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• Abstract

Abstract

The objective of this work was to investigate the behaviour of malleable metals

in tumbling mills. Much of the work focused on lead: shots, flattened shots and

fragments were ground in three different laboratory mills. Testwork with fragments was

repeated in the presence of a brittle and harder minerai phase (95 % sHica, 5 % lead) and

for copper (100% copper). The transfer of particles across size classes and the loss of

weight because of smearing on the mill shell and grinding media were measured.

Microhardness tests confirmed that lead did not work-harden during grinding.

The transfer across size classes was modelled with various first order differential

equations describing flattening, folding. cold-welding and actual breakage. Model

parameters were estimated using a least-square minimization criterion. When more than

one model was fitted to a given data set, the one whose phenomenological basis was

c10sest to the dominant transfer mechanisms observed almost always yielded the best data

fit. The dominant mechanism was very dependent on the type of metal ground, its

particle size and shape, the grinding intensity generated by the tumbling mill and the

presence of a hard, brittle phase. Flattening, responsible for the transfer to coarser size

classes, generally dominated over folding, the mechanism accountable for the transfer to

finer size classes (other than breakage). Breakage was favoured over flattening and

folding when grincling finer and softer particles, in a high impact environment, or in the

presence of a hard, brittle minerai phase. Loss of weight due to smearing significantiy

increased when grinding a softer minerai in a mill with a rough inner shell, or when

particle breakage took place.

A methodology based on the Laboratory Knelson Concentrator was developed and

tested to estimate the breakage function and gravity recoverability of gold flakes.

Progeny from the breakage of gold particles was shown to be highly gravity recoverable,

more than 90% above 0.025 mm. The breakage function was non-normalizable, with

a large bl+ 1•1 component, because of folding.
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Ce travail avait comme objectif l'étude du comportement des métaux malléables
dans les broyeurs, Le gros du travail s'est fait avec des particules de plomb (sphères,
sphères aplaties et fragments) qui furent broyées dans trois broyeurs de laboratoire.

Les essais faits avec les fragments de plomb le furent également en présence
d'une phase dominante d'un minéral fragile et ,lur, de même qu'avec des fragments de
cuivre, un métal plus dur que le plomb. On a mesuré la distribution granulométrique du
produit de même que la perte de poids due au recouvrement du métal malléable à la
surface des corps broyants et de la virole du broyeur. On a véritié à l'aide d'essais de
microdureté que le plomb ne s'était pas fragilisé durant le broyage.

Le transfert de poids d'une classe granulométrique à l'autre a été modélisé à l'aide
d'équations différentielles de premier ordre qui décrivent les phénomènes
d'aplatissement, pliage, soudage à froid et fragmentation. On a estimé les paramètres
de ces modèles par la méthode des moindres carrés. Pour certains essais, on essaya de
représenter les données par plus d'un modèle; ce fut alors presque toujours celui qui étuit
basé sur le ou les mécanismes de transfert dominants qui a le mieux représenté les
données. Ce mécanisme dominant dépend du type de métal broyé, de la taille et la forme
des particules, l'intensité du broyage et la présence d'une phase dominante fragile et
dure. L'aplatissement des particulc~ (et par conséquent leur transfert à des classes plus
grossières) se produit général6ment de deux à trois plus souvent que leur pliage
(responsable du transfert à des classes plus fines sans qu'il y ait fragmentation). Les
particules se fragmentent davantage si elles sont plus fines ou moins dures, dans un
environnement à énergie d'impact élevée, ou en présence d'une quantité importante d'un
minéral dur et fragile. La perte de poids par revêtement des corps broyants devient plus
importante lorsque qu'on broie un métal plus mou dans un broyeur à surface plus
rugueuse, ou lorsqu'il y a fragmentation des particules.

On a développé et mis à l'essai une méthodologie axée sur l'utilisation du Knelson
de laboratoire visant à déterminer la fonction de fragmentation et l'aptitude à la
récupération gravimétrique des flocons d'or. La progéniture des flocons offre un
excellente aptitude à la récupération gravimétrique, plus de 90% au-dessus de 0.025 mm.
La fonction de fragmentation, non-normalisable, avait une composante bl+,,1 importante
à cause du phénomène de pliage.
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Chapter 1: Introduction



• Introduction

1.1 Scope of the Project

2

•

The term of malleability cornes from Latin word "malleus" which means

"hammer" or "mallet" (1,2). A minerai or metal is malleable if it can be flattened under

the blow of a hammer without breaking or crumbling into fragments (3, 4, 5). In nature.

most elements combine to form compounds. but approximately twenty native elemems

can be found in their uncombined states as minerais (6, 3). About half of these are metals.

which are malleable, with the exception of bismuth (7) (which is brittle) and mercury

(Iiquid at room temperature) (8).

Although comminution is widely practised in minerai processing, most rocks and

ores behave as non-homogeneous brittle substances, as the vast majority of minerais are

brittle. As a result, very little is known about the behaviour of malleable native metals

in grinding units, more specifically tumbling mills. Gold, the most malleable of metals,

may be the exception, as its economic importance and cornmon occurrence as a native

element (unlike copper and Icad, far more often found as sulphide) has attracted a lot of

attention.

Gold has a very distinct behaviour in grinding circuits (9,10). Its malleability and

high density (19.3 g/cm3
) both contribute to its accumulation in grinding circuits, as it

grinds very slowly and preferentially reports to cyclone underflow. Very large

circulating loads of gold, up to 6700 %, have been reported (9). These can be put to good

use with gravity circuits, capable of recovering a significant proportion of the gold in the

ore even when only asmall bleed (5 to 20%) of the circulating load is treated.

On the down side, gold recovery might suffer because of smearing, pounding into

the mill liners and shell, settling into dead areas, or theft (these phenomena are inter

related). Accumulation of gold into the grinding circuit also makes head grade
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estimations difficult. This unique behaviour and its engineering and economic

implications have prompted this study. More specifically, a model of gold gravity

recovery, based on the concept of Gravity Recoverable Gold (ORO), requires a

description of gold's grinding kinetics. Although early versions of the algorithm have

yielded acceptable predictions of the circulating load of ORO (11.12), the need for a more

thorough investigation of gold's grinding kinetics has been identified.

Interest in a study of the grinding of malleable metals is not only Iimited to the

grinding of gold ores. Metal powders can be used in the production of reagents,

pigments, coating, and brazes (13.14). In particular, fine aluminum powder is widely used

in a variety of industries such as the manufacturing of paints, printing inks, pyrotechnie

chemicals, slurry explosives, Iight weight concrete blocks (13. 15. ,.). Copper powder is

mixed with carbon for making contact brushes and bronze powders used in decorative

paints and printing inks (17). Lead, cadmium, and silver powders are used as active

masses for galvanic cells and in lead accumulators and lead batteries (15. 18), and iron

powders are used in the production ofwelding rods(l5). Metal powders, especially gold,

copper, and bronze, have been used for decorative purposes in ceramics, as basis for

paints and inks, and in cosmetics. As far back as the historie records goes, powdered

gold has been used to adorn some of the earliest manuscripts (17). As malleable metals

do not grind easily, surface active agents are occasionally used as grinding aids to

minimize flake-flake interaction (19. 20) and to increase the number of breakage events.

For the present work, the idea of using a malleable metal other than gold (with

physico-mechanical properties as close as possible to gold's) as a substitute for gold is

attractive. Apart from the mere economic savings (one gram of gold shot, 6.38 mm and

99.95% pure, is worth $87.00, whereas one gram of lead shot, 4 mm and 99% pure, is

worth $0.0618) (21), the risk of cross-contamination with actual gold ores is minimized.

This is critical, as samples assaying in the 0.1 to 10 g/t Au are routinely treated in the
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minerai processing laboratory. Recent cases of contamination by as Iillie as 0.1 g/t have

been reported (22). Lead and copper are obvious candidate; lhey are. as gold. very

malleable, have the same face-centered cubic structure, and a relatively high densilY

(11.35 and 8.96 g/cm3, respectively), which makes gravity separation from low densily

gangues possible. Further, a beller understanding of the breakage of lead and copper can

be interesting because of practical applications, such as the decontamination of soils and

other environments contaminated with lead (e.g. old firing ranges or ballery recycling

sites) (18. 23. 24) and the grinding of malleable copper contained in ores or converler slags.

Because this project aims at a practically virgin field, the approach will be

primarily exploratory. Most of the test work will be performed with lead particles

ground in different environments (i.e. various laboratory tumbling millsl, with and

without the presence of a second phase (silica sand) used to mimic gangue minerais. To

analyze results in a more formai way, the data thus generated will be filled to various

grinding models, sorne conventional, sorne novel, but each focusing on different grinding

mechanisms.

1.2 Outline of Experimental Work

Most of the experimental work will be performed using lead, and to a lesser

extent, copper, as substitutes for gold, because of their price and availability. First the

generation of lead fragments from spheres (shot) will be characterized in different

grinding environments. Second, the behaviour of these fragments in the same grinding

units will be researched. Mechanisms responsible for transfers between size classes will

be emphasized with both conventional breakage and selection functions as weil as novel

concepts of f1attening and folding rate constants. Traditional studies have focused on a

characterization based on particle size alone (i.e. screening). In this study, specific

attention will be paid to additional characterization techniques, such as cascadography
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and weighing individual particles.
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Because many of the technological applications that motivated this work cali for

the grinding of malleable metals in the presence of another species (e.g. gangue. slag,

soil), a third segment of the thesis will repeat the grinding work, but in the presence of

silica. After grinding, the two phases will be separated gravimetrically, and the lead

phase characterized. For the fourth part of the work. the behaviour of copper in the

same grinding units will be compared to that of lead.

The fifth and last segment of the research program will be the gold breakage

function estimation. The breakage function is one of the key parameters in the traditional

description of grinding. Different gold samples in various levels of grades are used in

experiments to estimate gold's breakage function. To do that, a specifie methodology

is required because of the malleability of gold and its low grinding kinetics in regular

grinding environments. As gold gravity recovery was the major impetus for this study,

the breakage function will also be Iinked to recovery by gravity (II. 12).

1.3 Structure of the Thesis

This thesis consists of 9 chapters. In chapter l, the rationale for the project, an

outline of the experimental work and the structure of the thesis are presented.

i
In chapter 2, the c1assical representation of minerai grinding is described. Beth

<>,

the c1assical energy approach and population balance model (PBM) are reviewed. \\

Malleability, malleable materials classification a~d metal grinding are also surveYed in

this chapter. In chapter 3, novel mathematical models for malleable material grinding

are introduced; solutions, both analytical and numerical, are presented.
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ln chapter 4, the results of the grinding of lead shots and l1attened lead shots in

two laboratory tumbling mills (Bond bail and rod mills) is presented and discussed. In

chapter 5, three laboratory mills (Bond bail and rod mills and small bail mill) are used

to grind lead fragments (similar to gold l1akes recovered l'rom industrial grinding circuits)

with and without silica gangue. Chapter 6 presents the copper work, also performed as

fragments, in Othe same mills. Cascadography is used to characterize the particle shape

of the products of gravity separation tests and the results are given in chapter 7.

Chapter 8 links fragmentation and gravity recoverability, but for gold l1akes l'rom

three mills. The monosized samples fore incrementally ground and screened, and a

Laboratory Knelson Concentrator (LKC) is used to assess recoverability. In chapler 9.

the salient findings of the previous chapters are reviewed and discussed. Important

conclusions, including claims to the original research, and suggestions for future research

are presented.



•
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Chapter 2: Theoretical Considerations



• Chapter 2- Theoretical Considerations

2.1 Introduction

8

•

ln recent decades, a great deaI of effort has been invested in the mathemalical

description of size reduction, or comminution, of solid materials (25.26). The uses of

comminution can be summarized as (27. 28. 29) a) decreasing the malerial size, b) increasing

surface area for further treatment, and c) Iiberating material from its matrix. A

description of comminution can be based on weight, grinding size, specific area,

distribution of grind size, energy consumption, classification, and operating efficiency,

ail of which have been used (30). The application of chemical reactor theory to the

mathematical modelling of comminution processes (31. 32. 33) has led to an increased

understanding of process behaviour and provides a logical basis to the design and analysis

of comminution circuits. Both mathematical descriptions and accumulated industrial

experience are important to design, operate and optimize grinding circuits.

A wide variety offactors such as machine type design (bail and rod mill), particle

characteristics and properties (26) and conditions of comminution process (wet or dry

grinding) (34. 35) will influence grinding performance. Each type of ore or material shows

a particular behaviour in different grinding circuits. Optimum circuit selection must

therefore focus on the materiaI to be ground, which must be properly characterized.

2.2 Mechanisms of Size Reduction

A particle fractures when a stress or force higher titan its fracture strength is

applied. How this stress is exerted and the nature of the particles to be broken are the

main parameters which determine how it will fracture (36.37.38). When compressive and/or

shear forces (38. 39. 40) are applied either at a fast or slow rate, fracture results from tensile

stresses which arise.
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The product from a comminution process will be considered to be the sum of

contributions resulting from the action of several mechanisms. Three basic mechanisms

are used to describe single particle fracture: impact grinding and two forms of attrition,

namely abrasion and cleavage (chipping) grinding (3', 38. 39.41). Each mechanism takes

place in a particular range of applied energy, and is also a function of the type of

material broken.

Fracture by impact or shatter occurs when the applied energy on a material or

particle is sufticient to cause breaking into fragments. Under these conditions many

areas in the particle are overloaded and the result is a large number of particles with a

wide range of sile (Figure 2.1). This occurs when a rapid loading takes place such as

in a high velocity impact (37,38). 1t has been reported that impact fracture of single

particles of different composition and shape results in a distribution modulus of unity(3').

Abrasion fracture occurs when insufficient energy to cause significant fracture of

the particle is applied. ln other words, abrasion occurs when two particles or surfaces

si ide on, or rub against each other, or against balls or the millliner. Minerais' hardness

is one of the factors which influences the rate of abrading. For particles initially of

unÎform size two distinct size ranges of product will form, the coarse, near the initial

sile, and the very fine (36. 37. 38). Figure 2.1 shows the different mechanisms of particle

fracture and the resulting product sile distributions.

Another mechanism of fracture is cleavage or chipping. These two terms are

classified in the same category, because particles which tend to cleave preferentially

might be expected to be highly susceptible to chipping(36). 5ince chipping is the breakage

of edges or corners of a particle, therefore it is probably considered to be a case of

cleavage (39). Fracture by cleavage or chipping occurs when the energy applied is

insufficient to produce complete fracture of the particles, or is just sufficient to load few
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regions of the particles to the fracture point. This may happen if the particle is too large

to be broken by the grinding medium, and as a result, the product size of cleavage or

chipping is close to the original particle size (36. JO) (Figure 2.1).

AbraslOI! fi
lLoCal'MlIa,,...,....

000
~

:•. .
; i
- >; 0

~

a••".le .....1

ODOUOC.__

Figure 2.1: Representation of the mechanisms of particle fraction and the resulting

product size distributions (reprinted with permission from Kelly and Spottiswood 13.».

2.3 Particle Size Distribution of Comminuted Product

Since the' primary effect of comminution is a decrease in particle size,

determination of the product size is necessary. Several empirical size-distribution

equations such as the Gaudin-Schuhmann, and the Rosin-Rammler have been proposed

to describe the size distribution of broken materials (42).

•
Gaudin and Schuhmann showed that the size distribution ofa comminuted material

can be expressed by the following empirical relationship (43, 44, 43, 46):
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(2.1)

where Y is the cumulative fraction finer than the stated particle size x. The Ci and k are

the distribution and size moduli (theoretical maximum size), respectively. The Rosin

Rammler empirical equation (47. 48. 49, SO), which relates the same relative fraction of

undersize to the relative size modulus, is as follows (44):

(2.2)

Gaudin and Meloy (44) have given an equation based on the single fracture and

breakage, as follows:

(2.3)

where xr is the feed or initial and or maximum size and u is the size ratio which is a

measure of the number of breaks in the particle and x is the size considered. It has been

demonstrated that the Gaudin-Meloy distribution for single fracture is equally applicable

to multiple fracture andisrelated to the Gaudin-Schuhmann distribution at least when the,
distribution modulus Ci is clclse to 'unity (Sil.

,Ji

In 1956 Broadbent and Callcott(52,53) described a method to analyze comminution

products. They postulated that the size distribution from the breakage ofa single particle

is as follows:
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y=

12

(2.4)

They attempted an experimental verification of the theory usillg an assumed primary

breakage distribution, but the results were nOI very satisfaclory.

Gilvarry (4S. 54. SS) gave a new theoretical concept based on the existence and

importance of the edge f1aws in a solid material as postulaled by Griffith (s•• 57). The

equation obtained is as follows:

(2.5)

where ah a2, a3 are constants which include the mean density of stress activaled tlaws

and shape factor. For small values of x the tail of the distribution goes 10:

(2.6)

which is the Rosin-Rammler equation with an exponent of l, and yields a logarithmic x

value of:

(2.7)

•

which is the Gaudin-Schuhmann law with an exponent of 1. The main disadvantage of

this approach is that it can only be applied when the maximum fragment size of producl

is much smaller than the initial particle size (S2).

Klimpel and Austin (S2) derived an equation which contains the earlier equalions

as special or approximate cases based on single fracture where overbreakage is avoided.

The basis of the model is as that of Gilvarry. It is proposed that a volume within the
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original l'article is bounded by fractures and requires only one further fracture surface

to make it a fragment. This equation is presented as follows:

(2.8)

where ul , U2 and U3 are parameters related to the probability of the number of cuts

occurring in fracture per length, surface and volume, respectively. It is defined (33) that

for a l'article to break [Ut +U2+u3] must be at least unity.

Harris (47, 38) proposed an equation in differential form expressing the relationship

of [dY/dx] with x, in particular representing the upper and lower limiting particle sizes

and the skewed nature of the distribution as follows:

dY l"- = C (x - x' '(x - x)"2
dx P' '1

(2.9)

where C, kl and k2 are constants; Xc and xp are the maximum and minimum of feed and

product sizes, respectively. The shape of the distribution curve is determined by k, and

k2, and it has a maximum when both kt and k2 are positive. If both are null, the curve

degenerates to a horizontal line, and when kt and k2 are negative, the two branches

asymptote upwards to two vertical lines x=xc and x=xp' ln the case of small xp, it can

be neglected, and Equation 2.9 is written as follows:

d'Y = CXl, (1 _.!)k:.
dx 1 x

'1

where CI is a new constant related to C, Xc and k2 as follows:

(2.10)

•
(2.11)

Harris's method has a statistical basis (38) with the necessary form and flexibility to
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describe the major features of size distribution curves.

2.4 Comminution Laws (Energy-8ize Reduction Relationships)

14

A number of attempts have been made to formulate a general law of

comminution. Obviously the ease with which substances may be comminuted varies

considerably from material to material. In 1867 Rittinger(59, 60) stated that the energy

required for size reduction of a solid is directly proportional to the new surface area

created during the size reduction process. Rittinger's hypothesis can mathematically be

stated as follows:

(2.12)

where E is energy input per unit volume, C:z is a constant, XI and x2 are initial and final

size, respectively. In 1885 Kick (59, 60, 61) suggested that for geometrically similar shape

reduction, the energy varies as a function of the volumes or weights of the broken

particles and the energy per unit volume is otherwise constant. The Kick concept may

be expressed as follows:

(2.13)

•

where C3 is a constant.

Bond in 1952 (57, 60. 62) proposed the third theory of comminution, and stated thal

"the total work useful in breakage which has been applied to a Stated weighl of

homogeneous broken material is inversely proportional ta the square root of the diameler

of the product particles" (63. 64. 65), i.e.:



• Chapter 2- Theoretical Considerations 15

(2.14)

where W, is the total work input and C4 represents a proportionality constant and xp is

the product size or the 80% passing size on a screen analysis plot. Since the purpose of

this estimation is to relate the work input to the produced particle size, Bond introduced

C4 as the experimental work index, Wi • It is defined as the number of kilowatt-hours

required to reduce a ton of material from theoretically infinite size to 80% passing of 100

microns. Thus, this yields:

W, = 10 W; (_1 1_)
{X;, .fit

(2.15)

Ali the previous theories of comminution can generally be expressed in a

differential equation form (66. 67. 68):

dE (C5
)- =--

dx x"
(2.16)

•

where x is the product size, Cs and ni are constants, Cs being related to the material or

unit chosen and ni being an exponent indicating the order of the comminution process.

It has been pointed out (66.68) that by choosing sorne simple values of ni and integrating

Equation 2.16, ail the previous theories can be found. If nI = 1 this gives Kick's law;

with ni equals 2, integration gives Rittinger's law; and ni =1.5 leads to the third theory

of comminution by Bond.

Further developments have been made by Holmes (61) and Charles (43. 59). Holmes
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employed a modified form of Kick's law, to suit the general characlerislics of

inhomogeneous brillie malerials, and suggested the work input for cOlllminulion, W" in

terllls of reduction ratio, R, and product size as follows:

(2.17)

where W; is the work index, and u is Kick's law deviation exponelll. Il varies for

different Illaterials and different conditions of stress application and is related 10

deviations of the comminution system from an ideal Kick's law behaviour. Charles·4J•

S9) developed a general energy-size reduction equation for materials following the Gaudin

Schuhmann size distribution (Equation 2.1):

(2.18)

•

where C6 and n are constants. It has been shown (43) that the constants cr and n

(Equations 2.1 and 2.18) are both dependent on the nature of materials and on the

comminution devices. Berlioz and Fuerstenau (69) stated that in Charles' relation, if there

is to be any fundamental basis for the E versus k relationship, E must be a measure of

the useful work and not the total work input. Accordingly, they used a special batclt bail

mil! which the power drawn could be determined with torque measuring apparatus.

2.5 Comminution Kinetics

Comminution kinetics looks at how the size distribution ofa material evolves with

grinding time. 1t is related to the rates at which feed (coarse) particles are ground and

fines are produced, i.e. the disappearance from coarse sizes and appearance into finer

sizes. The relationship among three variables, energy input (which can explicitly or

implicitly be a function of grinding time), the mass being broken and its sile distribution

are described. Typical applications are the sizing, the optimization and aUlOmatic control
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of crushing and grinding circuits (10, 71, 72, 7'), which are best achieved when comminution

processes are simulated as close to reality as possible (14,7>,7.,77,78).

Roberts (19, 80) used the probability theory approach and applied a first-order

kinetics 10 the rate of size reduction. He introduced the mill power intensity as a part

of the rate constant and stated that it is independent of the mill size. He presented the

first-order equation as follow:

or,

dw(x,t)

dt
= ~ [Power] w(x,t)

Ton
(2.19)

( i, [Po"""] .)
w(x,t) = w(x,O) e Ton

(2.20)

•

where W(X,t) is the cumulative mass coarser than size x, at t grinding time and w(x,O)

is the same at time equa1 zero, and k, is a constant for any size of density of solid and

moisture content of pulp, and particles.

Bowdish (81) in theoretical and experimental studies, investigàted the rate of

breaking of oversized particles. In a further development of Roberts theory, he stated

that a change in the area of the balls in a mill should make a change in the rate at which

oversized particles are broken, which he tried to describe with first-order, second-order

and zero-order models (81). Arbiter and Bhrany (80,82) experimentally showed that the rate

of production for finer size fractions is constant (with time) and exponentially dependent

on screen size. They observed that the fine particles production follows a zero-order

kinetic, and its amount is directly proportional to the grinding time (83). Fuerstenau and

Somasundaran (25, 83), observed this zero-order of fine particles production and in 1968

Herbst and Fuerstenau attempted to depict the interrelationship between selection funetion

and breakage function (25).
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•

Harris 1"'1 explained the three main research groups and frameworks which haw

been used to describe grinding kinetics namely, the creation of tiner sizes. th~

distribution of coarser fractions. and the selection and breakage functions. He labelled

the first one the Fahrenwald-Arbiter-Bhranyl"'l approach. which essemially leads to tines

production that follows zero-order kinetics. The second approach. the disappearanee

kinetics of the coarser fractions. and is a first-order kinetics phenomenon. The third one

is the prediction of the size distribution equation via the selection and breakage funclion

(os. Oôl, using computerized solutions of the integro-differemial equation of batch grinding,

and both analytical and numerical solutions have been proposed lK7. KK. KY).

2.6 Batch Grinding Integro-Differential Equation

Epstein 14Y. 90. 91) formulated a description of breakage processes in lerms of IWO

parameters, the selection and distribution functions. The selection function, s, is the

fraction by weight of a given particle size, x, which is broken per breakage evem. The

breakage or distribution function, B, describes the size distribution of the products of the

breakage upon single breakage. The two concepts are combined in a series of mass

balance equation (one per size class) that describes material appearing in a given size

c1ass upon breakage from coarser ones, and leaving because of breakage.

Broadbent and Callcott (53.92.93) accepted the proposed definition of sand B by

Epstein and developed the matrix methodology of mathematical analysis. They made an

assumption that the distribution function is the same for ail coals, machines and particle

sizes and defined it as:

(2.21)

When they attempted to determine the sand B values experimentally, they did not obtain
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very satisfactory results (52. 94).

19

Sedlatschek and Bass (H? ". '5) in 1953 proposed a set of differential equations to

describe the batch grinding process and a series of experiments to yield the unknown

coefficients. In 1954 Bass (....... YI) presented a mathematical theory for milling processes

and was the first who derived the fundamental mass balance for batch grinding as an

integro-differential equation as follows:

&Y(x,t) = -s(x) aY(x,t)
axat ar

%

aB(x,z) s() aY(z,t) dz
ax z az

(2.22)

ln 1962 Gardner and Austin (32. H? ••• '0) proposed an equivalent equation to that of

Bass in the cumulative form imd presented two computer solutions to the integro

differential equation of batch grinding:

,x.
Y(x,t) = Y(x,O) + JJB(x,z) s(z) aY(z,t) dz dt

0% az
(2.23)

•

where Y(x,t> is the cumulative weight fraction of material finer than size x after grinding

time t, a feed material having size distribution Y(x,O). The maximum particle size is x,..

B(x,z) and s(x) are the breakage function and selection function, respectively. Many

researchers have solvcd Equations 2.22 or 2.23 numerically and have shown that ther~

is good agreement between calculated and experimental results. However, the analytical

solutions were attemptéif'1»)';r1aking several assumptions to simplify the equations. A

simple analytical solution was presented (97. 90, 99) where the selection and breakage

functions were introduced as a function of a new parameter.' This assumption has no

physical basis and has just been employed for mathematical simplicity.
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Gavdin and Meloy (..... 91) used the matrix analysis to solve the bateh grinding

equation numerically, and presemed caleulated n:sults for several theoretical bateh grinds

with different probabilities of breakage and breakage distribution funetions whieh their

caleulated size distributions showed to be very sinliiar to the same as expe~imental results

(91). The work on bateh grinding equation was extended by oEher l'~seare'lers who tried

to aehieve a better understanding and a more aeeurate mathematieal representation.

2.7 The Practical Equation (The Size-Mass Balance Equation)

The integro-differential bateh grinding equation (Equations 2.22 or 2.23) is not

easily solved. It is thus easier to use an equation based on praetical parameters whieh

have physical meanings, and can bL determined direetly by experimentation. This lS besl

aehieved with a size-diserr.tired representation. Consider a set of m sereens numbered

from the eoarsest at the top of the set to th~ finest at the bottom. The general sereen,

i, has an aperture of size x, and the sizes of the next eoarser and fine," serl~ens are X,. I and

xl+.. respectively. If a mass W is fed to the screen set, then the material retained on the

sereen i after passing through sereen i-l has a size range from x, to x,... and has a

fractional weight w,(t) at time t (100).

The mass balance equation is established (91) from the r..;;.~.tional weight passing the
\\

finest sereen, w...(t), and the sum of fractional weights in size i; as follows:

/fi

Wru(t) + E wj(t) :, 100%
/-1

(2.24)

It is obviously understood that for any size i, mass change through grinding is described

by two terms, a positi."b l}Iass change from eoarser sizes (appearance term) and a

negative one for mass reporting 10 ,finer sizes (disappearance term). The breakage

function, blJ, is the fractional weight retained on a finer screen, i, which has been
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produced by a single breakage from coarser size j (100). The mass balance equation is as

follows (2). 91):

dw(t) /-1
-- = -8. w.(t) + " b.. 8. w~t)

dt Il LJ'JJJ
jol

(2.25)

This equation is a particular finite difference form of Equation 2.22 (91) and can be solved

analytically and/or numerically to yield the mass in different size classes.

2.8 Tne Rate Constant of Breakage or Selecthn !Fonction

The selection function is dependent on the material hardness, and the equipment,

and particularly the number of fracture events generated per unit time (39). For specific

bail mill and material, bail size (101. 102. 103. 104), mill speed (10). 106;, bail loading (10). 107. IOH),

reduction of the specific gravity of the grindin,g media (39.109), media shape (110.111), mill

diameter (Il:, 113), and the nature of mill contents (16) and powder filling (114. Il>, 116, 117, 118, 119)

.; are;:'arious parameters which affect the selection fUilction. Austin and Klimpel presented

a procedure to predict the specific rate of breakage in a bail mill containing a mixture

of balls,from breakage parameters measured with à single diameter of bail (110). Il has

empirically been found (.'~' 100) that the selection function is proportional to particle size

up to a maximum value and then it falls oft The relation of selection function and

particle size for small range of particles size (121. 12~, 123) is as foilows:

- --'.. (2.26)

•
, C i~

"

For large particles a correction factor is added as below:

(2.27)

and,
~--
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(2.28)

where a, (1(" p., and A are descriptive parameters, and A~O.

factor) is 1 for small XI and tends to zero as Xi increases.

function occurs at a particle size X m related to p. and A by (Ill(l):

The factor QI (correction

The maximum s<:!ection

(2.29)

•

Various phenomenological explanations for the relationship between the selection

function and particle sile have been proposed. As shown in Table 2.1, they can be

divided into en~rgy and geoll1etry based considerations.

" .."-

Table 2.1: The variation of selection function (SF) with collision and existence tlaws.

1 Phenomena Il Geometry Based Il Energy Baseri 1

Decrease in SF with Lower ball-particle-ball Smaller Griffith tlaws
decreasing size (fine end) collision probability

Decrease in SF with Nipping Energy released upon
increasing size (coarse end) collision too low

--<-

Below Xm is generally the most important part cf the curve, where most material

is found and most energy conslimed. The decrease in selection function with decreasing

particle size stems from the higher strength ofsmall particles, as their Griffith tlaws are

also smaller (124.125). Geometrically, smaller particles al~~:have a lower probability of

ball-particle-ball collision.
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"

Above Xm, the selection function decreases with increasing particle size. Although

the probability of collision is extremely high, the probability of breakage decreases

substantially as particle size increases. This is largely due to a mismatch between the

energy required for breakage, and that released by the grinding media upon single

collisions, which is much lower. A geometry based explanation has also been proposed:

as particle size increases, the nipping angle formed between two balls colliding with this

particie also increases. If it exceeds a critical angle corresponding to the dynamic

coefficient of friction, minerai particles slide out rather than be compressed. The value

of this critical angle is geometry and minerai specific (28) between metal and mineraI.

F:igur.e 2.2: Breakage rates for two types of mill with different diameter (reprimed with

permission from Kelly and Spottiswood (39».

Figure 2.2 shows the variation of breakage rate for two mills with different

diameters.lt has been stated (106) that to scale-up mills the dependence of grinding

kinetics parameters (selection and breakage functions) on the mill conditions suchasmi!l
~ . .-

diameter, mill speed, media load, size, particle hold~up must be known. Hodouin,
.~::-... ,'.~

Bérub~~and Everell (126) reportellthat an extrapolation technique can be used for the

"-'.:".,
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selection function, s, measured with a laboralory bail mill to be applied in industrial-size

mill. The breakage function, considered independent of environment. does not require

scale-up.

For large particles, the disappearance of material l'rom a given top size interval

is often not first order (127. m. 129). This has been attributed (13U) to the fact tha! large

particles have two components, one hard part with a low breakage rate and a soft fnlction

with a high breakage rate (131). Figure 2.3 shows the selection function of a gold ore

which has different components in the coarse sizes.

LO

• F.".......-
•!..
ë QI

!
c
~

l

,. ...
, ..... s...s.,t._

•

Figure 2.3: Breakage rate of gold ore as a function of particle size (reprinted with

permission l'rom Austin, Klimpel and Luckie (100».

2.9 Selection Function Determination

T~e selection function is usually determined using two methods, laboratory batch

grinding test (one-size-fraction method) and back-calculation techniques.
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2.9.1 The batch grinding test (The one-size-fraction test)

This method is applied for material in one size c1ass and for this reason it is

called "one-size-fraction" test or method. Selected material is ground in each grinding

time for different times and the mass remaining in this size c1ass is monitored.

Mathematically, first-order grinding yields:

(2.30)

B6•2

SIOpe • -5/2.3
5 • 0.52 min"

- "- 1-w, 101 • silvin; 'rrar f

lQ

Grinding Tim•• minutes

Figure 2.4: First-order plot to estimate of selection function (reprinted with permission

from Austin. Klimpel and Luckie (looi).
-i.

•
Graphically a plot of the weight fraction remaining in the top size, WI(t). on a

vertical log scale versus grinding time, t, on a.linear scale, yields a straight liÎi~ whose \"

,~.:..
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slope is the negative of the selection function (Il". m. 133) (Figure 2.4). Although Ihis

method offers a powerful illustration of first-order disappearance kinetics. it is lime

consuming (100), restricted to laboratory units, and can not be used when sludying

interaction between various size classes in the feed, which can affect the selection

function. Its interest is mostly didactic.

2.9.2 The back-calculation method

For most applications, the selection function is indirectly delermined by back

calculation techniques from experimental data. Two methods, one based on a single data

set and the other on multiple sets1
, can be used. ln both cases, a computerized

algorithm is used to estimate the selection function, by non-linear optimization (1U•• 134).

Table 2.2 summarizes the possible approaches, which can yield an exact or leasl

square fit (LSF). ln each case the degrees of freedom (:If.) is shown based on p sets of

data, n size classes, and m parameters. The simplest and least reliable approach is to fit

a single data set with a vector of selection function values, one for each size c1ass. This

method yields a single unique solution; therefore, model validation can only be achieved

if many data sets are thus fitted, and the selection function vectors compared (13S). Even

with a single data set, partial model validation can be obtained if a functional relationship

is assumed between particle and the selection function (these will be reviewed belowl,

as suggested by Hodouin(l36). Better reliability is achieved when multiple data sets are

fitted with either a functional relationship or a vector of selection function values. In this

work, multiple data sets will always be fitted, typically with a vector (Le. selection

function, flattening and folding rate constants).

1A dara set is described as a set of measured feed and discharge size distributions (cominuous grinding), or size
distributions before grinding and after a grinding time t (batcb ntill).
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Table 2.2: Variation of different methods to estimate selection function (SF).

No. of Data Set: ... Single Data Set Multiple Data Set
SF Condition: ~ (p=1) (p> 1)

Individual SF, Exact Fit, df.:O LSF, df.:n(p-l)

(No functional form)

Functional description, LSF, df.:(n-m) LSF, df.:np-m
m parameters

27

Klimpel and Austin used l::quation 2.26 and the following equation to estimate

selection function, using the back-calculation method (33.132.137).

where XI is the lower particle size and the Cil values are constants. It has been reported

thatthe estimated s values by Equation 2.31, sometimes give illogical shapes for the s

versus x curves, especially when the breakage function is non-normalizable (132.137). This

problemc.ln be minimized if a more phenomenological relation is assumed between the

selection function and particle size (130), such as:

(3.32)

where the CI" Cu, CIO' and Cn are constants. The f1exibility of using ail available data

or a limited data subset and application to continuous full-scale data are the advantages

of this method. whereas its main disadvantage is that it is not always possible to detect

when certain assumptions (e.g. normalized breakage function, section 2-10, or single

selection function values for a huge data set) are not valid (100).
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2.10 Breakage and Cumulative Breakage Fonctions
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As briefly mentioned in sections 2.7 and 2.8. the cumulative breakage function.

B'J' is the weight fraction of material which. when broken once l'rom size c1ass j. is tiner

than size c1ass i. In the size-discretized formulation, the breakage function. bi". is the

proportion of broken material which appears in size c1ass i upon single breakage l'rom

size c1ass j (39.13'). Figure 2.5 presents a schematic view of the breakage and cumulative

breakage functions for different size classes in a set of screens. for material broken l'rom

size c1ass j.

j
j+1 bO+1,j)

·
·
•

BO+1,j) Ba,

i bd,j)

i+1
• B(I,j)

•

·

j)

•

Figure 2.S: Weight fraction variation in a set of screen.

Since it is difficult to measure fragments broken l'rom size class j into size c1ass j. mosl

researchers consider as broken only that part of the material which leaves Ihe size c1ass

it is broken from; therefore it is understood (31. 139) that:
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(2.33)

(2.34)

(2.35)

0.01 0.031 0.063 0.125 0.25'" 0.5 1.0

•
, r:

Relillve Size...,lai

Figure 2.6: Normalizable cumulative breakage function for bail milling of quartz; _: dry

grinding, 0: wet grinding (reprinted with permission from Austin, Klimpel and Luckie
(100).
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A breakage function is considered normalizable when it is independelll of initial

particle size; it then needs to be determinp.d for just a single initial panicle size. Figure

2.6 presents a typical normalizable breakage function. For normalizable breakage

functions, the B matrix can be defined with a single column vector. and bi,i can be

replaced with bi.j yielding:

~

J
}
!
: 0.1

J

b2•1 = b3.2 = b4•3 =

b3,l = b4•2 = bS•3 =

= b
j
_
lj

= b
j
_
2j (2.36)

•

........;;";;";;";";;'";;"';;"";;'7,"';::'"="'":"'-;-'-:-'-:"'":"'.,....,.....,.,J20 " 11 17 11" M.':S 11 11 10 •• 1 • , • :s a ,
lIT s,... '''''''••'1

Figure 2.7: Non-normalizable cumulative breakage function plot (reprinted with

permission from Kelly and Spottiswood (39).

Normalizable breakage function values are usually plotted on a relative size basis.

X/Xj' as shown in Figure 2.6. If spread in the product size distribution decreases as the

initial particle size increases. the breakage function is non-normalizable. It can also be

said that the larger particles produce a fewer fines, and or the smaller the breaking size•
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the larger the amount of fines. Figure 2.7 shows a set of non-normalizable cumulative

breakage function plot.

2.11 Breakage Function Determination

To estimate the breakage function distribution of materials, three main methods

have been used (100. 1321:

- Single particle breakage test

- One-size-fraction test

- Back-calculation technique

2.11.1 Single particle breakage method

ln this method, breakage of single particles is measured (140). Comminution

characteristics are also related to the energy input. Therefore, the required energy to

break single particles can yield the basic data needed to estimate to the energy

consumption in a practical comminution unit.

Figure 2.8: Three different single particle test methods; 1) slow compression, 2) Impact

by a falling media, 3) Impact at high particle speed (Adapted from Krogh (141).

/I1///1/II//I//
c: Crushlng (Hammer Mill)a: Slow Compression b: Impact lBaU MUQ

•
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The single partic1e tests are c1assified into three differem types of tests 'l'Il: slow

compression. impact crushing. and abrasion. Figure 2.8 shows several types of single

partic1e test method. The impact or falling media method is c1assified imo single impacl.

double impact and pendulum tests (m. 14'. 143).

2.11.2 One-size-fraction test

ln batch grinding tests, feed materials in one size fraction are ground for one or

many short incremental times. The smaller the amount of material broken OUI of the

initial size, the more accurate the breakage function values estimates are. lt has been

reported (100) that good results are obtained when the grinding time is chosen to give an

amount of broken material out of the top size interval of about 20-30%. Klimpel and

Austin also stated (100) that in order to get reliable values of the breakage function il is

necessary to grind the one size fraction material (feed) for short times. By definition the

values of band B are calculated l'rom:

(2.37)

i>1. Method BI (2.38)

•

To get more accurate B values and use a procedure to correct for errors produced

by secondary breakage, the solution of the batch grinding equation leads to method Il,

as Equation 2.39 (\00.144). It has been reported (100) that the BI method only works for a

very small degree of grinding, and the BII method gives reasonable values up to about

30% of the top size broken out. Another method, BIll, is, in fact, the back-calculation

method which requires an estimate of s .
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_(l_-----..:Pi~(O_»log

B (1 - pm) 1'>1
Il • -,~----=--:-" .10J (1-P2(0»]

Cl (l-P2(t»

2.11.3 Back-calculation

Method BII

33

(2.39)

ln the back-calculation method a computerized search procedure is attempted to

obtain breakage parameters from size distribution produced by batch or continuous

grinding (33), based on a defi'led function. Klimpel and Austin reported that the value,
of BiJ can be fitted by an empirical function (100.137.145) made up of the SUl.) of two straight

Iines on log-log scale plot, as follows:

(2.40)

where "'J' 'Y and (3, defined in Figure 2.9, are material specifi... Other functions that

have also been found to be quite suitable for representing the breakage function for

various materials (136) are as follows:

•

(2.41)

(2.42)
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where CI" CI.' C'IO' CIII , Cm, and CII3 are constants.

3-1

When back calculating from batch grinding data sets, the size distribution of the

'·~d and a minimum of twO other grinding times is used as input and the computer

program searches for the best values of the required parameters while minimizing the

error between experimental and calculated values (Ill"). The cominuous mil! data are used

based on the same criterion of error estimation (sum of least squares), knowing the

residence time distribution.
1.00 r--,."""--'-"--"""""-,-""""",,-,,,,,----,

0.01
Sr.king sin

10llpm 1000,.m

9 7 S
Size Intrrvll

3

•

Figure 2.9: Cumulative breakage function distribution plot (reprinted with permission

from Austin, Klimpel and Luckie (100».

2.U Malleability & Native Metals

There are many physical properties that characterize and aid to identily mineraIs.



• Chapter 2- Theoretical Considerations 35

•
,
"

Most of these properties can be divided into three groups 046), based on a) cohesive

forces, b) density, c) the action of light. Sorne other properties are less frequently used

in the identification of minerais, such as response to heat, electrical conductivity and

magnetism. The following properties depend on cohesive atomic forces: cleavage,

fracture, hardness, tenacity, and elasücity. Sorne properties also related to the cohesive

forces of minerais are classified under the tenacity group such as ductility, sectility,

flexibility, brittleness and malleability (2. 146. 147).

Ali solid materials show deformation, using an external load; sorne can recover

their original dimensions or shape when the load is removed and sorne not. The

recovery of the original shape of a deformed material when the load is removed is known

as elastic behaviour (125). The limiting load beyond which materi::ls 110 longer show

elastic behaviour is their elastic limit, they then undergo plastic deformation. Most

minerais will break rather than undergo plastic deform'ltion; most metals show plastic

deformation, because of their metallic bonds (5).

The metallic bond is a characteristic of ordinary metals and responsible for the

cohesion of a meta\. Electrons in metallic atoms are free to move, and by their

movement, enable metals to carry electricity and heat (60). The lack of attraction force

between atoms allows entire blocks to slip easily in opposite directions when a strong

force is applied (6), but the atoms tend to re-bond as soon as the force is removed and the

metal mass remains in one piece. As a result, metals are noted for their ability to be

beateninto thin sheets, or to be bent or twisted repeatedly without breaking.

There are three iso-structural sub-groups of native metals; a) the gold group,

including gold, silver, copper and lead, b) the platinum group, including platinum,

palladium, iridium and osmium, and c) the iron group, including iron and nickel-iron (3.

14H) The elements of the gold group are similar in structure, with the atoms Iying on the

, ;-':-.'
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points of a face-centered cubic lattice. In the platinum group, the structure is hexagonal

c1ose-packed, except platinum and palladium which have a cubic c1ose-packed structure

similar to the gold group. Crystals in the iron group metals have a body-cemered cubic

lattice (140).

2.13 Metal Grinding

Milling is one of the methods to produce metallic powder(l7, 14', I5U), and is being

increasingly used in industry, particularly in aluminum and paint paste technologies (1',

2U, 151) as a comparatively new technique (as of 1983). Metals, on account of their

ductility, grind more slowly than brittle materials, resulting in increased em:rgy

consumption. A study of the Iiterature suggests that it is nOl a widely investigated tïeld.

Previous work has focused on aluminum, copper, iron, zinc, tungsten, brass, and bronze.

When grinding ductile metal powders, a potential problem is the ability of

particles to cold weld and agglomerate (14), which is delayed or inhibited when grinding

aids are employed (14. 152). Rehbinder (11. 153), in describing the mechanism of surface active

or grinding aids, has mentioned that, when present in small quantities, affect the surface

mechanical and electrical properties of metals. It has also been reported that the plastic

flow of lead, tin and copper specimens increased under a given stress using the surface

active Iiquid (153).

The active mechanism of grinding aids has not been scientifically explained yet

(llIlI) Rehbinder suggested that presence of grinding additives lowers the cohesive forces

of solid molecules, and therefore adsorption of grinding aids in a flaw may weaken the

bonding energies and therefore initiates the fracture. Sorne other researchers have

suggested that the adsorbed grinding aids molecules pin the dislocations in the solids

under the stress. These pins prevent the easy movement of dislocations or in fact prevent
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plasticity (100. 1541, and caus:ng a more brittle behaviour in that region of the solid. It has

been mentioned that the grinding aids can change the fluidity of slurries and the

flowability of dry powders, therefore a.ffecting mass transfer through the grinding unit.

Thus the effect of mass transfer or mass distribution changes may alter the partic1es

which are to be nipped or broken (100.154).

Austin, Kilmpel, and Luckie (100), in describing of acting mechanism of grinding

aids, reported that two key factors can yield the optimum breakage rate; slurry density,

and viscosity. These factors act against each other: higher slurry density increases the

breakage rate, while the resulting higher slurry viscosity lowers it. The higher slurry

density increases the lift of balls, and therefore the rate of breakage, whereas the higher

slurry viscosity reduces the impact of balls. They explained that grinding aids act to take

advantage of the higher density by reducing the effect of the higher viscosity. In the case

of dry grinding aids, although they hypothesized that the effect of grinding aids is to

change the cohesive forces of the particles, they conceded that the mechanism had not

been explained (100).

