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Introa

1.1 Description of flotation

Flotation is arguably one of the most important processes currently employed in the
beneficiation of sulphide minerals. It exploits the propensity of minerals’ surfaces to be
wetted by a liquid; in most cases this liquid is water. In flotation, air bubbles are passed
through a slurry (finely ground mixture of minerals suspended in water, aiso often called
pulp). A great many collisions will occur between the air bubbles and tt  solid particles in
the slurry. For any mineral particles present in the slurry that have a greater affinity for air
than for water (i.e. they are hydrophobic), these collisions may result in their attachmc. .
to the air bubbles. ...ereafter the bubble-particle aggregates will be buo: 1 warn the
upper surface of tt  slurry. Hydrophilic particies, those that have a greater affinity for
water than for air, will remain in the slurry. By this method a separation between
hydrophobic and hydrophilic particles is effected.

A second zone, known as the froth phase is typically established above the slurry. Here,
strongly attached highly hydrophobic particles are suspended in a three-phase foam.
Weakly hydrophobic particles and hydrophilic particies that have incorrectly reported to
the froth phase, are given an opportunity to drop back into the slurry. Thus further up-
grading of the stream rich in hydrophobic minerals occurs in the froth phase.

The hydrophobic-mineral-rich froth phase is then either scraped off the top of the flotation
vessel, or migrates by itself over a weir and is known as the concentrate. The
hydrophobic-mineral-lean slurry follows the bulk liquid and is either discarded or is given
further treatment to recover additional valuable minerals. This stream is often called the
tail.

In the majority of cases, the valuable minerals are those that are hydrophobic. However,
there are a number of industnal applications where the valuable minerals are hydrophilic,
and the non-valuable minerals are inherently (or are made to be) hydrophobic. Such

»plications of flotation are termed reverse flotation. This dissertation will focus on the
treatment of Platinum Group Mineral (PGM) bearing ore, in which the valuable minerals
are among those that are hydrophobic.



Chapter 1

1.2Flotation requirements

For successful separation to occur by flotation, a number factors need to be achieved.
These include factors such as the amenability of the slurry to be treated by flotation,
desirable conditions in the vessel in which flotation is to take place and froth
characteristics suitable for mineral transport and upgrading. These will be discussed in
tumn in the following paragraphs.

1.2.1 Sl ., Requirements

As stated above, the starting point for flotation is a slurry consisting of finely ground
minerals suspended in a solution which is predominantly water. This slurry should
possess a number of properties that would make it suitable for flotation. These include
the correct interactions between the various solids and the solution, the optimum particle
size distribution of the solids and the correct slurry rheology. The nature of solid
surfaces, their interactions with the flotation solution and chemical means of modifying
these will be discussed when the various flotation reagents and their roles are described
below (Section 2.1.5). Brief descriptions of a number of further requirements of flotation

siurries follow.

1.2.1.1 Optimum particle size distribution

The desired degree of fineness of the minerals is dictated mainly by two requirements:
firstly, the need for adequate liberation; and secondly, the optimum ze at which particles

of the various minerals interact with air bubbles.

Typical ore bodies contain the valuable minerals as finely disseminated granules in
amongst ma: s of barren host rock — known as gangue. To achieve the des _J
separation, valuable minerals need to be exposed or cleaved from the barren host rock,

thereby allowing the required interactions (Leja, 1982).

Furthermore, particles should ideally consist of discrete minerals, for the greatest
separation efficiency. Particles of this nature are kriown as fully liberated, and stand the
greatest chance of reporting to the correct stream (be this either the concentrate or the
tail stream). If a particle consists of a combination of minerals, it is typically termed a
middling particle. Should such a particle consist primarily of gangue material, but include
a small amount of valuable mineral, it stands a good chance of reporting to the tail
nTl i Hir t { T mie it’
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Figure 1.2: Size-by-size recovery of P~~*~~-*2 and Quartz (Senior ef al., 1994),

showing optimum flotation size range for Pentlandite, as well as the recovery of fine

hyr'*-~hilic gangue particles (gt ~=7).

1.2.1.2 Other important slurry related considerations:

Gaudin (1957) points out that there are a number of advantages of operating at high
solids concentrations. Among others there are issues of water savings, equipment size
and effective reagent concentrations. Furthermore, he notes that at high solids
concentrations, a greater chance exists of inclusion of barren minerals in the concentrate

through non-selective mechanisms.

A further important aspect of the properties of the slurry is the rheology. Ore bodies that
have a very high clay-type-mineral content are typically treated as slurries with low solids
concentrations (Gaudin, 1957). ..is is partly because they result in slurries that have
high viscosities (Leja, 1982), which impair the rise of mineralised bubbles.

1.2.2 Froth Requirements

Harris (1982) t¢ :hes on the desired attributes that flotation froths should have. He

states that good flotation froths should:

e have a stability great enough to allow further separation between valuable minerals
that have reported to the froth phase by true flotation and material that has been

entrained into the froth phase by other means, and,;

e break down readily once removed from the flotation machine, to allow pumping and

further treatment.






Chapter 1

1.2.4 Flotation Reagents: Their purposes and effects

Flotation reagents are chemical agents added to the flotation process to perform a myriad
of important functions. Amongst others reagents are added to control the hydrophobicity
of solids surfaces, assist in gas dispersion and the establishment of a froth phase. The
following paragraphs will give a brief description of the various classes of reagents, as
well as examples of these as used in the flotation in the Platinum Industry.

1.2.4.1 Depressants

In order for an effective and selective separation to be achieved by means of flotation,
there needs to be a sharp difference in the hydrophobicities of valuable and valueless or
gangue minerals. In bulk sulphide flotation (as practised in the platinum industry),
gangue minerals which are naturally hydrophobic (e.g. talc), must be rendered hydrophilic
in order for this requirement to be achieved. Reagents whose purpose it is to alter the
surface properties of minerals, to limit their recovery by flotation, are known as
depressants.

In the platinum industry one of the primary nerals that is targeted for depression is talc
Mgs(Si>0Os)(OH),. Two reagent types that enjoy industrial application for this purpose are
modified guar gums (e.g. the commercial reagent /IMP4) and carboxymethylated cellulose

(known as CMCs, an example of which is Depramin 267).

Talc particles that report to the froth greatly increase the stability of the froth phase. This
in tum resulits in increased entrainment of material (which could be either weakly or non-
floating in nature) and hence results in lower grade concentrates. The influence of talc on
the flotation performance is therefore disproportionate to its concentration in the ore.

On the other hand total depression of talc would lead to unstable froths, which would
result in reduced recovery of valuable minerals. In addition to this, selectivity may be lost
at very high depressant dosages, as depressant may adsorb onto the wanted minerals,
rendering them less hydrophobic. It is therefore clear that the effective use of

depressants is critical to flotation performance.

