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ABSTRACT 

ABSTRACT 

Techniques based on electricaI conductivity to estimate interface level, gelS holdup 

and bias rate in flntation columns were developed. 

A coaductivity probe and associated data acquisition system for loc.1ting the 

froth/collection zone interface in flotation columns were developed and tested. The level 

detection technique is based on the collection of a conductance profile around the 

interface and on the location of the position at which a sharp change in conductance 

occurs. Such a change in conductance across the interface IS caused by the difference ln 

the effective conductivity ot the froth and collection zone, primarily due to their 

difference in gas holdup. 

A conductivity cell to measure the effective conduct vit y of water-élIr, water

mmercl1, an(i water-mineral-air systems was developed. The cell consisted of two grid

electrodes covering the entire cross-sectional area of the cylinder containing the two or 

three phase system. Such an arrangement allowed the free movement of the phases and 

provided conditions for uniform potential and current (electrical) fields. It wa~ found that 

Maxwell's model (1892) predicted the holdups of the non-conductive materia! reasonably 

weIl from the conductivity measurements. 

Conditions encountered in industrial flotation columns allowed the use of 

conductivity to trace the flows of feed wateT and wash water across tht. Interface, and 

therefore, to deterrnine the bias rate. Alternative parameters to bias rate as measures of 

metallurgy such as fraction of feed water in the overflow water (called here feed water 

entrainment), feed water recovery, and conductance profiles, were explored. 
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MESURES DE V.\RIABLES DE PROCESS 

BASÉES SUR LA CONDUCTIVITÉ ÉLECTRIQUE 

DANS LES COL0NNES DE FLOTTATION 

RÉSUMÉ 

11 

Des techniques basées sur la ccnductivité électrique ont été développées afin 

d'estimer le niv~lU de l'interface, la teneur en gaz (holdup) et le biais d:o.\'I1s les colonnes 

de flottation. 

Une sonde mesurant la conductivité ainsi que son système d'3.rquisition de 

données ont été mis au point et testés. La technique utilisée pour locali~~·r, le niveau 

repose sur l'établissement d'un profil de condu:tance de part et d'autre du niveau de 

l'interface et sur l'identification de la région où l'on observe une différence si6"l1ificative 

de conductance. Une telle variation de part et d'autre de l'interface est due à la c.kfférence 

de conductivité effective entre la zone de mousse et celle de récupération. Cet écart est 

principalement dû à la différence de teneur en gaz des deux zones. 

Une cellule pouvant mesurer la conductivité effective des systèmes eau-air, eau

minéral et eau~minéral-air a été mise au point. La cellule est composée de deux 

électrodes à structure grillagée couvrant entièrement une section transversale du cylindre 

contenant le système à deux ou trois phases. Un tel dispositif permet la circulation libre 

des phases et remplit les conditions d'uniformité des champs de potentiel et de courant 

(électrique). A partir des valeurs de c.onductivité mesurées il apparaît que le modèle de 

Maxwell (1892) prévoit raisonnablement bien les teneurs en substance non-conductrice. 

Les conditions rencontrées dans des colonnes de flottation industrielles ont permis 

l'utilisation de la conductivité pour suivre les échanges au niveau de l'interface entre 
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l'eau d'alimentation et l'eau de lavage et la détermination du biais. L'utihsation de 

paramètres autres que le biais pour évaluer la métallurgie de système, tels que la fraction 

d'eau d'alimentation dans l'eau du concentré, la récupération de l'eau d'alimentaticn ct 

les profils de conductance ont aussi été étudiés. 
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MEDICIONES DE PROCESO EN COLUMNAS DE FCOT ACION 

USANDO CONDUCTIVIDAD ELECTRICA 
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IV 

Se desarrollaron técnicas basacL~s en conductividad eléctrica para la medici6n dei 

nivel de la interface, dei contemdo de gas y de la velocidad de intercambio de liquido 

(bias) en columnas de flotaci6n. 

Se desarrull6 un sensor de nivel para la medici6n de la interface espuma/pulpa 

en columnas de flotaci6n. La técnica de detecci6n de nivel se basa en la obtenci6n de 

perfiles de conductancla a través de la interface, y en la localizaci6n de la posici6n en 

que se observa un cambio slgnificativo en el val or de conductancia. Dicho cambio se 

debe a la diferencia en conductividad efectiva de las dos zonas, que depende, en primera 

instancia, de la diferencia en contenido ~e gas. 

Se desarroll6 una celda de conductividad para la medici6n de conductividades 

efectivas de systemas agua-aire, agua-mineral y agua-mineral-aire. La celda consiste de 

dos electrodos lipo rejilla cubriendo completamente el Mea transversal del cilindro 

conteniendo el sistema. Dicha celda permite el movimiento libre de las fases y el 

establecimiento de campos de potencial y de corriente electrica uniformes. Se observ6 

que el modelo de Maxwell (1892) fué capaz de predecir con rasonable precisi6n la 

fracci6n volumétrica de las fases no conductoras. 

Las condiciones encontradas en columnas de flotaci6n industriales permitieron el 

uso de técnicas basadas en conductividad para detectar el flujo relativo de agua de lavado 

y de alimentaci6n a través de la interface, y en consecuencia, para estimar la raz6n de 

intercambio de liquido. Pamnetros alternativos igualmente relacionados con la metalurgia 
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dei proceso tales como la fracci6n de agua de alimentac16n en el concentrado, la 

recu?fraci6n de agua de alimentaci6n, y perfiles de conductancla, fueron también 

estudiados. 
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NOMENCLATURE xiÎl 

NOMENCLATURE 

A General term used for area, cm2 

Ac Cross-sectional area of the column, cm2 

C, F Conductance of the collection and Croth zone (Fig. 4.31), mS 

C" Coefficient of variation (or relative standard deviation) of variable x (Eq. 

(A. 1.4» 

dlJ Bubble diameter, cm 

dp Solid particle diameter, cm 

g Acceleration due to gravit y, 980 cm/s2 

H, h General terms used for height, cm 

He Length of the collection zone, cm 

Hf Interface level or froth depth, cm 

HfP Interface level obtained from pressure (Eq.(2.2», cm 

Hp Interface level obtained from temperature (Eq. (2.10», cm 

1 General term used for electrical current, A 

i Electrical current density (Bq. (3.1», A/cm2 

~ Rate of the j if, c, r, w) stream, cmls 

l" Rate of the k (1, g) phase, cmls 

l. Bias rate defined by Equation (2.25), cmls 

J'-J Bias rate defined by Equation (2.24), cm/s 

les Rate of solids reporting to the concentrate (Eq. (2.26», cmls 

K General term used for electrical conductance, mS 

K, Conductance of the liquid alone, mS 

K; Conductance of the i (Croth, collection) zone, mS 

1Ç Conductance measured with the j (level, rroth zone, collection zone) 

electrodes (Bq. (4.1», mS 

KJW Conductance measured with the j (Ievel, froth zone, collection zone) 

, 



1 NOMENCLATURE XIV 

electrodes in water alone (Eq. (4.1», mS 

KI., Conductance of the liquid-gas dispersion, mS 

ke-J Thermal conductivity of the continuous-dispersed phase (Eq. (3.18», 

cal/cm's' oC 

ke Thermal conductivity of the continuous phase (Eq. (3.18», cal/cm's'oC 

L, 1 General terms used for distance, cm 

l, Effective length (Eq. (3.24», cm 

m Exponent in Equations (2.10) and (3.22) 

n Conductivity ratio (bubbling/froth zone) (Eq. (4.5» 

P General term used for hydrostatic pressure head, Pa (m of water) 

Qj Volumetric fIowrate of thej if, c, t, w) stream, cml/s 

Q)W Volumetric fIowrate of water in the j if, c, t, w) stream, cm3/s 

QfJ Volumetric flowrate of feed water reporting to the j (c, t) stream, cm3/s 

Qwj Volumetrie flowrate of wash water reporting to the j (c, t) stream, cm3/s 

Qfio'c Flowrate of feed water recovered in the overflow (Bq. (2.30», cm3/s 

R General term used for resistance, ohm 

RI Resistance of the i (rroth, bubbling) zone (Eq. (4.3», ohm 

Rfw Feed water recovery defined by Equation (2.30) 

r General term used for radius, cm 

S Fraction of bubble surface covered by particles (Eq. (2.5» 

S/ Variance of variable x 

Sil Covariance (- standard deviation) of variable x 

T Time constant (Bq. (4.2», s 

T. Temperature measurement at position i, oC 

7; Temperature of the j if, C, t, w) stream, oC 

t Time, s 

U, Bubble slip velocity, cm/s 

Ur Bubble terminal velocity, cm/s 

V General term used for voltage, V 

• 
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Xj Mass fraction of solids in the j if, c, t, w) stream 

Greek Symbols 

a, {j Parameters in Maxwell's equation (Eq. (3.17» 

a2S'C Coefficient of variation of temperature (Bq. (5.1», oC' 

-y Relative conductance defined by Equation (3.24) 

Ah Length of the expanded bed (Eq. (2.13», cm 

~p Pressure differential, Pa (m of water) 

ek Fractional holdup (sometimes expressed as percentage) of the k (l, s, g) 

phase 

ed Fractional holdup of the dispersed phase 

e,c Fractional gas holdup in the collection zone 

e,f Fractional gas holdup in the froth zone 

K Electrical conductivity, mS/cm 

ICI Conductivity of the i (froth, bubbling) zone (Eq. (4.4», mS/cm 

"J Conductivity of the j if, c, t, w) stream, mS/cm 

"d Conductivity of the dispersed phase, mS/cm 

"c Conductivity of the continuous phase (Bq. (3.) 8», mS/cm 

"c-d Effective conductivity of the continuous-dispersed phase (Bq. (3.18», 

mS/cm 

"HI Effective conductivity of the liquid-dispersed phase, mS/cm 

"I-t Effective conductivity of the liquid-gas system, mS/cm 

1(1-1 Effective conductivity of the liquid-solids slurry, mS/cm 

1(1-... Effective conductivity of the liquid-solids-gas system, mS/cm 

JlIJ Volumetric fraction of solids in the j if, c, t , w) stream 

JlA,"8 Volumetric fraction of A and B in an A-B mixture (Bq. (6.1» 

PCI Density of solids in the concentrate stream, gr/cm) 

P. Density of the i (froth, collection) zone, gr/cm) 
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P, Density of the j if, C, l, w) stream, gr/cm3 

Pk Density of the k (l, s, g) phase, gr/cm3 

Pal Density of the slurry, gr/cm3 

Paf Density of the slurry in the froth zone, gr/cm3 

Pb Density of the bubble-partide aggregate (Bq. (2.5», gr/cm3 

Pw Density of water, gr/cm3 

f{).' Gradient of temperature (Eq. (2.11», cm- I 

f{). Normalized temperature (Eq. (2.12» 

4> Flux (electrical) function (Appendix 2) 

1/1 PotentiaJ (electrk.al) function (Appendix 2) 
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CHAPTER 1 

INTRODUCTION 

The flotation column studied in the present thesis, now often referred lO as the 

"conventional" column, was invented in Canada in the early 1960s by Boutin and 

Tremblay. Descriptions of the column and initial teslwork were given by Wheeler (1966) 

and Boutin and Wheeler (1967). No substantial progress regarding industrial applications 

and fundamental studies was achieved in the 1970s; however, in the early 1980s the 

column started to attract the attention of researchers in Universities and mineraI 

processors in industry. Since then, the number of new applicattons and studies has becn 

increasing rapidly. As a measure of this activity, there have recently been two 

international conferences (Sastry, 1988; Agar et al., 1991) and a book (Finch and Dobby, 

199Oa). 

1.1 Description of the Flotation Column 

A flotation column is illustrated schematically in Pigure 1.1. Commercial units 

are typically 9-15 m high and 0.5-3.0 m diameter. The cross-section of the column may 

he square or circular. The side of the square column or the diameter of the circular 

column is used to dcsignate column size. 

The column consists of two distinct zones: the collection zone (aIso termed slurry, 

pulp or recovery lone) and the froth zone (also lcnown as cleaning zone). These two 

zones are separated by an interface which defines the interface level or froth depth. The 

minerai slurry is fed to the column in the collection zone below the interface. Solid 

particles settling downwards due to gravit y are contacted countercurrently with a bubble 

swarm generated by blowing gas through a bubble generator (sparger) located neac the 

J 
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Flgur. 1.1 Schematic illustration of. f1otatlon column 
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bottom of the eolumn. Hydrophobie particles eollide with and attaeh to the bubbles and 

are transported to the froth zone. Hydrophillie and Iess hydrophobie partic1es settle and 

are eventually removed from the bottom of the column through the tailings port. In the 

froth rone, wash water is added near the top of the froth to reduce the recovery by 

hydraulic entrainment of hydrophillie fine particles into the concentrate. Normally, a net 

downward flow of water through the froth, ca11ed a positive bias, is maintained. 

1.1 Objectives or the Present Work 

The optimization of the operation of a flotation column relies mostly on the 

identification of the key control variables, their accurate measurement and their dynamic 

interaction. Since the target output variables grade and recovery are often not measured 

on-tine, secondary objectives 8uch as interface level, gas holdup and bias rate have been 

suggested . 
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Conventional techniques ta measure these control variables are ba~ed on the 

sensing of extensive properties of the system such as hydrostatic head and mass tlowrate. 

It has been shawn that such measurements are subject to error (Moys and Ftnch, 1988a 

and 1988b; Gomez et al., 1990; Finch and Dobby, 1990a). Techniques based on the 

measurement of intensive properties, e.g. temperature and conductivity, have been 

proposed to locate level and to estimate gas holdup and blas rate (Yianatos et al.. 1985; 

Moys and Finch, 1988a and 1988b). 

The objective of the thesis is to explore the use of techniques based on electrical 

conductivity to locate the interface level, and to estimate gas holdLp and bias rate. 

1.3 Structure or the Thesis 

The thesis consists of eight chapters. ln Chapter 1 the column is introduced along 

with a description of its operating characteristics. The objectives of the thesis and the 

structure of the thesis are also presented. 

Chapter 2 introduces the process variables involved ~. ith the operation of the 

column. The available techniques to measure interface level, g~ holdup and bias rate are 

presented and discussed. 

Chapter 3 introduces the theory of electrical conductivity and the basis of 

conductivity measurements. Sorne of the available models in the literature to characterize 

the effective conductivity of two and three phase systems are presented. 

In Chapter 4, the experimental techniques and results obtained in the detection of 

interface level using conductivity based techniques are presented. Results obtained both 

at the laboratory and industrial scale are presented. A conductivity probe developed for 

industrial application is described. 
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Chapter 5 addresses the measurement of gas holdup at the laboratory and 

industrial scale. Techniques developed for gas holdup estimation in two and three phase 

systems are presented. The raIe of non-conductive (silica) and conductive (sulphides) 

solids is explored. 

Chapter 6 presents the experimental techniques and results obtained in the 

estimation of bias rate using conductivity. Alternative pararneters, feed water recovery 

and feed water entrainment (as defined here), are aIso experimentally explored. 

ln Chapter 7 the significance of the techniques developed in this work and the 

feasibility and requirements for their implementation at the industrial scale is discussed. 

Finally, in Chapter 8 the conclusions of the work, c1aims for original research, 

and recommendations for future work are presented. 
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CHAPTER l 

PROCESS MEASUREMENTS IN FLOTATION COLUMNS 

In this Chapter, the process variables of specifie interest for this Thesis are 

presented together with a number of ways they are measured. 

1.1 Dermition of Variables 

Process variables in flotation columns are all those variables (gas rate, gas holdu~. 

recovery, etc.) associated with the process of column flotation. These variables are 

divided in two groups (Stephanopoulos, 1984; Tsai et al., 1986): (1) Input variables, 

which denote the effect of the surroundings on the process, and (2) Output variables, 

which dt. notes the effect of the process on the surroundings. 

The input variables can he further classified into Manipulated (or Adjuslable) 

variables, if their value can be adjusted freely by the human operator or a control 

mechanism, and Disturbanc~s, if their values are not the result of adjustment by an 

operator or a control system (according to their direct measurability, these are further 

classified into measur~d and unmeasured). In column flotation, tailings, feed, washwater 

and gas rates are typical input variables. 

The output variables are also classified ioto Measured output variables, if their 

values are known by directly measuriog them, and Unmtasured output variables, if they 

are not or cannot he measured directly. 

In flotation columos, froth depth (or interface, or pulp level), gas holdup and bias 

rate are output variables that have an effeet on the metallurgica1 performance of the 
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column. This Thesis addresses these three variables. 

Froth Depth or Interface Level is usually classified as a measured output variable. 

This output variable can affect the unmeasured outpW variables gracie and recovery 

(unmeasured because in Most flotation columns, on-stream analysis is not available). 

Small froth depths may result in a reduction of grade since particle entrainment is not 

completely avoided (Yianatos et al., 1987). Excessive froth depths generally reduce 

recoveries because of the reduction in material transfer from the froth into the 

concentrate. 

Gas Holdup is an output variable that is usually classified as an unmeasured since 

no reliable measurement technique exists to measure gas holdup on-Hne in slurry-gas 

reactors. Gas holdup is related to metallurgy because of its effect on flotation kinetics and 

residen~ time (Dobby et al., 1988). 

Bias Rate may be classified as an ~asured output variable since it cannot be 

measured directly (usually the bias is inferred from other measurements). A positive bias 

(net downward flow of Hquid) is required to reduce gangue entrain ment into the froth 

product, but a positive bias does mean decreased retention time in the collection zone; 

thus, bias rate is related to grade and recovery. 

2.2 Techniques to Measure Interface Level, Gas Holdup and Bias rate 

2.2. 1 Interface level measurement 

a).- Introduction 

Interface level (or froth depth) is defined here as the distance from the column Hp 

to the location of the frothlslurry interface. Interface levels encountered in flotation 

1 
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columns range from about 0.5 ta 2 m. 

Measunng interface level is not a tnvial problem. Two zones, the froth and the 

collection zone, are involved; thus, techniques that explOit the differences ln certaIn 

physical-chemical properties of these zones are commonly used. 

b).- Techniques to measure interface level 

Techniques based on the density gradiem: The floal 

The float is probably the simplest device that has been used to measure the 

interface level in flotation cells. The float is a sensor which responds to the density 

gradient near the froth/slurry interface. 

The simplest version of such a sensor is an arrangement whereby the posItion of 

the float, which is of a density intermediate between that of the slurry and the froth, is 

measured (Figure 2. 1 (a». In flotation column this technique is difficult to apply because 

of the relatively large froth depths used (compared to conventional cells), and because 

the density gradient near the interface is not as marked as in conventional cells; froth 

density in conven!ional cells can sometimes approach or even exceed the denslty of 

water. It is thus diffkult to select the density of the float which will apply to all possible 

conditions (Moys and Finch, 1988a). Nevertheless, floats are frequently selected 

(Hoffert, 1987; Redfearn, 1989; Konigsmann, 1990). 

Deviees combining the float principle with ultrasonic location systems have been 

reported. Hoffert (1987) developed a device consisting of a float with a target plate 

mounted on the shaft (Figure 2.1(b». An ultrasonic beam is reflected from the target 

plate, allowing the distance between the source and the plate, and hence the position of 

the tloat, to be gauged. 



CHAPTER 2 PROCESS MEASUREMENTS IN FLOTATION COLUMNS 

Mountlng poet 

(a) 

PVC Plutic pipe (5 an dlMl.) 

1.4m 
(b) 

Float (10 an dlMl.) 

(0) 

Figure 2.1 Leve' det.ctlon d,vic •• bued on the reaponae of a float: (a) Outokumpu; 
(b) Hoffert (1987); and (c) Konlgamann (1990) 
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In the device recently reported by Konigsmann (1990), the sensor (Figure ::!.l(c)) 

consists of a 5 cm diameter tube titted wlth two guides and a steel shaft wnh a targe! 

plate which ndes up and down along the guides in the tube. The float, threaded onlo the 

other end of the shaft, sinks through the froth to rest direcUy on the pulp Itself The wavc 

reflection time is directly related to the float position. ln the situation descnbcd by 

Konigsmann this time signal was translated into an analog output for a pneu matie 

controller which regulated a dart valve. 

Techniques based on hydrostatic pressure measuremems 

These methods, perhaps the most widely used currently, are based upon 

measurements of hydrostatie pressure at one, two or three strategie points along the 

column. Pressure transducers, differential pressure cells, water manometers and bubble 

tubes are commonly used to perform these measurements. (Another device dependent on 

pressure is the Metritape; this will be described latter as it utilises pressure in a dlfferent 

way). 

The use of hydrostatic pressure measurements in flotation columns has been weil 

described in the literature (Finch and Dobby, 199Oa; HuIs et al., 1990). Assuming statie 

pressure is sensed at some point below the interface and all other variables remain 

constant, then gauge pressure P is linearly dependent on the interface helght above the 

sensor L, or froth depth Hf (Figure 2.2(a». This linear signal is ideal for control 

purposes. 

It has been established, however, that methods based on a single measurernent of 

the hydrostatic pressure below the interface suffer from errors that can 4!xceed 0.5 m 

(Moys and Finch, 1988a; Gomez et al., 1990). 

Hydrostatic pressure is not an accurate indicator of interface level because it is 

i 
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a strong function of the bulk densities of the froth (Pf) and collection (Pc) zones as they 

both depend on such unmeasured disturbance variables as slurry density, gas holdup and 

bubble loading. Potential for error can he illustrated by considering the basic equation 

for pressure: 

The pressure gauge at point P (Figure 2.2(a» is related to Hf by 

(2.1) 

Therefore 

(2.2) 

(HJP is the froth depth obtained from pressure head mcasurementa te distmaulsh from the truc HI) 

where Pc and Pf are the bulk densities of the collection zone (above the pressure sen sor) 

and froth zone, respectively: 

(2.3) 

(2.4) 

where Pli and paf are the slurry density in the collection and froth zones, respectively; B,c 

and tif are the gas holdup in the collection and froth zones, respectively; and Pb is the 

density of the bubble-particle aggregate (Finch and Dobby, 199Oa; Yianatos et al., 1988): 

(2.5) 
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where S is the fraction of bubble surface eovered by a monolayer of particles; P. and dp 

are the solids densîty and particle diameter; and db is the bubble diameter. 

Most of these variables are unknown: Fineh and Dobby (199Oa) have shown that 

realistic changes in dp, Pal and S can lead to level estimates with errors in the order of 

those reported by Moys and Fineh (1988a) and Gomez et al. (1990). 

The problem of level measurement with a single pressure sensor is the dependence 

on Pc and Pt both of which vary with operating conditions in a manner that is difficult to 

predict. By using an array of three pressure sen sors , Pc and Pf cao be estimated 

continuously and hence Hf estimated with more accuracy (Dirsus. 1988; HuIs et 

al. ,1990; Fineh and Dobby, 199Oa). Figure 2. 2(b) shows an arrangement of three 

pressure sensors two of which are in the collection zone. The pressure at eaeh sensor is 

Rearranging Equations (2.6) to (2.9), Hf is given by 

N, [HI (PI -P2 ) - Pt(Nl -H2)] 
H,r(3) - ~-.;.....~--:;..-....:...-.:.._=-

H,(Pt - P-J - P,(H1 - H2) 

(2.6) 

(2.8) 

(2.9) 

(2.9) 

------------------------------- -
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Thus the pressure signais from the three sensor arrangement can be combined to 

give froth depth estimates inde pendent of variations in Pc and Pr. This strategy has been 

rea:ntly adopted by sorne industrial operations with satisfactory results (HuIs et al. t 1990; 

Kosick and Dobby, 1990). 

Metritape sensor 

The Metritape sensor is an instrument sensitive to hydrostatic pressure and 

therefore can he regarded as a device to measure press,lre head. This sensor (Figure 2.3) 

is a device which consists of a wire coil wound round a contact strip and insulated from 

the surrounding media by a flexible, corrosion-resistant sheath. The strip of Metritape 

is inserted in the vessel from the top. The design is such that the wire does not malee 

contact with the contact strip until the pressure in the fluid outside the tape exceeds 100 

mm water (Anon., 1987). This is sufficient to collapse the sheath and wire coit 50 that 

contact is made. The resistance of die wire which is not in contact with the contact strip 

is measured and provides an accurate (± 1 cm) measure of the level at which the first 

contact is made. While Metritape is widely used for the measurement of f1uid level in 

tanks, its use in column flotation has been limited. It suffers from the same problems of 

ail single pressure sen5Ors, plus this added restriction of needing a 100 mm of water 

pressure to actuate (Moys, 1989). 

Techniques based on conductivity measurements 

Kitzinger et al. (1979) report a conductivity ser.5Or developed and used to 

continuously monitor and control froth depth in conventional mechanical flotation cells. 

The sensor has been used in zinc flotation circuits with satisfacLory results (Miettunen, 

1982; Koivistoinen and Miettunen, 1985). 
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The sensor, the Pulp height-Froth depth monitor (Mineral Control Inst.), consists 

of a series of probes plus a central electrode (Figure 2.4(a». The central electrode is 

much longer than the probes, and is designed always to be immersed in the pulp. The 

probes have their tips aligned in a vertical spiral with equal vertical spacings (2.5 and 10 

cm are typical values). 

The central electrode is powered with a positive voltage, controUed 50 that the 

current flowing from the central electrode ID the deepest probe is held al a constant 

value. The remaining probes sense current which is proportional ID the conductivity of 

the medium between each probe and the central electrode. If a particular probe is in 

pulp, the conductivity will be relatively high, whereas if the probe is in froth, the 
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conductivity will be much less, and the current flowing will aIso be less. If a probe is 

in air, the current flowing through it will be negligible. The ratIo of electric current 

flowing in pulp and froth is approximately 10: 1, aIlowmg very clear discrimination 

between the two phases. The current flowing through each probe IS sensed by the 

appropriate electronic circuitry which decides whether each probe is in pulp, froth or air. 

Stepwise signaIs proportion al to the froth depth (interface level) and froth height are 

generated. 

The sensor h"s been used at the experimentallevel to measure froth depth in a 

flotation column processing coal (Nicol et al., 1988; Nicol, 1988). However, its use at 

the industriallevel is limited because of fouling problems (Moys and Finch, 1988a). 

Moys and Finch (1988a and 1989b) have extensively explored the use of electrical 

conductivity for measurement and control of interface level in flotation columns at the 

laboratory scale. For example, detection of level from measurements of conductivity 

between long, vertical electrodes facing each other and between two electrodes, one 

above and one below the interface, were examined. The method is based on the fact that 

gas holdup in the froth zone is larger than that in the collection zone and the measured 

conductivityaccordingly becomes a function of the relative conductivity and volume of 

the two zones. Two factors which further promote a difference in the conductivity of the 

two phases are: 1, if the wash water is cooler than the feed water, which causes the froth 

temperature to fall and reduce conductivity; and 2, if the wash water contains fewer 

dissolved salts than the feed water. 80th these may realised if fresh water is used as wash 

water. Moys and Finch (1988b) suggest that an advantage of the technique is its 

simplicity combined with the fact that conductivity exhibits a smooth variation with the 

interface level. However, the method as described requires that the conductivity of the 

two zones does not alter substantially, which is not rea1istic. Also, fouling, especially by 

non-conductive scale deposils is expected to he a problem (Moys and Finch, 1988a). 
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Recently, Moys (1989) dp.scribed a device that consists of a probe and a tailor

made conductivity meter (Figure 2.4(b». the probe is a rod-shaped structure supporting 

three 0.6 cm diam. x -10 cm height electrodes separated - 3 cm from each other. The 

level is measured between the central electrode and the one at the top. A process signal 

proportional to level is obtained. The conductivity of the pulp is measured between the 

central electrode and the bottom one. The circuitry of the meter is such that this 

measurement is used to calibrate the apparatus, thus providing an on-Hne compensation 

for any change in conductivity of the flotation liquor. The major drawback of the 

apparatus appears to be the limited span of the probe which is -15 cm in the laboratory 

unit described. 

Techniques based on tempera/ure measuremenrs 

Moys and Finch (l988a and 1988b) report a method for measuring level based 

on measurements of the temperature profile around the froth/collection zone interface. 

The method is based on the assumption that the wash water will be significantly cooler 

than the feed (which has passe<! through grlnding mills and perhaps a bank of 

mechanicallyagitated flotation cells). Severa! measurements made on plants in Canada 

revealed temperature differel1ces of 2-lOoC in the spring and summer months (these 

differences are expected to increase in winter). When this temperature difference exists, 

the temperature distribution in the cleaning zone will be a function of the relative 

flowrates through il. 

With current temperature transducers cheap and reliable (± 0.05°C) temperature 

measurements can be made; thus a 2 % r~solution within the temperature range will be 

ensured if temperature differences between feed and wash water exceed 4 oC (and there 

is a net downward flow of wash water through the froth phase, or a substantial 

proportion of the water in the froth is from wash water) . 
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Partieularly for a positive bias (i.e., with a net wash water flow downwards 

through the froth phase, 50 that the froth phase temperature 1S close to the wash water 

temperature), there is a sharp change in temperature at the base of the cleaning zone. Hp 

was estimated from the following weighted average of the levels ~ at which 

measurements of I{J. were made: 

(2.10) 

where 

1 "tl - " (2.11) ., -
hl +1 - hi 

and 

" - T, - T ... (2.12) 
T, - T ... 

Equation (2.10) gives weight to levels associated with large numerical derivatives 

I{J,' and relatively large temperatures .p. (this is required because fairly sharp changes in 

the derivatives can oceur in the froth; these make tittte contribution to Hp because they 

are associated with smaller values of .p. that oceur at the interface where I{J. - 1). m is a 

user selected constant. Figure 2.5 shows a typical temperature profile (Finch and Dobby, 

199Oa); accuracy of level detection depends on separation of temperature sensors. 

The major disadvantage of the technique is that a substantial difference in 

temperature between the wash water and the feed streams and positive bias are required. 

Moreover, it is essential that the sensors respond rapidly to changes in temperature. 

Therefore, the sensors must be small 50 that they have a low heat capacity; this implies 

delicate probes which may also be subject to a large change in their response time if they 

j 
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become heavily fouled by scale deposits. 

Other techniques 

A Capacitance system has been suggested for level detection in laboratory 

flotation eolumns (Barber, 1990). The system consists of a probe, or sensing element, 

and of an electronie unit (Figure 2.6). the probe is an insulated (polypropylene or teflon) 

metal rod which is located in the top part of the column, eoneentric to il. A sheel of 

metal needs lo be attaehed to the wall if the eolumn is non-metallie. The system measures 

the dielectric constant of the material between the probe' s insulated rod and the tank wall 

(Anon., 1978). It is expected that the capacitance of the system will he a linear function 

of the interface level since the dielectrie constant of the froth and sluery phases are 

substantially different. No experimental results are available yet on the performance of 

such a system. 

A Microwave level transmitter is being tested for level detection in large 

mechanical eells (Maenamara, 1990). The transmitter is mounted at the top of the cell 

and sends a low-level microwave beam down to the process material. The electronics 

(microprocessor-based) calculate the time of flight of the reflected retum signal to gauge 

the distance from the transmitter to the surface of the vessel contents. It is claimed by 

the manufacturer that the system is able to discriminate between the froth surface and the 

aetual froth/slurry interface. The major difference with conventional ultrasonic devices 

relies on the fact that microwaves are not dependent on air molec~le collisions for signal 

transmission. Instead, microwaves are electromagnetic, high frequency waves which 

travel al the speed of light. Frequencies above 10 billion Hertz are used (ultrasonic 

frequencies are - 50 kHz)(Anon., 1989). 
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2.2.2 Gas holdup measurement 

a). - Introduction 

Gas holdup e., is defined as the volumetrie fraction of gas in the system. It is 

common practice to express gas holdup as a volume percentage. Typical holdup values 

encountered in flotation columns range from 10 to 25% (Dobby et al., 1988). The 

complement (l-e.) is the liquid (or slurry) holdup. 

Although air is used in most cases, the generie term gas is also used throughout 

this Thesis to include other gases (for example, the use of nitrogen in Cu/Mo separation). 

Gas holdup is an important process variable since the rate of particle collection 

in a flotation column is a funetion of gas rate and bubble diameter, both of which affect 

gas holdup. Thus, gas holdup appears to he a primary process control parameter (Dobby 

et al., 1988). In addition lo this, gas holdup defines the volumetrie fraction of the phases 

in the column and hence their residence time. Thus, gas holdup is related to metallurgy 

because of ilS effect on both kinetics and residence time. 

b).- Techniques to measure gas holdup 

Gas holdup measurement methods have been described by Fineh and Dobby 

(199Oa). The methods can he divided in two groups: Methods which allow "overall" 

measurements sueh as the Bed Expansion and the Pressure Difference Methods (Figure 

2.7(a) and 2.7(b» and methods whieh allow "local" measurements sueh as the 

Conductivity and "(-Ray Methods (Figure 2.7(c». 
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The Bed Expansion Method 

The Bed Expansion Method gives the overall gas holdup in the column by 

measuring the length of the expanded bed (~) of the aerated column of liquid (or 

slurry) and the clear (non~aerated) liquid (h): 

Ilh 
E -, Ilh + h 

(2.13) 

This method is impractical when a layer of froth (of different gas content with 

respect to the aerated liquid) is present because the interface is not clearly defined; 

therefore, its application to column flotation is restricted to basic laboratory studies. 

The pressure difference ml!lhod 

The pressure difference method gives the overall gas holdup in the section defined 

by the distance between the pressure tapping points. The practical case of the three-phase 

(slurry-gas) system is considered tirst. Assuming that the dynamic component of the 

pressure is negligible, the pressure above atmospheric at A. and B (Figure 2.8) is given 

by 

(2.14) 

and 

(2.15) 

where p" is the slurry density; t'v. and t'aB are the gas holdup above A. and B, 

respectively; and Pb is the bubble-particle aggregate density (given by Equation (2.5». 

Equations (2.14) and (2.15) assume p" and Pb do not substantially change between A. and 

B. 
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Defining l1P = PA - PB' and upon rearranging, the gas holdup between If and B 

is given by 

t -, P,S g ÀL - AP 

(P:l - Pb) g AL 
(2.16) 

Thus, knowledge of Pb and Pd is required to obtain gas holdup from pressure 

readings. Common practice assumes Pb - 0 (bubbles lightly loaded) and Pli as the 

average of the feed and tails densities. Since no independent and reliable technique exists 

to test these assumptions, no categorical evaluation has been reported 50 far. 

Conditions where Pb - 0 are probably encountered close to the bottom of the 

column where bubbles are unlikely to he extensively loaded. Under this condition the 

slurry density, Plh is weIl represented by the density of the tails stream (Finch and 

Dobby, 1990a). However, this requires the measurements to be made as close as possible 

to the bottom of the column, thus becoming closer to a "local" measurement. 

For two-phase (water-gas) systems, replacing Pal with Pw and where Pb=O (no 

50lids present) in Equation (2.16), the gas holdup is simply given by 

t - 1 _ __ À_P_ 
I Pw g AL 

(2.17) 

(l1P given in pascals (pa), Pw= l()l kg/ml, g= 9.8 m/s2 and l1L in meters (m». When 

l1P is given in meters of water (m H20) and l1L in meters, Equation (2.17) is simplified 

to 

t - 1 , AP --AL 
(2.18) 
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If wéner-filled manometers are IJsed to measure th,. pressure head instead of 

pressure transducers or bubble tubes (Figure 2.8(b», the equations are as follows 

(2.19) 

and 

(2.20) 

Therefore 

(2.21) 

where !:JI is positive when the upper manometer level is higher than the lower 

manometer level (the bulk density of the collection zone is less than that of water (p.,); 

MI is negative when the bulk density is greater than that of water). 

Substituting Equation (2.21) into Equation (2.16), t , is given by 

P61 - p '" 
! ---+ 

, p." P, 
P", 4h 

PlI - P, 4L 
(2.22) 

As discussed above, in three phase systems (slurry-gas) knowledge of PI' and Pb 

is required. In two phase systems (water-gas), since Pli = Pw and Pb =0, Equation (2,22) 

reduces to 

Ah 
e --, 4L 

(2.23) 
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which is an expression extensively used in laboratory studies. 

Merhods to measure -local- gas holdup 

These methods measure gas holdup in the section of the column defined by the 

signal path between probes. Methods based on electrical conductivity are among the most 

commonly used in two and three-phase systems (Serizawa, et al., 1975; Fan, 1989). 

Sorne of these methods and the theory behind them are described in Section (3.3). 

Punctual electrical resistivity probes are of corn mon use in measuring local holdup (and 

bubble size and velocity, in sorne cases) in liquid-gas dispersions (Nassos, 1963; 

Serizawa et al., 1975; Burgess and Calderbank, 1975; Castille jas , 1986; Fukuma et al., 

1987). These probes are intended ta be used for large bubbles (> 5 mm) compared to 

those encountered in flotation columns (0.5 to ;. mm (Yianatos and Levy, 1989». 

