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INTRODUCTION AND

rlotation ts a process coMorly used to upgrade or
sepalate htnerals :in the mtnins lndustxy. alrnough the
plocess ltse1f is superficially sthple/ nodellins nas proved

dtfficutt naidly because of the larqe nmber of variabtes od
tne iltelactions betv€€n then. It has been the obj€ct of much

!esea!-h ro qer d berLer und s.d o n9 ot Lhc p ocess, so en-

"bL n9 ne"._er ooi i opero-jon of eyisrirq pt"rLs ano ber(e!
deslgn of lew ltants.

?his particular lnvestigatlon fome,l par! of a larger and

mole gcb€rar study of floration being perfomed by the Natlonat

hstitute for l4erallulgy Researcn Group in rhe chenica] Dnglneertng

Department of the universfty of Natal. Thts qioup is concerned

vlL) fhe general .od- l: q ot Lhe I o.--_on pro-e.s, .os- e.

eith the study of lndlvldnal 5u! processes {s!ch as th€ effect df,

floth neighr) in a flotarion ceIL
Tne ain of this investigation was to srudy the effects

of froth heisnt on gra.le in a flotarlon cet1, and then ro nodel

thls nalhenatlcally in a manner suitable for irclusion into rhe

gencral hodel for the flotation process which was bel.q built up

by the research group.

To do rhis,
thickness of tne froth
Runs ve;e then do.e in
samples of the slurry

a slecial ceII {as built ln uhich the

layer coutd be €asily adjusted and neasurcd,

vhlch the froth height was larled and

This foxned the tLasis of rhe

analyses of these sanptes, and neasurene.ls



taken during the !uns/ the direct €ffects of froth height

,e e dere'n-ned, Apdll-e ora th-se luns, as 1L rs

the nain ole used by the Research croup,
-n 4ddition ro the di!e!L pf i of or' erJnr, tn-

behavlour of the froth col@r sas detexmined for sone of the

runs flom neasuremenes of the electricrl conductivity.
possible by this neans to conpare rates of breakage for diff€rert

ftnalry, eDtrainment was investigated dir€ctIy bJ the

anvestigatton of a d€piessed silica slurry.
All -h- d" f io' rnese eype!incnLs.r- p-6s.n'cd

together in :ppendicos A to D. Detaired descripljons and

dtscussions are i! the nain body of the thesis.

data in the appendicos.

Apart fron the work done directly on froth/ a srudy

of che .ontrols on tne exiscing slurry nixinq tanks vas carried
out rn an attempt of ehe observed experimental scatter
A sumnaxy of thts study, and sone of the conclusiol5 dra{n fron it/

in a?Pendix E.

short llteraturern addl 'on Lo 'rF -\Pe -.r-L r,ork, a

sutvey wa5 calried out in the ftelds of irterest,
an idea of some of th€ past ard present thinkilg
as a guide in the lrork.



The llr-r"Lur- surv6yod 'o' 'ri> inve-r-gction.an b-

dlvtded into tvo qroups :-

(1) Arttcles and books on ftotation prop€r,
especially where the subjecL natter ln-
cluded iefelence eo fxoth.

froths and foams. Thts uas
done in order to qet a. urderstanding of the
behaviou! of ff,oth,

\2)

rlo,d .;o' "" a r in.,al e'.ra . oa p oc!.s ha. oeen

lsed for ower hatf a century, and a fai! nmber of articles and

bodks have t,een wr ten on the s$je.t, lch of the rrlrtng
has been on th€ various sullxocesses lelated to ftotatio..

a te:t such as Rlasler ard l4okrouso! (ref 15) or,
on tle nodelllhg side, Albirer ard raftis (ref 1) eill provtde

a large list of lefofences,

Modelling of rh€ ftdtation process has taken sevelal
rorns ro d.r-. } o-r-r and p 

'. - .rsr for-
Probably the type ls based o. an analogy vtth chemical

kinetics, and lnvotves a rale cohstant, k, Thts can be used to
explair vhy an thc.ease in grade ln the .ontents of rhe celt resutts

No referebces to the effece of froth hetqlt or

flocation cerl perfohance tere found in the litelatue,

in r rncrease rr froth gr.dc, A dtstributed rate constant has

also been used co rclate batch and continuous flotarion (e,q.

Iove.layrref 19), The nodel being .teveloped by rhe Research cioup

at lhe Universlty of Natal {see l(tnq er at,ref 14) ts an adwance-

a distrlbuted rate constant {rricrr is



, also a function of particle size and grade.

!p to no{/ models ,hich have lnctnded frolh height have

not been fofrulated wlth rhe prtne objecr of detemining the
effoct of froth heighr, no! hawe they been specifically tested
fo! such an effecL. It appeared in mary cases, nd intuirively
iL sa"n-d 'e sonclrln, .n.- rne i!o-h l./- o:o h"v. "n ef_"-1,

nature of thts effec! was unnnoqn. l{rassen and

\4ok!ou"ov n '.aed " ch"!'"r on orh jn .\- boo,.

..os!, q ferrly q." ." ire ois.uss oa, but qro,eo sore res. ,.

uhich shored lhat an increase in grade occurred {hen rhe floth on

a flotation cell las sprayed qertly flith uarerr apparenrty because

of secondaly enrlcbnent. Makslmov and nhainman (ief 20) save

results of ab e:perimenr uhlch showed rhar up ro 3ot of rhe parrlcles
enteling the froth layer retur.ed ro the !u1p agaln,

onry ivo nodels rhlch included the effects of frorh have

been found tn literatule .-

and chosh ref 3, and fialris
the rate of return froi the
of froth volse and soltds

late of flotatton

fiarrts (ref l, see also Haf,rls, Jorett
and Rlmei, ref 9) postulated that
froth was proloir-iona1 to the product

A rass balarce yieLds:

= k: (cell conc.) x (celr vor.)
-k-x (froth conc. )x (fro,!h vo1.)

{2) Bushell (ref 3) postulated that the rare ar rhich
soli.ls reluxned from the froth vas pro?ortional to the rare at lrhich

sotids e.tered the froth, This sinply reduces to a modlfled rate
constant ir ar ordinary f,ate cohstant nodeI,

It should be notcd here that neither of the above nodels



i.cluded ahy effects on the liquid flov/ and atso rhat neirher
{as tested dtf€ctly for rhe effect of froth heighr.

+ phanonenon associated with the froth ]ayer ln a

flotatior ce11 is entrairnent/ especially enrrainnen! of gahgue

parttcl€s. This is posstble if rhe particles of less floarable
r 'te icl be(on r,poed u tnin o. .h6 ri-i 9

Ag"tn, 11ke o.h neign ncs no. bcc.

studled nucn. ,ro{ett (ref 13) invcstlqated it eape.imencally,

bur found ,h.r, cLthorgh -h- ph- on-non opp- s ro erisl, h_s

simple theory could not adequately exptain lt for cohplex sysrens.

rn l9q silem.n publ sn-o d look {r-t z)/ e rir_ed
''!ods: theory and indusrrial applications.,
sumarised all the lorli rhich had been done in this fietd up to
1953, Irroth floeation featuled pxomln€ntty as a major industrral
apllication ln the use oa fom, Ms tntelesting

research ln tnis fierd up eo 1953, More recently, further arlenps

have been nade to model drainage. Jatrobi, \.,oodcock and ctuve (ref
12) are the flrst of this group. taas ard Johnson (ref ?) later
lresented experihental results for continuous operation of foan

col']ms/ and conpared their nodel with thar of Jakobi, Leonaid

and l,efrltch (ref 17) toon a more sophisticated viev, and analysod

the flow throuq! channels the shape of ?Iareau borders/ usirg a

the study of foams dates back qulte a 1on9 vay, Bikerfran ttsts
a nmb€r of refer€nces to !o!k done by Plateau (of "plateau border,

fm-) o/e 'O0 yedrs aoo,

The study of foam drainage and also foan srablllty {these

often confused) is touchcd on by Eikeman. rlosr of
the equattors qiven ale seml-enpirical/ and lndtcate the lack of



computer to calcutate resulrs froh their model.

So far, the theories foh tvo dlsrincr
type vhere the liquid flow, Lr is proportioral ro
riquid flactio. fr and the other type as used by

and l-eo!a!d and Lemlich, vhere L is ploportional
tems or d din69e , (-Ll j rh. nooe s

2.1

Rubinr r,a Mantia and caden {ref 22) dlscuss the theories
and Present e:perimental results vhlch appear to agree vith equarion
2.2. Hoffet and Rubth (ref 10) discuss the fto{ legtnes vhich are

attailab]e, and loint out rhat equatton 2.2 etlt hotd in the
'plug flow" leqion? vrhich rhey say shoutd occur vhen f<o.26.

Tn the field of fxoth srabr:lity there has been ltttle lork
done. Ros6, (ref 2r) in a very leadable arblcte, derives the
ideal gas lav as tt applies to fods and shors ho, it ts possible
to represent bubble coalescence and foan brealiase o. a potentlal
ene4y diagtan. The chapter on froths in rlassen and uonrousov

dtscusses frot! srabtlity rather qualitatively,
A subject closety tinked wirh floth sraliliey is rhe

hodus operandt of surfactanrs, ffothers and anri frothers. This
sublect ts also not lell understood. Boch Dinehan and Ktassen

and Mokrousov irclude dtscussions on rhls. nalnty fron the potnt of
vie{ of individual compounds. t,rvsnits ard Dudehtow (ref I3)
discuss the effacts ob florh stability of conpounds forned berween

collectors and varjous ions present in a flotarior cell. Dara

and dlscussions on rhe comon chmlcais used in ftocarion can be

found in the comercial literarure of nost hining chenicat nanu,



The theory for this ploject ts dlvtdeit into thlee

(1) Modeuilg the effectB of fmth hetgbr on qrade.

{2) Study:ing the lehaviou! of flot}t colsns.
(3) Studying entratnnent of soltds in the froth.

3.1 TIIECI] OF |ROTH UEICHT ON |IOTATION

The ilotatio theory (see !ef, 14) bettrg developea

by the lesealch group is a dtsrrtbuted palamerer frodel using

a fiYst orde! late .onsL.nr, k Each Palticle in the flotarton
cell ls legartled as bethg of a particlla! size D, a graae 9,
and havtng a ftotation late constdt h. ?he!e eill be a

dlstlibution of these pardetels over the sollds 1n tie cetl,
A dtstrtbutioD tunctton f(k,g,D) is then deflned such that
f(k.9,D).dk.dg.dD is the mass fractlon of sotids in the lange

L to | { dk, g Lo g + dq :nd D roD- dD.