From the above it is clear that depressants influence the solid phase.

1.2.4.2 Frothers

Frothers are of great importance in flotation in that they play a role in a number of key
sub-processes, which make the physical requirements of flotation possible.






1.2.4.3 Collectors, Activators and Regulators

Collectors are the very important class of reagents added to the flotation slurry with the
specific purpose of selectively imparting a hydrophobic nature to the surface of the
valuable mineral. This is achieved by imparting a “hydrocarbon-like” (Gaudin, 1957)
nature to an otherwise ionic mineral surface.

The choice of collector is specific to the mineral type or species that is targeted for
flotation (Sutherland and Wark, 1955). An example of this is the use of xanthates and
dithiophosphates, which are the most often used collectors in sulphide flotation (Wills,
1992). These collectors are also used in platinum flotation, as a number platinum group
mir als ¢ either sulphides themselvi or are intin ely associated with base metal
sulphides. Glembotskii et al. (1961) classified xanthates and dithiophosphates into the
group of collectors described as “ionising anionic collectors based on bivalent sulphur’.
The Hleculc can be described as being heteropolar, in that they consist of a non-polar
group and an ionising polar group. The non-polar group is strongly water repellent, while
the ionic group interacts with water and the mineral surface. The following diagram
represents the general structure of these two reagent types:

H H /S
Xanthates ~C—C—0 C
H H ™~ .
S M
H H
~ —Cc—0 S
n cT N7
Dithiophosgh~*es
H H \
~C—C—0 / M’
H H
Non-polar hydrocarbon group Polar group Metal ion,
usually K* or Na*
L —_

Figure 1.6: The structure of the collector species. xanthates and dithiophosphates, as

used in platinum and other suiphide fiotati~~ ~~erations.

The final class of flotation reagents is the large group described as being activators and
regulators. The reagents generally control the environment in which flotation is to take
place. This may be done by rendering the desired mineral surfaces more amenable to
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In the most common form of level control, the valve at the end flotation bank (typically a
dart or pinch valve) is opened or closed so as to maintain a target pulp level in the cell in
which the level is actually measured. A possible draw back of simple feed back level
controllers is that they have been observed to propagate surge-related disturbances
throughout the flotation process. Recently, advanced strategies for stabilising cell levels
across an entire flotation plant have been developed. A good example of this is the

datstar.® system developed by Mintek in South Africa (Schubert et al., 1999), which

aims to eliminate the propagation of cell level fluctuations.

1.3.3 Optimisation Control

Lynch et al. (1981) define the objective of optimisation control as being to ensure that the
process is operated at the optimum point (itself defined by a great many considerations)
on the optimum grade-recovery relationship.

A number of simple strategies which aim to improve the level of efficiency with which the
flotation operation operates have found industrial use. One such strategy is the simple
feed forward based scaling of the flotation reagent dosage rates to the measured feed
rate (an easy parameter to measure). It is based on the principle that an increase in
material fed to the plant would require a greater amount of reagent to affect the same
metallurgical performance. While this strategy will ensure that the reagent dosage will be
moved in the correct direction (Lynch et al., 1981), this is not a true optimisation strategy
in that it is based on an intuitive inference. The strategy does not measure the
performance of the system, or any improvements to this performance brought about by
control actions. Furthermore, while it is a better approximation to the system's reagent
needs than a constant reagent flow rate would be, it is unable to react to changes in
reagent requirement, should for instance the ore type change (Lynch et al., 1981).

Frequent efficiency estimations are needed, both for the identification of sub-optimal
performance and in the assessment of the success of control actions, for control aimed at
optim ition to be achievab  Prior to the advent of on-line grade measurement devices
(almost three decades ago (McKee, 1992)), infrequent assays and sub tive
observations were all that was available as means of estimating the efficiency of the
flotation process. For this reason true optimisation control of flotation plants was not
possible prior to this time. McKee (1992), however, makes the point that even after the
advent of this advanced instrumentation, very few advanced optimisation control
strategies enjoyed lasting success. Among the possible reasons put forward by McKee
are the difficulties associated with defining true, explicit and achievable control objectives
fortl al 7 highly cc . plex pre yoft  ation.

12



Introduction

A final point that must be n le regarding the two objectives of control, is tl : it is
possible for the same system to have both stabilisation and optimisation as its objectives.
An example of this is a system discussed by Lynch and co-authors (1981) which has a
number of levels of control. ..ie first level is regulatory control, which aims to control a
particular process variable to a specific set-point. = The second levels makes
measurements of the process efficiency, determines the difference between current
efficiency and targeted efficiency, and then choose a new process variable set point for
the first level controller to target. This second level of control is tt  efore in a supervisory
capacity. The third level of control is optimising control, and makes use of a thorough
understanding of the process (possibly some sort of model) to search for the optimum
operation point for the process. Furthermore, it is possible for the lower levels of this
controller to continue to operate when the higher levels are not operational.

1.3.4 Practical Aspects of Flotation Control

Many of the strategies applicable to coal and base metal sulphide flotation systems (as
discussed by Lynch et al., 1981 and McKee, 1992) are not directly applicable to flotation
as practiced in the platinum industry, for reasons of grade measurement. At the very low
concentrations typically encountered in these floc ion circuits, automatic online g le
measurement is limited to the concentrates and at best may include the feed to the
flotation processes. Given the value of the minerals of interest in these systems, the
performance of a plant is typically gauged to be the inverse to the amount of values lost
to the tailings. The quality of the product (i.e. the concentrate grade) is often secondary
in the performance assessment. In cases where the feed concentrations of the value
minerals can be measured online, the errors associated with flow, density and
concentration at the other points of the system make inference of the tailings grades, with
any confidentc near impossible.

Nonetheless, from the studies by the above authors, a number of observations were
made that are applicable to the control of all flotation circuits. The following paragraphs
aim to highlight some of the pertinent points made by these authors.

1.3.4.1Pre juisites for the control of flotation plants

Lynch and co-workers (1981) listed three requirements that need to be fulfilled prior to the
control being attempted on a flotation plant. These are:

* Grinding circuit product must be kept constant with the minimum discharge of coarse
particles into the flotation circuit;

13



* Pumps on the streams entering the flotation circuit, as well as circulating material
within the flotation circuit, must deliver steady flows and if a load change is necessary
the control of these pumps should change the flow rate in a way tt  does not have
adverse influences on the operation of the flotation plant; and finally,

= There should already be good control over the aeration rates and the reagent dosage

rates.