Methods based on the attenuation of p-rays (Nassos, 1963) and ')'-rays (Lockett 

and Kirkpatrick, 1975) have been used for two-phase (liquid-gas) systems. These 

techniques employ a radioactive source and a detector. The strength of the attenuated 

beam passing through the dispersion (liquid-gas) is a function of the system denslty and, 

therefore, related to the volumetrie fraction of gas (Nassos, 1963). 

lsokinetic sampling methods have been used for local holdup measurements 

(Serizawa et al., 1975). In this technique a sample of the dispersion is collected to obtain 

the holdup value at the point of sampling (Chen et al., 1983). 

An optical fibre probe method for holdup measurement in liquid-gas system is 

reported by Wachi et al. (1987). The principle is that phase detection usjng light is 

possible since the refractive index of gas and liquid differs considerably. Phase detection 

oceurs at the surface of the probe tip. This surface i5 shaped ta reflect incoming Jight 
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internally if gas surrounds it and to refract light if liquid sunounds h. The time fraction 

of the reflected light will then yield the local holdup (Vince et al., 1982). 

Other methods based on light and ultrasonic pulse transmission (Stravs and Von 

Stockar, 1985) and scattering of a laser beam (Soto, 1989) are used in liquid-gas systems 

to estimate interfacial surface area which in conjunction with bubble diameter gives the 

holdup. 

2.2.3 Bias rate measurement 

a).- Introduction 

The bias rate is conventionally defined as the net water flow rate across the froth 

zone/collection rone interface. By convention the bias is positive when the direction of 

the tlow is downwards and negative when it is upwards. From common use, cgs units 

(cm/s) have been adopted as well as the symbol J •. 

It has been traditionally accepted that a positive bias is required to achieve 

efficient washing of the froth: the concept is that a downward flow of water through the 

froth phase washes back particles of gangue mate rial entrained in the water layer 

surrounding the gas bubbles, or prevents their crossing into the froth in the first place; 

this results in an increase of concentrate grade. Recent work has confirmed the 

hypothesis that fine non-hydrophobic particle recovery is proportional ta the feed water 

recovered ta the concentrate (Moys and Finch, 1989; Maachar et al., 1990). 

Adding wash water into the column allows wlings water flow to exceed feed 

water flow. thus achieving a net downward flow of water through the froth. Espinosa

Gomez and Johnson (1991), for example, confirm that the position of the grade-recovery 

curve in plant columns (copper retreatment columns (Mount Isa Concentrator), and zinc 
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eolumns (Hilton Coneentrator» deteriorated by operating with a negatlve bias; work by 

Furey (1990)(flotation of gold telluride), however, suggests operation ean be sustamed 

into negative bias. Certamly, the bias rate should not be too large otherwlSf unnecessary 

dilution of the collection zone occurs with the correspondence loss of capaclty; Ylanatos 

et al. (l986) recommend JB <O.4 cm/s. Bias detennination in flotation columns has been 

addressed by Moys and Finch (1988b 1989) and Finch and Dobby (1 990a). 

Conventionally, the bias flowrate has been "controlled" by measunng the feed 

flowrate (Qf) while manipulating the tails flowrate (QJ, at a value larger that Qi to ensure 

that a positive bias exists. This assumes that the "bias rate". defined by 

(2.24) 

where J, and Jf are slurry rates, is a good estimate for the bias rate J B' This is true only 

for dilute slurries. 

For the slurry-gas system, a volumetrie balance for the whole column gives 

(2.25) 

where JCI' the rate of solids reporting to the concentrate per unit eross-sectional area of 

the column, is given by 

(2.26) 

where Xc is the mass fraction of solids in the concentrate; Pc îs the concentrate stream 

density (g/cm3); and Pc. is the density of solids in the concentrate (g/cm3
). 

Finch and Dobby (199Oa) have shown that in cases where large amounts of 
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concentrate parti cl es are removed (in cleaning circuits, for example), positive bias rates 

J B are possible ev en If J,j is negative. Thus, control strategies relying on a positive Q,j 

will result in excess water being added to the system (Moys and Finch, 1988b), which 

May ereate unouc: demand for water and loss of capacity in the collection zone (Finch and 

Dobby. 1990a). 

Compared with J,-f't the bias rate J B is the preferred variable to measure and 

control. 

b).- Techmques to measure bias rate 

Bias rale from f'11(l,SS ba/ancing 

In principle the bias rate can be estimated by measuring the flowrates and pulp 

densities around the column, followed by mass balancing. The bias rate is expressed in 

terms of the operating variables as follows 

(2.27) 

where Q, "" Q,,,,. and Qt III' are the volumetrie flowrates of water in the taUs, feed and 

concentrate streams, respectively, eml/s; Q", ... is the volumetrie flowrate ofwash water, 

cm)/s; and At is the column eross-sectional area, cm2• 

Since the ccncentrate flowraœ and density are virtually impossible to obtain, as 

pointed out by Finch and Dobby (199Oa), the approach adopted relies on measurements 

of feed and taiUngs streams. Thus, the bias rate is given by 

J, _ Q, P, (l-x,) - QI Pl (l-x/ ) 

Âc 
(2.28) 
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where Q, and QI are the volumetrie tlowrate of the tails and feed streams, respectlvely, 

cm3/s; XI and xI are the mass fraction of solids (%SolidsIlOO) in the tails and feed 

streams, respecuvely; and P, and Pl are the densities of the tails and feed streams, g/cm3• 

Q, and QI are conventionally measured Wlth magnellc flow me/ers; PI and Pj are 

measured with nue/ear densiry me/ers or gamma gauges. The mas!! fraction of sollds (x, 

and xI) can be extracted from P, and Pl provided the solids density is known. This IS 

commonly achieved by considering statistical data on solids (knsity in both streams. 

This approach faces two major drawbacks: first, instrumentation is expensive, and 

secon~, it is subject to error propagation sinc.e severa! measurements and computations 

are required. For the bias rate expressed by 

(2.29) 

where Vs 1 and vs! are the volume fraction of solids in tails and fecd slurries, Finch and 

Dobby (199Oa) have shown that a relative standard deviation of 3% for each of the four 

process measurements gives rise to a relative standard deviation of JB as high as 74%. 

(the theory of error propagation and application to blas determination is discussed ln 

Appendix 1). A further problem is that the system is dynamic and estimates from mass 

balance calculations assume steady state. 

The large error associated with the computation of bias has been aIso pointed out 

by Moys and Finch (l988b). The authors state that "the present methods used for bias 

rate estimation are inherently inaccurate since they involve the difference between the 

(inaccurate) measurement of two large and nearly equal flowrates, e.g. If the flowrate 

measurements are subject to 1 % error and the bias difference QB is 5 % of QI' the Qg is 

subject to a 40% error." (Moys and Finch, 1988b). 
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Techniques based on tempera/ure 

The difference in wash water and feed pulp temperature exploited to detect level 

was aIso consldered for bias detection (Moys and Finch, 1988b). The authors report that 

the temperature profile in the froth zone depended on operating variables including JB• 

The use of the technique was extended to an industrial application, and though it does 

not measure J B but a profile which is dependent on J B' there is good evidence that shows 

the behaviour of the profile is related to metallurgical performance (Finch and Dobby, 

199Oa). 

Similar ternperature based techniques have been implemented to explore 

alternative approaches to bias measurement (froth washing efficiency (Moys and Finch, 

1989) and feed water recovery (Maachar et al., 1990». These measures are related to 

bias and are described below. 

Moys and Finch (1989) reported data supporting the hypothesis that the rerovery 

of fine hydrophillic particles is proportional ta the recovery of feed water in the 

concentra!.:. By measuring the temperature in the streams around the column and 

performing an energy balance the authors obtained 

(2.30) 

where Q/wc is the flowrate of feed water recovered in the concentrate (cm3/s); Qcw is the 

flowrate of water in the concentrate (cm)/s); and Tc. Tw, and li are the temperatures of 

the concentrate, wash water and feed streams (OC). 

The authors found that the normalized te llperature of the concentrate (2nd term 

in Equation (2.30) is highly correlated with the recovery ofhydrophillic particles (Figure 

2.9). 
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The same tl!mperature based technique and a similar approach is being 

investigated at the University of Toronto (Lin, 1988; Maachar et al., 1990). One of the 

objectives of the work is to evaluate feed water recovery and solids entrain ment at the 

laboratory scale in liquid-gas and liquid-gas-solids systems. Feed water recovery 15 
\ 

computed using the expression 

(2.31 ) 

where Rfw is the feed water recovery defined as the volumetrie fraction of feed water that 

reports to the eoncentrate; Qf and Qc are the flowrates of the feed and eoncentrate 

(eml/s), respectively; Tc. Twand TIare the temperatures of the concentrate, wash water 

and feed streams CC). 

Maachar et al.(1990) report that the ratiofeed waJer recovery/hydrophillic solilb' 

recovery depends on the solids particle size (Figure 2.10). 

1.3 Summary 

The process variables involved in the operation of flotation columns were 

introduced. The available methods to estimate interface level (or froth depth), gas holdup 

and bias rale were discussed. A number of devices and techniques in current use were 

described. 

It was shown that methods based on the measurement of intensive properties of 

the system such as temperature and eJectrical conduetivity appear to offer advantages 

over those relying on the measurement of extensive properties sueh as hydrostatic 

pressure head and volumetrie or mass tlowrates. 
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CHAPTER 3 

ELECTRICAL CONDUCTIVITY, AN INTENSIVE PROPERTY 

3.1 Basic Concepts 

The electrical conductivity of a material is an intensive property, i.e. il does not 

depend on quantity or shape of the system. Chemical elements and compounds have weil 

defined and tabulated electrical conductivities. Materials such as metal alloys, minerais 

and electrolytes are electrically more complex and have conductivitics that depencl on the 

chemical composition and the physical mlcrostructure. Table 3.1 presents a sample of 

conductivity values reported for a variety of materials. 

3.1.1 Definition of electrical conductivity 

Electrical conductivity is the proportionality constant in Ohm's law. This law 

states, in its generaJ form, that the current flow in any part of a given system is 

proportional to the potential gradient, that is 

i - -Je VV (3.1) 

where ; is the current density (A/cm2), VV is the potential gradient (Volt/cm), and " is 

the electrical conductivity «(tl/cm). The sign indicates the current flows in the direction 

of the decreasing potential. 

Electrical conductivity (or specifie conductance) is an intensive property that may 

be thought of as the conductance (reciprocal of resistance) of a cube of 1 cm edge, 

assuming the current to be perpendicular to opposite faces of the cube (Braun stein and 
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Robbins, 1971). 

Electncal conductivity has several equivalent terms: conductivity (Atkins, 1982; 

Levine, 1988; Braunstein and Robbins, 1971; Gilmont and Walton, 1956; Lord Rayleigh, 

1892; MeredIth and Tobias, 1962; Wagner, 1962), specific conductance (Condon, 1967; 

Andrews, 1970; Barrow, 1973), and specificconductivity (Adamson, 1979; Kasper, 1940). 

In the present Thesis, the term conductivity and the Greek letter kappa, K, (the correct 

SI symbol) will he used. 

Table 3.1 Representative values of electrical conductivity. 

Subltlncc Type oC conductor Elcctncal Conductlvity Reference 

Stcm t'C 

Copper Metallic 6.4 )( 10' 0 Condon, 1967 

Copper Metallic ! 1 )( 10' 20 Shuey, 1975 

Lad Metalbc " 9 )( 10' 0 Condon, 1967 

Iron Metalbc 1 1 )( 10' 0 Condon, 1967 

Chalcopynte, Galc:na and Pynte Mineral -10 N.A.' Shucy, 1975 

Sodium tluonde, mollel\ Electrolytic !.09 1000 Condon, 1967 

"molar H~O. Elcctrolytlc 7! )( 101 18 Condon, 1967 

Procc:al water 111 aoullon Çm:Ulta~ Elc:ctrolytic O.OI~.04 N.A." ~.,l981 

0.OOI~.OO7 -10'C Thia work 

o 1 mollr KCl ElcctrolytJc 1 21)( 10'1 25 Condon, 1967 

o 01 molar KCl E&c.:trolytJc 1.-41 )( 10-1 25 Condon, 1967 

Walcr Noneicctrol~ " x 10" II Condou, 1967 

Xylcne NonelectrolytC' 1 x 10" 25 Condon, 1967 

a Not AvaÜlble 
bRanle of conductivl'Y of aqucoui phaae encountc:rcd in plant teata reaardina notation frolhl (Hemming., 
1981) 
c F.lcctrolytlc in nature but Ihowina luch a lmaU conductivity that may he caUcd nonclcctrolytca or 
pcrhap. nonconductors (Condon, 1967) 
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3.1.2 Units of conductivity 

The units of the conductivity follow from Equation (3.1): If the current density 

is given in A/cm2 and the voltage gradient in V/cm, the conductivlty has units o-l/cm. 

The unit 0"1 is sometimes written as mho (Le. ohm spelled backwards); however, 

the correct SI name for the reciprocal ohm is the siemens (S): 1 S == 1 0-1
• Thus the SI 

units of conductivity are S m"l. For convenience, the cgs unit S/cm (or the submultiple 

mS/cm) will be used throughout this Thesis. 

3.1.3 Measurement of conductivity 

The resistance R of an electrolyte solution cannot be reliably measured using 

direct current, because changes in concentration of the electrolyte and buildup of 

electrolysis products at the electrodes change the resistance of the solution. To eliminate 

these effects, an altemating current is used instead. By using the cell and the electric 

circuit shown in Figure 3.1, the resistance of the electrolyte is computed by simply 

applying Ohm 's law (/= (V .. -V,J/R). Once R is known, the conductivity can be calculated 

frorn 

1 
le --- (3.2) 

AR 

where A and 1 are the area of and the separation between the electrodes (A compleœ 

derivation of this equation will be given in detail in Section 3.2.1). 

Sorne of the more important phenomena associated with the application of a 

~oltage between electrodes immersed in a liquid electrolyte are briefly discussed here 

with reference to Figure 3.2 (Braun stein and Robbins, 1971; Sawyer and Roberts, 1974) . 
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Figur. 3.1 Conductivity cell and electrlc circuit to meaaure conduetlvlty of eleetrolytes 
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Figure 3.2 Eleetro/ytlc conductance cell and Iimplified .chamatlc repr ... ntatlon of the 
double·layer at the electrodel, Faradalc proce .... , and migration of lone 
through bulk electrolyte (after Br.unsteln and Robblns, 1971) 
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Double-layercapacitance. A positively charged electrode will preferenttally attract 

a layer of negatlve IOns (and a negative electrode a layer of positive ions). The double

layer, conlilsting of charges on the electrode and oppositely charged tons adlacent to It 

in solution (or separated from it by a layer of solvent molecules), constitutes an electncal 

capacitor, capable of storing ~harge. If a sufficiently low steady voltage is applied to the 

electrodes, virtually no current will flow beyond that required initially to charge the 

double-layer. 

Electrolysis. As the voltage applied to the electrodes is increased, the charge 

accumulated in the double-layer increases until a decomposition voltage, analogous to the 

break-down voltage of a capacitor, is exceeded; current then flows across the electrode

solution interface, accompanied by oxidation at the positive electrode and reduction at 

the negative electrode. This Faradaic (electrolytic) process partially short circuits the 

double layer, behaving electrically akin to a resistor (although a voltage dependent one) 

shunting a capacitor. 

Ohmic resistance. The current is carried through the bt.lk electrolyte by cations 

moving toward the cathode, anions toward the anode. Current flow is accompanied by 

dissipation of energy as heat, since the ions must overcome frictional forces in their 

motion through the medium. 

Concentration polariza/ion. On further increase of voltage, Faradaic removal of 

electroactive ions (Le., ions reducible or oxidizable in the range of voltages applied to 

the electrodes) near the electrode may proceed faster than diffusion from the bulk 

electrolyte can replenish their supply. This can establish a concentration gradient between 

bulk electrolyte and the electrode surface, such that the current may reach a diffusion

limited value. 

Calculation of the ohmic resistance of the electrolyte requires not only a measure 
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of the current (easlly obtamed) but aIso the voltage aecelerating the ions. This is only 

part of the voltage applied to the electrodes, which also supplies the driving force for the 

electncal work needed for the Faradaie processes, double-layer charging and 

concentration polarization. The problem of resolving electrolytic conductance is that of 

eliminating the effeet of these processes, and is generally accompli shed by measurements 

with altemating current. 

Alrernating currenl efJecrs. ReversaI of the sign of the applied voltage reverses 

the direction of motion of the ions. With an altemating (ae) rather than a steady (de) 

voltage applied to the electrodes, the above processes reverse themselves with the period 

of the altemating voltage. As the frequency is increased, concentration polarization can 

he greatly reduced or eliminated. The Faradaic effeet an be eliminated by sufficiently 

reducing the applied voltage. Frequencies of 1 kHz and voltages less than 1 V are 

recommended for general applications (Cole and Coles, 1964). 

3.2 Cell Constant and Geometri~.al Factors 

3.2.1 The Theory of the Potential and the three cases of uniform current density 

distribution. 

The theory of the potential relates primarily to the study of the distribution of 

potential energy between spatial configurations that represent levels of potential energy. 

These spatial configurations are the eleetrodes al different potentials (the anode and 

cathode). In the theory of the potential, a single configuration (electrode) is considered 

to he entirely at one level of potential energy and hence is an tquipottntial surface. It 

is convenient to consider the variation of potential from the anode to the cathode, or vice 

versa, also in terms of equipotential surfaces. 

If any restrictions are placed upon the space in which these equipotential surfaces 
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can unfold, the se restncUons enter into determining the form and posnion of the 

equipotential surfaces. 

In trying to determme the form and position of the equipotenttal surfaces ln a 

conductive medium, the followmg restrictIons are observed (Kasper, 1940: Glimont and 

Wallon, 1956): 

(1).- the medIUm is such that the rate of dissipation of energy is a Itnear funcllon 

of the difference in potential level. This condition demands that a linear law of 

conduction be obeyed. In electricity this is known as Ohm's law WhlCh generally holds 

for electrolytes (Kasper, 1940; Gilmont and Walton, 1956). Ohm's law states that the 

current flowing in any part of the system should be a linear functlOn of the potenlial 

gradient, which can he expressed by 

i - -le VV (3.1) 

. av av av 
Wlth W .. - + - + - (for rtctlUlplar coormnatts) (3.3) ax ay & 

where i is the vector current, " is the specific conductivity, and V V is the potentlal 

gradient al any point. 

We lmow in addition that a total constant current enters the system at the anode, 

flows throughout it, and leaves through the cathode. If the electrodes are speclfied, then 

in accordance with the law of conservation of current the following must he true: If any 

volume of the conducting medium is selected, the net resultant of the current entenng and 

leaving will be zero. In formai mathematical language this is expressed by the statemenl 

that divergence of the current is zero and written in symbols 
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Vi - 0 (3.4) 

However, since ;=-/(VV, and if the medium is homogeneous electrically (le is constant), 

the divergence of the gradient of the potential is zero, Le. 

v·v V - V 2V - 0 (3.5) 

This mathematical formulation is known as Laplace's equation, and il has within 

it the expression of the laws of electrical tlow, although il applies equally to other 

phenomena w:-'ich may be treated by the theory of the potential. 

(2).- the medium IS homogeneous and isotropie electrically. Since heat dissipation 

is associaled with the flow of electrical current, and the conductivity changes wîth the 

temperature, eleclrolytes cannot be said to satisfy this condition in a strict sense, although 

the currents which are used can be made sufficiently small 50 that the influence of this 

effeet can he neglecled. 

(3).- the flow of energy through the electrode does not alter the condition which 

must be assumed viz, that the surface of the electrode must be equipotential. This 

condition refers to what is known as the ·resistance of the rlectrode (or terminal effect)·. 

If the eleetrode is large with respect 10 the terminal of entry or departure of current and 

the conductivity of the eleetrode is sufficiently high as compared with that of the 

medium, this effeet will tend to vanish. Since in most practical applications the ratio of 

conductivily of metal (i.e. of the electrode) 10 that of eleetrolyte ranges from a hundred 

thousand to a hJiJlion, this effeet car. be neglected. 

(4).- the flow of energy from the electrode to the medium or vice versa may 

introduce a discontinuity in potential at the eleetrode surface but the magnitude of the 

discontinuity must be uniform over the elcetrode surface. This condition refers ta 
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electrode polarizatlon which can be avolded, or at least rendered negligible, by u!.mg 

altemating CUITent of a sultable frequency. 

The termInal effect and electrode polarization can be further reduced by 

platinizing the electrodes, thereby increasing the surface area and reducing the current 

density (Braunstein and Robbins, 1971). 

Having estabhshe.d the conditions to be satisfied, the three cases which glve a 

uniform current flow will be discussed. These cases are the flow between (1) mfimte 

parallel planes, (H) coneentric cylinders of inftnite length, and (Iii) coneentnc spheres 

(Kasper, 1940). 

a).- The flow between two infinite parallel planes and the method of 

sectioning 

Consider the surface of the anode and the cathode as two parallel Infinite planes 

each being CQuipotential. In this situation, the distribution of potential between the planes 

may be represented by planes parallel to the two initial planes. The lines of current tlow 

must leave the anode normally, intersect every CQuipotentlal surface normally, and finally 

hit the cathode normally. If the medium is electrically isotropie and homogeneous the 

equipotenual surfaces per unit potential difference must be equally spacerl; thus It follows 

that a conStant current flows from the anode to the cathode. The current denslty over the 

electrodes and over each equipotential surface is uniform. This may be IOdlcated 

graphicaIly by uniform spacing of lines representing lihes of current tlow. 

Infinitely large planes for the anode aTId cathode IS clearly impractical, so systems 

must be devised which are equivalent. This is effecte\6 by a method known as sectiomng. 

The first type of sectioning considered is the replacement of any equipotential surface by 

a pcrfect conduetor (electrode) with the same shape and position. This assumes Implicity 
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that with a real electrode the termmal effect can be neglected. In a second type of 

sectlOning it !s assumed that the sectlonmg surfaces are everywhere comcldent wlth lines 

(surfaces) of current tlow and, ln accordance with this defimtion, no current crosses such 

surfaces. The process of sectioning does not alter the flow Wlth1l1 the boundane~ created. 

In a conductor like that ilIustrated in Figure 3.1 (which is a section of the initial 

system) where A and B are the electrodes the resistance is given by 

R _ drop of pottlltÙJl 

currtnt 
(3.6) 

ln the case of a linear conductor the current density on any equipotential surface 

is constant, hence 

êV 1 
i - -lt - -ar Â 

(3.7) 

where ; is the current density, k is the conductivity, 1 is the total current, and Â is the 

cross-sectional area. 

Integrating we obtain 

(3.8) 

where K is the conductance (= 1/ R), and 1 is the length of the conductor. 

b).- The flow between concentric cylinders of infinite length. 

The cross section of two concentric circular cylinders of infinite length is 
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illustrated ln Figure 3.3(a), which can be secuoned out to obtain the equlvalent system 

shown ln Figure 3.3(b). The radlUs of the \Oside cylinder IS ' •• and that of the external 

cylinder is '2' The lmaginary eqUipott"ntial surfaces are a senes of cyllnders (of clrcular 

cross-sectIOn) between the two electrodes. with WhlCh the y are coaxIal The lines of tlow. 

which must be normal to all of the cylinders, will hence be radll. whlch may he drawn 

from the center of the cylinder. 

The actual separation of the equipotential surfaces per unit potential difference cao 

be obtained. Since in this case the current density over any equlpotential surface is 

umform, the current density per unit area will be 

. av r 
, - -Je - -a r (27t r)" 

(3.9) 

that is, the total current divided by the area of the equipotential surface, where r is the 

radius of the cylinder representing the equipotential surface. Integrating we have 

v'-v' .. -ln -r ('2) 
1 2 2TC1C ri 

(3.10) 

the conductance per unit length is 

21C1C K-----
ln ('2 1 '1) 

(3.11 ) 

• area of the cyhnder per urut Ieoith= 2rr 
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tquipottntill IUrfac .. 

IIntI of tltctric current 

(c) 

Figure 3.3 Equipotlntial &urlace. and current llnel betw .. n: (a) conctntric cylinder •• and 
(c) conClntric spheres. (b) Sictianing to farm 1 Iyltem equivalent to the 
concentric cylindlrs (after Kuper, 1940) 
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c).-The flow between concentnc spheres 

An zrrangement of two concentric spheres represents the third and last case in 

which it is possible to obtain uniform current dlstribution over the electrodes. This IS 

illustrated in Figure 3.3(c). The equipotential surfaces form a system of concentric 

spheres existing between the two spheres considered as the electrooes. The Imes of flow 

must be radial lines, which may be drawn from the center. The separallon of the 

equipotential surfaces per unit potential difference can be established. The current density 

over the equipotentials is 

av 1 
i - -1t - -

Or 4x,l 

where 4 ... r2 refers to the area of any equipotential surface. 

Integrating we obtain 

y. - v. - _1- (1. -1.] 
1 2 4K1t' r 

1 1 

For the conductance of this system we have: 

K - 4!t1t ( '1 '2] 
'1 - '1 

(3.12) 

(3.13) 

(3.14) 

3.2.2 Geometries that depart from the three cases of uniform current density 

distribution 

In a ceU with parallel electrodes filling the entire cross section (like the one 

illustrated in Figure 3.1), a uniform current density may be expected because of 
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symmetry. In thlS type of ccll the electrical conductivity of the medium can be calculated 

by uSlOg Equation (3.2). For any other cell geometry where uniform CUITent density is 

not developed, the relationship between the geometrical and electrical parameters of the 

cell, and the conductlvity of the medium should be derived from the basic principles of 

the theory of the potential, namely that the current density lines must be orthogonal to 

the equlpotential surfaces. Accordingly, in a solution of unifonn electrical conductivity, 

the propagation of electrical energy in the steady state will be such as to satisfy the 

Laplace equation everywhere, i.e., including the boundaries of the system under 

consideration (Wagner, 1962; Meredith and Tobias, 1962). The physical consequence of 

the above statements imply that the lines of flow describing the path of the electric 

charge show no discontinuities, the flow is "smooth-, and that at all points within the 

system, including the boundaries, lin es of flow are orthogonal to equipotential surfaces. 

The potential over the cathode is constant if polarization is negligible. The same 

is also true for the anode. At insulating walls the potential gradient normal to the wall 

must vanish. Then the solution of the differential Equation (3.5) for the boundary 

conditions as stated can be calculated. From it, one may obtain the local current density 

as the product of the electrical conductivity and the potential gradient normal to the 

surface of the electrode. Results of such calculations are found in papers by Kasper 

(1940), Hine et al. (1956), and Gilmont and WallOn (1956). 

An example of this type of analysis is given by Gilmont and Wallon (1956) for 

an electrolytic ceU (Figure 3.4) which consists of a container with two straight sides 

intersecting al 45 0 and two curved sides consisting of rectangular hyperbolic cylinders 

orthogonal to each other. and each in tum orthogonal lo one of the straight sides. One 

of the straight sides and its opposite curved surface are insulalOrs, the other straight side 

is the cathode while the remaining curved surface is the anode. In this geometry the 

equipotential surfaces and the current density lines appear as rectangular hyperbolas in 

the x-y plane being mutually orthogonal in accordance with the theory of potential. Also, 
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the current denslty along the cathode is linear and can be calculated directly from the 

total current and voltage of the cell. The equauon relating the conductivity of the medium 

and electrica1 and geometrical parameters IS 

Â 
K - y.-

L 
(3.15) 

where K is the conductance (= IIV; 1 the total current flowing between the electrodes, an~ 

V the voltage drop across the electrodes); " is the conductivity of the medium; L is the 

length of the cathode; and A is the area of the cathode receiving current. 

Hine et al. (1956) have calculated the currer.' distribution in ceUs where the 

electrodes fill the cross section of a trough only in part and current Unes originate and 

terminate at both the front side and the back side of the electrodes (Figure 3.5). The 

analysis considers only the effect of the side walls on the current distribution and assumes 

that the back walls are far removed from the electrodes: "The problem is treated as a 

two-dimensional one, and the Schwarz-Christoffel transformation is used. If the effect 

of four walls in a rectangular cell are considered, a hyper-elliptic integral appears, and 

the analysis is beyond possibility· (Rine et al., 1956). 

Numerical methods, such as the finite-difference method, have been proposed to 

obtain numerical solutions for problems whose analytical solutions are complex (Binns 

and Lawrenson, 1963). Appendix 2 presents tOe basis of the method. 

3.3 Electrical Conductivity of Two and Three Pbase Systems 

Electrical conductivity methods to measure holdup in two- and three-phase 

systems appear to be a standard laboratory technique. This section gives a brief 

description of the most well-known rnodels as weIl as sorne of the applications. 
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3.3.1 Definition 

The electrica1 conductivity of two or three phase dispersions (a continuous phase 

plus one or two dispersed phases) has been termed "effective conductlvity" (De la Rue 

and TobIas, 1959; Hashin. 1968; Neale and Nader, 1973; Fan et al.,1989), "apparent 

conductivity" (Turner, 1976) or simply "conductivity". In the present Thesls the term 

effective conductivity -to dislmguish the conductivity measured for a muillphase system 

from that for a single phase- will be used together Wlth the letter kappa, K, and 

appropriate subindices indicating the type of system, e.g. "1-1-1 refers to the conductivity 

of a liquid-solids-gas system. For convenience, cgs units (S/cm) will he used. 

3.3.2 Available models 

a).- Electrical conductivity of two-phase dispersions 

In general terms, the electrical conductivity of a J:quid-gas, KI-., or liquid-solid, 

"1-11 system depends on the electrical conductivities of the two phases and their relative 

amounts. However, as noted early by Maxwell (1892), the conductivity of dispersions 

do not follow the additivity ruIe, i.e. the relation between conductivity of the dispersion 

and the concentration of the dispersed phase is not linear. 

As far as it is known, Maxwell (1892) was the first to mvestigate the 

phenomenon. Maxwell considered a sphere of different conductivity from the material 

around il and the effeet of this sphere on the current flow, and potentiai field, in the 

surrounding material. If many such spheres -at distances from each other large enough 

50 that their effects in disturbing the course of the current may he taken as independent 

of each other- are contained within a larger sphere of the continuous medium, then the 

effective conductivity, /(HI' of the large sphere for a volume fraction t d of the dispersed 

phase of conductivity ~d is given by 
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(3.16) 

where KI is the conductivity of the continuous phase, and (3 is given by 

(3.17) 

Hashin (1968) studied the electrical and thermal conductivity properties of solid 

heterogeneous media (polycrystalline aggregates and bimetallic composites, for example) 

and proposed a universal expression for electric and thermal conduction equivalent to 

Maxwell's equation, namely 

Kc-d 1C-4 ---
Kc ke 

(3.18) 

where Kç-d and kç-d stand for the electrical and thermal conductivity of the continuous

dispersed phase, respectively, and I(ç and kc are the electrical and thermal conductivity 

of the continuous phase, respectively. 

Neale and Nader (1973), based on a model for an homogeneous and isotropic 

swarm of dielectric spherical particles and through the analogy between the problem of 

electrical conduction and the problem of diffusion, reported an expression equivalent to 

Maxwell's equation for non-conducting dispersed phase, namcly 

(3.19) 
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The agreement bctween the experimental data (acidified aqueous copper sulphate 

solution-glass spheres less than 0.2 mm diam.) and the model proved to be satisfactory 

for packed beds (el> 0.55) and excellent for suspensions (el < 0.55). 

Maxwell's model has been successfully used by Turner (1976) for measuring 

holdup in liquid-fluidized beds of spheres. A range of solid particle diameters (0.15-1.0 

mm) and conductivities (0 - 0.03 S cm-') were used. The conductivity of the aqueous 

solution was varied by NaCI additions. Although Maxwell's model conslders dllute 

dispersions (Maxwell, 1892), sohd volume fractions of up to 60% were adequately fitted 

by Maxwell's equation. In that work, two platinized-platinum wire gnd electrodes were 

immersed in the fluidized bed contained in a 7.4 cm diameter column, and the reslstance 

between them was measured as a function of their separation. The slope of the straight 

Hne portion of the graph of resistmce against separation was used to calculate the 

effective conductivity of the suspension. 

Bruggeman (1935), as reported by Nasr-EI-Din et al. (1987), extended Maxwell's 

work to the case of spheres of various sizes and random distribution. His equation 

should, therefore, be val id for a mixture of a wide size distribution at any concentration. 

For a mixture of solids conductivity Ku liquid conductivity IC, and solids concentration el' 

Bruggeman 's equation is 

( 

K j-1fJ 
(K,_of - X,) ~-; - (1 - t) (x, - le,) (3.20) 
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For a mixture of nonconducting solids ln a conducting hquid, this reduces to 

K, , 3/2 
-- - (1 - 1:) K, 

(3.21) 

De la Rue and Tobias (1959) measured the conductivities of random suspensions 

of glass spheres, polystyrene cylinders and sand particles (0.175 to C .21 mm) in aqueous 

solutIOns of zinc bromide of approximately the same densities as the particles. Solids 

holdups up to 40% were tested. They found the suspension conductivity could be 

calculated from the expression 

(3.22) 

where m = 1.35 to 1.56 depending on the ·irregularity· and size distribution of 

particles. The authors reported that Maxwell's model performed weIl for uniformly sized 

spheres (m - 1.35), while Bruggeman's equation applied best for irregular partic1es and 

random distribution of sizes (m = 1.5). 

Lord Raylt.lgh (1892) treated the cases of parallel cylinders in a square array and 

spheres of uniform size in cubical array. In each case, the effect of a large number of 

"sheUs" of cylinders (and spheres) surrounding a central one was considered. For the 

cubical array of spheres where the field is perpendicular to a side of the cube, using the 

principle of superposition for potentials, Lord Rayleigh obtained 

(3.23) 
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The upiJer limlt of ed IS Imphcltly set by the geometry of the model; Equation 

(3.23) Joses phYSICal slgnificance above Bd > -r/6 (- 52 %). l.e. above the holdup 

corresponding to a CUblcal packmg of spheres. 

In the case of CUblC array of spheres, using a different functlon for the potenttal 

and considering higher terms in the series expressIOn for the potenttal ln the contmuous 

phase, Meredith and Tobias (1962) denved a similar expression for KI d' 

Yianatos et al. (1985) developed a geometrical model based on the concept of 

tortuosity to estimate local gas holdup from conductance measurements ln a two-phase 

(water-air) bubble column. This m<Xlel considers the ratio between the conductance of 

the liquid-gas dispersIOn and the conductance of the aqueous-phase 

1 - t: , 
1,11 

(3.24) 

where 'Y is the relative conductance, A is the cross-sectional area of conducting matenal, 

1 is the length of the path between electrodes and If is the effective length of the path at 

gas holdup e •. 

This model considers the tortuosity as a function of the gas holdup in both the 

froth and bubbling rones. Assuming spherical bubbles in a homogeneous regime for the 

bubbling zone, 

1. 1 - 1 + 0.55 " (3.25) 
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and assummg a cellular bubble shape in the froth zone with the ions preferentially 

mlgratmg along the borders, 

l, 
"1 - 2.315 t, (3.26) 

The model was tested in a two-dimensional column, 2.5 X 10 X 100 cm, using facing 

rectangular electrodes, 1 x 2.5 cm, glued on the walls and for a range of gas holdups 

in both the bubbhng (0-30%) and froth (60-95%) zones. 

Consldenng a dispersion of air bubbles (~IW - 0) in a continuous aqueous-soJution, 

an equation similar to that of Maxwell is obtained by substituting Equation (3.25) into 

Equation (3.24), namely 

KI_, ___ 1 _-_1 'L..-. 
K, 1 + 0 . .5.5 e, 

(3.27) 

except Equation (3.27) considers conductances K, rather than conductivities ~. 

Figure 3.6 shows the comparison between models by Maxwell (Equations (3.16) 

and (3.17», Rayleigh (Equation (3.23» and Bruggeman (Equation (3.20». 

b).- Electrical conductivity of three-phase dispersions 

Three-phase systems are common in fluidized bed and packed column reactors 

used mainly in hydrocarbon and coal processing applications. In a typical three-phase 

system the liquid forrns the continuous phase white the gas and solids are discontinuous 

phases. 
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Achwal and Stepanek (1975,1976) report an experimental method to dctermme 

the gas and liquid holdups in packed columns using electrical conducUvlty, The method 

is based on the followmg considerations: The conductivity of a hqUld system wlth a fixed 

concentration of ions at a fixed temperature is proportional to the cross-sectional area of 

conducting material and inversely proportional to the length of the path between two 

electrodes. The fraction of the cross-sectional area occupied by the liqUld ln a multl

phase system is equal to the volumetrie fraction of the liquid. The length of the path 10 

a multi-phase system is obtained by multiplying the distance between the electrodes by 

sorne tortuosity factor. If the tortuosity factor does not change substantially with the 

amount of gas in the temary system (gas-liquid-solid), then the conductivity should vary 

in proportion to the liquid holdup in the bed. 
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These authors found that In a 5 cm dlameter colllmn packed wlth non-conductive 

1/4" Rashmg nngs or 6 mm ceramlC cyhnders, (both glvmg e. = 0.543), the 

conductlvJty of the lIqUld-sohd-gas system KI_ .... dld vary ln proportion to the liquid holdup 

in the bed 

(3.28) 

where KI .... is the effective conductivity of the temary system and "1_. is the conductivity 

of the packed bed filled with the aqueous solution, S/cm. 