The late of flotation of soltds is dependenr also
on the aeration of the cell aad rhe behavtour 1n the floth
fayer. The late of artacbhent of solids tn an etemenr of
*-g-D space to the bubbles ls given by:

*. f (k,q.D) . (A'. s). Q (D).w. dk ds dD

thele A'.s i6 the product of bubble sulface alea x fractton
of this sulface alea whlch ls u.eoveled by soltast

v is the nass of soltats in the cel1t

O(D) is a tlnction of D which accounts fo! the effects
that parttcle size has ove! and alove f(k,g.D),



Processes occurfinq ir th€ frcth layef niqht also
treat .ach type of particle differerrly. {ror exanpte,

tf solids lrere becontng delached in the fxorh, it lould
seeh reasonablo that gangD. parricles )niqht falt .ff ftrst,
thus leadtng to erri.hrent in the frothl . The most conl,erient
eay to nod.l the effects of frdth height in the context of
the above model is to detine a funcr:ion, r, whlcn is ror only
a function of froth heiqhtr h, but is also de?cnde.t or

x, g, abd D, and describes the fraction r€tnrninq fron thc
froth ior sollds lying in a given etenenE of tr-s-D spac€.

!h€ overall laca of flotarion of solids is than giwer !y
M l - Pn,,o.D.^...,1 ....D,,.. ,D 1..,d9 dD,

Irom here, it is possit,le t. aewelo! a model f.r
the behaviotrr of trre floratlon cel1 nnder both latch and

continuous operation. Rcference t4 describes thts in derait.
Itottrrnirq to r,he effects ot frotn heiqhr/ it is

bov a hattcr of det.mrining rhe fo4 of R, in palticuI.f
the inlexa.tions of the four varjabtes in ite axgrmebt tis!.
No'ce th€ follo?tng in this r.sp.ct:

(1) Thc effe.'rs of frcth height on qra.te ,cvcat
tlie interactions of g and h.

distribution s or D and h.

(3) The cffects or froth heign! on total sotids
docs not xeflect any inteiactions ovcr those ncntioned above.

It only reflecls an average of the depcndence of R on h,

(4r Th. ole- lo n.. ,o. .or oa1 .f.F o

froth heish! on trater ov€rfi.o?r or acisnt lercent solids in



P ls d-o-ndent on Lhe bro esses

frotn lay€r/ and as these are larqeh unknovh, tt is necessary

to ha\- expe!_fenLol r-s.1.s be!o16 -on- oertnq qna- ro n
1s most suttable for R(k,g,D,h). conslder, norever, the tro
nodel. -or f-o. Je cn. lound h.he I.L.rd, e .Fe seclron 2)

expressed in tems of the above model:

(t) Harrisi model Peturb rate
to product volh€ and sotids concentrartan

Totat solids in froti = late of florarion r hotdinS tthe in frolh
= (rate of ftotation): (fr6th volMe)/{Aii rater(r-f))

. _. P(k,9,D,hr = k, (ror6t olids jn I orr , ,-,--

= k' x{axh}/aA (1-f)

vlhere k' is proportiorality cobsta.tr
A is the surface alea covered by froth,
Qa is the air rate

f 1s tne liquid fracrton of the troth (lf(k,s,D))

, t,e. total so1lds

(lt) Bushellis n6del

.. R (k, s, D, h)

BIHAVTOU! OI fiOTH

As nentioned in th€ literalur€ 6urvey, foan dralnage

and foan bleatage are tro ofcen cohfused tems, Thls is
lossibly because both processes lelease varer flom the body

of tbe foan. A Lody of foan cor5ists of air bubbtes

3.2. } BRIA8AGE AND DIIAINAGT Of fO^!I

sep..ated b! thin 1!qujd 1Me1lae. The traanguL.! lntcrsec-
ttons of these lafrellae ale called rrraleau boraers, an.l

they accomodare nost of the \rarer held i! tbe fod. rroth



bleakage ts caused by lupture of the ltqutd Imetlae so thar
uate! is !€leased flon both the ldellae dd the ptateau

borders vbich dtsaplea! as a result of the rlpture. Drailage,
on the other nand, lesults fxon rhe lnterstfttal ltqulat,
because it is a llquid, dlatnlnq down betwee. rhe bubbles. rn
view of there betng Do slitable theory avaJlable in the
litelature fo! studying froth breakaget the followtnq lheoly
was developed.

0u

Conside! the foan collfr shown tn the figure. The

foan ls genelated flon bulb1es ltslng ro rhe surface of tbe
fiqutd tn the ce-ll It then llses up the colljm and ts
rqoveil at the top. A ma6s balance fo! tiquld ov€r lhe rop

of the fod colllm doM to any tevel x yields:
ovelffor = dount bloushr up thlous4 bubbtes rtslnq

- dount dratning back.

1..2,2. MISS BAi"lNC! fot FOAM

f o, l
r. e. o& = [(r+].r
o' vd= a (f+J
(see appeldix c fo!

ttquid wlth rising

3.2. 2. I
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.3. 2, I DXATNAC! \IEr-OCrrY

, 0a, aw abd A are easily neasured,

is thus a fDhctlon of f !y equatioD

3.2. 3. t

As dtscussed in the litelature 6urvey. a luhlei
of stutltes of froth drainage have been nade lrets. 2, 1t lol
12, 16, 17 and 22). several nodels have beeD tri€d, ard

one seems to fit the experlmehtal results on dratnage

fairfy welI, T!1s model can be smarised by:

This shors that the avelage velocity at {hlch the

liqltd vt]] flor relative to the bubbles ls dtlectly
proporttonal of llquld be*reen i:he bubbles.

lhe "constdt" X ts actually a function of vlcostty, gravtty
tre dm shovs Lha. Ll-e ara nJoe vetociLy increcses

near bubble stze. Tlds 1s inportat uhen

constaerinq froth bleakage,

3. 2. 4. OPERATION

Conside! first
3. 2. 3.1 for a particular

;tr:t

fiF;t

, ptots of equatioDs

0l'l
TT



In practlce, both the matarial balance and drainagc

velocity lelationship nust be obeyed, Only the potnrs

vlrere the t{o lines inters€ct ara altoaable opelaring points

po3srbrc operrrrns

of these rhiee pojnts, the riddle one is rhe only
stnlle operattng poirt- consider, for exmple, a snall
tncrease in f in a froth colurn oleratjns at such a point.
Imediatdlr, the drajnag€ !eloci!y relationship allo?s a greater
rate of drairaqe than roqlir€d by rhe hass balance, so that
the extra ltqlid diJins aaay, ard rhe co1ur. retuos to tbe
original walue of f.

If we coufd measure

the foan anyrnere in a coluur

coff€sporded to this Point.
this experimentally.

3. 2.5 r,Ro1,ri EF A(acn

In slrdying froth breakage, ir is nor so nuch a

hattex of pnysicrrly nodelling the brcakase pro.ess, as

findinq uays 6f ob.ervlng the process and descrlbjng 1t in
varirble or function_ For exanple, it could

be obselv.d tn tens of sucn thirqs as a decrease in

tne ftquid fraction, f, of
, te 5hould find tha! -it
craph c4 in apPcrdii c sholrs

drainase velocity



poeentiat energy, {Ross, ref. 2r) or a change in bubbre

size distdbutton, or an increase in drainage due ro the

In this inwestlgatton, froth brealiage was detemlned

as a rate of changa of mean bubbfe size, by neasurlng the

chahq€ in ]iquid fracttor up the foan colMn. Equation 3.2.2.1
(tne mass batarce) fo! thc larticular arperthent Fas dravn

on a vd ;; f glaph, ed points correspondlnq to the heasured

values of ltqutd fracrion rare then plotted ln.

slopes of lines glve heasure of
breakage of colmn,

values at various

str.iqhr lines conre.ling each F.irt wfth the origin,
(repres.nting the dratDase velocity relarionship) t}le variation

o eq/-t:on r.2 r,l :

(see graph c4 in alpendix c).

Mass )ralance (fixed)

(It should be noted here rhat alrhouqh t?o froth

'olrrj.' o\L 5oi o',1 .rcJle 1-rrd .c Lron !,o i.ec, rh )r
tates of brealage could be vcry dtfferent, dopcndinq on the

!ltl,ougl, .hrs o I !ov-d . vi.u" p_c ,. o.
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froth colllm bchaviour, ir ras ersier to obtain data on

rates of breahage by the folloving formutae, 3.2.5.1and
3.2.5.2t ftan a liquid fractlon profile of the co1mn.

It ia c.nvenienr to express rhe,are of bubbre

treakage u! a froth colmn of change of xd,,
The consta.c x, frob equation 3,2.3.1, is included as 1t is
!o.h L,ecess"ry d o or icrl- o e "Iud.h q-o. dre.y,

rion equation 3.2.3.1r rhis can be v,a.r€n
g{46I = d(vd,/r) d(vd/r) dr

3-2.2.1, yd/f can he found and differenriated:
d{vdlfr d I 0a oH l- -r- = Ar lnil-]t - Af l = .3

rhe walue of ff -' r" "rt",,"a t-' tr,.

c). Because of end

5.2, it is nccessary

approxtnrtelJ the mtnimm slole.
.a be calcllated f!on:

of breakag€

profite of rhe frotn colun, rhtch ls a

(-z) {see Srapls cl/ c2, c3 in allehdix
effects, ahich are discusscd ln section
to take the slope ar rhe niddte of the

Ia- (2f-1)

Lrr:]FO
4T

'rl.e r-r, or,1",o-.ith " so o! in r.s.:

---T-

e.!!!6r

. Prl 3- 2,5.1

fo^(2r-r)- lt--lr-it. 'o.l ur aa- ar,l Ez Fit
ta _,1.i, qr " rer'olh.o e
tquation 3,2,s.2. qives the rate of breakage recorded by

an observer noving with the frotb colmr,)
3.2,6 rE^SUmUnN'f O! rlOUrD iRAC'1.ION

Ih tnls investigation, electrical conductivity rras



lsed to deterfttne f in the foan colmn, A 1i9ht probe was

also tried, but a nwber of dlfficulries, larttcu1a.ly
calibratio!r made conductivity a superior merhod.

Tha problem of caliblarion wtth conductivtty sritl
ldaired. The ratio of foah conducttvlty to bulk tlquld
condlctivity ts relat€d to the liquld flactionr !,ur no!
dilecLly. Bjlcman d s .sses he.pp occh

taien by valiou3 authors. The qlaph 91ve. by Clark (ref. 4)

thlch ls pulely a plot of experthertaf lesulrs, sas used

as it appeared to be the nos! usefut cofrelarlon. ?his
graph is reproduced in g!a!h cs in appendix C. clark
glves the accuxacy of his colrelation as 1!8.

3. 3, !NTRCINENT

9anguc niheral coneamtbatio! of txoth.

is the phenonenon of untloated haterial
beconlng enmesled i. the ristns floth bubbles in a flotarlon
ce11, so that tt ts carrted over the floth welr v?irh rhe

floated haterial. It ls a plollefr because it ce lead to

of I.oth h-j9h. . orgn j v6-dt p-rhs, e.o. r.o!n olcd^aSe,

dratnaqe? bublrle stze, erc. cenerally, a6 frorh beight
tncreases, so eltrainment sbould decrease.