Hall (155) has patented in 1926 a method of metal grinding using oil-b!lsed grinding

aids. For the grinding of nickel, iran and chromium-silver-copper, aids such as ethyl

alcohol, water, cyc1ohexane, n-heptane, methylene chloride (13. 14) and lubricating oil (156)

are used. In 1944, Olbrich (16) studied the grinding of compressed aluminum in a bail

mill in the presence of grinding aids. He investigated three different grinding

environments: porcelain balls and porcelain liner, steel balls and liner, and steel balls and

liners with addition of grease and stearin to the charge of the mill. Grease and stearin

considerably improved the grinding performance and increased the fineness of the

pre::~uct. The weight of added grinding aids were 0.1-0.3% of the weight of the

aluminum charge.
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Huttig and Sales (IS. IS7) in 1954 found that copper, zinc, aluminum, iron, tungsten

and various alloys behave quite differently in grinding circuits. They presented three

types of behaviour of metal powders during milling: brittle metais such as tungsten and

Fe-Co-AI alloys ground readily, producing size distributions that could be titled with a

Rosin-Rammler law; tough materials, such as an alloy of chromium of nickel and carbon,

abrade<:l slowly; and large grains of soft metals such as copper, zinc, aluminum and

partly with iron, were flattened rather broken.

Smith (ISO) in 1970 wo.ked on the grinding of silver as a soft material in a

vibration bail mill. His intere~t was in the grinding of soft materials of which malleable

materials wer~ !l subgroup. A second subgroup was made of materials with excellent

c1eavage of whh;h graphite was Smith's focus. Silver was chosen for its malleability and

resistance to oxidation. In the grinding of silver he found that the initial particles were

of a flaky character, \,'hich the flattened or plate-like form was retained throughout the

grinding, and in graphite the rate of grinding exponentially decreased with time.

ln 1972, Rees and Young (ISO) explained the processes which occur during the

milling of combined ofbrittle tungsten carbide and ductile cobalt powder. They reporled

that a decrease in size of the tungsten carbide particles during grinding occurs and cobalt

changes l'rom a predominantly cubic to an hexagonal close packed structure. In 1976, 1\

Hopkins and Brooks (160) used cobalt powder in vibrational bail mill. They explained thal

initially the individual powder particles are flattened having a breadth/thickness ratios of

3"1: 1. Size reduction took place with further grinding due to the propagation of cracks

developed at the edge of particles and produced fine flakes.

Hashimoto and Watanabe (161) studied the impact of balls during vibratory bail

milling of a mix of copper and 5 %by volume of graphite powders. The motion of balls

in a one-dimensional vibratory mill was analyzed by means of model simulation and
)

'.,'.
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estimation of the energy consumption during impact. They found that the microhardness

of the copper particles increased with an increase in the average energy consumptio'l per

collision.

Tripathi and Groszek (162, '63) in 1973 investigated the grinding of aluminum

powder in the presr '1ce of five various types of hydrocarbons: tetraline, decalin, n

heptane, toluenc and spindle oil. They reported that the processes of fragmentation and

cold welding are affected by the nature of the hydrocarbons used in milling. They

observed that a carbon-rich surface layer is produced on the surface of particles and

powders due to the interaction between the freshly deformed surface and the

hydrocarbons. This minimizes or prevents agglomemion.

ln 1979, Vedaraman and Chandrasekaran (20) worked on the wet and dry grinding

of aluminum powders by vibration and bail mills using stearic acid as a grinding aid,

with a concentration between 0.05 to 4%of the weight of the aluminum charge. They

intended to: a) study the effect of grinding characteristics such as feed weight (feed

flowrate), grinding aid concentration, weight ratio and bail material density, and b) to

compare the vibration and bail mills' performances. They found that under comparable

operating conditions the rate of dry grinding in the vibration mill was higher. They also

concluded that vibrating mills consume less energy than bail mills, for the same Work.

Sur.shan, Vedaraman and Ramanujam (lS. 20) in 1982 studied the mechanisms of

grinding of aluminum, copper, and brass in a vibration mill, using relatively coarse

materials. They used distilled stearin acid as grinding aid. They reported that, based

on visual observations, adding the grinding aid is useful to prevent cold welding. They

explained that the size distribution of metals used in grinding processes is based on the

combination of two mechanisms: flattening followed by breakage, and abrasion.

Flattening, which is followed by breakage, was dominant for aluminum, whereas for
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copper (although the particles are f1attened to a certain extent), abrasion seemed to be the

dominant mechanism, For brass, f1attening was almli~t negligible and abrasion was the

main mechanism,

ln 1990 and 1993, Moothedath and Sastry (, ..... lbS) presented the functional l'orins

of the rate parameters and the population balance models (PBM) t'or vibration milling of

metal powcl:lrs. They reported that grinding of metal powders takes place based on a

combination of f1attening, attrition and breakage mechanisms. They introduced two

independent variables as the projected area diameter and thickness and dev~loped a .

mathematical model for milling of metal powders by incorporating ail these mechanisms,

in contrast to the traditional grinding model t'or brittle materials which only indudes

breakage.

On gold grinding or gold breakage parameters estimation there is not a wide range

ofwork. In 1985, the physical breakdown and abrasion rates ofgold were studied using

a tumbler to simulate natural high-energy environments°fi6
). The experimental work was

done by tumbling of gold fragments for 30 to 240 hours with different combinations of,

sand, cobbles, and water. The results showed a very slow rate of physical breakdown

of the gold fragments due to their malleability. It has also been reported that gold can

absorb the impact and abrasive forces exerted by other minerais so that physical changes

produced in the fragments are preliminary changes in shape. These experiments were

mea,nt to simulate alluvial environments, not tumbling mills.

In 1989, in a research program the performance of the gold gravity circuit at Les

Mines Camchib Inc. (167, 168) was completed at McGill. Various streams of the grinding

circuit (rod rr.;ll feed, bail mill discharge and cyclone overflow and underflow) were

sampled and after calculations the grinding kinetics of the ore and gold were evaluated

and compared. The selection function of gold was found equal to that of the ore above
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0.212 mm. and slightly higher below. The aurhor pointed out that the results were not

totally conclusive, because of sampling and assaying errors and the poor liberation of

gold above 0.212 mm.

ln 1990, the breakage ofgold flakes (from Les Mines Camchib Inc.) in the 0.850

1.200 mm size c1ass in a 23 cm diameter by 20 cm long porcelain mill with steel balls,

was studied (0). Il was reported that flakes could assume spherical or cylindrical shapes

because of folding. It was also shown that the disappearance of flakes from the parent

size c1ass could be described with a first-order kinetics equation, as used for brittle

materials.

The breakage rate constant of gold in the Hemlo (Golden Giant Mine) secondary

mill was also measured and reported (0) to be 6 to 20 times smaller than that of the ore;

the gap became wider with increasing particle size. Similar results were later reported

at Casa Berardi Mines (1." and Agnico-Eagle (LaRonde Division) (170). Indirect evidence

of the slower grinding kinetics of gold in industrial tumbling mills is also abundant, in

that the high circulating loads of gold measured in a number of plants can only be

simulated if the selection runction of gold is assumed much lower than that of the ore (Il.

12, l71)
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As a substitute for gold, lead, and to a lesser extent copper, will be used in this

work. Its behaviour in laboratory tumbling mills will be modelled mathematically, as

an additional tool to understand flattening, folding and breaking mechanisms. The

mathematical models 10 be tested will now be presented.

3.2 Classical Mathematical Model for Grinding

ln the classical model of brittle material grinding, material appears as fragments

(progeny) from coarser size classes or fractions and disappears when broken (Equation

2.25). This can be defined as follows:

î-l

+ :E biJ Sj wp>, n;.i;.j;.l
j-1.1>1

(3.1)

This equation enables one to calculate the mass fraclion in any size class at any given

lime. A system of n size classes (excluding the pan) is defined by n differential

equations. This system is known as the batch grinding equation. As an example, a batch

system of two equations is given here:

•
This two-equation system is solved using the initial conditions, which yield:

w (t) = w (O)e (-S,I)
1 l ,

(3.2)

(3.3)

(3.4)
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3.3 Defining Models of Malleable Metal Grinding
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(3.5)

•

A model of malleable metals grinding is first defined l'rom a strict definition of

malleability Le. the ability to withstand a blow without any breakage, hence breakage is

first omitted. In a batch system, the same mass conservation equation can be written (as

for actual breakage) for any size class as the sum of two terms, disappearance and

appearance:

dw(t)
_1- = -[Mass disappearing] + [Mass appearing] (3.6)

dt

This statement of mass conservation is fundamental when defining mathematical models.

Il will be the basis of four different models, each derived from a specifie set of

assumptions. For ail models, the various transfers are assumed to follow first-order

kinetics.

3.3.1 Case 1: Folding & flattening and no breakage

ln this first model, it is assumed that no breakage takes place; particles are just

folded and flattened. Folded particles move into finer size classes while flattened

particles report to coarser sizes. To simplify the model, it is assumed that mass

transfers only across adjacent size classes. Thus, the mass equation is defined for any

size class such as i:
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dw,W
-- =r wdt H,! '-1

(3.7)

whe..e W j is the retained mass in size class i after grinding time of t, and rjJ defines the

mass transfer rate l'rom size c1ass i to size c1ass j (for i > j, folding and i<j, flallening),

Therefore, for a simple system consisting of three size classes, four rate constants define

the mass transfers, presented in Figure 3.1.
F1Wning & FoIcllng

Size 1 , If".

Size 2
f~,1 ,
f~31 ,

Size 3 ,If...

Figure 3.1: Representation of a three size c1ass model based on flallening, folding and

no breakage.

The mass equations or differential equations for a set of three size classes are (22l:

dwl(t)
--=

dt
(3.8)

• To simplify, the third differential equation can be replaced by:

(3.9)

(3.10)
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(3. 11)

The solution for this system of differential equations (analytical solution) is derived

(Appendix 1):

(3.12)

(3.13)

•

where r, and r1 are the roots of the representative equation of the differential equalions.

If we choose as initial conditions [w,(O)=O, w2(0) = 100%, w3(0)=0], the coefficients of

the two above equations are:

I, = [(r2"r3,1)/(r"lr2,3+r"lr3,l+rl"r3,2)]

11 = [(r"lr3,2)/{r"2rl,3+r,,2r3,l+rl,,r3,2)]

CI = [-l,+«r,I,+r2,,)/(r,-r2»]

Cl = [(-r,I,-r2,1)/{r,-r:J]

c3 = [1-12-«rl-tI12+rl,1 +r1,3)/(r,-r2))]

c4 = [(rl-r,12+r2., +r2,3)/(r,-r2)]

3.3.2 Case 2: Folding & flattening and explicit breakage

ln this model a breakage term is added to the previous model to describe ail

possible breakages. Folding and flattening are as in section 3.3. I. It is assumed that

particle breakage follows the traditional grinding equation (Equations 2.25, 3.1) and the

broken particles may return to coarser size classes when flattened except when broken

into the pan. Therefore, the mass equations are the summation of folding, flattening

(Equation 3.7) and breakage (Equation 3.1) for any size class i, as follows:
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(3.14)

wh~re n is the number of size c1:.sses, wi is the mass in size i, and riJ defines the rate

constant of mass transfer from size c1ass i to size c1ass j by flattening (i >j) or folding

(i <j). b'J and Si are the breakage and selection function values.

A simple example of this model is a system consisting of three size classes. as

shown below in Figure 3.2. For this system, Equation 3.14 can be expanded as follows:

(-s,) Size 1
, Ir,.•1 1

, (-s.) S' 2 ra"1 ,
ba, s, 1.· Ize· l'ra,3, ,

(-S3) Size 3 li r3,'b:., s, b"as.
1

'.
1, PAN

(3.15)

(3.16)

(3.17)

•
Figure 3.2: Representation of a threesize class model based on flattening; folding and

explicit breakage (Note: material also trdnsfers to the pan from size classes 1, and 2, not

shown).



• Chbpter 3- Models of Malleable Metal Grinding 48

To sirnplify, the overall mass balance equation can be used to solve the differential

equations:

The solution for this system of differential equations is derived (Appendix 1):

-rI -r.t -rIw. = ce' + c, e ' + ce' .> 11 • 3 •

(3.18)

(3.19)

(3.20)

(3.21)

where rh r" and rl are the roots of the representative equation of the differenllal

equations. If we choose as initial conditions [wl(O)=I., w,(O)=I" w,(O)=I.I, Ihe

coefficients of the three above equations are:

\, = 0, l, = 0, I, = 0

A = [-(r,.,+s,)l.+r,),]

B = [(r,.,+b,.,SI)I.-(r'.1 +r,.,+s,)I,+r,.,I.]

C = (bl.lsll.+(r,.l+bl.,s,)I,-(rl.,+5,)I.]

Cl = [1.-i l-c,-c,]

C, = [(A-r.I.+rll.-c,(rl-r.»/(r,-rl)]

Cl = [((r,-rl)(A-rl'I.+rl'I.)-(A-rll.+rlll)(ri-r.'»/«rl-rl)(r,-rl)-(rl-rl)(ri-rl'»l

c. = [I,-I,-c,-c.]

c, = [(B-rII,+rll,-c.(rl-rl»/(r,-r.)]

c. = [((r,-r.HB-r,'l,+rl'I,)-(B-rII,+ rll,)(r,'-r,'»/((rl-rl)(r,-rl)-(rl-rl)(r,'-rl'»]

c, = [1.-I,-cs-C9]

Cs = HC-r.I.+rll,-c9(rl-rl»/(r,-rl)]

C9 = [«r,-rl)(C-rl'I.+rl'I,)-(C-r.l.+rIll)(r,'-r.'»/«r,-r.)(r,-rl)-(r,-rl)(r,'-r12»]
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3.3.3 Case 3: Folding & flattening and limited breakage

49

This model uses the flattening and folding terms of the previous two models

(Equation 3.7) and a breakage term which is different from that of the previous model

(Equation 3.14). In this case, it is assumed that when material breaks, it does so either

. in the adjacent finer size class (and is incorporated in the folding term, i.e. ri.i+l' or

directiy into the pan). The transfer of material directly into other finer size classes is

assumed negligible, and is not explicitly described. Therefore, the mass equations are

,ue summation of folding, flattening (Equation 3.7) and a breakage term representing the

broken mass in pan, as follows for any size class i:

dw (t) .-1:r = L rl,p wi
1-1

(3.22)

(3.23)

where n is the number of .ize classes (inclusive of the pan). rl,p is the rate constant for

the transfer of broken particles to the finest size class or (the pan).

A simple example of this model is a system consisting of three size classes and

a pan, as shown in Figure 3.3. Note that the rate constant r3,p represents both breakage

and folding from size class 3 to the pan. It is assumed that material either folded into

the pan from size c1ass 3 or broken from size classes 1 to 3 into the pan can not flatten

back into size c1ass 3. For this system, Equations 3.22 and 3.23 can be expanded as

:"follûws:

•
dw.(t)
--=

dt
(3.24)
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(3.25)

(3.26)

(3.27)

Figure 3.3: Representation of a three size c1ass model based on flattening. folding and

Iimited breakage.

Ta simplify. the mass balance equation can be used to solve the differential equations:

(3.28)

•
The solution for this system of differential equations is derived (Appendix 1):

(3.29)

where rh rz• and r3 are the roots of the representative equation of the differential
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-rt -r.r -r.t
W =ce '+ce 2 +ce'+13 7 8 9 3
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(3.30)

(3.31)

•

equations. If we choose as initial conditions [w,(O)=I•• w,(O)=ls• w3(0) =1.1. the

coefficients of the three aboye equations are:

l, = O. 1, = O. 13 = 0

A = [-(r,.,+r"p)I.+r,)sl

B = [r,.,'.-(r,., +r,.3+r,.p)ls+r3.,I.l

C = [r,.3Is-(r3.,+r3.p)I.]

c, = [l.-I,-c,-c3]

c, = [(A-r,I.+r,I,-~(r3-r,»/(r,-r,)J

C3 = 1«r,-r,)(A-r,'I.+r,'l,)-(A-r,l.+r,1,Hr/-r,'»/«r3-r,)(r,-r.)-(r3-r,)(rf-r,'»]

c. = [1s-I,-cs-c.l

Cs = [(B-r,ls+r,I,-c.(r3-r,»/(r,-r,)]

c. = [«r,-r,)(B-r,'ls+ r,'l,)-(B-r,Is+r112)(r22_r,2»/«r3-r.)(r2-r,)-(r3-r,)(r2'-r,'»]

~ = [I.-13-ca-c.]

C. = [(C-r,I.+r,I,-c.(r3-r,»/(r,-r,)]

c. = [((r,-r,)(C-r,'I.+ r,'13)-(C-r,1.+r113)(r2'-r,'»/«r3-r,)(r,-r,)-(r3-r,)(rf-r,'))]

3.3.4 Case 4: Agglomeration

The fourth model is defined when only agglomeration takes place. In tumbling

mills,· this takes place because of cold welding. Agglomeration and consolidation of

particles produces large-surface-weight particles which moye from any size class to

coarser size classes. If it is assumed that particles just moye upward to the adjacent size

class, the appropriate model in this case is defined as follows:
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dll'i<t)
-- = -r.. 1 w.+ r. l' W, 1dt 1,'- & 1+ ,1 1+
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(3.32)

For simplicity's sake, this model does not include possible agglomeration of a fine

particle to a larger one which would result in a mass transfer across more than one size

class. Figure 3.4 shows the agglomerating phenomenon for a system of three size

classes.

Size 1 •
Size2

1 r2.1,
Size 3

1r..a

Figure 3.4: Representation of a three size class model b:u;ed on agglomeration.

As a result, the mass equations of this system of three size classes can be wrillen as

follows:

dwl(t)--
dt

(3.33)

(3.34)

(3.35)

•
(3.36)

The analytical solution (Appendix 1) of this set of differential equations is as follows:
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(3.37)

(3.38)

•

where r, and r, are the roots of the representative equation of the differential equations.

Ifwe ch()ose as initial conditions [w,(O)=I" w,(O)=I., w,(O)=I,), the coefficients of the

two above equations are:

l, = l, l, = 0

c, = [((r,-r,)(I,-I)-r,.,I.+r,(I,-I»/(r,-r,»)

c, = [(r,).-r,(I3-1»/(r,-r,»)

C3 = '(-r,).+(r,.,-r,)(l-I,-I.»/(r,-r,»)

c. = [((r,-rd(l-13-~)+r,).)/(r,-r,)]

3.4 Differentiai Equations: Solutions & Rate Constant Estimations

The systems of differential equations that represent the various models can be

solved analytically or numerically. Analytical solution for three size cla·~es for the first

model (flattening and folding without breakage) was presented in Appendix I. These

become practically unmanageable for systems of four size classes or more. Clearly,

numerical solu\ions are preferable. For the first model (f1attening and folding without

breakage) the numerical solution for the fourth-order of Runge-Kutta method (172) is

presented in AppendixHthree size classes).

Even numerical solutions can be unwieldy, especially when they are to be used

to estimate multiple rate constants simultaneously from multiple data sets. For the

present work, an optimization technique is used, which minimizes the sum of the squared

differences belWeen predicted and measured mass in each of size classes, by adjusting

the model's rate constants. For three size classes and n, incremental grinding times, the
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following criterion will be minimized:

'" 3
Criterion = 55 = E E [wt',p(t} - wt'*(t)]2

r-l i-l

54

(3.39)

•

The goodness of fit is best measured by computing the average leasl square. the

sum of squares divided by degrees of freedom. The square root of the mean least square

is the standard error. The least square fit and simplex (173) method are used to achieve

the optimum values of rates constants with the "DlFFEQ" version 1.0 and "SCIENTIST"

versions 1.0 and 2.0. Using these softwàre enables us to fil multiple time incremems

simultaneously, yielding a more reliable estimation of the rate constants.

.--



•

•

Chapter 4: The Behaviour of Coarse Lead in

Tumbling Mills
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4.1 Introduction
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In this chapter the behaviour of coarse pure lead particles in different dry grinding

environments is investigated. This study is divided into three parts; first, lead shots (3-4

mm in diameter) are ground in bail and rod mills. Second, the same lead shots are

flattened to diameters of 5-6 mm and ground in the same mills. Third, microhardness

tests on ground and unground lead flakes and shots are used to evaluate the extent of

work hardening. The models used to describe folding, flattening, breakage and

agglomeration were presented in chapter 3 (Equations 3.7, 3.14, 3.22, 3.23, and 3.32),

4.2 Apparati

In first series of tests (Tests 1, 2, and 3), standard commercial lead shots, shown

in Figure 4.1, 3.5±0.3 mm in diameter, 0.17±0.OO4 gin weight, were used as feed.

In the second series of tests (Tests 4, 5) the same lead shots were used, but they were

first manually flattened into dises as shown in Figure 4.2, 5-6 mm in diameter and

0.5±0.04 mm in thickness, with a Arbour Press (Dake Corporation Madel No. 1-1/2),

Flattened lead shot in the size c1ass 5.60-6.75 mm, 0.28±0.0l g in weight, were used

as feed in Test 6, t... :stimate their breakage and selection function parameters. Testwork

in the Bond bail mill(OOlwas performed using steel balls 5.0-7.5 cm in diameter, but with

its standard bail weight (20.1 kg). In the Bond rad mill ('") tests were done with its

standard steel rad charge (33 kg), six rads, 4 cm in diameter, and two rads, 3 cm in

diameter (ail 53 cm in length). Products were screened using a 2°,:15 Tyler geometric

progression with a standard Ro-Tap machine. Table 4.1 summarises the units and

charges of Tests 1 to 6.
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Figure 4.1: Lead shots used in different tests (scale in cm).

Figure 4.2: Flattened (ead shots used in different tests (scale in cm).

57
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Table 4.1: Apparati used for Tests 1 to 6.

1 Tests 1
Feed Type Particle Mill Grinding

No. Weight (g) Media

1 Lead shot 0.17 Bond bail mill 5-7.5 cm

2 Lead shot 0.17 Bond bail milI 5-7.5 cm

3 Lead shot 0.17 Bond rad mill standard rads

4 Flattened 0.17 Bond bail 5-7.5 cm
lead shot mill

5 Flattened 0.17 Bond rad standard rods
lead shot mill

6 Flattened 0.28 Bond rod standard rods
; lead shot mill

4.3 Tests 1 to 3: Grinding Lead Shots

4.3.1 Procedure

58
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ln the first test with the Bond bail mill (Test 1). 100 g of the lead shots, 100%

in 2.80-3.35 mm size class, were ground to a total time of 120 minutes. After each

grinding increment, particles from a11 size classes were individually weighed to determine

mass loss. Grinding increments of 8 minutes were generally used up to 60 minutes, and

size classes from previous Increments were individually ground and screened. Before

the next grinding increment ail mass of the same size class was recombined in the five

size classes'. From 60 to 120 minutes, ail size classes were ground together in 15

minute increments.

Test 2 was a simplified repeat of the first test, to assess its repraducibility, to a

'The live size classes were: +4.00 mm, 3.354.00 mm, 2.80-3.35 mm, 2.38-2.80 mm, and 2.00-2.38 mm.
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maximum grinding time of 100 minutes. Again, after an initial grinding of 4 minutes,

increments of 8 minutes were used up to 40 minutes, and increments of i5 minutes up

to 100 minutes. However, size classes were not individually ground.

ln the rod milltest (Test 3), 100 g of )ead shots 3.35-4.00 mm in diameter were

used. They were ground for a total of 20 minutes, starting first with very small

increments, 10 to 40 s, up to 3 to 5 minute increments.

4.3.2 Results and discussion

Test 1: ln this test, size class 3 refers to the original size class, 2.80-3.35 mm. Size

classes 1 and 2 are, respectively, the +4.00 mm and 3.35-4.00 mm. Size classes 4 and

5 are the 2.38-2.80 and -2.38 mm', respectively. The 'weignt percent in size class i,

calculated on the basis of the total weight recovered, is wj •

Visual observation of the grinding products showed three different grinding

phases. In the first 30 minutes of grinding (phase 1), particles started to exhibit bending,

sometimes adopting needle (cigar) shapes and therefore moving into finer size classes.

Cither particles started to f1atten and moved into size class 2 almost immediately, and

after about 15 minutes, into size class 1. Figure 4.3 shows the size distribution of the

mill product for the five size classes. ln this figure, as in most 01 .he figures used in this

document to present raw data, no !ines are drawn between data points. The intent is at

tirst to examine the data as objectively as possible. The absence of lines does not force

any interpretation, and also yields a clearer presentation. The data are also shown in the

modelling section, with the corresponding model response. At first, material moves

more rapidly into size class 4, for about 10 minutes; thereafter, and up to the end of

'"-2.38 lIIm" refers to ail material tiller lhan 2.38 mm -i.e. 0.00-2.38 mm.
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phase Il, the mass in the coarser size classes exceeds that in the tiner classes. Flanening

is therefore more prevalent than bending.

100

QO
1 Slza \a1u 1 Slze ~Iu. 2 Slzo i.au 3 Slz. c:la.. 4 Size 'ilUI 5 ;, '
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Figure 4.3: Size distribution of lead particles as a function of grinding lime in the Bond

ball mill (Test 1); size c1ass 1: +4.00 mm, 2: 3.35-4.00 mm, 3: 2.80-3.35 mm, 4: 2.38

2.80 mm, 5: -2.38 mm.

Figures 4.4(a) , (b), (c) and (d) show the weight distribution of individual particles

in the main four size classes (w1 ta w4) after 2 ta 24 minutes of grinding. The graphs

suggest a normal distribution for all size classes, with very little variation in average

weight in the four different size classes as a function of grinding time. Table 4.2 shows

how individual particles of size classes w, ta w. are distributed in weight after 24 minules

of ball milling. The average weights are extremely similar, with a relative difference of

only 1%. They are also very narrowly distributed, with standard devialions of 0.005 ta

0.006 g (relative standard deviation of2.8 ta 3.8%). Statistically, the highest and lowesl

variances and averages are margina!ly different at 95 %, but the overwhelming conclusion

is that no breakage took place.
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Figure 4.4: Weight of individual particles in the Bond bail mill test (Test 1); a: +4.00

mm, b: 3.35-4.00 mm, c: 2.80-3.35 mm, d: 2.38-2.80 mm.
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Table 4.2: Weight distribution of particles in different size classes in the Bond bail mill

aftcr 24 minutes grinding (Test 1).

Size class

1

+4.00

Il
3.35-4.00

Il
2.80-3.35

Il
2.38-2.80

1(mm)

Wcight (g) Frequency Frequency Frequency Frequency

No. % No. % No. % No. %

0.1550-0.1599 2 4.1 1 1.7 4 5.7 5 7.4

O. 1600-0. 1649 16 32.7 9 15.3 12 17.1 13 19.1

0.1650-0.1699 15 30.6 23 39.0 26 37.1 31 45.6

0.1700-0.1749 12 24.5 18 30.5 13 18.6 15 22.1

0.1750-0.1799 3 6.1 7 11.9 10 14.3 3 4.4

0.1800-0.1849 1 2.0 1 1.7 5 7.1 1 1.5

Average 1 0.168 Il 0.170 Il 0.169 Il 0.168 1

Standard Dev. 1 0.006 Il 0.005 Il 0.006 Il 0.005 1

1 Variance Il 0.00003 Il 0.00002 Il 0.00004 Il 0.00003
1

III the second phase (phase Il), from 30 to 70 minutes of grinding, the dominant

mechanism is agg10meration to produce huge particles or "super-flakes", a form of cold

welding, as shown ill Figure 4.5. Weighing individual particles shows that after 70

minutes of grinding ail particles in size class 1 are "super-flakes", aggregates of two or

more flakes. At the end of this phase, after 70 minutes of grinding, 70% of the mass

has reported into the coarsest size class as super-flakes (Figure 4.3).

Weight data shown in Table 4.3 confirm that the average weight, 0.66 g, is

approximately four times that of the original particles, and is quite variable, with a

standard deviation of 0.26 g (a relative 39%). Its distribution is no longer normal, but

skewed to the right, not unlike a Poisson distribution. Figure 4.6 shows the distribution

of particles weight in size class +4.00 mm.
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Figure 4.5: Super-flakes produced in the phase Il of the Bond bail mill test crest 1)..

Table 4.3: Weight distribution of the super-flakes in size class l, after 70 minutes of

grinding in the Bond bail mill (Test 1).

Size class: Fr~quency

+4.00 mm
No. %Weight (g) ~

0.000-0.249 0 0.0

0.250-0.499 Il 30.6

0.500-0.749 16 44.4

0.750-0.999 4 11.1

1.000-1.249 3 8.3

1.250-1.499 2 5.6

Average 0.661

Standard Dev. 0.257

Variance 0.066
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Figure 4.7: Lost weight in Test 1.

•
ln the third phase (phase lll), after 70 minutes of grinding, the super-flakes begin

to break generally from fissures at their edges and produce flaky fragments similar to the

gold flakes observed in industrial grinding circuits. As a result. the mass in finer size

class (size class 5) irièreases and that in coarser ones (size classes 1 to 4) decreases. as
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shown in Figure 4.3.
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After 120 minutes of grinding about 18% of weight was lost. because of smearing

of lead particles onto the grinding media and mill shell. This mass loss. undetectable

until a grinding time of 24 minutes. inereased slowly at the beginning of the second

phase. but was 5% only after 90 minutes grinding (Figure 4.7). 1I0wever. it

dramatically increased from 5 to 18% between 90 and 120 minutes. which roughly

corresponds to the period of breakage of the superflakes.

The size distribution data were first fitled to the folding and flatlening model

(Equation 3.7), using the sum of least squared differences criterion (Equation 3.39).

Experimental points are the normalized weights (to a total weighlof 100%) in five size

classes. W 1 (+4 mm), W2 (3.35-4 mm), W3 (2.80-3.35 mm), w. (2.38-2.80 mm) and w,

(-:.38 mm). Normalization on the basis of .... eight rather than surface was chosen, as il

does not require any assumption about particle shape variations (i.e. speeitïe surface

changes) with partiele size, information whieh would be diffieult to generate.

Initially, a simpler model was used, whereby only three size classes were

eonsidered, the original size class 3, or w3, ail coarser material, Wl (WI +w2), and ail

finer material, W. (w.+w,). In a second step. two coarsest size classes were

distinguished (to separate flatlening from agglomeration), thereby yielding four size

classes. Finally, data were fitled to ail five size classes. Figure 4.8(a) shows the model

fit for three size classes. Figures 4.8(b) and 4.8(e) present similar information for four

and five size classes, respectively. The three size class model generally shows a good

fit, although, for phase l, it can not aecount for the "induction time" of about 2 minutes

3W, is the mareriaI in size classes coarser !han size class 3 (w, +w,l, and W. is mau:riaI liner titan size class
3 (w.+w,). In this document the upper case ·W· is used to describe the weight in severaI coarser or liner size
classes.
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before the appearance of material in size c1ass 2. The Jack-of-fit of size c1ass 4 is very

rrobably due to experimental scatter. Phases II, and III are fitted acceptabJy. When

modelling four size classes, the inducti"n time denoting the appearance of Jead particles

in size c1ass l, about 16 minutes, cannot be fitted by the mode!. Much the same is

observed when ail five size classes are modelled separately.

The least squares fit also provides estimates of the rate constants which are shown

in Table 4.4, and quantifies the lack-of-fit, in a manner analogous to a multilinear

regression. Thus, a first criterion is sum of the squared residuals (SS). An average

value (MSS), based on the degrees of freedom of the fit, is in fact more informative, its

square root (Sr)' often called the "standard error", is an accepted measure of the average

difference measured and fitted data.

Interpretation of the rate constants is difficult, because of their large number

(albeit, there is sorne duplication, especial!y belWeen when additional size classes are

added). Each shollld be evaluated separately. For phase l, there ismore interaction

between size classes 3 and 4 than 2 to 3. In fact, r•.2 and r2•3 have negligible estimates,

which suggests that folding of particles in size classes 1 and 2 is almost insignificant.

Most interaction takes place between size classes 3 and 4, and the f1attening rate constant

is about twice as large as the folding one. For phase II, superflake formation, the rate

constants for f1attening are ail of the same order of magnitude, 0.02 to 0.04 min.- l ,

except for rs.•, whose value is based on very low weight percents in size c1ass 5 (and is

therefore unreliable). Virtually ail folding rate constants yield zero estimates, as one

would expect from the dominance of agglomeration. In phase III, breakage is modelled

by an increase in the folding rate constants (although folding is obviously not the

mechanism responsible for mass transfer to finer size classes). Unsurprisingly, the

f1attening rate constants values are now negligible.
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The lack-of-fit values confirm that phase 1 is the most difficult to model. with

standard errors of 3.6 to 4.7%. Phase Il yields much lower errors. 2.1 102.7%. because

a single mechanism dominates (agglomeration). For phase III. the model of tlattening

and folding without breakage yields a surprisingly good fit. 3.1 to 3.8%. despite ilS

obvious phenomenological inappropriateness.

Table 4.4: Estimated rate constants for Test 1 (ail in min"); tlattening and folding model

(no breakage).

Il Size Three Size classes: 1 Four size classes: Five size classes:
classes (W,. w, • W.) (W1, w~!J w" W4) (w,. w,. w,. w•• W,)

Rate Phases Phases Phases
constants

(1) (Il) (III) (1) (Il) (III) (1) (Il) (III)

r~.3 0.00" 0.00 0.01 0.00 0.00 0.12 0.00 0.00 0.12

f 3 '2 0.04 0.04 0.00 0.04 0.04 0.00 0.04 0.05 0.00

rH 0.46 0.00 0.18 0.89 0.00 0.16 0.91 0.00 0.17

r., 1.00 0.02 0.00 1.90 0.02 0.00 1.95 0.04 0.00

rI' - - - 0.00 0.00 0.01 0.00 0.00 0.09

r'21 - - - 0.02 0.04 0.00 0.02 0.04 0.00

r., - - - - - - 0.00 0.03 0.23

rH - - - - - - 0.00 0.26 0.00

SS 422 59 91 397 133 146 416 133 115

MSS' 21.1 4.2 Il.4 22.1 7.4 14.6 13.0 6.1 9.6

S· 4.6 2.1 3.4 4.7 2.7 3.8 3.6 2.5 3.1,

"The raie constant estimate is negligible.

'Average lack-of-fit (MSS) is equal to overall lack-of-fit divided by degrees of freedom (df.) whicb is tlle
number of data points minus the number of model paramelers.

• "The standard error (S,) is the square root of the average lack-of-fit (MSS).



• Chapter 4- The Behaviour of Coarse Lead in Tumbling Mills 68

"" "" ""Phase 1 Phase Il • Phase III
BO 7S _ 7s

~ "-
g ~

6lI '~3 t so ~so
~ •-&

.~ .~

';1 40· • " "::< • ::< ::<
2s 25

20 • w3• 4 • '"0 0 0

0.0 8.0 16.0 24.0 32.0 32 43 S4 64 7s 75 86 98 ffl l='l

a)
Gr lnding lime (min,) Grinding nme Imin.! Gr inding nme Imin.)

"" "" ""Phase l Phase II Phase III
80

~
_75 _75

6lI • ~ ~
~ ~ :§sof;, "8,50

'01 40 • ~

::< " ~• :>
20 • \.14 25 25• • .2

0 0 0
0.0 8.0 16.0 24.0 32.0 75 84 93 02 111 l2D 75 86 98 119 l2D
b) Gr inding nme Imin.! Gr inding nme lmln.) GrIndlng nme lmln.)

œ œ œ
Phase l Phase II Phase III

dIl
7S

~
_75 •

6lI
~ ~ ••

~ -6.$J -6,50
.~ ~

" ~ ~:>

:lll 25 2S

,0-
0 o , , , ,

0.0 8.0 16.0 24.0 32.0 32 "3 54 64 7S 86 98 119 l2D

c) Gr lndJ.ng Tim! ,mln.) Grlnding nme Imin.) Grindlng nme (mIn,)

•
Figure 4.8: Fit of the f1attening and folding model (no breakage) for Test 1; three phases

and a: 3 size classes, b: 4 size classes, c: 5 size classe.~,
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For the second modelling step, the Ollta of the second phase (agglomt::ration) were

fitted to the agglomeration model (Equation 3.32). Table 4.5 shows raIe constallls

estimates with the lack-of-fit and Figure 4.9(a), 4.9(b), and 4.9(c) show the litted curves.

The lack-of-fit is comparable to that of the flattening and folding modeJ, but Wilh only

half as many rate constants, it yields a lower average Jack-of-lit, wilh standard errors of

1.9 to 2.5%.

Table 4.5: Estimated rate constants for the second phase of Test 1; agglomeration mode!.

Size Phase Il
classes

Rate Three Size classes: Four size classes: Five size classes:
constants (W"w"W,) (w"w"w"W,) (w1,w;!.w:"woa.W ~)

r21 - 0.04 0.04

r3.:! 0.38 0.04 0.04

rol :l 0.21 0.24 0.04

rS.4 - - 0.00

SS 59 133 131

MSS 3.7 6.3 5.1

S, 1.9 2.5 2.3

IJIJ IJIJ DlPhase II • ~ Phase II Phase II
_ 75 _ 75

_75
~ ~ ~

.§,50 .§,50 ............ -6,50.~ .~ •" " :!i::< ::<
25 25 25

4 ••
0 0 0

32 43 54 64 75 32 43 54 64 75 32 43 54 64 75
al Grinding nm. lmin.! bl Grinding nme lmin.1

cl Grlnding nme lmin.)

Figure 4.9: Fit of the agglomeration model for the second phase of Test 1; a: 3 sile

classes, b: 4 sile classes, c: 5 sile classes.
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•

Table 4.6: Estimated rate constants (ail in min") for the third phase of Test 1; flattening,

folding and Iimited breakage mode!.

Size Phase 1II
classes

Rate Three size classes: Four size classes: Five size classes:
constants ('IV"vv3,vv.,'lVp) (vv"vv"vv"vv.,'lVp) (vv,.vv"vv3,vv.,vvs,'IV.)

r, .• - 0.01 0.01

r"p 0.01 0.00 0.00

r3,. 0.00 0.00 0.00

r4 ,p 0.08 0.17 0.00

rs,. - - 0.03

rl .2 - 0.00 0.00

rZ•1 - 0.08 0.09

r,.3 0.00 0.00 0.01

r3., 0.00 0.00 0.00

r3,. 0.07 0.02 0.04

r•.3 0.08 0.00 0.00

r•.s - - 0.07

rs.• - - 0.04

SS 71 101 51

MSS 7.9 11.2 7.3

Sr 2.8 3.3 2.7

Although it is mathematically possible to get a relatively good fit for the third

phase using the Equation 3.7 (flattening and folding), breakage also takes place, and

should be modelled (Equations 3.14 or 3.22, and 3.23). Because breakage takes place
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by abrasion, very fine fragments are detached l'rom parent particle and report 10 the pan.

The parent particles themselves eventually transfer to Ihe adjacent tiner size c1ass. As

a result, it makes sense to use the mode! of flauening, folding and limited breakage

(Equations 3.22, and 3.23). The procedure of tiuing the curves was as the previous

phases for three, four and five size classes, and the rate constant estimates are labulated

in Table 4.6 and the fiued curves are shown in Figure 4.10. The rate constant cstimates

indicate that transfer of broken particles l'rom the first c1ass to the pan was dominant.

However, the larger number of fitted parameters considerably !owers the reliability of

individual estimates. The overall Jack-of-fit (irrespective of the number of size classes

used) was lower than with flattening and folding alone.

o
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Figure 4.10: Fit of the flattening, folding and limited breakage model for the third phase

of Test 1; a: 3 size classes, b: 4 size classes, c: 5 size classes.

Test 2: The main objective of Test 2 was to verify the results of Test l, despite a

simpler experimental procedure. Figure 4.11 shows that it was the case.

•

In the second test the same three phases were observed: particles in the first phase

folded and flattened; in t~le second phase super-flakes were produced and these particles

started breaking in the third phase. In Test 2, phase II or creation of super-flakes started .'

al'ter a shorter grinding time than the one in Test 1. This is probably due to the faet that

in Test 1, material from the beginning up to 60 minutes of grinding was ground in
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•

individual size classes whereas in Test 2 after each grinding cycle ail size classes were

combined prior to the next grinding increment (thus promoting more particle interaction).

As a result. the super-flakes also began 10 break sooner (grinding time 55-60 minutes)

than in Test 1 (70 minutes).

100 ,
90 - L:ï.ze 'i!ass 1 Size qlass 2 Size 'i!ass 3 Size '1!ass 4 Size 'i!ass 5 i
BO -

•70 - • • •~ 60 ~û
.El
E 50 •.S!' 0

~ 40 - CÀ

lïi. •30 -
À

À

À • •• À20 - •
• ~ •10 - À •

0 • À .t
o 0 • -'20 40 60 BO 100

Timo (min)

Figure 4.11: Size distribution of lead particles as a function of grinding time in the Bond

ball mill test (Test 2); size c1ass 1: +4.00 mm, 2: 3.35-4.00 mm, 3: 2.80-3.35 mm, 4:

2.38-2.80 mm, 5: -2.38 mm.

Test 3: The Bond rod mill test yielded results quite different from those of the ball mill,

as significant breakage was achieved, even after only 20 minutes of grinding. Figure

4.12 presents the size distribution of the material recovered from the mill at different

grinding times; c1early, not on1y breakage, but also folding and flattening occurred, as

evidenced by the appearance of material in size class 1 (+4.00 mm).

The onset of particle breakage which can be identified by the arrivai of fragments

in the pan and size c1ass 5 took place after 2.5 minutes of grinding. The importance of
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•

this production clearly shows that l'rom then on. breakage was the dominant medmnism.

ln facto al'ter 12 minutes of grinding. approximately 80% of lhe mass is either in the pan

as fragments. or in size class 1 as tlakes. No super-tlakes were observed al an)' lime.

1001----;=================================---1
; 1 Sile ~ess 1 Sile «Iess 2 Sile q!ess 3 Sile 9!ass 4 Sile ",a~~_5.-.~~n:

80

1:

g 60 1- •

:E • •.2' ; [1

~ 40 0

• •... ... ...• •
20 ...... ... .. .. 0

... (j>... •• o 0 ... Cl i
~~

.." ... ., ~ • , • •aa 5 10 15 20
Grinding lime (min.)

Figure 4.12: Size distribution of lead particles as a function of grinding time in the Bond

rad mill test (Test 3); size class 1: +4.00 mm, 2: 3.35-4.00 mm, 3: 2.80-3.35 mm. 4:

2.38-2.80 mm, 5: 2.00-2.38 mm, pan: -2.00 mm.

The high impact energy of rads tumbling produced breakage of tlattened parlicles.

and was also responsible for a significant weight loss ta the mill, as shown in Figure

4.13. As for the bail mill, the onset of significant mass loss roughly'·....rrespoi1ds ta the

onset of breakage, which suggests that it is easier ta coat the liners and grinding medium

by impacting fine lead fragments than by smearing part of coarser particles.

Figure 4.14 shows the size distribution of the mill product, but as cumulative

percent finer versus lime. Such graphs can be used, when grinding monosized britlle

material, ta estimate the breakage function, l'rom the linear section of each curve 1251.

Figure 4.14 does identify such a section (l'rom 5 minutes on) for the finest size classes,
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but not so c1early for size classes approaching the initial one (+4.00 mm), as folding and

naltcning then overshadow breakage.

50

40 -

~
III 30 -

.3
E
.2' 20::

10

,
0

..
0 5 10

Grlndlng lime (min.)
15 20

Figure 4.13: Lost weight in Test 3.
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Figure 4.14: Fines production as a funclion of lime in the Bondrod mill (Test 3).
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•

The data were first filled to the modelaI' folding and tlallening without breakage

(Equation 3.7), for bath the flallening and folding phase (0-5 minutes) and break,lge

phase (5-20 minures). Three size classes were filled as an initial and simple mode!. w,

(3.35-4.00 mm), w, (+4.00 mm), W, (2.80-3.35 mm) as w,+w.+w,. In a second step,

W, was divided into two size classes, w, (2.80-3.35 mm) and W. (2.38-2.80) as w.+w,.

Finally, five size classes were filled, w, (+4.00 mm), w, (3.35-4.00 mm). w, (2.80-3.35

mm), w. (2.38-2.80 mm), W, (-2.38 mm). Table 4.7 shows the results of these

calculations for the three steps and for two phases, and Figure 4.15 presents the lïlled

curves of the modelaI' flallening, and folding without breakage.

Figure 4.15 shows an excellent fit for phase 1 (irrespective of the number of size

classes used). This is confirmed in Table 4.7, with standard errors that decrease l'rom

2.0 ta lA % as the number ofsize classes increases. The lack-of-fit of phase Il is much

higher, 3.7 ta 4.0%, but examination of Figure 4.15 suggests that at least part of it is

due ta experimental scatter (e.g. the 15.0 and 20.0 minutes points for w.). A higher

lack-of-fit would be expected for phase Il, because breakage is sa signilïcant.

Table 4.7 also gives the rate constant estimates. For phase l, flallening is more

significant than folding, in approximately. a 2: 1 ratio (as for the Bond bail mill, Test 1).

The !ittle mass present in size class 4 and 5 make the estimates of the corresponding rate

constant unreliable. For phase Il, the dominance of breakage yields null estimates for

the flattening rate constants, except for r2•1•

ln phase Il, significant breakage calls for this phenomenon ta be explicitly

modelled. Ta do this, the model of flattening, folding and Iimited breakage was used.

Results are shawn in Figure 4.16 and Table 4.8. The three size class model used the

coarsest size classes, ail finer size classes being lumped in the pan. For four size

classes, the 2.38-2.80 mm size class was added; for five size classes, the 2.00-2.38 mm
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•

was added. From Figure 4.16. it is difficult to appreciate whether this model yields a

betler fit than flatlening and folding alone. However. Table 4.8 shows lower standard

errors. which decrease as the number of size c1ass~s of the model increases. For five

size classes. the standard error is 3.3 %. as opposed to 4.1 % for flattening and folding.

