
equations (Pownall (1360)). A very im portant experimental’ co n tr ib u tio n  

was made by K e ls a ll (1952) but even so th is  approach h is not ye t been 
f r u i t f u l .

A b e tte r  understanding o f cyclone performance was made possible 
by the  adoption o f the 'p a r t i t io n  curve1 which g ive1, the f ra c tio n a l re ­

covery o f  each p a r t ic le  s ize in to  each o f the two products. This curve 

has an S-shape and does not necessarily  pass through the o r ig in .  In 

1953 K e ls a ll (1953) d is tingu ished between recovery o f  p a rt ic le s  to  the 
underflow by the separate mechanisms o f-sntra inm ent and true  c la s s if ic a t ­

io n . He suggested th a t the rocove ry 'o f p a rt ic le s  o f  zero size to  the 
underflow is  equal to  the recovery o f the water in  the feed to  the cyclone 
to  the underflow. The vary f in e  so lid s  in  the underflow can be regarded 
as having 's h o rt c irc u ite d ' the  c la s s if ic a t io n .

Then as in  sub-chapter 16.1.1, when B = 0

Rc txJ -  CRa (x) - A )/(1  - A) 

and A Is  equal to  the recovery o f  feed water in  the underflow (De Kok 

(19771).
Yoshloko and Hotta (1955) discovered th a t the corrected p a r t i t io n  

curve, under various cond itions, when p lo tte d  against a dimension less 

s ize  parameter tended to  co incide -w ith a s in g le  curve which they termed 

th e  'reduced e f f ic ie n c y  curve". The reference p o in t they chose was the 
Ogy s ize , which is  the s ize  o f  p a r t ic le  f o r  which the correcte-d curve 

s p l i t s  e q ua lly  in to  overflow  and underflow.
In  over two hundred te s ta  on cyclones varying from 100 mm to  400 mm, 

Lynch and Rao (1975) hove confirmed Yoshicka and H otta ’ s (1955) ob-

se rva tio n  and i t s  general a p p lic a b i l i ty .  In  a aeries o f  papers Lynch and

h is  co-workers (1974, 1975, 1975) have shown th a t i -

(n) Tho redound e ff ic ie n c y  curve o f  geom etrica lly  s im ila r  cyclones 
la  a p roperty  o f  tho ore and is  independent o f cyclone diameter.

(b) The c r i t i c a l  docign variab les ara tho in le t  and o u tle t diameters, 
w h ile  tho cyclone diameter is  merely tho s ize o f the housing 

required to  carry thaw  diameters fo "  normal operation.

Determ ining R (x) fo r  Q oyclonn requires fin d in g  three parameters 

A, " C, m U  = \ r  * ( « "  oquation. 17.11 of 17 .13) o il  o f which r ,  

dependent cS the cyclone geometry and cyclone food.



i to  corre la te  w ith  the cyclone 
and feed conditions from th e o re tic a l,  em pirica l and combined 

th e o re tic a l and em pirica l approaches. I f  each author can be assumed 
to  have Kept the dimensions o f  th e ir  te s t  cyclones geom etrica lly  s im ila r , 

so th a t each o f  the dimensions have a fix e d  p ro p o rt io n a lity  to  Dc» the 

cyclone diameter, then th e ir  re s u lts  can be summarized in  the fo rm :-

.............
05Q a Occi.Pa . lp g -  pLJf   - ..........— (17.15)

0 a D 8 .ph   (17.16)

where Q is  the vo lum etric feed ra te
P the head o r  pressure drop across the cyclona

i c i f i c  g ra v it ie s  and

a through h s a t is fy  gb*a = d, hb = e and f  *

u m ira QA.TE EQUATION 17.14 EQUATION 17.15 EQUATION
17.15

h

Dahlstrom 1054 -9,53 -o . : C.40B 0.5

foahioKa 8 H otta 1355 1.5 -0.5 -0.5

Bradley 1355 1.5 -0,5 -C.5 0.5 -0.25 2.0 0.5

Chaston 1358

’ ovarov 1951 -0.25

L ilg o 19B2 1.5 -0.5 -0.5 -0.25 0 .5

Trsw inski 1976 1.5 -0.5 -0.5 -0.25 -0.5
° ' 5

IBM 1.10 -0.45 -0 ,6 -0 .5 o .ta

The good asmonont to llm en a l l  au thor., evan though d iffe re n t 

e * ™ * * ,  h M  uw d, 1 . p W - ln : .  Lynd, m d « «  (117:) M W

alao developed art e irp lr lc o l co rre la tio n  fo r  0M , but i t  ie  not in  a form 

su ita b le  fo r  comparison w ith  the above.
TW flow " I "  W "  o o r^ o lly  w m lM d , but hoe.

.0  f a r  de fied  th e o re tic a l treatm ent. The mo.t common em pirica l



fo rm  has

" W

M b '"  « -

and X varies between 3.0 and 4.4. P l i t t  C197B) has reviewed the 
l i te r y tu r e  conoerning th is  s p l i t .

In  the l i te ra tu re  or.ly two cyclone models e x is t  which e x p l ic i t ly  
considor the cyclone dimenGions and the feed cond itions. Lynch and Rao 

(1075) end P l i t t  976). Both these models use the p a r t i t io n  curve 

and incorpora te  .>niplrical co rre la tio n s  o f  the parameters w ith  the dimen­
s ions ana feed cond itions . M i t t ' s  (1976) data incorporates th a t o f  
Lynch and Reo (1975) and is  thus more extensive. M i t t ' s  (1976) model 
has boon se lected as the oyciona modal f o r  the s im u la to r. The model 

can be summarized as fo llo w s :-

□c = In s id e  diameter o f  cyclone •■'easurod 

a t  bctfcom o f  vortex fin d s r

q = in a id a  diamatar o f  underflow 

apex o r i f ic e

D = In s id e  d itm etor o f  overflow 

vo rte x  f in d e r

= In s id e  diamator o f  cyclone in le t  

o r  /4A^/R’1 fo r  n o n -c irc u la r in le t

Du I * —

h = Free varfcax he ight o f  cyclone,
defined as the distance from the bottom 

o f  the  vertex f ln d o r  to  the top o f the 

apex o ri'P i ,s.

:



, 2 2 "  B«0 "W  di ° ' B d„ 1,21 n p U M K M )' 0 °-" h°'W.0.4—----̂ -3----

h " - "  .  „  2 , 0 . *  
ĜXP (0.00S4<J]

' .D  » 1» [0  Z ,  B _ 2 ,o .«

exp (0 .003# )

Rv - S/(S + 1)

Rf  -  (Rv  -  Rs* ) / (1  -  $

O h ° ' 15
6 ■ 0.372 exp (-1 ,53  R^J. (^2 _  )

ano D^j Di < 0^, 0 , h cantimatrss

M metrsa prosBure drop (metres o f faed s lu n > )
0 metras^/sBc volum etric flow  o f feud during

P fd lop flsca ls  pressure drop across cyclone
$ percent volume fra c tio n  o f  so lid s  in  feed

O50 mieromoters

pg,p l_ “  a p s c ifie  g ra v ity , ao lldu 8 liq u id s

Rf '  Rv "  f ra c t io n a l recovery o f  s o lid s ,
f lu id s ,  s lu rry  to  underflow

R CO) e 1 ~ exp (-0.BEI3 (0/D5[j) ) 

Ra(D3 = Cl -  Rf )-RC(D) + Rf



Several assumptions have been made to  make the implementation o f 
th is  model more e f f ic ie n t  in  terms o f computer time.

( i )  The cyclone has standard dimensions

oo ■ oc/e

Di  * V 5

Du -  0,118 Oc

FhiE, a llows the cyclono geometry to  be s p e d fle d  by two parameters: 
De end h /Q ^

H i )  Fhs Fsad s lu r ry  has a density o f 1030 kg/m3

Jn P l i t t ’ s e o rro la tio n  the pulp density is  on average 1030 kg/m3 

and by assuming th is  value to  be constant H can be expressed 

in  k ilo p a sce ls  and is  replaced by P. This helps lin e a r is e  
the equations w h ile  making vary l i t t l e  d iffe rence  to  the re su lts .

H = P /1030/9.8 x 1000 “  0.099P

C U )  PL -  1.0

This aMsumss thti f lu id  madium is  water, ( i f  brine is  used 

then must be changed to  1.23.

