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ABSTRACT 

1nv .. tigat. th. effect of a1~ flaw ~ate (AFR) and freth 

thickna.. CFT) on the major tranafer mechani.ms ~n batçh 

anH cantinuou. flatation. 

AFR an the transfer of a de.lim.d . 
l' 

sphal.rite concentrate from t~e slurr~ te the froth ~a. 
u 

ch.racte~iz.d. The maximum flataticn rate constant eFRC) , 

ma~ured at an AFR, w.. in goed agreement w1th that 

predicted and Kitchener'. fund.mental 

bubble-Pl?rtlcle collision model (1976) using the' 

AYR/bubole siz. relationship determlned·photegraphicall~. 

The tran.fer fram the freth inta the cancentr.ta 
. 

stream (rate canst.nt: FTC) .nd b,Ck te the slurrU (r.te 

can.tant: DSC). and the recov.r~, in the frath, Rf. and 

cver.ll \recav.ru wer. determ~ned for AFR. of 1.3 ta 7.5 

. l/niin an4 FT. of 0 ta 5 cm. Cverall t'lIcovllru incr •••• d 

with incraa.ing AFR and dacrea.ing Ft. The major effecta 

~rll an inc~ea.a in the FRC with incr.a.ing AFR .nd .n 

incr •••• in Rf with decre •• ing FT. ArR had little affect 

on Rf. bac.use bath the rTC.nd tha OSC inc~eaaed ~ith 

incr"asing AFR. 
a' 

Size-b~-siZ. rata constant w.ra alac detarminad. 

The FRC-size curv •• sho~ed that the typical hump ~ialdlng 

a maximum FRC .t a size of 23-30 pm. consistant ~lth 

. reported data. The, FTC and ose shalloled little dapend.nce 'an 

partiele 8ize. Above 10 ,,_. pre.umabl~ becau_ bubbla 
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coalescence and coll.p .. and net hydraulic èIa •• ificatian 
~ . 

and particla-bubbl. the ~inating . 
. , 

drap-back ~echani .... 

of AFR, FT and wa.h w.ta~ addition. Signifieant reductions 

in hydr.ulic ~ecQVer~ w.~e aehievad b~ introducing the 

~ah wat.r Just below th. slurry-froth interface. 

Liquid and salid residene. time distributions .. ra, 

determined b~ using pul.ed tracer techniqu ••• The cell wes 

round ta behava e. a pertect mixer for bath liq~id'and 
l 

solid phas_. 
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alsud , 
Ndus avons môdifiA une cellule de flottation Denver de 

S-L pour 'tudier l'effet du d'bit d'air et de l"paisseur de 

la couche de mousse sur les m'canismes de "transferts les plus 

importants'en flottation discontinue et continue . ., 

Nous avons augmenté la hauteur de la cellule et install' 
) 

, , 
des chicanes l mi-hauteur pour obtenir une interface pulpe-écume 

calme et d~inuer ·l'entraInement hydraulique. Nous avons 

caractérisé ,l'effet du débit d'air et de la densité initiale 

de la pulpe sur le transfert du concentré de sphalér-i te 

déschlamm'e de la pulpe 3 l'écume. 'Nous avons utilisé une 

technique de récupération rapide de l'écume par débordement d'un 

film aqueux au-dessus de la l.vre de la cellule (essai~ en 

continu et en discontinu). Le débit d'air produisant le taux 

de flottation le plus rapide, 5.5 - 6.3 L/min, est en bon accord 

aved le débit prédit soit 5.6 L/mln, a partir du modlle d'Anfruns 

et Kitchener (1976) et de la relation entre le débit d'air et le 
~..., ~ 

diamatre des bulles, mesuré photographiquement. 

Nous avons déterminé les taux de transfert de la pulpe ! 

l'écume (consta~-cinétlque: FRC), de l"cume au concentré 

(constante cinétique: FTC), de l'écume ~ la pulpe (constante 

cinétique: OBC); la ~cupération dans l'écume, R~, ainsi que 

. la récupération totale, 3 des débits d'air de 1.3 ! 7.5 L/min, 

et des'épaisseurs d'écume de 0 1 5 cm. La récupération totale 

auqment~ lorsque le débit d'air augmente ou l'épaisseur d' écume 

i i i 

) 

, 
. , 



...... 
f . , 

• 1 
1 

'. / . 
d1a~nu •• ' Bn particulier, la ffl auqment~ lorsque l '41paisseur 

l ' 1 

d'Icume diminue. Le d'bit d'air n'a que'peu d'effet sur Rf, , 

parce qu'e~ augmentant, la FTe et la OBC augmentent simultan6ment. 

On a classifi6 les produits de flottation 1 l'aide du 'cyclosizer' 

de Warman, afin de déterminer des constantes cinltiques des 

différentes classes granulométr iques. Lat CTF maximale se retrouve 

a 23-30 ~m, en accord avec d'autres r6suluats dAj! publiés. La 

PTC et la DBC ne varient que tr~s peu pour les classes granulo

_triques au-dessUs de 10 ~m, probablement parce que ~l' entralne-

ment hydraulique et le bris des liens bulle-particule, tous deux 

fonctions de la granulomêtrie, ne sont pàs des mêcanismes importants 

de tran~ferts dans notre syst~me. Ceci nous permet de conclure que 

le mécanisme majeur pe retour des particules ! la pulpe est la 

coalescence et l'affaissement des bulles • 

Nous avons étudié la récupération hydraulique de la silice et 

de la sphalêrite e=;n fonction du débit d'air, dé l'épaissuer de 

. l'écume et de l'addition d'eau de lavage. Nous avons réduit 
. ' 

sensiblement la rêcupération de la silice en introduisant l'eau 

de lavag~ juste au-dessous de l' interface pulpe-éc~e. 

Nous avons d~erminê les distributions de temps de séjour 

dans la cellule des phases liquide et solid~ par essais de traçage. 

Toutes les distributions obtenues s' av~rent conformes au mod~le . ~ . ~ 

d'un m~langElur parfait. En absence d'·eau de lavage, les phases 
\,' ' ''''''-.. 
~ f 

liquide et solide montrent le même t~mps de s'jour moyen. L'addi~on 

d'eau de lavage et l'épaisseur de l'écume modifient to~tefo1{'":re-/ 
temps de séj our de la phase l1qui~e. 
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Satch va sür.kl~ flctaswcnda'J pülpden k5püge, 

këpükten pülpe ger.l dënme ve pü~pden kensantre claral-. 

kazanllma transFer sabltlerl hava mlktar~ va këpük 

wap~lm.l~ blr labcratuvar huereslnde lncelenml~tlr. 

Pülp~en këpüge clan transfer ara blr hava 

miktarlnda makslmuma ula,maktadlr. KOpQkten p~lpe gerL 

dënme hem hava mlktar.l hemde këpü'k y0.ksekllgl artü.ca 

artmBktadlr. POlpten 

•• >k~.~1~~ •• ~tm.~t. va 

Ince deg~lZ 

kljlnsantre clarak kazanllma ,lse hava 
~ 

kapOk yüksekllglyle azalmaktad~r. 

m~~eral pareaçlklarln (gangue) hava 

kabarc~klar.lnln ard.lndan surùklenerek këpüge glrme ve 
., 

oradanda .lstenmeden kazanllma mekanl.!5maSl 

entra.lnment) hava m.lktar.l, kcpùk wüksekllgl; wlkama suyw 

llaVIIISl ve llave sevlyeSlnln blr Fonks~wcnu clarak 
"'" 

azald.lkc;a, bu t-ür transfer mekanl.smaSlnln 

J<èpùk lIe pülp 

.erplnt.lSlnln 

Lik.ld ve sclicS fazlarl.nln Denver fletaswon 

hücres~nde tamamen kar~.t.lgl (perFecèlw ml~ed) radyoaktlf 

lZ metoduyla tasplt edilml~tir. 
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rig. 7.1. Effeet of partlcls Slze on DaG at dlffersnt ArR 
and fT. 

rig. 7.2. Erfeet of partlcle size on rTC at dlfrerant ArR 
and FT. 

Fig. 7.3. Erfect or particle slze, on ORC st dirrerent ArR • 
and fT. 

Fig. 7.~. Dac as a runction of AF~ at dlfrerent partiels 
Slze. 

Fig. 7.5. fTC as a runction or ArR at dlfferent partlcle 
'size. 

Fig. 7.6. ORC as a runctlcn or ArR at dlfrerant pa~tiel~ 
size. 

fig. 7.7. Comparl~on betwa.n calculated and experlmental 
ORC,data. 
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Sehematie diagram or the elementar~ process 
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Mechanism of 5tablllzatlon or a thln f~lm by a 
elo5e-packed mon01aysr of partielss ~lth 
low contact angels (from Dlppenaar, 1978). 
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Effeet of froth thlckness on ~ater recovery. 
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Effect of froth thlckness on SOlld recovery. 

Effect of air Flow rate on SOlld recovery . 

Relationshlp among watsr rscovery, 8111C8 
recovery and froth thlckness ln pure s111ca 
flctatlcn. 

... 
Effect of water recovery on slllC8 raeovery at 
different AFRs and FTs. 

. 
Camparisan of entralnment in conventlanal 'and 
column flotat1on. 

flg. 8.10 Wash water add~ticn levels for entra1nment 
tests: 

Fig. 8.11 Effect of wash water additlo~ flcw rate and 
level on sillca recovery for m1xture and pure 
sillca flotaticn (AFR: 7.5 L/mln and fT: 3 cm). 

_fig. 8.12 Effect of part1c1e Slze on s111c8 recove~. 

Fig. 8.13 Effect of froth thlckness on ccnoentrate Slze 
distr,l.but1on. 

Fig. 8.11f Relatlcnshlp between the recovery ratas of 
51110a and water et varylng pulp densltlas ln a 
p1lot scale system (from Lynch et al, 1971f). 
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Fig. 8.15 COLLelatlon between the ~ecove~y of slllca 
and the ~ecOVe~~ of wate~ fo~ diff.rent sizes 
Cf~om EngelbnJcht-lIJoodbu~n, 1975). ' 

Fig. 8.16 Water recoverles of mlxtuLe and pure slllca 
flotatlon (~FR: 7.5 L/mln, fT: 3 cm; A: above 

t froth, 8: below froth). 

Fig. 8.17 Uarlatlon of froth pLoflle with fLoth thlckness 
(fLom Mo~s. 1976). 

Fig. 8.18 Comparlson between laboLatory and plant scale 
flotatlon wlth respect to clasSlflcatlon 
functlon. 

Fig. 8.19 Effect of partlcle Slze on gangue recovery ln 
plant scale (from Lynch, 197~). 
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NOMENCLATURE , 

alr flcw rate, L/mln 

rrcth thlckness, cm 

flctatlon rate constant, l/mln 

cverall rate ccnstant, l/mln 

drcp-back ccnstan~, l/mln 

frcth transfer constant, l/mln 

ccncentratlcn, g/cm 3 .. 

ccncentratlcn after an lnflnlte flctatlcn tlme 

r~te cf dlsapparence of flcatable mlneral ,b~ 
\ 

flotation 

r.ccvl!x-~ 1 ~~ 

recover~ in the frcth, % 

ave~age residen~e tlme dlstributlcn 

mea~ resldence time, min 

probablllt~ of cclllSlcn 

probabillt~ cf attachment 

prob.bilt~ cf rormatlon or stable rroth 

probabillt~ or detachment 

3 
volume .cm 

stabilit~ factor 

collision .rfici.nc~ 

coilectlon efficienc~ 

partlcla dlameter. ~m or mm 

bubble diameter l mm 
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, 1 .. 
, . \ 

constants '. 

AFN a~r Flow number 
b 

MAYN modlf~ed a~r Flow number 

N ~mpeller spe.d, rpm 
,/ 

o impellar d~ameter, cm 

a constant 

b,c exponents 

Ut tyrbulant clrculat~ng Flow 

Cu llqU~d entrapped ln the rroth structure 

Cd downward Flow rate 

ro radlus of curvature 

CF i clasSlrlcatlon matrlx value. 

R countlng rate 

1 r, y countlng aFflclenc~ 

m tracer amount, g 

Mc concentrate mass Flow r.te, cc/mln 

Mt tal1 mass Flow rate, cc/min 

Vgas ga. volume ln the slurr~, cm3 

Veell ce11 volume, cm 3 

c,t subscripts fer conc. and tell 

l' 
Mf' mass ln the froth, g 

1 

Ac remelning actlvlt~ et timet 

r half-life, hours 

welght 
1 

X,_ subscrlpts f'or unkncwn,and .tandard sampl ••. 
( 
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INTRODUCT 1 ON 

2: .1 :NATURE 01 TifÈ PROBlEM 

Pionae1"ing automatic cOllputer contraI ,J for 
, , , 

flotatien, tock ,place 
~ 1. 

• in P~ha.almi, Finland, Lake Dufault 

and Frood-S~ob1e, Canada in 1968. _ F lota~~ contr,ol " 

S\lstems are nolU oper-ating (or- ar-e being instlillad, in., man\l 

cauntr-1es, includ1ng Slileden, Austr-al1a, the United States, 

South Afr-ica, Poland, Zambi., 8r-az11 and Japan (Paa~k1~en 

and Cooper, 1980) . On-str:eam analyser-s, such as 

Outokumpu's Cour-ier, and several sensor-s, ~uch as màgn~t1~ 

flaw meter-s and density gauges, made possible the r-apid 

determ1nation. of ~he per-far-mance of flatation cir-cuits. 

S~nce 1960, the autamatic contçal prncedures far flotatien 

'cir-cu1ts have progressed and signific.rlt metallurgic~l 

improvements, reagent' savings and 1ncreased threughputs ' 

have been r:::ecbrded (Smith, 1975). Centrel s\,lstams which " 

include bath stabilizing and opt1mizing control resulted), 

1n 1mpraved econam1cs 

investments . 

and rapid pa\,l-back ef the· 

-' 

. 'Air flow rate (AFR) and f~oth,thickness (FT) ara , . 
, \ . 

tilla outstanding stab11izing control' parameters beside' 

callecting, activating, depressing, frathing and pH 

madifying re.gents. 

Air effers attractive f.atur •• a. sueh,' because ~. 
'l" 

1 

" 

Il 
" . 

" 

-------- \ ~-, -:-------o.' __ ~., 
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its 'short' rasidence tima in bath th •• ~urr~ and the rroth 
• i ,1 , t (; , 

". ' 'p~.~ •• ; .. '9Ppas8d t~ ch.~ •• in'càllactar addition rate, 

'Ifar.- -IIIhiCh. 're.cti'an t.imes are' in ',the arder of 5 to 20 

rft.inutes 0 , " 
Thé '.ff"ect.. of ArR is fllso reversible, ès eppe.sed , ' 

. FT ~. a~e~her attractive -stab1Iiz/ng contrel 

perameter. It s1gn1~i~.ntlw 'aFfects partlcla re.idence 
, 

tim. 'in the rroth and therefOre gangu.'drà~,"ageo Fletatien 
J 

gan,erall~ r~spands more ,rapid1v ~Çl change •. ln ArR iJ1an FT. 
\ 

: , 
.' Canseqùentl~, AYR is qften mor~. effective than FT in 

", ..... r \. 

, 

mainteinin; stable 'cir~uit behaVlor. Another problem with 

'Ft: ~antral rt;tporteè1 b~ L.~nch et .1..:< 1981, p. 19't) 1. the 

:f1ifficultw in dete:rmin'ation of the ta-il.ings er concentra'te 
~ : . 

set point. 

, • O •• pi te i ft1pot' tant ~Y~nt.ge. of AF'R, and' FT .;.as 
• f ,. • , ~ ~ ~ 

control' p~u:· ... ters.. théir itffec..t on rlotatien kinetics a'te 
, ,. l' : t. 

" , 

.t1~1· inc~.plat_l~· undarstood;'speciFiall~ for centinuous 
ï 

fl~t..tiôno . efflpct ~. of 'AFR .and FT on .emi-batch 

, , 

One of 'hi.' conclusions wa •. that continuqu5 fletatian , , . 
• , 

.... tè ~ttet "" suited'; to . studW
p 

froth-related 
, . 

'kinetlcs. 
, 

The lntènt ef th!. work is to ~rpvida a bridge 
(1 ~ w ~ 

,betwean th. simplar madels o~ rratn trans,er for which a 
, , , 1 

°et ai_pl. 1 ,ovarall r.cov.r~ i. u.ed Ci oa. King al, 

,1973':1~7'ii ' Suther la,nd, 1977; anç! Harris, 197b) and tha 
, \~ 

, " aar.,C l.x one (Cooper, 1966, and Mo~., 1975-198't·) . 
'. , . 

," 

' " " 

, . 
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1.2 METKODOI.OGY 

,-" 

A p1exig1ass cal1 which is simi1ar,to 5 L Denver 
, ~ , " 

cell was designed and constructap. to stud~ flotat~on 
, . ',--, 

kine~ics in both batch and cantinuaus flatatians. In a~dar 

to abtain a quiescent slurry-frath interface, a buffer 

'\ 
\ 

\ , 

o ~ 

.. 

r-

... 

zone between the turbulent active zone ~nd the .~roth zone 

was created b~ increaslng the ce1l'height. Speclal1~ 

1> , 
des,i.gne,d Baff les were u$ed ta .nhance the effect of 

zone. Ta accamadatle the incr~asad cell 
4 

height, both the standpipe and the rator of the machine 
• 

~were extended. 
, 

Transfers were c'haracterl.zed using recov~ry data, 
.,./" ) ~ 

slurr~ and froth sdlid i~ventcries and tracêr tests. 

'Oeslimed sphale~lte was selected as a mineral ph~se. 

Excessive" fines (-10 p.m) were remaved before fl.oating, ta 

pravide a feed of rel.tivel~ hamogeneous behavior. 

rirst, bubble Slze dJ..str ibut'ions ware 
-\ ' . 

character1zed ù as a funetion of AF~ at constant frother 

, , 
photographl.c 

""" 
technl.que. l'hi' . ..Q..~!, ' 

... t. .... ~ ... 

concentration using a 

hoadup ~the slurry phase was determlned (ChapteL 3). 

(Secondl~, the errect or ArR ~nd ~initial pulp 
1\ 

densit~ in semi-batch fiata~ian was ,inves~igatad. The 

exp.rimental procedure and prallminar~ test work ara 

prasented in Chaptar - ,~ ~ , 

discus •• ~, ln Chaptar S. ' 

" 
3 
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)Thirdl~1 the effect of ArR and FT on continuous 
,., 

fletation kin.tics LIlas c,haractar1.zed. both 'in the slurr-y , 
1 

at'ld t'roth phases (Chapter, 6) •. Parti,cUI- size effect .ar-e J 

prèsBnted 1.n Chapter 7. 

In èhapter 8, the errect cf AFR, FT and L118sh w8rer 

additlon on hydraulic entr-a1.nment are lnvestigated .. The 

final tasting.program consisted or deter-mlnatlon of liQul.d 
'* . 

and soUd 

conditions 
t 

techniques. 

residence time 
~ 

of contl.nuous 

distrlbutl.ons and mixing, 

'tracer 
{ 

fletatien ulung 

Finally, a summary or the experimental results and 

their significance in flotatien practlce ara presanted in 

conclusion (Chapter 10). 
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CHAPTER 2 

, .' 

'LITERATURE 5URUEY ON ~XPE~IMENTAL, THEORETJCAL AND PLANT 
• c " : • 

'FLOTATION KINETICS 

, 2.1 INJRODUCTION 

, . 
p 

This literature surve~ cpnsists of four sections. ' 
, . 

'. , 

fir~t part ~overs the basic macro.copie description o~ , 

,flotatien' kinetics~ The secpnd one reviews simple one 

~b~bble-~na parti~le ,5~stems, 
, 

the third one 15 related to , 

", 

, 

froth studies and entrainment and lastl~ lndu~t~ial p+ant 

procass stabilizing control pract1ca using AFR and FT are 
~ • 

discussed. 

2.2 MA~ROSCOPIC DESCRIPTION OF FLOrA~ION KINETI~S 
1 " 

l 

flotat:!~on 
" 

ia a compl~x procass in which a numbst" 
J \'., ~ 

of separate affects take placa séma ccmpatitivel~. some 
l ' 

\ - 1 -

consecu/t i va 1 ~ . It involves the intet"ac'tion of three phasas 

wh~c~ ara:sclid, liquid and air~ I~ gen~t"al, there ~t"e two 

distict . ..zones wi thin a flatation ca11. The lower pat"t is 

the "activa zona l&J~er~ partieles Qare kept 1n susRension 'and 

part.1cle-bubbla contact ~is induced b~ the. tiur-bulent action 
" 

B'roth phase is t~e upper zone whare 

cleaning act"ion takes placa and sORJetimes frot);'l ramoval is 
, ~ 

USII of~paddllls. A third zone between active and 

5 
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f'roth zones can b. developed 

int.:Aace 

in arder to crea te a 

1 ncr ••• 1 ng the cel ( quiescent slurr~-f'roth 

hei.ght. f 

Ae • bubble rises thrcugh the pulp, it mau çcllide 

wit~ partieles of ore or gangue. If' theU pa.s suf'fie1entlu 

clo.e ,tlb each. other, collision accurs aver the front of 

the bubble, and the particles'are then swept ta the rllàr 

of the bubble until it reache. the surface. The result. of 

the.e col11sions might be, eithar a) immedlat, aetachment. 

b) rupture of the film separating bubble and p8rt1cla and 

f'or-m~tion of' a stable bubble-par-tiela bond (for 

~drophobic partieles), and c) h~dr-aulic entrainment of 

the part1cle in the wake of the bubble. 

The major transfar -machanisms in flotation are 

th. following (Fig. 2.1): 

-transfer of hwdrcphobie partiele. from the slurrW to 

freth • 

-drop-baek cf minerals From tha,frQth'to the slurru. 

~ -transfer- of mi "erala from the fr-oth cver the cell 
1 

lip.. and 

-recevaru of fine partiele. bU hudraulic entrainmant. 

of A~jeO~st.nt AFR and eell volume, t~ansfer 

partiele. ""from the slurry tc the froth ean ba comp.rad te , 
a first-ordar kineties ehemical t'le"i=tior'l. as sugge.ted bIJ 

• any r •••• reh.r • Jcwett and Sarvi (1960), Bushell (1962). 
" 
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lmaizumi and Inoue (1963) and Cooper (1966). 

The flotation rate can be expre •• ed in 

c 

y : de/dt = -K.C 2.1 

where C: concentration of certain spect •• in the slurr~ .t 

tinte t 

K: E·lotation 'rate constant (l/l11in). 

t: time (min) 

~: rat. bf disappearance of flo.table rai.netal by 

flotation. 

Integraticn cf Eq. 2.1 laads ta: 

t 

C • C * exp(-K.t) 
• 0 

wheve Co is th. initial con~ent~ation. 

For graphieal represent.tion. 

r-ewritten as: 

Ln (C/Co ) • - K. t 

thi. ean 

2.2 

be 

,2.3· 

It ia likel~ that the re •• an for the departures 

from f1rst-order kinetic. reported in'the literatur-e is 

not that the exponent ts different t'rom unit~, but that 

the r-et. constant is not identical fer all the partiele. 

in the sample under test. The ide. of defining a r~te 

constant specifie to eaeh ~articlB WBS first proposed b~ 

lmaizumi and 1 noue (1963). The ide. wa. extended b~ 

Woodburn and Laved.~ (1965) ta aemi-empirical modela in 

whieh the flot.tion properties werm continuousl~ variable, 

7 

, 

--------------_L .' . 

l 

~ 



! 

t 

i \ l './ 
t 
f 

1 

1 

i i" 

( 

L 

1 

l •• ding ta th~ nàtation or the "distr,buted" rate 

constant, which has been found to be quite userul. For the 

time being. knowledge of many or the parameters requ~red 

in the model is leckin; and it is not possible to èbtain 

u •• ful solution. from it. 

For batch or semi-batch systems. the concentration 

oE mineral in the pulp decreases vary rapidly at'the 
> 

beginning of flotation and then more end more slowly. 

eventually becoming asymptotic ta the t~me ax~s. The 

height o~ the a.~mptote g1vas the concentration or the 

mineraI or interest in the cell arter an inrinite 

flotation time. Then Eq. 2.2 rney be repre.ented (BUShel~ 
1962) : 

(C - Cco ) = (Co - Cao) * exp (-K,. t) 2.4 

~here c: 00 i. the velue of c: aEter prolonged rlot.tion time. 

In this cese. recoveru can be expressed: 

a • Rco. (l-exp{-Kt» 2.5 

, 
flotation kin.etca depend on menu variable. such 

r 

a. part'içle compo.i~fon. size and conc;titioning. cell 
1 

geometry ISnd 
4", 

AFR. Their erfect can be conveniently 
-

quantified by measuring the flotation rate constant. 

A •• um1ng first arder rate and homogenaou. rroth ph •• e, 

rroth kinetics can be ch.rac\pr~zed.· A similer approach 

ha. been used ta describe continuous flotation as reported 

by .L~ved.y and March~nt (1970). In thi. ca •• , the recovery 

B , , 
l 

\ . 
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DE mineraI cF inter •• t c.~ ~e derived as: 

cr. K. r 
R = ---~------------ 2.6 

where T: average re.idence time (min), .qual te the calI 

slurr~ vclume Ccm3 ) div1ded by tha tail flc~ rata 

(cm/min). 

K, 
a = ------------ 2.7 

where K,: rata constant Eor the transfer cE material 

Erom the Froth to the ccncantrata Cl/min). ta be 

refarred to From now cn a. FTC 

Ka: rata constant For the transfar oF material From 

tha froth back to the slurr~ Cl/min), to be raEerrad 

to From ncw on a. DSC 
1 

a Je: rate constant for the cyeraU 'transrer eF 

material From tha slurr~ to tha concentra ta , Cl/min) 

ta" be refert"ed te From now on as ORC. 

AlI transEers accur .imultanea~sl~, and ~t 1s 

pt"actica,ll~ impossible to measure' aach separately. It is 

11kel~ that aIl thr.a· rate constants Je 1 Je , , Je 2 at"e 

affectecS. AFR and FT although thesa particulat" 

ralat1onsh1ps can not ba cS.erived thacr.ticall~. Jhi. can 

~e attribut.cS. ta _tha complexit~ cf fletaticn s~stams; 
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which are ver~ difficult to d •• criba in terme of bubbis 

and mineraI partiels mat~on and attachmant. 

2.3 THEORETICAL AND EXPERIMENTAL WORK ON BUBBLE-PARTICLE 

ATTACHMENT 

Extensive theoretical work ha. been dona an simpla 
'. 

flatatian systams, in which bubble-bubble or particla-

particle interactions wara nat present, or could be 

naglacted. 

Thaor~ and experimant. lndicate that the fletatien 

pracess is first order with respect to partiele 

concentration. The collision preees. eppears to have .oma 

simi1aritia. with chemical rsactions and same werksrs have 

described the rate of collect~on.s the occurenc. af a 

serie. of events. 

Acearding to Schuhmann (lS~2). the rate of 

flotatian (g/cm.s) ef partiela. ef average .1ze x lS givan 

dY/dt, • Pc * p. ~ C(x) * '.t * F 2.8 

wh.ra Pc is the prababillt~ af collisien betwean partiele. 

and bubbl.e. Pa rapra.ents the prcbabi1it~ of adhe,ion 

aetar cc11i.ion. denata. the concentration cf 

particle. of an average Slza x ln the flotatlon ca11. U 

expresses the volume 'af pu1p in the call. f is the froth 

.tabiIit~ factor. 
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Suth.rland (19~e) proposed that the cverall rate 

cf flat.ticn wa. equal ta the product or three factors: 

the rate oF collision between partieles and bubbles, the 

probabi li tl.! of adhesion aFtar col11.s1.on, and' the 

probab11i t u that detachment would nct teke r:2lace 

subsequentl",. To rind the rata or collislon between a 

single partiele 

Sutherland assumed 

and a single 

that the flo", 

bubbla l.n the call, 

around the bubble wa'-

inviscid and could be computed rrom the potent1.al theor",. 

If tll1e radl.us of particel is tp , a stream tube can be 

chosen that surrounds the bubble as i t r ise. in the 

~ liquid. All particles within this stream tube ahead or the 

bubble are then potential candidates for capture, as shown 

Fig. 2.2. The radius of the stream tube at infinite 

• 
distan~e from the bubble was defined as the » eolll.S10n 

radius .. Sutherland (~~e) showed that all partieles 

l",ing wi thin a d1.stance R From the line cr mot1.on or the 

bubble lI.Iill eollide with it and derinad the coll1.s10n 
,. 

efficianc~, Ec, as 

2.9 

A 

where dp: particle di.meter (cm), 

• 
db: bubble diamater Ccm). 

If the air volumetric rlQwrate ia Q, the number Or 

bubbles produced par second 1a 6QI T db 3
, the rata of 

r.mDval of partiels. From ths eell is 

11 
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Fig. 2.1 Trans{er mechanisms in a conventional fletatien 

celle 

\ 
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---------------~---, . 

Fig. 2.2 TraJectories of particles on streamlines. 
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tharaforBi 
3*Q*Ek*h 

te. = -------------
2 *d b * Vc 

2.10 

2.11 

Flint and Ho~.rth (1971) found th.t there wère twa 

ragions of partlcle behavlour eharaeter1zed b~ • param.t.r 
v 

K propo •• d b~ ronde and Herne (1957), 

2 * P" it r p * U b 
. 1C. = -"'---------------------

'whera p,:» par'ticle sp.cifie gravit"" 

JI.: pulp v iscosi t~ . , 

2.i2 

Wh.n K is gre.ter than 1 (larg. partiele.), th. 

collision eff1ci.ne~ was strongl~ dependent on lnertia 

forces. and the collision .fficienc~ lncrea.ed with 

lner •• sing bubbl. siz., Far fin. p.rtiel •• CK < 0.1). th • 

colli.lon .rf1cl.nc~ w •• d.pend.nt on G, d.fined a. 

2 *( PP-PF )*rp *8 

G • --------------------------
. 2.13 

9 ." JI. * U Ir 

A 
In. this cas., tha collision afficl.nc", lncr •••• d 

~ith deer.as1ng bubbl. size. for fine partiele.. the 

colliS1Qn-:Îlffici.ne~ wa. ind.pandant of K. but strongl", 

, 
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" 

1 
1 

1:.... 

r 

(. 

'. 

,..'!-
dep.nd.n~ on G ~nart)al aFEects ca" be neglectad, as 

wauld bll IIxpscted. In th!s regims the collection" 

efF!c~enc~ deFinsd b~ Flint and Howarth (1971) was .impl~ 

2. 14 

Thil a •• umption that a particls would be captu~ed 

if the t~aJectaries oF the cent~e oF·thll partiele madll 

grazing contact wlth the surface of the bubble lS one of 

ths dr.wbacks in Flint .na Howarth's wo~k. The~ abtainea: 

E c a Cd p / db) 2 2.15 

R.a~ and Ratclif'f (1975) ~de the· al ternative 

h~pothesis that coll~~ion ~ould accur if tha surEaea of 

the partiele and bubble made grazing ccntact w~th aach 

ather. A partiele not tcuch1ng the bubble at an~ stage 

",auld not be ccllllctaa. But, the~ ware part~cula~l~ 

interestad ln effluant traatment and flotat1cn cf v.r~ 

f 'e partlcles «20!Lm) 1&11 th small bubbles ( < 100 /Lm ). 
" 

Rea~ and Ratcllff (1975) hava Eound' the cc111sion 

effic1enc~, i... the fraction of partielas ln ~h. path of 

the bubble that actuall~ colliae ",,1th it. WBS ~iven 

2.16 

wh.ra the axponant N wa. 1.9 for partiel ..... ith P,IP,- 1.0 

and 

Flint 

2.0S for p,lp,· 2.5 . This i ..... nti.ll~ th." ...... a._ 

and HOlUarth (1571) diEf.ring bllc.us. of the 
.' 

) 1 't 
l 

--_ .. ) 
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der i',u tions 

Tha~ 

namel~ that 

that '*of' B 

elaetrical 

" 

of tha collis10n arf icianc'~ t"efB~red to above. 
: 0 

made a number of' important assumptions, ,. 

tha floLil aroOnd the rron~ of the bubble was 

Stokes r 101.\10 arcund a [" ig id spher-e ~ 

inte["act~ons' b~tLlleèn bubble 'a~d parti~ have a 

n.glig~ble affect on traJactcriesj.that pertieles LIIh~ch ara 

cellected et the fr-ont of the bubble are immediatel~ swept 
• 

te tha ra.r, sc that the rull f["ontal surface 1s alw.~II' 

el •• ri that ~ha motion of the bubbla is not af'fàcted ~ 
t 

the'pressura of the partiel ••. · 

. ' 

Anfrun. and K1tchilnet ( 1916)" report1ld on 
~ 

expari,_nta-l, an,d theoretical LIIork perf'ormad in a flotation 

.... . 

~ 

\ 

calumn using stronSJ1~ surface met~lated quartz. The -~, 
\ ' 

callision afficienc~ ""a. avaluet.d. f'rom the ,lnt;.egr-&tion of' 
" 

the fol l o ... i ng , aq.uation, LIoIhich describes %he motion of th.' 

,!.\particl~ i.n dimensionles. veri.bl ••. 

" 

: , 

(. ~1cal ... MttliDC 
ftloc1 t)' ot tU partiel.) 

(Ston. ~) , , 

(laJDOlda maber ot 1:be lIa'bbl.) 

8al!o1fl y - ftlocit)- ot partiale l'eatift to bObb).. 1 ~t -
ftlorit1 O?nu1d zwlatin to bo.bble t ~ • ri-iDe nloc1';7 o~ 
l:Iûbl. 1 lb - rd1W1 ot bIlbbl. c 1ft. racliu or. partiel. , 
, • ùaa1t7 ot parti~. 1 Pt - cfeDll1ty or nuid l '1 • rl8CQdq 
of nu14 1 c - acc.l~"t1_ 4ua to çaTi tJ'. -

-15 

.' 
( , . 

., 

. , 
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~ 
are summarl.zed in Fig. 2.3 ((rom ,1 rBsults , . 

" 
'~Anf'~un. 8T1d ki ~chllne'"'J 197tn. The experimèntar collection 
' . 

• tfii::i,"Ci.~ are ln gacd ~r'eement IMith the thao["'etical 

cur".. . 0" l t 1»85 
. 

• ho~n ~ tha~ , theoretieal . col1isl.on 

~ffiCi.nCi.S 4erivlldrfrcm e~ther a potentlal flcw ~olutlon 

CRe' , >'1000) . cr 
~ . . ...-. , 

a Stokes f"loLil 50iution (Re
b 

<'1) a["'e 

ser10usly .tfl ~rror. ',_ Neva["'theless,' these tLilO solutlons 
. 

prediet .pprox1m.t.l~ &brrectly' the relat~onship between 
" 

'. the particle-to-bubble 51ze r'at 1. O· , Lataly J Jameson and 
" " 

l ' 

. , 

CDlIICrker C Ü31,1 j summar ized. Anf"runs and Kj. tehener • 5 lIJork: 
, " 

. ,. 
2.18 

l' 

, , 1 

.- the - m •• sured ex,pcnant C 1 . ..69) i5 saen to be 'betIM.en the 

vaiues' given b~ the 
.. 

vlseous theot"l" the ,; Reay and , .. 
Ratcliff (~S~5)J and the invlscid theorl.l of Sutherland 

" (I9't8). 
\ ' 

T~. probabilitl.l 'tha~ the partiele IMill be eaptured 

... ·bl.l 8 bubble, la the . .proC:S,uct of colli~ion' ef"ficieney. and 

attachmant eff!Ci~nc~. Lh~ çollision effieiencl.l 15 the sum 
. 

. . of th. gravitational, and intercept:iemrl 1:011lS10n "'--

\. afficillneiss (~e~et J . 1981)', The probability pf adhesion 15 

'B,onnected with induction' time, 1..11. the time r:equir:ed f"or/ 
r ' 
:~ , 
t(hinning thè disJoining film te 5L:lch a thickness that " 

, " 

'~-' 
.~ 

1 

... 16 

--..... 't, . " 
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Fig. 2.3 Ex.p.rim.n~al 'ane th.o •• ticsl ~.sults presentee 
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rupture can, take place. It means that a collls1on ia ~ 

frui tfl,Jl', only whe~ the tlme of contàct between bubble and 
, 

partlcle lS longer than the inductlon tlme. 

Dobby C1S8~) recent~~ proposed a model without 

det~~hment mechan1sm for cclumn flotatlon. He considera 

that partlcle COll~ctlon by agas bubble occurs Vla 

.pa~tlèle-bubble CC!l~slon fcllowed by attachment durlng 

the perlod that jthe partlcle lS SlldlDg over the bubble 
1 

surFace. He poirited out that the contact tlme of a 

" particle on the surface of agas bubbls decrsases as 

partlcle size ,lncreases. ' Thl.s l.S a rssult of the 

slgnl.flcant t~ngential velacity grad~ent that SXl.sts at 

the bubble surface. He also shawed that the l.nductl.on tlme 

decreases wlth increasinQ partlcle dl.amster. 

Der Jaguin and Dy'khin C1960~ analysed theoretical'ly 

the various stages ln the flotatlon procss5 and showed 
il; 

that when the thl.ckness of the llquid fllm between a , 
, bubble "and a partiele become -verY" thin, the effects of 

• 
adsorbed lons of the -same charge on the twa opposite 

surfaces would tend to keep partl.pls and bubble apart. 

Othar workers have found that the maximum rate of 

flotation occured whan the zeta potentiel of the ~artlcies 

was zero. 

2.~ FROTH STUDIES AND ENTRAINMENT 

Despite the importance of the ph~sical proces ••• 

\ . 

"" 

------- " 
H 
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.. ' which-' take place in, the rroth, llttle \ deta.Lled 

exper~l'I\èhtatlOI) has baen dons until "recsntly. , \ 
Ths two 

, !" 

phase 
6 

basis 

. 
model of 'Arbl ter and Harr 1.S Ç1962) has foçmed tJ:le . 

of much or the wcrk ,dons. They prèposed a perfectlu 
. 

mixed froth phase, which w~s challenged by Cooper (1965)~ ~ 

. 
He propdsed a plug rlow model of the froth which was , 

...... t 

! 
little used ror ~e5agn and control applicatlons. 

The work of Watson and Gra1.nger-Allen (1977) using 

thelr "equi 11 br-~um cell" 're~eslE%d the lmportanc.e or fI<oth 

stabl.lity as sf'f'scted- by vSt"l.OUS control parsmetsrs and, 

slur-ry , 

1 
pr-oper-t l.es slur-r-y density and concentr-stion 

of ' gangue). They assumed thst both pulp and rt"oth phases 

were perfectly mlxèd. ,Cutt1.·ng and D~ven1.sh -( 1975) uSlng a 

.'simllat" expérimental method took the non-homogenelty or 
1 

the froth phase intc account, and measure'd' mlneral 

concentratl.on ~adlents as a funct10n or helght above the 
, > 

fr-oth base. "These "studies were ll.ml ted to b'~tCh 

experiments' which do net take intc :ccount the' t'act ~at •. 

in ccntinucus opsratlcns, the time ,taksn to establl.sh ttle - . , 

final, steady-state f'roth" may ,be,' dif'fersnt From the 
.. 

res1~encB ti~e of the pulp phase, resuleing Mn. froth~phase 

" . properties ~ifferen~ f~cm those obtained in ~atch tests. 

Cutt~ng. et al~ Ç1982) using s multipoint sampling 
1 

lance -investlgated the. grade 
. 

enrichment mechanl.sms and 

froth ,mobi l.,1.,t~ 
, . 

~n a continuous flotaticn cell. He found 

that the. grade of· the concantrata' lncr-eased markedl~ 

within the ·f~oth. Much'work has been don. which hl.ghlighta 

" 1 

. 

, . , 

19 
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the need fc~ B deepe~ ~nde~stBnding cr pLccess ln the 

froth phase (Mi)B and Fue~stenau. 1969; K1ng et al, 1973). 

R!!cently, a model based cn counteL-cu~rent plug-flow 

a~sump~ios w~s descLibed and advanced by Moys Cl~78, 

19B'!) . 

In wOLk cf flotaticn modelling, most 

attention was paid tc the bahavlcr cf valuable pSLticles 

which weLe ~eccverad pLedcminBntl~ by the bubble coll15ion 
• 

mechanism. 

After ccnduéting expeLiments on a continuous 

labcLatoL~ cell 
, 
~ith 'an BLtificial mixtuLB ~uartz and 

fluorspar and with a coal-shale mixture, Jowett (1966) 

Lecognized the impo~tance cf the entLalnment mechanism and 

suggested that the concentration of free gangue ln the 

cancentrate i5 p~QPcrtional tc the ccncBntrBt1cn cf free 

gangue in the' pulp volume. 

Further ev1dence concerning the entrainment. 

mechan1sm, in the modeiling cf industrial machines was 

~epo~ted Jchnscn et al, (1972) who' ~rcposad a 

classificaticn mat~ix tc desc~ibe the entra1nment 

_chanism. Fu~th.r studia. of' ent~.inment 

M.chanism by Bis.hop ~nd White (1976) showed that the 
\ 

cla.sification f'unction 1a depandant on the ~a.id.nce tima 

of partiel •• in the froth. 

Alteration of other v.ri~l •• (~ollector, frothar, 

modifier additions, AFR, FT and imp.ller speed) cau .. 

• ave..nt along a partic~l.~ ralationahip 'Johnson et al, 

20 
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1972; Engelb~echt, and Wcedbu~n, 1975; and 
1 

Bisshop and 

White, 1976). Mest aE the autho~s ~epc~tBd a ccnvex 

~el.tianship between wate~ and gangue ~aceye~ies. 

