i e r  feed r a t e .  

Both the  overflow product and the  sands product of the 

c l a s s i f i e r  r e tu rn e d  by g r a v i ty  to  the  sump, thus  c lo s in g  the  

c i r c u i t .

3 .3  Experimental Design

An experim enta l  design i s  a very u se fu l  technique to  

minimize the experiments  r eq u i r ed  to  determine the  

f u n c t io n a l  r e l a t i o n s h i p  between response and o p e ra t in g  

v a r i a b l e s ,  Y=f(X1,X2,. . . . ,Xn)+e fo r  a p rocess  in  the

la b o ra to ry  or the  p l a n t .  2 f a c t o r i a l  des igns  have been

proven to  be u se fu l  fo r  such s t u d i e s ( 2 7 ) .  Most of the t e s t s  

were organized on a framework of a tw o- leve l  f a c t o r i a l  

design fo r  t h i s  s tu d y .

3 .3 .1  S e le c t io n  of the  V a r ia b le s  A ffec t in g  the  

C l a s s i f i c a t i o n  Process

According to  the  l i t e r a t u r e  (9 ,30)  and from experience ,  

th e  major v a r i a b l e s  a f f e c t i n g  the  s p i r a l  c l a s s i f i e r  

performance were s e l e c t e d  as fo l low s  :

XI — vo lum e tr ic  flow r a t e  in  feed ,  1/min

X2 — pulp d e n s i ty ,  %
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X3 — % +425 microns in  feed 

X4 — % -53 microns in  feed 

X5 — weir  h e ig h t ,  mm 

X6 — slope  of c l a s s i f i e r ,  degrees

V ar iab le  X4 was s e l e c t e d  because the  slime g r e a t ly  

e f f e c t s  the  s lu r r y  v i s c o s i t y  and hence c l a s s i f i e r  

performance(30,33) •

3 .3 .2  Design Matrix fo r  26 F a c t o r i a l

A design matix fo r  2 n f a c t o r i a l  had been in t roduced  in 

d e t a i l  (29) where n=1 to  5. Because s ix  v a r i a b l e s  were 

s e l e c te d  in  these  experim ents ,  a 2 f a c t o r i a l  design matrix  

has to  be used. However, a modified f a c t o r i a l  design may be 

used ; the  design of the  experiments  i s  shown in  Table 3.2 

(3 1 ) ,  where th e re  a re  two l e v e l s  of the  f a c t o r s ,  with the 

l e t t e r s  A, B, C, D, E, F r e p r e s e n t in g  the  f a c t o r s .  In Table 

3 .2 ,  columns 1, 2, 4,  8, 11, 13 r e p re s e n t  major e f f e c t s ,  

columns 7 and 14 can be used to  e s t im a te  exper im enta l  e r r o r ,  

and the  o the r  colummns w i l l  show the  i n t e r a c t i o n  e f f e c t s .

I t  i s  w ell  known t h a t  r e g r e s s io n  techn iques  a re  g r e a t ly  

s im p l i f i e d  when an or thogonal  l e a s t  squares  procedure can be 

used. The o p e ra t in g  v a r i a b l e s  of the s p i r a l  c l a s s i f i e r ,  

such as s i z e  d i s t r i b u t i o n  in  feed ,  however, a re  u sua l ly
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d i f f i c u l t  to co n t ro l  as a co n s tan t  a t  two l e v e l s ,  hence the  

exper im enta l  data  have been processed  using s tepwise  

r e g r e s s io n  and m u l t ip l e  r e g r e s s io n  techn iques  (3 4 ) .

Table 3 .2 Modified Experimental Design

Col. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Factor

A B AB C AC BC D AD BD E CD F CE

DE DF EF BE AE AF

CF

3.4 Experimental Procedures

The experimenta l  procedures  were simple. Dolomite and 

water  were added to  the  pump sump in the amounts needed to 

give the  d e s i re d  pulp d e n s i ty .  When the  c i r c u i t  reached 

eq u i l ib r iu m ,  the  samples of the  sands and overflow product 

were c o l l e c t e d  s im ultaneous ly  and t a r e d  in  c a l i b r a t e d  

c o n t a in e r s .  In these  t e s t s ,  the  mass, m ois ture  co n ten t ,  and 

sc reen  a n a l y s i s  were determined fo r  each sample.

3 .4 .1  Sampling

The c l a s s i f i c a t i o n  c i r c u i t  would be cons idered  in  

e q u i l ib r iu m  when the  fo l low ing  i n e q u a l i t y  was s a t i s f i e d :
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F-(0 /F  + S)/F  < 0.05 (3 .1 )

Where :

F = s lu r r y  mass in feed

O/F = s lu r r y  mass in  overflow

S = s lu r r y  mass in  sands

As the  c i r c u i t  reached eq u i l ib r iu m ,  the  vo lum etr ic  flow

r a t e  and pulp den s i ty  were checked to  make sure  t h a t  the 

o p e ra t in g  v a r i a b l e s  a re  a t  the  s e t  v a lu es ,  then samples were 

taken .  The reason fo r  tak ing  a feed sample was to  e s t a b l i s h  

the  experim enta l  e r r o r .

3 .4 .2  Screening

U.S. s tandard  t e s t i n g  s ie v e s  were employed and sc reen ing  

was performed on a s iev e  shaker .  In o rder  to determine the  

optimum time fo r  dry sc reen ing  on the  s ieve  shaker ,  a s e r i e s  

of sc reen ing  t e s t s  using dolomite  as t e s t i n g  m a te r i a l  were 

performed to  check the  accuracy of the  sc reen ing  a n a l y s i s .

To overcome the  agglomeration  problem, a r i s i n g  when samples 

having high slime con ten t  were d ry -sc reen ed ,  a combined 

w et-dry  sc reen ing  procedure was used (3 0 ,3 2 ) .  The fo l low ing  

d e s c r ib e s  the  sc reen ing  sequence used:

a) Wet sc reen ing  of m a te r i a l  (about 200 g) on the  

f i n e s t  screen  (53 microns)
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b) Decanting, then dry ing the  coarse  f r a c t i o n  a t  no 

more than 150°C

c) Dry sc reen ing  the  coarse  f r a c t i o n  on the  s ieve  

shaker fo r  10 minutes

d) Weighing the  coarse  f r a c t i o n s

e) C a lc u la t in g  the  s i z e  a n a ly s i s

Note t h a t  the  f i n e s t  f r a c t i o n  (-53 microns) would be 

c a l c u l a t e d  accord ing  to  the  fo l low ing  equation  :

W (a -  W+gg) + b (3 .2 )

Where :

W_53= the  mass of the  p a r t i c l e s  l e s s  than 53 microns

W+5 3 = th e  mass of the  p a r t i c l e s  l a r g e r  than 53

micron in wet sc reen ing  

a = the  mass of the  sample in  wet sc reen ing

b = the  mass of p a r t i c l e s  l e s s  than 53 microns

in  dry sc reen ing

3 .4 .3  D uplica te  T es ts

D uplica te  t e s t s  were conducted to  e s t a b l i s h  the 

experim enta l  e r r o r  involved in  the  de te rm ina t ion  of the 

measured and c a l c u l a t e d  param ete rs .  Table 3 .3 shows the  

da ta  fo r  some of the  rep ea ted  t e s t s .
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Table 3» 3- Sample of D up l ica te  Test Data

RUN XI X2 X3 X4 X5 X6 RF FZ d50c m

1
2

Av.

10.10
11.2?
10.68

42.10
40.33
41.22

23.35
22.41
22.88

33.80
35.43
34.62

135
135
135

10.9
10.9
10.9

10.59
8.43
9.51

7.41
7.10
7.26

126.27
115.24
120.76

1.10
1.15
1.13

14
15 
Av.

14.93
15.34
15.14

53.23
50.62
51.93

12.75
13.05
12.90

38.84
39.47
39.16

135
135
135

13.0
13.0
13.0

2.42
2.05
2.24

5.46
7.44
6.42

1003.92
1009.03
1006.48

1.48
1.52
1.50

16
17
Av.

10.39
10.55
10.47

53.68
54.12
53.90

38.55
40.75
39.65

24.91
20.04
22.48

183
183
183

13.0
13.0
13.0

18.78
20.08
19.43

6.76
6.31
6.54

376.39
416.65
396.52

2.29
1.49
1.89

21 21.04 47.40 11.44 37.01 135 10.9 2.85 5.62 804.28 2.43
22 21.81 47.50 10.74 36.23 135 10.9 2.93 6.65 844.4 2.24
Av. 21.43 47.45 11.09 36.62 135 10.9 2.89 6.14 824.34 2.34
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3.5 Summary of Test  Condit ions

A summary of the  t e s t  c o n d i t io n s  i s  given in  Table 3 .4 .

3 .6  Experimental R esu l ts

A t o t a l  of 46 t e s t s  were conducted and fo r  a l l  t e s t s  

c a r r i e d  out th e r e  was good agreement between the  measured 

and c a lc u l a t e d  feed  s i z e  a n a l y s i s .  Typical va lues  a re  shown 

in  Table 3 .5 .

The co n d i t io n s  of these  t e s t s  given in  Table 3.5 a re  

a c t u a l l y  the  o p e ra t in g  and machine v a r i a b l e s  which are  

cons idered  independent v a r i a b l e s .  Rf, Fz, d50c, and the  

s lope  of reduced-performance curve, m, a re  dependent 

v a r i a b l e s .  Before g iv ing  the  r e s u l t s  of a l l  t e s t s  the  

methods used fo r  c a l c u l a t i n g  the  c o r r e c te d  e f f i c i e n c y ,  Ec, 

and cut s i z e ,  d50c, w i l l  be desc r ibed  b r i e f l y .

C o r r e c t e d - E f f i c i e n c y , Ec

In t h i s  study Ec was c a l c u l a t e d  using the  fo l low ing  

equa t ion  :

Ec = (E a -F z ) / (1 -F z )

Where :

Ea = a c tu a l  e f f i c i e n c y

(3 .3 )
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Table 3.4 Summary of
x:Cond. XI 

No. 1/min. X%

Test Condit ions
X4 X5 X6

% mm degree

1

I2 
2 
2 
2 
2 
2

il
!3

r
4 
4

K:5! 11:3? 
8:15 IS:8
47.34 22.52

001
10 .

11 .44
0
0
I8
I

64

2 0 .2
22.9

10.4
10.1

7
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Table 3.5 Typical Feed S iz ing  Analyses

Test Size Mass <%)
No. (microns) Measured C alcu la ted

2360 0.60 0.55
475 38.10 37.71
300 7.29 7.61

9 212 6.60 6.32
150 6.20 6.09
75 2.72 2.34
53 11.40 11.56

-53 27.35 27.83

2360 0.24 0.22
475 40.27 40.53
300 9.53 8.91

17 212 7.91 7.41
150 5.23 5.66
75 12.98 12.91
53 4.54 4.43

-53 19.30 20.04

2360 0.05 0.06
475 29.94 29.85
300 9.02 8.43

19 212 7.69 8.00
150 6.65 6.75
75 11.24 11.97
53 11.81 11.09

-53 23.60 23.86
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Fz = %-53 microns in the  sand 

The reason fo r  using Fz in s t e a d  of Rf i s  d iscussed  in 

d e t a i l  in Chapter VI.

Cut S ize  d50c

There are  four  methods to  c a l c u l a t e  d50c from 

exper im enta l  data  :

a) Liner I n t e r p o l a t i o n  Method ( i . e .  s t r a i g h t  l i n e  

i n t e r c e p t  method)

b) Lagrange I n t e r p o l a t i o n  Method

c) Using the  slope ( index) of  the reduced-performance 

curve, m, to  c a l c u l a t e  d50c

d) D irec t  from the reduced-performance curve

The comparision of d50c v a lu e s  c a lc u l a t e d  by each 

method, to g e th e r  with the  c a l c u l a t i o n  procedure and the  

computer program fo r  c a l c u l a t i o n  of the  above th r e e  methods 

a re  given in  Appendix I I I .

3 .6 .1  A summary of Experimental R esu l ts

Tables 3.6 shows the  major r e s u l t s  of a l l  the  t e s t s .

In the  p re sen t  work the  reduced-performance curves were 

determined fo r  46 t e s t s  ; a l l  experimenta l  p o in t s  on these  

curves  a re  shown in F igure  3 .3  to  3 .5 .  Water d i s t r i b u t i o n  

fo r  a l l  t e s t s  i s  shown in F igure  3 .6 .  Note t h a t  a l i n e a r
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Test
No.

1
2

Table 3.6
,d50c 

(microns)
126.27

Major R e su l ts  of

(if (ifUi
Test

z m x ( s lope)

I

j!
f221
A
2

I*
I

•a

t:°ol
M l

I Î
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r e l a t i o n s h i p  e x i s t s  between water  in  the  f i n e  product and 

water  in  the  feed .

3 .6 .2  R e su l ts  of Each Test

The r e s u l t s  of each t e s t  a re  given in  the  Appendix I .
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CHAPTER IV

DEVELOPING A MATHEMATICAL MODEL OF SPIRAL CLASSIFIER

A mathemat ical  model of a s p i r a l  c l a s s i f i e r  which i s  

s u i t a b l e  fo r  c i r c u i t  design and o p t im iza t io n  by s imula t io n  

c o n s i s t s  of a s e r i e s  of equa t ions  which r e l a t e  the design 

and o p e ra t in g  v a r i a b l e s  to the  s e p a r a t i o n  achieved.  As 

mentioned in Chapter I I I ,  a t o t a l  o f . 46 exper iments  were 

c a r r i e d  out in an e f f o r t  to develop an a p p l i c a b l e  

mathemat ical  model of the s p i r a l  c l a s s i f i e r .  The design and 

o p e r a t i n g  v a r i a b l e s  s tu d ied  were : wei r  he i g h t  and s lope of 

c l a s s i f i e r ,  the  vo lumet r i c  flow r a t e ,  pulp de n s i t y ,  % +425 

microns and % -53 microns in the feed .  . A s p i r a l  c l a s s i f i e r  

model which r e l a t e s  the  above v a r i a b l e s  to s e p a ra t i o n  has 

been fo rmulated.

4.1 Form of the Model

The p a r t i c l e  s e p a r a t i o n  process  in s p i r a l  c l a s s i f i e r s ,  

j u s t  as in hydrocyclones ,  i s  a p r o b a b i l i t y  p rocess  in which 

p a r t i c l e s  of d i f f e r e n t  s i z e ,  d e n s i t y ,  and shape have 

d i f f e r e n t  p r o b a b i l i t i e s  of appear ing in  the  coarse product .  

In the  fo rmer , s e p a r a t i o n  was based on g r a v i t y  fo rce ,  and in 

the  l a t t e r ,  on c e n t r i f u g a l  fo rce  ; hence the  f l u i d  flow
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p a t t e r n s  w i t h in  the two machines are not the  same (35 ,36 ) .

In s p i t e  of the d i f f e r e n c e ,  the  method fo r  developing a 

hydrocyclone model i s  a very use fu l  guide fo r  developing a 

s p i r a l  c l a s s i f i e r  model.

A s p i r a l  c l a s s i f i e r  model can a l so  be based on concepts  

of d50c and the  reduced-performance curve.  The model of a 

s p i r a l  c l a s s i f i e r  t h a t  has been formulated in t h i s  study 

c o n s i s t s  of four  b as ic  equ a t ion s  which express  the cut s i z e ,  

d50c, water  s p l i t  between overflow and sa n d s , percentage of 

f i n e s t  s i z e  f r a c t i o n  ( here i t  i s  % -53 microns)  in the 

sa n d s , and sharpness  of s e p a r a t i o n ,  in terms of the 

o p e r a t in g  and design v a r i a b e s .

4 .2 Method of Developing a Mathematical  Model

The s p i r a l  c l a s s i f i e r  model p resen ted  here  i s  an 

empi r i c a l  model which r e l a t e s  a l l  major design and oper a t in g  

v a r i a b l e s  to the  s e p a r a t i o n  achieved.  An or thogonal  l e a s t  

squares  procedure which makes r e g r e s s i o n  t echn iques  g r e a t ly  

s i m p l i f i e d  (29,37)  could not be used because i t  was 

d i f f i c u l t  to ma in ta in  some v a r i a b l e s  a t  the se t  l e v e l s .  So 

in t h i s  s tu dy , the  experimenta l  data  were processed using a 

s t epwise  m u l t i p l e  l i n e a r  r e g r e s s i o n  program developed by the 

computer cen te r  of the Western Michigan U n ive rs i t y  (38) .

The program was used to fo rmula te  the fu n c t i o n a l
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r e l a t i o n s h i p s  between the measured and c a l c u l a t e d  parameters  

( cu t  s i z e ,  water  s p l i t ,  the  f i n e s t  s i z e  f r a c t i o n  in  the

sands,  and sharpness  of  s e p a r a t i o n )  and the des ign and

o p e r a t i o n a l  s p i r a l  c l a s s i f i e r  v a r i a b l e s .  The l i n e a r  

r e g r e s s i o n  procedure was r ep ea ted  using d i f f e r e n t  f u n c t i o n a l  

v a r i a b l e s  ( such as l i n e a r ,  power, e x p o n e n t i a l ) and d i f f e r e n t  

v a r i a b l e  combinat ions,  as fo l lows  (X1,X2, . . . , X6 as def ined  

e a r l i e r ):

Independent  V a r ia b l e s  :

XI, X2, X3, X4, X5, X6 

XI2 , X22 , X32 ,, X42 , X52 , X62

XI3 , X23 , X33 , X43 , X53 , X63

X1X2, X1X3, X1X4, X1X5, X1X6 

X2X3, X2X4, X2X5, X2X6 

X3X4, X3X5, X3X6 

X4X5, X4X6 

X5X6

X1X2X3, X2X3X4, X3X4X5, X4X5X6, X1X2X6, X1X3X4,.........

ln (X1),  l n ( X 2 )  ..................  ln(X6)

ln(X1X2), ln(X1X3)...........

Dependent V a r i a b l e s :

d50c, ln(d50c)
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Rf, ln(Rf )

Fz, ln(Fz)

m, ln(m)

The mean sum of the r e s i d u a l s  squared was used as the 

c r i t e r i o n  as to  the  goodness of f i t .  Only v a r i a b l e s  which 

were s i g n i f i c a n t  a t  the 99.5 % conf idence l e v e l  were 

inc luded  the r e g r e s s i o n  equ a t io ns .

4.3 The d50c Equation

I t  has become common p r a c t i c e  to express  the cut  s i ze  

in terms of the d50c s i z e .  For pure dolomite c l a s s i f i e d  in 

a small 220 by 1300 mm s p i r a l  c l a s s i f i e r  , the  r e g re s s i o n  

r e l a t i o n s h i p  between ln(d50c)  and c l a s s i f i e r  v a r i a b l e s  i s :

l n ( d 5 0 c ) =-0.3636+0.1638X2+0.0036X32 +0.00096X42 

+0.00099X1X2-0.004134X2X3 (4 .1 )

As shown in Table 4 .3 ,  Eq.4.1 f i t s  the data from 46 

t e s t s  with a c o r r e l a t i o n  c o e f f i c i e n t  of 0 .963.  A 

comparision of the  observed va lu es ,  and the values  

c a l c u l a t e d  from the r e g r e s s i o n  equa t ion  i s  shown in Fig.

4 . 3 .

Equation 4.1 i n d i c a t e s  t h a t  the ln(d50c)  i s :  1) d i r e c t l y
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p r o p o r t i o n a l  to the  pulp d e n s i t y ,  the second power of the 

percen tage  of +425 microns and -53 microns in the  feed ,  and 

the  product  of the vo lumet r i c  flow r a t e  and the  pulp 

de ns i ty  ; and 2) dec rease s  p r op o r t i ona l y  to the  product  of 

pulp dens i ty  and percen tage  of % +425 microns in the feed .  

The e f f e c t  of each of the v a r i a b l e s  i s  d i scussed  in more 

d e t a i l  below.

The Feed Pulp Densi ty

The pulp den s i ty  of the feed was found to be a v a r i a b l e  

which g r e a t l y  in f luen ced  the magnitude of d50c. I t  i s  f e l t  

t h a t  the p r i n c i p a l  reason fo r  t h i s  i s  an in c re a s e  in  the 

e f f e c t i v e  pulp v i s c o s i t y  which occurs  with i n c r e a s i n g  s o l i d s  

c o n t e n t . Hindered s e t t l i n g  and underflow crowding may a l so  

be f a c t o r s .

