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Individual phage hold-ups were estimated using the-sta-

.Flow regimes were identified using

tid pressure method. .

the change% in buhble rise velocity with §55 velocity. For

-

all the systenms considéred‘here, the liquid hoﬁ-ub ‘decreased ’
‘ . - . .
with increasing gi; velocity 1n the chaip bubbling and bubbly

flow regimes -  The addltlon of' a frother generally resulted

in a decrea;e in the 11qu1d hold~up, bubble 51z€ and rise_-~

velocity. The presence of solids in- the column»uzd not have".' y

any.significant effect on the gas holdzup except for gas :

: - ) . . .

~velocitiés ‘At which solids were observéd on the gas digtri- .
butor. = - ‘ . . ‘ ) o '

-
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The control of gangue .recovery in a bubble column . .
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flotation cell is presently accomplished with the addition

of wash water near the'froth~pplp interface. The results

obtained here show that the height of the calming zone may
] . . . . R
' be effectivel& used to” control gasgue rggovery. . .
k}

Liquid phase axial mixing coefficients were estimated

Psing the pulse technique. The parameters were estimated

L4

in the frequency domain using Parseval's theorem. The iso-

¢ - tropic turbulence theory of Balrd and Rice was used to pro-

vide dimensionally consistent gdorrelations for the chain

b .,

‘h\:iiﬁrbbliﬁg,and_Subbly flow regimes. The‘variation-of'the

liQuid dispersion cpefficient with “gas wvelocity was found

to agree rather closely with the f¥ow regime mapping. , The -

. results obtained indicate that.the gas phase Froude number
- - . \

’ is a useful criterion for charactéri;ing flow regimes in-
- —_ T ‘ : . .
\_, wertical bubble columnS. . The addition of frother generally

re.ulted in an increase in the liquid dispersion coefficient
[

- . ) while“the presence:of';dlidé had the oppo&{té effect.
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CHAPTER 1
INTRODUCTION *

1.1 GENERAL INTRODUCTION

Bitumen is presently recovered from the Athabasca oil- -

sands by the-Ciark‘(1944) hot water extraction process as

shown in Figure 1.1. This process produg¢es tailings that

_are apbréximately 40% larger,in volume than the volume of

mined oilsands- thus presenting difficult backfill and water
impoundment problems. The current ﬁailings disposal prac-
tice inyolves storage in large above-ground lagoons behind

dykes specially eonstructed for this purpose. However,

- this practice is-not environmentally sound due to the ,possi-

—

bility of dyke failure or overflow in times gf heavy run-
off (e.g, Tesero dam failure i§ ‘Italy on 'July 19, 1985).

Other tailings disposal practices have been contemplated

but found to be githér environmentally unacceptable (Camp,

-

1976; Barton and Wallace, 1979) or uneconomical (Camp, 1976;

Envirgnment Canada, 1984). ..

o . -
e T

t

-

In order to improve the dverall econemy of any tailings

. ' . - . . <L
management scheme, the recovery of titanium, zirconium, diron .
- L4 N -

and rare earth minerals which are presert in the centrifuge

tailings stream.hés'bgen proposed (ffyoiumﬁﬂl et all,

.
- .

1985a-c; 1986a). The recovery mechaﬁism for these miﬁepals .
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during the hot water extraction process has been ascribed

to oil extraction and air flotation (ityokumbul et al.,
. A
1985a) * The evaluation of air flotatlon was selected be-

dhuse flotation does not interfere w1th the overall process

.obJectlve Lbltumen recovery). The reportgd particle size

s

. ﬁlstrlbutlon of the mlnerals in these talllngs is ideal for

-bubble column flogatlon khlch was’ therefore chosen for ‘a
. ' ‘l
detailed study. ) ' . .

. -

1.2 BUBBLE COLUMN FLOTATION °

A bubble column is a‘mulfiphase contacting device in
which the transport dlspersxaa and mixing of materlals and
energy is xnduced by the mothn éf the dnscoptlnuous gas

phase in the form'of gas bubbles 1n a continuous phase which

.

may be a 11qu1d or a homogeneous sdlurry (Kim, 1973; Epstein,

1981; Muroyvama and Fan, 19851 A schematlc of a.bubble column

.

flotation celi (flotatxon column)'ls shoun in Figure 1.
. b " w '

Three zones can be 1dentr§}ed from Figure 1 Z (1) the

recovery zzone extendlng from tha feed inlet p01nt to the

base of tHe column, (2) the washlng section which extends

from the feed Lnlet point to the froth- pulp interface and

s P
(3) the froth zone.’ In the recove;} section, particles sus-

pended in the descendlng water phase contact a rising ‘swarm
' ‘-

of air bubbles produced by a spatger at the base' of Ehe

column. Floatable particles cbllide with and adhere to the

.
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bubbles and are transported to the washing section. Non-

floatable material (gangue) is removed from the base of the

column as tailings. ,
The washing section serves two principal functions:

(i) To wash back into the recovery zone the loosely attached
‘ [

or entrained gangue particles. In this way, thg con-
tamination of the concentrate by such particles gs -
minimiczed. ‘

(ii) To suppress the flow of feed slurry up the column to-
wards the concentfate outlet.  There is a net dowﬂward
liquid flow in all parts of the column, thus preventing

bulk flow of the feed material into the concentrate.

L

1.3 ADVANTAGES AND DISADVANTAGES OF USING BUBBLE
COLUMN FLOTATION

’ »

The main advantages of using bubble columns in mineral

-~

flotation are:

1) A relatively simple construction since mixing'in the

column is obtained from the sparging action of the gas bubbles

_alone.

2) Operating and maintenance costs are considerably reduced

due to the absence of moving parts.

Y

3) Less floor space is required. )
4) Minimal particle detachment from tH\\;ubbles since shear

forces are considerably reduced compared td the mechanical




]
flotation cells. As a result, higher flotation rates (or
space-time vields) are obtained (Flint, 19735 Dobby, 1u84.).
This also makes flotation columns more amenable to fine .

L 2
particles flotation (Anon, 1965).

5) The recovery of hydrophilic (gangue) 'particles by
mechanical entrainment is reduced since considerable distance
exists '‘between the tailings and froth removal points. As a

result, higher selectivity indices (Gaudin, 19dd) are ob-

taWiié.

The disadvantages of bubble column flotation can be

\

1) The prqggire drop can be quite high since the current

summarized as follows:

designs for industrial flotation columns are l0 m or more

in.height. However, for operations at pressures much abpve

atmospheric, this effect 'is unlikely to he important.

2) A'regfon of high turbulence is created around:thc wash
- water inlet point due to momentum dissipation: This imper-~
tant ‘limitation arising‘from the use of wash water has not
(to the autkor's knowledge) been discussed in ‘any of the
publicationj\én bubble column flotétion.' The use of wash
water also reduces the}particye residence gime in the re-

covery zone. In addition, the detachment o6f collected par-

ticles from the air bubbles in the region of the wash water ~

entry may be promoted.

3) High gas through-puts'cannot be used as slug formation
ry

.0

ko




reduces the available bubble surface area, thus lowering the

-

flotation rate. In addition, the considerable turbulence

induced in the liquid phase under these conditioms will en-
hance the detachment of mineral particles from the air

bubbles, thus reducing the rate of flotation.

In spite of these drawbacks, the compelling advanta‘gs
and the overall economy of bubble column flotation have led
to fts growiﬁé acceptance 1n the mineral processing industry.
As an example, bubble column fldtation is presently used at
the Mines Gaspe, Quebec and Gibraltar Mineé, British Columbia

. -
.for molybdenum cleaning, {pd at Geco Mines, Ontario as zinc
scavengers. In addition, extensive plant tests have been

'ponducted on iron ore, coal, copper sulphide and graphite

flotation (Coffin and Cienski, 1984; Wheeler, 1984; Dobby

and Finch, 1986). _ /’“4

1.4 PROBLEM AREAS IN\EEF BESIGNAOF FLOTATION CELLS

Even though the flptation prodpss-ﬁﬁ general 1is commer-
cially successful, problems still exist in the design and
scale-up of flotatidn cells. For a proper design and scale-
up, a mathematical model of the processes taking place is
required. A procedure commonly employed for the degign of
chemical reactors has been presented by Shah and -Deckwer

(1985) and is illustrated in Figure 1.3. }he applicition

-

of this procedure requires detailed information
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~on the materials- flow pattern in the reactor and a careful

isolation aof the important ratg determining steps and how
. )

these change with the scale of the reactor. The major
‘problem *areas exist in the estimation of the non-adjustable S

- [} N
parameters, In the case of multiphase contactors, isolation

of the intrinsic kinetics frop the hydrodynamic parameters

may also present some problems. For example, a procedure
o .

commonly  -employed tor the determination of flotation kine-

tics in a cenventional mechanicai cell 1s shown in Figure

1.4, It is evident that the kinetic data obtained from

such a 'black-btox' approach will be the product of the true

. kinetics and the hvdrodynamic conditio}s of the cell (Laplante
. ¢t al., 1983). As a result, such kinetic data are of limited
' - -

-

utility in flotation cell design and scale-up.

Due to the complexity of the interrelationsha#ps involved

tn the flotatioM process, no satisfactory models capable of " ¥ )
- : = ' ’
Mdescribing eitner ¥he various interfacial phenomena that )
] .
-determine the attachment of particulates tp bubbies, or the -
. \ L.

ways in which other uncontrollable factots affect the pheno-

L] .
mena have been developed. The commercial success of flota-

tion which has emerged as the sxngle:mo:t meortant concen-

. p— |
tra®lon process ﬁln: a trlumph of enlightened 'know how'

< over inadequate 'know why . Progress has been made almost

. ) . wt . . . . 0
exc1u51ve1y by emgxrlcxsm tempered by "engineering judgement

* subject :o ;he follow1ng questxonS' Fixrstly, 'Does it work?',

secondly, *ds it competit1ve°"and thlrdly, 'What cap be
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altered to make the process more attractive?' This approach
has ted to the slow progress in the design and/or applica-
tion of new flotation cells. This progress was also hampered
by the fact that flotation research in the past has been ‘
mainly directed at understanding the chemistry without ade-
quate consideration of the phvsics and mechanics of this

process {Flint, 1Y73). <

»

The design and scale-up of a flotation column should
1n_theory be easier than that of a mechanical flotation cell
as it appears to be more amenable to the application of pré-
cess models -based upon funSEmental physico-chemical prin-
ciplﬁs. The counter-current flow of particles and bublles
provides a well defined flow regime, unliike in mechanical
flotation cells where the degree of suspensioA of particles
(particularly t?e larger and denser ones) is difficult to
estimate and/or simulate. Also, the column has ﬁo mechani-

cal turbulence that must be matched in a laﬁoratory mdchine.

The existence of a siggle three-dimensional frothz}n
the column makes froth modelling less complicated than ihat
for a bank of mechanical-cells where the froth charatter;s-
—Lics change from cell to cell, Furthermore,.the_detachment
and entrainment hechaﬁisms for salids recovery in the froth
are unlikely to be important in a flotation column (Flfnt,

1973; Dobby, 1984; Débby and Finch, 1986). The performance

of all bubble column reactors (flotation columns included)

-




~

depends gquite strongly on the\arevailing'hydrodyndmlc con-
.ditions and on the transport and mixing conditions of the
phases. Thelr accurate determination is -essential for design

and scale-up.

Since the object of any flotation ogeration is the se-

lective recovery of hydrophobic particles by air bubbles,

it is reasonable to assuvé that the particle collection pro-
cess is'also the rate determining step (Dobby and Finch,
1985; 1986). Levenspiel (1972) has shown that for simple
first order kinetics, the conversion can be predicted using
the value of rate constant and the two mixing parameters:
‘the mean residence time and the vessel dispets1on number.
"Since flotation depends on the probability of particle-bubble
collision, it must be first order (Jameson et al., 19~7).
This means that kqowledge ot the hVJrodyn;mic conditions

in the recovery zone and the rate constant only will be re-
quired for design and scale-up purposes.

i

1.5 OBJECTIVES OF THE STUDY

’

The objectives of this study are:

1) To develop an upgrading process for the recovery of
titanium and zirconium heavy minerals from oilsand centri-

fuge tailings and to compére this process with other processes
. \

that have been deviloped and patented.’ This involves an

gvaluation of the feasibility of using air flotation for




\ —_

’ . ¢ ! . )
the initial beneficiation of these tailings.

2) To obtain hydrodvnamic data relevant to the design of
a bubble column flotation cell for the recovery of heavy

minerals from ocilsand tailings (i.e., liquid mixing, gas

hold-up, particle settling characteristics under flotation

»

conditions).

3) To investigate methods to control gangue recovery with
the froth product in a flotation column. As mentioned
earlier, the addition of wash water to depress gangue re-
covery 1in these units may pose serious operational limita-

tions. Gangue recovery with the froth product ‘depends on

its concentration at the froth-pulp interface and the addi-

tion of wash water may merely reduce this concentration.




CHAPTER 2
LITERATURE REVIEW ’

Even though the concept of bubble column flotation was
-developed and patented in the early 1960s (Anon, 1965), little
hydrodynamic data on jtare available in the open literature

-

(Flint, 1971; Rice et al., 1974¢ Dobby, 1984).  This review

covers the general estimation of those non-adjustable para-
meters for bubble column reactors that are relevant to bubble
column flotation (liquid dispersion, particle and bubblé dy-= \\S

namics) and flotation Kkinetics.

Over the past twenty years, numerous studies on the deter-
mination oﬂ‘non:adjustaﬁle-ﬁarametersofor bubble column reac-
tors have appeared in the literature. Several comprehensi;e
reviews df'the subject have also been presentéd in the re-

-cent literature (Mashelkar, 1970; Shah et al., 1928; 1982;
Shah and Deckwer, 1985). However, these'revié#s seldom dis-
cuss the experimental and/or mathematical methods employed
by the various authors_fbr parameters estimation. As a re-
sult, a critical assessment of the data covered in_,such
reviews is not possible. For example, reviews on liquid

-

. ‘\
"phase dispersion in bubble column reactors usually cower data |,

”/ - -
: ~determined using the moments method even though Fahim ‘and
Wakao 11982) have shown that this method doest not give relrabie

results. In addition, the applicatgpn\oﬁgihe heat and mass

L4

-




" From these izsessments, interpretation and/or mathematical

— - . 15 .

diffusivity analogy to study liquid phase mixing in three
phase ‘systems has been questioned recently (Ityokumbul et
al., 1986b). In>this chapter, a critical review of the

.‘ S
literature 1s presented. or ,each design parametér, the

. <
review begins with an assessment of the experimental and

mafhematical methods commonly emBSoyed for its estimation.

» . . ‘
errors that 4nay affect the reported parameters are .iden-
tified. At the end, only the literature data that have been
determined with the correct experimental and mathematical

method are reviewed-.

2.1 LIQUID MINXING IN BUBBLE COLUMNS

2.1.1 Evaluation of Expefﬁmental Methods

Liqﬁid mixing in bubble columns is induced by the motion

of gas bubbles in the liquid. It is widely recognized that

.

liquiq_mixing is detrimental to the performunce of a reac-

tor. tliowevér, in the case of bubble column flotation, the

effect of liquid mixing on reactor performance is no® easily

'discernibie. While it may be argued on the one hand that \

it is the dispersion of the sdlid.pbase thae influendes flo-
tation column performance (Dobby and Finch, 1985; 1986),

it is also true that the extent of mixing of the continuous
liquid phase will hame¢én effect on the particle-detachment

process. It is suggested here that the latter effect is

mipimal for flotation columns operating in the bubbly flow
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regime. However, under other operating conditions (e.g.

churn turbulence or slug Bloﬁj, this effect may be important.

For ,studving liquid mixing in a bubble column, a mathe-
matical model of the processes taking place is required.
In many instances, the application of the one-dimensional
dispersion model (plug flow with axial dispersion) has
proven satisfactory. Experimertal'methods for studying axial

mixing ih bubble columns may be classified as unsteady and

steady state. ‘ : . .

9

.1.1.1 Unsteady State Methods =

»

Figure 2.1(a-c) show some of the commonly employed un-
steaéy state methods for studying liquid mixing in bubble
columns. In (a) and (b), both the liquid and gas phase
flows are continuous while in (c), only the gas phase is

continuous.

Assuming no radial variation in liquid velocity, the ’

mass ba.:.:nce of tracer may be written ‘as: .

@
O
Q) .
(@]

2.
Ey _ZC - VL
92z

Q

Qr
~
@
(ad

where EL is the axial diséersign coefficient, C th

sient tracer concentration at position z, and VL the inter-

stitial liquid velocity. For the special case shown in

Figure 2.1(c), equation 2.1 reduces to:
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(a) )y (c) - (d) (e),
. Fiqure 2.1 Schemat1c‘§f commbnly'eﬁb]ayed exper1mentaJ.t9chniq;es

for studying 1iquid dispersion in bubble colums. (a)
Closeﬁ-ciosed boundary conditions; (b) open-open

boundary coﬁditions; (c) bafch-11quid unsteédy stafe;

{d) steady state flow method empr}ihg-thg’Fkt)

distribution and (e) steady.state flow backmixing.- -
() Tracer pulse (2) steady tracer input (3) tracer :
detection “(4) 1iquid jgtr'lbutor (5) liquid inlet

(6) air inlet. '




al. (1986b). . .

The use of the experimental methods shown in Figure

Z.I(Engﬁé_@b) permit the independent detegminat on of.botﬁ
fluid-dvnamic parameters (£, and YL;: Conseduéhtly,.isédm-
parison of the estimated value of Vi with that calculated

using the experimental settings and tﬂe-gas hold-uﬁ provides

an indirect assegsment of the applicability of the model. —_
These methods can therefore be relied upon t§ é?pvide diag-
nostic information on reactor perforﬁance (dead volumes,
bypassing, etc.): By contrast, studies based on the experi-’
mental method skown in Figure 2.1(c) do not provide such

diagnostic ‘information as the only p;rameter de;grminable

is the dispersion coefficient. A complete discussion of

_these methods has been provided recently bf [tyokumbul et

~

»

Even.with thg experiméntal method shown in ?&gure 2.1
{a) and kb), the reliability of the estimated parameters
depends significantly on the mathematical method }hoécn.
Reviews on the choice of mathematical methods‘haﬁé been pro-
vided by Michelsen (1972); Fahim and Wakao (1982) ahd
Westértefp et al. (1984). As pointed out - by thesé authors,
the moments and transfer functioh fittihg methods are suited
only for providing.inexpengive initial‘estimages of the-
parémeters for a time domain fitting. Nonetheless;‘these

methods have been used and conrtinue to be used with undue

reliance upon their validity.




2.1.1.2 Steady State Methods

Figure 2.1(d) and (e} show two possible configurations
for studying liquid mixing by the steady state method. Iﬁ
both cases, the tracer, gas and liquid are introduced con-
tinuously. For the method depicted in (d), the response is
measured in the tailings stream as a function of time. This
dynamic response represents the F(t) curve which can be
easily transformed into the E(t) curve by differentiation
(Danckwerts, 1953; Levenspiel, 1978). Methods for estimat- .
ing ELand Vi from the F(t) curve can be found in the litera-

ture (Levenspiel, 1978; Westerterp, 1984), suffice to sayv

that both parameters are determinable from such a response.

The procedure outlined in Figure 2.1{(e) is by far the
most popular in the literature today (Argo and‘Cova, 1965;
Aoyama et al., 1968; Reith et al., 1968; Towell and Ackerman:
1972; De;kwer et al., 1974, Konig et al., 1978; Holcombe et
al., 1982; Wendt et al., 1984; Devine et al., 1985). 1In
this method, the axial concentration (or temperature) is

determined under steady state conditions and the liquid dis-

persion coefficient is estimated from the equation:

- 2 ’
- r d7C ., dCc _

~
An integration of equation 2.3 gives

' | R
. £n C/C° = - EI z - (2.4)




where C and Q; are the tracer concentration at = and = = 0
respectively. .Thus a‘plot of in(C/CO) vs = should give a
straight line with a slope of -(VL/EL). With this method,
the independent determination of VL and éL 1s not possible
since there 1s only one relationship with ﬁia unknowns. As

a result, verification of the model from a comparison of the

calculated value of VL (from the experimental settings) with

that determined from the curve fitting of the tracer res-

ponse curve (as was the case with the dynamic methods shown

in Figu}e 13, b and d) is not possible. In all such

studies, the experimentally calculated value of the inter- S

stitial liquid velocity is substituted into the expression

for the slope to _obtain EL‘

In some studies employing the steady state method shown
in Figure 2.1le, the occurrence of two distinct slopes has
been reported (Deckwer et al., 1973). This phenomenon has

AN

- ~- 7 . o .
been interpreted to be due to-a:-change in the liquid dis-
LN .
persion coefficient as a result of bubble coalescence ‘in
the upper section of the column. Implicit in this statement

is the assumption that the interstitial liquid velocity

remains constant in both regions. However, this assumption
is' not valid. With bubble coalescence, the gas hold-up in ‘
the upper section will decrease, As a result, pﬂé inter- \

stitial liquid velocity in this section will decrease when

compared to the lower section. This means that the change

in the slope of the concentration profile is due partially
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to a decrease in the liquid interstitial velocity. The
current interpretation which ascribes this phenomenon to
the liquéﬁaispersion coefficient alone is therefore not

a valid one.

The use of the schematic shown in Figure 2.le presents

some serious experimental difficulties which to the author's.
knowledge have not been discussed before. For example, if
the tracer detection probes are introduced into the column,

the following assumptions are implied:

’

(1) the liquid flow pattern in the unit is not altered,

and
(ii1) the probe and instrumentation yield the true liquid

phase tracer concentration.

*

For small probes, assumption (i) may be valid. However, as

the number of probes introduced increases, this assumption

may well cease to hold. Similarly, assumption (ii) will

hold only for probes with sensing elements which are much

smaller than the average bubble si:ce.

TQe withdrawal of sambles from the column for anglysés

.
also presents some experimental problems. For example, in
order to obtain a representative sample at any given height
in the column, an elaborate sample collection device may be

required. I[Its introduction may influence the iiquid flow

pattern. It is common practice to hear of "isokinetic"




sampling techriques for such svstems. In actual fact, iso-

kinetic sampling 1is only pbssible with a single phase flow!

