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ABSTRACT
On one hand, there is incréasing dependencefgn
— brogressibely lower grade ore and coal wosldwide duétto
depletion of high grade material, while on'the other hand,
demand for higher qu;Iity mineral and coal products 1is on

o i
the rise. Conventional technology has come under increasing

pressure to resolve this sitvation. These pressures have )
also spurred the search for and development of new
'technology cqp?ble of coping with these constzgints. An
example o% theégadevelopmenﬁs is the flotation <¢olumn,
‘Although wipely used in base metal applications its.,
operation is not well understood.because of limited design
and fundamen;al operatiénal information.

It is Against this background that a laboratory
flotation column has been désigned aMd constructed’for

*

column flotation studies. A study of the laboratory

~

flotation column has been‘undertakeh,_especially its

“application to coal flotation. The steady state transport

-
&l

behaviour im the recovery zone of the column has been

analysed. -

After a thorough literature review and the study of the
behaviour of the laborétory'flotation column froth, a model

+

of Ehe flotation froth has been proposed. Partig}e, bubble
and water trfnépbrt in the froth have been con;idered. The
model has been»vérified for coal flotation through-the
simulation of a numberNof effects. This work is expected 50

increase the understanding of processes occurring in the

o iv
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“froth which have not received much attention in the past but
are known to contribute to the overall flotation
performange. Another appliéation of the model is to provide
a gasis of rational interpretatiﬁn of flotation froth
behavidur and to enhance the use of pulp phase flotation
models, that is, to form the basis of a froth model that can

be. interfaced with existing pulp phase models to give &

.complete column flotation model. Due to the complexity of

the flotation froth, the proposed model does not completely

account for all the mechanisms of maks transfer and further

e

study is reduired.



ACKNOWLEDGEMENTS
This work could not have been«coﬁpleted without the
help of a large number of people. N -~
1 am especially indebted to Professor B.C. Flintoff, my
supervisor, for his keed interest, enthusiasm and kind
support throughout this worz. I also thank Professor L.R.
Plitt for his interest, advice and support. The depar;;ental

academic and administraaive staff have shown {:;;endous
support which I wish fo,acknowledge.

My thanks also go to Mr. R. Konzuk for his interest and
effort in the desjign and construction of the flotation
column. Mr. R. Stefaniuk was very helpful in the'electrical
installations on the column. Mr. Doug Booth and Jacques #
Gibeau were helpful with the computing aspect of the work. ;

Lalnvaluable help was offered by Mr. Bashir Mohamedbhai
throughout the experimental processes. I am also thankful
for the support of my colleagues in Room 280E.

My thanks also go to Mr. Diego Romero of Line Creek
Mines for providinévthe coal sample used for the study.

Special thanks to Mrs. Mubina Mohamedbhai for typing

the script.

Private commun;Zation with Dr; G. S. Dobby of »
Un!versityiof Toronto and Mr D. G. Foot Jr. of U. S. Bureau
of Mines ié gra}efully acknowledged. 4' a
| Th; financial support of the National Science and »

‘
.Engineering Research Council, Ottawa, is gratefully

acknowledged.

vi



-

4

. — Table of Contents
- Chapter . Page
1. INTRODUCTIO;N AND OBJECTIVES ........... e '1
1.1 Flotation Coiumn e e e Weseee e ceseeesd
1.2 Areas of’*bpliqation'of the Flotation Column .....5
1.3 Objectives .......cvveonene e reer et enans ceceeenn 7
2. FLOTATION PROCE:SS ANALYSIS . ...ttt i it iannsonacnenson 9
2.1 Process Analysis -‘--*3'-:°°°-, .................... S
2.2 The Flotation Process ....,........; ............. 10
2.3 Flotation Modelling Review ......oov... e eeeeecane 12
2.3.1 Classification of Models ........ e 12
| 2.3.1.1 Empirical Moéels R vse13

P ~

2.3.1.2 Phenomenological Models ...........13
‘ R 2.3.1.3 Kinetic Models ..... Ceeeenaa 7.}....?5
2.3.2 Other Flotafion Pulp Models ..... e R

-

2.3.3 Distribution of flotation Rate .....v00s...18
2.3.4_Hyd;odynam;; Models ..iiieeecinronsnsncsans 20
2?4 Current Status of Column Flotation Modelling ....22
2.5 Areas Requiring More Study S P 4=

.

2.6 Residence Time Distribution Theory and
Modelling Options ...............,.............,.27

2.6.1 Residence Time Distribution Theory ........27
2.6.2 Modelling Options ..;......:....5,.........28
\ 2.6.2.1 Axial’ Dispersion Model ............30
2.6.2.2 Tanks In Series Moéel ..}....;:...;30
2.6.2.3 Fractional Tubularity Model ;...{..3 >
. 2.672.4 Other Models e B2

2.7 Frotﬁ Modelling ReView ..0‘.0.....‘.0..0."....0,...32

2.7"’Froth Only Models ..‘..'...........‘.\.I....D‘.‘és‘.

sovid



2.8 Foam Models ..... P et l..f ....... 37
PROCESS EQUIPMENT AND INSTRUMENTATION .........c0c0.. 4Q
3.1 Génerai Description of Equipment‘Set-up ..4,5..;.40

3.1.1 Detailed Describtion of the‘Equipment NI

FLOW CHARAC&ERIéTICS AND RESIDENCE TIME

DISTRIBUTION ....... et 49\"
4.1 Flow Visualization Studies ........ e eeeeene.e. 49
4.1.1 5q§tificatidn of the work ............... ..498
\\\34.1.2 Experipéntal design and pfocedUré .;.:,{;t;§0%
4.1.3 Results and dbsefvations Seccssransns ,.1.@.52'
4.1.4 Conclusiéns and Recommendations ....... ...64 _
4.2 Bagkmixing e PRI 'f.;:.;...,és'
4.2.1 Determination of Backmixihg ....?",;.......EQ};,
4.2.2 bbservations and conclusions ... ..... veees Db

4.3 Residence Time Distribution Studies .............59
4.3.1-Justification of £he wérk.;........;;;;..:.SQ
4.3.2 Experimental\De%ign.and{Procedures eenee...60

'+ 4.3.2.1 The Tracer :.;........fi\..;..;....60

4.3.2.2 The te§ts‘....;........;;..L....{{.g1'
4.3.2.3 Conductivity Probe ....};....:;:...%ﬁ 3

4.3.3 Tracer Data Processing ...;......;,.,{;;L.:64

4.3.3.1\Nprmal;zatibn of Data .,....;ii;{..éé

4.3.4 RTD Models Studied .........eseesunneeesss 65"

4.3.4.1 Modelling with Series of Mixers';..72
4.3.4.£ Fractional Tubularity Model ...Jl.;7§'f
4.3.4/3 Axial Dispersion Models ..,;..2.,;.76

r

" 4.3.5 Role of Models in Calculating Flotation
Kinetic Parameters ....ccevevecescencsccesel9

oy - =

*oviii . \



~

4,3.6 Résults and Discussion C et e e e e e e “ee.eB2

5., MODELLING THE CLEANING ZONE oovvvnnreennn e .87

te. Justlflcatzon of The Work PP - '

5.2 Model DeveloPmMeNt & ....eeeeeeeeeesascescasasanas B8

. 5.2.1 Elements of a'céncepéhal Froth Medel ......89

5.2.2 Conceptual Froth Model .............ve.....91

.5.2.2.1.Boundary Conditions U S

5.3 ﬁydréuiic Model ... eevvvniinnnnannn e ereeen ~+97

'5.4 Solutxon of Modei :\:.z.}....f.;............103

5;5 Ex§Er1mental De51gn and Procedure ,.%\...........105

| 5.5.1‘EEU1pment:\...;.‘....;;.,...;.....;....;..105

"5.5.% Samplé'P:ép;rétibn I N0 1
5.5.3 Testnptosedhres I 1 01

~'L3  526.3.7 SAMPLing .u.eumieernerniaennnainan 110

%V 5.5.4 Results and Discussions R A L B

5. 6 Mbdel Ver1f1eatlon ........................,....124'

»

276 SUMMARY AND concnus&ons ...,L.......................133'
+ Bibliography 1..1.;.....u....,.............}........,....137
’;‘Apéehdix %_feed and Wash Water Flow Meter Calibration ...143
~£A§b¢n&ix B Expgrfmen;éi ﬁata,For Runs 1 To 14 ceeeeiaeaa. 147

i:“Appendix C Computer Program for Obtéining ModeI.Solution 162

ix



Table

5.1

5.2

5.3 Column
5.4 Column
5.5 Column
5.6 Column
6.1 Column
6.2 Column
6.3 Column
6.4 Column
6.5 Column
6.6 Column
6.7 Columﬁ
6.8 Column
6.9 Column
6.50 Column
6.11 Column
6.12 Column
6.13 Colupn
6.14 Column

Flotation
Flofation
Flotation
Flotation
Flotétion
Flotat¥on
Flotation
Flotation,
Flotation
Flotation
Flotation
Flotation
Flotatiomn
Flotation
Flbtation
Flotation
Flotation

Flotation

"
List of Tables"
®

Experimental Design for Runs

Resulté for

Results for

Results'for

Results for -

Results for

Results for

Results for
Resglts for
Results for
Results for
Results for
Resu%ts for
Rgsuits for

Results for

[P

Results for.

Results for

Results for

Results for

Bulk Feed-Sample Characteristics

oooooooo

ooooooo

ooooooo

.....
ooooooooo

...156
...157
...158"
. .".“1"59
. 160
.‘...1.6/1“



J _
List of Figures

Figure o : - Page
1.1 Sehematic Diagram of the Flotation Cell .............2

om Pulp to Froth and From Froth to

T2 ;Zﬁhahistic Diagram of Partitle Transf?r
F .
lp. (Symbolism Defined on Page 14) iiiieeiiennessad

1.3 Schematic Diagram of the Flotation Column ...,.c...... GL -
2.1 Curves §howﬂkg Various Extents of Mixing . .
(Levenpiel [1972]) ..iiniiiireninieneesonneononanns .29

3.1 Sghematic Diagram of the Elotation Column A
st Rig Including the Ma;SrVPieces of N .
Process Equipment and Mea®\uring Devjces ...... eoesondl
3.2 Flotatlon Column Showing Pertinent |
Measurements and-Details of the Feed Port

and Sparger 'f°"'£i ..... B Y 3
4.1 Double Vortex at the Column Feed Intake ......,......53
[+]
4.2 Variation of Distance Upstream with , ' &

Tracer Concentration inm Backmlxlng TeStS veeevweeesssb?

4.3 Impulse Response Method of RTD Studles N -4

\

4:4 Conduetivity Probe Used in RTD Tests R R X
B . . . 4 .

4.5 RTD Curves of the.0r1g1nal Data for :
Various Air flow Rates and 5.5 l/min Fged ’ -
Flow Rate ....’.'-IC'.........".....'.....l‘.......se

4.6 RTD Curves of the Original Data for :
Various Air Flow Rates and 8.0 l/min Feed .
Flow Rate .0....‘.....l..l.......I....l.l’.‘......'.67'

4,7 RTD Curves'of the Original Data for’
Various Air Flow,K Rates and 12.2 1/min -~ = ° -
Feed Flow Rate .............’l....I‘Q.....;"I'.DJI.CGB
. ' ) < .
4.8 Normalized. RTD Curves for various Air oo ;
', Flow-Rateg and 5.5 1/min Feed Rate .................69
4.9 Normalized'RTD Curves for Various Air I
Flo' Ra’tes aﬁd 8 0 l/an Feed Rate ® 8 @ 00 l [ B N 2 . * o 5 8 0 .70
L N el
'4.10° Normalized RTD Curves for Various sAir ~ g
Flow Rates_and 12;2 1/min Feed Rate ......iciveieann 71

"4.1J- Comparfson of Predicted -and Observed ‘RTD
from the Various Models for a Feed Flow :
Rate of 5 sl/mln. .l!....0.....'..Q.'Q'.J.O....O..‘74 ’

- . s
& i Ea . . -

\“ - B - : \



Comparison of the Predicted RTD Profile
of the Tanks 1n Series Model with the
Observed Profile

Comparison of the Predicted RTD Profile
of the Fractional Tubularity Model with
the Observed Profile for No Air and 5.5
l/min Feed Flow Rate ;

Comparison of the Predicted RTD Profile
of the Axial Dispersion Models with the
Observed Profile for no Air and 5.5

l/min, Feed Flow Rate

Effect of Air Flow Rate on ‘the Peclet
Number

Effect of Air Flow

Rate on the Mean
Residence Time :

Conceptual Mcdel of the Froth Zone
Mass Transfer in an Infinitesimal Slice

of the Flotation Froth

Interstitial-Film Water Transfer 1n an
Infinitesimal Slice of the Flotation
Froth

Schemat ic Diagram of the Vacuum Sampling
Arrangement

Effect of Wash Water Addition Rate on
Product Ash

Effect of Wash Water Addition Rate on
Product Yield ..

Effect of Wash Water Addition Rate on
Product Percent Solids .......
Effect of Wash Water on the Mineral

Matter Concentration Profile in the Froth

‘¥YSimulated Effect of Wash Water on the
- Mineral Matter Concentration Profile in*
the Froth

D O L I I S S I I I I T I O R L N

Comparison of Simulated and Observed
Mineral Matter Concentration Profile
the Froth for no Wash water

in

® o @ 8 0 0 o e 0 e 0 s s 0 o

x11i

...............................

.......................

......................................

..............................

......................

.......................................

.................................

.................................

Page

........

o s 0 0



Fiqure Page

5.11 Comparison of Simulated and Observed
Mineral Matter Concentration Profile 1n
the Froth for 0.75 1/min. Wash water .............. 129

5.12 Comparison of Simulated and Observed
Mineral Matter Concentration Profile 1n
the Froth for t.5 l1/min Wash wate{ ................ 130

5.13 Comparison of Simulated and Observed
Percent Solids Profile 1n the Froth for

NO WASh WAt el .. it it ittt ettt teoneosseeeaeanaeeas 131
b, Magnetic Flow Meter Calibration Curve ............. 145
6.2 Wash Water Flow Meter Calibration Curve ........... 146

¥

X111l



Plate

3.1

3.2

List of Plates

A Photograph of the Test Ri1g . ......... ... nnnenn

A Photograph of the Instrument Panel of

the Test

‘\

Rig

.......................................

Xiv



1. INTRODUCTION AND OBJECTIVES

Froth flotation has been established as an effective
process for separating fine mineral particles from gangue
material. Currently, froth flotation is the most&effective
and most economical method for recovering fine coal (for
example -200 mu) and this situation is not expected ts
change in the near future. Factors such as deplet?on\of
resources, more stringent'epvironmental control regula:?;ns
and increasing demand for strategic minerals and alternative
energy sources make it essential that more effective methods
of fine coal concentration be found. This 1s expected to
happen either by new developments or modification of
existing technology. The amount of fine coal and other
minerals that ‘require treatment has increased. This 1is
especially true of Western Canadian coals that have a high
proportion of fines due to their friable nature. |

Flotation is commonlf-carried out in:mechanical cells.
Figure 1.1 shows a schematic diagram of the flotation éell.
The tﬁo mechanisms for particle transfer from the pulp to
'the froth are by bubble attachment and by entrainment,
Particles are lost from froth to pulp by detachment and
drainage. Figure 1.2 shows these mechanisms. In the sti;ted
tank flotation cells, particles are kept in suspension by
impellers whié? also generate the bubbles and thus promote
particle bubbl‘ﬁéollisioh and attachment. This same
turbulence that promotes particle—bﬁbble attachment also

incites the detrimental effect of detachment of attached

Al
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particles. The design features of these cellé are therefore
found to limit the overall efficiency of flotation tr;:1ment
of fihe particles (Moon [1982] & Sastry et al. [1982]).

In recent years, attempts have been made to utilize

countercurrent flotation columns to increase the effiﬁééncy

‘of the flotation process.

1.1 Flotatioﬁ Column " k

The éountercurrent flotation machine was developed in
Canwda by Boutin, Treﬁblay and Wheeler some twenty years
ago. Its development is aescribéd by Anon. (1965), Wheeler
(1966), and P. Boutin and D.A. Wheeler (1967).

The flotation column operates on a countercurrent
principle in which bubbles genérated continuously at the
bottom of the column rise through the downward flowing
slurry. Column flotation is a continuous-process. The
physico-chemicai principles of bubble-mineral attachment in,
the flotation column are é;sentiallly‘the same as in tke
conventional cell. What is different is the hydrodynamic’
conditions; that is, the agitatidn necessary for barticle
sﬁspension, which also leads to detachment is not presént in
flotation columns. Two distinct zones can beAidéntified: a
collgction zoﬁe.and a frotﬁ zone. The feed enéers at a
p;sition about two-thirds the column heﬁght and decends
against rising bubble;lgeneraggd at thé gas spargef. The
region- between the point at which the feed enters.ahd the

position of the sparger roughly defines the collection zone.

”

\



The cleaning or froth zone is the region above the
collection zone Qhere counter flowing wash water cleans the
risihg mineralized 5egbles. Figure 2.3 shows a schematic
dlagram ‘of the flotation column,

There are m;ny potential advan;ages of the flotation
column over the conventional cell and these have been
e;aborately presented by Moon (1982). The most crucial of
£éese advanteaes is improved metallurgical pe:formance in
terms of concentrate grade and recovery.'sgudies carried out
so far seem to indicate that flotation columns have a
definite potential of yielding efficient separation of fine
particles at high recoveries (Narashimhan [1972], Mathieu

[1972]1, Moon et al. [1982])°, McKay [1986]). Most of these

studies have been .directed at specific mineral systems.
1 Y .