Fig .  4.1 shows t h a t  the d50c in c re a se s  with i n c r e a s i n g  

feed pulp de n s i t y ,  with a g r e a t e r  inc rease  when the pulp 

d en s i t y  exceeds 50 %.

Lynch (2,14)  and J u l l  (55) found s i m i l a r  r e s u l t s  for  

the  hydrocyclone c l a s s i f i e r .  The d i f f e r e n t  kinds of 

c l a s s i f i e r  show the same t r en d ,  with l a r g e  i n c r e a s e s  in the 

d50c s i z e  as the feed pulp dens i ty  i n c r e a s e s .
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The P a r t i c l e  Size  D i s t r i b u t i o n  

I t  has been e s t a b l i s h e d  (23,56)  t h a t  the s i z e  

d i s t r i b u t i o n  of the feed s o l i d s  a l so  a f f e c t s  the  apparent  

v i s c o s i t y  of s l u r r i e s .  The equa t ion shows t h a t  the ln(d50c)  

i s  d i r e c t l y  p r o p o r t i o n a l  to the  square of X4 ( i . e . ,  the  %

-53 microns in the f e e d ) .  Note t h a t  in Eq. 4.1 the  coarse 

s i z e  a l so  s i g n i f i c a n t l y  i n f lu e n c e s  d50c; th e  reason for  t h i s  

may simply be t h a t  the more coarse  p a r t i c l e s  r e p o r t  to both 

overflow and sand as the  f r a c t i o n  of the coarse  s i z e  

i n c r e a s e s .

4.4 The Reduced-performance Curve Equation

The reduced-performance curve i s  a measure of the 

p r o b a b i l i t y  of the appearance of p a r t i c l e s  in the  sand due 

to  g ra v i t y  a c t i o n  a lone .  Equat ions which have been used to 

de f ine  reduced-performance are  :

Ec = {eax -  1}/{eax + ea -  2} (2 .3)

and

Ec = 1 -  exp( -0 .693Xm ) (2 .4)

Some workers (39) use equat ion 2.4 r a t h e r  than 2 . 3 ,  and

cons ider  t h a t  the l a t t e r  r e p r e s e n t s  f u l l - s c a l e  c l a s s i f i e r

performance data wi th good agreement using va l ues  of m in 

the  range of 1.5 to 3*5 (40) .
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Equation 2.4 can be l i n e a r i z e d  by p l o t t i n g  

l n l n ( 1 / ( 1 - E c ) ) ve r sus  l n ( d ) .  The r e s u l t i n g  b e s t - f i t  l i n e  

w i l l  have a s lope equal to m and the d50c s i z e  w i l l  

correspond to the  po in t  where 1 / (1-Ec)  i s  equal  to 2.  This 

can a l so  be done wi th the computer.  From equa t ion 2 .4 :

1 -  Ec = exp( -0 .693(d /d50c)  m )

1 / { 1-Ec} = exp(0 .693(d/d50c)  m ) 

l n { 1 / ( 1 - E c ) } = 0 .693(d /d50c)m

In ln{1/ (1 -Ec)>  = ( ln(0.693)-mln(d50c)}+m ln (d )

. . .  (4 .2)

Where ( ln (0 .693) -m ln(d50c)} i s  a cons tan t  term of the 

r e g r e s s i o n  equa t ion .

Because m and the co ns tan t  term can be obta ined  using a 

r e g r e s s i o n  t echn ique ,  d50c can then be c a l c u l a t e d  from 

equa t ion  4.3 as fo l lows :

l n ( 0 .69 3 ) -mln(d50c)=constant=C 

m In(d50c)= ln(0 .693) -C  

l n ( d 5 0 c ) r l n ( 0 .693 )-C/m 

hence d50c=exp(( InO.693-C)/m) . . .  (4 .3 )

In t h i s  s tudy,  equa t ion 2 .4  was used.  The r e g r e s s i o n
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equa t ion  produced from the experimenta l  data (see Table 3 .4)  

i s  :

nu-1 .5156+0.08944X4-0.000014X4^+0.001812X3^

-0.001144X1X2+0.657891m(X1X6)-1.194771n(X3) 

+0.05844X1 . . .  (4 .4 )

In h i s  hydrocyclone model, P l i t t  (7) ob ta ined  a 

r e g r e s s i o n  equa t ion  for  m with a c o r r e l a t i o n  c o e f f i c i e n t  of 

0 .7 5 .  Equation 4.4 has the poores t  c o r r e l a t i o n  c o e f f i c i e n t  

(0 .79)  among a l l  the equa t ions  which make up the 

mathemat ical  model of s p i r a l  c l a s s i f i e r .  This r e s u l t  

i n d i c a t e s  t h a t  more work i s  r e q u i r ed  in t h i s  area to f i rmly 

e s t a b l i s h  the r e l a t i o n s h i p  between sharpness  of se p a r a t i o n  

and the  o pe ra t in g  and design v a r i a b l e s  in both of the 

hydrocyclone and s p i r a l  c l a s s i f i e r  models.

The c a l c u l a t i o n  of e f f i c i e n c y  for  a t e s t  i s  given in 

Table 4 .1 .

Fig.  4.2 shows t h a t  for  t e s t  number 3, the  d50c i s

determined to be 169 mic rons , and the s lope of the

reduced-performace curve,  m, i s  1.56.  From the data given

in  Table 4 .1 ,  i t  can be seen t h a t  the model f i t s  the

exper imenta l  data wel l  in the  s i z e  range from 174 to 992 

microns ,  and the  d i f f e r e n c e  between the  t e s t  data and 

c a l c u l a t e d  data becomes l a r g e r  in  the s i z e  l e s s  than 104 

microns .  In order  to i n c r e a s e  accu ra c y , i t  may be necessary
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to develop the model s e p a r a t l y  for  coarse  s i z e  and f i n e  s i z e  

f r a c t i o n s .

Table 4.1 C a lc u l a t i o n  of e f f i c i e n c y  

Size Ea Ec Model Ec

(micron) (%) (%) (m=1.56)(%)

- 100.00 100.00 -

992 97.84 97.61 99.96

350 93.58 92.89 88.36

248 73.22 70.34 71.65

174 56.01 51.28 51.83

104 39.78 33.30 27.76

63 16.30 7.29 13.70

4.5 The Water S p l i t  Equation

From F i g . 3.6 i t  can be seen t h a t  a l i n e a r  r e l a t i o n s h i p  

e x i s t s  between the water  in the overflow and the  water  in 

the  feed over a very wide range of op er a t in g  c o n d i t i o n s .  

For a given c l a s s i f i e r ,  the  o pe ra t i ng  v a r i a b l e s  which have 

the  g r e a t e s t  i n f l u e n c e  on t h i s  r e l a t i o n s h i p  a re  the 

vo l umet r i c  flow r a t e ,  pulp den s i ty  and the weir  he i g h t  of 

the  c l a s s i f i e r .

The f i n a l  form of the r e g r e s s i o n  equa t ion  i s :
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2 2
l n ( R f ) = 4 . 7074+0.003361X1 -0.003505X3 -0.001168X1X5

+0.01486X3X6-0.003885X5X6+0.0000012X5

. . .  (4 .5 )

Equation 4.5 f i t s  the experimenta l  data  with a 

c o r r e l a t i o n  c o e f f i c i e n t  of 0 .954.

4.6 The " F in es t  Size  F ra c t i o n "  S p l i t  Equation

As desc r ibed  in Chapter I I  and I I I ,  the  a c tu a l  

performance curve of a hydrocyclone and a s p i r a l  c l a s s i f i e r  

w i l l  not pass through the o r i g i n .  The reason for  t h i s  has 

been exp la ined by K e l s a l l  (11 ) .  He suggested t h a t ,  

independent  of he c e n t r i f u g a l  force  a c t i n g  on the  p a r t i c l e s ,  

i f  Rf i s  the f r a c t i o n  of feed f l u i d  r e p o r t i n g  to the  

underf low,  Rf of a l l  s i z e s  of p a r t i c l e s  a re  d i scharged  

through the s p i g o t .  Therefore ,  s e p a r a t i o n  due to 

c e n t r i f u g a l  a c t i o n ,  or c o r r e c t e d  e f f i c i e n c y ,  Ec i s  given by

Ec = (Ea-Rf} / { 1-Rf} (2 .2 )

Since then,  Eq.2.2 has been widely used to c a l c u l a t e  the 

c o r r e c t e d - e f f i c i e n c y  of a hydrocyclone ( 2 , 7 , 9 , 1 4 , 3 9 ) ,  and 

P l i t t  cons idered  t h a t  t h i s  equa t ion  can a l so  be used fo r  a 

g r a v i t y  type c l a s s i f i e r  (10) .

The use of Equation 2.2 fo r  the s p i r a l  c l a s s i f i e r  was
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con s idered .  However, t h i s  equa t ion i s  not completely 

s a t i s f a c t o r y , as  demonstrated by the s e l e c t e d  r e s u l t s  shown 

in  Table 4 .2 .

I t  i s  obvious t h a t  the Ec value of the f i n a l  s i z e  

f r a c t i o n  w i l l  be nega t ive  i f  Equat ion 2.2 i s  used to 

c a l c u l a t e  Ec, because Rf i s  g r e a t e r  than Ea (-53 microns)  in 

a l l  these  cases .  There i s  no way to exp la in  t h i s  

phenomenon. Aust in  (41) has a l s o  found t h a t  the water  s p l i t  

and by-pass  f r a c t i o n  a re  not the  same. For t h i s  reason 

Equat ion 3.3 i s  adopted here i n s t e a d  of Equation 2.2 to 

c a l c u l a t e  Ec. The form of t h i s  equa t ion  i s :

Ec = {Ea-Fz} / { 1-Fz} (3 .3)

Where :

Fz = % -53 microns in the sands

The r e g r e s s i o n  r e l a t i o n s h i p  between Fz and the o pe ra t i ng  

v a r i a b l e s  i s :

Fz = -19.3423+1.7429X1+1.2272X4+0.03768X1X3 

-0.01832X1X5t0 .01549X2X4-0.010625X3X5 

+0.068742X3X6-0.12691X4X6+0.0000094X53

. . .  (4 .6 )

Equat ion 4.6 shows t h a t  the major op e ra t in g  v a r i a b l e s  

which a f f e c t  the  Fz value a re  the vo lumet r i c  flow r a t e ,  %
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Table 4.2 Typical  Test  Re su l t s

Run Size Size D i s t r i b u t i o n  (%) Ea
(microns)i 0/F Sand Feed (%)

2803 0.00 0.03 0.02 100.00
992 2.64 32.02 23.37 96.67
350 2.64 16.64 12.52 93.79

4 248 6.61 12.86 11.02 82.33
174 4.41 7.52 6.60 80.33
104 4.64 4.45 4.51 69.67
63 20.47 10.84 13.68 55.92

-63 58.59 15.64 28.69 39.00

Rf = 54.60%
Mass f l  owrate of overflow = 1. 626 kg/min
Mass f lowra te of sands = 3.895 kg/min

2803 0.00 0.97 0.55 100.00
992 2.43 65.15 37.71 97.18
350 4.96 9.68 7.61 71.50

9 248 7.61 5.32 6.32 47.33
174 8.49 4.23 6.09 39.04
104 4.09 0.97 2.34 23.36

63 21.14 4.10 11.56 19.95
-63 51.28 9.58 27.83 19.36

Rf = 23.05%
Mass f lowra te of overflow = 4. 45 kg/min
Mass f lowra te of sands = 5.72 kg/min

2803 0.00 1.31 0.12 100.00
992 6.95 66.83 12.63 50.20
350 6.26 9.88 6.60 14.19

14 248 10.60 5.60 10.13 5.25
174 9.05 3.93 8.56 4.43
104 16.68 4.93 15.57 3.00
63 8.12 2.12 7.55 2.66

-63 42.34 5.40 38.84 1 .32

Rf = 2.42%
Mass f low ra te  of overflow = 10.93 kg/min 
Mass f low ra te  of sands = 1.146 kg/min
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-53 microns in the feed ,  pulp de n s i t y ,  weir  he i g h t  and the 

s lope of the c l a s s i f i e r .  These r e s u l t s  a r e  l o g i c a l  in 

r e s p e c t  to both of theory and p r a c t i c e .

4 .7  Summary

A mathemat ical  model of a small s p i r a l  c l a s s i f i e r  has 

been formulated based on the  experimenta l  d a t a . This model 

c o n s i s t s  of four  b a s i c  equa t ions  which are  the d50c 

e qu a t io n ,  r educed-performance curve equa t ion ,  water  s p l i t  

equa t ion  and. the  f i n e s t  s i ze  f r a c t i o n  s p l i t  equa t ion .  In 

g e n e r a l , a l l  the above equat ions  f i t  the t e s t  data wi th high 

c o r r e l a t i o n  c o e f f i c i e n t s  excep t ing  equat ion 4 .4 .

The r e s u l t s  of the m u l t i p l e  l i n e a r  r e g r e s s i o n  for  each 

a re  given in Table 4 . 3 ,  4 .4 ,  4 . 5 ,  and 4 .6 ,  r e s p e c t i v e l y .

The nomenclature used in the above Tables i s  as fo l lows :

D.F = degree of freedom 

S.SQ = sum of squares  

M.S = mean square

M.C.C = m u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t  

F = F value  (34)

Comparison of the observed va lu es ,  and the  values  

c a l c u l a t e d  from the model, a re  given in the Figure  4.3 

through 4 .6 ,  r e s p e c t i v e l y .
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Table 4 . 3 .  The Re su l t s  of Mul t ip le  Linear
Regress ion ( for d50c Equat ion)

Source of DF S.SQ MS MCC F
V a r i a t i o n Eq. F-d
01234567890 123456789
Regress ion 5 33.07 6.61539 0.96 102 3.51
Residual 40 2.5953 0.06488
Total 45 35.6722

Note: Eq. : From Equation
F-d : From F d i s t r i b u t i o n

Tabl e 4 .4 . The R e su l t s of Mul t ip le  Linear
Regress ion ( for  m Equation)

Source of DF S.SQ MS MCC F
V a r i a t i o n Eq. F-d

Regress ion 7 5.726 0.818 0.79 9.02 3 .3 -3 .1 2
Residual s 38 3.444 0.096
Total 45 9.170

Note : Eq. : From Equation
F-d : From F d i s t r i b u t i o n
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Table 4 . 5 .  The Re su l t s  of Mul t ip le  Linear  
Regress ion ( f o r  Rf Equation)

Source of DF S.SQ MS MCC F
V a r ia t io n  Eq. F-d

Regression 6 48.055 8.009 0.954 6 5.43 3 .47-3 .29
Res idua l s  39 4.774 0.122
Tota l  45 52.829

Note : Eq. : From Equation
F-d : From F d i s t r i b u t i o n

Table 4 .6 .  The Resu l t s  of Mul t ip le  Linear  
Regression ( for  Fz equat ion)

Source of DF S.SQ MS MCC F
V a r ia t io n  Eq. F-d
Regress ion  9 4231.68 470.186 0.95 36.00 3 .07-2 .89
Residua l s  36 470.139 13.059
Tota l  45 4701.82

Note Eq. : From Equation
F-d : From F d i s t r i b u t i o n
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CHAPTER V 

GRINDING CIRCUIT SIMULATION

The p o s s i b i l i t y  of r e p r e s e n t i n g  a g r i n d i n g - c l a s s i f y i n g  

c i r c u i t  by means of a s e r i e s  of mathematical  eq ua t ions ,  

developed em p i r i c a l ly  from a broad base of data  or 

t h e o r e t i c a l l y  from the phys ica l  c h a r a c t e r i s t i c s  of the 

g r ind in g  and c l a s s i f y i n g  p rocess ,  has genera ted  tremendous 

r e s e a r c h  a c t i v i t y  in t h i s  f i e l d  (40-49) .  I t  i s  obvious t h a t  

modeling and s imula t i on  in minera l  p rocess ing w i l l  become 

more and more impor tant  because of the need f o r  o p t im iza t io n  

and automat ic  c o n t ro l  ( 5 1 , 6 5 , 6 8 ) .

The s imula t ion  study p res en ted  here i s  an a t tempt  to  

model a c losed  g r i n d i n g - c l a s s i f y i n g  c i r c u i t  using a plug 

flow cu m u la t iv e -b a s i s  f i r s t  order  k i n e t i c  model (61) for  a 

b a l l  m i l l ,  and the s p i r a l  c l a s s i f i e r  model which has been 

fo rmulated by the author  in t h i s  t h e s i s .  The r e s u l t s  

ob ta ined  were s a t i s f a c t o r y  w i th in  acce p t ab le  l i m i t s .

5.1 S imula t ion Fundamentals

5 .1 .1  Bal l  Mill Model

The b a l l  mi l l  model which has been used in t h i s  c losed 

g r i n d i n g - c l a s s i f y i n g  c i r c u i t  i s  based on the  breakage r a t e
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des cr ibed  by a f i r s t  order  r a t e  equa t ion .  The breakage r a t e  

i s  the f r a c t i o n a l  r a t e  a t  which a given s i z e  of p a r t i c l e  

d i s a p p e a r s ,  having been broken in to  smalle r  p a r t i c l e s ,  and 

the  r e s u l t a n t  cumulat ive d i s t r i b u t i o n  of the daughter  

f ragments  i s  desc r ibed  as the  breakage fu n c t i o n  ( 9 , 4 5 , 5 2 ) .  

The breakage r a t e  depends markedly on the hardness  of the 

m a t e r i a l  and the equipment in  which the m a t e r i a l  would be 

broken (5 3 ,5 4 ) .  Various i n v e s t i g a t o r s  (22 ,66,67)  have shown 

t h a t  the r a t e  of breakage in  a b a l l  mi l l  can be desc r ibed  

by Equation 5 . 1 .

The form of the f i r s t  order  r a t e  equa t ion  i s :

dmj / d t  = - K j  rrij (5 .1)

Where :

nij = mass f r a c t i o n  in s i z e  i

Kj = r a t e  of breakage out of s i z e  f r a c t i o n  i ,  the  

f i r s t - o r d e r  r a t e  co ns tan t  

t  = time

In batch g r ind i ng ,  a l l  the m a t e r i a l  remains in the  mi l l  

fo r  the  r e q u i r ed  t ime.  Plug flow through a cont inuous mi l l  

i s  in f a c t  e q u i v a le n t  to batch g r in d in g ,  with the average 

r e s id e n c e  time equal  to the  batch g r ind in g  t ime.  Under t h i s  

co n d i t i o n  p a r t  of the m a t e r i a l  in any s i z e  f r a c t i o n  i s
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d is appea r ing  because of breakage,  whi le  o the r  m a t e r i a l  i s  

e n t e r i n g  the  s i z e  f r a c t i o n  as a r e s u l t  of breakage of 

p a r t i c l e s  in l a r g e r  s i z e  f r a c t i o n s .

The breakage r a t e  fo r  d i f f e r e n t  s i z e  f r a c t i o n s  can be 

c a l c u l a t e d  using the  i n t e g r a t e d  form of Equat ion 5.1 which 

i s

Where, m0j i s  the mass f r a c t i o n  in the i t h  s i z e  in the b a l l  

mi l l  a t  time zero and the o the r  terms a re  as p rev ious ly  

de f i ne d .  Equation 5.2 can be w r i t t e n  in the  fo l lowing  form :

Equation 5.3 i s  the  f i n a l  form of the k i n e t i c  plug flow 

model which was used in the s imula t ion  of t h i s  s t u d y .

5 . 1 . 2  S p i r a l  C l a s s i f i e r  Model

As d i scussed  in Chapter IV, the  s p i r a l  c l a s s i f i e r  model 

c o n s i s t s  of four  e qu a t io ns .  They are  expressed in equa t ion  

4 .1 ,  4 .4 ,  4.5 and 4 .6 ,  r e s p e c t i v e l y .

5 .1 .3  Mass Balance Equat ion

The closed g r i n d i n g - c l a s s i f i e r  c i r c u i t  to be s imula ted

In m; = In moj -  Kj t (5 .2)  '

m ( t )  = m (0) ex p( -K j t ) (5 .3)
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c o n s i s t s  of a b a l l  mi l l  and a s p i r a l  c l a s s i f i e r  ( see  Figure  

5 . 1 ) .