In addition to these experimental problems, there is
the fundamental question as to what the liquid phgseVdis-
persion coefficient determined with the experimé&tal me thod
sho@n in Figure Z.le actually represents. As explained

earlier by Schugerl (1967), the backmixing coefficient deter-

-

mined i¥ this way was not equivalent to the axial dispersion

- coefficient. In reactor design, it 1s the axial'dispersiqn~'
coefficient which is required and not the backmixing coef-
ficient. Schugerl suggeste& that the two.parameters were
rdtated by a Taylor-Arisrelationship. The implications

of this are serious. For example, it means that most of

the liquid phase dispersion data currently found in the
literature may be underestimated. As a consequence, reactor
designs based on these data may not be optimally scaled:

This assessment is best illustrated from the work of Schumpe
et al. (1979). These authors studied the absorpsion and
reaction of sz in NaOH solution. ‘Their.results rgveﬁled
that the transition from bubbly flow to churn-turbulenge was
accompanied by a rapid decline in the conversion of co, . :

From fundamental principles of chemical reaction engineering,

this would suggest a corresponding rapid increase in the

-

liquid dispersioﬂ>¢oefficient. However, none of the corre-

lations for predicting liquid dispersion coefficients in

pybble column reactors (see Shah et al., 1982) show such trends.
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7’ have extended this anald®y to three phase (g

. . 33

3 -
2.1.1.3 'Applicatlon of Heat and Mass Diffusivity Analogy

The application of the heat and mass diffusivi¥es ,ana-
logy for studyihg liquid mixing in two paase (gas-liquid)
bubble columns appears td be gaining in popularity (Aoyvama
et al., 1968; Chen and McMillan, 1982; Holcombe et al.,

1982; Wendt et ,al., 198;; Qevine et al., 1985). This ana- -

M'vgy has been experimentally verified for the backmixing

coefficrent in two phase svstems b§\a11 of these authors.
e . f b 2
-

Quite recently, kara et al. (1982) and Kelkzzgggsal. (1984) N
X
]

iquid-solid)
svstems. The samé method has been gecommendéd recently by
*Shah and Deckfer (1985) for studying liquid mixing in three
phase systems. The extengion of this analogy to ghree bhase

systems 15 not valld as the transport'mechanisms_ﬁor heat
. -
and mass ,in three phase systems are different. For two phase

-

(gas-liquid) systems, the predominant transpott medium for
heat and mass is the liquid phase. However, in three phase
) . . ,

systems, heat transport will be affected by both liquid and

P

solid phases whereas mass trahsport in these systems is
primarily affgcted by the liquid phas®e: (learly, as the
transport mediaﬂfor hgﬁt and ".45 differ, the ;nalogy_ﬁetween‘
their diffuslvities can at best be expected to hold only

when the solid concentration is low. This assessment s

[R3
- -

consistent with the ?ecent experimental observations of Chen *

and McMillan (1982). 1In view of the foregoing, the use of
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this method to characterize liquid mixing in three phgse

‘bubble columm rezé::;s is nat recommended.

Even in the case of two phase (gas-liquid) flow, care

must be taken.to avoid the effect of other unrelated
L 4

factors on the mixing process. For example, the applica-

tion of a steady state heat tracer at the base of a verti-
cal pubble column may induce ''gravitational mixing" as a

result of liquid density ¥

1982; Holcombe et al., 1983). As'h\(;:ult, the steady state

ariations (Chen and McMillan,

-

axial temperature profile that is est®lished in the column

- may not be related to the '"true"” mixing?process described
by the diffusion equation. However, for high liquid velo-
_ cities, this effect is unlikely to be important.

N .
.

2.1.2 Review of Literature Data on Liquid Dissk(sion ‘

As the above discussion on ekpérimenfal methods\Jeveals,
there are considerable data on liquid phase mixing in bukble
columhn reactors. Recent reviews were ﬁrovided by MashelRar
(1970), Baird and Rice (1975) and Shah et al. (1978; 1982)
However, attem obtaining a comprehensive mixing theo
applicable té/:ijgjz\:;\umns have so far met with only
limited success (e g. Baird and Rice, 1975; Joshi and -Sharm

* 1976; Joshig 1980; Riquarts, 1981; Lehrer 3\339) The rea-
‘son for this may be attributed to the wide variamke of the

pubkished data which arises as a result of the following:

T




(1) application of wrong boundary conditiors
(i1) experimental errors in the tracer measurements i
(111) mathematical and theoretical errors associated with

the analvsis ©f the tracer response measurements.

oThe application of wrong boundary conditions’is common in

- the literature as authors generally try to avoid the complex
- analytical solutiogs associated with the closed-open and
closed-closed boundary conditions in favour of the simpler
open-opeﬁ ones. Examples of this®can be found in the work
~ + of Rice et al. {1974; 198.1) and Dobby apd Finch (1985).
. prgrimental ﬁI‘st on the otherghand are‘more difficult to

g .+ spot unless the results are in v1 tion of well established

* laws. For example, Awasthi and Vasudeva (1983) have re-

.

3 ‘ P
ported a linearity between percent transmission and concen-
tration which is by itself a violation of Beer-Lambert Law.

In addition, the discontinuity in the axial concéntration

profiles reported by Deckwer et al. (19°3) is in appareht .
contradiction with the continuity assumed by the. diffusion
model. The octufrrence of a discomrtinuity in the tracer con-

centration profile may be due to the experimental problems

already discussed for this method. . T .

4
-

The errors assdciated with the mathematica® treatment

e of the data are dependent on the accuracy obtainable by

the method\(moments, weighted moments, transfer function

fitting, FouYier analysis and time domain fitting). A
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review of the mathemagical methods currently used for the

estimation of liquid mixing p3rameters in bubblc columns has
been provided by Michelsen (1972), Fahim and Wakao (1982)

-and Westerterp et al. (1984). “These reviews have shown that

the most reliable methods were the time domain fitting and

the Fourier aqélysxs. As a result, the present review will

be limited to studies 1n which the liquid phase mixing para-

meters wereg determined from transient ‘measurements using
. . -

-

% ace Lenomscscns seno
the approp®iate thematical method.
- - " .‘ . ."_
) LS . “'. ! .
Mufphy and Tihmpany (1967) measured liquid ‘dispersion
data in a rectangular aeration ta with dimensions of

1.52m x 0.91 m x 0:76 m. Their results were welb repre-

sented by the expression ) .

o < ®0.406 ,
LL = 0.053 Ug o . (2.5)

Flint (1971) determined liquid dispersion coefficients
in a 0.082 m (i.d.) bubble column operating under flotation

conditions. His results were rgpresented by the ecxpression:

.0)

[ 23

q £ = 0.8012 + 0.281 U - . [

- .

For gas velocities used in his studf (0.003-0.017 m/s),

this expression is well approximated by:
' »

) . 0.73] '
E, = 0A17 U (2.7).

Gondo et al. (1973) measured liquid mixing in cylindri-

cal bubble columns with diameters of 0.05 m and 0.10 m.




These columns were equipped with devices for generatihg

small and large bubb?:;. Their results with the large
bubbl’s alone showed that for gas velocities of less than

0.01 m/s, the liquid phase dispersion coefficient was well

represented by

?
£, = 0.028 y 0037 (2.8)
» £
and by .
- 0.52 S
LL 0.055S Ug | (2.9)
for .the 0.05 m and 0.10 m columns respectively. Their re-

sults also revealed that for intermediate gas velocities

»

(0.007-0.04 m/s), the liquid dispersion coefficient could be

represented by

9 R
E, = 0.0068 *+ 0.0005 m~/s (2.10)

. .
For the same gas velocity and bubble:column, these authors

also reported that the device for generating small bubbles
gave higher liquid dispersion values. This observation

appears to suggest that the quality of the dispersion dei
pends on the bubble size. Furthermore, their results also

showed that the dispersaon coefficient varies linearly with

column_diameter.

-

Schugerl et al. (1973) measured }iquid dispersion data

-

in a two and three phase bubble column with a diameter of

0.14 m. Their results showed that the liquid "dispersion
» . .

>
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.coefficient increased with increasing liquid and gas velo-

’
cities. However, the final correlations were presented as
complex functions of the gas velocity, the liquid superficial

and interstitial velogities.

Sangniﬁnuan et al. (1983) measured liquid dispersion

coefficients in a 0.019 m bubble column operating under hyvdro-

liquefaction conditions. For superficial gas velocities less
than 0.011 m/s and liquid velocities less than 0.005 m/s,

their results were well represented by
Yy

(2.11)

Since there was no mention of the operating flow regime,
the slug flow regime is assumed as most hydroliquefaction

reactions are carried out under these conditions.

Houzelqt et al. (1985) reported liquid kispersion data
for a 0.05 m bubble coltumn. For gas velocities ranging from
‘0.005510.0058 m/s and liquid velocities ranging from 0.00025-
0.001 m/s, they found that their air-water dispersion data

were represented by - : -

£, = 0.04 y 0-47

L " , (2.12)

These authors also investigated the influence of liquid vis-
cosity, surface tension (addition of surfactants), pressure,
didtributor design, baffles and gas properties. They found

that liquid -viscosity, pressure and gas properties had no

& 3




effect on the liquid dispersion coefficient, khile surface
tension and baffles had an effect. However, only a quali-
tative assessment oé the effects was presented by these
authors. The effect'bf surfactant addition on liqufd mixing
is of particular interést in bubble column flotatioﬁ where

frothers and/or residual collector molecules are added to -

control bubble size. : .

. . , L . ® . .
From the preceding review of liquid dispersion data in
bubble columns, the following preliminary conclusions may

* .
be drawn:

L}
-~

1) Liquid mixing .varies with<the gas velocity abcording
.-to the flow regime:

S n 4 . 3) .
L b= U | (2.13)

For chain bubbling, 'n' = 0.4-1.0 (Flint, 1971; Gondo et

al., 1973; Houzelot et al., 1985), while for bubbly flow,
-'n' = 0 (Gondo et al., 1973). On the other hand, it.appears

that 'n' = 1.0-2.0 for the churn—tprbulence flow Tegime .

(Gondo et al.,- 1973; Sangnimnuan et al., 1984)..

2) The extent of liquid miximg depends on the column dia-
~ .

meter and bubble size but it is not affected by the physical

-

_properties of the gas.

o

+
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2.2 PARTICLE DYNAMICS IN BUBBLE COLUMN REACTORS

Knowledge of partiéle dynamics (settiing characteris-
tics and dispersion} is important in‘predicting f}otation
column berformance. For example, the mean solid residence
time in the fecovery zone which 1s an indirect'méasure of

the number of particle-bubble collisions in this zeone may

L3 _ : :
be estimated from particle dynamids (Dobh+ and Finch, 1985;

L
1986). - L

. .
»

] s . ' .
For an acgcurate estimation of these parameters, a mathe-

matical model of tﬁe pfocess is required. In this respect,
the -one-dim&ksional ;;dimentation-dispersion mddgi has :
emergedépg the dominant mathematical‘ﬁqdel for studying par- ° -~ /‘.
ticle qgfamics {Cova, 1966; Imafuku et al., 1968; Farkas and .
Leblond, 1969; Kato et al., 1972; 1985; Kojima and Asano,
1981; Smith and Ruether, 1985; Smith et al., 1986; Kubota

et all, 1986). 'While several correlations for prediéting
particle dynamics.iﬂ bubble columns exist, a critical revieﬁ—
of the experimental methods will re§eal that most of thege

correlations have limitei use for reactor design purposes.

S 2.2.1 -Experimental Methods For StudyiqgﬁPa%ticle Dynamics

. ' . :
. The commonly-employéd experimental procedures for study-

ing particle.dynami¢s in bubble column reactors are shown_in

R : - .
Figure 2.2. According to the one-dimensional sedimentation

dispersion model, the flux 6f solid particles is described

e
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Figure 2.2 Experimental procedures for studying particle dynamics
(a) semi-batch; (b) cocurrent flow and (c¢) countercurrent
flow of slurry and gas. -




respectively. The (+) and (-f signs in equation 2.14 refer.

by a Fickian e\pression of the form

2 2
3°c, U R T .
Bs =7 - VL 2 V) =57 = ¢ (2.14) .

3z~

where ES and Cs are the solid dispersion coefficient and
concentration at positiomn I, respectively, and VL and Vp
1]

are the liquid interstitial apd particle settling velocities

to the countercurrent and cocurrent flow of slurry and gas-

respectively. Let us’ consider-tge_semi—batch operxtton
shown in Figure 2.2(a). At steady state, equation 2.14 will
reduce to: . ‘ . }
dZCs . dCs | ~ ‘ - '
ESZT"\P_'H?zo (2.15) .

As with the non-dynamic steady state methods ailready disi.
cussed unde liquid mixing (see section 2.1.1.2), the use .

of this method is not recommended. A complete assessment
N 4 : )
of this method_is presented below.

..
An integration of equation 2.15 will vield an expres-
sion of. the form: . .
V ' . .
; = 0 . P N
CS LS exp( rs~ Z) ‘ . o (2.10)
. . . ) -
where C: is the'hypothetical solid concentration at < = 0.
By plotting the steady state concentration profile against.

height on a semi-logarithmic paper, the slope 'm' may be . f:

estimated. By definition,

m,= Vp/Eg - S : . (2.17)
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Since knowiedge of both Vp an.d‘ES is required and only one
relationship is obtained from such a plot, another expres-
sion 1s required. This 1s exactly the same problem that

was discussed earlier for thg determination of the liquid
phase dispérsion coefficient by the steady state methqq
given 1in Figure 2.1(e). Several authors have overcome this
problem by determining the variation of the slope.yith the
terminal settling velocity of a sinéle particle in the stag-
nant medrum (Imafuku et al., 1968: Kato et al., 1972: Kojima
and Asano, 1981; Smith and Ruether, 1985; Smith et al.,

-

1986). However, any changes in the slope can not be re-

¢ 1atea directly to any one parameter comprising the slope!
All of these authors assume that changes in the slope were
directly re}ated'to the terminal settling velocity of a
single particle.” This will be true only if the solid dis-

-

peréion.cbefficient is. not a-fun&tion of the particle ter-

minal settTing velocity. This would imply that a 1 um.par-

ticle which for all practical purposes may be considered to

¢

be in Brownian motion would mix to the same extent as a 1 mm

"]

particle which will settle under gturbulent conditions!

Therein lies the first particle dynamics paradox?

‘The use of the batch operation for studying particle

dynamics raises several other fundamental problems. First,

4
K

-—
the existence of a big-solid concentration gradient in the -

column all but precludes the use of a single value for the

particle settling velocity (as a result of hindered settling
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effect). Second, there is also the physical interpretation
problem of what the variations in the slope 'm' with gas
velocity "actually'" represent. All of the authors who have
emploved this method use these variations to prepare corre-
lations for the‘particle hindered settling velocity and
dispersion coefficient. However, the phenomenon involved

is analogous to two-phase (gas-so{i@) fluidization where the
force of suspension for the solid partiéles is provided by
-t\}ien gas. Increasing gas Flo'city affects the slope insofar

as it increases the energy dissipation rate which &niables

more solids to be maintained 1in suspension. It is theYefore
questionable if the changes in the slope can be related to
the phenomenolagical behaviour déscribed by the sedimenta-
tion-dispersion.mOQel. Furthermore, the use of a stationary
state methpd to est. ate more than one dynamic parameter (in
'%his case VP and ES) does not,apéear gglbe consisteﬁt, N
Consider next the continuous methods for studying par-
"ticle dynamics in bubble column reéctors (Figures 2.2(a)
and (@)). Of the two, the cocurrent upflow of slurry and
g%f/is more popular in the literature (Imafuku et al.,
:Iéos; Kato/et al.,'L972; 1985; Kara et al., 1982; Kelkar et
al., 1984; Smith and Ruether, 1985; Smith et al., 1986;
Kubota et al., 1986; Sada et al., 1986) even though some

authors- have used both’methods (Cova, 1966, Bhaga and Weber,

1972). With the excéption of the work of Bhaga and Weber,

ald these authors have used the steady state axial solid
/
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concentration to estimate their particle dynamic paraméters.
This method involves the integration of equation 2.15 .
followed by curve fitting to estimate the parameters. The

integrated form of equation 2.15S subject to the correct boun-

dary conditions is shown below: .
. ~F D . .F s
V. C V-V V. C
.0 L”s , P "L L”s
C. = [C] + ——lexp(- z) - T/ (2.18a)
S s VP [L Es \P \L
. ~F f e ‘. ~F
vV, C V-V V. C
" _ (L, _Ls P 'L . _ 'L-s 5
= [LS V;—_-Y-I]exp{ E‘S (L ‘.)} W (-.18b)

where C: and Cg are the solid concentrations at z = 0 and

2z = L respectively. Curve fitting of the measured solid
concentration profile using either equation (2.18(a) and (b))
is difficult owing to the huge number of parameters involved.
As stated.recently by Robinson and Tester (1986), a good fit
cf any model can be obtained if it has numerous adjustable
parameters. However, if these parameters .do not possess
precise physical meaning, the modelling becomes an exercise
in curve fitting, while the important qualitative features

of the model become lost within its sophisticated mathema-

- | ] -

tics. All of the authors who have used this method reduce
the number of parameters to be estimated.by usiné the exper}-
mentally set values of VL and C:. Unfortunately, meither of
these may be correcé. For example, the use of the experi-

mental value of VL implies that radial variations in the

liquid and/or solid flow do nqtégxist. While this assumption




J

is reasonable for columns of cvlindrical configuration; {t
is not true for other geometries (Akita and-Yoshida, 1974,
Alexander and Shah,‘1976). Even when this is done, the num-
ber of parameters to be estimated remains high (three).

Furthermore, as the discussion below reveals, the value of
%
[
CE in these experiments is unlikely to remain constant with

4

time. R

This notwithstanding, there is the other fundamental
issue of what constitutes steady state in tﬁe case of the
cocurrent method shoyn in Figure 2.2(b). Because of the
knowg particle slip phenomenon, solid build-up in the column
is obtained (Cova, 1966; Bhaga and Weber, 1972; Kato et al.,
1972; 1985; Smith and Ruether, 1985; Smith et al., 19Y86;
Kubota et ali, 1986) . .For a once tﬁrohgh flow of slurrv,-

steady state conditions would signal an equality of the feed

and outlet solid concentrations. Cova (1966) used this

-

method and he reported that attainment of steady state was very

slow (>3 hours). It is therefore surprising to not€é tQat

some of the authors have reported attain{ng steady states

in®*less than one hour under similar opgrating conditions
(Smith.and Ruethef, 1985; Smith et al., 1986). However, a
céreful evqluation of the experimental méthod will.show how
.this is possible. Most of these authors have applied the -
'slurry recirculation procedure. With this method and the

¢ R

solid slip phenomenon, a depletion of the solid concentra-

tion in the reservoir will result. So unless the reservoir
' »
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-

size is much larger than the bubble column (a 51tuat10n in

which the build-up of 5011d< in -the column causes onl) minor

changes in the_ reservoir), attainment of steady state will

be dccelerated. - Unfortunately, only Bhaga and Weber (1972)
indicated : .at this importanf:ieﬂﬂition was met in theit -
experiments. We note that since the mgjority of these

authars did not even specify the ‘feed concentrations in their

.experiments, lt is impossible to assess the attainment of
steady >tate &p their studles ,Eyen if this were 9pne the
varlatlon of the feed concenti&tlon with time would be addi-
tionally feyuired in order tqﬂgénflrm the attainment of

steady state. )

- -

2.2.2. Review of Literature Data On.Particle Dynamics .

-
Bhaga and Weber (1972) studied particle settling charac-

teristics in two (liquid-solid) and three (gas-liquid-solid)
phase svstems in a vertical column. They emploved.the co- *
%urrent ond ceuntercurrent flow arrangements shown in .

F:;ures 2.2(b) and (c¢}. By plotting tﬁeir solid hold-up

data és:
) | .
U UV +U vV ‘
S S L « . A
2 e S - 2 (2.19)
s 1-c,  (leem)n*lL - ,
. A .
.

they obtained the particle settling velocity, VQ. In equa-

tion 2.19, Us'?nd:es are the superficial solid flow velocity,

‘and average solid- hold-up respectively, UL is the super-

ficial liquid velogity, C* the volumetric ratio of solids
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to liquid in the cqlumn, and n is an exponent which is de-
pendent on the particle Revnolds number pRichardson and

Zaki, 1954). Their results revealed that for two phase flow
of scolids and liquid, the valug df the intercepts for bath
cocurrent and countercurrent flow arrangement agreed rather *

well with the computed Yalue of V.- By contrast, they found

that for three phase svstems, the value of the intercept

was higher 1in magnituae than that for two ph;se flow. This
shows that for three phase systems, the particles were
settling at a mucﬁ:higher velocity. towever, RO correla-
tions for predicting the sgttling velocity under these con-
ditions were presepted by these authors. Coincidently, the
values of the imtercepts obtained ﬁrom the studies oﬂrBhaga_
and Weber are well predicted by the relationships giv;n by

Ramachandran and Chaudhari (1983) for the-intermediéte

settling regime,
Quite recently, Dobby (19843 used MnO, particles as a
"s01id tracer “in an ‘attempt to measure the residence . time

distribution of solid partfele‘TiEfD) in an industrial flo-

tation column. However, Dobby

» .

points which were determined at irregular intervals over d ° .

84) used only secven data

twenty minute period for Ehe estimation of hiS';arameters.
.Consfdering the séarcityrgf the data and the felatively long
residence time 6f the solids iﬂrthe column, the reliability

of the estimated parameters may be questionable. *Further- v

more, Dobby used Shé/;nalyticél solution for the open-open’,
g .

) *




boundary conditions for the estimation of his, parameters
even though the trace® was detected in the tallings stream.

v
.