Eiv) Tha terms BxpCO.OOS#) and exp(0.0031<>) equal one

Th is  is  approximotely tru e  as the maximum value o f  $ use:! by

p l i t t  l a * *  13%, and th is  makes d iffe rences o f 7% end 4% to

S and P ,re sp e c tive ly .

lv )  Rf  r  %

This is  approximdbHly true fo r  d ilu te  s lu r r ie s ,  and i f  th is  
assumption is  not mada in te rn a l i te ra t io n s  have to  be done 

to  solve fo r  6 and \  eimultonooualy.

; -



I n s e r t in g  t h e , ,  a ssu m ptio n . In to  p u t t ' s  model g l ,

exp(0.0S3$)—r  [17.17]

0.323 !j c ° ' 3^h0.54p-o.2'1

%  -  3 /(3  + 1)

0 « 2.04 D 0 '04 \0 .12 7p-0 .004 exp (-1.5SR )

Rc CD}« 1.0 -  exp{-0.893 (D/D—)* )  ‘  -  (17i

R ,(D ,. M -  ^ 1 * ^ 0 ]  .  R,  (W .

where the  th ree  parameters providod by the user a re ;- 

C i) Dd centimetres

(11: h/Dc

( i l l )  P kllopEiscals

17.2.4 Subroutine CYCL - Cyclone L ib ra ry  Mcduia 

To BBSiat the convergence o f  a c i r c u i t  conta in ing th is  h ig h ly  n o n -linea r 

mooel the  c ia riva tivaa  o f  each output variab le  w ith  respect to  the  corres­

ponding in p u t va r ia b le  is  ca lcu la ted  in  the model subroutine. The 

form o f  the d e r iv a tiv e s  la  q u ite  invo lved as 050 is  a func tion  o f  
Ps ---t-j +, both o f  which are dependent on the feed in  each category.

H J TfrtrambQvn
The parameters th a t  fo llo w  are in  the order in  which they must be 

presented to  the  s im u la to r. The values in  brackets are the ranges 

o f P l i t t ' s  d flta.

(b) h /0c

(c) P

centimeters (3<0c<50)

(O .B fh /D ^S ^ ) 

K ilopascal (SD<P5210)



( t i ) .  P h y s ic a l Prope-M'i.en

The ac tua l s ize  corresponding to  each size in te rv a l plus the s p e c ific  
g ra v ity  o f  the m a te ria l in  each G-class i s  requ ired . I f  only one 

6 -c lass  is  used the s ing le  s p e c if ic  g ra v ity  provider) must be that, o f 
she s o lid s  as a whole.

( H i )  U n its

The model ca lcu la tes  tho f r ic t io n a l  d is tr ib u t io n  between the two ou t­

puts , th e re fo re  the mass flows in  the  streams can be in  any convenient 
aat o f  u n its . However the s o lid s  and water f- owe must use the same • 
u n i t i  Ce-g. both kg /h r o r both tons per day) and the model parameters 

must be in  "he p rescribed u n its .

17.3 flo q e llin g  o f  G rav ity  Separators 

G rav ity  separators are basic to  most ore dressing operations. Their 
ro le s  va rie s  from preconcentration to  the production o f the f in a l  concantrate. 

However m ode lling  o f  these u n its  has lagged behind th e ir  usage.

A dense media separator, modelled by using a p a r t i t io n  curve, 
wod one o f  the f i r s t  attempts a t q u a n tify in g  the operation o f  ore-dressing 

equipment. Thu -r ,\y  development has been to  use an em pirica l fu nc tiona l 

form  to  represent t,.u , . - r t i t ic r ,  curve. Lovedey (1370) suggested the 

in te g ra l form  o f  the Gaussian whlc. -s  m odified fo r  eas ie r
com putation. V a le n tik  and Whitmore (19B-U ti-'.eo cc make the model leus 

e m p iric a l by considering the flow  prope rties  o f  the f lu id  in  the dense 

media ba th . They found th a t the f lu id s  seldom have Newtonian flo w  p r . r  - 
t ie s  end behove l ik e  Bingam f lu id s .  They discuss the e ffe c ts  o f  

v is c o s ity  and turbulence but do not present a model.
Much work Mas been done to  moke jig g in g  more e f f ic ie n t  (Zimmerman 

(1974,1975) end Vinogradov (1988)). -Jigging can be trea ted  as a 

. t r K l f l - t l o n  p r o * * ,  ( M * , r
d l f * ™ *  i r  p A m t ld  « «  , l v .  .
K . u r .  W  t *  r ^ »  «« M P « rA l= , occur..- P W r  tim 4 l
tn .  k l c K o .  t M  j l ,  . t n * " '  Out tC U  * » ,  cot p rc u ia  .  - d . 1  '

. u i w , ! .  f c r  ^
p a r t i t io n  curve.

I _ , n , . C  .W k lc :  t W , l .  C M  M C  I l k .  t C  B c r t l .^
Me,. .. c m m c t c r  th .  8 ^ 1 "  c " " ^ k  but . W r  .
up .. h .  CPW b m  to C C t t t A W  t M . .

m u t e  . p l r * .  ^ b  W d . "  W q - c t l ,  u -b  but v i r t u a l ,



no q u a n tita t iv e  theory on th e ir  operation has Been proposed (Naguib' (1971)).
The only q u a n tita t iv e  theory found in  the li te ra tu re  is  by Vinogradov 

efc e l (I9 6 0 ). The k in e tic s  o f g ra v ity  processing in  m ineral separations is  

considered anti d if fe r e n t ia l  equations are developed- these can ba solved 
to  g ive  the te rm ina l .sinking ra tes o f  the p a r t ic le s . I t  may also be 
p o ss ib le  to  use th is  theory fo r  j ig s . ,  s p ira ls  and shaking tab les once .a 

tra n sp o rt model is  developed to  go w ith  the separation model.

In  general g ra v ity  separator models are poorly  developed and i t  is  
necessary to  use, f ix e d  p a r t i t io n  curves to  describe th e ir  operation a t 
present. The development o f  n mechanistic model is  l ik e ly  to  be slow 
as the  f lu id  flow s are corny lex and hence transport, models d i f f i c u l t  to

17.4 M odelling o f  S orte rs and E le c tro s ta tic  and Magnetic Separators 
The h is to ry  o f  separation methods using electro-m agnetic ra d ia tio n  has 

been thoroughly reviewed by Hall-C arpenter (1370). I t  Is  apptiranu th a t 

these methods have e x is ted  fo r  a long time end th a t the physics o f  the 

processes seem w e ll understood.
Hopsto.uk (1975? describes the physics o f lo w -ln te n s ity  dry magnetic 

separators. Using ssvara l s im p lify in g  assumptions he is  able to  balance 
th e  c e n tr ifu g a l and magnetic forces to  ob ta in  a re la tio n s h ip  between the 
percentage o f  iro n  in  th« o a rtlc lo g  which s t ic k  to  the .drum and the speed

o r ro ta t io n  o f  the  drum. Reasonable agreement la  found between the  ex­

perim enta l -2nd th e o re tic a l re su lts .
Lewver and HopstocK 11974) review the p r in c ip le s  o f wet h igh in te n s ity  

eaunatic  separa tion .. S lm iU r ly  to  HopatmK H ITS] th iy  balance the 

magnetic and h y d ra u lic  drag forces while  assuming g ra v ita t io n a l forces 
to  6a n e g lig ib le ,  they conclude th a t 25 tim i»  the sm allest s ize  p a r t ic le  

th M  < * ,  *  M  .  - t M * .  T h *  t w t  t h .  w w c

m a p U W U W  o f '  " W :  w rW o l.  i .  - W W  —  fr .H o n .1
of It, oapnont .movUMHtl". L»v.r »d W.toct (1M41 rlv. .

V t  ^  (19M I " " " t

reduced a i r  pressure is  more t 
»,d conolud.0 that tM  . l .M : n o ^  f - t " .  ,

mechanical ones.

s more im portant than the



Morrison (1974) created a model o f the nigh in te n s ity  r o l l  separator 
by considering  the subprocssse'ci se le c tio n  a t the earthed ro to r  surface , 
e le c t r ic a l fo rce , the image fo rce , the ce n tr ifu g a l force , the se lection 

by t ra je c to ry  and the  e f fe c t  o f the corona reg ion. However Morrison 
sta tes  th a t no s o lu tio n  is  known fo r  the equations -ne developed. On top 
o f  th is  f ie ld  and charge density measurements ere d i f f i c u l t  to  make, 

and M orrison suggests th a t a d is tr ib u t io n  o f co n d u c tiv it ie s  in  enoh 
m inera l species should be considered; Morrison eventually resort?  to  a 
sim ple p ro b a b ility  approach fo r  the conductor/non-conriuctor s p l i t  and 
ge ts  good re s u lts .