The f i n a l  mass balance equa t ions  which w i l l  be needed 

fo r  s im ul a t in g  the  c i r c u i t  a r e :

1) Around the c l a s s i f i e r  

Water balance:

WW2 = WW1+WW5 (5 .5 )

WW2+W2 = WW3+WW4 (5 .6 )

So l i d s  ba lance :

SW2 = SWUSW5 (5 .7)

SW2 = SW3+SW4 (5 .8)

So l id s  balance for  each s iz e  f r a c t i o n  :

SW2M2( d i ) = SW1M1(di)+SW5M5(di) (5 .9)

SW2M2( d i ) = SW3M3(di)+SW4M4(di) (5.10)

2) Around the b a l l  mi l l  

Water balance :

WW3+W3 = WW5 (5.11)

So l id s  balance :

SW3 = SW5 (5.12)

Where :

WWi = Water mass in the i t h  stream

SWi = s o l i d s  mass in the i t h  stream

Mi ( d i ) = mass pe rce n t  of s i z e  di in  the i t h  stream
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CL

©

BM b a ll  m ill  
CL c l a s s i f i e r

Figure 5.1 Closed g r in d in g -c la s s ify in g  c ircu it
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W2 = water  a d d i t i o n  to the  c l a s s i f i e r  

W3 = water  a d d i t i o n  to the  b a l l  mi l l  

i —1j - 2 j • • • • i 5

5.2 S imula t ion Program

The flow c h a r t  of Figure  5 .2  shows schema t ica l ly  the 

computer program developed to s imula te  the c losed  

g r i n d - c l a s s i f y i n g  c i r c u i t  shown in F igure  5 .1 ;  the  program 

i s  shown in Appendix I I .  The program c o n s i s t s  of f i v e  

p a r t s ,  which are  : main program, input  su br ou t ine ,  s p i r a l  

c l a s s i f i e r  s ub ro u t in e ,  b a l l  mi l l  subrout ine  and output  

s u b ro u t i n e .

An i t e r a t i o n  method was used in t h i s  program.

Convergence was cons ide red  achieved when the  d i f f e r e n c e  

between the s o l i d s  mass in the  product  (overf low) and in the 

new feed i s  l e s s  than 0.1 %. However, i f  the number of 

i t e r a t i o n s  was over 30 and convergence was s t i l l  not 

achieved ,  then the program a l so  went to the  output  

su brou t ine  and the f i n a l  i t e r a t i o n  r e s u l t s  were given as 

ou tp u t .

5.3 S imula t ion Re su l t s

The fo l lowing  i s  the  p r i n t o u t  of a s imulated 

g r i n d i n g - c l a s s i f i c a t i o n  ope r a t io n  :
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START

G>
KO = 1

SUB INPUT 
D,L,SW(1),CF,FG 

PC,SV,X9(I),M 9(I), 
BK(I),P(1),W1,W2, 
X5,X6,K1,K2,K3,K4

COMPI
STREi

JTE 
\M 1

COMPUTE 
STREAM 2

COMPUTE 
STREAM 4

COMPUTE
STREAM 3

SUB
CLASSIFIER KO >3

S W ( 4 ) - S W ( l ) < o ^  
SW(1) ^

NO

COMPUTE
ESRESIDENCE TIME

SUB
OUTPUT

SUB 
BALL MILL

, /W A N T  T O ^x ^  
CHANGE VARIAS

COMPUTE NO
STREAM 5

END

Figure 5.2 S im p lif ied  f low -ch art o f  the computer 
program to sim ulate the c lo sed  
g r in d in g -c la s s ify in g  c i r c u i t
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Table 5,1 Simula t ion Resu l t s

MEAN RESIDENCE TIME = 1.14 MIN

CIRCULATING LOAD = 123.33 PCT

WEIGHT PERCENT RETAINED OF STREAMS INDICATED

STREAM NO. 1

SIZE PCT RETAINED
598 20.06
425 3.56
300 3.98
212 5.33
148 5.49
106 7.00
75 7.96
53 6.91

-53 39.71

STREAM NO. 2

SIZE PCT RETAINED
598 20.54
425 4.01
300 5.29
212 11.94
148 13.78
106 10.72
75 7.50
53 5.33

-53 20.89
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Table 5 .1  S imula t ion  Re su l t s  (continued) 

STREAM NO. 3

SIZE PCT RETAINED 
598 37.19
425 7.26
300 9.41
212 18.72
148 15.69
106 7.59
75 3.02 -
53 1.14

-53 0.00

STREAM NO. 4

S I Z E  P C T  R E T A I N E D
598 0.00
425 0.00
300 0 .21
212 3.58
148 11.43
106 14.59
75 13.03
53 10.49

-53 46.66

STREAM NO. 5

SIZE PCT RETAINED
598 21.01
425 4.40
300 6.39
212 17 .36
148 20.43
106 13.67
75 7.10
53 4.03

-53 5.62
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Table 5 .1  Simulation R esults (continued)

WEIGHT PCT SOLIDS

STREAM 1 =85 
STREAM 2 =37.0440852 
STREAM 2 =43.2615322 
STREAM 4 =22.1603026 
STREAM 5 =43.2615322

SPIRAL CLASSIFIER SELECTIVITY INDICES,PCT

SIZE ECU)

598 100.00
504 99.97
357 98.22
252 86.59
177 62.88
125 39.08
89 22.21
63 11.80



Table 5.2 Input Data for  the Simulation

C U M U L A T I V E - B A S I S  B R E A K A G E  R A T E

S I Z E B R E A K . R A T E

598 0.500
425 0.490
300 0.461
212 0.341
148 0.208
106 0.123
75 0.079
53 0.051

-53 0.000

I N P U T  D A T A  F O R  T H I S  S I M U L A T I O N ( C O N T I U E D )

BALL MILL HOLD-UP = .01627776 METRIC TONNES 

FRESH FEED TONNAGE = .3 MTPH 

WATER FLOW RATE ADDED IN THE CLASSIFIER,TPH 

WATER SPLIT FACTOR, RF = 7.48915583 PCT 

ORE SPECIFIC GRAVITY = 3 G/CC
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CHAPTER VI 

DISCUSSION

6.1 The Experiments

The main o b j e c t i v e  was the  development of a s u i t a b l e  

exper imenta l  t echnique to o b ta in  exper imenta l  r e s u l t s  in 

which the exper imenta l  e r r o r  i s  as small as p o s s i b l e .  

Genera l ly  speaking,  the  r e s u l t s  in  t h i s  study are  

s a t i s f a c t o r y  wi th in  ac c e p ta b le  l i m i t s ,  as mentioned in 

Chapter I I I  and IV, but i t  would be p o s s i b l e  to make the 

exper imenta l  r e s u l t s  more a c c u r a te  with some changes in 

exper imenta l  techn ique .

6 .1 .1  Design of Experimental  Flowsheet

The exper imenta l  f lowshee t  shown in Figure  3.2 was a 

c losed  c i r c u i t  in which the overflow of the s p i r a l  

c l a s s i f i e r  was combined wi th  sands product  and r e t u r ne d  to 

the  sump as the feed of the c l a s s i f i e r .  The advantages  of 

t h i s  f lowshee t  were : 1) to  minimize experimenta l  m a t e r i a l s ,  

and 2) to  decrease p r ep ar a t o ry  work for  the t e s t s .  I t  i s  

obvious t h a t  the major shortcomings of t h i s  f lowshee t  were :

1) The e f f e c t  on s t e a d y - s t a t e  op era t i on  of the c l a s s i f i e r  as 

samples were being taken ; 2) I t  was d i f f i c u l t  to mainta in
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the  s i z e  d i s t r i b u t i o n ,  pulp den s i ty  and vo lumet r i c  flow r a t e  

a t  co ns tan t  va l u es ;  3) The accuracy of the experiments  was 

t h e r e f o r e  decreased .  Thus, a b e t t e r  exper imenta l  f lowsheet  

would be an open c i r c u t  in which the overflow and sands were 

not be re tu r n ed  to  the  sump as feed to the  c l a s s i f i e r .

6 . 1 . 2  Experimental  Accuracy

In order  to main ta in  a steady op era t i on  of the 

c l a s s i f i e r  and i n c r e a s e  the experimenta l  accuracy under the 

co n d i t i o n s  of c losed  c i r c u i t  o p e ra t io n ,  c e r t a i n  measures had 

to  be adopted:

1) Examining the  mass flow r a t e  of s l u r r y  to make sure 

t h a t  the a b s o lu te  value of the d i f f e r e n c e  between the  feed 

and the sum of  the overflow and sands was l e s s  than 5 % 

be fo re  each sampling;

2) Af te r  measuring each o p er a t in g  v a r i a b l e  the samples 

were then taken;

3) Af ter  each sampling,  the  new m a te r ia l  and water  were 

added to the c l a s s i f i c a t i o n  c i r c u i t  based on the  mass of 

s l u r r y  samples removed and the con d i t io n  of the next t e s t ;

4) Samples of the overf low,  sands and feed were taken a t  

the  same time to check the experimenta l  e r r o r .  Tes t s  were 

r ep ea te d  i f  the exper imenta l  e r r o r  was ou t s i de  the 

ac c e p t a b l e  l i m i t s .  In a d d i t i o n ,  some t e s t s  were d u p l i c a t e d .
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6.2 The Mathematical  Model

As desc r ibed  above, a mathematical  model of a s p i r a l  

c l a s s i f i e r  was formulated based on the concepts  of d50c and 

the  reduced-performanee curve.  As th e r e  were d i f f e r e n c e s  

between hyrdocyclone models and the s p i r a l  c l a s s i f i e r  

performance,  i t  i s  necessary to d i scuss  some major 

co m plex i t i e s  which arose  dur ing the process  of development 

of the mathemat ical  model.

6 .2 .1  Determinat ion of the Corrected Performance Curve

I t  i s  wel l  known t h a t  the  a c t u a l  performance curve for  a 

hydrocyclone does not pass through the o r i g i n .  Early in the 

1950*3, K e l s a l l  (11) exp la ined  the reason fo r  t h i s .  I t  i s  

g e n e r a l l y  assumed t h a t  the s o l i d s  of a l l  s i z e s  are  en t ra in e d  

by the coarse  product  l i q u i d .  In o the r  words,  t h i s  

en t ra inment  e f f e c t  m a ni fe s t s  i t s e l f  as an i n t e r c e p t  on the  

o r d i n a t e  of the performance curve which normally 

cor responds ,  a t  l e a s t  appr ox i ma te l y , to the  f r a c t i o n  of 

water  r ecovered to coarse  product ,  i . e . ,  Ec-*-Rf, as d—-O 

(see  Figure  2 . 1 ) .  Therefore ,  the  c o r r e c t e d  e f f i c i e n c y ,  Ec 

i s  shown as Equat ion 2 . 2 .  This  equa t ion has commonly been 

used to c a l c u l a t e  Ec fo r  the hydrocyclone 

( 2 , 7 , 9 , 1 0 , 1 4 , 3 9 , 5 7 , 5 9 ) .  But i t  i s  not in agreement with
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t e s t  r e s u l t s  r ep or te d  in Chapter I I I ,  and Aust in (41) has 

po in te d  out the  same problem for  a hydrocyclone.  This 

q u es t i o n  i s  now d i scussed  in more d e t a i l .

Lynch (2 ,14)  p o s t u l a t e d  t h a t  the two major mechanisms by 

which p a r t i c l e s  e n t e r  the coarse  product  are en t ra inment  and 

c l a s s i f i c a t i o n  which can be expressed mathemat ical ly  as 

fo l lows  :

Ea = a + Ec( i)  (6 .1)

Where Ea( i)  i s  the mass f r a c t i o n  of s i z e  i n t e r v a l  i  in feed 

r e p o r t i n g  to the  underflow because of ent ra inment  and 

c l a s s i f i c a t i o n

Ec( i )  = the mass f r a c t i o n  of s i ze  i n t e r v a l  i  in feed 

r e p o r t i n g  to the underflow because of c l a s s i f i c a t i o n  only 

a = by-pass  f r a c t i o n  (no c l a s s i f i c a t i o n ) .

Although the above p o s t u l a t i o n  must be c o r r e c t ,  t h e r e  

s t i l l  e x i s t  two major q u e s t i o n s :  1) I s  i t  c o r r e c t  to 

cons ide r  a = Rf? 2) I s  the  en t ra inment  e f f e c t  on the  coarse  

and f i n e  p a r t i c l e s  the same?

For the f i r s t  q u e s t i o n ,  i f  a = Rf, then Ec( i )  would then 

be a neg a t ive  value in many cases  (because Rf>Ea(i)  in these  

c a s e s ) ;  t h i s  i s  obviously i n c o r r e c t  both in theory and in
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p r a c t i c e .  The a u t h o r 1s opinon i s  t h a t  th e r e  i s  no 

t h e o r e t i c a l  or p r a c t i c a l  reason why t h i s  by-pass  f r a c t i o n ,  

a, should equal  the water  s p l i t  to the  underf low,  Rf, under 

a l l  c i rcumstances .

Luckie and Aust in  (58) have reviewed the  methods of 

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

mathemat ical  procedure fo r  f i t t i n g  an a p p r o p r i a t e  f unc t io n  

to  the performance curve.  Recently Aust in and K1impel (41) 

have suggested a mathemat ical  procedure fo r  ob t a in in g  the 

complete performance curve based on e x t r a p o l a t i o n  of the 

smal ler  s i z e s  of the  feed s i z e  d i s t r i b u t i o n  on a Schuhmann 

p l o t ,  and f i t t i n g  the performance curve to a th r ee -p a ra m ete r  

f u n c t i o n  (b y-pass ,  d50c and s teepn es s  pa r am ete r s ) .  The work 

in  t h i s  study was under taken to  f ind  ano ther  way to solve 

t h i s  problem. A r e l a t i o n s h i p  between the f i n e s t  s i z e  

f r a c t i o n ,  Fz(% -53 microns r e p o r t i n g  to the  sands) and the 

o p e ra t in g  v a r i a b l e s  has been i n v e s t i g a t e d ,  and a r e g r e s s i o n  

equa t ion  has been developed ( c f .  Chapter IV).  The complete 

reduced-performance curve was ob ta ined using Fz in te ad  of Rf 

to  c a l c u l a t e  E c ( i ) .  The advantages of t h i s  method a r e :  1) 

avoiding  the  unreasonab le  s i t u a t i o n  in  which the Ec( i)  i s  a 

neg a t iv e  value in many cases ;  2) the  r e s u l t s  of using Fz to  

f i t  the t e s t  data  r e l a t i v e l y  ac cu ra t e y .

For the second q u e s t i o n ,  the  experimenta l  r e s u l t s  showed
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t h a t  the i n f lu en c e  of ent ra inment  on the d i f f e r e n t  s i z e  

f r a c t i o n s  c l a s s i f i e d  i s  d i f f e r e n t ;  t h a t  i s ,  the  in f lu e n c e  on 

the  coarse  s i z e  f r a c t i o n  i s  l e s s  than on the  f i n e  s i z e  

f r a c t i o n .  The p r i n c i p a l  reason i s  probably t h a t  the f i n e r  

s o l i d s  a re  en t ra in e d  by the coarse  product  l i q u i d ,  and 

s o l i d s  of coarse  s i z e  r e p o r t i n g  to the sands (or  the 

underf low) a r e  ac ted  upon by the g r av i t y  f o r c e .  In o the r  

words,  c l a s s i f i c a t i o n  i s  dominant fo r  coarse  s i z e s  

r e p o r t i n g  to the  sands,  and ent ra inment  i s  dominant for  

f i n e s  r e p o r t i n g  to the  sands.  I f  so, the  l o g i c a l  conclusion  

i s  t h a t  th e re  w i l l  probably be a c r i t i c a l  s i z e ,  Dcr, such 

t h a t

d( i )>Dcr  Ec( i)  = Ea( i )

dCiXDcr Ec( i)  = Ea( i ) - a / (  1-a) (6 .2 )

Where :

d ( i )  = p a r t i c l e  s i z e  in the i n t e r v a l  i  in the  feed 

a z en t ra inment  or by-pass  f r a c t i o n  

Thus, the  main problem becomes how to determine Dcr and

а.  I f  these  two parameters  can be found, a more ac cu r a t e  Ec 

could then be ob ta ined .  However, t h i s  work i s  beyond the 

scope of t h i s  t h e s i s .

б . 2 .2  F i t t i n g  the Equation For the Reduced-Performance Curve 

In t h i s  study Equat ion 2 .4  was used to  p r ese n t  the



T-2848 83

redu ce d -pe r f  ormance curve :

Ec = 1 -  ( -0 .6 93 (d /d 50c)  m ) (2 .4)

Where m embodies a l l  of the v a r i a b l e s  a f f e c t i n g  the  

sharpness  of s e p a r a t i o n .  The value of m v a r i e s  between 1.5 

to  3.5 fo r  hydrocyclones  (10) ,  and between 1.0 to  2.5 for  

the  s p i r a l  c l a s s i f i e r  (see  Chapter I I I ) .

The r e g r e s s i o n  Equation 4.4 i n d i c a t e s  t h a t  most of the 

v a r i a b l e s  which a f f e c t  the  value of m are  op era t i ng  

v a r i a b l e s ,  and among them the s i z e  d i s t r i b u t i o n  of the feed 

i s  the most impor tant  f a c t o r .  As the g o o d n e s s - o f - f i t  i s  

d i f f e r e n t  in the d i f f e r e n t  s e c t i o n s  of the 

reduced-performance curve,  the  bes t  way to improve the 

g o o d n e s s - o f - f i t  would probably be to f i t  according to the  

d i f f e r e n t  s e c t i o n s  of the curve,  i . e . ,  d iv ide  the 

reduced-performance curve i n t o  se ver a l  (2 or 3) s e c t i o n s ,  

with each s e c t i o n  f i t t e d  using a d i f f e r e n t  value of m.

6 . 2 . 3  Methods to Determine d50c

Al tog e ther  four  methods were used to determine d50c in 

t h i s  s tudy:  1) The Lagrange i n t e r p o l a t i o n  method; 2) The 

l i n e a r  i n t e r p o l a t i o n  ( two-po in t  i n t e r p o l a t i o n )  method; 3) 

C a lc u l a t i o n  from s lope ,  m, of  the reduced-performance curve;  

and 4) D i r ec t  de te rmi na t ion  from the reduced-performace 

curve.  The c a l c u l a t e d  r e s u l t s  a r e  given in Appendix I I I . 1.
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Only a few experimenta l  data would be inc luded using the 

s t r a i g h t  l i n e  method. The method of d i r e c t  de t e rmina t ion  of 

d50c from the reduced-performance curve i s  very simple,  but  

i t  i s  not convenient  when using the computer.  I t  seems to

be t h a t  the Lagrange i n t e r c e p t i o n  method i s  b e t t e r  because

more t e s t  data can be used,  and more a c cu ra te  r e s u l t s  could 

be ob ta ined  when adopt ing  computer c a l c u l a t i o n .  The t h i r d  

method, us ing s lope ,  m of the reduced-performance curve to

c a l c u l a t e  d50c would a l s o  be a good method i f  the

g o o d n e s s - o f - f i t  of the reduced-performance curve was 

improved and the value  of m was s u f f i c i e n t l y  a c cu r a te .

6.3 Simulat ion  of G r i n d i n g - c l a s s i f y i n g  C i r c u i t

The s im ula t ion  of a c losed  g r ind ing  c i r c u i t  which 

c o n s i s t s  of a b a l l  mi l l  and a s p i r a l  c l a s s i f i e r  has been 

c a r r i e d  out using a plug flow b a l l  mi l l  model and the  s p i r a l  

c l a s s i f i e r  model developed in  t h i s  s tudy.  The major 

o b j e c t i v e  was to examine the a p p l i c a t i o n  and s u i t a b i l i t y  of 

the  model developed fo r  the s im ula t i on  of 

g r i n d i n g - c l a s s i f y i n g  c i r c u i t s .  Although the  s imulat ion  

r e s u l t s  a re  b a s i c a l l y  s a t i s f a c t o r y ,  some a s p e c t s  s t i l l  need 

to  be improved.
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6 .3 .1  Grinding
The s imula t ion  su brou t ine  of a b a l l  mi l l  r e q u i r e s  

info rmat ion  on the feed r a t e  and s i z i n g  a n a l y s i s  of the ore 

e n t e r i n g  the  mi l l  as wel l  as values  fo r  the breakage r a t e ,  

and the  mi l l  parameter s ,  such as the diameter  and l en g th  of 

the  m i l l ,  b a l l  load,  c r i t i c a l  speed,  the  throughput  of the 

m i l l ,  e t c .  Although the s imula t io n  program inc luded most of 

the  above in fo rmat ion ,  some were not considered  in the plug 

flow model.