" Several of the studies already discussed here have sug-
gested that the solid dispersion coefficient in a bubble
. column was the same as the backmixing coefficient of the

liquid und?f the same operating conditions. No upper limit
for particle settling velocities for which #his assumption
is valid has been provided to this author's knowledge.:
Since most of the solid and liquid dispeérsion data were ob-
tained from these questionable exﬁerimeﬁtal procedhres, th;s'
assumption may not be valid. *Moreover, }t is highly unlikely
that the particles will follow the liquid streamlines exactly
as 1ndicated by the equality in the two dispersion coeffi-
cients since even the finest particles have a non-zero gravi-
tgti;nal force acting on tﬂeﬁ (Flint, 1971; Reay, 1973). ;-:'

Jameson et al. (1977) have shown that solid particles will

follow the liquid streamlines exactly in the presence of

a gas bubble only if

«

2
odeUb

g (2.20)

- Ip equation 2.20, db and Ub are the bubble size and rise_
velocity r%sééctively. For tvpical rotatién size air
bubbles in a Bubble column (db = 0.0Q1 m and U, = 0.12 m/s),
_‘ and a solid %?rtiulkhdithha,density.of 3000.kg/53, this

tondition reduces to . .
. . ~ -
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—— : dp << 180 um . (2.2

(2

I® is clear from this that only fine particles settlihg in
the Stoke's regime (Rep << 0.1) will follow the liquid
‘streamlines exactly. As a result of this, it 1s unrealistic
to expect that the particle dispersion coefficient will be |

the same as that of the liquid. Therein lies the second

// paradox of particle dispersion in bubble columns.

B

In the absence of acceptable correlations for particle
settling velocity and dispersion, the following correlations
‘ »

are suggested:

-

1) For particle settling velocity in a bubble column, the
correlation presented by Ramachandran and Chaudhari (1983)
for the intermediate settling velocity which is given below

may be applied.

*(op-0 )'2
- u.0178 g7 P_LT41/3 g (2.22)

;
P MpPL .

2) For particle dispersion, plug flow mav be assumed under

»

QIotation>condition} (see 2.2.2 above}.

-

2.3 BUBBLE DYNAMICS

Since flotation is a surface phenomenon involving the

selective removal of hydrophobic particles from an ‘aqueous

suspension by air bubbles, knowledge of bubble characteris- .

4 v | ,
. tics (gas hold-up, bubble size and rise velocity) is important &




1 in predicting flotation column performance. For example,
the gas hold-up and average bubble size are required in the
computation of the interfacial area whjch is directly re-

: lated to the flotation rate constant (King et al., 1976;

e Jameson et al., 1977). In a mechanical flotation cell,
bubble characteristics are largely determined by the mechani-
cal actigh of the impeller while in a flotation column, these
parameters are determined by 1nterfacial force§. As a re-
sult of the Qbove, surface active substances {frothers and/
or residual coilector molecules) are present in all flota-
tion media. A comprehensive review of the experimental
methods for studying bubble dynamics in bubble columns has

" : .been presented by Shah et al. (1982) and will not be treafed
B here. ‘
The effect of surface active substances on bubble
_characteristics in a bubble column have BFeen studied by a
number of'authors (Kumar et al., 1976; Schugerl et al.,

. . 1977; Qels et al., 1978; Kelkar e£ al., 1983). These

studies have shown. that the presence of short chain algohols

in the medium (watér) prqunteq bubble coalescence and also

reduced the bubble rise velécity. 'Th;s_efﬁett is attrithed
to the accumqlation of these molecules at the intérface.

. where they tend to orjent themselyes ing such a way that

the dipole layer genérated prevenis bufpble coaléscence.

.. (& 2
The gas hold-up in these systems is increased considerably

when compared with the aidr-water system. Furthermore, the

-




increase in gas hold-up éas found to be dependent on the
- chain length of: the 'alcohol (Schugerl et al., 1977; Kelkar
et al., 1983). While short chain alcohols are rarely used

in flotation, increases in gas hold-up have also been re-
- ~porteé with the frothers commonlf ﬁsed in these operations

(Gaudin, 1957; Klassen and Mokrousov, 1963).

The.mappigg of hydrodynamic flow regimes for bubble

column reactors is determined using the variation of gas
hold-up with gas velocity. Since the addition of these
surface-active substances has been shown to.influence the

gas hold-up, their presence is also expected to have an effect
. - on the flow regime mapping. This has been confirmed by the
results of Kelkar et al. (1983) who demonstrated that the
presence -of alcohols changed the gas velocities at which the
transition froﬁ bubbly flow to churn-turbulence flow took -

[} ]
place.

-Flint (1971) and Rice et al. (1974) determined bubble

dynamics in a 0.082 m bubble column. In order td simulate

”

flotation conditions, these authors added reageﬁt grade ter-

pineol (0.004% and 0.016% respectively) to their medium

L4 v

(water}. The authors estimated their voidages by manually -
withdrawing samples from the column with 50-ml syringes.
Since isokinetic sampling of the column ébn;ents under these-

. conditions is .difficult, the reliability of their measure-

ments is questionable. This is probably the reason for the

B
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2.5 FLOTATION KINETICS
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-

considerable scatter observed in their gas hold-up measure-

-
>

ments.

For a successful des2gn and scale-up of a flotation
cell, knowledge of the 'true' flotation kinetics is addi-

tionally required. It represents the study of the variation

in the amount of floatable material overflowing in the froth
product with timé$ and also  the qu;ntification of the rate
controlling variables or steps. The variables ihat:afigst

the fiotation process may be divided into three general N .
groups: (1) the properties of the ore and its constituent
minerals, (2) the reagent treatment given the pulp, and /

(3) the characteri§tics of the flotation machines and their
operatio;s. Knowledge of the physical properties of-the

ore and its major constituent minerals is ‘essential in&se-
lecting the types and quantities of réagents to be added in
order to'maximi:é recoveries and selectivities.- In some

cases, the rate limiting step(s) may even be the physical .
configuration of the cell. For éxample, Laplante et al.

(1983) have recently shown that with the conventional @echg-
nical flotation cells, the rate'limiting step may not be

the pariiclg collection step but rather the transport of

material over the cell lip. The formulation of a flotation

rate expression under these conditions must therefore re-

flect this effect if it is to bear any resemblance to the




actual flotation process., If this is not done, the results

.obtained will be of limited use in design and scale-up. In
the treatment that follows, we assume that the optimum

treatment conditions for the ore have been found.

In studying flotation as a rate process, most authors

have used the analogy with chemical kinetics and utilized

the following expression to represent the variation of

floatable material in the cell with time .
dC(t) _ _ n <

where;p(t) is the concentration of floatable material remain-

ing in the celi: 'k' is the apparent rate constant and 'n’

the order of the rate equation. }he use of equation 2.23

to represent the removal of floatable material from the cell
assumes that the cell contents are perfectly mlxed This

may not be the case w;%h other flotation cells (e.g. flota- ‘
tion columns), where the concentration of floatable material
varies with the column height. Under these conditions, the
single rete expression must be replaced b§ one that varies

with axial height. As reviewed by a number of author®=
(Fuerstenau and Healy, M72; Jameson et al., 1977), the
general,consensus is that the process is basically first

order (although some authors have taken 'n%“ to be 2 while

others have con51dered it to be varlable). This‘does not .

necessarily mean that these studies are wrong, it may well

L ST,

be that the partrcle bubble collis1on mechanxsm was not the

-
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rate limiting step in these studies. The use of a modified

first order rate expression of the form

€0 - xic(o) - ¢ (2.24)
L
has been suggested by some authors (Bushell, 1962; Klimpel
s [ ]
et al., 1982). 1In equation 2.24 represents the ''terminal

(=]

concentration'" of the mineral being floated and it physically
represents the concentration of floatable material that re-

mains in the flotation cell after iong times. *

The particle collectioe process can be tﬁought of .as
occurring in a series of stages; céllision, film thinning
and film recession stages. In the collisvion stage, tl-'"tra-
jectories of the.partfcle d the bubble relative to each
other are such that the distance between them becomes quite
smail. Since in most praétical cases, the bubble is much
larger than the particle, the particle may be considered to

- F

hefapproaching a planar surface. As the gap between the

particle and the bubble is reduced, the liquid between them ]
forms a film. This introduces the next stage in the goliec-
tion process, the film th1nn1ng Because of the small dimen-
12ns anolvcd the v1ad%us stresses in the thin film can
‘become quite high, thus reducing éhe’éppgoacb velocity
between.éarticle and bubble. If these viscous stresses are

Quite large, they can produce particle "bounce"” by virtue-

of their preventing the drainage of the liquid between the

two obJects during the time of thelr.closest prox1m1ty As
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the separation between the particle and bubble approaches
zero, it can' be shown that the hvdrodynamic force ipsisting

the approach of the two bodies will becdme Enfinite thus

-

preventing film rapture and consequent coalescence. However,

4

as the film thickness decreases to less than 1000 nm, forces

of molecular origin cog into play. According t& Finch and

Smith (1981), double laver interactions dominate for separa-'

tion distancég between 1000 nm down to 30 nm while van der
Waal's forces and hydration effec£s dominipﬁwbelow 30 nm. ~
If the solid particles are hydrophobic, the thinning process
is promoted thus leading to film rapture and attachment.

¢ The final part of the collection process is the film re- -~
cess;ng stage, 1n which the.liquid around the point of rap-
ture or adhesion Bf the particle and bhbble,.draws back and
forms a stable contact angle with the solid. If highly'tur- ,
‘bulent conditions exist in the flotativ‘ell, defa'chment
of particles from the bubble surface may Qecur as a resui;

- of powerful viscous stresses or turbulent eddies. .

From tHeir review of the various microprocesses involved

.S . -

in particle collection, Jameson et al. (19?7) have ques -

‘tioned the validity of applying the anﬁlogy between chemical

réaction and the -flotation process. These.authors have
argued that the flotation process has fore in common with

\ . : - .

: mass or heat transfer than.with chemical kinetics. However,

by conéideriné the case of a batch flotétion_cellvof the

Bubble column vart®ty, they arrived at the following rate
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expression:

. F--ass Uy Ec/dy)C | (2.25)

-
Pa—

In equation 2.25, EC is the cellection efficiency and it
| ,

represents the fractidn of particles contacting a gas bubble
that results in a successful attaéﬁment. A comparison ‘with

equation‘Z.ZS will reveal that the removal process is "first

order with the rate constant 'k' being

k = 1.5 U E /dy S (2.26)

~—

[t should however be noted that the hypothetical conditions
used by these authors (unifbrm particle concentration over

-

the cell, height) rarely exist in practice.

—
-

In the present study, we derive a rate expression for
flotat{on by agsuming that the pa}ticle collection process
is anal&gous to physical adsorption for the~followiﬁg Yea-
son:A In a flotation'qolumn, the bubble deqsity is extremely
high eveﬁ af low gas velocities due to the presence'of
frothers and/or residual cgllbctd; molecuies. Under these
conditions, it is reasonable to assume that péfticlé-bubblg
collision will hot be rate limiting. Of.the'two remaining
proéessgs:(namely film thinning and rapture and the film <
. fecgséion stages) weaker interaction forces are likely to

prédominate in the former process. It is therefore reasonable

R to 'assume that it will be the rate determining step. The
» - . [ ]

bubble loading rate may be written as:
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N ; (2.27)

o
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where T and Fm are the bubble load and maximum bubble load
: . . .

respectively, C the mineral concentration, k' and K the ad-

sorption rate constant and equilibrium constant.respec-

tively. The right hand side of equation 2.27 can be reia

arranged to give -

Eh

T - k'rm[cu-e) S ‘ (2.28)

ke

-

_ with the product R'Fm (m/s)_being equivalen; to an interphas;
'mass transfer coefficient' and ¢ the fractional sﬁrface
Eoverage. In the absente of stroné viscous stresses or tur-
bulent eddiés,'the particle equilibrium constant is expected-

to be a function of its hydrophobicity and size.
" ’ .

With the exception of cleaning circuits, the avgiiabb-

lity of bubble surface is hardly rate limiting in flotation .

" (Dobby and Finch, 1986). In addiktion, photographic evidence v

. has shewn that collected particles are immediataly swept te- -
the rear of the bubble (Brown, 1965). This méans_that for

bubble. surface coverages.of less than 50%¢ _of the maximum

-

cPverage, the availability of bubble surface is unlikely to

.
4 .

influence the particle collection proces%. For the par- .

ticles made selectively hydrophobic, the equilibrium constant |

will be considerably larger than the swrface coverage. Under

-

~ these conditions, equation 2.28 reduces. to:
h * R dr - ‘ ' ! ) . - I\ .
S ek c K | .29




. ‘ 49

- . The feed to flotation circuits usually contain mineral
particles with varying surface properties. For ‘flotation

column modelling under these conditions, equation 2.29 may

- be written for each mineral éﬁmponent. ‘The total Bubble
3 loading r;te will be oBtained by summing the indigidual
‘loading rates as shown below:
dr a7 - ' ", .
JF - ? (%) i,Fm i (kiCi) . ' (2.30)‘

Equation 2.30 is similar to that derived by Kiﬁ% et al.
. (1977) for single bubble loading. They presented the follow-

ing relat{onsﬁip for the maximum bubble load

-

. - -3,,0.875 -
T = 3.535 x 10777d) 077

. b A L.
where Fm and db are in kg/m”~ bubble surtace and m respec-

. tively.
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e L
FLOTATION COLUMN MODELLING AND SIMULATION

- \:" . .‘

A mathematical model ofs the flotation column is re-p

quired for the\prediction of recoveries and grades. As

mentioned earlier, the present designs for flotation columns’

.

have three zones: the recovery, cleaning and froth zones. .
¢ All the mathematical models that have been develoﬁed to date .
[ . o .4 .
use a probability term in their rate expression (Flint, .

. 1971; Rice et al., 1974 Jameson et al., 1977; Dobby dnd- ,

Finch, 1986) and as such may be of limited utility for _/ -7
des‘_ig-n and scalé-up purposes. The probability term in&ﬁése‘
rate-expressions 1s equivalent to the use of a '"fudge factor'’
since its relationship td the hydrodynamic “conditions pre-
vailiy iﬁ.the columﬁ is largely unknown. In some of these

‘5tﬁdies, the assumptlons invoked.do not appear to be valiq. .
£ for‘example; Rice et al. (1974) assumed that the,partie}é;
settling velocity was small compared to thé liquid integsti-

< tial velocity‘fﬁr the estimation of the probability of .

| attachment in their studies. For the sand?particles used
in thetr study (dpb=‘?0 um), the particle settLin velocity ,
was estimated by equation 2.22 to be 0.011 m/s combared
with liquid interstitial vélocitigs of '0.006 m[s and

0.001 m/s for the recovery ang;washing sections respectively.

) For- the developﬁent of a mathematiéal model for bubble -

‘ .
- 50
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column flotation, the fotlowing assumptibns were made:

*

ﬁ
1) Particle collection takes place in the recovery :zone

h S
- *

only (Flint, 1973; Rice et al., 1974). .

———,

2) The rate limiting step is the particle collection pro-

cess. The effect of the froth phase on the recovery and

.
’ .

grade. is likely to be small unless the froth height is exces-

sive (Engelbrecht and Woodburn, 1975; Lapla®e et i}., 1985).
» 3

3) The a)‘ai.lab"lit,v of bubble\surface is not. {‘ate limiting.

This is especially true for columns emploved in scavenger
operat?ons Under these conditions, equation 2.28 may be

app®ied.. . ~

[ 4

4)°' The behaviour of .solid particles-in~a flotétion.column
S “may. be descrzbed using a plug flow model This igsumption
-\ is. reabonsble for partJbTes which do not follow tbe liquid

streamllnes {i.e. particles settling out51de the Stokes’

.

regime). =~ .
~ 53} There is no wash hater ‘addition to ‘the column. It is
assumed here that the concentrate grade can be controlled

.'by.véfying the height of.the "calming-section” above the
- B - '—‘; s
feed inlet "point. The regovery of gangue minerals in flota-
. N - ‘ : ¢

tion depends on 6heir conceqfration at the,ffoth-pdlp inter-

face. The addgyLon of wash water oni) serves to decbease

this concentratlon The .same effect can be obtalned by

varyxg; ®he height of the calnlng sectxon\e1nce there is no

bulk transport of gangue minerals up the column. Slnce the

gangle concentratxon at the €roth- pulp lnterface will®




decrease with increasing height of this zone, this assump-

tiomr appears to be reasonable. "

It follows from (1) and (2) that the modelling of the
flotation column reduces to one of the recovery zone only.

In practice, it would be important to establish ®ie condi-

tions under which the other zones .,would not interfere withckj

the particle recovery process. From (4) and section 2.3.3,

¢

the motion of solid particles 1s assumed to be by convection
* .

. L] . .
and sedimentation only¥. S
. ‘

\

7
*

3.1. MATHEMATICAL MODEL FOR BUBBLE COLUMN FLOTATION
Y . T

Ve begin our analysis py considering the flotation of
-~ L4

a single mono-dispersed . mineral. This is followed by the

~ . .

general case of a single mineral displaying a wide particle

size distributign. This procedure is finally extended to

, [ .
the general case of a mixed mineral-flotation.

- . - -

. *

3.1.1 Flotation of a Mono-Dispersed Mineral Fraction
. , :

'Consider~the schematic of the flotation column shown
L[] . 1 .

in;Figure 3.1. A material balance for an element in the
recovery zone for the case of a mono-dispersed mineral
1 :

fraction may be written as:
»

 Input - output # rate of production

= rate of aciumulation’ ‘ C (3.;)
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Figure 3.1 A material balance for the recovery zone.
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. . e
. The rate of production is given br
t \- .
dC dr ' < -
.o - (3.2),

-

Equation 3.2 merely states that the rate of loss of particles

. from t8e liquid phase, in the element is equal to the rate
at which the bubbles pick them. This equation differs in
a most significant way from those presented bv Flint-(l971)4

Rice et al. (1974), and Dobby (19843: Equation 3.2 considers

the bubble loading process to be dynamic while the others
. ‘ .

do not. Substituting the appropriate metRematical terms into

the general material balance expression 3.1 and applying”

assumption (4), we get

V,+U
AERte, - oL, - oanar 8- aa: (3.3)
g

-

In equation 3.3, A is the cross-sectional area of the
calumn, UR the superficial liquid velocity in the recovery
zone and C, the éoncgﬁtra;ion of of loatable matg;iai at posi-
tion z. Note that the conventiéq used here is plus for co-
gravity motion with z = 0 at the feed inlet point. Dividing

R ‘
throughout by AAdz and taking the limits as 2z - 0, we obtain

V,+U - N :
- P "R 3C _ dlr _ 3aC
iy T TR, G E R (3-4)
At steady state, %% = 0, thus reducing edﬁation 3.4 to '
ac _ _3ll-el) gp - - (5.5
dz © T VAU at 3 . (3.5)
P "R P .

Since both T and I are height dependent, a relationship .
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T e

between thé two is additionally required for t‘e solution

of equation 3.5, This is done by using'the bubble loading

rate (equation 2.28) which gives oi\xearrangement

ak'T (1‘€) i * . .
- S Ec , (3.6) °
2 p*UR

For the solution of equation 3.6, the boundary conditions’
are required. A mass balance at the feed inlet point will

give

VprUp
(q=J)A C(0) = Q.C, o -t (3.7)
g

Equation 3.7 merely states that the solids entering the
column at the feed point leave by convection and sedimenta-

tion. The'underlying assumption here is that. the particles

“are at their terminal settling velocity upon entering the

column. Tﬁfs-is-clearlf é; oversimplification as the liquid
jét_riil dissépate its momentum in a finite zone upon

entering the column. It would therefore be more appropriate
to consider the particles as starting with a zero terminal
settling velocity which increases to‘\’p in a finite height.

. ' J ’
' Wtegration of equation 3.6 gives

o ak'Fm(1~e ) C . : .
C =2.C(0)exp (- —p—agm— z} (5.8)
. PR
where ' ; S . : v s
Ci0) Ueéley) . (3.9)
" AVprUp): _— ,'. -

For therestimation of the recovery, an overall mass balance
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over the recovefy zone mavy be written as:
QeCr - Q7€
Recovery = F°F T (3.10)

where QT’ QF are the tailings and feed flow rates respec?
tivel} and CT 1s the concentration of floatable material at
z = L. It should be noted that in equation 3.10, QT differs
from QF du?lto the entrainment of liquid by the rising air

bubbles.

The bubble. load at-:'= 0 may be estimated from an over-

all mass balance over the recovery zone as shown below
-

Q.Ce - QCo . - . _
reo) =f‘E FQGS TT (3.11)

where QG and S are the gaé flow rate and bubble‘surface to
volume rétio réspectivelf.- The bubble load estimated froé'
this mass balance may then be used to verify assuwption 3.
If the asshmptidn doeg not.hold (F:g. the‘fgéctionél cowe-
rage of the bubble excegdsiO;%), the bubble loading rate
should be replaced by the more general expression Eor-the

bubblé loading rate (i.e.», equatign 2.28).

- | i

-

3.1.2 Flotation of a Poly-Dispersed Mineral

The procedure presented ahbve‘for the mono-dispersed

mineral can be exteaded to the general case of a mineral . "
o -, . .. . e
with a wide pa}ticle'size distribution. Consider the flo- ’

L[] »

tation of a single mineral having j fractions each with an
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A

adsorption rate constant kj' Equation 3.6 may be written

for each of the j fractions.

Ve, *YR dc. :
= - ™ ] - 5
—r%?g— ‘a—zl- a‘mijj (D.l-)
In general, what is required for the prediction of recoveries
is the variation of the total concentration‘of.floatable'
material with height and not the individual fractional con-

[ 3
centrations. This is obtained from a summation of equations

53.12 as shown below:

V, +U
PR dC,
: ('T+Eg‘ g = - oarnConkix)) (3.13)

J

where X is tpg wéigh; ratié of fraction j to the totaly
weight of the/mineral at position z. The integration of
éﬁuatiqn 3.13 is complicated by the erendence of C and xj
-on the height ana of kj and VP. on the particle si:er At
s : the present time, the dependence of kj on the particle size
. is largely uhknown. This dependence should not be confused
with that of the collection efficiency.which haé been
» determined for mechanical-type flotation cells (e.g. Imaizumi
and'fnouen 1963; Tomlinson.aﬁd'Fleminé, 196§; Jameson et
al., 1977; etc.). \Under thjzé'conditions some additional
. simbiifyiqg ﬁssumptions are required. It should be noted

tﬁat the right hand side of equation 3.13 represents the

o . ‘o
e total bubble loading rate at position z.

