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ABSTRACT

The performance of mineral grinding circuits strongly affects downstream
processes such as flotation and cyanidation, and grinding is often the single most
expensive unit operation. Hence, optimization efforts must be made on a regular basis
to maintain and improve its technical and economic efficiency. The focus of this thesis,
off-line optimization of grinding circuits, is based on the mathematical modelling of
process units such as ball mills and hydrocyclones.

To complete an optimization task, a mineral process engineer must possess skills
and knowledge pertaining to the different stages involved in such effort, available
software tools and interpretation of results. A prototype knowledge-based system,
Grinding Circuits Optimization Supervisor (GCOS), has been developed in CLIPS (C
Language Integrated Production System) to assist a non-expert mineral process engineer
to do off-line optimization studies.

Due to the importance of the correct estimation of back-calculated mill selection
function in grinding optimization studies, a spline curve fitting algorithm has been used
to improve their quality. The linkage of the algorithms for the selection function
estimation, spline curve fitting, selection function scaling for different ball sizes and
single ball mill simulation has provided a useful tool, Mumerical Grinding Optimization
Tools in C (NGOTC) for circuit analysis and grinding media size optimization. The
smoothed estimated or scaled selection functions can be used subsequently in Ball Milling
Circuits Simulator (BMCS) to perform full circuit simulations.

Data from a number of mineral processing plants including Agnico Eagle (La
Ronde Division), Les Mine Selbaie, Les Mines Casa Berardi, Lupin Mine, Dome Mine



. and Louvicourt Mine were used to develop and test NGOTC, BMCS and GCOS. The
results of data analysis and circuit simulations of some of these plants are presented, and

the impact of some suggested actions is given and discussed.



RESUME

L’efficacité d’un circuit de broyage se répercute souvent sur le procédé aval,
comme la flottation ou la cyanuration; le broyage lui-méme représente souvent ie procédé
minéralurgique unitaire le plus codteux. Il est donc normal de chercher 4 maintenir et
méme améliorer cette efficacité sur une base réguliére. Cette thése présente un outil
permettant de le faire en discontinu, & I’aide d’'un modéle des circuits de broyage

comprenant comme procédés unitaires broyeurs a boulets et hydrocyclones.

Un ingénieur minéralurgiste chargé d’optimiser un circuit de broyage doit étre
doté d’un certain savoir et savoir-faire couvrant toutes les étapes d’une telle démarche,
I’acquisition de donnée, la simulation et les logiciels disponibles, et ’interprétation des
résultats. Nous avons mis au point un systéme i base de connaissance, "Grinding
Circuits Optimisation Supervisor” (GCOS), rédigé en CLIPS (C Language Integrated
Production System), pour aider I’ingénieur non-spécialiste dans son travail d’optimisation

en discontinu.

Vu I'importance de bien estimer la valeur de la fonction de sélection de broyeurs
industriels pour fins d’optimisation, nous avons développé un algorithme de lissage de
telles courbes par fonction spline. L'intégration des algorithmes d’estimation de la
fonction de sélection, de lissage par spline, d’ajustement de la fonction de sélection en
fonction de la dimension des boulets d’ajout, et de simulation d'un broyeur a boulets
unitaire a produit un outil de travail permettant I’optimisation 1'analyse de circuit et
I’optimisation de taille des boulets d’ajout, le logiciel NGOTC (Numerical Grinding
Optimization Tools in ). Les fonctions de sélection obtenues, estimées directement de
données d’opération ou ajustées pour une taille différente de boulets, peuvent ensuite étre
utilisées par le logiciel BMCS (Ball Milling Circuits Simulator) pour simuler dans circuits



de broyage complets.

Nous avons utilisé, pour développer et vérifier les logiciels NGOTC, BMCS et
GCOS, une base de données provenant d’Agnico-Eagle (Division Laronde), les Mines
Selbaie, les Mines Casa Berardi, Lupin Mine, Dome Mine et Louvicourt Mine. Nous
présentons I’analyse d’une partie de ces données et de certaines simulations. Puisque
certaines recommandations de GCOS ont été mises en place, nous en présentons et
discutons I’'impact.
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CHAPTER 1
INTRODUCTION

1.1 Background

The optimization of mineral grinding circuits using steady-state simulators is an
established methodology in both theory and practice. Mineral processors are increasingly
using computer simulations to assess the effect of changing critical process variables such
as fresh feed flow rate, % solids, grinding media size and ore grindability on the circuit
performance.  Although current mineral processing simulators, particularly those
constructed for comminution, incorporate the necessary mathematical models of
processing units, their routine use by practising engineers faces several hurdles such as
the complexity of concepts on which models are based and developed and the difficult
use of various software tools required for building process models and subsequent
simulations. In general, Knowledge-Based Systems (KBSs) have been used to remove
such obstacles in computer-aided design and optimization systems by providing a better

tool to communicate with the system users.

The development of mathematical models and simulation structures of grinding
circuits has been an active research area in the field of mineral processing over the past
three decades [Napier-Munn and Lynch 1992]. A number of models have been reported
in the literature which can represent ball mills in open circuits and predict their grinding
performance adequately. These models are well capable of simulating the effect of
changes in the most critical operating variables such as feed size distribution and rate.
Nevertheless, one of the limitations of the current ball mill simulators [Morrell 1990] is
their inability to take into the consideration the effect of ball size, which is very
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important in plant optimization. Earlier simulators at McGill also lacked this capability.

Recent applications of KBSs for further optimization of mineral processing plants
have proved their merits in achieving increased productivity [Herbst et al. 1989; Harris
and Meech, 1990; Herbst et al. 1995]). Inevitably, more industrial plants will use this
technology to implement automatic monitoring and control systems. KBSs have been
used at the optimization level of the hierarchy of control systems. Generally speaking,
the increased productivity achieved by KBSs, even when they are applied to the
best-operated plants, stems from their capability in solving problems that cannot be
addressed appropriately by the traditional computer programming techniques.
Theoretically, a combination of KBSs and computer simulation technologies must provide
a more powerful tool for optimization studies.

1.2 Optimization of Grinding Circuits

Ideally, the software used for grinding circuit optimization must provide tools
critical to model building and simulation such as those for mass balancing, parametric
estimation, process unit modelling and full circuit simulation. Simulation-based
optimization of grinding circuits primarily requires building mathematical models of all
the processing units involved. Then, the models are linked together in an appropriate
simulation structure which must be capable of predicting the effect of circuit
configuration and operating conditions on the metallurgical performance. Obviously, the
software becomes more complex by introducing additional tools for increased
capabilities. To get the most benefits, the end users, i.e. process engineers, have to

learn how to use this software effectively.

An overview of the modelling of important process units in fine grinding circuits,
for example ball mills and hydrocyclones, and the main aspects involved in a full

grinding circuit simulation is given in the following sections.
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1.2.1 Modelling of Ball Mills
Ball mills are normally used for fine grinding. The most important design and
operating parameters of ball mills are shown in Figure 1.1.

Liner
Mill - profile design

- lgngth - material

- diameter

- speed /

Feed

- flow rate Discharge
- % solids - size distribution
- size distribution —

Grinding Media 0
- ball diameter N
- ball material - grindability
- specific gravity
- composition

Figure 1.1 Major design and operating parameters of ball mills

Rittinger, Kick and Bond developed equations referred to as the "laws" of
grinding which relate energy and size reduction [Kelly and Spottiswood 1982]. The third
law, Bond’s, is an empirical relationship often used for designing ball mills and analysing
grinding performance. As an extension to the Bond work index analysis, Mclvor et al.
[1990] proposed an approach called functional performance analysis which uses circuit
size and classification data to improve the performance of ball milling circuits.

Nevertheless, for the last thirty years, many researchers have worked on the
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modelling of ball mills based on the principles of Population Balance Modelling (PBM)
theory. These models are mostly referred to by the name of developers or the nature of
models. Knowledge about these models can be found in scientific journals on mineral
processing and related fields. From a software engineering point of view, a grinding
optimization software should ideally include more than one model for ball mills. This
is of course a great help in off-line optimization studies as there is a possibility that the
investigator is unaware of the already developed models and the circumstances under
which these models could be applied.

1.2.2 Modelling of Hydrocyclones

Hydrocyclones are used te classify solid particles into fine and coarse products
based on a cut size. These devices are normaily operated in closed circuit with ball mills
and their performance significantly affects the overall grinding circuit efficiency;
therefore, their modelling must be considered as an integral part of simulation studies.
Figure 1.2 shows the most critical design and operating parameters of hydrocyclone
classifiers. The performance of hydrocyclones depends on parameters such as ore
composition, cyclone geometry and operating conditions (e.g. feed rate and % solids).
Plitt [1976] and Lynch and Rao ([1975] have developed empirical models of
hydrocyclones which have been used successfully in industrial simulation.

1.2.3 Simulation of Grinding Circuits

Industrial closed-circuit grinding operations consist of ball mill and hydrocyclone
units configured based on various flowsheet designs such as those shown in Figure 1.3.
The circuit operation totally depends on performance of individual process units. To
study a grinding circuit as a single system, a steady-state simulator may be used to
predict circuit performance under various configurations and operating conditions.
Circuit simulation needs the linking of mathematical counterparts of processing units
using information about the material streams that connect the units in the circuit {Motard,
Shacham and Rosen 1975]. Sequential simulation is one of the methods used for
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flowsheet analysis. In these simulators, an iterative procedure is used to solve recycle
streams [Richardson, Coles and White 1981].

( ,_T_. Overflow
Do - flow rate

b r—t low rate
Feed — 1 - size distribution
fe—— — - % solids
- flow rate T— DQ
- size distribution Dj
- ore composition
- ore specific gravity
- pressure
- rheological properties
Geometry Dy—=f=—
- D¢ : cyclone diameter l
- Dj : inlet diameter
- Do : overflow diameter
- Dy : underflow diameter Underflow
- h: free height between - flow rate
vortex finder and apex - size distribution
- % solids
- discharge regime

Figure 1.2 Major design and operating parameters of hydrocyclones

1.3 KBSs

Although accurate models of process units are fundamental to building successful
grinding simulation and optimization tools, they would have no real use if they could not
be incorporated in computer programs developed based on the standard software
engineering practices. In reality, engineering problem solving strategies require the
ability to process both numeric and symbolic knowledge. Artificial /ntelligence (Al) has
mainly attempted to enable computers to process symbolic knowledge in addition to their
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traditional capability to process numerical data. In recent years, KBSs have been
successfully applied to many real world problems in different fields.

1.3.1 Concepts of KBSs

KBSs are intelligent computer programs that use knowledge and inference
procedures to solve problems that are difficult enough to require significant human
expertise for their solutions [Barr and Feigenbaum 1981]. Unlike conventional computer
simulation systems that model a physical process, a KBS models a human expert. In
other words, a KBS models the problem solving capability of a human expert.

1.3.2 Structure of KBSs

A simple structure of KBSs has been shown in Figure 1.4. The complexity of the
system architecture depends on the application. A full-fledged KBS may have other
components such as natural language understanding, an explanation facility, and a
knowledge acquisition tool.

The knowledge base of a KBS is a repository of domain knowledge in different
forms such as facts, frames (objects) and rules. KBSs are often classified according to
their dominant knowledge representation scheme such as Rule-Based Systems (RBSs) and
Frame-Based Systems (FBS). Rule-based representation is considered as one of the best
available means for codifying the problem-solving know-how of human experts [Hayes-
Roth 1985]. In many domains, however, frames are needed to represent knowledge
about objects. A frame [Fikes and Kehier 1985] provides a structured representation of
an object or a class of objects. The attributes and behavioral properties of an object are
represented as slots and methods in the related frame.

The inference engine models the process of human reasoning [Durkin 1994]. Its
main purpose is finding matches between facts in the working memory and the domain
knowledge in the knowledge base to draw new conclusions about the problem. A
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glossary of KBSs is provided in Appendix A.

KBS
Working Memory
Case/inferred facts |-
and conclusions
F
acts .3'
H T
User g < Inference
- - Engine
Advice g
Knowledge Base
Domain knowledge
facts, rules, frames
® I
Knowledge Human
Engineer Expert

Figure 1.4 A typical structure of knowledge-based systems

1.3.3 Development Tools of KBSs
Developers can use numerical-oriented languages such as FORTRAN and
PASCAL, or symbol-manipulation languages such as LISP and PROLOG to implement
KBSs projects [Waterman 1986]. Also, knowledge engineering languages, e.g., shells,
and general-purpose tools which have a ready-made inference engine and support specific
. knowledge representation methods, offer many facilities for building KBSs. While
programming languages provide more flexibility for designing KBSs, shells and general-
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purpose tools have many advantages which may greatly reduce development time and

cost.

Knowledge engineers are faced with the critical decision of selecting the most
suitable KBS development tool for project implementation, which requires much
information about the knowledge structure of the problem domain. For this reason,
knowledge engineers must perform a task analysis which helps to specify the necessary
features of the KBS tool required. More details about KBSs development tools can be
found elsewhere [Hayes-Roth, Waterman and Lenat 1983; Waterman 1986].

CLIPS (C Language Integrated Production System) was selected as the KBS
development tool in this project. Although CLIPS lacks some of the features of
industrial KBSs, it is currently used for research projects by universities. The relevant
aspects of CLIPS will be discussed in Sections 3.7.1 and 6.4.1.

1.4 Knowledge Engineering of Grinding Optimization

In grinding optimization, a mineral processor performs a number of general
engineering tasks such as synthesis, analysis, interpretation, diagnosis, monitoring and
control. KBSs have been used to solve these kind of problems. Regardless of their
internal architecture, KBSs use both qualitative (heuristic or shallow knowledge) and
quantitative (equation or numerical-oriented or deep knowledge) methods to accomplish
tasks involved in optimization problems [Reuter and Van Deventer 1992].

Figure 1.5 shows various stages of a grinding circuit optimization study. A study
is started by defining the problem and setting optimization objectives. Then, a plant
survey is designed to get samples from various streams and collect all required
information such as plant design specification and operating conditions. The samples
must be analyzed to determine their particle size distributions and % solids. A mass
balance is normally performed to adjust size distributions and % solids data. Next, the
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parameters of the selected grinding and classification models are estimated. The model
predictions then will be validated by comparing them with the measured data. If models

are validated, they will be used for circuit simulations.

A knowledge-based system is designed to guide a novice process engineer to do

each stage.
IProblem Formulation
¢
Experimental Design
!
Plant Data Collection Sample Anal Model Structure
. ample Analysis | | o finition

i
\YES
Mass Balance @

Parameters Estimation

[Model Validation |

Figure 1.5 Various steps in mineral grinding circuits optimization
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The present research has been primarily focused on the use of KBSs for the off-
line optimization of grinding circuits rather than the on-line monitoring and control
applications. Figure 1.6 shows how KBSs can be integrated with the grinding analysis
and simulation tools at various levels of complexity. While currently available level-1
grinding simulation packages, such as SPOC [Laguitton 1985], JKSimMet [Napier-Munn
and Lynch 1992] and USIM PAC [Durance et al. 1993], have made remarkable
contributions to off-line optimization of mineral processing plants, systems which
integrate these conventional software and KBSs should provide more coherent problem

solving tools.

Simulation-based grinding optimization requires special software tools developed
for parametric estimation and subsequent simulations (level 1). Optimization can also
be guided by a KBS; in simple packages, the analysis and simulation software are not
explicitly linked to the KBS (level 2). The various programs shouid be linked under a
single interface and capable of interacting with each other (level 3). At the next level,
the system would be equipped with a natural language processor capable of
communicating in natural language. The present research work is mainly oriented

towards applications at level 3.

1.5 Scope of the Research

The thesis is focused on grinding circuit optimization based on the concepts of
PBM and KBSs. In terms of implementation of these concepts, a series of computer
programs was developed, using procedural and rule-based languages, which can be used
to solve off-line grinding optimization problems. The first program, Mumerical Grinding
Optimization Tools in C (NGOTC), is a package of several software modules written in
C, and is used for estimating selection function parameters and optimizing ball size. The
second program, Ball Milling Circuits Simulator (BMCS), is a sequential-modular
simulator used to calculate the performance of ball mill/hydrocyclone circuits. The third
program, Grinding Circuits Optimization Supervisor (GCOS), was developed using
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CLIPS to assist a novice mineral process engineer to complete a grinding optimization
task by giving appropriate advice during each step of the exercise. Several industrial
plant investigations were performed as a means of knowledge acquisition for developing
and testing GCOS, NGOTC and BMCS. In addition, a number of industrial grinding
circuits will be studied whose data were also used in testing the developed software.

Grinding
Level nsigand || Kooviedee- || Naurn
Simulation "’F’
* Tools System Processing A
2 &
i 3
. a0 . Knowledge- ;
g Grinding Analysis
Level 3 ¢ and Simulation Tools Based &
8
& :
S Grinding Analysis and Simulation Tools '
Level2 @ é
g Knowledge-Based System g
Level 1 Grinding Analysis and Simulation Tools

Figure 1.6 The integration of grinding analysis and simulation tools with knowledge-
based systems

1.6 Contributions to Original Knowledge

This research is multidisciplinary in nature, as it includes concepts of mineral
grinding optimization and knowledge-based systems. The thesis targets the concepts of
computer-aided grinding optimization and how these concepts can be accommodated
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effectively within software structures. The development of mathematical models of
process units, which is the fundamental part of constructing grinding simulation
programs, has been discussed elsewhere [Mular 1972] and is not addressed in this thesis.
Neither will problems which inherently belong to the pure artificial intelligence and
knowledge-based systems fields.

The most important contribution is a coupling between KBSs and conventional
grinding optimization tools, which will be used to demonstrate and study how the
qualitative problem solving ability of grinding human experts can be incorporated in the
present simulation packages. It should be noted that expert systems developed so far
have not approached the model building process itself and off-line steady-state simulation
as demonstrated in this thesis. Indeed, they have been implemented for both off-line and
on-line applications from a plant monitoring and control point of view rather than a help

for off-line optimization studies.

The other contribution made is adding a new tool for ball size optimization within
an integrated grinding optimization environment which includes selection function
estimation and ball mill simulation functionalities. The ball size optimization software
has been developed by the integration of several algorithms: selection function
estimation, Morrell’s scaling procedure, spline curve fitting and ball mill simulation.

In summary, the following contributions are claimed have been made to mineral

processing field as a resuit of this thesis research:

1. applying KBSs approach to automate or computerize problem solving
knowledge or expertise used in optimization of mineral grinding circuits

2. development of a rule-based system to supervise the grinding optimization
process

3. development of a program to smooth the estimated industrial mill selection
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functions using a spline curve fitting algorithm

development of the source code to optimize grinding media size using
Morrell’s selection function scaling procedure and its integration with the
selection function estimation and ball mill simulation programs

doing case studies both to expand the database and evaluate developed

programs

1.7 Claims of Originality

1.

identification of types of knowledge required for off-line optimization of
grinding process from a knowledge engineering point of view
development of a knowledge base, GCOS, using CLIPS which
incorporates the formalized grinding optimization knowledge in form of
rules and frames to function as a front end of the simulation packages,
NGOTC and BMCS

development of NGOTC as an integrated software for grinding
optimization studies which allows mill selection functions to be estimated
for currently used ball size and then scaled if a new make-up or top ball
size used.

integration of a spline curve fitting algorithm in NGOTC which permits
the use of the standard deviations associated with size-by-size selection
function data when multiple sets of estimated selection function are
available. This allows more accurate estimations or predictions of
selection functions to be made.

development of a new sequential-modular simulation package, BMCS,
which is capable of predicting performance of circuits without any
restrictions on circuit flowsheet complexity in terms of number of ball
mills, hydrocyclones and streams

design of an integrated software for grinding circuits modelling and
steady-state simulation supervised by a knowledge-based system approach
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1.8 Organization of the Thesis

The thesis is presented in two volumes. Volume 1 is the main text which
documents various aspects of the thesis. Volume 2 contains the source codes of the three
computer programs developed by the candidate. The first volume is divided into eight
chapters. An introduction is given in Chapter 1. The theory and practice of mineral
grinding optimization will be reviewed in Chapter 2. Then, the underlying concepts of
KBSs and their applications in industrial grinding operations will be explained in
Chapter 3. A detailed description of NGOTC, BMCS and GCOS programs and their
applications in a number of optimization studies are given in Chapters 4, S and 6,
respectively. The results of testing GCOS using information obtained from the industrial
plant data analyses will be presented in Chapter 7. The thesis will be summarized and
concluded in Chapter 8. The second volume is divided into three sections which include
the source codes of NGOTC, BMCS and GCOS.



CHAPTER 2
OPTIMIZATION OF MINERAL GRINDING
CIRCUITS

2.1 Introduction

In this chapter some theoretical aspects of grinding optimization will be discussed.
Before attempting to apply a Knowledge-Based Systems (KBS) approach to the grinding
optimization domain, the underlying theories should be well understood. Most of the
mathematical equations described in next sections to model ball mills and hydrocyclones
have been used to develop Mumerical Grinding Optimization Tools in C (NGOTC) and
Ball Milling Circuits Simulator (BMCS) software. In practice, application of
mathematical unit models in process analysis and simulation requires a good engineering
judgement which can be effectively automated by KBSs presented in Chapter 3.

A wet industrial grinding circuit consists of grinding and classification units
configured according to a specific arrangement. Mathematical modelling of ball mills
and hydrocyclone classifiers has allowed the study of ball milling circuits under various
configurations and operating conditions, which significantly affect grinding performance.
For example, using two-stage classification instead of single-stage would result in more
efficient operation in terms of increased energy savings and reduced overgrinding
(Dahlstrom and Kam 1988, 1992]. Operating variables such as the fresh feed rate, the
circulating load and slurry density are also important factors that govern the optimal
behaviour of grinding circuits and can be studied by unit process modelling and circuit
simulation.

16
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The mathematical modelling of grinding as a breakage process has evolved around
two central points of view: (1) an energy-based modelling approach which considers
energy input and its relationship to size reduction and (2) a Population Balance Modelling
(PBM) approach which considers the principle of population conservation® to describe
breakage.

Optimization techniques target improving plant performance through better
utilization of energy and equipment. In plant operation, optimization leads to better
yields of valuable products (or reduced yields of contaminants), reduced energy and
reagent consumption, higher production rates, and fewer shutdowns. In this thesis,
optimization generally refers to any attempt to improve a grinding circuit design and
operation, though the result is not guaranteed to be the best possible (optimal) state of
the circuit design or operation. Optimization can be effected by applying off-line (circuit
analysis and simulations) or on-line (manual or automatic control strategies) techniques.
Optimization can be limited to a particular segment of a plant, local optimization; or it
can be plant-wide, global optimization. The main focus of this thesis is off-line
optimization investigations, applied either separately to breakage and classification

processes as sub-systems of the underlying grinding circuit or both as a whole system.

2.2 Energy-Based Modelling

Early attempts to model comminution process were based on the empirical
relationships between energy and size reduction. Rittinger, Kick and Bond formulated
equations referred to as "laws" of grinding [Kelly and Spottiswood 1982] based on

experimental observations.

Rittinger’s equation relates the breakage energy required to produce a specified

amount of fresh surface per unit of mass:

"What actually is considered to be conserved is particles’ mass rather than their number (or population).
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E- K[i-l) @.1)
x, x|

where E is specific energy, K a proportionality constant, x; particle size before breakage

and x, particle size after breakage. Kick proposed the following equation which relates
specific energy to change in size of particles:

X
E=K h(x—] 2.2)

Bond has also developed a relationship between specific energy and size reduction

after performing a significant amount of test work. His equation is as follows:

2.3)

E - J_-L]
Ve
Bond’s equation has been used widely for sizing crushers, rod and ball mills.

A generalized differential form of the grinding laws has been given by Walker et
al. [1937]:

& - -c& @.4)

xn

where C and n are constants. Rittinger, Kick and Bond’s equations can be obtained by
integration of Eq. 2.4 with n equal to 2, 1 and 1.5 over particle size limits.

Although the Bond equation has been used extensively for sizing comminution
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units [Austin 1973; Herbst, Grandy and Fuerstenau 1973; Hodouin, Bérubé and Everell
1978], it lacks the ability for taking into account the individual mechanisms of grinding
such as the breakage kinetics of individual size classes and the efficiency of
classification. The Bond law has been used for optimization purposes that will be
explained in Section 2.5.1.

2.3 Population Balance Modelling

This approach has received a lot of attention over the past three decades and has
been applied not only to circuit design, but also circuit analysis, optimization and control.
These models are phenomenological, i.e. the values of model parameters or constants
must be determined experimentally [Herbst and Mular 1979).

A number of population balance models have been published for both batch and
continuous grinding with various degrees of complexity. Laplante, Finch and del Villar
[1987] have discussed applications of simplified models for the simulation of closed
grinding circuits. What will now be presented are concepts common to nearly all PBM

efforts. A time continuous, size-discrete description and notation will be used.

2.3.1 The Breakage Function

When a single brittle particle breaks into smaller pieces, a range of particle sizes
will be produced. Conceptually, the breakage function, or more exactly the breakage
distribution function, is a mathematical description of distribution of fragments into a
number of size classes. A particle is considered completely broken if all produced
fragments leave the original particle size class and appear in smaller size classes. For
partial breakage the most common approach is to consider that material remaining in the
original (parent) size class unbroken, and that which reports to finer size classes broken.
Kelly and Spottiswood [1990] defined the breakage distribution function as the average
size distribution resulting from the fracture of a single particle.
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A number of methods have been proposed to estimate the breakage function.
Herbst and Fuerstenau [1968] have devised a labaratory method to determine the
breakage function. The method is based on the concept of zero order production of fine
sizes during grinding and the following relationship between the selection and breakage
parameters which is used to determine the breakage function values:

F
B, = 3,1 j=110i-1 2.5
1

where B; is the cumulative breakage function, F, is the fines production rate of size class
i and §; is the selection function of size class j (the parent class).

The values of breakage function for each size class obtained from laboratory tests
can be fitted with the following equation [Austin, Klimpel and Luckie 1984}:

X\ x,\P
B, - o,(—ﬂ) +(1-0,)(L‘] 059 <1 2.6)
% %

where &, , v and 8 are parameters of the model and are material dependent. When the
breakage function is independent of the initial particle size, it can be normalized in
respect to the initial particle size, and is said to be normalizable. The cumulative
breakage function data are often presented by plots such as those shown in Figure 2.1.
In normalized form, the breakage function vs. particle size curves for various top or

parent size classes coincide.

2.3.2 The Selection Function

The selection function or specific rate of breakage is a measure of grinding
process kinetics. In other words, it is an indication of how fast the material breaks.
There is ample experimental evidence that batch grinding of brittle and homogeneous
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materials follows a first order kinetics [Klimpel and Austin 1970]:

dm(t)
=0 - smo @

where my(t) is the mass of material in size class i at time t, S, is the rate constant or
selection function for size class i. The grinding kinetics data are usually presented by
the selection function vs. particle size curves, Figure 2.2. The curves can assume
various shapes such as straight and parabolic lines. The selection function values will
be dimensionless if 2 normalized (dimensionless) time is used in Eq. 2.7.
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Figure 2.2 Typical representation of grinding (breakage) kinetics data

2.3.3 Residence Time Distribution
In continuous grinding, there is a material flow through the mill. To model these
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types of grinding mills, this flow must be described mathematically. The Residence Time
Distribution (RTD) is a statistical tool which allows the evaluation of material transport
and mixing phenomena in a reactor vessel [Marchand, Hodouin and Everell 1980].

The procedure to determine the RTD of an industrial grinding mill is to first
perform a tracer test and then fit an RTD model to the measured response. Figure 2.3
shows three types of RTD curves. The first and second curves represent two ideal cases,
i.e plug flow and perfectly mixed systems. The third curve represents real mixing
systems which is considered as a combination of the first two ideal cases. There are a
number of arrangements of plug flow and perfectly mixed systems reported in the
literature which can closely fit various experimental RTD data [Bazin and Hodouin
1988].

f(1)
f(r)
f(t)

T T T
t t t
(a) ideal plug flow systems (b) ideal perfectly mixed systems (c) real systems

Figure 2.3 Typical residence time distribution (RTD) curves

Weller [1980] has proposed a model which assumes a mill as a series of tanks:
one plug flow, two small perfect mixers and a large perfect mixer unit. The model is:
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e

s t.l 1! tl-t:

where 7, ,7, and 7, are the mean retention times of the plug flow, small perfect mixers
and the large perfect mixer, respectively. The best estimates of 7., ,7, and 7, can be
determined by fitting Eq. 2.8 to the measured curve using a numerical optimization tool.

Another commonly used model considers a mill as a series of one plug flow unit

and several perfect mixers:

t-<
n '(f"t "'lexp(-n —!] (2.9)

where n is the number of perfect mixers and 7 is the total mean retention time of perfect

mixers.

In simulation of continuous mills, the dimensionless form of a residence time
distribution is combined with a batch comminution model to calculate the particle size
distribution of the mill discharge. For a more complete treatment of the subject of
residence time distribution, the reader is referred to the works by Austin, Luckie and
Ateya [1971); Weller [1980]; and Marchand, Hodouin and Evereil [1980].

2.3.4 Batch Grinding Model

Batch grinding can be modelled based on the concepts of breakage function and
selection function defined in Sections 2.3.1 and 2.3.2. In a batch mill, all particles are
subjected to the grinding process for the same grinding time. Assuming that grinding is
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a rate process and follows a first order kinetics, the size-discretized differential form of
the batch grinding equation can be obtained by a mass balance for the i-th size interval
at time t as below [Austin 1971]:

i-1
f.'%‘@ = -Spn,(t)+2b¢3'/n)(t) 2.10)
=1

Writing Eq. 2.10 for n size class yields a system of equations which can be represented
by the following single matrix equation:
% = (B-DSm 2.11)

Assuming that there are no two equal selection functions, Eq. 2.11 can be solved to
obtain the product size distribution as a function of time:

m(@®) = Texp(-St) T 'm(0) 2.12)
where
r 0 i<j
1 i=j
T = i-1
y 1 » f s
— b5, T, i>j
S“Sj k=1 kY
and
’ 0 i<jf
Sj-l i=]
-1 = i-1
Tu < -ET“TH-l
k=1 i>j
§;
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2.3.5 Continuous Grinding Model

Continuous grinding can be modeled by taking into consideration the residence
time distribution of the solid phase. The steady-state product size distribution of a
continuous mill in open circuit is the weighted average of the size distributions produced
by batch grinding (Eq. 2.12) for different times corresponding to the particles residence
time distribution [Spring, Larsen and Mular 1985]:

m, @) = [7 fom,(dt 2.13)

where m;. and m;, are the retained mass corresponding to size class i at time t for
continuous and batch grinding, respectively and f(t) is the residence time distribution.
By considering Weller’s model [1980] as a fit to the measured RTD, the product size
distribution of a continuous grinding unit can be obtained:

M, = T(I+S<,)?(I+S<)) exp(-St \T'M, @.14)
where:

M, and M;: column matrices representing product and feed size distributions
T and T': lower triangular matrices defined in Eq. 2.12
I: identity matrix

S: adiagonal matrix representing the selection function

Eq. 2.14 is based on several implicit assumptions such as the ones used to derive
Eq. 2.10 and (1) residence time distributions for different particle sizes are identical, (2)
the breakage and selection functions are constant as particles move through the mill, and
(3) no internal classification takes place.
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2.4 Modelling of Hydrocyclones

A hydrocyclone is a classification device which separates solid particles based on
their settling behaviour in the suspending liquid. The settling velocity mainly depends
on the size, density, shape of the particles and the rheological properties of the feed
shurry, which change in the cyclone. When particles have the same density and shape,

for example in homogenous ores, their separation is based exclusively on their size.

Plitt {1976] published his original mode! of hydrocyclone classifiers based on a
significant amount of experimental data. The model describes the operation of
hydrocyclones using four empirical equations. The main indicators of hydrocyclone
performance are the corrected cut size, flow split between overflow and underflow,
separation sharpness and pressure drop. These parameters are calculated in terms of the

operating and design variables of the hydrocyclone.

Lynch and Rao [1975] also proposed similar equations to model hydrocyclones
which have been widely used in commercial grinding circuit simulators. They worked
on the concept of reduced efficiency curves that can be converted into the corrected and
actual efficiency curves by predicting ds,. and R,. A number of tests and scale-up
procedures have been recommended by Lynch and Rao [1975] to use their model for
hydrocyclone design purposes.

As Plitt’s model has been used in this thesis to develop the Ball Milling Circuits
Simulator (BMCS), a review of this model is presented here. The reader is referred to
Lynch and Rao [1975], Lynch et al. [1977] for a discussion of Lynch and Rao’s
hydrocyclone model.

2.4.1 Classification Performance Curves
The operational performance of a cyclone can be illustrated by plotting the size-
by-size recovery of solids to the cyclone underflow versus a characteristic particle size
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as shown in Figure 2.4. The data points are obtained by sampling the streams around
the cyclone and performing particle size analysis tests on each of the samples. A
partition curve (also called selectivity or Tromp curve) is a graphical representation of
a mathematical model that adequately fits the experimental points and characterize
cyclone performance in terms of cut size, the recovery of fluid to the cyclone underflow
and the sharpness of separation.

100

Recovery of solids to CUF (%)
o 2888282388

Particle Size —»

Figure 2.4 Usual classification performance curves

For process analysis and simulation, Plitt [1976) has given the following
relationship:

R =R, + (1-R) {l-exp--0.69![.:‘_].” @.19)
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where:

R;: recovery of solids to cyclone underflow for size class i

R, recovery of fluid to cyclone underflow

x;; characteristic particle size for size class i
ds: corrected cut size
m: separation sharpness

The three parameters of Plitt’s model, R, ds,. and m, are indications of
classification performance and can be estimated by non-linear least-square fit. The
corrected cut size or ds, is the size at which a particle has equal probability to report to
either cyclone overflow or underflow streams of the hydrocyclone by true classification.
The corrected cut size is related to the hydrocyclone geometrical variables as below:

_ 50.5D*D*D,* exp(0.063¢)
B D:Jl ho38 Qou (p _p)o_s
2

(2.16)

s

where:
D.: internal diameter of cyclone at the bottom of vortex finder in centimeters
D;: internal diameter of cyclone inlet in centimeters
: internal diameter of cyclone overflow or vortex finder in centimeters
.. internal diameter of cyclone underflow or apex in centimeters
: free vortex hight of cyclone in centimeters

h
Q: volumetric flow rate of slurry feed to the cyclone in liters per minute
¢: volumetric fraction of solids in the feed slurry in per cent

p

: density of solid and liquid in grams per cubic centimeters

The corrected ds, is a more fundamental parameter than the uncorrected one, as
it is a measure of the true classification, rather than its combination with the short
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circuiting.

The flow Split is the ratio of volumetric underflow rate to volumetric overflow
rate and can be calculated using the following regression equation:

_ 19(D,/D,** k°%(D]+D}}"* exp(0.00544)

Hole.ll

¢

(2.17)

where S is the flow split (dimensionless) and H the pressure drop across the cyclone

expressed in terms of the head of feed slurry in meters.

The sharpness of separation, m, indicates how well the cyclone separates fine and

coarse particles. This parameter is calculated by the following regression equation:

(2.18)

(
m = 1.94 exp -1.58-5 )

A cyclone with a value of m over 3 is considered to have a sharp classification.
A value of m less than 2 represents poor classification [Plitt 1976]. Separation sharpness
has been represented also by another term called "probable error" which is defined as
[Plitt, Finch and Flintoff 1980]:

£ - G s (2.19)

where
E,: probable error
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dys. and dys: corrected particle sizes having probabilities equal to 75 per cent and 25
per cent to report to cyclone underflow, respectively

Imperfection is the ratio of the probablie error to the cut size, dy,, and is also a
measure of cyclone inefficiency:

I = 2‘5_ 2.20)
$0c

where [ is the imperfection (dimensionless). The normal value of imperfection is in the
range of 0.2 to 0.8 and it is approximately related to the sharpness of separation
parameter, m, of Plitt’s model by:

1=97 355 m>11 2.21)

The pressure drop is another parameter which must be known in order to design
the pumping system for a given capacity or to determine the capacity for existing
cyclones [Plitt 1976]. It is also needed to calculate flow split.

1.88 Q' exp(0.0055¢)

D7 D}*h°»(D}+D})""

2.22)

where P is pressure drop in kPa. The pressure drop is not a critical parameter in process

analysis. Nevertheless, for simulation purposes it is required to compute the value of S.

Recovery of fluid to the cyclone underflow (or bypass), Ry, is calculated by:
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s Ro

g = L9 100 2.23)
-

100

R, is the recovery of feed solids to cyclone underflow which can be calculated by:

_ IRm, @.24)
Im,

where m, is amount of feed solids in size class i.

Equations 2.15, 2.23 and 2.24 show that calculation of R; is an iterative process
as R, itself is a function of R,. Plitt, Conil and Broussaud [1990] have proposed a new

procedure which simplifies calculation of R, by eliminating the iterative solution.

Plitt’s hydrocyclone model has applications in process analysis, simulation, design
and on-line size analysis [Flintoff, Plitt and Turak 1987]. In process analysis, samples
are taken from the cyclone feed, underflow and overflow streams. After determining the
size distribution of each sample and knowing operating data such as feed rate and percent
solids, Plitt’s model can be fitted to the data, to evaluate cyclone performance.

In simulation, Plitt’s model can be used to predict the size distribution of the
underflow and overflow streams and flow rates based on the geometry of the cyclone and
feed flow rate to the cyclone.

2.4.2 Operating Constraints

Implicitly, Plitt’s model (Eqs. 2.16, 2.17, 2.18 and 2.22) assumes that any
cyclone operates under the spray discharge (normal) regime. Consequently, the model
cannot be readily used to simulate cyclone operation under rope discharge regime. Rope
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discharge is caused by overloading the apex orifice. The modelling of cyclone
performance under roping is of importance since there is a tendency among the plant
operators to run cyclones at boundary conditions near to rope discharge.

Plitt, Flintoff and Neale {1986] and Plitt, Flintoff and Stuffco [1987] investigated
the operation of hydrocyclones under conditions that cause rope discharge from the apex.
They found that roping occurs at a certain fraction of solids in the underflow discharge
which depends on many factors such as slurry rheology, cyclone geometry, operating
conditions and feed characteristics. Experimental results obtained by Plitt, Flintoff and
Stuffco [1987] indicate that transition of cyclone operation from spray to rope discharge
occurs with an increase in the cut size (ds,) and little change in the sharpness of
operation. The following empirical relationship has been used [Flintoff, Plitt and
Turak 1987) in SPOC" to determine the critical value of volumetric solids concentration
in the underflow:

L, = L, + 02($-20) 2.25)

where
L,: critical volumetric solids concentration at which roping occurs
L.o: volumetric solids concentration at ¢ equal to 20 per cent
¢: volumetric solids concentrate in the feed

If rope discharge conditions are detected, when L, predicted by the cyclone model
is greater than or equal to the L, calculated by Eq. 2.25, the performance of the cyclone

will be predicted by the modification of model parameters or structure.

Though they are not discussed here, there are other operating constraints that must

“Simulated Processing of Ore and Coal, a simulation package developed by CANMET, Canada



Chapter 2 Optimization of Mineral Grinding Circuits 34

be considered in hydrocyclone modelling and simulation such as cyclone blockage and
cyclone capacity. More details can be found in Plitt, Flintoff and Neale [1986].

2.5 Methodologies of Grinding Optimization

According to the literature, grinding optimization methodologies have been
constantly under evolution since the introduction of comminution laws by Rittinger, Kick
and Bond. Concerning the grinding process itself, the early approaches were based on
the energy-based models of size reduction. Later on, new methods were developed using
PBM which is founded on one of the first principles of physics, i.e., conservation of

mass.

2.5.1 Operating Work Index Optimization

The concept of plant work index or operating work index, W, and its comparison
with the laboratory (standard) work index, W;, to indicate grinding operation efficiency
have been discussed by several workers [Bond 1952, Rowland 1973 and Levin 1992].
To evaluate grinding performance using the operating work index, Bond grindability tests
should be run on a sample taken from the mill feed. The operating conditions at the time

of sampling must be recorded for calculating the operating work index.