3.3- 1 !]RI!NGU!AR Df,ACRAM

'rhe _i,sL..p'o lnr vas .o r y to
detect tt tn tle flotatlon df apatire ore. The s]Drry,
being a mixture of aparire, qdgue and vaterr could !e
replesentad by a loint on a tridqular diaqra rith rhese

species as coordinates. Thls the contents of rhe ce]l, the
frothr and the f€ed rould eac! be represented by selarate

'rf enLr6'Mcr .e-e ha onll Ef'ecE lresEn!, .ne

fro'l o\"!!.Low HoL_o conrcin a n {Lu(e oMoaled maler at-no
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entrained naterial rrne connecting these

entrained material

O. the other
material bacL irto the

be the sw of the froth
back. cors€qlentIy it
t{o Points represeneing

hand, if the floth vere releasing

cell, tnen the floated marerial qoutd

oveiflor ald the naterial dratning

tould lie on cha ltne joining th€

tne ovelflow and mater1ar dralling

-materlal .lrailing back

- 

floared natenal

UnIo,r Da.-11, r is po...o_e ro -d p_e ontl ri .

If the floried marerial and

hatelra1 renained r€asorabty consrant durinq a r!n, then the
potnts relresentlnq the frorh overflow at varj.ous froth
heights vouid be distributed atong a line, the direceion of
uhich vould bc characteristlc of rhe phexon,enon occurrrng.



r0.

rf rhe solids a-on !)e ce__,ern b6 n9 -, . eo,

theh these rould be of tlre sd€ composition as the nateriat
i! Che ce11, and the floth overflo! poiDts lould lle ln llne
uith the pobts replesentitrg rhe cetl conterts. or the other
handr if the larqest effect of froth heighr

ahoubt ot {arer dravn orer ir the froth, {as uas fiDally
thrs strdy) then the entxalned naterial rould

be later and the frotb overfto$ loints rould lic In tlne
vitn $e vatar vertex, (craph DI tn app€ndix D.)

It should be pointed our, though, that rnis nethod

is not a conclusive melhod of detecting entrairnent because

of the ]arge nlhber of interfertnq effecrs and the inabiliry
to sdple lure floated or entrained haterial, bur it does

gtve a lough indicatlon.

3. 3.2 ENTXAINI1ENT MODEI!

The se'ond dporoa t fo en.r"ina-. 1 qas o 1nv ,r qd -
tt direcrty !y flotation of a depiessed stlica slurry, ror
this purpose, the forloeiins nodel was devetoped.

Because the froth drains, Lhere will be a dlstrlbutioD
of veloctttes (rerative ro srarl.nafy coordinares) fo! the

intexstitial sater, In this inrersrlriat vaterr rhere

distriburion densitr:es of tne !elocities be:

fw(u) fot water

fD(u) for a partlcle ol stokes dianeter D (i,e, the

dlameter of an equivalen! sphere havlnq the sne reminal

lf Ls l- L\' tv for . o,,i I '6 o!



fD(u) = lwiu { us)

In the diaglm shorn below! the frorh and rhe contenr.
of the.elt ale regarded as t{o !ese!vo1!s wtrh 6o1ias

cF(d)dD and C-(D)dD lespecllvety, to. p"rricles
ln the lage D to D + dD. Matelial is rlansferred between

ad the froth overflos lenoves marelial fron
the top leservoir.

. Rale of removal

= Nett mass flo{

flow area = A.f, where f ls the

flom top reservoir = awcF(D)dD

flom botton to top reservolt

tu * u.l u c.tor ao a,l
j

J. r (u')
t

I

(D) dD d! + ./- fw

dD du + Af .I-fD{u) u cF(D) dD du

_l

This is tbe fraction of
tank uhic! ale entratned

latto of concertlattons)

of dl.heter D, rD, as

of a palt.icutar slze in tne

f!ot!. (trplessed as a

reuritlng the above equatton,

F



thls fomula, A arit us

so that vith an asswed

the basls that diainage

u bordels ln tmiaar fl
for laina! flow throDqh

Jri- for vr - v, : u

I o- ro" ou'u' u.

;'"* (':-".) d., + !^
u" '"d

occuls thlough capillary-
6{, as.we rhat flrl(u) is
a Pipei but rith the wa11

3.3.2. L

the h€a. irtefstttla.t verocity = o/Af
= t. + vd, is rhe velocity of the risihg bubbles

(u -u")

stokes velocity can be

= lEi (0" -
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{Note hov !D = 1 fo! D = o, i.e. dissolved hatte! is fu1ly

€ntrainnent aiI1 decrease, The probren 1s then co correlate

An aclua1 foe colllm rill cotsist of a nw$err

say nr of the sraqes as shom above. lrhen,

As froth heigh! incleases, so n wl1l tnclease alal nett



AIPARATUS AND EXPT]IIMENTAI- IROCEDURE.

The apparatus used for this tnvestiqatton Nas associate.l

,ith tne floratioD pilot' plant used by the N.I.r{, Reseerch Group,

Ihe nlxtng tanks and conrrols uere the sme, but a differert cetl

4. l. 1 rr,oTAlrloN CELL.

{he flotatlon cell used ln thts lnvestigalion vas

speciafly designed a.d buile so lhat the froth helght could be

eastly varled and measlred. Figure 1 shows a diagram of chis

cell. slurry was arlnitted froh the nixing tanks through a pipe

dipping dokn into Lhe c-lt. Air en.ered -hro.9h )e po-ous

sparger at th€ bottom of the cetl and was dlspersed and stlrred
up with the sI!!!y by rhe lnlie11er. The florh fomed floaed

unaided ove! Lhe froLh qFl-, v\ile Lhe -- -i'9- lert tae ce-r v-c

the overflov uei! and sand gate. lldovs fitted or both stdes

of the cell enabled the be observed durirg a run.

'' -hts cetl no-n-ed ln
its frame. The froth ad tattings streans leaving the cell
flowed iDto a receiving drm hounted directly belor, ard thence to

draiD, This erabled the stlems to be sampled €asily.
rro.h hcldh- ..hlev-d b/ ea s of -\e s id:na

overflot v7eir. This could be mov€d up and doan manually flom

the top of the ce1l, and held in position by a thmbscrew on the

extending rod. The resllttnq level of the intelface berreen rhe

Pulp ard the froth eas measuled on the scale attached to the

Lh6 tre -djrsL-d a .o d:n9ly, Th- f-or5 "ei, rds
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The tanks used fo! hlxing and preparlnq the stully
ro che pilot flotation plant. rtqure 3 is

which outlines the system. The ourlut fron lhe top

cou-d b_ PUFPd Pilo- llaa o I | -
wariabre height cell.

The bas c sy.'e' ons.steoof,uo sri!!ed Lcnns, an

uppe! and a lower, uith fatrly fast lecirculation bers€en rhfl.
Solids were added to the botton tank, rhite rarex entered at the

top. The required addirives rele fed to lhe bottom rank,

! It Has possibl€, although it vas ohly done once. to
lecycle the froth and tailtngs fron rhe cell baci to the fr1tlng

Tt tas also possible to coltrol sone of the valiables
manually. so that, for exanple, a batch of slurly could be nade

up by fiLting the tanrrs rlfth vTare! and adnlfttng enough sotids

to achieve the required denslty.

tha! the froth helght v,as

4.I.2 MTXTNC

4.1.3 CONfPOTS ON MIXING TAXX SYSf'M.

dynanlcs of the systen-

q:ive! in appendix E.

As shown in the floeciart, th€ systen sas equipped

vi!h a nmber of automatlc controls rThich enabled the slurry
p -p"i"t o ro oe oone curor aLr-ally 'lr' q - LUn. D!L n9 rne

experihentinq, a lot of difficulty was experiehcec ,iin these

conlrols, and an investlgarion was nade i.to the

contlolled by tle tailings

The resolts ol Lhas anvestigrtion are

4.2 ET9ERlMEITII !ROCID!R€

nixed up in a batch

A, B, C and D, the

ard pmped throuqh
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out to ilrain, By thls means, tt vas lossibte to run for
: to * hr, noticed thar the 1alser parttctes cme

through firsrr so that the partlcle size disrrilutton att€red
!o count€iact thts, the niyinq ras Chereafter done

tahed by iDjectils
tehlelarure a! about

selies of froth heights tn order, (i.e. starting at a smatl vatle
ard incleaslDg, or vice versa) the vatues of froth height for each

saple vere taLen landofrty. This neant thar ahy slov clange in
slurry behaviour through the run vould not correlaee vtth froth
h€ight in the resutts, th€reby producing sone effecr indistingulsn,
able from the €ffects of froth height,

uost of the runs eere done on an apatile ore conrainilg
about 25x apatite/ the renainder being targely catctte. This
ras becalse most of the lesearch on the pttot planr vas done vtth
thts ore. Additlves used qith thts ore vere : (refe! to
appendlces fo! quantittes used fo! specific runs)

Also, for rle laft€r runs, tnstead of ta^lle a

(') rJa'tol D.s.P., a col .e-to! cu- ,orhe- , ' 
-.. .

nostly oletc actd ard related conpounds.

l2) Ba!o tror ne

(3) Sodim siUcat€ as comercial ,,vrate! glass,
(4) sod,im sulpnide.

(5) sodlm hydroxide in shall quanLities to adjust tbe !H.

Fron run F orvardsr the sturry uas

sten undei barg-banq conrrol to maintain the

The warious varlables, slch a5 tbe (lanrity of additives
ae.atton rater etc., wexe stighrty different for each ,nn, so lhat
the results c6ver a snal] regton tn rhis variabte s?ace, and,or
lust a slhgte poi.t. Thls ras usefut as it gave a broader basis



the sturly fron the mixing tanks vas fed
at a cont'rolled rate into the cell, and the alr slpply and sttrrer

A nube! of fro-rr \e ghts uere r\eJ se_e.rea, ard I o h

ad taillngs sanlres taken for €ach, Po! each Froth lreiqntr
the cell uas qtwen a sbort time ro settl€ before taktnq sdlles

for the latter runs, the contents of the cetl
veie smpled directly throush a pipe protruding into the cell,
as lt vas fourd that the railthqs sampfes vere nor slffictentty
leplesentatiwe of lhe cetl contents. leed sanples of ebe slurry
enterlng tbe celt uele atso collected,

the luns are given ln th€ apperdices.