- » -

For bubble column flotation, the bubble rise velocif}

\ . ' ’ o
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will normally be much larger than the sum of YP and UR for
typical flotation sice particles. Under these conditions,

' e

it may be reasonable to assume that the bubble residence
times in the recovery zone will be much shorter than the
time over which kj and xj change signifiéantly in the flota-

tion column (King et al., 1975). Consequently, these quan-
tities may be taken as being constant over the lifetime of

the bubble. As a result, eguation 3.13 reduces to

Vp *U

P. R dC. ' -
; ( ?s ey} = -a E'rmc ‘ (Stl{)
b oo g - ¢ s
where ’ ’
K' = Z(k!x.) ' . - (3.15)
R .

[t is desirable to express the left hand side of equatioﬁ
3.14.in the same form‘as'equation 3.6 If UR is mucﬁ larger
than the settling velocity of most of the solid.particles,
-the use of a weight average valug defined by equation 3.16
may suffice. -

Vp = g(ijxj) (3.16)

By applying these simplifications, equation 3.12 may be re-

duced to the familiar.relationship derived . earlier for the -

flotation of the mono-dispersed mineralt . . !
dC ‘E' rm(l‘e ) -
= . M 8 (3.17)
a—z- v + U -~
. P "R
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The vélues xj used in this cage may be those of the feed
material.

3.1.3 Mixed Mineral Flotation . .

In practice, the feed to a flotation circuit is usually
made up of several minmerals each displaying a wide particle .
size distribution. Consider a feed containing i minerals
each with j fractions. The mathematical treatment presented .
for the flotation of a poly-dispersed minera® may be readidy

extendedy'to the general case of a mixed minerais flotation.

First, equation 3.17 may be written for ®ach of the minerals. \

dci _ qu m(l-ﬁg)

dz v

c, (3.17)

+U

P “R

. :
Integration of these equations subject to the correct boun-
dary conditions may be used o compute the concentration

profile of each mineral in the column. With this informa- '

-

tion, the»rgcéverieé can be estimated using the modified .

form of equation 3.10.
T OQpCe - 4Cp
Recovery. .= 2 = -(3.1
e i - 19,

i . .
-

In mixed mineral flotation, information on the concentrate

grade is also required. This may be done by performing an
overall balance on the liquid ahd gas phases in the recovery .

zone as shown below
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QeCp. - Qrlr )
1 1 -
Grad.e.l Qe Cr - QTC;.) (3.1%a)
1 1 1
I‘i(o) . R
= I_T:T—O-T _ | ‘ (b.lgb‘)

J

3.2 FLOTATION COLUMN SIMULATION : '

I 4 : . . .
;?r flotation column simulation, the hydrodynamic para-

meterg and the integrajed form of equations 3.6 or 3.17 are

/
required. We‘begin our analysis by considering thé'flota-
tion responsg¢ of a single poly-dispersed mineral. This may
be extended to the flotation of a mixturg of minerals using
the proseduye presented apove.for modelling such systems.

3.2.1 Flotation of a Poly-Dispersed Mineral

If we consider the flotation of. a poly-d: ersed mineral
having j fractions; equation 3.17 may be written for the

recovery zone

] .

ak'l’ (l-¢ )
W,VSE = . L m & ¢ T~ ‘ (3.17)
Z V., + U e
: Pt Yg - N
~ .
An integration of equation 3.17 gives e
. . ak'T_(1-¢) _
C= C(0)exp {: ?__E” . g} . (3.20)
' ' p* U

where V, and XK' are as previously defined.
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‘QT/QF' For the purpose of this exercise, only the order

s 61

For a numerical simulation of the flotation column per-.
formance, knowledge of the following kinetic and hydrodynamic
; ; - ' My ~
parameters is_ required: K, Fm, VP’ a, €g» UR’ db’ Ub and

of magnitude for the kinetic parameters are used. For

eﬁample, even though King et al. (1975S) reported a k' value

of 7.7x10°° for their adsorption rate constant only a value
of 1077 i used in this simulation. The superficial gas

veloc'bty assumed here (0.02 m/s) is the optimum value that

‘has been determined experimentally by Dobby and Finch (1986)

for copper flotation at Gibraltar Mines, B.C. For the Pur-
pose of the simulation, the following hydrodynamic and

kihetic data were used:

K' = 0.001 m°/kg s Cr =g3.54x107% /4y
d, = 0.001m . Uy = 0.1 m/s .
VP = 0,015 m/s v Ug = 0.02 m/s
eg‘= 0.2 CF = S0 kg/m3
and T .l
a = beg/db / | .

Substituting and solving for C(z) gives

$ - ’

C(z) = 25.4 exp(-40.5 z) (3.21)

This shows that for highly floatable material, only a small

reiovery height‘may be required for high recoveries. _Siﬂce

-




- .

the particle collection process "takes place in a fairly N

narrow zone, the assumption that,kj and‘kj'dé not change
- . * ~

appreciably with'héigpt appears to be a logical onel How- -

ever, this observhtion is in apparent contradiction with®,

=

the . present practxce of designing flotat1on column\ with
recovery zones of over 9 m in helght' Whlle it 1s possible
that .the mathematlcal model presented here may be 1n egror,’

this does not. appear to be the case. Lor example, recent

-c@mmunications With the eriginal inventor of the flotation

column have confirmed that in the flotation of strongly

hydrophobic fiterals, only_a small recovery zone was-required
(Wheeler, 1984). While thé:réasons for this discrepancy'..

are not entirely clear at the present time, théy have been .-f .
dttributed to. the additional turbulencé'created by the addi-
tion of wash' water near the froth-pulp'interface which hqy

*

promote mineral detachment. The same éffect may also be -

explained by considering fﬁe role of Er9:her co-adsorption S
on the mineral surféce on flotation response (Ityokuﬁbul

et al., 1985b). : Since the-wash water.qéed in these opera-

tions does not contain frothers, }i is. probable thaé»some

frother (or even collZCtor) molecules may be removed from

the mineral surface thus promoting the detachment of the

~ : .. L
mineral particles from the alr bubbles. The mineral particles

removed in this way are then transferred Back into the .re- .

covery zone as a result of the positive bias which exists |

in these.columns. This wouid suggest that present-day
‘ ‘ . \J




industrial flotation'columns'may not be optimally operated.

r

3.2.2 Effect of Gas Velocity On KRlotation Response

L3

-

The effect of gas velocity on flotation response is ',
S requi}ed for scale-up purposes. In:theory, there should be
-an optlmum gas veloc1tv for bubble column flotation: at .
zero gas veloc1ty, there will be no recovery, while at ex-
tremel} high gaSrveIQCLtles, there ‘will be & 100% recovery ‘

of the feed (efQuivalent td no recovery). The optimum in

flotation recovery has béen reported by some authors to Be

in the gas,veiocity range ‘of 0.01-0.03 m{s (Van Ham et al.,
1983; Dobby and Finch,.1986). For the s}stems conside;ed,
this gas velocity co?reshqnds to the bubbly f;ow’regime:
. The same hydrodynamic flo&fregime-has been determined for
other bubble column reactor appllcatlons as well (Schumpe

et al., 1979). It w1ll therefore be de51rable to ‘see if

this optimum can be predlcxed from theoretlcal con51deratlons

<

Consider first the flotation rate expression presented

M by Jameson et al. (1977) and used by Dobby and Fitch- (1985
1986) in thelr modekr1ng work s S
s e

a - (s U EC(db)C\: S | 2.25)

N

" This expressxon anws that fldtatlon 1s a flrst ordeér rate
e S

process with the rate CQnstant belng

. .

kK = 1.e GE~EC/db | | ) ‘ i . (2.;6)




The datg of Anfruns and Kitchener (1977) for fine particles

-

flotation (Rep < 0.1) indicate that,

-1.69 '
E = df ‘ (

w
te
~
~—

On substituting into equation 2.25, the following is obtained

k€U /d2 69 > Lt

(92]
tJ
(1}
N

® For bubbly €low -conditions, the bubble size will not change

- . 3 +

appqeciably with gas velocity (Kumar et al,, 1976}. -Under'

- _these conditions, the rate constant will increase llnearly

\
\

with gas velocity. Since the transition from bubbly flow

to the churn turbulerfce flow regime is accompanied by a -

e
3

rapid increase in bubble size with gas velocity, the rate

a

constant will decrease with increasing gas’velocity thus con- |

e H !
‘ f1rm1ng the existence of an optimum gas velocxty for_ bubble
'y

cotumn flotation. However as explalned ig Chapter 2, the

derivation of thlS rate expresslon does not »on51der the

’ bubble loading rate to & helght,éepgnQent. » .
. ] ' . . . - . v s .-'. Af' " . .
! ' . ‘ansidér-ﬁext the rate expression presented in this .

study, (i.e., equation 3.2). The rate constant on spbsti-

e

tuting for the bubble loading rate under free flotation
* : ) a

" conditions becomes ) o

g drl ‘ : .'~ » '
. C A ak.ﬁmc B ‘ K {3:24)

Equation j.fh also ‘shows that .flotation is-a first order

.

rate process with the rate constant being C




d . ¢

. » ) ".:
b O
v =- -
- . -

On substituting for T igeT, equation 2.31) and
tain o

.

\"\

-~ [ ] *

For;bubbly flow, the gas hold-up increases. linearly with

gas velocity. A comparison of equatien 3.26 with equation

ibou> sxmllar tfénds‘ with the mhjor difference.being
.the bubble dlameter exponent. ﬂoweveq; 1t is not entlrely

clear at the present time if the same bubblgxdlameter _expo-
PRI

. nent will be app}acable for flotation of ?artlcle&-settllng‘

out51de.the Spbke's regime. ,Since the present tfeatmént

.

assumes the b, ble loadlng rate, 39 be height dependent its’

,use .ds recommended This treatment also shows that for.tran-

>1t10n ta the churn turbulence flow tegxme, the flotation °

rate w111 decrease rap1d1y hlth 1ncrea51ng gas veloc1ty
.Since both cg and-Fm decreases with increas1ng bubkle 51ze h]

(King et'al., 1975; Shah et al., 198 3 )

-
- -

’- i 4 * /,?\
Pn all the treatments cons1dered here, it was assuned

L4

that the dépendence of the rate constant on the gas ve16c1ty
&£

. SIS only through the effeCt of the latter on the vat1ous-
r . .

hydrodynamxc pamameters comprxsxng the former. .In ‘practice,

¢ ..
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increases. in gas ‘'vélocity even i: e bubbly-flow regime S
* * .

may be expected to inrcrease pérticle detachment thus re-
, .ducing the rate constant. ~ :
. :
4 .‘, - ‘ . - L3
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CHAPTER 4 .

MATERIALS AND METHODS

1.1 MATERIALS

The solids used 'in this study were Ottawa sand (Weldron
%}ant.Designation 705 and 5035) and‘%ﬁntrifuge tailings samples

obtained from the SyMcrude Canada ®imited operations in Fort

[ s
McMurray, Alberta. The particle size distribution of the ‘

ittawa sand was determined by sieving using a Rotap device’
- ‘ ; .

and is shown in Figure 4.1.

Air and .water were the gas and liqui'd phases respectiéelyi
-l
L J

[rfvorder to simulate flotation conditions,.pine oil was added

to the tap water in the model experiments in varying concen-

tration. . In the'flotation experiments with the centrifuge
tailings, pine oil and surfactants of the alkyl arflisulphb-
nates (availablié under the trade names T}etolite F-46 and
Tretolite E-34583 supplled by the Petrolite Lorporatlon
Lalgar\, Alberta)were also USed evean though the tailings ha\e

been shown to contain surf&e actxve compounds (,Bowman 1967,

»

Baptista and Bowman, 1969 Hocklng, 1977). .
-»
All the éxperiménts were carried out at 25°C + 120
v - ) -

. 1
L] .+

-

.4:2, EQUIPMENT.:

The bubble column had an internal diameter of 0.06 m -

C e )

.
* 6 7
.
B




. “’/o Smaller than
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-

' - o R . ' ) '
Figure 4.1 Particle size distribution 6f the Ottawa sand (a)”H‘erron
. .+ Plant Destgnatfon 505 and (b) Weldron Plaht Designation
| [ 705 e N
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. ‘A
spd was made of transparent acrylic. It had an ‘overall

height of 0.96 m. However, owlng to its sestlonalleed -
" nature, this height could be varied. Air which ‘had been s

passed through an oil filter and a pressure regulator was

introduced into the column through a porous sgﬂinle%é steel

plate located at the base of. the unit. The average poré

size ef;;he plate was determined by the methbd of Houghton .
et al. (1957) to bes134 um ngfokumbu} et al.,-lQSSé). A
schematic of the eiperimental set-up 1is shown in Figure 4.2.
Details o;‘the degTiﬁ of the column bottom for the batch

N W
. flotatlon etperxments and the contindous experlments are

:hown in Flgures 4.3(a) and (b) respect1ve1v
L]

) -

The flow rates of the feed and tailings streams were®

-

regu&atcd by two igeirical peristaitic pumps (Cole Palmer
. . \1ode§'-7553-0b) The calibration of t};e pumps w‘s performed
daily to check for drifts which arise as a result of tubing
wear. For thé_two-phase (gas-liquid) experiments, the feed
stream was uniformly dist?ibﬁted at the top of the column
§ith the-aid of a.0.019 m polypropylene ball having-16 holes
}diameier 1 mn) covering the 1owef cho%d ‘orhing‘an obtuse -

\angle of %20° at the-centre of the bal}ﬁ.

- ) N ._ The air fed to the column was passed}through one of

two. 1dent1cal rutameters (or both) which were 1n1t1a11y '

® rcalibrated against a_wet gas test meter (Precision Scxen-

-* tific Co.).. Details of the calibratiqns ‘are shown in '

L) ) -




Appendix A, -

.

Ten brass pressure and sample taps were mounted along

»

the ‘column axis. Each pressure tap was connected to a mano-

s

-

' »
meter containing the same liquid as .the column.

Three different reservoirs were uSed in these experi-
ments. For the two phase experiments, the reservoir was a
12 L stainless steel bugket equipped ' with a large magnetic stirr-

ing bar. For the phase hold-up experiments, the reservdir

‘ was a 25 L steel container while a 25 L plastic carboy was

>

jused in the three phase liquid dispersion® experiments. For

[}

all the three phase experiments' the reservoir was equlpped
: with a nghtnln Mixer (Gray Mlxxng Equ1pment Model 10).

.5

4.3 PROCEDURE -

In the present study, the superf1c131 liquid and gas .
" velocitCies.ranged from 0.0 to 0.007 m/s and 0.0 to 0.04 m/:_
respectlvely As s%own in‘Figure 4.2, only the counter-
current flow arrangement of gas and liquid (or slurry) was

,& used in the contlnuous experiments repqrted here. ¢
. L b ™Y -

)
L]

'y
-

" 4,3.1 Batch Flotation Experiments
/ . ‘. . .
About 200 litres of diluted centrifuge E!!lings con- .
L
taxning approxxmately 15% salids and 3% bitumen were | obtaxned
* s 9

from the Syncrude Canada Limited operatzons 1n Fort McMugyay,

s : ‘




‘ Y
- N
¢ Figure 4.2 Schematic of she experimental set-up
(1) Prefiltered utility air at 115 KPa
" (2) Gas flow meters :
(3) 25L reservoir
(4) 0.06m (i.d) bubble column
(5Y Static pressure taps.
(6) Sampling. taps
(7) Canlab solid state combination pH electrode
S (Model H5503-21) _ .
(8) Fisher Accumet Digital pH meter (Model 425)
(9) variable speed recorder (Servegor 210)
B v F
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I
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Alberta in 25-litre containers. As receiied, the solids in

these samples settled to the bottom of the contginer while

an oil film (bitumeﬁ/naphthal floated on top of the partially
—clarified watet.- This oil film was skimmed off manually

and the solids redispersed by mechanical agitation.

\ ' .For these experiments, the geometry shown in Figure O

.( - 4.3a for_thg column bottom arrangement.was employ;q. ?’
addition, only a 40 cﬁ pEgt sectioh of the column was used.
Preliminary experiments were carriefl out to test 4he air

- - £y - *
fl.;atiqn mechanism proposed here for the recovery of these

A

minerals. These involved the transfer -of approximapeiy
1100 ml of the homogenized slurry into the column followed

by aeration and.recovering the froth that was produced.

ey

Figure 4.4 shows_tﬁ%t 6n1y'approximéte1y 40% of the solids

-

ini;ialiy present iﬁ these taiIings‘were'floatablef iX-ray
. . .
powder diffracgion analysis of the feed and flotation concen-

trate solids (Figure 4.5) .aevedled 'that gangue rejection

L 4

M '

" was effective.

v ~ »

For the subsequent experiments aimed at determining

* . the optimuh physico-qhemicallggctors likely to affect the

’

f10taxion‘recoféfy of the mirerals prE:éﬂt~iﬂ~thésé tailings,

k]

- " the 'batch élbtatioﬂ-time was fixed at #n since prelimi-
- : . . . ) iy (P T y .
.. . nary results. (Figure 4.4) revealed that approximately 90%

of the floatable solids were recovered in this time interval.

'Tn_thésé experiments, approximatély 1100't6 1200 ml.of éhe

‘e
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d into a large beaker.
\ : : .
Additives as required were blended with continuous agita-

homogenized slurry were tran

tion at this stage. Starch was added in the soluble form
A

as causticized starch for the depression of iron minerals

.

P ; “ v . 1 . ‘ *
(Giembotskll et al., 1963) since enriched concen}ratlon§ i
of iron minerals were observed in our flotation concentrate

A X .
(Ityokumbul et al., 1985a}. Hydrochloric acid and sodium

hydroxidg\were used for pH modification. Extept for experi-
mehts invollving pH changes, agitation was continued for a ~ ™ -
- ~- ' s
'jf“ ® further S.minutes. After this period, samples werg taken

' P . . s,
for analyses (pH, solids content, .surface ten$ton, bitumen
cont 1t and elemental analysis for the heavy minerals), and -

’ \

the remaining slurry was transferred intb‘the column. The

+

air flow rate was quickly adjusted to givé a supefficial .

gas.velocity of 0.013 m/$5. The froth samples produced were

recovered as a function of batch flotation time. The choice

of the gas,Qelocity was based on e%tima;es for the complete
‘ [ ] L]

.'shspensién of the solids preseht‘i* the column (Imafuku et

a1, 1968; Koide‘ et al., 1983). '  J \

. . T
For experiments involving pH modific€ations, attainment
: o N
- . of a constanFXpH was slow’ owing in part to the prese-ce of

the h}drocarbon'phase on, the solid particles. For example,

in titration experiments, it was found that at least 5 hours RN
. ‘
. ‘ -
* of standing wege required after 'the initirl agitatiom to
" e . |

achieve a steady pH. As a resuft, all experiments involving

pH effects were allowed to equiflibrate for 24 hours prior

S . ] )




to sampling.
! .

Ihe-supfdbtants initially tested weTe Jgf, the alkvl afvl:

ES

i :ulphonates thpe (dJ;ilable under the trade -names Tretoldte
F-46 and Tretolite E-3453) since Kdwaric €t al: (L981) have™
shown that they were effective in the-deemulstflcation bf‘.

0il in water and water in oil emuldions re:pettlvelv In

L

'//ib ‘the end~ pine oil was selected because of ease of avaxlEQs

’

,r‘llt) and 1ts :uperlo: propertl.ﬂ."-\~ For etample, the presqpte
/

/ of resldual oil in’ these talllngS\WLIl produce froths with

N

low dralﬁsgﬁ propertxes Thls mean> that any tfapped 5anbue

partlcles would,not be te;qcted in the f!bS! phase .Atcord-

}:ql/!ng to Taggart (1945}, thlb condltlon can be ea:xl) overcome
bv the addltlon of pine 011 ‘. :
SN [

//—/ ' .In addltlon to thes:\:;tch bubbte folumn flotation’
éxperlments some exper1ments here algz"onducted 1n-a 2. %‘l
mechan1ca1 flotdtxon cell (Denver Laboratory Flotatlon "
Hachlne Model D- lLf*’The aim of thebe expertments‘uas té

ESST if the«<ame -recoveries and concentrate “grudes (a% fro

H
» .

the bajch,buggle'fletption column) could be obtained ih‘ﬁqph
N . . * . . > - . N l" ,
cells, S ) » . . .o
. . o ’ i ‘ -
: s L s . v
| "From the ‘a@omposition of the feed and’?he ooncentra;e

the recoverxeg of these mxnerals weze caLLulateJ ’/ (\

. s
. - . . .h
. ) a3

Tho‘develooment oqlgn opgrading‘grécess for~th3 ﬁlota-

tion coqfentrate'was'sﬁsgd on dif{greneea in % ‘phys;cal

l""
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properties of the minerals found in these centrifuge tail%psi.
] ’ Y

The physical properties tested were:

. & ' ~
. S 4 ‘ e . v
(1) Size: thils was done by sjeving using a Rotap device.
v - J
(ii) Low 1intensity magnetic susceptibility: this was done

~

by repeatedly passing a mgénetic bar over the solids and
separating the mineral particles that remained attached to
the magnet.

7

(iii) Dens1ty: -Meriam fduid =3 (aensity 2950 kg/m’) was used

to separate the lighter minerals from the heavy minerals.

(1v) .High lntensity magnetic suscepfibility: a ?rantz
Isodynamic _ Separator Model L-1 was used for these tests.
The maghetic intensity of ,the unit was varied by changing
the current thTough‘its armature. The cquipment setting

(forward and side slopes) and armature current employed were

Vg

those fequired)to give the following fractions:
»

‘Armature Current Major Mineral Fract;bn
0.35A . [lmenite
0.70A : X8notime
L}
A 0.95A Mondazite
‘e
1.50A ] Rutile
o : .
Non-magnetic fraction at 1.50A - Zircon ,

.
.

4.3.2 AnalzsesA - '
' ) o ]

Reported values for pH and surface tension are those of

the supernatant obtained after centrifugation of the samples




at a relative centrifugal force (RCF) of 13,800 g for 20

minutes. . pH was determined using a Fisher Accumet Digital
pH meter (Model 425) while the surface tension was d@ter-'

[
mined using a Fisher Autotensiomat.

Bitumen #gs determined by the weigh; loss method of
Hocking (1977). .{his method entails drying the sample at
105°C for 24 hours %and then heating it in a muffié furnace
at 340°C for a further 48 hours. Despite the sihplicﬁty
of the method, it has been spown to yield‘results which
were comparable to those obtained using elemental ;ﬁal?sis
and to be superior to both solvent extract{?n ané oxygen s
plasma oxidation (Hocking, 197;?. The upper temée;ature
was selectedlté évoid kaclinite deﬁydroxylation which has
been determined ta commence at 400°C (Ityokumbul et alu;“

198S5a,b).

