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ABSTRACT

A study was made on the flotation of ilm en ite  in a th ree  stage  

pilot plant at the Tahawus m ill of the N ational Lead Com pany.

The r e su lts  show ed that concentrate grad es of b etter  than 45% 

T i0 2 with b etter  than 90% reco v ery  could be ach ieved  in th is  th ree  

stage c ir c u it-

The data from  the flotation  te s t s  togeth er  with data fro m  im ­

pu lse tr a c e r  te s t s  w ere u sed  to determ ine the ap p licab ility  o f a 

kinetic m odel of flotation  to th is  c ir c u it . It w as found the flotation  

is  dependent on both m ech an ica l and ch em ica l c e ll  con d ition s. A 

m odification  to the k inetic m odel is  su g g ested  to account for the  

m ech an ica l conditions w hile s t i l l  assu m in g  the v a lid ity  of a f ir s t  

order k inetic equation.
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INTRODUCTION

Statem ent of the P roblem  

The Mining and E xploration  D iv ision  of the N ational Lead C om ­

pany op erates an open-pit ilm en ite  m ine at Tahawus in New York. The 

com pany sh ips its  con cen trates d irec tly  to its  own s m e lte r s . N ational 

Lead is  in terested  in en larging the output of its  p resen t m ine s in ce  

recen t work has in crea sed  the amount o f proven ore r e s e r v e s  and r e ­

cent m ill expansion has in crea sed  m ill capacity.

The E ngineering and Mining Journal quotes ilm en ite  p r ice s  on 

the London M etal E xchange b ased  on a TiOz content of 52%. G rades 

of the flotation  con cen tra tes produced at Tahawus fa ll beneath th is  

value and if  the concentrate w ere p laced on the open m arket, the c o m ­

pany could expect to pay la rg e  p en a lties . A s the tonnage m illed  is  in ­

crea sed , it is  expected  that a h igher proportion of the feed  w ill be  

treated  in the flotation  sec tio n  of the plant.

1
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The p ilot plant co n sis ted  of a 6 -c e ll  rougher bank, a 4 - c e l l  

c lea n er  bank, and a 2 - c e l l  r ec e lea n er  bank. In itia lly  tra cer  te s ts  

w ere ca rr ied  out to d eterm in e if  the m ixing ach ieved  w as near id ea l.

At flow  ra tes  m ost c lo se ly  approaching th is id ea l sta te , flotation  te s ts  

w ere ca rr ied  out using pulp from  the m ill's  fin a l conditioning tank.

The p ilot plant c ircu it is  shown in F igu re 1.

It w as decided to in v estig a te  the effec t of the follow ing v a r ia b le s  

in each  of the banks.

Pulp F low  Rate

P e r  Cent Solids in F eed

A ir F low  R ates

Pulp F low  Rate: F rom  the in itia l im p u lse tr a c e r  work, c e r ­

tain flow  ra tes  w ere ch osen , w ithin which departure from  id ea l m ix ­

ing w as not too s e v e r e . F low  ra tes  to the rougher bank could be 

a ltered  by changing the amount of pulp being drawn from  the m ill's  

fin a l conditioning tank. W ater additions to this pulp could be v aried  

to m aintain a constant so lid s  p er cent in the feed . A ir  flow  ra tes  w ere  

not a ltered .

In the c lea n er  bank, pulp flow  ra tes  to that bank could be a l ­

tered  by varying the a ir  flow  rate on the rougher bank. This varied  

the amount o f m ater ia l drawn off in the froth in each c a s e . W ater ad -
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ditions could be v a r ied  to m aintain a constant per cen t so lid s .

P er  Cent Solids in the F e e d : Changes in th is  v a r ia b le  could  

be ach ieved  by in crea sin g  the volum e of pulp being withdrawn from  

the m ill's  conditioning tank. The w ater additions to th is  pulp could  

be v a r ied  to maintain a constant v o lu m etr ic  flow  ra te .

Changes in p er cent so lid s  to the c lea n er  bank could  be 

ach ieved  by a lterin g  the a ir flow  to the rougher banks and by a c o m ­

pensating change in the dilution w ater.

A ir  F low  Rate: A ir  additions to each c e l l  w ere  m easu red  by  

a ir  f lo w m eters . T h ese  m eters  could m easu re  additions in the range  

fro m  0 -14  cubic fee t of a ir  per m inute. In the rougher bank flow  

r a te s  from  0-8  cubic fee t per minute w ere found to b e  m ost e ffec tiv e  

w hile in the c lea n er  bank r a te s  from  0 -2 cubic fee t p er  m inute gave  

b est r e su lts .

P r o c ess in g  of Sam ples

A solu tion  of com m on sa lt was used  as an im p u lse  tr a c e r  for  

the m easu rem en t of retention  t im e s . Sam ples w ere  withdrawn from  

the c e l ls  and titrated  against standardized  s ilv e r  n itra te  to determ ine  

sa lt  con cen tration s.

F o r  the flotation  te s t  work, ilm en ite 's  p r e se n c e  was m easu red  

by the T i0 2 a ssa y  of the sa m p le . The a ssa y  p roced u re used  a p o tassiu m
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pyrosulphate fusion , an alum inum  reduction, and a titration  of the 

so lu tion  against standardized  fe r r ic  am m onium  sulphate.

F or  the study of flotation  k in etics , two approaches w ere u sed . 

The f ir s t  was to determ ine if  a flotation  rate constant for T i0 2 could  

b e determ ined . T h is approach used  the ch em ica l a s sa y s  d escr ib ed  

p rev io u sly . The secon d  approach was to determ ine a flotation  rate  

constant for the m in era l ilm en ite . T h is required  the determ ination  

of ilm en ite  concentration  by X -ra y  d iffraction  m ethods.
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ANALYTICAL METHODS AND PROCEDURES

A n alytica l P rocedure for TiQ 2 D eterm ination  

T i0 2 was determ ined  by the alum inum  reduction  m ethod. T h is  

in v o lv es the fo llow in g  s te p s .

Solution of the Sam ple 

Reduction of the Solution  

T itration  of the Solution  

Solution o f the S am p le: A 0. 400 gram  sam ple is  w eighed into 

a 50 m l h igh -form  p orcela in  cru cib le  containing 10 gram s of p o ta s s ­

ium  pyrosulphate and 4 drops of 36N H2S 0 4. The sam ple is  then c o v ­

ered  and fu sed  in a m uffle furnace at 1400°F for tw en ty -fiv e  m in u tes. 

The sam p le  i s  then rem oved , cooled , and tra n sferred  to  a 5 0 0 -m l 

w ide-m outh  E r len m ey er  fla sk . Any adhering sulphate in the cru cib le  

is  d isso lv ed  by 5 percen t H2S 0 4 and added to the f la sk s . 30 ml of 

50 percent H2SG4 are added to  the f la sk s  and the contents are allow ed  

to stand for 10 m in u tes. 40 m l of 5 0%HC1 are then added to the fla sk

7
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and the contents are m ade up to about 200 m l. The fla sk  is  then 

heated  short of boiling until a ll the fused  sam ple is  in so lu tion .

This step  d is s o lv e s  a ll the acid  so lu b le  oxide in the sam p le . 

Som e "glassy"  s i l i c a t e s  ( e . g . , '  garn ets) m ay not d isso lv e  in this  

p roced u re . Since garn ets are often titan iu m -b earin g , the TiOz a ssa y  

m ay not be an a ssa y  o f the to ta l T i0 2 in the sa m p le . T itanium  g o es  

into solution , in the p resen ce  of a ir , predom inantly as the Ti^+ ion.

Reduction of the Solution: When the so lu tion  step  is  com p lete, 

the f la sk s  are brought to boiling and alum inum  fo il is  added. T his r e ­

du ces the Ti^+ in so lu tion  to T i^+. F rom  this point on, it is  e s s e n t ­

ia l that the so lution  be kept from  the atm osphere to prevent reo x id a ­

tion  of the titan ium  ion . F or th is a rubber stopper containing a d e ­

liv e r y  tube is  p laced  on the fla sk . The other end is  p laced  below  the 

su rface  of a saturated  sodium  b icarbonate solution  in a b eak er. When 

the alum inum  fo il  has d isso lv ed  and the bicarbonate solution  s ta r ts  to 

r is e  in the tube, the f la sk s  are m oved back to the hot p late and boiled  

for two or three m in u tes.

A fter boiling the fla sk s  are rem oved  from  the hot plate and 

bicarbonate is  allow ed to be sucked back into the fla sk . When v io len t  

sucking back has ended the fla sk s  can be tra n sferred  to a cooling bath
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and allow ed to co o l until a ll action has cea se d . The d e liv ery  tube is  

now rem oved and the fla sk  is  im m ed iately  stoppered  and se t  a s id e  for  

t itra tion .

T itration  of the Solution: The stopper is  rem oved  from  the flask ,

2 m l of am m onium  thiocyanate in d ica to r  added, and the so lu tion  is  im ­

m ed iately  titra ted  with standard fe r r ic  am m onium  su lfa te  so lu tion  to a 

light orange endpoint. The reaction  o x id izes  the Ti^+ back to T i^+, 

hence

1 gram  F e = 0. 4288 T i

or 1 m l standard solution  = 0. 00475 g ra m s TiOz

A n aly tica l P rocedure fo r  Ilm enite D eterm in ation  

Ilm enite concentration  was determ ined  by the u se  o f x -r a y  

diffraction  tech n iq u es. T his involved  the fo llow ing step s:

P rep aration  of Standards 

P rep aration  of C alibration Graph 

D eterm ination  of Ilm enite in an Unknown Sample 

P reparation  of Standards: To prepare standard sa m p les  o f known

ilm en ite  concentration , an in itia l sam ple of high purity ilm en ite  had to be

p repared . T h is was done by taking a sam ple of fine W eth erill c o n c en ­

tra te  (+200 m esh) and p assin g  it rep eated ly  through a lab oratory  e le c tr o ­
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sta tic  sep a ra to r . T h is would rem ove any nonm agnetic, non-conducting  

m in era ls  (such as garn ets, horneblends of fe ld sp a rs). T his sam ple was 

then ground and p a ssed  through a D avis tube to rem ove any m agn etite  

which m ay have been lib erated  by the grinding. T his m a ter ia l a ssa y ed  

50 . 1  percen t TiOz. (cf 5 2 . 7  for  sto ich io m etr ic  F e T i0 3. Dana, 1944, 

c ite s  exam p les of ilm en ite  ranging from  4 8 .6  to 67. 7 p ercen t T i0 2. )

It was assu m ed  that th is  m a ter ia l was pure ilm en ite . This w as  

then diluted with am orphous quartz ( s i l ic a  gel) to g ive  sa m p les  of known 

ilm en ite  concentration .

P rep aration  of C alibration  Graph: The sa m p les  of known co n cen ­

tration  w ere x -ra y ed  using CuK2 radiation with a scanning speed  of 2 © 

of 20 p er m inute and a m agnification  factor  of 16. The 32. 5°  peak was 

ch osen  as a b a s is  for  determ ining concentration .

A plot w as m ade of peak height against ilm en ite  concentration . A 

sm ooth cu rve w as drawn through th ese  points and th is was used  as a c a l ­

ibration  graph. T h is graph is  shown in F ig . 2.

D eterm ination  o f Ilm enite in an Unknown Sam ple: Each tim e the 

d iffractom eter  was used , one of the standards was x -ra y ed  f ir s t .  A djust­

m ents to the settings; w ere then made to en su re the peak height to th is
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sam p le w as the sam e as that on the ca lib ration  graph. If the m achine 

w as used  for any extended length of tim e (say, longer than 3 hours) th is  

check  w as made again.

A fter the adjustm ents w ere  made the sam ple was mounted in the 

standard sp ecim en  holder and the peak height at 32. 5°  determ ined . The 

ilm en ite  concentration  for th is  sam ple could then be found from  the 

ca lib ration  graph.

A n aly tica l P roced u re  for NaCl D eterm ination  

Sodium ch loride was u sed  as an im p u lse tra cer  to determ ine the 

m ixing c h a r a c te r is t ic s  of the p ilot plant rougher bank and the m ill  

rougher banks. D eparture of the m ixing c h a r a c te r is t ic s  from  id ea lity  

can be m easu red  in two w ays. The f ir s t  i s  that proposed  by D anckw erts  

(1953)  in w hich m ixing e ffic ien cy  is  determ ined  from  a n orm alized  r e s i ­

dence tim e d istribution  cu rv e . T his w as or ig in a lly  determ ined  for  a 

step  input but has been  m odified  by B ull and Spottiswood (1970) to apply 

to a p u lse  input.

The second  m ethod is  that d escr ib ed  by L ev en sp ie l (19&2). This  

en ta ils  a m ath em atica lly  r igorou s defin ition  of dead sp a ce . Liquid which  

s ta y s  in the c e ll  for longer than th ree  t im e s  the mean res id e n ce  tim e is  

a ssu m ed  to be stagnant. T he volum e occupied by th is liquid is  defined
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as dead sp a ce . T h is, together with the m a ter ia l bypassing, w ill a ffect  

the p osition  o f the mean res id e n c e  tim e . The tota l e ffect of a ll d ep art­

u res  from  p erfect m ixing on the m ean can be u sed  as a m easu re of  

m ixing e ffic ien cy . Thus

Ta
C = 100  »p

w here
€ = m ixing e ffic ien cy

Ta = actual d im en sio n less  a rr iv a l tim e

T = th eo re tica l d im en sio n le ss  a rr iv a l tim e

U se of D anckw erts m ethod in v o lv es  the use of a n orm alized  

cu rve . T his in o lv es  a determ ination  of the in itia l concentration  (Co) 

in the c e l l .  B u ll and Spottiswood (1970) point out that the m ethod is  in ­

se n s it iv e  to changes in flow  ra te . The secon d  m ethod is  the one u sed  

in th is paper.

Since L e v e n sp ie l’s m ethod d oes not requ ire a knowledge of the 

absolute tr a c e r  concentration  at any tim e, but m ere ly  a knowledge of the 

concentration  change with tim e, c o m m er c ia l reagen ts can be used  as  

tr a c e r s .  In v iew  of th is , sodium  ch lorid e in the form  of com m on sa lt  

was u sed .



ER 1318 14

D eterm ination  of NaCl concentration  in unknown so lu tion s was 

ach ieved  by titra tion  against a standardized  AgNC^ solution  using a 

potassiu m  chrom ate in d icator. T h is  involved  the follow ing step s:  

P rep aration  of Standardized AgNC>3  

T itration  of Unknown Solution  

P reparation  of Standardized AgNQ3: A standardizing solution  of 

NaCl w as prepared by d isso lv in g  0 . 508 gram  of com m on sa lt  in 1 lite r  

o f d ist ille d  w ater. A stock  solution  of A gN Q  was prepared by d is s o lv ­

ing approxim ately  15 gram s of AgNOj in 1 lite r  of d is t illed  w ater.

Then 25 m l aliquots of the NaCl solution  w ere titra ted  against 

the stock  A gN 03 so lu tion . It was found that 23 . 8  m l of AgNC^ w ere  

req u ired  for n eu tra liza tion .

H ence, 1 m l sa lt so lu tion  contains 5 08 ppm o f NaCl 

and 1 m l A gN 03 solution  = 21 . 3  ppm of NaCl 

T itration  of Unknown Solution: A 25 m l aliquot of the unknown 

so lu tion  was placed in a 25 0 m l co n ica l fla sk  and 3 'drops o f K2C r0 4 

in d icator w ere added. T h is was titra ted  to a pale y e llo w  endpoint with 

the standardized  A gN 03.
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D eterm ination  of V olu m etric  F low  by the Salt Method 

Two typ es of c e l ls  are u sed  in the flotation  rougher banks in the 

Tahawus m ill. The f ir s t  bank is  made up of 48 cu ft D enver c e l ls  and 

the second of 100 cu ft D enver c e l l s .  N eith er of the banks is  baffled . 

F or the im p u lse  tr a c e r  work on the p ilot plant rougher banks, f lo w ­

m eter s  w ere u sed  to m easu re w ater flow  r a te s . In the m ill, how ever, 

no flo w m eters  could be u sed  fo r  such la rg e  v o lu m es. In th ese  c a s e s ,  

flow  r a te s  had to be determ ined  by u sin g  dry granular com m on sa lt  as  

a tr a c e r  w hose dilution by the feed  pulp could be used  to ca lcu la te  the 

feed  pulp flow  ra te . T h is involved  the follow ing step s:

C alibration  of the F la sk  

P rep aration  of Standard Solutions 

D eterm ination  of F low  

C alibration  of the F lask: A 2 0 0 0  m l f ilte r  fla sk  was fitted  with 

an o r if ic e  of approxim ately  1 /4  inch in sid e  d iam eter . T his was then  

f ille d  w ith sa lt  which had been dried  in an oven and p a ssed  through a 2 0  

m esh  s ie v e  to rem ove the lum ps.

The fla sk  w as then in verted  over  a balance pan and the rate of  

sa lt flow  was determ ined . Since so lid s  do not form  a sta tic  head, the
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sa lt  flow s at a uniform  rate r e g a r d le ss  of the amount of sa lt in the fla sk .

P reparation  of Standardized Solution: The sa lt  solution  was t i ­

trated  against a standardized  A gN 0 3  so lu tion . This so lution  was p r e ­

pared by d isso lv in g  7 .2 7  gram s o f AgNC> 3 in 1 lite r  of d is tilled  w ater.

A solution  o f th is strength  i s  convenient for flow  ra tes  up to 400 gpm .

The AgNOj solution  was standardized  against a standard sa lt  

so lu tion  containing 0 .5  00 gram  of sa lt per l ite r . T his i s  equivalent to 

1 pound of sa lt per ton of water* Under th ese  conditions, 25 m l o f the 

sa lt solution  w ill requ ire about 5 m l of the AgNC^ solution  to reach  the 

endpoint.

In order to make certa in  that no ch lorid e ion w as m easured  

except that from  the added sa lt, a blank titration  was run on a m ill 

w ater sam p le . This m ill w ater titre  was subtracted  from  the tota l 

t itr e  and the net was u sed  in flow  rate ca lcu la tio n s.

D eterm ination  of F lo w : Salt was added to the strea m  using the 

ca lib rated  fla sk . D uplicate sa m p les  w ere taken dow nstream  from  the 

point of addition. If titra tion s on th ese  duplicates do not m atch, the 

te s t  should be rep eated .