1.2 Areas of Application‘of the Flotation Column

In North America, research and development of the
flotation column is being undertaken inaa number of research
'institUtions end univereities as well as in some mines. The
pioneering-wprk in this area vas done by Column Flotation
Company of Canada, the principals of which are credited with
athe‘idea..Other celumn fietation reSeerch centres include
McGill University, University of Toronto, University of
Alberta, CANMET (Ottawa) University of Callfornla, Berkeley
and the U.S. Bureau of Mi;es research stat1on at Salt Lake
C1ty. The mineral syste%s that have been stud1ed include
jron ore (Annon (1965)), copper .(Coffin et al. [5982])g

1
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molybdenum (Mathieu {1972])), chromite and flourite ore
(McKay et al. [1986)) and coal” (Moon et al. [1982]),

In Canada, most of the research has focussed<pn
sulphide ﬁinerals,bparticulariy copper and molybdehum.
Studies involving coal have been limited. .

A number of industrial installations exist in North
America. These incluée three columps in the molybdenem
.cleaner circuit of Mines Gaspe, Quebec, and those installed

in British Celumbia fof copper and molybdenum cleaﬁfﬁg,
"including Gibraltar, Lornex, Highmont and Island Copper
(Dobby and Finch [Jan, 1985]). Most reports indicate that
columns yield ﬁigher grade concentrate with equal or higher
recoveries comparedito the conventional cells.

In spite of the reported activities aﬁé process
improvement, the acceptance of the flotation column in‘tﬁe
‘m;niné industry, though on the upward trend, has been rather
slow. This slow acceptance has been attributed to the
limited design and operational info;mq}ion. A fundamental
understandiﬁg of the column flotgtién process i; definitely 
essential before it can be confidently aqpepted. |
1.3 Objectives | .

To be able to eipléit the high:potential of’éeparation
improvements offered by the flotation columns, a fundéhental.
un@erstanding of the countercurrent flotation process is
;ssential. To understand the.pfoceséy.ap analis@s!of the

’ >

flotation column is undgftaken, The main areas of

2



investigation ar% the flow pattern of air and water in the
column “using dirégt flow visualization technigues and the
residence time diéﬁribution,{employing the impulse-reéponse,
technique. In continuous flow operations, such as in the
flotation column, the effective rate cbnitant ig®known to be
lowered by extensiQe longitudinal dispersion. It is

therefore important that the mixing characteristics be

known.. %

One mechanism that has been studied in detail is the

-

mass transfer in the flotation column fFoths which :is known
to play an important part in the overéLl flqtation procesé;
It was felt that a critical stud& of column flotation froeh
and the development of a realistic model that iﬁcorporates
mass transfer as well as the operating variables would
increase the understanding of the column flotaeion 'process.
Of course, before any of Ehese studies can take place a
flotation column is negessary so the first part of the work

¥

was dedicated to the design and construction of a iaboratory

'colﬁmh.AThe second chapter gives a brief fgview of flotation
process ahalysis and modelling. thapter three describes ghe
iaboratory flotation column and the associated equipment.
Flow visualization studies 'of the laboratory‘fiotation
column and the resid;;ée time" distribution étudiesaére
outlined in chapter fobr. Chapter five deals with the

’ pfoposed froth mddeliand experimental verification of the

—@oael.\Chépte?,si»\pregents the conclusion anq‘some .

-

o _
recommendations for future work.



2. FLOTATION PROCESS ANAI.‘SISH

2.1 Process Analysis

Process evaluation and:organization require a good
understanding of the factOr% ehat influence the performance
‘0of the process. These factors can be studied using a small
scale replica of the process'and effecting changes in the
inputvvariables while ebserving how the pro;ess responds.
This technigque can be expensive and take time to'to carry
out (Himmelblau and Bischoff [1968]). A good_approach‘is to
. uge the study of the replica if it is available, to
formulate conceptual representations of models of the
.process. Mathematical relationships between ‘the process
variables are obtained‘and can be used for compotational
purposes to assess .the perfofmance of the real process. This
offers t}emendous cost and time ipcentive and has, in recent
years, attracted the atgention of mineral process engineers
a*n 1mportant 'tool for process de51gn and analysis. It
must’ be pointed out that mathemat1ca1 models of complex
processes suop aspﬁroth flotat;on rarely represent all the
features of the regl process if they are to be tractable.
ﬁevertheless, they are'extremely,valuable tools in
slmulation, whicp is the.étudy ofja'system or parts of‘it,\
by manlpulatlon of ‘the mathematlcal models. The more

realzstlc the models the better the pred1ct1on§ from the'

\151mulai1on study. “ N S
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Some éf the benefits of sfmulation include the speed
aﬁd'extent of énalysis and low cost. Also, operétions
outside the nofmal operating rangeg can be investigated
witﬁout the undesirable or disastrous upsets tpap may occur
witn the real process. Some of the mo&ern computer process

. . \
control, algorithms use mathematical models.

03

2.2 The Flotation Process

Flotation is a process for separating valuabl® minerals

~

(usually solids) from waste by utilizing the differences in
surface properties of the materials. Minerals which are
naturally hydrophobic or caﬁ be treated with surfactants to
make their ;urfaces hydrophobic are separated from ﬁhose
whieh are‘hydrobhilic in a pulp by processes that utilize
this surface property‘difference. For effective sepafationn
the valuable minerals must be liberated 5& comminution. The
_ , /
mixture of particles (feed solids) must be suspended in !

water to form a pulp and this state of suspenéion must be

maintained. When air is introduced into the mixture, the

hydrophobic minerals or particles adhere to bubbles and rise.

to the surface’ghere tﬁey ;}e removed as mineral ladeé
froth. Various cbemicals are added to enhance sep;ration.
Two distinct zones.are formed during t%e flotation
,/process, a phlp‘zone apd-;»}roth zone, each of which plays a
significant role in'the process; The efficiency of the ’

process ic dependent upon several factors that can be

grouped into fhrge classes (Dowling et al. [1984]): chemical

Ny

N/
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factors which include reagent addition; equipment factors

————

such as cell design, agitation and froth removal; and

operational factors such as feed rate, mineralogy, particle

)

size, pulp density, air flow rate and froth removal.
*’?lotétion has traditionally been carried out iﬁ
‘mechanical cells, More recently,flotation‘columns have been
used in cleaner flotation applications: *™a result of the
radically differegnt des;gn'qonfiguration of this equipment,L
there is a remarkable difference in the hydrodynamié
1c,onditi’op‘s\existing in.thém. While particles are kept 1n
suspenéioh by agitation in the conventional cell, particles
fall by gravity in the column in which the ?eed isA |
‘introduced in the upper part. Anokhef differen;e is the fact
that air'generatibn in the column is through a sparger while
4An the mechanical cell it is by the action of the impeller
blades in the stator, Froth rembval is on all sides ofbth;

column, while it is on one or two sides of the cell. - -

w

-
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§;3 Flotation Modelling Review

2

Léthe fundamental relationships governing the flotation

process are complex and there has been considerable effort

By

to describe these processes by mathematical models. There 1s
extensive materlgl in the literature relating to flotation
models and the approach to the formulation variliec widely.
Published models,range from the types that are p. :ly
theoretical to purely empirical!. Empirical models cap
usually 5& developed tairly quickly but. have the
disadvantage of being limited 1n validity to a fairly narrow
opé}ating range. In co5trast, models derived from a
theoretical basis are usually valid over a wider range ol
operating conditions and therefore provide a better 1nsight
into the process characteristics. The disadvantage here .s
that 4these theoretical models could be fairly ¢ plex and
may take considerable time ‘to develop but may‘éﬁy off .once
developed because of the wide range of applicability.‘
qutation models are utilized 1n process design, Analysis,

[y

optimization and control.

2.3.1 Classification of Models

Lynch et al. (3981) have classified flotation models
into three categories: a) empirical models, b) probability
models, agd c) kinetic models. Another classification groups
the @§d§ls inte empirical and phenomenological models. The
phegéméﬁofogical models encompass Lynch's probability and

L : e . .
kingtic models. Other classifications of models in general

«



have been made by Himmell lau and Bischeoff (1968) according
to the structure: lumped or distributed, linear or

non~-linear, steady state or dynamic.

2.3.1.1 Empirical Models

Empirical models are obtained by measuring the response
of dependent variables such as recovery or grade when "the
independent variables‘(tactors) such as collector level or
air flow rate are varied. Statistical correlations between
the response and disturbance variables are then obtained by
regression methods. These are essentilally steady state
models and should be developed from orthogonal experimental
designs such as the two-level factorial design. It 1is
usually risky to extrapolate the results of empirical models
outside the range of factors used in the study. Details of
publications will not be discussed here.

2.3.1.2 Phenomesological Models

¢

Probability Concept

Schuhmann (1942) proposed the probability model in 1942
ané suggested.that the recovery rate of particles was
related to the probability of éuccess of a sequence of
events whi®h occur in the flotation cell before a particle
could reach the concentrate launder. This idea'wag extended °
by Tomlinson and Fleming (1965) to includesthe probability
that the particle will remain astached and the probability

L]
of detachment. Figure 1.2 shows the mechanistic model.

Y
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For a particle of size x, the probability of recovery

. - t
via flotation P, 1S given by:

~

I

P.= P_.P,.P_.P, [2.1]

The probability of recovery via mechanical entraiment P: 1s

given by:
P’= (1-P,).P_.P, (2.2]
where
P, = probability of collision,
P, = probébility df adhesion,
P_ = probability that the particle will remain

attached and be carried into the froth,

P

e

probability of entrainment,

"

P, probability thaft the particle will survive
secondary cleaning in the froth and report~to the
concentrate.

By reasoning that the mass fraction of material of a
componen£ remaining in the pulp after passing through N
equivalent cells would be related to the mass of the
component in the feed, Kelsall (1961) extended this concept
to give, for small P and large N:

\

W _po ¥
wo_ {1-P)



=~ exp(-NP) [2.3]

where
W is the mass of component remaining,

W, is the mass cof the component in the feed,

0
P is the probability of flotation of the species.

By analogy with chemical kinetics, N can be thought of as

the flotation time (t) and P the rate constant (k). The

recovery (R) of a species can therefore be written as:

R= 1 - exp(-kt) (2.4]

This equation suggests that at very large flotation
times all of a mineral compopent is recoverable, which is
usually not the case. There is usually a limiting recovery

max

R so that equation 2.4 may be rewritten as:

R= R, (1 - exp(-kt)) - [2.5])

max
e

2.3.1.3 Kinetic Models
For kinetic model development, the overall mass balance
of each flotation system component is used (Imaizumi and

Inoue 1963). “ - :

&

The balance can be written as:
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dM, ' .
rTa F - T - C [2.6]
" ‘
in-which
F, = mass flow rate of component i in the feed
stream,
*
T ‘= mass flow rate of component i in the tailings
stream,
) \ - .
C. = mass flow rate of component i1 1n the

H

concentrate stream,
dM, /dt = accumulation of component 1 in cell holdup:
In a typical semi-batch cell no tailings exit and no
feed enters, but both solids and water are continuously
recovered in the concentrate. Therefore F, = T, = 0. Then

equation (2.5) becomes:

== -C [2.7]

)

By analogy with chemical kinetics, if the recovery of'g
component 1s related to the mass of the component in the
cell, a simple rate equation for one component may be

!
written as:

W kW ' [2.8]
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where K = flotation rate constant,

mass of component in the cell at time t,

%
"

3
order of reaction.

o
]

For first &rder kinetics and initial concentration &%,
equation (2.7) can be integrated to yield:

~

W= W, exp(-kt) (2.9]

This eguation assumes plug flow characteristics and i1s of
the same fofm as the probability model of equatibn 2.3.
LY

2.3.2 Other Fiotation Pulp Models

Several models have been proposed and used to describe
®*he pulp td concentratéymaterial transfer, including those
resulting from the chemical kinetic analégy for plug flow
semi-batch cells. For continuous flotation sysfems Imaizumi
and Inoue (1963) represented the.systeT by an expression

X

. analogous to the equation of a series of fully mixed

reactors: ’ ) ' {/
1 | -
" (k) - — L2.10]

>

+ where: = mass of component in cell holdup at time t,

W
W, = mass of component in cell holdup at t=0,

-

k = rate constant,



N number of cells in series,

1]

T mean residence time.

The recovery, R, can then be written as:

Klimpel (1980) has used the,fdllowﬁng:first order
(. . . . B ,» - ‘

model:
L N

1 .
e | 1T T 7 T oexpl-ktd) Cl2.2]
f N : )

* T e
-«
‘ -

Arbiter (1951) and Bull (1966) prbposed a two,parameter?,

second order model 1in slightly different formqfwhicﬁican

A

generally be written as:

Rkt .
1+ Ry, k t

Several other models have been proposed and used to

R= [2.13]
describe the flotation process. A review of some of these

models have been presented by Dowling et al. (1984).

2.3.3 Distributisn of Flotation Rate
) /
In many cases particles in a cell float at different
rates. The presence of fully liberated particles and

composite particles in the pulp influence the distribution

-\l ’ -
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of the rate constants. In the case where the particles

possess a contlndous range of rate constants the integrated
[

fo;m of the rate equation becomes (Lynch et al. [1981]):

w=_w0Jb exp(-kt) f(k) de ~[2.14] -

wQe}e f representsfa co;tinuous distribution of rate
: constants:lThe accurate estjmation of the distribution of
‘rsté'conStantS-is difficult. Kelsall (1961) suggested that
the approxzmatxon could be made that the floatable species
could be d1v1ded into tyo* components of high and low
flotatlon rate constants. - {
.? With th1s‘apgrox1mat}on,ithe rate equation for a

 seni-Bs£on‘}q§bsa£ory cell (tnat is, the solution to

-

{
. equation, 2,1@) may be ‘written as:

~

L x> . . b
td

S . f W= W e exp(-k;t) + (1-¢) exp(-kit)| [2.15]

where
¢ is the fraction of sloy floating species, .

k, rate constant for slow floan&ng species,

~

k, rate constant for fast floating species.
\ L

" For a continuous series of cells the recovery model for a

perfect mixing system is gixen by

“

N e ]] (2.16)
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where
N is the number of cells in series,

7 is the mean residence time in the cells.
e’ R

2.3.4 Hydrodynamic Models

It is widely accepted (Schulze [1984]) that one of the
‘most important elementary steps 1in flotakion is the
collision of solid particles wiih gas bubbles where a thin
film, having particular prbperties is formed between the:
two. Collision is strongly influenced by the hydrodynamic
forces at play. He describes collision efficienqy as a
guantity characterizing the ability of a bubble to capture

particles in a fluid flow.field as:
E,(1-G) + G
Es —(7-6)

“[2.17]

g . 2fe | [2.18]

§ G is a gravity parameter (dimensionless p;rticle
B settling velocity), )
r, is the parficle fadius,
. Iy is the bubble radius.
There are two general theories describing_thé process
of pérticle-bubble éttachment with modifications by various
researchérs; The first of these theories pfbposed by Taggart

(1942), in 1927 is the gas precipitation theory. Taggéri-
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. ¢
observed that gas is deposited on hydrophobic surfaces from .

solutions saturated with gas. In agitation machines, a
. |

regiog Qf high pressure is created before the the impe&ler
blade and low pressure behind the biade, producing \
supersaturation and undersaturation respectively., From the
.supersaturated liguid the air bubbles might then precipitate
" on hydrophobic mineral particles. Taggart further postulated
that most of the minerals which float are buoyed to the
surface byqair‘attached in this way..Evidently, this theory
is not applicable to flotation column operations.

Gaudin(1934), proposed the direct enEounter hypothesis
.or-colliszon theory. Based on cinematographic evidence by
other researchers and his own theoretical treatment, he
criticized the gas precépitation hypothesis. These
objections seem to have hag a negative impact on qhe‘gas
precipitation hypothesis.because most subsequent reseachers
have focussed attention on the‘direct encounter hypothesis
approach. ..

Sutherland (1948) examined the process of collision
betwéen particles and bubbles and’gevelopedla relationship
between the rate coggtant and coflﬁsion hydrod&namics.
Considering inviscid flow conditions .he obtained the
following equation: :

k= 3r 6sech’(3Vr/4d,)r VN [2.19]
where

r, is bubble radius,
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q

rp'is particle radils,
V is the relative bubble/particle velocity,
N denotes the number of bubbles per unit volume,
T 1s the induction time,
6 denotes the progortion of particies retained in
the froth after fruitful collision.

Dobby and Finch (1985) proposed a model of particle
collision based on direct encounter with bubbles. The basis
of the model is that particle collection efficiegcy is
directly proportional to the flotation rate constant. This
assertion has been made by Jameson et al.(1977) as:

\

1.5v_E .
A 3 S \
k= a ~[2.20]
where . \\\g\‘h
v, 1s the gas vglocity, N

= E, is the collection efficiency,

d, is the bubble diameter.

244 Current Status of Columh Flotation Modelling

The flotation colqmn has generated a great deal of
" excitement in mineral processing ;esearﬁh‘since its
veption some twenty years ago. This is espeqially true

over the last six years. However, most of the work done

using such a unit has~been centred on ascertaining whether
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v

its performance .is superior to the conventional cell {(Mckay
et al. [1586], Groppol[ 1986], Anon. [1965], Mathigu[1972]] "
etc.)}. Very few attempts have been made to model the
flotation column. Although research efforts made to date
have’ resulted in a significant increase in‘the>industria1

use of the flotation column, the general availébili;y of
operational and design information lags remarkably behind

the appliéations. Models based on critical analysis of the

~

.l ,proces% is one way of achieving design and operational

'
-

improvJFents.