The published values of W, /W, for a number of ball mills in single-stage or
rod/ball circuits are in the range of 0.89 to 1.16 and 0.78 to 1.29, respectively [Rowland
1973]. Therefore, depending on the value of W, /W, the performance of an industrial
mill could be worse or better than the average performance of the mills observed by
Bond. Grinding efficiency improvements can be measured by using W, as a

performance index.

2.5.2 Functional Performance Optimization
Mclvor et al. [1990] have presented an analytical approach for functional
performance of grinding based on the concepts of the Bond work index and operating
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work index. It has been proposed that the overall performance of a ball mill-classifier
circuit can be defined by the quantification of the classification system and ball mill
breakage efficiencies, Figure 2.5. To measure the efficiency of the classification system
or fines removal system, a coarse solids inventory is used which represents the fraction
of the mill volume effectively used for grinding of coarse particles.

Overall Grin
Circuit Effici?:c%

Classification Breakage

Design and Operating Variables

Figure 2.5 The concept of functional performance analysis of grinding process
[Mclvor et al. 1990]

Despite presenting new concepts, this approach still includes the limitations of
Bond’s method and lacks the capabilities of PBM. For example, the population balance
modelling of the grinding process permits constructing accurate predictive models of ball
mills which can be used to simulate the particle size distribution of a ball mill discharge
or to determine the size-by-size grinding kinetics which indicates the process performance
and can be used for grinding media size optimization.

2.5.3 Simulation-Based Optimization
Computer simulation is 2 powerful tool for designing new grinding circuits, and
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the study, evaluation and optimization of existing plants [Laguitton 1982]. Hodouin,
Bérubé and Everell {1978] have illustrated the use of mathematical simulation techniques
for design purposes. Different approaches for simulation and scale-up of wet ball milling
have been discussed by several researchers [Herbst and Fuerstenau 1980, Austin and
Weller 1982]. Steady-state simulators have been used for process analysis and off-line
circuit design and optimization (Laguitton et al. 1984]. Dynamic simulators have been
useful in on-line optimization of grinding circuits for designing effective control strategies
[Herbst, Alba, Pate and Oblad 1988]. USIM-PAC [Durance et al. 1993] and JKSimMet
{Napier-Munn and Lynch 1992] are among the commercial software which are capable
of simulating a wide range of unit operations including grinding circuits.

Steady-state simulators for off-line studies of grinding circuits are based on the
population balance models of grinding and empirical models of classification units.
Although the development of process unit models which are the building blocks of any
circuit simulator, is a fundamental step, these models should be linked appropriately in
a simulation structure. At McGill University, A number of models have been developed,
and most are not widely used; for example, Del Villar and Laplante [1985] developed
programs in BASIC to simulate open and closed circuit ball milling.

Grinding simulators can be used to study the effect of circuit configuration or
operating conditions on the circuit capacity or product specifications. For instance, a
circuit simulation can be used to compare the grinding efficiencies of series vs. parallel
ball mill installations or the performances of a two-stage classification vs. a single stage
classification. Herbst, Schena and Fu [1989] have discussed the structure of a grinding

simulator and its use in flowsheeting.

2.6 Behaviour of Individual Minerals in Grinding Circuits

In complex ores (multi-component) that include individual minerals having various
grindabilities and densities, the study of mineral performances in size reduction and
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classification environments helps in better understanding of the process and any further
optimization. The behaviour of minerals in the size reduction process can be
characterized in terms of their grinding kinetics (selection function). In classification,
the behaviour of each mineral can be illustrated by its classification performance curve.

2.6.1 Mineral Size Reduction Kinetics

It is well accepted that minerals in a multi-component material exhibit individual
behaviours both in grinding and classification [Finch and Matwijenko 1977, Finch and
Ramirez-Castro 1981]. In relation to grinding, the study of breakage Kinetics on a
component basis (mineral by mineral) explains process performance in more detail;
however, it requires more effort due to size-by-size mineral assays.

The study of gold behaviour, for example, demonstrates the effects of individual
mineral properties on the overall plant performance. Banisi, Laplante and Marois [1991]
have investigated the behaviour of gold in the grinding circuit of Hemlo Mines Ltd.
They found that the gold selection function is much lower than that of silica, due to the
malleability of gold particles. It also reports preferentially to the cyclone underflow
owing to its density. The slow grinding kinetics and propensity to report to the cyclone

coarse product of gold increase its circulating load.

2.6.2 Mineral Classification Performance Curves
There are a number of reported cases (Finch and Matwijenko 1977, Laplante and
Finch 1984) of measured classification partition curves that do not have the usual smooth

shape, but exhibit a plateau or dip in intermediate size range as shown in Figure 2.6.

The overall curve for the ore can be calculated mathematically as the weighted
sum of the component curves in respect to their fraction in each size interval [Laplante
and Finch 1984). The plateau is amplified in secondary cyclones, whose feed is largely
comprised of coarse lights and fine heavies. Recognizing the conditions causing unusual
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hydrocyclone partition curves prevents flaws in interpretation of plant data and also
misleading predictions obtained by applying a single-component model while a two-
component model must be used.

lw "ﬁ
90 - | heavy and fine
80 - | component

; overall ore

6o -

40 -

30 -

20-| 7 <" light and coarse
................... componen(

Recovery of solids to CUF (%)
8
]

Particle Size —

Figure 2.6 Unusual classification performance curve with a plateau at intermediate
particle sizes

2.7 Grinding Media Size

The size of grinding media has a considerable effect on the efficiency and capacity
of tumbling grinding mills (Bond 1958]. Bond has given empirical equations to calculate
the optimal size of grinding media that should be added regularly to rod and ball mills.
The equation to calculate the size of make-up balls is:

05 0.33
d, - [fﬂ] /LA 2.26)
k) \10c,py’
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where Fy, is 80% passing size of the make-up feed in micrometers, K is the wet grinding
constant, S; is the specific gravity of ore, W, is the Bond work index in kiloWatt hours
per short ton, C, is the fraction of critical speed and D, is the mill diameter in meter.

Azzaroni [1981] has also proposed the following relationship to estimate make-up
ball size:

F. 0.29 W, 0.4

d, =58 o)~ (¥~ 2.27

(NDM)“’

where N is mill speed in rpm.
The following formulae have been quoted by Lowrison, 1974

1
d, = K(feed size)? 2.28)
d, = K(feed size) 2.29)
3 2.30)

d, = K(feed size)

It is well known that a spectrum of ball sizes is established in a mill after grinding
for a period of time due to the wear of balls and continual addition of larger ball sizes
{Bond 1958]. However, the choice of the mixture of ball sizes to be used in a ball mill
is a difficult question [Austin, Shoji and Luckie 1976]. Grinding efficiency is directly
affected by the equilibrium mix of balls. The optimum mixture of balls is best determined
by an accurate mill simulation [Austin, Klimpel and Luckie 1984].
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The newer approach to select grinding media size is based on grinding kinetics
evaluation [Concha, Magne and Austin 1992; Cooper et al. 1993; Staples, Cooper and
Grant 1997]. Grinding kinetics, represented by selection function or specific rate of
breakage, is strongly linked with the equilibrium mix of balls. The effect of using a
certain grinding media size on grinding kinetics can be investigated either by changing

media size in real mill or by performing computer simulations.

Assuming two major types of fracture mechanisms (impact and attrition)
prevailing in a ball mill, Morreil [1990] has developed procedure to predict selection
function values for a new ball size, by estimating selection function values for the current
ball sizez When coupled with a spline curve fitting algorithm, Morrell’s scaling
procedure provides a useful tool for studying the effect of grinding media size on
grinding kinetics. Additionally, this tool can be integrated with a ball mill simulator to
investigate the effect of ball size on final product size distribution.



CHAPTER 3
KNOWLEDGE-BASED SYSTEMS THEORY AND
APPLICATIONS

3.1 Introduction

In the previous chapter, some aspects of grinding optimization theory were
discussed from a mineral processing point of view. In this chapter, an overview of
concepts of Knowledge-Based Systems (KBSs) or Expert Systems (ES) will be given, with
examples related to the grinding domain. KBSs have their roots in Artificial /ntelligence
(AI) and many theories discussed in Al are indeed fundamental to KBSs. A discussion
of Al fundamentals is left to other references {Barr and Feigenbaum 1981, Genesereth
and Nilsson 1987], only the general concepts of KBSs required to understand these
systems will be explained here. Applications of KBSs in engineering have been discussed
in Rychener 1988, Dym and Levitt 1991 and Balachandran 1993.

3.2 The Concept of Knowledge

Knowledge has been defined as the understanding of a subject area [Durkin 1994].
Coyne et al. [1990] have defined knowledge as statements for mapping between facts.
In practice, solving engineering problems requires applying different types of knowledge
as shown in Table 3.1. [Dym and Levitt 1991, Durkin 1994]. Some of these are of
critical importance and will be explained in this chapter.

In Al, knowledge has been divided into deep knowledge and surface knowledge
types [Dym 1985]. Deep knowledge refers to reasoning from basic principles. Surface
knowledge refers to reasoning just based on heuristic, experiential knowledge coming

41
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from solving many problems - i.e. experience.

Table 3.1 Types of problem-solving knowledge (Durkin 1994]
Type Example
Declarative Knowledge Concepts, objects, facts
Procedural Knowledge Rules, strategies, agendas, procedures
Meta-Knowledge Knowledge about knowledge
Heuristic Knowledge Rules of thumb

Structural Knowledge  Rule sets, concept relationships, concept to object
relationships

. 3.3 Engineering Tasks

KBSs are built to perform or solve a range of tasks such as interpretation,
diagnosis, monitoring, prediction, planning and design [Stefik et al. 1983]. These
categories are explained in Table 3.2.

In Al, engineering tasks have been roughly categorized as analysis (derivation)
problems such as interpretation, diagnosis and monitoring; and synthesis (formation)
problems such as planning and design [Dym and Levitt 1991). Whether a problem is of
analysis or synthesis type is of significant importance. The size of the solution space and
the required search effort are tightly linked to nature of the problem and impose
limitations on the choice of inferencing method [Dym 1985].

3.4 Representation of Knowledge
A number of techniques have been devised to represent domain knowledge; for
. instance propositional logic, predicate calculus, production rules, semantic networks and
frames.
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Table 3.2 Tasks that KBSs can perform [Hayes-Roth, Waterman and Lenat 1983]

Category

Task

Interpretation
Prediction
Diagnosis
Design
Planning
Monitoring
Debugging
Repair
Instruction

Inferring situation description from data

Inferring likely consequences of given situations
Inferring system malfunctions from observations
Configuring objects under constraint

Designing actions

Comparing observations to plan vulnerabilities
Prescribing remedies for malfunctions

Executing a plan to administer a prescribed remedy
Diagnosing, debugging, and repairing student behaviour

Governing system behaviour to meet specifications

. Control

3.4.1 Facts

In addition 1o referring to declarative knowledge, facts also refer to the knowledge

structures which are used to represent this type of knowledge. In other words, facts are

structures to assert correct data or information into the working memory (or facts base)

about the problem at hand. Facts asserted in the fact base originate from a number of

resources such as the user, data bases, spreadsheets, sensors, other programs and

inference by the KBS itself. The following examples show some ways to represent facts:

(ballmill diameter 2.5)
(circulating-load high)
(ballmill product fine)
(cyclone cut-size 75)

. Object-Attribute-Value (O-A-V) triplets are widely used to describe one aspect of a
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physical or conceptual object. For example, the following patterns define some facts (or
knowledge) about objects in a grinding circuit:

(ballmill discharge-type overflow)
(hydrocyclone pressure-drop  high)
(liner wear-condition low)

Obviously, more than one of O-A-V triplet is normally needed to describe all
attributes of an object. If simple structures and O-A-V triplets are inadequate to
represent domain knowledge, owing to the complexity of the object, frames can be used.

Frame representation will be discussed in Section 3.4.3.

3.4.2 Rules
Rules are [F...THEN knowledge structures that relate some known information,
. antecedents or premises, to other information that can be conciuded or referred to be
known, consequents or conclusions. The chunks of knowledge contained in rule
statements are mainly heuristics (rules of thumb) or simplifications that effectively limit
the search space for finding solutions {Waterman 1986]. Consider the following

examples:

IF ball mill model does not predict product size well
THEN modify model parameters or model structure

IF the selection function vs. particle size curve is strongly parabolic
THEN ball size is too small

IF short circuiting of water to cyclone underflow is high
THEN add more water to the circuit or decrease the apex diameter of the cyclone

Rules can use other types of knowledge structures on their left hand side (LHS)
and right hand side (RHS). These structures basically describe facts or declarative
. knowledge about the problem or procedural knowledge to perform a specific function.
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Rules can represent various knowledge types such as interpretation, diagnosis and
design which are closely linked to the problem solving paradigm {Durkin 1994]). The
structure of information contained in LHS of a rule varies from very simple patterns to

very complex objects.

3.4.3 Frames

Minsky [1975] proposed frames as data structures that can accommodate
stereotypical knowledge about physical or conceptual objects. A frame describes an
object by its attributes (declarative knowledge) and behaviour (procedural knowledge).
A frame (also called a schema or object) has a name, a number of slots to describe
properties of the object, and fillers (Boolean, symbolic or numeric values) to fill the
frame slots:

frame name

slot  filler
slot  filler
slot  filler

Facets are also used in frames to provide additional control on an attribute’s value

such as constraints.

In a FBS, a class frame is used to represent a set of objects that share the same
properties. To refer to a specific object, an instance frame is made using the object class
frame. For instance, Figures 3.1 and 3.2 show simple class and instance frames for ball
mills and a specific ball mill, respectively. A FBS is established by defining a hierarchy
of object classes. A frame in the hierarchy can inherit properties from an upper-level
class (single inheritance) or from a number of upper-level classes (multiple inheritance).
Figure 3.3 shows an example of a hierarchy for objects used in comminution circuits.
The implementation of a frame-based expert system is highly tool-dependent and is
limited by capabilities offered by the shell.
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frame name BALLMILL

properties slot (attribute) filler (value)
length unknown
internal diameter unknown
media size unknown
media consumption unknown
liner wear condition unknown
liner wear unknown

methods GrindFeedMaterial

Figure 3.1 A class frame representing ball mills as objects in a grinding circuit

frame nml badimill-1

class BALLMILL

properties slot (attribute) (filler) value
length 3.048 m
internal diameter 2743 m
media size 100 mm
media consumption 2.5kght
liner wear condition high
liner wear 0.021kg/t

methods GrindFeedMatenial

Figure 3.2 An instance frame representing a specific ball mill in a grinding circuit
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3.5 Inference Techniques

The inference engines of KBSs are designed based on three reasoning methods:
(1) deduction or reasoning from a known principle to an unknown (2) abduction or
reasoning from a conclusion to premises (3) induction or reasoning from particular facts
or individual cases to general conclusions. While the first method is a sound rule of
inference, the last two are unsound rules of inference (not logically correct). Most KBSs
have deductive inference engines. KBSs with inductive inference engines are also
available. The details of these reasoning methods have been discussed in Genesereth and
Nilsson 1987.

COMMINUTION UNIT
@
JAW CRUSHER }]CONE CRUSHER TUMBLING MILL OTHERS
ROD MILL BALL MILL SAG MILL FAG MILL
DIAPHRAGM OVERFLOW MULTICOMPARTMENT
DISCHARGE DISCHARGE

Figure 3.3 A hierarchy of comminution objects

The inference engines of Rule-Based Systems (RBSs) find satisfied rules, create
a prioritized list of them in an agenda and then execute them [Giarratano and Riley
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1989]. RBSs use two main control strategies or inferencing methods, forward chaining
and backward chaining [Turban 1988]. The inference engine is designed to use one or
both of these reasoning strategies to find matching or satisfied rules. The type of project
significantly affects the choice of inference engine; for instance, while diagnostic
problems are solved better with backward chaining; prognosis, monitoring and control
problems can be solved better by forward chaining. In the following sections the two
control strategies, i.e. the forward and backward chaining methods, which are extensively

used in RBSs to automate deductive reasoning are explained.

3.5.1 Forward Chaining

Forward chaining is a control strategy that allows a RBS to infer new facts from
given facts. Figure 3.4 shows how the reasoning process is started from the initial facts,
F and G, and is ended by concluding the final fact, C. A rule is selected for execution
when its premises are satisfied. All satisfied rules are placed into the execution list
(agenda) based on a conflict resolution scheme. Recursively, after a rule is executed,
its conclusions might match the premises of other rules causing them to be fired by the
inference engine. This type of inference suits applications that are inherently data-driven

such as design, simulation. monitoring and control.

3.5.2 Backward Chaining

Backward chaining control strategy tries to prove a hypothesis (conclusion) by
finding supporting evidence in the facts base (Fig. 3.5). Backward chaining is a goal-
driven reasoning method and is suitable when the relationships between facts are well
known. The backward chaining method has been applied successfully to diagnosis and

classification problems.

3.6 Uncertainty Management

In many cases, there are uncertainties associated with information (evidence),
rules or both that affect the problem solving process; reasoning under these circumstances
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. Figure 3.5 Backward chaining inference method [Coyne et al. 1990}
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requires uncertainty handling capabilities by the KBS or expert system. Different
methods have been proposed to cope with uncertainty such as Bayes's theory, Dempster-
Shafer’s theory of evidence, certainty factors and fuzzy logic [Giarratano and Riley
1989]. Among these the last two are most frequently used and will be discussed here.

3.6.1 Certainty Factors

A simple approach to handle uncertainty is based on certainty theory [Shortliffe
and Buchanan 1975]. A Certainty Factor (CF) is a number assigned to a statement (a
piece of evidence or a rule) and represents the degree of belief in that statement. CF is
a bounded value as follows:

-1 s CF <1

A certainty value of -1 means definitely false, O unknown and 1 definitely true.
The propagation of certainty factors in a KBS has been discussed at length in Durkin
1994, Giarratano and Riley 1989 and Gonzalez and Dankel 1993. Briefly, a KBS
determines the degree of belief of a hypothesis (derived conclusion) by combining

certainty factors associated with facts (evidence) and rules.

CF(H\E) = CF(E)»CF(RULE) for single premise rules

IF E AE, A\.THEN H CF(RULE) for multiple premise conjunctive rules
CF(HE, A E, A..) = min {CF(E)}+CF(RULE)

IF E, V E, V..THEN H CF(RULE) for multiple premise disjunctive rules
CFHIE, V E, V..) = max {CF(E)}*CF(RULE)

The certainty model is simple to implement and is acceptable in many
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applications; however, it lacks a strong statistical basis and relies basically on an expert’s

or user’s judgemental belief concerning rules and facts.

3.6.2 Fuzzy Logic

Another approach is based on the theory of fuzzy sets and fuzzy logic [Zadeh
1965]. Fuzzy sets can represent imprecise concepts (e.g. coarse, heavy, high) that are
commonly used by human beings to solve a problem. A membership function (or vaiue)
allows to map a quantitatively described concept to a fuzzy set.

For example, the sharpness of separation of a hydrocyclone in a grinding circuit
is an imprecise concept. Obviously, this performance indicator can be estimated
numerically and represented by a number; however, whether it is undesirable, desirable
or highly desirable depends on engineering judgment. Using fuzzy sets, and based on
a grinding expert’s knowledge, three sets can be defined as UNDESIRABLE,
DESIRABLE and HIGHLY DESIRABLE (Fig. 3.6).

Fuzzy rules, once fuzzy sets are defined, are used in KBSs to reason and make
decision based on imprecise concepts. The following rule recommends to increase the

number of operating cyclones to increase separation sharpness:

IF separation sharpness is low and
recovery of fluid to cyclone underflow is low
THEN put more cyclones in operation

One of the advantages of fuzzy logic is that it allows for uncertainty with data,
which can be desirable in many cases. However, in developing any fuzzy KBSs,
defining fuzzy sets and membership functions remains as a serious stumbling block to be
overcome by the knowledge engineer and domain expert.
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Applications of fuzzy set theory and fuzzy logic in mineral processing, with
reference to monitoring and control systems, have been discussed at length elsewhere
[Harris and Meech 1987; Meech 1992; Inoue and Okaya 1993; Beale, Prisbrey and
Demuth 1994]. Fuzzy reasoning in design has been discussed by Coyne et al., 1990.

3.7 Knowledge Engineering Tools

A knowledge engineering tool is a programming environment that allows easier
development of a knowledge-based system or expert system. Development tools are
primarily assessed in terms of their capabilities for knowledge representation, inferencing
and knowledge acquisition. Hence, there is a wide range of KBSs tools available which

varies from simpie shells to hybrid systems.

. KBSs tools are built using programming languages which are either problem-
oriented such as FORTRAN, C and PASCAL or symbol-manipulation languages such
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as LISP and PROLOG. The reader is referred to {Waterman 1986] for a detailed review
of expert system tools.

3.7.1 C Language Integrated Production System (CLIPS)

To construct the Grinding Circuits Optimization Supervisor (GCOS), CLIPS
version 6.0 was selected as the shell and development tool. CLIPS is primarily a
forward-chaining rule-based system, developed in C by NASA [Donnell 1994]; however,
it allows for Object Oriented Programming (OOP). CLIPS Object-Oriented Language
(COOL) supports the creation of classes with multiple inheritance, instances, message
passing constructs, and query system [STB 1993, Donnell 1994].

CLIPS has a number of constructs to define rules or classes using a specialized
syntax. However, patterns and pattern templates can have free formats. There are pre-
defined functions in CLIPS that can be used to perform an action, either at command line
or inside rules. CLIPS also has a Truth Maintenance System (TMS) through the use of
logical dependencies. The truth maintenance capability of CLIPS allows its inference
engine to retract automatically any fact that loses its logical support [Donnell 1994].

3.8 On-Line Applications of KBSs

KBSs have been applied to grinding and flotation circuits since late eighties; they
are mostly known as expert systems [Meech 1990, Bearman and Milne 1992]. Table 3.3
lists expert systems installed in a number of grinding circuits to monitor and control their

operations.

Though these systems have targeted operational problems that could be solved on-
line, they are not radically different from off-line systems that address problems that need
to be solved off-line. While on-line systems can be run in either closed loop (without
plant operator’s interventions) or open-loop just as a consuitative or recommendation
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system, their main difference with off-line optimization systems is the type of problems

that they can solve. For this reason an overview of these projects is presented here.

Table 3.3 Expert systems applied to mineral grinding circuits

Site Circuit type Task Development Reference
tool
Dome Mine, Ontario,  rod mill/ball control Comdale/C Eggert and
Canada Benford
1994
Wabush Mine, autogenous/spiral monitoring Comdale/C McDermott
Labrador, Canada and control etal. 1992
Les Mines Selbaie, semi-autogenous on-line Comgdaie/C Perry and
Quebec, Canada grinding (SAG) optimization Hall 1994
. Brenda Mines Lid., rod mill/ball mill control Superintendent  Spring and
Canada Edwards
1989
Kiruna LKAB secondary grinding, control N/A Samskog et
Concentrators, pebble mills al. 1995
Sweden
Mexicana de Cobre, primary bail control N/A Herbst et al.
La Caridad Unit, mills/hydrocyciones 1995

Sonora, Mexico

3.8.1 Brenda Mines Ltd.
A real time expert system was implemented by Brenda Process Technology
. [Spring and Edwards 1989] to control one of their rod mill/ball mill grinding circuits.
SUPERINTENDENT, written in Pascal, was used as the expert system shell and is based
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on a supportive control package called ONSPEC; both were supplied by the Heuristics
Inc. Brenda developed and encoded the knowledge base, GRINDX, which contains rules
to control the #2 grinding circuit.

The main goal of this project was to introduce expert systems to mineral
processing plants and to explore if they could achieve the performance of traditional
supervisory control systems. When running on-line, Superintendent could take
supervisory control actions (manipulating PID set points, issuing messages, etc.)
according to the rules in GRINDX. The system was found to perform as well as the

conventional supervisory control system.

3.8.2 Les Mines Selbaie

An expert system was added to the automatic control system in May 1992 (Perry
and Hall 1994] to optimize the Al closed grinding circuit by manipulating the set-points
of existing PI control loops. The knowledge base containing (fuzzy) control rules is run
under the Comdale/C shell. The operating expertise, extracted from interviews with
plant control personnel, was represented by 188 ruies and 69 fuzzy sets.

Figure 3.7 illustrates the structure of the knowledge base and its execution cycle.
The knowledge base has four sets of rules: (1) to validate the measured data (2) to verify
consistency of the measured and inferred data (3) to identify process problems (4) to
correct identified problems by changing related set-points. In each cycle, the system
applies rules sequentially to identify and solve seven problems: SAG (Semi Autogenous
Grinding) mill overloading, SAG mill under utilization, SAG mill feed rate instability,
SAG mill ball addition, screen overloading, flotation feed size off specification and
flotation feed rate density off specification. The system was reported to create increases
in throughput and reductions in steel consumption.
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Figure 3.7 Expert control system at Les Mines Selbaie {Perry and Hall 1994]

3.8.3 Wabush Mine

The expert system was developed jointly by Wabush Mines and Comdale

Technologies to improve spiral recovery and mill productivity by monitoring and control

of No. 4 autogenous mill and spiral circuits [McDermott et al. 1992]. The system was

designed (1) to monitor mill power draw and regulate mill feed rate, (2) improve control

over the spiral density and feed rate, (3) improve control over the rougher and cleaner

. wash water, (4) reduce the frequency of pumps plugging and (5) to allow easy
modifications to test various operating strategies.
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The system was developed using the Comdale/C shell. The knowledge base
included 76 rules, 35 fuzzy sets to recognize process. states, 19 fuzzy sets for control
actions, 25 fuzzy sets to identify trends and 24 variables monitored for time variation.
The rules and fuzzy sets embody the operating and control expertise of Wabush Mine
personnel. A sample rule which uses fuzzy sets looks like:

IF mill power draw is high and trending upward fast and
recirculating density is not too high and not trending upward and
recirculating sump level is too high and trending upward

THEN reduce mill feed water by small amount

The knowledge base was tested at each stage of project development. These tests
included (1) an off-line evaiuation by developers at Comdale’s office, (2) an on-line
evaluation in monitoring capacity at plant site and (3) a final on-line evaluation in
controlling capacity at plant site. The system was reported to produce a 20% higher
production performance when compared to the performance of the other five parallel mill
lines. The other reported benefits included reduced process down-time caused by
plugged pumps and improved quality of spiral concentrate.

3.8.4 Dome Mine

An expert system was developed by Comdale Technologies with the objective of
increasing circuit tonnage [Eggert and Benford 1994]. The grinding circuit knowledge
base was written using the Comdale/C expert system shell to supervise the Distributed
Control System (DCS). The knowledge base consisted of simple rules with an O-A-V
structure to represent process information and also fuzzy rules to implement a fuzzy logic

control scheme.

The system was evaluated on-line by mill operators and was accepted because of
a discernable increase in tonnage [Eggert and Benford 1994]. This was achieved despite
claims that circuit operation had already been optimized.
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3.8.5 Kiruna LKAB Concentrators

Samskog et al. [1995] have discussed implementation of a Model-Based Expert
Control System (MBEC) in the Kiruna LKAB concentrators, Sweden. MBEC systems
have been installed for dynamic optimization of the three old pebble mill circuits and the
new concentrator.

Figure 3.8 shows the software structure of pebble mill MBEC system at the KA1
old Kiruna concentrator. The expert system maintains the proportion of <44 um in
hydrocyclone overflow within very narrow limits. It also controls the volumetric feed
rate to hydrocyclones based on a process model or rules.

Input
vek | Measurements
Set points —'
A

y
Model [—#» Predictions ——gm{ fiine

Expert
Control
[}
IBM
PSi2
Operator Inputs

Figure 3.8 Pebble Mill MBEC system at KAl old Kiruna concentrator [Samskog

. et al. 1995]
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The control system for the new Kiruna plant consists of modelling and expertise
modules (Fig. 3.9). The modelling module includes dynamic process models which
continuously calculate and predict the state of the process. The expertise module
includes sets of rules which use information generated by the modelling module.

Use or Store Fresh  Pebble mill
>100 mm  Feed rate Power Setpoint

Setpoint

b 4 )

L. Mode
STL, QPP
Optimizer Model —4— Measurements
f ‘ ag—}— KF weighting
Modelling factors
Modules Kalman Filter
RRR—

Figure 3.9 MBEC system at Kiruna new plant (Samskog et al. 1995]

3.8.6 Mexicana de Cobre

As reported by Herbst et al. [1995], Mexicana de Cobre in Sonora, Mexico, is
one of the mineral processing plants close to achieving a plantwide control and overail
plant optimization (i.e. simultaneous manipulation of all significant variables across the
whole plant) through implementation of a knowledge-based supervisory control system
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(Fig. 3.10). The purpose of the plantwide coordination strategy is to maximize the plant
production by optimizing throughput, recovery and concentrate grade.

Plant Control System

-8 Crushing

[T

Grinding

Knowledge

Estimator

Figure 3.10 Knowledge-based control system at Mexican La Cobre [Herbst et al.
1995]

The control strategy utilizes knowledge and information that originate from a
variety of resources: (1) heuristics based on practice of the best operator, (2) process
models to estimate variables that cannot be measured on-line and (3) neural networks for
processes that cannot be modeled accurately because of their inherent complexity.

3.9 Off-Line Applications of KBSs

There are a few commercial computer programs which have been deveioped for
off-line study of grinding circuits’ design, analysis and optimization (Table 3.4).
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These programs are a suit of mathematical models of process units (phenomenological
or empirical) which allow steady-state or dynamic simulation of most industrial circuits.
They have various capabilities in terms of availability of models, accuracy of models,
parametric estimation, user interface, etc. Nevertheless, none of them has been reported
yet to have integrated KBSs components.

Table 3.4 Mineral processing simulation software

Simulator Organization Reference
JKSimMet JKMRC (Australia) Napier-Munn and Lynch 1992,
Wiseman and Richardson 1991

USIM-PAC BRGM (France) Durance et al. 1993
MICROSIM Univ. of Witwatersrand Cilliers and King 1587

(South Africa)
MetSim Proware (USA) Charlesworth 1998
Utah-MODSIM  Univ. of Utah (USA) Herbst, Schena and Fu 1989
MODSIM Univ. of Witwatersrand Ford and King 1984

(South Africa)
DYNAFRAG Univ. of Laval (Canada) Dubé and Hodouin 1982
SPOC CANMET (Canada) Laguitton 1985

Researchers possessing adequate knowledge in mineral processing modelling and
simulation have successfully used these types of computer programs to improve the
design and operation of industrial grinding circuits. However, plant metallurgists and
process engineers with less theoretical background in process modelling and simulation
might find it difficult to use these computer programs effectively and on a routine basis.
Modelling and simulation is a multi-stage and complicated activity which demands a
broad theoretical knowledge and computer skills. Most of the software tools used in
modelling and simulation practice provide solely numerical algorithms, either in a single
package or separate pieces, to do various computations, but they usually fail to provide
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the adequate problem solving knowledge which is required to use them. This type of
problem solving knowledge is mostly non-numerical and can be integrated into
conventional simulators using KBSs.

3.10 Summary

Theoretically, KBSs are the best currently available tools to model human
problem solving expertise. KBSs provide tools to represent and manipulate types of
knowledge used by a human expert to solve complex real world problems. KBSs applied
to monitor and control grinding circuits have been proved to be able to increase
productivity. These systems have been able to improve circuit operatior{ by addressing
problems that inherently belong to the subject of on-line optimization. In this thesis,
however, the KBS approach is applied to cases which must be solved off-line. These
problems include fundamental aspects concerning a grinding circuit such as its layout and
its optimal steady-state. The installation of an on-line monitoring and controlling system
is considered as the next optimization step. The scope of this work is limited to the main
aspects of off-line grinding optimization, namely grinding kinetics and classification
performance. To develop a KBS as a tool to assist one in off-line grinding optimization
studies, it is crucial to clarify the problem solving knowledge used by a human expert
first. In Chapter 4, cases of industrial grinding circuit optimization done during this
project to acquire and develop the knowledge base will be discussed.



CHAPTER 4
NUMERICAL’ GRINDING OPTIMIZATION
TOOLS IN C (NGOTC)

4.1 Introduction

The off-line steady-state optimization of mineral grinding circuits requires the use
of special computer programs at each stage of the optimization process. For example,
these programs are essential to perform material balance calculations, estimations of
parameters of various models and process simulations. The MNumerical Grinding
Optimization Tools in C (NGOTC) provides some of these tools. This program currently
contains routines to estimate the selection function of continuous wet-grinding ball mills,
scale an estimated selection function according to ball size and simulate continuous wet-
grinding ball mills. Other tools that might be needed in off-line optimization studies and
are not part of the current version of NGOTC are algorithms to determine the breakage
function and residence time distribution. The "BREAK" and "RTDOPEN" programs
written in TBASIC and BASIC, respectively, are being used at McGill University to
determine these parameters [Laplante 1996].

In this chapter, the main algorithms of NGOTC and their applications in several
studies of industrial grinding circuits will be explained. The NGOTC can be effectively
used for grinding process analysis, modelling and optimization. The optimization of
grinding medium size (normally balls and slugs/truncated cones) uses all three modules.
Theoretical aspects of the algorithms will be discussed as well.

* The term ‘numerical’ is emphasizing the numerical nawre of these programs, in contrast with symbolic
ones.

63
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All grinding circuit simulation programs rely on various mathematical models to
predict the performance of the various units under specific operating conditions. The
general form of these models must be rendered specific to a real process by replacing
model parameters by their numerical values. Although significant progress is being made
in estimating these parameters from fundamental principles, the most common approach
still relies on back-calculation of these parameters from sampling of full circuits
[Rajamani and Herbst 1984]. Parametric estimation and model validation are required
pre-simulation stages. A simulation package must normally provide tools to facilitate
these stages.

4.2 The Structure of NGOTC

4.2.1 Modules

Figure 4.1 is a simple diagram of the NGOTC internal structure. A modular
system was designed which eased program development and reduced efforts for future
maintenance and extension. The NGOTC package has been implemented as a C multi-
file project. All source code files (files with CO1 extension) are separate modules that
must be compiled before linking to other compiled (objective) files. After linking the
objective files, a single executable file is produced which can be run under MS-DOS

environment.

Modules which provide utility functions, spline curve fitting, graphics and
memory management are general algorithms, while selection function estimation,
selection function scaling and single ball mill simulator are specialized algorithms. The
former modules provide functions or sub-routines that are called by the latter modules.

4.2.2 User Interface and Data Entry

The NGOTC has a textual user interface which includes data entry and output
screens. The data can be read from existing text files as well. In case of an incorrect
input, an error message will be displayed. The output can be sent to a printer or saved
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to a text (ASCII) file. The selection function estimation module provides the graphical
representations of the mill feed and discharge size distribution data. The selection
function scaling module enables the user to see a graphical representation of the estimated
selection function. The ball mill simulator module also enables the user to see the feed
size distribution and selection function data graphically.

Selection Function
Uﬁﬁfgm Estimation
Spline Curve {
Fitting
Selection Function
Scaling
Graphics ‘
Single Ball Mill
Memory -l
Management Simulator

Figure 4.1 Simplified structure of NGOTC

4.3 Modelling of Selection Function Data

Modelling of selection function data means the fitting of a mathematical function
to selection function elements determined experimentally or back-calculated from a set
of mill data. Often a single polynomial function or multiple polynomials is used to fit
the selection function data points. Multiple polynomials are also known as spline
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functions.

The quality of the estimated selection function can be upgraded by fitting
polynomials or spline functions since they can remove existing noise originating from
many contributing sources. A spline curve fitting algorithm was used in NGOTC as part
of the scaling procedure.

4.3.1 Polynomial Function Models
Power functions can often fit the estimated selection functions of grinding mills
[Spring, Larsen and Mular 1985]:
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where S; is the selection function value for size class i and s, s,, s, and s, are constants,
x, is the geometric mean size of size fraction i; X, is the reference size and is equal to

1 mm.

The above functions have been used in the FINDBS module of the SPOC software
to estimate selection functions [Laguitton et al. 1985]. To choose the model which
optimally estimates the selection function is often a matter of trial and error. The
objective function is normally the criterion used to select the best model. A model that
generates the minimum value of the objective function is considered the best one. The
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objective function is defined as the sum of the squared differences between the measured
and simulated size distributions for the circuit product or all streams.

4.3.2 Spline Function Models

In many cases, it has been observed that the estimated mill selection functions
using a sequential interval-by-interval method show no obvious trend and are scattered.
In these cases the selection function cannot be modelled by a single polynomial function
satisfactorily, and the use of spline functions to model data piecewise is preferred.

Rather than simple polynomial functions, spline functions have been used by a
number of investigators [Whiten 1971, Whiten 1972, Morrell 1990] to fit selection
function data sets. A spline regression is less likely to impose an inappropriate form or
relationship onto data. The spline curve fitting algorithm developed by Dierckx was
originally in FORTRAN, which was converted to C to be integrated to other modules of
the NGOTC. This algorithm has more flexibility than other models to fit most estimated
mill selection functions. The theory of spline functions is discussed in De Boor 1972,
Cox 1972 and Whiten 1971. The algorithm developed by Dierckx has been briefly
explained in Appendix B.1.

This algorithm allows fitting a smooth spline curve to discrete selection function
data. When there are several selection function data sets, the average selection function
can be used. In such cases, a standard deviation can be associated to each selection
function element that will be used for a weighted curve fitting. The degree of
smoothness of the curve is controlled by the smoothness factor which is set by the user.
However, there is a compromise between the goodness of the fit and smoothness of the

curve.
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4.4 Estimation of Selection Functions

The selection function parameter, in size-discretized S; or continuous S(x) forms,
can be estimated for industrial or laboratory mills. The selection function of industrial
mills, running in continuous wet or dry mode, can be determined indirectly from feed
and discharge size distribution and operating data using back-calculation methods. In the
laboratory, the selection function of test mills can be determined directly by performing
one-size fraction grinding experiments or back-calculated. Although general spreadsheet
software such as Excel’ or Quattro Pro' can be used for numerical calculations with a
higher flexibility, a dedicated program is more desirable for very complex calculations.

The accuracy of calculated particle size distributions and other predictions made
by a grinding circuit simulator is highly dependent on the accuracy or quality of
parametric estimations used to calibrate the mathematical unit models used. Hence, it
is critical to determine the selection function of an industrial grinding mill as accurately
as possible in order to obtain reliable simulation results.

4.4.1 Back-Calculation from Continuous Mill Data

The selection function estimation module of the NGOTC consists of an algorithm
to back-calculate a set or a vector of selection function elements based on a set of input
data. The selection function elements are back-calculated by trial and error using a bi-
section search procedure. The selection function elements are back-calculated
sequentially, i.e. first the selection function element for the top size class is determined,
then using this estimated value, the selection function of the second size class will be
estimated. The core of the algorithm is in fact a single ball mill simulator which
produces product size distributions. The criterion to stop the iteration process is the
difference between the measured and predicted mass of the current size class, which must

*Excel is a trade mark of Microsoft incorporation

Quattro Pro is a trade mark of Borland incorporation
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be within a tolerance interval set by the user.

The estimated selection function elements, then, can be used as input to other
modules -- i.e. the selection function scaling and single ball mill simulator.

4.4.2 Analysis of Selection Functions

The selection function of tumbling ball mills has been studied by a number of
researchers [Verma and Rajamani 1995]. The shape of the selection function vs. particle
size curve is of critical importance in mill performance analysis, which can indicate
potential problems regarding grinding media inefficiency. In addition to grinding media
other grinding environment parameters such as mill lining can affect grinding kinetics

seriously.

In this thesis, only the effect of ball size was studied irrespective of the effects
caused by other variables such as the state of mill lining and mill size. This means that
for a given mill and ore, the effect of ball size on grinding kinetics can be studied by
estimating the selection function and determination of any abnormal breakage. The plot
of the selection function vs. particle size data is often a straight or curved line. Due to
the strong relationship between the grinding kinetics and grinding media size, the shape
of the selection function vs. particle size curve is used as an indicator of grinding media

efficiency.

4.5 Ball Size Selection

The size of balls used as the grinding medium strongly affects comminution
performance [Austin, Shoji and Luckie 1976] and its optimal selection can improve mill
performance and operation costs [Dunn 1989]). A single make-up size or a mulitiple
make-up size is used in charging practices which are often based on a media rationing
investigation [Mclvor 1997]. The final decision to use a certain ball size is usually taken
by trial and error [Wills 1997] and based on economic considerations. There have been
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attempts to find the optimal ball mixture [Austin and Klimpel 1985; Vermeulen 1986;
Concha, Magne and Austin 1992]. The idea of using a grinding simulator capable of
taking into account ball size effects on mill performance has been suggested by some
researchers.