2.5 INDUSTRIÀL PLANT PROCESS STABILI2ING CONTROL PRACTICE 

USING AIR FLOW RATE AND fRCtH THIC~ESS 

Ci~cuit 

explain cant~cl objectiva. in Elet.tien in mc~e datail. ,~ 

C"j ~esult cr E~etatien ccnt~cl .heu~d ba ~a maye f~cm an 

~~~.ting cu~ve ~.p~e .. nted b~ A in fig. 2.~ te the me~e 

efficient ~egiens ~epresentad .b~ B and ultimatel~ b~ C, 

~ep~esent4ng the' best ",etallurgieal pe~formance passible. 

the required operating peint on curve Cf fo~ instance 

peint P, can then ideall~ be attain~d b~ change ln 

variables as nece.sa~~. 

An impertant aspact af obtainlng 

.. etallurgieal pe~far ... nc. 1. tc achiave ci~cult stability . .. 
Mllasur .... nts cf ca~c.ntr.t. grade •• nd ~eccv.ri ••• re m.de 

.s aarly .S possible 1n the rcughar bank sa that • change 

in the ore entering th. plant can ba ~eadily detectad bu 

,,"sing 1n.~ruments. 

t.prov .... nt. -1n ov .... ll pl.nt lIIetallurgie.l 
~ 

perfor.ance ara pa •• ible bu intradUCi~ 'air cc~trol 

laops into the flatatian circuits. Althcugh: the ... re 

r.latively 
, 1 

par ... tars ta manitor and ccnt~ol, va~y 
, 

little laberatory .nd.plant reault. have bewn ~li.hed. A 

21 
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list oF Flat.tian control ~.tall.tion. emplo~ing Ft, 1,.e 

calI .lurr~ laval. and Af'R as-control ls g1van ln table 

2.1-

T""~t C inatructiv.·. 

,1" 

.tud~ on the effect of AFR 

and Ft ls raportad b~ McKaa a~d~ca~arkars (1976). t~e~ 

,dascribed tha automatic 'control system of' tha Mount IS8 

Mines '" MIMI chalcoP!.Irita rlotation, cl.rcuit (Fig. 2.5). 

ft can be used ta control eithar concentrate or 

tal1 grade. Increasing the ft increases the par~icle 

~ re.idence time 1n the froth phase and therefore increases 
, 

gangue drainage. This produces a higher concentrate grade, 

but oFten at the expens. of • ~light lass of recover!.l, 

the curves rrom rougher and 

scavenger banks obtained b!.l var~ing the FT is sho~n in 
"-

Fig. ,2.6. three dlstlnct curves eXlsted f'ar the, roughar 

bank ~ith the 3Q""cm (12 in) Ft curva indicating the best 

operation. At this Ft, a grade galn oF 3.~% was achieved 

ovet" a 10 cm (~ ln) FT with no recoverl.! 1055. 

, 
'1 n the caSe of the 5Ca'veflger bank, the improvad 

grades ~et the higher Fts were abteined et the expense of 

soma recaver!.l. but a small decreasa in recover!.l is not 

nacessaril!.l detrimental to total circuit recavary. 

Air is an important input te the flatatian procass 

.s 1t affects the racovsr~ rate or both valuabls and 

gangue minerals. An lncrease in AFR increases the 

prababilit!.l of col~ision between particles and bubbles and 
\ 

increase. the rats oF transrer of particles into the ... 

"- '--------~ 

/ 

1 

1 

, 



, 
1 
1 
t , 
1 

1 

1 , 
1 
1 

'-

'f, 

( 

1 , 

1 

/ 

( 

", 

~.~ 

) 

-~-------------- --

;' 

... 

t 

w o 
<II[ 
a: 
C) 

P - REOUIREQ PLANT OPERATING POINT 

A 

IIfECOVERY 

Fig. 2.~ t~pic.l gr.de-recever~ curves . 
• 

1l> 

Fig. 2.5 Flet.tien air centrel st MIM. 
(rrem McKee et al., 1976) 

a 

LEVEL CCNTROL CJ't EACH GROUP 
OF 4 CElLS. 
FLOT.ATION AIR CONTROl. ON EÀCH 
GROUP OF 4 CElLS. 
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Mode of éontrol 

Tpd • Concentrate Cell 
Caneentrator Vea, thrC?ui:hput produch Re~ent, level Aeration 

rrood Stobie CanaCSa 
lake Dufault Canada 
Pyhnalml F,nland 
[cstall Canada 
Kamlokll J.~n 
Strathc:on. Canada 
New Broken Hill Austraha 
Clarabelle Canada 
Opemiska Canada 
Vuonos ftnl.nd 
Morenci U.S ..... 
Kristl4!nberg Sweden 
Mattagam, Canada 
Mount Isa No. 4 Austraha 
Kotalahtl Flnland 
Manibridge Canada 
Vihanb Finland 
Broken H,II (Zinc Corp.) Austraha 
Fltn flan Canada 
Kerettl Finland 
Heath Steele Cana!!a 
Sulfrvan Canada 
Frank (Rustenberg) South Afnc::a 
South Sroken Hill Australia 
laisvaJl Sweden 
Samarco Brazii 
Mount lsa No. 2 Austra"a 
Brunswick Canada 
Reserve. U.S.A. 
Baluba Zamb ... 
Hayden U.S.A. 
Snow Lake Canada 
Amax lead U.S.....', 
Blac:k Mounta.n South Afrla 

1968 
1968 

-1968 
1970 
1970 
1971 
1971 
1972 
1972 
1972 
1973 
1973 
1973 
1973 
1973 
1973 
1974 
1974 
1974 
1975 
1975 
1975 
1976 
19n 
19n 
1977 
197B 
1"978 
1979 
1979 
1979 
1979 
1979 
1979 

• Metnc eQuivalent: 1 st X 0.907 184 7 =:: t. 

.I" 

.; 

, 

24,000 
1,400 
2,600 

10,000 
4,342 
7,000 
6.000 , 
1,500 
3.000 
8.000 

60.000 
1,035 
3,850 

16,000 
1,400 
1,000 
2.400 
2,900 
4,600 
2,000 
3,000 

11,000 
10,000 

5,000 
5,000 

30,000 
12,000 

2,850 
60,000 
10,000 
25,000 

900 
4,850 
6,000 

Cu, NI, S 
Cu, Zn 
Cu, Zn 
Cu, Zn 
Pb, Zn 
NI, Cu 

~!~ ::. i 
"'" Cu, Ni '" 

Cu 
Cu, Zn, S 
Zn, Cu. S 
Cu, Pb. Ai, Zn 
NI, Cu 
NI. Cu 
Zn, Cu 
Zn, Pb 
Cu, Zn 
Cu, Co 
Zn, Pb, Cu 
Cu 

,Pt, Cu, Ni 
Pb, Zn 
Cu, Zn 
Fe 
Cu, Pb, Zn 
,Pb,Zn 
Fe 
Cu 
Cu, Mo 
Cu, Zn 
Pb, Zn 
Cu. Zn, Pb 

lit 
Je 

• 
Je 
Je 
lit 
X 

• 
x 
lit 
lit 

• • 
X 

lit 

JI 
JI 
X 

X 
X 

lit 
JI 

JI 
X 

JI 

JI 

lit 

x 
lit 

lit 

• 
lit 

lit 
lit 
X 

II 

JI 
X 
X 

lit 

II 
J[ 

,4able 2.1 Concentrators employing automatic flotation 

\ control using AFR and FT. 
1 

.J 

Table 2.2 Effect of varying AFR at scavenger section 

x 

x 
x 

Jt 

Jt 

lit 

1\ 

on retreatment and final tail (from Mc~ee, 1976) 

Operation Retreat Flows (TPH) Retreat Final Calc\llaced 
. {eed ConcA Tail Taii Tai! Scav. Tai1 

Normal 110-120 45-50 
lnereased 

70-75 0.33 0.120 0.09 

air ta 180-190 60-65 120-i30 0.45 0.135 0.08 Seavs 

2't 
~- ~-~------

) 

~ 
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~roth. It .lso incr •• ses the r.t. of tr.nsfer of w.ter 

into th. froth with a consequent incr.a.e in th. recov.r~ 

cf yalu.bl •• nd gangue min.rals. 

ArR can be us.d ta control conc.ntrat. grad., tail 

g~.d. or m.ss flow of conc.ntrat. from • particular bank, 

__ "" dep.nding on the control ObJ.ct1Y.. For MIM rougher 

circuit, an AFR d.cr.ase is beneficial to th. circuit 

proYided the xanthat. control loop is operating. i .•• 

x.nthate addition rate is incr.ased. 

Control of the retre.ter and cl.antng flotat10n 

m.~ not be as sOphlsticated as control of reughing and 

sc.venging. The a1m 15 oftsn to stabl11ze the clrculation 

le.ds and flotatlon result5 (Kallloln.n, 19B~). 

Improved galns from rougher and scavenger should 

be translat.d into total c1rcult gains. The .ffect of the 
1 

changes in ArR at the roughar section on the -performance 

of the cle.ner-recleaner sectlon is shown ln F1g. 2.7 

Cfrom l~nch et al, 19B1). It ls pos&ible ta obtain 

improY.d grad.-r.coy.rl.! curves frem 

manipulating bath AYR and FT ln roughers. Thus, the cury. 

abtal •• d in roughing d.termine. the total circuit 

perform.nce . 

An ~FR d.cr.ase in the scavenger section results 

1n a scay.ng.r concentr.t. flow.r.t. drop. This d.cr •••• d 

feed flow r.te" 1s the r.ason for. rnuch lower retre.t.r, 

and final t.il gr.de, even though the scavenger~taii grade 

1. itself increased (Table 2.2). 

25 
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Fig. 2.6 EEfect of fT on rougher and .ceven(ler flotet'ion 
(t'rom Mele .. · et al., 1976) 

F1(l. 2.7 EEf.ct cf AfR chang •• in rougher .ection an the 
performance oE cle.ner .ectl0n. 
(f"ram Mc Ieee et al.. 1976l 
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• LOW AIR 10 RlLGiERS 
• HIGH AIR TC ROUGHERS 

FINAL caNe. % cu 

, , , 
• 

- the effact of ch4a'e8 ln air 4'fcl1tioa t'ata et el\a 
roulhar saccloa ou the perform&aça 01 ~ 

cle.ner-racle.ner .actloa. 
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How.v.r, varlation. of AFR in cl.aning will only 

mav. the operating p~nt slong the curv.. and wlll not 

cause movement te a higher or more efficlent curv •. The 

operating and control philosophy should be to achieve th. 

best possible grade-~ecover~ curve in ~oughing and th.n 

operate at the eptlmum pelnt en cleaners g~ade-recovery 

curve CL",nch et al, 1981). 

AFR is also used at the Kotalahti concentrator at 

the scavenger stage te malntain the cl~cu,lating load fla... 

rata constant. As the circulating load is made of the 

scavenge~ cenc.ntrate and the cleaner tails, AFR control 

i5 used te compensa te ror rluctuatlons in the cleanar 

ta!ls Flow ~ata CLaplante. 1980). 

The cont~ol s",stem at P~h~salml includes both 

stabilizing and optimizing contrel CFig. 2.8). Both 

rougher .nd sèavenge~ control are accomplished b~ using 

AFR and FT as stabillzing and CuSO. as optimizing control 

variables. The circulating load is controlled b~ ArR in 

three cleaning steps. 

Staol1izing and optimizing centrol at Outokumpu 

ca.ncentr.tors. Finland. incr •••• d total m.tallurglcal 

vàlues cr productivit~ b", 2 % at onl~ slight decrease in 

copp.r r.cover", CTable 2.3 From Paakkinen~Cooper, 1980). 

/ 
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Pyhnalmi 

Vuonos 1500 tpd c:opper 
circuit 4500 tpd 
"nickel circuit 

t-~- _ .. ~",,:::::" .~"':... 

Kotalahti 2200tpd 

VilIanti Z50Q'tpd 

KerettJ lSOOtpd .... 
feed: 3000 tpd 
recJaimed laits 

'feed 

Conce ... 
tratn 

Cù. Zn,'. 

Cu, NI 

NI. Cu 

Zn, Pb. Cu , 
.,; 

Cu. Zn. Co 

• Metrle equii'la'.ent 1 st·X 0.907 184 7 = t. 

\ 

\~ 
\ 

"'\" 

Mode of controls 

St.bila,"1 coqtrol 1969 
.,-.cf opt.m.zan' control 
1972 

""ect d.,ltal control in 
1972 for operation of 
c:nashin. and mate rials 
handlinc; stabilizatlClft 
control in 1974 

prosc:on 103 stabilizin, 
'contrai in .~975 • 

Prosc:on 103 stabiliz:inl 
control in 1974 

Pros.eon 103 stabirizinl 
control in 1975 

, , 

.. 

" 

. 
\ 

Results li " 

"',2.5% Il;II;ruse mrt.'· 
Il,Irl.caJ yal!:les tram op· 
titD.zed control ($450.· 

, ooé,annuaJ ilain) , 

1.5%',inc:rused coope, . 
recDve'r;Y • 

2% )ncreueél, n.ckel and, 
càpper' recove~ 

2% mcrea5ed zi"c re
covery 

About $200.000 net an· -
nuai aain .n reasents', 
savanls. amproved r~ ", 
cov,ry 

... . 

. -
TabJe .2.3 Outc"utapu- c:oncentratar. usïng autoaatic: cpn'trol. , .. 

, . ).. 

(~rgm p •• kkinen and Cooper) 
.. ~ . ; 
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3 :1 l NtRODUCY ION " 
,'. " 

The main .obJective or this expér~mental.sect~cn 
i' 

Illas t'o . detBrminÎl ' the' effect ,of 'AfR 
.' 

on bubble sim 
, , 

distributions and-, gas holdup. The, maan bubble s~ze is 
~ . 

extremel~ impore.nt when ,correlatlng flot~tio~ kinetics 
, ~,i" 

.1111 th AFR,. 
" 

Gas hOldup is cne of' the 'impor~ànt p~rameter~ 

charact.r~z!ng the h~drodynam~cs of flotatlon celis. In 
\ " 

, . phas •.. , ·s~sten'Îs. lt ·~ives, the volume fraction o~ the two 

phases 
• 

present.. i n' the 
, 
and Mence thelr·re5~dence ce!'l , . 

.time. FrQ'm the bubble gas holdup. AFR ând cell geomet~y 
, \ t 

" . 
and gas-l~Qui~ interfaclsi area 

':'-- ' 1 

can be , r1se V.lOClt.~ 

d~terml.n.d (Shah 'et a,l. 19Bê).' .. J . , 

This ,lIIork 'lIIas ,done in the'absence of any m~naral 
• ,. 

ph ... , to facilitatè observation of' the air-water phase. 
• ~ ,~"' .. .q : ; "", 1 

As th.~ minèral ' phase, whèn prasilnt, does' not affect "the 
" , ~. 1J,o f," 

bubale f'ormation ~ech.nism (G~aln~er~~llen. 1970). rssults . ' 

From thi, ~ section c'.n, 'Qe used, to .an.l~ize the flotatio" 

kinet~c. o~ tran.f'er f'rom th~ slu~r~ ·to the froth. 

.-

,. 
,:'~O 1 

" , 
il' 
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" 
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3.2 DESIGN Qf I~E f~OIATION CELL 

, 
A plexiglass flotatton cell wlth the following 

reatures was des~gned and coryst~ucted in order to 

investigate flotation kinetics: 

o 

a) similarity. to exist~ng industrial machInes,' ~.~. 

Denver subaerBt~on·t~pe. 

b) high ce11 he1ght to rroth surface rat~o, toocreate' 

a quiescent slurry surface, wh~ch ~n turn facilitates 
/' 

rroth thlckness control and increase5.f~~th,stab~11ty. 

c) beth batch and cont~nueus operat10D, ~.e. the feed . 
can be pumped in and out. 

d) ease or bubble phetography, l.e. the cell 15 made 

ef fIat transparent pl~xiglass. 

The plexiglass cell was cemented .Ulith epoxy glue. 

Its ,eight up te the'cell IIp lS 32 cm and up te the tep 

~o cm. It has ~ square c~oss-~ection ·wLth a 15 cm inside 

length. Except for its helght, the cell' ~s simtlar to cne 

of the standard Denver 5 L~cells. 

,,.1 • . 

~ 1 

In continueus .eperatlan,l slut'ru ~s f~d rrom trnp 

1art sida, 10 cm above the ce11 bottcrl'l. whi1e tail-s are 

discharged From the right side, at t~e\ betto~ Cflg. 3.1) . 
1 

A Denver subaeratlon (0--1 ) type 1-5 '1.: laberatory 

t'latation machine WBS 
~ 

modified èe ,c~cmmedBte the 
" "1 1 "'. 1 

shaft, and stand pip~ .,dditianal cell height. The roter 

, 
31 
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COLOURED PICTURES 
Images en couleur 

ù , 

1 
l , 

Fig. 3.1 Plex~glass flotation call deslgnad foç thls ~o~k . 

.. 
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werB axtanded 20 cm. Tha mach~na bOdy was also t"a'isad 

33 cm b\,j means of ~our lt"on pipes, to facliitate c~ll 

t"amoval (Fig. 3.2). A wooden bl'oc~ ",as das~gnBd to fit 

tightl~ batwaan the calI and, the c machine platferm, te 

prBvent vibration of the celi end ralse lt te the lmpeller 

levaI. 

Wash ",ater can be spra~ed horizontall~ to",ards the 

ba'ck and lateral B~dBS of the cell, through -a coppet" p~pe 

l cm in diameter. Smalt holes at 1 cm intat"·vals avenl", 
o 

dlstrlbute ~sh water suppll.ed ~t"om an elevatad watat" 

tank. The pipe lS fixed te the c~ll b\,j a screw mechBn~sm, 

and can ba adJustBd, at the dasired lavel. Flow lB 

mon~tored using a rotameter. 

f 

3.3 EXPERIMENTAL PROCEDURE AND DATA ANAlYSIS . 

Bubble size dlBtributicn waB' detetllt1.ned as a 

~unction o~ AFR, 1.3 ta 6.25 l/min; at a Dowfroth 250C 

concentration of 10 ppm. 

To measure bubble Bize, photographs were taken cf 

the front middle of flotatlon cell using a plece cf black 
\ 

plexiglass as packgrovnd. Thls plate limlted the thlpkness 

Qf the cell- volume under 
'\ 

inve.~igat~on and prcvlded a 

c~ntrasting ba~kground for bubbles. A Canon camera wlth a 

widé angle lens, mounted on a Btand and positloned faclng 

the cell, wa. u_d. The distance between backg~ound plate 

and the celi ft"ont side was 2 cm, while the focal dl.tance 

33 
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..as 30 cm', A high centrast scale ""8S pr~nted on the 

baekgroun~ plate. Iwo Flashes WIIre installed on both side. 
~ 

eF the eell, at a ~5° angle ta the front of the eell, te 

avoid direc~ reFleetlon at the camera. Bubble dlameters 

~ere measured under mlercseope using a m~crometr~e scala. 

Th~s photographie techn.lque, ,provldes a 

repre .. nt~tive descrlptlon oF the bubble population lf the 
\ 

Foliowing assumptions are valid CLaplante, 1980): 

a) the bubble saMple photographed 15 repre.entatlve , 
oF the whole bubble populaticn; 

b) t~ rising spead o~ a bubble 15 .lndependent of .lt. 
/{-
'!:r 

dia_ter i )t _ 
c) the met.llie plate used as a backgrcund do •• net 

effact bubble size; 

d) bubbles de not coalesce during aseent; 

a) the bubbla distribution ,15 even within in the 

photographad vcluae . 

Ta 8i.plitW the charactarizat~ af the bubbl. 

population, 

it. largest diaensio,. The mast us.fui infar.atlan ta 

" clescri,be the behavior ot the lI\I.t .... can bit "silW cbtained 

froa the bubble siza distributions in ,the 

folla...ing ~. 
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T. - ~ n. r K2 
• d· 2 - 1 1 3.1 \ 

" 
Tv· t: n· 1 r K3 * d" 1 3.2 

•• 1 

.whera 

di: aYerage diameter of bubbla size class i (mm) 
, " 

ni: numbar of bubbl.s mee.ured in size class i 

K : scala factor relating the measured diamater to 

the actual one 

Ts: total surface oE the mee.ured bubbles (mm 2 ) 
, 

Tv: total velum. of the maasurad bubbles (mm') 

CI : AFR CL/min) 

The specifie bubble surface, end total bubble 

surface praduead per 'unit time can be expres.ed as; 

s c-"'> • T v /T. = (6/K) . * ( L ni * d i 2 1 t n i 3.3 

3.4 

ln the t~o pha .. ~.t ... ~ additional .eries af 

.xpariMnt. wa. aisa condueted to determin. how ga~ 
, 
haldu~. average bubble r.sldence tlm8 CBRT). superficial 

ge. velocitu (SGU) , apparent bubbl. rlS. velocity (BRU) 

and liqu~d-~.s ~nterf.ci.l are. (LGIA) ~n t~a slurr~ pha .. 

t vary with AFR. Sinee the wster surface is qUlescent under 
\ 
( nar .. l operatian. it wes po •• ible ta me •• ura the g •• 

~~haldup in tha call by filling it complet.lU with water and 
\ 

1\ 
\, 

, 1 
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mea~r1ng how much was dlsplac~d as a runction of AFR. Gas 
1 

holdup ln the slurru phase at different liqu1d height 

w.s determlned bU measuring the wa~er level change ln the 

cell at dlfferant AFRa. AIl Lelavent results ~d 

calculatlons aLe provided in Appandlx 2. 

3.~ RESULTS AND DISCUSSION 

3.~.1 Average 8ubbla Diameter 

The bubble population was represented b~ an 

-average" bubble diameter, dav, defined as the diameteL oE 

• bubble of spe~ific surface S, .~.e. the Slze that would 

uield the same bubale surface if all bubbles were or equal 

diameter (dav - 6ds where ds lS the Sauter me an dlameteL). 

Flg. 3.3 shows two photographs of 'bubble 
\ 

populatlons at 1.3 and 7.5 L/mln. As expected, an incLBase 

in AFR U1elds larger bubbles. LaLge bubbles produced at 

high AfRs are o~t.n hlghlU non-sphaLie.l. Attentlon was. 
1 

thareEore, rastricted to low AfRs WhlCh gan.Lata smali and 

spherlcal bubbles and correspond to normal flot.ticn 

pract1c. (1.3-6.25 L/m~n). fig. 3.~ shows a tupical bubble 
• 

size distrlbution st ~n AFR of· 1.3 L/min and • DowfLoth 

around 2 mm, which is tupical o~ canv.ntional flotatian 

SWst ..... 

Th. .tt.ct ot ArR. Q. on th. avarage bubbl. 

37 
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d1am.t.~t dav, is summarized in the ~cllo~ing r.lat~onship 

obtained b'-'. lin.er regre •• ion, 

Ln (d b ) • (0.067 i 0.003) * Q • 0.897 3.S 

(carrelation ca.~fic1.nt: O.9~) 

&lther. Q is in litres per minute and d b in mm CAppendix 

1), 

The relationship bet~een AFR, superficial ga. 

V.loc1t~, Ug, and bubble siza lS shown in Fig. 3.5. 

Specifie bubble surface decr.ases Sllghtl~ as AFR or Vg 

incr •••• s (Fig. 3.6). The relationship betwe.n AFR and the 

production rata of total bubbl. surface i5 shawn ln 

Fig. 3.1. Total bubbl. surfaca significantl~ lncreases wlth 

incr ••• ing AYR. 

3.~.2. Ef~act a~ Air Flow Rat. on Ga. Holdup 

T~ aF~.ct a~ AYR on ga. holdup in'the .lurr~ 

given in Fig. 3.B. -A vary gaad linear 

ralation.hip betwa.n AYR and ga. haldup w.. ~ound in th. 

oper.ting range of ArR C1.3-7.5 l/mln), Abova 7.5 l/~in. 

th. curve raachas • plat.au. This corr.sponds ta th. 

transi tian Fra. the bubbll.l zan., which has homag.neau. 

~bl •• , ta churn turbul.nt f'lcw,' which 

and ~. inapprcpriat. far .~fici.nt 

.1 
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flotation (Shah et al.~ 1982). 

The average BRT in the slu~ry phase ls equa~ ta 

the gas volumetrie holdup dividedt by the ~FR. Fig. 3.9 

shows, '''''that average BRT dacréases only slightly as AFR 
" 

1ncreases, exeept at very law AFRs. The Les~dence t~me of 

a bubble in the slurry phase of conventional flotation 

mach4nes was found to b~ 5-10 times snorte~ than in a 

flotation column CDobby, 198~). Thus, the possibil~ty of a 

bubble becaming ,fully loaded ~s cans~de~ably smaller than 

in a cOlumn., 

As AFR increases both gas holdup and bubble 

dlamete~ in the slu~ry phase ine~ease. The ~ncrease in 
~ 

bubble diameter is mode st ((rom 2.5 to 3.75'~~ as AFR 

~ncreases fLom 1.3 to 6.25 L/min). Its affect on the BRV 

is part1ally offset by the increa5ed gas holdup, which 

lawers rise velocity by 13% when gas holdup inereases from 

1 ta 5.5% (Richa~dson and Zaki, 1S5~).' The net re5ult i5 

only a slight inerease in BRV and decrease in BRT with 

increasing AFR. This is shown in Fig. 3.10, where the 

apparent rise velocity ls plotted as a function of AFR and 

the superficial gas velocity. As AFR increases, the 

apparent BRU increases by on'ly i!0% f~om 2-8 L/min. The 

rise velocity inc~eases very sharply below 2 L/min, but 

thls is below the normal operating range, as d~sc~ssed in 

, section 5.3.1f. 

Fig. 3.11 shows ~hat the apparent BRV increases as 

average bubble slze increase.. The convex relationship 

1 --------".'--' ------, 
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.xpr..... the iMportanc. of bubble swarms and hWdradu~ic 

conditions in a convantioAal flatation cell. For the .. k. 

of qualitative compariaon Anfruns and Kltchener's data 

(1976) ~era also platted on the s .. a ~raph. It is cbvicua 

that there is a signific.nt difference betwaen bubble rise 

velocities ln slngle and multiple bubble systems bacau .. 

of vigorous turbulence and den .. bubble population. 

The effect of bubble swarms can be bat ter 

understocd u.lng the concept of ,collls1cn effic1anc~. 

While s1ngle bubbl.-p.rt~cl. J madals pravld. a canvenlent 

basis for ...... ing the effect of bubbla S1Z. on col11sion 

.ffici.nc~ for a partlcular s1ze and t~pa of p.rtlcla. the 

relativ.l~, high bubble vOldages encountered 1n flot.tion 

.achlne8 ralS. tha quastion of haw clos.l~ the.. pred1cted 

collision efficienet .. represent the actuel situation. 

Flint and H~arth (197~) found that the col11sion 

eEfici.~ of particl_ lAIith bubbles 1n a swarm can œ 

sevaral ti... a. large a. tho .. calcul~ted fra. a slngl. 

~la IIQdtIl. Oobby (198't) repartad that coll.ction 

affici.nc~ goes ~n wlth lncr ... ing AFR. and isgenerall~ 

.uch l~r that th. callect1an efficl8nCW raported by 

Anf'runs and Kitchener (1976). 

Î. the calli.ian eff'iciency of a particl. ~lth. , 

bubbla in • bubbl. ..ar. wlll difter 'fra. that of • 

~ticle with a .ingl. bubbl. far at l ... t thr .. reason •. 

a) A. can t. _n ~ore, the bubbl. ri .. velociq., 

relative ta liqutd ~ill be red'C8d ~ te hindered affect • 

l 

. ~ _____ f 



,ot the n.ighba~ rng buJ;:abl.... ta~. p.rticul.r bubbl. .nd 

part~cl.. Fa~ fin. p.rticl •• and bubble., thi. reductian 

1n ta .n incr •••• d collisian 

etticienew· 

b) The sh.pa Df the liqu~d str.aml~n •• around each 

bubble is dieferent. In a bubble .w.rm. the d~v.rg.nc. of 

the streamlin •• is limited. In th!s waw. the prasenc. of • 

bubbla swarm aga~n tend. ta increa.e collision eeficiencw. 

c) The motion of .particles at large distance. 

up.tr.a. from the t.rget bubble is no'longar parallel ta 

the dir.ction of bubble motion but i. ~nfluenced bW lawer. 

of bubble. ahead of it. 

The liquid-gas, interfac~.l are. is an ~mportant 

de.~gn v.riable wh~ch depends on the geometrw of the 

apparatus, the operatin; conditions and the phwsical 

properties of liquid media.. M •• s transfer rates can ba 

... 111.1 influenced bW varw~ng interfacial araa. Fig. 3.12 

shaw. that the liquld-ga. interfacial area increa.e. as 

AFR inçr •••••. 

The .~tect of superficial gas v.lacitW. which ~. 

detinad a. the air flow rat. dlVid.d bW su~f.c. are. ot 

t~ call. .nd bubbl. siz. on flet.tien kin.tics .mare 

.pacifieellw flat.tian r.ta can.t.nt, c.n be .xpr •• sed 

CJ...aan .nd cawork.r •• 1971): 

3.6 
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~here k: rRe Cl/m1n) 

and 

• 

vu: Superfic1al g •• veloc1t~ Ccm/s) 

Ek: Coll.ct1an .~ficiency 

db: 8ubbl. diamet.r (cm), 

3.7 

The higher the ArR which produc •• l.rg.r bubbl.s, 

the higher will b. the superfici.l g •• v.loc~t~. Thu., .n 

increa_ in 

~hile .n incr •••• in bubbl. siz. d.cr ••••• the FRC. It wa. 

found that sup.rficial gas v.locit~ of flatatian columns 

ar. rnuch higher, 1-~ cm/s, than conventional flot.t~on 

.achin •• , 0.2-0.5 cm/s. 

P.ebl.. and Garb.r (1953) have defin.d th. factor. 

~ff.cting th. ri •• velocit~ of single bubble. ln stagnant 

liquids und.r turbulent conditions. Th.~ found that the 

follawing r.latl0n.hip for the ri.. of bubbl •• ln the 

con.tant veloclt~ r.gion in ~hich db vari •• from 1 cm ta 2 

.. (8hag., 1970). 

3.8 

lllhere PI' P g: den.it1e.· pt liquid a~ ga. re.pectivel~ 

(lilIal) 

S2 . 
__ .1 
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g gravitatianal accalaratian Ccm/.) 

a Burfaca tansian (d~n/s1 

Ut: tarminal bub~l. v.laclt~ (cm/s) 

It can ba .a.n !rom tha lltaratura that tha 

valocitw at riaa at th. swarm, wh~ch is gan.rall~ aqual ta 

the slip valacit~, ia axpr ••• ad in ganaral bU 

V ... oc: V .. V t * f ( E ,,) ~.9 

~hara U~r.: bubbla ~. valccitw, c./. 

U.: bubbla slip veloc1tw (cm/s) 

Eg: ga. haldup ~n the slurrW (%) 

FCEg) ia onlw slightl~ b.low un~tw far, g •• 

.' haldupa in studiad rang •. 

far .n AfR at 6.aS L/min. Ut was calculatad'at 

Gout lB clD/sCEq.3.8) however, the experimantaliw calcul.tacS 

avarage ri .. valocit~ is 9.72 cm/s. Tc expla~n th1. 

d1ffarenca, it ~a. dacidad ta inv.st~g.te the gas heldup 

calI. At censtant AYR and wlthaut Frother addit~an, the 

change ~n ",ater' lavei ilia. .....sur.d at dit'ferent IH~U~d 

haight. Ra.ulta shawn ~n Fig. 3.13 lntarest~ngl~ lndic.te 

that thera are twa di.tinct zana. w~thln the flat.tien 

calI. Tha lawer part ot' tha call fram 5 te 15 CM show. 

can.t.nt ga. haldup. Hcwever. the, g •• haldup dra.tical1w 
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d.cr..... b.t~ .. n lS CM and th. call l~p. The small 

dacr.... in ga., holdup et 5 cm me~ be expla~ned b~ the 

pr ... nc. of the ~mp.lle~ and d.ad spaces at the bot tom 

carne~. of th. cell, sho~n in Fig. 3.1~. 

It is possible to divid. the slu~~~ phase of 

stirred cell 1nto t~a zones accarding te the appe~ent BRU. 

The lowe~ part ls the act~ve zone wh.re the pa~t1cles a~e 

k.p~ in suspension and part~cle bubble contact 1S 1nâuced 

bu th. turbulent action ot impell.~. In th1S zone, the 

apparent BRU 1S slew due te high.~ gas heldup, s1gnif1cant 

bubble swarm effects, and .t~ong agltatlon. Hewev.~, the 

luppe~ pa~t which ls called the buffe~ zene ls 4el.t~vel~ 
The apparent BRU in buffer zene lS 

sign1f1cantl~ h1gher then the actlve zone because ef the 

l •••• r gas holâup. bubble _warm and ag1tat1on. 

B~ a •• uming that the bottem thi4d of the cell 

height is the p.~fectl~ mlxed actlve zone, the appa4ent 

BRU and BRT in the active zone ~e~e calculated as 5.37 

cm/s, and 1.86 s 4e.pect,ivel\,! at 6.25 L/mln. In the buff.~ 

&cne, the apparent BRU ~eaches 17.5 cm/s, clese te th. 

p~.dict.d ut and th. ave~ag. BRT lS about 1.1~ s . 
. 

This an.ls~. shows that bubble. will sta\,! for a 

longer tt.e in the active zone which 1. deslr.ble for 

1ncr .... d coll1sion .fflc1anc~. The pre.ence of a butfer 

zan., ln the convantlonal fletation call can b. us.fui. On 

tt. on. henâ, it provide. a qU1e.cent .lu~r\,!-f~oth 

int.rfac.; on the other hand, it werks as • cleaning or 
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filterin; zene. Sinee BRU 1. high 1n thlS 1ntermed1ate' 

zona, some of the entralneà gangue partlele. ln the wake 

of bubbla.· ma~ drop baek to the actlve zone. This ma~ be 

b~ addition further p~otad 

pr_ntlld in ~J! • .-.-.) 

3.5 SUMMARY l 

of wa.h water, a.,w1ll be' 

In thi. ch.pter, a descript1en of tha bas1c 

flotatien cell u.ad throughout thi. r .... rch program w •• 

provl~. the flr.t part cf th1, r .... reh, the a1r-water 

~.t_, WB. ,.1.0 ceverad. 

Firstl~. 1t WBS feund that the tetal bubble 

surface producad par unlt t1me incraases •• AFR 1neraa.a •• 

.. heraas the bubbla surfaca, l.nver5el~ 

proporti.onal te the average bubble .lza, dec~.a •• s 

slightl~. 

SaccndlW. the eFFect oF ArR en gas holdup wat".e 

characterlzed. Kalc1up, the f'r.ctlcn of a1r ln the 

~ir/.lurr~ Mixture, incr..... w1th increa.iog AFR and 

d8Cr_sing bubble 5ize (smaller bubble. rl.a more.slowlW ,-

Then, th. effect of AYR on .pparent BRU) BRT .nd 

LaIA wa. deterained. tho.e .ra lmpcrtant de.ign par.meter. 

and a1so can be used fer scala up purpo. 

T.o distinct zone. w1th t te the apparent 

bubbl. ri.. velocit~ wara eb .. rv.d .lurr., pha_ cf , 
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" the present ~stem: a lower zone, actlve zone, s~m~lar to 

zone" bet~en the active and rroth zones, whera agitation 

1. le.. important, bubble riss velocltles h~gher and gas 

holdup lower than ln the active zene. 

It 15 believed that the lower zone lS more 

conduclve to bubbia-particle collsctl0n and attaçhmeAt . . 
Cons.quentl~, capture modals such as that of Anfruns and 

Kltchener (1976) , derlved ln enVlronment Slmllar to the 

buffer zarte, are unlikel~ to repre.ent prec15.l~ flotation 

phenomene taking place in e different h~drcd~n.m~c 

environaent. , 

• 
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CHAPTER 'i 

SAMPLE AND REAGENT SELECTIONS. GENERAL EXPERIMENTAL PROCEDURE 
" 

AND "',PREL 1 M! NARY TESTS 

"\ 
~.l INTRODUCTION 

, 
·Iha best known example of sulphlde mlne~al that 

gener-alll.l does not r-espond weIl to flotatlon wÙ~l') thiol 

collector-s 1s sphalerlte. For example. wlth sho~t chaln 

xanthates at moder-ate concentr-atlons. sphale~lte doeS not 

flost and thlS behav~o~ can be used te separate lt From other- ~ 

sulphl.de mineraIs. HO&l.lever lill th addl tlon of çopper sulphlda to 

the system, sphalerlte responds ~eadlly to flotatlon. ThlS LS 

the classlcal example or actlvatlon ln flotatlon technology. 

In this chapte~J flrst the su~face actlve ~eagent 

selectlon ror- sphalerit~flotatlon wlii oe dlsc~s5ed and then 

the genaral aspects of seml-batch experlmental pr-ocedur-e wlil. 

be glven. Flnall",. r-esults of the p~e!~mlnarl.l tests to 

determlne the bast operating conditions wlii bs prBsanted. 

\ ~.2 SAMPLE AND REAGENT SELECTIONS 

~.2.1 Sample 

The sample 

Br-unswick Mining 

used was wet final zin\ concantr-ate f~om 

and ,Smelting corporation,~ Its size 

distribution as recel.ved is shown ln Table ~.îa~ To obtain a 

" 
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more homogeneous flotation beh~vlo~. drled samples were 
r;.. 

deshmed to 10 p..n b~ means of' three-stage cyc1onlng. The sJ.ze 

dlstrlbutlon of the redried c~clone underf'low product lS gJ.ven 

in Table If .lb. Removlng all -8 llm mater l.a1 1.9 ~mpossJ.ble; thus 

the decrease from 23 to 7% -.a p.m. as shown l.n Table 'i .1b. lS 

• an acceptable ,c::ompr-omlse. 

------------------
Par:tlclt ln. Illil IIIIS (1) 

- 74 100 

-30 + 23 83 

-23 + 16 118 

-16 + 10 49 
, 

-10 + 8 33 

-8 23 

------0------------

.) Table "t .la Partiels SlZB d1.str-lbution of' the or-J.l;Jlnal 

sample. 

---------------------
Pirbcll -li%. IP.ll 

- 74 
,.30 + 23 
-23 + 16 
-16 + 10 
-10 + 8 
.. 8 

100 
74 

53 
29 
14 
7 

----.... _- ---------------

Table "t .lb Pat"ticlil SlZ8 distt"ïbutioh of' the cwclona .' , 
u~derflc~ pr-oduct after three staU. cyclcning. 
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If.2 .2 ACt1 vator 

The mcst commQnl~ uaed and economlcal actIvator 

for sphalerlte 15 ccpper sul-fate, whl.ch 15 added to the 

pulp dur1ng conditlonlng. Raqul.red cOnd1tl.Onlng tlm8 ~Ill 

depend upon the characterlstIc5 of the ore, but 15 ~ener.ll~ 

le •• than 10 mlnutes. AdsorptIon of copper WIll tek. place on 

sphalerite su~face and coat.d sphelerite partlcles ~111 behava 

as the corresponding coppar mlnaral. 

Th. chemical reactIon betwean sphalerite and xanthata 

ls t7.11ver.1ble an,d 51011.1. 

ZnS • 2X = ---... znX + S 4.1 

After activation w1~h ccpper sulfate, tha sphalerite 

surface 15 coveraô by Cu+. cupric ions. 

. . -
CuSO. - Cu • SO. 4.2 

. ZnS(s) •• • • Cu.-.. CuS(s) • Zn· , 4.3 

Exper 1ments IIIlth radl0isotopic indicate 

sphaler1ta activation to èe a chemical exchanga of Cu++ for 
\ ~ 

Zn++ in the ~pheler1t. lattice. The uptake of copper is rap1d, 

. being •• s11ght runction of the copp.~ concentration in 

solution and contralleà b~ solution diffusion. In this s~stem 

\ 
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Cu abst~actIon ~s app~ox~m.tel~ one monola~.~ of the Zn5 

c~~stal st~uctu~e. shawn in FIg. ~.1. However. lt can p~ocead 

be~ond the mDnel.~~ and onEe the uptake exceeda three 

manela~e~s. th. process ~s cont~olled b~ the pa~abollc rate 

la~ ~o~ d~~Fuslen ln the solid st.te (Gaudln et al., 1959). 

A tUPlcal lndustrlal copper sul~ate dosage of 500 g/t, 

and e 15 mInute cendltlenlng t~me were selected to actlvata 

sphalarite. 

't.2.3 Callectpr, 

Sphalerlte dess net float with eth~l xanthate in th. 

absence e~ activation (flg. ~.2. from Sutherland and Wark, 

1955). It responds, however, quite readil~ to ~lQtation at 

higher concent~atlons of largar chaln xanthates. such as 

n-hapt~l. Am~l xanthate clearlU ~ails to ~leld good 

recoverles. ~ although some degree of h~drophoblclt~ is 

ach1eved. 
~ 

A~ter activation. ethU1 xanthate (Aero-325). isoprop~l 

xBnthate CAero-3~3), and am~l xanthate (Aero-350) ma~ be used 

as a coll~cto~. Sodium Bth~l xanthate has tha sho~test carbon 
. 

chain. and can be used iF goad selectivitu i5 desired. Sodium 

isoproPul xanthate is the most widely used xanthate in the 

flotatian of sulphide mine~a15. primarily due te its low cost. 

In manu instances,the more powB~~ul members or xanthate ramil~ 

are p~eferred. ror improved ~ecove~u (C~anamld Manual, 1982), 

Sodium em~l xBnthate CNeAX) is the longast-chain 
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xanthat. co ••• rciall~ avail.ble. It ia useful ln cperatlng 

...t.re a pow.rt'ul and nan-selective sulphld. pr-OIIot.r 15 

deSir-Bd, a. in the present stud~, where aphaler-ite 15 th. onl~ 

aulfate uSlld. 

It wes d.cided to use NaAX at a dosage of 100 g/t, to 

achleve str-ong h~drQphobicit~ and shcr-t lnductlon times. 

'" 't. 2 . Ii Frother-

.. 

A dilute aqueous solution of Oo~fr-oth 250C at a 

concentr-ation of 75 g/t was used thr-oughout the exp.riments as 
l , 

t'r-other-. Dowftcth 2S0C 1s ma1nl~ made cf pcl~propyle gl~col 
, 1 

methwl ethBr-s and can be used on both alkal~ne and acid pulps. 

It ia claimad that Dowl'tath 2S0C lS usuall~ effBctive 1n 

consider-abl~ smaller- amounts than other- frother-s. It pr-pduce. 

a fr-oth ct' high selectivit~ ~ielding cancantr-atas of' maximum 

gr-ade consistant with high miner-al r-eccver-~ as weIl (Oo~frcth 

Manual, 198'1). Fr-other was added both to the call initiall~ 

and to th. wash wat.r- tank to maintain its ccncentration in 

the s,-,stem . 
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, 
Flfurc •. t The (llO) plane of sphalcnle. Un" are., 0.419 nm: 
ZinC Joni ln the ~urfacc an dcsl~nalcd by numei"all and UIlC Ions in 
the nelll lowcr layer by numeral 2 (Gaudin. Fuerstenau and Mao. 
1959) 

81~---~~~--+---+-~ 

, l 60~~~--~--~~~~ 
~. i 

o •. 0+--+--+-" .j)U<-=+--+---i 
u • cr 

100 200 309 

Xanlhale (giton) 
pH a 6.StO.1 

500 

figure 4:2 Inftucncc of sell!clcd uni hales on rccovery of zinc 
blende (Sutherland and Wark. 1955) 

63 

, 
.. " :' 

... \ 

! 

\. 

-_ • ..,. .'.""'::'"'-Ït.< ,00:--. _J 
.... ~' 

, .~;;, AI' :w.'::e~~I~";.) 



• 

P 

1 
~ 

1 
j 

f 
/, 
" 

~ 

1 
i 
[ 

( 

\ 

f 
i 
\ 

~.2.5 pK Modirier 

If a capper .alt such a. copper sulfate i. eddad ta an 

.lkaline or neutral .phal.rite pulp .nd conditionad for. f.w 

minut •• , the m,t.naral bahavior ta""ard the callectar is chang.d'. 

The inrluence or pK on sph.l.~it. rlotation is shawn in 

Fig. ~.3. It ia obviaus that maximum flotaticn ~ecover~ can be 

.chieved bat""een pH 5 and B.5. Ther.ro~e. lt was declded ta 

.. intein a pK 7.5-8 b~ add1ng amall amount of lime. 
) 

., l°Oi l o~ t 

. \ \, < , .. ,' ..... '1 
fIO!- ./ • 1.'0" mol 1 

~eol \ \ \ 
o 51l10" mol,l 
• 1x10" mol l , 

i 1 
\ 

q e\ \ 
~ 20 \ 

1 

00 6 12 U. 
pH 

FIIUJ'C •• 3 Flotatlon recovery of sphalenle as a funcllon of pH ID 
the presence of vanous concentrations of amyl llanlhale (Fuerstenau, 
M. C. Clifford and Kuhn. 1974) 

'~.3 GENERAL EXPE~IMENTAl PROCEDURE FOR SEMI-BATCH FlOTATION 

Rapid ~emoval or the croth wes one ef the c~iteria 

uaed in the design or the flotation cella The teature us.d to 

.chieve this purpose is the high cell height-tc-depth ~atic 

wh1ch creet.s twe distinct zones within th. liquid phase. The 

lawer part is the actlve zone where the pa~ticle a~a kapt 1n 

6'"1 1 
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su.~n.ian .n~ p.~ticle b~bbl. contact is lnduced b~ the 

tu~bulent action eE impelle~. The second zane which is the 

uppll~ paJ:t lS w •• kl~ agitated ta p~avlde a quiescant 

.~U~~~-f~ath lnteJ:faci' 

Cens.quentl~, it ~as pos.ible te ~amave the fJ:ath 

quickl~, b~ addition or • cantlnuou. flaw oE washing wat.~, 

.uE~icient te cJ:a.te a Eilm cE liquid flowlng eve~ the celi 

lip. Fi~stl~, ~he samples we~e activated wlth coppe~ sulfate 

for 10 mln and then cond1t1oned wlth collecter. After frothe~ 

addition, freth was permitted ta build up far 10 .ecands 

baEa~a .n~ concent~ate w •• J:emaved. The mlneral ladsn fJ:oth 

wa. then collactad in pan. peJ:iodlcall~ J:eplaced at tlme 

inte~v.ls va~~lng Erom 10 ta 30 s. ThlS p~ocedure was caJ:J:ied 

out until thara wes no mata~lai being floated. The last 

cancentrata praduct wa. collactad rOJ: several mlnutes ta 

ensure tha recave~y or all h~d~ophoblC materlal. Tha products 

were then rlitered, dJ:ied, welghed, and .aved ror size 

anal~si. b~ c~cloalzer. The 'sami-batch fletatian flowsheet ia 

summaJ:lzed in Fig. ~.~. 

~ Priar te the rletatiory tests, the alr and wateJ: Cole 

Palmer ~otameteJ:9 wera calibratad using a dr~-gas mater and 

graduated c~lindeJ:, respectivaly. CalibJ:atien cUJ:ves are glven 

in Appendices ~.2 and ~.3. Cempressa~ alr supplied fJ:pm B 

. 