The vo lu m etr ic  flow  is  then determ ined  in the follow ing way:



ER 1318 17

Tons of w ater per m inute

= Salt flow  from  flask  ( lb s /m in ) + A gN 0 3  t itre  for 25 m l o f standard
 solution_____________________

N et AgNC> 3 t itre  for 25 m l of stream  sam ple

G allons of w ater per m inute = tons of w ater x 2 3 9 .7

E xp erim en ta l P roced u re for T ra c er  T ests  

B efo re  any t e s t s  using pulp w ere perform ed, it w as im portant to 

know the m ixing c h a r a c te r is t ic s  of the c e l ls .  To find th is out a num ber  

of t e s t s  w ere ca rr ied  out using  com m on sa lt  as an im p u lse tr a c e r . M ix­

in g -c h a r a c te r is tic s  could be deduced from  the m ovem ent of th is tr a cer  

through the bank. T h ese  te s t s  w ere ca rr ied  out using w ater only. A 

stock  so lu tion  containing approxim ately  6 0  gram s per lite r  o f com m on  

sa lt  w as prepared and filtered 'to  rem ove any insoluble m a ter ia l. An 

aliquot (approxim ately  2 0 0  m l) of th is so lution  was used  as the im pulse  

tr a c e r . T h is procedure did not a llow  calcu lation  of Q 0  (the in itia l c o n ­

cen tration  in  C ell 1), but it has been pointed out that knowledge of th is  

w as not ab so lu tely  n e c e ssa r y .

The 200 m l sam ple was in jected  into the f ir s t  c e l l  of the bank.

The t r a c e r ’s m ovem ent in so lu tion  down the bank was follow ed as a fu n c­

tion of tim e . T his required  th ree  op erators (one to 2  c e l ls )  to take s ix
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sa m p les  (one from  each c e ll)  s im u ltan eou sly . T e s ts  w ere run at varying  

flow  r a te s  with a ir  on or off.

Although th is procedure used  w ater only, it has been  shown by 

Jow ett (1 9 6 1) that th is g iv e s  an approxim ation to the m ixing behaviour of  

a pulp. L arge d ev ian cies  could occur in  highly v isco u s  pulps. No quan­

tita tive  m ea su rem en ts w ere m ade, but v isu a l ob servation s o f the pulp 

ind icated  it  w as not ex trem ely  v is c o u s . E xperim ental work a lso  showed  

that la rg e  changes in m ixing behaviour occu r with change in im p e ller  

sp eed . S ignificant change in im p e lle r  speed  ( e .g . ,  due to belt slippage  

or overloading o f  m;otor) was not noted in m easu rem en ts taken when pulp 

w as added.

E xp erim en ta l P roced u re fo r  F lotation  T e s ts  

X -ra y  an a lysis  of the feed  to the flotation  plant in the Tahawus m ill  

show ed the fo llow ing m in era ls  w ere p r e se n t-- ilm e n ite , garnet, fe ld sp ar, 

and k ao lin ite . The flow sh eet for th is m ill  is  shown in F ig . 3.

F lotation  plant feed  is  approxim ately  15 percen t +100 m esh . C on­

ditioning o f th is feed  fo llow s the procedure outlined by Lapidot ( I 9  60) for  

flotation  of a Swedish ilm en ite . C urrent reagent consum ption is  as fo llo w s.
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Sodium fluoride: 1. 0 -1 . 3 lb /to n

T a ll oil: 1 .4 -1 .  8  lb /ton

F u el oil: 0 . 6  - 1 . 0  lb /ton

36N Sulphuric acid: 1. 0 -1 .8  lb /ton

FR 70: 0. 04 lb /ton

The m echan ism  by which ta ll o il and fu e l o il act as c o lle c to r s  is  

not w ell understood . Apian and F uerstenau  (1962) c la im  that m etal 

oxid es have flotation  p ro p erties  in term ed iate  betw een two end m em b ers. 

At one end i s  a group o f m in era ls  ( e .g . ,  carbonates, phosphates) which  

have a cry sta l stru ctu re  which i s  e s se n t ia lly  io n ic . They have a ra d ic le  

as the anion and th is  i s  held  togeth er by strong covalent fo r c e s . The c o l ­

le c to r  attaches i t s e l f  to  th ese  by a ch em isorp tion  p r o c e ss . At the other  

end of th is  s e r ie s  are the covalent s i l ic a te s  which show only p h y sica l 

c o lle c to r  attachm ent. Ilm enite fa lls  tow ards the s ilic a te  end of th is  

sp ectru m .

The fatty acid  in the ta ll o il functions a s the co llectin g  agent by 

reaction  with the iron  in any m in era l. Hence garnet, ilm en ite , and 

m agnetite are activated  and s e le c tiv e  d ep ressio n  i s  ach ieved  by the  

u se  of NaF and H 2 S 0 4.
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C urrently conditioning tim e is  approxim ately 3 0  m inutes at 70 

p ercen t so lid s . In addition to the above reagen ts further acid  is  added 

in the flotation  c ircu it  for pH con tro l. T his is  n e c e s sa r y  for garnet d e ­

p r e ss io n . pH on the rougher banks is  approxim ately  6 .5 ;  5 .5  to 6 . 0 

in the c lea n er  banks; and 5. 0 to 5 .5  on the rec lea n er  banks.

The feed  to the flotation  p ilot plant was drawn from  the fin a l 

conditioning tank. A sch em atic  diagram  of the constant feed  device is  

shown in F ig . 4. The flow  con tro l in th is dev ice was the changeable  

bottom  o r if ic e . The overflow  en sured  a constant head was m aintained  

about th is plate at a ll t im e s . A ca lib ration  graph of the o r if ic e s  used  

is  g iven  in F ig . 5 . M inor fluctuations in flow  ra tes  did occu r b ecau se  

o f v is c o s ity  changes in the pulp in the fin a l cond itioner. T hese v i s ­

c o s ity  changes w ere due to changes in the pulp d en sity . Pulp density  

changes in the range of 68-72  p ercen t so lid s  w ere noted. The flow  

rate changes w ere not found to be s e v e r e , and in m ost c a s e s  it was quite 

reason ab le  to assum e that feed  flow  rate was constant for  that te s t .

A ll w ater additions to th is pulp w ere m easured  by w ater f lo w ­

m e te r s . T hese had a range of 0-25 gpm and m ost additions w ere in the 

range of 0 -10  gpm . A ll a ir additions to the c e l ls  w ere m easu red  by 

F ish e r  and P o r ter  a ir  f lo w m eters . T h ese had a range of 0 -14  scfm .
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M ost additions w ere in the range 0-8  scfm  on the rougher banks and 

0 - 2  sc fm  on a ll other banks.

C ollectin g  troughs on the banks w ere m odified  so that sam p les  

could be rem oved  from  each  c e l l  individually or from  the whole bank. 

C e ll-b y -c e l l  an a lysis  w as requ ired  for a study of the flotation  k in etics  

of th is  sy stem . One com p osite  sam ple from  the bank w as su ffic ien t fo r  

a bank perform ance study.
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REVIEW OF LITERATURE

C h em istry  of F lotation

Conditioning in the Tahawus m ill fo llow s the procedure outlined  

by Lapidot (I960) for the treatm en t of a Swedish ilm en ite  o r e . X -ra y  

a n a ly sis  of the Tahawus feed  showed the fo llow ing m in era ls to be p r e s ­

ent: ilm en ite , m agnetite, garnet, h om eb len d e, b iotite , and fe ld sp a rs . 

A n a ly sis  by m icro sco p e  show ed the m agnetite to  be p resen t as e x s o lu ­

tion  la m ella e  on a m icro sco p ic  s c a le . Garnet w as p resen t as both 

locked  p a r t ic le s  and free  g ra in s .

The co lle c to r  u sed  for the ilm en ite  flotation  was ta ll o il.  T his  

i s  a n o n -se le c tiv e  c o lle c to r  for the flotation  of iron -b ear in g  o x id es . It 

contains 45 percent fatty ac id s (m ainly o le ic  and lin o le ic ), 42 percent  

ro sin  ac id s, and 13 percen t te rp e n e s . Only the fatty acid s act as 

c o lle c to r s .

Of the m in era ls  p resen t, m agnetite, g arn et, and ilm en ite  contain  

iron  and titanium . Apian and F uerstenau  ( 1 9 6 2 ) c la im  that Ti w ill not

25
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take part in any ch em isorp tion  reaction . H ence the fatty acid  c o lle c to r  

functions through the F e only. U se of a m odifying agent such  as N aF or

H 2 S 0 4  w ill a s s is t  in the d ep ressio n  of iro n -b ea r in g  s i l i c a t e s  notably

garn et.

T a ll o il i s  g en era lly  u sed  in conjunction with fu el o il .  T h is  

a s s is t s  in the d isp ersio n  of the ta ll  o il c o lle c to r . Once the c o lle c to r  is  

in a d isp ersed  condition, m ost effic ien t attachm ent is  ach ieved  at 70 

p ercen t so lid s  (B aarsen  and P a rk s (1954).

M ixing T heory

K inetic th eo r ies  of flotation  have v ery  often assu m ed  that id ea l 

m ixing o ccu rs in the c e l ls  of a flotation  operation  ( e .g . ,  B u ll (1966)).

In s in g le  c e ll  stu d ies th is assum ption  is  a lm ost co r re c t  due to the unique 

baffling p resen t. H ow ever, when a bank of c e l ls  is  being co n sid ered , 

th is assum ption  no longer h old s. Jowett (1961) attem pts to quantitatively  

determ ine the erro r  th is assum ption  lead s to. If a f ir s t -o r d e r  ra te  equa­

tion is  assu m ed  for a flotation  p r o c e ss , then c e l l  reco v ery  can be p r e ­

dicted  by the follow ing equation

w here R = fraction al reco v ery

K = flotation  rate constant 

X = nom inal c e ll  retention  tim e
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If ideal m ixing o ccu rs , then for a flow  rate (V) through a c e l l  of to ta l 

volum e (Vo)

Vo
X = V

In a s in g le  c e ll ,  the availab le a ctive  volum e (Va) is  approxim ately  equal 

to the to ta l volum e and hence the assum ption  of id ea lity  h o ld s.

In the c a se  of a bank of c e l ls  th ere  is  im p er fec t baffling from  

c e l l  to c e l l  (with the p o ss ib le  exception  of w e ir -ty p e  b a ffles) and m ixing  

r eg im e s  which occu r are  said  to be tra n sitio n a l betw een  two ex trem e s  

(B u ll and Spottisw ood (1970)). At one ex trem e is  the c a se  of id ea l m ix ­

ing. H ere the ta ilin g  stream  from  a c e l l  i s  id en tica l to the pulp r e ­

m aining in the c e l l .  At the other extrem e is  the c a s e  o f plug flow . H ere  

la te ra l m ixing only is  p erm itted  and a ll fluid e lem en ts  have the sam e  

c e l l  re s id e n c e  tim e . It w ill be shown that th is p icture o f a tra n sitio n -  

type c e l l  is  in com p lete .

F or the c a se  of a s in g le  c e ll, C holette and C lou tier (19599 p r o ­

posed  a subd ivision  of c e l l  flow  r e g im e s  with th ree d istin ct typ es as  

shown in F ig . 6 . T his m odel n e g lec ts  the e ffec t of rec ircu la ted  m a te r ­

ia l and is  va lid  for  a s in g le  c e ll ,  or a bank o f w eir  b a ffled  c e l ls  on ly .
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A m ore r e a lis t ic  m odel of a "normal" flotation  bank ( i . e . ,  one with  

le s s  than p erfec t baffling) is  proposed  by B ull and Spottisw ood (1970) 

and shown in F ig . 7. The p resen ce  of the rec ircu la ted  m a ter ia l in th is  

m odel co m p lica tes  the s im p ler  tran sition a l type m od el p rop osed  above. 

The m odel in F ig . 7 is  too com p licated  for an a ly sis  u sin g  the data  

availab le, and in the fo llow ing d iscu ss io n  the follow ing s im p lifica tio n s  

are made:

the r e su lts  of variou s im p u lse  tr a c e r  t e s t s .  T h ese  a re  m ost co n v en ­

ien tly  p lotted  on a n orm alized  cu rve for D anckw erts C -c u r v e . This is  

a plot of d im en sio n less  re s id e n c e  tim e (0 ) against d im e n s io n le ss  c o n ­

centration  (C ($ )  w here

(a) concentrate vo lu m e is  zero

(b) a ll deviant flow s can be lum ped togeth er

as a s in g le  flow .

The data availab le for the study of m ixing c h a r a c te r is t ic s  w ere

0  = U T /V

C ( © )
c
Co

and U flow  rate

T = e la p sed  tim e

V c e l l  vo lu m e

C = c e l l  concentration  after som e e la p sed  tim e

Co in itia l tr a c e r  concentration  in f ir s t  c e l l
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F or the c a se  of id ea l m ixing, the C -cu rve  for any c e ll  in a bank is  

g iven  by the follow ing equation

_ UT
C i UT e V
Co V ( i - l ) l

w here i = c e l l  num ber

M ixing e ffic ien cy  ach ieved  in any sy stem  can be m easu red  by the d ev ­

ian ce of the actual C -cu rv e  from  the th eo re tica l cu rv e ,

D anckw erts (1953) show s how the C -cu rve  for a step  input can  

be used  to determ ine e ffic ien cy  of m ixing. B u ll and Spottisw ood (1970) 

show  how th is can be m odified  to apply to a p u lse  input. T h is method  

u s e s  a n orm alized  res id en ce  tim e curve and in th is study it w as not 

p o ss ib le  to obtain d im en sio n le ss  concentration  v a lu e s . The graphs of 

d im en sio n le ss  tim e against actual concentration , w hich are included in 

the d iscu ssio n  sec tio n , can be converted  to n o rm a lized  cu rv es  by a s su m ­

ing the area  under each  cu rve is  unity. Unit area  would then v a ry  from  

graph to graph. B u ll and Spottisw ood a lso  point out the in se n s itiv ity  of 

D an ck w erts 1 area  m ethod. B eca u se  of th ese  ob jection s, th is m ethod of 

determ in ing m ixing e ffic ien cy  is  not follow ed in th is th e s is .
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A second method for deriving the e ffic ien cy  of m ixing is  that 

proposed  by L ev en sp ie l (1962). H ere e ffic ien cy  is  d erived  from  a 

study of the "mean" retention  tim e of m a ter ia l in the a c tiv e  reg ion  of 

the c e l l .  This req u ires  a m athem atical defin ition of dead sp ace  and 

active  space in a c e l l .  F or the purpose of the fo llow in g  derivation , 

m a ter ia l which s ta y s  in the c e l l  longer than th ree  t im e s  the th eo re tica l  

m ean res id en c e  tim e  is  taken a s stagnant. The vo lu m e occupied  by it 

is  sa id  to be dead sp a ce .

The m ean res id en ce  tim e in the active  reg ion  o f  the c e l l  is  

g iven  by

t

d©
o

and the true m ean res id en ce  tim e is  g iven  by

w here t = 3x th eo re tica l m ean re s id e n c e  tim e

3x  n

w here n = c e ll  num ber
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In actual C -c u r v e s , a long ta il e x is ts  and the second  term  is  not zero  

( i . e . ,  dead space e x is ts ) .

By defin ition © = :— and th erefo re  ©h.- V a / U w here Va is  

that volume of the c e l l  w here p erfect m ixing o c c u r s . Putting 0  = 1 

and sim p lify in g , the follow ing rela tion sh ip  is  obtained

-  Va
®a u

Since ©a can be obtained from  im p u lse tr a c e r  data, Va can be deduced.

No way has been deduced to quantitatively  d eterm in e the v a lu es  

of Va, Vd, Qb, and Qr (see  F ig . 7) sim u ltan eou sly  from  a C -cu rv e . If 

a ll th e se  d eviations from  id ea l m ixing are  lum ped togeth er as dead 

sp ace, then e ffic ien cy  of m ixing (e) can be e x p r e sse d  as fo llow s

e = 1 0 0  ©a 

Va
or, e = 1 0 0  -----

V

The p ra ctica l value of th is m ixing e ffic ien cy  (or  lack  o f it) w ill 

be d isc u ssed  in th is  paper. It w ill be shown that each  c e l l  in a bank is  

unique and m ixing ach ieved  in it is  quite unlike that ach ieved  by its  

neighbour. Secondly it w ill be shown that m ixing e ffic ien cy  for  the
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sam e c e l l  v a r ie s  at different hydrom echanical con d ition s. T h ird ly  it 

w ill be shown that the concentrate volum e is  not n eg lig ib le . If m ix in g  

theory  i s  going to be in corporated  into a k inetic th eory  of flotation, 

th ese  objections have to be taken into account.

F lotation  K inetics

Im portance of a k inetic m o d e l: M athem atical m o d els  o f steady  

state  p r o c e s se s  have been the b a s is  of equipm ent d esign  in such  fie ld s  

as ch em ica l en gin eerin g  for  a long tim e . The m o d els  d eveloped  take 

into account such  input v a r ia b le s  as concentration  of reagen ts or  tim e  

in a rea cto r  v e s s e l .  By u se  of ch em ica l k in etics, th erm od yn am ics or 

m a ss  tran sp ort equations, th is  m ath em atica l m od el w ill p red ict the 

products form ed. To date, no one has proposed  such  a m odel fo r  a 

flotation  p r o c e ss  d esp ite the r e se a r c h  done in the f ie ld .

P r ev io u s ly  th is  w as not a p a rticu la r ly  great problem  due to the 

sm a ll s iz e  of flotation  c e l ls  and great f le x ib ility  of flotation  c ir c u its .

A s la rg er  and la rg er  c e l ls  are u sed  th is c ircu it  f le x ib ility  w ill d e c r e a se .  

O perators w ill be unable to m aintain  c ircu it  perform ance by v isu a l e x ­

am ination only.
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A P ostu lated  M athem atical Model for Flotation

Grunder and Kadur (1940) w ere the f ir s t  to  m ake the co m p a r­

iso n  betw een a flotation operation  and a ch em ica l reaction . In a ch em ­

ica l equation of the follow ing type

aA + bB  — cC + dD

the fo llow ing i s  true

C • CD = constant

If the equation as w ritten  above contains the rate con tro llin g  step , then  

dCA
- dt = kCA a - C Bb

w here C = concentration  

k = rate constant

A ch em ica l equation of th is  type is  con tro lled  by in tera ctio n s betw een  

ions, atom s, or m o le c u le s . G enerally  the con tro llin g  m ech an ism  for  

such reaction s can be adequately d escr ib ed  by m ath em atica l equations, 

e . g . ,  the B oltzm ann distribution  of k inetic en ergy  for c o llis io n  c o n ­
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tro lled  rea c tio n s. F lotation  d eals with co llis io n s  and ch em ica l in te r ­

action s of a ir  bubbles and m in era ls .