The first model of the flotation column;proposed by
Sastry and Fuerstenau (1570) and was based on the assumption
of @xlally dispersed plug flow. Solutions for spec1f1g
llmltlng cases were obtained. The authors did not treat the
clean1gg and recovery zones separately but identified air
and water phases. Since then a number of models have been
proposed, most using the axialiy dispersed plug flow modgl.
These models, like those described earlier, tendgh\to ignore .

i

the froth phase.behavibdr. o

Dobby and Finch (Jan. 1985) described jhe transport

;?aracterlstlcs of the recovery zone of industrial flotatlon

_ columns by the plug flow dlspers1on model given by:

\ ?%c 3Cc ., aC ' i .
D ;.‘g-z uiaz + at o . . '[3.21]
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D is the axial dispersion coefficient,

U,

is the interstitial velocity of the liquid or

particle,

ra
t

Following

is the axial distance
15 time.

Levenspiel (1972) and Wehner and Wilhelm (19567,

P, is the Peclet number.

An equatior for estimating tthe mean residence

)
they gave the analytical solution for first order reaction
as:

W 4a exp(P./2)
T - > -[2.22]
© (1+a)’expla P,/ 2) - (1-a)’expla P,/ 2)
~where:
4 k 7 o |
a= (1 - ) ’ [2.23]
- pe -
and el
_ D
P,= UL [2.241

»

~—~

time was also.

~ given by thg authors.
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The investigétors did not model the cleaning zohe but
suggested that the final Yecovery of each component 1is
calculated‘by assuming a value for recovery in the cleaning
zoné_and interfacing it with the recovery in the collection
zone.

Another attempt at modelling the flotation oolumn has
been made by Xu (1985). For batch flotation he proposes the
usual chemical kinetic type equation while using the axiélf

dispersion model for continuous flotation. The dispersion

'model has also been used by Rice et al (1974) based pn the

work of Flint (1971). The most recent model for the

flotation column has been presented by Lutterell et al’

-(1987). They modelled the flotation column by describing the

El

flow patterns along the length of the column by a series of
1 .

sections. Each section was further divided into zones and a

mass or volume balance taken for each class of partidlesf

»

present. , -~

2.5 Areas Requlrxng More Study
1t is clear- from the published column flotation models
that the axial dispersion model is very popular among the

researchers. The indication is that knowledge fof the

dispersion in a column is important in assessing-its

.performance. Hence the res1dence time distribution’ of the

column is one area that needs to be studied. A 51gnal

1ntroduced at one pb1nt in the column is monltored

downstream. The varlous elements of matermal wh1ch enter a

-
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unit can follow very different paths to discharge. The
result 1s that ditferent elements of the material spend

different lengths of time in the process unit. The \\

\

distribution of these times for the stream of material 7)
leaving the urfit 1s called the residence time distribut;on
(RTP). A convenient way of -determining the dispersion 1in
these columns 1s by fmpulse response technique or

= Q . - . - - .
determination of a residence time distribpution fuhction. The

‘transport properties of material through the processing unit

are 1mportant factors controlling the performance of the
unit.

Another very 1mportant observation from the literature
on flotation column modelling 1s the lack of modelling
effort for the cleaning zone. 1t has been recognized that
the'(lotation froth plays an important part 1in the oibﬂgig
performance of the flotation process J(Klassen .and Mokrouégv
[1959]), Cutting et al. [1982]). It is known to be
respensible for the secondary cleaning that takes place. In
the flotation column, the effect is expec;ed go be
accenﬁyated by virtue of the greater height'of froth that is
developed and of the cleaning action of the courtercurrent
flow of wash water. One would therefore have expected more
attention paid to flotation column froth. The or‘iy repor ted

work so far has been done by Yianatos et al. (1985) who used
: 1

a modijied form of the foam model of Steiner et al. (1977)

to ob¥ain models for the holdup profile and bubble size

distribution. A number of models have been proposed for the

o}
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4

“froth zone 1n conventional cells but these are not expected
to be directly applicable to the flotation C&lU%ﬂKf}bth. The
léck of a flotation column froth model prompted thé
investigation and modelling effort in the froth zone, the
results of which are presented elsewhere in this thesis.

4

2.6 Residence Time Distribution Theory and Modelling Options

2.6.1 Residence Time Distribution Theory

By definition the RTD, E(t), 1s such that E(t)dt is the
fraction of the feed which stays in the vessel for they
duration between t and t+dt (Laguitton [1982]), Venkataraman
and Fuerstenau [1986]). The distribution is normalized such

that

JTE (t) dt= 1 [2.25)
The mean of this distribution,r, called the mean residence
time 1s physically related to the volume of material in the

equipment and the volumetric throughput Q. Hence:

i<

= Jm E (t) t dt [2.26])
The dispersion og the residence times-+around the mean
value 7 is related tc the magnitude of mixing or dispersion
"within the equipment. It can be quantified by the standard

deviation or its variance:
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o'= J E (t) (t -7)° dt [2.27]
(

Two limiting conditions can be identified. If no backmixing
occurs, all particles entering at time zero will exit at
time 7 which leads to zero variance. This condition 1s
termed plug flow. The other extreme 1s perfect mixing which
means that the column content 1s perfectly homogenous and
consequently the discharge has exactly the same composition
as the column contents. Figure 2.1 shows these two types of
behaviour,

Actual flow properties lie between these two limiting

conditions. Generally, the variance 1s controlled by the

importance of the mixing action relative to transport by

convection. This is expressed by the dimensionless Peclet
\

*

 number, P., defined previously. When P, is high, the flow

e

‘behaviour 1s close to plug flow and the variance is small;
when Pe 1s small the flow behaviour is closebto perfect
mixing. This is also shown in Figure '2.1. The Peclet number
1s a function of the equipment size and the magnitude of the

mixing forces.

42.6.2 Modelling Options$
Many types of models can be used to characterize
non-ideal flow within vessels anq\sould be single paramete;
or multi-parameter‘in nature. The most frequently used

models are the axial dispersion model and the tanks in
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series models.

2.6.2.1 Axi1al Dispersion Model

The axial dispersion models draw analdgy betwe%n actual
flow and a diffusion process. This has been pépular with
researchers modelling the flotation column. Axial dispersion
can be considered as a superimposition of some degree of
backmixing or intermixing on plug flow (Levenspiel [1972]).
There 1s an implicit inclusion of dead time.

The axial dispersion model is usually written as a
differential equation as given by Equation 2.21. The Peclet
number P,, which gives the ratio éf convective transport fo
dispersive transport in a flow syste;,}fs defined by
Equation 2.24 yhere u,, L, D, and are respectively the axial
convective velocity, characteristic length‘(taken to be the
length of the recovery zone) and the axial dispersion
coefficient.

The Peclet number whose magnitude completely defines the RTD

function can be obtained from the expression:

o’= 2/P, -2/Pi(1 - e %) > ‘ [2.28]

The variance is available by solution of equation 2.27.

2.6.2.2 Tanks In Series Model

Besides the dispersion model, the tanks in series model
is the other single parameter model that is widely used.
Here, th? fluid is viewed as flowiné throug series of

stirred tanks and the single parameter is the/ number of
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cells in the series. If the series of tanks have equivalent
holdup volumes the dimensionless RTD function is given by:
(Levenspiel[1972])

N"6" 'exp(~N§)

E(6)= ‘ [2.29]
(N-1)!

where
# is the dimensionless time (t/7)
For tanks not of equal holdup volumes, the number of model

parameters increases.

2.6.2.3 F;actional Tubulatrity Model SR

The residence time distribution pr;file can also be
analyzed as a combination of plug flow and perfect mixers in
series, often called the fractional tubularity model,
(Nauman and Buffham [1983]) characterized by a sharp first

appearance time r.,=6,7 and by an exponential tail. 7 is the:

is the time after

mean residence time of the system, and T

which the concentration is greater than zero. The fractional
tubularity model is one of. the simplest but mést useful in.
resideqce time distribution theory. It is simple to fit and
can readily be incorpolated in\kinétic models. This provided
the incentive to study it in the present work eveﬁ though it

has more parameters than the series of mixers and axial
| ;

dispersion models.
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2.6.2;4 Other Models

When the one or two parametér models are unable to
satisfacté}ily account for the deviation from plug flow or
perfect mixind, more complex models are'employed. Examples
of these include models for compféte mixina with dead space
and short circuiting, plug flow with dead space and ghort
circuiting and many others described by Wen et al. (1975).
Rogers and Gardiner (1979) have‘useg a six para&etér finite
Stage transport mbdel. The detaills of these models will not
be discussed here. |

i /

2.7 Froth Modelling Review

Not much information exists in the literature on froth
modelling (Cutting et al. 1982, 1986) despite the fact that
it‘has long been ;Ecognized that subprocesses operatiné in

Ne—

the froth effects some cleaning action (Klassen and

Mokrousov [1959], Maksimov and Khainman [1965]). The

"probability and chemical kinetic approaches of modelling the

flotation process did not explicitly take the effect of the
frﬁth into consideration. There are physically two distinct
sections,  the pulp and froth zones with different mass
transfer rates which'have to be treated as such. In many
models the effect of the froth phase is usually lumped
together with several other effects into one parameter such

as gﬁg flotation réte constant. Moys (1978), Cutting etf al.
(1982) have clearly shown the distributed nature of the

froth by identifying some of the processes occurring/&n the
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froth, film drainage and water and particle transfers.
Acéording to Cutting et al.R>\984), the principal
untertainties limiting the prediction capabilities of these
models are contributed by processes operating in the
flo£atibn froth phase which have not been stbdieé in great
gepth. With the advent of the countercurrent flotation
column in which considerable froth heights are developed,
the study of the processes occurring in the froth is
essential. ' j Y(

Different apbroaches have been used to model the
flotation frogp. One approach is to regard the froth zone as
a separéte region in the flota}io% system and construct a *
model for the whole process in which the effect of the froth
phase 1s represented by one or more parameters. This
approach has been used by Arbiter and Harris (1962) and
extended by Harris{and Rimmér (1966). They represented pulp
and froth as separate completely mixed phases. The basic
assbmptioﬁ of a perfectly mixed froth has been questioned
(Cooper 1966, Mika 1967). Lynch et al. (1981) also »
considered the froth phase as a separate pérfectly mixed
region and obtained a model involving a modified rate
constant. . ‘

Loveday and Marchand (.1972) showed that the return. of
particles from the froth has the effect of reducing the
apparent residence time. King (19;3) characterised the‘

perfectly mixed}flotation cell oberating continuously by a

modified perfectly mixed reactor model as:

I
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lel
M f, = [2.30]
1+yk¢(D)A S, 6
where
M = mass flow rate of solids
6= average residence time
k = the flotation rate constant
A = bubble surface area per unit volume
S,, = the fraction of bubble surface area not
covered with-solids
¢(D) = multiplying factor to account for variation
of flotation constant with size
y = froth transmission‘coefficient which represents

¢
the fraction of solids %eaving the pulp phase that

finally“passes over the froth lip and are recovered
in the concentrate,
subscript T refers to the Failing stream ana I the
eed stream.
The froth{transmission coefficient in effect accounts for
all the subprocesses occurring in the froth. This serves t£e
same purpose as the froth efficiency factor that Cutting et
4'-97. (1982) described later, with fhe important difference
;that the effiéieqcy factor is found from a model accounting

for film and column drainage.

-
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2.7.1 Froth Only Models

The second approach to flotation froth modelling is to
isolate the froth phase, i1dentify the micro-processes
occurring in the froth, and construct models to describe
them. These models could be interfaced with the pulp models
to describe the entire flotation process. This approach has
been followed by some recent researchers which include Moys
(1978, 1984), Cutting et al. (1980, 1982,71986), Yianatos»et'
al. (1985), Bascur and Herbst(1982) and Bascur (1982).

Bascur and Herbst proposed a four states population
/bbalance model for the flotation process; two states for the
pulp and two for the froth. The two states for the froth
were;

a) attached in the froth and .b) free in the froth.

This model considered particle attachment and detachment as
well as water transfer. The model has‘been used as a basis
for studying computer control of a pilot plant flotation
circuit. )

Moys (1978)advanced a froth model based on the
countercurrent plug flow assumption by identifyiﬂg the

subprocesses occurring in the froth. He conéidered
bubb;e-particl; attachment in the pulp, particle detachment
in the froth, water and particle entrainhent and water apd

particle return from froth to pulp. First order kinetics w
were assumed and the resulting|equations were solved to !'\\t
relate froth height, grade and solids conCenttétion. Most of

the microprocesses were taken into account., Attachment of
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/ - .
particles to bubble in the froth was not considered, neither

was the liguid holdup in the froth. \

Moys (1984) proposed two more models describing the
residence time distribution and materiég transfer in the
froth. The first éne drew an analogy beéween mass and heat
tr;hsfer and described the path of perfectly floatable 4
particles as.streamlines represented by a two dihensional
Laplace equation. The second model is a two stage conceptual
‘model which: s;&pi}f1ed the solution of the Laplace equation.
S1mulat10n§ g these models by the author showed that
both the vertical and surface velocities have their highest
values near the concentrate weir and correlates with the
fact that the residence time of the froth near the weir are
small and may be responsible for most of the entrained
gadgue and water entering the.froth.

The investigators at the Warren Spring Laboratory have
observed (Cutting et al. (1982)) that processes operating in
the froth phase have not been studied in great depth aﬁd
that limitqtions on the use of flotation models are largely
contributed by these processes. They identified two drainage
ﬁechanisms in production scale flotation froth: 1) film
drainage in which water and-solids drain around the air
bubbles and is present throughout the whole froth, and 2)
column drainage in which material descends rapidly in single.
verticalllocations in the froth. They characterized the mass

transfer’ in the froth with a cell efficiency factor which

they defined as the probability ¢6f transfer from the
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froth/pulp interface to the froth discharge lauder. This
efficiency factor could be interfaced with the pulp model to
yield the overall model for the flotation stage in the
general flotation flowsheet.

it“appearg that so far only one published attempt has
been made to describe the flotation column fro;h by
mathematic§l models.,ThiS attempt wvas made by Yianatos et
al. (1985). These investigators_ proposed that thg froth
consist of three sections: 1) expanded bubble béd} 2) packed
bubble bed, and 3) conventional draining froth. The packed
bubble bed was described by a s}ight modification of a.model
of cellular foams proposed by Steiner et al. (1977). From
the resulting model, the gas holdup fraction, bubble
diameter and film thickness along the froth height could be
generated.

The expanded bubble bed was modelled with an Ergun
(1952) type equation from which bubble diamefer could be

correlated with gas holdup fraction.

\

2.8 Foam Models
. Considerable work has Seen done to charaéterize the
behaviour, of foams with méthematical models, a few of which
Qill be reviewéd here. Most:of the early research work has
been reviewed by’ﬂikerman (1972),;Lgonard and_Lemiich (1965’
- presented a theoretical modél for interstitial iiquid flow

in foams by relating the structure of the foam to the

- physical properties of the:shrfactant through a dif}erehtial

'
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. [+
momentum balance within the Plateau border. Ho and Prince

(1971) obtained a correlation between gas superficial
velocity, gas holdup fraction, and volume average bubble
diameter based on an anélysis of liquid flow threugh the.
hetwork of Plateau borders: formed at thetedges of regular
dodecahedral bubbles. This model contains one empirical
constant. Desai and Kumar (1982) have modelled the foam as
three subsystems; near horizontei and.qéar vertical Pleteau
bordquzhnd bubble films. From the\model; they generated the
gas holdup fraction as a function of the helght4of foam.

The Eost promising models of foams in terms of thelr
applicability to flotation froths have\been preeented by
Hartland and Barber (1974) and by Steine?\et al \1977)
Hartland and Barber represented foams by a\Q%rylture of
pentagonal dodeeahedra in which liqujd is caggied upyards by
the films forming the faces of the dodecahedre.and returns |
to the bulk by gravitational flow in the Plateaﬁ“borde%e.
The model was derived by obtaining the radius of plateau
borders from eqguating the liéuid downflow and,liquid upflow
at steady state. Film thinning was:described by Reynol@s
equation of film drainage from which the film thickness
could be computed A relatlonsth for total llqu1d holdup
was comblned w1th the film dralnage and flow in Plateau
borders to obtain the llqu1d holdup as a function of helght,
physical properties, gas velocity and bubble siie.

Steiner et all (1977) haVe'included,the,etfeEtVof.feam

removal as well as the fact that the ‘bubble surfaces are not



completely rigid. They have also.included the effect of
bubble coalescence as a stochast;c phenomenon. These
modifications make the last two models mentioned above
érpmising'as possible candifate models for inclusion in

flotation froth models. An attempt has been made to

39

incorporate these ideas into the froth model development - o

reported elsewhere in this thesis.

The review of the literature of flotation modelling

reveals that while there is extensive material on flotation

models as a whole,°stuéy of the flotation froth as a

separate entity-is lacking. Only recently have-such_studies;

attracted the attention of researchers such as Moys, Cutting

and the Warren Spring group and Yianatosrand'the McGill
group. With the increasing acceptance and use’ ¢f the
flotation column in which considerable heights pf froth

exist, there is a definite need for froth studies.