This method involves the use of two electrodes made of coiled tungsten wire 

located one at the bottom of thl .. bed and the other 60 cm above, close to the column 

overflow. It is worth noticing that the authors do not explicitly consider the solids holdup 

(54.3% In thts case) in Equation (3.28) and that 100% liquid holdup in the two-phase 

system liquld-gas actually represents 45.7% in the teroary system liquid-solid-gas. 

Dhanuka and Stepanek (1987) aIso found Equation (3.28) to he applicable in 

determining the liquid holdup in a three-phase fluidized bed (glass spheres 1.98 to 5.86 

mm diameter). The authors made clear that el in Equation (3.28) is "on solid free basis". 

Begovich and Watson (1978) used a technique based on electrical conductivity to 

measure the axial variation of hcldups in three-phase fluidized beds. In this work 4.6-6.3 

mm glass, alumina and Plex.iglas beads were fluidized by air and water in either a 7.62 

cm or 15.2 r.m diameter column. Two 1.4 cm2 platinum electrodes were attached 1800 

apart on the inside of a movable Plexiglas ring. The pressure gradient in the bed was 

obtained by using eleven liquid manometers located at 9 cm Înte!'Vals along the column. 

The three-phases holdups were calculated using the equations 

t,+t,+E.r- 1 (3. 29a) 
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(3.19b) 

(J.29c) 

where d~/dh is the pressure drop along the fluidized bed (Pa/m), g is the acce1erauon 

due to gravit y (m/s2
), and d, IS the density of the i (i =Iiquid, or solid or las) phase 

(kg/m3). 

Kato et al. (1981) used a conductivity technique to measure liquid holdup ln a 

gas-liquid-solid fluidized bed. The authors found that for fluidized beds of umform glass 

beads (0.42, 0.66, 1.2, and 2.2 mm diameter) the following empifical equatlOI1 tit their 

data 

(3.30) 

3.4 Summal") 

The physical/chemical phenomena involved in the measurement of electricaJ 

conductivity of electrolytes were described. The geometric constraints of the œil designs 

used to measure conductivity were discussed in the light of the theory of the potential. 

Severa! models proposed in the literature to define the effective conductivity of 

two a.'ld three phase dispersions were presented. 
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CHAPTER 4 

INTERFACE LEVEL: EXPERIMENTAL TECHNIQUES AND RESULTS 

4.1 Introduction 

In Section 2.2.1, the importance of the interface level in the performance of 

flotation columns was discussed and the different ways of measuring it were presented. 

This chapter describes the steps followed in the development of a CJnductivity based 

technique to measure interface level in flotation ceUs. 

The froth zone and the collection zone in flotation columns have substantially 

differenl gas contents. Since the electrical conductivity of a dispersion depends on the 

amount of dispersed phase, as described in Section 3.3, it should be possible, in 

principle, ta distinguish one zone from the other based upon their effective conductivities. 

Furthermore, the position at which the substantial change in gas contents occurs, Le. the 

interface position, should be also detectable. The Pulp height-Froth depth monitor 

(Kitzinger et al., 1979) exploits this principle. 

In a two-phase (liquid-gas) laboratory flotation column, Yianatos et al. (1985) 

found that for gas holdups in the bubbling zone of 0 to 30%, the gas holdup in the froth 

zone ranged from 60 to 90%. Funher work (Yianatos et al., 1986 and 1987) revealed 

that for a variety of operating conditions, the gas holdup in the base of the froth ranged 

from 52 to 67%. Thus, under the extreme circumstances of a combination of gas holdup 

of 30% in the bubbling zone and 52 % in the base of the froth zone, a conductivity ratio 

(1(.,..., ... D.lIIe /I(frodl-J of 1.50 is obtained by using Yianatos correlations (Equation (3.24) 

to (3.26». This conductivity ratio will increase if: (a) the temperature of the froth phase 

is lower than that of the slurry (a proportional relationship between conductivity and 
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temperature exists); and (b) the water 10 the froth phase contams less dlssolved 

electrolytes (as wIll typically be the case as reagents are not usually added to wash 

water). In most circumstances, the ratIo is large enough to be explOlted for level 

detectlOn purposes (Moy _ ~d Fmch, 1988a; Gomez et al., 1990). 

4.2 Laboratory Scale Columns 

4.2. 1 Previous work 

Conductivity based techniques for level detection in laboratory scale columns has 

been explored by Moys and Finch (1988a). These authors analyzed the hqUld-gas system 

using a rectangular Plexiglas column (180 cm high Wlth a 10 cm x 2.5 cm cross

section). Two general methods to locate the level were explored: (1) mterpretatlon of the 

conductivity signal of a pair of vertical plates (15 cm x 1.5 cm) facmg each olher; the 

signal is proportional to the lev el position provlded the level is wlthm the "detectmg" 

length of the electrodes; and (ii) interpretation of a conductIvlty measurement along the 

vertical axis of the column. The measurement was performed wlth two electrodes (1 0 

cm x 2.5 cm) located above one another (20 cm of separation). 

The results presented in Figure 4.1 showed that method (1) gave a conductlvity 

signal more or less proportional to the level, whereas in method (ii), the inverse of the 

conductivity signal, Le. resistivity, was proportional to the position of the level. 

More recently. Moys (1989) reported the results of laboratory testwork in the 

development of a simple conductivity sensor capable of detecting level under conditions 

of drastic changes in conductivity of the flotation pulps such as those encountered in Most 

flotation circuits. 
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4.2.2 Preliminary work on the detection of level using conductivity 

60 

10 

In order to explore the potential use of conductivity as a technique for level 

detection in three phase (slurry-éÙr) systems, an experimental program ~o be completed 

with a laboratory column was designed. The program consisted in measuring 

conductivity according to two methods: the tirst, similar to method (i) use<! by Moys and 

Finch (1988a), namely. interpretation of a conductivity signal generated by means of a 

pair of facing plates (100 cm x 1 cm) installed in the top section of a 5.04 cm diam. 
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Figure 4.2 Schematlc representation of electrodel arrangement in the top section of the 
5.04 cm diam. column and attached datllCqulsltlon system 

laboratory co1umn (Figure 4.2). The signal was expected to be proportion al to the 

position of the level aloog the electrodes. Two pair of facing electrodes (2 cm x 1 cm), 

one above and the other below the long ones were used to measure the conductivities of 

the froth and collection zones. The second method comprised the collectIOn of 

conductivity profiles arol1nd the interface by means of a series of electrode pairs equally 

spaced along the vertical axis of the top section of the co!umn. The level position was 

to be inferred from the sharp change in conductance across the interface. 
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The expenmental apparatus consisted of a 5.04 cm diam. x 10.5 m helght 

Plexiglas column. A porous stamless steel sparger installed at the bottom of the column 

was used to generate the air bubbles. Feed was mtroduced at about 2 m from the top of 

the column. Wash water was added at about 1 cm below the lip through a perforated 

0.64 cm (1/4") copper tube nng. The au fed to the column via the gas sparger was 

measured using a cahbrated rotameter. Three peristaItic pumps (Masterflex Cole Parmer, 

model 7520) were used to suppl Y and control the flows of feed, tailings and wash water. 

The top section of the column (Figure 4.2) comprised a suitable arrangement of 

electrodes to obtain conductanc€: profiles and conductance readings that allow the 

caJculation of the interface position within the column. In the case of conductance 

profiles, 11 electrode pairs (stainless steel plate, 1 x2 cm), were glued to the column 

walls following vertical lines 1800 apart, and with a separation of 10 cm starting at 50 

cm from the top of the column. For level estimation, 3 electrode pairs were installed in 

the same way but on vertical lines displaced 90° from those of the profile electrodes. A 

pair of long parallel electrodes (stainless steel plate, 1 x 100 cm), was installed at 50 cm 

from the top of the col umn. Two pairs of small electrodes for measuring froth and 

collection zone conductances were installed at 40 and 160 cm from the top of the 

column, respectively. 

The data were collected using a data acquisition system formed by a 

microcomputer (Mackintosh, Apple compatible, 64 K of memory), a conductivity meter 

(Tacussel, Mod. CD 810), an interface board which includes a clock and an 8-bit A/D 

converter, and a manual lO-channel selector. 

The acquisition of the data during the experiments was as follows: 

i).- Electrode pairs were connected to the different positions in the channel 

selector according to a pre-established reading sequence. 
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ii).- The first electrode pair was connected to the conductlvity metcr through the 

channel selector. 

iii).- After six time constants (the time constant of the conductivlty mcter limits 

this value to a minimum of 3 seconds, see part 4.2.3(d) in this section) had elapsed the 

meter output to the computer A/D converter was read and stored in the computer 

memory (this value corresponds to the conductance through the selected pau of 

electrodes). 

iv).- Another pair of electrodes was connected to the conductivlty meter via 

channel selector and step (Hi) was repeated until ail the electrode palTS had been scanned. 

A stream of the copper circuit (PRe, primary rougher concentrate) of the 

Strathcona roill (Falconbridge Ltd.) was used. Four runs were completed with 

combinations oftwo solids contents (30% and 47%), and two different taIlmgs rates (0.9 

and 1.26 croIs). The interface level was controlled varying only one of two vanables: 

feed or wash water flowrate. The air rate was maintained constant at around 2 cm/s. 

After the column was operated at the selected conditions for 2 residence tlmes, the data 

acquisition was initiated. The actual position of the level was determmed by visual 

inspection. Typical results obtained are presented in Figures 4.3 which shows 

conductance profiles for normal, intermediate and low levels. 

There are two important findings to stress: first, a large difference between the 

conductance of the froth and collection zone does exist, thus, satisfying the condition for 

level detection using conductivity; and second, a conductance variation within the rones 

exists; in other words, the conductance varies within a rone as the position of the 

measuring point moves away from the interface. This finding has significant impact in 

the calculation of level using two long electrodes, which will be discussed next. 
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In principle, the relauonship between conductance and level was substantially 

linear as shown in Figure 4.4. ThIS figure also shows that the conductance response 

depends on the operating conditions; for example, the same conductance value in Figure 

4.4 holds for two diffcrent level "locatIOns" corresponding to two % Solids ln the fccd 

(30 and 47%). Thus, knowledge of the conductance of the froth and collectIOn zones is 

required to compensate for variations in opelating conditions. This was donc by usmg 

the conductance measured with the electrodes at 40 and 160 cm from top of the column 

for the froth and collection zones, respectively, and by using the expression (Appendix 

3) 

(4.1) 

where 1 is the position of the interface within the long electrodes; L is the length of the 

long electrodes (cm); Kfw' KIMI and Kcw are the conductances measured in water with the 

froth, "level" and collection (zone) electrode pairs (mS), respectively; and KI' KI and Kr 

are the actual conductances measured during normal operation with the froth. level and 

slurry electrodes (mS), respectively. 

Figure 4.5(a) presents the comparison between the intertàce position calculated 

by using Equation (4.1) and that from visual inspection. A constant offset was observed 

which is most likely due to the eXlstence of a conductance profile in both zones. Since 

values measured with the electrode pairs located at 40 and 160 cm were assigned to the 

conductance of the froth and collection zone, it is clear from Figure 4.3 that those values 

are unlikely to represent the average conductance value of the zone (or at least that 

portion of the zone which lies within the "level" electrodes). Better accuracy is obtamed 

if an average value of the conductance for both zones is considered in the calculatlOn, 

as shown in Figure 4.5(b). Since this approach for measuring level requlres the 

measuring of conductivity for the froth and collection zones above and below the probe, 

the problem posed by the existence of a profile cannot he avoided. 
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4.2.3 Level detectIon from conductance profilrs 

a).- Physical/chemical nature of the profile 

The conductance profiles, the second alternative for level detection, clea.rly show 

the interface position (Figures 4.3). As a first approximation, it can he said that the 

conductance measured in the froth or collection zone, since the conductivity cell 

(ge<. netry) i~ fixed, is a function of the amount of non-conductive phase (gas holdup) and 

the conductivity of the conductive phase (liquid). Thus, the differences in conducrance 

between the froth and collection zones observed are most probably due to a comhihation 

of: a).- a difference in gas holdup between both zones, and b).- a dllference in 

conductivity between the wash water and pulp water. These effects are illustrated by 

considering the conductance profiles in Figure 4.6, collected in a two-phase (liquid-gas) 

system. 

Figure 4.6(a) shows that for the same operating conditions, the nature (chemistry) 

of the water used as 4-"eed and wash water has an impact on the conductance values. When 

using the same source of waler (recycled water, "VOC= 2.16 mS/cm) for the feed and 

wash water, the difference in conductanœ between the bubbling and froth zone 

(conductance ratio - 2.5) is essentially due to the difference in gas holdup. A bubbling 

to froth zone conductance ratio of 2.5 is in good agreement with the values expected 

from the correlations of Yianatos et al. (1 985)(ratio ~ 1.5). When tap water (ICv 'c=O.26 

mS/cm) is used for wash water instead of recycled water, the difference (conductance 

ratio - 8) is a combination of both effects. 

Changes in operating conditions leading to changes in gas holdup (gas rate 

variations, for example) and changes in the chemistry of the watet' in the flotation pulp 

(reagent addition, for example) are commonly encountered in industrial operation. 
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b).- Level detection algorithm 

The position of the Interface level can be inferred from the conductance profiles 

simply because th~ largest differrnce ln conductanœ between adjacent points occurs when 

crossing the Interface. Thuc;, the mterface level is defined as the loc tion at which the 

largest conductance difference (largest slope in mathematical terms) occurs. The 

application of thls definition to the conductance profiles of Figure 4.6(a) is illustrated in 

Figure 4.6(b). The conductance difference values are located midway between the 

position of the adjacent electrode pairs producing a specifie conductance difference value. 

For example, when wash water is tap water and the feed is recycled water, the 

conductance measured at 80 and 90 cm from top of the column are 0.27 and 0.80 mS, 

respectively; therefore, the absolute difference, 0.53 mS, is assigned to the intermediate 

position, i.e., 85 cm. 

More elaborated approaches that involve the fitting of the data to a conductance 

vs distance equation and obtaining the point at which the largest slope occurs (largest first 

derivative) or the point at which there is an inflection point (second derivative equals 

zero) were discarded because of the lack of a simple mathematical expression capable of 

describing ail the possible profile shapes enc.ountered. 

c).- Performance of level detection algorithm 

Given the nature of the level detection algorithm which only discriminates the 

position at which the largest slope occurs, the accuracy of the detection is mainly dictated 

by the axial separation between electrode pairs. The algorithm will report a level position 

of 95 cm, for example, as long as the largest conductance difference occurs between 

electrodes at 90 and 100 cm; if the level moves in such a way that the new largest 

difference occurs between electrodes at 80 and 90 cm, the value reported by the 

algorithrn will jump from 95 to 85 cm. Therefore, the accuracy of the detection is 
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expressed as belOg ± 112 the axial separation betwecn electrode pairs. e.g .. ±5 cm for the 

experimental results prf'sented. 

Figure 4.7 shows the performance of the algonthm for the column opcrated wlth 

a level set point of 95 cm. In all the cases, the accuracy of the detection was ±5 cm as 

compared to the interface position obtained by opticai inspection. 

d).- 1'ime constant of the technique 

COllectlOg a conductance protile takes a period of lime that depends on the 

number of measurements (conductance points) and on the time cons~nt of the Instrument 

(conductivity meter). The number of points depends on the span and on the accuracy 

required: given the span the accuracy will increase by increasing the number of points, 

and vice versa. The response of the commercially available conductlvlty sensors are 

described by the equation of a first order system, that is to say, the rc!'ponse to a change 

in the conductivity of the medium is not instantaneous but a function of tlme and follows 

the first order lag equation 

(4.2) 

where K(t) is the time-dependent conductivity measurement, mS/cm; K"" is the actual 

value of conductivity of the medium whose conductiv;ty is bemg measured, mS/cm; 1 IS 

the time, sec; and T is the \tme constant of the sen sor , sec. 

Figure 4.8 presents the response of the commercial meter bemg used (Tacussel, 

Mod. CD 810) to a sudden change in conductance from zero to -5.25 mS. A time 

constant of about 0.46 s is obtained by fitting the data in Figure 4.8 to Equation (4.2). 

Therefore, in accordance with the first Older lag model, 99% of the actual conductance 

value would be obtained when a period of time of five lime cons/anis, e.g, 2.3 5 in the 
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case bemg dlscussed here. has elapsed. TllIS essenllally mean~ lhal each conduc14\nCC 

measurement will take at least 1.3 s. whlch translatcs mto ~ J s for a full scan 01 ten 

pomts to be completed. ObvlOusly, the level IS updated every tlme a ncw profile I~ 

collected. and therefore. thlS glves nse to a lag ln level detœtlon that has to he accounted 

for withm a level control scheme. 

These two drawbacks of the technique. Ilamely, the stcp shape of the rc~ponsc and 

the lag in the detection of level, can be rmnimlzed by usmg a sensor wlth a shorter tlmc 

constant (Omega Mod. CDTX-lOl, for example) and by mterpretatlon of the conductance 

measurement collected; thlS latter option is dlscussed next. 

4.2.4 Basic studies on the effeet of cell configuration 

The posslbility of increasing the accl.lracy of the detection by interpreting the 

response of alternative electrode arrangements was experimentally explore<!. 

The experiments were carried out in a 10 cm dlam. x 3.6 m helght water-alr 

laboratory column. In this collJmn, twelve pairs of stainless steel facmg circlcs (0.71 

cm2) were mstalled ln the column wall starting at 28 cm from the top and wlth and axial 

separation of 10 cm. The data acquisition system descnbed In Section 4.2.2 wall 

improved by replacing the apple-compatible computer by an IBM-compatible computer, 

the 8-bit A/D board for a 12-bit A/D board (Mod. DAS-8PGA), and the manual channel 

selector for a 24-channel eiectromechankal relay board (Mod. ERB-24) driven by an 1/0 

interface (Mod. PlO 12). 

Two dlfferent electrode arrangements were tested, the "faclIlg elcctrodes" 

arrangement, already introduced, and a "coaxial electrodes" arrangement which conslsts 

in measuring conductance between an electrode (positive, for example) and a negatlvc 

one located 10 cm below (or above). The conductance value IS then assigned to the 
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mtermedlate pmlUon. ft IS worth mentIOn mg that ln order for thls arrangement to work, 

It I~ nece~~ry to altcmate the electncal slgn of the electrodes mstalled in the same 

vertical axl~ as schcmaucally shown ln FIgure 4.9. 

Typlcal conductance profiles collected wlth both arrangements are shown in 

Figure 4.9. The Interface level is at 70 cm from the top, e.g. in between electrodes 

located at 68 and 78 cm. The normalized conductance introduced in this figure refers to 

the conductance value measured while in operation divided by that measured in water 

only (- 2.7 mS; K'oWlYr ~oc=3.4 mS/cm). 

a).- Performance of the facing electrodes arrangement 

To evaluate the performance of the facing electrodes arrangement an ex periment 

where the level was slowly moved up (or down) around the electrooes located at 68 and 

78 cm, was designed. Figure 4.10 presents the results obtained showing that the response 

of thls arrangement can be said to be on-off in the sense that it reports the conductance 

n\.1mbcr for the bubbling zone ( - 0.8, normalized) when the level is ~ the electrodes, 

and the conductance number for the frOlh zone (- 0.38, normalized) for the levels ~ 

the electrodes. Under these circumstances, more precise level location is not possible 

because of the lack of a simple relationship between the response and the level position. 

The performance of the level detecti.)n algorithm is expected to be satisfactory 

according to Figure 4.11 which pre~nts the absolute value of the conductance 

(normaliled) difference. The figure shows that the differenœ is close to zero for levels 

outside the range 68-78 cm, and is maximized (- 0.04) for levels between the electrodes. 

b). - Performance of coaxial electrodes 

This arrangement was experimentally evaluated in a similar way as described 
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above for the facmg electrodes ln the expcnments the k\d ",",\\ \h,,-,Iv Olmetl III the 

range from 62 tn 8J cm. ","hIle conducklnœ rcadlngs \1.erc l'Onttflllllll\lv colleL'l~J rbl: 

method of mea~Llnng conductanc\,' I~ dlll~trated III Figure -+ 1 ~ tt)~ether \\ lib the 

expenmental results obtamcd. Th15, plot show~ that the dectrodc\ !cl('atcd Jt 4~, and 5X 

cm report the conductance value of the froth zone (- 09 mS) ~Imply bl'("'llI~' the) \1.\,'re 

always immersed ln that zone; for slmIlar rcasons the electrode'i lo(atcd ,al HH ,mo ..)S cm 

report the value of the bubblmg zone (- ~,1 mS) The numbcr .. collccteJ \1.llh Ihe 

electrodes between the se two p,urs were affected by the levc1 Thc e\cctrodc') al oS and 

7~ cm, for example, present a ~tep shape response to levcl value~ between 6H and n cm 

This response IS broadly descnbed as follows: the conductance' IS that of t.he bubbllng 

zone (- '2.1 mS) for levels above 68 cm. th en drops ta an tntermedlatc value of arollnd 

1.3 mS for levels between 6g and 78 cm. and finally at;ams the valu~ of 'the frotr. { - 1 

mS) for levels below 78 cm. 

The conductance response shown In Figure 4.12 IS not useful for gammg accuracy 

in the detectIon of level because a c1ear relationship between the two vanables docs not 

exist. Characterizmg or modellmg thls response by usmg the baSIC e1emcnt'i of clectnclty 

is not possible due ta the complexlty of the system, thls complexHy ansmg ba~lcally 

because of the eXistence of a non-uniform CUITent tield. 'DIe modclhng of the gcomctncs 

discussed in Section 3.2.1, in which a uniform CUITent field eXlSlS, should he pmslblc. 

C).- Performance of an ideal œIl 

The performance of an adaptation of an Ideal cell was experimentally evaluated 

in order to verify the applicability of the ~asic princlples of electnc!ty to weil detincd 

conditions. This time, a 5.7 cm diam. PleXiglas column was used. Gnd electrodes tilling 

the entire cross-sectlOnal area of the column (25.5 cm2
) and separated 17.2 cm (cell 

constant=25.5 c011117.2 cm =1.48 cm1/cm) were used. ThIs geomctry IS an adaptcd 

section of the general case of parallel infinite plates that has been used for measunng 
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holdup ln two and three phase dispersIOns (Turner, 1976; Achwal and Stepanek, 1975 

and 1976; Dhanukaand Stepanek, 1987). 

A gnd ekctrode consists of a three concentric nngs (2.7, 4.3 and 5.7 cm diam.) 

soldered to a cross Copper wlre 0.14 cm diam. was used. The grid electrodes are 

located one above the other along the vertical axis of the column (Figure 4.13). This 

geomelry slmulates full plate electrodes and al the same lIme provldes space for the air 

bubbles to enter and leave the cell. No SUbStantlal disturbance of the hydrodynamlcs of 

the system caused by the presence of such gnds was observed. 

The resistance (inverse of conductance) for the physical sItuation depicted in 

FIgure 4.13 IS represented by the equation of two reslstances in series, namely 

(4.3) 

where the resistance of the froth (~) and bubbling zone (Rb) will depelld on the size of 

the zones, namely 

(4.4) 

where 1 is the distance from the top electrode to the interface level, cm; L 1S the 

separation between electrodes, 17.2 cm; Ac is the cross-sectional area of the column, 25.5 

cm2
; KI and Kb are thl! effective conductivities of the froth and bubbling zones. 

Considering the conductivuy ratio n=K,)KI' substituting Equation (4.4) into 

Equation (4.3) and rearranging, one obtains 

1 ÂcKb 
K - - - --------- (4.5) 

R (n - 1) 1 + L 
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With the geometncal parameters Ac and L being fixed, Le:)tÏng the equation 

requires knowledge of Kb and KI; thus, for a given conductance number K, the level 

position in between the electrooes, l, will be given by Equation (4.5). 

The experimental results obtained, presented in Figure 4.14, were titted by 

Equation (4.5) for n= 2.3 and Kb= 2.55 mS/cm (KIJqIII,' - 3 mS/cm). The value for the 

effective conductivity of the bubbling zone was calculated by using Equation (3.8), 

namely 

___ 3._78_mS___ _ 2.55 mS/cm 
25.5 cm 2 1 17.2 cm 

Curves for other values of n are also presented; the curve for n = 1 corresponds 

to a single, homogeneous phase. 

Figure 4.14 also shows the resistance has a linear relationship with level and 

therefore, appears to be the appropriate parameter to use for the purposes of interpolating 

the position of the interface. These results are similar to those reported by Moys and 

Finch (1988a) presentee:! in Figure 4.1. 

This result demonstrates that the laws electricity hold provided the restrictions 

introduced in Section 3.2 are respected. 

4.3 Industrial Scale Columns 

The satisfactory performance of the conductivity technique for level detection at 

the laboratory scale, led to its implementation at the industrial scale. 

4.3.1 Development of a conductivity probe for industrial applications 
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The first step in adapting the technique to the mdustnal environ ment was the 

development of an appropriate probe. Such a probe should meet several re~U1remcnts. 

namely: i).- be sensitIve to the physical/chemlcal property to be measured (condUCtlVlty); 

ii).- be of a simple geometry to facilitate construction and mamtenance. and Iii).- be 

robust (but not ve.ry heavy) in order to withstand the harsh environment prevalling in a 

minerai processing plant. 

a). - Selection of the cell geometry 

The eeU geometry, that is, the size, shape and arrangement of the positive (or 

positively charged) and negative (or grounded) electrodes, has a definitive impact on the 

performance of the cell. This \s intimately related to the nature of the phenomena 

involved (introdueed and discussed in Section 3.2). As a general rule, measurements 

conducted with large ceUs more closely represent the average of the property. and 

therefore are less "noisy" (i.e., show a small relative standard deviation); on the other 

hand, measurements conducted with smalt ceUs are more localized and, in two or ttuce

phase systems they are affected by changes in local holdup of the phases. Besidcs 

dimensions, the shape and arrangement are aIso important. For example, two large 

parallel plates facing eaeh other are, most probably, weil described by Equation (3.8), 

whereas an explicit equation to describe the response of the same plate~ but in a rearward 

arrangement does not exist and cannot be derived by using conventional mathematics 

(Kasper, 1940). As mentioned before, this latter behaviour is mainly related to the 

complexity of the current field established in suc~ a situation. 

The development of the industrial prototype probe started with the selection of the 

appropriate ceU geometry. This was experimentally addressed by evaluating the 

performance of different alternatives. The experiments simply consisted in collecting 

conductance profiles around the interface level in a slurry-air flotation column. That 

geometry presenting good sensitivity to the difference in conductance across the interface 



CHAPTER 4 INTERFACE LEVEL: EXPERIMENTAL TECHNIQUES AND RESULTS 81 

and easy construction and maIntenance would be the most appropriate one. Electrode 

arrangements such as facmg plates, parallel rings and rearward plates were tested (Figure 

4.15). 

To collect a profile the specific cell needs to be moved up, or down, known 

distances. To achieve this the cell was mounted in a structure of aluminum and PVC 

tubing (Figure 4.16). Wiring between the electrodes and the conductivity meter was 

completed through the interior of the tubing. The vertical aluminum tube was graduated 

to indicate the depth of the cell relative to the top of the column. The probe was 

maintained in its working position by two guides that allowed smooth vertical 

displacement of the structure. The experiments were completed in a 91 cm diam. x 1300 

cm height column (Strathcona mill, Falconbridge Ltd) while processing a stream of the 

copper circuit. Figure 4. 17(a) presents the conductance profiles collected and shows that 

substantial difference in the magnitude of the cond'~ttance from one cell to another exists. 

This is simply a consequence of the difference in geometry. Nevertheless, when the 

profiles are normalized, all the cells show similar abilities to detect the interface (Figure 

4.17(b». In this particular case the conductance profiles were normaJjzed by dividing the 

conductance values by the maximum value on the profile. The geometry offering easiest 

construction and maintenance is the ring (A in Figure 4.17); in addition, the ring gave 

the second best sensitivity after the facing plates (D in Figure 4.17). Thus, overall, the 

ring geometry fui fi lIed requirements (i) and (ii). 

b).- The ring electrodes and the portable conductivity probe 

A portable conductivity probe to locate the interface level in flotation columns 

was designed and built with two objectives: first, to substantiate the performance of the 

ring electrodes, and second, to provide operators with a simple and reliable device to 

locate level in flotation cells. 

1 



1 CHAPTER 4 INTERFACE LEVEL: EXPERIMENTAL TECHNIQUES AND RESUL TS 

Electrode Arrangements 

A B C o 
Pllrallel ring. R_IWard Faclng clrelu Faclng plat •• 

circlea 

J 80---0--+--+--0--0- S 

9U~iTIO 
Olim ..... 2 • am OWNI«. 0 :la am 
WldIh. 0 14 am lAngIII. O •• am 
SlplnlIOII. 1 3 cm 

OIMIII.-- 0 • Ont 
...... I0Il. ,. 4 Ont 

Figure 4.15 Electrode arrangements tested for detection of Interface levelln a 
slurry·alr 0.91 m dlam. column 

Figure 4.1 e Illustration of the portable probe 
(not to scale). Details of the 
commercialelectrode are given. 
The same structure wu used 
to evaluate the performance of 
the electrade arrangements in 
Figure 4.15 

4m 

cr~::o 
tel'TllMbll cap 

81 



(a) 

o,-----------------------------------------~ 0 

E 
o 
c 
E 
::J 
ë5 
0 100 
CD 
.c -o 
Q. 
o .... 
E o 
-=311) 
CD o 
fa 
Ui 
i5 

300 

o 

1 1 
EIedrode MiIIIgernent 

a A 

• B 
<II C 
0 D 

100 

200 

300 

00 100 1~ 200 o 04 08 

Conductance, mS Normalized Conductance 

Figure 4.17 Performance of electrode arrangements of Figure 4.15: (a) conductance profiles. 
and (b) normalized conductance profiles 

(b) 

10 

.. 
IQ .> 
~ m 
;le 

~ 

Z 
-l 
m 
;le 
"TI 
> 
(') 
m 
r 
m 
< m r. 
m 
>< 
"'C m 
~ 
!': 
m 
Z 
-l 
> r 
-l m 
n 
::x: 
z 
.ë 
c:: 
m 
VJ 

> 
Z 

1° 
;le 
m 
VJ c:: 
r 
-l 
VJ 

00 
w 



CHAPTER 4 INTERFACE LEVEL: EXPERIMENTAL TECHNIQUES AND RESULTS 

E 0 
u 

t~ \ --
~ 00 ______ -:;:_:-:'.-=--~-.:"'!_:-:."-.--....-:.-....._.....,.; -- -- -- -- -1----
E 150 ,g a 

D 

8 
~ 200 

]2 
Q 

250+-----~----~-----r----_r----_T----_4 

o 5 10 15 20 25 30 

Conductivity Meter Output, pS 

Figure 4.18 Conductance profile collected wlth the portable probe in a slurry-air system 

84 

The probe, illustrated in Figure 4.16, consisted of the aluminum structure 

described above supporting a commercial 4-electrode conductivity cell (Hanna 

Instruments HI 76302). Comments on the selection of such a cell are offered m Appendlx 

4. A portable meter (Hanna Instruments HI 8633) was attached to the probe. 

Originally, the commercial cell came epclosed in a cap, as ilIustrated in Figure 

4.16, whose main purpose is to shape and constrain the flow of electric current In such 

a way that a fixed cell constant is achleved allowing conductance measurements to he 

directly translated into conductivity values. This array is adequate when dealing wlth 

homogeneous solutions but in slurry-air systems it was impractical and the sensor had to 

be used without the cap; thereby, conductances rather than conductivitles are reported 

here sinœ the cell constant is now not known. 

The portable probe was operated in a similar manner as described above for the 

evaluation of the different electrode geometries. Figure 4.18 presents a typical profile 

collected with this probe. 
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The excellent results obtained wlth the portable probe, as Judged from the 

resolutlon of the profile In FIgure 4.18, remforced the declsion 10 use nng electrodes to 

con~truct the prototype probe, and met the objective of provldmg a simple Instrument to 

locate level In tlotatlOn cells. Probes based on thls concept have been successfully used 

to check or calIbrate level detectlon systems based on pressure (HuIs et al., 1989; Gomez 

et al., 1990; HuIs et al., 1990), and Metritape (Sepulveda, 1990); and to judge the 

performance of various level detection devices tested in a 38 m3 mechanical flotation cell 

(Macnamara, 1990). 

c).- Preliminary version of the stationary probe 

To exploit the conductivity profiling technique for lev!!l detection al the industrial 

scalt!, the manual profiling procedure needed to be translated into a fully automated one. 

Thus, a stationary probe supporting the series of electrodes and covering the required 

span WdS envisaged. 

The J.,rehminary version of the stationary probe is shown in Figure 4.19. It 

included Il stainless steel rings (electrodes), 1.27 cm diam. (1/2") x 0.4 cm height, 

anstalled every 10 cm 0.1 1.27 cm diam. (1/2") pve tubing. Each of the rings was 

soldered to a wire that ran through the interior of the pye tube. The probe was driven 

by the data acqUisition system described in Section 4.2.4, allowing the collection of 

conductance profiles along 1 m of the column. The probe was designed to be installed 

at the center of a column and parallel to its walls. 

Initially, the conductance was measured between adjacent electrodes, one 

positively charged and the other grounded. However, because of the presence of the 

column wall which is grounded, having a grounded electrode or not on the probe did not 

make any difference to the magnitude of the conductance value; in other words, 

conductance was being measured between the positive ring of the probe and the column 
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Flgur. 4.18 Geometncal details of the preliminary version of the statlonary probe and 
schematic representation of the use of the column wall as grounded electrode 

wall. Because of this, it was decided to take advantage of the situation and the probe was 

re-wired to make measurements between the eleven positive electrodes Q!l the probe and 

the grounded wall, as depicted in Figure 4.19. It is worth rcmembering that a profile 

is collected by sequen~jally connectIng one positive ring and one grounded (the column 

in this particular case) to the conductivity meter. A typical conductance profile collectr.d 

with this probe is oresented in Figure 4.20, which shows that the froth/collection zone 

interface is readily detectable although there is an appreciable loss In sharpness compared 

to the profile collected at the same time wlth the portable probe (Figure 4.18). This loss 

in sharpness is most probably caused by an effect of the column wall actmg as the 

grounded electrode: the lines of flow descrit,ing the path of the electric charge gomg 

from the positive to the grounded electrode, schematically shown ln Figure 4.19, Will 
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converge in reglons of hlgh conductlvlty and diverge In reglOns where the condul.:Uvlty 

15 low (Meredith and TobIas, 1(62). ThiS phenomenon can be vIsualI7cd as a "rcfracl1on" 

of the lines of tlow on crossmg the Interface between the two reglons (BlOns clnd 

Lawrenson, 1963). In accordance WIth thlS, the electrodes In the probe will cxpcncnœ 

the phenomenon wnh an mtenslty dependtng on how close they are to the froth/collectlon 

zone interface. The net macroscopic effect 15 that a conductance value In betwccn that 

of the collection and froth zones is measured, the magmtude of the value dependmg on 

the position of the partlcular electrode wlth respect to the interface. ThIS IS deplcted ln 

Figure 4.20. 

The results showed that conductance profiles collected with a stationary probe 

were good enough for level detection; however, the effect of the groundcd wall on the 

degradation of the profile was a problem that needed to be solved by either rubllcr limng 

the top section of the column wall (sorne tndu5trial columns are rubber hned), or by 

increasing the area, and thus the "electrical strength" of the grounded electrodes mountcd 

on the probe in order for them to compete with the column wall. The latter alternative 

was preferrel.i and the appropriate moditications were addressed. 

d).- The prototype stationary probe 

The second version of the stationary probe consisted of a series of baSIC modules 

mounted around a 5.08 CI'Y. (2") pipe. Each module was formed by a non-conductlve PVC 

cylinder machined to support a stainless steel ring (electrode). Every other ring was 

grounded while those in between, termed positIve electrodes, were connected to a relay 

board driven by a computer which activated them sequentially. The conductance was 

measured between the activated ring (posltively charged) and those grounded on both 

sides. Figure 4.21 shows geometncal details of the probe and Illustrates the data 

acquisition system (described in Section 4.2.4) attached to the probe. 
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To colleet a protïle the computt~r sequenually connccted po~lttve electrode~ tllthe 

conductivity meter. The sIgnai cITIltted by the condllr:l1vIty meter, 'Whlch IS proportlllllal 

to the conductance. was contmu0usly t'ed to the A/D converter, a readlng WJ ... colkl·teJ 

every 3 seconds (thts value IS dlctated by the tlme constant of the wnûlIctlvlty mctcr. '>Cc 

SectIOn 4.2.3(d)) and stored m the computer memory. Once a ~an had bcen Wl11plctcd. 

the conductance values were processed by the level detectton algonthm \I1troou(cd III 

Section 4.2.3(b); the resulting value of level was elther dlsplaycd on the computer 

monitor or converted Into an analoglcal signal (4-20 mA) and outputtcd (an analog output 

board Mod.DDA-06 was used). 

e).- Testing of the probe 

The probe was tested in both slurry-air and water-rur systems. Figure 4.22 present 

typical conductance profiles collected for a number of operating conditions. In pnnclplc, 

as noticed in Figure 4.22, the profiles showed an obvious change 10 conductance acro~ ... 

the interface; in additIon, the branches of the profile ln both zones dld not have the 

shallow slope observed ln Figure 4.20, suggesting that the deletenous effcet of the 

grounded column wallon degradlOg the shape of the profile was largely ehmmated by 

the electrode arrangement used JO the probe. 