The lack-of-fit remains higher than in phase 1. partly because of experimental scatter.

Table 4.7: Estimated rate constants (ail in min") for Test 3; flattening and folding model

(no breakage).

Size Three Size classes: Four Size classes: Five Size classes:
Classes (w"w,.W3) (w"w"w3,W.) (w1,W"W3,w.,WS)

Rate Phase Phase Phase
Constants 1 II 1 II 1 II

fi.! 0.00 0.16 0.07 0.17 0.06 0.19

rJ,1 0.11 0.31 0.11 0.32 0.13 0.37

r1.3 0.36 0.30 0.47 0.30 0.42 0.26

r3,1 0.63 0.00 1.05 0.00 0.93 0.00

r3,. - - 0.10 0.90 0.10 0.56

r.,3 - - 0.00 0.06 0.00 0.00

r.,s - - - - 33.30 0.41

rs,. - - - - 72.26 0.00

SS 161 185 154 193 134 291

MSS 3.9 16.8 2.9 13.8 2.0 17.1

Sr 2.0 4.1 1.7 3.7 1.4 4.1
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Figure 4.15: Fit of the flattening and folding model (no breakage) for Test 3; two phases

and a: 3 size classes, b: 4 size classes, c: 5 size classes.



• Chapter 4- The Behaviour of Coarse Lead in Tumbling Mills 78

Table 4.8: Estimated rate constants for the second phase of Test 3; f1allening, folding

and limited breakage.

Size Phase Il
classes

Rate T~,ree size clas_~es: Four size classes: Five size classes:
constants w .w,.w.W (w,.w,.w,.w.W.\ (w .w,.w,.w .w•.W)

r, 0.01 0.05 0.05

r, 0.37 0.18 0.13

r 0.00 0.08 0.00

r, - 0.00 0.08

r - - 0.00

r" 0.14 0.09 0.09

r, 0.27 0.26 0.27

rH 0.00 0.00 0.05

r , 0.09 0.00 0.00

r,. - 0.91 0.97

r - 0.67 0.65

r.. - - 0.13

r•. - - 0.26

SS 204 176

1

181

1

MSS 15.7 11.7 10.7

S 4.0 3.4 3.3

o 0 w ot~~~~~~~~
5.0 9.9 12.5 16.3 <0.0 5.0 9.9 12.5 16.3 <0.0 5.0 9.9 12.5 16.3 <0"

al Grinding Time (min.) b) Grindillll Time (min,) cl Grindillll Ti.. (min.l

Figure 4.16: Fit of the f1attening, folding and Iimited breakage model for the second

phase of Test 3 and a: 3 size classes, b: 4 size classes, c: 5 size classes.
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4.4 Tests 4 to 6: Grinding Flattened Lead Shots

4.4.1 Procedure

79

•

For Test 4, 100 g of f1attened shots, in +4.75 mm size class (size class 1). were

ground for 5, 10, 20, 30, 40, 50, 65 and 80 minutes in the Bond bail mil!. Large

grinding balls were used to achieve impact energy levels comparable to those of

industrial mills (Table 4.1). After each grinding increment the mill product was screened

from +4.75 mm to 0.425 mm.

For Test 5, 100 g of flakes (rolled shots) were ground for 10 minutes. in a single

5-minute increment followed by three one minute and one 2-minute increments in the

Bond rod mill. The original mass was made from three different size classes, 18 % in

+5.60 mm (w.) which is the coarsest size class, 78% in 4.75-5.60 mm (w,). and 4% in

the 4.00-4.75 mm (w3).

To complement Tests 4 and 5, an additional test was focused on weight rather

than particle size considerations. Test 6 was performed with a relatively low number of

particles: 55 f1attened lead shots, 5.60-6.70 mm in diameter. were ground incrementally

in the Bond rod mil!. After each increment, ail particles were weighed and fragments

(identified by their lower weight) set aside. Parent particles were returned to the mill

for the next increment.

4.4.2 Results and discussion

Test 4: Figure 4.17 shows the evolution of the size distribution of the material

recovered from the mill for Test 4. Visual observation of the grinding products showed

two different grinding phases. In the first 20 minutes of grinding most of the mass
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•
•

••

remaiaed in the original size class although sorne folding and f1attening occurred. Super

flakes was also observed, but because of the original size class is the coarsest one, the

effect of super-f1ake formation is not shown in Figure 4.17.
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Figure 4.17: Size distribution of lead particles as a function of grinding time in the Bond

bail mill (Test 4); size class 1: +4.75 mm, 2: 4.00-4.75 mm, 3: 3.35-4.00 mm, 4: 2.80

3.35 mm, 5: -2.80 mm.

After 20 minutes, particles started folding and breaking and reported to size

classes finer than w1 (+4.75 mm), and w1 decreased, from almost 100% at 20 minutes

to 40% at 80 minutes. The increase in Ws (-2.80 mm) is more than that of other size

classes, strongly suggesting that breakage dominated over folding. However, sorne

f1attening of fragments was also observed.

Figure 4.18 shows the weight loss as a function of grinding time, which totalled

35 % after 80 minutes. As for the previous tests, the rate of weight loss significantly

increased at the onset of particle breakage. Figure 4.19 presents the fines production plot

of Test 4. ln first 20 minutes of grinding superflakes were produced and little breakage

.and folding took place; less than 5 % of mass was finer than 4.75 mm. As breakage
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began taking place, al'ter 20 minutes of grinding. fines were created. After 80 minutes

of grinding, 74% of mass was finer than 4.75 mm. and 35 % finer than 0.425 mm.
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Figure 4.18: Lost weight in Test 4 (Bond bail mill).
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Figure 4.19: Fines production as a function of time in the Bond bail mill (Test 4).•
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The data were first fitted to the folding and f1attening model without breakage

(Equation 3.7), for both phases (phase 1 from 0 to 20 minutes, and phase Il from 20 to

80 minutes). Experimental points are the weight percent in five size classes, w, (+4.75

mm), w, (4.00-4.75 mm), W3 (3.35-4.00 mm), W4 (2.80-3.35 mm) and Ws (-2.80 mm).

The total weight was normalized to 100% to eliminate the effect of weight loss due to

smearing. As for previous tests the results will be presented for three, four, and five

size classes, in Table 4.9 and Figure 4.20(a) to 4.20(c). In three size classes W3 is mass

in ail size classes finer than 3.35 mm, W4 and Ws in the four and five size class model

are the -2.80 mm and -2.38 mm, respectively.

Table 4.9: Estimated rate constants (ail in min") for Test 4; f1attening and folding model

(no breakage).

Size Three Size classes: Four size classes: Five size classes:
classes WIIW~,W3 wl,W",W3,W.. w1,W,!,W3,w",W!>

Rate Phases Phases Phases
constants

(1) (II) (1) (II) (1) (II)

rl ,2 0.00 0.01 0.00 0.01 0.00 0.12

f2:,1 0.00 0.00 0.00 0.00 0.00 0.00

f::!,3 0.55 0.32 0.59 0.08 0.65 0.32

f 3,::! 0.00 0.07 0.00 0.00 0.00 0.42

rM - . 0.20 0.15 0.21 0.12

r,,,, - - 0.00 0.00 0.00 0.00

r4.~ . - . . 0.20 0.22

r.. . . - . 0.00 0.00

SS 2.0 98.0 1.0 171.0 2.0 170.0

MSS 0.3 7.0 0.1 9.5 0.2 7.7

S, 0.5 2.6 0.3 3.1 0.4 2.8
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Figure 4.20: Fit of the flattening and folding model (no breakage) for the two phases of

Test 4; a: 3 size classes, b: 4 size classes, c: 5 size classes.
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Both Table 4.9 and Figure 4.20 show that the folding and flauening model yields

an excellent fit for phase J, albeit ovcr very small changes in size distribution. Because

there is virtually no mass in size classes 2 to 5, the flallening rate constants (r;,;.,) can not

be estimated. For phase II, the lack-of-fit is higher, but this stems in part from a greater

scaller in the data and more significant changes in size distribution. The model,

however, fails to represent the evolution of mass in size classes 2, 3, and 4 adequately

(the inc.ease of mass observed during the test is not reflected in the fit). The overall

lack-of-fit is not higher because the changes in weight percent in those intermediate size

classes are low.

To achieve a beller fit of phase II, the folding, flallening and Iimited breakage

model (Equation 3.22, 3.23) was used. The -3.35 mm, -2.80 mm, and -2.38 mm size

classes are considered as pan (Wp) for the three, four, and five size c1ass fit,

respectively. Results are presented in Table 4.10 and Figure 4.21. The average lack-of

fit values are lower than those of the flallening and folding (no breakage) mode!. More

importantly, the model is now capable of trending the mass in size classes 2, 3, and 4

more adequately (compare Figure 4.2J(b) and (c) to Figure 4.20(b) and (c) (phase II)).

100 110 100
Phase II Phase II Phase II

_'15 '15 •'15
~ 8 8
-6, sa -6, sa -6, 50
~ ~

~ ~ w3 w4 ~ w3~:!5 25 :!5 Wo
~

0 0 0 -
2D 32 44 56 68 80 2D 32 44 56 6B 80

, -. -2D 3S SO es BD
al Grinding Tim. (min.) bl Grind.ng Tim. lm.n.l cl GrIndlng T.Lme lm!n.)

•
Figure 4.21: Fit of the flauening, folding and limited breakage model for the second

phase of Test 4: a: 3 size classes, b: 4 size classes, c: 5 size classes.
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Table 4.10: Estimated rate constants (ail in min") of the second phase of Test 4. with

the flattening, folding and limited breakage mode!.

Size Phase II
classes

Rate Three size classes: Four size classes: Five size classes:
constants (w,.w"w,.W,) (w,.w"w,.w•.W,) (WI.W2.W'J'W".w~. Wp)

fl,p 0.01 0.01 0.01

r1,p 0.01 0.01 0.00

f3,p 0.00 0.00 0.00

r",p - 0.00 0.00

rs.p - - 0.00

fi.:! 0.01 0.01 0.01

f 1,1 0.00 0.00 0.00

f2.3 0.01 0.81 0.82

f 3,1 0.00 1.43 1.42

f3,4 - 0.02 0.16

f 4,3 - 0.00 0.15

f 4.5 - - 0.03

rS,4 . . 0.00

SS 88.0 77.0 77.0

MSS 5.2 3.9 3.4

Sr 2.3 2.0 1.8

Because breakage appears to be the dominant mechanism for phase Il, the

conventional breakage mode! (Equation 3.1) was also tested. Figure 4.19 shows an

apparent constant rate of fines production from 20 minutes on (zero order kinetics); the

breakage function of lead was estimated from these data using Herbst and Fuerstenau '5
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approach "5), and is shown in Table 4.11. From this breakage function, the selection

function was then estimated using the "SCIENTIST" software. Results are shown in

Table 4.12 and Figure 4.22. Although the overall lack-of-fit values of this model for

three, four, and five size c1ass fit are higher than previous models (except for the three

size classes of folding and f1attening with limited breakage), the average lack-of-fit values

are almost equal in ail cases, as that the number of rate constants used is much lower.

Table 4.11: Estimated breakage and cumulative breakage functions (BF, CBF) of lead.

Siz~ classes 1 BF values Il CBF values
1(mm)

4.75 - 1.000

4.00 0.460 0.540

3.35 0.082 0.l60

2.80 0.Q70 0.390

2.38 0.080 0.310

2.00 0.033 0.280

1.70 0.041 0.240

1.40 0.037 0.200

1.18 0.036 0.160

100 lX! lX!Phase II Phase II Phase II• •_75 _75 _ 75
~ ~ ~
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"Z.2QS" ,r0 0 0 .. , ' .' t
j

20 32 44 56 68 eo 20 32 44 56 68 eo 20 32 44 56 68 eo
al Grincting Tue lm!n.) bl Grincting T!me lm!n.1

cl Gr 1n01n; ":' lme lmllî•.:

Figure 4.22: Fit of the conventional breakage model for the second phase of Test 4; a:

3 size classes, b: 4 size classes, c: 5 size classes.
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Table 4.12: Estimated rate constants (ail in min") for the second phase of Test 4:

conventionê,l breakage mode!.

[];e
Phase Il

c1a!,ses

c;e
Three size classes: Four size classes: Five size c1.1sses:

constants WI.W~.W'J'Wp WI.W~.W".W4.WJl Wl.W~.W'J.W4.W!o.WII

s, 0.0\ 0.01 0.0\

s, 0.03 0.03 0.03

s 0.02 0.02 0.02,
s, - 0.0\ 0.01

s, - - 0.00

SS 78.0 81.0 81.0

MSS 5.2 4.\ 3.2

S, 2.3 2.0 1.8

Test 5: This test was exploratory, which explains why the first grinding increment, 5

n'inut'::. yielded far too much grinding, as shown in Figure 4.23. Grinding increments

were then decreased, up to a total grinding time of 10 minutes. After only 5 minutes

significant grinding had been achieved. After 10 minutes of grinding virtually ail mass

was finer than 2.80 mm (Le. in the pan), and 65 % of the product recovered from the

mill was flner than 0.600 mm (Figure 4.24). The mass in the coarsest size c1ass,

initiallyat 18%, decreased to less than 1%after 5 minutes of grinding. This is a strong

indication that flattening (in this case from size class 2, containing initially 78 % of the

mass) was not a dominant phenomenon.

Figure 4.25 shows that 8% of the original mass is lost after 5 minutes, and 19%
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after 10 minutes. The higher rate of weight loss in the second half of the test could stem

from increased manipulation (i.e. three grinding increments instead of one).
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Figure 4.23: Size distribution of lead particles as a function of grinding time in the Bond

rod mill (Test 5); size class 1: +5.60 mm, 2: 4.75-5.60 mm, 3: 4.00-4.75 mm, 4: 3.35

4.00 mm, 5: 2.80-3.35 mm, pan: -2.80 mm.
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Figure 4.24: Fines production as a function of time in the Bond rod mill (Test 5).
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Figure 4.25: Lost weight in Test 5 (Bond rod mill).

The full data set was first fitted to the f1attening and folding model (Equation

3.7). Figure 4.26 and Table 4.13 display the good fit of the model, although the lack

of data between 0 to 5 minutes weakens this conclusion significantly. Table 4.13

confirms the observation that f1attening is insignificant, as ail estimates of the f1attening

rate constant are either very small or null.

III III 98

_75 _75 _ 74
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i,5O -6,50 -6, 4g- ;!1 -" ~:r
25 25 25

0 0
2.0 4.0 6.0 s.a ILD 0.0 2.0 4.0 6.0 8.0 Il.0 0.0 2.0 4.0 6.0 8.0 Il.0

a) Gr!nd!ng Hoe lmin.) bl Gr!nding T!oe lmin.) c) Gr!nd,ng Hm. lm'n.)

•
Figure 4.26: Fit of the f1attening and folding model(no breakage) for Test 5; a: 3 size

classes, b; 4 size classes, c: 5 size classes.
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Table 4.13: Estimated rate constants (ail in min' I ) for Test 5; flattening and folding

model (no breakage).

Rate Three Sîze classes Four Size classes Five Size classes
Constants W",w'J,W4 w1,WZ.,W3,W", WI,WZ.,W3,W4'W~

rl~ - 1.04 1.11

r~.1 - 0.00 0.00

f2" 0.71 0.79 0.79

rJ~ 0.00 0.00 0.00

fJ.4 0.58 0.59 0.59

f.. ,3 0.00 0.00 0.00

f4 ,;\ - - 0.98

fM - - 0.00

SS 4.0 4.0 18.0

MSS 0.4 0.3 1.1

S, 0.6 0.5 1.0

It is understood that given the importance of breakage, the folding rate constants

(i.e. ri.I+I) represent breakage rather than folding. It is somewhat surprising that

describing breakage as simply as a transfer to the adjacent finer size class can yield such

a good fit. This may weil be an artifice of the data set; choosing to include pan material

in the finest size class further limits the lack-of-fit.

To represent breakage, obviously the dominant phenomenon of Test 5, the

folding, flattening and limited breakage model was used. Figure 4.27 and Table 4.14

show a fit which is not as good as that of the folding and flattening model, but remains

acceptable. The model in fact is more informative, as it discriminates between material

going ta the finest size class and the pan.
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Table 4.14: Estimated rate constants (ail in min") for Test 5; flattening. folding and

limited breakage mode!.

Size
classes Three size classes: Four size classes: Five size classes:

Rate
fYV,.W3. W••Wp) (WI,W2,W3,W4'Wp) (w,.w,.w3.w•.ws•W~

constants

rl,p - 0.00 0.53

f l .p 0.00 0.00 0.00

r3•• 0.00 0.00 0.00

r.,p 0.97 0.97 0.00

rs.• - - 1.13

f l ,2 - 1.12 0.00

r2,1 - 0.00 0.00

r2.3 0.71 0.79 0.73

r3.2 0.00 0.00 0.00

r3,4 0.58 0.59 0.53

r•.3 0.00 0.00 0.00

r•.s - - 0.87

rs.• - - 0.00

SS 19.0 18.0 45.0

MSS 1.5 1.2 2.7

Sr 1.2 1.1 1.6
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Figure 4.27: Fit of the flaltening, folding and limited breakage model for Test 5; a: 3

sile classes, b: 4 sile classes, c: 5 sile classes.

Test 6: Test 6 was meant to clarify sorne questions raised by Test 5, such as a) when

does breakage begin, b) is there one or two grinding phases, and c) can we estimate the

breakage function of fragments?

Figure 4.28 shows histograms of particle weight in the sile classes where particles

reported after 0.5, l, 2, and 4 minutes of grinding. No breakage took place after 0.5

minute, and very limited breakage after 1 minute. However, breakage after 2 and 4

minutes is extremely significant, and there is a definite correlation between particle sile

and weight, especial1y in the finer sile classes. Figure 4.29 shows the sile distribution

of the lead particles recovered from the mill, but the trend is in part misleading, as

broken fragments (as determined by their weight) were removed as soon as they

encountered --Le.after each grinding increment.

•

Figure 4.30 presents weight loss percent versus grinding time for Test 6. It

shows that the lost weight increased with grinding time, up to less than 35 %, which

corresponds to particle breakage. ln the frrst increments of grinding, where folding and

flaltening were dominant, the weight loss was low; it increased significantiy at the onset

of breakage.
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Figure 4.28: Cumulative histogratils of the weight of individual particle for Test 6; after

. a: 0.5 minute, b: 1 minute, c: 2 minutes, d: 4 minutes.
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Figure 4.29: Size distribution of flanened lead shot as a function of grinding time in

Test 6 (Bond rad mill).
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Figure 4.30: Lest weight in Test 6 (Bond rad mill) .•
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When grinding material from a single size c1ass, its selection function can be

estimated from the slope of the weight left in this size c1ass, on a logarithmic scale. as

a function of time (linear scale). Such plots should be linear. For malleable materials,

it may be appropriate to consider the weight or number of unbroken particies (as

determined by their weight), irrespective of the size class they report to. Figure 4.31

shows both options, neither of which yields a linear plot. This is a good illustration of

the complexity of the mechanisms governing the breakage of malleable malerials.
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Figure 4.31: Weight percent of unbroken particles and percent particles remaining in the

coarsest size c1ass in Test 6 (Bond rod mill).

•

Removing fragments after small grinding increments minimizes the probability of

secondary breakage (i.e. the production of secondary fragments from primary fragments).

Under such circumstances, the weight distribution offragments in the various size classes

should apprcach the breakage function. Using this assumption, the data of Test 6 were

used to estimate the breakage function in the Bond rod mill, and are shown in Table

4.15. Data are erratic (as only 55 flattened lead shots were used), and definitely atypical

of published data either for brittle (115) or malleable minerais (lOl•
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Table 4.15: Estimated breakage function (BF) and Cumulative breakage function (CBF)

of lead in Test 6 (Bond rod mill).

Size class BF CBF
(mm)

5.60 - 1.00

4.75 0.15 0.85

4.00 0.05 0.80

3.35 0.15 0.65

2.80 0.08 0.57

2.38 0.08 0.49

2.00 0.03 0.46

1.70 0.02 0.44

1.40 0.01 0.43

4.5 Microhardness Tests

4.5.1 Definitions

Many materials, when formed in different processes, are subjected to forces or

loads. These forces can be tensile, compressive and/or shear. In such situations it is

necessary to know the mechanical behaviour of materials, showing how they respond to

forces (174).

Hooke's law(I74·17S) presents the relationship between stress and strain as fol1ows:

where (1 is the applied stress and E is the strain and El is the modulus of elasticity or

Young's modulus. Deformation in which stress and strain are proportional is cal1ed•
CI = E E1

(4.1)
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elastic deformation, and corresponds to the Iinear part of the stress-strain curve whose

slope is the modulus of elasticity. Deformation disappears completely once the stress is

removed.

As a marerial is deformed beyond its elastic Iimit then deformation is called

plastic and is no longer recoverable (174, ml. The transition l'rom elastic to plastic is a

graduai one for most metals, and it is simply defined the "strength poilll" (as also called

the yield point). Beyond the yield point additional stress will cause an increase of plastic

deformation up to a maximum load, which then decreases to the eventual fracture point.

The tensile strength is the stress at the maximum on the stress-strain curve.

Hardness is one of the mechanical property which is a measure of a material's

resistance to localized plastic deformation. Several hardness tests are used: Rockwell

(170), Brinell (177), Knoop (170.179) and Vickers (179. l'Il). The results of different hardness tests

are not directly comparable but are weil correlated. As tensile strength and hardness are

both indicators of the resistance to plastic deformation, they are also correlated:

Strain hardening, work hardening or cold working are the different names of a

phenomenon whereby a metal becomes harder and monger as it is plastically deformed

(174, m, 18', 182). Plastic deformation in metals is also the cause of ductility loss. A metal

is work-hardened when work is done at a temperature below that at which

recrystallization takes place (183), a phenomenon called cold working. Most metals are

work-hardened at room temperature; notable exceptions are zinc, tin, and lead, whose

recrystallization temperature is -4 oC (l7S, 184, .8S, .86).

Table 4.16 presents the recrystallization and melting temperatures, hardness

values and activation energy of sorne malleable metals, gathered l'rom different sources

(l7S, '86, 187, 188, 189, '90)
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Table 4.16: Hardness, recrystallization and melting temperatures, and activation energy

of sorne malleable metals.

Propeny: ... Hardness Temperature of: Activation
(Viekers)

Rec. Metting
Energy

Metal: ~ (keal/mol.)
("C) (OC)

Lead 20 -4 327 25.7

Copper 35 121 1981 50.4

Gold 25 200 1064 41.7

Silver 27 200 962 45.2

Platinum 48 450 1769 68.1

The recrystallization temperature is defined as the lowest temperature at which

recrystallization occurs completely(l89.19I), and typically is between one third and one half

of the absolute melting temperature (174). The activation energy is the energy required to

initiate a reaction such as diffusion(l74) which leads to grain boundary movemem, and

therefore recrystallization in a metal with a higher activation energy needs more energy

to occur. If the energy level is sufficient, nucleating sites begin to form in areas of

highest strain energy and recrystallization begins. This energy cornes from strain (which

can come from cold working), and is activated by heat (e.g. in heat treatment processes).

Thus, recrystallization requires cold working, temperature and time. Since cold working

and the number of nucleating sites are directly related and the number of nuclei and grain

size have an inverse relationship, therefore the amount ofcold working and recrystallized

grain size are inversely related (191).

Sorne other factors, such as impurities (solute atoms or insoluble) and the original

grain size (before cold working), can change the recrystallization temperature and rate.

The presence of other atoms increases the crystallization temperature, and as a resultit

is lowest for the pure metals (174. 189.191). It has been reported that pure gold (99.999%)
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and silver recrystallize and can be hot worked at room temperalUre \1"'.1><51. This differs

l'rom the commercial gold and silver recrystallization temperalUres reported in Table

4.16. Insoluble impurities such as oxides and gases cannot directly change the

recrystallization temperature but they can enhance nuc1eation and therefore the number

of smaller grains (increasing the surface of grain boundaries). Grain size before cold

working can also influence the recrystallization temperature in that smaller grains have

a higher boundary energy density than a specimen with larger grains. Therefore,

recrystallization temperature for small grain size specimens is lower and, recrystallization

faster (191).

We will use microhardness tests to measure the hardness of different types of lead

partic1es which have been used in the different grinding tests. We expect to be able to

identify under which conditions, and to which extent, work hardening has taken.

4.5.2 Apparatus and procedure

Hardness was measured on four different types of lead particles. The first was

the lead shots themselves (3-4 mm in diameter), the second flattened lead shots (5-6 mm

in diameter) which were produced using the manual hand press machine described in

section 4.2. The third type was lead shots partially flaltened (to a thickness of 2 mm)

with the same press machine (section 4.2). Finally, lead flakes extracted from the Bond

rod mill, 0.850-1.00 mm in diameter, were tested. A microhardness tester, LECO

Corporation model M-4oo-G2 with a vickers diamond indenter, was used in these series

of tests. Test load were placed on 3 (low system) and the hardness of 90 points for each

sample (lead shots, flaltened lead shots, semi flaltened lead shots and lead flakes) was

measured.
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4.5.3 Results and discussion

\00

•

Figure 4.32 presents ail hardness measurements as cumulative histograms for the

four types of particles. Hardness values have similar ranges, 9.7-\9.\ for shots, 9.8

\7.8 for flattened shots, 9.5-18.1 for semi-flattened shots and 9.0-21.3 for flakes. The

average hardness varies between 13.1 and 13.9, with standard deviations of 1.6 to 2.7

(relative standard deviation of 12% to 19%). The highest and lowest variances and

averages are not statitically different (at 95%) and the overall hardness is 13.7, with a

standard deviation of 0.3 (between the average of the four particle types).

Results strongly suggest that nor the flattening, nor the grinding of shots affected

particle hardness. This is without doubt related to the low recrystallization temperature

of lead, -4·C, significantly below room temperature, and its low activation energy (Table

4.16).

4.6 Conclusions

Test work with lead shots, though exploratory, yielded valuable insight into the

grinding of malleable metals. First, the very different results obtained with the rod and

bail mills highlight the importance of the grinding environment. In the Bond rod mill,

much more energy is released upon impact of the rods (again the mill shell or each

other), resulting in much more significant breakage and smearing. In the Bond bail mill,

despite the large size of the balls used (5.0-7.5 cm, unlike the standard change, 1.50 to

3.70 cm), the lower energy density limits the occurrence of breakage, until superflakes

form and cracks at their edges propagate.

Another useful observation is that the correct phenomenological model, be it

flattening and folding; flattening, folding and limited breakage; or agglomeration,
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consistently displayed the best fit. This is not 10 say that the models are totally accurate.

The lack-of-fit remains significant, the presence of "induction times" suggests that non

first-order phenomena take place (such as "multi-impact" transfers), and the models t'ail

to predict transition from one phase to the next (e.g. f1attening to agglomeration:

f1attening and folding to f1attening, folding and Iimited breakage). Still, the models shed

more Iight illlo the various phenomena. For example, the probability of tlattening (i.e.

moving to a coarser size class) is generally twice that of folding (i.e. moving to a finer

size c1ass).

Tests 4 to 6 confirmed sorne of the observations of Tests 1 to 3. For example,

ail tests showed an induction time before the onset of breakage. Test 4, with the Bond

bail mill, was the only test during which superflakes were formed. Significalll smearing

of lead corresponded to the breakage phase, and was at a more significant rate in the rod

mill than the bail mills.

Test 6 showed that strict breakage could be very complex, and not necessarily

associated to distinct parent and progeny size classes. The concept of first order kinetics,

when examined in detail for breakage, was very approximate. lt also showed that weight

1055 due to smearing could affect parent particles as much as progeny.

Hardness studies suggested that no detectable work hardening had taken place

either during sample preparation or grinding. This is consistent with lead's mechanical

properties, in particular its low recrystallization temperature and activation energy. The

absence of work hardening for lead is a contributing factor in malleability. Until cracks

form at their edges; propagate and release fragments, particles can repeatedly fold and

f1atten.
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5.1 Introduction
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In the last ch~.pter, the grinding of lead shots, both spherical and flattened, was

described. Irrespective of the system studied (Le. mill and grinding medium), the final

product was largely made up of irregularly shaped fragments similar to gold fragments

recovered by gravity from industrial grinding circuits. This chapter describes the

characterization of these fragments subjected to additional grinding, in a range of particle

sizes closer to that of gold in industrial tumbling mills.

A first series of tests will focus on the lead fragments themselves. In a second

series, the fragments will be ground in the -presence of silica of similar size. This will

be an attempt to further mimic the behaviour of gold flakes when gold ores, where very

often silicates predominate, undergo grinding.

Data will be analyzed as it was in chapter 4, with the "DIFFEQ" and

"SCIENTIST" software from MicroMath Scientific Software. The same models and

criteria used in chapter 4, Equations 3.1,3.7,3.14,3.22,3.23 and 3.32, will also be
"-,

tes~:, Because of the large number oftests, only salient results will be presented and, ,

discussed. AU' other data are shawn in Appendix II.

5.2 Experimiental

1:'
Sample ~'eparation: Ta produce lead fragments in various size classes, coarse lead

~ ,

particleiwere ground in a Bond rod mill and fragments in four specific size classes,

1.18-1.40 mm, 0.850-1.000 mm, 0.600-0.710 and 0.425-0.500 mm, were recovered.

\\Thesilica sample used in the second series of tests 'was from Daubais Inc.; it was dry,
screened ta obtain monosized fractions in the same size classes.
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Apparati: Three different mills were used which could apply different energy levels

on particles: the Bond bail, and Bond rod mills with their standard Bond charges 1001, and

a small bail mill (18 cm in diameter and 18 cm in length), with a 10.4 kg graded charge

of balls, 1.5 to 2.7 cm in diameter. Table 5.1 shows the specification of these three

mills. A set of screens with 2°·25 Tyler geometric progression was used. For the second

series of tests, with lead fragments and silica, a Mozley Laboratory Separator (MLS)

from Richard Mozley Limited was employed to separate them after each grinding

increment.

Table 5.1: Specification of three mills, used in different tests.

Mills' Ball/Rod Mill Size Ball(dia.)/Rad Rev.
Specification: - Charge dia. * length dia. * length (rpm)

Types of Mills: ~ (kg) (cm*cm) (cm*cm)

1

Bond Rad Mill
I~I

30,60

1

6 rads: 3, 53 46
2 rods: 4, 53

Bond Bail Mill 20.10 30.30 1.5-3.7" 75

Small Bail Mill 10.40 18. 18 1.5-2.7 68
stanaara cnarge Tor Iiona test)

Methodology: ln the first series, a total of 12 tests were performed for each of the

four lead fragment size classes, in each of the three mills. Feed weight in the small bail,

and Bond bail and rad mills was 10, 25, and 50 g, respectively. The experimental

procedure, particularly in the first series of test, was very simple. The lead fragments

were ground incrementally; between increments the size distribution of the lead recovered

from the mill and the loss of weight were determined. The material was then entirely

returned to the mill for the next grinding increment. To clean the mill shell and medium

surface from the coated and smeared lead particles, 1 kg of 1.18-1.40 mm silica was

ground for 5 minutes. This procedure was performed before t'aCh test in both the first

and second series. \\

.:'"



•
Chapter 5- The Behaviour of Lead Fragments in Tumbling Mills 106

•

For the Bond bail mill, slower grinding kinetics required longer grinding times,

120 to 160 minutes, in increments of 10 up to 40 minutes. In the small bail mill total

grinding time was 30 minutes for the 1.18-1.40 mm size class. This resulted in very

significant weight 1055; thus, total grinding and incremental grinding times were reduced

for the other three size classes, down to 10 and 0.5 minutes, respectively. For the Bond

rod mill, because of the fast grinding and smearing kinetics, total grinding times were

low, 1.5 to 2.0 minutes; grinding increments were either 0.25 or 0.5 minute.

ln the second series of tests, the same mills were used and feed for each test was

made up of the lead fragments mixed with silica from the same size dass. To maximize

interaction of lead particles with silica (rather than lead-Iead interaction), the weight ratio

was set to 19: 1 (95 %silica). For ail tests, the same weight of lead fragments as in the

first series of tests was used. Individual size classes were then processed with the MLS,

using ,the v-shaped tray, to separate lead from silica. Both products were dried and

weighed; ail size classes were then recombined for the next grinding increment.

The total grinding time for the Bond bail mill was 20 minutes with 5 minute

increments, except the first test, using 1.18-1.40 mm of lead fragments, which was 30

minutes with 2, 7, and 10 minute increments. In the small bail mill total grinding time

was 20 minutes for the ail tests with 5 minute increments. For the Bond rad mill the

grinding time for ail tests was 10 minutes with 2, 3, and 4 minute increments.

5.3 Results and Discussion

5.3.1 First series of tests: Grinding lead fragments

Bond Bali Mill: Figure 5.6 shows the size distributions observed for the Bond bail

mill tests. In general, at first weight in the parent size class decreases very rapidly (class,
2 for ail tests). Most weight reports to size class 1 because of flattening, but sorne also
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reports to finer size classes because of folding, especially for the first test (Figure

5.6(a», with 1.18-1.40 mm fragments. Weight percent in the first size c1ass eventually

levels off, and even decreases slightly for Test 4 (Figure 5.6(d», with 0.425-0.500 mm

fragments. For the second phase of the test, weight percent in size c1ass 2 still

decreases, but the weight gain is most important in the finest size c1ass, presumably

because of breakage both from size classes 1 and 2.

Figure 5.7 details the appearance of material in the finer size classes. Material

appearing in size c1ass five is in fact significantly finer than the top size of size c1ass

five', which confirms the observation of actual breakage. Appearance in these tiner size

classes roughly follows zero order kinetics for the last three tests.

Figure 5.8 presents the weight loss in the different Bond bail mill tests. Weight

loss due to coating of medium and mill shell increased with time for ail tests, but in a

seemingly inconsistent pattern. For example, loss is much more significant for Test 1,

minimum for Test 2, but then increases again from 2 to 4. The explanation resides in

the methodology, and the chronological order, from Test 1 to Test 4. For Test l, the

mill had been scrubbed extensively before with conventional Bond tests. Most cavities

were therefore available for lead coating. The mill was c1eaned between tests, but to a

lesser extent. Thus the number of smearing sites was lower than for Test l, hence the

lower weight loss. Because the c1eaning methodology was identical between tests, the

increase in weight loss from Test 2 to 4 must be related to fragment size i.e. losses are

more significant for smaller fragments.

, Figures 5.1 to 5.5 show scanning electron microscope (SEM) photographs of

flattened and folded lead fragments with different shapes; folded particles such as in

'For example, in Figure 5.7(d), 10% of the recovered mass repons 10 size class 5, -0.300 mm. Figure 5.7(d)
shows !hal of!hal 10%, 8% is liner than 0.150 mm.
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Figure 5.1' reported to a finer size c1ass whereas f1attened particles such as Figures 5.3,

and 5.4 moved to coarser size classes. Particles with spherical, cylindrical (Figures 5.1

and 5.2) and serrated shapes (Figure 5.3,5.4, and 5.5) were visible in the Bond ball mill

product. As reported by Hopkins and Brooks (160), cracks indeed form at flake edges and

propagate.

The flattening, folding and limited breakage model gives the best

phenomenological fit for this first series of tests. As in chapter 4, three to five size c1ass

models (plus the pan) were tested. Estimated rate constants and fitted curves for the

twelve tests are presented in Appendix II; results of one test, with a feed size of 0.425

0.500 mm in the Bond baIl mill, are shown in this section. Table 5.2 and Figure 5.9

present the estimated rate constants and fitted curves, respectively.

Figure 5.1: A cylindrical lead fragment recovered from the Bond ball mill (feed size:

0.S50-1.OOO mm).

• 2AIl SEM photos taken with Scanning Electric Microscope model JEOL JSM-S40A.
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Figure 5.2: A spherical lead fragment recovered from the Bond bail mill (feed size:

1.18-1.40 mm).

Figure 5.3: A f1attened lead fragment with serrated shape recovered from the Bond bail

mill (feed size: 0.425-0.500 mm).
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Figure 5.4: A flattened lead fragment with a serrated shape recovered from the Bond bail

mill (feed size: 0.425-0.500 mm).

Figure S.S: Aflattened lead fragmènt recovered from the Bond ball mill (feed size: 1.18

1.40 mm).
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Figure 5.6: Size distribution of lead fragments as a function of grinding time in the Bond

ball mill tests; a: 1.18-1.40 mm, b: 0.850-1.000 mm, c: 0.600-0.710 mm. d: 0.425

0.500 mm.
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Figure 5.7: Fines production as a function of time in the Bond ball mill (Feed: lead

fragments; a: 1.18-1.40 mm, b: 0.850-1.000 mm, c: 0.600-0.710 mm, d: 0.425-0.500

mm).
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Figure 5.8: Lost weight of lead fragments as a function ofgrinding time in the Bond bail

mill tests; a: 1.18-1.40 mm, b: 0.850-1.000 mm, c: 0.600-0.710 mm, d: 0.425-0.500

mm.
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Table 5.2: Estimated rate constants (ail in min") for the Bond bail mill test. flattening.
folding and Iimited breakage model (feed: 0.425-0.500 mm lead fragments).

Size Three Size classes: Four size classes: Five size classes:
classes w1.w'!.,w'j,Wp Wl,W2,W3.W4'Wp WI,W2,W3.W4'W~,Wp

Rate
constants

r, . 0.001 0.001 0.001

r. 0.003 0.003 0.002

r, 0.000 0.000 0.000

r, - 0.000 0.000

r, - - -
r.. 0.005 0.009 0.009

r•. \ 0.089 0.139 0.139

r., 0.026 0.333 0.086

r,. 0.138 0.004 0.346

r" - 0.000 0.007

r" - 0.001 0.000

r" - - 0.010

r.. - . 0.000

SS 86.0 136.0

1

138.0

1

MSS 3.0 3.9 3.4

S 1.7 2.0 1.8

Figure 5.9: Fit of the tlattening. folding and Iimited breakage model for the Bond bail mill tt:st

(feed: 0.425-0.500 mm lead fragments); a: 3 size classes. b: 4 size classes. c: 5 size classes.•
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Although the standard errors are reasonable. 1.8 to 1.0%. Figure 5.9 suggests

that model fit is poor for size classes 1 and 1, especially between 10 and 30 minutes.

Table 5.2 shows breakage rate constants (r;.•) which are much lower numerically than the

f1attening and folding rate constants. Again, the f1attening rate constants are generally

higher than their folding counterparts.

Overall results are shown in Appendix Il (Table ILl). The three size classes not

presented here displayed very similar results to the 0.415-0.500 mm. There was no

detectable trend in the values of the rate constants.

Small Bali Mill: Figure 5.15 shows the size distribution of the product of the small

bail milltests. As for the Bond bail mill, ail of the weight is in size class 2 at time zero.

and much of it rapidly f1attens into size class 1. Unlike the Bond bail mill tests. there

is significant folding into size class 3. and no evidence of significant breakage into size

class 5. The lack of breakage is confirmed by Figure 5.16, which presents the

cumulative percent finer as a funclion of grinding times.

Figure 5.17 illustrates the weight loss, which is very significant in a very short

lime. Tests 1 to 3 were performed on the same day, and show a pattern of increasing

losses (e.g. after 10 minutes of grinding) with decreasing fragment size. Test 4,

performed on a different day, exhibited much more spectacular losses, presumably

because of a cleaner shell inner surface. This smearing can not be linked with particle

breakage, which did not occur in the small bail mill.

Figures 5.10 to 5.14 show SEM photographs of lead fragments retrieved from the

small bail mill. Particles with spherical and cylindrical shapes (Figures 5.10. and 5.11)

were found, similar to sorne recovered from the Bond bail mill. The rough and serrated

configuration was not visible as much as in the Bond bail mill. This is probably related
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with the fact that the Bond bail mil! can release more energy upon individual bail impact

than the small bail mill, effecting breakage first at the edge of particles and eventually

of the particles themselves. Rough and serrated flakes such as those retrieved from the

Bond bail mil! (Figures 5.3, and 5.4) could not be found.

The same modelling approach was used, obviously with the flattening and folding

mode!. Results were particularly good, as shown in Figure 5.18 and Table 5.3. Except

for the two coarsest size classes, the f1attening rate constants are again higher than their

folding counterparts. Modelling resullS for ail four size classes are shown in Appendix

Il (Table 11.2). The standard error for the other three size classes are slightly higher

(1.2-1.8%) than for the 0.600-0.710 mm.

Figure S.JO: A spherical.lead_ fragment recovered from the small ball mill (feed size:

l.18-l.40 mm).
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Figure 5.11: A cylindrical lead fragment recovered from the small ballfll!1I (feed size:

0.425-0.500 mm).

,

Figure 5.12: A', cylindricalleaa fragment recovered from the small'ball mill (feed size:
. ~" . '- ' .

1.18-1.40 mm). \\
',~(~

~" )
,,~-c::-:...~./ ,-',':
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Figure 5.13: A f1attened lead fragment with smooth shape recovered from the small bail

mill (feed s'l~e: 0.~50-1.000 mm).

Figure 5.14: A f1attened lead fragment with smooth shape recovered from the small bail

mill (feed size: 0.850-1.000 mm).
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Table 5.3: Estimated rate constants (ail in min") for the small bail mill test. flattening

and folding without breakage model (feed: 0.600-0.710 mm lead fragments).

Ratt Thrtt Sizt c1assts Four Sizt classts Fivt Sizt classts

Constants (w,. w,. W,) (w1, W2' w:h W,,) (w 1, w~. w3• w". Ws)

fi.! 0.1 0.1 0.1

r:.!,1 0.1 0.1 0.1

r!,3 0.5 0.9 0.8

r,,2 1.8 4.6 4.3

r3•4 - 0.6 0.7

f",3 - 1.8 3.7

fol,!> - - 19.5

f 5•4 - - 28.9

SS 44 47 47

MSS 0.9 0.7 0.6

Sr 0.9 0.8 0.8

1lIO 100 1llO

_75 w2 _75 _75
~ ~ ~

-6,50 .§,5O -6,50- w1 - -" " "::z ::z wl ::z
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Figure 5.18: Fit of the flattening and folding model (no breakage) for the small bail mill

test (feed: 0.600-0.710 mm lead fragments); a: 3 size classes. b: 4 size classes, c: 5 size

ciasses.
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Bond Rod Mill: Figures 5.19 to 5.22 show SEM pholographs of the fragmellls

recovered l'rom the Bond rod mill tests. Particles tlallened (Figure 5.19. and 5.21) and

folded (Figure 5.20, and 5.22), thus reporting to size classes coarser and finer thantheir

initial size classes.

Figure 5.23 shows the size distribution of the mass recovered l'rom the mill as a

function of grinding time. Visual observation indicated that as soon as grinding slarled,

particles began to break and report to finer size classes. Flallening also takes place, as

significant mass reports to size class 1 (Figure 5.23). The extent of tlallening decreases

slightly Wilh decreasing fragment size, as the maxi:num mass percent in size class 1

decreases l'rom 34% in Test 1 (Figure 5.23 (a), point A) to 19% in Test 4 (Figure 5.23

(d), point B). In ail tests the production of fines, size c1ass 5, is very significant.

Figure 5.24 confirms the extent of breakage, and shows zero order production of

fines, which is typical of breakage. Breakage is c1early less extensive for Test 3 (Figures

5.23(c), and 5.24(c» and especially for Test 4 (Figures 5.23(d), and 5.24(d», which is

consistent with the general observation that the selection function decreases with

decreasing particle size, for brillie minerais.

Figure 5.25 shows the extent of smearing, which increases slightly with finer

feeds (in size c1ass 2), as for the two other mills tested. We notice that the extent of

smearing is not directly correlated with breakage kinetics, as Test 4, with the slowesl

zero order production of fines, displays the largest smearing losses.

As Figures 5.23 and 5.24 show, breakage is dominant for these tests. As a

result, the flallening, folding and explicit breakage model (Equation 3.14) was used. As

the production offines followed zero order kinetics, it was used to estimate the breakage

function, shown in Table 5.4 for ail parent classes.
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Figure 5.19: A f1attened lead fragments recovered from the Bond rad mill (feed size:

0.850-1.000 mm).

'Figure 5.20: A cylindrical lead fragment recovered from the Bond rad mill (feed size:

1.18-1.40 mm).
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Figure 5.21: A flattened lead fragment recovered from the Bond rod mill (feed size:

0.600-0.710 mm).

Figure 5.22: A folded and flattened lead fragment recovered from the Bond rad mil!

(feed size: 0.850-1.000 mm).

c.
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Figure 5.24: Fines production as a lûnction of time in the Bond rad mill (Feed: lead

fragments; a: 1.18-\.40 mm, b: 0.850-\.000 mm, c: 0.600-0.710 mm, d: 0.425-0.500

mm).
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Figure 5.25: Lost weigl1t of lead fragments as a function of grindingctime in the Boncl

rod mill tests; a: 1.18-1.40 mm, b: 0.850-1.000 mm, c: 0.600-0.710 mm, d: 0.425-0.500

mm
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Tahle 5.4: Estimated breakage function (BF) of lead for the Bond rod mill tests.

Size classes Breakage Function Values for the FeeLl Size of:
(mm)

1.18·1.40 0.850-1.00 0.600-0.710 0.425-0.500

1.180 . - . -
1.000 0.388 · - -
0.850 0.033 · - -
0.710 0.036 Q.415 - ·
0.600 0.071 0.025 - -
0.500 0.058 0.055 0.432 ·

0.425 0.056 0.061 0.103 ·
0.355 - 0.061 0.091 0.508

0.300 - 0.072 0.091 0.115

0.250 - - 0.077 0.098

0.212 - - 0.031 0.045

0.180 - · - 0.068

0.150 - - - 0.042
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Figure 5.26: Fit of the f1attening, folding and explicit breakage model for the Bond rod

mill test (feed: 1.18-1.40 mm lead fragments); a: 3 size classes. b: 4 size classes, c: 5

size classes.