B a sed  upon such a g en era lized  approach to flotation  k in etics, 

A rb iter  and H arris (1962) postu late the follow ing k inetic equation

m
-d C /d t = Ki 77'Cini  (1)

1

w here C = con cen tra tion

i = control v a r ia b le  (e. g . , a ir, reagent, ore p a rtic le )  

m = num ber of v a r ia b les

n = order of reaction  with resp ec t  to  that v a r ia b le  

K = flotation  rate constant

T h is equation is  too com p lex  for p ra ctica l use s in ce  too many input 

v a r ia b le s  are involved . If ch em ica l conditions are a ssu m ed  to  be 

constant, Equation (1) s im p lif ie s  to

dCs n^ na
- = KCS g • Ca a ( 2 )

w here Cs = concentration  of floatable so lid s

Ca = concentrat ion of a ir  bubbles

If aeration  is  kept constant then Equation ( 2 ) s im p lif ie s  to
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_dCs n s
dT (3)

T his equation has been in vestiga ted  at length by a num ber of w ork ers  

and the m ajority  agree that n = 1 .

A ssu m ing  n = 1, in tegration  of Equation (3) g ives

ct = Co e"K t (4)

w here Co = concentration  of floatable m ateria l at t im e  zero  

Ct = concentration  of floatab le m a ter ia l at tim e t .

Taking the log  of both s id e s  of Equation (4)

In = K ‘ t (5)

If In Co jC  is  p lotted against t, then the graph should be a stra ight

line of s lop e K if  the assum ption  that n = 1 is  c o r r e c t . In many

c a s e s , it appears that som e o f the floatab le m ateria l cannot be floated . 

If th is concentration  of unfloat able m a ter ia l is  ex p ressed  as Coo th en ,

C0 - C*o
to ' C -Coo = K -t (6)

T h ese  equations are applicable to  "batch-type" flotation  p r o -
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c e s s e s  and have to be m odified  for a continuous s tea d y -sta te  in d u s­

tr ia l  p r o c e s s . In th is ca se  there is  a continuous feed, concentrate, 

and ta ilin g  of constant quality and quantity. This can be con sid ered  

analogous to a batch c e l l  at so m e instant of t im e . F o r  the continu­

ous ca se

Cc • QcK = — ------------------------------------------------------(7)
Ct * Vo

w here Cc = concentration  of floatable sp e c ie s  in the concentrate  

Q c = volum e flow rate of concentrate  

Ct = concentration  of floatable sp e c ie s  in ta ilin g  

Vo = volum e of the c e ll  

and fractional reco v ery  i s  g iven  by

R = Qc Cc_______  (8 )
Q c * Cc +Qt • Ct

where = volum e flow  rate of ta ilin g .

From  th ese  equations it can be deduced that

K X
R = --------------------  (9

1  + K X

w here  ̂ = nom inal res id en ce  tim e

if  the c e ll  acts as an ideal m ix er
Qt
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If > i s  constant, bank reco v ery  can be pred icted  by

R(bank) = 1  -  O+KX)
-n

( 1 0 )

If X is  not constant the individual c e l l  reco v ery  m ust be pred icted  

sep a ra te ly  by

A num ber o f ob jection s have been ra ise d  to the above equations  

and som e are  lis te d  by Roos (1969). The re s tr ic t io n  of constant r e te n ­

tion  tim e can be overcom e if  we con sid er  one c e l l  alone under steady  

state con d ition s. Here Equation (7) is  va lid

or Cc • Qc = K * Ct • Vo

where Cc • Qc = flotation  rate (FR)

and Ct • Vo = c e ll concentration  of floatable sp e c ie s  (CC)

or FR = K • CC

n - 1

(ID
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If K is  a constant and the k in etics are f ir st  order, then a plot

of FR v s .  CC w ill give a stra igh t line of slope K. Since, in  the

c a se  of id e a l m ixing, the ta ilin g  from  a c e ll  is  a m easu re  o f the c e ll

pulp, then CC can be determ in ed  from the ta ilin g  sam p le . Thus, one

te s t  on a bank can provide a num ber o f v a lu es  for the flotation rate at

varying flow  ra tes  and pulp d e n s it ie s .

V alid ity  of a ssu m p tion s o f k inetic m o d e l: K inetic rate equations

have been  u sed  for a long tim e  to  d escr ib e  ch em ica l equations and th eir

valid ity , in g en era l, is  not in doubt. The b a sic  analogy of a ch em ica l

equation to  a flotation  c e ll  appears to  be va lid  from f ir s t  p r in c ip le s .

dC ^  n iHence the in itia l equation - -----  = K IT C  appears to be c o r r ec t .
dt i= l 1

A s pointed out, it  i s  too com p lex  to handle in th is  form  and sim p lify in g  

assum ptions have to  be m ade. It i s  the v a lid ity  of th ese  assu m ption s  

which is  in doubt.

One m ajor assu m p tion  i s  that reagent concentration  is  constant 

through a flotation  p r o c e s s , or, i f  it changes, it  does so  in a fash ion  

that g iv es  p red ictab le  r e s u lt s .  Since m ost flotation  reagen ts are surface  

active agents, the rem o v a l of froth w ill change the reagent concentration

in the rem ain in g  pulp. T here is  ev id en ce to su ggest that c o lle c to r  a ttach ­

m ent is  an ir r e v e r s ib le  or d ifficu lt to r e v e r se  p r o c e ss  (Gaudin 1957).

r
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T his appears to  be true in only certa in  c ircu m sta n ces  (Apian and 

F u ersten au  1962). T hose c a se s  of p h ysica l co llec to r  attachm ent, e s ­

p ec ia lly , are se n s it iv e  to reagent changes and quickly r e -e s ta b lish  

eq u ilib rium . Faulkner (1966) show s the interdependence of reagent  

concentration  with such  v a r ia b le s  as rate of flotation . B u ll ( I 9 6 6 ) 

a lso  points out the change in flotation  rate when a co llec to r  i s  added 

in  the m iddle of a flotation bank.

A second  m ajor assum ption  is  that res id en ce  tim e i s  constant 

from c e l l  to  c e l l .  This would req u ire , am ong other th ings, that the 

concentrate vo lu m e be n eg lig ib le . W hile th is  is  true for flotation of 

low  grade su lph ides such  as m olybdenite, it is  not tru e  in  a ll c a s e s .  

The equation can be m odified , as shown, to  co rrec t for the variab le  

It i s  pointed out in the sec tio n  on Mixing Theory that each  c e l l  

in  a bank is  unique. E ven if  m ech an ica l conditions (such  as m otor  

speed, c e l l  baffling, and im p e ller  w ear) are id en tica l from c e ll  to  

c e ll, the varian ce  in the flow  reg im es  w ill vary  the active volum e  

from c e l l t o  c e l l .  If the k inetic equation (in som e m odified  form ) is  

to  be o f u se  in pred icting products to be produced, \  m ust be constant 

or v a ry  in a p red ictab le  fash ion . N either alternative appears to be 

c o r r e c t .
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A th ird  assum ption  is  that the flotation  rate coeffic ien t is  in ­

dependent of p a rtic le  s iz e .  The k inetic  m o d el draws an analogy b e ­

tw een  the c o llis io n  m echanism  of ch em ica l rea ctio n s and bubble -  

m in er a l c o llis io n s  in flotation . The s ta t is t ic a l probability  of th is  

c o llis io n  is  g iven  by K lassen  and M akrousov (1963) as

dX
= Z • 0  • Nt ( X o - X f 1  (13)

dt

w here Z = co effic ien t of p roportionality

0  = co effic ien t of c o llis io n  e ffic ien cy  (the proportion of 

c o llis io n s  which resu lt in  attachm ent)

(XQ - X ) = num ber of p a r tic le s  per unit volum e capable of

attachm ent

N-t = quantity of bubbles per unit volum e capable of 

m ine r a liz  ation

Equation (13) can be ex p r esse d  in  te r m s  of m in era l su rface area  as

d x -  n
— = Z 1  • 0  J f j 2  Nt (XOi - X i ) n (14)

w here r  ̂ = radius

(Xo^ - X i ) = num ber of p a r tic le s  per unit volum e of radius (ri)

capable of attachm ent.
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Equation (14) could be expanded further to account for bubble su rface  

a rea . If the rate co effic ien t for variou s fraction s is  assu m ed , then

n
dx = r~ dx 
dt "dt"i= l

w here n = num ber o f s iz e  fraction s

The coeffic ien t of proportionality  (Z) would be a function of 

the num ber of bubbles per m in era l p a rtic le  requ ired  for flotation . P ic ­

tu res  published by Sm ith (1968) show in  e x c e s s  of 200 bubbles on one 

coal p a r tic le . Bubble counts done by Smith show  that the num ber of 

bubbles requ ired  for flotation  v a r ie s  from  s iz e  range to s iz e  range.

One would expect, th erefo re , that flo tation  ra tes  would va ry  with s iz e .  

This i s  confirm ed by R oos ( I 9 6 9 ). If certa in  fraction s are rem oved

in p referen ce  to o th ers, then one would expect the bulk flotation  rate  

1 n H \
= Y  QXi 1 would va ry  a lso  as the bulk com p osition  changed.

\ i = i dt I

A fourth problem  i s  that concerned  w ith re la tiv e  ra tes  of a s s o ­

ciation  and d isso c ia tio n  of the b u b b le-m in era l p a ir . Smith (I 9 6 S) 

c la im s that turbulence in a conventional c e ll  i s  se lf-d e fea tin g  s in ce  

it d islod ges large p a r tic le s  which m ight o th erw ise have floated . A rb iter
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and H arris ( 1 9 6 2 ) g ive th is as the rea so n  why conventional flotation  

c e l ls  fa il en tire ly  to float p a rtic le s  co a r se r  than the 35 to 48 m e sh  

ran ge.

The objections, am ong oth ers, p lace the k in etic  m odel on 

questionable grounds. A s yet no co m m erc ia l operation  u se s  it  a s  a 

control device or as a planning to o l.

C ircu it D esign

Flotation  plant o p era tio n  is  often con sid ered  m ore of an ’’art"  

than a sc ie n c e . P roced u res u sed  in a m ill often depend on such  l im it ­

ing fa cto rs  as m in era l type or s iz e  of lib eration  but they often depend, 

a lso , on the p erson a l ex p er ien ces  (and often b iases) of the m il l 's  

m eta llu rg ists  and o p era to rs. An a r tic le  by D raper and B ush (1966) 

giving the h isto ry  of the changes in  the P b-Z n c ircu it at Mount Isa  

M ines i s  an ex ce llen t exam ple o f the way in w hich c ir cu it  d esign  changes  

w ith advances in  technology, and with changes in opinion.

Some g en era lized  ru le s  e x is t  and som e of th ese  are su m m arized  

by D orenfeld  ( 1 9 6 2 ).: A sp ec ts  to be con sid ered  in  any d esign  include  

such fa c to rs  as s iz e  of liberation , pulp density , flotation  tim e , type of 

w ater and uniform ity of o r e . When a ll such  fa c to rs  are taken into  

con sid eration , the design ed  c ircu it is  unique.
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In th is study of the Tahawus m ill, factors of s iz e  and c h e m ic a l  

control of flotation  feed  pulp w ere not in v estig a ted . Main c o n s id e r a ­

tion  w as given  to the re la tiv e  effect of pulp dilution and the e ffec t of  

varyin g  the c ircu la tin g  load. Some g en era lized  gu id elin es e x is t  for  

th ese  a r e a s . Gaudin (1957) su g g ests  that for m axim um  c o lle c to r  a t ­

tachm ent and m inim um  reagent consum ption, conditioning should  be 

done at v e r y  high pulp d e n s it ie s . The upper lim it would be se t  by the 

appearance of p la stic  p ro p erties  w here proper m ixing i s  im p o ss ib le .

In the Tahawus m ill, conditioning tak es p lace at 7 0 percent so lid s  

w hich approaches th is  upper lim it.

B aarsen  and Parks (1954) su g g est that for m axim km  re co v e ry  

u sing fatty acid  c o lle c to r s , pulps should be in the ord er of 30 to  40 

percen t so lid s . In clean ing operations w here se le c tiv ity , not r eco v ery , 

is  im portant, pulps of 15 p ercent so lid s  or le s s  should be u se d . In the 

Tahawus m il l  the cleaning operations are ca rr ied  out at pulp d e n sit ie s  

of 30 to 40 percen t s o lid s . Thus a m ethod of obtaining s e le c t iv ity  in  

th is  operation  is  not being u tilized . C leaner bank ta ilin g s  w ere le s s  

than 10 p ercent so lid s  in  the Tahawus m il l .  T his g iv e s  a ca lcu la ted  

circu la tin g  load o f le s s  than 20 p ercen t. By ju d iciou s u se  of pulp d ilu ­

tion  and la rg er  c ircu la tin g  loads, g rea ter  se le c tiv ity  should have b een  

p o ss ib le .
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EXPERIM ENTAL RESULTS

T hree d ifferent a sp e c ts  o f the flotation  p r o c e ss  w ere in v e s t i ­

gated in th is  program . E ach  of th ese  i s  rep orted  under a sep arate  

h ea d in g --im p u lse  tr a c e r  te s ts ;  flotation  te s ts ;  and flotation  k in etics .

Im pulse T ra cer  T e s ts  

E ight sep a ra te  im p u lser  tr a c e r  te s ts  w ere conducted and a 

sum m ary of the flow  conditions for  each  is  given  in the follow ing  

ta b le .

T able 1. Sum m ary of Flow  Conditions 
for Im pulse T ra cer  T ests

N om inal A eration
T est
N o.

C e ll
Type

Flow  Rate 
( liters / minute)

R etention T im e  
min

Rate
(scfm )

1 A gita ir  No. 15 8 6 .7 0 .5
2 A gita ir  No. 15 43. 3 1 . 0 -
3 A g ita ir  No. 15 3 9 .7 1 . 0 6

4 A gita ir  No. 15 2 1 .7 2 . 0 -
5 A g ita ir  No. 15 43. 3 1 . 0 -
6 A gita ir  No. 15 8 6 .7 0 .5 -
7 D enver No. 24 32. 2 cu ft /m in 1.5 -
8 D enver N o .30 6 2 . 2  cu ft/m in 1 . 6 1 -

Im p eller
Speed
(rpm)

1050 
105 0 
1050 
550  
550  
550

Not m easu red  
Not m easu red

46
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The r e su lts  fo r  th ese  t e s t s  are included a s  Section I of the

A ppendix. The re su lts  are plotted on F ig u res  8  to 15 as actual co n -

UTconcentration  (= C ) v e r su s  d im en sio n less  tim e (= —  or 0 ) .  T heseVo

graphs w ere then com pared to  a th eo retica l curve plotted on a d im en ­

s io n le s s  tim e  ordinate with the sam e s c a le . The shift in the mean  

a rr iv a l tim e w as then u sed  as a m easu re of m ixing e ffic ien cy  in the 

m anner d escr ib ed  by B u ll and Spottisw ood (1970).

F lotation  T e s ts

The a im  of th is  w ork w as to  provide an sw ers to the follow ing  

q uestions:

a) What is  the effect o f the operating v a r ia b le s?

b) What i s  the "maxim um" grade p o ss ib le?

c) How many sta g es  are req u ired  to  m aintain a fin a l grade

o f 45% TiOz?

d) What reco v ery  can be ach ieved  at th is  grade?

e) What is  the optim um  circu it required  to ach ieve th is

final grad e?

In ord er to obtain su ffic ien t data to answ er th ese  questions, 

the follow ing typ es of te s t s  w ere undertaken.



ro
o

48

ER 1318

_  C M  10
0  O  O  O o  O
z z z z z z

■ 5  © ® ® ® ®o  o  o  O O O

( u id d )  uouoj*u0ouoo 10 °N

Fi
gu
re
 

8. 
Im
pu
ls
e 

Tr
ac
er
 

Te
st
 

No



009

ER 1318 49

o
o

o
o

o
o

o
o

o

0 )

00

OJ

tf>

m H  °
I D  I  >

r O

C M

» n  <3* r o

( u i d d )  u o |* o j * u a o u o o  i q d n

c m

Fi
gu
re
 

9* 
Im
pu
ls
e 

Tr
ac
er
 

Te
st
 

No



n
op

ER 1316 50

— CMro to CO
o O o o o o
z z z z z z

© ”© © © © ©
o o o o o o

< • □ o B 4

o
>

( u i d d )  UOUDJ 4 U9 0 UOQ I Q D N

Fi
gu
re
 

10,
 
Im
pu
ls
e 

Tr
ac
er
 

Te
st
 

No





70
0

ER 1318 52

c m  r o  ^  10 10

O
O
CVJ

O
O

O
O

O
OO O

0 >

00

Lf>

to

(O 31 >

1 0

C M

( u i d d )  a )DJ | U90u o o  i q d n

Fi
gu

re
 

12
. 

Im
pu

lse
 

Tr
ac

er
 

Te
st 

No
.



7
0

0

ER 1318 53

cm ro ^  in <o

2  2 in
Q) <D <D ©  Q> <Do  o  o  o  o  o

CM

o oo o o

VO

*" p=>!>

o
CO

o
in

o o
ro O

CM

( u j d d ) e j DJ i u a o u o Q i q d n

Fi
gu
re
 

13*
 
Im
pu
ls
e 

Tr
ac
er
 

Te
st
 

No



ER 1318 54

CM r o i n CO N- 0 0

o O o o o Q o o.z z z z z z z z
— ' — -** — — — —
<D © 0) ©© 0 ) a> ©

o o o o o o o o

< • □ o ■ < o♦

( U i d d )  9 I D J J U 9 0 U 0 Q  10  DN

Fi
gu
re
 

14
* 

Im
pu
ls
e 

Tr
ac
er
 

Te
st
 

No



55

® 1516

lO

to +  10 10

° £ z z z z

C M

(u id d )  aiDJjueouoo ID on

CO

o
-p

0 1<y
E-<

oocCue-<
Q>
CO

3
P<
6M
ITNrH

0 )



ER 1318 56

a) T e s ts  on the rougher bank in open c ir c u it .

b) (i) T e s ts  on the c lean er  bank in  open c ir c u it .
(ii) T ests  on the c lea n er  bank in c lo se d  c irc u it .

c ) T e s ts  on the rec lea n er  bank in c lo sed  c ir c u it .

R esu lts  of a ll th ese  t e s t s  are included in Section II of the Appendix.

F lotation  K in etics

T hree t e s t s  w ere ca rr ied  out in  w hich p h y sica l operating c o n ­

ditions from  c e l l  to  c e ll  w ere id en tica l. In each  o f  th ese  te s ts  the f lo ­

tation  rate constant of T i0 2  w as ca lcu la ted . F or  one of the t e s t s  (T est  

18) the con cen tra tes and ta ilin g  w ere sc reen ed  and the flotation  rate  

constant fo r  TiO z for each  screen  fraction  in each  c e ll  w as ca lcu la ted .

Since T i0 2  can o ccu r  in ilm en ite  as w ell as som e of the gangue 

m in era ls  p resen t, a T i0 2  a n a ly sis  is  not a m in era lo g ica l a n a ly s is .  