The magnitude of the difference in conductance between the froth and collection 

zone, which is the working parameter for level detection, depends on the opcratmg 

conditions. In water-air systems tested the difference was due to dlfferences ln gas holdllp 

between both zones since the same source of water was use<! for the feed and the wa~h 

water; in general, however, the difference 15 due to a combined effect of the dlfference 

in gas holdup and a difference in the relative amollnts of feed/wash water In bath zonc~ 

Normally, the conductivity of the flotation pulp liquor is larger than that of the wa'lh 

water ( - 3 mS/cm for the pulp water compared to - 1.3 mS/cm for the wash water, In 

the profiles presented 10 Figure 4.22(a», most probably due to the additIOn of chemlcals 
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(NaCN and lime are used in the copper cÎrcUlt at the Strathcona mill (HuIs et al., 1991» 

to the flotation puip. 

f).- Level detection algorithm 

The level detection algorithm based on the "largest slope" was used wllh the 

probe. Figure 4.23 shows the performance of the algorithm in the slurry-air system for 

the profiles in Figure 4.22(a). A conductance profile every minute was collccted whlch 

means that the levcl position was updated every minute. Figure 4.23 shows the stcp 

shape response of the algorithm to a change in level. The explanation of this behavlour 

given for the laboratory column in Section 4.2.3 aise applies to the present results. 

4.3.2 Analysis of the performance of the electrode geometry of the stationary probe 

a).- Effect of an "external" grounded electrode 
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The performance of the probe in the pr;!sence of an "external" (with respect to 

the probe) grounded electrode was experimentally addressed with the aim of finding an 

explanatlOn for the neghglble effect of the column wall in degrading the conductance 

profiles collected with the probe. 

To accomplish this, measurements of conductance were performed in the presence 

and absence of an "external" grounded electrode. Three electrode combinations were 

used: a).- a positive against a ground immediately above (or below), b).- a positive 

against the two grounded electrodes on both sides, and c).- a positive against four 

grounded electrodes on both sides. 

The experiments were conducted in a 91 cm diam. x 1 m height PVC tank filled 

with a solution of known conductivity at room temperature ( - 24 OC). KCl was used to 

vary the conductivity of the solution. A calibrated conductivity meter (Hanna Instruments 

HI 8633) was used to measure conductivity. A shortened version of the probe comprising 

two positive and four grounded electrodes was used (Figure 4.24). Arrangements were 

made to allow for the measurement of conductance between any desired combination of 

positive and grounded electrodes. The probe was positioned in the center of the tank and 

an aluminum tube (3.8 cm diam.) located close to the wall was used to simulate the 

"external" grounded electrode (Figure 4.24). 

The results, presented in Figure 4.25, show that by increasing the number of 

grounded electrodes used in the measurement, the conductance value increases and 

asymptotically levels off (an arithmetic relationship between conductance and surface area 

of grounded electrodes does not appear to exist). Il is evident from this behaviour that 

the contribution of the external electrode to the overall measurement decreases as the 

number of grounded electrodes in the probe increases. This explains, at least 

qualitatively. the better performance, in terms of sharpness and resolution of the 

conductance profile. of the stationary probe compared with the "preliminary" one. 
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Another mtercsting finding IS the experimental faet that positive and grounded 

electrodes are mterchangeable provlderi an externaJ electrode is not present, that is to 

say, in the absence of an externaJ electrode a similar conductance measurement is 

obtained by usmg a positive agamst two grounded electrodes or vice versa; when an 

external grounded electrode is introduced this interchangeability does not apply any more. 

b).- Performance of the conductivity eeU of the stationary probe 

The performance of the conductivity cell of the stationary probe was 

experimentally studied with the aim of establishing whether the conductance values of the 

profile could be used to in fer the level position with more accuracy. Il is worth keeping 

in mind that the largest slope aJgorithm locates the level in between those electrodes 

giving rise to the largest conductance difference, and therefore, with an accuracy of ±5 

cm for this particu)ar geometry. The experiments were conducted at the industriaJ and 

laboratory scaJe. 

At the industrial scale the experiments were completed in the 91 cm diam. column 

at the Strathcona mill (Falconbridge Ltd.) white processing a stream from the copper 

circuit. The experiments consisted of coUecting simultaneously conductance profiles and 

measurements of the level within - 1 cm accuracy. A probe to achieve this degree of 

accuracy was developed (the "high accuracy" probe). This probe is intended to be 

manually operated from the top of the column. The sensing element is a 1 cm Plexiglas 

~ube open at the bottom and the top, that has two of its internai opposing faces formed 

by stainless steel plates. Figure 4.26 illustrates the probe and its accuracy when tested 

in a 10 cm diam. Plexiglas (transparent) column using a water-air system. This probe 

proved to be quite effective; displacements of 1 cm were sufficient to produce large 

conductance variations as the cube was moved up and down across the interface. 

Inspection of a conductance profile around the interface shows either high or low 



CHAPTER 4 INTERFACE LEVEL: EXPERIMENTAL TECHNIQUES AND RESULTS 96 

~ 10 5 ~ -.::: Tl...'-i 5 -
.E 1'''1'' 
.s 0 •••••••••••••• ~ •• ::_~ •• ::.:-: •• :7.:-: .. ::-::.-=-.. ::-:._~~~~ 8 Bubb~ng zone 

-= g -5 

.s 
tI) 

a 
·10 

o 005 0,10 0.15 0.20 025 030 

Conductance, mS 
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conrluctances typical of the collection or froth zones, respectively. In most cases, 

however, the conductance measured by the ring c10sest to the interface ranges between 

these two extremes, as point A in Figure 4.27. This figure also shows the levels 

determined by the "high accuracy" probe and that calculated by the "largest slope" 

aIgorithm. Figure 4.28 presents the data obtained from twenty consecutive profiles 

collected when the level was around ring electrode 8, which was located at 87 cm From 

the top of the column; the response of electrode 8 to different levels measured with the 

high accuracy probe is shown. 

Similar experiments but under a more controlled environ ment were performed at 

the laboratory scale in a water-air system (tap water of conductivity -0.3 mS/cm was 

used). The shonened version of the probe and a 20 cm diam. x 100 cm Plexiglas 

column (Figure 4.29) were used. The advantage of the laboratory set up over the 

industrial one is that the position of the probe in the column and the location of the 

interface level during the experiments can be defined with an accuracy in the order of 
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millimeters, thereby allowing more precise measurements to he made. In these 

experiments, the interface level was slowly moved up or down by varying the undertlow 

(tails) rate. Conductance measurements were continuously collected with the probe and, 

simultaneously, the interface level obtained from visual inspection was recorded. The 

electrode arrangement of the stationary probe was simulated by measuring conductance 

beLween a positively charged electrode and the two grounded electrodes, one on either 

side. Figure 4.30 presents the results obtained. 

Figure ~_30 shows that thP, response of the cell to level variations within its 

dimensior:s (Le. between the positive electrode and the two grounded electrodes) can be 

approximated by a straight line from the middle position of the top grounded electrode 

to the middle position cf the bottom grounded electrode. The accuracy of the 

interpolation of level that results from using this !inear relationship is in the range from 

+ 1.08 to -0.9 cm, for the experimental results presented in Figure 4.30. 

• 
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Flgur. 4.21 experimental set up to evaluate 
the reaponse of the conductivity 
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Based on the prevlOus results, a levd detectlon algonthm that lOcorporates the 

interpolatlOn of level between those two positive electrodes produclOg the largest 

conductance dlfferences was developed. The algonthm IS descnbed nex.t. 

c).- Level interpolation algorithm 

Once a conductance profile is completed, the following steps are followed: 

1).- The large st conductance difference IS located. For the purpose of the 

discussion, let us assume it occurs between the posItive rings Hp" and "p+ 1" ln 

Figure 4.31. 

2).- The conductance of the froth (K) and collection zone (KJ are approxlmated by 

the measurements performed with the positive rings "p_l" and "p+2". 

respectively. Thus, by using an "idealized" representation of Figure 4.30, which 

is presented in Figure 4.32, the si ope of the straight line defimng the trans!tlOn 

from the collection to the froth zone is given by 

(4.6) 

3).- From the two rings producing the largest conductance difference, the 

conductance on the froth side, denoted .. F", is given by electrode p (Refer to 

Figure 4.31), and that on the collection zone si de is given by e1ectrode p+1 and 

is denoted "C'. 

Now, from inspection of typical profiles (profiles in Figure 4.27, for example), 

three general cases emerge (see Figure 4.32): 
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CASE I.-The values F and C are similar to the values of KJ and K,. rcspecttvely (profile 

(a) In Figure 4.27). Under these conditions, the levcl IS glven by the "largcst slopc" 

algonthm whlch locates the level in the positIOn of the grounded electrode "g + 1" 

lewl - 1 - 1 + S 1-1 P 
(4.7) 

CASE II.-F is ~ than Kr This condition prevails when the level IS between rings p 

and g+ 1 (profile (b) in Figure 4.27); the level is then given by 

F-X 
kv~l - -10 x 1 + 1 + S 

Kc - X, P 

(4.8) 

CASE III.-F is similar to KI and C is smiller than Kc. This situation represents levels 

between rings g+l and p+l (profiles (c) and (d) in Figure 4.27); the levells given by 

C-X 
levtl - -10 x c + 1 + S 

Kc - K, P 
(4.9) 

The next problem to solve in putting the algorithm to work is the defimtion of 

similar, ~ and smaller. By trying different factors it was decided that those presented 

in the block diagram of the algorithm, showed in Figure 4.33, were appropriate for most 

conditions. 

Figure 4.34 presents the comparison between the estimations of the 

"interpolation" algorithm, the estimations of the "largest slope" algorithm, and actual 

measurements performed with the independent "high accuracy" probe. Fairly good 

agreement is observed between the "interpolation" algorithm and the measurements, thus 

validating the algorithm. 
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d).- An alternative algorithm 

An alternative level detection algorithm that locates the level wlth an offset that 

ranges from 0 to 5 cm IS presentcd next. The algorithm originates from the expenmental 

results outained when testmg an alternative way of collectmg conductance profiles. The 

basic idea consisted in collecting the conductance profile by measunng between pairs of 

neighbouring electrodes, one positively charged and the other grounded. 

Laboratory experiments to evaluate the performance of this electrode arrangement 

were conducted in a water-air system making use of the set up lllustrated in Figure 4.29. 

The experiments basically consisted in collecting conductance rneasurements while the 

level was slowly moved (less than 0.5 cm/min) up (or down). For a glVell level position, 

obtained from visual inspection and time-recorded, llmed conductance measurements 

were sequentially performed making use of the shortened version of the probe (thus 

allowing four measurements). A set of measurements was coUected every minute. Figure 

4.35 presents the results obtained and Figure 4.36 presents the behaviour of the 

conductance difference between adjacent cells. For any particular position of level, these 

differences were computed by subtracting the conductance values of adjacent eells sueh 

that the measurements collected with the four cells translated into three conductance 

differences. 

Inspection of Figure 4.36 reveals that the use of the "largest slope" (equivalent 

to the largest conductance difference) algorithm to analyze the data is promising. This 

plot shows, for example, that for levels between - 10.7 and -15.6 cm the conductance 

difference generated by cells (b) and (c) is the largest; thus, by assigning the level to the 

position of the common electrode of these two cells (the grounded #2 located at 15 cm), 

the level is estimated with an offset that ranges from - -0.6 cm to - 4.6 cm, in other 

words, the level estimation cao be up to -0.6 cm lower or up to 4.3 cm higher than th, 

actual one. This is neatly shown in Figure 4.37 which presents the step shape response 

of this algorithm when applied to the results of Figure 4.35. 
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The main disadvantage of this approach is that the number of measurements 

required to complete a profile increases by a factor of two with respect to that requircd 

with the arrangement mtroduced first. The same factor of two applies to the tlme 

required to update the level. This problem can be mitigated, as mentioned bcforc. by 

using a conductivity meter with a ::;horter time constant. The main advantage is the 

accuracy gained in the detection of level without the need to involve more elaboratc 

computations besidcs those simple ones required to locale the largest slope. Fmally, it 

is worth mentioning that the effect of an "extemal" grounded electrode (the column 

wall), which increases as the number of grounded electrooes on the probe decreases, 

could represent a problem when testing this alternative algorithm under mdustrial 

conditions. 

e).- Modelling the electrode arrangements 

The performance of the two electrode arrangement introduced above, namely a 

cell that consists of a positive electrode in between two grounded electrodes and a second 
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consisting of a po~ltlve and a grounded electrode, w'!re analyzed in the light of the basic 

laws of electriclty. ThIs was attempted even though, as stated hefore, the cells do not 

fulfil the requirement of uniform electric current distribution and, therefore, their 

performance is unlikely to he described by simple relationships. 

The conductance measurements conducted with the first cell, schematically shown 

in Figure 4.38, is represented by the equivalent electric circuit consisting of two 

resistances in para Il el , RI and Rz' which stand for the resistances between the central 

positive electrode and the grounded electrodes above and below it, respectively, 

1 K---
R 

(4.10) 

Now, depending on the position of the level, /, RI or Rz will correspond to two 

resistances in series, Rf and R" that stand for the resistance of the froth and bubbling 

zones, respectively, whose magnitude will depend on the actual position of the level. For 

the position of level iIIustrated in Figure 4.38, that is 1=7 cm, the relationship is as 

(ollows 

(4.11) 

and 

(4.12) 
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where IC, and ICb are the effective condllctivities of the froth and bubbling zones, mS/cm, 

respectively, and A is the "cross-sectional area", cm2• 

ln idea1 geometries like the ones discussed in Section 4.2.4(c), A, and therefore 

the cell constant of the cell, is Wt;;: defined and "t and ICb cao be estimated from 

conductAnce measurements when the cell is completely immersed in the respective wne. 

ln the present situation this is not the case and a different approach was taken. 

Since tap water of conductivity - 0.3 mS/cm and an average gas holdup of around 

12 % was used in these experiments, the effective conductivity of the bubbling zone "b 
was estimated by using Maxwell's correlation which gave a value of - 0.25 mS/cm. 

Fixing this value, combinations of values for ".t and If were tested to determine the set 

of values best fitting the experimental data. The results of the computations showing the 

effe:t of the different parameters are presented in Figure 4.38. 

The performance of the second cell, that is, the one formed by a single positive 

and grounded electrode, was analyzed in a similar way. This time, the equivalent electric 

circuit consists of two resistance in series, as depicted in Figure 4.39 and expressed as 

follows 

1 1 K------
R Rf + Rb 

(4.13) 

The resistance of the froth zone, R" and the bubbling zone, Rb' depends on the 

position of the level, 1. in between the electrodes (1 varies from 5 to 10 cm) as follows 

and R IO - 1 
b - _.--

"'b A 
(4.14) 
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Since these experiments were conducted in parallel with those descnbcd 

previously, the effective conductivity of the bubbling zone is again fixed al - 0.25 

mS/cm. Figure 4.39 presents the results of the computations for three different set of 

values. 

The conclusion that arises from Figures 4.38 and 4.39 is that none of the sel of 

values is capable of describing the data, which basically means that the complexity of the 

ceIl geometry prevents its modelling by using slmple principles of electriclty. 

Consequently, empirical correlations like the one presented under the heading " Level 

Interpolation Algorithm", must be used in the attempt to increase the accuracy of the 

level detection. 

4.4 Mechanical Flotation Machines 

Level detection in conventional mechanical flotation machines has becn 

conventionally done in a numbcr of ways. Deviees based on the response of a tloat 

(Outokumpu), deviees based on conductivity (Duval Corp. Patent; Kitzinger et al.. 1979; 

Miettunen, 1982; Koivistoinen and Miettunl..Jl, 1985), and devices based on pressure, 

sueh as bubble tubes and pressure eells, are commonly encountered. The advantages and 

disadvantages of these devices have been presented in Section 2.2.1. 

It is of interest to determine if the conductivity probe has a potential use In 

mechanical cells. 

The experiments were conducted in a slurry-air sjstem at the Strathcona mill, 

Falconbridge Ltd., in two different flotation cells: a 38 m3 mechanical flotation cell 

(Don-Oliver), and a 1.4 m3 mechanical œIl (Denver). The stationary probe described 

in Section 4.3.1(d) was used in the larger mechanical cell; the cell was in the copper 
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circuit. A sma1ler verSion of the probe, which will be described latter, was used in the 

Denver cell on a stream in the nickel circuit. 

4.4.1 Level detectlon in the 38 m3 mechanical (Dorr-Oliver) cell 

The conductance profiles presented in Figure 4.40 show that level detection in 

large mechanical cells is, in principle, possible. The difference in the shape of the 

profiles with respect to those encountered in flotation columns are mainly due to the 

absence of wash water addition in the mechanical ceUs, which gives Tise to typical 

conductance ratios (collection/froth) around 2.5. In these ceUs the interface level is not 

as weil deftned as in the flotation column. This translates into a more noisy signal output 

from the system as depicted in Figure 4.41. This problem can be mitigatcd by ftltering 

the signal. 

Figure 4.41 iIlustrates the performance of the largest slope algorithm showing the 

step response of the level detection system. This is related to the specific geometrica1 

arrangement of the electrodes in the probe and to the algorithm used to process the data. 

4.4.2 The small version of the probe and the detection of level in 1.4 m3 Denver ceUs 

A smaller version of the probe intended for situations where minimizing the 

volume occupied by the probe is important was constructed. In this probe, seventeen 

electrode rings (2.5 cm x 0.4 cm width) are mounted on Ct 2.2 cm diam. PVC pipe. The 

rings are equaUy spaced by PVC spacers (9 cm width). The distance between active rings 

is 2.6 cm which gives a level accuracy of ± 1.3 cm. 

The probe was characterized in a similar way to that done for the large probe. 

Figure 4.42 shows, for example, that in tap water (- 0.3 mS/cm), the conductance 

measured between a positive electrode and one, two, four, six or eight grounded 
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electrodes increases and asymptotically levels off as the number of grounded electrodes 

increases, a behaviour similar to that encountered with the large probe. Figure 4.43 

presents conductance profiles collected with this probe in a 10 cm diam. water (0.3 

mS/cm)-air laboratory column. This figure shows that the shape of the profiles (relatIve 

position of the arms in the froth and bubbling zone, and their slope) for two different cell 

arrangements, namely. a positive electrode and a grounded one, and a positive electrode 

and eight grounded ones, is equivalent. The profiles were normalized by dlviding the 

conductance values collected in water-air by those collected in water only. These results 

suggest that the performance of the small probe is similar to that of the large one. 

As mentioned above, th~ probe was tested in a 1.4 m3 mechanical notation cell. 

In order to estimate the true froth depth (Le. allow for the layer above the lip of the 

cell), profiling was started 21 cm above the Hp. Il is evident from Figure 4.44 that the 

top of the froth as weIl as the interface level can be inferred from the conductance profile 

(to cover the length shown ln Figure 4.44, the probe was moved). 

4.5 Summary 

A technique for locating the froth/collection zone interface in flotation columns 

was presented. The technique involves the collection of conductance profiles around the 

interface and the location of the position at which a sharp change 10 the conductance 

value accurs. Such a change in conductance across the interface is due to the difference 

in gas holdup) between the zones. The development and testing of a conductivlty probe 

suitable for industrial application were described along with the data acqUIsition system 

and level detection algorithm. The step shape output of the system and the time delay in 

the detection of level were discussed. Modelling of the response to interface level of 

different conductivity cells was described. 

The detection of level in mechanical flotation cells and the measurement of the 
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CHAPfER 5 

GAS HOLDUP: EXPERIMENTAL TECHNIQUES AND RESULTS 

5.1 Laboratory Scale Columns 

5.1.1 Preliminary work 

Preliminary work conducted in a 10 cm diam. laboratory column equipped with 

12 pairs of facing circles (O. 71 cm~ intended for levc1 detection showed that the 

conductance measured in the bubbling zone (water-air system) varied with the gas 

holdup. In these experiments the gas holdup was calculated from pressure readmgs 

collected with two water manometers and by using Equation (2.23)(according to Yianatos 

et al. (1985), the fractional gas holdup calculated from pressure drop measurements 

using water manometers separated 10 cm has an absolute ±O.OO5 estimated error). 

Since values of conductance for different gas holdups plus lhat for the clear Iiquid 

were available, il was decided to try to estimate the gas holdup using the equation 

proposed by Yianatos et al.(1985), namely 

1 - y 
t -, 1 + 0.55 Y 

(3.43) 

which gives the volumetrie fraction of gas holduf' as a function of the relative 

conductance K,.,1K,. Figure 5.1 presents the results obtained, showing that a substantial 

deviation existed between the values obtained from pressure measurements and those 

estimated from conductance measurements. 

The question at that time was: is the difference in experimental set up here 
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compared with that used by Yianatos et al. (198!5) the cause of the discrepancy? As will 

be shown, it became evident that the cell geometry was playing a role. It is worth 

remarking that Yianatos et al. (1985) developed their model based upon results obtained 

in a two-dimensional column (2.5 cm width x 10 cm length) equipped with 2.5 cm 

width x 1 cm height facing electrodes; in this geometry uniform current distribution 

exists to some degree (for example, a cross-sectional view of the column, at the position 

of the electrodes, is an exact representation of a cross-sectional view of one of the three 

idea1 cells -the infinite parallel plates (Section 3.2.1». 

To substantiate these findings, a set of experiments to investigate the effect of the 

shape and dimensions of the electrodes was conducted. This time, facing electrodes of 

three different sizes, 0.08 cm2
, 0.71 cm2 and 6 cm2

, and an electrode arrangement 

consisting of two concentric rings were tested (Figure 5.2). These sets of electrodes were 

installed in a 10 cm diam. column with an axial separation of about 14 cm. The cells 
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were located In between two pressure taps separated by 60 cm. The gas holc!up was 

estimated from pressure readings obtained with water manometers. Figure 5.2 presents 

the results obtained. 

The performance of the ceUs depends on their shape and dimensions (Figure 5.2). 

In the case of the facing electrodes, the gas holdup estimate improved as the surface area 

of the electrodes increased. This is due, as will be shown latter, to two factors: (a).- the 

appearance of a polarization resistance which varies inversely with the size of the 

electrodes, and (b).- by increasing the size of the electrodes, the geometry of the cell 

approaches that of two infinite and parallel plates, and therefore cornes doser to an ideal 

cell where uniform electric cunent distribution exists. The same comments apply to cell 

"D" (concentric rings). In this case, the relatively large dimensions of the rings 

(compared to the facing electrodes), and its resemblance to a section of the infinite 

concentric cylinders explains the fairly good gas holdup estimates with this cell. 

5.1.2 Testing Maxwell's model 

A Iiterature review on the estimation of holdup in two and three phase dispersions 

(see Section 3.3.2) revealed that the most widely accepted model characterizing the 

conductivity of a two phase dispersion is that due to Maxwell (1892). The use of 

Maxwell's equations requîres knowledge of the effective conductivity of the dispersion 

ano that of the continuous phase. As mentîoned before, the elcctrical conductivity of a 

conductive medium can be obtamed from conductance measurements only when the 

relationship between conductance and conductivity is known. This is the case of the cells 

introduced in Section 3.2.1, namely, the infinite parallel plates, the infinite concentric 

cylinders, and the concentric spheres. Measurement of the effective conductivity. of a 

water-air dispersion should he performed, therefore, with an adaption of one of these 

three cells. In these types of cells, if polarization appears, il is uniform over the entire 

surface of the electrode and, therefore, the theory of the potential still applies (Kasper, 

1 
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1940). 

For convenience, an adaption of the mfimte parallel plates was selccted. ThIS ccII 

was described in detall in Section 4.2.4 under the headmg "P~rfonTiance of an Ideal 

cell". As was pointed out at that time, such a cell has been used for measlInng holdup 

in two and three phase dis;?ersions (fumer, 1976; Achwal and Stepanek, 1975 and 1976: 

Dhanuka and Stepanek, 1987). 

a).~ Experimental approach 

An experimental program to evaluate the performance of the selectcd cell deSIgn 

in a water-air system was conducted. Vanables such as gas content, frother content 

(Dowfroth 250 Cl, conductivity and temperature of the continuous phase (water) wcre 

explored. The expenments were conducted in a 5.7 cm diam. x 93 cm hetght laboratory 

column. Figure 5.3 lllustrates the experimental set up. 

Gas holdup was measured with a water manometer located at 62 cm from the lip 

of the column. With this arrangement the gas holdup of the aerated column IS calculatcd 

by dividing the distance from the column lip to the water level in the manometer by the 

length of the column of water in the absence of air (62 cm). This measurement represents 

the average value of the gas holdup in the section of the column between the pressure tap 

and the column lip. 

An immersion circulator (Cole-Parmer Mod. 1266-02) was used to maÎntain the 

temperature of the solution constant (al 25°C unless otherwlsc specified). PotassIUm 

chloride (KCI) was used to increase the conductivity of water over that of the tap water 

(-0.3 mS/cm). A small tlow of water (less than 0.05 cm/s) was fcd to the column 

through the underflow port to avoid the formation of a layer of froth whlch would 

invalidate the pressure-based technique to estimate holdup. The overtlow was retumcd 
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"Grid" electrodes were tested in parallel with three other ceUs namely, the 0.08 

and 0.71 cm2 facing circles (introduced earlier) and a cell formed by two semi-cylindrical 

facing plates (1.4 height x 4.1 length, Cell "E" in Figure 5.3). Preliminary results 

obtained with this latter cell in a water (0.3 mS/cm)-air system were promising in terms 

of gelS holdup estimation. 

b).- Experimental procedure. 

The column was filled with KCl solution at constant temperature. A constant 

overtlow was al10wed and compensated by a small feed flowrate (less than 0.05 cm/s) 
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through the undertlow port. Conductance measurements of the clear hquid \IIcrc 

performed wlth the four conductlvity cells. Ten mcasurements, one every second. were 

performed wlth cach cell. 

An air flowrate (0 to - 2.5 cm/s) was established and, after the column reached 

stable operating conditions (as judged from the fairly constant readmg of the water 

manometer), the water manometer was rcad and slmultaneously. the conductance 

measurement of the liquid-air dispersion was measured with the four cells. A new aIr rate 

was then established and the above procedure repeated. After the desired range of gas 

holdup was covered, the atr was tumed off and the column was filled with solution. For 

comparison purposes, a second set of conductance mcasurements on the solution only was 

collected. Excellent reproducibility was encountered (relative difference less than 0.2 %). 

Analysis of the data was conducted using Maxwell's equation. The averaged 

values of the conductance mcasurements were directly used 10 the computatIon of gas 

holdup according to 

Although Maxwell's model considers conductivities rather than conductances. the 

relative conductance is equivalent to the relative conductivity provlded the cell constant 

remains constant. Figure 5.4 shows the relationship between the apparent ceII constant 

(conductance/conductivity) and conductlvity for the cells tested in thls work. For 

comparison purposes, the resu!ts obtained with .a section of an Ideal cell are also 

presented. This cell consisted of a Plexiglas cylinder 5.7 cm diam. havmg two cncular 

stainless steel plates filling the entire cross-sectional area of the cylinder and separated 

by 22 cm. The caIculated cclI constant of 1.16 cm (25.5 cm2/22 cm) is in good 

agreement with the experimental results (Figure 5.4). The apparent vanatlOn of the cell 

constant with conductivity (Figure 5.4, cell "E") has been attnbuted to polanzation, 
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which intensifies as the conductivity increases (Davies, 1930), or to interference from 

effects other than the resistance of the solution (William, 1990). 

The gas holdup obtained from conductance using Maxwell's model was plotted 

against that obtained from pressure. For comparison purposes, two other models are also 

presented. Figures 5.5 to 5.8 present the experimental results. 

c).- Performance of the cells 

Effeet of eleelrode size 

The use of platinized platinum electrodes to measure the conductivity of 

electrolyte'i is a common laboratory practice. The rea.son for this is that by platinizing 

the electrodes the surface area increases, the current density decreases and 50 does the 

1 
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polarization reslstance (Braunstein and Robbms, 1971). The polarizauon reslstance 

depends on current denslty; Il mcreases as the sire of the electrodes. or more cxactly, 

their surface area, decreases (Kasper, 1940). This is most probably the baSIS of the 

explanation of the better performance of the larger electrodes observed 10 Figures 5.610 

Figure 5.8. 

The fit to the models improved as the size of the electrodes increased. Since 

uniform current density does not exist over the entire surface of the electrodes, 

polarization can develop in areas where the current density is larger (e.g the edges of the 

electrodes (Meredith and Tobias, 1962». If polari1..3tion exists, the conductance 

measurements will be a function not only of the effective conductivity of the dispersion 

and size of the electrodes but also of the degree of polan1..3tlon developed (whlch IS a 

function of size of electrodes). Polarization can be reduced either by mcreasmg the 

surface area of the electrodes or by increasing the frequency of the (altemating) current 

(Davies, 1930). Meredith and Tobias (1960 and 1961) reponed that with hQUld

conductive solids systems, the presence of polarizauon IS important up to frequencles ln 

the order of lO kHz. Having the frequency fixed al 1 kHz (as in most commercIal 

meters), the use of larger electrodes will provide a more resolved measurement of the 

effectjve conductivity of the dispersed system and, therefore, give gas holdup estlmatcs 

doser to those expected from Maxwell' s model. 

Effect of bubble size 

The performance of the cells in tap water (no frother added) was, ln general, not 

satisfactory. Under this conditions relatively large bubbles occur (much larger than 2 

mm). 

Interestingly, the results using the gnd electrodes were weil described by 

empirical equations developed for fluidized beds. Figure 5.5 shows that the equation of 
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Kato et al. (1981) (EquatIon (3.30» fits the experimental data obtained with the grid 

electrodes in tap water reasonably weil. This is probably due to the similarities between 

the present conditions and those in fluidized beds where no surface active chemicals are 

added and, therefore, relatively large bubble sizes are encountered. However, these are 

not conditIons prevailing 10 flotation where frother addition to decrease the bubble size 

is common practice. 

When frother was p.resent performance of ail the ceUs improved. The qualitative 

explanation for this cornes from Maxwell's model. It is worth recalling that Maxwell's 

treatment examined the case of spheres at distances from each other large enough 50 that 

their effeet in disturbing the path of the electric current may he taken as independent of 

each other. This condition is approached by solutions containing frother since spherical 

bubbles of sizes less than 2 mm are achieved (Klassen and Mokrousov, 1963). 

Application of Maxwell' s model for a dispersed phase of size less than about 2 mm is 

supported by, for example: Neale and Nader (1973) (glass spheres less than 2 mm); 

Nasr-EI-Din et al. (1987) (polystyrene particles 0.3 mm diam.); De la Rue and Tobias 

(1959) (glass spheres 0.175 to 0.21 mm diam.); Turner (1976) (conductive and non

conductive resin beads O. 15 to 1 mm diam). On the other hand, fluidized systems, where 

relatively large bubbles and soUds are commonly used are not weil described by 

Maxwell's model. This is the case for the data reported by Achwal and Stepanek (1975, 

1976)(1/4" Rashing rings and 6 mm ceramic cylinders), Dhanuka and Stepanek 

(1987)(glass spheres 1.98 to 5.86 mm diam.), and Begovich and Watson (1978)(glass, 

alumina and Plexiglas beads 4.6 to 6.3 mm diam.). Although the work of Kato et 

al.(l981) is for a f1uidized bed, the small size of 50lids they used (glass beads 0.42 to 

2.2 mm diam.) mayexplain the proximity of their empirical correlation (KI-.JK. = E.· ~ 

to that of Maxwell (Maxwell's equation for a non-conductive dispersed phase is weIl 

represented by the expression teilKI = t.14 up to about 40% of holdup of the dispersed 

phase). 



CHAPTER 5 GAS HOlDUP' EXPERIMENTAL TECHNIQUES AND RESULTS DO 

Effecl of the conducmliry of the contmlUJus phase 

Two electrical conductlvities of the aqueous solution wen,' used: 0.3 mS/cm. the 

conductivity of tap water normally usee in laboratory studies; and - 3 mS/cm, as a 

representative of typical pulp water conductivity (copper circuit, Strathcona mlll (Unbe· 

Salas and Finch, 1990». KCI was used to IOcrease the conductivity of the solution ovcr 

that of the tap water. 

As shown in Figures 5.6 to 5.8, the increase in the conductivity of the solution 

has a dramatic effect on the performance of cells .. A", "8", and "E". The performance 

of the grid electrodes, however, was insensltive to the conductivity vanations. ThIS 

behaviour is thought to he, again, related to polanzation S10ce the conductlvlty of the 

conductive medium plays an important role in polarization (Wagner, 1962). As the 

effective conductivity of the dispersion increases (by increasing the conductivity of the 

liquid phase), the contribution of the polarization resistance IOcreases. ThiS can be 

visualized by considering the measuring œil as an electric Circuit conslsl1ng of two 

resistances 10 series (William, 1990): the polanzation resistance at the 

electrode/eJectrolyte interface and the effective resistance of the liquid-au mixture. Thus, 

the conductance measurement will include the contnbution of the polanzation reslstance 

which could become a significant proportion of the total value as the resistance of the 

system decreases. 

Effect of the tempera/ure 

The conductivity of an electrolyte depends on the temperature according to the 

expression (in the region near 25°C) (Glasstone, 1930 and 1942; Condon, 1967) 

(5.1) 
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- ~, 

a experimentai (0;0; 1.88 "re) 9 'h 
• Tacu ... 1 Op.ratlng Manual (1~4P".,e ... ~ ,,,. ~ 

",.-•• •• • 

01-----~----~----~----~----r_--~~--~ 
o 10 20 30 

Temperature, oC 

flgur. 5.' Effect of tamper.tur. on the conductivity of • 0.02 M KCllOlution 

where IC and KWC are the conductivities (mS/cm) of the electrolyte at the temperature 1 

and 25°C, respectively, and a2~·C is the coefficient of variation of the conductivity per 

degree Celsius with respect to the conductivity at 25 oC. 

For most electrolytes, the conductivity increases with temperature presenting 

temperature cœfficients around 2 (G1asstone, 1942). 

Figure 5.9 presents experimental data on the effect of temperature on the 

conductivity of a 0.02 M KCl solution. For comparison purposes, values for a standard 

KCI solution of the same concentration are also presented (facussel Operating Manual, 

1981). According to Equation (5.1), the coefficient of variation a2~.C obtained for the 

experimental data in Figure 5.9 is 1.89 %/oC for 5 to 25°C. 

The effect of temperature on the performance of the cells is directly related to the 

effect of the conductivity. Since the net effect of temperature is to vary the conductivity 
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of the electrolyte according to Equation (5.1), ceUs whose cell caTtifant tS not affected 

by conducttvity vanatlOns such as the gnd electrodes will not be affcctcd by tempcralurc 

variatIOns. This ObVlOusly requires the measurements of /(18 and "1 to be performed al the 

same temperature. Figure 5.5(b) presents the results obtalned wlth the grid clectrodcs 

when a KCl solution (/(~.c=2.94 mS/cm) at 3°C was used. 

Those cells whose pelformance is affected by the conductlvity of the electrolyte, 

ceUs "A" and "E", for example, will also be affected by the temperature. 

d).- Error propagatIon analysis 

Analysis of error propagation in the estimation of gas holdup using Maxwell's 

model was performed for the case of the grid electrodes. 

As already mentioned in the experimental part, in these experiments ten 

conductance measurements in the water-air dispersion and clear liquid were performed, 

the average of which were used in the computation of gas holdup. The relative standard 

deviation (or coefficient of variation) of the conductance samples vaned from - 0.4 % 

for the clear liquid to - 1.5% for the dispersions of relatively hlgh gas content. Table 

5.1 presents sorne values of the experiments çonducted with a frother concentratIOn of 

5 ppm, liquid conductivity 2.93 mS/cm, and temperature 25°C. 

Table 5.1 presents the gas holdup obtamed from pressure, the average 

conductance of the dispersion and ItS standard deviation, the gas holdup esumated by 

using MaxweU's equation and the standard deviation (obtained by error propagatIon 

analysis), and finally, the 95% confidence interval. 
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Table 5.1 Expenmental results and error propagation analysis for gas holdup 
expenments at 5 ppm frother concentration, 2.93 mS/cm Iiquid 
conductivlty, and 25°C temperature. 