• Chapter 5- The Behaviour of Lead Fragments in Tumbling Mills 130

•

Table 5.5: Estimated rate constants (ail in min-') for the Bond rod mill test, f1attening,

folding and explic.t breakage model (feed: 1.18-1.40 mm lead fragments).

Size Feed size: 1.18-1.40 mm
classes

Rat\' Three Size classes: Four size classes: Five size classes:
constants WI9W~.W'J w1.W'!,W3,W" w1,w'J,.W",W'hW!I

SI 0.0 0.9 1.2

S, 1.6 0.9 0.5

S'J 0.5 0.0 0.0

s, •. - 0.0 0.0

s, - - 0.0

fi.: 1.2 0.4 0.1-
f:. 1 2.3 2.4 2.4

f:!:.3 1.1 2.5 3.2

T,,:!: 2.7 5.3 6.3
-

f:M - 2.7 4.1

fol.) - 4.6 7.3

f4 .S - - 3.2

f:t,4 - - 5.6

SS 46.0 50.0 53.0

MSS 4.2 3.6 3.1

S, 2.0 1.9 1.8

Figure 5.26 shows the good fit of the model, with standard errors of 1.8 to 2.0%

(Table 5.5). These are relatively high because of the low degrees of freedom of the tests

(because of the larger number of parameters). The la:"ge ~~~tih, of parameters also

make their accurate estimation very difficult. For e~ample, only thf~ two coarsest size

classes yield an estimate of the selection functicm: The f1attening and folding rate
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constants are very high, and again assume a 2: 1 ratio (fJauening to folding). Appendix

Il (Table Il.3) presents the model fit of the other three size classes, which is generally

better than that of the 1.18-1.40 mm (standard errors of 1.1 10 1.7%). Again tlauening

rate constants are generally higher (han their corresponding folding rate constants.

5.3.2 Second series of tests: Grinding lead fragments rnixed with SiliCll

Bond Bali Mill: Figure 5.29 presents the size distribution of lead fragments in the

Bond bail mill tests. Separation of lead fragments l'rom siiil.a with the MLS was easily

achieved, as each size c1ass was processed individually and most classes were of a

particle size easily treated by gravity (+0.075 mm with the MLS v-shaped tray).

Figure 5.29 to 5.31 summarize results, which are strikingly different l'rom those

obtained without sHica. For example, l'rom 51 to 92 % of the mass reports to size c1ass

5 al'ter only 20 minutes of grinding. Figure 5.29 also shows some tlattening, but to a

lesser extent than without sHica, as the maximum mass reporting to size c1ass 1 is 15 10

28%, al'ter only 5 minutes of grinding, compared to 65 to 84% in size class 1 after 120

minutes of grinding without sHica. 1t is unclear, however, whether or not tlauening

kinetics are differelll. Breakage rates are obviously much higher in the presence of

sHica, as confirmed by Figure 5.30, which displays zero order production of fines,

typical of breakage (rather than folding). Both Figures 5.29 and 5.30 show that for Tests

2 to 4 breakage does not begin at time zero, but al'ter about 2 minutes of grinding.

Figure 5.31 shows the weight 10ss in the Bond bal! mill tests as a function of

grinding time. Losses to the mill inner shell and balls are low, 3 to 10%. These losses

also include potentiallosses during the MLS separation of lead l'rom sHica. Figures 5.27

and 5.28 show the lead fragments retrieved l'rom the mill and confinn that folding and

flattening did occur.
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FigUl'c 5.27: A lead fragment recovered from the Bond bail mill (feed size: l. 18-1040

mm) ,

FigUl'e 5.28: A lead fragment recovered from the Bond bail mill (feed size: 0,600-0,710

I11m), ., .'



• Chapter 5- The Behaviour of Lead Fragments in Tmnbling Mills 133

100,..------------, 100,..-----------,

60 1-
*

Ba

* •

...
o ~,
la 15 20 25

Grinding T1me (min.)

"

•
,

•

•
•
•

...
o

li:
°o~--.l.---.l.----"---,..

5 la 15 20
Grindlng Time (min.)

20

~ 60

E
.J2l

~ 40

30

•
•

*
:

a 5

• 1
a • 0

20 ......

if: 60

J:
•S!'
~
;> 40 1-

100,..-------------.

Wl(+\;4 mm) W2(1.18-.1.40 mm) W3(,.oo-~.'8 mm) W1 (+1.00 mm) Wo!(O.850-1.00 mm) W3(O.710il·850mm) 1

LW_4(_O.8_50-..::c,-,·_oo_m_m_)_W_S(_.Q-=.Iji~so_m_m_) ---l (a) W4(O'IlOO;\'.710mm) WS(.Q.~mm) (b)
100

Ba • Ba
•

~60

E
.S!'

~ 40

•
•

5 la 15
Grinding T1me (min.)

5 la 15
Grindlng T1me (min.)

20
••...
û

••
~ •

~

20

20 ~
••
...
o l

20

• W. (+o.Z'0 mm) Wo!(O.~710mm) W3(O'5OOil.llOOmm) w,(+o.pmtnl W2lo.425.Q.500mml W3Io.3SSil-425mml

!,..!W_4_10_.4:zs.e~._500_m_m)_W5--...:.I.Q._1j25.:......m_m..:.) _l (c) W4Io.000.e-356 mm) W6(.Q.To mm) (d)

•
Figure 5.29: Size distribution of 1ead fragments as a function of grinding time in the

Bond bail mill tests (lead fragments mixed with silica); a: 1.18-,1.40 mm, b: 0.850-\.000
\.

mm, c: 0.600-0.710 mm, d: 0.425-0.500 mm.
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Figure 5.30: Fines production as a function of time in the Bond bail mill (Feed: lead

fragments mixed with silica; a: 1.18-1.40 mm, b: 0.850-1.000 mm, c: 0.600-0.710 mm,

d: 0.425-0.500 mm).
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Figure 5.31: Lost weight of lead as a function of grinding time in the Bond bail mill

(lead fragments mixed with silica); a: 1.18-1.40 mm, b: 0.850-1.000 mm, c: 0.600-0.710

mm, d: 0.425-0.500 mm
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Because breakage is so important, the flattening, folding and explicit breakage

model was used to fit experimental data. The zero order production of fines made it

possible to estimate the breakage functions, which are shown in Table 5.6. Model fit is

shown in Table 5.7 and Figure 5.32. Fit is generally good (standard errors of 2.0 to

2.5%). Rate constant estimation yielded erratic results, because of the numerical

difficulty of distinguishing between breakage and folding. Breakage rate constants for

two of the coarsest size classes are high, of values comparable to the flattening rate

constants.

Table 5.6: Estimated break"ge function (BF) of lead for the BonCi bail mill tests (lead

fragments mixed with silica).

Size classes Breakage Function Values for the Feed Size of:
(mm)

1.18-\.40 0.850-\.00 0.600-0.710 0.425-0.500

1.180 - - · ·

\.000 0.322 · · -
0.850 0.002 · · -
0.710 0.007 0.615 · ·

0.600 0.013 0.000 - -
0.500 0.019 0.012 0.682 -
0.425 0.017 0.015 0.000 ·

0.355 · 0.027 0.005 0.719

0.300 · 0.031 0.0\3 0.002

0.250 · · 0.026 0.016

0.212 · .. 0.026 0.018

0.180
, "> .

0.041- · ·

0.150 · · · 0.051
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Results for ail four size classes are shown in Appendix Il (Table liA). Fil is

comparable to that of the 1.1ll-1AO mm ':;,,:e d::ss, but improves significantly when the

first data points (at a time of 0) are dropped, to focus on the actual breakage phase

(which begins after about 2 minutes). Table 1104.1, in Appendix Il, presents the resuhs

of rate constants estimates with point Zl~ro, for the two finest size classes, 0.600-0.710

mm and 00425-0.500 mm wr;o.:n shows higher standard errors than without point zero

(Table liA).

Table 5.7: Estimated rate constants (ail in min") for the Bond bail mill test, tlattening,
folding and explicit breakage model (feed: 0.850-1.000 mm lead fragments lIlixed with
silica).

Size Feed size: 0.850-1.000 mm
classes

Rate Three Size classes: Four size classes: Five size classes:
constants w.w•.W w.w•.w•.W w .W••w.w W.

s. 0.13 0.87 1.21

s. 0.72 0.88 0.50

s. 0.82 0.00 • 0.00 ,-
s - 0.00 0.00

s. - - 0.00

r • 0.00 0.00 0.17

r. 0.42 0.45 0.47

rH 0.00 0.00 0.00

r.. 0.91 0.93 1.429

r, - 0.00 0.78

r.. - 0.36 0.00

r.. - - 0.06
.

r.. - - 0.52

SS 49.0 42.0 49.0

MSS 6.1 4.2 4.1

S 2.5 2.0 2.0
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Figure 5.32: Fit of the flattening, folding and explicit breakage model for the Bond bail

mill test (feed: 0.850-1.000 mm lead fragments mixed with silica); a: 3 size classes, b:

4 size classes, c: 5 size classes.

Small Bali Mill: Figures 5.33 ta 5.35 present the size distribution, cumulative percent

finer and weight loss of lead in the small bail mill. Without silica breakage was almost

undetectable. Weight lasses were significant, up ta 65 %after 10 ta 30 minutes. Silica

causes significant breakage (Figure 5.34), and minimizes weight lasses ta the mill shell

and grinding media, which never exceea 7%,even after 20 minutes of grinding (Figure

5.35). However, flattening remains significant (Figure 5.33), as a significant weight

appears in size class 1.

The Bond bail mill modelling approach was also used here. Breakage functions

are shawn in Table 5.8. Figure 5.36 and Table 5.9 show the fit for the 1.18-1.40 mm

size class. Fit is reasonable, with standard errors of 2.1 ta 2.4 %. Breakage rate

constants have low or null values, compared ta the flattening rate constants. However,

the 1.18-1.40 mm experienced the least breakage. Appendix II (Table 11.5) shows that

for the finesl size class, 0.425-0.500 mm, sorne breakage l'lite constants are of the same
\~ , '-'

order of magnitude as the flattening rate constants. The model yielded a standard error

of 2.2 to 3.9% for the four size classes tested.
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Figure 5.33: Size distribution of lead fragments as a function of grinding time in the

small bail mill tests (Iead mixed with silica); a: 1.18-1.40 mm, b: 0.850-1.000 mm, c:

0.600-0.710 mm, d: 0.425-0.500 mm.
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Figure 5.34: Fines production as a function of time in the small bail mill (Feed: lead

fragments mixed with silica; a: 1.18-1.40 mm, b: 0.850-1.000 mm, c: 0.600-0.710 mm,,
d: 0.425-0.500 mm).
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Figure 5.35: Lost weight of lead fragments as a function of grinding time in the small

ball mill tests (Iead fragments mixed with silica); a: 1.18-1.40 mm, b: 0.850-\.000 mm,

c: 0.600-0.710 mm, d: 0.425-0.500 mm
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Table 5.8: ESlimaled breakage function (BF) of lead for the small bail mill tests (Iead

fragments mixed with silica).

Size classes Breakage Function Values for the Feed Size of:
(mm)

1.18-1.40 0.850-1.00 0.600-0.710 0.425-0.500

1.180 - - - -
1.000 0.320 - - -

0.850 0.118 - - -

0.710 0.054 0.225 - -
0.600 0.041 0.012 - -
0.500 0.055 0.066 0.333 -
0.425 0.031 0.033 0.054 -
0.355 - 0.035 0.062 0.514

0.300 - 0.069 0.073 0.053

0.250 - - 0.085 0.069

0.212 - - 0.054 0.053

0.180 - - - 0.066

0.150 - - - 0.073
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Figure 5.36: Fit of the flattening. folding and explicit breakage model for the small bail

mill test (feed: 1.18-1.40 mm lead fragments mixed with silica); a: 3 size classes. b: 4

size classes. c: 5 size classes.
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Table 5.9: Estimated rate constants (ail in miIr') for the snmll bail mill lest. nmtening.

folding and explicit breakage model (feed: 1.18-1.40 mm lead fragmellls mixed with

silica).

Size Feed size: 1.18-1.40 ml11
classes

Rate Three Size classes: Four size classes: Five size classes:
constants WI'W~,W"J w1.w:!.w;\.W" w\,w!.w;\.w".W:-

s, 0.00 0.00 0.00

50 0.02 0.00 0.01

s, 0.00 0.00 0.00

s, - 0.28 0.16

s, - - 0.07

fi.:! 0.00 0.00 0.00

f:!,l 0.03 0.03 0.03

f2.3 0.09 0.13 0.65

f).:! 0.49 0.56 3.08

f),4 - 0.40 0.05

fol,) - 1.09 . 0.00

r",5 - - 0.00

f 5,4 - - 0.00

SS 47.0 50.0 52.0

MSS 5.9 5.0 4.3

Sr 2.4 2.2 2.1

Bond Rod Mill: In the Bond rad mill, extrapolation of the Bond bail mill results

would suggest that breakage overwhelmingly dominates. Figures 5.42 to 5.44 confirms

this hypothesis to the extent that flatlening and folding could be almost ignored (although
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the presence of up to 18 % mass in size c1ass l, Test 4, testifies to at least some

t1attening). Weight loss to millliner and rods and the MLS separation, is only 6 to 10%

after 10 miliJtes, compared to 46 to 65% after 1.5 minutes without sHica. Figures 5.37

10 5.41 show SEM pholographs of several f1attened and broken lead fragments: much

damage shows, evidence of the combined effect of rod impact and the scouring of silica.

Using the same approach as the first two mills, breakage functions were estimated

(Table 5.10), as the f1altening, folding and explicit breakage model fitted. Figure 5.45

shows that for the !.l8-1.40 mm, the fit is excellent. Table 5.11 confirms the low

standard error, 1.0%, and the importance of breakage, especially for size classes 1 and

3. Table 5.11 illustrates sOllle of the numerical difficulties of combininl! explicit

breakage ta tlattening and folding. In this case, the parameters S2 and r2•3 have a very

similar impact on the model, i.e. ta describe the migration of lead From size class 2 ta

tiner size classes. The SCIENTIST software chooses ta describe this with folding for

the three and tour size class model, but with breakage for the five size class mode\.
. ::<;,

s

Figure 5.37: A lead fragment reeovered from the Bond rad mill (feed size: 0.850-1.00 mm).,
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Figure 5.38: A lead fragment recovered from the Bond rod mill (feed size: 0.850-\.00

mm).

Figure 5.39: A lead fragment recovered from the Bond rod mill (feed size: 1.18-1.40

mm).
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Figure 5.40: A !ead fragment recovered from the Bond rod mill (feed size: 1.18-1.40

mm).

Figure 5.41: A lead fragment recovered from the Bond rod mill (feed size: 0.600-0.710

mm).
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Figure 5.42: Size distribution of lead fragments as a function of grinding time in the

Bond rad milltests (lead fragments mixed with silica); a: 1.18-1.40 mm, b: 0.850-1.000

mm, c: 0.600-0.710 mm, d: 0.425-0.500 mm.
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Figure 5.43: Fines production as a function of time in the Bond rad mill (Feed: lead

fragments mixed with silica; a: 1.18-1.40 mm, b: 0.850-1.000 mm, c: 0.600-0.710 mm,

d: 0.425-0.500 mm).
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Figure 5.44: Lost weight of lead fragments as a function of grinding time in the Bond

rod mill tests (Iead fragments mixed with silica); a: 1.18-1.40 mm, b:.O.850-l.oo mm,

c: 0.600-0.710 mm, d: 0.425-0.500 mm.
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As this is the system where breakage is most dominant, an additional model was

tested. explicit breakage with a single flallening transfer, from size class 2 to size class

1 (r2•• ). Folding was assumed negligible, as was f1allening from ail size classes finer

than size class 2. Table 5.12 shows that the sum of squared residuals is similar to that

of the much more cumbersome f1attening. folding and explicit breakage mode!. The

standard error is lower, because the fewer parameters yield more degrees of freedom.

Table 5,10: Estimated breakage function (BF) of lead for the Bond rod milltests (lead

fragments mixed with silica).
. .

Size classes Breakage Function Values for the Feed Size of:
(mm)

1.18-1.40 0.850-1.00 0.600-0.710 0.425-0.500

1.180 - - - -
1.000 0.728 - - -
0.850 0.020 - - -
0.7\0 0.021 0.661 - -
0.600 0.034 0.057 - -
0.500 0.026 0.059 0.647 -
0.425 0.~20 0.040 0.051 -
0.355 - 0.037 0.065 0.516

0.300 - 0.024 0.044 0.098

0.255 - - 0.044 0.112

0.212 - - 0.020 0.033

.' 0.180 - - - 0.056

0.150 - - - 0.020
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Table 5.11: Estimated rate constants (ail in min") for the Bond rad mill lest. tlallcning.
folding and explicit breakage mode1 (feed: 1.18-1.40 mm lead fragmems mixed Wilh
silica).

Sile Feed sile: 1.18 .40 mm
classes

Rate Three Sile classes: Four sile classes: Five sile classes:
constants w,.w..W, w .w,.w.W w .w...w,.w, .W ..

s, 4.44 4.29 2.88

s. 0.00 0.00 0.29

s, 0.36 0.38 0.38

s - 0.37 0.00

s, - - 0.52

r" 0.00 0.00 0.00

r, 0.95 0.92 0.60

r" 0.19 0.21 0.00

r,. 0.00 0.00 0.00

r, - 0.00 0.00

r" - 0.00 0.00

r" - - 0.36

r. - - 0.00

SS 9.0 10.0 12.0

MSS 1.0 1.0 1.0

S 1.0 \.0 \.0

Figure 5.45: Fit of the Ilallening, folding and explicit breakage model for the Bond rod milltesl (feed:

1.18-1.40 mm lead fragments mixed with silica); a: 3 sile classes. b: 4 sile classes, c: 5 sile classes.
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Table 5.12: Estimated rate constants (ail in min") for the Bond rod mill test, f1attening,

folding and explicit breakage model with only r2." and breakage rate constants (feed:

1.18-1.40 mm lead fragments mixed with silica).

Size Feed size: 1.18-1.40 mm
classes

Rate Three Size classes: Four size classes: Five size classes:
constants W 1,W'1.,W,:\ W1,W'2,W'J,W4 W1,W'1.,W:"w4,WS

s, 3.19 2.99 2.92

S, 0.27 0.28 0.28

S3 0.36 0.38 0.38

s, - 0.36 0.36

s - - 0.37,
r2•1 0.66 0.61 0.60

SS 8.0 9.0 11.0

MSS 0.7 0.6 0.6

S, 0.8 0.8 0.8

5.4 Conclusions

Grinding lead fragments in the three mills yielded a variety of responses, from

the virtual absence of breakage (small bail mill, no silica) to its absolute dominance

(Bond rod mill with silica). In ail cases, a judicious choice of model yielded a

reasonahle fit to the data, although individual rate constant estimates were generally

unreliablc. These rate constants, taken as a whole, did give quantitative measure of the

importance of flallening and foldi~g versus breakage, and of flallening versus folding.

In the most cases, flallening was approximately twice as likely to occur than
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folding, and much more Iikely than breakage. Even in the most aggressive

environments, the Bond rod mill with silica. when breakage becomes dominant over

flattening, the flattening rate constant of size class 2 (r~.I) is numerically higher than the

corresponding breakage rate constant (s~). ln this type of environment. classical

breakage. coup1ed with a single flattening rate constant. yields an acceptable description

of grinding.

The phenomenon of smearing is highly variable. and is quite distinct l'rom particle

breakage. It can be very significant when the mill shell is rough. even when collisions

have !ow energy levels (small bail mill). It is also extremely signiticant when impact

energy is high (Bond rod mill). lt increases whenever fragments begin to break. an

indication that smearing is probably related to the surface area of the smeared substances.
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Chapter 6: The Behaviour of Copper Fragments in

Tumbling Mills
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After lead, a relatively soft metal, we will now turn to a harder one. copper. to

assess its grinding behaviour. The case of copper is an illleresting one: unlike Icad. it

is a relatively common native metal, such as in the Keweenaw Peninsula. Michigan (.1).

Metallic copper is a1so milled in the converter slag at the Horne Smelter. Rouyn

Noranda. Quebec. Thus. although lead is similar to gold in sofllless and dcnsily.

investigating the grinding of metallic copper has more direct applications in mining and

metallurgy.

The approach ~~ed will be similar to t:tat of the work described for Icad. In

particular, the relative importance of flattening, folding and breakage will be assesscd,

and the applicability of Equations 3.7, 3.14, 3.22, and 3.23 evaluated.

The study will be limited to copper fragments, that most approach copper particles

found in grinding circuits either as native copper or copper droplets elllrained in slag in

the Noranda process (192).

6.2 Experimental

Apparati and Feed: The grinding mills and media used were idelllicai to those of the

lead work (Table 5.1), as were the screens. Copper fragments in four specifie size

classes, 1.18-1.40 mm, 0.850-1.000 mm, 0.600-0.710 mm and 0.425-0.500 mm, were

obtaÏi,ed by grinding of copper shots, from Fisher Scientific, 2.80-3.35 mm in diameter,

in the Bond rod mill.

Methodology: Test procedure was identical to that of lead fragments in the first series
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of tests in chapter 5. The feed was ground and its product screened, weighed and mixed

to be used for the next grinding increment. The grinding times were different for eacn

01 'hese three mil!s. In the Bond bail mill, copper fragments were ground up to 120

minutes in 10, 15, and 20 minute increments. In the small bail mil!, grinding times were

up to 70 minutes, with 5 to 25 minute increments. In the Bond rod mil!, total grinding

time was 10 minutes for each test with 0.5, 1, 2, and 4 minute increments. The initial

copper mass was 25 g for the Bond bail mil!, 10 g for the small bail mil!, and 50 g for

the Bond rod mil!.

6.3 Results and Discussion

Bond Bail Mill: Figures 6.1 and 6.2 show the size distribution of the mass recovered

from the mil! in the four tests. The coarsest, 1.18-1.40 mm (Figure 6.I(a), and 6.2(a»

displayed virtually no change al'ter 120 minutes of grinding, apart l'rom an initial (al'ter

la minutes) shift of mass of 13% to the l.oo-I.l8 mm, which was attributed to folding

(no breakage was observed, and virtually no mass reported to the 0.850-1.00 mm). By

comparison, the finest size class. 0.425-0.500 mm, displayed the c1assical folding and

f1attening behaviour, with the predominance of flattening. Thus, after 120 minmes, more

than 50% of ,he mass recovered l'rom the mil! reported to the +0.500 mm.

Figure 6.2, which shows the production of fines (or rather the lad. thereof),

confirms the absence of significant breakage for ail four size classes. Figure 6.3 shows

lhat the loss o'l' copper to the mil! inner shell and grinding media was modest, 6 to 8%

al'ter 120 minutes.
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Figure 6.1: Size distribution of copper fragments as a function of grinding time in the

Bond bail mill tests: a: 1.18-1.40 mm, b: 0.850-1.000 mm, c: 0.600-0.710 mm. d:

0.425-0.500 mm.
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Figure 6.2: Fines production as a function of time in the Bond ball mill (Feed: copper

fragments; a: 1.18-1.40 mm, b: 0.850-1.000 mm, c: 0.600-0.710 mm, d: 0.425-0.500

mm).



10~-----------~• Chapter 6- The Behaviour of Copper Fragments in Turnhling Mills

10~-----------~

159

8 8

•
g ~

8 ~ 6

/Ul Ul

~
Ul

.3
l: • l:
.2' .Ql

4
~ 4 ~

•
2 2

•
•

~ 00
100 0 20 40 60 80 100 1200 20 40 60 BO 120

Grindlng Tlme (min.) (a)
Grindlng Time (min.) (b)

10 10

B 8

g 6 • g 6
Ul

]Ul

.3
:E :E
.S!'

4
.2'

~ ~
4

2

•
2

20 40 60 BO 100 120 00 20 40 60 BQ 100 120
Grindlng Tlme (min.) (c) Grindlng Tlme (min.) (d)

Figure 6.3: Lost weight of copper fragments as a function of grinding time in the Bond

bail mill tests; a: 1.18-1.40 mm, b: 0.850-1.000 mm, c: 0.600-0.710 mm, d: 0.425

0.500 mm.•
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The flattening and folding model (no breakage) was used to fit the curves to the

results in the Bond ball mil! tests. First a simple model of three size classes was used:

w, (the original size c1ass), W, (the coarsest) and W, (all copper finer than size c1,ISS 2).

ln a second step, W3 was divided into two size classes, W3 and W.. Finally. l'ive size

classes were used, as W. was split into w. and W,.

Table 6.1: Estimated rate consmnts (ail in min") for the Bond bail mil! lest, l1auening

and folding without breakage model (feed: 0.425-0.500 mm copper fragments).

pp

Rate Three Size classes Four Size classes Five Size c1assc.~

Constants (w" w" W,) (w,. w" w,. W,) (w,. w,. w,. w,. W,)

rl~ 0.01 0.0\ 0.01

r':!,1 0.02 0.02 0.02

r':!.) 0.07 0.08 0.09

r3~ 0.21 0.39 0.46

rJ,4 - 1.40 0.73

r".3 - 2.00' 2.00'

r4,5 - - 2.00'

rS•4
. - 2.00'

SS 175.0 175.0 171.0

MSS 7.6 5.8 4.6

Sr 2.8 2.4 2.1
( : :!.uu was ule u er searcll IlDlll.

•

Ali rate constant estimations are presented in Appendix II (Table 11.7). Table 6.1

and Figure 6.4 show the results of one test, with the 0.425-0.500 mm feed. The fit is

reasonable; standard errors vary between 2.1 and 2.8 %, sorne of which is due to

experimental scatler rather than model lack-of-fit. Because of the absence of breakage,

estimation of the flatlening and folding rate constants is more reliable, and confirm the
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preponderance of f1attening over folding.

For the three other size classes, Table II.7 shows even lower standard error~, 0.8
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Figure 6.4: Fit of the f1attening and folding without breakage model for the Bond ball

mill test (feed: 0.425-0.500 mm copper fragments), a: 3 size classes, b: 4 size classes,

to 2.3%. However, rate constant estimates differ from those of the 0.425-0.500 mm.

in thatthe rI., (folding) rate constants are systematically higher than the r,.1 (f1attening).

For the finer size classes (e.g. r'.J and r,.,). the usual trend (i.e. r,.,>r,.,) relUrns.
œ__
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c: 5 size classes.

Small Ball Mill: Figures 6.5 and 6.6 present the percent retained and cumulative finer

weight of the small bail mill tests. As expected, the gentler grinding environment results

in slower kinetics, mostly flattening to size class 1, and virtually no fines production.

Subtle differences appear; for example, after 5 minutes of grinding. ail tests show a

sudden increase in the mass of size class 3. This increase is not repeated again.

Flattening results in the other major shift in size distribution, from the initial to the

coarsest size class; its importance increases with decreasing initial particle size, from

12% with the 1.18-1.40 mm to 23% with the 0.425-0.500 mm (after 70 minutes).

•
Figure 6.7 shows the weight loss to the balls and mill. After 70 minutes of

grinding, it is significant, 16% for the coarsest fragments down to 9% for the finest, but

remains much below that of lead (12 to 65 % after 10 to 30 minutes of grinding).
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Figure 6.5: Size distribution of copper fragments as a function of grinding time in the

small bail mill tests; a: 1.18·1.40 mm, b: 0.850-1.000 mm, c: 0.600-0.710 mm. d:

0.425-0.500 mm.
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Figure 6.6: Fines production as a function of lime in the small bail mill (Feed: copper

fragments; a: 1.18-1.40 mm, b: 0.850-1.000 mm, c: 0.600-0.710 mm, d: 0.425-0.500

mm).
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Figure 6.7: Lost weight of copper fragments as a function of grinding time in the small

bail mill tests; a: 1.18-\.40 mm, b: 0.850-\.000 mm, c: 0.600-0.710 mm, d: 0.425

0.500 mm.
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Obviously the f1allening and folding model (no breakage) was chosen to fit data.

Table 6.2 and Figure 6.8 present the results of the 0.600-0.710 mm feed size c1ass, and

Table 11.8 in Appendix Il presents the rate constant estimates for ail feed sizes.

Goodness of fit is comparable to that of the Bond bail milltests. As for the 0.600-0.710

mm c1ass, folding is more significant than f1allening between size classes 1 and 2,

especially for the 0.425-0.500 mm feed. However, transfers between flner size classes

(e.g. 2 and 3) show the usual higher f1attening rate constant. For the two coarsest feeds

lested, so Iittle f1attening and folding takes place between size classes 1 and 2 that the

respective rate constants can not be estimated reliably.

Table 6.2: Estimated rate constants (ail in min'I ) for the small bail mill test, f1attening

and folding without breakage model (feed: 0.600-0.710 mm copper fragments).

Rate Three Size classes Four Size classes Five Size classes
Constants (w" w,. W,) (wl , W" w" W.) (W1t w'lt w3, w4, W~)

r1,2 0.07 0.07 0.06

r:!,1 0.02 0.02 0.02

r:!,3 0.25 0.41 0.40

f 3.:! 0.68 2.01 2.21

f 3.4 - 0.18 0.87

fol,=, - 0.19 1.99

r4.~ - - 2.20

r5•4 - - 2.12

SS 44.0 79.0 81.0

MSS 2.2 3.0 2.5

S, 1.5 1.7 1.6
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Figure 6.8: Fit of the flattening and folding without breakage model for the small bull

mi\l test (feed: 0.600-0.710 mm copper fragments); a: 3 size classes. b: 4 size c1usses.

c: 5 size classes.

Bond Rod Mill: The Bond rod mi\l had been used to generate the copper fragments

by breakage of coarser shots. and therefore it was expected to break them effectively.

Figures 6.9 and 6.10 show how the size distribution of the copper fragments evolved

with time. The breakage of copper fragments in the Bond rod mi\l is confirmed.

inclusive of zero order production of fines. Some flattening does happen, and the

maximum weight in size class l, which varies between 24% and 35%, is reached very

early in each test, before a grinding time of 2 minutes. Figure 6.11 shows the weight

loss to the mill shell and grinding medium, which is modest, 5 to 7% after 10 minutes

(compared to 63 to 76% after 1.5 to 2 minutes for lead).

As Figures 6.9 and 6.10 show, breakage is dominant for these tests. As a result,

the flattening, folding and explicit breakage model was used. The breakage function

values were first estimated, and are presented in Table 6.3. Model parameters were then

estimated. Model fit is excellent. Rate constants, however, are not easily estimated,

again because of the large number of fragments. For the three other feed size classes,

fit remains good (standard errors of 0.9 to 2.1 %). Table 6.4 and Figure 6.12 present

the results of the 0.600-0.710 mm feed size c1ass. Rate constant estimates are also

erratic (Table Il.9, Appendix II).
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Figure 6.9: Size distribution of copper fragments as a function of grinding time in the

Bond rad mill tests; a: 1.18-1.40 mm, b: 0.850-1.000 mm, c: 0.600-0.710 mm, d:

0.425-0.500 mm.
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Figure 6.10: Fines production as a function of time in the Bond rod mill (Feed: copper

fragments; a: 1.18-1.40 mm, b: 0.850-1.000 mm, c: 0.600-0.710 mm, d: 0.425-0.500

mm).
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Figure 6.11: Lost weight of copper fragments as a function of grinding time in the Bond

rad mill tests; a: l.lS-1.40mm, b: 0.850-1.000 mm, c: 0.600-0.710 mm, d: 0.425-0.500

mm.
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Table 6.3: Estimated breakage function (BF) of copper for the Bond rad mill lests.

Size classes Breakage Functiun Values fur the Feeù Size uf:
(mm)

1.18-1.40 0.850-1.00 0.600-0.710 0..\25-0.500

1.180 - - - -

1.000 0.576 - - -
0.850 0.088 - - -
0.710 0.063 0.653 - -
0.600 0.089 0.048 - -

0.500 0.046 0.043 0.591 -
0.425 0.035 0.053 0.061 -

0.355 - 0.054 0.084 0.543

0.300 - 0.048 0.076 0.123

0.250 - - 0.064 0.106

0.212 - - 0.036 0.069

0.180 - - - 0.043

0.150 - - - 0.044
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Figure 6.12: Fjt of the flauening, folding and explicit breakage model for the Bond rod

mill test (feed: 0.600-0.710 mm copper fragments); a: 3 size classes, b: 4 size classes,

c: 5 size classes.
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Table 6.4: Estimated rate constants (ail in min· l
) for the Bond rod mill test. tlauening.

folding and explicit breakage model (feed: 0.600-0.710 mm copper fragmenrs).

Size Feed 5ize: 0.600-0.710 mm
classes

Rate Three Size classes: Four 5ize classes: Five size classes:
constanrs wt,w'!.W3 W1,W2.W3,W.. w1,W'!.w3,W,,,W5

SI 0.65 0.21 0.00

S, 0.33 0.31 0.33

5, 0.10 0.00 0.00

5, - 0.24 0.12

s, - - 0.18

fi,'! 1.84 2.47 2.74

f'!.1 1.09 1.17 1.20

r'!.3 0.00 0.07 0.09

r3~ 0.31 0.26 0.24

f J•4 - 0.66 0.84

fol ,3 - 0.44 0.57

f".5 - - 0.33

fS,4 - - 0.19

SS 3.0 12.0 12.0

MSS 0.6 0.5 0.4

Sr 0.8 0.7 0.6

6.4 Conclusions

Copper with higher hardness yielded the expected results. Very Iittle breakage

took place in the Bond and small bail mills; weight loss to smearing was also low.
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Fitting to the f1attening and folding model yielded good results. However. the harder

copper flakes showed increased resistance to tlattening. The tlattening rate constants are

systematically lower than the corresponding f1attening rate constants for the two coarseSI

size classes of each test. This had not been observed with lead. For the Bond rod mill.

breakage was significant. to the extent that the explicit breakage model (with tlattening

and folding) yielded an excellent fit .
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Chapter 7: Cascadography- An Attempt at

Characterizing the Shape of Lead Fragments
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7.1 Introduction

Density, shape and size of particles are three important properties which can

characterize f1owing, packing, reacting, sintering, compressibility and segregating of

particles (193. '94). The shape of a particle is physically defined as the recognized pallern

of relationships among ail of the points which constitute the external surface (1.'). The

shape of particles is not only important in the mineraI industries, but also in several other

fields such as dentistry, concrete, and abrasives (196).

Particle shape has been linked to the natural structure of materials and the type

of comminution process and unit used ('96,197) to produce the particle i.e. its "history",

For example, it has been reported that product angularity increases with mil1 type in the

order: bail mill, ring roll mill, hammer mill (1.6).

Ground gold flakes display various shapes (9,10) from very serrated thin flakes to

nearly perfect spheres. Gold particle shape is as important as mass, in their deposition

in alluvials and their recovery (198, 199), most particularly by gravity methods. This can

in part be linked to initial settling velocity (124, 2\l(l), although recent work suggests that

shape also affects the ability of flakes to percolate a bed of gangue (201). There is, as a

result, almost as much incentive to characterize particle shape as particle size.

Particles can also be segregated according to their shape, as' a means to achieve

more uniform products of greater value. This has been effected with the use of

gravitational, centrifugai and vibrational forces (202,203). This shape-based separation also

provides an indirect means of characterizing particle shape (i.e. by inference). Various

separation approacbes have been used, including:

- The particle velocity on a tilted solid wall

- The time the particle passes through a mesh aperture
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- The particle cohesive force to a solid wall

- The particle settling velocity in liquid

In the first group, several methods are c1assified on the basis of the particle shape

and velocity on any sort of wall: shape separation by tilted plate (202.203), tilted rotating

disk (204. 2OS. 2(6), tilted rotating cylinder (207. 208. 209. 210), tilted vibrating trough, and tilted

chute ('02). In the second group, the shape ofparticles is correlated by how long they take

to pass through a mesh aperture (211. 212). There are severaI methods in this group such

as: tilted vibrating screen, vibrating stacked screens (sieve-cascadograph) (202. 213), and

rotating cylindrical sieve (202. 214). One other way to separate particles based on their

shape is the settling velocity method. Particles in a fluid which encounter a drag force,

whose coefficient, CD' depends on the particle shape, as weil as the particle Reynolds

number, Re (202. 2IS).

For the purpose ofstudying gold particles, indirect methods are attractive, as they

eliminate the need to extract and measure individual particles, which may prove nearly

impossible for sampIes containing only a few ppms of goId. From the above indirect

methods, cascadography is the most attractive for this work, as it most c10seIy resembles

screening, the other characterization which was extensively used. In this study the

response of two lead fragments samples to cascadography will be correlated to their

recoverability by gravity, as measured with a Mozley Laboratory Separator (MLS) (216).

If the cascadography response can be correIated with the gravity response, it couId prove

very useful for future studies.

7.2 Theory of Cascadograpby

Cascadography, a form of particle chromatography, is a method to separate

particles based on their physical shape differences, which can be easily applied on a lab~
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scale <m. ~I'). Cascadographs are specifica11y ùesigned to characterize powders, abrasives

and comminuted material, food grains such as wheat and corn, and other material Iike.

sands and soils <~I.). The range of particle sizes that can be analyzed is in the 0.075-2

mm, but minor modification of equipmem should extend this range, potemia11y with

upper size range of 10 cm <"0).

Cascadography characterizes the particle shape distribution in a sample of

particles by measuring the rate at which they pass t1uough a column of identical sieves

<".,221). A cascadograph is made from stack of On" identical sieves which is shaken in

vibrating Ro-Tap machine. Feed particles from one size class are placed on the top sieve

and shaking is started. Particles exit the cascadograph from the last sieve at the boltom,

and at regular interval times, the pan content is extracted (220). Figure 7, 1 shows a

cascadograph COnSiSlS of a stack of On" sieves, a11 of the same mesh size.

1
2
3

n-2

n-1
n

Sieves

•

__~.~ Product

Figure 7.1: A schematic of a cascadograph (Adapted from Meloy & Durney (220».

The funèlmentals of cascadography are based on the residence time of each

particle during the screening or sieving. Each particle has ilS average residence time on
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an individual sieve, which is correlated to ils shape. Thus, two particles of identical size

but different shape would pass through a sieve at different rates (219). This difference can

be amplified if n screens, rather than a single one, are used. Measuring the accumulation

of particles in the pan as a function of time would define a residence time distribution

for the whole stack, or the flowrate whose peaks identify a group of particles with

similar residence times as shown in Figure 7.2.

0.3 ,..-----::;--------------,

100 300 1,0003 10 30
Tlme (minute)

1
0.0001 '--_.l.-_..l--_..l--_....l.._-L_-l_-l_--I

0.1 0.3

0.03

10.01

~
0.003~

~

0.001

0.1

0.0003

Figure 7.2: A typical plot of mass flowrate vs. residence time of a cascadograph test

(Adapted from Meloy & Durney (220».

•

It is argued (220) that monoshaped and sized particles would not display such

pciaks, which are then an evidence of non-homogeneous material. To understand better

how a non-homogeneous material responds ta cascadography, it is appropriate to begin

with a theoretical analysis of how monosized and shaped particles behave. Considering

a single sereen, the rate at whieh partieles go through can be written as follows:
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(7.1)

If n-l such screens are stacked (Le. the pan in nlh position). a similar equation can be

derived:

tiN.
=

dt

No
(n-2)1

(7.2)

•

where N is the current number of particle on the sieve. and No is the original number of

particles on the sieve, s'" is the sieve rate constant, which is characteristic both of the

particle and the operating conditions of the sieve, t is the time, and N. is the amount of

material in a pan placed below n-l sieves. This equation is analogous to a residence time

distribution for n-l identical perfect mixers in series (222). Integration of Equation 7.2

yields the following equation in which the number of terms is equivalent to the numbe~

of the sieves in the cascadograph:

N = _ N. eS" [t{,.21 _ (n-2)t(,·3) + -,,(n:...-.=.2):>:(n:...-.::,3)~t(_'''_1 _ .•. + (_l)ln'21(n-2)1] (7.3)
ft (n-2)! 5.. (-5.,)-' (_S.,)'2 (_s.,)ln'2)

If the material on the sieve is not homogeneous (heterogeneously shaped particles), there

is a variety of sieving rates for each of the different type of particle, and the above

equations do not hold, since s'" will vary with particle shape (219. 221).

7.3 Experimental Section

7.3.1 Apparatus & procedure

Two samples of lead fragments, 46.81 g of 1.00-1.18 mm, and a 20.87 g of

0.710-0.850 mm, were used in a cascadograph made of ten 1.18 mm screens for the first

sample and ten 0.850 mm screens for the second. A standard Ro-Tap machine was used

to vibrate the cascadograph.
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The two samples were first fed to a Mozley Laboratory Separator (MLS) equipped

with a v-shape tray. The MLS was operated to produce one tail and three concentrates,

of approximately similar weight. The four products were then characterized using the

cascadograph in twenty one-minute increments.

7.4 Results and Discussion

Figures 7.3 to 7.10 show SEM photos of flakes recovered from the various

products of the two tests. It is immediately apparent that there is a large variety of

shape, from very regular flaked, folded flakes, rolled-up flakes into cylindrical and cigar

shapes, and even spherical particles. These few particles are only part of the much

larger sample size examined: There was no particular trend as to where particles of

various shapes reported, i.e. spheres were encountered in the tails as weil as the third

concentrate of either tests.

Figure.7;3: An elongated particle, 301 concentrate of MLS test, (feed: 0.710-0.850 mm).
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Figure 7.4: An elongated particle, 1" concentrate of MLS test, (feed: 0.710-0.850 mm).

Figure 7.5: Aflattened particle, tail of MLS test, (feed: 0.710-0.850 mm).
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Figure 7.6: A flatlened particle, 3n1 concentrate of MLS test, (feed: 0.710-0.850 mm).

Figure 7;7: An elongated particle, I" concentrate of MLS test, (feed: 1.00-1.18 mm).
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Figure 7.8: An elongated particle, ;tr<! concentrate of MLS test, (feed: 1.00-1.18 mm).

Figure 7.9: A flattened particle, 2nd concentrate of MLS test, (feed: 1.00-1: 18 mm).
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FigUl'C 7.10: A flattened partiele, 3n1 eoneentrate of MLS test, (feed: \.00-l.l8 mm).

Table 7.1 presents the results of MLS test for both samples. The easeadography

results are presented in Table 7.2 for sample l, and Table 7.3 for sample 2. For the

0.710-0.850 mm sample, about 50% of the mass of eaeh MLS produet had left the

easeadograph after 1 minute. After 20 minutes between 85-89% of the mass had been

reeovered in the pan. For the \.00-1.18 mm sample, even more materialleft during the

tirst minute. After 20 minutes, between 94-98% of the material had been reeovered.

Table 7.1: The results of MLS tests for eaeh sample.

Feed Size MLS Feed MLS Produets (g)

(mm) (g)
Tai! 1" Cone. 200 Cone. 3n1 Cone.

0.710-0.850
1

20.87
Il

8.41
1

3.13
1

4.08
1

4.20
1

1.000-1.180 46.81
1

12.91
1

10.84
1

9.50
1

11.42
1
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Figure 7.11 presents the cascadograph curves of the firsttest (0.710-0.850111111

sample) in the format suggested by Meloy and Durney (220). It is difficult to detcct 'IIlY

significant differences between the four products. Figure 7.12 shows the same curves

for the second test (1.00-1.18 mm sample), much with the same conclusions. Both tests

show "peaks" in the 10 to 20 minute range, but these are due to the low number of

particles leaving the cascadograph, as opposed to sudden changes in shape.

Because of the presence of noise, it was decided to examine the data differently.

The data were converted to cumulative mass percent discharged as a function of time i.e.

much as a residence time distribution. Two working hypotheses were made. First, il

was assumed that al1 mass that leaves the cascadograph had done so after 20 minutes (as

in Table 7.4 and Figure 7.13(c), and 7.13(d». Second, it was assumed that al1 mass

would eventual1y leave the cascadograph. Table 7.5 and Figure 7.13(a), and 7.13(b)

give the resulting residence time distribution (RTD) for the two tests and two hypotheses.

Figure 7.13 is difficult to analyze. The two hypotheses do not yield very

differl~nt conclusions. In any of the four presentations, the differences between the four

MLS products are smal1. There seems to be a loose Iink between recoverability and

response, but the Iink is inverted for the two tests. Thus, for the 0.710-0.850 mm, the

third concentrate leaves the cascadograph more slowly, whereas for the 1.000-1.180 mm,

it is the fastest to leave. In al1 fairness to cascadography, given the complexity of MLS

separation, and the lack of apparent Iink between shape and response to MLS separation,

a strong correlation between cascadography and MLS responses would have been

surprising. In general individual particles weight did not show very significant

difference. Figure 7.14 shows the average particle weight of cascadography test using

1.00-1.18 mm sample which slightly decreases with increasing sieving time.



• Chapter 7- Cascadography- An attempt at Characterizing the Shape ••• 185

•

Sieving Time Weight on Pan (%) or Mass Flowrate (% )/(minute)
(minute)

Tai! 1" Cone. 200 Cone. 3'd Cone.

1 52.92 36.83 49.73 47.25

2 20.56 29.10 24.59 19.75

3 7.69 10.31 9.84 8.75

4 5.31 5.52 4.10 4.75

5 2.65 4.79 2.19 2.50

6 2.52 4.05 1.37 2.25

7 1.59 0.74 1.64 1.25

8 1.19 1.47 1.09 1.00

9 1.19 1.47 0.82 1.25

10 0040 0.74 0.55 1.25

II 0.53 0.74 0.55 1.50

12 0.53 0.37 0.27 1.50

13 0.27 0.74 0.82 1.00

14 0040 0.37 0.55 0.75

15 0.27 0.37 0.27 0.75

16 0.66 0.74 0.27 1.00

17 0.27 0.74 0.27 1.00

18 0.27 0.37 0.27 1.00

19 0.66 0.37 0.55 0.75

20 0.13 0.18 0.27 0.75

Weight on 10.61 14.73 11048 12.50
Sieve (%)

1 Total Il 100.00 1 100.00 1 100.00 1 100.00 1

Table 7.2: Caseadography tests results on MLS produets (feed' 0710-0850 mm) .

