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A comprehensive model of particle collection in flotation
is developed from'a rigorous analysis of the relative motion
between a particle and a bubble prior to and during particle-

bubble contact. Collection efficiency Ey is derived as a pro-

duct of collision efficiency E, and attachment efficiency E,.

From trajectory calculations EC is correlated to the bubble

t

Reynolds number and the Stokes number, a dimensionless inertia

term. E, is calculated as the fraction of particles which re-

side on the bubble for a time greater than the induction time.

As a result of the velocity gradient at the bubble surface EA

) ’

decreases with increasing particle size.//The model explains
the peak in size-by-size recovery data that is often observed
at intermediate particle sizes. The peak location is shown to
'shift to smaller sizes as induction time increases. |

A scale-up model for flotation columns is also developed.
The model uses measured values of collection rate constants
and an experimental correlation of plant column mixing para-

meters to calculate collection zone recovery RK' RK is inter-

£

faced with a variable cleaning zone recovery to yield a grade-

recovery relationship for the plant column. The onset of bub-

. ) .
ble loading is accounted for. . - .
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RESUME

'
4

‘Un modéle, destin& '3 comprendre le ph&noméne de capture

des/particules dans les procédés de flottation, est développé

3 partir d'une analyse rigoureuse du mouvement relatif d'une -

) <
.

bulle et d'une éarticuie, avant et pendant le contact bﬁlle~

particule. L'efficacité 9e capture Eg est &valufecomme le

‘produit de l'efficacité de collision E. et de l'efficacité de

C

fixation EA' A,partir de calcul de trajectoires, EC est re-
0 ' ¢ i

!

li6eau nombre de Reynblds de la bulle et au nombre de Stokes,

!

une variable d'inertie sans dimension. E, est définiecomme
¥

A
la fraction 'des particules qui résident sur la .bulle pendant
un temps supérieur au temés d'induction. En raison du gradi-

9

ent de vitesse & la surface de la bulle,-E décroit lorsque

A
la taille de la particule croit. Le mod&le explique le pic

souvent observé dans les données de x€cupération taille par

“taille, pour des particules de taille moyenne. Il est montré

que l'emplacement de ce pic se déplace vers les plus petites
<
¥
tailles lorsque le temps 4'induction augmente. - -

. ]

5

Un modéle de dimensionnement pour les colonnes de flot-
tation est aussi développé. Cé modéle utilise des données
me?urées des taux de capture ainsi qu'une corrélation experi-
mentale sur les paramétres de transport de colonnes indust-

. .
rielles. Le modéle peut alors calculer la récupération au

R, est relié 3 une variable

sein de la zone de capture RK. K

de récupération au sein de la zone d'ipuration pour finale-

i




[T

-
PP ‘,_1‘“

\

*

iii
nent conduire 3 une relation A_oﬁx/xa_nt la ré&cupération totale,
¢ 3‘: ‘ . t R .

\ pout la colonne industrielle. On tient compte du moment de
dépar?: de 1a chargg d'une bulle. |
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~ (' N U NOMENCLATURE o .
=41 ’ : - \ . _ ‘ ‘
‘ f AT .. . cross sectional area of a column or flo#atlon ceil
g “ - a -:-':' | dlmenSLOnless grouplng, egguation 2 10 L T
% -qp; . concentratlon of partiqlés " . '
i Cp . drag coefficient K - - _ S R oo
‘ Csék‘ drag coeff1c1ent for Stokes® flow L ‘Ji.f“' ’ _-{'
h ) o Cy - slope (negative) of dmft flux plot ' E 4 '
| i} c tracer cencentratlon .
{ fﬁ‘t“ ',c(ti- tracer céncenfratioﬁ-at ﬁime f\ L , ’ _ .";
? . 'f " A cm(t) measured tracer cohcéﬁtrahion at ‘time t, normalized
? cf(t) B fitted tracer concentration at time\t, normalizgd N
L ) D: axial dlsper81on coeff1c1ent, any phase | - N
- ?. ‘ fpz : ?‘t " axial dlsper510n coefflc;ent of llqu}d " .
;_F ) ‘ .Déjﬁ' " 7' axial dispersion coefficignt'of:pafticle~
¥ 4, .. bubble diameter T o
. ‘aﬁ volumetric mean bubble diameter | _ '\ j i -
'; ‘EEA’ area mean bubble diameter ;
] " d, - column diameter (for a column with~noncirpular\,:
N _ | cross—séction dc = (4A/n)i) .‘
) dg ' volume equivalent bubble diameter
E . ‘dp - ‘particle diameter |
T S .‘Ei .- ,a:}échmept efficiency, fraction ?r percentage )
' _EC - .- éollision efficiency, fractioh or peicentage '
- s Eég ) collision efficiency by gravitation
1-~: \gci- collision efficiency by interception o f o, ’
\ ‘Qi, - B .. E,. calculated assuming Sk = 0 when Sk > 0.05 .

*Co c




CRPIE N S

" E. at gas holdup ¢ .-

i7" weighted cumulant -

‘Runge—Kptta coefficierts

- th

i N ¢
¢ .

C 9.

Y

' dollectlon efilblency, fraction or percentage

~

velocity gradient: =~ . See o
acceleration due to gravity . B e
component of g in the.j.airectiOnu

i

EEERY
~

height af llquid or slurry through whlch a'gas
bubble rlses . . .

»

~ -

helght of bubble_riee to attaiﬂ“r .

* ~
'

~

1n1t1a1 thlckness of thln f11m between partlcle_'

and bubble ) y

— -

thlckness of thih film between partlcle angd.

.bubble at which spontaneous attachment occurs

’

termlnal velocity cceff1c1ent in drlft £lux
analy51s - i : . T

th

- \

rate constant R L o -

length of column recovery -zone, vessel lenéthj
u/pi in equation-2.12 ‘ '

a

k weighted“moment

vessel diépersion—number for liquid or solid
particles, D/utL T . '

S

vessel dispersion number for liquid, Dl/ugL'

vessel dispersion number for particles, D /u_.L -

p’ "pi

total number of. particles removed by a bubble
during its ascent .

«

© total number of particlés in a cell-of volume V

boa

‘ . . ‘. -4

Laplace transform- , - N
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-
- " -~ - R .
A Co . - xi
T e o . T, P -
no N “expénen%\in>telationship ﬁ a-dpn
- ‘ne " - . fraction of colliding particles:that colllde bet-,
T ' ween ¢ = 0 and 0 = o ) . .
P, .. ’ groubiné in equation 2.12 -, A o,
N . QC ) " volumetric overflow, or concentrate, flow rate N
- 3 ‘QF _ +w~° wvolumetric feed flow'rate‘ N N
. h B - r . - - N - ~ . ‘ \\ ~ ] -
- ) QT "~ . veolumetric-underflow, or tailings, flow rate- - :
P _Q& + + & volumetric wash water. flow rate ~ )
.o, T Qg S "vblumetric gas flow rate ~. - .. ' o
. MRS Qi_ _* . volumetric llquld flow' rate dOWn the ° "+ o+ .
®- - ' - recovery zone of a column . ) .
- R ' . - recovery, fractional o .
, ’ RC‘  x_ capture‘radius - T ~ . < C X
L RF: - recovéry in cleaning zone, fractional - N |
. e - Te ’, IR
: RK - recovery in collection zone, fractional %’
. - - » ) - - _g
N RT / _ total recovery, fractional ' ) o ‘-,3-
o r - radial coordinate (at r , r=1) 1
. ’ . » ~ v g
: - fb- : " bubble radius %
s - particle radius N T e
o Re ) Reynolds number . 3
. . s = - ! “g
’Reb . Reynold§ number of bubble, w, P, db/u 3
Re Reynolds number of particle, u_ p, d_/u N
P. T, v 2 P L P
. 1l p d ' .
Sk Stokes number,’— b < B - Rep
- - 3 7y %9 g
s - Laplace operator, weighting factor %
. . ~ T
‘ | | _ | gi
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A

~

optimum value for S

maximum time of residence time distribution

ratio of solids mass rejected from the cleanlng
zone to feed mass

time

1time of bubble rise to attain T

mode (time) of residence_time distribution

induction time
}

slidingatime'(fime of particle~-bubble contact)
u,t/dy,
terminal velocity in unbounded fluid
(particle or bubble) -
velocity, any phase

4

bubble rise velocity
interstitial gas velocity, vg/¢>g
liguid velocity around a bubble in the j direction

interstitial liquad velocity, vg/(l-¢g)

velocity of particle relative to liguid
Y1

: . . 7
interstitial particle velocity, up + uéﬁ.

radial particle velocity, ﬁr + up cos ©

tangential particle velocity, u, + up sin ©

0

radial component of liguid velocity aroupd a
sphere

slip velocity, u, + ug )




- s iy W

wk(t)

~¥
-
N

-

{
e

interstial veloc1ty of either liguid or partlcle'

components of llquld velocity around a sphere in. -
the x and y directions

tangential component of llquld veloc1ty around a
sphere

Py

up/ub .
u; or ug at potential flow o e e
u; or ug at Stokes flow ‘ ~ A-'Hl\‘;‘ ‘4
: , ' S e
u* or u* for bubble with Re ‘ .
r 0 . b . N
u,/uy , o )
Uy /Uy, o s . ;
uy/ ub , ) ' P RN : g
§
3 4 :
Yo/ Uy, ' SR %
s * - :‘:’

volume of reactor, column or flotation cell .

volume of plug-flow reactor

superficial gas velocity, Qg/A

e N

particle veloecity around a bubble in the j
direction

superficial liquid velocity, Qz(A or QT/A h

g

v* or v¥*
X . Y

v* at coordinate location n

'

Buih gadr s w4

Vx/ub

Vy/ub

weighting term in weighted moments equation
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‘ ; ’ e xiv - )
x ‘column axial dlstance from tracer 1nject10n point . =
N (positive down) ‘ ' ‘, :
X, ¥ - Cartesian cbordinates, zero at center of bubble - ‘
S S _starting ébérdinates for\trajectory calculations -
Z PR ratio of particle return radial'véiocity to iﬁpact
. radial velocity when a particle hltS a bubble: oo
, (absolute value) - )
! - - v
8. * . rate of particle collection by a single bubble
T (mass/time) .
- S v ) max;mum monolayer covarage (mass) of partlcles on
. . .1 . ‘ra single gas bubble .
- -\’.\.fmrl - . “maximum mass of solids that can be carried by ‘a
‘ o " unit volume of gas ‘
I ! ;
. FC T " the mass of splids carried by a unit volume of gas
A ‘ N (at the top of the collection zone) '
e Cote, !
Y ‘ fractlonal packlng density of particles on a bubble
i ‘surface
’ R /,,‘f'step size in Runge-Kutta apprOximation ’
8 ‘. angular coordinate, measured from front stagnatlon
- ’ - point (top) of bubble -
éC 'angle of closest approach of liquid streamlines -
) ) e ,angle of collision for grazing trajectory .
eM maximum angle of contact between slldlng particle - f
' and bubble . :
e - - collision angle . o : . -
¢ ‘ : |
N _“ ' . b . _ 3 i
o en . en that yields tS ti’ . i
’ a liquid viscosity ) - ’
//;/Ek»/’ kth ordinary moment of a distribution |
> - i
. !
My ratio of slurry viscosity to liquid viscosity ‘ §
R 1 surface vorticity, dimensionless- )

.
ot )
rd
»




e,
s
- - .
i ®
¥
PN
- v
N
‘|
}
*a
\
I
)
A
\
«
e $
.
A3
o [
I8
- -
N
-
- \

- l:* N .
s at gas holdup ¢g

.density of liquid ) ‘ .

density of particle - ’

v

mean residence time, any phase ..

mean residence time of liquid

mean residence time of particle

|

period of rotation of}barticle spinning
in a velocity gradient

gas ﬁoldup, fractional
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CHAPTER 1 °

- INTRODUCTION

Y

.A radical.departure from conventional flotation machine
design was introduced in the 1960's with\the flotation col-
umn(l’2'3). While the flotation column is»notLtne only innova-
tive machine to be developed during the past two decades, it is
the first of the nonmechanical machines to show significant in-

(4,5)

dustrial success As with any equipment or process novel

o
to the mineral industry, these successes didlnot.occur over-

night. The operating principles of a’column differ markedly ‘

~from those of conventional machines; *This factor;,combined

$

‘with mechanical growing pains;- has 1ed\to very slow industrial

)

\acceptance of the flotation column A major difficulty still

lies in scale—up from laboratory obtained data to industrial
operation. The uncertainty in. translating laboratory data to
plant performance is a significant problem that must be over- -
come before there is a more universal acceptance of the flota-
tion column. - As one of two principal thrusts of this thesis,
the problem of column scale-up is addressed,’ at the same time )

develoPing a better understanding of the transport mechanisms

of a flotation colunmn.




In common with any flotation machine the- heart of»column

flotation is the capture of mineral particles by bubbles. ‘The

¥ v

counter—current flow of particles dnd bubbles in the column,
without mechanically induced agitation, provides an ideal situJ
ation for the application of a fundamental particle collection

model. Compared to flotation chemistry, little flotation re-

" search has been‘devoted to the physics of flotation, in pertic-

ﬁlqr; to particle motion prior to and during particle-bubble

contact. The second thrust of this thesis is a detailed study
of the particle collection event and formulation of a -fundamen-
tal model.

- In the remainder of this chapter the most successful of
todays' nonmechanical flotation machines are described. Partic-
ular attention is paid to two 'column' designg - the Leeds Col-
umn and the unit designed by the Column Flotation Co. of Canada.

The operating fundamentals of column operation are de-

scribed in chapter 2. Particle collection kinetics, bubble

' Ioading and the effect of axial miking are examined. An impor-

tant factor considered is the rejection of perticles from the
cleaning zone‘back to the recovery zone with the consequent,
effect upon recovery and grade. : : o .

In cﬁapter 3 previous work related tO‘the‘phycics of‘flo-
tation is reviewed, followed by a complete description of the
proposed flotation model. Models of the collision and attach-
ment events are developed separately .and then combined to form
a comprehensive collection model. fhe.role of all perameteréie

considered, particularIy‘that of particle size. .
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" particle collection by bubbles are developed in'parallel

Tracer: experiments have been performed on industrial flo=-

,tation columns in order to quantify the mixing conditions of

1arge columns. In the laboratory, particle collection kinetics

. have heen measured using ‘a flotation column designed to elimi-

hate,both'entrainment and the froth cleaning stage. The appara-
tus an@ experimental techniques of the plant and laboratory
tests are described in chapter 4. The test results are pre-
sented in chapter 5.

In chapter 6 the proposed flotation model is closely exam=-
ined using the present experimental data as well as prior pub-
lished data. It is demonstrated thatjthe model provides a
rational exblanationrfor\geveral’particle and bubble size re;
latedﬂéhenomeha. |

A scale-up methodology for flotation columns is presented

. in chapter 7. The methodology involves laboratory measurement

of the collection kinetics followed by computer simulation of

<the_plant size column. The scale-up model accounts for mixing

conditions and bubble load. t

Finally, the flotation model and the scale-up methodology
are critically digcussed in chapter 8, and in chapter 9 thesis
éonclusions, with suggestions for future work, are presented.

i

The scale-up of flotation columns and the modelling of

throughout this thesis. The knowledge derived from the collec-

fion model provides a clearer understanding of the selectivity

df flotation separation, especially with respect to the role of

particle size, and contributes toward a ratignal column scale-

\

‘up approach.



. ~

1.1 Recent Innovations in Flotation Machine Design

'A critical review of flotation machine design has been pro-
vided recently by Young(s). He classifies flotation machines |
into four types: mechanical, pneumatic,lcolumn and froth éépa-‘
rator. Allowing for the industrial dominance of the mechanical
machine it would be simpler perhaps to consider just two classes:
mecﬁaﬁical, and all ptbg{s. Younyg suégests that thg dominance
of the mechanical machine®is more a question of commercial
realities and conservatism in equipment selection rather than

design excellence. However, the mechanical machine has been

' the mainstay of froth flotation equipment for more than 50 years.

The basic design and operating principles of the mechanical
machine are well known (see, for example, Harris‘7)) and re-
guire no further discussion here. This section focuses on .non-

mechanical flotation machines'tﬁat have shown sufficient pqten-'

tial to reach the stage of either .pilot plant testing or full

scale operation. Specifically, four devices are described and
discussed: the Flotaire, the Davcra, the Leeds Column and the
flotation célumn. (Another design, the Russian froth separa-
tor(s), is intended primarily for flotation of large particles.)
F}otaire. Deister Concentrator Co; Inc. manufactures the

Flotaire machine, shown schematically in Figure l(a)(s). The

- tank is 4.5 m ﬁigh and 2 to 4 m in diameter. There is no me-

chanical agitation. Bubbles are generated by aspirating air

~with high pressure water (containing dissolved frother) and

pumping the water-air mixture through constriétion plates lo-

cated at the cell bottom and in the feed tank. Feed slurry

4
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.. trainment in’ the water reporting to the .froth.

~~

- in Florida.

Davecra.
e ———

. Figure 1 (b)

'rate and tailings rate.

enters at the top and flows downward counter-current to the
rising bubbles. A conventional froth bed is employed with no
wash water. The Flotaire has been used for phosphate flotation

No other, applications have been reported, nor have

" any performance.'figures on phosphate been vpublished.

Developed at the Zinc Corporation Ltd., Australia,
this machine consists of a- single rectangular tank into which -
is fed, at the bottom, a, mixture of feed slurry and air. jSée
Bubbles are generated by injecting air into the
central core: of a cyclone-type orifice ’ into which slurry is
tangentially fe_d. . A conventional, but deep, froth is employed‘.‘
'Ste‘ady operation "is maintained by autpm_at‘ic 'controi of the feed
Abrasion ’of the feed nozzle is hicgh,

L3

but is minimized with ceramic linings. Performance figures

were published in 1971(9’ for lead and copper roughing and zinc

scavaging; however, there has been no major publication since

then. Operation has been limited to Australian and South

_ 7 « )
) N -

African plants.; v '

rs

Columns: Leeds Column / Flotation Column An inherent limita-f

lip.

tion with flotation of fine particles in conventior%l cells is

recovery of hydrophilic (gangue) particles by mechanical en-.

The conventi'on-:- -

i method of minimiz:Lng entrainment is to create a 5- 30 cm’
i

.ck froth at the slurry surface. ' The froth permits the
gangue to drain back to the pulp while retaining the hydro-
éhobic particles, which are eventually discharged over the cell

Trahar (10) discussed the relationship between the recovery

1
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of 'hy'd:‘roph.flic particles and water recovery, reporting that

~

recoveril{/o’f\ minus 5 uin quartz was 72% of that of the water,
W .

- compardi to 59% for 9 um quartz and 35% for 20 um quartz.
Water:’ recovery to the concentrate in roughing and cleaning-

‘circuits typically will be between 20 and 40%. These numbers

illustrate the s:i:gilificaqt impact of entrainment, and the in-

efficiency of‘,conventi(m@l froth cleaning.

7 -

¢

Alternatiye approaches to the cleaning of entrained
éartici‘eé have been introduced with the Leeds Column a;1d the
Canadian Flotation Column (referred to hereon simply as the
flotation column). While these two devices are very different
from each other, they sﬁare the common design principle of un~

conventional froth cleaning.

Leeds Column. This unique machine ‘is designed to perform

multiple cleaning steps in a single stage by placing several
rows of horizontal barriers across the cell, between the celf
top and the impeller. Each barrier consists of two parallel

‘sets of cylindrical bars arranged such that the upper bars rest
{

.in spaces between the lower bai's. The bars are so designed as

to trap a thin layer of froth underneath and then allow bubbles
and their attached particles to pass up through the barrier, at
the same time discﬁarging (entrained) gangue particles from the

zone above. A certain quantity of wash water is added at the

.top. A diagram of the Leeds Column and detail of the barrier

”operétion is given in‘ Figure 2. The use of four to six barri-

ers can pcroduce an almost perfect separation. Figure 3 shows

£

that the machine is arranged in series connection ‘similar to
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Schematic illustration of a bank of
(11)

Leeds columns (A) wash water
inlet; (C) Gas inlets; (D) Impellers:;
(E) Bafflq vanes; (F) Feed inlet:

(T) Tailings outlet.
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conventional mechanical cells (unlike the diagram in Figure 3,

the full scale machine now employs top driven agitators).’
The cell was invented by C. Dell .of Leeds University,
England. (To date, this is the only significant flotation
machine design produced from a university environment.) The
machine has been described in detail by Dell and Jenkins(ll)

and is presently undergoing plant testing in coal preparation

‘pPlants in England. Commercial development is through the U.K.

National Research Development Corporation. A laboratory version
of the Leeds Column can be used on top of the Leeds open-top
laboratory flotation cell(12'13).

Flotation Column. A schematic of a flotation column is shown

in Figure 4. Industrial columns are up to 13 m high and 0.3 to
1l.8 m in cross section (either square or circular). Three ..
zones can be identified: a collection zone, with feed entering

2 to 3 m below the top of the column and descending against

. rising bubbles generated at a gas sparger; a washing zone,

where a packed bubble bed is generated by a downward flow of
wash water; and a conventional froth (2 - 5 cm thick) for
particle transport to the launder. The tailings withdrawal at
the bottom of the column is controlled at a rate slightly
greater than the feed flowrate, called a positive bias. An
important element is the washwéter, added just below the froth
zone, wﬁigh makes up the bias and suppresses gangue entrain-—
ment. The column is particularly attractive for cleaning
applications and can upgrade in a single séage compared to

several stages of mechanical cells, resulting in simpler more
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controllable.circuits. The column itself is well suiéed to
computerlcontrol. v

Making a distinction of a sharp boundary between zones 2
and 3 may be arbitrary; there could in fact be a gradlual transi-
tion from a packed bubble bed to a conventional froth. The
concept of two zones, however, recognizes that there exist two
significantly different regimes, and the sols purpose of the
conventional froth is for concentrate removal. Combined zones
2 and 3 will be referred to hereafter as the cleaning zone.

Development of the flotation column has been described in
several publications(l’2’3’14). The first successful commercial
applicétion in the Western World was at Mines Gasp&, Québec, on
molybdenum upgrading(4). Three columns in series replaced 13
conventional cleaners with superior results. A 0.9 m square
column is operating as a zinc scavenger at Geco Mines, Ontario. -

(5)

Gibraltar Mines , British Columbia, is employing three cylin-

drical columns between 0.5 and 0.9 m in diameter for molybdenum
cleaning and bulk copper-molybdenum flotation, with plans for
further column expansion. Extensive plant tests have been con-

ducted on iron ore(l), coal(l4)

(2,3,14)

(1.8 m square column), copper

and graphite(lS).

_sulfide
In the early 1970's the concept of the flotation column
was embraced by engineers in Poland &nd the U.S5.S.R. who em-
barked on seemingly endless modifications to the basic concept.
A recent translation of a text by Tyurnikova and Naumov(ls)
reviewed some of the Polish and Russian designs of 'pneumatic

counter-flow flotation' machines. Some of the column designs .

¢




13 -

are summarized in Figure 5; the wariety of design is obvious. .
It is important to note that none of these machines uses wash
water, but ratﬁer a secondary froth concentration stage. . In

this sense, they are quite different from the Canadian column.

Flotation Column Operation. Operating principles and instru-

mentation control loops of a flotation column are summarized in

6(4). The diagrams are mostly self-

the diagrams of Figure
explanatory. Bias is typically 10 - 20% of the feed volumetric
flowrate. The interface between the recovery and cleaning zones
is distinct, and is maintained at a pre-set level by static
pressure.measurement controlling the wash water rate. It is
important to remember that when wash water is chaﬁged, the in-
cremental change in flowrate is accounted for' completely by a .
change in concentrate flowrate. The gas spargers areLobviously‘
an important component. Bubblers that are presently in use
consist of éylindrical, steel mandrals, approximately 7 cm in
diameter, covered with a sleeve of either filter cloth or
rubber (the latter is pierced with 150 holes/cmz). Typical gas
superficial velocity (flowrate/cross sectional area of column)
is between 1.0 and 2.5 cm/s, and typical superficial slurry

velocity is between 0.5 and2.0 cm/s (downward).

Flotation Column Simulation. The laboratory glass Eolqmn‘

. manufactured by Column élotation of Canada Ltd. (the only sup-
plier of commercial columns) is 5 cm in diameter and 7.5 m in
height. Presently, there exists no methodology for translating
laboratory performance to expected plant performance. (As well,

using an 8 m high device is not feasible for many laboratories.)
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“

However, the flotation column appeérs to be considerably
more amenable o the application of process models based upon

fundamental physico-chemical principles than is the cénvention~

al mechanical flotation machine, for the following reasons.

P W

.First, the counter-current flow of particles and bubbles pro- °

vides a well defined flow regime, unlike mechanical’ cells where.

‘the degree of suspension of particles (particulafly the lgf@er.
and denser barticles} is difficult to estimate and simulate.
Second, the column has no mechanical turbulence that must be
matched in a laboratory machine. Third, particle reéovery to
the concentrate via entrainment should be‘minimal compared to

_ that of mechanical cells employing‘convéntionél froths. And,t‘
fourth, thé existence of a single three-dimensional froth in L
the column makes froth ﬁodelling less complicated than that for

a bank' of mechanical cells, where the froth characteristics

change from cell to cell. . -

Tt s e

I
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CHAPTER 2

’

. THEORY - COLUMN OPERATING FUNDAMENTALS

o

For the purposes of either'simulation or scale-up it is
logical to consider the column as consisting of two regimes,
the collection zone and the cleaning zohe, and to devélbp:an
undorstanding oé the kinetics of each regime separately. Then,

the simulationscr scale—up models of the two regimes can be

' combined to yield an overall column model. This is the approach’

~
/

_taken here. . : : S

-

& ~

:2 1l Collection Zone

A mineral particle is collected by a gas bubble by one of

two methods: 1. particle-bubble collision followed by attach-

‘ment due to the hydrophoblc nature of the mineral surface, or

-

2. entrainment of the particle within the boundary layer and
wake of the bubble. (In a column, precipitation of air bubbles
on'hydfophobic surfoces is not a signifiéant fédtor). The
iﬁportaﬁce of entrainment as a mechanism of par;iclo collection
has been discussed already. In the flotation column, the con—

cept of - the downward flow of wash water in the cleaning zone is

B i bt i
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to prevent feed water from reporting to the concéntiate, and,
therefore, to prevent recdvery to the concentrate of entrained
hydrophilic particles. The extent to which this objective is
met in .industrial columns requires testing. However, it will
be assumed for now that, while particles may be collected via |
entrainment in a flotation column, they are completely rejected
back to the recovery zone by the wash water. Fruitful particle
recovery will be considered to 6ccur by the collision-attachment

mechanism alohe.

The collection process can be studied by considering a gas

_bubble rising through a downward flowing slurry. Collection

-efficiency, EK' i; defined as the fraction of all p#rticles
swept out- by the projécted area of the bubble that collide with,
attach to and rema;n attached to the bubble until reaching the
cleaning. zone. For a given system, the collection efficiency
is a complex function of many parameters, the most obvious
being particle diameter, bubble diameter and particle hydro-
phobicity. There presently exists no fundamental model rela-
ting collection efficiency to the pertinent process parameters.
The development of such a model is tﬁe subject of chapter 3.

The importance of peing able to predict EK,
understanding the impact upon EK of the various parameters, is

or at least

that EK is directly related to the collection rate constant k.

The following-.rate expressions are similar in concept to those

1(17)

presented by Jameson et a and are particularly suited to

collection in a flotation column. Consider a cell of height h
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and cross seeeionélLe?éa A, At any(iﬁetant the toeal number- of-
partieles of arspeeific\size end hydrdbicity ie N,., and the . '
concentration of these particles at any 1nétamt is C ='Nt/(hA).
l

The total number of “the partlcles removed by single gds

bubble of diameter=db during its ascent, th'ls

. . l | B

\ : X, | .

‘N. = (1/4 hc E, .| - 2.1)
/4 v “Ih C By ‘ (

* !

!
i
l

3 ’
- -

_ The’ rate of bubble generatlon is Q /(1/6 ﬁdb ) for a gas volu-

metric flowrate Qg. Then, the rate of remoﬁal af the partlcles
~ . - | ’

is exﬁreséed by - ' . .{ e
. o | -1.5 % " % Fx ‘ (2.2)
dat - db ' -

Sebstltutlng Nt = Cp

ty v_ = Q_/A git -
= ves : - ’
. Y g - Y% g ' Tl -
N . : M 1
- dc 1.5v EK . .
- . dt - -( db )3‘ Cp - - (l2'-”3)
Thus, the rate constant for the_pafticles in question is
i ' N -
k =. k.5 vg EK/d o | (2.4)

Note that the value for Ey in equations 2.2 - 2.4 is for a

bubble within a bubble swarm, and would likely be different

oWy st £ TR oA | PP S - o,

(hA) and using the superficial gas veloci-
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from the value of E; in equation 2.i, which is that for a - .

s

single undisturbed bubble.

&

The preceding discussion shows that the collectios rate

mechanism is first-order with respect to particle concentration

if EK\ddeé not vary with solids content. It is intuitive that

EK is constant only for a narrow range of particle size and for

~a single value of h?drophobidity. In a real mineral system

there will exist a distribution of rate constants, reflecting
a range.of particle sizes and a complete spectrum of hydro-
pﬁobicity due to the interlocking of the different mineral
species. A scale-up methodology must be able to utilize the
collection rate constant distribution of the given mineral
system. For now, it is assumed that, given a narrow range of
particleisize and a single value of hydrophobicity,lEK is con-
stant and particle collection follows first-order kinetics.

It is of course the fractional recovery ﬁ of a mineral,
rather than just the rate constant, that the engineer wishes to

[

know. Recovery is determined by three factors: the rate con-

o

stant, the mean residencé‘time of the particles in the collec-

tion zone, and the mixing conditions of the collection zone.

.One extreme of mixing is plué flow, where the residence time}é?

all elements of the fluid (and all mineral particles) is the
same. Consequently a concentration gradient of floatable
mineral along the axis of the column exists. The other extreme

is a completely mixed reactor, where there is a distribution of

retention time (beginning with time zero) and where the

- T
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concentration ig thé same’ thrbu,ghout the reactor. For a first-
: ) ) X

order rate reaction system exhibiting plug flow and a retention- )

time T
) .R =-1-.exp (~k7) J(2.5)
» o . Coe - k
and for a cogpleﬁgiy'stiyfed_first-éiﬁer reaction kyéteﬁ:' N
having a mean residence ,time = -
. - Kt . ‘
R = To%r t2.6)

The flow conditions in a laboratory flotation column would .

approximate plug flow,while the liquid and solids in plant

columns are transported under conditions between plug flow and. ™

completely mixed. The difference in performance between plugix
~f%oy and completely st;rred reactors is significant.. For -
ekample a recovery of 90% obtained in a plug flow reactpr(
(i.e. k1 = 2.30) eguates to only 70% in a chpletély mixed.
reactor of the same mean residence time and fate constant as
that of the plug flow reactor (é;om equatiohs 2.5 and 2.6)..’It
is important to know, therefore, the degree of mixing of indus-

trgal‘columns and to relate that mixing to ‘recovery.

2.1.1 BAxial Mixing in Bubble Columns

rates and with small bubbles, which corresponds to the recovery,
- N r - i -
zone of flotétion\columns, the plug flow dispersion model has

1

\\

_—— M ¢ - e

For bubble columns operating at relatively low air‘f;byc -
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g ‘ﬁ- been shown to provide a good description of the axial mixing

process(la'lg) Consider the downward flow of either water or

R o o AR rt s o s Rl

Ee ‘ mineral particles in a flotation column. When a tracer (liquid
or solid) is impulse injected at the top of a recovery zone of
length L, the mass transport equation that describes its con-

centration ¢ at an axial distance x downstream from the injec-

e}
T R i TR L e

. - tion point at time t is
- 1 | .
-
: pfe_, e _2e _ o (2.7) }
2 idx a3t : é

x/‘ 4
where D is the axial dgspersion coefficient, due to turbulent

eddies and diffusion (units of 1ength2 time-l), and u, is the

% b

- interstial velocity of the’liquid or particle. This is a one-

Samoh

v
RS PP R S S S LI ~
. - '

= . dimensional model; radial dispersion and nonuniform velocity

- o profiles are not considered. If concentration of the tracer at
: _ the tailings discharge is measured with time (time zero corre-
E ) R sponding to the impulse injection) then a residence time dis-
‘tribution (RTD) of the ligquid or solid is obtained. Such a
distribution also can be pbtained théoretically by using £wo
parameters to describe the mixing conditions: the mean resi-
dence time t and the dimensionless vessel dispersion number

= D/uiL. For a system where end effects are absent the

Nd _
(20)

Laplace transform of equation 2.7 is

" F(s) = exp [Eﬁg[l-(1+4ndrs)l/2]]l‘ T (2.8)

!
!
i

. - . H
R 4 . ‘ “
! 13
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‘Z where s is:thevLaplace operator. The cbrresponding time domain
solution is a unique function of t and Nd(lg):
‘ |
T 172 1 t 1 .
. clt) = (—5—1"% exp[=— 2 - £ - D] (2.9)
art N ' [4Nd Tt

{ ‘ a

thafion 2.9 satisfies the mass transport equation 2.7 for x=1L
and provides a residence time distribgtion for an open-ended
reactor (end effects ignored). The RTD's for reactors having
values of Ng between zero and = , and the same mean residence
time, 1T = 1, are shown in Figure 7. Nd = 0 corresponds to plug
flow and Nd = o corresponds to completely mixed flow. Nd and 7
can be estimated from the experimentally obtained RTD. This is-

discussed in section 4.1.2.

The objective of measuring the mixing parameters is to

quantify the mixing effect upon recovery.' Equation 2.7 has

(21)

been solved analytically for first-order reactions, and,

) \ - for vessels with any kind of entrance and exit conditions, the

solution is(22) | , J

1

1
. 4a exp(z=— -
, \ 7N |
(1+a) exp (=) - (l-a) exp(-iﬁ—) ..
d d

a = (L+ 4krNd)1/2' o oo
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(22)

-Levenspeil ! expresses equation 2.10 graphically at the same

time as showing the ratio V/V‘, where V is the volume of ‘a real
reactor and V_ is the volume 6f a plug flow reactor that gives
the. same recovery aé obtained with the real reactor. Aldiagram
similar to Levenspeil's is shown in Figure 8. Thé k1 lines re-
present lines of equal volume, or holding time, for constant k.
As an gxample of the applicatién;“iﬁ/scale—up practice, of
Figure 8 and equation 2.10 consider the following hypothetical

data.. Plug flow laboratory conditlons (a reasonable approxima-

tion for a laboratory flotation column) yields a recovery (with

A

firsE:g;der rate kinetics) of a certain mineral of 86.5%, in a
reaction time of 5 minutes (k = 0.4 min“l, kt = 2). If the
same reaction is to be performed in a plant'reactor having a
Known vessel dispersion number &d = 0.5; then employing a 5
minute mean retention time in that reactor will yield a recovery
of only 75.1%. To attain the 66.5% recovery would require a
mean residence time of 7.2 minutes (V/VP = 1.44). |

To complete this discussion of column mixing the present

knowledge of mixing in large bubble columns is now reviewed.

o

Liquid Dispersion

The effect of various physical and operating parameters

upon the ligquid axial dispersion coefficient in bubble columns
(23)

-has been reviewed by Shah, Stiegel and Sharma . They con-

clude that for cylindrical columns Dl is essentially iﬁdepen*

\

'dent of liquid velocity and liquid. properties such as viscosity,

surface tension, density, etc. 1In a subsequent review article,




g
¥

RN e i

e v Tt e : 1 2 GNP T A O IR A TR TR

S 27

-~

8 . Extent of reaction as a function of

Né and kt for first-order rate reac-

tion(zz). Vp is the volume of a-plug

flow reactor and V is the volume of a

real reactor.
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. ligquid phase mass transfer coefficient.was the same as that of
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. Shah et a1 (24) generalize the effect of column diameter d, and

superficial gas velocity vg with D, = dckv T wherel s k s1.5

g

.and 0.3 s n 5 2. Since the present concern is with flotation

columns having a large radial dimension it is worthwhile to

examine the scarce gquantity of published data on large diameter

-

columns.