The machanistic models discussed fo r  both magnetic and e le c tro s ta t ic  

separators ore complex and th e ir  so lu tio n  requires much computational 

e f f o r t .  Even i f  the equations can be solved th e i r  re su lts  on ly represent 
an id e a l sepa ra to r in  which a l l  p a r t ic le s  in  a p a r t ic u la r  category w i l l  
re p o rt to  the  sane output stream. So although the physics i s  essen tia l- 

f o r  the  design o f  the equipment, from a s im u la tion  po in t o f  view one 

. m ight as w e ll choose, on "the basis o f experiments! work, a reasonable 
p a r t i t io n  curve w ith  the desired cut value, and then adjust the machine 

va ria b le s  to -ach ieve  th is  value.
The m ode lling  o f  so rte rs  is  reviewed by King (1977) and i t  seems 

th a t very l i t t l e  has been dona. King proposes a model based on the 
sum o f th e  product o f various p ro b a b ilit ie s  l ik e ;  tha p ro b a b ility  o f 

re co g n itio n  and p ro b a b ility  o f  d e fle c tio n . This model re su lts  in  a 

f ix e d  p a r t i t io n  curve fo r  the s o rte r ,

17 ,5 M odalling o f F lo ta tio n  
In  assessing the  p ro b a o ility  o f  a p a r t ic le  being flo a te d . Schuhmam (1942) 

according to  WoodSum (1970) assumed th a t; -

where -  p ro b a b ility  o f  a successful bubblu , r t ic le  c o llis io n

P ,  p ro b a b ility  o f  a c o llid e d  p a r t ic le  adnering

p" .  p m W d llty  f .  p p ru p l"  "W n: n t a n *  by-tW  bvbW.

= •

p , .  p p r t lc l ,  b .U i:  W.



iho determ ination o f each o f these p ro b a b ilit ie s  has been reviewed 
by Mika and Fueratenau (1963), Woodburn (1970) and F l in t  ( 1974J.

Once an o v e ra ll p ro b a b ility  has been established i t  is  possib le  using 
p e cu la tio n  balance models to  compute the rates o f  f lo ta t io n .  This has 

bean done by K e ls a ll (1961) and Davis (1964). The cumulative recovr ry
o f a m inera l species (R) from pi f lo ta t io n  c e lls  is  given as :-

R -  M l  - (1 -  P)"1)  - .............  (17.23)

where M is  the maximum possib le  recovery and P the p ro b a b ility  o f  f lo ta t io n  
fo r  the  p a r t ic u la r  species.

The complicated nature o f  the various subprocesses makes i t  impossible

to  ob ta in  values fo r  th e ir  p ro b a b ilit ie s  and Devia (1964) had to  be
s a t is f ie d  w ith  an o v e ra ll p ro b a b ility  fo r  each mineral in  each bank o f

Since i t  is  desirab le  to  determine model parameters from laboratory 

te s ta  a k in e t ic  model has been used to  account fo r  the dynamic nature 
o f  *-ne process. According to  Rika and Fuerstenau (1969) -  'A  consensus 
has seems to  have i-aen rea-hed th a t f lo ta t io n  o f  a s u f f ic ie n t ly  homo­
geneous assembly o f  p a r t ic le s  occur a t a ra te  which is  p ropo rtiona l to  

the  popu la tion  dens ity  o f  p a r t ic le s '. This re su lts  in  a ' f i r s t  order 
lew* fa r  f lo ta t io n  end although i t  is  an e n p ir ic a l 'law .', testwork by 
B u ll (1S65), Imaiaumi end Inoua (1963), Tomlinson and Fleming (1963),

Jow stt (1B71J and Lovfiday and Merchant (1973) prove, i t s  v a l id i t y  in.many , 
canes. Then i f  i s  a ‘ s u f f ic ie n t ly  homogeneous assembly' the 1 law’ can

= ki Wi  i  = 1,n “  (17-24)

where vi  i s  the ra te  o f  f lo ta t io n  o f  t

is  the f lo ta t io n  ra te  constant •

and n the  number u f  species
Consider a s in g le  f lo ta t io n  c e l l  ■ 

a w ,  F, th .  M W  f i e r c e  ° f  w w e w e t i i c l h c f w d m d P -

C t h ,  w «»  f l w r c f  ^ w n c n t r c t .  :

T t w  w w  f lw w W  c f 1 "  ^

■ I c.



A mass balance over the c e ll fo r  each component gives: -

Fi  C1 + T1     (17-25.)

and as th e .c e l l  a t steady sta te  is  equivalent to  a batch c e l l  at some 
in s ta n t in  time (D u ll (1969)); by equation 17,24

To f in d  the  steady s ta te  values o f C^, and fo r  fix e d  and 
fo r  each i ,  another re la tio n sh ip  is  required. This missing re la t io n ­

sh ip  is  the residence time d is tr ib u t io n  o f  the species in  the c e l l .

Woedhurn 11970) quoting Miami and Jowett f in d s  tha t the assumption o f  per­

fe c t  m ixing i s  adequate, H a rris  a t a l (1975) found that, a Denver labora to ry  
f lo ta t io n  c e l l  behaves as a p e rfe c t m ixer except a t flow ra tes much beyond " 

th e  n a tu ra l capac ity . Applying th is  to  a f lo ta t io n  c e ll Im plies tha t 
the  concentra tion  o f  a species in  the c e l l  must be the sai.,e as the con­

c e n tra t io n  o f  the  species in  the t a i l .

i . e .  W /W *> T ./T  — ...........- ..............(17.26)

and in s e r t in g  th is  in to  equation 17.24 and 17.25 g ives :-

" f r i ^  '

" l " !

wham, i  .  w/T end Is  c e lle d  the mem residence time,

I f  k M l  t  m  B W  " " d  =1' A  " d  " i  « " »  a t w t l ,  eb-
U dm d u B h , cq iw tim  U .3 7 . I f  « c f  t  i .  B V "  chm

M id t W  U  (T M . d—  "  f .  - ^ 1

tv , M ,  t h .  c n M t v  " U d .  in  th .  m a r * .  I W

d M B U w  ^  t n .  m l i .  M l.  " t . h  '

must be co n s is te n t)) .



Now although there  may be consensus on the ' f i r s t  order- lew' there 
does not seem to be any agreement on what is  a ’ s u f f ic ie n t ly  homogeneous 
assembly' o f p a r t ic le s .  I f  one took th is  to  the extreme o f assigning 

sach p a r t ic le  a f lo ta t io n  ra te constant then because o f the large number 

o f  p a r t ic le s  one would expect a continuous d is tr ib u t io n . This approach 

has been taken by Pogorly (19G2), and Tmalzumi and Inoue (1963) while  . 

.Loveday (1966) has suggested th a t th is  d is tr ib u t io n  can be w e ll represented 
by a gamma fu n c tio n .

Another method o f choosing a homogeneous assembly o f  p a r t ic le s  would 
be to  assume th a t each m ineral apacisa has n p a r t ic u la r  ra ta .constan t.

This method which d isc re tize s  p a r t ic le s  in to  G-classes has qecn used 
by Davis (1964) w ith  same Buticess. I t  has.however been w e ll estab lished by 

severa l authors in c lu d in g  Imaizumi and Inoue (1968), Woodburn, King and 

Colbom <1571), Kaharotra and Kapur 11975), Tomlinson and Fleming (196") 
and B a r t le t t  and Ruler (1974) th a t p a r t ic le  s ize has a s ig n if ic a n t e ffe c t 

on the f lo ta t io n  ra te . Therefore s p l i t t in g  the p a r t ic le s  in to  categories 

tiasocie tad w ith  d isc re te  s ize  and grade (0 and G) classes, as suggested 
by Tomlinson and Fleming (1963) and B a r t le t t  and Mular (1974), each w ith  
i t s  own f lo ta t io n  ra te  constant should be advantageous. Tomlinson and 

Fleming obtained an e xce llen t correspondence between the experimental 

and p rti, ’'  cted values fo r  the recovery o f  pure a pa tite  and hc-metite from 

a f ix t u r e  - f  t lw  two m inerals ,
Even i f  tha  p a r t ic le s  ha,;,3 a fixe d  size and grade i t  i s  s t i l l  

p o ss ib le  f o r  the re  to  be a van. ) t io n  in  surface p rope rties  and so f lo ta t io n  

ra te  w ith in  the  GG-cUss. For * *  *rpl# tha c o lle c to r  w i l l  not n ticossa illy  
coat e xa c tly  the same fra c tio n  o f  i h ,  surface o f each p a r t ic le ;  o r  because 
o f  v a c a t io n  in  p a r t ic le  shape o r  surface roughness the surface area o f 

t h .  w m  . i n  p w t w  a * "  o r  In  p n t W n  of f l f d
' « m .ro lo n  « l*  « u rf« o  ™  W  ,  o « t« in  w i l l  uory f n »  '
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o r w -o lm ,  .  fu r tm r  d lm tlibu tim  of p .r u o lw  into  M — a i l . .  of 
p o r t ic ls s  w ith  e common M o t . t io n  ra w  constant should b , Sons. Lov,d=y
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a f lo ta t io n  ra te  constant w ith  every DGS-clasa, This is  sub tly  d if fe re n t 
from K in g 's  (197S) method o f essociaCing each S-class w ith  a f lo ta t io n  
ref-b. constant. Scrimgsour, Hamilton and Toong (1370) end B u ll (1969) 

also associate the f lo ta t io n  ra te cor "tan t w ith  the 5-class and le t  the 

d is t r ib u t io n  o f  mass in  each S-olssc. causa the d iffe re n ce  in  f lo ta t io n  
ra te  tietwesn DG-classes.