T h ese m in era log ica l concentrations w ere determ ined  by x -r a y  a n a ly s is  

of the sa m p les  u sed  for T i0 2  a n a ly s is . F lotation  rate con stan ts of 

ilm en ite  in the u n sized  sam p les  w ere then ca lcu la ted .

A ll the data for th ese  ca lcu la tion s i s  included in Section III of 

the Appendix and som e re su lts  are plotted on F igu re 24.



DISCUSSION OF EXPERIM ENTAL RESULTS

Im pulse T r a c er  T e s ts

F or quantitative d iscu ss io n  o f m ixing e ffic ien cy  L ev en sp ie l 

( 1 9 6 2 ) d efin es dead space in a m ixing v e s s e l  as the sp ace occupied  

by liquid which stays in the v e s s e l  longer than th ree t im e s  the th e o ­

r e t ic a l m ean res id en c e  t im e . Thus actual m ean res id en ce  tim e  

(= ©-a ) for  the actual reg ion  of one v e s s e l  Is g iven  by

3
C( 0 )  d© (15)

o

and the true mean res id en ce  tim e is  given by

( 16 )

but 0 a Va (17)
U

and © V /U (18)

Hence ©a Va
(19)© V
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M ixing e f f ic ie n c y  is  then defined by

Va
€ = 100  —  (2 1 )

\  v

F or the im p u lse  tr a c e r  te s ts  ©a fo r  the six th  c e ll  w as found by 

counting the sq u ares under the curve betw een the lim its  of 0  and 18 

on the d im en sio n le ss  tim e  ord inate. Va w as ca lcu la ted  by s u b s t i­

tuting a value of © = 6  into E quation(20). The fo llow in g  table  

i s  a sum m ary o f the r e s u lts .

T able 2. Sum m ary of M ixing E ff ic ie n c ie s  
in  the Sixth C e ll.

T est T h eo re tica l Mean A ctual M ean Va
N o. R esid en ce T im e R esid en ce  T im e ( l i t e r s )

1 6  4 .8 8  3 5 .2
2 6  3 .6 0  2 6 .0
3 6  4 .8 5  32 .1
4 6  4 .4 7  3 2 .2
5 6  4 .8 5  3 5 .0
6  6  4 .8 4  3 4 .9

The conditions for each  o f th e se  t e s t s  i s  g iven  in T ab le 1 and 

the data sh eets  are  included in Section  I of the A ppendix. The cu rves  

from  which they w ere com puted are g iven  a s F ig u res  8  to 13. The 

s ig n ifica n ce  of th ese  r e su lts  is  d isc u sse d  in the fo llow in g  s e c t io n s .
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M ixing E ffic ien c y  v e r s u s  F low  R a te : The change in m ixing  

from  T est No. 1 to  T est No. 2 i s  cau sed  by a change in flow rate  

from  8 6 .7  l ite r s  per m inute to  4 3 .3  l ite r s  per m inute. The change 

from  T est N o. 4 to  T est N o. 6  occu rred  when the flow  rate changed  

from  8 6 .7  lite r s  per m inute to 2 1 .7  lite r s  per m inute. T h ese  r e ­

su lts  show m ixing e ffic ie n c ie s  are g re a te st  at h igh est flow  ra tes  and 

support the findings of Roos (1969) and Spottisw ood (1970).

M ixing E ffic ien c y  v e r s u s  Im p eller  Speed: T e st  N o s. 1 and 6  

have id en tica l reten tion  t im e s  ( = 0 .5  m inute) and T est N os. 2 and 5 

have id en tica l reten tion  t im e s  ( = 1 .0  m inute). At the h igher flow  rate  

th ere is  no d ifferen ce in m ixing e ffic ie n c y . A t the lo w er  flow  rate  

th ere  is  a wide v a r ia n ce .

M ixing E ffic ien c y  v e r su s  A ir  F low  R a te : T e st  N os. 2 and 3 

have id en tica l w ater flow  r a te s  but in N o. 3 the a ir  w as turned on.

The volum e of the c e ll  occupied  by a ir  w as m easu red  and the cu rv es  

have been com pensated  for th is  e ffec t. The v a r ia n ce  is  due only to  

the a ir .

The r e su lts  show  much h igher m ixing e ff ic ie n c ie s  when the a ir  

w as turned on. Spottisw ood (1970) a lso  rep orts  th is  change but the
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varian ce  w as not as la r g e .

M ixing E ffic ien cy  v e r su s  C ell N um ber: V isual exam ination  

of the graphs show s T ra cer  T est  N o. 6  (F igure 13) has the sm o o th ­

e s t  c u r v e s . F o r  th is graph the m ean a rr iv a l t im e s  w ere com puted  

with the follow ing r e s u lt s .

Table 3. Sum m ary of M ixing E ffic ie n c ie s  
in T est 6 .

T h eo retica l M ean A ctual M ean  
C ell R esid en ce T im e R esid en ce  T im e
No. ( 9 ) _________________ (Qa)_______  Va

2 2 1 .88  40 .7
3 3 2 .4 5  3 5 .3
4 4 3 .5 8  3 8 .8
5 5 4 .2 3  3 6 .6
6  6  4 .8 4  34 .9

T h ese  v a lu es  show that m ixing e ff ic ie n c ie s  va ry  from  c e l l  to c e l l  

with v ir tu a lly  no sy stem a tic  v a r ia tio n . T h is  su g g ests  that m ixing  

r eg im e s  in each  c e ll  of the bank are unique.

V alid ity  o f M ixing E ffic ie n c y  P a r a m e te r s : M ixing e ff ic ie n c ie s ,  

as defined, are v ir tu a lly  id en tica l for T e s ts  1, 3, 5, and 6 . V isu a l 

in sp ection  of th e ir  C -cu rv es  show s that th is  does not appear to be 

the c a s e .  D eparture of the peak a r r iv a l tim e (rather than the m ean)
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from  the th eo re tica l can be u sed  as a sem i-q u an tita tive  m easu re of 

m ixing e ffic ien cy . A com p arison  of peak a rr iv a l t im es  is  made in 

T able 4.

Table 4. Summ ary of P eak  A rr iv a l T im es  

T h eoretica l
C ell Peak A rr iv a l A ctual Peak A rr iv a l T im e
No. T im e T est 1 T es t  3 T est 5 T est 6

2 1 0 .4 0 . 2 0 .5 0 . 6

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

T h ese fig u res  show that th ere is  a wide varia tion  in curve shapes  

d esp ite  the apparent s im ila r ity  in m ixing e f f ic ie n c ie s .

In a G aussian d istribution  curve the mode (or peak height) 

and m ean should be id en tica l. A d ifferen ce betw een the peak and 

mean a rr iv a l t im e s  would in d icate an a sy m m etric  cu rv e . In th ese  

im p u lse tr a c e r  te s t  cu rves the a sym m etry  is  a -function of the m a ­

te r ia l  trapped in the c e l l .  The fo llow in g  table g iv es  a com p arison  

of peak and mean a rr iv a l t im e s  for C ell No. 6  in T est N os. 1, 3,

5, and 6 .
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Table 5 , C om parison of Peak and Mean A rr iv a l T im es

T e st
No.

Peak
A rriv a l

T im e

Mean
A rr iv a l

T im e

1

3
5
6

3 .5
2 . 6  
3 .4  
3 .9

4 .8 8
4 .85
4 .8 5  
4 .8 4

T hese fig u res  show  th ere is  a wide varian ce in the asym m etry  of 

th ese  cu rv es  d esp ite  the apparent s im ila r ity  in m ixing e ff ic ie n c ie s .

The approach to the determ ination  of m ixing effic ien cy , as  

u sed  in th is  th e s is ,  is  a v ery  s im p lified  one. A ll deviant flow s are  

lum ped togeth er  and no attem pt has been made to quantitatively d e ­

term in e the com ponent flow s shown in F ig . 7 . It w as im p o ssib le  to  

do th is  w ith  the availab le data. The R eynolds Num ber (=Re) for

7
th is  c e ll  is  of the order o f 5 x 10 . T h is is  in the reg ion  of e x ­

tr e m e ly  turbulent and unstab le flow . H ence i f  it w ere p o ssib le  to  

quantitatively determ ine the v a lu es  of th e se  deviant flow s, the r e ­

su lts  would be su sp ec t. The flow  r e g im e s  would be quite unstable  

and would probably tend to change with t im e .
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L aboratory C ell M ixing v e r su s  C om m ercia l C ell M ixing; In- 

suffic ien t sa m p les  w ere taken to  a llow  ca lcu lation  of mean resid en ce  

t im e s  in la ter  c e l ls  of the m ill bank. H ence com parison  of m ixing  

c h a r a c te r is t ic s  is  based  on peak a r r iv a l t im e s  only . T h ese are  

shown in Table 6 .

T able 6 . C om parison of P ea k  A rr iv a l T im es  
in L aboratory and C om m ercia l C e lls

A ctual Peak A rr iv a l T im es
T est C ell C ell C ell C ell C ell
No. C ell Type No. 2 No. 3 No. 4 No. 5 No. I

6 A gita ir  N o. 15 0 . 6 1. 35 2 . 1 3 .3 3 .9
7 D enver N o. 2 4 0 .3 1 . 2 1 .4 2 .7 3. 3
8 D enver No. 30 0 .4 1.5 2 .5 2 . 8 3 .3

T h ese  data show that m ixing in the D enver No. 30 (or 100 cu ft c e l ls )  

i s  com parable to the m ixing in the A g ita ir  u n its . The nom inal c e l l  

retention  tim e in T e st  No. 6  w as 0 .5  m inute and in T es t  No. 8  it was 

1.61 m inutes. P resu m ab ly  m ixing e ffic ien cy  in th ese  la rg e  com m er - 

c ia l un its would in cr ea se  a s  the flow  ra te  in crea sed . T h ese  data a lso  

show that m ixing in the sm a ller  co m m erc ia l c e l ls  w as poorer than in 

the la rg er  c e l ls .
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Spottisw ood (1970) show ed that m ixing e ffic ien cy  v a r ied  with  

baffle type u sed  with unbaffled c e l ls  giving the p oorest m ix in g . The 

co m m erc ia l c e l ls  u sed  at Tahawus had no b a ffle s . P resu m ab ly  m ix ­

ing e ffic ien cy  would im prove in th ese  large  c e l ls  i f  b a ffles  w ere in ­

troduced . H ow ever s in ce  co m m erc ia l c e l l  m ixing w as com parable  

to the b est of the pilot plant r e su lts , baffling would be su p erflu ou s.

S ign ificance of r e s u lt s : T h ese r e su lts  have s ig n ifica n ce  for  

en gin eerin g  d esign  stud ies and for the developm ent o f a m athem atical 

m odel b ased  on a k inetic approach. The la tter  is  d isc u sse d  in the 

sectio n  on flotation  k in etics .

The r e su lts  of th is  work ind icate that m ixing occu rrin g  in a 

bank of c e l ls  is  a h ighly com plex p r o c e ss  and data obtained from  

im p u lse tr a c e r  te s t  stu d ies  is.- a net e ffec t of a ll th e se  in teractin g  

flo w s. E ach  c e ll  in the bank is  unique in the m atter of m ixing r e ­

g im e s . M ixing e ffic ien cy , as defined for a s in g le  c e l l  in  a bank has  

v ir tu a lly  no m eaning. T his p aram eter does not take into account a ll  

th ese  in teractin g  flo w s.

A flotation  bank then should be thought o f as an in tegrated  

unit and not as a num ber of individual c e l l s .  Since th is  short c i r -
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cuiting is  o f  such m agnitude, th ere  is  a m inim um  num ber of c e lls  

req u ired  in a bank to prevent m ateria l ex iting  b efore being m ixed. 

The D enver Equipm ent Company su g g ests  at lea st 4 c e l ls  per bank. 

The data from  the A gita ir N o. 15 c e l ls  su ggest at le a st  6  are r e ­

quired.

Ilm enite F lotation  T ests

P reparation  of pu lp : X -ra y  a n a ly sis  of the flotation  feed  

show ed the follow ing m in era ls  to  be presen t - -  p la g io c la se , b iotite , 

ilm en ite , garnet, a clay, and m agnetite. T his m a ter ia l a ssa y ed  

approxim ately  20 percent T i0 2  or 33 percent ilm e n ite . A s shown 

in F igu re 4, the ore w as ground by b a ll m illing in c lo sed  c ircu it  

with Ty-Hukki c la s s if ie r s  to g ive a flotation feed  o f m inus 65 m esh . 

D eta ils  o f ch em ica l preparation 1 o f the pulp are given  in "A nalytical 

M ethods and P ro ced u res" .

A c e ll  by c e l l  a n a ly sis  of the pilot plant rougher bank was 

made and each  of the c e l l  con cen trates w as screen ed . E ach  screen  

fraction  w as then sent for  a s sa y . The r e c o v e r ie s  in the individual 

s iz e  fra ctio n s w ere then com puted and are given in T able 7 . C om ­

p lete data sh eets  are given on A 12 to A 18 in Section II of the  

Appendix.
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Table 7. Sum m ary of S creen  A ssa y  T e s ts  on 
Rougher Bank C oncentrates

Size
F raction

W eight
%

T i0 2

%
W eight

%

+48 0 .7 1 .3
-48 +65 3 .8 4 .2 0 . 8

-65 +100 9 .2 8 .5 3 .4
-100 +150 14.1 16.2 1 0 . 0

-150 +200 16.9 2 2 . 7 17.5
-200 +270 1 0 . 2 2 4 . 7 1 1 . 4
-270 +325 9 .4 2 1 . 7 9 . 9
-325 35.7 23 . 6 4 7 . 0

R ecovery
% %d>

1 .4 1 .3 0

25.5 7 . 0 1.7 63
34.3 15.3 2 . 5 76
39.  3 18.3 3.1 8 8

40 .3 16.2 3 . 1 93
39 .8 9 . 0 2 . 6 95
38. 1 8 . 7 2 . 4 95
33 . 6 24 .1 3.1 93

F eed   C oncentrate T ailin g
T i0 2  W eight T i0 2  

% %

1J  R ecovery  is  the percen tage of T i0 2  in that sc r e en  fraction  which  
rep orts  to the con cen trate .

Table 7 show s that c o a r se r  fra ctio n s of the feed  tend to have 

lo w er  T i0 2  a s sa y s  and low er T i0 2  r e c o v e r ie s . M icroscop e a n a ly sis  

of th e se  fraction s show s a large  proportion  of locked  gan gu e-ilm en ite  

p a r tic le s  and only a sm a ll proportion of free  ilm en ite  g ra in s . The 

a ssa y s  of the feed  m ateria l a lso  show a la ck  of T i0 2  enrichm ent in 

the -325 fraction . T his show s that th ere  i s  no p referen tia l s lim in g  

of ilm en ite  and hence s iz e  of grinding is  determ ined  by the flotation  

reco v ery  ach ieved  and the subsequent handling p rob lem s.
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The data in Table 7 ind icate that b est r e c o v e r ie s  occu r in  

the 150 m esh  ran ge. If the ore w ere ground to  -150 m esh  b etter  r e ­

c o v e r ie s  would be ach ieved . H ow ever the Tahawus con cen tra tes  

m ust be shipped by ra ilroad  to  the N ational Lead r e f in e r ie s .  If the 

ore w ere ground to  -15 0 m esh, a m uch higher proporiton of the c o n ­

cen trate  would be -325 m esh . T his would ca u se  a co n sid era b le  m a ­

te r ia ls  handling prob lem .

It w as concluded that th ere should be no change in the g r in d ­

ing c irc u it .

R eproducib ility  of r e s u lt s : It has b een  found fro m  p reviou s  

plant exp erien ce  at Tahawus that m ill perform ance is  an ex trem ely  

v ariab le  quantity. F lotation  te s t  r e su lts  are v ery  dependent on such  

fa cto rs  as m ixing tim e, pulp den sity  during m ixing, tem p era tu re  of 

m ixing and reagent s tren g th s. It i s  a lso  dependent on such  outside  

fa c to rs  as the p osition  in the orebody that the ore co m es  from  or  

length of tim e the ore has been  exp osed  to  the a tm osp h ere on the  

co a rse  ore sto ck p ile . It was found, a s  a resu lt, that p ilot plant r e ­

su lts  w ere a lm ost im p o ss ib le  to reproduce at a la te r  date even though  

the t e s t s  w ere conducted under apparently s im ila r  con d ition s. T h e r e ­

fore it w as im p o ssib le  to com p lete ly  iso la te  a s in g le  v a r ia b le  and
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study its  e ffec t. Table 8  show s som e r e su lts  from  te s t s  on the  

rougher bank in open flow . T h ese te s t s  w ere conducted over a  

period  o f one month during which th ere w as a stock p ile  change.

Table 8 . Sum m ary of Some Rougher Bank T e s ts

T est
No.

F eed
Pulp

D ensity

V olum etric  
Flow  

(1 / min )

C oncentrate  
A ssa y  

(TiOz %)

TiO z
R eco v ery

%

1 5 6 .7 32 .7 3 6 .3 9 5 . 7
3 42.  0 3 9 . 4 36 . 7 9 3 . 4
2 34.2 4 3 . 0 3 9 . 4 85.1
4 33.1 39 . 2 33 . 6 96.5
5 2 8 . 4 3 9 . 4 40 . 3 8 9 . 2
6 24 . 6 38.5 3 3 . 4 92 . 9

It w as found that the only way to obtain co n sisten t r e su lts

w as to com plete a s e r ie s  o f t e s t s  v ery  c lo se  to each  other in t im e .  

The sa m p les  had to  be stock p iled  and p ro ce ssed  when the s e r ie s  of  

te s t s  w as co m p le te .

E ffect o f V a ria b les  on Rougher Bank P erfo rm a n ce  

The a im  of th is  w ork was to determ ine the e ffect of changing  

the p h y sica l operating v a r ia b le s . No change in the ch em ica l co n d i­

tio n s w as m ade. It w as found that th ere  are three m ain operating



ER 1318 69

v a r ia b les  which can be u sed  to  con tro l flotation p erfo rm a n ce. They  

are

(a) v o lu m etr ic  flow  rate

(b) puiLp density

(c) a ir  flow  rate

The effect o f v o lu m etr ic  flow  on rougher bank perform an ce is  shown

in F ig u res  16 and 17. C om plete r e su lts  are included a s F lotation

T est N os. 7 to 15 on A 25 to A 33 in Section II of the A ppendix.

The effect of pulp density  on rougher bank p erform an ce i s

shown in F ig u res  18 and 19.

The e ffect of a ir  flow  rate on rougher bank p erform ance is

shown in F igu re 20. C om plete r e su lts  are included a s F lotation

T est N os. 16 to 18 on A 34 to A 36 in Section II of the A ppendix. A

feature of th ese  r e su lts  w as the con stan cy  of the c e l l  concentrate

grad e. A com p arison  of con cen trate grad es from  T e s t  16 with c e ll

grad es from  T est 3 is  made in T able 9 .