comp~essor WBS introduced te the cell· through the stand pipa. 

The amount or gas waB contJ:elled by a manometer and pressure 

J:aducar . 
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FLOWSHEET OF THE BATCH FLOTATION 

f 

DESLIMING SIZE DISTRIBUTIONI IACTIVATIONI ICOLLEClORI 1 FROTHER-PH 

lO,um CYClOSIZER IICuS045H201 1 H.Al IIDOWFROTH250C 

CyCLONE 500 (lit t 100 III\. 751111.LlME 

PH 75- e 

PERIODIC RECOVERY VACUUM DRYING WEIGHTING SIZE DISTRIBUTI OH 

---

FllTERING OVEN 
~ /' 

CYCLOSIZER 

rlg. ~.~ Flow sheet of the experlmental procedure of 

semi-batch flotation. 
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~.3.1 Calculaticn cf th. Flctatlcn Rat. Canet.nt 

Th. t~.n.f.~ o~ matarial frcm th. slurr~ ta the frath 

... • •• umed te rcllcw fl~.t a~de~ klnetlc. wlth re.pact ta the 

ma.. in the slur~~ ph.... as .ugge.tad b~ m.n~ ~esearch.r. 

(Jowett and SerVl. 1960; Imalzumi and Incue, 1963; and Cooper, 

1966). Th.n the FRC 15 the slope or the llneBr s.ctlon of the 

plot of the natural logarlthm of the mass of h~drophobic 

.phalerlte ramalnlng in the cell as a functien of tlme. 

Oetalled calculatlon of the FRC in the seml batch 

flotatlon 15 provided ln AppendlX ~.l. In general. mass vs. 

time data were analuzed b~ computer and l~nes were obtalned b~ 

least squares flt. ThB~ were plotted uSlng th. Energraphics 

computer prcgram as mass ln the cell versus tlme (on a 

semilagBrithmlc vertlcal scale). Curves are practlcally Ilnear 

for most tests. cenfl~ming the assumptlon of first order 

klnetlcs. It should be noted that when most materlal is 
, 

floated, the slope of the curves decreases Sllghtly with 

incr.aslng time. becausa slow fleatlng flne materlal is 

pr.ferentiallu le~t in the flotatlon cell. 

Fer mest experiments, the peint cerrespondlng to the 

~irst sample was not taken into account, because or the tlmlng 

error, i.e. the stBrt-up error associated with the exact tlme 

.t WhlCh wash water and air are turned on, ~nd when the water 

film bBgins te ovarflew the entlre cell lip. 

Flotatien tlme varlBd between 3.5 and ~ minutes, 

~ielding rBceverieé cf 65 te 95 %. This lndlcates that net all 

'. 
, 

1 
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the ~at. constant determ1ning plot wa. ba.ad on solel, th. 

r.cove~ed sphaler1te, as advocatad b~ m.n~ autho~5 (Jameson 

and cowo~ker., 1977; and Bushell, 1962). In th1S pa~t1cular 

case, where the total recover~ 15 not exactl~ known, the 

largest e~rous in the rata constant plot are found for h1g~ 

~lotation t1m •• , as the mass of mata~ial rama1ning 2n the cell 

15 very small. The last points of e.ch plot are the~efo~e mo~e 

susceptible te large devietions f~om linearit~. These were 

also discarded for th. calculetian of the FRC. 

The spillage of the mate~lal while the pans were 

changed was negl1g1ble. f~oth cohes1veness and adhe~ence to 

the cell wall were mln1mised b~ addit10n of wash water and uae 

cE low d~other desage. 

~.~ PRELIMINARY TESTING 

Tabulated rssul ts of aIl prel1m1nar~ Elota:t'10n te.ts 

are prev1ded in Append1x 5.1. 

~.~.l Oeterminatien of the Optimum ~8sh Water Flow Rate ') 
( 

A se~ies of exper1ments using 200 g sphale~1te samples 

at an AFR of 6.25 L/min were done to dete~mine the bast wash 
, 

water flow ~ate (WWfR), within a ~ange of 2.35 to 3.2 L/mln. 

Experimental re.ults ara summar1zed in Table ~.2. 
1 

/ 
A plot of WWFR versus f lotation rate cen$t'ent, FRC, 1.. 

r 
68 
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It ~5 apparent that the max~mum FRC 15 

obta~n.d at the WWFR of 3 L./ml.n., ",hl.ch w ••• el.cted fol:" all 

.. m1-batch flotatlon tests. 

'i. Li. 2 Collector s.lect.lon 

Bath N.AX and sod~um ethyl xanthate eNaEX) wel:"e tested 

at an AFR of 6.25 L./mln. R.sulta are shown .ln Table ~.3. and 

conF11:"m that NaAX, which ~ielded higher FRCs, 1s a more 

pow.rful collectol:". 

'i.~.3 Chemical Ccnditioning 

Two expel:"iments were also conducted at an AFR of 5 

L/min°. and a I.IIIIIFR of 3 L/mln., to determlne the effect of' 

activator and surfactant concentl:"ation. 0 Experimental 

conditlons and 'I:"esults are given ln Table ~.'i. Flotatlon 

without aCtlvatOI:" yields a low FRC CFRC: 0.52 m.ln.j test 3'i), 

Bnd eonrl.rms the nead ror actlvator add1tlon. Tests 29 and 32 

show that rlotatlon kineties al:"e arfeeted by collectol:" Bnd 
° 1 

Betiv.tol:" dosages, but not exeeedlngl~ 50, as dosage lncreBses 

of 300% and lOO~. I:"espectl.vel~. produced an 20% lncrease ln 

the FRC. Finally, test 6 clearly shows the ne ad roI:" rrothar 

addt't10n. 

. .-
' .. 
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JAkE 4-2 TAU 4-3 

• 

Tm .. FIt TEST IIFR Cll.UCTOIf FIt ... (LlI .. ) Cl/Illl ... IL/IIII) Cl/Illl) 

\! .. ---
5 2.33 0.52 2.~ !lIAI 0.81 

7 2.65 0.59 20 2.90 IllEl 0.63 

l 2.~ 0.61 2 1.00 !lIAI 0.84 

2.90 0.81 2'1 3.00 lIAI 0.92 

2 3.00 0.84 19 3.00 IllEl 0.10 

~f 3.00 0.92 13 3." NIAI 0.83 

13 3." 0.83 21 3." ' IllEX 0.69 

4 3.20 0.58 

--l 
. 

-.----
AFlh 6.25 Uun, SAII'lE: 200 , AFR: 6.~ L1lin , SAIIPlEI 200 Q 

-------_ .. 

1 TAbl. 4.3 EffllCt of coll8Ctar typ. on flot.atian ,. .. t. 

t 
! 

....... 
constant at di ff.,..lInt liIItIFRs. 
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Evidence that adequate act~vat~on of'coarse sphalar~te 

by copper sulfate may not ach~eved durlng cond~t~on~ng has 

been reported by Rey (1968) . I~., was suggested that ~ ~s 
rela~ed to a copper sulfate derlc~ency caused by exceSSlve 

adsorptlon onto ultraf~ne5 durlng condlt~onlnQ. ThlS m~Qht 

account ~n part for the apparent quantltat~ve lneff~clency of 

coppet' sulfate as an act1vator. occa51onall~ observed in 

practl.ce. 

On the baS1.5 of these observatl.ons, a test was 

conducted et an AFR or 5 L/mln, WWFR of 3 L/mln by us~ng a 

split condlt~oned sample. The sample was dl.Vlded l.nto two ~ 

rractlons on a 38 ~m stal.nless steel Slave. The- coarse 

fractl.on was conditl.oned for 20 ml.nutes w~th 6S~ of the total 

collector addltl.On, at 70~ soll.ds. The rl.ne fract~on was 

cOnd~tl.oned wlth the remainder or the collector at 20% sol~ds,o 

for the same tlme. The two fractlons were then comblned and 

conditl.oned for a rurther 10 m~nutes befors rlotat~on. 

Results are reported in Table ~.S. Ths use of split 

condl.tion~ng d~d net rsault ln any sl.Qnl.ficant change or the 

F~C, and'will not he used in the presen~ wCF~k_. Slmilsr resulots 

had besn repcrted by Anthony et al. (1975) who ccncludeQ that 

fine particles did not appear to consume _ greatly 

dïsproportionate amounts of copper sulfate during 

conditioning. • 
\ 

• 
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TAIII 4-4 

Tfil .IAI CuSD 5M 0 FROTllR fIC 
MUNlER It/t. 't/t. l,lU Il/.in) 

.. -.--_.------~---------------------------------------
34 
211 

31 , 
100 
100 

400 
100 

o 
:500 

1000 

500 

AFI. ,.~ L/.ht 1 SAIIPlE: 200 • 

75 
75 
7~ 

o 

0.52 
0.'2 
1.11 

0.37 

------------------------------------------------------

L 

t!' 

TABlE 4-5 

TEST MIAI CuSO ~ 0 FROTHER COIlDl1l1111116 FRC 
IItNER 16JT) 161T1 (titi n/ti •• 
-.-_.------.------------_.-.---.---------.--------------------. 

33 100 500 75 SPLIT 0.71 

31 100 500 15 MORIW. 0.10 
24 100 500 7:5 NORltAL 0.81 

-----_.-----------------------------------------------_.-.-----
AfRrS lI.i" .Rr l L/.in' SAItPLEJ 500 9 

TABLE 4.4 Influence of che.ieal eonditionino on flotatian 

rat. constant. 
0/ TABLE 4.~ Influence of conditioninQ type on flot.tian r.te 

conatant. 
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't.S SUMMARV 

In this chaptar, an overall viaw o~ sample and reagent 

selection strata~~es wa. presented. General aspects of the 

.eml-batch experimental procedure were then introduced. 
.,.-

Lastlu, prelimlnary test fasults ware dlscussed . 
• 

Prellmlnary seml-batch flotatlon tests canflrmed the 

need for actlvator and frathar addltian. Copper sulfate, 500 

g/t, NaAX, 100 g/t, Dowfroth 2S0C, 7S g/t, and lime were 

.elected as actlvBtor, collector, frother, and pH ,regulator, 

respactlvely. The dosages and condltionlng tlmes were chosen 

~rom t~plcal lndustrlal appllcatlons. 

~ The results of p["ell.mlna["y tests been conducted to 

determine the best operutlng condltlons showed that a wash 

wate[" addltlon Flow ["ate of 3 L/mln was optlmal. In addltlon, 

Spllt condltioning and lncreBsed ~aagent dosages did not 

increa.e the FRC slgniflcantl~. 

" 

" 
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CHAPTER 5 

THE AIR-WATER-S~HALER1TE SYSTEM 

5 . l 1 NTROOUCT ION 

In chapter 3, the effect of AFR on bubble 

POpu~Bt~ons was charactsrized. In the present ehapter, tha 
~ 

effect of AFR and initial pulp dens1t~ on'the FRC of 

sphaler~te in sem~-bateh 'flotat~on w~ll be lnvestlgated. 

The effect of par~~cle size on flatat~an k~net s ln 

semi-batch flotatlon will be d~scussed. 

The approach used W8S ta remove froth phase as 

soon as formed, 50 that the reeoveçy rat mltlng s.tep 18 

mineI"al flotation in the SlUITy phase, that; ~s, 

particle-bubble colilsion ana attaehment. 

5-.2 EXPERIMENTAL PROC,EDURE 

, . 

The expeI"imental pI"ocedure is s~milar to that 

descI"ibed in ehapter ,li. Two different sets o'f experlments 

without froth phase were completed using 500, 7 ~ sol~ds, 

and 1000 g, 1~ % SOllds semples at'l100 rpm. 

The part1els size dlstr1butlon of the products of 

some of the tests was measured to eharBcterize 

.iZ.-~~-slze klnetics. The Sedlgraph 5000D did not ~ield 

~.producible partiels size analyses for 'some strongly 

75 
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~dropheb.lc semples. possibl", because o~ dlsperslon 

pr-oblems. The Warman c~clos1zer- gave good repreduclblllt",. 
Ir 

and lAI as used ror a11 ( sphaler 1 te Slze analyses. ~s 50 me 

samples dld not disperse weIl ln lAIater, methanol WBS'uSed 

te wet the cyclosizer feed. 

5.3 RESULTS AND DISCUSSION 

The results of each experiment are given in detail 
, 

1n Appendlx 5.1. Typlcal r.sults are shown ln Flg. 5.1, 

where the logarlthm or mass or hydrophoblC materlal 

remalning ln the cell 15 plotted as a runctlon or tlme. 
, 

Seml-batch flotatlon test results are tabulated ln 

Appendices 5.2 and 5.3 for 7% and 1~% 9011ds feeds, 

respe~tlvely. The correlatlen between AfR and fRC 15 glven 

in F l'ilS. -5.2 and 5.3: The FRC l ncreases as ~FR l ncreases 

to reach a maximum at an lntermedlate AfR. arter Whlch 

~urther increases AFR ,a~fect ,f 10t6!tlon kinetlcs 

adversel",. Maxlmum FRCs were obtalned at an AFR of s.~6 

L/min for 7% sol1ds and 6.33 L/min (or l~~ SOllds. 

5.3.1 Calculetion of the Size-8~-Slze FRC 

Some of the concentra te products warl! cycleslzed 

in order to lnvl!Ist'lgate slze-by-slze fletatlon klnetics. 

• When indlvidual concentrate pr-oducts lAIere too small to" 

1nsL.lre good size analysis, succeSSlva samples ware 
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Fig. 5.2 Flotat~on r-ate consta'nt as a functlon of air-

f' lClIJ rate. 
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comblned te get anough materlal, ~O g, for cyclOS~Zlng. 
l 

ClaSSlflcatlor curves of tests 31 and 33, shown ln 

FlgS. 5.~ and 5.5, lndlcate that the partIcls Slze 

dIstributIon of floated produets becomes flner as t~me 

progresses. The FRC of eech Slze classes ~as calculated, 

USlng the Size analy51~ of each produet and cumulatIve 

WBlght recover les, ta plot the raturai logar l thm of 

percent age welght of each s~ze classes rBmalnlng ln the 

f lotatHm cel l , as a funct .1. an of tlme. The data were 

plotted on a seml-logar~thmlc pa~er and the slope of 

Ilnesr- part of each curve was obtalned by linaar 

regrésSlon. All results are Ineluded ln AppendICES 5.~ and 

5.5. FlgS. 5.6 and 5.7 show typical results at an AFR of 5 

" L/mln. The FRC Increases wlth" Increaslng partIels Sl.ze up 

ta the 23-30 fJ.m size class. After reaehIng a maXImum, the 

FRC drops slightly. ThIS ~lnding agrees wlth those 

prev10usly reported (Klng, 1976; Trahar, 1976), The hl.gh 

fRC of -8 p,m Slze fractl.on, whlch lS less than 10~ of the 

floatad products, could be explalned by hydraullc 

entralnment into froth phase, eompounded by rapid rroth 

removal. 

P?rtlcle Slze plays an lmportant ~ole ln each of 

the C01+Bctlon subprocessss. Anfruns ~nd Kltchener (1976) 
, 

and Weber (1981) showed that eoll~slon efficleney, Ee, 

lncreases wi th inersaslng partiels Slze, Dobby (198'*) 

proposed that attachment efficiency dec['esses W 1 th 

InCreaSl.ng particle size. He showed that flne partlcles 

80 
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CLASSIFICATION CURVES OF TEST-33 PRODUCTS 100~~~~~~~~~~~~~~~~=---~~--1 
1.. l'nxixt , 1-2 

4. Prai:cl.' ~ II 

s. Prai:cl.' 12-14 

e 
5 
4 
2 
3 

w 50 

z 

o~ i -1 
AF:R5Lmin 

0~~---'----'-~----~-----';------r--7o~32 
8 28 

'J' 

F~g. 5.~ Class2F2cat2on curves of flotat1an' praducts 

(Spllt cond1tloned ~ample). 

P,-oduct * Flotation time 

(min) 

1 2 0 0.3 

3 5, 0.3 0.8 

6 S 0.8 1.5 

9 11 1.5 2.5 

12 14 2.5 3.6 

15 Rein. 3.6 4.2 
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F~g. 5.6 Flotatlon ~ate ccnsta~t ve~s~s pa~tl=le Slze 
, 

crest 31, AFR: 5 L../mln; . 
... 

0:88 
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E 0.59 --- If 

U 
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-8 8.10 tO.·16 16-23 23·30 .30 " '. 
S 1 Z E ( um.-) , ' 

FloW' S. '7 Flo'tatlon rate constar.~ 'v'e:-sws par-:'lcle Slze 

crest 33, AFR. 5 L/mln.1. 
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would remain in contact with bubbles for much longer time 
\ 

periods than coarse particles, and that indùc~ion times 
" 

decrease w~th increas~ng partiels s~zs. Tnerefors, the net 

af'fect lS an ~ncreaSln~ attachment efflc~ency wlth 

decraas~ng partlcle slze'. K~ng (1972) and Baseur and 

(1982) pOlnted out that the probablll ty of' 

detachment ln the slurru phase lncreases as partlele Slze 
,. 

1. ncrossses . 

Aecor:-dlnglu, the reason ror the peak 1s the 

opposing errect of' partiele 51ze ~on e0111510n and 

ef'fieiancies; as dp lncreases Ec, increases and attaehment 

Ea dacreases. Probab~llty 

wl.th partlcle SlZS. 

of detachment iaisa lncrea5SSS 

5.3.2 Effect of Initl.al Pulp Denslty On Seml.-8atch 

Flot~tion K1netlcs 

H",draphobiC 
. \ 
part1.cle concen~ration 1S hig'hest et 

the 'beginnl.ng of' the batch test, 'which m~ght lead to 

hindsred flotation. Th1.s gensral1u oc~urs' when a~r bubbl~s 

'are so sa~urated w~ th hl.ldrophoble particlss that flotatlon 
, 

kinetics no longer follow firs~ or der kl.net~cs. Hl.ndered --or inhibl,ted f'lotatlon' 15 more common f'or lower AFRs. 

because, th~ total bubble surface ~s smaller and more 
, 

readilu saturated w~th f'loated particles. . /' ' 

Rate plots at different inlt~al pulp densities r 

u1.elded 11nes that ar~ parallel wlthin experl.mental 
" . 

e~rar.!J., in the range of frae f'lotation (Fig. 5.8). Curva 1 
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Flg. 5.8 Effect of ln~t~al pulp ?enslty on,SSTl-batch 

rlotat~on. 
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cleat"l~ shoLLls thBt the highest l.nl.tlal concentt"Btion, 

hindet"ed flotation takes place ror- appr-oxlmately 120 s. At 

constant AFR • the total hinder-ed flotatlon tlme will 

incr-eBse Wl th lncr-easlng lni tlal concentr-ation. The pr-opet" 

FRC can be extr-ected rr-om each curve uSlng the section 

corr-espondlng ta rr-ee fI otat]. on. Thl.s, FRC shoLLls no or 

Little dependence on l.nitlal pulp denslty. When the 

vertical lagar-lthmlc plot does not ldentlfy r-eadily the 

transitiDh fr-om the hlnde['ed to fr:-ee flotation. the 66mo 

reletionshlp should be plotted on a ver-tlcal 11neer- scala 

(Fig. 5.9). A 11near relationship at the beglnnlng of' the 

test lIJlll then cleerly ldentlf'y the extent of hindet"ed 

flotation 1.B. zer-o or-der r-emaval of meter-lal. ThlS 

par-allellsm 1 ndlcates that the tt"ansfer of matet"lal fram 

the slur-ry ta the froth follows flrst arder- kinetlc!l 

Clmaizumi and Int;)ue, 1862). 

The specif lC bubb1e load in g/cm was calcu.lated 

by divldlng the zero or-dsr- pr-Oductlon rate of concentr-ete 

me8sur-ed under- hlndBred flotatlon (in g/min) by the total 

bubble surface pr-Oductlon La te (1 n cm 2 /mln). Al! sclids 

wer-e assumed recover-ed by bubble attachment, and bubbles 

LLler-e assumed fully loaded. Fig. 5.10 shows that the 

speciflc bubble load decreases wlth lncr-easlng AfR. It is 

balieved that the smaller bubbles pr-oduced at lower AFR 

have a lower r-ise VelO€l ty because of thelr Slze and much 

reduced buoyancy when fully loaded. 
~/ 

Thus, r' attactled 

partieles, ar-e not· by the var-tlces behind 
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r1.ing bubbles or the shearing action of" ,the f"luid 810ng 

their surf'ace. Additiona!lu. if the maximum bubble 

spacif" ~c load is detsrmlned by a dynamic equl~briu~ 

between the capture and detachment rates the ~ncreased 
, 

collis~on erf"ic~eneu of" sma!ler bubbles should f"avour the 

capture rate and further ~ncrease the spec~f~e bubble 

load. The higher coll~s~on sfricieney of the smaller 

bubb!es. produced at low ArR and thelr ~nereased retentlon 

tlm~ ln the slurru may expIa1n why h1ndered flotat1on 

tekes place at low AFRa. The sma!ler bubbles produeed at 

lower ArR also have an lncreased load capaclty per unlt 
" \. 

surrace (Fig. 5.10). prasumably because of thelr lower 

rise vel~ tU. 
,",} 

5.3.3 Representation cf' fRC as a runcticn of" AYR 

r 
Experimental data g1ven 1n Appendrx 5.1 wera 

fitted bU the eq: CLaplante, 1980) 

FRC : C ~_ Q !Ir exp CC, !Ir Q) 5.1 

C 1 and C2 are constants detarmlned bU regremuen on a 

I1nearlzed f"orm of Eq. 5.1: 

• 
Ln (FRC/Q) • Ln(C 2 ). C,* Q 5.2 

fer 7% solids. relatiansh1p batween AFR and 
( 

the 

FRC 1s glven b",,; 

8S 

--_______ t 
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nc • 0.3229 * Q * exp(-O.183 ; 0.017 * Q) 5.3 

A .imil.~ ~elation is also obta1ned fo~ l~% 

soUds: 

FRC : 0.3069 * Q * exp(-0.158 ; 0.012 * Q) 5.4 

The First te~m ~ndlcates that mc~e a~r means more 

bubble and more bubble surface and therefore, an lncreased 

FRC. The second term acccunts for the fact that increased 
--~ 

AFR ~mpl~es larger l.e. less eff~clent bubbles and hence 

air is not as eff1c~ently used per unit volume. Laplante 

(1983b) suggested a model to estlmate the AF'R at lIIhl.ch 

FRC is maXimum based on the lIIork of Anfruns and K·1 tchener 

(1976). as analyzed by Jameson et al. (1977): 

5.5 

where K: FRC Cl/min) 
• 

Cl: AFR CL/min) 

db: average bubble d~amet.r. (mm) 

(3: 1.5 CEk/A) 

Ek: collection effic1eney 

A: cell surface area Ccm 2 ) 

In the alr-water system of the present stud~. db 
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wes cbaracterized as a function of AFR. 

Ln(d b >r.= 8(0.067 i 0.003) + 0.897 
l 

3.5 

where db 15 millimeters and Q ls litres. p'r minuta. 

Substl.tutinc l.n eq. 3.5. 

PRe : Q If exp«O.1802 :; 0.0054) '" Q) "'p 5.6 

Th1s last equat1an 1s s1m1lar to the more general 

axpressiqn used ln eq. 5.1. 

B~ dirrerentiating eq.S.l, it can be shawn that 

maXlmum FRC accurs at an AFR glven by: 

Q = Ile 1 

Experl.mentally cbserved values cr Cm from eq. 5.3 

and 5.~ are ln gccd agreement wlth predlcted values From 

eq. 5.6 (Table 5.1). 

--------------------------------
1 SOLIDS Obnrved l1li Prtdl ctld Ua 

------~ ------------------------------------------------

7 5.46+0.5 5.61+0.5 

14 6.1m.6 S.Uto.5 

--_.------------------------
, 

Table 5.1 Experimental and predicted AFR yieldlng 

maximum FRC. 
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Th~s suggests that the relatlon9h1p between AFR and 

average bubble 51ze can be used to pred1ct the AFR at 

wh~ch FRC 15 maximum. 
~ 

S.3.~ Comparison With Other Flotatlon System 

It i9 convenlent to use the dlmenslonless alr rlow 

number, ArN, or more accurately the modlfled alr Flow 

number, MAFN, to compare ~lotatlon machlnes of dlfferent 

Slzes (Harrls, 197~)~ The dlmenslonless AFN, and MAFN are 

given by: 

AFN :: Q * (N * D J ) 

5.8 

where (;1: AFR (cm Imln) 

N: lmpeller speed (rpm) 

D: lmpeller dlame~er (cm) 

MAFN = AFN -Ii; CD 2 1 A) 5.9 

where A: ceU cross-sectlon 
2 (cm) 

As expected, the AfN and MAFN of the pre~~work 
aLe q Slmllar to those suggested for Denver flotatlon cells 

of simllar design (Table 5.2). ThlS lndlcates that the 
, 

range or AFRs under investigatlon ln the present study 1S 

comparable to those used ln other types and sizes of 

flotatlon cells. 
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Dr::NVER (ST1\NDARD) 

Fl>GERGEN (I-I) 

IllPIR1IE-S CELL 

aH scale 

opti.nnpl range 

THIS IDR!< 

aIl scalG 

optimum r aT1ge 

AIR PIDv IUIDER 

1-2*10-2 

4-7*10-2 

0-3.4*10-2 

1-2*10-2 

0.3-2*10-2 

1. 0-1. 7*10-2 

M:::DIFIED AIR FW:l NUM3ER 

2.5-5 * 10-3 

2.0-5.6 * 10-3 

0-7.3 * 10-3 

2.2-4.4 * 10-3 

0.6-4.1 * ro-3 

2-3.5 * 10-3 

TABLE 5.2 DlmenSlonlsss alr flo~ numbsr and modlflsd alr 

flo~ number of different cells. 
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S.Li SUMMARY 

In thLS chapte~. a techn4que Wh4Ch allows ro~ 
( 

qUlck Eroth removal was used te 4nvest4gate the erfects of 

AFR on flotat~on k4net4cs of flotat~on 4n the slur~y 

phase. 

Fo~ sphalerlte, the FRC was found to inc~ease to 

maXlmum at an lnte~medlate AFR, and then to dec~ease aa 

the AfR W8S further incre8sed. As AFR lncreases total 

bubble surface ~ncreases, and the average bubble d~amete~ 

dec~eases; the flrst effect favours an lncreased fRe, 

whe~eas the second has the OPPoslte effect. A maXlmum fRC 

is obtalned at an lntermed~ate AfR, when these two efrects 

are equal ln magnltude. 

A slze-by-s~ze analysls of flotatlon klnetlcs 

confi~ms prevlous results of an lntermedlate partlcle Slze 

at Wh4Ch maXlmum flotab411ty 4S obse~ved, ~n th4S system 

23-30 ~m. The unusual h1gh fRC of the sllmes, -8 ~m, lS 

attrlbuted to hyd~aullc ent~alnment. 

The erfect of ~n1t1al pulp denslty on the k1net4cs 

of transrer rrom the slu~ry te the rroth lS small, 

prov1ded that the bubble surface lS not saturated w1th 

captured part4cles. At low AfR or hlgh partlcle 

cancentratlon, zero o~der kinet4cs are observed as the 

~ate limlt4ng step ~S the Ilmlted capaclty of the bubbles 

ta carry captured partlcles into the rroth. 

9Y: 
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CHAPTER 6 

THE CONTINUOUS FLOTATION OF SPHALERITE , " 

6.1 INTRODUCTION 

In the p~eceeding' chapter. the affect of AFR on 

the k~natics of semi-batch flotat~on was ~nvest~gated~ ln a 

s~stBm ror which froth removal was performed as quickly 

as possible, qUlte unlike lndustrlal practlce. ThlS 

procedure wes followed in order te measure bubble-par~lcle 

colllslon and attachment rates ln the slurry phase l.e. 

the effect of AFR on the transrer From the slurry to the 

rroth. o 

The results of these experlments have to be 

lnterpreted in the Ilght of the fact that they were 

obtalned a smali-scaie batch system. Industrlal 

flotation, using larger scale contlnuous'cells and complex 

unliberated ores, can presen~ disslmila~ m~neral behavlor 

ln the slurry and froth phases. 

In thlS chapter, the small scale contlnuous 

flotatlon of a Zlnc ore wlll -be investlgated, under 

controlled FIs vsrled st three different AFRs, ~n qrder to 

brldge at least partially the gap between batch work and 

large scala contlnuous flotatlon as used ln lndustrlal 

flotation plants. 
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6.2 DESCRIPTION OF THE EXPERIMENTAL SYSTEM 

" 

One cf the design c4ite41B of the cell use~ wes to" 

cperete eithe4 batch or cont1nuous. The sème cell was use~ 
~ 

afte4 two maJ04 modlficatlcns were lnt4oduced. Flrstl~1 

the feed was pumped ln and the talling was pumped out bU 

-Maste4flex perlstBltlc pumps. As meD~loned eariler, the 

presence of buffer zone provldes a qU1Bscent slurry-froth 

interface. ThlS actlon was enhanced by USlng elght 

specially daslgned lnterconnected pyramldal baffles made 

or plexiglass, mpunted lnto the cell~ close ta the actlvB 

and buffer zone lnterface, to mlnlmlze turbulent 

circulatlon of the cell content and Ilmit hydraullc 

entralnmen~ to the concentrate. 

sean 

The overall Vlew of the experlmental set up can be 

lrt Flg. 6.1. It conslsts or a modlfled D'enver 

flotation machlne, a plexlgiass cell, two varlable speed 

pumps, a 60 Iltre feed tank wlth stlrrer, a contlnuous 

rrother additlon pump and an electronlc llqUld level 

controller. Slurry condltloned l~ the feed tank was pumped 

into the cell, whlle the concentra te was collected ove~ 

the cell IIp and talls were dischBrged from tne bot tom b~ 

, another pump. 

Fig. 6.2 provides a detalled flowsheet of the 

varlOUS operations. 
---......." 

Desllmed Zlnc concentrate was 

condltioned prlor to the f~~tatlon tests uSlng copper 
"-

sulfate and NaAX at lO~ SOllds by welght. Natural pH was 
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" CONTINUOUS FLOTATION F,LOWSHEET .-
- ! , . 

DESLIMING CONDJTJONING F lOT AT lOti 
~ • 

, v:~ : 
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.;: 
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~ 
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1 0 

" . 
52 ", Zn Ac-,tivator: CuS04 (500 g/l) Samples: Fee d 

( 100 'glt ) 
-

~O-74IJm 'C 011 ~ctor : NaAX Ta ils 

'~ 

.~ 

r ' ,F-rother ': Oowfroth(7.5g(t) . 
Conc.~ 

": 

-. -
- _ pH, . : 7,5 - S (l i me) , 

RPM. : 1500', Solid:'·10 'l, 
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malnta1.ned, whlle the rrother was continuously added to 

the reed stream. 
( 

The reed, concentrate and ~aillng streams were all 

easlly accesslble ror sampllng. Flotatlon products were 

weighed, flltered, drled, and weighed aga1n. for some 
~ . 

tests, the partlcla Slze dls~rlbutlon of the t~ll and 

concentrate streams were determined by uSlng the 

cycloslzer. 

1 

6.3 KINBTICS 

The trànsfer of hydrophoblC partlclee rrom the 

slurry to the froth was lnvestlga~ed ln a system havlng no 

Et"oth phase. 

The following assumptlons ·were made to calculate 

the FRe; 

" 

a) the trsnsrer of material from the slurry to the 

Eroth follows first order kinetics Cpreviously confirmed • . . . 
in seml-batch tests) and 

i.e 

also 

if 

b) there lS no 

aIl ~haler1te 
b/transrerred 

drop-back From the Eroth to the slurry 

. transferred t~ the froth phase wlll 

over the cell IIp. Any 'such d~op-back, 

present, 
~ 

should be minimal Slnce aIl spha~rlte 

particles in the slurry were hydrophoblC and the 
., , 

rroth-slurry lnterEace W8S very quiescent. 

c} all·the sphalerlte are hydrophobic. 

, . 
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FRC can be c81cu18t'e~ by using the follcw1ng 

wel1-knawn equatlon 
.:1 

assum1ng.perfectl~ mixed slurry phase 

CLôved8y-Marchant, 1970); 

R.K*1/K*T+l 6.1 

where R;' fract~onal recovery 

K: fRC, l/min 

1; ave.aQj3 so11ds res~dence time", mu'!. 

and 

f - Mass in the slurry/mass ln the ta~l!t- streams 

The r-esults of each exper-lment ar-e glven ~'11 detail 
o 

in Appendix 6,1. 

6 • 'i THE EFFEGT OF .FROTH TH 1 CXNESS ON J( l NET"lCS~" 

\ 

The of mater-lal fr-om the fr-oth avar- the 

cell l~p and dr-cp-back of materlal fr-om the fr-oth te the 
1 

slurr-y can be char-acter-~zed ln a system havlng a fr-~th 

phase. 

The follow~ng assumptions wer-e made (Laplante, 

1980) ; 
...... 

a) the froth phase 15 homogeneous; this can Se 

acceptable for- very thln froths. 

ce11 

b) the tr-ansrer- cr mater-~al fr-om the fr-cth aver- the 

lip follows f~r-st orde~ k~netics with respect ta the 
/ 
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m.S5 cr mate~lal in the r~oth phase (FTC). 

" 

,c) the tr:ansfer of mate~la~ From the f'~oth beck te 

the slù~ry follows rIrst 
1 

o~der klnetlcs wl1:h respect tc 
" 

the mess or m8te~i81 ln the ëroth (DaC) 

d) the t~ansfer 'of mlnerai From the slurry to the 

froth follows f irst arder klnetlcs LUl th resp~ct to the 

mess of,m1ne~al ln the slurry. 

Both trangfer 'rates From the froth back to the 

slurry and to the cencentrate stream nave been modelled as 
\ ' 

, 
fl~st o~der reaction rates, ln which case the recovery 

, 
,R, bec:;omes: < ' 

.. 'l 

~--------~-----------

ct_ 

LUh~e K : FT~ Cl/min) 

K1 : DBC (l/min) 
, . 

K'2:.0RC (l/mln) 

6.2 

6.3 . 

< • -

, ' 

J , 

Darivati'bn ef":.,aquations 6.1, 6.2 and' 6.3 and, 

calculatlcn prQcadurss are given in Appendlx 6.2, The FRei 

has .• lready baen calcu1ated (sectIon 6.3), ~harerare, it 
" 

lB pOSSible te calculata FTC From the concent~ate rate and 
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" 

t"roth mliss. Then', the 
f 

';Jl 
DSC:: can be calculated rram ex and ( 

the FTe, using Eq. 6.3. 

6.5 EXPERIMENTAL PROCEDURE 

Ta determ~ne the FRe, the celi lilas aperated 

continuousl!d at 1500 rpm. Wash lIlater supplled rram a head 

tank ,was added continuous!!d ta the cell, 1.2 L/m~n, to 

- remove the rroth phase. The slurT!d level lilas always kept 

at the celi l~p, as the sum of feed C1.5 L/m~n) and wash 

",ater f loUl rate lIlere greater th an the ta~ l Flow rate (1350 

L/min). Two Masterflex pumps y~elded constant feed and 

tall flolll rates. 

Arter cond~t~onlng lIlith copper sulfate and 

collector ln the reed tank, the system lilas turned on. 

Samples rrom the feed lJJere taken. The system liJas then 

allowed to r-each steady-state. Four tlmed samples of the 

con~entr-ate and f l ve or the talls were collected at steady 

state. Ihe AFR lilas then changed for another sampllng 
, 

, cycle simllar- to the rlrst. AFR lilas var~ed from 1.3 to 8.7 

-L/mln ln random or-der. After- the last samplln~ cycle, 

t"eed, taillngs, a~r- and water valves lIler-e tur-ned off 

slmul taneously. The mater~al ln the cell lilas dlschar-ged 

and, welghed ta determlne the sallds resldence tlme. AlI 
9~ 

semples lJJere, lIlelghed, fllter-ed, dr-led, welghed agaln and 

cyclosized. 

A dlfferent experlmental technlque was used ta 

102 
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dete~m~ne FTC and OBC' at a non-ze~o fT. AfR was va~~ d 

from 1.3 to 7.5 L/min and FI va~led f~om 1 to 5 cm. F~oth 

th~ckness, wh~ch ~s gene~ally daf~ned as the ve~tlcal 

d~stance between slu~~~ levei and flotat10n cell IlP, was 

va~~ed by changlng talls flowrate whlle keeplng the Feed 

flow ~ate constant at Iew FIs. Fer h1gher FIs ,1.e. 5 cm, 

the electronlc llQU1d level cantralle~ was used ln 
, 

conJunct1on wlth talls Flow rate te keep slur~y level 

constant. 

After taking tlmed samples f~am feed, concent~ate, 

and talllngs streams at steady-state, feed and ta1ls pumps 

and a1r Flow we~e tu~ned orf slmultaneausly. Then the 

slurry-f~oth lnte~face was lmmedlately ~alsed ta the cell 

l~p level te recover all partlcles trapped in the froth by 

addlng wash water under the froth phase. The f~oth content 

was cellected ln a sepa~ate contalne~. 

6.6 RESULTS AND DISCUSSION 

The \ 

~ecove~~ in ~elat10nshlp between ~FR and 

absence of f~oth phase 15 given ln Fig. 6.~. Recove~y 

increases W1 th 1ncreas~ng AFR t Afte~ reachlng a m'axlmum, 

it drops sllghtly. As can be seen f~em FIg. 6.~, the 
1 

maxImum FRC calculated uSlng Eq. 6.1 was ebta~ned aga~n at 

an lnte~medlate AFR. Slmllar results were obtalned in 

seml-batch flotation. The peak was only shlfted towards ft 
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h1.ghex:- AfR, px:-obably due to the sl~ghtl~ lncx:-ea5ed 

l.mpeller 5peed. 

A plot of AFR agalnst recovery at dlfferent FTs l5 

shown in F.l.g. 6.5. As elther AFR .l.ncreases a x:- FT 

decreases, overall recovery .l.ncreases. The x:-elationshlp 

between AfR and mass ln the rx:-ath phase agaln at d.l.rrerent 

FIs 15 glven 1n Flg. 6.6. The mass ln the froth decx:-eases 

wlth lnCreaSl.ng AFR. ThlS decrease lS more slgnlflcant at 

hlghsx:- FTs. 

The resul ts of' each e,<p,~r.l.ment ax:-e glven ln deta11 

1n Appendlx 6.3. The effect of FT on the FTC at four 

dlffex:-ent AFRs 15 shown l.n F1g. 6.7. As FT incx:-sases, the 

FTC slgnifl.cantly decx:-eases due ta an lncrease ln the 

partl.cle resldence tlme ln the froth phase. 

A plot of AFR versus FTC 1.5 given l.n flg. 6.8 at 

dlfferent FTs. There is an l.ncx:-ease ln FTC w1th lncx:-easing 

AFR fx:-om 1.3 to 5 t/m1. n. Aboye 5 L/m1.n. the FTC 1. ncréases 

W1.th AFR at a FT of' 5 cm, and decx:-eases at lower,fTs. 
\ 

Generally, speak1.ng, the FTe l.ncreases as the AfR .l.ncx:-esses 

i.e fx:-oth removal lnto the concentrate stx:-eam becomes more 

effectlve as AfR lncreases. 

The x:-elationsh1p between FT and DBC 15 summaX:-lzed 

ln F1.g. 6.9. Results l.nctlcate that DBC Sllghtly 1ncx:-eases 

wlth lncreaslng FT. - flg. 6.10 shows the correlatlon 

between AFR and DSC at dlffsx:-ent fTs. At low AFRs, DBC 

increa5es s1.gnlricantly w.l.th ~ncreaslng AFR; then a 
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plateau is reached at interméd1ate to ~lgh AfRs. 

The relat~onship 

summaI"'l~ed by: 

bet~~ 

0.7020 
DBC = 0.5862 'Ir Q. 

0.3038 
if FT 

AfR. 

CcorI"'elatlon coeffic1ent: 0.97)' 

fT and qsc can be 
,,---

6.4 

The Silght lncrease ln DBC as 'fT lnc ases could 

be expla~ned by a numbeI"' of mechanlsms. Flrs Y. the 
~ 

par-ticle resldence t1me 11'1 the" froth 1nCI"'eaSes wlt:tT--

increaslng fT. 'Thls Ieads ta a hl.gher, pI"'obablllty Of'~ 

., 

detachment in the rroth pha?e. Secon'dly 1 aS rT. l nCI"'eases 1 .~ 

llqU1d rscovery l.nto the concentrate 15 decrsased. As the 

same 11qU1d flow rate lS entra1ned lnto the froth by alI"'. 

watsr dra1nags must lncrease. The froth lS dr1er, and the 

probablllty of bubble coalescence lncreased. 

The DSC lS lowest at an AfR of 1.3 L/ml.n. Thls lS 
~ 

a diI"'ect ,?onseque~,ce of the hlndered flotatlon caused by 

satuI"'ation of bubble
rl 

surface wlth hydI"'ophoblC partl.cles. 

The eXlstence of h1ndered flotatl.on was COnf1I"'m~ by 

compaI"'l.ng the 501id holdup ln the cell "'-ln cantlnuaus 

aperatlbn with batch work unde~ sl.milar condltlons. These 

" 
hlghly loaded ~ubbles (educe coalescence showed by 

DlJ3penaaI"' (1978) who stated that the Erath then hlghly 

flocculated becames stab.bll.zed by SOl'lds when the~ adhere 

to the air wateI"' l nterface 50 closely together that llqUld 

dr~inage .lS restrl.cted. The, hlgh bubble 'load at -low AFR is 

, . 
113.1
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conf'it'm~'ng by f~\;1. 6 .11 wh~ch g~ ves the sol ~d hbldup in 

the ft'oth as a funct~on of FT fot' AFRs of 1.3. 5 and 7.5 

L/mln. 

In general, factors that reduce the rate of 

dr:-ainage of the froth füm w~ll lncrease the stabll~ty of 

rr:.,oth. "Thus. the smallex:- the bubbles form~ng the fr'oth, ln 

thls case, at law AFRs, the gx:-eater the stabll ~ ty of" 

froth, 1. e. less dr'op-back. 

f('om fig. 6.9, it wIll be noted that the DSC doss 

not converge to zero as the FT appx:-aaches zer-o. ThIs mlght 

be expla1ned by the fact that even though the FT IS 

assumed to be zero, at least one or two frath layers 

r low ho!:' lzantally on the froth sux:-race CF 19. 6.12). nIt IS 

l.nterestlng that the magnItude of OHC at zero FT 1S aboun 

60 ~ of DSC fox:- S cm fT . Thls ~s no way .l.nvalldates the 

technl.que 'used ta determlne the FRC, for whlch the froth 

~s removed on a f ~ lm of wash water. Th.l.S ln fact 1ncr-eases 

the FTe Ylsldlng alpha values close to unlty. 

MO!:Js ( 1982) has presented a comprehensi ve 

mathematical model for the behavlor of rroth phase 

He showed that thex:-e wer:-e two 4:ransfex:-

-mecha n ~ sms ln the 'fx:-oth. Ueloc~ty in (the hO.lzontal 

direct~on l.S .lower than ln the vert.l.cal dlr'Bct.l.On at the 

back of the celi Cflg.6.13)' Cuttlng et al. (1982) 
\ 

invest~gated the rt"oth phase by measurlng the probab~litl.l 

or tx:-ansrer<" of pat"tl.cles st the top of the froth phase 
,., 
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'(Fig. 6 .1ID . Oetachment of hydt"ophob~c pat"t~cles dut"ln,i 

horlzontal transport results malnly rrom coalescence and a 

suqsequent decrease ln the sur race area holdlng the 

mlnerals ln the upper part of the frath aWlng ta hlgh gas 

hOldup. If a bubble t"eaches the top of the froth and 

_bursts, the probablllty that the detached partlcles ~lll~ 

t"eattach to bubbles ~n the thln conventional flotatlon 

rroth and Leach the cell IIp lS low. 

ln lndlvldual rlotatlon celIs, aIl transfers occur 

slmultaneausly and lt lS practlcally lmposslble ta measure 

each separately. Thus, flotatlon klnetlcs ar-e 'usually 

characterized by an over-all transfer - rate which can be 

easlly measured, and lncludes the effect of aIl transfar 

rates. It lS characterlzed by ltS rate constant, the 

overall rate co~stant CORC), ~hlch 15 the product of the 

FRC and ex A slgnlrlcant decrease ln ORC ~hlCh was 

plotted as a function of FT at four AFRs, was obta~ned as 

FT lncreases or AfR lnŒreasesCFig.6.1S). The effect of AFR 

on ORC fs clearly seen ln Flg. 6.16. 

The correlatlon between AFR, FT and the ORC 15 

.L QO.5382 
ORC • 0'.3990 ,. 11 FT 0.558& 

(correlatlon coefflcient: 0.97) 

Data FT of 
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exper~mentallbJ 

ExtrapQlat~on 

found from the slurry-froth k~net1cs study. 

of these curves to zero FT 1S ln good 

agreement w1th the exper1mental FRC l.e the data pOlnts 

on the y aX1s, ta~en from F1g. 6.~. The agreement between 