Gal holdup Co nd uctance, Standard Ga. holdup Standard 
from preuurc, mS devl&LJon, from devIAt/on. 
% mS conducllvlty, % % 

000 42681 00181 000 0400 

484 39824 00214 4 SI 0445 

1008 36838 00321 951 0612 

1613 33333 00403 1570 0776 

2040 30906 o 042S 2020 0843 

24 Il 28987 00382 23.90 0786 

To perform the error propagation analysis, the function of interest 

t: -, 1( - 1( 
1 1-,)( 100 

1( 1 + 0.5 1(,_, 

needs to be linearized by expanding it in a (truncated) Taylor series 

where KI and KI-t are the average conductance values. 

Thus, the variance of e, is given by 

95% confidence 
mlerval. % 

-08 08 

362 540 

828 1073 

14 14 1725 

1852 21 89 

2233 15 47 

(5.2) 

(5.3) 
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(5.4) 

which gives 

(5.4) 

An example of the calculations involved is given for the fourth row m Table 5.1, 

(gas holdup from pressure 16.13%, etc.). The conductance in the clear liquid and its 

standard deviation, 4.2681 and 0.0181 mS, respectively, are also needed ln the 

computation. 

(
a f! l ISO x 3.3333 
a1C: - -(-4.-26-8-1-+-O.-S-x-3-.3-33-3-)2 - 14.1958 mS- 1 

and 

(at,) -ISO x 4.2681 _ -18.1769mS-1 

a 1(,_, - (4.2681 + O.S x 3.3333)1 

S 2, - 14.19582 
X 0.01812 + (-18.l769~ X 0.04032 

- 0.6026 
• 

and (herefore, 

s, - 0.7763 
r 
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whlch glves a relative standard deviatlon of 

c - SI, X 100 _ 0.7763 x 100 - 4.92 ~ 
I, 15.76 e, 

(5.5) 

and a 95 % confidence interval defined by 

!, - 2 S" :!i: J", :!i: "i, + 2 S" (5.6) 

that is 

14.1S :!i: J'. :!i: l7.2S , 

where po, IS the mean of the population. 

Figure 5. 10 presents the results of the computatîons. 

5. 1.3 Solids holdup measurement 

Preliminary conductance measurements performed in flotation pulps (Strathcona 

mill, Falconbridge Ltd.) showed that the effeet of solids was to deerease the conductance 

of the aqueous phase even though a large percentage of highly conductive solids, 

chalcopynte, for example, was present. These measurements were collected with a 4-

eleetrode conductivlty cell slInilar to that used in the portable level calibration probe (see 

Section 4.3. 1 (b)). The technique conslsted 10 following the change in conductance of an 

100tially weil mlxed slurry after switching off the mixer and allowing the suspended 

particles to seule. eventually leaving the conductivity cell immersed in clear liquid. 
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Figure 5.11 presents these results. 
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Independent work conducted at Mount Isa Mines, Austrn.ha, encountered slmllar 

trends (Espinosa-Gomez, 1990). Figure 5.12 shows the vanation of conductance wlth 

salid percentage in the LGM (low grade middlings of Pb and Zn sulphldes) rougher 

concentrate fed to a flotation column circuit. TYPlcaI assays for thls stream are 8% PbS, 

32% ZnS, 34% pyrite + pyrrhotite, and 26% non-sulphide gangue (EsplOosa-Gomez et 

al., 1989). Figure 5.12 includes the fitting of the Maxwell and Bruggeman models for 

an average solids density of 4 g/cm3 (calculated by stoichlometry c.onsidenng non

sulphide gangue as silica). The translation of the curves is simply due to a change in the 

conductivity of the aquoous medium from day to day. 

It is evident from the se results that conductive solids (sulphides, for example) in 
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flotation pulps behave as a non conductive phase. This may be due to the nature of the 

mineral-solution interface that develops when the particles arc slurned ln aqucous 

solutions containing surface active organic compounds (Figure 5. 13)(Kelly and 

Spottiswood, 1982; Fuerstenau et al., 1984). The presence of flotatlon collector rcagent~ 

on the sulphide surface may prevent e1ectron transfer across the solid-water mterface. 

This proposed mechanism clearly needs further study. The prehminary findmg, however 

does indicate that solids holdup can be esumated from conductlvlty usmg an approach 

similar to that developed here for gas holdup. 

An experimental program was designed to investigate measuring soltds holdup by 

this approach in more detail. The experiments consisted of me-.asuring the conductance 

in a weIl mixed slurry followed by the measurement of the conductance ln the c1ear 

liquid, after the solids had settled. The experimental apparatus 15 shown in Figure 5 14. 

It consisted of a 5.7 cm dlam. x 38 cm length PleXiglas cyltnder havmg a PVC plMon 

at both ends. One of the pistons was fixed whlle the other was removable. Two gnd 
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electrodes separated by 8 cm are located 10 the mlddle sectIOn of the cyhnder (thus 

havtng a cclI constant - 3.19 cm2/cm). A ventmg valve wa~ uscd to remo\-e the gas 

trapped 10 the chamber after the cyhnder was c10sed was avallable. 

The expenmental procedure conslsted In feeding - 700 cm' of siurry of known 

solid percentage to the cylinder which was then closed by shding 10 the removable 

piston. The air trapped in the cylindncal chamber was removed lhrough the venltng 

valve. The grid electrodes were connected to a conductivlty meter (Tacussel Mod. CD 

810) and the analog output of the meter was fed to a channel of an A/D board (DAS-

8PGA) In an IBM compatible computer. The slurry IOside the tube was mlxed by 

subjecting the tube to a rhythmic rotatIOn (this technique was used ln ~Imentatlon 

studies by Richardson and Zaki (1954) and in sedirnentation-conductlvlty sludlcs by Nasr

El-Din et al. (1987». After a homogeneous dispersion had been obtamed, as Judged from 

the fairly constant conductance value being measured, the recording of conductance was 

started. After enough data were collected (around 60 rncasurements) to define thc 

conductance of the slurry, the cylinder was strod vertically to allow the sohd partlcles 

to settle eventually le.avmg the conductlvity cell immersed in the clear liqUid only, as 

illustrated in Figure 5.14. 

Experiments were conducted with water-silica slurries and flotation slurries. 

a).- Water-silica slurries 

In these experiments, measured amounts of silica sand (94.3% -208 #,m, p =2.6 

g/cm3
) were mixed with known volumes of water ( - 500 cm3

). Volume percentages of 

solids ranging from 4% (9.74 % w/w) to 20% (39.4% w/w) were tested. Two dlfferent 

conductivities of the water were used: f).27 to 0.29 mS/cm (tap water) and - 2.6 mS/cm 

(by adding KCl). Figures 5.15 to 5.17 present the results. 
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It is noticed in Figures 5.15 to 5.17 that the average conductance of the slurry and 

clear liquid is readily obtainable. With these two numbers Maxwell's equahon was used 

to estimate the solids holdup. Figure 5.18 presents the results of the estimations show mg 

that Maxwell's model titted the experimental data fairly weil. Figure 5.18 aIso presents 

the 95 % confidence interval for the measurements. These statIstlcal parameters, presented 

in Table 5.2, come from an anaIysis of error propagation simllar to that performed 

before for the gas holdup estimates. 
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Table 5.2 ExpenmentaI results and error propagation analysis for the water
slhca sedimentation expenments. 

Sohds ~.' mS/ ~. mS/ SoiJda from 95" confidence 
holdup. SlIIndard Standard conductance. ,,/ Ultervlli. " 

" v/v dCvllllon. mS devlAuon. mS Standard devUltion. " 

400 o 7890/0 0031 08310/00027 3 88/03320 321 to 454 

800 o 7680/0 0050 o 8670/0 0020 791/04408 703 to 8 79 

1000 7 0630/0 0410 8 1950/0 0400 9 65/05211 861 to 1069 

1200 l) 731 % 0070 o 8880/0 0020 1249/06096 11 17 te 1371 

1600 07080/00137 o 9120/0 0039 160711 1975 13 67 to 1847 

1800 61980/00nO 83190/00162 1865/05763 1750 to 1980 

2000 06740/00100 o 9420/0 0028 1093/08809 19 17 to 12 69 

b).- Mineral slurries 

Preliminary laboratory experiments showed that a slurry of highly conductive 

solids did have a higher conductivity than that of the c1ear liquid. Figure 5.19 shows the 

effect of the presence of highly conductive solids (Zn partic1es, -850 #lm) and the effect 

of the frequency of the ac excitation voltage. As a1ready mentioned, the frequency 

becomes Important as the conductivity of the solids increases (Meredith and Tobias, 1960 

and 1961). The results suggest that high frequencies should be used when dealing with 

slurries of conductive solids. According to this, the highest frequency available in the 

Tacussel meter (16 kHz) was used in the experiments with mineraI slurries. 

Figure 5.20 presents the settling curve of a freshly ground pyrite ore (- 62 % 

pyrite; 25% +75 Jo'm, 49% -38 Jo'm; no flotation reagents added). The curve suggests, 

and visual observatton tended to corroborate that the partic1e size may play a role in the 

behaviour observed. Il was experimenta11y observed that the relatively large mineraI 

partic1es origmally present in the well mixed slurry, settled faster moving out of the 

conductivity cell. This phenomenon may correspond to the decrease in conductivity of 
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the siurry observed ln the first moments after the cylinder was stood vertically. The 

smaller Slze classes havlng a slower settling veloclty, may be responsible for the 

followlng graduaI increase In conductivity. ThIS may suggest that Iarger partIcles behave 

as conductive sohds while smaller partlcles behave as non conduchve ones. This is 

probably relatcd to the SIze ItseIf, or with a gradient of grade among the Slze classes. 

The experiments with mineraI slurries were conducted at the Strathcona mill, 

FaJconbridge Ltd. The objective of the experiments was to investigate the suitabllity of 

the conductivity techmque to measure holdup of conductive solids present in flotation 

slurries. To accomplish this, slurry samples of the concentrate of the copper circuit 

assaymg -32% Cu (mainly present as chalcopyrite; 22% +75 J'm, 46% -38 #-Lm) and 

of the cornbincd Cu-Ni concentrate (4.9% Cu, 7.5% Ni; 19% +75 #-Lm, 61 % -38 #-Lm» 

were used. To vary the sol id percentage (thus, the volume fraction), the samples were 

diluted (using the water obtained by filtration of additional samples), or a fraction of the 

water was decanted. After filling the cylinder with the sample, enough time was allowed 

for the sam pIe to altain thermal equilibrium with the room temperature. For each sample, 

the sedimentation process was repeated until it was determined that the temperature 

variation during the sedImentation process was negligible. The sample was then collected 

and the solid percentage was measured. Volume percentages of Sûlids ranging from 

3.51 % (12.97% w/w) io 18.60% (48.37% w/w) were tested. The denslty of the solid5 

was measured making use of a Null Pycnometer (Mod. Quantachrome). The density of 

both samples was -4.1 g/cm3
• Figures 5.21 to 5.23 present the sedimentation curves and 

Table 5.3 presents the results obtained as weil as the error propagation analysis 

performed. 

Figure 5.24 presents the results of the estimations showing that Maxwell's model 

fitted the experimental data reasonably weil. The plot also presents the 95 % confidence 

interval for the measurements. 
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salid. (32% Cu). (Note that the two curv .. In each graph are repeats) 

149 

(a) 

(b) 



1 CHAPTER 5 GAS HOLDUP: EXPERIMENTAL TECHNIQUES AND RESUL TS 

4.0 ~----------------------. 

r.J) 

E 

§ 

38 

3.8 

~ 3.4 

~ cS 3.2 

2.8 

5.0 

CI) 

E 4.8 

8 c: 
~ 46 
:::s 
'0 c: 
8 4.4 

4.2 

0 

o 

Cu Cone. (32% Cu) 

48.37% w/w IOlidi (18.60% IJN) 
dur'lQuld 

2 4 6 8 10 12 14 

Time, min. 

ClOII' hquld 

Cu-NI Cene (4.9% Cu, 7.5% NI) 

32% wtw sollda (10 29% vN) 

2 4 8 8 10 12 14 

Time, min. 

(a) 

(b) 

Flgur. 5.23 Settllng curvel for a minerai slurry' (a) 48 37% w/w solida (32% Cu), and 
(b) 32% w/w solida (4.9% Cu, 7.5% NI). (Note that the two curvel ln each 
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~~------------------------------------------~ 
Mineraillurry 

o Cu concet"lhte (32'" Cu) 
[J Cu-NI conaen1rate (4 i'N. Cu. 7 5'" NO 

/ 

°O~--------~5----------~'O~--------~1~5--------~~ 

Actual Holdup of Solids, % v/v 

Figur. 5.24 Estimation of holdup of IOlidi (.ulphldes ln flot.tlon pulpa) uslng 
co~ductlvlty and Maxwell'. model 
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Table 5.3 Expenmental results and error propagation analysls for the mineraI 
slurry sedimentation expenments. 

Sohds ~., mS/ ~, mS/ Sohd. from 95~ confidence 
holdup, Standard Standard conductance. 'fol mteNal, % 
% v/v devI.uol'. mS devI.uon, mS Standa rd dev Iition . 

'fo 

351 3 5050/0 0077 3 6964/0 0028 351/0 1521 3 21 10 3 81 

838 3 5717/00237 40915100036 884/04146 799t0969 

8&.4 3 1179/0 0053 3 7013/00023 891/0 1114 86810913 

1029 4 1025/0 0091 49871/00019 1107/01390 1079 to Il 35 

1038 3 5498/0 0023 4 1739/0 0011 1049/00525 1039 to 1060 

1860 2 9079/0 0051 3 899\100027 18 52/0 1119 1829to1874 

The sedimentation curves in Figures 5.21 to Figure 5.23 are in contrast to the 

behaviour observed with the freshly ground pyrite (Figure 5.20), supporting the 
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prelimtnary results that sulphlde panleles exposed to tlotatlon rcagents behavc as non 

conductlve sohds. 

5.1.4 Gas holdup ln a sllica siurry-ém system 

The determtnatlon of gas holdup 10 three phase systems usmg electn(al 

conductlvity was expenmenuù!y addressed m a water-au-slltca laboratory (olumn "or 

thls. an independent technique to measure the actual holdup of gas and ~lJd~ ln the 

section of the column where the conductlVlty measuremenls are performed. WJ~ 

developed. The technique, called "1'iOlalmg technique" here, has lx>en reportcd III the 

hterature Oepsen and Ralph, 1969-70; Flint, 1974; Wat~n and Gramger-Allcn, 1~74) 

and It consists ln cuttmg (mstantaneously) a sectIon of the three pha'!le sy~tern to trap the 

phase\) present 10 the section. 

Figure 5.25 presents the experimental set up used whlch conSll)ted of a 3.8 cm 

dlam. x 246 cm helght PleXiglas column havmg two bail valves (3.81 cm InternaI dlam . 

Withley modo MS-135-SR) encioslOg the section where the conductlvlty wa~ measurcd 

The dimenSIOns of the bail of the valves was such that, when open, the mternal dlamctcr 

of the baIl equalled that of the column, thus ensunng neghglble dl~turbdnœ of the 

hydrodynamlcs of the system The valves were aJr actuated havmg a re~pon~ lime 01 

around - 150 ms when a pressure of 690 kPa (100 :'1)1) was used. The valves wcre 

connecte<! to a compressed air cyllnder vIa a solenOld vahe (ASCO) whlch rcleascd the 

pressure of the cyhnder m 5 to 10 ms closlng both valves at the same ume FacllIty wa~ 

available to open one of the valves whlle keepmg the other c\osed and VIce vcr~. 

Two conductlvlty cells were used; one located between the valves (conductlVlty 

œil 1: œil constant 0.49 cml/cm), and the other located below the sparger (conductlVlty 

cell 2: celI constant 1 cm2/cm) where aJr bubbles are not present. The Idea behmd this 

arrangement was to atteMpt on-hne measurement of gas holdup. To accomph'ih thls usmg 
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ln three phu. ayltema (not to lCa/e) 
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the models, t\\to conductlvlty measuremcnts are rcqulred' one of the hqU1d-~~ohd~-gdS 

system and one of the hqUld-sohds system By u~lng the arrangement ... ho,",n In FIgure 

5.25, il was assumed that the concentratIOn of sohds \\tas umform along the (ulumn. l'or 

the purpose of thls prehmmary work and becau~ of the lack of a better alternatlVl' to 

perform the measurement, such an assumptlon \\tas deemed rea~nable 

The expenmental technIque comlsted 111 slumng a sample of ~Iltca powdcr (100% 

-75 #lm/+38 #lm) In tap water (~ -03 mS/cm) contammg 25 ppm frother (Dowfroth 

25OC) to obtaln a ~Iurry of - 32 % w/w ~Ihca. A baftled pail and a conventlonal ~l1rrer 

were used to keep the sllIca JO suspension. The ~Iurry was fcd to the column close tn the 

top, dlschargOO by gravlty through the taJhngs port and recyclcd ID the pail Overtlow 

was aVOlded, as far as }X)sslble, to ensure that ail the sohds bcmg 1'00 wou Id , evcntuall y, 

leave through the tads }X)rt and therefore, wou Id necessanly pass through the mca~unng 

sectIon and conductlvlty cells 

The expenments were started by filhng the column wlth the lJqUld only and 

measunng Its conductlvlty (lhls was done by allowmg the solids to seUle leavmg a IJycr 

of c1ear hqUld). The column was emptIed and the sumng started; the slurry wa~ thcn l'cd 

to the column and the tallings tlow controlled to achieve correct balance of tlOW\ The 

column was operated wlth slurry only for around 10 mlOute~ ( - 4 lIquld re~ldence lime.,) 

The conductlVIty of the water·~llica slurry was then measured and recorded Value~ of 

dear hquid and slurry conductlVltleS obtamed wlth the two condUCtIVlty cel1~ wcre \0 

good agreement. A gas tlowrate was estabhshed and 10 mInutes were allowed to achlcve 

steady operatIOn as judged by the stabihty of the conductlvlty of the three phase system. 

The conductivity of the water-sllica-au and water-sihca systems was measured USlOg cell 

1 and cell 2, respectively. Immedlately after the last conductIvîty measurcment, the 

solenoid valve was activated and the ball valves c10sed trappmg a sam pIe of lhe lhree 

phase system. The gas holdup was obtained by measunng the empty volume In the 

measuring section (after all the air bubbles had disengaged) and divldmg Il by the total 
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volume of the sectIOn (700 cm3
). The remaming hquid-solid sam pIe was collected, after 

the bottom section of the column was emptled, by opening the bottom bail valve and 

allowmg the sam pie to leave through the tallmgs port. The volume and welght of the 

sample wa'i measured and recorded, and laboratory analysls to determme soltds 

percentage and sohds denslty was performed. The above procedure was repeated for four 

dlfferent gas rates. Table 5.4 presents the results obtamed and Figure 5.26 presents the 

holdup of the phases obtamed by direct measurements agamst those obtamcd from 

conductlvity usmg Maxwell's mode\. For comparison purposes, Figure 5.26 a1so presents 

gas holdup values obtamed m a water-air system. 

1 
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Table 5.4 Expenmental results on the determmauon of holdup ln thrce pha~ 
systems. 

". nlS/~m c. % 
..:akulated 

"1 "1 .. "1 .. , t, t. t,., 

0.2888 0.2\ \3 o 1622 \6.79 1965 3423 

0.2891 0.2\86 o 1787 1296 1770 29 17 

03027 02196 o 1768 1390 20 15 32 19 

03024 01249 o 19~5 1009 \868 27 51 

"1 and "1+, w\ e obtalOc:J Wlth .-dl 1. /(1 ... WIL' obl&IDOO wlth œil 2 
Relative staniliml devlatlOn .. .t l - 0 1 0 ~. /(1 .. - O. 20 '{. and "1..-, - 0 25 % 

c. % 
E~~nmcntlôl 

C , C, C, •• 

17 0\ lb bU 11 tJ 1 

1430 1656 .10 Kt, 

1446 15 6t. 10 1 ~ 

Il 43 15 38 ~ô ill 

Figure 5 26 shows that good holdup esumatlons were possible. The results do 

suggest that the holdup of the phases IS addll1ve. 

DeVIatIons from Maxwell's model are probably related to two factor" (a) the 

source of error that anses form the assumptlon that the holdup of sollds ln the column 

(in the presence and absence of au) IS umform. More work IS requlred to c1anty thls 

point, probably by simultaneously sampling different locatIons along the vertical aXI\ of 

the column; and (b) the fact that Maxwell's model IS better suited for umformly SI/cd 

particles (bubbles or sohds) whereas the present system lnvolves qUite dlffercnt Siles. 

Also, the expenmental errors Involved ln the measurements, mamly tho!.e related wlth 

the collection and managmg of the sample, have to he taken lOto account. 

--
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~.2 Industrial Scale Columns 

5.2.1 Prehmmary work 

Gas holdup estimation in a two phase (water-air) industrial scale column (91 cm 

diam.) was attempted making use of the level detection probe described in Section 

4.3.l(d). 

The calculation of holdup of the dispersed phase usmg Maxwell's equation 

requires the effective conductivlty of the disperSion and the conducttvity of the phases 

mvolved, ail measured under the same conditions. These measurements can be easlly 

accomphshed ln the laboratory but they are dlfficult to perform ln large industrial 

columns. However, the probe developed to detect the froth/slurry Interface was found 

to produce falrly good estlmates of gas holdup. 

To test the accuracy of gas holdup determmation using the probe two 

expenmental programs were deslgned: (1) to compare gas holdup from pressure readings 

and conductance measurements ln an au-water system; and (ii) to test the limitations 

Imposed by the probe geometry. 

a).- Experimental approach 

The experiments were performed in the pilot column installed at the Strathcona 

Mill, Falconbridge Limited !Sudbury, Ontario). The column is approximately 1350 cm 

high and has a dlameter of 91 cm. Il is equipped wlth three Taylor pressure transducers 

(model 532TB04112A) and three water manometers (Huis et al., 1990)(Figure 5.27). 

Table 5.5 summanzes the location of the six pressure sensing devices, their range, and 

the output obtained when the column was filled with still water. Excellent agreement 

between the depths calculated from their respective outputs and their measured locations 
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Water manom.ter 1 

Water manometer 2 

Wat.r manom.ter 3 

Distance 
fromtop (m) 

'0'' 

"14 
12'4 

• 

Tranec!UQtr At 

Trll/18dUQtr B 

Trll/18ducer C 

Flgur.5.27 Pressure sensing devices ln the 91 cm diam. column at the Strathcona mill, 
Falconbridge Ltd. 

was shown. 

Table 5.5 

Devlce 

Tranaducer A 

Willer m&llomcter 1 

Transducer B 

Willer mllnomcter 2 

Tran.ducer C 

Waler manomcter 3 

Characteristics of pressure sensing deVlces mstalled ln the 91 cm 
d1am. column at the Strathcona ffilll, Falconbndge Ltd. 

Distance from top, Range. Output when column Clllculllled 
m k.PIl (m willer) filled Wilh willer, dcpth, rn 

mA (m Willer) 

279 68 97 (--) 10367 (---) ::! 80 

347 - (536) -- (347) -

350 4759 (-) 15 593 (--) 350 

1031 - (1222) - (l031) -- --
1194 206 9 (-) 13 070 (--) Il 95 

12.14 - (1403) - (12 14) --
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b).- Expenmental procedure 

After the column was filled with water contaIning frother (process water of 

conductlvlty - 1.3 mS/cm), an atr tlowrate was established through the column. No 

taihngs tlow was used but a small amount of wash water or feed tlow was added to 

compensate for the water camed away by the air bubbles thus keeping the column always 

filled. After about 30 minutes, the outputs of th,: six pressure sensing devlces installed 

along the column were recorded while conductance measurements were automatically 

collected once every second for a full minute usmg the level detection probe. 

The gas holdup was calculated from pressure readmgs at three dlfferent locations 

along the column: at the top of the column from the output of pressure transducer B, at 

the middle using the readings of water manometers 1 and 2, and at the bottom usmg the 

readmgs of water manometers 2 and 3. An average value for the column was calculated 

from the output of pressure transducer C. The results of all these calculations for the 

different runs (Table 5.6) show a consistent gas holdup mcrease of about 100% from 

bottom to top. (Further exploration of thls phenomenon has been camed out (Uribe-Salas 

et al., 1991». 

Table 5.6 Gas holdup calculated from pressure readings of pressure sensing 
devices 

Air Pressure, m of water Gas Holdup, % 

Run Rate 
(cm/.) PTA WMI PTB WM:! PTC WM3 Top Middle Bottom Average 

Z 80 347 350 1031 1196 12 14 
2 072 266 330 332 993 Il 53 II 72 492 311 208 356 
3 093 261 326 316 979 Il 39 11 57 667 464 278 477 
4 1 22 2.58 3 17 3 ZI 961 11.24 Il 37 8 ..,.., -- 584 417 597 
5 1 SI Z 50 309 3 10 940 1097 Il 12 1132 779 590 821 
6 zn 346 34Q 1031 11 95 12 14 
7 259 201 Z 54 :2 56 8 17 958 974 2682 1781 1389 1984 
8 Z23 2 18 Z 74 277 861 10 13 1025 2089 1429 1042 1527 
9 167 Z17 301 3 OS 926 1082 1096 12.80 872 6.94 950 

WM = water manometer. PT = prel8ure transducer 
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c).- Results 

The calculation of gas holdup from conductance measurcments has becn 

summarized in Table 5.7, which includes the average conductance (1\1 mea~lITed ln the 

different runs by usmg the deepest active ring In the probe (1.::!5 m from top) and the 

values of gas holdup calculated using Maxwell's equation. Conductance values of runs 

1 and 6 were used as KI for runs 2 to 5 and for runs 7 to 9, respt.."'Ctlvcly. 

Table 5.7 

Run 

1 

2 

3 

4 

.5 

6 

7 

8 

9 

Expenmental results and error propagatIon analy~ls for the 
estImations of gas holdup 10 the 91 cm dlam. (walcr-alr) column. 

Average EslJmaled gu 95" .0nrIJcn,·c 
Air rate. conductance' , holdup, "'Slandard 101CI'V1l1, % 
cm/! mS/Standard devultlOn, " 

devlahon, mS 

000 13 462/0 0140 -

on 12 531/0 0733 .1 7210 39 3 95 lu 5 .\9 

093 1:! :!3310 0653 6281035 5 58 ln Ô 98 

1 :!::! Il 945/00S75 7811031 7 1810 841 

1 51 Il 407/00651 10 72/036 999 ln 11 4'i 

000 \3 305/0 01:!3 -

:! 59 8842/0 0878 25 18/056 240610 26 10 

223 9571/00964 2064/059 19 46 to :' 1 82 

167 10800/0622 1339/036 126710 14 Il 

A comparison cetween the gas holdup calculated from pressure measurements at 

8 (Le. at the top) and that from conductlvlty shows good agreement (FIgure 5.28). The 

gas holdup from conductivity corresponds to that at 1,25 m whtle the value from pre~~ure 

transducer 8, corresponds to an average of the top 3.5 m of the column. The re~ults 

clearly show that the location of the measurement IS an Important consideratIOn In maklng 

the comparison. The agreement between techniques suggests that, under the expenmental 
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Figure 5.21 Companson of gaa holdup det.rmination uaing the pr •• ur. senaing devices 
and th. conductlvlty probe. 91 cm diam. column; water-8Jr system Th. 
95% confidence Int.rval for gu holdup .atimationa from conductlvity Il 
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conditions tmposed. the electrode configuration of the level detection probe appears to 

he an appropnate geometry to measure gas holdup continuously. This geometrical 

consIderation IS discussed below. 

d).- Cell constant of the probe 

According to MaxweU's equation, the ratio of conductivity with and without the 

dispersed phase (aIr in this case) lS needed. Estimating the conductivity from conductance 

measurements reqUlres a knowledge of the cell constant. ne ratio of conductances, 

however, can he substituted provided the cell constant remains relatively fixed over the 

range of conductivity values encountered. This is not a1ways the case, depending on ccll 

geometry. 
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One way of analyzlng the magnttude of the problcm IS by cxpcnmcntal means. 

The apparent cell constant of a SpeCI fic cell geometry IS glven by the ratio conductance 

(mS) over conductlvity (mS/cm), (Kh). 

Etpenmenlal procedure and resu/ts 

By performmg conductance measurements ln solutions of known conductlvlty, the 

behavlOur of a particular cel! geometry can he evaluated. The expcnmcnts wcre 

conducted in a 91 cm dtam. x 100 cm height pve tank. The probe was located 10 the 

center of the tank as deplcted in Figure 5.29. The tank was filled wlth a solutIOn of 

known conductlVlty and the conductance of the solution measured wlth the Pl1SIU'JC 

electrode posltlOned halfway between the surface of the solution and the bouom vf the 

tank. The conductivlly of the solutIon was vaned by adding KCI, and measured by usmg 

a calibrated conductlvlty meter (Hanna Instruments Hl 8633). Figure 5.29 presents the 

results obtained. For companson purposes, the œil constant of a conductJvlly œil close 

to the ideal case (sectIon of two intinite and parallel plates) IS also mc1uded. 

The apparent change in the ecU constant of the probe's cell wllh conductlVlty 

shown in Figure 5.29 was similar to that observed for Ccli "E" (dlscussed 10 the SectIOn 

5.1.2). Such a behavlOur was 10terpreted 10 terms of polarlzatlOn (Dav!e~, 1930), or as 

unresolved components of the conductlvity measurements (William, 1990). The 

successful determination of gas holdup usmg the leve\ detectlon probe (:.,uccc~:.,ful by 

comparison wlth gas holdup from pressure rcadings) cao be mlerpreted wlth the help of 

Figure 5.29, and companson wlth performance of Cell "E" (Sec FIgures 5.4 and 5.g). 

Typical gas holdup values, for example < 20 %, translate mto change,> ln apparent 

conductlvlty of < 27% between the system with and without ga5. ln othcr word5, glven 

a typical value of the liquid condUCtlVlty of 1.3 mS/cm (Strathcona proce~s watcr), 20% 

gas holdup translates lOto an apparent conductivity of 0.95 mS/cm. It IS shawn 10 Figure 

5.29 that such a variation ln conductivlty falls \0 the "upper" part of the Cell constant 
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Figur. 5.21 Experimental set up for experiments on th. eell constant of the level detection 
~robe and behaviour of th. eonductl\'ity e." of th. probe Il a functlon of th. 
conduetivity of th. medium (KClsolution) 
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vs conductivity curve. This IS a so the case of the fairiy good ga~ holdup estimates 

obtamed wlth Ccli "E" for the experiments conducted wlth a liquid of conductlvlty - 0.3 

mS/cm (Figure 5.8(a»; however, when the liquid conductivity was increased to -3 

mS/cm the cell constant of Cell "E" falls to the "lower" part of the curve (Figure 5.8(b» 

and a dramatic deterioration of the estimates was observed. Due to a similar behaviour 

of the œil constants of c~n "E" and the probe's cell, it is also reasonable to expect 

similar behavlour in terms of gas holdup estimation. Thus, extra precautions should be 

taken when attempting gas holdup estimation using the level detection probe in solutions 

of conductivities higher than - 1.3 r.1S/cm. 

S.3 Summary 

A conductivity technique to estimate gas holdup of a non-conductive phase in two 

and three phase systems was presented. 

A conductivity cell consisêng of two grid electrodes covering the entire cross

sectional area of a cylinder containing the t'NO (or three) phase system was presented. 

The importance of the geometry and characteristics of such a cell were discussed. Models 

available in the literature were used to fit the experimental data. It was observed that 

Maxwell's model (1892) best described the data. 

The estimation of holdup of non-conductive solids (silica) and conductive solids 

(sulphides in flotation slurries) is considered. It was observed that sulphides in flotation 

slurries behave as non-conductive material: Maxwell's model app--"..ared to fit the data. 

Gas holdup estimation in a water-silica-air system was described. The results showed that 

the gas holdup estimates from conductivity were in good agreement with those obtained 

with an independent technique (the isolating technique). 

1 
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CHAPTER 6 

BIAS RATE: EX PERIMENT AL TECHNIQUES AND RF--SULTS 

6.1 Laboratory &ale 

6.1.1 Prelimînary work in a two phase system 

Results obtamed 10 the water-air laboratory 10 cm diam. column (descnbed ln 

Section 4.'2.4) showed that the conductance profiles collected around the interface were 

related to the operating conditions. Figure 6.1(a) shows, for example, that for a constant 

wash water rate the slope of the branch of the profile in the froth zone changed as the 

bias rate was varied from positive to negative. 

Under normal operating conditions, a large fraction of the wash water added on 

the top of the froth flows downwards under gravit y . Also because of gravit y , the water 

carried to the froth by the rising aIr bubbles tends to concentrate in the base of the froth. 

This produces a gradient of gas holdup (and liquid holdup) 10 the froth zone. Relatlvely 

low gas holdups are expected in the base of the froth compared to those 10 the top of the 

froth (Yianatos et al., 1987). The qualitative explanatlon given to the behavlOur observcd 

in Figure 6.1 (a) is that as the gas rate is increased, more water is carried to the fmth 

until conditions are met where the wash water (or at ICdst a large fraction of it) IS unablc 

to flow downwards, thus giving rise to an inverslon of the gradient of gas holdup. ThIS 

gradient is r~flected by the conductance profile. 

A similal explanation is offered for the results in Figure 6.1{b). For a constant 

gas rate, it is expected that the volume flowrate of water being carried to the froth zone 

by the bubbles is constant. Therefore, by varying the wash water flowrate, the gas 
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holdup in the froth zone will vary. The smaller the wash water tlowrate, th.:: la"ger the 

gas holdup and vice Vi!rsa 

Although the blas rate appears to be dtfficult to relate to the bchavlOur of the 

profiles in Figure 6.1, an experimental program was de~lgned to mvestigatc ln more 

detail the phenomenon. Conditions encountered in the laboratory (where the same hqUld 

is normally used for feed and wash water) and conditions prevalllOg ln mdustnal 

operations (Strati~cona milI, Falconbndge Ltd.), where the pulp water conducuvlty IS 

often higher than that of the wash water, were eXamllled. 

6.1.2 Feed water entrain ment and feed water recovery 

The working hypothesis 15 that, to maxlmize froth washmg the blas should be 

positive~ that is the taihngs water flow should be greater than the fced water tlow (lhlS 

difference in flow being provided by the wash water). The use of blas as a measurcmcnl 

parameter, however, has recently been challenged. The measurement IS subjcct to error 

(Finch and Dobby, 199Oa; Moys and Fmch, 1988b) and cases are bemg reported whcre 

grade is maintamed under negative blas conditions (Finch and Dobby. 199Gb; Furey, 

1990). Measurements other than bias have been introduced and shown to be related to 

grade. Moys and Finch (1989) used the fraction of feed water in the overflow water, 

cal1ed here feed water entrain ment or simply entrain ment; Maachar et al. (1990) 

measured feed water recovery to the overflow. 80th these latter parameters have an 

attraction: they focus on the feed water reporting to the overflow WhlCh ultimately 

dictates hydrophillic particle recovery by entrain ment. 

Provided there is a difference in feed water and wash water conductivity, whlch 

is frequently the case, conductivity measuremenls enable the two waters to be "traced" 

through the column. Similar reasoning was used by Moys and Finch (l988b) and 

Maachar et al.(1990) regarding the use of temperature measurements. 
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a).- Theory 

In prcltnunary expenmental work, It became eVldent that the shape and location 

of the conductance profiles through the froth were related to blas. This i~, consldered 

here. In addition, the use of conductIVlty measurements ln the four streams around the 

column: the feed, overtlow (or concentrate). underflow (or tails) and wash watt'!', to trace 

the feed and wash water IS also examme<!. 

The rule of addlttvity for conductlvity states that the conducllvity of a mi" ture of 

two electrolytes of different conductivity, KA and KB. is proportional to the volumetrie 

fractions, VA and VB, of the electrolytes in the mixture: 

(6-·D 

where KA-B' KA and KB are the conductivlties (mS/cm) of the mixture, and electrolytes A 

and B, respecllvely; and liA (volume of A/volume of mixture) and "B (volume of 

B/volume of mixture) are the volumetrie fractions of A and B. 

Figure 6.2 shows that Equation (6.1) describes well such mixtures. 

AC'Cordingly, the following can be derived for the column presented in Figure 6.3: 

for the overflow water, 

(6.2) 

and, for the underflow water, 

(6.3) 
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where Kct Kt. Kw and Kt. are the conductlVltJes (mS/cm) of the overflow. feed. wash water 

and undertlow streams, respecuvely; Qfc and Qf, are the volumetnc tlowrates (cm3/s) of 

feed water reportJng to the overtlow and underflow, respectlvely; Q .. " and Q"" are the 

volumetnc tlowrates (cm Ils) of wash water reportmg to the overflow a'1d undertlow. and 

Qc and Q, are the volullletnc f10wrates (cm1/s) of the over!low and undertlow. 

From Equations (6.2) and (6.3) the reqUlred parameters cao be obtamed. 

Bias: The net tlow of water to the underflow IS given by 

(6.4) 

This IS often converted to a superticial rate, J B' by dividing by the column cross

sectional area, Ac. (Other defimtJons of bias are in use, see Figure 6.1 and Appendix 5). 