"Upgrade Ratio" in the fo llow ing d iscu ssio n  is  defined as

concentrate grade .
feed  grade (com puted)
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T able 9 . C om parison of C ell C oncentrate Grade using  
D ifferent A ir  F low  R ates

C ell
No.

C ell C oncentrate A ssa y  
(TiQ 2 %)__________

T est No. 3 T e st  No. 16

1
2
3
4
5
6

39 .9
37 .1
3 5 .2  
2 6 . 8  
22 . 8
2 0 .3  
36 .7

3 4 .3
3 4 .2
3 6 .7
3 7 .6
3 5 .9

A verage 3 4 .3

In ord er to  se le c t  conditions for the operation  of a flotation  

rougher bank, p rese t perform ance c r ite r ia  had to  be u se d . T h ese  

w ere se t at 95% or  b etter reco v ery  and an upgrade ratio  o f 2 . 0 or  

b etter . To ach ieve th ese , the fo llow in g  operating  conditions w ere  

needed .

A num ber of t e s t s  w ere conducted with one or two s ta g es  of 

clean ing in open or c lo sed  c ircu it . Some of th e se  r e su lts  are plotted  

on F igu re 21.

N om inal retention  tim e - 5 m inutes
F eed  palp density  
A ir flow

- d en ser than 30%
- g rea ter  than 1 .8  cu ft /

kg dry feed

S e lec tio n  of Num ber of C leaning Stages
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F igu re 21 show s concentrate grade at su c c e ss iv e  sta g es  

converging tow ards an a sy m p to te  of 5 0.5% TiO z. How many 

sta g es  would be req u ired  to rea ch  th is  th eo re tica l m axim um  cannot 

be determ ined  by extrapolation . H owever the National Lead r e f in ­

e r ie s  cu rren tly  accept grad es of 45% T i0 2 or b etter . F igure 21 

show s th is  can be ach ieved  with two s ta g es  of c lean in g .

P red iction  of r e c o v e r y ; C onsiderable d ifficu lty  was e x p e r ­

ien ced  in pumping the ta ilin g  o f the final c lea n er  bank. T h is  m a ­

te r ia l  foam ed so  read ily  that it w as v ir tu a lly  im p o ssib le  to pump 

in a conventional cen trifugal pump. T hree flotation  te s t s  w ere  

com pleted  w ith the rec lea n er  bank in c lo se d  c ir cu it . The r e su lts  

of th ese  are included a s F lotation  T est N o s. 24 to 26 on A 42 to  

A 44 in Section II of the Appendix. They are  su m m arized  in  

Table 10.

T able 10. Sum m ary of A ssa y s  from  
T est N os. 24 to 26

C h em ical A n a ly sis  
T est _________________(% TiQ 2)____________________  R ecovery
No. F eed Rougher C leaner Re c lean er %

24 2 2 .6 38 .2 4 3 .2 44 .9 9 0 .8
25 2 1 .9 4 0 .3 4 3 .0 45. 1 89 .1
26 2 0 .8 3 6 .9 4 2 .6 4 5 .3 9 1 .9
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Due to m a ter ia ls  handling p rob lem s, the control of o p er a t­

ing v a r ia b le s  was poor. The r e su lts  indicate that a reco v ery  of 

90% or b etter  at a grade of 45% TiO z or b etter can be expected  in 

th ree  s ta g es  o f flotation .

S election  of c ircu la tin g  lo a d s : The u se  of c ircu la tin g  loads  

a s a m eans of upgrading in flotation  in vo lves ex ten sive  u se  of a u x­

ilia r y  equipm ent such  as pum ps. If sm a lle r  c ircu la tin g  loads are  

u sed , further s ta g es  of c lean in g  are  req u ired . The re la tiv e  cost  

a n d /o r  conven ience of e ith er m ethod is  the deciding factor  in a 

ch o ice . The p ra ctice  in th is  study w as to u se  two sta g es  of c le a n ­

ing w ith la rg e  c ircu la tin g  lo a d s. T his gave g rea ter  s e le c tiv ity  in  

the clean ing s ta g e s . The p ra ctice  in the Tahawus m ill i s  to  u se  

low  c ircu la tin g  loads and add a th ird  stage of c lean in g . T h is th ird  

stage w as n e c e s sa r y  due to the low er se le c tiv ity  ach ieved .

F igu re 22 show s the change in upgrading w ith change in  

c ircu la tin g  load with constant orig in al feed  ra te . T his graph has 

a s  one of its  ord inates the pulp density  of the ta iling , which is  a 

function of the vo lu m etr ic  flow . Pulp density w as u sed  b ecau se it 

is  much e a s ie r  to m onitor by in stru m en ts . It is  th erefo re  an im -
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portant con tro l var iab le  for a flotation  op erator. F igu re 22 show s 

th ere  is  a la rg e  in c r ea se  in s e le c tiv ity  up to  10% so lid s  but only a 

m arginal in c re a se  beyond th is .  The r e su lts  w ere obtained from  

the c lea n er  but a s im ila r  trend  in the re su lts  could be expected  

from  subsequent s ta g e s .

S election  of an optim um  c ir c u it : B ased  upon data obtained  

in th is  study, a c ircu it as shown in F igure 23 is  su g g ested . A p a r ­

t ia l m eta llu rg ica l balance i s  g iven  in Table 11.

Table 11. P a rtia l M eta llu rg ica l B alance  
on P rop osed  F lotation  C ircuit

E xp ected  
C hem ical

Stream
No.

Stream  F low s ̂  
Solids W ater Pulp

D ensity  
(% so lid s )

Analys: 
(% TiO ;

1 100 43 143 70 20. 0
2 4 9 .2 4 9 .2
3 133.9 2 4 8 .7 3 8 2 .6 35 19. 0
4 7 5 .7 6 1 .9 137 .6 55 3 8 .0
5 - - 8 3 .7 8 3 .7 - -
6 8 5 .0 198 .3 283. 3 30 38 .5
7 33 .9 156.5 1 9 0 .4 10 18 .0
8 5 1 .1 4 1 .8 9 2 .9 55 42. 0
9 111.5 111.5 - -

10 51. 1 153.3 204. 4 25 42. 0
11 9 .3 5 2 .7 62. 0 15 40. 0
12 4 1 .8 3 4 .2 76. 0 55 4 5 .0
13 5 8 .2 135.8 1 94 .0 30 2 .0

1 / S tream flow s calcu lated on b a s is of 100 units by weight of
dry so lid s  in the feed .
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Flotation  K inetics  

The equation for c e l l  reco v ery  u sin g  a f ir st  order kinetic m odel 

i s  g iven  by

K.A
R  -  i + k a  <21)

w here R = fraction a l reco v ery

K = flotation  rate constant 

and X. ~ nom inal c e l l  r es id en c e  tim e

By rearranging, Equation (21) b ecom es

K = — 2 -------  (22)
A-RA

A c e ll  by c e l l  a n a ly sis  of th is  bank was made w hile the c e l ls

w ere operating under s im ila r  con d ition s. T h ese  are  included as F lo ­

tation  T est N os. 16 to 18 in  Section II of the Appendix. A com puter  

program  was w ritten  to  ca lcu la te  c e ll  conditions from  the wet and dry  

w eights of c e ll  con cen tra tes and the ta ilin g . F rom  the ta ilin g  volum e  

from  each  c e ll  the reten tion  tim e (=X) hi each  c e l l  w as ca lcu lated . 

F rom  the TiO z a ssa y s  on each  c e ll  concen trate and the tailing , the 

partial c e ll r e c o v e r ie s  w ere ca lcu la ted . F rom  th ese  the flotation rate



ER 1318 83

constant ( = K ) for TiO z was ca lcu lated  for each c e l l .  The r e su lts  

are shown in T ables 12 to  14.

Table 12. F lotation  rate constants for TiO z 
in F lotation  T est N o. 18

C ell
No.

1
2
3
4
5
6

C oncentrate  
Volum e 
(1 /m in)

5 .7 5  
1.98  
0 .6 0  
0. 17 
0. 06
0. 05

T ailing
Volum e
(1/min)

37 .8
3 5 .8  
3 5 .2  
3 5 .0
34 .9
3 4 .9

K
(secs  x 10

1486
1200
546
173
58
51

Table 13. F lotation  rate constants for T i0 2 
in F lotation  T est N o. 17

C ell
N o.

1
2
3
4
5
6

C oncentrate
Volum e
(1/m in)

9 .9 7  
2 .4 4  
0. 13 
0 . 11 
0 . 06 
0 . 00

T ailin g
V olum e
(1/m in)

3 3 .9  
3 1 .4  
3 1 .3  
3 1 .2  
31. 1 
31. 1

K
( s e c s x  lO '5 )

3398
2590

249
202

29

Table 14. F lotation  rate constants for T i0 2 
in F lotation  T est N o. 16

C oncentrate T a ilin g
C ell V olum e Volum e K
No. (1/ m in) (1/m in) ( se c s  * x 10~^)

1 2 0 .5 9  2 8 .7  4533
2 2 .2 2  2 6 .5  2357
3 0 .2 1  2 6 .3  283
4 0. 02 2 6 .3  31
5 0. 09 26. 2 119
6 0 . 0 0  26 . 2
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T h ese  re su lts  show that "flotation rate constant", a s  defined, is  

not a constant. It changes value from  c e l l  to  c e l l  in the sam e te s t , and 

it changes from  te s t  to te s t  for the sam e c e l l .  W hile th ere  is  a p r o ­

g r e s s iv e  d ecrea se  in its  value from  C ell 1 to  C ell 6 the change does not 

appear to  be reg u la r . T here is  no constant proportionality  factor  from  

one c e l l ' s  value to  the n ext.

The products from  T est N o. 18 w ere  screen ed  and flotation  rate  

constants for  T i0 2 for each  s iz e  fraction  in each  c e l l  w ere ca lcu la ted . 

T h ese r e su lts  are included in Section  IH of the A ppendix. T h ese  data 

show  that the flotation  rate constant d iffers  for each  s iz e  fraction  in  

each  c e l l  and it d iffers  again from  c e ll  to c e l l .  W hile th ere  is  som e  

pattern in the change th ere is  no sy stem a tic  v a r ia tio n .

Roos (1969) p rop oses that the product K^. is  a con stan t. T his  

product was ca lcu la ted  for each  of the sam p les  u sed  in ca lcu lation  of  

the flotation  rate con stan t. The re su lts  of th ese  ca lcu la tion s are a lso  

included in Section HI of the Appendix. T his p roposed  constant a lso  

changed without any apparent sy stem a tic  v a r ia tio n .

It w as thought that part of th is random  varia tion  in the flotation  

rate constants m ay have been cau sed  by the m anner in w hich  T i0 2 was
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d istributed  in the sa m p le s . W hile Ti occu rs m ostly  in ilm en ite , it can 

a lso  sub stitu te in the la tt ic e s  of garnets, m agnetite and horn eb len d es. 

A flotation  rate for T i0 2 does not n e c e s sa r ily  m easure a flotation rate  

for ilm en ite . Hence the ilm en ite  concentration in th ese  sa m p les  was 

determ ined  by x -r a y  a n a ly s is . F rom  th ese  ilm en ite  con centrations, 

the flotation  rate constants fo r  ilm en ite  w ere d eterm in ed . T h ese r e ­

su lts  are shown in T able 15.

Table 15. C om parison of flotation rate constants  
for T i0 2 and ilm en ite

C ell
F lotation  Rate C onstants

T est 16 T est 17 T est 18
No. Ilm enite TiO z Ilm enite T i0 2 Ilm enite TiO z

1 4030 4533 3671 3398 1832 1486
2 2487 2357 2031 2590 1089 1200
3 381 283 307 249 550 5 46
4 21 31 151 202 189 173
5 150 119 57 29 80 58
6 31 51

T h ese  r e su lts  show that th ere  w as no constancy in the r e su lts  

for ilm en ite , nor w as th ere  any regu lar sy stem a tic  change. The peak  

height m ethod for determ ination  of m in era log ica l concentration  is  not 

a v ery  accurate one. Since the flotation rate constants for T i0 2 and 

ilm en ite  w ere s im ila r , it was concluded that TiO z a ssa y s  did bear a
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rela tion  to ilm en ite  a s sa y . V ogel (1952) says that a pyrosulphate  

fusion does not d isso lv e  "glassy"  s il ic a te s  such  as g a rn ets . M ost 

of the T i not in the ilm en ite  occu rs in the garn et. In v iew  of the  

la ck  o f com plete  solution , the T i rep orted  in the TiOz a n a ly ses is  

m ostly  from  ilm en ite .

S ign ificance of r e s u lt s : The a im  of th is  w ork was to  determ ine  

w hether a f ir s t  order k inetic equation could be u sed  to explain re su lts  

from  the flotation  o f a r e a l o re . The v a lid ity  of th is  equation had been  

dem onstrated  by B ull (1966) for a s in g le  c e l l  and by R oos (1969) fo r  

flotation  of pure quartz in a bank. In both th ese  stu d ies near p erfect  

m ixing occu rred  in the flotation v e s s e l .  Im pulse tr a c e r  te s ts  during  

th is  study show ed im p erfect m ixing occu rred  at the flow  ra tes  u se d .

In F igure 7 the flow  r e g im e s  occu rrin g  in a bank are  r e p r e ­

sen ted . Within the a ctive  volum e of the c e ll  p erfect m ixing o cc u r s . 

Within th is  region  flotation  in the m anner . d escr ib ed  by a f ir s t  order  

kinetic equation could be assu m ed  to o ccu r . If th is  is  done then a 

co rrectio n  fa cto r  to  account for the deviant flow is  req u ired . A c o r ­

rection  factor ( = tx ) is  introduced in F igu re  24 to  account for m a te ­

r ia l b y-passin g  the s tir r in g  action . Like the m ixing e ffic ien cy  p a ra m ­

e ter  u sed  in th is  study, th is  co rrectio n  factor  i s  a s im p lified  one and
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does not take into account a ll the deviant flow s shown in F igu re 7 .

W hile a m athem atical m odel b ased  on the approach u sed  in 

F igu re 24 would explain the r e su lts  obtained, it would not be p a r tic u ­

la r ly  u se fu l as a m eans of pred icting  perform ance under a changed set 

of con d ition s. The se le c tio n  function (= O') would b ear som e r e la t io n ­

sh ip  to the m ixing e ffic ien cy  param eter (= c). It w as shown in the  

im p u lse tr a c e r  t e s t s  that e v a r ied  from  c e l l  to  c e l l  and from  te s t  

to  t e s t .  The varia tion  did not fo llow  any regu lar or p red ictab le  tren d . 

Hence £ would have to be determ ined  for  each  c e l l  at each  se t of co n d i­

tion s i f  th is  m athem atical m odel w ere to  be u sed  as a m eans of m ill 

con tro l. C onsiderable effort and exp en se would be n eeded  to  m easu re  

a ll the v a r ia b le s  req u ired  to ca lcu la te  a. This m ay not be ju stified .
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CONCLUSIONS

The two main a im s to th is  w ork w ere:

(a) to  determ ine what, i f  any im provem ent should  

be made to the flotation  c ircu it in the Tahawus 

m ill, and

(b) to  determ ine the ap p licab ility  o f a f ir s t  order  

rate equation to the flotation  of ilm en ite .

It w as found that concentrate grad es o f 45% T i0 2 or better  

w ith a reco v ery  of 90% or b etter  could be ach ieved  in a three stage  

c ir c u it . On the b a s is  o f the r e su lts  obtained, a flotation c ircu it  

w as p rop osed . If th is  c ircu it w ere adopted in the Tahawus m ill, the 

th ird  stage of cleaning cu rren tly  being u sed  could be rem oved . T h ese  

c e l ls  could then be u sed  to  expand cu rren t m ill capacity  without a 

change in grade or re c o v e r y .

The rem oval of th is  th ird  stage o f clean in g  w as made p o ssib le  

by the u se  o f much la rg er  c ircu la tin g  lo a d s. It was found that th is  

gave much g rea ter  se le c tiv ity  in the clean in g  s ta g e s .

89
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Im pulse tr a c e r  te s t s  done on both the co m m erc ia l and laboratory  

banks of c e l ls  show ed a certa in  amount of n on -id ea l m ixing occu rrin g  at 

the flow  ra tes  stud ied . No way w as found to iso la te  and quantitatively  

m easu re  a ll the deviant flo w s. A "m ixing efficiency"  p aram eter ( = *) 

w as u sed  to quantitatively m ea su re  the departure of the m ixing ob served  

from  id ea lity . It w as shown that th is  deviance from  id ea lity  fo llow ed  a 

v e r y  ob scurep attern . T here w as no sy stem a tic  variation  in the p a ra m ­

e te r  and it was im p o ssib le  to  pred ict, quantitatively, what the m ixing  

e ffic ien cy  under changed c e ll  conditions would be.

It w as found that a f ir st  order k inetic equation could not be 

u sed  to in terpret the flotation  r e su lts  obtained. A m odification  to the  

kinetic equation to  account for th is  deviance w as proposed . T his m od­

ifica tion  introduced a se le c tio n  function ( = QC) which w as a m easu re of

the m a teria l b y -p a ssin g  the im p e lle r . The m ateria l which is  s t ir r e d
f&7

in the active  reg ion  of the c e ll  w as assu m ed  to  float in accordance w ith  

a f ir s t  ord er rate equation.

A m athem atical m odel of any p r o c e ss  m ust sa tis fy  two conditions  

to  be of any p ra c tica l v a lu e . They are:

(a) It m ust be able to  in terpret past r e s u lts .

(b) It m ust be able to  pred ict future r e su lts  under 

changed operating con d ition s.
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The m athem atical m odel proposed  would sa tis fy  the f ir s t  

c r iter io n . No sim p le  m ethod w as found to  m odify it to  fit the 

secon d  cr iter io n .
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Section I

T ra c er  T est No. 1

P u r p o s e : To determ ine the mixing ch a r a c te r is t ic s  of the pilot
plant rougher bank under the following conditions.

Flow Rate, 86 l i te r s /m in u te
Nom inal Retention T im e, 0 .5  minute
Im peller  Speed, 105 0 rpm.

Proced u re:  See "Analytical and E xperim enta l Methods - -Impulse
T r a c e r  T e s t s . "

R e s u l t s :

Concentration (ppm NaCl)
T im e Cell Cell Cell C e ll C ell Cell

min d im en sio n less No. 1 No. 2 No. 3 No. 4 No. 5 No.