1.3.4.2 Potential control strategies and their implications

CA—.&—AI . .qrinl-\la

14} Y

As discussed earlier, the role of the collector is to impart (or improve) a hydrophobic
nature to the surface of the desired mineral, in order for it to adhere to a rising air bubble.
If there is an insufficiency of collector, desired minerals may be lost to the tailings. Using
the collector dosage as a control variable is, however, complicated because it is difficult
to determine the optimum dosage of collector or indeed the collector requirements of
changing ore ty} 3. While it is obvious that an insufficiency is undesirable, 1 excess of
collector might lead to either a decrease in the hydrophobic nature of the desired
minerals’ surface, or in the imparting of a hydrophobic nature to the gangue minerals
which would impair the selectivity of the separation.

For the above reasons, the use of collector as a control variable is often limited to the
s le scaling of the collector dosage with respect to the flotation feed rate as described
by Lynch et al. (1981).

b) Depress~~* ~1d activator dosage as control variables

The complications discussed above with respect to the use collector as a control variable
apply largely to the manipulation of activator and depressant dosages for the same
purpose. Optimum dosages of these reagents are difficult to determine with typical
measuring elements and penalties exist for deviations on either side of the optimum

dosages.

c) Frother dosage as a control variable

The role of the frother is (among other things) to provide a stable froth phase at the top of
the flotation cell. Too little frother will result in an unstable froth that is not able to
transport the flotation particles to the concentrate launder. As the frother dosage rate is
increased, stability is imparted to the froth and the rate of transport to the concentrate
launder is increased, which is typically accompanied by a drop in concentrate grade. It is

14






flotation control strategies mentioned by McKee (1992) points towards a very real
requirement for innovation and development in the field.

One area of potential improvement is the speed of the systems aimed at detecting
ct 1ges in process performance. Lynch and co-workers (1981) noted that feed back
control strategies which are based on on-line measurements of concentrate and tails
grades are often slow to respond to changes in flotation performance. This is due to the
time delays associated with flotation bank residence times, on-line analysis system lag
time and the like. One of the suggestions made by these authors is thal alysis should
be concentrated on the products from the first few cells, as changes in flotation
characteristics will become apparent shortly after the material enters the flotation bank.

While the advantages of improved detection times and the resulting potential for faster
controller responses may be obvious, it would not make the process control of flotation
operations more attainable. The reasons for the limited success rates among flotation
control strategies lies in the complex nature of the flotation process. For this reason, it
appears that completely novel approaches need to be developed and employed.

It would appear that there exists a need for an automatic method of determining the
flotation “wellness”. With the technology that is currently available, control strategies
concentrate on ...“circuit operation in contrast to the condition which relies on manual
interpretation of and reaction to process changes.” (Arbiter et al., 1985). By this it is
meant that with the tools available (such as on-line grade measurement devices), it is
possible to determine what is happening with respect to flotation efficiency, but the
interpretation as to why it is happening is largely left up to human operators.

To summarise, there exists a need for a fast method of determining flotation efficiency
and the reasons for a particular deviation from the desired flotation efficiency. If it were
ever found, such a strategy would go along way to increasing the applicability of
automatic process control of flotation plants. The remainder of this thesis will explore the
possibility of the application of a machine vision system to give rapid determinations of
the reasons for changes in flotation performance.

1.4The Influence of Flotation Froth Contents on Froth Structure

Any study into the role of froth structure in determining flotation performance would be
incomplete without a brief digression into the influences that the contents of flotation
froths have on the structures of these froths.

16






C ar 1

Kazemi and Cilliers, 1997; and Guarini et al., 1997). Primarily, the focus of this work has
been in two related fields, the first being as a potential method of control and the second

in the modelling of the flotation process.

The following table & ; to summarise some of the pertinent points from the many
publications on machine vision in the field of flotation. Thorough descriptions of the
methodologies used by the various groups to extract the measurements discussed below
can be found in Wright (1999).
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3 Experimental Details

in this section the details of the systems and experiments carried out in the duration of

this project will be presented.

A description of the image analysis system employed will be followed by a description of
the initial batch flotation experiments carried out on a laboratory bench scale. Finally the
procedures and techniques employed during the plant based experimental programme

will be presented.

3.1The Image Analysis System

As the focus of this dissertation is the application of a machine vision system, as opposed
to its development, the description of the system given below will be kept brief. For more
detail on the system’s development and the aigorithms it employs, the interested reader
is referred to the dissertation entitied The Development of a Vision-Based Flotation Froth
Analysis System by B Wright (1999).

3.1.1 Introduction to the Image Analysis System

This dissertation concentrates on the use of bubble size and motion information. A brief
description of the algorithms used to extract this information from a video source will be

given below.

3.1.2 Extracting Bubble Size Information

The assumption on which this project is based is that the structure and appearance of the
flotation froth surface is descriptive of the underlying sub-processes occurring both in the
pulp and froth phases. For the purpose of this project, the fast watershed transform was
employed to extract this information from the visual image (Wright, 1999). This algorithm
makes use of a segmentation technique, which resolves the froth image into its
constituent bubbles. Once this is done, information about the discrete bubbles can be
extracted for further use. This technique is in contrast with textural approaches used by a
number of other groups (by v ' of example: Moolman et al., 1994 and Nguyen and
Thornton, 1995), which relate parameters like bubble size to a textural descriptor.

25



Chapter 3

3.1.2.1Image preparation

The image as captured needs to be rendered suitable for segmentation. First a set of
procedures described by Wright (1999) as “image pre-processing” are applied, in which
various sources of “noise” are eliminated from the image. If this were not done, the noise
would result in the segmented image having little resemblance to the original image.

The first step in pre-processing is known as subsampling. In this process altemate lines
of the image (either the odd or the even lines) are discarded to reduce the distortion due
to interlacing, which is inherent in the PAL Television Standard used for the images in this
project (Wright, 1999). This results in an image that has half the vertical dimension of the
original image. To correct this, a second step known as interpolation is applied to restore
the image to its original size.

The uniformity of the image is then improved by a method known as histogram
equalisation. This process spreads the grey scale values in such a way that all grey
scale levels are represented by roughly an equal number of pixels within the image. This
aids in preventing larger bubbles from being “over-segmented”. This is followed by an
advanced “noise” removal method known as Anisotropic Diffusion. While an explanation
of this method is beyond the scope of this dissertation, it suffices to say that the
advantage that this method has over low pass filtering (another method of noise
elimination) is that it does not blur the bubble boundaries (Francis, 1999).

After another application of histogram equalisation, a process known as greyscale dilation
is applied to merge any multiple highlights that may be found on the surfaces of the larger
bubbles. If this is not carried out, the multiple highlights on the surfaces of these bubbles
would lead the image system to believe that one large bubble is indeed a number of
smaller bubbles. The result would be an over-segmentation of the larger bubbles which
itself would resuilt in the number of large bubbles being underestimated.