' .
The solids remaining at 340°C were ground in a tungsten

carbide mill. Qualitative analysf?‘g} the solids (to iden-
tify the minerals pregent) was by infra-red (IR). spectro-
scopy-using a Beckman double beam spectrometer (Acculab 2).
In addition, x-ray powder diffraction (XRD) aﬁaiysis using

a Rigaku Geigerflef computer oriented diffractqmete} attached
to a m}croprocessor was a;so-used. The IR’samples were
prepared as a 1% to 2% solid solutioﬁ.in a potassium bromide
matrix and the transmittance recorded over the range of

4000-600 cm''. The XRD pattern obtained with a CuKa (A =

« Q -
1.5405A) radiation was recorded over the 28 range of 5° to




., "0°. Identification of the phases present in the samplé .

EE

(from the XRD patterns) was done with the aid of the micro-

processor.

>

Quantitative analysis of the “solids qu titanium, zir-
conium,'éilicon, aluminium and %ron was by x-ray fluores-
cence (XRF) using a Phillips x-ray;gengrator'CModel LZ 5)
with standards of known cowposition. Br{queté for XRF anély-
éislwere prepared by présging the powder in a hydraulic'
press aﬁ‘a pressure @f 900 MPa. .Thesg analyses were found
to be in good agreément,with those obtained from indepeqdent
laboratories employing neutron activation, XRF and‘plasma

emission spectroscopy (Barfinger Research, Toronto and

X-Ray Assays Limited, Toronto). '

~ -

4.3.3 Phase Hold-Up Measurements

[

For the phase hold-up experiments, the fluids were
introduced into the ‘column at the desf%ed flow rates. The
stattc pressure profile over tqs entire column height was
me35ured several times w1th manometers until there was no

change in the pressure drop across the bed. During this

period, the m!ngneters were carefully checked to ensure that

M

in bhem. At the pdint here .

the bed pressure drop remained constant, the attainment of

no air bubbles were trapped

steady st#te was assumed. The static pressure profile
' - 2 . [ . i

Along~the column axis was measured two or more times " .




o

‘ . ,

-

d

depending on the'amplitude of the oscillations observed in

the manometer re;&{zfs and the average values recorded.
<

" These oscillations became pronounced at the onset of slugging
conditions! in the column (i.e., transition from bubbly flow
"to chutn turbulence flow regime). Typical pressure pro-

L) .
files are shown in Figure 4.6.

In the case of gas-slurry operations, the solid to

liquid ratio in the column was determined independently by

1

/ 1
‘imultaneously stopping thee feed and tailings pumps. The

—— -

.contents of the column were removed and t€e SOlldS separated

L3

from the lquIld. By 'measunengqhe volume of 11qu1d in the
column and the weight of the dried solids, the_soild to
liquid ratio was deétermined. In these -experiments, the -

manometers were not connected to.}he.column. This was

> 1
- - -

., necessary to avoid the solids which were observed in these

conneccions and also the liquia contained in them. .Typlcal

o~

5011d to 1H$ULd ratlos in the column are shown in FlgUES

- -

4.7, These exper;ments were also used gn the estimation of

the solid settling velocity. —’/,

Experiments were also carried out to evaluate the pos- ‘

sibility of using the,'cdlming-secgion' above the feed inlet ,
- u - * .
~point to coptrol gangue recovery. In ghese“experiments,

. . -

the total liquid level #n the colump was fixed while the
feed inlet point was variedz-‘ - o .

. . . " . ' ’
Por thgfkstimation,of the phase hold-ups, ;;;‘ﬁg{;pwing
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Figure 4.6 Typtcal static pressure pr6f1'les at a liquid-velocity of
0.0043 m/s. (O) Afr water U, = 0.0 m/s (@) Air water
with frother (10ppmepine 011) Ug = 0.01 m/s and (a) Afr .
water solids (18 wt. %) Ug = 0.021 m/s. -
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» - Figure 4 7 Variation of soHd to ‘liqu1d ratio 1n the cohm\ with .~ -
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‘- _ t © 5.0wt. % and (@) 8.4°wt. X ,"The open and closed "o

symbols represent ‘Hquind veldgities of O, 0043 m/s and .
".0.0063 m/s respectively. o o R
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relationships were applied:™

‘a

*

1
,1) The sum of the liquid, solid and gas hold-ups (sL, €

and eg respectively) is unity.. .

(4.1)"

by

- g% = OLEL + p e+t p e (4.2) .

. X Since for most practical cdases, € g is much smalle® than

g

the other terms, equation 4.2 reduces to

i %% . “LEL'+ Ps€s ‘ - T 4.3),
- t ‘ = "
3) By taking the ratio of solid to liquid determined from -

Figure 4.7 (taken to be the flat portion of the curve), the
“three holdups can be determined. ~The use of this method

assumes, that a uniform solid cdncentration profile exises
L

in the column. Since the correlalion coefficient for the

.

static pressure measurements (i.e., equation 4,2) was nor-

—

mally-greater'than 0)9999, this,aSsumptién appears to be

~valid (Kara et al., 1982; Kelkar et al., 1984).°

-
-

.~ P

N T FOf?the case of two-phase (gas-liquid) flow, only equa=’:
L4 : L) - - > . . - Y’

’ 'tions #.1 and 4.8 are required in the estimation of the
‘- - , ‘ . ' )

hold-ups since e¢_"='0. S S

-

-. ' ’ .~ . $ , ’\ . .
.- e . ' : K s




]
- \
4.3\4 Liquid Phase Dispgrsion

study of liquid ﬁkase dispersidn,‘the pulse
technique was used. The tracer employed was 6N hydrochlo;ic
acid. The pH of tap water was initially adjusgea to 4.00
+ 0.10 in order to avoid the natural buffer of }he.water.
The gas and liquid flow rates were careﬁpl}} adjusted to
the desired yalues.‘ Approximately 1 ml of the tracer, was
injected into the liquid feed stream and the‘reeponse mea-
sured in the tailings stream with a Canlab'solié‘state com-
bination electrode (Model 5503-211. 'The;pH electrode was

connected to a Fisher Accumet Digital pH méter (Model 425),

and the output from the -pH meter.was recorded on a variable

speed chart recorder (éervegor 210). 1In order to test the

calibration of the chart recorder, pH values-yere reed'from
) the meter at regular intervals of;lS s to 20‘§ depending N
on the liquid.flow rate. pPfrior fe‘tﬁe introductibq of the
tracer, the feeé and tailings pumps were eareﬁully adjusted
to the same flow-rates. With this arfange%ent, the-boun—
dary conéitioqs can be_ considered to be closed-closed (Leven-
spiel, }9723u.1Frbm tﬂe recorded pH-time response and the

background hydrogen ions concentration, the concentration-

time curve was oQ}aihed. , : . ‘ ;'

.

5

-

> For the.estimation of the fluid-dynamic. parameters, a

- -

mathematical model of the processes taking place is reqd‘red

The mixlng of f1u1d in" a bubble column is normally represented .




-

pu—

-2

The mass balance

by the axially dispersed plug flow model.

of tracer yields the following continuity equation for cy-

lindrical co-ordinates:

3

[+%

3c

[g]

1l 3 Cy . v =
~E:L——'fa,*?ﬁ(nrf§?) Ve 35 7 3% (4.4)

—

For a unjform distribution of tracer at the top of the column,

radial dispersion may be neglected. Under these conditions,

equation 4.4 reduces to the familiar one-dimensional dis-.

persion model expressed in dimensionless form as

t~

@]
Oy

3 C

[a ¥

3

’

1 _ :
.p_e‘ azt- B 31. ‘T (4n5)
where )
: N
VLL - -
pe = —E—— (4.6)
. . L
c = C/Cm (4.7)
'6m 3 mass of tracer injected/system void
Tolume - (4.8)
6 = t/1 . (4.9).
”
2% z/L ¢ (4.10)
-

The boundary conditions necessary for solving equation 4.5

are R : .

c;(8) = ct0",0) -




. v
— 3¢ : . ' .
- ~ = 0 —— LJ.lz)
8-: _‘1‘ N ‘S l d
C(z,0) = 0, R (4.13)
. -

Equations 4.11 and 3.12 arise from mass balances at the
planes of injection and measurement respectively, and equa-
tion 4.13 arises from the definition of C as a deviation

variable from the steady state. /

The analytical solution of equation 4.5 subject to the
boundary conditions, equations 4.11-4.13, has been given

by Ngsterterp'et al. (1984) as

én[Pes1n6h*26ncosén]..

Co) = explF (1 -l T AP _
(6 + (Z?% + ey
2
Gne
exp(- -p—e—) (4.14)

where Gn ‘s the nth root of the transcendental equation

5 .
cots_ = 2 - -BE s (4.15).
" °n ~ Pg Tf; . .

It can be readily seen that the application of a least-

équares criterion to equation 4.14 to éstimate the fluid- - .
dynamie parametetrs (Pe and 1. requires the summation of an '
infinite sef;es that converges ‘poorly for certain valueé of

Pe and‘e. In the present study, thé conflict of computa-

L}

tional rqquiremenfb-is resolved by expressing the least-squares




criterion ingthe frequency domain wsing Parseval's theorem

{Guillemin, 1963):

The measured conceqtratipn-time data was mnormali:zed as |

shown below . »

C(t)‘ - ' \
G{(t) = T S—— : (4.10)
o c(t)de .
o _

The denominato® of equation 1.16 represents the mass balance

of tracer material: @

[ T(t)dt = e ' (4.17)
‘0 . . *

The general criterion for an dnweighaﬁd least-squares fit

- is given by a minimization of the integral NN
f . o0 . 7 ’ .
o = f [G(t) - Gd(t)]“dt - (4.18)
‘o . | - -
By Paéseval(;:;;é:::;riﬁ;\bgn be'oxp?eESed in the freqguency
domain as ‘ - - o
6 = 1 [ ((aR)% + (a1)%]dw - (4.19)
o . . *
where . . -
AR = real[C(jw)] - real[ﬁd(jw)] (4.20)
> 6@ = imag(C(iw)] - imag(Gy(jw)] - (4,21)

-~

The barred duantities,in equations f.ZO_;nd:4.Zl represent




the Fourier transforms -

C(jw) = f G(t)e-jwt dt : C{3.22)
Gyliw) = !0 Gd(t)é'J“jt dt - , (4.23)

The -cal and imaginary parts of G(jw) can be derived

from - .

Ttjw) = Ci(s‘) gc_S)I . (4.24)
. s=jw o

where G, is thg;ngzﬂiii;iz inlet concentration, and g(s)
_bs the transfer functio etween G and Gi’ g(s) can be
easily obtained by Laplace transformation of equation 4.5

’ >
and the fpplication of the desired boundary conditions.

In this study, the normalized response data were nume-
rically Fourier transformed and compared in the frequency
domain with the pulse response of a closed-closed system,

The Peclet number and t were chosen®to minimize the error

between the two responses using the Sigplex minimization

—

procedureé of Nelder and Mead (1967). The numerical integra-

tion of the equations was done using Filon's quadratursw
(Clements and Schnelle, 1963). Since the system respoﬁ;e
is much }argef than the injection time, it was assumed.that'
Ci(j )/Ci(O) = 1.0 over the entire range of w for-which ~

the magnitude of g(jw)/g(0) remains ‘greater than the experi-

menital error>involved in measuring G,(t). As a result, .no




attempt was made to transform .the -input numerically. De- -

tails of the method and the Simplex minimization program'for

the closed-closed bound;?? conditions are given in Appenaii

B. Upon convergence, thé\program prints out the estimatqs

of Pe and 7 as well as the magnitude of the fréquency reg-
ponse as a function of thé frequency. Typical frequency

responses for the highest and lowest values of Pe encountered

“in this study are shown in Figure 1.8. As a rpsult of the-

recbmmeﬂdat}ons of Clements and Schnelle (1963), the frequépcy

reéponses were not bu%sued bevond frequehcies for which the.
< R ‘ - M -
magnitude of the.responses fell betow 0.2 to 0.3. THis

procedure was adopted iry order to avoid numerical errors -
that may arise at higher frequencies.

< L . N

4.3.5 Bubble Characteristics ' #
for‘the estimatioﬂ of bubble size, the photograg%ic
tecﬁnique was ;;ployed. The gas and liquid (qr‘sluiry)
-wefg intrqdﬁced into tﬁg_gplumn at’ the desifed'j&oﬁ»rates.
Wheﬁ steady state was_rquhe&, still photggrgphs were taken
with a Konica camera.at a Shufter speed of 1/125:s. The
slides obtaiﬁed were projected onto a large s t of gfaﬁh
paper and the bg’ble size estimated by‘comparisﬁn gé a.? §W~
black strip fixed on the column-wall. In addition, a coms

parison of the projected bubble size to the column :dimen-

sions was alse used in the estimation -of bubble size. The

-

photographié technique has the disadvantage—of providing

~

Y
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Figure 4.8 Typical frequency response of the axial dispersion
equation for closed-closed boundary conditions:
. < (a) Pe=4,88 ¢ =90s
.(b) Pe = 0,34 ¢ =188 s,
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estimates for the bubble; 1in {he vicinity of the -column
wall only but.not the larger bupbles which tend to rise in
the central part of the column at high gas velocities,
Consequently, the method is limited to the chain bubbling
and bubbly flow f%gimes for which the bubbles are gf uni -
form size. This method was used to provide a qualitative
estimate of the effect of frothers and/or solids on the

bubble size. Visual observations of such phenomena as .

slug formation, solids on the grid etc. were.also recorded.

The bubble rise velocity, Ur, was estimated from the

superficial gas velocity and gas hold-up using the relation-

ship ' d

>

‘ 2
. (4.25)

(o
]
m|
oa

Changes in the ‘bubble rise velocity with superficial gas

velocity together with the visual observations were used

E

- to establish the operating flow regimes for the bubble

[}

column.




CHAPTER 5 . )

RESULTS AND DISCUSSION L
- . : o

' X
's.1 FLOTATION RESULTS AND HEAVY MINERALS UPGRADING -
PROCESS ///,

5.1.1 Effect of pH

For equilibrium pH values below 7.0 and above 11.5,
Y

-

flocculation of these tailings was observed.- The suberna-
tant observed in the former case was clear while that from
the latter had an orange colour. Flocculation of oil;aﬁd

tailings at these extreme pH values has been reported before

(Kessick, 1979) and will not be discussed at fength here.
. 1 . .

The variation of heavy mineral recovery and heavy -
minerals to gangue selectivity index (Gaudin, 1930) with'
pH is shown in Figure 5.1. The feed and concentrate grades
obtained at thé@e pH values are shown in Table S.l. The
parallel shape of the two curves suggests that the sepéra—
'tign of these heavy mineralé is strong}y‘dependent'on‘pH.
Thé results show that the optimum conditions for the récovery
of heavy minerals were obtained for pH values in fhe range
‘8.3 to 11.7, Since the pH at whicﬁ the;e tailings are'pfo-
duced during the course of the bitumen extraction process

is in this range, the tailings can be upgradeé by flotation

as produced. Low recoveries were obtained for pH values"

S
"
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TABLE 5.1  SUMMARY OF pH EFFECT
. , .
. AN
Concentrate Overall
Feed Grade Grade Recoverv (%)
M C8Ti0,  $I10,Si0, sTi0,  3I10,8i0, iTi0, © 3Ir0,Si0,
3.3 11.4 5.0 22.9 13.3 "30 39
4.2 11.6 4.4 . 25.8 12.8 38 80
5.3 12.8 < 5.3 0 T\ 41 13.2 30 10
7.6, 11.2 45 2.4 11.8 56 -S3
8.0 113 4.9 {‘\ 26.3 11.3 60 - W59
8.3 10.8 AU o AT, 69 71
8.8 , 10.7 a.ge £]7 27.3 {‘f 10.0j 79 =0
9.6  11.0 3.2 4 290 % _L#6 2 <5
10.1  ‘11.1 EIPA TR P& © 9.8 75 71
1.7 10,7 ¥ 13 a9 , 10.8 74 68
11  10.1 1.2 27.3 121~ 50 53
SN
4 [




lower. than 6.6 and above 11.7, with the recovery curve‘

creasing rapidly with pH in the range of 6.6 to 8.3. .

- In order te,gxpléin‘the effect of pH on the Elotatién
recovery, tifration of_the_sdp%gnatant bbtained after'cen-
trifuqation at 13,800 g was carried out kFigure 5. 0
Flgure 5.2 Teveals the presence,of a functional group w1th
an apparent pka. of 6. S hhlch is consistent with the f1nd1ngs
of ke551ck (1979), In ;dgltldn to this functlonal group,

~another more-iceakl,v dissociating group is glso p'r‘gsent as

» . '
seen -from the diffuse nature of the titration cueve above

" 9. On the basis of the findings of Gngrs Qlv68), Bap-
tista and Bowman (195§f‘ahd McKinnon aﬁd Boerger (1986),
the organic constituent with the lpwer pKa is assumed to be

1

a naphthen1c acid thh the hlgher pKa represent1n5 the dis-

sociation of a phenollc functlonal group (“oschoped1s et

4 \
alt., 19/1). PR o
~'\ £ N A

-

The result sE?wn Ain F1gure§ g, 1 and 5.2 reveal that

A\l

the sharp kaéreafg Ln the heavy mlnerals reuoverv/selectxvg;y

5
tndex Eo?’pﬂ values in. the range of 6.6 to 8.3 »- torresponds

P

'ao,;bbfreﬁlon in which the naphthen’b ac1d.1q present in

-~

/ih@ dxssoc1ated state. These,results are in agreement thh
- .the findings of Kulkarni and Somasundaran (1975) who demon-
strated that Qith-qniqnig collectors, ,best ;etoveries were
qb;ainéd at pH values which favoured the formation of acid

. ' a

soap complexes.
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" The low recoveries obtained -at both low and high 'pH -
vaiues (pH < 6.6 ahq pH > 11.7 respectively) is attributed .
" to surfact;nt\remofal from the mineral surfaceS'iBaptista

and Bowman, 1969; Kessick, 1979). However, the observed

flocculation of these tailings at these extreme pH values

can not be adequately explained on the basis of surfactant

displacement from_the mineral_surfa&e (Ityokumbul et al.,
1985b) . Since'ﬂ’!:§3 OH  jions are potential determining
ions for minefals which occuf in the oils;nq; (gxides,

‘ si?icates, carbonates, etc.), their adsorption in the Stern
plane (Krﬁyt, 1954) will bring abdut ghénges in the surface

* L]

charge of the minerals. For example, investigations by

Eigeles (1950) have shown thaf the suppression action of .

+ . . * . -
H ions takes place without a decrease in the amount ef -

adsorbed collector. - .

». + The pH optimuin obtained in this study differs from
s tha; ;eportgd eariier by Baptista and Bowman (19695 for
. tailing solids from oiléqu'ope;;tions. Iﬁjs difference may )
be attr@b;;ed to the differences in‘the ;gkure and particle A

size distribution of the solids used in the two studies.

For example, the solids used in this work represent the

¢"minex’als which are preferentially recovered during the

a

bitumen extraction process and displéyéd a wide particle
distribution (Kramers and Brown, 1976; Trevoy et al., 1978).‘

By contrast, the solids ‘used by Baptista. and_ Bowman (1979) _

represent the 'gangue' from the hot water extraction. process :

"t




and d)Splayed a narrower particle size distribution.

.

.5.1.2 Effect of Frother

.
L4
.

In flotation pPractice, frothers are generally added to

prevent bubble coalescence in the pulp and hence to increase

the surface ar€a available for collection. However, frothrs

are also kneown 'to decrease the hydration of mineral surfaces, .
" “ v . -
thereby activatingetheir flotation (Klassen and !Mokrousov,

7 1963). .,

' The variation of heavy minerals recovery with frother

.concentrapiéd'is shown in Figure 5.3. The results presented

‘herejéhow;thqt the optimum frother concentration is 0.15%

ad *

(ﬁ?v.ﬁine oil), Abqye a frother dosage of 0.20% (v/v),
frothingiyds d?pfessed, and heavy minerals recovery dropped

. ! - . -9 - -
rapidly ‘with increasing frother concentration.

.
“n. >

The;rp§ukts obtained hefe indicate that a sharp tran-
. . 3 . .
sition in heavy minerals recovery occurs at a frother con-

«centration, of 0,20% (v/v) pine oil for whi:-h the liquid

}; d ’
surface tension is 36.mN/m (Figure 5.3). The accurrence of

-

this traﬁﬁitién was first reported by Zisman (1964)'who
defined 1t%h§ the critical surface tension for wetting and
'Eepresents'the Maximum surface free energy of a liquid_fo?
spontaneous spreading over the solid surface. In~fiotation,
where the {iﬂpiq'is water, it rebresents.the hydrophobic/

.

hydrophilic transition of the.solid surface. This
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. Fiqure 5.3 Effect of frother.on heavy mineral recovery.
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trans®tion has in the past (Macken:zie~ 1970; Finch and
Smith, 1975) been eiplained on the basis of the "monolayer
penetratiéh" model of bubble-particle agttachment (Leja and
Schulman, 1954). ‘This model eﬂéisages penetration of the
hydrocarbon chains of the collector molecules adsorbed-at
the solid-1iquid interface into the layer of adso}bed col-

[ 2
lector or frother molecules at the air-liquid interface.

At high concentrafioné, the formation of a closely-packed
monolayer of frother at the air-liquid inter#ace'presumably
causes the bubble surface to become hydrated; Under such
conditions, the penetration of the hydrocarbon chains of .
the collector molecules adsorbed at the mineral surface may

be prevented,

g  For frother concentration in the range of 0.0 to 0.15%
_(y/v) pine éil,'the lfquid surface tension decreases with
iﬁcreasing frother concentration.: The increase in heavy
mineral recovery with frother concentration in this range
can nog be attributed to an incregse in the'availability of ’
bubble surface since the amounts generally reqqired.for a
Teduction in the bubble.size are much lower than the concen-
trations used here (Lindland and Terjesan, 1965; Flint,

1971; Raymond and Zieminski, 1971; Shah et al., 1982).