the ORC at zero FT and the FRC suggests that there 15 a 

posslblilty to determlne FRC ~n the presence of froth 

phase, by extrapolatlon of the ORC to a zero FT. 

Both the OBC and the FTC lncrease wlth lncreaslng 

AfR; the overaii -effect on ex lS small. The effect of fT. 

on a l~ far more slgn~f~cant, because the FTC lncreases 

and D8C decreases wlth lncreaslng FT, the result lS a 

marked lncrease ln a. Thus ln thls system, froth klnetlcs 

are more effectlvely controlled by FT. The effect of AfR 

lS to lhcrease the fRC. Eq. 6.6 shows that both FT and AFR' 

affect overall klnetlcs about equally, w1th1n the range of 

exper1mentat1on CFT: l to 5 cm; AFR: 1.3 to 7.5 L/mlnJ. 

6.7 SUMMARY 

In thlS chapter, the comblned effects of AFR and 

FT on flotatlon klnetlcs of sphaler1te were lnvestlgated 

ln contlnuous flotatlon. 

The fRC, was characterlzed flrstly as a functlon 

of AfR. Results show that a maXlmum fRC lS obtalned at an 

lntermedlate AFR and the FRC decreases on elther slde of 

this AFR. However, most of the experlmental range was on 
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the ascending slde of the curve'. 

The FTC and 08C of the system were aIse 

determ1ned, assumlng a hemogeneous rroth and rlrst-crder 

klnetlcs for the transfer of mater-lai from the fr-oth ta 

the concentrate and from the fr-oth over- the cell IIp. It 

was found that the FTC decreases as FT lncreases or AFR 

decreases. The DSC lncr-eases as FT or- ,AFR 1ncreases. The 

net result lS a relatlvely small effect of AFR on the 

froth recovery, R F 1 whereas ex clearly 1ncreases ua th 

d,eereas l. ng FT. 

The ORC was found te inerease as AFR lnereased, 

and FT decreased, mostly as a result.of the effect of AFR 

,on the FRC and FT on ex . 

In the next chapter, the effect of partl.cle Sl~e 

on Bach transfer mechanls~s w1Il be lnvestlgated as a 

runct10n of AFR and FT. 
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CHAPTER 7 " 

ErrEeT 9F PARTICLE SIZE ON THE OSC, FTC, AND ORC IN 

CONTINUOUS FLOTATION 
1 

J 7.1 INTRODUCTION 

ln th1s chapter. the affect of partlcla Slze cn 

the nac, FTC, and ORC will be lnvestlgated as a functlcn 
<1 , 

of ArR and FT. Particle size has a paramount lmportance ln 

flotation kinetlcs, and rate constants are the best methcd 

~of comparlng the flotatlcn behavlor of particles 'cf 

different SlZBS. 

7.2 EXPERIMENTAL PROCEDURE 

Usually aIl sample$ ccllected frpm talls and 

ccncentrate streams were combined tc glve a large enough 

sample (30' cr ~o g) for Slze analysls by Warman 

C~closlzer." Frcm the Slze ,analyses of the concentrate, 

tail and froth holdup, the rate ccnstants of each Slze 

class were calculated. 

In all graphs where the transrer rate constants 

were plotted as a functlcn of partlcle Slze, the values 

for the finest fractlon (-8 ~m) werp omltted, as the 

behavlor of sllmes was not of prlme lnterest ln thlS 

chapte~~, and i5 dlfflcult to characterlZB in the present 

lEIf 



V'] 
1 

\~ 

i 

sy-stem becauae cf hudrau'iloc e~tralonment. 

1.3 RESUI.TS 

Exper lmantal r-l!!Sul ts are prev.lded .1 n Appendlx 7.1. " 

In arder to expla~n the effect of partlcle sl~e on each 

transfer mechanl.sm, f~r-st, __ baç . -graphs at dlfferent AFRs', 

and fTs were plotted. In fl~. 7.1, a common horlzontal 

axl.S lnd~cate5 the partl.cle Sl.ze range and the vertlcal 

aXls shows' the OBC. For each 512e range thre~ bàrs were 
" 

plotted, for FTs of 1, 3 and 5 cm, respectl.vel~. The DSC 

lncreases as FT and AFR l ncrease .. These resul ts are li .. 

gccd agreement < wlth the behavl.or of unclasslEled feed 

rapeatad ln chapter 6. 

The hlgh drop-back of the 9-13 ~ fr~ctibn lS, 

presumably because a slgniflcant fraction loS hydrau~locl~ 

entraloned ln the Erath phase, and lS not"attached to 

bupbles. ,It 15 thU5 ea5lol~ washed. tiack to 'the 51urr~ by 

ll.qÙld dralnage, The hl.gh drop-back of the plus 37 Jl m at 

fTs ,pf 3, and 5 cm loS ~robab~y caused by an'loncreased 

propabl.lloty of detachment, reported by Kl.ng (1973), 

lt can be notlced that a hlgh AFR appears to 

faveur entralonment' of flone ~artlc+es . The OBC of the 

-13+,9 m sloze classas' lS hl.gh. The DaC or lntermedlate 
"'-. 

classes loS the lowest. A highf3r oBG: of the coarsast Slze 

classes at an AfR of 5 L/min than 7.5 L/mln car, be' 

explaine.d bU an increase in water dral.nage: l ncreaS.l.ng the 
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AFR 4ncreases the froth. 

There couid not a max~mum ORC at an 

~ntermed4ata AfR ev en for ver~ frot,hs. Th.ls ~mpi ias 

• that, at h~gha~ AfRs, aven ~f the çansfar rate of 
<'} 

mater.lai From the slurr~ ta the frath decreases w.lth 

increas.lng AfR, tha transrsr rats fram the frath tb the 

concentrate .lncreases suff4c.l8ntl~ ta praduce an .lncrease 

.ln the averaii transfer rate. Th~s ~Ilustrates that, ~n 

the present system, the transfer of mater.lal fram the 

frath ta éhe ,concentrate, as opposed td the transfer fram 

the slurr~ ta the frath , ~s rate I.l.ml ti ng step. ThlS 

behavlor wauld he even more pranounced ln lndustr4al 

flatat4an cells, where both har.lzantal and v8rt4cal travel 

dl stances .ln the, froth are greater . 
• 

" HaWBver, lt olS d.lff.lcuit ta deter,m~na the prec.lse 

effect af partlcle S.lze on detachment of hydrophoblC 

'part4cles. ThlS may he attrlbutad ta the camplex.lt~ af 

mlneralized flotat40n froths ln structure and bëhav.lor. 

Tha effect of ipartlcle SlZ8 on the fTC at 

d.lfferent AfRs and FTs olS glvan ln flg. 7.2. Generall~ 
" 1 

speaklng, as FT dacreasas or AfR .Lncreasas the FTC 

.lncraases. It wlll be noted that the fTC olS seen to be 

.Lndependent of part.lcle s~ze at tha lawest BfR. As AfR 
> 

.lncreases, ta .lnte~med4ata ~nd h4Qh lavelS, S.lze affects 

appear. Most tasts show that the maX4mum fTC ~s obtal.n~ 

at an intermediate S.lze range and that .lt decreas~ on 
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ei ther slde of thl.s maXl.mum. .' 

f~g. 7.3 'show;S the r'elat~onsh~p betl6leen the aRC 

and par't~cle Slze 1. n bar gr'sphs agB1n. As Bl. ther' ArR 
. 

dect'"eases Or' fT 1ncreases, the ORC decr'eases. The ORC ls 

at an lnter'med1ate Slze range, 20-28 ~m. MaXlmum fRC was 

found fcr the -37+28 p.m partlcle Slze class. The shlft of 

peak for' the ORC lS related tc the 10w and h1gh DSC. 

The r''tlatlonshlp between the DSC and AFR at 

dlff"et"ent pat"tl.cle Slzes lS glvèn ln flg. 7.\f, Eot" the 5 

cyclosizer products. As obset"ved ln f log .. 6.10 fot" 

unclaSSlfl.ed sphalerl.te the DSC lnc["eases wl.th lnCreaSl.ng, 

AfR and fT. 
1 

The correlat~oD between the fTC ~nd AFR.los glven 

ln flg. 7.5 at dlfferent par't~~le Sl.zes and FIs. At a FT 

of 5 cm, as AfR in'creases, fIC also loncreases, .whereas at 

a FT of l cm, 50 me partlcle Slzes show a maXlmum at 

intermedl.at:d3 AFR. Ihere lS nct detectable Slze effect ." 

fl.g. 7.6 shows the effect of AfR on the ORC Eou 

the same Slze cla~ses and fIs. The 20-28 IL m class clear ly 

~utpBrferms all ethers. The 9-13 iJ.m class shows the 

slewest recovery k1netl.Cs. .. 
The slze-by-slze data were fl. tted te the rollow~ng .. 

general equatlon: 

K = a*Qb*FT
C 7.1 

where K FTC, DBC, or ORC Cl/mln) 

.. 
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, . 

a constant 

C AFR CL/mln) 

FT: Eroth thlcknes5 (cm) 

a,b: exponents 

The regre5s~oTi coeff ic~ents and corr-elat~en 

coefflc~ents for- each rate constant are summar-lzed ~n 

Table 7.1. It ~s ObV10US that the partlcle Slze affect en 

each rata constant lS ver-y complex. The sxpe~lmental data 

flt the calculated data f~om Eq. 7.1 weIl CFlg. 7.7), 

From the table, lt can be sa~d that the~effect of FT on 

the FTC lS mor-e dsleterlOUS wlth decreaslng partlcle Slze. 

The effect of AFR and FT on the ORC lS remarkably 

size-lndependent, as both a and b ar-e lnconslstsnt over

the full Slze range. It lS clear that -9 ~m SlZS claas 

results ar-e lnconslstent. Comparlson of Flg. 7.7 and 

Flg. 6.15 shows a slmllar- tendency fo~ classlflsd and 

unclasslEled sample. 

7.li DlSCUSSION 

Test results 

does not play very 

seem to lndlcate that partlcle Slze 

slgnlflcant role ln the t~ansfer 

mechanlsms. As sphalerlte partlcles are strongly 

hydr-ophoblC, they ar-e not saslly detached From the bubbles 

and most drop-back lS due to bubble coalescence WhlCh 

ylelds a slze-lndependent DSC. The 9-13 ~m Slze class, 

13t.t 
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REGRESSION COEFF1CrENTS FOR FTC 

-------------------------~---------------------

SIZE Q(Lfml FT(clI) CdRRELIlWIN 
( ,.,. 1 a b cCOEFFI cr EHT 

---------------------------~-------------------

" +37 1.O~ .~BH ). 6099 .92 

-37+28 l.24 .:;173 -.7159 .93 

-28+20 1.06 .5017 -.7157 .94 

-20+13 1.07 • 409~ -.7919 .92 
-lZ+9 0.97 .5001 -.9605 .97 

-9 0.85 .5163 -1. 009 .91 
-------------------------------~ ---------------

REGRE.SSIOH CGEFFICmITS FOR DBC / 
-----------------------------------------------
+37 0.21 .8187 .~674 .98 
-31+28 0.17 .7979 • ~548 .97 
-28+20 0.10 .9304 .m4 .97 

-20+t:l 0.05 1.3935 .91&7 .91 

-13+9 0.:0 .8732 .1432 .95 

-9 0.97 .9~48 -.9271 .18 

------------------------_.-------~-~-----------

RE6RES510N COEFFICIENTS FOR ORC 
-----------------------------------------------
+37 0.47 .~408 -.5261 .97 

-37+28 0.52 .m:; -. ~411 .97 
-28+20 0.49 .sm -.5149 .99 

-20+13 0.49 .4335 -.5700 .94 .. 
-13+9 0.42 .4364 -. blb3 .98 

-9 0.14 • BSOb -.5419 .HZ 
----~------------------------------------------

TABLE 7. 1 
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EXPERIMENTAL 
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FROTH THICKNESS (cm) 

F~g. 7.7 Compar~son between calculated and exper~mental 

ORC data. 

Ccalculated values From Eg.~.l and Table 7.1). 
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~hich exhlb1ts the most dropback, presumably because c~ 

1tS ~l.gnlf'icant hydraullc entnllnment, 1S the except1on. 

~ccoLdlng to Wollmenn's model (1981) the re-entry 

of' particles lnto the pulp lS explal.ned by dlsturbances ln 

~he coupllng of the flrst froth layer ~n the dewater1ng 

of the channels. Cons1der1pg that turbulent clrculat~ng 

floLII, at the flctltlouS lower frath boundary LIIlll 

affect espec1ally the flrst layer, the re-entry 1nta the 

pulp appear5 ta he malnly due ta hlndered coupllng ta the 

flrst layer. That lS, most of the re-enter~ng partlcles 

come from the flctltlOUS boundary between the froth and' 
.' 

pulp and not From Glbbs channels CFlg. 7,8 from Schulze, 

1982) . 

In order ta prevent the dlrect effect of turbulent 

clrcul~tlng flow at the actIve zone, a buffer zone was 

created between the frath and actIve 20ne CFlg. 7.9). 

Nevertheless, fast r151ng bubbles should have some effect 

on the~lctltlouS 

convenflonal cell. 

It 5e8ms 

boundary of the froth layer as ln a 

that the hydrophoblc partlcles are 

reJected randomly from the froth,by bubble coalescence and 

collapse. The results Indlcate that the .froth phase 

behaves as a fllter for detached partlcles. Coarse 

partl.cles can easlIy black the Glbbs channels Slnce those 

are strongly hydrophoblc, and the flnes easlIy pasa 
, 

through the deLI.Isterlng channels, and rèturn ta the slurry 

137 
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1 r: g . 7, 10 ~kchal1"m of ~tabillzauon of 3,'hln film ,,~ a cI,.<.r· 
pac:kdd mOllllla)cr Il( r:utlcln ..: Ith 10'" conta,' 3n!!fC'~ ((n.m DI~ 
~n33r 1978\ 

The presence of SOlld p8rt~cles ~~corporated 
, " 

, .' ",ùtu.n th~ froth structure has a profound effect on the 

1982) . cha~acterlstlc~ of the froth stablllty CLeJa, 

Hem~~ngs (1981) has p01nted out that partlcles of dlameter 

greater then the lamelles thlckness would brldge two 

bubbles end be more strongly retalned. ThlS may ln part 

expla~n the hlgher drOp-back of flnes te the slurry phase. 
, [" 

Bubbles experlsnce a shear force exerted by the 

fluid draln~n~. ln the dcwnward dlrectlon. Therefere, the 

larger the partlcles, the larger the Ferce for d1srupt10n. 

The other affect consldered 15 that due to grav1ty CBascur 
l ' 

• and Herbst, 1982). But, ,1 t Wj3.5 .found tha t these f orees do 

net aE~ect the hyd~èphoble partlcle5 Slgnlflcantly ln the 

freth phase, except at an AfR of 7.5 L/mln. FTs of 3 and 5 

cm, for the 37 ILm. : 

In general. J the probabilit", of flotatlon 19 

to p~rtlcle-bubbie" collision, adherance, and 

de~.chment~ COobby. 19B~). 

) l'tO 
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whe['B P-f, Pc, Pa, and Pd refe~ to the p['obab~l~ties or 

f" lotat~on, coll~5~on, adhe~ence, and detachment. For 

present pu['pp5es, lt 15 slmpler to replace Cl-Pd) by Ps, 

whe~e Ps ~s the p['obab~l~ty that the ea['tlcle-bubble 

comblnatlon, once fo['med, wlll be stable enough ta enter 

the concentrate. 

The effect of particle 5~ze on ~ch mechan~sm was 

l.nvestl.gated by man y resea['chers. the probablilty of 

particle-bubble coll~slon has att['acted much attent~on 

(Sutherland, 19Lf8; Fllnt and Howarth, 1971; Reay and 

Ratcllff, 1973) who se work has been summa['lzed by Jameson 

and cowo['kers (1977). Although the exact form of the 

relat10n between coll1Slan frequency and other varlables 

has not been establ~shed beyond d~sput~, there ~s no ['eal 

dOubt that Pc 15 related to physlcal varlables, l.e. 

, , partlcle and bubble dlameters, partlcle and llqUl.d 

dem~it~es, v~scos~ty, relatlve part~cle-bubble 

veloc~ty, etc, and ln partlcular, to partlcle dlameter, 

dp. 

The varl.ables WhlCh lnfluence the probablilty of 

adherence, Pa, are less weil understood. Dobby, (198~) 

recently suggested that the lnductlon times and contact r 

tlmes decrease wl.th lnc~easing partlcle Slze. As the 

contact t ~ me decreases even more rapidly, the net effect 

15 a dec~~ase of the attachment eff.iciency with lncreasing 

Ilfl 
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partiele size. 

The thlrd term Ps ~s dependant an the for-ce of' 

adhes~on between part~cle 
i) 

and bubble WhlCh ln turn 15 

r-elated to ~ai-t~cle s~ze. MorT l.5 (1950) consld.ers that 

coar-ssr partlcles are affected more than f l nes, because 

the contact angle requlr-ed for stat~c equlllbrlum lS 

smallsr for flne partlcles than for coarse partlcles far- a 

given bubble Slze. He pOl nted out that the gr-eater- the 

degres of flex~b~llty, the gr-eater- 1.S the chance for a 

bubble-par-tlcle system to Wl thstand rupture. 

The deCLease ln the recovery of par-tlcles beyond a 

Slze was expla~ned by Schulze C 1977). The concept 

Schulze . s theory lS based lS that work must be 

dons ln order- to ruptu,re a part1cle-j'jubble co~let, 

agalnst the r-estorlng for-ce of the surf"ace tenslon. Thus, 

if the klnetl~ energy of the partlcle exceeds the UJoLk of" 

rupture, the par-tl.cle wlll detach. 

In summar-y, Pc lS dlrectly Lelated ta a funct~on 

of dp whlle Pa and Ps aLe ~nversely related to a functlon 

of the hydrophoblc1tles. Therefor-e, there lS a max~mum at 

an 1. ntermedlate partlcle slze, 20-28 JJ.m 1 n th~s system. 

This resul t agrees very well wl th preVlously reported 

studies on sphalerite flotat1on Cf1". 7 .11 from Trahar, 

1976) . 
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Fig. 7.11 S.Lze-bu-s.Lze r-ecèvery of galena and sphalsr-ite 

(f~om Trahsr-, 1976). 
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1.5 SUMMARY 

The t"elatl.onshlp between rlotat~on t"ates and 

_pat"ticle Sl.ze fo~ the contlnucus flotatlcn cf sphalet"lte 

wa. lnve.tlgated fo~ dlffet"ent ~FRs and rTs. 

1. 

) The~e 1.5 a 

a substantlal 

llttle eVl.dence to suggest that the~e 

~etut"n or values ft"cm the ft"cth. 

P[" •• umabl~. the maJo~ d~op-baek meehanlsm of values ft"om 

the f~oth 15 genet"ally t"elated to bubble coalescence and 

collapse. ~hlle some pa~tlcles ~andomly ~etut"n to the 

slut"~1.1 zone 1 some are retained ln the froth phase by 

water and solld holdups destablllze the 

(t"cth and fac111tates the bubble coalescence. 

The suggested èquatl.on CK 
b 

a. -Q .•. FT C ) 

experlmental data flts well wlth1.n expe~lmental e["["or. 

The slze-bl.l-SlZe flctatlon beha\llO~ of sphaler 1. te 

indicates that the a,Re peaks at an lntermediate partiele 

Slze range (20-28 }Lm) • 

1't't 



CHAPTER 8 

ENTRAINMENT IN CONTINUOUS FLOTATION 

8.1 INTRODUCTION 
" 

\ In th~s chapter, the lmportance of hydLaullc 

LecoveLy mechanlsms fOL fLee gangue, hydrophll~c slllca, 

and hydrophablc sphalaLlte wlll be d1scussed. The affect 

of AFR, FT and wash water addltlan flow rate and levei an 

entralnment wlll be lnvestlgated. 

A new technlque WhlCh can reduce the entralnment 

of slilca about 30 ta 50 ~ wlll be lntroduced. 

8.2 EXPERIMENTAL PROCEDURE AND DATA ANALYSIS 

An exten51ve entralnment study was carrled out 

U5~ng an artlflclal sphalerlte-slllca mlxtuLe contalnlng' 

33 ~ slilca by wSlght and pure sll~ca samples. The s~ze 

dl.strlbutl.on of slilca cbta~ned fLom Industmln Ltd, 

Canada, 15 glven ln Table 8.1. 

-------------

-80 100 

-60 95 

-30 77 

-20 60 

-10 J5 

-a 30 
-------

Table B.1 Partlcle 51ze d1.5tr1butlon of silica. 
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Frother ~as the only reagent added (75 g/t) to the 

pulp for mlxture and pure sl1lCB systems. AIl flotatlon 

feeds averaged a dens~ty of lO~ SOllds by we1ght. Flrstly, 

• the effect of AfR and FT was characterlzed ln the 

system. The rscovsr~ rates of 

sphaIerlte, slllca and water were determlned From tlmed 

semples of the concentrate and talllng. As al1 sl11ca was 

free and uncon~ltloned, lt was recovered by hydraullc 

entralnment. Another serles of tests wsre conducted ta 

lnvestlgate the effect of wash water add1tlon both ln 

mlxture and pure s11lca systems. Three dlfferent wash 

~ater addltlon flow rates and two dlfferent addltlon 

leveis were used to reduce the entralnment of gangue 

partl.cles. 

content was determlned by aqua regla 

dlssolutlon of sphalerlte at hlgh temparature, followed by 

fl1tratlon and welghlng of the solld resldue. J 

A sedlgraph 50000 was used to determlne the Slze 

distrlbutlon of some of th~ flotatlon products, ln the 

pure sl1lca system, to anal~ze slze-by-slze entralnment. 

8.3 RESULTS 

The re5uIts of each test are given ln Appendlx 

8.1. The affect of fT on 5l1lCB recovery due te 

1,*6 
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ent~alnment ~n the ml~tu~e system ~s g~ven at d~ffe~ent 

AFRs ~n FIg. B.1. C9S ~ confldence Inte~vals a~e shawn). 

Entrainment of gangue part~cles decreases as froth 

th1ckness ~ncreases. F~g. 8.2 shows the relat1onsh1p 

between AFR and slllca recovery at d1fferent FTs ln the 

mixtu~e system. In thlS case, entra~nment sl~ghtly 

~nc~eases w1th 1ncreas~ng AFR. F1gS. 8.3 ta 8.6 show that 

bath SOllds and water recover1es 1ncrease w1th 1ncreas1ng 

~FR and decreas1ng FT. 

It ~s well known that hyd~oph11~c partlcle 

reccv~ry caused by entra1nment 1S related ta wate~ 

recovery. TYPlcal results are shawn ln F1g. 8.7, where the 

affect of FT on slllca recavery at an AFR of 7.5 L/m1n 15 

shown for pure slllca flotation. There 15 a convex 

relat10nshlp between s111ca and water recovery for pure 

sll~ca flotat~on. The sens~t1vlty of.entralnment ta FT can 
~ 

also be seen from the same graph. Far example, ~f there lS 

no froth phase, slllca recovery due ta entra1nment ~s more 

than SO~ but a FT of ~.5 cm decreases the entra1nment ta 

less than ~~. 

The comb1ned effect of AFR and fT on gangue 

entra1nment 1S shawn ln F1g. 8.8 where s~llca recovery was 

plotted as a functlon of water recovery. Wh1le there lS a 
, 

concave relat1onsh~p between water and slllca recover1BS 

et constant fT, a convex relatlonsh~p was obta~ned at 

constant AfR. Fig. 8.8 also shows that increas1ng FT and 

~fR et a constant water recovery wlll achlBve a reductlon 

1~7 
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ln entralnment Cpolnt 1 te pOlnt 2). It lS apparent that 

lncraaslng fT at constant AfR wlll decrease water recovery 

and con5equently 5111ca recovery by hydraullc entralnment. 

As AfR lnct"eases, water to the 

concantrate 1nct"ea5e5. At the same tlme water dra1nage ln 

the rroth also lncreases. Th1S water dra1nage 15 the cause 

or êomparat1vely lower entra1nment at hlgher AfRs at 

constant water recovet"y. At lower AfRs, the amount or 

water dralnlng through plateau bordet"s 19 conslderably 

1ess. thet"efore the probablllty cf drop-back of gangue to 

slut"t"y phase lS small. 

In cantt"ast ta calumn f'latatlon, ,entra1nment of' 

~ part1cles lntc 

lnevltable problem 

the froth lS a very serlCUS and 

for -convent1onal flotatlon. A 

qualltat1ve comparlson between convent1onal flotatlon and 

column flotatlon (f'rom Yu, 1985) wlth respect to 

entt"a1nment 15 shown ln f1g. 8.9. It lS ObV10U5 that 

recovet"u due to hydt"aul1c entralnment ln convent1onal 

flotatlon loS much hlgher than ln column flotatlon. 

Howevet", conventloonal flotatlon t"esults were obtalnad 

wlthout wash water addltlon. Thus, lt was deC1ded to 

investlgate the use oE wash water to reduce entralnment ln 

the present system. 

flrstlU. the afEect of w8sh water addltlon, 1 cm 

below the slurry-froth lntarfaca and l cm above the rroth 

su["face, was lnvestlgated by uSlng both mlxture and pure 

sillC. reeds (flg. -a.l0). 
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Flg. 8.11 shows the errect or wasn water Flow rate 

~n m1xtu~e and pu~e s111ca f1atat1on. M1xtu~e flatatlan 

snow~ about '1~ hlgher ent~al.nment than pULe sl11ca. The 

~ecovery of hydrophlllC partlcles ln mlxture 

flotat~on could be attrlbuted malnly to entr-apment ln 

spha1er-lte partlc1es. Jowett (1966) recognlzed that flne 

partlcles can be recavered a1so from physlcal assaclatlons 

wlth other partlc1es e.g., fLom the eXlstence of 511me 

caatlngs an the large partlcles. 

lt was found that,.entr-alnmsnt of gangue par-tlcles 

could be Leduced by wash water addlt1Dn. ~ 3~ reductlon ln 

entralnment out of S.5~ for- pULe 5111ca f1otat1on was 

achlsved " by addl ng wasn water. As wash wa ter add.l tlan r law 

rats, elther above o~ be1aw the fLoth, lncreases From a to 

0.6 L/mln, slllca ~scovsry dec~eases. The superf 1ClS1 

l~qUld ve1oclt1es far these addltlon5 were between 0.9 and 

_2.7 cm/mln, much lowe~ than those used ln columns (l-~cm/s). 

Interestlngly, curther lmprovements were obta1nsd by 

washlng the upper pa~t of the f}atatlan pulp l.S. add~tlon 

or wasn wate~ 1 cm below the fr-Dth-s1u~~y lnterface shawed 

less entra1nment than add1tlon or wash water 1 cm above 

the frath, pr-esumably because fawer gangue par-t1clas enter 

the fr-ath phase. Wash water addltion ln the r~oth a1so 

stablllze5 the froth and enhances r-ecavery. 

If 5111ca is recDvered by hydrau11c ent~a1nment, 

and lf there i5 a wsak aL zer-o adhBrsncB betwBBn part1cles 

and bubb1es, coarse s11J.ca 
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pref'et"entlally dralned frcm the frcth. Hence, s11icB 

recovery should he hIghest for fine partlcles. These 

cons l der a t l ons IntroducB the concept of' hydraullc 

classlf lcat Ion of' s~ llca partlcles ~ n the Eroth on the 

baSIS of Sl.ze. 

A typlcal results for pure slllca flotatlon 1.5 

shown ln FIg. 8.12 where S.lllCa recover-y was platted as a 

f'unct Ion of partIcle Slze at an AFR of 7.5 L/mi n. l t 19 

eVldent that the fl.ne gangue partlcles have a greater 

tendency ta he entralned by water than coarse gangue 

psrtl.cles. Thus, ther-e .15 a classlf'l.Catlon ln the froth 

Ilath r-Bspect ,to partIcle SIze. 

The eff'ect of' partl.cle Sl.ze on s.lll.ca recovery at 

dlff'erent FIs, wash water addltlon flow rate, and level 1S 

summarlzed ln AppendIx 8.2. dlstr Ibut l.on cf' 

concentrate and tall products for pure slllca flotatl.on 

showed that the cancentrate product 15 much f'l.ner than the 

tail product. The lnfluence of partIcle Slze on pure 

sillca entral nment at dIfferent FIs Indlcate5 that 

concentra te product Slze dlstr l butlon gets f' iner Wl th an 
r 

increase l.n FT CFl.g. 8.13), Ihese f'l.ndlng5 canrl.rm the 

Increaslng ClaS5l.flcatlan actIon ln the froth phase as FI 

increases. Coar5e 5l.11Ca partl.cles return ta the slurr!:J 

phase due ta dralnage of water through plateau borders. 

Ihe effect of partlcls Slze an' entralnment of' pure sl1l.ca 

at dIfferent WWFR and addItIon "level shawed that fIns 

partlcles are more entralned to the froth at low wa9h 
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water add~t~on flow rates. 

8.,* DISCUSSION 

M~ka and fuersternau (1969), and more recently 

(1978) and Herbst (1982) used the concept that a 

major proPQrt~Qn of water and nonfloatable f~nes cross 

~ nto the froth entrapped lT1 a "boundary layer" of wa ter 

around the bubble. In flotat~on the magn~tude of th~s 

bcundary layer ~s apparently controlled by hbldrat~on 

effects at the a~r-water Interface and by the turbulence 
1 

/ levels 1 n the pulp (Kerbst, 1982). 

Ste1ner et al (1977) found that a model ln wh~ch 

the upward movement of the froth structure as a whole 1S 

balanced by the downward ~n bath the plateau borders and 

the fllms glves the best agreement w1th experlmental data. 

Q u = V 9 * (l-f) / € 8.1 

where Qu is the llqU1d entrapped ln the frath structure 

and ~ IS the gas haldup. 

However, dralnage of water from the froth 1S a 

complex phenomenan wh~ch has recelved very l~ttle 

attentIon ln flatatlon and ~s more d~fflcult ta quant~fbl. 

Stelner et al (1977), and more recently Herbst (1982) 

calculated the frath dra~nage far mlnerallzed frath, us~ng 

the relat~onshlp. 
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1-' * db 

LLlherl! Gld ~s downward ~lowI"ate, e the 15 alI" hOldup,p is 

pulp denslty, ro ~s the radlus o~ cUI"vatuI"e ~n the plateau 

bordeI"s 1 Il lS the pulp v ~SCOSl ty 1 db ~s the bubble 

dlameteI", K lS a constant and 9 lS gI"avlty acceleratlen. 

There are two maln mechanlsms by Wh1Ch s~llca 

part~cles enters the concentrate, natural flotat1en and 

entr81nment ln the water WhlCh passes through the froth. 

The fermer mechan~sm ~s negllglble unless surface actlve 

l''eagents are present ln the system. A small ameunt of 

5l11ca was tested and lt was feund that the natuI"al 

flotatlon centrlbutlon, lf present, was negllglble. Thus, 

all s111ca par-tlcles are r-ecovered by the latter 

mechanlsm. 

The flndlngs between slllca recovery and fT o~ the 

present study can be explalned by the partlcle resldence 

tlme ln the froth phase. As FT lncreases, resldence times 

of part .lcles lncrease, and water recovery te the 

concentra te decr-eases. Accordlngly, partlcles have a 

longer resldence tlms and a relatlvely hlgher llqUld 

flowrate r-sturns ta the slun'y phase. Thorne et al (1977) 

report slmllar ~esults for galena ln the New Broken Hlll 

Consolldated rougher banks. 

There lS a llnear r-elatlonshlp between AFR and 

water rscevery. When APR lncreases, supsrf lClal gas 

velaclty lncreases (see Eq. 8.1). Hence, water rBcevery ln 
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the concentrate also lnereases. However, the downward 

water flowrate through the plateau borders esee Eq. 8.2) 

also 1nereases, and thlS 11mlts the Increase of sl~lea 

entralnment. The effect of AfR lS much more slgn1flcant at 

low fTs. 

There 1S a strong correlatlon between watar 

recovery to the concentrate and hydrophlllC part1ele 

reeovery. ThlS agrees ver-y well wlth 

Engelbreeht-Woodburn (1975) and Lynch et al (197~), whose 

r\!sul ts for different pulp dens1tles are shown ln 

(Flg.8.1 l ±). 

Blsshop and WhIte (1976) showed that very rlne 

partlcles rema1n ln the suspenSlon and follow the movement 

of the water sa closely that a Ilnear relatlonshlp eX1sts 

between the recovery rates of water- and flne gangue 

partlcles. Coarser partlcles, because of the1r h1gher 

settllng veloc1ty, are reJected more readIly. The s11ghtly 

parabo11c relationsh1p between the overall rates of 

recover!:j of gangue and water 15 due to the Inerease ln 

both water recover-y and Cf w1th Increaslng fT. (fIg .. 8.15). 

In most entralnment studles, only the rscovery of 

h!:jdrophlllC par-tlcles lS taken Into account. However, 

hydrophoblC particies can also be entra1ned lnto the 

'" fr-oth. In m1xture flotat1on, It was found that sphaIerlte 

recovsrl:j 1S sllghtll:j h~gher than s111ca r-ecovery wlthout 

collector addItIon. Ths Iower- sphalsr-lte r-scovsr-y was 

attrlbuted to the weak hydr-ophoblClty of sample. The 
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hlghe~ sillce ~ecove~y dU~lng. mlxtu~e flotat1on can be 

I!Xplalned by_ 

a) entrapment ln Wh1Ch 5111ca p.rtlcles are thought 

ta be held ln the fLoth by b~~dglng across floatatile 

pa~tlcles held by adJolnlng bubbles. 

b) sphalerlts stablllsatlon of the froth and cisereese 

of water d~alnage, water recovery lS therefore greater ln 

the mlxture flotatlon. 

C) sllme coatlng 15 another 11kely source of gangue 

assoclated wlth mlneral mass transfe~ to the çoncentrate 

(Jowett J 1966). 

d) presence of locked-5111ca ln sphalerlte concentrate. 

After reallzlng the slgnlflcance of entralnment ln 

conventlonal flQtatlon, the effect of wash water addltlan 

was lnvestlgated ln mlxture and pure s111ca f1otatlon. 

Wash water addltlon was found to be ver~ effectlve ta 

reduce the entralnment by about 3~ out of g~ and 5.5% for 

the mlxture and pure s111ca systems re5peetlvely. A 

deerease ln 5111ca recovery as WWFR lncreases could be 

expla1ned by the hlgher 11qUld dralnage ln the froth phase 

as WWFR lncreases. Then, dlfferent water addltlon leveis 

were consldered. Wash wateF addltlon below the froth was 

more effectlve ln reduclng entralnment than addltlon above 

the froth. Water recoverles of mlxture and pure s111ca 

~lotat1on are glven ln Flg. 8.16. lt lS ObV10US that water 
J ~;i 

" " !-,\:,.["ecave["y 
e'", . 

ln the l awer when wesh concentrate stream lS 

'. 



• 

\ 
\ 

, .- , 
-a -l 

10 ... 6 200 cc/min 

• 0 ~oo 

• o 600 - 0 

• '* -(r 2 DO * ~ - MiXTURE >- 0 0.00 *0 a: 
w 
> 
0 
U 

SI- 0 w 
a: ,6 

ct 
U 0 .. D 
.J 

c.n • PURE SILICA 

• 
0 .- ' 1 , 

10 1 5 20 25 30 . 
WAT ER RECOVERY ( -/.) 

Flg. B .,16 Watat" rscovat" les of mlxture and pure slll.ca 

rlotatl.on (AfR: 7.5, L/mln, FT: 3 cm; A: above 

rroth. B: below froth). 

167 

, . -----, 



1 

( 

water lS added ~ the froth 'phase close ta 

slurry-froth l~face, especlally ln the 5111ca 5~5tem. 
the 

Froth grade proflles were lnvestlgated b~ Mo~s ,. 
(1977). A t~plcal result lS shawn ln f1g. 8.17 where 

gradast ara plotted as a functlon of dlstance From the 

slurry-froth lnterface. In the slurr~ phase and close to 

lnterface the gangue grade 15 more than 50~, and that of 

sphaler 1 te below 5::';. If washing water 15 introduced 

hor1zontall~ close to the lnterface, sorne of,the gangue 

partlcles can be reJected by local dilution of the slurr~, 

w~thout slgnlflcantl~ affectlng sphalerite recover~. When 

wash water lS added above the froth, the cleanlng actlon 

takes place ln the froth, where s111ca reJectlon ma~ be 

h~ndered by entrapment. As mentloned earller, the rise 

veloc~t~ of bubbles ln buffer zone 15 ver~ hlgh, close ta 

the termlnal veloclt~. Sudden wash water spra~ at the top 

of buffer zone detaches some of h~droph~llC part1cles From 

the bubble wakes and then, the poss1blllt~ that gangue 

partlcles reattach ta the r151ng bubbles ln thlS 

lntermedlate zone 15 low, Therefore, the~ return ta the 

actl ve zone. 

clasSlflcatlon matrl"':: CF. was proposed ta 

descrlbe the nehavlor of gangue ln the froth (Johnson' et 

al, 197Lf) . It can be readlly lncluded ln a mathematlcal 

model of the process ta descrlbe the behavlor o~ 

hydrophlllC partlcles: 

168 

...-,-



( 

\ 

î 
i 

f 
i 

• ! 
! . 

i 

o 

20 

15 
1 .. 
.: 
3 w 10 
% 

% 

S 
~ 5 

o 

o • 

20 40 10 
'RAD[ Olt CONC[NTItATION, ~ 

Fig •• 8.17 Uarlation cf" froth prof"ile l&Iith frcth thickness 

C From Moys 1 1911;) .. 

169 

~ 

... ~ .... ~ ,,_~._ ....... .......,._ .. ____ .-..-......:-,.",.,.;:.J ...:~ ..... 1 ' .. _ ~."'~.,~.~>,_,~ 



, 
! 

f 
1 

( 

L. 

• 

veight of gangue per unit weight of vater in the cone. ''s.3 
C'Fj = -----------------------------:------------

... ve1ght of gang~e per unit weight o~ va-ter in the puip 

Classification matLix values eo~ pULe sil~ca 

~ . 
f'lotation at l~FR: 7.5 L/min and FT: 3 cm wet'e calculated, 

and compat'ed 1.i.I~ th plant Lesult!S '~n F ~g. 8.18. ft ls 

ObV10US that CF, decreases sl~ghtly UJlth lncreas~ng 

-paLticle sl.ze, both eOL the data cf Johnson and the 

present l.i.IoLk. Howeve~, it decLeases mo~e shàrply fot' plant 

tests. This difeeLence ln CF, at ,coarse particle sizes 

could be Lelated to the dif'Fet'ent pa~tlcle tesl.dence tlme 

in the ft'oth phase, usuall~ much hlghe~ ln lndustt'lal-

cells. 

~ Similat' results Lelated to partlcle size l.i.IeLe also 

Lepo~ted by Lynch et. al. (1971.1) (Fig. 8.19). Th~s Slze 

classiFication oE gangue partlcles in the ~oth phase 
""'1:.-

sy~gests that the major dLOP-back mechamsm fot' gangue 

particles 1.5 l+qUid drainage_ between bubbles into th,e 

slurq" phase which 1.S aided by the1.L settll.ng velocity. 

The amount of dralnage from th~ Eroth is strongly 

dependent upon the froth residence time. The effept is 

- shown in Fig. 8.20 where 
'\> 

the classl.flcaticn Eunction is 

-
plotted against partic}e size at increas~ng nominal rLoth 

residence time. Thus the recoveq~ oE gangue ,mineral "can be 

,minimized b~ controling the v8Liables tha't 
. 

affect the 

residence time in the froth. 
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s'.S SUMMARV 1 

\ 

Tha bahavier cf sphalar'ita an'd siliea in 

centinueus fletatien LtJithout , collecter addltion Illas , . 
... 

invastigatad. A parabelic "relatienship betwaen the .., 
r.covar~ rates a~ ~iîlea and ~atar was obse~ve~. 

" The 'affect e~ AFRs.' FIs, and lAIash wstar addJ. tiens 

en lAIater raeovar~ lAIas examinad. , ~asults shÇ)wad that 

entrainment of h~drophllic silic8 partielaa eeuld be 

raducad b~ reducing the ~lew rate ef, water inte'the 
o 

concantrate. Selective drainage ef gangue'partielss from' 

the f'reth ean be ach19ved ih deeper froths cr Iewer AFRs 

i.e et high freth residenee ,times . 

Signifieant r.duetion in silica entrainment lAIas 

also aehiaved b~ washlng the fiotat»cn'pulp with a spray 

of ~atef' Settar results were achiev~d when thlS spray IAIBS 

located balow the ~lurry-rreth interface, rather than 
" ~ 

abeva • 
, 

There is evidanes that silica transported f'rom the 
, 

pulp to the froth in tha IAIster lS sUbJeeted to hydraulic 
, 

elasslfication in the f'ro phase. It wa,s postulated that 

the majer a, cemblnatlorf' cf' llquld 

dralnage between bubbles J.n freth and ths partieles 

own settling veloeity . 
. 

Ihe results or the erk agree very weIl 

with prevleus plant studies. l t must be neted that 

partiele entrainment ean not be eliminatBd, but its eff~et 
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en- cencentr-a te gr-ade can be slgnif icantly rsduced if 
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proper- attention is paid te entrainment and dr-a~nage 
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CHAPT ER S 

, , RES l DENCE TI ME Dr STR 1 BUT IONS 1 N CONTI NUOUS Fl .. OTAT 1 ON 

9.1 INTRODUCTION 

'J 
., 

, 
be The last part cf the pr-esent study LIll l l , 

v .' 
char.acterizat10n of m1xlng cond1tions and average 

rBsidence tlmes of the systsm by tracer- technIques. 

Pulsed tr-acer tests wsrs psrro~msd wlth bqth 

liquid and sol.ld tracers. S-Ince rad.loactive tr-acet"'s 

.. prcvlde the most senslt.lVe and the least cumbsrsome means 

or measuring the resldence t.lme distr .lbutlon (RTO) ln 

flotation ce11s. The development and use or a short-lived 

radioact1ve tracer method ~,a measure the RTD of contlnuous 

flotation process will be descr.lbed. 

9.2 EXPERIMENTAL PROCEDURE 

9.2.1 Calculation Procedure 

) 
The tr-acer method is a technique for obtaining 

/' \ 
inroratation ablt a system or some part of a system b'y 

observing the behavioJ:" of a specific 0 substance ,called 

tracer- that has been added ta the system. 

An impoJ:"tant parameter in many continuous pr-ccess 

i5 the residence time of phases within the s~stem. The 

1 --'-------.......... , .-- -" 
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.v,rage 'residence t1me," '" ,1S deEined as the average t1me 

~ent b"" a g1ven phase OI" meter-1.alkll. n a l''~actor. RTos ar-e 
Ic 

/ exper imentally determinec1 uSlng tracer methods. Typlcally • 
/ '. 

/ an impulse amount tr-acer- lS added to the feec1 t and 1. ts 
1 

concentratlon is measured at tail str-eam l e1.ther by 

periodical 'sampling or contl.nuous m~i tor-ing at the 

discharge. Whan peI" .l_OdlCal sampling: ls used, < "the samp11ng 
, 

1ntl!!lrval should be kept below 5%\of the total sampl1ng 
" 

tlme. The RTo 19 equal to: 

C(t) 

E(t) = -00--------- 9.1 

!C(t) * dt '-
0 

whera ECt): RTO 

/ 
p , 

t 

CCt) : tracer concentration' 

t time 
1 ~.1 

, 
, , 

The mean l''es1dence time, 1', 19 c1etermined from the-

first moment of the tracer concentration or r:-esidence t1.me - " 

distribution. 

00 

ft* C(t) * dt 

T 
0 9.2 - ~---------------- 00 " 

t !C(~) * dt 

~ a radiotraceI" 15 used to label the mateI"ial or i 