Feed water entrainment: This is detined here as the fraction of feed water ln the 

overtlow stream, QJQc, and is given by 

Qlt: _ Kt: - Kw 

Qt: KI - Kw 
(6.5) 

Feed water recovery: Defined as the fraction of the feed water that reports to the 

overflow, Q~ QI' and given by 

(6.6) 
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1 CalI coneIIIrtt • 0 , S cm"lcm 

1 

IIr 

Figur. 1.4 Experimental apparatue and detalla of conductlvlty sensors used 

where Qf is the volumetrie flowrate (cmJ/s) of the feed stream. 

b).- Experimental Approach 

Apparatus 

A laboratory column, 5.7 cm diam. x 391 cm height was used (Figure 6.4). The feed 

entered at 146 cm from the Hp. The wash water distributor conslsted of a perforated 
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copper ring (- 0.4 cm dlam.) located about 3 cm belo'N the lip. A cyhndncal staInless 

steel sparger (~urface area=84 cm2
) was used to generate the bubbles. Cahbrated 

rotarncters and pcnstaltlC pumps (Mastertlex Cole Parmer, model 7520) were used to 

mOOitor and control the underflow. wash water and feed streams. The air tlowrate was 

measured wlth a mass tlowmeter (Tylan Model FM-380). 

There was faclhty to operate the column under closed or open circuit conditHms. In 

closed circuit, the column feed and wash water was from tank A (Figure 6.4j (200 1 of 

15 ppm Dowfroth 250C solutIOn at room temperature; K24·C - 0.27 mS/cm) and the 

underflow and overflow streams were recycled. In open circUlt, the wash water was from 

tank A and thf' feed ~tream from tank B (500 1 of 15 ppm Dowfroth 250C solution at 

room temperature; K2.·C - 1.1 mS/cm); the underflow and overtlow were dlscarded. 

Potassium chloride was used to increase the conductivity of the solution in tank B over 

that of the tap water in tank A. 

In the top sechon of the column conductance profiles were collected by using twelve 

electrode paus (stamless steel facing circles, 1 cm diam.) mstalled in the column wall 

following verticallmes 180 degrees apan, and with a separation of 10 cm starting at 31 

cm from the column lip. The conductivity of the streams around the column was 

extracted from conductance measurements collected with sen sors coosisting of a PVC 

tube (0.7 cm diam.) supporting two facing electrodes (a cross of stainless steel wire, see 

Figure 6.4) separated by 2.4 cm. The calc~lated ceIl constant, - 0.16 cm2/cm, was in 

good agreement with those obtained experimentally by performing conductance 

measurements on KCI solutions of known conductivity (Table 6.1). 
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Table 6.1 

KCI S!lIUllOn 

"LI', (mS/cm) 

0310 

0443 

053'2 

07'26 

0860 

1037 

Expenmental cell constants of conductlvlty ~n~(lr~ ll\l'(j for on t\ll~ 

meaSllrement of conductlvlty 10 Ihe ~tre4ms around the colurnn 

S.:n~or 1 Sc:n~or ~ Sensllr l Scn~(lr 4 
KlmS)/K..n K (mS) 1 KaoQ K (mS) K ...n K ImS) K .nI 

I.:m~h·m) I.:ml/,m) ("ml/.:m) Illn'/,rn) 

--
00495 1 0 160 0049810101 004% /0 \60 00489 / 0 \ ~8 

00707/0 \60 00708 / 0 160 00706/0159 00701 / 0 1 ~8 

0085: / 0 160 00845 / 0 159 00847/ 0 159 00841 /0 158 

o 1158 / 0 160 01154/0159 01149'0158 01 \oW ' 0 1~7 

o 1371 / 0 159 o 135810 158 01354/01'\7 o 1149/0 1'\7 -
01654/0159 o 16'28/0 157 01628/0157 01625/0157 

The performance of these sensors was consistent and rehable as rellccted by the 

value of their relative standard deviation, - 0.75 % for low conductlVltIes ( - 0 J mS/cm), 

and - 0.2 % for hlgh conductivlties (- 1.1 mS/cm). Data collection was performed by 

using a data acquisitIOn system similar to the one descnbed ln SectIon 4.2 4. 

Procedure 

Two options for varying the blas rate were used: option 1), varylOg the gas rate 

(0.65 to 2.25 cm/s) while keeping the underflow and wash water constant (0.81 and 0.41 

cm/s, respectively) and maintaining the interface level wlth the feed stream; and optIon 

ii), varying the wash watër rate (0 to 0.36 cm/s) whIle keepmg the undertlow and gas 

rate constant (0.81 and 1.2 cm/s, re~pectively) and matnta.ming the mterface level wIth 

the feed stream. Two froth depths were tested, 55 ±5 and 95 ±5 cm. Expenments were 

completed for both open and closed cIrcuit conditIons. 

For option (i) the system was initially operated 10 c10sed circuit and when steady 
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conditions were estabhshed the system was opened. For optIOn (n) the system was stmed 

open. 

c). - Ex.penmental Results 

Conductance profiles 

Figures 6.5 and 6.6 present sets of conductance profiles for both o!,uons (1) and 

(II) for c10sed and open CtrcUlt. The usual marked step in conductance across the 

bubblmg/froth zone Interface IS observed reflectmg the difference In gas holdup between 

these zones. Ttm ~tep 15 more pronounced for open CIrcuit condltlons because of the 

added effect of the lowcr conductJvlty of the wash water (the water 10 the bubbhng zone 

IS predommantly fred water, ln the froth zone predommantly wash water). 

The behavIOur of the conductance profiles appears to be related to the bias as 

observed in Figure 6.6. For open circuit (the relevant conditions for industnal operation) 

the profiles shift toward ... larger conductance values when the bia~ decreases. 

ThiS Increase ln bubbhng zone conductance reflects the increased proportion of 

feed water m the bubbling zone water; because blas is reduced, the volume of wash 

water entenng the bubbhng rone IS reduced. The mcrease in conductance 10 the froth 

zone may simllarly be related to an lncreased proportlon of feed wateT ln the froth zone 

water, but possible changes in gas holdup are a complication: for example, in Figure 

6.6(a) the Încrease 10 gas rate mcreases the conductance ln the T'rOth zone even in the 

close<! cirCUit case as the gas holdup in the froth has decreased (as IS known to occur 

when gas rate IS mcreased (Ylanatos et al., 1987). 

The behaviour of the conductance profiles for closed circuit conditions (the same 

source of water was used for wash water and feed water) was similar to that observed 
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in the prdiminary results presented 10 FIgure 6. 1. Explanation for such a behavlour was 

given. 

Work recently reported by Bergh and Yianatos (1991) showed that the 

(normalized) conductivity profiles obtained in a ~i\ter-air column (feed water of higher 

temperature than the wash water) were insensitive to blas variations; no explanation was 

offered. 

Bias raIe, feed water entrainment and feed watl" recovery 

Figure 6.7 presents typical variation of the conductivity of the streams vs time as 

a function of gas rate (option il. Table 6.2 and Table 6.3 present the operatmg 

parameters, bias rate, entrainment and recovery results for these expenments. A few 

points of noie are: (1) before the circuit is opened the same conductIvity value is reported 

for all the streams (as should he the case); (2) for the first two air rates (0.65 and 1.05 

cm/s) the overflow conductivity is practically that of the wash water indicating that no 

feed water is reaching the overflow, while for higher air rates feed water starts showing 

up in the overflow; (3) the volumetrie fraction of wash water flowmg downwards 

decreases as gas rate increases; (4) feed water entrain ment occurs even If a downward 

f10w of wash water exisls; and (5) the stability of the column operation decreased as the 

gas rate increased: al the lower gas rates (0.65, 1.05 and 1.45 cm/s) the interface level 

was maintained within ± 5 cm, while at higher gas rates (1.85 and 2.25 cm/s) the level 

could only he maintained within 95 ± 10 cm and 55 ± 20 cm. This instabihty is 

revealed by the wide variations observed in the overflow conductivity al high gas rates, 

specially at 55 cm froth depth (Figure 6.7(b». 
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Figur. '.7 Conductivity VI time for option (1) 1 Jt-o.a Cm/I, Jw-O.4 Cm/l, 15 ppm Dowtroth 
250C, for (1) froth depth-95 cm, and (b) froth depth-55 cm 
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Table 6.2 

J" cm/! J:. cm/s 

065 081 

105 081 

1 4~ 080 

1 85 080 

225 080 

Table 6.3 

J" cm!! li' cm!s 

065 080 

105 081 

145 080 

185 080 

225 081 

Operating parameters, blas rate, entrainment and recovcry results 
for options (i)-open circuit expenments; froth depth = 95 cm. 

Jo;. cm/s J •• cm!s Jr• cm/s Jb • cm/s QdQ •. % QJ)Qf' % 

042 003 042 039 o ~7 002 

042 015 054 027 038 o JI .. 
042 027 065 o 15 1 68 071 

042 034 077 il 08 4 S5 2 15 

042 037 075 005 602 186 

Operating parameters, bias rate, entramment and recovery results 
for options (i)-open circuit expenments; froth depth = SS cm .. 

J",. cm!s Je. cm/. J,. cm/a Jb • cm/! QjQ,. % QdQf' % 

041 004 0.43 037 000 000 

041 o 17 057 0:;4 088 027 

041 028 067 013 475 2 12 

041 034 013 007 II) 14 468 

041 0.38 078 003 1119 600 

Figure 6.8 presents typical plots of stream conductivity vs tlme for option (JI). 

Table 6.4 and Table 6.5 present the operating parameters, bias rate, entrainment and 

recovery results for these experiments. At 95 cm froth depth, J", = 0.07 cm/s was the 

minimum wash water rate that could maintain a stable froth bed; at 55 cm froth depth, 

the column cou Id he operated with no wash water addition. Note that the ovcrflow 

conductivity decreased as the wash water rate increased indicating an IOcreaslOg 

proportion of wash water in the overflow. The operation of the column was again more 

stable at 95 cm froili depth than at S5 cm . 
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flgur.I.1 Conductivlty VI time for option (Ii), Jt-0.82 cm/., Jg-1.2 CIN., 15 ppm Oowfroth 
25OC, for (a) troth depth-95 cm, and (b) froth depth-55 cm 
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Table 6.4 

1
8

, cm!, J., cm/, 

120 082 

120 082 

110 082 

120 082 

Table 6.5 

J,. cm/s JI. cm/a 

120 081 

120 082 

120 081 

120 082 

120 082 

1 20 081 

Operatmg parameters. blas rate. entrammcnt and recovery rcsults 
for options (11)-open circuit expenments; irolh depth = 95 I:m .. 

J .. , cm/s Je' cm/s Jf , cm/. Jb , cm/s QI/Q •. % QJ)QI' % 

007 006 080 001 588 o 4~ 

022 016 075 006 304 062 

029 018 070 011 ~ 80 070 

036 020 065 o 16 140 042 

Operating parameters, bias rate, entrainment and recovery results 
for options (ti)-open cirCUit experiments; froth depth = 55 cm. 

-
J." cm/s J •• cm/. Jf • cm/. Jb • cm/a Q!lQ .. % Q!lQr. % 

000 002 083 -002 100 00 276 

007 008 082 -001 2227 2. 20 

014 014 081 000 1239 :2 IS 

022 017 076 005 Il 14 245 

029 018 070 011 726 1 85 

036 o t9 064 017 467 1 37 
-

Estimation of bias rate. The bias rate was estimated ln two dlfferent ways: (a) 

from a water balance around the column performed by using tirned samples collected In 

the streams around the column under stable operating conditions (as judged from the 

constant values of conductivity of the overflow and undertlow streams): these bias rate 

values are presented in Tables 6.2 to 6.5; and (b), by using Equation (6.4), the 

"punctual" values of the conductivlties of the streams, and the overfJow and underflow 

rates for stable operating conditions. This assumes that the overflow rate obtained for 

stable operating conditions holds for the enUre period of tlme when the column was 

operated under such conditions (i.e. the system was at steady state). Although the 
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assumption introduces a limitation In descnbing the dynamics of the transition between 

different operaung condiuons, it does not affect the trends observed under steady state 

conditions. The undertlow rate was kept constant at around 0.81 cm/s throughout the 

expenments. Figures 6.9(a) to 6. 12(a) show the evolution of bias rate. 

~1imation or reed water entrainment and recovery. Feed water entrain ment 

was calculated using Equation (6.5) and the conductivities of th~ streams around the 

column (error propagation analysis is presented in Appendix 6). Feed water recovery was 

calculated using Equation (6.6) and the overflow and feed rates obtained for stable 

operating conditions. The commerlts offered above for the estimation of bias rate also 

apply for the recovery. Figures 6.9(h) to 6.12(h) show the evolution of feed water 

entrainment and recovery for the data in Figures 6.7 and 6.8. They clearly show that 

feed water enteTS tne overflow even though bias is positive. 

The values of entrain ment and recovery presented in Tables 6.2 to 6.5 were 

obtained by averaging 10 to 20 values (representing a period of 10 to 20 minutes) of 

stable operation. 

Figure 6.13 presents the bias rate and feed water entrainment and recovery as a 

function of (a) the gas rate (option (i», and (h) the wash water rate (option (ii». For (a), 

bias rate decreased and feed water entrainment and recovery increased as gas rate 

increased. No substantial difference was observed between 55 and 95 cm froth depth in 

terms of bias rate, but entrain ment and recovery were higher for the shallower froth. For 

1», the bias rate increased and the entrainment decreased when the wash water was 

increased but recovery was essentïally constant. Again, the bias rate behaviour was 

similar for both froth depths, while entrain ment and recovery were higher for the 

shallower froth. 
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Figure 6.14 presents the feed water recovery vs feed water entrainment. The plot 

shows that recovery and entrainment are related but not necessarily linearly; however, 

no example was encountered where the two had oppo~ite trends. 

This implies that entrainment and hydrophillic fine particle recovery are related, 

and hence entrainment should he related to metallurgy. Entrainment may well he a 

satisfactory substitute for feed water recovery for a given design of column (changing the 

wash water location may alter the entrainment-recovery relationship, for example). A 

more severe test of the use of entrain ment than that executed here would be where ga~ 

rate and wash water are manipulated slmultaneously as may happen in practice. 

Figure 6.15 presents the evolution of entminment as a function ofbias rate clearly 

showing that having a positive bias did not completely prevent the entrainment of feed 

water. These results are m good agreement with th~ work of Yianatos et al. (1987) who 

found that to mmimize the hydraulic entrainment of fine particles in flotation columns 

bias rates of 0.2-0.4 cm/s were needed. 
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6.1.3 Conductance profiles 10 a three phase sy~tem 

The effect of operating conditions on the behavlollr uf the conductance protiles 

was explored 10 a three phase system whIle performmg amenablhty tests on somc of the 

streams of the flotatlOn ClrCUI~ of the Strathcona mill, Falconbndge Ltd. ln these tcst~. 

the flotation rate 10 the column was changed by varying the hquid resldcnce t1mc tb)' 

varying the taihngs flowrate) while keeping the wash water and gas rate constant. The 

level was adJllsted at around 100 cm from top of the column by mampulatmg the fccd 

flowrate. When stable operating conditIOns had been reached (normally thrcc rC~ldcncc 

times were allowed after each operatmg change), timed samples of the strcams arollnd 

the column were collected. Solid percentage analysls and chemical assays were pcrformcd 

on the samples. The tests were conducted makmg use of a 5.04 cm dlam. x 1050 cm 

high laboratory coll.lmn. The column, the arrangement of electrodes and the data 

acquisition system used in this application were descnbed In ScetlOn 4.2.2. 

These types of tests are suitable for explonng the feasibihty of corrclatmg the 

profiles with the bias rate since a wide range of bias, tncluding negative value~, was 

covered. It is worth mentiomng that tap water of conductlvlty - 0.3 mS/cm was lIscd for 

wash water while the conductivity of the flotation pulp water was around 2 to 3 mS/cm. 

As already discussed, this conditIOn is weil suited for the conductance measuremcnts to 

reflect the proportion of feed and wash water around the Interface. FIgure 6.16 presents 

the conductance protiles collected when processing a sam pIe of the Magnetlc Flotallon 

Concentrate (MFC), and a sample of the Secondary Roughcr Concentrate (SRC). 

Figure 6.16 ~hows that, as expected, the profiles did shlft towards larger values 

of conductance as the bias decreased (from positive to negative v~ues), indlcatu~g that 

the proportion of fced water in both the collection and froth zones mcreascd. Thcse 

results are 10 good agreement with the observations made in the two-phase liy~tem 

discussed before. Furthermore, the metallurgical results appeared to be related to the blas 
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rate. For both streams, MFC and SRC, the grades of Pentlandite (Pentla) and 

Chalcopyrite (Chalco), decreased in the direction of negatlve blases, white the recovery 

increased (see Figure 6.l6). This finding supports the general hypotheses on the 

relationship between grade, recovery and bias (the grade improves at the ex pen se of 

recovery as the bias increases in the positive direction). 

6.2 Industrial Scale 

Conductance profiles in a 91 cm diam. x 1350 cm high column (described in 

Section 5.2) were collected for both water-air and slurry-air systems by using the level 

detection probe. The objective of the testwork was to assess the feasibility of correlating 

the conductance profiles obtained with the level probe in large columns with the 

operating conditions, particularly with the bias rate. 

In these tests, bias transitions were produced by varying the feed flowrate at 

constant gas and tailings flowrates while controlling the interface level (al around 100 cm 

froth depth) with the wash water stream. This scheme was mainly dictated by the 

available method of control. The instrumentation of the column included magnetic flow 

meters to measure wash water, feed and tailings flows and densities, and a calibrated 

rotameter for gas rate. 

6.2.1 Water-air system 

The water-air experiments were conducted using a closed circuit, that is, the feed 

and the wash water were from the same source. Water containing frother (Dowfroth 

25OC, to around 15 ppm) was used. Once the selected air, tailings and feed flowrates 

were set, the column was automatically operated for about 45 minutes. Conductance 

profiles were continuously collected one every minute. One of the profiles collected at 

the end of this period of time was selected to represent the specific operating conditions. 
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Figure 6.17 presents the operating conditions z.n the results obtained. 

The results in Figure 6.17 are consistent with those obtained in the laboratory 

when using a slmilar approach (option (i), closed circuit experiments; see Figure 6.5(b». 

Since constant gas and tailings rate were used (a fairly constant gas holdup is expected), 

the conductance of the bubbling rone remained essentially constant regardless of 

variations in wash water ~ddition. However, in the froth zone the profiles shifted towards 

larger conductance values as the wash water addition was increased, thus indicating the 

expected increase in liquid holdup of the froth rone. 

The resuHs do indicate that similarities exist between the laboratory and the 

inc!ustrial unit in terms of the effeet of operating parameters on the behaviour of the 

profiles in water-air systems. 

6.2.2 Siurry-air system 

PreIiminary experiments in a slurry-air system were conducted at the Strathcona 

mill, Falconbridge Ud., by processing a stream of the copper circuit œrimary Rougher 

Concentrate) . 

a). - Experimental approach 

The experiments were designed to generate a bias transition by increasing the feed 

flowrate al constant air and tailings flowrate while keeping the interface level constant 

by manipulating the wash water stream. Figure 6.18 illustrates the relevant variables 

monitored by the instruments attached to the column. Based on statistical data available 

in the milI, solids density in the feed, taiHngs, and concentrate streams were assumed to 

be 4.6, 4.6 and 4.3 g/em3
, respectively. The flow of gland water for the tailings pump 

was 746 cm3/s (10 1 in 13.4 seconds). After stable operation was reached (a period of 



1 CHAPTER 6 BIAS RATE: EXPERIMENTAL TECHNIQUES AND RESULTS 

0 

E 
CJ 20 
c: 
E .. 0 ~ 

8 
'0 60 
Q. 

{:.SO 

~100 
! j'20 

140 

0 

E 20 CJ 

è 
E 40 
~ 

~60 
'0 

!80 
~100 

j'~ 
140 

0 2 

0 2 

Water-alr system 
Jg-1.3 cm/a; Jt-o 48 cm/a 

Ji. cm/a Jw. cm/a Jb. cm/a 
a 0.24 0.28 0 24 
• 0.34 0.17 0.15 
.. 0.44 o.e.e 0 05 
- 0.48 0.00 0 00 

41 e 8 10 

Conductance, mS 

Watlr·air ayatem 
Jg-'.S cm/a; Jt-O.4I cm/a 

Jf. cm/a Jw. cm/a Jb. cm/a 
a 0.24 0.33 0.24 
• 0.34 O." 0.15 
.. 0.44 0.08 0.05 
- 0.53 0.00 -1l.05 

41 e 8 10 

Conductance, mS 

12 

12 

flgur.'.17 Conductance profil .. for dlfferent blu rate'ln 191 cm diam. water-alr 
column 

193 



.... 

CHAPTER 6 BIAS RATE: EXPERIMENTAL TECHNIQUES AND RESULTS 194 

Blind_ 

flgur. '.1' Operating variable. meuured in the Ilurry-air experimenta 

around 45 minutes was allowed), conductance profiles were collected (one every min'Jte), 

and samples of the streams around the column were simultaneously collected for 

conductivity measurements, solid percentage and chemical assays. Slurry samples were 

filtered before the conductivity measurements were performed in order to obtain the 

conductivity of the water in t.he particular stream. Conductance profiles were collected 

by using the level detection probe. Four series of tests with a total of 19 runs were 

completed. 

b). - Results 

The operating conditions are summarized in Table 6.6, and the values of the 

conductivity of the streams and the metallurgical data are presented in Table 6.7. 

Table 6.6(a) shows that the bias rate calculated by using the tails and feed 

streams, Bias (i), substantially differs from that calculated by using the wash water and 

concentrate streams, Bias (H). A solids balance performed around the column aIso 
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Table 6.6(a) Operating conditions and bias rate from mass balanclOg. 

Air Tl.ùmgs Feed 
Run rate rite loilds rate souds 

(cm/s) (Cm/I) (~) (Cm/I) (~) 

B ... Ol 087 073 3600 048 2760 

B ... 02 087 073 1874 o S8 2909 

Bw 03 087 073 326.5 061' 2828 

B ... 04 087 073 3801 073 2940 

B ... OS 0.87 073 38 18 078 2736 

BII.06 1 16 073 42 13 048 1617 

BI&.07 1 16 073 984 058 1709 

B ... 08 1 16 073 19 SO 068 1938 

Bill 09 1 16 073 1932 0.73 19.84 

B ... I0 1.16 073 1973 0.78 1846 

B ... Il 160 073 14 SO 048 17.14 

8 ... 12 1.60 073 10.04 o S8 IS 83 

Bill 13 160 073 19 Z3 0.68 17.60 

Bia. 14 160 073 20 S4 C 73 1682 

Bia.1S 160 0.73 2254 078 17 S9 

Bill 16 087 0.73 8 . .50 0.48 1653 

Bill 17 087 073 11.21 0 . .58 17.34 

Bill 18 087 073 1522 0.68 15.46 

Bill 19 0.87 0.73 19 S4 0.78 18.27 

Tlilmg. flowrate includea ,land wlter (0.11 cm/a) 

Bw (i) = tails wlter rate - fecd wlter rate 
Bia. (ü) = wllh wlter rate - concentrate wlter rate 

Concentrate Ww 81A1(1) B ... (II) 

rate solidl rate rate rate 
(Cm/I) (~) (cm/I) (cm/.) (cm/11) 

016 - o ::!9 010 ._-

019 .5S 11 0"'''' -- o OS 007 

021 48 73 o 1.5 -007 ·003 

023 48.62 012 "()13 -007 

02.5 46 SI 009 -018 -012 

0"''' -.. SS 98 03.5 006 018 

026 3945 029 004 006 

026 40 OS 019 -006 -003 

029 3902 017 -Olt -008 

032 3908 016 -016 -0 12 

0.27 28 SO 040 o 13 o IS 

028 2813 031 004 o OS 

0.30 36.51 023 -007 -003 

031 3707 019 ..() 12 -008 

032 3985 016 ..() 16 .fJ 12 

023 5366 036 014 lit 8 

02.5 S448 028 004 009 

026 S8.14 0.19 -006 000 

027 S886 011 -0.16 ..() 10 
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Table 6.6(b) Adjusted operating conditions and bias rate from mass balancing. 

Ait Talhngs Feed 
Run rate: rate loltd. rate 

(cm/s) (cm/s) (" ) (Cm/I) 

B .... Ol 087 076 Il Il 047 

SIA.02 087 076 1350 055 

B .... 03 087 076 lSS8 065 

BIA. Q.4 087 076 1734 069 

BIA'05 087 076 179S 074 

Bia.06 1 16 076 398 047 

Bia.07 1 16 076 576 055 

BIA.OI 1 16 076 699 065 

Bial 09 1 16 076 8,37 0.69 

Hia. 10 1 16 076 837 074 

Hia. Il 160 076 2.59 0.47 

Hial 12 160 0,76 381 o SS 

BIA. 13 160 0.76 5.76 0.65 

H .... 14 160 0.76 6.60 0.69 

Biaa 15 160 076 7.32 074 

Hia. 16 087 076 509 0.47 

Hia. 17 0.87 0.76 683 055 

Bia. 18 087 0.76 8.13 0.65 

HIA' 19 087 076 9.95 074 

Tallin,. flowrate includea ,land water (0.11 cm/.) 
B ... (1)= taal. water rate - fecd water rate 

loltda 
(~) 

2760 

2909 

2828 

2940 

27,36 

16,17 

1709 

1938 

19.84 

la 46 

17.14 

IH3 

1760 

16.82 

17.59 

16.53 

1734 

15.46 

1821 

Biaa (ii) = walh water rate - concentrate water rate 

Concentrate Ww Bias (1) BI&8 (u) 

rate aoùda rate rate rate 
(Cm/I) (~) (cm/s) (cm/a) (cm/s) 

011 - 029 019 -

010 55 11 019 011 011 

013 48 73 012 001 0.02 

014 48.62 010 -002 -002 

014 46 51 004 -007 -007 

006 5598 023 019 019 

0.11 39.45 020 0.10 0.10 

0.16 4005 016 00\ 001 

017 3902 0.13 -003 -002 

016 39.01 0.07 -008 -0.07 

020 28.50 0.38 0.19 0.19 

0.20 28.13 029 010 011 

017 36.51 016 0.01 001 

0.16 37.07 0.11 -003 -0.03 

0.16 39.85 007 -0.08 -007 

O.OS S366 023 0.19 0.19 

006 5448 015 0.10 010 

OOS 5814 0.04 0.00 0.00 

0.10 58.86 0.00 -0.08 -007 

1 
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Table 6.7 

Run 

Bill 01 

Biu 02 

Ria. 03 

RIII04 

Bill OS 

Bial06 

Bial07 

Bill 08 

Ria. 09 

BilliO 

811111 

B ••• 12 

Bias 13 

Bill 14 

RiailS 

Sial 16 

Bill 17 

Rial 18 

Bial19 

Metallurgical results and conductivlty values at 25 oC of the streams 
around the column. 

T.ils .ssay Fccd .... y Concenti'1lte usay Ww 

" Cu NI 1( Cu NI " Cu Ni " (mS/cm) (~) (~) (mS/cm) (~) (~) (mS/cm) ('1) (~) (mS/cm) 

1.96 844 1460 282 13 sa la la 1 S2 3360 019 1 45 

213 767 1290 303 1300 1070 150 3320 030 1 43 

2404 755 1360 266 1180 1070 148 33 10 035 1 4.5 

228 651 1320 264 1140 1030 157 32 20 045 1 35 

266 8 07 1230 271 1140 1000 149 3160 047 1 35 

167 720 15.70 311 1030 962 140 31 70 04.5 141 

2.4S 338 1420 3 81 la 60 1090 143 31 40 059 1 50 

286 301 16.00 3.67 1090 1180 144 3150 062 1 50 

289 2.36 17.00 3.37 11 .50 11 10 148 3140 0.57 1 33 

266 2.42 1700 3 05 1300 Il.00 145 3140 055 137 

169 268 16.20 2 S9 1190 1060 149 2930 078 1 52 

2 14 136 1640 2.80 1190 10.S0 169 2920 08.5 1 58 

2.18 098 1760 347 1230 1090 \.68 2870 012 163 

241 103 19.20 268 1110 1090 1.66 2860 081 1 57 

2.19 0.91 18.80 2.47 11 JO 11 30 169 2870 079 1.58 

2.34 448 1630 4.36 708 lS la 168 3210 030 1 S4 

2.8S 3 S2 17.60 3 S3 7.75 1460 165 3190 033 1 58 

3.14 2.99 1800 4.0S 743 15.70 1 71 32.50 024 1 !l8 

360 2.74 18.80 489 150 lS.6O 1.73 32.30 026 157 
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showed inconslstencles. The problem is most probably due to two factors: (a) problems 

with the calIbration of the Instruments, and (b) experimental error introduced in the 

sampling of the streams, partlcularly in the sampling of the tailing stream. This sample 

was taken from a sampling port located at the bottom of the column and not from the 

tailings stream (facility did not exist), which on reflection would be a more appropriate 

location. ft is believed that the solids accumulating on the bottom of the column led to 

erroneous solid percentages in the laboratory sam pIes, as compared to those reporte<! 

from the instruments. When extra precautions were taken (allowing a flushing period of 

- 6-8 minutes), the difference between bias estimates was reduced but did not complete)y 

disappear. Samples caJefully taken showed, for example, that white laboratory samples 

reported 8.50, 11.21,15.22, and 19.54% solids (Runs Bias 16 to Bias 19), the control 

panel reported 6.00, 8.03, 9.53, and 11.64% (corrected for gland water), respectively. 

This is not the case with the feed stream where a very close agreement aIways existed 

between the laboratory data and the numbers reported by the instruments. Samples of the 

feed were collected from a sampling port on the stream just before entering the column. 

Concentrate samples were collected directly from the overflow. 

In order to close the mass balance, the data were processed as follows: the 

numbers reported on the control panel for the solids percentage in the tailings stream 

were used; the flow rates of the feed and tailings streams were adjusted aIlowing a 5% 

error involved in the measurement; and, finaIly, the mass balance was closed by 

adjusting the wash water flowrate. Table 6.6(b) presents the adjusted operating variables. 

Because of the data manipulation, the numbers in Table 6.6(b) have to be considered as 

approximations only; however, theyare good enough for comparison purposes. 

Figure 6.19 and Figure 6.20 present the conductance profiles collected for the 

different operating conditions. 
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Conductance profiles: collectIOn zone 

The behavlOur of the conductance profiles in the collection zone seems to he 

related to the bias rate. As the bias rate varied from posItive to negatlve. the conductance 

of the collection zone increased as a consequence of there bemg less washwater flowmg 

downwards to dilute the collection zone. This mcrease wIll occur provlded the washwatcr 

has a lower conductivlty than that of the feed water, which was the case under ail 

circumstances here. Another condition that has to be sausfied IS that the gas holdup (and 

solids holdup) in the collection zone, where the conductance meaSlirements were 

performed, remains constant. This conditlon was approximated by keepmg the gas 

flowrate and solids percentage 10 the feed stream constant. 

Figure 6.19 and Figure 6.20 also show that changes in the conductivity of the 

feed water may have played a role in these changes. Figure 6. 19(b) and Figure 6.20(a) 

show, for example, that the profile reached an approximately maximum value of 

conductance at arollnd zero bias and then shlfted back to smaller values of conductance. 

This shift was probably due to a decrease in the conductivity of the feed water. ft is 

conventionally accepted, and the two-phase study tends to corroborate this, that at zero 

or negative bias, only smalt amounts, if any, of wash water flow downwards, which 

means that the conductance of the collection rone should remain constant provlded the 

gas holdup and the conductivity of the feed remain constant. 

A similar explanation is offered for the behaviour of the profiles in Figure 

6.2O(b). In this case, the position of the profile for the negative bias with respect to that 

al around zero bias, may well be due to the increase in the conductivity of the feed water 

observed. 
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Coru./uctance profiles: froth zone 

Accordtng to the two-phase study presented above, for a constant tailings and gas 

rate, a blas transitIOn from positive to negative produced by decreasing the wash water 

rate, should translate into a shift of the profile towards larger values of conductance (See 

Figure 6.6(b), open cm:uit, option (ii». 

ln the three-phase system however, the opposite was observed, that is, the profiles 

moved towards smaller values of conductance as the wash water rate was reduced. With 

the information available, a complete explanation to this behaviour can not be given 

although some thoughts are advanced. 

During the tests, it was observed that the stability of the froth and its capacity to 

overflow solids decreased as the wash water rate was reduced. This is to he expected 

since two objectives of having wash water are to stabilize the froth and help transport 

solids. This reduction of solids removal rate was associated with an apparent build up of 

solids in the froth zone, exacerbated by the increase in the feed flowrate (solid flowrate) 

used to control level (This is in good agreement with the findings of Kosick et al.(l991) 

who report a substantial increase in froth zone density with a decrease in wash water 

addition. which is ultimately a consequence of a buildup of solids in the froth). Since, 

as was shown before, solids in flotation systems behave as a non conductive phase, the 

net effect was to reduce the conductivity of the froth. Thus, the proposed sequence of 

events is: as the wash water was reduced, the feed flowrate was increased, the liquid 

holdup in the froth zone reduced, but the solids holdup increased sufficiently to shift the 

profile towards smaller values of conductance. 

This qualitative explanation is a prelimhlary one, and other possibilities such as 

secondary effects in the measurement of conductance introduced by the geometry of the 

probe, should not he discounted. 
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Figur. 1.21 Slurry to froth zone conductance ratio vs bias rate 

Figure 6.21 presents the collection to froth zone conductance ratio as a function 

of bias rate. This ratio was computed considering the averaged values of the conductance 

in both zones (the two measurements immediately on both sides of the interface were 

discarded because they are strongly affected by the proxlmity of the other zone). The 

trend observed in Figure 6.21 is qualitatively explained as follows: At a constant gas 

rate, the conductance ratio increases as bias rate varies from positive to negative because 

of a decreasing dilution of the collection zone water by the washwater. Below about zero 

bias there is no reason to expect further increases in the ratio a5. dilution is now 

essentially zero; the ratio does appear to leveloff. At a constant bias rate, the decrease 

in conductance ratio with increasing gas rate is expected (a) because of an increase in gas 

holdup in the collection zone (which causes a decrease in the conductance), and (b) 

because the liquid holdup in the froth zone increases. This interaction between the effect 

of gas rate and bias rate on the conductance ratio makes it difficult to relate the ratio to 

a unique bias rate value. However, Figure 6.21 presents experimental evidences 

indicating that large conductance ratios are related to negative, or small positIve bias 

rates. 

Figure 6.22(a) presents the copper grade in the concentrate as a function of bias 
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rate. As expected, the copper grade decreases (although only slightly) as the bias rate 

varied from positive to negative. The role of the gas rate is also observed -large gas rates 

are related to lower grades. Grade/recovery curves cannot be obtained because of the 

problem (noted eartier) with the sampHng of the taiHngs stream. Figure 6.22(b) presents 

the nickel grade as a functîon of bias rate. Here there was no c1ear trend, a1though it is 

possible that a slight increase in nickel grade occurred as the bias decreased. Il is worth 

noticing that the gas rate seemed to play a more important role, conceming final 

concentrate grades, than the bias rate. 

Feed waler erurainment and recovery 

Feed water entrain ment was comiluted making use of the conductivity values of 

the water in the streams around the column (Table 6.7) and Equation (6.5). Figure 6.23 

presents the results obtained together with 14 values obtained in a previous test 

perfonned using a similar experimental technique (Gomez and Finch, 1990). A trend 

similar to that found in the water-air laboratory study (See Figure 6.1Sj between bias and 

entrainment is observed. The plot also shows that substantial scatter exist.ed, reflecting 
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the experimental error involved in the measurements. The negative values of entrainment, 

which are physically meaningless, further illustrate the experimental difficulties. 

However, the set of data demonstrates the feasibility of measuring feed water entrain ment 

in three phase systems using a conductivity technique. 

Feed water recovery was computed by using Equation (6.6) and the ilowrates of 

the water in the feed and the concentrate streams obtained from mass balancing. Figure 

6.24 presents entrain ment vs recovery, showing that, within the limitations of the data, 

a linear relationship exists between the two parameters. As in the case of the water-air 

experiments, the range of entrainment values appeared t(\ be better suited to detect 

trends, compared to the range of recovery values. 

Figure 6.25 presents the feed water to tails watet conductivity ratio. As expected, 

the ratio tended to unity as the bias rate varied from positive to negative values. 

However, ratios Jarger than one for negative biases are not in good agreement with the 

Jaboratory results which suggest that negative biases are connected with conductivity 

ratios equal to one. 

Figure 6.26 presents the fraction of wash water reporting to the taiHngs stream 

ca1culated by using the equation 

(6.7) 

(symbols were introduced before) 

Interestingly, Figure 6.26 shows that the volume percent ofwash watet in the tails 

stream varied between - 20 and - 70%. Such large values are necessarily related with 

bias rates greater than those obtained from mass balancing. ft is wortlt remarking that 

although the experimental error involved in the conductivity measurements could be 
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substantial, it is certainly smaller than that associated with the operating data presented 

in Table 6.6, thus probably being a more confident indicator of bias. 