—— <



3. PROCESS EQUIPMENT AND INSTRUMENTATION

3.1 Géneral‘Description of Equipment Set-up \

A laboratory flotation column test rig has been
nnstallea for use 1n the coal flotation and froth modelling
tests. Flow and mixing Characte;istics-in &he column were
studied using direct flow visualization téchnigues and
residence time distribution studies. /

The circuit conststs of a baffled 370 litre capacity
conditioning tank infwhich the feed is anditioned priors~to
flotation for a semi-%bntinuous operation. After
conditionipg, the feed 1is pumped into_the flotation column
by a variable speed moy&o pump. A flow meter on the feed
line records the feed flow raze. Wash water 1s added at the
top of the column through a shower head device; Wash water
is measured by a rotameter. The concentrate is removed from
the top of the column. Air is_intrbﬁuced into the column at
the bottom through a péroué steel sparger. The tailings are
removed frem the colﬁmn by another variable speed moyno pump

.
which 15 also used to control the pulp/froth interface
level. A’'schematic diagram of the test rig is shown in

Figure 3.1. A-photograph of the équipment is provided in

Plate 3.1,

40
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Plate 3.1 A P}{étograph of the Test Rig
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3.1.1 Detailed Description of the Equipment
The column

The column is made of transparent lucite sectiens of
6.35cm inside grameter and 0.64cm wall thickness. The total
height is 3.6m and consists of one 1.2 metre section, two
0.6 metre sections énd four 0.3 metre sections and are all
flanged. The sections are bolted together and s;aled with
"O" rings. A short conical s®ction with 2.54cm discharge'
port 1s attached to the bottom section of the column. This
modular design makes 1t possiblé for convenient variation of
the total height of the column.as well as the feed entry
point and the froth height.
Sample ports of 0.64cm diameter are provided at 15cm
intervals on the column. These afe shown in Figure 3.2. Two
manometers are installed on the column to measure the air
holdup fraction. |

The feed port which is a 1.6cm inside diameter lucite
‘tube is situated two-thirds of'the length of the column from
the bottom. This position could be easily varied by adding
or removing s;me of thé sections. The feed port is designed
to protrude into the column and discharge at its undersidé
to reduce short-circuiting of feed into the froth and hence
into the concentrate és depicted in Figure 3.2, A815.24cm
inside diameter cylindrical overflow launder, also made of
lucite, is?fgtted concentric ﬁo the top section of the

column., The slope of the bottom is 45 degrees and is

provided with a discharge port. The advantages of using
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traﬁsparent lucite material for the column 1s that it makes
1t possible to condGE{ direct flow visualizatapn study. In
the coal flotation tests, the flotation response could be
visually observed gquickly. Figure 3.2 1s a diagram of the

column showing pertinent measurements.

Feed Conditioner

The feed conditioning tank is baffled and is equipped
with a stirrer to mix the reagents and keep the solid
" particles 1n suspension., During the conditioning period-a

gate valve on the discharge line 1s kept closed.

Feed and Tailings Pumps

3

These are positive displacement moyno pumps. A helical
shaped stainless steel rotor rotates in a rubber stator to
produce the pumping actionéso that the pumping rate is
proportional to the rotational speed of the shaft. The shaft
of the feed pump is driven by a 1/3 hp variable speed motor
while that of the tailings. pump is driven by a 1/4 hp motor.
The speed of the motor of the tailings pump is manupulated

to control the pulp/froth interface.

Feed Flow Meter

A q.95cm magnetic flow meter model 10D1475 with a signal

converter, supplied by Fischer and Porter, is installed on
the feed line to measure the voI:;etgic flow of the feed tgﬂ
the column, The kluid, flowing through the magnetic fiéldiof

tHe meter, produces an induced voltége proportional to the
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Figure 3.2 Flotation Column Showing Pertinent Measurements

and Details of the Feed Port and Sparger
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flow rate of thé fluid. The induced voltage 1s processed by
the signal converter and the corresponding flow rate in
litres per minute 1is displayeg on a digital recorder. The
cgmulative flow is also recorded. The units of flow rate can
be changed by recalibration. The range of measurenent is set
at 0 to 8 1/min but provision is made to alter this range by
appropriately adjusting a variable resistor in the signal

converter.

The calibration proceaure 15 given in Appendix A,

Wash water Supply

Wash water is supplied from the laboratory cold water
mains. Two gat® valves on the line are used to adjust the
pressure and flo ate to the desired levels. A Brooks
rotameter with a steel float measures the flow rate of the
wash water to the top of the column. The wash water 1is
supplied through a distributor situatéd 5cm below the tog of
the column. This addition point can be changed. The

calibration procedure of the wash water flow meter is also

@iven in appendix A. -

Air Supply

Air supply is from the building supply at a pressure of
about 100 psi. A pressuré requlator is used to reduce the
pressure to about 30 ps{. The air enférs the bottom of a
rotameter and flows upwards past a float. The air flow rate

7.

in litres per minute is read dir tly from the position of
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the float. From the rotameter the air goes through a 0.32cm
tube to a porous steel sparger 2.5cm long and 1.25cm in

- N
diameter and of pore size two microns situated at the bottom

of the column.

.Instrument Panel

»
A centralized instrument pénel 1s attached to the column
support to allow for easy control of column Bberation. The
speed regulators for the feed and tailings pumps are mounted
on this panel as are the air and wash watér regulators. The
rotameters are a}so mounted on the panel. Also mounted on
the panel is the digital readout of the feed flow meter. A
photograph of the instrument panel is shown in plate 3.2.
The modula;,design, the transparent nature of the
lucite material and the centralised instrument panel afford

the ease of operation and control of the column.

Instrumentation for automatic control can easily be added.
«
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Plate 3.2 A Photograph of

Rig

the Instrument Panel of the

Test
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4. FLOW CHARACTERISTICS AND RESIDENCE TIME DISTRIBUTION
4.1 Flow Visualization Studies

4.1.1 Justificatién of the Qork

As has been previously mentioned, the flotation column
is considered to be potentially more likely to yield better
results than the conventional cell 1n metallurgical
performance by virtue of its design and operational
principles. However, the acgeptance of the flotation column
in the mining industry, thougﬁ on an upward trend, has been
rather slow. One of the reasons for this situation is the
lack of fundamental understanding of the column. A good
understanding of the operational principles and mass
transport mechanisms is expected 'to increase the confidence
of the mineral indust;; in the system.

To be able to understand and possibly improve on the
mass transfer occurring in the column, knowledge of the flow
field is very important. Direct flow visualization
techniques are a strong résearch tool for monitoring complex
flow behaviour. These techniques involve either dye
injection or suspended particles for visual observation of
the flow paftern. .

This section presents some results from thé
investigations of the flow and mixing processes in a
laboratory flotation column. The first part of the

experimental work was dedicated to flow visualization‘in a

49
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single phase and two phase flow in which water and then
water and air were used. In both cases a frother, methyl
1sobutyl carbinol (MIBC), yas(@dded to give more
characteristi; bubble sizes. A dye was injected to obtain
some Qualitative information on the flow pattern.

Dye particles are very small and thus may reasonably be
assumed to have no relative motion in their carrier liquid.
Diffusion due to concentration gradients is very slow and
may be aésumed to be insignificant. The motion of the dye is
"hence assumed to be the same as the carrier fluid.

In order to achieve adeguate contrast to the carrier
fluidf the dye concentration must be quite high and be
1injected such as to cause minimal disturbance to the fluid
flow. |

Backmixing chéracteristics were studied using a salt

tracer techniqgue.

4.1.2 Experimental design and procedure

The principal technique used in visualizing the flow
inJ21ved the introduction of a dye as tracer material into
the flow stream. The tracer material used wmas food colouring
mixed with milk. A dye injection probe consisting of #18
syringe needle was used. Care was taken/to ensﬁre that the
dye did not enter the test solution in/the form of a jet.
The operations were conducted in open®circuit to avoid

contamination of the test fluid with the dye. The test fluid

was water to which a frother had been added. MIBC was added
- ’
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in dosages of 30 micro-litres/litre (30 ppm) and. the
solution was thoroughly mixed. |

Tests were conducted for both single and two-phgse
flow. In tﬁe single phase tests, flow in the recovery zone
was examined with paifipular attention paid to the feed

1

entry point to See if any degree of mixing and turbulence
.occurr;a there. Flow in the lower portions of the column was
also studied at three differgnt flow rates. For the tests in
the feed.enéry point, the dye was injecfed into the feed
line. At the lower portion of the column “the sample ports in
that sectfion were used to introduce the dye. In the
two-phase tests an attempt was made to observe the nature of
the flow pattern when air flows countercurrent to the test
fluid. |
Toklearn whether any short-circuiting or entrainment of
feed water into the froth existed; visualization of the
froth zone at various air flow rates were attempted. The
flow rates at which the tests were done were 4.1, 7.2 and
12.2 1/min. In each case the dye was injected using a
hypoderhic syringe at two points; 104cm and 168cm from the

:

'j’%?%fﬂof the column. Inlet flow rate, wash water and air flow
AT )
r rates were adjusted, and steady state conditions in level

attained before the dye injection. 4

Photography

For recordihg the actual dynamic flow, a video recorder

is without comparison (Chandran et al. [1985]). It provides

RN

T
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immediaté results without photographic development delays.
It allows the study of a sequence of flow events é:d can
also be set to freeze an instant in time. A video recording
of the various flow patterns was made us&Pg a 3/4" VCR
camera and cassette tape deck. The camera was equiped Qith a
zoom lens. A light source was used for illumination. This
recording was later played back and analyzed for peculi%r

flow behaviour. The guality of recording could be determined

immediately &nd reshot if necessary.

4.1.3, Results and Observations

Recovery 2Zone ) v

The feea port of the column is situated'two;thirds of
the height of the column from the bottom and at right angles
to the column as shown 1in Figure 3.2. This configuration of
feed port caJses the feed material travelling at high flow
rates to impinge on the opposite wall of the column. This
results in vibration of the célumn and more importantly,
causes a separation of flow into two symmetrical vortices
rotating in oppositewdirections as illustrated in Figurev
4.1, The superposition of this rotating flow on the bulk
axial flow results in a fairly weak swirling flow. The
swirling flow was revealed by the dye ﬁn;roduced into the
lower portion of the flow.‘The swifl iﬁcreases with
increasing fe?d rate and gradually decays\as it decends

along the length of the pipe towards the bottom of the

column. Another result of this type of flow is some’dégree



v

Figure 4.1 Double Vortex at the Co_‘lurf'm; Feecflntake.
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of mixing 1n the vicinity cof the feed entry point and
therefore a distortion o% the expected plug fiow 1n the
tubular reactor. This flow separation may induce backmixing
In the reactor too.

Visuglization in the froth zone was not very successful

as the particles were difficult to see.Only very little of

the dye introduced 1nto the feed line entered the froth

4.1.4 Conclusions and Recommendations

This qualitative study of the flow pattern revealed the
tlow separation and swix! flcw which are both detrimenta& to
column performance by the introduction of mixing and
backmixing. Swirl flow may result in classification of feed
material 1f it 1s of sufficiently high intensity, since the
larger and heavier parficles may be thrown to the outer part
of the column by»thf centrifugal/radial force. A possiblé
design change that would reduce this effect would be to
introduce the feed through a larger feed line which is
curved downward into the column, but a large tube jq the
column would itself be an obstruction to mineral laaen'air
bubbles moving upwards. Another -disadvantage Jf a larger
feed line would bé the tendency for the feed solids to
settle out in the feed line due to inadeqﬁate carrying
velocity. This could be offset by a dual feeding

arrangement; gravity feeding at low flcw rates of feed and

pumping at higher flow rates.
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These gualitative tests suggest that .some degree of
mixing occurs in the column and therefore backmixing tests
and residence time distribution tests would give more

revealing information about the degree of mixing.

4.2 Backmixing

The performance of tubular reactors for multi-phase
reactions such as in the flotation cofumn is,iﬁpaired by the
occurrence of unfavourable flow profiles and convective
fluctuations. These can lead to large degrees of backmixing
which must be suppressed in order to minimize axial fluid
dispersion. Backmixing is the result of superposition of
radial exchange of fluid elements on the longitudinal or
axial fluid flow. The orientation of the feed port in the
column seems to influénce this, and therefore an
investigation of backmixing was considered worth
undertaking. A test was therefore run to ascertain the
existence and degree of backmixing. Backmixing is also
significantly induced by gas flows which cannot. be avoided

in flotation. It is also known to increase with the diameter

of the column (Shah ét al. [1978]), that is, usually more

. > . . . .
.backmixIng occurs in commercial columns than in pilot scale

columns, .
Backmixing is a flow pattern that is intermediate

between the two ideal cases of plug flow and perfect mixing

(Mecklenburgh and Hartland [1975])) .

~
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1 flotation. It is also known to increase with the diameter
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:tween the two ideal cases of plug flow and perfect mixing
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~
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upstream tracer concentration dropped with increasing air
flow. The initial supposition was that the swirl flow was
the cause of the backmixing. The observation of only a small
degree of backmixing when there was no air flowing did not
-support this supposition. A reasonable explanation of the
drop in tracer concentration 1s that channelling that leads
to slug flow sets in as the air flow increases. At 1.0 litre
per minute air flow rate, the air bubbles are more uniformly
distributed in the cross-section of the column. At higher
air flows, more bubble coalescence occurs and channelling(
begins to take place. The result is an uneven distribution
of air bubbles with a reduced specific surface area. The
amount of tracer associated with the bubbles ‘is reduced with
the reduction in bubble surface area. The accuracy of the
conductivity sensor may also be affected by rbon-uniform
distribution of air bubbles.

It can be concluded that,
a) some backmixing occurs in the column under normal
oberating conditions,
b) backmixing in the column at the flow rates studied is
primarily induced by the countercurrent flow of air and
appears to be significantly influenced by the distribution
ot the ;ir,
c) The swirl flow seems to play only a minor role in thé
backmixihg.

A rgsidence time distribution study would be

appropriate’ to determine the extent of backmixing.
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4.3 Residence Time Distribution Studies

4.3.1 Justification of the work

The performance of the flotation column with respect to
recovery and selectivity depends not only on the intrinsic
kinetics of the reactions occurring, but also on the
physical rate processes such as interphase mass tréngfer. In
flotation, interphase mass transfer is probably the most
important mechanism of separation. The effects of these
.physical rate processes on flotation performance have been
known to depend on the dynamics of the vdrious phases, that
1s, the shape and length of the path followed by individual
elements of the flow as well as the velocity of the
elements. The qualitative "flow Visualization and backmixing
tests discussed previously have shown that some backhixing
does occur in the column which would result in a
distribution of residence times. A thorough understmanding of
residence time distribution (RTD) concepts and techniques
would be of considerable benefit in the design and analysis
of flotation columns. This aspect of the work is intended to
evaluate the residence time distribution in tie flotation
column, and the extent of mixing, which is useful ‘
information for design purposes.,

It is generally recbgnized that the flow pattern
existing in a piece of equipment lies somewhere between the
two ideal flow patterhs of plug flow and perfectl} mixed

flow. The average statistical parameters are usually



determined by the impulse response technique in which a
disturbance is introduced into the system and the system
response to the disturbance 1s analysed. The system fesponse
depends on the flow conditions._A signal 1s generated by
injecting the fluid stream wigh a suitable tracer, the
concentration of which 1s then measured further downstream,
such as at the exit. Typical input signals include step

pulse, impulse, sinusoidal and random, (Wen et al. [1975]).

4.3.2 Experimental Design and Procedures

To characterize the extent of non-ideal flow in the
flotation column, the stimulus response technigue was used.
The general approach was to purposely excite the system by
introducing a detectable substance and then observing the
system response. The mixing characteristics of the system
could be extracted from the response data.'The stimulus used

in this case was an impulse of soluble salt tracer.

4.3.2.1 The Tracer

An ideal tracer should have the same flow properties as
the substance or particles it represents but should not
affect the transport phenomena in the equipment. The tracer
should be sufficiently different in some non—flow-attribute
that it can be detected by an analytical instrument. It
should not react with other components in the flowing
material. Based on the simplifying assuhption that all the
components of the flowing material have the same mixing

behaviour, the RTD of liquid, which is simpler to analyze,

)
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was traced. This allowed for the possible use of water
soluble electrolytes such as KCl, NaCl, and LiCl. Sodium
chloride was selected for this work. A 3M NaCl solution was

used.

4.3.2.2 The tests

Stimulus-response technigues were used to study the
residence time distribution in the flotation column. For
each test the tracer was injected at the feed entry point
and the response monitored at the exit region of the column
as‘Shown in Figure 4.3. The RTD studies were done on a two
bhase system, water and air. The water contained some
frother, equivalent to amounts used in actual flotation
tests (30 micro-litres/litre). Thé system was run to steady
state at avﬁpecified feed flow rate and 30 cc of 3 molar
sodium chloride solution were injected at the feed inlet.
The concentration at the exit was measured continuously. For
each feed rate the experiment)was‘performed at four
different air flow rates; 0.0, 1.0, 1.5 and 2.0 litres/min.
Three different feed rates were investigated; 5.5, 8.0 and

12.2 litres/min.

.
4.3.2.3 Conductivity Probe
A conductivity sensor was used to monitor the
downstream concentrgtion. The probe was simply an electrical
circuit with a small physical gap in it as illustrated in
Figure 4.4. The gap was positioned at the point of interest

and a current applied to the circuit. The voltage develobed
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Figure 4.3 Impulse Response Method of RTD Studies
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across the gap is a function of the electrical conductivity
of the medium which bridges the gap. Since the electrical
conductivity of the medium is a function of the
concentration of tracer in that region, the flow dynamics
could be recorded by an electrical data-acguisition system.
‘The electrical circuit of the conductivity sensor was
connected to a high speed chart recorder which continuously
recorded the concentration of the tracer in the column. The
resulting graphical record was digitized for further
mathematical processing. Alternatively, the voltage reading
across the gap -could be converted to concentration in parts
per million by the following equation:

10067

C= e [4.1]

where
V is the voltage reading
C is concentration.

This relation is wglid for the conductivity probe used for

i

!

this work.

4.3.3 Tracer Data Processingf
: /

Once the experimental impulse test data was obtained,
the nominal or mean residence time r was computed by

’
- numerical integration using éimpson's one-third rule as:
|

{

j't c(t*dt
et | [4.2]

Jc(t) at

0 ‘

|
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in which c(t) is the tracer concentration at time t. To make
the data amenable for the simple integrafion method, the
digiéiied data was)obtained such that the intervals were
equispaced. The digitized original data are plotted in y
Figures 4.5, 4.6, and 4.7 for the various gas flow rates.