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phs.. of inter-est, then th. usual sub~t1tuticn cf ccuntiryg c 

r-.te For'concentration can be made. 

T = 
t .,. R,*dt 
o ..------------

00 

fR * dt 
o 

9.3 

where R is the cc~nt1ng. r-st.e at time t at th. t.il~ cr 

concentrata: stream. The counting rata ar-e r-elated to the l' 

~adiotraeer amount of eaeh sample~ 

. R :: Y * m 9.4 

. 
LIIhare R 1s the ~unt1ng rate Ceps), m is the tracer amount 

CgJ and Y i9 the ~ting efficleney. 

, The RTD 'of a psr-rectly mixèd s~stem can be 
jJ, 

expresged by: ,. 

E(t) = (liT) * exp(t/T) 

, .'~ 
./ 

9.5 

• and mesn r-esidence times 

00 

" = ft * ~E(t) " dt 
o 

The amount of 

-

'9.6 

.- , 

radiotr-acer, A, lnJected lnto the 
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L. 

. ." .. 
'feed stream at t1rne zero can be calculated Erom,. 

) • 
00 

* dt + f Mt te Ct te dt 
o 

. 
" 

t 

~here Mc and Mt a~e concentrate and'tail mass.Elow ~ate. 

~e.pec~l.vel~, (cc/ml.n), Cc and ... ,Ct ara concantrata and tail 
... 

concentrations ~espactl.vel~, ,Cg/cc) ~and t is time (min). 

9.2.2 Dete~minat1~n of L1quid Residence Timé Distribution 

Liquid .RTDs were datamined using Ll.Cl as a tracer. 
a 

!'-

A ·prablam that is often encauntered when using a t~acer in 

• mineral sustem is adsorption of tracer onto the sclids. 

,Prior to the RTD expe~l.ments t iaborator~ adsot"ption tests 

~ere perEormed with dl.ssolved MnO z and LiCI under similar 

~atl.on conditions. A reasonably small Eraction ( <3 %) 

of Liel was adsorbed on sphalerite at the end or 2 hrs. , 

Howaver, - 2"1% of dissolved MnO 2 was adsorped du~l.n,g ~hel 
\ 

; 
.ama t1me. 

LiCl was selected as the liquid tracer because 

be.t S'atisEied th. Eollowing requl.raments: 

\ 
\ 

a) almost inert to the system 
" 

b) easily dissolved l.n ·water 
-

c) ease oE analysis with atomic absorption 

d) reasanable cost , 
." 

-. 

.. 

',' 

, " 

.. 

1 
~ . 

• 
\ 
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Liquid RTO. 
,s; 

wére measureeS w 1. th a 
J' 

" 

_thad . of tracer 

impulse ~inJection ta the feed stream using a s",r- inga 

follollled tly sampling of' the ta.1.l and concentrate stream. 

over a f' ixed tima pariod _nd subsequent tracer at\alysila of' 

the samples usl.ng' atomic absorptio~ .. 

As the tillJe of' injection of' .the tracer matar·ial t 1 
• 

.Qt laIasi vec'Y- shor:'t, 10 sec. 1 l.n comparisen te the residence 
:.., 

time 1n the ce 11 , the observad concentt"aiaon-tl.me curve in 

the tai l stream couleS reasonabl", be cens'.1r;1ared that of .. a 

response t~ a pet"fec·t imr:n.llaf!l. )0 

,~ Liquid RTOs lIIere 1nvestiga~~è1 'at tlAlQ eSifferent 
1 

AFRa .. FTa and l.I.Iash Ll/atar addi·ticn ficlllt".te~. AlJ. 'data lAIere 

anal ",sed by using the Visicalc c~JJuter- prafiram and ya 
''\l 

·s~mmar.1zed in Appendix·9.1. 

\ J 
1 

9.'2.3 Determination of SalieS Residenë. ,lime Distributi'a~ 

\ . 
.. In conventional Flotatian, it 1a the' RTO cf,', 

solids, nct liquid, that 'is p~ima cf', importance .. RTO ... df' ' . 
solieS partiel •• wara 'determine4 bU radio~etive. t['l~,cing •. An 

58 
irradiated uMn isotop~ 

.' ,. f 

whièh emi ts gàmma -rtlW's . was . ohosen 
, .' '''', . , 1 

as a solieS tracar for the follo ... ing. [",8.:-0ns:· ~: ,1 

• 
("" 

1 ", 
., 

\ 

'1 1 
1. 

i , 
\ 

.a) S.fetYi • A 

l, 

A " , 
• ~ ~ ~r 

h~lf!-lif. 18'on1\1 '2.58, heur., apec.Ùil' 
i' t) •• 

-bec.use the 

dispasal procedure. ara .unn~cessary. . .. ~ 

,. 

. 

" .' 

, • " 1 
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b), Accurac~ o~ si~nal; "" ... 

. ,' 
" date.tion l'imitation ,by the instrument, type and 

energ~ o~ ra~1at1on' em1tted. , 
- lIase of' dif'f'erenciat,ion rrom background noise . 

. ' . 

C) Conveniancei 1 

naturall~ hydrophi11c, 

- inert, no adsopt,1on on sclids L 
, '. / 

s1m11ar· spllcifl,C' densl.t'y te f"loated pr'oduct. 
" y 

•• s111.1 produced ~b~ nautr:;-on bomba'r'dment. 
, 4 

s1mi1ar siz'e distr ibu~ièn to r leatad prodûct. 1 ~ . ." 

.dl Reasqr.aable Co.st. 
, ~ : . ;. \ '. 

ràdioBct:ivitÎ.l l.ised snou1d 
• f\. 1:1 ~ \ ~ 

~ounQ , dE' be small 

te :preven~ an" heàl th hà~arc;1s but .lar'ge enOu~h ~o 
. 

, .,utficientl~' T mintmize ' 
• 

f'luctU.tiO~~ ~ ~,n the "àetactar 
, ... »:'. " . 

response due te . . nor~a~ count'i.rig ,~5t.ti.t\~cs. M.nganese-56 

Chalf'-:1ive:, 2.'58 "h;-s.and gamma~ray 8-qerIjJY: 0.85 MeU) ~s Il 
) \ ~ l' a . ... .. . . ,". 

ver\il commè:m~y us~' ~hart-lived radio.ct!""., tracer predUced 
... ",' ", '1 

1 • ... ~ 't .t 

, uparî transm!o:ltat~~n ,l:J~i r:'Ieut.rpns. " 

" r' ", _, ~e S~Pl~$. ' ~ ,g ,~f MW, .",.~e" irratli~~eà '1n.\ the 

,~ ': SiolllPoke Nu'b-l~.t- Re~t::~~r' "cF EcOl" po'].Lt:el:hnique, Mantreal. 
, , 

neutrens 
',. 

l' 

:. 

, , 

, 
v 

~ ! y 

1~, _- __ ,,·'-_.:- •.. ', .. c. ' .. ,',' ," 1 
.. 

. " 
,','.:' '\',:~~!!/:: ~~:':/~~;~':::"-c:~~~:t~::~>t,""-



" 
.' , 

o-

r r 
t 

\. 

1 
t· ~ , 
~ 
1 

t " 
)<I}O 
, " 

.-. 

" 

t\ 

, 
per- squar-eccen~imete~ per 

is shown ~n Fig. 9.1. 

After" in~ectlon 

str'eam, 
\. 

concentr-ate 

. ... feed discr-ate . 
j:5tr-eams 

" 1 
o g \ ' 

" 

, /, 

58 
second. The decily scheme or lnn 

25 

of the activatE!d tracer ~'nto th,e 
~ 

samples fr-om 1\ the tail , and 

, cdllecteçl at fixed t~me 

inter,vala ,; ;fim~ng was commenced when 1 the tr-acsr waB added., 

'*" . Then" the tracer âctivity ,or each 'sample, was de,t,ermined 

u~ing . Tennelec 
• 0 

Channel Sc~nt~liat~on a Solngle 
• 1 , , , 

Counter-Oetector-. ,For 
. 

gamma~~ay. detection, a 7.5 cm dola. . .. 
by 7".5' cm thick NaICTl) scint~llat.lon' detect~r ,set to' 

ccunt' aIl.... gamma -ra y 

threshold ~hieh is 

energ ies· greater- 'than sorne '~,in1mu~ ) 

dlctated ,b.jJ! the nO,:Lse level ,ln. the 
1 .' • • 

detEictor- system and by "the ~T,1ergies st the ·natur-al 

backgr-oun~ r-adiatlon was useo< 
~, ' 

The ,'count C'àte or an;y 15, " èÜ,r:actly 
" 

pr-oportional te the mass of r'adio,tr:açer,':to establ.lsh the 
" 

~verage eon~e'ntra'pon of the tracE;!r over 'tht=!, ~ampl i ng 

time" " t, a s.lmple proéadut"a. lilas uèed. Constant, 'volume of 
. . "'":- .' 

• • '. . 
samples using st",ndar'd type of containers war-e colleeted 

4 

ât.constant ti~e intervals. 

Sampling was eontinued over-
, 

a time that ~nsure~ 

thé complete passage of the tracer. A blank sample f~om 
• 1 . 

the cel! befor-e tr,aeeC' add~tion was c~llected and analysed 

for background determination. One tenth.of the lr-radiated 

tr-acer was kept as a staRdar-d r-efer-ence counted regulaC'ly 
.. 

,during the experiment. For the "sC;llid RTO tests, the 
,u . 

collectèd weighet1, . cOt:Jnt$,o dr ied 
,," , 

and .sa"!.ples .wer-e . \ 
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~:Mn(2.5785li) 
3+ 0.0 

.. 

2+ 3.3697 

2.9599 

2.6575 

0.8468 

o+.~~~ __ ~ ____ o~.~O 
56 (' ) 26Fe stable, 
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r:eweighed. 

Occupational hazard during the exper:iment LIlas 

controlled by car-eful tr:acer handling, exper:-imental design 

and monitoring techniques. 

,S.3 RESU1. TS 

The eff'ect of' ArR. WWfR and tracer- additl.on point 

çn liquid r:esidence time was char:actsn.zed. In tracer 

tests, raw resul ts are usually a plot of l1. concentr-a t i on 

(pp", ) as a function of time. the rir:-st step ia analyzing 

t ese data is the deter:-mination of the mean residence 

time. The RTO of any ccmponent is defl.ned as the mass 

rràcticn . cr this component ln the tail or- concentrate 

stream which hss spent- a time between T and T+dt in the 

. system beFor-e being removed. 

l.iquid and solid tr:-acer- test r-esûl ts are 

summar-ized in Table 9.1. Mean r-Bsidence time determ1..ned 

fr-om . :tr-acer- $ilampling of the taUing. concentrate and 

dividing the slur-r-y volume by the talll.ng f'lOI.lJ r:ate. FI 

,typical re9ul t l.LI~ere Li concentration lIJas plctted as a 

function 
, 

time 
/~ 
't) 19 show" in· ,Fig. 9.2. PE!,rfect or (test 

m,i,xi ng 19 clearly exhitii ted. Table 9.1 shol.llS that me an 

res.i,dence tima calculated From the tail str-I;!Iam 19 sllghtly 

small"r then the mesn residence tims calculated' l'rom 

concentr:ate straam. The mean residence time calculated. 

f'rom the tail!ng flowrate 15 betl.llsen that of' taU and 
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; TEST 1 TEST 2 TEST ~ 
....... _ •• l •• 1 ___________________________ _ 

1 • 
1 .. 

tfR: S Lllin AFR: 7.5 lliln AFR: 5 l/aln 
" WIfR: 0 L/.in INFR: 0 L/.in IIIIFR: 1200 lilln 

~: l ca FT: l ca FT:3 CI 

----------------------------------.-
TAIL l.Hl 4.06 3.41 
COtE. ..04 
T.F.R. 3." 4.09 !.:51 

---------------------------------------------
TEST 4 TEST 5 

~: 7.S Lllin MIt: 7.5 Lllin 

WFRI 400 L1lin IIIIFR: 400 lIlin 
fT: 3 CI FT: 3 CI 
F •• d W.W.ter _ 

------------------------------------------------------
TAIl 3.88 3.85 
COli:. 4.04 l.M 

T.F.R. 1 3.88 l.88 • 
---------r--------------------:-------------------------------

j TEST h TEST 7 ~ , 
, , .1.... _____ ......... _______ .. --::-:-__ 

~: , Lllin MIt: $- Lllin , 
~: 0 L/.in 1IIfFR: 1200 lilin 
n: l ca FT: 0 ca / ___ J.... _____ , ____ ~ _______________ :._ 

TAIL 
CIII:. 

l ' 
i 3.76 2.9i 
1 

1 l.F.R. i 
2.95 
2.95 

a.. .~ .. __ ---_-----_--------, ______ .-
'AYERAliE RESlDEIICE TIllE DETERtlINED FIHIt T~SAlflIII5 

IF TIE cq.œ.rRATE ICONe.), TAIllE (mu. OR DIVI THE, 
SlIlRltY "'IllE IV TAILII6 FlOIRATE CT.R.F.). 

" .' TESfffo 5 LIIlUID RTD TESTS . 
1 TEST 6 MD 7 SOlID R1D TESTS 

'----· ..... t--------------· . __ .. _. ·--.,..t-.. ---~----
, ' 

, 

i, TABLE 9.1 ' 
1 

Solid And liquid R1D r~l~. 
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Fig. S.2 Liquid RTD Far tail and concent~ate streams. 

Fig. 9.3 EfFect of rroth thickness on liquid RTO. 
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coneentrate strea~s. The s~ightly higha~ mean ~asidence 

time ,fo~ the concentrate stream can be attributed to the 

presence of'a froth phase. Sinee part of the llquid tracer 

drains back to the slu~~y between bubbles, the residence 

time oF the llquid alse incresses slightly. A slightly 

lower concentration for the concentrate stream can be 
il 

explained by a high wash water addition Flowrate which 

prevides a negative bias. 

As can be seen from Fig. 9 :3, there is' some 

deviàtion frem the' perfectly mixed system at a froth 
o • , 

thickness of 3 cm. During,this experiment wash water was 

not added, thereFore the transport of llquid From the 

froth into the concentrate stream was not very fast. This 

may be the main reason ror the shift in count peak. 

It was found that the liquid res~dence tlme' 

slightly increases with increaslng ArR (test 1 and test-

2). The relationship between Ll concentratlon agalnst 
• 

time at two different wash water addltlon Flow rates (test 

1 and -3; test 2,~ and 5) 15 shawn in flg. 9.~. The llquld 

residence time • decreases with increaslng wash water 

additlon Flow rate due to dilutlon of ~he tracer. Thus the 

hlgher the WWfR, the iess the liquld resldence tlme ln the 
~ 

system. 

Lastly, the effect of tracer addition level was 

also inv~stigated. Tracer:was firstly' lnJected to the fee~' 

st~eam, then to the wash water stream added beiow ,the 

,froth phase. In both cases slmilar mean residence tlmes 
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were obtained. This ~ndicatas that wash water- addad below 

the rr-cth doss not shor-t c~r-cuit te the cencentr-ate 

str:eam. and m~xes per:rectly w~th the cell content 

CF1g. 9.5). Wash watsr- and reed water- split 53% and '33% te , 
the concentr-ate str-eam and ~7% and 67% to the ta~l stream 

r:espect'ively. 

The r:esult and calculat10n \. pr-ocedur-es of solid 

1 r-esidence t~me ar-e 9g1ven ln Append1x 9.2. It was round 

that the FRC of manganese was' ver-y low, 0.009 I/min~' 

Thereror-e, ~t was neglected for all calculations. 

Similar: me~n r-asidenca t1mas war-a round ror- tail 

and concentr-ate str-sams. A Sllghtly lowar-'sol~d r:esldance 

time (test 1 and 6) can ba attr-ibutad to the denslty 

dirrer-ence between liqu~d and selld phases WhlCh 

facilitates SOlld recovery ln the tall str:eam. Pr:asence 

or a rr-eth phase wlthout wash water- addition showed a 

higher- solid r-esidence tima than wlthout rr:oth phase and 

wa5h water- add1tion (test 6 and 7). In the pr-esence or 

wash water- addition, var-y close mean solid r:esidance times 

wer-e obtalned fr:om tail and concentr-ate str-eams. tlgS. 9.6 

to', 9.8 show the linear-lzed 

tests. Tail str:eams fit ver:y 

countlng r:ates fOr-~ld 

weIl to a str-aight l~ e. .. 
RTD 

For: 

concentr-ate str:eam, the fit i5 not as good as tail str-eam. 
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9.Y: DISCUSSION 

An 1deal m1xer may be defined as a stirred cell in 

IAIhich an increment of slurry feed is immediatelu 

dispersed unif'orml~ througheut the cell; lt f'ollows thBt 

the tail stream must have the sama compesit1en as~the ?ulp 

in the cell. 

It ' ls apparent From the results presented that the . 
celi behaves very clese to an 1deal mixer as far as liqui~ 

and sclid phases are concerned. 

Mean liqu1d residence time calculated rrom the 

tail, concentrate streams or ta~l 'Flow rate are 1n ver~ 

close ag~eement. A Sllghtly .hlgher mean resldence time 

calcutated frem cencantrate stream is caused by presence 

of a rroth phase which has 1tS own reslderice time. Wash 
• 

water addltlan below the slurry-froth Lnterface dacreases 

the mean RTD. 

The effect or AfR en the llquid resldence tlme is 

malnly related to liquid dra~nage. As AFR lncreases the 

am~unt or water carrled to the rroth lncreases, ,but the ~~ 
ameunt of water dralnage te the sl~rry phase also 

increases. Ther~fore, a slightly hlgher liqu1d residence 

time is ebtained at higher AFRs. ---- . 
Experlments done wlth ~nd wlthout a froth phase 

shelAled thet liquid residence times are signir1cantl~ 

efrected by the presence or a frath phase due te water 

drainage efrect. Liquid residence time alse decreases wlth 
n 
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-1ncr-eaaing ",aah water addition fle", rata.-' 
'\ 

, 
Adchtion - of tracer- either fr-em t;he feed or \.IIBsh 

" 0 

",eter str-eam showed that the system lIJas per-fectly· mixéd. 
-

This implies that wash water- added belew the fr-oth is net 

short circuited to the co~centrate stream. l 
One of the main assumptions in the slurry~froth 

kinetics study or chapter 6 was the slur-rYwphase behaved 

as e perf~ctly -mixed system lIJith respect to the solid 

'. phase. Radioactive tracer tests confirmed th~s assumptlon. 

Mean solid residence time calculated fro~ tail and 

concentrate streams are slmilar when there is no froth 

phase and wash Q water addltion. the mean residence time 

calculated from the tail flo", r-ate and mass or SOlld in 

the pulp in chBpter 6 lS very close te the mean residence 

tlme f'ound f'r-om radiotracer tests. T~eref'or-e, it is 

reasenable to use the· tail flow fate fer calculating solid 

residence time ln perrectly mlxed flotatlon systemS. 

A slightly lower- mean SOlld resldence tlme than 

liquld can be attr-lquted to the lIJash water- addltlon., It 15 

interestlng to pOlnt out the __ fact that SpeCirlC denslty , • 

does not play a very slgniflcant r-ole. Slnce the tr-acar-

addltion pOlnt to the cell lS 10 cm above the tai~ 

dis~harge outlet. Ther-ef'ore, the dlstance fr-bm reed lnlat 

to the tail dischar-ge out let lS not long enough to enhance 
, , . 

the settling veloclty af'fect. But, ln an lndustr-lal 

flotatlon cOlumn, a very slgnlflcant particle Slze efrect 

was repérted by Dobby C19SQ), He found that when part1cle 
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s1ze i nct"eased ft"Om 20 to '10.cr /Lm particle t"eaidence timè 
• -1' 

drcpped f'rom 12 to 'S minutas. 
• !l , 

The recovarlJ and f'lotat.l.cn t"ate constant' of sol.l.d 

tracer, are about 2.S~ and 0.009 l/min respectlvely. The 

experlmental . conditlons were' ArR: 5, ,I./m~n, rT:,' 9 "cm and 

IIIl11rR: 1200 cc/m.l.t1'., A,n e~perlment dons kllth cnly put",e;' 
, , 

sili'ca at S.l.milar conc:1iticns except fot" WIIIF"R cf' 6QO cc/min , 
o 

showed 2 .j. ~ 51 l ica t"ecoverbl. As d~scussed prev.l.ous11,J. the 

presence. of" 9p'haler.l.te "increase~ sJ.l.l.ca ~~:lVery. in 

, 

mixture flotat1.on. The r-eccvet"!.l of· Mn in, r-aèh;oactiv~ 1. 

, 
tracer tests i~ very dse to the sl11.ca r-e~cver-y .l.n 

mixture flctation, a si~ilar behavior, 

'\ ~, 

9.5 SUMMARY 

fhe 'mixing' behavicr and average r-esidance time of 
,r 

the flctatJ.cn cell has been eX)J'Bt"J.mentally lnve,stigateà'by , . 
using the conventJ.onal stl.mulus-r-esponse techn1.que . . 

ContJ.nuous flotatl.on done iry the .-des~gneà, cell . 

wit,., 
.\ 

pe~fectly m1.xed system as fat" 'as liqu1.d- anà sèlil1 phases ~: ~ 
-; .' 

at"e concer-ned. ~ 

The RTDs of liqu.l.d ~nd sol1.ds ~~ve been'found , ~ 

l.dent1cal lof thet"e loS no wash watet" add~tion undet" s~mllar' 

Addition of wash water,dect"eases , . 
liqul.d residence time more sl.gn1.f~cantly than solid 

. 
The liquid· r-es.l.dence tlme can, be aIse 

.. 
.,'\ ; 

.r$sidence tl.me. 
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points revealâd that the 
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CHAPTER la 1 

CONCLUSIONS 

II" .. 
10.1 EFFECT OF AIR FLOW RATE ON sEht-BATCH·FL(jTATtON 

" , 
' .• 

• 1 
, -J 

~ The part~cular des~gn of the flotat~on celi used 

thus ~erk made it POSSib~e' te remeve the' r~oth:~ sepn for 

as 

mater~al 

effect 

phase, 

was 'f'ormed" theref'orè d~rec.tly me~s~r lng the 

'removal ~ate From the slurrY.~o characterlze the . , / 

" 1 , 0-

of, AFR on the k~net~cs of' flotat~on ~n.the slur~y 

the FRC was measured at? dif'f'erent A~Rs. In aIl 

initial pulp dens~b:Les,' the' FRC f~rst ~ncreased as AFR 
" 1 

~ncreasad, Reach~ng a m~xim~m af~er which furthey{ncreases 

of AFR causad th~ F~C, 'to dE;!crease. -The eXlstence or the 
,j , 

maximum FRC in seml'-batch' f lotation had besT) , prev~ously 

jrscogn~zed by L.aplilt1te (ISBa),. . ' 

. H~ris C,lS7lf) reported the axist:sr;1c.e of p.P optimum 
, ,-

AFR iange' abovewhich 'recover~ decrease~. H~'attr1buted 

this phenomenon to, a- decreasa in agi. tation' ,éff' iciency 1 

, . 
wh~ch caused" coàrsar pa'rt~cles te settle to th~ bot tom of ~ 

V'~ , ~ 

the c~ll. From- the present study nI? Ên.ndEi'nce. ·of.. ~edl:m~nted 
, , 

o .. , •• 

co.arse partipl"es was found at h~'{h - AFR. ' Itn 'th~s 'work, the 

calculation 

m~ter>\l. 
. ~ J ·From 

~ 1 0 ~ 

ef~ the FRC excluded unÊ'loa'ted', ... ~ :'8. settled, . . .' ~ 

- .. , 

present study, it can ba concluded that 
.. ~ D , • 

the 

the efFect of ftlFR on the FRC· can be IJttr~'butad, to the 
• \. .. 1. ~ ~ 1.1 .. 

increaseid, average bub131e s~%e rasul tinCl .. frQm ",~-t1' .incr:é~!:la· 

19,5 '" : . 
" , ... . " . 

" \ ... 
• \".:.... & 

~ ~ ....... ~ ", ~ 
b ... ~ _ ... 

'- , .. -'- -,----~ 
" 
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j , 
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~ 
\ f, 
1 

" ' 

ln AFR. ThlS inct"ease ln avet"age SlZl=I decreases collBct·~on 

eff ~C1.èncy, as thecretlcall~ der-lved and 'e~pet"imentally , 

vef.1. r ied by other t"eseat"chsI"'s. 

It lilas found that' the t"Ëapr-esentation or actual 

flbtation ccnd 1. tlons by :usinQ ,singl~ bubble-pat"tlc~e 

q 

system wh~ch ,did not :take lnto ,acccunt the hindet"ed':effeçt 

. cr bubb'les, and hydt"odynamic condi tioPis of peI"'fectly mlxed 

conv:nticnal flotaticn ee11s wà!!? dirf lcul t. 
~ . 

The efrect cr lnltlal pu'lp 'de.nsity on tha tr~nsreI'" 
> , 

, 
or mat1Brial From the ~luI"'I"'y to t.he rI"'cth l5 small if the 

, ' 

bubble surraC3e ~s not saturated ua th 'hydI"'ophobie particles. 

10.2 EFrECT OF AIR FLOW RATE AND FROTH THICKNESS ON 

CONTINUOUS FLOTATION 
/' 

The ccmblned affect Or AFR qnd FT on continuous 
•. <1' 

• 
rlotatl'on cf sphalsr 1. te shollled that ,the DBC lncrsased as 

FT or AF'R i ncreased . HOlllavst"<ths çontr1.but1.on 'of the celi 

des l,' gn' and ft"oth 
~ .. 

, " remcval efflcisncy ft"om tne top of the 
~ 

frpth lIlsre found to be more slgn.~f lcant t'han AFR or FT.
o

' l t 

lilas confirmed that the maJot" , drop-ba~k: mschan~sm was, 

caused' bY bubble coalescence, and collapse t"educ1.ng the .. " 

total bubble' sut"face, and lilas essentially pat"t1.cle-s~ze 
.' 

j,nd~pendent· . 
~ 

It lilas round that FTC increased as t=:T decreased or 

,AFR incrsased. Ibe' ORC was alse found tc ~ncrease as AFR 

increased wheI'eas i t decreased as FT i ncreased • 
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The t"esult .. of pr-esen~ st'udy indicBted t~at 

pat"ticle size did\ n6t play ver-y Slgriificant t"ci~ 1n the 

f~cth tr-ansfer. Thet-e 1s little cr- no hydr-aulic 

cf hydrl'Jp);1èbic, par-tlcles in the ft"otn.' The 
, ' 

" 

s'lze-bY-Slze 
, ' 

flotation behaviet" 
, , 

of sphaler- i te ind'lcBted 

that ,thér-'~' IflBS a peak in fletab1li ty at an lnter-mediàte 

par-ticlè SiZB (20 .... 28 p;m); r-epor:"ted in ct-h.et" studles. 
~ ~ 

"~ " 

" l ' 
:,10.3' EN.T~AINMENT AND RES.lDENct !~ME' DISTRIBUTIONS 

\ ~ .~ 

p 

11 ' ,~ 

, 'entr-;,al:pment study shewed that 
" ' 

, . 
'èrftI"ainmën~ ,of' hydt"opt1l.lic sillca coultil be r-educed by 

< • . 
r-educ~i ng the watet" f' lCLII l nte the concentr-atl:! s'tr-eam; A 

defirut1j3 FT hBS te be,mal'l'1tailled tè' allcLII "cleaning" of' , 

the 
, 

flcated mate'rial te " take plac'e. Hydr-aulically 
d • ~ -t"- . 

- 'entt"alned gaT.'lgue PBr-t:1Cles bJ,il+ tend tc e~cape wlth the 
, 

~ 

dr-a·lning l.lquid. It was foùnd that 'an lncr-eqSlng AFR dld . , ; 

':' t " net r-e'sL!llt, ln signi~~cant" 'incr-ease ln ,'entr-ainfnent;', as 
Il, , 

t·, expac:ted,i >\ becBusB cf the lncr-aeSB in iiquid d~ainage back 
~ ,\-", \, .. ~ 

" 

. ' 

.' 

tc the slur-ry. lIt ~as pestulalted thBt tha maJalt" dr-op-;b,BCk 

mechan1sm fer gangue partH::les lS the llqUld dt"ainage in. 
." , ' 

Bided ,by 
i , 

the .. -the 
1\ • 

~,frct~~' phase oiLm 
, 

settling 

1 
• tl<, 

'0 
\ " .. 

velcqi t~ . :" 

",An' èddi tiemal 
" ~ 0 

t"eduction 
. . , ., 

entr-alnment, LIlas 

~ • l • 

j.LI8shine,' the 
,\' , .. ~lctBtion pulp'with,a spr-ay ~E 

:0, , " t . . 
wa,ter-.... °Bettet" r-esul ts - " .. LII'er-e 

\. 

cbta,ined when thlS spr-ay w~s 

lccated belew the ft"cth ph'Bse. 

, " '," 
. 
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,-
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Bath liquid and so11d RID studiBS shawed that the 

cantlnous flotatian cduld lB, madelled as peC'fecl~ mixe( 

s,-,stem. Th. pC'BsencB cf FT and wash watsr addition 
, 

significantly affects the ,liq~id C'Bsidence, t1.~. T·he RIDs 
-- -.:;--:..1-.-

o~ liqU1ds and 'salids weC'1! sim1.1ar if there was no wash 
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'APPENDIX 1 

-.E ClUTS AT DIFFœT AIR FtOM MTEs llllin' . 

IINIETER • - .--.--------
(M' 

.5 
1 

t.5 
, 2 

3 
4 
5 
6 

TOTM. 

S.I.S. 
U/.) 

1.3 

329 
88 
3&" 

759 

" 60 
2 
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1373 
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411 
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1.96 
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3 0 

78 26 34 
~ 0 12 

190 320 185 

23' 452 360 
120 256 390 

11 11 20 
4 3 6 

670 106' 1007 . ______ ._ d 

.. -----
1.7' 1.78 1.6~ 

._-~-----_.. . ... _-
T ••• S. 
(ci/lin' 301r.r.5.81 ~.70 67108.38 89043.10 103018.3 ---------_._ ... _--------
Rb 

lM' 1.26 1.53 1.67 1.68 1.82 
• ___ • ___ u. _______ • __________________ _ 

LICD' 0.2l 0.43 0.51 0.52 0.60 
------------------_._----

5.'.S.: Stecific bubble surfact, Il/lin) 
T.t.S.: Tatal bubbll surface productcl ptr unit till, (ci/lin) 
K: Carndian factor, 1 
lin Avll"l" nbble fadiu$ 1.) 
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APPENDIX 2 

A) "-ASUr..-nt o~ GAS holdup in the slurry phase; 

Th... measur •• ents were performed by bubbling Gas through 

th. f~otatian cell, originally completely filled with water. The 

Qa. ho~ dup equa,l s the quant i ty of water over~ 1 ow that coul d be 

'.asily gathered and .. asured. Since the displaced amount is equal 

ta the Gas valu .. ' in th. slurry phase, Gas holdup can be 

CAl culated by; 

Eg -Voas/Vcel1 (1) 

'0 
: 

'" - '. 
wher. €g= gas holdup in the slurry phase (dimensionles.) ". 

Ve.ll: cell/5lurry volume, (cm 3 ) • .. 

b)' Calculatian o~ super~icial Gas velocity; 

, , 

Vg ... Q/Ac:.ll (2) 
: t' 

o 

Nhar. Vg: superficial Gas velocity (cm/.) 

Acell: Cell surface arma '(cm 2 ) 

c) Calculation o~ average bubble r~idenc. time; 

1'.' Vgas/Q , (3) 
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d) C.lculation of average bubble ri5e v.locity~ 

r 

The maan rise valocity of the bubbles in' a bubble swarlll 

is equivalent ta the interstitial gas velocity which follows ~rom 

! , the super~icial gas velo~ity (Shah et al., 1982). 
~ ~ 

1 f 

t 
Vr = Vg/Eg (4) 

1 

.i 
1 
i 
1 
l 
1 • 1 Mhere Vr: average bubble rise-velacity. 
1 
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,~ 

1 

t 1 ~ .. 

• ) Calculation of average liquid-g.s interfacial a~ea; 

Fro. the gas holdup in the slurry and average bubble 

the speci~ic i nterf ac i al area can be cal cul ated 

(Shah et al .. , 1992) 

, 

a = Vg~y'dav (~) 

1 

1 
1 a: liquid-gas interfacial area 

'Q 

Vgas: gas volume in the slurry 

dav: m.an bubble diameter, (cm) 
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APPENDI X 4.1 

CALCULATION OF THE FRC IN SEMI-BATCH FLOTATION; 

At constant AFR and celI volume, flotation can 'be 

compared to a first-order kinetics chemical reactlon. 

The rate constant can be expressed in the form ; 

1 
y • -de/dt • K * C 1 

Nhere C: concentration o~ certain species in the 

slurry at time t. 

K: FRC (l11oi n) 

n: order of the reaction <in this case 1) 

y: rate of disappearence of flotable mineraI 

by Hotation. 

Integration o~ ~q.l leads to 

c = Co * exp(-Kt) 2 

where CD Ais the initial For graph.ical 

E 

? representation, this can be rf!ltllritten as; 
t 
~ 

\ 
~ 

! Ln(e/co) = ~Kt 3 
, 

D 

( wh.,.. C= M/V, ... is ... ass and V is volUlle. Sinca V is 
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constant th~ughout the experiments, this formulation can 

be simplified by using only the weight of floatable sol id • 

Therefore, 

"f : W~I /w 0: exp (-Kt) 
4 

Nhere Wa is initial charge, WcI is the'mass of floatable 

ainer\1 in the cell at tt_ t. 

\ Taking inta account on1 y fI oatabl e mineraI after 

prOlon,ed flotation time, 

(w - W ) cl 00 (W 0 - W I;D ) exp (-Kt) 
5 

where W a:r contai ns both the remai ni ng mater i al mass in the 

pulp and experimental lasses after an lnfinite flotation 

tilDe. 

A plot of Ln ( (Wc l-W cp) / (Wo-W.(Xl ) ) versus ti me 1 n 

second on a semilog paper will result ln a straight 11ne 

with a slope of -K/(2.303*60) ~ If first arder equation 

tlpplies. The FRC in l/min is given by; 

-(slope) * (60 * 2.303) l/min 6 

In this case recovery can- be calculated by !.Ising 

·the following equation. 

R = R (Xl (l-exp(-Kt» 
7 
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APPENDIX"4.2 

2.64 
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E 2.16 --
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3: 
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TEST N~I 1 , ArR: 6.Z5L/lin WtlFR: 3 Lllill 

, , 

---------------------------------------------------------------
TInE 
(sI 

Wc 
(gr 

WeI Wel-Woo Wcl·Wao Ln'Wci-Nool 
(gl Wo-Moo' (Wo-Mao} 

------------.-------------------------------------------------~ 

10 " 5J.12 1411.29 135.0S 0.72 -0.33 -, 
, 20 22.17 124.11 112.88 0.60 ' ' -0.51 

30 19.3b 104.75 93.52 0.50 -0.70 
40 13.p1 'Il.6B BO •• 5 0.43 ' '-0.15 

-
50 10.05 81.63 70.40 0.37 ·"O.~9 

to 10.81 70.82 ' 59.59 0.32 . -1.15 1 
f 
/. 

70 6.3~ 64.44 5~.21 0.28 -1.27 
, 
f' 

,,;:" . 90 13.4& 50.98 39.75 0.21 . -1.56 
110 9.25 41.73 30.50 ' 0.16 -1.82 
130 7.60 34.13' 22.90 -0-.12 -2.11 " 

,ISO '.97 29.1~ 11.93 0.09 -2.35 
170 4.~4. 24.62 t3.n 0.07 :,,2.65' . 
:00 - 2.18 21.B4 10.0'1 0.06 -2.88 
no' 4.01 17.83 6.60 0.03 -3.35 
3\0 4.43' 13.40 2.17 0.01 ':4.47 

.REHAININ& 2.17 11.23 0 ' 0.00' 
lOSS. ,,'.23 
. .. 
----.--------------------------~------------------------~~---~ 
SLOfE : -.00584 INTERCEPTI~.J31 VARIANCE: .~OO606 

FRC (sJope • 2.303 • 60) 1 .81 LUtiN 

... -.. --.. ----~_._---._--_.-----_.-_.-.-... _ .. _-._----_._.--.-. 
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TE,ST N(h l ArR; 6.25L/lill UFr, : 3 L/.IIl· 

-----~---~------------------------------------~-------------_.-

'l 

tlKE 
(s) 

10 
20 

30 
4& 
50 
60 

- ' JO 
90-

" 110 
130 • 
150 . 
170 . 

, 
190 

" . '220' 

280 
340 

REflAIHllf6 ' 

LDSS 
: 

Wc '.We1 Wel-Wao Wel-lDo lnIWcl-Woo) 
(gt (g) Wo-Moo (Mo-Mao) 

50.A' 149.31 136.63 0.13 -0.32 
'" 27.-41 IU.9 109.22 0.58 -O~5t 

24.20 . 91.7 85.02 0.4' -0.79' 
17.50 80.~ 67.52 0.36 -1.02 
12.15 . o!r;65 55!37 .' 0.30 -IA 22' 

9.54 ' 58.51 45.81 0.24 -1.41 
6.89 51.62 !8.94 . 0.21 "1.57 ., 

10.89 40.73 28.05- O.rS -1.90 0 

7,01 
• 

33.72 21.04 ' O.ll" , "'2.19 

4.99 28.73 16.05 .. O,O~ -2.46 
3.47 

, 

25.26 _ 12.sA 0.07 - -2.70 
l.S7 22.69; ,IO.QI ~.05 -2.93 
1.86 20.93 11.15 ' 0.04 -3.tl 
2.26 tB.57 5:B9 0.03 -3.46 

3.~6 14.71 2.03 " 0.01 .' -4.52 
2.03 12.6B .. 0 

3.55 ;. 

9.13 
_________________________________ ~ ___________________________ w_ 

. SLDPE : ~.0060841NTERCEPTI~1'Sf o.VARIANCE, : .003428 
fRC ISlop, • 2.303 • 60) 1 0.84 JI.in . , ,. . 
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~ _ .. _-----~------~-------~---~._---~---------------------------- . 
TEST NOl 3 AFRI 6.2~i.J.in • VVFR:2.7:i L/lin.-

_ ..•.... ~._ .. _ ... -.-..• ~_ ...... ---_ .... -..... -.. -.... -••.•...•. 
./ TIllE 

'il . 
lit !kl - ièl-llQ{l . IIcl-lIoll Ln 'lIcl-lIoo', 

"tVI :., '91 dlo_lIoo • (l'o-lInl ' 

--.~--~---.--------.. _------------------_._--------.-----------
.", 10 3.74 J96.2~ 

lt.14 179.11 '20 . 

30-- 16.53. 162.59 
40 10.7i, 151.8 

50 ,10:20 141..6, 
~ , 

- 60' - &. ~3 . 132.91 
80 - 15.58. m.39 

T, 

100 H.47' 105.920-

12b 9.45 96.47 
, 140 9.39 87.99 

• ·160 7.05 80.04 
~8G 6.3J ' 73.71 
200 5.59 68.12' 

2.90 18.45 '-49.67 
~EtlAltllll6 35.00 

~ lDSS .44•67 

146.59 0.98 :0.03 
129.45 0.86 -0.15 

112.92 0.75_ -0.29 
102.13 0.68 -0.39 

91.93 • 0.61 ,-0.'9 
- ~ 83.3 0.55 -0159 

1i7.72 ' 0.45-> -O.BO 
~6.25 , 0:37' -0.98. 

" 
46.8 .•. O~31, "'-1.1] 

l'T.U 0 .. 25 -1.39 
" 

~0.31 0.20 -1.60 

24.04.'· O. l6 -l.al. 
18~45 0.12 -2.11> 

o . 0.'.00 

~ 

_._-~----. __ ._--------------------------._------------~--------
SLDfE :. -.60442 INTERCEPT:-.0197 VARIANCE: .003428 
FRC (SlDp~ 2.303 • 60) : 0.61 filin . '" --.. _-~--------_.~_._-----.------------------~---------------.-
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----,---------------~--~--~~-;~-----~~-------.-.~~;~-------~-
TEST. NO: 4 ' AfRa 6.~5L/.in ~IIIFRI}.2 ~/.i~-

" . 
-_ .. _._. __ . __ ._---_. __ ._----.~._---_.---.-----~.~-~~-~-.~~-_.~-

TI~E Ve llel ,Vel-Voo IIcr-lIoD'~ntlcl-ioDJ 
• _ (sI (qi :,(gl .. , 1I0-llao (1kt-lIoot-
. -----------~_._--.. _._-_._-~~------_._--_.~~._--~._---------_.-

r 0 , '. , .~. .. ~ 

JO 
, 

, ZO 

30 
40 

9.93 t'JO.e7 
9.67 • r80 •• 

Il.29 169. U' 
Il.J2 157.79 

145.16 • 0, 9. -~O.07· 

'1J~.-49 ". 0.87,. --0.14 . 

..124.2 o.ib -0.22 ~ 
, ' 

112.88 - <,0.73 -'.32 

1.01,1).9 0.66. ':0-.41 ~ 

'0 JO.~ Hb." 
60 9.72, 131.18 92.27 O.59~ -0.52 

~ &0 15.06 122.12 71.21 .. 0.50 ~70 

100 ' 12.49 109-.63 -0.87 

12.0' 11. 70 0 97.93 
64.72 

53.62 
-44.19 
36.42 

29.05 ; 

'1).+2 

0.34 -1.07' JI1ft. 
140 S.Bl ,89.1 

16& . 7.n - B'1.33 
> -

t80 7.37 73.96 . 
200 • 6.05 - 61.91 

220 " 5.24 ' 62/67' 
310 11.76 44.91 

REI1AININ6 30.18 

LOSS 14.73 

23 
17..76 

o 

0.28 - -1.26-
0.23 -1.45 • 

'0.19 - -1.61 
0.15 • -1.~1 

0.11 -2.17 
~, 

----------.--------------------.--------------_._.-------------
SlOPE -.004161NTERCEPT:-:03[8 VAR 1 AtlCE: .000139 
fRC (SlDp@ 1 2.303 1 601 : O.S7 I111n 

-. 
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J •• 

-' 

.~ !l: 
, "'1 , 't-J~ '> ~ ~ 
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• Q<, 

TIKE Mt Mel· Mcl·~o~ Mcl-Woo lnIVcl-Moo) 
_ ;.. 0 

. lsl Ig.), 19) ,lIo-lIo~ 1110.,1100) 

-----------------------------------~_.~------------------------

10 l~. 55, 183.45 130.5 ,0.89 -0".12 
20 -, 12.56 170.89 1l7.9t. O.po -0.22 ' 

30,' 10.94 \59.9S 107 , 0.73 ,-0.32 

40 9.07 , tSO.8S' ")7.93 0.67 -0.41 
( ,50 8.82 'H2.06 Q9.11 " ~ 0.61 -0.50 

60 . 5.93;, 136.13 83.18 0.51 -.0.57 . 

'BO· '13 • .1'4 ,122.99 70.04, 0',49' -0!74· 
100 11.26' ,1~1.71 " ,58..78 ~, 0.4,0,: ' -0.9~· 

'120 r.60, I03.,1l.~ SO.1i1', -' 0.34 ' ';'1.08 
- q -~ • - • " 

140 c' 8.36 9 •• 77 ~1.82. 0.28 -t.~6 

160", 1.20 

'180 . S.l7 

200 II' ~.38 

220 4.]2 

240 2.28 

87,.57 
82.20 • 

34.62 
29.25 

76. B2' • 23.97 
72.10 

69.82 

19.t5 

16.87 ' 

'~0 .. 24 . -1.4~ 

0.20· -l.bl 
0.16 -1.82-

. . ...... , .. '. ,~ ~'3~ _, llr:87·' ,52 .. 95 (). 
/.',", .,' ':' ' ',-,,' :, " .: RatAiNIN6 ' 40:03 " ' 

0.13 ., -2.0" 
~.!_1. '-2.17 

"':':,:, ','" l :, ~ ; • , ' ~ 10'55 " ~, 12:92 ",' C' . 

• ~-...' • . t. ..' ~. " .. \ 
<~ • ________________ 4 _____________________________________ ---------

'. . SlOPE : -.00377 INTERCEP/: -. 01875 VARIAHCE: .00005 

.,' 

h.. 
Z~: 
. " 
" ~ 

FRC (si ope • 2.303' • 60) 1 > 0/52 tllin 
---------------------------------------------------------------, " 
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------~--------~---~---------------------------------.---------
tEST NO:- 6 ' ÀfRt 60. Z5Ulin IIMFR:~ L/Iln 

---------------.-----:-----------~.--------------~-----------,---

11"E Wc Nt~ Wei-NoD Nel-Noo lnINcl-~Qo) 
Is) '0 19) , - 19) 110-110 Il INo-Noo) ,. , 

------------------------~------~-------------------------------

10 8.72 191.28 Q 143.51' 0.94 '-O.o~ 

20 .B. '6 182.32 134.55 CI. eS" -0 • .12 

30 a. 'i2-' 173. r .125.63 

o 40 7.76 J6~.W 117.87 
0.83 -0.19 

o.7i· .. (}.26 
50 T.63 158.01 j10.24 . 0.72 . -0.32 

60 7.,49 150;52 101.753' 
,~ 

_ 0 • .67 "0.39. 
, " 

BO 14.37.136.15: 88.393 0 .. 58 -0'i4 
, , 1 • 

. 100 ',11."50 ;1-24'.b5: 76.sal 0.51: '-~6B .. , 
'-'120 • li. 33 ,.. . 
~40 ' 10.05 
160 , 8.~5 

.180" 7.7.0. 
- 200 ' ' 7.n 

.', ,i20 &.6.17 
240 "-';\5.61 

" ," 330 

REtlIIlN1N6 
LOSS 

20.04 
'2B.47 

. 1~. 30 

1I3.3Z, o5.~5 '0.43 :-~.B4 
, " 

, 

S~'50 103;27 
. 

0.36 -1 .. 01 
l , -

94.62' 46.9S 0.31 -1,.19 

B6.92 ~9.15 0.26. -1.36 
1~.S9 31.92 0.21. -1.5~ - , 

. n.42 . 25.65 ,0.17 -1.18 
6}.8':lo"20.~4" 'o.d, -2.03.' 
41.:17;", o.' . 

.~ -.... . .. ...... . ~ ... '"" 

SLOPE : -.00266 INTERCEPTi-.03 VAR 1 A,NCE: -.OQ2b2 

. FRC (slop • 2.303 • 60) : 0.37 Jilin 1 
• 1 
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TEST HO: 7, 4" AFR': 6.25l1ailt!~, IIIIFR: 2.65 lIain 

--------------------~---------------------------------------~ .' TlKE Nc' Nel Mel-Vaa Wel-Noo LnlNtl-Nool 
151 Igl (~I 110-1100 1110-:-11001 

-----------------------~---------------------------------------
10" 13.83 186.17 78!29 0.85 -0.16 

- 20 7.00 179.17 71.29 0.77 -0.'26 

30 7.33 ql.B4 63.96 0.69, -0.J6 

40 6,.15 165.69 57.BI 0.03 -0.47 
. 

50 5.94 !S'f.75 51.87 0.56 -0.57 
60 4.24 155.51 47.63 0.52 -0.66 

80 f.ll H7.J8 39.5 0.43 -0.85 
100 7.19 ~140.19 32.31 0.35 -1.05 
120 • 5.7B 134.41 26.53 0.29 

\, 
-1.24 

140 4.62 119.79 21.91 0.. 24 -1.H 
160 4.01 125.78 17.9 0.19 -1.64 

'li 
180 3.23 122.55 14.67 0.16 __ !.B4 

200 2.16 119.79 11.91 0.13 -2.05 
220 2.9Ô 116.89 - 9.01 ~ 0.10 -2.32 
240 1.87 115.02 1.14 0.08 -2.S6 

330 7.,14 107.88 0 
REliA 1 Itl NG 91.00 
LOSS ~fê.88 

----------------~--------------------------------~---------~--
SlOfE : '-.004246INTERCEPT:-.0214 VARIANCE: .00008 
FRC [slope • 2.303 • 60) 1 0.59 lilin 

-----------------~-------------.-------------------------------

o 

• • 6 
1 • 1 , 

, \ 

.. 

.' " ... "', - .... ~ ......... _" -',J'" - ..... _,.. ..... ""'~_ ~ _ ~ ...... __ "....r' ... ]~'l\' .. '~ 

+ /), -
;. 

'- ) 

' ' ----_ .. ------_ .. _._._------._.---------------------------------
TEST NO: 8 AFR:2.55 L1ain IIUFR:3 L1.in . ' 
---------------------------------~-----------------------------

Tl"E Nt Ntl Wei-NoD Wei-Wao LoIWcl-NOD) 
(5) Cgl (gl 0 IID-lloo n'o-KDc) 

c' ---------------------------------------------------------------
10 19.10 ~80. 90 357.60 0.95 -0.05 
20 31.32 449.58 326.34 0.B7 -0.14 

~ 30 27.06 422.52 299.28 0.79 -0.23 
"1 40 25.58 
i 

390.94 273.70 0.73 -0.32 
50 2J.25 :m.h9 252.45 0.61 -0.40 

.l ~o 1~.S4 356. LS 23~.91 0.62 -0.48 
1 80 ' 33.01 323.14 199.90 • 0,53 -0.63 

100 32.52 290.62 167.3B 0.44 -0.81 
120 25.04 265.58 142.34 0'.38 -0.97 
14'0 21.40 244.12 120.BB 0.32 -1.14 
160 20.21 223.91 100:67 0.27 -1.32 
180 17.22 206.69 ·83.45 0.22 -1.51 

200 ) 14.29' I92.AO 69.16 0.18 -1.70 ' 
220 14.47 177. ~3 54.119 0.15 -1.93 
240 Il.56 166.37 43.13 0.11 -2.17 

330 43.13 123.24 0 
)lEHAItHHG 107.05 

> 

LOSS 10.19 ,<. 

------~-----------~~---~-----------~------.-----------.--------

SLOPE : ~,003B57IHT~RCE~T:.0245 VARIAIlCE: .00026 
FRC (si op • 2.30"3 '-10) 1" 

1 
0.53 l/lin '" 

---------------------------------------------------------------
.. 

" 

• c 
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---_._-:----~~-~--jr-----------------------_._-----------------

TEST ,MOr '10';' AfR:3.75 Lliin MWFR:3 Lllin 