Figure 6.27 presents the bias rate from mass balancing against that obtained from 

the conductivity approach (Equation (6.4». The plot shows that although a linear 

relationship is evident, the relative values indicate a significant discrepancy, again 

revealing the limitations in the experimental data. It is worth mentioning that both 

approaches to calculating bias involved the use of liquid flows in two (conductivity 

approach) and three (mass balancing) !treams, making it difficult to judge their relative 

reliability. Nevertheless, Figure 6.27 does illustrate the magnitude of the error involved 

in the estimation of bias as pointed out by Finch and Dobby (199Oa). 

6.3 S,ammary 

The effeet of bias rate on the behaviour of conductance profiles collected around 

the froth/collection zone interface was discussed. For the conditions relevant to the 
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industrial situation (water in the flotation slurry was of higher conductivity than the wash 

water), the conductance profiles reflected the relative flows of the two water.s across the 

interface and, therefore, the bias rate. Results at the laboratory and tndustrial scale were 

presented. 

A case study was presented illustrating the difficulties involved in the estimation 

of bias rate using conventional methods (Le. mass balancing). The alternative parameters 

feed water entrain ment and feed water recovery, as measures of metallurgy, were 

introduced and experimentally explored. 

i 
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CHAPfER 7 

DISCUSSION 

In flotation columns the target output variables are grade and recovery. However, 

because of the lack of a reliable and affordable method to measure these variables on-line 

(in most flotation columns on-stream chemical analysis is not available), secondary 

control variables such as level, gas holdup and bias rate have attracted attention. 

7.1 Interface Levet Measurement with a Conductivity Technique 

The pulp level in flotation cells is the prime stabilizing control variable. The large 

froth depths and the geometry oi flotation columns, making level particularly sensitive 

to disturbances, has prompted several new techniques for level detection in the last 

decade. Accuracy is one concem, although from the literature il is not clear how 

accurately level needs to be known. Examples in column flotation can be quoted from 

±20 cm heing more than sufficient (Espinosa-Gomez et al., 1989) to ± 10 cm heing far 

too great (Konigsmann, 1990). Accurate level detection, e.g. ±1-2 cm, is not a trivial 

problem. It was shown in this work that conductivity profiling around the interface is 

a technique that has potential for level detection with such an accuracy. 

7. 1. 1 Level detection from conductance profiles 

In water-air systems the effective conductivity of the froth and bubbling zone are 

mainly dictated by the gas holdup in both zones. In industrial situations where the water 

chemistry of the wash water and slurry water is different, the effective conductivity will 

depend also on the proportions of the two waters in both zones. Normally, the wash 

water conductivity is smaller than that of the slurry water due to the addition of flotation 
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reagents (most of them are electrolytes) to the latter. Thus, for conventional operating 

conditions (e.g. positive bias), the water in the froth zone is largely made up by wash 

water white that in the collection zone is largely from the slurry water. rois difference 

in gas holdup boosted by the difference in water conductivity in both zones makes the 

detection of level using conductivity profiles a reliable and effective technique. 

It was shown in this work that the role of solids appears to be in .educing the 

effective conductivity of the slurry. For typical applications of flotation columns (e.g. as 

cIeaners), the solids percentage in the froth zone, as refIected by the solids percentage 

in the overflow (concentrate stream), is large compared to that in the collection zone 

(approximately that of the solids percentage in the feed stream). This basically means that 

the ratio of the total holdup of non-conductive material in both zones will be larger than 

that expected from gas holdup considerations only. This will increase, again, the 

difference in the effective conductivity of the zones, enhancing the ability for 

discriminating, from conductance profiles, the froth/collection zone interface. 

All these factors together, explain the excellent resolution of the profiles obtained 

in fIotation columns as shown in Figures 4.22(a), 6.19 and 6.20 for the pilot column, and 

Figures 4.3 and 6.16 for the laboratory column. 

The situation encountered in mechanical cells is different. Here, no wash water 

is added (in the conventional practice) and, therefore, the difference in conductivity 

between the zones will depend only on the total holdup (gas plus solids) in both zones. 

This translates into a less weIl resolved profile as iIIustrated in Figure 4.40. 

7.1.2 Time delay in the detection of level 

Owing to the nature of the commercial conductivity meter used, which has a time 

constant of about 0.5 s, the collection of a conductance profile requires a period of lime 
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that depends on the number of points. Assuming that 99 % of the actual conductance 

value is obtained after 5 time constants, e.g. - 2.5 s, have elapsed, collecting a 12 point 

profile will require a period of 12 points x 2.5 s/}X>int = 30 s. This gives rise to a delay 

in the detection of level that has to be accounted for. 

To qualitatively illustrate the nature of the problem let us consider a 1 m diam. 

x 11 m high column working in steady state conditions with a gas rate of J, = 1 cm/s 

(7854 cml/s). Let us consider also a stepchange in gas rate toJ,=1.: cmls (9425 cm3/s) 

and qualitatively estimate the expected velocity at which, initially, the level is going to 

move. 

By increasing the gas rate to 1.2 cmls, the increment of volume of air entering 

the column will be 

4 V - J A - J Ji - 1570 cm31s (.) 
'2 C '1 C 

This means that the collection zone will increase its volume by 1570 cml/s which 

will translate into a level rising with a velocity of 

IS70 cm'!s 02 1 - . cm s 
78S4 cm2 

(+) This volume of ur 18 rcferred ta STP conditions. Inside the column, this volume bas ta be conected 

for bydrostatlc pressure head which win depend OD the specifie position alool the vertical &xis of the 
column. 
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This transition condition will prevail until the collection zone attaills a new steady 

state condition. most probably indicated by a stable value of the (new) gas holdup. 

Considering bubbles in the order of 1 mm rising in "contaminated water" with a 

terminal velocity Vn of - 10 cm/s (Clift et al. 1 1978), the bubble slip velocity can he 

obtained by using Richardson and Zaki's (1954) expression for a typical fractional gas 

holdup of 0.15 and m=2 (Xu and Finch, 1990): 

U~ - Ur (1 - t: ,) .-1 - 10 cmls (1 - 0.15) ". 8.S cmls 

The bubble swarm rising velocity, V"' is related to the slip velocity, Us. by the 

definition of the relative or slip velocity 

which gives, for a typica1 slurry downward velocity of 1 cm/s, 

1 cmls _ 7.3 cmls 
0.85 

Assuming that the rising of level will occur until the first bubbles of the increment 

of air reach the interface located 10 m above the sparger, the rising of level will last a 

period of time of 

(*) In tbree phase systems bubbles rise al 1 lower velocity due to solid partlcles 10adlDa whlch lDcreases 

the density of the bubble-particle I,arealte. 
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t .. L (column length) 
Ub (bubble SWQrm velocity) 

_ 1000 cm • 137 s 
7.3 cmls 
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According to this, the expected change in level caused by the increase in gas rate 

will he 

Â L - V L X t - 0.2 cmls x 137 s .. 27 cm 

and the shift in level position in the period of time of a scan (30 s for the present case) 

of 

âL.
tIIt 

- 0.2 cmls x 30 s - 6 cm 

which is 189(, of the total expected change(". 

ft is evident from the above computations that the potential error introduced by 

the existence of a delay in the detection of level is of the order of magnitude of the 

accuracy of the detection (±5 cm in the probe introduced in this work); also, the period 

of time when this transition condition prevails is reiatively small. It is worth mentioning, 

however, that the velocity of variation of level could he greater when more than one 

stream is varied at a time. For example, an increase in gas rate is often accompanied by 

an mcrease in wash water addition (to maintain a constant bias rate), both of which 

produce an initial rise of level. It is, therefore, desirable to decrease the scanning time, 

probably by using a conductivity meter with a shorter time constant or by developing a 

dedicated electronic circuitry that enables the measurement of conductivity at Mn" points 

instantaneously. This latter option has the further attraction of providing an instrument 

(-) After the -new· bubbles re.cb the interface. the level will drop due to the increase ID the amount of 

liquld belDl camed to the froth (and eventually to the overflow) br these new bubbles. 
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to follow dynamic changes in leve!; also, the size of the probe (number of conductivity 

measurements) would no longer represent a constraint, and applications where large 

detection lengths are required (- 2.5 m) would be satisfied. 

7.1.3 Step shape response of the conductivity system 

Due to both the specifie electrode arrangement used in the level detection probe 

(Figure 4.21)(and in the laboratory eolumn) and the algorithm used to process the data 

(the "largest slope" algorithm), the resulting level estimate has a step shape behaviour. 

A continuous signal is, however, more desirable. It was said in this work that the 

problem cao be mitigated by reducing the separation between the electrodes in the probe, 

by further interpolation of the raw conductance data, and by filtering the signal. 

It was shown that in flotation columns, conductance measurements every 10 cm 

plus interpolation of the conductance data around the interface allows the detection of 

level with an accuracy in the order of ± 1-2 cm. In mechanical cells (Dorr-Oliver, for 

example), the behaviour of the profile (reflecting the nature of the operation) does not 

allow such an interpolatIon. Reducing the stparation between the electrodes IS preferable 

in this case since an accuracy of ±5 ~m (positive electrodes being separated by 10 cm) 

may represent a large relative error (typical froth depths are - 30 cm). Reducing the 

electrode separation has the further attraction of providing a measurement of the froth 

height (by starting the profiling above the froth and detecting the change in slope, see 

Figure 4.44). This will provide a more complete picture of the cell operation and will 

enable the detection of conditions where the pulp level is at the set point but the cell is 

running with no froth. 

Figure 7.1 presents an 8 hour strip chart recorded for two different level detectlon 

devices tested in parallel in a 38 m3 mechanical (Dorr-Oliver) cell (Strathcona mlll, 

Falconbridge Ltd.). The fullline, ROwr LEVEL IND. RUNNING, corresponds 10 the 
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signal of a bubble tube with a span of 0 to 76 cm (0 to 30 in; the base hnc of the chart 

corresponding to the eeH lip and the top line corresponding to 76 cm (30 10) bclow the 

lip), and the dashed line, ROWT LEV EL IND. TESTING, corresponds to the signai of 

the conductivity probe (Figure 4.1) with a span of 0 to -100 cm (0 to -39 10; the base 

line eorresponding to the celllip and the top Hne corresponding to 100 cm (-39 in) below 

the lip). 

Observed in Figure 7.1 is the step shape response of the conductlvlty system to 

momentary variations of level. This behaviour is not observed with the bubble tube 

probably be.cause of the inertia of the pressure-based system and to the filtenng of the 

signal. Figure 7.2 shows that the raw response of the detection algorithm of the 

conductivity system can he smoothed by filtering the signal uSlOg a first order lag model 

(Equation (4.2». Figure 7.2 aIso shows the effect of the magnitude of the time constant, 

T, on the filtering (when the level changes, five lime constants are requued to attalll 99% 

of the new lev el location). 

7.1.4 Ranging of the system and detection of high and low levels 

Another problem that has to be addressed concems the "ranging" of the 

conductivity system and with the detection of levels above and below the detection span 

of the probe. 

The ranging of the system can be solved by implementing the circuitry reportcd 

by Moys (1989) (see Figure 2.4). According to Moys, the ccmductivlty meter can be 

ranged with the resistance measured with an electrode always inlrnersed in the siurry 

zone. In this way, conductivity changes of the slurry will be aecounbxi for. 

The detection of high levels can be solved by simply locating the top probe's 

electrode a few centillleters (5 cm, for example) above the celllip. By doing so, thls 
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1.2 

1.2 

electrode will always measure the conductance of the froth white those below will report 

that of the slurry. The largest conductance difference will, therefore, accur between the 

tirst and second electrode (from the top) and the level will be reported as being between 

them, that is, al around the lip level. 

Detection of low levels is more complex. Due to the present design of the 

conductivity system, levels below the span of the probe cannot be discriminated and the 

system keeps collecting profiles, obtaining the largest difference in conductance and 

incorrectly assigning the position of the level correspondingly. Several alternatives to 
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solve the problem have been contemplated. 

The immediate alternative consists in comparing the large st conductance value of 

the largest conductance difference (that should correspond to th~ pulp conductance), wlth 

a typical value of pulp conductance, let us say - 30 mS (see Figure 4.40). If the largest 

value is in the order of magnitude of that of the pulp, the difference in conductance IS 

being originated by a real froth/slurry interface. If the value if substantially smaller than 

the slurry value, the conductance difference is artificial, indicating that the true level IS 

below the probe. This alternative, however, faces the problem of the selection of the 

typical slurry conductance. It has been observed that such a value is subject to sudden 

and substantial changes (see Figures 6.19 and 6.20). 

The second alternative, illustral:rl in Figure 7.3, consists in havtng an electrode 

located below the working electrodes that wou Id serve to range the system and to provide 

the conductance of the slurry to discriminate whether the interface is real or fichlÏous. 

This alternative requires an increase in the length of the probe. 

The third alternative consists in perfonning a linear regression on the conductance 

profile and judging, based on the value of the correlation coefficient, R, whether the 

interface is real (it is expected that JtZ < < 1) or fictitious (If - 1). Figure 4.3 

illustrates cases where these two situations apply. 

7.1.5 Testing the probe for long terrn operation 

The conductivity probe and the data aC\.luisition system described in Section 4.3 

(a TBI-Bailey Mod. 440 conductivity meter was used) were installoo in a 38 mJ Dorr

Oliver cell at the Strathcona mill, Falconbridge Ltd. The 4-20 mA output (proportional 

to level) of the conductivity system wu connected to the mill's control room. A long 

term evaluation of the system was initiated in May the 19th, 1991. Stnp chart printouts 
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After two months of permanent operation the probe was withdrawn from the œIl 

and visually inspected. Il was observed that the section of the probe immersed in the 

slurry zone was completely free of solids deposits; the section immersed in the froth zone 

(- 35 cm; the froth depth set-point was - 30 cm), however, did show solids deposits. 

These deposits were relatively small ( < 1 cm thick) and not uniformly distributed on the 

surface of the probe; the deposits were removed by simply hand rubbing the probe 

surface. Interestingly, the deposits did not affect the performance of the probe as judged 

from the similar performance of the probe before and after the deposits were removed. 
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It is believed that t.he buildup of solids in the section of the probe ln the froth is due to 

the less turbulent flows and to the greater solid percentages, as compared to those 

encountered in the slurry zone. 

Another problem observed during the testing penod was the spontaneous 

appea.rance (and disappea.rance) of a "noisy" signal outputted by the system (Figure 7.4). 

It is believed that the operation of the conductivity meter is temporarily affected by the 

electrical environ ment of the plant. Such a problem has been observed (although very 

rarely) al McGill laboratories and related to the operation of large motors and electric 

fllmaces. When the problem occurs, the conductivity meter simply malfunctions and the 

conductance profile collected contains random values which translates lOto random 

"largest slopes" (outputted signal). The conductivity system is an expenmental one whose 

main objective was to demonstrate the level detection concept, which has clearly been 

achieved. 

7.1 Gas Holdup F&timation 'rom Conductivity Measurements 

Conductivity based techniques to estimate ga.'i holdup in fluidized beds are of 

common use. In flotation columns, Yianatos et al. (1985) were the first to perform such 

measurements successfully. A model based on the concept of tortuosity was developed. 

Classical models such as that of Maxwell (1892) and Bruggeman (1935) appear 

to be adequate 10 describe the physical situation encountered in flotation columns. In the 

end, the problem reduces to one of measuring the effective conductivity of the dispersion. 

The electrical conductivity of electrolytes is conventionally performed with a ce)) 

that approaches, as much as practically possible, one of the three geometries that allow 

for uniform current density over the entire surface area of the electrodes (and over all 

the equipotential surfaces of the potential field established in the electrolyte). For these 
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type of cells the conductance measurements and the intenslve property to quanhfy 

(electrical conductivity), are related by simple rnathematical expressions. For any other 

cell geometry the development of such a relationship involves mathematics that are not 

elementary. The difficulty arises when the descnption of the evolution of the potentlal 

and CUITent fields is attempted. Because of this, the use of an adaptlon of one of those 

three geometries (cells) was preferred in this work. 

7.2.1 The conductivity cell formed by grid electrodes 

It was shown in Chapter 5 that a conducùvity cell formed by two grid electrooes 

covering the entire cross-sectional area of the column produces conductance 

measuremen~ from which the effective conductivity of the multiphase system could he 

esùmated by using the equation (Equation (3.8» 

(symbols were introduced before) 

A K--Je 
l 

(3.8) 

CeUs that depart from the "ideal" ones tend to underestimate the value of the 

conductivity, most probably because of the appearance of secondary effects such as 

polarization and/or poor sampling of the system. 

In water-air laboratory columns, it was observed that the equaùon proposed by 

Kato et al. (1981) better described conditions where relaùvely big bubbles (> 2 mm) 

were present (no frother added). This may he due to the resemblance of this condltion 

to that encountered in fluidization systems where relatively big bubbles are common and 

for which, the relationship of Kato et al. was developed. As soon as frother was added, 

the bubbles became smaller (and probably of more uniform size) and the models of 

Maxwell and Bruggeman better fitted the experimental data. No significant difference 
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between the predictions of the two models exists in the range of gas holdup expected in 

column flotatlOn (up to - 20 %). 

7.2.2 The conductivity cell of the level detection probe. 

Gas holdup estimation in water-air systems at the industrial scale was also 

explored. The experiment were conducted off-line. The conductance measurements in the 

water-air dispersion and in water only were conducted making use of the level detection 

probe (Figure 4.21). The gas holdup estimates were compared with those obtained from 

the pressure readings of several pressure sensing devices installed along the vertical axis 

of the column. 

The results showed that fairly good agreement existed between the estimates from 

conductivity measurements and those from pressure, thus indicating that under the 

conditions imposed the conductivity cell of the probe is adequate to obtain fairly sound 

conductance measurements. The analysis of the behaviour of the apparent cell constant 

of the probe's cell showed, however, that for liquids of high conductivity (> 1-2 mS), 

the conductivity cell suffers from secondary effects that cou Id hinder its performance. 

Such effects may weIl be the appearance of polaril";'Jon phenomena which are more 

likely to occur at high conductivities. 

The pressure readings collected along the column showed a significant (- 100%) 

increase in gas holdup from bottom to top. This increase is partly due to the natural 

expansion of the bubbles as they rise 10 locations of diminishing hydrostatic pressure 

head. This phenomenon certainly poses the question regarding the appropriate location 

to measure the "local" gas holdup in a flotation column. The phenomenon has not been 

studied in detail in three-phase system rnainly due to the lack of an independent method 

to compare the estimates, although there exists sorne evidence that suggests the density 

of the three-phase system remains constant from bottom to top (HuIs et al., 1990). In the 
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absence of actuaI measurements, if the slurry density is consldered constant. a constant 

zone density translates into a constant gas holdup, which is at odds wlth the two-phase 

study. A technique combining conductivity and pressure readings for measuring gas 

holdup in three phase systems, similar to that used by Begovich and Watson (1978) for 

fluidized beds, would help elucidate the situation. 

7.2.3 Solids holdup estimation from conductivity 

In any attempl al measuring gas holdup in flotation columns, the effect of the 

presence of solids must be taken into account. In this work, it was found that the holdup 

of non-conductive solids (silica) and conductive solids in flotation pulps (chalcopyrite and 

pentlandite, for example) could be estimated in the same way as was done for gas 

bubbles, that is, using Maxwell's (or Bruggeman's) model. The case of silica is not 

difficult to understand since it faIls within the assumptions of the models. The case of the 

sulphides does nol have a straightforward explanation. There is sorne evidence to indicate 

that particles of freshly ground sulphides (pyrite), do behave as conductive solids when 

slurried in water. Thus, il is believed that reactions such as the formation ofaxanthate 

layer, an elemental sulphur layer or an oxide layer on the surface of the solids may 

render the particles non-conductive. Independent work conducted by Espinosa-Gomez 

(1990) at Mount-Isa Mines Ltd., Australia, supports these findings. More systematic 

work to investigate this phenomenon is required. 

7.2.4 Gas holdup in three phase systems 

The estimation of gas holdup in a three phase system requires knowledge of the 

effective conductivity of the three phase dispersion and of the effective conductivity of 

the slurry. Again, Maxwell's (or Bruggeman's) model can be used to estimate the gas 

holdup. 
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The possibllity of obtaining these two measurements on-Iine was demonstrated at 

the laboratory scale usmg a silica slurry-air system. An independent technique, termed 

isolating technique, to collect a sample of the three phases system was Implemented. The 

results showed acceptable agreement between the estimates from conductivity and those 

from direct measurement of the holdup. As a first approximation it can be said that the 

holdup of the non-conductive phases obtained from conductivity are additive, that is to 

say, the SUffi of the gas holdup computed by using ~I-... and ~J-. in Maxwell's equation, 

and the solids holdup computed by using ~1-1 and KJ is, approximately, the total holdup 

obtained by using ~I_ ... and KJ' 

7.2.5 (Jas holdup estimation at the industrial scale 

Measurements of the effective conductivity of slurry-air systems in industrial 

flotation columns cao be accompli shed by using the level detection probe or a 

conductivity cell similar to the one used here in laboratory columns (a section of a 

cylindrical tube 5-10 cm diam. supporting two grid electrodes and having its vertical axis 

paraJlel to that of the column). The problern rernains in the measurernent of the effective 

conductivity of the slurry (to estirnate gas holdup) or the conductivity of the liquid (to 

estimate the total holdup). It is worth remarldng that these conductivities should be 

measured simultaneously and as close as possible to the position where the conductivity 

of the three phases is measured. This restriction is posed by the probable existence of a 

sol id percentage profile as weil as a profile of liquid conductivity, although the mixing 

characteristics prevailing in large unbaffled columns (being close to weIl mixed reactors 

from mass transport point of view) may lift such a restriction. Nevertheless, the design 

of the appropriate sen sor rernains a challenge. 

7.3 Bias Rate 

As was discussed in this work, with a case study presented, the estimation of bias 
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rate using conventional methods (e.g. mass balancing) is subject to error. Because of 

this, intensive properties of the system such as temperature and e1ectncal conduetlvity 

have been proposed to measure bias, or a bias-related parameter. 

Wh~n a difference in temperature between tJ-..! wash water and tlotation slurry 

exists, temperature profiles around the interface have been demonstrated to give an 

indication of the bias rate and of the efficiency of the cleaning action of the froth zone. 

The temperature profiles reflect the relative amount of slurry water, and therefore of fine 

non-floatable particles, in the froth zone. 

7.3.1 Bias rate and conductance profiles 

In this work it was shown that, in general, conductance profiles (or eonductlVity 

profiles if the appropriate cell is used) aIso refleet the bias rate, especially under the 

conditions encountered in industrial operations where the wash water is of 10wer 

conductivity than that of the slurry water. This natural difference in {'.onductivity may be 

enhanced if the wash water is cooler than the flotation slurry (which has passed through 

a grinding mill, several pumps and perhaps a bank of conventional stirred flotation eells 

(Moys and FiRch, 1988a». 

a).- Water-air systems 

From the conventional definition of bias rate, that is, the net flow rate of water 

across the froth/slurry interface, it is expected that knowledge of the relative proportIons 

of wash water and slurry water around the interface may 1ead to an identification of the 

bias. The present work has shown that conductance profiles are a possible indicator. 

ln general, for the relevant conditions encountered in industrial operation (wash 

water conductivity smaller than the slurry water) , the profiles shift towards larger 
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conductance values when the bias changes from positive to negative values. The increase 

ln the conductance of the bubbling zone (air-water system) refleets the increased 

proportion of feed water in the bubbling zone water; because the bias is reduced, the 

volume of wash water entenng this zone is reduced with the consequent increase in the 

conductance of the bubbling zone. The increase in conductance in the froth zone is 

similarly related to an increased proportion of feed water in the froth zone water as bias 

IS reduced. 

These variations are easy to interpret at the laboratory scale where the effeet of 

the input variables are readily isolated (by maintaining the wash water fixed white 

varying the gas rate and controlling the level with the feed, for example). However, 

under industrial conditions the interpretation of the profiles is difficult since conventional 

control strategies demand simultaneous variations of gas rate and wash water rate. For 

example, it is common practice that an increase in gas rate (with the aim of improving 

recovery) is accompanied by an increase in wash water (to compensate for the increase 

in feed water heing driven to the froth zone and, eventually, to the overflow) to maintain 

a constant bias. (Probably only minor changes will he required in the tailings, or feed, 

stream so, effectively, a constant bias is achieved). 

Now, let us assume that the ·constant bias· strategy does achieve a constant bias, 

which means that the additional feed water driven to the froth is being replaced by the 

additional wash water added to the column in such a way that the proportions of wash 

water and feed water around the interface remain the same. Under this condition the 

conductance profiles should not vary (move) since the bias bas remained the same. In 

reality, the profiles will move because of a change in gas holdup in both zones. In the 

bubbling zone the profile will shift towards smaller values of conductance because of an 

increase in gas holdup (due to the increase in gas rate). In the froth zone the profile will 

shift towards larger conductance values because of an increase in liquid holdup. This 

situation does not contradict, however, the statement that the profiles shift towards larger 
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conductance values when the blas is reduced, but requIres sorne intel1tgence to IOterprel 

the variation. Figure 7.5 presents the trends observed ln the laboralory (Figure 7.5(a) and 

(b», and that proposed for the situatiOn where both the gas rate and wash watcr ratc arc 

varied simultaneously to achieve a constant bias. 

b).- Slurry-air systems 

In slurry-air systems, amenability testing performed using a 5.04 cm dlam. 

column showed that the conductance profiles around the interface were related to the blas 

rate in the way proposed before, that is, the profiles shifted towards larger conducU"lnce 

values when the blas was decreased (from positive to negatlve values). 

Bias experiments performed in a 91 cm diam. industrial column showed, 

however, an additional complication, which probably arises from the way the blas 

variation was produced. In these experiments constant gas and tatlings rates were uSt'A1; 

the bias was varied by varying the wash water rate and the level was controlled wlth the 

feed. It was observed that the bias rate varied from positive to negative values as the 

wash water rate was reduced. According to this, it WéU expected that the profiles would 

shift towards larger conductance values. The branch of the profile in the collection zone, 

in fact, did shift to larger values but that in the froth zone, interestingl y, shi fted towards 

smaller values. It is believed, and visual observation tends to corroborate thlS, that a 

buildup of solids in the froth zone occurred as the wash water rate was decreased. ThiS 

buildup of solids translated into an increase in the total non-conductlve rnatenal (gas and 

solids) which overwhelmed the presence of increased amounts of slurry water. Such a 

buildup of solids when the wash water rate is decreased has been docurnented (Koslck 

et al., 1991). In water-air systems, however, a decrease of the bulk denslty (mcrease m 

gas holdup) of the froth zone occurs when the wash water is reduced. 

Besides this problem, potential complications arise from the fact that the 
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conductivity of the slurry water is subject to substantial temporary variations, thus 

producing changes in the conductance profiles which are not related to changes ln blas 

rate. Monitonng the conductivity of the slurry may help to discnnunate such vanatlons 

and to isolate the changes due to bias. Such a normalizatbn reqUlres a sensor (that 

probably is not commercially available) installed in the feed stream. 

Another parameter obtained from the profiles, the collectIOn to froth :.one 

conductance ratio, appears to he promising since, in general, the ratio decrea.ses as the 

bias varies from negative to positive values. However, the complication here 15 that a 

family of ratio vs bias curves for different gas rates appears to exist. The consequence 

is that for a specific bias rate, the value of the ratio depends upon the gas rate, thus 

making it difficult to relate the conductance ratio with a unique bias rate. 

It is evident from the above discussion that the interpretation of the conductance 

profiles and any additional information extracted from il will require, most probably, the 

intelligence of an expert system to exploit fully. 

7.3.2 Bias rate, feed water entrainment and feed water recovery 

While the initial emphasis was to estimate bias, these other measurements were 

increasingly seen as attractive alternatives. Feed water entrainment was defined here as 

the volumetrie fraction of feed water in the overflow (concentrate), QtlQo white the feed 

water recovery is the volumetrie frachon of feed water reporting to the overflow, Qf/Qf' 

Preliminary experiments demonstrated the possibility of making these measurements ln 

industrial scale columns. The results showed that the feed water entramment and 

recovery increased as the bias rate was decreased. It was found that the feed water 

entered the overflow even when bias was positive. 

The question regarding which parameter to use has two parts: which is the most 
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reliable and whîch is the Most indicative of metallurgy. 

For the first, the answer is feed water entrain ment. It requîres only three 

conductivity measurements, "c' K", and "J, whereas both llias and recovery require in 

addition two flow measurements. As was shown for estimating bîas (Finch and Dobby, 

199Oa) this leads to a large uncertainty in the calculated value, especially in the industrial 

situatton where the flow measurement requires a combination of slurry mass flow and 

percent solids. A further attraction of the entrainment parameter is its range, Q-H)()%, 

zero indicating no feed water in the overflow (maximum washing efficiency?) and 100% 

meaning no wash water in the overflow (minimum washing efficiency?). In contrast bias 

has no limit and, while in theory recovery does (0 to 100%), in reality it is restricted to 

a range of 0 to an uncertain top value of - 10% or so. In the present case recovery was 

over the range 0 - 6% which further reduced the ability to detect trends; for example, 

in Figure 6.13 recovery appears to be independent of wash water rate t-ut this may in 

part reflect numerical uncertainty. 

Ali three parameters require that the conductivity of the water be measured, thus 

in the industrial case with slurries either the appropriate sensor must he developed or 

sorne 10ss of precision be accepted and use made of sluery conductivity. The use of the 

latter approach is worth exploring because of the simplification afforded to the sensor 

design. 

The question, which of the three parameters is most indicative of metallurgy, is 

difficult to address in the present context due to the uncertainty in the slurry-air data. 

Some comments can be offered, however. 

Bias appears to be the least indicative. Previous work showing acceptable grades 

being maintained inta negative bias conditions (e.g. Furey, 1990) is one point. The 

present observation of the substantial error involved in its measurement is a second point. 
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A third point is the present observation that bias IS not a rehable indlcator of the 

deportment of the feed water, which is ultimately responsible for the deportment of 

hydrophillic fines. 

In principle, feed water recovery is the parameter most dlrectly relatcd to 

hydrophillic fine particle recovery. Maachar et al.(I990) have shown thls relatlonshlp IS 

linear for a given parùcle size, a result simllar to that for mecharllcal cells. Entrainment 

has been related to metallurgy (Moys arld Finch, 1989): perhaps the generai question IS 

whether entrainment is related to feed water recovery, which the present study can 

address. 

Figure 6.14 (for the water-air system) and Figure 6.24 (for the slurry-air system) 

show recovery and entrain ment are related but nol necessarily linearly; as already 

mentioned, no ex ample was encountered where the two had opposite trends. This lmphes 

thlt entrain ment and hydrophillic fine partic1e recovery will be related. and hence 

entrain ment should be related to metallurgy. 

Combining both factors, reliability of measurement and indication of metallurgy, 

entrain ment seems to hold the most promise as an on-line measurement for diagnostic and 

control purposes. 

While the measurement technique here involved conductivity, use of temperature 

(in cases where wash water and feed slurry temperature are different) may prove an 

casier technique since water temperature can be taken as equivalent to the sJurry 

temperature, ehminating the need for any special sensor design. 
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CRAPTER 8 

CONCLUSIONS AND SUGGrsTIONS FOR FUTURE WORK 

8.1 Condusions 

1.- Conducttvity based techniques to estimate interface level, gas holdup and bias rate 

in flotation columns al the laboratory and industrial scale have been developed and tested. 

Interface Leve. 

2.- The interface level in tlotation columns is estimated by interpreting a conductance 

profile coHected around the froth/collection zone interface. A sharp change in 

conductivity on crossing the froth/collection zone interface makes this detection possible. 

Such a difference in conductlvity IS primarily due to the difference in gas holdup. The 

difference in conductivity is enhanced if the water in the froth IS of lower conductivity 

than that in the collection zone. This is normally the case when process water (no 

tlotation reagents added) is used as wash water. 

3.- At the laboratory scale sets of facing electrodes installed on the wall of the 

column and axially separated by equal distances, allowed the collection of conductance 

profiles around the interface. At the industrial scale, a rod-shape conductivity probe 

consisting of ring electrodes equally separated by plastic spacers was used. 

4.- The interface level is located at the position at which there is a large change in 

the conductance value. An algorithm (termed "largest slope" algorithm) that searches for 

this sharp change was used 10 locate the interface level. The accuracy with which the 
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level is estimated depencls on the axial separation between the electrodes (In both the 

laboratory and industnal cases). For most of the examples presented m thls work the 

accuracy of detectlon was ±5 cm. 

5.- Owing to the geometry of the conductivity cells m both the laboratory and 

industrial electrode arrangements and to the nature of the level detectlon algonthm, the 

level estimates followed a step shape behavlOur, the length of the step bemg a functlon 

of the separation between electrodes. Interpolation of the conductance-position data or 

filtering of the signal by either elect'· ,.~ or analytlcal means IS recommended to smooth 

the signal and to make it more amenable for control purposes. 

6.- Modelling the response to interface level of complex conductivity cells (those used 

at the laboratory and mdustrial sc.ale) in the hght of basic princlples of electnclty IS not 

possible due to the buildup of non-uniform potential and current (I.e. electncal) fields. 

Thus, more accuracy in the detection of level cannot be gamed by attemptlng the 

interpretation of the conductance measurements. The response of "Ideal" cells (those that 

provide uniform potential and current fields) are amenable for such an mterpretatlon. 

7.- The response of the conductivity cell of the stallonary level detectlOn probe (the 

industrial probe) to interface level position was found to be approximately linear. An 

empirical interpolation of the conductance-position data based on such a lineanty showed 

that an accuracy of ± 1-2 cm in the detection of level was possible. 

8.- A time delay in the detection of level exists as a consequence of the penod of 

time needed to colleet a conductance profile. Although such a delay does not appear 

critical, it is possible to reduce il by using a conductivlty meter wlth a shorter time 

constant. 

9.- Conductance profiles collected in meehanica1 flotation cells with a smaller version 
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of dIe statlonary probe showed the potential for detecung both the air/froth and 

froth/slurry interface and, therefore, for estimating the true froth depth. 

10.- Long term testing of the stationary probe was performed in a 38 m3 mechanical 

cell with satisfactory results. No appreciable deterioration of the constructing materials 

was observed over a four month period, and the buildup of solids on the probe surface 

was not a critical factor. 

Gas Holdup 

1 t.- Gas holdup in water-air and water-silica-air laboratory systems can be estimated 

making use of eonductivity measurements performed with an adaptation of a cell that 

allows for uniform electrical current field, and classical models such as that due to 

Maxwell (1892). 

12.- The geometry of the conductn ~ty cell was found to be critical in the measurement 

of the effective conductivity of the two or three phase dispersions. The performance of 

a particular eeU deteriorates as its geometry departs from that allowing for uniform 

current field. Secondary effects such as polarization of the cell electrodes appeared to be 

responsible for such a deterioration. 

13.- A conductivity cell formed by two grid electrodes covering the entire crou

sectional area of the column appeared to simulate a section of the (ideal) ceU consisting 

of two infini te and parallel plates. The grid electrodes allow the free-flowing of liquid 

and bubbles through the cell and provide a ncar uniform potential and cunent (electrical) 

fields. This cell appeared to be the most appropriate to perform the measurements of the 

effective conductivity of two and three phase systems. 

14.- Maxwell's model (1892) appeared to predict with satisfactory accuracy gas 
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holdups within the range expected in colum,j flotatlon operauons: more recent models dld 

not offer sub stan ttal advantages (under the expenmental condItIons e\plored ln thls 

work). 

15.- The grid-electrode conductivity cell and MaxweIl's model were fully tested IR a 

water-air laboratory column. Variables such as gas rate, hquid condUCtlvny, frother 

concentration and ItqUld temperature were explored. The gas holdup eSllmaled from 

conductivity measurements and Maxwell's model were in good agreement wlth those 

obtained from hydrostatic pressure head measurements. 

U •• - The estimation of holdup of non-conductive sohds (silica) and conduchve solids 

(sulphides in flotation pulps) appeared possible making use of the conductivlty 

measUiements using the grid-electrode cell and Maxwell's model. Sulphldes ln flotatlon 

pulps appeared to behave as non-conductive solids probably due to a bUlldup of a non

conductlve layer on the partI cie surface (probably the result of the physlcal/chemlcal 

interaction between the sulphides and components of the flotatlon liquor). 

17.- The estImatIon of gas holdup in a three phase system was demonstrated ln a 

water-silica-air system using th~ grid-electrode cell and Maxwell's mode\. The estlmates 

of holdup were in good agreement with those obtained with an independent techOique, 

termed isolating technique, that allowed the direct measurement of sohds and gas 

holdups. 