•
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Table 7.3: Cascadography tests results on MLS produets. (feed: 1.00-1.18 mm).

Sieving Time Weight on Pan (%) or Mass F10wrate (% )/(minute)
(minute)

Tait 1" Cone. 2"" Cone. 3'" Cone.

1 64.90 62.07 62.79 76.60

2 18.65 22.30 20.20 13.79

3 6.76 6.95 5.82 3047

4 2.36 2.80 3.51 1.60

5 1.71 lAS 1.98 1.16

6 0.73 1.06 1.54 0.71

7 0.65 0.68 0.88 0.89

8 1.22 0.58 0.66 0.18

9 0.57 0.10 0.44 0044

10 0.33 0.29 0.66 0.18

11 0041 0.29 0.11 0.36

12 0.16 0.10 0.33 0.18

13 0.24 0.10 0.11 0.00

14 0.08 0.19 0.22 0.00

15 0.24 0.29 0.11 0.00

16 0.24 0.10 0.11 0.09

17 0.24 0.29 0.22 0.09

18 0.24 0.10 O. II 0.09

19 0.08 0.10 O. II 0.09

20 0.16 0.19 0.11 0.09

Weight on 5.70 4.83 4.39 1.51
Siève (%)

Total 100.00 100.00 100.00 100.00
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Time Mass Left in Stack (%)
(min.)

0.710-0.850 mm sample 1.000-1.180 mm sample

Tai! Concentrates: Tai! Concentrates

1" 2"" 3rd 1" 2"" 3rd

1 47.08 63.17 50.27 52.75 35.10 37.93 37.21 23.40

2 26.52 34.07 25.68 33.00 16.45 15.63 17.01 9.61

3 18.83 23.76 15.84 24.25 9.69 8.68 11.19 6.14

4 13.52 18.24 11.74 19.50 7.33 5.88 7.68 4.54

5 10.87 13.45 9.55 17.00 5.62 4.43 5.70 3.38

6 8.3 9.40 8.18 14.75 4.89 3.37 4.16 2.67

7 6.76 8.66 6.54 13.50 4.24 2.69 3.28 1.78

8 5.57 7.19 5.45 12.50 3.02 2.11 2.62 1.60

9 4.38 5.72 4.63 11.25 2.45 2.01 2.18 1.16

10 3.98 4.98 4.08 10.00 2.12 1.72 1.52 0.98

11 3.45 4.24 3.53 8.50 1.71 1.43 1.41 0.62

12 2.92 3.87 3.26 7.00 1.55 1.33 1.08 0.44

13 2.65 3.13 2.44 6.00 1.31 1.23 0.97 0.44

14 2.25 2.76 1.89 5.25 1.23 1.04 0.75 0.44

15 1.98 2.39 1.62 4.50 0.99 0.75 0.64 0.44

16 1.32 1.65 1.35 3.50 0.75 0.65 0.53 0.35

17 1.05 0.91 1.08 2.50 0.51 0.36 0.31 0.26

18 0.78 0.54 0.81 1.50 0.27 0.26 0.20 0.17

19 0.12 0.17 0.26 0.75 0.19 0.16 0.09 0.08

20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Table 7.4: Weight left in stack based on the first assumption, for both two feeds .

•
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, •

Time Mass Left in Stack (%)
(min.)

0.710-0.850 mm sample 1.000-1.180 mm sample

Tail Concentrates: Tail Concentrates:

1" 200 3rd 1" 2nd 3rd

1 52.69 68.60 55.98 58.66 38.80 40.93 39.97 24.56

2 34.32 43.78 34.21 41.38 21.21 19.71 20.65 10.97

3 27.44 34.99 25.50 33.72 14.84 13.09 15.09 7.56

4 22.70 30.28 21.87 29.56 12.61 10.43 11.73 5.98

5 20.33 26.20 19.93 27.38 11.00 9.05 9.84 4.84

6 18.07 22.75 18.72 25.41 10.31 8.04 8.37 4.14

7 16.65 22.11 17.27 24.31 9.70 7.39 7.53 3.26

8 15.59 20.86 16.30 23.44 8.55 6.84 6.89 3.09

9 14.53 19.61 15.58 22.34 8.01 6.74 6.47 2.65

10 14.17 18.98 15.09 21.25 7.70 6.47 5.84 2.48

11 13.69 18.35 14.60 19.94 7.31 6.19 5.74 2.12

12 13.22 18.03 14.37 18.63 7.16 6.10 5.42 1.94

13 12.98 17.40 13.64 17.75 6.94 6.00 5.32 1.94

14 12.62 17.08 13.15 17.09 6.86 5.82 5.11 1.94

15 12.38 16.77 12.91 16.44 6.63 5.54 5.00 1.94

16 11.79 16.14 12.68 15.56 6.41 5.45 4.90 1.85

17 11.55 15.51 12.44 14.69 6.18 5.17 4.69 1.77

18 11.31 15.19 12.20 13.81 5.95 5.08 4.58 1.68

19 10.72 14.87 11.71 13.16 5.88 4.98 4,48 1.59

20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0:00 •

Table 7.5: Weight left in stack based on the second assumption for both two leeds.

.'
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Figure 7.11: Mass flowrate percent in pan vs. sieving time in cascadography lests (feed:

0.710-0.850 mm), for four differenl products of Mozley Laboralory Separalor; a: Tait.

b: 301 concentrate, c: 2Dd concentrale. d: 1" concentrate.
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Figure 7.12: Mass flowrate percent in pan vs. sieving lime in cascadography tests (feed:

1.00-1.18 mm), for four differenl products of Mozley Laboratory Separator; a: Tail, b:

3'" concentrate, c: 2ad concentrate, d: I" concentrate.
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Figure 7.13: Mass left in stack vs. sieving time in cascadography tests; a: 2n<!

assumption, and 0.710-0.850 mm feed. b: 21111 assumption, and 1.000-1.180 mm feed. c:

l"assumption, and 0.710-0.850 mm feed, d: 1" assumption, and 1.000-1.180 mm feed.
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Figure 7.14: Average weight ofparticles in cascadography test (feed: \.00-\.18 mm).

7.5 Conclusions

The attempt at correlating cascadography and gravity separation (i.e. the effect

of shape on separation performance) was probably doomed, but such is often the fate of

exploratory work. The simple cascadography test did demonstrate Ihe abilily of

cascadography 10 effect a slight separation which could be correlated wilh particle

weight. The probability analysis of the cascadography response is far more complex, and

would probably require a more powerful approach than what was suggesled by Meloy

and Durney (220) (such as a Fourier transform), to generate a continuous probabilily

density function (PDF) of sieve rate constants, rather than a discrete one. This wou Id

also represent more realistically the continuum of variation in particle shape.

•
Future work would do weil to consider the complexity of the problem and rely

first on experimental work with synthetic, weil defined and extremely mono-sized

material. From the perspective of gold gravity-based research, cascadography does not
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•

offer much polemial. which probab!y explains why il was nct considered in earlier work
n,N, l'lI!, 2(0)
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Chapter 8: Breakage Function and Recoverability of

Free Gold
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8.1 Introduction

195

•

The behaviour of gold in industrial grinding circuits, and more specitically how

its malleability decreases its specifie rate of breakage, is now a weil established fact IIU'.

which prompted this investigation. In chapters 4 and 5, the grinding of lead shots, tlakes

and fragments clearly retlected the impact of malleability, as particles displayed a higher

propensity for f1attening than breaking, especially in a less energy intensive tumbling

environment (Le. small bail mill). Folding was also observed, but is not as frequently

as f1attening. However, when silica was added to the mill charge, lead's behaviour was

dramatically altered, and very significant breakage took place, even in the low energy

grinding environment.

ln chapter 6, we saw that copper fragments displayed a similar behaviour,

although copper's hardness, being greater than lead's, slowed down the overall kinetics

of ail transfers, and prevented significant breakage from taking place in the Bond bail

mill, i,e. the unit of intermediate specifie energy, and any detectable breakage from

occurring in the small bail mill.

Gold, of hardness intermediate between that lead and copper, should display an

intermediate behaviour. However, its behaviour in a grinding unit will be significantly

affected by the presence of gangue. Laboratory studies aimed at understanding this

behaviour should include a gangue phase. This work should also generate a

characterization of how gold fragments and their progeny respond to gravity recovery,

as one of the primary objectives of this work is to generate data that can be used in a

simulator of gold gravity recovery in grinding circuits.

To understand the grinding and recoverability of gold we will consider limited

breakage (Le. the so-called "single breakage event") and measure: a) the rate of
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disappearance l'rom the parent class. b) the distribution of fragments in the other size

classes, both coarser and finer than the parent class. and c) what proportion of the

progeny and unbroken material is gravity recoverable. The first concept corresponds to

the selection function, the second to the breakage function, and the third is relatively

new.

The reader might wonder why gravity recovery is specitically considered. The

economic incentive for gold gravity recovery has been discussed elsewhere (Il • .,. m. m,.
Suffice to say. gold's very special behaviour dictates that gravity recovery be used on the

circulating load of grinding circuits, which makes the interaction between gravity and

grinding particularly important.

The above discussion is a usefui guide to develop the experimental methodology

that will be used in this chapter. First, the study will focus on gold particles that are

liberated and can be concentrated into a relatively high grade product. This corresponds

to the concept of Gravity Recoverable Gold (GRG), which has been developed and

investigated by other members of the McGill gold gravity research group Ill. 12). Thus.

feedstock for this work will be either gold that has been recovered by gravity in

industrial circuits (Hemlo) or pre-concentrated by Laboratory Knelson Concentrator,

LKC, (Casa Berardi and Snip).

The Knelson Concentrator (KC) is a centrifugai device designed to recover semi·

continuously the heavy minerais (125), consisting of a rotating bowl with rings that are

partially fluidized by water injection (22.l, 126, 227). A centrifugai force of the order of 60

times the force of gravity acts on the particles. Information on the Knelson Concentrator

performance has been presented in several papers (228, 229, 230, 231) and is not detailed here.

A scaled-down version of the production units, the LKC, has been extensively used at

McGill, in particular to isolate GRG l'rom a large sample (5-120 kg) into a relatively
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small mass, typically 100 g, that can be screened and assayed for gold content m".

Figure 8.1 shows a diagram of the laboratory LKC, which will be used for this work.

Il has been extensively studied (227.232), and shown to give reliable estimates of GRG, if

operated optimally.

Figure S.l: The schematic diagram of the Laboratory Knelson Concentrator (reprinted

with permission from Knelson International Sales Inc. manual (229».
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Figure S.2: The schematic of the methodology of the tests.
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8.2 Methodology

lLJ8

The basic methodology was based on three steps. namely the isolation of GRG.

its incremental grinding and recovery. This basic approach is shown in Figure 8.2.

Figure 8.3 shows more detai! specifie to the Casa Berardi tests. The boxed procedure

(Figure 8.3) is at heart of the test. Both upstream and downstream manipulations are

aimed at isolating GRG.

1
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Figure 8.3: A typical flowsheet of Casa Berardi sample tests.
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8.2.1 Isolating GRG

199

For the Casa Berardi tests ORO was isolated by processing a 10.5 kg sample of

primary cyclone underflow with a Laboratory Knelson Concentrator (LKC). To

maximize ORO recovery, the sample was halved and each half processed separately.

The LKC concentrates and samples of the tails were then screened. The twO

concentrates were combined for the 0.150-0.212 mm, 0.075-0.106 mm, and 0.038-0.053

mm size classes. The other concentrate samples and ail tails size classes wcre tire

assayed for gold at the Casa Berardi laboratory.

For the Snip ore, a 3.8 kg sample of jig concentrate from the first hatch was

processed with the LKC. Ali of the concentrate and 250 g of tails were screened from

1.18 to 0.025 mm. Most concentrate size fractions were used for further testing. The

unused concentrate fractions and ail of the tails fractions were assayed for the gold at

Snip.

The Hemlo tests were performed to supplement the rather noisy Casa Berardi and

Snip tests results, To minimize errors, substantially larger gold masses were used. As

it would have been impracticalto generate so much gold with a LKC, screened fractions

of a table concentrate sample were used. As most fractions graded more than 70% gold,

it was not necessary to isolate their ORO. The fractions were re-screened individually

and into subsamples, the coarsest being 1.18-1.70 mm, and the finest -0.025 mm.

8.2.2 The grinding tests

Using the size fractions as prepared in section 8.2.1, each sample was first

combined with silica sand from Daubois Inc. of the same size class 10 a total mass of 200

g. Material was thenincrementally ground either in the small .or the Bond bail mills.
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After each increment, the ground product was dry screened and ail material other than

that in the original size class was set aside and replaced with silica sand, to make up the

original 200 g for the next increment.

For the three Casa Berardi tests, incremental grinding times were different, 30

seconds for the 0.150-0.212 mm sample, 45 seconds for the 0.075-0.106 mm, and 60

seconds for the 0.038-0.053 mm sample. The incremental grinding times for the Snip

tests were also different for each test, from 30 seconds to 60 seconds, as shown in Table

8. I. For ail Hemlo tests, the incremental grinding time was increased to 5 minutes for

ail tests, to a total grinding time of 50 minutes (to achieve more grinding than for the

first two tests series). Significant gold quantities were used, as shown in Table 8.2.

Table 8.1: Incrementai grinding times for the Snip tests.

Size Classes Incrementai Grinding Time (s)
(mm)

Small Bali Mill Bond Bali Mill

0.600-0.850 45 -
0.425-0.600 45 30

0.300-0.425 45 -

0.212-0.300 60 60

0.150-0.212 45 -

0.106-0.150 45 -

0.Q75-Cl.106 45 -

0.053-0.075 45 -
0.038-0.053 45 -
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Table 8.2: Table concentrate weight used for the Hemlo tests.

Size Class Sample Weight (g)
(mm)

First Test Repeated Test

1. 180-1.700 1.08 -
0.600-0.850 1.50 -
0.300-0.425 3.00 -
0.150-0.212 3.00 6.00

0.053-0.075 3.00 -
0.038-0.053 3.00 3.00

0.025-0.038 3.00 -
-0.025 3.00 -

8.2.3 Recovery of GRG

201

l,

•
i;

After incremental grinding, ail samples were mixed and silica from the initial size

c1ass was added to obtain a 3 kg sample. The rationale of this step is to minimize yield

for the subsequent KC test, to insure that gold recovered is truly gravity recoverable (227).

This sample was then processed with a LKC, whose concentrate and tails were analyzed

with the standard McGiII procedure (233) i.e. screening of the concentrate and part of the

tails from 0.025 mm to 0.600 mm, and fire assaying of each size c1ass atthe respective

mine sites.

8.3 Results and Discussion
'"

\\ 8.3.1 Casa Berardi tests

Tabl~ 8.3 shows the metallurgical balance of one of the Casa Berardi test. The
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3 kg sample assays 30.36 g/t (i), but cornes origina11y l'rom 10.19 g of SI and 12.92 g

of S2 (Appendix III, Page A58). Thus, the original LKC concentrates of the two tests

averaged 3941.1 g/t in the 0.150-0.212 mm sile class. After grinding, 60.36% of the

gold remains in the original sile class (ii); only 2.37% has moved to the adjacent coarser

sile class (Hi). The remainder has moved to tiner sile classes, of which most is in [he

0.105-0.150 mm, 16.82 % (iv). Most of the gold, 91.87% (v) remains gravity

recoverable. Gold still in the original sile class is virtua11y ail gravity recoverable,

99.80% (vi), but recoverability drops to 50.27% for the -0.025 mm (vii).

Table 8.3: A typical metallurgical balance for the Casa Serardi first test.

Ill)
(II)
(Iv)

(i)(v) (Vii) (Vi)
Feedgradeberore......,SgriDdID8_. 3941.1 B/t

CONCENTRATE TAD.S FEED

Sîze Weigb' % Grade Roc. Weigb' % Grade Roc. Weigbt %' Grade Rec.
(um) (g) Welgb' BIt (%) (8) Weigbt BIt (%) (8) Welght BI' ('lO)

600 1.87 2.01 96.43 97.71 0 0.02 9.09 2..."9 2 0.08 79.03 0.20

420 2.44 2.62 16.84 53.71 4 0.13 9.09 46.29 6 0.21 12..08 0.08

300 7.13 7.66 3.21 66.80 99 3.41 0.12 33.20 106 3.54 0.32 0.04

210 17.36 18.65 119.00 95.87 668 23.00 0.13 4.13 686 22.86 3.14 %.37 ~(

UO :IZ.23 23.P 2461..
"~

812 27.95 0.13 0.2. 835 27.82 65.86 "-36 It-

105 16.41 17.63 918.00 9B.35 633 21.79 0.40 1.65 650 21.66 23.5S 16.82 -1
75 11.79 12.67 187.00 92.36 391 t3.44 0.47 7.64 403 13.42 5.93 2.62

53 6.46 6.94 290.00 87.68 162 5.57 1.6.' 12.32 168 5.61 12.69 2.35

37 3.47 3.73 497.00 61.20 65 2.22 16.93 38.80 68 2.27 41.41 3.09

2S 2.17 2.33 833.00 53.44 0.74 73.12 46.56 24 0.79 142.67 3.71

-25 1.74 1.87 2200.00
~

1.74 75.00 49.73 52 1.74 145.79 S.36

Total 93.07 100.00 899.07 '117 ' 2907 100.00 2.S5 8.13 )000 100.00 31.36 100.00

\. \ J

•
Table 8.4 shows the gold recovery and distribution for ail three Casa Serardi tests

(i.e. the last concentrate and feed columns of the metallurgical balances, Table 8.3). The

highlighted cells correspond to the parent class of each test. Most gold remained in its

original size c1ass, 60%, 77% and 78% for the 0.150-0.212 mm, 0.075-0105 mm, and
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0.037-0.053 mm, respectively. Most material leaving the parent class reports to [he

adjacent size classes, especially the finer one. The weight reporting to the adjacent

coarser size class increases dramatically with decreasing size (of the parent class). 2.4%

for the 0.150-0.212 mm to the 8.0% for the 0.037-0.053 mm.

Most of the gold is still gravity recoverable, especially if it remains in the parent

size class (95.7 to 99.8% gravity recoverable) or reports to adjacent classes (95.7 to

99.6% gravity recoverable). Generally gravity recoverability decreases as the parent size

class gets finer or the progeny class gets much finer than the parent class.

Table 8.4: The distribution of recoveries to the concentrate and feed distribution of the

Casa Berardi tests.

PareOl size:-- 0.150-0.212 mm 0,075-0.105 mm 0.037-0.053 mm
Progeoy size: ~

Cone. Dist. Cooc. DiSI. Cooc. DiSI.
(itIIt1) Rec. (%) (%) Rec. (%) (%) Rec.(%) (%)

0.600-0.850 97.7 0.2 100.0 100.0 0.0

0.425-0.600 53.7 0.1 100.0 46.6 0.0

0.300-0.425 66.8 0.0 100.0 83.0 0.0

0.212-0.300 95.9 2.4 95.4 90.2 0.2

0.150-0.212 91.6 90.3 0.4

0.105-0.150 90.6 0.4

0.075-0.105 89.5

0.053-0.075 95.7

0.037-0.053 1.6

0.025-0.037 53.4 97.0 1.5 96.6 9.9

-0.025 50.3 92.0 3.0 77.0 2.5

Total 91.9 100.0 99.3 100.0 95.2 100.0

.',' The breakage function of gold was calculated using the [wo assumptions that 1)
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a11 material in size classes finer than the parent class could be considered broken and 2)

grinding increments were sma11 enough to consider secondary breakage negligible.

Figure 8.4 shows the cumulative breakage function of gold for the three Casa Berardi

tests. The crossing of the lines is suspicious (as it implies that coarser parent particles

would yield a finer progeny), and is probably the result of experimental scatler, which

cornes from the relatively low mass of gold used for each test, 0.569 to 0.091 g. Figure

8.5 shows the selection function of gold, which increases with increasing particle size.

10.11l()o(),j!12 mm O.07l5oOJoe mm 0.037.Q~ mm 1

0.12'~0----::30~-~=::::::50~=====:::::!loo::====---::2~00:-----:!300
ParUcl• • ID (micron)

S 0.7
~at 0.5

f
.;; 0.3..
i 0.2

a

Figure 8.4: Calculated cumulative breakage funclions for ~e Casa Berardi tests.

0.2,-----------------------------,

i 0.1-=c
,j o.os
~
~ o.os

! 0.02

•
0.011LO----2'-0---:'SO:----S:!OO,.---.,.1~00:----""2oo~-S:-:00::---::S~00:----:-:!1.000

PlI1Iclo .ID (micron)

Figure 8.S: Eslimated selection functions for the Casa Berardi tests.
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8.3.2 Snip tests

Table 8.5: The distribution of concentrates recoveries for the Snip tests.

205

•

Partnl Recovery of concentrates of different
sile:'" size classes (%)

Progeny
0.600 0.425 0.300 0.212 0.150 0.105 0.075 0.053 0.038sizc::l

(nmll

1.180 - 0.0 - - - 34.9 - - -
0.850 100.0 41.7 100.0 . - 0.5 - - -
0.600 13.4 0.1 100.0 0.4 0.4 0.4 - 2.1

0.425 98.3 99.3 0.2 0.6 0.6 48.2 2.2 6.8

0.300 30.7 97.5 99.8 0.7 97.2 1.0 3.0 2.2

0.212 34.9 60.4 90.1 98.2 86.2 51.4 2.8 65.6

0.150 91.2 13.7 83.6 94.1 98.8 92.1 38.5 42.2

0.105 46.9 53.4 57.0 92.1 99.0 99.1 87.9 51.2

0.075 83.6 87.2 49.7 80.2 90.0 99.3 90.8 88.7

0.053 51.6 10.1 21.5 55.3 89.7 90.5 92.4 91.6

0.038 26.6 23.1 30.8 41.5 67.7 89.4 84.6 -'

0.025 30.5 • 16.1 29.9 -• 72.2 -• -• -.-
-0.025 24.4 28.4 37.4 17.3 -• -• -• -• -•
Tolll1 91.1 77.5 96.3 97.4 98.2 98.6 98.2 1 94.8 1 93.1

(*. No assay avadable. Note: ooly the lower end of the progeny classes lS shown).

Table 8.5 shows, as Table 8.4 did for Casa Berardi, that unbroken gold is still

overwhelminglygravity recoverable, 97.4% to 99.9%. Recovery'appears maximum in

the 0.075 to 0.425 mm range, but drops only slightly at both ends. Sorne assays were

unavailable, and as a~result, sorne rec~veries could not be calculated, but in general

results confirm those' of Casa Berardi, in that the lowest recoveries were observed for

progeny panicles much finer than their parent size class, essentially the -0.075 mm when
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•

the parent class is coarser than 0.212 mm. The gold distribution is shown in Table 8.6.

Screening and assaying difficulties generated uncertain results. especially in the finer size

classes for the 0.425-0.600 mm parent class. Nevertheless. the overwhelming conclusion

is that most gold remains gravity recoverable (over 90%). especially when it remains in

the parent size class. There is again a strong indication that fine fragments are much less

gravity recoverable. but this conclusion is marred by experimental errors and assaying

problems. GRG does show its resilience. as 35 to 89% of gold remained in the parent

size class. Significant t1attening took place. as testified by the gold reporting to the

coarser adjacent size class (0.2 to 41.7%).

Table 8,6: The distribution of feeds for the Snip tests.

PareOl Percentages of feeds in different size classes
size:-.. after I!rindin (%)

Progeoy
size: , 0.600 0.425 0.300 0.212 0.150 0.105 0.075 0.053 0.038
(mm)

1.180 0.0 6.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.850 0.2 0.8 0.5 0.0 0.0 0.1 0.0 0.0 0.0

0.600 2.8 0.2 1.3 0.0 0.2 0.0 0.0 0.4

0.425 21.1 16.7 0.0 0.2 0.1 0.1 0.6 0.4

0.300 1.9 30.4 41.7 0.2 2.1 0.1 0.2 1.8

0.212 1.2 1.4 6.0 . 8.1 0.4 0.1 0.3 2.6

0.150 1.6 4.3 1.4 18.7 13.9 0.9 0.3 0.9

0.105 1.9 1.1 1.0 0.8 10.2 16.9 0.8 0.9

0.075 0.9 1.0 0.6 0.7 1.2 8.3 6.9 3.1

0.053 0.8 3.9 0.6 0.5 0.3 0.8 3.3 6.4

0.Q38 1.4 1.2 0.5 0.3 0.4 0.5 1.0 0.8'

0.025 1.7 1.3' 0.5 0.4 0.2' 0.4 0.1' 0.4' 0.4'

-0.Q25 2.3 1.4 0.6 0.5 0.6' 0.3' 0.2' 0.8' 0.3'

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
.: NO LM.. conceotrate assay. l'Ote: DDly ~ e lower eDJ or Ule classes IS snDwn).
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Table 8.7: The distribution of recoveries to the concentrate and feed distribution for (he

Snip tests with the Bond bail mill.

Parent size:- 0.425-0.600 0.212-0.300
Progeny size: ~

GRG (%) Distribution GRG (%) Distribution(mm)

1.l80-1.7oo 0.4 0.1 0.0

0.850-1.l80 1.l 0.4 0.0

0.600-0.850 0.4 1.3 100.0 0.0

0.425-0.600 0.1

0.300-0.425

0.212-0.300

0.150-0.212 99.0 25.3

0.105-0.150 90.1 3.9 78.1 1.9

oms-o. lOS 77.1 1.4 85.7 ~.1

0.053-0.075 66.9 0.6 76.5 0.7

0.038-0.053 59.0 0.6 43.9 1.1

0.025-0.038 -' 0.3" 11.0 1.7

-0.Q25
,

0.3" 5.0 7.6-

Total 95.9 100.0 89.3 100.0
concentmte assay .

•

Table 8.7 shows the gold concentrates and distribution for the Bond bail mill

tests. For the 0.425-0.600 mm size class. recovery is much higher than that of the small

bail mill test. but in line with other small bail mill results. This confirms the

unreliability of the small bail mill 0.425-0.600 mm results. For the 0.212-0.300 mm.

resultsare in reasonable agreement with those of the small bail mill. alth.:>ugh recoveries

in the fine sizes are lower. The cumulative breakage function of the various classes•

shown in Figure 8.6. shows sorne crossing-over. which suggests the improbable
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production of a finer progeny from a coarser size c1ass. The weight of gold used for

these tests, 0.016 g to 0.205 g, might still have been too small to minimize sampling and

assaying errors. Figure 8.7 shows a monotonic relationship between particle size and

selection function of gold, except for the 0.300-0.425 mm class, which had also yielded

suspicious recoveries (Table 8.5). This further confirms that this test should he

disregarded.

c:,g 0.5
!:!
~ 0.3t 0.2

~ 0.1
:i;
~
E 0.05
8 O.60ll-OJl50 mm 0.300-ob425 mm 0.15O-Q,j!12 mm

0.03 0.10~bl50 mm 0.053-0,.075 mm

0.022·~0-----5~0~===::::l00~==:::::;200~===~5~OO~==-1"",0:':OO=----:2,.J,000
Partiel. Bize (micron)

Figure 8.6: Calculated cumulative breakage functions for the Snip tests.

Figure 8.7: Estimated selection functions for the Snip tests.•

0.3

0.1..,.
t

0.03:.
c

10.01

i 0.003

li> 0.001

0.0003
30 !50 100 200 300

_.lia (micron)

•

!500 1.000



• Chapter 8- Breakage Function and Recoverability of Free Gold

8.3.3 lIernJo tests

209

•

Although the Snip tests yielded more consistent data than Casa Berardi's, evidence

of random errors was still present. The Hemlo test series was less ambitious, in that a

single grinding environment was tested, but a large weight of gold was used, 1 to 6 g per

test, to minimize experimental errors.

Table 8.8: The distribution of recoveries to the concentrate for the Hemlo tests.

Pareol Recovery oC coocentrales oC difCerent size classes (%)

sizc:"
Pr°8eny 1.18 0.600 0.300 O.ISO 0.053 0.038 0.0"..5 -0.0"..5

sizc:'
(mm) III Test. Repeal l'II Test Repeal

1.700 1.4 - - - - - - - - -

1.180 - - - - - - - - .

0.850 100.0 4S.7 - - - - - - - -
0.600 100.0 - - - - - - - -
0.42S 99.4 99.9 99.9 - - - 21.8 100.0 6.S 6.7

0.300 99.9 99.6 100.0 100.0 100.0 83.4 100.0 S7.6 96.6

0.212 99.6 93.6 99.7 100.0 99.9 100.0 95.7 100.0 78.4 94.6

0.IS0 85.9 80.6 99.7 100.0 76.0 90.0 83.0 84.6

0.105 93.6 78.4 99.4 99.8 99.7 99.1 70.7 91.0 81.4 75.9

0.075 93.4 75.6 99.3 99.9 99.2 99.3 84.9 96.3 69.1 82.6

0.053 74.3 61.9 96.1 97.7 98.1 92.8 98.2 69.8 45.6

0.038 72.1 56.5 98.0 98.6 96.6 99.3 93.2 58.9

0.025 63.4 57.8 94.2 93.7 92.6 89.6 83.0 41.2 92.9

-0.025 .' 62.7 42.1 44.5 31.0 37.7 42.6 34.6 74.1

TOlaI 98.4 95.5 98.6 99.0 98.6 98.2 92.2 95.7 89.2 89.1

( : NO assay aWll'a e. NOie: omy u e lower e (\ Dl me progeDY Classes 15 SIl"OWD).



• Cbapter 8- Breakage Function and Recoverability of Free Gold

Table 8.9: The feed distribution for the Hemlo tests .

210

•

Parent Percen18ges of feeds in different size elasses aner grinding (%)
size:-
Prog. 1.18 0.600 0.300 O.ISO 0.053 0.038 0.0".5 ·0.025

size: ~
(mm) 1" Test Repeat lM Test Repeat

1.700 0.5 . · · - · · - ·
1.180 . · · · · · - - ·
0.850 38.6 3.8 · · - - - · - ·
0.600 tl.3 · · · · · · . ·
0.425 4.7 54.9 17.5 · · · · 0.1 0.0 0.0

0.300 3.9 9.t 1.5 2.2 0.0 0.0 0.1 0.0 0.0

0.212 0.9 2.3 37.7 38.0 24.4 0.1 0.2 0.1 0.2 0.2

0.150 0.5 1.4 6.9 0.7 0.3 0.1 0.2 0.3

0.105 0.2 0.7 2.1 16.0 22.2 1.9 0.5 0.3 0.2 0.3

0.075 0.3 0.4 1.1 3.3 4.5 19.3 1.1 1.5 0.1 0.2

0.053 0.1 0.2 0.6 1.4 1.6 8.9 9.5 0.3 0.2

O.oJ8 0.2 0.5 0.5 1.2 1.4 14.0 15.6 1.6

0.025 0.6 0.7 0.2 0.4 0.6 0.7 3.3 3.8 36.8

.Q.025 o:r 1.1 1.5 1.3 1.4 1.9 2.9 1.3 4.3

Total 100 100 100 100 100 100 100 100 100 100

( : No LI l,; concentrate assay, Note: oDly the lower el) of the c asses IS 1I10wn).

Table 8.8 and Figure 8.8 show the recovery of gold for the various tests, and its

distribution is shown in Table 8.9. Snip results are largely confirmed, and gold still

reporting to the parent class is largely recoverable by gravity, 97.4 to 99.9% above

0.053 mm. Recovery below 0.053 mm dips slightly, from 94.5% in the 0.038-0.053

mm t087.8% below 0.025 mm. Fragments recovery shows less dependence on distance

from the parent size class (i.e. the xlx) ratio), and more on the'Jbsolute fragment size.

Recovery for flattened particles (reporting mostly to the size class immediately càarser

than the parent class) is higb for parent particles between 0.075 and 0.600 mm, above
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99%. but dips to the low nineties below 0.075 mm. Above 0.600 mm not enough gold

is flattened to yield reliable recovery data. Table 8.8 incorporates two repeat tests that

show reasonable reproducibility for the breakage function.

Table and Figure 8.8 raise the issue of reproducibility. Clearly gold fire-assaying

is challenging, and can yield erratic results. For example, the low recovery of the 0.025

0.038 mm size class, in the second test with 0.038-0.053 mm feed, is based on a single

tail assay, 114.5 g/t (page A8l), which is anomalous, when compared to that of other

size classes. What is more significant is the low recovery of the progeny of the tests

with the two coarsest parent classes. There is sorne uncertainty associated with the low

initial gold weight, 1.1 and 1.5 g, and the relatively low number of gold particles. This

clearly warrants further work, as it is important to ensure that breakage of these coarser

fragments does not result in a significant proportion of the progeny being non-gravity

recoverable.

The data of the Table and Figure 8.8 was modelled with a modified Rosin

Rammler equation:

(
-0693 ( % )u)

RGRG = 98.5* 1 - e' i.iiii
(8.l)

•

which states that the maximum recovery of fragments, 98.5 %, decreases to reach half

this value at a fragment size of 0.019 mm. The lack of fit of this equation is significant,

a standard error of 10%, and cornes mostly from data generated with the two finest

parent sile classes, 0.025-0.038 mm and -0.025 mm (not shown in Figure 8.8). These

two classes show higher recoveries, 74 to 89%, because most gold particles have not

been broken•
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Figure 8.8: Recovery of the progeny as a function of particle size for the Hemlo tests.

The two coarsest parent classes show very different results. with recoveries

dropping at much coarser progeny size, below 0.212 mm for the 0.600-0.850 mm and

below 0.075 mm for the 1.18-1.70 mm. When the two size classes are dropped, the

lack-of-fitof Equation 8.1 improves markedly (standard error of3%), without significant

change in its parameters:

( ( .).)-0.693 -
R

GRG
= 98.5 .. 1 - e 0.022

(8.2)

•

This equation yields the GRO data shown in Table 8.10 which can be used to model gold

recovery in grinding circuits.

Table 8.10: Amount of ORO predicted by Equation 8.2.

Size (mm) -0.025" 0.025-0.037 0.037-0.053 +0.053

ORO (%) 37.1 89.5 98.5 98.5

(' mean Slze arilie 4025 mm assumeo to be 0.020 mm).
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Table 8.11 shows the calculaled head grade of the final LKC Slep of the Hemlo

lests. This grade was used, in tum, to calculale the grade of the table concentrale

provided by Hemlo Gold Mines. These grades show no obvious discrepancies. and

confirm the high grade of the product.

Table 8.11: Calculaled head grades of the Hemlo tests.

each test; First

Size c1ass Final LKC First step
(mm) step (g/t) (%)

1.180-1.700 212 58.9

0.600-0.850 364 72.8

0.300-0.425 718 71.8

0.150-0.212 1" Test 830 83.0

Repeat 1685 84.3

0.053-0.075 532 53.2

0.038-0.053 1" Test 716 71.6

Repeat 762 76.2

0.025-0.D38 475 47.5

-0.025 736 73.6

II e: Grade of the 3000 g sample processel at the end 0(Final step gra

step grade: Grade of the initial table concentrate from Hemlo).

•

For a11 tests above 0.150 mm, the coarsest size c1ass of silica used was the parent

size class of gold. Its selection fonction can be easily estimaled using Equation 2.30, and

is shown in Figure 8.9 and Table 8. 12. In principle, the selection functions should be

time (or grinding increment) invariant, and this is largely confirmed by Figure 8.9.

Figure 8.10 compares the selection functions of gold and silica; that of gold is
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considerably lower than silica's, as noted in earlier work, both a; :lboratorylHIl and plant

scale (170).

Table 8.12: Estimatcs of average selection functions of silica used in the Hemlo tests.

i
Size class (mm) Average of Selection FunctÏc.n (minutel;j

Selection Function 1 Standard Deviatl<:n

1.180-1.700 0.984 0.082 ~

0.600-0.850 1.132 0.056

0.300-0.425 0.703 0.016

0.150-0.212 1 0.258 j 0.004 1

2,..--------------------------,

0.3

~
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() -0-0 ü u
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1.1B-1ilOmm 0.600-0~50mm 0.300-0,t25mm 0.150-0~12mm

Figure 8.9: Thp. v:ariation of silica selection functions in grinding increments for the

Hemlo samp1es.,.
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Figure 8.10: Est;mated selection functions for gold and silica for the Hemlo tests.

Table 8.9 shows the distribution of gold at the end of each test. The amount

remaining., th'\ parent size class generally increases with decreasing particle size, from

25% for the 0.600-0.850 mm to 79% for the 0.025-0.038 mm. This would be expected,

as the selection function decreases with particle size, and the total grinding time was

equal for ail tests. The importance of flattening flrst appears unrelated to particle size,

but in facl, when considering only the malerial leaving the parent class, the weight

fraction reporting to the coarser size classes steadily increases with decreasing parent

particle size. In other words, the flner the particle, the more it will flatten rather than

fold O~ break. Most of the mass moving to coarser size classes is found in the adjacent

size class (i.e. class j-l).

The breakage function of GRG was calculated using the same assumptions as for

Casa Berardi and Snip tests, and is shown in Figure 8.1 I. The data of Figure 8.11 are

weil behaved, as cumuiative breakage functions do ,not cross (compare to figure 8.6 for

the Snip tests). In fact, the progressive increase in the initial slope of each curve with

decreasing particle size is a typical characteristic of breakage function families for the

same material (:134). These curves are weil fltted by the following equation, and the
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parameters obtaineà from a least-square fit are shown in Table 8.13:
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(8.3)

The parameters in Table 8.13 show modest scatter. but the following points are clear:

- The lower exponent values of {3 are in the range of 0.6 to 1.2 (except for one repeat

at 1.7), not unlike values reported for brittle minerais.

- The higher exponent value .. -y, is in the range of 3 to 7 (except for the 0.053-0.075 mm

class), which is slightly higher than reported values in the literature (100).

- The major difference is that the relative importance of the distribution decay

comjjonent, <Pj, varies between 0.6 and 0.9 (except for 1.18-1.70 mm at 0.2), and is

lm,.:" higher than reported for brilil·· mi~ 'r!!ls;
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0.150-0.,?12 mm 0.053-0,p75 mm 0.03f3.0,p53 mm
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Figure 8.11: Calculated cumulative breakage fU'lctions for the Hemlo tests.

The above observations reflect t.~e X~ct that for ail parent classes, the BJ+1•1values

are high, i.e. much màteriat reports to th;~dJi1cent progenfJhiss. Thus, the bJ+1•J values
,

are high. This is by far the mosnignificar.t difference between the breakage function

J'.



• Chapter 8- Breakage Function and Recoverability of Free Gold

of gold and that of most minerais.
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If gold behaves as lead does, the probability of flattening is approximately twice

that of the folding. Table 8.9 shows that the amount of gold reporting to size class j-I

(the size class adjacent to the parent class but coarser) is significant. Assuming that half

of this amount reports to size class j+1 because of folding wouId account for a

significant proportion of the bJ+IJ terms and explain the major difference between the

breakage function of gold (Figure 8.1 t) and those reported in the literature for brittle

minerais.

Table 8.13: Estimated values of </J, (j, and 'Y on the basis of breakage function calculation

for the Hemlo tl'-8ts.

Size class (mm) 1 q, Il fJ Il 'Y 1

1.180-\.700 0.21 0.85 3.62

0.600-0.850 0.88 0.62 5.54

0.300-0.425 0.85 0.73 5.34

0.150-0.212 1" Test 0.59 1.18 7.07

Repeated Test 0.65 1.21 6.53

0.053-0.075 0.83 0.63 11.78

0.037-0.053 1" Test 0.75 0.57 3.03

Repeated Test 0.68 1.7l 6.00

>,~, Figures 8.12 to 8.17 give evidence of the transfer of gold between size classes
-:---"- -<;'\.." " - ,

and itsînodes of occurrence. What they show is similar,to photographs of lead

fragments (chapter S);'yèt"gôld particles look even more seriated, evidence of gold's

greater malll'-libility.
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Figure 8.12: Gold flake, originally in 0.150-0.212 mm, moved into two coarser size

class, 0.300-0.425 mm, after flattening.

. \'

Figure 8.13: Gold flake, originally in 0.3OO-0.425::'mm, moved into two cparser size

class, 0.600-0.850 mm, after flattening. i""
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Figure 8.14: Gold flake, originally in 0.300-0.425 mm, moved into two flner size class,

0.150-0.212 mm, aCter folding and possibly breakage.

Figure 8.1S: Gold flake, origi.naIlYcin 0.300-0.425 mm, moved inta two flner size class,
~. .~~- .

. 0.150-0.212 mm, after folding'imd possibly breakage.
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Figure 8.16: Gold flake, originally in 1.18-1.70 mm, moved into one tïner size class,

0.850-1.180 mm, after folding and possibly breakage.

Fig~ 8.17: Gold"flake originally in 1.18-1.70 mm; moved into IWO finer sizeclass,
"

/0.600-0.850 mm. after folding and'possibly breakage.

<:
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8.4 Conclusions
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The present work verified what had been found by others (9. 166) namely, that gold

grinds quite slowly (here silica sand was used as a standard), and does flatten

significantly, especially for finer particles. Evidence of folding is not 50 readily

generated (as transfers 10 finer size classes can also be caused by breakage), but sorne

photographic evidence and the very large data base of the lead work give it complete

support.

The recoverability and breakage function work yielded sorne surprising results.

First, it proved far more difficult to generate reliable data than expected. This is in large

part due to the assaying step, which was unconventional, as very small weights were

generated, especially in the concentrate fines. Fire assaying normally uses larger

samples, especially at mine site laboratories, used for the present work. The

experimental methodology also required refinements, such as the very large grinding

times of the Hemlo work,

Another difficulty proved to be of statistical nature, i.e. breaking enough gold

fragments. Reproducible data were finally generated when 2 g of gold or more were

used for each test (Hemlo tests), Above 0.600 mm, uncertainty pers\~ted, and future
, '

work, in the feed masses of about 10 g for each ':cst;:will be requi~ed, This is an
":-- "

indirect justification of the approach used in this work, namely, the use of leat! as the

main stock material for testing. Using'a combination of gold and flre assaying would

have been far too slow (with the turn-around time for analysis), error-prone, and costly.

Second, fragment recoverability for Hemlo proved far less dependent on parent,',
size classes than early work on Casa Berardi and Snip would have suggested. ln

retrospect, this should have been expected. It adds a measure of simplicity ta modelling

,,';.
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of gold gravity recovery.
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Third, the breakage function itself proved similar to that of other minerais (Figure

8.11, in that its initial slope (Le. bj +,) increases with decreasing parent size (xj ). The

observation of others (9) that bl " is equal to 0.7 is verilied (within experimental error).

An analysis of the shape of the breakage function suggests that the major difference is

due to folding into the liner, adjacent, size c\ass.

II'·
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9.1 Overall Discussion

224
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The bulk of the experimental work was performed with copper. lead. and lead

silica charges in three tumbling mills representing dire!" different grinding intensity

levels. These. as wel1 as the different charges, yielded very different behaviour. Table

9.1 is an attempt to summarize and classify these in terms of transfer mechanisms:

flattening, folding, breakage. and smearing. The model which offered the best and

simplest fit is a1so identified. and general1y corresponds to the dominant mechanisms

observed.

The importance of breakage (compared to flattening and folding) increases l'rom

the top left to the bottom right corner (Table 9.1). Thus, no breakage was observed with

copper fragments in the small bail mill. whereas the grinding of lead and silica in the

Bond rad mill was successfully modelled with the conventional breakage model and a

single flattening rate constant. The table shows that an increase in the grinding intensity

(i.e. power factor), a decrease in the size of the fragments, and the presence of a brittle

phase which can act as secondary grinding medium promote breakage. The selection

function, however, remains low in comparison to that of brittle minerais.

Table 9.1 also shows that at lower energy intensity the behaviour of malleable

metals canbe complex, with as many as three very different phases. The first phase-is

flatteningand folding without breakage; the second phase is dominated by superflake

formation, a cold-working form of agglomeration; finally, the third phase yields actual

bl'eakage of the slijlerflakes. The breakage is caused by the propagation of cracks l'rom

the edge of the flakes. The flakes are rendered brittle because the cold welding is

incomplete, and prevents recrystallization across its different layers (each layer originates

l'rom the normal flakes formed during phase 1).
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Table 9.': Summary of the resulls.

Capper fngmcllU Lcad sholS Flauencd Lead shots Lead fragmcnllli

wîtboUl Silica wilh sUiea

Small 0.11 Mill ·FF model. - -FFmWeI. ·FFWEB Inul.lcl.
5.: 0.7-2.7lf S,: 0.8·3.04J, 5r : 2.1-3.9~

-ML: 9·W.l> ·ML: 65'.1> ·ML: 5·7~.

. .fLer 10 min. aCIer 30 min. arler 20 min.
·FII.>Fol. ·Fla. > >Fol. ·Fla. >Fol..

Bre. > Fol..
.. Fla.+ful.>Brc.

Bund Bali Mill ·fF model. PIlue J: FF model. PIlue 1: FF model. -FFWLB model. -FFWEB model.
5,: 0.8-2.4'.1> 5,: 2.1-4.6'; s,: 0.3-0.5'.1> 5,: 1.7·3.1'.1> 5,: 0.9-3.\ '.1>

·ML: 6-8'.1> PIlue Il:AG model. PIlue Il: FFWLB -ML: 5·19'.1> -ML: 3·\0'.1>
aRer 120 min. 5.: 1.9·2.3'.1> model. aflcr 160 min. aner 30 min.

-fJa.>fuJ. l'IWc III: FFWLB S,: 1.8·2.JI,(. ·FII.>Fol.. .F1a. >Fol..
model. -ML: 35'.1> Fla. +Fol. > Sre. Orc. >Fol. •
5,: 2.7·3.3'.1> •rler 80 min. Fla. +Fol. >Bn:.

-ML: 18'.1> Phase J: Fol. > fil.
afier 120 min. PIlue Il: fil. > Fol.•

Phasel: FII.>Fol. Fla.+fol.>Bre.
Phase Il: (ully FIl.
Phase III: fil. - Fol.