The use .o f a fix e d  fu n c tio n  o r a f ix e d  d isc re te  d is tr ib u tio n  to  describe 
the d is tr ib u t io n  o f  p a r t ic le s  between S-classes can lead to  misleading 

re s u lts ,  This hoppona because p a rt ic le s  w ith  a ce rta in  f lo ta t io n  ra te  • 
are sG ly c tiv o ly  rsmovno end the  shape o f  tlie  d is tr ib u t io n  changes, so 

causing the f lx a d  d ir , t r ib v t io r i  to  become more and more in co rre c t as the 
p la n t hticomas more complex. This fa u l t  can often  bp obscured as the 
me-hod o f  determ ining the f lo ta t io n  ra te  conatants may compensate f o r  the 

e r ro r -  Therefore i t  appssrs th o t carry ing  d isc re te  DCS-clesses in  the 

p la n t streams allows an accurate mass balance w h ile  p rovid ing s u f f ic ie n t ly  
homogeneous assemblies o f  p a r t ic le s  fo r  the f i r s t  order law o f f lo ta t io n  

to  apply.
Whether the  jnodo lls r associates the f lo ta t io n  ra te  constants w ith  - 

each 0GS-category o r  on ly w ith  the  5-clesses w i l l  ddpend on how he de- 

term ines these ra te  constants. The fa  revs r  aeaes to  o f fe r  more 
f l e x ib i l i t y ,  f a r  a l i t t l e  ex tra  storage, as once the ra te  constants fo r  

esch UGS-tudSs hava boon determined fa r  one feed they w i l l  apply to  any 
ocher faad, whereas fo r  the la t t e r  a change in  feed w i l l  requ ire  mors • 

testw ark to  determine the new mass d is tr ib u t io n  between 5-classes.
I t  ha-J bean im p l ic i t  in  the preceding paragraphs tha t conditions o f

, " f n .  f lo tM io n ' . t  I * .  W  cbwrvW  (T m U n m  md
f W i n ,  t in *  t w t  tlm r . f  * , t  of
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ra te  oF flo ta b io n  w i l l  be zaro o rder, however they do not aht'v how or 
when the changeover should take place.

King ( 1073) sets Y * y .A .S ^  on the asaumptlon tha t the f lo ta t io n - ra te  
is  p ro p o rtio n a l to  tha free  bubble surface area, the concept o f ’ free 

bubble1 surface area' is  discussed by Mika and Fuerstenau (1969) . A is - 
the  bubble s rface area per u n it volume of pulp and the fra c tio n  o f 

fre e  bubble surface area on average, both o f which are ca lcu la ted from 

o pera ting  va ria b le s , y •’ s tho fra c tio n  o f  p a rt ic le s  which on reaching the 
■froth phat.e !3rti rccovurt'd in  the concentrate, i t  is  a function  o f  pulp

• le v e l,  p a r t ic le  .'*izs und mlnt?ralo('y. I f  pulp le v e l ei\d aeration ra te 
are uaod to  co n tro l the c e l l  then y and A can be used as con tro l variao les , 

Sw  is  dtitnnrdned I tu M t iv e ly  w ith in  the model.
Suthorlerid (1377) suggests th a t becauso o f  the many unce rta in tie s  

inhe ren t in  p la n t a p p lica tio n s  th a t such de ta ile d  modelling is  not ju s t i f ie d .  

He t re a ts  hindered f lo ta t io n  e m p ir ic a lly  by s ta tin g  th a t some lim it.m u s t 

ba placed on the ra te  o f concentrate flow  from a c e l l ,  and th a t th is  ia  linked 
to  the  S tV ura tion  o f  bubbles w ith  p a r t ic le s . This im plies a lowering o f 

the  f lo ta t io n  ra te  constant. F ir s t  a l im it ,  CM AX, is  set and than the. 

to ta l  concentrate flo w ra te , CTOT-ZC., w ithou t suppression, is  found.

I f  CTOTSCMAX V I

I f  CTOT*C«AX
end Y la  found i te ra t iv e ly ,  so th a t -  2-CMAX C1~uMAX/CTOT/23 is  

s e t is f ie a .  Although IC , w i l l  be g rea te r than CMAX, i t  increases slow ly 

w ith  CTCJT and so -avoids having a o is c a n t in u ity .

Two l ib ra ry  modules f o r  f lo ta t io n  have been programmed fo r  the 
s im u la to r. Trie f i r s t  ia  baoud on Sutherland 's (19771 model end should 

to  use fu l In  design =tae>« as I t  dm s not require much data, m te ld e  the

f lo w u m  r t ,  th«t mrnot By th. moailM-. m . . -
m o m : m x b l. I«  ^  I W . '"  in  «  f r  I t
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tb a t * DG w i l l  bo the f ra c tio n a l e ff ic ie n c y  o f  f lo ta t io n  o f p a r t ic le s  in  
each d is c re te  00-c le w  re la t iv e  to  k"

' ^ ^ ■5•1 Subroutine FLTN - F lo ta tio n  LiPrary Module (Sutherland)
Tbs subrou tine  has been programmed to  accept a v a rie ty  o f data so 

th a t the usar can spec ify  h is  c e l l  in  whatever way is  most appropriate 
to  h is  problem. To completely spec ify  the c e l l ,  fo r  th is  model, any 

two o f  the  fo llo w in g  fo u r parameters must be providad ;-

(a) C o ll residence time

(b) C o li so lid s  holdup

(c j C e ll volume

Cd) Psrcent s o lid s  in  the t a l l  (underflow) 

w ith  the' sxceptSdnjthat i f  on ly residence time and so lid s  holdup la  sp e c ifie s  

th is  does not provide in fo rm ation  on the water s p l i t  and so another parameter 
i s  requ ired . Zeros must ba placed in  the po s itio n  o f  those parameters which 

ara no t being provided.
An advantage in  using th is  module is  th a t i t  can model e bank o f  c e lls , 

so th a t the process flow  diagram w i l l  requ ire  fewer streams. Thus storage

<fi& f u l l  l i s t  o f  parameters required, in  orde r a re :-

(a ) Number o f c o l ls  in  bonk
(b) C u ll residence time

(c )  C e ll s o lid s  holdup 

Cd) C a ll volume
[ , ]  Percent s o lid s  in  underflow
t f ]  Maximum coneantrata [ f le e t )  {low in  each c e ll 
( * ,  ^  n o t i o n  r A .  h r

p e - o l n , .  (Th. order mumt b . .1M 1W  to t l» t  r « w i« d  In

paregropli 14.4,2 m >  whan 12 -  1).
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( H i )  U n ijj

Any u n its  can be ueRd as long as they ore cons is ten t. I f  the s p e c if ic  

g ra v ity  is  used caia should be taken in  the chcics p f un its  f o r  mass 
and volume.

17.5.2 Subroutlna PLTK -  F lo ta tio n  L ib ra ry  Module [King)
This module is  based an the m odified form o f K ing 's  (1973) model as d is ­
cussed in  previous paragraphs.