• '. j .... - -

------T-------------------------------------------------~------<;, ~ ~ 

IIc "lIcl tlcH'OD IIcl-lloo Ln tllkl-Moal ,h UlIE ' 

• (st (g) (g) No-Mao (Mo-Vao). 
# "'. c:> 

.------.----.-----~---------------------------------------------
" ," lO\' 5~.20 ., .... "'*44.& ' 391M3 0:8~ , -o.n 

20 • 37:67 407.t3 
30 

40 
32.64 ' :m.49 

28.94 345.~5 

5Q ·21.13 321 •• 2 
60' 24.02 297.'0 
7Q 24.52' 212.88 

90 35.45 237.43 
·ltO· ,29.88 -207.55 
130 26.23 181.32 

150 22.92 158.40-
170 17.29 141.11 

. , 190 17.08 124.03 
;; 

220 20.25 JO~.78 
280 29.90 ,'" 
340~ 27.~1 

73.99 , 
46.37 

RE"AtN'tN6 35.02 .. 
LOSS 11.35 

360.76, O.BO -9.23 
• ,':0.32 32B~1t G.n . 

299.18 0.66 ~O.42 

2~5.05 'O.b! :0.50 
25t.03 ::' 0:55' -0.59 
226.51 ' 0.50 -0.69 

t 191.06 0.42 -0.86 
161.18 0.36 -1.03 
m.-'i5 0.30 "1.2t 

112.03 0.25 -1.40 
9-4.74 0.21 -1 •. 57 -

. 77.66 0.17 '-1.76 

57.41 0.11 " -2.07 
"27.51 .. O~,Oll , -2.90 . 

0 

,~ , 

.. 

-----------------------------------------~----~!---------~~._-. ~ 

Sl~PE l -.~409 INTERCEPT:-.00843 VARIANCE: .000335 
FI\C Isl-ope • 2.303 * 60)-; • 0.57 IIlin 

------------------------_:_-----~------------~_:_------------.-

• t 

-; 

- " . ' 
," 

" 

.. 

/.,.~ -~~ 

> 

Il 
,/ 

-----------~----~--~-------------------------------------------
TESJ Mm 11 AFR:9.43,lli,in ~WFR:3 !,:. Lili~ 

...!-... . 
------------------------~---------~---------------------------; ., ' 

TlKE" IÎt 'Wtl XCl-WOD Wtl~ioàln(WC1-Woa~: 
.. cP» 

'(5) (q') (..g) t No-Noa (WO'NOll)' 

-------------------------~------------------------------------. .. ",. .. .' 

10 29.52 470.49 416.53 
, 
0.93 -0.07" 

;~ 

:20 34.75 435.73 381.78 O.Sb '-O.lb 
30 37.59 398,14 1.44.1-9 0.77 -0.26 

.40 36.37 361. 7f' 307.82 0.69 -0.37 
.;:-

,. 
50 28.BO 332.97 ~79.02 0.&3 -0.47 

, ' 60 26.46 306.51 252.56 0.57 -0.57 
70 21.96 294.55 230.6 '0.52' -O.6b , 
90 41.70 242.B5 lB8.9 0.42 -0.86 \ . 1'" 

l~O 36-.60 206.25 152.3 0.34 -1.07 ". , 

130 28.65 ' 171.6 1~~.6~ 0.28 -1.28 ,.. 

150 23\'42 151.18- 100.23 0.22 - --1.4~ ~ . 
170 21i.90 133.28 79.33 G.18 -.1.73 ( 

190 16.05 1I7.23 63.~8 • 0.14 .:1.95 

220 20.2(1 97.03 43.08 0.10 -2..34 
280 21.ô4 75.39 21. 44 0.05< -3.04 -

340 ' .21~44 53.95, 0 
" , 

REHAINING -35.44 ~' 

LDSS 18.51 -< 
,-' 

0' , 

----------------------------:!!"'----~--~---------:::-------,--------~ 

SLOPE : -.00467 UHERCEPT:.035Z VARIAI4CE: .000195" 
FRC Islape • 2~303 * 601 : 0',65 i1~ln-

" ------------~---~~-~------;-------------------,-----~------------

(' 

(? 

:-
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, ~~ ~ r,.. ~'" 

•• 1 < 

, ~ 4 

'" '. 

-Il 

~ 

ru 
1-' ru 

~ .: 

--

r, 

~. 

, ~~"-\i"', 
4- ~ ~ 

:-

---------------------------------------------------------_._._-
TEST NO: 12 

~ 

AFRIB.7 Lllin IIIIFR:3 LI_in -
._._~-_. __ ._---------. __ ._--_.-._-----~------------------------

lIKE IIc' lIel lIel-lloo Wel-lloD L~(Wel-lIo~1 
(s) (9' . (" lia-liaI! (llo-NoD) 

--------------.----------------------~-------------------------
10 50".10 449.90 411.03. t.99 -0..12 
20 42.98 406.92 368.05 0.80 -0.23 

~O 38,90 361.,02 329,15 0:71 -0.34 
40 32.28 335.74 296.87 0.64 -0.44 
~o 27.31 308.43 2it9.56 0.58 -0.54 
60 24.52 281.91 245.04 0.53 -0.63 
70 25'.45 258.46 219.5,9 , 0.48 -0.74 
90 '2.6~ 215.81 176.94" 0.38 -0.96 

UO 31.67 184.14 145.27 0.32 . -t'.16 
130 28.26 155.88 m.Ol 0.25 -1.37 
I~IY~ 22.42 1"33.46 94.59 0.21 -1.58 
Î70 17.74 l~.72 76.85 0.17 -1.79 ' 
190 14.78 100.9' 62.07 0.13 -2.01 

.220 19.'0 81.04 .. 42.17. O.~ -2.39 
210 24.94 56.10 17.21 ' 0.04 -3.29 
140 17.23 38.81' 0 

RE"AINUt6 25.50 
lOSS 13.37 
_______ • _______________________ L ______ ~ __ ~----________________ _ 

SlOfE : -.00486SINTERCEPT:.0263· VAR 1 ANCE l .000719 
FRC Isiapi • 2.303 • 601 1 0.67 ll.in 

-------------~------~----------_._--.-----------------___ a_a_W. 

'1: 

" 

-----------------~------.--------------------------------------
TEST NO: 13 AFR: 6.2SUlin IIl/fRll.OS Lllin 

----------------------------------------~-------------.-------- ~ 
. mIE Itt Mel ~cl-Nao Nel~Woo lnINc)-Wool 

(s) (g) (g. 110-1100 1110-1100) 
-

----------~----------------------------------------------------

10 35.13 "1&4.87 147.9 • 0.81 -0.21 
, . 

20 ~ 29.30 ilS. 57 118.6 ... 0.65 -o.n 
30 21.41 114.16 97.19 r 0.53 ':0.63 

40 16.06 9B.l 81.13 - 0.44 -0.81 
50, 13.03 85.01 lrB.l 0.37 -().9~ 

60 10.3S 74.12 57.7S' 0.32 -1.15 

70 10]07 64. 65 47.69 0.26 -1.35 
90 8.51 56.14 39.17 0.21 -1.54 

110 9.96' 46.1B· '2"9.21 0.16 -1.84 

130 6.57 39.61 22.64 0.12 -2. OC! 

150. 5.95 33.66 16.69 0.09 -2.39 
170 3.7B 29.BB 12.91 0.07 -2.65 

190 2.B3 27.05 10.08 0.06 -2.90 -". 
220 l.U n.5B ~.bl 0.04 -3.32-

780 4.16 19.42 2.45 0.01 -4.31 

340 2.45 16.97 0 
flEI1AININ6 3.97 
COSS 13.00 
---------------------------------------------------------.-----
SLOfÉ : -.00603 JUTERCEPT:-.104 VARIANCE: .00087" 
FRC (si ope • 2.303 l 60) : 0.83 lt.in 

-------------~-----------------~----------------------.-.------

'" 

/ ! -
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-~-------------------------------~-------.---------------------
TEST NOl 14 AFR17.5 lllin WWFRI3 lilin 

HI'E 
h) 

Mc Wel Wel-Ioo Vel-Voo lnIMcl-Moo) 
10) - toI Mo-Moo 'Wo-Moo) 

-----------------.. -------------------------------------------. 
tO 46'.40 453.60 41l.49 0.90 -0.11 
20 44.95 40B.65 lôB.S' O.BO -0.22 
30 43.70 364.95 324.84 0.71 -0.35 
'40 34.4B nO .• 7 290.U 0.63 -O.~6 

~o 2B.b7 301.8 2U.U 0.57 -~.56 

60 30.10 271.10 231.59 0.50 -0.69 
, 70 23.32 2~B.38 208.27 0.45 -0.79 

90 46.ô4 201.74 lét.n 0.35 -t.05 
110 28.99 172.75~ 0.29 -1.24 
130 25.14 147.61 • ' 0.23 -1.45 
150 22.79 124.82 84.71 O.ta -1.69 ' 
170 17.82 107.00 66.89 0.15 -1.93 
190 13.65 93.35 5l.24 0.12 -2.16 
220 I7.B7 75.48 35.37 0.08 -2.57 

~80 20.83 ••••• 1.... 0.03 -1." 
340 14.54 40.11 ~ 

RE UUX& 33.09 .. 
LOSS '7.02 

---~~~-----------------.------------------------------.. -------
SLOPE : -.0049B4INTERCEPT: .00316 YARIANCE: .00008 

~ , 

FRC Istop' • 2.303 • 601 : 0.69 1/.in 

--_.---------------------------~---------_._-----_._-_.----.-_ . 

\ ,-. 

TEST ND: 16 

TI"E 
tsl 

10 
2C1 
JO 
40 
50 
60 
10 
90 

110 
130 

150 
170 
190 
220 

,280 
340 

'REI1AIHllI& 
LOSS 

Ile 
(g) 

42.48 
33.49 
26.19 
24.88 
2l.20 

,-

AFR~3.75 l'llin WVFR:3 Lllin 

IIcl Mcl-UCD Nel-NoD LnIMcl-Moo) 
(g) Wo-Woo tMo-Woo) 

457.52 390.28 0.90 -0.10 

424.03 35&,'79 0.82 -0.19 
397.B4 330.6 0.76 -0.27 
ln.96 305.72 0.71 ,-0.35 
349.76 . 282.52 0.65 -0.43 

22.23 '327.53 260.29 0.60 -0.51 
20.15 307.38 240.14 0.55 -1).59 

16.57 270.81 20!.57 0.47 '-6.75 
30.16 240.65 173.41 0.40 -0.91 
28.31 212'.34 145.1 0.34 -1.09 
24.Jl lSB.Cl3 12°.79 0.28 -1.28 
19.20 168.83 J01.59 0.23- -1.'5 
18.88 149.95 82.71 0.19 -1'.&5 

24.21 125.74 58.5 0.14 -2.00 
34.70 91.04 23.8 0.05 -2.90 

23.B 67.24 " 0 

42.5' 
24.70 

______________________ • ______________________________ ~ _________ 0 

. 
SLOP€ 1 -.00414BINfERCEPT:.0272B YARIANCE:' .OOVU 
FliC Islope • 2.303 • 601 : < '0.57 l/.in --

" ~----------:----------------------------------------------------

, 1 
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1 
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• 

; ~ ...... ~ 
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~ 
------_._------------------~-----------------------------------. 
TESt _II 22 AFR11.5 lIain> MMFR:3 L/atn 

, '. , ' 

---------------------------------------------------------------. 
TI"E lit IIcI IIcl-lloo IIc1-lloo ln,tllcl-l'oo) 

(s) ,IQI (9) llo-NoD IlIo-!too) 
--_._--.-----------------------------------~-------------------Ct _ ;"' 

10 55.95 444.05 407.8 0.88 -0.13 
20 ,37.89 - 4{J6~16 369.91 O.BO' -0.23 
~ 

30 34.48 371.68 335.43 0.72 ~0.32 

46 30.88 340.8 304.55- 0-.66 -0.42 
50 30.07 310.13 274.48 0.59 -0.52 

60 28.73 282.00 245.75 - -4.53 -0.64 
, 70 lb.56 255.4' 219.19 0.47 ':0.75 

90 41.17 214.27 178.02 0.38 -0.96 
Il,0 39.27 115 .. 138.15 0.30 -1.21 
130 25.35 149.65 113.4 0.24 -t.41 
150 22.75 126.90 90.65 0.20 -1.63 -
L70 17.90 109.00 72.15 0.16 -1.85 
190 J5.49 '3.51 57.26 0.12 -2.09 

J, .. ~\ 
., > } 

,Q 

220 16.48 77.03 40.79 0.09 -2.41 
280 24.17 52.86 a.61 0.04 -3.33· 
340 16.61 36.25 0 

' RE"AININ6 21.67 
lOSS 8.58 

----------------------------_._------~-----------------~--~----
SlOPE -.00499BINTERCEPT:.O~74 YARIAtICE: .000539 . 
FRC CsloPf • 2.303 • 601 : 0.69 Il.in 

-------------------------------------------------~-------~-----

'" 

~~ 

-) ... - ~ 't 'j ~ .......... , ... 

,-. 

~ 

-------------------------p--~------~-~-------------------------~ 
lESt HO: 24 AFRI5 lIain WWFR:3 ' L/ain 
------~-----~--------------------------------------------------

TI"E Ile Ile 1 lIel-lloo IIcl-lloo lnlllcl-lIoo) 
(5) ~ (9) (g) 110-1100 IWo-Woal 

" _________________ ~ _______________________________ • ________ J __ ~,~ 

JO 95.77 404.23 385.7\ 0.80 0 ·0.22 

20 54.56 349.67 331.15 0.69 -0.37 
~ 

30 4S.50 301.17 282.65 . 0.59 -0 .• 53 
4.0 40.68 260.49 241.97 0.50 ' -0~69 

50 29.97 '230'.52 212 'o.n -0.82 . 
60 30.03 200.49 181.97 0.38 -0.97 

.. ..;r. ~ • 70 24."35 H6.14 157;62 0.33 -1.12 
90 34.45 141.69 123.17 - 0.26 -1.36 

110 27.80 113;89 95.37 0.20 . -1.62 
130 22.94 90.i5 72.43 0.15 ~1.89 

150 ,"16.22 74.73 56.21 0.12 -2.1~ 

110 12.56 62.17 ,.3~6S 0:09 -2.40' 

190 10.2'7 51.88 33.36 0.01 ' -2.67 
220 Il.19 40.b9 22.17 0.05 -l.61I' 
280 13.9S 26.74 8.22: 0.02 -4.07 
340 B.22 IB.52 CI 

. ':. 

REHAItHN6 14.30 
-lOSS 4.14 

, , -
---------------*-------------.---------------_ .. _--_.---~---.--
S!.OPE -.0~SBB51NTERCEPT:~.0655 VARIAlICE: .0000718 
FliC .Islopé • 2.303 t 601 0.81 Il.in 

--------------------~----~---------~-~~--~----------_._----:--

• ~ .f 

t' 
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--~----------------------------------------------~-------------
TEST NOl. 26 AFR:6.25 L/ain VNFRI3 l/ain 

'" ~-----------------------------------~-------------------------. 
T1"E We Wei Wei-NoD Nel-WoD LnCWel-Wool 

(s) Iqi (9) 110-1100 1110-11001 

-------------------------------._------------------------------
10 110.66 419.34 404.71 0.93 -0.18 
20 51.b7 361.61 341.04 0.72 -0.!4 
30 46.87 :m.8 300.17 0.62 -0.48 
40 35.79 279.01 264.38 0.54 -0.61 

50 29.56 249.45 234.82 0.48 -o.n 
60 23.0B 226.37 211.74 0.44 -0.81 
10 22.58 203.79 189.16 0.39 -0,94 

90 37.16 166.03 151. 4 0.31 -1.16 
110 27.60 138.43 123.B 0.211 -1.11 
13"0 21.74 115.69 101.06 O.ZI -1. 57' 

' 150 19.20 96.49 81. 86 0.17 -1. 78 

170 17.22 79.27 64.64 O.1l -2.Q2 
190 15.85 63.42 48.19 0.10 -2.30 

220 13.30 50.12 35.49 0.07 -2.62 
280 23.55 26.57 11.94 0.02 -3.71 
140 11.94 14.63 0 

RE"AlNltl6 13.24 
,-. LOSS 1. 39 \ 

-------------------------------------------------------------.-
SLOPE : -.OOS179JtHERCEPTI-.03444 VARIAt~CE: .0012' 
FRC (51 ope • 2.303 1 60) : 0.72 1I1in 

------------------------------------------------------.--------

~ "\ " 

.. 

. , 

"...-.j., ..... ~~._~ __ .,... .. ~~,~ ........ ......... ,..~~"" ..... ...,. .. ""~V) ..... ~ ......... ~"""""""'~~''''J''r~ -~n>:.~~'~" ~~ .• ,-~ ~ 

,.-

' . 

_____ ~ ______________________ ~ ____________________ ~_____________ 0 

TEST NO: 27 AFR:5 lilln IIIIFR:! lllin 
------------------------------------------------------------.-- (f 

TI"E Ile Wei Wel-1I00 Wei-lloo Ln(Wel-lIoo) 
Is) Ig) Ig) 110-1100 IWo-lIoo) 

-----------------------------------.------------_._------------. 
10 99.1B 400.82 388.48 O.BO 1.-0.23 
20 67.!6 333.411 321.12 0.66 -0.42 j 

30 49.0B 284.38 272.04 0.:56 -0.58, 
~ ... Y'''' 

4(1 47.74 236.64 22~.30 0.46 -0.7B . ..-

50 ·39.85 19b.79 184.45 0.38 -0.97 
60 24.42 172.37 160.03 0.33 -1.11 

70 22.53 149.84 137.50 0.2S -1.27 
90 32.28 1I7.5b 105.22 0.22 -1.53 

110 21.12 89.84 77.50 O.lb -1.84 

130 20.24 69.60 5-7.26 0.12 -2.U 

150 18.45 51.15 38.81 O.OB -2.53 
170 lOoIH 41.11 Z8.77 0.06 -2.83 
190 7.83 33.28 20.94 0.04 -3.15 
220 8.78 24.50 12.16 O.O~ -3.69 
280 8.09 {6.41 4.07 0.01 -4.79 
340 4.07 12.34 r-~ 0 1< 

'RE"AININ6 3.24 ./~ ~~ 
LOSS 11.10 C,?' ~ '\ 

. . "'-\; 
------------------------------------~--- -----~---------------

SLOPE : -.00688 lNTER~EPT:-.05599 V~.00i1172 ,1 

fRC Islope 1 2.303 1 601 : 0.95 1IIIn _ . . .1 ' 

.' 

:.. 
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---------------------------------------------------------------
TEST NO: 2i AfR:S.7 L/.in MNFR:J l/.ln 
._-----_._-----~_.------------------------------------___ a_a. 

TIIfE 
(5) 

Wc 
(9) 

Wei Wel-Woo Wel-Woo lnIWc}-Woo) 
(9) No-Noo IWo-Woo) 

10 7&.96 421.14 379.85 0.83 -0.19 
20 
JO 
4"0 
50 
60 
70 
90 

110 
130 
150 
170 
190 
220 
280 
340 

REI1AINIH6 
• lOSS 

65.43 355.71 313.42 
4b.56 309.15 266.B6 
35.29 273.86 231.57 
28.74 245.12 202;S3 
26.89 218.23 175.94 
21.28 
33.26 
20.06 
17.34 
lb.J6 
9.54 

10.35 
11.95 
18.46 
17.34 
32.52 

9.71 

19&.95 
1113.119 
143.63 
126.29 
109.93 
100.39 
90.04 
7S.09 
5'l.U 
42.29 

154.66 
121.4 

101.34 
84 

67.64 

5B.l 
47.75 
35.8 

17.34 
o 

0.68 
0.58 
0.51 
0.44 
0.38 
0.34 

~ 

0.27 ' 

0.22 
O. tB 
0.15 
0.13 
0.10 
O.OS 
0.04 

-0.3B 
-0.54 
-0.18 
-O.Bt 
-0.96 
-1.09 
-1.33 

-1.51 
-1.70 
-1.91 

-2.06 

-7·26 
-2.55 
-3.27 

SlOPE : -. 004727UITERCEPT: -.1023 VARIANCE: .000987 

FiC IS,lop, • 2.303 • 601 : 0.65 1I.in 

. ' 

~ 
::::. 

~~ ~_~l ~', "1 • .,..., •• ~".!.~t ,. 

r-
l, 

. ' 

------~-~----------------------------------------------_.----~-
TEST NO: 29 ,AFR: b.25l/ain NNFR:l l/.in 
---------------------------------------------------------------

mIE ,Wc 
(5) 1;1 

Ncl Wel-Woo Wtl-W~o lnIWcl-WDo) 
Ig) No-NoD (Mo-Noo) 

---------------------------------------------------------------
10 57.99 142.01 133.55 
20 21.30 

30 18.20 
40 13.19 
50 12.69 
60 10.15 
70 7.60 
90 12.09 

110 7.38 
130 7.22 
150 5.42 
170 3:B2 
190 3.13 
220 3.55 
280 4.H 
340 3.37 

REMAINIH6 "4.bb 
LOSS 3.80 

120.71 
102.51 
B9.32 
7b.63 

66.48 
5B.BB 
46.79 
39.41 
32.19 
26.77. 

22.95 
19.82 
16.27 
11.83 
8.46 

112.25 
94.05 
BO.8& 
68.17 

58.02 
50.42 
38.33 
10.95 
23.73 
18.31 
14.49 
11.36 
1·81 
3.37 

o 

0.70 -0.36 
0.59 
0.49 
0;42 
0.36 
0.30 
0.26 
0.20 
0.16 
/}.12 
0.10 
0.08 

,0.06 
0.04 
0.02 

~ 

-0.53 
-0..1'1 

-0.,86 
-1.03 

-1.19 

-1. 33 
-1.lIl 
-1.82 

-2.09 
-2.35 
-2.58 
-2.82 
-3.20 
-4.04 

---------------------------------------------------------------
SlDf'E : -.OObô651NTERCEPT:-.121 VARIAnCE: .00088 
FfiC IsloPI • 2.303 • 601 : 0.92 lllin 
-------------------------------------_._-_._---_._-------------

l' 

, 
·C 

-, 
-

·"t 



1 

1 

"l-

_ ....... __ ..,_ ..... ___ ..... _~, ... _ ... ~~_'h""'""" ... __ L:.'_ ..... _.~_'..- ____ _ 

........... 

-ru ..... 
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,..
• , • .3 

---------------------------------------------------------------. ' 

JEST NO: 20 • 'AFR: 6.25L/.in WIIFR:2.9 L/.in 
---------_._---------------------------------------------------

TillE Wc Vcl Wei-NoD Wcl-NoD LnIWcl-Woo) 
(51 ,gl Igi lia-liDo '110-11001 

--_._----------------------------------------------------------
10 17 .44 192.56 159.21 0.90 -o.io 
20 13.65 16R.91 145.56 0.82 -0".19 

30 12.66 156.25 132.9 0.75 -0.28 ' 
40 9.88 1411.37 123.02 a.70 -0.3& 
50 9.59 136.78 113.43 0.64 -O." 
60 , 11.20 125.58 102.23 0.58 -0.55 

70 8.88 116.70 93.35 0.53 -0.64 
90 15.46 101.24 77.89 0.44 -0.82 

110 14.~6 86.68 63.33 0.36 -1.03 

'130 12.78 73.90 50.55 0.29 -1.25 
, l50, 9.96 63.94 40.59 0.23 -1.47 

17Ô 7.55 56.39 33.04 0.19 -1.68 
I~O 6.15 50.24 2b.89 0.15 -1.98 
220 7.55 42.69 19.34 0.11 -2.21 
280 11.38 31.31 7.96 O.OS -3.10 
340 7.96 23.35 0 

REltAIHIH6 20.38 
LOSS 2.97 
----_ .. _---------_._----------------------------------_._------
SLOf'E : -.00456 INTERCEPT:.0331 VARIANCE; -.00071 
fAt liloPI • 2.30l • bOl 1 0.63 IIlin 

---------------------------------------------------------------

..: 
) 
1-

~ • ~::- ... ' ",.,~ /10'" ~ 

............. ~ ... "~ __ • _____ ~.~<f'~~ .... ,..,.t.j..,,~ __ ... '7~.r.1~'..,~ ... ,,-,..,..,·t"<, ... 

,-

---------------------------------------------------------------
TEST NO: 21 AFR: 6.25L1ain IIIIFR:3.~5 L/cin 
-------------------------------------_.------------------------

, TillE Wç WeI Wc1-Noo Wel-Noo Ln(Wel-Voo) 
(5) Igi Igi 110-1100 (Wo-ilooi 

----~-------------------------_._-~----------------------------
10 42.90 157.1 144.59 0.77 -0.26 
20 20.51 136._ 59 124.08 ~.66 -0.41 
30 19.20 117.39 104.88 0.56 -0.5B 
40 12.90 104.49 91.98 0.49 -0.71 
50 Il.85 - 90.64 78.13 0.42 -0.88 

60 9.57 81.07 68.56 0.37 -LOi 
f <! , 

7,0 9.40 71.67 59.16 0.32 -1.15 
90 12.70 58.97 46.46 0.25 -1.~0 

lIO 8.74 50.23 37.72 0.20 -t.bO 

130 6.70 43.53 31.02 '0.17 -1.80 
150 5.10 38.43 25.92 0.14 -1.98 
170 3.75 34.68 22.17 0.12 -2.13 
190 4.05 30.63 18.12 0.10 - -2.34 
220 S.56 25:07 12.56, 0.07 -2.70 t, 

280 7.63 17.44 4.93 t;03 -3.64 
340 4.93 12.51 0 ,> 

REHAINlN&- 9.74 
l' 

LOSS 2.77 
---------------------------------------------------------------
SLOPE : -.004997INTERCEPT;-.IOe VARIANCE: .00119 
Ffit Islop • 2.30l • 601 : , 0 .. 69 lllln 

---------------------------------------------------------------

,-



{_ ~ _~ ~ ... '" .. ~'""" "" ~ _... _ ~ ......... ~ __ .... "..:J"'I __ "I~'Y" !~~'!I!')..~ ..... _. -'''" __ '' _ 

"""\ 

~·o 

,-

-.------------------------------------------------------------~ 
TEST NOl 18 AFR:6.25 Lllin IIIIfR:3 Lflin ' . 

, . --------.-.... -----------... _._-------------._---------._------
Tl"E IIc IIcl IIcl-Noo IIcl-lloo ln(lIcl~lIoo) 
(sI (9

' 
(9

' 
IIo-lioD (lIo-Wool 

---------------------------------------------------------------
10 69.10 430.90 409.70 0.86 -0.16 
20 44.48 386.42 365.22 0.76 -0.27 
30 40.74 345.68 324.48 0.68 -0.39 
40 32~ 99 312.69 291.49 O.M -0.50 
50 30.37 282.32 261.12 0.55 -0.61 

ru 
60 32.01 250.11 229.11 0.48 -0.74 

.... 70 25.94 224.37 203.17 0.42 -0.86 
m 

90 40.65 183.72 162.52 0.34 -1.08 
110 32.54 151.18 129.98 0.27 -1.30 
130 28.96 122.22 101.02 0.21 -1.56 
150 19.66 102.56 81.36 0.17 -1.17 
170' 17.62 84.94 63.74 0.1l -2.02 
190 15.31 69.57 48.31 0.10 -2.2~ 

220 22.75 46.92 25.62 0.05 -2.93 
280 25.62 21.20 0 

REKAININ6 16.54 
/~-

1 . \ 

LDSS 4.66 \ 
Cc Il 

y 

------------------~-----------------.---------------------------.-
Sl~PE : --.005153INTERCEPT:.00603 VARIANCE: .~000Sl2 

f~C Islape • 2.303 • 601 1 0.71 1I11n 

--------------~-----------------------------------------;------ -

... 

~: __ t~ .. ~" .... . " ~~" -- .. ' - .: 

,.-) 
\, 

---------------------------------------------------------------
TEST MO: 19 AFR: 6.25l/lin VVfR:3 lliln 
•••••• --------_.-_.---------_ ••• _----_._-------_._ .... --____ a_a. 

TJ"E Wc Wei IIcl-IIoD Wei-liDo Lniliel-Wool 
Csl (9

' 
IgI , No-lioD 1110-11001 

------------------------------------------------------___ a_a_a. 
10 16.16 183.84 157.58 0.91 -0.10 
20 20.41 Ib3.43 137.17 0.79 -0.24 
3e 13.54 149.89 '123.61 . 0.71 -0.34 
40 12.81 137.02 110.70 0.64 -0.45 
50 10.89 12b.1l - 99.87 0.57 -0.~5 

60 12.56 113.57 87.31 0.50 -0.69 
70' 9.27 104.30 18.04 0.45 -0.80 
90 14.18 90.12 63.8b 0.37 -1.00 

110 Il. 69 78.43 52.17 0.30 -J.2/) 

130 9.47 69.96 43.7& 0.25 -1.38 
150 8.25 61.71 35.45 0.20 -1.59 
170 8.71 53.00 26.74 0.15 -1.B7 
190 5.94 41.06 20.80 0.12 -2.12 
220 7.09 39.97 13.71 0.08 -2.54 
2BO 9.95 31.02 4.76 0.03 -3.60 

340 4.76 . 26. 26 (1 

REltlUiHN6 8.78 
lOSS 17.48 .~:> 

---------------------------------------------------------------
SLOPE : -.(lOSObbINTERCEPT:.Q21B VARIAUCE: .0012 
FRC (sl ape ,a 2.303 a 60) : 0.70 lllin 
---------------------------------------------------------------

.1 

j 
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ru .... 
ID 

, 
\ 

; , .. .,... ... ~_~~A~~ ...... 1I!IIr~~ ... .,..~ __ ~, ~ .... " ~_II<"''''~~~ffI~,f...,' ... l%f!.,.,,.I''~~» ...... _ .. 

y ...-, 
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__ • _________________ ~ ______ . ____________ • __________ ._4 ____ . __ _ 

TEST HO: 32 AFRI 6.25l/lin NWFR:3 tl.in 

TIllE Nc Ncl WeI-NoD Ncl-W 
" (5) (g) '9) 110-1100 (lio-llool 

---------------------------------------------------------------> • 

10 73.67 126.33 120.47 0.62 -0.48. 
20 28.8~ 97.53 91.\7 0.47 -0.75 
30 19.14 7B.3'l 72.53 0.37 -0.98 
40 11.92 . 66.47 60.61 0.31 -1.1,"" . 
50 10.91 55.5b 49.70 0.2b -1.36 
60 9.12 46.44 40.58 0.21 -1.51 
70 6.U 40.33 34.47 O. lB -1.73 
90 8.88 31.45 25.59 0.13 -2.03· 

110 8.44 23.01 17.15 {).O9 -2.n 
130 6.02 16.99 Il.13 0.06 -2.86 
150 3.17 13.B2 7.96 0.04 -3.19 
170 2.26 Il.56 S.70 O.OJ ' -3.S3 
190 t. 62 9.94 4.0B 0.02 -3.B6 
220 1.49 8.45 . 2.59 0.01 -4.32 
280 1.01 7.44 1.58 0.01 . -4.81 

340 1.58 5.B6 0 
REHAININ6' 3.22 
lOSS 2.04 

-----------------------------~---------------------.-----------
SlDPE : -.00804SINTERCEPT:-.174 YARIANCE: .004402 
fRC (slop • 2.303 • 60) : 1.11 JIlIn 
-----------,-!""-------------------------------_.----------_ ....... ---

'" u " ..... "4 ~ lt 

" 'u ..... - -... ~ ,-." '_ .. _ ~ 

~ -.,.. 

TEST ND: . 34 AFR: 6.25l11in WWFR:3 l/~j~ 

liME 
(5) 

Wc 
Igl 

Wcl "cl-Woo Ncl-Woo lnlWcl-Wool 
(gl Wo-Woo INa-WoDI 

-----_!_-------------------------------------------------------
10 13.19 IBb.U .53.20 0.92 -O.OB 
20 11.62 175.19 141.58 0.85 -0.16 
30 10.41 164.78 131.17 0.79 -0.24 
40 5.36 159.42 125.B1 0.76 -0.28 
50 10.43 148.99 U5.377 0.69 -0.37 
60 8.28 140.71 107.1 0.64 -0.44 
70 7.BI 132.90 99.29 0.60 -0.52 
90 13.38 119.52 85.91 0.52 -0.66 

HO 13.01 106.51 72.9 0.44 ":0.83 ! . 
t3ô 11.n 95·.2B 61.67 0.37 -0.99 
150 9.86 85.42 51.81 0.31 -1.17 . 
170 8.93 76. ~9 42.88 0.26 -1.36 . 
190 7.82 68.61 35.00 0.21 -1.Sb 
no 9.77 SB.90 25.29 0.15 -1.88 
280· 14.98 43.92 - 10.31 0.06 -2;78 
340 10.31 . 33.61 0 

REitAIHIH6 26.92 
LOSS 6.69 

-,-----------~----------------------------------------._-------

SLOPE· : -.003748INTERCEPT -.0421 YARIAI~E: ,OOO~223 

FRC (stop' 2.303 • 60) : 0.52' 1I1in 

------------------------------._--._----------~----------------

. 

. :.:-----

·1 

1 
> i 
.,. 
t 

j 
1 

11. 
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lU ru 
o 

~ 
• j ...... ~ 

.. 

" . 

, 

I~"-t 

• 

.-.. --. __ .. ----------------------------------------------------
TEST NOl 30 AFRtl.3 L/.in WWFR,} l/.in 

'TlItE lit 

III Igi 
Ile 1 Mel-Voo IIcl-Maa LnCliel-Moo' 
(gl llo-Mao (lIo:Wool 

-----------------------------------------------------------_._. 
cIO 54.10 445.84 356.49 

20 33.38 412.46 323.11 
30 22.13 390.33 300.99 
40 IB.9B 371.35 282.00 
50 16.50 354.85 26'.5 
60 
70 
90 

HO 
130 
150 
170 
190 
220 
2BO 
340 

REI1AIN1N6 
lOSS 

14.72 340.13 250.78 
15.20 324.93 235.5B 
27.78 291.15 207.8 
30.16 266.99 177.64 
2l.95 243.04 153.69 
2~.70 221.34 Ill.99 
22.0b 199.28 109.93 
lB.B2 IBO.46 91.11 
24.09 156.37 67.02 
39.93 116.44 27.09 
27.09 89.35 0 
82.59 
6.70 

0.87 -0.14 
0.19 -0.24 
0.73 -0.31 
0.69' -0.38, 

0.65 -0.44 
0:61 -0.49 
0.57 -0.56 

0.51 -0."68 
0.43 -0.84 
0.37 -0.98 
0.32 -1.14 
0.27 -1.31 
0.22' -1.51 
0.16 -1.81 
0.07 -2.72 

. . ----------------------------------------------------------.----
~LOPE : -.00329 INTERCEPTI-.01,04 VARIANCEI .000335 
FRC Islope • 2.303 S 601 1 0.45 l/,ln 
--.--_._-------------------------------------------------------

" 

t.:"· ,,"".i ~t· .. ~~~.w,.f .. :J~~ ;.' ""'~f .• '.. ~,,~ 

,-
,i 

. , . 

. , 
~----~~--------------~--------------------------------~~------
TE&1 NOl 31 . AFRI5 LIIln WWFR:l' lIlin 

-------------------------------------------------------.-------
TI IfE 
Isl 

Mc 
Cil 

Mel lIel-lloo Wel-Wao LnCllcl-Woo) 
(g) Na-Woo IWo-Wool 

---------------------------------------------------------------
10 . 100. hl 399.39 378.06 

20'; 88.08 311.31 2&9.98 
10 47.06 264.25 242.92 
40 47.43 216.B2 195.49 

. 50 27.09 189.73 168.4 
60 28.98' 160.75 139.42 
70 20.3h 140.39 119.06 
!O . 25.68 114.71 .91.38 

110 19.05 95.~4 74.33 
130 
150 

110 
190 
22« 
280 
3~0 

1~~77 79.B9 58.56 
12.69 67.20 45.87 
8.44 5B.76 17.43 
9.17 4~.59 28.26 
8.52 41.01 19.74 

11.65 29.42 8.09 
8.u9 21.33 0 

UI1AUUNG 11.64 
LOSS 3.69 

0.79 -0.24 
0.61 -6.50 

0.51 -0.68 
0.41 -0.90 
0.35 -1.04 
0.29 -1. '23 
0.25 -1.19 
0.20 -1.63 
0.16 -1.86 
0.12 -2.10 
0.10 -2.35 
O.OB ,-2.55 
v.06· -2.83 
0.04 -3.1' 
o.of, -4.08 

J . , 

-----~-~-------------------------------------~-----~-------~-
SlOfE 1 -.00581 INT~RCEPT:-.1416 VARIANtE: .001.426.' 
fRC Islope • 2.303 • bOl 1 0.80 lI.in 

, 
-------------------------------------------------.-----------.-

. 
~ ! 

.. 
~ 



____ ' n~ll """,,~_I .,A/NPl;li#S'4I6 •• 1i!I'C"~~ __ ".J',.,\~,"'~"""'I, ..... ~"",::,"'--" --:, "~~";'<!I<_ ............. ,.. , v- -.• - -". 

~ 

-, . ,-, 

,. 

" t J, 
- . '.' . ( , 

, ;;;;-;;;--15 .. ---:.----;----~;;-~--~; ;:--~~;;---:~;;;;-:-" 
: ~ --------------------------- ---~---------7..-----.---------... , .. -

TI"E ' 'Mt Mt Mel-NaD MctrMoo ln(Mel-Woo. 
, (Il (g) (, -. '~-IIOD . (lio-Moo' , 

•• .4 ----~ .. _--:---.:.--------~-~ -------------7/--------:.---------------
, :- 10 73..'10· 92' .90 ,886.118 / 0.92 _ -0.0'8 . 

20 77.56 849.34' 809:~~ 0~84 -0.17 

. _ ru ~ 

ru. : ..... 

~ - , 

/ 
/'J 

h. 

1 
J. "/. 

• 

" 

Î 

1 , 
1 

_. .! l' )(<1, ,< '<-'1'. '111';" ~ " 

.-

/ 

.. , 3~ 79.00 170.34' 73Q.~ 0.76 -0.2'1. 
40· 86.04 6B4.30 644;-28 0.67 -0.40 
50 n.95 611.35 :1,1.33; 0.60, "0.52-
M . 64.97 546.38 r06.36 ,0.53 -0.64 
70 61.72 484.56 /444.64 , 0.46: -0.17 

'10 '4.46 J90.-tO/j50.J8 0.36 '-1.01 . Y. 110 . 7S,78 314.4 274.40 0.29 -~.25 
130 61-.~8 252.-. '·2J2.72 0.22 .-t;51 

t t: 150 4'5j18 20 .96 166.94 ~.17' ,-1.:'75 
170 36.17 1 0.19, 130.77 0.14 -l.99 

98.79'- 0-.1O -2.27 

66.~9 O.~7 -2.68 

64.16 24.14. 0:03 ; -~.65: 
, , 40.02 0 

<. 

lDSS 

-~----~-~---t---~---------~------~------~----~~----:-:---------. . 
Sl0j.E: • 0055971:NlERCEPT r .~~64 YAR lANCE l' " Q00684',. 
Flle slop, • 2.303 • 60) 1 t.77 lIain : , . 

.. ~ v • ~ 

/

--7---- ------------~-~-------------~-----~--------------~---~ 
, / 

, / 
" ',,1 

~. ~..1 ., 

... 

'r 

.. ~~~ 

1 

~ 
" 

---~~---_._--~----~--- ----------------_ .. _-~-----_._-----------, , ' 
.. 1 - \. , 

TEST NOl 36 - AFR::r lIlln -"IIFRr3' Lllin 

----.,-------'--------~._--_._-----~_._-----.----------~--.,......----

(JI (QI (Q')\ . 110-1100 tMo-lIoo) 
TlflE ":;- fc~ lI~l-'ao IIcl-_oo ln(Wcl-llaal 

\ " . . ' 

---.---_:_------- ----------~-.--------------------------------\. . 
,10· 70. 929.38 17~.n 

20 82 06- 847.32 6~6.07 

30 6 •• 2 718.9 627.65 . .' 
40 8.93 . 719.'7 5tS.T2 ,V5i.90 661.01 '509.82 
60 50.28- 610.19 459:54 

,/, 70 48.07 562.72 411.47 
9 78.98 483.74 332.49 

flO 59. 9. 423.80 272.55 
130 51.95 37LB5 220.60 
150 42.62 329.23 177.98 _. 
110 J2.20 296.97 -145.72 ' 
190 - 28.7B 268.19 1~.94 

·220 J.8.U 229.~1 18.26 
280 '.6.89 182.62 31.37 
340 31.37 151. 25 0-

REtiAtlUN6 138.44 
, 

0.92 -0.09 
0.82 ·-0.20' .' 
0.74 -0.30 
0.61· -0.40 
O:6ô -0.51 

0.54. -0.61 . " 

0.48 -0.7'1 
.-0 

0.3-9, .... -0.94- .' ... 
0.32~ -1'.14 
0.26 -1.35 :. 
0.21-.- -J.56 

0.17 -1.76-
0.14 -1.98 

0.09 -oi.38 
0.0.- -3.30 

• lOSS • 12.81 -
1 • 

. " ---------~--------------------------------'I,.------:-------_, ______ _ 
r" .. ... , 

SlOPE 1 -.004-9081NTER&EP11.03l2" YARIAltCEr. 0009303 -
fRC (slope , 2.303 • 60~ 1 0.68 . ll.in ~ .... 

/) . . -
-----------------------------_.-----------~-~----------------. C • ...~ •• 

w 
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...,.,-

-,' . , 
"' 
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,-
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~---------:----------:---~~~--~-~-~-----~-:-~-----~--~-----~-
TEST NOa ,,38 - ~ AfRIJJ " l;/llIl IIMFR: 3 tlt,n 
-----------~-~-------~-~----i--~----------~-----------!~------'·b ,. ~ 

Wc ~cl l-~ao Vtl-lloo lnl~l-Koo.· 
. 
, ""E , .> 

CI. (;l,_ 10) lIo-~oa Jtlo-liaol 

---~-------------~~----j------------------~._------~-------
•• '<- 10 95.20,:-904.,80 "·849.99 - "0.91 '-0.09 ,- <" , 

" l,' ,j ... 

20 88.94' &JS.B6 761.05'· 0.s7 ·-0.20," . .. .. ... , . 
30 80.07 735.79 680.98 - 0.73 -0~31 

1" 40 c 16'.63·> 659.t6· 6Ot.3~, cds -0.43'. 

50 
- 60 

10 
'90 . 

.110 . 

,0" 130 

, 65.hl _. 593.53 ~(.72, 
, 55.32 • 53B.~1 483.10 

60.32 ·4'71.89' 41~.08-
-81,.66 ~390.23 '3~S.42 

67.J1 322-.42' 267.61 

58.19 '" 264.23 209.42 - . 
ISO, : 45.02 2,Q.21 ~ •• ,40· 
110 3~.16,- 185.05 Ù~.24 
no ,28.69, .• J~6.3' .wJ.~5 

22~ 30.15 126.21 '71.40 
2BQ ,'37.0'4 -89.11 34.36 

,A 340 20.~ 6S.37 4\ 13.56 ' 
400 IJ.S6 54.81 0.00 • 

I\EMl,NIN6 50.~6 . ".,\ . 

·~05S 4.5~ 

6.58, -0.55 
,O.~ ,'-0.66 

0.45 -Ô.79 
• '0.36 -1.02 

O~29 ' -J.~5~ 
o,~2i -r;-\-9 

·'0.18 . '::1.73 
, Q.H -1.'7 .. . 

0.11 . -2.22 

O.~ -2.57 
0.04 -3.30 

0.01 -4.23 

" 

\ 

. ';. ... 

" 

---------------_._-_._------------------~----------------------
SLOPE : '-.O~llàINTERCEfT: .011 VARIANCE: .000025' 

Flk (slope • 2.303 • 60): ' 0.71' tilin '" . , 
..f'. ~ 

----~------------.-----------------------~~-------~------------
* ' 

. :" 

.. 
,~ 

,,' 

- . 
8-------------------~-~~,------&----------~~----------------~~~ 

l'r ... ,. 

TEST -NO: 39 AFRI~.2S L/lin !' IIVFRt3 L/lilt 
~ ~ ~ ~ . _ .,; __________ ':.. _______ ~'l ___ .. ______________ .. __ ~------:. .... - _______ ~:... 

T~ItE', IIc ': IIcl lIeL-Noo Kcl-:IIQ~ lnl)l~l-~ol. . 
(5) (QI', (QI '. ,110;'1100 nlo-lIoo~. 

_:_----------------~_:_----~~-~---------------~----~-----~--~ ,.. ~ ..... 1 co 

10 tOO.28.:-.. 899.71 . 835.81 .o.t+ -0.10 • 

2& 85.48~ 814.24 7!tp.33 0.82 .-0.20 
30 . 71.42. 742.82 b7B~91 0.14 -0.30 ". 

~to n.J6 678.46 614.5~ ,O.6J -0.40, 
50, ~ '62.7i ·.61~.6B 551:77 0.60 -0.5' :: r 

'60> 65. ~3, ~ 550.35 486.4. 0.53 -0.6"4 
,,' , 7Q 4?2} 503.08 439.17- 0.48 - -0.74: '" '-. 

90, é2.}1 ~ 420.37 356·;46' &.39 -0.-95 ' 
JJO 67 .. 53 352.84 2sà.93 0.3J : : -J.16 

• 130 60:S2 292.02 228!11 0.25 -l:~' , 
-, 

" 
.150 42.~7 . 249.35, là-s.44 _O~20·.f -J.60 " 

, - -'-170 - 36.l9 212.66 iU: 7.:i .q-; 16 ';1:82 . , 
t8i. 52 .:9: 13· ':2.06 1'10 :M.U 117.61 --- , 

O.O~ -2;4l' 220 )5 .. 20 146;32 a~.41 . 
.:- ~2BO 38 ... 94 107.38 1.43.'47 0.05- -3.05 

,80:15 
i' 

·4.T1( ;340- 27.'~ 16.24· . 0.02 
,c 

·400 l'i'24 . 6~.9-:1: . O.OO~ . '-. RËItÀINl~6, 57.l7 , 

·LOSS 6.54 
. 

. ------~---.----------------------------------------------------. . 
... SLOPE : -:.OD497 INTER~EPT;.02~4 VARIAllcr: .Q00713 

./ 

F1<,C tslope *-.2.303 • 60), : 0.69 lIlin 
;, 

.--------._-------------------.--.------------------.----~-----
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-1 
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ru 
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.P 
i_~~<F~\· ... .-

-~-----------------~_._-----------------._-_111111 ___ -:----.;~_:_j-' __ 

il TEST NO: 40 . AFR43 .. 75 lI.In ~NIIFRI3 . IU."{'n 

- 1 -------~~---------~--------------------------------------------

<1 

, ' 

TltlF. 
Cs} 

Ile 
(g) 

,lId IIci-Woo Ncl-ItoD Ln (Ncl-lIIool .-
,(g) . llo-NoD (!lo-Woo) 

-------------------------------------~--------.----------------

10 11 ... 12, -885.88 826.80 . 0.90 ·0.1-0 • 
20 79.13 806.75 747.61 0.81 -.0.20 

, -a----6i.86 742.89 0683.81 :. 0.75 -0.J9 
(0 62.'03 6iO.86 621.78 cO.68 -0.39 
50 53.70 627.16 ;568.08 ' 0;62 -0.4& . -. 
60 53.91' 5'13.25" 514 .. 17· 

. 
0.56-, _ -0.~58_ ,~ ~ 

70 42.65 530.~471.52 0.51 -0-.67 
90 ?9.H . 451.19' 392.1t 0.43 -0.B5 .--

0:35 110 73.2B 377.91 3.18.83 .:-1.06 

13"0- 51.23 32~68 267.60 .0.19 jl.21 
a , 

.,t50 43.99 2!2.6i 223.61 , 0.24 -1.41 
> 

170 19.0& .243.63 184.55 0.20 , -1.60 
~ 

19O 34,91 .208.72 149.64 . 0.16 -1. BI • 
226 35.26 li3.4b 1~4.38 '0.12 -~.08 J 

2BO 55. lit t}B. OB 59.00 -' 0."06, '-~~û 
'/". 340 _~, 3~ .. ~1_ 82.:.0 _. ~t32 0.03 . ::l.b7 

-. 460· 2~.~2 
c 

..,. 
.,~ 

.,-t!' 
- ~ <;j;i 

"-:. 
:'-... 

59:08.' 0.00 " . , ., .. f 'D' ." • 

~EitAnHN6 • 'd. fa ' 0 
] ., 

lOSS" 10.bO 

-----------:--------------_.:._----------_:-_------------_.::.'.:::._-~_:_-
SlOPE : -.004158INTERéEPT:-.Oll VAR1ANCE: .Doooa 
f~C (slope • 2.303 1 60t: _ 0.51 ~J.trr c 

~-~------~------------~------------------~----------,:-----~--
" 

,,~ 

o 

d' 
-<' .~ .. 

~ 

o 

n. -, ~ ~;. 

""""''''l 

/' 

'; 
~ 

: 

, 

7 

'N~ _..,_~ ..... __ ....... 

, . ' ~, >. __ .""' •• _....",,'"'j,~4 
, - t """.;$.; t-

,- . 
. \ 

.. 
c~ 

t>. , .. t>-

" . 

/ 

-~._-----------------------._----------------------------------
TEST-NO: 41 AFR:8.7 . Lian IflifR:3-. ,Ù~ill 

---------~----------------.---------~--------~---------~~------

. Tl"E '. tic Wel Wc:HI:w IIcl"lfoo Ln INcl-llool " 
(5h.... . (-q) (gl . . 1:10-1100 (110-1100) r 

--~~-_:_-_\_---;--------~-------------------------~---------~-
1 ' 

10 tll.H . BBB.5b é09..BB ,. 0.89 . -0.11 ... 
20 79 • .3 1 809.25 73.0:57 0:81 -0.21 
30 ' 72~8, 136(1t ... 6'j.7.73' 0.73 -0.3~ -

~ 

.. 40 59.46: - 676':95 59B.27 0.66 -0.41 
50 . 61.52 61~.4J 536~ 75 0~~9 -0.52 
60 61i.33 547. H1 468.42 0.52 -0.66 

70 ' 47,07 5QO.03 421.35 &l O.H ~0.76 

90 81.29 41B.H 340.011 O.lB -0.98 . 
110~ 57.51 361.23... 282.55 0.31 , -1 ~ 16 :' 

110 58.44 302.19 224.U 0.25 -1.40 
0 

150. 43.,69. 259.10 '180.42 " 0.-20 -1.01 
" 170". 16.67 222 •. 43 143.75 0.16 -1.'84 . 

-29i,4,9 . ''l92.'4 lr4.2b-." 0.13 - ,-2.07 . 
w, 

- J.90, • 
ê20.. ~2.:l8 ~1M1. 5~- 81;BB (J. o~ ",'2-.40 

0 

- 2~O . 40:~~ . lf~.60 40. ~2 -. 0:.0'5 .. -l.tO . . 
34(> 2~.,O~ :94,55 1~.81 ,0.02 ':'4.04 , 

. 40Q·. 15.81 JB.hB . 0.00 

REKAIIHNIi 74.5i I:-~-

LOSS 4.09 
---------------------------------------------------------------- . 
s'LOfE': -.0047.671NTERCEPT:.00031' YARIA~jCE: .00004 /' 

FRC (slope • 2.303 • 60) 1 O.bh Il1l1n 
---------------------------------------------------------------

r , 
.~ 

/0 '" 
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-----------------------------.---------------------------------
TEST tlo.: 42 AFR:t.3 lilin WUFt:J lilln 

~--------------------------------------------------------------

nftE 
(51 

Wc 
11) 

Wei' Wel-WDo Wel-Woo lnINel-WDo) 
II)I 110-1100 lllo-WDDI 

10 53.92 946.08 766.50 I.~j 0.01 
20 25.31 920.77 741.19 0.98 -0.02 
.JO 27.55 8~3.22 713.64 O.'H -0.06 

40 2B.52 B64.70 6B5.l2 0.91 -0.10 
50 ,26.03 838.61 - 659.99 0.87 -0.14 
60 26.19 812.48 632.90 0.84 -O.lB 
10 - 25.53 786.95 IJ07.37 '0.80 -0.22 
90 51.25 735.70 5~6.t2 6.74 -(l.ll 

110 49.6-2 686.08 506.50 ,~ 0.67 -0.40 
110 41.57 !l8.51 '" 0 45B.93 -:"' 0.61 -0.50 

b 150 49.45 589.06 409.48 0.54 -0.61 
110 43.10 545.96- l66.38 0.48 -o.n 
190 46.07 4'79.89 . 320.31 0.42 -0.86 
220 69.14 430.75 251.17 0.3,3 -1.10 
280 101. BI 32S. t4 ' 149.36 0.20 -1.~2 . 
340 8S.5t \ 243.43 u.as O.OB -2.41 
400 il3.85 179.58 0.00 

RE"AINING 16l.60 
LOSS 17.98 

"- , 
---------------------------------------------------------------
SlOPE 1 -.OO2569INfERCEPTI.OI79 VARIANCE: .000284 
FRC (SIDP' • 7.303 • ~O) l ' O.)S JIlin 
-------------------------------------------------------------.-

4 
~ 

~"l-

" 
-e('"1 

+. 

• 
, , 

, 
--------------------.~---------------------------------.-------TEST NO: 44 . ~FR:2.55·l'.in MWFR:l l"ln 
--------~-------~---------------------------------------------

TIKE WC Wei Mel-Moo Wei-Mao lnlNel-Nc3J 
, . 

(sI IQ) tg) lIo-Woo • IWo-Waal 

-----------------------------~----------------------r----------
10 75.26 424.74 369.53 O.tll, -0.19 
20 2B . .80 395.94 340.73' 0.77 -0.27 
30 35.07 360.87 30'5-.66 0.69 -0.39 

40 22.58 338.29 283.08 :- O.t' -0.'5 
50 20.92 317.:n 262.16 0.59 -0.53 
60 21.98 295.39 240.18 0.54 -0.1.2 

70 20.43 274.96 219.75 0.49 -0.71 
90 40.'n 234.04 178.8l 0.40 -0.91 

110 31.22 2C12.82 147.hl 0.33 -LlO 

110 2~.h5 118.17 122. tf6 0.26 "-1.29 -
ISO 24.11 154.06 98.85 0.22 -1.50 
170 18.B4 135.22 BO.01 O.IB -1.72 

l~,O Ib.07 119.\5 63.9\ 0.14, -1.9-4 
220 20.50 9a.65 43.44 0.10 -,2.33 
2BO 28.05 70.60 15.39 0.03 -!.36 

340 15.~9 55.21 ' 0 

REKAINING 45.21 
LOSS 10.00 ' . 
--------~----------------------------.-------------------------

SlOPE r -.004S491NTERCEf'T:. Ol8 VARIANCE: .000156 
FRC Islope • 2.303 • 1.0> ; 0.63 l/.ln 

Cl 

-------------------~-------------------------------------------
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ru ru 
U1 

" ( 

. . 
-----------------------------~---_._._---_._----_._------------
TEST ND: ,·33 AFRl5 lI.in INfRa! li.in 
------------------------------------------------------.--------

TUI . Wc ~l Icl-Woo Wel-Ioa LnIWcl-MoQ) 
(si (9' (" lIo-lfoo 1110-1100) 

----.-._--------------------------.-._-.--------._-------------
10 '97.24' 402.76 369.62 

'1> 

0.79 -0.23 

20 61.98 J40.78 J:t~ 0.66 -0.42 
30 50.~ .290.74 0.55 -0.59 
40 26.81 263.'3 230.7' o.~' -0.70 

~o 29.5' 234.31" 201.24 0.43 *0..a4 , 
60 21.84 211.54 179.4 0 .. 38 -0.96 
70 . 23.26 lri.28 J~.14 0.33 -1.10 

90 .33.45 155.83 122.69 0.26 -1.34 
110 27.17' 127.9" 94.82 0.20 -1.59 

130 19.26 108.70 75.5ft 0.16 -1.82 

ISO 16." 92.S1 . "'9.37 O.ll -2.06 . 
170 12.01 80.50 '47.36 0.10 -2.29-

1.0 U.47 ".03 'l5.a, 0.08 -2-.57 

220 ti." 57 .O~'\.":: 23-.' 0.05 -2.97 
210 14."' n.09 8.95 0.02 -3.95 

. l40 •• 95 33.14 o .-
REM 1 Itlli 13.U 
LOBS 19.26 
_.---------_._. __ ._._-----_ ..... _-------_._._------------------
SLIWE 1 -. 005b53 1 NtERCEPt 1-.0702 VAR 1 AU 1 .000&25 
fRt (Il". t 2.303 • 601 1 0,78 tI.in .. __ ..... __ ...... _--_ .... -_._._ ... _-_ ....... _--~--_ .. _------,----._-------

'j'-

, 

i 
------------------------------------------------------7--------
TEST 1101 43 ~ AFRI~ lIlin WFR:3 ' L/.in 
-------~--------------------------------------------------_ .. _-. 

TINE Ife Ici Mcl-Ioo ICl-Noo lnINcJ-Noo) 
1., If} If}- o 110-1100 IMD-lIoo) 

------------------------------.-----------------------------~--