4.3.3.1 Normalization of Data

In order to carry out statistical treatment of 'the
response data, the experimental profile is converted into a
probability density function using the following

transformations;

T c(t)
. E(8)= — [4.3]
J c(t) dt
0
and:
_t
. 8= - [4.4])

'

E(6) is the normalized concentration and 6 is the
dimensionless time. The normalized data corresponding to the
original data of Figures 4.5, 4.6, and 4.7 are plotted in

Figures 4.8, 4.9, and 4.10 respectively.

4.;.4 RTD Models Stgdied

Several types of models can be used to chatacte:izé

‘non-ideal flow in a vessel. Some draw an analogy between
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4

* Figure 4.7 RTD Curves of the Original Data f%f Various Air

s - Flow Rates and 12.2 1/min Feefl Flow Rate
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mixing and diffusional process and these are called
dispersion models. The_ most wioely used of these types 1s
the simple, one-dimensiorfal, Fick's law type of diffusion
equation, the axial dispersion model. Others build a chain
of perfect mixers which oan be equivalent (i.e, identical
holdup) or not. Still others visualize various flow regimes
conneotea in series and parallel. For the purposes of this
work, the tanks in series model, the axial dispersion model

and fractional tubularity model were considered due to their

simplicity.

4.3.4.1 Modelling with Series of Mixers

The tanks-in-series modél is a widely used
one-parameter model for non-ideal flow representation. Here
we view the fluid to flow through a series of equivalent
ideal stirred tanks. The model can be represented in the
%ormalized form as given in Equation 2.29. If N, the Humber
of tanks in serieo is one, the result reduces to that of a
single stirred tank and for large number of tanks, the taPks
in series model~apofoaches piston flow. For this model, the

«

. 2 . .
variance o  Is given by
[4.5]
Figure 4.11 represents a comparison of the predicted Rfﬂ

from all the models con51de1ed with experimental results.z

F1gure 4.12 shows a comparison of the predicted RTD from the

..
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tanks in series model with the observed RTD.

4.3.4.2 Fractional Tuhularity Model

Another way of lookizg at the normalized RTD curve of a
vessel is to think of it as consisting of a plug flow region
and a perfectly mixed region in series. If 7 and 71, ére the
respective residence times of the plug flow andApgﬁfectly
)

mixed sections, and TET, Y T, then:

6 = 1 /71 b or r_ = 6.1
P P

=l

where 6_is the fraction in plug flow. The plug flow section

can be obtained from the normalized RTD plot. 6  is the

P
point on the dimensionless time axis at which the normalized
concentratign first becomes greater thén zero. Once the plug
flow section has been determined, the perfect miiing section
can be analyzed. This hodel is usually referre® to as
fractiongﬁ tubularity model and for the mixing section of N
mixers in series, the mdéel can be written as:

\ L

c(t) =0 t 2T,

\

NN((f-ré)/f)W1exp(—ﬁit—rp)/r) '
t> 7

e(t) = M/(Qr) .
~ ' - (N=1)1.
., , .‘b ‘ - . [4.6] .

where : s

M is mass of tracer,
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Q is the flow rate of material in the system.

For this model, two points can be extracted from the

\

normalized profile; C, corresponding to the maximum
concentration, and Gm the time at which this concentration
occurs. These points and 6, the time corresponding to plug

flow portion can be used to analyze a pure mixing section as

follows:J .
6 -6
o = LT (4.7}
1 - Hp
-and; -
1
N= [4.8]
v -6,
I

}

With this approximation of N,sthe humber of mixers, Equation

’ . v .
4.6 can be evaluated and estimates of the paraméters, 7, T

obtained by minimizing the objective function. The objective

function here is the sums of séq’uarés of errors between the

observed and predicted concentrations,
A comparison of the predicted and measure@RTD curves
is given in Figure 4.13. for no air and 5.5 1/min. feed

rate.
. Kl
4.3 .4'3 Axial Dispersion-Models

The axial dispersion . model can be considered as the
= U ‘ N

super'impositiorg of some degree of'bac'kmixing on the plug

-
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flow of fluid. This model characterizes the backmixing by a
simple, ene dimensional,‘Fick‘s law type partial
differential eguation as given in eguation 2.21. The
simplicity of‘this model has made it one of the most wideiy
used models for correlating RTD data obtained from ttfacer
tests. Significant 1naccuracies could occur in the Peclet
number obtained from the variance of the distribution if
there is extensive tailjng in the éTD cerve, e.g, due to
stagnant_voiumes. Since no extensive tailings was -observed
in the RTD profiles, the calculated Peclet numbers should be
fairly)accurate. #

Tbe time domain solution of the axial dispersion nfodel
for large extents of dispersion is given by (Levehspiel

1972) .

-(1-6)°p, ‘
E(6) = 1/2 4 («®(1/P,) )exp(——) . [4.9]
‘ 48 :

" where 6 is the dimensionless time, For small extents of
, -

dlsper51on the solutlon of the ax1al dlsper51on model is

given by the symmetrical C curve:

’ L . P, ‘ _(1 e)p . . .
E(6) = /2//(ﬂ(1/P ))exp(————) , £4.10]
. 4 : T t

. ‘ L]

A comparison of the measured RTD and those predicted by the
.emodelshfor large and small extents_pf’dispersion is:given in

1
t

f
" N .
. s . . - ' .
N (‘ . ‘ -
J . g -
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‘continuous systems. For example, cqnéﬁder’the\batchAmodel I

for recovery of a species in a flotation sytem given as:
. - . - N .

Y

*

LINN

Figure 4.14.

L3

-

4.3.5 Role of Models in Calculating Flotﬁiion Kinetic

s, Y
»- Parameters

»
—

" Tracer information ‘is used in conjunctioh,with kinetic
€ . i

models to predict the performance of real flow reactors,

including the flotation column, provided the process has
first order reaction kinetics, which is the case with.

flotation. In other words, the tracer information can be

used to scale up batch flotation results or models to | v
|

e
4

- ) [

» . -
-

-

Ry= R, (1 - exp(-kt)) S [aa1])

max

where . . ‘ ' B
a o

<

R, is the recovery in the batch flotation.’

[ 4

To ééfimaﬁe the resulf ih a continuous cell,lthe batch };
result is ﬁeighted.according to the négmalized RTD'ppgfile
E(6) &s: ‘e 4 R | SR A
, ‘53 | .. a o N s , S
" R Ry [ -JO exp(-k(67)) E(6) 6] Ja.12]
. . !
where |

r i% the mean residence time,
'. o /J' .

P - o
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_ . o
@ is the dimensionless -time.
¥ e

. - ;
For example, if in a batch test R, 'is fourid t¢ be 90%, k ¥s

X

1.37 min ' and # is 5 mins, the batch model predicts:

R, = 89.9% =
If it is assumed that the continuous system profile can be  _

described by 3 equ»valent mixers in series then: Q

. 2 . . ) :m‘ K

i N 3°6%exp(-36) '

R, = R, [ 1 - J__expu—uss)(s)(r))
e % (N-1)!

d@] [4.13])
t'ﬁf" :
. s -~ ) '

which gives R, = B87.46% by numerical integration. . ~

On the other hand if we assume an axial d,‘ispersion model,

*

the regovery R., is given by:

’4a-éxp(pe/2) .
R, = 1 - PRE
(1+a)’ekp(a P/ 2) - (1-a)’exp(a P,/ 2)
5

where a is given by equation (2,23

"‘. ' .

An-apprroximatio‘n of thé’,u;ariance from the n'umb.c-;r/,

given by: - T o
. ’ ' ? t /
T //
/
2 _ l = .g_ v
¢ N7 P, — .
from which P, = 6.. ' ‘ ’
R, is then _~ 88.72% - | ‘ :
’ (L o ) ,v‘. _"‘ B B . -
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v »
- }
1f the fractional tubularity model 1is assumgd, the recovery ,

R, 1s given by:

R, - R, |1 - exp(—kr{)ln ~—~*~——|] . [4.15])
' (1+kr )
! )
N
o= - (-6
y - ’

If € 1s taken to be 0.3, that is, the same as found for the
column conditions shown in Figure 4.8 and 1.5 1/min air flow

. <
rate, then T, is 1.5 minutes. If 6 is sim¥larily taken to

pr

>
be 0.7 then the perfectly mixed region can be represented by
two mixers to the nearest integer from Equataons 4.7 and
4.8. Then 7 1D the above eguation 1s 1.75 minutes and ;he
yield R, 1s 89.1%

The tracer 1information 1s also useful for detecting

N -

poor mixing behavioum 1n a reactor, such aé'dead or stagnant
volumes that show up as long tails in the exi£ age
distribution curve. Channelling and recirculation may also
be detected by the tracer response techniques and ,
improvement may be possible by inserting redistributors or

by baffling,

4.3.6 Results and Discussion

The gesidence time distribution profiles of the
original data as well as the normalized data show that there .
exist some dispersion or backmixing in the column. This 1is

expect!ﬁ, especially with the countercurrent flow of air., It
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is also seen that there are no long tails, indicating that
no serious Sstagnant regions exist 1in the column at the flow

rates studied. It is observed from Figure 4.15 that

. v
generally the Peclet number reduces with 1ncreasing air

flow, showing that a good deal of the mixing is induced by,
the air. At higher air ftlows the Peclet number appéars to
increase szlghtly again, probably due to the onset of

channelling.

Ll

The opposite effect i1s observed with the mean residence

fime as shown in Figure 4.16. As expected, the mean

residence time increases with increacsing air flow rate but

.

at higher air flow rates, (greater than 1.5 l/min) 1t

appears to decrease again. As mentioned before, this might
. ~

be due to the onset of channelling causing a "fountain

effect” in which the ailr 1s cqnfined to the -middle of the
4

column while the liquid stays near the column wall, creating
an impression of less mixing and shorter residence times.

Since channelling is detrimental to efficient flotationf? it

»

might be necessary to operate at air flow rates at which

'

this effect is minimal.

-

\
From the modelling point of view, Figure 14.11 shows

that the residence time distribution can be fairly well
described by all of the three models considered, the series
of perfect mixers model, bth large and small axial -
dispersion models and the fractional tubularity model. A

chi-squared test shows that the fractional tubularity mcdel
. ]

gives the best fit. When air flows countercurrent to the
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Figure 4.16 Effect of Air Flow Rate on the Mean Residence
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liqui;, the deviation of the modeivpredictions become large
and only the fractional tubularity model continues to give
acceptable predictions. It can be concluded that the most
appropriate RTD model for the laboratory column is the
fractioﬁal tubularity model.: ‘

The study shows that though some dispersion exists in
the column, the magnitude is not large enbugh’to require
baffling. The devigtion of the flow from ideal plug flow may
cause oqu minor lowering of performénce. A large part of
the dispersion in the column is induced 6& the
countercurrent air flow. Air flow rates above two litres pér

£

. Ly < . . ‘
minute are not recommended for the operations in the &olumn

’

used in this study because of unfavourable flow regimes.

.‘w.

\



5. MODELLING THE CLEANING ZONE

5.1 Justification of The Work

The importance ‘Qf the part played by the froth phase
has long been recognizeé (Klassen and Mokrousov [1959]), but
its effect has not been explicitly included ii many models
that have been used to describe the flotation process. The
effect of the froth phase is usually lumped together with

several other effects into one parameter, such as the *

flotati;H rate constant. It i; befoming increasingly clear
(Cutting et al.[198;]5 that the’principal uncertainties ,
limiting the prediction capgbilitiés of fsese models are
contributed by sub-processes operati%é in the flotation
froth which has.had remarkably ljtth’attention; Maksimov
and Rhg{nman (1965) showed fhe importense of the dropback’
rate from the froth to pulp by demonstrating an eighty
petrcent return rate for the: tested particles in an
industr;al flotation froth. Thef also showed thét
substantial increase in grade referred to as 'secondary
cleaning' occurs in the froth. Thig has led to the awareness
of the potential of the froth column as a cleaner and the
need for.a model which could describe thisleffectf"With the
advent of the counterdurrent flotation column in which
considerable frd;h h;ights are developed, the stué; of the
processei‘occurring in the froth has become a necessity.

\ }

Models of flotatien froth provide a means of better

: - s 4
understanding the complex interactions that lead to the

87



overall performance of the equipment and for scale-up or

extrapolation of existing data. )
. !

5.2 Model Development

To evaluate a complex process such as mass transfer in
flotation column froth, one must undefstand the factors that

'

affect the performance of the system. One way of doing this
is to employ conceptual representations of the process. An
attempt 1s made to construct a set of mathematical relations
" togethet with boundary‘tona}tTShs thqt describe the
relationships between the process*vﬁziables. Because of tAe
.complexity oﬁﬁthe‘pfocess, whatever model is developed
cannot be expected to dbmpletely represent the process, but
should account‘%or the importan£ prope:nies'of the péchssﬁ
wifh a reasonable degree of confidence. Usually the more
complex the‘hodel the more difficult the soiution.:A ;
suitable cohp%cmise.must’therefofevbe struck between the

-

required detail and tractability and also the time

o

available,

._According-ro Himmelblag énd Bischoff (1968), the

general strategy_bf analysis of a process consists of the

following steps: , ¢

-

1. Formulations of the problem‘and establishment of
objéctives. o -. o '

2, Preliminary inspection and classification of the process

to break it down into sulsystems (elements).
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~

3. Preliminary determination of the relationships among the
subsystems. ™~ -
. . . \v{
4. Mathematical modelling of relationships in terms of

variables and parameters and description of elements

i

that cannot be adequately represented by mathematical

models. » «

“. Evaluation of how well the model répresents the process,

using judgement to integrate the non-pathematical
' ’

representation with the.mathematical.

This is the strategy that has been used in this study.

5.2.1 Elements of a Conceptual Froth Model

The current understanding of the behaviour 6f gﬁe
flotation froth from the literature and from observatiom can
be summgrized as follows:
. Air, solids and }ater from the recovery zone enter at

4

the base of the%froth column, and, for all purposes,

have a net vertical motion upwards.
° Air reporés to the concentrate stream, water and solids

A\

report either to the concentrate stream or.retugn'to the
pulp.
. . c . . - )
. Air is "unusual" in that it is common to model only
' : . . ‘ ‘
water and solids behgvior in ‘the recovery zone. ®
. One mechanism that leads to a "loss" of water and solids
- a
from the concentrate stream is bubble coalescence and »
!

collapse.

®* The solids and water released due to detachment, .

o
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[ 4

drainage or on bubble collapse may report to the pulp or
may. beg%me part of another- bubble aggregate.
The probabilfty of solids re-collection in the froth
phase depends upoMPthe hydtophobicity of the particles.
Water that reports to the base‘gf the froth column from
the collection Zone comes from bubble skin or in the
wake of the bubbles.
Ganguevminerals concentrate in the water phase and not
‘on the air bubbles, since they have been carried in the
froth by mechanical entrainment in the water. .’
Water drains from the froth phase toward the froth-pulp
, /
interface.
The differential return rates for valuable minerals and
gangue results in an increase in grade from bottom to
top of froth. |
N

water drainage can lead to bubble film thinning ard=~
collapge. '
the addition of wash water at the top of the ‘froth
column is expected to:. |

i) reduce the impact of film thinning, i.e.

stabilize the froth. |

~i1i) minimize the "pulp wétér"‘thax ultimately
reports to, the concentrate stream and consequently

minimize gaﬁgue contam1nat10n. /;>

¢

\
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5.2.2 Conceptual Froth Model

Based on the current knowledge of the froth zone in the

flotation column summarized above, a conceptual model shown

-schematically in Figure‘5.1 1s proposed. .

- ; * ) N . i .
.0f re-attaghment depending on their degree of

Assumptzons hade afe:
There are three subéystems in the froth; bubbles moving
upwévds, liquid moving downward in the Plateau borders;
and ligquid moving upward in wake or films associated
with the bubbles. Associated wéth each. subsystem is a
conceﬁtration of solids. (Plateau borders haye been
defined by Ho and Prince (1972) ag the channels formed
by the intersection of bubble films it a foam). |
Longitudinai and radial diépersion_can.be neglected in
the froth.
Material is transferred from the bubbles to the-liquid
flowing downward, anF from the films whicq'contains
mosgly gangue material to the downward flowing liquid.
This is illustra;eq'in Figure 5.2 ;or a thin slice of
the froth .column. | ' |

First order kinetics apply to tﬁe system, i,e, the mass
of any spegies transfered iéﬂdependent~5n‘the |

. *°
concentration of the species. .

[

‘A fraction.of the detached soiid;from the bubbles

- :e-attaéh emselves onto the bnbbles, the probability

hydrophobicity.
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'Figure 5.1 €onceptual Model of the Froth Zone
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. . )

Q, © | @8 | g, @ze82)

2+ AZ |

. ];‘ e Q, (@) Q (D)

KaiAc(1-€)(1-1)AZb; . Ky Ag T(1-€QARCe

* Figure 5.2 Mass Transfer in an nfinitesimal Slice of the .

Flotatioén Froth
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A steady state material balance on each subsystem for a

component -1 attached to the bubbles is given ‘by:

al c g-al

Quga— = = ko Ac €C * KB (1-£) (1 = €)) Cy, | [5.1]

in which

C,, is thenconcentration of species i attached to

air bubbles,

Gy, is the concentration pf species i in the
downward flowing stream,
z is the axial distance,

k,, is first order rate constant of detachment,

kg, is first order rate contant of,reattachment,

A. 1s the column cross-sectional area,

e, is the gas’holdup'fraction,

Q. the gas volumetric flow rate. -
For Eomponent 1 entrained. in bubble wake or in the
films we have:

a(Q,C,,) :
—g— = - ko A1 - ) £ C,, . [5.2]

where

C., is the concentratfon of component 1 entrained ‘in
the wake or filmMs of the bubbles,

k., is the first order rate constant of the

a

entrained material due to dfainage,

f is the fraction of the froth liquid carried in the

> . N



bubble films,

Q5 %S the flow rate of the liquid carrying the
e?grained maperiai in the froth.