( i )  Param tera

A ll  o f  the fa llo w in g  nine parameters/operating variab les must be provided 
in  sequencei-

(a) C e ll volume V (m^)
(b) A eration ra te  G (m3/S)
(c) F ra c tio n a l e ff ic ie n c y  f ro th  recovery y

(d) Bubble s ize (ml

(B) Bubble rastdtince time t (S)

( f ] Percentage s o lid s  to  concentrate

(g) Physical property number associated w ith  k^

Ch) P hysical property number associated w ith

( i i }  phys ica l Ft'OOBrtum

(a) kg the f lo ta t io n  ra te  fo r  each S -cl ass
( b )  4>D(_, T h is  a r ra y  I s  g iv e n  as a s t r in g ,  i n  w hich th e  D -o lasses 

v a ry  w ith  each G -c lass  in  o rd e r

(cJ The ps tua l s ize o f the p a r t ic le s  in  each D-cl&ss
(d) The s p e c if ic  g ra v ity  o f  m ate ria l fo r  aach G-class as property

( H i )  Units
The u n its  are as f o r  the parameters and the stream mass flow s should be 

in  Kg/S. The f lo ta t io n  rate constants must have u n its  o f  S 1.

17.B Modelling o f  S o lid /L iflu id  Separators 
Over the past dscflcJos several techniques fo r  f in d in g  the required area 

o f 0 th icke n e r from batch s e t t l in g  te s ts  heve ‘•jeon developed. Noteabla 

arc fchooe o f  Cos and Clovongur (1S6SJ, Kynch (1352), Talmage and F itch  

(-i055) and Yohioka o t a l E1QB7). to re  recen tly  con tribu tions  re la ted  

to  f lo c u ly ts d  pulps end pulp oonnjrasslon have been mad* by Scott (1968), 

Adorjan (1975) and Koa (1074). A very comprohonslvia rrwiew o f



g ra v ity  th icken ing  has bean done by Pearse (1077) and de ta iled  discussion 
o f  the p ro 's  and cons o f  the above techniques is  given.

In  rea l continuous thickeners steadv sta te  does not appear to  be • 

maintained fo r  any length o f time (F itch  (1968), Hcssset (19691) due to 
va ria tio n s  in  feed volur.a and so lid s  concentrations. Hesset (1C69) states 
th a t both s o lid  and liq u id  overloading can cause a d ir ty  overflow , V arefore 

what has been done is  to  overdesign the th ickene r to  handle surges and 
keep a c le a r overflow .

Designing a continuous th ickener is  o ften  done by running a con tin ­
uous; p i lo t  p lo n t to d iscover what feed f lo w ra te  can be coped w ith  by one 
square meter o f th ickene r and then simply sca ling  th is  up to  the f u l l  

scale p la n t. This method may be -re lia b le  but i t  is  expensive and time 
consuming. Sedimentation theory has bgen used by Slake and Colcmbera 

(1077) and Wuuda, Rietma and O ttengraf (1977) to  describe the p a r t ic le  
motion in  batch and continuous th ickeners, while  T e rro r, Lim, Koppel 
end Grady (1974) using Kynch's theory and a plug flo w  model ca lcu la te  
th icken ing  capacity . Kos (1974) presents a model which can p re d ic t the 

s o lid s  concentration p r o f i le  in  a continuous th ickener.
Continuous in icke^ ing  ’.-wolves two w e ll s tudied phenomena, namely 

sedimentation and compaction and although improvements in  the under­
standing o f  the mechanism o f th icken ing  has evolved and many models 

. proposes none are able to  completely p re d ic t the performance o f  continuous 

thickeners from labora to ry te s ts . This is  born out by Pearse (1977) who 

sta tes th a t the 's ta te  o f  the a r t 1 is  best conveyed by the fo llo w in g  

q u o ta tio n !-

'Wa dont as y e t have any th e o re tic a lly  s o lid  o r e m p ir ica lly  process 

way o f  p re d ic tin g  th ickene r performance, comp le ts ly  and v a l id ly  from 
measurements m.-.de on small samples o f suspension'. (B. F itch , Chief 

S c ie n t is t ,  Oorr-O Uver In c ., 1975).

Because o f  tr.e. un ce rta in tie s  in  design procedures most th ickeners 
are overdosignod, and operated to  unsure a c le a r overflow . During the 
design stage a su ita b le  percentage so lid s  fo r  the underflow is  selected 

and the th ickene r i s  then operated to  keep to  the designed value, but 

even i f  there  is  a surge in  the food, Iho b u i l t  in  overdesign w i l l  usually 
a llow  the overflow  to  remain c le a r while  the underflow re ta ins  the designed 

percent so lid s , I f  the th ickener is  overloodod the usual remedy would 
be to  increase .the undurflow flow  rate but th is  w i l l  decrease the percent 
s o lid s  in  the underflow. However th is  trans ien t overloading cannot be .



handled by a steady s ta te s im ulator there fo re  fo r  almost any rea l steady 

s ta te  s im ulation  spec ify ing ; the overflow must be c le a r and the percent 

s o lid s  In  the underflow, w i l l  be adequate. This type o f model can be 

handled by the MIXR subroutine, when the percentage s o lid s  in  the product 

stream Is  sp e c ifie d . The water add itio n  rate w i l l  be negative, in  th is  
case, in d ic a tin g  water removal. F il te r s  can be s im ila r ly  sp e c ifie d .

I f  the user wishes to  use more mechanistic models, as described by 
Peatse (19,7) fo r  th ickeners o r by T i l l e r  (1971), Nemeth (1967) and. 

Wakeman (1976) using O’ a rcy 's  Law and the Kozeny-Carmen equation fo r  
f i l t e r s ,  the user should w r ite  h is own model subroutine.

By using the simple MIXR module to  simulate s o l id / l iq u id  separators 
in  the o v e ra ll c i r c u i t  a reasonably good re s u lt can be obtained w ithout 
the a ttendant in e f f ic ie n c ie s  o f  a general purpose modal requ iring  the 
s o lu tio n  o f  d if fe r e n t ia l equations. While the de ta iled  user w ritte n  

s o l id / l iq u id  separation model can be s p e c if ic  to  the user's  requirements 

and use the ca lcu la ted  mass flows from the s im ulation.
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18 TEST EXAMPLE I

In  th is  example many po in ts  concerning the s im ulator usage are demonstrated. 

However the main purposes are to  show th a t; the coding is  co rre c t, the 
connection between p lan ts  and the operation o f the converter, the v a rie ty  

o f  outputs a va ila b le , and the  convergence o f  the reduced Newton method . 
fo r  l in e a r  systems.

The example is  d iv ided  in to  f iv e  sections, each o f which w i l l  be 
used to  demonstrate p a r t ic u la r  facets o f the s im ula te -. The remarks on 

each section  should be read in  conjunction w ith  the flow  diagram and 
computer p r in to u t.

16.1 Flow Diagram '
The flo w  diagram is  g ive n .in  f ig u re  25. From th is  diagram i t  can be seen tha t

( i )  There are three separate p lants
[ i l l  There are fo u r connections between p lants
C i i i )  Each p la n t has two nodes and one o f the nodes in  p lan t 4 is

s im p le

( iv )  The numbering o f u n its  is  a rb itra ry

(v l The numbering o f streams is  a rb itra ry
W il Each p la n t has severa l feeds and outputs

( v i i )  Some nodes have water feeds
( v i i i )  The nodes have various types o f in te r lin k e d  recycle  loops

16.2 Data
The fo llo w in g  comments should be read in  conjunction w ith  chapter 14 and 

computer d isp la y  o f  the  data, plus the computer echo o f the data.

fa> Strebem V a ta

t i )  The use o f  a l l  KEYWORDS except READ and TOLfl
( i i )  P lant 3 has 4 0-classes, 3 G-classes and 1 S-classj 

p la n t 2; 3 .3 ,2  D.G and S-clesses; and p la n t 4 :3.1,1 

0 , ’'  and S-classes. (Keyword NOGS)
( i i i )  The converter has to  drop the top s ize fra c tio n  in  going 

from p la n t 3 to  both p i - t  2 and p la n t 4. In  converting
from p la n t 3 to  p la n t 2 e S-classes must be expanded from

1 to  2. (Keyword CNCT and NOGS)
( iv )  Tho m ineral names are VALU and WSTE. (Keyword MING)

(v) The f i r s t  s ize class i s  the la rg e s t. (Keyword SIZE)

(v i)  The s p e c if ic  g ra v ity  is  given so tha t the grade re la ted  to
volume can be ca lcu la ted  from the grade re la ted  to  mass.

(Keyword SPGR, GRDM]
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, ( v i i3  Physical property 3 is  given d ire c t ly .  (Keyword PHYP)
( v i i i )  Physical p roperty 4 is  given as values fo r  each m ineral

species, then re la te d  to  the 3 grade classes by inverse 
volume fra c tio n s . (Keyword PHYP, code 10043

(b) P la n t Data

( ! )  The stream connection m a trix . (Keyword SCMA3

( i i3  Fixed water feed and variab le  water feed. (Keyword WTRF)
( i i i j  S o lid  food as mass fra c tio n s  re la ted  to  0, G and S-classes.