S.1.3 Effect of Depressant

Df the gangue-m\Qifals initially present in the oilsaﬁd

~~




: : B _ 103

L4

r

failiq s, only 1iron was preferentially concentrated in the=
froth product (see Tablé 5.2). This suggests that the re-
covery mechanism for the iron was similar to that of the

heavy minerals, Mowever, as the collector sﬁeéics in the
*tailings is anionic, causticized starch was employed as a
depressant for the-iron minerals (Glembotskii et al., 1963).
As can be seen from Figure 5.4, the depressive action of the )
starch was pon-selecti;e, that is, it also resulted in a
corresponding depression of the heavy minerals. The effect

of starch observed here suggests that both the iron and

heavy minerals have similar surface properties since the de-

pressive actiqn of starch is related to surface reactions

=

which lead to the formation of thick hydrated films on the
mineral surfacés. As a result, separation between the iron

and heavy minerals must be left to the subsequent upgrading

operations.,

i

5.1.4 Comparison of Flotation With Other Processes
For Heavy Minerals Recovery

—

In order to establish the heavy mineral grade and re-

~

covery levels, several experiments were carried out. These

resilts have consistently shown that with a feed containing

2
10-12% zircon concentrate was obtainable at 85-95% recoveries

10-12% TiO and 4-5% ZrO $i0, (zircon), a 28-30% TiO, and

if frothers were used. These results have shown thaf an

" enrichment factor (ratio of concentrate to feed grade) of

/

-

’
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TABLE 5.2  ELEMENTAL ANALYSIS OF' FEED AND CONCENTRATE SOLIDS

2

. Component Feed Concentrate .
Ti0, ST - 10-12% 28-30%
2r0,.$i0, - 1-55 % 10-12%
AL,0+ 12-15% "-9%
. - -
: ’ 1274 _ e
Fe,0; 10-123 ) 16-18%
Sio, 50-55% 20-25%
v | ]
- e '
L]
- ._\ ®
‘ .
—t L *
- ~ ,




10§
\ .
'
100' L1 :‘ L L] L3 A AJ
-® ;' ’ :
| -
e \' ®  HEAVY MINERAL RECOVERY 1
‘ A  IRON OXIDE RECOVERY
§ -
- _
| .
Q
> -y
o ¢ - v - '
8 > ~
@ ° . 3 ¢
N - -l
- Th.
A 1. A — Al
80 120 © . 160
Starch concentration (ppm) |
Fiqure 5.4 Effect 6f starch addition on iron and heavy mineral
R - recovery; - ) . .
N ' . , : : >
- N . '..\ -
L
* .' ) >
]
[ 4
* ]
N




“ ’ $ 106
. ~ LS

2.4,t0 2.7 was obta}nable at the indicated recoveries

- - .

(Ityokumbul et al., 1985b).
{

For a tomparison of the effectiveness of flotation'with
the process that has been developed by Syncrude Canada
Limited, the feedstock is assumed to be of the same grade as
that_given in the Syncrude proc?ss i.e.,\lS% TiOz and 8%
zircon. The result of this comparison assuming an enrichment
factortof 2.% for thg flotation process 1s shown in Figure
5.5. As can be seen, the major advantéges of this flotation

process over the Syncrude process are:

(1) As gangue rejectlion from the process occurs prior to
burnoff, the size of the burnoff unit is considerably re-,
duced - thus saving oﬁ capital expenditure. Furthermore, the
need for several energy intensive steps (hydroclones, and

spiral circuit) employed in the Syncrudé‘grocess Eor:gangue

-
’

rejection may be eliminated.
L J

'
-

(ii) The reported loss cof low specific gravi® cellular’

W ite"eucokene (density < 3300-kg1m°) in the Syncrude pro-
« ° ’ )

cess (Trevoy et al., 1978l will be wminimized-as thé spiral

-

. *

circuit may no longer. be.required for gangue rejection if

.
[l

. . s . X Ce
flotation is used. "Even if the spiral cxrculs is used, the

separation will be gneatli simplified since the coarse sand

'Erticles will be réjected from the §}6tation step.

.
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5.1.5 Process for Heavy Minerals Recovery From Oilsand

. . - 108

— - L

Tailings - \

In view of the advantages of using flotationifor'the
N
initial recovery of heavy minerals from the centrifuge
tailings, the process shown in Figure 5.6 was developed and
1s p;esently undergoing evaluation for patentability at the

Canada Patents and Development Limited, Ottawa. ‘ .

-

.The fines from the froth product were removed by wet
gravity classification. The burnoff solids were mixed with
water to give a 20 wt% slurry. The gravity cPassifier was

designed to separate all particles with settling velocities

of less than 6 m/h. The small amounts of silica sand pre-
sent in the underflow from the gravity classifier were re-
moved by dense medium separation. 1§, practice, this separa-

tion may be easily accomplished in a spiral circuit.

>

A typical mass flow and mineral enrichments obtaiqed
in this beneficiation process as Sutlined in Figure 5.6 are
given in Table 5.3.' The Ti/Fe ratip'of the first three frac-
tioﬁs from the high intensit; ﬁagﬁetic'separator (streams ;
6-8) wés.néarly constant, while the yare earth elements
(REEs) .were concentrated in streams 7 and 8. The last two

streams to be separated from the high‘inténsity magnetic

separator (streams 9 and 10) contained méihly Ti and ZIr

_respectiveiy with only'traées of iron, A detailed analysis

of the REEs (Table 5.4) shows that in stream 7, the major

’ ) "5
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COMBINEB CENTRIFUGE TAILINGS TO PONDS

10 R

NON-MAGNETIC FRACTION ZIRCON

FLOTATION > GANGUE )
. BURNOFF
WATER -
—® fOIR
GRAVITY CLASSIFICATION FINES .
. DENSE ° MEDIUM SEPARATION & 'SILICA SAND
LOW INTENSITY MAGNETIC &
MAGNET!
sepARAtON *
HIGH INTENSITY MAGNETIC
SEPARATION ,
®, . '-
1g*0.35A L Fe/Ti MINERALS
1a=0.70A Q Fe/Ti "
la= 0.95A ° Fe/Ti/REE " »
la= 1.50A RUTILE

Figure 5.6 Process qu heavy minerals recovery from oilsand taangs.
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: TABLE 5.3 MASS FLOW AND ELEMENTAL \NALYSES OF SOLID STREAMS
Elemental Analvses (wt%Y of stream) —_—
AStream Wt T1 T ke S1 REE
No (gm)
1 1000 -1 2.5 12 26 0.39 .
2 380 17 6.0 18 14 0.94
3 133 8.4 1.0 10 13 0.15 -
4 37 2, 1.0 5.6 37 0.10 .
5 11 3, 1.0 18 12 <0.01 N
6 25 10 <0.05 14 6.1  0.21 _
- 27 32 <0.05 13 v 0.74
8 19 19 1.0 -- . 5.6 6.0
9 7 38 9.0  <1.0 10 0.40
10 51 9.6 29 1.0 1T 0.25

*For description of the stream number, see Figure 5.6




TABLE 5.4 REE ANALYSES OF FRACTIONS SEPARATED.BY HIGH INTENSITY
MAGNETIC SEPARATION (wt$% of fraction)
Magnetic Fraction at Indicated Armature Current
Element 0.35A 0.70A " 0.95A 1.5A 1.5A*°
" Ce "0.08 0.20 3.2 0.21 0.12
La ' 0.05 0.10 1.38  ~<0.01 <0.01 .
Y " <0.01 0.28 0.11  ~ 0.12- 0.06 . .
Gd ND ND 0.15 ND ND o
Nd 0.05 0.07 0.79 <0.05  <0.05 g
Sm <0.01 0.02 0.29 <0.01  <0.01 :
Th <0.005  0.008  0.15 0.016  0.009. T~

*Non-magnetic fraction at indicated armature current

ND not determined
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.

REE was Y while in stream 8, it'was Ce with Y representing
less than 2% of the REEs present. (learly, another major
advantage of using the upgrading process described here is
the possibility: of recoveringziﬁg rare g;rth minerals-which
are leo present in the Centrifuge tailings. Their Tecovery

/
has not to this author's know@édge been attempted before due

L ] .

to their low concentrations in this stream.

Identification of the minerals present in these streams
was by XRD énalysis. Typical XRD patterns are shown in
Figure 5.7, The minerals identified from the XRD analysis

.

are shown below:

Stream ¢ - Major minerals i1dentified
’ From XRD
‘6 . Ilmenite, rutile, hematite
/; Rutile, pseudorutile
8 Monazite, rutile, pseudorutile
. ”

.- 9 Rutile, zircon '

10 . _ Zircon, rutile

Streams 6-10 may be subjected to high tension s€paration to
remove the conductors (rutile 'and iron/titanium mineral)

from the non conductors (monazite and zircon) but thi$ has

L]

not been done to date.

//L The distribution of the heavy minerals in the flotation'
product by size is shown in Table 5.5. While these results

‘show that dry s;réening may be employed to effect the




Figure 5.7 ,'Typical X-Ray Niffraction pattern for fractions separated
from the process shown in Figure 5.6: (a) stream 8 and

*
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TABLE S.’S © ELEMENTAL ANALYSES OF HEAVY MINERALS BY SIZE
_» -
- ;oo Wt Elemental Analyses (wt$% of fraction)
(CDN std. Sieve) Fraction
o Retained Ti °r - Si Fe REE
. ‘ (%) . .
. 4 . 2
-60 +100 mesh 6.7 13 1.5 26 9.8 0.13
-100 +200 mesh 39.5 27 3.0 16’ 7.7 0.68
-200 +325 mesh 21.3 19 15 14 - 2.7
-325 mesh  32.5 8.4 2.0 11 29 - 0.10
e
° L
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separation and concentration of the various minerals, its

use” is not recommended. ¥or-example, the traces of iron

that would be left would coat the other mineTal grains there-
N : ’ L
by altering their physical properties and consequently their .

efficient separation. Dty §$}§enidg may however be applied

-

e ' . - e . .
to the product from the wet gravity clgssification prior

to its upgrading. . N

5.1.6 Estimates of Potential Production of Heéavy Minerals
From Oilsand’Tailﬁﬁgﬁ .

‘
For an oilsands plant -producipg 130,000 bpl/d synthetic

-

crude oil, the combined centrifuge tailing solids production

rate is estimated to be .43004t/d (Anon, 1973). 7 Given this

and assuming average values of 7% Ti, 249 Z#, 12% Fe and

0.5% REE with recovery efficiencies of 70., 80 and 33% res-

pectively for the Ti, Sz=-REE and Fe minerals, the potential

annual production rates -and )values are estimated to be as

~ ¢,

shown in Table 5.6, Alt ghﬁthe iron oxide is of pigment

grade, it has been priced as ore grade for majdr sale to
the steel industry. Any markets developed for it as a
paint pigment will command a Price at least 10 times greater,
“ .

Since current forecasts show that the demand for Ti minerals

will remain strong through the 1990s (Mining Journal, Vol, ;* .

306, 7858, p. 221, 1986), the revenue from the recovery of

-

. these minerals may be expected to increase with tipe.

0 . > > - - > T b . - - v - *s N o
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- TABLE 5.6 'H[i*\\’\' MINERALS PRODUCTION FROM OILSAND TAILINGS
(Based on a 130,000 bbl/day Plant)
Production Unit Price Annual Value
Mineral . t/y CDN $/t {106)
Rutile 38,000 1871 18. 50
- 2
7 %TiOZSIag 62,000 1187 T.25
Morazite - o .00n 187> 1.38
: Zircon 38,000 141t 5.36
Iron oxide 80,000 567 - 2.88
(pigment grade) - .
Total 227,000 . 38.37 )
1 fob Australia (Mining Journal 305 No. 7831 p. 231, Sept. 20, 1985)
2 _
~ 60% of fob Sorel, Que. (Mining Annual Review-1985 p. 76)
3 Mining Engineering 37, No. 5 p. 482 1985 ¢ ‘
. 4 Canadian Mining Journal, }_(_)_()__ p. 27 Feb. 1985 (Ore grade)
Y
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5.2 HYDRODYNAMIC STUDY OF TWO PHASE (GAS-LIQUID) FLOTATION

Two phase (gas-iiqqid) flotations are of practical im-
portance. An example of this ipcludes the removal of emul-
sified oil by flotation (Takahashi et al., 1979; Van Ham et
al., 1982), Another example is the separation of proteins
and enzymes and other foam fractionation techniques (Lemlich,
1972). In all of these operations, it is widely recogni:zed
that the aeration rate influences the §epérgtion_efficiency.

A$ a result of this, hydrodynamic data on such systems will

be useful for design and scale-up purposes.

5.2.1 Gas Hold-Up and Flow Regime Mapping -

4

-

Gas hold-up in a bubble column represénts an important
design parameter. It 1s required in the calculation of the

gas interfacial area which is directly related to the flota-

. tion rate constant (see 2.5)., The effect of liquid and gas

flow rates‘and frother concentration (pine oil) on the
individual phase hold-ups has been determined and the results

are summarized below.

The variation of gas héld-up with gas and liquid- velo-
cities is shown in Figures 5.8 and 5.9. These results show
that the gas hold-up was indepqﬁhent of liquid ve}bcity.

The results obtained here areiéimilar to those-reported
earlier by Schulman and Molstad (1950), Kolbel et a{. (1972),

Deckwer et al. (1974) and Kumar et al. (1976).
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© o o At low gas velocities (U2 < 0.025 m/s), the gas hold-up
a ~
increases linearly with gas velocity. For gas velocities
-~ .

in the range of 0.025 to. 0,031 m/s$ the gas hold-up increases

only moderately with gas velocIxy. Bevond a gas velocity of

0.031 m/s, the gas hold-up decreasws with increasing gas

velocity. The existence of a gds hold-up maxima h the

) porous plate distrjbutor used in this study is consistent

~

with the observation of others as well (Schulman and Molstad,

R

- 1950; Kolbel et al., 1972; Deckwer et al., 1974). This
maxima is attributed to the transition from the homogeneous

l:\
(bubbgy) flow régime to the heterogeneous (churn turbulence)

flow regime, @@
o (\\. -

le effect of frother concentration on tﬁe gas hold-up
is shown in Figure 5.10. At the pH at which these gas hold-
up measurcments were carried.qyt (4.00 + 0.10), tonsiderable
foaming was observed for pine oil concentrations.éxceeding
-" Su ppm., In generﬁl, the gas hold-up was found &o increése
with frother concentration. The increase in gas hold-up
with frother concentration can not be explained on the basis
of lzquid surface tension changes (Shah et al., 1982) since
no detectgble chgnges in the liquid surface tension were
. observed at the levels réported here (Figure 5.11). The
‘inﬁfgase in‘gas hold-up with frother addition howéver may

‘¢ be explained on the basis of surface tension gradient pre-

sent on the bubble surface (Levich¥1962; Davis and Acrivos,

y !

~ o, - . . D &
3

., - . »

e . . .

s . -

3 - - - I
G
.
¢ . :

. . ) ~
1966). The dipole orientation which takes placg}fn the
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bubble surface (with the'polér head of the frother molecule.

extending into the water) prevents bubble.coalescence

(Rgymond and Zieminski, 1971), Photographic evidence ob-
\ )
tained (Figure 5.12) has confirmed that the bubble si:ze was

reduced in the presence of pine oil. In general, the gas
hold-up was found to increase with frother concentration.

- However, the increase was not directly proportional to the

frother contentration:~1

A correlefion.of'the gas hold-up measurements gave the’
i . . Yo

. 1‘.follo§ing‘felationships: ‘ . 3 -, .
s'"‘ < ..*‘F‘ 6 -8 T
a v . N . - [ '-" .- "
: i) * Air water - . : SRS ~
- ' ) ) | oy Al A
= 9 U . 5.1 ’
. eg_\\ g 7.
ii) Air water pine oil (10 ppm) '
= 8.0U (5.2
. g g (5.2)
iii) Air water pine oil (25 ppm) .. .
- - T v
= 8.3 (5.3) "~
€q Ug ( )
iv) Alr water pine oil (50 ppm) \
= §.8 U : 5.4 )
Eg ° Y . (5.4)
5.2.1.1 Flow Regime Mapping N
K2 . ~ "
? In bubble column reactors, the hydrodynamics, trangport ;
and mixing properties such as fluid-fluid intetrfacial areas '?5




-

138




}

& ose * . 135

’ ~
L] AN
’ AN
- -

™,

P LN

nd interface heat and mass transfer coefficients depend-

stro..;ly on the prevailing flow regime. The identification’

of the applicable gas flow regimes is theérefore important N

for bubble column reactor design ;nd scale-up. Generally,

the gas flow can take the form of a homogenous or heterogenous
dispersion. The former is charactefi:ed by a fairly uniform
gas dispefsion in the liquid with the resultant fluid be-
having as a single fluid. By contrast, the two phases he;

have differently under heterogeneous flow conditions.
A review of the methods commonly used to characteri:ze
4

flow regimes in bubble column reactors has been given by

Shah et al. (1982) and Shah and Deckwer (1985). In the

present study, the flow regimes were characterized using
the changes in' the bubble rise velocity with gas velocity as,
saown in Figure 5.13. For clarity, the effect of frother .
Foncentration on the bubble rise velocity and consequently

i . : .
the flow regime mapping is shown separately in Figure 5.14."

For the air water sysiem (Figu;e 5.13a), the bubble
rise velocity decrgases initially with increasing gas velo-
city which is in agreement with the results of others (Kolbel
et al., 1972). This flow regime corresponds t6 the chain
bubbling regime where the bubbles .leave the pore openings
independently. The initial decrease in the bubble rise

velocity is attributed to the ''crowding effect'" similar to

that reported for solid sedimentation (Richardson and Zaki,
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Figure 5.13 ffect of frother addition on bubble rise velocity.
(a) No frother (symbols same as in Figure 5.8)
(b) 10 ppm pine oil1 (symbols same as in Figure 5.9)
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1954). With increasing gas velocity(Ug in the raAge.of-
0.01-0.021 m/s), the bubble rise velocity reﬁains fairly
'constént. This flow regime corresponds to the fully deve-
loped bubble flow réﬁime. For gas velocities exceeding
0.021 m/s, the bubble rise velocity increasgs rapidly with
incfeasiﬁg gas velocity. In this flow regime, large bubbles

were observed rising in a spiral manner in the column. This

—y— -

'Y flow regime is Eherefore ascribed to the churn. turbulence

flow regime. ' . . _ o
’ . o;
e The effect of frother addition om the flow regime R
P mapping is shown in Figufe 5.13b. Addition of bine 0il at
a Jevel of 10 ppm resulted in a- decrease in bubble size which
gaVe a relatively high bubble density even at the low gass

v -

velocities. As a result, the chain bubb}ing flow‘fegime was

e

not observed. However, at gas velocities exceeding 0.21 m/s,

the bubbié rise velocity increased rapidly with gas velgQcity.

The presence of the frother resulted in a drop in the bubble
rise velocity in the bubbly flow and churn turbulence flow .

‘regimes when compared to the air water system.

' : ' 'The effect of increasing the frothe£ concentration is
shown in Figure 5.14. It can be seen that {pcregsing the
frother concentration from 10 ppm to 50 ppm only resulted in
mérginal dicreases in tﬁg bubbleinse velocity which is i‘

agreement with the rgsylts‘of Lindland and Terjesan (1965)

" 1 and Raymond and Zieminski (1971). These authors-found that

—— . . » N -
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. - - .
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F‘lgure 5.14 Effect of frother concentration on the bubb'lf rise
~ velocity. (o) 25 ppm; (o) 50 ppm.




- S 129

* *

after a small amount of surfactant has been added, further

addition caused insignificant*changes . in the terminal rise

~

velocity. However, the transition from the fully developed

- v

bubbly flow regime to the churn turbulence flow regime shifts
to higher gas vdlocities with increasing frother concentra-

tion which is also consistent with the results of Kelkar

.
"

et al. (198&83).

3

5.2.2 .Liquid . Phase Dispersion

.

The extent of liquid mixing in a bubble column reactor-
also represents another important design and scale-gp para-
meter. For examéle, in two phase flotation, the degree of
separation-and the en}ichménts obégﬁned will ‘depend on the
extent of mixing of the %iquid phas;-(Lnﬁk}ch, 1966;'Pihford,~
197 ). The effect of liquid and g;s 3213;igies and frother

1 .
concentration on the liquid phase mixing "has been studied

and the results are summarized in Figurgs S.15 and 5.16.

N o"' . . ’ . A .
For the air water system, three distinct mixing regions

are -clearly evident. At low gas veiocigies (Ug < 0.01 m/s),

The liquid’dispersion coefficient increases moderately with

gas velocity. With increasing gas velocit} thé dispersion =~ _
coefficient remains féirly-cons}éqt over éhe gas velocity
range 0.01 to 0.021 ﬁ/sf be;bnd a g#q velocity éf 0.021
m/s; the liquid dispersibn coefficient inqrég§e§.rapid1y'

with gas velocity. The different mixing regimes identified

-_ . - . .
- .
i
.
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from Figure 5.15 agree rather well with those from the flow
regime diagram for this system (Figure 5.13a). The trend ob-
tained here is consistent with that reportedl;ftGondo ei

al. (197°3). The rapid increase in the liquid dispersion
coefficient with gas velocity in the churn turbulencezflqy
regime is also consistent with the expe;iméntal observation
of Schumpe et al. (1979) who reported a rapid decline in the
conversio; of CO, for gas velocities corresponding to this

flow regime.

The effect of frother concentration on the liquid dis-
persion coefficient is shown in Figﬁre 5.16. Three distinct-
mixi;g regions are also observed from Figure 5.16. However,
the initial increase 1in the liqﬁid dispersion coefficient
with gas-ﬁelocity occurred over a narrower gas velotity
range when cbmpared to the air water system. This is also
consisteht with the flow regine diagram for these systems
(Figures 5.13b and 5.14). In general, the addition of a
frother resulted in an increase in the liquid dispersion
coefficient. However, at a frother concentratioﬁ of 10 ppm,
the liquid dispersion coefficients decreased to the valuesl
obtained for the air water system. This effect was not oy-
served for frother concentrations exceeding 10 ppm.- The
liquid dispersion data also shows that with increasing A
ffother concentration, the bubbly flow regime could be main-

tained to higher gas velvbcities which is also in agreement

with the flow regime aiagrams for these systems.




for the air-water (with frother) system:
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5.2.2.1 Correlation of the-Liquid Dispersion Data
A regression analysis of the liquid phase dispersion
data gave the following correlations:

o .

Air water svstem (no frother)

: ¢

Region 1I: Ug < 0.009 m/s

N - 0.5 -

E, = 0.036 Ug (5.5)
RegionIl: 0.009 <« UE < 0,021 m/s

, .