Grinding kinetics, represented quantitatively by the selection function, has been
used as a performance indicator to investigate the effect of a change in media shape or
size on grinding efficiency [Herbst and Lo 1989; Cooper et al. 1993; Cooper, Bazin and
Grant 1994; Staples, Cooper and Grant 1997]. To realize a change in grinding
performance due to a change in media shape or size, these researchers based their
investigation on changes to selection functions after making a real change of media shape
or size. This approach however is more tedious and costly than a simulation approach.

Since simulation is cheaper and faster than experimental approach, one objective
of this work was to integrate all the necessary tools in one demonstration package. The
linkage of Morrell’s scaling procedure to selection function estimation and ball mill
simulation algorithms makes this possible.

4.5.1 Overall Selection Function for Balls Mixture

The size-by-size selection function elements estimated by the NGOTC are in fact
the weighted average of selection function elements for various ball sizes. In other
words, they are overall selection function values for a given mixture of ball sizes.
Theoretically it can be written [Austin, Shoji and Luckie 1976]:

3-:’;' S, m @.5)

where §; is the weighted average selection function of size class i, S, is the selection
function of size class i with ball size k and m, is the weighting factor which is fractional
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mass of ball size k.

4.5.2 Selection Function Scaling According to Ball Size

The selection function as a general model parameter is significantly dependent on
mill design and operating variables. For example, mill speed, mill diameter, ball size
and particle size affect the selection function. Their effects are normally represented by
empirical relationships when optimizing existing mills, however, one of the most
important parameters that must be considered and used is ball size since other parameters
such as design variables (mill diameter, liner design) are not easily changed.

The scaling procedure [Morrell 1990, Morrell and Man 1997] to predict the
selection function of a mill due to a change in ball size is based on the assumption that
two main size reduction mechanisms simuitaneously take place in a mill, i.e impact and
attrition breakages.

The amount of broken material due to these breakage mechanisms mainly depends

on the ball mass and the surface area available. In turn, ball mass and surface area are
directly and indirectly proportional to ball diameter as below:

ball mass = d, 4.6)

surface area = d,™! 4.7

where d, is grinding ball diameter.

The impact breakage is affected by both ball mass and surface area (Morrell and
Man 1997] and therefore by combining proportionalities 4.6 and 4.7 it can be written:
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Impact breakage = d,? 4.8)

Attrition breakage is considered to be affected only by ball surface area,

therefore:

Aurition breakage ~ d,™ 4.9)

Impact and attrition breakages occur below and above of a certain particle size
which is defined as:

x = Kdj? 4.10)

where x,, is the particle size (mm) at which the selection function is maximum and K is
the proportionality factor (1/mm) between 10° and 0.7x10° [Austin, Shoji and Luckie
1976]. The K factor depends on ore hardness and grindability, with higher values for

softer material. d, is in mm.

In order to scale from a large to small ball size, the following relationships can

be written:
d
S‘_,=S,.‘,(d—“] if xsx,, 4.11)
bs
1 .
S . =S if x,2x
d "‘(d,,.,)z f 5% @.12)
d»;
where

S.. and S;;: selection functions of size class i for small and large ball sizes
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dy, and d,,: diameters of small and large balls

Xms and x.,,: particle sizes corresponding to the maximum selection functions

Since there is no theoretical relationship to directly scale selection function
elements at particle sizes between x,, and X, these selection function elements are
determined by evaluating the fitted spline function at these particle sizes. Their accuracy
depends mainly on the reliability of the spline curve, which decreases with increasing the
interval between x,, and x,,,. Since particle sizes corresponding to maximum grinding
kinetics are related to hypothetical and current ball sizes, therefore, these selection

functions are more accurate when the hypothetical ball size is close to the current one.

The accuracy of mill product size distributions predicted using this procedure has
been verified (Morrell 1990] for a limited number of industrial cases which showed a
good agreement between predicted size distributions and measured ones for two of three
case studies performed.

Figure 4.2 illustrates the selection function scaling algorithm proposed by
Morrell. This algorithm was implemented in C and integrated with the selection function

estimation module.

4.6 Industrial Applications
NGOTC was tested and validated in a number of process analysis and simulation

studies of industrial wet grinding operations. A number of plant data sets were collected
from existing grinding circuits to investigate grinding kinetics and optimize ball size.
Furthermore, these data were used to verify the reliability of NGOTC computations and
to develop the Ball Milling Circuits Simulator (BMCS) program and the knowledge base
of Grinding Circuits Optimization Supervisor (GCOS). The BMCS and GCOS programs
will be explained in Chapters 5 and 6.
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Figure 4.2 The selection function scaling algorithm as implemented in NGOTC
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4.6.1 Agnico-Eagle, La Ronde Division

The Agnico-Eagle, La Ronde Division (AELRD) plant is located in Cadillac,
Québec, and treats approximately 71 t/h of a gold and copper ore [Laplante et al. 1995].
The AELRD plant has two identical grinding lines consisting of single stage ball mills
fed by finely crushed ore and operated in closed circuits with cyclopaks and Knelson
Concentrators (KC) units. Currently, two cyclopaks, each consisting of five 25 cm (10")
cyclones, are being used, having replaced two singie 46 cm (18") hydrocyclones. Some
difficulties with classification have been reported after using cyclopaks instead of

individual but larger cyclones.

The sampling program included two sampling runs performed on July 13 1996.
The slurry samples were taken from various streams of both grinding lines to study
grinding kinetics and cyclopak performances. To ensure a high quality sampling
campaign, all sampling cutters were first cleaned and examined to detect leaks, damage
or incorrect design. A composite sample of twelve increments of slurry was extracted
from each pre-identified stream over a two-hour period, once it had been established
from the control room and discussions with operators that both circuits were in steady

state.

Figure 4.3 shows the simplified flowsheet of both grinding circuits. At the time
of sampling, the ball mills were being fed with the ore coming from shaft No. 2 and
three cyclones out of five were in operation. A blend of balls with different sizes, 75%
76 mm and 25% 38 mm, was being charged to ball mill of Line 1 as make-up media,
and had been for at least two months to reach equilibrium. A make-up charge of balls
with the same size (100% 76 mm) was used for bail mill of Line 2. The values of fresh
feed rate. circulating load, density of cyclopak feed and amperage for the sampling
period were read and recorded every 10 minutes from the monitoring terminal located

in the control room; the average values were then used in data analysis.
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Figure 4.3 Simplified flowsheet of AELRD grinding circuits and sampling points

The raw data were first adjusted using the NORBAL3 software [Spring 1992].
The adjusted data which conform to the mass conservation law are considered to
represent the plant state better than raw data and therefore are used in process analysis.
The result of mass balancing is given in Appendix B.2. Since the portion of the Knelson
Concentrator feed which reports to concentrate stream was relatively small, it was
assumed that Knelson tail and feed (or screen undersize) streams had the same flow rate
and particle size distribution. This makes it possible to represent the circuit in a nodal
form suitable for mass balancing in which the pre-concentration screen and Knelson
Concentrator units are considered as a single unit (Fig. 4.4). The adjusted data were
then used to evaluate the grinding kinetics of the ball mills and the classification
performances of the cyclopaks.

The adjusted particle size distributions of fresh feed to ball mill, cyclopak
underflow, screen oversize and ball mill discharge were used to study grinding kinetics
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(for both lines). As the final feed to each ball mill is a mixture of three separate
streams, their flow rates and particle size distributions were used to calculate the size
distribution of the combined feed to each ball mill.

COF

Cyclopak

KCT

Screen Oversize

Figure 4.4 The pre-concentration screen and KC unit are considered as a single
block for mass balancing

The selection function was back-calculated using the NGOTC [Farzanegan,
Laplante and Lowther 1997] for both mills using assumed dimensionless or normalized
parameters of Weller’s RTD which yield a total mean retention time of unity for mill 1.
The impact of using assumed RTD parameters instead of measured ones has been found
insignificant if estimates are consistent and inversely proportional to dry feed rate
[Laplante, Finch and del Villar 1987 and Laplante et al. 1995]. In order to compare
grinding kinetics of the two mills, the dimensionless RTD parameters of mill 2 were
obtained using RTD parameters of mill 1 as the reference set {Laplante and Redstone
1984]:
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where:

Qyr.: the reference feed rate at which RTD parameters (7, 7, and 1)
were measured
Q... the current feed rate which is simulated

T 7 and 7°; RTD parameters corresponding to the current feed rate

The results of the selection function estimation using NGOTC are given in
Appendix B.3. Figure 4.5 shows the selection function vs. particle size curves for both
ball mills. The obvious noise at the coarse end of the curves is attributed to the
unreliability of screen analysis data regarding very low mass in these size classes, i.e.
less than 1%. The problem of poorly estimated selection functions for coarse size classes
has been also observed by Klimpel and Austin [1984]. The curves indicate that both
lines have almost the same grinding kinetics without the presence of a desired hump.
With this situation the top ball size does not necessarily need to be changed. However,
the use of a finer blend charge (50% 75 mm and 50% 38 mm) was proposed, and has

since been implemented.

Detailed evaluation of grinding kinetics (i.e. unit performance) should not detract
one from overail considerations. The efficiency of the AELRD grinding circuit will
always be limited in its present design, in that single stage grinding limits the judicious
matching of ball size to the desired product size. This is why Agnico-Eagle should
consider as a priority the modification of the present flowsheet in the expanded plant,
preferably to SAG - ball milling. This would result in the ability to use finer balls for
the energy-intensive ball milling step, thereby increasing grinding efficiency significantly.
The present work has shown that using a ball mix cannot fully correct the loss of

efficiency associated to single stage grinding.
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Figure 4.5 Breakage kinetics for both ball mills of AELRD plant (July 13 1996

survey)

4.6.2 Les Mines Selbaie

Les Mines Selbaie (LMS) is located about 80 km north of Joutel in Québec
province. The mill produces copper and zinc concentrates and treats approximately 8000
t/d of ore in two separate grinding iines, Al and B. The resuits of grinding kinetics
analysis of circuit B using data from two surveys, conducted on July 15 1996 and
February 9 1998, will be discussed here.

Figure 4.6 shows circuit B which includes a rod mill (2.22 m x 3.37 m), a ball
mill (3.07 m x 3.92 m) and a tricone mill (2.87 x 3.23 m) configured in a series. The
rod mill discharge is first comminuted in the ball mill circuit. The ball mill circuit
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product then goes to the tricone circuit for further grinding. The ball mill and tricone
mill are closed with primary and secondary cyclopaks consisting of 51 cm (20") and 38
cm (15") diameter cyclones. In the ball mill, 38 mm (1.5") balls are used as grinding
media. In the tricone mill, 25 mm (1") slugs are used. The make-up ball charge
practice for the ball mill, however, had been subject to modifications to find the optimum
media size. A mix of 50% 25 mm (1") and 50% 50 mm (2") balls was being used at
the time of February 9 1998 survey.

Fresh Feed Rod Mill
Br 330
Primary
Classification
Ball Mill
Br 340

Secondary
Classification

Figure 4.6 Simplified flowsheet of the grinding circuit B of LMS and sampling
points

The July 15 1996 sampling campaign was performed by the principal thesis
supervisor, candidate and plant personnel. Eight composite slurry samples, twelve
increments over a two-hour period, were taken from various streams and sized from
11180 um (2 mesh) to 25 um (500 mesh). The February 9 1998 survey data was
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supplied by LMS plant.

The size distribution data were adjusted with NORBAL3 [Spring 1992] before
using them in various circuit analyses. The result of mass balancing is given in
Appendix B.4. NGOTC was then used to estimate the selection function for both surveys
(Appendix B.S). Figure 4.7 shows the selection function vs. particle size curve which
has a strong hump (strongly parabolic) interpreted as the inadequacy of the grinding
media to break the largest ore particles. The estimated selection function for February
9 1998 survey which was performed after using the mixed charge, has shown an obvious
decrease in grinding kinetics for the smaller sizes.

Selection Function (dimensionless)

10 100 1000 10000
Particle Size (um)

= July 15, 1996 = Feb. 9, 1998 |

Figure 4.7 Breakage kinetics of the ball mill of grinding circuit B, LMS
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Figure 4.8 shows the estimated selection function for the tricone mill for the July
15 1996 and February 9 1998 surveys. In this case while the selection function data
shows an increasing trend, it is highly noisy. The sudden increase of grinding kinetics
for February 9 1998 survey at a particle size around 300 um is due to the erratic size

distribution data of the coarsest size class of tricone mill discharge stream.
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Figure 4.8 Breakage kinetics of the tricone mill of grinding circuit B, LMS

4.6.3 Echo Bay Mine, Lupin

Lupin Mine, operated by Echo Bay Mines, is located at Northwest Territories of
Canada. The mill treats 2300 t/d of gold ore. Figure 4.9 shows the circuit
configuration. The discharge of a single rod mill is fed to a secondary grinding circuit



Chapter 4 Numerical Grinding Optimization Tools in C (NGOTC) 83

consisting of two long ball mills (referred to as tube mills by mill metallurgists) operated
in closed circuit with two cyclopak units. Each cyclopak is an assembly of four 38 cm
(15") cyclones. The grinding media of ball mills is a mixture of 38, 50 and 64 mm (1.5,
2 and 2.5") balls.

COF 1 Product
i ’
Cyclopak 1
COF2
CUF 1
Cyclopak 2
CUF 2
BMD 1
Ball Mill MD
1
I |
Ball Mill
3 ;
Water BMD 2

Figure 4.9 Simplified flowsheet of the Lupin grinding circuit and sampling points

Three sets of raw data were supplied to investigate the performance of grinding
and classification operations. All size distribution data were first adjusted (Appendix
B.6). The adjusted size distribution data were then used to estimate selection functions
(Appendix B.7). Figure 4.10 shows selection function vs. particles size curves for the
three data sets. The typical breakage function and RTD mean retention times were used

to determine selection functions. The shape of all curves shows a maximum; grinding
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kinetics falls off after this maximum and indicates non-optimal choice of grinding ball
size. The estimated selection functions were used for simulations using BMCS which is

explained in Chapter 5.

=
g
g
=
2
& i
g 1.
E
g
E 0.1 ' :
10 100 1000 10000

Particle Size (um)

.4 Jan. 30 1996 = Mar. 1 1996 - Mar. 31 1996

Figure 4.10 Breakage kinetics of Lupin ball mills

4.6.4 Louvicourt Mine

The Louvicourt mine is located at Val d’Or, Québec. Its mill processes
approximately 4000 v/d of a complex sulphide ore containing chalcopyrite, sphalerite and
pyrite {MacPhail, Racine and Cousins 1997]. The ore has an average grade of 3.8%
copper, 1.75% zinc, 15% iron and 0.7 g/t silver. The grinding operation comprises a
SAG mill closed with a vibrating screen (outside the scope of this study), a primary ball
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mill closed with one 12-hydrocyclone cyclopak and two regrind ball mills, both closed
circuit with one 8-hydrocyclone cyclopak. The regrind circuits are part of the
downstream copper and zinc flotation circuits. A survey was performed around the

primary ball mill and regrind circuits on February 25 1997.

The performance of primary bail mill circuit was evaluated by doing a number
of steady-state simulations using the BMCS (in terms of grind fineness and grinding
capacity). The NGOTC was used to back-calculate selection function parameter for

circuit analysis and subsequent simulations.

For primary ball milling circuit, representative samples were taken from various
streams around the ball mill and cyclopak by Louvicourt Mill personnel. Figure 4.11
shows the circuit configuration and sampling locations. The particle size distributions
of samples from the vibrating screen underflow (undersize or fine product of the screen),
ball mill discharge, cyclopak overflow and underflow streams were determined and
provided by plant personnel. A series of screens (with a Tyler geometrical progression

of «/2) was used that adequately covers a particles size range from 25 um to 12500 um.

The raw particle size distribution data were adjusted using the NORBAL3
(Appendix B.8). A mill capacity of 4300 t/d was used to caiculate flow rates.
Adjustments to size fractions were minimal, as would be expected from a sound sampling
campaign completed at steady state. The adjusted data were then used to study grinding

kinetics.

The adjusted particle size distributions of CUF and BMD samples were used for
estimating the selection function of the primary ball mill. Size-by-size grinding kinetics
1s represented by a selection function element (also known as specific breakage rate or
more accurately breakage rate constant) which is back-calculated based on a mathematical

model of grinding process. NGOTC was used to compute selection function elements
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for all size classes (Appendix B.9).

Flotation

SAG Mill, BR-301

Screen'WQ
TA-301

Figure 4.11 Simplified flowsheet of the Louvicourt ball mill/cyclopak grinding
circuit and sampling points

Figure 4.12 shows the selection function vs. particle size curve, which confirms
the existence of a moderate hump at the coarse end. This eliminates existing doubt about
the selection function values of the first two size classes reported by Lacombe based on
October 10, 1995. This result might rule out further decreases in ball size recommended
in a previous report. However, if achieving a higher tonnage or finer product is sought,
a smaller ball size can be tested. The use of a smaller ball size might increase grinding
tonnage due to higher grinding kinetics for finer sizes taking into account that around
4.43% of the circulating load has a particle size greater than that of the hump (a very
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low percentage). For this rcason, the effect of changing ball size from 38 mm (1.5") to
25 mm (1) on the selection function was investigated using the ball size optimization

module of NGOTC. The output of this module can be found in Appendix B.10.
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Figure 4.12 Breakage Kkinetics of the primary ball mill, Louvicourt plant

Figure 4.13 shows dimensionless estimated and scaled selection functions. The
lines are the cubic spline fits. The curve fitted to the scaled selection functions (when
using a hypothetical ball size of 25 mm (1")) shows that grinding kinetics will be
decreased tor particle sizes greater than 300 um. However, grinding kinetics wiil be
increased for particles smaller than 300 um. A plant test is required to confirm whether
the increased grinding kinetics for finer size classes is worth the decrease in breakage

rate constant for the coarser size classes, after making the ball size change. Decreasing
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screen opening size would minimize the risk of oversize overload in the mill and increase
the benefit of smaller grinding balls.

Selection Function (dimensionless)
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Particle Size (um)
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Figure 4.13 Estimated and scaled selection functions of the primary ball mill,
Louvicourt plant

To evaluate the performance of the copper regrind circuit, slurry samples were

taken from various streams on February 25 1997. The samples were analyzed to

determine their particle size distributions using a Tyler series of sieves from 150 xum (100

mesh) down to 20 um (635 mesh). A simplified flowsheet of the copper regrind circuit

including sampling locations is shown in Figure 4.14. The product of the primary bail

mill/cyclopak circuit is fed to the copper flotation section which includes a closed regrind

. circuit. A mixture of cleaner feed, cleaner scavenger concentrate constitutes the fresh
feed to the copper regrind circuit. The combined tailings of rougher and cleaner flotation
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cells will be treated downstream in the zinc flotation circuit.

COF
Cyclo
CuClinrFeed pak
-@- CUF
F
CuClarScvrConc Ball Mill

BR-321

Figure 4.14 Simplified flowsheet of the Cu regrind circuit and sampling points,

Louvicourt plant

The measured particle size distributions of slurry samples from cleaner scavenger
concentrate. cleaner feed, ball mill discharge, cyclopak underflow and overflow streams
were adjusted before further analysis (Appendix B.11). The balanced size distributions
of cyclopak underflow and ball mill (BR-321) discharge were used as input into NGOTC
to back-calculate the selection function (Appendix B.12). Figure 4.15 shows the
selection function vs. particle size curve. The geometric mean of the lower and upper
limits of each size class was used as characteristic particle size. The curve indicates a
decrease in grinding kinetics for the first size class. The amount of mass in this size
class is too low (2.15%) to justify using larger grinding media, and even suggests that
smaller balls or slugs could be used to produce a finer mill discharge.
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Figure 4.15 Breakage kinetics of the Cu regrind bail mill, Louvicourt plant

For zinc regrind circuit, samples taken on February 25 1997 were analyzed to
determine their size distributions using a Tyler series of sieves from 150 um (100 mesh)
down to 20 pum (635 mesh). Norbal3 [Spring 1992] was then used to adjust these data
and generate an estimate of the circulating load (Appendix B.13). Figure 4.16 shows the
circuit flowsheet. The zinc regrind circuit is a part of zinc flotation circuit which treats
the combined tailings of rougher and cleaner copper flotation. A mixture of rougher,

scavenger and cleaner concentrates makes the fresh feed of the regrind circuit.

The circulating load was estimated at 285%, which is significantly higher than

. that of reported for previous sampling campaigns [Lafontaine 1996]. The balanced size
distribution data of the cyclopak underflow and ball mill discharge were used to estimate
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size-by-size selection function values (Appendix B.14). Figure 4.17 shows the selection
function vs. particle size curve and clearly indicates a decrease in grinding kinetics for
particle sizes larger than 60 um. The size distribution of cyclopak underflow (regrind
ball mill feed) indicates that only 3.41% of mass reports to the first two size classes.
This implies no need to use larger grinding media size, and suggests that a smaller

grinding medium could be used to grind finer.
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Figure 4.16 Simplified flowsheet of the Zn regrind circuit and sampling points,
‘ Louvicourt plant
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Figure 4.17 Breakage kinetics of the Zn regrind ball mill. Louvicourt plant

4.7 Reliability of Back-Calculated Selection Functions

The reliability of an estimated mill selection function depends on the back-
calculation method itself and the accuracy of particle size distribution data. Since the
interval-by-interval search algorithm finds selection function elements sequentially by
starting from the top-size class, the error then will be propagated to finer size classes.
In search methods which use functional forms of the selection function and minimize a
defined objective tunction to find the best selection function elements. the error however

will be distributed over selection function elements.

The magnitude of error associated with each selection function element can be
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calculated if there are more than one data set available. The most significant errors are
attributed to the plant sampling. To minimize sampling errors. it is important that the
circuit be near to steady state and samples as representative as possible. While screening
to determine particle size distributions of various samples is a reproducible process,
errors can be easily introduced if sieves are defective (apertures are blocked or the mesh
ruptured). Performing wet screening before dry screening can significantly reduce the
error associated with very fine material. Because the spline curve fitting algorithm of
NGOTC uses the standard deviation of each selection function element as a weighting

factor, it provides a tool for more accurate estimation of the selection function.

4.8 Summary

NGOTC was used to estimate selection functions of several industrial mills. The
first benefit of estimating these selection functions was their use as a diagnostic tool for
mill performance analysis. Reliability of the program as a process analysis and
modelling tool was demonstrated. The diverse applications of NGOTC made it possible
to verify the credibility of its computations and predictions. The selection functions
obtained by using estimation or scaling modules can be used confidently for modelling

and simulation purposes.

The procedure to scale a mill selection function has been verified in a number of
cases by Morrell [1990]. The incorporation of this procedure in NGOTC and its

integration with other modules provided a tool for ball size optimization studies.



CHAPTER §
BALL MILLING CIRCUITS SIMULATOR (BMCS)

5.1 Introduction

In this chapter details of Ball Milling Circuits Simulator (BMCS) will be
presented. This program allows one to simulate ball milling circuits consisting of ball
mill and hydrocyclone units. Previous work at McGill University [del Villar and
Laplante 1985] includes a series of programs written in Applesoft BASIC such as
RTDOPEN and RTDCLOSE to estimate parameters of Residence Time Distribution
(RTD) models, PSD to simulate ball mills, SELFUNC to estimate selection functions and
GRINDSIM to simulate closed grinding circuits. In this chapter various aspects of
developing and testing of BMCS, which is partly based on GRINDSIM. but written in

the more efficient C language, will be discussed.

Steady-state simulation is increasingly used by mineral processors to design,
analyze and optimize various grinding circuits {Austin, Luckie and Wightman 1975;
Herbst and Fuerstenau 1980; Hodouin, McMullen and Everell 1980; Finch and Ramirez-
Castro 1981; del Villar et al. 1985]. For example, grinding simulators have been used
to evaluate process performance under various circuit designs, series vs. parallel grinding
[del Villar et al. 1985] or two stage vs. single stage classification [Dahistrom and Kam
1988], and operating conditions, slurry densities [Laplante and Redstone 1984], ball size
[Hartley et al. 1983} or to find the optimum steady-state parameters which meet a
required metallurgical performance. The current version of BMCS can be readily used
to simulate steady-state circuit performance. given the flow rate. % solids and particle

size distribution of new (fresh) feed and the flow rate of water additions to the circuit.

94
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additions to the circuit. However, finding the optimum operating conditions to meet a

desired circuit performance requires manual search by the user.

5.2 Program Structure

The modular structure of BMCS involves several executable sub-programs that
are run and accessed by the main program "BMCS.EXE" during a simulation trial. This
simulation structure provides a high level of flexibility and economy of programming
[Austin, Klimpel and Luckie 1984] and needs a minimum of computer memory
requirements. In addition, very complex circuits. which include multi-stage grinding and

classification systems, can be simulated.

Figure 5.1 shows the various steps of a simulation run. A pre-defined circuit is
first selected for simulation. Then the program reads the basic data, i.e. a connectivity
matrix and the number of nodes and streams in the circuit nodal representation and starts
to compute sequentially the output of each node by calling the related sub-program or
module. The sub-programs contain general mathematical models of physical process
objects which are components of typical ball milling circuits (ball mills. hydrocyclones)
and functions which simulate junction, split and convergence blocks. Simuiation data
files must be created by the user to provide the required information for simulator

calibration and execution.

5.3 Mathematical Models

The current version of BMCS contains two modules for the simulation of ball miil
and hydrocyclone units. The implemented model structures are inflexible, i.e. source
code changes are required to modify them. The other modules are JUNCTION, SPLIT,
CONVERGE, FIXCLASS which are necessary to construct simulation models of closed

grinding circuits. All modules are explained in the next sections.
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Figure 5.1 Simplified flowchart of a BMCS simulation run
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5.3.1 Ball Mill

The classical time-continuous, size-discrete population balance model of tumbling
ball mills was implemented in C using BC+ + 3.1 compiler. A number of researchers
contributed to the introduction of this model [Epstein 1947 and 1948, Sedlatschek and
Bass 1953, Broadbent and Callcott 1956] which was later evolved and validated by
Gaudin and Meloy, 1962. The model predicts the overall size distribution of ore as a
single-component solids phase. Multi-component models have been also developed
[Finch and Ramirez-Castro 1981, Weller et al. 1988] which can predict the performance
of individual components given size-by-size assay information, but this was deemed

unnecessary here because of the focus of the investigation.

The ball mill model requires values for its breakage function, selection function
and residence time distribution. The breakage function should be that used to generate
the selection function vector with NGOTC. The selection function parameters are
estimated using NGOTC from data originating from the circuit to be simulated, operating
at steady state and as close as possible to the conditions to be simulated. The residence
time distribution model used is that of Weller [1980]. Since the classical ball mill model
is generally not numerically sensitive to the RTD parameters and breakage function, it
was decided that improvements on the parametric estimation approach of del Villar

[1985] was unnecessary.

The source code developed by the author was tested using real plant data with
more focus on the verification of computations. The ball mill executable program is

called by the main module of BMCS software and cannot be run separately.

5.3.2 Hydrocyclone

The original version of Plitt’s hydrocyclone model [1976] was implemented in C
to simulate hydrocyclones. The model can simulate the operation of a hydrocyclone
under the normal discharge regime. Extensive use of Plitt’s model has shown its
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capability to predict hydrocyclone performances to a first approximation [Napier-Munn
et al. 1996] with no need of plant constants. The accuracy of predictions can be
augmented by applying constant correction factors to original equations for the corrected
cut size, dg,, the separation sharpness, m, the pressure drop, P, and the volume flow

split, S.

5.3.3 Fixed Classification

In this module classification is simply defined by pre-set mass split coefficients
for each size into the fine and coarse streams, rather than using a mathematical unit
model to derive those coefficients. The classification coefficients for each size class, c;,
can be estimated from plant tests and must be supplied as input by the user. This module
could be used for an approximate representation of screen units. The program calculates
size distributions of oversize and undersize streams based on the feed size distribution

and the classification coefficients.

5.3.4 Junction

In a grinding circuit, there are points where two or more streams mix together
and form a single stream. These junctions or mixing points could be either real or
conceptual. For example, in closed grinding circuits a baill miil unit may be fed with a
fresh feed and circulating load. In simulation, these two streams should be combined to
produce a single ball mill feed stream, although in reality the two streams could be added
separately to the ball mill and combine oniy in the mill itself. The junction module
caiculates the solids flow rate, density and particle size distribution of the combined

stream using those of each input stream.

5.3.5 Split

At a split point, a single stream is simply split indiscriminately into two or more
streams. In a closed ball mill/hydrocyclone grinding circuit, for example, part of the
hydrocyclone underflow stream might be bled for gravity separation and the rest returned
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to a ball mill for further grinding.

To simulate a split point or node, it is assumed that there is no change in
properties of the stream, namely size distribution and % solids of the stream. However,
the flow rate of each output stream is calculated as a percent of input stream which must
be defined by the user. The computations made by the split module were also checked
and verified.

5.3.6 Convergence

The presence of recycle streams in a grinding circuit makes its simulation more
complicated due to the iterative calculations required to calculate the flow rate, % solids
and particle size distribution of recycle streams. Conceptually, each recycle stream maps
to a convergence block in the nodal representation of the circuit being simulated. A
convergence block is in fact a pseudo-module [Richardson, Coles and White 1981] to

solve recycle sets.

In this module, the successive substitution approach was implemented to test the
convergence of a recycle stream. The particle size distribution and solids flow rate of
a recycle stream are set to their initial guess value, zero mass in each size class at the
first iteration. The computed values of one iteration are used as initial guesses for the
next iteration. After each computation cycle, the solids flow rate of the recycle stream
computed in the current and previous iterations are tested for convergence (the difference
between the two values must be within a toierance range set by the user). Another
approach developed by Wegstein [1958] remarkably accelerates convergence iterations.
However, because of the relative simplicity of the convergence problem in grinding

circuits it was decided to use the simpler successive substitution approach.

5.4 Simulation of Closed Ball Milling Circuits

The simulation of a closed ball milling circuit is possible by mathematical models
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of participating process units and their linking by an executive or main simulation
structure. Since a grinding circuit is indeed a system constructed of interacting sub-
systems or units such as ball mills and hydrocyclones, performing circuit simulations is
required to optimize operation correctly. Therefore, the final impact of changing a sub-
system design or operating parameter (e.g. grinding balls size, fresh feed rate,
hydrocyclone apex or vortex diameters) on a full circuit or system can be investigated

by such simulations.

Westerberg et al. [1979] have discussed various approaches of process
flowsheeting systems. Basically, either the sequential-modular or equation-solving
approach is used to construct process simulators or flowsheeting systems. In equation-
solving simulators the full circuit is defined as a system of equations that are solved
simultaneously. In sequential-modular simulators, computations are done sequentially
according to a calculation path (or computational order) based on nodal representation

of the circuit.

The sequential-modular approach was chosen to the develop simulation structure
due to its ease of implementation and low complexity. In contrast, the equation-solving

approach can be extremely complex and requires more computer resources.

5.4.1 Simulation Input Data

Practically, a user must collect a large amount of information to be able to
simulate a real grinding circuit. This involves gathering information concerning circuit
flowsheet, selection and breakage functions to customize a ball mill model to each ball
mill unit and geometrical specification and adjusting factors to customize Plitt's model

to each hydrocyclone unit.

In BMCS, circuit flowsheets are described by connectivity matrices which must
be placed into a text file named "CONMAT.LIB". The connectivity matrix of a circuit
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in fact determines the calculation path for the simulator and must be defined by the user
(a number of circuit flowsheets have been already pre-defined and included in
"CONMAT.LIB"). The other information must be given in an input text file prepared

according to a certain format and named with the correct extension.

5.4.2 Simulation Qutput

The purpose of using the simulator is to calculate the steady-state particle size
distribution, solids flow rate and % solids of all streams under certain operating
conditions described by the flow rate of solids fed to the circuit, % solids and water
addition flow rates. While simulations are performed in a forward direction, from a pre-
defined set of input parameters to a set of output parameters considered as performance
space, various simulation trials can be done to find a set of input parameters which

produces a desired circuit performance such as fineness of grind or production capacity.

5.5 Simulation of Lupin Mine Grinding Circuit

The ball milling circuit of the Lupin Mine, operated by Echo Bay Mines, consists
of two parallel tube ball mills (2.4 m x 7.3 m (8' x 24')) fed by the underflow streams
of two cyclopaks which are also operated in parallel (Fig. 4.9). The circuit was
simulated under the same operating conditions of the sampling campaign of March 31
1996 (solids feed rate 95 t/h) so that a comparison of predicted and measured size
distribution could be made. The details of circuit modelling and simulation are explained
below.

5.5.1 Modelling Ball Mills

The dimensionless (normalized) selection function was estimated from data of
sampling campaign of March 1 1996. using the same normalizable ore breakage function
and dimensioniess RTD parameters used to back-calculate selection function. The
breakage function and RTD parameters were assumed rather than estimated directly from
laboratory and plant tests.
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5.5.2 Modelling Classification

The accuracy of predictions made by the cycione module was tested by using data
sets from three full grinding circuit surveys performed on January 30 1996, March 1
1996 and March 31 1996. These data had been used perviously to estimate the mill
selection functions (see Section 4.6.3). The main purpose of testing was to verify
computations performed by the cyclone module and to demonstrate whether or not

calibrating Plitt’s model couid generate more accurate predictions.

The data set obtained from the March 1 1996 grinding survey was selected to
calibrate Plitt’s model. Figure 5.2 shows predicted and measured particle size
distributions of cyclopaks overflow and underflow streams. Agreement between
predicted and measured size distributions was found to be reasonable for the underflow
stream over the full particle size range, but the overflow distributions clearly differ
significantly. A similar problem was found with the January 30 and March 31 1996 data

sets (Appendix C.1). Calibration factors were calculated using following relationships:

CF,_ - 50, measwred 5.1)
dSOc. prediction
CF, - Pmegsured (5.2)
M, edicrion
CF, = ff_ﬂﬁ'L“ (58.3)
! . prediction

where CF ., CF, and CFy, are calibration factors for the corrected cut size, separation
sharpness and recovery of fluid to hydrocyclone underflow, respectively. The factors

were then used to adjust equations 2.16, 2.18 and 2.23.

BMCS was then used to simulate cyclopaks performance under two different

operating conditions. The simulation resuits are given in Appendix C.2. The flow rate,
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% solids and size distribution of the cyclopak feed were calculated using adjusted
cyclopak overflow and underflow data. Figures 5.3 shows predicted and measured size
distributions of cyclopaks overflow and underflow streams for the January 30 1996
survey. Plitt’s model predictions are remarkably improved. A similar improvement was
also observed for the other test data set, March 31 1996, as welil as the data set used to
estimate the calibration factors, March 1 1996 (Appendix C.3). These simuiations also
verified the predictions made by the cyclone module of BMCS simulator and the

importance of cyclone model calibration to specific applications before simulation.
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Figure 5.2 Predicted and measured size distributions of cyclopaks overflow and
underflow streams, Lupin Mine (March 1 1996 survey)
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Figure 5.3 Comparison of predicted and measured size distributions of cyclopaks
overflow and underflow streams after Plitt’s model calibration, Lupin Mine (Jan.

30 1996 survey)

January 30, 1996 March 31, 1996

Pred.’ Pred.! Meas. Pred.’ Pred.!

* and ' designate predictions before and after model calibration, respectively.



Chapter 5 Ball Milling Circuits Simulator (BMCS) 105

Table 5.1 compares Plitt’s model parameters obtained from measured data and

simulations.

5.5.3 Circuit Simulation
After calibrating the ball mill and hydrocyclone models, circuit simulations were
performed to test the simulator accuracy in predicting the size distributions of various

streams.

The size distributions of various streams predicted by the simulator using the same
feed size distribution and flow rate of March 31 1996 data set are compared to the
measured size distributions in Figure 5.4. Table 5.2 gives the predicted and measured
flow rates and % solids of various streams. It is concluded that the circuit performance
can be simulated with an error normally lower than 10%. There are many sources that
can contribute to the discrepancy between the simulated and measured performances such
as inherent difficulties involved in the calibration of ball mill and hydrocyclone models
due to sampling errors and estimating model parameters. Differential mineral behaviour

also contributes to the lack of it, but to a lesser extent than for massive sulphide ores.

5.6 Simulation of Louvicourt Mine Grinding Circuit

BMCS was used to simulate the performance of the ball mill cyclopak circuit of
the Louvicourt plant under various ball sizes and hydrocyclones apex diameters, to
investigate the effect of these parameters on the circuit energy efficiency and product
fineness. A detailed study of classification had to be undertaken in order to interpret
correctly subsequent simulation results. The study included an investigation of the

individual mineral responses to classification.

§.6.1 Modelling the Ball Mill
In this case, only one ball mill unit, 5.0 m x 7.3 m (16.5' x 24'), had to be
modelled. The mill selection function was estimated based on February 25 1997 survey
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Figure 5.4 Comparison of predicted and measured size distributions of various
streams, Lupin Mine (March 31 1996 survey)

Table 5.2 Comparison of predicted and measured flow rates and % solids, Lupin
Mine
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flow rate (t/h)

solids (%)
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and was smoothed with a cubic spline function to calibrate the simulator when 38 mm
(1.5") grinding balls are used. The same ore breakage function and RTD parameters
assumed to estimate the selection function. To predict the circuit performance when the
bail mill is charged with 25 mm (1") grinding balls, the simulator was calibrated using
the smoothed, scaled selection function (see Fig. 4.13).

5.6.2 Modelling Classification

A cyclopak of twelve 38 cm (15") hydrocyclones is operated in closed circuit with
the ball miil unit (BR-301). Previous work indicated that there is a plateau in the
classification performance curve [Lacombe 1995, Farzanegan and Laplante 1997a). This
was attributed to the multi-component nature of the ore and studied in detail [Farzanegan
and Laplante 1997b]. To assess the classification performance of the major minerals,
chalcopyrite, sphalerite, pyrite and non-sulphides gangue (NSG), individual size classes
were analyzed for metal content, using samples extracted on February 25 1997. To
estimate the size-by-size recovery of individual minerals to the cyclopak underflow, the
balanced size distribution and solids flow rate of the overflow and underflow samples
were used. The size distribution of the cyclopak feed was calculated from the size
distribution of the overflow and underflow streams. The raw data were adjusted using
NORBALS3 [Spring 1992] and were given in Appendix B.8.

The rough percentages of minerals that constitute the Louvicourt ore are given in
Table 5.3. Due to the low amount of pyrrhotite, magnetite, ilmenite and galena, they
were ignored when size-by-size mineral contents were calculated. The actual amount of
each mineral fed to the circuit at sampling time was calculated based on the metal content

of each mineral (Table 5.3).

The content of chalcopyrite, sphalerite and pyrite was calculated from the metal

assays using the following relationships (assuming that NSG minerals contain no iron):
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Table 5.3 Miner sion of Louourt ore

Mineral Formula Specific Metal ont c B !
Gravity (%) ‘
|
Chalcopyrite CuFeS, 4.14.3 Cu-34.6% |  9-13
Sphalerite ZnS 3.944.1 Zn-60.6%, Fe- 3-6
6.5%
Pyrite FeS, 5.0 Fe-46.7% 22-55
Pyrrhotite Fe,S, 4.6 Fe-61.5%° 1-3
Magnetite FeOFe,0, 5.2,4.5-5.0 Fe-72.4% 1-2
and ilmenite FeTiO, Ti-31.6%
. Galena PbS 7.4-7.6 Pb-86.6% <1
Silica and SiO, 2.65-2.66,2.7 - 20-64
carbonate CaCo,
“variable

M chaicopyrite = Xic,/0.346
mi.sphalerit: = xi.Zn/O-606

M pyrie = (Xipe-0-3*M, crascopyrive=0-065* M pnaierice)/0.467

where m, and x; are the content of the specified mineral and metal in size class i,

respectively. The content of NSG minerals, then, was calculated by:

. Minsg = 100-(0; ngicopyrive + M sphateriie M pyrise)
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The partition curves of the various minerals were then fitted to Plitt’'s model
[1976], and are shown in Figure 5.5. The goodness of fit for sphalerite and pyrite was
much better than that of other minerals. The low goodness of fit for chalcopyrite and
NSG minerals was linked to the errors of the metal assays for the pan fraction. More
specifically, the 4.15% Cu of the cyclopak underflow -25 um fraction is significantly
above that of slightly coarser size classes. If indeed inaccurate, this analysis would have
caused the high recovery to the cyclopak underflow for chalcopyrite and low recovery
for NSG (which is what was observed).