When ca r ry in g  out s im ula t ion  on a computer, i t  i s  of 

c o n s i d e r a b l e  importance to r e l a t e  s imulat ion  r e s u l t s  to 

p r a c t i c a l  oper a t ing  behav ior .  Operat ing equipment has 

c e r t a i n  phys ica l  l i m i t a t i o n s  which de f ine  the l i m i t s  of 

performance.  Bal l  m i l l s  a re  r e s t r i c t e d  to a c e r t a i n  maximum 

th roughput ,  beyond which the mi l l  d i scharg es  p a r t  of i t s  

b a l l  load i f  i t  i s  an overflow m i l l ,  or f i l l s  up i f  i t  i s  a 

g r a t e  m i l l .  I f  the p r e d ic te d  flow r a t e  i s  beyond the 

p r a c t i c a l  l i m i t a t i o n s  of the b a l l  mi l l  then the s imula t ion  

i s  i n v a l i d .  In order  to i n c r e a s e  the accuracy of 

s im u la t io n ,  i t  may be necessary to f i nd  o the r  models,  for  

example, the  popula t ion  balance model.

6 .3 .2  C l a s s i f i c a t i o n

The mathemat ical  model for  the s p i r a l  c l a s s i f i e r  which 

was used in the s imula t ion  of the g r i n d i n g - c l a s s i f y i n g
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c i r c u i t  inc luded a l l  ope r a t in g  and design v a r i a b l e s  

excep t ing  the  screw speed.  I t  has been demonstrateed t h a t  

t h i s  model i s  s u i t a b l e  fo r  s im ula t ion  under c e r t a i n  

c o n d i t i o n s .  Only a s i n g l e  mineral  (dolomi te)  was t e s t e d ,  

and small  equipment was used in  a l l  the  t e s t s  by which the  

s p i r a l  c l a s s i f i e r  model was developed.

6.4 F ur th e r  Work

1. To study the in f lu en c e  of ent ra inment  on the 

d i f f e r e n t  s i z e  f r a c t i o n s  and f in d  a more ac cu ra t e  method to 

determine the reduced-performance curve.

2.  To f i rmly  e s t a b l i s h  the r e l a t i o n s h i p  between 

sharpness  of s e p a r a t i o n  and the  o per a t in g  and design 

v a r i a b l e s  of a s p i r a l  c l a s s i f i e r  because of the poor 

c o r r e l a t i o n  c o e f f i c i e n t  obta ined  in Equat ion 4 . 4 .  Try using 

d i f f e r e n t  va lues  of m to f i t  the  d i f f e r e n t  s e c t i o n s  of the 

reduced-performance curve.

3. To study c l a s s i f i c a t i o n  of mixtures  of minera l s  by 

doing exper imenta l  work or c o l l e c t i n g  p l a n t  data  which are  

s u i t a b l e  fo r  i n v e s t i g a t i n g  a s p e c t s  of the c l a s s i f i c a t i o n  

behavior  of mixtures  of m in era l s .

4.  To develop a sc a le -up  procedure so t h a t  the 

mathemat ical  model of the s p i r a l  c l a s s i f i e r  which was 

fo rmulated  in  t h i s  study can be used to p r e d i c t  the
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performance of s p i r a l  c l a s s i f i e r s  over a wide range of s i z e s  

and o p e r a t in g  c o n d i t i o n s .
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CHAPTER VII 

CONCLUSIONS

The conc lus ions  of t h i s  study a re  summarized as fo l lo ws :

1. A mathemat ical  model of a s p i r a l  c l a s s i f i e r  has been 

developed based on the  concept  of d50c and the 

reduced-performanee curve.

2.  The model which has been formulated enab les  the  

performance of a s p i r a l  c l a s s i f i e r  to be c a l c u l a t e d  wi th  

r eas ona b le  accuracy when o p e ra t in g  and design v a r i a b l e s  are  

a v a i l a b l e .

3. The equa t ions  c l e a r l y  rev ea l  the  independent  e f f e c t s  

and r e l a t i v e  importance of a l l  the major v a r i a b l e s  which 

i n f l u e n c e  the ope ra t ion  of a s p i r a l  c l a s s i f i e r .

4.  There i s  no t h e o r e t i c a l  or p r a c t i c a l  reason why the 

by-pass  f r a c t i o n  (wi thout  c l a s s i f i c a t i o n )  should equal  the 

water  s p l i t  to the sands under a l l  c i rcumstances .  For a 

m s p i r a l ' c l a s s i f i e r ,  the  bes t  method to c a l c u l a t e  the 

c o r r e c t e d  performance i s  by use of the f i n e s t  s i z e  f r a c t i o n  

i n s t e a d  of the water  s p l i t  to the  sand. As the  in f lu e n c e  of 

en t ra inment  on the d i f f e r e n t  s i z e  f r a c t i o n s  in the 

c l a s s i f i e r  v a r i e s ,  f u r t h e r  experimenta l  work i s  r e q u i r e d  to 

f i n d  a more a ccu ra t e  method f o r  c a l c u l a t i n g  the c o r r e c t e d



T-2848 89

performance.

5.  The reduced-performance curve fo r  a mineral  in a 

c l a s s i f i e r  i s  b a s i c a l l y  co ns tan t  i r r e s p e c t i v e  of the 

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

6. More work i s  r e q u i r e d  to  f i rmly  e s t a b l i s h  the 

r e l a t i o n s h i p  between the  sharpness  of s e p a r a t i o n  and the  

o p e ra t in g  and design v a r i a b l e s  of a s p i r a l  c l a s s i f i e r .  A 

method by which d i f f e r e n t  va lues  of !,mtf a r e  used to f i t  the 

d i f f e r e n t  s e c t i o n s  of the reduced-performance curve may give 

a more a c cu r a t e  r e s u l t .

7.  The model developed in t h i s  t h e s i s ,  combined wi th a 

b a l l  mi l l  model can be used fo r  s imula t ion  of c losed  c i r c u i t  

g r in d in g .

8.  Fur the r  work i s  r e q u i r e d  before  i t  i s  p o s s i b l e  to use 

t h i s  model for  c l a s s i f i c a t i o n  of ores and fo r  l a r g e  s c a l e  

equipment .
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APPENDIX I

RESULTS OF EACH TEST
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Table AI . l Results  of  Test NO. 1

Size Size  D is t r ib ut i on (%) Ea Ec

(Micr.) O/F Sand Cal.F Mea.F (%) (%)

2803 0.00 0.04 0.02 0.01 100.00 100.00

992 1.36 42.83 23.33 22.81 97.26 96.90

350 1.36 21.32 11.93 11.51 94.64 93.94

248 4.77 12.34 8.78 8.80 74.46 71.10

174 3.07 7 .48 5.41 5.40 73.30 69.79

104 2.05 1.57 1.80 2.07 46.32 39.27

63 23.85 7.01 14.93 14.88 24.88 15.01

-63 ' 63.54 7.41 33.80 34.52 11.61 0.00

RF=10.5993951 0FW=2•9 8 SW=3.36
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Table AI ,2 Result s  of Test No.2

Size Size  Dis tr ib ut ion (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.04 0.02 0.01 100.00 100.00

992 4.13 43.50 22.39 22.47 90.11 89.10

350 2.07 19.94 10.36 10.40 89.28 88.19

248 4.29 12.60 8.14 7.92 71.76 68.86

174 3.96 8.03 5.85 5.28 63.69 59.97

104 15.85 5.98 11.27 11.32 24.61 16.88

63 9.76 2.81 6.54 6.18 19.94 11.74

—63 59.94 7.10 35.43 36.42 9.29 0.00

RF=8.43357568 OFW=3.29 SW=2.85
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Table AI .3 Results of Test No. 3

Size Size  Dis tr ibut ion (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.03 0.01 0.01 100.00 100.00

992 0.84 42.28 20.46 20.52 97.84 97.61

350 1.34 21.73 10.99 10.37 93.58 92.89

248 4.19 12.74 8.24 8.63 73.22 70.34

174 5.36 7 .59 6.42 6.95 56.01 51.28

104 5.01 3.68 4.38 4.17 39.78 33.30

63 20.45 4.43 12.86 12.35 16.30 7.29

-63 62.81 7.52 36.63 37.00 9.72 0.00

tF=9.21607195 OFW=3 .17 SW=2 .85
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Table AI .4 Results  of  Test No. 4

Size Size  D is t r ibu t io n  (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

23 08 0.00 0.03 0.02 0.03 100.00 100.00

992 2.64 32.02 23.37 23.81 96.67 94.55

350 2.64 16.64 12.52 12.23 93.79 89.82

248 6.61 12.86 11.02 10.99 82.33 71.04

174 4.41 7.52 6.60 7.09 80.33 67.76

104 4.64 4.45 4.51 4.56 69.67 50.28

63 20.47 10.84 13.68 13.43 55.92 27.73

-63 58.59 15.64 28.29 27.68 39.00 0.00

RF=54.604727 OFW=l.63  SW=3.90
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Size

Table AI.5 Results  of  Test No.5 

Size  D is t r ib ut io n  (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.09 0.06 0.00 100.00 100.00

992 2.48 30.16 22.46 21.63 96.93 94.32

350 2.27 16.27 12.38 12.52 94.90 90.57

248 8.19 14.27 12.58 11.98 81.89 66.53

174 6.49 7 .76 7.41 7.55 75.63 54.95

104 4.89 4.18 4.38 4.95 68.93 42.57

63 20.93 9.37 12.59 12.41 53.75 14.50

-63 54.75 17.90 28.15 28.96 45.90 0.00

RF=47.9145678 OFW=1.49 SW=3.87
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T ab le  A I . 6 R e s u l t s  o f  T e s t  N o .6

Size S ize  Dis t r ibu t ion  (%) EA

Micr. O/F SAND CAL.F Mea.F %

2803 0.00 0.08 0.06 0.00 100.00

992 3.08 34.24 25.46 25.09 96.59

350 5.68 16.63 13.55 13.07 88.19

248 6.77 14.63 12.42 12.68 84.64

174 5.89 5.75 5.79 5.29 71.35

104 9.01 7.25 7.75 8.14 67.24

63 18.43 6.25 9.68 9.07 46.38

-63 51.14 15.17 25.30 26.66 43.07

EC

%

100 .00

94.02 

79.26

73.02  

49.67 

42.45

5.81

0 .00

RF=38.8530821 OFW=1.59 SW=4.0 5



T -2 8 4 8 103

Table AI.7 Results  of  Test No.7

Size Size  Dis tr ib ut ion (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.26 0.12 0.17 100.00 100.00

992 2.46 66.86 32.99 32.17 96.08 95.73

350 4.57 11.41 7.81 7.41 69.24 66.53

248 8.26 8.38 8.32 8.62 47.77 43.16

174 4.82 3.52 4.20 4.80 39.70 34.38

104 8.92 2.56 5.90 5.11 20.55 13.55

63 23.32 2.35 13.38 16.58 8.33 0.25

-63 47.65 4.66 27.27 25.14 8.10 0.00

RF=7.90602395 OFW=7.02 SW=6.33
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T ab le  A I , 8 R e s u l t s  o f  T e s t  No*8

Size Size  Dis t r ib ut i on  (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.16 0.08 0.10 100.00 100.00

992 1.22 61.76 32.07 32.14 98.13 97.87

350 2.48 11.42 7.04 7.47 82.71 80.31

248 5.90 7.96 6.95 6.96 58.36 52.57

174 7.79 4.22 6.09 6.56 35.49 26.51

104 3.59 1.47 2.51 2.62 29.85 20.09

63 24.84 5.78 15.13 14.98 19.47 8.27

—63 54.00 7.23 30.17 29.17 12.21 o.OO

RF=9.33190906 OFW=3.30 SW=3.43
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Table AI •9 Results: of Test No. 9

Size Size  Dis t r ib ut i on (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0 .00 0.97 0.55 0.60 100.00 100.00

992 2.43 65.15 37.71 38.10 97.18 96.50

350 4.96 9.68 7.61 7.29 71.50 64.65

248 7.61 5.32 6.32 6.60 47.33 34.68

174 8.49 4.23 6.09 6.20 39.04 24.40

104 4.09 0.97 2.34 2.72 23.36 4.96

63 21.14 4.10 11.56 11.14 19.95 0.73

-63 51.28 9.58 27.83 27.35 19.36 0 .00

RF=23.0467045 OFW=4.45  SW=5.72
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T ab le  A I . 10 R e s u l t s  o f  T e s t  No. 10

Size Size  Dis tr ibut ion (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.09 0.05 0.05 100.00 100.00

992 5.42 48.12 28.59 28.69 91.33 88.08

350 6.90 10.51 8.86 8.76 64.38 51.04

248 8.25 8.85 8.58 8.14 56.00 39.53

174 8.25 7.63 7.91 7.85 52.32 34.47

104 5.48 3.64 4.48 4.38 44.07 23.14

63 19.39 6.55 12.42 12.71 28.61 1.89

—63 46.31 14.61 29.11 29.42 27.24 0.00

RF=35 .917768 OFW=4 .36 SW=5.18
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Table AI .11 Results of Test No.11

Size Size  Dis t r ibu t ion (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0 . 00 0.09 0.05 0.07 100.00 100.00

992 3.70 54.01 33.56 34.05 95.52 93.77

350 6.17 10.58 8.79 8.61 71.46 60.31

248 7.27 7.11 7.18 7.84 58.81 42.73

174 6.02 5.11 5.48 5.07 55.34 37.91

104 5.11 3.55 4.18 4.21 50.36 30.97

63 22.56 6.40 12.97 12.66 29.29 1.68

-63 49.17 13.15 27.79 27.49 28.08 0 . 00

RF=26.7848196 OFW=3.64 SW=5.31
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Table AI .12 Results of Test No.12

Size Size  D is t r ib ut i on (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.10 0.05 0.03 100.00 100.00

992 6.15 50.93 28.28 28.10 89.00 84.73

350 7.92 10.14 9.02 9.04 55.58 38.30

248 10.53 6.55 8.56 8.89 37.81 13.62

174 8.97 4.62 6.82 6.36 33.48 7.61

104 13.50 6.20 9.89 9.43 30.98 4.14

63 12.37 5.32 8.89 9.42 29.59 2.21

-63 40.56 16.14 28.49 28.93 28.00 0.00

RF=21 .0211841 OFW=7 .38 SW=7.21
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Table AI. 13 Results of Tests No. 13

Size Size  Dis tr ib ut ion  (%) Ea Ec

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.08 0.04 0.06 100.00 100.00

992 5.99 41.14 23.85 23.61 87.65 82.11

350 8.03 12.30 10.20 10.79 61.28 43.92

248 10.07 7.73 8.88 9.13 44.23 19.22

174 9.05 6.78 7.79 8.04 43.63 18.36

104 19.71 11.05 15.31 15.66 36.68 8.28

63 5.86 3.00 4.41 4.28 34.60 5.27

-63 41.29 17.92 29.41 28.43 30.96 0.00

RF=23.707 6052 OFW=6.51 SW=6.72
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T ab le  A I . 14 R e s u l t s  o f  T e s t  N o .14

Size Size  D is t r ib ut i on (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 1.31 0.12 0.15 100.00 100.00

992 6.95 66.83 12.63 12.05 50.20 49.53

350 6.26 9.88 6.60 6.43 14.19 13.05

248 10.60 5.60 10.13 10.40 5.25 3.98

174 9.05 3.93 8.56 8.86 4.35 3.07

104 16.68 4.93 15.57 15.78 3.00 1.71

63 8.12 2.12 7.55 7.37 2.66 1.36

-63 42.34 5.40 38.84 38.87 1.32 0.00

110

RF=2.41971959 0FW=10.93 SW=1.15
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T ab le  A I .15  R e s u l t s  o f  T e s t  N o .15

Size Size  Dis t r ib ut i on  (%) EA EC

Micr. O/F AND CAL.F Mea.F % %

2803 0 . 00 0.20 0.02 0.03 100.00 100.00

992 7.67 64.40 13.03 13.20 46.69 45.73

350 8.23 11.64 8.55 8.58 12.86 11.28
248 11.31 6.26 10.83 10.42 5.46 3.74

174 9.79 4.07 9.25 8.99 4.16 2.42

104 11.27 3.42 10.53 10.23 3.07 1.31

63 8.92 2.57 8.32 8.62 2.92 1.16

-63 42.81 7.44 39.47 39.93 1.78 0 . 00

RF=2.05230528 OFW=10.42 SW=1.09



T ab le  A I . 16 R e s u l t s  o f  T e s t  N o .16

Size Size Dis t r ib ut i on (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.24 0.12 0.12 100.00 100.00

992 3.70 71.39 38.43 38.68 95.31 94.55

350 8.62 9.66 9.15 9.79 54.14 46.73

248 9.50 5.51 7.45 7.24 37.93 27.89

174 10.41 2.44 6.32 6.31 19.80 6.83

104 16.46 2.82 9.46 10.09 15.29 1.59

63 7.27 1.18 4.15 4.05 14.60 0.79

-63 44.07 6.76 24.91 23.72 13.92 0.00

112

RF=18.7776492 OFW=4.15 SW=4.37
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T ab le  A I . 17 R e s u l t s  o f  T e s t  N o .17

Size Size  Dis t r ibut ion (%) EA EC

Micr. O/F SAND CAL.F Mea.F %
/

%

2803 0.00 0.41 0.22 0.24 100.00 100.00

992 5.22 70.73 40.53 40.27 94.06 92.85

350 9.38 8.50 8.91 9.53 51.44 41.52

248 10.85 4.46 7.41 7.91 32.46 18.65

174 9.30 2.54 5.66 5.23 24.20 8.71

104 21.78 5.32 12.91 12.98 22.21 6.31

63 7.38 1.73 4.33 4.54 21.51 5.47

-63 36.09 6.31 20.04 19.30 16.97 0.00

RF=20.0867247 OFW=4.04 StV=4.72
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T ab le  A I . 18 R e s u l t s  o f  T e s t  N o .18

Size Size  Dis t r ib ut i on (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.20 0.05 0.06 100.00 100.00

992 6.52 60.86 19.41 20.18 74.38 72.91

350 7.69 10.26 8.30 8.78 29.33 25.25

248 10.11 6.76 9.32 9.14 17.22 12.44

174 7.85 4.94 7.16 7.47 16.37 11.55

104 24.23 8.23 20.43 19.82 9.56 4.34

63 7.85 2.12 6.49 6.56 7.75 2.43

-63 35.75 6.63 28.84 27.99 5.45 0.00

RF=10.318997 0FW=8.4 8 SW=2.64
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Tab le  A I . 19 R e s u l t s  o f  T e s t  N o .19

Size Size  Dis t r ib ut i on (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2083 0.00 0.16 0.06 0.05 100.00 100.00

992 4.79 67.89 29.85 29.94 90.33 89.38

350 7.07 10.50 8.43 9.02 49.46 44.48

248 9.88 5.15 8.00 7.69 25.57 18.23

174 8.71 3.78 6.75 6.65 22.24 14.57

104 17.16 4.10 11.97 11.24 13.60 5.09

63 13.36 3.03 11.07 11.81 10.88 2.09

-63 36.03 5.39 23.86 23.60 8.97 0.00

w ii 00 1601994 OFW=6 .18 SW=4.08
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T ab le  A I , 20 R e s u l t s  o f  T e s t  N o ,20

Size Size  Dis tr ib ut ion (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.17 0.04 0.03 100.00 100.00

992 7.15 70.71 21.96 21.22 75.02 74.01

350 7.82 10.76 8.50 9.04 29.47 26.62

248 10.86 5.31 9.57 9.32 12.93 9.40

174 9.57 2.73 7.98 7 .76 7.97 4.25

104 20.24 4.33 16.53 17.74 6.10 2.30

63 6.87 0.99 5.50 4.58 4.19 0.31

-63 37.49 5.00 29.72 30.26 3.89 0.00

RF=4.71531292 OFW=12.95 SW=3.93
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T ab le  A I .2 1  R e s u l t s  o f  T e s t  N o .21

Size Size  Dis t r ib ut i on (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.37 0.04 0.04 100.00 100.00

992 4.61 72.46 11.40 11.50 63.60 63.04

350 6.11 9.61 6.46 6.18 14.88 13.57

248 7.55 3.94 7.19 7.22 5.48 4.02

174 7.70 2.39 7.17 7 .98 3.33 1.84

104 23.75 4.31 21.81 21.29 1.98 0.47

63 9.78 1 .48 8.95 8.42 1.65 0.14

-63 40.50 5.62 37.01 37.37 1.52 0.00

117

RF=2.84710703 OFW=12.91 SW=1.43
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T ab le  A I . 22 R e s u l t s  o f  T e s t  N o .22