(25) experimented with cylindrical

Magnussen and Schumacher
columns having 0.04 < d, = lm at 0.01 s Vg = 0.1 m/s while
operating in the countef—current mode. For columns with no

No mention is
(26)

internal baffling they found k = 1 and n = 0.23.
made of the mode of bubble generatioh. Towell and Ackerman
operated in the concurrent mode, with both gas and liquid in-
jected through a sparger having a small number of relatively
large holes (0.64 cm}, on columns of 0.4 and 1.07 m diametgr
and 0 s vd £ 0.15 m/s. They found k = 1.5 and n = 9.5.

A noncircular shape of the column'radial section is a
Alexander and Shah(27) showed thét a

complicating factor.

rectangular column 0.076 % 0.23 m in cross-section gave a con-

" "siderably larger axial diffusion coefficient than a cylindrical

~column of equivalent diameter (diameter of a circle having the :

(28)

Akita and Yoshida , working

)

same area as the rectangle).
with a 0.15 m square section bubble column, determined that the
a cylindrical column having a diameter equal to a side of the
square. By extension, this would imply that the liquid axial

dispersion coefficients.were also similar.
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Particle Dispersion

In column flotation it is the dispersion parameters of the
solid particles, not the 1iquid,rthat is of prime importance.

(1?,29,30) have suggested that the axial

Several investigators
dispersion coefficient of fine solids in a bubble column is the
same as that of the l;guid,-i;e., Dp = Dk, where Dp is the
solids axial dispersion coefficient. No upper particle size,
br mass, for which this is valid has been suggested. The other
solids dispersion parametef, the particle mean residence time,
Tp' should be a function of the relative geﬁtling velocity of
the particle,“upl For the case of a descending siufry which is

o

not contacted with gas bubbles, a measure of Tp is:

) (2.11)

.The effect of a bubble swarm upon this relationship is unknown

and, to the authors' knowledge, unmeasured. It is suggested
herg that this effect is minimal at the rélatively low gas
velocities employed in a flotation\éolﬁmn, and that equation
2.11 is suitable forséaleéuppurposes. The relative settling
velocity can be estimated using the method developed by Concha

(31)

and Almendra for single spheres , subsequently corrected to

account .for hindered settling. The terminal velocity UT of a

spherical particle of diameter dp is given by(31):
’ - d_ 3/2.1/2 2
. _  20.52M e -y
Up = S [[1 +0.0921 (-B) ] 1] - (2.12)

P




._the empirical relationship developed by Richardson and Zaki
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where

and

wheré u is the liquid wviscosity, and pp and p, are the particle
qnd 1iquiq densities, respectively. Then, UT can be corrected

‘to account for the effect of volume fraction solids ¢s using
(32),

-

u
=

- _ m }

T
where m = 4.65 for Rep < 0.2, m= 4,35 Rép-o'03 for 0.2 < Rep <
1.0, m = 4.45 Re 0! for 1.0 < Re_ < 500 and m = 2.39 for Re <

500. Since the volume fraction solids will decrease with in-
. : ‘

creasing x, due to capture onto,bubﬁles of many of the floatable

particles, u_ will increase during the particle descent. An.

.average value of up is obtained by using the average of ¢s(feedL

at 'x 0, and ¢_(tailings), at x = L, in equation 2.13.

Gas Dispersion -

If the bubble column has a sufficiently large length to
diameter ratio, the gas phase is assumed to move in plug

flow(23).’ This is a reasonable assumption for gas in the

S

3
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recovery zone of a flpotation column, since the gas bubbles

travel at 8-14 cm/s compared to 0.5 - 3.0 cm/s for the liéuid

and particles, : . . .

2.1.2 Bubble Load ’

The residénce time of a bubble in the recovery zone of a
<flotation column is 5 - 10’times longer than that in a conven-
tional machine. Thus, the possibility of a bubble becoming
fully loaded (and ceasing to collect particles) is considerably
greater in a column, particularly in roughing and cleaning
applications.i Bubble loading becomes a very 'important design
and scale-up consideration. | ‘

The surface on the front of a rising bubble is the area
where particle-bubble collision will ‘occur. Upoﬁ‘adheéion tq
the bubble, particles will slide to the rear (bottom) . _ -
(%3) has shown that for flotation sized bubbles (-6;06 to
0.15 cm) the fluid streémline around the bubble has a closest‘
approach to the bubble at angle ec < 900, measured from the
front stagnation point of the ‘bubble. There would be no coili-
c* As an example, a bubble
b= 0.10 cm rising at }0 cm/s would have oo ® 63°. The
consequence of this, related to bubgie loading, is that un-

with d

s

impeded coilisipns can occur until approximately 70% of the

‘bubble surface is packed with particles. After that point the

rate of collection will steadily decrease and the reaction rate

will no longer be first-order.
€
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The onset of full bubble load (or hindered flotationj can

be estimated. Consider a single bubble. The rate B of particle

collection by the bubble is given as:

1 2 . .
. B = g db a, (o, o ) Ep (;.141

*

where ¢_' is 'the average volume fraction floatable solids in

the slurry, and pp ¢SP is the particle concentration in terms

of mass of particles/unit volume slurry. The units of B are

mass time_l. If coverage of the bubble surface by a monolayer

is considered to occur until 70% of the bubble surface is

covered, then this -load I''is given by .

©°

i

where vy is the fractional packing density of the monolayer #

coverage of particles. The units of I' are mass. Then, the

‘

time tL of bubble rise to attain I' (the onset of hindered

.flotation) is

‘

: 2.8 d_ v R
t. = % = — 1P (2.16)

ap bg

Ex

and the height hL of bubble rise in conditions of free flota-

tion is

h = u t T —— (2.17)

- 2
r = 0.7 wlaP'pP a. "y ‘ (2.15) .
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There is some evidence that a bubble will carry more than
a monolayer coverage of particles, explained probably by

(34) calcu- -

particle-particle adhesion. Tomllinson and Fleming
Yated a surface coverage of apatite as high as 120% on 0.08 cm
diameter bubbles. King et a1(3%) studied the loading of fairly
\large bubbles; db = 0.33 to 0.62 cm. Over this range they ob-~-
served Ehat the smaller bubbles picked up a gréater load per
upit afea than the larger bubbles, and postulated that the in-
Cfeased curvature of the smaller bubbles allowed for a greaﬁer
packing density of the irregularly shaped soli@s; It seems that
using vy = 1 for flotation sized bubbles is reasonable.

. 2,2 Cleaning Zone

Consider the dimensional comparison presented in Table 1
‘between a 1.83 m square column and three sizes of Denver flota-
tion machine. The number of Denver cells was seiected to"givé

. the same pulp volume as that of the column (9.5 m high x
1.832m2). For similar residence times and approximately
similar mixing conditions, the mechanical cells have availlable
5 to 8 times more froth area and 1.5 to 2.5 times more 1lip
length. The gas requirement; in terms of volumetric flowrate

* per unit vdiumé of pulp, is 16 times greater in the mechanical
machines.

" These three comparisons serve to illustrate significant'n
differences between columns and mechanical machines. Upon ’
arriving at the bottom of the cleaning zone the bubbles in a

column will, in most cases, be close to or completely covered

.
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Table 1 g ) B

. Area and Lip lLength Comparisons

~

) Column vs De\nver D-R - '

Lt Total Typical Lip
- Volume of $ of Surface Gas - Length
‘ : ) Pulp cells Area Require~- (m) .
) ( m2) ment

] (mi/min)/ -
o . (m™ pulp) ;
Column 1. 83m2

«

F -

. "703

31.8 ' 1 ' 3.35 :

. _ 180 30.6 6 19.9 : 10.9
: 300 34.0 - 4. .19.9 17.8%

0.1

L penver b-rR®’100 30.8 . 11 * 27.1 . 1.4 - .16.8 :
10 .
0.9
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with pa;:{:icle_s, while this would likely otcur only in the first

few cgllé of a c.onventional cleaning or roughing bank (if at

all). T&/prveven,t a major release of the collected particles,

coalescence of the gas bubbles must be minimized (coalescence

results in reduced :fnterfacial area and, thus, reduced solids

carrying capacity).

This is attained by the downward flow of

wash water that generates a packed bubble bed regime instead of

a froth. Coalescence eventually does occur, as evidenced by

the’ cpnvent.’&onal froth that ovérflows tihe top of the column.
. )

What is unknown is whether this coalescence occurs gradually,

from bottom to

the wash water

The level

occurs, and at

inf:erface into

<

for the féllowing reason.

[V

top of the cleanj:ng zone, or rapidly, close to

addition point.
in the cleaning
which particles

the wash water,

zone at which coalescence
are forced off of the gas/liquid

is an important consideration,

A significant portion of the wash

. water reports to the concentrate. This water is added only

5 ¢cm from the column top, but it is likely that it penetrates

a certain depth into the cleaning zone due to fairly strong

mixing conditions.

Thus, for a particle rejected from the

gas/liquid interface, the closer to the top of the column that

éhe rejectién occurs, the greater is the probability that the

part:.cle w:Lll reach the concentrate anyway - carried by the -

L

wash water rather than attached to a bubble. Cienski and

(36)

reported increased weight recovery with increased wash

water rate for 0.45 and 0.9 m square columns operating as
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molybdenum cleaners. It is unclear what mechanism céuses this;
edither a reduced rate of bubble coalescence, or greater penetra-.

~

tion of the wash water with resulting inc:gased capacity to re-

cover particles that have been dropped from the gas bubbles.
The flow patterns in a water-drained froth are very com-

plex and'are dependent upon g\ﬁarge number of variables; gas

rate, wash water rate, solids concentration, particle size

(distribution), particle hyd%ophobicity, liquid visaosity,:sur;
\

face tension, mixing conditions, ‘and more. There dre presently

-no models to simulate water draiqed froths, and there will be

N, ;

ﬁﬁo attempt to develop one here. fWhat is recognized, though; is.
that a certain fraction of the dgllected particles reaéhing thé
cleaning zone is almost always r%jectéd back to the recovery

zone; that is, recovery in the q}eaning zone is less than 100%.

|
Plant testipg is required to determine a typical range of

.cleaning zone recovery.

2.3 Interfacing the Collection and Cleaning Zones- o

Three mineral categofies can be identified in a froth
flotation separation, classified according to their hydropho-
bicity,A The firs£ catégory is the strongly floating minerai,
intentionally promoted with a cbllector. The ;econd catggbry
is the completely hydrophilic mineral that shows .a contact
angle of ze}o, or close to zero; i.e. the gangue. The third
category is the weakly to modéfately floating mineral, inten-

tionally depreésed in some manner but without complete success.

(A fourth category could be the mixture of interlocked minerals
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from categories 1, 2 and 3.) The manner in which a flotation C?

o T raemEn Wity

column prevents recovery of the gangue, category 2 mineral, is
via wash water .replacement of feed pulp. Maximization of the
seéaration between syzpngly and weakly floating particles, [
categories 1 and.3, is attained, not through wash water replace-
ment, but by multiple recleaning. . ‘ °

Consider the multiple recleaning process in a column.
Accepting fhat a fraction of the particles is returned from the
cleaning zone to the recovery zone, then these returned parti-
Cles undergo a repéat of the process of"colleétion (as when
first fed into the column). Underlying the simplicity of this
is an import&nt concept;. each timelthat a particle undefgoes
the collection process it has available to it 100% of the orig-
inal retention time. Contrast this to a bank of mechanical
cleaning cells, where each collection event subsequent to drop-
back from the froth has a reduced retention time. This is ¥
particularly important for selective separation (between cate-
gory 1 and category 3 minerals).

Defining the cl?aning zonenrecovery RF as the recovery to
the concentrate of p;;ticles entering the cleaning zone from
the collection zone then, for a collection recovery of RK' the

-

total column recovery RT is

L T NL VR
+fRKn (1 - RF)“] ' (2.18)

i e e
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( where recoveries are fractional quantities. Since

}RK(l - RF)]<41, then as n —> « equation 2.18 converges to

*xFr

R = | S (2.19)

T 1 - RK (1 - RF)

The ratio TR of recycle mass to feed mass is given by

TR = Rg (1- R + (R (1 - 2.
g + Rxn (1 - RF’n ’ (2.20)

’

which also converges, to give . ~

- 1 -
R - IT-rR T-wry ! (2.21)
(It is assumed that complete bubble load does not occur.) e
k Equation 2.19 can be used to illustrate the cleaning
- action in a column. Consider an idealized column feed con~-

sistihg of 50% mineral A and 50% mineral B, completely liber-

ated. It 1s assumed that the recové?y of both minerals follows
- *+first-order kinetics, and that'Rk of mineral A is 0.95 and RK |
of mineral B is 0.20; i.e. A is a category 1 mineral and B is a
;ategory 3 mineral. It is also assumed that RF is, the same for
both minerals. The effect of varying RF upon recovery and
grade is summarized in Table 2. A decrease in Rp decreases the

(k recovery of both minerals while increasing the grade of mineral
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Table 2

Effect of Froth Removal Rate

Upon Selective Separation

RKf M%neral A
R Mineral B
: K
‘Rp Ry
(x100%) (x100%)
' A B
100 95.0 20.0
80 - 93.8 16.7
60 91.9 13.0
40 ' 88.3 9.1
20 79.0 4.8
10 65.2 2.4

s

]

0.95
0.20

-

Gradé
$ A

82.6
84.9
87.6

90.7

94.3
96'.4

§

v




A. This result is not unexpected;’

of sequential cleaning of two minerals with different, but

finite, collection rates. The importance here is that it is

performed in a single ‘machine.
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THEORY - THE' COLLECTION OF MINERAL PARTfCLES BY BUBBLES

3.1 Previous Work 5

_...
o fepens s

The most comprehensive flotation model to date was pub- 1
. N lished in 1948 by K.L. Sutherland(37). This model calculated,

from fundamental principles, the probability of a particle 'A 1
colliding with a bubble as well as the probability of attach-

; ment subsequent to collision. The attachment' probability com-

pared the time of particle-bubble contact with the induction
time, where inductionttime is the time which elapses between -
apparent contact and true contact, i.e. formation of a three-
phase contact line(38). A distribution of contact ti?e was
determiﬁed by considering the distribution of contact angles
and 'the tangential velocity of éhe parficle over the bubb;e
surface. The possibility of detachment subsequent to adhésion

was not considered. Sutherland extended his analysis of a

single particletbubbié/éystem to a swarm of bubbles in a slurry,

¢

e

and developed a relationship between the rate of flotation and

the pertinent operating parameters including particle sizé and

( induction time. Jowett‘39) has applied Sutherland's model to

A oy WS

Vi 'd
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‘. . lahoratory\daﬁalin oiéer té esfimate the relationship betwgen'
particle size and induction time. His analysis is discussed
further in section 3;1.3.“" | h ‘

In the years since Sutherland proposed his model there
have been siénificant developments in the knowledge of the fluid
:flqw pattérns around spheres having Reynolds numbers similar to
that‘of flotation sized bubbles. These developments show‘that

there are serious errors in the basic assumptions used by

Suthérlgndlto calcﬁléte collision and attachment probabilities.
T The more important errors are noted in the following sections .
andlduring the discussion describing the propésed model. How-
ever, the basic form of Sutﬂerland's model is sound; his' work

is a landmark for flotation modelling. While there has been no .
attempt to improve upon the complete form éf Sutherland's modelﬂ
;here have beeA:developﬁenﬁs in the understénding of specific
aspécts'of the colIectiop process, notably the collision event,
/qontacé time, inéuction time, gnd detachment.

1.

3.1.1 Collision . « ) \

) ‘ The particle-bubble collision process-has been studied
- " - " theoretically by severallinvestigaﬁbrs since the late 1960fs;

the most relevant are by Flint and Howarth(40)

(1971), Reay and
ratcliff (41742) (1973, 1975), Anfruns and Kitchener 43! (1977),
Weber(33)(l981) and Weber and Paddock(44)(1983). Experimental

results have been reported by Flint and Howarth, Reay and

(; Ratcliff, Anfruns and Kitchener and by Schulze and
Gottschalk(45'46). Each of these authors based their analysis

e, e ATy i & e o WY Bt A
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orl the equation of motion of a spherical particle relative to a
spherical bubble (that is large compared to the particle) rising
in an infinite pool of liquid. Hydrodynamic drag will tend to
sweep the particle around the subble, following the fluid

streamlines. Particle inertia and gravity act in a combined

' manner to move the particle out of the fluid streamline and to-

ward the top of the bubble. The equation of motion is

. . v,
143y 1 3 } 1 2 2
'3‘“ gp = = T dP (pp pg) gj + FT CD Py dp (uj vj)

(3.1)

W'h‘ere\vJ is the particle velocity in the j direction, Uy is the

\lf

velocity in the j direction that the liquid would have if the

- particle were not there, gJ is the component of gravitational

acceleration in the 3 direction, and C_. is the particle drag

D

4 coefficient. The second term on the right side of equation 3.1

is the steédj state drag term; the first term on the right side
is the particle body force due to relative gravitational a&cel-
erétian, and the term on the left side is the body force ac~-.:
counting for particle inertia.

A diégram illﬁstrating the approach of the particle toward
the bubble is shown in Figure 9. The bubble is assumed to be
held stationary by a flow of liquid in the negative y direction
equal to the bubble rise veloéity U, - Allowing the particle
drag coefficient to be that of a sphere in Stokes flow
, =\24/Rep) then Equation B.i can be described in

(i'?‘ Cp = Cpsk

“ ,
W’* ol AWt e heowt
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Illustration of a particle approaching

LN

a gas bubble. x, y and r coordinates

are dimensionless; at the. bubble sur-

2 2
face r = x" -+ y~ = 1.
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Sk —& = (u +u) ~-v
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\

U = uuy

Ve T Velu
. )

uY = uy/ub
. -

vy =' vy/ub
*

t = ?bt/db
*®

u = pp/ub

Sk = Stokes npmber
da_ . '
1 ,°p, 2
= (R) (3?
E) Py ' Rey,
Re, = bubble Reynolds number
b

= éb e,/

-
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_terms of x and y coordinates and several dimensionless para-

(3.2)

(3.3)
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and, for Stokes flow ’ J 4

i

\

2 .
= - a 8
up . (pp "z) D g/18u

In this analysis the bubble radius Ty, = 1; so the coordinate

r = sz $3y2 = bl lies on the bubble surface. ) .

e

The Stokes number is directly related to the ratio of
inertial to drag forces. Reay and Ratcliff(41) describe Sk as
the ratio of particie relaxation time pp dp2/18u to the charac-

teristic time db/ub for changes in the fluid flow. Most of theb
theoretical and experimental work to date has focused on rela-
-tively small particles, and bubgles with db = 100 to 1200 um,
'so Sk << 1 (i.e., the partiéle adjusts almost instantanepusly
to changes in the fluid flow arognd it). This allows the
inertial'term of equations 3.2 and 3.3 to be ignored and, thus,
assumes that gravity is the only factor that may cause the
‘particle. trajectory to deviate significantly from the fluid
streamline.

Collisions are quantified by using a collision efficiency

> EC that Weber(33)

collide with the bubble divided by the rate at which particles

has defined as the rate at which particles °

flow across the projected area of the bubble, that rate being

3 ™ d 2 (u, + u ) C_, where C_ is the particle concentration.

4 b b p P
Collision efficiency can also be thought of in terms of a

capture radius RC. All particles with center located closer to

J R R
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"the same value of EC

g, R £ 5 1, wagan, wdE )
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the bubble axis than R., at a distance far ahead of the bubble,.

c

, R 2
caollide with the bubble; i.e. E_ = (=S) . %
. C rb 2.

For calculation purposes EC is divided into an inter-

_<ceptiona1 collision efficiency Eéi and a gravitational collision

efficiency E 80

Cg”

E_ = E_, + E (3.4)

c ci Ccg

Interceptional collision alone (gcg = 0) occurs for neutrally

buoyant particles which follow the fluid streamlines exactly.

'Gravitational collision alone (E‘ci = 0) is hypothetical; if.

would occur for particles having a finite settling velocity but

and E the liquid velocity

Cci Cg
field around the bubble is required.

zero dimension. ‘- To calculate E
For solid spheres, these
velocitiesqcan be déterminéd if either Stokes flow or potential
floﬁ~is assumed (the Stokes and potential flow solﬁtions to the
Navier-Stokes and continuity eguations for axisymmetric flow

around a sphere are well known). It is assumed that the bubble

'generated in a surfactant contaminated solution behaves as a

solid sphere with densiﬁy zero and with little deformation from

the spherical shape for db £ 0.12 cm(33’47).

Flint and
Howarth(40) calculated gravitational collision efficiencies for
both Stokes and potential flow. For Sk < 0.1 they arrived at

g for éither assumption,

% *
E = u /(L +u). (3.5)
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a

‘ . Reay and Ratcliff(4l) arrived at a similar value for the Stokes

- flow solution, but they allowed for a non-zero particle diam=- °

 eter, giving(33)

) . ) _ tu* db +dE 2 2 ) S
) Ecg - l + u* ( db ) sin eG P (3.6)

&

where eG is the angle on the bubble over which gravitétional

deposition occurs. Stokes and potential flow have fore—énd—aft

symmetry, consequently 6, = 90°.

Weber(33)

considered the real situation éf flotation sized
bubbles, having Reb from 20 to 306% and noted thét the liquia

. - ‘ flow around such bubbles is not axisymmetric. vFor Reb > 1 the
streamlines are pushed toward the front of the bubble aﬁdkﬁhe
closest approach ¢of a streamline occurs at an angle 8¢ less
than 90°. The angle o£ closest approachbban be evaluated as a
function of'Reb from the results of numerical solu;lons'to the

B

- Navier-Stokes equations reported independently by two investi-

gat0r5(48'49). A plot of 6, vs Re, is shown in Figure 10(49'33!

c (and less than |90°) the radial compo-

At angles greaternthan'e
nent of the liquid velocity is directed away from the bubble . P

,surface,'while the radial component of the particle'settling(

¥

velocity is directed toward the bubble surface. At some angle ~

On between ectand 90° the velocities will be equal. Gravita- ,
' ' {

tional deposition occurs-.up to angle‘e-, where 6. s 6. s 6.,
G C G - ng:

3 ‘ Weber made the approximation that eG ec.l This has an obvious

(; impéct'upon ECg' equation 3.6.
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Weber also applied t@g;%orWard shift of the grazing
streamline to develop an easily applied model of interceptional

collision. A médgl accounting for Reb was needed, because, un~

-
£y

l;ka;gravitat:i:i%jgollision, there is a large difference be- -

tween the int ept'onai collision efficienéi at Stokes flow
. } ;

and at potential flow. As an example, neutrally buoyant parti-

]

cleés having (dp/db) 0.05 will vyield ECi = 0.00375 assuming

Stokes flow and ECi 0.15 assuming potential flow(33). In

collision by interception the particles follow the fluid stream—

n,

lines exactly, so there will be collisions only for 6 < GC; the

grazing collision by interception occurs at ¢_,. E_,. is related

C Ci
to Reb,and the Stokes flow interceptional collision efficiency
(33) .
EiS by.
' , (3/16) Réb _ '
g o E.. = E, [1 + ] ) (3.7)
- SCi is 1 + 0.249 RebO.SG

where
" 1.5 (a_/a,)?

E, . = B ‘ (3.8)

15 1 + u*

E&uation 3.7 is valid for 0 < Re, s 300. To complete the above

b
example, a particle/bubble system w1thl(d /d ) = 0.05 and
Reb = 100 gives E.; = 0.020 by equation 3.7. '
‘ (43)

Anfruns and Kltchener performed experiments with a

singlie bubble system (0.06 & db s 0.10 cm) and very dilute
suspensiohs of quartz particles (12 = dp £ 41 um)’. The quart%

was surface-methylated with trimethylchlorosilane and gave a

¢

r ‘ . 13 . e
-

~
oy 20 o
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contact angle of 90? (on polished plates). They measured
collection efficiency Ey and assumed that attachment efficiency
was 100%, so Ex = E;. Their theoretical calculation of Eg
accounted for both gravitational and interceptional collision.
ngever, they were unaware of the forward shift of the grazing
streamline, and their graphically presented solutiop for ECi
was valid only at Reb = 40, Weber compared théir results with
his model (equations 3.4, 3.6, 3.7 and 3.8). The experimental
values were close to but less than predicted. This is not un--
e pected,becausglit is unlikely that attachment efficiency
wopld beMIOO%. However} the reasonable match is a good confir-
mation of the form of the collision model.

}Unfortunately, the collision model is limited to particles
Qith a maximum diameter of 30 - 40 um for typical flotation
sized bubbles. For particles greater than this size the
particle inerfia becomes significant and must be agcounted for;
it can mot be assumed that Sk = 0, Flint and‘Howarth(4°)
calculhted, from particle trajectory simulations, gravitational
collision efficiency as a function of Sk and u* for both Stckes

" (50)

- and potential flow. Reay calculated E, as a function of

Cg
Sk for dp /@b = 0.1 but his calculations also included unsteady
state drag terms as well as the steady state drag. (Unsteady
sfate drag arises Qrom\the relative véiocity between a particle
and the fluid-that itﬂis flowing in, developed when the particle
trajectory deviates from the fluid streamline.) Reay's

criteria for there to be Eegligible effect of uﬁsteady state

‘drag is’

i
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Neither Flint and Howarth nor Reay accounted for the forward

p % .
Sk (=) << 0.33 : (3.9)

shift of the grazing streamline; There has been no reported
calculation of ECi vs Sk and .

Sutherland's calculation of collision efficiency is not
fealistic for small or intermediate sized particles. For
example, if 4 = 0.1 cm, u = 11.6 cm/s, v = 0.01 poise,

p_ = 4.0 g/cm3 and d, = 5 um, then E. = 0.00050 by Weber and

P P
0.015 by Sutherland. At dp = 20 um, Ec = 0,0080 by Weber and
0.060 by Sutherland.

(45,46) used the same method as

° Schulze and Gottschalk
S&tgfrland to estimate collision éfficiencies for their experi-
mentgl system, in which they photographed trajectories of
particles\ approaching a single stationaiy bubblg: They workea
with large pa}ticles and a+ large bubble (dp = 160 wm,

d, = 0.30 cm, u* = 0.18 and Sk = 0.24) and did not abcount for

particle inertia. - ,
\ a |

\ ‘ -
3.1.2 Contact Tinme

*

Schulze and Gottschalk also photographed, for the particle—
bubble system just described, the sliding of a mineral pérticlg
over the surface of a bubble. They measured the sliding fime
of a particle, taken to be the tlme to slide from the point of
contact to 6 = 90°, They compared their data with the values

(37)

predicted by Sutherland's equation , Which assumes potential

r A
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flow. The‘fit is reasonable; however, the Sutherland equation
is in error. In the-original paper, the equation for sliding
time ovefestimates’thé time by a factor of two. In fact, the
assumption of potential flow is not a good approximation (see
also section 3.4.2). .

(Sl), also

Bogdaqov, as reported by Klassen and Mokrousov
étudied the proéess of particle slippage by high speed photo-
graphy."He employed a range 6f particle sizes, and concluded
that particle contact time decreases significantly with 1&-
creasing particle size, -unlike Sutherland's model, which gives
_contact time as essentially independent of particle diameter.

A nece;sary assumption in calculating the sliding time is
that the particle does not bounce when it.hits thé‘bubgle sur-

(52) showed

face. ,The photographic studies of Whelen and Brown
that large particles do bounce. They used coal with de== 225uﬁ
(de is the volume equfvalent spherical diameter). They observed
not onlyupartié;e boungg,;but also significant deformation of

the bubble surface atﬁihe‘point of contact. Schulze and

(45,46)
\

system (dP = 16% um, °o = 2.5‘g/cm3)‘when collision occurred at

Gottschalk also reported particle bounce with their
angles of less than approximately 30°. The induction time for
a particle~-bubble system where contact occurs only duiing the
time of impact and elastic repulsion has been estimated by
ﬁhilippoff(53) and Evans(54)." They considered that the liquid-
gas interface acts similar to'a spring, where the elgpticity is
caused by éuxface tension, and calculated the contact t&me from

equations describing siméjé harmonic motion.

.
. i
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In summary the particle-bubble contact mechanism is
slippage for small particles and impact (bo&nce) for 1arge
particles. The photographs of Schulze and Gottschulk show both
bounce and slippage for 166 um particles. The minimum particle
size at which i}gnificant particle bounce occurs is unknown and

appea;é to have received little attention.

\ «

3.1.3 Induction Time

7

During particle-bubble contact, the attachment process is
determined by thinning and disruption of the l;guid film sepa-
rating the paiticle from the gas bubble. The film conslsts of
the hydrated layers of the bubble and the particle, and develops
what is termed a disg;: g pressure(§5). The disjoining pres-
sure is a result of van der Waals forces, the deformation of
the electrical double layers and hygration effects(ss). After
summarizing the results of severél investigations, Finch and
Smith(SG) Sonclude that double-layer interact%on dominates from
~1000 nm down to ~30 nm, and that van der Waals forces and
hydration effects é;minate below ~30 nm. Below 30 nm the film
is unstable, rupturing readily upon shock. The time required
for the complete film to thin to such a thickness that rupture

can take place is termed the induction time(57). The concept

of the induction time is the link between the chemistry of

flotation and the physics of flotation.
A direct measurement of the induction time in a dynamic
partiéle-bubble system is obviously a difficult, if not impos- ///

sible, task. It is necessary, then, either to resort to a
[
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static system, or to infer an induction time based upon knowl-

(58) measured

edge of particle contact time. Eigles and Volova
iqduction times in a static system. For doéecylamine treated
\qéhrtz particles between 150 and 300 um, indﬁbtion time in-
creased with increasing particle size. The size effect was ’
dramatic; at a certain set of conditions induction ﬁime Qas ,
10 ms for 190 um particles, comparedzto ~300 msrfor 230 ﬁm

5

particles, and 3 x 10° ms for 275 micron particles. It is un-

likely that these measurements are relevant to a true flotation
system,

Jowett(39) has applied Sutherland's model to laboratory
data in an attempt to estimate induction time as a function of
particle size. From his analysis he coﬁciuded that inﬁuction
time increased with increasing particle éize, although it was
virtually constant for dp < 20 uym. Hoyever, the serious flaws
in Sutherland's calculations of %Pllision efficiency and,
especially, sliding time (dgscribed in/section 3.4.2i are
sufficient to invalidate Jowett's assessment.

An interesting outcome of th€ experimerts. by Anfruns and ’
Kitchener(43) is that particle shape appears fo play a signif-
icant role in the attachment process. They measured collection
efficiencies for methy}ated guartz particles as well as for
methylated glass beads. The collection efficiencY for the
glass beaag“ggs consistently lower than that-of the quartz
particles, by a\géctor of 2 to 10. Addition of 1 molérfxcl,
enough to virtually eliminate electrical double-layer repﬁl-.

(43)

sion , significantly improved éhe[rate of glass bead

I3
S
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flotation but sti}l not close to the rate of quartz particle

\

capture. The difference is ascribed to the effect of angular- .

ity on the rupture of wetting films. The existence of a sub-

stantial electrostatic energy barrier on smboth surfaces,

‘established in'static measurements of equilibrium film thick-

ness(sg), is compatible with these results. Sy
{

Bubble size may play a role in determining injpetibn time.
Klassen and Mokrousov(Sl) have reported the resulte of several
studies showing that contact angle increases wi?h decfeasing
bubble diameter. The results of experimentalyméasurements of
contact aﬁgle ve thickness of the residual hydrated layer et a
mercury-air interface, and contact angle vs bubble diameter are

o

shown in Figures lla and 11b as reported by Klassen and.

. Mokrousov. Figure lla shows that with an increase in the

thickness of the residual hydrated film ukéerneath‘theeattacheai
bubble,‘the contact angle decreases. Figure llb shéws anlin-
crease in contact anéie with decreasing bubble diameter. The
postulatedumeehanisme ekblaining this latter phehomenon are as

follows. Smaller air bubbles exhibit a higher internal pres-

sure, The greater this pfessure the thinner is the hydrated
layer and the greater is the contact angle. Another considera-

tion is that since the amount of water vapour in a bubble de-

'creases with decreasing bubble diameter (increasing pressure)

the amount of water vapour adsorbed on the mineral surface from

(60) alsoc reported-

the air bubble is reduced. Leja and Poling
significantly increased contact angle with decreased bubble

size for surfaces of lucite and galena. The relevant factor
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here is that if cont9bt angle is reduced with decreasing- bubble
diameter then it is not unreasonable to assume that induction
I ®

time is also reduced with decreasing bubble diameter.

3.1.4 \Detachment

T

It has long been considered that an important cause of

»

poor coarse-particle flotation is particle-bubble disruption by

turbulence(SI). Schulze(6 )

has comprehensively examined the
detachment process with a view towards determining an upper
limit to particle floatability. Jowett(39)~developed an esti-
mateg of crit;cal particle size for aggregate disruption baeed “
upon the translational velocities of the turbuleht zones in'
mechanical flotation}machines. He arrived at critical particle
sizes between 100 um (S.G. mineral = 7.5)'and 200 ‘ym (5.G.
mineral = 4.2) for e contact angle of §O°. Below the critical
size, detachment should be'mininal. Woodburn and King(62 r63)
based their détachmentdanalysis upon the tension developed 15’,
the skin of the bubble when the bubble is subjected to a sudden
\facceleration in the turbulent fluid. They calculated that the o
maximum strain induced in the bubble skin is- proportional to
d 1. 5, and conciuded that the probability of detachment was ’

p
(a /dp max) . Their experiments showed d4_ max. to be between

400 and 1000 um for many minerals (°3). 1f a, max. is 400 um,
then the probability of detachment is 0.13 for a 100 um parti-
cle and 0.04 for a 50 um particle.

It is likely that detachment probability/is considerably

less than the above values in a flotation column, where there

B Tz
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is no mechanical agitatién (or, alternatively, the critical

size for disruption is higher).

0

3.1.5 Very Small Particles
| - In the discussion so far, two zones of liquid can be iden-
tified. One 2zoné is the~bulkjliquid that is sufficiently far
from' the bubble surface for éhelparticle to be unaffected by
surface relate& forces; hydrodynamic forces on the particie
doﬁiqgte. The second zone is the surface, or disjoining layer
discussed in seétion 3.1.3. Derjaguin and Dukhin(sf) have pos-
tulated“the existence of a third zone positioned in between the
bulk~1liquid zone and the &isjoining layer. They cqnsidered.
-that upon the adsorption of an ionic surfactant at a bubble
surface the flow of solution past the rising bubbie and the
double;layer at the/gas~liquid interface would create an elec-
trical field near the bubble surface (in addition to the field
assocxated with the double layeY¥). They calculated that this
electric field would extend from a few to égme tens of micro-
meters and, therefor;, that it would alter the trajectory of a
charged particle passing through it(ss). The force exerted on
a particle in this zone was termed a diffusiophoretic force.
The Derjaguin-Dukhin theory divides particles into two
classe%;' very small particles, that are captured on a bubble
because of the diffusiophoretic mechanism, and larger particles,

for which the diffusiophoretic mechanism can be neglected. The

impetus for their theory of fine particle flotation a?pears to

PO,
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derive from an assertion that there is a minimum particle size

below which particles are incapable of colliding withtﬁhe bubble
surface. Reay(so) has shown that for an inertialess particle
(Sk > 0) there is no such limit. The incorrect conclusion
of Derjaguin and Dukhin was caused by neglecting the effect of
gravity on the particle(40'5°). Lyman(GS), however, céncures

that the diffusiophoretic force exists; the quest}on that is

unanswered is to what distance away from the bubble surface it

-extends and, thus, to what maximum particle size it affects.