Bond Rod Mill -FFWEB model. PIlue 1: FF model. -FFWLB model. ·FFWEB model. ·FFWEB model.
5,: 0.6-2.1 '.1> 5,: 1.4-2.0'.1> 5.: 1.1-1.6'.1> 5.: 1.1·2.0'it 5,: 1.0-3.1 $

·ML: 5·7'.1> PIlue Il: FFWLB ·ML: 19'.1> -ML: 63-76'.1> ·ML: 6-10'.1>
,(ter 10 min. model. arter 120 min. aflcr 2 min. afler 10 min.

·Fol. >FIa .• S,: 3.3-4.0S ·FII.> >FII .• -Fla. > Fol.. -Fol. > Fb. .•
-Fut >Bre. -ML: 481{. Fol. -Ore. FIa.+Fla.>8rc.• Ore. > FuI..
-Fla. +Fol. > Bre. aCter 20 min. Fol. -Brc. Ore. >Fla.+Fol.

Phase 1: Fla. > Fol. ·EBWOF model (jU!>1

, PIlue Il: fil. > Fol.. fnr 1.18·1.40 nun
B... >FIa.+Fol. fecd Sile).

S,: 0.8%
Bre. > Fla.

'tO, Flall_mng alMl ln" mg III....'. nWLlSl tlall.mng. IlIIu,ng ana IInlII ge mOdel. rr YTEooO: t'laUC:lUng. IUlomg and exp ICII nrcnagc mOUel.
AG: Ag,lamendan model. EBWOF: Explicit brcakage model wÏlh only one OallclÛng raie: CUl15lanl. S,: Standard cwu, ML: Mass Lnss. fla.:
Flaucming raie constants, Fol.: Folding rait: constalUs. Bre.: Brcabgc raie cunslaDlS.
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This behaviour was observed in particular for lead shots. and would probably

have been observed for copper. had very long grinding times been used. With smaller

lead fragments. no cold welding was observed. and breakage was readily achieved.

However, breakage still requires many impacts. and even in the harshest grinding

environment (Le. the Bond rod mill), a short induction time between the beginning of

grinding and the onset of breakage was observed. This suggests that the tïrst-order

kinetics models used are convenient approximation rather than accurate represemations

of the observed transfer mechanisms. Indeed. tïrst-order kinetics can be easily juslified

when particulate damage can be described by Griftith's theory. which is not the case with

malleable metals.

A model of progressive damage would be more appropriate to describe how

grinding affects malleable metals, as the induction time probably results l'rom the fact

that multiple blows are often needed to effect a transfer, be it progressive tlattening (of

lead shots, for example) or breakage of fragments. Hardness measurements of lead

flakes showed that no work-hardening had taken place, as would be expected l'rom the

recrystallization temperature of lead (-4 oC). Thus, the in~uction time, in the case of

breakage, probably corresponds to the average number of blows required for cracks to

form at the edges of flakes and propagate until progeny is formed. This has been

reported by others (100).

Given the limitations of the phenomenological models used, they were able to

describe data sets remarkably weil. This is in part due to the large number of rate

constants used, whose main drawback was often the poor reliability of individual .

estimates. However, the large body of data, when examined as a whole, shows that

folding and flattening rate constants are generally higher than the selection function of

the some parent size classes, even when breakage dominates. This is because breakage

is final (Le. irreversible). whereas the folding and f1attening transfers are quite
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reversible. Ano". ~r general observation is that rate constants are generally higher than

their folding counterpart, in a proportion of 2: 1 to 3: 1. This is intuitively correct, as

fragment populations are made of predominantly flakes, the result of flattening, rather

than spheres and cylinders, the end products of folding.

Weight 1055 was observed in ail systems; in fact, it proved a hindrance to the

study of folding and flattening (many tests had to be cut short as weight loss became

excessive). Coating of lead could be observed onto the mill shell and grinding media.

Factors contributing to this smearing mech211ism (also a transfer, from the charge to the

grinding medium and mill shell) are also quite complex. In many systems it was Iinken

to the onset of breakage (the third phase when grinding lead ShClS in the Bond bail mill,,
the second phase with flattened lead shots in the Bond bail and rod mill tesi.;), but it was

also quite important in the small bail mill, in the absence of actual breakage. It was in

this case attributed to the rough surface of the mill porcelain shell. It was very

significant in the environment of highest intensity (i.e. the Bond rod mill). .\dding a

gangue phase minimized the importance of smearing, but it is not clear that this

phenomenon was abated as much as the smeared material scoured off the surface onto

which it had smeared.

The impetus for this work was the importance of the breakage of gold ilakes in

industrial tumbling mills. Other less important applications can be found in the grinding

of copper slag containing droplets of metallic copper and the remediation of sites

containing metalli:1lead i.e. old firing ra',:~es. For ail three applications, smearing of the

malleable phaseJin either the grinding media and mill shell or the non-malleable gangue

can hav;: adverse effects. For gold, it results in unliberation and can cause a loss of. . .-.----:-:---~~....

recovery. Gold inclusions into mill shells have beeninformalÎy;reported by scrap

dealers, and scouring of old mill equipment to dlslodge smear~d gold practised,
commercially. Gold smeared unto the grinding medii is eventuaIIy Iiberated again when
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the grinding meci;", wears down, but nlay be unresponsive to tlotation. or even possibly

passivated by galvanic interaction. Sorne grinding media is eventually discarded because

it is too small or angular (colloquially called skats). and wouId have its own gold content.

The smearing of gold onto mill shell may be less signiticant in large diallleter

mills because of their much slllalier liner surtàce to charge volume ratio than the three

much smaller mills used in this study (although the total amount of gold smeared would

be higher because the surface area, in absolute terms, is Illuch higher). This is not the

case of the small mills used for the regrinding of table tails, which makes this practice

objectionable. Furthermore, studies (235) have shown that gold in these products was

largely liberated, but fine, and would be recovered effectively by screening and

processing the undersize with a centrifuge unit. Gold's grinding behaviour simply

suggests that as it should be ground as liUle as possible.

In the. case of metallic copper, downstream recovery is likely to be by tlotation,

and the impact of smearing, overgrinding, the excessive retention time in the grinding

circuit is not known. The possibility of gravity recovery in this case has never been

investigated, to the knowledge of the author. Copper is the hardest of the three metals

investigated, thus the least susceptible to smearing. However, its selection function

would be even lower than that of gold, and it would accumulate in grinding circuits, as

its density, 8.96 g/cm3, is significantly higher than that of most minerai gangues, 2.8

g/cm3
, and fayalite slag (FeSiÛ:J), 3.5 gicm3

•

In the case ofJead decontamination, the cheapest recovery method is gravity, and

lead's ability to smear, which can be linked to its very low hardness, is more likely to

be a problem. Thus comminution circuits should use very low grinding intensities (e.g.

scrubbers) and emphasize gravity recovery as early as possible in the tlowsheet. The use

of cyclones to classify mill discharges should be avoided whenever possible.
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When modelling the gravity recovery of gold its grinding must also be modelled.

Should the folding and flattening transfers be incorporated into the simulator? The

results of this thesis argue strongly against it, as breakage rapidly becomes the dominant

transfer as: i) grinding energy intensity increases, ii) fragment size decreases, and iii)

grinding lakes place in the presence of a brittle but harder gangue phase. The first

condition is met in the large diameter mills used industrially. The second, in that most

gold accumulates below 0.300 mm in grinding circuits. Finally, gold ores contain

typically 5 to 30 ppm of gold, yielding circulating loads (bail mill feeds) of 25 to 500

ppm of gold. This presents a very low concentration of malleable metal or, conversely

a very high concentration of scouring material. Ali three conditions make breakage

mechanisms more significant than folding and flattening.

Pure gold, which recrystallizes at room temperature, is postulated not to work

harden during grinding, much like lead. Commercial gold and even more so native gold,

are not nearly as pure, and have much higher activation energies and recrystallization

temperatures. It is therefore expected that they will not recrystallize at room

temperature. Yet their malleability is retained. This could be the case for platinum,

with an even higher recrystallization temperature (19') than pure gold or lead. Recovery

(the reordering of dislocations to lower their energy) is likely to be the mechanism which

explains why impure gold retains its malleability in the absence of recrystallization.

Table 9.1 is a thorough summary of the grinding work with lead and copper, but

not a user-friendly presenllltion. Figures 9.1 and 9.2 attempt to present the same

information, but l'rom a less quantitative, more phenomenological perspective. Figure

9.1 depiclS a conceptual view of the transfers across size classes, with and without silica

(i.e. the dominant, brittle gangue phase).
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Figure 9.3: Fit of the cascadography response of the 1" concentrate of MLS product of

the 0.710-0.850 mm sample ta Equation 7.2 using a) one, b) two and c) three particle

types (each with a single screening rate constant)•
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ln lhe absence of silica (Figure 9.1), lhe firsl phenomenon 10 be depicled is

agglomeralion by cold-welding (A). This phenomenon was observed moslly Wilh ShOlS

and tlallened shOlS, only in lhe Bond bail mill Wilh larger diameler balls. Il can be

poslulaled lhat a more energy intensive environment like the Bond rod mill would yield

impaclS that can break rather than weld particles. Finer lead particles did not yield coId

welding, presumably because their smaller size lowers the probability of quadruple

collision (ball-lead-Iead-ball or mill shell). The second phenomenon depicted in rhe

absence of gangue is flattening (B), which dominated many systems. Folding (Cl was

one half to one lhird less likely than flattening, except in the system of very low grinding

intensity with respect to fragment hardness (Le. copper fragmem in the small bail mi\l).

ln this last case, it can be postulated that impacts could occasionally bend particle edges,

but were not capable of flattening. Breakage (0) can be virtually absent (copper

fragments in small bail mill) to very significant (lead fragments in the Bond rod mill).

When a dominant brittle hard phase is added to mimic gold ores, the phenomena

observed in the absence of gangue are still present with virtually the same kinelics,

except for agglomeration, which was not observed. The major difference is that the

brittle particles act as wedges in the malleable fragments, significantly increasing the

kinetics of breakage (E). Secondary phenomena include the smearing of the malleable

metal unto the brittle minerai (F), and the impacting of small minerai fragments into the

malleable metal (0).

Figure 9.2 is a conceptual representation of the smearing of the malleable metal

onto the grinding media and mill shell. In thf; absence of brittle gangue, the phenomenon
!

can be extremely significant, especially, ~'jtltè scfter malleable metals and rougher

surfaces. Although fast smearing kinetics have been observed in the absence of breakage

(H), in ail cases smearing signi'flcantly increased at the onset of breakage (1), presumably

because progeny was more susceptible. ta smearing than parent particles. When gangue
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is added, the impact of smearing is considerably decreased. A tirst. obvious mechanism

is the removal of smearing material by the ~~ouring action of the minerai (1). As the loss

of weight of material in the coarser size classes due to smearing is also decreased, a

second mechanism must be evoked. The dominance of the brittle phase makes il 1ikely

that it will be present between th,:: grinding media and the malleable fragments upon

impact, and will del'rp.,,~e (lirect contact of the medium with the metal (K). Evidence of

this mechanism i~, at this point, only circurnstantial.

One last point to be discussed has to do with cascadography. lt was argued in the

conclusion of chapter 7 that analysis of cascadography results must be more powerful

than the mere detection of peaks on the flow rate plots proposed by Meloy and

Durney(220). Figure 9.3 (a) to (c) propose a least-square fit to Equation 7.2 based on the

assumptions of unimodal, bimodal and trimodal populations, respectively. The goodness

of fit obviously improves as the number of particle types used (each with its unique

probability of screening) increased. This suggests that a small number of particle types

should yield an excellent fit. To limit the degrees of freedom of the fit, this :~hould be

achieved using relatively simple probability functions, much like what was proposed in

flotation (236). The potential of cascadography would then be improved significantly.

9.2 Contributions to Knowledge

- The transfer of malleable metals (Iead and copper) between size classes was investigated

in different grinding environments. Phenomena of breakage, tlattening, and folding were

modelled using an extension of the classical grinding mode\.

- The effect of grinding intensity, the size and hardness of the malleable phase and

presence of a brittle harder gangue phase on the relative importance of the various

transfers was identified.
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- The breakage function of gold was determined in a realistic grinding environment (i.e.

in the presence ofa dominant brittle pha~e). and Iinked to recoverab il ity by gravity. This

information has since been incorporated in a simulator of gold recovery by gravity. The

main difference between the breakage function of gold and that of brittle minerais has

been conclusively Iinked to the folding mechanism.

- Hardness measurements showed that lead does not work harden during grinding at room

temperature. This would be expected from published values of lead's recrystallization

temperature and activation energy, but experimental evidence on grinding products had

not been found in the Iiterature.

9.3 Suggestions for Future Research

This investigation, as would be expected of exploratory work, has raised as many

questions (and probably more) as it has answered. The following topics are of particular

interest:

- The assumption that first order kinetics can represent the transfer mechanisms observed

is a convenient analytical taol. However, it can not predict the various phases that were

observed. and is clearly incapable of accounting for the induction times observed before

the onset of breakage. Other models should be investigated.

- The relative importance of smearing has been demonstrated. It is much less significant

in the presence of a h..'U'd, brittle phase. This would be expected if the brittle phase

scours the smeared phase, but the brittle phase could also act as a barrier between the

1\ grinding medium and the milFShell. Which mechanisrn' is dominant has yet to be
~'-,
'-, determined. ,
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- The importance of smearing suggests lhat the presence of gold should be detectable in

steel discarded from grinding circuits. Th;s should be tested with actual samples. eilher

directly (e.g. SEM work) Di indirectly (e.g. cyanidation of skats).

- Determination of the breakage function of coarse gold yielded uncertainty, as weights

in excess Clf 10 g of gold should have been used. This should be completed, using the

procedure tested with the Hemlo samples.

- The results ':If ca5cadography were inconc\usive. but at least identitïed sorne

discrimination (i.e. relative to partic\e weight). The analytical approach suggested by

Meloy 12(0) must be refined. Only then could the potential of cascadography be tapped.

- The breakage function work, particularly that of gold, showed that the bj + I •1 terms

contain a significant folding contribution. Significant weight also reports to the size c\ass

immediately coarser than the parent c\ass. The impact of these transfers on the

modelling of gold"s behaviour in grinding circuits has yet to be determined.

- Just as the gravity recovery of gold can be in part justified by its grinding behaviour.

it may be attractive in plants that process materials containing malleable metals such as

lead and copper. ln particular, the use of centrifuge units such as the Knelson

Concentrator could be investigated.

- Work hardening of lead was not detected; this would be expected from its

recrystallization temperature (-4"C), the case of gold and copper is more interesting, as

their recrystallization temperature is much higher, with no apparent effect on their

malleability. It was postulated that this can be explained by dynamic recovery (the re

organization of dislocations to minimize theirenergy). Obviously this warrants a c\oser

examination.
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1.1 Introduction

:\2

•

ln this chapter analytical and numerical solutions for the proposed modd for

malleable materials, Equations 3.7, in chapter 3 are presented.

1.2 Analytical Solution

Proposed models are analytically solved using the ODE (ordinary differential

equation) solution for a system and initial conditions. When the number of size classes

increases the analytical solution is not simple, and therefore numerical solutions are used.

ln this chapter, the analytical solutions for the simplest case which is a system consisting

of three size classes is presented.

1.2.1 Case 1: Folding & flattening and no breakage

Based on this model for malleable material a system consisting of three size

classes has three differential equations as foll,';,:.:

dw1/dt = -rl.2w\ + r2.lw2

dw2/dt = rt.2w\ - (r2,1 + r2,3)w2 + r3.2w3

dw3/dt = -r3,2w3 + r2.3w2

and, the analytical solution for this system is as follows;

dwi/dt = -rl.2wI + r2.lw2

dW2/dt = r,,2w. - (r2,\ + r2.3)w2 + r3.2w3

w, + w2 + w3 = 100 (%)

Therefore,
1

d,wl/dt = -r,,2wI + r2.lw2

dw2/dt = rt.2w\ - (r2.\ + r2.3)w2 + r3,2(l - w, - w~
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and

A3

•

dw,/dt = -r'.2w, + r2.,w2

dw2/dt = (r'.2 + r'.Jw, - (r,., + r,., + r,.Jw, + r'.2

using the differential operator "0", yields:

(0 + r,.2)w, - r2.,w2 = 0

(0 + ru + r2., + r,.Jw2 - (r,., - r..Jw, = r,.,

Solving the above equations for w, and Wh

for w.: (02+(r,.2+r2.,+r2.,+r,.2)O+(r'.2r2.,+r,.2r,.2+r2.,r,.J)w, = r'.2

for w2: (02+(r•.2+r2.• +r2.,+r'.2)O+(r•.2r2., +r,.2r'.2+r2.3r3.:z})W2 = r'.2r3.2

If suppose the r. and r2 are the roots of the above equations, therefore the general

solution of differential equations will be:

w, = c.e"1t + c2e·r2t + l,

w2 = c,e-'It + c.e·r2t + 12

ln order to calculate the exact answer, the coefficients of l" 12, C" c2, C3 and c. must be

calculated. To do that, at t = 0>:

dw./dt = dW2/dt = 0

and,

Therefore,

-r."I. + r,)2 = 0

(r." - r3,JI, - (r2,. + r2,3 + r"JI2 = -r",

Finally, by solving for the l, and l, in the above system,

1. =' (r" l r3,J / (r",r2" + r",r3" + r",r3,,)

l, = (r."r3,J / (r,.,r'.3 + r,.,r3" + r,.lr3,')

Ch e" C, and c. are calculated from the initial conditions. As an example we will choose

w,(O) = l, therefore:

w.(O) = 0, w3(0) = 0

Substitutiiig the above initial conditions in the general answers of the di fferential
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equations yield:

l, + c, + c, = 0 (i)

l, + C3 + C. = 1 (ii)

and at t=O,

w, = 0, w, = 1, w3 = 0

Substitution these values in the original differential equations yields:

(dw,/dl) 1=0 = r,.,
(dw,/dt) ,=0 = -(r,., + rd

Now, if we derive from the general answers al t=O,

r,c, + r,c, = r,., (Hi)

r,c3 + r,c. = -(r,.• + r,.3) (iv)

After solving the system of equations (i), (ii), (iii) and (iv), the coefficients are equallo:

c, = -l, + «r,l. + r,.•) 1 (r, - r,»

e, = (-r,l, - r,.,) 1 (r. - r,)

C, = 1 - l, - «r, - r,l, + r,.• + rd 1 (r. - r,»

c. = (r, - r.l, + r,.• + r,.3) 1 (r. - r,)

1.3 Numerical Solution

A numerical method for solving an initial-value problem is a procedure which

produces approximate solutions at particular points using only the operations of addilion,

subtraction, multiplication, division and function evaluations. All numerical melhods will

involve finding approximate solutions at different steps of independent variables, where

the difference between any two successive independent values is a constant (for example

if x is independent variable, then h = x.+. - x.).

The step value of two successive independent iterations is arbitrarily chosen, and

in general, the smaller step gives the more accurate the approximate solution. There are
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ciifferent numerical methods, such as Euler's, Heun's, Nymom's, and Runge-Kutta's.

A numerical method is of order n, where n is a positive inreger, if the method is exact

for polynomials of n or fewer degrees. In other words, if the true solution of initial

value problem is a polynomial of degree n or less, the approximate solution and the true

solution will be idenrical for a method of order n.

ln general, the higher the order, the more accurate the method. For example,

Euler's method is of first order and both Heun's and Nystrom's methods are of second

order. Runge-Kutta has two sub-groups as third-order and fourth-order methods. Here,

the fourth-order Runge-Kutta method is defined for the three size classes system which

was used to iIIustrate analytical solutions, ln this part, the numerical solution based on

the fourth order of Runge-Kutta method is only used for the folding and flauening model

of malleable material and the other models are solved in a same procedures,

1.3.1 Case 1: Folding & flattening and no breakage

The differential equations of this model for a system consisting of three size

classes are the same as section 1.2.1, the step value of two successive iterations, h, is a

time increment, the values of dependent variables in new iteration will be calculated by

using several coefficients based on the shape of each equation. If we use the parameters

of 1. 10 1. for w" k. to k. for W2 and j, to j. for W3 (four parameters for each mass) ,

therefore the solutions will be as follows:

dw./dt = -r.,2w, + r2,.w2

dW2/dt = r.,2wl - (r2,. + r2,3)w2 + r3,2w3

dW3/dt = r2,3w2- r3,2w3

Therefore.

1. = h*(-r',2w. + r2,.w2)

k. = h*( r',2w. - (r2.• + r2,3)w2 + r3,2w3)



•

•

Appendix 1- Analytical & Numerical Solutions of the Proposed Models

l, = h*(-r,.,(w,+0.51,) + r2.l(w,+0.5k,»

k, = h*( r,.,(w,+0.51,) - (r,., + r,.3)(w,+0.5k,) + r3.,(w3+O.5j,»

j, = h*( r,.3(w,+0.5k,) - rdw3+0.5j,»

13 = h*(-r,.,(w, +0.51,) + r,.,(w,+0.5k,»

k3 = h*( r'.2(w,+0.51,) - (r,., + r2.3)(w2+O.5k,) + r3.,(w3+O.5j,»

j3 = h*( r2.3(w2+O.5k,) - rdw3+0.5j2»

\. = h*(-r'.2(w,+13) + r2.,(w2+k3»

ko = h*( r,.2(w,+13) - (r2.' + r2.3)(w2+k3) + r3.2(w3+j3»

j. = h*( r2.3(w2+k3) - r3.2(w3+j3»

and the new masses are:

(w,).+, = (w\). + (1/6)(k, + 2k2 + 2k3 + ko)

(wJ.+, = (w2). + (1/6)(1, + 212 + 213 + 1.)

(W3).+' = (W3). + (1/6)(j\ + 2j2 + 2j3 + j.)

:\6
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Appendix fi: Complete Set of the Estimated Rate

Constants & Fitted Curves of Chapters 5 & 6
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••UIC ••• 1. c.:.IIIU4ICU lilllI;; UJlI:)WWi lilU III 01111". lur Ille: UUlRI nau nllllle515 tltaD n3i!mellls leSISI: 113nerull1!. IUIUIIU1 ana Jlnllled orcaKaJi!t mou!;:l.

Fe;'::';::ze 1.18·1.40, w, 0.850·1.00. w, 0.600·0.710. w, 0.425·0.500. w,

Rlle Producu (No. of P,oducu (N~.):of ProdUt:lS (No. of ProduclS (No. of
CORSIaOls Sile Classes : Sizc Classes ; Sizc Classes : Size Classes):

131 (4) 151 (3) (4) 151 131 141 151 131 141 151

, 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000

, 0.005 0.004 0.003 0.003 0.003 0.002 0.003 0.004 0.003 0.003 0.003 0.002

,.. 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

r · 0.004 0.000 · 0.000 0.000 · 0.000 0.000 · 0.000 0.000

'" · · 0.000 · - 0.000 - · 0.000 · - 0.000

,.' 0.008 0.012 0.011 0.009 0.013 0.012 0.007 0.011 0.011 0.005 0.009 0,009

, 0.036 0.0-17 0.045 0.063 0.090 0.087 0.lJ66 0.093 0.092 0.089 0.139 0.139

,.. 0.041 0.104 0.129 0.021 0.076 0.071 0.022 0.099 0.101 0.026 0.333 0.086

,. ' 0.106 0.237 0.297 0.118 0.380 0.344 0.163 0.673 0.677 0.138 0.004 0.34~_

, · 0.005 0.005 - 0.005 0.008 - 0.002 0.004 · 0.000 '''''_1
,.. - 0.013 0.000 · 0.000 0.000 - 0.000 0.000 0.001 0.000

r · · 0.012 · - 0.0lI6 - · 0.009 · . 0.010

, · · 0.000 - - 0.000 · · 0.000 · - 0.000

55 of: w. 33 75 71 119 179 166 112 149 151 28 52 54

w 43 87 58 100 132 127 129 159 154 45 70 69

w, 31 23 33 IS 13 15 la 8 9 7 6 7

w · 7 7 - 8 5 · 1 1 2 1

w · - 5 - - 2 · · 1 1

W 3 3 5 9 3 1 5 7 8 6 6 6

Toul 110 192 179 243 335 316 2S6 324 327 R6 136 138

MSS 3.8 5.5 4.4 8.' 9.6 7.7 7.3 79 40 30 39 34

5 1.9 2.3 2.1 2.9 31 2.8 2.7 2.B 2.0 17 20 1 •
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--_.- ..._. ...._. ._.- -_.- .................. ..... ............. _.................. ...........hIO ........ • ............. ........U ...... , '""""... • .......... _ - ...

F~:ZC 1.18-1.40. wJ 0.8SCH .00. w, 0.600-0.710. wl 0.425-0.500, w,

Raie ProdllClS 15izesl Produet.s ISizes PloduclS (Si",,) ProouclS 'Sites\
COnstlnlS

131 (4) (S) (3) (4) (SI 131 (41 CSI (31 141 lSl

r 0.000 0.000 0.000 0.116 0.118 0.117 0.112 0.116 0.116 0.039 0.039 0.042

r" 0.030 0.030 0.030 0.112 0.113 0.121 0.093 O.09S O.09S 0.101 0.097 0.099

r 0.313 0.442 0.337 0.417 0.484 2.710 0.47S 0.901 0.823 0.7SI 0.882 3.467

r 1.233 2.347 1.791 2.060 3.68S 20.000 1.838 4.649 4.2S3 3.312 S.150 20.000

r - 0.74S 0.749 - Il.719 8.920 - O.S94 0.741 4.262 3.687

r · 1.989 3.299 - 20.17S 20.000 · 1.767 3.697 - 13.007 IS.752

r•• · . 2.96S - - 0.000 · - 19.497 - - 7.902

r - . 4.903 - - 0.000 - - 28.93S . - 20.000

55 or: w. 143 144 148 82 84 96 21 22 22 36 39 39

w 103 100 110 46 42 S8 IS IS IS 49 4S 45

w, 13 6 S 50 28 32 9 7 7 94 S2 52

w - 6 2 . 6 6 · 2 1 - 9 S

w, · - 1 - . 15 · - 2 - - 1

T...I 259 256 266 178 160 207 44 47 47 179 14S 142

M55 8.9 6.7 S.7 6.8 4.7 4.9 0.9 0.7 0.6 4.4 2.7 2.1

5 3.0 2.6 2.4 2.6 2.2 2.2 0.9 0.8 0.8 2.1 1.6 1.4
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• ......... ••_. _ ................._ "~."'''''"''' ....... III." lUI ...... "'UnU l'ru .IIIU lli..,.., \.'-'IU IIdll:llIl;lIl:t Il;;:U:U, IIdUl;llIlIlI:. UIIUIII,!; lUlU ~Allln.. 11 Il'~_II:l; IUlIUlOt •

Fe;'::';;;'" 1.18-1.40. wJ
1

0.850-1.00, w,

"

O.600.().710. w1 Il
0.425-0.500. w1

1
Rate Produe15 (No. of Pruducis (No. uf Producls (Nu. of PrntJuclS (No. uf

CUnslalll5 Sïzc Classcs ; Size Classes\; Sile Classes: Size Classesl:

131 (4) (5) (3) (4) (51 131 141 (5) 131 (4) 151

5 0.000 0.865 1.212 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 1.076

5 1.602 0.880 0.497 0.003 0.003 0.002 0.003 0.004 0.003 0.003 0.003 0.188

5 0.536 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

5 - 0.000 0.000 · 0.000 0.000 - 0.000 0.000 - 0.000 0.000

5 · - 0.000 - - 0.000 · - 0.000 - - 0.857

r. , 1.217 0.411 0.060 0.889 0.000 0.000 0.628 0.000 0.000 0.849 O.IMIO 0.000

r 2.259 2.390 2.398 1.933 2.032 2.02S 0.917 0.950 0.969 0678 0.694 0.860

r 1.127 2.518 3.205 0.770 2.466 2.849 1.294 1.675 1.969 1.020 1.260 2.052

r" 2.730 5.299 6.329 2.197 5.417 4.756 1.962 3.315 2.915 0.611 1.223 2.182

r - 2.668 4.088 · 3.945 4.734 · 1.171 1.624 - 1.160 1.230

r. , · 4.559 7.279 - 3.576 3.593 - 1.585 1.290 - 0.441 0.530

r · . 3.227 · . 1.103 · - 1.834 . 1.681

r - - 5.634 - - 0.667 - . 1.072 . 1.32-1

SS of: w. 17 22 23 13 13 20 Il 12 13 4 5 10

w. 27 23 24 21 22 16 15 18 12 15 12 28

w, 2 3 4 1 8 6 1 5 3 1 2 8

w · 2 2 - 4 5 4 1 3 2

w. · . 0 · 2 - . 1 1

T....I 46 50 53 35 47 49 27 39 30 20 22 49

MSS 4.2 3.6 3.2 2.5 2.6 2.2 2.5 2.8 1.8 14 1.2 22

S 2.0 1.9 1.8 1.6 1.6 1.5 1.6 17 1 3 1 2 Il 1 5
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•
. Table Il.4: Estimalcd raie COJlSl2nlS (ail in min") fo, Ibe Bond bail milllCSlS (Iead fragmenls mixcd wilb sHica); nallemng, folding and explicit brcakage.. .. .... -.............-..........._. . , _.

... _ ...... __ v."_ ......vu ....................." ......_.

F~i'" 1.18-1.40. wJ 0.850-1.00, w, 0.600-0.710. wJ 0.425·0.500. wJ

RaIe ProdUdS (ND. of ProdUdS (ND. of ProtlUClS (No. of ProdUCIS (No. of
COnslaDlS Sm Clxsses : Sm CIa.Sl:S): Size Classes: Size Classes;

131 (41 151 131 141 (SI (3) (41 (SI (31 (41 '51

s. 0.011 0.010 0.012 0.126 0.148 0.000 0.566 0.461 0.391 0.196 0.318 0.373

s 0.000 0.000 0.000 0.718 0.743 0.877 0.081 0.000 0.000 0.609 0.000 0.000

s, 0.298 0.446 0.292 0.820 1.037 0.000 0.192 0.000 0.000 0.309 0.000 0.036

s - 0.000 0.000 · 0.000 0.753 · 0.438 0.000 0.446 0.000

s . - 0.369 · · 0.000 · · 0.468 - . 0.363

, 0.000 0.000 0.000 0.000 0.000 0.161 0.000 0.000 0.000 0.000 0.000 0000

, 0.051 0.051 0.054 0.417 0.448 0.468 0.637 0.484 0.383 0.026 0.179 0.250

, 0.412 0.535 1.400 0.000 0.000 0.000 0.000 0.129 0.160 0.155 0.321 0.303

, 1.646 2.257 6.219 0.913 0.932 1.419 0.000 0.000 0.000 0.382 0.000 0.000

, - 0.000 0.000 · 0.000 0.780 · 0.296 0.342 · 0.446 0.392

r - 2.019 0.000 · 0.355 0.000 · 0.000 0.000 0.000 0.000

,.. - . 0.207 - - 0.060 · · 0.499 · 0.420

, - - 0.000 · · 0.518 · · 0.000 0.000

SS of: w, 31 32 28 27 23 " 22 6 7 8 3 3 3

w 68 73 68 7 3 1 10 II Il 2 2 2

w, 9 II 10 15 5 Il 3 2 2 1 1 1

w - 20 1 · Il 4 · 1 1 · 1 1

w, - - 1 - · Il · 1 1

TlMal 108 136 108 49 42 49 19 21 23 6 7 K

MSS 9.8 9.7 6.3 6.1 4.2 4. J 3.8 3.5 3.3 1.2 III 09

S 3.1 3.1 2.5 2.5 2.0 2.0 1.9 1.9 18 1 1 ln O')
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• Appendbi: 11- Complete Set of the Estimated Rate Constants .•• A12

breaka.e model. (noint zero was coosidered in Citrin.' .

Fel~~ 0.600-0.710. w, 0.425-0.500. w,

Raie ProduclS (No. of ProdUClS (No. of
Constants Size Classes): Size Classes):

13\ (4\ (5\ (3\ '4\ (5)

s 0.258 0.302 0.293 0.586 0.573 0.528

50 0.146 0.000 0.000 0.000 0.000 0.000

s. 0.255 0.000 0.000 0.270 0.000 0.000

s · 0.528 0.000 · 0.312 0.000

s. · . 0.473 · . 0.281

r 0.000 0.000 0.000 0.000 0.000 0.000

r. 0.179 0.209 0.203 0.470 0.456 0.411

r. 0.000 0.136 0.138 0.139 0.143 0.153

r.. 0.000 0.000 0.000 0.000 0.000 0.000

r•. · 0.341 0.347 - 0.278 0.300

r - 0.000 0.000 - 0.000 0.000

r•• - - 0.541 - - 0.344

r · - 0.000 · - 0.000

SS of: w 21 19 19 9 10 11

w. 32 34 33 18 18 18

w 6 3 3 4 3 3

w · 2 3 - 6 7

w - - 1 - - 3

Toral 59 58 59 31 37 42

MSS 7.4 5.8 4.9 3.9 3.7 3.5

S 2.7 2.4 2.2 2.0 1.9 1.9

Table D.4.l: Esùmated rate cOOStants (all in min'I ) for the Bond ball milliests (1ead fragments mixed with
siUca) for the IWO 0.600-0.710 mm. and 0.425-0.500 mm feed sizes; f1allening. folding and explicit

•
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Table Il.5: Eslimaled raie eonslalns (ail in min·') for Ibe small bail millleslS (h:ad fragm.ms mixed wilb siliea); fian.ning. fnlding and .xplicil br.akag.
model .... ..

F~:"
1.18·\.40. w, O.Sso.l.OO. w, 0.600-0.710. wJ 0.425-0.500. wJ

Rai. Produets (No. of Produets (N~i;of Produets (No. of PrOOUCIS (No. of
Consllm Sizc Classes : Sïzc Classes : Size Classes: Size Classes :

131 141 IS\ 131 141 ISI 131 /4\ (5) (3) (4) (5)

s. O.llOO O.llOO O.llOO O.llOO O.llOO O.llOO O.llOO O.llOO O.llOO 0.119 0.123 0.124.. 0.024 O.llOO 0.011 O.llOO O.llOO O.llOO O.llOO O.llOO O.llOO O.llOO 0.000 O.llOO

s. O.llOO O.llOO O.llOO 0.192 O.llOO O.llOO 0.2S8 0.000 0.000 0.211 0.194 O.lb9

s · 0.277 0.IS7 · 0.267 0.234 · 0.474 0.474 · 0.132 0.000

s · · 0.068 · · 0.058 · · 0.IS6 · 0.131

r 0.000 0.000 O.llOO O.llOO O.llOO O.llOO 0.000 O.llOO O.llOO 0.000 0.000 0.000

r 0.029 0.029 0.031 0.OS9 0.OS9 0.069 O.OSS 0.056 0.OS7 0.142 O.ISI 0.152

r.. 0.088 0.12S O.64S 0.03S 0.037 0.081 O.06S 0.066 0.066 0.076 0.076 0.076

r 0.493 0.561 3.080 O.llOO O.IIS 0.216 O.llOO 0.000 0.000 0.000 0.000 0.000

r · 0.380 0.046 · 0.192 0.173 · 0.2SI 0.2SI · 0.011 0.03~

r.. · 1.088 0.000 · 0.000 0.000 · 0.000 0.000 0.000 0.000

r · · 0.000 · · 0.000 · 0.000 0.149

r · · 0.000 · · 0.000 · · 0.000 0.000

SS of; w 26 26 24 109 104 67 49 48 47 43 39 39

w IS 14 19 14 14 13 1 1 2 13 12 12

w, 6 6 7 2 • 2 1 4 S S S 7 7

w · 4 1 · 1 1 · 4 4 · 1 1

w · · 1 · · S · · 1 1

TeMa. 47 50 S2 12S 121 87 S4 S8 S9 61 59 60

MSS S.9 S.O 4.3 IS.6 12.1 7.3 6.8 S.8 4.9 7.6 5.8 4.9

S 2.4 2.2 2.1 3.9 3.S 2.7 2.6 2.4 22 2.8 24 L!

LoJ



•
Table II./i: Eslima",d nIe ennslams (ail in min") for d,,, ~.()nd rod milllcsls (Joad fngmems mixcd wi,h siliea): "."cning. folding and cxplicil hrcakagc
modcl

Fc~:zc 1.18·1.40. w, 0.8SO- t .00, wJ 0.600-0.710. w, 0.425-0.500. w,

Rate PraduclS (No. 01 Pradu,lS (N~i:UI ProduclS (No. of Products (No. of
Constants Size Classes: Size Classes: Sile Classes : Size Classes:

131 141 151 l3l 141 'SI l3l 141 151 131 (41 (SI

S 4.435 4.292 2.884 2.150 1.922 0.861 USI 1.152 1.633 0.000 0.000 0.000

s 0.000 0.000 0.291 0.000 0.000 0.259 0.000 0.000 0.000 0.138 0.089 0.114

s 0.360 0.383 0.383 0.327 0.383 0.371 0.245 0.765 0.000 0.126 0.372 0.260

s · 0.368 0.000 · 0.194 0.000 · 0.000 0.000 · 0.000 0.000

s · · 0.515 · · 0.213 · · 0.289 . 0.000

r 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.501 n.SS3 0.541

r" 0.948 0.922 0.598 0.615 0.549 0.239 0.292 0.21S 0.308 0.182 0.200 0.195

r 0.189 0.207 0.000 0.136 0.164 0.000 0.111 0.13? 0.105 0.016 0.049 0.039

r 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.064 0.000 0.058

r · 0.000 0.000 · 0.000 0.000 · 0.000 0.228 · 0.000 0.000

r · 0.000 0.000 · 0.000 0.000 · 0.934 0.000 · 0.368 0.229

r · · 0.362 · · 0.178 · · 1.139 · 0.296

r · · 0.000 · · 0.000 · · 0672 . 0.2SI

SS 01: w 7 7 7 20 20 13 10 9 Il 36 41 38

w 1 1 1 SI 55 50 33 35 33 25 23 2J

w, 1 1 1 2 5 4 1 7 1 2 2 1

w - 1 1 · 5 16 · 10 1 2 1

w. · - 2 · · 6 · · 3 1

TUlaI 9 10 12 73 95 89 44 61 49 63 68 64

MSS 1.0 1.0 1.0 9.1 9.5 7.3 5.5 6.5 4.0 79 69 56

5 1.0 1.0 1.0 30 3.1 2.7 2.3 2.5 20 28 26 24
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•

".-able Il.7: hSUmaied nie constantS lall 10 RUn"') IUf me Bono Dall mllllCSlS Iconner Ira OIt:01S lests); lIam:ninR and roldine lno hreakalil:c:l modd.

Fe;.::,~:'" 1.18·\'40, w, 0.850·\'00, w, 0.600-0.710. w, 0.425-0.500. wJ

Raie ProduclS (Si=1 ProdUClS (Si= ProdUClS ISi",.1 Pn'duets 'Sizes\
Consuœ

131 141 151 131 141 !SI 131 14' '51 131 (4) (SI

r.. 0.165 2.074 5.162 0.014 0.013 0.013 0.011 0.011 0.010 0.013 0.012 0.012

r 0.004 0.085 0.211 0.004 0.004 0.004 0.004 0.004 0.004 0.011 0.011 0.011

r 0.064 0.303 1.308 0.102 0.232 0.106 0.089 0.241 0.095 0.068 0.017 0.089

r.. 0.316 2.002 8.643 o.- \.800 0.827 0.454 2.000 0.800 0.208 0.394 0.458

r · 0.071 0.236 · 0.532 2.572 · 0.463 \.711 · \.40-1 0.726

r.. · 0.208 2.023 · 0.767 7.052 · 0.700 5.530 · 2.000 2.000

r · · \.378 · · 3.294 · · 5.047 · 2.000

r · · 0.745 · · 3.496 · · 4.117 · · 2.000

55 or: W 1 2 2 31 31 31 61 61 61 108 109 110

W 9 9 9 24 24 23 57 56 55 54 51 50

w, Il 9 9 4 8 8 3 4 3 13 5 5

w. · 1 a · 2 1 · • 1 la 3

w, · · 1 · · 1 · 1 · · 3

T.... 21 21 21 59 65 64 121 122 121 175 175 171

MSS 0.9 0.7 0.6 2.6 2.2 \.7 5.3 4.1 3.3 7.6 5.8 4.6

5 0.9 0.8 0.8 1.6 1.5 \.3 2.3 2.0 1.8 2.8 2.4 2.1
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•

ISOle ...a: C5l1nJaU:U ..Ile constan15 Ulii lU mm', IDC me small Dau mllllesis Iconœr Ira mtlllS testS): lIalieruJ12 ana IUUJIDR 1110 oreaKaRtJ muuel.

Feed Size 1.18·1.40. w, 0.850-1.00. w, 0.600.0.710, w, 0.425-0.500. w,
'nunl

Rite PruduclS (Sizcsl ProdUCIS (S;zes Produet. /Sizc.1 Products (Sizes)
ConsllnlS

13' /41 (S) /31 (4) (S) (3) (41 /SI (3) /41 /SI

r 0.000 0.000 0.000 0.03S 0.079 0.030 O.06S 0.066 0.060 O.OSS 0.063 0.061

r 0.002 0.002 0.002 0.000 0.017 0.009 0.023 0.023 0.022 0.022 0.024 0.239

r.. 0.100 0.424 0.42S 0.240 1.0S8 0.3SS 0.2S3 0.40S 0.400 0.130 O.4IS 0.409

r 0.290 2.000 2.0m 0.880 6.072 2.000 0.683 2.010 2.211 0.304 1.987 I.99S

r.. - 0.048 0.049 · 0.074 0.563 - 0.17S 0.868 - 0.141 1.042

r•• · 0.OS9 0.168 - 0.01S I.96S 0.187 1.987 - 0.111 1.488

r · - 2.001 - - 2.000 - . 2.19S - - 0.036

r · . 1.150 - - 2.000 - - 2.121 - - 0.038

SS uf: w 2 2 2 14 32 16 S 4 7 43 44 49

w 20 8 8 38 78 37 23 39 21 3S 62 29

w. IS 4 4 13 46 43 16 IS 16 18 13 12

w. · 3 1 · 34 Il - 21 Il 12 21

w, · - 1 · - 27 . 26 2

TlMIl 37 17 16 6S 190 134 44 79 81 96 131 113

MSS 1.9 0.1 O.S 3.3 1.3 4.2 2.2 3.0 2.S 4.8 S.O 3S

"- 1.4 0.8 0.1 1.8 2.1 2.0 I.S 1.8 1.6 2.2 2.2 19
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•
.aDle Il.7: ~umalCU lille I;UlJSI.ilIUS lau lU nun"1 IDe me 11000 ma mm ItslS {copper Ira2meRlS lC:SlSJ: IIll1emll2. IOIUJJI ana exmlcn Dreaka~c mOUel.

Feed Size 1.18-1.40. wJ 0.850-1.00. w, 0.600-0.710, ""1 O.42S·0.SOO. wJ
Imml
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Figure 0.1: Fit of the folding, flattening and limited breakage model for the Bond bail

mill test (Iead fragments testsl, using 1.18-1.40 mm feed size; a: 3 size classes, b:.~ size

classes, c: 5 size classes.
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Figure II.2: Fit of the folding, flattening and Iimited breakage model for the Bond bail

mill test (\ead fragments tests), using 0.850-1.00 mm feed size; a: 3 size classes, b: 4

size classes, c: 5 size classes.
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Figure 1I.3: Fit of the folding, fIattening and Iimited breakage model for the Bond ball

mill test (lead fragments tests), using 0.600-0.710 mm feed size; a: 3 size classes, b: 4

size classes, c: 5 size classes.
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Figure n.4: Fit of the folding, f1attening and Iimited breakage model for the Bond ball

mill test (lead fragments tests), using 0.425-0.500 mm feed size; a: 3 size classes, b: 4

size classes, c: 5 size classes.
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Figure II.5: Fit of the folding and flattening (no breakage) model for the small ball mill

test ([ead fragments tests), using 1.18-1.40 mm feed size; a: 3 size classes, b: 4 size

classes, c: 5 size classes.
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Figure 0.6: Fit of the folding IInd flattening (no breakage) model for the small ball mill

"
test (lead fragments tests), using 0.850-1.00 mm feed size; a: 3 size classes, b: 4 size

classes, c: 5 size classes.
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Figure II.7: Fit of the folding and f1attening (no breakage) model for the small bail mill

test (lead fragments tests), using 0.600-0.710 mm feed size; a: 3 size classes, b: 4 size

classes, c: 5 size classes.
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Figure Il.8: Fit of the folding and f1attening (no breakage) model for the small bail mill

test (Iead fragments tests), using 0.425-0.500 mm feed size; a: 3 size classes, b: 4 size

classes, c: 5 size classes.
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Figure n.9: Fit of the folding, f1attening and explicit breakage model for the Bond rod

mill test (Iead fragments tests), using 1.18-1.40 mm feed size; a: 3 size classes. b: 4 size

classes. c: 5 size classes.
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Figure 0.10: Fit of the folding, tlattening and explicit breakage model for the Bond rad

mill test (Iead fragments tests), using 0.850-1.00 mm feed size; a: 3 size classes. b: 4

size classes, c: 5 size classes.
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•
Figure 0.11: Fit of the folding, f1attening and explicit breakage mode! for the Bond rod

mill test (lead fragments tests), using 0.600-0.710 mm feed size; a: 3 size classes. b: 4

size classes, c: 5 size classes.
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_Figure Il.12: Fit of the falding, flatlening and explicit breakage model for the Bond rad

mill test (Iead fragments tests), using 0.425-0.500 mm feed size; a: 3 size classes. b: 4

size classes, c: 5 size classes.
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Figure II.13: Fit of the folding, f1attening and explicit breakage model for the Bond bail·

mill test (Iead fragments mixed with silica tests), using 1.18-1.40 mm feed sile; a: 3 sile

classes, b: 4 sile classes, c: 5 sile classes.
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Figure U.14: .Fit of the folding, f1attening and explicit breakage model for the Bond ball

1·

\mill test (Iead fragments mixed with silica tests), using 0.850-1.00 mm feed size; a: 3

size classes, b: 4 size classes, c: 5 size classes.
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•
Figure Il.15: Fit of the folding. tlattening and explicit breakage model for the Bond bail

mill test (lead fragments mixed with silica tests). point zero was not considered. using

0.600-0.710 mm feed size; a: 3 size classes. b: 4 size classes. c: 5 size classes.