100
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Figure 5.5 Individual classification performance curves of the primary cyclopak,
Louvicourt plant

. R, was calculated from % solids data and then was used to fit Plitt’s model to the
measured individual partition data points. The best fit was found using the non-linear
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optimization tool of Quattro Pro” software with a search for two unknown parameters,
namely m and ds,.. Tables 5.4 and 5.5 show cyclopak operating conditions and Plitt’s
model parameters estimated for individual components and ore. The separation
sharpnesses of chalcopyrite and sphalerite, equal to 2.13 and 2.51, respectively, are
higher than that of ore, 1.38.

The individual mineral-by-mineral performance curves explain the plateau in the
overall curve for the ore. Chalcopyrite and sphalerite show almost the same
classification behaviour due to their very similar specific gravities. Pyrite and NSG
minerals show different classification behaviours due to their different specific gravities.
For a more detailed discussion, the reader is referred to Laplante and Finch 1984.

These curves confirm that the plateau is due to mineral density effects and that
classification sharpness is much better than that of the overall ore would suggests, and
imply that sphalerite and chalcopyrite are well liberated from pyrite and NSG, as the
performance curves are clearly different. The classification sharpness of pyrite is poor,

1.49, but could well be due to the presence of iron in NSG minerals.

The individual mineral partition curves confirm that the classification performance
of primary cyclopak is highly affected by the multi-component nature of the ore. This
implies that Plitt’s model cannot be used accurately to fit or simulate ore classification
data. Even though Plitt’'s model cannot model the classification of overall ore
effectively, the sampling and modelling exercise can still yield informative data.

The circulating load is high, 362%, clearly above the "ideal" of 250%, % solids
of the cyclopak underflow is low, 74%, below the ideal grinding % solids of high density
ores, 75-79% (possibly more, Lapiante and Redstone 1984) and short circuiting to the

*Quattro Pro is a trademark of Borland International
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Table 5.4 Primary cyclopak operating conditions, Louvicourt plant (Feb. 25 1997

Solids content Water flow rate
(t/h)

Table 5.5 Plitt’s model parameters estimated for individual minerals and ore,
Louvicourt lan (Fe. 25 1997 survey) ‘_

Chalcopyrite | Sphalerite

" dg. (um) 43 44 26 123 38

Lack of fit 70.07 6.81 11.71 336.81 | 197.98
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CUF is high, 44%: all these problems can be corrected by decreasing apex diameters.

5.6.3 Primary Circuit Simulations

To test the recommendation of a smaller ball size, 25 mm (1"), and a smaller
apex diameter, 57 mm (2.25"), BMCS was used to simulate the circuit performance
under the proposed modifications. Although simulations were performed under some
uncertainties regarding model calibration (i.e. the unusual cyclone performance curve),
the predicted trends can still guide further optimization decisions.

To build a simulation model of the circuit, unit models were calibrated using data
from the October 10 1995 survey. The calibration factors of Plitt’s model were
calculated using relationships 5.1, 5.2 and 5.3. It must be emphasized that the use of
Plitt’s equations to model classification performance is subject to interpretation due to the
existing plateau in the uncorrected partition curve. Since Plitt’s model assumes that the
hydrocyclone feed consists of a single solids phase, it cannot model such plateaus
precisely. For the purpose of this research it was decided not to pursue individual
mineral treatment, which would have complicated significantly the simulator’s source

code.

After parameters of simulation models were estimated, the simulator was tested
by comparing its predictions with the measured data obtained from the survey performed
on February 25 1997. The outputs of the simulator for the October 10 1995 survey (data
set used for estimating the selection function parameter) and February 25 1997 survey
(data set used for testing the simulation model) are given in Appendix C.4. Figure 5.6
shows predicted and measured size distributions of cyclopak overflow stream for the
February 25 1997 survey. The predicted mass of material passing a specified size is
lower than the corresponding values measured. Nevertheless, the simulator was used to
investigate trends rather than produce absolute estimates. The inability of simulator to

generate more accurate predictions stems from a number of sources particularly its failure
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Figure 5.6 Comparison of predicted and measured size distributions of the primary
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Figure 5.7 Predicted size distribution of Cu flotation feed, Louvicourt plant (Feb.
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to simulate classification behaviour of non-homogeneous ore.

The calibrated simulator was used to perform a number of simulation trials.
These include trials to predict circuit performance using 25 mm (1") ball size instead of
current ball size 38 mm (1.5") and changing hydrocyclones apex diameter t0 57 mm
(2.25™). Ball size has a significant effect on the % -75 um of the cyclopak overflow but
none on the circulating load and short circuiting value (Table 5.6). Decreasing the apex
diameter, d,, does bring both the circulating load and short-circuiting down.
Presumably, the benefit of decreasing d, can be increased if the circulating load is
brought back up to its original value, either by (a) adding more water to the grinding
loop, (b) operating with fewer hydrocyclones or (c) changing vortex finder diameter. A
simulation was also performed to study circuit performance when both modifications are
applied at the same time. The outputs of simulator can be found in Appendix C.5. As
the fineness of the circuit product (Cu flotation feed) is of more interest, its predicted
size distribution under the proposed modifications is shown in Figure 5.7. The effect of
ball size is much more significant than that of apex diameter at 30 um, but as shown in
Table 5.6, a smaller apex diameter can yield a primary cyclone overflow with a larger

- 75 um content.

That the decrease in apex diameter can reduce the mass of +75 um fraction in
the primary cyclopak overflow without increasing the amount of -30 um significantly is
interesting. In applications where overgrinding can be a problem (i.e. flotation with a
libration mesh above 30 um but not significantly above 75 um), this is clearly desirabie.
In applications where maximum “"grind" is the target (i.e. particle surface produced),
such as grinding of pelletization feeds, increased grinding capacity via a better choice of

ball size or grinding density is the better option.

To estimate the increase in circuit capacity when 25 mm (1") balls are used, with
producing a size distribution close to that of 38 mm (1.5") balls, three simulation runs
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were performed with 5, 10 and 20 percent increase in current feed flow rate (Appendix
C.6). Figure 5.8 compares the particle size distributions of circuit product (cyclopak
overflow) for all simulations. [t can be concluded that an increase of at least 20% in
circuit capacity can be achieved using 25 mm (1") balls without a decrease in the current

fineness of grind.

Table 5.6 Predictions of percent passing 75 ym, circulating load (CL) and recovery

of fluid to cyclone underflow (R,) under various operating conditions

Make-Up Ball Size
Apex Diameter 38 mm (1.5") 25 mm (1)
¢ -75 pm CL R, -75 um CL R,

(%) (Uh)

70 mm (2.75")

The results of classification performance study presented in this report must be
considered cautiously as the measured partition curve indicates the existence of mineral
phases with different settling velocities which cannot be readily modeled by Plitt’s model.
The best estimated value of separation sharpness (by optimal fit of Plitt’s model) was
equal to 0.83 and in reality wiil be higher when minerais are considered individually.
An accurate assessment of classification performance requires size-by-size assays of

minerals present in ore.

Despite some uncertainty associated with the predictions of the calibrated
simuiators, the results are still very useful for comparing circuit performance under

different conditions. The predicted trends are very clear. and suggest substantial
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improvements if both grinding kinetics (ball size) and classification performance (short-

circuiting) are improved.
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Figure 5.8 Comparison of simulated particle size distributions of circuit product
under various feed rates, Louvicourt plant

The uncertainty associated with the behaviour of coarser particles in the bail mill

can be significantly reduced by using smaller openings on the SAG discharge screen.

A reduction from 4 to 2 mm is suggested as existing screen performance is very good

and the reduction rate of 2:1 corresponds to the reduction ratio of the peak size of the

selection function when reducing ball size from 38 mm to 25 mm (Fig. 4.13). Since

simulations were performed without removal of the +2 mm fraction, the finer feed

. would also improve in circuit performance - i.e. and increase of 5% in the - 75 um %
passing of the circuit product. Another safety factor would be the ability to increase
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circulating load back to the historical level of 350%.

The simulation with scaled selection functions for 25 mm (1") balls resulted in
a finer product. However, there was no significant changes in hydrocyclone operation.
The simulation of hydrocyclones with a smaller apex diameter showed a lower water
recovery to the underflow and a higher separation sharpness, equal to 27% and 0.76,
respectively, compared with those predicted for hydrocyclones with current apex

diameter. It also showed a large decrease in circulating load.

At the time of writing a number of modifications, recommended followed this
research, had been made:

- reducing the SAG mill discharge screen openings from 4 mm to 2 mm

- using a make-up ball charge consisting of 50% 32 mm (1.25") and 50%
25 mm (1") balls instead of 100% 38 mm (1.5")

- reducing the apex diameters of primary hydrocyclones from 70 mm
(2.75") to 57 mm (2.25")

The change of make-up ball size took piace at the end of May 1998 and has been
reported causing Py, to decrease from 51 um to 47 um. This is in line with the
simulation results considering the fact that simulations performed were based on the
selection function predicted if a make-up ball size of 100% 1" balls had been used. This
means that even a finer grind can be resulted if 1" balls are used. However, the use of
a single make-up charge of 25 mm (1") balls has been avoided by the plant operators due
to their higher costs when compared with that of bigger balils.

The change to hydrocyclone’s apex diameters was implemented at the end of July
1998 and was reported has caused a decrease in the Py, of the cyclopak overflow stream
but not as significant as that of ball size change. This is very interesting as the lesser
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effect of apex diameter change on the product fineness had been predicted by the

simulator (see Fig. 5.7).

5.7 Summary
The BMCS was developed and tested as the core of a series of tools for the off-

line steady-state optimization of mineral ball milling circuits. The current version of
BMCS is capable of simulating grinding circuits consisting of ball mill and hydrocyclone
units. All modules were tested using data from various industrial plants and were proven

to give reliable results.

The simulation of the Lupin and Louvicourt Mines grinding circuits demonstrated
how the simulator must be calibrated and used to represent or approximate real plant
performances. Using the Lupin classification data, the cyclone module of BMCS was
tested and proven to produce accurate predictions particularly when it was calibrated to
measured classification parameters. The performance of primary classification at the
Louvicourt Mine could not be precisely simulated by the cyclone module due to the
multi-component nature of ore. However, circuit simulations performed to predict
possible trends in case of changes to ball size and cyclone apex diameters, taking into

account the uncertainties involved due to inadequate modelling of classification process.

A step forward in use of process simulators to analyze and optimize grinding
circuits is incorporation of symbolic-oriented metallurgical knowledge required to build
simulation models and interpret results. This can be achieved by use of rule-based
system programming which will be explained in Chapter 6.



CHAPTER 6
GRINDING CIRCUITS OPTIMIZATION
SUPERVISOR (GCOS)

6.1 Introduction

To optimize the design and operation of a mineral grinding circuit, a mineral
process engineer has to be knowledgable of theoretical aspects of the underlying
processes and computer-based tools required to complete the optimization task at hand.
In most off-line optimization exercises, steady-state circuit simulation packages are used
as primary tools to investigate proposed new operating conditions or circuit designs or
to search for promising ones. Therefore, one must learn how to use programs such as

mass balancing, parameter estimation and simulation.

In this chapter the development of Grinding Circuits Optimization Supervisor
(GCOS) will be explained. While Mumerical Grinding Optimization Tools in C
(NGOTC) and Ball Milling Circuits Simulator (BMCS) programs, described in Chapters
4 and 5, provide some basic tools, they cannot assist a process engineer in making
decisions required in various steps of an off-line optimization study. Hence, a program
capable of helping one to make decisions or interpret various information could be
useful. The progress in artificial intelligence, particularly in Knowledge-Based Systems
(KBSs), has allowed development of computer programs that can achieve this goal.
GCOS in fact attempts to computerize the problem solving expertise often used in the
off-line optimization of mineral grinding circuits. The basic concepts of KBSs were
introduced in Chapter 3. The inference engine of CLIPS which controls the execution
of the GCOS knowledge base has been discussed elsewhere {STB 1993]. In this chapter,

119
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domain-specific aspects of GCOS and its implementation are presented.

Expert systems have found many applications in mineral processing particularly
in the monitoring and control of comminution and flotation circuits [Bradford 1991,
Ynchausti and Hales 1992, Reuter and Van Deventer 1992]. These systems are designed
to be used in off-line or on-line mode as depicted in Figure 6.1. In the off-line mode,
the user provides the input to the system and must analyze its output. In the on-line
mode, these systems are configured in open or closed loops [Leiviskd 1991]. Open-loop
systems receive measurement data from sensors and advise process operator to take the
appropriate control actions. In other words, the control loop is closed by the human
operator. In on-line closed-loop systems, the expert system implements actions on itself

without human intervention.

The GCOS knowledge base runs off-line and requires the user to input data. The
problems addressed by the knowledge base are not necessarily related to process

monitoring and control.

6.2 The Structure of GCOS
Figure 6.2 shows a simplified view of the GCOS knowledge base which consists

of several modules or partitions. The modular design was considered due to the
increased level of control that is provided by such structures to execute various rule sets.
The modules can be classified into general and specific categories. The general modules,
i.e. TEMPLATE, QUERY and FUNCTIONS, provide the primary structurat blocks of
the knowledge base. The specific modules define the grinding optimization domain and
capture the expert knowledge.

6.2.1 General Modules
The TEMPLATES module defines the basic template facts which are used in
rules. All templates were made exportable to other modules by setting the export slot
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of the defmodule construct which defines the TEMPLATES module.

The QUERY module asks all relevant questions whose answers are needed at each
stage of the information processing. It imports all tempiates and functions defined in
TEMPLATES and FUNCTION modules and allows exporting its constructs to other
modules. The query rules are triggered when a parameter (numeric or non-numeric) is
not bound to a specific value and its "question" non-ordered fact still exists in the
knowledge base. For example, the following rule has been written to query the user
about non-numeric (symbolic) parameters:

(defrule QUERY::ask-non-numeric-question

f <- (question (parameter ’the-parameter)
(module ?the-module)
(the-question ?the-question)

(precursors)
(already-asked FALSE)

(help ?the-help))
(parameter (name current-module)(value ’the-module))
(nonnurmnparam (name ?the-parameier)(menu $?the-menu))
=>
(modify ’f (already-asked TRUE))
(assert (user-response ’the-parameter
(ask-non-numeric ?the-question ’the-help $’the-menuj)))

The FUNCTIONS module defines functions used in other modules. The most
important functions are those designed to query the user to assign values to numeric or
non-numeric parameters. Two separate functions "ask-numeric" and "ask-non-numeric"
were defined to ask questions regarding numeric and non-numeric parameters,
respectively. These functions are called from the right hand side (RHS) of query rules
defined in the QUERY module.

The knowiedge base execution is started by focusing on the MAIN module which
welcomes the user and then causes the focus of the knowledge base to move onto the
INITIALIZATION module. This module then will set the current module on one of the
expertise modules, i.e. BALLMILL, HYDROCYCLONE, CIRCUIT or MODSIM,
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depending on the user choice.

6.2.2 Expertise Modules

The expertise modules were designed to cover problems pertaining to the
optimization of mineral grinding circuits. The BALLMILL module includes various sets
of rules for the optimization of ball size and other operating conditions. The
HYDROCYCLONE module contains rules which are used to improve classification
efficiency through optimizing a number of critical parameters such as water recovery to
the cyclone underflow and separation sharpness. The MODSIM module assists the user
in building the unit operation models and simulating circuits. The modelling part of this
module helps the user to estimate selection function parameters, in order to analyze the
grinding kinetics and model ball mills. The simulation section of this module uses
frames to represent unit operations. The rules first verify that all requirements to start
a simulation session are satisfied. A simulation trial is then performed by a set of rules.
The unit operations involved in a circuit flowsheet are simulated by sending a message

to the related object.

6.3 Knowledge Acquisition

A systematic approach was taken to gather various types of optimization
knowledge applied to industrial grinding circuits. A major part of this knowledge was
obtained from working on a number of real plant optimization cases including Agnico
Eagle, La Ronde Division, Les Mine Selbaie, Lupin Mine and Louvicourt Mine.
Moreover, the existing grinding literature was consulted to extract additional knowledge.
The knowledge-base was developed incrementally by adding new rules to each module
after preliminary prototyping. This was possible due to the modularity of the knowledge
base and its relatively small size.

6.3.1 Knowledge Types

An experienced mineral processor who does an optimization study uses many
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kinds of knowledge to finally come up with recommendations that can improve the
operation. The knowledge or expertise applied by the mineral processor can be
categorized as that of diagnosis, interpretation, trouble-shooting or optimization. The
rules contained in GCOS embody some of this knowledge types particularly
interpretation, diagnostic and optimization. Many rules encoded in GCOS are universal
and can be applied to any grinding process; others are very specific to the software
developed in this thesis.

6.3.2 Conflicting knowledge

During the literature survey and the development of GCOS, conflicting knowledge
were noticed and if possible they were resolved. For example, Bond and Azzaroni have
proposed rules of thumb relationships to predict make-up or top ball sizes. Using the
same data, however, Azzaroni's equation predicts a size much larger than that predicted
by Bond’s. In such cases, GCOS informs the user of both predictions. Since ail rules
of GCOS had to be encoded and placed in the knowledge base manually, the consistency
of implemented rules were considered during their development. This was possible also

due to the relatively small size of the current knowledge base.

6.4 GCOS Implementation

Since CLIPS was selected as the shell, the knowledge-base was implemented
according to the CLIPS special syntax in order to define facts, rules and frames.
However, the rules constructing the expertise modules were first expressed in English
language regardless of the selected knowledge-base shell and then gradually encoded into
the knowledge base using CLIPS syntax. The various rule sets were incrementally built

by studying various grinding circuit cases and existing literature.

6.4.1 Knowledge-Base Shell and Development Tool
The knowledge elicited from experts and literature was formalized in the form of
facts, rules, objects and functions. GCOS is in fact a knowledge base strongly dependant
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on the pattern matching ability of CLIPS, due to the extensive use of complicated
patterns in the /eft and side (LHS) of rules. Pattern connectives and wildcards, field
constraints, mathematical operators and test features have been used in rules.

6.4.2 Knowledge-Representation
The knowledge was basically represented by the ordered facts, non-ordered or

template facts, rules and frames (objects). The external executable programs are cailed
from the RHS of rules.

There are constructs in CLIPS which are used to define rules and classes
(frames). A rule or frame defined in the knowledge base can be very simple or complex.
In CLIPS, a rule is defined by the defrule construct [STB 1993]:

(defrule <rule-name> [<comment> |

[<declaration> ]

< conditional-element > * . LHS
=>

<action>* . RHS

Rules can have more than one conditional element or action. They can aiso have
a single declaration pattern to define a specific property such as the priority of firing a
rule over the other rules in the agenda.

To define a class frame, the defclass construct provided by CLIPS Object

Oriented Language (COOL) must be used. The general syntax of a class frame in CLIPS
is as follows:

(defclass <name> [<comment> ]
(is-a <superclass-name> +)
[<role>]

{ <pattern-match-roie > |
<slot>*
< handler-documentation > *)

<role> ::= (role concrete | abstract)
<pattern-match-role > ::= (pattern-maich reactive | non-reactive)
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<slot> ::= (slot <name> <facet>*) |
(single-slot <name> <facet>*) |
(multislot <name> <facet>*) .
< handler-documeniation> ::= (message-handler <name> [<handler-type> ])

A class frame can inherit properties and behaviours from one or more pre-defined
superclasses. The new properties and behaviours are directly defined through various
slots and message handlers. Facets allow various properties such as default value, access

type or constraint attributes to be defined for each slot.

6.5 GCOS Knowledge Modules

The GCOS knowledge base consists of four modules to cover various domain

areas: (1) BALLMILL to optimize the performance of ball mill units, (2)

HYDROCYCLONE to optimize the performance of hydrocyclone classification units, (3)

. CIRCUIT to propose alternative circuit configurations and (4) MODSIM to model and
simulate full grinding circuits. These modules are discussed below.

6.5.1 Ball Mills

This knowledge module involves facts and rules to describe ball mills and
improves the breakage process taking place inside ball mill grinding units. One of the
most important parameters is grinding media size. Evaluating grinding kinetics is critical

to investigate the efficiency of grinding mills in breaking particles.

Various parameters must be considered during optimization. Table 6.1 shows a
listing of parameters or attributes defined in the ball mill module which are used for
decision-making. During the execution of the knowledge base, all parameters will be
finally bound to specific values which are then considered as known facts. The value of
a parameter is either given by the user as an initial fact (evidence) or inferred from other

. previously known facts as an intermediate or final fact.
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Table 6.1 Important design and operating parameters defined in Ball Mill module

of GCOS
Constraint
Discharge type Symbolic Initial’ Overflow,
diaphragm
Mill length Numeric Initial <=9m.
Mill diameter Numeric Initial <=6m.
Laboratory work
index Numeric kWh/t Initial >0
Operating work
index Numeric kWh/t Initial >0
Critical speed Numeric rpm Intermediate >0
Media type Symbolic | - Ball, slug
Make-up ball size Numeric mm. Initial >0
Liner wear rate Numeric kg/kWh | Initial >0
"T!all wear rate Numeric kg/kWh | Initial >0
Energy
consumption Symbolic | - Intermediate Good, ok, bad
Operation mode Symbolic | - Initial Wet, dry
Circuit type Symbolic | - Initial Open, closed

“An initial derivation requires the user to provide the value of the parameter, while for intermediate ones the

system will infer the value of the parameter from known parameters.
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All parameters defined in the knowledge base are constrained to specified bounds
or values. Numerical parameters may have lower and/or upper numerical bounds.
These boundaries fill the min and max slots of the fact template "numparam"” defined for
numerical parameters.

(deftemplate numparam

(slot name)

(slot min (default ?) (type NUMBER))
(slot max (default ?) (rype NUMBER)})

(deftemplate nonnumparam
(siot name)
(multislot values)
(multisior menu)
(slot convert))

In the case of non-numerical parameters, they are constrained to specified multiple
symbolic values defined in knowledge base. All constraint information is passed to the

query functions to validate the input data.

The information obtained following a grinding survey contains very useful facts
in the sense that they can be used to infer new information which allows process
identification, analysis, diagnostic and optimization. In the ball mill module of GCOS,
a number of rules were developed based on the heuristic used in the interpretation of ball
mill facts (see Appendix D.1). These included:

estimation of the make-up or top ball size using the Bond and Azzaroni

empirical relationships

- determination of the energy efficiency based on laboratory and operating
work indices

- identification of the excessive liner wear condition

- identification of the excessive ball wear condition
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In practice a single objective or a combination thereof can be pursued during an
optimization exercise. An objective is set by querying the user and binding the
appropriate value to the optimization-objective parameter. The optimization-objective
parameter has been used as a conditional element in the LHS of all rules and depending
on its value, a rule set is selected and applied to the optimization problem. Given a
specific optimization objective, the system identifies the potential areas that can be

improved using available process information obtained from grinding surveys.

6.5.2 Hydrocyclones

This module consists of rules to analyze the performance of classification systems
based on the information obtained from a sampling campaign. Since hydrocyclones are
often used to close the grinding circuit, most rules refer specifically to this type of

classifier.

The rules defined by this module contain heuristic knowledge on how
hydrocyclone variables can be changed to achieve a desired goal (see Appendix D.2).
Most often the number of operating cyclones, the apex diameter, the vortex finder
diameter are used to modify hydrocyclone operation and performance. Though
hydrocyclone diameter and inclination are also important parameters, they cannot be as
easily used for optimization purposes. Table 6.2 shows some of the parameters

considered in the hydrocyclone module.

The objective of hydrocyclone (classification) optimization could be chosen as one

of the following:

- achieving the correct product size and/or density (% solids)
- improving classification efficiency

- increasing capacity
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Table 6.2 Important parameters eed in hydrocyclone knowledge source

Number of operating

Unit

Derivation

cyclones

Cyclone pressure Numeric kPa Initial >0

Feed flow rate Numeric t/h Initial >0

CUF density (% solids) Numeric % Initial 0-100

Corrected cut size, D¢ Numeric pm Initial >0

l Separation sharpness, m || Numeric - Initial >0

Water split, R, Numeric % Initial 0-100

Underflow discharge Symbolic - Initial Spray,

type semi-rope,
rope

Classification Symbolic - Initial Single

arrangement stage,
multi-stage

Ore constitution Symbolic - Initial Single
species,
multi-

species
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Figure 6.3 shows a rule-based decision tree that was designed as a part of the
HYDROCYCLONE module. Since the inefficiency problems of hydrocyclones
operations have been well recognized, they can be solved by a number of corrective
actions which must be decided based on the performance indicators and the optimization
objectives. In Figure 6.3, the leaf nodes represent various conclusions that can be
derived through a series of questions about parameters which are sequentially related to

each other.

6.5.3 Circuits

The CIRCUITS module involves rules that apply to a grinding circuit as a single
system. Various circuit designs can be found in industrial plants. Grinding circuit
design in terms of equipment and configuration has evolved from very simple circuits to
more complex ones. The selection of the right equipment and flowsheet for a new plant
is normally based on past experience. Furthermore, many existing plants find their
equipment constrained to meet new demands such as higher capacity or finer grind.
Therefore, drastic modifications to an existing plant design could be expected when

current equipment and configuration cannot meet operation objectives.

The rules helps a user consider alternate circuit configurations (see Appendix
D.3). All parameters defined in this module (except circuit configuration) are symbolic
ones and their values are derived by querying the user. The symbolic parameters having

a 'yes’ or 'no’ value are listed below:

- product size distribution coarseness
- product size distribution width

- overgrinding problem

- sharp classification required

- ball mill density

- fresh feed contains fines
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Figure 6.3 The rule-based decision tree implemented as a part of HYDROCYCLONE module
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Figure 6.3 The rule-based decision tree implemented as a part of HYDROCYCLONE module (continued)
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- fresh feed contains coarse
- higher capacity required

- finer grind required

6.5.4 Modelling and Simulation

This module, MODSIM, involves rules concerning modelling and simuiation tasks
(see Appendix D.4). Simulation exercise can be divided into more detailed stages
including pre-simulation, simulation and post-simulation. The mathematical modelling
of unit operations, or simply modelling, is in fact the pre-simulation stage which is very
critical in building a grinding circuit simulator. Usually verified models aiready exist
(off-the-shelf models) and only parametric estimation is required. However, when such
models are unavailable, they must be developed from scratch. Parametric estimation is
also a tool for unit performance analysis. For example, in the ball mill model, the
selection function is a measure of grinding kinetics efficiency or in Plitt’s model m
indicates how sharply a hydrocyclone separates particles above and under the cut size.

Parameters involved in modelling and simulation tasks have been identified and
represented by a simple fact tempiate called "parameter”. Depending on its type, a
parameter can assume either a numerical or a non-numerical value. The value of a
parameter is found by rules or simply asking the user. Parameter facts are mostly used
in LHS of rules to establish other facts or final conclusions. For example, parameters
such as the shape of selection function vs. particle size curve, goodness of fit and noise

associated with measured data have been represented in GCOS as symbolic data.

6.5.4.1 Modelling
The two models for ball mill and hydrocyclone units must be calibrated by the
user. The modelling module lets the user estimate the selection function or predict

selection function values in the case of a ball diameter change.
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The following parameters must be known in order to fit the ball mill and Plitt’s

hydrocyclone models to a specific circuit:

- breakage (distribution) function

- selection function

- residence time distribution (RTD)
- cyclone geometry

- Plitt’s model calibration (adjusting) factors

The rules defined in modelling section of MODSIM guides a user in parametric
estimation of the selection function and model fitting process. For Plitt’s model the
performance indexes and calibration factors must be estimated off-line (e.g. with a

commercial spreadsheet).

6.5.4.2 Simulation

A grinding circuit simulator is a valuable tool to a mineral processor to investigate
the effect of design and operating parameters on relevant performance parameters in a
noise-free environment. However. there are many ways for a user to initiate a simulator
search for a desired solution. Depending on the objective of a study, ruies can guide the

user to narrow the search space, and in fact guide simulation trials.

The system first checks if the user has done all the necessary steps or not. The
simulator will be activated if all information seems to be available. The rules
implemented in this module provide linkage to BMCS. The system can give some

general recommendations regarding simulation trials.

The simulation section of the MODSIM partition comprises of the rules that guide
the user to simulate a grinding circuit. The circuit objects are first created. The

simulation of each node is then performed by sending a message to the corresponding
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object. There are five rules that are circularly fired to perform iterations to reach the

steady-state.

The purpose of performing simulations is to search for better design and operating
states and engineering judgement is very critical to evaluate the results. One should be
aware of practical limitations when performing this evaluation. A number of rules were

developed to ensure simulation results are acceptable from both technical and practical

perspectives.

6.6 Frame-Based Simulation

The frame-based or object-oriented approach was used to represent grinding and
classification devices and then to simuiate a full grinding circuit by sending messages to
these objects to process their input stream. The use of Object-Oriented Programming
(OOP) in developing mineral processing simulation and control software has been
discussed by Reuter and van Deventer (1992], Ynchausti and Hales {1992] and Sastry and
Sudhir [1995]. There are various types of comminution devices used in industry
including crushers and grinding units. Also, for size classification various devices such

as screens, screw classifiers and hydrocyclones are used.

In a frame-based system, two mechanisms can be used to manipulate the
knowledge contained in the frames, i.e. pattern matching rules and object
communication. Using the former approach, after defining BALLMILL as a class, we

need only one rule to calculate the size distribution of all instances of that class:

IF ball mill feed data is available
ball mill model is defined
THEN calculate ballmill output size distribution

In the second approach, however, a message is sent to each instance of the BALLMILL

class:
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IF ball mill feed data is available
ball the mill model is defined
THEN SendMessage(ballmilll, CalculateOutputSize)

After rule execution, a message is sent to ballmilll to generate the ball mill output
size distribution. It is assumed that we have already defined a procedure attached to the
class frame BALLMILL which intercepts the message and caicuiates the size distribution
of the product accordingly. In this example, the message was sent from the RHS of a
rule. Messages can be sent also from an object (defined in its class frame) to another

object.

The frames defined in GCOS include a hierarchy of object classes for
comminution and classification devices. Only the BALLMILL and HYDROCYCLONE
frames will be explained here. These objects are called as corresponding modules to do

their function as explained in Chapter 5.

6.6.1 COMMINUTION

The hierarchy of comminution objects shown in Figure 6.4 was implemented by
using the defclass construct of COOL. The defined classes however cover one type of
comminution device (see Fig. 3.3) used in fine grinding, due to the limited scope of the
thesis. The only concrete frame class is OVERFLOW-DISCHARGE-BALLMILL which
is used for creating instances of ball mills. A concrete frame permits instantiation of

objects.

(defclass COMMINUTION-UNIT (is-a USER)
(role abstract)
(slot manufacturer-name)
(slot identification-number)
(slot installation-year)
{slot electrical-power)
(slot capacity)
(slot net-id (create-accessor read-write))
(slot node (create-accessor read-write)))

(defclass TUMBLING-MILL (is-a COMMINUTION-UNIT)
(role abstract)
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{slor length)
(slot diameter))

(defclass BALLMILL (is-a TUMBLING-MILL)
(role abstract)
(slot media-type)
(slot media-size)
(message-handler grind))

(defmessage-handler BALLMILL grind()
(system ballmill.exe))

(defclass OVERFLOW-DISCHARGE-BALLMILL (is-a BALLMILL)
(role concrete)
(pattern-match reactive))

The message handler grind() has been defined to call the BALLMILL program
in response to the message sent to the created instances of OVERFLOW-DISCHARGE-
BALLMILL object. As a user-defined class COMMINUTION-UNIT directly inherits

a number of functions defined in USER such as the system message handlers for

initialization and deletion actions. The USER is a pre-defined class of COOL. The

other classes, such as BALLMILL, inherit these functions indirectly.

6.6.2 HYDROCYCLONE

Hydrocyclones are special classification devices that are widely used in industrial

grinding plants. The hydrocyclone frame has slots to represent knowledge that is

significant such as separation sharpness, cut size, and pressure. The message handler

"classify’ simulates the classification operation of a hydrocyclone.

(defclass HYDROCYCLONE (is-a USER)
{role concrete)
(slot manufacturer-name)
(slot identification-number)
(slot installation-year)
{slot separation-sharpness)
(slot cut-size)
{slot pressure-drop)
(slot net-id (create-accessor read-write))
(slot node (create-accessor read-write))
(pattern-match reactive))
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(defmessage-handler HYDROCYCLONE classify()
(system cyclone.exe))

In practice there are certain steps prior to the steady-state simulation of a grinding
circuit. A model of the circuit must be built and validated. The GCOS rule-based
system has a number of rules that check if the user has done this step or not. If not, the

GCOS gives the user an appropriate recommendation. Once all the information is

available, the GCOS runs the pre-simulation program.

Based on the selected circuit, instances of different objects that represent each

node in the circuit are constructed. The required instances are made after firing the

following rule:

(defrule create-instances
(circuit number ?cirno)
(circuit ?cirmo ?node ?nodetype ?id)

(if (eq ’nodetype 1) then (make-instance (sym-cat "BALLMILL-" ?id) of
OVERFLOW-DISCHARGE-BALLMILL (node ?node) (net-id ?id)))

(if (eq ?nodetype 2) then (make-instance (sym-cat "HYDROCYCLONE-" ?id) of
HYDROCYCLONE (node ?node) (net-id ?id)))

(if (eq ?nodetype 3) then (make-instance (sym-cat "JUNCTION-" ’id) of
JUNCTION (node ?node) (net-id ?id)))

(if (eq ?noderype 4) then (make-instance (sym-cat "SPLIT-" ?id) of SPLIT (node
node) (net-id ?id)))

(if (eq ?nodetype 5) then (make-instance (sym-cat "FIXCLASS-" ?’id) of
FIXCLASS (node ’node) (net-id ?id)))

(if (eq ’nodetype 100) then (make-instance (sym-catr "CONVERGENCE-" ?id)
of CONVERGENCE (node ’node) (net-id ?id))))

All object classes have slots for the node number and its network identification number.

The following rule checks whether a caiculation pass (or an iteration cycle) is
completed or not. When the current node is not the last node, the fact defining the
current node is updated to specify the next node to be processed. If the current node is
the last one, a new fact is asserted to trigger the rule which then checks convergence and
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simulation status.

If convergence is not reached within the tolerance given by the user, then another

iteration will be started.

(defrule check-convergence
?f1 <- (check convergence)
2f2 <- (current-iteration ’iter)

(retract ?f1 f2)

(system simcont.exe)

{open simstat.lst sim “r")

(bind ?status (read sim))

(if (eq ?status completed) then (assert (simulation completed))(system

repgen.exe)
else (assert (curreni-iteration =(+ ?’iter 1))))
(close sim))

When the rule 'check-convergence’ is fired, the matching facts f1 and f2 are
retracted from the knowledge base by the retract command. Then the simulation status
is read from the 'simstat.lIst’ file. Whether or not the steady state is reached is indicated
by the convergence objects. If the simulation is completed, a report is generated and
displayed; otherwise, a new current-iteration fact is asserted into the knowledge base

which triggers another rule to start the next simulation iteration.

6.7 Summary

The implementation of GCOS demonstrated the effectiveness of rule-based
systems to represent (symbolic or textual) grinding optimization knowledge and therefore
their capability to improve the user interface of these types of software in terms of

assisting the user in making decisions during off-line optimization practices.

The conclusions drawn by GCOS assist a process engineer to have a better
understanding of the process and make optimization decisions. Using process knowledge
expressed in the form of simple facts and rules, GCOS quickly infers all possible new
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information that helps identify operation problems in terms of energy utilization, metal
consumption due to liner and/or ball wear and appropriate make-up ball size. The
required data by GCOS are very basic and are normally collected during a grinding

survey.

The classification rules generate recommendations regarding how to increase or
decrease classification cut size, reduce the recovery of fluid (water) to cycione underflow
and increase separation sharpness. When no classification objective is set by the user,
the system tries to establish one by asking the user a series of questions related to data

analysis and classification efficiency parameters.

Rules defined in the knowledge base of GCOS are either general such as those for
recommending an advice for improving a grinding circuit operation or very specific such
as those for performing parametric estimation or simulation by executing external
programs, NGOTC and BMCS. The testing of GCOS will be presented in Chapter 8.



CHAPTER 7
TESTING OF GRINDING CIRCUITS
OPTIMIZATION SUPERVISOR

7.1 Introduction

The performance of a Knowledge-Based System (KBS) must be assessed by its
testing using various data sets, preferably realistic ones. A knowledge base, even with
a small number of rules, can generate unexpected performance if it is not tested for error
detection and removal. [n rule-based systems, however, debugging differs from that of
traditional computer programs conceptually and practically. For example, a knowledge
base must be checked for removing redundant, conflicting, subsumed, circular and
unnecessary rules in order to be consistent and efficient [Gonzalez and Dankel 1993].
The knowledge base must be also checked for dead-end, missing and unreachable rules.
Comprehensive knowledge base testing includes two parts, i.e. verification and
validation. In verification the knowledge base is examined to be right in terms of its
consistency and completeness. In validation the knowledge base is examined to be
adequate in terms of addressing specified domain problems by providing correct answers.
Therefore, a KBS may be verified, but not validated. A system must be first verified in

order to be validated.

Grinding Circuits Optimization Supervisor (GCOS), explained in Chapter 6, was
tested using a number of prepared analysis and optimization cases of real grinding
circuits. In this chapter example runs of GCOS using these data are presented. The aim
of the testing was to make sure that GCOS performs correctly as expected by the system
design. For example, focusing on the relevant module, firing of relevant rules, asking

143
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questions when they are necessary and unredundant and providing context sensitive help

are among the issues that were considered during system testing.

7.2 Testing GCOS

All modules of GCOS have been tested using various data. Since it was
impractical to present all test runs, some of them are given below as examples. These
example runs demonstrate how a novice user can use GCOS as a consulting system and
also show how the system responds to the user input. The user input and system output
in consultation sessions were saved into a text file using the "dribble-on" command of
CLIPS (C Language Integrated Production System).

7.2.1 Agnico Eagle, La Ronde Division
The selection function estimation results for the two ball mills were discussed in

Section 4.6.1. Table 7.1 shows general circuit design and operating data.

Table 7.1 Design and operating data of ball milling circuits (AELRD)

Circuit type Closed
Grinding operation mode Wet
Discharge mechanism Overtlow
Diameter inside liners (m) =3.5
Length inside liners (m) =5.2
Mill speed (%CS) N/A
Ball top size (mm) 76
Ball material Steel
Ore specific gravity N/A
Laboratory work index (kWh/t) N/A
Operating work index (kWh/t) N/A
Fy (um) =212
Installed motor power (kW) N/A

Power draw (kW) N/A
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The two grinding lines have the same design and are operated similarly. The
shape of the selection function vs. particle size curves show a linear trend without a
hump. This situation may indicate that grinding balls are too large. This information
was used to test a set of rules regarding the selection function shape and ball size. The

consultation sessions are provided in below":

* Grinding Circuits Optimization Supervisor (GCOS) .
* August 1998 .
* McGill University .
* Mining and Metallurgical Engineering Department *
* Mineral Processing Group i

GCOS is a knowledge-based expert system to assist
a mineral processing engineer to optimize a ball
milling circuit. The system will ask a series of
questions to reach a conclusion or a number of
conclusions.

Please press any key to continue ...

GCOS> Please choose one of the following topics?
I ball mill
2 hydrocyclone
3 circuit
4 modelling and simulation
==> |
GCOS> What is your optimization objective?
I increase throughput or grind fineness
D decrease operating costs
U unknown
==> |
GCOS> What shape does the selection function vs. particle size curve have?
L linear
SH straight line with a small hump at coarse end
LH large hump
==> 1
GCOS> What mode of grinding operation is used?
W wet
D dry
==> W
GCOS> What material are balls made of?