0. 1 0 .2 669 290 13 11 0 0
0 .2 0 .4 454 322 151 75 9 4
0 .4 0 .8 281 281 211 141 53 21
0 .8 1 .6 162 196 202 170 119 89
1 .0 2 .0 126 164 177 173 143 113
1.5 3 .0 75 100 134 143 149 149
2 .0 4. 0 45 70 98 113 155 137
3 .0 6. 0 21 36 53 68 89 110
5 .0 10. 0 6 6 19 23 25 32

1 0 .0 20. 0 0 0 4 2 2 4
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Section I

T racer  T est  No, 2

P u r p o s e :

Procedure

To determ ine the m ixing c h a r a c te r is t ic s  of the pilot 
plant rougher bank under the follow ing conditions.

Flow Rate,
Nominal Retention T im e,  
Im peller  Speed,

43 .3  l i t e r s  / minute  
1 minute 
105 0 rpm

See "Analytical and E xp er im en ta l P r o c e d u r e s - -  
Im pulse T racer  T e s t s ."

R esu lts:

Concentration (ppm NaCl)

min
Tim e
d im en s io n le ss

Cell  
No. 1

C ell  
No. 2

Cell 
No. 3

C ell  
No. 4

C ell  
No. 5

Cell
No.

0 .1 0. 1 858 376 26 4 2 0
0 .2 0 .2 639 443 138 54 9 0
0 .5 0 .5 410 389 227 171 71 32
1 .0 1 .0 222 264 246 218 156 115
1.5 1.5 151 188 210 210 186 179
2 .0 2 .0 102 138 171 184 194 184
3 .0 3 .0 60 84 117 130 153 160
5 .0 5 .0 28 39 54 63 78 89
7 .5 7 .5 9 19 19 24 28 39

1 0 .0 10 .0 4 4 9 11 13 24
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Section I

T r a c e r  Test No. 3

P u r p o se : To determ ine the mixing c h a r a c te r is t ic s  o f  the pilot 
plant rougher bank under the follow ing cond itions.

F low  Rate,
Nominal Retention Tim e,  
Im peller  Speed,
A ir  Condition,

39. 0 l i t e r s  / minute 
1 minute  
1050 rp m  
On

P rocedure: See "Analytical and E xperim enta l P r o c e d u r e s - -
Im pulse T r a c e r  T e s t s .  "

R esu lts:

Concentration (ppm NaCl)
Tim e C ell Cell C ell C ell C e l l Cell

min d im en s io n less No. 1 No. 2 No. 3 No. 4 N o. 5 No.

0. 1 0. 1 838 346 76 18 0 0
0 .2 0 .2 65 0 443 170 37 4 0
0 .5 0 .5 419 393 247 126 48 17
1 .0 1 .0 283 294 264 2 9 6 117 89
1.5 1.5 197 225 222 227 158 145
2. 0 2 .0 153 179 188 190 180 168
3 .0 3 .0 99 125 143 162 175 166
5 .0 5 .0 58 76 91 110 121 130
7 .5 7 .5 32 43 52 65 71 84

1 0 .0 10 .0 19 26 30 39 41 43



ER 1318

Section I

T ra c er  T es t  No. 4

P u r p o se : To determ ine the mixing c h a r a c te r is t ic s  of  the pilot  
plant rougher bank under the following conditions.

F low  Rate,
N om inal Retention T im e,  
Im p eller  Speed,

2 1 .7  l i te r s /m in u te  
2 minutes  
55 0 rpm

P rocedure: See ’’A nalytica l and E xp er im en ta l M eth od s--Im p u lse
T r a c e r  T e s t s .  "

R e s u l t s :

Concentration (ppm NaCl)

min
T im e
d im en sio n less

C ell  
No. 1

C ell  
No. 2

C ell 
No. 3

C ell  
No. 4

C ell  
No. 5

Cell 
No. i

0 .1 0 .05 860 219 12 0 0 0
0 .2 0 .1 867 301 57 0 0 0
0 .5 0 .25 618 402 132 20 4 0
1 .0 0 .5 426 362 203 80 41 18
1 .5 0 .75 292 327 265 129 69 49
2 .0 1 .0 261 281 228 163 130 86
3 .0 1 .5 193 215 211 181 174 144
5 .0 2 .5 133 140 166 173 176 176

1 0 .0 5 .0 59 70 90 110 115 121
20. 0 1 0 .0 18 23 31 39 41 41
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Section I

T ra c er  T est  N o. 5

Purpose: To determ ine pilot plant mixing c h a r a c te r is t ic s  under
the following conditions.

Flow Rate, 43. 3 l i te r s /m in u te
Nominal Retention T im e, 1 minute
Im p eller  Speed, 55 0 rpm

Procedure: See "Analytical and E xp er im en ta l P r o c e d u r e s - -
Impulse T r a c e r  T e s t s .  n

R e s u l t s :

Concentration (ppm NaCl)
T im e C ell C ell C ell Cell C ell Cel]

min d im en sio n less No. 1 No. 2 No. 3 No. 4 No. 5 No.

0. 1 0. 1 931 240 26 0 0 0
0 .2 0 .2 780 333 67 2 0 0
0 .5 0 .5 462 378 190 24 2 0
1 .0 1 .0 298 339 237 108 18 33
1.5 1.5 203 253 245 172 133 90
2 .0 2. 0 168 205 235 190 168 125
3 .0 3 .0 84 121 163 154 181 170
5 .0 5 .0 39 55 89 117 127 138
7 .5 7 .5 13 27 43 60 65 76

1 0 .0 10. 0 6 13 22 28 30 37
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Section I

T ra c er  T est  No. 6

Purpose: To determ ine the m ixing c h a r a c te r is t ic s  of the pilot 
plant rougher bank under the following conditions.

Flow  Rate,
Nominal Retention T im e,  
Im peller  Speed,

87 l i te r s /m in u te  
0. 5 minute 
55 0 rpm

P rocedure: See "Analytical and E x p er im en ta l M eth od s--Im p u lse
T ra cer  T e s t s .  "

R e s u l t s :

Concentration (ppm NaCl)
T im e C ell C ell Cell C ell Cell Cel!

min d im en sio n less No. 1 No. 2 No. 3 No. 4 No. 5 No.

0. 1 0 .2 950 415 9 4 0 0
0 .2 0 .4 616 436 69 9 0 0
0. 3 0 .6 588 445 192 30 6 6
0.5 1 .0 147 417 289 108 32 11
1 .0 2 .0 143 255 287 227 167 110
1.5 3. 0 71 136 203 222 219 188
2. 0 4 .0 39 76 136 187 210 212
2 .5 5 .0 24 45 94 140 160 186
3. 0 6 .0 11 32 57 100 119 145
5 .0 1 0 .0 4 4 13 22 31 35
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Section I

T ra cer  T e s t  N o. 7

P u r p o se : To determ ine the m ixing c h a r a c te r is t ic s  of the 48 cu  
ft c e l l s  in the ’’North Rougher Bank” o f  the Tahawus  
m ill under the follow ing conditions.

Flow Rate,
Nom inal Retention T im e,

3 2 .2  cu ft/m in u te  
1 .5 0  m inutes

P rocedure: See "Analytical and E xp er im en ta l P r o c e d u r e s - -
Im pulse T ra c er  T es ts  and D eterm ination  of Bulk  
Flow  Rates by Salt Method. ”

R esu lts:

Concentration (ppm NaCl)
T im e Cell C ell Cell C ell C ell C ell C ell C ell

min d im en sio n less No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8

0 .2 0. 13 1622 264 2 0 0 0 2 0
0 .5 0. 33 871 589 129 91 11 4 4 0
1 .0 0 .6 7 510 528 317 215 13 4 4 2
1.5 1 .0 314 409 357 300 57 25 11 4
2. 0 1 .3 3 222 317 355 336 122 65 21 11
3 .0 2 .0 112 184 283 306 226 156 63 49
4 .0 2 .6 7 68 120 213 234 226 213 137 108
5 .0 3. 33 42 73 137 160 228 222 188 165
7 .5 5 . 0 19 30 51 61 125 146 182 196

10. 0 6. 67 6 15 17 25 61 72 118 127
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Section I

T ra c er  T est No. 8

Purpose: To determ ine the mixing ch a r a c te r is t ic s  of the 100 
cu ft c e l l s  in the Tahawus m ill under the following  
conditions.

F low  Rate,
Nom inal Retention T im e,

6 2 . 2  cu ft/m inute  
1.61 minutes

Proced u re:  See "Analytical and E xp erim en ta l P r o c e d u r e s - -
Im pulse T ra c er  T es ts  and D eterm ination  of Bulk  
Flow  R ates by Salt Method. "

R esu lts :

Concentration (ppm NaCl)
Tim e C ell C e ll Cell C ell C ell Cel]

min d im en s io n less No. 1 No. 2 No. 3 No. 4 No. 5 No.

0 .2 0. 12 45 0 232 0 0 0 0
0 .5 0 .31 445 338 6 6 6 0
1 .0 0 . 6 2 323 348 87 49 17 4
1.5 0 .9 3 241 279 137 95 49 23
2. 0 1 .2 4 194 211 152 125 74 59
3 .0 1 .86 125 131 152 148 125 106
4 .0 2 .4 8 82 97 133 146 146 131
5 .0 3. 11 55 74 101 141 141 148
7 .5 4 .6 6 2 32 80 104 112 118

1 0 .0 6 .21 0 13 36 74 82 91
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Section II. Flotation T e s t  D ata
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Section II

Screen  A ssa y  T est No. 1

Sample : 

Procedure:

Concentrate from  Cell No. 1 in Flotation T est No. 3.

The com plete c e l l  concentrate was co llec ted  for a 
t im ed  period. This was then filtered , oven dried, 
and weighed. A pproxim ately  5 00 g was split  out 
u sin g  a Jones sp litter  and dry sc reen ed  on the 
sc r e e n s  shown below .

R esu lts:

Screen  Product Weight
(T yler)  M esh g

Heads (assayed)
Heads (computed) 548. 1

Weight 
. % 
Direct

1 00 . 0

C hem ica l
A n alysis

TiOz
%

39.9
3 9 .4

-48
-65
-100
-150
-200
-270
-325

+48
+65
+100
+150
+200
+270
+325

3 .8  
17.3  
56. 1 
9 4 .9  
66 . 0 
62 .5  

247 .5

0 .7
3 .2

1 0 . 2
17.3  
12. 0
1 1 .4  
4 5 .2

2 8 .6
36.9
41.9
42 .9  
42. 1 
41. 1 
36 .7
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Section II

Screen  A ssa y  T est No. 2

Sample: Concentrate from  C ell No. 2 in Flotation Test No. 3,

P roced u re:  A s  for Screen  A ssa y  T est No. 1.

R e s u l t s :

Screen  Product  
(Tyler) M esh

Heads (assayed)  
Heads (computed)

-48
-65
-100
-150
-200
-270
-325

+48
+65
+100
+150
+200
+270
+325

Weight
g

538. 1

4. 1 
2 1 . 1 
5 7 .9

104 .4  
6 1 . 0 
44.1

245 .5

W eight 
%

D irect

100 . 0

0 . 8  
3 .9  

10 .8  
1 9 .4  
11. 3 

8 . 2  
4 5 .6

Chem ical
A n a lysis

T i 0 2
%

37. 1
37.1

2 4 .2  
33.9  
38.7
4 0 .2  
39 .6  
38.5  
35. 0
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Section II

Screen  A ssa y  T est  No. 3

Sample: Concentrate from  C ell No. 3 in Flotation T est  No. 3.

P rocedure: A s for Screen A s sa y  T es t  No. 1.

R e s u l t s :

Screen  Product 
(Tyler) M esh

Heads (assayed)  
Heads (computed)

-48
-65
-100
-150
-200
-270
-325

+48 
+65 
+100  
+150 
+200  
+27 0 
+325

Weight
g

4 9 9 .3

4 0 0 
1 6 .8
5 1 .0
81 .1  
58. 1 
57. 1

2 3 1 .2

Weight
%

D irect

1 0 0 . 0

0 . 8  
3 .4  

10 .2  
10 .2  
11.7  
1 1 .4  
46. 3

C h em ica l
A n a ly s is

TiOz
%

3 5 .2
3 5 .2

2 8 .9
3 4 .4
3 8 .4  
3 9 .0  
3 7 .6
3 6 .3
3 2 .4
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Section II

Screen  A ssa y  Test No. 4

Sample: Concentrate from  C ell No. 4 in Flotation T est No. 3,

P rocedure: A s  for Screen  A s sa y  T est  No. 1.

R esu lts :

Screen  Product 
(Tyler) M esh

Heads (assayed)  
Heads (computed)

-48
-65
-100
-150
-200
-270
-325

+48
+65
+100
+150
+200
+270
+325

Weight
g

5 1 3 .9

3 .6
14.1
36.1
7 6 .0  
5 0 .4
3 9 .0  

2 9 4 .7

Weight
%

D irect

100. 0

0 .7
2 .7  
7 .0

14.8
9 .8  
7 .6

5 7 .4

Che m ical  
A n alysis  

T i 0 2 
%

26 . 8
2 7 .7

15.1
2 4 .4  
29 .9
31.1
2 9 .4
2 7 .7
2 4 .8
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Section II

Screen  A s sa y  T est  No. 5

Sample: Concentrate from  C ell No. 5 in Flotation T est  No. 3.

P rocedure: A s  for Screen A ssa y  T est  No. 1.

R e s u l t s :

W eight
Screen  Product Weight %
(Tyler) M esh g D irect

Heads (assayed)
Heads (computed) 5 1 2 .8  100.0

+48
-48 +65 2 .9  0 .6
-65 +100 1 0 .0  2 .0
-100 +150 2 8 .2  5 .5
-150 +200 5 3 .9  10.5
-200 +270 46 .5  9 .1
-270 +325 58. 0 11 .3
-325 313 .3  6 1 .0

C hem ical
A nalysis

TiQ2%
2 2 . 8  
22. 3

1 7 .3
2 4 .4
2 8 .7
2 7 .7  
25 .1
2 2 . 8
20 .5
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Section II

Screen  A s sa y  T est  No. 6

Sample : Concentrate from  C ell No. 6 in Flotation Test No. 3.

P roced u re:  A s  for Screen  A ssa y  T es t  No. 1.

R e s u l t s :

S creen  Product  
(T yler) Mesh

Heads (assayed )  
Heads (computed)

-48
-65
-100
-150
-200
-270
-325

+48 
+65 
+100  
+ 150 
+200  
+270 
+325

Weight

493. 1

4 .0
1 1 . 0
2 1 . 1
43. 3
3 5 .8
30.9  

3 4 7 .0

Weight
%

D irect

1 0 0 . 0

0.8
2 . 2
4 .3  
8 . 8
7 .3
6 .3  

7 0 .3

C hem ical
A n a lysis

TiOz
%

20. 3 
2 0 . 1

7 .0
12.9
19. 3 
2 2 . 2
2 1 .9
2 0 . 1
19.9
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Section II

Screen  A s sa y  T est  No. 7

Sample: Tailing from  Flotation T est No. 3.

P rocedure: A s  for Screen A s sa y  T est  No. 1.

R e s u l t s :

C hem ical  
Weight A n a lysis

Screen Product Weight % TiOz
(Tyler) M esh  g D irect____________%_____

Heads (assayed ) 2 .7
Heads (computed) 5 8 2 .2  100.0  2 .8

+48 8. 1 1 .4  1 .3
-48 +65 4 0 .6  7 .0  1 .7
-65 +100 8 8 .9  15 .3  2 .5
-100 +150 1 0 6 .4  18 .3  3 .1
-150 +200 9 4 .6  16 .2  3.1
-200 +270 52. 3 9 .0  2 .6
-270 +325 5 0 .8  8 .7  2 .4
-325 141.5  24. 1 3.1
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Section II

Flotation T est  No. 1

Purpose:

Sample:

P r o c e d u r e :

A ll  flotation t e s t s  had the common purpose of f lo a t ­
ing  ilm en ite .  Operating v a r ia b les  w ere changed from  
te s t  to te s t  in order to find the re lative  e ffects  of each  
of th ese  v a r ia b le s .  The r esu lts  of th ese  t e s t s  w ere  
used  to predict an optimum circu it .

The feed  to a ll flotation te s t s  was drawn from  the  
m ill 's  final conditioning tank as d escr ibed  in 
"Analytical and E xp erim en ta l P r o c e d u r e s ."

Flotation T e s ts  1 to 18 w ere conducted on the rougher  
bank in open c ircu it .  Flotation T ests  19 to 23 w ere  
conducted on the c lea n er  bank in open circuit, and 
T e sts  24 to 26 on the r e c lea n er  bank in c lo se d  c ircu it .

In a ll  t e s t s  t im e  was allow ed for equilibrium  to be  
estab lish ed  and then t im ed  sa m p les  w ere  taken. T hese  
w ere wet weighed, f iltered , and oven dried to constant  
w eig h t .  A ssa y  sa m p les  w ere split out from  th ese  
sa m p les  u sin g  the Jones sp lit ter .

In T est 2 the following feed  conditions w ere used:

In T es ts  1 to  15 a ir  flow ra tes  were as fo llow s:

Pulp Density, 56.7%
V olum etric  Flow, 3 2 .7  l i te r s /m in u te

C ells  1 to 3, 
C ells  4 to  6,

2 cu ft / minute / c e l l  
6 cu f t /m in u te /c e l l

R e s u l t s : See page A 20.
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Section II

Flotation T est  No. 1 (continued)

R e s u l t s :

Product

Dry  
Weight 
g /  min

Weight
%

C hem ical
A n alysis

TiOz
%

Heads (assayed) 22. 3
Heads (computed) 31, 356 100.0 22. 3

C ell No. 1 5, 173 16.5 40 .5
C ell  No. 2 4, 464 14 .3 3 9 .0
C ell No. 3 4, 600 14 .7 35 .8
C ell No. 4 2, 772 8 .8 30 .6
C ell No. 5 1, 013 3 .2 2 7 .3
C ell No. 6 421 1 .3 23. 3

Tailing 12 ,913 4 1 .2 2 .3
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Section II

Flotation T est  No. 2

Purpose: A s  for T est 1.

Sample: A s  for T est 1.

P roced u re:  The following feed conditions w ere u sed .

Pulp Density, 34. 2%
V olum etric  Flow, 43. 0 l i te r s /m in u te

R e s u l t s :

Che m ica l

Product

Dry
Weight
g /m in

W eight 
%

A n alysis
TiOz

%

Heads (assayed) 20. 1
Heads (computed) 19, 498 100.0 20. 0

C ell No. 1 4, 009 2 0 .6 41 .8
C ell No. 2 2, 743 14. 1 4 1 .2
C ell  No. 3 674 3 .4 4 1 .7
C ell No. 4 456 2. 3 3 4 .4
C ell No. 5 386 2. 0 32. 4
C e ll  No. 6 110 0 .6 3 1 .4

Tailing 11, 120 5 7 .0 4 .3
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Section II

Flotation T est  No. 3

Purpose:  

Sample: 

P r o c e d u r e :

A s  explained in T est 1.