S i z e  S i z e  D i s t r i b u t i o n  (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.36 0.04 0.03 100.00 100.00

992 3.80 70.99 10.70 10.25 68.15 67.53

350 5.47 7.03 5.63 6.02 12.83 11.15

248 9.04 5.60 8.69 9.03 6.62 4.83

174 8.68 2.34 8.03 8.29 2.99 1.13

104 24.32 5.25 22.36 22.51 2.41 0.54

63 9.07 1.78 8.32 8.74 2.20 0.32

-63 39.62 6.65 36.63 35.08 1.89 0.00

RF=2.93086719 OFW=13.36 SW=1.53
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T ab le  A I . 23 R e s u l t s  o f  T e s t  N o .23

S i z e  S i z e  D i s t r i b u t i o n  (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.09 0.04 0.05 100.00 100.00

992 2.41 31 91 15.36 15.06 91.19 87.83

350 6.48 12.00 8.90 8.97 59.15 43.54

248 9.02 7.44 8.33 8.87 39.21 15.98

174 8.48 6.51 7.62 7.16 37.51 13.63

104 22.28 15.13 19.14 19.54 34.69 9.72

63 9.77 6.26 8.23 8.06 33.38 7.92

-63 42.27 20.66 32.79 32.29 27.65 0.00

RF=27.4128544 0FW=7.13 SW=5.58
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T ab le  A I . 24 R e s u l t s  o f  T e s t  N o .24

Size Size  Dis t r ib ut i on  (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.19 0.07 0.06 100.00 100.00

992 3.36 49.51 20.35 20.56 89.56 87.73

350 6.52 13.49 9.09 9.98 54.65 46.67

248 7.32 6.56 7.04 7.33 34.29 22.73

174 11.10 4.79 8.78 8.49 20.08 6.02

104 25.32 10.54 19.88 19.96 19.51 5.35

63 11.04 4.24 8.54 8.91 18.28 3.90

-63 35.34 10.68 26.26 24.71 14.97 0.00

RF=21.9503176 OFW=8.95 SW=5.21
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T ab le  A I . 25 R e s u l t s  o f  T e s t  N o .25

S i z e  S i z e  D i s t r i b u t i o n  (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.42 0.04 0.03 100.00 100.00

992 3.34 75.88 9.60 9.71 68.23 67.91

350 4.44 9.27 4.86 5.06 16.48 15.65

248 9.13 3.85 8.67 8.67 3.83 2.88

174 8.70 2.05 8.13 7.94 2.18 1.21

104 25.07 3.25 23.19 23.09 1.21 0.23

63 10.59 1.21 9.78 9.27 1.07 0.09

-63 38.73 4.07 35.74 36.23 0.98 0.00

RF=2.30280032 OFW=13.20 SW=1.25
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T ab le  A I , 26 R e s u l t s  o f  T e s t  N o ,26

Size Size  D is t r ib u t io n  (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.42 Q..03 0.04 100.00 100.00

992 3.10 76.32 8.63 8.70 66.78 66.48

350 4.05 7.06 4.28 4.08 12.46 11.66

248 8.86 3.83 8.48 8.35 3.41 2.53

174 10.86 2.12 10.20 10.52 1.57 0.67

104 23.37 4.15 21.92 21.36 1.43 0.53

63 13.84 1.90 12.94 12.48 1.11 0.20

-63 35.92 4.02 33.51 34.47 0.91 0.00

RF=1 .91358719 OFW=11.20 SW=0.91
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T ab le  A I . 27 R e s u l t s  o f  T e s t  N o .27

Size  Size  Dis t r ib ut i on  (%) EA EC

Micr. O / F S A N D C A L . F E a . F % %

2803 0.00 0.39 0.02 0.03 100.00 100.00

992 10.34 56.69 12.47 12.56 20.86 19.87

350 8.21 7.69 8.19 8.34 4.31 3.12

248 10.30 6.78 10.14 10.78 3.07 1.86

174 9.60 6.10 9.44 9.31 2.96 1.76

104 19.31 9.50 18.86 19.28 2.31 1.10

63 5.40 2.38 5.26 5.09 2.07 0.86

-63 36.84 9.53 35.59 34.61 1.23 0.00

RF=2.05591331 OFW=15.87 SW»0 .763
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T ab le  A I . 28 R e s u l t s  o f  T e s t  N o .28

Size Size  D is t r ib ut i on  (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.14 0.02 0.02 100.00 100.00

992 12.63 40.87 15.83 15.02 29.23 24.71

350 8.91 10.83 9.13 9.73 13.43 7.90

248 11.03 8.76 10.77 11.07 9.21 3.40

174 9.55 7.41 9.31 9.03 9.01 3.20

104 15.00 10.34 14.47 14.57 8.09 2.21

63 5.20 2.78 4.93 5.03 6.39 0.40

-63 37.68 18.87 35.55 35.53 6.01 0.00

RF=7 .200653225 OFW=16.91 SW=2.16
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T ab le  A I . 29 R e s u l t s  o f  T e s t  N o .29

Size S ize  D is t r ib ut i on  (%) EA EC

Micr. O / F S A N D C A L . F M e a . F % %

2803 0.00 0.13 0.01 0.02 100.00 100.00

992 11.33 47.09 12.83 12.22 15.41 13.66

350 9.96 10.05 9.96 9.57 4.24 2.25

248 11.25 7.54 11.09 11.12 2.85 0.84

174 8.74 5.07 8.59 9.01 2.48 0.46

104 19.56 11.25 19.21 19.03 2.46 0.44

63 6.65 3.51 6.52 7.02 2.26 0.24

-63 32.51 15.36 31.79 32.01 2.03 0.00

RF=2.91794088 OFW=19.39 SW=0.85
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T ab le  A I , 30 R e s u l t s  o f  T e s t  N o .30

Size Size  Di s tr ibut ion (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.20 0.02 0.01 100.00 100.00

992 11.03 45.39 15.28 15.08 36.77 32.39

350 9.80 10.30 9.86 10.01 12.93 6.90

248 10.73 7.23 10.30 ' 10.42 8.69 2.37

174 9.51 6.04 9.08 8.98 8.24 1.88

104 19.04 11.28 18.08 18.21 7.73 1.34

63 1.87 0.93 1.75 1.81 6.57 0.10

-63 38.02 18.63 36.62 35.48 6.48 0.00

RF=9 .65136056 OFW=10.39 SW=1.47
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T a b le  A I . 31 R e s u l t s  o f  T e s t  N o .31

Size Size  Dis tr ibut ion (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.24 0.10 0.10 100.00 100.00

992 0.11 62.60 25.80 25.38 99.75 99.73

350 0.81 11.99 5.41 5.28 91.18 90.48

248 2.14 6.77 4.04 4.14 68.83 66.38

174 3.56 3.81 3.66 3.94 42.76 38.27

104 11.81 4.09 8.64 8.63 19.47 13.15

63 6.62 2.08 4.75 4.03 17.99 11.55

-63 74.95 8.42 47.60 48.48 7.27 0.00

RF=10 .4242026 OFW=3.13 Sw=2.19



T - 2 8 4 8
128

Size

Table AI.32 Results  of  Test No.32 

Size  Dis t r ib ut i on  (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.07 0.02 0.02 100.00 100.00

992 0.23 55.10 17.08 17.38 99.07 99.02

350 1.01 16.12 5.65 5.03 87.62 86.99

248 2.57 8.89 4.51 4.72 60.53 58.52

174 4.45 5.36 4.73 4.59 34.81 31.50

104 13.65 5.07 11.01 10.98 14.14 9.77

63 7.02 1.24 5.24 5.30 7.26 2.55

-63 71.07 8.15 51.74 51.96 4.84 0.00

RF=5.06616257 OFW=7.25 SW=3.22
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T ab le  A I . 33 R e s u l t s  o f  T e s t  N o .33

S i z e  S i z e  D i s t r i b u t i o n  (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.04 0.01 0.01 100.00 100.00

992 0.17 53.78 11.31 11.42 98.81 98.77

350 1.34 16.84 4.56 4.16 76.73 76.05

248 2.94 9.32 4.27 4.69 45.40 43.82

174 4.87 5.64 5.03 5.09 23.30 21.08

104 13.87 5.45 12.12 11.97 9.34 6.72

63 7.31 1.25 6.05 6.09 4.29 1.52

-63 69.50 7.68 56.65 56.57 2.82 0.00

RF=3.06098965 OFW=6.08 SW=1.60



Table AI .34 Results  of  Test No.34

Size Size  Dis t r ibu t ion  (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.05 0.02 0.00 100.00 100.00

992 0.14 31.64 13.26 13.76 99.38 99.20

350 1.10 12.32 5.77 5.75 88.88 85.62

248 2.74 8.35 5.08 4.94 68.50 59.28

174 4.32 6.21 5.11 5.50 50.63 36.19

104 13.36 8.93 11.52 12.05 32.29 12.48

63 7.60 3 .49 5.89 6.15 24.68 2.64

-63 70.74 29.01 53.36 51.85 22.64 0.00

RF=21.2157689 OFW-4.93 SW=3.52
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T ab le  A I . 35 R e s u l t s  o f  T e s t  N o .35

S i z e  S i z e  D i s t r i b u t i o n  (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.03 0.02 0.03 100.00 100.00

992 5.12 22.96 19.81 19.21 95 43 80.68

350 4.54 10.29 9.27 9.45 91.34 63.40

248 5.98 5.43 5.53 5.73 80.87 19.13

174 6.20 5.36 5.51 5.29 80.10 15.87

104 14.10 11.02 11.56 11.31 78.44 8.86

63 6.36 4.91 5.17 4.99 78.23 7.98

-63 57.70 40.00 43.13 43.99 76.34 0.00

RF=80.4888824 OFW=1.44 SW=6.68
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T ab le  A I , 36 R e s u l t s  o f  T e s t  N o ,36

Size Size  Di s tr ibut ion (%) EA EC

Micr, O/F SAND CAL.F Mea.F % %

2803 0.00 0.09 0.00 0.01 100.00 100.00

992 8.60 52.82 9.82 10.23 14.82 13.96

350 6.30 10.79 6.42 5.98 4.63 3.66

248 5.56 4.24 5.52 5.36 2.12 1.12

174 5.67 3.24 5.60 5.66 1.59 0.59

104 12.20 6.20 12.03 12.56 1.42 0.42

63 5.74 2.51 5.65 5.56 1.22 0.22

-63 55.93 20.11 54.94 54.64 1.01 0.00

RF=1.50530819 OFW=14.89 SW=0.42
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T a b le  A I , 37 R e s u l t s  o f  T e s t  N o ,37

Size Size  Dis tr ib ut ion (%) EA EC

Micr, O/F SAND CAL.F Mea.F % %

2803 0.00 0.07 0.01 0.04 100.00 100.00

992 11.16 34.98 13.24 12.48 23.06 18.67

350 6.01 11.20 6.46 5.99 15.13 10.29

248 5.20 5.15 5.20 5.51 8.65 3.44

174 5.56 4.40 5.46 5.47 7.04 1.73

104 12.28 8.32 11.93 12.20 6.08 0.73

63 5.92 3.76 5.73 5.34 5.73 0.35

-63 53.87 32.12 51.97 52.97 5.39 0.00

RF=6.42023347 OFW=8.23 SW=0.79
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Table AI.38 Results of Test No.38

Size Size  D is t r ib ut i on  (%) EA EC

Micr. O/F SAND CAL.F Mea. F % %

2803 0.00 0.04 0.00 0.05 100.00 100.00

992 10.60 35.04 13.49 12.60 30.68 25.18

350 6.09 10.27 6.58 6.00 18.42 11.95

248 5.48 5.26 5.45 5.63 11.39 4.36

174 5.65 4.57 5.52 5.54 9.77 2.61

104 12.26 8.85 11.86 12.01 8.81 1.58

63 5.69 3.84 5.47 5.40 8.29 1.01

-63 54.23 32.13 51.62 52.77 7.35 0.00

RF=8.6359737 OFW=7.84 SW=1.05
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T a b le  A I . 39 R e s u l t s  o f  T e s t  N o .39

S i z e  S i z e  D i s t r i b u t i o n  (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.06 0.02 0.00 100.00 100.00

992 1.19 62.80 18.27 17.24 95.29 94.98

350 2.88 12.20 5.46 5.76 61.91 59.41

248 3,90 5.27 4.28 4.19 34.14 29.82

174 4.57 3.04 4.15 4.48 20.33 15.11

104 12.12 3.66 9.77 10.24 10.38 4.51

63 6.44 1.20 4.99 5.02 6.67 0.56

—63 68.90 11.77 53.06 53.07 6.15 0.00

r f =7 .26012954 OFW=7.54 SW=2.89
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T a b le  A I . 40 R e s u l t s  o f  T e s t  N o .40

Size Size  Dis t r ibu t ion (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.18 0.01 0.07 100.00 100.00

992 3.38 60.26 7.31 7 . .9 1 56.99 56.26

350 4.47 10.64 4.90 4.90 15.03 13.59

248 4.34 5.07 4.39 4.51 7.99 6.43

174 4.95 3.21 4.74 4.74 4.69 3.07

104 11.82 4.19 11.29 11.07 2.57 0.91

63 6.20 1.62 5.88 5.85 1.90 0.24

-63 64.94 14.83 61.47 60.95 1.67 0.00

RF=2.48264816 OFW=15.23 SW=1.13
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T ab le  A I . 41 R e s u l t s  o f  T e s t  N o .41

Size Size  Dis t r ib ut ion  (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.04 0.02 0.06 100.00 100.00

992 0.51 43.43 27.15 27.19 99.29 98.82

350 1.89 10.00 6.92 7.10 89.64 82.88

248 3.35 5.05 4.41 4.38 71.15 52.32

174 4.46 3.81 4.06 4.05 58.29 31.06

104 11.95 6.41 8.51 8.55 46,74 11.97

63 6.70 2.87 4.32 4.24 41.21 2.82

—63 71.14 28.39 44.61 44.43 39.50 0.00

RF=40.5670408 OFW=3.08 SW=5.05



T -2848
138

T ab le  A I . 42 R e s u l t s  o f  T e s t  N o .42

S i z e  S i z e  D i s t r i b u t i o n  (%) EA EC

Micr. O/F SAND CAL.F Mea. F % %

2803 0.00 0.01 0.01 0.07 100.00 100.00

992 1.96 60.11 7.47 6.57 76.23 75.84

350 3.46 13.94 4.45 4.13 29.65 28.49

248 4.00 6.39 4.23 4.28 14.32 12.90

174 4.74 3.65 4.64 4.58 7.45 5.93

104 12.26 4.00 11.48 11.62 3.30 1.71

63 6.37 1.22 5.88 5.88 1.96 0.35

—63 67.21 10.59 61.85 62.87 1.62 0.00

RF=2.04165525 OFW=9.53 SW=1.00
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T ab le  A I , 43 R e s u l t s  o f  T e s t  N o .43

Size Size  D is tr ib ut io n  (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.40 0.05 0.00 100.00 100.00

992 13.73 67.06 20.92 11.98 43.20 41.24

350 8.87 10.10 9.04 7.83 15.06 12.13

248 6.37 3.64 6.00 6.45 8.17 5.00

174 6.27 2.58 5.77 6.45 6.02 2.78

104 13.37 4.21 12.14 13.77 4.67 1.38

63 6.12 1.53 5.50 5.82 3.75 0.42

-63 47.27 10.48 42.31 47.70 3.34 0.00

RF=4.09795526 OFW=16.97 SW=2.64
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Size

Table AI.44 Results  of  Test No.44 

Size  Dis t r ib ut i on  (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.04 0.03 0.04 100.00 100.00

992 6.59 19.23 15.15 16.06 85.95 62.37

350 5.79 6.25 6.10 6.06 69.36 17.92

248 5.52 5.63 5.59 5.65 68.14 14.66

174 5.43 5.45 5.44 5.52 67.79 13.72

104 11.66 10.98 11.20 11.02 66.38 9.95

63 6.45 5.54 5.83 5.36 64.30 4.37

-63 58.56 46.88 50.65 50.29 62.67 0.00

RF=63.6101084 OFW=3.34 SW=7.01
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Table AI.45 Result s  of  Test No.45

Size Size  Dis tr ib ut ion (%) EA EC

Micr. O/F SAND CAL.F Mea. F % %

2803 0.00 0.15 0.03 0.04 100.00 100.00

992 10.29 38.64 15.11 15.04 43.46 36.58

350 6.44 8.62 6.81 6.75 21.50 11.95

248 6.33 5.21 6.14 6.10 14.42 4.00
174 6.33 4.60 6.04 6.15 12.95 2.35

104 13.39 8.74 12.60 12.83 11.78 1.05

63 6.16 3.68 5.74 5.76 10.89 0.05

-63 51.06 30.36 47.54 47.33 10.85 0.00
RF=11 .9949381 OFW=12 .04 Sw=2.47
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Size

Table AI.46 Result s  of  Test No.46 

Size  D is t r ib ut i on  (%) EA EC

Micr. O/F SAND CAL.F Mea.F % %

2803 0.00 0.20 0.02 0.01 100.00 100.00

992 10.62 42.46 14.29 14.62 34.22 29.51

350 6.73 8.44 6.93 6.73 14.03 7.87

248 5.63 4.98 5.56 5.63 10.32 3.90

174 5.87 4.13 5.67 5.87 8.39 1.83

104 12.88 7.59 12.27 12.88 7 .12 0.47

63 5.72 3.29 5.44 5.02 6.96 0.30

-63 52.55 28.91 49.83 49.24 6.68 0.00

RF=7.64408988 OFW=12.29 SW=1.60
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100 REM
110 REM *** PROGRAM NAME: SIMULATION PROGRAM ***
120 REM
130 REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
140 REM PROGRAM TO SIMULATE A GRINDING
150 REM CIRCUIT WHICH CONSISTS OF A
160 REM BALL MILL AND A SPIRAL CLASSI­
170 REM FIER
180 REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
190 REM
200 REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
210 REM SPECIFICATION OF VARIABLES AND
220 REM PARAMETERS
230 REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
240 REM SW(L)=MASS FLOW RATE(TPH) IN
250 REM STREAM L
2 6 0 REM P(L)=PULP DENSITY (%) IN
2 70 REM STREAM L
280 REM W1=WATER ADDITION TO BALL
290 REM MILL ( TPH)
300 REM W2=WATER ADDITION TO S P I ­
310 REM RAL CLASSIFIER (TPH)
320 REM VW(L)=VOLUME FLOW RATE OF
330 REM WATER IN STREAM L
340 REM TIzBALL MILL MEAN RESIDENCE
350 REM TIME,MIN.
360 REM REzTHE CALCULATED CIRCULATING
370 REM LOAD,PCT
380 REM F 1 ( I , L ) z T H E  MASS FRACTION OF
390 REM THE ITH SIEVE SIZE IN STREAM L
400 REM BKzBREAKAGE RATE OF THE ITH
410 REM SIZE FRACTION
420 REM X 9 ( I ) =SIEVE SIZE (MICRONS)
430 REM M9 ( I , L) zWEIGHTyt RETAINED IN
440 REM SIZE FRACTION I  AND STREAM L
450 REM HUzBALL MILL HOLD UP
460 REM E A ( I ) zACTUAL EFFICIENCY,PCT
470 REM E C ( I ) zCORRECTED EFFICIENCY,PCT
480 REM VT(L)zTHE TOTAL VOLUME IN
490 REM STREAM L
500 REM DTzTIME INTERVAL
510 REM X1zVOLUME FLOW RATE TO THE
520 REM CLASSIFIER,L/M IN.
530 REM X2zPULP DENSITY IN THE FEED
540 REM OF CLASSIFIER,PCT
550 REM X3=% WT. LARGER THAN 425 MICRONS
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560 REM IN TE FEED OF THE CLASSIFIER
570 REM X4=% WT. LESS THAN 53 MICRONS
580 INT HEFEEDOFTHECLASS I F  1ER
590 REM X5=WEIR HEIGHT OF SIRAL CLA­
600 REM SSIFIER,MM
610 REM X6=SL0PE OF THE SPIRAL CLASSIFIER, DEGREES
620 REM SGzSPECIFIC GRAVITY OF ORE
630 REM M=THE NUMBER OF SIZE FRACTION
640 REM L=THE NUMBER OF STREAMS
650 REM KUCONSTANT
660 REM K2=C0NSTANT
670 REM K3=C0NSTANT
680 REM K4=C0NSTANT
690 REM FZ=% WT. OF THE FINEST SIZE
700 REM FRACTION IN THE SAND
710 REM WW(L)rWEIGHT OF WATER IN
720 REM STREAM L
730 REM PW(L)zWEIGHT OF SLURRY IN
740 REM STREAM L
750 REM G M (I) =GEOMETRIC MEAN OF THE
760 REM ITH SIZE FRACTION
770 REM
780 REM
790 REM
1000 PRINT CHR$ ( 4 ) "BLOAD CCSNEW,A$C100"
1010 GOTO» 2 4 6 0
1020 REM **** SUB INPUT ****
1030 REM •