“In all consultation sessions provided, questions were made bold. The text of title screen was omitted in
next ones for brevity.
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S steel
1 silica
==>3
GCOS> What make-up ball size is used (in millimeters)?
==> 76
GCOS> Please enter the internal diameter of the mill, measured inside the liner (in meters)?
==> 3.5
GCOS> What type of discharge mechanism does the mill have?
O overflow
D diaphragm
==>0
GCOS> What circuit type is used?
O open
C closed
==>c
GCOS> At what speed is the mill running (in rpm)?
==>u
GCOS> Can the ball mill feed get much coarser? (y/n)
==>
#““ltt‘."‘gll“.i‘.".‘.‘.‘#.‘t““‘.tt‘t‘.“t-tt‘."!‘t“‘.‘

CONCLUSIONS
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No conclusion was found.
Please press any key to continue ...

The current consultation session is terminated.
Would you like to start a new session? (y/n)
==> y

GCOS > Please choose one of the following topics?
I ball miil
2 hydrocyclone
3 circuit
4 modelling and simulation
==> 1]
GCOS> What is your optimization objective?
[ increase throughput or grind fineness
D decrease operating costs
U unknown
==>i
GCOS> What shape does the selection function vs. particle size curve have?
L linear
SH straight line with a small hump at coarse end
LH large hump
==>|
GCOS> What mode of grinding operation is used?
W wet
D dry
==> W
GCOS> What material are balls made of?
S steel
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I silica
==>3
GCOS> What make-up ball size is used (in millimeters)?
==>176
GCOS> Please enter the internal diameter of the mill, measured inside the liner (in meters)?
==> 135
GCOS> What type of discharge mechanism does the mill have?
O overflow
D diaphragm
==>0
GCOS > What circuit type is used?
O open
C closed
==>¢
GCOS> At what speed is the mill running (in rpm)?
==>1U
GCOS> Can the ball mill feed get much coarser? (y/n)
==>1n
GCOS> Was ball size increased in the past to improve throughput or grind? (y/n)
==>1n
1 3 172 " L2 ] W o a2 a3
CONCLUSIONS
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The system reached to the following conclusions:

- Decrease make-up or top ball size by 13 mm (0.5 inch). This
can be achieved using a blend of make-up balls. Test the
effect of this change by NGOTC before real plant exercise.

The current consultation session is terminated.
Would you like to start a new session? (y/n)
==>n

Figures 7.1 and 7.2 show the classification performance curves calculated based
on the same data sets for Lines 1 and 2, respectively. To fit the model, R; was
calculated using measured percent solids and two other parameters, dso. and m, were
estimated using the optimizer tool of the Quattro Pro’ software (a non-linear optimization
package which uses the Newton or conjugate method to minimize the value of a target
cell. The target cell in this case is the sum of the squared of the difference between
actual and calculated recoveries). The blocks of the spreadsheet file containing the

results of the last iteration for both lines are given in Appendices E.1 and E.2. It should

*Quattro Pro is a rademark of Borland [nternational
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Figure 7.1 Classification performance curve of the cyclopak of Line 1, AELRD
(July 13 1996 survey)

100 |

& (= Qo
o o o

Rec. to CUF (%)
S

(=}
— .

e

10 100 1000 10000
Particle Size (um)

"« measured — calculated|

Figure 7.2 Classification performance curve of the cyclopak of Line 2, AELRD
(July 13 1996 survey)
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be noted that R, could not be estimated by this method, as there were too few data points

below the cut-size.

R, 50% and 43 % for grinding lines 1 and 2 respectively, is too high and indicates
a situation far from optimal conditions. The estimated value of m for Line 1 is equal to
1.32, which is very low; showing a poor sharpness of separation. For Line 2, the value
of m is equal to 2.73, which is considered acceptable. However, there is uncertainty
regarding the dy,. and m values, because relatively few points are used in the calculation
of the sum of square and all are above the cut-size. Further, there is a distinctive hump
in both performance curves which is probably associated with the transition from fine

sulphides to coarse silicates in the cyclone feed (with increasing particle size).

As a result, it is not certain that classification sharpness needs improvement.
Rather, it is the decrease of short-circuiting which is the most important corrective
action, by the decreasing of the apex diameter. One would suggest that the underflow
density of the individual cyclones be checked and that the apex of the most dilute ones
be changed for smaller ones. This should assist in decreasing circulating load

significantly, which in wrn will benefit residence time in the mills.

A number of consultation sessions were made using the information concerning

classification:

GCOS > Please choose one of the following topics?
1 ball mill
2 hydrocyclone
3 circuit
4 modelling and simulation
==D> 2
GCOS> What is your classification objective?
I increase cut size, d50
D decrease dS0
R reduce water recovery to the cyclone underflow, Rf
S increase separation sharpness, m
U unknown
==>Uu
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GCOS> Have you fitted Plitt’s model to the classification data? (y/n)
GCOS>=HT|v>e z'ou optimized the fit? (y/n)

GCOS>=H=av>e 3y/oll obtained a positive Rf? (y/n)
nu-n:::-fou--uunn“uuunv . e

CONCLUSIONS
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The system reached to the following conclusions:

- It is recommended to use a wider screening size range in
next circuit survey so that Rf can be estimated when model
fitting is optimized.

I
]
\")

- When the fit is optimized, the final values of estimated
parameters, Rf, d50c and m must be positive. If not, this
can be due to incomplete size distribution information
of cyclone sireams for fine size classes. To solve this
problem, Rf can be calculated from cyclone overflow
and underflow solids flow rate and percent solids information.
Then, the other two parameters can be estimated using the
optimization tool.

The current consultation session is terminated.
Would you like to start a new session? (y/n)
==> y

GCOS> Please choose one of the following topics?
1 ball mill
2 hydrocyclone
3 circuit
4 modelling and simulation
==> 2
GCOS> What is your classification objective?
I increase cut size, d50
D decrease d50
R reduce water recovery to the cycione underflow, Rf
S increase separation sharpness, m
U unknown
==>7

CONCLUSIONS

ARBRRBEERRS PP SEENASRESRERRRERREERRE SRS "e

The system reached to the following conclusions:

EERERRSEEREERRRRE

- Water recovery to the cyclone underflow, Rf, can be reduced by
using larger vortex finder diameter. It is recommended to use the
BMCS to assess the impact of this change on full circuit
performance.

"
n
v
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- Water recovery to the cyclone underflow, Rf, can be reduced by
using smaller apex diameter. It is recommended to use the BMCS to
assess the impact of this change on full circuit performance.

The current consuitation session is terminated.
Would you like to start a new session? (y/n)
==> Yy

GCOS> Please choose one of the following topics?

1 ball mill

2 hydrocycione

3 circuit

4 modelling and simulation

==> 2

GCOS> What is your classification objective?

I increase cut size, d50

D decrease dSO

R reduce water recovery to the cyclone underflow, Rf

S increase separation sharpness, m

U unknown

==>§

A0 0 0 0020 0 0 00 o 08 o 00 200 205 a0 o0 0 R K R R
CONCLUSIONS
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The system reached to the following conciusions:

- In case of excessively high feed solids concentration or high
slimes concentrations, it is recommended to dilute the feed to
reduce the viscosity of the fluid. This can be led to improved
separation sharpness.

]
I
\")

- The Plitt’s separation sharpness can be increased by modifications
that decrease water recovery to the cycione underflow or short
circuiting. The separation sharpness can be improved by adding
the number of operating hydrocyclones or increasing pressure drop if
it is too low.

The current consultation session is terminated.
Would you like to start a new session? (y/n)
==>n

The above examples show some of the conclusions that are offered by
CLASSIFICATION module. One of the problems addressed in the knowledge base is

how to correctly fit Plitt’s model to the measured classification data. For example,

having a negative R, parameter after optimizing the fit is a problem for which the

knowledge base can offer a solution. More examples related to testing other sets of rules

in this module will be given in Sections 7.2.4 and 7.2.5.
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7.2.2 Les Mines Selbaie

The selection function analysis of Les Mines Selbaie case was discussed in Section
4.6.2. Table 7.2 lists some of the important design and operating data of circuit B. The
shapes of the selection function vs. particle size curves for the ball mill and tricone mill

were given in Figures 4.7 and 4.8.

Table 7.2 Design and operating data of the circuit B (Les Mines

Selbaie)

Parameter Ball mill Tricone mill
Circuit type Closed Closed
Grinding operation mode Wet Wet
Discharge mechanism Overflow Overflow
Diameter inside liners (m) =3.07 =2.87
Length inside liners (m) =3.92 =323
Mill speed (%CS) 76 73

Ball top size (mm) 38 25 (slugs)
Ball material Steel Steel

Ore specific gravity 2.9 2.9
Laboratory work index (kWh/t) 15.00 15.00
Operating work index 11.59 12.29

Fyg (pm) = 1058 =153
Installed motor power (kW) N/A N/A
Power draw (kW) =563 =354

The following is the example run made by using the information given in Table

7.2 and the selection function estimation results (see Fig. 4.7).

GCOS > Please choose one of the following topics?
1 ball mill
2 hydrocyclone
3 circuit
4 modelling and simulation
==> ]
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GCOS> What is your optimization objective?
I increase throughput or grind fineness
D decrease operating costs
U unknown
==>i
GCOS> What shape does the selection function vs. particle size curve have?
L linear
SH straight line with a smail hump at coarse end
LH large hump
==>|h
GCOS> What mode of grinding operation is used?
W wet
D dry
==>w
GCOS> What material are balls made of?
S steel
[ silica
==>5
GCOS> What make-up ball size is used (in millimeters)?
==> 38
GCOS > Please enter the internal diameter of the mill, measured inside the liner (in meters)?
==> 307
GCOS > What type of discharge mechanism does the mill have?
O overflow
D diaphragm
==>0
GCOS> What circuit type is used?
O open
C closed
==>¢
GCOS > At what speed is the mill running (in rpm)?
==> 18
GCOS> What is the value of laboratory Bond Work index (in kWh/t)?
==> 15
GCOS > Please enter d80 of the ball mill feed (in microns)?
==> 1058
GCOS> What specific gravity does ore have (in g per cubic cm)?
==>29
GCOS> What percent of the ball mill discharge has a size larger than that of hump?
==> 12
GCOS> Enter the maximum selection function value?
==> ]
GCOS > Enter the top size class selection function?
==> 0.03

SR EeE BEEEREERRE . 1Y 1Y P11 » » g

CONCLUSIONS
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The system reached to the following conclusions:

- The recommended make-up or top ball size for single size
recharge is:
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51.44 mm (based on Azzaroni’s relationship)
25.25 mm (based on Bond’s relationship)
==> .
The current consultation session is terminated.
Would you like to start a new session? (y/n)
==>n

Since only 12% (less than 20%) of the ball mill discharge has a size larger than
that of hump, using a larger ball size was not recommended by the system, despite the
pronounced hump shown in Figure 4.7. The system, however, has given the make-up
ball sizes calculated using Azzaroni and Bond reclationships. That used in the mill is

intermediate, 38 mm.

The following two sections of the example run focus on testing the modelling
rules regarding the validity of the ball mill and tricone mill estimated selection functions,

respectively.

GCOS > Please choose one of the following topics?
1 ball mill
2 hydrocyclone
3 circuit
4 modelling and simulation
==> 4
GCOS> What task do you want to do?
M modelling
S simulation
==2>m
GCOS> What type of study are you doing now?
P preliminary
D detailed
==>
GCOS> Have you determined parameters of Weller’s model that describe residence time
distribution (RTD) of solid material flowing through the mill? (y/n)
==> y
GCOS > Is the breakage function of the ore available? (y/n)
==> y
GCOS> Have you estimated the value of selection function for each size class? (y/n)
==> y
GCOS> Does the selection function vs. particle size show a clear trend? (y/n)
==> y
GCOS > Is there noise in the selection function vs. particle size data? (y/n)
==>1n
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CONCLUSIONS
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The system reached to the following conclusions:

- The estimated selection function seems to be valid.
Normally, if selection function vs. particle size curve
has a clear trend and there is no significant noise in
data particularly at coarse size classes, it indicates a
reliable estimated selection function.

-
==

The current consultation session is terminated.

Would you like to start a new session? (y/n)
==>n

The estimated selection functions for the tricone mill show increasing trends, but
they exhibit a high level of noise at coarse size classes. These two parameters, trend and
noise, can help to indicate the validity of the estimated selection function. The below

example run shows the system conclusion in such cases.

GCOS> Please choose one of the following topics?
1 ball miil
2 hydrocyclone
3 circuit
4 modelling and simulation
==>4
GCOS> What task do you want to do?
M modelling
S simulation
==>m
GCOS> What type of study are you doing now?
P preliminary
D detailed
== p
GCOS> Have you determined parameters of Weller’s model that describe residence time
distribution (RTD) of solid material flowing through the mill? (y/n)
== y
GCOS > [s the breakage function of the ore available? (y/n)
==> Yy
GCOS> Have you estimated the value of selection function for each size class? (y/n)
==> Yy
GCOS> Does the selection function vs. particle size show a clear trend? (y/n)
==> y
GCOS > [s there noise in the selection function vs. particle size data? (y/n)
==> y
GCOS> Does the noise exist in the top size classes? (y/n)
== Yy
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The system reached to the following conclusions:

The estimated selection function is valid for fine size

classes. However, for the top size classes, the selection
function values may be uncertain and erratic due to screening
errors, if there is very little mass in top size classes,

==> :
The current consultation session is terminated.
Would you like to start a new session? (y/n)

==>n

Table 7.3 Design and operating data of ball mill circuit (Lupin Mine)

Circuit type

Grinding operation mode
Discharge mechanism
Diameter inside liners (m)
Length inside liners (m)

Mill speed (%CS)

Ball top size (mm)

Ball material

Ore specific gravity
Laboratory Work Index (kWh/t)
Operating work index (kWh/t)
Fg (pm)

Installed motor power (kW)
Power drawn (kW)

Closed
Wet
Overflow
=2.4
=732
N/A
51
Steel
N/A
15.40
N/A
=850
N/A
513

7.2.3 Echo Bay Mine, Lupin

Table 7.3 shows the information about the ball mill circuit at Lupin. In this case,

only the selection function estimation results were used in testing. The following

consultation session was made using data given in Table 7.3 and the selection function

estimation results shown in Figure 4.10.
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GCOS> Please choase one of the following topics?
1 ball mill
2 hydrocyclone
3 circuit
4 modelling and simulation
==>1
GCOS> What is your optimization objective?
I increase throughput or grind fineness
D decrease operating costs
U unknown
== i
GCOS> What shape does the selection function vs. particle size curve have?
L linear
SH straight line with a small hump at coarse end
LH large hump
==> sh
GCOS> What mode of grinding operation is used?
wet
dry
=>w
GCOS> What material are balls made of?
S steel
[ silica
==> 8
GCOS> What make-up ball size is used (in millimeters)?
==> 51

"WOs

GCOS> Please enter the internal diameter of the mill, measured inside the liner (in meters)?

==> 244
GCOS> What type of discharge mechanism does the mill have?
O overflow
D diaphragm
==>0
GCOS> What circuit type is used?
O open
C closed
==>¢
GCOS> At what speed is the mill running (in rpm)?
==>
SENERBERENS . BEESSAEEBEEEEESENPER AR E SR LSS B EPRERERRRBR B BB S

CONCLUSIONS
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The system reached to the following conclusions:

- There is no serious need to change the make-up ball size.
However, the impact of any change to the make-up ball size
can only be indicated by simulation.

The current consultation session is terminated.
Would you like to start a new session? (y/n)
==>q
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In the above example run, after a series of questions the system concluded that
the ball size does not need to be changed. The query process was terminated as soon as
the last question was answered unknown.

7.2.4 Louvicourt Mine
Table 7.4 shows the information about the primary ball mill circuit.

Table 7.4 Design and operating data of the primary ball mill circuit

(Louvicourt Mine)

Circuit type Closed
Grinding operation mode Wet
Discharge mechanism Overflow
Diameter inside liners (m) =5.00
Length inside liners (m) =7.30
Mill speed (%CS) N/A
Ball top size (mm) 76

Ball material Steel
Ore specific gravity N/A
Laboratory work index (kWh/t) N/A
Operating work index (kWh/t) N/A
Fg (um) N/A
Installed motor power (kW) =2980
Power draw (kW) =2700

The example run in this case demonstrates how the system responded to the

classification information of Louvicourt Mine:

GCOS > Please choose one of the following topics?
1 ball mill
2 hydrocyclone
3 circuit
4 modelling and simulation
==> 2
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GCOS> What is your classification objective?
I increase cut size, d50
D decrease 450 ,
R reduce water recovery to the cycione underflow, Rf
S increase separation sharpness, m
U unknown
==>1
GCOS> Have you fitted Plitt's model to the classification data? (y/n)
== y
GCOS> Have you optimized the fit? (y/n)
==> y
GCOS> Have you obtained a positive Rf? (y/n)
- y
GCOS> Is the optimized fit satisfactory? (y/n/u)
==>1
GCOS> Does the partition curve have a hump or plateau in intermediate size range? (y/n)
==> y
GCOS> Does the cyclone feed contain significant heavy and light mineral phases? (y/n)
==>
*BEeEEE y SEEEEERE L 1 BEAESENEN BRI EREBERERE RSN S

CONCLUSIONS
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The system reached to the following conclusions:

- Individual mineral classification behaviour is
the possible cause of the lack of fit. The Plitt
hydrocyclone model can only be used for trending.

The current consultation session is terminated.

Would you like to start a new session? (y/n)
==>1n

Besides the individuai mineral classification behaviour, the fish hook phenomenon
can also cause the unsatisfactory fit of Plitt’s model. This problem was observed in none
of the studied cases. Nevertheless, there are rules in the knowledge base which address

this problem (see Appendix D.2).

The following session shows the system conclusions when the classification

performance information for a single mineral, chalcopyrite, is input:

GCOS> Please choose one of the following topics?
1 ball mitl
2 hydrocyclone
3 circuit
4 modelling and simulation
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==>2
GCOS> What is your classification objective?
I increase cut size, dSO
D decrease d50
R reduce water recovery to the cyclone underflow, Rf
S increase separation sharpness, m
U unknown
==>1
GCOS> Have you fitted Plitt's model to the classification data? (y/n)
== y
GCOS > Have you optimized the fit? (y/n)
—-_—= y
GCOS> Have you obtained a positive Rf? (y/n)
==> y
GCOS > Is the optimized fit satisfactory? (y/n/u)
== y

GCOS> What is the estimated value of the water recovery to the cyclone underflow (in %)?

==> 44
GCOS> What is the estimated value of the separation sharpness?
==> 2.13

AERBRBREREIEEPS SRS AR ESEREEER B RS ESRERRB RS SERRB SRS SRR DB BN

CONCLUSIONS
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The system reached to the following conclusions:

- The efficiency of the cyclone operation in terms of
the amount of water recovered to the cyclone underflow
is poor. It is recommended to reduce water recovery
to the cyclone underflow.
==>
- The cyclone separation sharpness is normai.
==
The current consultation session is terminated.
Would you like to start a new session? (y/n)
==>n

The system further consulted for finding the ways to reduce water recovery to the

cyclone underflow:

GCOS> Please choose one of the following topics?
1 ball mill
2 hydrocycione
3 circuit
4 modelling and simulation
==> 2
GCOS> What is your classification objective?
I increase cut size, d50
D decrease d50
R reduce water recovery to the cyclone underflow, Rf
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S increase separation sharpness, m

U unknown

==>r ,
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CONCLUSIONS
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The system reached to the following conclusions:

- Water recovery to the cyclone underflow, Rf, can be reduced by
using larger vortex finder diameter. It is recommended to use the
BMCS to assess the impact of this change on full circuit
performance.

]
v

Water recovery to the cyclone underflow, Rf, can be reduced by
using smaller apex diameter. [t is recommended to use the BMCS to
assess the impact of this change on full circuit performance.

==>
The current consultation session is terminated.
Would you like to start a new session? (y/n)

==>n

The above example illustrates how the present set of rules may give a choice of
course of action. This could be eventually resolved by adding rules. For example,
decreasing R, can be achieved by increasing the vortex finder diameter or decreasing
apex diameter. The first action will also decrease circulating load significantly, as will
the second to a lesser extent. If the circulating load is already low, neither actions are
advisable. Rather, decreasing both apex and vortex finder diameters or adding more
water to the grinding circuit would achieve the objective of increased circulating load and

decreased R,.

The above discussion is highly relevant to the Louvicourt Mine case. As
recommended by BMCS, smaller balls were added to the ball mill, and resulted in a finer
grind. However, when apex diameters were reduced to lower R;, the drop of circulating
load from 280% to 200% caused the grind to coarsen to its original value. Clearly a
new set of rules must be enacted to simultaneously adjust R, and the circulating load to

desirable values.
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7.2.5 Dome Mine

Dome Mine, one of the Placer Dome Inc. operation sites, is located at Timmins,
Ontario. The mill treats approximately 10600 t/d of gold ore, although recently
throughput has averaged above 13000 t/d. The comminution process includes crushing
and grinding. Grinding consists of circuits A and B. Only B circuit grinding surveys
were used for the testing which is presented here.. It must be noted that the Dome Mine

is an independent case from those used to develop the knowledge base.

The B circuit has a nominal capacity of 10000 t/d and consists of single stage
ball milling and cycloning. A cyclopak of 10 38 cm (15") hydrocyclones is used for
sizing of the ball mill discharge. A portion of the cyclopak underflow is bled and then
is concentrated by a Knelson Concentrator (KC) unit. Two data sets from two surveys
performed on September 23 and November 18 of 1997 were supplied for circuit analysis.
The November 18 1997 data set, however, was not used in the analysis due to the erratic

size distribution data.

The raw data includes the laboratory work index of the ore fed to the circuit,
particle size distributions and % solids of samples of various streams. The assessment
of grinding kinetics and classification performance was considered in data analysis. In
the mass balancing of raw data, the KC unit was ignored due to the relatively small mass

of material which is processed.

Table 7.5 lists the information about the circuit B. The GCOS was consulted
after the selection function had been estimated and plotted vs. particle size. The raw data
were first mass balanced using NORBAL3 [Spring 1992], see Appendix E.3. Then, the
balanced data were used to estimate the ball mill selection function and cyclopak
classification performance (Appendix E.4). Figure 7.3 shows the selection function vs.
particle size curve. The data exhibits a clear and increasing trend between 212 and 1800
pm and then a noisy decreasing trend above 5000 pm.



. Chapter 7 Testing of Grinding Circuits Optimization Supervisor 163

Table 7.5 Design and operating data of the circuit B (Dome Mine)

Circuit type _ Closed
Grinding operation mode Wet
Discharge mechanism Overflow
Diameter inside liners (m) N/A
Length inside liners (m) N/A
Mill speed (%CS) N/A
Ball top size (mm) 76
Ball material Steel
Ore specific gravity 2.8
Laboratory work index (kWh/t) 12.8
Operating work index (kWh/t) N/A
Fg (um) N/A
Installed motor power (kW) N/A
Power draw (kW) N/A

Figure 7.4 shows the measured and corrected classification performance curves.
The classification efficiency indicated by Plitt’s model to the measured data shows a poor
performance in terms of separation sharpness. The information obtained from selection
function estimation and classification performance analysis was used in a consultation

session with GCOS as below:

GCOS > Please choose one of the following topics?
1 ball mill
2 hydrocyclone
3 circuit
4 modelling and simulation
==>1

GCOS> What is your optimization objective?
I increase throughput or grind fineness
D decrease operating costs
U unknown
==> 1
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. Figure 7.3 Grinding kinetics of the circuit B ball mill, Dome Mine (September 23
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Figure 7.4 Classification performance curves of the circuit B cyclopak, Dome Mine
. (September 23 1997 survey)
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GCOS> What shape does the selection function vs. particle size curve have?
L linear
SH straight line with a small hump at coarse end
LH large hump
==>h
GCOS HELP
Please look at the shape of selection function vs. particle
size curve and then choose one.
You can quit any time by typing quit, bye or system. If
you do not know the answer just type <unknown> or <u>.
Please press any key to continue ...
GCOS> What shape does the selection function vs. particle size curve have?
L linear
SH straight line with a small hump at coarse end
LH large hump
==> sh
GCOS> What mode of grinding operation is used?
W wet
D dry
==>Ww
GCOS> What material are balls made of?
S steel
[ silica
==>S5
GCOS> What make-up ball size is used (in millimeters)?
==> 176
GCOS > Please enter the internal diameter of the mill, measured inside the liner (in meters)?
==>u
GCOS> What type of discharge mechanism does the mill have?
O overflow
D diaphragm
==2>0
GCOS> What circuit type is used?
O open
C closed
==>C
R o A A A A A A 0200 0 0 20 2 03 o a0 28 22 o e o o R
CONCLUSIONS
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No conclusion was found.
Please press any key to continue ...

The current consultation session is terminated.
Would you like to start a new session? (y/n)
== y
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GCOS> Please choose one of the following topics?
1 ball mill
2 hydrocyclone
3 circuit
4 modelling and simulation
==>2
GCOS> What is your classification objective?
I increase cut size, d50
D decrease d50
R reduce water recovery (o the cyclone underflow, Rf
S increase separation sharpness, m
U unknown
==>1u
GCOS> Have you fitted Plitt’s model to the classification data? (y/n)
==> y
GCOS> Have you optimized the fit? (y/n)
==> y
GCOS> Have you obtained a positive RI? (y/n)

==

GCOS> Is lheyoptlmized fit satisfactory? (y/n/u)

GCOS >=“-fhat is the estimated value of the water recovery to the cyclone underflow (in %)?
GCOS> What is=t:e>s:i::uated value of the separation sharpness?

GCOS> Does th: ;a:itll:ns curve have a hump or plateau in intermediate size range? (y/n)

CONCLUSIONS

AENESRBERBRES L 1] RREERBEREEREEEEREEEEBRER SRS SRR R

The system reached to the following conclusions:

- The efficiency of the cyclone operation in terms of
the amount of water recovered to the cyclone underflow
is reasonable.
==>
- The cyclone separation sharpness is poor.
The current consultation session is terminated.
Would you like to start a new session? (y/n)
==>n

GCOS> Please choose one of the following topics?
1 ball mill
2 hydrocyclone
3 circuit
4 modelling and simulation
==> 4
GCOS> What task do you want to do?
M modelling
S simulation
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==>m

GCOS> What type of study are you doing now?
P preliminary
D detailed

-
==

P
GCOS> Have you determined parameters of Weller’s model that describe residence time
distribution (RTD) of solid material flowing through the mill? (y/n)

==>Nn
GCOS> Is the breakage function of the ore available? (y/n)
==>1n
L2 2 bl RRBRERER it 2] » CEREEEAEBBRERBRREEEREEERP RSB B NN

CONCLUSIONS
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The system reached to the following conclusions:

- It is recommended (o use typical values for Weller's
model parameters such as tau PF=0.1, tau SPM=0.1 and
tau LPM =0.7 at a standard ball mill feed rate.

|
0
\"

- Although the actual RTD parameters are unavailable,
it is still possible to estimate the selection function
using typical values. For a detailed study, however, you
may need to measure RTD.

]
]
\

Although the actual ore breakage function is unavailable,
it is still possible to estimate the selection function using
typical ore breakage functions. For a detailed study,
however, you may need to measure the breakage function.

]

n
]
v

- It is recommended to use the breakage function of a similar
ore for a preliminary work. For very accurate simulations, you
would better off to determine the breakage function of the ore
using representative samples of the ore.
The current consuitation session is terminated.
Would you like to start a new session? (y/n)
==> y

GCOS> Please choose one of the following topics?
1 ball mill
2 hydrocyclone
3 circuit
4 modelling and simulation
==> 4
GCOS> What task do you want to do?
M modeiling
S simulation
==>m
GCOS> What type of study are you doing now?
P preliminary
D detailed
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==>(d
GCOS> Have you determined parameters of Weller's model that describe residence time
distribution (RTD) of solid material flowing through the mili? (y/n)
== > y
GCOS> Is the breakage function of the ore available? (y/n)
m=x D
GCOS> Have you estimated the value of selection function for each size class? (y/n)
== D Yy
GCOS> Does the selection function vs. particle size show a clear trend? (y/n)
== y
GCOS> Is there noise in the selection function vs. particle size data? (y/n)
== Yy
GCOS> Does the noise exist in the top size classes? (y/n)
==> y
GCOS> Which method did you use to estimate the mill selection function?
S sequential interval-by-interval search
F use of functional forms of selection functions
==>8
L 12 ] L2 » L2 210 ]

CONCLUSIONS
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The system reached to the following conclusions:

- The estimated selection function is valid for fine size
classes. However, for the top size classes, the selection
function values may be uncertain and erratic due to screening
error, if there is very little mass in top size classes.

]
0
v

- As this is a detailed study, it is recommended to use other
selection function estimation methods as weil. For example,
(1) use more than one data set (2) methods based on assumed
functional forms of selection functions can be used. The best
selection function vector then can be found by the analysis
of results from various methods.

==>

The current consultation session is terminated.

Would you like to start a new session? (y/n)
==>n

7.3 Summary

The example runs of GCOS using information from a number of real grinding
circuit case studies partially demonstrated how it could offer a novice mineral processor
conclusions or recommendations to optimize the circuit performance. Nevertheless, if
one wants to explore all situations covered by the knowledge base, one needs to present
more cases with different parameter values. Therefore, a diverse base of test cases must
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be used to check the knowledge base performance. While this has been done during the
system development, it was not fully presented in this chapter for briefness.

The example runs demonstrate how the system queries the user to collect the
relevant information to reach conclusions. When in doubt on how to answer a specific
question, the user can access the context sensitive help which has been designed as an
integrated part of the query module. The rule that triggérs the help function is fired
whenever the user answers a question by typing help or <h>. The help string
corresponding to the question asked is provided by the help slot of the related question

fact.

The example runs presented in this chapter demonstrate the functionality of some
of the rules encoded in GCOS. The correct firing of rules that cause the execution of
external programs such as NGOTC (Mumerical Grinding Optimization Tools in C) and
BMCS (Ball Milling Circuits Simulator) for parametric estimation and simulation, has
also been tested and verified. Although the current knowledge base was fully verified
and validated under the limited scope of the thesis, it can be deepened and broadened in

future work to address domain problems for more details and to a larger extent.



CHAPTER 8
SUMMARY AND CONCLUSIONS

8.1 Summary

Mineral processors have to conduct off-line optimization studies on a regular basis
in order to keep the plant performance as high as possible. There are many design and
operating parameters which must be considered in circuit optimization such as the
process flowsheet, the grinding medium size and the fresh feed flow rate. It is well
recognized that off-line optimization is a complex task which includes various stages such
as plant sampling, mass balancing of raw data, parametric estimation and simulation.
In this thesis the theoretical aspects and industrial applications of only some of these tasks
such as the selection function parameter estimation and its prediction based on the ball
size, classification performance analysis and circuit simulations were considered and
discussed in detail. The other aspects such as sampling and mass balancing theories were
overlooked due to the limited scope of the thesis.

In most off-line optimization cases, a number of computer programs such as those
developed for mass balancing, parametric estimation and simulation must be used. In
order to complete an optimization study, one inevitably has to be knowledgeable about
the various optimization methodologies and required tools. In order to assist a mineral
processor in the optimization process, a knowledge-based system was developed which

provides expertise extracted from experienced people and resources.

The thesis was mainly focused on the following areas:

170
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1. developing a rule, frame based system to supervise grinding circuit
optimization studies .

2. developing a tool to scale mill selection functions given the mill selection
function vector estimated for the current ball size
developing a sequential-modular program to simulate ball milling circuits.

4. integration of various numerical programs via a knowledge-based system
approach

The use of an integrated representation of rules and frames for the circuit
simulation was demonstrated. The frames were used to represent circuit objects which
are more consistent with real grinding circuits. There are tasks that must be done before
and after any simulation trial that can be computerized through the rule-based
programming. It must be stressed that testing is an integral part of developing computer
programs. The plant work was required for both verification and validation of the
software. The real optimization studies served various purposes such as knowledge
acquisition, verification and validation.

8.2 Conclusions

The following conclusions can be drawn from this research work:

1. While not one of the direct objectives of this thesis, the use of simulation
approach in off-line grinding optimization was shown to be a very useful
approach to investigate alternative modifications to a plant practice.

2. The case studies showed that successful modelling and simulation depends
on how knowledgeable the user is in the field and how skilful he/she is in
using these tools.

3. Rule based system programming can be effectively used to guide the
optimization processes.
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4.

Frames or objects are very useful representation tools to develop an
optimization knowledge-base. .

Integration of rules and frames and numerical procedures can provide a
single computational environment.

The calibration of a simulator is a very critical step in optimization
process, which requires a lot of effort. Perhaps due to the difficuity of
the calibration procedure, simulators are not being used on a regular basis
by mineral processors to optimize industrial circuits.

GCOS (Grinding Circuits Optimization Supervisor) is an interpretation,
diagnostic and optimization rule and frame based system that infers critical
facts. The modular knowledge base provides ball milling, classification,
modelling and simulation. Each module uses simple facts and template
facts to represent knowledge about important parameters or attributes that
define the state of design and operating conditions. In the simulation
module, an object-oriented approach was taken to represent process
objects by frames or objects. The simulation is done using messages sent
by objects via rules that govern the simulation process.

The contribution of GCOS to grinding simulation lies in its ability to
accommodate optimization knowledge in a very effective way using facts,
objects and rules. In other words, many rules in the knowledge base are
heuristic used by mineral processors to evaluate circuit operation and to
make changes to operation to meet a specific goal. This type of program
can remove difficulties that have prevented extensive use of grinding
simulators by plant metallurgists. Previously such tools have been used
only by developers and researchers.

The rules do different tasks such as interpretation, diagnosis and
optimization.
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8.3 Future Work

The knowledge base developed here can be implemented more effectively using
more powerful commercial shells that provide knowledge acquisition tools and graphical
user interfaces. Some of the conclusions or recommendations offered by the current
knowledge base are very general which can be made more specific or accurate by
defining new parameters and rule sets. Also, the other aspects of off-line grinding
circuits optimization such as plant sampling and mass balancing must be eventually
covered by future knowledge-based systems.

Most benefits of the knowledge-based systems however will be realised when they
are fully integrated into the conventional grinding simulation software packages. To
accomplish this task, much work remains to be done -- mainly the formalization of
engineering knowledge so that it can be readily programmed into the computer software.
Rule-based formalization of various mineral processing knowledge such as grinding and

flotation is a required step to develop successful (commercial) software.
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APPENDIX A
GLOSSARY OF KNOWLEDGE-BASED SYSTEMS

Agenda A prioritized list of rules created by the inference engine, whose patterns are
satisfied by facts in working memory

Antecedent A condition in if part (left hand side) of a rule

Attribute A particular aspect of an object

Backward chaining An inference strategy in rule-based systems that begins with a
hypothesis and tries to prove it to be true by proving the premises of a rule that

contains the hypothesis as its conclusion

Cardinality A facet in frame-based systems that restricts the number of values a slot
can have

Class A collection of objects that share common properties

Conflict resolution Technique of resolving the problem of multiple matches in a
rule-based system during inferencing. When more than one rule can be fired during a
cycle, a conflict arises and a decision must be made on which rule will allowed to fire

Consequent A conclusion or a number of conclusions in then part (right hand side)
of a rule

Consistency A property of a system of rules where all deductions are logically in
agreement

Declarative knowledge Descriptive or factual knowledge

Deep knowledge The basic knowledge that comes from first principles or physical
laws of the domain

Domain The area which a knowledge-based system is designed to solve problems
related to that specific area
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Domain expert A person who possesses the skill and knowledge to solve a specific
problem in a manner superior than others

Expert system A computer program designed to model the problem-solving
behaviour of a human expert

Facet Extended knowledge about a frame’s property, such as its type, rake or what
procedures to execute if the value is needed or changed

Forward chaining An inference strategy in rule-based systems where conclusions are
drawn by first looking at the facts or data on the problem

Frame A knowledge representation method that associates an object with a collection
of features. Each feature or attribute is stored in a slot with a corresponding attribute
value, or method for acquiring the value

Frame-based systems A system which uses frame as the main data structure to
represent the domain knowledge

Granularity The level of detail of knowledge in a rule or frame
Heuristic search A search method that uses heuristic to guide search process

Heuristic Knowledge, often expressed as a rule of thumb, that guides the search
process

Hybrid system An expert system that uses various types of knowledge structures to
represent domain knowledge

Inference The process of deriving new information from known information
Instance A specific object from a class of objects
Knowledge A collection of facts, rules, and concepts used in reasoning process

Knowledge base A part of a knowledge-based system which contains the domain
knowledge

Knowledge-based systems system whose performance depends on encoded
knowledge

Meta-knowledge Knowledge about knowledge

Method is a function that defines a behaviour of an object
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Object A physical or conceptual being that has a collection of related attributes that
describe it

Premise A condition on left hand side of a rule
Problem space A tree or graph containing nodes and branches used for searching for

a solution to a given problem. The nodes represent possible problem states and the
branches possible paths between states

Problem solving The process of seeking a soltion to a given problem

Production system A model of human problem solving where problem situations
contained in the short-term memory are combined with productions in the long-term
memory to infer new information

Rule A knowledge representation method consisted of one or more premises and
conclusions expressed in IF ... THEN...

Rule of tumb A rule based on good judgment, gained from experience rather than
first principal. Often called shallow knowledge

Rule-based systems A computer program that processes problem-specific
information contained in the working memory with a set of rules contained in the
knowledge base, using an inference engine to infer new information

Shallow knowledge knowledge based on good judgment rather than first principles.
Often called a heuristic

Slot A component of a frame. Describes a particular attribute or relationship of the
frame

Symbol An alphanumeric pattern that represents some object characteristic of event
of a problem

Symbolic programming Manipulating symbols that represent objects and their
relationships

Uncertainty The level of belief in a given fact either given by the user of an expert
system or derived by the system



APPENDIX B.1
SPLINE CURVE FITTING

The problem of curve or data fitting is finding a function which matches a set
of observed, measured or simulated values at a set of given points. In interpolation,
the smoothing function must exactly match the given values at any point, while in the
least-square, due to the errors or noise in the given values, the smoothing function is

not required to match the given values exactly.

p_—

u (]

k- 4
spline segments ~~/

. spline knots ®
data points .
—

X

Figure A.1 A spline curve fitted to a number of data points

A spline curve is composed of segments of normal polynomial curves fitted
between spline knots, Figure A.1. A knot is a point at which two segments of a
spline curve are joined together, smoothly. The shape assumed by the spline between
two adjacent knots depends on the degree of spline curve. Normally, a third degree
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(cubic) polynomial curve is used. The smoothness of a curve means being free from
or proceeding without abrupt curves, bends, etc. and can be described mathematically

using derivatives.

Spline Function in One Variable

Considering the strictly increasing sequence of real numbers:

a=Ag<A <..<A <A, =b

The function s(x) is defined as a spline of degree k on [a,b] with knots A\, i=1,2,3,
...g, if it satisfies the following conditions:

In each interval [\, N,,], i=0, 1, 2, ..., g, s(X) is given by some polynomial
of degree k or less.

s(x) and its derivatives of orders 1, 2, 3, ..., k-1 are continuous everywhere in
[a,b].

If the below additional knots are considered:

A=A == =a

L S W

then the spline can be represented by a linear combination of B-splines as below:

¢
S(’)"’_E‘cﬂuq(x)

where c;s are constant coefficients and M;, ,,(x) are B-splines. B-splines are more
convenient representation in terms of numerical computations having the following
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property:

M, ‘.l(x)=0 if x<A, or X2A ;401

Spline Function Determination
Given the function values fq at the points x;, q=1,2,3, ..., ml, Xq < Xq+1,
the spline function, s(x) is determined by the following approximation criterion:
Minimize the objective function:

" P 2

under the constraint:

B4 ca,] <

q=1 iu-k
while
.= Mt(.:)olaq*o)'uglx(lq‘o)

S is a non-negative constant which is called the smoothing factor. S sets the
smoothness of the spline curve and can vary between zero and infinity.

Spline Function Evaluation

Too small value of S results in overfitting and too large S values results in an
underfitting of the data [Dirckx 1982]. In extreme cases, the algorithms returns the
least-square polynomial for very large S and interpolating spline for S=0. The
graphical interface of NGOTC (Mumerical Grinding Optimization Tools in C) allows



Appendix B.1 Spline Curve Fitting 193

the user to visually examine the fit before accepting it as satisfactory.