In another approéch to fine particle flotation Reay(4l’5°)

considered the collision of particles that are so small that
Brownian diffusion is the dominant capture mechanism. For
very small bubbles (db < 100 um) he determined that diffusion

dominates for dp < 0.2 uym and that cbllision dominates for

”dp > 3 um with a transition range from 0.2 t6 3 um. (It is

assumed that the fine particles are discrete; flocculation of .
fine particles will increase their(rate of collision.)

A lower limit of particle size for which collision fol-
low;d by film thinning is the dominant collection mechanism
is unknown. However, based upon the work of Derjaguin~Dukhin,
Lyman, and Reay it seems that a size between 1 and 3 um is a
practical limit, above which diffusiophq;esis.and Brownian

diffusion need not be considered.

=]

i

3.1.6 Particle Size in Flotation

Particle size plays an important role in each of the

collection subprocesses. Collision efficiency is strongly

o
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dependent upon particle size. From Weber's model and Anfruns

and Kitchener's experiments, E. « dpz for ap < 40 um; E~ will

continue to increase with increasing dp.~ Ddtachment probability

\ N -
is most significant for large particles; for minerals rendered

strongly hydrophobic, detachment should be negligible for

dp < ~100 um(36'91), especially in the quiescent conditions of
a flotation column. However, the role of pafticle size on the
NG

attachment subprocess,‘including contact time and induétion,
time, is unclear. .
- In his 1981 review, Trahar(lo) presents a qualitative view

of the relation;hip betwé;n.particle size, hydrophob;city and
floatability, reproduced in Figure 12, Floatability can be
thought of as a rate’constanp or recovery. Trahar bases his
diagram on the experimental evidencg that increased reaggqp7
levels are required to float’largefgafticles ES/?hé/gﬁﬁéjéxtent
as smaller particles. He concludes tha;;a/diépxéportignate
conéumptiongof colleétor by fine partigies; which woqld lead fo
"a less complete collector coverage of the coarser particles,
does not occur, and that the behavior of coarse particles is
related to the degree of hydrophobicity required to prbmote a
high level of gioatability. )

There are numerous examples of size-by-size recovery that

4

show a peak in recoverj occurring at intermediate particle

51235(10,66). The peak is often observed to be between 20 and

80 um and appears to shift toward the larger sizes as particle

hydrophobicity is increased, for example by increased collector

(67,68)

dosage . The lower recovery at small particle sizes can -
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be explained by the reduced collision efficiency. The lower .
recovery at large, and sometlmes intermediate, particle sizes

is not easily explained. While there is no dour)zt that detachsr
ment is of importance for coarse particles, tHe peak and S\i{- ]
sequent drop in recovery often occurs at sizes where detach- _
ment forces would not be significant. One way to explain this
result would ' ‘be to intrpduce a size dependent attachment gro-
cess. The hecessary trend would be either decreasing contact;
time (as per Bogdanov(?l)) or increasing 1ndgc’tion time. with

- -

increasing particle size, : ’ ' .

3.2 Proposed Flotation Model: Overview ‘

‘ The proposed" flotation model is similar in concept to that
,of Suthquan.&i Particle collection is considered to ~c:ccur’“by
collision followed by slidihg over the bubblewsurface. It ié
not intended to model t_heacomplete range of particle sizeé
rather the focus is on fine and intermediate sized particles. ‘
Consequently, particle detachment is not considered. The
initial application of the model is toward un?erst;a,nding' the
collection process occurrjﬂg in a flotation column, but it ig*
expected that the model will describe the collection prpocess .

occurring “in mechanical flotation machines as well. .
The model construction begins with a simple system; a »

single sphe'rical particle apiroaching a single spherical ?as. .

bubble, as illustrated in Figure 9. The gas bui)bleé is hgld:

' stationary at the cénte/r of the coordlnate' syste:m by a down-

ward flow of ligquid having a velocity equal to the rise

N :

-

N
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( velocity of the bubble ub The fgliowing assulnptions ‘are made

. concerning the gas bubble:

_E is a function of induction time a,nd contact time distributim.

—colliding particles that- successfully attach to the bubble,

3

a. The bubble, being generated in a surfactant contaminated
liquid, behaves as a rigid sphere. Sphericity is main-
ta/,i.ned for loubbles as large as— db = 0,12 cm(").ﬂ Bubbles «‘/ o
: -larger .than 0.12 cm are ellipsoidal in which case db
‘ refers to equivalent spherical diameter d .
b.- The terminal rise velocity of the bubble is cglculatjed

using the meth'od of .Conch'a and Almendra, quation 2.12. _

" When applied tc bubbles,letub— U, and (p - p,) = 1.

P
)
- Comparison between the measured bubble rise velocity of

(43)

Anfruns and; Kitcl;,ene{:'s .experiment with that predicted N

A 3 Sl 5
AN IR TSR R

by equation 2.12 is shown in Figure 13. 'While the fit

with e tion 2.12 is not_quite as good as for the expres=-.

sion employ 5d by Anfruns and Kitchener,‘it is clear that

. ,
R RN N Y

equation 2.12 provides‘a good measure of 0.

Weber's _mode,l for particle—bnbble collision is employed.

e s

Un'fo‘rtunételir‘, the model is ‘applicable only’to relatively
small) perticles, dé < 30-40 um, which is (approximately equi~
valent to Sk < (}.1.‘ To extend the collision model into the
range of intermediate sized particles (30-100 um) collision 7 ,
efficiencies are determined from trajectory calculations for

Sk>01and205Reb5300

Attachment efficiency E, is defined as the fraction of. all
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An important aspect of the model is the use of numerical .solu-

tions to the flow of 1iquid around spheres for Re °p $.300.. These '

solutions provide a ::Ielationship between tangent’ial sliding
velocity as a function of Reb, 6 and- dp. The distribution of
¢ollision angle (between the front stagnatioh point and the .
'collisiox‘u angle ~of the grazing trajectorir) is determined from
trajectory calculatiohs'. 'I'he particle sliding velocities, the
'bubble size, and the distribution of collision angle are com-
‘bined to yield a d:l.stribution of sliding time. Applying a
given induction time ti to the sliding time Qistri]:;ution yields

the fraction of colliding particles in contact with the bubble .

*

for a time greater than t This fraction is equivalent to the

i.

probability of attachment E

X Then, collection efficiencfr Eg

-

is’ given by

=E.-E . . (3.10)
To estimate the upper size limit of particle slide with no -
bounce, particle trajecto‘ries are calculated tfeing the assump— |
tion of a partially elastic bubble surface. The surface elas-—
ticity is estimated by ffitting a trajectory to the coal data of ‘ i
Whelen and Brown(SZ)

. -~ Finally, the single bubble model ieA extended to eccount‘far '

the effects of neighbouring bubbles in' a bubble swarm.




IS

-7 < e : o v ey «
4 v Yo e e <aali SES YRR UMD 0 b eI e st et AN T s TR R e Ty o et o =y P TR R

67

. 3.3 Collision

3.3.1 Low Particle Inertia

Weber's model is valid when, particle inertia can be ig-.
: nored. This/is eéuivalent to Sk < 0.1. His model hasrbeen~
described in sectioh 3.1.’ To summarize the calculatibn'of

colliéion»efficiency; total éollision efficiency is the sum of

.

gravitationaf and interceptional collision

Assuming that the maximum angle of gfavitational collision eG

is equal to the angle where the-fluid streamlipeé come closest

2 t6 +the bubble 6, gives 3"
A
, a 2 )
- u* _P 2 . ,
ECg = T oF (1 + db) sin 90 ‘ '(3.11)
“ The rélationship between ec and’Reb is shown in Figure. 10. ?p*‘

——provide a more readily usable form of 8o Vs Reb, the results of )

Woo's calculations have been correlated over three linear

~

regions to give

6c = 78.1 - 7.37 log Rey 20 S Re s 400 (3.(12a)
g - 8 =-98.0'- 12.49 log (10 Rey) 1 S Re < .20 (3.12b)
6 =. 90.0 - 2.5 1og (100 Rey) 0.1 s Re, < I (3.12c)

€
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Correlation coeffici?ﬁts are all greater than 0.99. ‘Inter-
(33)°

ceptional collision,’ obtained from equatioaf 3;7 and 3.8, is

| | |
1.5(a_/4,) (3/16) R
Sy R o

N (3.13)
1 + 0.249 Reb ' ]

1 + u*

.

Total collision effiéiency for sk < 0.1 is calculated”using

equations 3.4 and 3.1i to*3.13.

\\ -

3.3.2 Intermediate Particle Inertia

Collision efficiencies for SL > 0.1 are calculated in this
work by determining particle trajectories using a npmerical
solution to equation 3 1 and finding the grazing trajectory by
trial and error. The assumption is made that the particle drag
coefficient is~expressed by Stokes -law, that is CD = C DSk °* The

error .in u51ng this simplifying assumption cah be estimated by

using Oseen's correction for CD' given by(sg)

I

T .S 2 1 +33 Rer . © ' (3.14)
B L cDSk/ ig P B . ' ’

For example at °p = 4.0 g/cm3 and dp = 50 uym -
Cp/Chg = 104, and for &, = .80 um.

DSk
1.13. As well, it is assumed that unsteady-state

i

¢ /CDSk )
drag forces are unimportant Reay's(SO) criteria for this to

be the case is given by equation 3.9, -

To calculate a particle trajectory we . begin at coordinates -

(x,v). (Figure 9) sufficiently far ahead of the bubble that the

L

S S TR o

0 e T

Svcse oy o




v
e Jﬂhw/‘.y_,,lgwa R ,:,-_,;k,u,.‘.w s Ao .qa,‘“/*, T — ) e 7 T RO ot S,
- N .

-pubble has minimal effect upon the fluid steamlines.. At this

{ - . e * . W
,location, the dimensionless particle velocities vy and v, are

. the particle collides with the bubble or it is sweét around the
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/ ' . .
calculated, from which the ‘coordinates of the next point are
; A 4 . . <
determined. This incremental procedure continues until either

/
bubble. Collision is ‘considered ,to occur when the center of .
the particle arrives wi,thin one particle radius of the bubble
surface. The process is repeated until a grazing collision is

found, from which EC =k

t

“ 2 , where x_ is the starting x coordi-
nate /for the grazing collision. ‘ ~
“ The equations ‘for particle velocity, equations 3.2 and 3. Q

include a first-border différential term when particle ihertia

is not negle0ted.

" method is employed.
.3.2 and 3.3 t<7 form v'. =

oo 1

To solve these equations a Runge-Kutta

Letting v' = %—LL;, and rearranging equations

f(v*f, gives. S ’ S

¥

w

+
x: . A . 4

‘ vio= skl s ik 1 S ©(3.15)

) x X , U o - o e
z y' - \; _1 i -l * - ‘*“ -

. v! = <=8k ~ vy'+ Sk “(u* + uy ) (3.16)

At a given coordinate n, the Runge—Kutta app’.rz‘oximation fo,r v *

700 g , ! \
A ,/ T
N Y Y +ek’+k ) i "
Yn © Vne1 VL 2 TeRy T Kl NS
. N // - ’ = vd
where o i
s Y * . } ] ‘ R N -
R e gy - 3. 102)
J p

Poe ~ LT .
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! ' AR 3 , ‘ o ‘ Ty
:; ‘ L 3 < e" “) ) "‘ e ' ’ 3 " 2] ’ 7Q 3/‘
f% // ‘ :, N P4 . \ b4 ’
R ﬂv +1'A ool 31801
“, (; “ 5 3 Ce K e . ,2 -1& 3 . \A"‘? “ - : v -
P ' PR ! N ! s 7 a R i ;:
v | N - s ’ ".k‘1 i "f(&* . + 1 Ak ) s A-' " v , 3 “1\‘8‘ N
‘l" tet ~ " ¢ 3 4 n- 1 7 . : . ¥ ' ' ) (‘ . C) -
- PN i ; . ! e v ' , T, N
oLt T K, = E(u Ak) - © (3s18a)
. ) P b4 .+ “ o, . - .
* N ‘ —.;_ ‘ ~ v - ‘: . 4‘ N - \ n‘l ; ‘ 3 L » ' . “ ’ ( : d)' ’
) El ;, . . (‘_, ~y , ‘ ’. ) .
L3 , ',', LI . - o . . - \
) "and A :Ls the step gize :m th& x or y airection. .
i ‘fh “:'% K . * Y otw - g L : a “ ‘ -
: Liquid‘ Yelocities o : . L
' c *rhe only further information needed ‘to complete the
- ] - " -4/
4 N » ~L\

numerical solutionf a.re values for u and uy; " the liqu:l.d veloc:l.-

W iy profilg for the top half of the bubble‘ For Stokes flow and
' '*‘ potential flow these velocities can be determined from an .-
analytic;l solutmn of. 11guid £low around a soﬂ.id sphere. For
S ‘Stokes flow g - L ' ‘ ‘
\ ‘;u; 3(x + y2 - 1)'xy/4A? | . {" s ‘ . ('3.-19a)‘
- ’ [ .. . . i Y

N ‘, p ,f‘ l(xz-y )/(x +y )] + [3(2y )tx : a0

T A2y )]/4A ; © (3.19b).
-’ -and for potentidl flow | . SRR ,
. ‘ N * !. ' ux = 3¥y/2A ' Fe ” 4 ) ‘ (3.20&)
' { ' S " o . . 4
. o -~ ) “" . . & B ' . | — . ” ’ . | :
o u, = x2y?y /ey ) + (2*xB/a - L (3.20)

'/ ' “' ’ ""2 25/2 . ‘ ! ‘ﬁ‘. ".
where A = (x* + y") - '
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I’ l The equivalent.velocities in radial coordinates are, for Stokes
./ . ] " )"‘ ) . ‘. ,flcw P ‘ . ' ' .:‘l‘ ‘ - _— J u‘ '
e e T S ) :
Lo - ) P e K2 .
PR ‘ - t . ) . - ! N . ) . “ v
" t"v‘ - Y < ! ' '* N X -1 N ‘-3 N LR
S e o B, = sin (1« 0,75 . - 0.25r ) - . - . {(3.21a)
N ’ M ‘.' i . v v ° N ~ R N , - - - . . A ‘
v L M ‘ ~’ . B . .
v “ . R T S T el s R ‘
S . U = cos 8 (=1 + 1.5r'" .- 0.5r 7) - ‘ (3.21b)
j‘r' ) .,\ N A : ) : ' ) ’ . . .
‘i' : N + ' ' A #n * e v
‘4 = 4 - . 1]‘ ’ ‘,‘ E = : ,‘ N"‘ = |J i i ! .
"+ L ", -and for potential flow"
oo, ) N T ’ T ’ - ‘" . .
i 4, ’ ) v f“£ \* " f‘ L. . R - _3 N .
A o ué. = gin ¢ (1 + 0.5r'") . b (3.22a)
Sr e ' Com N ) : . ’
L : [ Vo .. ’ v
R B -3
- S . ‘.ui #= ‘cos B (<1 +'r 7) = (3.22b)
P A N M v o - . : R A . . -
¥ . -’ o 3 /
¢ - . , - I
.‘, . w,h , .‘* ‘ . . /“ ‘ ‘ ‘d * - / ‘ t “J» F
- - = : = ! ' [
: ere u, ug/uy an/‘ur u/uy..
o ,‘ What is needed, however, is the velocity distr ution for

spheres having Reynolds numbers in the range 0-300. This is

estimated in two ways.’ Close to the bubble sﬁrface velocitles
are determined using published values of surface velocity
gradients, obtained from numerical analysis. Further from the
’sgrface, velocities are estimated as-a. value-intermediate to

‘ . thé Stokes and potential £low values. , - -

L . cOnsider first thé region close teo the hubble surface. A
good illustration of velocity distributions close to :the sur-'
faceof a solid sphere are the experimental results of Seeley et'
al( b for spheres with Re = 290, 760 and 2940, shown in Figure

(" _ . 14 'Figure 14a .shows liquid tangential velocity u- vs. distance

i il from the surface of the sphere; r-1, at F‘= 459 The radial

\




B e el et f e cva \\

\ 72
/
o * 3 I
o v
| .
+ Potential Flow
x Stokes Fiow |
4 Res290 oRes780
. 4 Res2940 -
T »
b
. -2 v v Y '
~ , N . I < 2] - o o
\\ Radinl dinanee
Ad
_ P
5 14 Liquid velocity on the surface
" of a solid sphere versus distance
o .
from bubble surface at 6 = 45°(71).
Velocity and distance are dim-
¢ ensionless. (a) Tangehtiai‘ﬁelo-

city, {(b) Radial velocity.
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velocity u_ at 6 = 45° is shown in Pigure l4b. The theoretical

. values for potential and Stokes flow are also tndicated. Our

interest\lies with the data for -Re = 290 as this is a value

\close to that of flotation-sized bubbles. Note the steep
htangential velocity gradient close to the surface with ue goin;

to zero at the surface. The tangential velocity gradient at

the.surfacevis the surface vorticity 5 The slope of'ue vs
(r-- 1) is approximately linear from (r -_l)i= 0 to =b:05, and
an approximate measu?e’of\that slope is Es? nhherefore, close

-

to the sphere, let’

* : S ‘ .
wyoo= E(r-1) | (3.23)

- ; . [N
r

An estimate of u* close to\the sﬁhefe is obtained as

follows. For axisymmetric flow around a sphere(47)
/ < * -: - 2 ‘ "1 l\k
u = - sinei (55! “(3.2i[

where y is the dimensionless stream function. Near the surface

of the sphere the stream function can be approximated by(33)

v = sr?g_sine . - (3.25)

~

Since E is known, w can be calculated and 3% can be estimated

(by —l) at any value of r and 6. An estimate of- u - close to

LS

the bubble surface is

v \ ‘
.
,
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Figure l4a provides an estimate of §g. for one Re, of ~

-

inter®st (290&/ d one angle (450). Numerical solutions to. the

Navier-~Stokes egquations for Re = 0. 2 to 400.and ¢ = 0° to 18-0o

have been published by Wbo“g’ and Masliyah“s), including Nt
values of Es. e ¢ data from Woo's thesis 1q %orrelqted

here with 6 and Re in the form

E = |a +be +ce+ded ! -0

‘
-

where a, b, c-and 4 are in turn third-order polynamial‘regreﬁ-L

.t

Sions as a function of Re. rTge regression fits are divided in-
to two groups, 20 s Re 5 400 ;nd 0.2 s Re = 20. The regreésion
parameters are given in Appendix 1. By applying thﬁée numeri~-
cal solution values of E to .equations 3.23 and 3 25=-26, esti—
mates are cbtained for ué and ur’(and ux and uy).cloqe to the

bubble surface.

* A less fund ntal approach is used to estimate 1iqu4d

’ *
,velbcities further| from the bubble. If U, denotes potential

flow Yelocity (either tangential or radial) and uS denotes
Stokes .flow veloci y, then let the true velocity u away from

. the bubble surface\fe:

\iu;e - *uk’ + (1 - xug o (3.27) .
\
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. 'where 0.5 x 5’1, An initial-value -of x is.taken t¢ be the °

1

. average value over the range (r - 1) = 0.2 to tr - 1) = 0. 4,

from F:Li;'ures' 14a’and b. ‘This. value of x is adjusted (after
particle trajectories are calculated using it) 1zo give a calcu-'
‘lated collision efficienc& at low Sk- (< 0. l) equal to that pre-
dicted hy Weber -1 model. The boundary ‘between the two zones,
'close to the ‘bubble surface and ‘further' from the bubble

‘sur»face, is taken to be that point (r - 1) at which the veloc=

“4ties calculated by the two methods are equal.

Trajectories and Collision Efficiencies

In thig manner, particle trajectories are cgalculated as a
function of Sk,xu* and Reb ~ The final value of x in equation
. 3.27 (that provides the grazing trajectory at Sk < 0. 1 which” /
gives the same E as.that fnredicted by Weber s model) does not
differ greatly from the initial value (+15%). For the results ,
that are repOrted here. a Runge—-Kutta step size 4 = 0.02 15‘ ‘

«

used, values 1ower than this do not improve the a_ccuracy‘. Thelﬂ
starting y coordinate Y for all Itr,a‘j“ectories is 10; values '
gréater than this do not ixuprove the accuracy. A listing of
the BASIC proéram, FLOW, develc;ped to calc/ulate tfme trajectories,
is given in Appendix 2. '

An example of calculated trajectories is 'shewnf in Figure 15-
The ei:axuple is for a 40 um particle with LS = 7.5 'g,//cm3,
(e.g. galena) approaching a bubble with Re, = 100. The feur |
x_ values are 0.1, 0.15, 0.20 and 0.22; the grazing trajectory
corresponding to X, = O'.ZIZ9 .(E'c-' = 0,052) witlr a collision angle

of 59.6°.
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. g 'Celculated collisiox; efficienciés as a function. of stokes
% . . * number are shown inﬁﬁigﬁfes1163end 17 for Sk s 1. 0> 1In )
Figure 16 the resTltS'at'cf,;,o.OS and dp =50, um are{given for

Re, = 2:0, 100 and 300, Stokes flgw, ‘and potential flow. The

b
:bubble diameters are assumed to be as follows. db = 0 1 cm. . N

(d /db = 0.05) at Re, = 100 Stokes flow and potential flow,'

Sy

db = 0.05 €m (a: /db = 0.10) at Reb = 20, and db —‘0 14 cm

RERS]

(a,/d, = 0. 0358 at Re, =.300. (At d /ab 0, i.e. By = 0,

zthe calculated collision efficiencies agree with thosq,reported B

by Flint and Howarth(40) ) Figure 17 is for u*'- 0.10 and shows
the effect of varying themparticle size from 50 toe75 um at

’ = 100. As expected&Lthg-collision efficiencies for f‘ ';‘ o

b . .
fa* ‘i 20 s, Reb
) .,and potential flow collision efficienciea.

S -
< 1

. - An objective of- this analysis is~to prdt;fe a~refEtively

-

simple exPression relating E to Sk. This i attained by s

correlating the results it terms ‘of EC/EC ’ where ECo is thgf‘ ?f N

collision efficiency obtained as Sk —3 -0 (the value at

i -8 ék = 0.05 is used), The‘multiple regression result, illus— -

st SO H - . .
e = “WWWW’F«““*Q WWWWWW?YW\W"EWWAWR PRI AT STYRS M PR 3 I g A R ¢ o G SR NN v <

s 300 faﬂl approximately midway between the Stokes flow )

A

trated in Figure 18, is obtained frém 40 sets” of conditions,re;1‘.;

presenting realistic'combinations ‘of Sk, Re andmﬁ*} and is gLVep
By, - - . . | e e T

N 0.06 . 0.54 ,~0.16 -
Eq = Eg (1.627 Rey S u* o) R .\, f3f28’

0:08 £, 0.54 14=0.16" o614 B

(' , 7 s ~~‘ JReb

L
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. ] . , « . E N .
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Trajectory calculations. : / *

. - a1 3 =B f
._?Caversps sk épd.Reb. u*=0.05
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‘for 20 s Re s 300, Sk < 0.8 and.u* s 0.25. The correlation’

"section. When collision occurs the calculations cease. Now,

81

>
~

coefficient is 0.92. The data is reported in Appendix 1.
Equation 3 28 with equations 3.4, and 3 11-3.13, provides

an estimate of collision efflciency for values of sk as high as )

v \

0.8. To give some perspectiVe, the system consisting of an

had

80 umkpgrticle with Ep = 5.0 g/cm3,’and'a 0.10 cm digmeter L
[y B N . p N »
bubble with Re, = 100 gives Sk = 0.36, Sk(;&) .07, and -

E

=< = 1.74. 'Coﬂsequently, this system sat.

= quy's'criteria
Co

(equation 3.9) for neglecting unsteady state. drag terms.

3.4 Attachment

3.4.1 \>&r£icie(Bounce o L
. X - '
THe underlying assumption of the attachment model is that

particle-bubble attachment occurs through a .film thinning bfo— %,

.cess while the particle slides over the bubble .surface. . During
'the induction period, contact is assumed to be continuous. Yet

it has been shqwn(sz 45) that large particles bounce when they

hit the ®ubble surface. The objective of this section is to ’ .o

- estimate the maximuﬁ particle size for which film thinning|

occurs during sliding alone; that is, where significag;,ﬁouncéf :

will not occur.

 Consider agaiﬁ the trajectory model of the previocus -
/

let the particle rebound f&Bm the surface.at a radial velocity

equal to a fraction z of the impact radial velocity. A portion



. ! nl -
" - - !
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? - . . R . ,
\ " ~ oo . 5 & . ~ . =
£, -l — -

Co . . . ) \ |
of the particle kinetic energy will be absorbed by the bubble, y
so the return radial velocity will be less than the radial R - é
velocity A§ impact. To ‘estimate z the trajectory data of .E
Whelan and Brown(SZ) is use@ Figure 19 shows’ their trajectofi }é
ries for coal, pyrite and galena particles. COnsider the coal 2
data. It can be seen that the particle collidfig c103est to / é
the bubble axis bounces when it hits the bubble and reaches a -3

height’ 20.05 Ty before falling back to the surface. -This action
- can be simulated using a- -modification to the progran FLOW,M
,1letting the particle rebound at impact rather than stopping.

The conditions of the coal collision tests wvere:

°

a = 225um . g S
B >,
¢ Ly ) ,
= 1.3 cm” - . :
°p. 3 g/ S )
4 = 0.l4cm *+ \ |
. o ST B DR
W = 27 _cnfs . I TG
From equation 2.12 ué, = 0.67 cm/s oL ’ s
w¢ = 0,025 .- . ¢ S o
Co T sk o= 1,07 T T s T T e i
S . / i B ) B ~__‘ ) ] 51
- %gbf= 380 ' ' - Co “n :', . = ':
| x; = 0.2; ‘ o | . \"'\. 3
\ ’6, 3 k
Using z = 0.50 in the trajectory proqram gives a rebound height ;

. of 0 088, Ty and with z = 0. 40 the rebound height s 0 06

~

The
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u*=0,025.

y
X e
NEET RN




<o

. to calculate particle bounce for Reb = 100,~z = 0.50 is used.

<g?e results of traJectories calculated for spherical particles

" rebounds are shown.-

.from the experimental coal'collisions, Figure 19.

X spherical particles, 12 and 36 um in diameter.

>
N x .
- - v
. x ” B \ .
" I N P
- k4 - - *
X 3
N . 4 3
. . P
R -
)
1
G - . . 84 :
L ~ -
- - 1 B
' L 4 r
r f
-, ! i
. ks
-

Smaller bupbles probably absorb less energy at impact, so, |

of density 7 5 g/cm3 (= galena) and ‘50 =5 dp s 100 pm are *

summarised.in Table_B. Thé heights of the first and second

Trajectories for ai) = 100 um, calculated
.at different xg coordinates, show that the rebound height is
not a function of the collision angle; this is also evident
Data for

= 100 ym and °p = 4.0-g/cm3 is also shown. .

d

P ‘
The general conclusion from these calculations is that for

most ninerals particle bounce will not be significant for

dp5< =100 ym (and for less dense particles_(pp < GBg/cmB) this *

maximum size is closer to 150 um). Even when bounce.-does occur,

it is often damped out quickly with no subsequent bounce, as

illusgtrated by the 60 to 90 .um particles .(Table 3).
. ‘ . !
3.4.2 Particle §liding Velocity ‘

It is evident from Figure l4a that there is a significant

tangential velocity gradient on the upper surface of a sphere,

and, therefore, on a flotation bubble. An important outcome of.
this velocity gradient is best illustrated with an example.
Consideér a bubble with db = 0.12 cm and Reb r 290, and two
Assume that the
tangential velocity gradient is constant across the dimensions
of both particles and that a particle travels at the velccity

that the liquid would have at the particle center. Then, at .

~
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Table 3

' Particle Bounce on Impact

Conditions: - gb = Qtlo'cm L Pp = 7.5 g/cm3 (except at +)
<o = 10 cm/s xs = 10
Rg, = 100
T 2= 0.5
, J \
EE Sk . u* Yy Bounce Height (um) Tangential Travel
(um) ' " . T 1st Bounce 2nd Bounce of lst Bounce .
‘ ’ ) : . (degrees): ;
50  0.21 0.081 0.1 2 4 » 8
60 0.30 0.112 0.1 -4 4 > 8
70. 0.41 0.147 0.1 - 8 0 4 -+ 8.
‘80 0.53 0.184 0.1 14 1 4 -+ 8
90' 0.68 " 0.224 0.1 20 1.5 4 - 8
3100 *0.83 0.265 0.1 28 - 2.5 4 ~»~ 8
100 6.83 0.265 0.2 _ .27 2.5 ~ B8 417
100 0.83 0.265 0.3 28 2.5 13 > 26
100 0.83 0.265 0.4 . 28 2.5 ‘18 =+ 36
100 + 0.44 0.134 0.1 7 0 5 % 7
N .
+ p. = 4.0
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, . -~ x '
‘s'= 45°, the 12 um particle ((r - 1) ‘= 0.01) Would slide at a

velocity of ~0.1 u, while the 36 um particle -((r-1) = 0.03)

would slide at ~0.25 ub Consequentiy, if the two particles

collidéd dat the same angle on the bubble,é

A

would’ remain in contact with the bubble.for a period~approxi-,

the 12 um particle

matély 2.5 times longer th&q that of the 36 qm_pgrticle.
Suthetiand did not have available. this detaiied informa- -

tion on the Velocity patterns around a sphere when he con-

structed his model. He used the best available.approximation,

which was potential flow. As shown in‘Figure l4a, the 12 .and

.36 um particles wounld have targential velocities equal to u,

undér’potential flow. Not only does thé,invalid assumption of
pot;ntial flow yield velocities that are much too high, more
importantly, it does not predict the size depeﬁdence;

" Particle tangential veloéity on the bubble surface can be

computéd from the surface vortiqity. Figure 20'shoﬁs again the

- exberimental data of Seeley et al for Re = 290 along with the-

surface vorticity as calculated_from woo's data (Appendixfl) for

= 290 and 8 = 45°, A calculation of the tangential velocity

of a particle by using the surface vorticity would overestimate :

the velocity, except perhaps for the very fine particles. A

more reasonable liquid velocity gradient is.

.
u*

A

which is also shown in Fig@re 20.:-EQuatiop 3.29a is reasonable

i ~ N R

B AR Rpgfi v e v s AR - 71T Gt

-

—= = 0.7 g, T (3.29a) .
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surface of a SPhere'at‘Ré=3OD

and 8=45°. From equatipn-Al—l/

g =15.7 at these conditions. .

1 T 1 | '
10 [ [ =157 i
0.8 | : ) _
: /Seeley, data’ .
0.6 | \E‘qiration 3.29b
Equation 3.29a
: ! i .
0.4 i i
!
[
{
1
] ‘.
0.2 5 -
i L
! ) .
v
b
P, .
—_— ad . I
- 0.08 1 2. 3 4
Distance from Sphere Surface, r—1
‘20 , \Tanéential velccity~éradien£ at .




. value given by

tangential velocity u

itangential'velocity is

a4 - 0.038  0.03d |
v, =y, £, [( T ) 0.06.+ (——3;—_),0 03]A+up sine (3.31) }

.
\ . . . .
. : .
2 . \ . .. S o b .
< \ . _
\ .

- 88

for (r - 1) s 0.06. Foé\}r'- 1) > 0.06 let u* have the constant

,\'
« - \

Y ) . -
u* \= (0.06) 0.7 §_ (3.29b)

v

The factor 0.7 fits tﬁelyelocity gradient at Re = 290 and ]
6 = 45°, The assumption is made that it ij/elso a reasonable

value at other Reynolds numbers and engies - Then, the particle

. A ¥
56 at angle 0 is

d
upe = 0.7 Eg Uy (a§11_+; u,p siné . (3.30)

for (r - 1) = (dp/db) s 0.03.

A particle witn' 4, > 0. 03 d, will exterid into the boundary

layer further than the distance over which there is a velocity

sSHabiga, o

gradient In'this ‘case the particle velocity is calculated by
‘dividing the particle into two zones, one that sees a velocity
gradient (described by equation 3. 29a) and one that sees a con=

stant velocity (described by equation 3.29bL. Tpen the particie ,l

-
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' Rearranging gives

0.03 up’Es . . ) . ’

= 2 - . d ’ + : 9 * o 'y
Use - dp (2d, - 0.03 b) u, sin | (3.32)

¥ . = 7
for (4 /db) > 0.03. - ,

A The particle sliding time t_ can now be calculated. For a
/particle colliding at angle 9, and sliding to angle Oy (at which

it begins to travel away from the bubble surface) the sliding

time is given by

g

' o, - 8 - :
e M n,, /
ts = ) ’fdg/‘%pe S (3.33)
y .
where 6 is in degrees and upe, the average particle tangential
-7
velocity, is determined from equatron 3 30 or 3.32 using aver-

.and I SR T v

‘ Equations 3.30 and 3 32 assume that there is no.effect of
particle inertia upon the. instantaneous particle tangential '
velocity. This assumption is verified when the trajectory pro-,
gram FLOW-is adapted to the situation of a sliding particle.
60 nm, pgls 7. 5 g/cm and
Reb = 100, for two cases - one with and one without particle

Consider the situation of dp =

inertia. The maximum difference in velocity at any poipt is

8% and the average uPe for travel between 6 = 20 and 80° is

virtually identical for the two cases; 3.46 cm/s when inertia .

is accounted- for and 3. g@ cm/s when inertia ié ignored. *




The resuiting‘distribution of sliding time as calculated by

,eiperimentgl data. For. this@comparison it 1s assumed that a

vides a good descriptiop of the results, it is alao evident

. the original Sutherland paper, - the sliding time eqnation

s
- , e PR
L T . T 8 -
a o R . ¥ 90 ) ’
- T

ST : s [

b'

_ An experimental test of the sflding time equation 3. 33) is
provided by ‘the data of SChulze and Gottschalk145 46). The cog;

ditions for their photographic tesﬁs were~

- o -

4 = 0.306ém - . -.

S
|

0.01 poise ot

e 77 oa = 160 ym

N l ’«w3.y
= as
°p 7/ g/cm
" 10 cm/8

A=}
+
]
0o

.
‘g

From equation 2.12 'up = 1-5&.cm(s” .‘fu - |

Soowy o= 8.42 cm/s -

-«

et

equatﬂon_3.33 is shown in Figure’21 in comparison with the™

particle éildesAto o = 90°,.  also shown is the sliding time
distribution if potential flow is assumed. Equaticn 3. 33 pro-

that the assumption of potenttal flow is not reasonable. (In

(equation 13) shows a number 4 in the numa;ator instead of 2,

the correct value. Using that equatién, as Schulze and

Gottschalk did, overestimates the sli ik

flow by a factor of two.)

=3
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10- .20 30

R Angle of contctct (degrees)
él Partiéie‘éliding‘times. 'Meg;t ’

“—surements by Schulze and
Gottschalk(45 146) ana predlp-
:tlons from equatlon 3.33 and

potentlal flow assumpt;on.

) } ‘ Msgo (Potentlal flow cal*:j'

L
o

culated us;ng'potentxal flaw .

b equations in the model and by: _&<_'

4 . or ! ~ .7

the correct vers1on of

t

'Sutherland's eguation, glVLng_

tge sanw.rggul;L.: See~tex£;fo§:i o { N ¢

.-

e L. - ... test conmditioms.. .7 .+ .7 00 .
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P@rticle spin . ~ o .7 \‘ oo T )/ .
In a fluid veloci,ty gradient & sphere w:Ll\l déve;l.op an “_
angular velocity, Q. Tt has been shown(\n) that in'a vgjbitj' .
gra\ctlient G+ . i T - .
N - ) ¢‘ V- \ . R | . o IG : i ; , g
] - _ A\r Qo= 5 . ) (3.34)
and that the period of _rotation T is N . '
) ) _ 4% Loy L oy
- . . ) :I"r = ‘—G"' : - (3-_35’
) ) AR -

" For a sﬁhericalx’par’ticl‘“e'sliding alomj- the top of a ~gas bubbie

o

and small enough to be completely w’lthin the surface t%ngential

=,

Ed .
b — —— b e ~ - - .-
- T = . e . {3.37)
; . ~1‘ 10. E’S}Jb P N ) . * ?
- ¢ N o - 4 . - - I ) T~ v -
, . . ; ) . c

Combinlng equations 3 37 and 3. 33 provides an_ estimate of the ;

\ B

.numbér of complete revolutions that "a- partiole wifll maka during~

its tW contact on a bubble.- Figure .22 shows the spin ‘ \}\
distribution for 10 and 30- um spherical partic,les and Reb 100.,'
- i}’ o - - - l) ~ ’ . _ . \
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Mineral partiCles are‘not sphericdl and v?ro‘ul'\d n necessarily

exhibit the exact period of rotation described Y equation 3 317.