(Keyword STRM3 -  p lan t 3 stream 2 

( i v l  S o lid  feed used to  give the converter the in fo rm ation  o f  how to

expand to  S-clasoes in  p lan t 2. streams 1 and 2. (Keyword STRM)

(g)  Run Data

Plants 3 and 4 have two runs each 
Use o f  TYPE keyword to  give u n it type and parameters

Use o f COPY keywo: •; to  save repeating data
Use o f  d e fa u lt vai-.es o f CONV, ITER, TOLM and OUTC 
Changing the u n it parameters, convergence method, allowable 
ite ra t io n s ,  and output code

Various uses o f TRW urA ts . Basing separation on in d iv id u a l 

gnd combined classes 
Variables fo r  GRSH u n it

18.3 Inou t Data Echo 
In  th is  section  the re su lts  o f many o f  the inpu t data fea tu res are 

emphasized. The co rre c t data reading, m od ifica tion  and echoing is  also 
demonstrated, Besides the correct echoing o f data which is  e a s ily  v e r if ie d  

some m od ifica tions  o f  data by tha computer are given b e low -

The volume fra c tio n s  in  each G-olass have been ca lcu la ted  ' 

from the mass fra c tio n s  o f  each m ineral in  each G-class 

and the s p e c if ic  g ra v itie s

The s p e c if ic  g ra v ity  has au tom atica lly become physical 

property  1, and expanded to  f i t  the G-closaes 

Physical property 4 has been expanded according to  inverse 

volume fra c tio n s  (expansion code 1004)'
,272

( i )

(11)

( i l l )

U )
( i i )

( i l l )
( lv )
<v)

( v i)

( v i i )



( iv )  stream mass flows o f  each category have been ca lcu la ted 
from to ta l mass flo w  and mass fra c tio n s

Cv] The correot d e fa u lt values CONV * 3, ITER = a, TOLM » id " 4

and OUTC ’ D O O l O O I B S B B r a  used when the v flue  Is  net 
e x p l ic i t ly  spac ified

(v i)  The keyword COPY does copy the un its  requested co rre c tly

e .g . fo r  Plant 3 the parameters fo r  u n it 11 have been copied 
from those o f u n it  3, and so are id e n tic a l

1U.4 Results o f  ORDERING Subroutine 
(Sea the  computer d isp lay fo r  these re s u lts } .

Several conclusions can be drawn from these ro e u lts , which have been 
d isp layed by the  computer",

U )  The program c o rru c tly  groups each maximal net in to  a node.
■Thesa are: -

P lan t 3 Node 1 U n its  1 ,2 ,3 ,5 ,9 ,11 ,12  
P lan t 3 Node 2 Units 6,8,10

P lan t 2 Node 1 Units 1 ,2 ,4 ,6

P lan t 2 Node 2 Units 5,7,9
P lan t 4 Node 1 Units 1 ,2 ,3 ,4 ,5
P lan t 4 Node 2 U n it 6

( i i )  Tears have bean found fo r  each node which are consistent

w ith  the w eighting c r i te r ia *  That i s  f o r  p la n t 3 and 4 
minimum nvmbnr o f  te a rs , w ith  no double tea rs . P lant 2, 
streams 13, 14 mid 18 were given as p re fe re n tia l tears and 
these streams have bean chosen as tears .

C i t i )  The u n it  o rde r ca lcu la ted  is  fe a s ib le  and consistent w ith  

the te a r  atreans, es s ta r t in g  w ith  thesa feeds and tears 
a l l  inpu ts  are a va ilab le  to  eacn o f the u n its  when i t  is  th e ir  

tu rn  to  ca lcu la te  outputs.

18.5 B n .u lts  Of CALCULATION Phaa.

(»M th. meuwr a»pMy for

u )  The Important p o in t to note from tnm n re su lts  is  the fa c t

th a t the mens balance is  truo  fo r  the system, each p la n t node

r  -

-  %
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balance is  true  fo r  to ta l so lid s , so lid s  in  each category 
and water,

Another im portant re s u lt is  th a t as the p la n t is  l in s a r  i t  

is  expected th a t each complex node w i l l  converge in  as many 

i te ra t io n s  as th e m  aro transform ation classes. This can 
be seen to  be the case as:--

P lan t 3 Node 1 Converges in  1 i te ra t io n
P ian t 2 Node 1 Converges in  1 i te ra t io n

end P lant 2 Node 2 Converges in  1 ite ra t io n
w h ile  P lant 3 Nods 2 Converges in  4 ite ra t io n s  (there are

4 size classes and the CRSH u n it  transforms m a te ria l between 
the 4 c laasea).

P lan t 4 Node 1 usas d ire c t s u b s titu tio n  f o r  the f i r s t  three 

I te ra t io n s ,  and although i t  is  converging i t  does not reach ' 
the required tolerance w ith in  the allowed three ite ra t io n s .  
In  the second run, w ith  d if fe re n t u n it parameters, the re ­

duced Newbon method is  used and the  so lid s  converge in  1 
i te r a t io n  and the second ite ra t io n  is  required to  correct 

the n o n -lin e a r water balance. I t  should be noted th a t i f  

tha w ater was fed to  u n it 1 instead o f u n it 4 then even 
though the  s o lid a  w i l l  converge in  one ite ra t io n  the water 
balance w i l l  take several fu r th e r  i te ra t io n s  to  converge. 
This i s  because once the so lid s  converge the w ater in  stream 

'! and hence stream 9 w i l l  be f ix e d  but the loop w ith  streams 
5 , 5 and 10 w i l l  not be f ix e d  and ite ra t io n  is  necessary to  

f i x  the water in  stream 6 , (tha te a r stream which w i l l  then 
f i x  the water flows in  a l l  the o ther streams in  the node).
By having tho water feed on u n it 4, onqe the so lid s  converge 
the  water in  stream 6 Is  f ix e d  and so in  tu rn  are the re s t, 

which means only one fu r th e r  i te ra t io n  is  required to  com­
p le te  thu mass balance. From a convergence p o in t o f view 

i t  is  more e f f ic ie n t  to  use f ix e d  water foeds, however i f  
th is  is  not possib le  the variab le  water foods should feed 

u n its  whoso outputs aro te a r streams o r d ire c t ly  connected 

to  te a r streams.



The ORDERING phase also ca lcu la ted the dimensions o f arrays, 
the paths fo r  products o f de riva tives  and ind ices fo r  storage 

o f  arrays which are used in  the ca lcu la tio n  phase. The

co rrec t re su lts  obtained in  th is  example show the correctness
o f  the coding o f the  relevant sections o f the ORDERING phase. 

The conversion o f p la n t 3 streams 3, 5 and 17 to  p lan t 2 

streams 1 and 2 and p lan t 4 stream 1, respective ly  is  done
p ro pe rly . Stream 1 p lan t 2 is  id e n tic a l to  stream 3 p lan t 3
in  to ta l  so lid s  end water as there is  no mass in  s ize class 

1■ The o the r two connections do have so lid s  in  size class 1 

and th is  mass is  lo s t according to  the s im ulator. When a 

conversion o f  th is  type Is  made the user should checK the 
loss and i f  i t  is  s ig n if ic a n t take steps to  improve the 
s im ula tion . This can be done by e ith e r changing the feeding, 
p la n t to  ensure leas m ateria l in  the dropped size classes 
o r a lte rn a t iv e ly  in c lu d in g  the size classes in  the p la n t th a t 

i s  being fed .

The operation o f the converter in  s p l i t t in g  p la n t 2 streams 

1 end 2 from one to  two S-classes is  done properly .

The v a ria b le  water feed to  p lan t 4 is  negative and hence to 

ob ta in  the required 201 so lid s  in  stream S instead adding 

water to  u n it  4 i t  must be removed.

One o f  the main purposes o f  th is  example is  to  demonstrate 
the v a r ie ty  o f  output forms ava ilab le  to  the user. Each 
run fo r  each p la n t uses a d iffe re n t output code. In  order 
to  recognize thn d iffe rences the output can be examined 

in  conjunction w ith  the re levant section on ’ Usage o f  the 

S im ulator' and the corresponding output code £ chapter 14). ..



"  TEST EX W Lf I ,

example i s  based on the demonstration p lan t used by King (1973) in  

1 qr:1" l  1’ lo l:atlc,n s im ulation . The flow  diagram o f th is  p lan t is

•LU-

FIGURE 26 FLOW DIAGRAM -  TEST EXAMPLE I I

u n it 4 the scawe-ngcr, u n it 2 
ich o f  thtiSe u n its  which ere" 
o f  c e lls  in  e rea l p la n t. 

i  procedure on the residence 
times c f  the c e lls  to f in d  a so lu tio n . This technique is  completely 
d if fe re n t  from tha convergenca method used in  the general s im ulator. 