The Advantages of Spline Functions
The most important advantages of using spline functions to fit data can be
enumerated as follows, Whiten [1971]:

- Spline functions provide a means of finding an adequate fit when there
is no indication of particular analytic form.

- The smoothed data by spline fit can help indicating an analytical form
in further data analysis.

- The fit is local, i.e. the behaviour of spline curve of a specified
segment has little effect on the spline curve for segments few knots
away.

- A piecewise cubic spline function can be rapidly evaluated.
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Agnico Eagle, Grinding Circuit Survey, Line #1 (July 13, 1996)

Final Results

Residual sum of squares: 58.87399
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Agnico Ragle, Grinding Circuit Survey, Line #2 (July 13, 1996)

Tinal Results

Residual sum of squares: 34.24823
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Appendix B.3 Selection Function Estimation Resuits of AELRD



Agnico Ragle, Line #1

Date: 4/29/1997

Tau Plug Flow =

Breakage Function Matrix

0.10 Tau Small PM =

0.00

0.4¢ 0.00

0.19 0.44 0.00

0.09 0.19 0.44 0.00

0.05 0.09 0.19 0.44 0.00
0.03 0.05 0.09 0.19 0.44
0.03 0.03 0.05 0.09 0.19
0.02 0.03 0.03 0.05 0.09
0.02 0.02 0.03 0.03 0.05
0.02 0.02 0.02 0.03 0.03
0.01 0.02 0.02 0.02 0.03
0,01 0.01 0.02 0.02 0.02
0.01 0.01 0.01 0.02 0.02
0.01 0.01 0.01 0.01 0.02
0.01 0.01 0.01 0.01 0.01
0.00 0.01 0.01 0.01 0.01
0.00

0.00 0.00 0.01 0.01 0.01
0.4¢ 0.00

Rl et Jommmmme |
| CLASS | SEIEVE SIZE | FEED |
R L e [
| 1 | 6700 I 2.38 |
o2 ) 738 | 1.52 |
| 3 | 3350 i 1.21 |
e 2369 | 0.98 |
I s | 1675 | 0.80 |
| 6 | 1164 I 0.95 |

(2222223422222 24021222222 224222222 4dd ]

Selection Function Estimation Rasults
(222222222222 X232 X222 2221222212221 7]

0.10 Tau Lazxge PM = 0.70
0.00
0.44 0.00
0.19 0.44 0.00
0.09 0.19 0.44 0.00
.05 0.09 0.19 0.44 0.00
0.03 0.05 0.09 0.19 0.44 0.00
0.03 0.03 0.05 0.09 0.19 0.44
0.02 0.03 0.03 0.05 0.09 0.19
0.02 0.02 0.03 0.03 0.05 0.09
0.02 0.02 0.02 0.03 0.03 0.05
0.01 0.02 0.02 0.02 0.03 0.03
0.01 0.01 0.02 0.02 0.02 0.03
- ' - ' -
MEAS. PROD. | CALC. PROD. | SELERC. FUNC.
------------- Rttt et
0.05 i 0.05 | 7.9606
0.14 | 0.14 | 6.1482
0.12 | 0.12 ) 8.2834
0.21 | 0.21 | 6.3275
0.21 | 0.21 | 6.9363
0.47 | 0.47 | 3.8964

0.00
0.44
0.19
0.09
0.05

0.00
0.44
0.19
0.09

002
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Agnico Eagle, Line §2

Date: 4/29/1997

Tau Plug Flow =

Breakage Function Matrix

0.00
0.44
0.19
0.09
0.05
0.03
0.03
0.02
0.02
0.02
0.01
Q.01
0.01
0.01
0.01
0.00
0.00
0.00
0.44

0.00
0.44
0.19
0.09
0.05
0.03
0.03
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.01

0.00

.

co0000CODODOOOCOOOO
.

- -N-N-N-N-N-N-N-N-N- NN -]

MR NOMDDNODWOLOYS»O

.

0.01

0.10 Tau Small PM =

0.00
0.44 0.00
0.19 0.44 0.00
0.09 0.19 0.44
0.05 0.09 0.19
0.03 0.05 0.09
0.03 0.03 0.05
0.02 0.03 0.03
0.02 0.02 0.03
0.02 0.02 0.02
0.01 0.02 0.02
0.01 0.01 0.02
0.01 0.01 0.01
0.01 0.01 0.01
' ------
FEED | MEAS. PROD.
...... [P ——
I 2.78 | 0.02
i 1.83 | 0.04
I 1.52 | 0.13
i 1.10 | 0.12
I 0.94 | 0.17
I 1.0 | 0.43

0000000 KHE M0
MOV NWVLLYVOSED

0.01

(2332222232222 2222222222 222212222 713734}

Selection Function Estimation Results
YT T2 2222223222 222222222 RRRRXXXIX] 2

0.10 Tau Lazxge PM = 0.70

0.00
0.44 0.00
0.19 0.44 0.00
0.09 0.19 0.44 0.00
0.05 0.09 0.19 0.44
0.03 0.05 0.09 0.19
0.03 0.03 0.05 0.09
0.02 0.03 0.03 0.0S8
0.02 0.02 0.03 0.03
0.02 0.02 0.02 0.03
............. | - -
CALC. PROD. | SELEC. FUNC.
............. e
0.02 | 9.0808
0.04 | $.1470
0.13 | 6.1096
0.12 | 7.6238
0.17 | 6.7042
0.43 | 3.6876

0.00
0.44
0.19
0.09
0.05

0.03

0.00
0.44
0.19
0.09

0.00
0.44
0.19

0.09

0.19

(4114



0.80
0.94
1.47
2.72
4.53
10.37
15.97
22.31
14.73
8.07
2.53

0.37
0.55
1.05
2.24
4.16
10.17
16.20
23.82
15.82
9.59
3.60

4.4350
3.318%
1.9692
1.0343
0.5810
0.2360
0.129%2
0.0413
0.0485
0.0101
0.0000

£0C



Appendix B.4 Mass Balancing Results of LMS
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Final Results
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Les Mines Selbaie, Grinding Circuit Survey, Zone B, Feb 9, 1998

-

Final Results
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Appendix B.S Selection Function Estimation Results of LMS
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L X222 32222 142222222222 221122222 222222;

Selection Function Estimation Results
1222222222322 222222 2222222222222 222217 ]

lLes Mines Selbaie, ball mill, July 15,1996
Date: 12/8/1996
Tau Plug Flow = 0.10 Tau Small PM = 0.10 Tau Large PM = 0.70

Breakage Function Matrix

0.00

0.44 0.00

0.19 0.44 0.00

0.09 0.19 0.44 0.00

0.05 0.09 0.19 0.44 0.00

0.03 0.05 0.09 0.19 0.44 0.00

0.03 o0.03 0.0% 0.09 0.19 0.44 0.00

0.02 0.03 0.03 0.05 0.09 0.19 0.44 0.00

0.02 0.02 0.03 0.03 0.05 0.09 0.19 0.44 0.00

0.02 0.02 0.02 0.03 0.03 0.05 0.09 0.19 0.44 0.00

0.01 0.02 0.02 0.02 0.03 0.03 0.05 0.09 0.19 0.44 0.00
0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.05 0.09 0.19 0.44
0.00

0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.05 0.09 0.19
0.44 0.00

0.01 o0.01 0.02 0.01 0.02 0.02 0.02 0.03 0.03 0.05 0.09
0.19 0.44 0.00

0.01 o0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.05
0.09 0.19 0.44 0.00

B e e e o L L L Lt Ty

| | ! | |
| CLASS | SEIEVE SIZE | FEED | MEAS. PROD. | CALC. PROD. | SELEC. FUNC. |
|==mmmmm |-=mommmmmm e f===memmo e R |-ommommmmemaen |
N 11180 | 0.02 | 0.02 | 0.02 |  0.0000 |
| 2 | 7905 | 0.58 | 0.56 | 0.56 | 0.0354
1 3 | 5590 | 0.54 | 0.50 | 0.50 | 0,0957
|4 3953 | 2.55 | 2.35 | 2.35 |  0.0939 |
| 5 1 2795 | 4.82 | 3.98 | 3.98 | 0.2273
| 6 | 1976 | 6.80 | 5.10 ] 5.10 | 0.3940 |
LT 1398 | 5.99 | 421 | 4.21 |  0.6356 |
| 8 | 988 I 6.87 | 4.73 | 4.73 | 0.7548
i 9 | 699 | 5.70 | 4.10 | 4.10 | 0.9258
| 10 | 494 I 5.91 | 4.59 | 4.59 | 0.8760 |
| 1 | 349 | 7.54 | 6.36 | 6.36 | 0.6703 I
| 12 | 247 | 7.82 | 7.08 | 7.08 | 0.5868
{ 13 | 175 | 8.55 | 8.35 | 8.35 | 0.4508
| 14 | 124 | 7.64 | 8.36 | 8.36 | 0.3344
| 15 | 87 | 6.26 | 7.54 | 7.54 | 0.2350

! l ! | !



IMS, ball mill, Feb. 9, 98
Date: 5/10/1998
Tau Plug Flow =

0.10 Tau Small PM =

Reference feed flow rate = 307.1 t/h
Current feed flow rate = 307.1 t/h

Breakage Function Matrix

0.00
0.44
0.19
0.09
0.05
0.03
0.02
0.02
0.02
0.01
0.01
0.01
0.00
0.01
0.44
0.01
0.19
0.01
0.09

C0O00O0OO0O00OLOO0O

00000

OO0 O0D0COoOO0OO

o

.44 0.00
.19 0.44
.09 0.19
.05 0.09
.03 0.05
.02 0.03
.02 0.02

.02 0.02

.01 0.02

o

.00

.44 0.00
.19 0.44
.09 .19
.05 0.09
.03 0.05
.02 0.03
.02 0.02
.02 0.02
.01 0.02
.01 ¢.01
.01 ¢.01
.00

.01 0.01
.44 0.00
.01 0.01
.19 0.44
|+mmmemmemeam
| SEIEVE SIZE
I _____________
| 4750
| 3359
| 2375
| 1679
| 1188
| 840
| 594
| 420
| 297
| 210
| 148
| 105
| 74
| 52
| 37
|

- - - - o

@
.

=
o

(2323232222322 1423222422222 X232212222 2237

Selection Function Estimation Results
YT 232223222 R2T 2223222222 X2 XTI Y]

0.10 Tau Large PM =
0.00
0.44 0.00
0.19 0.44 0.00
0.09 0.19 0.44 0.00
0.05 0.09 0.19 0.44
0.03 0.05 0.09 0.19
0.02 0.03 0.05 0.09
0.02 0.02 0.03 0.0S
0.02 0.02 0.02 0.03
0.01 0.02 0.02 0.02
------------- |ommemmmmmemee
MEAS. PROD. | CALC. PROD. |
------------- R
2.70 | 2.70 |
4.09 | 4.09 |
5.80 | 5.80 |
5.00 | 5.00 |
6.43 | 6.43 |
6.02 | 6.02 |
6.60 | 6.60 |
8.96 | 8.96 |
8.67 | 8.67 |
7.13 | 7.13 |
6.30 | 6.30 |
5.49 | 5.49 |
3.64 | 3.64 |
3.29 | 3.29 |
2.34 | 2.3 |
| |

0.70

0
0
0

0.

0.

.00
.44
.19
09

05

0.9737
0.9214
0.6792
0.5989
0.5663
0.4107
0.2257
0.2635
0.0493
0.0400
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IMS8, ball mill, Ref. July 96, Feb. 9, 98
Date: 5/10/1998

Tau Plug Flow =

0.10 Tau Small PM =

Reference feed flow rate = 418.1 t/h
Current feed flow rate = 307.1 t/h

Breakage Function Matrix

0.00
0.44
0.19
0.09
0.05
0.03
0.02
0.02
0.02
0.01
0.01
0.01
0.00
0.01
0.44
0.01
0.19
0.01
0.09

0000000000 O

QCOO0OO0OO0OO0

.00

.44 0.00
.19  0.44
.09 0.19
.05 0.09
.03 0.05
.02 0.03
.02 0.02
.02 0.02
.01 0.02
.01 0.01
.01 0.01
.00

.01 0.01
.44 0.00
.01 0.01
.19 0.44
' .............
| SEIEVE SIZE
R,
I 4750
I 3359
| 2375
| 1679
| 1188
| 840
| 594
| 420
! 297
| 210
| 1486
| 105
| 74
| 52
| 37
|

0.00
0.44
0.19
0.09
0.05
0.03
0.02
0.02
0.02

CO0OO0O0O0O0OO0O0

[~

.00
.44
.19
.09
.05
.03
.02
.02

.02

.00
.44

.09
.05
.03
.02

O0O0OO0O0O0OO0O

(=

.02

o

(el eNoleNeNe]

.00
.44
.19
.09

.03

.02

1233222224213 2232212222322 222222222227}

Selection Function Eatimation Results
1232322222322 2232221222212 22232222322¢%2]

.00
.44
.19

[= === R

.08

o

.03

o

- > -

Q
w0
0000

0.10 Tau Large PM =

.00
.44

.09

.05

0.70

0.00

0.44 0.00
0.19 0.44
0.09 0.19

Q.05 0.09

—— o - - ——
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Selection Function Estimation Results
(2222232322223 X232420322232332X2323223423221%]

IMS, Tricone SF, July 96
Date: 5/11/1998

Tau Plug Flow =

Reference feed flow rate =
Current feed flow rate =

Breakage Function Matrix

0.00
.44
.19
.09
.05
.03
.02
.02

0O00OO0CO0O0O0

0.00
0.44 .00

0.19 0.44 0.00
0.09 0.19 0.
0.05 0.09 0.
0.03 0.05 0.
0.02 0.03 0.

P L T

0.00 Tau Small PM =

56.7 t/h
56.7 t/h
44 0.00
19 0.44 0.00
09 0.19 0.44 0.00
05 0.09 0.19 0.44
-------- ]
FEED | MEAS. PROD. |
-------- R o
0.06 | 0.01 }
0.01 | 0.01 |
0.06 | 0.01 )
0.32 | 0.19 |
1.10 | 0.38 !
5.67 | 2.23 |
13.89 | 5.11 |
19.09 | 8.91 |
| [

- -

- - — - -

0.10 Tau Large PM =

———— -

R
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IMS, Tricone SF, Feb.

Date: 5/11/1998

Tau Plug Flow =

Reference feed flow rate =
Current feed flow rate =

98, Ref. July 1996

Breakage Function Matrix

.00
.44
.19
.09
.05
.03
.02
.02

00000000

0.00
0.44 0.00
0.19 0.44
0.09 0.19
0.0s8 0.09
0.03 0.05
0.02 0.03

| _____________

| SEIEVE SIZE

[eemeemmceeeaa

f 417

| 295

! 208

| 147

| 104

| 74

| 52

| 37

{

0.00 Tau Small PM =

56.6 t/h
51.6 t/h
00
44 0.00
19 0.44 0.00
09 0.19 0.44 Q.00
0s 0.09 0.19 0.44
-------- fmmmmmmmmmeeae |
FEED | MEAS. PROD. |
-------- |=m=mmmmemmam|
2.30 | 0.01 I
6.28 | 0.01 |
14.11 | 5.79 |
17.31 | 7.39 |
12.44 | 6.96 |
10.16 | 13.84 |
8.37 | 11.53 |
$.09 | 8.21 |
| 1

I3 X222 R4 22022222 2222222 22222222

Selection Function Estimation Results
'22 2223222222222 32222223222 32222222 24

0.10 Tau Large PM =

214

0.70

12.4148 |
20.1900 j
1.3525 |
1.5653 |
1.7213 |
0.5453 (
0.4778 |
0.4515 |



Appendix B.6 Mass Balancing Results of Lupin
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ECHO BAY MINES LTD., Lupin Operation, Grinding Survey, Jan. 30/1996

Residual sum of squares: 8.503008 User Abort
| Absolute Solids | Pulp Mass Flowrate |
Stream | Flowrate | Mesas | Cale | 8.D. | Adjust |
1 R | 84.16 | 84.0 | 84.2 | 0.5 | 0.1 |
2 CUF | 237.30 | 250.0 { 237.3 | 250.0 | -12.7 |
3 BMD | 237.30 | | 237.3 | | |
4 CoF | 84.16 i | 84.2 | { |
| Relative Solids |
Stream | Flowrate {
1 RMD | 100.00 |
2 cur | 281.98 I
3 BMD | 281.98 }
4 COF | 100.00 |
Cumulative Size Distribution Data
‘ | RO I cox |
Size | Meas | Calc | SD. | Adj. || Meas | Calc | SD. | Adj. |
4 MESH | 100.0 { 100.0 ( 0.0 | 0.0 || 100.0 | 100.0 | 0.0 | 0.0 |
6 MRSH | 95.45 | 95.37 { 0.5 | -0.1 || 96.94 | 97.17 | 0.5 | 0.2 |
O MRSH | 87.60 | 87.45 | 0.5 | -0.1 || 93.61 | 94.02 | 0.5 | 0.4 |
10 MBSH | 76.75 | 76.60 | 0.5 | -0.1 || 89.51 | 89.92 | 0.5 | 0.4}
14 MRSE | 64.20 | 64.09 | 0.5 ( -0.1 || 84.88 | 85.19 | 0.5 | 0.3 |
20 MESH | 54.70 | 54.62 | 0.5 | -0.1 || 81,13 | 81.34 | 0.5 | 0.2 |
280 MESH | 47.45 | 47.39 | 0.5 | -0.1 || 77.64 | 77.82 | 0.5 | 0.2 |
35 MRSH | 41.70 | 41.68 | 0.5 | -0.0 || 73.46 | 73.52 | 0.5 | 0.1 |
48 MBSH | 36.45 | 36.53 | 0.5 | 0.1 || 67.28 | 67.06 | 0.5 | -0.2 |
65 MESH | 32.55 | 32.67 | 0.5 | 0.1 |} 59.13 | 58.78 | 0.5 | -0.4 |
100 MESH | 28.75 | 28.81 | 0.5 | 0.1 || 46.91 | 46.73 | 0.5 | -0.2 |
150 MESH | 25.15 | 25.16 | 0.5 | 0.0 || 33.49 | 33.47 | 0.5 | -0.0 |
200 MBSH (| 21.65 | 21.60 | 0.5 | -0.1 || 21.66 | 21.81 | 0.5 | 0.1 i
270 MESH | 18.00 | 17.90 | 0.5 | -0.1 (|| 13.49 | 13.78 | 0.5 | 0.3 |
400 MESH | 14.45 | 14.34 | 0.5 | -0.1 || B8.59 | 8.91 | 0.5 | 0.3 ]
I BEMD I CoF i
Size | Meas | Calc | SD. | Adj. || Meas | Calc | SD. | Adj. |
4 MESH { 100.0 § 100.0 | 0.0 | 0.0 || 100.0 | 100.0 | 0.0 | 0.0 |
6 MESH | 99.03 | 98.81 | 0.5 | -0.2 || 100.0 | 100.0 | 0.0 | 0.0 |
8 MESH | 98.88 | 98.47 | 0.5 | -0.4 || 100.0 ) 100.0 | 0.0 | 0.0 |
10 MESH | 98.63 | 98.22 | 0.5 | -0.4 || 100.0 | 100.0 | 0.0 | 0.0 |
14 MESH | 98.23 | 97.92 | 0.5 | -0.3 || 100.0 | 100.0 { 0.0 | 0.0 |
20 MESH | 97.65 | 97.44 | 0.5 | -0.2 || 100.0 | 100.0 | 0.0 | 0.0 |
20 MESH | 96.65 | 96.47 | 0.5 | -0.2 || 100.0 | 100.0 | 0.0 | 0.0 |
35S MESH | 94.25 | 94.19 | 0.5 | -0.1 || 99.95 | 99.95 | 0.1 | 0.0 |
. 48 MESH | 89.30 | 89.52 | 0.5 | 0.2 || 99.85 | 99.85 | 0.1 | -0.0 |
65 MESH | 82.03 | 82.38 { 0.5 | O.4 || 99.30 | 99.23 | 0.4 | -0.1 |
100 MESH | 70.63 | 70.81 § 0.5 | 0.2 || 96.75 | 96.69 | 0.5 | -0.1 |



150 MESH | 56.63 | 56.65 | 0.5 | 0.0 || 90.55 | 90.54 | 0.5 | -0.0 | 217
200 MESH | 42.58 | 42.43 | 0.5 | -0.1 || 79.70 | 79.75 | 0.5 | 0.1 |
270 MESH | 31.30 | 31.01 | 0.5 | -0.3 || 66.40 | 66.50 | 0.5 | 0.1 |
400 MESH | 22.78 | 22.46 | 0.5 | -0.3 || 52.45 | 52.56 | 0.5 | 0.1 |
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ECHO BAY MINES LTD., Lupin Operation, Grinding Survey, Mar. 1,1996

- > " - - D - o o - e = e 4 = W -

Residual sum of squares: 40.18189 Final Results
| Absolute Solids | Pulp Mass Flowrate I
Stream ) Flowrate | Msas | Calc | 8.D. | Adjust |
1 RMD ] 89.80 i 89.8 | 89.8 | 0.5 | -0.0 |
2 CuUr | 215.03 { 250.0 | 215.0 | 250.0 | -35.0 |
3 BMD | 215.03 | | 215.0 | { |
4 COF | 89.80 | I 89.8 | { |

| Relative Solids |

Stream | Flowrate |
i1 RMD | 100.00 |
2 CUF | 239.46 {
3 B | 239.46 |
4 COF | 100.00 |

Cumulative Size Distribution Data

e e L e L L L e p———

| RMD I CUr |

Size | Meas | Calc | SD. | Adj. || Meas | Calc | SD. | Adj. |

4 MBSH | 100.0 | 100.0 | 0.0 | 0.0 §{ 100.0 | 100.0 | 0.0 | 0.0 |
6 MESH | 93.05 | 92.96 { 0.5 | -0.1 j{ 95.68 | 95.89 | 0.5 | 0.2 |
8 MRSH | 84.85 | 84.68 | 0.5 | -0.2 || 91.69 | 92.09 | 0.5 | 0.4 |
10 MEBSH | 74.90 | 74.77 | 0.5 | -0.1 || 87.48 | 87.79 | 0.5 | 0.3 |
14 MESH | 63.70 | 63.68 | 0.5 | -0.0 || 82.95 | ©83.01 | 0.5 | 0.1 |
20 MBSH | 55.20 | 55.25 | 0.5 | 0.0 || 79.18 | 79.07 | 0.5 | -0.1 |
280 MESH | 48.50 | 48.59 | 0.5 | 0.1 || 75.59 | 75.38 | 0.5 | -0.2 |
35 MESH | 43.05 | 43.18 | 0.5 | O0.3 || 71.21 | 70.89 | 0.5 | -0.3 }
48 MRSH | 38.00 | 38.22 | 0.5 | 0.2 || 64.68 | 64.16 | 0.5 | -0.5*|
65 MESH | 34.35 | 34.56 | 0.5 | 0.2 || 56.30 | 55.80 | 0.5 | -0.5 }
100 MESH | 30.7S | 30.00 | 0.5 | -0.7*{| 44.23 | 46.02 | 0.5 | 1.8*|
150 MESH | 27.15 | 27.26 | 0.5 | 0.1 | 31.33 |} 31.08 | 0.5 | -0.3 |
200 MESH | 23.65 | 23.72 | 0.5 | 0.1 |{ 20.34 | 20.16 | 0.5 | -0.2 )
270 MBSH | 19.80 | 19.86 | 0.5 | 0.1 |{§ 13.01 | 12.87 | 0.5 | -0.1 |
400 MBSH | 15.90 | 15.96 | 0.5 | 0.1 || ©8.61 | 8.47 | 0.5 | -0.1 |
| BMD |1 COF |

Size | Meas | Calc | SD. | Adj. || Meas | Calc | SD. | Adj. |

4 MESH | 100.0 | 100.0 | 0.0 | 0.0 |} 100.0 | 100.0 | 0.0 § 0.0 |

6 MBSH | 99.03 | 98.83 | 0.5 | ~-0.2 {}) 100.0 | 100.0 | 0.0y 0.0 |

8 MESH | 96.88 | 98.48 | 0.5 | -0.4 |} 100.0 | 100.0 ) 0.0 | 0.0 |
10 MESK | 98.63 | 98.32 | 0.5 { -0.3 || 100.0 | 100.0 | 0.0 | 0.0 |
14 MESH | 98.23 | 98.17 | 0.5 | -0.2 || 100.0 | 100.0 | 0.0 { 0.0 |
20 MESH | 97.65 | 97.76 | ¢.5 | 0.1 |]) 100.0 | 100.0 | 0.0 | -0.0 |
20 MBRSR | 96.65 | 96.86 | 0.5 | 0.2 || 100.0 | 100.0 { 0.0 | ~0.0 |
35 MESH | 94.25 | 94.57 | 0.5 | 0.3 || 99.90 | 99.90 | 0.1 | -0.0 |
48 MBSH | 89.30 | 89.82 | 0.5 | O0.5%|| 99.70 | 99.67 | 0.2 | -0.0 |
65 MBSH | 82.03 | 82.53 | 0.5 | 0.5 |] 98.75 ) 98.54 | 0.5 | -0.2 |
100 MESH | 75.63 | 73.84 | 0.5 | -1.8*|| 95.85 | 96.60 | 0.5 | 0.7*)



150 MESH | 56.63 | 56.88 | 0.5 | O 219
200 MESH | 42.50 | 42.76 | 0.5 | oO.
270 MRSH | 31.30 | 31.44 | 0.5 | O
400 MESH | 22.78 | 22.92 | 0.5 | O

]
coo0o
N ol o
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Lupin Operation, grinding survey, Mar. 31/96

- - - - - -- - - -t -y - - - -

Residual sum of squares: 28.38126 Final Results
| Absolute Solids | Pulp Mass Flowrate {
Stream | Flowrate | Msas | Calc | S8.D. | Adjust |
1 RMF | 95.13 | 95.1 | 95.1 | 0.1 | -0.0 |
2 R | 95.13 | | 95.1 | | |
3 cr¥ | 362.67 | 300.0 | 362.7 | 300.0 | 62.7 }
4 CUF | 267.54 | | 267.5 | | |
5 BMD | 267.54 I I 267.5 | | j
6 CoF | 95.13 | I 95.1 | | i
| Relative Solids |
Stream | Flowrate |
1 RWF | 100.00 |
2 RO [ 100.00 |
3 cr ( 381.23 |
4 CUr ( 281.23 |
5 BMD | 281.23 [
6 COF | 100.00 |
Cumulative Size Distribution Data
| D i CF i
Size | Meas | Calc | SD. | AMd). || Meaa | Calc | SD. | Adj. |
6 MESH | 100.0 | 100.0 | 0.0 | 0.0 || 100.0 | 100.0 | 0.0 § 0.0 |
8 MBSH | 87.85 | 87.70 | 0.5 | -0.1 || 95.30 | 95.68 | 0.5 | 0.4 |
10 MESH | 78.25 | 78.12 | 0.5 | -0.1 || 92.65 | 92.92 | 0.5 | 0.3 |
14 MESH | 66.80 | 66.70 | 0.5 | -0.1 || 89.20 | 89.46 | 0.5 | 0.3 )
20 MESH | 57.75 | 57.67 | 0.5 | -0.1 || B86.25 | 86.50 | 0.5 | 0.3 )
20 MESH | 51.00 | 50.91 | 0.5 | -0.1 || 83.40 | 83.76 | 0.5 | 0.4 |
35 MBSH | 45.20 | 45.19 )| 0.5 | -0.0 || 79.80 | 80.14 | 0.5 | 0.3 |
S0 MESH | 40.15 | 40.23 | 0.5 | 0.1 || 74.55 | 74.95 { 0.5 | 0.4 |
70 MESH | 35.90 | 36.02 | 0.5 | 0.1 || 67.35 | 67.76 | 0.5 | 0.4 |
100 MESH | 31.85 ) 31.86 | 0.5 | 0.0 || 56.90 | 57.42 | 0.5 | 0.5+
150 MESH | 28.00 | 27.96 | 0.5 | ~0.0 || 45.00 | 45.71 § 0.5 | 0.7+
200 MESE | 24.10 | 23.89 | 0.5 | -0.2 || 34.30 | 34.96 | 0.5 | 0.7*}
270 MESH | 20.35 | 20.10 | 0.5 | -0.2 || 25.85 | 26.36 | 0.5 | 0.5*|
400 MESH | 16.20 | 15.94 | 0.5 | -0.3 || 19.00 | 19.42 | 0.5 | 0.4 |
500 MESH | 12.70 | 12.49 | 0.5 | -0.2 || 13.60 | 14.12 { 0.5 | 0.5*|
| Cur N BMD |
Size | Meas | Calc | SD. | Adj. || Meas | Calc | SD. | Adj. |
6 MESH | 100.0 | 100.0 | 0.0 | ©0.0 (| 100.0 | 100.0 | 0.0 | 0.0 |
8 MESH | 94.01 | 94.14 | 0.5 | 0.1 || 98.93 | 98.52 | 0.5 | -0.4 |
10 MESH | 90.24 | 90.40 | 0.5 | 0.2 || 98.53 | 98.18 | 0.5 | -0.4 |
14 MESH | 85.61 | 85.71L | 0.5 | 0.1 || 97.83 | 97.55 | 0.5 | -0.3 |
20 MESH | 81.66 | 81.70 | 0.5 | 0.0 || 96.98 | 96.75 | 0.5 | -0.2 |
28 MESH | 78.01 | 77.99 | 0.5 | -0.0 || 95.68 | 95.44 | 0.5 | -0.2 |
35 MESH | 73.34 | 73.12 | 0.5 | -0.2 || 92.60 | 92.57 | 0.5 | -0.0 |



50 MESH | 66.64 | 66.12 | 0.5 | -0.5*|} 87.08 | 87.30 | 0.5 | 0.2 | 221
70 MESH ! 57.34 | 56.70 | 0.5 | -0.6*|| 78.70 | 79.04 | 0.5 | 0.3 |
100 MESH | 44.15 | 43.75 | 0.5 | -0.4 || 66.48 | 66.50 | 0.5 | 0.0 |
150 MESH | 30.71 | 30.30 | 0.5 | -0.4 || 52.15 | 52.03 | 0.5 | -0.1 |
200 MESH | 19.30 | 19.40 | 0.5 | 0.1 || 39.48 | 38.90 | 0.5 | -0.6*|
270 MESH | 12.23 | 12.56 | 0.5 | 0.3 || 29.28 | 28.58 | 0.5 | -0.7+|
400 MESH | 7.79 | 8.20 | 0.5 | 0.4 |f 21.38 | 20.66 | 0.5 | -0.7*|
500 MBSH | 5.30 | 5.52 | 0.5 | 0.2 |} 15.30 | 14.70 | 0.5 | -0.6*|
l CoF |
Size | Meas | Calc | SD. | Adj. |
6 MESH | 100.0 | 100.0 | 0.0 | 0.0 |
8 MESH | 100.0 | 100.0 | 0.0 | 0.0 |
10 MESH | 100.0 | 100.0 | 0.0 | 0.0 |
14 MERSH | 100.0 | 100.0 | 0.0 | 0.0 |
20 MESH | 100.0 | 100.0 | 0.0 | 0.0 |
28 MESH | 100.0 | 100.0 | 0.0 | -0.0 |
35 MESH | 99.90 | 99.90 | 0.1 | -0.0 {
50 MESH | 99.80 | 99.79 | 0.1 | -0.0 |
70 MRSH | 99.05 | 98.84 | 0.5 | -0.2 |
100 MESH | 96.00 | 95.86 | 0.5 | -0.1 |
150 MRSH | 89.20 | 89.06 | 0.5 | -0.1 |
200 MESH | 78.70 | 78.73 | 0.5 | 0.0 |
270 MRSH | 65.05 | 65.17 | 0.5 | 0.1 |
400 MESH | 50.85 | 50.99 | 0.5 | 0.1 |
500 MESH | 38.20 | 38.28 | 0.5 | 0.1 |



Appendix B.7 Selection Function Estimation Results of Lupin
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(223322222 2222222222222 22 222132 21122]

Selection Function Estimation Results
(X222 22322222222 22¢2 3222222222223 22 X2}

Lupin Operation, survey Jan. 30/96
Date: 8/31/1998
Tau Plug Flow = 0.10 Tau Small PM = 0.10 Tau Large PM = 0.70

Reference feed flow rate = 100.0 t/h
Current feed flow rate = 100.0 t/h

Breakage Function Matrix

mcenceneee-—as | e e [t ccrvcn cncccc e~ -

0,00

0.44 0.00

0.19 0.44 0.00

0.09 0.19 0.44 0.00

0.05 0.09 0.19 0.44 0.00

0.03 0.05 0.09 0.19 0.44 0.00

0.03 0.03 0.05 0.09 0.19 0.44 0.00

0.02 0.03 0.03 0.05 0.09 0.19 0.44 0.00

0.02 0.02 0.03 0.03 0.05 0.09 0.19 0.44 0.00

0.02 0.02 0.02 0.03 0.03 0.05 0.09 0.19 0.44 0.00

0.01 0.02 0.02 0.02 0.03 0.03 0.05 0.09 0.19 0.44 0.00

g.01 0.01 0.02 0.02 0.02 0.03 0.03 0.05 0.09 0.19 0.44

0.00

0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.05 0.09 0.19

0.44 0.00

0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.05 0.09

0.19 0.44 0.00

R |-=mmmmmmmee e S B R — |==mmmmmmm e |

| CLASS | SIEVE SIZE | FEED | MEAS. PROD. | CALC. PROD. | SELEC. FUNC. |

|~=-m-== [==mememmme B e oo B e e |

| b 3360 | 2.83 | 1.18 | 1.18 | 1.0780 |

| 2 | 2380 ] 3.16 | 0.34 | 0.34 | 4.7181 i

| 3 | 1683 | 4.11 | 0.24 | 0.24 | 8.0812 |

| 4 | 1190 | 4.74 | 0.29 | 0.29 | 8.8867 |

| S | 841 | 3.85 | 0.48 | 0.48 | 7.4194 |

| 6 | 595 | 3.53 | 0.96 | 0.96 | 5.1212 |

| 7 | 421 | 4.30 | 2.28 | 2.28 | 2.8287 |

| 8 | 298 | 6.46 | 4.67 | 4.67 | 1.6092 |

| 9 | 210 | 8.29 | 7.13 | 7.13 | 1.0838 |

| 10 | 149 | 12.04 | 11.58 | 11.58 | 0.6422 |

| 11 | 105 | 13.27 | 14.15 | 14.15 | 0.4340 |

| 12 | 74 | 11.65 | 14.23 | 14.23 | 0.2732 |

| 13 | 53 | 8.03 | 11.42 | 11.42 | 0.1564 |

| 14 | 37 | 4.86 | 8.56 | 8.50 | 0.0000 |
| 1 | | 1
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I T2 XXX 222022222222 2222222222 % )

Selection Function Estimation Results
2223222222223 2222228222322 2222222222

Lupin Operation, survey Mar. 1/96
Date: 8/31/1998
Tau Plug Flow = 0.10 Tau Small PM = 0.10 Tau Large PM = 0.70

Reference feed flow rate = 100.0 t/h
Current feed flow rate = 100.0 t/h

Breakage Function Matrix

e Il T oL T Y ppp———

0.00

0.44 0.00

0.19 0.44 0.00

0.09 0.19 0.44 0.00

0.05 0.09 0.19 0.44 0.00

0.03 0.05 0.09 0.19 0.44 0.00

0.03 0.03 0.05 0.09 0.19 0.44 0.00

0.02 0.03 0.03 0.05 0.09 0.19 0.44 0.00

0.02 0.02 0.03 0.03 0.05 0.09 0.19 0.44 0.00

0.02 0.02 0.02 0.03 0.03 0.05 0.09 0.19 0.44 0.00

0.01 0.02 0.02 0.02 0.03 0.03 0.05 0.09 0.19 0.44 0.00

0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.05 0.09 0.19 0.44

0.00

0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.05 0.09 0.19

0.44 0.00

0.01 0.01 0.01 0.01 0.02 0.02 0.02 6.03 0.03 0.05 0.09

0.19 0.44 0.00

R |===mmmmmmmmns e R |-==mommmmemen B [

| CLASS | SIEVE SI2Z2E | FEED | MEAS. PROD. | CALC. PROD. | SELEC. FUNC. |

— B o |-====emm fmmmmmmmm s R Jmmmmmmmmmmmme [

| 1 | 3360 | 4.11 | 1.17 | 1.17 | 1.6806 |

| 2 | 2380 | 3.80 | 0.35 | 0.35 i 5.7459 |

| 3 | 1683 | 4.30 | 0.16 | 0.16 | 12.1031 |

| 4 | 1190 | 4.78 | 0.15 | 0.15 | 14.3849 |

| s 1 841 | 3.54 | 0.41 | 0.41 | 8.4174 |

l 6 | 595 | 3.69 | 0.90 ] 0.90 | 5.6399 |

| 7 | 421 i 4.49 | 2.29 | 2.29 | 3.0494 |

I 8 | 298 | 6.73 | 4.75 | 4.75 i 1.7486 |

| 9 | 210 | 8.36 | 7.29 | 7.29 | 1.1628 |

I 10 | 149 | 9.78 | 8.69 | 8.69 |  0.9952 |

I 11 | 105 | 14.94 | 16.96 | 16.96 [ 0.3636 |

} 12 | 74 | 10.92 | 14.12 | 14.12 | 0.2723 |

| 13 | 53 | 7.29 | 11.32 | 11.32 | 0.1271 |

|14 37 | 4.40 | 8.52 | 8.12 |  0.0000 |
| | | | |
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ITIXY22 2222222222 222232232 22222 X2 212}
Selection Function Estimation Results

1122222222222 222 22X Xl 2212222222223 3]

Lupin Operation, survey Mar. 31/96
Date: 8/30/1998
Tau Plug Flow = 0.10 Tau Small PM = 0.10 Tau Large PM = 0.70

Reference feed flow rate = 100.0 t/h
Current feed flow rate = 100.0 t/h

Breakage Function Matrix

0.00

0.44 0.00

0.19 0.44 0.00

0.09 0.19 0.44 0.00

0.05 0.09 0.19 0.44 0.00

0.03 0.05 0.09 0.19 0.44 0.00

0.03 0.03 0.05 0.09 0.19 0.44 0.00

0.02 0.03 0.03 0.05 0.09 0.19 0.44 0.00

0.02 0.02 0.03 0.03 0.05 0.09 0.19 0.44 0.00

0.02 0.02 0.02 0.03 0.03 0.05 0.09 0.19 0.44 0.00

0.01 0.02 0.02 0.02 0.03 0.03 0.05 0.09 0.19 0.44 0.00

0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.05 0.09 .19 0.44

0.00

0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.05 0.09 0.19

0.44 0.00

0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.05 0.09

0.19 0.44 0.00

|-mmmmm- D B R |===m-mememee R |

| CLASS | SIEVE SI2E | FEED | MEAS. PROD. | CALC. PROD. | SELEC. FUNC. |

|==mmmmn J=mmmemmmmeem- |----==-- |==mmmmmmmem- |-=mmmemeoeman | -=mmmommmm e |

| 1 | 2380 | 5.86 | 1.48 | 1.48 | 1.8865 |

| 2 | 1683 I 3.74 | 0.34 | 0.34 | 6.7293 |

| 3 | 1190 { 4.69 | 0.63 | 0.63 | 5.5160 |

| 4 | 841 | 4.01 | 0.80 | 0.80 | 5.3844 |

| 5 | 595 | 3.71 | 1.31 | 1.31 | 4.0762 l

| 6 | 421 | 4.87 | 2.87 | 2.87 | 2.2824 |

| 7 1 298 I 7.00 | 5.27 | 5.27 | 1.3876 |

| 8 | 210 | 9.42 | 8.26 | 8.26 | 0.9023 |

| 9 | 149 | 12.95 | 12.54 | 12.54 l 0.5624 (

| 10 | 105 | 13.45 | 14.47 | 14.47 | 0.3890 |

| 11 | 74 | 10.90 | 13.13 | 13.13 | 0.2882 |

| 12 | 53 | 6.84 | 10.32 | 10.32 | 0.1367 |

I 13 | 37 ! 4.36 | 7.92 | 7.67 ] 0.0000 |

| 14 | 26 I 2.68 | 5.96 | 4.79 l 0.0000 |
| | | | |



Appendix B.8 Mass Balancing Results of Louvicourt Mine
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Appendix B.9 Selection Function Estimation Results of Louvicourt Mine



(2RSSR ERRSRRRRRRdRRRRRRRRRERRSRE] 2]

Selection Function Estimation Results
22222222222 RRR2Z2222X2ZRERRRRRE2 2R XK ]

Louvicourt Mine, Ball Mill, Feb. 25, 97
Date: 4/25/1997

Tau Plug Flow = 0.10 Tau Small PM = 0.10 Tau Large PM

Breakage Function Matrix

0.00

0.44 0.00

0.19 0.44 0.00

0.09 0.19 0.44 0.00

0.05 0.09 0.19 0.44 0.00

0.03 0.05 0.09 0.19 0.44 0.00

0.03 0.03 0.05 0.09 0.19 0.44 0.00
0.02 0.03 0.03 0.05 0.09 0.19 0.44
0.02 0.02 0.03 0.03 0.05 0.09 0.19
0.02 0.02 0.02 0.03 0.03 0.05 0.09
0.01 0.02 0.02 0.02 0.03 0.03 0.05
0.01 0.01 0.02 0.02 0.02 0.03 0.03
0.01 0.01 0.01 0.02 0.02 0.02 0.03
0.01 0.01 0.01 0.01 0.02 0.02 0.02
0.00 0.01 0.01 0.01 0.01 0.02 0.02

= ——— —_ = — —— > "¢ - ———— " . T = . - e = n = - - ————— = —

- - o o =~ —— = — . =~ = — = = = = S A e S T Y= = —— - — - - ——— —

| 1 3350 | 0.76 | 0.30 |
| 2 | 2369 | 1.03 | 0.39 |
| 3 1675 | 1.17 | 0.50 |
| 4 | 1184 | 1.47 | 0.61 |
| 5 | 837 | 1.33 | 0.34 |
| 6 | §92 | 1.78 | 0.56 |
| 7 419 | 2.59 | 0.92
) 8 | 296 | 3.16 | 1.48 |
| 9 | 209 | 5.03 | 3.16 |
| 10 | 148 | 7.00 | 5.43 |

00000 ODOO0

.00
.44
.19
.09
.05
.03
.03
.02

NMWwe=oOOoOOoOOoOO O OO

.00
.44
.19
.09
.05
.03
.03

0.70

O ke NN W b

.00
.44
.19
.09
.05
.03

(=20 = I = I = -]

.00
.44
.19
.09
.05

0.00
0.44
0.19
0.09

0.00
0.44
0.19

0.
0.