A s for  T e s t  1.

The following feed  conditions w ere used:

Pulp Density, 
V olum etric  Flow,

42.0%
39. 4 l i te r s /m in u te

R esu lts:

C hem ical

Product

Dry  
Weight 
g /m in

Weight
%

A nalysis
TiOz

%

Heads (assayed) 2 0 .2
Heads (computed) 23, 950 100.0 20. 0

C ell No. 1 4, 660 19.5 39.9
C ell No. 2 4, 580 19.1 37. 1
C ell No. 3 1, 730 7 .2 35 .2
C ell No. 4 670 2 .8 2 6 .8
C ell No. 5 39 0 1 .6 2 2 .8
C ell No. 6 170 0 .7 20. 3

Tailing 11, 750 49. 1 2 .7
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Section II

Flotation T est  No. 4

Purpose: A s  for T est  1. .

Sample: A s  for T est  1.

P roced u re:  The following feed conditions w ere used:

Pulp Density, 33. 1%
V olum etric  Flow, 39. 2 l i te r s /m in u te

R esu lts:

Product

Dry
Weight
g /m in

Weight
%

C hem ical
A n alysis

T iO z
%

Heads (assayed)  
Heads (computed) 17, 037 100.0

25. 0 
2 0 .9

C e ll  No. 1 5, 303 31.1 3 8 .4
C ell No. 2 2, 509 14 .7 36 .0
C ell  No. 3 995 5 .9 33. 3
C e ll  No. 4 915 5 . 4 2 6 .2
C ell No. 5 347 2. 0 19.9
C ell  No. 6 190 1.1 15.6

Tailing 6, 778 39 .8 1 .8
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Section II

Flotation T est  No. 5

Purpose:  

Sample: 

P r o c e d u r e :

A s  for  Test 1.

A s for T est 1.

The following feed  conditions w ere used:

Pulp Dens ity, 28.4%
V olum etric  Flow, 3 9 .4  l i te r s /m in u te

R e s u lt s :
C hem ical

Product

Dry  
Weight 
g /m in

Weight
%

A n alysis
TiOz

%

Heads (assayed) 21 .9
Heads (computed) 14, 070 100. 0 2 1 .3

Cell No. 1 2, 620 18.6 41 .9
C ell  No. 2 2, 030 14 .4 4 0 .6
C ell No. 3 770 5 .5 39 .9
C ell No. 4 75 0 5 .3 37.5
C ell No. 5 380 2 .7 35 .8
Cell No. 6 70 0.5 35 .8

Tailing 7, 450 53. 0 4 .3
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Section II

Flotation T est No. 6

P u r p o s e : 

S am p le: 

P r o c e d u r e :

A s  for T es t  1.

A s  for  T est 1

The following feed conditions w ere  used:

Pulp Density, 24.6%
V olum etric  Flow, 3 8 .5  l i te r s /m in u te

R e s u l t s :

Product

Heads (assayed)  
Heads (computed)

\ ;
C ell  No. 
C ell No. 
C ell No. 
C ell No. 
C ell No. 
C ell No.

Dry  
Weight 
g /m in

11, 540

3, 671 
1, 071 

85 
123 
131 
55

Weight
%

1 0 0 . 0

31 .8
9 .3
0 .7  
1 . 0
1. 1 
0 .5

C hem ical
A n a ly s is

T i 0 2
%

21. 3
18.5

39.5  
3 8 .9
3 8 .5
30 .5
2 4 .6  
20 .5

Tailing 5, 604 48 .6 2 .7
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Section II

Flotation T est  N o. 7

Purpose: A s for T e s t  1.

Sample: A s  for  T est  1.

P rocedure: F o r  T e s ts  7 to  15 bulk sam p les  for the rougher
bank w ere co l le c te d --n o t  from  each individual 
c e l l .  The follow ing feed conditions w ere used  
in T es t  7:

Pulp Density, 22%
V olum etric  Flow, 5 8 .3  l i te r s /m in u te

R e s u l t s :

C hem ical
Dry Analy si s

Weight Weight T i 0 2
Product g /  min %_____________%_____

Heads (assayed) 18 .4
Heads (computed) 15, 474 1 00 .0  19 .3

Concentrate 5, 326 3 4 .4  41 .5
T ailing  10, 148 6 5 .6  7 .6
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Flotation T est  No. 8

Purpose: A s for T est  1.

Sample: A s for T est  1.

P roced u re:  The following feed  conditions w ere used:

Pulp Density, 29%
V olum etric  Flow, 3 8 .9  l i te r s /m in u te

R e s u l t s :

Product

Dry  
Weight 
g /  min

Weight
%

C hem ical
A n alysis

T i 0 2
%

Heads (assayed) 14.5
Heads (computed) 14, 334 100. 0 18 .0

Concentrate 6, 390 4 4 .6 3 7 .4
Tailing 7 ,9 4 4 5 5 . 4 2 . 3
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Flotation Test No. 9

Purpose:  

S am p le: 

P r o c e d u r e :

A s for T e s t  1

A s for T es t  1

The following feed conditions w ere used:

Pulp Density, 35%
V olum etric  Flow, 26 . 8  l i te r s /m in u te

R e s u l t s :

Product

Heads (assayed)  
Heads (computed)

Concentrate
T ailing

Dry  
Weight 
g /m in

12, 606

8, 552 
4. 054

Weight%

100 . 0

67 .8
32.2

C hem ical
A n alysis

TiO z
%

18.8
2 3 . 2

33.2  
2 . 1
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Flotation T e s t  No. 10

Purpose:  

Sam ple: 

P r o c e d u r e :

A s for  T e s t  1.

A s  for T est 1.

The following feed conditions w ere  used:

Pulp Density, 23%
V olum etric  Flow, 71. 2 l i te r s /m in u te

R e s u l t s :

Product

Heads (assayed)  
Heads (computed)

Concentrate
Tailing

Dry  
Weight 
g /m in

19, 731

9, 276 
10, 455

Weight%

100. 0

4 7 . 0
5 3 . 0

C hem ical
A n a ly s is

T i 0 2%
19.1  
19.5

38.2  
2 . 9
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Flotation T est  No. 11

P u r p o se : 

Sam ple: 

P r o c e d u r e :

A s for  T est  1.

A s for T est  1.

The following feed  conditions w ere used:

Pulp Density, 31%
V olum etric  Flow, 47. 4 l i te r s /m in u te

R esu lts :

Dry
Che m ica l  
A n a ly s is

Product
Weight 
g /m in

Weight
%

TiOz
%

Heads (assayed)  
Heads (computed) 19, 104 100. 0

19 .7  
20. 3

Concentrate 10, 232 . 5 3 .6 3 6 .0
T ailing 8, 872 4 6 .4 2 .2
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Flotation T est  No. 12

Purpose:  

Sample : 

P r o c e d u r e :

A s  for T est  1

A s  for  T est  1

The follow ing feed conditions w ere used:

Pulp Density, 
V olum etric  Flow,

37%
35. 4 l i te r s  / minute

R e s u l t s :

Product

Heads (assayed)  
Heads (computed)

Concentrate
Tailing

Dry
Weight
g /m in

17, 728

10, 844 
6, 884

Weight%

100 . 0

6 1 .2
38 .8

C hem ical
A n alysis

TiOz
%

19.7
2 2 .9

35.9  
2 . 0
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Flotation T es t  No. 13

Purpose:  

Sample: 

P r o c e d u r e :

A s for Test 1.

As for T est  1.

The follow ing feed conditions w ere used:

Pulp Density, 25%
V olum etric  Flow, 8 0 .4  l i te r s  / minute

R e s u l t s :

Product

Heads (assayed)  
Heads (computed)

Concentrate
Tailing

Dry  
Weight 
g /  min

23, 691

11, 776 
11, 915

Weight
%

100 . 0

49 .7
5 0 .3

C hem ical
A n alysis

TiOz
%

2 0 .4  
2 0 . 1

3 7 .2
3 .2
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Flotation T est No. 14

Purpose:  

Sample: 

P r o c e d u r e :

A s  for T est 1 ..

A s for Test 1

The follow ing feed  conditions w ere used:

Pulp Density, 34%
V olum etric  Flow, 5 3 .0  l i te r s /m in u te

R e s u l t s :

Product

Heads (assayed)  
Heads (computed)

Concentrate
Tailing

Dry  
Weight 
g /m in

23, 556

13, 452 
10. 104

Weight%

1 0 0 . 0

57. 1
4 2 .9

C hem ical
A nalysis

T i 0 2
%

2 0 . 0 
2 0 . 0

33.5
2. 1
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Flotation T est  No. 15

Purpose:

Sample:

Procedure

A s  for T e s t  1.

As for T est 1.

The following feed  conditions w ere used:

Pulp Density,  
V olum etric Flow,

41%
36. 4 l i te r s /m in u te

R e s u l t s :

Product

Heads (assayed)  
Heads (computed)

Concentrate
Tailing

Dry  
Weight 
g /m in

21, 392

13, 336 
8. 056

Weight
%

100 . 0

62. 3
37.7

Chem ical
A n alysis

TiOz%
1 9 . 6
2 2 .3

34.5
2. 0
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Flotation T est No. 16

Purpose: T e s ts  16 to 19- w ere designed to te s t  the effect of 
changing a ir  flow ra tes  to each  c e l l .  Conditions  
from  c e l l  to c e l l  w ere  held constant so  that data 
from  th e se  t e s t s  could be used  in subsequent  
kinetic s tu d ies .

Sample: A s for T est 1.

Procedure: The following feed  conditions w ere used:

Pulp Density,  
V olum etric  Flow, 
A ir  Flow,

31.9%
49. 3 l i ter s  / minute 
6 cu f t / m inute/ c e l l

R e s u l t s :

Product

Wet 
Weight 
g /  min

Dry  
Weight 
g /  min

Weight

Chem ical
A n a lysis

T i 0 2
%

Heads (assayed)  
Heads (computed) 63, 940 20, 416 100. 0

22 .5
2 2 .2

C ell No. 1 28, 489 10, 435 51. 1 34 .3
C e ll  No. 2 3, 654 1, 888 9 .2 34 .2
C ell No. 3 343 170 0. 8 36 .7
C ell  No. 4 41 18 0 . 1 37 .6
C ell No. 5 141 65 0. 3 35 .9
C ell No. 6

Tailing 31, 272 7, 840 3 8 .4 2 .7

!_/ B ased  on dry w eigh ts.
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Flotation  T est  No. 17

P u r p o s e : 

S am ple: 

P rocedure:

A s  for T est  16.

A s for T est  1.

The following feed  conditions w ere used:

Pulp Density,  
V olum etric  Flow,

33 .3  %
43.9  l i ter s  / minute

A ir  Flow, 4 cu ft /  minute / c e l l

R e s u l t s :

C hem ical

Product

Wet 
Weight 
g /m in

Dry  
Weight 
g /  min

Weight
%<!>

A n alysis
TiOz

%

Heads (assayed)  
Heads (computed) 58, 113 19, 728 100. 0

2 3 .4
2 2 .9

C ell No. 1 16, 014 7, 885 40. 0 38 .7
C ell No. 2 4, 700 2, 796 14.2 36 .8
C ell No. 3 272 177 0 .9 38 .9
C ell No. 4 216 126 0 .6 3 8 .4
Cell No. 5 80 18 0. 1 37. 1
C ell No. 6 _ _

Tailing 36, 831 8, 726 4 4 .2

1/ B ased  on dry w eights.
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Flotation T e s t  No. 18

P urpose: As for T es t  16.

Sample: A s for T e s t  1.

P rocedure: The following feed conditions w ere used:

Pulp Density, 34.1%
V olum etric  Flow, 43 .5  l i te r s /m in u te
A ir  Flow , 2 cu f t /m in u te /c e l l

R e s u l t s :

Product

Wet 
Weight 
g /m in

D ry
Weight
g /m in

Weight
%(D

Chem ical
A n alysis

TiOz
%

Heads (assayed)  
Heads (computed) 57, 456 19, 640 100.0

2 1 .0  
20. 3

C ell No. 1 9, 430 4, 760 24. 2 4 0 .6
C ell No. 2 3, 738 2, 275 11.6 4 0 .2
C ell  No. 3 1, 186 75 3 3 .8 41. 0
C ell No. 4 343 212 1. 1 4 1 .7
C ell No. 5 116 69 0 .4 4 1 .7
C ell No. 6 97 57 0. 3 4 2 .4

T ailing 42, 5 46 11, 514 58. 6 6. 0
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Flotation T es t  No. 19

Purpose: Flotation T es ts  19 to 23 w ere  conducted in the c lean er  
bank in open flow . The a im  w a s  to determ ine the e f ­
fect that changing the c ircu la ting  load would have on 
the upgrading ach ieved .

Sample: A s for T est  1.

Procedure: For T e s ts  19 to 23 a constant feed rate was u sed  and
the volum e of ta ilin g  was changed by variation  of the  
air flow r a te s .  F or  a l l  th ese  t e s t s  the rate w as l e s s
than 2 cu f t /m in u te /c e l l  which was below  the l im its  
of the a ir  flow m eters  in sta lled . F or  all t e s t s  the  
feed  rate was approxim ately  36 l i te r s /m in u te  at 23% 
so lid s .  F or  T e s t  19 ta il in g  pulp density was 17.9%.

R e s u l t s :

Product

Heads (assayed)  
Heads (computed)

Dry  
Weight 
g /  min

9, 546

Weight
%

100 . 0

Chem ical
A n alysis

T i 0 2
%

34.5
36 .7

Concentrate
T ailing

1, 716 
7, 830

18. 0
82. 0

4 4 .9
34.9
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Flotation Test No. 20

Purpose:  

Sample: 

P r o c e d u r e :

A s for T est 19..

A s  for T est 1.

Tailing  pulp density  w as 10. 6%,

R esu lts

Product

Heads (assayed)  
Heads (computed)

Concentrate
T ailing

Dry  
Weight 
g /m in

12, 224

8, 752 
3. 472

Weight
%

100 . 0

7 1 .6
2 8 .4

C hem ical
A n a lysis

TiO,
%

34 .5  
36 .7

4 2 .6
2 1 .7
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Flotation T est  No. 21

P u r p o se : 

Sam ple: 

P r o c e d u r e :

A s for  T es t  19.

A s for T est 1.

Tailing pulp density w as 8. 3%.

R e s u l t s :

Product

Heads (assayed)  
Heads (computed)

Concentrate
Tailing

Dry
Weight
g /m in

12, 248

9, 476 
2. 772

Weight
%

1 0 0 . 0

7 7 .4
22 . 6

C hem ical
A n a ly s is

TiOz
%

3 4 .4
3 6 .4

4 1 .6
1 8 .4
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Flotation T est  No. 22

P u r p o s e : 

Sample: 

P r o c e d u r e :

A s for T est  19.

A s  for  T e s t  1.

Tailing  pulp density  was 7.6%,

R e s u l t s :

Product

Heads (assayed)  
Heads (computed)

Concentrate
T ailing

Dry  
Weight 
g /  min

11, 768

9, 184 
2. 584

Weight
%

1 0 0 . 0

78. 0 
2 2 . 0

Chem ical
A n a lysis

TiOz
%

34.9
34.9

40 .9  
13.5
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Flotation T est No. 23

P urpose: A s for T es t  19.

Sample: A s for T est  1.

P roced u re:  T ailing  pulp density w as 7. 0%.

R e s u l t s :

Product

Heads (assayed)  
Heads (computed)

Concentrate
T ailing

Dry
Weight
g /m in

12, 116

9 ,7 6 4  
2, 352

Weight%

100 . 0

8 0 .6
1 9 .4

C hem ical
A n alysis

TiOz%
3 4 .4
3 4 .4

39.9
11.3
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Flotation T es t  No. 24

P u r p o se :

S am ple: 

P r o c e d u r e :

T e s t s  24 to 26 w ere conducted on the 3 -stage  pilot 
plant in c lo se d  c ircu it .  Optimum bank conditions as  
determ ined in previous t e s t s  w ere u sed  to determ ine  
c ircu it  perform ance using  th ese  conditions.

A s for T est 1.

Due to  the m ater ia ls  handling problem  d escr ibed  in 
the text, control of operating v a r iab les  was poor. 
A fter equilibrium  w as judged to have been estab lish ed  
t im ed  sa m p les  w ere taken from  the s tr e a m s  shown 
below .

R esu lts:

Product

Heads (assayed)  
H eads (computed)

O riginal F eed  
Rougher F eed  
C leaner Feed  
Re c lean er  Feed  
R eclean er  Tailing  
C leaner Tailing  
F inal Concentrate  
Final T ailing

Pulp
D ensity

%

67
41
34
37 
21 
14 
43
38

Weight
%H)

1 0 0 . 0
105

79
46
32
16
4 0 .5
5 9 .5

C hem ical
A n a lysis

TiOz
%

22 .6  
2 0 . 0

2 2 . 6  
2 2 . 0
38 .2
4 3 .2  
38. 1 
17. 1 
44.9

3. 1

1_/ W eights e x p r e sse d  as percentage of dry weight of orig inal new  
feed .
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Flotation Test No. 25

Purpose: A s  for T est 24.

Sample: A s  for T est  1.

P roced u re:  A s for T es t  24.

R e s u l t s :

Pulp
Den sity W eight

Product % )

Heads (assayed)
Heads (computed)

Original Feed  66 100 .0
Rougher Feed  33 113
C leaner Feed  24 67
R eclean er  Feed  26 49
R ec lean er  Tailing 11 15
C leaner Tailing 4 11
Final Concentrate 29 42 .5
Final Tailing 24 57 .5

C hem ical
A n a ly s is

T i 0 2
. %

2 1 .9
21 .5

2 1 .9  
23. 1 
40. 3 
43. 0 
3 9 .4
18.6  
45. 1

4. 1

\J  Weights e x p r e sse d  as percentage of dry weight of orig inal new  
feed .
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Flotation T e s t  No. 26

P u r p o se : 

S am p le: 

P r o c e d u r e :

A s for T es t  24.

As for T est  1.

A s for Test 24. Due to m echanical d iff icu lties ,  
equilibrium  was n ever  estab lish ed  in the c ircu it .
No sam p les  for quantitative calculations w ere taken. 
Only two sam p les  w ere taken for a s sa y .

R e s u l t s :

Product

Heads (assayed)  
Heads (computed)

Original F eed  
Rougher F eed  
C leaner Feed  
R eclean er  Feed  
R eclean er  Tailing  
C leaner Tailing  
Final Concentrate  
Fin a l Tailing

Pulp
D ensity
%

69
44
37
39
17
21
28
37

Weight

100 . 0 
154 
98 
92 
16 
30
42. 0 
5 8 .0

C hem ical
A n alysis

TiOz
% ( 2 )

2 0 .7

45. 3 
2 .9

1_/ Weights e x p r e sse d  as percentage of dry weights of orig inal new  
feed .