The final step of pre-processing is image inversion. This, in effect, results in an image
that is a negative of the image that has gone through the other steps of pre-processing.
The 1 son for conducting this process is to deliver an image of a froth su e that is
suitable for the application of the watershed transform, whose purpose it is to detect the
bubble boundaries. Wright (1999) uses the simile of a topographic surface to explain the
concept. After inversion the tops of the bubbles will now appear to be catchment basins
(regional minima), while the bubble boundaries will be watersheds.
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Figure 3.4: Explanation of the Pixel Tracing algorithm for motion estimation (redrawn

from Nguyen and Holtham, 1997).

In the application of this technique, the assumption is made that the object being
observed does not distort during measurement. While this is not always the case with
flotation froth motion, Nguyen and Holtham found that the technique worked sufficiently

well in practice for meaningful measurements to be made.
3.2Batch Flotation Programme

3.2.1 Aim of the Batch Flotation Programme

The aim of the batch flotation programme was two fold. Firstly, to provide a variety of froth
surface images to allow the development of the machine vision system, as well as a
method of interpreting the data collected by such a system.

The second aim of the programme was to assess the influences of frother and
depressant dosage levels on the metallurgical performance of the flotation system as well
as the visual appearance of the flotation froth surface. These factors were selected as
plant operators commonly make changes to the frother and depressant dosage levels,
based on their assessment of the appearance of the surface froth and in particular the
bubble size distribution of this surface froth.

A further batch flotation programme was conducted which aimed to scout the extent to
which the variation of other process factors gave rise to detectable changes in surface
froth appearance and metallurgical performance. These tests fall outside the scope of
this thesis, however the details of this extension of the batch flotation programme can be
found in APPENDIX BIii.

The following sections will describe the methods, materials and procedures used in the
programme.



ster 3

3.2.2 Sample Preparation

The ore sample was collected with the help of the site personnel from the Run-of-Mine
feed belt to the Merensky concentrator at Rustenburg Platinum Mines’ Amandelbult
Section. For the laboratory batch flotation programme, ore from No. 44 Raise Bore was
used, which is representative of the central area of the Amandelbult mining operation.
This was chosen because at the time of the programme, this region of the mine
accounted for the largest proportion of the Run-of-Mine ore being treated in the
concentrator. (A description of the mine’s geology is given in APPENDIX A).

The Run-of-Mine ore sample was then transported to the Divisional Metallurgical
Laboratory’ were it was dried, crushed and blended. It was then sub-sampled to achieve
a sample of 200 kg, which was transported by rail to the Department of Chemical
Engineering at UCT.

On the arrival of the ore at UCT, a total of 50 kg of ore was sub-sampled into 1kg
aliguots. This meant that a single aliquot could then be prepared per 3/ batch flotation

test.

A milling curve was established to determine the milling time required. The aim of the
experimental programme was to emulate the conditions of the Primary Rougher Flotation
stage of this process, and hence it was attempted to achieve a similar grind to that of the
Primary Rougher flotation feed. The target grind was taken to be 40% passing 75 pm,
which is approximately that stated as the target for the Amandelbult Merensky
Concentrator Primary Milling stage®.

3.2.3 Test Conditions

The standard conditions used during the batch flotation experiments are given below.
The only time that these were deviated from was when the test condition required one of
the variables to be set at an altemative level, in which case all other variables were

maintain  "attl = d° el

Cell: 3/ open-topped Leeds Cell
Impeller Speed: 1200 rpm

Aeration Rate: 6 l/min
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Batch Flotation Programme: Results ana

e The nickel reco ies v found to be low, primarily due to the fact that nickel in
Merensky ore occurs partly in floatable species such as pentlandite and partly within
gangue species with little or no response to flotation.

¢ Increased depressant dosages seem to be beneficial to the flotation of nickel bearing
sulphides, when operation is in the ‘normal regime’.

e All the points made above with respect to the nickel bearing species could equally
well be made with respect to the sulphur bearing species.

e Water and solids recovery rates were found to be highly sensitive to the initial frother
concentration.

4.3 Discussion of Key Findings of the Batch Flotation Programme

Of immense importance is the finding that changes in depressant dosage can be
detected by means of the machine vision system. As the depressants’ specific purpose is
to prevent talcaceous gangue from floating, the depressant dependent changes in froth
structure are therefore thought to be as a result of the presence or absence of talc in the
froth. In addition to this, the depressant dosage was seen to play an important role in
¢ ining the metallurgical performance of the flotation system (particularly with respect to
nickel and sulphur bearing species). Thus being able to detect when (and in what
direction) the depressant changes, by virtue of its signature on the froth surface, holds
promise for using a machine vision system for control purposes. This would however
depend on being able to detect uniquely that the change in froth appearance is indeed
due to the depressant dosage changing, while the other operating variables remain
unchanged.

The two distinct regimes, which are dependent on the initial frother dosage, observed in
metallurgical results alludes to the importance of ensuring that the frother dosage is kept
above a “critical dosage”. The results discussed above suggest that the only way of
detecting whether or not the operation has moved into such a “frother starved” regime is
for the rate of change in the froth surface appearance to be monitored. In the batch
flotation system, this rate is with respect to time; however, in the context of a continuous
system as found on an industrial operation, this would be with respect to position down
the flotation bank. This alludes to the possibie importance and benefit of placing more
than one camera on a particular flotation bank.

In addition to the comments made above with respect to frother dosage, the increased
instability brought about by increasing depressant dosage in the “frother starved” regime
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further supports the concept that a froth’s structure is to a large degree defined by the
solids present in it. In this case in particular it is believed that in the absence of the
stabilising effects of talc, the highly hydrophobic minerals pre: inthe  h can cause
destabilisation.
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5 Plant Experimental Programme: Results and Discussion

5.1 Introduction and Description of Tests Conducted

During the plant-based experimental programme, three cells of the No. 1 Primary
Rougher Bank of Amandelbult's Merensky Concentrator were identified for machine
vision assessment in conjunction with metallurgical perfformance measurement. These
were cells 2, 6 and 10, each being the second cell in the three four cell sub-banks that
comprise the total Primary Rougher. Early in the analysis of the machine vision data it
was found that the data gathered from cell 6 showed erratic behavior and was prone to
“pluming” (an exaggerated upwelling of pulp which resuits pulp rather than a froth surface
being visible). For this reason, it was decided to concentrate on cells 2 and 10 for both

the image and the metallurgical performarice data analysis.