10 93.02 1406.'8 1284.14 0.'3 -0.07 

'20 73.29 1333.69 1210.85 0.B8 -0.13 . 
30 78.59 <{255.1 1132.26 0.82 ' -0.20 
40 68.12 1186.98 1064.14 0.77 -0.26 '. , 

50 7 •• 10 lll2.11 990.04 0.72 -Q.n 
60 73.95 1038.93 916.09' 0 •• 7 -0.41 
70 67.39 '71.~4 848.10 0.1.2 -0.48 
90 m.3' 130.2 707.36 0.51 -0.67 

tlO' m.lIB 708.52 585.68 0.43 -0.86 
130 100.83 607.'69 484.~ 0.l5 . -1.04 

150 103.46 S04.23 , 381.39 0.2B "1.28 .. 
110 81.73 422.50 . 299.66 0.22 -1.53 
190 66.92 355.58 232.74 0.11 -1.7a-

220 71.'2 277.16 154.32 . O.l't -2.t9 
280 107.61 169.51 "'.67 0.03 -3.38 
no 46.67 122.84 0 ~' 

REMINIII 21.12 
LOSS tOI.72 

--------------------------------------------------.-----.------.. 
SlIJPE l' -.005852ItflERCEPTr.29t4 YARIAIICE, • OO"3~ 
FRC 1110,' t 2.303 t 60) 1 0.81 lI.in 
---------------_ .. _------------------------~-------------------
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\. /' 

l 

....... ~.-----_ ..... _.-._ .. --.-----.---_.~-------.---.---------
TESl MOI .5 'FAll.S L/.in MVFRt3 l~.'ft . - , 

---~----------------------------------------------~----------
TIllE 
ft) 

le le~oo Mcl-Noo Lnllel-Ioo) 
f" . (9)' lo~loD (10-100) . ~ 

.--------------------------_._-----.----~----------------------
10 32.11 467.89 383.7 
20 22.U .U5.53 361.34 

'30 18.05 421.'4e 343.29 
40' 20.48 407.00 l22~81 

50. 19.20 387.10 301.61 
60 19.1l 368.47 284.28 

)0 19.77 348.JO, 264.51 
90 11.6B-- 315.02 230.83 

110 32.53 282.49 198.30 

·110 13.0' 249.45 165.26 
150 24.59 224.86 140.61 

. 0.92 -O.OB 
0..87 -6.14 
0.83 -0.19 
0.1B -0.25 
0.'73- -0.31 
0.68 - -0.38 
O •• , ':'0.45 

0.56 -0.59 
0.48 -0.14 
0.40 -0.92 
0.34 -1.08 

170 23.68 201.18 116.99, 0.28 -1.~7 

1'0 21.13 119.45 -95.26 0.2l -1.47 
226 28.4' 151.01 66.82 0.t6 -1.83 
280 40.35 110.66 26.47 

340 26.47 84.19 0 
REKAININ6 71.49 
LOSS 6.70 

0.06 -2.75-

" 

.........• ~._---~----.-------------------------------------.---
~SLDfE r -.003503INfE~CEfll.OJ. VARIANCEs .0005819 

FRt I.)op •• 2.303 • 601 l ' 0.48 I/alR 
.... 

----_ .. ---------------------------~-------------_._---._-------

.. 

TEST NOt 48 AFR13.75 l/lin W~FRll lllin 

. '" ~ '" 11"E le Mel Ici-NOD Nel-Wo~ LnIWcl-Wco) 
'sl Ig) 19' WC-NOD IMo-Woo) 

---------------------------------------~~:_~~-~----------------
',-10 74.}1 425:29 381.64 

20 45.~~ 179.7~ 3U.l 
30 41.34 338.41 294.76 
40 34.411 303.95 260.30· 

50 29.32, 274.63 230.98 
60 27;01 241.62 2~l.91 

70 21.44 226~IB 182.53 

90 14.14 192.04 148.39 
110 29.94 162.10 118.45 
13~ Z4.46 137.64 93.99 
i~o' 17.76 1I9.8B n,23 
170 16.J~ I~J.S4 59.S9 
190 13.40 90.14 ~6.49 

220 15.25 74.B9 31.24 
280 
340 

.REItAININ6 

19.50 55.39 11.74 
Il.74 ~'3.65 -, Û 

32.31 
LOSS Il.l4 

-0.18 

-0.31 
-0.44 

-0.84 

0.74 
0.65 
0.57 -0.56 , 

O.~I 

&.45 
0.40 
0-.33 
0.26 
0.2J 
0.17 

-1),68 
-0.81 
-0.92 
-1.12 
-1.,35 
;'1.58 

-1.79 
0.J3 -2.03 
0.10 -2.28 

0.07 -2.ba 
0.03 -3.~6 , 

q 

. SlOPE 1 -.005273ltlTERCEP11.0163 VARIAIICtl .~00718 
FRC Illopl • 2.303 • 601 1 0.71 l/.ln ~ 

, ' ---------------.. -----------------------------_.------------.. ---. 
-----

lIl:o 

't 
" 

>II> 

" 
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lU 

0"-l 

..... \.'ti"'JII~~'..l'''' ... ;.~" r 

....... )ot .. ~,~t'll'î +. fl', ... __ 'f" .... '!""'.~", +, ~ "'Jc;>i'! ..... .... '":>,~fI"-

~ 

• .ce 

"0 

.-----~ ... -------_ .. -_ ... _----.---.------.-.. _-----_ .. -.... _---
Tf ST MOI 50 AFRal.3 l/ain MWFRI3 l/ain 
-------~-------------------~----~------------------------------

TIllE 
1., 

Wc 

l" 
Icl VcHlao kl-loo 1.ft(IcI-lool 

1,1 lo-Moo (10-100) 

---------------------~---------------------------~-------------
20 15.43 ~14.57 275.77 0.95 -0.05 
40 12.04 412.53. 263.73 0.91 -0.10 
60 
tO 

100 
120 
140 
160 

12.78 45'.75 250.95 
14.11 445,58 236.18 
12.86 432~72 l23.9?o 
16.9~ 41~.~7 206.97 
1~.77 400.0~ l'I.~ 
18.08 381.92\ 17l.12 

0.86 
0.81 
0.17 
.D.7I 
0.66 
0.59 

-0.1:1 
-0.21 
-0.2b 

-o~ -O' 42 

-O. 
IBO 17.38 3&4.54 \ 155.74 0.53 
210 27." 337.05 \ 128.Z5 0.44 -0.82 

-0.&3 

270 65.11 
340 63.14 

~1"1'6 195.49 

211." \ 63.14 0.22 '-1.53 
208.80 \ 0 • 

\ 
LOSS . 13.31 \ 
-------~-----------------------~---------~--------~-----
SlOPE 1 - .• 0016881.TERCEP11.036 'VARIANCEI .000337 
FRC (slop •• 2.303 • bO' 1 0.23 l/ain 

---_ ... _-_ .. ----------------------------_._._-_ .. _-------------
TEST 110, ~I AFR.l.3 L/.in WWFRI3 L/.in 

---------------------------------------------------------------
TIllE 

CI) 

le ici Wcl-Ioa Icl-MOo ln (Icl-Iao) , , 
l,) (g) Wo-Woo ~Wo-Woo) 

------~--------------------------------------------------------
20, 12.22 17.78 66.10 0.84 -0.17 
40 9.08 78.70 51..02 0.73 -0.32 
60 7.92 70.78 49.10 .0.63 -0.47 

10 1.56 l2.22 40.54 0.52 .-G.l6 
100 St" 56.23 34.55 0.44 -0.82 
120 5.42 50.81 29.13 0.37 -0.99 
140 5.50 45.31 23.63 ~.30 -1.20 
160 '4.55 40.76 19.08 
180 3.87' 3&.89 1:1.21 
210 5.05 31.84 10.16 
270 
140 

REllAtlUI6 

5.79 26.05 
4.37 21.68 

'9.Ob 
lOSS '2.62 

4.37 
o 

0.2~ -1.41 
0.19 -1.64' 
0.13 -2.04 
0.06 -2.B9 

---------------------------------------------------------------
SlOPE 1 -.OO4762JMlERCEP' .146~ VARIANCE, .OOOI~7 
FIC III OP' • 2.303 t 60) , 0.66 Il.in 

----------------------------------------------------------.----

0< 't 

~ 

# 

, -



----------------~~------~--_.," 

APPENDIX 5.2 

Air fla. rat. Yrsus flotatian r;ate const...,t 

" 
(7 %. sol ids) 

TEST ND 

11 9.45 O.64SS 

12 8.70 0.6722 

~ 8.70 0.6:532 

22 7.~ 0~6892 

f 
'14, 7.S() 0.6887 

( > 26 6 .. 2'5 0.7160 ,,~ ! .. 
f 

1 
1 18 6 .. 2'5 0.7134-

31 5.00 0.8037 
~ , t(' , 

T , 

l %7' 5.00 0.~7 ); 

i 
1 24 5.00 0.8130 ,é 

48 3.7:5 0.7286 i , 

16. 3.7:5 O.~ 

10 3.7:5 O.~ 
-----. 

,1 a 2.:5:5 0 .. :5326 -~ 
" l 

44 2.5:5 O.:583S 
, , 

, ' 
! 

30 .1.3Q 0.4:5:57 
, 

4S 1.30 0.4840 !" .. , , 

50· 
.... O.'SO p.l430 't , 

1 
(-~ ~ 

t 

\ 
; 

f 
1 A. Ci • J 

1-
1 

, 
" . "- , 228 • 

L_ 
I ... ---

. " ~:;.:; :'2 .-, :~! ~: '~' ' :6:~:>'~ '\: "-
, ' 



) , 

'- , 

() 

1 
APPENDIX ~ .. 3. 

.' l-
I 

Air flaw ,.at. vtlrSUfii flo't4ltian rat. c:onstan't 

<14 X sol ids) , 

'TEST NO AFR <L/lIlin) FRC (l/min) 
" 

38' 8.70 0.707 

41 8.70 0.6S9-

36 7.50 0.éS2 

f 39 6.2S 0.687 , 
, r 

3S :1.00 l 0.7.80 

1 
Cr 40' O.~ 3.7:5 . , 

1 

47 2.5:5 0.442 \ '. , 

42 1.30 O.~ 
'! 

\ . ' " 
. 
r 
~ 

~ .r 

. , , l 

" 

, '. , . 
.' 

" 

i 

229 1 

--~J 
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" 
'APPENDIX 5.4 , 

'1 , 
, . 

~, 

,( . 
,. 

l 
~-~- -~..-;~ 

___ .J'--

------------_.- --------- -----~--- '{ 
~-

! PROIIUi:T • ----- .. 

1 
AIt J.l--

" ~ 
SiZi (III! 1-2 3-5 6-8 9-!! 12-14 1~":R. (lI.i-n'-

1-
------------------------------ ,) 

~- : 
- 74 100.00 ' 100.00 100.00 --100:00-- 100.00 100.00 .8455 

-30 + 23 66.72 - ~;OO- 79.23 84.S0 B6.4S SS.32 .9671 -
-23 .. Iii 41.37 56.57 59.46 67.30 71.60 76.27 .9448 
-16 + 10 21.72 32.67 31.69 38.20 43.9S 58.67 .850s 

~ -10 + 8 13.12 17.40 13.59 15.70 19.45 37.51 .4813 

- 8 11.12 12.90 7.66 7.90 10.65 22,95 .667~ 

------------------------------.... ---------
MEI6HT • 

Pr_t 1 30 u 23 ua 16 ll8 10 III 8ua -8 III 

_..:._-------
i 

. 1 - 3 62.n 47.81 37.06 16.22 3.77 20.97 
f " 3 - 5 27.89 20.Slt 26.67 17~04 5.02 14.39 

1 
6" 8 15.58 14.83 20.83 13.58 4.22 4.22 

!l-

'1- 11 7.36 a.17 13.83 10.69 3.71 3.75 
12,- 14 3 .. 53 . 3. Sil 7.20 6.38 2.29' 2.n 

fJ 
, 

14 - R 5.33 3.38 6.58 6.58 7.90 5.44 "1 
, ", TOTAL 122.411 98.41 112.17 70 •• 9 27.01 51.64 \ 

<1 -_._._...,..-- 1 
?i 
~ 

1 .. . ~ J 

,; 
.. 

1 
" 

, . 
1 
\ 

, , CAl cul.ti an of th. FRC of ..ch • iz • cl ••• i . 
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t· APPENDIX 5.~ 

t t " 

1 
! ----. _. . 

. t 
PRODUCT 1 FU 

i Sin (UI' 1-2 3-5 6-9 '-Il 12-1.4 tH Il/ai.) , i 
J --- -------._-----------------

- 74 100.00 100.00 100.00 100.00 100,.00 100.00 .964 
1-- -30 + 23 62.00 79.97 18.33 82.67' 85.95 89.93 .961 " \ 

1 ~ -23 + 16 42.J7 50.14 64.33 68.04 73.05 80.00 .791 
. i -16 + 10 21.87 28.02 43.76 46.64 50.20 59.10 .m 
~. 

1 -10 + 8 9.49 10.98 23.89 24.44 2".45 31.81 .• 681 
, - 8 ~.58 3.91 14.22 13.87 14.45 16.40 .803 
i ---;;y---, , 1lE16HT < 

Pr_t 1 30l1li 23 III 16 UI 10 ut 8U1 -8 ut 
4 

f 
i ----------
t 

18.99 t 1 - 3 lIO.ll 31.57 32.32 6.94 8.88 
f \ 3 - 5 21.31 31.74 23.54 IB.12 7.52 4.16 ~{ . i 
li ,. - 8 17.02 10. '19 . 16.15 15.61 7.59 li. 17 

/ 
." 

J 

9" 11 11.01 6.26 13.53 14.03 6.6.4 8.78 
12 ""'14 4.9& 4.57 8.10 8.42 4.25 5.12 J 
14 " R 3.92 3.75 7.89 10.28 5.84 6.19 

, , 

0 TOTAL. 118.35 81.88 101.53 as. 55 38.78 44.30 ' 
,~ 

...,:; .. , 

, 
'p 

., '" J 

\\ 1 -
C&lculatiCXI O'f t:h. FRC:f of INCh .tz~ cl •• _. \ 
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APPEND IX 6. 1 

Slurry kinetics in continuous flotation 

o.t.,..ination of the FRC: 
.~ .. " \ 

The slurry phase o~ individua! flDtation cells is 

a.su.Rd ta be perfectly mixed. This of course implies that 

coru:entratl0ns are constant throughout the slurry. As the 

tailing stream is simply the in discriminate removal of a 
c. 

fraction of the slurry, lt will have the same' characteristics. 

First arder kinetics yield a production rate of a gi"en 

.ineral ln the concentrate proportional to its mass ln the 

slurry phase or 

, .. 
Cc: *Q c • K * C t * V = Km 1 

The recovery of any minerai in the concantrate str ... 

is its concentrate flowrate di"tded by its total flowrate out ., 

of celle j 

232 
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K * Ct * V 
Il • -.- -----------_-. --------------.------ 2 

Q * C • Q * C K * Ct * V • Q t * 'e , ,c ; t t 

Dividing bath the nu.-r~ter ~nd dana.inater bv Qt.ct 

c 
K (V/Q t ) 

a = ------------ -- " 
~--------

K (V/Q t ) 1 } 
1< '''''7 + l 
\" 1 

_.,.. f.T. is th. _.n sol isltt.r •• id..-rca ti_. 
.\ 

'~ ~ 

The FRC i s 9i ven bYI 

, . 
R 

K :: ------

T + T* R " 

and l' i s cal cul ~tad frcMaJ 

~ 

ma88 of soÙd in the pulp (g) 
" ' 

-~-----------------~-

tails sol id maS8 flowrate (g/min) 

.. , 
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• APPENQIX 6-1 lI. " 

. 
,; 

1 
" J , . 

J 
1 
t 
i . 

of .. ~ 

: , , 
J 

, . AFR FRf: ln lFRC/DUtES. TIllE AV.FRC AV.liE. TI. 
" . 

(Uain) (.in) 
'-

'lin) (,in) !lUI) 
• III • ... . .. 

.. • 8.7 1.~ -1.naO, 3.02 1.~ 2.'4tt~, 

,1 7.S 1.73,-1.46678 2.B4 1.?2S 
1.72! -1.41251 2.97 
1.74 -1. m02 2.91 

Il 
1.71 -1.47841. ~.98 . 

1 • 
i 

6.~ , 1.8 -1.24419 ~.O2 1.8 E 

f S 1.4 -l.Z12!Y 1.84 1.4725 

1.4 -l.:n97 2.97. " 
{"" 1.57 -1.1~636 2.91 

[ . / . ". 1.~ -1.nOn 2.98 " 

2.21 .77 -1.07229 1.01 .n 

l l.l • 49 -. ~:t57t4 Z.94 .,,. . 
.S -. ~55511 :.97 ... 

" 

-' 
.:5 -.&60201 2~99 

.71 -.60'~'. ~.91 
~ 

.1 -.Ïll~039 :.99 
. ",. .. . 

.';. J i~ 

, 
Q 

~ 

o 81wry kin.tlcs r~t. 

, , 1 
, '. : , 1· . , 

/ 

1 0 

, " 

IJ 
~ 

-/ 

f 
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1, 
t-
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f 

f 
f 

t 

-- ---:----~,.~-:----~------_-.:._---::----:...--..:..--..----'-. 

" " 

, 

Q 

ft 

~ .;. " ; 
1 ~. • 

" Jm:"23 
MI 5lllMY ~I RéCMlY RES.JlIE M.'.T. ne .VUIt 

Rr':' • , UIIlII ' , 5IIUI RI" Nil Nil· . , 
CGlJ l71.zf.ml955 2.~' 1.7Imll.7.~ , ., 7.5 ",..Z 

l nI.! Im.,s 34.21 , 
mil Im.7 205.51 
tIII.2 Inu 110.12 ,.~6n , 1.73HZO 
'ns.2 124 .. 3 13.' 
ml2 ml .. ' 2Ol.72 

.'[ I:OII.l 1'" UMI.ID44'. 1.77H47' 
ns.J lZ1U 32.11 
Fan 1714.3 ,,7.6 

5 ~I 1"2.2 153.01 .ltlm6 1.54722% 1.57437,6 
TLS.I 1251.5 34, 

~. FEU 1 IUt.7 117.01 
I:0Il.% ' 1553.3 165:" .mmo 1.7i0111. 
TLS.%' 125C.l 12.31 
faU lAt7.t 191.17 

. cal ,1465.4 , 140 .1045'J77 1.4ISt" 
1ls.l 125f n 

'mu I~'" J7f 
àI., 1415.2 Ill.71 .I05I017 1.425f22 ' 
Tu •• 125t.4 32, C 

',na • 15.406 1 ... 71 

t.l "", ,I52M 121.19 .67t7R,~ .nm2I.1üZM 
.TLS.I UlM' SMS· %.1217" 
FEU 1 1660 •• 171.1' 
... Z 141$.5 109.92 .~4410 •• ,4411l 

~ 1l.S.2 Il2I.6 ".t, 2.11m5 • 
flEt 2 W4.1 .. Ml 
aJII.1 Il2I.. IlS.72 •• 14»91 • 1451 U7 

" 1l.S.l I5Jl.Z Sl.17 l.02Z7 
fBll 1 ..... 1"." 

" .. 30. ft 
JIIÙ m.n 
1ft '12It 

FID •• , laD. 
no M 11JS.Ul 202.2767 '.12 
FED S I5IJ.W 115.fJ5 0.12 
RD l.l t6+7.23: J71.2Sll O.lt 

\. 

.. 

, '. 
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l/IIJI 

7.S 

l' 

"S. 

',.l' 

ca. 
u. 
FIEl 1 
CIIoI 
1LL2 
FEDI 
cal 
1LJ.l 
FlD 1 

ClLI 

~ 
FEIl 1 
ca! 
1LL2 
FIEU 
Çll.l 
1LL3 
FEIl l 
teL4 
Ut 
FED4 

.... ,.,. .. 

t 

F&I III. 
F&I"7.S 
FRis 
FEIl I.~ 

. ' 

.'. 
,,", 

, I~ 
Il! . ,. 

lEIf-2S 

• •• 
5/1111 

IIEDMIY lES. rlll .... ". FIC 
: .... 1.': 1111 

ME.FlIC 
III 

1 .... 2 12I .... 1m72t z. mm 1.71m3 Ù6lSU' 
IWo_ 2$.21 

" lm.. 154.12 
J7t2 1J1.74 .1497224 1."""" 
Utt 24.36 
US2 162.1 "-. 1- 125." .aJ1564 1.'77W2 

1'" 25.14 
1731.4 1 •• " 

, .5ft., ULM .1:l't'1'ft' 1 • .nlIIS l.motS 

,"" 21.» 
Im.Z 1'1.42 
Im.1 117.14 .l1t7%7t 1.531S41 

l2St 25.74 
1.,.1 lU.» 

III' IIS.5 •• ~I 1.ltSS51 
17D.Z 27.12 ' 
Jm.2 Itl.lI 

1135 136.2 .12M612 I.mm 
lla 21.%, 
ï.' l'M 

.., 
Im.t: .. l'...,.... -
me.' 42." t.tmIZ" 

ftD .7042." 

tat.1 121.' 
Im..S l7.lI .i7MI61 
U2L6 .' ,41.'1 
1664.1 .. 121.', . 
Il21.6 .... 61ZSe12 
ISL! 4t •• 
lM6.I 1%6." 

~2 

122 •• 
lat 

,lllJ) 

lm 155.~ 
;1611." " 143.47 

163o.s67 IZ1.l:m 

;, 

2 • .....s 

l ..... 

o." 
" .. ,. 

0.0. 

.7.m' 

.m..-

. ' 
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f 

t 
(l' 

, 
t 

~ 

... 

• 

q , 

." 

"" .. 
L'Nil 

7.S CIIII.I 

,5 

n.s.1 
FmI 
COII.Z 
TlS.Z 
Fttl2 
caL3 
ru.3 
mu 

CCII. 1 
ru. 1 
Fm 1 
CtII.2. 
TlS.2 
Fm 2 
taU 
ru.3 
FIDl 

1.3 CCII. 1 
ru. 1 
fEEDl 
CtII.2 
lLS.2 
Fm2 
1:111.3 
lLS.3 
FID3 

FR1ITlI 
PlU 
IlIA 

Fm 1 
FlD 2 
nDl 
Fm 4 

..... 
----

--- j 

\ ~ . 
"' 

Il 

. 
Tm-..4----' j 

SUllltY Sll.1D RfCIIYOY ,ifS. Till .VE.lI. T. FIC, AVE. ne 
• t:,I0'!/o '/lUIi , NIl. NI •• NIl NIII 

l7Oi.41 m.a.I~I747 2.8$6171 1.716514 1.734541 

nU.1 27.~ 

18$3,13 1i7.45. 
1:17\.7 14M .1341238 I.mm 
mu 29.n' 
170M Il'-23 
ml.2, lü.55 .1234071 1.64"28 
1320.3 :U.4S 
m).5 m.n 

, 
1571.1 155.47 .1004840 1.41Wt 

lm.' :sa.n 
mu 194.ZZ 
1553.2 141.61 .ml'" 1.40z,04 1.3Mf 
13U.4 37.37 
lm ••• 116.05 
Im.l m.n .7984492 ~ 1.39U. 
1370.2 lI.n 
16".' m.u 

1382.3 ".27 .58Im3 .4906283 .4881170 
o • 

1560.1 71.34 2.813936 
1742.4 IrO.6I 
128.., 98.8.5m105 .4939833 
Im.1 70.5% 2.917470 

1612 169.32 
l49M 103.86 .5774491 .48113", 
1504.9 76 2.707105 , 
1804.4 179." 

~.44 

205;,74 
1200 

J' ._-
l''I.~ 196.4 
169 ... m.n -
l~M 192.52 
1705.4 177.4 '" 

~ ---------~--.--.~_. __ .-
FEEI AY. I71f.3', IIMm SGLID C,I~ 

-;-----
ml 7.S 1750.177 174.1807 1°·10 
Fm 5 1712.7 18'1.10' 0.11 
Fm 1.3 mu m.zm 0',10 

J 
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TEST-' 
AFI Sl.IIIRY 511.1. AECII'tUY 11(5. TIll •••• T. FIC ME.FIC 
LlIIII lilllili 11'_. !IlL III "'1 

7.:1 ~~ 1~30.7 13 ...... 129 .... 2.'''715 1 .... 033 1.7175ll 
TIJ.l 'lm.' 77.1 
Fm 1 1614.6 162." 
COII.2 Im.l Ill.71 .1393662 1.761211 
TLS.2 lm .• 2A.ll 
Fru 2 1621.' 164.1 
aII.l 1,.2 •• no.54,.I~" 1.7:1021' 
~.3 IlSl.' 15.11 
FŒll 1614.2 I~." 

5 ail. 1 1414.:1 162.'7 .Im!'l v 1.57JI4$ I.JtiIU 
ru.1 1475.' 34.71 
FŒlI 1760 •• m.7I 
CIIl.Z la1.4 .... " .Tm." 1.290109 

( ru.Z Im.7 3I.7t 
FŒI 2 1734.1 111.29 
cal 143'.1 145.51 .ml':!' 1.325f36 
ru.l 1189.2 ll." 
00 l 1721.3 112.5 
CIIl.. lm.' 140.0' .7~ 1.314207 
ru.4 Im.l 3M3 
.00 4 1752.2 m.oz 

~" /' 

t.l CIII.S U76.' .1.31 .'1"451 .5410422 .''"'1' 
ru. 1 Im.5 '1.29 ~ 1.0I5I2Z 
FEEI 1 I1lz.4 159.'.7 
CIIl.2 1363.4 ".U .SII02'9I .4IUl14 
ru. 2 1 1578.7 bU7 2.~0471 

Fm 2 1742.1 154.55 
COlI. 3 1l41.1 n.n .Z5401 .4161991 
ru.3 mZ.l ".5 2.144GM 
Fm' 3 t71~.2 hO.4S G 

fIDTII 21.1l 
PlU IIUJ 
lIfl lM 

nn S 1627 154.24 
nn 2 1518.1 142 •• 
nD3 1606.1 15o.z2 
IŒJ • lm •• 144 

i' , , 
nDM. 1574.75 m.am SlLII D.." 
fUll 7.5 1638.' 1~.'71 0.1' 
1Œ1 5 1740.~ 184.1'5 O.U 

fŒl 1.1 1735.9 :5i:zm t." ~ 

(' 
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APPENDIX 6.2 ( 

Slurry And .frath kin~tics in .c-antinuous .flotation 

Derivation of the r.cavery for.ulA 

) 
FlowrAte of .ineral over the cell 1 ip 

1 
,. 

, 
Flowrate of ain.,.: .. 1 back ta the" slurry 

.. 
2 

1 

wh...-. K · FTC (l/ain) · 
K : DBC Cl/ .. in) 

Ptf · .. 55 in the' froth (g) · 
Qd : drainage flow rate'fra. th. froth back ta 

the si urry (L/.in) • 

havinq b.." tran.f .... r.cf fra. the slurry ta th. froth, i 5; 

Q c * Cc 

R,= ------.--~----

Qc * Cc • Q * Cc 

= ---
K' t 

te 1. • K l 

Rf i. ,the r.:av .... y in th. froth ph.a_. 
ç> 

2'tO 

3 . . 

.. 
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The total recovery can be expr"'essecl as: 

R : 

1 

R, F * K * ! 

RF * ,K 'Ii T + 1 

Th. ORe C:iU1 b_ dltf i n" &s; 

'K 1 
RF K. • K -----:ORC 

K 
Q c * Cc 

• 
C ç, * V F 

Coac. ..... flov rate (a/1lill) 

te • t 
' ' .... in the fro~ (a) 

2'tl 
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fDllowing .qu.~icn. 

Il F* T if K 
R = 

Il F* T * K • 1 

Il 

T * K - R *T * 1C 

Dy definitian" 

Il F = ---.----

ThIl D8C CM btI .found fra.J 

JC • K -----
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APPENDI x b-2' 

, . . ....... __ ......... 
i 

,1 AFR F.T. tEC. he FTC DIRC 0Rt: COlE. SOLID TLS. stllD FROnt PUlP 
(l/.i,) (CI) (1111' (.ift) (.in) (.ia) (9,·in) (9) Ig'lln) Ig) IgI 19' 

------ .. 
I.JO 1 .0.58 .o." 1.51 .41 .46 30J.ôI 93.42 1192.12 67.99 61.99 40C1.e 

2 .0.52 .0.70 . .43 .36 214.58 73.b9 1285.42 6U8 1~.42 4U.n 
2 • .0.50 .0.70 .:53 .33 243.B1 73.56 1256.19 47.01 105.60 lSCI.O' 
3 0.38 G.ll .:59 !21 77.41 52.2 t422.~0 B6.00 166.91 51S.~ 

5 0.32 0.32 .65 .16 184.49 '4.19 1315.55 93.50 180.15 433.52 

---------------------------------------~ 
3.7S ' 0.71 1 .. 3S 1.67 0.98 O." 470.5D 114.48 1029.50 \ 46.00 68.53 316.36 

2 0.64 G.9S 1.13 0.62 295.22 95.60 1204.78 52.55 • 100.91 l37.74 
2 0.63 .0.91 1.24 O.57V 311.18 103.04 l1SU3 60.98 113.66 4~.l7 

, 5 0.48 , - G.~ 1.86 0.32 296.93 72.l8 1203.01 76.91 126.37 381.52 

f ----
s.ot 1 .0.74 1.47 2.24 1.13 0.98 414.49 llB.ll 1036.76 40.88 52.82 271.32 

1 0.73 2.11 1.28 0.92 349.88 110.09 Im.12 40.17 52.27 258.15 

" 3 0.66 t.16 1.37 0.67 211.63 89.76 1288.37 45.43 77.58 330.02 , 
) - J '.63 1 • .03 1.6S 0.57 m.BO 96.26 1362.20 59.78 93.40 ~.46 
" 1 4 .0.56 .0.81 1.98 0.43 160.01 74.06 1339.99 50.50 91.04 347.10 

5 O.SJ G.~ 2.03 0.3b 96.B2 n.56 1403. lB 13.81 120.00 125.~ 
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APPEND IX' 7. 1 

Size-by-size Kinetics ih the Cont1nous Slurrv Froth 

Flotation 

------------------------------------------------------_._------
ARt F.T. SlZE FRt FTC DBRC ORC 

< (lI.in) (cil (uIt) (Ilnl (lui (11nl (li.1 , 
t ---------------------------------------------------------------

1.3 +37 .59 1.57 .27 .5 
-37+28 1.6 .25 .51 
-28+20 1.5 .0' .~ 

-20+13 1.47 .02 >.58 
-11+9 1.27 .34 •• 11 -, 1.57 1. Il .27 

---------------------------------------------------------~------
:~ +37 .7~ .45' .37 

-37+28 .n .26 .44 
-28+20 .76 .25 .44 
-20+t3 .75 .22 .46 
-11+9 .59 .44 .34 
-9 .42 1.B4 .11 

5 +37 .32 .6 .21 
'-37+28 .34 .48 .25 
--28+20 .27 .43 .22 
-20+13 .23 .55 .11 
-11+9 ' ... .18 .48 .16 
-9 .12 .01 .04 \ J _______________________________________________________________ 

" 0 
\ 

" \ 

5 +37 1.425 1.68 .8 .96 
-37+28 2.28 .6B 1.1 
-28+20 2.39 .55 1.16 
-20+13 2.08 .93 .98 
-13+9 2.06 1.65 .79 
-9 2.06 1.95 .73 

1 1 

, 1 

1 r 

i 
l , 

l 
~~ , <Il 

~-:--f-.·----~·---- .. - -;---
, ~ 

ri 

3 +17 1.21 1.45 ' .67 
-37+28 1.43 1.53 .71 
-28+20 1.5 1.37 .17 
-20+13 1.03 1.41 .62 
-13+9 .91 1.55 .54 
-9 .98 1.14 .68 

---------------------------------------------------------------
5 +37 .69 1.47 .47 

-37+28 .7 t·r .39 

1 -28+20 .9 1 7 .51 
·20+13 .63 1.99 .JL. 

"-- -13+9 .61 2.11' .32 

.' ' 

, 
[ 

f 

-9 .45 2.47 .23 

--------------------------------.-----------------------------
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./ 

-----.. -----
.. 37 1.725 1.85 .'2 1.1' 
-37+~ 1.71 .78 1.19 
-28+20 2.21 '.61 1.35 
-20+13 1.99 1.22 1.07 
-13+9 2.46 1.7 1.02 
-9 1.48 5.99 .34 

-------------------------------~------------------. 
3 +37 1.11 2. lIB .5t 

-37+28 1.08 1.17 .83 ' 

-28+20 1.15 1,16 .86 
-20+ Il .68 1.32 .59 
-13+9 .7 1.73 .5 
-9 .61 2.n .31 

----~--------.. _---~ 
+37 1.1 3.26 .44 
-37+28 .7~ 2.03 •• 46' 

• -28+20 .97 1.75 .62 
0-20+13 1.01 2.16 .55 
-13+' .59 2.31 .~ 

-9 .63 1.83 .44 

-------------------------------------------
1 

1 
1 

WARMAN CYC~OSIZER CONDÎTIONS 
----------------------------
amount of sampIs: 30-~O g 
specifie g~av~ty: ~.l g/cc 
tampe~eturs: 22 C 
flowt"ats: 175 (scala). 
alut~iation tims: 30 min 
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AfR: 7.5 IIlin 

, 
FRC 

TEST-26 
1.72S Tlver.: 2.94625 

-------------------------------------.----------------------------~-----------------------------------------~--------
SIlE 
full) 

+31 
-31+28 
-28+20 
-20+13 
-13,9 
-9 

lE 1 6HT l IEI6HT CUI. WEI. AY.SO.F.R ' nc RECOYERY TlFRe Rf DBRe ORe 

'lin) '11ft) (!lIN) 

CONCENTRE 
5.19 12.975 100 109.6814.23098 1.853681 .77242235.082281 .l1li78308 .9219936 1.152008 

5.3 13.25 87.025 14.5326 1.711495 .7775818 .6878871 .77bS513 1.186605 
11.12 27.8 73.775 30.49104 2.210071 .7990883 .7825831 .6139990 1. 349957 

10 2S 45.975 27.42 1.999680 .7594415 .6211763 1.219503 1.071529 
4.2 10.5 20.975 11.5164 2.456732 .7498868 .5899300 1.707715 1.017629 

4.19 10.475 10.475 Il.48898 1.477608 .5013431 .1978219 5.991776 .3412429 

--------------------------------~-----------------------------------._-----------------------------------------------

TAIlUI6S 
+31 3.62 10.49 _ 100 39.9U 192853 
-37+28 3.59 10.4 89.51 4.1'5688 
~-28+20 6.62 19.18 79.11 7.666246 
-20+13 7.5 21.73 59.93 8.685481 

_ -13+9 3.32 9.61 38.2 3.841117 
-9 9.87 28.59 28.59 Il.42742 

----------------------------------------------~------* \ , 
FROTH ,. 

" +37 5.47 13.675 100 56.147.677145 
. -37+28 6.05 . 15.125 86.325 8.491175 

-28+20 . 9.83 24.575 71.2 13.79641 
-20+13 9.77 24.425 46.625 13.71220 
-13+9 3.34 8.35 22.2 4.68769 
-9 5.54 13.85 13.85 7.77539 

---------------------------------------.--------------
PUlP " v 

+31 3.56 8.9 100 227.35 20.23415 r 
-37+28 4.03 10.075 91.1 22.90551 
.,,28+20 7.29 18.225 81.025 41.43454 
-20+13 9.24 23.1 62.8 52.51785 
-13+9 4 10 39.7 22.735 . 
-9 11.88 29.7 29.7 67.52295 

, l" 

Î . 

- , 

---------------.-----------------------.------------------------------------------------------... ------~------------- {' 
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AFR: 7.5 lllin FRC 
TESH4 

1.7~ fT: 3 c. 
----------------------------------------------._--------------------------------------------------------------------. 
SUE, ,1I,E16HT lllEl6Ht CU".IŒI. AV.SO.F.R nt RECDVERY HFRC Rf DBRe' 'ORe 
hdn , (t) (gt.in) (.in) 'lin) ("IN) _____________________ L-___________________________________________________________________________________________ ___ 

CONCENTRE 

+fT 5 12.5 100 78.96 9.87 1.113995 .5984769 5.082281 .2932771 2.684445 .5059030 
-17+28 6.9 17.25 87.5 13.6206 1.088364 .7098700 .4814238 1. 172355 .8304561 
-28+20 12.95 32.375 70.25 25 • .5633 1.154099 .7167726 

) 
• 497~S19 1. 163593 .8589670 

-20+13 7 17.5 31.875 13.818 .6840323 .6339140 .3407129 1.323618 .5877298 
-13+9 3.5 8.75 20.375 6.909 .7041055 ,5944315 .2883891 1. 737406 .4914713 
-9 4.65 Il.625 11.625 9.1791 .6094211 .4808467 .1822436 2.734570 • 314l7D3 

TAILIN6S 
.fT 5.9 14.75 100 44.894 6.621865 
-37+28 4.96 12.4 85.25 5.566856 
-28+20 9 22.5 72.85 10.10115 
-20+13 7.11 17.775 50.35 7.97990'1 
-13+'1 4.2 10.5 32.575 4.71387 
-9 8.83 22.075 22.075 9.910351 

-----------~----.. -------------------------------------
p 

( 
FROTH 

+'SI 4 10 \ 100 88.6 8.86 , 
-37+28 5.65 14.125 90 12.51475 

) 

-28+20 10 25 75.875 22.15 
-20+13 9.12 22.8 50.875 20.2008 
-13+9 4.43 11.075 28.075 9.81245 
-9 6.8 17 17 15.062 

----------------------------------------~-------.-----

PUlP 
+fT 5.5 13.75 100 325.35 44.73563 
-37+28 4.5 11.25 86.25 36.60188 
-28+20 8.07 20.115 75 65.63936 
-20+13 5.85 14.625 54.825 47.58244 
... 13+9 2.89 7.225 40.2 23.50654 

-9 13.1932.97532.975 107.2842 \ 

--------------------------------------------------------------------------------------------------------~------------
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AFRI S l'.in FIC 
TEST-7 

1.472 FT: 5 CI Tlver.: 2.94625 

~------.. ,---------------- ----_ ..... --------------------------------------------------------------------------------
SilE 
(u.n 

1lE16HT % IEI6HT M.MEI. AY.5O.F.R 'FTe RECOVERY TaFRC Rf DIRC ORe 

Il' Ilsn' rlin' (ftIN' 

CONCENTRE 
+37 4.29 10.725 100 77.65 8.327963 .6939969 .5813708 4.33688 .3202184 1. 473264 .4713615 
-37+28 4.3 10.75 89.275 8.347375 .6956146 .5370345 .2674707 1. 905099 .3937169 
-28+20 11.43 28.575 78.525 22.18849 .8997765 .6005054 .3466001 1.696231 .5101953 . 
-20+13 9.3 23.25 49.95 18.05363 .6294B48 .5100177 .2400090 1. 993271 .3532932 
-13+9 2.84 ' 7.1 26.7 5.51315 .6065072 .48117964 .2187158 2.166530 .3219497 -, 7.84 19.6 19.6 15.2194 .4533631 .4014111 .1546263 2.478629 .2276099 

TAILlN6S 
+37 ~ 3.25 8.125 100 73.806 5.996738 
-37+28 3.9 9.75 91.875 7.196085 
-28+20 B 20 82.125 14.7"12 
-20+13 9.4 23.5 62.125 17.34441 
-13+9 3.15 7.875 38.625 5.812223 
-9 12.3 30.75 30.75 22.695~ 

----------------------------------------------------
FROTH 

+37 4 10 100 120 12 
-37+28 4 10 90 12 
-28+20 8.22 20.55 80 24.66 
-20+13 9.56 23.9 59.45 28.68 J 

, 
-13+9 3.03 7.575 35.55 9.09 
-9 tl.19 27.975 27.975 . 33.57 

---------------------------------------------------
PUtP 

+37 2.06 5.15 100 325.35 16.75553 
-37+29 2.9 7 94. B5 22.7745 
-28+20 6.88 17.2 87.85 55.9"02 
-20'+13 8.2 20.5 70.65 66.69675 
-13+9 3.2 B 50.15 26.029 
-9 16.B6 42.15 42.15 137.1350 

\ 

-------------------------------------------------------------------------------.-----------------------------------.. 
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TESt-ft 

SUE 
luIIl 

~R: 5111in FIC 1.425 FT: 1 CI hvtr.: 2.94625 

IlEI&HT % IlEI6HT CUIt.ltEI. AV.SO.F.R . 
IgI 

FTC 
Iain) 

RECOYERY UFRC Rf' DBRC ORe 

----------------------------------------~----------------------------_ ... _-------------------------------------------
CONCENTRE 

t37 4 10 100( 110.09 .11.009 1.684944 .7397453 4.198406 .&710163 .8038350 .9b41482 
-37+28 3.9 9.75 90 10.13318 2.281694 .1636148 .7694310 .6837362 1.096439 
-28+20 . 9.2 23 80.25 25.3207 2.392204 .7736083 .8139095 .54&9483 1.159821 
-20+13 8.4 21 57.25 23.1189 2.081401 .7436256 .&908682 .9313311 .9844873 
-13+' 3.1 7.75 36.25 8.531975 2.059671 .6992691 .5538369 l.b~9241 .1892176 
-9 11.4 28.S 28.S 31.31565 2.0&4527 .&83565' .5145324 1.947907 .7332086 

--~--~--------------------------------------------------------------------------------------------------------------

TAILIN6S 
+31 3.8 9.5 100 40.n 3.87315 
-37+28 3'.26 8.15 90.5 3.322755 
-28+20 7.21 18.175 82.35 '1.409948 

!l.20+13 7.82 19.55 64.175 7.9-70535 
~13+9 3.6 9 44.625 3.6693 
-9 14.25 35.625 35.625 14.52431 

------------------------------------------------------
FRDTH 

+37 5 12.5 100 52.21 6.53375 
-37+28 3.b '1 8'7.5 \4.7043 
-28+20 8.1 20.25 78.5 10.58468 • 
-20+13 8.5 21.25 58.25 11.10738 .. "::l, • 
-13+9 3.17 7.925 31 4.142398 
-9 11.63 29.075 29.075 15.19750 (' 

------------------------------------------------------
PUlP 

t37 3.14 7.85 100 258.15 20.26478 
-37+28 2.88 7.2 92.15 18.5868 
-28+20 1.23 18.015 84.95 46.66061 
-20+13 7.8 19.5 66.875 50.33925 . 
-13+9 3.6 9 47.315 23.2335 
-9 15.35 38.375 38.37S 99.'0650b --________________________________________________________________________________________________ ~l _______________ _ 

, ' 
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TE5T-' . 
AFR: 5 l/çn FRC 1.472 FT: 3 e~ river.: 2.94625 

---------------------------------------------------.-----------------------------------------~------------------------
SilE IEI6HT 1 IlEJ6HT CUIUEJ. AY.SO.F.R ne 

(.in) 

RECOYERY UrRe Rf D8RC ORe· 
1l1li1' Ctl (t/lin) Illn) I"INI 

~ , 

---------------------------------------------------------------------------------------------------------------------
.CDllCENTIIE 

+31 4.2 10.5 100 a?76 9.424a 1.21'6~ .663~544 
-37+28 5.3 13.25 89.5 11.8932 1.432548 .6768287 
-28t20 10.' 26 76.25 23.3376 \503905 .6942380 
-20t13 7.4 18.5 50.25 1646056 1.025232 .6460579 
-13t9 5.11 12.775 31.75 tt',,46684 • 90946~2 .6157663 
-9 7.59 18.975 18.975 17.03196 .9899089 .6683934 ., 

TA 1 LIN6S , 
t37 4.2 10.5 100 45.43 4.n015 

. -37+28 ~ 12.5 89.5 5.67875 
-28t20 9.45 22.625 n 10.27854 
-20+1l 8.01 20.025 54.375 . 9.097358 
'-13+9 6.3 15.75 34.35 7.155225 . • 
-9 7." 18.6 18.6 8.44998 

------------------------------------------------------
FROTH 

t37 4 10 100 77.59 7.759 ' 
-37t28 4.28 10.7 90 8.30213 
-28+20 8 20 79.3 15.518 
-20+13 8.35 20.875 59.3 16.19691 
"13+9 6.5 16.25 38.425 12.60838 -, 8.87 22.175 22.175 17.20558 

--------~---------------------------------------------

+37 
-37+28 
-28t20 

2.89 
2.91 
7.05 

PUlP 
7.225 
7.275 

17.625 

100 330.02 23.84395 
92.775 24.00896 

85.5 58.16603 
-20+13 6.5 16.25 67.875 53.62825 
-13+9 5.2 13 51.625 42.9026 

4.3368~ .45557aO 1.451575 .6706108 
.4829126 1.533927 .7108474 
.5235371 1.368680 .7706466 
.4208835 1.410673 .6195405 
.3695243 1.551708 ~5439398 

.4647630 1.140013 ',6841311 

, , 

-9 15.45 38.625 38.625 127.4702 
~ _____________________________ Jl __ •• ________________________________________________________ : ___ ~ _______ ~ ______ :_____ t 
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l'FR: 1.3 11111'1 FRC 
TEST-22 

.• 5~ 
. , 

FT.: 1 c. 
----------- .... --------------------""'-------_ ... ------------------------------------------------------------_ ... -----..... ---_ ... 
SIlE 
1 urt) 

WElliHT l NEl6HT CUIUEI. /lV.50.F.R 
Ig) (q/lln) 

FTe 
(Iln) 

RECOVERY TlnK Rf ORC 
(~IN) 

... _---------'-----------------------'----_ .... _----------------------------------_ ... -------------- -~--- -_ ... -.......................... ---...... ---
~ 

CONCENTRE 

t3Z 5.77 14.4:5 
-37+28 6.58 16.45 
-28+2(1 . ~.7B 2'4.45 
"20+13 9.01 22.525 
-13+9 2.99 7.475 
-9 5.87 H.675 

10(1 

85.575 

69.125 
44.675 

22.15 
14.675 

·93.42 13.47584 1.5b675~ .59708P 1.73S:S? .B5~50r' ,:7!0Tl .5(1297:,( 

15.36759 1.59~383 .6010927 

22.841t'? 1.50087_9 .11216111 

21.04286 1.4b791b .6319545 
6.~B3145 1.272B76 .5179603 
13.70939 1.568474, .4401253 • 

.86bES7B ,2456520 .51144H 

.1i450567 • (lB;~541 . 557~e'4t 

.9877857 .0IBIS1~ .5B~793~ 

.7878130 .34~~23 .4b4BO~7 

.4522348 1.8Q9!~Q ,~b6e1B5 
f , 

, / 

------------------------------.-----------------------------------------------------ç--------------------------------
~ TAILIN6S 1 

+37 5.35 13.375 100 67.99 9.0'13663 
\ 

-37+2B 6 15 86.625 ,10.1985 . 
-28+20 8.1B 20.45 71:625 13.90396 
-20+13 7.21 18.025 51.1!5 1:.25520 
-13+9 3 7.5 33.15 5.09925 

.:~_._-------~\~::_--_:~~~~---_:~~::_--------_:~~~~:~~-
FROTH . 

+37 S.55 13.875 100 61.99 B.601113 
-37+28 6.2 15.5 86.125 9.60845 
-28.+20 9.82 24.55 70.625 15.21855 
-20+13 9.25 23.125 ,46.075 14.33519 li 

-13+9 3.54 ~ 8.85 22.95 5.486115 -, 5.64 14.1 14.1 8.74059 

------------------------------------.-----------------
PULP 

+37 4.62 11.55 100 409.85 47.33768 
-37+28 4.8 12 88.45 49.182 
-28+20 9.58 23.95 16.45 98.15908 
-20+13 9. lB 22.95 52.5 9-4.06059 /,. ...:---
-13+9 ' 3.8 9.5 29.55 38.'13575 ' 
-9 8.02 20.05 20.05 82.17493 

11 , ,_ ------_________ -: ________________ ... _____________________ • __________ :' __ ~_ .. -- ... ------... -.. -,-_---.:l.-----------.-----_______ .J.. __ ' 
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------------------... ------------------------------------------------
TEST-I5 

AFR: 7.5 1I11n Fat 1.725 FT: 5 CI Tiver.: 2.941125 -_._._-------_._ .. _-----------_._-------------_._------------------------
SIlE IEI6HT lIE16IIT CUII.MEI. AV.SII.F.R 
lui) 

FYt 
'Iln) 

RECIl'JERY TlFRC Rf DBRC lIRe 
'lIn) ("I1U 

------,.--..--------._-------------------------------------
COIEEIfrIE 

+37 5.3 13.25 i 100 96.19 12.74385 1.102695 .5624003 5.092281 .2529173 3.257899 .4362tn 
-31+28 5 12.5' ,..75 12.0225 .7052736 .56679B7 .2574426 2.0342114 .444088S 
-28+20 11 27.5 ;:4.25 26.4495 .9738779 .&452227 .3579452 1.7471128 .6172830 

(~-\ ~: 2O;~ 1 46.= 19;~ ~;:~:~ :~::: :;::~~: ::~~:; :~~~ 
. ~l~~·s-~---~9. ~:~~~~:.:~~~. ___ .... :~~~~~.~:~~~::.:~:::~: .... __ _ 

i 
! 

f 
j 

,f 
, 

. , 

( .~ t . 

+31 
-37+28 
-29+20 
-20+13 
-13+9 
-9 

+37 
-37+28 
-28+20 
-20+13 

.-13+9 
-9 

, +37 >,' 

-37+28 
-28+20 
-20+13 
-13+9 -, 

"'~lJN6S ) . 

1» ~/ 100 66.106 9.9159 
5.56 13.9 
B.8 22 

7.42 18.~ 

3.09 7.725 
9.13 22.825 

85 
71.J 
49.1 

30.55 
22.825 

9.188734 
14.54332 
12.26266 
5:106689 
15.08869 

--------------------------------
• FROnt 

4 10 100 115.57 11.557 , 
5.9 14.75 90 17.04658 
9 •• 23.5 75.25 27.15895 
6 .. 8 17 :U.75 " 19.6469 
3.1 1.75 34.75 8.956675 

10.8 27 27 31.2039 
----z-----

. fItlP 
6.2 15.5 lQO 463.94 71.9107 

5 12.5 84.5 57.9925 
7.a 19.5 72 90.4683 

5.25 13.125 52.5 60.89213 
1.99 -4:975 39.375 23.08102 

Il.19 32.975 34.4 IS2.984~ 

\ 

\ 
J 

, , , 

-------------------r---------------------------------------------,--------~----------------------.~------------------, ~ : 
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-------------------------------------------------~------~---------~-----------------~--~---------------------------. 

SIlE 
(uIt) 

AFR: 

WEI6HT l WEIGHT CU".NEI. AY.SO.F.R 
(9) (q/lin) 

FRC 
TEST-13 

.59 

HC 
(lIn) 

FT: 2 CI • 

RttUVERY T 'FRt Rf. 
j' 

river.: 2.94625 

DBRC ORC 
(lin) '"IN) 

--~.-----------------------------------------------------------------------------------------------------------------. 
CONCENTRE 

,>J.. 
+37 6 15 100 73.55 11.0325 .7529689 .5206509 1.738288 .6249461 .4520781 .3686592 

~ \ 

-37+28 6.88 17.2 85 12.6506 .7728861 .56$6709 .7492440 .2586685 .4420540 
-28+20 10.7B 26.95 67.8 19.82173 .7645855 .5670486 .7534589 .2501818 .4445408 
-20+13 9.8 24.5 40.85 18.01975 .7550512 .5746216 .7771144 .2165576 .4584975 
-13+9 f 2.99 7.475 lb. 35 5.497863 .5882835 .4976201 .5698284 .4441037 !3361987 
-9 3.55 9.875 8.875 6.527563 .4226601 .245040b .1867209 1.840933 .1101653 

" . 
---------------------------------------------------.------------------------~----------------------------------------

TAILINGS 
+37 . 5.49 13.725 100 74.006 10. ~5732 
-37+28 5.25 13.125 86.275 . '.713288 
-28+2Q 8.18 20.45 73.15 15.13423 
-20+13 7.21 18.025 52.7 13.3;st158 ... 
-13+9 3 7.5 34.b75 . 5.55045. 
-'1 10.87 27.175 27.175 20.11113 

--------------------~--------------------------------< 

FROTH 
0 

P' 

+37 5.55 13.8?5 . 100 105.6 14.b52 
'-37+28 6.2 15.5 8/1.125 16.~&tI 
-28+20 9.92 24.55 70.625 25.9248 

. -20+13 9.04 22.6 4b.075 23.8bS6 
-13+9 3.54 8.85 23.475 9.3456 
-9 5.85 14.625 14.625 15.4" • 

A ~ 

---------------------------------------------------~- "" 
PULP 

+37 4.3 10.75 100 389.04 41.8218 
-37+28 4.6 11.5 89.25 44.7396 

\ ) -28*20 9.58 ' '23.95 77.75- 93.17508 
'(9118 

\ 

-20+13 22.95 53.B 89.28468 
-13+9 3.8 9.5 30.S5 36.9588 

~ ... 
-9 8.54 21.35 21.35 83.06004 
------------~----------------------P__-----------------------------------.---.----_.-------._ ________ . ________ __ 

<, 

• . ; 

t 
-' . 

'li 

i 
1 . 
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AFR: FRC 

TEST-21 
.• 59 FT: 5 CI TIVer.: 2.94625 

SIlE NEI6HT lllEI6HT CUII.IlEJ. AV.SO.F.R FTC 
'lU) 

RECOYERY UFRC Rf DBRC ORe 
lun) (g/lin) (lIn) (ftll) 

. ------------------------------------------------------------.. --------------------------------------------
CONCENTRE 

+37 7.19 17.975 100 44.19 7.943153 .3224269 .3768116 1.738288 .3478431 .6045052 .2052274 
-37+28 7.11 17.175 82.025 7.854m .3446742 .4194996 .4157262 .4844152 .2452785 
'28+20 10.68 26.7 64.25 Il. "873 .2bh5063 .3984647 .3810720 .4328531 .2248325 
-20+13 9.06 22.65 37.55 10.00904 .2274696 .3349Vn .28'18011 .5574466 .1709827 
-13+9 3.24 8.1 14.9 3.57939 .1758313 .3156459 • 2653369 • 4868406 .1565488 
-'1 2.72 6.8 6.8 3.00492 .1247110 .1110556 .07J8694 1.610513 .0424030 

TAILIH6S 
+37 5.b2 14:05 100 93.5 13.13675 
-37+28 4.65 11.625 85.95 10.86938 
-28+20 7.62 19.05 74.325 17.81175 
-20+13 9.5 21.25 55.215 19.86875 
-13+9 3.32 8.3 34.025 7.7605 
-9 10.29 25.725 25.725 24.05288 . -----------._-----------------------.... _---_ ... _------

FRDTH 
+37 . 5.47 13.b75 100 180.15 24.63551 
-37+28 5.0b 12.65 86.325 22.78898 
-28+20 9.83 24.575 73.675 44.27186 
-20+13 9.77 24.425 .9.1 44.00164 
-13+9 }~52 11.3 24.675 '20.35695 
-9 5.35 13.375 13.375 24.09506 
------------------------------------------------

PILP 
+37 4.56 Il.4 100 433.52 49.42128 
-37+28 5.03 12.575 88.6 54.51514~ 
-28+20 8.26 20.65 16.025 89.52188 
-20+13 9.24 23.1 55.375 100.1431 
-13+9 4 10 32.275 43.352 
-9 8.91 22.275 22.275 96.5662 
----------------------------------------------------------------------------------
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----------------------------------~-----------.-------------_.--------------.------------- --------------------------------.------._.--.-.-----.. 
IIFR F. T. o TA ILS CONC. TAILS COIIC. SOlU IIATER CONC. TAILS SILlCA U.C SILICA ZINC SlllCA lu.e 
(l/Iin) (CI) (9/lin) (g/linl (gllinl (gllin) RECOYERY RECDVERY RECDYERY RECOYERY 19/1lnl "/lin) -(9'llnl Ig'll.1 RECOYERY RECOYEll 

-------------------------.---------------------------------------------------------------- ------------------------------------------------------
l.l 1 1461.13 236.87 122.7S 13.38 0.10 0.14 .42 .415 5.62 7.76 50.94 71.81 0.10 0.10-