1 0 4 0  P R I N T  " I N P U T  I N I T I A L  D A T A "
1 0 5 0  P R I N T  " B A L L  M I L L  D I M . , D , L ( M E T E R ) "
1 0 6 0  I N P U T  D , L
1 0 7 0  P R I N T  " M I L L  O P E R A T I O N  C O N D I T I O N S "
1 0 8 0  P R I N T  " M A S S  F L O W  R A T E  ; I N  F R E S H  F E E D , S W ( 1 ) , T P H "  
1 0 9 0  I N P U T  S W ( 1 )
1 1 0 0  P R I N T  " C H A R G E  F I L L I N G , C F ( %)  "
1 1 1 0  I N P U T  C F
1 1 2 0  P R I N T  " O R E  S P E C I F I C  G R A V I T Y , S G "
1 1 3 0  I N P U T  S G
1 1 4 0  P R I N T  " P O R O S I T Y  O F  T H E  C H A R G E , P C "
1 1 5 0  I N P U T  P C
1 1 6 0  P R I N T  " % S O L I D S  B Y  V O L U M E , S V "
1 1 7 0  I N P U T  S V
1 1 8 0  R E M  C A L C U L A T E  H O L D  U P , H U
1 1 9 0  HU = D *  D *  ( 3 . 1 4  /  4 )  *  L  *  C F  *  P C  *  S V  *  S G  
1 2 0 0  R E M  N O .  O F  S I Z E  F R A C T I O N , M  
1 2 1 0  M = 8  
1 2 2 0  IH s M -  1
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1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
X6
1530
3
1540 
1550 
1560 
1570 
1580 
1590 
1600 
1610 
X2 
1620 
1630 
1640 
1650 
+ K4

FOR I  = 0 TO M
READ X 9 ( I ) , H 9 ( I , 1 ) , B K ( I )
NEXT I
DATA 5 9 8 , 2 0 . 0 6 , . 5  
DATA 4 2 5 , 3 - 5 6 , 0 . 4 8 9 7  
DATA 3 0 0 , 3 . 9 8 , . 4 6 1 4  
DATA 2 1 2 , 5 . 3 3 , 0 . 3 4 1 2  
DATA 1 4 8 , 5 . 4 9 , 0 . 2 0 8 2  
DATA 1 0 6 , 7 , 0 . 1 2 3 3  
DATA 7 5 , 7 . 9 6 , 0 . 0 7 8 8  
DATA 5 3 , 6 . 9 1 , 0 . 0 5 0 6  
DATA - 5 3 , 3 9 . 7 1 , 0  

P ( 1 )  = 85
PRINT "WEIR HEIGHT OF CLASSIFIER , X5( MM)» 
INPUT X5
PRINT "SLOPE OF CLASSIFIER, X6(DEGREE)» 
INPUT X6 

K 1 = = -  0 . 3 6 3 6 4 3
-  1 9 . 3 4 2 3 1 9  

TO THE M IL L ,W 1(T /H )"

. 1 . 5 1 5 6 4 5 :K2 
K3 = 4 . 7 0 7 3 8 8 3 :K4 =

PRINT "EXTRA WATER 
INPUT W1
PRINT "EXTRA WATER TO THE CLASSIFIER,W2( T / H ) "
INPUT W2
RETURN
REM
REM **** SUB SPIRAL CLASSIFIER ****
REM 

MM = 2
C = K3 + . 3 3 6 1 3 1 E -  2 
C = C -  . 1 1 6 7 7 6 1 E -  2

XI
XI

2 -

X5 •
. 3 5 0 4 7 3 5 E  -  

. 1 4 8 5 6 8 1 E -  1

C = C -  . 3 8 8 5 2 5 3 E  -  2  *  X 5  *  X 6  +  . 1 1 5 4 2 1 5 E  -  5

R F  = E X P  ( C )
P R I N T  : P R I N T  " R F  = " ; R F ; "  P C T " :  P R I N T  

R F  = R F  /  1 0 0  
W W ( 3 )  = R F  «  W W ( 2 )
W W ( 4 )  = W W ( 2 )  -  W W ( 3 )
W W ( 3 )  = W W ( 3 )  +  W2
A = ( K 2  +  0 . 1 6 3 8 3 7  *  X 2  +  0 . 3 6 1 1 7 5 3 E  -  0 2  *  X 3
B = 0 . 9 6 2 1 7 5 E  -  0 4  *  X 4  *  X 4  +  0 . 9 9 4 8 5 0 3 E  -  0 3

W = -  0 . 4 1 3 7 3 7 3 E  -  0 2  *  X 2  *  X 3
D 5 0 C  = E X P  (A +  B +  W)

P R I N T  " D 5 0 C  = 11 ; D 5 0 C  ; "  M I C R O N S "
T  =  1 . 7 4 2 9 4 4  *  X I  +  1 . 2 2 7 2 1 3  *  X 4  +  0 . 0 3 7 6 8 1 6  *

* X3 * 2
* X3 *

* X5 *

* X3)
* XI *

XI * X3
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1660 U = -  0 . 0 1 8 3 1 5 3 8  » XI * X5 ♦ 0 . 0 1 5 4 9 2  * X2 * X4
1670 V = 0 .0 6 8 7 4 1 7 1  « X3 * X6 -  0 . 1 2 6 9 0 8 3  * X4 « X6
1680 X = 0 . 9 4 4 1 3 1 8E -  05 * X5 * X5 * X5 -  0 . 0 1 0 6 2 4 5  * X3 *
X5
1 6 9 0  F Z  =  T  +  U +  V +  X
1 7 0 0  I F  F Z  < 0 . 0 1  T H E N  F Z  = 0 . 0 1
1 7 1 0  P R I N T  " F Z  = " ; F Z ; "  P C T "
1 7 2 0  F Z  = F Z  /  1 0 0
1 7 3 0  F O R  I  :  1 T O  I M
1 7 4 0  CMC I  )  = ( X 9 ( I  -  1 )  *  X 9 ( I )  )  *  0 . 5
1 7 5 0  N E X T  I
1 7 6 0  G M ( 0 )  = X 9 ( 0 )
1 7 7 0  G M ( M )  = X 9 ( M )
1 7 8 0  F O R  I  i  0  T O  I M
1 7 9 0  E C ( I ) = 1 -  E X P  (  -  0 . 6 9 3  «  ( G M ( I )  /  D 5 0 C )  "  MM)
1 8 0 0  E A ( I ) = E C ( I )  *  ( 1  -  F Z )  +  F Z
1 8 1 0  P R I N T  " E A (  "  ; I  ; " )  = " ; E A ( D  ; "  E C (  " ; ! ; " )  = " ; E C ( D  
1 8 2 0  N E X T  I
1 8 3 0  E A ( M )  = F Z
1 8 4 0  E C ( M )  = 0
1 8 5 0  P R I N T  " E A ( M )  = " ; E A ( M ) ; "  E C ( M )  = " ; E C ( M )
1 8 6 0  S W ( 3 )  = 0 : S W ( 4 )  = 0
1 8 7 0  F O R  I  = 0  T O  M
1 8 8 0  F I ( I , 3 )  = E A ( I ) »  F I ( 1 , 2 )
1 8 9 0  F I ( 1 , 4 )  = F I ( I , 2 )  -  F I ( I , 3 )
1 9 0 0  8 1 4 ( 3 )  = 8 1 4 ( 3 )  +  F U I , 3 )
1 9 1 0  8 1 4 ( 4 )  = 8 1 4 ( 4 )  +  F I  ( 1 , 4 )
1 9 2 0  N E X T  I
1 9 3 0  P R I N T  " S W ( 4 )  = "  ; 8 1 4 (  4 )
1 9 4 0  P W ( 3 )  = S W ( 3 )  +  W W ( 3 )
1 9 5 0  P W ( 4 )  = S W ( 4 )  +  W W ( 4 )
1 9 6 0  P ( 3 )  = 1 0 0  *  S W ( 3 )  /  P W ( 3 )
1 9 7 0  P  (  4 )  = 1 0 0  »  S W (  4 )  /  P W (  4 )
1 9 8 0  F O R  I  = 0  T O  M
1 9 9 0  M 9 ( I , 3 )  = 1 0 0  *  F U I , 3 )  /  S W ( 3 )
2 0 0 0  M 9 ( 1 , 4 )  = 1 0 0  *  F U I , 4 )  /  S W ( 4 )
2 0 1 0  N E X T  I
2 0 2 0  R E T U R N  
2 0 3 0  R E M
2 0 4 0  R E M  « * *  B A L L  M I L L  M O D E L  S U B R O U T I N E
2 0 5 0  R E M  * * *  T H E  M O D E L  U S E S  T H E  C U M U L A T I V E - B A S E D
2 0 6 0  R E M  * » »  R A T E  O F  B R E A K A G E  ( R E F . H O R S T  & B A S S A E R A R )
2 0 7 0  R E M
2 0 8 0  S U M  = 0
2 0 9 0  F O R  I  z  0  T O  I M
2 1 0 0  F U I , 3 )  = S U M  +  F U I , 3 )
2 1 1 0  S U M  = F U I , 3 )
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2120  NEXT I  
21 3 0  REM
21 4 0  REM *** F 1 ( I , 3 )  4 F 1 ( I , 5 )  ARE CUMULATIVE MTPH COARSER 
21 5 0  FOR I  :  0 TO IM
21 6 0  F I ( 1 , 5 )  = F I ( I , 3 )  * EXP ( -  B K ( I )  * T I )
21 7 0  PRINT " F I 5)  = " ; F 1 ( I , 5 ) ; "  MTPH"
2180  NEXT I
2190  F 1 ( M , 5 )  = SW(3)
2200  PRINT " F I ( " ; M;" , 5 )  = " ; F 1 ( M , 5 ) M T P H  -  CUMULATIVE" 
2210  REM
2220  REM »»* FINDING THE MTPH IN NON-CUMULATIVE FORM
22 3 0  PRINT
22 4 0  FOR I  = 1 TO M
22 5 0  L = I  -  1
2 2 6 0  F ( I ) = F I ( I , 5 )  -  F 1 ( L , 5 )
22 7 0  NEXT I  
2280  REM
2290  REM *** PRINTING THE RESULTS
2 3 0 0  PRINT
23 1 0  F ( 0)  = F I ( 0 , 5 )
2320  REM
2 3 3 0  REM «*•* FINDING THE WT PCT RETAINED
2340  SW(5) = SW( 3 ) : WW( 5 )  = WW(3)
23 5 0  FOR I  = 0 TO M
2 3 6 0  M 9 ( I , 5 )  = 100 * F ( I )  /  SW(5)
23 7 0  NEXT I
23 8 0  PRINT
23 9 0  FOR I  = 0 TO M
24 0 0  PRINT " M 9 ( " ; I ; " , 5 )  = " ; M 9 ( I , 5 ) P C T "
24 1 0  NEXT I
242 0  FOR I  = 0 TO M
243 0  F i d , 5 )  = F ( I )
2440  NEXT I  
2450  RETURN
246 0  REM **** MAIN PROGRAM ****
247 0  REM
24 8 0  DIM F 1 ( 1 0 , 5 ) , M 9 ( 1 0 , 5 )
2490  KO = 1
2 5 0 0  REM GO SUB INPUT
25 1 0  GOSUB 1020
25 2 0  FOR I  = 0 TO M
25 3 0  F I ( 1 , 1 )  = M 9 ( I , 1) » SW(1) /  100
25 4 0  F I ( 1 , 5 )  = 0
25 5 0  NEXT I
2 5 6 0  SW(5) = 0
25 7 0  VW(5)  = 0
25 8 0  WW(5) = 0
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2590
2600
2610
2620
2630
2640
2650
2660
2670
2680
2690
2700
2710
2720
2730
2740
2750
2760
2770
2780
2790
2800
2810
2820
2830
2840
2850
2860
2 8 7 0

2 8 8 0

2 8 9 0

2 9 0 0

2 9 1 0

2920
2930
2940
2950
2960
2970
2980
2990
3000
3010
3020
3030
3040
3050

PVK5) = 0  

REM
REM CALCULATE FRACTION MASS FLOWRATE, MTPH 
FOR I  = 0 TO M 

F K I ,  1  ) = (M9(I ,1)  * SW( 1  ) ) /  1 0 0  

FI (1 ,2)  = FI ( 1 , 1 ) + F K I ,  5)

+
+
+
/

/
M
*

SG + VW(1)
WW(5) + W1  

SW( 5)
WW( 2)
PW(2)) « 100 

SG + VW(2)

F K I , 2) /  SW( 2)

NEXT
WW(1 ) = SW(1) /  (P(1)
PW(1) = SW(1) + WW(1)
VW(1) = WW(1
VT(1) = SW(1
WW(2) = WW(1
SW(2) = SW(1
PW(2) = SW(2
P(2) = (SW(2 
VW(2) = WW(2
VT(2) = SW(2

FOR I  = 0 TO 
M9(I,2) = 100 

NEXT I 
REM

XI = 1000 * VT(2) /  60 
X2 = P(2)
X3 = M9(0,2)
X4 = M9(M,2)

GOSUB 1470 
TI = 60 * HU 

REM GO SUB 
REM
GOSUB 2040 

PW(5) = PW(3)
P(5) = P(3)
VW(5) = VW(3)
VT(5) = VT(3)

REM
REM
REM

RE = 100 » SW(5) /  SW(1)
IF KO > 30 THEN 3040 

AC = ABS ( ( SW(1) -  SW(4) )  
IF AC < = .1 GOTO 3070
PRINT : PRINT "AC = ";  AC ;" 

KO = KO + 1 
PRINT "KO=";KO 
GOTO 2620
PRINT "OVER 30 ITERATION" 
GOTO 3150

/  100) -  SW(1)

M9(1,2)

/  PW(3) 
BALL MILL

* 100 /  SW( 1 ) )

PCT"
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3060 GOTO 3090
3070 PRINT "CONVERGENCE ACHIEVED”
3080 GOTO 3150
3090 PRINT "DO YOU WANT TO CHANGE VARIABLES?"
3100 PRINT "IF YES, X=1 ; IF NOT,X=0"
3110 INPUT X
3120 IF X = 0 THEN 3140
3130 GOTO 2460
3140 END
3150 REM
3160 REM **** SUB OUTPUT ****
3170 REM
3180 D$ = CHR$ (4) : DM$ = "PR#0":DP$ = "PR/M"
3190 PRINT D$; DP$
3200 PRINT TAB( 2 3 ) ; "PRINTOUT OF SIMULATION RESULTS" 
3210 PRINT TAB( 2 3 ) '"******************************"
3220 PRINT : PRINT
3230 A1 $ = " MEAN RESIDENCE TIME =
MIN"
3240 & PRINT USEA1$ ;TI
3250 PRINT
3260 A$ = " CIRCULATING LOAD = ###.## PCT"
3270 & PRINT USEA$; RE
3280 PRINT : PRINT
3290 B$ = « #### ##.##"
3300 PRINT TAB( 1 7 ) ; "WEIGHT PERCENT RETAINED OF STREAMS
INDICATED"
3310 PRINT TAB(
17) ; " .......  "
3320 PRINT
3330 FOR L = 1 TO 3
3340 PRINT
3350 PRINT TAB( 2 4 ) ; "STREAM NO. ";L
3360 PRINT TAB( 2 4 ) ; " ------------------ "
3370 PRINT
3380 PRINT TAB( 1 7 ) ; "SIZE PCT RETAINED"
3390 FOR I = O TO M
3400 & PRINT USEB$;X9U) ,M9(I,L)
3410 NEXT I 
3420 NEXT L 
3430 PRINT D$;DM$
3440 HOME 
3450 VTAB (10)
3460 PRINT "ENTER A FRESH PAGE FOR CONTINUING PRINTOUT" 
3470 PRINT : PRINT "PRESS ANY NUMBER TO CONTINUE,XX"
3480 INPUT XX 
3490 PRINT D$;DP$
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3500 FOR L = 4 TO 5 
3510 PRINT
3520 PRINT TAB( 2 4 ) ; "STREAM NO. ";L
3530 PRINT TAB( 2 4 ) j ——————————M
3540 PRINT
3550 PRINT TAB( 1 7 ) ; "SIZE PCT RETAINED"
3560 FOR I = 0 TO M
3570 & PRINT USEB$;X9(I),M9(I,L)
3580 NEXT I
3590 NEXT L
3600 PRINT : PRINT
3 6 1 0 PRINT TAB( 20);  "WEIGHT PCT SOLIDS"
3 6 2 0 PRINT TAB( 2 0 ) ; " ---------- _______11

3630 PRINT TAB( 1 7 ) ; "STREAM 1 ; P( 1 )
3640 PRINT TAB( 1 7 ) ; "STREAM 2 ;P(2)
3650 PRINT TAB( 1 7 ) ; "STREAM 2 ;P(3)
3 6 6 0 PRINT TAB( 1 7 ) ; "STREAM 4 ;P(4)
3670 PRINT TAB( 1 7 ) ; "STREAM 5 ;P(5)
3 6 8 0 PRINT D$;DM$
3690 HOME
3700 VTAB (10)
3710 VTAB (10)
3720 PRINT
3730 PRINT TAB( 1 7 ) ; "ENTER A FRESH PAGE FOR DATA PRINTOUT" 
3740 PRINT "PRESS ANY NUMBER TO CONTINUE,XX"
3750 INPUT XX 
3760 PRINT D$;DP$
3770 PRINT : PRINT
3780 PRINT TAB( 17);"INPUT DATA FOR THIS SIMULATION WERE" 
3790 PRINT TAB( 1 7 ) '"***********************************"
3800 PRINT : PRINT
3810 PRINT TAB( 12) ;"CUMULATIVE-BASIS BREAKAGE RATE"
3820 PRINT TAB( 1 2 ) ; " ------------------------------------------------- "
3830 PRINT 
3840 PRINT
3850 PRINT TAB( 13) ; ”SIZE BREAK.RATE": PRINT 
3860 C$ = " #### #.###"
3870 FOR I :  0 TO M
3880 & PRINT USEC$;X9(I),BK(I)
3890 NEXT I 
3900 PRINT : PRINT 
3910 PRINT D$;DM$
3920 HOME 
3930 VTAB (12)
3940 PRINT TAB( 12);"ENTER A FRESH PAGE AND CONTINUE 
PRINTOUT"
3950 PRINT : PRINT
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3960 PRINT TAB( 1 2 ) ; "PRESS ANY NUMBER TO CONTINUE,XX"
3970 INPUT XX 
3980 PRINT D$; DP$
3990 PRINT TAB( 1 7 ) ; "INPUT DATA FOR THIS
SIMULATION(CONTIUED)"
4000 PRINT TAB(
1 7 ) « -----------------------------------------------------------------------------------«
4010 PRINT : PRINT
4020 PRINT TAB( 1 7 ) ; "BALL MILL HOLD-UP = ";HU;" METRIC
TONNES": PRINT
4030 PRINT TAB( 17) ; "FRESH FEED TONNAGE = " ;SW(D;"  MTPH":
PRINT
4040 PRINT TAB( 1 7 ) ; "WATER FLOW RATE ADDED IN THE
CLASSIFIER,TPH=";W2 
4050 PRINT
4060 PRINT TAB( 1 7 ) ; "WATER SPLIT FACTOR, RF = ";100 * RF;"
PCT": PRINT
4070 PRINT TAB( 1 7 ) ; "ORE SPECIFIC GRAVITY = " ; SG;" G/CC"
4080 PRINT
4090 PRINT TAB( 17 ){"SPIRAL CLASSIFIER SELECTIVITY
INDICES,PCT"
4100 PRINT TAB(
1 7 ) ; " -------------------------  "
4110 F$ = " #### ###.##"
4120 PRINT TAB( 17); "SIZE EC(D"
4130 PRINT
4140 FOR I  = 0 TO IM
4150 & PRINT USEF$;GM(I) ,100 » EC(I)
4160 NEXT I
4170 END
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APPENDIX I I I

METHODS TO DETERMINE d50c
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Note :

Table AII I .1  Comparision of d50c Values Coming 
From D i f f e r e n t  Ca lcula ted  Methods

Test
No.