However, the a.bove' example serves to illustraté that a sub- ’

‘ v

stantial amount of spin is imparted to.a mineral particle.y An'

important consequence is that sharp edges of the . particle have

a high probability of. being presented to the bubble surface

1] - e v
b

' and piercing the wetting film.

4

- ’

3.4.3 Grazing Trajectory Collision Angle and Collision Angle

\

which is also shown in lFigure ‘2'3‘.

Distribution ' . RN .

¢ ¢ . Y- .

i

The distribution of collision angles as. calculated by the
trajectory simtilation is shown’ in Figure 23 for five particle'
sizes and Re”b = 100 .The distribution is described by n, the ,' \
fraction of alI colliding pax:tioles that collide between the
front stagnation ‘point, and angle, e . Consider the angle of
the grazing collision eé 'I‘his angle is a’ complex function of
Qk, u* ,and Reb¢ How‘ever , it is apparent, from the data of
Fixgure 23 as Well as from the\ collision distribution calcula—

ti.ons on other ‘systems, that a re‘aspnable approximation of 6

‘is ec It is assumed therefére, ‘that GG = 8, “(in agreement
with Weber's. assumption). CoL ’ . ¢ '- - J \
W “ - . » {
" For Stokes flow and potential flow, = sin e For- nonf -
ideal flows let f ‘: L 5\ Cow : P i '1
- B N . ' - A ‘ T, T < - ) /_
R . | s'mzan" - L by o
- n, = —3= - - (3.38)_
. s " 8in _ac - = . ..

-

A% W@,gmk

. e AR B e i S A R N A
- N

RS
o Pk, T T

¢
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For most cases the fit is

\

-

)

< ,
T B kAR R, it o
' Bl S

Te

A




—From

., trajectory

) cdqmmwn
y ___ sin’8y

| sin®ge

P

o Sk=0,033,

. Sk=0.075,
Sk=0.133,

 Sk=0.208,

.

. Sk=0.300,

23 - Distribution of "collision angle.

u*=0.013; (b)-d =30 um,

u*=0.026;: (c) a_=40 um,

u*=0.042; (d4) dp-s_o um,

u*=0.064; (e) A =60 um,

u*=0.084.

95

5 =7.5 g/en?, Re,=100. (a) d =20 um, -




seen from Table 4 that ¢

96

reasonable. When particle bounce. is édcountod for, the

~

trajectory—calculated collision'distributioné of the largerf

5

partlcles are more closely represented by the distributlon of
equatlon 3.38 than is evident from Figure 23. This is becauSe

particle bounce will'delay the onset of sliding by up to 10%.

3.4.4 "Maximum Angle of Contact- ) ,',‘

A review of the relevant angles and the manner of esti-

v r

mating their'values is appropriate’ at this. point. TheSeiahgles

are: GC - the angie of c1osest épproach of the liguidkstreém-
lines, given by equation 3.12.° U ;
o - the angle of collision for ahy tréjectory'

[P the angle of collision for a grazing trajectory,

from sectlon 3.4.3 1et Bg = ec) ’ A

8, = the makimumeanglé of contact for a sliding,ﬁarticle.

It remains now to calculate ©

M This is done by deter-

'mining the angle at which the radial component of the particle

_ settling velocity u pr (directed toward the bubble surface) .is

equal to the radial component of the liquid velocity u, ' calcu-

4

lated at (r - 1) = ~rp (directed‘away from the”bubble for

o > ec). ~The caLculations for dete;minlng u.* (and thus ui)

_Glose to the bubble surface have alfeady been described

(equations 3. 25 and 3.26).

M} as Calculated in this manner, ls reported ih Table 4

for Reb 100, d, =20 ymand p = 1.3'to 7.0 g/cm .~ 0, in-

creases as the particle density increases. It can also be

M

-

.
., P
S e Y ki TS . e # xS % et MG,

is insensitive to dp, for dp < 40 um.

o e camhh e Tas

I S e



Table 4
Maximum Angle of Contact O
.Conditions: da = 0.1 cm o
) Tub/= 10.0 cm/s
‘ ' p.= 0.0} poise
‘Reb -7,\‘10\.0’ : L ec = 63.4
A. & = 20 um
L op M -
: dR - Oy Oy \from.‘equatloln 3.40
(gjcmi) (degrees) (degz{eeé) .
1.3 67.4 69.2 - .
- 2.0 70.9 . 70.8 C
3.2 75.1 < 73.7
4.0 76,9 .- 5.6
5-5 79-4 ’ 79-2 -t
7.0 S 81.4 - , 82.8
B: fp = 4.o.g/cm3‘ . L
dp : ’QM . " 6y from e‘quatl'on~‘3.l‘10
- ¢umn) (degrees) / '.(deg'xgee's)
’ 5 76.9 . . “75.6 - .
20 76.9 . 75.6 .
40 76.9 L 75.6 -
’ N

© 97
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-

:
M
6y in Table. 4. Although equation 3.40 is derived at Re, = 100,

' ) ' ’
: N ' * .
y . . o 98
h ¢ . ~

A correlation between 6, and Po and\ec is attained by

3

plotting (90 = 6,)/(90 = 8) vs p fof the data in Table 4.

The r¢greésion egquation is:

. H = 0.90 = 0,09 5, ©(3.39)

with a correlation coefficient .of 0.93. ' Rearranging gives:
i . . Y . H ‘

. R \
[ ’(

’ -

M P

s J [l

'

it includes 6  as a parameter. It is a good estimate of 8, for .

C
other values of Reb as well.- . s

Y

~ 3.4.5 Attachment Efficiency - )

. -~ A particie attaches to a bubble when it resides on the

bubble surface‘for.a time tslequél~to di'greater'ghan the in-

v

duction time ti}‘ Equating ts to t, provides a me#gure of

atﬁachment/effiqiency. 'Let eﬁ be the- angle ﬁﬂ inbéquation 3.33°

when t_ = tg. ‘This gives
o - | - x
o _ By = 8

o= 9+ 8.lp, +8, (0.9 -009p) -  (3.40)

5
2o

‘calculated frbm equatién 3.40 is compéred to the oxiginal .

J. ' - . : . - n “‘ . ) ~ .
- . e ty = (g dy (3.4

TR A S

e . ok W Bk e % Wh e e P % A US—
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'
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99 .
. and by rearthging a - ;
; . 3600 . t - 4
N =g - —. P8 1 '
. B, =8y T L , (3.42)

where u g 1s determined from equation 3 30 or 3.32 using average

values E ‘and’ s;ne Attachment efflciency 1s glven by n

.

equation 3 38, when 8y = 8, that is . L N PR
. - e ) ) - ‘— ' 1
X . E . . sinzen
‘ E, =" , {3.43]
CoA sinze ' '
, c B B

2

L,This cgmpletes the attachment model. 'The éomputei prog;aml
SLIDE"(written‘in BASIC) .uses the model to calculate a distribu=-
tien. of sliding tlmes. The program flowsheet and. listing is

given in Appendix 2. h(e&

and\particle radlal velocities, not by equation 3.40) .

is calculated by comparing -liguid

v
\ N }

Siiding Time. Examples

1

Some results from the attachment model are summarlzed in-

F;gures 24 and 25, . which are plots of“EA vs t.. Figure 24 .

lllustrates the effect of uarticle size for db = 0.1 cm,

Re = 100, and Figure 25 illustrates the effect of bubble size

b
. for d_ = 20 and 50 um. At a constant induction tlme, attach— a

ment é%flClencyxlncreases with decreasxng partlcle size.- From

Flgune 24 i1f k= 20 ms, ‘then E (Sa~um)\—«l.5%, E, (50 um) =

A

10%, A(zo um) = 65%, and E, (510 um) = 100%. This strong

"t

partlcle 51ze effect is not unexpected, given’ the relationshlp

”between particle size and sl;ding velocity.

— s

' .
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24

. Induction Time (ms)

from SLIDE..

20 30 L0 50 &0

Attachment efficiency versus in-

duction time and particle size,
4

N

d,=0.1 cm, u,_=10 cm/s, w=0.01

b b

T -3
=4, , =0,
poise, Pp 4 O‘g/cm ¢g

%

S —————— PR e e s S AR e~ ———m T

—a

.
PRS- )

Tl o s

|



TV

~dy

101

Uy,

— 013
—_— 0-16

--= 0.07

(cm) (cmis)

12.7
10.0

7.0

25

Induction fT‘iﬂmné (ms)

Attachment efficiency versus in-
duction time and bubble size,

from SLIDE. u, op‘and ¢g’as in

Figure 24.
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- The magnitude of the buhble- size effect, F_igure.25, depends
. upon ‘the particle size being considered. For example, at -

ty 20 ms and dp = 20 wm E, - varies only from. 668 to 73% for .
0.05 s db s 0. 13 cm, while for dp 50 pm EA varies from 6% to,

‘36%. The reason for the relatively small effect of. bubble size
for smaller particles ie that the decrease in particle sliding

'velocity with’ decreasing dy (due b a decrease in eurface

I

' vorticity) is approximately balanced by the decrease in sliding

-

AN v

g distance. T s

~

" It is evident from Figure 24 that very small particlee \

reside on theabubble surface for considerable lengths of time.

An important consequence is that successful f.lotation separation’.

of two types of very small particle, each having the same =

. collision probability, requires a 1arge difference in their in-

3

duction times .

! RN ' . P , s
» f - - o Ao
. -

. 3.5 Collection EE ‘ - ‘_'
The complete collection model for a. single particle-bubble

8

‘system is the product of the collision and attachnent modo,lﬁ,

-

S B o= B n By ,}3.}10),

. R
-4 ' ~ - *
. . /
i - ~

qu_*computer\ programs' ‘(and their flowsheet) for c’alculating \‘E .

E, and E, are listed in Appendix 2. !rhey'—az;e labell‘ed COLLE:C‘I‘, »

A 7K
' applicable for 20 3 Re, s.400, and COLLECT2, for 0.1 s Re,, s 20.
cOnsider now the results of some aample calculations using

-~ k3

‘the collection model;‘ - oo PR \-’

FpryReat

i

s s i,
S




- smaller particle sizes as the induction timé decreases. And

. efficiency, the ratio of collection efficiencies of q:he two

. . , s -
A, - B - N
. e . ' ‘ - '
.- g - , : ! 103
< . N N .

Particle Size and Induct'ion Time

»~

Figure 26 illustrates the relationship between EK' dp and

t,. The figure is constructed using the assumption . that in- " -

i.
duction time is constant with particle size. Since there is
no evidence to date regarding the relationship between particle

size. -and induction time relevant to the dynamic flotation situ-

" -

ation, using a constant induction time seems a reasonable

Ed
¢

y

’ initial assumption

v
-

_ There are three interesting observations from Figure 26.
-The first is that the peak in size—by—size recovery data~ that
is observed in many mineral systems can be explained with the .
proposed collection model. The reason for the peak is-the . 1
opposing effect ,of particle size upon collision and attach-' - {

- "/
ment efficiencies, as dp increases EC increases and, Ey decreases. /

v

‘Note that the pea‘k is observe,d without including particle—bubble

detachment. The second observation is that the peak shifts to .

third, the collection efficiency for very - small particles is '

7

'quite insensitive to induction time—, as wa§. expected from the -
sliding time distribution of Figure 24. ',_‘ ‘% N I —-

The latter observation has -important implications for : -

_ selectivity of separation. Cons_ider the séparation, of two ~
'particle systems, one with t = 15 ms and the other with U
, i = 40 ms. . Since rate constant is proportional to collection o

systems provides a good indication of their separability. l‘_*or’

-
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. 0.009 at 4 =.30 um, 0. 19.at g = 20 um, 0. 59 at’ d
o P : , -P g .
and 0. 97 at dp =5 um. - The sepqration ranges frzn/excellent at

o that t

_for all particle sizes leSs than 100 um,. - It is notable that

ST LT AT ST b W T T AT vrrvw ERH T *v&m‘m O LT

*y
PN . . P
" . il - *

LS

L7 IV
4

this single pubble s§sten, (t ‘¥‘40 %s)/E (e, = i ﬁs)’iss{ft

the coarse and intermediate sizes to virtually ndnexistant. for

§n

. K . R ‘ .l K3
< - .
- um. > . . ca .
P - .
s v . -y
. . - "\/_ . \ ? .
S~ e e N . - -
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Bubble Diameter ‘
ﬁ The effect of bubble diameter is shown/in Figures 27 and

" Y -
a’EB.— Figure.28 reports the. results for eaéh set of conditions T

s J ¢

An. Figuré 27 on the relative scale E /E max. It~is assumed

i “is independent of bubble diameter. The mostuoﬁvious

,effect is that a smaller bubble increases-cellection efficiency

P

this effect is also impottent for intermediate and large sized

L . B . i R PR

particles. \ v',”‘-t e ,: - SR ’
_A. smaller bubble increases collection efiicieney bt it,
does not improve- separation selectivity. " For dﬁ = 0 0 .

E, (£, = 40 ms)/EK (£ = 15 ms) is:. o.li at'dp = 30 um, o 28

at dp = 20 um, O 74 at d =10 um, and-0‘97 at dP = 5 “UM. TheSe

are . quite similar to ratios obtained for db =-0. 10 cm:

Particle Density

Figures 29 and 30 summarize the effect of particle density

upon E vs dp. The general observation is that the shape of -

K

the E_ vs dp curve becomes progressively more peaked as the

K
particle density increases.
. s iy

b ¥ AN -
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Bubble diameter effect on E,, from
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t;=20 ms, u=0.01 poise,
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_ure 29 on a relative scale.
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Liguid’Viscosity

T ) Viscosity affects both bubble rise velocity ‘and particle
: settling velocity, but'more importantly it 1ikely affects ‘
. induction time. Jowett (39) has considered several mathemati-

cal relationships describing thinning time, ot induction time,

R 1 -

and they all show thinning time as proportional to fluid .
viscosity. (This would be the viscosity of the thin film,
which might be different from the bulk fluid viscosity; non-
ever, a change in the bulk fluid Viscosity should be reflected '
in the thin film viscosity.) - - Figure 31 shows the effect of
1iguid visoosityf It is constructed essuming;ti~= 20 ms at
ul=rp.01 poise, and:ti =« u. As well it is assumed that
0.25 (77)

. db = 0.10 cm at » = 0.01 poise, and db LR TRRS 3 . (This

- latter assumption does not affect the results nearly to the

same extent as does the aésumption of t, = p.) It is evidqnt
that a degteased viscosity increases collection efficienoy.

. ;: N .
The extent of tgzgiﬁbact of viscosity is dependent upon

N s ot e sty 5

particle size and induction time. The larger the particle

and the higher-.the induction time thehgreater will be the .

Q

- effect of a change in liquid viscosity.

L

3. 6 Collection in ‘a Bubble Swarm

s ]
The flotation model has been developed to this point with

the assumption of no interaction between neighbouring bubbles.
‘This is not the situation in flotation. In &~ bubble swarm of
5% gasubyuyolume’the centre-to~-centre dietencefbetween

4

neigﬁbouringrbubbles in a cubic array is approximately
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Viscosity effect on E

KI
‘model. p_=4.0 é/cmB; ¢ =0;
h ) ph .‘ g
at u=0.007 paise ti-14 ms, db=0.091
- cm, ub=l;h9 cm/s; at u=0.010 "poise
;=20 ms, d,=0.1 cm,- ug=11.8 cm/s;

- at u=0,015-poise

tiq39 ns, dgéo.lll cm, ub-ll.S cm/s.

~

from flotation
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2.2 bubble diameters. It is intuitive that there 'would be
interaction in some manner between neighbouring bubbles.

LeClair and Hamielec (73,74) have talculated surface vorticity

‘as a function of Re and the volume fraction of spheres (gas

-holdup in the flotation application). The calculated surface

vorticity values from LgClair!s thesis have been fitted by
) = ! o '
polynomial regression to the form

¥
v '

Es§ = f  *n ¢g ’ o (3:44):

-

y -

where £s¢ is the surface vorticity of a gas bubble at fr#dtiqnal

N A

volumetric gas holdup ¢g’ and n ¥s a function of Beg and .4..
The}:eSQLts of the regression fit are g;ven.in’Appendix 1, with.
a faqge 0.1 s Rey s 500 and 0 s ¢g s 0.259. This correlation

~ a

has been included in the collection programs COLLECT and

COLLECT?2.

@
.

In this manner the effect of bubble concentration upon
surface vo;tic;ty and, therefore, upon attachmédt efficiency
is accounted for. The.aésumption is made that collision
efficiency of a bubble is not affected by a bubble swarm,
_except by the lowering of the bubble rise velocity in a'manner
similar to hindered settling of solid particles in a slurry.
Thus, the effect of gas holdup upon cqllection.gffidienc; can
be estimated, with the following provisions: 1; EC is
‘affected only to the extent that Uy is reducedlby a swarm, and
2. bubble diameter is constant. In this manher, Fiéure 32

has been cbtained. Induction time is 20 ms,'d_ = 0.1 cm and

b




TS 7 TSR

- e -, o v g S - N - *
Bl = 12 S SR B IS A5 A oy PO » sy D i uias o

32

0.5

0.1
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.

* Gas holdup effect on E., from flo-

Kl
tation model. db=0.l cm, u§0.bl

v
.

. .3 ,
=4, cm™; at ¢_=0-.
poise, o, 0_’ g/ tq

) ?b=ll.8 cm/s’; at ¢g?0595aub=10'1 cm{s;

3

gF:¢géO.lO ub=8.6-cm/s. « | -




Al
>
oalaad o MOEVRAT PR e e g Ty RN e, v

114

~

D " 9g =0, 0.05 and 0.10. ..Bubble Tise velocity in a swarm is

determined from Richardson and Zaki, equation 2.13 applied to
/ gas bubbles.’ It can be seen that collection efficiency in-
.creases with increasing ¢ ,significantly so for d.p > 30 ym in

'this example. .The increase is due largely to the reduced

,bubble rise velocity.‘ (It is important to note that when;Qg_

o is increased by increasing the gas rate it is probabie that

E

'db will also increase )

Y&U -\\(aﬁy’f‘;?"}%‘.“’ *
s

v
4 -:!.%":;.y
Y

.3.7. Collection in a Slurry

¢

o
ol

' The effect of ‘increasing.solids concentration upon
coiiection efiiciéncy can be simulated using(the model COLLEdTg
,When the solids concentration increases, both the density of-

_the slurry -and the slurry viscosity increase. The correla-,

.tion between viscosity and volunie fraction solids ¢

recommended by Yen ‘75{ for moderate ’ contentrations of. solids -

> SN T is that of Roscoe (76) ) o /»_' ) ‘

- -
. . . , R '

" .
f 4 - . -

= (1 '—,'@3),’2\'5 : o . (3.45)

e / "~ - ° N
, B
A . A

" " where ur\is-the ratio of‘slurfy viscosity to liquid viscosity.

';“; T “yiscoeity‘and density changes afiect'botﬁfbuobie rise‘velocity'

;ﬂ i‘ "+ - -and particle settling velocity.. Tatle 5. summarizééltﬁe effect .

g - of solids concentration uqdér the assumption that SOIid-solid

% i . - _‘interaction does not alter the tra3ectory that a- particle would “
% . Co ’take (hav:.ng accounted forf fveloqity effects) In the example,

: ‘f - the efficiency of collectiom;of 25 um partioles by a, Qxlfcm e
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Conditions:

115
’ _ Table 5
Solids 'Concentration Effects , :
db = 0.:} gm ,
= 4.0 cm
Pp | 0_ g/
CRIYE
t. = 20 ms
l -
Wt % ) E L E, . E_.
Solids s c A K
(%) (%) (%)
0 0 T 1.26 28.7 0.36
14 0.04 1.14 26.8 0.31
31 0.10 0.98 -26.8 0.26
0 0 4.58 2.68  0.12
14 0.04 4.35 2.32 0,10
31 0.10 4.00 2.62 0.11
or""!\\
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" diameter bubblé decreases from 0.362% at ¢s-—# 0; to 0.264%
’ - a£'¢s = 0.10 (31 weighfl% solids)}‘while there- is very littie

effect of solids concentration upon the collection of 45 um

particles.

%

WW&@W*@% e Lhi

3.8 Summary Remarks . ' ’

A fundamental flotation model is proposed. Particle-
inertia effects in particle-bubble collision are accounted for,
thus extending the range of the existing collision mcdel.

Recently derived solutions to the flow equations around

At s w e scrie L

spheres are employed to develop a detailed modellﬁf particle-
bubble coﬁtact. When the collection model is teséed undef .
different -conditions two broad conclusions are ieachgd: ) ;
1. A peak in size-by-si;e fecovery data ié observed; The
- shape of the‘size—by~size curve and the location of its ‘peak 4
is a strong function of induction time, bubgle é}ameter, ”
particle density, and liquid viscosity. ”

. 2. Selectivity of separation decreases as particle size de-

creases which is attributable to the long contact time of

-smaller particles. - Smaller bubbles do not improve the

separability. ’

v




CHAPTER 4

3

APPARATUS AND EXPERIMENTAL TECHNIQUE

4.1 Prlant Columns- ‘Miiing in Collection Zone

The objective of the plant testiné;was,the determinatienu
of typlcal mixing - condltlons in the recoVery zone ef induseriel
sized columns. Specifically, a relatlonshlp between column
size‘and'dispersion coefficient ) was sought. The raw d38§
necessary to determine D is the RTD ofA;pe‘mixiné;zonq{\\A fit~-

ting of the experimental RTD to the theoretical RTD (equation

2.9) yields an estimate of the vessel dispersion number Ny

,r

from which D is obtaineq. ; .

Vd

.

Liquid and solid particle RTD measurements have been~per—:

formed on two industrial columns. , The test procedure and the

parameter estimation method are described.

'4.1Ll; Experimental Technique S . ’

Tracer Selection Liquid RTD was determined using the- dye

£luo§bsce1n. A problem that is often encountered when -using
a dye in a minerals system is excessive dye adsorptlon by the
solids. Prior to the RTD experiments, laboratory adsorption

tests were performed with fluorescein in slurries of moly-

" bdenum and zinc Sulfide,eoﬁcehfrates. A reasonably small
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fraction (<20%) of the fluorescein was adsporbed. 1In céntiqst,
tests with two other dyes, ﬁhddamine-WT aﬁd methylené blue,
T— P .

s
v

.showed‘>90% dye adso;péion. Aé well, fluorescein was not ad-;

sorbed by dir bubbles in separate tests in which water and
fluoresqein wete sparged with air in a laboratory flotation

(78)

. , '
machine.- Fluorescein is light.sensitive : SO collected

samplesxﬁ%re stored in ‘the ‘dark.
Mangangése dioxide was selected as the solids tracer be-

cause it bestfsatisfied the following‘réquirements of a solig

- tracers 1) a low background concentration, 2) a low flota-

q

tion rate (i.e.,iit is hydrophilic), 3) a suitable specific

# grgvityi fhe.mhéz was measured by pycnometer to be 5.19

4

g/cm?, 4) ease of analysi%, and 5) reasonable coét. Labora-
tory gpade Mno,, was dry ground and screen classified to an
fupper parﬁicle size of 150 um prior»to:the RTD experiments. ~

! . . . ’ .
Column Operation. The tracer -experiments were performed on

two ‘flotation columns operating at Mines Noranda L%mitée,
Division Gaspé&é, Québec in a Mosé con¢entrate upgrading cir-

cuit. dpefation and éerformance of the columns h@?g/been
: s

prev?oﬁslyvdesbribed(4(?§) . - The two columns were 0.45 and
0.90 m square. Operating conditions for the two columns at
the time of -the RTD tests are listed in Table 6. ' Air holdup

was estimated from“&irect measurement of voidage on the 0.45 m

column when there was only water and frother in the'column and

3

no feed flow.

©

Test .Proceduré. For each of the two tests, fluorescein and

manganese dioxide were mixed with water and added at the top .

@

o
’

s RN b e i e S b

S

PR W™ 3 ey

SO SRR

I P - e e v de 56 e - AR vt e e



j"Feed wte sollds 2 25( : 3

,Volumexfpactioq solids/“¢

Column Operating Conditions.’

For .Trace:r Tests
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-0.9 meter -

- 0.45 meter

Feed flowrate (L/min) ‘ ;; o120

Washwatex flowrate (L/mln) Co ."35

Talllngs flowrate (IJmln) . 150

N

K Concentrate flowrate»(L/mln) N 5

P
-

Interstltlal llquld veloc1ty, uz(cm/s) 1. 3.

- , R

. e

. (average) .0.006.

'Superficial gds velacity; Qg:(chlg)‘f 1.4 .

Estimated air holdup, qg S 0,055

[l

L, feed point to air sparger (m)  -9.5
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of the recovery zone (just below the interface.of zones 1 and
2 (Pigure 4)» by pouring them from the toph of the co;lumn down
= “:‘

a funnel and tube arrangenient.. Total xnjectlon time was ap-*

proxlmately 30 seconds for the 0. 45 meter column ::mr:'xL 60 sec—

\onds for the- 0.9 meter: column Grab samples of taxlihgs,

concentrate and feed were taken over the next- 60 mlnutea.

Tracer Analysis. quuld from the samples was extracted us:mg '

a syringe, with a filter paper assembly on the tip. A Leeds

‘fluoresc in conéen‘tration at a wa,velength of '476 nm.

At

1 Manganese measurements were performed only on the ta:l.l-'

1ngs samples from the 0 45 m column test. In preparat:ton for
' manganese analys:.s each sample was flltered, dried and Screened

'P?

and Nortﬁrup port_:able' spectrophotometer was used to measure é
1n§o five 51ze classes: . =400 mesh, +400-—270 mesh, +270—200 3

mesh, +200-150 mesh, and +:1'50*-l‘0‘0 mesh. The manganese content -

of each size fraction was determined by atomic absorption.

i
Aot e g

Sample preparation for atomic absof'ption was by ‘diéestion in ' '}

B . ;
L]

ees

3/1 HCi/HNOB. S IR g

4.1.2. Mixing Parameter Determination

The parameter estlmatlon method is a welghted—moments
(20, 79 80)

o sowtidmm  mw i

method similar to that desérn.bed by several workers

and- employed by Rlce and ccolleagues(la »19) for bubble column

+
s a B ey

studies. A brlef description of the method follows.

x

‘The k th ordlnary moment of a distribution in time, c(t),
is defined as L , S : . )
e = L7t () at : (4.1)

,
. . ‘ -
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" When t is 1argé the weight tk élsg becdomes large,. and increas-
ed emphasis is placed on the tail of the di'st:ibu't‘ion, where

the relative experimental error is greatest. A better weight

is one that would appxroach zefo" for large values of t. Such:

a weight is(89) ST -

o -

W (£) = gk oSt o ‘ " (4.2)

*~

-

where s is the weighting factor (also, the Laplace operator,

equation 2.8). Then, the k°© weighted moment M of a distri-

o v

bution c(t) is ’ - S i
L3 - ‘! 4 %
- . f N - ] ’ - . \ - - ) : :
S N T - (4.3) -
. e - . i . ' . .
The. largér the weighting factor s, the less will be the em-.
hasis given to values .0f the .RTD at large times.
.. ; > . [ N f _., B . . ,‘(. R .
The zeroth weighted moment of c(t) - TP
~ ° . . . s~ F - . /,
h \ ] - L ol \ . ' t R ) N
- Mo =.[~e¥ T c(t) 4t . ’ (4.4)
~ T ‘ R ’ .
is also thé.Laplace' transform of c (‘t) ; ) e‘qua\é‘rcﬂ 2.8. TFor a (
'reactor where. er_zci effects ‘are ignored, B ,
. 4 - N . " . . ) . < .  y 3
_ ’ - 1 * - v N % . - ) N R l ) .
| My=exp iy [1r@sang ey (4e9)
: [ . ﬁq ; . - > - ‘ - { ', i " "l K
. PR - -, -t Co
The recurtence rélat;@én of weighted momentsi(sg,) ‘allows
computation of. éubseQuent moments by. . - o ., h o
, S
¢ - - \

L.
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) weigh‘f:é{l éuiqulatnt's K; are defined by> ‘

-

. .
N
ot r .o . . .
- »
e . bl - »
. M -
v - - K‘, = -
v
<. 1+ 01
,

i Toor

-~ i -

.. moments by the gge/e‘§ we}ighteé cupulants of tl}é model. The

+ _ . ‘model péraméter’s have bieen ‘given by Rice- et al

(4.6)

t

T,{ne model ‘parameters, v and N a7 are linked to the weighted,

P

.t

v 4.8y -

1
.

. The relationships between the weighted cumulants and ‘the .RTD ,

(18,19) " .

7 ='l . ) ) . ‘: i J B ) ‘,
T KJ: / '(:!- z's' KZ/K‘].)//(},—"*// . M * . (?o 9) 3
e : N =KL 2K S ' - (4.10)
o .. : o d - 2 1 . " >
' - ¢ . A
‘whe'"i'e - . '
Ifl = Mi / MO (4.11)
ara . K, =M, /K2 "
L 2 72 1 ' ' ‘
. ‘ )
4 Ky and K, are ocbtained from the éxperim’er;tal RTD mea-
, . ~surements, (normalized to‘'yield an area = l’um.ie_r the RTD ,
-curve) . Then, 1 and Nd‘ are deterniined usimj. equations 4.9 -

-
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and 4.10. An optimum value of s is selected by minimizing- the

1y ¢

RMS error between the experimental and theoretical curves,

where.

RMS = { %z [ e, (©) '-‘éf '(t).]z't}é' ’ ,(4.12—) ~

and om'(t)'and Cg. (t) are the"measureé and f;tted nofma%i?ed
concentrations at time. t.. For an 1mpulse 1nput Anderssan and

White(BO’ sugéest that an optlmum value for the welghtlng fac-

f tor is s, = 2/tM, where t '1S‘the mode of the distribution.

Opt
Hopkins et a

M

1(79) suggest that a suitable range for the value

8 is roughly .2 - 5.5.

‘The derived value for t can be compared with the measured

quantlty L/u , where u.. =“u£ for liquid and u: =<u2 + up for

solid partlcles. The dlffu51on coeff1c1ent D ls given by

D=N L2 / 601 meter /second, when L is stated in units of

d.
meters and t in minutes. - < . K

4.2. Laboratbr& Column: ﬁarticle Collection

~

Experlments were performed u51ng a laboratory column

measurlng i 84 m hlgh and 3.8 cm 1n51de diameter. The column

- ~

was de51gned w;thmtwo objectives in mind. The flrst was the
-

experlmente} testlng of the flotatlon model- described in chap-

ter 3.\‘The second was the demonstratlon that a relatlvely

short laboratory column can be utilized to measure collection’

klnetlcs as part of a column scale-up methodology These ob-
jectives required a unigue column design. ThlS section de—
scribes the laboratory column, its mixing and operatlng.char~

*

acteristics, the experimental technique for flotation tests,

E L

s
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and Qata analysis.

4.2.1: Column Design . . .

‘A dlagram of the laboratory column is shown in Figure 33.
Feed entered the column- 1.14 m above the top of the gas spar-
ger (0.70 m below the top of the column). Unlike a conven-
tional column, washwater was added halfway betwees the feed -
point and the column top. o . A

Feed System. A 50 L tank with a Lightin mixer was used to

y -

- tank.

prepare and retain the. feed slurry. - To ensure a uniform feed

consist during the length of a test run, a 'multiholed tube'&as‘

used to withdraw slurry from the tank. The tube Ensured"thet:

particles were simultaneousl& drawn from all levels of tﬁe
Feed slurry was punmmd 1nto the column at a rate con-

trolled either by a rec1rculatlon llne back to the feed tank
or by variable speed pumping. VV‘ - ‘ - l
\

Wash Water. Steady wash water rate was malntalned w1th a head ,

tank fed from a 35 L tank with a. rotary pump. Before enter-

1ng the chumn the washwater rate was mea:ured with a flow~

meter. The<flowmeter callbratiog 1s glven in Appendlx 3.

Alr was supplled from a compressed air ‘tank and

'S

passed through a flowmeter prror to belng sparged into the:

Gas System

"

column. The gas flowmeter~cal;bration, performed with a

'Precision’ Vet Test Meter, is élso shown in Appendix 3.

l

Gas bubbles were generated w1th a porous stalnless steel - ﬁ“

7.5 cm 1ong x 4.5 cm w1de x 1. 5‘cm thick. In the .

sparger,‘

collection zone (from feed entrance to sparger) static head

-

var;ed_from 0.7 m to 138 m of water, en,average offl.25 m. .

A
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- ' -

. flow rate control plug; (5) Feed tank

and agitator; (6) Feed pump; (7) Wash

‘(;_ ~ . water head tank; (9) ‘Wash water flow
. ) i . :
méter; (10) Gas cylindey and pressure

regulator; (11) Gas flowmeter; -

"(12) Gas sparger-stainleéss steel. -

\

33 Laboratdry flptation column ahd equip-
ment. (1) Column-plekiglass; (2) Feed

"énlé;; (3) Washwater inlet; (4) Tailings

: X ] . . water storage tank and pum$; (8) Wash
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‘a 51gn1f1cant 11qu1d rise velocity in the section above the

_weére attalned :

T T i | 126

[

This reduced the average gas flow rate in the collection zone

"to 90% of the flowmeter reading.

Column Operation. The large volume of water consumed during

a test mede the use of distilled water impractiéal‘; tap water'

was-used.. The tailings flowraté was maintained at the desired

-

_level by gravity flow through a restricting orifice located at

the discharge, .During a test, tailings_erfd concentrate flow-
rates were manualiy measured and wash w;ater fiowrate 'wa's ob-
tained from i:he flowmeter.- 'Feed flewrete waS'eBtaineq by
dfffenenee' befvieen the sum of the- two producf flowrates and
the wash water fiowfaf,e. 'J;"ailings; _flov;'rate was .gxai:ntained at-
a le‘\_rel 2-\-3 }times gre‘atei: than the feed flowrate. The balance.

of flow came from the washwater, wh’ich was at a rate high

enough to ‘both makeup the feed-tall::.ngs imbalance and provxde

—————

% “

washwater entrance. yplcal flowrates are summarized in the

cdiumn séhematic of ‘Figure 34.

w:.th this desxgn and operatlon. the follow:.ng conditions .

&
7 N
e

1. Recovery of partlcles to the concentrate by an entrain-
ment mechanlsm was v:.rtually ellmz.nated (see section 4.2.2.).

Thls was a result of the very high downward llquid flowrate

‘1n -the sectlon betWeen the washwater and feed entrances, ef- .

fect:.vely preventlng the* shcrt-c1rcu1t1ng of solid pari;icles

e Na

to the overflow as well as Btrlpping away part:.cles entra:med

in the bubble wake.

a

,2 Part:.cle dro -back at the top of the column was elmn.nat-
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Schematic illustration of.laboratory

'C:oluxﬁn showing volumetric flowrates

‘ ~

(L/min) typical for runs 7, 8 and 9.
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The very th:j;xi froth that formed at the top was rapidly
remoyed (there was & high lip length/area ratio) ;, and the lig-"

uld rise velocity in the top section was ‘high eneugh to carry
LN

over the top. particles that detached -from thelr bubble (by

bursting of’the bubble). - - ° , -

’ As a result, the re'covery’that was measured was ‘that due

~

to a sJ.ngle "colléction event only; there was v1rtually no en-
trainment. and no froth drainage. ) A L

| - : ,
J Short—cxrcultlng

4

'Overflow. The cond;\.tlons requ:.red to- ensure mmlmal
___q_.___l.__—_

’ short-c*lrcultlng of partleles to the OVerrow wereé determined

a

by measurlng recovery ‘of’ feed llquld to the pverflow (on the

. asswnptlon that short-'-clrcultlng of sollds would be_less than

or equal to that of the wa.ter) - The column was operated w:Lth '

no solids, air at a superfxcn.al velocity g." 0.26‘ cm/s, and

a frother dosage of, 5 mg/L Dowfroth 250C. The feed water con-

the wash water did not.‘

&

Samples of over-

-

flow and ‘ungi“erflow‘were analysed by spectrophthmetry for"

flu‘oresceinf co'ntent', from whlch a matenal balance was obtaln-

,'d Thls was repeated for several rates of feed and underflow.