The lesrlts fron aII

The slurry samlfes collected rere first vetqhed, then the

so1lds rere f:ilteled off and drted. Afcer neasuring the mass of
dried saples, they wele spitt into suitably sized fracttons to be

analysed as lequired. The gr.d- o_ r\c dpctile ore vas de .hri -o

coloDrinetrlcartJ as percent p2 o5. (4 2. da corresponding to pure

The p"r.icle slz- d. ribjrions rere done on sLondard

t) .Fr rashtnq dnd d-) ,c\een.!n9. The soltds fraction

4.3 CONDUCTIVITY

of each sm!1e ,as deterniDed flom the hasses lecorded, as vere the

total ]iquid and soltds flovs. rhe grada ahd particle size analyses

{ere perfoned by the laboratori€s at the National Instttute for

In luns H. I, J, and I(, the condrcrtvity of the froth
at various levels uas recorded. This was done so that a prcfire
of the ltqutd fraction of the froth coutd )re detemjncd, and data

on rates of frotn biealage obtained.

A speclal co.ductivity pxobe lras coDstrucled for use

in the cel1. The electrodes lrere made of etched nicLet v/ire,
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and rere flat conductivity in a given horizontal
p1ane. Th. probe could be noved up and dorn on its support ro
any required level in the fioth. (see back to figure 1)

a.c. conductivity bridge was used to take

Tbe ltquid fracrion in the frcrh was calcllated fron

the latio of frotn conductivicy to bulk ltquid cordlctivity,
using th€ correlatio! given in clark, (r€f 4) lelroduced in
9raph c5, .oa.FquFa, / .\e ce I -on" a. - of r- !rob6 ur. ro

USING S]I]CA SLURRY.

One !un, Run J, was done on a depressed silica slurry
u1 .h he ob ecl o. rnve-t!9d.in9 'o -l !rn,
a batch of slttca sluty uas nade up and recycted contiruously
through the celt and back to the hlxing tanks, A coollng coil
in thc mlring tanhs kept rhe system at an

additives v?era used for tnis run :

hydrofluoric acid as depressant.

smpring and taking neasurements

for ap.tite or€ l1otrtr.4 Tanl and froth srf,ple. ferc raken

'rl6 o.o.crl .Ly or lhL'.o \-. .o ecorded

Dorfroth 250 as frothef ald

The sllrry vas condittone.l

th. 'L sdr.I,s r^ f:_.er-d rno r-ial..J I U, -pd -eoe.
Th o'\ srple", holrvar, b- " - o r)^ veiy

uere settled, decant€c, and evaporaled ro dfyress

Palticle siz€ distributions Here delelmine.t by siewihs cn U.s.

standard sieves. Tro alr flovs trere l:rjed, but the io!,er yleld€d

such sfralr sanples tha! the parttcte size distliburions vrere

deteained only for the higher,



The thvdstisatioDs took thc foh of a.uber of
.P'.--l lY on-

done sder a sp€cific set of conditions uirh a specitlc
ob ec. in v -{,
vras qererally rne only laraneter r)rict vras varied during a

rb). The data from tlese luns are qrouped togethei
according !o subject hatte! jn appeDdices a to Dr under the
lespoctive headi.gs.

Aplendix A taburares the data flon the luhs dore

on aparj.te oler and displays lhe direcr effects of ffotn
heisnt (e.9. effect oh qrade) in 9!aphicat form,

Aplendix , deals rith entxatnhert, the results
_o. !1.^ r 'n Lr 'n^ qldn . . 1-

r€sults from the th.ory, are contared here.

9L3plrs in Lhc .P!endaces .re

Appendix B shows l:he particle size distfibuti.ns
for some of the sa ples talcn. As rell as belng tabltated,
these axe afso lr€sented i! the fofh of distributioD hiscograns

for easy comparison betu€en froth hcights.

Appendix c prcsents tt'e.esurts of conductivity
lrken during runs. The data for

froth drrinaqe are qiven her..

for .ompJrison porfoses, |o. thi s r.dson, severrl
, e of., n l,r .., n -d o - _njlc os ,

5.I DIl\ICT LT'INLlS O! IRITI] IlXICHT

the results prascnted in



D. E, I, c dd X are tabltated. Each rable is preceded by

a short paraqraph descrlbinq lhe ru and giving essentiar
detalfs. The r€sufts ale stuarised xn sraphs Al, A2,

\l dd Aj, shournd -he etlc.L of rdryrnq.ror. hilght on

grade, solids density, soltds flow and vater f1o{ respecrivety,
In appendtx B, the parttcle size dlstlibulions for runs

B, C, D dd E are qiven toqather rith the grapts comparlng

the s']z- disr!ibu-jons o. rne frorh d.d rojtinqs s&ple5
ove! the range of f!o!h heights u6ed (gralhs BI to 94).

In each caser thefe ris a fair expeiimenral sca*ertnq
of resuftsr hole in sone cases rhan otnels,ahlch made it
dtfficult to detect sligbr trends. rt ras fourd dlfficult
to reduce the scatter without spendtnq considerabte rine
modtfyirg the apparaeus md srudying the sysrem betng us€d

{see appendix E).

5.1.1 Err,rCTS OX CeDr

In aplendix A, the resutts fo! rus A, B, Cr

Fron sraph AI, i! ls cf,ear that froth heishr has

a negllgtble effect or srade fo! the apatite ore flotation
under investlqation. In this 9laph, for e.ch rnn, tne lolnrs
representing the froth glade are ringcd (o) , ani! the coffesldnding

loints repf,esenting the colterrs of the cell ale crossed (X).

Tbus there ls a pai! of lotnts for each floth height. A

hori2ontal line {t.€. no change in grade wirh florh helght)
dlam thxough the average of rhe lolnts for each rlnr shows

Lhdt t..e cf'ec' on 9!ado or vc!yinq 
' 
orh nerg,ri kar e rne!

snaller than coutd be aeremined virhin the scatrer, o as
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leftected by a co.responding high o. tow grade fo! the
cdtents of the ce1l. bur ts tndependenr of froth height.
The valiatlons in rhe avelages beerea rus are malnly due

to diffelent opelattng condft tons, parricutarly dtf felences
ln lhe additive concentrattons.

5.I.2- EIIECTS ON SOI,IDS DENSIT1

crapn A2 shds (tn a sinilar layour ro glaph Al)
the effect of froth heighr oD sotlds density. As solids
density is a combination of ltquid ad solids flows, gralhg
a3 bd Ac wele plotted to shd rese variabfes separalety.
Glaph A3 ts then the sotids overftow rare shom a5 a funct'ion
of floth helqhtr and graph a4 the vate! flo, ra!e.

The points on glaph A2 app€a! much tbe sane as graph

AI. The points are scattered, and valiartons in rhe cetl

a blqr or low rrorA grioe _s

soltds delsity are leflected in the frorn denslty.
the pa1!s of points ar smatter florh hetghrs

ale slightly close! togethe! than sinilar pairs occurring
at gleater floth hetghts. The differeDce ls pafticularly
noticalle tn ru K, bur in this case ts probably due talgety

points Jor each run to shd the effect u!, tle srlatght
I.tnes do not represent any paiticular modet. bur it 1s

inpossibfe to delect any furthe! devlatlon because of rhe

Ib glaph A3r there .!s a slisht dornward rrend in
totat solids flow for sone rus, dd a 61ight upwald trenit
ir othels. ttheh lead in conjscrton ut r sralh A2, ir can

be seeD that these lprard trods in sottds f1o, ale agsoclated
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flow does decrease slightly rith incleasing froth heiqhr.
cralh A4, as rould be erpected frcm rne cmulative

trends of graphs A2 and A3, shous a decrease 1n liqujd

js " n"rled cncnge 'n !nF L flo.h h-.ghrs \see
!u c for exm!re). rhe effect ls more

noticable than in others, vrnicn nay be caused by valying floth
behaviour betreen will be said about this effecr
in section 5.2, knen dlscussing the resurrs of rhe co.ductivity

flor rith froth heighr. AgatD the lines drasn in o! each

plot aie intended only as a gulde to sho, rne effect, and are
not the glaphs of a nodet, horeve!, there

lllqcrs oN PArrrcm

The palttcle size distlibuttons in appendi: B

uere detehiDed by sieving the sotids sa!)les on standard
Ttler steves. They are lrase.ted as densiry hlstoqrams
:9ainsr a trnear p:rticle srze scale A ne.n dtstri)rutron

airh sonewhat ]arger trends tn rhe corcentrarion of sdlids
I .dn tharE ore b conct-d-o

densit! between vras derernined so rhat rhe
alea ude! the line on tne gralh vas equal to tne veighr
percent/loo tor each size fractto!. The distrtbutions
ale thns stepped, vith disconrinulries at rne lalticte
sizes corxeslondi.g to each siewe.

on tlre graphs, the froth od taitirgs sdptes for
each froth height are presented on the sme paix of axes.

The areas enclosed by rhe froth distributions are shaded for



ir appears rhat particle size
dtstribution is not affected by larying rrorh hetght,
although s.atrer nakes thts nard to detect. looking at the
set of distrtbltiors to! any rD, lhere are !o nelc rlends
rith froth leight which !ecu! berreen runs. The dtstriburions
. l .hoH . ) - sde genercl sn6p6, r-Lh ., - .orh 5onptFs .-, .e!eo

aroEd snallcr particte sizes (37 ro 53 nlcron) rna! the taillngs
sdples (74 to 1o3 ntcron).

Aqain, IIhe grade ahd solids denslty, tne conrents
of the cell trave rhe larsest effecr o! rhe froth. ?he

uv?dted scatte! is malnly ar tou particte sizes, and is due

to boeh rhe variarion tn feed ro the ce1l, and the frethod of
sd!1e analysis. as rhe feed coning to rhe cetf varted, so

the froth and tailirgs var.ted. it is possible
to see tko distirct 'Iw!s" in tne disrltbuttohs, parricutarty
the tailings. rt is also possib.le that the randon natule
of the process ad the colfapse of floth frtqht add signtftcantly
to !he scatte! lecaus€ of the letarivety sna11 size of
the ce]ls, As the distributions are lolnalised, 1,e. enclosed

alea eqlals unity, the larger larticle sizes ale affected
by laxge variations in the ftnes r€qio., ahd rhis makes

cdlarison bet!7€en plots dif f icutt.

5.2 IROTH BREA(ACE F]1OM CONDUCTIVITY .!!ASUR'M!NTS

Tne lesults fron the conductivity
tha sullressed sil.tca slurly (run r) ad tne apatite ore
(iuns J ad k) ffotarto' floths are rabllated ir a!!endi: c.