• Appendix 11- Complete Set of the Estimated Rate Constants ...

100-------------,

A33

~

75
~ w2~

+-'
50L

en
.-i
QJ

::I
25

20.015.0

(min.)
5.0 10.0

Grinding Time

0lC::~~0.0
al

100 100

~
75 75

~

~ ~
~ ~

+-'
50

+-'
L L 50
en en
'-i .-i
QJ QJ

::I ::I
25 25

0 0
0.0 5.0 10.0 15.0 20.0 0.0 5.0 10.0 15.0 20.0

bl Grinding rime (min.) cl Grinding rime (min.)

•
Figure O.lS.l: Fit of the folding, f1atlening and explicit breakage model for the Bond

ball mill test (lead fragments mixed with silica tests), point zero was considered. using

0.600-0.710 mm feed size; a: 3 size classes. b: 4 size classes, c: 5 size classes.
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Figure 0.16: Fit of the folding, flattening and explicit breakage model for the Bond bail

mill test (lead fragments mixed with silica tests), point zero was not considered, using

0.425-0.500 mm feed size; a: 3 size classes, b: 4 size classes, c: 5 size classes.
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Figure n.16.1: Fit of the folding, flattening and explicit breakage model for the Bond

bail mill test (lead fragments mixed with silica tests), point zero was considered, using

0.425-0.500 mm feed size; a: 3 size classes, b: 4 size classes, c: 5 size classes.
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•
Figure II.17: Fit of the folding, flattening and explicit breakage model for the small bail

mill test (lead fragments mixed with silica tests), using 1.18-1.40 mm feed size; a: 3 size

classes. b: 4 size classes, c: 5 size classes.
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•
Figure n.18: Fit of the folding, flattening and explicit breakage model for the small bail

mill test (\ead fragments mixed with silica teSts), using 0.850-1.00 mm feed size: a: 3

size classes, b: 4 size classes, c: 5 size classes.
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•
Figure U.19: Fit of the folding, flauening and explicit breakage model for the small bail

mill test (lead fragments mixed with silica tests), using 0.600-0.710 mm feed size; a: 3

size classes, b: 4 size classes, c: 5 size classes.
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Figure 0.20: Fit of the folding, tlattening and explicit breakage model for the small bail

mill test (lead fragments mixed withsilica tests). using 0.425-0.500 mm feed size; a: 3

size classes, b: 4 size classes, c: 5 size classes.
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•
Figure n.21: Fit of the folding, f1attening and explicit breakage mode! for the Bond rod

mill test (lead fragments mixed with silica tests), using 1.18-1.40 mm feed sile; a: 3 sile

classes, b: 4 sile classes, c: 5 sile classes.
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•
Figure II.22: Fit of the folding, f1attening and explicit breakage mode! for the Bond rad

mill test (lead fragments mixed with silica tests), using 0.850-1.00 mm feed sile: a: 3

sile classes, b: 4 sile classes, c: 5 sile classes.
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Figure Il.23: Fit of the folding, flatlening and explicit breakage model for the Bond rod

mill test (lead fragments mixed with silica tests), using 0.600-0.710 mm feed sile; a: 3

sile classes, b: 4 size classes, c: 5 sile classes.



• Appendix 11- Complete Set of the Estimated Rate Constants ...

100...--------------,

A-I3

~

75
~ w2~

+-' ~.r:. 50
Dl

.--i
QJ

:3
25 1011

0
0.0 2.5 5.0 7.5 10.0

a) Grinding Tlme (minJ

100 100

~
75 w2 7S

~
~

~ ~
~

+-'
50 +-' w2.r:.

Dl .r:. SO w5.--i Dl
a.J .--i

:3 a.J

2S
:3

\:-: 2S 1011 •
0 0

0.0 2.5 5.0 7.5 10.0 0.0 2.5 5.0 7.5 10.0

b) Grinding Tlme (minJ c) Grinding Time (minJ

•
Figure n.Z4: Fit of the folding, flallening and explicit breakage model for the Bond rod

m!1l test (lead fragments mixed with silica tests), using 0.425-0.500 mm feed size: a: 3

size classes, b: 4 size classes, c: 5 size classes.
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Figm-e U.25: Fit of the folding and flattening (no breakage) model for the Bond bail mill

test (copper fragments tests), using 1.18-1.40 mm feed size; a: 3 size classes, b: 4 size

classes, c: 5 sizeclasses.,
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Figure n.26: Fit of the folding and flattening (no breakage) model for the Bond bail mil!

test (copper fragments tests), using 0.850-1.00 mm feed size; a: 3 size classes, b: 4 size

classes, c: 5 size classes.



• Appendix 11- Complete Set of the Estimated Rate Constants ., .

100

75-I\-. w2.
•~ •

~ •
~

+-' ~

..c: 50-
en.....
a.J
:3

25- W3 wl•
l/~ - •

0 1 1 -1

0 30 60 90 120

a) Grind~ng rime (min.)

A-l6

100 100

,,--
w2. \-.--. • ,,'J.75- • • • • • 75-

~ ~ •
~ • ~ -~ ~

+-'
50-

+-'
50-..c: ..c:

en en..... .....
0.1 ., a.J
:z :3

25-' • wl 25-
wl •

• • u~ -. • ...,
~ • =-'

0 0,
1 1 1 1 \J4. 'W:>' 1

,

0 30 60 90 120 0 30 • 60 90 120

bJ Gr inding TIme (min.) cl Grinding rime (min.)

Figure n.27: Fit of the folding and tlatlening (no breakage) model for the Bond bail mill

test (copper fragments tests), using 0.600-0.710 mm feed size: a: 3 size classes. b: 4(.ize,

classes, c: 5 'size clQSses~ '.
"1



• Appendix 11- Complete Set of the Estimated Rate Constants ..•

100-.------------,

A47

~

75
~
~ •
+"' 50.r::: •en
.--1 •Q.J

3
25

o
al

30 60

GrInding TIme
90

(mIn.)
120

12090
(mIn.)

30 60

GrInding TIme
o
cl

12030 60 90

GrInding TIme (mIn.)
o
bl

. 100 100

~
75 75

~

~ ~
~ • ~

+"' 50 +"'.r::: .r::: 50en • en ••--1 '--1
Q.J • Q.J •3 3

25 25

•::-

;'\
. \' _.J

Figure Il.28: Fîtof the folding and f1attening (no breakage) model for the Bcnd bail mill
"'>......... . '

,~..lest (copper fragments tests), using 0.425-0.500 rnm feed size; a: 3 size classes, b: 4 size
'~ }
éiasses, c: 5 size class~,,>->. "!,:'

"'.



• Appendix 11- Complete Set of the Estimated Rate Constants ...

100

75-~. -~

o-t.
~

+-'
50-.c

en
--1
ll.J

3
25-

1("
1 l ':l .

o
al

70

100..,------ ---,

7053
(mIn.)

18 35

Grlnding TIme
o
cl

~
75

<l-!!.
~

+-'
50.c

en
'-1
ll.J

3
w125

lOo .......----------~

+-'
50-.c

en
.-1
ll.J

3
25-

LI':;!. .
1/

r"F
0 1 1 1

0 18 35 53 70

bl Grinding rime (minJ

§ 75-1\-.....-__-W.2....'1 J

•
Figure 0.29: Fit of the foltiing and tlattening (no breakage) model for the small bail mill

test (c9Pper fragments tests), using 1.18-1.40 mm feed size; a: 3 size classes. b: 4 size

c1asses.c": 5 size classes.
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Figure D~3(): Fit of the folding and flattening (no breakage) model for the small bail mill

test (copper fragments tests), using 0.850-1.00 mm feed size; a: 3 size classes, b: 4 size

classes, c: 5 size classes•
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Figure n.31: Fit of the folding and flattening (no breakage) model for the small bail mill

test (copper fragments tests), using 0.600-0.710 mm feed size; a: 3 size classes, b: 4 size

. classes, C: 5 size classes.
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Figure n.32: Fit of the folding and f1attening (no breakage) madel for the small ball mill

test (copper fragments tests). using 0.425-0.500 mm feed size; a: 3 size classes. b: 4 size

c1llsses. c: 5 size classes.
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Figure n.33: Fit of the folding, flattening and explicit breakage model for the Bond rod

mil! test (copper fragments tests), using 1.18-1.40 mm feed size; a: 3 size classes. b: 4

size classes, c: 5 size classes.
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Figure 0.34: Fit of the folding, tlattening and explicit breakage model for the Bond rod

mill test (copper fragments tests), using 0.850-1.00 mm feed sile; a: 3 sile classes. b:

4 sile classes. c: 5 sile classes.



• Appendix II- Complete Set of the Estimated Rate Constants .•• :\5-1

100 .......--------------,

~
75

~
~

+-'
50 w2oC

Dl
'--1
QJ
:3

25

10.07.5

(minJ
2.5 5.0

Gr inding TimE

o....,---r-,-,-,.....,..--r-;-T--,--r-"1r--T"-,-~

0.0

al

100 .......------------, 100 .......-------------.,

10.07.5

(minJ
2.5 5.0

Gr inding TimE

o~:!;::::;~~-,-..,-,-..,--.-=:;;:::;::~
0.0

cl
10.02.5 5.0 7.5

Grinding TimE (minJ

o.....=i---r-"'F':.,--,r-T"....,.....,...,.--,-........,r--T"-,-~

0.0

bl

~
75

~
75

~ ~
~ ~

+-'
50 w2 +-'

50oC oC 2Cll Dl
.--1 .--1
QJ QJ
:3 w1 :3

25 25

•
Figure n.35: Fit of the folding. flattening and explicit breakage model for the Bond rod

mill test (copper fragments tests). using 0.600-0.710 mm feed size; a: 3 size classes, b:

4 size classes, c: 5 size classes.
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Figure Il.36: Fit of the folding, flattening and explicit breakage model for the Bond rod

mill têst (copper fragments tests), using 0.425-0.500 mm feed size; a: 3-size classes. b:
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ik~~ 1&\~~~1~'ij Iti""""~"l ~~ ~}:~~'0"~'~ ~~\~ ~Lùjt.ij; ;i:,~;ra~·: ;11;~ ·.'103ô.~ 16.70"'7i!~tif_. ,~.~~* ..,~~~~ .~

53 8.27 S.b5 6706.00 99.60 186 0.40 1.20 o.·:" 1~4 fl.~7 l.o.;l1.~ Il.fI;
37 3.S9 4.07 1819.00 ~5.27 S5 2.91 4.\6 4.73 88 l.IIS 84.01 l.sl
25 2.39 2.50 2865.00 9~.98 19 1.01 7.26 3.02 .n l.Oh .!~l.l'b U~

-25 1.78 1.86 7400.00 92.02 63 2.16 18.18 7.98 05 ~.lS ;:~1.57 ~,.IJ'I

Total 95.59 100.00 4%2.82 99.2.5 1904 100.00 l.23 0.75 3000 tOtUHJ 151}.•~2 IIlO,UO

Fec:d grade of initi3l concenlratc= 11905 fil

CIlla b<ftIdI Primar1 Cjl:bae UfF _10/ 100X 0.075-0.105 IDIlI/chapt..e/
S<I<dbl !< bl!lÙllll' IUllOiiool ..limaUoo:

ToIa1 01 10 _ pindioc lima (miIl.) = 7.5
Sll!! _ Go>. m. Sel. l'llIlc. fesl lm Ilij IliJllh ll!L bij e-~

600 7U 0.00 100.00
'20 '99 0.00 100.00
300 357 0.01 100.00
210 250 039 95.10
150 17S 0.88 91.83
105 125 '3' 9631

LB1ill·sWti~.~~!:lim.mWm!i!1mmll~l$~;\mi'!OO;••ïlliitiiiali"Îiiimrt!:lill*iml"Rl.i'lalr&.'~R1~fn!ffiMWi~St':ô\l'o*k'17o:OOOJ220>\~i~;;1';~iJ!ê.71····
53 83 11.65 03'1 03'7 0.000 9.859 99.86
37 U 1.55 0253 0238 0.090 9.066 9527
25 30 U6 0.189 0.179 0.000 O.oS' 9S.Il6
-25 20 2.99 92.02

•

ToIa1 17.87

lleIa 0.79
_ 7.9S

~ 0.59

0.000369
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Casa Berardi samDle/230 "'mini 25 "il 100% 11.038.0.053 mml ChanlOr 81
'NTRA' E TAI FEElJ

Sizc Weight % Grade Rec. Weight % Grade Rec. Weighl % Oracle Rr.:c.
(um) (g) Weight gll (%) (g) Weight gll (%) (g) Weighl gll (Ct)

6110 1.77 1.90 8.70 100.00 5 ll.16 ll.OO ll.OO 6 Il.2 [ 2.+l 11,1111

4211 3.!1lI 3.22 13.08 465, 2 Il.06 25.00 53.45 5 Il.16 17.55 11.111
300 7.28 7.80 15.22 82.96 73 2.51 0.31 17.04 811 2.67 1.67 n.lI:?
210 14.72 15.78 72.38 90.16 581 20.00 0.20 9.84 596 19.87 1.')8 Il.:! 1
1511 21156 22.03 105.00 90.32 866 29.81 Il.27 1).68 887 21)56 :!.69 liA:!
1115 14.66 15.71 133.00 90.59 608 20.91 0.33 9.41 623 20.75 3.4(, Il.3X
75 Il.74 12.58 298.00 89.49 411 14.14 I.llll 11151 423 14.09 l}.~ ll.b'}
53 œ78 7.27 6408.00 @t~:"'~' 184 6.33 1 11153 4.27 191 6.3(, :-!.~7tJ6 7.IJ7

"jti M '''''''1â~~
~~""'~"'~"'''-=i''W~ ":i/ijC': ITl~iL~~j ~t~~i,~k\~~~~ Ssli;:Îli' ',17.88'S:<:' 1Q5~:«>.1 .' ; ,

ii.\l:~~! lW" ;~ 1\"'~' ,-" ... ;{!QJ.n"......-u,..~ ...... " /W.;,. :;: '..,,~, ::

ï68'}~.ïii "'}.'J425 2.9U 3.11 18837.00 96.58 31 1.05 63.26 3.42 33 1.12
·25 2.03 2.18 5349.00 76.94 74 2.55 44.00 2.1.06 76 2.53 185.69 2.~X

Tillai 93.31 HMI.(1lI 5810." 95.24 2907 100.00 9.31 4.76 31MIlI 10O.!M) 189.74 llKI.IKI

ll.:cLl grade of initial conc:cnlrutc= 49541 gll

u... b<nrdll'rimuy t)cbIe UIP IIIIl(ll</ 100% 0.036-0.053 mm! chap.... 61
SeIl<Wn le b..... lllIIdiooa ..Umoli>a:

Total 0110 lioalfÏOlllDllime (miIl.) = 10
Sil<.- G:o. .œ S<I. lùIll> F..,j 1',0, Bij BiJ:ah Ra. bij 0= 1',0,

600 7U 0.00 100.00
120 199 0.01 16.55
300 357 0.02 82.96
210 250 021 90.16
150 176 0.12 9032
105 125 036 90.59
75 69 0.69 89.19
53 63 - 7.97 - - - - 95.73

~ih..mf Wü!7W&fl\~""~~~~~ür~ij
25 30 9.91 0200 0200 0.000 0.800 96.56

-25 20 2.16 76.91

•

Total 12.12

_ 1.59
__ 1.99

Pbi Ol7

2.831-06
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.~

Snlp jig's concentrate sample (3.8 k.)/230 llimin/2 ps;( Chaptcr 81
CONCEl'ITRATE TAILS FEED

Size Weight % Grade Ree. Weight '."0 Grade Rec. Weight ,.. lirade Rec.r

(um) (g) Weight g/t (%) (g) Weight g/I (%) (g) Wc:ight g,'t t'; )

1180 0.33 0.58 226.99 14.62 9.07 0.31 48.26 85.38 9.411 lUI 5454 Il.nS
850 1.53 2.71 5859.97 85.36 49.69 1.69 30.% 14.64 Sl.:!! 1.71 !U5.lU tl,I,IS

600 5.55 9.81 2816.22 52.57 197.30 6.70 7\.47 47.43 202.85 h.7b 14h57 !.7I J

420 4.42 7.81 6617.65 -IA.32 316.39 1O.7~ 116.15 55.68 3111.Bl lU.bl) !n5.7~ h.IM

300 7.60 13.44 6994.74 61.29 512.16 17.40 65.55 38.71 519.76 17.» lhb.~7 ~.I:\

210 8.07 14.27 9516.73 62.21 525.64 17.86 88.75 37.79 533.71 17.79 131.31 11.57
150 11.05 19.54 9714.03 62.11 614.14 10.87 1'V,.6O 37.B9 625.29 111.B4 176..1M lh.ll)
105 8.46 14.96 22390.07 80.;;~ i 364.28 12.38 129.55 19.95 371.74 12.42 (1:\4.11) !2.17
75 7.02 12.41 29188.03 81.07 !66.32 9.05 179.711 IB.93 273.34 9.11 'n·lob') !J.hX
53 1.94 3.43 8195.88 45.801 61.99 2.11 303.57 54.111 63.')3 1.1:\ 543.117 '.1:'
37 0.36 0.64 77500.00 89.92 11.95 0.41 161.BO 10.08 12.31 Il.41 '!s:!U5.'\ 1.1)1
25 0.15 0.27 57707.32 70.92 3.47 0.12 1022.12 29.08 3.62 Il. 12 3368.84 1.14

·25 0.08 0.14 95967.74 74.82 10.98 0.37 235.29 25.18 Il.06 Il.37 'J27.MI Il.lJb

Total 56.56 100.00 13183.77 69.86 2943.44 100.00 109.28 30.14 3000.00 100.00 >55.78 IIHI.1l1I
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SniD sam Ici 230 21minJ 2 DsillOO% 0.600-0.850 mml Cha~:ltcr 81
CONCEN"ffiATE TAILS FEED

Sile Weight ','1> Grade Re.. Weight % Grodc Rec. Wcight '1, Gr.Hh: R~c.

(um) (g) Weighl gll (%) (g) Wcighl gll (%) (g) Wcight gll t ',"(,)

1180 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 0.00 ERR 0.00
850 0.06 0.08 -1011.90 100.00 0.00 0.00 0.00 O.~, 0.06 0.00 ·'''l.'J0 0.17

~;ti!:! ~rM'}"~~' fim1t' 'i~9iïtl ~~~ ltiiJ4l1~; ~~*~'1ii~ô.f Èi~~:~~9.-ji L:::6.i~s%9H~·,' ,'"J , .........., . _.. . " ~... ' '>;~•• .;;

420 10.30 13.71 315,20 98.33 366,48 12.53 0,15 1,67 376.78 12.56 8.76 Zl.11

300 26.64 35.45 3.40 30.72 1021.36 34.92 0.20 69.28 1048.00 34.93 0.28 1.89
210 21.17 28.17 ~.20 34.91 842.07 28.79 0.15 65.09 863.24 28,77 U.22 1.2-$
150 11.25 14.97 20.00 91.21 433.76 14.83 0.05 8.79 445.01 14.83 0.55 1.5S
105 2.98 3,97 45.80 46.88 132.20 4.52 1.17 53.12 135.18 4.51 2.15 1.86
75 1.04 1.38 117.90 83.56 43.87 1.50 0.55 16.44 44.91 1.50 3.27 U.9"
53 0.30 0.40 217.20 51.57 19.30 0,66 3.17 48.43 19.60 0.65 6.45 O.SI
37 0.31 0.41 1~9.s0 26.61 16.67 0,57 9.72 73.39 16.98 0.57 13.00 1.41
25 0.10 0.13 812.50 30.47 4,97 0.17 37.29 69.53 5.07 0.11 52.57 l.ïl

·25 O.OS 0.07 1777.80 24,37 14.33 0.49 19.25 7...03 14,38 0.48 15.36 ::.J3

Tolal 75.\4 100.00 189.53 91.07 2924.86 100,00 0.48 8.93 3000.00 100.00 5.21 100.00

Snip lIIIIlPle/ 100:1 D.BDD-lI,B5D mm! ~ler BI
SeIldkln 1< brœlœge IIlnctklns "imalkm:

Ilij lliPh Rœ bij Co"", 1lI!c.

100,00
ijiijlllil\lll\litlJ)\lŒ Ili. 1 ·mL\îiif.'itw
0.395 D,45? 0,004 D.BD5 9B,33
0,341 0,32' 0,000 0,05' 30.72
0,305 D,2BB 0.001 D,D3B 3',91
D,2BD 0,231 D,DOl 0,045 91.21
D.2DB 0,200 0,000 0,053 4B,BB
0.179 0.1 ?3 0,000 D.D2? B3.5B
D.15B 0,151 0,000 D.D23 51.57
D.IIB 0.131 D,DDD 0,0'0 2B,BI
D,DB? D,lU 0,002 D,D49 3D,n

24,37
D.DDBB3

5,25
Feed 1lI!c.

MD
D,n
~1\llT~~n~_~_~~
21.11
I.B9
1,24
1.5B
I.BB
0,94
D,BI
1.41
1.71
2,33

Tolal

Tolal of ID tùœl griDding lime (min.) =
Sile ....... Geo. liÎle Sel. FI=.

IIBD 1403
B5D 1011..
420 499
300 35?
210 250
150 I?B
105 125
75 B9
53 B3
3? U
25 3D
-25 20

e.ta 0,'1
Gamma MD
Pbi D.BD

•



TQW of 7 timl!s grindiDg t.ime (lIlin.) =
Su claœœ Geo. sim Sel. Func.

• Appendix Ill- Experimental Data & Assaying Results ...

Snio SOlmnld"..50 1JminJ 2 osillOO% OAlS·O.bOt) mml t"hanter 81

lr CONCENTRATE l'l\ILS FE,,!)

Sile jr Wdghl % Grade Rcc. Wcighl % Grade: Rel:. Wci~hl f'j, lir:uj,e l{c~'

i:u:nl , (g) Wcight g11 l t;O) tg) Wcighl gll {%) tg) Wci~hl &1' l '1 1

lIS0 1.21 1.57 0.00 0.00 ~5.bO 1.5b 38.79 100.00 ~b.SI 1.5b J7.'7'J II.OS

850 1~.s6 18.90 b.bO ~ 1.67 538.12 t8.~1 0.25 58.33 552.bN ISA:! Il.42 Il.7'.

bOO 19.02 2-4.69 5.80 13.42 790.06 2} .OS O.lJO 80.58 S09.tJ8 lb.IN

IL, ~~~.
.!.ht

''i2iij ~~Y~.Jl~
~~~""~"'''''~~"".~:."" ~48~:::j~i4;i"1.~1~\:~?:~,\ ~&~t:ib9,~ ~1il@S<; 1~.~1~Ki.,,) \\ê!1!Wl ~~1!!i " __~~"'W""""" ,.t.l•.t.l

300 14.lS 18AI 610.80 'J7.J': ,1 ~6.63 15.28 0.50 2.51 4bO.SI 15.30 t l).1.M JtU7
210 6.99 9.07 .:;0.,:,\.1 60.42 236.76 8.10 0.70 39.58 ~43.75 8,1.\ 1.72 IH
150 4.97 6.45 34.30 13.73 151.99 S.20 7.05 86.27 156.96 S,~ "»1 ·1.25
105 2.53 3.28 66.00 53.38 86.81 2.97 LbS -Ib.b:? 89.34 ~I)~ .1.50 1.07
75 1.58 2.0S 158.40 87.23 52.32 1.79 0.70 12.77 5.3.1)0 I.SII 5.32 Il, IlS

53 0.43 0.56 270.60 10.13 30AO 1.0~ 33.95 89.87 JIl.83 1.03 n~li .1.'J.\
37 0.45 0.s8 181.50 23.13 32.74 1.12 8.29 76.87 33.\1) 1.11 10.04 I..~I

Z,5 0.00 0.00 0.00 0.00 10.52 0.36 36.99 100.00 10.52 lUS .~.·N 1..3:\
.Z,5 0.08 0.10 1~00.00 28.40 17.lS 0.59 16.37 7l.bO 17.33 0.58 22.76 1.35

:'0131 77.03 100.00 294.40$ 77.5~ 2922.97 100.00 2.15 .!2.4b 3000.00 l'Ml.OO 9.75 lIMI.t")

SlÙp """ple/IOO:!: 0.425-0.600 rami chapteril/
SeIo!dDn It brœlœge fwuii>ns estimation:

7.5
Fee<! Rœ. Bij Bip,h ~ bij Cllœ R.r.

6 0< 0.000
1160 1403 . " 41.67
650 1011 0.79 _ _ _ _ 13.42

~~·r.~.!I\I:lli!~·~!I\I""WJM••!I\I;!jjI!iülil1i·:i·'1ff.lel··~m.~:~ri6~.:~~nlffla~r~~~~_}~~~~~~~W;~~~~ili;
~~~ 250 1.43 0.307 0.314 0.000 0.0311 60.42
ï50 176 4.25 0.215 0.229 0.000 0.0928 13.73
105 125 1.07 0.192 0.1?2 0.000 0.0233 53.36
75 69 0.96 0.170 0.129 0.002 0.0213 67.23
53 63 3.93 0.065 0.096 0.000 0.0656 10.13
37 44 1.21 0.056 0.074 0.000 0.0264 23.13
25 30 1.33 0.029 0.056 0.001 0.0290 0.00
-25 20 1.35 26.40

0.00341

•

ToW 45.92

Bela 0.61
Gamma 5.14
Plù 0.47
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edT . h B dbll '11181 RChSniD !kIm Ic1250 Itfmin/2 Dsi/l00% 0.425·0.600 mml ,:iptcr cpeal est ID l e on , ml
CONCENTRA'!"E TAILS FEED

Sile: Wdghl \'l> Grade Rec. Wcight % Grade Rec. Wcight % Grade: Rec.
(um) (gl Wcight ri' (\'l» (g) Wcighl rit (%) (g) Wcight ri' t'·1.)

1180 LaY 2.54 0.05 0.38 52.37 1.79 0.47 <)9.62 54.26 1.81 OAb 0.13
850 16.74 22.50 0.05 1.06 518.71 17.73 0.15 Y8.94 535.45 17.85 0.15 UA:!.
600 20.88 28.06 0.05

.r~}'
839.65 28.70 0.30 99.59 860.53 28.68 0.29 U4

-l'~>:,...... "".

~'-illkg .1Z~ ~~w'_ijT»'~ .T"os; ~',:::"",,,-: '§;t'''''''''''''''''':':''''''''''w', :~H~Vî~dt· ;\"~~tg,j",..,'4~ ·'~t .......... "'.. "..... . "ll?!!#) .~" '~.~t~ ~..~a2S$ *,1~~~1~~~.~,. m~':~~, ...., ~"""''''''''''''''''
300 11.12 14.95 494.20 99.61 433.28 14.81 0.05 0.39 444.40 14.81 12.41 29.25
210 4.95 6.65 159.10 95.64 224.39 7.67 0.16 4.36 229.34 7.64 3.59 4.37
150 2.CJ9 4.02 216.20 98.11 138.67 4.74 0.09 1.89 141.66 4.72 4.65 .H9
105 1.55 2.08 423.60 90.07 81.33 2.78 0.89 9.93 82.88 2.76 S,:'U lSb
75 1.03 1.38 194.70 77.10 51.78 1.77 U5 22.90 52.81 1.76 ".n us
53 0.37 0.50 198.80 66.89 27.79 0.95 l.31 33.11 28.16 0.94 .1.I}U O.5s
37 0.38 0.51 184.20 58.98 31.01 1.06 1.57 -H.O! 3l.3Y 1.05 .tiS I).b~

25 0.00 0.00 0.00 0.00 10.53 0.36 6.14 100.00 10.53 0.35 6.14 lU"
·25 0.00 0.00 0.00 0.00 Il.99 0.41 4.24 100.00 Il.99 0.40 4..24 Il.17

Toml 74.40 100.00 243.04 95.85 2925.60 100.00 0.27 U5 3000.00 100.00 6.21} IUO,llll

Snip SIIIlplo/lDDlI D.425~.5DD mro/ chapler 51 Repeated Test Ùl tha Il:lnd bail miDI
SeIediln 1< bre8Jœ&e runctilna edjma'ilu:

ToW Dr ID Umœ grindina lime (min.) = 5
Sîz.e cIalBlo Geo. siz.e SeL Func. FEBI RŒ. Ilii IIij:lùo. Res. bii Ûllll> k

1150 1403 D.1d D.3BD
B5D 1011 0.42 1.0500
500 714 1.34 MIDD

~~aèi?5;,iï
300 357 29.25 D.337B 0.470 0.017 0.5522 99.Bl
210 250 4.37 0.239 D.24B 0.000 D.D9B9 95.54
150 17B 3.49 0.150 0.139 0.000 0.0790 9B.II
105 125 3.BB 0.072 D.DBD 0.000 D.DBU 90.07
75 B9 1.3B 0.041 0.047 0.000 0.0312 77.10
53 53 D.5B D.D2B D.D2B 0.000 0.0131 55.B9
37 44 0.53 0.014 0.017 0.000 0.0143 5B.9B
25 3D 0.34 0.005 0.010 0.000 0.0077 0.00
-25 20 0.27 0.00

D.DDDB32
ToW 44.17

•
,

'.
,~~'~ .•

Beta
Gamma
Phi

1.51
~.97

. D.3B
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Snio samold230 "'mini 2 DSiJ 100% 0.300-0..&25 mm/ChaDtc=r SI
CONCENTRATE TAILS l'EED

Size Weighl % Grnde Rec. Weight r;;: 1 Graue Rec. Weighl .. Gr;"Je Re.:..,
(um) (g) Wcight gI' 1%) 19) Weigh: rJ' 1%) (g) Wciltht l:it (fi·)

1180 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 0.00 ERR t1,un
850 0.10 0.13 2695.65 100.00 0.00 0.01> 0.00 0.00 0.10 0.00 ::bI6r-.5 n.51
600 1.34 1.80 0.05 0.07 50.61 1.73 1.94 '>9.93 51.95 1.73 1.:-1" Il.\1'1
420 11.16 14.97 787.80 99.29 416.29 14.!3 0.15 0.71 .$21AS 14.15 10.71 lh,tl~
~"""''-:~'~

~fi'%œ "~ ~~l"'_ œ''''v:~ ~tg1 ~tÛ~~tt:3ô:.74~ E/· ,ï~,~,,,,,, .', .... ......,,'" " ~" ifr"""~~ ~....,""....".~",.,"'--" li. 71.49
:no 22.42 30.08 127.20 90.08 897.53 30.68 0.35 9,92 919.95 30.67 3.44 :I.'i~

150 12.39 16.62 51.40 83.57 417.46 14.27 0.30 16.43 421).85 14.J3 1.77 1,·U
105 3.73 5.00 80.13 56.97 135.16 4.62 1.67 43.03 138.89 ".bJ J.71'1 IPJI'

75 1.55 l.OS 107.07 ~9.69 50.61 1.73 3.32 50.31 S:!.16 1.74 Il.4U n.b3
53 M8 0.64 144.61 21.54 20.48 0.70 12.35 78.4b 1O.9b 0,70 15..'8 n.M
37 0.54 0.72 149.47 30.75 20.77 0.71 8.75 M.2S 21.31 0.71 1:l.J2 IlA'J

25 0.13 0.17 304.35 16.10 5.27 0.18 39.16 83.90 5.40 0.18 45.55 UAh
·25 0.10 0.13 1200.00 37.43 9.65 0.33 20.78 62.57 '.75 Il.33 32.S7 Il hO

Total 74.54 100.00 6B6.BB 96.29 2925.46 100.00 0.67 3.71 3000.00 100.00 17.n IUtI,UU

•

Snlp sample/l00:; 0.300-0..25 mm! chapler 01
Selection 1< bNllœge fwu:ülns eslimatilll:

ToW of la 1IIœ; grinding thne (lIlÏD.) =
Size cIaIllœ Geo. size Sel Func.

1100 1403
050 1011
600 714
420 499

~lill ,!JIIi mi! "iM\li'.llliU
210 250
150 170
105 125
75 09
53 03
37 44
25 30

-25 20

ToW

7.5
Feedk

0.00
0.51
0.10

10.05
BIli!
5.95
1.43
0.99
0.03
0.61
0.49
Q.40
0.00

11.10

Ilii Ilipül

- -
!kilmlii!l1ilU\ltlliîi
0.407 0.470
0.339 0.332
0.250 0.243
0.194 0.103
0.139 0.137
0.095 0.101
0.054 0.073

Ilela 0.03
Gamma 8.12
Plù 0.42

bii

100.00
0.0700

- - 9929
!ma-'':a''''____-!l<iui.......
0.000 0.533 90.00
0.000 0.120 83.57
0.000 0.009 5U7
0.000 0.050 49.09
0.000 0.055 21.54
0.000 O.OH 30.75
0.000 0.041 10.10

37.43
O.OOO??
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•

Sn iD samolel220 dJminl2 rKillOO% 0.212-0.300 mm! ChaolerB/
CDNCENTRATE TAILS FEED

Sile Weighl % Grade Rec. Weighl % Gmdc Rec. Weighl % Grade: R~c.

(um) (g) Wcighl g/l (%) (g) Wcighl g/l (%) (g) Wcight g/l (%)

1180 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 0.00 ERR 0.00
1lS0 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 0.00 ERR u,ou
600 0.16 0.22 6319.77 100.00 0.00 0.00 0.00 0.00 0.16 0.01 63P).77 1.32
420 0.96 1.32 0.05 0.19 28.39 0.97 0.91 99.81 :!9.3S 0,98 U.118 0.03

300 5.98 8.2~I.,;r3.5~.I~:J9.82 173.87 5.94 0.34 0.18 179.85 6.00 178.00 IX' ~l.bS~J~:};leI ,,*tiii'Oi%.'Wr."~ ."""r" ·"Wi· ,~w"'J..w= ~~,~,,,,,,, ~;........, m::1.0.sr'~"~\'1;~23Zi:;: 2;'~;<~il!!.i~'.;:. ...•~_m,;.:R~ .,," ..."'_......;.; .- . li!" . 'm§.l:l ~JAl$i ~-.i~ ~,.....Jl~~:~.",~ ... '; 35,05
150 27.95 38.35 483.50 94.1~ 990.53 33.~ 0.85 5.86 1018.48 33.95 1~.1O 1::1.6'1
105 11.71 16.07 50.70 92.08 510.78 17.45 0.10 7.92 522.49 17..&2 1.23 0.84
75 7.71 10.58 54.04 80.23 256.71 8.77 0.40 19.77 264.42 8.81 1.% 0.68
53 2,98 ~.09 75.13 55.32 115.91 3.96 1.56 44.68 118.89 3.96 3.40 0.5)
37 1.03 1.41 98.91 41.50 85.47 2.92 1.68 58.50 86.50 2.SB 2.84 U.32
25 0.26 0.36 317.07 29.93 21.66 0.74 8.91 70.07 21.92 0.73 12.57 tUh

·25 0.07 0.10 968.75 17.28 52.69 1.80 6.16 82.72 52.76 1.76 7.44 u.51

Ta",1 72.89 100.00 1025.95 97.36 2927.11 100.00 0.69 2.64 3000.00 100.00 25.60 lOO.IIU

Solp œmp!e/1001( 0.212-0.300 mm! cbapler Po/
SeIectiln 1< breobge runctilIIs l!Itima1lon:

ToW of 10 Umea griruIfDc Ume (1IlÎIl.) = 10
Sire ....... Cm. &Ire Sel. FI= Fœllll!c BiJ Bil=ah Ils bij Cane. Ill!c

1190 1403 0.00
950 1011 0.00
900 714 1.32 10Q.Q0
420 499 0.03 0.1900
300 357 41.69 99.62

150 179
98.):'"

16.69 0.146 0.169 0.000 0.652 94.14
105 125 0.64 0.109 0.067 0.000 0.039 92.06
75 69 0.69 0.076 0.067 0.000 0.031 60.23
53 63 0.53 0.054 0.054 0.000 0.024 55.32
37 44 0.32 O.O~O 0.0~4 , Ü.OOO 0.015 ~1.50
25 30 0.36 0.023 0.036 1.000 0.016 29.93

-25 20 0.51 17.26
0.0012

ToW 21.93

1Iela 0.60
Gamma 7.~3

PbI 0.69



• Appendix Ill- Experimental Data & Assaying Results .,• "oS

Snin s,"1mnle.l220 <J'mini 2 n<i/lOO% 0.212·0.300 mmJ ChanierS! Re~.:ued Test in Ille Bond bail milll
CONCENTRATE l'AILS 1'1;1'0

Sile Wcight % Grndc Rel:. Wdght % Gr:.utc Hec. Wcight \(. liradc I{.c~·

(um) Ig) Wcight gll (%) Ig) Weight ~l (~,,) tg) \Vcight ~l l';·l

1180 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 0.00 ERR 11.t'lO

850 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 0.00 l'RI! I!.UO

600 0.13 0.18 0.05 100.00 0.00 0.00 0.00 0.00 0.13 0.00 II.IIS IUltl

420 0.97 1.32 0.05 0.13 19.31 0.66 1.1)1 9'1.S7 20.2S o,~ I.s..~ IIIIt1

300 7.22 9.79 1247.75 9'l'~!~IL"l~8.07 5.tl6 0.08 0.13 155."9 S.IS 5~.U'" 1_1.1.1

~1~~ ~l~~~~~ ~TI!' .Y'" '~~j~
~~.q"".,,,~ ~~?Ô~; F~5~~'Yiîl86

,,', >4i.n' 1· 46.08!li ;J,"" ".~"" ...""' .",,,~ '" '" ....." .... ,,' ~~~ .~\..'.;:,..... ':"', ,"', Y.",~~"'.· ,,' ,,; \,~ .
150 27.87 37.79 566.20 98.95 \050.23 35.89 0.\6 1.05 1078.10 35.1)4 14.711 2S.J4
105 10.63 14.41 89.40 78.07 533.75 18.24 0.50 21.93 544.38 18015 2.2" t.'I.\
75 7.02 9.52 86.42 85,70 253.12 8.65 0.40 14.30 260.14 8007 2.72 1.12
53 2.63 3.57 133.44 76.49 113.54 3.88 0.95 23.51 11•. 17 3.87 .1.1)5 Il,n
37 0.88 1.19 328.47 43.87 89.54 3.06 4.l3 56.13 I}OA! 3.01 7.2·) l.tl~

2S 0.15 0.20 803.15 11.01 23.12 0.79 42.12 88.99 23.27 Il.7S .17,03 1.7'-
·25 0.04 0.05 6000.00 SOI 55.31 1.89 8221 1)4.99 55.35 I.S4 Nh.,N 7.hl

Totol 7~.75 100.00 761.82 89.28 2926.25 9'l.98 2.30 10.72 ~OOO.OO ')tI.tlM :?O.'JK 11111.1111

Snip sampIe/l00ll 0,212-0.300 mm/ cllapter B/ IlepEBlei Test. In th2lbnd bail mi1I/
SeIeWln &< brœlœge~ns ...-timalion:

•

ToW or 10 limes grinding time (lDiD.) =
Sire cIa9iœ Geo. size Sel. Func.

llBO 1403
B50 1011
600 714
420 499
300 357 -
IIU' ;[$.lJ.... 1ll~
150 17B
105 125
75 B9
53 63
37 U
25 3D
-25 20

ToW

10
Feed Ilir. llij llip,k 11& blj Um" Rœ

0.00
0.00
D,DO 100.00
D~ 0.13

iOOi&W3iiilŒ.~":"""'-,;,i::"-';;"'''''O:'''' OO:!I1:-:::; ·~l4~~\"W~~ll.JJQ~~#x...{.:89Itlij,x,~
25.34 0.350 D.3BD 0.000 0.641 OB.05
1.93 0.310 0.299 0.000 0.040 7B.D7
1.12 D.2B2 0.271 0.000 D.D2B D5.7D
0.73 0.263 0.250 0,000 D.D1B 76.40
1.05 0.237 0.231 0.000 0.027 43.B7
1.74 0.193 D.2U 0.000 D.DU 1\.01
7,61 5.01

0.00133
39,52

Ilela 0.23
Gamma 6.75
PhI 0,66
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Sm" ~:amnleJ 250 ..Jmin/2 nsil 100% 0.150-0.212 mml CnuDl.:r 81

CONCENTRATE TAILS l'EED
Sile Weighl % Grade Rec:. Wcight % Grade Rel:. Weight •• Grade Rec.
(um) (g) Weight g/l (%) (g) Weight g/l (%) (g) Wdght g/l t%l

1180 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 0.00 ERR 0.00
850 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 O.OU ERR 0.00
600 2.16 2.84 0.05 0.43 47.07 1.61 0.53 99.57 4?23 1.64 0.51 0.02

4ZO 17.49 22.97 0.05 0.56 519.57 17.77 0.30 99044 537.06 17.90 0.29 0.15
3lJO 24.34 31.96 0.G5 0.69 870.43 29.77 0.20 99.31 894.7i 29.83 0.20 0.16
210 \3.99 18.37 609.20 98.21 ~j'03 21.24 0.25 1.79 635.02 .U.17 13.67 S.OS

§1~iSj f'····' ....·'t'"·~~ ''\;'fi--WliW4?; "~":"~tj~ ~'~«"~"'"
~~til$t ~ijnJ~~~1~~7;; {~C,i~~îW: ~>:!~À9."''''l~.~*,$iil . . "', ..• ,!l!!l .,1'" •..... \'&%:.~~~

105 4.98 6.54 2165.79 99.00 241.80 8.27 0.45 1.00 246.78 S.23 44.15 \0.15
75 2.12 2.78 557.54 89.97 83.91 2.87 1.57 \0.03 86.03 2.M7 15.27 1.22
53 0.47 0.62 671.30 89.71 36.55 1.25 0.99 10.29 37.02 1.23 'J,50 0.33
37 0.29 0.38 886.08 67.74 32.45 1.11 3.i7 32.26 32.74 I.G. 11.58 0.35
25 0.00 0.00 0.00 0.00 9.36 0.32 24.10 100.00 9.36 0.31 24.10 0,21
·25 0.00 0.00 0.00 0.00 19.88 0.68 ~3.83 100.00 l'J.sg 0.66 33.83 01)3

Tutal 76.15 100.00 1383.58 98.15 2923.85 100.00 O.tS 1.85 3000.00 100.00 35.78 100.00

Soip œmpIe/IOO:l 0.150-ll.212 mm! chapter 81
SeIB:tim &: brœkage funct.bns estimat'lD'

bij

2.7E-lI5

Bij
7.5

FEBI Rec.
0.00
0.00
0.02 0.4300
0.15 0.5800
0.18 0.8000

- 8.08 - - - - 08.2100
1: rmmmrrm~;;;E~aQiiJ!

10.15 0.213 0.212 0.000 0.787 00.0000
1.22 0.118 0.120 0.000 0.005 80.0700
0.33 0.002 0.088 0.000 0.028 S9.7I 00
0.35 0.085 O.DSS 0.000 0.027 87.7~OD

0.21 0.049 0.050 0.000 0.Q18 0.0000
0.83 Q.QOOO

ToW or 10 l1rœs grindiug lime (miD.) =
Sim cIaIIlœ Goa. size Sel. Ft1JIc.

1180 1403
850 1011
800 714
420 400
300 357
210 250

~l.W mmm!
105 125
75 80
53 83
37 44
25 30
-25 20

ToW 12.89

Ilela 0.81
Gamma 7.52
Phi 0.80

•
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Snio s;lmole/!SO -nmin/2 psi/IOO% G.l05-0.150 mml Chaptcr 8,-

CONCENTRATE T,\ILS l'l:l;l)

Sile Weiglu <;; Grnde ReC'. Wcigltt ,- Gr"dc Re,". Wci~ht '.. l,rade l{.c~·.,
(um) tg) Wcight gll (%\ (g) Wcight gll l':"'rl I~) Wci~hl ~'l t ''(. 1

1180 2.21 2.63 9.13 34.86 30.91 1.06 1.2.2 .S.14 J3.12 1.10 I."~ Il.ln

8S0 19.79 !J.51 O.OS 0049 367.10 12.59 0.55 ".51 !S•.89 L!.')O Il.5; 11,11

600 23.95 28..t5 0.05 0.35 689.30 23.64 0.50 99.65 713.~ ::..1.77 Il.~S U,Il'i

~20 16.06 19.08 0.05 0.59 671.51 23.03 0.20 119.41 b87.S7 ~::.l)2 Il. ~t1 Il,tl1

300 9.54 11.33 399.20 97.20 438.83 15.05 0.25 2.80 448.37 14,95 S.7-l ~.117

210 3.50 4.16 198.90 86.18 248.14 S.51 0.45 13.82 ~1.64 S.JI} .l.~l Il,''1.\

ISO 2.86 3.40 9092.13 98.78 111.16 5.87 1.88 1.22 1'4.02 S.SO 15l..~S 1.\.'111
~r~'~ '"

,,,,~.,,

t~
',"" ~,,,

.lf'~Wfii)§;l9! *""""~'\~",,' '.\t '" . ..~ li11~~J., \\dl,ll\ô. " ,~.911 .. .72,86
75 1.75 2.08 8912.35 99.25 75.52 2.59 1.56 0,75 77.17 2,sH 21l~U7 :-UU
53 0,54 0,64 2504,97 90045 4S.20 l,55 J.16 9,5S 45.74 1.52 .'2.711 liN
37 0.60 0,71 1512.06 89.39 49,86 1.71 2.16 10.61 SOA. 1.08 !O.ll t1.:'4

25 0,13 0.15 4436,36 12.17 17049 0.60 12.71 27.83 17.b! O.St} 4S..14 IU~

-25 0,00 0,00 0,00 0,00 28.28 0,97 21.22 100,00 28.28 0,1)4 :!1.2~ Il)':

0.891Total 84.l9 100,00 ""19.26 98.64 2915,81 100,00 1.36 3000,00 100.00 tI3.1" IIHUHI

Snïp mmpIe/ 100:1 0.105-0,150 mm! cbapter 9/
SeI<ction 1< brœlolge runwms estùœÜlD!<

ToW or 10 liml!Il grinding lime (min.) =
Size _ Geo. size Sel F-JDe

1190 1403
950 1011
600 714
420 499
300 357
210 250
150 179
~ ]!!fÙlll_ ::: Dii

75 99
53 63
37 44
25 30
-25 20

ToW

7,5
FeBl llIn Iii lipœ

0,03
0.11
0.19
0,07
2.07
0.43
13,90

::mi,(ll"-h'&îlfMffiiUiiH
B.30 0,200 0.207
0.79 0,123 0.109
0.54 0.071 0.069
0,42 0,031 0.045
0,32

10,37

lIela 1.25
Gamma B,21
l'bi 0,75

Rœ. bij Co"" llIn
34.96

OAOOO
0,3500
0,5000
07.20
BB,IB
OB,7B

::·K~~I&;"""~if,!;'<\'··g··O'·\'.:u.I~~-tl::::.~":: ..Mj::.<:~••• ~~.::

0,000 D,BOO 00.25
0,000 0,076 00,45
0.000 0,052 BO,30
0,000 0,041 n.l7

0,00
0.00047
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l:inia um Ici 250 !'Imin/2 psil 100% 0.075.0.105 mml Chapter 81

CONŒNTRATE TAILS fEEO
Sile Wcighl % Grnde Rcc. Weight % Grade Rcc. Wc:ighl ~, Gr.u.te Rel:.