l 1600.02 ".98 183.61 10.35 0.05 0.06 , .4 .4 4.14 6.21 73.44 110.17 O.OS 0.05 
5 1645.31 54.n 174.5 6.25 0.03 0.03 .3 .385 1.88 4.38 67.18 107.32 0.02 0.04 

------------------------------------------------------------------------------------------ --------------------------------------------~---------
5 1354.59 345.41 168.76 19.72 0.10 0.22 .46 .405 9.07 10.65 68.35 100.41 0.12 0.10 

1376.68 323.32 172.89 20.67 0.11 0.20 .47 .4 9.71 10.95 ·69.16 103.14 0.12 0.10 
AVE. 1~5.64 334.36 170.83 20.19 0.11 0.21 .465 .4025 9.39 10.80 .8.76 102.07 0.12 0.10 ~ 
3 1447.32 ~2.68 179.14 15.17 0.08 0.16 .33 .39 5.20 10.56 69.87 109.28 0.07 0.09 

~ 1428.52 211.48 179.69 16.04 0.08 0.11 .32 .4 5.13 10.91 11.88 107.81 0.07 o;o~ 
1413.05 226.95 13"1.84 10.66 0.07 0.14 .34 .38 3.62 7.04 53.14 86.70 0.06 0.08 ... 

ru >< 
en A\'E. 1449.63 250.37 166.23 14.16 0.08 0.16 .33 .39 4 •• 7 9.49 64.83 101.40 0.07 0.09 CD Dl 

5 1621.80 78.20 157.11 6.86 0.04 0.05 .28 .375 1.92 4.94 59.92 98.20 0.03 0.05 .... 
_.~-----------------{--_ .. _-----._------------------------------------------------------- ------------------------------------------------------
1.5 1 1245\39 454.61 112.86 22.52 0.17 0.2S .48 .475 10.81 11.71 51.61 59.25 0.17 0.17 

3 1302.84 397.16 150.31 17.36 0.10 0.25 .35 .4625 6.08 11.28 69.52 80.79 0.08 0.12 
1294.51 405.49 131.~3 19.17 0.13 0.25 . .345, .46 6.61 12.56 60.69 71.24 0.10 0.15 
1315.35 384.65 139.09 lS.74 0.12 0.24 .355 • 467S 6.65 12.09 65.01 74.07 0.09 0.1' 

AVE. 1304.23 395.17 140.45 18.42 0.12 0.24 .35 .46 6.45 11.98 . 64.60 75.B4 0.09 0.14 
5 1512.55 187.4S 183.71 12.84 0.07 0.12 .245 .4115 3.1S 9.69 75.78 107.93 0.04 0.08 

1501.97 t'S. 03 122.56 lt.14 0.08 0.12 .24 ,.4 2.67 8.47 "49.02 73.54 0.05 0.10 

1500.08 199.92 187.56 10.11 -0.05 0.13 .24 .42 2.43 7.68 78.78 101.79 O.Ol 0.07 
AVE. 1504.87 195.13 164.61 11.36 0.07 0.12 .24 .41 2,73 8.64 67.49 97.12 0.04 0.08 

--------------------------------._------------------_.---------------------------.-------- ------------------------------------------------------

APPENDIX B.l 
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Effect of AFR and FT on entrainment 
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~ ... ~~. ,~~ _~_ '''~'' ....... .r-_, .................. ~, .. -.."... ... ~./'11>.' ~ ..... 
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.... -----------------------------------------------------------------~_.------------------ -----------------------------------~---------------------------
ArR: 7.5 lllin FT: 3 CI 

--_ .... _--------.. -------------------------------------------,---------.----.-----.------- --------------------------------------------~------------.----.. TYPE !AILS CtK. TAILS COIIt. SOl ID IIATER CoteC. TAIlS TAILS· SIUtA ~1I1C SIUCA UNC SI.lltA ZINC 
(cc'Iin. (9/1inl (I/linl (9/Iin. (g/un. RECOYERY RECOYERY RECOYERY RECOYERY RECOVE~Y (,/..eln) (,'lin) ("lin) (t'lin) RECOYÉRY RECOVERY 

_.--.~------.----~----------------------------------------------------------------.. --- --~------------------~----------_.----------------------------. . 
0 1302.84 197.16 lSO.11 17.3& 0.10 0.28 .48 .475 .475 ~.08 11.28 .~9.S2 80.79 0.08 0.12 

1294.:U 405.49 131.93 19.17 0.13' 0.25 .3S .46 .46 6.61 12.56 60.69 11.24 0.10 0.15 
1315.35 ~4.65 139.09 18.74 0.12 0.25 .345 .46 . .41. 6.65 12.09 -65.03 74.0& 0.0.9' 0.14 

AVE. 1304.23 395.77 140.45 18.42 0.12 0.26 .335 .47 ."47 6.4~ 11.97 64.60 15.85 0;09 0 .. 14 
_ -' , i --------------------------------------__ ---_4.-____ -------------. ___________ ._____________ _ __________________________ . ___________ . __________________ . __ __ 

200 IEUII 1419.35- _ 480.65 1~.30 20.84 0.12 0.27 .215 .445 .• 445 " 4.90 15.94 69.11 M1.19 0.07 0.16 

1414.68 485.32 153.45 21.56 0.12 0.27 .235 .445 J .445 5.07 16.4" 68.2'. 85.16 .. 0'.07 0..16 
AVE. 1417.02 ~482.99 1~4.38t' 21.20 0.12 0.27 .235 .445' .445 4.98 • 16.22' 68.70 85.68 ' 0.07 0.16 

-----------------------.---------.----------------------_ .. --------.------.--------------- ---------------------------------------------------------------
400 1629.65 570.35 151.32 18.89 0.11 0.21 .19 .42 .42 3.69 15.30, 63.55 ' 87.71 0.05 0.j5 

J621.74 578.26 1~.74 18.56 0.11 0.28 .19 .42 .42 3.53 ~3 63.31"' 87. 0.15 
~ AVE. . J 625. 70 574.31 151.03 18.73 0.11 ~28 .19 .42 .42 3.~ _ ·15.~ 63.43 . . .05 ,0.1'5 

i --------.--.---------.-~--------.--------------------.----------------------------------- ------------------------------------------------- --------.----_... - .. ~ ,,- \; 

< l _ 200 AIDYE 1400.00 500.00 140.21 20.13 0.13 0.28 .27 .45 .45 5.44 14.69 63.09 77.12 O.-t6 
400 1610.77 589.23 155.00 18.74 0.11 0.28 .27 .44 .44 5.06 13.68 68.20 86 •• 0 0.07 O.lt • 

-------------------------------------------------------------------------------.--.------- --.----------------.----.--------------------------------------
" 

, ~ 

Effect of wash .ater .fIc,", rate and addltion levei 'in 

mixturs ftotation . 

-
~ ....... _-r.. __ ~,., , , . 
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_________ .. __________ . ________ n_._. __ ._. ____ .. _ .. _ .. ___ ._ .. _ .. ~-

------........---------------:----. --
7.5 1I.ill 

Ft CIIIC. TAJll Fm COIIC. TAILS SILICA MATER 
(ca) (t/UII' • <t/ai,,' (t/lin ' (g/lin) (g/lin) RECOVERY R COVERY. 

---- _ .... ~---------------------------------------- ---
0 ' 929.00' 505.67 14~.67 28.~ 27.SS 0.51 IO.~· 

.8 628.28 854.34 1482.62 . 19.23 54.42 0.26 / '0.43 
1.5 383.78 1115.23 1499.01 10.29 13.68 0.12 0.2b 
2.5 268.35 1269.01 1537.36 7.08 109.97 0.11' 0.18 
4.S 66.21 1482.92 1549.11 t.36 • 116.82 0.01. 0.05 

~ .. - ---------_._-----------
. IAIFR (JIELOIn n: 3 CI 

------------_ .. ----------------_._-------~-~--------------------------
200 148.45 1733.26 1881.71 
.co 164.20" 1880.85 2045.05 

"' 600 AI95.25 2137.14 2332.39 

3.425 109.72 .0302709 .0820015 
2.585 131.42 .0192903 .0845699 
1.65 135.62 .0120201 .0881956 

--~------------------.- ... _.-~-_ .. _--
lABDVE) 

~oo 190.915 1691.54 1888.46 
400 211.905 In9.96 2111.17 
600 319.50 2001.00 2329.50 

n:3ca 

5.50 125.74 .0419080 .10SS1" 
4.2i 130;20 .0316103 .1353560 
2.95 138.54 .0208495 .1452724 

........ -------..---------------------_._----
IATER: 6730. g 

----. -.-.. - •.• ----.-----_._-'1r"& ----------__ --------

", 

, . 
Eff.IH:t of NAtIh wat...- flow rat. and addition lev.1 in 

siliea flotatian 
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-. ., ... 1. t..,; .. "" ,.,,,-, .:'~Ir'1 ... ~~,.f~,\.?': .. ~-"';"1.d.ij";.I-... '..,.... ... ./4..:.' • "1,':\.f-'iR .. . i~.<'f~"1~~ .l.=:?,5ri 

26B 

,~ . . 



, 1 

~ 

. : 

;~ ~ ~ 

~... ~.",. 

".., 

F ÙzJ @itiS .- __ "'_~'i"'''", " ... 141 ..... t "'*",. __ "._~~~__ __.~,____ ." .. .."«,,.. :"ai""'~ 

?' 

1. 
i 

" 

§' 

ru 
ID 
l.D 

,~ 
~ 

/ 

'j 

? 

'Cl 

'-j 
~ '..,.. .. 

? 

'" 
'Mnal Slii DlIlIIIU1ION 

'l' , 
',SAMPLE IDENTIfICATION _p_u.t:.~~sJlt~Q .f' , 

" 

\! 

l , 

.,.. g/fIt: JJQUID _ ,DInIIly t g/cç VIICiœIly __ cp 

ftnIperlllon_ Q_ TQil~_(_W~~ R.::\4'OO _c,CL min ~_ 
, b Conc. (WWFR - Ua cc Imln-) 

DATE _ 

IY __ ,_ 

TEMPERAlIItU 'C 

RATE., bl/o'H QI' .;. 

~rr dl ; j : ; 
~: : 1!.!., ',..1+ 
Il '' " ' t ,1 , ., 1 • 1 l' :I\'! ~ ; t '.' 
,,!! HI} il!: iiL rq , 

,1,1 Hi ~ 1 i 
,!t! 'fil. '1 'lll ;:/1 
~I.~ ~f-t 'rl~! 
If!: 1 1IJ ri.~1 
JI t 1 • " ,1 1-':1 Ilot' ! .. 

l'l';', Il L il, :.J 
,: fi 1 ! '1 
II' l ,i L~ .! L~' 1 t l' 1: ri l' , 

;il: Iq, l' f'- 'f' h 1j.~1 " ,li ,\.: : l 1 
f : l l:!! 

Id '1,',' t+ rr" l,· , . 
1 r: i 1 l' ,i 1· . 
: b' 1 j: 1 j , ; 
'I! ~It, t~11 
. t!l. l, 1 

j f 1:- : .-s 
1 ';,! : 1 ! 1 

r•1 'f" ~ 

- .. .. .. .. ,. 
1fIJftI __ ttljülnfl''f'~''~r:lt!ï,lï;(II\I' I·i: ; :;, = J:0ti~m~jjE ij 1 ulih~i iliLI1l: il'; lU.l . 

• • • a e • • e. •••• e. a. __ ... 

r.::-micromerltic:tr I!!!I in&tn.ment corporatIOn 

~ 

\ EQUIVAlENT SPHtRICAl. DlAMETER, \JI 

? 
Size dl.tributi~ o-f concer;ttr.ate .and t.ail 

~-

products in pure silica flotation. 
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PARTIeLl SIlE DISlaIIUTlON 

'1 
snm r Il)' ""fICI\TIfJr, Pur~._sil i CQ_. _________ __ 

, 
1 

1 

1 
1 

i a 
1 
1 , 

, ! 

l. 

o."·<I'f 
P'·"':'f.)1mn 

1 .. 1 

i 

•. ' r • Ir,",'O 

~ r~"· .. 
• /0 il •• ," InJf~'·tl1·"nntJCS· 

~, .. r": .. '.-' W-,"llIlt' 'II r:(~f:(lj'obOn 
. i 

Donsotv _ -___ 01« y~ __ cp 

600 cc/min (under-f·roth·-) .----
• (over frotb_l_ • _ ... __ ..... -... ___ ...... _ .. _ 4' __ _ 

EQUIVAlENT SI'HERICAL 0IAMErER. _ 

DATE 

rtf 

nWtERA TURE ~ 
, -. 

~ 

' ... 

~ ... 
< 

........... 

'.' 

'\ 
1 

b 

'f., 

. '. 
4-

J( 

Effect of partic~ .ize an entrain.ant of' pur. 
1· : ' 

• llie. at di~~.r.nt WWFR .. 

"\ / 
If ~ 
........ ~-".---""'~_ .. • .. _)\I..'-·....-.t.~.....r_.aI".rlo<~j~I,,!.iI!:lIt 1 ~~"""'lj.!'I>~"'''''''''''''~-~~- ~. ~J''"'''''''''''''' fi -1)..-.t",1 

'--'''''JoÂ...~,r...","....,~.;iAA:-.;<..I,~",," ,:<..~ .. ~".:',~""..,,~.,.~ ,o.l,t-\;t....,.....,I-l.:\IiJl~ """~<,~~ ... 1,,~I,.~''-4 ;...,; ..... ' .. """.....:; ......... ~ -',- "' ........... ,..>~ ......... ,.."" ",'!r'-""'tlf:> .. / " ,- '1 ...... ; .... ");;:11 ... ' '", l.~ ...... ~, w c 'J4~i.;f.;c~ \ ~frlI ... ,J' 
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SAWlEIDEN11F1CATION PUr:.,LsiJ.l.c_Q fJ _ DATE 
1 

, . 0eMIy --W«' -UOUtO-1_ DInIIty t'CC; VIICOIily __ cp BV __ . 

. ' ,.,.....I0Il-. .. Q_WWFR_200_tC/mirLlundf!'L.froth) TEMPEÀAlIJRi.C 

, b ft ( ov.er frot_n ) '" RATE'. . ~T"RT rllA 

"oollmmttURil_~lmmmlllillfHU-nj.I~~lm!l!mll'!!lf~nlt:!F ,,~~·~r, .. :~. i i .~ .. i 

lm" micromea'ÏtiC8'" .m. hItIu'nert COI'DOI'8tion .. . 

EOI,IIY ALEHT SPHERtCAL. DlAMETER, _ 

(J 

Effect of partiel •• iz. an en~r.in-.nt af 
~ 

pure .ilica at diff.rant Na.h-Nater addition . . 
laval_ 
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APPENDIX 8.~· 

" 
/ .~ 

\ .. .. • ••• _. P'.~. _. •• aa ••• • • • • •••• 

, L 
_IIIIIT • SIUtA FCllEACtl SilE ClASS l 'uItTHIIIT"'!Mm .. ,1Tt1l1 
. Il An.,.,-

,1 
• • ( ra aA;. ...\ j ( aa ••• • ..... ________ .., aa .a 

'T' lUI FUI CIK.. CI) CI) SIUCA lllTER 
C~, , C.. '(,/atl' C,'I'" FUI COlE.' R[COVOY IIECOVOY 

_ .. _-_. -•. -5--, 6O--1 ... ·;, ..... -r'~-·-1.-16--·-;-;· ..... _;-;:; .. n 

1 
! ' 

1 

~ ..... . . 
1 

o 

H 5 1 Ln 
~ ü 2 ~n 

: ~ll ~!: ::: 
r .t M 40 0.72 

l' -1\\ "44 O. n 
1.1_ • \ ",. ~.12 
J 5. 71 60 o •• 

4 
• P 

.. m.os 
51 
4t 
JO 
2t 
If 

• 

,\ Il 70 0.96 

7 •• 2 
5 

10 
, -22-

51 
M 

" 

1 
2 
5 

10 
22 
41' 

~ 

• Id. • 

2.92 • 0.11 
2 .. 38 

.2."':'" . 
't ~ !!. " 

2.60 
4 •• 
4.0 

• 75 62 '" 4." 
5 78 n S.54 
4 a" 4099 

.. 56.1 21." 2 '1 33.73 0.65 
50 5 4 28.93 
ce 10. 21.93 . ~" ~" 
» "~ ~. 
.. M 60 32.30 

• "64 32.07 
, 75 7'1 32.82 . 
5 78 76 33.15 
4 ( 13 84 1..00 

,1 ~ -- . --------------~--
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__________________ ~-------------------.n~-~-
EllTMIIIÉIIT IF BIUCA FOR EM:M SIZE ClASS fliiTM ltASII ItATER AHin., 

AFlh7.5 
----------~.-. __ ._ .. -._ .. -._. __ ._ .. ----.----.-------------
.... IUt 
Icc/at., C.J 

. -

( 

-

FEED COIC. 41' ,.,.ta' 1~/.l.) FEED 

: 1II.~4S I;:~ 
41 
Jt 
20 
11 

• . , 
5 
4 

.. 131.24 
50 
41 
30 
20 

S.5 

(1) SIUCA IMTER 
S. lIftMRY E1MIY 

2 0 0 o •• 
f 1 0.60 

.0 2· 0.60 
22 5 0.69 
51 17 1.'1 
64 4a 1.97 

" st 2.1' 
75 - U 2." 

71 " 2.66 
Il " 2.71 

2 
5 

10 
22 
51 

0 4 0.00 0.11 
1 0.1l 
2 0.1l 
• 1.52 

20 1.64' 
. 1. 

1 
6 
5 
4 

\ : 
, ""~ 

4S 2.'3 
55 J.32 _ 
6S :Ul 
14, 3.95 

Il 10 4.01 

, 1 

,1 

___ J 
., ---. 

. , 

.. 
" 

.. - 137.27 1 1.65 2 0 0';00 0.88 '~ 

"Se .. 
JI 

" 20 

- Il, 
1 , 
5 ----

5 ... 1 0.24 
10 2 0.24 
22 '0.33 
51 If 0.45 .. 
64 .5 0.14 
ft- se~ 

75~ O." 
11 67 1.02 

. -f 

\ ~-----'--.. '-, 
• Et ••• 

Il 7. 1.09 

, 
... At 14l..49 

1 'r (, 

, .·U 

50 .. 
10 
20 
10 

• , 
s 
• 

2 
5 

le 
22 
SI 

o 0.00 
• 0.42 
2 0.42 
7 0.66 

19 0:17 
.. 47 t.5' 
69 55 1.63 
75 65 1.77 
78 62 1.63 
83 71 1.92 ._----_._ .. _ .. _-_. _ .. _.' ..... ----.. -----_._. -_._--

- ·273 
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a.ASSIFItATIfIII MTRU FOR SILlet. 
---_ .. 1 •••••••• 

AFa: 7.5 IL/RI.' 
FT, J (CIl) 

NI SIL. no (6) 

1 . 1 PfU lAT. ~730 (6) 

J \ 
~_ SIl. 7.08 Ig/lin) 

f • , CDIIC.F.R. 261.27 'g'lln) , J 

f fl -------._~------_ .... . -.........-.-
i r( 1 SUE CONt. PULP CLASS, 

r· 
,.,.~ (III) (1) m !lATRICS 
{ .- J 

50 2 < 3 '0.53 

1 40 4 la 0.53 
JO 10 14 0.57 

~ . 
f 20 22 30 0.3 

10 47 57· . 0.65 - 8 52 62 0.67 , 
o. • 62 . 70 0.70 

4 72 ' 80 0.1. 
3 79"'::' as 0.74 
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APPENlH x~ 9. 1 < . 
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( Ll,qui1l ,.eilid."ce J ti_ rnults .. ~ 
(j . 

~ 

'" • ----
IPIIEIU TDE DISTRIIJTI. IF Ll8UI1 III S(LltA FLOTITI,1It . (CIII: •• , 

" 
-_ .. 

---- • &- --

.. _ ... _--
11MD1 UlMllII CLOItIDE .. _YSIS:"yIlltIC AISORPTlQJI 

1 , -------. 
FT: 3 ,. , AFRI 7.$ lI.i. IIR. 400 ccl ai" 

.JtITlllh IMSM Mm 
\, 

, . __ a' 

IllE AISIItIIU AVERAiE li(COIJ t(tltT ltI ICIIIC) , . 
(ù.) . 1 2 3 AISOR. PPII 

. --------
" 

,~ 
.5 .141 .1l6 .144 0.14 O.IIS 0.33 -1.42 , 
1 .U8 .122 .116 0.12 0.55 .0.28 -1.59 

l.5 .1 .102 .098 0.10 0.46 0.23 ' -r.16 
2 ,", .098 1. 0.10 0.46 0.23 -l.n" 

2.5 .092 ."' .Ofl O • ., 0.43 0~22 ' -1.84 ...) . 
l .014 .012 ,083 0.'01 O.lB 0.19 -1.96 

i~ '. 3.5 .071 .074 .072 0.07 0.33 0.17 -2.,10 

• .066 .067 .066 ' 0.07 0.30 O.t, -2.t! 
~ 

" 4.5 • 052 .054 .054 O.~ 0.24 . 0.12 -2.41 
" 

, 
l 5 .05 .05 .048 0.05 0.27 0'.11, .. 2.50 
.- , 

0.04 " 0.0; -2.74 S.$ .019 .04 .m 0.17 , .038 .036 .G ,0·94 0.16 0.08 -2.11 

'.5 .029 ' .027 '.028 0.03 6.12. " 0.06 -3.10 
7 .024 .021 .023 0.02 O.JO 0.05 -1.30 

f' 7.5 .021 .op .022 '.02 0.09 \ 0.05 : .. 1.37 

1 .02 .01' .011 0.02 ' b." ' 0.04 • -1.-" 
1.5 .02 ' .O~, .02 0.02 0.01 0~04' -1.50 

1 

"-1 .. " 1 :; j 
, ... 11 .. 017 .016 0.02 0.07 ' 0.01 

,/, , 
, , 

'.5 .017 .017 .017 0.'2 0.07 0.03 -3.66 /( 

10.5 .016 .016 ' .015 ' 0.02 0.06 0.06- -3.76 , 

~~ .Oi2 o.e, -4.05 ' 
,1 

11.5 .012 .013 O.O~ ,0.05 
0.64 ' -4.23 1 

' , 
// -

41 
12.5 .01 .OU .OU 0.0,1 • O ... 

1 

U.S .009 .008 .. 009 0.01' O.~ 0.03 -4.51 \ , 

14.5 •0061 

, 
-5 .. ~, ", .006 ' .006 0.01 0.02 "0.02 • 1 

15.5 .GOS .005 .- 0.01 0.01 0.01 -5.lI r 1 

,! , 

TDTAl -2.70 
.... . , 

"-

j --------.. .... --.. , :l. -, " 
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REStDEJŒ TItE tltTRllIITl. IF L1111. Il SIUCA FLOrATI.. (TAILSJn 

. .. ------... --------.~,~ .. --.----------~-----------. 
TIACElI LITHIUII CUIRIIE. ""","VSIS: ' ABSORPTION 
, -----.. _-_ .. _ .. __ ._~------....-----------------
FT: 3 CI AFI: 7.5 Illln, ·WFJh' 400 cc/tin 

, U 

At'lTIIle: IlASH IATER 
, ,. --------\------------------r------------

TIIE AISORPTIOI : AVERAGE li (CON) cmn ln 1 CON) 

PP" 
~ 

Itia) 1 2 '3 AISOR. , 
---~'--..... -------.\ .. _-------------:--_.-._-------

.25 
.5 

.75 
1 

1.25 
" 1.5 

t.75 

• Ils 
.122 
.US 
.105 

·096 
.094 
.091 

.145 .147 

.117 .U5, 

.113 ' .111 

.101 .107 
• t .091 

.089 .0«11 
" 

.087 .088 • 

2 .083 .084 .08ls 
.08~ , 

,.on 
.063 
.056' 
:046' 

2.5 .013 .083 
l .' .075 .074 

•• 042 
, .034 

0.14 0.67 

o.l2 , G.~ 

G.lt 0.53 , 
0.10 ' 0.49 
0.10 . 0.« 
'0.09 0..42 
0.09 0.-41' 
0.08 
0.08 
0.08 

0~06 

0.06 
0.05 
O.,.. 

0.03 

~.3' 
0.38 . 

1 0 

0;35 
0.29: 
0..75 • 
0:22 
0.1' 

'0..15' 
·C.lS 

0.12 

,_ .034 .033 ' .• 033 ~.G3 

•• 5 .029 .027 .027 0.0.3 

0.17 -1.26 

0.14 L-I.45 
0.13 / -1.50. 
0.12 -1. SB 

0.11 ~1.~7 

O.U -1.71 

'0.10. -1.74 
0.10. 
0.19 
0.1,7 
0.15 
'0.13 
0:11 
0.10. 

. 0.08 , 
0.07 
0.06 

-I.ao 
-1.81 

-1.'2 
-2.08 
-2.24 
-2.37" 

'.-:-2.5! 
-2.73 , 
-2~n· 
-2.97 

1 

1 .026 ~021 '.026 0.03 0.11. .0.06., -3~03 
t1 ~ -(' w 

7.S .025 ;Oll .024'" b.02 0.10·, ~.~ ~J,t3 
1.019 .018 .01' '0.02 0..08. \0;04 -3.Ù 

8.5 .Ot, .Ot4 .015..0.01. 1 0.06 0.03~. -3.69 
9 ;OU .013 '. .013 0.01 :.,0.05 0.03 :.~.al 1 

\ 

10 .Oll .0,13'" .Oll 0..01, '0.05 '. '0.02 "-3.87 
.. 11'.00. ,.fI 1 .01. ,q.Ol ) 0.03 ' O.O~, ,.4.27 
. ;12 .008 .008'".0011 0.01 { 0.0~ .. '0.03 ", -(.42 

11, ', .. 1IfI7 '" .007 .007, 4.01 o.ov 0.02 ' " •• 6'7 
14 .006 ,~-006 .005 0:,01 0.02 O.OZ, -5. o.! 
15 .~ ,/' .~ .005, 0..01 O~Ol'~: ~.Ol· '-5.24 

.TOTAl. 2~35 
• 1 ... F~ ,.-~-... _----_ .. ~ .. _---.... - "* 

'" 
• ,f 
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RESIDENCE lIftE DISTRIBUTIOi OF LlOUlD IN SPHALERIIE FlOTATIDN .llAILSI 
i ______________________ ~_! ____ • _________________ ~------------________ ~-_ . 
TRACERILIIHIUft CLORIDEII 9) ,ANAYlSIS:ATO"lC ABSORPTION 

l' 

F.T: l CI AFR: 5 1I.in 10'1 SOLIDS NVFR: 1200 cc/.in 
• 

-----~--------------~----------------------------------------~--------
TlItE , 

Ilin) 
ABSORB. 

2 
~VERA6E L1ICDN) 

3 ABSORB.' PP" 
, . , 

UtltT Ln (eON) 

PPI! 

---------------------~--------_.-------~----------------------------~---
.li 
1 

1.5 
2 

2.5 
3 

3.5 
4 

4',5 
5 

5.5 
6 

6.5 

7 
7.5 j 

Q 
8 

S.5 
9 

9.5 
10 
U 

.368 

.325 

.294 

.262 

.221 

.214 

.163 

.136 

.107 

.096 

~.078 

.073 

.069 
,066 
.057 

•• 047 
,041 
.035 
,q33 
.028 
.019 

, 
".31% ,361 
.331' .342 

.275 .299 

.258 . .,.272 

.217 ' .• 21S 

.212 .2M' 

.164 

.131, 

.108 

.097 

.082 

.067 

.068 

.06'3 ~ 

.056 

.049 

.039 

.161 

.133 . 

.112 

.Q92 

.076 

.068 

.067 
,064 
,.054 

.048 
.04 

.037 
, .031 . 

.029, 

0.37 
0.33 

1.1~ 

1.51 
0.87 ,-1:34 

0.79 -J.44 

0.29 1.37 0.68 

'0.26 1.25' 0.62 

0.22 I.~ ~.51 

0.21 J.OO~ 0:50 

0,. lb 0,76 0,38 
0.13 0.62 ~ 0.31 

o.n ~ 0.51 0.25 
0.10 0'.44 '0'.22 
O.OB 0.36 ,0.18 
i>.07 0.32' '0.16 
0.07 OJI 0.16 

0.06 '0.30 0'.15 
0.06 

Q.05' 

0.04 

O.25~ 0.t3 
0';22 0.11' 
~.18 0.09 

-1.58 

-1:.67 
-1.86 

-1.B9 
:2.16 
"2.36 
~2.51 

-2~71 
-2.90' 

-3.03 -
-3.05 
·3~ Il 
-3.26 
-3.42 

, -3.~1 
0'.04 0.16 
0'.03' '0'.14 
0.03 0'.12 

.0.14' . ~3.12 

0:14 ·1.87 
0.12 -3.'8 

•• 0~6 

.Ol 
.028 
.017 .02 0.02,,0.08 O.OB : .... 44 

fllTAl b.61 . 
-----~--,-------------_ ...... _---... ----"Jj------

, , 

, ' 

>#, • 

• 1 
_L 
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---------------------------------------------------------------------------------
RESIDENCE ~IIIE DISTRIBUTION OF LIIIUID IN SILICA FolOTATATION HAllS) 

---------------------------------------------.. --------.-------------------------
TRACER: lITHIU" ClORITE (tg' ANALYSISrATO"IC ABSORPTION 

FT/3 c. AFR: 7.5 IJ,lQ ""FR: '400 CC/IIR , 

----------------------------------------~-------------------------------.------_. 

TIllE AB'sDRBANCE AVERAGE li C(tllT ~n (CONI 
(sec) 2 3 ABSORa. PP" P~" 

._~----------------------------._------------------------------------------------
J 

.25 .-228 .232 .226 0.23- 1.0B 0.27 -1.25 
.5 .187 .185 .183 Ô.19 0.87 0.22 -1.46 

:75 .168 .111 .171 0.17 0.80 0.20 ' -1.55 
.167 .168 .165 0.17 0.78 0.20 -1.57 

1.25 .155 .16 .Wr-4, 0.16 0.75 0.19 -1.bl 

1.5 .166 .155 .162 0.16 0.76 .0.19' -1."~ 
1.75 

l 
.145 .147 .146 0.15 0.68 0.17 -1.70 

J 2 .128 .J26 .125 0.13 0.59 0.15 -1.85 
; , 2.5 .12 .119 .123 0.12 0.56 0.28 -1.90 f 
! 3 .107 • l'OB .111 0.11 0.51 0.25 -2.00 
t 3.5 .089 .09 .094 0;09 0.42 0.21 -2.18 

4 .081 .086 .084 0.08 0.39 0.19 -2.27 .. 
4.5 .07 .'067 .Oil8 0.07 0.31 0.16 -2.48 

5 '.057 .059 • 056 0.06 0.26 . 0.13 ~ -!io 
5.5 .055 .056 .055 00'06 0.25 0.13 - • 0 

6 .048 .049 .os ,0.05 0.22 0.11 -2.8~ 

6.5 .045 .043 .044 0.04 0.20 0.10 -2.'4 , 
7 .04 .041 .039 0.04 0.'18 0.09· -3.0C' 

i 7.5 .03 .031, .OU O.03r 0:14 0.07 -3.31 
1 8 .028 .02' .028 , 0.03 0.12 0.06 -3.41 . 

i 8.5 .029 ~.~28 .028 0.03 0.12 0.0& -3.41 

9 .027 .0~7 .026 0.03 0.12 0.06 -3.4~ 
,; 9.5 .023 .022. .023 0.02 0.10 0.05 -3.66 

i 10.' .016 .017 .• 016 0.02 0 0.07 0.07 -4.03 
~ v 

11.5 .013 .012 .011 0.01 0.05 0.05 -4.40 

1 12.5 .012 
. 

.011 .011 ~ 0.01 ' 0.04 0.04 -4.47 
13.5 .01 .009 .008 0.01 0.03 0.03 -4.77 
14,'5 .01 .01 .009 • 0.01 0.03 0.03 -4.&8 

(-'\ TDTAl 3.75 
~ '" ~------_._._-------~----------_._------_._------~---~-\-:-------.--------.-------
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RESlDEICE TIftE DISTRIBUTION OF lIDUID IN SPHALERITE FLOTATION ITAILS) 

------------------------------------
TRACER:lITHIUIt ClORIDEIl 9) AIALYSIS:ATORIC ABSORPTION 

F.TI3u ArR: 5 IfllR 10 1 SOLIDS WIIFRIO 1111ft 

---------------------------~----------------------------------------
TillE ABSORB. AVERAGE li (CO!f) C(tUT Ln (CON) 

(S) 2 3 ABSORB. pp" PP" 
-----------------------------------------------------------------------

.15 .332 .327 .325 0.33 1.55 0.39 -1.26 ~ 

.J .32 .316 .319 0.32 1.50 0.38 -1.2'1 

. ·15 .307 .3 .304 0.30 1.43 0.36 -1.34 J 
.295 .283 .287 0.29 1.36 0.34 -1.39 .. 

1.15 .269 .278 .271 0.27 1.29 0.32 -1.45 
1.' .261 .26 .255 0.26 1.22 0.31 -1.50 / ., .228 .226 .22 0.22 1.06 0.26 -1.64 .. 
2.5 .195 .198 .201 0.20 0.93 0.23 -1.77 / . / 

.f 3 .173 .174 .17 0.17 0.81 0.40 -1.91 
3.5 .149 .156 .,152 0.15 0.71 0.36 -2.04 

4 .139 .ll4 .135 0.14 0.64 0.32 -2'.1 / , 

4.5 .114 .111 .116 0.11 0.53 0.26 - 4 / 
S • lOS .1 .102 0.10 0.48 0 0.24 -2.44 

5.5 .093 .094 .095 0.09 0.44 0.22 -2.53 
6 .083 .082 .081 0.08 0.38 0.19 -2.67 • 

6.~ .071 .074 • 073 0.07 0.33 0.17 -2.79 
7 .065 .068 .066 0.07 O.lO "'0.15 -2.89 

7.5 .056 .053 .053 0.05 0.25 0.12 -3.10 
8 .047 . .048 .049 0.05 0.22 0.11 -3.23 

8~5 .025 • 024 .026 0.03 
. 

0.11 0.05 -3.93 
9.S .018 .019 .02 0.02 0.08 0.08 -4.24 

t 10.5 .014 .016 .016 0.02 0.06 0.06 -4.48 
• 11.5 .ou .012 .013 0.01 O.OS O.OS > -4.78 
E · ) J2.5 .008 .01 ~ .009 0.01 0.03 0.03 -5.15 .. 
i 13.5 .006 .007 .008 0.01 0.02 0.02 -5.51 · \ 
f 14.5 .006 ,007 .006 0.01 0.02 0.02 -5.~7 \ 
/ 15.5 .005 .006 .005 0.01 0.01 0.01 ·-~.96 

1 

16.5 .004 .004 .004 0.00 0.01 0.01 . -li.55 / . 
17.5 .004 .004 ,. .004 0.00 0.01 o.pr -6.55 / 

i f IB.5 .003 .003 , .00lo 0.00 0.00 0.00 ' -1.48 

1 19.5 .003 .qo2 .002 0.00 0 0.00 ~.OO 

r 
TOTAl 5.47 

'f 
_._-._---------:----------~._------------------~~-----~-~-~----~-~----------
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.. . , -----------------------------------------_ ... - ... _--_..-------------------------------------------
RESIDaIŒ TIllE DISTRIBUTION OF LHIUID •• SPHAlERITE FlOTATION (CONtENTRAlE STREAftI 

TRACER: LlTHIUtI CldRlDE 119) AMAlYS1S:ATOKIC ABSORPTION ADD ITIOti:fEED 

FT:3C1 AFR: ~ lilin 10 % SOlIDS 

TIllE ABSORIANCE AVERA6E II (CON' Clt).T Ln ItON) 
• llift) 2 , 3 4 6 ABSORB. ppft Ppft ______ . _________________________ è.~. __________________________ ____! _____________________________________ ~ 

.5 
1 

1.5 
2 

2.5 
3 

3.5 
4 

4.S 
5 

5.5 
6 

6.5 
7 

7.5 

• 
8.5 
9.~ 

,10.5 
11.5 
12.5 
13.5 
14.5 
15.5 
16.5 
17.5 
18.5 

.056 

.102 
.055 
~107 

.127 .133 

.111 .109 

> .14!:..,. • 098 
.082 l.085 

, .094 .096 
.079 .081 1 

.067 .073 

.062 ' .065 

.058 
.052 
.046 
.039 
.035' 
.033 
.033 

',021 
.021 
.015 
.013 
.009 
.008 

.057 

.051 

.048 

.04J 

.038 

·934 
.m. 
.028 
.02 

.016 

.014 

.009 

.008 

.054 

.J05 

.133 

.114 

.112 

.OU 

.095 
.08 

.071 

.066 

.059 

.052 

.047 

.042 

.036 

.035 

.034 

.027 

.021 

.015 

.012 

.008 

.ooa 

.069 

.143 

.196 , 

.134 

.134 

.111 

.122 

.099 

.094 

.083 

.073 

.062 

.057 

.055 

.037 
.03 

~021 

.016 

.014 
.01 

, .009 

.006 

.004 
.006 .008 .005 
.004 .007 .004 
.006 .006 .007 

/ 

.07 
<fJf1 
.193 
.152 
.141 
.114 
.152 
.114 
.12 

.107 

.095 

.082 

.075' 

.066 

.00, 

.03~ 

.036 

.028 

.024 

.018 
" .014 , 

.009 

.008 

.005 

.071 

.142 
:191 
.138 
.156 
.113 
.123 
.103 
.093 
.08 

.072 

.067 

.058 
.055 
.048 
.'O~ 

.036 

.031 

.024 

.017 

.01S 
.01 

.009 

.007 

.005 

.005 

0.06 
0.12 
0.16 
0.13 
0.12 
0.10 
0.11 

0.09 
0.09 
0.08 
0.07 
O.Oh' 

0.06 
0.05 

0.04 
0.04 
0.04 
0.03 
0.02 
0 .. 02 
0.02 
0.01 

0.29 
0.58 
0.76 
0.59 
0.58 

0.46 
0.53 
0.43 
0.40 
0.36 

J 

0.32/ 
, O'~" 
0.25 
0.~3 
0.20 
0.17 

0.16 
0.13 
,0.10 

0.07 
0.06 
0.04 

0.01 > 0.03 
0.01 0.02 
0.01 
0.01 

0.01 
0.02 

0.14 
0.29 
0.l8 
0.30 
0.29 
-0.23 
0.26 
0.21 
0.20 
0.18 
0.16 
0.14 
0.13 
O.U 
0.10 
0.09 
0.08 
O.ll 
0.10 
0.07 
0.06 
0.04 
0.03 
0.02 
0.01 
0.02 

-2.58 

-1.88 
-1.60 
-1.86 
-1.88 
-2.11 
-1.97 
-2.17 
-2.25 
-2.36 
-2.411 
-2.61 
-2.71 
-2.82 
-2.'6 
-3.10 
-3.14 
-3.37 
-3.61 
-3.94 
-4.11 
-4.~6 

-4.73 
-5. JI 
-5.59 
-5.48 .005 

.004 .004 .0~~'.OO4 .OOS .004 0.00 0.01 0.01 -6.08 

---~1' • ____ ...... __ ~~~;..::.:-~------_---------~DTAL _1. ~t ___ _ 
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RESlDEIICE TIllE DISTRIIUTIOII Of LIClUID' III S-ILICA FLOTÂTiOli (TAILSI 

---------------------------.. _---------------------------------------------------
TRACER: LITHIUlt ClœlDE U9 ) AllALYSIS:A~~IC ABSORPTION .. 
fT: lu AFR: 7.5 Il.in IIIIfR: 0 CCi.IR 
------------------~-------------------------------------------------------~.-:-

TIllE ADSOR.TJOI AVERA&( Li (COIU c(un LnICOI) 
(SECI 1 2 3 ADSOR8. PP" PPII 

-.-------- -- ._.- -----~----~-------------------------~------------------1 . .25 ~179 .181 .178 0.18 0.84 0.21 -1.34 ., .Jn .J8 • 1n 0.18 0.84 ~.21 . -1.3' 

! 
-

~ 

____ 75 
.13 .163 .157 \ 0.1~ 0.75 0.19 -1.40 

i . 1 .14 .138 .143 0.14 0.66 0.16 -1.59 
f 1.25 .14 .141 .143 0.14 . 0.66 0.17 -1.59 
[ , 1.5 .136 .131 ."133 0.13 0.62 0.16 -1:64 i 
t 1.75 .133 .131 .129 . 0.13 0.61 0.15 -1:66 

J ,-, 2 .12 .117 .111 0.12 0.54 0.14 -1.79 

! 2.5 .099 .1 .101 0.10 0.46 0.23 -1.94 
3 .on .076 -.085 0.08 0.37 0.18 -2.18 

l.5 .077 .078 .078 ' 0.08 0.36 0.18 -2.20 

~ 4 .068 .071 .049 0.07 0.32 0.16 -2.32 
4.5 .062 .06 .063 0.06 0.21' 0.14 ~2.44 , 

• 5 .056 .057 .m '0.06 0.26 0.13 -2.54 i 
5.5 .049 .054 .053 0.05 0.,24 0.12 -2.61 

6 
~ 

.045 .05 .051 0.05 0.22 0.11 -2.68 
6.5 .043 .041 .04 0.04 0.19 0.09 :-2.86 ' 

7 .033 .036 .036 0.04 0.1 • 0.01 -3.03 • 
7.5 .012 .031 .032 0.03 0.14 0.07 -3.14 

8 .028 .03 .031 0;03 0.13 0.07 ·3.21 • 
'.5 ~ , .026 .027 .026 0.03 0.11 0.06 ·3.34 

.i' .022 " .022 .021 0.02 0.09 0.05 -3.56 
9.5 .019 .OJ8 .017 0.02 0.07 0.04 ·3:77 

10.5 .015 .015 .01& 0.02 0.06 0.06 -3. tir ..:. 
U.5 .013 .014 .014 0.01 0.05 0.05 -4.09 
12.5 .ou .012 .012 O!OJ 0.04 0.04 -4.29 ~ .Ii , · TOTAL 3.23 

. , 
to 

, , 
J · ______ Jo 
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Salid r'esidence time resalts 

------------------------.--------------.. --~-------------------_._---~-- , ------------. • 
TAIL STREAM 

AFR: 5 L/ltn fT: ~ C~ WVfR: 1:00 CC'"' ~ 
:N!~lAL ACT!VITY: 11026000 OPS COUNTIN6 EFFICIENCV: .000104 INITIAL CO~NT-.:... 1146.70 

, 
TAIl FLOWRATE: 1963,4 ~c/iln CONe. FLOW RATE: 1549 L/lln 

-----------------------------------------------------------------------,------- ----------
SAMPLING 
T1I'IE 
INTtRVAL 
(l'lIN) 

TlM~ DECAY 
ELAPSED FACTOR 

TOTAL MEASURED DECAY CORREe. Ln(eount 
COUNT CQUNT tORREC. COUNT ratel 

RATE RATE 
(Iln) (Il (eps) teps) 

RATE 
(eps) (gl 

'Ln (IfASS 

FLOW 
RATEl • 

-----------------------------------------------------------------~-----------------------
0.25 43 0.82 945.91 769.60 0.00 ~9.60 ':'0.21 .002354,1 -1.,88 
0.50 
0.75 
1.00 
1.25 
1.50 
1.75 
2.00 
2.:0-

'3.00 
:.50 
4.00 
4.50 
5.00 
5.50 

~ 6100 
6.50 
7.00 
7.50 
8.00 
8.50 
9.00 

10.00 
11.00 
12.00 
13.00 
14.00 
l~'.OO 

16.00 
17.00 
IB.OO 
19.00 

45 
47 
48 

0.82 937.48 699.15 
C.Bl 929.!2 b47.7S 
0.81 924.9~ 706.2B 

8.43 b80.7~ -0.31 .0020927 -1.83 

50 C.BO 916.73 643.43 
52 0.79 908.56 677.78 

~ 53 0.79 90~.50 554.93 
54 0.79 90'0.46 4~6.70 

55 0.78 996.44 424.6& 
56 0.78 892.43 37b.00 
SB < 0.77 ,884.48 314.05 
59 0.77 800.53 252.63 
61 0.76 972.68 219.48 
63 0.75 864.90 187.48 

9.36 6~9.39' 

4.15 702.12 
9.24 635.18 
8.17 609.';0 
4.06 5S0~97 

4.04 43:.élll 
4.02 420.65 
4.00 3n.~O 

7.95 30b.lO 
3.95 24SJL 
7.85 . 211.63 
7.78 179.70 

65 
6ô 
6B 
69 
71 
75 
17 
79 
BI 
83 . 

O. 75 0~7 .19 
0.74 853.36 
0.74 845.75 
0.13 841.98 
0.73 B34.47 
0.71. 919.06 

153.BO 7.71 146.09 
m.8S 
103.89 

,94 
97 
8B 
89 
O· ., 

~ 

0.71 812.36 
1 

0.70 905.11 
0.70 797.94 
0.69 791>.83 
0.69 787.29 

. 0.68 776.79 

0.67 769.S7 

136.&B, 3.8l 
111.50 ".61, 
96. &r L' 3.7B 92.9& 

64.76 72.27 7.50 
59.37 
47.75 
44.80 
23.92 
17.78 
15.77 
11.63 
9.1B 

:4.B1 • 44.56 
7.31 40.44 
7.24 37.56 
7.19 16.74 
7.11 10.b7 
3.53 12.23 

10.50 1.13 , 
3.47 4.7f 
3.45 2.06 

0.67 763.00 4.02 6.86 

-0.36 .0019563 
-0.27 .0021492 
-0.35 .0019434 
-0.29 .0020487 -2.!5 
-0.49 .0016854 -2.10 
-0.72 .00U238 -2.43 ____ 

-0.75 .0012870 -2.49 
-0.86 .0011:82 -2.71 
-1.04 9.36SE-4 -2.B7 
-1.25 GoOeE-4 -3.0~'-:'_ 
-1.38 6.mE-4 -3.y( 
-1.53 5.49BE-4 -3'.45 
-1.72 4.470E-4 -3.48 
-1.83 4.065E-4 -3.6~ 

-2. C3~.179E-4 -3.93 
-2.16 2.841E-4 -4.07 
-2.45 ~.981E-4 -4.41 
-2.6: 1. 363E-4 -4.84 
-2.83 : 1 :37E-4 -4.93 
-2. S9 1.149E-4 -j,~ 

-:.51 5.122E-S -5.60 
-3.79 3.26~E-5 -6.20 
-3.91 ;.743E-5 -6.00 or 

-4.10 3.459E-6 -B.33 
-4.55 1. 44:E-S -7.01 
-4.94 6.31OE-6 -7.72 

(J., ... 0.66 759.60' 4.68 3.41 1.28 -5.09 3.902[-6 -9.31 
94 
95 

0.66 752.83 1.55 6.77 
0.65 749.46 3.57" 3.36 0.20 6.241E-7 -10.15 

, ' __________________________________ 3 ___________________________________________________ ____ 
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-~------._---------_._----------.------- ----------_._------------------.-._--------------

STREAM 

--.----------~~----_ .. _------------ -------~----------------_.----------------------------, 
1 

c 98 0.64 509.83 lG.CIl 499.S4 -0.37 ï.SS7E-5 -:.01 .oJ 

99 0.64 m.6: .3.30 329 .~J -0.79 4.930E-5 ; 
1 

-5.49 
1.S 100 O.Ô4 267.S0 .. "' v •• 264.51 -1.01 :.969t-S -:.7S 

.... 
103 0.63 7Z3.10 . :éS.OS· 9.78 155.27 -1.48 2.446E-S -5.95 .. 

2.5 ' 104 0.63 719.87 121.8:; ~.23 1!9.bO ' -1.78 l.S0bE-S -6.:0 
3 106 0.62 713.45 92.41 6.42 86.05 -2.04 1. :71E-S -11.41 

3.5 107 0.62 710.26 70.50 3.19 b7.31 -Z.31 1. 045E-! -ô.b2 
4 109 p.ol 703.93 102.35 *.33 96.02 -1. 9~ ~. :175-5 -6.96 

4.5 111 0.61 697. /Jo 82.28 6.27 76.01 -2.14 1.2:0E-5 . -6.96 

" 1+" O.bl 694. S4 SO.72 3.12 47.60 -2.6Z 7.517E-6 -7.10' ,J ... 
'.5 11S 0.60 6BS.Z8 51.98 9.27 42.7~ -2.5B 7.7C5E-6 .. 7~ 

-1 • .,). 

6 117 0.59 679.17 43.12 6.11 37.01 -:.70 6.391E-6 -7.43 

Cf 6.5 119 0.59 613. ! 1 31.0~ 6.05 :4. 98 -3.08 4 • .lOOH -7.72 
7 l~O C.5B 67C.11 29.4~ 3.01 26.44 -:.l: -i, :b5H -e.~3 

7.5 1:1 0.59 b67.n 16.93 :.99 13.94 . -3.67 :.510E-6 -B.20 -
8 123 O.~B 661. 17 IB.4~ 5.95 12.49 -~. 58 2. 7:2E-6 -B.34 

8.5 1~4 0.57 659.21 10.17 2.95 ' ~! 1.1.. -4.17 1. 507E-6 , -S.58 
f 9 126 . 0.57 652.35 11.28 5.B7 ~.42 -4.0b 1.672E-b -ô.B6 
10 127 G.57 649.43 10.40 :.91 7.49 -4.1; 1. 54th -9.% 

11 129 0.50 b43.04 " .,c 5.79 -4.7Z B.523E-7 -9.62 "'.' ... . 
/ : 12 130 C.5b 640.77 5.8S 2.87 3.01 -4.09 S. nOH -9.77 

13 1:3 0.55 632.22 :.33 B.55 -6.21 3.-4S9H -le.11 
14 135 0.5S 626.59 :.05 5.64 -2.59 -5.3~ 4~521E-7 -10.~1 

IS 137 0.54 621. 00 3.25 5.59 -2.34 4. 817E-7 -10.06 
16 139 " 0.54 615.47 1.90 5.:4 -3.74 2.66SE-7 -to.n 
17 .. 141 0.53 609.99 2.:5 5.49 -3.24 3. ~35E-7 -!C.42 
18 142 O.5~ 607.26 1. 75 ~ .,~ -0.97 2.594H -10.68 ~.l. 

19 14~ 0.52 ~9b. 48 1.3B 10.7B .' -9.40 2.042E-7 -10. a3 

----------._-----_._~-----------------p~~--------------------------------,-----------------
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~A"PLlN6 TInE 
'fUtE ELAPSED 
INTER'iAL 

(,In) 

~ECAY 

FACrlm 

, , 
TAIl S~RE~" 

FT: 5 CI III1FR: 0 L/mln 

TOTAL "EA~RE~ OECAY CORREe. ~r.(COU~T TR~CER 
COUNT O~NT CORREe. caUNT RATEl AMOUNT 

1 
RATE RATE RATE 

1::115), teps) (c~s) . j{gl ' 
-----------------... ------------.:.-----,---J..---.---..l------------------------------.-

r 

o.:e . 
Q.50 

.0.1S 
1.00 
1.25 

1.50 
1.75 
2.00 
2.50 
J.OO 
3.50 
4.00 
4.50 

, S.CO 
5.50 
Ô.OO 
6.50 
7.00 
7.50 
B.OO 
8.50 
9.00 

10.00 
11.00 
12.CO 
13.00 
14.00 

52 0.79 9CB.S~ ~Ol.~O s.!a 893.90 -0.01 .0057905 
54 ~.79 900.~3' 9:2.27 
tt'It .... 0.78 896.~O 64S.!B 
57 0.77 888.41 918.50 

. 61· 0.76 sn.64 790.03 

62 C.76 96B.74 763.05 , 
liS 0.75 864.96 739.73 

ab 0.74 853.32 696.70 
07 0.74 849.51 ~Sb.45 

6S 0.74 845.72 557.55 
71 0.73 8~4.4~ .454.80 
7,3 ~.n 926.99 411.90 
74 0.72 B2:.3~ 396.80 
77, 0.71 812.~1 ~S2.4: 

75 0.71 808.&9 256.05 
BO 0.70 80:.48 234.28 

4.02 Q4S.24 
7.99 837.59 
1~.77 902.73 
~. 90 790.13 

~.eB 7St 17 
H.54 7:9.19 • 
3.al 682. aq 
~.ao 552.65 

11.:a 546.27 
7.44 447.36 
:.69 408.11 

:0.99 :a5.82 
:. 63 ~48. 82 
7.21 :48.84 
7.1~ 227.14 

C.Ob .00bl033 
-(J.oa .~CSm5 
0.03 .00598119 

'-0.10 .00501135 
-C.l ~ .0050485 
-o. ~o . J04894: 

-c. 2= .• 004~434 
-0.42'00036816 

-0.42 .'0036889 
-O.bl .0030091 
-0.70 .~02B4bS 

-0.13 .0027428 
-0.-83 .0(/24:62 
-1.!S • ~017699 

-:.23 .0016194 
82 
84 

Q.69 794.33 205.37 7.08 198.79 -:.3~ .OOl~2:0 

87 
90 

91 
93 
95 
98 

100 
102 
les 

0.69 787.25 176.87 10.50 166.:6 ~:.49 .001222Ô 
0.a8 
0.67 
0.67 

776. ï5 
7ô6.38 
762.96 

159.90 

m.sa 
149.54 

3.42 
b.80 

0.66 756.16 90.2~ 6.74 BJ.49 
0.65 749.42 70.81' 10.00 60.S! 
0.64 739.42 49.25 6.59 4:.66 
0.64 732.93 :~.SB 6.S~ :8.34 

i-1.~S .00117:0 
~:. 74 9.65i1E-4 
~2. Ob 7.129E-4 
\-2.136.bCBE-4 , 
~2. 36 5. 196E-4 
"',2.71 3.b07E-4 
-J.OS :.Sm-4 

o.~: 726.29 27.48 9.69 17.78 -:.27 :.~12E-4 
0.62 716.bO 13.81 6.:9 7.4~ -~.95 1.012E-4 

. , 

1 • 

n' 

, . ; 
j, .. 

1. 

15.00 107 0.62 710.21 13.15 b.:: 6.S: -V~9 9.b30E-S ~ 

16.CO 109 0.61 70::.88 ::.10 15.59 -3.~9 -4,~6 9.7~3E-S ) l\. 
17.00 :14 0.60 bBB.30 11.:3 6.14 4.9Q -4013 B.949E-S 1 
18.00 116 0.59 682.16 11.99 0 '-;'- i 9.64;E~5 1 

---------~------------------------------------------1----------:,'~--:;;~;,2~: ~ 
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CO~CENTRATE STREAI'I , 
1 . 

_.-------~--_._---------.-----~---~--------------------------------------------~-
c 12~ 0.51 652.29 ~60.~é 0.00 360.0& ·0.59 .0028961 ,,1 

/ 

1 126 0.57 6S2.29 ~S6.00 0 5.82 ~;~. ~B -0.61 '.0028635 l [' 1.5 1~8 O.~b 646.48 ~61.7~ 8.63 353.12 :-0.58 .0029097 

2 m O.~O- 037.85 283.65 11.32 272.~3 -0.81 .0022815 o. ' 

2.~ 13: 0.:5 626.53 2Z~.41 11.12. ~09.29 r 1-1.04< .OO17n9 
., 139 O.~4 615.41 20B.B9 6.21 ~OO.6B -1':06 .OOloa02 .. , 

607.10 _ • 8.1Ô r 3.5 l41 O.S~ 193!2S. ~85.1S. t -!.14 .0015544 1 
4 144 0.52 599.10 !71.4l -1.2: .00:3789 

.; 

l' :.J4 166.09 ~ 

! 4.5 47 0.5: 593.76 158.18 5.29 152.89 -1.32 .OO1272~ 
" 1 \-5 49 C.Sl " 598.46 145.15 r: ~r 139.90 -1.40 .0011675 1 ( IJ •• .,J 

• J 

5.5 0.51 5a~.:: 143.:5 5.:0 137.95 -1.40 .0011514 ',t r . 6 0.50 578.02 m.BB 5.15 nO.73 -1. 45 .0016929 .~ 

0 6 .. 5 

:1 
0.50 572.87 m.:o ~.eb 133.64 -1.44 .00109~5 ,'1{ 

7 0.50 S:O.31 128.10 " ~~ f.,~ CC' -1.49 .0010j04 1 
, • .,J .. ! ........... 

" /a 
7.S 16 0.50 So7.16 11:.00 S.Oh 106.94 -1. h: 9.009E·4 '11 , i 

II< Il: 0.49 ~o:.70 m.oo 2.:1 110.49 -1.6: 9.089E-4 . 
~ l 

... .1 8.5 HJ 0.49 560.18 106.3: 2.50 10:.83 -1.66 B.55:E-4' 1 9 t64\ 0.49 557.68 100.90 2.49 9B.4: -1.7: a.I!6E-4 
( 

10 0.49 555.19 84.11 4.95 79.24 -1.'89 b. :'12E-4 t Ib5 \ f 11 
167 \ 

0.48 550.24 89.50 2.46 87.04 -1.827.!"99E-4 -" t! 
12 !b!? 0.48 547.78 8B.3B 4.88 B:.~O -l.B~ 7.:09E·4 

f 13 170 0.47 542.90 84.68 2.43 BZ.25 -1.86 é.a:1E-4 
2.4'1 

, 
14 112 0.47 540.47 83.38 80.97 -1.87 6.707H 
,~ 173 0.47 538.06 82.48 2.40 80.0B, -1. BB b. 634E-4 ... 

! 

16 174 0.47 535.06 78.20 2.41 75.79 -1.12 b.:90e·4 i 
'" 1 ._------------------ ------_.---~------------------------------------------------

f 
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APPENOIX 9. 2. 

\ 
A) Activity, Caunt~~te and o.cay factor 

Any radioactive source, the inducad 
1 

Activity in an irradiated sample decreases as tima passes. 
, . , 

The rate of decrea •• i~ .x~onent~aland varies with the 
. , 

individuAl i.otapa~ The period of time taken for the 

activity ta dacz:rea.e by on. half is known as 'th,e half-liie ~, 

The rAdioactive dacav ~ay 

INIth_.tica11 y by the equati on (Lyon, 19.64)'; 
------------ .-

A • Ao. (exp(O.693t/T,/2 » 

·wh~. As \nitial activity (dps) 

~I ac~ivity remaining aft~ time t 

\ t: alaps.d ti .... -

be express.d 

1 

, . 

~h. exponantia1 term i5 also known as the decAY 

, factor. 
f 

Eq.2 may be a1so expressed / in ter.. of the 

counting rate R and Ra corresponding ta ~he disinteorAtion 
, 

rat .. A and AD raspectively. Sinc. 
" 

R.~A·Y o -. y • 2 

2B7 

J 

\ 

" 

" 

. , , 



• m • -( 

, ' 

wh.,.. Ri c:ount r .. t. J 

) 

r 
VI c:ounting ~fic:ienc:y of th. d.t~tcr b 

/ \ 

" 

i 
i· , 

-1 l, . the specifi~ ac:tivities 
\ 

i 
-r (disint.gr .. tion ,. .. t.' .... ight of .l~,t:) of both ,standard 

1 and unknOW'l .,.. the ..... Thttrltfora, 

. ' 
~. * R:1l 

_ W.: 

() R. 

'" , 

7; lê1.,.. Wx: .... iQht of .. ~ 
1ft. MltiQht of .i ..... t 

~' 
t 

o ' 
Rx: caunt rate of 

) Rs. caunt rAte of . 
1 

, 1 ( 
, . 

, .) CAlcul.tian of th ..... ." Solid "'-id.ne. Ti_ 
/, 

, 
" cfw(t)· 

- ---... -.-....... (C(t) .. Qt • W(t) .. X) .5 ' . , 
:. . 

dt , 
, , .. ' .; 

0, , 

, 
8y def 1 ni ti car,. 

1 

'" 
1 
1 l' 1 / 1 . \ . - 1 1 . 
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,#=-

, -11' 

. W (t) v 
C(t) ::------ T • ----- 6 

v Q 

dC(t) , t 

- ----.. - = (11 T K) * C(t) 7 

dt 

, 
,C(t) = CC) * exp(-(l/r + K» 8' 

R(t) • R o. exp (-(lIT ... K» 9 

" , 

, , 
r 

" 

~ plat of Ln(R<t)/RoCt» versus time gi~e$.ri~~ te 
1 

.. str.ight line'with a slope e~ -(1/r.+K) 

• 1 

~) TQt.l Recov.ry of Tracer. :. 

Wcl salids recavery '~.t. (g/s) 
, ' . " , 

, ..,', et 
Nc:U:h canc. of.Mn in c::onc" str..a. (carr. far dlte.y) 

~ .. ~ ri. , 

R • 
, ~ J ' 

'~cfC~ 4:· W't f C t (t) * dt 

" 

.t. • , 

ees .: 
0' 

,10 .-.. 
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