The .results are lllustrated 'in Flgure 35 as recovery to ‘over—

flow vs ‘Q'F/Qi,z,. where- QF‘ is the volumetric -feed flowrate and
Fe'eq shor:t:-circuiting to overflow

-4 xn:m/r.:m3 T

QT is the underflow rate.

was less than’. 1% when QF/Q < 3.5 x -10

- s

Underflow. Shortcz.rcultlng to the underflow is quantlfied by
the mlxlng) parameters T and N d' which has been discussed in

'I'he laboratory colunm dispersion coefflcient

.
] . ~m
B .
.

e e o W s d W % e o o e n > dem L

.
% w3y
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-Water Recovery to O/F (%)

1 | 1 1 . |

2 4 6 8

E a0t
— (min/cm”x 10 ):
Q

-

+

'Shortcircuiting of feed water to

¥

overfiow in laboratory column.
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D was determined from the deta”of three‘RTD teste,*conducteé
‘ ) .Wl’th fluoresce}n tracer and- analyzed as descrlbed in section o \ ‘
4.1. The estimated parameters are summarlzed in Table 7. \
The column was operated normally in tésts 1 and 3,.with tracer
hinjeoted at the feeq point,'for'vmiph L(feed point to sample
point)i= 1.40 m.‘ In test 2 the column wes operated with no -

wash water and feed addition at the top of the column, giving

G UM 1, 28 apit Beld T Fenmen aduisdid

L = 2.00 m. By comparing N, from Table 7 with Figures 7 and
8 it is clear that the column operated at near plug flow con- -
ditions. It is interesting to note, however, that the value

of D was affected by velocity u, , .decreasing as u, increased.

The same trend has been reported by others(24) at high liquid

veloc1t1es (> 3 em/s)s The phenomenon is attributed(al) to

dlfferlng flow proflles at dlfferent VelOCltleS, a factor

v [y

which would not be 51gn1f1cant for large flotatlon columns

operating at relatively low liguid ve1001t1es.'

4.2.3. Gas Holdup, Bubble Rise Velocity -and Bubble Diameter‘

- —

~ N

Although several instrumental methods have been proposed,
. the most’ common. approach to measurlng bubble size is by .photo- :
graphy. For dllute bhbble concentratlons it is simple.and -
accurate., At hioh Bubble concentrations, good photographic -
measorements;are'considerably more difficult. More important-
ly, the photographic techniqﬁe,is not appIicable.to a sluroy.
- " A bubble oolumh provides\ah alternative method for estimatﬁng
bubble size, apolicable.in water and slurries, and suitable '
for plant measurements as weil as laboratory tests.’ The'meth—’

od consist$ of applying drift-flux analysis to determine the
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RTD Measurements on
5 Laboratory Column
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Test # u, T ‘N
(s)
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_(cm/ s)

1 . 3.0 0.030

2 ‘ 2.3 83 0.039

3 2.3 62 0.053
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where' vg and v

' respectnrely (both poséltlve quantlties) .

. two bound@ry donditions:
- 1. as «b
2. as by 1,'n

-Shah et a1(2 ) reconmtend Rxche.rdaon and Zaki'

o N N P o
(

averagetenninalnseqrelocltycfbpbbles J.ns,_a SR, from which the
bukbledmnetercanbemlculatea T e ’

I .
- . '

’rhe concept of dr:\.ft-flux analysis was :.nt*.roduced by’

<

. Wallls(az) to relate phase flow rates and gas holdup to phys-

¥
J.cal propertles af a two-phase system ‘For counter-durrént

flow of gas bubbles and water in & bubble column the slip

velocity’u is . T R

s

L u, =L T :(4.13)
- h¢ - ~ -

, are the superflcial gas and . 1wocities,

Wai-l

s

’ that ug, J.s a. functlon of tem:.nal rise veloc:.ty U of a sin-

gle: bubble and tﬁe gas holdup. in tne follomng form:

+
-

‘N'_‘x '_-.n‘.,.',
g = U GmgdT 4.14)

a4

(81)

As noted by Bhaga thls form of the relatlonshlp satisfies

-+ U"I;' "and

s-hO.

+0,us

-

LOther forms of u have been suggested (18,24) + but they

all apply the assumptmn that u « fn (¢ ). in & 1982 N

review of, des:l.gn parameters for bubble column reactors,

(32) relutioh

-

= b
BEEH

ke N
By W R B

W rd
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51nce 1t fltS most, avaliable llterature data. Thia nelatidnv' T,

‘was developed for solld spheres,kwhlch makes lt partlcularly - f\:
i sultable for flotatlon slzeq bubbles, Adceptlng Rlchérdson ) ‘
- o \ 7 K “
. and Zaki’ S. term, and combinlng equatlons 4‘13 and 4.14 gives S
S A ’vi(ipv,\ D R
: - U = _g__‘:_-.—' e A+ .._._.__a._i T . A (4 15)
N - T /¢-(1_¢ )x?—al~ (1’_¢’;)m"l . -
N A N ' ’ ” g g ! g ’ i s " . ’ l'v i N . N
- . i ,=~n_-»"‘ w ‘!, . ) ' . "Z]" N ”}“ e Lo '.,
' where m is 51m1&ar to that of equatlﬁn'Z 13 but aqc%unts also Yoo
- I .
for column wall. effeqts (whlbh are sxgnlflcant for bubbles-but
& \ x -
not for solld particles in the present appllcatlon) .Fdr flo- |
S tat;on sized bybbles N ; ’ *f”}n ",tﬁ B
.ot Y - N Cla J“'j IR )(N R e
: m= (445 + 18 2 ) re 0"} R (4.16)
3 : . ch ,l « : ; 1) - N .
: , L ) oo ) s - -
' . B | . - .
L ’ ) ‘ o . e .
. Equation 4.15 is'derived under 'the assumption of a uni-
form flow profile an& uniform.bubblé concentration across the
‘ coiumn:diaﬁetér. For’lamge columns this is a reasonable as-
sﬁﬁption. For small columns correctlon factors are requlred,
givingQSl)‘ﬁg W !
‘ _ "S‘lm:_::}, - ’ ;
i h ‘—‘-v—i—u——-—-—— —C—O—E-‘—,—%_—-‘:g-) (4.17)
oo Kor UT K m-1 m-1
5 ~¥ - 1- ‘ l-
) ?g( ¢g) (1-¢_).
3 * & ‘ ¥ ! ) N .
T When by is'uniform over ‘the crosg sedtion, K, =¢C, = 1.°-
‘f. ~Termlnal rlse velocxty Up canube estimated from holdup
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‘an intercept' o Up and slope

as a function of Vg could be determined.
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4.
’
- .

‘ measurements and the use of equation 4.17. Gas holdup mea-

- -

sureﬁents are made at varylng levels of v, for constant vé

(51nce bubble dlameter 1ncreases with 1ncrea31ng,gas rate,

T {gb:eases with vg, 80 - vg must be held constant). A (drift-

~flux) plot o; v /¢ (1“¢g) "vs (v -v )/(1-¢ e 1 results in

7 “CO. In countercurrent flow,

ﬁt is’ dlfflcult to estimate K, , which Bhaga(al) has discussed
. hin, detail.‘ g0351der1ng the relatively low gas holdup

“(¢g < A Orlsy ahd small bubble size common to the flotation

column, ‘' the théoretical’p:ed;ctions of‘Bﬁaga suggest fhaﬁo

"6.95:< KQ < 1. For'this work it i8 assumed that Ko = 6.97.

Gas-héldup neasurements were made with the column operat-
ing w1th water addition at the top and no wash water addition.

Wlth the bubble colunin operating at steady state the feed and

"underflow were rapidly and simultaneously shut off. . The mea-

. i
surements were repeated for different gas rates, so that UT

w

Bubble diameter was calculated using‘UT in the equatioh

'ofagpncha and Almendra, equation'2.12. Knowing thé relation-

[N
ship' between U,, and Vg gas haldup for any conditions of Vg

Byl

and vi could be-estimated using equation 4.17 iteratively.
Then, bubble rise velpcity in the swarm was given by the slip
velocity, i.e. vy =W, equation 4.13. ‘ )

Bubble Size Dlstrlbutzon. The preceding analysis assumes

that bubble diameter is uniform, whlch<£§ seldom the case.
An example of the 51ze dlstglbution generated by the porous

steel sparger is’ shown in the photoqraph of Flgure 36. The‘

, = ) | .
- . }
. R . . . * . f
. ‘ * i
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Then,'calculaﬁiohs of bubblé rise velooity give'UT between

vides a volumetric mean diametér Eb.

[V ’

L o .. 136
photograph was taken through the_ wall of the, column .under the
follow1ng conditions: o ‘ S 'ﬁ?

hd ~ «

? .
’
- ."

~ T,o:01 po;se
Q=0 " . \
. ‘Qgé 24 cma/min (vg = 0.035 cn/s)

. ¢ = 0.0035 + 0.0045
frother- 10 mg/L Dowfroth ZSOC/y,mhk
At -such a low gas veloclty 1; can be assumed. that Co = KE‘S 1.

7.9 and 10.1 cm/s, vhich in turn yields d_ = 0.067 to 0.085 cm.
" The distribution of bubble cize was obtained by measuring \

the dimensions of 200 bubbles using a Zeiss Digitizer. fhe

.counting results- are summarized in Figure 37 as a number dis-.

tribution, an area distfibution, and a volume distribution.
Each dlstrlbutlon is approximately linear on thgxprobabillty
graph paper, 1nd1cat1ng that lt can be. described adequately
by a mean and a standard deviation, which are noted -on the dia-
gram. \

The ariftf;lu# meohod for estimating bubble diameter pro- -
| The ?verage diameter re-

quired to calculate E, from equation 2.4 is the area mean

_ (0. 78)
diameter dbA From Figure 37 let db (0 B% 3£ = 0. 93 db
"4.2.4. »Sample Preparatlon .

’ Galena. 650 grams of pure lump galena from Wards

Mlnerals was dry ground in a puck-and-rlng pulverizer to. -200

nwsh.r To remove the very fine partlcles the sample was sub-‘

i

‘
«

jected to repeat elutriation Stjii/jj yield 580 g of desllmed i

e -
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and standard dcviation-O 25 m; hy
area, mean db-aba'o 78 mm and standard

[

deviation-o 22 mm; by volm,
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gravity of 7.5 g/cm3.

5111ca.

*1. elutriation to remove’very'fine particles,

2.vwash1ng in 0. 02 M NaCN for 30 mlnutes, to clean the sur-

- welght as talllngs. Flotatlon conditibns were- condition-
- 4

138

=200 mesh galena. Pycnometer measurement gave a, specific
Silica. Approximafelyjzo kg of silica flour was subjected to
repeat elutriation steps. The deslimed siIica‘was then dry’
screened at 150 mesh to yleld 6.1 kg of deslimed ~150 mesh

L L

Sphalerite. The source Of the sphalerite was a zinc concen-

trate from Brunswick Mining and Smelting Ltd., New Brunswick

~ . A .

(the concentrate had not been subjected to reverse flotation

-

for'pyriﬁe }emoval). The following steps were performed to:

obtajn a relatively cle;n,_deslimed spheleritea

~

face(83) . 2

3. batch flotatlon in a 5 L Agltalr cell, rejectlng 10% by, -
'ing‘wlth*p.ss ‘mg/g sodium amyl xanthate for 5 minutes, and
flotation for 1 minute. - |

4._pxrite remo&éi with the Frantz’Isoaynamic‘mégnetie*sepa-

“raepr'at e~curreﬁ§ of 1200\mA‘end‘a side slope ofIZOOL
2Q§ of @ﬁe hateriei was regeqted'in this manner. The‘magv
) ne?ic susceptibgiify prbfile of th_finel.ephalerite pro-
duct is eﬁown\in Figure 38.‘ A minor aﬁeunifof‘fyrite

locklng is 1nd1cated by the levelllng off of the. curve at

the top.‘ However, the materlal appears 4£0 be reasonably
clean.. The flnal product welghed 300.g and gave a specific
qravity-of‘4,l g/cm?, by pycnometer!measurement: The same-
. . = ‘ - : . v ’ )

LN e - . 14
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‘ ‘ - each run in 0. 02 M NaCN for 60 mlnutes. e

’ s;' The objectxve of run 9 was to measure the effect of

sphalerlte sample was used for two column runs,-washed before

*\\\\\ o Size~ analy91s of the three samples is shown in FPigure 39 .
N ‘ \ . N
(see section 4.2. 6 for technlque) ‘

- , ‘-. 4.2. 5., §_per1menta1 Technlqgg

\ Three experlmental runs, with. four to seven tests per
run, are reported. Runs 7 and 8 were conducted wzth sphal-
*erite. Tests 9A and 9B were COnducted with galena, and tests

9C to 9G w&th galena and 3111ca. .7

’

/

’ On the day of each run a drift-flux analy51s wvas per-
fo%ged to- determlne db “and ub as a function of Vé. " For -ea¢h 9
r 6 mg/L-of Dowfroth 250c was added to bcth feed’ water nd

ash water. Sodlum ethyl xanthate wes used for all thr

The experlmental procedure was straight forwa d. Upon‘
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ﬁ
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and 2. to measure the effect of 'gas fate uﬁbn partlcle col—
o { , !

NEZ lectlon. These tests were run as descrxbed.
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’ . o — K y ‘ Ta!?l; 8A

. . Reagent Additions’ and Flowrates for
. " Laboratory Column Runs 7 and 8

9' : ‘ ~ N fon A Run 7 ' ' . ﬁm 8
. ' Material: = 300g zns 220g 2ZnS - ‘
. . Frother: 6 mg/L Dowfroth 250C
» . & Surface Cleaning: & 15 min in 1L 0.02N NacN; filter-
) Activation: o 15 min in 1L 0.010%‘Cu804; filter‘
Collector: . 0.0133 mg/g NaEtX ..  0.0420 mg/g NAEtX
' ‘ (10 min conditioning in 45L)
- - PH . e : C o =~ hatural (7)
. Temperature . - 17°¢c I 23°¢C
s . . b . ) 2 -*- ~
Test # QF Qw QT QC Qg* QF/QT ¢S 9
‘ - 3 . Ave.
(em™/min) C(x10%) (x1008)
- 7B 562. 1215 1481 296 353 2.6 0.028 . e
R 7C - 612 1186 1246 552 225 3.9 0.034
. 7D 581 1186 1387 380 61 3.0 0.031
. 17E 598 1205 1387 416 560 3.1 0.028
8BA  65¢ 1100 1331  423. 353 3.7 0.039
8C 556 1081 1150 487 225 4.2 0.040
8D 588 1091 1160 519 ‘61 4.4 0.047
8E 604 1081 1272, 413 353 -3.7 0.036
8F 647 1100 .1217 530 560 4.4 0.038
e .* Average between sparger and feed point

3 ‘. ¢
Ve . - .
~ ‘ . v’
-




' <

i\

* Average between sparger and feed point

H - 143
é _ -
3 ‘-
T 'I!able 8B
T ‘
3 : -Reagent Addltlons and Flowrates for
E ' - Laboratory Column Run 9 -
.t .
] -
P ] Galena Conditioning
o . . Feed weight: 550g

~Frother: 6 mg/L Dowfroth 250C . L ) %

Collector: 8293 mg/g NaEtX

: (10 min conditioning in ds L)
PH: n{:ttural’ -
_J?emperaturé: 23% e {
~ '_ ’ 2 N ]

\ . *
§ Test % Qg Qu Qp Qc Qg QF/QT og*
3 ’ - Ave. R
(em”/min) (x10%)  (x100%)
: . oA 738- 1167 1509 -396 225 3.3 0.047
i . 9B 750 1167 1508 409 225 3.3 0.047
9c . 773 1157 1517 413 225 3.3 0.43
i 9D 755 1157 1504 408 225 3.3 0.92
t SE 759 1157 1506 410 224 3.3 1.76
£ 9F 772 1148 1513 407 224 - 8.3 3.03
% © 96 - 757 1148. 1512 393 223 3.3 °3.35
A '
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solids concentration. Ih tests 9A and B, galena alone was

floated. For subsequent-tests, silica was added to the feed -

J -

_tank Before.each test, gradﬁally increasing the slurry den~-

-

bubble load &ngd, hence; hindered flotation.

-

sity. 'The adv?ntage of this method for confrolling solids

content. of the slurry is that the concentration of floatable

“species remains low, and thus prevents the condition of full

d

4.2.6. Eeét,Product Analysis . : ‘{:

Each test product-was heighed, filtered, dried and

welghed agaln, to provide mass flow rates of liquid andféollds.

Size analysis of the spbalerlte products was obtainéd by hand -

‘sieving in methanol, using 44, 37 and 25 um' sieves. Size

analysis of the gaiena products from tests 9A and Qanas by~

e) microsieving in methanol at ‘74, 53, 44, 3743nd 25 um, ’

and b) sedigraph analysis in methanol of -the -25 um fraction. -

The unsized products frémbtests QC to bG,tcoqtaining

’

galena and silica,.were assayed for lead content By atomic

aﬁsorptiqn. The samples were digested in two stéps; in

30 mls HC1 (pboiled almost’dryj,‘then in 10, mls HNO, {(boiled-

"

dry): ‘ o

‘4.2.7. . Data Analysis

period-of ‘time 1n a batch test.! This is not possible in a

- ' - ‘ * ' ‘n ) 3 L
A fractional collection recovery R, of a size fraction-

K . - 2 .

-

_was aetermined frbm\the raw data:- Of more interest is‘the

3 o

rate constant k'and'collectlon efficiency E ‘The’ rate con-

. K
<
stant is usually measured by collectlng conceﬁtrate over a

r«slngle continuous test.. HOwever, it is feasible tO estimate

s
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~class was héasuréﬁ., 1f plug flow was assumed then the rate

’ constant could be estlmated from the application of equation

- atory column was known, it was possxble to account for mxxing..

—.

ﬁ§ = D,. For other‘gas rates it was asaumed that
v L, 0-3 ‘ J,J‘!_L ' -, )
D_= 18 1—3——\_~ cmz[g S ’< ‘ ’
P "0.28, ' (’5 : :
(see spction 2.1. 1) ) T o ~ f“

rate constants from a .column test if a relatively pure.min- .

eral sample and a nafrow—size.range'is employed. The proce-

dure ‘employed here was as follows:

The recovery and mean residence time of a particular size

2.5, RE*However, s;nce the disper81on coeff;c;ent of the 1ahor-

For a glven size- fractlon, Np (= D u . /L) was ‘estimated and,-

P pi
together w1th RK was used to 1terat1vely caLculate krp by

¢

equataon 2.19. .Knowing ktpvandqu' gave k. (From.Table 7,

= 2 em/s (which is typical u, in the col~
= 0428 cm/s.

D, = 18 oﬁ%/s at u,

umn tésts) and'vg It is shown’later that

Knowing k, v, and (sk_E is then given by equation 2.4,




IS
o

Wﬁqmﬂ BT R R AV M S Iy
) N - v *
. < -

- >
. ¢ . - A
——— - N ¢ d IR
- - - ' Voo -
- ’ /\ ) KN 1‘6
+ / R
' &"r‘ 2o -
e * lJ}-S \
43 1
- . : ) .
) — . .
'\ -~ v i - - / A 1
w ¢ 4
: R ‘ *
- ““ - \‘\“‘“ % 1
et o N 1
Y
- ; \\‘ "I LY ’ <! : L C- ': ~% -'4 ) ur‘;:
. CHAPTER'S . )
. " . . )
. [ - v PR P - . e
. P v e F e e v e v
. . N ‘ L S M
’n' . < o . ‘s 3 ' ~ . S »
' e . 'EXPERIMENTAL RESULTS o - = .
I A . . --—-‘:—-—‘-W . —41 . -
. ) -' :" "« v; . . ,‘ “‘ ) N . « . . *
< - s
. - oy ~ " Lo et . - = ‘ . .
T " ¢ ‘ < g RS - y N ;o - - Z - N ~
ot 7Bl Plant Columns:- Mixing in-Collevtion Zone
ro :_‘.“ " ) . i * . ' < AR N < =~
& > 5~ ! “ o> . -

ST 1.1 Liﬂiﬂ Disggrsiog LT A

Y Y PERI 'Y
.

e L the f.eed 15 als0 shown, indicating thata mn amount of dye

' beinq tested. As ahown :I.n Figure 40, the recycled qmtity ir
A , 1~"i' e 1zed and fitted to the diaperaion model with the pro::edure ‘de-

- i . parameters are listed in 'rable 9.° In bath cases the dispersion

ES . & o~ . - . ~
- * :

.

-

.The fluéréacein msu:ements !or the 0 45 and 0 9 n

 columns. are presented in. rigure 40. mncentratlon of -dye in

from the concantrate anH/or tailings streams vas recirculated

from the subsequent ﬂotation m:agen to the feed of thc cclumn . {
: ~m1nim&1 and can be safaly ignored. 'rhe tailings data, noml- !

scribed 1n sechion 4.1. 2, is shown :Ln F;Lqure 41, and the -hf.itted

2 - -
< - e

. moéel f:Lt is gbod, an’ :Lndicat:l.on that the Laplace solution to
q ) t:hz open endad dispersioh model is adequate to ‘describe mlxing :
- J.n 1nrge flotatiozz calunns. ‘g R

f_ 'rhe flotation colm diuperaion coeffLC:lents afe epmpared
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"averaged over gas ve’loci‘!:ies ,from 1. 0 to 3.3 cm/s. X ,';

o - - - - N . ' . T 150

 columns in Eigure 42. The radial dimension of the square

sectioned column is characterized by eqﬁivalent diameter
"(0.52 and 1. 03'm). The interval—bars for the Magnussen (25)
dagta refiect that 'his meuured &:Lspersion coefficients were

’ average values obtained over a wide range of auperticial qa&' '

velocity (l to 10 cm/s). Gas velpcities An thc ﬂotation

colunmt were 1.4 and 1 8 cm/t, .80 1t vould be expected that the .

dispersion coefﬁcientl of the flotation columns would fall at

) the Imr end of the nagnuuen data x‘ange. m- is tho cgse. ‘
‘ Included in Figure 42 ,'m the data, of Rice et al (18 19’ for

column’ dimters from 0.1 to 0. 3 m, The.tr data have heen

If the data™a _low superficial gas velbcitiu nte eon-

sidared, it appeara t? k=1 for large colunns, neglecting

the effect of vg. l’for flotation columns with d >. 0 2 m and
operatinq at gas veloc,tties bettveen I and 3 cm/s (as is typical)

the dispersion coef'%\cient is approximatec? by:

- . .. b, » 0.063% m%/s S s

2

’

" -where 4 _ :le‘ the equiva;ent column diameter, in meters.

-

-,

5 1 2 SQMds Dispersion

" 'The manganese assays for the tailings stream of the 0 45 m.

‘column "‘are given in Table 10. '.l'he assays are ccrrected for -

background manganese content. 'rhe ratio of total b ck , und

. e . - .
~ . ~

P o
P

!
N

¢
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. L Table 10 -

. ) "
Manganese Assays for

- Tailings Samples Of 0.45 meter column

A
1 P

‘Mn Assays (ppm) are corrected for background
1] . r ) ~ «
Time ) Size Fraction

reren b V—— AP,

-\

(Min)® .. -400 mesh +400 . +270 ° 4200 - +150
: © =270mesh -20Qmesh ~150mesh- ~100mesh
v, - p— .
' Background 486 380 313 500 490 -
| —— ~
1 nac 45 270 . 394 "176
3 1617 -& ‘5344 10914 ° "18500.  13020°
. 5 1871 & 5569 11400 - 16300 . 10543°
7 1778 . 5372 10080 14180 , . 6890
. 10 1098 | ‘2745 5880 5610 . 2092
/16 "434 . 1388 2370 1890 620
20 - . 255 - 559 798, 400 161 :
L. o s
] T W A ,
(Total ' . ) )
Background : - T y ’
Mn) 0.56 0.15 . 0.06 .0.08  O0.1& , ¢ ..
(Total : R ’ e
Tracer- Mn) -
\ : .
- .,s “ 1
. {] A‘
| .
)
» ;{ i * . 'L‘\
/’ -
, ] o
R s - ;l R R s v i . - :‘-—WHWJ» g 8 g i ¥ Myﬁw Wares. Chwmpnsin




also shown in Table 10, is between 0.06 and O. JS for the four
size frat:tions larger than 400 mesh. However, the ratio 18 0. 56 "
for - thé ~-400 mesh fraction; this fraction 1s not considered .
further. _ . " R
. The measurea and fittea. qormalizad ewéa for M0, i the
0.45 m colunn are- given in ?:Lgure a3 and the f.itt.cd nix;l.ng ‘

: parmters are smarizod in !‘able 11 '.l'ha ‘error ,bnrl of '
- riguro 43 reprasent. + £wo standarﬂ daviation-. vhich ncco;mts L
for. analytical error (of “2! xelativa ntandard daviation),, sub-
traction of background nn. and sanpling exrb: ntmu& by the
method of Gy‘“’ . It 18 avment thqt the aupens.on coet!icient
of the particles does not vary significantly vith particu Qizg
a.nd is almtlar to that of .the liquid, D ava:age = 0.035 m /:’,

P
con,tpa;:ed .with D, = 0 033 m /s., '!hea),‘ for large columms at low’

air rates .

¢ -

. . 1 ; 2 ., -' ; ) ) A
D, = D, = 0.063 4 n"/s N (5.9).

N M a .t ra .
- . - K '
R f .

: ¥ ‘ ‘ “ "iv , ’ g ) . ' ‘ ‘: -
'Fhe predicted mean residernce times of the four size classes,
using'équq?tj'.onfs“ 2. 1'1 and 2. ‘12’. ar'¢ é&lcuiatéa 1:3“1'&53.3 12, and oy

' the predicted and measured T va d Jare platted in figura 44. o

P-
W .
- Agreement between measured and predictad values is qood S

- a
; . v

.5.1.3 Flow- Split’ f.' - | B ,»'. .‘

vt A mat r;tal ba.lance of - the fluorescun tpl:u:. ami m« L
watér spli tween the’ taiunga st:m md thc mtm ‘
stram can be\:@uum! with tho use. o! th- ﬁmtu m &)'

. e o ‘
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Conditions:

L

N

_Prediction of 1

Table 12 .
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condit:l\ons and calculnt.ions of m_ T R

dicted t, are given in Table 12, -




o

\ "the 9. 9 m column, 99. 2% repoxted o the tailinga. "\@n both '

&

. SRR 11

t ¥
' <

‘:end RTD curves (Fig’ure 40). - In the 0. 45 m. column, 99.88% of .

the measured fluorescein reported to- the taililqg)e stream and in

-

oases, approximately 18% of the. dye was unaccounted for .and 18 *‘_
assumed to have beex; édsorbed by solids ) From a flow balanoe

it wag determined tha.t the concéntrate water from the. 0. 45 m

.column was compoeed of S% originel feed water and 95% wash

water, wwh:l.le cbncen.trate water from the 0. 9 m colmnn,was 8%.

'.orig:lnal feed wetef a.nd 92% wash water. Tﬁe washwater is

oo

evidently vety effectiVe :Ln preVenting feed water, a,md t.hus en- .

‘ traine;i gangue pa:ticles, ffom reaching the concentrate.

-

>’ ! . ‘ " » a _ - B R - .
-5.2 Laboratory Column: “Particle Collection

- ’ » - . )
L) - "' - - - i
b

- 5.2.1 Drift—Fiux Analysis L L

s

The gas holdup meaqurements for ruins- 7. 8 and ‘9 are pre—

“r‘ sented :Ln F:Lgure 45 in terms of the drift-flux groupings,

equa.tion 4.17. A value m= 3.1 (eguation 1. 16) MMG for

tl:xe range of’ Reb covered in the tests. ' 'l’able 13 sumarizes the

-

results of the drift flux -analysis.' A correlation between the

volumetric mgan bubble dia.meter d, and Q g 'is obtained’ from the.
8 sets of data :i.n Table 13 when.log 0y is compared to log ab

;

The resflt is .- . . N ' _ .

- 3

ab = 0.0257 QgP--25 cm U ‘ _('5.3)'

Q is incm /min 'rhe oorrelati.on ooefficient is 0.995.
(Bquation 5.3 is valid fo: 0. 0093 sus n 0113 poise and

.
. . P , M
. . : . . . . .
\ - .
. R R
= .
» - . ¢ >
. . .
. - »
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Table 137
Drift Flux Analysis of Runs 7, 8 and 9
; ,
’ m = 3:1 .
——+ '

Run # Q K U C U d Correlation
- 39 e o T 9 T b Coefficient
(em”/min) ‘(cm/s) (ecm/s) {(cm)

7 113 9.19 ‘0.82 9.48 0.0845 1 0.95 |
230 10.91 0.82 11.24 0.1000 ' 0.97
362 12.42 0.93 12.80 0.1150 0.95
572 13.71 0.93 14.13“ 0.1280 . 0.98
8 230 ) 11.46 1.23 11.82 0.0995 - 0.97
362 12.74 1.45 13.13° 0.1120 . 0.99 N
572« 14.17 1.53 14.60 “0.1260 - 0.94
9 225 “: 11.86 1.24 12.23  0.1030 - .. 0.99%
. ~4 ' .
Run 7' . Co = . 0.44 + 0‘1784%Q§ Qg O.g5
Run 8 CcC = =0.583+ ©.775 log,Qg ‘ .- 0.98 .

o~

¥]

+ from equation 2.12

%
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Dowfroth 250 C at 6 mg/L.) Then, the area mean bubble diameter

is given by

A}

0.0239 Qg0'25 (5.4)

) e . /

- o

124

The drift-flux results can be used to determine the bubble

conditions prevailing during each test, including ¢g, d and

ba’

u . These are shown in Table 14. For d bubble rise velocity

bl

is given by u_. Since the relationship between d is

and ub

Yy b

approximately linear ovet* the region of concern here, it is

r
v

reasonable to let U = 0.93 ug for dbA'
All the operating conditions for the_iaboratory column

runs are summarized in Tables 8 and 14.

5.2.2 Flotation Tests

Tests 9A and 9B: Gélena

Size analysis of concentdates and tailings f{oﬁ tests\9A
and B are given in Table 15, along with»fecovery*vaiues for
each size fracti;n and the back-calculated feed siée distribu-
tion. Table 16 presents the calculated rate constants and
collection efficiencies, and EK vs dp is summarized in

FPigure 46. 'The peak in EK (and the peak in recovery) occurs

at approximately 30 um.

Run 9: .Galena and.Silica

The results of the galena-silica tests are given 1in

Table 17 and Figure 47. The most notablgﬁfegult is the

P

Hwn e



Test #

7B
7C
7D
7E°

84
8C
. 8D
8E
8F

9A » 9G

(1) from
(2) from
(3) from
(4) from
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Table 14

Bubble Conditions of Runs 7, 8, and 9
__(n __(2) (3) (4)

dy dpa by ug
{cm) ' (cm) (%x100%) (cm/s)
- //
0.1126  0.1047 5.95 10.92
0.1002 0.0932 3.90 10.28
0.0713 0.0663 1.51 7.92
0.1270 0.1181 9.00 11.27
0.1126 0.1047 5.92 10.73
0.1002 0.0932 3.81 10.33
0.0713 ~0.0663 1.33 8.38
0.1126 071047 5.82 10.79
0.1270 0.1181 8.80 11.20
.1030 0.0958 10.41

o

equation 5.2 -
eguation 5.3

equation 4.15
equation 4.13

4.03

i wree e e

e
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Table 15

Size Analysis and Recoveries
Tests 9A and B

Particle Size dp Size Dist (wt%)
Fraction average Conc Tails Feed
(um) (um)
9
+53-74 63 4.88 8.54 6.40
+44~-53 48 11.86 11.45 11.69
+37-44 40 14.51 7.11 11.45
+25-37 30 18.92 6.66 13.85
+15-25 19 27.90 12.59 21.56
+11-15 13 12.71 15.90 14.03
+ 7-11 S 5.98 17.88 . 10.84
-7 5 3.24 19.86 10.12
Total Rec'y
9B

& ; - .
+53-74 63 ' 4.65 7.98 5.94
+44-53 48 15.41 9.54 13.13
+37-44 40 14.29 6.75 11.36
' +25-37 30 22,37 7.00 16.41
+15-25 19 24,89 19.59 22.83
+11-15 13, 11.26 22.69 15.69
+ 7-11 9 4,97 15.12 '8.91
-7 "5 2.16 11.34 5.72

Total Rec'y

]

]

| wes

Rec'y

44.7
59.5
74.3
80.1 j
75.8
53.1
32.3
18.8

58.6

47.9
71.8
77.0
83.5
66.7
43.9
34.1 f
23.1

61.2
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Table 16

Rate Constants and Collection Efficiencies

Tests 9A and B

'p

(s)

33
39
42
46

.49

51
52
52

0.0182
0.0244
0.0345
0.0384
0.0312
0.0157
0.0077
0.0041

.0200
. 0345
.0376
.0432

10239

.0118
.0083
.0052

from equation 2.12

(1) (2) (3)
d u_+u N k
P p L P p
(pm) (cm/s)
9a
63 3.59 0.043 0.61
48 3.09 0.050 0.95
40 2.86 0.054 1.45
30 2.62 0.059 1.76
19 2.43 0.064 1.54
13 2.36 0.066 0.80
9 2.32 0.067 0.40
5 2.30 - 0.068 0.21
9B
.
63 3.59 0.043 - 0.67
48 3.09 0.050  1.34
40 2.86 0.054 1.58
30 2.62 0.059 1.98
19 2.43 0.064 1.18
13 2.36 0.066 0.60
9 2.32 0.067 0.43 -
5 2.30 0.068 0.27
(1) u, = 2.29 cm/s anéaup
2
= ' = 18.5

(2) Np Dp/up p Dp

(3) from equation 2.10

(4) from equation 2.4 using d

bAa

0.36
0.48
0.67
0.75
0.61
0.31
0.15
0.08

0.39
0.67
0.73
0.84
0.47
0.23
0.16
0.10

O,
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Y,
o8} ]
06l :
Ex

(%) [ .

0.4 .
Y

02l :
3 030 40 60 80

Particle Size (um)

46 Column tests 92 and BB;‘EK versus dp.
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Table 17 :
Galena ~ Silica Column Tests
9A ~ G
Sample $Pb3 . %810, ¥ Recovery Ave.
‘ / M Total  PbS §16,, Vol s
- Wil Solids
C Conc 98.3 1.68 21,9 72.3 053 0.43
C Tails 10.6 89.4
D Conc 94.2 5.78 13,5 785.7 0.93 0.92
D Tails 4.46 95.5 \
E Conc 88.8 11.2 7.89 79.3 0.97 1.76
E Tails 1.99 98.0 \
F Conc 81.7 18.3 5.24 79.1 1.0 3.03
F Tails 1.20 98.8
G Conc 75.3 24.7 4.49 81.4 1.2 3.35
G Tails 0.81 ‘99.2 ;
A Conc - 58.6  58.6 0.047
! i
B Conc 61{2 61.2 0.047



Galena Rec'y (%)
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47

005 0.5 \I 1 2 3
Volume % Solids (¢,x100)
|
f

Column run 9; Galena recovery versus

volume percent solids.
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increase in galena recovery as gqsgilds is increased; from 60%
recovery at 0.047 volume % soiidé (ﬁ\jg weight %) to 81%
recovery at 3.35 volume % solids k21.4 weight %). As well, the
silica gecoveries are all approximétely 1%, which agrees with

the measured short-circuiting of water (Figure 35}. (The wide

size distribution of the galena prevents measurement of rate

; constantsg from these data.)