For material in‘éoghward flowihg stream due- to detachment
and drainage,we lLave, from an overall material balance - \\‘
across She slice of froth: » - h

a(Q,Cy,) ac,, . 4(Q.0s,)

. C - N
3 - %a * Ta [5.9]

4

where
Cq, 1s the concentration of component i in the
ligurd stream moving downwards in the Plateau

borders.
. . v .
Qp is the-flow rate of the downward flowing stream.

A steédy state material balance Sber the. whole froth, o

for species i gives? ’ .

'

QAC,;(0)+QF(0)Cei(0)+QD(2)C;,(Z)=QAc;,(Z)+QF(Z)C,,(Z)+QD(O§C‘,1(9)})

‘ | . » ‘ J
. | : S (s
where . , ” :
' NQ.—-— - \<..
Z represents the total froth height.

-
°

'5.2.2.1 Boundary Conditions. . ’

¥

The initial concentratiog of floatable épécies i
A N .-
entering the froth, C,;(0), as well those of entrained

species i Ca(of must be known in order to oﬁtéinjsolutions

tothe model. It was assumed, following Moys- (1978) that

{



as

mineral particles atrach o the bubbles 1n the pulp phase at
a rate proborh)onul to o the avallable surface area of bubble,
A, i the column and concentrations ¢, of particles 1n the
feed t¢ the column, and :1se at a rate, QA})(U) into the

troth.,

Then:

where A, the bubble @urts e area 15 given by:

Then:

cC (0)z ————— [5.7]

where

k 1s the rate constant for species i
T 1s bubble residence time in the pulp

d t§ the mean bubble diameter.

For entrained gangue and other minerals, the initial flow

’
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rate 15 awgn by

“ S
)//
/'/ '(f
bQA?\ :
Q- [5.8)
d
so that :
(k, 7)C
Cr‘(0)= - e [5.9]
&

1t 1s also assumed that all gangue materials enter the froth

-

by entrainment.
. Qe
The concentration of a species 1n the downward flowing
stream at the pulp froth interface C, (0) can be estimated

from the steady state overall balance and knowledge of

sclids concentration 1n the concentrate.

Transfer of entrained material

The rate coefficient k, can be related to the downward
liguid flow rate by arguing that the entrained particles
experience a shear force due to the liquid motion.
Bascur{(1982) has used the relationship:

N
ke,=K,,d_pV, _ [5.10]
where
K, is a rate constant,
d. is particle diameter,
p is particle.éensity,

V, is the downward bulk fluid flow.
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5.3 Hydraulic Model

The steady state overall water balance 1in the froth 1is

given by: !

where

Q, 1s the flow rate of liguid into the bottom of the

~

froth layer 1n the bubble. fi1lms,
Q. 1s wash water flow rate i1nto the top of the
froth,

T

Q. 1s tlow of water 1n drainage 1n the Plateau
borders, .
Q  1s the concentrate water flow rate.
The amount of water in the films entering the froth has been
calculated as (Bascur[1982],Moys[1978] ):
6Q,9

Q(0)= (5.12]
- d

in which
Q, 1s the velumetric air flow rate,
Qr 1s the same as Q,(0), the flow rate of pulp into
the froth by entrainment.
d is the mean size bubble diameter in the coﬂllection

zZone
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6 1s the film thickness.
The eguation is obtained from the number of bubbles rising
per unit time, 6 QA/nd’1 and the volume of liquid held by a
film surrounding a spherical bubbie, 6x0.288q26.
Q(,\which 1s measurable, can be estimated as a first

approximation from a modified form of the eguation of a

rectangular weilr:

Q.= k™D T (1 - ) [5.13)
\
where
ky, 1s an adjustable constant,
D 1s the cell diameter,
T 1s the head of froth above the top of the column.
Steiner et al.(1977) have expressed the flow rate of
e downward\flowing stream Q, as:
8.845x10‘3?;bg rA. .
Q.= [5.14]

uk at -

v

where
p is the liquid density,
g 1s the gravitational acceleration
r is the radius of Plateau border,
u is‘the fluid viscosity,

v

k, is an an adjustable velocity parameter.
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k)

Rearranging eguation 5.1'1, substituting for.QF and Q, from

eguations 5.12 and 5.4 and solving for r, the radius of

Plateau border, yields:

udzk

ro=|113.1 ————3.30,8.d - (Q, - Q,)]r
: pgf;Ar

[5.15]

The total liguid hoidup 1n the froth has been given by

Hartland and Barber as:
(1 -¢_ ) = 3.3e,3 * 1.26€ '—; [5;16]

Substituting for r from eguation 5.15 yields:

3 0
5 1.26 - wd'k, -
(1 -e ) = 3.3e43 * — | 1131 3.3QA5/d‘(QC’Qw)]I
g PgA. -
[5.17])
/ ) .
Film Thinning and Coalescence o

One mechanism that leads ﬁo mass trénsfer from the

_bubble? and associa&ed liguid moving upwards to the liquid
moving downwards 1is bubble film thinning ieading to
coalescence or breakage. o

The phenomenon of film 'thinning.resulting in
coalescence or breakage has been described by v%rious
researchers in the literature (Hartland & Barber [1974];

Steiner et al. [1977) Bikerman-J.J.[1973)).
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Following Hartland and Barber (1974), the rate of film

thinning 1s déscribed by the Reynolds equation:

Y

. _ ,
as _29.146 0 G@ -
o= ———  [5.18]
nfud’r
A \?>
where o is the surface tension of the fluid, - )
nf 1s an adjustable parameter, -
Also:
dé_ds . dt
dz-dt * dz [5.19]

A ]
At steady state, the upward velocity of the fi%ms is

equivalent to the bubble velocity:

dz_ % |
at Aceg [5.20]
/ A
Substituting equations 5.18 and 5.20 into 5.19 gives:
3
as _29.146 0A €,

az- [5.21]

nfzuszAr

Fraction of froth liquid associated with bubble films;

¢ /

From Ehe conceptual'representétion of the froth aéne,

water and air flows for an infinitesimal slice wogld/appear
. e— '. .
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as shown 1n Figure 5.3.

. . -7
The gas flow rate 1in the froth Q, is assumed constant,
independent of height. It 1is noted that, because of their
association, the film water velocity mus't equal the air

velocity, so: . Py

where

A_ 1s the tolumn dross-sectional area,
}f is the fraction of thé water phase occurring as
bubble film water.

AN

Then:

Q= Qu(————1-) f | [5.23]

N
Since Q, is equal to Q, ay z=0, combining with Equation 5.12

gives:

= (S 2y - [5.24)

O<f< 1 .
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A , Qo (2+4A2) Q (Z+A2)

Z+ 07—

Qr (2)

—

Figure 5,3 Interstitial-Film Water Transfer in an S

Infinitesimal Slice of the Flotation Froth

N ]
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5.4 Solution of Model

Given the physical parameters Q,, Q., Q., A, &, o, o,
u, g, nf, k,, and 1initial estimates of 6,‘and € at the pulp
froth interface, an esti&ate of r can be obtained from
equation 5.16. With these values, eguation 5.21 can be
numerically integrated for &, eguation 5.18 can then be
solvéd for e, and eqguation 5.15 can be Selved for r.
At each step in the integration process, the water flows are
available from eguations 5.12 and 5.14. With the values of
e . and 6, £, the fraction of water in the froth which is

9

carried in the films can be estimated from Equation “5.24.

°

The solids phase eguations can then be solved.

Sclids

With the initial flow rateg of the upward and downward y

‘)
¢/
f

flowing liquids known, anpd knowing the initial solids 'Y
concentrations from Equations 5.7 and 5.9 and the overall
material balance eqguation 5.4, the model solution can Be
obtained. |

The solids concentration profile cah be calculated from
the mass balance Equations 5.1, 5.2, and 5.3. At each stage,
the fractional air holdﬁp and the fraction of liquid in the
films are galculated. The computation of the solids
concentration is done for eafh species present and the total

.concentration for species i is found from

C, = e Cutf(1-e)C +(1-e ) (1-£)Cy, i=1,2,...,] [5.25]

1
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>

where J 1s the number of species present with

C,,=0 for the gangue by assumption.
The mass 1s found by multiplying the concenégations by tbe
elefiental volumes of the subsystems. The mass fraction of a

species is then found by dividing the mass of that species

by the total mass in that volume elément.

‘ >
]

u
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5.5 Experimental Design. and Procedure

r\)" T

5.5.1 Equipmeﬁt:
'fhe flota:ion~columh'described in Chapter 3 was used in

" these tests with the following Important maﬂkfications:

a) A vacuum arrangement for taking representative samples
was designed and installed on the flétation column. A
schematiéﬁdiagram of the arrangement is shown in Figure
5.4, This érfangement is similar in design to that used
by Cutting et al. (1982),

b) Two manometérs were installed on the column, one at the
bottom and one at the top. The difference ip leveis was
used to compute an estimate-of gés holdup f{action in
the recovery zone of the column.

)

v 5.5.2 Samplé Preparation
The bqlk sample 6f about two hundred and twenty six

‘ kilograms (500 lbs) coal was received from the Crows Nest
Resources‘.LinefCreek‘coaI preparation plant..It had been
taken in small increments from the plah;'s flotation
concentrate. The characteristics of the bulk sample are -
summarized in Table 5.1 based on analysis of a head sample
taken from this Bulk sample. The bulk sample Was air dried,
split to the guarter by cone and guartering and then riffled
down to a Sixteenth. Thes; sub-samples were then bagged and

stored. , S ¢
- : g ' 4“



Table 5.1 Bulk Feed Sample Characteristics

-
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SIZE  FRACTIONS MASS%  ASH% % PASSING
TYLER MESH MICRONS |

+65 +210 28.45 7.4 71.55 |
_65+100 2210 +149 16.66 9.16 54.89 \ |
1004150 -149 +105 15.46 9.76 39.43 //
1504200 -105+74  14.63 11.09 - “24.8 /\\
2004325 . 74444, 9.07 13.8 15.73

3257 44 15.73 14.5 .

100 10.29

OVERALL
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Feed for the flotation experiments was prepareé by_the
homogenization and representative subéamplinglof coal fro;
the bags. A model fine coal wasiprepared from this ﬁy adding
fine silica to bring the total ash to approximately twenty
percent. The silicea was made up of forty percent -400 mesh,
30% of -200 + 400 mesh and 30% -70 + 140 meshThis
artificial mixture was preferred to a run of mine coal
because it was judged to be especially useful in documenting
the washing capability of the flotation column. }h~1he
flot;tion ‘tests, only the operational factors were
investigated becaugf the chemicai factor éffects are the
same in conventional cellé as in columns. The factors
investigiated were the feed flow rate, wash water addition
rate and air flow rate. An orthogonal factorial degign was
used with two levels for feed and air.flow rate and three
levels for wash water addition rate as shown in Table 5.2.
5.5.3 Test Procedures

The flotation column exégriments were conducted by‘
first filling the 37011itre‘§§éd conditibning,tank with
about eighty eight litres of water. The_appropriate guantity
of feed solids was then added to give the requireé solids
.Fonéentration:(S%,by weight), while the mixér wa§<rpnning.
The required amounrfof kerosene colle?tor Qas added and thqh
the frother (4—methyl-2jpenta?91) (MIBC).  The column itself
was then filled-with water from the vash vater line and then

» 3 v - L
"the wash water was ‘adjusted to the desired flow rate: The

t T
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.< Experaimental Design for Runs 1 to 18

LIRS T SGRAES

RUN  FEEDRATE  AIRFLOW  WASHWATER  YIELD < ASH <
(/mun) (/) FIL.OW(I /i)
R 1S 0 86 79 0 18
35 1.5 0 86 55 K 83
A 2.8 R 0 86 56 X7
1 35 2 0 86 6 946
S L2 x 1S 075 . 85.69 82
6 1S 15 075 85 3 767
. | 28 > 075 Ko RO K23
8 35 2 075 : 85 85 841
0 28 1.5 1S 86 03 82
1O 35 1S 1.5 86.9 8 99
i
1 2K 2 15 84,06"? 81
12 35 > 15 k6,03 . o
13 3.5 1.5 0 87 9
1 2y 2 1.5 8534 8.57

SECOND SERIES

s 4.5 2 1.5 72.68 7.73
1o 35 2 075 75.13 8.18
17 45 2 0 7637 9.41
I8 L. 45 2 0.75 73.22 9
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air flow rate was alsc set at the desired level. After the
teed slurry was conditioned for at least ten minutes, the
feed pump was turned on and the flow adjusted to the desired
operating level. The 1nterface level 1n the column was set
Py coutrolling the speed ot the tailings pump. Sampling was
commenced at least five minutes after the first froth
overtlows 1nto the overtlow lauder. A preliminary test to
determine the time to stgady state showed that tﬁe system
tock three to four minutes to do so. In this test, samples
were taken from the cléan coal product at one-minute
intervals for twenty minustes. The samples were ash analyzed
and the time after which the ash content of the product
stayed practically constant was taken to be the steady state

time for the system.

5.5.3.1 Sampling

Samples were removed through sampling ports located at
15cm intervals on the column. Four samples are taken from
the froth or cleaning zé%e as well as the concentrate
sample. One sample was taken from the collection zone just
bedow the interface and two tailings samples were taken; at

1]

the bottom of the column and from the tailings line. The
samples were weighed, filtered and dried and the solids
concentrations.profile in the froth zone determined. Ash
anal;sis of the samples was done ig.duplicafés to determine
the ash- content and thence calcuiate the yield. The yields
were computed from the ash analysis’ results because the

tailings flow rate was manipulated to control the level of

L}



the pulp/froth 1ntertace and so computation of yield from
the slurry or solid tlows was considered 1naccurate. The
percent solids 1n the tailings was toc small to give a godd

stimate of the yield.

5.5.4 Results and Discussions

The column flotation results for the fourteen runs are
given 1n Appendix B. The results of the additional four runs
with a higher feed ash content are presented in Tables 5.3,
5.4, 5.5, and 5.6. The feed ash content of the first set of
fourteen tests were found to be too low and the results
ceuld not be used for the model verification. Conseguently
the second set c¢f four tests was run for that purpose. The
operating conditions which were varied in the first set of
tests were wash water, air and feed flow rates. Two levels

each of air and feed flow rates and three levels of wash

water flow rates were used.

General Observations ~

As previously mentioned,the feed material used in this
study was a "model coal” prepared by mixing the coal sample
from the Line Creek preparation plant clean coal with a
pre-determined proportion of silica to give the specified
feed ash. It was assumed that the reagent dosages used by
the Line Creek preparation plant (3.7 cc kerosene/kg solids
and .22 cc MIBC/kg solids) could be appropriately applied to

these. tests. However, it was observed that due to the high
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Table 5.3 Column Flotation Results for Run 15

\
1. CONDITIONS
I'ced Rate: 4.5 L./Min Feed Ash: 30%
Wash Water Rate: 1.5 L/Min Collector: 3.7 cefkg Feed Sohds
Air Flow Rate: 2.0 1L/Min Frother: 0.6 cc/kg l-‘c‘cd.Sullds
2. DATA
Sample Identification: #1  collection zone sample  #2 10 cm above interface
#3 25 cm above interface #4 40 cm above interface
#5 55 cm above interface #6 concentrate
#7 ailings
SAMPLE # __ASH % SOLIDS
1 \  16.01 9.42
2 10.18 g 15.71
3 10.35 16.71
4 8.46 . 19.03
5 ’ 8.35 1691
6 7.73 - 30.42
7 89.24 _ 0.78
N
. ,

Product Yield =72.68%



Table 5.4 Column Flotation

I CONDITIONS

I-eed Rate:

Wash Water Rate:

Atr Flow Rate:

2. DATA

Sample Identification: #1

3.5 1/Min
0.75 L/Min -
2.0 L/Min

Results for

Feed Ash:

Collector:

Frother:

collection zone sample

Run 16

30%
3.7 cc/kg Feed Sohds

0.6 cc/kg Feed Sohds

#2 10 cm above interface.

4 #3 25 cm above interface #4 40 cm above interface
#5 55 cm above interface #6 concentrate
#7  ailings
SAMPLE # ASH % SOLIDS
1 '18.95 ‘ 12.30
2 11.78 24.94
3 10.02 2243
4 9.01 ® 23.61
5- 8.88 24.17
6 8.18 29.55
7 95.92 0.80

Product Yield = 75.13%

113



Table 5.5 Column Flotation Results for Run 17
!
1. NDITIONS \
Feed Rate: 4.5 L/Min Feed Ash: 30%
Wash Water Rate: 0.0 L/Min Collector: 3.7 cc/kg Feed Solids
Air Flow Rate: 2.0 L/Min Frother: 0.6 cc/kg Feed Solids
2. DATA
Sample Identification: #1  collection zone sample  #2 10cm abbvc interface
#3 25 cm above interface #4 40® gbove interface
#5 55 cm above interface #6 concentrate
- #t? tailings
SAMPLE # ASH % SOLIDS
1 17.95 12.15
2 12.04 l " 30.33
3 11.69 28. 14\1
4 10.97 31.47
5 )} . 10.27 32.72
6 ‘9.41 36.00
7 96.53 ‘ 0.98

Product Yield = 76.37%
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Table 5.6 Column Flotation

1. CONDITIONS

Feed Rate:
Wash Water Rate:

Air Flow Rate:

2. DATA

<

collection zone sample

4.5 1/Min Feed Ash:
0.75 L/Min Collector:
2.0 L/Min Frother:

~

\ ©

Results for Run 18

30%

3.7 cc/kg Feed Solids

0.6 cc/kg Feed Sohds

Sample Identification: #1 #2 10 cm above interface
#3 25 cm above interface #4 . 40 cm above interface
#5 55 cm above interface #6 concentrate
#7  ailings
SAMPLE # ASH % SOLIDS
1 19.90 9.87
2 12.61 19.76
3 11.51 20.64
4 .10.43 21.85
5 9.54 18.93
"6 9.08 33.03
7 87.40 0.89

Product Yield = 73.22%

115



116
\

floatability of the coal and the relatively small percentage
ash, froth overloading occurred. The bubbles were so heavily
loaded with coal that 'freezing' of the froth zgne résulted,
reducing the froth mobility guite drastically. The problem
was alleviated only after ghe frother dosage had‘been
increased nearly three times and the feed percent solids
redu&ed from 7.5 to 5.0.