Graph cI shors the ttquid fractlo. profiles of ehe froth oD

the silica slurry, 'hite gfapns c2 and c3 shop the lrofiles for the
apatlre ore floratton. Graih c4 shors thc colresponding vd vs, f
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plots uith the hass balance .urves draun in, and tbe op€ratirg
potnts plotted (see secrion 3.2). Table c(i) o. page 7 of
appehdix c comtares rates of froth lreakage for stlica and

apattte ore calcular€d fron the conductivity lesults.
plofilesr graphs c1, c2 and c3, the

Ilquid flaction cha.qes up the cofw, A11 the .ulves have

the €de general shaper although the frorh fron the silIca
is of biqler heab liquid fractton ehan the alatlte oie florh.
Tbe ploxihity of intelfaces makes rhe liquid flacrlon

u! near thc base of the cotmn, and tuxn doHn

Thls end eff^-1, .e. Lhe ch-noc in stop- o t.e
proftles near the lnterfaces (vThich aas refelred to tn sectjon
3.2.5) is e'pt"ined r.eo!e.... y thlougn rhe d!e!nage

velocity relalionship, vd = K.f.d;. rhe consralt ( vas sho,n

by leonald and remlich ro be stightly dependent on tbe rare
of change of liquid fractio! up the cotuin, dfldz. A

sharp interface would tmply inftnlrely negative ( and vd, As

vd also nas to ob€y the nass batance relatlonshi!, this is
thpossibt€, and so f has a ftnite rate of change over a ,egion
nea! the tbterface- Jt can also be explained in terms of
the actuaf drairage plocess as foltovrs

d - surface tersion)

a Pratea! bord€r as ir
bv pa - lpB = 2dlrp3.



relatively shal1 .ompared !o the dtfference pA - ppB. p!! wtl1
LhJs cho^qe vl-h 2a/t ^t n uhr.h - _

by the qlantity of !7ate! enclosea ln the Plareau lorder (t.e. f)
T\ere -.e -hus fo,c- othec Lhoh gral .y

stttial liquiil to f]ow, esp€cially nea! an intelface where

there is a narked change ir f.

(see tneor/J or .\e v. vs. f DloL o cu

of the eulves, ercelt that those of the apatlte ore lre mole

to the lert -ld nec! ro .rr- im_rrng cac. ol . rbrgerric_

C!rph c4 snoui rhe r"!9e d-ff'r". c-

tro types of froth. In each c:se, the operatrng polnts

!elocity rel.tionship .Line, The froth on the sillca

leflects the randofr barure of froth collcpse.

s1r!y is afso less stalle than that on rne aparite ole
sl!!ry, as revealed by tle larger chanses i! slope over the

froth colllm of the dlatDage velocity lelationship lines
(not actla1ly shom or the graphs) vThich vroutd connect the

The calculated rates of breatrage given in table
c(t) are hiqler for the silica slurxy by a facto! of 5 to
10 over the apattte ore slurry. Tne scatrer of values

of b-eaLa.Je dppecrs ro rn - 5- a- lov f.o h r-:gnrs, bu.

this is because of overlapping dd effeces, ehich caused

d inctease in the hlninu slope of the tiquid fractron
profiles. Tlere is little diffexehce beeqeen the breatrage

rare !i!h !espe!- o | -e dnd Lr6 br-rIdqe !-lc rr h r5.p6-
lo pos tjo. up Lh. col nn, rd y dr/at da a J7 dl, n"inty
because of the rolattvely snall varlation in che air flowrat€s
chosen. As tne sittca strffy frot! r/as nor partlcularty



sstable, ie can be con.luded rhat the froth fion tne apatite
ore s.rurry vas a parricularly stable type of froth, ard one

uould theieforc crpect ary effects associaled airh its
breakage to be 5na]1.

The olserved shale of rhe On vs, froth heiqhr curves

(grap]) A4 ih rlpendix A) atso shols a result of the o!er-
l.!pin9 and ellects. At fairry lrLte frorh col!tr heaqhrs/

0H decr.ases sroHly aith increastnq froth heignt, coffespondinlt

to the slight breahase as can be seen in the grapns above.

vJxen the floth coillm bccones shorter, the tlro end effecrs
p. lhe . n o.-, r .o.n l r-' 5-r ex . - .s

a capillary acl:ionr dfarinq rhe vater up from the pul! nnd

plodu.tnq an increase in ofi.

Gralh Dr of ap?endi, D shor's dara fEh fun !.

done on apatite ore, llotled on a triargurar diagrah in an

attcnpt tD detecL entrajhiient, Thc poinis represenrjng the
froth do tndeed frll rolgl)Iy on a tine, but ror in the
direction of the c.11 cont.nts as,,ould be the case for solids

Jnst€ad ttrey i.ic In the directior of tne uriex
verte\, rhicn, togcther rith rhc gralns of appendir A,

indi.ate tha! rhc najor cffec! of frodr neiqbr :is to vary rhe

amost of vater coning olcr in the frotn. As rould be cxFecied

t - - is no

rne cxpcfnae.t .lone on delressed silrca slufuy,
lhe rcnatnder of app.ndix D, atrlough rh6 cordu.rilily

results fron !hj.s ru af€ in aDp.bdix C.

tvro atr ratcs ?ere cnosc., rnC frorh
heiqht rras v.rjcd for each. only the sanllc. for the higher
rate rere analys.d far parricle size cistrlburion, and hence



fraction. Theoretlcat curves of entrainnent fraction
fo! one theor€tical staqe rele also calcutated (equation 3.3,2.1)
from the iater flor dara for the hlgher air rate, and these

are compared on sraph D2. values of tne poirrs on the theorertcat
tabnlated in table D(iit).

fxactton, the mean entrainnenr fraction is the concentrarion

ratio of thar size in rhe overflov to the cetl contents, The

nean experthental vafues of entralnh.nr flaclion rere calculared
fo! each size fracrton from the partlcle size anatyses and

the veight percent of sottds ir rhe smpfes cottecred. The

erpa.in-n, "I glcpr's or enLrarn'. r n - s-epl .d,
lile the particle size dlstrlburions of appendix B.

agaln in these rasults, tnere is a fair anounc of
scattei, rhich ts particularly noticable in the ex!e!imcnral

flaction gralhs, It can be seen in t.b1e D(r)
that the qeiqnt lercent of soli.ls in the froth overftou is
very much smatler than the solids concentrarion in a tylical
apatrte ore for a conparable cell concentration.
Tnis woufd in!1y that entrainnent for ar the nost
3* of the sottds passirg ovei virh rh€ froth for,ornat flotation,
It is sttfl doubtful hor nuch of tle sillca coming over Has

purely entrainnent and rot flotatton, as there is ]ittte change

of €ntraiDnant fractior uith frolh hetgh! in gralh D2.

Altnough tne slurly vras heavily delrcs3ed,it is srilt los5ible
tnat there hay have been sone flotarion occurrirg. The tbeory

lre'licts that tbe nu$er of in the froth colunn

v1II increase vith frolh hetglt and that entrairment fraction
to the po{er I



claph D2 also shows that the enrrainhent fractton
fo! Ialge parlicle s:ize is gleate! than predlcted by the

This is larttally hecause of lhe e!!o!s involved

th aratysis at these falge! flacttons, but nay also hawe

been caused by either the laxge larttcles becominq tlapped

l rhe lelarive-y sra. Le- blcte€u ooldels in Ehe lroth, o!
(The ladius of a Plateau borde! which toufd

just trap a 2oo ntcron pa*tcle ls 0.065 m. whlch ts of
tbe riqht order ot nagnituder,



l2)

(3)

Tbe exlerinental results shor the fotloal.s
{1) Th€ effect of frolh height on grade ls nil

The effect of frorh heiqht on tolal solids
a definite decreas€ for increastns

The effect of froth heiqht on parricle saze

Apatite ole froth is a larticulally stable

6,2 trink uiLh rror.tron r.del
The function R, d€scribing the fractioh of rhe sotids

(5) nntratnm.nt, alrholgh ir prctrably does erist,
plays a neqligible lart in flotation.

(6) Froth heighr has a very definite effecr on

vater overflov rare? even in rhe case of aparite ore floratlon
The interr€Iationshi! i5 not sinlle, and i.votves s€leral

(t) study of the floration process together {ith
its associaLed lrocess of froth trcakaqe, rs prone to produc€

lolsy r€sults/ particularty on a snalt scate, because of rhe

trhercntly random nature of thcse processes.

It ls perhaps unfortunata thar i:he effect of froth
hetgl,t on slade, rhich ras the subject of ihis lnvestigatton,
turned out to be zero.



erterinq the froth which returns to tne cellr 'as poslulated as

4,. . o, o lor' \, "b e.r q/^,9,D,nj, r,16 o.-y Inrng ha

ur. oLnd expellreh-d ) io vcry,iLh I or' heiJlr, so !dr
as this nodet is concerned, lras the total soltds ftou, rr
appeared that tne lrocess occurrlnq in the frorh rreated atl
typas of solids in lhe same ray - !6ssib1y a bulk return
prenorenon, ur.h sn.ll ooc\ets ot solid. eLL'n:.9 -n nas.e

Lo Lhe pu-p. This co ld h-\e r-su-.ed .-on

caused by sectiors of rhe minefal-lader frorh near rhe surface

draining to belou a critical liqDtd fracrion uhen the soltds
forn a lidged scu rhtch does lot flow easily,

'he expe!rn

is hot a function of 9 and D, leavlng only h and k. The

nodel i.self pos. 'la--. .r Lhe e :- " drs!!iburio o! k

values foi the solid6 in the ce1l, aDd thar for beneficial
flotation, the gangue nust have a louer hean than rhe apatite.
Thus if thele vrere an lnteraction between k and h, th€ grade

in thc froth ,outd rrry. It is lra.tically inpossible to
tefl trheLher R is a tsction of h ildependently of h, just
as tt ls tmpossible to analyse directly for k lalues 1r a

gtven smple of soltds. Also, if P !e!e a fdnctron of k rn

this 'ayr tt sould he indistlngris slightty noditied
k distributlon for rhe solids in rhe cell, This mat es it
unnecessary to include it ln R. As polnted our f secrron

4,2, the various as air rat€, additive corcenrracions?

. rorrr, t. x..n .hn 1nd-!-. d n - o

R on k, I and D is qeneral, and does not apply ro only one

poi!! ln the vaftable space. rnus R for apatite ore florarion



I
is a tunctlon oDry of h, 1.e n(k, q, D, h) = n(h)

R(h) is still a furction whicn is dependeDt on a

l.ro- nub.- ,bt-. ..ni.,r oo nol ap!^a, rh-
nodel, partlcularly rhe froth characteristics such as liquid
fraction, breakage rate .nd rheology. The flotation mod€I

does not inctude a description of the water ove.tlow behaviour.
rortuately hoveve!, these vaxiables uere held reasonably

constalt duling each run.

In sraph A3, tne dcpendence of soltds flov on froth
hetght va5 reduced !o a ttnear relattonsrulr 1,e,

R(h)=constantxh.
It was potnt€d our rhat

the small variarion of solids fiok
devtaliols from rhis statgh! tlne
If on€ excrapolares l:his line ovet

becaus€ of the scatter ana

v?ith froth height, further
could not be derecred,

the eltile regior of posstble

vhlch there is no

the other variables,

neight ls varied,

R(h) *h/ho,o<h<ho
where no is the hilinum frotrr height ac

solids overflon. This is a function of
but for a glvch run whexe only rhe froth
ho vill stay corstant.