Runs 7 and 8: Sphalerite \

The results of runs 7 and 8 are summarized in % bles 18A
arid B and 19A and B. The weight % recoveries are giién in
Table 18, and tﬁe rate constants and collection efficiencies
pare given in Table 19. EK Vs vg is summarized in Figure 48 and
k vs vg is summarized in Figure 49. As gas rate is increased,

collection efficiency decreases, while the rate constant in-

creases, reaching a peak for some size fractions.
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” v .

C Table 18a

Results: Column Run 7

-

, Particle Size dp Size Dist. (wt%) Wtg
. Fraction ave. Conc Tails Feed Rec'y
(um) " (um) Q
N
“Test 7D: vg = 0.089 cm/s
AN

+44 50 15.0 4.7 7.5. 55:5
+37-44 40 23.0 7.6 . 11.9 53.9
+25-37 30 \\ ‘42.8 44.3 43.9 27.2
-25 20 v 719.2 43.5 36.7 ° 14.6
Total \\ 27.9

Test 7C: v, = 0.327
+44 50 12.9 3.3 7.9 78.2
+37-44 40 29.2 5.1 19.3 78.6
+25-37 30 49.4 35.0 41.8 56.5
=25 20 17.6 56.7 38.0 22.2
Total . 47.9

Test 7B: Vg = 0.513
+44 50 12.8 4.5 8.6 74.0
+37-44 40 17.4 5.3 11.3 76.6
+25-37 30 “43.5 39.8 41.7 52.2
-25 20 26.3 50.5 38.4 34.2
Total 49.9

' Test 7TE: Vg = 0.814
+44 . 50 11.¢9 3.5 8.1 80.6
+37-44 40 16.3 . 6.0 11.7 76.8
+25~37 30 , 49.9 35.4 43.3 63.1
-25 20 21.8 55.2 36.9 32.4
< Total ' 54.8
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Table 18B
R Results: Column Run 8
Particle Size dp Size Dist. (Wt%)
. Fraction Ave. Conc Tails Feed
© (um) (um)‘
Test 8D: Vv_ = 0.089 cm/s
+44 50 12.7 3.8 7.7
+37-44 40 14.6 7.5 10.6
+25-37 30 46.1 40.6 43.0
-25 20 26.6 48.2 38.7
Total,
Test 8C: v_ = 0.327
+44 50 9.1 9 2.8 6.9
+37~44 40 13.1 4.7 v 10.3
+25-37 30 40.1 32.2 37.3
-25 20 37.7 60.3 45.5
. Total '
Test 8E: v_ = 0.513
+44 50 6.7 3.2 5.7
+37-44 40 12.2 5.1 9.9
+25-37 30 52.1 41.0 48.5
-25 20 29.0 50.7 36.0
Total
Test 8A: v_ = 0.513
+44 50 9.7 3.2 7.7
+37-44 40 12.7 5.5 10.4
+25-37 30 41.9 34.8 39.8
-25 20 35.7 56.5 42.1
Total
Test 8F: ¥ = 0.814
+44 ‘ 50 8.2 9 4.3 7.2
+37-44 40 13.3 4.8 11.0
+25=37 30 40.9 36.1 39.6
=25 - 20 37.6 54.8 42.1
Total
#
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wts
Rec'y

72.5
60.3
46.9
30.1
43.8

86.1
84.0
70.2
54.1
65.4

8l1.8
83.7
73.2
55.1
68.2

87.2
83.8
73.0
58.7
638.2

84.1
88.5
76.0
65.7
73.6
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50
40
30
20

50
40
30
20

50
40
30
20

50
40
30
20

Table 19A
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Rate Constants and Collection Efficiencies

1.68
1.70
0.88
0.26

1.46
1.59
0.78
0.43

1.83-

1.62
1.07
0.40

Column Run 7

)
(s)

Test 7D% v_ =

50
53
55
57

Test' 7C v =

53
57
59
61

Test 7B v =

45
48
49
51

Test 7E Vv =

47
49
51
52

k

-1

(s

)
0.089 cm/s

0.0169
0.0151
0.0058
0.0028

0.327

0.0314
0.0300
0.0149
0.0042

0.513

0.0322
0.0334
0.0157
0.0085

0.814

0.0393
0.0330
0.0210
0.0077

0.84
0.75
0.29
0.14

0.60
0.57
0.28
0.079

0.44
0.45
0.21
0.12

0.38
0.32
0.20
0.074

7w

1
h
1 Mot ansl W1 i, e AUl o A s

e e ottt




P

50°
40
30
20

50
40
30

50
40
30
20

Rate

1.37
0.97
0.66
0.37

2.23
2.05
1.31
0.82

1.89
2.05~
1.44
0.85

2.33
2.04
1.43
0.94

2.11
2.54
1.60
1.19
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' Table 19B
. o
Constants and Collection Efficiencies
Column Run 8

f:

-7

-

12 - k . EK

(s) (s~ (%)
Test 8D: vg = 0.089 cm/s

{

56 0.0244 1.22

60 0.0161 0.80

64 0.0102 * 0.51

67 0.0054 0.27

L]

Test 8C: vg = 0.327 o )

55 . 0.0403 0.77

59 0.0345 A 60-65

63 0.0207. 0.39

66 0.0124 _. = 0.24 !
Test 8E: vy = 0.513 :

50 0.0377 . 0.51 ‘

53 0.0383 ° "0.52

57 0.0255 0. 35

59 0.0145" . 0.20

Test 8A: Vg = 0.513

48 0.0483 "0.66
51 0.0397 _ 0.54
54 0.0262 : 0.36 .
56 0.0167 0.23
Test 8F: v_ = 0.814
51 0.0417 ©0.40
54 0.0470 " 0.45
57 0.0280 o 0.27
59 0.0200 0.19
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™

Column runs 7 and 8; EK versus super-

ficial gas velocity.
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~=-run 7
/ — run 8.
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=
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/
49 Column runs 7 ‘and 8; Rate constant

versus gas velocity.
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CHAPTER 6

TESTING THE FLOTATION MODEL

6.1 Particle Size and Induction Time

/

Galena: Tests 9A and B It is shown in Chapter 3 that a peak

in particle size vs collection efficiency data will be ob-
serveq by the collection model when it is assumed that induc-
tion time is constant with’particle size. The results of the
galena flotation tests, 9A and 9B, also show a distinct peak in
the dp vs k (or EK) data. Since all the parameters for the
model have been measured, except induction time, the assumption
of a constant induction time can be tested by comparing the
experimental results with model predictions for different
induction times; This comparison is illustrated in Figure 50
for Tests 9A and B. Three values of ti are shown: ‘17, 20 and
25 ms. A good fit cannot be obtained. These model calcula-
tions were performed using the average bubble diameter, EEA.
The model result using a distributed bubble diameter and-

t. = 17 ms is also shown in Figure 50. The distribution of

1

pa 1S obtained assiming E;A = 0.0958 cm with a relative

standard deviation of 28%, and describing the distribution by

d



2 Ty

(%)

dp (pm)

50 Flotation model fit to results of

tests 9A and B, assuming t; ¥ fn

(dp). For analysis with di&trib- ]

(S

uted bubble diameter, and ti=l7 ms,

- —— - - the @istribution is equally split
between four bubble diameters:

0.065 cm(ub=6.6 cm/s); 0.087 cm
(u,=8.8 cm/s); 0.104 cm (,=10.5 cm/s) ;

0.127 cm (ub=12,8 cm/s) .
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four values each of which represents 25% of the bubbles. The
difference between using EEA and using the distribution of dbA
is not dramatic. The remaining calculations employ a;A.

The induction time can be computed by comparing the
measured collection efficiency to the theoretical collision
efficiency. The ratio E. (theory)/EK (measured) is the attach-

ment efficiency, E Induction time required to attain EA is

A
then calculated using the program SLIDE. These computations

are summarized in Table 20 for tests 92 and B, using average

EK values from Figure 46. Induction time decreases from 59 ms

at 5 ym to 18.5 ms at 55 um.

Sphalerite: Runs 7 and 8

The same method of calculating induction time can be
applied to the sphalerite data of runs 7 and 8. These calcula-
tions are sumharized in Tables2lA and B. Note that ty does not
vary-significantly with vg. However, the trend of decreasing
ti with increasing dP is again observed. For run 7, average
ti is 40 ms at 20 ym and 19 ms at 50 um, while for run 8, ti
decreases from 30 to 17 ms over the same size range.

(43)

Silica: Anfruns and Kitchener Data

The results of the single bubble experiments of Anfruns

and Kiichener, shown in Figure 51, provide another opportunity

to fit the collection model. Using the same approach as for
tests 7, 8 and 9, ti Vs dp is computed at five bubble diameters,
Table 22. It is clearly evident, -again, that ti decreases with
increasing dp. (Note that attachment efficiency is between 60

and 90%; Anfruns and Kitchener assumed EA = 100%.)



Table 20

Induction Times for Tests 9A & B

Conditions: dbA
Uy,
H
d EC (%)
(um) {model)
5 0.104
10 0.41e
15 0.931"-
25 2.53
35 5.14
45 9.56
55 16.7
(1) EA(%)

(2) from SLIDE

£

It

0.0958 cm
9.68 cm/s
0.0093 poise

E, (%)

(Experiment)

0.09
0.18
0.34
0.75
0.78
0.62
0.47

(E(/EL) x 100%

o

P
¢

g

7.5 g/cm3
0.04

E, (sf1)

86
43
37
30
15
6.5
2.8

178

(2)
ty

(ms)

59
51
36
22.6
19.8
19.2
18.5
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Table 2Z1A

Induction Times for Run 7

179

Conditions: u = 0.0113 poise
: 3
= 4.1
PP g/cm

1) (1)

Test # dp EC(EL EK(%) EA(%f t.
(um) (model) (experiment) (ms)
7D . dbA=.0663 cm ub=7.4cm/s ¢g=l.51%, Vg=0.089 cm/s ,
20 1.22 0.14 11.5 38.2
30 2.74 0.29 10.6 28.5
40 4.82 0.75 15.6 22.2
50 7.57 0.84 11.0 21.7

7C d, ,=0.0932cm u, =9.6cm/s ¢g=3.90%, vg=0-327 cm/s
20 0.86 0.079 9.1 41.6
30 1.93 0.28 14.5 24.7
40 3.40 0.57 16.8 19.1
50 5.52 0.60 10.9 18.7

7B d, ,=-1047cm  u, =10.2cm/s ¢g=5.95%, vg=0.513 cm/s
20 0.78 0.12 15.4 37.3
30 1.74 0.21 12.1 26.1
40 3.06 0.45 14.7 19.2
50 4.92 0.44 8.9 18.7

7E d, ,=0.118lcm ub=10.5cm/s ¢g=9.00%, Vg=0-814 cm/s
20 0.72 0.074 10.4 42.2
30 1.60 0.20 12.5 26.8
40 2.80 0.32 11.4 20.5
50 4,33 0.38 8.8 18.4

see Table 20‘



& Table

21B

Induction Times for Run 8
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N Conditions: ¥ = 0.0093 poise
, p_ = 4.1 g/cm3
‘}\ p
Y eNl) (1)
Test 4 d Eq (%) Eg (%) EA(%f t,
) (um) (model) (experiment) (ms)
8D dp,=0-0663cm u =7.8 g% ¢g=1.33%, vg=0.089 cm/s
20 1.37 0.27 19.7 27.7
30 3.07 0.51 16.6 21.3
40 5.39 0.80 14.9 18.8
50 9.57 1.22 12.7 17.7
>
8C d .=0.0932cm u,=9.6 cm =3.81% =0.32 s
{ w ba uy cm by ' Vg 7 cm/
20 1.00 0.24 24.0 29.0
30 2.23 0.39 17.5 21.1
40 3.90 0.65 16.7 17.2
50 6.87 0.77 11.2 16.6
8E @ _=0.1047cm u =10.0cm ¢ =5.82%, v =0.513 cm/s
\ baA b '-'é- ¢g ’ g /
20 0.91 0.20 21.9 31.0
30 2.03 0.35 17.2 21.9
40 3.55 0.52 14.6 17.6
50 6.10 0.51 8.4 17.3
8A d) ,=0.1047 ub=10.0g§ ¢g=5.92%, vg=0.513 cm/s
20 0.91 0.23 25.2 29.4
30 2.03 0.36 17.7 21.6
40 3.55 0.54 15.2 17.4
50 ° 6.10 0.66 10.8 16.3
8F d, .=0.1187 =10.4cm =8.80% =0.814
bA Uy @ ¢g . vg 14 cm/s
20 0.83 0.19 22.8 31.0
30 1.85 0.27 14.6 23.1
40 3.23 0.45 13.9 17.5
50 5.38 0.40 7.4 17.0

} see Table 20

et

(
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Theoretical curve
froction: mean size {pm)
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0.049

0.03

0.02

"EFFICIENCY" OF COLLECTION. (E,)

0.01
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BUBBLE DIAMETER (mm)

51 Experimental collection efficiencies
. 43) .
of Anfruns and Kltchener( 3) for

surface-methylated silica.
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Conditions:

L
Induction Times for Dat& of Anfruns and Kitchenkr

Table '22

182

(43)

4

d
p

0-: 06

(1)

(um)

12.0
18.0
27.6
31.4
40.5

12.0
18.0
27.6
« 31.4
40.5

12.0
18.0
27.6
31.4
40.5

12.0
18.0
27.6
31.4
40.5

12.0
.18.0
27.6
31.4
40.5

see Table 20

p=0.01 poise

op=2.659/cm3 u

EC(%) EK(%)
(model) (experiment)
0.23 0.14
0.51 0.30
1.19 0.63"
1.54 1.11
2.55 1.79
0.25 0.18
0.57 0.36
1.34 0.81
1.73 1.35
2.87 2.02
0.29 0.22
0.65 0.42
1.53 0.95
1.97 1.63
3.27 2.54
0.33 0.26
0.75 0.56
1.77 1.17
2.29 1.98
3.80 3.17
0.40 0.36
0.90 0.81
2.11 1.50
2.73 - 2.50
4.53 3.92

from Figure 13

b
1) (1)
EA(%f £
(ms)

62.2 32.1
59.1 22.3
52.9 15.8
72.1 10.1
70.3 8.6
71.1 28.0
63.2 21.3
60.5 14.4
78.0 9.3
70.5 9.1
76.4 25.4
64.6 21.0
62.2 9.2
82.6 8.8
77.7 ~8.5
77.2 25.5
73.6 18.1
66.0 14.2
86 .4 8.4
83.4 8.0
90.7 17.4
90.4 11.6
71.1 13.9
91.6 7.6
86.6 8.0

e
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Tables 20 to 22 are summarized in Figure 522 where
induction time is plotted against particle size. Average ti
is shown for the data from Anfruns and Kitchener and runs 7 and
8, ignoring any bubble size effect. ‘It is evident that ti
decreases significantly yith increasing dp for dp less than
approximately 30 um,vandjappeqrs to be less dependent upon dp
for larger sizes. The same data is plotted on logérithmic

scales in Figure 52B. Over the size range studied, it can be
n
p 14

assumed that ti = d
Regression analysis of log t, vs log dp is summarized in

where n is the slope in Figure 52B.

Table 23. For the four sets of data n = -0.75 + 0.25, for

d_ s 55 um.
p H

6.2 Bubble Size and Induction Time

e

The induétion times computed fromhAnfruns and Kitchenerfs
data are plotted vs bubble diameter in Figure 53. There is a
distinct decrease in induction time with decreasing bubble
diameter for dp = 12 and 18 um, while there is only a slight

degtease, or none at all, for the larger particle sizes.

6.3 Gas Flow Rate

In Table 21 it is clear that the calculated induction
time does not vary with superficial gas velocity (i.e. gas flow
rate) for v_ s 0.81 cm/s. With reference to secfion 6.2 this
is to be expe6£ed; bubble diameter varies- from 0.066 to 0.119 cm
but dp 2 20 uym. The important implication is that the collec-

tion model correctly accounts for the effect of gas holdup.

e
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10p 4
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»

Particle size effect upon_induction
time, computed from results of runs
7, 8 and 92 and the data of Anfruns
and Kitchener(43). ‘

(a) arithmetic scales; (b) logarithmic

scales.
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% Table 23
B A
Correlation Between tl and dp
log ti = A 4+ n log dp
t =a ag?® t. - ms
1 P i
d - um
p u
Number of Correlation )
Observations Coefficient n A
Datg .
Tests 9A & B 7 0.97 -0.552 155
Run 7 16 0.96 ~-0.821 448
Run 8 20 . 0.97 -=0.630 191
anfruns & e 25 T~ 0.90 -0.950 277
Kitchener
i
!
1
: .

I 54 Y vt e e
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7
S
¥ T — 1 T
/,,_/ dp (um) “
so | \ 12.0
) 18. ’ ~
° .ol 8.0 |
~ (]
- : M 27,6
< :/ n . , )
D ) 10 C: S Ol31.44.
@ - ¥lao.s
1 L 1 § 1
0.06 0.07 0.08 '.0.09 0.10
Bubble Diameter (cm) 1, 4
53 ‘Bubble diameter effect upon induction

time, computed from data of Anfruns and

Kitchener(43).
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Further- verification of this statement is provided by
Y

comparison of the model prediction with the experimental data

(85). Their experiments\were performed in a

of Laplante et al
mechanical cell designed to remove froth rapidly. Collectién
rate constant as a function of gas rate was measured. Also
measured as a function of Qg was bubble diameter. From vg/and
db, appfopriate values for ¢g and u, can be calculated using
equatione 2.12, 4.15 (v2 = 0) and 4.13. To use the collection

model the only further parameter required is induction time.
From the calculations of section 6.1 (Figure 52), a 25 uir--
particle off galena would be expected to have an induction time
between 14 ms (very hydrophobic) and 30 ms (moderately hydro;
phobic). Table 24 summarizes the model calculations for 25 um
galena using ti = 20 ms, as well as 19 ym galena with ti = 25ms
and 10.5 um galena with ti = 38 ms (n = -0.75), for the condi-
tiops of the reported experiments. Model results and experi-
mental results are compared in Figure 54. While thefit for

the fine galena is only fair (requires a smaller value of ti’

or reflects significant recovery by entrainment in the experi-

~ments) the fit for the 19 and 25 um galena 1s very good. At the

very least, it can be said that the model predicts the shape of

the k vs'vg curve, as well as the location of its peak.

et R £ e bt o e, e, 5o
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Table 24

Model Calculations for Data of Laplante et a1(84)

Conditions; Pp = 7.5 g/c:m3 u = 0.0l poise
. {1) (2) (3) (4)
Q v db UT ¢ Uy,
{(L/min) {cm/s) (cm) {cm/s) (x100%) {cm/s)
1 0.071 0.066 7.74 0.95 7
2 0.143 0.071 8.37 1.8 7
3 0.214 0.077 9.11 2.6 8
5 0.357 0.090 10.6 3.8 9
6 0.428 0.098 1l.6 4.2 10
7 0.500 0.106 12.4 4.6 10
8 0.571 0.114 13.3 4.9
9 0.642 0.121 14.0 5.3
10 0.710 0.131 15.0 5.5
(1) In (rb) = 0.0789 Qg (ref. B84)
(2) From equation 2.12
(3) From equation 4.15 (vl = 0)
(4) From equation 4.13- ~ 7
P .
d_=25 d =19 d =10.
QQ p um '///lp um p Sum
- ti=20ms —— ti=25ms t.=38ms
(L/min) —_——— —n L
EIS k E:;Ii . k ﬁ k -~
($) (min~") (4) (min”?) (8)  (min )
1 1.32 1.28 0.83 0.81 0.36 0.35
2 1.22 2.20 0.80 1.44 0.34 0.62
3 1.22 3.06 0.82 2.04 0.34 0.86
5 1.01 3.61 0.68 2.43 0.29 1.02
6 0.89 3.51 0.60 2.36 0.26 1.00
7 0.81 3.44 0.55 2.32 0.23 0.99
8 0.70 3.16 0.48 2.16 0.21 0.94
9 0.70 3.32 06.47 2.23 0.20 0.96
10 0.63 3.08 0.43 2.07 0.18 0.89
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¥ 1] L] 1

—— flotation model
---- Laplante data -

54

vg (emys)

Gas rate effect upon rate constant,
measured by Laplante et al(BS)
and fitted by the flotation
model. See Table 24 for con-
ditions and model calculations.
Laplante data is given by:

25 ym, k=2.10 Qg exp(-0.225 Qg};
19 um, k=1.64 Qg exp(-0.215 Qg);

10.5 um, k=1.23 Qg exp(—0.216 Qg)

where Qg is in L/min.

3 W S s 8 586 N gt
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CHAPTER 7

FLOTATION COLUMN SCALE-UP

A concise vet effective scale-up model for column flo-
tation 1s proposed. The methodology includes:

1. laboratory measurement of collectien rate constants of
the component minerals,

2. calculition of collection zone recoveries for th% plant
column,

3. 1nterfacing of a variable cleaning zone recovery with
that of the collection zone to yield a grade-recovery
relationship, and

4. ensuring that maximum bubble load 1s not exceeded.

Measurement of Rate Constants. It is essential that the

laboratory tests for measuring the distribution of rate con-
stants be conducted under the foliowxng conditions:

(a) minimal short-circuiting of feed to the overflow, (b) no
particle return from the cleaning zone, (c) operation at
close to plug flow conditions, (d) sample collection with
time, (e) a flotation time long enough to determine the rate

constant of the slowest floating component; and (f) maximum

N
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bubble load is not approached. Conditions (a), (b), and (c)
are satisfied by using a laboratory column design similar to
that described in chapter 4. Condition (f) will usually be
satisfied as well, since the length of bubble rise during
collection is only about 1.2 m.

To attain conditiams (d) and (e) the column is operated
in a sequential manner. A typical test is conducted as fol-
lows: First, the test feed is conditioned with reagent (s)
at the desired level. Solids are allowed to settle and water
1s decanted, to be used as wash water (with some make-up
water if necessary). The first column test is performed at
a downward slurry velocity of approximately 2 cm/s; i.e. a
flotation time of about 1 minute. (The column is pre-filled
with water to start the test.)

Concentrate is collected and retained for weighing and
analysis. After flotation of all the feed sample a second
column test is run, using the tailings from the first run as
the new feed. This process is repeated several times, in-
creasing the flotation time (by decreasing downward slurry
velocity) with each stage.

In this manner recovery vs time data for each component
1s obtained. The distribution of rate constants is estimated
from the time-recovery data ﬁsing the two rate constant tech-

(86)

nique (k—fast and k-slow) described by Kelsall and used

(87)

by Lynch et al 1f necessary, this procedure can be re-

peated at a few gas rates.

P S O IPUPIY
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|
Calculating Collection Recoveries. Recovery in the collec-

tion zone is calculated using equation 2.10, which accounts
for mixing in the plant column. Particle velocity and mean
residence time are estimated from equations 2.12 and 2.11,

and the vessel dispersion number Dp is estimated from equa-

tion 5.2. The use of equation 2.10 assumes first-order rate
kinetics; pulp density effects are ignored. The total col-

lection zone recovery R, of a mineral component is the weight-

K

ed sum of the two recoveries that are calculated using k-fast

and k-slow.

Interfacing the Collection and Cleaning Zones. Final re-

covery of each component is calculated by assuming a value

for the cleaning zone recovery RF and applying eguation 2.19,

RRp (2.19)
1-r, (1-R)

A typical cleaning zone recovery is not known. However, by
repeating the calculations for a range of RF a grade-recovery
relationship 1s obtained, asegescribed in the example of

Table 2. {It is expected that RF can be estimated in one of

two ways: (a) by comparison of the scale-up model with ex-
isting columns, or (b) by comparison of the true solids hold-
up (as obtained by megsurement of pulp density throughout the
collection zone) with-holdup predicted by a column material

balance.)
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Testing for Bubble Load. As previocusly discussed, overload-

ing of gas bubbles can be a significant limitation in flo-
tation columns. The final step in the scale~up calculaticns
is the estimation of bubble load at the top of the recovery
zone. If the calculated load exceeds the maximum load, then
recovery calculations ére repeated using a shorter collection
zone length. Maximum bubble load 1s estimated by assuming a
monolayer coverage of particles at fractional packing density

y. This load, expressed as T the mass of solids per unit

MI
volume of gas, 15 calculated by considering the coverage on a

single bubble:

2
md.d o vy
ro= b p P (7.1)
M
g 3
6 b
gt
which reduces to
6 dp Dp Y
FM = —~—~;;-~*— {7.2)
b

b N (L + TR) RK

g

where QF 1s the volumetric feed flcw rate, Qg is volumetric

gas flow rate, t. 1s the feed volume fraction sclids, Lp

b

A e e o

st e
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is the density of the feed solads, RK is the fractional re-

[y

covery of the collection zone and TR is the ratio of solids

mass rejected from the cleaning zone to feed mass. Tc cannot

exceed FM.

The calculation for recovery assumes that the top of the
bubble is not loaded with particles, and that the reaction
rate is first order. 1In fact, as the bubble becomes loaded
with particles, the reaction rate Ehanges gradually from
first-order to zero-order. In the scale-up model, this grad-
ual transfer is approximated by assuming that bubble loading
continues as a first-order rate procesé until 80% of the bub-
ble surface is covered, and then collection stops. For these
calculations it is assumed that y=1 for the 80% of the sur-
face that is covered.

A flowchart of the scale-up computer program, COLUMN, is
shown in Figure 55, and the program listing (in BASIC) is
provided in Appendix 2. Table 25A illustrates an input for
the program and Table 25B shows the results. The example is
for a molybdenum cleaning stage with three mineral compornents:
molybdenum, chalcopyrite and gangue. The rate constants and
operating conditions are hypothetical. Note that at a froth
recovery of 60% and lower, the bubbles become fully loaded
and the effective collection length is reduced significantly.
Important bubble loading parameters are gas rate, bubble size
and particle size; the probability of gomplete loading in-

creases as Q_ and dP decrease, and as db increases. {The

i e o . i At b e R . ok e P 0 B MR



data input

(Rp=1.0)

L=09L

exceeded

calculate
Up Np Tp

calculate R:s]

(eq.2.10)

using Res & Ry
calculate R.r's

195

55 Flowsheet for column scale-up

computer program, COLUMN. Pro-

gram listing in Appendix 2.
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Table 25A
Example of Input for Column

Scale-up Program, COLUMN

FLOTATION COLMN SCARLE-UF

AARTATE THRFOT 4y

n

COL'MY DLImMETER eMy =
IO TONE LENSTH M 9

FEED FAaTE(L/MIN = 720
THILTIHGE FATE (L ‘MI = 800
GAS RATE(L MIMD = 800
GO HOLDWE Dy = 10
BURERLE DISMETER(CHMY = |15
CLEERFICTAL GRS VELOCITY = 1.7CM~/&8
SLLUREY VELQCITY ‘DOWHD = 1,e%0CM ¢

FEED DESCF IFTION

R
[

i

FEED WEIGHT " SOLTIE = 7
FUVE PAFTICLE SIZE UM = Zo
# OF MINEFALE 11 FEED = =

|

{TOTAL MUST = Loo%)
\
MIMEFAL HAME : MOL -
SFECIFIC GRAVITY = 4,7
FEED GRADE (1) = 4%
ENTEFR  } AND PROFORTION : 1.5, .8

ENTEF I Al FROPORTION ¢ L1, . T

MIMNERAL MNAME
SFRECIFIC GRAVITY

it
L)

FOED GFLDE o =
EMTER L Do TEORQETION 0 L. LT
ENTES b LT RRORQETICN ¢ LG, LS
MIr oL tIGME s GOHIBUE
CEECIFIC GRAVITY = o.é
FEED GF&DE .0 = OF
EUTEFE | AND FpacarTlﬁw S D
ENTEFR + &M EEQFEQRTION & o...7
SEED VOLLME ., €TUID5 = S, 50
FEED MTFY SOLIDE = 17,487

T A T




F TR

FOR

F e

n

FO

Table 25P

Lxample of Output for Colunn
Scale~up Program, COLUMN

TREC OV
SEOTR RET e e = 17 a7
TOTAL P
Mol I a
CHALLORYRITE AT, 47
SIS EIN TaL 0
L= "M
FECYLLE FPeTIO =0
FROTH FECOVERY = 80
TLTAL 5T.T
MOl Y Y
CHALCOFYRITE oELeT
GritiGiie AR
L -~ 9M
~ECCCUE RATIO =, 17
=ROTE RECOUVERY = 00
TN 4.3 7R
MOL v L T
Ol COEYETTE TN
OCerinue 18, a1
L = o.%aM
EECTFE FReTIC =, B
F=070r FELOY EF s = 07
S St LT
Mo T4
TR DOE R ITE S
Ol ICUE <
O
FECYTLE R TID = A7
EEQTH 20T CER. = T
ToTAL 17,41
TR ToL0F
T S . 1s
Coler e .
o= TLoranM
SoTLTUE ST T = EE
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model uses a single value of db' although this actually in-

creases by ~ 20% during rise from bottom to top).

7.1. Separation Selectivity

Separation selectivity as a function of particle size
can be illustrated by combining the results of the flotation
model and the column scale-up model. A hypothetical separa-

tion is considered to be made between a feed consisting of

©

50% mineral A and 50% mineral B, completely liberated. The

indqction time for a 20 uym particle of A is 25 ms, for a 20 um

particle of B it is 35 ms, and for both minerals it is as- —

sumed (based on the limited data available) that ti « dpwﬁ?ﬁ?\\\

Table 26 lists the assumed operating conditions and the re-

sulting collection efficiencies and rate constants’ for dp

between 5 and 30 uym, calculated from COLLECT.

These rate constants, when used in the scale-up model,
produce recovery curves for mineral A as shown in Figure 56,
given the column conditions listed in the diagram. (Bubble
overlpading does not occur for any of the conditions). Each

curve 1s obtained by varying Ry from 20% to 100%, and the

.

grade at. any point is obtained by multiplying the slope {(of
the line connecting the point to the origin) by the feed
grade, 50% A. Poorer separation at fine particle sizes is
clearly indicated. For example, at a minerai A recovery of
70%, the grade of 20 ym material is 96% A, compared to 71% A

for 10 ym material and 58% A for 5 um material.
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) Table 26

Separation Selectivity

k and E, Values

Conditions: v 1l cm/s d, = 0.12 cm

g b
‘= 1.5 em/s u, = 12 cm/s
b 3
- p. = 5.0 g/cm
A = (0.0l poise
h = ]10%
- ¢g

dp(um) -+ 5 10 15 20 25 30
Mineral A ti(ms) 66 43 34 28.6 25 22.4

‘\\\\:1\\\\\\ E (8) - .030 .0742  .1032 .1175 .1175 .103
\\\\\\;\k(min‘l) .225  .557  .774 .88l .881  .773

\\\\\\\\\. Mineral B t, (m 92 61 48 40.0 35  31.4
~_ Ey (%) 70160 .0235  .0176 .00879 .00089 .00025
o kminh) 120 U176 .132 .0659 .00665 .00188
\\\\ ™ .
\‘\
¥

o
oA

"E"
"~
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s Recovery of A

wt % Recovery

56 Example of particle size effect
upon separation selectivity.
Collection parameters are given
in Table 26. Column conditions:

d.=0.9m, L=8m, Q=600 L/min,
Q=640 L/min, Qg=380 1/min, weight
% solids = 5.0, vg=l,0 cm/s,

v£¢1.86 cm/s.
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CHAPTER 8
DISCUSSION

8.1. The Flotation Model

The flotation model developed here is seen as a signif-

icant advancement in the understanding of particle~bubble
interaction during flotation. Its development has been made
possible by solutions to the equations for fluid flow around
spheres having Reynolds numbers in the range of flotation
sized bubbles. The model follows the concept of Sutherland
but with the benefit of knowing the velocity field around
Fhe bubble.
Collision. Trajectory calculations have been used to extend
the existing collision ﬁodel to a particle size range typ—)\3
ical of most flotation systems. As an ouécome of these cal-
culations, the collision efficiency for low particle inertia
(Sk + o), as éalculated by Weber(33), is corrected for in-

ertial effects by a factor that includes Stokes number.

It is recognized that certain approximations were nec-

. essary for these calculations. The trajectories were obtain-

ed bj assuming that the velocity distribution away from the

,
€

s s o o

Fom it
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bubble surface could be approximated by a value intermediate
to that of the Stokes flow and potential flow values. As
well, the particle drag coefficient was derived from Stokes
law, and it was assumed that non-steady state drag terms

were insignificant. However, the error introduced by these
approximations is not likely to be significant to the comput-
ed collectioﬁ efficiency. This is because at larger particle
sizes the collection efficiency is most strongly dependent
upon the qptachment efficiency, not the collision efficiency.

[EAY

When the collision model was applied to the data of

(43), rati%s of Ec (theory) to EK (ex~

Anfruns and Kitchener
perimental) between 0.6 and 0.9 were attained, indicating less
than 100% attachment efficiency. The mineral system employed
by Anfruns and Kitchener was very hydrophobic, and it was as-
sumed that EA = 100% in order that EC could be measured and
compared to theory. The present work suggests EA < 100% and
the gquestion is raised as to whether collision efficiency can
be measured, since it is difficult to envisage a mineral sys-
tem that exhibits an attachment efficiency of 100%. )
The model assumes that collision efficiency of a bubble
in a bubble swarm is calculated in a manner similar to that
for a single bubble in an infinite medium; the effect of the
swarm is only to slow the rise velocity of the bubble. Flint
and Howarth(40) calculated that, aside from th? lowering of
the rise velocity, a bubble swarm would have the effect of
straightening the fluid streamlines ahead of a bubble and,

'

consequently, would increase the collision efficiency.
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This type of calculation assumes that the concentration of
particles in the fluid remains uniform. T®his is unlikely, as
§

particles are concentrated in the boundary i?yer of bubbles;
that is, bubbles would tend to disturb the uniform concentra-
tion of particles. A theoretical treatment of the effect of
neighbouring bubbles is obviously complex. Experimentally,
the results of runs 7 and 8, in which computed induction time
remained constant over a range of gas velocity (and gas hold-
up), leads to the conclusion that the model assumption, of no
significant effect of bubble concentration upon the collision

process, is wvalid (at least for vg < 0.81 cm/s; ¢g < 0.09).

Contact. The model considers attachment to occur while the
particle is sliding over the surface of the bubble, with.no
attachment during inertial impaction. Evidence for the valid-
ity of this assumption was provided, for fine and intermediate
sized particles, by particle trajectory calculations that im-
posed an elastic impact at the bubble surface. These calcula-
tions indicate that significant particle bounce does not occur
for particles less than about 100 ym in diameter. For inter-
mediate sized particles, say 30-100 um, particle bounce may
occur at initial impact; however, the radial oscillation is
rapidly damped and within 5 to 10° of angular travelvﬁhe part-
icle assumes a sliding-only trajectory along the bubble sur-
face. »

The key to the flotation model is recognition of the

boundary layer on a bubble surface and, consequently, the ex-

istence of a significant tangential velocity gradient. As a

-
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result, small particles slide at a velocity that is lower than
that of larger sized particles. The smaller a particle the

longer will be its contact time. The tangential velocity of ./
a particle on the bubble surface is conveniently represented

by the surface vorticity distribution as provided by Woo(49)

and others(48’73'74). Confirmation of this approach was pro-
vided by comparison of model-calculated sliding times with the
sliding time measurements of Schulze and Gottschalk(45'46),
Figure 21. Figure 21 also showed that the assumption of po-
tential flow was not a good approximation. For the data of
Figure 21, (r-1) is 0.053; it is clear from Figure 14A and 20
that at smaller (r-1), i.e. smaller partig}es, éhe difference
between the ﬁgiential flow velocity and tﬂe true velocity be-

comes even more significant.