12

Vz
ii
l l

»
21 
22 
2 
2
11
18

P

Ü2
4 81

d50c (microns) 
S M

126.3 115.2 
1 6 9 . 0  
1 0 3 . 2

144.9176.7 
2 9 2 . 1

I M
!ii;i

1003.9
1 0 0 9 . 0

»i:J631.8
397.1 
600.5804 . 3

844.4
406.9
3 80 . 1

M l
1 7 9 4 . 42410.2
1448.6205.4 
226.2
267.8
216.5
319.9

Ü Î M

' n u
894.2
240.1

i l ? 5 : l

i l i i i i

1 2 8 . 6
157.8 
169.0
102.9146.0
175.0
i m
p o : 8

2 9 0 . 2
511.8 
452.5

ml:!
ill:?
683.4
6 6 6  ! 7
8 2 2 . 8

1 : 8402.1 772.0
i 2 ? ! : 8
1600.31754.2

l!î:J
21 o . 3

Û M

a?:J1262.0
813.3Î1Ï8'J

1 1

165.1

345.2
02.5
79.9

12 60 . 8

51.5390.3 
532.6780.4
835.4pi:!

i82§:?  
17!ir9I!l:î

2 7 8 1 : 51766.2

til
, l l k l
Hi:!1295.6

125.9158.5
177.8
100.5 141.3
Hi:!
m

1 0 0 0 . 2
1 1 2 2 . 1

3«:?582 . 1

I h i !Ilf:!
707.9H|i:i

118i:i
1412.5

199.5
U U

3 p : l1584.9
1620.3
1 6 2 3 . 1

3 1 6 . 2
!|!:i

M i

L: Lagrange method ; 
M; From slope m;

S: S t r a i g h t  l i n e  method 
D: D i r e c t l y  from curve
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10 REM
20 REM ««» PROGRAM NAME: A II I . 2  *»*
30 REM
40 REM *«» PROGRAM TO CALCULATE D50C BASED
50 REM »** ON EXPERIMENTAL DATA USING
60 REM *** LAGRANGE INTERPOLATION METHOD
70 REM
80 DIM DO(50) ,DM50),D(50),D2(50) ,E1(50)
90 DIM E2(50) ,E0(50) ,A1(50) ,A2(50) ,A3(50)
100 DIM B1(50) ,B2(50) ,B3(50) ,C1(50) ,C2(50)  
110 DIM C3(50)
120 READ N 
130 DATA 46 
140 REM
150 REM INPUT DATA ***
160 FOR I  = 1 TO N
170 READ D2(I) , E 2 ( I ) , D 1 ( I ) , E 1 ( I ) , D O ( I ) , E O ( I )  
180 NEXT I
190 DATA 174 ,69 .79 ,104 ,39 .27 ,1 3 ,1 5 .01  
200 DATA 24 8 ,6 8 .8 6 , 174 ,5 9 . 97 ,1 04 , 16 .8 8  
210 DATA 2 4 8 ,7 0 .3 4 , 174 ,5 1 . 28 , 104 , 33 .3 0  
220 DATA 174 , 67 . 76 ,1 04 ,50 .2 8 ,63 ,27 .73  
230 DATA 24 8 ,6 6 . 53 , 174 , 54 .9 5 ,1 04 ,4 2 .5 7  
240 DATA 248 ,73 .02 ,1 74 ,4 9 . 67 ,1 04 , 42 .4 5  
250 DATA 35 0 ,6 6 .5 3 , 248 ,4 3 . 16 , 174 , 34 .3 8  
260 DATA 2 4 8 ,5 2 .5 7 , 174 ,2 6 . 51 , 10 4 , 20 .0 9  
270 DATA 35 0 , 64 . 65 , 248 ,3 4 .68 , 174 ,24 .4 0  
280 DATA 350,51 .04 ,248 , 39 .53 ,17 4 ,34 . 47  
290 DATA 350, 60 . 31 ,248 ,42 .73 ,174 ,37 .91  
300 DATA 9 9 2 ,8 4 .7 3 , 350 ,3 8 . 30 , 24 8 , 13 .6 2  
310 DATA 99 2 ,8 2 .1 1 , 350 ,4 3 . 92 ,2 48 , 19 .2 2  
320 DATA 2803 ,100 ,992 ,49 .53 ,350 ,13 .05  
330 DATA 280 3 ,100 ,992 ,45 .73 ,350 ,11 .28  
340 DATA 99 2 , 94 .55 , 350 ,4 6 .7 3 ,248 ,27 .8 9  
350 DATA 99 2 ,9 2 .8 5 , 350 ,4 1 . 52 ,2 48 , 18 .6 5  
360 DATA 992 ,72 .91 , 350 , 25 .2 5 ,2 48 ,1 2 .4 4  
370 DATA 992 ,89 .38 , 350 , 44 .4 8 ,2 48 ,1 8 .2 3  
380 DATA 99 2 ,7 4 .0 1 , 350 ,2 6 .6 2 ,2 4 8 ,9 .4 0  
390 DATA 99 2 ,6 3 .0 4 ,3 5 0 ,1 3 .5 7 ,2 4 8 ,4 .0 2  
400 DATA 99 2 ,6 7 .5 3 , 350 ,1 1 .1 5 ,2 4 8 ,4 .8 3  
410 DATA 992,87.83 ,350,43 .54 ,248, '15 .98  
420 DATA 992 ,8 7 . 73 , 35 0 , 46 .6 7 ,2 48 ,2 2 . 73  
430 DATA 99 2 ,6 7 .9 1 , 350 ,1 5 .6 5 ,2 4 8 ,2 .8 8  
440 DATA 9 9 2 , 66 . 48 ,3 50 ,1 1 .6 6 , 248 ,2 .5 3  
450 DATA 2803 ,100 , 992 ,1 9 .8 7 ,350 ,3 .12  
460 DATA 2803 ,100 ,99 2 ,24 .71 ,350 ,7 .90  
470 DATA 2803 ,100 ,99 2 ,13 .66 ,350 ,2 .25

# * *
* * *
* * *
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480 DATA 280 3 ,1 00 ,99 2 ,3 2 .39 , 350 ,6 .9  
490 DATA 2 4 8 ,6 6 .3 8 , 17 4 , 38 .2 7 ,1 04 ,1 3 . 15  
500 DATA 2 4 8 ,5 8 .5 2 ,1 74 ,3 1 .5 0 , 104 ,9 .7 7  
510 DATA 35 0 ,7 6 . 05 , 248 ,4 3 . 82 ,1 74 ,2 1 .0 8  
520 DATA 350 ,85 .62 ,2 48 , 59 .2 8 ,1 74 ,3 6 . 19  
530 DATA 992 ,80 .68 ,3 50 , 63 .4 0 ,2 48 ,1 9 . 13  
540 DATA 2803 ,100 ,9 92 ,13 .96 ,3 50 ,3 .66  
550 DATA 2803 , 100 ,992 ,18 .67 ,350 ,10 .29  
560 DATA 2803 ,100 ,992 ,25 .18 ,350 ,11 .95  
570 DATA 992 ,94 .98 , 350 , 59 .4 1 ,2 48 ,2 9 .8 2  
580 DATA 9 9 2 ,5 6 .2 6 ,3 50 , 13 .5 9 ,2 48 ,6 .4 3  
590 DATA 35 0 , 82 .8 8 ,2 48 ,52 .32 ,1 74 , 31 .06  
600 DATA 992 ,75 .84 , 350 , 28 . 49 ,2 48 ,1 2 .9 0  
610 DATA 2803,100 ,992 ,41 .24 ,350 ,12 .13  
620 DATA 992 ,62 .37 , 350 , 17 . 92 ,2 48 ,1 4 .6 6  
630 DATA 2803 ,100 ,992,36 .58 ,350 ,11 .95 
640 DATA 280 3 ,100 ,992 ,29 .51 ,350 ,7 .87  
650 REM
6 7 0 PRINT "D2(1)=";D2(U
680 PRINT "E2(1)=";E2(D
6 9 0 PRINT "D1( 1 ) s" ;D1(1)
700 PRINT "E1(1)=";E1(1)
7 1 0 PRINT "D0(1)=" ;D0(1)
7 2 0 PRINT "EO(1)=";EO(1)
730 REM
740 REM *** CALCULATE D50C **•
750 REM
7 6 0 E = 50
770 FOR I = 1 TO N
7 8 0 A i d )  = (E -  El ( I ) )  » (E -  E 2 d )  ) » DO(I)
790 A2(I) = (E -  E0 (D)  * (E -  E 2( I )) « D i d )
800 A3(I) = (E -  E 0 ( I ) ) * (E -  E K I ) ) » D2(I)
8 1 0 B K I )  = (EOd )  -  E K I ) )  / (EO(I) -  E 2 ( I ) )
820 B 2 d )  = ( E K I )  -  EO(I) ) / ( E K I ) -  E 2 ( I ) )
8 3 0 B 3 d )  = ( E 2 d )  -  EO(I) ) / (E2(I) -  E K I ) )
840 Cl ( I )  = AK I)  /  B K I )
8 5 0 C 2 d ) = A2(I) /  B2( I)
860 C 3 d )  = A3 ( I )  /  B3(D
8 7 0 D d )  = Cl ( I )  + C2(I) + C3(I)
880 NEXT I
8 9 0 REM
9 0 0 REM *** OUTPUT RESULTS • • •
9 1 0 PRINT CHR$ ( 4 ) ; "PR#3"
9 2 0 PRINT : PRINT : PRINT
930 FOR I :  1 TO 60
940 PRINT "X";
950 NEXT I
9 6 0 PRINT
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970 PRINT : PRINT
980 PRINT TAB( 2 0 ) ; "THE VALUES OF D50C» 
990 PRINT TAB( 20);"******************"
1000 PRINT
1010 E$ = "TEST NO. D50C"
1020 B$ = " ## ####.#”
1030 PRINT E$
1040 PRINT
1050 FOR I = 1 TO N
1060 & PRINT USEB$; I , D( I )
1070 NEXT I
1080 PRINT : PRINT
1090 PRINT CHR$ (12)
1100 PRINT
1110 PRINT "C1( 1 ) = " ; C1(1)
1120 PRINT "C2(1 ) = " ; C2(1)
1130 PRINT "C3(1) =" ;C3(1)
1140 PRINT
1150 CHR$ ( 4 ) ; "PR#0)" /
1160 END
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1 0 0 REM
1 1 0 REM ftftft PROGRAM NAME: AII I . 3
1 2 0 REM
1 3 0 REM
140 REM ftftft PROGRAM TO CALCULATE
150 REM *** BASED ON EXPERIMENTAL
1 6 0 REM «ft* USING LINEAR INTERPOL
170 REM «ft* METHOD
1 8 0 REM
190 REM

2 0 0 REM DIM DO( 5 0 ) ,D1(50) ,D2(50) ,
2 1 0 REM DIM E2(50) ,A(50) ,B(50)
2 2 0 READ N
230 DATA 52
240 REM
250 REM ««♦«INPUT DATA «♦«♦
2 6 0 REM
2 7 0 FOR I! = 1 TO N
2 8 0 READ D 2 ( I ) , D 1 ( I ) , E 2 ( I ) , E 1 ( I )
2 9 0 NEXT I
3 0 0 DATA 174,104,69 .79 ,39 .27
310 DATA 174,104 ,59 .97 ,16.88
3 2 0 DATA 174,104,51.28 ,33 .30
330 DATA 174,104 ,67 .76 ,50 .28
340 DATA 174,104,54 .95 ,42 .57
350 DATA 248,174 ,73 .02 ,49 .67
3 6 0 DATA 350,248 ,66 .53 ,43 .16
370 DATA 248,174 ,52.57 ,26 .51
3 8 0 DATA 350,248 ,64 .65 ,34 .68
390 DATA 350,248,51.04 ,39 .53
400 DATA 350,248 ,60 .31 ,42 .73
410 DATA 992 ,350 ,84 .73 ,38 .30
420 DATA 992,350 ,82.11 ,43 .90
430 DATA 2803,992,100,49.53
440 DATA 2803,992,100,45.73
450 DATA 992,350 ,94 .55 ,46 .73
460 DATA 992,350 ,92 .85 ,41 .52
470 DATA 992,350 ,72 .91 ,25 .25
480 DATA 992,350 ,89 .38 ,44 .48
490 DATA 992 ,350 ,74 .01 , 26 .62
500 DATA 992,350 ,63 .04 ,13 .57
510 DATA 992,350,67 .53 ,11 .15
520 DATA 992 ,350 ,87 .83 ,4 3 .54
530 DATA 992,350 ,87 .73 ,46 .67
540 DATA 992 ,350 ,6 7 .91 , 15 .65
550 DATA 992,350 ,66 .48 ,11 .66
5 6 0 DATA 2803,992,100,19.87

* * *

*«*
ftftft
ft**
ftftft
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570 DATA 2803,992,100,24.71
5 8 0 DATA 2 8 0 3 , 9 9 2 , 1 0 0 , 1 3 . 6 6

590 DATA 2803,992 ,100,32.39
600 DATA 248,174 ,66 .38 ,38 .27
610 DATA 248,174,58.52,31 .50
620 DATA 350,248 ,76 .05 ,43.82
6 3 0 DATA 248,174 ,59 .28 ,36 .19
640 DATA 350,248 ,63 .40 ,19 .13
650 DATA 2803 ,992,100,13.96
660 DATA 2803,992 ,100 ,18.67
6 7 0 DATA 2 8 0 3 , 9 9 2 , 1 0 0 , 2 5 . 1 8

6 8 0 DATA 350,248 ,59 .41 ,29 .82
6 9 0 DATA 992,350 ,56 .26 ,13 .59
700 DATA 248,174,52.32,31 .06
7 1 0 DATA 992,350 ,75 .84 ,28 .49
7 2 0 DATA 2803,992,100,41.24
730 DATA 992,350 ,62 .37 ,17 .92
740 DATA 2803,992 ,100 ,36.58
750 DATA 2803,992,100,29.51
7 6 0 REM
770 REM ****CALCULATE D50(C) ****
7 8 0 REM
790 REM EQUATION FOR CACULATING D50(C) IS
800 REM (E0-E1) / ( DO-D1)=(E2-E1)/(D2-D1)
810 EO = 50
8 2 0 FOR I = 1 TO N
8 3 0 A( I ) = (EO -  E K I ) )  * (D2( I ) - d k d )
840 B( I ) = ( E2 ( I ) -  E K I ) )
850 DO ( I ) = DK I)  + A( I ) /  B( I )
860 NEXT I
8 7 0 REM
8 8 0 REM ****OUTPUT RESULTS ****
8 9 0 PRINT CHR$ (4);"PR#1"
9 0 0 PRINT : PRINT : PRINT
9 1 0 FOR I = 1 TO 60
920 PRINT "X";
930 NEXT I
940 PRINT : PRINT : PRINT
950 PRINT TAB( 2 0 ) ; "THE VALUE OF D50(O"
9 6 0 PRINT TAB( 20)'"*****************"
970 PRINT
9 8 0 E$ = "TEST NO. D50(C)
990 B$ = " ## ####.■
1000 PRINT E$
1010 PRINT
1020 FOR I = 1 TO N
1030 & PRINT USEB$; I , D0 ( I )
1040 NEXT I
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1050 PRINT : PRINT 
1060 PRINT CHR$ ( 1 2 )
1070 PRINT
1080 PRINT
1090 PRINT CHR$ ( 4 ) ; " P R # 0 "  
1100 PRINT l,D2( 1 ) s "  ;D2(  1 )
1110 PRINT » D 1 ( 1 ) = " ; D 1 ( 1 )
1120 PRINT " E 2 ( I ) s " ; E 2 ( 1 )
1130 PRINT nE 1 ( 1 ) = n ; E 1 ( 1 )
1140 END
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10 REM
20 REM »** PROGRAM NAME: A I I I . 4  *»*
22 REM
24 REM *** PROGRAM TO CALCULATE D50C »»*
26 REM *«* AND THE SLOPE OF THE REDUCED-»**
28 REM *** PERFORMANCE CURVE, M, USING ***
30 REM *** ROSIN-RAMMLER EQUATION ***
100 DIM X(15),Y(15)
105 PRINT "ENTER NO. OF DATA POINTS": PRINT
106 INPUT N: PRINT
11 0 HOME
120 PRINT "ENTER X ( I ) , Y(I) DATA POINTS": PRINT 
130 PRINT "X(I)=SIZE; Y(I )=YC(I) , PCT"
140 PRINT
150 FOR I :  1 TO N
160 INPUT X(I ) ,Y( I )
170 NEXT I
180 PRINT : PRINT
190 REM *** CALCULATIONS ***
200 FOR I  = 1 TO N
210 X(I) = LOG (XU ))
212 IF YU) = 100 THEN 225
220 YU) = 100 /  (100 -  Y U))
224 GOTO 230
225 YU) = 1E28
230 Y(I) = LOG ( Y U ) ) : Y U )  = LOG (Y U ) )
240 NEXT I 
390 REM
400 REM *** LINEAR REGRESSION SUBROUTINE *** 
405 A = 0 :B = 0 
410 FOR I = 1 TO N 
420 SX = A + XU)
430 SY = B + YU)
440 A = SX:B = SY
450 NEXT I
460 AX = SX /  N
470 AY = SY /  N
480 A = 0:B = 0:C = 0
490 FOR I = 1 TO N
500 SI = A + XU) * YU)
510 S2 = B + XU) * 2
520 S3 = C + YU) " 2
530 A = SI:B = S2:C = S3
540 NEXT I
550 SL = (SI -  N * AX * AY) /  (S2 -  N * AX ~ 2)
560 IN = AY -  SL * AX
565 D50C = EXP (( LOG ( LOG (2))  -  IN) /  SL)
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570 PRINT
580 REM «««OUTPUT RESULTS »»»
590 PRINT CHR$ (lt);"PR#1"
600 E$ = "THE SLOPE,M 050(C),MICRONS"
610 B$ = "#.###### ####.### "
620 PRINT
625 PRINT E$
630 & PRINT USEB$;SL,D50C
640 PRINT
650 PRINT CHR$ (12)
660 PRINT
670 PRINT CHR$ ( 4 ) ;"PR#0"
680 END
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APPENDIX IV

CALCULATION PROGRAM
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1 0 0 REM
1 1 0 REM *** PROGRAM NAME: AIV.1 ***
1 2 0 REM
1 3 0 REM *** PROGRAM TO CALCULATE RF,EAAND ***
140 REM **# EC USING EXPERIMENTAL DATA ftftft
150 REM *** ON SPIRAL CLASSIFIER 0/F & SAND **
1 6 0 REM
1 7 0 REM **» SPECIFICATION OF VARIABLES ftftft
180 REM ««« AND PARAMETERS ***
190 REM EA(I) rACTUAL EFFICIENCY IN THE ««ft

2 0 0 REM «#« ITH SIZE FRACTION ft##
2 1 0 REM #«« EC(I)=CORRECTED EFFICIENCY ««#
2 2 0 REM ««« IN THE ITH SIZE FRACTION ft##
2 3 0 REM «## XD(I)=PARTICLE SIZE IN THE ftftft
240 REM ««« ITH SIZE FRACTION ftftft
250 REM ««« F I ( I ) =% WT. OF ITH SIZE ftftft
2 6 0 REM «## FRACTION IN THE 0/F ftftft
2 7 0 REM ##« F 2 ( I )=% WT.OF THE ITH SIZE ««ft
280 REM «#« FRACTION IN THE SANDS ***
2 9 0 REM «#« A=SLURRY WEIGHT (KG/MIN.) ftftft
3 0 0 REM ftftft IN THE SANDS ftftft
3 1 0 REM «## BrSOLID WEIGHT IN THE SAND #«»
3 2 0 REM ««ft CrSLURRY WEIGHT IN THE 0/F ««#
330 REM ft*# DrSOLID WEIGHT IN THE 0/F ««#
340 DIM EA(10) ,EC(10),XD(10),F1(10),F2(10)
350 DIM OF(10) ,SA(10),CF(10),R(10),CR(10)
3 6 0 READ N
370 DATA 8
3 8 0 REM
390 REM ftftft*CALCULATE RF ***********
400 PRINT "INPUT A.B.C.D"
410 INPUT A
420 INPUT B
430 INPUT C
440 INPUT D
450 W1  = A -  B
460 VI2 = C — D
470 RF = W1 / (W1 + W2)
480 RF = RF * 1 0 0