Note hovr lhis modet is related ro Harris' model

He proposed tnat the rate of retur! fxoh the
ftuth vras lrolortionat to lhe produce of frorh votse and

in rhe frorh.
Equarion 6,2.O.1 provides a sutrable fom for R

ahtcn nay be used \rith the nodct for flotacion. cralh 5,2,0,1
shors sona resulrs obtatned rhen rhis frorh model tras used

wltlr the general floration nodel !7hich vas discussad in sectton

t.\/.
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. !ypl .r r ro!c!ron p . r lcloor o ,o 9her, - .elq-r,
cleaner and reclearer vas tanen lirn one cel1 o.1y jn €a.h

b-nl, fo ap-j ) .y -6F -re. n a o ipen\ rn9 lrdp., ,1o

data for a tylical apatlte ore vere used. The feed to lhe
sv- - -nd clr 'ro n h-,9\ .- e

in the lldt and tailinqs are ptott€d in sraph
6.2-O.1. The ralio of the qrades (concentxatc/tairinss) is
also plotted, ilso shouh on graph 6.2.o.1 is a finc of

grade representinq the sane serup bur uith .nly
the recleane! floth heiqnt valylng. The graph shous thar,
although the giade goes up, toth the overall
lecovery and the rrtio of rhe qrades qo dorn vith an increasins
fraction rerulntnq fron the froth,

For apatite ore, lhe froth !'as shorn ro b€ nore

stalrle than nornal flotation froths {sectio! 5_2) so rhat n

in eq oa 16 " y .rp a oJ. Ln!

effect of rsturn froin the frolh is naglisiblo, and R = a O.

'oi o Lo o,9, r. (rn. 
'

tie sm. an each cell, rhe resultanq grade dnd recovery

6.2.1 0e1IJr1sqr10 r

Jn equa,.ion 6.2,O,1 abole, R(h) is 1i.ear in I,
and shors that a. ircxeas€ ir floth heigh! h, resulls in
a decreJse in xccovery acrcss th€ frorh ktthour any lncrease

In flotatton, therc is a brlancc b€t?een grade

and recovory rhiclr gives the nost economj.cal operaling point
*ithin t])c ltmits of operation. Both srade and recovery are

profit-nakin9, but they ara not ind.pendently
:nrcgfal !r!t .f optinising rhe flolarron process is firdinq
tne optinal froth h.iqht.



rn grade, Thus in apatite ore flotation, the oltinu lies
at zero froth h€iqht for a singre cel]. practically, it is
inpossibl€ to operate at z€rc rroth height, as the pulp from

rhc 1l sp a. n-. l/, a- !-. .'

to olerata at heisht as possirle Hirhout

T. d rjpic"l pldnL "or.,9 'r
feedback strcans, the oFtimu nay not llc at zero fioth
haight ib every c€llr necause of slecificarions ln lroduct
quality vhich have to be het- The acruat optinal se:tings
uil1 depeld on lhe plant, In sraph 6.2.o.1, . f.r h19he.

grade could bc obtain.a by allo(ing ohly rhe recteaner froth
height to lecome greater tnan zero/ conpared rTith varyi.g all
the froth heishts sinuftancouslt,.

6.3 CONDUCT]V]TY

The clcctrical conductlaity lrovjded a vor!
convenient r3y to study froth belravio!!, The experinental

much as the tlreory of froth bchawiour had predlcted,
although the rerc ignored as they vrer. dtfficult
to modeI, The tahen plovtded quantilalive
results about xatas of br€akage, and so erabled

to be nade bet!,een diff€:r.nt types of troth.
It 1s lnteresring in graph c4, rhe

dlainage velocity relatj.onship tine ras atmost tangcrtrat
balance rine in thc case of rhe lparit. ore froth,

blt not in the.ase of rhe silica slurry froth,
mass lalance equation,

a,q o"
"d*Ill-;-i'f



vrater overflofi.g,
convex parr of th€

0w, tould have thc €ltect
vd vs, f clrve dovnrards,

tlre rest oI tre frorh co1un, De\icet for c.r:prn! Lhe

This hear5 that very neaxly :he maximu

rras beins carried over the weir durirg tha alatire ole flotarion
The amount of bllble breakaqe on ehe su.face of the fforh
u.s Lhr. .-,1 --r.1,, o- hi ro. o ndv. t-o ro some oI
the water drainlnq rack into tbe body 6f ."he froth cotDm,
there])y reductng Q!. to this, rhc froth on the

o b. ) .i

during tbe eaperjnant, and in this caser the neasured OW vas

berov the narinm, rt aplears fron these observatio.s rhat
the behalio\x of the frorh near the surface can markedly affe.r

frotn off thc celt nj.ght atso affect the frorh benavioDr,

rhe etfccr of mean bubble si7., dm, .n both rhc
flotation process .nd tne froth )rehrviour is targc. rt is
u.foltunate rha! rhis is a partic!1arly difficDlr variable

as rell. as being highly dependert on rhe ffoth
aflecting ad.lltivesr rhe solids th the cetl, and ,!he aerarion

It rs sugqesred that the frorh night be a very convenien!
vray to attack tnis lrobt€n of nonitorins buLbte sizes alrhough

flrtner researcn kould still be reedcC inro fxoth corun
lehavlour before this loutd Io prac!ical



The ratei owerflor rato vas shovn experimenrally

o b- deF-n en. on bor .a- oLh./ a\ 9 ",e .- .hF

overlap?in! end €fle.Ls.

verc falrty roticable, particularly
Jr l01 _.oLl. h-).h.., b-..'. c1e !or-c or

stat,le froth tyP€s,

br aLaa l" p e!o.!ncL^ .-- 9,cIn 14.

Ir the lheoxyr tt las proposed that entrairnenr
ras caused by !afticles b.cosinq trapped in the interstitial

rising froth. The results of the run done on

s licd hor'd,,a ' td!9-r t-"- o o. t"JS"
cohilg over vrich the froth rhan rould be expectcd, and tt was

5 J9! I 'rd .re.e r.-91." ho\- been rro .n9, o, beccus!

o ililjr sr , ldl- been Lrd.p,o . rt.- r. a il- l snclt^.
P-. Fd. tordrrc. nono, o srgn

coxld be deteclcd in apatite ore fLoratio.. Thjs b.hawiour

is prolabll lecau5e the snall reqion dtrectly belov thc froth-
pulp inicrface, rher. the sotids for entrainnent 'ou1d come

from? vras relatively frec of s.lids tecause of settlinq,
The erlierinental results tnus sho'r that entrainncrr,

althorgh it lrolrably exists, is negtigilty snall ln nomal
ftotation. roth the r.sults fron apatite ore flotation and

rlosc lron .- s ..L -/ -nd,-",, f, s/ , J

it a!!€ars to !e th€ gcnerat case fof, nineral flotation. rr is
therefore, unecessary ir vhen modelting ft.tatior.



4A

The conclusions dravrn from this investlsafron a!e:
(1) ror the apattte ole under invesrigarion, frorh

height has ro effect on srade. There ls, horever, a smalt

effec! on totat solids flov ahd a larger effecr on 'ate!
overflo!. The froth can rhus be hodelled In rhe context
of the exlsttns flotation hodel by a function R(h) \'h..ch ls
ltnear i! h, and desclibes th€ fraction of floated marerial
enteriDg the froth rhich leturns to the pllp again.

{2) The optihal fxoth neisht for a stngle celt
ls zeLo. T\rs p .e o! a dec.--.F in r ..0\6rr

vtthout a increase in grade for tncreasinq frotn heights,
b6 gnr.r.' .eJ .o a . I r_ola..oa pt , r,

becalse of the eff€ct of feedback streansr and rhe Decessity
of naintaintnq a sleciflca output grade, By varying
recowery, floth height could be used as an i.dixect cohtrol
action for grade in a plaht.

(3) Tne effe.ts of €Dtrainment are so smatl lhar
they car easily be neslecred in nomal flotation,

{4)The frotn f.om an alatite ore slnrry is a

par'-.1 r-y s ob F rll^ or t orn, co.o. eo Lo o.h- ,Ipe.

of flotation floths. The behavioux of the froth is very
dependent o! slrface effects, and devtces for scrartnq froth
off the surface of the cel] nighr have large effecrs on the

lrocesses occulring vitnin the froth body. It is furthernore
possihle to oltain infornarior, such as bubble size, fron a



monitoring of the

flotation process

h.! be of u5e 1n sludyin! the



In this section, the results from rhe runs done on

apatlte ore are lresented, Thts cohprlses

F, G and K, The effects of froth betght on glade, et. * solids,
solids flow and {ater flov are cmpaled for the dtfferent runs

on qraphs A1r 42, A3 and A4 respectively. (The analyses for
grade were perfolmed by the Anatyttcal Laborarory of lhe National

Institute for Metallulgy. )



Nasilicate 72.5 n1.
Air ftor 3. SxIo-4nr

on cell. Batch mtxtnq

1.4 3 h9 approx. Berc1
r !.itol 53.6 nl., pH

A2.

of slurry. Thrce dtfferent
23.5 m1. , Na.s o.147 hg,
1'].2 , Tenlei'tuie aprirox. 3ovc/

I
2

5

3

2.tl

9.2 26.3 25,3

24.6 22.3

3 5.7
31,r
r4t 3.39

3,9
4,1 135

II

l3

15
16

36,3 25.2
5.14

13. 9

14. 3

16.1 53.3 23.1

5 l3,l
3,71

r4.3

13

22

4,5

2 4.2 13, 3

6.5
3,5

\2.9



Sinila! to ru A.

Apatite ore 143 ks. Na2S o-

33.6 m1. r Belol to hl. , Air
Na silicate ?2.5 n1.

2

3 2- r'1

4.1

t3. t
12.3

17.6

5.3
122 a. 12

'7.2

a

5.3

2I 30. 5
13, 5 29.5 13.5

t 9,4
rr,2

12 \2.4



mlxing run, fee.t sajtrpte raken with each froth_trililgs
drtft in nirlhq tanks.

143hq. Na2S O.147 kg, Na Sitlcate ?2.5 hr,r
I Berol 10 ml,, ps 10,2, Air ftov 9.7tto ' n3ls,

3
1.5 4.5 4.36

\2 .7

r t,1
f1.1

5 1.5 1.6 13.3

I
9

1.5
114

22.1
3,4 3

11
I2

r.5 2.65
r22 3.l

13
\4
15

r.5 26 13.3

I7
13 344

r 6.5
0.13



Bacch nixihg run, lue ihtemittenaly rectrculated betveen

tanks, Tann sanptes take. of cel] eo .ompare 'rith rails.
Data: Apallte oxe 143kg., Na2S O.11tkg. ' Na sitjca{:e 72'5 mt' /

Unttol 33,6 nl., Berol lo n1., pll 1O.2, Alr flou 9.7x10-'m3/s
reed setting - 2,6l'la-' n3/s.