It is noteworthy to observe from Table 5.2 that the
product ash obtained for all the experiments were well belgqw
the 10.29% centained in the Line Creek plant product. t&}s
is probably an indication that the ash of 10.29% could be
significantly reduced by cofhmn flotation.

“

Effect of feed flow rate

The effect of feed flow rate is not immediately
apparent but a stepwise multiple linear regression of yield
on the above operating conditions yielded the following
correlation:

' ‘
Yield = 86.595 - (0.3749)xwash water ratexair rate
' | [5.26)
. 3\ /
It abpears therefore that the slurry feed rate does not have
much influence on the product yield. This implies that one

mayiﬁani to operate at the higﬁ flow range as lon%'as

~

adequate residence time is maintained. This may be true for

feed material with slow flotatlon klnetlcs. For h1ghly



floatable material such as the coal used in these tests,
there is a risk of froth overload and must be considered in
the selection of the feed rate. The result of froth overload
1s an 1increase in air holdup because mobility of the
particle-bubble aggregates is severely restricted. In fact,
there is the téndency for the loaded bubbles to be carried
downwards towards the tailings if the feed rate is too high.
In the situation where this occurs, the run may have to be
stobped. In the column‘used in these tests, which is
equipped with manometers for air holdup measurements, this
will be indicated by a drop in level in the lower manometer
and in the worst case the coal laden bubbles would be seen
in the lower manometer where there is very little downward
.flow. This condition has been referred to as an inveﬂsionf
The rise velocity of the heavily laéen bubbles is low and
thus are easily carried downward by the moving fluid. The

effect 1s reduced by addition of frother.

Effect of air

The correlation also shows that the yield is a function
of the interaction between the wash ;ater and air flow
rates. While Coffin and Miszckak (1982) have reported that
recovery could be correlated with air flow rate, Dobby et
al. (1985c) found g relationship between air holdup and
recovery. Amelunxen (1985) has stated that a better

correlation exists between air holdup and recovery than

between air flow rate and recovery.
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The results show a decrease in yield with increasing

air flow. As air'flow'rate increases the total bubble

’ f
surface area increases and the yield should increase. Also,

Ay

as alr flow rate increases, the average buEBTE/éiameter

increases, resulting in a reduction in the specific bubble
. surface area and hence a reduction in yield. It appears
therefore that there exist two opposing effects, the first
dominating-at low air flow rate and the second at high air
flow rate. Thi; suggests an optimum intermediate aif flow at
which the best yield is expected. Similar results have been
observed by Laplante &t al. (1983) and Qobby et al. (Jan.
1985). The implication here is that the air flows used in
these tests are on the high side where yield drops with
increasing air flos. This was clearly shown in the
backmixing and residepce time distribution tests of Chapter
4. A close look at £he test results show that there is a
slight increase in product ash with increased[air flow rate
but’ the increase is minimal because the two air flow rates
are not significantly different., The ?igher limits of air

flow rates were required to provide ﬂ§asonably high froth

mobility and reduce froth 'freeze'.

Effect of Wash Water Flow Rate e .

3

From the analysis of the results of product ash.of test run

1 to 14, given in Appendix B, it appears that the washing
effect of the wash water on the product ash levelled off

after a wash water flow rate of about 0.75 L/min (0.4cm/sec.
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/ _ / .
superficialfvelocity). In some casgs theée was a decrease
and then an increase in the produét ash? The only plausiblg
explanation would be that the higher waSh water flow rate
had a non-selective shearing effect on' all particles. This
effect might have been enhanced by thé near bubble overload
condition that existed, by virtue of fhe‘high floatability
of the coal used and the small percentage ash present. This
.result was unexpected so further testing was deemed
necessary.

The second set of tests was designed sbecifically to
investigate the effect of wash water éddition rate on
product yield, percent ash and percent-solids. In runs 15 to
18 a higher ash feed was used (30%). In ;ddition, froth
samples along\the cplumn were taken ysing a vacuum system.
The results afe given in Table 5.3 to 5.6. None of the above
observations reggrding the levelling off of the ash after
some high wash water rate is apparent. The product ash
decreases significantly but not-dramatically with increasing
wash water addition rate as shown in Figure 5.5 but this
happens at the expense of coayl yield which drops off with
~increasing wash water as shown in Figuré 5.6. This means
that a compromise must be reached between low product ash

and yield to select the appfopriate wash water rate. It is

dlso noted that the product percent solids decreases with

Ll

increasing wash water rate. This is shown in Figure 5.7.
This' medns that some wash water returns, to the concentrate

and the amount that returns depends on the wash water flow

I
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rate. The implication is that there is water exchange
between the danward flowing stream and the dpward flowing
stream and that the transfers depend on the relative amounts
of these streams.AThis water exchange is responsible for
keeping entrained feed liquid ent;rihg the ptoduct to a
minimum,
Conclusion

‘ The following conclusions can be made. Feed flow rate
does not appear to have significant effect on product yield
undet the conditions used in this study. It mus{ however be
set to provide the required residence time.

There is water exchange between the wash water and the
entrained slurry that lipits the amount of slurry entefiﬂg///
the produdt and this exchange depends on the relatlve |
amounts of wash water and entralned slurry

It appears that in the event of near frqth overload
operations, high wash water additioﬁ may result in
non-selective shearing of particles, resulting in higher
product ash and lower solids recovery‘

In most cases, flotation is applledato coals that are

.
dlfflCUlt to clean. For these materials the column is 1dgal
, When column flotation is applied to highly f{oatable coals
‘ the~potentisl for froth_overidad is greatly enhaﬁced; Froth

removal may become the rate determining step and higher

frother consumption could result.

o
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5.6 Model Verification P

The procedure followed i1n obtaining the model solution
1s outlined i1n section 5.4 of this chapter. There are many
parameters, giving an indication of the complexity of the
flotation froth and how much more has to be learned about
it . Independent estimates of as many of them as possible 1is
recommended.

.The gas holdup fraction at each level was estimated
from equation 5.18. The thickness of slurry carried on the
bubbles & was estimated by integration of equation 5.21.
Initlaid values were obtained such that the estimated volume
fraction of liguid in the base of the froth column was the
same as found 1in practice.‘The rate coefficients 1nto the
froth were combined with the bubble residence time 1n
eqguations 5.7 and 5.9 and obtained from experimental data.
The rate coefficients between the subsystems were adjusted
to simulate the experimental mineral matter data.

Figure 5.8 shows the ash data from runs 15, 17 and 18
which differed only in the wash water flow rate. Figure 5.9
shows the simulated data from the model. The parameters for
the model were as follow: & =0.006 cm, at the froth/pulp
interface, rate coefficients for attached coal, entrained
coal, entrained mineral matter were respectively,~0.0005
s, 0.0025 s, and 0.003 s '. The rate coefficient for
reattachment was 0.0001 s . The parameters nf and kv for

the hydraulic model were 560.0 and 0.8 respectively for 0.75

l1/min. wash water. A computer program in fortran used in
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0
obtaining the model solution 1s presented in Appendix C. The
simple Euler method was used 1in the numerical integration.

Figure 5.10, 5.11 and 5.12 shows the comparison of the
simulated and observed mineral matter profile for each of
runs fifteen, seventeen and eighteen.

These figures show fairly good agreement. The model
predictions are acceptable on the basis of a Chi-squared
test. When there is no wash water, the variation of ash with
froth height is close to linear. As wash water flow rate 1is
increased, the the curvature increases. The estimation of
percent solids was fairly good but less so than the mineral
matter estimation. Figure 5.73 shows a comparison of the —
observed and simulated percent solids profile for run
seventeen. The difficulty of sampling the zroth may account
for some of the deviation due to error in_the e%perimental
data. This is especially true for the percent solids
measurement. The addition of wash water some distance below
the surface of the froth tends to make the percent solids
lower in that region,than would be expected. The present
understanding of water transfer processes upon which the
formulation of the hydraulic model was based may not be
entirely adequate. The model of Hartland and Barber which
was modified and used here was derived for foams and does
not consider the effect of solids on the water transfer.

Nevertheless the model is good in explaininé the

washing action of the wash water. It takes into account most

‘of the subprocesses observed in the froth. It gives a good

o
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understanding of the behaviour of the froth, both washed and
unwashed and should provide the basis for further

development and perfection.
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6. SUMMARY AND CONCLUSIONS

A moderately sophisticated laboratory flotation column
has been set up at the University of Alberta for the
development of a flotation froth model and;&in the medium
term, for the study of column flotation of Western éanadian
coals 1in the countercuréent system. The flow dynamics in a
continuous flow system such as the flotation column is knqwn |
to affect the performance of such systems and therefore a
detailed study of“"{??;ow characteristics was undertaken.
This study was gone fn terms of direct flow visualization,
experimentél investigation of backmixing and residence time
distribution. It Qas established that some degree of
dispersion exists in the laboratory flotation column which
1s mostly induced by the counter-current flow aof air. The
degree of dispersion is not considered large enough to have
a significant detrimental effect on the operating
performance of -this column at the operating conditions being.
used. In a larger system, baffling may be necessary to
reduce dispersion. No appreciable stagnant volume was
observed. The residence time distribution‘model that closely
describes the flow characteristics in this column is the
fractional tubularity model, which is a combination of p}ug
flow and perfect mixers in series. 5

The column was found to be suitable for coal flotation
at appropriate operating conditions from coal flotation

studies done with this column. For highly flotable coals,

there exists a potential for froth overload, a condition

133
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which is thought to be detrimental to flotation . The column

1s particularly suitable for cleaning the moderate to

difficult to clean coals.

Recommended improvement in the laboratory flotation
columg set up is as follows:

1. Another sparger should be installed.half-way up the
collection zone to increase the air throughput without
an excessive increase in pressure drop’across the =
sparger. This would ensure that a bubbly flow regime is
maintained while higher air flow rates are used.

2. An automatic level controller wo&ld increase the ease of
operation of the system by reducing operator attention.

3. bifferent wash water distribution systems should by
tfied to obtain a more effective system.

The studies show tha£ the column has a potential of
providing an effective way of cleaning coals that are
difficult to clean. Recommended further stuaies.should
include the following: -
1o~ Pilot scale studies to assess the poten;iél of a large

scale industrial application and to study the problems

!
abdsociated with scale up of laboratory results to pilot

* ~or industrial scale operations,

2. The scale-up studies should be coupled wi;h research to
dévelop the appropriate Eechnology for_génerating_fine'
bubbles for pilot ana large écale columns. This is known

to be a major source of concern in operating columns,

3. It is also felt that a joint effort by the University
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and the Mining companies is the surest way of
establishing the full potential of this new technology
and the technology transfer, if it is found appropriate.
The University should therefore solicit the cooperation
of the mining companies tJ participate in tﬂe research
into the technology.

The characterization of the flé\ation column froth was

Y "y
also the subject of this study. After 8 thorough literature

ré&few and laboratory study of the frotﬁ\column,(a realistic
phenomenological model has been proposed f64describe the .
mass Aransfer occurring in the froth. It takgs ih{B\account
particle transfer by entrainment, detachment\and h
reattachment in the froth. It also includes a Qager Exchange
model which describes water transfers within thet}roth.EThe
approach used to develop the model is probably thé most
appropriate way of describing the distributad naturé'of thé
froth.‘The model gives reasonabiy good predictions Jf the \
grade profile along the froth length. There still remains
some work to be done to improve the prediction capabilitieg

W

of the model. The current knowledge of the froth behaviour °

&

is still limited and the rat? coefficients have to be
determined from experimentg. The model’coqtaihs many
parameters and so some of them have to be‘estimated
independently. ot
x The model is a significant contribution to the current
knowledge of the froth., The proposed model in this study

should form the basis for.further study and refinement to
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explain the cleaning action of the froth, both washed and
unwashed. Future efforts could appropriately be. focussed on -
. ‘

the following:

1. The study of the froth to include phenomena like bubble
breakage and coalescence into the model..Of course,
inclusion of these and other subprocesses in the model
will increase its. complexity unless those processes are
well understood. Accumulation of knowledge about these
Subprocessgs thrbugh study such as that fepprted in tﬁis
thesis will help determine those with significant impact
on the overall process. -

2. The estaBlishment of correlations for the rate éonstants
in the model. Oﬁce good corfelatibns are established for
these coefficients, the cleaning zone model could be

.interfaced witﬁ existing collectiqn_zoné models to .
predict the overall flotatign'perfofmancé.

Phenomena like column drainage observed by some researchers

were not explicitly included into this model..

Froth modelling is a relatively unsophisticated yet

essential component of flotation modelling and more research

is required in that area.
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Calibration of Flow Meters
The magnetic flow meter on the feed line and the
rotameter were both calibrated in tlitres per minute.

, . N
Magnetic Flow Meter Calibration

The magnetic flow meter was calibrated by setting an
adjustable resistor in the signal convertor to the desired
‘value. The calibration factor of the meter is given as 14.16
U.S gallons/min by the manufacturer. The appropriate
resistance 1is obtained from the following relationship:

Flow.at 100%(20 mA)
Cal Factor

Resistance=40,000x

The maximum flow that was required was 8.0 1/min or 2.11
USGPM. Substitution of 2.11 in the above relationship yields
a resistance of 5960 ohms. The resistor was adjusted to this
value using a multimeter. After this calibration was
completed, the measurements were checked by taking samples
of running water through the flow meter for a given time. A
plot of the calibration curve is given in Figure 6.1.

Wash water Flow Calibration

The wash water flow meter was calibrated by taking samples
of water running through the flow meter for specified times
at different settings i percentage of maximum setting of
the flow meter. A plgot of the measured flow rate against the
percentage of maximum setting is shown in Figure 6.2. An
equation was fitted to the calibration data points as

Flow(l/min)=0.1318x(%Reading) - 2.2

which could be used to determine the setting for a given
flow. o
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Experimental Data For Runs t To 14
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Table 6.1 Column Flotation Results for Run 1

1. CONDITIONS

Feed Rate: 2.8 L/Min Feed Ash: 20%

Wash Watsg Rate: 0.0 Collector: 3.7 cc/kg Feed Solids
Air Flow Kate: 1.5 L/Min Frother: 0.6 cc/kg Feed Sohds
2. DATA ¥

Sample Identificaion: #1  collection zone sample  #2 10 cm above interface
#3 25 cm above interface #4 40 cm above interface

#5 55 cm above interface #6- concentrate

#7  tailings
SAMPLE # ‘K\f ASH ' % SOLIDS

1 1238 15.66

2 \ 10.42 30.65
3, 10.55 - | 34.87
g 10.10 | 31.70
s 9.29 . 33.04

6 | 9018 3275

7 » 91.07 0.39 Y

Product Yield = 86.79%



Table 6.2 Column Flotation Results for Run 2

Sample Identification: #1

1. CONDITIONS

Feed Rate: 3.5 L/Min Feed Ash:
Wash Water Rate: 0.0 L/Min Collcc;or:
Air Flow Rate: 1.5 L/Min Frother:

2. DATA

collection zone sample ~ #2

149

»

20%
3.7 cc/kg Feed Solids
0.6 cc/kg Feed Solids

’ 4

10 cm abové interface

#3 25 cm above interface #4 40 cm above interface
#5 55 cm above interface #6 concentrate
. #7  tailings
SAMPLE # | ASH % SOLIDS
1 13.31 13.74
2 10.13 32.60
3 9.89 29.34
4 9.55 . 29.55
5 10.06 30.38
) - 8.79 33.68
7 91.90 0.35

Product Yield = 86.55%

»
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Table 6.3 Column Flotation Results for Run 3

1. CONDITIONS

Feed Rate: 2.8 L/Min Feed Ash:
Wash Water Rate: 0.0 L/Min Collector:
2.0 L/Min Frother:

Air Flow Rate:

2. DATA

Sample Identification: #1

collection zone sample

#2

20%
3.7-cc/kg Feed Solids

0.6 cc/kg Feed Solids

10 cm above interface

#3  25.cm above interface #4 40 cmabove interface
#5 55 cm above interface #6 concentrate
#7  wilings
SAMPLE # ASH ‘ % SOLIDS
. 1276 15.28
2 10.17 3252
3 9.67 31.92
4 9.50 31.97
5 10.80 28.83
6 8.69 35.20
7 0.33

Product Yield = 86.56

92.84
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Run 4

Table .4 Column Fiotation Results for
U CONDITIONS
beed Rate: IS5 1/Min Feed Ash:
Wash Water Rate: 0.0 1/ Min Collector

Air Flow Rate. 201/ Min Frother

2 DATA

°

Sample Idenuficanon. #1 collection zone sample

#3 \2? cm above interface
#5 5SS cm above interface

#7  wihings

204%

3.7 ce/kg Feed Sohds
0.6 c¢/kg Feed Solids

10 cm above itertace
40 ¢cm above integace

concentrate

% SOLIDS

SAMPLE # ASH
1 ) 14.33
2 11.68
3 11.25
4 9.68
S 10.00
6 9.06
7 — 90.79

Product Yield = 86.60%

1415
30.94
31.08
31.79
31.61
35.08

0.40



Table 6.5 Column

I CONDITIONS

Feed Rate: 2.8 1./Min Feed Ash:
Wash Water Rate: 075 I./Min Collector:
Air Flow Rate: 1.5 1./Min Frother:

2 DATA

Flotat:cn Results for Run 5

20%

3.7 ce/kg Feed Sohds

G.6 ce/kg Feed Solids

Sample Idenuficanon: #1  collecton zone sample #3110 cm above intertace
#3 25 emabove mterface #4 40 cm above intertace
#5 55 em above interface #6 concentrate
#7  tailings
SAMPLE # ASH % SOLIDS
] 13.03 13.47
2 9.85 20.45
3 9.52 19.86
4 9.31 19.73
5 T 8.96 13.10
6 8.20 27.35
7 90.68 0.28

Prpduct Yield = 85.69%
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Table 6.6 Column

I CONDITIONS

I-eed Rate:
Wash Water Rate:

Arr Flow Rate.