490 REM
500 REM
510 REM #####«CALCULATE EA *****ftftftftftftft
520 FOR I = 1 TO N
530 READ X D (I ) , F 1 ( I ) , F 2 ( I )
540 NEXT I
550 DATA 2803, 0 , 0.09
560 DATA 992, 2 .48,  30.16
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570 DATA 350, 2 .27 , 16,.27
5 8 0 DATA 248, 8 .19, 14,.27
590 DATA 174, 6.49, 7,.76
600 DATA 104, 4.89, 4,.18
610 DATA 63, 20.93, 9 .37
620 DATA -63, 54.75, 17,.90
6 3 0 FOR I = 1 TO N
640 OF(I) := D * FI ( I )
650 SA(I) = B * F 2 ( I )
660 NEXT I
670 FOR I :  1 TO N
680 CF(I) = 0F( I )  + SA(I)
690 NEXT I
700 FOR I = 1 TO N
710 IF CF(I) = 0 THEN 740
720 EAU) = SA(I) /  CF(I)
730 EA(I) = EA(I) « 100
740 NEXT I
750 FOR I = 1 TO N
760 CR( I ) r CFU) /  (G + H)
770 NEXT I 
780 REM 
790 REM
800 REM •••«••CALCULATE EC * • •« • • • * • »
810 FOR I :  1 TO N
820 IF EA(I) = 0 THEN 850
830 ECU) = ( EA( I ) -  EA( N) ) /  (100 -  EA( N) )
840 ECU) = ECU) « TOO 
850 NEXT I 
860 REM 
870 REM
880 REM • • • » « « • •  OUTPUT RESULTS »«««»«••
890 PRINT CHR$ ( 4 ) ;"PR#1"
900 PRINT : PRINT : PRINT : PRINT 
910 FOR I :  1 TO 64 
920 PRINT "X";
930 NEXT I
940 PRINT : PRINT : PRINT
950 PRINT TAB( 2 0 ) ; "RESULTS OF CALCULATIONS"
960 PRINT TAB( 20);"***********************"
970 PRINT
980 E$ z "SIZE DISTRIBUTION EA EC"
990 A$ z "MICRO. 0/F SAND % % "
1000 B$ z "####■ ###.## ###.## ###.## ###.##"
1010 PRINT E$
1020 PRINT A$
1030 PRINT
1040 FOR I z 1 TO N
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1050 & PRINT USEB$;XD(I ) ,F1( I ) ,F2(I ) ,CR(I ) ,EA(I ) ,EC(I)
1060 NEXT I
1070 PRINT : PRINT
1080 PRINT "RF=";RF
1090 PRINT CHR$ (12)
1100 PRINT
1110 PRINT CHR$ ( 4 ) ; nPR#0"
1120 END
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100 REM
110 REM *** PROGRAM NAME: AIV.2 ***
120 REM
130 REM *** PROGRAM TO CALCULATE D50C,
140 REM RF, FZ AND MM USING THE
150 REM SPIRAL CLASSIFIER MODEL ***
160 REM 
170 REM
180 DIM XK50),X2(50) ,X3(50) ,X4(50) ,X5(50)
190 DIM X6(50),RF(50),FZ(50),D50(50),MM(50)
200 DIM A(50) ,B(50) ,C(50) ,D(50) ,E(50) ,G(50)
210 DIM H(50) ,L(50) ,P(50) ,T(50) ,U(50) ,V(50) ,W(50)
220 M$ = "TOT.DATA"
230 PRINT CHR$ ( 4 ) ; "OPEN";M$
240 PRINT CHR$ ( 4 ) ; "READ";M$
250 N = 46
260 FOR I  = 1 TO N
270 INPUT X 1 ( I ) , X 2 ( I ) , X 3 ( I ) , X 4 ( I ) , X 5 ( I )
280 INPUT X6(I ) ,RF(I ) ,FZ( I ) ,D50( I ) ,MM(I)
290 NEXT I
300 PRINT CHR$ ( 4 ) ; "CLOSE";M$
310 FOR I  :  1 TO N
320 A(I) = .16387 * X2 ( I ) + 0.00361 » X3(I) * X3(I) + 
0.00009 * X4(I) » X4(I)
330 B ( I ) = 0.0099 » XI( I)  * X2( I) -  0.00414 « X2(I) * X3(I)
-  0.3634
340 D50(I) = EXP (A(I)  + B ( D )
350 NEXT I
360 FOR I  :  1 TO N
370 D(I) = 0.00336 « XK I)  * XI ( I )  -  0.00117 * XI ( I )  « X5(I)
+ 4.70739
380 E(I )  = 0.01486 » X3(I) * X6 ( I )  -  0.00389 » X5(I) * X6 ( I )
390 C = 0.000001 * X5(I) * X5(I) » X5(I)
400 RF = EXP (C( I)  + D(I) ♦ E (D )
410 NEXT I
420 FOR I = 1 TO N
430 G(I)  = 1 .7429 * XK I)  + 1 .2272 * X4(I) + 0.03768 * XKI)
* X3(D -  19.34232
440 H (I ) = -  0.018315 * XK I)  » X5(I) + 0.015492 * X2(I) *
X4(I)
450 L(I )  = -  0.010625 * X3(I) * X5(I) + 0.068742 » X3(I) «
X6 ( I )
460 P( I )  = -  0.12669 * X4( I ) * X6 ( I )  + 0.944E -  05 * X5(I)
« X5(I) « X5(I)
470 RF(I) = G(I)  + H ( I ) + L( I )  + PU)
480 NEXT I
490 FOR I = 1 TO N
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500 REM
510 F O R I  = 1 T O  N
520 T ( I ) = 0.089438 * X4( I ) -  0.000015 * X4(I ) * X4(I) »
X4( I ) -  1 .515645
530 U(I) = 0 . 0 0 1 8 1 2

* X3(I) « X3(I) -  0.001144 « XKI)  «
X2( I  )
540 V(I) = 0.657891 * L O G ( X K I )  * X6 ( I )  ) -  1 .194772 *
(X 3( I ))
550 W(I) = 0.058442 * XKI)
560 MM(I) = T ( I ) + U(I) + V(I) + W(I)
570 NEXT I 
580 REM
590 REM *** OUTPUT OF RESULTS *»»
600 PRINT CHR$ (4);"PR#1"
610 PRINT : PRINT : PRINT
620 PRINT TAB( 2 0 ) ;"THE VALUE OF D50, RF,FZ, MM"
630 PRINT TAB( 4 ) • "  ************************n
640 PRINT
650 E$ = "NO.OF TEST D50C RF FZ MM"
660 B$ = " ## ####.## ###.# ###.# ###.#"
670 PRINT E$
680 PRINT
690 FOR I  :  1 TO N
700 4 PRINT USEB$;D50(I),RF(I),FZ(I),MM(I)
710 NEXT I
720 PRINT : PRINT
730 PRINT CHR$ (4);"PR#0"
740 END
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100 REM
110 REM »»* PROGRAM NAME: AIV.3 ***
120 REM
130 REM «** PROGRAM TO MAKE A DATA FILE ***
140 REM *** FOR ALL TEST DATA ***
150 REM
160 DIM X1(50) ,X2(50) ,X3(50) ,X4(50) ,X5(50)
170 DIM X6(50),RF(50),FZ(50),D50(50),MM(50)
180 N = 46
190 FOR I = 1 TO N
200 READ X 1 ( I ) ,X 2 ( I ) , X 3 ( I ) , X 4 ( I ) , X 5 ( I )
210 READ X6(I ) ,RF(I ) ,FZ( I) ,D50( I ) ,MM(I)
220 NEXT I 
230 DATA
10.99,42.1 , 2 3 . 3 5 , 3 3 . 8 , 1 3 5 , 1 0 . 9 , 1 0 . 5 9 , 7 . 4 1  ,126.27,1 .1 
240 DATA
1 1 . 2 7 , 4 0 . 3 3 , 2 2 . 4 1 , 3 5 . 4 3 , 1 3 5 , 1 0 . 9 , 8 . 4 3 , 7 . 1 , 1 1 5 . 2 4 , 1 . 1 6  
250 DATA
1 0 . 6 9 , 4 1 . 3 4 , 2 0 . 4 7 , 3 6 . 6 3 , 1 3 5 , 1 0 . 9 , 9 . 2 2 , 7 . 5 2 , 1 6 9 . 0 2 , 1 . 3 7  
260 DATA
9 . 5 3 , 4 2 . 8 , 2 3 . 3 9 , 2 8 . 2 9 , 1 8 3 , 1 3 , 5 4 . 6 , 1 5 . 6 4 , 1 0 3 . 1 5 , 0 . 7 9  
270 DATA
7 . 8 7 . 4 7 . 3 4 . 2 2 . 5 2 . 2 8 . 1 5 . 1 8 3 . 1 3 . 4 7 . 9 . 1 7 . 9 . 1 4 4 . 8 8 . 1 . 0 3  
280 DATA
9 . 2 8 , 4 3 . 7 2 , 2 5 . 5 2 , 2 5 . 3 , 1 8 3 , 1 3 , 3 8 . 8 5 , 1 5 . 1 7 , 1 7 6 . 6 7 , 1 . 2 4  
290 DATA
2 3 . 5 1 , 4 1 . 5 8 , 3 3 . 1 1 , 2 7 . 2 7 , 1 3 5 , 1 3 , 7 . 9 1 , 4 . 6 6 , 2 9 2 . 1 4 , 2 . 2 8
300 DATA 6 .5 2 , 6 2 , 3 2 . 1 5 , 3 0 . 1 7 , 1 3 5 , 1 3 , 9 . 3 3 , 7 . 2 3 , 2 5 5 . 6 9 , 1 . 4 1
310 DATA
11 .8 8 , 5 5 . 2 3 , 3 8 . 2 6 , 2 7 . 8 3 , 1 8 3 , 1 0 . 9 , 2 3 . 0 5 , 9 . 5 8 , 3 2 1  . 3 , 2 . 1 8  
320 DATA
11 .5 8 ,5 3 .8 6 ,2 8 .6 4 , 29 . 11  ,1 8 3 ,1 0 .9 ,3 5 . 92 , 14 . 61  ,344.57,1 .48 
330 DATA
9 . 5 8 , 5 8 . 3 4 , 3 3 . 6 1 , 2 7 . 7 9 , 1 8 3 , 1 0 . 9 , 2 6 . 7 8 , 1 3 . 1 5 , 3 2 2 . 1 4 , 1 . 5 7  
340 DATA
1 6 . 2 6 , 5 6 . 9 2 , 2 8 . 3 3 , 2 8 . 4 9 , 1 8 3 , 1 0 . 9 , 2 1 . 9 2 , 1 6 . 1 4 , 4 5 6 . 3 8 , 1 . 6 7  
350 DATA
1 7 . 8 7 , 5 0 . 1 9 , 2 3 . 8 9 , 2 9 . 4 1 , 1 8 3 , 1 0 . 9 , 2 3 . 7 1 , 1 7 . 9 2 , 4 1 2 . 8 4 , 1 . 2 9  
360 DATA
1 4 . 9 3 , 5 3 . 2 3 , 1 2 . 7 5 , 3 8 . 8 4 , 1 3 5 , 1 3 , 2 . 4 2 , 5 . 4 , 1 0 0 3 . 9 2 , 1 . 4 8  
370 DATA
1 5 . 3 4 , 5 0 . 6 2 , 1 3 . 0 5 , 3 9 . 4 7 , 1 3 5 , 1 3 , 2 . 0 5 , 7 . 4 4 , 1 0 9 9 . 0 3 , 1 . 5 2  
380 DATA
1 0 .3 9 .5 3 .6 8 . 3 8 . 5 5 . 2 4 . 9 1 . 1 8 3 . 1 3 . 1 8 . 7 8 . 6 . 7 6 . 3 7 6 . 3 9 . 2 . 3
390 DATA 1 0 .5 5 ,1 2 .4 ,7 5 , 2 0 . 0 4 , 1 8 3 , 1 3 , 2 0 . 0 8 , 6 . 3 1 , 4 1 6 . 6 5 , 1 . 4 9  
400 DATA
1 3 .4 2 ,5 4 . 0 4 , 1 9 . 4 6 , 2 8 . 8 4 , 1 3 5 , 1 0 . 9 , 1 0 . 3 2 , 6 . 6 3 , 6 3 1 . 7 5 , 1 . 4 5
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410 DATA
1 5 . 3 8 , 4 6 . 6 9 , 2 9 . 9 1 , 2 3 . 8 6 , 1 8 3 , 1 3 , 8 . 1 6 , 5 . 3 9 , 3 9 7 . 1 1 , 1 . 7 1  
420 DATA 2 8 . 2 , 4 3 . 2 3 , 2 2 , 2 9 . 9 2 , 1 8 3 , 1 3 , 4 . 7 2 , 5 , 6 0 0 . 4 9 , 2 . 1 4  
430 DATA
2 1 . 0 4 , 4 7 . 4 , 1 1 . 4 4 , 3 7 . 0 1 , 1 3 5 , 1 0 . 9 , 2 . 8 5 , 5 . 6 2 , 8 0 4 . 2 8 , 2 . 4 3  
440 DATA
2 1 . 8 1 , 4 7 . 5 , 1 0 . 7 4 , 3 6 . 2 3 , 1 3 5 , 1 0 . 9 , 2 . 9 3 , 6 . 6 5 , 8 4 4 , 2 . 2 4  
450 DATA
1 8 . 6 8 . 4 7 . 3 . 1 5 . 4 . 3 2 . 7 9 . 1 8 3 . 1 0 . 9 . 2 7 . 4 1 . 2 0 . 6 6 . 4 0 6 . 9 3 . 1 . 2 3  
460 DATA
2 1 . 5 5 , 4 6 . 1 9 , 2 0 . 4 2 , 2 6 . 2 6 , 1 8 3 , 1 0 . 9 , 2 1 . 9 5 , 1 0 . 6 8 , 3 8 0 . 0 8 , 1 . 5 7  
470 DATA
21 . 3 4 , 4 7 . 1 6 , 9 . 6 4 , 3 5 . 7 4 , 1 3 5 , 1 3 , 2 . 3 , 4 . 0 7 , 7 3 1  .33 ,2 .73  
480 DATA
1 9 . 4 2 , 4 4 . 5 , 8 . 6 6 , 3 3 . 5 1 , 1 3 5 , 1 3 , 1 . 9 1 , 4 . 0 2 , 7 9 3 . 6 8 , 2 . 3 6  
490 DATA
1 8 . 6 8 , 5 6 . 6 4 , 1 2 . 4 9 , 3 5 . 5 9 , 1 6 3 , 1 3 , 2 . 0 6 , 9 . 5 3 , 1 9 1 7 . 5 3 , 1 . 1 5  
500 DATA
2 0 . 2 8 , 5 8 . 6 , 1 5 . 8 5 , 3 5 . 5 5 , 1 6 3 , 1 0 . 9 , 7 . 2 , 1 8 . 8 7 , 1 7 9 4 . 4 3 , 1 . 4 2  
510 DATA
2 2 .93 ,5 6 . 27 , 12 .8 4 ,3 1  . 7 9 , 1 3 5 , 1 0 .9 ,2 .9 2 ,1 5 .3 6 ,2 4 1 0 .2 4 ,1  .5 
520 DATA
1 3 .6 4 ,5 5 .7 6 ,1 5 .3 ,3 5 .6 2 ,1 8 3 ,1 3 ,9 .6 5 ,1 8 .6 3 ,1 4 4 8 .5 7 ,1 . .  96 
530 DATA
7 . 9 8 , 4 6 . 6 5 , 2 5 . 9 , 4 7 . 6 , 1 3 5 , 1 0 . 9 , 1 0 . 4 2 , 8 . 4 2 , 2 0 5 . 4 4 , 1  .57 
540 DATA
19.61 ,39 .75 ,17 .1  , 5 1 . 7 4 , 1 8 3 , 1 3 , 5 . 0 7 , 8 . 1 5 , 2 2 6 . 2 3 , 1  .93 
550 DATA
1 5 . 7 8 , 3 7 . 1 , 1 1 . 3 2 , 5 6 . 6 5 , 1 3 5 , 1 3 , 3 . 0 6 , 7 . 6 8 , 2 6 7 . 8 2 , 2 . 0 8  
560 DATA
1 6 . 3 1 , 3 8 . 8 5 , 1 3 . 2 8 , 5 3 . 3 6 , 1 8 3 , 1 0 . 9 , 2 1 . 2 2 , 2 9 . 0 1 , 2 1 6 . 5 3 , 1 . 8 8  

570 DATA
9 . 6 9 , 5 4 . 4 4 , 1 9 . 8 3 , 4 3 . 1 3 , 1 8 3 , 1 0 . 9 , 8 0 . 4 9 , 4 0 , 3 1 9 . 1 , 1 . 2 2  
580 DATA . 18 . 09 ,54 .82 ,
9 . 8 2 , 5 4 . 9 4 , 1 3 5 , 1 3 , 1 . 5 1 , 2 0 . 1 1 , 2 5 2 2 . 7 4 , 1 . 5 8  

590 DATA
10.42 ,55 . 62 ,13 .25 ,51  .9 7 , 18 3 ,1 3 ,6 .4 2 ,3 2 .1 2 ,2 6 3 8 .5 7 ,1  .58 
600 DATA
1 0 . 1 7 , 5 5 . 9 7 , 1 3 . 4 9 , 5 1 . 6 2 , 1 3 5 , 1 0 . 9 , 8 . 6 4 , 3 2 . 1 3 , 1 9 3 5 . 5 5 , 1 . 2 9  
610 DATA
1 6 . 9 4 . 4 4 . 0 4 . 1 8 . 2 9 . 5 3 . 0 6 . 1 8 3 . 1 3 . 7 . 2 6 . 1 1 . 7 7 . 2 7 5 . 0 1 . 2 . 2 3  
620 DATA
2 8 . 3 2 , 4 2 . 1 3 , 7 . 3 2 , 6 1 . 4 7 , 1 3 5 , 1 0 . 9 , 2 . 4 8 , 1 4 . 8 3 , 8 9 4 . 1 6 , 2 . 1 2  
630 DATA
1 1 . 3 7 , 4 8 . 9 9 , 2 7 . 1 7 , 4 4 . 6 1 , 1 8 3 , 1 0 . 9 , 4 0 . 5 7 , 2 8 . 3 9 , 2 4 0 . 0 5 , 1 . 8 3  
640 DATA
1 8 . 3 6 , 4 1 . 9 1 , 7 . 4 8 , 6 1 . 8 5 , 1 6 3 , 1 3 , 2 . 0 4 , 1 0 . 5 9 , 5 7 9 . 6 9 , 2 . 1 8  
650 DATA



T-284 8
171

2 1 .1 9 , 5 8 . 0 3 , 2 0 . 9 7 , 4 2 . 3 1 , 1 3 5 , 1 3 , 4 . 1 , 1 0 . 4 8 , 1 2 1 8 . 2 9 , 1 . 7 5  
660 DATA
1 2 , 5 5 . 4 7 , 1 5 . 1 8 , 5 0 . 6 5 , 1 8 3 , 1 0 . 9 , 6 3 . 6 1 , 4 6 . 8 8 , 9 5 3 . 4 5 , 1 . 0 2  
670 DATA
1 6 . 2 5 , 5 6 . 7 4 , 1 5 . 1 4 , 4 7 . 5 4 , 1 3 5 , 1 0 . 9 , 1 1 . 9 9 , 3 0 . 3 6 , 1 3 5 6 . 2 4 , 2 . 3  
680 DATA '
1 7 . 2 4 , 5 3 . 0 7 , 1 4 . 3 1 , 4 9 . 8 3 , 1 8 3 , 1 3 , 7 . 6 4 , 2 8 . 9 1 , 1 5 6 2 . 6 3 , 1 . 8 3  
690 PRINT "NAME OF THE FILE"
700 INPUT M$
710 PRINT CHR$ ( 4 ) ; "OPEN"; M$
720 PRINT CHR$ ( 4 ) ; "DELETE"; M$
730 PRINT CHR$ ( 4 ) ; "OPEN"; MS
740 PRINT CHR$ ( 4 ) ; "WRITE";MS
750 FOR I = 1 TO N
760 PRINT XKI)
770 PRINT X2(I)
780 PRINT X3(I)
790 PRINT X4( I  )
800 PRINT X5(I)
810 PRINT X6( I )
820 PRINT RF(I)
830 PRINT FZ(I)
840 PRINT D50(I)
850 PRINT MM(I)
860 NEXT
8 70 PRINT CHR$ ( 4 ) ; "CLOSE"; MS
880 END