2 / Only two sam p les  a ssa y ed .



ER 1318 A 47

Section III. Flotation K inetics



ER 1318 A 48

Section III

C P rogram  to Compute Bank Perform ance
C A ssum ing  Ideal Mixing Index
C
C Data Required in Bank T est  
C
C A(I)................ A ssa y  of T i 0 2 in Float from  C ell (I) in weight percent
C A F E  A ssa y  of F eed  in Weight Percent
C A T ..................A ssa y  of Tailing in Weight Percent
C CV.................. C e ll  Volume in L itres
C N ..................... Number of C ells
C SG (I).. . . . .  Specific Gravity of Solids from  C ell (I)
C SGT................Specific Gravity of Solids in Tailings
C T ..................... Length of T im e for which Flotation Products F rom
C the C ells  are C ollected  (in seconds)
C T T ................  Length of Sampling T im e for T ailings in Seconds
C W T D T .. . .  Weight of Dry Solids in Tailings Sample in Grams
C- WTD(I). . . .  Weight of Dry Solids in Sample from  C ell (I) in Grams
C W TW (I).. . .W eight of Wet Solids in Sample from  C ell (I) in Grams
C WTWT............Weight of Wet Solids in Tailings Sample in Gram s
C
C
C Other V ariab les
C
C CREC(I). . . Cumulative R ecovery  from  Cell (I)
C K(I)................F lotation Rate of TiOz in C ell (I) in Seconds -1
C PR OB (I). . .  Probability  of Flotation
C Q(I)................ Calculated Volume of Tailing Pulp from  Cell (I)
C REC(I). . . .  R ecovery  of TiOz in C ell (I) to  C ell  (1+1)
C in L itres /M in u te
C RT(I)  Retention T im e in C ell (I) in Seconds
C S(I)................% Solids in Froth from  Cell (I)
C S F E .............  % Solids in Feed
C ST (I)............. % Solids in Tailing from  C ell (I)
C TI(I).............Weight of T i 0 2 in Tailing in Grams
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c T O T I.......... Total Weight of T i 0 2 in Feed  in Grams
c V(I).............. Volume of Froth  from  C ell (I) in T im e T in L itres
c V F E ............ Volume Flow Rate of Feed  in L itres /M in u te
c W(I). . .  . . . Dry Solids Flow Rate in G ram s/M inute
c WW(I)___ Pulp F low  Rate in G ram s/M inute
c WWT.......... Pulp Flow Rate in T ailing in G ram s/M inute
c WT............... Dry Solids Flow Rate in T ailing  in G ram s/M inute
C
C DIMENSION SG(10), WTD(IO), WTW(IO), Q(10), RT(10), V(10),
C 1 TI(10), REC(IO), A(10), CREG(IO), RK(10), T(10), PROB(IO),
C 2 S(10), W(10), ST(10),QT(10), WW(IO)

RE AD (2, 10)N 
10 FORMAT (12)

READ(2, 20) AFE, (A(I), 1=1, N), AT  
READ(2, 20) WWFE, (WTW(I), 1=1, N), WTWT 
RE AD (2, 20) WFE, (WTD(I), 1=1, N), WTDT 
READ(2, 20) SGFE, (SG(I), 1 = 1, N), SGT 
READ(2, 20) TFE, (T(I), 1=1, N), TT 
READ(2, 20) CV 

20 FORMAT(10F8. 3)
DO 25 1 = 1, N
W(I) = 60. WTD(I)/T(I)
WW(I) = 60. WTW(I)/T(I)

25 V(I) = 60. ((WT W (I) -WT D(I) )+WTD (I) / SG(I)) / (1000. T(I))
WWT = 6 0 .  W TW T/TT  
WT = 60. W TD T/TT  
SFT = 100. WT / WWT
VT = 60. ((WTWT -WTDT )+W TDT/SG T)/(1000. TT)
WFE = 0.
VFE = 0.
WWFE = 0.
DO 30 1 = 1, N
WWFE = WWFE + WW(I)
WFE = WFE. + W(I)

30 VFE = VFE + V(I)
WWFE = WWFE + WWT 
WFE = WFE + WT 
VFE = VFE + VT 
Q( 1) = VFE - V (l)
DO 40 1 = 1, 5
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40 Q(I+1) = Q(I) - V(I+1)
DO 50 1 = 1, N
S(I) = 100. W(I)/WW(I)

50 RT(I) = (CV/Q(I)) 60.
SFE = 100. WFE/WWFE  
TOTI = 0.
DO 90 1=1, N
TI(I) = 60. WTD(I) A (I) /  (T (I) 100 .)

90 TOTI = TOTI + TI(I)
TOTI - TOTI + 60. AT W TD T/(TT 100. )
E = WFE 
EW = WWFE 
DO 100 1=1, N 
E = E - W(I)
EW = EW - WW(I)
QT(I) = E
ST (I) = 100. E /E W  

100 REC (I) = (TI(I)/TOTI) 100.
RK(I) = REC(1 ) / ( R T ( l ) (100. -R E C (l)) )  Change & Until RK = 
Const.
CR EC (l) = R E C (l)
PR O B (l) = RK( 1) R T(1)
DO 110 1=2, N
CREC(I) = REC(I) + C R E C (I-l)
RK(I) = REC(I)/(RT(I) (100. - CREC(I)))

110 PROB(I) = RK(I) RT (I)
LOSS = 100. - CREC(N)
WRITE (5, 120)VFE, VT, WWFE, WWT, WFE, WT, SFE, SFT, AFE,  
AT, CEEC(6), LOSS 

120 FO R M A T(lH l, 'FEED V O L U M E F I 0. 2, 'L/MIN', 33X,
'TAILING VOLUME', FI 1 .2 ,  'L /M I N '/ / '  FEED PU L P W T ',
F 9. 1, 'GRAMS/MIN', 29X, 'TAILING PU LP W T 1, F10. 1, 
'G R A M S/M IN '//'FEE D  SOLIDS', F10. 1, ’GRAMS/MIN',
29X, 'TAILING SOLIDS', F l l .  1, ’GRAMS/MIN' / /  'FEEDO/  
OSOLIDS', F 8 . 1*0/0', 35X, 'TAILINGO/OSOLIDS', F8. 1,
' 0 / 0 ' / / 'FEED ASSAY', F l l . l ,  '0 /0', 35X, 'TAILING ASSAY',
F 12. 1, ' 0 / 0 ' / / 'RECOVERY', F13. 1, '0 /0 ', 35X, 'LOSS', F21. 1, 
'0 / 0 ' / / )
WRITE (5, 130)
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130 FORM AT ('C E L L 1, 8X, 'FROTH VOLUME ', 6X, 'FROTH SOLIDS',
1 6X, '(SOLIDS', 5X, 'CELL TAILING', 6X, 'CELL SOLIDS', 6X,
2 '(SOLIDS'/'NUMBER', 8X, 'L/MIN', 14X, 'GRAMS', 22X,
3 'VOLUME L/M IN', 10X, 'G RAM S'//)
DO 140 1=1, N

140 WRITE (5, 150)1, V(I), W(I), S(I), Q(I), QT(I), ST (I)
150 FORMAT(13, 12X, F 8 .2 ,  12X, F 8 . 2, 7X F6. 1, 9X, F8. 2, 10X,

1 F 8 .2 ,  7X, F 6 .1 )
WRITE (5, 160)

160 FORM AT(/ / / /  'C EL L', 8X, 'FLOAT ASSAY', 6X, 'CELL R E -
1 COVERY', 6X, 'CUMULATIVE RECOVERY', 6X, 'RETN
2 TIME ', 6X, 'RATE CONSTANT', 5X, 'PROB OF FL O T '/
3 'NUMBER')
DO 170 1=1, N
WRITE (5, 180)1, A(I), REC(I), CREC(I), RT(I), RK(I), PR OB (I) 
FORMAT(13, 11X, F 8 .3 ,  10X, F 8 .2 ,  14X, F 8 .2 ,  13X, F 8 .2 ,  10X,
1 F 8 . 5, 9X F8. 4)
CALL EXIT  
END
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Flotation T est  No. 16

Purpose: To determ ine rate constants as defined by Bull and by
Roos for TiOz in bulk sam ple fro m  each  c e l l .

Sample: Products from  Flotation T est  No. 16.

Proced u re:  The re su lts  shown below  w ere  computed by Computer
P rogram  No. 1 using the input v a r ia b le s  shown in 
that program .

R esu lts:

Cell
Froth Froth Froth T ailing C ell C ell

C ell Volume Solids Solids Volume Solids Solids
No. 1/ min gram % 1/ min gram %

1 2 0 .59 10435 .00 36. 6 2 8 .7 2 9980. 13 28. 1
2 2 .2 2 1888 .00 5 1 .6 26 .49 809 2 .1 2 2 5 .4
3 0 .21 169.53 4 9 .4 26 .28 7 9 2 2 .6 0 25. 1
4 0. 02 18.06 44. 3 26.25 7904 .53 25. 1
5 0 .09 6 4 .5 3 4 5 .6 26. 16 7 8 4 0 .0 0 2 5 .0
6 0 .0 0 0. 00 0. 0 26. 16 7840. 00 25. 0

C ell
No.

Float
A ssa y

C ell
R eco v ery

Cumulative
R ecovery

Retn
T im e

Rate
Constant

(Bull)

Rate
Constant
(Roos)

1 34. 300 79. 03 79. 03 83. 14 0. 045 33 3 .7693
2 3 4 .2 0 0 14.25 93 .29 90. 12 0 .02357 2.1249
3 3 6 .7 0 0 1 .37 94. 66 9 0 .85 0. 00283 0 .2 5 7 4
4 37 .600 0. 14 9 4 .81 9 0 .9 5 0. 00031 0.0289
5 3 5 .900 0.51 95. 32 9 1 .2 7 0 .00119 0. 1094
6 0. 000 0. 00 95. 32 9 1 .2 7 0 .0 0 0 0 0 0 .0000
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Section III

Flotation T est  No, 17 

Purpose: A s for  T est 16,

Sample: Products from  Flotation T est No. 17.

P rocedure: A s for  T est  16.

Re s u i t s :

C ell
No.

Froth
Volume
1/m in

Froth
Solids
gram

Froth
Solids

%

C ell  
Tailing  
Volume  

1 / min

C ell
Solids
gram

C ell
Solids

%

1 9 .9 7 7 8 8 5 .0 0 4 9 .2 33 .88 11342.93 2 7 .2
2 2. 44 229 6 .0 0 5 4 .6 31 .43 9 0 4 6 .9 3 24. 1
3 0. 13 176.66 64 .9 31 .29 8870 .26 2 3 .8
4 0. 11 125.93 58. 3 31. 18 8744 .33 2 3 .6
5 0. 06 18. 33 2 2 .8 31. 11 8 7 2 6 .0 0 2 3 .6
6 0. 00 0. 00 0. 0 31. 11 8 7 2 6 .0 0 2 3 .6

Rate Rate
C e ll  Float C ell Cumulative Retn Constant Constant
No. A ssa y R ecovery R ecovery Tim e (Bull) (R o o s)

1 3 8 .7 0 0 7 0 .5 4 7 0 .5 4 70 . 47 0 .03398 2. 3947
2 3 6 .8 0 0 19.53 90. 07 7 5 .9 6 0 .0 2 5 9 0 1.9681
3 3 8 .9 0 0 1.58 9 1 .6 6 7 6 .2 9 0 .00249 0 . 1 9 0 5

4 3 8 .4 0 0 1. 11 9 2 .7 8 7 6 .5 8 0 .00202 0. 1548
5 37 .100 0. 15 9 2 .9 3 7 6 .75 0 . 0 0 0 2 9 0 .0222
6 0. 000 0. 00 9 2 .9 3 76 .75 0 .0 0 0 0 0 0. 0000
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Section III

F lotation  T est  No. 18

Purpose: A s for  T est 16.

Sample: Products  from  Flotation T est  N o. 18.

Procedure: A s  for T es t  16.

R esu lts:

C ell
Froth Froth Froth Tailing C ell C ell

Cell Volume Solids Solids Volume Solids Solids
No. 1 /min gram % 1/ min gram %

1 5 .7 5 475 9 .5 0 5 0 .4 37 .75 14879.99 30 .9
2 1.98 2 2 7 5 .0 0 6 0 .8 3 5 .7 6 12604.99 2 8 .4
3 0. 60 7 5 3 .2 0 6 3 .5 35. 16 11851.79 2 7 .4
4 0. 17 211 .55 6 1 .7 34 .98 11640.25 27 .2
5 0. 06 68 .95 5 9 .5 34 .92 11571.30 27. 1
6 0. 05 57. 30 5 9 .2 34 .87 11514. 00 27. 0

C ell
No.

Float
A ssa y

C ell
R ecovery

Cumulative
R ecovery

Retn
Tim e

Rate
Constant

(Bull)

Rate
Constant

(Roos)

1 4 0 .6 0 0 48.45 48 .45 63.25 0. 01486 0.9401
2 4 0 .2 0 0 22 .93 7 1 .3 9 66. 76 0. 01200 0.8015
3 4 1 .0 0 0 7 .7 4 79. 13 67.91 0. 00546 0.3711
4 4 1 .7 0 0 2 .21 81. 34 68.25 0 .00173 0.1185
5 4 1 .7 0 0 0 .7 2 82. 06 68 .38 0.00058 0. 0402
6 4 2 .4 0 0 0 .6 0 82 .67 68 .48 0. 00051 0.0351
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Section III

Flotation T est  No. 18

P u r p o s e :

Sam ple: 

P r o c e d u r e : 

R e s u lt s :

To calcu late  the rate constants as defined by B u ll and 
Roos for  T i0 2 in each  s iz e  fraction in each  c e l l .

Products from  Flotation  T est  N o. 18.

The r e su lts  shown below  w ere  ca lcu lated  by computer,

C e ll Cumulative Rate Rate
C ell
No.

M esh
Size

R ecovery  
of T i 0 2(I)

R ecovery  
of TiO z( 1)

Constant
(Bull)

Retn
T im e

Constant
(Roos)

1 48. 0. 00 0. 00 0 .0 0 0 0 0 6 7 .7 4 0 .00000
65. 25. 06 2 5 .0 6 0. 00493 6 7 .7 4 0.33451

100. 2 9 .2 7 2 9 .2 7 0 .0 0 6 1 0 6 7 .7 4 0 .4 1 3 8 4
150. 36. 40 3 6 .4 0 0. 00845 6 7 .7 4 0.57249
200. 3 7 .6 2 37 .62 0. 00890 6 7 .7 4 0.60325
270. 40 .47 4 0 .4 7 0 .01003 6 7 .7 4 0.67986
325. 44. 96 44 .96 0 .01205 6 7 .7 4 0.81692

-325. 3 8 .28 3 8 .2 8 0.00915 6 7 .7 4 0.62045

2 48. 0. 00 0. 00 0. 00000 77. 08 0 .0 0 0 0 0
65. 24. 00 49. 06 0 .00611 77. 08 0 .47120

100. 32. 30 6 1 .57 0. 01090 77. 08 0 .84072
150. 35. 05 .71. 45 0 .01593 77. 08 1.22820
200. 38 .97 7 6 .6 0 0 .02161 77. 08 1. 66620
270. 3 5 .2 7 7 5 .7 4 0 .0 1 8 8 7 77. 08 1 .45460
325. 2 9 .8 3 7 4 .79 0 .01536 7 7 .0 8 1. 18397

-325. 3 6 .2 0 74 .49 0.01841 77. 08 1. 41930

3 48. 0 .0 0 0. 00 0 .0 0 0 0 0 8 1 .31 0 .0 0000
65. 10. 66 5 9 .7 3 0.00325 8 1 .31 0 .26490

100. 10 .80 72. 37 0 .00481 81 .31 0. 39113
150. 12. 36 8 3 .8 2 0 .0 0 9 4 0 8 1 .31 0 .76470
200. 1 1 .90 8 8 .51 0 .01275 81. 31 1.03703
270. 13.07 8 8 .8 2 0. 01437 81 .31 1.16923
325. 14.73 8 9 .5 3 0. 01731 81. 31 1. 40748

-325. 12.85 8 7 .3 4 0. 01249 81 .31 1.01605
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Section III

Flotation T est  No. 18 (continued) 

R esults  (continued)

M esh
Size

C ell  
R ecovery  
of T i 0 2( )

Cumulative  
R ecovery  
of TiOz(1)

Rate
Constant
(Bull)

Retn
T im e

Rate
Constant
(Roos)

48. 0 .0 0 0. 00 0 .00000 84 .61 0 .00000
65. 2. 13 6 1 .8 6 0 .00066 84.61 0. 05594

100. 2 .3 4 7 4 .7 2 0.00109 84 .61 0 .09263
150. 2 .57 86. 40 0 .0 0 2 2 4 84 .61 0. 18977
200. 3 .35 91-87 0 .00488 84 .61 0 .41342
270. 4. 47 9 3 .29 0.00787 84 .61 0 .66666
325. 2 .9 0 9 2 .4 3 0. 00454 84 .61 0. 38419

-325. 4 .7 3 92 .07 0. 00705 84 .61 0 .5 9 7 2 4

48. 0. 00 0. 00 0 ,00000 8 7 .0 8 0 .00000
65. 0 .79 6 2 .6 6 0 .0 0 0 2 4 87. 08 0.02142

100. 1. 06 75 .78 0. 00050 8 7 .0 8 0. 04395
150. 1 .09 8 7 .5 0 0 .00100 87. 08 0. 08784
200. 1 .2 4 93. 11 0 .00207 87. 08 0. 18066
270. 1 .53 9 4 .8 2 0.00339 8 7 .0 8 0.29568
325. 2. 06 94 .49 0 .00430 8 7 .0 8 0. 3745 3

-325. 2 .38 9 4 .4 6 0. 00495 8 7 .0 8 0.43151

48. 0. 00 0. 00 0. 00000 8 8 .4 3 0 .00000
65. 0. 00 6 2 .6 6 0. 00000 8 8 .4 3 0 .00000

100. 0 .26 76. 05 0.00012 8 8 .4 3 0.01111
150. 0 .29 87 .79 0.00027 8 8 .4 3 0. 02398
200. 0. 35 93 .47 0o 00062 8 8 .4 3 0 .05518
270. 0. 44 9 5 .2 7 0.00106 88. 42 0. 09454
325. 0 .45 94 .95 0.00101 8 8 .4 3 0.08979

-325. 1. 18 95. 65 0.00307 88. 43 0 .27220

1_/ R ecovery  i s  the percentage of T i 0 2 in that s iz e  fraction which  
reports  to the concentrate .