(UIII) (g) Wcight g/l ('dl) Cg) Wc:ight gll (%) (g) Wc:ight ,;/1 (C"o)

IISO 0.00 Il.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 0.00 ERR Il.tIO
HlO 0.00 0.00 0.1l0 ERR 0.00 0.00 0.00 ERR 0.00 Il.00 ERR Il.00

bOO 2.1S 2.82 lI.OS UA! 38.01 1.30 0.67 9Y.5S ~O, 16 1.34 O,b4 0.01

420 17.n 23.21 3.40 48.22 -131.24 14.75 0.15 51.78 -148.96 1...·J7 0.18 0.06

300 ZIi.19 34.31 O.Ol 1.01 8l8.09 29.3l O.ll 98.99 884.:!8 29.48 O.ll 0.0<>
210 14.61 19.14 9.60 51.39 663.38 22.69 0.20 48.61 677.99 22.60 0.40 O.D
IlO S-66 Il.34 188.00 92.13 ll6.37 19.03 0.25 7.87 l6l.03 18.83 3.13 0.8<>
lUS 2.50 3.27 13701.20 99.11 203.19 6.95 1.51 0,89 20S.69 b,So lbS.U! lb.:,7

)'i",Kl ,("'!R"'''.'~'''''iû''f.....,w;.'l11t""'''i\ Imt;;';~\%'i'fè; @;'(!;2ili @til4001 'V66F"'W:·i>;(iil' ''''':ti%:s&"' "'/'l41"..... :::~~~~ F:,t;;;;.~~t:,:;,,,,~~· ~~~:i~'t..~i~~ .... F'V~~.~ ~, ...,<t;: ~;\~~~ ~" ..:~v;::&h.:m::~.:",.,~ ;~'~;,;~,._ ..,....,,,:: 3.;';,':"',,.,L.,\

S3 0.72 0.94 8626.80 92.39 38.30 1.31 13.35 7.61 39.02 l.30 172.29 3.:!..C\
37 0047 0.62 354l.l0 84.l9 37.42 1.:!8 8.11 IlAI 37.89 I.ZIi ll.~~ O.').
25 0.00 0.00 0.00 0.00 11.69 0040 18.74 100.00 11.69 0.39 18.74 0.11

·25 0.00 0.00 0.00 0.00 23.39 0.80 20m 100.00 23.39 0.7~ 20.S9 0.24

Tallii 76.34 100.00 263l.19 98.18 2923.66 100.01 1.28 1.82 3000.00 100.0\ 68.30 lOO.tltI

004200
48.22
LOI

51.39

bij

0.00089

Ilij
7.5

Feodk
0.00
0.00
0.01
0.08
O.OB
0.13
0.88 92.13
IB "7 - ... - - 99.11

:iii~!!il~.Qli~1éïji.i\€il
... 3.28 0.285 0.272 0.000 0.715 92.39

0.9B 0.078 0.101 0.001 0.209 8U9
0.11 0.052 ~.OBI 0.000 0.024 0.0000
024 010

Snip 1IIIIlpie/l00ll 0.075-lJ.l05 mml àlaplor 81
SeIo>:lIon 1< brœkage rUllcti:IlIS e;tirœwo:

ToW or la t.imœ grinJIin8 lûœ (lllÙL) =
Siœ cIalliEIl Gro. size Sel. FI1M

1180 1403
850 1011
800 714
420 499
300 357
210 250
150 178

œ.rr~I:::::Yi:
53 83
37 U
25 30
-25 20

ToW 4.59

Beta 0.02
Gomma 4.19
l'hi 0.95

•
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Sninsam lel2S0 vminllOO% 0.053·0.075 mm! Cha~ter SI
CONCENmATE TAILS l'EEl)

Size Weighl % Grade Rel:. Weight % Gra.Jc Rel:. Wcight ~" Gr.lIJc Re.:.
(um) (g) Wcight gI' t%) (g) Wcight iJ' ll.r) (g) Wdl:,ht >:i' l'": 1

1180 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0,00 0.00 ERR n.tMI

8S0 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 11.00 EI{R tHMI

600 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 tUIU ERR lUlU

420 6.07 8.39 0.30 2.17 180.78 b.19 O.SO 1)7.83 lSHS Il.15 liA'} t1.5S

300 10.69 :n.oo O.OS 2.97 545.26 18.67 O.OS 1)1.l)3 Sbl.'JS IS.?:' lUIS U,I~

210 27.27 34.32 O.OS 2.81 942.46 32.27 O.OS 1)1.19 1)ta9.73 .'1.31 tl.lIs _un
ISO 11.7S 14.79 1.60 38.S1 600,46 20.56 O.OS 61.49 012.21 ~OAI O,OS 0..\1
lOS 6.79 aS5 16.94 87.89 316.88 10.8S O.OS 12.11 323.07 10.7') 0,411 lut!.
75 3.35 .s'i 296.10 90.82 139.31 4.~ 0.72 IJ.tg 142.66 4.76 7,b(l Il,S7_T' =,i§:~.'~' _~l

~':':

~ Wffjffff'<" k~f,';i ~r~~\\~~'1~·ii!: :.~~. .. ~,9l1.... , . .'!il ~' ~mt »;,-.:, •. -.....,"';~...." ........: ..
37 0.00 0.00 0.00 0.00 61.92 2.12 2.00 100.00 61.1)2 2.0b !,110 U.7S

2.\ 0.00 0.00 0.00 0.00 16.06 0.S5 3.60 100.00 10.06 0.S4 .l.(,O Il..1h

.2.\ 0.00 0.00 0.00 0.00 55.78 1.91 233 100.00 SS.78 I.StI ,1.3.1 tl.l"~

Tolal 79.46 100.00 189.81 94.84 2920,54 100.00 0.28 S.16 3000.00 100.00 5.31) IUU,un

Snip œmpIej 100:>: 0.053-0.075 mmj àlapler Bj
SeIediln It breokage runcmns eslima'''.·

••

ToW or 10 limœ grinding lime (rnin.) "
Size _ Gm. siœ SeI..1'I1nc.

llBD 1.03
B5D 1011
BOO 71.
.20 .00
300 357
210 250
150 17B
105 125
75 BO -

':&li$lIliF.ü, :lliliœ.r F
37 ••
25 3D
-25 20

ToW

7.5
Fee:! Ree IlIj 1lIp,h Re& hij ro"" Ree

D,DO
0.00
0.00
D.5B 2.17
D.1B 2.07
D,3D 2.0100
0.31 3B,51
D.B2 B7.BO
B.B7 - - - OD.B2

0B":-'i!""'L"""'t""=:"W"';W':M"'"W,",<,.,~,,,,,,,., .. ,.< '." .•.• .,.
~ ~~:;;:ltlMl~1'UJ~"~%9.~.a~j:~1:Ljh~iA~,:,/;,):·~·;h:98.BO'

D.7B 0.602 D,BD2 0.000 D.30B D,DO
D.3B D,41B D.•1B 0,000 D.1B. 0.00
~.B2 0.00

6.2E-15
l.OB

lleIa 0.11
Gamma 2,33
PIù 0.70
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Snio sam Ic/2S0I!1min/2 osillOO% 0.037·0.053 mml Chaptcr Mf

CONCENTItA'Œ TAILS FEED
Site Wcight % Gl'3dc Rec. Wcight % Gr.lde Ree. Wl:i~ht

~ Gr.sdc: Rce..,
(um) Ig) Weight rJl (%) (g) Weight rJl (%) Ig) Wcighl rJl (r;·l

1180 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 0.00 ERR Il,OU

850 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 0.00 ERR Il.00

1>00 1.62 215 I.JO 205 31.59 1.08 3.19 97.95 33.21 1.11 3.10 Il.37

420 11.77 15.61 0,60 6.78 323.46 11.06 O.JO 93.22 335.23 11.17 0.31 Il.J7

300 ~7.39 36.32 0.40 2.14 956.05 32.69 0.50 97.76 983.44 32.78 0.50 1.75

210 19.43 25.77 24.00 65.58 815.67 27.89 O.JO 34,42 835.10 27.84 0.85 ~.55

150 10A1 13.84 10.00 42.21 476,42 16.29 0.30 57.79 486.86 16.23 0.51 O.S'}

105 292 3.87 4270 51.20 172.26 5.89 0.69 48.80 175.18 5.84 l.J9 0.87
75 1.17 1.55 644.00 88.67 65.51 2.24 1.47 11.33 66.68 2.22 12.74 3.05
53 0.30 0.40 5469.00 91.62 JO.12 1.03 4.98 8~ 30.42 1.01 58.86 ".42

.~ ~""",-" . ,,~.

~""i@ ~.""~ E'ij{W ~~';,o.»,"<'. '

~li.l$;~ tx:!~~ :\i~~~~iSl.~'
. ".' ,~ ': 'm;i ~~~. .' /Il ..lo..~~~.. "

25 0.00 Il.00 0.00 0.00 10.82 0.37 8.91 100.00 10.82 0.36 8.91 0.35
·25 0,00 0.00 0.00 0.00 20.76 0.71 3.57 100.00 20.76 0.69 3.57 u.!7

Total 75.41 100.00 344.JO 93.09 2924.59 100.01 0.66 b.9l 3000.00 100.01 1',30 1110.011

Snip lBIDple/lOOll 0.037-0.053 mm! chapler BI
SeIeotI>n 1< bll!lllalp l'unoti>ns edjmo.;,.·

ToW of 10 limes grinding lime (min.) " 7.5
Sire clalBs Geo. size Sel. Func. Fee<! Rr. Bij Bipœ Re!. bij Cane. Rec.

l1BO 1403 0.00
B50 1011 0.00
800 714 037
4~ ~O' ~
3~ 357 O~ 83B

1.75 2.24
210 250 255. 85.5B
150 17B 0 BO
105 125' 42.21

0.B7 51.20
75 BO 3.05 BB.87

~.'~~;"'.""''''''i?:~.~~lW•••[jj~OO'X'1îm.ii)w••~8~.42••Wil- - - - 018'~~1l~~-',~ 11;_ iiiiilli :::::::®~Jl.~QiI'i5i;;!
25 30 0.35 0.435 0.435 0.000 0.5B5 .0.00 -
-25 20 0.27 0.00

•

ToW 0.82

lIeIa 1.31
Gamma 3.02
FbI 0.70

2.4E-15
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Hemlo ~mplel ~40 ~minJ 2 psi/lOO% 1.1S-1.70 mml ChaD~c:rSI

CDNCEN"ffiATE TAILS !'l'EU
Sile Wcight % Grade Rec. Wcight % Gr":Ide Rcc. Wc:ight ,- ûr;\lJc Kc~...,
(um) IC) Weight glt (%) 19l Weight glt lt'fol 19) Wcight ~t ('i')

•

1700 3.23 4.07 l!.SO 1.37 S5.15 2.92 35.10 1)8.63 88.38 2.'15 J.I.~ tl,"'~

~]~J M]gt&~~~~ ~g~i1~ W~;&~:g§~~ ~l~~~: t$~\~~i5; L~I;:::~'~3~~' .. :z.-Z28 .37.70"',"s,",·,·.·.··
S50 1.95 2.46 126063.30 100.00 48.96 1.68 0.21 0.00 50.'/2 1.70 "l(~l.bJ JS,tl'"

600 2.69 3.39 266SS.flO 99.9S 69.55 2.38 0.20 0.02 72.24 1"'1 INl.5J 11..:5
420 4.0S 5.14 7347.90 99A4 112.55 3.S5 1.50 O.Sb Ilb.63 .l,SY lSS.5h .. 74

300 6.1S 7.78 4015.JO 99.S5 172..22 5.90 0.22 0.15 17SAO S.IIS \J1J.21 J'Hl

:no 6.60 S.31 S23.IO 99.59 225.39 7.72 0.10 0.41 231.Y9 7.13 1.1.50 tl.,s(l

150 7.00 B.82 370.S0 S5.S7 266.93 9.14 1.60 14.13 173.Y3 '1.13 Il.04 U.47

105 4.57 5.76 220.30 93.60 229.52 7.86 0.30 6AO 234.09 ,,SU ".lIO Il.17

75 2.70 3AO 5S7.20 93.38 175.45 6.01 0.64 6.02 17S.15 5."4 'J,52 Il.17

53 1.12 lAI 413.20 74.28 123.22 4.22 1.30 25.72 l24.J.I 4.14 5.111 Il.111

37 0.58 0.73 163OAO 72.1" 152.63 5.23 2.40 27.86 153.21 5.11 s5s lUI

25 0.07 0.08 )4461.40 63.41 73.43 2.51 17.60 36.59 73.50 ~"'5 "l'tllfl uj~

·25 0.00 0.00 0.00 0.00 l~~.~ 7.99 18.50 100.00 233.30 '.iN IS.50 UliS

Total 79.35 100.00 7894.81 98.38 2920.65 100.00 3.54 1.62 3000.00 UNI.oo !12.27 lOU.!"1

Ilemb sample/l00~ 1.18-1.70 mm! cbapler 81
SeIldiln 1< bl'Efllœge fundims EStimaliln:

Talai af 10 timœ grinding time (min.) =
Siœ cIalœl Goa. size Sel. Func.

1700 2022
ffjll1ill!:: lWW!îIWIl1 ::: :::::RlïH
850 1011
800 714
420 499
300 357
210 250
150 178
105 125
75 89
53 83
37 44
25 3D
-25 20

Talai

50
Fœ! Ra>.

0.48
Bi
38.84
11.25
4.74
3.90
0.88
0.47
0.17
0.27
0.10
0.21
0.55
0.88

81.84

Bij

'l®l.iàlhl::
0.375
0.193
0.117
0.054
0.040
0.032
0.029
0.025
0.023
0.020
0.011

0.383
0.182
0.108
0.070
0.050
0.037
0.027
0.020
0.015
0.011
0.008

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
D.OOO
0.000

0.0009

0.8248
0.1819
0.0788
0.0831
0.0139
0.0078
0.0027
0.0044
0.0018
0.0034
0.0089

100.00
99.98
99.44
99.85
99.59
85.87
93.89
93.38
74.28
72.14
83.41
8.00

•
Ilela 0.85
Gamma 3.82
Phi 0.21
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Ilcmlo ",mnlcl240 "'minI! csi/lOO% 0.600.0.850 mml ChaDlcr 81

CONCENTRATE TAILS l'EED
Sizc Weight % Grndc Rec. Wcight % Grade Rec. Wc!:ight '7ô Gr3dc Rcc.

(um) Cg) WciXht g/l (%) (g) Wcight gll (%) (g) Wcight gll ,'.0)

>!50 1.17 1.56 16207.70 45.66 010.52 1.39 555.20 54.34 41.68 1.39 1J93,19 ~."('

6OlI~ :':~1;r,;}Lâ~,~T É.(Vg~~~: i~?ri4!l :S~il;:i;:dï:ê ,~,:' '..1.1f) , ,",:;!,i>l ii~~L.c.~l;'/5. i::i787.ll9 ZS.D6
-120 5.00 6.b9 119602.00 ".87 !-l7.l0 5.03 5.30 0.13 152.20 5.07 3934.SI 5-l.~"

.'00 5.t2 6.>1-1 19158.30 1J9.62 164.59 5.63 2.30 0.38 169.71 5.66 579.73 'J,H!

110 7.52 10.06 3130.30 1)3.60 268.18 9.17 6.00 6.40 275.69 'J.II} 'H.l'} 1..lU

150 1)..11 12.58 1306.50 80.60 347.94 11.89 8.50 19,.10 357.35 11.·JI 42.67 1...111
105 (J.lJ8 9.34 817.00 78.35 302.58 10.3-1 5.21 21.65 309.56 lU.32 2353 U,tI;

75 5.05 6.76 630.30 75.61 213.98 7.31 4.80 24.39 219.03 7.30 19,1! Il.~1)

53 2.75 3.~'3 573.00 61.94 156.05 5.33 6.20 38.06 158.80 S.ll} 16.01 lJ.!3
37 3.04 4.06 987.00 56.51 180.17 6.16 12.80 43.49 183.21 6.11 18.94 UA'}

25 0.96 1.28 4433.70 57.82 88.15 3.01 35.10 42.18 89.10 2.97 82.32 O.b1

·25 0.51 0.68 14941.80 62.73 90.72 3.10 49.90 37.27 91.23 3.04 133.15 1.11

ti
l'utnl 74.76 100.00 13944.24 95.53 29"...5.24 100.00 16.70 4048 n3000.00 100.00 363.76 lOIUIll

Ibnb SIlII1plel 100:1 0.600-0.650 mm! chapler 61
s.e...li>n Il bl'elllœ&e runCU:ll1S eslirnaÜlO:

Talai or 10 limœ grinrling liJœ lmin.) = 50
Size _ CEn. size Sel. """" Feed Il&> IIij IIiJ:alo. Ilœ. bij t:onc Ilfc

1160 U03 0.00
650 1011 3.79 - 45.66

·.œ.'LlÎlÏ~ '!i~t!llil~!WBülâi;WfiWl1tr.i1Î.lüWii.~JIllô8~tlïi.3ïiiii\
420 499 54.66 0.229 0.229 0.000 0.771 99.67
300 357 9.02 0.102 0.100 0.000 0.127 99.62
210 250 2.30 0.070 0.069 0.000 0.032 93.80
150 176 l.40 0.050 0.054 0.000 0.020 60.60
105 125 0.67 0.041 0.043 0.000 0.009 76.35
75 69 0.39 0.035 0.035 0.000 0.005 75.61
53 63 0.23 0.032 0.026 0.000 0.003 61.94
37 44 0.49 0.025 0.023 0.000 0.007 56.61
25 30 0.67 0.016 0.Dl6 0.000 0.009 57.62
-25 20 1.11 62.73

•

Talai 71.16

8elA 0.62
Gamma 5.54
Phi 0.66

5.IE-05
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50.43

•
-

IIt:mlo samciel 240 21minl 2. o~ill00% O.300-oA!S mml Ch~pl~r SI

CONCENTRATE TAILS 1'1'1'0
Sile Wcight % Onde Rec. Wc:ight % Grnde Rec. Wci.:hl " ~inHh.' Ih'\',

(um) (g) Wcight gjl l %) (gl Wdght gjl t%) tg) Wcighl .:.'1 ,'-rl

850 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 IWO ERH t1.un
600 0.00 0.00 ~.OO ERR 0.00 0.00 0.00 ERR 0.00 Il.UO ERR nlHI

420 1.03 1.]8 3657~~.00 99.92 17.38 0.59 16.90 0.08 IS.~I 0.61 '::04~h.7s l',~h

rfJ\~ ~~~~O:~M ~"~~
l\'t:'}w.,,,,:.,~ ~~~';:::~''''''s>''''.~

&ThJ~;iq:
»~:","~"""'.

f\71ij9;;;r·:?l.76~,_ ....,.,' ~." " ",__0.;;;.., .:!!!••.• Wi~~ ~ ...,,""'W..i,~.·~3 &~'·.:',L~ 930,ZO 32.09
210 16.72 22.39 48413.00 99.65 536.06 18.32 5.30 0.35 55!.78 ISAJ 14bl}Al ,17.":'J

ISO 12.16 16.28 12120.00 99.7~ ~23.34 1~.~7 0.90 0.26 435.50 14.52 JJ~ ..tJ h.~(l

IDS 8.13 ID.S9 5~14.00 99.37 308.76 10.55 O.IJO 0.63 316.li'} 10.Sb LN,SU ~.tkl

75 5.19 6.95 ~335.00 99.~ 213.60 7.30 0.70 0.66 ~lS.78 7.,!l} HJ.\A7 t.OS
53 3.27 ~.38 3631.00 96.08 1~2.65 ~.88 3040 J.I}! 145.92 ·1.10;6 ."4.7(1 lIj1

37 3.36 4,49 3083.00 97.97 178.50 6.10 1.10 2.03 1:011.:;6 h.lkJ 5Sns Il.·1·'

25 1.22- l.~ 3057.00 94.18 ;0.'18 2.63 3.00 5.S2 7H.20 ~.(ll :i1l.74 Il.1~

·25 0.89 1.20 15121.00 "2.1~ 307.97 10.53 60.30 57.HI> JUH.Mb loJO IIU.'12 l ,-l'I

Total 7~.68 100.00 28416.s~ 98.57 2925.32 100.00 10.50 1.43 301Hl.00 100.00 717.h3 IUlI.nu

lIemb SampIe/IOO:{ 0.300-{1.f25 rom! cbapler 8/
SeIorlim 1< brœJœse Cundi>ns eslimatioD:

ToW of la times grinding tùœ (min.) = 50
Size _ Geo. size SeL Func. Fee<! Rec. Ilii Ilipœ RŒ bij !lm" Rec.

1180 U03 0.00
850 1011 0.00
800 7U 0.00
420 400 17.48 - 00.02

1llMfioodlllWq••:;OO::l@iiB•••ijül\\ililiillWl_~'illü!;.!••BlfiUi.li~~i&ltr.'t4nl1@·lIft.85;:;;
210 250 37.73 0.252 0.252 0.000 0.148 00.65
150 178 6.86 0.116 0.114 0.000 0.136 09.74
105 125 2.06 0.075 0.075 0.000 0.041 00.37
75 ijO 1.05 0.054 0.057 0.000 0.021 99.34
53 63 0.57 0.043 O.OU 0.000 0.011 06.08
37 U 0.40 0.033 0.034 0.000 0.010 07.97
25 30 0.18 0.030 0.026 0.000 O.OO~ 04.16
-25 20 1.40 ~2.U

2.25E-05
ToW

lIela 0.73
Gamma 5.34
PIù 0.85



• Appendix 11I- Experimental Data & Assaying Results ••• A77

81fcmlo samplcl 240 Elmin/2 psil 100% 0.150.0.212 mm! Ch3Pter 1

CONCENTRATE TAILS FEED
Sile Wcight % Gmde Rel:. Wcight % Gr.adc Rc:c. Weight % Gr:ll.lc: Rec.

(um) (g) Wcighl gll (%) (g) Wcight gll (liO) (g) Weighl gll t':( )

850 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 0.00 ERR O.uo
l>OO 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 0.00 ERR 0.00
420 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 0.00 ERR U.UO

300 0.08 0.11 462414.00 100.00 0.00 0.00 0.00 0.00 0.08 0.00 462414.00 1.45
210 1.50 2.07 631935.00 99.97 11.03 0.38 28.80 0.03 12.52 0042 75535.s7 37.98

Ktî,i~~~09l1"""'"",,.,... ~;i) .:' '~ ~~ ffSW:-~'''''~'',::~''''''~''''~' \W2L~f <\;.'36.86x;..>,,,-,,,, . k . ';~ __, . ",........ .... ~':;,~"..:... ..,i b..~~...:::~,~~\~~ ..'

lOS 13.46 18.64 19605.00 99.84 449.81 15.36 1.40 0.16 463.27 15.44 861.68 16.0J
75 6.40 8.86 12903.00 99.86 294.79 10,07 0.40 0.14 301.18 10.04 .27-l.4Z 3.32
53 3.40 4.70 9934.00 97.73 173.95 5.94 4.50 2.27 177.35 5.91 IIJ4.7:!: 1.39
37 3.38 4.68 88S3.00 98.55 141.67 4.84 3.10 1.45 145.05 4.84 2()4J.25 L.!.2
lS 0.98 1.36 10415.00 93.74 88.53 3.02 7.io 6.26 89.51 2.98 121.SS nA..

·lS 0.47 0.65 3::11.00 44.49 276.12 9.43 66.20 55.51 276.59 9.22 1111.OS L.32

Total 72.22 100.00 34150.93 99.02 2927.78 100.00 8.33 0.98 3000.00 100.00 830.20 \tK).Ut)

Ibnb 1BIJlpIe/100l\ 0.150-0.212 rnm/ chaplA!r 81
SeIol:tilu/< brœka&e rtmoülIla !dm!"o'

6.6E-05

jfu~\tQt@iI'IIi'lW'lm_~jj:iüjWj
D.32t 0.000 0.878 99.8t
0.186 0.000 0.140 99.86
0.121 0.000 0.059 97.73
0.080 0.000 0.051 98.55
0.053 0.000 0.019 93.7 t

H.49

bij tÀn<> Rœ.Ilij

f.l\iîiî
D.32t
D.18t
0.128
D.D7t
0.058

23.72

50
Fœd Rœ.

0.00
0.00
0.00
0.00
I.t5

- 37.98
[II ::::1: ENI1il! :WWf::iJ"

18.03
3.32
1.39
1.22
D.ft
1.32

TolJl1

TolJl1 or 10 limes lJÏIIllIIli Ume (miD.) "
Sire cIaaBo cm. sir.e Sel. l'\IDl>.

1180 It03
850 1011
800 71t
t20 t99
300 357
210 250

BI)"~!I 1::)11_1
105 125
75 89
53 83
37 ft
25 3D
-25 20

8ela 1.18
Gamma 7.07
Fbl 0.59

•
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IIc:mlo samolc:J 2-\0 I!lmin/! osillOO% 0.150-0.212 mm} Chaptcr 8/Rcpcated Testl

CONCENTRATE TAILS 1'1:1:0
Sile Wcight % Grade Rec. Wcight '.1> Grade Rel:. Wci.:ht ,- ûr:tdc ~c,·."
(uml (8) Wcight gll (%) (g) Wcight gll (%) lI,t) Wcighl ,:Il ~ 'ri

850 0.00 0.00 0.00 ERR 0.00 0.00 0.00 :RR 0.00 0.00 ERR Il.lHI

boo 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 0.00 1'1(1( tlOI)

-\20 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR t1.ot) tHN) I,I{R lUlU

)00 0.15 0.19 763123.00 100.00 0.00 0.00 0.00 0.00 0.15 O.UU 7b.\1~,JUU .!..!J
.210 1.57 1.98 787699.00 99.87 .2.31 0.08 714.00 o.lJ 3.SS O.lJ .\lSb'HI,HI .!-I ... .a

~~\Lli~. ~T····"~"~'~ W}"""~~ iIt1f"""" ""." .. ,,,,,,,.,,,,'.:,,,,~ ~\:i;:"'''''' Sèg;tt ;j.~j~k\tts.~.$!, ~~~J~~,:-'~ ~4§§l.§.!.; ~~ ~\i;~~\ 1t*ii'1:OO; L,l~ ~1.10, '~~~~"
105 17.26 21.84 64849.00 99.68 515.90 17.66 7.00 0.32 533.16 17.77 ~100.41' .!::..!I
75 6.71 8.48 33725.00 99.16 248.12 8.49 7.70 O,SoI 25-1,82 sA'I :-\114,'" ·I.~l

53 3.29 4.l6 :!3650.oo 98.05 154.96 5.31 10.00 1.1)5 IS8.!S S.~"I 501."·' ISI

37 3.07 3.88 22466.00 96.56 185.71 6.36 13.20 3.44 ItlB.7M h.!\} .l77.W. 1,.11

!S 0.97 1.23 27939.00 92.57 87.11 2.99 24.90 7.43 8>1.44 2.95 .\31.~ Il.5S

.!S O.!S 0.3\ 86077.00 30.96 !S6.01 8.76 185.00 69.04 256.26 M.S4 .!lJ7.(Il} I ..'h

TUla! 79.03 100.00 63069.13 98.58 2920.97 100.00 24.61 lA! 3000.00 100.UO IbH5.4M \UO,II11

Hl!mb """P1e/100," 0.150-0.212 mm! chapt..- 8/Repmted TeIt/
~iln 1< brœlœge rundilns estiJDaliln:

Tlllalllr 10 limes srinding lime (min.) " 50
Sile _ Gel!. sile Sel. Func. Fee! Ra> IlIj IlIpœ Rœ bij Uluc. Ik

1180 1403 0.00
850 1011 0.00
800 114 0.00
420 499 0.00
300 351 2.23 \00.00
210 250 - 2U4 - - - - 00.01

mttij i::: il %f.ttmRW&.ijMlijiîfBWil.VllRdit~lil!iii.f«'iè;:$'Ni.Îlli,47.(·;
105 l25 22.21 0.298 0.298 0.000 0.102 OO.BO
15 fi9 4,51 0.155 0.158 0.000 OH3 09.1B
53 83 1.51 O.\OB 0.100 0.000 0.050 08.05
31 U U1 0.OB1 0.OB5 0.000 0.045 OB.5B
25 30 0.58 0.043 0.043 0.000 0.018 02.5'(

-25 20 1.3B 30.0B

•

Tolal 31.B4

8ela 1.21
Gamma B.53
l'hl 0.B5

5.8E-05
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•

Hernlo samolcJ240 lt/minllOO% 0.053.0.075 mml Ch.:antcr 81

CONCENTRATE TAILS FEED
Size Wcight % Gnldc Rcc. Weight % Grade Rcc. Wcighl '"' Grade Rcc.
(um) 19) Wcight gjl (%) (g) Wcight gjl (%) (g) Wcight gjt (':0)

8S0 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 0.00 ERR 0.00
600 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 0.00 ERR 0.00
420 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 0.00 ERR I).OU

300 0.09 0.14 4017.00 100.00 0.00 0.00 0.00 0.00 0.09 0.00 .UH7.0U 0.u1
210 1.08 1.82 2082.00 100.00 0.00 0.00 0.00 0.00 1.08 0.04 1082.00 O.I~

ISO 6.02 10.11 I86S.oo 100.00 0.00 0.00 0.00 0.00 6.02 0.20 I>I6S.oo 0.70
lOS 6.34 10.64 4476.00 93.12 8.IS 0.28 257.00 6.88 14.49 0.48 210LlJ2 1.91
7S .1.82 3.05 168649.00 ,,:;~ 11.36 0.39 182.00 0.67 13.17 0.44 23414.74 19.34

k~«""" "·....l~lWl 1%." . :~......... ri: • ., ~""..,..,.,~~,,=

,;'ll~R"""";:;' *m~iF': ~'\j~ ~l5l~~~~é~~}~ ~'"..., ..... ~ ffl' '~1 'Lo..... .k'&
37 18.67 31.3S 11863.00 99.33 829.06 28.19 1.80 Q.67 847.73 28.26 262.% 13.')1)

25 cJ.68 16.25 998.00 89.59 448.79 15.26 2.50 10.41 4S8.47 15.28 23.51 u.bli
·25 9.51 15.98 1180.00 37.67 1417.90 48.22 13.10 62.33 1427.41 47.58 20.88 l.Si

Tol31 S9.54 100.00 26304.47 98.19 2940.46 100.00 9.82 1.81 3000.00 100.00 531.66 1110.00

lItmb sample/1001l 0.053~.075 mm! ohapta- B/
SeIectbn At brœkage ft1Dct!1ns "hœtxm·

ToW or 10 Umœ flIindiDg time (mln.) = 50
Size ........ GIn size Sel. Func. Fœ! lm Bij Bipœ Rœ. bij Cllno. lm

IIBO U03 0.00
B50 1011 0.00
BOO 7U 0.00
420 499 0.00
300 357 0.02 100.00
210 250 OH 100.00
150 17B 0.70 100.00
105 125 1.91 93.12
75 B9 19.34 99.33JeMW;; i 'ril:.
37 44 13.9B 0.154 0.154 0.000 0.B48 99.33
25 30 O.BB 0.113 0.113 0.000 0.041 B9.59
-25 20 I.B7 37.87

4.BE-IO
ToW 18.53

Ilela 0.83
Gamma II.7B
l'bi 0.B3
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Ho:mlo samnld 2~O o/minl2 n-.illOO% O.037.(),053 mml ChaDlerSI

CONCEr-rmATE TAILS FëëD
Sile Wcight % Gr.uJc Rcc. Wcight % Grnl1c RC:I:. Wci)tht 'il ûr.tde: Rer.".

(um) (g) Wcight g/l (CiO) (g) Wcighl g/l (%) Ig) Wcight ,;Il ('1, 1

850
600
420
300
210
150
lOS
75
53

b'X-.~.~'''-::",il&mi
25
·25

0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 0.00 ERI~

0.00 0.00 0.00 ERR 0.00 0.00 Il.00 ERR 0.00 0.00 ERR
0.22 0.30 77.20 21.79 4.94 0.17 12.40 78.21 5.1t) 0.17 IS.IS
~.5~ 6.23 93.80 83.37 13180 ~.5~ 0.04 16.63 137.:tl ~.5S .'.7~

1~.91 30.~ 256.80 95.69 53113 17.~ 0.33 ~.31 537.03 17.'JO H5
19.11 26.21 272.50 75.99 685.31 !JAl 2,.10 24.01 704.42 13.4S 'l,n
13.53 18.56 595.70 iO.7t 538.51 18.40 b.20 29.29 SS2.W ISAt) ~O.b;

8.96 Il30 2315.90 ~.93 336.19 1I.1~ 11.30 15.0S J35.15 11.17 n .."

~~_'*~ tRi-l&~.~lr~~1~~~1i~~ g~~·i~~«?(i~}~.lLt::.
1.10 1.51 53525.40 8195 90.18 3.08 1~.s0 17.05 91.38 J.~ 77".37
0.~6 0.63 5869130 ~l75 314.78 10.75 1I~.50 57.25 315.3~ 10.51 l'N.n

lUlU

lUlU

1I.lHI

Il.02

n.111

IU~

05.\

1.1-1

~.'I!.

'Z_.,~3

.UI
:!,'/l

Total 7190 100.00 37141.91 93.17 3937.10 100.00 57.42 7.83 3000.00 11111.1Hl 715.61 llllllltl

Ilemb SampIo/100:l 0.037-0.053 mm! cbapler B/
So!Iectkln 1< breolœge runotim estimatilll:

TaW ail0 timœ grinding time (min.) = 50
Sîze cIasœ; cm. size sel. Fun<> Feal REc.

IIBO 1403 0.00
B50 1011 0.00
BOO 714 0.00
.20 .99 0.00
300 357 0.02
~O 250 OJ9
150 17B 0.32
105 125 0.53
75 B9 1.14

MMltill::~:~ji;3••~_!ffi!ii1ii8~!ffi!.••Rii\lIimlil••/1.
25 30 3.31
-25 20 2.93

T.W 8.2.

llij

mm;;
0.•70

biJ

21.70
P.3.37
95.89
75.99
70.71
B4.92
02.75

! ~lf"n"'*"'~1lf-"!"0ftli.t;5.3ki.... IMI~~~~~"",...

U70 0.000 0.530 B2.95
42.75

3.7E-13

•

Dela 0.57
Gamma 3.03
Phi 0.75
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Hcmlo sumnh:J 240 p/minl2 œil 100% 0.037-0.053 mm! Chanter 8/ Rcnt!.'Ited Tou

CONCENTRATE T,\ILS FEED
Sile Wcigtu

% 1
Gr.uJc Rec. Wcight % Grndc Rec. Wcight ,:", Grade Rec.

(um) (8) Wcight g/I (%) (8) Wcight g/I (%) (g) Weight g/I (%)

850 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 0.00 ERR 0.00

600 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 0.00 ERR I).OU

420 0.08 0.13 21081),00 100.00 0.00 0.00 0.00 0.00 0.08 0.00 :!lOSb.OU 0.07

300 o.n 0.38 11865.00 100.00 0.00 0.00 0.00 0.00 0.23 0.01 1I865.00 0.11
:no 1.19 1.1)7 786.00 100.00 0.00 0.00 0.00 0.00 1.19 0.04 7SC;I.ÙO t).U4

ISO •.57 10.87 299.00 89.76 13049 0,46 16.60 10.24 20.06 0.67 UN,n? Il.111
105 7.53 12.46 797.00 f}C.95 35.12 1.19 17.00 9.05 -I2.6S 1.42 IS·US tl.l'}

75 3. Il 5.14 10591.00 96.27 18.97 0.65 67.20 373 22.08 0.74 154S.,,7 1.50
53 2.39 3.95 89387.00 98.15 41040 lAI l=",,?7.20 1.85 43.79 1.46 -1%5.75 ·J.SI

,~~~~r'
liff~';;;';':w~ l>",..,~"*,,,~~~ ~,'~~<~'} ::Z::~'''-::-'~'': *"""""""~~:!iit":,e:~ ~EL~~~~~ IL~4.........~ "'" ~ ~~'~l~ m.~~,.,'t~.....,

25 15.18 25.12 2362.00 41.22 #6.59 15.19 1I4.S0 58.78 461.77 15.39 ISS.39 ),SU

·25 10.83 17.92 979.00 34.55 1809.87 61.57 11.10 65.45 1820.70 60.69 Ib.Sb 1.34

Total 6(\.« 100.00 36194.39 95.65 2939.56 100.00 33.85 4.35 3000.00 100.00 162.42 10U.00

Hen~o Sall1ple/l00!: 0.037-0.053 lIUIl/ chapler 81 Riipealed Tesl/
Selection 8c breakage f,mclions eslimation:

Talai of 10 limes grinding lime (min) = 50

Size clas!;es Ge<>. size Sel Fl1I1c. Feed Rec. Bij BijCalc. Re:.. bij l'ulll·. Ik
1180 1403 0.00
850 1011 0.00
600 71~ 0.00
·120 ~99 0.07 100.00
300 357 0.12 100.00
210 250 O.O~ 100.00
150 li8 O.tD H9.i6
105 125 0.29 !lU.95
75 89 1.50 96.27
~3 63 - 9.51 - - -' - 118.15

~l!! ::II!œ.:~ .1!!I~di~ ~_II!I:E: ::l~D1Ul!ru@1m;:__~!llllill
25 30 - 3.80 0.261 0.261 0.000 0.739 11.22
-25 20 1.3~ :H.55

5.03E-09
5.14

Belo 1.71
GWlUI1ll 6.00
Phi 0.68



• Appendix Ill- Experimental Data & Assaying Results ...

Hcmlo samaleJ 1~O elmin/2 Dsi/lOO% 0.025·0.037 mm/ Chaph:r SI

CONCENTRATE T.r\ILS l'FEil
Size Weight \0 Grade Ref:. Wcighl \0 Gr.u.lc Rel:. \Vci~ht '.r. liradc H.I."~·

(um) (g) Wcight gll (~) (g) Wcight ,:/1 l',;') t~) \Vci~ht ,:/1 \'i,j

850 0.00 0.00 0.00 ERR 0.00 0.00 0.00 1:1\1\ O.UO 1).00 FI{I{ Il,011

600 0.00 0.00 0.00 ERI\ 0.00 0.00 IJ.OU ERI\ IWO Il,tKI FI\R lUlU

.uO 0.24 0.32 ~0,40 b.S2 .u~2 0.16 21).20 ".:lAS ~.l}() 0.17 l'J,7-l n,UI

300 3.1)5 5.22 42.70 57.60 112.85 3.80 1.10 42"'0 Ilb.:iO .~,~l} ':.:il tllI':

210 13.32 17.61 129.90 78.36 ~~,45 1~.S6 1.10 ll,lIoI ".&7.77 1...·'.' ·1,".' Il.1h

ISO 21.43 28.32 118.90 83.00 636.63 21.77 n.N! 17.00 h5:H16 21.'14 -th7 tl.':~

IDS 16,46 21.75 1~3.90 81.~1 5~0.98 1&50 1.00 lS.5" 557,4~ tl'dS ~,':2 Il.211

75 9.63 12.73 128.20 69.11 ~.96 11.80 lobO JO.SI} .\54.bO Il,S2 5.114 Il.t.\

53 ~.87 6.-1-1 5OB.50 69.79 223.51 7.64 ü;o 30.21 22.~.38 7.bl IS.5S Il.':5..~~;~;~
93.22 24;.90 8048 60.1)0 •.78 '!s1.oZ S••W s..~~.J" I~.h·l

,,~. ',,,~:.,, '~ . .~~~
~.~~~ !.\\lli.w [gJ~~j Ï\\~:4ï':«\.;l, il, i.I~07 lMI)~»: ' ..•. . ~ .,,' ..• . "',, ~~.~.."'~ i'*"'L. ....'

·25 0.35 0.46 \31155.70 7~.14 286.50 •.SO 55.10 15.~ l..%.~S ll.sh ~l:.!S "'::'1

Total 75.67 \00.00 16780.46 89.15 2924.33 100.00 5:!.s.' III.S5 :,1000.UO IOO.lMI 474.7S 1UIl.lIII

•

lIemb SaJnp2/100:l 0.025-0.037 mm! chaplfr 81
Seledi>n 1< breolœge rundilns eslimaliln:

1bWorlO tirœs grindlng lime (min.) =
Sim cIa!B!s Gel!. sim Sel. l'unl>.

1180 1403
850 1011
800 714
420 400
300 357
210 250
150 178
105 125
75 80
53 83
37 44

Mi ~iiB""!' 'imAm MœJf ii
-25 20

T.W

50
Fl!l!d Ra> Ilij Ilipr. llŒ bij Gu", Ra>

0.00
0.00
0.00
0.01 652
0.02 57.00
0.18 78.30
0.22 03.00
020 01.41
0.13 00.11
0.25 00.70
15.84 63.22

f'iiir~""""",,mr~'i)nQ··O·AW,."'o·'n~"~N·\j;«''''··'·}:·''·'·::'Bn.3"'"
$W'~~w~ ..,,, ", ~' ....§..~~.-.;;~ ;~<~a;~;;:,,"'~,,;.;·i;<~;:;';,.: .. ,'" 011:

4020 1.000 '14.14
a

83.38

Bel.a 0.50
Camn>a 0.10
Phi 0.50



• Appendix 1II- Experimental Data & Assaying Results .•• A83

Ilemlo samolcl240 21min/ 2 osill00% -0.025 mml ChaPler RI

CONCENTRATE TAILS FEED
Sile
(urn)

Wcight

(g)

% Grade

rit
Rcc.
(%)

Wcight

Cg)
%

Wcight
Grade

ri'

Ree.
l%)

Wcight

(g)

%

Wcight

Grade

g/I

850 0,00 O"JO 0,00 ERR MO MO 0.00 ERR 0.00 0.00 ERR 0.00
600 0.00 0.00 0.00 ERR 0.00 0.00 0.00 ERR 0.00 0.00 ERR 0.00
UO llA9 0.68 21.70 6.65 4.71 0.16 31.70 93.35 5.20 0.17 30.76 0.01
300 5.1)9 8.29 95.80 1)6.64 79.75 2.72 0.25 3.36 85.74 l.Sb b.l]) Il.0~

2lU 13.69 18.93 233.40 94.62 363.11 12.40 0.50 5.38 376.80 12.56 S.'Jb U.15
ISO 17.65 24.41 266.70 84.60 658.96 22.51 1.30 15.40 676.61 22.55 1').22 Il.25
105 13.05 18.05 351.00 75.88 582.51 19.90 2.50 24.12 595.56 19.85 10.14 0.27
75 8.60 11,90 329,90 82.61 351.38 12.00 1.70 17.39 359.99 12.00 '!.54 0.16
53 5.02 6.94 341.90 45.56 227.80 7,78 9.00 54.44 232.82 1.76 16.18 0.17

37 4.17 5.76 4834.60 58.89 244.55 8.35 57.50 41.11 248.71 8.29 137.54 1.55

~>"::;~~,. ffi~~~~~~~~~~l~t';:li'~i1".":?li·L~6!~~80ii"*~' ~9R3:~~iii5:PJii94~~~~r~~~ ~{,~l.~ f§~~YlW" '~",~l ,~~ s:~~.16. .:,.>..:.',:..A'.·.·~i.7,..'k$~ ~.IM,~S\\~ tk ,. (,'\;1i!!I< _t~ ~,t~:!,,!,, Kd.".,.05· ",.~

Total n.n 100.00 27204.07 89.07 2927.68 100.00 82.43 10.93 3000.00 100.00 -~6.2::!: 10U,UII

•

Ilemlo Samplel 100% -0.025 mm! chapt.er 81
SeIecUon toc brealœge fuD1:Uoos esl.lmaUoo:

Total of 10 limes grindiog lime (min.) =
Si2e cIasges Geu. 9Î2e Sel func.

1180 1~03

850 1011
800 7U
~20 ~99

300 357
210 250
150 178
105 125
75 89
53 63
37 ~~

25 30
~

Total

50
Food Rec.

0.00
0.00
0.00
D.D'1
0.03
0.15
0.25
0.27
0.18
0.17
1.55

36.77

0,00

Conn. Rec.

6.65
96.6~

9U2
8UO
75.88
82.61
45.56
58.89
92.85