E, = (0.0031 + 0.0003) m7/g (5.0)

Region III: U_ > 0.021 m/s . : .
. g
- 1.63 ’ )
EL = 2,02 Ug (5.7)

.

The regression coefficients for equations 5.5 and 5.7 were

0.969 and 0.933 respectively. The gas velocity exponents
) -

.obtained in this study agree rather well with those reported

by Gondo et al. (1973) and Houzelot et al. (1985) for Region
I and by Gondo et al.(1973) and Sangnimnuan et al. (1984f"
for regions II and 111 respectively, The close agreement
between gguation 5.7 andjthat presented by Sangnimnuan et
al. (1984) suggests that for Region III, the liquid phase

dispersion coefficient.does not depend on the column diameter.

. The following asymptotic relationships.were obtained,




. !%egion I U, < 0.025 m/s
’ E, { (o.'o'ovo + 0.0011) m/s ‘.(s.s‘)
and for Region III: Ug > 0.025 m/; . -
. E, = 0.904 ng°02 , ' : (5.9)

In order To provide dimensionally consistent correla-
tions the isotropic turbulence model of Baird and Rice

.(1975) was used. In the case of eddy diffusivity, dimen-

" sional analysis provides the following relationship for the

liquid dispersion coefficient Vs
- e v 143 51/3 )
v EL K 1 Pm (5.10)
\_/ ‘

- where 1 is the characteristic length, Pm is the specific
energy dissipation rate, and K is a dimensionless constant..

The characteristic length u;ed in equatidn 5.6 is.assumed,
to be the célumn diameter since Joshi (1980) and Vigwanathan
and Bao (198{) have shown that the hefght qf a ci;cqlation
cell is proportional-to the cofﬁmp diameter’. For Qertical
bubble columns, the specific energy dissipation rate is

given by : .

. P =U .o 5.11
m g & 3 .~ ( )




N I'd .
1/3 - R,

PeLG = Fr (5.12)

where
UQD

Pe - = 1:? . (5.13)

and
UZ
. Fr = E% . (S.13)
- By using equation 5.12, the liquid phase disperiion coeffi-

cient may be expressed as a dimensionless function of the yoe

Froude number. When this is done, equations 5.5 to 5.9

-

reduce to:

-0 e- 0.
E_ = 0.675 D g ug (5.15)
, E = 0.0675 DL° g7 (5.16) '
£ = 28,5 p0+09 g10-31 yL.63 (5.17)
g
E, = 0.151 D-37g0"3 (5.18) .
E, = 11.5 pl-o1 -0.49 Ué'oz (5.19)

respectively.

-

Since the fso&tazjc turbulence nodel predicts a column-dia-

. :
meter dependence even for Region III, its use under these

conditions is not recommended. ,
' ?

Quite recently, DoBby and Finch (1985, 1986) have sug- ?

—

/ggsted that the liquid phase dispersion coefficient under
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flotation conditions (bubbly flow regime) may be approxi-

mated by

E, = 0.063 D ‘ : (5.20)

Equation 5.20 was derived from published literature data as
well as from these authors' own measurements on industrial
flotation columns. Table 5.  shows a comparisoen of the

predicted liquid phase dispersion coefficients using equa-

tions 5,16 and 5.20 with those obtained experimentally for
. ®
the fully developed bubbly flow regime.

It is clear from Table 5.7 that the use of equation
5.16 gave better.agreément-with £he experimentally deter-
mined values’ than equagioﬁ 5.20.° Furthcrmore, fhe utility
of equation 5,20 has been questioned reQently (Ityokumbul
et al., 1986b,c). For example, these auth&rs used litera;'
ture data which sho;w'ed strong gas velocity 'dependenc_e. and/or

. PA Y

were dete;ﬁined with wrgng boundary condjtions (gicé et al.,
1574; 1981; Magnussen and Schumacher, 1978; Dobby and Finch,
1985). In addition,_the.use.of Dobby and Finch's data

(which was determined in square columns) in tﬁe correlation
for equation 5.20 does not appear to be_valid since Alexander’
and Shah (19?6) havg‘shoJk that the th-uniform flog patterns
that are established in non-circular columns gives rise to:
higher liquid dispersdon values, M&reover, Dobby and Finch ,

did not vary the gas velocity in their studies to determine

its effect on the liquid dispersion coefficient.




TABLE 5.7  COMPARISON OF OBSERVED AND CALCULATED VALUES OF b IN
, REGION II FOR AIR WATER SYSTEM (no trother)

.

i

B ,om7/s
Author D
(m) (bserved Egn. 5.16 Bgn. 5.20

Gondo et al. 0.10 0.0068 * 0.0067 0.0063

(1973)

This work 0.06 0.0031 0.0031 0.0038

(1986)

»
) '
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The variatiqn of the liquid phase dispersion coefficient
with gas veloc¢ity shows an almost identical trend as thé
bubble rise velocity. Since the isotropic turbulence model
adedquately represents the liquid dispersion data for the
chain bubbling and bubbly ‘flow regimes, its use in charac-
terizing th%;éﬁplicable flow regimes is suggested witﬁ the
gas pha;:t%roude number representing a useful parameter for
the establishment of flow regimes in verticai bubble columns.
The liquid phase dispersion data obtained in this study

suggests the following demarcations for flow regimes in ver-

tical bubble columns:

(i) For chain bubbling,
Fr < 1.25 x 10°* . (5.22)

(ii) For bubbly flow regime,

1.25 x 10°% < Fr < 7.2 x 107% (5.23)
and |
(iii) For churn turbulence flow regime, ’
- -4 .
Fr > 7.2 x 10 (5.24)

Since similar Froude numbers were estimated from the data
of Gondo el al. (1973), it appears that the use of équations
5.22 to 5.24 for the estimation of flow regimes in vertical

columns: with diameterg exceeding 0.06 m appears to be jus-

tified. = .
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5.3 THREE PHASE SYSTEMS

Phase hold-ups, liquid phase dispersion and particle

o~ -

settling characteristics under flotation conditions have
been determiped'a§ a function of solid concentration and gas
velocity. In the presence of the solids used in this study,
considerable foaming was observed for frother concentra-
tions exceeding 10 ppm. As a result of this, the frother

concentration in these studies was fixed at 10 ppm,

5.3.1 Solid Hold-Up and Particle Settling Velocity -

For mineral :flotation, it is the,hold-up of the gas
and solid.phases that is required for design purposes.
Since ;Etempts to c;rry out continuous rlotatiaog experi-
ments with the oiliand tailings were hampered by the presence
of residual bitumen whigh easily clégged the narrow :bings,
experiments were performed to simulate the behaviour of °
gangue pa%ticles (mostly silica sandL, der flotation con-\~ -
ditions. The ;old-up of the nonfloatable\sand particles
of varying size has been determined as a function of gas and
liquid velocCities, solid concentration of the feed and
frother addition. The results are summarized in Fzéure
5.17. Each of the point§ shown in Figure 5.17 réﬁresents
the flat pbrtion.Sf Figure 4.7. Similar results have been .

oBtained by.Bhaga and Weber-(1972).' Thefconcentratiop of -

solids in the reactor does not depend on' the gas hold-up
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Figure 5:17
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Effect of part1c1e size and 11Qu1d ve1oc1ty on solid
hold-up. (The-open and closed symbols represent 1iquid |

. .superfictal velocities of 0.0043 and o.oos%
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which is in agreement with the results of Bhaga and Weber

(1972),

It is important to establish what the slopes of these
lines actually represent. In Chapter 3, it was assumed that
the transport of solids was by sedimentation ;nd convection
only. The data of Bhaga‘and Weber (1972) has shown that
for particle settling outside the Stoke's regime, their
settlihg velocity in the presénce of g;s bubbles was well
represented by equation 2.32. .Since Bhaga and Weber used
mono-dispersed solid particles, it is assumed that the same
theory can be extended to the poly-dispersed solids sanq
particles used here. The theéretical values of the slopes
were calculated using

ULXE,

: (UI:VE?_) . : (5.25)
where Xg fs the relative propbrtidh'of fraction i in tﬁe
" feed (seé Figure 4.1).and Vp. is the terminal, settling velo-
Eity of fraction i in the pr;sence of gas hubbles'calculated
using equaiion 2.22 and UL is the superficial liquid velo-
city,. The superficial liquid'velociiy was used since the
plotsﬁ}n Figure 4.7 as well as the data of Bhaga and Weber
(1972) show thaf the solid fo liquid ratio in the column
does not .depend on "the gas hold-up. For pafficles settling

" in the Stoke's regime, it was assumed that tﬁe'presence of

éaé bubbles did not change their settling characteristics

‘e




3

4

(Ramchandran and Chaudhari, 1983). A comparison of the
calculated values of the slope (by equation 5.25) with those

experimentally determined is shown in Table S5.8.

_.The close agreement between the calculated-and pre-
Yicted values suggests that the sedimentation convection

model offers a gogod description of particle behaviour in a

bubble column.

5.3.1.2 Effect of Calming Zone On Gangue Recovery

Cohﬁamination of the froth product in mineral flotation
depends on the gangue concentration at the froth-pulp ‘inter-
face. In conventional mechanical flotation cells where
highly turbulent conditions exist, gangue recovefy is usually
high, 'It is also for this reason that thé present designs
for industrial bubble column flotation cells introduce wash
water near the froth-pulp interface. Hdwevgr, this practice
may be detrimental to theqa;'ticie’co‘llection process as
particle detachment is likely to be promoted as a. result of
the incréased turbulence near thelwash water entry point.

In order to(fest if gangue concentration in th; calming sec-
tion cag be altered by varying the height of the caiming
secti;:, several solid hold-up experiments were carried put

as described in Chépter 4. The total fluid volume in thes®

éxperiments was fixed whilé “the feed inlet point was varied.

‘The results obtained are shown in~t\gure 5.18. The,gesults

-




TABLE 5.8  COMPARISON OF SOLID HOLD-UP PARAMETERS

14

-*
R
U = 0.0063 m/s. U= 0.0043 m/s
Sand * - ,
Expt. Calc* Expt. “Calc*
weldroh 2705 §.333 0.328 0.264-  0.260
v
Weldron #505 0.198 0.20 0.156 , 0.151

* Detailed calculations are shown in Appendix €.

A
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Figure 5.18 Vvariation 6f a,ve}'age solid concentration in the column
with feed location (symbols same ag in Figure 5.17).
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-l

presented here represent the worst case scenario since fines

would tend to accumulate inhthe calming section. In an

actual flotation expe%iment, the constant removal of concen-
. .

trate at the top will reduce the accumulation of fines. It

can be readily seen from Figure 5.18 that for the coarser

sand particles, gangue concentration‘gg-the calming zone 3

may be reduced considerably by introducing the feed at a

distahce.of 0.20 m from the interface. For the same sépara-
‘tion, there was no signifiganf‘change in the "average concen-
tration of the finer 'sand. This explains why for fine par-
ticle flotation, the wash water tonnagé may even.be larger
than the feed rafe'(Wheeler, 1966). Since the major compo-
nent of the gangue minerals in the centrifuge tailings‘is
sand with a particle size disfribption similar‘to that‘éf
the coarser sand (Trevoy et a'!., 1978), the calming Sectién
may be used to control ganéue recoVéry. ‘

5.3.2 Gas and Liquid Hoild-Up
\ .

The variation of gas and tiquid hold-ups with solid
concentration is shown in Figures 5.19 to 5.22. Tﬁe solid
lines on these'figures represent the corresponding values~
for the two phase systems. It can be.seen tﬁat the dféfgﬁ
jrences betyéen the twq.gnd three ph?se systems were pro-
Aounced only at the %ower gas veiocities. Visual observa-

I3

tions revealed that at these low gas velocities, some solids

settled on the gas distributdr. When this happened, the
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F1guré'5.19 Effect of solid concentration on gas hold-up.
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Fﬁgure 5.21 Effect of%sol1d comcentration on 1qqu1d hold-up.
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Figure 5.22 Effect of solid concentraf.ion ‘on the 1iquid hold-up.
! ,(symbols same as {h Figure-5.20) )
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bubbles leaving the bed of sand particles were consi?erably
larger than those observed in the two phase systems (see

Figure 5.23). When solids were obferved on thevgr;d, the
presence of frother was ﬂot effective in controlling the‘

bubble size. The same effect is obtained when the bubble

rise velocity is plotted as shown in Figures 5.24 and §.25,.

For the range of feed solid concentrations used here,
the effect of solids on the gas hola-up was not observed

except when the solids settled on the gas distributor.

Since the maximum solid depth in these experiments yﬁs )

0.004 m, the increase in bubble size can not be attributed

—

to liquid viscdsity effects as has been postulated for .

.- -

three phase fluidizatiog (Muroyama and Fan, 1985). o X

5.3.3 Liquid Phase Mixing

Thé.effect of solid contentration, frother and gas velo-
city on the liquid dispersion’coefﬁicient is shown in Figures
5.26 and 5.27. A comparison_with the corresponding values .
for two phase systems will reveal‘;hét ghe E?ésence of
solids'reduceg the liquid dispersioh coefficients for gas
veloci;ies in the bubbly flsw regime except when solids were
observed on the gas distributor. When this happened, the
effect of frother was not observed which is in agreement

with the gas hold-up and bubble rise velocity results al-

ready discussed .in section 5.3.2. In the chura turbulence
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.- Figure 5.26 Liquid dispersion coefficient in the presence of solids
' (5 wt. %)

(

*

N . . ‘ . . v e
M v . - . = . - - t E
«.r ¥ A . e AR oa T om SR A M R PR AL o+
T onm owop s ¥ e ., ¥ B VT U I MR g S L A P P D T N o



o
L
i T 1 v Tt oot Rl . T 1
20t 10 ppm pine ofl .
v Equation 5.9
— 10_ .. -
v B ) /e )
(ag)
> ot « g3 18283 :
x o @
— — } Q 4
i ' )
8
T /' . |
1 ] L | ] ) S | | | !
2 5 10 20 . 50
Ug =103 (m/s)
. Figure 5.27- Effect of feed solid concentration on the liquid
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flow regime, the effect of solids was not significant as

seen from Figures 5.26 and 5.27. For examplé, a correlation

-of the liquid dispersion data for the air water solid system

gave the following‘éorrelation

1.67 ) ’ p
= 2 .
E. = 2.12 Ug : €s5.26)
which agrees rather well with equation 5.7. Increasing the

feed.solid concentration from 5% to 11% does not appear to

have any significant effect on the liquid dispersion co-

-

efficient. The decrease of_the liquid dispersion coeffi-
cient in the presence of solids can not be adequately ex-
plained at the present.time. However, it is afsumed to be

»
related to the increase in 'radial mixing which has.been

reported for three phase systems (Bhaga and Webef, 1972).




CHAPTER 6
\\ CONCLUSIONS AND RECOMMENDATIONS :

-
-~ .

6.1 FLOTATION AND }EA\'Y MINERALS BENEFICIAZION PROCESS

The froth flotapion recovéry of heavy aneralsqLLd£
oilsand -centrifuge tailings has been studied. The results

// obtained indicate that:

- -
(1) The optimum pH for heavy misferals recovery is in the

range of 8.3 to 11.7. The effect of pH is explained on the

basis of collector removal and ionization, and thé adsorp- |,

-

. + -, ]
tion of H and OH 1ions on the mineral surfaces.

3
%

@ . L,
(II) The optimum frother dosage was found to 'be 0.15% (v/v)

of pine oil. The effect of frother can Best be understood

by considering the effects of its’adsorption at the air

liquid and solid liquid interfaces.

(III) With a feed containing 10-12% Tioz and 4-5% Zr0,Si0,

» __'d',,,/ﬁ’7§330% Tlozfégd_ig;EZ% Zr0,-510, concentraté is considered -

atgginabl?’ax 85-95% ;ecoveries'of both minerals i1f frothers

\ ]
- are used. , : ~.

‘

. .. ‘ .
‘(IV) The use of causticized starch to depress irom recovery

resulted in éepression of the heavy minerals as well. As the

heavy minerals and irom minerals have different physical

: [
. . L )

o | - © 189
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properties, separation between them must-be left to the sub-
sequent upgrading operations (gravity, magnetic and high i

tension separations).

(V) The use of flotation fog the recovery of these heavy
minerals offers several significant cost savings when com- ,
pared to the processes that have been developed and patented

“to date.

(V1) Tﬁe upgrading p}ocess develoﬁed for the froth product
’ . - from the flotation stage has the added advantage of per-

- mitting the recovery of the traces of rare earth minerals

-

which also occur in the centrifuge tailings. None of the
processes that have been developed and patented has been
successful in recovering these rare earth minerals. It

also.permits the recowery of an iron oxide product. -

‘6.2 HYDRODG!&MYC STUDY OF BUBBLE COLUMN FLOTATION

6.2.1 Two-Phase Systemé “

Mhydrodynamic study of two phase (gas-liquid) bubble

column has;B;en carried out. The resﬁlts obtained indicate

- -

that:
( . = ’ . . . *
(I) , The gas hold-up for air water system is given by

equation 5.1. In the presenceé of frother, the gas hold-up

increases and bubbly flow conditions are maintained to

-higher gas velocities. The different flqy regimes in
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vertical bubble columns of diameters exceeding -0.06 m may be
characterized by the gas phase Froude numbérs as given by

equations 5.22 to §5.24,

_(EI) The dépenqence of liquid phase mi;ing on Ehe gas velo-
city agrees well with the flow regimes determined u;ihg.nge
variation of bubble rise velocity with gas velocity. . For
the air-water system studieé, the use of equations 5.15 to
5.17 for the chain-bubb%ing, bubbly and churn turbulence

" flow regimes respectively 1is recommended. . For tﬁe fully
developed bdbbly flow regime, the liquid phase dispersion
coefficiend is fndebendent of gas velocity, siﬁce the column
diameter does not appear to have an effect on the liquid
phase dispersion data in the churn furbulen;e’row regime
(based on a comparison of this work with the data of
Sangnimnuan et al., 1984), the use of the isotropﬁurhu-

lence model to provide dimensionally consistent ¢ lations

in this flow regime is not recommended.' The iS®vtropic tur-
bulence model ma} howeveg be used in the chain bubbling and
‘bubbly flow regimes. * The addition of frothers generally

"resulted in increased dispersion of the liquid phase.

6.2.2 Three-Phase éystems_

A hydrodynamic study of three—fhase bubble columns

]

operating under flotation conditions gave the following

results: '
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(1) The _article settling velocity in a bubble column is
well predicted by equations 2.22. For particles settling

in the Stoke's regime, the effect of gas bubbles appears

to be minipal. .
~ &

(Il) The presence of -solids does not alter the gas hold-up
"and flow regimes except when the solids were observed on
the griy.

~

(I1I) The 'calming'" zone (;hat is the section.dfove the feed
inlet point to the froth:pulp interface) may be used to
control gangue recovery instead of the prégent practice of
introducing wash water near the froth-pulp interface. As
-explained earlier, wash water addition may be detrimental

to the particfe collection process as the increased turbu-

~lence: near the water inlet point will likely promote particle

detachment,

(IV) The liquidhdiépersibn coefficient in the presence of .
solid pérticles is reduced by about 40% when compared’to ‘
the correspo;ding air-wa;er system. This effect is attri-

butéd to the incrgasg in Epdial mixing which bas been re-_ e

ported for these systems (Bhaga and Weber, 1972).

6.3 RECOMMENDATIONS FOR FUTURE STUDIES
. . : ° . ‘ 2D

'3

The use of the‘“calming" section to control gangue.re-

covery in bubble column flotation is a relatively new concept

N - . .
- E A . - < - r .
B O i T N T T N T R .



< * which will need to be verifjed with a real flotation feed-

stock. Future studies in this area should address this
important operational change in bubble column flotation
which when adopted, promises to enhance the advantages of

using this device.

-

The results obtained may be applied to other two and =«
: . ' 4
three phase systems as well. For example, the liquid phase -~

dispersion data obtained here may be used in the design of -
gas-liquid reactors. Future studies should therefore be {“;'

carried oul on systems other than the air.and water uged in :

"the present study. SR

. - -
A

The use of the isotropic turbulence model for flow '

v

regime mapping in vertical bubble columns offers.some dis-
t ) e

tinct advantages over the present application of’ the drift-
flux analysis-as the;ggs hofq;yp'data is not requirkd.' "The

éxtension of this model to other gas-fluid contagting systems

(for ex!ﬁple differentTgas distributor design, different

Ve

liquids, etc.) needs to be iﬁvéstigéted.Tufther. -

, |




" . APPENDIX A

. CALIBRATION OF ROTAMETER .
. > e .

-

Two rotameters were used to measure the air flow rates.

- . RN
‘For calibrating these® rgtameters, the air line was pressu-

2
.
»
-

rized by compressed aTr at 116 KPa. Air was then metered

-
with a wet-test gas meter for a peripod of 1-3 minutes. The

: - » . ) ) - )
calibration curves so obtained are shown in Figure A.1l.

b .
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APPENDIX B

s

B.1 FREQUENCY RESPONSE OF AXIAL,DISPERSION EQUATION FOR
CLOSED BOUNDARY CONDITIONS

The one-dimensional dispersion model 1s described by the

dimensionless equation

2
1 3

p_é_ . — = A ) * (B.l)

Q)J
o
o
e
H
)

z"”

The ®oundary conditions necessary for solving equation B.1”
] .

are
= * D S
Ci(e) C(O0 ,9) Pe 32 (B.2)
z=1
C(z,0) =0 (B.4)
’

The system transfer function g2(jw) which is obtained from a

. . N -
.Laplace transformation ofi equations B.1 to B.4 is given below

4q exp(%‘i)-

€ = (B.5S)

(@) fexp(ig @) - (1-@) exp(- 5 @)

-

The frequency response bf equatian B.S hag.been given by

Clements (1969). If we define | - .