0o

44

.00
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Appendix B.10 Scaling Selection Function of Louvicourt Mine
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2222222322322 222222234232322222202 23220224222 2222234323422224224

Ball Size Optimization Program Data
2222222222222 2424023222224 222202X2222223222222322222223222 X/
Louvicourt Mine, Ball Mill, Feb. 25, 97
Date: 4/27/1997
Current ball size = 38.00 mm.
New ball size = 25.40 mm.
K = 0.000440 (1/mm.)

- - — - Y D D > - - W T W W WP W - U P N A D P T . - - - - - —

1 3350 | 3984 | 1.0413 |  1.0000 | 0.4653 |
| 2 2369 | 2817 | 1.4444 { 1.0000 | 0.6454 |
[ 3 1675 | 1992 | 1.5695 | 1.0000 | 0.7012 |
| 4 1184 | 1409 | 1.7614 |  1.0000 | 0.7870 |
P05 | 837 | 996 | 3.4604 | 1.0000 | 1.5461 |
I 6 | 592 | 704 | 2.8361 | 1.0000 | 1.2671 |
A 419 | 498 | 2.4023 |  1.0000 | 0.0001 |
|8 | 296 | s2 | 1.9129 |  1.0000 | 0.0001 |
|9 209 | 249 | 1.1637 | 1.0000 | 1.7410 |
| 10 | 148 | 176 | 0.7651 |  1.0000 | 1.1446 |
P11 | 105 | 124 | 0.5322 | 1.0000 | 0.7962 |
P12 74 | 88 | 0.2540 | 1.0000 | 0.3800 |
|13 52 | 62 | 0.1913 |  1.0000 | 0.2862 |
| 14 | 37 a4 | 0.1112 | 1.0000 | 0.1663 |
| 15 | 26 | a1 0.1441 | 1.0000 | 0.2155 |

@~ — P S GE D MR S . AR D D S e . P W = P W W e Y S - W - - A

1 2222232222222 22d 2222 dd222232202222 2224222222223 X222 2 2]

Ball Size Optimization Program Results
2 X222 22222422222 44dddfX 222222222 X22222 22232222222 X 4

Weighted SSR for the first curve: 0.125143
Weighted SSR for the second curve: 0.162549

- - e e ED Y - - T . . D P S GE D S W G e D Y - D - - -

- - s P e - " - - - - - - - - - - - - - > - - - -

I 1| 3350 l 3984 | 0.8165 | 0.3997 |
t 21 2369 | 2817 I 1.4599 { 0.6096 I
i 3 1675 | 1992 | 2.1424 | 0.8504 |
| 4 1 1184 | 1408 | 2.6359 | 1.0887 [
! 5 837 | 996 | 2.7783 | 1.2832 I
| 6 | 592 i 704 | 2.5629 | 1.3969 |
i 71 419 | 490 | 2.1140 | 1.4090 |
I 8 | 296 | 3582 1 1.5929% | 1.3213 |
i 9 | 209 1 249 i 1.1204 | 1.1554 |
I 10 1 148 I 176 | 0.7514 1 0.9454 |
I 11 105 ! 124 ! 0.4910 | 0.7261 |
12 | 74 ! ae | 0.3193 t 0.5281 i
I 131 52 | 62 | 0.2112 i 0.3588 |
I 14 | 37 | 44 | 0.1482 | 0.2323 l
I 18 | 26 I 31 | 0.1059 1 0.1431 {



Appendix B.11 Mass Balancing Resuits of Cu Regrind Circuit of
Louvicourt Mine
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Louvicourt Mine, Survey of Cu Regrind Circuit, February 25 1997

Final Results

Residual sum of squares: 1.75509

Solids |

| Absolute

Pulp Mass Flowzate

| 8.D.

Cale

Flowrate

Stream

— e irm m ———

1 Clazr

2 ClnrScvrCo
3 FreshFeed
4 BMD
5 cur

6 cor

156.08

156.08

176.38

Solids |

Flowrate

| Relative

Stream

oMo O®
oOMoOoOm
OWwWwWWVwwY
o~ WM~
~ -t
(]
m
ﬂs
nummr
-~ o
Vo O
"N T W W

Fractional Size Distribution Data

ClnrScvzCo

Clnzr

Cale

SD.

|

| Adj.

Meas Calec

| Adj.

Size
100 MESH
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| cor
Size | Meas | Calc | SD. | Adj.
L e

100 MESH | 0.00 | 0.00 | 0.1 | 0.0
150 MESH | 0.03 | 0.03 | 0.1 | 0.0
200 MESH | 0.09 | 0.09 | 0.1 | 0.0
270 MESH | 0.25 | 0.27 | 0.2 | 0.0
400 MESH | 0.49 | 0.46 | 0.3 | -0.0
S00 MESH | 2.31 | 2.15 | 0.5 | -0.2
635 MESH | 3.69 | 3.97 | 0.5 ] 0.3
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Appendix B.12 Selection Function Estimation Results of Cu Regrind
Circuit of Louvicourt Mine



(222222 2222222222222 22 2222222222222 22]

Selection Munction Estimation Results
(2222222222220 224222232222 X223 2242222 2]

1M, Cu regrind circuit, Feb. 25,97

Date: 6/15/1997
Tau Plug Flow =

Breakage Function Matrix

0.00
0.44 0.00

0.19 0.44 0.00
0.09 0.19 0.44
0.05 0.09 0.19
0.04 0.05 0.09

- D s D D W DGR D D = D D G s e O S e e e e

IMEAS. PROD.

{CLASS |SEIEVE SIZE | FIED

| 1 | 106
| 2 | 75
| 3 | 53
| 4 | 37
| 5 | 26
I 6 | 19

| 2.18
| 4.44
| 9.85
114.87
122.082
113.96

0.10 Tau Small PM =

0.10 Tau Large PM = 0.70

0.78
1.07
2.87
5.27
12.88
10.46

ICALC. PROD.

0.78
1.07
2.87
5.27
12.88
10.46

ISELEC. FUNC. |

1.2882
2.3322
2.1077
1.9784
1.2044
1.3384
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Appendix B.13 Mass Balancing Results of Zn Regrind Circuit of
Louvicourt Mine



Residual sum of squares: 3.902023

Louvicouzrt Mine, Survey of Zn Regrind Circuit, February 25 1997

| Absolute Solids |

Final Results

Pulp Mass Flowrate |

Stream | Flowrate | Meas | Cale | S8S.D. | Adjust |
1 RghrScvzCoc | 100.00 { 100.0 | 100.0 | 0.0 | 0.0 |
2 ClnrxScvzCo | 16.05 | 20.0 | 16.0 | 20.0 | ~-4.0 |
3 FrreshFeed | | | | | |
4 BMD | 330.51 | 200.0 | 330.5 | 200.0 | 130.5 |
s cur | 330.51 | | 330.5 | | |
6 COF | 116.05 | | 116.0 | | |
| Relative Solids |
Stream { Flowrate |
SEESSEREESERSBEEERERSEEEEENEREEIIEIDIRES
1 RghrScvzCo | 100.00 |
2 ClnzConc | 16.05 )
4 BMD | 330.51 |
s cur | 330.51 |
6 COF | 116.05 |
Fractional Size Distribution Data
| RghrScvzCo ! ClnxConc |
Size | Meas | Calc | SD. | Adj. || Meas | Cale | SD. | Adj. |
= . - = IR IR SEESSTEEEREERERE
100 MESH | ©0.00 | 0,00 | 0.2 | 0.0 (| 0.00 | 0.00 | 0.1 ! 0.0 |
1S5S0 MESH | 1.00 | 0.97 | 0.5 | -0.0 || ©0.04 | O0.04 ) 0.1 ) -0.0 |
200 MESH | 1.79 | 1.81 | 0.5 | 0.0 || 0.40 | O0.40 | 0.2 J 0.0 |
270 MESH | 7.02 | 6.87 | 0.5 ) -0.2 || 0.813 | O0.79 | 0.4 | -0.0 |
400 MESH | 10.40 | 10.45 | 0.5 { 0.0 || 0.7 | 0.72 ) 0.4 0.0 1|
500 MESH | 12.55 | 12.53 | 0.5 | -0.0 || 2.87 | 2.87 | 0.5 | =0.0 |
63 MESH | ©8.74 | 8.83 | 0.5 1 0.1 1| 2.69 | 2.71 1 0.5 | 0.0 |
| BMD {1l cur |
Size | Meas | Calc | SD. | Adj. || Meas | Calc | SD. | Adj. |
100 MESH | 0.00 | 0.00 | 0.1 | ©.0 {l] O0.00 | 0.00 | 0.1 | 0.0 |
1SO MESH | 1.17 | 1.08 | 0.5 | -0.1 | 1.29 | 1.38 | 0.5 | 0.1 |
200 MESH | 1.52 | 1.9 | 0.5 | 0.1 1] 2.10 | 2.03 ] 0.5 | -0.1
270 MESH | 3.16 | 2.65 | 0.5 | -0.5*|| 4.04 | 4.55 | 0.5 | 0.5+
400 MESH | 6.80 | 6.96 | 0.5 | 0.2 || 9.95 | 9.79 | 0.5 | -0.2 |
S00 MESH | 17.48 | 17.40 | 0.5 | -0.1 (| 19.95 | 20.03 | 0.5 | 0.1 |
635 MESH | 12.07 | 12.38 | 0.5 | 0.3 || 13.57 | 13.26 | 0.5 | =-0.3 |
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| cor | 241
. Size | Meas | Calc | SD. | Adj. |
100 MESH | 0.00 | 0.00 | 0.1 { 0.0 |
1soMgsH | 0.01 | 0.01 | 0.2 | 0.0
200 MESH | 0.34 | 0.34 ) 0.2 | -0.0 !
270 MESHE | 0.57 | 0.64 | 0.3 | 0.1 |
400 MESH | 1.21 | 1.05 ] 0.5 | -0.1 1|
SO0 MgsSH | 3.70 | 3.73 | 0.5 | 0.0 |
63S MESH | 5.60 | 5.49 | 0.5 | -0.1 |



Appendix B.14 Selection Function Estimation Results of Zn Regrind
Circuit of Louvicourt Mine



M,

Date: 6/15/1997

Tau Plug Flow =

Z2inec circuit, Feb. 25, 97

Breakage Function Matrix

0.00
0.44
0.19
0.09
0.05
0.04

------_-l-—-----------l--------'-------

| MEAS. PROD.

0.00
0.44
0.19
0.09
0.05

0.00
0.44
0.19
0.09

0.00

oi“
0.19 0.

| CLASS | S..IEVE SI2E |

|
I
|
|
|

106
78
53
38
28
20

|
{
|
{
|
|

1.38
2.03
4.55
9.79
20.03
13.26

0.10 Tau Small ™M =

0.00

0.00

(221222222322 222 222222221222 2222222277}

Selection Function Estimation Results

2222221122 22222 2442222223222 22122 d212;

0.10 Tau Large PM =

1.08
1.59
2.65
6.96
17.40
12.38

-~

| CALC. PROD.

1.00
1.59
2.65
6.96
17.40
12.38

0.70

SELEC. FUNC.

0.2607
0.3373
0.7179
0.5157
0.2682
0.3161
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Appendix C.1 Predicted and Measured Size Distribution of Cyclopak
Overflow and Underflow Streams of Lupin Mine
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Jan. 30 1996 data set
(no calibration)

3

& 3

Cumulative Passing (%) -
Q0
S

o

.
+

100 1000 10000
Screen Size (um)

~-+—

fa—
o

-=- COF, model prediction = COF,model fit
-»- CUF, model prediction - CUF, model fit

Mar. 31 1996 data set
(no calibration)

3

(v ]
o

&9
o

Cumulative Passing (%)
8 3

=

s - i
+

10 100 1000
Screen Size (um)

-=~ COF, model prediction -=- COF,model fit
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Appendix C.2 Simulation Results of Cyclopaks at Lupin
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weede BALL MILLING CIRCUITS SIMULATION PROGRAM OUTPUT ¢énee

- - - - - - - - - = - - P " = - e e

Simulation Data
(PROJECT-TITLE]
Simulation of Lupin cyclopak data, Jan. 30, 1996, Circuit #2
NO CALIBRATION

[KNOWN-STREAMS ]

1

1 320.15 53.01 283.79
[KNOWN-SIZE-DISTRIBUTIONS)

15

1

1

1 3360 2.09

2 2380 2.32

3 1680 3.03

4 1190 3.5

5 841 2.84

6 595 2.61

7 420 3.18

8 297 4.79

9 210 6.28
10 149 9.55%
11 105 11.40
12 74 11.42
13 53 9.39
14 37 7.24
15 25 20.36
(CYCLOPAK-1]

38.1

9.525

10.16

6.98

119.38

3.2

4

1 1 1 1 1

100

Connectivity Matrix

Solids, Percent Solids and Water



STREAM NO. STRREAM NAME SOLIDS(t/h) %S0LIDS WATER(t/h)

- - - - - D W D W - - - - - - -

1 cIcy 320.150 53.010 283.790
2 cor 114.144 37.970 186.450
3 cur 206.006 67.910 97.340

CLASS SIZR cYcr cor cup
1 3360 2.09 0.00 3.25
2 2380 2.32 0.00 3.61
3 1680 3.03 0.00 4.1
4 1190 3.50 0.00 5.44
5 841 2.84 0.00 4.41
6 595 2.61 0.00 4.06
7 420 3.18 0.00 4.94
8 297 4.79 0.04 7.42
9 210 6.28 0.97 9.22

10 149 9.55 .51 11.79
11 105 11.40 12.31 10.90
12 T4 11.42 16.45 8.63
13 53 9.3%9 15.38 6.07
14 37 7.24 12.65 4.24
15 25 20.36 36.69 11.31

Plitt's Model Parameters

CYCLOPAK-1

d50c = 119
P = 36.650 kPa
$ = 0.730
mw 2.210
REf = 0.340
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sasse RALL MILLING CIRCUITS SIMULATION PROGRAM OUTPUT *edw¢

Simmlation Data

(PROJECT-TITLE]
Simmlation of Lupin cyclopak data, Jan. 30, 1996, Circuit #2
WITH CALIBRATION

[KHOWN-STREAMS ]

1

1 320.15 5§3.01 283.79
[KNOWN-SIZR-DISTRIBUTIONS]

15

1

1

1 3360 2.09

2 2380 2.32

3 1680 3.03

4 1190 3.5

5 841 2.84

6 595 2.61

7 420 3.18

8 297 4.79

9 210 6.28
10 149 9.55
11 105 11.40
12 74 11.42
13 53 9.39
14 37 7.24
15 25 20.36
[CYCLOPAK-1]

38.1

9.525

10.16

6.98

119.38

3.2

4

.437 1 1 .56 .594

100

Connectivity Matrix

-

Solids, Percent Solids and Water
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STREAM NO. STREAM NAME S$SOLIDS(t/h) $SOLIDS WATER(t/h)
1 cIcry 320.150 53.010 283.790
2 CorF 70.776 23.220 234.020
3 cur 249.374 83.360 49.770

$ize Distributions

CLASS SIZE cYCY cor CUF
1 3360 2.09 0.00 2.68
2 2380 2.32 0.00 2.98
3 1680 3.03 0.00 3.89
4 1190 3.50 0.00 4.49
L] 841 2.84 0.00 3.65
6 595 2.61 0.00 3.35
7 420 3.18 0.00 4.08
8 297 4.79 0.04 6.14
9 210 6.28 0.38 7.95
10 149 9.55 2.30 11.61
11 105 11.40 6.82 12.70
12 74 11.42 12.31 11.17
13 53 9.39 14.62 7.91
14 37 7.24 14.59 5.16
15 25 20.36 48.94 12.25
Plitt's Model Parameters
CYCLOPAK-1
d50c = 52 pm
P = 36.650 kPa
S = 0.730
ms= 1,240

Rt = 0.180
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*eded BALL MILLING CIRCUITS SIMULATION PROGRAM OUTPUT #*#eea+

Simnlation Data
[PROJRECT-TITLR]
Simulation of Lupin cyclopak data, Mar. 1, 1996, Circuit #2
NO CALIBRATION

[ KNOWN-STREAMS |

1

1 304.83 53.64 263.56
{KNOWN-SIZE-DISTRIBUTIONS]

15

1

1

1 3360 2.9

2 2380 2.68

3 1680 3.o03

4 1190 3.3

S 841 2.78

6 595 2.6

7 420 3.20

8 297 4.82

9 210 6.23
10 149 7.47
11 105 2.7
12 74 11.01
13 53 9.12
14 37 7.17
15 25 20.85
[CYCLOPAK-1]

38.1

9.525

10.16

6.98

119.38

3.2

4

1 1 1 1 1

100

Connectivity Matrix

Solids, Percent Solids and Water



STREAM NO. STREAM NAME SOLIDS (t/h) $SOLIDS WATER(t/h) 252
1 cxcy 304.830 53.640 263.560
2 CoF 110.091 39.190 170.840
3 cury 194.739 67.740 92.720
Size Distributions
CLASS SIZR cYCY cor CUF
1 3360 2.90 0.00 4.54
2 2380 2.68 0.00 4.20
3 1680 3.03 0.00 4.74
4 1190 3.37 0.00 5.28
5 841 2.78 0.00 4.35
6 595 2.60 0.00 4.07
7 420 3.20 0.00 5.01
8 297 4.82 0.08 7.50
9 210 6.23 1.28 9.04
10 149 7.47 4.81 8.98
11 105 12.77 14.28 11.92
12 74 11.01 15.88 8.26
13 53 9.12 14.74 5.94
14 37 7.17  12.27 4.28
15 25 20.85 36.68 11.90
Plitt's Model Paramsters
CYCLOPAK-1
d50c = 125
P = 33.280 kPa
8 = 0.750
a= 2,210
RE = 0.350



sdse® BALL MILLING CIRCUITS SIMULATION PROGRAM OUTPUT #*#*us#

253

Simmlation Data

(PROJECT-TITLE]

Simulation of Lupin cyclopak data, Mar. 1, 1996, Circuit #2

WITH CALIBRATION

[KNOWN-STREAMS )

1

1 304.83 53.64 263.56
[(KNOWN-SIZE-DISTRIBUTIONS]

15

1

1

1l 3360 2.9

2 2380 2.68

3 1680 3.03

4 1190 3.37

5 841 2.78

6 595 2.6

U 420 3.20

8 297 4.082

9 210 6.23
10 149 7.47
11 105 12.77
12 74 11.01
13 53 9.12
14 37 7.17
15 25 20.85%
(CYCLOPAK-1]

38.1

9.528

10.16

6.98

119.38

3.2

4

.437 1 1 .56 .594

100

Solids, Pexcent Solids and Water



STREAM NO. STRRAM NAME SOLIDS (t/h) $SOLIDS WATER(t/h) 254

1 cxcr 304.830 53.640 263.560
2 cor 69.785 24.420 215.960
3 cur 235.045 83.160 47.600

Size Distributions

CLASS SIZE cYCcy cor cuy
1 3360 2.90 0.00 3.76
2 2380 2.68 0.00 3.48
3 1680 3.03 0.00 3.93
4 1190 3.37 0.00 4.37
5 841 2.78 0.00 3.61
[ 595 2.60 0.00 3.37
7 420 3.20 0.00 4.15
8 297 4.82 0.05 6.24
9 210 6.23 0.48 7.94
10 149 7.47 2.05 9.08
11 105 12.77 8.17 14.14
12 74 11.01 12.18 10.66
13 53 9.12 14.20 7.61
14 37 7.17 14.20 5.08
15 25 20.85 48.68 12.59
Plitt's Model Parameters
CYCLOPAK-~1
d50c = 55 um
P = 33,280 kPa
s = 0.750
m= 1,240
REf = 0.180



¢eees BALL MILLING CIRCUITS SIMULATION PROGRAM OUTPUT ##etw

255

[PROJECT-TITLE]
Simulation of Lupin cyclopak data, Mar. 31, 1996, Circuit #2
NO CALIBRATION

(KHOWN-STREAMS ]

1

b} 362.67 53.11 320.2
[(KNOWN-SIZE-DISTRIBUTIONS]

16

b §

1l

b § 3360 0

2 2380 4.32

3 1680 2.76

4 1190 3.46

L 841 2.96

6 595 2.74

7 420 3.62

8 297 5.19

9 210 7.20
10 149 10.33
11 108 1.1
12 74 10.75
i3 53 8.6
14 37 6.94
15 25 5.31
16 13 14.11
(CYCLOPAK-1]

38.1

9.525

10.16

6.98

119.38

3.2

4

1 1 1 1 1

100

Connectivity Matrix

Solids, Percent Solids and Water



256

STREAM NO. STREAM NAME SOLIDS (t/h) $SOLIDS WATER (t/h)
1 cIcy 362.670 53.110 320.200
2 cor 125.788 36.690 217.070
3 cur 236.882 69.670 103.130
8ize Distributions
CLASS SIZE CYCF cor CUF
1 3360 0.00 0.00 0.00
2 2380 4.32 0.00 6.61
3 1680 2.76 0.00 4.23
4 1190 3.46 0.00 5.30
S 841 2.96 0.00 4.53
6 595 2.74 0.00 4.19
7 420 3.62 0.00 5.54
8 297 5.19 0.03 7.93
9 210 7.20 0.87 10.56
10 149 10.33 5.50 12.89
11 105 11.71 12.58 11.25
12 74 10.78 15.95 7.99
13 53 8.60 14.74 5.34
14 37 6.94 12.78 3.84
15 25 5.1 10.12 2.75
16 13 14.11 27.42 7.04
Plitt's Model Paramsters
CYCLOPAK-1
d50c = 112
P = 45,690 kPa
8§ = 0.690
a= 2,220
Rt = 0.320



*hedd BALL MILLING CIRCUITS SIMULATION PROGRAM OUTPUT #*#die

Simmlation Data

- - -—---ea

(PROJECT-TITLR]
Simmlation of Lupin cyclopak data, Mar. 31, 1996, Circuit #2
WITH CALIBRATION

[KNOWN-STREAMS ]

257

1
1 362.67 53.11 320.2
[XNOWN-SIZE-DISTRIBUTIONS ]
16
1
1
1 3360 0
2 2380 4.32
3 1680 2.76
4 1190 3.46
5 841 2.96
6 595 2.74
? 420 3.62
8 297 5.19
9 210 7.20
10 149 10.33
11 105 1.7
12 74 10.75
13 53 8.6
14 37 6.94
15 25 5.31
16 13 14.11
[(CYCLOPAK-1]
38.1
9.525
10.16
6.98
119.38
3.2
4
.437 1 1 .56 .594
100
Connectivity Matrix
1 2 1 i1 -2 -3

Solids, Percent Solids and Water



. STREAM NO. STREAM NAME SOLIDS(t/h) %SOLIDS WATRR(t/h)
1 CICcr 362.670 53.110 320.200
2 CoF 80.337 23.100 267.380
3 cur 282.333 84.240 52.820

CLASS SIZE cYCcy cor (o14)
1 3360 0.00 0.00 0.00
2 2380 4.32 0.00 5.55
3 1680 2.76 0.00 3.55
4 1190 3.46 0.00 4.44
5 841 2.96 0.00 3.80
6 595 2.74 0.00 3.52
7 420 3.62 0.00 4.65
8 297 5.19 0.03 6.66
9 210 7.20 0.34 9.15
10 149 10.33 2.14 12.66
11 105 11.71 6.41 13.22
12 74 10.78 11.04 10.67
13 53 8.60 13.07 7.33
14 37 6.94 13.688 4.96
15 25 5.31 12.82 3.17
16 13 14.11 40.27 6.67
Plitt's Model Parameters
CYCLOPAK-1
d50c = 49 m
P = 45.690 kPa
S = 0.690
= 1.240
REf = 0.160



Appendix C.3 Improved Predictions of Cyclopaks Overflow and Underflow
at Lupin Mine
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Mar 31 1996 data set
(after calibration)
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-a- COF, model prediction = COF,model fit
- CUF, model prediction = CUF, model fit




Appendix C.4 Circuit Simulation Resuits of Louvicourt Mine
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***+v BALL MILLING CIRCUITS SIMULATION PROGRAM OUTPUT ###wv+

Simulation Data
[PROJECT-TITLE]
Louvicourt Mill's Grinding Circuit, Simulation using Oct. 10, 95 data set.
Circuit Type: #6

(KNOWN~STREAMS ]

2

1 217.36 41.4 307.7

2 0 0 80
[KNOWN-SIZE-DISTRIBUTIONS]

16

1l

1

1 3984 4.03

2 2807 2.54

3 2022 2.80

4 1403 3.69

S 1011 4.40

6 714 4.77

7 508 5.59

8 357 5.71

9 252 7.35

10 178 6.39

11 126 6.15

12 89 6.34

13 63 5.60

4 45 2.65

15 30 2.61

16 15 29.386
(BALIMILL-~1]

10.6292

4.1295

2.6330

3.0827

2.8999

2.8324

2.2264

2.0337

1.4206

1.0444

0.6199

0.3950

0.2866

0.4083

0.3936



OFT

0.0000

0.4380 0.0000
0.1920 0.4360
0.0860 0.1750
0.0530 0.0540
0.0340 0.0540
0.0280 0.0400
0.0220 0.0300
0.0200 0.0260
0.0170 0.0210

0.0000
0.0140 0.0170

0.0000
0.4050
0.1920
0.0950
0.0630
0.0430
0.0350
0.0280

0.0220

0.0000
0.4080
0.1790
0.1050
0.0640
0.0490
0.0370

0.0280

0.4220 0.0000
0.0130 0.0160
0.2470 0.48%0
0.0120 0.0130
0.1380 0.2470
0.0110 0.0120
0.0850 0.1380
0.0080 0.0110

0.0200
0.0000

0.0160 0.0200
0.4890 0.0000

0.0130 0.0160
0.2470 0.4890

0.0120 0.0130

0.0250

0.0000

0.3830 0.0000

0.1980 0.3920 0.0000

0.1060 0.1880 0.3770 0.0000

0.0740 0.1180 0.2110 0.3980 0.0000
0.0520 0.0760 0.1230 0.2100 0.4080
0.0380 0.0520 0.0770 0.1220 0.2160
0.0320 0.0420 0.0580 0.0850 0.1380
0.0250 0.0320 0.0420 0.0580 0.08S0
0.0200 0.0250 0.0320 0.0420 0.0580
0.0000

263

0.0160 0.0200 0.0250 0.0320 0.0420 0.0580

0.0850 0.1380 0.2470

711.88 0.1 0.1 0.7

0.4850 0.0000

[CYCLOPAK-11

38.1
9.52%
7.62
6.98
119.38
3.88
10
1l 1 1 1 1
100
[CONVERGE-1]
0.01
Connectivity Matrix
1 3 1 1 1000 -1 0 0 [+
4 2 1l 0 0 1 -2 -3 0
3 1 1 0 0 0 0 b § -1
4 100 1 0 0 0 0 0 1
' Solids, Percent Solids and Water
STREAM NO. STREAM MAME SOLIDS(t/h) $SOLIDS WATER(t/h)




307.700
936.590
387.730
448 .860
448.860

1 r 217.360
3 cr 940.116
4 ole) ¥ 217.305
5 cur 722.811
6 BMD 722.811
Size Distributions
CLASS SIZE ) 3 3 cr COF
1 3984 4.03 0.94 0.00
2 2807 2.54 0.70 0.00
3 2022 2.80 0.97 0.00
4 1403 3.69 1.21 0.00
5 1011 4. 40 1.52 0.00
6 714 4.77 1.72 0.00
7 505 5.59 2.34 0.00
8 357 5.71 2.66 0.00
9 252 7.38 4.31 0.01
10 178 6.39 5.59 0.26
11 126 6.15 8.09 2.14
12 89 6.34 12.82 7.80
13 63 5.60 12.73 13.02
14 45 2.65 7.42 10.12
15 30 2.61 6.25 10.29
16 15 29.38 29.93 56.137
Plitt's Model
CYCLOPAK-1
dS50c = 64 um
P = 62.760 kPa
S = 1.450
m= 1.660
RE = 0.540

1.22
0.91
1.26
1.57
1.98
2.24
3.04
3.46
5.60
7.19
10.92
14.33
12.64
6.61
5.04
21.99

Paramsters

0.01
0.18
0.42
0.46
0.65
0.80
1.36
1.74
3.40
$.35
9.71
14.77
14.88
8.85
7.35
30.09
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**w** BALL MILLING CIRCUITS SIMULATION PROGRAM OUTPUT ***#*

- - - - e - - e . - - - on e - L L R e g

Simulation Data
[PROJECT-TITLE]
Louvicourt Mill's Grinding Circuit, testing simulator using Feb. 25, 97 data
set,
Circuit Type: #6

[KNOWN-STREAMS |

2

1 176.44 49 .47 180.22

2 0 0 80
[KNOWN-SIZE-DISTRIBUTIONS]

16

1

1

1 3984 1.68

2 2807 2.32

3 2022 2.43

4 1403 3.14

5 1011 3.64

6 714 4.4

? 505 6.08

8 387 6.13

9 252 6.92

10 178 7.18

11 126 6.00

12 89 6.70

13 63 6.31

14 45 5.76

15 30 4.07

16 15 26.39
[(BALLMILL-1]

0.8165

1.4599

2.1424

2.6359

2.7783

2.5629

2.1140

1.5929

1.1204

0.7514

0.4910

0.3193

0.2112

0.1452

0.1059
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OFF

0.0000
0.4380 0.0000
0.1920 0.4360 0.0000
0.0860 0.1750 0.4050 0.0000
0.0530 0.0940 0.1920 0.4080 0.0000
0.0340 0.0540 0.0950 0.1790 0.3830 0.0000
0.0280 0.0400 0.0630 0.1050 0.1980 0.3920
0.0220 0.0300 0.0430 0.0640 0.1060 0.1880
0.0200 0.0260 0.0350 0.0450 0.0740 0.1180
0.0170 0.0210 0.0280 0.0370 0.0520 0.0760
0.0000
0.0140 0.0170 0.0220 0.0280 0.0380 0.0520 0.0770 0.1220 0.2160
0.4220 0.0000
0.0130 0.0160 0.0200 0.0250 0.0320 0.0420 0.0580 0.0850 0.1380
0.2470 0.4890 0.0000
0.0120 0.0130 0.0160 0.0200 0.0250 0.0320 0.0420 0.0580 0.0850
0.1380 0.2470 0.48S0 0.0000
0.0110 0.0120 0.0130 0.0160 0.0200 0.0250 0.0320 0.0420 0.0580
0.0850 0.1380 0.2470 0.4890 0.0000
0.0080 0.0110 0.0120 0.0130 0.0160 ©0.0200 0.0250 0.0320 0.0420 0.0580
0.0850 0.1380 0.2470 0.4890 0.0000

.0000

.3770 0.0000

.2110 0.3%80 0.0000
.1230 0.2100 0.4080

000

711.88 0.1 0.1 0.7

{CYCLOPAK-~-1]
8.1
9.525
7.62
6.98
119.38
3.55
10
0.274 1 1 0.355 0.759
100

[CONVERGE-1]
0.01

Connectivity Matrix

awh P
OrHrNW
e

Solids, Parcent Solids and Water



STREAM NO STREAM NAME SOLIDS(t/h) $SOLIDS WATER (t/h) 267
1 FF 176.440 49.470 180.220
3 cr 888 .18 66.710 443.470
4 cor 176.383 40.400 260.230
L] cur 712.435 79.540 183.240
6 BMD 712.435 79.540 183.240
Size Distributions
CLASS SIZE FF cr cor cur BMD
1 3984 1.68 0.66 0.00 0.82 0.41
2 2807 2.32 0.77 0.00 0.96 0.39
3 2022 2.43 0.76 0.00 0.98 0.35
4 1403 3.14 0.91 0.01 1.13 0.36
S 1011 3.64 1.08 0.04 1.34 0.44
6 714 4.44 1.36 0.10 1.67 0.60
7 5085 6.08 2.04 0.27 2.48 1.04
8 357 6.13 2.56 0.56 3.08 1.68
9 252 6.92 3.79 1.27 4.41 3.02
10 178 7.19 5.51 2.61 6.23 5.09
11 126 6.80 7.59 4.75 8.29 7.78
12 89 6.70 10.59 8.37 11.14 11.55
13 63 6.31 12.14 11.60 12.27 13.58
14 45 5.76 11.91 13.2§ 11.58 13.43
15 30 4.07 8.50 12.26 8.82 10.85
16 15 26.139% 28.82 44 .86 24.85 29.42
Plitt's Model Parameters
CYCLOPAK-1
dS0c = 42 pm
P = 44.500 kPa
S = 1.760
m= 0.570
RE = 0.410



Appendix C.S5 Simulation of Proposed Modifications, Louvicourt Mine



s*e*+ RALL MILLING CIRCUITS SIMULATION FROGRAM OUTPUT **wew

269

Simulation Data

{PROJECT-TITLE]
Louvicourt Mill's Grinding Circuit, Predictions with 1" balls.
Circuit Type: #6

[KNOWN-STREAMS ]

2

1 176. 44 49 .47 180.22

2 0 0 80
[KNOWN-SIZE-DISTRIBUTIONS]

16

1

1

1 3984 1.68

2 2807 2.32

3 2022 2.43

4 1403 3.14

S 1011 3.64

6 714 4.44

7 508 6.08

8 387 6.13

9 252 6.92

10 178 7.19

11 126 6.80

12 89 6.70

13 63 6.31

14 45 5.76

15 30 4.07

16 1s 26.39
[(BALLMILL-1]

0.3997

0.6096

0.8504

1.0087

1.2832

1.3969

1.4090

1.3213

1.1554

0.9454

0.7261

0.5251

0.3588

0.2323

0.1431



OFF 270

0.0000

0.4380 0.0000

0.1920 0.4360 0.0000

0.0860 0.1750 0.4050 0.0000

0.0530 0.0940 0.1920 0.4080 0.0000

0.0340 0.0540 0.0950 0.1790 0.3830 0.0000

0.0280 0.0400 0.0630 0.1050 0.1980 0.3%20 0.0000

0.0220 0.0300 0.0430 ©0.0640 0.1060 0.1880 0.3770 0.0000

0.0200 0.0260 0.0350 0.0450 0.0740 0.1180 0.2110 0.3%80 0.0000

0.0170 0.0210 0.0280 0.0370 0.0520 0.0760 0.1230 0.2100 0.4080
0.0000

0.0140 0.0170 0.0220 0.0280 0.0380 0.0520 0.077¢ 0.1220 0.2160
0.4220 0.0000

0.0130 0.0160 0.0200 0.0250 0.0320 0.0420 0.0580 0.0850 0.1380
0.2470 0.489%90 0.0000

0.0120 0.0130 0.0160 0.0200 0.0250 0.0320 0.0420 0.0580 0.0850
0.1380 0.2470 0.4850 0.0000

0.0110 0.0120 0.0130 0.0160 ©0.0200 0.0250 0.0320 0.0420 0.0580
0.0850 0.1380 0.2470 0.4890 0.0000

0.0080 0.0110 0.0120 0.0130 0.0160 0.0200 0.0250 0.0320 0.0420 0.0580
0.0850 0.1380 0.2470 0.48%0 0.0000

711.88 0.1 0.1 0.7

[CYCLOPAK-1]
38.1
9.528
7.62
6.98
119.38
3.588
10
0.274 1 1 0.355 0.759
100

[CONVERGE-1])
0.01

Connectivity Matrix

& Wh =
e
[~ 30 - 3N - 3§ ]
000

Solids, Percent Solids and Water

STREAM NO. STREAM NAME SOLIDS(t/h) SSOLIDS WATER(t/h)



1 r 176. 440 49.470 180.220
3 Ccr 888.226 66.690 443.550
4 cor 176.374 40.400 260.220
5 cur 711.852 79.520 183.330
6 BMD 711.852 79.520 183.330
Size Distributions
CLASS SIZE T cr cor e10) § BMD

1 3964 1.68 1.07 0.00 1.34 0.93
2 2007 2.32 1.34 0.00 1.67 1.10
3 2022 2.43 1.32 0.01 1.65 1.085
4 1403 3.14 1.47 0.02 1.83 1.06
5 1011 3.64 1.64 0.05 2.03 1.14
6 714 4.44 1.91 0.14 2.35 1.28
7 508 6.08 2.57 0.34 3.12 1.70
8 357 6.13 2.89 0.63 3.45 2.09
9 252 6.92 3.72 1.24 4.33 2.93

10 178 7.19 4.68 2.21 5.29 4.06
11 126 6.80 5.01 3.63 6.35 5.57
12 a9 6.70 7.92 6.25 8.33 8.22
13 63 6.31 - 9.80 9.35 9.91 10.67
14 45 5.76 11.09 12.32 10.79 12.42
18 30 4.07 10.308 13.38 9.64 11.95
16 15 26.39 32.37 50.32 27.92 33.84

-—— - -a- - - - - - - . - -

CYCLOPAK-1
d50c = 42 um
P = 44.460 kPa
S = 1,760
m= 0.570
REf = 0.410
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w*ww* BALL MILLING CIRCUITS SIMULATION PROGRAM OUTPUT *wwww

- - - - -—wwe - an - - - L L T Y ¥ Y - - - o

Simulation Data

{PROJECT-TITLE]
Louvicourt Mill's Grinding Circuit, testing simulator using smaller apex.
Cirxcuit Type: #6

[KNOWN-STREAMS ]

2
1 176.44 49.47 180.22
2 0 0 80

[(KNOWN-SIZE-DISTRIBUTIONS]

16

1

1l

1 3984 1.68

2 2807 2.32

3 2022 2.43

4 1403 3.14

5 1011 3.64

6 714 4.44

7 508 6.08

8 357 6.13

9 252 6.92

10 178 7.19

11 126 6.80

12 a9 6.70

13 63 6.31

14 45 5.76

15 30 4.07

16 15 26.39
(BALIMILL-1]