8.2. Film Thinning and Induction Time

An important consequence of the velocity gradient at the
surface of the bubble is that it imparts a tumbliné motion to
the particle, as described by equation 3.37 and summarized in
Figure 22. At the same time/the/ﬁiggoining film between part-
icle and bubble is_deerﬁging a thinning process. It is of
interg§t,/théﬁjlgg‘consider the mode of contact between a min-
;;al particle and the bubble surface. Mineral particles are
seldom rounded:; usually they are very angular. Anfruns and
Kitchener(43) demonstrated the importance of particle angular-
ity, measuring the collection rate of glass spheres to be 2 to

10 times lower than’ that of similarly treated (angular) gquartz

particles. This analysis will consider a cubic shape to be a
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reasonable representation of the true situation. Figure 57
depicts a particle as it travels along the bubble surface.
The radial component of the liquid velocity 1s directed to-
ward the bubble surface, which keeps the particle in constant

contact with the bubble film. The notable observation from

Figure 57 is that particle-bubble contact is more closely rep-

resented by a line contact rather than a plane contact. The
area of particle-bubble contact and, therefore, of film thin-
ning, is very small. This calls into guesticn the modelling
of film thinning as applied to flotation in which it is as-
sumed that particle-bubble contact can be simulated by:

(a) the drainage of liquid from between two solid discs

(88)

(Reynolds }, (b) liquid drainage between a sphere and a

selid surfdce (Derjaguin and Duhkinf64)), or {(c) the excess

pressure inside the bubble acting on the surface of a disk or

a cube (Scheludko(eg), Jowett(BQ)).

In all these cases part-
icle size is involved 1in fixing the area over which forces
are effective; consequently, liquid drainage time (and thus
film thinning time) is considered to increase with increasing
particle size. However, the situation depicted in Figure 57
suggests that the particle dimension does not play a signifi-
cant role in film thinning.

In Scheludko's analysis of the thinning process he con-
siders the time necessary for the film to thin from an initiél
film thickness hi to the rupture thickness ho. This time is

believed to be a function of van der Waal's forces, electrical

double-layer interaction and hydration effects(56’89).

RO




Gas bubble 2

57 ) Motion of a cubic particle on a

bubble surface.
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The 1nitzal film thickness 1s a largely unknown parameter, as

is the role of particle size in defining hl. However, 1t 1is

reasonable to consider that the greater the mass of a particle

the more effective will be its initial impact in plercaing the
water film, 1.e. 1n reducing hi’ and thus lowering the induc-
tion time.

To summarize thege thoughts on the relationship hetween
induction time and particle size, 1t is suggested that part-
1cle dimension does not significantly affect the falm thinn-
ing process, but that i1t plays a role {in terms of particle
mass) in determining the initial thickness of the thain falm.
The expected relationship 1s a decrease in induction time
with 1ncreasing particle size. Tpls trend 1is i% agreement
with the results obtained from fitting the collection model
to the experimental data reported here and by Anfruns and
¥itchener. This analysis was developed for an angular part-
1icle. While 1t was assumed that the particle 1s cubic, the
conclusion of the analwsis remains the same for any angular
shape.

8.3. Flotation Parameters:

Particle Size. The role of particle size 1in flotation

1s compleéy. However, with the development of this flotation
model the effects of particle size can start to be interpret-
ed. The effects can be summarized as follows: ~wﬁen particle
Slze increases

(a) collision efficirency increases,

(b) particle-bubble ccntact time decreases and,

i s el A, A R A, o %

b a0
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(c) 1induction time decreases (at least for dp < 50 pm).

The typical result ig‘a peak in the rate constant vs
size curve. Similarly a peak will occur in a size-by-size
recovery plot (or a plateau 1f recovery is allowed to approach
> 90%).

Collision rate 1s increased with particle size for two
reasons: {(a) the increased particle mass 1ncreases the tend-
ency of the particle to deviate from the fluid streamlines to-
ward the bubble surface, and (b) the increased particle dim-
ension increases the probability of collision by interception.
The decrease iniﬁartlcle—bhbble contact taime with increasing
rartlcle‘51ze is attributable to the velocity gradient at the
bubble surface. An explanation for the reduced induction
time with 1increased particle size has already been suggested.
From the small amount of data available the relationship be-
tween particle size and induction time is proposed as

-0.75 + 0.25

t o« d
1 P

tions. This has been obtained using data with a maximum

, for moderate to strong collector addi-

particle diameter of about 50 pm; 1ts validity at larger

particle sizes is not claimed.

The location of the peak in size~by-~size recovery data
1s dependent upon many factors, foremost of which are bubble
size, particle density and induction time. Consider the lat-
ter. Figure 26 1s gquite dramatic in showing that the peak
shifts to smaller particle sizes as inductlon time i1ncreases.

).

While 1t 1s assumed 1n Figure 26 that n = o (in ti « dpn

".?:de;«:«i
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using the experimentally derived n = =-0.75 + 0.25 will yield
the same trend. There are many examples of systems that show
a maximum rate constant or recovery in the range 30 to 100 um.
All these systems exhibit good or acceptable floatability.

Two examples of systems that exhibit moderate to poor float-

(90) )

ability are shown in Figure 58. In Figure 58A the flota-

tion of chalcopyrite in a nitrogen environment {(grinding and

(91) shows the recovery

flotation) is illustrated. Figure 58B
of iron sulfide in an industrial lead cleaning circuit. In
both cases, flotation response is poor but finite, indicative
of long induction times. In both cases, the peak in.recovery
occurs between 5 and 10 um. (The data reported in Figure 58
includes recovery by pﬁysical entrainment. Elimination of
this collection mechanism would yield curves that are more
sharply peaked). |

Further evidence of the link between induction time and
location of the recovery peak is given by size-by-size re-
covery of sphalerite for increasing additions of éopper sul-

(67'10). As copper sulfate

fate, reported by Anthony et al
dosage is increased (implying that induction time is decreased)
the location of the peak recovery increases fr&m about 15 um
to 80 uym. A similar effect for increasing collector dosage in
guartz flotation is reported by Imaizumi and Inoue(68).

As a final note on particle size effectsyit is emphasized
that the analysis presented here does not consider pérticle

detachment, due to turbulence, to be an important factor in the

+ 3 o s . 3 j$ »
fine and intermediate size range of flotation, whether in a
S
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flotation column or a mechanically stirred machine.

Particle Density. Particle density strongly affects the shape

of the size-by-size recovery curve as well as the maximum
particle size that 1s floatable, as shown by the model pre-

dictions in Figure 29 (for t, + fn (dp). Experimental con-

firmation of the effect described in Figure 29 is given by
data for minerals at either end of the density scale. Size-

by~-size recovery curves for cassiterite (op = 7.0 g/cmB) are

usually very steep and peak at about 20-40 um, as reported by

(10)

Trahar As well, the flotation of galena (pp = 7.5 g/cm3)

reported here in Test 9 exhibited a sharp peak in recovery,
Figure 46. At the other extreme, very flat curves and flo-
tation at large particle sizes have been reported for phos-
phate (pp = 3.2: flotation at dp = 20 mesh (840 um))(gz),

flucrite (p_ = 3.1; flotation at dp = 28 mesh)(93), and coal

P

(pp = 1:3; flotation at dp > 20 mesh)(94).

Chemical effects cannot be ignored as contributing to
these results; however, particle density is an important fac-
tor.. The density-size 1nteraction can be explained by con-
sidering the sliding velocity of a particle on the bubble sur-
face, given by equations 3.30 and 3.32. An increase in part-
icle density increases the relative settling velocity of the
particle. As a result the second term on the right side of
equations 3.30 and 3.32 assumes greatexr importance, and part-

1cle-bubble contact time decreases. Thus, as density

,
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increases, EA tends to decrease, which has 'the greatest im-

pact on larger particles.

Bubble Size. A smaller diémeter gas bubble increases collec~-

tion efficiency in two ways: by increased collision efficien-
cy and by increased attachment efficiency. The increase in
attachment efficiency is because the fractional decrease in
particle sliding velocity on a smaller bubble exceeds the

:
fractional decrease in sliding distance. As well, there is
evidence that a smaller bubble reduces the induction time of
relatively small particles (< 20 um in this work), which in-
creases attachment efficiency beyond that predicted by the
model. However, since fine particle collection is controlled
primarily by collision, an increased attachment efficiency is
not of great consequence.

There are three physical problems in producing very fine
bubbles. The first is the difficulty in generating fine bub-
bles while maintaining a high gas rate. The collection rate
constant is proportional to ZE_EK

dy,

Considering just vg and db' a decreased db is only beneficial
if vg is maintained. However, if vg cannot be maintained and

decreases from its initial level then a point is reached at
which there is no benefit gained by making a smaller bubble.
. Secondly, the high frother dosage that is neeessary to make
small bubbles (by conventional mechanisms, i.e. agitator,

sparger) generates excessive frothing. The third problem is




213

specific to flotation columns. When bubble diameter is de-
creased, gas holdup increases. There is a maximum gas holdup
that a column can"maintain without flooding, the phenomenon
whereby slurry is blown out the'top of the column by the gas.
Viscosity. When it is assumed that induction time .. propor-
tional to viscosity, the flotation model predic=s ar .ncrease
in recovery with decreasing viscosity. One ramifir -vion of
this is that recovery should increase for increasing water
temperature. This has been reported by Klimpel(gs) where the
rate constant of cationic silica flotation increased from

1

2.5 min — at ZOC to 7.5 min-l at 21OC. This increase is more

than expected by viscosity effects alone and may also be due
to adsorption phenomena. Nevertheless, viscosity appears to

be a relevant consideration for operation in northern climates

oy

where winter temperature can range from 3°C in winter to 259g\
N

T

in summer.

Gas Rate. In agreement with the experimental results of this

1(83)  ine flota-

&
tion model predicts a peak in collection rate constant as

work and the measurements of Laplante et a

superficial gas velocity is increased.., When gas rate is ‘in-
creased, bubble diameter increases and collection efficiency
is decreased. These two factors act to decrease k while an
increasing vg acts to increase k; an optimum level of vg ex-
ists.

It is of interest to note that the data of Laplante was

obtained in a mechanical flotation machine. 'This is further

evidence, along with the recovery - size data, that the model
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is valid for flotation in conventional stirred-tank machines.

Solids Concentration. In Run 9 galena recovery increased .

wiéﬁ increasing solids concentration, ffom 60% recovery at
0.05 volume % solids to B0% recovery at 3.0 volume %, solids,
with the appearance of a leveling off at about~80% recovery.
These tests, to the author's knowledge, have not been perform-
ed before with such close control over solids concentration,
entrainment and froth removal. The implication is that col-
lection efficiency‘is a function ;f solids concentration at
low solids content (it is unclear how percent soliés affects
collection at intermediate and higher levels of solids con-
centration). When solids concentration was examined by the
flotation model a trend in the reverse direction to that of
the test results was predicted, Tabie 5. . The test results
are attributed, therefore, to particle-particle interaction
that causes the particles to-diverge more from the liguid/
streamlines and, consequently, to increase the qollection ef-
ficiency.

These results can'be -interpreted in one of two ways. The
first is that the rate constant varies with solids concentra-
tion. The second is that the reaction is not first-order rate

dependent but rather exhibits a variable-order rate dependency.

It is an illustration that the description of the flotation

process in terms of a chemical reaction,rate process is some-

what simplified. However, the use of the first-order rate
analogy is justified because it provides a clearer mechanism

for analyzing, and accounting for, the effects of the many
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flotation parameters.

Separation Selectivity. It has been illustrated by model

calculations reported in section 3.5 and in the column sinu-
lation summarized by Figure 56, that separation selectivity
decreases with decreasing particle size. This is genefally
considered to be the case and has been experimentally verif
fied for example, by Tr&har ﬁn separations of cassiterite

(96) and galé;é from sphalerite(97). The flo-

€2

from siderite
tation model provides the explanation; smaller particles re-
side on the bubble surface for times that are long in com-
parison to the induction time of either strongly floating or
weakly floating particles. For example, separation of two

5 um particles, one with ti = 40 ms, the other with ti = 80 ms,

is ob&iously difficult when 70% of the colliding particles
have a sliding time in excess of 80 ms (Figure 24).

Smallef bubbles do not increase selectivity. There ap-
pears to be only one method for improving the Selectivitywof
fines separation. That is fiétationaét very low collector
dosage, so that the consequently increased induction time of
the weakly floating component results in a very iSW'attach—
ment efficienéy.for that component. The attachment efficiency
of the more floatable species will also decrease, but the ra-
tio of thei;‘attachment efficiegcies will increase (and,
therefore, so will the separation selectivity). Of course,
the rate constant will be lowered, requiring a longer flota~

tion time. Separate circuits and different machine types

for fine, intermediate and coarse particles would be most

~ -

3 b R
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desirable, as advocated by others(67’lo’39).

8.4. Flotation Column Scale-up

QThe strengths of the column scale-up methodology are:
1. a unique and simple method fo measuring collection rate
constants in the laboratory, 2. knowledge of the mixing con-
ditions in industrial sized columns, 3. the ability to ac-
count for overloading of gas bubbles, and 4. the ability
to interface' the cleaning zone recovery with that of the
collection zone.

* Column Mixing. Miging parameters of large flotation columns

were determined ggger industrial operating conditions. Re-
sults on these large columns showed that the liquid axial dis-
persion coefficient followed the dependance upon column dia-

meter as suggested by Magnussen and Schumacher(zs),

D, = dc.
The sguare cross-sectioned flotation columns (us@ng equiva~
lent diameter) gave the same dispersion coefficients as those
determined by Magnussen and Schumacher for similar diameter
cylindrical columns. This similarity between square and
cylindrical columns also agrees with the observation of Akita

(28). (Recently constructed flotation columns

103y,

and Yoshida
have been cylindrica

These experiments also verified the observation by other
researchers that the axial dispersion coefficient of solids
is equal to that of the liquid. Then, for large columns at

low air rates,

= = 2
Dp =D, 0.063 dc m-/s (5.2)

8
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For the purposes of scale-up and design of flotation columns
eguation 5.2 is adequate, even though it does not take into
account the effect of gas velocity. Gas velocity in column
flotation is relatively low so its influence on equation 5.2
should be small.

The solids RTD tests have shown that the bubble swarm
has little effect on the mean residence time of a mineral
particle as determined by combining the p-~rticle settling
velocity with the liquid velocity. The weight fraction sol-
ids at the time of the test (3%) was lower than in normal
operation (5-10%). Nevertheless, the outcome of the solids
tests show that the mixing parameters for solids in a large
flotation column can be predicted by eguations 2.11 and 5.2;
they provide good scale-up criteria.

Particle Entrainment in Columns., It is clear from the liguid

tracer experiments on the plant columns that short-circuiting
of feed water to the concentrate is minimal. In the labo-
ratory experiments, Run 9, recovery of silica to the concen-
trate was similar to the watér recovery, approximately 1%.
Thus, the flotation column effectively prevents the recovefy

of hydrophilic particles. //?

Using the Scale-up Model. Column applications witﬁ fine

particles and/or a high concentration of floatable solids may

exhibit a condition of fully loaded bubbles. If bubble load-
ing is a problem then gas flow rate must be increased. Plant
columns are known to operate at superficial gas velocities in

[ 4
the range of 0.10 to 0.30 cm/s (Table 6 and reference 5)




B ot s 0 e e et U

218

which is probably near or beyond the optimum gas rate for
collection efficiency (Figures 49 and 54). Thus, increasing
the gas rate to alleviate bubble overloading will likely re-
duce the collection rate constant.

The only further information required to comple%e\thé

scale—up analysié is a value for froth recovery, RF' With-
out an estimate of R, a grade-recovery relationship is pro-

vided by the model. Comparison of the model result with
plant data at existing coluﬁn installations, and/or direct
measurement of solids holdup will provide a measurement of

Ry, preferably as a function of column diameter.
The relationship between R, and column operating para-

meters is completely unknown and requires significant study.
A full process model of the flotation column is not possible
until the cleaning zone operation is better understood, in

particular the relationship between RF and gas rate, wash

water rate and column diameter. )

N
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CHAPTER 9

CONCLUSIONS & FUTURE WORK

Conclusions

A comprehensive flotation model has been developed.

The model considers that particle collection by a gas
bubble occurs via particle-bubble collision followed

by attachment during the period that the particle is
sliding over the bubble surface. Collection efficiency

Eg is derived as a product of collision efficiency EC

and attachment efficiency E The development of ex—

Ac

pressions for both E. and E, has been possible by ap-

c
plication of recent solutions to equations for fluid
flow around flotation sized bubbles. A particle size
range between approximately 3 and 100 um is covered.
Significantly, particle-bubble detachment is not in-
cluded in the model. Howewver, the model was validated
on data from conventionally stirred flotation machines.
The collision efficiency of a flotation gas bubble at

intermediate values of particle inertia has been
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determined from particle trajectory calculations. EC

is estimated by

E. =E. (1.627 sk°:54

0.06 ,~0.16
c = “co

Rep )

0.54 [ 0.06 ,-0.16

for Sk ° Re > 0.615, where Sk is the

Stokes number for the particle-bubble system, Reb is the

bubble Reynolds number, u* is the ratio of particle ter-
minal velocity to bubble rise velocity and Eqg is the
collision efficiency assuming zero particle inertia as
calculated by the meghod of Weber(33).

The mechanism of particle contact followed by particle
sliding, without significant bounce at impact, has been
shown to be valid for particles as large as about

100 um. For particles less than this size the bounce

that does occur at the initial impact is rapidly damped,

and continuous particle-bubble contact is attained with-
in 10° of tangential trﬁvel. This conclusion is devel-
oped from trajectory-ecalculations applied to the experi-
mental -data of Whelen.and Brown(52). |
The contact time of a particle on the surface of a gas
bubble decreases as particle size increases. This is a
result of the significant tangential velocity gradient
that exists at the bubble surface. Values of surface

vorticity as a function of Re angle from the front

bl

stagnation point and gas holdup, derived by other

P ERTRE
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researchers(48’49'73), have been used to describe the

vélocity gradient, which, in turn, has been used to de-
velop an expression for sliding time. The sliding time
relationship agrees closely with the experimentally de-
rived sliding times of Schulze and Gottschalk(45'46).

It has also been shown that potential flow (tﬁe assump-
tion in the past) is a poor approximation for particle

motion on a bubble.

Dynamic induction time ti decreases with increasing

particle diameter. From the relatively small quantity

of data available, the relationship between ti and dp

is shown to be

-0.75 + 0.25

for d_ < 50 ym and for moderate to strong collector ad-
dition. This has been determined by applying the flota-
tion model to experimental data reported here for galena
and sphalerite, and by Anfruns and Kitchener(43) for
silica.

The velocity gradient at the bubble surface induces a
significant spin to the mineral particle. It is shown
that this tumbling motion causes mineral particles
(which are angular) to contact the bubble along only
the edges of the particle. The area of particle-bubble

contact is roughly independent of particle size.

-~
S
5
3

™
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The peak in size~by-size recovery data that is often
observed at intermediate particle sizes is explained
by the model and by the relationship of conclusion 5.
The location of the peak is a function of many para-
meters, most important of which is induction time; in-
creasing the induction time (eg. - -decreasing collector
dosage) shifts the peak to smaller particle sizes.
Poor separation selectivity at small particle sizes
is explained by the model. It is caused by tﬁe fact
that small particles reside on the bubble surface for
times that are long in comparison to the induction
time of either strongly floating or weakly floating
particles.

A decrease in bubble diameter db increases both EC
-3
and EA. However, separation selectivity at small

partfple sizes is not improved by a smaller db.

Gas flow rate and gas holdup effects are well described

“by the flotation model (for gas superficial velocity

vg\E\lO%). The gas velocity that optimizes the collec-
\\\\
tion rate constant can be predicted. (

AN
Particle recovery increases with increasing solids con-
AN
centration for volﬁmg percent solids between 0.05 and
3.0%. This can be in%erpreted as an effect of solids

concentration upon EK'

A scale-up model for ilotation columns has been develop-

o)
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ed. The model uses measured values of collection rate
constants and an experimental correlation of plant ¢ol-
umn mixing parameters to calculate collection zone re-

covery RK. RK is interfaced with a variable cleaning

zone recovery R, to yield a grade-recovery relationship

F
for the plant column. The onset of bubble loading is
accounted for in the scale-up model.

The dispersion coefficient of solid particles Dp in

the collection zone of an industrial sized flotatign

column is the same as that of the liquid, D, and is

approximated by

_ . 2
Dp = DQ = 0.063 dc m°/s

where dc is in meters. As well, the mean residence

time of particles L is related to the mean residence

'

time of the liquid t, by \
T =1 ul
P L .
u2 + up

where up is the terminal particle velocity and u, is

the interstitial liquid velocity. These two relation-—
ships provide good scale-up criteria for flotation T

columns.

[
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Recovery of hydrophilic (gangue) particles in a flo-
tation column is very low, < 1% for the two

columns tested. This is attributed to the net down-
ward flow of wash water through the packed bubble bed
in the cleaning zone.

The success of flotation columns in multiple cleaning

applications is due partially to the fact that parti-

cles rejected from the cleaning zone back to the recov-
ery zone are subjected to a collection event with 100%

of the original retention time. This is unlike conven-

tional machines, where the retention time decreases

with each subsequent collection event.

Claims for Original Research

The relative motion between a particle and a bubble
prior to and during contact has been rigorously ex-
amined, and Eeveloped into a comprehensive model of
particle collection in flotation.

An expression for collision efficiency that accounts
for both particle inertia and bubble Reynolds number
has been developed.

A calculation of dynamic induction times for' mineral
particles on gas bubbles has been made. The calcu-
1at§on is derived from a combination of experimental
and \theoretical work.

The effect of gas rate in particle collection has
been &?eoretically described.

A scalévup model for column flotation has been de-

s

a4
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veloped.

The mixing parameters of the collection zone of in-
dustrial sized flotation columns have been measured
and correlated to column diameter and downward liguid
velocity.

Suggestions for Future Work

The relationships between induction time and particle
size, and induction time and reagent conditions should
be thoroughly investigated. Experimentation with a
singlé bubble system would be preferable.

The problem of separation selectivity in the fine
particle size range should be addressed. A starting
point would be the study of starvation collector ad-
dition.

Measurements of collection rate constant over a wide
range of solids concentration is required. A control-
led method of solids addition as used here is suggést-
ed.

Measurements of froth recovery RF’ either directly or

indirectly, should be made on plant columns. Ideally,

a relationship between RF and such parameters as col-

umn diameter, wash water rate, gas rate and particle
characteristics (such as dp) should be derived.
A fundamental study of water drained froths should be

undertaken.

U
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Appendix 1. Data Correlations

A. sSurface vorticity Es

The surface vorticity data of WOO(49) has been correlated

to bubble Reynolds number Reb and anglg/ﬁ\measured from the

e

front stagnation poin{. Woo reported g for the following

Reynolds numbers:0.2, 0.5, 0.75, 1, 2, 3, 5, 10, 20, 30, 40,
100, 200, 300, and 400; and at every 12° for Re < 40, and

every 3° for gs > 100. The following correlations are for

0 < 8 < 84°,

1 2

3
Eg = a +be +co6 + de (Al-1)

where, for 20 < Reb < 400

a = -0.01082 - 7.273:10"% Re + 1.735-10"° Re2
-2.04610"° Re3 ' - (al-2)

b= _0.0745 + 3.013-10"° Re - 7.402-10"° Re>

-..9 3 .
+8.931-10"2 Re (Al-3)
'

c =-4.276-10"% -1.977-10"% Re + 5.194.10"8 Re2
-6.520-20 11 Re3 (Al-4)
)

d=-1.103-10"°% -1.032:10"7 Re + 1.397.-10"10 Re2

? 13 3

-1.334.10 "7 Re (A1-5)

and, for 0.2 < Reb < 20

5 2

3 Re

a=-1.217-10"7 -1.745.10"3 Re + 5.143-10"

-1.165:10"% Re3 (A1-6)

-

3
H
.
&
]
3
5




233

D b = 0.02859 + 9.229-10"° Re - 3.85-10"% Re?
+9.190-107° re? (AL-7)
C = -4.060-1075 - 5.857-10"° Re + 1.620-107° Re?
- 2.992-1078 re? g (A1-8)
d = -9.610:10"7 - 2.54-10"/ Re + 1.74-10°° Re?
-5.10-10710 ge3 ‘ _(n1-9)

«

/

In each of the regressions, equations Al-2 to Al-9, the
collelation coefficient > 0.99.
Some comparisons between Woo's values and those calcu-

lated from equation Al-1 are as follows:

Re Angle Eq by Woo £ by eq. Difference
_ Al-1 (%)
0.2 12 0.344 0.354 2.8
24 0.670 0.684 2.1
48 1.207 1.226 "t 1.6
72 1.517 1.540 1.5
84 1.571 1.586 0.9
1.0 12 0.430 0.430 0
24 0.830 0.823 0.8
48 1.452 1.437 1.0
72 "1.742 1.740 0.1
84 1.754 1.743 0.6
20 12 1.401 1.436 2.5
24 2.639 2.635 0.2
48 4.176 4.111 1.5
72 4.129 4.147 0.4
84 3.596 3.544 1.5
100 12~ 3.207 3.362 4.7
' 27 6.630 6.700 1.0
48 9.241 ‘9.229 0.1
72 8.163 8.400 2.8
84 6.240 6.248 0.1
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The effect of gas holdup upon surface vorticity has been

(74)

obtained from the data of LeClair . LeClair reported Es at

Re = 0.1, 1, 10, 100, and 500. The.following correlation was
obtained using LeClair's data at Re = 0.1, 1, 10, 100 and 500;

6 = 12, 24, 36, 48, 60, 72 and 840; and ¢g = 0, 0.091, 0.165

4

and 0.259.
Let
Esg = fs T M o (A1-10)
{
where n=a +b 8 +c 6°+d 83, (Al-11)
Es¢ is surface vorticity at gas‘holdup ¢g’ﬂ

and where

a” = -0.0199 +°3.30:10 > Re - 4.780+10 ° Re?
-8 _ 3
+ 7.939.10°8 Re (A1-12)
- -3 "4 2
b° = 0.6579 -~ 7.91:10 > Re + 1.269-10 ¢ Re
~2.107-10"7 Re3 (A1-13)
¢ = -6.165-10 % 4+ 3.499.107° Re - 7.024-10" ReZ
) -9 _ 3
+1.160-10"2 Re (A1-14)
a = -2.339.10"° + 5.305-10 %' Re - 1.177-10"° Re?
+ 2.156-10" 12 Re3 (A1-15)

<\

For each of equations Al-12 to Al-1l5 the correlatiqg coeffi-

cient > 0.99,
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A comparison between LeClair's values and those obtained

from equations Al-10 and Al-1 is as follows:

Re B ¢ £t by £ by Diff.
—_— — g s 5
(degrees) LeClair Al-10 and (%)
Al-1
¥

100 36 0.091 ¢ 10.59 10.67 0.1
0.165 12.64 12.75 0.1
0.259 15.39 15.38 0

100 72 0.091 11.94 12.11 1.4
0.165 14 .82 15.12 2.0
0.259 18.75 18.95 1.0

B. Collision Efficiency at Intermediate

Values of Stokes Number

The 40 sets of data used to calculate the correlation

of equation 3.28, between collision efficiency EC’ Reynolds

number of the bubble Re Stokes number Sk, and the ratio of

bl
particle to bubble velocities u*, are given in Table Al-1l.
Also shown in the table is the regressicon analysis. The re-

gression performed was log E, vs log Rey 4 log Sk and log u*.

C

P




‘ \ Collis(i\on Efficiency Data
EC From Trajectory Calculations

Table Al - 1

£8

/

38333883

288y yayyy

gREunnnuy
83338883333

v s e

§88885¢
§888333

200. 000

E
g

\ 300. 000

100
. 200
- 400
+ 800
$200
« 400
. 800
. 800

REGRESS ION

© DEPENDENT VAR: LEC

RANGE: 1 TO 40

VARIABLE
CONSTANT
LRE

L8K

L6

COErF

. 487
. 059
. B42
-. 157

«023
L O

» 080
- 050
2100 .
+ 100
. 100
«100
+ 150
150
. 1350

023
.023
. OBO
<030
- 050
100
-100
<100
« 100

280

§ ERR
- 092
. 013
. 029
.031

EC

1.020
1.413
1.013
1.270
2. 444
1,077
1,196
1.907
3.271
1.170
1.613
2.637
2.108
1.032
1.242
1,074
1.196
1.908
1.027
1,137
1,639
2.4886

1.1430 %

1.50%
2.27%
1.387
1.712
1.031
1.6583
1.012
1.442
2,823
1.012
1.272
2.098
3.506
1.21%
1.811
2. 800
2.200

® DBS; 40
T~3TAT

S. 256
3.798
18,5322
-3.027

R-90:
SER:

919 CORR R-8Gs

110 8sm,

- 912
. A42
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Appendix 2. Computer Programs

The flowsheets, listings and sample outputs for the following
computer programs are given in this appendix.

A. SLIDE - calculates sliding time distribution.

B. COLLECT and COLLECT 2 - calculate collection efficiency.

COLLECT is for 20 < Reb < 400 and COLLECT 2 is for

0.2 < Reb < 20,

C. FLOW - calculates particle trajectories (Reb = 20)

D. COLUMN - calculates flotation column performance for
scale-up,
Programs A, B and D are in Applesoft BASIC, and program

C is in IBM BASIC.

\

«»

s f




data input

¥
calculate u, .Re, .6,

1 .
calculate vorticity
parameters
calculate 6,,

Y
for n,=0-05
calculate 0,

3 calculate 6,
calculate g and ©

s

between 6, and 6,,
calculate t,
from eq. 3.33

4 .
print - n 0.
t n,8,_ —{ne =n,+ 0.05

A2-1 Flowsheet for computer program SLIDE

¥

238




10
15
Z0.
29
0
=5
=0
&
70
7S
7&
77
80
0
100
110
120
130
140
1435
1350
1355
140
1865
170
180
190
Pt
240
248
250

[ —
258

256

287
oS8
259
260

239

SLIDE

REM SLIDING TIME CALCULATION

EM
‘WRINT "DO YOU WANT TO FRINT™ Y OR N“
GET As : |
IF A% = "N" THEN 70

PRINT : FRINT : PRINT
FRINT CHR$ (4):"FR#1"
FRINT CHRs$ (9):"13L"

HOME
REM 1
REM DATA ENTRY
REM
PRINT SFC( 13J3);"SLIDING TIME DISTRIBUTION": PRINT : PRINT
INFUT DIA. BUBBLE(CM} = ":DE

INFUT ¥ VELOCITY BUBBLE(CM/S) = ":;UBR
INFPUT " DIA.' PARTICLE(MICRONS) = ":DM
INPUT FPARTICLLE DENSITY = ":RHO
INFUT " VISCOSITY(PQISE) = "3VI

INFUT GAS HOLDUF (%) = ":FHI
INFUT INCREMENT (0. 05 OR 0.005) = ":66
DF = DM % .0001

REM

REM CALC. UF ~

REM -
Fi = (LQOO765T % VI X VI /7 (RHO - 1)) ~ (1 / =
Bl = ((DF / P1) ~ 1.5 ¥ Q.092 + 1) 0.9
UF = (20.32 x VI /7 DF) x (Bl - 1) x (EBiI - 1)
REM '

REM CALCULATE RE (BUEBBLE) &' THETAC

REM

Z = UE x DE / VI

IF RZ - = 400 AND RZ = 20 THEN 260

FRINT "XXBUBEBLE REYNOLDS NUMEBER OUT OF RANGEXxXx"
FRINT RANGE: 20 = RE = 400" ]

FRINT "

GOTO 1010 '

TC = 78.1 - 7.727 % LOG (RZ) / 2,207

e s b vatit

W
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IT0

240

TEO

360

389
320
395
400
410
420
470
440
450
4560
470
480
490
SO0
910
520
S0
540
S80
S60
S70
, S80
520
620
4625
&670
640

40

REM
REM  CALCULATE VDRTICITY’EARAMETERS
REM ﬂ
REM VORT (FOR HOLDUF=0) =A9+E9 (ANGLE) +C9 (ANGLE ' 2) +D9 (ANGLE" =
A9 = - 0.01082 — 7.273E - 4 ¥ RZ + 1.728E - & %X RZ % RZ - 2.04
6E - 9 % RZ * RZ x RI
B9 = 0.0745 + I.01%E - I % RZ ~ 7.407E - & % RZ % RZ + B.9T1E -
9 % RZ % RZ % RZ :
CO = - 4.276E - 4 - 1.977E - S % RZ + 5.194E — 8 % RZ % RZ - &
.SE - i1 ¥ RZ ¥ RZ % RZ
D9 = - 1.103E - &6 - 1.032E - 7 % RZ + 1.397E — 10 % RZ *x RZ -
1.374E - 17 % RZ X RZ X RZ )
REM VORTICITY (HQ) =VORTICITY (HO=0) + SLOFEXHOD/100. WHERE
REM SLOPE=AB+ES (ANGLE) +C8 (ANGLE “2) +D8 (ANGLE 3
AB = - 0.0199 + 0.0073 % RZ — 4.780E - 5 % RZ % RZ + 7.939E -
8 X RZ * RZ % RZ
B8 = 0.6579 - 0.00791 % RZ + 1.269E - 4 %x RZ X RZ - 2. 107E - 7

* RZ ¥ RZ ¥ RI

8 =

- 6.165E - 4 + 3.499E - 5 ¥ RZ - 7.028E — 7 *%

.16E - @ ¥ RZ ¥ RZ'x RZ

DB = - 2,339E -5 + 5.30SE - 8 ¥ RZ - 1
-156E - 12 % RZ x RZ % RZ
REM
REM CALCULATE THETAM
REM
@1 = TC
@A = @1 - 0.25
QF = 01 + 0.25
ViR = A% + B9 X 0A + C9 X QA % 0A + D9 x
F1A = AB + BB X BA + C8 X GA x OA + D8 &
VA = V1A + P1A X PHI / 100 ’
VIE = A9 + B9 x OF + C? % OF X OB + D9 X
F1A = AB + BB X OF + CB % GF % OE + DB X
VE = VIE + F1E ¥ PHI / 100
FA = 0,125 % DFX DF % UB % VA x SIN (0O
FE = 0,125 % DF x DP % UE % VB x SIN (0
DT = ABS ((FA - FB) X 57.3 / 0.5)
VR = DT / ( SIN (Q1 7/ 57.3) % (0.5 % «(DF
VF = UF ¥ COS (Q1 / S7.3), 1]
IF VR * VF THEN 570 o
01 = @1 + 0.25 .
GOTO 410 K
T™M = Q01
DEF FN RD(XX) = INT (XX ¥ 100 + 0.%)
DEF  FN RM(XX) = INT (XX ¥ .10000 + 0.5
FRINT " PARTICLE TERM. VEL.(CM/S) = "3
FRINT * EUBBLE REYNOLDS NUMEER =
FRINT SFC( 20):"THETAC = "; FN RD(TC)
FRINT S

FCC Z20) ¢ "THETAM = "3 FN RD(TM)

RZ ¥ RZ + 1

.177E - 2 ¥ RZ x RZ + 2

0A % BA X 0A

aa x Qs x 0A

GF x QE % OR
QF * OB x OF
A/ S7.0
E / S7.3)

+ DB)) ~ 2)

/7 100
Y/ 10000
FN RM{UF)

"+ FN RD(R2Z)

i a0 sttt S L

.
i NS " e -
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241
650 FRINT : PRINT : PRINT ’
670 PRINT " SLIDING TIME WEIGHT % ANGLE NUMERER OF"
&80 PRINT " (MS) .. GREATER THAN (DEGREES) FROTATIONS": P
RINT \
685 REM )
650 REM ¥XCALCULATION OF SLIDING TIMEXX
695 REM \ ]
700 FOR JJ =1 TO 19 v
710 SS = G6 % JJ \
717 REM COLLISION ANGLE IS T5
715 X1 = SOR (SS) ¥ SIN (TC / 57.3)
720 TS = S7.2 x ATN (X1 / SOR ( — X1 % XL + 1))
730 D2T = (TM - TS) 7/ 20 '
740 REM CALC. AME. VORTICITY % AVE. ANGLE BETWEEN TS % TM
750 VO = 0 \
760 A1ANGL = © = /
770 FOR LL = 1 TO 20
780 TJ = TS + (LL - 0.5) % D2T © ,
790 V1A = A9 + B9 ¥ TJ + C9 * TJ x TJ + D9 x TJ x TJ % TJ
BOO F1A = AB + B8 X TJ + CB *x TI % TJ + DB x TJ x TJ x TJ
810 VA = V1A + P1A x PHI /7 100
B20 AZANGL = SIN (TJ / 57.3)
830 A1ANGL = A1ANGL + AZANGL
840 VO = VO + VA
850 NEXT LL
B&O VO = VO / 20. )
870 AL1ANGL = AlANGL / 20 b
880 REM - CALCULATE SLIDING TIME
900 IF«(DF / DE) < 0.0T THEN 920
910 T1S = 0.7 % 0.0T %x VO ¥ UB % (DB / DF) ¥ (2 % (DF / DR) '= 0.00)
+ UP x SIN (AlANGL)
20 GOTO <40
970.-T1S = 0.7 %X UE ¥ DF x VO / DE + UF x SIN (AlANGL)
940 T2S = 8.73 x (TM' - TS) x DE
950 T=8 = T25 / T1iS
960 REM  CALCULATE # OF ROTATIONS
970 FBFERIOD = 6287 x DE / (0.7 % VYO % UE)
980 R1l- = T2S / PSPERIOD ) :
990 PRINT TAE( S): FN RD(TIS): TAE( 21): FN RD(SS % 100): TAB( I4
)i FN RD(TS): TAB( 45): FN RD(FR1) .
1000 NEXT J3J g -

1010

o

FRINT CHR$ (4); "FR#O"

1015 PRINT “"T0O CONTINUE: 1.SET FRINTER 70 NEW FAGE, Z.PRESSE C. TO

ESCAFE: ANY OTHER HEY"

1020 GET As$

1070
1100

IF A% = "C" THEN 20
END



-data input

ey ¥

- .
calculate u, , Sk,Re, . B¢

242

~  J

calculate. vorticity
parameters

¥
calculate 6, |

! ) 8
“calculate E

Y
for n, initial
calculate 6,
¥

cal~cﬁlate E and -6-
S

between ‘endnd 6,

F “ calculate 6,
calculate { |
from eq. 3-33 ‘ ’
t > 6 D—ves N, = Ny < 4N,
N0 , ~

calculate E, (knowing 6;,)

| 4
calculate E, [~ print
E’ ' .