ATt ' . ' '
a =dur e’ _ . (B.6)
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’ "and
b = -%- arctan a (principal value) (B.7)
. - o«
the magnitude of G()w) is given by *
Tyl o= RT - 1) (B.8)
with the phas?angle of G(j ) bpeing
* angle[T(jw)] =" arctan (é) (B.9)
- / )
where R and [ represent the real and imaginary components
. ® i
of- G(juw). .
(Bc:x.1 + Da,) . .
R = 5 Z" exp(Pe/2) (B.1U)
cr.‘i v a5 .
L 3 . s -
Do.l' - Ba; ) .
[ = —5———— exp(Pe/2) (B.11)
al * a5 AN
and .
: . % .
. ) .
. - : a; = (1+B-"-Dziinh(5§-§7cos£—§2) - ZBD cosh(ggg)sintg%g)
. ' :
> . . a K
+ 28 coshE5Bycos (B8 - 20 sinn(BBysin(5SR) (B.12y
. - . B, »_ .PeD, . . 2 PeB, . ,PeD
. " ay = 28D s_x,ph(?-g-?)cof(—;—) + (143 -pz)cosh(—-g—_)sm(f—g—). -
5 . . L Co o . _
LT ZD{cosh(.R;P-)cos(g;-Q) + 2B aix{h("g;.?_)si.h(?—gg) : (B_‘13)" "
s ! < B = (1+a2) ¥4 cos b Ce " (B.14)
b= ea)M2 sinn ' (B.15) « *
" - I -.‘ - - R o . 'S |
> . 4 -~ “. - ’ P "
Bl - aln h 3 s bo b1 . - . .o 2. "'&:‘;
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B.2 FOURIER TRANSFORMATION USING FILON'S QUADRATURE

N _ .
The data curve Gd(t) was numeritally Fouriler’

using Filon's quadrature. Filon developed a
mula for the following integrations - !

b b ,
[ f(t)sinwt dt and ( f(t)coswt dt
. ’a a .

which is based on approximation by parabolic
Simpson's rule. However, in Filon's method,

values of the doefficients of Simpson's rule

hd -
by trigonometric functions of ‘wat. To apply
~

the
~

transformed

quadrature for-

(B.16)
segments .as Jim
the-numericél
ére'peplaced

W~ .
Filon's formula,

curve is divided ihto an odd number, 2n+l, of points .at

. . A
intervals of at. - If'e denote these points by Io, Il” Iz...,
IZn’ where ' -

¢

. . B N

Io = f(a)sinwa" (B.17)
and " .
I, = f(b)sinub , & (B.18)
Let '
1
Sad™ Tl t It *Tonaz v Iap (B.19)
Sen-1 T T s e g (B.20)
P . . 2 \ )
. 8 = wAt . _ (B.gl)
a ..L , sin2e ° 251n29 e (B 52)
-8 gef - g3 . _ ] o
2: - . T ‘ : , ’
) g = 2(C08 gfl 2 s»nze) : (B.23¢
. gt 93 . .

¢!
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. gnd
.." ‘
Cy .4(5196 {_cois) (B.24)
Y- R 8°* -

a, B and y.must be computed from Tavlor's series "€Xpansions

of equations B.22 thrdugh B.24 when & is small, to prevent
loss of significant éigits. Then

b : ) .
J f(t)sinwt dt = at{a[f(a)coswa - f(b)coswb] +
a o

B S, + vy S, .} (B.25)

s 2n 2n-1

For the imtegration of the cosine form, the same procedure

as .in the sinwt is repeated recalling that

sin(wt + 7/2) = coswt (B.26)

A ¢

If Io is now deﬁoted by f(a)coswa and I,n by f(b)coswb,

L4

’
b - o - ' .
f(t)coswt dt .z At{a[f(a)cos(wa+m/2)-f(b)cos(wb+n/2}]
4 a ; L] ) .
.. ‘ + B8 Sy, *Ty S, 4 (B.27)
- The-ﬁomputér program used for these cqmput}tions and the

estimation of the lfquid phasé Peclet number, PeL'(or liquid

dispersion coefficient) and T is shown in‘Appende B.3.
~ : T 3

s

, »
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B.3 Computer Program Used. .

A'rhe following is a replica of the computer progr

168

A

am 'used .

for paramei:ers estimation in the frequency domain ‘for the

closed-closed boundary conditions.

-

1
K

CCCOCCCCCerCCmCCCCCCCCCOOCLCCCrCCCeCnCCCrONCCCCreCCCrCCeCCCCCCCCCCer et

(REFERENCE: COMPUTER .JOURNAL 7(4Y,TO0R 1964y .

DIMENSIANFD FOR 10 PARAMF TEFRS
wses DEFINATION OF SYMROLS wsss

NV NMUMRER OF FARAMETERS IN THF DPRIECTIVFE FUINCTINN

NP * T NUMRER NF VERTICES 0OF THE SIMFLEY

At FHA REFLECTION COEFFITIENT

BETA CONTRACTION COEFFICTENT

GAMMA EXPANSION CNEFFINIFNT

NDELTA STEP LENGTH .

MAYET MAXTHMUM NUMBER OF ITFRATTONS

Fy(n s VAILUE OF NRJECTIVE FUNCTINN AT FOINT
FY, ) PARAMETERS TI={ NV FDR POTNT J

F1NC, 1), PARAMETER® FOR CENTRNIN
PI(NC+t, 1) PARAMETERS FOR REFLECTED FOINT

NWHER COUNTER TO NEFINE CONVFRGENCE WF ThAD
NWHER=1  REFLECTINN SUrrEsSs
NWHER=2  EXPANSION FAll URE
NWHER=Y  EXFANSION SIICCESS - : »
NWHER=4  CONTRACTION SUCCESS
NWHER=S  CONTRACTINN FATLURE -
RUN® FXFFRIMENT IDENTIFICATION
‘v -

OO ONO0000NOoNONIIN0N3N00N00NNDNN0

FROGRAM TEST ( INPUT  MITFIIT  DATA, RINS , TAPES=NATA, TAFEASRUNS)

3

. .
* SIMFLEX DIRECT SEARCH MINIMIZATION AS OQUTLINED RY NGDLER AND NFAD

ARIFN(T) SUBROUTINE TO DEF'NE THE ORJEFTIVE F'JNF’VIHN’AT FOTNT I

olal ool g el Tl o e al ol ol W W W P A A B S e W S M e el el e A ol e A
. ¢

COMMON Y (100) PP (10, &), FY(10) QIR (2, 101, VAL (100 ,FTN(2) ,DUN(2),CO
SUNT, WO NG, PN, DT NV, T (100)  RT 1100) ,RD (%0 D (%0) AN {80y | W (S0)

DIMENSTION R(%0) ,C (=N, B (%O

GAMMARTD . N :

ALPHART , O - . ‘ 3 . ’
RETA=N .S .

COINTE, O . K

READ (S, s MAXIT . * '
READ (S, »H N ’ ’
NPwNY+1 : -
NCeNP+1 v



INn®no0

20
35

.. 3

.
000

AINVeFLOAT (NV)
XNP=FLOAT (NP)

-

-

Re7ﬁ INITIAL SIMPLEX VERTICES F(J,1) FOR ALL POINTR J

INITIAL SIMFLEX -

READ (S, *) DELTA

READ (S, ) (PP (1,1), 1=t ,NV)

QI=DELTA/ (XNV2SORT (2.9 ) * (SERT (XNF) ¥XNV-1.0)
Qz-DELTA/(xNv-somra.MM(xnp)—t.m

DO S J=2,NP

DO 35 I=i,NV

IF(1.ER. (J-1)) RO TN 20

FP(J, DI =aPP (1, 1)+Q2 -

GO TO 3% 5

PP(J, ImPP (1, ) +Q1 *
CONT INUE ,

FONT INVE ‘ .

READING QF THE INPUT DATA AND NORMAL ISATION OF >THE CONCENTRATION-

TIME CURVE

7
READ (%5, #) WO ,NW, DW,N, DT .
READ (S, #) (¥ (J) ,I=1,N)

. 2688, 0 >
Pl=3,.1415927 .

TO=PP (1, 1) .

PE=PP (1, 2) ' )

T(1)=0,0
D3 400 J=2,N .
T(J)I=T (J-1)+DT L 4

Y 400 cONTINUE )

420

anNnowean

-

(1) =WO

420 JI=2,NW . .
W{J) =W (J=-1)+DW
CONT INUE

.

« AREA UNDER THE CONCENTRATION-TIME CURVE MEREURED IN T

STREAM USING THE TRAPEZIOIDA. APPROX IMAT TON

“SM=(Y(1)+Y(N)) /2.0

N2=N=-7 . -
NimN-1 _
‘DO 470 J=2 Ni , i )
BUMmSUMeY (J) :
N L] / ' -
. I's
. ' -
" ’ -
A .

C
. - 4
RY (J) REPRESENTS THE E(T) "CURVE OF THE TRACER RESPINGE '

.

TAIL INGS



e

430 CONTINUE
RR=SUMEDT
DN 440 Jei,N
RT(J)=sY(J)/RR
CONT, INUE ,
CALCULATION OF THE MEASURED FREGUENCY RESPONSE e @
THE NUMERICAL INTEGRATION DF THE FOURIER TRANSFORMS IS DONE USING
FILON'S QUADRATURE . '

DO 4%0 k-"w -
S2N= (RT (1) #SIN(W(K) #T (1)) +RT (N) STN (W (K @RINI 3) /2.
DO 470 J=s3 ,N2,2
S2N=S2N+RT (J) #SIN(W(K) =T (J)) ' .
CONTINUE
87N1=0.0 .
DO 480 J=m2 /Nt ,2 .
82N1-92NHRT(J) IN(W(K)YRT(J))
CONT INUE
THuW (K) «aDT A
ALml,. /TH+SIN(2 MTH) / (2, aTH»22,) -2, « (SIN(TH) ) 442,/ (THs»3,)
BET=2. # (((COS(FH)I#22,.+1,)/{THRe2 ) -SIN(2, »TH) / {TH»»3.))
GAM=4 ., #(SIN(TH) / (THR23 ) ~COS(TH) / (TH®+2,))
CD(Kr--DT-mLo(RT(l)-cosmtk)nru))-R'rm)ncosm(knﬂm))+R€T-92N
»enmsznn
B2N®= (RT (1) *COS(W(K) AT (1)) +RTINI 2COS(WF)IBT(NI)) /2.0
. DO 490 J=F,N2,?2
. S?N-82N+RT(JHC0'=(M¢KHT(J!) ) .
490 CONTINUE °
LG2R1=0 . 0
DO 500 Jew2,N1,2
300 82N1-82NI0RT(D).C0‘HN(K)QT(J))
. nmm-or(-mt.omnn-r‘os(uwnnnwt/z.)-erncommx)-'r(mom/
- 22, 1) +BET»82N+CAM*O2NL Y
*GD ()= (RD(K) 22, +CD (K ) 082, )220, %
A0 CONTINUE

’

-

THFE DBJECTIVE FUNCTI’dN IS EVALUATED FOR ALL POINTS

- -

N

NG 1Q Jmi, NP
10 CALL OBJFN(.J)-

WRITE (S, 200) .
HRITE((s,?‘?o) L.
,00 15 J=y NP

18 mue«b,'.q,o) (PRI, D), I=t ,NV) FY (D) .

FIND POINTS WITH MA ‘IH AND MINIM™ OBJ.FUNCT10NS

1 TNwO ,
‘43 WRITE (&, 240) NWHER




HeReky

s Nely)

anon

4

IFCITN.BT.MAXIT)
ITNw]TN+1 -
KMAXw]

KSMX=

KMIN=y -
DO 48 1=2 NP . ‘
[IF(FY(KMAX) LT . FY(I)) +MAX=T

CONT INUE ) .
IF(KMAX.EQ. 1) KSMX=D . .
DO SO I=2,NP . .
IF(FY(KMINY ,BT.FY(I)) VMINm] N
IF(FY(KSMX) . LT.FY(I). AND. I .NE.KMAX) » SMXwT

CONT INUE

WRITE (&, TSQ)TTN,FY (KFMINY , (PF(MIN, ), Tu N

O TN 12k

ESTIMATE CENTROID OF SIMPLEX WITH FOINT FMAX FYXCLUIDED

.

DO ST Iwi,NV ’
PP (NG, V=N, 0
DO T2 Jmi,NP
IF (J,.NE,KMAX) PP(NC.l)-PP(NC,I)OPP(J,I)
=2 CONTINUE _ .
%3 PP (NC, 1) =FP (NG, 1) / XNV
. H)
JoMeEN FUNCTION AT CENTROID 1S AVERAGE AT VERTICES

.

-

L 3
FY (NCY=0, 0
DN S4 1=1,NP
=4 FYTNC)=FY (NC)+FY ()
CONVERGENFE TEQT -

- SUM=0.0 ‘
DO 53 (={,NP - )
XX=O), O '
X=mFY (NC) -FY (1)
IF(ARS(X).BT.1.F-7)

3% SUMeSUM+XX .

+ SE=SORT (SUM/XNP) .
lFfSE.LE.l.E—‘) GO 1O 113

/"

XXmXeX

REFLECTION N . .
) )
PO 60 Iwi NV N
60 PPINC+1, 1)w (1, 0+ALPHA) »FP (NC, 1) -ALPHASFP (FMAX, I)
. CALL OBJFN(NC+i)
IF(FY(NC+1) .BT.FY(KSMX)) GO TO 90
IF(FYANC+1)L.LT.FY(¥MINY) GO TO RO

NMHER™ 1 g * *
&5 NEW=NC+1 .
70 DO 75 Isti,NV
75 Land

PP (KMAX, 1) =PP (NEW, 1)
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FY (KMAX) =FY (NEW)
. @®_ . 6070ss . .

EXFANSIDON

v e Bl

80 DD B8S Jewi NV

8% PPI(NC+2, l’-BAHHAIPP(NP#!,‘)¢(1 O-GAMMA)Y sPF (NC, 1)

' CALL ORJFN(NC+2) . . . .

NG HHE Rw 2 LY

IF(FY(NC+2) . BT.FY(FMIN) )} GO TN &%,
NWHER=Y .
NEWSNG+2 . .
30 709 70 ’

CONTRACTION o X

D00

0 IF(FY(NC+|).GE thvMAX)s BN TH 1NO
DO 95 1= NV

9% PF(KMAX, l)-ﬁptNF*l,l)
FY(VHR‘)-FYtNP*\l i

100 DO 105 1= NV

103 PPINC+1, l‘-BGTAkPP(PHAx,l)+(1.ﬁ-B€TA)-PE(MC,I)
CAl.L OBJFN (NC+1)

. MER-4 -

IF(FY(NC+1) .LT.FY(FMAX)) BO TO 65

CONTRACTION FAJTLURE

(v Ne I

., D0 120 J=1 NP
Y IF (J.EQ.KMINY GO TO 17 ) :
e DO 110 I=i NV - -
w 1to PP, I)-(PP(J Y +PP(KMIN, 1)) /7.0
: CAlLL OBJIFN(I) ..
120 CONTINUE S
« Nt "n'S
680 45
. » 12% WRITE (&, 305) . .
N R0 TO 145 . . .
138 WRITE (6, 300
145 LIRITE(&6,3B0) ITN,FY (LMINY (PP (EMIN, 1), Tug NV
; _ WRITE (&, 2%0) COUNT .o -
COUINT==10.0 - ‘
cuxnawuwmn»

. .Eoo FORMAT (1HL, ///) .
: 220 FORHAT(/I/?O! 1anPTrH!ZATTON BY 9IMPLEX METHOD////)
250 FORMAT (FB.3) oy N
. 260 -FORMAT (1X) ¢ *
t\ . 30Q FORMAT(///20X%, llHPONVERBENCEIII/) o
305 FORMAT (//720X, 1 4HNO "CONVERSENCE/ / / /) ,' .
. 310 FORMAT (12X, 9(195:; 4,2%)) ’ .
%0 FORMAT (2X, SHITN & ,14 X, 21H0RIECT JVE Fuucrlou = .1PE:A.7 720, 11H
QPARAHETERS 2(10!,|PF%1 Y . -
END .
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SUBROUTINE OBJFN (MY '

COMMON Y (100) PP (10,6) ,FY(10),SIRE(D,10) VAL (100) ,FTN(2) ,DUN(2),CO
SUNT WO, NW DR N, DT NV, TCLOO (RT (10, RD (S0) , €D (30) , GD (S0) , W (S0)
DIMENSION R (S0}, C(SO), B (%N ,

TD=FF (M, 1)

FE=FP (M, 2) ~

1=68.0 . .
UG=2/TD
. DG=UG*Z/PE

CALCULATE THE THEORITICAL FREOQUENCY RESFONSE

DO S0 K=1,NwW
Al Q2W ) aTD/PE
«  B=0.SOSATAN(A) )

BR= (1, +A%A) 480, 2S5+COS(B) -
D=(1.+A%Q) 880, 25+SIN(R)
XOm1, +BE*BR-D*D .
X1=SINH(PE*BB/2." . e
X2=CO8 (PE*D/2.) ,2 ‘%k
YI=COSH(PERBB/2. ) . T ? +

- X4=SIN(PE®D/2.) * )

Al teXOuX1#X2-7, sRBDsXT8XA44+2, sRAsXIoX2-7, sDaXteX4
AL2=2. 2BBADaX 1 #X2+XOXX4X3+42, #DaXToX?+?, sBBeX1e¥4
R(K)=2. #EXP (PE/2.) ¢ (RB#ALL+D#ALY) / (Al 1 +22, +AL %82,
C(K)Y =2, #EXP(PE/2.) 8 (DaM_1-BE*AL.T) / (AL 1 v+, +A1_Dee? )
IF(k.BT.1) GO TO 50

. *

; WRITE (b, 1000) X0, X1, X2, X%, X4,A, R, BR,D,ALI,ALZ,R(K) ,C (K)

1000 FORMAT (2X,13FR. %)
SO0 CONTINUE
: DO 60 K=wi,NwW :
60 BK)=(R(K)##2, +C(K) %02, 280, -
e

CALCULATE THE ERROR BFTWEEN THE CALCULATED AND ORSERVED RESPONRES

SUME ((R(1)-RD(1))#32,  +(C(3)~CD(1)) 882, +(R(N)-RD(N))®87, &+ (C(N)-CDI(
*NY)wn2.)/2.°
. SUMmSUMR2.
. NWLwNW-1
0h 120 k=2 NW1 .
120 SUMESUM+ (R(XK)=RD(K) ) »s2, + (C(K}—-D(K)) »e2, -
PHI=SORT (SUM/NW) ’
. FY (M) mPHI )
IF (COUNT.NE.-10) GO TO 230 -~ ‘

OUTPUT : ’ ' .

WRITF (&, 1100 2, UQ,D6G,PE, TD ' -
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‘ ¢
1100 FORMAT(SX, 3HZ= (310, 4, %X, 4HLIB= F&6. % SY, 4HDPG= ,(G10,4,%8X 4aHPE= 'Fi'- =
#X,5X,4HTD= ,FB.4) S
3 1 WRITE (&, $200)-
1200 FORMAT(/ 7/, 6X,QHC.(T),SX,QHE(T),3X',4HTIHE.//) -
C ! PO 130 J=i,N . ) . ‘
. 13q WRITE (S, tsoow(a).mms T ] \
1300 FORMAT (SX,F&. 3, SX,Fb. 4,2x FS.2) ; ‘
 WRITE (6, 1800) . ’ ;
1400l FORMAT (777, 6X, AHGCAL | 5X , SHEEXPT , 4X ; 4HF RE Byl e "
DO 140 J=1,NW
140'WRITE(é,ISOO)GtJ),GD(J),H(J!
1500f FORMAT (1X, 2F10.6,1X,FA.3) .
WRITE (&, 1600) PHI _
1600 FORMAT.(//,1X, 16HRESIDUAL ERROR= ,F14.%)
.. WRITE (s, 1700) .
1700 FORMAT (///) s , .
250 CONTINUE .
. RETURN c——
END -
LY -
N ' ’
L]
.
r) - » A
] - L4 .
l i - .
" ’
. - j
- - [ ] - !
}‘ . ’
I ) - ‘_
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. « APPENDIX C . ' W

- -

The flux of solids in the column relative to the sya-
‘ v

s
. h tionary wall is given by . , ooy
N i
’ VP+UL¥ ' - . -
Flux = (T:Tg—) -CS- - (C-t)

where VP and—UL are the contributions to the average solid.

Veloc1ty due to- sedimentation and convegaion respectlvelv

oty |
Is the <olid concentratlon at anv‘IOLnt in the column.

and C
It should be note! that \p is not the solid 311p §eloc1ty -
in the presence of gas bubbles

.but a 5011d settling velocxt»
dWhe superficial velocitie® are used lere because the TEbultb

- " of Bhtéa and Weber (1972) as well as those of the author '

(Figure 4.,farevealed that the average solid- concentration
T AN .

in the c&*ﬁmm does not depend on .the gas hold-up. -
L , '
- . . ) - *
The sotid settling %elocity in the presence of gas
bubbles..was calculated using the following -relationships

(thQChandran and Chaudhari, 1983):

a° ® 2 o~
g fE (pp-py)

for Rep < 0.4

18u[‘.

e
(-
jav)
it
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- oy T _ feed solid concentration: (o, ‘®) 2. 4 wt. %3 (A o &) -
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1f the gas hold-up does- not vary wizh height, the solid

concentration Cs may be assumed to be constant since the
[ 4

flux at steady state will be the same over the column height.

The average solid concentration is therefore given shy

» [ 4
r U £ . D
Cs = (U'I':w;) Cg ‘ - (C.S)

For poly-dispersed solids, equation C.5 may be rewritten as

e oyt o
Ee = T () - . (C.6)
i YLTVp, . Lo ’
1 .
= Cf Z”ingégi—) " (C.7) )
S i YLWp |

— [ 3

where xf is the weight ratio of fraction i in the feed. For
the sand used in this study (Weldron Plant Designation 505
and 705), particle settling velocities of the various size-

fractions were estimated and the results are shown in Table

-

c.1.
Size Fraction I 2 Welght Fraction
(m) P vp*l0 SO5* 705* _
.\ — (um) gn/s) ) . [ ) ¢
-63 44 0.16 0.00S 0.05 -
. -88 +63 75 0.48 0:038 O.Jg
-106 +88 96 "1.54 0.067 0.1
-125 +106 115 . 1.84 0.07- 0.17
-150 +125 137 2.20 0.17 . 0.27 .-
-177 +150 163 2.62° 0.18 h 0.03
-210 +177 193 3.09 0.16 . ©0.07
-250 +210 230 3.69 0.17 0.02
-350 +250 300 4.81 - 0.10 0.008
+350 400 6.41 .04 '0.002

-

__fTﬁﬂdfbn,Iﬂantlﬁsxgnatiqniﬁnnthe sand.

1

on subst}tuting the vdlues for xf‘dnd Vp. into equatien C.7,
the valués shown in Table 5.8 were oﬁtained.
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