In the sections that follow, the various salient aspects of the data collected during the
plant campaign are presented. The results, as extracted from the machine vision
database are described and presented. Following this, the errors associated with the
various procedures and measurements carried out in the course of gathering the
metallurgical performance data are briefly discussed (the complete results and analyses
can be found in APPENDIX CI). The results of the metallurgical performance
measurements are then presented in two parts: Firstly, a brief description of the mass
and metallurgical balance around the Amandelbult Primary Roughers is given. This is
then be followed by the presentation of the results pertinent to the tests conducted during
the programme. Finally, relationships observed between the changes in the operating
conditions imposed during the programme, their effects detected on the froth surface by
means of the machine vision system; and their effect on the metallurgical performance of

the system are presented.

The results from three of the five step tests conducted during the plant campaign will be
analysed (the method employed during these tests is described in section 3.3.5). The
tests that a to receive al ition are those in whicht! frott dosaqt ra (1 it) 1d
depressant dosage rate (2 tests) were manipulated. The data from the remaining two
tests (a frother test and a cell level test) were discarded due to process fluctuations at the
time of the tests rendering the data of limited value.
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Plant Programme. Results and Discussion

to each of these size classes, as shown in the figure above. The bounds of the three

bubble size classes were as follows:

|

|

Bubble Size Class Lower bound Uoper Bound
Smallest bubble 2
Small detected 2cm
Medium 2.1 cm? 9.9 cm?
2 Largest bubble
Large 10cm detected
T-tt~ = 4- Bubble ~i—=~ ~'~~~-- nominally chos~—~ ‘o0 " sription of 1+ -

eI size distribution.

In order to minimise the influence of “noisy” data, a 30 penod moving average was
applied to all data. Each point in this moving average represented the mean value of all
the points within the period, which spanned approximately ten minutes. Each average
point was plotted in the middle of the period that it represents, and no weighting of the

points was applied.

Once a change had been imposed on the flotation bank, the system was allowed
between 45 and 60 minutes (2.5 to 3 residence times) to attain steady state. The
required measurements were then made and samples were taken. Thereafter the

following change in condition was imposed on the flotation system.

In terms of the image analysis data, the average of the “de-noised” data spanning a
period of 10 minutes pnor to the following change, was taken as the value of the
parameters reached for that condition. Dashed lines in figure 5.1 indicate the periods
over which the averages were taken. As an example, the following table shows the
values of the variables shown in figure 5.1 that were taken as being representative of the
conditions imposed on the system:
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Plant Programme: Results and Discussion

The reasons for this noise may be twofold: Firstly, the flotation equipment used at this site
(comparatively large cells of the “Wemco” design) are known to have large and erratic
surface movements. Secondly, the algorithm used to measure the surface motion

(described in section 3.1) may indeed not be suitable for this application.

Therefore, in the absence of a more suitable method of measuring the velocity of the froth
surface, the results (as shown above) will be used. The following results were extracted

from figure 5.1.

- Froth Surface Velocity
Condition
(cm/s)

Initial condition

2.70
(Initial depressant dosage)
Second condition

2.43
(No depressant dosed)
Third condition

2.97
(3 times the initial depressant dosage)

Table 5.3: Typical froth surface velocity values as extracted from the Figure 5.2,

Tabulated image Analysis Results

The following tables contain the data furnished by the image analysis system at the time
of the step tests, of which two were conducted on the depressant dosage rate ard a
further test on the frother dosage rate. As mentioned above, only the information

gathered from cells 2 and 10 of the No. 1 Primary Rougher bank will be presented here.

Complete figures resembling figure 5.1, but also containing metaliurgical performance
information, are contained in APPENDIX Clil,

Depressant Test 1: Frother dosage set at 115 ml/min

Cell 2:
Depressant Froth Surface Average Small Bubbles Medium Large Bubbg
Flow rate Velocity Bubble Size (% of area) Bubbles (% of area)
(ml/s) (cm/s) (cm?) (% of area)
236.0 1.78 1.33 36.51 57.34 6.16
473.2 1.83 1.66 22.61 58.13 19.26
590.9 1.85 1.76 21.81 50.19 28.00
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Plant Progre.....ne: Results and Discussion

observed in the batch flotation system. In the batch flotation system, increasing the
depressant dosage lead to a decrease in average size at the start of the flotation test. A
possible explanation for this would be that in the batch flotation system, the action of
scraping the froth artificially inhibits the froth from attaining its equilibrium structure (i.e.
prevents it from maturing). A more likely explanation however, is that the vastly different
hydrodynamics of the batch flotation cell and the edge effects often clearly visible when
observing batch flotation tests lead to a froth appearance which differs significantly from

that seen on the industrial plant.

While it is difficult to explain the differences observed between the batch flotation tests
and the plant-based tests, it must be borne in mind that the trend seen in figure 5.5 was
observed for two separate tests in which depressant dosage was manipulated. For this

reason confidence can be placed in this observation.

Figure 5.6, however confirms the influence of depressant dosage on froth structure seen
towards the end of the batch flotation tests (figure 4.2).

By way of attempting to explain the phenomena observed on tt plant as depressant
dosage rate is increased, the most plausible explanation would be the influence that the
depressant has on the talc in the flotation froth. One would expect that increasing
depressant dosage to result a decrease in the amount of talc reporting to the froth phase.
As discussed earlier with respect to the batch flotation results, talc would have a froth
stabilising effect by Dippenaar’s (1982a) arguments. If one looks at figure 5.5, it is quite
plausible that as the talc is removed from the froth by increased depressant dosage,
more coalescence would occur and the bubbles would increase in size. This would
continue until a point is reached at which talc is completely excluded and the froth
collapses (the far right hand side of figure 5.5). An compounding argument for the “over-
depressed” froth seen at the far right hand side of figure 5.5 is that by removing the
stabilising influences of the talc, the destabilising influences of the highly hydrophobic
particles (Dippenaar, 1982a) such as chalcopyrite (see figure 3.9), would contribute to the
collapse of the froth.

In terms of figure 5.6, however increasing depressant dosage would result in the little talc
still present in froth (see figure 3.10) to be depressed and thereby remove its stabilising
effect. The net result would be increased rates of bubble bursting and hence smaller
bubbles would be visible on the froth surface.

A final point that needs to be n  le with respect to the trend seen in figure 5.5, is that it
would be very easy to identify the “over-depressed” froth seen towards the right side of
the figure, given that the method used to measure the bubble size (the watershed

77






Plant Programme: Results and Discussion

was in the format of a nested analysis of variance expenment, and focused on assessing

the influences of the following:

o The errors associated with the chemical analysis of concentrate samples, in

conjunction with the errors associated with prepanng the samples for such analysis.

e The errors associated with the physical sampling of the concentrate stream along with

those associated with the initial sample preparation procedures of filtering, drying and

coarse screening the sample.

e The variation imposed on the estimation of the stream grade over a short time period,

as a result of time-based process fluctuations.