Using K in g 's  f lo ta t io n  model and the id e n tic a l parameters exactly  the 

same re s u lts  were obtained, ( i . e .  the  so lid s  and water flows, the 
grades, rucoveriaa in  a l l  streams, residence time and bubble loading in  

each c e l l ) . From th is  example i t  can be concluded tho ts-

( i )  The general s im ulators coding is  co rrec t, as id e n tic a l mass 

balance re s u lts  ora obtained.

C li)  The reduced Newton convergenca technique works very s a tis ­
f a c to r i ly  on m n - lin t io r  systems as w e ll as l in e a r ones.

(This p la n t took 5 i te ra t io n s  to  eonvergu. compared to  the 
two ite ra tio n s  tha t would hove huon taken i f  the c e l l  model 

was lin e a r  - the uocond iL a ra tlo n  is  to  ca lcu late the 
v a ria b le  m ta r  foods).



[ I l l )  The te a rin g  and ordering subroutines operated c o rre c tly ,

( iv )  I t  should bo noted th a t the King model does not provide
•for d u rlva tiven  to  the executive program and convergence 

is  achieved using moss fra c tio n s  to approximate the 

d e riva tive s .

The a c tu a l computer p r in to u t is  not presented as i t  adds nothing 

e x tra  in  the way o f explanation.



20 TEST EXAMPLE I I I

In  the previous two oxanples hypothe tica l p lan ts  were used to  show tha t 

the coding o f  the s im ulator is  correct and tha t the reduced Newton conver­
gence method converges as expected on both lin e a r  and non -lin e a r systems. 
This example takes a rea l p la n t to  show th o t the s im ulator does work in  

a re a l s itu a t io n . A convenient system is  given in  the li te ra tu re  by 

Sutherland {19773. He has used data measured by Cameron e t a l (1971) from 
the Broken H i l l  lead concentrator and added aomo o f  h is own data to  f i t  to  

h is  f lo ta t io n  p la n t s im ulator.

WATER

TAIL

FEED

WATER

FIGURE 27 FLOW DIAGRAM - TEST EXAMPLE I I I

In  f ig u re  27 unit-) 1 1:0 7 ars
banks o f f lo ta t io n  c a lls -  The number

■ '  1 V



o f =8113 in  each bank are 3, 3, 9. 7, B, 4 and 3, respec tive ly . U nit 8 

is  a comminution u n it,  u n it 9 a cyclone, u n it 12 a s p l i t t e r  and the rest 
mixers.

The f lo ta t io n  c e l l  model is  based on th a t o f  Sutherland and is  de­
scribed  fu l l y  in  the section on 'f lo ta t io n  m ooo lling1 (17 .5 ). Sutherland 
(1977) in  h is  paper uses a slow and fast f lo ta t io n  ra te  constant fo r  each 

s ize/grade category. Four s ize  and three grade classes have been used 

so th a t each stream has twenty fo u r d isc re te  categories (4 x 3 x 2 ) to  

describe the s o lid s  flow , The maximum concentrate flow  fo r  each c e l l  is  
sot,making the system non -lin e a r,

Sutherland simply mprsaantod the reg rind  by d e fin ing  a f ix e d  size 

d is t r ib u t io n  o f  m a te ria l lin ing returned from tho regrind , so tha t each 
m ineral component feeding the rogrlnd  was re d is tr ib u te d  according to  th is  
f ix e d  d is tr ib u t io n  end then each s ize /m inera l fra c tio n  was subdivided 
in to  fa s t and slow f lo a t in g  components es in  the o r ig in a l feed m a te ria l. 

This i s  c le a r ly  u n sa tis fac to ry  from the p o in t o f  view o f  a general pur­

pose s im u la to r. For th is  example tho regrind  is  represented by a m il l  
in  closed c ir c u i t  w ith  a cyclone (u n its  9, S and 10). The m il l  is  re ­
presented by a CRSH model w ith  the added fea tu re  th a t breakage o f  slow 

f lo a t in g  galena re s u lts  in  the browm m ate ria l becoming fa s t f lo a tin g , 
v /i.ile  tho  bro.A:ige o f  fa s t f lo a t in g  z inc and gangue re su lts  in  the broken 
m a te ria l becoming slow f lo u tin g . (The three G-classcs being galena, 

marmatits and g mgue),
•The p la n t described wcu simulated using guessed parameters, i t  con­

verged s a t is fa c to r i ly  and thu mass balance was co rrec t, Unfortunately 

Sutherland d id  not pub lish  the parameters used by him in  h is sim ulation 
so i t  was not possib le  to  obtain the flows and recoveries presented by 
him, However the convergence end correct mass balance achieved by the 

s im ula to r on e re a l system proves i t s  e ffectiveness.
Once again the computer p rin to u ts  w i l l  g ive no extra  re levant In - 

formatic... so ore not presented.



21 TEST EXAMPLE IV  - '

Besides the normal design o r s im ulation ca lcu la tio n s  the s im ulator can 

a lso  be used to  ta s t  theories about tha re la t iv e  m erits  o f various pro­
cessing schemes. An example o f th is  is  given by En^slbrecht (1977) who 

takes a conventional m illin g  c i r c u it  ( f ig u re  28) and then claims on 
q u a li ta t iv e  grounds th a t the c ir c u i t  shown in  fig u re  29, which has a 

lower t o ta l  cost per ton o f  ore trea ted , w i l l  reduce the slimes produced 

w h ile  a t  the same vims g iv in g  increased throughput.

T = S o lid  A dd ition  tph 
W -  Water A dd ition  tph

•B -
T 1m  low

FIGURE 28 FLOW DIAGRAM - CONVENTIONAL MILLING CIRCUIT

PRODUCT

RECOMMENDED MILLING CIRCUIT
FIG U R E 2 9  FLOW DIAGRAM -



In  f ig u re  28 u n it 3 is  t h e 'm il l  and u n it 1 the cyclone, u n it 2 and 

.4 are m ixers. In  f ig u re  29 u n it 3 is  the m i l l ,  un its  1 and 2 cycloner. 
u n it  4 a s p l i t t e r  and the re s t mixers. For both cases v e  same feed size 
d is tr ib u t io n  was assumed. The residence time o f the m il l  in  the re - ..

in  accordance w ith  the flows In to  each ( fo r  the same size m i l l ) .  The 

cyclone parameters in  both c ir c u its  were then adjusted u n t i l  the claimed 
flow s in  both c ir c u its  were obtained. The % passing in  s ize o f the 

product stream was then p lo tte d  fo r  each c i r c u i t .  The re s u lts  are shown 
in  ta b le  18 and graph 5 and i t  is  c le a r th a t even a t the increased through­

pu t 1330 t  compared to  267 t )  a much c lose r s ize  d is tr ib u t io n  o f  product 

i s  obtained w ith  f o r  loss -30pm m a te ria l.

TABLE 16 RESULTS OF SIMULATION - EXAMPLE IV

FEED
% PASSING

CONVENTIONAL 
% PASSING

150

200

2.8

10.1
32.8

Therefore by using the s im ula to r i t  has been possib le  to  q u a n tita tiv e ly  
demonstrate the theory which had only q u a lita t iv e  backing p rev ious ly .
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CONVERGENCE OF REDUCED. NEWTON METHOD

(a)

(bj

ic )

(d)

io )

m

t g )

(h)

( i )  

t j )  

(X)

U )

□ f the fa c ts  which are cied are summarized fctelow.

The statement S>0 im plieo tha t each element o f B is  g rea ter than or 
to zero. The statement |i3| is  the m atrix w itn  each element the 

uto value o f the corresponding element in  S.

Neumann Lemma (Ortega and Rheinboldt (1970) p45)
Lot BeL(Rn1 and assume p(8)<1. Then ( l - 'd ) '1 e x is ts  and

(I-B ) 1 ”  lira  I  (B)1 (C3)^ is  B to  the power i )

Li a  rjt:L(Rn) and ossume 620. Then (I-B ) 1 e x is ts  and is  non-negative 
i f  and only i f  p(B3<1. (Ortags and Rheinboldt (1970) p53).

Let A,BeLtRr' ) . Then A=B-C is  a ’ regu la r s p l i t t in g ’ o f  A i f  B 
is  in v e r t ib le .  and C>0i i t  is  a ‘ weak regu la r s p l i t t in g *  i f

the  cond ition  C>U is  replaced by B 1 . C>0 end C.B 120 

(Ortega and Rheinboldt (1970) pS6).