2 DATA

Flotation

35U/Min
i
LY

0 73\l,/Mm
4

1.51./Min

N

Feed Ash
Collector:

Frother:

Results for

Run o

20%
3.7 co/kg Feed Sohds

0.6 cc/kg Feed Solids

Sample Idenaficavon: #1 collection zone sample #2 10 ¢m above intertace
#3 25 cmabove interface #4 40 cm above interface
#5 55 cmabove interface #6 concentrate
#7  ilings
SAMPLE # ASH . % SOLIDS
! 1240 15.62
2 9.92 19.14
3 9.65 18.58
4 9.20 18.51
R) 9.20 18.05
6 7.67 24.55
7 ' 91.80 0.33

Product Yield = 85.30%
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Table 6.7 Column Flotation

1. CONDITIONS

leed Rate:
Wash Water Rate:

Atr Flow Rate:

2. DATA

28 1./Min-
0.75 L./Min

2.0 I/Min

Feed Ash:
Collector:

Frother:

Results for Run 7

20% .
3.7 ce/kg Feed Sohds

0.6 cc/kg Feed Sohids

10 ¢m above intertace

Sample Identification: #1  collection zone sample  #2
#3  25cmabove interface  #4 40 cm above interface
#5 55 cm above interface #6 concentrate
#7  tailings \
SAMPLE # ASH % SOLIDS
\ 12.69 13.61
2 11.89 23.30
3 11.08 23.01
4 9.51 20.67
NS 8.76 16.38
6 8.23 v 24.59
7 91.07 0.39

Product Yield = 85.89%
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Table 6.8 Column Flotation Results for Run 8

1. CONDITIONS

Feed Pate: 3.51/Min Feed Ash: 20%

Wash Water Rate: (.75 [./Min Collector: 3.7 ce/kg Feed Sohds
Alr Flow Rate: 2.0 L/Min Frother: 0.6 cc/kg Feed Solids
2 DATA

Sample Idenuficaton: #1 collection zone sample #2 10 cm above intertace

#3 25 cm above interface #4 40 cm above mtfrmcc
#5 55 cm above interface #0 concentrate
#7 ailings
/
SAMPLE # ASH J % SOLIDS
1 14.61 11.97
2 11.40 19.85
3 10.44 - 19.76
4 9.60 19.95
5. 9.75 19.17
6 . 8.41 28.97
7 91.07 0.39

Product Yield = 85.85%
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Table 6.9 Column Flotation Results for Run 9

1. CONDITIONS

3
Feed Rate: 2.8 L/Min Feed Ash: 20%
Wash Water Rate: 1.5 L/Min Collector: 3.7 cc/kg Feed Solids
Air Flow Rate: 1.5 L/Min Frother; 0.6 cc/kg Feed Solids
2. DATA

Sample Identification: #1  collection zone sample  #2 10 cm above interface
#3 25 cm above interface #4 40 cm above interface

#5 55 cm above interface #6 concentrate

#7  ailings
SAMPLE # ASH . % SOLIDS
1 12.95 11.32
2 9.30 15.23
3 9.25 14.36
4 9.74 13.19 ’
5 9.00 13.29
6 | 8.20 24.49
7 9269 0.25

Product Yield = 86.03%



Table 6.10 Column Flotation Results for Run

1. CONDITIONS

Feed Rate:

Wash water Rate:

Air Flow Rate:

2. DATA

351./Min Feed Ash:
1.51./Min Collector:
1.5 1./Min Frother:

157

10

20%
3.7 ec/kg Feed Sohds

0.6 cc/kg Feed Sohids

Sample Identification: #1  collection zone sample ~ #2 10 cm above interface
#3 25 cmabove interface #4 40 cm above interface
#5 55c¢m “above interface #0 concentrate
#7  tailings
SAMPLE # ASH % SOLIDS
1 1422 10.83
2 11.25 14.88
3 10.47 14.74
4 9.97 13.26
5 10.43 14.00
6 8.99 23.73
7 92.83 0.25

Product Yield = 86.90%



Table 6.11 Column Flotation Results for Run 11
1. CONDITIONS
Feed Rate: 2.8 L/Min Feed Ash: 20%
Wash Water Rate: 1.5 1/Min Collector: 3.7 ce/kg Feed Sohids

Air Flow Rate:

2. DATA

2.0 L/Min Frother:

Sample Identification: #1

collection zone sample #2

0.6 cc/kg Feed Solids

10 cm above interface

#3 25 cm above interface #4 40 cm above interface
#5 55 cm above interface #6 concentrate
9 . #7  tailings
SAMPLE # ASH % SQLIDS
1 12.93 12.57
2 10.27 17.09
3 10.07 16.44
4 9.29 16.75
5 8.88 14.56
6 8.10 29.62
7 85.70 0.27
= 84.66%

Prodllct Yield
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Table 6.12 Column Flotation

1. CONDITIONS

Results for Run 12

I-eed Rate: 3.5 /Min Feed Ash: 20%
Wash Water Rate: 1.5 [/Min Collector: 3.7 cc/kg Feed Solids
Air Flow Rate: 2.0 L/Min Frother: 0.6 cc/kg Feed Solids
2. DATA
Sample Idcm'iﬁca[ion: #1  collection zone sample  #2 10 cm above mterface
) #3 25 cm above interface #4 40 cm above interface
#5 55 cm above interface #6 concentrate
#7  rtailings
SAMPLE # ASH % SOLIDS
1 13.84 10.47
2 11.41 14.06
\3_\ 11.12 13.67
4 9.71 13.69
110.38 14.14
6 9.00 23.85
7 87.76 0.28

"Product Yield = 86.03%

¥
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Table 6.13 Column Flotation

1. CONDITIONS

Feed Rate:

Wash Watcr—Rate:
/‘

Air Flow Rate:

2. DATA

Sample ldentification: #1

3.5 L/Min
0.0 L/Min

1.5 L/Min

Results for Run 13

Feed Ash: 20%
Collector: 3.7 ce/kg Feed Solids

Frother: 0.6 cc/kg Feed Solids

collection zone sample ~ #2 10 cm above interface

#3 25 cm above interface #4 40 cm above interface
#5 55 cm above interface #6 concentrate
#7  tailings
-3
SAMPLE # ASH % SOLIDS
1 12.76 13.91
2 10.49 31.84
3. 10.30 32.74
4 9.93 ‘ 31.40
5 10.08* \ 28.48
6 9.00 « 3380 @
7 93.68 0.24
\ @

Product Yield = 87.00%

X

0.@

160



o 161

(

Table 6.14 Column Flotation Results for Run 14

]

I. CONDITIONS

Feed Rate: 2.8 L/Min Feed Ash: 20%

Wash Water Rate: 1.5 1./Min Collector: 3.7 cc/kg Feed Solids

Air Flow Rate: 2.0 [/Min Frother: 0.6 cc/kg Feed Solids

2. DATA

Sample Identification: #1 -collecrion zone sample  #2 10 cm above interface '

#3 25 cm above interface #4 40 ¢cm above interface

#5 55 cm above interface #6 concentrate

#7  ailings
SAMPLE # | ASH % SQLIDS
] 16.75 - 13.26
2 10.93 15.96
3 10.75 16.63
4 10.54 16.70
5 10.38 15.91
6 | 8.57 ‘ 27.23 .
7 86.53 027

Product Yield = 85.349
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Computer Preogram for Obtaining Model Solution
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PLON OOV BEWN -

OOOO

PROGRAM  COLUMN

Program to solve the Flotation Column Froth Model
Simple tuler Method is used in the Integration

CHre 44444440 4444444444444 4444444444444+ 2444444444444+ 444444444
;]

C VARIABLE/PARMETER DEFINITIONS:

a0

Y

OO0 O

OOOO0O0

o Xe]

OO

\

25

QA=Air Flowrate
EG=Fractional air Holdup

2

AC=Column x-sectional area
DB=Mean bubble diameter

KD.KA,KDR,K KPA1,KPE1,KPE2 are rate constants.

CA1,CE1,CE2,8D1,CD2 are solids concentrations

MCA1,MCE1 ,MCE2.MCD1,MCD2 are solids masses.

Qw=Wash Water Flow Rate QF=Slurry flow into froth
QC=liquid flow into ¢oncentrate. )

F=fraction of froth liquid in films.
DEL=Film thickmess G= Gravitational acc'n

MEU= fluid viscosity KV and NF are adjustable model

parameters.

R R R R R R R R R T T T T T Y YU u e

REAL QA AC,.EG,DB,KD,KDR,KG,CA1,CE1,CE2
REAL MCA1 MCE1 MCE2,QD,KA,KPAT,KPET, KPE2

¢ REAL QW,QF  F DEL

REAL G,QC,MEU.KV,NF MCD1,MCD2

Initialisé the parameters.

EGO0 can be estimated from the .
modified Hartland foam model or a measured walue.
can be used

GAS HOLDUP IN FROTH
QA=2000.0/60.0

AC231.67

QW=750. /60

KH=100.0

T=2.0

£G0=0.70
QC=KH*6.35=(1-EGO)*Tx*1.5
QC=322.11/60.

Kv=0.8

NF=560.

G=981.

DB@.1

DELTA0=0.006

MEU=0.013

Estlimate RO from equation 5.16

RS1=(1.-EGO)-3.3+EGO*DELTAQ/DB
RS2=DB*=*2/(1.26%EGO)
RS3=RS1%RS2

RO=RS3#=.5

RHO=1.0

S1GMA=30.0

WRITE(6,25)

FORMAT(- T12,’ HEIGHT FROM’ ,728,’ PRODUCT' , 740, PRODUCT'
+ 152, PERCENT' ,/,T13,’ INTERFACE'

+ 'GRADE’',782,'s0OLIDS' ,//)

. 130, " ASH' ,T41,

i
n_y

and

+
+
+
+
+
+
+
+
S
-+
+
+
-+
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[eXeXe]

Calculate the initial concentration of each species

CA1=0.084
CE1=0.045
CE2=0.0495

KG=0.003
KDR=0.0025
KD=.0001
Ka=.0005
ALPHAI=.6
0Z=0.5
=0.
IMAX=70.0

DO 10 H=Z,ZMAX,DZ

With these initial values,

from equation 5.21

.3“\'
ir

solve for the film thickness

DELT1= 29.13*DELTAQ**3+«SIGMA*AC*EGO
DELT2=MEU*DB=*2xNF»*2+«R0*QA

DELT=(DELT1/DELT2)=DZ
DEL=DELTAO- DELT -

Then solve for the gas holdup fraction from equation 5.17

A

y

TERM1=113. 1*MEU*=KV=DB=**2/(RHO=G=*AC)
TBRM2=3. 3+DEL=QA/DB-(QC-QwW)
TERM12=(TERM1*TERM2 )%= 5

OTERM=1. +
0T =1.26/D

3=DEL /DB
*

EG=(1 - OT=TERM12{/0TERM
PRINT = EG,OTERM, TERM12,R0

Determine R from equation 5115

RP1=113, 1*MEU*KV*DB**2/(EG**2*RHO*G*AC)
RP2=3,3*QA*DEL/DB- (QC-QW)

R4=RP1+RP2
RzR4*x 25

Calculate QF,

-QD1=QF+Qw-QC

-QD=0. 00845*EG**2*RHO*G*R4*AC/(MEU*KV*DB**2)

QD and F
.7 QF=3.3*QA%DEL/DB

F=(6.+DEL/DB)*(EG/(1.-EG))
 IF(INT(H/5)*5.NE.H)GO TO 24
WRITE(6,21)EG,R,DEL,QF ,F
21 FORMAT(2X.F8.5.2X;F10.6.2X,F12.8,2F8.4)

24 “ CONTINUE

ﬁ,

-

Estimate the solids concentration in the downward

flowing stream at the pulp: froth interface from an
overall material balance over the froth cofumn. -

3
1S
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P

'Y
117 [F(H GT 0. 0060 10 20
118 CMAGS=239 K4
119 CASH=Q O
120 CCOAL=100. CASH
121 COALM=CCOAL*CMASS/ (3 60, » 100
132 ASHM:=CASH=CMASS /(3 *60 s 100
w2y - QDCD1=QA*CAT+0F ~Ch 1 -COALM
B el DOCOZQ (L2 ASHM
125 CO1=QDCD1/0D
126 CD2=0DCD2/QD
127 PRINT = COT CDL2.QD LG F
128 ¢ . ,
129 C  Solve for the solids concentrations
130 C
131 32 DCAIDI= ~ACSEG*KASCAT/QA+KDAA( = ( 1 EGIe U FaeC01 QA
132 DO(ElZ=~ﬂC'l1_'EG?-F'(KDR~CE1) . »
133 DOCEZZ:AAC'(1.*EG)’F'(KG'CE2?
134 DOCD]ZrDCA?DZ‘OA*DOCElZ ’ .
135 . DOCD22=DQCE2Z 9
136 ODCat  =DCAIDZ*D? v
137 DQFCE1=DQCE 1207 .
138 DQFCE2=DQCE2Z=D7 n
139 0QDCD1:DQCD1Z+DZ - , T p—
140 DQDCD2=0QCh22+D?
141 Car=Ca1+DCcan N
142 CE1=CE1+DQFCE 1/0fF
143 CE2=CE2+DQFCEZ/QF
144 CO1=CD1+DQDCD1/QD
145 CD2=CD2+DQDCD2/QD . ) ,
146 C IF(INT(H/S'*S.NE_H)bO | RO AN .
147 ¢+ PRINT = CAY CEV.CE2.CDT.CLI . .
148 SMF:OA'CA1'OF~CE1*OF'CEZ'OD‘CDI‘QD~CDQ
149 WMFE =QF + QD .
190 SOL1D5:1OO.'SMF/’SMF4WMF?
151 C
152 C Calculate solids masses
153, C
154 MCA1=AC*EG*D2=CA T
155 MCE (=AC* (1. -EG)*F=DZ=CE
156 MCE2=AC* (1 -EG)*FeDZ=CED
157 MCD1=AC'(1.—EG>'(].-F)*DZ*CD1
158 ’ MCD2=AC*(1.—EG7'(1.-F)*DZ*C02
156 . ¢ : IF(INJ(H/S)*S.NE.H)GO 10 22
160 C PRINT = MCAT.MGE 1 .MCE2,MCD 1. MCD?2
16.1 C ol : '« »
162 C Calculate grades and percent solids
163 Cc .
‘164 GRADE:100,*(MCA!+MCD1+MCE1)/(MCA1+MCE1*MCE2+MCD1¢MCD2ﬂ
185 ASHz100.*(MCE2*MCD2)/(MCA1+MCE1+MCE2+MCD1+MC02) '
. 186 . S0L=MCA1+MCE 1+MCE2+MCD 1+MCD2
b b7 C1WTR=(1.—EG)*((1.-F)*CDL+F*CE1ﬂ
C2WTR=(1A-EG)‘((1.-F)*C02*F*CE2)
169 - ¢ : H20=AC*(1.-EG)*DZ'(I.-(CﬁI*CDI+C02+CE2))
170 ) H20=AC*(1.-EG)*DZ*11.-!QIWTR‘CQWTR))
171 PSOL=100.*SOL/!SOL*H20)
172 22 EGBH=EG : ' . '
173 DELTAO=DEL . Cr

174. ‘ RO=R



175
176
177
178
179
180
181

163
184

C
¢ Write results
¢
TECINTIH/5) % NE KGO 10 10
( PRINT ‘,H.ASH,GRADE,SOLIDS.PSUL.EG.DEL.OD,CD
WRITE(G,35IH, ASH, GRADE . PSOL
10 CONTINUS
35 FORMAT ( T16.F5.1_13Q)F5_2,1a?.f5.2,754,F5_2)
ST0P ;
END
HETGHT FROM PRODUCT PRODUCT PERCENT
INTERFACE ASH GRADE SOLIDS
0.¢ 13.44 86 .56 20.77
5.0 13.02 86.98 20.88
10.0 12.62 87 .38 20.98
5.0 12.25 87.75 21.07
20.0 11.89 88.11 21.15%
25.0 11.54 88.46 21.23
30.0 11.21 88.78 21.30
35.0 10.90 89 .10 21.36
40.0 10.59 89 .41 21.43
(45.0 . 10.30 89.70 21.48
50.0 10.02 . 89.98 21.53
55.0 9.75% 90.25 21.58
60.0 9.50 90.50 21.63
5.0 9.25 80.75 21.67
70.0 9.00 91.00 21.71
L [4
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