I
3

31.9 22.2

4

5 3.33
25.4

3 3.36 15.7
742

I1

\2
r3 It,5

23,I
3,3



conlinuols nixtng of sltrfry. Tank sanples taken as

Der- : So iosrdD ! i-e o e leeo 're - o.03)
o,03) nlls,, /No o.he' e'd'Ljv.") pH 1O,2, A-! r-ie 3.l o- ,' s,
reed settinq 5.3r1o-- n'/s,

r= spoiled serile

364

4-5
12.1

21.2

7.43

3

II
t2

22,9

15. 9

16
l7



I

continuous mlxlnq of sluxfy rith tenperature control
Rahdoh selection of frcth heiqhts.
D"'" : sol 'o dp?'or. o.oD \9 ", UJ jrol
Ai, rare .310-
slurly feed serting 4.sxto-{ m3ls,

2I
(?. ?s ) ta,52) (63.r) \22.a)

2 23 24.9

3
23 4.5 s,55 19,5

15.9

15. 6 24.4
9.1

F1

5
25 17.5 5-52 16.2

10.1

23 14.6

a 4.12
lo.1

29

' = slot1ed sample - dara not lsed in graphs



I
cortinlous nixi.q or apatite^ore

n'ls, slurry f€ad sattinq ?.or1o

x3.

coarser, solrds !sed),

tl 11,5 7,3

2
l2 1.5 2r.1 14,5

L1.5

2t.a
3.53

13,6

5
15 12 19,3

6 12.2

3
1 .25

13 15 25.3 12.3

25 17. 3

10 r7.42
9.4 5

12,5

31
t3 3.54

t6.26
3

3 12.5



at
1l

25
3
3

'1,57



Run done rith contiruous nixing of sturry,
of f.o'h - so Appondtx B),

Data : Unttol o.o2og h1/s, Bercr o.or23 mlls, Na silicare o.r3 m1/s,

Tmperarlie 35oc, pH 1o.2, sllrxy feed setting l.5x1o-r n3ls, Atr
rate s.3rro_r n3ls.

I 2r.I

2 t55C) 3r.3
r5.4

5
343 ]t 33 23.2

t5.5
r 3,3

6

1
3

23 16



_ a_d)o4 _ .4 %. _o_
. -tz ;- . +- ,!-

oo 4=-;-{-- -o-

-xl**.''_,+'_-j'_

tF"" B-l&_-.__ _a_

'-_.*------4

o-- *-
lnun pl

x- -'-)+ - -x---L
oj

__Q_
fR," El

-rc.-.-t.--.*x-

"f,o--*-.t---e-
x*x - -lL- t-&- -,*-

vrFrrc^L ar!s - cFAoE. % 93!



RUNAI

9_4-

al

coNrLNrs oi .E L x

-z*-.-
-,:.-.x--



F-"Al

llnrr.4 6\rl

SOLIDS OVE R FLO\ry



Ll9lt!o-!t!!r!91! rrrl5

WATER OVERFLOW vs



OF IROTI] I]€IGHT ON PARTICIE SIZE DISTRIBUTION

'In lhis appendix, the lesults of the particle size
dt6tlibutlons rhlch {ere detemtned fo! luns B, C, D and r o!
aPdtite orer ale glven. !o! each ot these !urs. a lable ttsts
the analyses on each sdpte taien! and this 16 fol1o{ed !y a

glaph comparing floth and ratltngs distributions for valting
floth Ie'dhls fol thet !un. The grophs ale preBenred as

hlEtoglams, showlng a mean disrllburlon density between the
screen aperture s12es. st.ndard Tyle! slev€s were used,

{The palttcle size aaalyses uere peltoded by the ore Dressing

!a!o!ato!y of lhe Nattonal tusritule for r,ietatlulgy).



TARTICI,I SIZ!

r4ei9hL * for c.mp1e number and type

I 5

-23+35
-43+65

1t,t
35,4

1,5

15- 6
13.7
14. 3

12.2

r 7,5

1.3

14.3

11. 6

16.2
17. 4
33.9

3.3

15.9

1.6

welght t for sanlle nwba! and tyle

11

1.2

13.1
t3.I
13. 6

-24+35
-35+43
- 43 r. 65 4.5

14,6

r'3. ?

1r.8 | o,3
15.4 | Lt
r5,2 I 3.3

6,r
11.9
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DIsT]lIEUTIONS.

fo! sample nmber and tyle

5 9

-24+ 35
r,s
6,1

11.4

4.4

2-5

L4.4

3,4

3.9

14. I
i 4,3

3.4

13,3
15. 9
L4.9
L2.1

5.6
13.6

43.5

r2.1

for sampte nhber ard type

I2 13 r5 16 13

-35+.13

12.1
15. 3
r5,3

o

5.3
12.4

r.5

t4,t
13, 3 11, 9

lo. 5

52.3

3.3

15. 3

12.4

11,3
t 3,4

3,1
12-2

tt.3
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D15T]1IB!1ION5.

-35
- 43

35

5,3

15.6

rieight t for sJmple nlnber .nd r\pe

1 2

-24 + 35

4 4.5

3.1
13.3
I3. 4
13. 1

1.1
4-2

t?.1

12.2

9.3
15,4

12.5
11.3

1.7
5,5

r1- 7
t1.2
ra.1
11,4

24.2

r,Jetght t for sahple nmber and ryPe

r.3

1d.1

2,5

13.3

14.1
15,3

lo.5
19,5

12.1

12, L

?,1
5.1

37.r
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PAP.rrcrr srzx

welght * f.r sample nsber and rype

",:,,' 1,.1,. 5 3le

-35 + 43

12.5

r.2

20.2

;
1,3
3.5

1. ?

11, t 6,3
3.3

1,1
3.2
?,1

r2,t

11.3

12.3
1.5

t2.3

r.2
3.3

13, 3

r5,I
3-2

lleight s for samlle nmber znd type

10 1lt 112
Tank lroth rails

15.5

3-4

12.1

14. 3
12.4

r3,9

46.5

1.7

72.5
14.6
r3.6

2.3
5.1

'1.1

1,1

6,1

]4.5

19. I
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rEsur,rs or coNptcrtvrTy l4EASURrunNrs ON rRorll :

Jn this sectionr the r€sutrs of the electlical con_
ductivity heasurehents taken on the froth are preseltcd,
Resutts are tabllated froh Runs rr J and X? and th€se are
fotloeed by llots of the tiquid fractjon profites in graphs
clr c2 and c3 respectivett. claph c4 cdnlares rhe tro types
of froth inlestigated ob dralnagc vetoctty !s. riquld fractlon

on the rates of breanage catcutatad fron these
lesults are smarised in talre c(i)
lepro.ructlon of clalkrs graph, (rcf
fron conductiwiey to liquid fraction.

(t)

(2)

. rinarlY, giaph c5 ts a

,ll ehich vras used to cohverr

In the tables of results for rus r, J and I{, the converslon
fron conducrivity to ttqlid fraction vas done via ctart{,s
cotelarion, gIlen in graph c5 (ref 4). of corducriwily
ratio to rectplocal liqltd fracrion. consequenrty the
conductivlty is not eypressed t! absolute unrts.

l r".d in o-r,.. n:nd rnc rd.e- or D,E.r ea
floh thc minin!fr slope of tne tiquid fraction

profllesr as explained tn section 3.2.5. lhe results for
lun J axe averased, because of the scatrer of the polnts
ob tne liqutd fxactj.on p!oft1e.
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I-IOUID FRACIiON PROFILES
(Sil:c6 Sl!rry)

FOR RUN ]

GRAPH C2 LIOUID FR,lCTION PROFILES FOR RUN
(ADatile Ore Sl!rry)

)

TIOUID FRACTION P ROFILES FOR RUN K
(Apalite Ore Slurry)
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LIQU ID FRACTION. f

1

LIQUID FfrACTION. f

GRAPH C4. COI\4PARISON OF TWO TYPES OF FROTH ON

RESU-'S TROIU RUN I ON SILICA SIURRY

RESULTS FROM RUN I( ON APATiTE ORE

A---YL€-!--e!-q1



Races of Br.akase of Froth

o" .c o. b e. ( lror eqr"trons

3.2.5.1and 3.2.5.2 lsee sectlon 3.2,5),

- lelen.in d f!or. m-nilm sloo on ., ' ..7 L /-
(qraphs Cl, C2 anal C3).

, aret.Se oI three sets of daLr.

dt

175
]95 5

24

1.34 2S
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CONOUCTIVITY RAT IO --?6;r

CLARK'S CORRELATION OF CONOUCTIVITY RATIOGRAPH C5
TO DENSITY

(Rer.4.)



Thts appendix presenla the resllts of lhe volk
done to invesllq.Le of sol .ds bJ the rlotn.

Glaph Dl shors the lesults froh !u. ! (dara fron

so that flotation effects rould be minimal.

the entralbment fractton (see sectton 3.3.2) derelnined
experimentalfy is conpaxed rith tie rheorerical curve on a

plot agains! Palticle size.

appendi: A) pfotted on a tliangula! dlaqrd of aate!-

9angue-apatite, to detehine vhether entrainnent vas

a loticeable effect of froth leiqht.
The results of ore ru, Rub Ir done stectftcally

to tnvesttgate enlraibhentr are afso presented. Thls

ru used a slli.a slurrt' depressed rith hydrofluorlc acidr



GRAPH DI, FESULTS FFOIM RUN F PLOTTEO ON

CONT EN T S

TBIANGU LAR DIAGRAM.



'Exlelinent ustng depressed

gate entralnhelt. Conductivlly also

Slurry continuorsly rectlculated back

siltca 51ur!y to lnvest.i-

recorded (see appendl\ c).

Data: tenp 23.5oC

sof,lds: 73 kg in
slltrt' feed rate =

Addttiveg: 25 n1

a o, ?1nj

25O flother, 30 nl 8!{to depless)

rf=froth,T=tffk.

fo! sdples 3, !,
size distllbuttors and

5 (i.e. fo! ]]igh att
entratment fractions

1T
6.3

2!
11.3

o.llt 2r.2

11.2 661

t1.2 26-5

51
o.242 34.4
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(see 6e.tton 3. 3.2)

3. 3.2.1

.=fr(0"stokes welocity, u

- Ai:l-r-t
0w

raBr,r p (iii)

;i

3 2- 11 o.123 -r.92
1. 01

549

o.163 2. 16 1. Or

5 2-19 -r.51 50
o.t55
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!1

TI]E MIXING TANKS

It {as nenttoned ln se.tlon 4.1.3 that nucb dlfficulty vas

expertenced sith the s1ulry nixlng tanks during the eiperlsentatlon.

In fact, a lalge dount of the scatt€! in the expettnental resulls

u.r causFd by Lhe tncons:srenL feed to rhe cell. When the

ntxlng tanks were opelateit batch-{tse iDitially, lt vas fo@d

that the coarser so.ltds cde thlough flrst becalse of poor niring.
It uas thus inperattve that they be operated conlinuously.