In terms of the analyses chosen for the purpose of the experiment, the 4E PGE, copper

and nickel grades were chosen. The complete results of the experiment, as well as a

breif statistical discussion of the analysis of the experimental results, are given in
APPENDIX Cl.

In brief, the results of the test showed the following:

e For the 4E PGE analysis results:

it was found that the variances associated with the analysis and sample
preparation prevented a real difference being observed between the mean grades
of duplicate samp i taken at the same time. This implies that there was no
significant error associated with the sampling and initial sample preparation
(filtering etc.).

Further, it was found that no short term process variations couid be detected over
the combined variances associated with sampling, sample preparation and
analysis.

e For the copper and nickel analysis results:

It was found that at one of the four sampling times a real difference (at the 90%
confidence limit) attributable to sampling error could be detected over the lower
order variances. As the same samples were analysed for copper and nickel as
were analysed for 4E PGE, this implies that a greater degree of confidence can be
placed on the analyses for copper and nickel. Furthermore it indicates that there
is a real possibility of incurring sampling errors, but that this was only discernible
in one out of four cases.
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Plant Programme: Results and Discussion

This portrayal is used so that the recovery profile of 4E PGE species can be shown and
compared with those of the base metal bearing species, without infringing on the

operation’s need for confidentiality.

10( -

% of total recovered
&
|

0 1 2 3 4 5 6 7 8 9 10 11 12
Cell Number

Figure = 1= P~covery profiles of 4E PGE, base metals and sulphur down the length
ofthc = "afj

The above figure indicates the “speed” with which the species bearing the various
elements are recovered. Clearly the copper bearing species are recovered the fastest,
followed by the 4E PGE bearing species. The nickel and sulphur profiles coincide well
and the iron bearing species are the slowest to be recovered.

Important to note, is the fact that by cell 2, 78% of the copper bearing species and 70% of
the 4E PGE bearing species that will be recovered in the flotation bank, have been
recovered. At this point, only 20% of the total mass of dry solids that will be recovered
has been recovered. After cell 4, these numbers have increased to over 90% for the
copper and 4E PGE and copper bearing species, while only 35% of the total mass to be
recovered has been recovered. At this point the nickel and sulphur bearing species have
also exceeded 80% of the total amount that will be recovered. By the converse

observation, the cells after cell 5 account for relatively little of the total recovery.

What the above observation points to is ti  importan: n ntaining optimum
conditions in the first four cells of the flotation bank, as these four cells account to a large
degree for the performance of the flotation bank. An extension of this point is the concept
that should conditions be such that the performance of the entire bank would be impaired,
the detection of such sub-optimal conditions could be achieved early on in the bank. This
is because small changes in flotation performance would have a far greater impact on the
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Plant Programme: Results and Discussion

the flotation bank. The following section will briefly outline a strategy that could be

employed to exploit this.

5.4.1 Proposed Control strategy

Based on figures 5.3 to 5.6, the foliowing block diagram suggests a method of
determining whether a change in frother or depressant dosage has occurred (or is
occurring) on a flotation section such as the Amandelbult Primary Roughers. The output
from the strategy is currently envisaged to occur in the form of prompts or suggestions to
the human plant operator, but this information could just as easily be encapsulated in an

expert control system.
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6 Conclusions

The following conclusions are drawn from the work presented and discussed in this
thesis:

6.1 Batch Flotation Programme

Batch flotation experiments showed that the machine vision system which was under
development was able to successfully detect and quantify changes in flotation froth
surface structure in a PGM flotation system. These changes in surface froth structure
were verified by simple, qualitative observation.

The distribution of bubble sizes on the flotation froth surface, as measured and presented
by the machine vision system, was divided into three bubble size classes which resulted
in a useful description of the froth structure and provided a simple means of quantifying
changes to froth surface structure.

The froth surface appearance was found to be particularly sensitive to the depressant
dosage. This is of particular value as the depressant dosage is a key factor in
determining the flotation system’s efficiency in concentrating the valuable minerals.

The machine vision system was also able to detect abnormal and inferior flotation
performance caused by reducing the initial frother dosage. “Froth transport limiting”
conditions, identified from a metallurgical performance perspective, could be identified by
the rapid rate with which the froth appearance changed from its initial to its final structure

under theses conditions.

6.2 Plant Experimental Programme

The machine vision system, despite operational “noise”, was able to identify and track
changes in the surface froth appearance, brought about by changes made to operating
variables on an industrial PGM flotation plant. In addition to this, these changes in
operating variables could be related to resultant changes in the metallurgical perforn 1ce
of the flotation system.

The change in froth appearance, brought about as a result of a change made to an
operating variable, depended strongly on the location within the flotation circuit that was
being observed. This implies that any control strategy, which aims to use machine vision
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7 Critique, Recommendations and Further Work

A possible shortcoming of the work presented in this thesis, and in particular that
discussed with respect to the plant campaign, is that the data set is indeed too small.
Ideally, for the type of work discussed in this thesis, the data set should have been large
enough to be divided into two sets: the first could be used to develop ideas and
strategies, while the second would be used to test these ideas and strategies. This point
is especially valid given that when the data from the plant campaign was interrogated,
complete knowledge as to the type, time and magnitude of change imposed on the

flotation system existed.

Based on the work presented and discussed in this thesis, the comments made above
and conclusions drawn in this thesis, the following recommendations are made and future

work suggested:

1. The results gathered during the plant-based expenmental programme should be

verified.

2. The influences of parameters, which are beyond the control of the operator, on the
flotation froth surface need to be quantified so that the potential for incorrect

diagnoses and incorrect subsequent control actions are minimised.

3. Future studies must address the issue of how the decision is taken as to whether a
significant change in froth structure has taken place, or whether an observed change

is simply as a result of noise.

4. A study should be carried out into the potential of the machine vision system to
provide an estimation of the mass pull of concentrate from a particular celi, in real

time.

5. There exists a need for an efficient and robust measure of flotation froth velocity.
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APPENDIX A: BACKGROUND

Enterprise Overview

Rustenburg Platinum Mines Ltd. (RPM), a wholey owned company in the Anglo American
Platinum Corporation (or as it is known, AMPLATS) stable, mines and processes primarily two
kinds of Platinum Group Mineral (PGM) bearing ores, namely the Merensky reef and the
Upper Group 2 or UG2 reef. The two reef types are typically processed separately at the
various sites’ concentration facilities to produce separate UG2 and Merensky concentrates. A
further reef type, known as “platreef” is mined and processed at the group’s Potgietersrus
Platinums Ltd business unit. These concentrates are transported by road to one of the
AMPLATS group’'s smelting facilities, either Mortimer Smelter situated at the RPM -Union
Section mine or the Waterval Smelter which is located in Rustenburg, for further processing.
After the smelting process, the Platinum Group Element (PGE) and base metal rich sulphide
matte receives further processing at Rustenburg Base Metal Refiners Ltd., which produces
saleable nickel cathodes, copper cathodes and cobalt sulphate crystal. The PGE present in
the matte are recovered via a magnetic separation and leachiat the Base Metal Refinery as a
magnetic concentrate, which is of a very high grade. This magnetic concentrate is then further
beneficiated at the Precious Metals Refinery, from where discrete, high purity, saleable

precious metals are produced.