0.8165

1.4599

2.1424

2.6359

2.7783

2.5629

2.1140

1.5929

1.1204

0.7514

0.4910

0.3193

0.2112

0.1452

0.1059



orr

0.0000
0.4380
0.1920
0.0860
0.0530
0.0340
0.02080
0.0220
0.0200
0.0170
0.0000
0.0140

.0000
.4360
.1750
.0940
.0540
0.0400
0.0300
0.0260
0.0210

OO0 O00O0CO0O

0.0170

0.4220 0.0000
0.0130 0.0160
0.2470 0.4890
0.0120 0.0130
0.1380 0.2470
0.0110 0.0120
0.0850 0.1380 0.2470 0.4850 0.0000
0.0080 0.0110 0©.0120 0.0130 0.0160 0.0200 0.0250 0.0320 0.0420 0.0560
0.0850 0.1380 0.2470 0.48%0 0.0000

273
0.0000
0.4050 0.0000
0.1920 0.4080 0.0000
0.0950 0.1790 0.3830 0.0000
0.0630 0.1050 0.1980 0.3%20 0.0000
0.0430 0.0640 0.1060 0.1880 0.3770 0.0000
0.0350 0.0450 0.0740 0.1180 0.2110 0.3980 0.0000
0.0280 0.0370 0.0520 0.0760 0.1230 0.2100 0.4080

0.0220 0.0280 0.0380 0.0520 0.0770 0.1220 0.2160

0.0200 0.0250 0.0320 0.0420 0.0580 0.0850 0.1380
0.0000

0.0160 0.0200 0.0250 0.0320 0.0420 0.0580 0.0850
0.4890 0.0000

0.0130 0.0160 0.0200 0.0250 0.0320 0.0420 0.0580

711.88 0.1 0.1 0.7

[CYCLOPAK-1]

38.1

9.528

7.62

5.715

119.38

3.55

10

0.274 1 1l 0.355 0.759

100

(CONVERGE-1]
0.01
Connectivity Matrix

1 3 1 11000 -1 0 0 o 1
2 2 1 0 0 p -2 -3 o 0
3 1 1 0 0 o 0 T -1 0
4 100 1 0 0 0 0 0 1 -1

Solids, Percent Solids and Water




STREAM NO. STREAM NAME SOLIDS(t/h) $SOLIDS WATER(t/h) 274

1 Fr 176. 440 49.470 180.220

3 Ccr 637.026 64.100 356.760

4 cor 176. 408 40. 400 260.230

5 cur 460.618 82.670 96.530

6 BMD 460.618 82.670 96.530

8ize Distributions
CLASS SIZE r CF CoFr cur BMD
1 3984 1.68 0.73 0.00 1.01 0.37
2 2807 2.32 0.89 0.00 1.23 0.34
3 2022 2.43 0.89 0.00 1.23 0.30
4 1403 3.14 1.09 0.00 1.51 0.30
5 1011 3.64 1.28 0.00 1.77 0.37
6 714 4.44 1.61 0.01 2.22 0.52
7 S05 6.08 2.34 0.08 3.21 0.91
8 357 6.13 2.83 0.28 3.82 1.56
9 252 6.92 4.05 0.77 5.31 2.95
10 178 7.19 §.76 1.95 7.22 5.21
11 126 6.80 7.86 4.16 9.28 8.27
12 89 6.70 10.92 8.15 11.98 12.54
13 63 6.31 12.37 12.00 12.51 14.69
14 45 5.76 11.80 14.04 11.05 14.22
18 30 4.07 9.23 13.08 7.77 11.20
16 15 26.39 26.27 45.54 18.89 26.22
Plitt's Model Parameters
CYCLOPAK-1

dS50c = 46 pm

P = 29.760 kPa
S = 0.920
ms=0.760
Rf = 0.270



*evv*+ BALL MILLING CIRCUITS SIMULATION PROGRAM OUTPUT wwweww

Simulation Data

{PROJECT-TITLE]
Louvicourt Mill's Grinding Circuit, Predictions with 1" balls
and smaller apex diameter (2.25").
Circuit Type: #6

[XKNOWN-STREAMS ]

2
1 176.44 49.47 180.22
2 4] 0 80

(KNOWN-SIZE-DISTRIBUTIONS]

16

1

1

1 3984 1.68

2 2807 2.32

3 2022 2.43

4 1403 3.14

5 1011 3.64

6 714 4.44

7 505 6.08

8 kLY 6.13

9 252 6.92

10 178 7.19

11 126 6.80

12 89 6.70

13 63 6.31

14 45 5.76

18 30 4.07

16 15 26.39
[BALLMILL-1]

0.3997

0.6096

0.8504

1.0887

1.2832

1.3969

1.4090

1.3213

1.1554

0.9454

0.7261

0.5251

0.3508

0.2323

0.1431

275
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OFF

.0000
.4380 0.0000
.1920 0.4360 0.0000
.0860 0.1750 0.4050 0.0000
.0530 0.0940 0.1920 0.4080 0.0000
.0340 0.0540 0.0950 0.175%50 0.3830 0.0000
.0280 0.0400 0.0630 0.1050 0.1980 0.3%20 0.0000

0.0220 0.0300 0.0430 0.0640 0.1060 0.1880 0.3770 0.0000

0.0200 0.0260 0.0350 0.0490 0.0740 ©0.1180 0.2110 0.3980 0.0000

0.0170 0.0210 0.0280 0.0370 0.0520 0.0760 0.1230 0.2100 0.4080
0.0000

0.0140 0.0170 0.0220 0.0280 0.0380 0.0520 0.0770 0.1220 0.2160
0.4220 0.0000

0.0130 0.0160 0.0200 0.0250 0.0320 0.0420 0.0580 0.0850 0.1380
0.2470 0.4850 0.0000

0.0120 0.0130 0.0160 0.0200 0.0250 0.0320 0.0420 0.0580 0.0850
0.1380 0.2470 0.48%0 0.0000

0.0110 0.0120 0.0130 0.0160 0.0200 0.0250 0.0320 0.0420 0.0580
0.0850 0.1380 0.2470 0.4890 0.0000

0.0080 0.0110 0.0120 0.0130 0.0160 0.0200 0.0250 0.0320 0.0420 0.0580
0.0850 0.1380 0.2470 0.4890 0.0000

0000000

711.88 0.1 0.1 0.7

(CYCLOPAK-1]

3.1

9.525

7.62

5.715

119.38

3.55

10

0.274 1 1 0.358 0.759

100

(CONVERGE-1]
0.01
Connectivity Matzix

1 3 1 1 1000 -1 0 0 1] 1
2 2 1 0 o 1 -2 -3 0 0
3 1 1 0 0 0 0 1 -1 0
4 100 1 o 0 0 0 0 1 -1

Solids, Pexcent Solids and Water



STREAM NO. STREAM NAME SOLIDS(t/h) ¥S0OLIDS WATER(t/h) 277
1 g 3 176. 440 49.470 180.220
3 cr 632.7717 63,900 357.540
4 cor 176.408 40. 400 260.230
5 CUF 456.369 82.420 97.310
6 BMD 456 .369 82.420 97.310
Size Distributions
CLASS SIZE ) cr cor CuUr BMD
1 3984 1.68 1.11 0.00 1.54 0.89
2 2807 2.32 1.40 0.00 1.94 1.04
3 2022 2.43 1.39 0.00 1.93 0.99
4 1403 3.14 1.59 0.00 2.20 0.99
5 1011 3.64 1.78 0.00 2.47 1.06
6 714 4.44 2.10 0.02 2.90 1.19
7 $05 6.08 2.84 0.09 3.9 1.59
8 357 6.13 3.15 0.27 4.26 2.00
9 252 6.92 4.01 0.73 5.28 2.08
10 178 7.19 4.96 1.64 6.27 4.12
11 126 6.80 6.09 3.15 7.23 5.81
12 89 6.70 a.19 5.99 9.04 8.77
13 63 6.31 10.02 9.56 10.20 11.46
14 45 5.76 11.17 13.00 10.46 13.26
15 30 4.07 10.19 14.21 8.64 12.56
16 15 26.39 30.00 51.137 21.74 31.39
Plitt's Model Parameters
CYCLOPAK-1
d50c = 46 um
P = 29.510 kPa
S = 0.920
m= 0.760
REf = 0.270



Appendix C.6 The Effect of Proposed Modifications on Circuit Capacity,
Louvicourt Mine
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**+++ BALL MILLING CIRCUITS SIMULATION PROGRAM OUTPUT wwwww

[PROJECT-TITLE]
Louvicourt Mill's Grinding Circuit, Predictions with 1" balls.
Impact on circuit capacity
Circuit Type: #6

[KNOWN-~STREAMS ]

2
1
2

185.262
0

4%.47
0

[KNOWN-SIZE-DISTRIBUTIONS]

16

® J0 WU e WN =P

3984
2807
2022
1403
1011
714
S0S
357
252
178
126
a9
63
45
30
15

[BALLMILL-1]

00000 OKHKHEKPKFEPFHFROOO

. 3997
. 6096
.8504
.0087
.2832
.3969
.4090
.3213
.1554
. 9454
.7261
.5251
. 3588
.2323
.1431

1.68
2.32
2.43
3.124
3.64

5.76
4.07
26.39

Simulation Data

189.231
80

- e D - -t - - -



280

orr

0.0000

0.4380 0.0000

0.1920 0.4360 0.0000

0.0860 0.1750 0.4050 0.0000

0.0530 0.0940 0.1920 0.4080 0.0000

0.0340 0.0540 0.0950 0.1790 0.3830 0.0000

0.0280 0.0400 0.0630 0.1050 0.1980 0.3920 0.0000

0.0220 0.0300 0.0430 0.0640 0.1060 0.1880 0.3770 0.0000

0.0200 0.0260 0.0350 0.0490 0.0740 0.1180 0.2110 0.3980 0.0000

0.0170 0.0210 0.0280 0.0370 0.0520 0.0760 0.1230 0.2100 0.4080
0.0000

0.0140 0.0170 0.0220 0.0280 0.038C 0.0520 0.0770 0.1220 0.2160

0.4220 0.0000
0.0130 0.0160 0.0200 0.0250 0.0320 0.0420 0.0500 0.0850 0.1380
0.2470 0.4890 0.0000
0.0120 0.0130 0.0160 0.0200 0.0250 0.0320 0.0420 0.0580 0.0850
0.1380 0.2470 0.4890 0.0000 i
0.0110 0.0120 0.0130 0.0160 0.0200 0.0250 0.0320 0.0420 0.0580
0.0850 0.1380 0.2470 0.48%0 0.0000
0.0080 0.0120 0.0120 0©€.0130 0.0160 0.0200 0.0250 0.0320 0.0420 0.0580
0.0850 0.1380 0.2470 0.4890 0.0000

711.88 0.1 0.1 0.7

[CYCLOPAK-1]
38.1
9.525
7.62
6.98
119.38
3.885
10
0.274 1l 1l 0.35§ 0.759
100

{CONVERGE-1]
0.01

Connectivity Matrix

o W N
- e
QO K,
'
(X
)
w
o

Solids, Percent Solids and Water




STREAM NO. STREAM NAME SOLIDS(t/h) SSOLIDS WATER(t/h) 281
1 T 185.262 49.470 189.230
3 cr 920.627 67.100 455.280
4 cor 185.188 40.750 269.230
s cur 743.439 79.980 186.050
6 BMD 743.439 79.980 186.050
Size Distributions
CLASS SIZE 3 (o4 cor cur BMD
1 3984 1.68 1.10 0.00 1.37 0.96
2 2807 2.32 1.38 0.00 1.72 1.15
3 2022 2.43 1.37 0.01 1.71 1.10
4 1403 3.14 1.82 0.02 1.89 1.12
[ 1011 3.64 1.69 0.06 2.10 1.21
6 714 4.44 1.97 0.14 2.42 1.35
? 505 6.08 2.65 0.36 3.22 1.79
8 357 6.13 2.98 0.67 3.56 2.20
9 252 6.92 3.84 1.31 4.47 3.07
10 178 7.19 4.83 2.32 5.45 4.24
11 126 6.80 5.98 3.80 6.52 5.77
12 89 6.70 8.09 6.48 8.49 8.44
13 63 6.31 9.90 9.58 9.90 10.80
14 45 5.76 11.06 12.45 10.71 12.38
15 30 4.07 10.19 13.30 9.42 11.72
16 15 26.39 31.43 49.40 26.95 32.68
Plitt's Modal Parameters
CYCLOPAK-1
dS0c = 42 pm
P = 47.760 kPa
S = 1.730
m=0.570
Rf = 0.410



*s++«+ BALL MILLING CIRCUITS SIMULATION PROGRAM OUTPUT twwew

Simulation Data

- - - - - - D S - D - - - -

(PROJECT-TITLE]
Louvicourt Mill's Grinding Circuit, Predictions with 1" balls.
Impact on circuit capacity
Cizrcuit Type: #6

[XKNOWN-STREAMS ]

2
b 194.1 49 .47 198.26
2 0 o 80

[KNOWN-SIZE-DISTRIBUTIONS]

16

1

1l

1 39064 1.68
2 2807 2.32
3 2022 2.43
4 1403 3.14
S 1011 3.64
6 714 4.44
7 505 6.08
8 357 6.13
9 282 6.92
10 178 7.19
11 126 6.80
12 89 6.70
13 63 6.31
14 45 5.76
15 30 4.07
16 15 26.39

[BALLMILL-1]

0.3997

0.6096

0.8504

1.0887

1.2832

1.3969

1.4090

1.3213

1.1554

0.9454

0.7261

0.5251

0.3588

0.2323

0.1431

282



. 283
OFF :

0.0000

0.4380 0.0000

0.1920 0.4360 0.0000

0.0860 0.1750 0.4050 0.0000

0.0530 0.0940 0.1%20 0.4080 0.0000

0.0340 0.0540 0.0950 0.1790 0.3830 0.0000

0.0280 0.0400 0.0630 0.1050 0.1980 0.3%20 0.0000

0.0220 0.0300 0.0430 0.0640 0.1060 0.1880 0.3770 0.0000

0.0200 0.0260 0.0350 0.0490 0.0740 0.1180 0.2110 0.3%80 0.0000

0.0170 0.0210 0.0280 0.0370 0.0520 0.0760 0.1230 0.2100 0.4000
0.0000

0.0140 0.0170 0.0220 ©.0280 0.0380 0.0520 0.0770 0.1220 0.2160
0.4220 0.0000
0.0130 0.0160 0.0200 0.0250 0.0320 0.0420 0.0580 0.0850 0.1380
0.2470 0.48%90 0.0000
0.0120 0.0130 0.0160 0.0200 0.0250 0.0320 0.0420 0.0580 0.0850
0.1380 0.2470 0.48%0 0.0000
0.0110 0.0120 0.0130 0.0160 0.0200 0.0250 0.0320 0.0420 0.0580
0.0850 0.1380 0.2470 0.4850 0.0000
0.0080 0.0110 0.0120 0.0130 0.0160 0.0200 0.0250 0.0320 0.0420 0.0580
0.0850 0.1380 0.2470 0.48950 0.0000

711.88 0.1 0.1 0.7

. [CYCLOPAK-1]

38.1

9.525

7.62

6.98

119.38

a.55

10

0.274 1 1 0.355 0.759

100

{CONVERGE-1]
0.01
Connectivity Matrix

1 3 1 1 1000 -1 0 0 0 1
2 2 1 o 0 1 -2 -3 ] 0
3 1 1 0 o 0 0 1 -1 0
4 100 1 o 0 0 0 0 1 -1

Solids, Percent Solids and Water



STREAM NO. STREAM NAME SOLIDS (t/h) $30LIDS WATER(t/h) 284

1 r 194.100 49.470 198.260
3 cr 969.080 67.480 466.540
4 cor 194.156 41.100 278.220
5 cur 774.524 80. 420 188.720
6 BMD 774.924 80. 420 188.720

CLASS SIZE ) 3 3 cr cor CUF BMD
1 3984 l.68 1.16 0.00 1.45 1.03
2 2807 2.32 l1.44 0.00 1.80 1.22
3 2022 2.43 l1.41 0.01 1.76 1.16
4 1403 3.14 1.57 0.02 1.96 1.18
5 1011 3.64 1.74 0.06 2.16 1.27
6 714 4.44 2.02 0.15 2.49 1.42
7 505 6.08 2.73 0.38 3.32 1.89
8 3s7 6.13 3.07 0.71 3.66 2.30
9 . 252 6§.92 3.95 1.38 4.60 3.21

10 178 7.19 4.97 2.43 5.61 4.42
1 126 6.80 6.14 3.96 6.69 5.98
12 89 6.70 8.25 6.70 8.64 8.65
13 63 6.31 10.00 9.79 10.05 10.93
14 45 5.76 11.01 12.54 10.63 12.34
15 30 4.07 10.00 13.19 9.20 11.49
16 15 26.39 30.48 48.38 26.00 31.49

Plitt's Model Parameters

CYCLOPAK-1

d50¢ 42 um
$1.150 kPa
1.710
0.570

0.400

R ww



w#www® BALL MILLING CIRCUITS SIMULATION PROGRAM OUTPUT eww+w

Simulation Data

[PROJECT-TITLE]
Louvicourt Mill's Grinding Circuit, Predictions with 1" balls.
Impact on circuit capacity

Circuit Type: #6

[KNOWN-STREAMS ]

2
1
2

[KNOWN-SIZE-DISTRIBUTIONS]

16

OO0 WLeWNE P

10
11
12
13
14
15
16

211.728

0

3984
2807
2022
1403
1011
714
505
357
252
178
126
89
63
45
30
15

[(BALLMILL-1]

0.3997
0.6096
0.8504
1.0887
1.2832
1.3969
1.4090
1.3213
1.1554
0.9454
0.7261
0.5251
0.3586
0.2323
0.1431

49.47

1.68
2.32
2.43
3.14
3.64
4.44
6.08
6.13
6.92
7.18
6.80
6.70
6.31
5.76
4.07
26.39

285



0.0000
0.3980
0.2100
0.1220
0.0850
0.0580

0.0420

o

.0000
0.4080

0.2160

0.1380

0.0850

0.0580

286

0.0160 0.0200 0.0250 0.0320 0.0420 0.0580

OFF
0.0000
0.4380 0.0000
0.1920 0.4360 0.0000
0.0860 0.1750 0.4050 0.0000
0.0530 0.0940 0.1920 0.4080 0.0000
0.0340 0.0540 0.0950 0.1790 0.3830 0.0000
0.0280 0.0400 0.0630 0.1050 0.1980 0.3%920 0.0000
0.0220 0.0300 0.0430 0.0640 0.1060 0.1880 0.3770
0.0200 0.0260 0.0350 0.0490 0.0740 0.1180 0.2110
0.0170 0.0210 0.0280 0.0370 0.0520 0.0760 0.1230
0.0000
0.0140 0.0170 0.0220 0.0280 0.0380 0.0520 0.0770
J.4220 0.0000
0.0130 0.0160 0.0200 0.0250 0.0320 0.0420 0.0S80
0.2470 0.48%0 0.0000
0.0120 0.0130 0.0160 ©0.0200 0.0250 0.0320 0.0420
0.1380 0.2470 0.4850 0.0000
0.0210 0.0120 0.0130 0.0160 0.0200 0.0250 0.0320
0.0850 0.1380 0.2470 0.48%0 0.0000
0.0080 0.0110 0.0120 0.0130
0.0850 0.1380 0.2470 0.4850 0.0000
711.88 0.1 0.1 0.7
[CYCLOPAK-1]
38.1
9.525
7.62
6.98
119.38
3.55
10
0.274 1 1 0.385 0.759
100
[CONVERGE-~-1]
0.02
Connectivity Matrix
1 3 1 1 1000 -1 0 0 '] 1
2 2 1 0 0 1 -2 -3 0 0
3 1 1 0 0 0 0 1 -1 0
4 100 1 4] 0 0 o 0 b3 1

Solids, Percent Solids and Water

--n



STREAM NO. STREAM NAME SOLIDS(t/h) ¥8S0LIDS WIEER(t)h) 287

- e - = . . - . - - -

1 FF 211.728 ~ 49.470 216.270
3 cr 1050. 344 68.190 489.0870
4 cor 211.664 41.670 296.270
5 cur 838. 680 81.250 193.600
6 BMD 838.680 81.250 193.600

Size Distributions

CLASS SIZE T cr cor (o40) BMD
1 39684 1.68 1.24 0.00 1.55 1.13
2 2807 2.32 1.85 0.00 1.94 1.35
3 2022 2.43 1.50 0.01 1.68 1.28
4 1403 3.14 1.67 0.03 2.08 1.30
S 1011 3.64 1.85 0.07 2.30 1.40
6 714 4.44 2.14 0.17 2.64 1.56
7 505 6.08 2.08 0.42 3.5%0 2.07
8 357 6.13 3.25 0.78 3.97 2.52
9 252 6.92 4.17 1.51 4.84 3.48
10 178 7.19 5.23 2.65 5.88 4.74
11 126 6.80 6.42 4.28 6.96 6.33
12 89 6.70 0.54 7.14 0.89 9.00
13 63 6.31 10.14 10.21 10.12 11.11
14 45 5.7¢6 10.91 12.74 10.45 12.21
15 30 4.07 9.63 13.01 8.7e 11.03
16 15 26.39 28.8685 46.82 24.31 29.47
Plitt's Modal Paramatexs
CYCLOPAK-~-1
dS0c = 43 um
P = 58.240 kPa
S = 1.670
m= 0.570
Rf = 0.400
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BALLMILL MODULE
Optimization objective: to increase throughput or grind fineness

IF the mill diameter is D, m
THEN

the critical-speed is equal to:

423 (rom)

/D,

IF  the percent of critical speed is greater than or equal to 82%
THEN
the mill speed is apparently too high (above 82%)

IF  the percent of critical speed is less than or equal to 65%
THEN
the mill speed is apparently too low (below 65%)

IF  steel balls are used and

the operation mode is wet and

the discharge mechanism is overflow
THEN

the wet grinding constant is equal to 350

IF  steel balls are used and

the operation mode is wet and

the discharge mechanism is diaphragm
THEN

the wet grinding constant is equal to 330

IF  steel balls are used and

the operation mode is dry and

the discharge mechanism is diaphragm
THEN

the wet grinding constant is equal to 335

IF  silica balls are used and
the operation mode is wet and
the discharge mechanism is diaphragm
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THEN
the wet grinding constant is equal to 170

IF silica balls are used and

the operation mode is dry and

the discharge mechanism is diaphragm
THEN

the wet grinding constant is equal to 175

IF  the mill diameter is D, m and
the percent of critical speed is Cs % and
the laboratory work index is W; kWh/t and
the feed 80% passing size is Fy um and
the ore specific gravity is S; and
the wet grinding constant is K

THEN
the Bond make-up ball size is equal to:

o

IF  the mill diameter is D, m

the mill speed is N rpm

the laboratory work index is W, kWh/t

the feed 80% passing size is equal to Fgy um
THEN

the Azzaroni make-up ball size is equal to:

029 /p7\04
58 M (mm)

(N D_)“’

S W, 0.33
- (mm)
CS D.

IF  the optimization objective is to increase throughput or grind fineness and
the selection function curve is a straight line

THEN

the ball size is too large and must be reduced, if it was not increased in the past
due other reasons.

IF  the optimization objective is to increase throughput or grind fineness and
the selection function curve has a large hump
THEN

the percent of the ball mill discharge having a size larger than
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that of hump, the maximum selection function value and the top size class
selection function must be considered to determine if the ball size must be
increased.

IF  the optimization objective is to increase throughput or grind fineness and
the selection function curve has a large hump and
the percent of discharge material coarser than hump particle size is greater than
or equal to 20% and
the top size selection function is less than 0.2 of hump selection function

THEN
the ball size is too small and must be increased, if it was not decreased in the past
to for other reasons.

IF  the optimization objective is to increase throughput or grind fineness and
the selection function curve has a small hump

THEN
the ball size is near optimum

IF  the ball size is too large and
the make-up ball size is greater than or equal to 38 mm (1.5") and
the ball size was not increased in the past’
THEN
decrease the make-up or top ball size by 13 mm (0.5"). Test the effect
of this change by NGOTC before the real plant exercise.

IF  the ball size is too large and
the make-up ball size is less than 38 mm (1.5") and
the ball size was not increased in the past

THEN
decrease make-up or top ball size by 6 mm (0.25"). This can be achieved using
a blend of make-up balls. Test the effect of this change by NGOTC before the
real plant exercise.

IF  the optimization objective is to increase throughput or grind fineness and
the ball size is too small and
the make-up ball size is less than 51 mm (2") and
the ball size was not decreased in the past
THEN
increase make-up or top ball size by 13 mm (0.5"). Test the effect

*To avoid unnecessary oscillations in make-up ball size
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of this change by NGOTC before the real plant exercise.

IF  the optimization objective is to increase throughput grind fineness and
the ball size is too small and
the make-up ball size is greater than or equal 51 mm (2") and
the ball size was not decreased in the past
THEN
increase make-up or top ball size by 25 mm (1"). Test the effect
of this change with NGOTC before the real plant exercise.

IF  the optimization objective is to increase throughput or grind fineness and
the ball size is too small and
the ball size was decreased in the past
THEN
it seems that the make-up ball size is too small.
Since ball size was recently decreased, it is likely
that the optimum ball size is between the previous
and existing one.

IF the optimization objective is to increase throughput or grind fineness and
. the ball size is too large and
the ball size was increased in the past
THEN
it seems that the make-up ball size is too large. However, since there has been
an attempt to increase the ball size before, decreasing it again is not likely to
improve grinding efficiency, unless feed to the mill has become finer or softer

Optimization objective: to decrease operating costs

IF  the optimization objective is to decrease operating costs and
the mill liner condition has not been checked

THEN
check the liner condition.

IF  the optimization objective is to decrease operating costs and
the operation mode is wet and
the liner wear is greater than or equal to 0.044 kg/kWh
THEN
. it seems that liner wear is too high for this operation. This needs to be checked,
any way.
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IF  the optimization objective is to decrease operating costs and
the operation mode is dry and
the liner wear is greater than or equal to 0.006 kg/kWh
THEN
it seems that liner wear is too high for this operation. This needs to be checked,
any way.

IF the optimization objective is to decrease operating costs and
the operating work index to the laboratory work index ratio is between 0.8 and
1.05

THEN
the energy consumption is good

IF  the optimization objective is to decrease operating costs and
the operating work index to the laboratory work index ratio is between 1.05 and
1.2

THEN
the energy consumption is ok

IF  the optimization objective is to decrease operating costs and

the operating work index to the laboratory work index ratio is greater than 1.2
THEN

the energy consumption is bad

IF  the optimization objective is to decrease operating costs and
the energy consumption is good

THEN
the grinding performance, in terms of energy consumption,
seems very good.

IF  the optimization objective is to decrease operating costs and
the energy consumption is bad

THEN
the grinding performance, in terms of energy consumption,
seems not good. You may need to optimize operation in this

respect.

IF  the optimization objective is to decrease-operating-costs and
the energy consumption ok

THEN
the grinding performance, in terms of energy consumption,
seems to be okay.

IF the laboratory work index is unknown
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the operating work index is unknown
THEN

the laboratory and operating work indices are recommended to be determined.

IF the optimization objective is to decrease operating costs and
the mill diameter is D, m and
the charge to roof distance is H m
THEN
the mill-filling is equai to:
H
- A
113 - 126 D (%)

IF  the optimization objective is to decrease operating costs and
the discharge mechanism is overflow and
the mill filling is greater than or equal to 45%

THEN
the mill filling seems to be high and must be checked. You might
be loosing balls at discharge due to the high mill filling.

IF  the optimization objective is to decrease operating costs and
the discharge mechanism is overflow and
the mill filling is less than or equal to 30%

THEN
the mill filling seems to be low and must be checked.

Optimization objective: is unknown

IF  the optimization objective is unknown

THEN
having clear plant optimization objectives is important
since it affects decisions about plant operating changes
and guides optimization process.
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HYDROCYCLONE MODULE

IF the classification objective is to increase cut size

THEN
the cut size can be increased by reducing the apex diameter of the cyclone(s).
However, it is recommended to use the BMCS to assess the impact of using a
smaller apex on the classification and full circuit performance.

The cut size can be increased by installing larger cyclones. This option, however,
is only practical at the design stage. For an existing circuit, the BMCS can be
used to assess the impact of using larger cyclones on the classification and full
circuit performance.

The cut size can be increased by increasing the inclination of cyclones to the
vertical to 45 degrees or more. This option is normally practical only at the
design stage, and when the number of cyclones is small.

Increasing the vortex finder diameter can increase the cut size. The BMCS

program can be used to assess the impact of using a larger vortex finder diameter
on the circuit performance.

IF  the classification objective is to decrease cut size
the number of operating cyclones is greater than 1

THEN
the cut size can be reduced by switching off a cyclone at constant total feed flow
rate. It is recommended to use the BMCS to assess the impact of this change on
the full circuit performance.

IF the classification objective is to decrease cut size

THEN
the cut size can be reduced by diluting the feed slurry. It is recommended to use
the BMCS to assess the impact of this change on the full circuit performance.

IF the classification objective is to reduce water recovery and
the number of operating cyclones is greater than 3 and
the pressure drop is too low

THEN
the water recovery to the cyclone underflow, R,, can be reduced by switching off
one cyclone at constant total feed flow rate. It is recommended to use the BMCS
to assess the impact of this change on full circuit performance.

. IF  the classification objective is to reduce the water recovery
THEN
the water recovery to the cyclone underflow, R,, can be reduced by using smaller
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apex diameter. It is recommended to use the BMCS to assess the impact of this
change on full circuit performance.

IF  the classification objective is to reduce water recovery and
the cut size is too low and
the circulating load is too high

THEN
the water recovery to the cyclone underflow, R,, can be reduced by using larger
vortex finder diameter. It is recommended to use the BMCS to assess the impact
of this change on full circuit performance.

IF the classification objective is to increase the separation sharpness

THEN
the separation sharpness can be increased by modifications that decrease water
recovery to the cyclone underflow or short circuiting.

IF  the classification objective is to increase the separation sharpness

THEN
in case of excessively high feed solids concentration or high slimes
concentrations, it is recommended to dilute the feed to reduce the viscosity of the
fluid. This can be led to improved separation sharpness.

IF  the classification data is available

THEN
use a spreadsheet software such as QuattroPro’ or Excel’ to fit Plitt’s model to
data.

IF the classification data is not available
THEN

do a circuit survey around the cyclone(s).

IF  Plitt’s model was fitted to the classification data and
Plitt’s model fit was not optimized

THEN '

the fit must be optimized using a non-linear optimization tool. Spreadsheet

softwares normally include this function.

IF Plitt’s model was fitted and
the fit was optimized and

. *QuattroPro is a trademark of Borland International

Excel is a trademark of Microsoft company
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THEN

THEN

IF

. THEN

THEN

R, was not positive

when the fit is optimized, the final values of estimated parameters, R,, ds, and
m must be positive. ds,. and m normally are. If R, is not positive, this can be
due to incomplete size distribution information of cyclone streams for fine size
classes. To solve this problem, R, can be calculated from cyclone overflow and
underflow solids flow rate and percent solids information. Then, the other two
parameters can be estimated using the optimization tool.

Plitt’s model was fitted and
the fit was optimized and
R, was not positive

It is recommended to use a wider screening size range in next circuit survey so
that Rf can be estimated when model fitting is optimized.

Plitt’s model was fitted and

the fit was optimized and

the R, was positive and

the user does not know if the optimal fit was satisfactory or not

to check if the optimal fit is satisfactory or not, you can examine the goodness of
fit (or the lack of fit) criterion and also visually evaluate how close is the fitted
curve to the measured data. R, from the circulating load, cyclone underflow,
overflow and % solids should be close to R, fitted.

Plitt’s model was fitted and

the fit was optimized and

the R, was positive and

the optimized fit is not satisfactory and

there is a hump or plateau in the classification curve and
the ore consists of significant heavy and light phases

the individual mineral classification behaviour is the cause of lack-of-fit. The
grinding model can only be used for predicting trends.

Plitt’s model was fitted and

the fit was optimized and

the R, was positive and

the optimized fit is not satisfactory and

there is a hump or plateau in the classification curve and
there is no significant heavy and light phases and

the data was mass balanced



Appendix D.2 HYDROCYCLONE Module Rules 299

THEN
It is recommended to repeat the sampling.

IF  Plitt’s model was fitted and
the fit was optimized and
the R, was positive and
the optimized fit is not satisfactory and
there is a hump or plateau in the classification curve and
there is no significant heavy and light phases and
the data was not mass balanced

THEN
It is recommended to do mass balancing before data analysis.

IF  Plitt’s model was fitted and
the fit was optimized and
the R, was positive and
the optimized fit is not satisfactory and
there exist no hump or plateau in the classification curve and
there exist no fish hook at fine end of the classification curve and
the data was mass balanced

THEN
it is recommended to check the validity of data used for the analysis. It might be
necessary to redo sampling tests to obtain reliable classification data.

IF  Plitt’s model was fitted and
the fit was optimized and
the R, was positive and
the optimized fit is not satisfactory and
there exist no hump or plateau in the classification curve and
there exist no fish hook at fine end of the classification curve and
the data was not mass balanced

THEN
It is recommended to do mass balancing before data analysis.

IF  Plitt’s model was fitted and
the fit was optimized and
the R, was positive and
the optimized fit is not satisfactory and
there exist no hump or plateau in the middle of the classification curve and
there exist a fish hook
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THEN

it is recommended to use a fish hook model such as the one proposed by Finch
[1983].

IF  the water recovery to the cyclone underflow is R, and
the R, is greater than 50%

THEN
the efficiency of the cyclone operation in terms of the amount of water recovered
to the cyclone underflow is very poor. It is recommended to significantly reduce
water recovery to the cyclone underflow.

IF  the water recovery to the cyclone underflow is R, and
the R, is less than or equal to 50% and is greater than 40%
THEN
the efficiency of the cyclone operation in terms of the amount of water recovered

to the cyclone underflow is poor. It is recommended to reduce water recovery
to the cyclone underflow.

IF  the water recovery to the cyclone underflow is R, and
the R, is less than or equal to 40% and is greater than 30%

THEN
the efficiency of the cyclone operation in terms of the amount of water recovered
to the cyclone underflow is reasonable.

IF  the water recovery to the cyclone underflow is R, and
the R, is less than or equal to 30% and is greater than 20%

THEN
the efficiency of the cyclone operation in terms of the amount of water recovered
to the cyclone underflow is good.

IF  the water recovery to the cyclone underflow is R, and
the R, is less than or equal to 20% and is greater than or equal to 10%

THEN
the amount of water recovered to the cyclone underflow is too low. The cyclone
operation may be subjected to underflow roping. This can be checked visuaily.

IF  the water recovery to the cyclone underflow is R, and
the R, is less than 10%

THEN
the amount of water recovered to the cyclone underflow is extremely low. This
is very unusual with normal cyclone operations, and is normally achievable only
with an underflow valve for producing a product for conveying or stockpiling. We
recommend that you check the reliability of the data
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IF  the separation sharpness (m) is greater than or equal t0 3
THEN

the cyclone separation sharpness is excellent.

IF  the separation sharpness (m) is less than or equal to 2 and
hydrocyclones are primary
THEN

the cyclone separation sharpness is poor.

IF  the separation sharpness (m) is between 2 and 3
THEN

the cyclone separation sharpness is normal.

IF  the separation sharpness is poor and
there are significant.heavy and light phases
THEN

the separation sharpness is poor because of heavy and light phases
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CIRCUIT MODULE

IF  circuit flowsheet number 1 is used and
the ball mill discharge size distribution is too coarse and
closed circuit grinding can be used

THEN
circuits 5 and 6 are proposed

IF  circuit flowsheet number 1 is used and
the ball mill discharge size distribution is too wide and
closed circuit grinding can be used

THEN
circuits § and 6 are proposed

IF  circuit flowsheet number 1 is used and
a higher capacity or a finer grind is required and
closed circuit grinding can be used

THEN
circuits 5 and 6 are proposed

. IF  circuit flowsheet number 1 is used and
circuits 5 and 6 are proposed and
the ball mill discharge density is too low and
the density control is a problem
THEN
circuit 6 is proposed as the alternative to the current circuit.

IF  circuit flowsheet number 1 is used and
circuits 5 and 6 are proposed and
the fresh feed is coarse and
the fresh feed contains few fines
THEN
circuit 5 is proposed as the alternative to the current circuit.

IF  circuit flowsheet number 1 is used and
circuits 5 and 6 are proposed and
the fresh feed is not coarse and
the fresh feed contains significant fines
THEN
circuit 6 is proposed as an alternative to the current circuit.

IF  circuit flowsheet number 1 is used and
. a closed circuit grinding cannot be used and

a high ball mill discharge density is required and
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closed circuit grinding cannot be used
THEN
it is recommended to consider adding grinding aids to the circuit.

IF  circuit flowsheet number 1 is used and
a high ball mill discharge temperature is required
THEN
it is recommended to consider adding grinding aids to the circuit.

IF  circuit flowsheet number § is used and
fresh feed contains significant fines and
a very sharp classification is not required
THEN
circuit 6 is proposed as an alternative to the current circuit. Since the fresh feed
is very fine a pre-classification configuration is preferred.

IF  circuit flowsheet number § is used and
a very sharp classification is required and
overgrinding is not a problem and
coarse material is not a problem in downstream process
THEN
circuits 7, 8, and 9 are proposed as alternatives to the current circuit.

IF  circuit flowsheet number 5 is used and
a very sharp classification is required and
overgrinding is a problem
THEN
circuits 7, 8, and 9 are proposed as alternatives to the current circuit. However,
due to the overgrinding problem circuit 11 is preferred.

IF  circuit flowsheet number 5 is used and
a very sharp classification is required and
coarse material is a problem in the downstream process
THEN
circuits 7, 8, and 9 are proposed as alternatives to the current circuit. However,
to minimize coarse material content in circuit product, circuit 7 is preferred.

IF  circuit flowsheet number 6 is used and
a very sharp classification is not required and
the fresh feed contains significant oversize
THEN

circuit 5 is proposed as an alternative to the current circuit.

IF circuit flowsheet number 6 is used and
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a very sharp classification is required and
overgrinding is not a problem
THEN
circuits 7 and 8 are proposed as alternative to the current circuit.

IF  circuit flowsheet number 6 is used and
a very sharp classification is required and
overgrinding is a problem
THEN
circuits 7 and 8 are proposed as alternative to the current circuit. However, due
to the overgrinding problem, circuit 8 would be preferred.

IF  circuit flowsheet number 7 is used and
overgrinding is a problem and
the fresh feed does not contains significant fines
THEN
circuit 8 is proposed as an alternative to the current circuit to solve the over
grinding problem.

IF  circuit flowsheet number 7 is used and
. the ball mill density is too low and
the secondary cyclone underflow density is low
THEN
circuit 8 is proposed as an alternative to the current circuit to solve the density
problems.

IF  circuit flowsheet number 7 is used and
the primary cyclone efficiency is low and
the primary cyclone feed density is high
THEN
circuit 8 is proposed as an alternative to the current circuit to solve primary
classification efficiency and density problems.

IF  circuit flowsheet number 7 is used and
the fresh feed contains significant fines and
overgrinding is a problem
THEN
circuit 11 is proposed as an alternative to the current circuit.

IF  a circuit flowsheet other than 1, §, 6, 7 and 8 is used
THEN

‘ currently, there are no rules in the knowledge base that can be applied to the
selected circuit. :
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IF

THEN

THEN

IF

THEN

IF

THEN

IF

THEN

IF

MODSIM MODULE
Task: modelling

the task to do is modelling and
the breakage function is not known and
the study is at a preliminary phase

it is recommended to use the breakage function of a similar ore for a
preliminary work. For very accurate simulations, you would be better off to
determine the breakage function of the ore using a representative sample.

the task to do is modelling and
the breakage function is not known and
the study is at a preliminary phase

although the actual ore breakage function is unavailable, it is still possible to
estimate the selection function using typical ore breakage functions. For a
detailed study, however, you may need to determine the breakage function.

the task to do is modelling and
the RTD mod