18.- The holdup of the threc phases in the water-slhca-air system obtalOed from 

conductivity appeared to be additive; that is, the holdup of total non-conductive material 

(solids plus gas) obtained from conductivity measurements in the three phase system ,KJ. 

l' and in the liquid atone, KI' is approximately equal to the summahon of the holdup of 

gas (obtained with "1-.... and KI-.), and the holdup of solids (obtamed wlth Kh and KJ. In 

each case, Max.well's model was used. 
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19.- At the mdustmù scale, gas holdup estimation was attempted in a water-au system 

using the conductivity cell of the statIonary level detection probe. Under the experimental 

conditions lmposed, good agreement between the gas holdup estimates from conductivity 

measuremen'ts and those obtained from hydrostatic pressure head measurements was 

observed. The pressure measurements collected along the column revealed the existence 

of a pronounced gas holdup profile: the gas content increased from bottom to top of the 

column partly due to the expansion of the gas due to the pressure gradient along the 

column. 

Bias Rate 

20.- The difficulties reported in the estimation of bias by conventional techniques (Le. 

mass baJancing) were corroborated. Experiments performed in a slurry-air industriaJ 

column showed large uncertainties in the bias estimates from mass balancing, most 

probably caused by problems in the calibration of the instruments and by difficulties in 

sampling of streams around the column. 

21.- Conductivity techniques which exploit the usual difference in conductivity between 

the wash water and pulp water in industrial situations appeared sui table for traCÎng the 

relative flows of the two waters across the interface and, therefore, for detecting the bias 

rate. 

22.- Conductance profiles collected in a water-air laboratory column under the 

conditions relevant to the industrial situation (i.e. wash water of smaller conductivity than 

the pulp water) appea.red to reflect the bias rate. The behaviour of the branches of the 

profile in the froth and bubbling zone responded to the relative proportions of feed and 

wash water in both zones: the profiles tended to shift towards larger conductance values 

as the bias changed from positive to negative values. 
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23.- The conductivity of the froth zone mcreased as bias decreased (from poslttve to 

negatlve) due to the mcreased amount of feed water (of larger conductivtty than the wash 

water) reporting to the concentrate. The conducttvity of the bubbhllg zone mcreased as 

bias decreased due to the decreased amount of wash water cross1I1g the Interface and 

diluting the feed water in the collection zone. 

24.- When the same source of water lS used (or wash water and feed water, the 

behaviour of the conductance profile is primarily dictated by the holdup of gas in both 

zones and not by the relative flows of the two water across the interface. Under these 

conditions, the behaviour of the profiles appeared difficult to relate to bias. 

2.5.- Experiments performed in a slurry-alr industrial column showed that the 

behaviour of the br.mch of the profile in the collection zone was in good agreement wlth 

that observed in the water-air laboratory column. The behavlour of the branch in the 

froth, however, was at odds with that observed in the water-air system. It IS beheved that 

a buildup of solids in the froth, that appeared to accur as bias was decreased, caused 

such a behaviour: as bias was reduced the solids concentration in the froth mcreased 

(thus the total holdup of non-conductive material increased) thereby causing the effective 

conductivity of the froth to decrease. 

26.- The interpretation of conductance profiles in terms of bias rate and metallurgy 

will require, most probably, the intelligence of an expert system to exploit fully. 

27.- Experiments performed in a water-air laboratory column under conditions relevant 

to industrial situations showed that bias rate, and the two alternative parameters feed 

water entrainment and feed water recovery, can he estimated from conductivity 

measurements and feed, wash water and tailings rates. Of the three, blas rate appeared 

the less attractive since its estimation required several conductivity and flowrates 

measurements and more computation, compared to the situation for the other two 
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parameters. 

28.- Feed water entramment appeared to offer advantages over feed water recovery, 

namely: it only requires three conductivity (or temperature) measurements (compared to 

feed wateT recovery which in addition requires the measurement of two flows); it appears 

to be related to metallurgy; and its natural range, 0 - 100%, zero indicating no fee<! 

water in the overflow and 100% indicating no wash water in the overflow. 

29.- Experiments performed in a slurry-air industrial column showed that feed water 

entrain ment can be estimated from conductivity measurements performed off-line on the 

feed. wash water and concentrate streams. The development of a conductivity sensor for 

on-line measurement of the conductivity of the liquid of the streams remains a challenge. 

The alternative temperature technique, which offers simplifications regarding the sen sor 

design, is a possibility in situations where a substantial difference in temperature between 

the wash water and feed water exists. 

8.2 Claims for Oriainal Researcb 

1.- A conductivity probe for locating the froth/collection zone interface level in 

tlotation columns (and mechanical cells) was conceived, developed and fully tested. The 

probe has potential to become a commercial interface-level detection device. 

2.- A conductivity technique to estimate gas holdup in two and three phase flotation 

columns was developed. The role played by the geometry and characteristics of the cell 

used to perform the measurements of conductivity was identified. The appropriate 

methodology to generate the conductivity data and the appropriate model to process them 

were determined. 

3.- Conductivity based techniques to detect bias rate ln tlotation columns were 
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developed. An expression for the alternative parameter Feed Water Recovery was 

developed. 

8.3 Sugestions for Future Work 

1.- Dynamic responses of interface level under conditions encountered in industnal 

flotation columns is recommended with the aim of determining the degree of accurdcy 

required and the importance of a time delay in the detection of level. 

l.- A dedicated electronic circuit to run the probe needs to be developed in order to 

make the level detectlon probe available to potential users. 

3.- Additional work is required regarding the measurement of the "true froth depth" 

in mechanical flotatlon cens. 

4.- The reason behind the non-conductive behaviour of sulphides in flotation pulps 

needs to he determined. The role played by t.he particle size is worth exploring. 

5.- Gas holdup estimation in slurry-air industrial columns needs to be addressed. The 

development of an indeper.jent technique (similar to that used here at the laboratory 

scale) to sample the system is encouraged. This is essential for validating the conducttvity 

technique. 

6.- The development of a conductivity sensor sui table for measuring the conductivity 

of the liquid-solids-gas and liquid-solids systems simultaneously, and at locations not far 

apart, is required for the estimation of gas holdup in industrial columns. 

7.- The nature of the profile of gas holdup in slurry-air industrial columns is worth 

examining. 
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8.- The response of the conductance profiles to bias rate variations at the industrial 

scale requlres more Investigation. Il is recommended that experiments be performed 

under a weil controlled envlronment (i.e. accurate measurements of input vanables). The 

use of a condUCtlVlty probe consisting of an arrangement of grid electrodes in tandem is 

also recommended In order to obtain profiles of the effective conductivity of the three

phase system. 

9.- Il is suggested that a temperature technique (if amenable) be used to explore 

further the parameter feed water entrainment at the industrial scale and its possible 

relation to metallurgy. Such a technique offers simplificatiun in terms of sensor design 

compared with the conductivity technique. Again, it is recommended that the experiments 

be conducted under well controlled conditions. 
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APPENDIX 1 

Application of Error Propagation Theory to Bias Determmatlon. 

As mentioned in text, bias rate is susceptible to error propagatIon, WhlCh 

essentially means that errors in measurements can propéigate and build up throughout the 

calculations to produce a number involving a substantial amount of uncertamty. 

Considering again the example presented by Finch and Dobby (l990a): A column 

of 2 m diameter with process flow and density measurements on talhngs and feed streams 

of: Q, = 1.90 m3/mm, lISI =0.09, Qf = 1.99 m3/min, and lIsf =0.18. Assuming a relative 

standard deviatlon of 3 % for each of the process measurements. Then, from the bias rate 

equation 

the expected value (or ensemble mean) of JB of 

J. - 1.9xlOO (1 - 0.(9) - l.99xlOO (1 - 0.18) 
1tx60 wx60 

J. - 0.052 Clft 
s 

(A.I.I) 

From theory of error propagation, after linearizing the J. function by expanding il in a 

Taylor ~ries about a mean or refCl"enee value of the independent variables, the Variance 

of J. is given by 
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[ 

0 0 II { } ~ al. (x, •... , x" ) {} 
VaT J, • '- Var X, 

i-1 ox, 
(A.l.2) 

where X, stands for Qp Q" usi" and VII" In a similar manner x/ stands, for example, for 

the mean of QI' and 50 on. 

Il is important to notice that the partial derivatives in Equation (A. 1.2) are 

constants that have been evaJuated by introducing the mean values of Qp Q" Vs/" and VII' 

Applymg Equation (A. 1.2) to the Equation (A.l.l) 

s; -(aJ.)l SQ2 + l' aJ'l2 SQ2 + ( a/'ll S1 + ( aJ'll 

S2 (A.l.3) 
• .:vl 1 .:vl , Ou \)., Ou "" VVI vv, " ., 

S; - (l - U,,)2 SQ'l + (1 - U .. ,)1 SQ2 + Q,1 s~ + Q; s~ • 1 ,.,,, 

To obtain the variance (or square of the standard deviation) of variables, the 

definition of relative standard deviation (C, or coefficienJ of varia/ion) IS used. This is 

a dimensionless form of the standard deviation which provides information on the relative 

dispersion of a variable X, such that 

(A. 1.4) 

where X is the ensemble mean of the variable X. 

Thus, by using Equation (A. 1.4) and the C=O.03 (3%) and the mean values for 

the variables, the standard deviations are obtained as follows 
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s - c x Q _ 0.03x 1.99)(100 _ 0.0317 cm 
QI QI 1 ft x60 s 

In a similar way 

cm 
SQ - 0.0302 -; Sv - 0.0054; and Su - 0.0027 

, S" " 

Thus, 

... + 1.OO8()l x 0.00272 

l 
S; - O.OOIS E!!!... 

• 3
2 

The relative standard deviation of J, given by 

which translates to a percentage as high as 74 %. 

The 95 % confidence ÏI.terval given by 

(A.l.5) 
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-0.02 cmls !,; JI} !,; 0.13 cmjs • 

Thus, 95% of the occurrences of JB should lie within -0.02 and 0.13 cm/s. 

This analysis gives an idea of the magnitude of the error involved in a parameter 

which depends both on several measurements and on extensive computation. 

APPENDIX 2 

A brief introduction to the finite difference numerical method is given here with 

the aim of providing the basis of a simple approach for modelling potential and current 

fields in "non-ideal" geometnes (Binns and Lawrenson, 1963). The method is shown for 

the case of a regular distribution of field points, and specifically for a square arroyo 

Laplace's equation can be !'.olved numerically by using conventional methods, 

finite-difference for example, to determine the potential and current field of a system. 

The method is u~ful to describe relatively simple geometries. However, complications 

arise when dealing with complex three~imensional systems. 

To facilitate analysis a potential function. Vt. is defined such that the change in 

this function between any Iwo points is proportional to the chilnge in potenlial between 

them. Ils value at any point, with respect to ~me origin (of potential), is a direct 

measure of the value of the potential there and, in addition, a line joining points having 

the same value of potential function is an equipotential Hne. 

Conslder the potential field that builds up in a section of "two infinite parallel 
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planes" (Figure A.~.l). Let 1/;=0 represent the value of the potentlal on one plate and 

1/;= 1 that on the other, so that there IS unit dlfference of potentlal bctwCl'1l the pldtc~ 

Equipotentlal hnes can be drawn in the space between the plates, rcprcscntlllg 

1/;=constant. for values of 1/; between 0 and 1. For example, 'J-=O.l reprcscnts a hne 

joimng poInts diffenng In potentlal From that of the lower potenual plate by one tenth of 

the potential difference between the plates. 

In a similar manner aflux.function cJ> can be defined such that cJ> = constant defines 

a flux line; and two lines cJ>=4>o and cJ>=<bo+n have n units of tlux passing between them 

(Binns and Lawrenson, 1963). 

Then, the Laplace equation of the potentlal functlon 1/; in Carteslan coordinates 

and for two-dimensions is written as 

(A.2.1) 

and the current density function as 

a. -0 a'll'" i - -K V. - -K (- i + - J ) ax ày 
(A.2.2) 

(i and j are unitary vectors). 

In replacing the potential field equations by a set of finite difference equations 

which connect values of the potential function, the first task is the distribution of points. 

The square mesh and the sector mesh are two of the most popular types. The pre~nt 

analysis will make use of the square mesh distribution. 

In Figure A.2.2, point 0, not adjacent to a boundary, and its closest neighbouring 
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flgur. A.2.1 Definition of potentlal functlon, Y' , and (current) flux function, q)(after 
Binna and Lawrenaon, 1963) 
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Figure A.2.2 Schematic repreaantatlon of the elementa involved ln the flnlte dlfference 
numerlcal method. Boundary condltlona are 1110 pre .. nted 
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points l, 2. 3 and 4 are shown. The length h. referred to as the mesh length IS small 

compared wlth the boundary dimensions. The cathode and anode are represented by 

eqUlpotentIal surfaces t/t=O and t/t= l, respectively. 

The difference equation is developed by expanding the electric scal1r potenttal .Jt 

at point 0 in Taylor's series and deriving expressions for (iJ2tfjiJx2)O and (iJ1l/;/iJy2)o WhlCh 

are substituted i'l Equation (A.2.1). 

At any point x, 1/; can be expanded in terms of the 1/; at point 0 (e.g., 1/;0) by the 

use of Taylor's series: 

substituting for the values XI ::: Xo + h and Xl = Xo - h yields the values of 1/; at potnts 

1 and 3 as follows 

and 

adding Equations (A.2.4) and (A.2.5) 

(A.2.6) 
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ignoring terms containing h to the power four or higher, the expressIOn for {(J2""OX2)o is 

(A.2.7) 

In an analogous manner, an expression for (éP",toy2)o can be obtained, namely 

(A.2.8) 

substituting Equations (A.2.7) and (A.2.8) into Equation (A.2.1), Laplace's equation for 

the point 0, not adjacent ro a boundary, is 

(A.2.9) 

The current density vector i at point 0 is given by 

(A.2.1O) 

(i and j are unitary vectors) 

The magnitude of i and ilS direction 8 is given by 

(A.2.11) 
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~, 
lneulatlng wall, ~ y -0 

b~----------~-----

Conductlve medium 

InIUlating will, ~.o 

261 

-a x 

Figur. A.2.3 Definition of the boundary conditiona in a rectangular cell with two para/lei 
electrodes and two parallellsolating wall. 

and 

(A.2.12) 

Boundary Conditions 

Thus far, equations that apply for grid points not adjacent to a boundary have 

been presented. Let us consider again the case of flow between two infinite parallel 

planes, a section of which is depicted in Figure A.2.3. 

In Figure A.2.3, the line al ~=O represents the grounded or negative electrode 

(cathode) while that at t/t= 1 represents the positive electrode (anode). The edges at y=O 

and y=b are lines impervious to flux which represent insulating walls described by 

(c3t) _ 0 
êy ,-0 

(A.2.13) 

1 
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since no curr~nt tlow is permitted o:thogonal to them (no current crosses such surfaces). 

Referring tf' Figure A.2.2 where an extra layer of grid points adjacent to the 

boundaries representing insulating walts are shown, let us proceed by putting Equation 

A.2.13 in a finite difference form for point m lying on the insulating wall 

(A.2.14) 

This expression is not immediately usable, because the quantity 1/12 falls outside the 

domain of computation; however, '/;2 may be eliminated from the above equation by 

restating Equation A.2.9 for coordinate point m 

(ft + .1 + .] + t,J 
VIII - --------

4 
(A.2.15) 

and, substituting the value of Vt2 (=Vt.), gives 

<'. + ., + 2 • ..> 
'" III - ----------4 

(A.2.16) 

which relates the value of Vtra to points falling inside the dominion of computation. Thus, 

ail the points in the grid are described by a finite difference equation and the computation 

can be performed. 
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APPENDIX 3 

Computation of Interface Level Using Two Parallel Plates. 

In a slurry-air system, the conductance measured with the "level" electrodes, KI 

(Figure A.3.l) is given by 

(A.3.l) 

where Kv and Kk are the contributions of the froth and slurry zone to the global 

measurement, given by 

and (A.3.2) 

where IC, and ICc are the effecti"e conductivities (mS/cm) of the froth and collection zone, 

respectively; L is the length of the "level" electrode (100 cm); 1 is the level position 

within the level electrodes (cm); w is the width of the electrodes (1 cm); and d is distance 

between electrodes (5 cm). 

The conductance measured with the "froth" and "collection" zone electrodes is 

(A.3.3) 

where l, and 1" are the length of the froth and collection zone electrooes (2 cm). 

Thus, Equation (A.3.1) becomes 

-------------------------------------------------------------
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IL' .... . 
Cl CJ~ If 

Î d 

L-l 

L 

o 

1 
.J-o ... Le 

Figur. A.3.1 Schematic repr'tlentatlon of the experlmental arrangement, and notation uaed 
in the calculatlon of level Uling Equation (4.1) 

(A.3.4) 

Similar measurements performed in liquid (water) only give: 

and (A.3.5) 
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where K'fI is the conductivity of the liquid (mS/cm), and K/w, Kfw' and Kcw are the 

conductance measured with the level, froth and slurry electrodes (mS), respectively. 

This gives 

K 
1 - L Jw and 
'/ K,w 

K 
1 -L~ 

C K,w 
(A.3.6) 

and substituting !rand le in Equation (A.3.4), Equation (4.1) is obtained 

(4.1) 

APPENDIX 4 

Four Electrode Conductivity CeUs 

In a 4-electrode conductivity cell, two of the electrodes sense the excitation field 

(potential drop) across the medium. The impedance of the sen sor circuit is virtually 

infinite, and therefore practically no current flows into the sensors. Con sequently , no 

polarization occurs on their surfaces. The other two electrodes are used to create the 

excitation field and to carry the current. The current required to create the excitation 

field is senscd and converted to conductivity. This principle is valid because the amount 

of excitation current required to maintain a constant excitation field in the medium is 

directly proportional to the conductivity of the medium. 

TIlis type of 4-electrode conductivity cell has been described in the literature 
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(Braun stein and Robbins, 1971), and used to measure conductlvlty of fused salls (KlOg 

and Duke, 1964), electrolytes and liquid-solids dispersIons (Nasr-EI-Din, 1(87). 

APPENDIX S 

Alternative Definitions of Bias. 

The defimtion of blas used here IS the difference in flow (or net flow) of water 

between tailings and feed. Fl'om Figure 6.3, an eqUlvalent defimtion is the net flow of 

water across the froth/collection zone interface, or simply the net tlow of water throu~h 

the froth (below the wash water input). 

Other definitions are in use, however. 

Difference in ffim:J.flow between railings andfeed. This can differ slgnificantly 

from bias based on water (Finch and Dobby, 199Oa). 

Bias ratio. In terms of the notation here (Figure 6.3) this is 

(A.5.1) 

giving rise to values such as 1.05 (or 105%), which is a small positive bias. 

Bias difference rario. Thi4i is derived from Equation (A.5.1) 

(A.5.2) 
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WhlCh, for the same example, would give 5%. Again, these quantities may he ca1culated 

based on slurry flaw rather than water. 

APPENDIX 6 

Error Propagation Analysis for Bias Rate, Feed Water Entrainment and Feed 

Water Recovery from Ccnductivlty Measurements. 

The analysis is performed for one set of experimental data in Table 6.2 (option 

(i)-open circuit), namely J,= 1.85 cmls, 11=0.80 cmls, 1 ... =0.42 cmls, 1("=0.34 cmls, 

11=0.72 cmls and 1B =0.08 cm/s. A 2% relative standard deviation (e.g. standard 

deviation of stream ; is 2% of QJ for tht' flows is assumed, thus, SII=0.016 cmls, 

SI ... =O.OO84 cm/s, SJc=0.0068 cm/s, and SI.,=O.OI44 cm/s. The ~verage of - 25 

conductivity values of the stream around the column CC'llected under steady state 

conditions was Kt= 1.035 mS/cm, K",=0.269 mS/cm. Kc =0.308 mS/cm and Kr= 1.127 

mS/cm. The standard deviation of the conductivity measurements was - 0.0023 mS/cm 

(approximately constant for all the streams). 

From theory of error propagation, the Variance of a function Js(X/,'" ,X,.) is 

given by (Himmelblau, 1970) 

(A.6.1) 
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where XI stands for variables such as QI' Q, • Kc. " .... etc. In a simllar manner :CIO stands. 

for example. for the average of QI • and so on. 

Applying Equation (A.6.1) to the expression to calculate bias From conducuvlty 

measurements 

the variance of the bias rate, lB (cm/s). is given by 

(A.6.2) 

with 

( 
- -)2 aJ 2 K-K 

(---.-!) _ _ ' _ t _ 0.0115 
a J, K, - Kw 

(~ ~: r · ( - r · 0.0021 
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__ B _ _ _ c ._ _ 0.1570 (aJ)2 ( J)2 
a Kc KI - Kw 

and 

__ B _ _ _ t _ _ 0.8694 
(
aJ)2 ( J)2 
a IC, KI - Kw 

which combined with the squared of the standard deviation of the variables give a 

variance of: 

(or a standard deviation of 0.0037 cm/s) 

The 95% confidence interval given by JB= 0.07 ± 0.0074 cm/s 

In a similar manner, the Feed Viater enùdinment, E(%), expression 
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E -
K - K 

C MI 

x 100 - 4.55 % (6.5) 

gives 

(A.6.J) 

with 

( a E)2 _ (_ 100_ )2 _ 13583.9 
a Kc KI - Kw 

(: ~r -( x 100 r -28.06 

and 

(HJ -( 
which give a variance of E of 0.137 %2 (a standard d~viation of 0.371 %). The 95% 

confidence interval being given by E= 4.55 ± 0.14 %. 

The feed water recovery R (%j, defined by the expression 
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(6.6) 

has a variance given by 

(A.6.4) 

wlth 

x 100 r -8.8876 

x 100 r -39.85 

( a R)2 (Je _ 100_ )2 _ 3029.13 
a Kc - J, K, - Kw 
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x 100 r -6.2585 

and 

Je KI - Kt' 

J, (K, - Kw)2 
x 100 J -2760.02 

which give a variance for R of 0.0343 %2 (a ~tandard deviation of 0.185 %). The 95% 

confidence interval bcmg given by R= 2.15 ± 0.37 %. 

APPENDIX 7 

Computer Program Used for Collecting Conductance Profiles. 

Computer program written in &sica for collecting conductance profiles. An IBM

compatible PC computer, a 12 bit A/D board (mod. DAS-8PGA), a 12 bIt D/A-I/O 

board (mod. DDA-06), and a Tacussel condl·ctlvitv meter (mod. CD 810) were used. 

10 • This program 15 intended to collect sets of SIXty conductance profIles 

20 • (one every minute) and to save the data ln disk as a lotus PAN flle. 

30 • A plot "Distance from Top 0\ Column vs Conductance" IS displayed on 
40 • the computer monItor. An ISM compatIble computer, A Balley conductlvlty 

50 • meter (mod. 440 (0- i 0 Vdcl. a 12 bIt A/D board (mod. DAS-8PGAI. a 24 

60 • channel relay board (mod. EAB-24), and a D/A-I/O board (mod. DDA-06) 

70 ' are used. The file DAS8.BIN contalning the binary machine language 
80 • must be present ln the dlsk contalntng thls pro~ram 

90 ' 
100 ' Initializing parameters for A/D board 

« 
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110 CLEAR,20000 DEF SEG =0 SG = 250·PEEK(&H511) + PEEK(&HS1 0) 
SG :; 20000/16 + SG : DEF SEG = SG 
120 'Inltlahzmg parameters: NF%, profiles counter;TBP, tlme between points,s; 
130 'TBC, tlme between cycles, s; NS%, number of profiles in a set 
140 NF%-,l . TBP=4. TBC=60: NS%=60 

150 'Olmenslontng the ~rray: TIM $, time; YEL, electrode location; CON D', 

160 ' conductance value, mS; X, conductance dlfferenees 
170 OIM TIM$(61),YEL(12), CONO#(12,61),X(12): GOTO 250 

180 ' 
1 90 ' Subroutine to check instructions given to the A/O board 
200 IF FL % = 0 THEN Rt:TURN 
210 PRINT "ERROR IN DAS8:";MO%;" ":FL%:ENO 
220 ' 
230 'Starting the proflling:NC%, profiles counter. The A/D board is initialized 
240 'and the first electrode is connected ta the conductivity meter 
245 TROI = TIMER 
250 NC% = 0 : GOSUB 950 : 1 = 1 : OUT &H300 + &HC,I 
260 ' The sereen 15 plotted and pertinent info is also displayed 
270 NC% =NC% + 1 : CLS: GOSUB 670: TIM$(NC%) =TIME$ : LOCATE 2,60: PRINT "TIME 
- "; TIM$(NC%) : LOCATE 5,64 : PRINT "PROFilE :"; NC% 

280 ' The twelve active electrodet; are sequentia"y c"nnected ta the 
290 ' conductivity meter via the r~lay board 
300 FOR LP% = 1 TO 12 : OUT &H300 + &HC/O : OUT &H300 + &HE,O : IF LP% > 8 THEN 320 
310 1=2"(LP%-l) : OUT &H300+&riC,1 : GOTO 350 
320 El=lP%-9 : 1=2A (El) : OUT &H300+&HE,1 

330 ' A pertod of tlme of TBP is allowed ta elapse in arder ta have a stable 
340 ' conductance reading 
350 TRPI = TROI + TBC· INC%-1 ) + TBP-lP% 
360 T2,=TIMER 

370 ' when TBP has elapsed, the A/D converted is read, and the value plotted 
380 ' on the screen 

390 IF IT21·TRPI)>0 THEN MD%=4 : 0%=0: Fl%=O: CAlL DAS8IMO%,O%,FL%) : 
GOSUB 200 : GOTO 410 
400 GOTO 360 

410 GOSUB 820 : NEXT LP% 
420 ' 
430 ' The largest conductance difference X is computed 

440 FOR l = 1 TO 12 :X(L) = ABS(CONO'IL,NC%)-CONO'IL-l ,NC%)):NEXT l 
450 K = 2: FOR L = K TO 12 
460 IF XIK) < X(L) THEN K = L 

470 NEXT L 

480 ' The value of thF astimated iflterface level is displayed on the sereen 
490 lOCATë 6,34: PRINT USING "LEVEl 1ft): I.II";(YELIK)-5l/30.5 
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500 ' The 4-20 mA s.gnal proportion al to level is outputted 
510 D = INTtM+(YEL(K)-5)-M+'YEU1) + 5)) 
520 XH% == INT(D/256):XL % = D-XH%+256 
530 OUT &H300 + O,XL % 
540 OUT &H300 + &H 1 , XH % 
550 ' 
560 ' The first active electrode .s connected to the conductivity meter 
570 1 = 1: OUT &H300 + &HE,O:OUT &H300 + &HC,I 
580 ' Waiting for the 60 sec/scan to elapse and checking .f 60 profiles 
59C'l ' have been already collected 
600 TRC#:.~ TROI + TBC·NC% 
610 IF NC%> =NS% THEN GOSUB 1200: NC%==O : GOTO 270 
620 T3' = TIMER 
630 ' when 60 s/scan have elapsed, another profile is began 
640 IF (T3'-TRCI» =0 THEN GOTO 270 
650 GOTO 620 
66C' 
670 'screen drawing subroutine 
680 KEY OFF: CLS : SCREEN 2 
690 UNE (230,281-1630,148), 1,B : UNE (466,28)-(630,58),1,B 
700 FOR 1 = 1 TO 7 : UNE (227,20·1 + 8H230,20+1 + 81: NEXT 1 
710 FOR 1 = 1 TO 11 : UNE (230,10+1 + 281-1232,10+1 + 28): NEXT 1 

274 

720 LOCATE 4,26: PRINT "0" : LOCATE 9,26 : PRINT "2" : LOC~TE 14,26 : PRINT "4" , 
LOCATE 19,26 : PRINT "6" 
730 LOCATE 6,14 : PRINT "DISTANCE" : LOCATE 7,14 : PRINT "FROM TOP" : LOCATE 9,16 

: PRINT "(ft'" 
740 FOR 1 = 1 TO 9 : UNE (50-1 + 180, 148H50·1 + 180,1501: NEXT 1 
750 IF RGE=.l THEN LOCATE 20,30: PRINT "0" : LOCATE 20,42 : PRINT "1" . LOCATE 
20,54 : PRINT "2" : LOCATE 20,67 : PRINT "3" : LOCATE 20,79 : PRINT "4" : GOTO 780 
760 IF RGE = 1 THEN LOCATE 20,30 : PRINT "0" : LOCATE 20,41 : PRINT "10" : LOCA TE 
20,54: PRINT "20" : LOCATE 20,66: PRINT "30": LOCATE 20,79: PRINT "40" : GOTO 780 
770 LOCATE 20,30 : PRINT "O· : LOCATE 20,41 : PRINT "100" : LOCATE 20.53 : PRINT 
"200" : LOCATE 20,66: PRINT "300" : LOCATE 20,78 : PRINT "400" 
780 LOCATE 22,47 : PRINT "CONDUCTANCE (mmhos)· 
790 LOCATE 2,34: PRINT "DATE: ";OATE$ 
800 RETURN 
810 ' 
820 ' Display of the points of the profile. The digital number 0% is converted 

830 ' to a conductance value 
840 CONOI(LP%,NC%I = D% -FACTOR' 
850 XX =CONOI(LP%.NC%I+KP'+ 230 : YY=YEL(LP%I-20/30.48 +28 

860 IF LP% > 1 THEN GOTO 880 
870 UNE (XX,YYHXX,YY) : GOTO 890 
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880 UNE -(XX, YY) 
890 LOCATE 6,63 : PRINT -ELECTRODE :-; lP% 
900 IF AGE =.1 THEN lOCATE 7,62 : PAINT USING -COND : '.',"";COND'(lP%,NC%) : 
GOTO 930 
910 IF HGE = 1 THEN LOCATE 7.62 : PAINT USING -CONo : ".,"";CONoI(lP%,NC%) : 
GOTO 930 
920 LOCATE 7,63 : PRINT USING "CONo : "'."-;CONo'(lP%,NC%) 
930 AETUAN 
940 ' 
950 'Loading btnary machine language and initializing Alo board 
960 BlOAo "oAS8.8IN",0 : DEF SeG =SG : oAS8 =0 
970 ' Base address for the A/D board 
980 BASAoR% =&H310 
990 Mo% =0 : Fl% =0 : CALL oAS8(Mo%,BASADA%,Fl%) : GOSUB 200 
1000 ' Selecting Alo channel "0" 
1010 Mo%::: 1 : LT%(O) =0: LT%(l) =0: Fl% =0: CALl oAS8(Mo%,lT%(0),FL%): GOSUB 
200 
1020 ' Selecttng 0-10 Vdc ra"ge 
1030 MD% = 19 : VR% =9 : FI.% =0 : CALL oAS8(MD%,VR%,FL%) : GOSUB 200 
1040 ' Initializing 1/0 board 
1050 OUT &H300 + &HF, &H80 
1060 ' Reading the position(r.spect to top of column) of the active electrodes 
1070 FOR 1 = 1 TO 12 : REAo YEL(I) : NEXT 1 
1080 DATA 25,35,45,55,65,75,85,95,105,115,125,135 
1090 ' Obtaining the relatlonship between 4-20 mA 10-4096) and position 
1100 M =4095/(YEL(12)-YEl(1 )-1 0):8 =-M·(YEL(l) + 5) 

111 0 ' Selecting the range of the conc!uctivity meter ta fit experimental 
11 20 ' conditions (the conductanr.e vs distance plot is also plotted on the 
1130 ' basis of the range of the conductivity meter) 
1140 INPUT ·ENTER CONoUCTIVITY METER RANGE (0.1, 1, or 10): ., RGE 
1150 ' oefining the factor ta con vert the digital numbers to conductance values 
1160 ' and the factor KP# to produce the screen 
1170 FACTOR' = RGE/1 02.4 : KP' = 10/RGE 
1180 RETURN 
1190 ' 

1200 ' data savir.g in disk (up ta 99 set of 60 profiles can be saved) 
1210 'Every file is identified by the date and the time at which it was stored 
1220 IF NF% > 10 THEN 1240 
1230 NE$ = ·0· +lEFT$(OATE$,2) + MI0$(oATE$,4,2) + .-0. + RIGHT$(STR$(NF%), 1) + ".PAN" 
: GOTO 1250 
1240 NE$ = "0" + lEFT$(OATE$,2) + MIO$(oATE$,4,2) + ._" + RIGHT$(STR$(NF%),2" + • .PAN" 
1250 OPEN NE$ FOR OUTPUT AS , 1 

1260 ' Saving peninent informatIon of the set of profiles 
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1270 PRINT Il, DATE$ : PRINT Il, TIMO# : PRINT "'1, RGE : PRINT #1, Ne% 
1280 ' Saving actIve electrodes posItIon 
1290 FOR 1 = 1 TO 12 : PRINT #1, YEUII : NEXT 1 
1300 ' Savlng the tlmed-conductance profIles 

276 

1310 FORJ = 1 TO NC% : PRINT #1, TIM$(J): FOR 1= 1 TO 12: PRINT #l,USING ~###.###~; 

COND#(I,J);: NEXT I:PRINT #1,: NEXT J 
1320 CLOSE: NF% = NF% + 1 

1330 RETURN 

APPENDIX 8 

Computer Program Used for the Sedimentation Experiments. 

Computer program written in Basica for collecting the data during the 

sedimentation experiments described in Section 5.1.3. An IBM-compatible PC computer, 

a 12-bit A/D board (mod. D.'.S-8PGA), and a Tacussel conductivity meter (mod. CD 

810) were used. 

1 0 ' This program is intended to correct timed readings of conductivlty 

20' durino the sedimentation experiments described in SectIon 5.1.3 
30 ' The data is saved in a disk fil .. as a PRN Lotus file 
40' An ISM compatible computer, a Tacussel conductivity meter (mod. 

50' CD 810), and a 12 bit A/O board (rTlod. DAS-8PGA) were used. 
60' (The file OAS8.SIN containing the binary machine language must 

70 ' be present in the disk containing this program) 

80 ' 
90 ClS:GOTO 160 

100 ' 
11 0 ' Subroutine to check weil functioning of A/O board 
120 IF FL%>O THEN PRINT -errorin das8;·;MO%;- ·;FL%:ENO 

130 RETURN 

140 ' 
150 ' Initializing parameters for A/O board 

160 CLEAR, 480001 
170 OEF SEG =0 
180 SG =256·PEEK(&H511) + PEEK(&H510) 

190 SG =- 48000!/16 + 5G 
200 OEF SEG = 5G 
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210' The Flle DASR.BIN IS loaded 
220 BlOAD "dasS.blO",O 
230 ' 
240 'Dlmenslonmg the Conductivlty-time array 
250 DIM COND#(402), T21(402) 

260 MD% =O:BASADR% =&H310:FLAG% =0 
270 ' Selectlng the base address for the A/D board 
280 CALL DAS8(MD%,BASAOR%,FLAG%):GOSUB 120 
290 ' Selec~ing the A/D channel (channel 0 in this case) 

277 

300 MD% = 1 :LT%(O) =O:Lï%(1) =O:FLAG% =O:CALL DAS8(MD%,LT%(0l,FLAG%):GOSUB 

120 
310 ' Selecting the range of the A/D channel (0-10 Vdc, in this case) 
320 MD% = 19:D%(0} =9:FLAG% =O:CAlL DASS(MD%,D%(O),FLAG%):GOSUB 120 
330 ' Entertng parameters 01 the ex periment 
34(} PRINT:INPUT "range. 0.5, 5, 50 or 500 mS:";R 
350 PRINT:INPUT "number of points «400):";N 
360 PRINT:INPUT "kcell lin the conductivity meter):";KCElL 
370 PRINT:INPUT "Tlme between readings, sec:";T 
380 ' Initiatlng the collection of data 
390 J= 1 
400 ' Time counter 
410 TlI=TIMER 
420 T2' = TIMER 
430 IF ABSIT:'I-Tl ,-T) < .1 THEN GOTO 460 
440 GOTO 420 
450 ' PerformlOg an A/D conversion and \ime-tagging the reading 
460 MO%=4:D%=0:FLAG%=0 
470 T2'(J) =T2,:CALL DAS8IMD%,D%,FLAG%) 
480' Transforming the digital num'Jer to conductance (mS) 
490 CONDIIJ) = 0%·' 0/4096 
500 ' Diaplaying (on the monitor screen) the time, conductance data 

510 PRINT USING """".",''; J,CONOIIJ),T.21(J) 
520 ' Checking if the number of desired data have been completed; if 
530 ' thil il the case the data will be saved to disk 
540 IF J>N THEN 570 
550 J =J + 1 :GOTO 410 
560 ' 
570 ' Oat. saving subroutine 
580 ' Entering fil. name 
590 INPUT "lotus file name" ;F$: F$ = F$ +" .prn" 
600 OPEN F$ FOr. OUTPUT ASIl 
61 0 ' Savirg pertinent parameters of the experiment 

620 PRINT Il, USING "",."'" ;R,KCELL 
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630 1 Saving the time-conductance data 
640 FOR J = 1 TO N:PRINT '1, USINC1 .",.,,,,., T2#(J);COND'(J) 
650 NEXT J 

660 CLOSE '1: END 

:!78 