8

A2-2 “ Flowsheet for computer programs

COLLECT and COLLECT 2
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1S
20
25
30
35
S50
60
70
75
77
78
79
80
8%
0
100
120
130
140
145
147

. 148 °

147
1359
160
. 161
162
163

164 .

167
168
170
180
190

Pt
e ot e

nore

pate b
240
250
253
256
257
258
289

260

‘ 243
COLLECT
REM  XXXXCOLLECTION EFFICIENCYX¥¥X \ e
REM ‘ b
PRINT “PO YOU WANT TO PRINTT Y OR N"
GET As$
IF As = "N" THEN 70
PRINT : PRINT : FPRINT .
PRINT CHR$ (4);"PR#1" .
"PRINT CHRS$_ (9);"13L"
HOME ) - 5 \
P2 = 0 '
REM \
REM DATA ENTRY -
REM . . o
PRINT SPC(*13);"xXXCOLLECTION EFFICIENCYXXX" )
PRINT SPC( 13);" BUEBLE RE: 20 - 400": PRINT : FRINT
INFUT " DIA. BUBBLE(CM) = ":DB . -
INPUT © + VELOCITY BUBBLE(CM/S) = ":UB
INFUT - PARTICLE DENSITY = ":RHO
INPUT " VISCOSITY(POISE) = ";VI
INPUT ™ GAS HOLDUF (%) = ":PHI
INPUT .INDUCTION TIME(MSEC) = ";TTI
. INPUT "STARTING PARTICLE DIA. (MICRONS) = "3:DM
INPUT MAX. PARTICLE DIA. (MICRONS) = ";DX
INPUT " INCREMENT PARTICLE DIAMETER = ":D@
REM
REM = CALC. UFP % STOKES #(KK)
REM . : .
DEF FN_RD(XX) = INT (XX % 100 + 0.5 / 100
DEF FEN RT(XX) = INT (XX % 1000000 + 0.5 / 1000000
. DEF FN RM(XX) = INT (XX %X 10000 + 0.5) / 10000
DP = DM X 0.0001
66.= 0.05
P1 = (.000765Z x VI ¥ VI / (RHO - 1)) ~ (1 / 3
El = ((DP / P1) =~ 1.5 % 00,0921 + 1) ~ 0.9
UP # (20.52 x VI # DF) % (B1 — 1) % (BL - 1)
Kk = RHO %« DP X DP ¥ UE / (9 x VI % DB)
IF P2 "2 0 THEN 400 .
. REM EALCULATE RE (BUBBLE) % THETAC
RZ = UB x DB /-VI "
IF RZ < = 400.AND RZ .- = 20 THEN 240
" PRINT "$XBUBBLE REYNOLDS NUMBER OUT OF RANGEXX"
PRINT " RANGE: 20 = RE<= 400": FPRINT : PRINT
PRINT " .
GOTO 1100

TC = 7B.1 -~ 7.37 x LOG (RI> / 2.303

4

W e W S

R et




244
265 REM ‘
I‘ . 270 REM CALCULATE VORTICITY PARAMETERS
275 REM
280 REM VOKT (FOR HOLDUP=Q)=A9+B9 (ANGLE) +C% (ANBLE"2) +D9 (ANGLE"Z,
290 A%'= - 0.01082 — 7.273E - 4 X RZ + 1.735SE ~ & * RZ ¥ RZ - 2.04 -
4E - 9 % RZ % RZ % RZ i
300 B = 0.0745 + 3.013E - 3 ¥ RZ =~ 7.402E - 6 % RZ % RZ + 8.931E - |
9 % RZ ¥ RZ % RI %
310 C9 = - 4,276E ~ 4 - 1.977E -~ S % RZ + %.194E. - B * RZ X RZ - & &
.S2E - 11 * RZ x RZ * RZ 3
320 D9 = - 1.103E - 6 - 1.032E - 7 % RZ + 1.397E - 10 ¥ RZ * RZ - -
‘ 1.334E - 13 * RZ % RZ & RZ 4
IZ0  REM VORTICITY (HO) »VORTICITY (HD=0) + SLOPEXHO/100., WHERE .
340 'REM SLOPE=AS+ES (ANGLE) +CB (ANGLE~2) +D8 (ANGLE~3) .
70 AR = - 0.0199 + 0.0033 % RZ - 4.780E - 5 & RZ ¥ RZ + 7.939€ -
8 A\ KZ &t RZ x RZ i
360 BB B 0.4579 - 0.00791 % RZ + 1.269E - 4 % RZ % RZ — 2.107E = 7
* RINk RZ % RZ
370 C8 = )- 6.165E - 4 + 3.499E - S % RZ - 7.024E - 7 8 RZ % RZ + 1
s J16E - 9 % RZ x RZ ¥ RZ
380 DB = ~ 2.339E - 5 + 5.305E - 8 X RZ - 1.177E - 9 % RZ % RZ + 2 -
L1%&E - 12 * RZ % RZ % RZ . f %
- 38% REM :
390 REM CALCULATE THETAM )
395 REM ) i :
400 @1 = TC .
310 QA = 01 ~ 0.25 .

420 QB = Q1 + 0.23 N
B? *x GA + C9 x GA X GA + D9 & @A % QA

(420 VIA = A9 + % 0A
440 P1A = AB + BB X OA + CB x OA x OQA + DB ¥ QA X OA ¥ QA
450 VA = V1A + FP1A X PHI / 100
460 VIB = A9 + B9 x QB + C9 x OB * OF + D9 * @B % @B % GB
470 P1A'= AB + BB X G + CB x OB x OB + D8 % QB x @B * OB
480 VB = V1B + F1B x PHI / 100

- 490 PA = 0,125 * DF ¥ DF x UB % VA x SIN (A / 57.2)

- S00 PB = 0.125 * DP x DF % UB X VB x SIN (@B / 57.73)

510 DT = AHS ((FA -~ FB) ¥ 57.3 / O.5)
520 VR = DT / (. SIN (01 / 57.3) % (0.5 x (DP + DB)) =~ 2)
530 VP = UF x COS (@1 / 57.3) .

540 IF VR . VP THEN 558

SZ0 Q1 = Q1 + 0.2%

555 GOTO 41¢ T

S58 TM = 01 : :

S65 REM 571 : . , :
S68  REM CALCULATE COLLISION EFFICIENCY . :
570 REM : .

I71 FEM XXXXCALCLLATE COLLISION EFFICIENCIESKRX

S72 UU = UP / UB

S72 DD = DF / DE * ,

574 EG = (UU % (1 + DD) ~ 2) % SIN (TC / 57.3) ~ 2 / (1 + UW)
S57% ES = 1.5 £ DD % DD / (1 + UU)

=76 EI = ES % (1 + (0.1875 % RZ) / (1 + 0.249 % RZ ~ 0.%&))

—
‘.

LA
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¢ % I )

78 EC = EI + EG : o

579 X8 = (RZ * 0.06) % (KK ~ 0.54) / (LU ~ 0.16)

E80 IF X8 < 0.614 THEN &10

590 EC = EC % 1.627 x X8

610 IF P2 > O THEN 7060

620 PRINT ,

62% PRINT SFC( 17):"RE BUEBLE = ": FN RD(RZ)

&30 PRINT SPC{ 20)s"THETAC = "3 FN RD(TC): PRINT : PRINT

640 PRINT "DIA. PARTICLE COLLISION ATTACHMENT COLLECTION"

647 PRINT " -~ (MICRONS) EC(%) EA (L) EK (7"
685 REM -

6790 REM CALCULATE ATTACHMENT EFFICIENCY

695 REM
"700 FOR JJ =1 TO 19 4

710 SS = GG X JJ

715 REM  COLLISION ANGLE IS TS

719 X1 = S@R (SS) x SIN (TC / =7.3)

720 TS = S7.% % ATN (X1 / SOR ( = X1 X X1 + 1)) _

721 T8 = TS v

730 D2T = (TM - TS) / 20 .

740 REM CALC. AVE. VORTICITY &% AVE. ANGLE BETWEEN TS & TM

7%0 VO = O

760 AL1ANGL =0 r

FOR LL =1 TO 20

T3 = TS + (LL - 0.9 x D27 -

VIA = A% + B? X TJ +C9 x TJ x TJ + D9 x TJ % TJ % TJ

1A= AB + B8 XTI +CB X TJ x TJ + D8, 2 TJI * TJ & TJ

810 VA = V1A + F1A X FPHI / 100 -

B20 AZANGL SIN (TJ / S57.7)

B30 A1ANGL = A1ANGL % A2ANGL

B4O VO = VO + VA

50 NEXT LL

&0 VO = VO / 20 '

870 A1ANGL = A1ANGF / 20

BBO REM CALC. SLIDING TIME

900 IF (DF / DB) < 0.030 THEN 930

910 T1S = 0.7 % Q.0T X VO % UE x (DE / DPF) % (2 % (DF / DE) - O.C
+ UP ¥ SIN (A1ANGL) .

920 GOTE 940

TO T1S = Q.7 ¥ UE x DP ¥ VO / DR + UF % SIN (A1ANGL)

940 T2S = 8.7 % (TM — TS) % DE |

950 TTS = T2S / TiS

Lokt
‘

L

*

955 REM 1S SMALLER INCREMENT (GG) REQ’D™ (FOR WHEN ATT. EFF. 1
LOW) ‘ p ¥
Q60 IF TIS < = TTI GOTO 584 ’

970 SF. = 5SS
97% T4G = TS
980 NEXT JJ

.
- .
!
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584
985
986
990
971
992
993z
994
9IS
996
997
958
999
1000

1002
1004
1006
1008
1100
1110

1120
1130
1140
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~

IF S5 = (0.002% THEN 994
IF 88 = 0.0% THEN 992
IF TTI < T3S THEN %9%9&
AlE = 85 -~ GG X (TTI - T3S) / (T4S - T3S)
GOTO 999 ‘
GG = 0.0025%
GOTO 700
GG = .000125
GOTO 700 :
AIE = 88 + B6G x (1 — TTI / Ta%)
REM
REM CALCULATE COLLECTION EFFICIENCY & PRINT RESULTS
EK = EC X A1LE
PRINT TAB( %): FN RD(DM): TAB( 18): FN RM(EC % 100)
)3 FN RD(ALIE x 100); TAB( 44): FN RT(EK ¥ 100)
IF DM > = DX THEN 1100
DM = DM + D@ 1
P2 = P2 + 1 ¢’
GOTO 1467
PRINT CHRS$ (4);"PR#O" -

ESCAPE: ANY OTHER KEY"

PRINT "TO CONTINUE: 1.SET PRINTER TO NEW PAGE, 2.PRESS£?. T(

GET As
IF As = "C" THEN 20
END

i L 59 S B ke, kit 0 THOmERY My !
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\
COLLECT2 . ~
10 REM XXXXCOLLECTION EFF. — LOW REXXXX
15 REM - )
O PRINT "DO YOU WANT TO PRINTT Y OR N"
/25 GET AS
30 IF A$ = "N" THEN 70
35 PRINT : PRINT : PRINT
SO PRINT CHRS$ (4);"PR#1"
60 PRINT CHR$ (9);"13L"
70 HOME « :
75 P2 = O
77 REM
78 REM DATA ENTRY
79 REM
B0 PRINT SPC( 13);"$¥XCOLLECTION EFFICIENCYXXX"
85 PRINT SFC( 13);" BUBBLE RE:0.1 - 20 “: PRINT : PRINT
90  INPUT " DIA. BUBBLE(CM) = ":DB
100  INPUT " VELOCITY BUBBLE(CM/S) = ";UB
120 INFUT " PARTICLE DENSITY = ";RHO
130 INPUT " VISCOSITY (POISE) = ";VI
140 INPUT ™ GAS HOLDUP (%) = "iPHI
145 INPUT " INDUCTION ,TIME (MSEC) = ";TTI -
147 INPUT “STARTING PARTICLE DIA.(MICRONS) = ":DM \
148 INPUT " - MAX. PARTICLE DIA.(MICRONS) = ":DX
149 INPUT ".  INCREMENT FARTICLE DIAMETER = ":DQ .
159 , REM . : |
1607 REM . CALC. UFP % STOVFES # (kK) !
161 REM . ?
162 DEF FN RD(XX) = INT (XX % 100 + 0.8) / 100 s
1637 DEF  FN RT(XX) = INT (XX X 1000000 + 0.5) / 1000000
164 DEF FN RMLXX) = INT (XX X 10000 + 0.5) / 10000
167 DF = DM % O.0001 -
168 66 = 0.05 |
170 P1 = (L0007653 % VI %X VI / (RHO - 1Y) (1 / o)
180 B1 = ((DF / P1) " 1.5 % 0,092 + 1) 0.5
190 UF = (20.52 x VI / DF) % (KBl - 1) % (Bl - 1)
‘2Z2 Kk = RHO x DF X DF X UE / (9 % VI X DB)
2375 IF FZ . 0 THEN 400 . ;
240  REM CALCULATE RE (EUBBLE) % THETAC ‘
250 RZ = UEB % DE / VI
255 IF RZ © = 20 AND RZ ° = 0.1 THEN 260
256 PRINT “xXBUEELE REYNOLDS NUMEER OUT OF RANGEXX"
~257 PRINT " RANGE: 0.1 = RE = 20": PRINT : PRINT
258 FPRINT v *
259 GOTO 1100
260 IF RZ ¢ 1.0 THEN 266
262 TC = 98.0 - 12.49 x LOG (10 % RI) / 2.303 oty
264 GOTO 290 )
266 TC = 20,0 - 2.5 % LOG (100 % RZ) / 2,307




47

269
270
273
280

285

290
300

310

330
340
3350

360
370
>80

385
390
393
400
430

43

440
430
4460
470
480
490
500
510
=20
530
540
S50
SS5
Sse
565
548
570
572
373
574
S75
S76

REM
REM
REM

-REM

REM

A9 =

Co =
. 792E
D9 =
. 100E
REM
REM
AB =

CALCULATE VORTICITY PARAMETERS

VORT (FOR HOLDUP=0)=A9+B? (ANGLE) +C? (ANGLE~2) +DF (ANGLE"

- 0,001217 - 0.001745 % RZ + 5.143E - 5 % RZ x RZ -
E -6 %2 RI ¥ RZ x RZ
B? = 0.0286 + 9.229E - 3 % RZ - 3. SSE - 4. RZ ¥ RZ + 9.190E -
& x* RZ 2 RZ x RZ
4,060E - % - O.%B&E — 4 % RZ + 1.420E - & ¥ RI ¥ RZ -
- B *¥ RZ ¥ RZ % RZ
9.610E - 7 - 2,8540E --7 3 RZ + 1.740E - 8 * RZ x RZ -
10 * RZ x RZ x RZ

ms 248

-»

VORTICITY (HO)=VORTICITY (HO=0) + SLOPEXHO/100,

SLOPE=AB+B8 (ANGLE) +C8 (ANGLE~2) +D8 (ANGLE"3)
- 0.0199 + 0.0032 * RZ ~ 4,780E - S
B ¥x RZ * RZ ¢ RZ

]

WHERE

1.16

X RZ x RZ + 7.92%E -

B8 = 0.6%79 — 0.00791 % RZ + 1.269E - 4 x RZ % RZ .- "2,107E - 7
* RZ ¥ RZ * RZ
CB = - 46.16%E ~ 4 + 3.499E - % % RZ - 7.024E .- 7 * RZ ¥ RZ +
.16E -~ 9 x RZ ¥ RZ ¥ RZ ’
D8 = - 2,339E. - 5 + %.30% - 8 ¥ RZ - 1.177E - 9 ¥ RZ x RZ +
.1%E - 12 ¥ RZ * RZ x RZ :
REM v‘ <«
REM CALCULATE THETAM"
REM . :
Q1 = TC
QA = @1 - 0.25%
OB = 01 + 0.2% I
1A= A9 + B9 x QA + CS9 * BA X BA + D9 x BA * BA x BA [
Pl1A = A8 + B8 X QA + CB % OA %x- QA+ DB %X OA X QA % GA
VA = V1A + PiA % PHI 7/ 100
VIB =A% + B9 * QB + C9 * GB * Q5 + D9 x OB % QB » QB t
FIA = AB + B8 X GF + CB * QB x OB + D8 x GB % QB % QB
VE = VIB + P1B % PHI / 100
PA = 0.125 * 'DP * DP % UB x VA x .SIN (BA / 57.3) ¢
PB = 0.125 x DPF x DP % UR x VB x SIN (QE / S7.3)
DT = ABS ((PA - PR) X %7.3 / 0.9
VR = DT 7/ ( SIN (G1 / S57.3) % (0.5 x (DP + DE)) ~ )
VP = UF % COS (B1 /7 %7.3)
IF VR > VP THEN 558 )
Q1 = 01 + 0,29
GOTO 410
™ = Q1 - E
REM " )
REM-~- . CALCULATE COLLISION EFFICIENCY ;
REM o ‘
UU = UF / UB i g
DD = DPF / DB 1 k *
EG = (UU X (1.+ DD) 7 2) % SIN (TC / 57.3) ~ 2/ (1 + uw é
ES = 1.5 % DD X DD / (1 + uw)
EI = ES % (1 + 0.1875 % RZ) / (1 + 0,289 % RZ ~:0.56) i
: i




3

377
579
3580
590
610
620

625 |

630
640

642,

683
490
695
700
710
715
719
720
721
730
740
730
760
770
780
790
800
810
820
830
840
830
860
870
880
00
210

220
30
?40
950
933

9650
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EC = EG + EI
XB = (RZ ~ 0.06) ¥ (KK ~ 0.34) / (UU ~ 0.16)
IF X8 < 0.614 THEN 610

EC = EC % 1.627 % X8 . ' .

IF P2 > 0 THEN 700

PRINT -

PRINT SPC( 17);"RE BUBBLE = "; FN RD(R2)

PRINT SPC( 20)3"THETAC = "; FN RD(TC): PRINT : PRINT
PRINT "DIA. PARTICLE COLLISION ATTACHMENT COLLECTION"

PRINT " (MICRONS) EC(7%) EA(AL) EK(Z) ™
REM .

REM CALCULATE ATTACHMENT EFFICIENCY K

ren I

FOR JJ = 1 TO 19 ‘
SS = G6 % JJ

REM COLLISION ANGLE IS TS ‘

X1 = SQR (88) x SIN (TC 7 37.3), . \

TS = 57.3 8 ATN (X1 / SG@R ( - x1 % X1 g 1) \
T8 = TS \
D2T = (TM -~ TS) / 20 \

REM CALC. AVE. VORTICITY}@ AVE. ANGLE BETWEEN TS & TM
vo = 0
A1ANGL = O ,
FOR LL = 1 TO 20 -
TI = TS + (LL - 0.%) % D2T
VIA= A9 + B9 ¥ TI +C9 S TI £ TJ + D9 x TJ % TJ % TJ
PIA = AB + B8 X TJ + CB S TJ % TJ + DF & TJ £ T3 % TJ
VA = V1A + P1A % PHI / 100
A2ANGL = SIN (TJ 7/ 57.3) -
AL1ANGL = A1ANGL + A2ANGL
vO = VO + VA
NEXT LL : e
vO = VO / 20
A1ANGL = A1ANGL / 20
REM CALC. SLIDING TIME
IF (DP 7/ DB) < 0.0 THEN 930
TiS = 0.7 % 0.03 % VO %X UB % (DB /
+ UP * SIN (ALANGL)

GOTO 240
TiS = 0.7 2 UB x DFP % VO /7 DB + U * SIN (A1ANGL) .
T28 = 8.73 x (TM - TS) x DB « T

T3S = T2S /7 T1S ,
REM IS SMALLER INCREMENT(GG) REQ’D? (FOR WHEN ATT. EFF. IS L
W) .

IF T38 < = TTI GOTO 984

?70° SK = 5§

73
{80

T4S = TS -
NEXT JJ

P x (2 x (DP /. DB) - 0.03
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#

§
984 IF S8 = 0.0023 THEN 994
985 IF SS = 0.05 THEN 992
986 IF TTI < T38 THEN 996 o
A P90 ALE = 5SS - G6 ¢ (TTI - T3S) / (T4S - T3 o

991 GOTD 999 .

992 G6 = 0.002% . ’

993 60TD 700

994 GG = 0.00012%

99% GOTO 700

996 ALE = 85 + G6 £ (1 - TTI / T48)

997 REM ' )

998 REM CALCULATE COLLECTION EFFICIENCY AND PRINT RESULTS

999 EK = EC % ALE .

1000 PRINT TAB( S)3 FN RD(DM); TAB( 18)3 FN RM(EC % 100); TAB( 3
>3 FN RD(ALE % 100); TAB( 44)3 FN RM(EK % 100)

1002 IF DM > = DX THEN 1100

1004 DM = DM + D@

1006 P2 = P2 + 1

1008 GOTO 167

1100 PRINT CHRS (4); "PRH#O"

1110 PRINT *TO CONTINUE: 1.SET PRINTER TD NEW PAGE, 2.PRESS C. T
ESCAPE: ANY OTHER KEY‘

1120 GET As - ‘

1130 IF As = "C* THEN 20 ~ e

. 1140 END \

’
o A Ay e e < e v A SIS Pt S e
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A2-3

data input

—

calculate ‘pr and u,,
with k ,
Runge-Kutta routine

}

T *

calculate n

ew
X and y Lcoermates-

12

6; = a}'n(y/x)

1/ "

print |

Xz‘Yzé/” my§§
-
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Flowsheet for computer program FLOW
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FLOW (FLOW20)

.
QOLO FRINT * FLOW FROFILE - RE=20 °* ;
OC12+REM %X%*¥%XX X AND Y ARE STARTING COORDINATES - ‘ .
0014 REM 4#%%¥ G IS THE RATIO OF U(FARTICLE) TO U(EUEELE) 3
0016 REM  *X*% K IS THE STONES HUMRER E
0018 REM X [ 1S THE RUNGE-KUTTA INCREMENT(H) 3
0020 FRINT “INFUT X» Ys Gk * %
0030 INFUT XS5+75:GvK 1
0045 Il =0,02 s
QOS50  R=(XSXK2+r5KK2)IKX0, 5 ;
0060 T =ATN(YS/X5) 7
20070 N1=0 ' , !
H5OY0 H=1 :
D120 GOTO 1020 :

0130 ¥ = X 7.554XT ~2,4636XT XT -0.58B54%T%%3

014081 =(1+1/(2k RAX3)IXSIN(T) L

QIGO0 F2  =(1-1/(R X%X3))XCOS(T T

0160 81 =(1-0.75/R -0,25/( R¥*3))XSIN(T) R

0170 82 =¢1-1.5/R +0.5/C RXX3))XCOS(T ) -

0210 Ul =(( Rr0.99)¥*2~( R-1,01)XX2)XV /(0.04%K )

0220 U2 =0.48%F1 +0.32%51

0230 IF U2 . Ul THEN 269

0240 UO=UD .
259 B30T0 290

V,ra0 HOo=U1

0270 1422 [

C 090 UZan S54KFD +0,44%52 \\ e
0310 T =T +0.00N726 ,

PAC0 Y ==0,0247F T.556XT ~2,636XT XT -.5854AT ¥£3

0330 C1=0.9%k( R-1)XX2%V XSIN(T )

0340 T =T --0,017452

0350 ¥ =-0,0247+ 7.556KT —2.636XT XT —,5854%T **3

0360 C2=0.5%( R~1)%%X2%V  XSINC(T -

COITO T =T +0.008726 :

0380 U9=(1/¢ R¥ RXSIN(T )))%(C1~C2)/0.,017452

3382 IF U3 U9 THEN 391

Q0384 U9 = U3 :
0391 IF N1 © O THEN 400 v
0392 V1 = USKCOS(T) + UOXSIN(T) + 6

UZe3 W1 = UOXCOB(TY - UPKRSIN(T)

Gav4 X5 = x5 - V1IkD

2395 Y5 = Y5 + WikD

03728 GOTO 930




g’ 100
[OX:A Ry
e

0430
0440
0150
0440
0470
04,0
0490
I500
{0510
50
0530
09410
C550
0% 350
0740
0980
LO0U
1010
1920
1030
1040
1180

et 1

o

U2 = UYS4COS T+ + UOKSIN(T)
W2 = UOXCOS(T)Y - UPKSINCT)
ML o= (=V1 4+ U2),A

R2 = (=YLl - O0.SkOkRT + UD) /I
R3 = (=V1 = O0.S5KLXKRZ + U2)/h
R4 = (~=V1 - DRI + U2)/h

V3 = V1 + (D/&)%(RL + 2%RD +
L1 = (~W1 +W2)/N

L2 = (~W1 - 0.S%DAL1 + W2)/h
L3 = (~W1 - 0.SkDAL2 + W2)/K
L4 = (-Wl -D&L3 + W2)/K

W3 = Wi 4+ (I/6)%(L1 + 2%L2 4
XS = X - VzkDh

YS = Y5 + W3IKN

Y1 = Y3

Wil = W3 .

R = (XS5¥XZ 4 YSKEDZ)%%0.5

T =ATH(YS/X5)

M1=H1+1

Il (T %57.3), 0 THEN 1180
RETURN .

GOSUK 130 .

IF R 1.1001 THEN 1130
GOTO- 1020 - )
FRINT *THETA="3(T XS57.3)
FRINT * =* 3R

FRINT *LOOFS="3NJ

FRINT "MORE? YES-1 NQ-2°
INFUT 7

IF Z=1 GUTO' 10

2 '

253

+G .

2%R37+ h4a)

2RL3 + L4

A
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COLUMN

10 REM FLOTATION COLUMN -S5CALE~UF - -

20 REM

30 REM XDATA ENTRYX'
35 REM

40 PRINT " PRINT? Y OR N"
S0 GET B$

60 . IF Bs$ = "N" THEN 100

70 PRINT : PRINT

BO PRINT CHR$ (4);"FR#1" , :
90 PRINT CHR$ (9);"17L" :
100 HOME ' o

105 DEF FN RD(XX) = INT (XX % 100 + 0.5 / 100

110 PRINT SPC( 13);"FLOTATION COLUMN® SCALE-UP": PRINT : PRINT

120 PRINT SPC{ 20); "xxxDATA INFPUTXXX%x": FRINT : PRINT

130  INPUT * COLUMN DIAMETER((M) = ";DC

140 INPUT "COLLECTION ZONE LENGTH(M) = ":L1 :
145 L8 = L1 ¢
150 INPUT *“ . FEED RATE(L/MIN) = “:QF . - .
160 INPUT " TAILINGS RATE(L/MIN) = ";QT ' ¢
170  INPUT ™ GAS RATE(L/MIN) = ":Q06

180 INPUT " GAS HOLDUP (%) = ";GH

185 INPUT * BUBBLE DIAMETER(CM) = ";DB

190 REM _SUPERFICIAL VELOCITY - V(ICM/S)

200 REM ACTUAL VELOCITIES - U(CM/S)

210 Al = 0.27 ¥ 3.1416 x DC x DC

220 V6 = QG / (40000 % A1)

230 VF = QT /7 (60000 x Al)

240 UF = VF / (1 - QH / 10Q)

242 PRINT " SUPERFICIAL GAS VELOCITY = "; FN RD(VG % 100);"CM/S"

244 PRINT " SLURRY VELOCITY(DOWN) = “; FN RD(UF X 100):"CM/S"
250 PRINT : PRINT SPC( 18):"FEED DESCRIPTION": PRINT

260 INPUT " __FEED WEIGHT % SOLIDS = “;FT -

270 INFHT * AVE PARTICLE SIZE(UM) = "3DM -
280 DP = DM / 10000 ~

290 INPUT # OF MINERALS IN FEED = "j;NM%

T00 PRINT SFC( 133" (TOTAL MUST = 100%)"

310 N1 = 1

1S DIM K&, 10) ,FPI(10,10)  RO10, 1)
317 816 = 0 !
S20 FOR I = N1 TO NMY%

2% PRINT

330 INPUT ° MINERAL NAME : ":AS$ (1) -
Z40  INPUT " SPECIFIC GRAVITY = "318G(I) 3
350 INPUT * FEED GRADE (%) = “:Fa(I) E

Z60 P1(I) = P4(I) /7 100
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370 FOR J = N1 TO 2

380 INPUT “ENTER K AND PROPORTION : “zK(I,J).PI(I.J)

400 NEXT J . ‘ >

410 S16 = S16G + SG(I) * P1(I)

. 420 NEXT 1. ‘

421 FS = 100° / ((100 % S16 / FT) - Si6 + 1)

422 TSP = 6E - 4 x OF ¥ FS x 916 ,

423 PRINT * FEED VOLUME % SOLIDS = ": FN RD(FS)

424 PRINT " . " FEED MTPH SOLIDS = "; FN RD.(T8F) )

42% PRINT : PRINT 1 PRINT SPC( 20) ; "XXXRESULTSXxXx": PRINT : FRINT
¢ {

427 PRINT SPC( 26);"7RECOVERY ‘ GRADE (%) "

430 REM ° v 9

440 REM  $RECOVERY, CALCULATIONX

450 REM ~ S : :
455 RSF = 1 - S | é

450 Dt = 0,063 % DC : :

490 REM . CALC. PARTICLE'VELOCITY

500 Bl = (7.653E - 8 / (Si6 - 1)) ~ (1 / 3)

$10 B2 = ((DP / B1) ~ 1.5 % 0.0921 + 1) ~ 0.5 .

520 UP- = (0.208 7 DP) % (B2 - 1) x (B2 - 1)

S2%5 UP = UP % ((1 = FS / 100) -~ 4, 65)

530 UIP = UP / 100 + UF R

" %3% REM CALCULATE.MIXING PARAMETERS L )

%40 ND = D1 / (UIP ¥ L1) ' .
550 T1 = L1 / (UIP. X 60)

S%5 R2 = 0 '
560 FOR I = Ni TO 2
%65 R1(I) = O

S70 FOR J = Ni TO NK(I)
S80 A4 = (1 + 4 ¥ K(I,J) * TL % ND) ™~ 0.5

S0 A% = 4 X A4 X EXP (1 / (2 % ND)) -

600 AL = ((1 + A4) ~ 2) X EXP (A4 / (2 x ND))

610 A7 = ((1 - A4) ~ 2), x EXP ( — A4 / (2 x ND))

620 R(I,J) = 1 - A% £ (A6 - A7)

630 R1(I) = R1(I) + R(I{J) X P2(I,0)

6540 NEXT J

650 R2 = R2 + R1(I) x P1(I) .

660 NEXT I

670 REM  TOTAL WT. RECOVERY IS RTX100%

&80 REM INDIVIDUAL MINERAL REC'Y IS RI(I)X1CO%

690 RS = O e

700 FOR I = N1 TO NMZ

710 RT(I) = Ri1(I) % RSF / (1 — Ri(I) % (1 - RSF))

720 R3 = RI + RT(I) % P1(1)

730 NEXT 1 ~
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740 REM ; .
750 REM *¥CALCULATE BUBBLE LOADX ‘
755 REM / ’ ) ‘
760 REM RECYCLE LOAD 1S R7C .
763 R7C = (1 /7 (1 ~ R2 ¥°(1 = RSF))) - 1 "
770 G8 = GF X FS % S16 & R2 ¥ 10 x (1'+ R7C) . u ;
780 L4 = GS / (QG, ¥ 1000) . %
790 LS = 0.8 £ 4 x DP ¥ S16 / DB 7 3
800 IF L% >'L4 THEN 830 v 3
810 L1 = L1 ¥ 0.9 ' ;
820 GOTO 540 : ~
B24 REM - ‘ 3
825 REM  XPRINT RESULTSX ] « : - %
826 REM | ' - A :
830. PRINT : PRINT : PRINT " FOR FROTH RECOVERY = “; FN RD(RSF X :%
oo,;uxn : 4
840 PRINT SPC( 10);3;"TOTAL"; TAB( 29); FN RD(R3 % 100) B
850 FOR I = Ni TO NMZ ; 4
860 C1(I) = RT(I) % P1(I) / R3 !
B70 PRINT SPC( 10);A$(I); TAB( 29); FN RD(RT(I) X 1ooi= TAB( 41).%
FN RD(C1(I) x 100) ‘ 1
900 NEXT 1 T |
905  PRINT * » © L o= "3 FN RD(Ll)-“M“ , o
907 PRINT " " RECYCLE RATIO ="; FN RD (R7C) 2
910 RSF = RSF « 0.2 . !
920 IF RSF < 0.2 THEN 950 !
930 L1 = L8 ' s § i
940 GOTO 540 : Ca s s
950 PRINT CHR$ (4);"PR#0" - é
1000 ‘END : ‘ ) ’

o~




Flowmeter LCalibrations

Appendix 3.

”

Figure A3-1. Wash water flowmeter calibration

Figure A3-2. Gas flowmeter calibration using

a Precision Wet Test Meter.
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A3-1 Wash water flowmeter calibration.

Brooks R-6~-15-B with steel ball.

(‘ Water temperature = 21°C.
1>

[




—— e see——— y . .
. 259
' LE L 1 I ' g | B |./
700} '/ N
€ : /
= i o
| /
' \ /1t
S 500l /,/ ..
Q 30 PS|
{5 : R ' | ///’ ) o//// )
@ | )
) )
_g .;SOO~ ,\‘ | ./. o -
“ / | A PSi .
N e/ o _ ]
0 i s
~ [ ) .
U % 5
100t / /o/ . | -
= oo ,

A3-2

- e

60 80 100 120

Flow Meter Scale

Gas flowmeter calibration. Brooks
R-2-15-D with plastic ball. - Cali-
brated with Precision Wet Test

Meter.
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