This, hoveve!/ a]6o gave tloubfe for the followirg thlee leasois:

(2) Ins!. tcien, sLlrrlhg, ed consequenLly falrly
ldge cohcentratton gladtents in the tanks.

.d I h- f^fatton of c rathe!

stable floth r!lc! tould tien overflor tne nixing taDls.

overtrothing ras a plobl€n ir tne choice and quantlty

StiFirg hotever. tas only a major problem when

t}e systen uas not.L a steadv slale, oscl allons rfor

exaple, th rhe level of ltqutd tn the louer tank) caused

a valtation in the particle s:ize distributton of the slurly
leavins the n:ixihs systeh. Unwanted oscillatlons are a reiult
of a bad control system. It w.s rotlced, even at the beglnnlng,

tlat the haxlnq tanks had dlfflcutty tn reaching a sleady state

Atthough the job of lebuildi.g the nixtng tanks

was a task teyonil the scope of this hvestfgatiolr lt,as



decided to hake a sholt stldy

It uas posstble to leduce sone

of the controls to see ahethe!

of the exlertmental scatte!.

(I) A shpltfled llnea! model of tne ststen vas

used to give an sdelstddlng of the setup, and to folm a

basis fo! deciding on sultable nodifications for tmplovenent.

(2) a mole exact analogue stnulatton of the systen

on a computer ras then used ro tly out any pledact:ionE made

by the linea! ftodel. The 'c. s,M, P.' dalogue systens

noatelling progrd {refeldce ]t) on the IBM lt3o tas used

Basic Moitel

(Reter to flgure 3, chaPter {, fot a genelal desctlptlon

of the ntxlng tdk systen).

sollds feedr s

-
uto = tt*.4 recircut.tion

and tno solids nass

the basic operatton

{ro! nmerciature, see appendtx G.)

!ou! equations, two ltquld
batances, can be vritien to descllbe

of the nixiDg tdks:



Itquid baldce over up!e!

vr=vlo+vk-
liquid balance ove! ]ower

.1

(r)

s+vlcu=vlocr+

=;-.r {s a v,c.. - vr^ c ) dL

sollds barance ove! uppe! !ank:

l2)

(3)

(4)

(Note that these equarlons onty

tncomplete in that the bebaviou!

and S flon lhe controllers 1s as

Flon these equatlons,

(1)

t2)

model the taks: they are

of the i.put valiables vp

analoque aiaglas .s be

(v, + vso) cu + vu

+; , (vro c, - (vr

gtu

rt"i >-
.,arA

14)/.

cl



({)

s)nrlrols, rere. to.ppendix C ?a9e cl)

cortrols ver€ t{o proportional plus

integraf controllers on tne soli,l5 teed and watex foea, con

llolled by the lcvel in tne lorer ranir and density in th6 to!
tank respectively. Bloct di.grnis smarasang thc 5ec!p in

tlre correspondirg nodol uscd, arc given belolr.

De.si!y controller -

D19-'"
!rLer co,,Lro1 r-1\e



{l) Thc Rc fittered noisc genorator ras added

to the otrtlut fron the D/P c€lt to sinulate tn. observec

lanilom fluctlatio.s i. the acrual outlut
(2) Blo.h nunler 2 v/as user ?rirten.

cl 1; -n-o ,r ' s adl " r e orLp!.- ' on .!

associat€d inteqrator reach.d a predetcr ined limit.
(3) .qost of tne constart gain blocLs in thcsc

conv.rsjon Jactor. lhich eere trsed to changc

stts, e.q. to corvext froh the denstty of slurry to a

pressure outlut Iror i:he buL,ble tlbes,
These diasrans, rnren Linhod up, fofned the brsic

bo.-lineax nodel of the nixins tark5 for use on the contutcr.

Tl).y rer€ sonetines sliqrr!ly sinpllfi.d (e.s. \'nen rrying

- P oport.on !o sho-i.n rL n I in o



2)

of simFtificatio.)

.l- J-t " b d v d^d jnLo rl.o oo s:

t 
--ttt t{(Dtt-

tsy breakihg the diegrah at the !7acer feed rate
stren there it leaves tne valve bfocn, th€ tuo lools be.one

open. If cr and c, are the transfor functions around loops

(1) and (2) , then

G systen : Gr + C:

consider each block in thc diagre and tts transfer

(r) utxinq t.nls, voluetlic consideration. The

or c 9e. n rl.- -rprl, Lus Lh.

7) P+I .ontiorler



ls both a sllme! (whele !!e two loops meet) and a c.s.E.R.

whose traster f@ction is const./({?s+l) (whele 12 ts the

(3), (5). (6), (3) ale blocks vhele sma11 cnaDses

ale tlirectfy lroporttonal to snalf changes in
the trss'e! Iu .Llons are ,hus constdl.

(4). (7) are P + I controllels. rhe trdsfer
ar- -hu6:i+:-;;'-^ (v\e'e xD .s Lhe ploportioncl

Tn is the integlal !ine).
The loop ttansfe! fucttons thus

".-,t

The Nyqutst dlagrd for G the geDeral shape:

the results of tle ltnear study shon that the

{

Except tor the snall area nea! the orlgln, the

entire plane ts encircred. Iot values of

is parttculally sna1].

Results of Controlle! Studv



E8.

hixirg tank systen as it existed vas inhelently unslab1e.

This va6 conflrned by the analogue Einulation (see graph EI)

Graph C5 shows slhilar lesults obtained flom the actuat

ln pracll.e, iha sys.d required fteq!ent hu"n
lDteiventior {hile operating.

Retu$ilg to the Nyquis! iliagra of the linear mode1,

1t should have been possibl€ to obtain settings on the

tnstrsents uhich soula have been stable, eveh though tne

systq rould aplear Mdeldmped. The fact that thts was

not Possible is plobably because of the ovelsimpliflcatton
of the ltnear node1, {hlch 16 ltself crittcal. sowevelr

It .d be seen lhat the systen could be made stable by

renoval of one (or nore) of the inlegratols. The dragld
rould then aPPear roughly thus!

_1t = t"**tt

rrl(r,
t-

{*.

fhe loinr (-r,o) is not enctlcled, and the sysren

is stable. A96ln, si' Jldr ion conrr!ned Lhrs rsee draph c. ).
Gtapx E3 shoes tne results of the sinulatior vr:ith both controllers
pulely ploporttonal.

The most convertent llace ro leove one of rhe

lnteglators ras the level contxot fo! the softds feed. Even

so, to convelt eithe! contlolle! to pulely ploportlonal
action rould have taken a fai! length of tine. as compferely



new utts would nave been needed.

Another alternattve ras to use the level in the

l@e! tak to control the water feed late into tbe systeml

whlLe Lhe sollds teed Na> he-o co.sranr. l nore de-.!Ied

Ilnear analysis shov€d that thts eas always stabfe. and that

the systen could be hade astfrtotlcally stable (i.e. ro

osctllattons) by choosirg celtarD nalchlng vafues fo! the

palmeters xp dd Tn.

Glaph E4 shows the analogue of this stable ststd
oscirfatins fo! 1a!9e values of 5 and rn. l,rhen thl6 setup

vas trleal out in pfactice, it was found that the solids feed

could not be kept sufflctently constant, so that even though

the systeh uas stable, lhe denstty of the slully dllfted

The results of this stuay showed !hat! although

the Etxtng syslen could be tnprovea, it was no! possible

co do ve(y much tn the line alarlable

alpa.ent that tf the arrangenent of the systd itself could

!e ihprovea. or some otier fo4 of control fltted, fa! better
perfolmance could be achleved.
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D.nsity Coniroll€r- Xp. t00% In.lmin

Level Conrroller- Xp=2s0% Tn=lmin

TIME IN M IN UTES

GRAPH E1. RESULTS OF SIII4ULATION
(Both Controll€rs P+r.)

o.neir y conrrorler- xp = r003 Tn' t min

Lovol Conrroller - Xp - 10016

TIME IN MIN UTES

GRAPH E2, R ES ULTS OFSIIIIULATION
(Densi!y Controtler PI. Level Controller Prop. Only.)



3

Densiry Cont.oller- Xp=100%

Level Coniroll6r - Xp- 10o%

TIME min

GRAPH E3, RESULTS OF SIMULATION

3r

Level Oonr.oll.' on watsr F€ed- xp-r00S Tn- lmiF

(Both Controllers Prop. Only )

0d

TIME, min

GRAPH E4. RESULTS OF SII\4ULATION

(Level Controllins Water Feed. )
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=

D.nsity contfoller xp = 200 % Tn = 0.2 min

Lsvsl ConrrolLer Xp = 250 9r'o Tn = 22 min

A.tual Pla.r Record

--\::"....

o;

GRAPH E5. TYPICAI PLANT RECORD
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c-(D)

f

oa

o

Surface alea in flotatio. ce1l.

sulface area of bubbles.

concertratton of entralned palticles in froth

ln palticle s12e lange D to D + atD.

Concentratlon of entratnable palticles in pul!

in partlcle size raDge D to D + dD.

Med bubble drdete!.

Entrairhent fraclior Eot palticfe

rale constan! dtstlibution atehsity

Dlstrtbution density functlon for

Grade (atso gravlty colstdt).
Height of froth laYer.

Proportlonaltty constant

constant deflneal by vd = I{.f.dn

Nuaber of stages.

velocitY.

Dtslributton density fsction for solrds settring

velo.t!y.

tiquid ovelffov rate iD frotn.



4 {D)

ci,

Radtus (of Plateau Bolatei).

Flnctio, describing return flon froth.

Fractton uncov€red.

Dounuald veloclty.
stohes .ettlilg v€10cltY.

Dlainage velocity.

Mean tntelstittal velocity fot vater.

Mass of solids tn the cell.
Level iD froth layer froh froth_fiquld lntelface.

Vtscosity of vatet.

Density of watet.

Delstty of sol.ids.

Flnctioh of D in flotation rate exp!ess16n-

Controlle! studv (ApPendix E)

cross sectiobaf alea of foeer ntrtng tdk.
solids .oncentlation ln lower rank.

Solids condentratio! ln lppet tank.

Transfer fuclloh.
SluEy leve] tn lowe! nixirs tank

Pressure signal (usually subscrlpted).

;arlable defrned by !aplace rransfoh.

Solids feed late.
Integral ttne of eontroller,
Re.tlcurat on -a .e: loie to uppe! t..k



Orerfloe retu!! rate: upler

sfurly vlthdraHal rate from upper tak.
vrate! feed rate.

volse of lowe! ntrtng tanL = AthL.

vofme of uPper mlxing t4k.
PropoltioDal band of controller. l.

synbols used in con!$l1er studv. (aeeendtx B.l

(x,

use! vritte! b10ck
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