Amandelbult Section Overview and Geological Description

The ore used for the batch flotation programme of this study was collected at the Rustenburg
Platinum Mine’s Amandelbult Section. This was also the site chosen for the plant-based
phase of the study. Amandelbult Section is approximately 100 km north of the Rustenburg, in
the North Western Province of South Africa. This mine’s lease area covers some 20 km of the
Merensky reef’s strike length on the western limb of the Bushveld Igneous Complex (Walters,
1998).

Amandelbult Section mines two kinds of Platinum Group Mineral (PGM) bearing ores, namely
the Merensky reef mentioned above, and the Upper Group 2 or UG2 reef. The two reef types
are processed separately at the mine's Concentrator facility, to produce separate UG2 and
Merensky concentrates. These concentrates follow the processes described in the overview
above, finally resulting in saleable base metal and precious metal products.

The Merensky reef at Amandelbult is described by Viljoen et al. (1986) as being a
“pegmetoidal feldspathic pyroxenite”. The reef is bounded on the top and bottom by chromitite
layers, with an average width of 1 to 1.5m and dipping at an average of 20° to the South East.
They state that Pentlandite and Chalcopyrite are the major base metal sulphides, while
significant amounts of Pyrhotite and Troilite are present. Viljoen and co-authors further state
that the Platinum Group Minerals present to be predominantly Pt-Fe alloys, Pt-Pd tellurides,
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APPENDIX BIll:

Results of the batch flotation programme assessing the influence of a wider

group of variables

The second part of the programme assessed the influences of variables other than those
tested in the first part of the programme, which concentrated on the frother and
depressant dosages. The following table shows the tests conducted and the level of

each variable assessed:

Variable changed

Condition Name (and level assessed)

1. Standard Reference Test (As for the initial experimental programme.)

Cell pulp level decreased
(distance between pulp and lip increased from
3cm to 4cm.)

2. Froth Depth
(lower pulp level in cell)

Air flow increased
(from 6 /min to 8 /min)i

Combined SK5 and SIBX dosage increased
(from 30 g/t to 45 g/t)

Changed depressant type
5. Std CMC (from IMP4 - guar type, to Dep267 — CMC
type, at 28 gft)

Changed depressant type and increased
dosage

3. High Air Flow Rate

4. High Collector dosage

6. High CMC (from IMP4 - guar type, to Dep267 — CMC
type, at 50 gft)
Table Blll.1: Experimental forthc -=-ond =~ "7 ° °° 7 7 tion

programme.

The changes in the froth appearance caused by the changes in variables will be
presented first, followed by the changes in metallurgical performance. Finally a summary
table will be given which will highlight the key findings of this programme

B.lll.1 The influence of various parameters on the froth appearance

In ms of the changes in froth appearance that occurred as a It of the chang( in
operating variables made in the second part of the batch flotation programme, the
following figures draw the comparisons:
























As in the previous figure, the high air flow test showed a noticeably higher solids recovery

rate.

B.Il.2.5 Summary of the metallurgical results

To summarnse the observations made to this point:

e High CMC-type depressant dosage, as well as high collector dosages were seen to
be beneficial for the recovery of the nickel beanng species.

e All the points made above with respect to the nickel bearning species could equally

well be made with respect to the sulphur beanng species.

e Water and solids recovery rates were found to be sensitive to the air flow rate with

which flotation is being conducted.
B.IIl.3 Summary of Key Findings

The following table represents the key findings, which are in comparison to the standard

flotation test, drawn from the results presented in this section:

Parameter Detectable change in froth Change in metallurgical
assessed appearance performance
. Slight changes detected, slightly finer Dramatic coianges in uie mass recovery
AirFlow Rate | 1) jphta eiva digtribution B
Froth Haight Little € observed é ad
AppedlSu W UE Uok efician mi wic
Collector Dosage | Little change observed response of the nickel and sulphur

bearing species.

Froth appearance found to be less

gﬁzgesiianftx 2 sensitive to the CMC when replacing the
u gr bga sed guar. The CMC at high dosages seemed to be
d 9 At high CMC dosages froth has similar beneficial in all aspects
epressant to a to th h dard
CMC) appearance to that at the standard guar

type depressant dosage.

- man 7 " “ythewider " ofop ‘ables.




























APPENDIX Cl: ANOVA Discussion and Results


















Copper Data for "Nested analysis of variance”
(Cu grades in %)

Nominal

Duplicate Level 3

M-

A

Analyses

Level 2
Means of analyses

Level 1
Means of duplicates

Grand Mean
stream grade

2.10
2.04
210
~"3

2.07

z.u)
2.09
2.06
2.07

2.06

00:15

00:30

201
2.02
2.03
1.99

2.01

2.06

212
2.01
2.06
~ "5

2.06

2.04

199
1.92
1.99
2.01

1.98

2.02
2.02
1.99
1.98

2.00

1.99

00:45

2.01
2.06
2.06
2.00

2.03

2.03
2.08
2.06
2.06

2.06

2.05

203
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Time

Nickel Data for "Nested analysis of variance”

(Nigrades in %)

Duplicate
Name

Level 3
Analyses

Level 2
Means of analyses

Level 1
Means of duplicates

Grand Mean
stream grade

A

466
4.40
4.51
4.20

444

424
439
444
4.43

437

441

00:15

4.1
413
414
4.12

413

454
417
4.23
4.22

4.29

421

00:30

4.31
4.01
411
4.40

421

419
421
4.04
4.15

4.15

418

00:45

4.20
423
4.26

416

4.13
4.21
443
4.25

426

4.21

4.25
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APPENDIX CII: Mass Balance Survey Results






Mass Balance Survey 2: 25/2/""