Let ,AeL(Rn3 .and suppose th a t A=8-C is  a weak regu la r s p l i t t in g .

Thnr. P, b " ! .C)<1 I f  and only i f  A-1 ex is ts  and is  non-negative. 

(U rtiiso  and Rheinboldt (1970) pSB).

LGt A .B tL tR ")  and l a ^ H l b ^ l  f o r  a l l  i . j i n  then pCA)<P(B ). ■ 

(V«rgo (1003) P « ) •

LQt A>ac:L(Rn) then p(AB)5p( |AB|). (T&. :i964) p127).

As |A B |f |A j. ) 0 |< combining FACT e and FACT f  im plies tha t 

p ( | a6 1)"p ( | a M 8 | ) .

j £ sJ.T % 1^1  (W lia  (1955) PEA2).

L u . u , n .  T w , , « , . | l » u

(Varga (1982) p9)-



M W  * '  '  * ' ( * ' ]  «mi 9 .

*-1 , 'u ,

As i ' tO  end 0 is

and (* '-5 )4 0  ...................a .2

and i A i j U U i j l  ■  A.3

p(en<p(*')<1 by A.3, FACT e ..................  A.4

( I - O r ’W  by A. 1, A.4 and FACT D ...................A .5

C S '- q M l- Q f^ U  by A.2 end A. 5 ----------------A.6a

end [ l - g r 1 .(4>'-qj>0 by A.2 end A.5    A.Gb

I f  A = then i t  is  a weaK s p l i t t in g  (A .5, A.6 end FACT c j .

But ( I -Q H S '-Q )  -  I - * ’

A"1 ■ S I-*1) " 1

>0 by FACT b end o r ig in a l conditions 
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A .2 ConvbrpiBncB whsn D^n and 

In  th is  case choose!-

ft * H -Q ) - |* '-0 |  

au t \ * '- 0 \ t 0  by d e fin it io n

ancf '1- °  • by i n i t i a l  corfditlon and FACTS b,

and f
and ( I - Q ) '1, |<l>’ - q |20

A is  a WBcaK re g u la r s p l i t t in g  t3y FACT C

)■£'-Qj = j ^ ' l ' 5  as Q>a and is  extracted from

A"1 * CI - j4 'J )"1

20 by i n i t ia l  condition and FACT b

p (C I-Q r \ lV -Q (> < 1  by FACT d

But o ( ( I -Q ) " 1 . aa (I-Q}"^>0

> p ( ( I -Q r1 . ( 4 '” C33) by FACTS f  and g

p(CI-P3 '1 . ( » , -0 ) )<1
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A .3 Corwsrgonce whan the diagonal alementa o f Q are the same as those 

o f  * '  and the remainder zero end 11 <p' 1

j=1 

j-1 u

r i z  j ; *<11

i _&L . . .  
L ^♦ n n

jy i

fo r  a l l  1 by FACT i

by FACT 1
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I f  t .  h «  b : . * ,  . f  M
t _  I I - , )  i .  . ^ ,  ^  b i « u  ^  .  .  w , .

r u r t h r  I f  1 .  tM. i 'h  ^  ^  ^  ^  ___

th a t whun 0 la  p a r t it lo n e d :-

. P1 0 • • • • 0":
! o g_

This i s  re a d ily  seen from Lepidus (1962) p2S1-2, when 1

the m atrix  to  be Inverted  are zero. When ($ ' -Qj is  p a rtit io n e d

li-O )  - . [ t ' - Q )

N l

° J

i cnrrQBpondj.ng to  those in  i 

Cl-UM+1 t i  M .i and columns to M.J o f .
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( I - Q )  . ( » ' - Q )  =

S im ila r ly  i f  rows M+1 to  2M end columns M+1 to  2M o f * '  , 
w ith  rows 1 to  M and columns 1 to  M them -

L2

Comparing equations A .7 end A .0 i f  < 
each row are unchanged although the 
is  c .learly true , fo r  any interchange

(1-0) "*• ( t '-O )  i t  is  on ly  necessary

be seen tha t the elements in  

/ po s itio n  has changed. This 
rows end columns corresponding 
i t ly  in  f in d in g  the l ^  norm of 

consider the f i r s t  M rows, and
jms o f  the absolute values o f  elements in  the rows are less 
i i t  can be concluded th a t the 1K norm of U-Q) 1. is
i as any set o f  M rows can be moved to  the f i r s t  M rows w ithout

: in  the i

the diagonal blocks o f  EJ e

j  j th  column o f * '

) j th column o f (I-Q ) 1 when

^1J " ‘ hc 0 '-E,mnt in  th fl 1
whan the diagonal t

row ana r  1 ca ll 
<s o f 0 are mxm

i o f c i:-q3 '1. ( r - Q )
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Than cons idering  only th= f i r s t  m row, o f ( I - , ;
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Using thy  ’ BortSaring’ method o f  m a trix  invers ion  i t  : 
i n  terms o f  a ^ 1 (Fadeeva (1SB3) p163-B) from ;-
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Consider equation A .8 f i r s t

fo r  a l l  j  in r iu t - in j i'm

S im ila r ly  f o r  equation A.10
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(shown in  p a rt A .3 o f  th is  spper

I aquations A .11 end A.12 i t  can t

l | ( i - g r 1 . ( » ' - 0) | l „  -  MX B



l + i i l  "

>n«'iL-ii*,iLh'*11i
* j l * u H I * ' I U i - + u

fl.3J

fo r  a l l by equation A .13 and A.11
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S  THE SPECTRAL RADIUS OF A LOWER BLOCK TRIANGULAR MATRIX IS
THE MAXIMUM OF THE SPECTRAL RADII OF EACH OF THE DIAGONAL SLOCKS

21 22

V j

Where the A y  era square (no t necessarily  equal sized) matrices and 
the  low er tr ia n g u la r  m atrices (not necessarily  square but determined 

by the  s izes o f  A y  and A ^ J  o f  the  p a rtit io n e d  m atrix A.

I f  A i s  now expanded by 'Laplace's Expansion' (Wylie (I9 6 0 ) p406) to  get 

the determ inant o f  A (det (A ) ) : -

d e t t  A } = d B t( A . . ) ,  d e t

>detCA11) .d e t ( A 22 )S22J

A43 A44

‘det(A11) .de.t(A22) • .det(ANN)

The e ig e n v a lu e s  o f  A a m  fo u n d  by s o lv in g  _ ,

d e t(A -X II = 0  fp r  x 
which by equation B.1 i a i -

t h .  W

rtoH A  - X I )  -  0 « r  * * 1<N



APPENDIX S WEIGHTING FACTORS '

To choose the ts a r  set w ith  the leas t number o f double tears , each stream 

is  sim ply weighted by the number o f cycles i t  opens (m ). Then any tea r 
se t w ith  no double tears  w i l l  have a weighted sum equal to  the number 
o f  cycles, a n d - if  any cycle is  opened more than once the weighted sum 
w i l l  be more than the  minimum.

To choose between the msmbars o f the 'no double te a r ' fam ily (pre- 

suming there  i s  more than one member in  the fam ily) on the basis o f the 
member w ith  th e  le a s t te a r streams, the streams must be weighted so th a t 

streams which open fewer cycles must be weighted s l ig h t ly  heavier t'han 

ones which opsn mors cycles.

The worst case th a t can a rise  when decomposing a network o f NC 
cyc lea j i s  when the te a r set conta in ing NC streams each openi g only 
one cyc le  must be cbossn in  preference to  the te a r set which contains 

on ly  two streams but causes a double te a r.

Set wK * i \+ x  ;.>o

Si îpOBO fo r  the two stream case tha t one stream opens M cycles and the 
o th e r stream (NC-M+1) cycles, so causing the double te a r, then the sum 

o f rie ig h tin g  fa c to rs  w i l l  be;

C'= W1 *W2 -((M+X)* (MC-M+D+X)

= NC+1+2X

F ar this f i r s t  s itu a t io n  C * NC(1*X).
So to  chouse the  'no double. 1.=™ ' c n » ,c  must 6= l» a  than c’ ;

NC(1+X)<NC+V2X

X<1/(NC-2)

Converuiig to  In tegers Wk « A ^n ^ l
fo r  AXNC-23
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COMPUTER DISPLAYS 

FOR TEST EXAMPLE I



0 )  INPUT DATA
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(ii)OUTPUT FROM INPUT PHASE
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( i l l )  OUTPUT FROM ORDERING PHASE



p l a n t  NUMnrn *

,



(1v) OUTPUT FROM CALCULATION PHASE
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