‘77" 10 21000

Stream Wass Fiow 4EPGE_ Cu Ni Fe  Mg0  si0Z A203 S
Dry {tph) “factorsd” % % % % % % %
Measured 283.50 0.059 0.178 8.24 16.30 46.10 10.60 0.41
Survey 2 Feed Mass Balance 283.90 0.066 0.188 8.32 16.25 45.91 10.64 0.37
% Difference 0.14 -10.99 5.82 -0.95 0.29 0.40 0.41 9.49
Measured 0.0151 01193 8.26 16.2 46 109 0.17
|survey 2 Tail Mass Balance 272.22 0.015 0.115 818 1624  46.16 018
% Difference 2.69 374 0.92 027 0.35 s 3.75
Measured 2.09 1.83 567 526 19.30 12.90 26.20 1.96 14.60
Survey 2 Cell 1 Mass Balance 1.78 1.87 5.85 531 19.30 1300 27.20 1.98 14.48
% Difference 14.52 270 0.34 0.88 0.02 0.80 -3.83 117 0.80
Measured 0.43 1.37 361 6.33 18.20 13.80 30.10 1.91 13.20
|Survey 2 Cen 2 Mass Balance 0.42 1.38 361 6.35 18.20 13.83 30.41 1.92 13.18
% Difference 2.99 0.44 0.05 0.01 0.20 -1.01 0.27 0.18
Measured 1.84 524 557 19.10 13.30 29.40 2.00 1410
Survey 2 Comb Conc 1+2 Mass Balance 2.20 178 5.26 5.51 19.09 13.16 27.84 1.97 14.23
% Difference 325 0.39 1.16 0.03 1.03 5.30 1.48 0.95
L Measured 1.08 065 1.15 369 13.80 17.30 38.90 3.06 6.90
Survey 2 Cell 3 Mass Balance 1.08 0.66 1.14 355 13.81 31 3.06 7.14
% Difference 0.36 0.97 1.10 375 0.08 . .23 £0.08 -3.54
Measured 3.09 014 0.24 0.96 9.44 17.00 4410 7.90 239
Survey 2 Cell 4 Mass Balance 3.15 014 0.24 0.93 9.46 17.06  44.16 7.95 2.48
% Difference 1.85 0.62 0.67 284 0.18 3 0.62 357
Measured 028 0.46 1.51 10.60 1720 4290 6.75 3.99
Survey 2 Comb Conc 3+4  Mass Balance 4.23 0.27 0.47 1.60 10.57 1712 42.82 6.70 367
% Difference 1.65 1.72 28 0.45 0.18 072 8.01
Measured 2.08 0.08 0.17 0.49 8.70 16.90 44.20 8.39 1.50
fSurvey 2 Cell 5 Mass Balance 2.33 0.08 0.14 0.46 8.67 16.53 43.76 8.61
% Difference 11.95 419 16.80 6.89 0.34 1.01 -2.65 -
Measured 051 021 0.47 1.06 10.20 19.20 44.70 484 3.38
Survey 2 Cell 6 Mass Balance 0.46 0.20 043 1.03 10.20 19.09 86 3.28
% Difference 10.56 2.48 9.25 2.89 0.04 0.58 o ~.35 297
Measured 0.12 0.42 084 1.84 11.70 19.30 43.50 345 566
Survey 2 Cell 7 Mass Balance 0.1 0.42 0.81 1.82 11.69 19.30 43.45 3.45 561
% Difference 6.21 058 3.98 1.24 0.09 0.02 0.03 0.92
Measured 133 0.09 0.23 0.54 8.87 17.90 43.80 6.94 1.78
§Survey 2 Cell 8 Mass Balance 1.33 0.08 0.20 0.52 8.85 17.70 4367 7.03 1.70
% Difference -0.46 2.77 13.13 4.29 0.28 1.1 0.29 -1.26 456
Measured 0.10 0.20 0.56 8.93 17.00 44.30 7.96 1.77
|Survey 2Comb Conc 5-8 Mass Balance 4.23 0.10 0.2 7 17.25 43.82 7.57 1.81
% Difference -1.56 5.6 c.cu ) -1.45 1.08 487 219
Measured 0.19 0.22 0.38 1.21 11.10 20.00 4540 3.38 416
Survey 2 Cell 9 Mass Balance 0.19 0.22 0.36 1.20 11.09 19.91 4525 3.42 4.16
% Difference 2.89 162 516 0.83 0.11 0.43 0.34 -1.15 0.06
Measured 033 0.13 0.26 087 10.40 2040 4660 4.02 298
WSurvey 2Cell 10 Mass Balance 0.33 0.14 0.24 0.86 10.39 20.20 46.39 4.12 297
% Difference 0.37 -1.81 6.35 1.05 0.14 0.97 0.44 -2.38 0.20
Measured 0.32 0.11 o1 0.81 9.86 19.90 46.40 439 257
Survey 2 Cell 11 Mass Balance 0.32 0.12 0.20 0.80 9.84 19.77 46.06 4.51 257
% Difference 215 1.57 5.01 0.96 021 0.67 074 -2.65 001
Measured 0.18 0.14 023 0.93 10.30 19.80 46.00 4.37 3.07
Survey 2 Cell 12 Mass Balance 0.18 0.14 0.22 0.92 1 3.00 443 o
% Difference 0.84 -1.09 3 =3 iy v J.00 1.41 .
Measured 0.16 0.24 0.91 10.30 19.50 45.40 456 3.07
Survey 2 Comb Conc 9 - 12 Mass Balance 1.02 0.15 0.25 091 10.32 19.92 46.01 417 3.08
% Difference 7.01 -2.88 054 0.23 2147 -1.35 8.48 0.22
Overall Recovery (%): (Mass Balance) 412 78.61 41.59 572 4.22 3.64 228 54 57
Combined Concentrate Grade 1.26 1.90 11.58 16.67 40.64 590 494







APPENDIX CIll: Step Test Results












Coverage (% of area)
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Depressant test 1

C¢ 10

Flows Flows Flows

Solids: 0.04 kg/s N Solids: 0.05 kg/s |||— [ |Solids: 0.06 kg/s

Water. 0.42 kg/s Water: 0.34 kg/s Water: 0.39 kg/s

(% Solids: 8.9) (% Solids: 11.7) (% Solids: 13.4)

Grades Grades Grades

PGE: 0.26 PGE: 0.25 PGE: 0.22

Cu:0.41% Cu:0.38% Cu:0.38%

Ni: 1.30 % Ni: 1.24 % Ni: 1.18 %

S:415% / S:4.21 % / S$:397 %

A |
T T T T T T T i l T T T T T T T T T T T 1

[=] [=] [=] o o o (=] o o o o o o o [=] o o (=} o o (= o
R O T B TS A Y L U C S T A L SR T LS S T O S TR N w
© M~ M~ M~ @ [co] @ D D D (=) o o -— -— ~— N N N ™ ™ ™
- - ~ \s - -~ -~ -— -— -~ N N N N N N (3] N (3] N N (2]

Average Bubble Size (cm?)

AA small

AA medium

AA large

AA Ave Size
== Depressant
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